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Preface

This book is designed for students who have had one semester of Inorganic
Chemistry after General Chemistry, typically senior or graduate-level stu-
dents. It may be used in its entirety for a one-semester course in reaction
mechanisms or as a portion of a more general coverage of advanced inorganic
chemistry. The book is thoroughly referenced to provide an introduction to
the literature of each area of inorganic and organometallic reaction mecha-
nisms. A unique feature is the coverage of both classic inorganic reaction
mechanisms (substitution and electron transfer reactions of coordination
complexes) and the newer area of organometallic reaction mechanisms (sub-
stitution, oxidative-addition, reductive-elimination, fluxional behavior, and
homogeneous catalysis). The former material is covered briefly, with empha-
sis on the basic mechanisms and recent developments; the latter is discussed
more thoroughly and is especially well referenced to the current literature.

Chapter One covers the concepts in chemical kinetics needed for a dis-
cussion of inorganic and organometallic reaction mechanisms but is not de-
signed to be a thorough coverage of the field. Basic rate laws, kinetic terms,
and kinetic techniques are discussed, with inorganic examples. Chapter Two
describes the stereochemistry, reactivity effects, and mechanisms of substitu-
tion reactions on square planar complexes. Chapter Three provides similar
coverage of substitution reactions of octahedral coordination complexes.
Chapter Four covers organometallic substitution reactions in considerable
* detail. Metal carbonyl complexes, including metal alkyl complexes, metal
hydrides, and metal nitrosyl complexes, are discussed. This chapter is exten-
sively referenced and especially up-to-date. Chapter Five continues the or-
ganometallic coverage with oxidative-addition and reductive-elimination re-
actions. Stereochemistry and mechanisms are the primary features. Using the

PREFACE

background of Chapters Four and Five, Chapter Six goes into mechanisms of
homogeneously catalyzed reactions. Hydrogenation, hydroformylation, ac-
etaldehyde synthesis, hydrocyanation, olefin metathesis, polymerization,
and methanol homologation are covered. Chapter Seven is an introduction to
the large area of stereochemical nonrigidity. Coordination number isomeri-
zation, metal migration around a ring, and metal cluster fluxionality make up
this chapter. Chapter Eight presents inorganic electron transfer through outer
and inner sphere mechanisms.

This book is based on the lecture notes of the author for Chemistry 538, a
graduate course in Kinetics and Mechanisms of Inorganic Reactions at the
State University of New York at Buffalo. Gordon Harris used the manuscript
in rough draft form for the same course and suggested many revisions based
on his experience. I am also grateful to Gregory Geoffroy of Pennsylvania
State University and William Jones of the University of Rochester, who re-
viewed the manuscript and made many helpful suggestions.

- I'would like to take this opportunity to acknowledge a number of other
people who have aided in the preparation of this book: Mary Atwood, Ann
Pierce, and Sue Slawatycki for their secretarial assistance; Jerry Keister, Mel-
vyn Churchill, and Ken Takeuchi for proofreading and suggestions at the
rough draft stage; and to the members of my research group over the three
years of this project (Dave Sonnenberger, Mike Wovkulich, Ron Ruszczyk,
Wayne Rees, Tom Janik, Brian Rappoli, Bih Huang, Martha Harris, Abdul
Shojaie, and Karen Bernard) for help with proofreading and for keeping the
research going without the full attention of the author.

Jim D. Atwood
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Chemical Kinetics

In this chapter we shall consider the aspects of kinetics that are required in
later chapters to differentiate between mechanistic possibilities. This chapter
is not designed to provide a comprehensive treatment of chemical kinetics
(for a more detailed treatment refer to references 1-5 at the end of the
chapter). Here we shall consider simple rate laws, reaction profiles, and the
most commonly used techniques for data generation.

RATE LAWS

The rate of a chemical reaction is the rate of change of the concentration of a
reactant or a product with time.

—d[reactant] _ d[product]

dt dt 11

rate =

The rate is usually given in terms of molarity per second (M/s). The rate law
describes the rate of a reaction in terms of the concentrations of all species that
affect the rate. For a simple reaction such as an isonitrile rearrangement,

CH,NC —> CH;CN 1.2
the rate law is expressed as
rate = —k[CH3NC] 1.3

where k is the rate constant, which will be derived shortly. This reaction in
which the rate depends linearly on the concentration of one reactant is

o
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termed a unimolecular reaction. A reaction in which the rate depends lin-
early on the concentration of two reactants (equation 1.4) is a bimolecular or
second order reaction.

Br(g) + Hz(g) — HBr(g) + H(g) 14
rate = — k[Br][H,] 1.5

The rate law in general can be written

rate = —k [T [4;14X; ' 16

where the A; are reactants, k is the rate constant, and the Xj are any other

species (catalysts) that affect the rate. The reaction order is defined as

reaction order = > ¢ 1.7
i

Since the rate of a reaction has units of molarity per second, the units of a rate

constant, k, depend on the reaction order. For a first order reaction, the rate

constant has units of inverse seconds (s~1). For a second order reaction, the

units of the rate constant are M~ 1s~1.

INTEGRATED RATE EXPRESSIONS

First Order Reactions
Most reactions are either first order or are executed under conditions that
approximate first order. For a first order reaction of this type,

A—B 1.8

—dlA]

i 1.9

rate = k[A] =
which yields on rearrangement

0N =k dt 1.10

Integration from t = 0 (A¢) to t =t (A4,) gives
—In[A,] + In [Ay] = k¢ 111

which is the equation of a straight line (y = mx + b) withy=In[A4,], X =1t
and b = —In [Ay]. Thus a plot of In [A,] versus time for a first order process
produces a line with slope equal to the rate constant, k. This is shown in Figure

INTEGRATED RATE EXPRESSIONS

1.1. The units of k derived from the slope are s~1. Examination of equation
1.11 reveals some other properties of first order reactions.

20 [

—In [A]

1.0 .

J ] ] ] |
100 200 300 400

time (hr)

0.0

FIGURE 1.1. A plot of —In [A,] versus time for the reaction of trans-
Cr(CO),4[P(OPh); ], with CO at 90°C. The reaction is followed by the decrease in
the absorption of the starting complex at 1935 cm™1. The rate constant derived
from the slope is 1.49 X 10—6s~1, ’

Bl _
In o) kt 1.12
w_

) = € 113
[4] = [Agle™ 114

Thus a plot of concentration of A varies exponentially with time. When the
reaction is halfway to completion, [A;] = }[A,], the time elapsed is termed the
reaction half-life, t; ,. Many first order reactions are described in terms of
tl/z .

Mol _ e

F;]_ =e¢ M2 =05 1.15
This indicates that

—‘ktl/z =—0.693 1.16
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or

 0.693 17
by ="%

Note that the half-life is inversely related to the rate constant.

Reversible First Order Reactions _ .
Some reactions, especially isotopic exchange reactions, are reversible
under the reaction conditions.

A==P 1.18

The rate law for this reaction is

rate = — k[A] + k[P 1.19
Att=0, P, =0, and [A;] = [A]. At any time

[P]= [4o] — [A/] 120
Substituting equation 1.20 into equation 1.19 gives

2 _ lad — kAol — A 121

At equilibrium no net reaction occurs; thus

a4 _ 1.22
o 0

Applying equation 1.22 and equation 1.20 to equation 1.19 gives

kt’[Ae] = kr[Pe] =k, ([Ao] — [AeD 1.23
or
l4o] = 5= (4] 124

kl’

Substitution of equation 1.24 into equation 1.21 leads to

T _ G+ kAT — (ke + RIA] 125

Separation of the variables and integration leads to

Mol —IAdY 126
In ([A.] = lA.l) = (ke + kot

and a plot of In ([4,] — [A.]) versus time gives a straight line of slope k. + k.

INTEGRATED RATE EXPRESSIONS

To define either k, or k; uniquely one must also evaluate the equilibrium
constant, Ko = k¢/k, to provide two equations in two unknowns. The most
difficult problem in treating reversible first order reactions is accurately mea-
suring [A.].

Second Order Reactions

The only type of second order reaction we need consider is a reaction that
is first order in each of two reagents with a rate law

rate = k[A][B] 1.27

This rate law can be integrated, but commonly the reaction is run with either
A or B in large excess (for example, [By] > [Ag]). In this case [B] does not
change significantly during the reaction.

rate = k[BJ[A] = (K[BDIA] = kops[A] 1.28

These conditions ([By] > [A,]) are referred to as pseudo first order condi-
tions because the reaction may be treated as a first order reaction. A plot of
In [A] versus time yields a straight line of slope k. The reaction must be
investigated for several initial concentrations of B, always maintaining the
large excess of B over A. This generates a series of k. for different [Bo]-
Referring to equation 1.28, we have

kobs = k[B] 1.29

such that a plot of kg, versus [B] is linear with a slope of k. Such a plot is
shown in Figure 1.2.6 It should be noted that the units of k,, are s~ ! while the
units of k are M—1s™1 for a second order reaction.

Consecutive First Order Reactions

Often a ligand substitution reaction does not stop after one substitution,
but continues to more highly substituted complexes. These are known as
consecutive reactions. The plots of concentration of the substituted species as
a function of time are rather distinctive; a sample plot is shown in Figure 1.3.7
The reactions can be represented in general as

4 . B 1.30
B : ¢ 1.31
and
—4iA] 4[8] 4[C)

a kAl F=hkiAl - k(B 5 =k(B]
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0.00 2.00 4.00 6.00 8.00 10.00 12.00
[PPh,] X 102 (M)
FIGURE 1.2. Plots of rate versus molar concentration of PPh; for substitution on
V(CO)g under pseudo first order conditions. Note the intersection at k., = 20.

[Reprinted with permission from Q. Shi, T. G. Richmond, W. C. Trogler, and F.
Basolo, J. Am. Chem. Soc. 104, 4032 (1982). Copyright 1982 American Chemical

Society.]

Integrating, recognizing that at t =0, [A] = [Ao] [B]=[C] =0, and that at
any time [Ag] = [A] + [B] + [C], yields

[A]=[Agle k! 1.32
B] = ]Efo—]kl:l (e—h' — g—hat) 1.33
(€= 0] 1~ it v+ g e 134

A simplifying assumption called the steady state approximation is often
used for consecutive reactions. The assumption is that the [B] is small and
does not change very much during the reaction (ke <kp):

dB)
- = 0 1.35
48] 1.36

~ = ki[A] — k[B] = 0

INTEGRATED RATE EXPRESSIONS
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FIGURE 1.3. Plots for the enrichment of the position ¢is to Br in Mn{CO); Br. The x axis is the fraction (f) of the
molecules corresponding to 0, 1, 2, and 3 13CO molecules cis to Br. This is the pattern expected for consecutive

formation of products.
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[B] = £ [A] = 1 Ag e ¥ 137
[C]=1{40] — [A] — [B] 1.38
=A0(1 — ekt — :_; e—k,t) 1.39
= Ag(1 — e~kt) 1.40™

As the reactions become more numerous, the analysis becomes more compli-
cated. As long as each individual reaction is first order, a general treatment
can be made.8 The treatment below is valid for any number of parallel or
consecutive first order reactions. The differential equations can be repre-
sented as

dA,
F = _kflAl' - kiZAi —_r kl'mAl' + kll'Al + kz,’Az +-- -+ k"“'Am 1.41

or
dA;
W = (_ kﬂ - ki2 - - kim) A,' + k”Al + k2iA2 +- -+ k’m'Am 1.42
where A; is the concentration of species i; k; is the rate constant for the

reaction A; — A;, and m is the number of species involved kinetically in the
reaction. Equation 1.42 can be put into the form

+ E K;A; =0 1.43

m
where Kj; = —k;;, except when i = j and then Kj; = Y, ki, except for p =i.
r=1
We shall now assume a particular solution of the form usually observed,
Al’ = Bie—lt 1.44

where A; is the concentration of the species desired, B;is a constant, and Ais a
parameter that is yet to be determined. Substituting equation 1.44 into equa-
tion 1.43 gives

m
ABe= + ’; K;Bje=#=0 1.45
which simplifies to

m

INTEGRATED RATE EXPRESSIONS

and

m

E (K,]—J,]/I)B]=0forl=l, 2, .., M 1.47
j=1

where

di=1lifi=jor0ifi#j 1.48

Equation 1.47 is the typical expression for the general eigenvalue (1) —
eigenvector (B) problem and can be solved by digital computer methods. For
each 4, there is a set of relative values of B; that are solutions of equation 1.47;
we shall designate these B;,. These particular solutions usually are not the
solutions desired, but we can obtain a general solution as a linear combination

of the particular solutions:
m
A= ByQ,e 149
r=1
where the Q,s are the coefficients of the linear combinations and can be
determined from the initial conditions.
A couple of examples serve to illustrate this analysis. For the simple
example
k. kas
A=A, =—=A, 1.50
ka1 kaz

of two consecutive reversible reactions, the secular equation is

k12 - A. _k21 0
_k12 k21 + k23 —A _k32 =0 1.51
0 _k23 k32 - ).

which can be readily solved. This analysis can be very useful in the analysis of
data from isotope exchange reactions; Mn(CO); Br reacting with 13 CO serves
as an example.” If we assume that the intermediate generated by CO dissocia-
tion is rigid, the scheme shown in Figure 1.4 would give all possibilities,
where k, refers to dissociation cis to Br and k; refers to dissociation trans to Br.
Defining the A; as shown in Figure 1.5, we can establish the Kj; in terms of k.
and k,. Applying the initial conditions

Al = 945 A4, 1.52
A= .011 A, 1.53
A]=.044 A, 1.54

Ad=A0=A0=- . .= A0 =0 1.55
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[where A?is the initial concentration of A; and A, is the concentration of
Mn(CO)5Br] to equation 1.49 for t = 0 gives a set of twelve simultaneous
linear equations, which can be solved for the Q,. An isotopic exchange prob-
lem of this type is extremely difficult to solve without computer methods.

o -

k

74 k: 74_
>
4":] [kc 4k,_.] 4k,

o]

k', 74

2k, ' 2k,
/ch \2](: /ch
\___k kN\2k,
t

Ve

2kNke Zk//;( j/l 2& k: ZkC/

E
n

k|| 4k, k] 4.

ks
ke

FIGURE 1.4. Scheme for isotopic exchange of 13CO with Mn(CO);Br where k,
refers to dissociation of CO cis to Br and k, refers to dissociation trans to Br.

Other Commonly Observed Rate Laws
Two other rate laws are often observed when inorganic reactions are run
under pseudo first order conditions. For a number of inorganic reactions the
' plot of k... versus concentration of the entering licand is linear hut daec nat

INTEGRATED RATE EXPRESSIONS

> >
ok
>3<z >k
B S
e K

FIGURE 1.5. Definition of the A; for isotopic labeling of Mn(CO); Br.

intercept at k,, = 0 for [L] = 0. A sample plot for substitution on Ir, (CO);, is
shown in Figure 1.6 for three different entering ligands.? Each ligand inter-
cepts the y axis at a constant value of k. This type plot is typical for the rate
law

rate = k; [Irs(COY5 1+ k5 [Irs (CO)45 LI 1.56
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This can be rearranged to

rate = (k; + k[L]){Irs(CO)s2] 1.57
= kobs[Ir4(CO)12 ] 1.58

with

kobs = k1 + k[L] 159

such that the plot of kg, versus [L] provides k; as the intercept and k, as the
slope of the linear plot. This rate law indicates competing mechanisms, one
ligand dependent and the other independent of {L].

ko, X 10%s™Y)

] J
3.8 7.6

[L} X 102 (M)

FIGURE 1.6. Plots of k_p, versus [L] for the reaction of three different ligands with
Ir,(CO);,. The circles represent PPhy, the triangles, AsPhy, and the pluses
represent P(OPh);. The values of k; obtained from the slope are PPhy, 5.3 X
10-3M~1s~%; AsPh,, 2.7 X 10~4M~1s~1; and P(OPh); 1.3 X 10—2M~1s71, The
value of k; obtained from the x-axis intercept is the same for each ligand,
6.0 X 10~3s~1. [Reprinted with permission from D. Sonnenberger and J. D.
Atwood, Inorg. Chem. 20, 3243 (1981). Copyright 1981 American Chemical
Society.]

If a reaction is composed of two steps, the first of which is a rapid
preequilibrium,

A+B e__%» cp 1.60

INTEGRATED RATE EXPRESSIONS

the rate behavior is somewhat different. The rate of appearance of D is
given by

rate = k,[C] or kg,e([A] +[C) 1.61
Realizing that

19 _ g

[ATE — 1.62

and substituting leads to

k,K[B]

kops = T+ K0 1.63
or
—dA __ ki K[A]B]

dt  1+K[B] 1.64

Under pseudo first order conditions with varying the initial concentrations of
B, one obtains a plot of k,,, versus {B]. A sample plot is shown in Figure 1.7 for
the electron transfer reaction

cis-Ru(NH; ), Cl + Cr2+ —— Ru(NH, ),(H, O)CI* + CrCI2+ 1.65

where A = cis-Ru(NH;), Clfand B = Cr2+.10 A rate law of the form in equa-
tion 1.64 is also observed in substitutions of classic coordination complexes.

. L ]
120 |- .
[ ]
L ]
T80
2
e
*
0
] | 1 |
4 8 12 16

[Cr )]

FIGURE 1.7. Plot of the observed rate constant versus concentration of Cr(Il) in
the reduction of cis-Ru(NH, ), CI. This shows the rate law of the form given in
equation 1.64. [Reprinted with permission from W. G. Movius and R. G. Linck, J.
Am. Chem. Soc. 92, 2677 (1970). Copyright 1970 American Chemical Society.]

15
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For this rate law the dependence on [B] varies between zero and one depend-
ing on the relative magnitude of the two terms in the denominator, K[Bjand 1.
This rate law illustrates the care required to delineate a rate law fully since a
partial investigation might be misleading.

ACTIVATION PARAMETERS

The rate law is very useful in assigning a mechanism for a reaction, but other
data are also beneficial and activation parameters are usually essential. A
reaction’s activation parameters are derived from the temperature depen-
dence of its rate constant. The relationship can be derived from absolute
reaction rate theory,!1 but empirical relationships are more often used. The
Arrhenius equation,

k= Ae—Es/RT 1.66

where k is the rate constant for a reaction, A is a preexponential factor, E, is the
energy of activation, R is the gas constant, and T is the absolute temperature,
was established a number of years ago.12 A plot of In k versus 1/T

Ink=—22+lnA 1.67

gives a straight line of slope —E,/R and intercept of In A. Energies of activa-
tion are not currently cited very often; enthalpies and entropies of activation
are more useful. The rate constant is related to the free energy of activation,
AG#, by the equation

k="LT g-act/er 1.68

where k’ is Boltzmann's constant and h is Planck’s constant. Substituting
AGt= AH*t — TAS% gives

k= k/TT ¢—AH¥/RT ¢ASt/R 1.69

Rearranging and taking the logarithm gives

In (%) = "8 +1n ("7) +42 1.70
and a plot of In (k/T) versus (1/T) gives AH* from the slope and AS* from the
intercept. This type of plot, which is called an Eyring plot, is shown in Figure
1.8.

The value of AHtis not very informative regarding the mechanism. The

ACTIVATION PARAMETERS

[ ]
—14 |-
S °
e b=
= —15 -
—16 |- .
—17 1 | | |
2.5 2.6 2.7 2.8
1 3
TX 10

FIGURE 1.8. Plot of In (k/T) versus (1/T) giving the enthalpy of activation (AH#%)
and the entropy of activation (AS¥) for reaction of Cr(CO),PPh3(P(OPh);) with
CO. The values, AH¥ = 36.6 kcal/mole and ASt = 24.4 eu were obtained.

preted, although the value for associate reactions is usually smaller than for
dissociative reactions. For dissociative reactions AH# is used as a measure of
the bond strength of the dissociating ligand. The entropy of activation is quite
useful in determining the mechanism. Values of AS* below —10 eu indicate
an associative reaction, and values of greater than + 10 eu indicate a dissocia-
tive reaction. One must be careful in interpreting the mechanism for reactions
that have AS* between these two limits because solvent reorganization may
also contribute, especially for polar solvents and charged metal complexes.

Volume of Activation
The volume of activation is a supplement to the enthalpy and entropy of
activation obtained by the variation of the rate constant with pressure:

d(nk) _ —AV?

AP RT 171
The volume of activation, AV#, is a measure of the compressibility difference
between the ground state and transition state. The AV* changes with mecha-
nism as AS¥; a positive value indicates a dissociative mechanism, and a

negative value indicates an associative mechanism. Unfortunately the vol-
ume of activation incorporates both the volume changes in the reactants and

17



14 of 166 ONE/ CHEMICAL KINETICS

has led to disagreement in the interpretation of volumes of activation in some
cases. 1314

Reaction Profiles

The energetics for a reaction are often described graphically with a
reaction profile like those in Figure 1.9. The difference in energy between the
reactants and the highest energy point (the transition state) is the activation
barrier. If there is a relative minimum in the reaction profile, then an interme-
diate exists and has a lifetime related to the depth of the relative minimum.
Usually the data are insufficient to define all of the energy parameters in a
reaction profile. Any process that accelerates a reaction must Jower the acti-
vation barrier, either raising the energy of the ground state or decreasing the

transition state

activation energy

)
TS
5 &
reactants
products
reaction coordinate
()
intermediate
transition state
85,4 activation energy
5%
§ &
reactants
i

products

reaction coordinate
(®)

FIGURE 1.9. Reaction profiles illustrating the activation energy and the transition

ACTIVATION PARAMETERS

energy of the transition state. Often kinetic results are interpreted in terms of
only ground state changes, a practice that involves a confusion of kinetics and
thermodynamics.

Microscopic Reversibility

According to the principle of microscopic reversibility, any molecular
process and its reverse occur with equal rates at equilibrium.15 In mechanistic
terms, microscopic reversibility means that the lowest energy path in the
forward direction must also be the lowest energy path in the reverse direction.
Thus if the mechanism in one direction is known, it is known in the other
direction as well. The application is most straightforward for isotopic ex-
change of a ligand where the reverse process must be the same. This can be
used to rule out certain mechanisms. For an isotopic exchange reaction it is
also true that if there exists a preference for dissociation from a specific site,
the entering ligand must show the same preference for that site (the low
energy path in one direction must be the low energy path in the reverse
direction). This has been applied to the interpretation of exchange of labeled
CO on Mn(CO);5 X.16 Another application is in reversible reactions such as the
oxidative-addition and reductive-elimination of a molecule such as H,.

Linear Free-Energy Relationships

Although one must be careful to distinguish between kinetics and ther-
modynamics, it is often useful in determining the mechanism for reactions of
related complexes to correlate kinetic parameters with thermodynamic ones.
Such correlations are called linear free-energy relationships. A sample plot is
shown in Figure 1.10 for Cr(CO)sL where AG* and AG are correlated.!” A

35+
LQD 30
25
] ] |
=5 0 5
AG,

FIGURE 1.10. A linear free-energy plot of AG* and AG,,, for dissociation of L from
Cr(CO); L. [Reprinted with permission from M. J. Wovkulich and J. D. Atwood, J.
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linear free-energy relationship with a slope of one is an indication that the
differences in the complexes affect both the kinetic parameter (k or AG#) and
the thermodynamic parameter (K or AG) in the same way — the difference in
complexes has little effect on the transition state energy. Two examples serve
to illustrate linear free-energy relationships. Reaction of Co(CO); NO with
ligands leading to replacement of CO gives the relationship shown in Figure
1.11, where the rate is correlated with the basicity of the ligand towards a
proton (the half-neutralization potential, AHNP).18 Several features are ap-
parent from this relationship. Nitrogen donors of comparable basicity to
phosphorus donors are considerably less reactive, but, within a series for the
same donor atom, linear relationships exist. The slope of the line (2.5) indi-
cates attack at the metal with bond formation in the transition state, consist-
ent with the rate law, rate = k[Co(CO); NOJ[L]. For substitution of CO on

-6 ] | | | | | 1 1 I
1000 500 0

AHNP

FIGURE 1.11. The linear free-energy relationships of the rate of reaction with the
polarizability of the nucleophile for the reaction of CoNO(CO); with (1)
P(C,Hs)s; (2) P(n-CyHo)s; (3) P(CeHs)CoHs)yi (4) P(CeHs)(CyHs); (5)
P(CgHjs),(n-C4Hy); (6) P(p-CHy OCgHy)s; (7) P(O-n-C4Hy )3, (8) P(CeHs )3 (9)
P(OCHj,3);; (10) P(OCH,); CCH;; (11) P(OC¢Hs),; (12) 4-picoline; (13) pyri-
dine; (14) 3-chloropyridine. The AHNP measures basicity, which is believed to
parallel polarizability for these compounds. [Reprinted with permission from
E. M. Thorsteinson and F. Basolo, J. Am. Chem. Soc. 88, 3929 (1966). Copyright

’
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Mo(CO), (X-0-phen) with substituted orthophenathrolines both a ligand-in-
dependent and a ligand-dependent step are seen.!® The free energy relation-
ships for both steps as shown in Figure 1.12 are useful in assigning the
mechanism.!? For the ligand-independent (k, ) step the rate increases with the
ability of the o-phenanthroline to donate electron density, consistent with a
dissociative reaction and stabilization of the transition state. For the ligand-
dependent step the rate decreases with increasing ligand basicity, consistent
with less nucleophilic attack for a complex with more electron density. A
number of special linear free-energy relationships have been developed.
Although these have been used primarily for organic reactions, there have
been some applications to inorganic systems. The Hammett relationship cor-
relates rates involving aromatic complexes with the nature and location of the
substituents (meta and para) on the aromatic ring. These factors are measured
as the Hammett constant ¢.20

k
log Pt 4 1.72

The rate constants k and kg are for the substituted and unsubstituted aromatic,
respectively. The constant o depends on the substituent and p depends on the
reaction.

The Hammett constant has been effectively correlated with the rate of
base hydrolysis for complexes of cobalt, Co(en),(X-C¢HyCO;),, and with
the oxidation potential of substituted ferrocene complexes.?1-22 The Taft rela-
tionship, a modification of the Hammett relationship appropriate for ali-
phatic compounds and ortho-substituted aromatic species, has been applied
to the base hydrolysis of alkyl carboxylate complexes of cobalt.?3 A few other
specialized free energy relationships have also been used. We will discuss the
Swain—Scott relationship in Chapter 2.

KINETIC TECHNIQUES

The fundamental problem in a kinetic experiment is to generate a series of
concentrations of the species of interest at various times. Any technique that
yields a measure of the concentration is appropriate. In the following section
we shall consider a few of the most important techniques for obtaining kinetic
data on inorganic systems.

Absorption Spectra
The most often used techniques involve measuring the absorption spec-
tra in either infrared, visible, or ultraviolet spectral regions. Beer’s law,

21
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FIGURE 1.12. Linear free-energy plots for reactions of substituted orthophenanthroline complexes of the Group

VI metals. Note that the ligand-independent and dependent steps depend on the pK, in opposite ways. [Re-

printed with permission from J. R. Graham and R. J. Angelici, Inorg. Chem. 6, 994 (1967). Copyright 1967

American Chemical Society.}

KINETIC TECHNIQUES

relates the concentration of a species directly to its optical absorbance, D. In
equation 1.73 ¢ is the molar absorptivity and l is the path length in centime-
ters. Thus a measurement of the absorbance of a complex gives its concentra-
tion. Often a spectrophotometer measures the transmittance of light by a
sample. The transmittance can be converted to absorbance by the equation

D =log LIQ 1.74

where I; is the intensity of the incident light and I is the intensity of the
transmitted light. These quantities are defined for an absorption spectrum in
Figure 1.13. The area under an absorption curve should be used in quantita-
tive studies; however for a single absorption that does not overlap other
absorptions, the change in the absorption maximum is a useful approxima-
tion. A Beer’s law plot of the quantity that is to be used versus the concentra-
tion of the absorbing species serves as a check on the procedure. Sample
Beer’s law plots are shown in Figure 1.14. The plot for trans-Cr(CO)4(PBug ),
shows deviations above 2.8 X 10~% M, and data collected at higher concen-
trations would be difficult to interpret.24 The Beer’s law plot serves as a check
on any approximations made in the spectral analysis and on the behavior of
the absorbing complex. Association or dissociation of the complex would lead
to nonlinear Beer’s law plots since the species formed would not have identi-
cal absorption properties and the extent of association or dissociation would
vary with the concentration of the complex.

Ultraviolet and visible absorption spectra usually involve broad absorp-
tions that overlap with other species present in solution. Although this some-
times makes interpretation of products more difficult, kinetic analysis can be
done on overlapping absorption spectra. For the simple first order reaction

A—>B 1.75

wavelength —
100% transmittance

0 transmittance

FIGURE 1.13. The definition of I, and I for a transmittance spectrum. The 100%
transmittance is the base line for the spectrum.
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FIGURE 1.14. Beer’s law plots of absorbance versus concentration for the most
intense absorption of two chromium carbonyl complexes: (a) a normal linear
Beer’s law plot; (b) a similar complex showing deviation from linearity above
A=0.7. The ¢ value is 1.1 X 103M~! for Cr(CO),P(OMe), P(OPh), and 2.5 X
103 for Cr(CO),(PBuy),, ignoring data above A = 0.7.

the absorbance at any time is given by
D, = e4[A] + &3[B] 1.76

and at completion by

KINETIC TECHNIQUES

The term needed for kinetic analysis
Ao _ 1 (Bo=D=) o
In A,_ln(D,—D,,)_kt 1.78

can be represented purely as absorbances. One should always keep in mind,
however, that inability to completely assign the spectra from which kinetic
data are obtained makes the data of limited utility.

Infrared absorption spectra are limited primarily to ligands (CO, NO,
NCR, CNR, etc.) that absorb in regions of the infrared uncluttered by com-
mon solvents, but infrared absorptions are usually not overlapping and pro-
vide for straightforward analysis. In Chapter 4 we shall see that infrared
monitoring is commonly practiced for carbonyl compounds. An example
using the nitrosyl absorption is illustrated here.2

[Re(CO), (NO)Cl, ], + 2L — 2Re(CO), (NO)Cl, (L) 1.79

The chloride-bridged dimer has a vyo at 1803 cm~! and the product hasa vyo
at 1780 cm™1. Monitoring the decrease in the 1803 cm~1 absorption yields the
kinetic plots shown in Figure 1.15.24 The analysis is straightforward, giving

rate = k[Re, (CO)4(NO), Cl4]{L} 1.80

180 |- 35°C
160
140
120
100

80

k ey X 105(s~1)

60

40

20

2 4 6 8 10 12 14 16 18
[L] X 102 (M)

FIGURE 1.15. Kinetic results from the decrease in the absorbance of the nitrosyl
(1803 cm™1) of Re,(CO)4(NO),Cly upon reaction with entering nucleophile.
[Reprinted with permission from F. Zingales, A. Trovati, and P. Uguagliata,

25
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The dependence on the concentration of the entering ligand suggests nucleo-
philic attack of L on the rhenium dimer.

Nuclear Magnetic Resonance _

In contrast to the absorption spectra just considered, NMR provides data
on the lifetime of systems that are at equilibrium. The time scale accessible for ™
a typical NMR spectrum is 109- 1076 seconds, which covers a range of rates
(109-108s~1) that are not readily studied by other techniques.?5:26 A system
that undergoes exchange on a time scale appropriate for NMR investigation
has changes in the NMR spectrum capable of providing rate data in the form
of lifetimes 1, which are the inverse of the rate constants.

A LAy k== 1.81

1
di Ta Ty

102

96
91
85
80

74

temperature (°C)

L2}y bsms

68

62

56

50

CC22IO>m==

Lt 1 1 A ) L 1 1 1 |
7778798081 777879 808.1
T

FIGURE 1.16. The proton NMR data for free and coordinated NHj from com-
plexes with alkyl cobalt(lll) complexes. This illustrates a two-site exchange.
[Reprinted with permission from R. J. Guschl, R. Stewart and T. L. Brown, Inorg.

KINETIC TECHNIQUES

A typical set of spectra obtained at different temperatures is shown in Figure
1.16 for a two-site system (exchange occurs between two equivalent sites).
The fast-exchange spectrum is the sharp single resonance seen at high tem-
perature. It indicates that exchange is fast in comparison to the NMR time
scale so that the environment for the proton is averaged. As the temperature
is reduced the resonance begins to broaden in the near fast-exchange spectra.
Coalescence is defined as the point just before the resonance splits into two
resonances. When the two resonances are distinct but overlapping, the spec-
trum is said to be in the intermediate-exchange region. Atlower temperature
the two resonances are separate but broadened, and the spectrum is in the
slow-exchange region. When no exchange is occurring, the two resonances
are sharp, and the spectrum is at the slow-exchange limit or stopped ex-
change. Equations have been derived for the lifetime in the different regions
of the spectra, such that a series of rate constants versus temperature are
generated and activation parameters can be calculated. In general the pre-
ferred method for analysis of NMR data involves computer line-shape fitting,
which has proven to be a powerful method, especially for fluxional
molecules. The technique is illustrated in Figures 1.17 and 1.18 for
H, Fe[P(OEt)3]4.27 The observed spectra are shown in Figure 1.17 with the
best calculated fit; other calculated possibilities are shown in Figure 1.18. This
technique often provides the only way of differentiating mechanistic possi-
bilities in fluxional molecules.

Gas Uptake

A number of the reactants of interest to inorganic chemists are gases,
such as CO, H, and C,Hy.. Reactions in which gases are given off or taken up
can be monitored by studying the changing amount of gas over time. This is
an especially important technique for homogeneously catalyzed reactions
where a reactant is frequently gaseous. Since the reaction may be dependent
on the pressure, a constant-pressure device is necessary. A typical model has
been described (Figure 1.19).28 The reaction of RuCl, with CO in dimethyl-
acetamide was followed by gas uptake.??

Rul! + CO — Ru(CO) 1.82

The plot of absorbed CO versus time is shown in Figure 1.20.2° The CO
uptake data were used to deduce [Rul'] by the relationship,

[Rull] + [Rul{(CO)] = [Rull], 1.83
giving

—d[CO]  d[Ru™{(CO)]

1. rm. T 1 04
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FIGURE 1.17. Calculated (best-fit) and observed 90 MHz proton NMR line shapes
for H,Fe[P(OEt);]4. [Reprinted with permission from J. P. Jesson and E. L.
Muetterties, Tetrahedron 30, 232 (1974). Copyright 1974 Pergamon Press, Ltd.]

KINETIC TECHNIQUES

100
200
300
400
500
4000

100

50

1 v
I JA& W JJ\
80
160
320
400
500
4000

200
300
400
600
4000

[=} =] [} =4 =)
w o n n <
~ —t (o] n

o [=] [= o =
~ O =1 n =]
— — ] ot =
~

FIGURE 1.18. Line shapes calculated for different mechanistic possibilities in the fluxional behavior of

H,Fe[P(OEt);];. [Reprinted with permission from J. P. Jesson and E. L. Muetterties, J. Am. Chem. Soc. 93,

4801 (1975). Copyright 1975 American Chemical Society.]
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FIGURE 1.20. A plot of CO uptake versus time for reaction with Ru(ll) chloride.
[Reprinted with permission from B. C. Huiand B. R. James, Can. J. Chem. 48,3613
(1970). Copyright 1970 National Research Council of Canada.]
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FIGURE 1.19. An apparatus for measuring the uptake of gases at constant pres- E 4-19 %
sure. [Reprinted with permission from J. E. Taylor, J. Chem. Ed. 42, 618 (1965). § 1.0 k5
Copyright 1965 Journal of Chemical Education.] 8 4 00
O
: 121
The value of k; was evaluated from plots such as shown in Figure 1.21.29
Thus, once the concentration data were obtained the kinetic analysis was the | 1 |
same. ' 0 500 1000 1500 2000
time (s)

FIGURE 1.21. Kinetic plots to evaluate the rate constant from gas uptake experi-
ments. The squares represent log {Rul!] versus time. [Reprinted with permission
from B. C. Hui and B. R. James, Can. J. Chem. 48, 3613 (1970). Copyright 1970
National Research Council of Canada.]

Stopped-Flow Techniques

Many reactions occur too rapidly for standard absorption spectroscopy.
In the time required for sampling, the reaction would be complete. A simple
techniaire that allows ravid reactions to be investigated is the stopped-flow
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technique. A schematic diagram of the apparatus is shown in Figure 1.22. The
reactants are separately brought to a constant temperature, then mixed im-
mediately prior to obtaining the spectra. The spectrometer is set on one
wavenumber, and the absorption versus time spectrum is recorded. The data
are then analyzed in normal manner. The stopped-flow technique has been
used primarily with ultraviolet-visible spectrophotometers, although some
experiments have been done with infrared radiation.3? Data for the reaction
of Co,(CO)g with AsPh;, are shown in Figure 1.23.31

-

U(U
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.|

|
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=

(a)

FIGURE 1.22. Schematic of a single stopped-flow apparatus. In (a), equilibrated
solutions of the reactants are pulled into the syringes. The bar connecting the
plungers of both syringes is pushed, and in (b) the two solutions pass through a
miver into a snectrophotometer. where the absorbance spectrum is recorded.

CLASSIFICATION OF MECHANISMS

0.7 l I

absorbance

b—

1
0 5 10 15

time (min)

FIGURE 1.23. Typical absorbance plot obtained from a stopped-flow apparatus
for reaction of Co,(CO)g with AsPh,. This plot shows the decrease in Co,(CO)g
(dashed line, 2042 cm™—1) and the growth and slow decrease of Co,(CO); AsPh,
(solid line, 1996 cm~1). [Reprinted with permission from M. Absi-Halabi, J. D.
Atwood, N. P. Forbus, and T. L. Brown, J. Am. Chem. Soc. 102, 6248 (1980).
Copyright 1980 American Chemical Society.]

CLASSIFICATION OF MECHANISMS

A number of inorganic reactions can be classified according to simple mecha-
nistic schemes 32 For many reactions the term dissociative, for a reaction that
shows no dependence on the species reacting with the metal complex, or
associative, for a reaction whose rate depends on the nature and the concen-
tration of the species reacting, are sufficient. In some cases, however, a more
precise distinction between mechanistic typesis useful. The three basic mech-
anistic types are D(dissociative), A(associative), and I(interchange); each is
illustrated below.

Y

M—X==[M+X]|—>M-—Y  dissociative (D) 1.85
X

M—X+Y= [M<Y] —>M-—Y+X associative (A) 1.86

M—X+Y=M—-X--Ye=M—-Y - X—M—-Y+X interchange (1)
1.87

For a D mechanism an intermediate of reduced coordination number is
formed; for an A mechanism an intermediate of increased coordination num-
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beris formed; and for an I mechanism no intermediate of altered coordination
number is formed. Activation profiles for the D and A mechanisms are shown
in Figure 1.24. The I mechanism is a concerted exchange of X and Y between
the inner and outer coordination spheres of the metal. Interchange reactions
may have a variety of transition states, but we shall distinguish two possibili-
ties: I, , in which the transition state displays substantial bonding of the metal
to both the entering and leaving groups and in which there is some depen-
dence of rate on the entering group; and I4, in which the transition state has
only very weak bonding to the entering and leaving groups in the transition
state and there is a very slight dependence of the rate on the entering group.
These are usually referred to as associative interchange (I,) and dissociative
interchange (I4).

+Y +X

M+X+Y

M—X+Y
M—Y+X
D Mechanism
(a)
M(X -
Y Y
X
M/
Ny
M—X+Y
M—Y+X

A Mechanism
(b)

FIGURE 1.24. Energy profiles for (a) dissociative and (b) associative reactions.

CLASSIFICATION OF MECHANISMS

The four possibilities can be separated as follows: If the rate shows a
dependence on the entering group (nature and concentration) then it is either
A or,;if there is no dependence on the entering group then the mechanism s
D orI. These two mechanisms, D and I3, canbe distinguished on the basis of
whether an intermediate of reduced coordination number exists or not. This
may be a difficult distinction to make since the primary difference is in the
depth of the minimum in the energy profile (Figure 1.24). Most often compe-
tition experiments are accomplished to test the selectivity towards entering
groups. Similar considerations can be used to differentiate I, and A mecha-
nisms.

35
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PROBLEMS

1. Derive the integrated rate equation for a reversible first order process.

2. From the data below calculate E,, AH%, and AS*.

(O k(s™1)

301 6.7 X 1075
40.2 3.3X 104
47.8 1.0 X 1073

3. For the substitution reaction MLs X + Y — ML; Y + X, which goes to completion,
the rate was studied under conditions of excess ligand Y.

(a) How can one determine the order of the reaction in ML; X from a single

kinetics run?
(b) Assuming the reaction is first order in ML5 X, one obtains the following plot:

kobs

(Y]

Write the general form of the rate law for substitution, and express the
constant(s) in terms of the slope and/or intercept.

4. The following data were obtained for the reaction Cr(CO)y(PPh;), +CO —

Cr(CO)sPPh, + PPh;.

k T(°C)
1.96 X 104 50
4.29 X 104 55
8.73 X 104 60

Derive the enthalpy and entropy of activation (AH#¥ = 31.3 kcal/mole, ASt =
21.2 eu). Calculate the rate constant for the reaction at 40°C and at 130°C. Which

PROBLEMS

5. Given the following absorbance-versus-time data, calculate the rate constant for
reaction of Cr(CO),(P(OPh);)AsPh, at 70°C:

A(1913 cm™1) time (min)
0.374 2
0.312 7
0.259 14
0.203 22
0.155 32
0.108 43
0.078 54
0.050 67

6. Given the following data calculate all the rate parameters for the reaction of
(1°-CoH;)Mo(CO), Br with L in THF. [A. J. Hart-Davis, C. White, and R. H.
Mawby, Inorg. Chim. Acta 4, 441 (1970).]

ligand
concentration
T(°O) ligand M) 10%p, (s71)
5.0 P(OMe), 0.065 2.62
0.149 4.22
0.222 5.55
0.286 6.64
0.391 8.52
0.422 8.98
8.8 PPh, 0.046 3.25
0.093 3.25
0.140 3.40
0.287 3.96
0.298 4.03
10.0 P(OMe), 0.094 6.61
0.208 9.26
0.248 11.2
0.410 15.6
15.0 PPh, 0.097 8.04
0.146 8.45
0.230 8.82
0.299 9.08
0.388 9.68
P(n-Bu), 0.094 16.3

0.135 21.2

3¢
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ligand

P(OPh),

P(OMe),

P(OMe),

PPh,

PPh,

ligand
concentration

M)

0.195
0.248
0.317
0.105
0.223
0.296
0.098
0.133
0.193
0.231
0.297
0.099
0.153
0.192
0.231
0.300
0.075
0.152
0.256
0.366
0.389
0.041
0.082
0.216
0.294

ONE/ CHEMICAL KINETICS

104kobs (s~1)

28.0
32.3
40.3
7.87
8.12
8.22
12.6
14.0
16.4
17.7
20.4
20.6
23.7
26.4
28.3
33.0
15.2
15.8
16.6
16.7
18.3
349
35.1
37.4
38.1

. Given the absorption spectra below, calculate the rate constant for deoxygena-
tion of [(NHj)en, Co(u-O, YCo(NH;)en, |4+.

PROBLEMS

optical density (D)

| | i 1
240 270 300 330 360

wavelength (nm)

Change in absorption spectra of 8X10~5 M [(en),(NH;)Colll
(4-037)Co(NH, )(en), ]4+ in 0.01 M NaClO, solution at approximately 17°C (a)
immediately after dissolution; (b) after 10 min; (c) after 20 min; (d) after 35 min;
(e) after 55 min; (f) after 2 hr; (g) after 2 days. [Y. Sasaki, K. Z. Suzuki, A.
Matsumato, and K. Saito, Inorg. Chem. 21, 1825 (1982).]

. Given the following kinetic data for substitution on CpRh(CO),, derive the rate

law and suggest a mechanism for substitution:

luene
C5H5RR(CO); + L ———=— C;HyRhCOL + CO

[CsHsRR(CO), ] (L] 105k, 10%
L M) M) (s~ (M—1 5-1)

P(n-C4Hy), 0.004 0.053 17.5 33
P(n-C4Hy), 0.008 0.122 38.3 322
P(n-C4H,), 0.012 0.188 66 35
P(n-C,Hy), 0.002 0.245 86 34
P(n-C4Hy), 0.008 0.410 130 322
P(n-OC,Hy), 0.0024 0.088 3.55 4.0
P(n-OC4Hj), 0.0013 0.147 5.6 3.8
P(n-OC,H,), 0.0024 0.234 8.0 3.4
P(n-OC4H), 0.0012 0.660 25.3 3.8

2 The reaction was followed by the rate of CO evolution. Other data were obtained by the
infrared method.

41
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9. Set up the differential equations and the secular equation for the scheme below.
k
A 1
k_
h”k -4
D=2

ks

1

k_o|| &,

Ne———w

|

10. Given the data below for the reaction
[Co(NH;)s OH, P+ + X~ == [Co(NH; )5 X2+ + H,0

where k, is for the aquation, derive a linear free-energy relationship, and discuss
the implications. [A. Haim, Inorg. Chem. 9, 426 (1970).]

X-1 ky(s™1) Keg(M~1)
NCS- 4.1 X 10-10 2.7 X 10°
N3 2.1 X 109 8.3 X 102
F- 8.6 X 108 25
Cl- 1.7 X 10-6 1.11
Br~ 6.5 X 106 0.35
NO7 2.7 X 10-5 0.08

11. Below is shown the plot of the infrared spectrum at 1658 cm™! that resulted from
a stopped-flow investigation of the reaction of a 0.02 M solution of a ketone with
0.24 M cyclopentylmagnesium bromide. Calculate the rate constant. [S. E. Ru-
dolph, L. F. Charbonneau, and S. G. Smith, J. Am. Chem. Soc. 95, 7083 (1973).]

¢ 100 P~ e
E il
& 7
2 /
g [/
§ 174
)
[s 9}
0 N BN S

0 0.2 0.4 0.6 0.8

time (s)

12. Given the data below for O, uptake by Ir(CO)(PPh,), Cl, derive the form of the
rate law. [P. B. Chock and T Halnern T Am (Chom Sar fR8 2811 (1QAAN )

PROBLEMS

43

partial pressure

0, (mm) kops(s™1)
242 1.21 X 104
371 1.93 X 104
473 2.48 X104
630 3.25 X104

13. What is wrong with the scheme shown below for isotopic enrichment in
Mn(CO); X?

CO Cco Cco
Cco co Cco Cco Cco Cco
_— —_—
Cco CcO COo Cco 13CO
X X X
I -

Cco Co Co Cco
B
co co co co
X X
14. The competition ratio is the ratio of reaction rates for two separate species with
one reactant. This is most often used to test the ability of an intermediate to

discriminate between two possible reactants. Values of the competition ratio
between the ligand L and piperidine for Mo(CO); are shown below.

L competition ratio
P(OMe), 0.74
PPh, 0.85
AsPh, 1.0

What information on the nature of the intermediate does this provide?

15. C. D. Falk and J. Halpern have studied the kinetic isotope effect in the reaction
trans-Pt(PR;)LCl + py — Pt(PR3),pyL* + CI= L=H- or D~ and found
ky/kp = 1.4. The Pt-H stretching frequency is 2183 cm™! in the ground state.
Make some reasonable assumptions, and calculate the Pt-H stretching frequency
in the transition state during substitution. [C. D. Falk and J. Halpern, J. Amer.
Chem. Soc. 87, 3003 (1965).]

16. The AG* values for the kinetic process involving rate-determining loss of ligand L
from a complex CL,

k
CL—C+L
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are as follows:

L

CH,OH
CH,CN
S(CH,),
N(CHj3);
Ph,

Py

CH,NC
P(OCHj3),
imidazole
P(n-C4Hg),

ONE,/ CHEMICAL KINETICS

AG*

(kcal/mole)

13.0
14.7
17 .4
18.3
18.5
18.7
20.1
20.2
21.1
235

Using these values and linear free-energy concepts, derive a set of ligand dissoci-
ation parameters J; . For the reaction CoNO(CO); + L — CoNO(CO),L + CO
the rate law is as follows:

rate = k,[Co(NO)CO);J[L]

The rates at comparable conditions for some L are

ligand

P(n-Bu),
P(OCHj;),
Ph,

Py

kM—1g71)

9.2X 1072
1.8X 1073
1.0 X 1073
39X10°5

Do these data correlate with the J; values derived above? Discuss the reasons for
the observed relationship or the lack of it.
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Ligand Substitution
Reactions on Square
Planar Complexes

-

—

Square planar complexes are often formed when the metal ion contains eight
electrons in its d-orbitals as in complexes of P(IT), Pd(IT), Ni(Il), Au(Ill), Rh(I),
and Ir(I). Square planar complexes are invariably spin-paired (diamagnetic).
Substitution reactions of square planar complexes of Rh(I) and Ir(I) are evi-
dently rapid, but have not been studied extensively. Square planar complexes
also undergo oxidative-addition reactions which are considered in Chapter 5.
The most thoroughly studied substitution reactions are those of P(I) com-
plexes, and we shall discuss these in some detail in this chapter. Reactions of
complexes of PA(IT), Au(Ill), and Ni(II) will also be considered briefly. The
first four references listed at the end of the chapter contain good general
reviews of square planar substitution reactions.

SUBSTITUTION REACTIONS

The reaction that we are considering is substitution of one ligand for another
on trans-Pt(T)(L),X, where X is the leaving group, T is the ligand ¢rans to the
leaving group and the Ls are ligands cis to the leaving group.

PHT)L,X + Y — PHT)L,Y + X 2.1

The substitution reaction proceeds with retention of the configuration at the
metal as shown in Figure 2.1. Reactions 2.2 and 2.3 below show the stereo-
chemistry of substitutions on square planar complexes.5

w
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L L
T—Pt—X+Y—T Y+X
L L

FIGURE 2.1. Substitution reactions of square planar complexes proceed with
retention of stereochemistry.

a r c|1 - NO, -
Cl—Plt-—Cl —Ni‘i—c"—ml—Plt—NHa L"?"-C‘;)Q—Plt—Nm 2.2
cI:1 cl Cl
ca  r Cl - ITIOz -
Cl——Plt——Cl N0z, - C (:1—P|t—No2 MCI—I’It—Cl
c|1 cl NH,
PR, 2 C‘l
| - : _
PR, —Pt—PR, _—ZZCI,‘R—;c1—PIt—PR3 23
PR, PR,
a cl

|
c1—1°|t—c1 2% PRa——Pit~PR3

Cl a

These reactions indicate that the order of addition of reagents can aff.ect
product geometry. The following substitution reactions show the preparation
of the three isomers of Pt(Py)(NH;3)(CI)(Br). -

Cl - Br - Br

| hil | 2 | —NH 24
Cl—Pt-—NH3T(:1_—>C1——PIt—NH3 b2 Cl——P|t ,

(‘:1 cl Py

Cl - }‘Br - [lir
Cl——llt——Py f—g‘l:—>Cl——P’t—Py uilii Cl—-P‘t—Py 2.5

Cl Cl NH,

SUBSTITUTION REACTIONS

c|:1 1\|1H3 * NH,
- |
Cl—P’t—Py L Cl—Plt—Py —%— Cl—Pt—Br 2.6
Py Py Py

A combination of the effect of the trans ligand (trans effect) and the group that
is being substituted (leaving-group effects) lead to the observed products in
these reactions. Each of these is discussed later in this chapter.

Studies of the kinetics of the reaction show a dependence on the concen-
tration of the entering ligand as shown in Table 2.1 and Figure 2.2 for the
reaction of Pt(Py),(NO,)Cl with pyridine (Py).

PHNO,)(Py),Cl + Py —> P{(NO,)Py)f + CI— 2.7

Under pseudo first order conditions, plots of In [metal complex] versus time
are linear with a slope of k. Varying the initial concentration of the ligand
(always under pseudo first order conditions) gives plots such as those shown
in Figure 2.2 from which k, is derived as the intercept and k, as the slope. Thus
the rate law for the reaction

trans-PHT)L,X + Y —— trans-Pt(T)L,Y + X 2.8

has a ligand-independent and a ligand-dependent term. The ligand-depen-
dent term (k; ) can be readily understood in terms of nucleophilic attack by the
entering ligand. A square planar complex is coordinatively unsaturated and
hence has a site for attack and an orbital available along the z axis. Addition of
the two-electron ligand Y to the square planar species leads to a coordina-
tively saturated 18-electron intermediate. Data presented in a subsequent

TABLE 2.1

Dependence on [Py] of the Rate of Substitution of C1~ on Pt(NO,)(Py),Cl in
Nitromethane at 25°C.6

[Py](M) K ops(X 103571
0.02 0.703
0.05 0.832
0.10 1.35
0.20 1.86
0.30 2.20
0.40 2.96
0.50 3.60
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350
300
250
200
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k,y, X 10571
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50

FIGURE 2.2. Rates of reaction of trans-[Pt(Py),Cl,] with various nucleophiles in
methanol at 30°C. [Reprinted with permission from U. Belluco, L. Cattalini, F.
Basolo, R. G. Pearson, and A. Turco, J. Am. Chent. Soc. 87, 241 (1965). Copyright
1965 American Chemical Society.]

section show the dependence of the rate of the substitution reaction on the
nucleophilicity of the entering ligand.

The ligand-independent pathway could have several possible explana-
tions; the one that is generally accepted involves attack of the solvent on the
square planar complex. In this reaction the solvent becomes the entering
nucleophile in the rate-determining step. The scheme showing both first and
second order pathways is illustrated in Figure 2.3. The similarity of the two
pathways is a strong feature in support of this mechanism, especially since
the solvents often used, H,O, CH;OH, etc., have electron pairs and can be
nucleophiles. The large excess in solvent concentration leads to the observed
first order kinetics and makes up for the generally lower nucleophilicity of the
solvent, That the first order step is not dissociation of a ligand but is depen-
dent on the nature of the solvent is shown by the solvent dependence of the
first order rate constant for reaction 2.7 (Table 2.2). This strong dependence of
the first order rate constant on the nature of the solvent is consistent with
direct nucleophilic attack by the solvent on the square planar complex. As we
proceed, we shall find that all evidence supports this mechanism.

TRANS EFFECT
; S :
T T L T L
S =X
L><X L>€ L><S
X lY
3 ol
F;T>%L ;
+Y- [ o
‘L :
i S
ENRY |-
T>€L! = e
L \ Y

FIGURE 2.3. Associative mechanism for attack of ligand Y~ and of solventS on a
square planar complex.

TRANS EFFECT

The overriding consideration in studies of substitution reactions on Pt(II) was
the effect on the rate of the ligand trans to the substitution site.5 The trans
effect was recognized as early as about 1900 and played an important role in
preparations of different isomers as shown in reactions 2.1-2.6.

The effect of a series of trans ligands on substitution of pyridine for
chloride on trans-Pt(PEt,),LCl was determined.”

trans-PH(PEty),LCl + Py —— trans-Pt(PEt,),L(Py) + CI~ 2.9

TABLE 2.2

Effect of Solvent on the Rate Constant for the First Order Step
Pt(NO,)(Py),C1 + Py —> PUNO,)(Py)f + CI~ at 30°C.6

solvent k,(X10%s7Y)
dichloromethane 0.06
methanol 0.7
nitromethane 8.
acetone 31002

2At 20°.
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TABLE 2.3

Effect of the Trans Ligand on Rate in Substitutions on trans-Pt(PEt,),L(C1).7 T(?;/

L k(™Y k,(M™1s7Y)
PEt, 1.7 X 1072 3.8 )
H- 1.8 X 1072 4.2
CHj 1.7 X 104 6.7 X 1072
CeHs 3.3 X 1075 1.6 X 1072
p-CIC¢Hy 3.3 X 1075 1.6 X 1072
p-CH,OCH7 2.8 X 1075 1.3 X 1072
Cr- 1.0 X 1076 4.0 X 10~4

(In many reactions the charge on the complex depends upon the nature of L
as it does in reaction 2.9 above. In each case the platinumiis in a +2 oxidation
state and the charge on the complex is that required by standard charges on
ligands.) The results for reaction 2.9 are given in Table 2.3.7 As the trans
ligand changes through the series shown in going down the table, the rates of
substitution decrease dramatically. Because within this series of complexes
the only change is in the trans ligand, the 104 difference in rate can be
assigned to the trans effect. An important feature that supports the interpre-
tation of the mechanism is that k; and k, are both affected in the same way by

the change in trans ligand, indicating the mechanistic similarity of the two
steps. From the data presented in Table 2.3, and many other reactions, the

following trans-effect order has been developed:8

CO, CN-, C,H, > PRy, H- > CHj > C¢Hz, NOg, I, SCN~ > Br, CI7

> Py, NH;, OH~, H,0

This order spans a factor of 106 in rate and holds for all square planar
platinum complexes thus far examined.

A rate enhancement can arise because of differences either in ground
state or transition state energies. As shown in Figure 2.4 an increase in rate
indicates either a ground state destabilization (increase in energy) or a transi-
tion state stabilization (decrease in energy). A ligand that exerts a strong trans
offect weakens the bond to the trans ligand, stabilizes the transition state or
affects both the ground and transition states.

Before discussing the origin of the trans effect, we must distinguish

between the trans effect and the trans influence of a ligand. The trans effect
e et an st yote of substitution of the ligand thatis

TRANS EFFECT

five-coordinate transition state
PtL,T(X)(Y)

PtL,TX

five-coordinate intermediate
PtL, T(X)Y)

PtL,TX

PtL,TY

FIGURE 2.4. i i
E 2.4. Plots of the reaction coordinate for square planar substitution reac-

tions showing the differe
nce between a five-coordi iti
five-coordinate intermediate. fete fransition state and 2

trams. i ;
oo erfiti trar;ls influence is the effect of the frans ligand on ground state
diffgrence suc '?S bond lepgths and infrared stretching frequencies. The
thermodyr:S similar to the difference between kinetics and thermodyna'mics
amics concerns ground state mea ; '
. h surements while kineti
cerns t inetics -
B S}ilri itlzhﬁierexll’lce in energy between the ground state and the transict(i):n
inﬂu;ance ?r 2', the .trans 1nﬂ1‘1ence provides information on the ground state
ligand on0b at hruns ligand while the trans effect involves the effect of the trans
bonsition t0t dt}'le ground state and the transition state. In the absence of
o be’s' a '61! fferences the trans effect order and the trans influence order
in the trazlsn: f;erétAS Z{Ve exag\il;le the reasons for the trans effect, differences
o B order and the trans-i : ’ .
transition state energy differences. nfluence order will be ascribed to
An ;
explanattilcr)rrllbsr Of.t;xplanatlons have been offered for the trans effect. The best
PP lig:rr:sll taergsTb}(:th the sigma-donating and pi-acceptance capabili
A3 e trans ligands in a squa X
-orbi - ' quare planar complex sh
p-orbital as shown in Figure 2.5. A ligand that is a strong sigzmaI—)drmrwairfrf_1
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(@)
b

FIGURE 2.5. Schematic diagram showing the difference in M-X bond strengths
for a weak (a) and a strong (b) sigma-donor ligand. In (b), the strong sigma donor
weakens the bond to the trans ligand.

tributes more electron density to the shared p-orbital (py) and weakens the
bond to the leaving group X. A graphical demonstration of this is shown in
the lower part of Figure 2.5. In the five-coordinate intermediate the T group
and X group do not directly share the same p-orbital, so that the effect of a
strong sigma donor on the transition state is much smaller. Thus the effect of a
sigma donor is primarily a ground state destabilization of the Pt-X bond. As
primarily a ground state effect, the trans effect arising from sigma donation
should parallel the order of trans influence. The expected order for the trans
effect from sigma donation is as follows:

H- > PR, > SCN~ > I, CHj, CO, CN- > Br~ > Cl— > NH; > OH™

This order is similar to the general order of trans-effect ligands with some very
notable exceptions (CO and CN™ are badly out of order). As we discussed
above, discrepancies between the frans-effect order and the trans-influence
order may be attributed to transition state effects. The ligands that have a
substantially larger trans effect than would be predicted from their trans
influence are ligands with pi-bonding capabilities. Thus a stabilization of the
transition state by pi-accepting ligands is indicated. A ligand with pi-accept-
ance capabilities can remove electron density from the metal and thus stabi-
lize the transition state. The order of pi-bonding ability of the ligands

C,H,,CO > CN- > NOz > SCN- > I > Br~ > CI~ > NH, > OH"

accounts for the ligands that are not properly ordered by considering sigma
donation only. The complete trans-effect order can be composed of the ex-
pected orders for sigma donation and pi acceptance and supports the idea of
the trans effect arising from these different ligand capabilities.

One must be careful in applying general interpretations such as the
e fmetton tuane affart Clean senaration of eround-state destabilization by

OTHER EFFECTS ON THE RATE

la’ccep(;co.r is impossible in.some cases. Consider the electronic effect of trans
igands in several p-substituted aniline complexes for the following reaction.?

trans-(styrene)(p-XCgH,NH, )PtCl, + 1-pentene —
trans(1-pentene)(p-XCgH,NH, )PtCl, + styrene 2.10

These reagtions proceed very rapidly and show a dependence on the X grou
as shown in Table 2.4. The rate of substitution decreases with increasing base,:
strength of the trans aniline ligand, a difference opposite to that ex ect%d f
the sigma trans effect. In this case, since an olefin (primarily a pi asce to f
see Chapter 4) is the ligand replaced, the Pt-olefin bond is strerltjgthengd l:
stronger donor in the trans position, giving a rate dependence opposite to t}}:ai

expected f; i icati i ion i
gr;)ph. rom simple application of the interpretation in the preceding para-

TABLE 2.4

The Effect of Changing Amine Basicity on Rate of Replacement of the Trans

Ligand.®

5 kM~1s71) rK,
Cl 9750 4.1
H 7030 4.63
CH, 5000 5.08
OCH;,4 3960 5.34

OTHER EFFECTS ON THE RATE

Tlhe trans group has a la.rge and very significant effect on the rate of square
planar substitution reactions, but other factors are also of importance. In this
section we shall consider the effect of the cis ligand (steric effects), the effect

of the leavi i i
of the ::;'ng group, the effect of the entering nucleophile, and the effect of

Cis Effect

The electronic effect of the cis ligands s relati
' gandsis relatively small.1.10 Th i
of cis-Pt(PEt,),LCl illustrate the magnitude expecte}(;l. ereactions
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TABLE 2.5

The Effect of L on the Rate of Reaction of cis-Pt{PEt,),LCl with Py.

L - k X10%(s™1)
Cl- 1.7
CHs 3.8
CHy 6.0

The data for this reaction (Table 2.5) can be compared to th.ose in Table 2.3.7
For these ligands the cis effectis only a factor of 3 in rate Whlle the. trans ﬁffecé
is greater than two orders of magnitude.” In general the cis gffect is small an
its order is variable unless steric factors are involved. Steric eff.ects provide
one of the best means of differentiating a dissociative mechanism from an
associative one. For a dissociative reaction there is usually an increase in
reaction rate with increasing steric interactions, a steric .acceleratlon'. For an
associative reaction that involves an increased coordinat19n number, mcreg;-
ing steric size decreases the rate of reaction. Data shown in Tgble 2.6 provi ef
excellent confirmation of the associative nature of substlitutlon reactions o
Pt(II) complexes. Table 2.6 illustrates several features of mi.tere'st. Increa.smg
the size of the ligands dramatically slows the rate of substitution reactions.

TABLE 2.6

S . e 17
Steric Effects on the Rates of Square Planar Substitution Reactions at 25°C.

&
%}G .r""ﬂ 7 complex Kobs(s™Y)
\\}\v‘léy - -
N5 cis-PYPEt),LCl
L f= phenyl? 8.0 X102 X .
. /7 L=o-tolyle 20X 10~ * N
N L= mesityl 1.0 X 106 gt S
\trans—Pt(PEta)zLCl RN
L (1) phenyl 12X107¢ o
L = o-tolyl 17X10°8
L = mesityl 3.4X10°¢ {3 Ny

m e

OTHER EFFECTS ON THE RATE

FIGURE 2.6. Geometry of aryl square planar complexes showing the ortho substi-
tuents blocking the site of attack.

The orientation of the aromatic ring of the aryl ligand is perpendicular to the
plane of the molecule such that the substituents lie above and below the plane
of the molecule and effectively block the site of attack (Figure 2.6). Changing
the size of the frans ligand has less effect on the rate of substitution, as shown
in Table 2.5. This can be understood by considering the trigonal bipyramidal
intermedijate formed. The trans group shares the equatorial plane and is
away from the entering group and leaving group by an angle of 120°.
The cis ligands occupy axial sites in the intermediate and interact with the
entering and leaving groups at a 90° angle. Thus there is an increased
effect on rate by steric interactions from the cis ligand. The importance of
steric interactions is further shown by a comparison of the substitution
reactions of Pt(dien)Cl* and the tetraethyl substituted derivative,
Pt(Etydien)Clt  (dien = H,NCH,CH,NHCH,CH,NH, and Et,dien =
Et,NCH,CH,NHCH,CH,NEt,; each is a tridentate ligand.) The Pt(dien)CI*
undergoes substitution of Py for CI~ at room temperature. The tetraethyl
substituted derivative is so sterically hindered that reaction doesn’t occur
until 80°C and proceeds only by a first order reaction pathway that appears to
be dissociative in nature.l

Steric effects are further illustrated for a series of amine nucleophiles in
the following reactions.1!

trans-(PryP)PtCl,(NH[4C]E,) + amine ==
trans-(PrsP)PtCly(amine) + NH[4C]Et, 2.12

The plots in Figure 2.7 show the dramatic effect of the size of the incoming
nucleophile.

Leaving-Group Effects

To investigate the effect of the leaving group (and other effects) on the
rate of substitution reactions one must keep the cis and trans groups constant.
The Pt(dien)X* complexes have provided excellent information on leaving-
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FIGURE 2.7. Reaction rates for trans-(Pr§P)PtCl,,(NHEt,)* + amine in methanol
at 25°. Amine reagents (those marked with asterisk react to give new com-
pounds): (1) 4-methylpyridine*; (2) 3-methylpyridine*; (3) pyridine; (4) methyl-
amine; (5) aziridine*; (6) ethylamine; (7) isobutylamine*; (8) pyrrolidine®; (9)
n-butylamine*; (10) ammonia; (11) isopropylamine®; (12) s-butylamine*; (13)
2-methylpyridine*; (14) piperidine; (15) dimethylamine; (16) 2,4,6-trimethyl-
pyridine*; (17) t-butylamine*; (18) diethylamine; (19) di-isobutylamines*; (20)
(21) di-isobutylamine*; (22) 2,4,6-trimethylpiperidine.* [Reprinted with permis-
sion from A. L. Odell and H. A. Raethel, J. Chem. Soc. Chem. Comm. 1323 (1968).
Copyright 1968 Royal Society of Chemistry.] '

group effects. The reaction of this complex with an entering nucleophile Y is
shown in Figure 2.8. In dissociative reactions a large dependence on the
nature of the leaving group can be expected since the bond from the metal to
the leaving group is broken in the transition state. For associative reactions
the effect of the leaving group depends on the extent of bond breaking in the
transition state. Data for the following reaction

Pt(dien)X* + Py — Pt(dien)Py2*+ + X~ 2.13

are presented in Table 2.7. The magnitude of the leaving-group effect shown
in Table 2.7 indicates substantial bond breaking in the transition state. How
much bond breaking exists in the transition state depends on the specific
reaction. From volume of activation measurements it was concluded that

OTHER EFFECTS ON THE RATE

/\ /‘Y\ TN

N N N l N N N
Pt +Y —= Pt — Pt + X~

N/ \X N/ \X N \Y

FIGURE 2.8. Reaction of Pt(dien)X with Y~ showing entering- and leaving-group
effects.

re.placc?ment of CI™ by Br~ on trans-Pt(PEt;),Cl, leads to a transition state
with virtually no bond breaking of the Pt-Cl bond.!4 The order of leaving-
group dependence for reaction 2.13

NO3 > H,0> Cl~ > Br~ > 1~ > N3 > SCN— > NOz > CN—

is almost the inverse of the trans-effect order. This reflects the fact that the
trans effect depends on the strength of bonding (through either sigma or pi
capability) and the more strongly bound ligands dissociate more slowly from
the five-coordinate intermediate. In the section on activation parameters we
shall obtain additional evidence on leaving-group effects.

Effect of the Entering Nucleophile

For a reaction that involves attack of the entering ligand we should
certainly expect a dependence on the nucleophilicity of the entering ligand.
To discuss the nucleophilicity of a ligand we must define the species that
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TABLE 2.7

The Effect of the Leaving Group X on Rate of Substitution of Pt(dien)X* with
Py.1213

X kobs
NO3z very fast
H,0 1900
Cl- 35
Br- .23
I~ 10
N3 0.8
SCN~— 0.3
NO3y 0.05
CN— 0.02

interacts with the nucleophile. The order observed for Pt(Il) substitution
reactions!-3

PR, > I, SCN—, N3 > NO3 > Br~ > Py > NHj;, CI~ > H,0 > OH~

is certainly different than the order of basicity toward a pr.oton. The polariz-
ability or softness of a nucleophile is an important C(?n51deraf10n. Soft nfu-
cleophiles prefer soft substrates and hard (nonpolarizable) llggnds prefer
hard substrates.!> The observation that larger donors are effectl\_re nuclc?o—
philes towards Pt(II) indicates that Pt(Il) is a soft cente.r._In ge.neral in describ-
ing the nature of a nucleophile one correlates the reactivity with other proper-
ties of the ligand. This type of correlation is a linear free-energy relgt10nsh1p
(LFER). Data that have been collected for displacement of chloride from

trans-PtL,Cl,,16-18
trans-PtL,Cl, +Y — trans-PtL,ClY + CI~ 2.14

are presented in Table 2.8 and shown in Figure 2.9. The ligand doependence is
clearly not on the basicity towards a proton. The parameter TIpe defined for
each ligand is called the nucleophilic reactivity constant and is defined as

follows:

e e 2.15
log 1 = 7p

where kv is the rate constant for reaction of an entering nucleophile Y with

OTHER EFFECTS ON THE RATE

TABLE 2.8

Effect of the Entering Nucleophile on Reaction at trans-PtL,Cl,.2

Y L = Pyb L —_ PEtac ”l;tb
- 0.45 0.029 3.04
NOz 0.68 0.027 3.22
Br~ 3.7 0.93 418
I~ 107 236 5.46
SCN- 180 371 6.65

aEntries are 103k in units of M—1s—1, _.vi
bReference 16. {
‘References 17 and 18.

7
-5

Pt(Py),Cl, and kg is the rate constant for attack by solvent (CH3;OH) on the
complex.}” This constant measures the reactivity of a nucleophile towards
platinum and is useful for correlation with other ligand properties. In addi-
tion plots of log ky for other Pt(II) complexes versus 7p, are observed to be
linear (Figure 2.9). A LFER is given by

log ky = sn, + log ks 216

and holds for a variety of different Pt(II) complexes and solvents. The con-
stant s, called the nucleophilic discrimination factor, is a measure of the
sensitivity of the metal center to the nucleophilicity of the entering ligand. A
large value of s indicates that the rate is very sensitive to changes in nucleo-

philic character. Nucleophilic discrimination factors for several complexes

are listed in Table 2.9.17 The comparison of the Pt(dien)X* complexes
(X =Br~, CI~, H,0) offers confirmation of an often-stated postulate: The
complex-that is most reactive (best leaving group) is least discriminating-in its
reactions (low value of s). This balance between reactivity and selectivity is a
feature we shall return to in discussing catalytic reactions.

The order of the ligand nucleophilicities (Table 2.8) is similar to the
trans-effect order. This can be understood in terms of the position of the Y
group and the trans group in the transition state/intermediate. As shown in
Figure 2.3, the entering nucleophile and trans ligand occupy approximately
the same position and should have similar effecta an the rata

RN



36 Of}@fY LIGAND SUBSTITUTION REACTIONS ON SQUARE PLANAR COMPLEXES

FIGURE 2.9. Correlation of the rates of reaction of P(II) complexes with the
standard trans-[P{Py),Cl,] for different nucleophiles: ® = trans-{Pt{(PEt3),Cly]
in methanol at 30°; A =[Pt(en)Cl)] in water at 35°. (Tu = thiourea,
s = C(NH,),.) [Reprinted with permission from U. Belluco, L. Cattalini, F. Ba-
solo, R. G. Pearson, and A. Turco, J. Am. Chem. Soc. 87, 241 (1965). Copyright
1965 American Chemical Society.]

The entering-group effects and leaving-group effects are closely related
since both groups occupy equivalent positions in the intermediate. The mag-
nitude of entering-group effects and leaving-group effects depends on the
relative amounts of bond formation or bond weakening in the transition
state. The similarity in the two is shown in Table 2.10 by therate constants for

the reaction!?

am DMSO am DMSO
217

ke
Pt +am = Pt
k, /
al Cl am a

In the reverse reaction, the cis complex is always formed because the trans
e 16 1mm AnA TWEN ic mnich lareer than that of C17. The small

OTHER EFFECTS ON THE RATE

TABLE 2.9

Nucleophilic Discrimination Factors for Pt(l[) Complexes.?”

complex s
trans-Pt(PEt,),Cl, 1.43
trans-Pt(AsEt,),Cl, 1.25
trans-Pt(Py),Cl, 1.0

v trans-Pt(piper),Cl, 091
- Pt(en)Cl, 0.64
Pt(dien)Br+ 0.75
Pt(dien)CI* 0.65
Pt(dien)H,02+ 0.44

cis effect that may exist for these complexes can be significant when basicity

differences are minor, as they are fo .
’ r
mine.19 y cyclopentylamine through cyclooctyla-

Solvent Effects

dThe rate law fOI: square planar substitution'includes a term that is inde-
pendent c?f.the entering nucleophile. This is ascribed to solvent attack; so it is
not surprising that solvent effects are important in substitution reactions on

TABLE 2.10

Ratfe Constants Illustrating the Entering- and Leaving-Group Effects of a
Series of Amines for Reaction 2.17.19

amine k¢ k, PK,
cyclopropylamine 4.82 14.8 8.66
cyclobutylamine 3.60 3.2 9.34
cyclopentylamine 1.96 1.22 9.95
cyclohexylamine 1.73 1.16 9.82
cycloheptylamine 1.38 1.37 9.99
cyclooctylamine 1.22 1.37 10.01

63
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square planar complexes. Table 2.2 presents some pertinent data. Data for the
chloride exchange reaction

trans-Pt(Py),Cl, + 36Cl~ — trans-Pt(Py),Cl(3¢Cl) + CI~ 2.18

are shown in Table 2.11.20 Depending on the relative nucleophilicities of the
solvent and of the entering ligand, the observed rate law may be dependent
on or independent of the ligand. This is shown in Table 2.11 where the upper
part of the table contains solvents of good coordinating ability, which react by
a ligand-independent path, and the lower half of the table contains solvents
of low coordination ability with the reactions proceeding purely by attack of
the entering ligand on the square planar complex. For the solvents capable of
coordinating to the metal, the rates show a direct dependence on the nucleo-
philicity of the solvent. For the poorly coordinating solvents, the larger rates
occur in nonpolar solvents where the chloride would not be solvated and
would be quite reactive.

TABLE 2.11

Effect of Solvent on the Chloride Exchange Reaction.20

solvent k(10—5sY
DMSO 380
H,O 35
EtOH 14
PrOH 0.4
solvent -~ . k(M is7Y)
CCl, 104
CeHg . 102
t-BuOH 107!
Me,C(O) 10-2
DMF 1073

The extent of solvation in general is uncertain, but it has been deter-
mined for cis-Pt(PBug),Cl, in several solvents as shown in Table 2.12.21 The
number 7 is the number of solvent molecules coordinated to the complex.
These data support the concept of solvent attack through a five-coordinate
intermediate for the first order step.

OTHER METAL CENTERS

TABLE 2.12

Extent of Solvation of cis-Pt(PBu,),Cl, in Several Solvents and Equilibrium
Constants for Solvent Association.2!

solvent n K
CH,3;NO, 1.00 21.
CH,CN 1.00 17.
(CH3CH,),0 1.07 3.
CHCl,4 0.99 0.3
CH,;O0H 2.04 110.

ACTIVATION PARAMETERS

Activation parameters have been determined for a number of square planar
substitution reactions. A few examples are shown in Table 2.13. These acti-
vation parameters are consistent with the mechanistic scheme we have devel-
oped. Especially significant are the uniformly negative entropies and vol-
umes of activation. Negative values of both parameters indicate an
associative reaction (see Chapter 1). The other significant feature is that the
first and second order paths have very similar activation parameters, sug-
gesting again a mechanistic similarity in both paths.

OTHER METAL CENTERS

Although most of the research 6n square planar substitution reactions has
been of Pt(I) complexes, a few studies have been accomplished on Pd(II),
Ni(Il), Au(IlI), Rh(I), and Ir(I). A recent study of the CN— exchange reactions
for PA(CN)3~, P{{CN)2~, Ni(CN)3~ and Au(CN); by 13C NMR allows direct
comparison of these metal centers.24

M(*3CNy;~ + 13CN —— exchange measured by line-broadening

The Ni(II) complex exchanged too rapidly for full analysis; the kinetic data for
the other complexes are shown in Table 2.14.24 As an entering ligand, CN—is
so strong that the rate law showed no k; term.

rate = k,[M(CN);—J[CN]
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TABLE 2.14
§ Rate Constants and Activation Parameters for CN— Exchange with M(CN);~
Fleeod g8y at24°C.
K
complex k(M 1577) AH#*(kcal/mole) AS¥eu)
gl o0 o | : T
by oy ey Ni(CN)2- >5 % 105
Pd(CN)3~ 120 4 —45
g*ﬁ”ﬁ%ﬁﬁﬁtﬁﬁ%%%&%ﬁﬁ‘“ PYCN)2~ 26 6 —-37
I O T e T e B B Au(CN); 3900 7 —24
Eloasnosontgocn
S | BN The order of reactivity is Ni(II) > Au(lIl) > Pd(II) > Pt(Il), but the difference
< Lt between Pt(Il) and Pd(II) and Au(IIl) is not as large as for other reactions.24
o W N o N These complexes will be examined in the following sections.
3 [ AN A
< P
(I I R
E. !
bad
S > ‘ LT 1l cooao | ] Pd(ID) Complexes . ‘
< A el Analogous Pd(II) complexes react approximately 105 times faster than
= w | T T T TR T T T e Pt(Il) complexes. Data are presented in Tables 2.15 and 2.16. The greater
& § ’ 000 QQ000CQ 0000 o} reactivity of the Pd(II) complexes has previously been ascribed to a weaker
B 2 2 2 ) N . . :
E s 5SS 55G558 S ES 5 Pd-Xbond.* The overall mechanism appears to be of the same type with both
é o TABLE 2.15
D o
T o .
& % % Comparison of the Reactivity of Pd(II) and Pt(II) Complexes.
L]
— m e
> + L&
S a + + complex kopsr M=PA(D)  kops, M =PHID) reference
) oF-F .
® - >0 M(dien)Cl* fast 3.5X10°5 20
& A 35 35 M(dien)I* 3.2 X 10-2a 1.0 X 10-5 20
g g reeZZ o= & & M(dien)SCN* 4.3 X 10-2a 3.0 X 107 20
g FIgot++2e=2b L L M(dien)NO} 3.3 X 102 2.5 X 10~7 20
g Z oS ST IeRyguUZoRA t-M(PEt,),-
8 S0 A AgEs0aUa + 3)2
ﬁ Eiu -U‘f MGG I G R A A i‘ ;" + + & (o-toly)Cl 5.8 X 10-1 6.7 X 10-6 7
E SREEEEE XS0 ELEY
g ECRAAAAEREEEE S
= g p2be2adggg9E
< EBEEEERYBELEE<

*It is generally considered that a higher effective nuclear charge leads to stronger metal
ligand bonds (for ligands that do not accept electron density from the metal) as one proceeds from
first to second to third row transition metals.
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TABLE 2.16

Rate Constants for the Reaction of the Tetrahalides of Platinum and
Palladium with Acetylacetonate.?

complex ky(s7) ky(M~1s71) I1(°Q)
PdCIZ— 71 2.2 25

. - -3 55
PtCi2— 1.2X 1072 1.2X10

; 25
PdBr3~ 210 1.9 3 25

- —1 1 X10-
PtBr3 3.0 X 10 1.1

.

. - 74 : i
P‘a‘\, iAo e l,'! ENCE

¢ x

a ligand-attack and a solvent-attack term, although the solvent-attack term
appears to be more important for Pd(Il) complexes than fo'r P(IT).25

Substitution on Pd(acac), shows the similarity of entering-group effects
for PA(IT) and PH(I1).26

PD(acac), + 4X~ + 2H*+ — PdX2~ + 2H(acac) 2.19

The rates for different X~ groups are shown in Table 2.17.25 The mechanism
suggested for the palladium dien complexes is very similar to that suggested
for platinum dien complexes (Figure 2.8). A similar trans effect also appears
operative in Pd(Il) reactions from reactions of Pd(acac)Xy.

Pd(acac)Xy + 2X~ + H* — Pd(X,)?>~ + H(acac) 2.20

In comparing the rate constants for the solvolysis path, the reaction for
X = Br— was an order of magnitude more rapid than for X = CI_:Z6
While cis - frans isomerization of Pt(Il) complexes is a relatively slow

TABLE 2.17

Entering-Group Effects on the Rate of Substitution of Pd(acac),.

X k(X102s7Y)
OH~ 3.2
CI- 8.9
Br~ 32
I- fast
SCN~ very fast

OTHER METAL CENTERS

process, often requiring elevated temperatures, many palladium complexes
establish a cis-trans equilibrium readily in solution. A series of complexes
PdL,X; have been investigated by NMR (L = PPh,Me;_,; X =Cl-, N3,
CN~).27-29 Equilibration was achieved in a few minutes at room temperature
with the cis isomers generally thermodynamically more stable than the trans
isomers. The mechanism apparently involves solvent attack on the palladium
complex and is greatly catalyzed by the presence of a nucleophile.27-29

cis-PdL,X; + L' &= [PAL,X,L") == trans-PdL,X, + L’
L’ = solvent or other nucleophile 2.21

Square planar complexes of palladium show the same characteristics as
platinum complexes in their substitution reactions: Substitutions are associa-
tive reactions, with attack either by solvent or by incoming nucleophile; and
the trans ligand, the leaving group, the entering nucleophile, and the solvent
all affect the rate of substitution. The significant difference between com-
plexes of the two metals is that palladium complexes undergo substitution
105 times as fast as platinum complexes.

Ni(II) Complexes v

Many Ni(Il) complexes are octahedral. Those that are square planar react
very rapidly; Ni(CN)Z~ exchanges CN~ in seconds, a fact that is significant
since Ni(CN)3~ is a known compound.3? Reaction of trans-Ni(PEt,),(o-
tolyl)Cl with pyridine showed a two-term rate law.6

trans-Ni(PEts),(0-tolyl)Cl -+ Py — trans-Ni(PEts),(o-tolyl)Py + CI~
rate = k;[Ni(II)] + k,[Ni(ID])[Py] 2.22

The relative rates for the Ni(II), Pd(Il), and P(II) complexes are 5 X 108,
1 X105 and 1 respectively.” The most comprehensive data on Ni(Il) square
planar complexes is for a series of dithiolate ligands using stopped-flow
techniques; they show entering-group, leaving-group, and trans effects simi-
lar to the P(II) complexes.3!

Au(IIl) Complexes

Although Au(Ill) is isoelectronic with Pt(Il), studies of Au(III) are much
less common. The primary complication is the ease of reduction of Au(IIl) to
Au(I) or Au(0). Table 2.18 shows the comparison of rates of Au(III) and Pt(II)
complexes.3? The form of the rate law is the same as that for other square
planar complexes although the solvent-attack term is less important. A plot of
the observed pseudo first order rate constants versus concentration of bro-
mide ion is shown in Figure 2.10. This can be compared to Figure 2.7, show-
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TABLE 2.18

smaller contribution to the rate for Au(Ill).32 Gold complexes react approxi-
mately 104 times as fast as isoelectronic PY(Il) complexes. This is attributable

C rison of the Rates of Substitution Reactions of Au(IIl) and PtID to the larger positive charge on Au(IIl), which favors formation of the elec-
ompa :

tron-rich intermediate.
Complexes.
reaction kl(s—l) ZCL(M_—lfB - - SUMMARY
PtCl2— + *Cl~ 3.8X10°° 0 Substitution reactions of square planar complexes proceed by nucleophilic
Au(dien)CI2+ + Br~ <05 1534>< 103 attack of an incoming ligand on the square planar complex. The two-term rate
: — —5 5. -
Pt(dien)CI* + Br 8.0 X'10

law observed includes a term that is dependent on the incoming nucleophile

20

34°C

18 -

16 -

14+

12+

10—

kobs(s— 1)

) l I 1 i !
0 1 2 3 4 5 6 7

Conc. NaBr X 102 (M~1)

i1 . con of
f k., on bromide ion concentration for the reaction o |

FIGUl_‘E 2-(1301' ge‘},);:\hdtek?i(s:erzag;:t(.’[Reprinted with permission from W. H. Badd- FIGURE 2.11. Diagrams of the reaction coordinate showing that for a specific

EAu(dlsr;:) Bisolo Inorg. Chem. 3, 1087 (1964). Copyright 1964 American Chemi- reaction the dependence on entering and leaving groups may be more or less

al Socit , | h important.

cal Society.} p
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and a term that is independent of the incoming nucleophile. These terms
correspond to attack on the complex by the entering ligand and the solvent,
respectively. The rate of reaction shows a dependence on the ligand trans to
the substitution site, on the leaving group, and on the entering nucleophile.
The importance of these effects depends on the amount of bond formation or
bond breaking in the transition state. One can consider the reaction as a
double-humped potential curve as shown in Figure 2.11. These considera-
tions were covered in a recent molecular orbital study.10 If the first maximum
is the transition state, then bond formation is more important (a very sharp
dependence on the entering nucleophile). If the second maximum is the
transition state, then bond breaking is more important (leaving-group effects
would be very large). Support for the energy profile shown in Figure 2.11,
where the five-coordinate trigonal bipyramidal species is an intermediate,
has come from studies showing that this intermediate exists for a sufficient
time to undergo pseudorotation.3334 All of the data on square planar substi-
tution reactions are consistent with the mechanistic scheme shown in
Figure 2.3.
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PROBLEMS

1. Predict the products of the following ligand substitution reactions:

(@ Py{NO,CIE~ + NH; —

() PYPR)3* + 2Cl- ——

() PtCl3—+2PR;—

(d) cis-PY(Py),(NH)3*+ + 2CIm —

(e) trans-Pt(Py)(NHz)3+ + 2C1- —

. Design a two-step synthesis for cis- and trans-Pt{(NO,)(INH;)Cl3 beginning with
PtCly.

. The following data have been obtained for reaction of a 0.0018 M solution of

Pt(dien)CI* with Br—. Derive k; and k, for this reaction. {H. B. Gray, J. Am. Chem.
Soc. 84, 1548 (1962).]

[Br (M) K ops(X10%5~1)
0.005 1.04
0.015 1.60
0.020 1.87
0.025 2.12

. Arrange the following ligands in order of trans-labilizing power in square planar
substitutions.

I, Br-, CN—, C¢Hz, H,0, PR,

. Present rational syntheses of the following three isomers:

Elir I|3r II\IH3
Cl—Plt—NH3 Cl—Il’t—Py Cl—Il’t—Br
Py NH, Py

. How does each of the following affect the rate of a square planar substitution
reaction?

(@) changing trans ligand from H™ to CI™

(b) changing leaving group from I~ to SCN~
(c) changing charge on the metal

(d) making cis ligand larger

(e) changing solvent from H,O to n-C3H,OH
(f) changing from Pd(Ii) to Ni(II)

. A number of Pt(Il) complexes are effective anti-tumor agents. Among these are
cis-Pt(NH;),Cl; and Pt(en)Cl,. Assuming that the binding to the protein requires
two positions and that the Pt-protein complex should be stable, explain why

10.

11.

12.

. 3LEMS

these complexes are reasonable choices for anti-tumor behavior. [B. Rosenberg,
L. Van Camp, J. E. Trosco, and V. H. Mansour, Nature 222, 385 (1969).]

. There has been considerable discussion about the mechanism of cis-trans isomer-

ization of square planar platinum(II) complexes, with both rate-determining dis-
sociative and associative (solvent-attack) mechanisms suggested. Given the data
below, decide between these possibilities for Pt(PEts),(2,4,6-Me;CgH,)Br in
CH3O0H. [R. van Eldik, D. A. Palmer, and H. Kelm, Inorg. Chem. 18, 572 (1979).]

reaction ky X 104 AH#* AS#
isomerization 1.90 20 —9.8
cis-Pt(PEt;),RBr + I~ 1.86 18 -15

Arrange these complexes in order of increasing rate of substitution reactions:

trans—Pt(NH3)2(H)Cl, trans-Pt(NH;),(NO,)Cl, trans-Pt(NH;),(CN)CI,
Pt(dien)Cl*, Pt(dien)Br*, Pt(dien)I*, Pd(dien)It, Au(dien)I?+

Interpret the data below relating the intrinsic reactivity of a complex (log kg) with
the nucleophilic discrimination factor s. [U. Belluco, L. Cattalini, F. Basolo, R. G.
Pearson, and A. Turco, J. Am. Chem. Soc. 87, 241 (1965).]

complex log kg s
trans-Pt(PEt,),Cl, —6.83 1.43
trans-Pt(AsEty),Cl, —5.75 1.25
trans-Pt(pip),Cl, —4.56 0.91
Pt(en)Cl, —4.33 0.64
Pt(dien)Cl*+ —3.61 0.65

A competition study was carried out by reacting Pt(dien) Br* with Y~ and OH~in
comparable concentrations, where Y~ = CI~, Br~, and I~. The initial product
formed in each of these reactions is Pt(dien)Y+. No Pt(dien)OH" is seen initially.
Pt(dien)Y* then converts to Pt(dien)OH*. (Dien is a tridentate amine.) What is
the significance of the absence of Pi(dien)OH? as the initial product? Write a
plausible mechanistic scheme in which Pt(dien)OH* would be an initial product.
(Reference 3, p. 37.)

The complex [HPt(PEt,);]*BPhy was studied in acetone-d® in the presence of
excess P(Et); using proton NMR at various temperatures. In the absence of added
excess ligand the spectrum for the hydridic proton looks like this:

LI L]

Addition of P(Et); causes the triplets to collapse. The collapsing of the spectrum is
a function of the amount of added ligand. Explain the origin of the spectrum seen
for the complex, and give a detailed mechanism to account for the effects of
added P(Et),.
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Substitution Reactions of
Octahedral Werner-Type
Complexes

E

Complexes of transition metal ions (coordination complexes) were investi-
gated extensively in the early 1900s to test bonding concepts. The data col-
lected on the complexes confirmed Werner’s theory of two types of valence, a
primary valence representing the charge on the metal (oxidation state) and a
' secondary valence representing the ligands held tightly to the metal ion
(coordination number).! For coordination number 6 the geometry postulated
by Werner and confirmed by experiment is octahedral. Isomers played an
important role in the original interpretation of coordination complexes. A
general interpretation of possible isomers can be complicated, but if we allow
only two different ligands, the possibilities can be readily constructed.23
Complex MAgB has only one isomer, MA, B, has two possibilities — cis and
trans isomers—and MA;B; has two possibilities—facial and meridional.
These are shown in Figure 3.1. Optical isomers also exist, usually with biden-
tate ligands. Isomers have had considerable impact on the mechanistic inter-
pretation of substitution reactions of Werner-type complexes.4-6
The presence of six-electron-donor ligands around the transition metal
creates an octahedral electronic field, raising the energy of the d-orbitals by
electron repulsion. The ligands lie along the x, y and z axes and have a larger
effect on the orbitals that lie along the axes (d,, and dxz_yz) than on the
orbitals that lie between the axes (dyy, dy;, dy;). This crystal field splitting is
shown in Figure 3.2. The strength of the ligand field influences the magnitude
of the splitting of the d-orbitals. From the electronic absorption spectra of a
number of complexes a spectrochemical series has been developed. This
series is a measure of the ability of the ligand to split the d-orbitals, a property
we shall call ligand strength.25

I7 <Br~ <CI” <F~ < OH~ < acetate < oxalate < H,0 < pyridine
=~NHj; < en < bipy ~ o-phen < NO7 < CN—
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A B
A A A
B A
B B
cis-MA B, trans-MA,B,
A A
B A B A
B A B B
B A
fac-MA,B, mer-MA,B,

FIGURE 3.1. Possible stereoisomers of octahedral complexes containing only two
different ligands.

\s we shall see in a later section, both ligand strength and electronic configu-
ation are important in determining reactivity of coordination complexes.

Most reactions of Werner-type complexes are studied in water, which
nay serve as a ligand for reactions:

AH, Oy * + L == M(H,0)s L+ + H,0
AH,0)s L+ + L #== M(H,0)p L, + H,0 3.1
A(H,O)LI* + L == MLI'* + H,0

‘he forward reactions are referred to as formation reactions or, if L is an
nion, as anation reactions; the reverse reactions, in which water replaces a
gand, are called aquation reactions. The reactions in either direction are
gand substitutions and are pertinent for this chapter. The rate of substitution

- - dxz—yz ’ dz!

Xy’ dxzr dyz

free atom spherical field octahedral field

FIGURE 3.2. Splitting of the d-orbitals in an octahedral crystal field.

'KINET 1>

reactions on transition metals ranges from diffusion controlled to no reaction
under ambient conditions. Complexes that react rapidly (half-life of a few
seconds) are termed labile; those that react slowly (half-life of several min-
utes) are referred to as inert.

KINETICS

Depending on the specific reaction, a range of kinetic behavior can be seen for
substitution reactions on octahedral transition metal complexes.4-6 The reac-
tions cannot be as comprehensively defined as for substitutions on square
planar complexes. The description that follows pertains to most reactions
under neutral conditions. Under pseudo first order conditions, the rate is
dependent on the concentration of the entering ligand at low ligand concen-
tration and is independent of the concentration of L at high concentration of
L. This behavior is consistent with the following two reactions and rate law
derived from them.

kl
M—H,0 == M + H,0 3.2

k.
M+L—>M—L 3.3

ki ko [M—H,0J[L]

rate = 3 101+ k(U 3.4

Since these reactions are studied in H,O, the term k_;[H,0] is a constant.
Figure 3.3 shows typical plots of k,y,, versus [L].” There is a dependence on the
nature of L, a fact that is not surprising since reactions 3.2 and 3.3 can be
considered a competition between H,O and L for the intermediate M. The
limiting rate constant (intercept) is the same for different L. The mechanism
described by equations 3.2 and 3.3 is the dissociative or D mechanism. An I,
(interchange) mechanism (equations 3.5 and 3.6) can also lead to a rate law

K
M—H,0+L+=M—H,0,L 3.5
k
M—H,0, L—> M—L, H,0 3.6
kK(M—H,OJIL
rate = —[1_'_—’([21‘# 3.7

that is indistinguishable from that for the D mechanism. To simplify the
interpretation of kinetic data, most reactions are examined at one of the limits,
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FIGURE 3.3. The observed rate constant as a function of [L] for (a) SCN~ and (b)
CN~ in reaction with a Co(II) hematoporphyrin. [Reprinted with permission
from E. B. Fleischer, S. Jacobs, and L. Mestichelli, ]. Am. Chem. Soc. 90, 2527
(1968). Copyright 1968 American Chemical Society.]

where the reaction is expected to be first order (independent of ligand con-
centration) or second order (showing first order dependence on concentration
of L). The metal complexes that have been studied in most detail are those of
relatively inert first row metals, Cr(III), Co(Ill) and Ni(ll).

Rate constants for the first order path are relatively independent of the
nature of the incoming ligand as shown in Table 3.1 for the reactions

Nl(HzO)é"’ + L -— NI(H20)5 L2+ + Hzo 3.8

KINETICS

N4

TABLE 3.1

Rate Constants for the Reaction of Ni(H,0)2* with Different Nucleophiles.?

L kX (104 s 1)
SO3~ 15
CH,COO- 3
SCN- 0.6
F- 0.8
H,0 3.0
NH, 3
Py 3

2 Defined in equation 3.7.

The very small dependence evidenced by the data can be compared to that in
assocjative reactions such as substitution on square planar complexes as
shown in Table 2.8. There the ligand dependence of the rate constant spans
four orders of magnitude. Second order rate constants for octahedral substi-
tutions show a dependence on the nature of the incoming ligand as shown by
the data in Table 3.2. The dependence on the nature of the ligand for the
second order rate constant is not large enough to involve nucleophilic attack
of L on the metal complex in an associative reaction (compare Table 2.8), but
it is consistent with the ability of the ligand to compete with H,O for the

TABLE 3.2

Second Order Rate Constants for Anation Reactions of Cobalimin {cobalt(IIT)
corrinorid] with Different Ligands.?

L k(102 M~15~1)
SCN- 23
il 14
Br- 10
HSO3 1.7
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five-coordinate intermediate in a D mechanism or to interact with the com-
plex in an Iy mechanism. :

Substantial evidence can be cited in favor of a dissociative (either D or I 1)
mechanism over an associative mechanism (A or I,) in some reactions:4°

1. There is often little or no dependence on the entering ligand as discussed
above.

2. An increase in charge on the complex decreases the rate of substitution.
An increase in charge would be expected to accelerate an associative
reaction with increased attraction for the incoming ligand and more facile
acceptance of the negative charge build-up on the metal. A dissociative
reaction would be slowed by an increase in charge since the dissociating
ligand would be held more tightly. For example, the rate constant for
substitution at Cr(en)(H,0),Cl3 is 3.1 X 1075 s71 at 25°C and at
Cr(en)(H,0); C12+is 3 X 107 s~ 1 at 25°C.10

3. Steric crowding increases the rate of substitution reactions. For associative
reactions an increase in the crowding around the metal inhibits approach
of the incoming ligand and would decrease the rate of reaction. Steric
crowding would be relieved by dissociation to yield a five-coordinate
intermediate and thus lead to an increase in the rate of dissociation. For
example, Cl~ replacement on Co(NHj3)sCI2+ occurs at a rate of 1.7 X
106 s—1 at 25°C while CI~ removal from Co(NMeH, )5 C12* occurs at a
rate of 3.7 X 10411

4. The rates for different leaving groups correlate with the bond strengths.12

TABLE 3.3

Rate and Equilibrium Constants for the Aquation Reaction of

Co(NH,), X2+,12

X k(s~1) Keg(M™1)
NCS— 4.1 X 1010 3.7 X 10-4
N3 2.1X 109 1.2X 1073
F- 8.6 X 1078 0.040
cr- 1.7 X 1076 0.90
Br- 6.5 % 106 2.9
- 8.3 X 106 8.3
NO3 2.7 X 1075 12.

KINETICS

1 I |
—-1.0 0.0 +1.0

log Ko(M)

FIGURE 3.4. Linear free-energy relationship in the aquation of Co(NH,4 )5 X2+ at

25°C. Points are designated: (1) X~ =F~; (2) X~ = H,POg; 3) X—=Cl—; (4)

X~ =DBr~; (5) X~ =1 and (6) X~ = NOj. [Reprinted with permission from C.

SH. Langford, Inorg. Chem. 4, 265 (1965). Copyright 1965 American Chemical
ocjety.]

Data for the aquation reaction of Co(NHj;)s X2+ are shown in Table 3.3
and Figure 3.4,

5. The activation parameters are consistent with a dissociative process. The
activation parameters have been the focus of considerable discussion
regarding the distinction between Iy and I, mechanisms. As shown by the
data in Table 3.4, the entropies and volumes of activation are near zero
(between 10, which, as discussed in Chapter 1, makes interpretation
difficult), indicative of an interchange mechanism. '

Early suggestions that transition metal complexes react by dissociative reac-
tions are not supported by the majority of the activation data, although some
examples of D mechanisms have been established (e.g., Co(CN)s H,02—)20
The body of evidence for Co(Ill) complexes is consistent with I or D mecha-
nisms. The situation for Cr(IIl) complexes is more complicated and perhaps
more indicative of the situation for transition metal complexes in general. The
kinetic parameters for the anation reactions of CrLs H,03+,

CrLsH 0%+ + X~ — CrLs X2+ + H,0 3.9
L = H,0, NH,

are .shown in Table 3.5. The dependence on the entering ligand for L = H,0O
indicates an I, mechanism, which is supported by volume of activation mea-
surements on Cr(H,O)3*. This large dependence on the entering ligand for
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TABLE 3.4

Activation Parameters for Substitution Reactions of Octahedral
Coordination Complexes.

complex AH*¥ AS*  AV#  reference product
Cr(H,0)sNOZ+ 198 9 — 13 Cr(H,0)3+
Cr(H,0)s SO} 265 —1 — 13 Cr(H,0)3*
Cr(H,0)s N2+ 232 —8 — 13 Cr(H, 0%+
Cr(H,0)s CN2+ 202 —6 — 13 Cr(H,0)3+
Cr(H,0)3+ 303 9 — 14 Cr(H,0)s CI2+
Cr(en)(H,0)}* 271 -3 — 15 Cr(H,0)3*
Mn(H,0)2+ 81 3 — 16 Mn(H,0)%+
Fe(H,0)2* 77 =3 — 16 Fe(H,0)2+
Co(H,0)2+ 104 5 6-10 1619  Co(H,0%2*
Ni(H,0)2+ 139 9 7 16,18 Ni(H,0)*
Co(NH,)s(H,O0P3+ 266 6.7 1.2 17 Co(NH,)s (H,0)3+
Rh(NH,)s (H,OP+ 246 08 —4.1 17 Rh(NH,)s (H,02+
I(NH,)s (H,0P+ 281 2.7 =32 17 Ir(NH, )5 (H,0P+
Co(NH,)s CI2+ 233 —68 —10.6 17 Co(NH, )5 (H,053+
Co(NH,)s Br2+ 232 —38 —9.2 17 Co(NH,)s (H,0)3+

Co(NH,)s(NCSP+ 301 —08 —4.0 17 Co(NH,)s (H,0)*+
Co(NH,)s(NO; )2+ 243 19 —63 17 Co(NH,)s (H,0)3+
Co(NH,)s(N; 2+ 332 131 168 17 Co(NH,)s (H,022+

Cr(H,0);* may be contrasted to the very small dependence of the entering
ligand in anation of Cr(NHj)sH,03%*. The anation of Cx(NH;, )? H,03+ was
thus suggested to be an Iy mechanism. The data in Table 3.5 indicate that the
ligand environment may change the mechanism for substitution at a Cr(III)
center. The greater electron density at the chromium in Cr(NH;)s H.203+
than in Cr(H,0)3* favors dissociative interchange over associative inter-
change. The volumes of activation for both Cr(H,0)3* and Cr(NH, )5'H20.3+
are negative. These observations have been explained in terms of a dissocia-
tive mechanism for entropies and volumes of activation that are near zero or
even slightly negative, 18 but active discussion persists on this question.1? The
chemical evidence shown in Table 3.5 is relatively clear cut and provides
evidence that [, and Iy mechanisms are both operative in Cr(Ill) complexes.
The substitution reactions of other Cr(IlI) complexes have been interpreted in
terms of an [; mechanism.23

KINETICS

TABLE 3.5

Kinetic Parameters for the Anation of CrL;H,03+ for L = H,0 and NH, 21.22

X k(108M 1571 AH# AS# k(10°M 1571
NCS—- 180 25 1 4.2
NO; 73 26 1 —

Cl- 29 30 9 0.7
Br~ 1.0 29 2 3.7
I~ 0.08 31 6 —
CF;COz — — — 1.4

Thus considerable evidence supports a dissociative process for substitu-
tions on octahedral coordination complexes. To differentiate between D and
I4 mechanisms one needs to determine whether or not an intermediate of
reduced coordination number (five-coordinate) exists in the reaction coordi-
nate.? The two possibilities are shown in the following scheme:

M(H,0)3* &= [M(H,0) -+ X~]2+
—H,0 # +H,0  —H,0 % +H,0 3.10

ME0Y] &=  MH,0)x2+

Outer sphere complexes such as M(H,O);, - ** X~ are well established by flow
methods, temperature jump data, and ultrasonic absorption,25-27 but less
evidence exists for five-coordinate intermediates. The question of whether
these species are intermediates along the reaction coordinate is difficult to
answer.28:2% Evidence for Co(NHj,3 )2+ as an intermediate in the aquation of
Co(NH;3)sN3* was later questioned.28:30 There was no evidence for
Cr(H,0)2* in the water exchange reaction but a good possibility for its for-
mation in aquation of Cr(H,0)512+.29

The diversity of transition metal coordination complexes makes unam-
biguous conclusions about their reactivity difficult. Most complexes appar-

ently react by an I3 mechanism, although D and I, mechanisms may also be
possible for a given complex.
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LEAVING-GROUP AND CHELATE EFFECTS

As expected for a reaction that proceeds by a dissociative mechanism, the rate
is dependent on the nature of the leaving group. Data for aquation of
Co(NH;)s X2t are shown in Table 3.6.31 The order of leaving-group effects

NOj3 > I~ > Br—, H,0 > CI-, SO2~ > CH;CO7 > Nj,
NCS-, NH, > NO3, OH- 3.1

represents the order of complex stability as shown in Figure 3.4.12 Thus the
leaving-group order represents the bond-strength order for the ligands. The
relationship between leaving-group effects and ligand strength is also shown
by the similarity between the spectrochemical series and the leaving-group
order. '

Bidentate ligands are substituted more slowly than monodentate li-
gands, and complexes with chelate ligands are more stable than comparable
complexes of monodentate ligands; this is termed the “chelate effect.” Ki-
netics for substitution of bidentate ligands are presented for comparison to
the monodentate analogues in Table 3.7.8 The chelate ligands are more
slowly removed. Removing a bidentate ligand can be viewed as a two-step
process:

L
/
M = M—L—L 3.12
\ -
L
M—L—L —><:_ M+ L—L 313

-2

A number of explanations have been offered for the chelate effect.#5 The
simplest is that, after dissociation of one end, there is a very high effective
concentration near the metal of that end since the chelate is still bound to the
metal. Thus the k_; step is much larger for a chelate than for a related
monodentate ligand. This simple explanation has been augmented by more
detailed consideration for ethylenediamine and reaction 3.12 has been ex-
panded to the following scheme:3!

/N /N /N
M :‘ =M j R 10N M ‘ 3.14
N\ —H,0 N\ N
N N OH,

The initial bond breaking step is slower than for dissociation of a unidentate
ligand because angular expansion of the chelate is required to lengthen the
M—N distance. This leads to a larger value of AH# for chelate removal as
commonly observed. The water would be prevented by steric interactions

EFFECT OF THE METAL

TABLE 3.6

Rates of Aquation of Co(NH,); X2+ at 25°C.

X k(s™1) .
NOz 2.7 X 10-5
I- 8.3 X 106
Br~ 6.3 X 106
H,0O 5.8 X 10~6
- 1.7 X 106
SO%~ 1.2 X 10-6
CH;CO3z 1.2 X 10~7
NH;, 10-10
NCS- 5% 10-10
Ny 2.1 X 10~9
NO7y slow
OH- slow

the metal as shown in the second step. Thus reversal of the b i
i : db
(first step) would be facile. on reakmg

EFFECT OF THE METAL

Some metal complexes are labile regardless of the ligand environment while
complexes of other metals are inert. This indication of influence of the metal
center on reactivity is shown further by the rates of water exchange in the

TABLE 3.7

Chelate Effect on Reactions of Nickel Complexes.

complex k,(571)
Ni(Py) 38.5
Ni(bipy) 3.8 X104
Ni(NH,) 5.8

Ni(en) 0.27
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TABLE 3.8

Rates of H,O Exchange for Hexaaquo Metal Complexes.

" electron configuration

metal rate

Cr2+ 7 X 109 ~35) de
Mn2+ 3% 107 R &
Fe2+ 3 X 106 ds
Co2+ 1X 106 d7
Nj2+ 3X 104 ¢ =7 d8
Cu2+ 8 X 109 d?
Fed+ 3 X 10 ds
Cr3+ 3X 106 7 g3
Rh3+ 4X10°8 ¢ YU ds

hexaaquo complexes (Table 3.8).5 The rates vary enormously with the nature
of the metal center. Some features can be readily understood in terms of the
bonding of a ligand to the metal center. The bond involves an attraction of the
pair of electrons on the ligand to the positive charge on the metal. Anincrease
in the charge on the metal would lead to an increased attraction to the ligand
and a decreased rate. Thus the 3 + ions dissociate H,O more slowly than do
2+ jons. For the 2 + hexaaquo ions of the first row transition metals another
explanation is required since the charge would steadily increase across the
row and the rate clearly does not correlate with the increasing charge. One
would anticipate that electrons in the e,-orbitals directed toward the ligands
would cause an extra destabilization of the metal-ligand bond. This concept
has been semiquantitatively applied by considering crystal field activation
energies (CFAE).5

A nonspherical ligand geometry splits the d-orbitals, stabilizing some
orbitals and destabilizing others.2? The magnitude of the stabilization or
destabilization, which is called the crystal field stabilization energy (CFSE),
has been derived for several geometries. Since octahedral complexes react
primarily by dissociative processes, we need consider CESE only for octahe-
dral and square pyramidal geometries.* The values for different d-electron
configurations are given in Table 3.9.5 The CFAE is derived by subtracting the

* Trigonal bipyramidal geometry is also possible for the intermediate, but the results are
similar to square pyramidal. In each case where there is a difference, square pyramidal is in better
agreement with the experimental evidence.’

" £rreCT OF iHe METAL

TABLE 3.9

Crystal Field Activation Energies for Substitution Reactions on Octahedral
Coordination Complexes.

electron octahedral square pyramidal
configuration CFSE CFSE CFAE
de 0 0 0
dl 4 4.6 —0.6
d2 8 9.1 —1.1
a3 12 10.0 2
d4(strong field) 16 14.6 1.4
d4(weak field) 6 9.1 —3.1»
d5(strong field) 20 19.1 0.9
d5(weak field) 0 0 0
d%(strong field) 24 20.0 4
db(weak field) 4 4.6 —0.6
d’(strong field) 18 19.1 - —1.1
d7(weak field) 8 9.1 —-1.1
a8 12 10 2.0
d9 6 9.1 —3.1
d10 0 0 0

stabilization in the square pyramidal transition state from the stabilization for
the octahedral ground state. For the hexaaquo complexes, which are weak
field complexes, the correlation between CFAE and rate of H,0 exchange
(Table 3.8) is quite good. It is necessary to realize that the contribution from
CFAE is only one part of the total activation process and can only be applied
for complexes with the same ligands and the same charge. From the CFAE
values one would anticipate that the inert complexes would be of 43, 8 and
strong field d¢ configurations, i.e., Cr3+, Ni2+, Co3+. This is also the experi-
mental observation.

Activation parameters for the tris-orthophenanthroline (0-phen) com-
plexes are in the order expected from CFAE (Table 3.10).5 A series of strong
field complexes, M(CN)32 ~, have also been investigated.® The reaction order is

V(EN)Z™ > Mn(CN)?™ 3> Cr(CN)3~ > Fe(CN)?~ ~ Co(CN)3™
42 44 d3 45 ds

which is very close to the order expected from CFAE values.
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TABLE 3.10

Reactions of Strong Field Complexes.

complex electrons E, (kcal/mole)
Mn(o-phen)3* das 10.4
Fe(o-phen)3+ ds 12.8
V(o-phen)3* d3 21.3 .
Ni(o-phen)2* das 25.2

The crystal field activation model correctly predicts the reactivity of
metal complexes in both weak field and strong field complexes. There are
many approximations in the crystal field activation that may be questionable,
but its utility in correlations with reactivity makes it a useful concept.

To summarize the effect of metal on reactivity:

1. High oxidation state complexes are less reactive than low oxidation state
transition metal complexes.

2. For analogous complexes the reactivity decreases going down a column.

3. A larger CFAE leads to slower reactions.

ACID AND BASE CATALYSIS

Substitution reactions on octahedral coordination complexes have been in-
vestigated mainly in aqueous solution, where the pH may vary. Thus it is
important to understand the effect of acids and bases on substitution reac-
tions. In general, acids and bases catalyze the substitution reactions of inert
complexes.

Acid Catalysis
Substitution in the presence of acid can be considered

k,
Cr(H,0)s X2+ + H,Ot —— Cr(H,0)3+ + HX 3.15
ki
Cr(H,0)5 X2+ + Hy0 —— Cr(H,0)3* + X~ 3.16

' ANL A

and the amount of rate acceleration can be seen by comparing k; (eq. 3.15) to
ko (eq. 3.16) as is shown in Table 3.11.4 The mechanism of acid catalysis
apparently is protonation of the leaving group,

[(H,0)sCr—F]*2

1
Ht+

TABLE 3.11

Acid-Catalyzed Aquation Reactions of Cr(H,0);X2*.

X- kg ky
N3 26X 108 9.3 X10°7
F- 6.2 X 1010 1.4X 108
CN-— 1.1 X10-3 59 X104
NH, no acceleration

The protonation weakens the M— X bond and facilitates X~ removal. Since
coordinated NH; doesn’t have an electron pair, NH; removal is usually not
catalyzed by acid.

Aquation of Ru(NHj3)2* is acid-catalyzed.33

Ru(NH,)2+ + H,0 ——> Ru(NHj)s H,02+ + NHj} 3.17
The rate depends directly on the hydrogen ion concentration,
rate = k[H+][Ru(NH,)2*1 3.18

Since other hexaamine complexes do not show an acceleration, this rate effect
was ascribed to protonation of a t,, pair of electrons on the metal as opposed
to ligand protonation as described above. Thus the mechanism

Ru(NH,)2+ + H+ == Ru(NH,)gH3+ 3.19
rapid

Ru(NH, )¢ H3+ + H,0 === Ru(NH,)s(H,0)(H)*+ + NH, 3.20

Ru(NH; )5(H,0)H3+ —> Ru(NH, )s(H,0)2+ + H* 321

accommodates a direct dependence of the rate on the hydrogen ion concen-
tration. It was suggested that protonation of a filled ,g-orbital is much more

9]
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likely for second and third row metals where the d-orbitals extend further
into the coordination sphere.

Acid-assisted dechelation (removal of a chelate) is the easiest way to
remove a chelating ligand. As discussed earlier, chelate complexes are more
stable primarily because of the large effective concentration of the chelating
ligand. This effective concentration of the dissociated end of the chelate is
eliminated by protonation of the free end as can be illustrated with the
following carbonate complex:

OH,
7 N\ /
Co C=0+4+H,0*—Co
N 7 N\
o—cC

OH % Co(H,0), + H,CO, 3.22

2N

0

Here protonation inhibits the re-formation of the oxygen —cobalt bond.

Base Catalysis
Presence of a base also facilitates substitution reactions.45 These reac-
tions can be modeled by the replacement of a ligand by OH™.

Co(NH,)s X2+ + OH~ == Co(NH,) s OH2+ + X~ 3.23

The rate law for these reactions is different from that for other octahedral
substitutions, showing a dependence on the concentration of the entering
ligand:

rate = k[Co(NHj )5 X2+][OH"] 3.24

A number of mechanisms could lead to this rate law, but the accepted mecha-
nism is the conjugate-base mechanism outlined below.45

ki
Co(NHj); X2+ + OH™ === Co(NHj ), (NH, J(X)* + H,0 3.25
ky .
Co(NH, ) (NH, )X+ —=> Co(NHj ), (NH, )2+ + X~ 3.26
fa
Co(NH, ), (NHp )2+ + H,0 ——> Co(NH, ); OH2* 3.27

This scheme reduces to the rate law

_ Kiky[Co(NH;)s X2+][OH"]

3.28
1+K, [OH]

rate

where K is the equilibrium constant for reaction 3.25. Equation 3.28 in turn
reduces to the observed rate law if K;[OH™] is much less than one. The key

wene o UTTRU “EDRA uT SACTY

feature of the conjugate-base mechanism is the labilization of dissociation by
NHjz, presumably by stabilization of the transition state by the NHz group.5

NH,
NH
Vs 3
H,N=M
AN
| nm,
NH,
Consistent with the first step is the facile deuteration of the NH;jligandsin the
presence of D,0. Evidence for the dissociative nature of the reaction comes
from the observation that different nucleophiles react at similar rates, that
steric acceleration is observed, and that the enthalpy of the transition state is
independent of the nature of the leaving group.5

STEREOCHEMISTRY OF OCTAHEDRAL SUBSTITUTION
REACTIONS

The stereochemical course of substitution reactions with octahedral com-
plexes is not as easily generalized as that for square planar complexes.?5:24
Dissociation of a ligand from an octahedron leads to a five-coordinate spe-
cies. There is apparently very little energy difference between the two possi-
bilities for five-coordinate complexes, trigonal bipyramidal and square
pyramidal. (We shall consider this in more detail in Chapter 7.) Both geome-
tries are suggested in different octahedral substitution reactions.5 A reaction
that proceeds through a square pyramidal intermediate would lead to reten-
tion of stereochemistry; a reaction proceeding through a trigonal bipyramidal
intermediate would lead to a mixture of stereoisomers. These alternatives are
shown in Figure 3.5 for a cis isomer MA, B, . In the absence of preferential
sites for attack by the incoming ligand, stereochemical retention is an indica-
tion of a square pyramidal intermediate and loss of stereochemistry is evi-
dence for a trigonal bipyramidal intermediate. Data for acid hydrolysis of
cis-Co(en), (A)(X) are shown in Table 3.12 and those for trans-Co(en) , (A)(X)
in Table 3.13.5 The data in Tables 3.12 and 3.13 indicate several features that
appear to be general. Cis complexes are more likely to'proceed with complete
stereochemical retention than are trans complexes, which often undergo
stereochemical loss. Other metal complexes show similar stereochemical
behavior— varying amounts of stereochemical retention depending on the
specific complex. Often cis octahedral substitution reactions proceed with
retention of configuration and trans complexes proceed with some loss, but in
the absence of specific data for a given reaction predictions are unreliable.
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B B B
A B A Bl .« A B
(a) = —
B B B B B B
A X
cis cis
B
A B
67 %
B
X
B B X cis
A B _, |A B
(b) -
B B
B +X
A B
cis
A
33%
X
B

FIGURE 3.5. The possible stereochemistries for substitution reactions of octahe-
dral Werner-type complexes depending on whether the intermediate is (a)
square pyramidal or (b) trigonal bipyramidal.

TABLE 3.12

Stereochemical Course of the Reaction of cis-Co(en),(A)(X) with H,O.

A X % cis in product
OH~ Cl- 100
Br— Cl- 100
Cl- Cl~ 100
N3 cl- 100
NCS— Cl- 100
NOz cl- 100

Ccl~ Br— 100

SUMMARY

TABLE 3.13

Stereochemical Course of the Reaction of frans-Co(en) 2(A)X) with H,0.

A X % trans in product
NOjz cl- 100
NCS— cl- 30-50
Cl- Cl- 65
OH— Ci- 25
Cl- Br— 80
SUMMARY

Although it is difficult to generalize for such a large group of complexes as the
octahedral coordination complexes, the predominant mechanism of substi-
tution reactions is dissociative or dissociative interchange. The dissociative
mechanism persists even for acid- and base-catalyzed substitution reactions.
Substitutional reactivity of octahedral Werner-type complexes depends on
(1) the nature of the leaving group, with strongly binding ligands slower and
with chelate ligands slower than monodentate ligands; (2) the charge on the
metal center, the more highly charged metal undergoing substitution more
slowly; (3) whether the metal is first, second, or third row, the reactivity
decreasing in that order; and (4) the d-electron configuration of the metal.
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PROBLEMS

1. In the following reaction the rates of substitution at cobalt(IIl) are usually inde-

pendent of the group Y—:
Co(NH;3)s X2+ + Y~ —— Co(NH;); Y2+ + X~

The main exception is Y = OH™, for which the rates are much faster than for
other Y~ and for which there is a first order dependence on [OH 1. Explain these
observations in terms of mechanistic considerations.

. Order the rates of substitution reactions for the following complexes:
Cr(NH;)3*, Co(NH;)3%, Rh(NH;)3+, Ir(NH;)3 ™,

Mn(H,0)2+, Ni(H,0)2 %, Cu(H,0)2%, Cr(H,0)3

. In associative reactions of octahedral complexes a pentagonal bipyramid is a
possible intermediate. Given the data below, derive the order of reaction rates

expected for the different electron configurations in an octahedral to pentagonal
bipyramid reaction scheme.

pentagonal bipyramid crystal field
stabilization energies

strong field weak field

do 0 0

d1 5.28 5.28
d2 10.56 10.56
a3 7.74 7.74
d4 13.02 493
ds 18.30 0.0

de 15.48 5.28
d7 12.66 10.56
as 7.74 7.74
ds 493 493
d10 0 0

. There has been active discussion of the significance of the volumes of activation
in mechanistic differentiation. Two points of view are presented in Correspon-
dences to Inorganic Chemistry: (1) T. W. Swaddle, Inorg. Chem. 19, 3205 (1980). (2)
C.H. Langford, Inorg. Chem. 18,3288 (1979). Briefly summarize the main features
of these arguments.

PROBLEMS

5. Substitution reactions are not always straightforward. Reactions of

Ru(NH;), (P(OEt);)(H,0)?* with different entering ligands show the depen-
dence below. Interpret these data.

30 - I

20 -

kobs (S— 1)

10 -

0 0.1 0.2 0.3
(L]

Dependence of kg, on ligand concentration for the reaction of frans-
[Ru(NH;), P(OEt); (H,0)]2* with: (I) SO3~, I; (II) Me/Pyr*, @; (IIimN, A.
[Reprinted with permission from D. W. Franco and H. Taube, Inorg. Chem. 17,571
(1978). Copyright 1978 American Chemical Society.]

. Base-hydrolysis data for Co(NH, )5 X2* show very little dependence of the acti-

vation enthalpy on the leaving group X. Explain how these data are consistent
with a dissociative mechanism. [D. A. House and H. K. ]. Powell, Inorg. Chem, 10,
1583 (1971).]

X AH*
- 26.6
Br- 27.0
I- 27.2
NO3 28.2

. Given the following reactions describing chelate formation

Ni(H,0)2+ + L—L == [Ni(H,0)s, L—L] Ko, rapid
[Ni(H,0)g, L—L] == Ni(H,0)sL —L + H,0 Ky k,.k_,
Nl(H20)5 L_L =] NI(H20)4 L—_L + Hzo K3 ,k3 ,k_3

derive the rate law for chelate formation, and discuss the step that is different for
chelate ligands than for two monodentate ligands. [R. G. Wilkins, Acc. Chem. Res.
3, 408 (1970).]
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Decarboxylation reactions of trans-Rh(en),(X)(OCO,) show a pH dependence as
below at 25°C:

pH kobs(s_l)
0.30 0.48
0.60 0.51
1.30 0.51
2.00 0.55
3.25 0.58
3.90 0.58
4.88 0.59
5.68 0.54
6.00 0.44
6.33 0.36
6.45 0.31
6.75 0.22
6.88 0.17

Suggest a mechanism to explain this pH dependence. [R. van Eldik, D. A. Palmer,
H. Kelm, and G. M. Harris, Inorg. Chem. 19, 3679 (1980).]

The kinetic trans effect for acid hydrolysis of trans-Co(cyclam)ACI* complexes
was studied with various anions A and with CI~ as the leaving group. Hammett-
type substituent constants based on CI~ = 0.0 were assigned from the observed
kinetics: g(Cl~) = 0.0; o(NCS~) = —3.00; 6(OH™) = 4.04. The first order rate
constant for hydrolysis of the Co(cyclam)CI} complex is 3.5 X 10—3 s~1.

(a) Estimate the rate constants for the Co(cyclam)(NCS)CI* and the Co(cy-
clam)(OH)CI*+ complex.

(b) Account for the differences in rates in terms of the electronic properties of
the substituents.

In the reaction
Cr(H,0)3t + SCN— — Cr(H,0)s NCS2+ 4+ H,0
the rate law is of the form

4[CINCS?+
A [Cr3+])[SCN~](ky + k5 /[H*]) (waters omitted for convenience)

dt
(@) If conditions are sufficiently acid that only the first term in the rate law is
important, does the form of the rate law require that the anation process
proceed by an associative mechanism? Explain. (For example, if your answer

PROBLEMS

is no, show how a stoichiometric mechanism other than associative could
lead to the observed rate law.)
(b) Account for the existence of the second term in the rate law.

11. Using crystal field theory, explain how the crystal field activation energies would
differ for dissociation of a ligand from a low spin Fe(Il) compared with that of a
high spin Fe(II) complex.

12. Using linear free-energy relationships and citing appropriate literature, present
an argument in support of substitution of Co(NH;)sX* complexes being disso-
ciative in character.
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Organometallic
Substitution Reactions

FOUR.

O

Organometallic chemistry has enjoyed tremendous growth in the last
twenty-five years. The use of organometallic complexes to model heteroge-
neous catalyst systems and as homogeneous catalysts themselves gave a
practical reason for studying fascinating complexes that have very different
properties than Werner-type complexes. The development of organometallic
chemistry has followed that of many other areas of chemistry: First are
synthetic studies, next structural studies, and then studies of reactivity. Most
of the kinetic and mechanistic studies have occurred in the last ten to fifteen
years, and many continue today.

Organometallic compounds are defined as complexes that contain a
metal-carbon bond. The presence of the metal-carbon bond creates a number
of very unusual properties for transition metal complexes: volatility (many
complexes can be purified by sublimation), solubility in hydrocarbon sol-
vents, and very low oxidation states for the metal (as low as —4). Two features
of organometallic chemistry are especially important to our discussion of
substitution reactions, ligand bonding and electron counting.

LIGAND BONDING

The nature of the low-oxidation state metal center requires ligands with
different bonding properties than those commonly observed for Werner-type
complexes. The bonding of carbon monoxide, illustrated in Figure 4.1, shows
the dual bonding important to organometallic complexes. Electron density on
carbon is donated to the metal, a sigma donation. There is also donation of
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FIGURE 4.1. Bonding of CO to a transjtion metal, including both sigma donation
and pi acceptance by CO.

electron density from the filled d-orbitals on the metal into the CO antibond-
ing orbitals, pi back-bonding. Each of these types of bonding reinforces the
other (sigma bonding increases the electron density on the metal, which
enhances the pi back-bonding), creating a synergic interaction. The back-
bonding into the CO antibonding orbital weakens the C-O bond, as shown
by a lengthening of the C-O bond and a decrease in the infrared stretching
frequencies of the carbonyls with respect to carbon monoxide. Synergic or
dual binding is also observed for phosphorus bases and ethylene as shown in
Figure 4.2. Phosphorus bases — phosphites, P(OR)3, and phosphines, PRy —
may utilize the d-orbitals to accept pi-electron density.* The sigma bonding of
ethylene involves donation of the bonding electron density to the metal and
back-bonding into the anti-bonding orbital. There has been much discussion
in the literature about the relative amounts of pi- and sigma-bonding in a
. given ligand. A number of techniques including infrared spectroscopy,! car-
bon-13 and phosphorus-31 NMR,2 and reaction chemistry4 have been used

*The bonding of phosphorus ligands has been an area of active discussion for a number of
years; the relative degrees of sigma donation and pi acceptance of electron density have been the
focus of discussion. Recently it has been suggested that phosphines, PR3, do not accept electron
density from a metal.5 For alkyl phosphines (PMe;, PEt;, PBu,, etc.) this may be correct. Cer-
tainly the predominant bonding is from the very strong electron donation. For these ligands the
most accurate statement is that alkyl phosphines have a d-orbital that may accept electron
density. For aryl phosphines such as PPhg, however, pi acceptance appears to be significant. The
most straightforward evidence is from the Cr-PPh; bond lengths of trans-Cr(CO),LPPhg[L =
PBuy, P(OMe);, P(OPh);, COJ.6

ligand trans  Cr-PPh, bond length (A)

PBu, 2.345(3)
P(OMe), 2.362(2)
P(OPh), 2.393(1)
co 2.422(1)

The shortening of the Cr-PPh; bond as the donor strength of the trans ligand increases is most
easily accommodated in terms of pi acceptance by PPhj.

'LIGAND BONDING

H H

FIGURE 4.2. Bonding schemes for phosphines and ethylene in organometallic
complexes.

to assess the binding capabilities. The following ordering is generally ac-
cepted for the common ligands in organometallic substitution reactions:

for sigma donation

PBus > P(OMe); > PPh; > NR, > P(OPh); > CO
and for pi acceptance

CO > P(OPh); > P(OMe); > PPhy > PBuy > NR;

Any discussion of the electronic binding of these ligands is complicated by
steric interactions of the rather bulky phosphine and phosphite ligands. The
relative size of the ligands is as follows:”

PPh, > PBu, > P(OPh), > P(OMe), > CO

Each of these ligand parameters is important in discussing reactivity of or-
ganometallic compounds. As we investigate reactions of organometallic
complexes, we shall often refer to sigma-bonding ability, pi-accepting ability,
or size of the ligand.
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TABLE 4.1

Selected Binary Metal Carbonyls of the First Row and Their Electron Counts.

Cr(CO), Mn,(CO),, Fe(CO); Co,(CO)gq Ni(CO),
Cr® 6~ Mn° 7e- Fed 8¢~ Cof 9¢~ Ni® 10e~
6CO 12¢- 5CO 10e~ 5CO10e- 4CO 8¢~ 4CO 8¢~
18¢~ Mn-Mnbond le— 18¢~ Co-Cobond 1le— 18e~

18e~ 18e~

The majority of organometallic complexes have 18 electrons in the va-
lence shell of the metal. The stable binary metal carbonyls shown in Table 4.1
form a nice series illustrating the importance of the 18-electron rule.8

Electron counting is a very useful concept for predicting stable com-
plexes. As we consider reactions of these complexes, the electron count in the
starting complex and the intermediate will be useful in determining the
reaction type. It has been proposed that organometallic reactions occur
through a sequence of 16 and 18 electron intermediates.® Although there are
exceptions to this rule, it is quite valuable in discussing organometallic reac-
tions.

METAL CARBONYL SUBSTITUTION REACTIONS

Most studies of organometallic substitution reactions have been accom-
plished on transition metal carbonyl complexes. These complexes are readily
prepared and purified, are stable, and have very characteristic infrared spec-
tra that allow quantitative analysis. The reactions can be represented

M(CO), + L — M(CO),_,L + CO _ 4.1

where M is a transition metal and L is an entering ligand, usually a phosphine
or phosphite. Two examples that were among the first to be investigated
kinetically were Ni(CO), and Mn(CO)sBr.9:10

Ni(CO), + L — Ni(CO),L + CO 4.2
Mn(CO)sBr + L —> cis-Mn(CO),LBr + CO 43
The kinetic data in Table 4.2 indicate that the rate law is independent of the

METAL CARBONYL SUBSTITUTION REACTIONS

TABLE 4.2

Kinetic Data for Reaction 4.3 at 30°C in CHCl,.

L [L]M) k(1055~1)
PPh, 0.133 6.7
PPh, 0.344 6.8
AsPh, 0.132 6.6
SbPh, 0.135 6.6

concentration of L and first order in metal carbonyl complex. Plots of In A
versus time (A = absorbance of infrared stretching mode) were linear for
several half-lives, confirming the first order behavior in metal complex.

rate = k;[Ni(CO),]

The accepted mechanism involves rate-determining CO dissociation from
the 18-electron complex to form a 16-electron intermediate,®

Ni(CO), =1 Ni(CO), + CO 4.4
. fast .
Ni(CO), + L 2% Ni(CO),L 45

such that the substitution can be considered to be a two-step process. The
second step (reaction 4.5) is much more rapid, occurring at a rate of
106M~15~1in contrast to the first step (reaction 4.4), which occurs at a rate of
10—4s~1.11 The activation parameters were in agreement with a dissociative
process that has a positive entropy of activation as shown in Table 4.3.912.13

TABLE 4.3

Activation Parameters for the Reaction of Ni(CO), with Nucleophiles.

L AH#* (kcal/mole) AS# (eu) k(10%s7%) at 20°C
PPh, 24 13 50
C180 24 14 52
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Substitution of several metal carbonyl complexes shows a small depen-
dence on the nature and concentration of the entering ligand.14.15

Cr(CO)g + L — Cr(CO)sL + CO 4.6
Mo(CO);Am + L — Mo(CO)sL + Am (Am = amine) 4.7

Under pseudo first order conditions, the rate law for these substitutions had
two terms, as shown below for Cr(CO)s:

rate = ky[Cr(CO)q] + ky[Cr(CO)I[L]

The second order term was always much smaller than the first order
term.14.15 ]t was originally suggested that this rate law indicated competing
ligand attack on the metal and CO dissociation.14

Cr(CO) = Cr(CO)s + CO
L 4.8
Cr(CO), + L -2 Cr(CO)sL + CO

An alternative mechanism that ascribes the second order term to dissociative
interchange (I) has been suggested for the Mo(CO)s Am system, which has a
similar rate law.1® This mechanism is outlined as follows:15

f klo
M(CO), &= (M(CO),—1S, CO) 2> M(CO),—;S + CO
M(CO),_,S + L —> M(CO),_,L+ S
’ ks
M(CO), + L==2 (M(CO),, L) —= M(CO),_,L + CO

Here S represents the solvent and the angular brackets enclose solvent-en-
cased substrate and a species occupying a favorable site for exchange. These
equations reduce to the observed rate law. This process seems much more
reasonable than the concurrent formation of 16- and 20-electron interme-
diates that would be required in competing dissociative and associative steps.
Thus the body of evidence for the simple metal carbonyls indicates CO
dissociation is the mechanism of ligand substitution reactions.

Metal Effects on Reactivity

It has been recognized for a number of years that reactivity increases in
the order “first row < second row > third row” for substitution reactions.
The data in Table 4.4 show the effect for two homologous series.14-16 In each
case described in Table 4.4 the reaction proceeds by dissociation of a ligand.

METAL CARBONYL SUBSTITUTION REACTIONS

TABLE 4.4

Rate Constants for Substitution Reactions of M(CO)g and M[P(OEt),],.

M(CO), kops at 130°Ca M[P(OEb),), Kops at 40°D
Cr(COY, 1.4 X 104 Ni[P(OEt),], 3.7 X 10-6
Mo(CO), 2.0 X 10-3 PA[P(OEt),], 1200
W(CO), 4.0 X 1076 P{P(OEt),], 0.3

2Reaction with PPh;. Values for Mo and W are estimated from other temperatures.
PFor Ni the reaction was with cyclohexylisocyanide; for Pd and Pt the values were esti-
mated from other temperatures for exchange reactions.

In general for organometallic substitution reactions the second row complex
reacts most rapidly, but it is more difficult to generalize between first and
third row complexes. The data illustrate this difficulty. For carbonyl com-
plexes the third row complex usually reacts more slowly in dissociative reac-
tions.

The effect of changing the metal across a row has not been thoroughly
investigated, but the reactivity changes significantly. From qualitative, semi-
quantitative, and quantitative data the following order of reactivity for the
metal carbonyl complexes can be derived:

Co(CO)y, Mn(CO)s > V(CO) > Ni(CO), > THCO)(D Py > Cx(CO) > Fe(CO)s

This order spans about ten orders of magnitude in rate and indicates a change
in reactivity with the metal center that is large, comparable to that observed
for Werner-type complexes. For the analogous compounds of chromium,
iron, and nicke] that have been quantitatively investigated, the order of
reactivity is

Nl(co)sz > CI‘(CO)4L7_ > Fe(CO)st

with about 108 difference in rate between nickel and iron complexes. Data for
different ligafids are shown in Table 4.5.17 In each case the reactions proceed
by first order Kinetics and have been assigned to ligand dissociation. There are
no data to suggest that the reactivity order shown in Table 4.5 arises predomi-
nantly from ground state energy differences.15 A possible explanation of the
variation of the rate of substitution with the metal has been offered in terms
of the crystal field activation energies (CFAE) for these substitution reac-
tions.17 Crystal field activation energies have proven quite useful in inter-
preting the reactivity of classical coordination complexes as shown in Chap-
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TABLE 4.5

Rate Constants for Ligand Dissociation from Cr(CO),L,, Fe(CO);L,, and

Ni(CO),L, at 25°C.

L Cr(CO),L, Fe(CO),L, Ni(CO),L,
‘CO 1.9 X 10-12 — 1.2 X 10-2
P(OPh), 46X 1011 48X 10-12 1.0 X 10~7
PPh, 3.1X 106 50X 101 5.6 X 10~4

ter 3. A primary uncertainty in applying crystal field activation energies is the
geometry of the transition state. Values of the crystal field activation energy
for substitution reactions of the first row mononuclear carbonyl complexes
are shown in Table 4.6 for several possible geometries. Since Ni(0) is 419, there
would be no CFAE. For chromium the predominant evidence is that the
intermediate would be square pyramidal. Allowing the geometry of
Fe(CO),L to be approximated as a tetrahedron gives an excellent inverse
correlation of CFAE with reactivity. The geometry suggested by matrix isola-
tion for Fe(CO), is a C,, distorted tetrahedron.18 Replacement of one CO with

TABLE 4.6

Crystal Field Activation Energy for a Dissociation Mechanism in Organo-
metallic Substitutions.

ground state transition state

[V

4

Vel

complex  system geometry CFSE? geometry CFSE2 CFAE
o trigonal
3 Ni(CO)L, — d1° Ty 0 planar o 0 (7 I
Cr(CO)4L, dé Oy, —24 square ¥
: pyramidal @ Ay Tl
Fe(CO),L, ds TBP —14.6  tetrahedral —4.6 10 W0~
A v { square
/ i 1
( %ﬂ‘){, {4 o R ¢>\ planar —25 —-10
\_(&-‘J A Ay Wy % ‘;\E e I‘f/'/ ) o -

aAll values are given in Dy, a generalized measure of energy.

METAL CARBONYL SUBSTITUTION REACTIONS

a more sterically demanding ligand should favor tetrahedral geometry. The
observed dependence of rates of ligand substitution on the metal,
Ni(0) > Cr(0) > Fe(0), can be accounted for by the crystal field activation
model.

For substitution reactions of the ruthenium and osmium complexes the
d® 16-electron transition state/intermediate should tend toward square
planar and should be considerably more reactive than the analogous iron
complexes. This is observed; while iron complexes, Fe(CO)3L,, are much
slower than the chromium complexes, analogous ruthenium complexes react
more rapidly than molybdenum complexes, and osmium complexes react
more rapidly than tungsten complexes.’

The similar effect of metal center on dissociation of different ligand types
and the large difference in rate for different metal centers are like the corre-
sponding observations for classical coordination complexes and suggest a
general phenomenon such as crystal field stabilization energy. At this point
there is insufficient data regarding metal effects on substitutional reactivity of
organometallic complexes to properly test the hypothesis that crystal field
activation energies are important in organometallic substitution reactions.

Solvent Effects

Unlike substitution reactions of Werner-type complexes, where solvent
effects are quite important, metal carbonyl substitution reactions normally
show very small solvent effects, usually a factor of 10 or less. This is under-
standable since a neutral complex dissociates a neutral ligand (CO) leading to
a neutral intermediate, and solvation changes should be minimal during the
course of the reaction. The rate constants for substitution on Mn(CO)sBr in
various solvents are shown in Table 4.7.1¢ The reactions are most rapid in

TABLE 4.7

Effect of Solvent on the Reaction of Mn(CO);Br with AsPh; at 40.0°C.

solvent k(105s71)
cyclohexane 7.44
toluene 4.54
chloroform 3.29
acetone 1.79
nitrobenzene 1.08
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hydrocarbon solvents. This observation was interpreted as an indication that
the transition state is less polar than the ground state.10 An alternative expla-
nation lies in the cohesive forces (solvent-solvent interactions) that can affect
the reaction rate in a manner similar to the way external pressure affects
reaction rate. The cohesive energy density (CED) is a measure of the internal
pressure of the solvent. For nonpolar reactions the internal pressure influ-
ences reaction rates in the same direction as external pressure.19 For a metal
carb(?nyl dissociative process a high internal pressure would thus slow the
reaction rate. Table 4.8 includes the internal pressures of a few solvents

compared to the reaction rates; the agreement is at least as good as with the
dielectric constant.

TABLE 4.8

Comparison of Dielectric Constant and Cohesive Energy Density to Rate
Constants for Solvent Effects.

dielectric rate
solvent constant!? constant? CED??
cyclohexane 1.99 7.44 2038
carbon
tetrachloride 2.20 5.45 3034
toluene 2.34 4.54 3278
acetone 19.60 1.79 3853

Nature of the Intermediate

The process under consideration involves the loss of CO or other ligand
from a metal center with 18 electrons in the valence shell orbitals of the metal.
The 16-electron intermediate generated is of lower coordination number.
Competition ratio studies have shown the 16-electron intermediate to be
nondiscriminatory toward ligands of widely varying nucleophilicity.15.13,20
In these studies the concentration of the dissociating ligand is varied, and the
change in rate of formation of product can be used to determine the prefer-
ence the intermediate shows for one ligand over another. A value of 1 for the
competition ratio indicates no preference. Studies of this sort have been
carried out on Ni(CO); with CO and PPh, as competing ligands!3; on
Fe(CO), with CO and olefins competing?!; on Mo(CO)s with amines com-
peting with phosphines?; and on Mo(CO),PPh; with amines competing

METAL CARBONYL SUBSTITUTION REACTIONS

with phosphines and CO.15 In all of these cases the competition ratios range
between 0.5 and 5 (close to 1) indicating that the unsaturated 16-electron
intermediates are discrete and highly reactive, reacting with any nucleophile
regardless of its nucleophilicity, with very low energy of activation.

Unfortunately, there is very little direct evidence regarding the rates of
reaction of coordinatively unsaturated metal carbonyl intermediates with
nucleophiles. The Cr(CO)s complex, generated in a flash photolysis experi-
ment, reacts with CO in solution with a bimolecular rate constant of
3 X 106M~1s—1.11 This is only about three orders of magnitude lower than
the diffusion-controlled encounter rate. Thus, even if all the departure from
the diffusion-controlled rate of collisions between Cr(CO); and CO were
enthalpic in nature, a small activation energy is involved. The evidence there-
fore suggests that the intermediates in dissociation reactions of metal car-
bonyls that contain 16 electrons in the valence orbitals of the metal are
reactive and that these intermediates combine with nucleophiles in reactions
characterized by small energies of activation.

Stereochemistry of CO Dissociation

If a complex has nonequivalent CO groups, the stereochemistry of the
dissociative process can be defined. This has prompted many studies of
exchange reactions with Mn(CO)5Br.22-23 Substitution reactions always lead
to cis-Mn(CO),LBr,10 but substitution products do not necessarily provide
information on the site of CO dissociation. In an exchange reaction the prod-
ucts must reflect the site of dissociation by the principle of microscopic revers-
ibility (see discussion in Chapter 1). One would predict that the site of CO
dissociation would be cis to the bromide in Mn(CO)sBr since each cis CO
(radial) is trans to CO and should not be as strongly pi bonded as the axial
CO which is trans to Br. However, both the axial and equatorial positions
were enriched when reacted with C180 or 13CO.23

Mn(CO)sBr + *CO — Mn(CO),(*CO)s_,Br + CO 4.9

This rather surprising result was explained by recognizing that the 16-elec-
tron intermediate was five-coordinate and could equilibrate the cis and trans
carbonyls. (Fluxional processes are considered in Chapter 7.) A fluxional
five-coordinate intermediate would allow for enrichment in the axial position
without dissociation of the axial CO.23 Such a scheme is shown in Figure 4.3.
A *CO that is already present in the radial position can rearrange to the axial
position after dissociation of another CO. Thus enrichment in the axial posi-
tion requires prior enrichment in the radial position. The time required for
enrichment in the radial position would create an induction period for enrich-
ment in the axial position, as is observed in Figure 4.4. Thus, the intermediate,
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FIGURE 4.3. Mechanism for enrichment of the axial position in Mn(CO);Br in-

volving a fluxional five-coordinate intermediate.
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FIGURE 4.4. The induction period for enrichment of the axial position of

Mn(CO);sBr as fit by a mechanism involving a fluxional five-coordinate interme-
diate.
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— +CO

Br Br
FIGURE 4.5. Stereospecific loss of CO cis to Br in Mn(CO)sBr.

Mn(CO),Br, was shown to be fluxional (equilibrating the four carbonyl
groups) during the lifetime of the intermediate.??

In a further study of the stereochemistry of CO dissociation, it was
shown that CO dissociates cis to both Br and L in cis-Mn(CO),LBr, L = PPh,,
P(OPh),, or Py as shown in Figure 4.5.24 The variation of rate with L as shown
in Table 4.9 showed a cis-labilization of CO dissociation.?* As shown in Table
4.10, cis-labilization also occurs for chromium complexes and spans several
orders of magnitude.?

The cis-labilization order

CO, H- < P(OPh); < PPhy < I~ < NCsH; < Br~,
CH,CN < CI- < CH,CO~ < NO3

was derived from data for octahedral metal carbonyl complexes of groups VI
and VII. For a given metal these ligands span eight orders of magnitude in
dissociation rate for cis carbonyls and compare in magnitude with the trans
effect seen in the substitution reactions of square planar complexes as dis-
cussed in Chapter 2.

The magnitude of the cis-labilization and the observed order of ligands
invites a comparison with the much-studied trans effect in square planar
substitutions. At first sight there would seem to be little basis for comparison,
but in fact the two processes are remarkably opposite in character. Square

TABLE 4.9

Rate of CO Dissociation from the Position cis to Both L and Br in
cis-M(CO)LBr.24

L k for M = Mn, 23°C X 105(s~) Kk for M=Re, 30°C X 107(s~ 1)

co 2.8 1.0
P(OPh), 3.1 1.1
PPh, 27.0 9.8
Py — 72
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TABLE 4.10

First Order Rate Constants at 30°C for the Substitution Reactions of
Chromium Carbonyl Complexes.

compound ky(s™Y)
Cr(CO)q 1X10-12
Cr(CO)sPR,R’ 1.5 X 1010
Cr(CO)sPPhy 3.0 X 10-10
Cr(CO)sC(OCH;)CH3 4 X107
Cr(CO)sI™ <105
Cr(CO)sBr— 2X 105
Cr(CO)sCl~ 1.5X 104

planar substitution occurs by an associative step to a five-coordinate 18-elec-
tron transition state, probably always of trigonal bipyramidal geometry. It is
important to keep in mind that the trans-labilizing ligand in square planar
substitution is in the trigonal plane in the trigonal bipyramidal transition
state. In the process we are considering, we also have a five-coordinate
transition state, but with 16 electrons, and the cis-labilizing ligand is probably
located in the basal plane of a square pyramidal geometry. The order of
cis-labilization is almost the opposite of the trans-effect order. As discussed in
Chapter 2, a rate enhancement is the result of a reduction in activation
energy, which can occur either by destabilization of the ground state or by
stabilization of the transition state. There are no compelling reasons for
believing that cis-labilization arises from ground state destabilization; crystal
structure evidence shows a slight shortening of the cis M-CO bonds in many
complexes. It has been postulated that the presence of the cis-labilizing ligand
in the basal plane of a square pyramidal transition state lowers the energy.
Calculations have shown that stabilization of the transition state is expected
when CO is replaced by a labilizing ligand.2¢

It is important to remember that the site of CO dissociation does not
necessarily reflect the site of substitution. Two examples are shown below.

Cr(CO)sPPh, + PPhy — trans-Cx(CO)4(PPhg), + CO 4.10
Mn(CO),PPh,Br + PPh; ——> mer-Mn(CO)(PPhg),Br + CO 411

In both cases it has been shown that CO dissociation occurs from the cis-po-
sitions.25 Steric interactions from the bulky phosphine make cis formation

METAL CARBONYL SUBSTITUTION REACTIONS

impossible for these first row metals. For larger metals (oxr smaller ligands) itis
possible to form cis isomers.

Mo(CO)sPPhy + PPhy —> cis-Mo(CO)4(PPhy), + CO

l 4.12
trans-Mo(CO)4(PPhs),

Often the cis isomer rearranges to the trans, and some kinetic studies have
been accomplished.?7-29

¢is-Mo(CO),L, 2= trans-Mo(CO),L, 4.13

For all of the ligands investigated, the reaction was first order in metal car-
bonyl complex although the suggested mechanism depends on the ligand.
For L = PPh,, dissociative loss of PPh; was believed to provide the mecha-
nism for the isomerization. For L = PBuj and P(OMe), it was suggested that a
trigonal (Bailar) twist (Figure 4.6) was operative. Two pieces of data were
pertinent to the nondissociative nature of these isomerizations: (1) The acti-
vation entropies were slightly negative (~—5 eu); and (2) when the isomeri-
zation was run in the presence of a nucleophile no substitution was observed.

cis-Mo(CO)4(PBu,), + L —> trans-Mo(CO)4(PBuy), + L 4.14
L = CO, 13CO, P(O-o-tolyl);

The suggestion of a trigonal twist is an interesting postulate that could pro-
vide a mechanism for equilibration of axial and equatorial carbonyls in
Mo(CO)sL. The twist should occur at least as rapidly for Mo(CO)sL as for
Mo(CO),L, since the steric interactions would be less.

CcO CcoO
L CO CO L

CO L L L
Br Br
trans-Mn(CO),L,Br mer-Mn(CO),L,Br

L CO
CO L L L

L CcO L L
Br Br
trans-Mn(CO),L,Br trans-Mn(CO)L,Br

FIGURE 4.6. Substituted derivatives of manganese pentacarbonyl bromide.
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TABLE 4.11

Complexes Prepared by Ligand Substitution on Mn(CO);Br.2

complex L

PPh,, P(OPh);, AsPhy
mer-Mn(CO),L3Br PMe,Ph, PMe;, P(OMe),Ph
trans-Mn(CQO),L;Br P(OMe);, P(OEt),
trans-Mn(CO)L Br P(OMe);

trans-Mn(CQO),L,Br

aThe geometries are shown in Figure 4.6.

The extent of substitution depends on the size of the substituting ligand.
A series of substitutions on Mn(CO)sBr have been studied for the effect of
ligand size on the number of ligands that can be substituted and the geometry
of substitution.30 These data are shown in Table 4.11. The smaller ligands are

able to substitute to a greater extent than the larger ones. Steric effects are

certainly significant in complexes of this type. A crystal structure determina-
tion of fac-Cr(CO)5(PEt3); shows the effects on bond length and geometry,
with lengthened Cr-P bonds and larger than 90° P-Cr-P angles.?!

DISSOCIATION OF OTHER LIGANDS

There have been relatively few studies of dissociation of ligands other than
CO from organometallic complexes. Because many of the ligands are large,
one must analyze the data in terms of size as well as sigma and pi bonding
ability. Indeed rates of L dissociation from NiL, correlate very nicely with
ligand cone angles as shown in Table 4.12, suggesting a dominant role for
steric effects in dissociation of L from NiL,.”

NiL, + L' — NiL,L" + L 4.15

This is readily understandable because tetrasubstituted complexes should
have very significant steric interactions. Steric interactions are also shown to
be important in dissociations from cis-Mo(CO),L, complexes as shown by the
data in Table 4.13.32

cis-Mo(CO),L, + CO —> Mo(CO)sL + L 4.16

FOUR / ORGANOMETALLIC SUBSTITUTION REACTIONS

DISSOCIATION OF OTHER LIGANDS

-

TABLE 4.12

Cone Angles for Common Ligands.

L cone angle
PPh, 145°
AsPh, 142°
PBu, 132°
P(OPh);, 128°
P(OMe), 107°

The ordering of dissociation rates shows an effect on the size, but electronic
effects must also be involved since phosphites of the same size as phosphines
dissociate more slowly. It should not be overlooked that L dissociation from
cis-Mo(CO),4L, leads to Mo(CO),L where the L group has a significant influ-
ence on the energy. The ordering observed in Table 4.13 is that expected for
stabilization of the transition state by the ligand L. As suggested previously, it
is very difficult to separate steric and electronic factors.

TABLE 4.13

Rates of Dissociation from cis-Mo(CO)4L, at 70°C in C,Cl,.

L cone angle rate (s71)
PMe,Ph 122° <1.0X 106
PMePh, 136° 1.3 X 1075
PPhy 145° 3.2X 1073
PPhCy, 162° 6.4 X102
P(OPh); 128° <1.0X 1075
P(O-o-tolyl), 141° 1.6 X 1074

A systematic investigation of ligand dissociation from chromium car-
bonyl complexes provided evidence regarding the electronic effects. The
complexes Cr(CO)sL, trans-Cr(CO),L; and trans-Cr(CO)4LL’ were investi-
gated for their reaction with carbon monoxide.33-35

Cr(CO)sL + CO — Cr(CO)s + L 417

11¢
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TABLE 4.14

Rates and Activation Parameters for L Dissociation from Cr(CO)sL at 130°C.

L k X 106(s~1) AH# AS*
P(OMe), 0.55 — —
P(OPh), 16. 32, 0
PPh, 100 36. 12.
co 130 40. 23,
AsPh, 12000 36. 22.

The first order rate constants and activation parameters derived from those
rate constants are shown in Table 4.14.33 The substitution of ligands for CO
on Cr(CO)q has also been studied by kinetics. If the forward reaction is the
microscopic reverse of the reverse reaction,

Cr(CO)sL + CO == Cr(CO); + L 4.18

as it should be for simple, first order ligand dissociation, then we can apply
the principle of microscopic reversibility to obtain relative ground state ener-
gies of the Cr(CO)sL species. Microscopic reversibility mandates that the
transition state for the forward reaction be the same as for the reverse. Since
we know the activation energies for the reverse reaction [the difference in
energy between Cr(CO)q and the transition state] and the forward reaction
[the difference in energy between Cr(CO)sL and transition state], comparison
of the activation energies gives the relative ground state energies of Cr(CO)q
and Cr(CO);L for each L or AG for the reaction. The values for several
different ligands are shown in Table 4.15.33 The order of Cr-L bond stabilities
in Cr(CO)sL is ’

Cr—PBu, > Cr—P(OPh), > PPh, = CO > AsPh, > Py

which indicates that the strength of bonding ability is more significant than
whether the bonding is sigma or pi in nature.33 The order of bond energies for
Cr-L bonds where the ligand is bound to Cr(0) is remarkably similar to the
order for trans-MePt(PMe,Ph),L* where the ligand is bound to Pt(Il). A few
values are shown in Table 4.16.3¢ The similarity in M-L bond strengths for
two metal centers as different as Cr(CO)s and MePt(PMe,Ph)J suggests that
this is a general order of bond strengths to organometallic centers.

A trans effect of octahedral metal carbonyl substitution reactions was
observed in reactions of Cr(CO),LL’ with CO.35

trans-Cr(CO),LL" + CO — Cr(CO)sL + L’ 4.19

DISSOCIATION OF OTHER LIGANDS

TABLE 4.15

Free Energy Changes for the Reaction Cr(CO);L + CO — Cr(CO), + L at
130°C.

L AG,,,(kcal/mole)
Py -7.1
AsPh, —3.8
coO 0.0
PPh, 0.1
P(OPh), 1.5
PBu, 8.1

The reactions progressed by L’ dissociation showing first order kinetics and
appropriate activation parameters. Two series of reactions indicate the effect
of the trans ligand on the dissociation rate.3> For L’ = PPh; the complexes
were prepared and reactions were investigated for L = PPh,, P(OPh);, PBus,,
P(OMe);, and CO and for L’ = P(OPh),, L = P(OPh);, PPh;, P(OMe);, and
CO. The results are shown in Table 4.17.35 Thus the ordering of trans effect
on dissociation of PPh; and of P(OPh), is identical:

PPh, > PBu, > P(OPh), > P(OMe), > CO

This order is very similar to that expected for size, but it is difficult to visualize

~ asignificant steric interaction from trans ligands. Crystal structure determina-

tions showed no correlation between the Cr-PPhy or Cr-P(OPh); bond
lengths and rates of PPhy and P(OPh); dissociation from trans-Cr(CO),LL’.3°

TABLE 4.16

Enthalpy Data for Formation Reactions of MePt(PMe;Ph),L+.

L —AH(kcal/mole)
Py 12.2
AsPh, 12.8
PPh, 19.5
P(OPh), 21.4
PEt, 243
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TABLE 4.17

Effect of trans Ligand on Dissociation Rates of L’ from Cr(CO),LL’ at 130°C.

L k(s~1)L’ = PPh, k(s~1)L’ = P(OPh),
PPh, 39 1.3 X 1072
PBu, 2.4 X101

P(OPh), 1.3 X102 40X 104
P(OMe), 8.1 X 1073 1.8 X 104
Co 1.0 X 104 1.6 X 105

Thus the rate acceleration by L from Cr(CO)4LL’ does not arise by a ground
state destabilization, for that would be manifested as lengthening of Cr-L’
bonds. Rather a transition state stabilization by L is indicated.

The similarity in the orders for phosphine and phosphite dissociation
also strongly suggests a stabilization of the transition state. Dissociation of
either ligand would lead to the same intermediate, Cr(CO),L. This trans-ef-
fect order on dissociation is similar to the cis-labilization order, which is also a
transition state effect. The ligand in cis-labilization occupies a basal position
in the transition state; for the trans effect it occupies an apical position. The
stabilization of the transition state by the ligand apparently does not depend
on the site the ligand occupies but reflects an ability to release electrons to
- the unsaturated 16-electron intermediate.35 A stabilization of the 16-elec-
tron intermediate Cx(CO)s(0-phenanthroline) by electron-releasing o-phen-
anthroline ligands was noted a number of years ago.3” This simple concept is
also applicable to cis-labilization of CO dissociation, to the trans effect noted
for dissociation from Cr(CO),LL’, and probably generally to organometallic
substitution reactions that proceed through unsaturated intermediates.6 To
completely understand the effect of a ligand on either stereochemistry or
reactivity for a given reaction one must consider both ground and transition
state effects. In cis-labilization the increased reactivity arises by stabilization
of the 16-electron intermediate attributable to the presence of a donating
ligand. The cis stereospecificity results from a stronger M-CO bond trans to

the donor ligand (a ground state effect). A complete interpretation of substi- ‘

tution reactions of metal carbonyl complexes requires knowledge of site
specificity, of steric effects in both the ground and transition states, and of the
ground state bond energies; but the gross effects, especially in a series of
complexes, can be accounted for in terms of a stabilization of the electron-
deficient transition state by electron donating groups.

SUBSTITUTION bN METAL C‘:ARBC‘)NYL COMPI:EXES CONTAINING METAL-METAL BONDS’

Complexes with 17 Electrons

Reports of the kinetics of substitution reactions of two carbonyl com-
plexes containing 17 electrons at the metal, Mn(CO);L, (L = phosphine) and
V(CO), have appeared.383% The reaction of Mn(CO)sL, with CO showed
dependence on the concentration of CO in solution (Table 4.18).38

2Mn(CO),L, + 2CO — Mny(CO)sL, + 2L 4.20

Both the CO dependence and the more facile reaction with the smaller ligand
strongly indicate associative mechanisms for their reactions. Similar results
on V(CO), (Figure 1.2) provide a further indication that 17-electron metal
carbonyl complexes undergo substitution reactions by associative mecha-
nisms involving nucleophilic attack of the entering ligand. One should be
cautious in interpreting a class of compounds based on two examples, but the
current data support associative mechanisms for 17-electron complexes —in
contrast to the reactions of 18-electron complexes.

TABLE 4.18

Dependence upon [CO] of the Rate of L Replacement on Mn(CO),L,.

L [COJ10® M) K a8~
P(i-Bu), 1.7 5.2 X 104
25 7.9 X 104
5.0 1.6 X 1073
PBu, 5.0 2.0 X 10~1

SUBSTITUTION ON METAL CARBONYL COMPLEXES
CONTAINING METAL-METAL BONDS

A number of organometallic complexes form metal-metal bonds to achieve
18 electrons at each metal. Examples are Mny(CO)sg, Coy(CO)g,
Cp,Cry(CO)g, Fe3(CO)q,, and Coy(CO)y. Electron counting for these metal-
metal bonded systems is shown in Figure 4.7. Substitution reactions on these
complexes occur by replacement of a CO with an entering ligand.4°

Mn,(CO); 27525 Mny(CO)L =55 Mny(CO)gL, 421
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FIGURE 4.7. Electron counting of metal-metal bonded systems.

There are two features that are different for metal-metal bonded systems
than for mononuclear complexes: possible substitution at different metals
and the effect of the metal-metal bond on reactivity. In addition there are
complexes that contain metals multiply bonded to each other. Reactions of
these latter complexes are addition reactions, which will not be considered
here.

Metal Carbonyl Dimers

The reactions that have been most often studied are those of the group
VII dimers, Mny(CO)1q, Tcy(CO)1g, Rex(CO)1g, and MnRe(CO);0.49-43 These
reactions may lead to either the mono- or bis-substituted complex depending
on the dimer and the reaction conditions as shown in equation 4.21. The
ligands are almost invariably substituted axially as shown in Figure 4.8.
Kinetic studies on these dimers, summarized in Table 4.19, show the rate law

rate = (ky + ko[L])[My(CO)0]

where the k; term is much smaller than the k; term. Thisrate law is identical to
that seen for substitution at Cr(CO), and is best ascribed to a dissociative
interchange mechanism.#3 Considerable controversy has existed over
whether the mechanism involves CO dissociation4%43 or homolytic cleav-
aged1:42 of the metal-metal bond. Each of these processes is shown in Figure

SUBSTITUTION ON METAL CARBONYL COMPLEXES CONTAINING METAL-METAL BONDS
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FIGURE 4.8. Structures of substituted derivatives of the decacarbonyl dimers,

4.9. This type of mechanistic question is difficult to resolve since each of the
schemes could give rise to the rate law and kinetic evidence does not differ-
entiate between CO dissociation and metal-metal bond cleavage. The ability
to distinguish between the two metal centers in MnRe(CO);, added mecha-
nistic information that ruled out Mn-Re bond homolysis for substitutions on
this complex. The observed products showed primarily the rhenium substi-
tuted isomer, (CO)sMnRe(CO),L, with small amounts of the manganese
substituted isomer, L(CO);MnRe(CO);.43 As the reaction progressed, the
bis-substituted product increased and the two mono products declined in

TABLE 4.19

Substitution Reactions on Group VII Carbonyl Dimers. Each Reaction Was
First Order in Metal Carbonyl Dimer.#

M,(CO),q L product
Mn,(CO)yq PPh,, P(OPh),, etc. Mn,(CO)oL and
Mn,(CO)sL,
Mny(CO),q PPh, Mn(CO)gPPh; and
Mny(CO)g(PPh;),
Re,y(CO)10 PPhy Rey(CO)g(PPhg),
Tcy)(CO)yqp PPh, Tcy(CO)gPPh; and
Tey(CO)g(PPhs),
MnRe(CO)yq PPh, (CO)sMnRe(CO),PPh,
MnRe(CO);o PPh,, P(OPh),, PBu, (CO)sMnRe(CO),L and
MnRe(CO)gL,
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() My(CO)3p =3 M,(CO); —=> My(CO)L

(b) Mx(CO);p — 2 - M(CO)s
- M(CO); + L—— - M(CO),L + CO
- M(CO); + - M(CO),L — M,(CO),L

FIGURE 4.9. Two possible mechanisms for substitution on My(CO)y4: (2) CO
dissociation and (b) metal-metal homolysis.

concentration. The mechanism of metal-metal bond cleavage requires (1) that
there be a selectivity for formation of Mn-Re bonds over Mn-Mn and Re-Re,
an assumption for which there is no justification, and (2) that the manganese
isomer rearrange to the rhenium isomer under the reaction conditions, 4344

L(CO),MnRe(CO)s == (CO)sMnRe(CO),L 4.22

It has been shown that this isomerization does not occur. Thus substitution on
MnRe(CO),, does not occur by Mn-Re bond cleavage, and the CO dissocia-
tion pathway is most likely. Additional evidence that metal-metal bond ho-
molysis is not the mechanism of substitution reactions is shown by reaction of
Mn,(CO),, with Rey(CO)qp at high temperature. Substitution reactions on
Mny(CO);q occur from 90 to 110°C and on Rey(CO);q from 130 to 150°C.
When Mny(CO);q is heated with Re,(CO);y under a variety of conditions at
130°C, no evidence was obtained for MnRe(CO),, formation 4445

130°C
an(CO)m + ReZ(CO)m —> 2MnRe(CO)10 4,23

Heating these two dimers at 150°C under CO in a sealed tube showed no
decomposition and no trace of MnRe(CO),q in 48 hours.45

Mny(CO);0 + Rey(CO)po —po N.R. 4.24

These reactions show that under the most conservative interpretation both of
these dimers cannot be undergoing metal-metal bond homolysis under sub-
stitution reaction conditions. The ultimate experiment to differentiate be-
tween metal-metal bond homolysis and other routes has recently been per-
formed for Re,(CO);0.46 Two complexes with different rhenium isotopes
were prepared (185Re,(CO);o and 187Re,(CO), ) for use in substitution and
exchange reactions. No mixed isotopic species were observed after several
half-lives under the reaction conditions, ruling out the metal-metal bond
homolysis mechanism in thermal substitution and CO exchange reactions of
' Rey(CO);0. The metal isotopes are not available for manganese, but similar
reactions of Mn,(CO)1q and Mn,(13CO),, are fully consistent with CO disso-

SUBSTITUTION ON METAL CARBONYL COMPLEXES CONTAINING METAL-METAL BONDS

ciation and inconsistent with metal-metal bond cleavage.4” Thus definitive
evidence has been presented to refute the suggestion that metal-metal bond
homolysis is involved in ligand exchange or substitution reactions of the
Group VII dimers.

185Re,(CO)0 185Re,(CO)sL,
+ e + 4.25
187Rex(CO);o 187Re,(CO)gl,

As noted above, MnRe(CO),, leads to predominantly the rhenium
isomer, (CO)sMnRe(CO),L. Comparing the reactivities of Mn,(CO),, and
Re,(CO)qp and analogous mononuclear complexes of manganese and rhe-
nium, one would anticipate that CO dissociation from manganese would
occur at a rate about one hundred times greater than from rhenium.43 It has
been suggested that CO dissociates from the manganese and that the inter-
mediate/transition state contained a bridging CO such that the unsaturation
at one metal center was shared by the other metal. The ligand would then
attack at the most favorable site, which for steric reasons would be the
rhenium. Such a scheme is shown in Figure 4.10.

The effect of substitution of one ligand for CO on the rate of substitution
at the other metal has been investigated in only one study, the rate of L
addition to Mn,(CO)sL (Table 4.20).40 These rates, which were ascribed to
CO dissociation, are very similar to the effects seen in cis-labilization of
mononuclear complexes. This may be a long range effect, the phosphine on
one metal center affecting the rate of dissociation at the second metal center,
or the labilization by the phosphine may occur at the carbonyls cis to the
phosphine at the same metal center. The unsaturation could be transferred
from the substituted metal center to the unsubstituted one through a bridging
CO in a scheme similar to that shown in Figure 4.10 for MnRe(CO),,.

TABLE 4.20

Variation with L of the Rate Constants for Further Substitution on
an(CO)QL-

L relative rate
PPh, 44
PBu, 12
P(OPh), 1.5
cO 1
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FIGURE 4.10. MnRe(CO};, mechanism involving CO dissociation. The open cir-
cles represent rhenium atoms. [Reprinted with permission from D. Sonnen-
berger and J. D. Atwood, ]. Am. Chem. Soc. 102, 3484 (1980). Copyright 1980
American Chemical Society.]

Substitution reactions of Co,(CO)g show more variation than the Group
VII dimers. Reaction with 13CO, AsPh;, and H, show a rate law that is

independent of the concentration of the incoming nucleophile at tempera-
tures from —15° to 30°C.48

Co(CO)g + AsPhy —> Coy(CO),AsPh, 4.26

The activation parameters (AHt = 22 kcal /rate and ASt = 10 eu) and the lack
of dependence on the incoming ligand are consistent with CO dissociation.

C0,(CO)s — [Co,(CO);, + COJ
1A5Ph3, rapid 4.27
Co,(CO),AsPh,

SUBSTITUTION ON METAL CARBONYL COMPLEXES CONTAINING METAL-METAL BONDS

The reaction with AsPh; leads to the disubstituted complex at a much slower
rate, indicating that the ligand affects reactivity of Co,(CO), differently than
it does the Group VII metal carbonyl dimers. Substitution of Co,(CO)g by
phosphines is quite different,

Co,(CO)g + 2PRy — [Co(CO)5(PR,),JH{Co(CO)7] + CO 4.28

leading to ionic products at rates that are more rapid than CO dissociation and
that depend on the concentration and the nucleophilicity of the entering
ligand. In addition the apparent order with respect to Co,(CO)g varies within
the range 1.0-1.5 depending on the reaction conditions. The kinetic data for
substitution by PBuy at —15° are shown in Figure 4.11 with a 1.40 depen-
dence on [Co,(CO)g). The reaction with PBu, was studied at —15,—10, 5, and
10°C, and the order of the reaction in Co,(CO)g was found to be 1.40, 1.35,
1.20 and 1.0, respectively. A radical chain mechanism was suggested to
account for these observations in the substitution of phosphine bases on
Coy(CO)g. 48

Coy(CO)g + L =22 Coy(COYglL 4.29
Co,(CO)L —2 - Co(CO),L + - Co(CO)4 + CO 4.30
- Co(CO)5L + Co,(CO)g —4—> Co(COYL+ + - Cox(COYg 431
100 I T | =
oo .

80| Y, i
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FIGURE 4.11. Pseudo 1.40-order plots for reaction of Co,(CO)g with PBug at three
different concentrations of PBug.
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+Coy(COYg —2 - Co(CO), + Co(CO); ' 432
Co(COYL+ + L > Co(CO),Lt 4.33

Thus two distinct mechanisms exist for Co,(CO)g— for reaction with weak
nucleophiles, a CO dissociative route and for reaction with strong nucleo-
philes, a radical chain pathway.

Transition Metal Clusters

Reactions of Lewis bases with metal clusters may yield either mononu-
slear or polynuclear products. Substitution reactions on Fes(CO);, represent
‘he features that may be seen. Reaction with L at 50°C leads to substituted

metal clusters, but reaction at 80°C produces substituted mononuclear frag-
nents. 4950

%3(CO)y, + nL —25 Fey(CO)y,_ L, + nCO 434
7e5(CO)y, + L —<> Fe(CO),L + Fe(CO),L, 4.35

Che ruthenium and osmium analogues have less tendency to fragment, pre-
iumably because of the stronger metal-metal bonds.51,52

In most metal clusters there are two possible sites for substitution, axial
r equatorial, as shown for M3(CO);, and My(CO),, in Figure 4.12. Substitu-
jon has been observed in both sites and often appears to be controlled by
iteric interactions. The first PPhg substituted onto Ir4(CO);, occupies an axial
ite.5 When two PPh, ligands are substituted onto Ir,(CO),,, one occupies an
ixial site and the second an equatorial site of a different basal iridium. Addi-
ional substitution on the bis-substituted complex leads to substitution at two

N
N

a
or
L (CO)s
I\I/I M
a

FIGURE 4.12. Axial (a) and radial (r) positions for M3(CO);, and M,(CO),,.
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(CO), (CO),

\\//

—r—— C—- r-—

\\//”\\//

P P P

FIGURE 4.13. Substituted products of Ir,(CO),,.

equatorial and one axial site. These substituted products are shown in Figure
4.13. Under the conditions for substitution reactions, metal cluster complexes
are fluxional; that is, the three PPh, ligands are equivalent, and the nine
carbonyl ligands are equivalent. (Fluxional processes are discussed in more
detail in Chapter 7.)

Relatively few kinetic studies of metal clusters have been accomplished.
Substitution on Iry(CO);, has been the most thoroughly studied cluster
reaction,34-57

II'4(CO)12 +nL — Ir4(CO)12_,,L,, + nCO 4,36

The product observed depends on the reaction conditions and on the ligand
L. The rate law observed has two terms:

rate = (k; + kyfL])[Irg(CO),] 4.37

This rate law is of the same form as that seen for substitutions on other metal
carbonyl complexes, but the relative values of the two terms are very different
from those observed in other systems.55 The ligand-dependent term predom-
inates for ligands that are reasonably good nucleophiles, such as CNR, PBu,,
PPhg, and P(OPh);.55:58 As shown by the graph of [L] versus kg, in Figure
4.14, the value of k; is independent of the nature of L and can be ascribed to a
CO dissociative pathway. The relative values of k, (Table 4.21) show a strong
dependence on the nucleophilicity of the entering ligand, indicating nucleo-
philic attack on the metal complex. The site of attack is uncertain, although it
has been argued that the accessible metal center (a third row metal with 100°
angles between COs) is most likely.55

As the tetrairidium cluster is substituted, some changes are noted.56:57
Substitution on Iry(CO)y,L, for L = PPh;, P(OPh);, and AsPh,, occurs by a
primarily ligand-independent mechanism, probably CO dissociation. For
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FIGURE 4.14. Plot of k,,, versus [L] for a series of reactions with Iry(CO),, at
109°C in chlorobenzene: O, P(C¢Hs)s; A, As(CgHs)s; +, P(OCgHs);. [Reprinted
with permission from D. Sonnenberger and J. D. Atwood, Inorg. Chem. 20, 3243
(1981). Copyright 1981 American Chemical Society.]

more nucleophilic entering ligands (PBus, CN-¢-Bu) the ligand-dependent
path still predominates.5556:58 The CO dissociation rates from Iry(CO),,L
show the same trends with changes in L as mononuclear complexes and
metal carbonyl dimers. The relative ordering is

PBu, > PPh; > AsPh, > P(OPh), > CO

TABLE 4.21

Second Order Rate Constants for Substitution of Ir(CO),, by L.5

L k,(105M~15~1)
AsPh, 27
PPh, 530
P(OPh), 1300
PBug too fast to measure

SUBSTITUTION ON METAL CARBONYL COMPLEXES CONTAINING METAL-METAL BONDS

The same trends continue to the bis-substituted tetrairidium clusters,
Ir4(CO), 0Ly, with a continued increase in rates of CO dissociation as shown in
Table 4.22.56:57 An acceleration in rate with substitution is also seen in reac-
tions of Ruy(CO);, with PPh,.59

TABLE 4.22

Relative Reaction Rates for Substituted Derivatives of Ir,(CO),,.

L Ir,(CO)yoL, Ir,(CO), L
PBu, 360 93
PPh, 700 47
AsPh, 700 34
P(OPh), 15 5.7
co 0.7 0.7

The dependence on the ligands present on the metal cluster is very
similar to that seen for mononuclear complexes both in order and magnitude.
This suggests that the donor ability of the ligand is important in stabilizing the
unsaturated metal cluster generated by ligand loss from the saturated cluster.
It may also indicate dissociation from a substituted metal center, but the metal
cluster may be capable of transmitting electronic effects between metal
centers.

In metal clusters that are more highly substituted with phosphines,
ligand steric effects may be significant. The rates of phosphine dissociation
from Iry(CO)gL, show evidence of a steric effect.69.61

Iry(CO)gLy + CO — Iry(CO)Ly + L 4.38
L = PMe;, PEt,, PBu,

Data for the substitution at 85°C are shown in Table 4.23. The steric interac-
tions in Irg(CO)g(PMejy), are sufficient to cause an elongated Ir-Ir bond.61 A
similar though smaller rate effect on CO dissociation from Ir,(CO),L5 has also
been attributed to steric interactions.6? The rate of CO dissociation was in-
vestigated by 13CO exchange; the comparison of rate with ligand is shown
in Table 4.24. Although the solvents are not the same for the two sets of
data, it is interesting to note that there appears to be no significant increase
in CO dissociation from Ir,(CO)((PBus), (k=1.2X 10"3 at 80°C) to
Ir4(CO)g(PBuy); (k = 1.3 X 103 at 80°C). The lack of a significant enhance-
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TABLE 4.23

A Comparison of the Cone Angle of the Ligand with the Rate Constant for
Dissociation from Ir(CO)gL, at 85°C.

L cone angle k(s
PMe, 118 6.35 X 1077
PEt; 132 2.09 X103
PBu, 132 1.00 X 103

1ent in rate may indicate that the electronic effect does not continue to the
1ird substitution and that steric interactions are not significantly different
etween the bis- and tris-substituted complexes.

Substitution reactions on metal clusters offer mechanistic possibilities
navailable for mononuclear complexes. The ligand may replace a metal-
retal bond as is shown in the reaction of Cp(CO),Mn(u-PPh)Fe,(CO)g with
'Ph, (Figure 4.15).62 Reaction with a nucleophile leads to an adduct with no
An-Fe bond. The reaction is reversible; dissociation of L leads to formation of
he Mn-Fe bond. Despite this observation there appears to be no kinetic
vidence for reversible metal-metal bond cleavage as an important step in
aetal cluster substitution reactions; only a few clusters have been studied,
1owever.

Mixed metal clusters (clusters containing at least two different metals)
\ave considerable potential for mechanistic investigations of metal cluster

TABLE 4.24

Rate Constants for CO Dissociation from Ir,(CO),L; at 80°.

L cone angle k(103s7)
PMe, 118 0.17
PEt, 132 1.33
PBu, 132 1.27
P(i — P1)s 160 6.76

SUBSTITUTION ON METAL CARBONYL COMPLEXES CONTAINING METAL-METAL BONDS

13

CeH,

C—Fe Fe(CO),L

FIGURE 4.15. Reaction with a ligand (L = CO, PPh;) leading to reversible metal-
metal bond breaking.

reactions. Several reactions have been examined for the tetranuclear mixed
metal clusters HyFeRuy(CO);5.63.64

H2F9RU.3(CO)13 + 4CO —_— RU3(CO)12 + FE(CO)S + Hz 4.39
Kinetics studies of this reaction show the rate law

—d[H,FeRuy(CO);5]

I Te——— (ky + kz[CO])[HzFeRua(CO)la] 4.40

b'ut the first order term is negligible. The plot of k., versus [CO] is shown in
Figure 4.16. The suggested mechanism involves association of CO with the

5.0 —

3.0 ~

kobs(loss_l)

1.0 -

1 ] 1 ! |
0.04 0.08 0.12 0.16 0.20

[COJ (M)

FIGURE 4.16. Plot of kg, versus [CO] for reaction of CO with H,FeRuy(CO);5
showing the linear dependence of rate on [CO].



FOUR/ ORGANOMETALLIC SUBSTITUTION REACTIONS
73 of 166

ntact cluster concomitant with cleavage of one metal-metal bond to give a
sutterfly cluster as an intermediate.%3 The activation parameters (AH# = 20.0
«cal/mole and AS* = —25.4 eu) are consistent with this mechanistic sugges-
iion. Reaction of HyFeRuy(CO) 3 with phosphine and phosphite ligands
leads to substituted derivatives of the tetranuclear cluster in moderate
yields.54 The reaction with PPhj occurs at lower temperatures than the reac-
ion with CO, which leads to cluster break up, and with a rate law indepen-
lent of [PPh;]. A CO dissociative route has been suggested for this substitu-
ion reaction.®4 Substitution leads to two different isomers, both involving

replacement of a CO on ruthenium, in varying quantities depending on the -

igand size and basicity. It is rather surprising that the clusters thus far inves-
tigated show the same basic mechanistic features as mononuclear complexes.
The primary reaction mode seen thus far is CO dissociation although large
metals are susceptible to nucleophilic attack at the metal. As more clusters are
orepared and more reactions are studied we may anticipate more divergence
n the reactions of metal clusters from that of mononuclear complexes. An
aspecially attractive area is in reactions of unsaturated metal clusters.

Unsaturated Metal Clusters

There has been intense interest in preparation of clusters that contain
‘ewer electrons than those shown in Figure 4.7. One example that serves to
llustrate the potential is HyOs3(CO)yq (Figure 4.17).4 The compound is
llustrated with a metal-metal double bond, but there is some contention
ibout whether a double bond actually exists. The reactivity is certainly con-
sistent with unsaturation in this tri-osmium cluster.64

:_12053CO)10 +L— HZOS3(CO)10L 4.41
- = P(OPh),, C,H,, etc.

hese reactions occur readily at room temperature in contrast to reactions of
Js3(CO)15, which require elevated temperatures. Although kinetic studies
aave not been accomplished, it seems likely that these reactions occur by
ittack of L on the cluster and would show second order behavior.

(CO),
Os

H

DN

/N

(CO);0s Os(CO);

W/

H

FIGURE 4.17, Unsaturation in H,Os3(CO)y,.
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LIGAND SUBSTITUTION REACTIONS ON ALKYL COMPLEXES

Alkyl complexes undergo ligand substitution processes
CH3Mn(CO); + L — CHzMn(CO),L + CO 4.42

similar in stoichiometry to other substitution reactions. An important differ-
ence is that in many reactions of this type an acyl intermediate is observed.

CH;Mn(CO); + L — CH;C(O)Mn(CO),L —> CH;Mn(CO),L + CO 4.43

Reactions of this type are termed CO insertion or alkyl migration since the net
reaction in forming the acyl intermediate is cleavage of the CH3-Mn bond and
formation of a methyl carbon bond as shown in Figure 4.18. These reactions
are very important in several catalytic reactions, such as hydroformylation,
methanol carbonylation, and homogeneous CO reduction.

CH, L’ _CH,
C
| N
s S >i< Yo

L L

% methyl migration
T
C=0

LI

L

CO insertion

FIGURE 4.18. Product difference for methyl migration and carbon monoxide
insertion.

Kinetics and Rate Law

Most of the studies of kinetics of substitutions of alkyl complexes have
involved RMn(CO)s. The rate is dependent on the concentration of the metal
complex and on the entering ligand.65.66 The rate law that best accommodates
the observations is

_ kiko[LRMn(CO)s]

rate = W 4.44

13



74 of 166
FOUR/ ORGANOMETALLIC SUBSTITUTION REACTIONS

The mechanism most consistent with this rate law involves a rapid preequili-
brium, :

RMn(CO)s kk:z [RC(O)Mn(CO),] 4.45
RC(O)Mn(CO), — 2t RC(O)Mn(CO),L 4.46

followed by reaction of the 16-electron acyl intermediate with L.66 The char-
acteristics of this type of rate law, as discussed earlier, are independence of
the rate from ligand concentration at high ligand concentration (k,[L] > k_,)
and linear dependence of rate on the ligand concentration at low concentra-
tion of ligand. A plot of k, versus [L] is shown in Figure 4.19. The activation
parameters observed for these reactions

CH3Mn(CO)5 + CO — CH;;C(OYMn(CO); 4.47
AH% = 14.2 kcal/mole; ASt = —21.1 eu

CH3MoCp(CO); + L — CH,;C(O)MoCp(CO),L 4.48
AHt = 16.1; ASt =—25 eu

are consistent with the mechanism suggested in equations 4.45 and 4.46.65.66

3.0
= . ®
W .
S g0} .
X
2 .
L .

1.0

.
1 ] 1 |
0.0 0.2 0.4 0.6 0.8

[PPhsJ(M)

FIGURE 4.19. Dependence on [PPh;] of the rate of substitution for the reaction
with CH3FeCp(CO), 5!

The rate of carbonylation on the alkyl group has been shown to depend
on the electron-withdrawing ability of the R group.6” The results of the
carbonylation of substituted methylmanganese pentacarbonyl complexes are
shown in Table 4.25. The presence of an electron-withdrawing R group
dramatically slows the rate, most likely by affecting the preequilibrium

LIGAND SUBSTITUTION REACTIONS ON ALKYL COMPLEXES

TABLE 4.25

Rates of Carbonylation for a Series of Substituted Methylmanganese
Pentacarbonyl Complexes at 30°C in §, f/-Diethoxydiethyl Ether.

RCH,Mn(CO); + CO — RCH,C(O)Mn(CO);

R o*(RCH,)? 105 k(M~1s77)

C,H; —0.115 14000 A

C§-I3 —0.10 12000 /)f -% ;L
cyclo-CgHy, —0.06 2500

H 0.00 1200

CH,0 0.52 25

CeHs 022 12

HOC(O) 1.05 <5

aTaft parameter.

Solvent Effect

The formation of a 16-electron intermediate in a preequilibrium would
allow the binding of solvent and suggest a large solvent effect. This is ob-
served in reactions of alkyl complexes. Coordinating solvents accelerate the
reaction as shown in Table 4.26 for CH;Mn(CO); and CH3MoCp(CO)5. This
dependence on the solvent is consistent with coordination of the solvent to

TABLE 4.26

Solvent Effect on the Methyl Migration Reaction.65-67

CHaMn(CO)s CH3MOCP(CO)3
solvent Koq relative rate solvent relative rate
mesitylene 220 1 toluene 1
(n-Bu),0 120 2 THE 10
n-octyl chloride 200 4 nitromethane 70
DMF 3000 50 DMF 8000
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the unsaturated intermediate, but the variation of K, eq with solvent indicates
that solvation of the alkyl and acyl complexes are different in polar sol-
vents.65

CH;Mn(CO)s ==2 CH,C(O)Mn(CO),S 4.49

Although solvated acyl complexes have not been isolated, spectro-
scopic evidence has been reported for CHzMn(CO),(THF) and
CH3C(O)FeCp(CO)(DMS0).55:68 It seems most likely that the intermediate is
solvent coordinated when the substitution is run in reasonably nucleophilic
solvents. In solvents such as hexane or toluene a general solvation is proba-
ble. The effect of solvent on alkyl migration is shown nicely by the following
reactions:6?

CH3FeCp(CO), + PPhy E o> CH,C(O)FeCp(CO)PPh, 4.50

68°, 48 hr
hexane

N.R.

The role of solvent in the coordination sphere of the metal has been
lemonstrated for the molybdenum complex MeMoCp(CO),,7? in which sol-
vent effects on the substitution reaction are large (Table 4.26). The separation
>f donor and polarity effects was accomplished by using a series of methyl
substituted tetrahydrofurans that have similar dielectric constants but vary
wvidely in donor ability. The results are shown in Table 4.27.70 These data

support formation of a CH3;C(O)MoCp(CO),(THF) complex as the interme-

liate.

TABLE 4.27

Rates of Substitution of MeMoCp(CO), in Substituted Tetrahydrofurans.”

solvent 10%,(s~1)2
THEF 7.8
3-MeTHF 6.5
2-MeTHF 1.48
2,5-MeTHF 0.23

2The rate constant is for the first order, solvent-dependent step.

LIGAND SUBSTITUTION REACTIONS ON ALKYL COMPLEXES

Effect of the Entering Ligand

The entering ligand competes with the solvent for the 16-electron inter-
mediate; thus the reaction shows a dependence on the nucleophilicity of the
entering ligand. Data for reaction of CH3;MoCp(CO); with PBus, PPh,,
P(OBuy);, and P(OPh)z are shown in Table 4.28.66

CH;MoCp(CO); + L —> CH,C(0)MoCp(CO),L 4.51

* L =PBuy, PPhy, P(OBu)s, P(OPh),

These data show several features. As discussed in the section on solvent
dependence, the reactions are much slower in toluene than in THF. Although
the ordering of ligand dependence is the same for each solvent and parallels
the nucleophilicity of the ligands,

PBu, > P(OBu); > PPh, > P(OPh),

the rate differences are larger in toluene. In neither solvent is the dependence
on the nucleophilicity as large as would be expected for direct nucleophilic
attack, further confirmation of the mechanism suggested.

TABLE 4.28

Ligand Dependence of the Reaction of CH;MoCp(CO); on L at 50.7°C in THF

or Toluene.
L kops X 10%s~1) in THF kops X 105(s™7) in toluene
PBu, 4.41 3.13
P(OBu), 4.17 2.58
PPh, 3.83 1.10
P(OPh), 3.17 0.20

Stereochemical Considerations

Much attention has been directed toward the stereochemistry of substi-
tution reactions of alkyl complexes. Substitution of CH;Mn(CO); leads to
cis-CH3C(O)Mn(CO)4L initially although the cis complex does isomerize to
the trans eventually.”?

slow

CH;MR(CO); + L — cis-CH;C(O)Mn(CO),L 2% trans-CH,C(O)Mn(CO),L 4.52
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As discussed previously, the stereochemistry of substitution reactions does
not necessarily provide information on the stereochemistry of the interme-
diates. In this case, however, the formation of a kinetically stable product,
2is-CH,C(O)Mn(CO),4L, indicates that the substitution reaction probably
does provide stereochemical information. This is confirmed by carbonylation
with 13CO, which leads exclusively to cis-CH3C(O)YMn(CO),(13CO).

CH;Mn(CO)s + 13CO —> cis-CH3C(O)Mn(CO),(13CO) 4.53

The fact that the labeled CO does not appear in the acyl confirms that the
Initial preequilibrium step (equation 4.45) does occur and that the CO does
not insert directly into the CH3-Mn bond. A more difficult question to answer
concerned whether the methyl group migrates to a CO or whether a CO
nserts into the CHz-Mn bond. These processes are termed methyl migration
and CO insertion, respectively. The distinction between these two is based
»n which group is moving in formation of the 16-electron acyl intermediate.
This question was addressed for the manganese complex by a consideration
of the decarbonylation of labeled CH,C(O)Mn(CO)5 complexes.”2

“H,C(O)Mn(CO)s — CHMn(CO); + CO 4.54

Because this reaction is the microscopic reverse of the carbonylation, deter-
nining which group moves for the decarbonylation also proves which group
noves in the carbonylation —i.e., whether the reaction is a methyl migration
o CO insertion. Figure 4.20 shows the results expected for both methyl
nigration and CO insertion. The observed distribution of cis to trans product
was 2:1, in agreement with methyl migration.”2

Reaction of optically active alkyl groups shows that the carbonylation
sroceeds with retention of configuration at the carbon.”

Me;CC(H)D)C(H)(D)FeCp(CO), + PPh; —
Me;CC(H)(D)C(H)(D)C(O)FeCp(CO)PPh;  4.55
threo-3,3-dimethylbutyl-1,2-d,](Cp)dicarbonyliron + PPh; —
[threo-4,4-dimethylpentanoyl-2,3-d,}(Cp)carbonyltriphenylphosphineiron

This suggests that the C-Fe bond remains as the C-C bond forms, as shown in
‘he following scheme:

—C—lre > —C\:-— lfe : 4.56
C °C
(@) O

out doesn’t help determine whether the alkyl group migrates or the carbonyl
inserts. That the C-Fe bond remains while the C-C bond forms is consistent
with the results of an extended Hiickel calculation of the reaction coordinate

LIGAND SUBSTITUTION REACTIONS ON ALKYL COMPLEXES

T
0N CH,
1BCO | co
7 —1CO yd
o — OC—/—I\/{n—CO — OC-;N{n*—CO
3
| °C o °C o
co 25% probability
| Bco
OC—Mn—CO—]
< CH,
oc” LJ | _
-CO CH,
/| Bco | »co
¥ 7 —-CO e
L OC—Mn—CO — OC—Mn—CO
oc” | oc” |
Co Co
(a) Carbonyl insertion. 75% probability
CHar
co | co
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| 1co o | _CH,
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25% probability
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FIGURE 4.20. Decarbonylation of CH;C(O)Mn(CO); illustrating the differences
in (a) carbonyl insertion and (b) methyl migration. [Reprinted with permission
from K. Noack and F. Calderazzo, |. Organomet. Chem. 10, 101 (1967). Copyright
1967 Elsevier Sequoia S. A.l
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fpr migration of CH, in CH;Mn(CO)s.74 It has been suggested that the transi-
tion state for the methyl migration corresponds to the methyl bonded to both
the metal and to CO as shown in Figure 4.21.

(b)

()

energy

CH, CH, CH,
>‘< Oﬁ< °$<
(@) ®) (©)

reaction coordinate

FIGURE 4.21. Energy profile calculated for methyl migration on CH;Mn(CO)s.

Nature of the Intermediate

Several studies have attempted to identify the 16-electron acyl interme-
diate, especially that for manganese. Photochemical generation of the inter-
mediate by CO dissociation from CH;C(O)Mn(CO); in an inert matrix at low
temperature showed the geometry to be trigonal bipyramidal with the acylin
the equatorial plane.” Significant amounts of CH;Mn(CO)s also formed,
suggesting a very low activation energy for methyl migration from the 16-
electron acyl intermediate. Careful consideration of the labeling ratios in
CH3Mn(CO)s by 13C NMR led to the conclusion that the geometry was
square pyramidal with the acyl in the equatorial plane.”6 Figure 4.22 shows
these possibilities.®0 The two results may be rationalized by realizing that the
13C NMR study was done in THF/acetone mixtures where a solvent may
occupy the empty coordination site, preventing relaxation of the square pyra-

LIGAND SUBSTITUTION REACTIONS ON ALKYL COMPLEXES

¢ co ’l‘ o ¢ co ’,( co
OC—Mn—X OC—Mn~CO x—ané OC—N{n'
OoC ocC oc €CO oc CO
A B C D

FIGURE 4.22, Possible intermediates in the reaction of CHsMn(CO)s. On the
basis of 13C NMR investigations of the reaction intermediate A (X = C(O)CHS,)
was suggested.

mid. In neither the matrix isolation nor the 13C NMR was there any evidence
for an n2-acyl as has been observed for early transition metal complexes.

A stable “intermediate”” was formed by oxidative-addition of various
substituted phenylacetyl chlorides to trans-chlorobis(triphenylphosphine)
dinitrogeniridium.”?

Ir(N,)(PPhy),Cl + CH,YC(O)Cl —> CH,YC(O)Ir(PPhs),Cl, + N, 4.57

These five-coordinate iridium acyls could be isolated and characterized, and
the kinetics of the rearrangement to the six-coordinate benzyl complex inves-
tigated.

CH,Y
;Ilr—Cl—> L>I< s 4.58
o aslL

L =PPh,; Y = C¢Hs, CFs, etc.

Asexpected, the presence of a ligand that could occupy the sixth coordination
position inhibits the reaction. As shown in Table 4.29, the presence of elec-
tron-releasing substituents on the benzyl group promotes migration, and
electron-withdrawing substituents retard the migration.””

Many of the features of alkyl migration that we have discussed are
incorporated into a study of the decarbonylation of 13C-labeled cis-acetyl-
benzoyltetracarbonylrhenate(I) complexes.”8

NMe,[cis-(CO)4Re(C(O)CH,)(13C(O)Ph)] —>
NMe,[ fac(CO);(13CO)ReC(O)CH,(Ph)] 4.59

NMey[cis-(CO),Re(13C(O)CH,)(C(O)Ph)] —> NMe,[cis-(CO),Re(13C(O)Me)(Ph)]
+ NMe [mer-(CO)5(13CO)Re(C(O)Me)(Ph)] 4.60
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TABLE 4.29

Rate Constants for the Rearrangement of Phenylacetyl,
CH,YC(O)Ir(PPh;),Cl,, Complexes to Benzyl (Carbonyl) Complexes in
Benzene at 30°C.

Y k X 108
CeHs 7.09
p-CH,0CgH, 9.19
p-CH,CeH, 8.35
p-0,NCeH, 3.90
CgFs 0.68¢
2At 40°C.

The scheme that was used to explain the labeling of these reactions is shown
in Figure 4.23.78 This detailed scheme is composed of three primary steps,
methyl group migration, phenyl group rearrangement and fluxional behavior
of the five-coordinate intermediate. The methyl group migration occurs rela-
tively rapidly; phenyl migration and five-coordinate rearrangement occur at
comparable (slower) rates. This scheme includes several aspects that we have
discussed. Note that in each case the alkyl group migrates to a position cis,
that CO dissociation occurs cis to both the acetyl and the benzoyl groups, that
the equilibration of CO in the five-coordinate intermediate leads to all three
possible products.”8

Alkyl migration (CO insertion) is catalyzed by the presence of Lewis
acids such as AlCl;.7? Cyclic products can be formed as shown in reaction
4.61.

CH,
CH,Mn(CO); + AICl, —> (CO),Mn—C 4.61

The effects of several Lewis acids are shown in Table 4.30.6% As shown
by the data in Table 4.30, a Lewis acid can accelerate the methyl migration by
a factor of 108. By coordinating to the oxygen of a CO, the Lewis acid weakens

—— e -

LIGAND SUBSTITUTION REACTIONS ON ALKYL COMPLEXES

fast fast * slow
>‘< = == ﬁ< =
Me Ph Me Ph Me Ph

- -]

Oo=*C O=(‘Z
I\|/Ie Ph Me Ph

o~ e

Me Ph Me 1 Ph

l
slow *
>k = ﬁ< >k .
O=C C=0 O=$ C|~——‘O O=(|Z C|=O
|
Me Ph Me Ph Me Ph

Me FPh

FIGURE 4.23. Scheme proposed to explain the isotopic labeling in decarbonyla-
tions of Re(C(O)Me}(C(O)Ph)(CO)z. In each case the central metal is rhenium,
and the vacant coordination sites are CO.
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the C-O bond and lowers the activation energy for the migration. Such a
mechanism is shown below.”?

T T
(CO),Mn—C=0 + AICl; == (CO),Mn—C=0—AICl, 4.62
CIjHa //CI\_\I\:; /CH3
(CO),Mn—C=0—AICl, —> (CO)4Mn~C\\ s (CO)4Mn—C\ 4.63
! 0 0
: / /
X—Al X—Al
[ AN I AN
x X x X
TABLE 4.30

Kinetic Data for Reactions Similar to Reaction 4.61.6°

Lewis acid kops(s™D)
none 2X10-¢
AICIEt, 0.37
AICL,Et 10.
AIC, 170

To summarize the results on substitution at alkyl complexes:

1. A preequilibrium exists between the 18-electron alkyl carbonyl complex
and a 16-electron acyl, which probably is solvent coordinated.

2. The rate of migration depends on the electron-withdrawing ability of the
alkyl group, more electron-withdrawing groups reacting more slowly.

3. More nucleophilic entering ligands speed the reaction.

The reaction proceeds by methyl migration as the carbanion.

5. The migration may be catalyzed by Lewis acids.

L

HYDRIDE COMPLEXES

Hydride complexes are important in many reactions catalyzed by organome-
tallic complexes, yet the understanding of substitution reactions of hydrides

HYDRIDE COMPLEXES

oxygen, and therefore difficult to study quantitatively. Another difficulty is
that the presence of trace impurities leads to rapid reactions by radical chain
mechanisms. Most hydride complexes have been observed to undergo facile
ligand substitution reactions, probably by radical reactions like those studied
for HRe(CO);.80.81 Under rigorously pure conditions, with the exclusion of
light, HRe(CO);5 showed no reaction with PBuj in 60 days at 25°C.89 When
such care was not taken, the reaction yielded HRe(CO),PBu; and
HRe(CO)3(PBuy), at variable rates. The following sequence of reactions was
proposed to explain the radical reactions:

‘R + HRe(CO)s —> RH + - Re(CO)s 4.64
*Re(CO)s + L == -Re(CO),L + CO 4.65
*Re(CO),L + L &= -Re(CO);L, + CO 4.66
*Re(CO),L + HRe(CO)s — * Re(CO)s + HRe(CO),L 4.67
*Re(CO)4L, + HRe(CO)s — +Re(CO)s + HRe(CO),L, 4.68
*Re(CO);L, + HRe(CO),L —> - Re(CO),L + HRe(CO),L, 4.69
*Re(CO)s— Ly, + * Re(CO)5—mLiw — Rex(COY10— mmnLntm 4.70

Thus the substitution reaction is catalyzed by trace impurities (R*+) which
initiate a self-perpetuating chain mechanism for substitution. Reaction 4.70 is
a chain termination step. The most recent evidence suggests that radical
substitution reactions such as those in equations 4.65 and 4.66 occur by an
associative mechanism.3839 Regardless of this mechanism, it is clear that,
once generated, 17-electron complexes undergo rapid ligand scrambling. A
primary piece of evidence for the radical chain mechanism was that photo-
lysis of catalytic amounts of Re,(CO),q under conditions known to cause
metal-metal bond cleavage initiates the radical chain process.80

Metal hydride complexes might also undergo substitution by dissocia-
tive, associative, or hydride migration processes. Very few studies have been
accomplished under conditions that clearly rule out radical mechanisms. The
reactions of HMn(CO)s with L (L = 13CO, AsPhj,, PPhs, and PBu,) have been
investigated showing dependence of the rate on the nature and concentration
of the entering ligand.82 The rates for different ligands are shown in Table
4.31.82 These reactions clearly did not involve a CO dissociative route and
were interpreted in terms of a hydride migration mechanism that has often
been postulated in reactions of metal hydrides.

HMn(CO); + L — HC(O)Mn(CO),L 471
—CO
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TABLE 4.31

Variation in the Rate of Substitution on HMn(CO)5 with L =13CO, AsPh,,
PPh,, and PBu, at 20°C.52

L rate (M~ 1s~1)
13CQOa 1.2 X103
AsPh,b 3 X104
PPh, 1.4X10°2
PBu, fast
aAt 26°C.
bAt 28°C.

The dependence on the nature of the entering ligand is considerably greater
than that observed for alkyl migration (Table 4.28). Nucleophilic attack must
be much more important for the hydride complexes. Thus the hydride migra-
tion would not be a rapid preequilibrium, and would only occur as a result of
the nucleophilic attack. At this point there is no evidence favoring hydride
migration over direct nucleophilic attack on the complex in substitution reac-
tions of HMn(CO);s.

The very rapid substitution reactions of hydride complexes H,Fe(CO),
and H,Ru(CO), at —70°C were interpreted in terms of hydride migration.83
Since these complexes also undergo facile thermal decomposition, it has been
suggested that a weak M-H bond may be a requirement for both reactions.83
A weak M-H bond may also facilitate radical mechanisms, and at this point
there are no data that allow an unambiguous mechanistic interpretation of
metal hydride substitution reactions that are not initiated by radical (17-elec-
tron) species. Much more research on reactions of metal hydride complexes is
required before the mechanisms of this very important class of complexes are
understood.

NITROSYL AND ALLYL COMPLEXES

The nitrosyl ligand, NO, and the allyl ligand, CH,=CH—CH,, may func-
tion as either three-electron or one-electron donors to a metal, and it is this
feature that dominates their substitution reactions. The different types of

NITROSYL AND ALLYL COMPLEXES

V
M—N=0 —t» M—N
N
o)
L
HZC\\ |
M—  J)CH —> M—CH,—CH=CH,
Hzc’/

FIGURE 4.24. Modes of rearrangement for the nitrosyl and allyl groups to accom-
modate an entering two-electron nucleophile.

binding are shown in Figure 4.24 for NO and C3Hs. This capability allows
associative reactions to occur through 18-electron intermediates.

r13—C3H5Mn(CO)4 +L— ﬂl'C3H5Mn(CO)4L
4.72
7-C3HsMn(CO),L

Substitution reactions of nitrosyl complexes Mn(CO),NO and Co(CO);NO
show a rate law consistent with attack of the ligand in an associative reac-
tion.84.85

rate = k[Metal nitrosyl][L] 4.73

The activation parameters as shown in Table 4.32 are also consistent with the
associative nature of the substitution reaction.84-85 The negative entropies of
activation are indicative of an associative process. The dependence on the
entering ligand (Table 4.33) shows the nucleophilic nature of the attack.

M(CO),NO + L —> M(CO),_;(NO)L + CO 4.74
The ordering
PBu, > PPh, > P(OPh), > AsPh,

TABLE 4.32

Activation Parameters for Substitution of Nitrosyl Complexes.3485

complex AH* (kcal/mole)  AS*euw)

Mn(CO),NO 19 -11
Co(CO),NO 21 -13
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TABLE 4.33 —

Dependence of the Rate for Substitution of Nitrosyl Complexes on the
Entering Ligand for Equation 4.74.

L M=Co,n=3 M=Mn,n=4
AsPh, .002 0.015
P(OPh), 0.03 0.08
PPh, 1 1
PBu, 90 40

is in agreement with the nucleophilicities of these ligands. The data are all
consistent with the sequence

Mn(CO),NO + L — [Mn(CO),L(NO)] — Mn(CO),L(NO) + CO 475

in which the nitrosyl changes from a three-electron donor in the beginning
and final complexes to a one-electron donor (bent configuration) in the inter-
mediate. Each of the complexes in equation 4.75 contains 18 electrons at the
metal.

Further substitution on Mn(CO);L(NO) shows a two term rate law,84

Mn(CO);L(NO) + L —> Mn(CO),L,(NO) + CO 4.76
rate = (k; + k,[L])[Mn(CO),L(NO)] 4.77

for L = PPh,, PBu, and P(OPh),. It has been suggested that the presence of
the bulky phosphorus ligand inhibits further attack. However, phosphorus
ligand exchange on Mn(CO),P(OPh);NO by PBuj or PPh, occurs via a li-
gand-dependent pathway at a lower temperature than the further substitu-
tion for CO. It would seem most likely that the ligand attacks the complex in
an associative step.

Mn(CO);P(OPh);NO + L == [Mn(CO),P(OPh);NO(L)] 478

Bis-substituted six-coordinate complexes often undergo relatively rapid
phosphine or phosphite dissociation.33-35 For phosphorus ligand exchange
the phosphite would dissociate from the six-coordinate intermediate. For
further substitution, CO dissociation would require higher temperatures, and
the ligand attack would be a rapid preequilibrium. The rate law for this
process would show two terms as observed. Substitution of other nitrosyl
complexes has also shown a two term rate law, and a similar mechanism may
be operative for those complexes.86:87

NITROSYL AND ALLYL COMPLEXES

Allyl complexes have the potential to react as the nitrosyl complexes.
Reactions of (73-C3Hs)Mn(CO), with a ligand leads to (#1-C3Hs)Mn(CO),L,
which could be viewed as the intermediate.

(713-C3H5)Mn(CO)4 +L— (ﬂl"C3H5)Mn(CO)4L "A’) (773-C3H5)Mn(CO)3L + CO
4.79

Although the kinetics of this substitution reaction have not been investigated,
the mechanism is obvious and similar to that suggested for the analogous
nitrosyl complex, Mn(CO),(NO). Very few kinetic studies have been accom-
plished that allow an unambiguous interpretation of the data. Reaction of
(173-C3H;)Co(CO); with PPh; under pseudo first order conditions showed a
rate law

(13-C3H;5)Co(CO); + PPhy — (12-C3H5)Co(CO),PPh, + CO 4.80
rate = k[(n3-C3H;5)Co(CO),] 4.81

which is independent of the concentration of PPh;.88 This was interpreted as
a CO dissociative process although a rate-determining #3-C3Hg — n1-C3H;
rearrangement would also be consistent. It is important to emphasize that for
the observed rate law the #3-allyl = n!-allyl cannot be a rapid preequilib-
rium. The sequence would have to be as follows:

(173-C3Hs)Co(CO)y —— (1'-CsHs)Co(CO)s 482
(111-C3H5)Co(CO)s + L 55 (71-C4H,)Co(CO),L 4.83
(111-CsHg)Co(COYsL —> (13-C3H5)Co(CO),L + CO 4.84

One could consider the first step to be rate-determining dissociation of the
olefin. Although this scheme would be consistent with the binding capability
of the allyl group, it is no more reasonable than the CO dissociative process.
Changing the substituent in the two position to either electron-withdrawing
(Br, Cl, Ph) or electron-releasing (CHj;) groups increases the rate of reaction, a
change not readily explained in terms of either CO dissociation or #3 — n!
allyl interconversion.®8 Further kinetic studies of substitutions on allyl com-
plexes will be required to understand the details of the reaction.

The capability of a ligand to coordinate with variable numbers of elec-
trons may be important in reactions of organic ligands such as butadienes,
cyclopentadienyls and aromatic complexes. The possible bonding modes are
shown in Figure 4.25. Very few kinetic studies have been reported on com-
plexes of this type. Substitution reactions on (#°-indenyl)tricarbonylmolyb-
denum halides showed a rate law of the type

rate = (k; + K,[L][(#5-CoHy)Mo(CO)3X] 4.85
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Ny, L |
-
Q=L
L L
iy
I

FIGURE 4.25. Possible modes of rearrangement for diene, cyclopentadiene, and
arene complexes to accommodate an entering nucleophile.

and the second order path was ascribed to an #°-indenyl — #3-indenyl con-
version (cyclopentadienyl — allyl).8% The generality of this mechanism is
uncertain. Reaction of CpRh(CO), with nucleophiles occurs by a second
order mechanism.%0

CpRh(CO), + L. — CpRh(CO)L + CO 4.86

Data for different ligands as shown in Table 4.34 indicate the dependence on
the nature of the entering nucleophile. The rate law is consistent with direct
nucleophilic attack on the complex. This is most readily accomplished by

TABLE 4.34

Rate Constants for Reaction 4.86 at 40°C, Showing the Dependence on the
Nature of L.90

L k(M—1s71) )
Py very slow
AsPh, very slow
P(OPh), © 73X 105
PPh, 29X 1074
P(OBu), 5.6 X104
PBu, 43 X103

FOUR/ ORGANOMETALLIC SUBSTITUTION REACTIONS '

NITROSYL AND ALLYL COMPLEXES

attack leading to an (173-CsH5)Rh(CO),L:
CpRR(CO), + L —> [(#3-CsHs)Rh(CO),L} —> CpRh(CO)L + CO 4.87

Synthetic evidence for reduced coordination by a cyclopentadienyl has been
provided in the reaction of PMe; with CpRe(NO)(CO)CH,.%!

NO
oc._| CH,
CpRe(NO)(CO)(CH,) + 2PMe, —> Re 4.88

SN
Me,P PMe,

In this reaction the #°-CgHj; group rearranges to an #1-CgHs. This is especially
interesting since the molecule has two other means of accommodating an
incoming nucleophile —methyl migration to an acyl and changing the nitro-
syl from a three-electron donor to a one-electron donor. If it is easier for a
cyclopentadienyl to rearrange to #3-CsHjg or #1-CsHjy than for methyl migra-
tion or nitrosyl rearrangement to occur, then this may be a very common
mode of reaction.

Displacement of arene ligands from organometallic complexes also
occurs by a ligand-dependent path.92

(arene)Mo(CO); + 3L — fac-Mo(CO),L,; + arene 4.89

The reaction is first order in arene complex and first order in entering nucleo-
phile, dependent on the nucleophilicity of the ligand L, and leads specifically
to the facial isomer.92 The most reasonable mechanism, as shown below,
involves reduced coordination by the arene from a six-electron donor, to a
four-electron donor, to a two-electron donor before loss of arene from the
complex.

(n8-arene)Mo(CO); + L A, (*-arene)Mo(CO);L 4.90
(r-arene)Mo(CO);L + L A, (72-arene)Mo(CO);L, 4.91
(#%-arene)Mo(CO),L, + L s fac-Mo(CO)3L3 + arene 4.92

The rate-determining step would be k;, which accounts for the rate depen-
dences. The facial stereochemistry requires that the arene remain coordinated
through the final addition of L. Arene ligand exchange may also proceed
through similar steps where the entering ligand is another arene.??

Many types of ligands that have variable bonding capabilities undergo
substitution reactions by nucleophilic attack on the metal complex. In each
case the intermediate contains 18 electrons. At this point there is no evidence

15
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for 20-electron intermediates in organometallic reactions that occur by nucle-
ophilic attack.

SUMMARY

Ligand substitutions on organometallic complexes occur by CO dissociation -

(either D or Iy) unless special features of the ligands allow associative steps.
Ligands that have this capability are CH; and H, which can undergo migra-
tions; NO and allyls, which can function as either three-electron donors or
one-electron donors; and possibly other ligands that can readily assume
variable coordination modes such as #5-CsHg — #3-C5Hg conversions.
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PROBLEMS N

1. Show that the following are 18-electron complexes: W(CO)s; HFe(CO)g;
CH;Co(CO)3PPhy; Ruy(CO)yp; Mn(COYNO; (78-CgHg)Cr(CO),; (n°-CsHs)-
Fe(CO),(n*-CsHs).

2. Show the electron count for the starting material, intermediates, and products of
the following organometallic substitution reactions: g

(a) Mn(CO)sBr + PPhy — Mn(CO),(PPh;)Br + CO
(b) CH3;MoCp(CO); + PPhy — CH3;MoCp(CO),PPh; + CO

(00 HRe(CO)s 2% HRe(CO),PBu, + HRe(CO)5(PBuy),
(d) Co(CO);NO + PPh; — Co(CO),(PPh;)NO

3. Discuss in terms of ligand bonding the infrared data for trans-Cr(CO),L, com-
plexes as shown below:

L y(em™1)
P(OPh), 1935
P(OMe), 1916
PPh, 1884
PBu, 1873

4. Why are the solvent effects for organometallic substitution reactions, which pro-
ceed by ligand dissociation (Table 4.7), so small in comparison to the solvent
effects for ligand dissociation in Werner-type inorganic complexes?

5. What information does the competition ratio give regarding energy profiles?

6. Rates of decarbonylation of RC(O)Mn(CO)s, which proceeds by rate-determin- -

ing CO dissociation, are shown below as a function of R. Explain these observa-
tions. [J. N. Cawse, R. A. Fiato, and R. L. Pruett, J. Organomet. Chem. 172, 405
(1979).]

R 105Kk(s~1)
CF, 2.8
CH,OCH, 58
C¢HsCH, 160
CH, 250

7. Explain the following order of ligand effects as observed for the further substitu-
tion of Mn,(CO),L:

PPh, > PBu, > P(OPh); > CO

PROBLEMS

10.
11.

12.

13.

14.
15.

16.
17.

18.

19.

20.

Suggest a reason other than steric effects why phosphines cannot substitute as
extensively as phosphites on metal carbonyl complexes. (Consider the infrared
frequencies of fac-Cr(CO)3(PEts)s, 1920(s), 1820(s) cm™1).

The general order of ligand bond strengths to organometallic centers is as follows:
M—PBu,; > M—P(OMe); > M—P(OPh); > M—PPh; > M—NC;sH;

Contrast this order to trends for sigma donation, pi acceptance, and size. Offer an
explanation for the observed order of bond strength.

Explain in some detail the data presented in Table 4.10.

Explain the observation that Mny(CO)oPPh, and Rey(CO)gPPh; are not observed
but MnRe(CO),PPh; is observed as intermediate in substitution reactions. [D.
Sonnenberger and . D. Atwood, J. Am. Chem. Soc. 102, 3484 (1980).]

The order of reactivity for trinuclear metal clusters, M3(CO);,(M = Fe, Ru, Os} is
Fe > Ru> Os, a different order than that for mononuclear complexes. At this
point the reason for this reversal is unknown. Suggest at Jeast one possible
reason.

Show that the rate law for CH;Mn(CO)s is that given as derived from reactions
4.45 and 4.46.

Draw an energy profile for the reaction of CHzMn(CO); with CO.

Predict the effect that a ligand (PR,) will have on an alkyl migration. (How will
replacing a CO with PR; affect the energy profile from problem 4.147)

How does the presence of a Lewis acid affect the energy profile in problem 4.14?

Most catalytic reactions of transition metal hydride complexes are suggested to
occur by ligand dissociation. Can you rationalize these postulates in terms of the
observed stoichiometric reactions of transition metal hydrides?

Mn(CO),NO and Co(CO);NO react by associative mechanisms. Can you justify
their relative reactivity by consideration of crystal field activation energies? (Refer
to Table 3.9.)

Reactions of a number of complexes of bidentate ligands such as
(Ph,AsCH,CH,AsPh,)Cr(CO)4 occur by ligand-dependent pathways. Suggest a
scheme that conforms to the 18¢~ — 16e~ — 18¢~ transition and show how the
ligand dependency arises. [G. R. Dobson, Acct. Chem. Res. 9, 300 (1976).]

Based on the scheme from problem 4.19 and your knowledge of metal ligand
bond strengths, suggest the initial (mild-condition) product of the reaction of
Cr(CO),4(P"N) where P"N is a bidentate ligand with a phosphorus and a nitrogen
donor atom. [W. J. Knebel and R. J. Angelici, Inorg. Chem. 13, 627 (1974).]
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Oxidative-Addition and
Reductive-Elimination

Oxidative-addition and reductive-elimination are reactions often used in
synthesis and are involved in most mechanistic schemes proposed for homo-
geneously catalyzed reactions. Oxidative-addition reactions lead to an ex-
pansion of the coordination number of a metal with concomitant increase of
the formal oxidation state. Reductive-elimination reactions are the reverse of
oxidative-additions, leading to a decrease in the coordination number of the
metal and in the formal oxidation state of the metal. Although in many cases
the oxidative-addition and reductive-elimination reactions are the micro-
scopic reverse of each other and mechanistic information for one may pertain
to the other, studies have typically focused on the reactions separately. For
this reason we shall consider the reactions separately until the concluding
section.

OXIDATIVE-ADDITION

Oxidative-addition has been observed at a number of metal centers, often
with different mechanisms.! -5 The reaction can, in general, be represented as
in equation 5.1 below,

M + XY — M(X)(Y) 5.1
or
M 4 XY — M—X + M—Y

where M represents a metal complex and XY is a compound such as hydro-
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H “Ir]
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O CH,COC!
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Ir ! “Ir? “Ir?
a” L 17| L c1” L
Cl Cl Cl

FIGURE 5.1. Oxidative-addition reactions. [Reprinted with permission from J. P.
Collman, Acct. Chem. Res. 1, 136 (1968). Copyright 1968 American Chemical
Society.]

gen, halogen, alkyl halide or metal halide. The mechanism depends on both
the metal complex and the adding group.? Several examples are shown below
and in Figure 5.1.

trans-Ir(CO)PPh,Me),Cl + HBr —

H H
MePh,P_ | _CO MePh,P _ | _CO
? Pl 5 + N ul 5.2
cl” | “PPh,Me Br C|l PPh,Me
Os(CO)s + H, — c¢is-H,0s(CO), + CO 5.3
2Co(CN)F~ + CH;31 —> Co(CN)sI*~ + Co(CN);CH3~ 5.4
PY(PPh;); + Ph;SnCl — PYPPh,),(SnPh,)Cl + PPh, 5.5

In reaction 5.2 the square planar iridium(I) complex is transformed into an
octahedral iridium(III) complex by oxidative-addition of HBr. Oxidative-ad-
dition of Hj to Os(CO)s in reaction 5.3 converts the trigonal bipyramidal
osmium(0) complex into a hexacoordinate Os(II) complex. Reaction 5.4 is an

example of addition to two metal centers, where each is changed to an
octahedral cobalt(IlI) complex.2 In reaction 5.5 a three-coordinate plati-
num(0) complex is converted to a square planar Pt(II) complex. These exam-
ples indicate the generality of the oxidative-addition reaction. Most of the
detailed studies have been accomplished on square planar complexes such as
those shown in equation 5.2 and Figure 5.1.

The stereochemistry of addition is specific, only one of the possible
isomers being formed in most cases.®¢ Addition of hydrogen to square planar
complexes leads to cis distribution of the hydrogen atoms in the octahedral
product. Addition to Irf(CO)(PPhj), Cl is shown in Figure 5.1. Oxidative-ad-
dition of polar molecules to square planar complexes usually occurs trans as
shown in Figure 5.1 and reaction 5.2.6 In a few cases mixtures of isomers are
observed. The reaction of HBr with Ir(PPh, Me),(CO)Cl (equation 5.2) is one
example; here both cis and trans isomers are formed. The reaction of HCI with
Ir(PPh; Me), (CO)Br produced the same mixture of products.3

H 1
cl_| _PPh,Me
Ir 5.6

trans-Ir(PPh,Me),(CO)CI + HBr —> Pl ¢
MePh,P gr co

Br _ PPh,Me

~

~
MePh,P

5.7

]
trans-Ir(PPh,Me),(CO)Br + HC] — Ilr

~
1CO

The same product ratio from two different routes suggests that an equilibrium
is attained between the two octahedral isomers leading to an equilibrium
distribution. Thus the addition may be stereospecific (lead to a specific
isomer) although a mixture is observed.? A solvent dependence of the stereo-
chemical course of oxidative-addition of hydrogen halides to trans-
IrL,(CO)X (L = phosphine) has been observed.” In methanol, water, or
acetonitrile mixtures of isomers are obtained (as in reactions 5.6 and 5.7); in
benzene or chloroform the addition leads exclusively to the cis isomer.

L
. H co
trans-Ir(CO)L,X 4+ HCl — o Ny 5.8
L

In polar solvents free halide may be present to exchange with the square
planar complex trans-Ir(CO)L,X or with the six-coordinate complex

IrL,(CO)X, (H).?

165
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Oxidative-additions to five-coordinate 18-electron complexes differ in
some respects from the square planar examples above. The reaction is accom-
panied by ligand loss such that the product of the addition has 18 electrons.
The reaction leads to a cis stereochemistry, even for addition of polar mole-
cules such as CH,I and HCL.3

Enthalpy changes for oxidative-addition to Ir(I) have been evaluated by
calorimetric methods (Table 5.1).8

trans-IrC(COY(PMej ), + RI — Ir(R)(I)(CI)(CO)(PMes), 5.9

R= I, H, CH3, C2H5, n'C3H7, etc.

TABLE 5.1

Enthalpy Changes for Oxicative-Addition of RI to Trans-IrCI(CO)(PMe;), in
1,2-dichloroethane.

RI. AH
I, —185.£7.
HI ~160. + 3.
Mel ~117. £ 7.
Et] —110. £ 3.
Prl —103. + 4.
i-Prl — 88.+10.
C¢HsCH,I — 95.+7.
CH,C(O)l —125. % 4.
C¢HsC(O) ~121. % 3.

The enthalpy changes listed have a number of implications for bonding and
reactions, but for the purposes of our discussion the stronger bond of R to Ir
leads to a larger enthalpy for the reaction.® In the reaction with iridium each
addition has a favorable enthalpy.

Kinetic Studies

Many kinetic studies have been accomplished on Ir(I) complexes, trans-
IrX(CO)L,.? The oxidative-addition reactions generally exhibit second order
kinetics, their rates dependent on the concentration of the metal complex and
on the adding molecule.

rate = k[Ir][YZ] 5.10

TABLE 5.2

Rates and Activation Parameters for Reaction of IrX(CO)(PPh,), with H, or
CH,I at 30°C in Benzene.?

X YZ k(M~1s71)  AH*kcal/mole) AS*eu)
Ccl H, 0.93 10.8 —23
Br H, 14.3 12.0 —14

1 H, >102 — —
Cl CH,l 39X10-2 5.6 —51
Br CH,l 1.8 X103 7.6 —46
I CH,l1 1.05 X 103 8.8 —43

Data collected for IrX(CO)PPh; ), show the dependence of X and YZ (Table
5.2).% The rate of oxidative-addition depends on the X group to a small extent
and to the adding molecule quite significantly.? The data in Table 5.2 indicate
basic differences for oxidative-addition of H, and CH,31 to IrX(CO)(PPh;), .
For H, the reactivity changes with X as Cl < Br <, but for CH;I the order of
reactivity is reversed.® This difference is shown in both rates and activation
parameters, For H, addition the enthalpy and entropy of activation are larger
than for CH31I. In both cases the negative entropies of activation are consist-
ent with the second order nature of the reaction. The dependence of the
oxidative-addition on the phosphine ligand has been examined. The results
are shown in Tables 5.3 and 5.4.10 The rate of addition of CH31is shown to be

TABLE 5.3

Reaction of IrCI(CO)L, with CH,I at 25°C.

L kKM—1s71) AH%(kcal/mole) AS*(eu)
PPh, 33+0.1X10°8 7.0 —47
PEtPh, 1.2+£0.1X 1072 9.8 —34
PEt,Ph 1.4 £0.1 X102 9.9 —34
P(p-C¢H,CH,); 3.3%0.2X 102 13.8 —20
P(p-CoHs F)s 1.5+0.2X 104 17.0 —20
P(p-C4H;5Cl), 3.7+0.1X10°5 14.9 —28
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TABLE 5.4

Second Order Rate Constants for Reaction of Trans-IrCI(CO)[P(p-CsH;Y);3 1
with H, at 30°C.

Y k(X10 M~1g™1) AH*(kcal/mole) AS¥ew)
OCH, 6.6 6.0 —39
CH, 5.3 43 ~45 .
H 9.3 10.8 —23
F 2.5 11.6 —22
Cl 1.6 9.8 —28

quite dependent on the ligand environment at the metal center, but the rate of
hydrogen addition is relatively insensitive to the ligand environment. For
CH;,I addition the rate is enhanced by electron-donating ligands. The elec-
tron donation would increase the nucleophilicity of the iridium. Thus the
importance of the nucleophilicity of the metal center is indicated for oxida-
tive-addition of CH,I. Steric effects may also be important, but they are
difficult to separate from electronic effects. Plotting log k against the Ham-

FIGURE 5.2. Plots of the rate constant for oxidative-addition of CH;! (solid circle)
and C¢H;CH,Cl (open circles) versus the basicity of the metal as measured by
the Hammett constants for the substituents on the phosphines of trans-
IrCI(CONP(p-CeHyY)s ] - [Reprinted with permission from R. Ugo, A. Pasini, A.
Fusi, and S. Cenini, J. Am. Chem. Soc. 94, 7364 (1972). Copyright 1972 American
Chemical Society ]
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mett constant for the para substituents of the phosphine gives a straight line
showing a direct relation between the basicity of the metal and the rate of
reaction (Figure 5.2).10 The effect of both size and basicity of the ligand on
oxidative-additions at IrL,CI(CO) for L = PMe,Ph, PMe,(0-MeOC4H,),
PMe,(p-MeOCg¢H,), P(t-Bu)Me,, P(t-Bu)Et,, and P(t-Bu), Me shows that
increasing the basicity of the ligand increases the rate of reaction.1! Increasing
the size of the ligand greatly reduces the tendency for oxidative-addition.12

The effect of added iodide on the addition of CH,3I to the iridium com-
plex [Ir(cod)(o-phen)]Cl was investigated.13

Ir(cod)(o-phen)*t + CH;1 SLEN Ir(cod)(o-phen)(CH,)I 511

Catalytic amounts of I~ increase the rate of reaction. This is shown in Figure
5.3 for different concentrations of iodide. These data could be fit to the rate
law

rate = ("‘1++—",2<'<[I':‘]3) [CH, I][Ir(cod)(0-phen)*] 5.12
™) (8)
10 =) 0

(b) 0.001
(c) 0.002
(d) 0.003
(e) 0.005
(f) 0.01
(g) 0.50

kb, X 104571

0 0.5 1.0 1.5
[CH,JJ(mole/1)
FIGURE 5.3. The effect of added I~ on the rate of CH3I addition to (cod)Ir
(o-phenanthroline)*. [Reprinted with permission from D.]. A. de Waal, T. 1. A.

Gerber, and W. J. Louw, Inorg. Chem. 21, 1260 (1982). Copyright 1982 American
Chemical Society.)

1¢
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where the constants are defined in Figure 5.4.13 This rate law is consistent
with two separate mechanisms —electrophilic attack by the methyl group
followed by coordination of the iodide, or coordination of the iodide followed

by methylation. The catalysis of addition by free iodide occurs by coordina-
tion of iodide to the iridium.13

[(cod)Ir(phen)]* + I~ (_—K‘—_> [(cod)Ir(phen)]]

\l] k, [CH,I)

[(cod)Ix(phen)(CH,)(DI*

FIGURE 5.4. A scheme that explains the dependence of the rate of oxidative-

addition on added I~.

Initial attack by chloride on Ir(cod)L] has also been suggested in oxida-
tive-addition of HC].14
Ir(cod)Lf + HCl — Ir(cod)L, (H)CI* 513
L = PMe, Ph, PEtPh,
Ir(cod)(PPh,)§ + HCl — Ir(cod)(PPh,)(H)Cl, 5.14

The rates of these reactions are independent of added [H*] but dependent on
[CI7]. A mechanism involving initial attack of C1~ on the complex has been
suggested to account for the rate dependences and the different products.

Ir(cod)LT + Cl- == Ir(cod)(L)Cl +L

o] |

Ir(cod)L,Cl Ir(cod)LCl; 5.15
"] [
Hir(cod)L,CI* HIr(cod)LCl,

The hydride is trans to the chloride in the products.

The addition of free halide to square planar complexes is the expected
first step in ligand substitution reactions, which occur very rapidly for Ir(I).14
The role of such a halide addition in oxidative-addition reactions is evidently
to increase the nucleophilicity of the metal complex for subsequent protona-
tion or methyl addition.

Reactions of the rhodium complex trans-Rh(PR;),(CO)X with alkyl ha-
lides don’t stop at the alkyl but continue to the acyl complex.1®

trans-Rh(PRy ),(CO)X === Rh(PR3)2(CO)(X)(CH; (1) 5.16
? i

Rh(PR3),[C(O)Me|(X)(T)

The kinetics of both steps were evaluated, but our primary interest is in the
first step.15 Values for the rates and equilibrium constants are shown in Table
5.5. The reversibility of the rhodium reaction indicates that the reaction is not
as energetically favorable as that of iridium analogues. The rate of addition to
Rh(I) is more strongly affected by the nature of the phosphine than that to
iridium as seen by comparison of the data in Tables 5.4 and 5.5. For these
rhodium complexes the addition reaction was autocatalytic; the formation of
the acetyl product speeded the reaction.! Oxidative-addition of C,HsI or
C4H, 1 did not occur. An alternative proposal for the preparation of the acyl
product has been offered.16

RhCI(CO)(PR;), == PR3 + RhCI(CO)PR; 5.17
PR, + CH,1 = PR;CH} I~ 5.18
RhCI(CO)(PR;) + I~ &= [RhCII}(CO)PR;]~ 5.19
RhCKI)CO)PR3 + CH31 — [RhC(I),(CH; )(CO)PR; ]~ 5.20
RhCI(I), CH, (CO)PRy — [RhCI(1),(C(O)CH;)PR;]~ 5.21
RhCI(I),(C(O)CH,)PR5 + PRy — RhCII)C(O)CH;(PR;), + I~ 5.22

The primary evidence for the mechanism was an improvement in the fit of
the complicated kinetic data.6

TABLE 5.5

Rate and Equilibrium Constants for the Addition of CH,l to Trans-
Rh(PR;),(CO)C1 at 25°C.

R ky (X 105~1) Keq
Ph 55 0.93
p-MeOCgH, 44.3 6.1
p-FCgH, 1.2 0.82




Five, UXIDAY1ve-ADDITIun adD REL U 1 VE~ELuviuvn {ION

91 of 166

Mechanisms

No single mechanism holds for all oxidative-addition reactions. Three
different mechanisms (concerted addition, nucleophilic attack, and free radi-
cal) have been observed depending on the reactants and the conditions for
the reaction. The data pertinent to each mechanism are considered sepa-
rately.

Concerted addition is the suggested mechanism for addition of H,, an
addition that invariably occurs cis. Concerted addition of H, can be viewed as

a donation of the bonding electron density of the hydrogen molecule to the -

metal, a simultaneous formation of two M-H bonds while the H-H bond
weakens (Figure 5.5). This mechanism is consistent with the observed ki-
netics, activation parameters, and stereochemistry of addition. Both the small
deuterium isotope effect (ky /kp = 1.22) and calculations indicate that only a
little hydrogen bond weakening occurs in the transition state.17.18 Only the
most reactive complexes form stable adducts by oxidative-addition of hydro-
gen. Usually the addition of H, is rapid and reversible, is favored by donor
ligands, is greater for iridium complexes than for rhodium analogues, and has
a reactivity order I= > Br— > C1—.

FIGURE 5.5. Concerted addition of H, to a square planar metal M.

Evidence for nucleophilic attack by the metal arises from studies of the
oxidative-addition of alkyl halides, although not all oxidative-additions of
alky! halides proceed by nucleophilic attack. The definitive evidence comes
from the inversion of configuration at the carbon attached to the metal.’
Inversion has been demonstrated for addition of alkyl halides to a number of
complexes; several examples are shown in Figure 5.6.% Utilization of a se-
quence of reactions in which the stereochemistry was known for every reac-
tion except the oxidative-addition led to the definition of stereochemistry at
the carbon in additions to palladium. The oxidative-addition of a benzyl
halide, Ph(R)HCX, to PdL; or PdL, was followed by carbonylation to the acyl
(which, as discussed in Chapter 4, proceeds by retention of configuration)
and decomposition by CH; OH to the ester (which occurs with retention of
configuration).5 Since the absolute configuration and the purity of the alkyl
halides and the ester products could be determined from their optical rota-
tions, the stereochemistry of the oxidative-addition reaction could be deter-
mined. The reactions are shown in Figure 5.7 and Table 5.6.5 These oxida-

waDATIV . AL IITION

Ph Ph\ II)R3
Cl—(A? _Pd(PRy), ’C_Ifd_x
N .D’
0P H PR,
Ph Ph._ ©
Br—C. _Pd(PR,),CO | ,C—Pd—Br
A ‘CH, CH;A |
_PPPhy), |
—_— t—B
/h . C P r
CH, CH3 PPh3

FIGURE 5.6. Examples of oxidative-addition that proceed with inversion of con-
figuration at carbon.

Ph II’Ph3 Ph O }’Ph3
AN AN
,IC—I"d—X SO "IC—C—Ile_X
R H  PPh, R H PPh,
(Ph,P),Pd MeOH
CcO @)
X—C~ _(PhyP),PACO I,C—Il’d-—X ,,IC—C—OMe
“ , R’
YR Ry Pph, H
(Et;P)yPd MeOH
Ph PEt, Ph O PEt,
| w BT
,C—Pd—X — ,C—C—Pd—X
A R’
H  PEt, H PEt,

FIGURE 5.7. Scheme used to determine the stereochemistry at carbon for oxida-
tive-addition to palladium complexes. [Reprinted with permission from J. K.
Stilleand K. S. Y. Lau, Acct. Chem. Res. 10, 434 (1977). Copyright 1977 American
Chemical Society.]
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TABLE 5.6

Stereochemistry for the Oxidative-Addition of Benzyl Halides, Ph(R)HCX,
to Pd(0) Complexes.

Pd(0) complex R X netinversion relative rate
Pd(PEt;), D Br 30 103
D Ci 72 5X 102

Pd(PPh,), D Cl 74 3
Pd(PPh,),? D Cl 100

Pd(CO)PPhy); D Cl 100 2
Pd(PPh,), CH; Br 90 1.5
Pd(PPhy),(CO) CH; Br 90 1
Pd(PPh,), CF; <10 very slow
a Under CO.

tive-additions proceed with predominant inversion of configuration, in some
cases with 100% net inversion.5 This is consistent with Sn? (nucleophilic)
attack at the carbon by the metal, with inversion just as observed in organic
reactions that occur by nucleophilic attack at carbon. The reactivity towards
RX is also consistent with nucleophilic attack.

R = CH; > CH; CH, > secondary > cyclohexyl > adamantyl
X=12> tosylate =Br > Cl

This order was determined for the reaction of the rhodium complex shown in
Figure 5.8.19-20 The transition state for nucleophilic attack is shown in Figure
5.9. The reactions presumably go through an ionic complex, [RM]+X~, which

Et o) __—BFZ\ Et 0—BF,
N RX N
Rh— — Rh—
Me” XXN— N . Et Me \N/ N Bt
< N——= < X AN=—=
Me Me

FIGURE 5.8. Reaction used to determine the dependence of rate on the nucleo-
philicity of R. [Reprinted with permission from J. K. Stille and K. S. Y. Lau, Acct.
Chem. Res. 10, 438 (1977). Copyright 1977 American Chemical Society.]
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FIGURE 5.9. Nucleophilic attack on carbon by an iridium complex.

can be isolated in some cases before the final product formation. The product
is often of frans stereochemistry, but it may be cis.

Alkyl halides that do not readily undergo nucleophilic attack often add
to a metal by radical mechanisms.21-25 The characteristics associated with a
radical mechanism are loss of stereochemistry, nonreproducible rates, inhibi-
tion by radical inhibitors, and acceleration by O, or light. Radical reactions
have been observed in a number of cases. Reactions of IrCI{CO)PMe;),
showed radical characteristics and the following scheme involving a radical
chain process has been suggested: 18.19

R* + IrCI(CO)PMey ), —> IrCCO)(PMes ), (R) 5.23
IrCI(CO)(PMe, ), (R) + RX — X-IrCI(CO)(PMes),(R) + R+ 5.24

Reactions of methyl, benzyl, allyl halides, and a-haloethers showed no indi-
cations of radical behavior, but other saturated alkyl halides, vinyl and aryl
halides, and a-haloesters showed characteristics consistent with a radical
chain pathway in reaction with IrClI(CO)(PMej;),.22-24¢ The phosphine li-
gand is very important in radical reactions as shown in Table 5.7.24 A non-
chain radical mechanism was proposed for addition of alkyl halides to
Pt(PPhy),. The first step was abstraction of the halide from RX.26:27

Pt(PPh,), + RX &= Pt(PPh,),X + R~ 5.25
R- + Pt(PPh,), X — Pt(PPhy), (R)X 5.26

The mechanism outlined in equations 5.25 and 5.26 was based on spin
trapping experiments and the observation of Pt(PPh;), X, in solvents where
hydrogen abstraction by R+ can occur.2627 A mechanism to accommodate
both nucleophilic attack and radical paths was proposed for oxidative-addi-
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TABLE 5.7

Effect of Phosphine Ligands on Reactions of Alkyl Halides with IrCl(CO)L,.

L radical reaction (% of reaction)* nucleophilic attack (M ~1g—1)b
PMe, 100 (<30 min) 5.0 X 10~2
PMe,Ph 100 (5 hr) 1.6 X 102
PMePh, 10 (1 week) 3.5 X103

* RX = PhCHFCH, Br.
b RX = Mel.

tion to NiL, (L = phosphine).2! This oxidative-addition to Ni(0) led to the
Ni(II) complex, RNiL, X, and to the paramagnetic Ni(I) complex, XNiL,, in
varying yields. The following scheme was suggested:2}

NiL, == NiL, + L 5.27

NiL, + RX — [Ni'L,, RX -] 5.28
— RNiL,X

[Ni'Ly, RX+] — 5.29

— NiL;, + X~ +R-
R = aryl; L = PEt,, PPh,

A key feature is the electron transfer from the nickel complex to the alkyl
halide, forming a radical pair.

Our examples thus far have encompassed only square planar M(I) com-
plexes (M = Rh and Ir) and M(0) complexes of nickel, palladium, and plati-
num. In this section we shall examine other examples that reemphasize the
mechanistic features. Oxidative-additions of a number of organic halides to
-CpyZrL, (L = PMe, Ph or PMePh, ) were shown to proceed by aradical chain
process.28:29

Cp,ZrL, + RX — Cp, ZrLRX + L 5.30

The mechanistic interpretation was based on characterization of the products
and on an ESR investigation during the course of the reaction, which allowed
the intermediate Cp, ZrlIX(PPh, Me), a metal centered radical, to be identi-
fied.28:29 Oxidative-addition to the complexes, CpML(CO) (M = Co, Rh, Ir)
were investigated. Depending on the metal, different products are ob-
served.30

ZTIVE: NALLC
CpCo(CO)PPh, + CH;1 — CpCo(I)(C(O)CH, )PPh, 5.31
CpRh(CO)PPhg + CH;1 — CpRh(I)(C(O)CH,)PPh, 5.32
Cplr(CO)PPhy + CHz1 — [CpIr(CO)(CH,)PPh, | *1~ 5.33

Each reaction is oxidative-addition to an 18-electron complex, and the prod-
uct in each case contains 18 electrons. The reaction is first order in CH;1 and
metal complex CpML(CO) and is dependent on the nature of L, as shown in
Figure 5.10.39 These reactions proceed by nucleophilic attack to the interme-
diate, [CpM(CO)(CH;)L]*I~, which for M =1Ir is the stable product. For
M = Co and Rh, methyl migration to the CO opens a coordination site for the
iodide.

C Cco |+
Cp\ /CO p\ / _
M + CH,l — /M\ I
1'_ L | “cH,
fast for M = Co, Rh 5.34

C C(O)CH
P\ /() 3

/M\
L I

R
L, P co
Rh(PMe,Ph),Cl + RC(O)Cl —Z» o , 5.35
1

P = PMe,Ph C

The phosphine ligand dependence as shown in Figure 5.10 represents the
steric hindrance by bulky ligands to the expansion of the coordination sphgre.
Oxidative-addition to CpML(CO) was followed by acyl formation (reaction
5.34); oxidative-addition may also be followed by a decarbonylation as
shown for the rhodium complex Rh(PMe, Ph), C1.31

REDUCTIVE-ELIMINATION

Reductive-elimination has not been studied as thoroughly as oxidative-addi-
tion. A number of complexes undergo oxidative-addition leading to stable
complexes, but only a few reductive-elimination reactions proceed from

177
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stable starting materials to stable products.3233 Thus there are few systems in
which reductive-elimination can be studied. Reductive-elimination is equally
as important in catalytic cycles as oxidative-addition although the reductive-
elimination reactions appear to be very rapid in most catalytic cycles. In only
one case has an alkyl hydride been isolated from a catalytic cycle.34

O Ph, Ph H
I I /
H /COCH3 \ ﬁ
" [Rh@ppe)]* + C=C — Rh— C—C(O)OCH,
PH NHCCH, / |
I P O /NH
© Ph,  C

CH,

5.36
H,

II;hZH ?H2C6Hs
\| /CTCOOCH3
Rh
CH,OH ¢
Ph, I
CH,

The product was characterized at low temperature by spectroscopic measure-
ments. At room temperature the reductive-elimination occurred too rapidly
for the alkyl hydride to be observed.34 This is often the case as shown for
elimination of CH, from cis-PtH(CH; )(PPhy),, which could be prepared at
low temperature but reductively eliminated CH, at —25°C.%

3 cis-PtH(CH, )(PPh, ), — CH, + 2P(PPh,), + Pt 5.37

The use of other alkyl complexes showed the following qualitative order of
reactivity:35

Cg¢Hs > C,Hs > CH;y > CH,CH=CH,

Reductive-elimination of fluorotoluene from the fluorophenyl methyl palla-
dium complexes has been observed.36

trans-Pd(CH, )(Cg H,F)(PEty), — Pd + 2PEt, + C¢H,F(CH,) 5.38

This reaction was investigated for both meta- and para-fluorobenzenes and
appeared to involve a cis - trans isomerization prior to the reductive-elimina-

25 T T i T T
A
201 . -
o~ 15 (a) L=PPhMe, -
n 1 (b) L =PPh,Me
% (c) L="PPh,
- (d) L="P(CHy)s
210 -1
5 _

1 | |
0 0.2 0.4 0.6 0.8 1.0 1.2

[Mel) (M)

FIGURE 5.10. The dependence of the rate of CHjl addition on the size of the
phosphine ligand on CpCo(CO)L. [Reprinted with permission from Al Har%—
Davis and W. A. G. Graham, Inorg. Chem. 9, 2658 (1970). Copyright 1970 Ameri-
can Chemical Society.]

tion.34 A set of complexes that have some potential for mechanistic inves.tiga-
tions are Cp, WR(H), which are stable at ambient conditions but reductively
eliminate RH on warming to 70°C.%

—RH CeHe :
Cp, WH(CH3) —— [Cp, W] ——> Cp; W(CsHs)H 5.39

Since several complexes can be prepared, the relative reactivi'ti.es could be
investigated. Reductive-elimination can be induced by thg addition of a nu-
cleophile, sometimes a very weak nucleophile. The followmg ex_amples show
both mononuclear and cluster examples in which the elimination is revers-
ible.38:39

co
tranS'PtHz (PCY3 )2 '_H—(——zi Pt(CO)Z (PCY3 )2 5.40
H,Ruy (CO)y CX + CO == HRug (CO)CX + H, 5.41

In both examples the hydride complex is thermally stable toward redtlu_:tive—
elimination, but the presence of CO induces the elimination. The ability .of
such a weak nucleophile as CO toinduce reductive-elimination and the facile
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addition to and elimination from Cp, W may indicate that these reductive-

eliminations proceed through a preequilibrium in which the metal complex
and RH are distinct but held together, perhaps by the solvent cage or by
interaction of a C-H or H-H bond with the metal. This would account for the
elimination induced by CO and would also be consistent with reaction 5.39.
This interpretation of the reductive-elimination of R-H requites that addition
of a R-H bond to an electron-deficient metal complex occur readily. Such
activation of C-H bonds has been the subject of considerable investigation
that has recently come to fruition.49-43 Activation of C-H bonds has been
successful in several different systems. The 16-electron species
(75-CsMes)ML (M = Rh, Ir; L = CO, PMe;) add saturated C-H bonds as
shown below.41-43

(75-Cs Me5 JitPMey(H, ) "—_?—» (15-Cs Mes )Ix(PMe, )(H)(CH, CMe;) 5.42
5 hy, C¢Hy, 5
(1°-C5 Me;)Ir(CO), “co (1°-Cs Mes)Ir(CO)YH)(CgHy; ) 5.43
CyHg
. (7%-Cs Me5)Rh(PMe; )(Cg Hs )(H) — ch (°-CsMeg)Rh(PMey )(C;Hy)(H) 544

Isomerization studies on (#5-C5Meg JRh(PMe; }(C,H,)(H) indicate that the
site of attachment of the aryl group may change without loss of the arene
from the coordination sphere.43

roolE]
HRhPMe, — |  RhPMe, |—> HRhPMe, 5.45
|

It has been suggested that facile oxidative-addition and reductive-elimina-
tion of arene C-H bonds occur in the rhodium system (equations 5.44 and
5.45) at low temperature while higher temperatures are required to remove
the arene from the coordination sphere.43 The ready activation of C-H bonds
when an unsaturated metal center is available is consistent with a preequili-
brium as suggested for reactions 5.40 and 5.41.

Reductive-elimination is usually very rapid in catalytic cycles. It has been
observed stoichiometrically as in the examples above, but a number of com-
plexes have been prepared that do not undergo reductive-elimination. A few
examples are shown below.44-46

PPh,
L R co R
>< co H
H L PPh,
trans-PtH(R)L, cis-OsHR)(CO),(PPh,),

R = Ph, Me; L = phosphine R = CH,C(0O), CH;, CH,OH

PMe; *
PMe, R
PMe, H
PMe,

cis-IrtH(R)Y(PMe,),
R = CH(O), C(O)OCH;, CH,, CH,OH

The question of why one complex readily reductively eliminates while an-
other doesn’t has not been fully answered.

Several polyalkyl complexes that do not eliminate alkanes do eliminate
ketones in the presence of CO. The nickel complexes NiR,L, have been
investigated extensively.4”

NiR,L, + CO — RC(O)R, RC(O)C(O)R, and RCH(O) + Ni(CO), L, 5.46

The exact products depend on the temperature, the nature of L, and the R
group.4” Coordinated acetone is also formed by carbonylation of
(775'(:5 M65 )TaMe4 .48

(ns'CE, MeS )TaME4 +CO— (175'C5 Mes )TaME2 C(O)Mez 5.47
Further reaction of the coordinated acetone was observed, but it is apparently
not related to the question of why CH; C(O)CHj can form the carbon-carbon

bond when CH3CHj3 cannot. The elimination of acetone has also been ob-
served when CpCo(Me), PPh; reacts with CO.4%

0
CH,CCH, 49.5%

CpCo(CH,),PPh, (”3
+ <25 CpCo(PPh,)(CO) + CH,CCD, 1% 5.48
CpCo(CD3),PPh, o)

Il
CD,CCD,  49.5%
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That this reaction is intramolecular (occurring on one metal center) is shown
by the use of a 1:1 mixture of CpCo(CHj), PPh; and CpCo(CD3 ), PPh,.4°

Studies of the pyrolysis of R,R’PtL, X complexes (L = phosphine and
X = halogen) have shown that acetone is eliminated in preference to ethane,

Me, P{C(O)Me]L,Cl —> CH, C(O)Me + MePtL,Cl 5.49

Me, Pt(CH, C4Hs )P, Br —>
C,H, + (C¢Hs CH, )PtP, Br + CH, CH, Ph + MePtP,Br  5.50

that ethane is slightly preferred over ethylbenzene, that toluene is eliminated -

in preference to biphenyl,
Ph,MePtP,] —> C,Hg + PhPtP, I 5.51
Me, CE; PtY,1 —> C,Hq + CFyPtY,I 5.52

and that ethane is eliminated in preference to CH, CF, (L = AsMe, Ph, P =
PMe, Ph, Y = CNCgH,CH;3).59-52 The nature of the pyrolysis prevents an
assessment of whether kinetic or thermodynamic factors are responsible for
these selectivities.

Mechanistic Investigations

Reductive-elimination was studied from the seties of dimethyl palla- -

dium compounds shown in Figure 5.11.53 The rate of reductive-elimination
was evaluated by the disappearance of the Pd—CHjz; NMR resonance. The
data shown in Figure 5.12 indicate that these reactions were first order in
dimethyl palladium. Only cis complexes could undergo reductive-elimina-
tion directly; elimination of ethane from trans complexes was preceded by
isomerization.53 A polar solvent aided the reductive-elimination by stabiliz-
ing the cis complex, by aiding the isomerization of a trans complex, and by
stabilizing the reduced coordination species that is formed. The rates of
reductive-elimination of ethane from the three complexes shown below par-
allel the rates of dissociation of the phosphine.

(,:H3 c|:H3 Ph, CH,
AN
PPh; —Pd—CH, > PPh,Me—Pd—CH, > [ /Pd\
P CH
PPh, PPh,Me Ph, 3
A B C

The quantitative data are shown in Table 5.8.53 The electronic and steric
interactions should be very similar in B and C, but C is stabilized by the
chelate effect. The presence of added phosphine inhibits the reductive-elimi-

JUCTL Ml .

18
C|H3 CH,
PPhs—-I"d— CH, PPh3—le—-PPh3
PPh, CH,
(@ (b)
CH, CH,

|
Ph,CH,P—Pd— CH, CHaPh2P~1l"d—~PPh2CH3

PPh,CH, CH,
(0 (d)

Ph,, S pn
©) NP—Pd—7p <
P’ C Ph

)

FIGURE 5.11. Dimethyl palladium complexes that were investigated for reduc-
tive-elimination. [Reprinted with permission from A. Gillie and J. K. Stille, J. Am.
Chem. Soc. 102, 4933 (1980). Copyright 1980 American Chemical Society.]

nation from A and B. Thus phosphine dissociation appears to be important to
the rate of reductive-elimination. A coordination site is not necessary for
reductive-elimination, but evidently the phosphines, which are good sigma
donors and enhance oxidative addition, inhibit the reductive-eliminaton.
The complex in which the methyl groups are constrained trans (Figure 5.11f)
does not undergo reductive-elimination at 100°C. These organopalladium
complexes undergo reductive-elimination with retention of configuration at
the carbon, suggesting a concerted process for the carbon-carbon bond form-
ing step.54

Investigations of the reductive-elimination of methylarenes from nickel
complexes show evidence for two mechanisms, a concerted process and a
radical chain process.’®

Ar—Ni(CH, )(PEt; ), —> ArMe + Ni(PEt, ), 5.53
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CH,4
!
PhsP —Pd—CH,
!
PPh,

(b) — (a)

5 a 100

~ 50

% cis

[
Ph;P — Pd — PPh,
|
CH,
(b)
1 1 1 |
18 30 45 60 75 90

time (min)

FIGURE 5.12. Reductive-elimination of ethane from dimethyl palladium com-
plexes. [Reprinted with permission from A. Gillie and J. K. Stille, J. Am. Chem. Soc.
102, 4933 (1980). Copyright 1980 American Chemical Society.]

The reaction was first order in nickel complex and showed an inverse depen-
dence on the concentration of PEty.5% These data, which are shown in Figure
5.13, suggest a concerted elimination from Ni(Ar)(CH;)PEt; . In the presence
of an arylhalide the kinetic behavior showed an induction period (Figure
5.14) and aryl group scrambling suggestive of a radical chain mechanism.
Inhibition of the reaction was seen by radical inhibitors such as duroquinone.

TABLE 5.8

Rates of Ethane Elimination from Cis Palladium Complexes at 60°C.

complex k(™Y
A 1.04 X 1073
B 8.33 X 10-5
Ca 4.78 X 10—7

2 At 80°C.

0 - T 1T T 1
g » .
2 —05f -
T : 3 5
Y —10 o = <
I " 7 —
% . ]
g —15F .
t 1 I 1: S I S |
0 50 100 150 0 1.23435
time (min) [PEt; M)

(@) (b)

FIGURE 5.13. Rate data for the disappearance of 0-tolyl methyl nickel(II) illustrat-
ing (a) the first order nature of the reaction, and (b) the inverse dependence of
rate on phosphine concentration. [Reprinted with permission from G. Smith and
J. K. Kochi, J. Organomet. Chem. 198, 199 (1980). Copyright 1980 Elsevier Sequoia
S. Al

Thus different mechanisms may be seen for reductive-elimination depending
on the conditions, much as for oxidative-addition.

Reductive-elimination of alkanes from hydrido-alkyl complexes has not
often been investigated because stereospecific synthetic procedures are not
available for many of the needed complexes. The reaction of Rh(PMe, ), Cl
with propylene oxide led to one example.56

H
PMe;, CH,C(O)CH,
Rh(PMe,),Cl + CH,CH—CH, —> 5.54
Ny al PMe,
PMe,

The stereochemistry was assigned from the 1 Hand 31 P NMR spectra. Reduc-
tive-elimination of acetone showed first order kinetics with AH#=25.0
kcal/mole and AS¥ = 5.3 eu.56

cis-RhH(CH, C(O)CHj; )(PMej ); C1 —> RhCI(PMe; ), + CH, C(O)CH, 5.55

The presence of PMe; inhibits the reaction. Mixtures of cis-
RhH(CH, C(O)CH;3)(PMe;);Cl and cis-RhD(CD, C(O)CDj3 (PMe;);Cl led
to only CH; C(O)CH;3 and CD; C(O)CD; showing that the elimination was
intramolecular.56 The following scheme was suggested:

cis-RhH[CH, C(O)CHj J(PMej ); Cl == RhH[CH, C(O)CH; |(PMe, ), Cl + PMe,
5.56

18!
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FIGURE 5.14. Graph illustrating the induction period required upon addition of
C¢H; Br. [Reprinted with permission from G. Smith and J. K. Kochi, J. Organomet.
Chem. 198, 199 (1980). Copyright 1980 Elsevier Sequoia S. A.]

RhH[CH, C(O)CH, [(PMe, ), Cl —> Rh(PMe; ), Cl + CH; C(O)CH, 5.57
Rh(PMe, ), Cl + PMe; =2 Rh(PMes); Cl 5.58

The requirement for dissociation of PMej, is similar to the eliminations ob-
served from palladium.

In a number of cases binuclear reductive-elimination, in which two
metal centers participate in the reaction, has been observed. The decomposi-
tion of hydrido carbonyls is an example of this type of reductive-elimina-
tion.57:58

2HCo(CO), —> Co,(CO)g + H, 5.59
2HMn(CO)5 —> Mny(CO), + H, 5.60

In other cases binuclear reductive-elimination of alkanes has been ob-
served.59.60

Cp,MH, + CH;Mn(CO)s — H, + CH, + Cp(CO)M[u-(5, n'-Cs HyIMn(CO),
5.61

CpMo(CO); H + CpMo(CO)3 R —> RCHO + Cp, Mo, (CO),
+ Cp,Mo,(CO)s 5.62

The mechanism for the latter reaction was suggested to be

RMoCp(CO), == RC(O)MoCp(CO), =%, RC(O)I\l/Ion(CO)z 5.63

I
[CpMo(CO),;]; + [CpMo(CO),], + RC(O)H l/CpMo(CO)3

- DUCT. IML, A

The sequence is an alkyl migration that opens a coordination site for the
bridging hydride, reductive-elimination of aldehyde, and the combination of
metal carbonyl fragments to give the products, which have a metal single and
triple bond, Cp;Mo,(CO)s and Cp,Mo,(CO),. This reaction bears some
similarity to hydroformylation, which we shall discuss in the next chapter.
The reaction of cis-RMn(CO),L and cis-HMn(CO),L, where R = benzoyl
derivatives and L =CO or P(p-CH;0OC¢H,);, has been investigated.t!
Four distinct pathways have been identified for this binuclear reductive-

" elimination:

1. p-CH,0—C,H,CH,Mn(CO); == p-CH,0—C¢H,CH,Mn(CO), + CO
HMn(CO)s + CO 5.64

p-CH,0OC¢H,CH; + Mn,(CO),,

2. p-CH,;0—CH,CH,Mn(CO); + S &= p-CH,0C,H,CH,C(O)Mn(CO),S
HMn(CO)s 5.65

S = polar solvent p-CH,OCH,CH,C(O)H + Mn,(CO),S

3. p-CH,0—C¢H,CH,Mn(CO),P == p-CH,0C(H,CH," + -Mn(CO),P  5.66
p-CH,OC(H,CH,* + HMn(CO),P — p-CH,0C¢H,CH; + Mn(CO),P  5.67
2-Mn(CO),P — Mn,(CO)sP, 5.68
P = P(p-CH,0C¢H,),

4. p-CH,0C¢H,CH,Mn(CO),P + CO — p-CH,0C,H,CH,C(O)Mn(CO),P
HMR(CO), 5.69

p-CH,OCH,CH,CHO + Mn,(CO),P

The relatively minor changes involved in the completely different mecha-
nisms for binuclear reductive-eliminations from these manganese systems
suggest that great care must be exercised in interpreting and generalizing
from a specific set of experiments.

The binuclear reductive-elimination reactions considered in the para-
graph above were obviously binuclear since the two groups that reductively
eliminate are on different metal centers. A fascinating set of experiments on
¢is-Os(CO),RR’ have shown that formation of RR’ also occurs by binuclear
elimination.62 For R =R’ = CH, the elimination does not occur; above
160°C decomposition to CH,, (CHj), C(O), and unidentified osmium com-
plexes is observed. For R = R’ = H the elimination to H, and H, Os,(CO)g,
which occurs at 126°C, was indicated as a binuclear reaction with the follow-
ing mechanistic scheme:52

1¢
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0s(CO),H, — Os(CO),H, + CO 5.70
0s(CO)sH, + Os(CO),H, —=> H, 0s,(CO), + H, 5.71
HzOSz(CO)7 + CO ﬂ) Hz OSz (CO)B 5.72

Elimination of methane from Os(CO),(H)CHj is more facile, occurring at
49°C.

20s(CO), (H)CH; —> CH, + HOs(CO), Os(CO),CH, 5.73 -

Labeling experiments confirmed the binuclear nature of the reaction.62

Os(CO)4(H)(CD;3) + Os(CO)((D)CH; —
CHy and CD, + binuclear Os species 5.74

Since no scrambling of label in methane occurs under the reaction conditions,
the products CH, and CD, could only arise from binuclear elimination. An
initial methyl migration was suggested to open a coordination site.

Os(CO)4(H)R — Os(CO); (H)C(O)R 5.75
0s(CO)3 (H)C(O)R + Os(CO),(H)R —> HOs(CO),Os(CO),R + RH+ CO  5.76
R=CH,

It has been suggested that in order for dinuclear elimination to occur one of
the eliminating groups must be a hydride and the other complex must be able
to open a coordination site for a bridging hydride. In the presence of an
entering nucleophile such as PEt;, the elimination of CH, is mononuclear.6?
0s(CO),(H)CD, + Os(CO), D(CH;) — Os(CO),PEts + CD;H + CH;D 5.7
Elimination from a dimeric complex has been examined on

Cp;Co,(R),(CO), .#°

] o

cp O\ R I
Ned—Co” 5.78
o—Co + CO — 2CpCo(CO), + RCR .
SN
R C Cp
|
o}

R = CH,, CD,, C,H;, CH,CF,
Use of a 1: 1 mixture of Cp, Co,(Me), (CO), and Cp, Co,(Et),(CO), in reac-

tion with CO led to a statistical distribution of CH;C(O)CHj,,
CH;3C(0)C,Hs, and C, Hs C(O)C,Hs, showing intermolecular reductive-
elimination.4 The following scheme was suggested for reductive-elimina-
tion of ketone from these dimeric complexes:

Cp2C02R2 (CO)2 = ZCPCOR(CO) 5,79
2CpCoR(CO) —> CpCo(CO)R, + CpCo(CO) 5.80
CpCo(CO) + CO —> CpCo(CO), 5.81
CpCo(CO)R, — CpCo(CO), + RC(O)R 5.82

The monomeric unit, CpCoR(CO), also reacted with CO to give the
acyl, CpCoC(O)R(CO), which could dimerize to cis and trans
Cp;Co,(CO); [C(O)R], or could react with CpCoR(CO) to give ketone.4? In
this case, although the reaction begins with a dimer, the first step is break
down to monomer with methyl transfer followed by reductive-elimination
from a single metal center.

We have seen that reductive-elimination, like oxidative-addition, can
occur via several mechanisms as expected from microscopic reversibility. The
specific circumstances (solvent, reactants, additives, and so on) determine
which mechanism functions in an elimination. Substantially more informa-
tion is required for a complete understanding of reductive-elimination.

OXIDATIVE-ADDITION AND REDUCTIVE-ELIMINATION

In many cases reductive-elimination and oxidative-addition occur in concert.
Examples are shown below.63.64

PEt GePh PEt
N s 0 NI
P +H, —> Pt +HGePh, 5.83
GePh,  PEt, Ph,Ge PEt,
<L PhyGel + Phy,GeCH, + [PHPEL,),] 5.84
PEt, Me PEL, al
N/ N/
Pt + HCl —> Pt + CH, 5.85
v/ /N
al PEt, al PEt,

18
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The kinetics of reaction 5.85 have been investigated, and the following mech-
anism suggested:

H
P Ilt _CH,
el I
i ’LS/—H*"S S \
P _CHj P_
e -
ore Pt~ +CH, 5.86
cl P a” Op
\HCI -
X H
P._| _CH,
Pt
a’ | >p
cl

P = PEt;; S = Solvent

The oxidative-addition of H* (which is considered as a hydride when at-
tached to the metal) is followed by reductive-elimination of methane.

Orthometallation is another example of an oxidative-addition that may
be followed by reductive-elimination. Orthometallation can be considered as
the oxidative-addition of an aryl C-H bond on a coordinated ligand to a
16-electron metal complex.

Ph,P
PPha\I /Cl PPha\I
T B T 5.87
PPh,” PPh, PPh, C‘I H

The reversibility of orthometallation was shown in reactions of
HCo(N,)(PPh3); with deuterium where 19 hydrogens per mole of cobalt
were exchanged.®5 It was shown that the incorporation into the aryl groups
occurred exclusively in the ortho position, and the scheme shown in Figure
5.15 was indicated.%5

The oxidative-addition and reductive-elimination of hydrogen on tri-
ruthenium clusters has been reported.3® This reaction is interesting because
the hydrogen atoms are located on different metal atoms. The reaction is
shown below:

Qv oo wul 1N
f v . s s '

H g
(Ph3P),Co (Ph,P),Co
HCo(N,)(PPh,), ===  Ph,P —=>  ph,P
_Dzl‘[Dz
D
l
(Ph,P),CoD, (Ph,P),Co—D
D
-D,
Ph,P = Ph,P

FIGURE 5.15. The oxidative-addition and reductive-eliminations via ortho-

metallation that leads to incorporation of 19 deuteriums per mole of
HCO(NZ )(PPh3 )3 35

R -0 R
/ u\ u’ u\H
H / \
Ru " CRuzts Ru” FTRu 5.88
N \c e
(l) |
\ N
Me Me

Ru = Ru(CO),

The equilibrium constant for this reaction was 2.6. The reductive-elimination
of hydrogen occurred with activation parameters AH¥ = 31.0 kcal /mole and
ASt = 8 eu and with kinetic isotope effect (1.4) similar to that in reductive-
elimination from mononuclear dihydrides. It has been suggested from this
data that the reductive-elimination of H, from H3Rus (13-COMe)(CO), oc-
curred from a single ruthenium center following a rearrangement of this
fluxional molecule (see Chapter 7). The reactions were described by the
following mechanism,

k
HRu (4-COMe)(CO);o &= HRus (COMe)(CO)s + CO 5.89
2

k.
H, + HRuy (COMe)(CO); =22 H, Ru, (13-COMe)(CO), 5.90

191
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with both oxidative-addition and reductive-elimination occurring through a
three-center transition state at a single ruthenium atom.?

CONCLUSION

Oxidative-addition and reductive-elimination may proceed by different

mechanisms. For reactions involving alkyl complexes, retention of stereo--

chemistry is indicative of nucleophilic attack, and loss of stereochemistry
indicates radical mechanisms. It is difficult to predict the mechanism in the
absence of data for a given reaction. Oxidative-addition may lead to either cis
or trans products depending on the adding molecule and the metal complex;
H, addition always occurs cis. Reductive-elimination from one metal center
evidently requires a cis geometry but may also occur from two metal centers
in a binuclear process. Both oxidative-addition and reductive-elimination are
very important in homogeneous catalysis, which is discussed in Chapter 6.
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PROBLEMS

1. Identify which of the following are oxidative-addition and reductive-elimination

reactions.

(a) 2HCo(CO);PPhy — Co,(CO)s(PPh,), + H,

(b) CH;3Mn(CO)s + PMe; —> CH, C(O)Mn(CO),PMe,

(© HCo(N,)(PPhy); + C;H, — HCo(C,H, )(PPh,)s + N,

(d HCo(N,)(PPhy); + H, ~— H, Co(PPhy); + N,

(€) 2Co(CN)2~ + CHyI —> CH, Co(CN)2~ + Co(CN)513~

() trans-HPt(PMe;), Cl + CH,1 —> trans-Pt(PMe, ), (I)(Cl) + CH,

. The following reaction has been investigated in each direction:

k
(Me),(EtO); _,SiH + Ir(dppe)} === Hir(dppe), SiMe, (OE);,

Interpret the activation parameter data shown below.

n AH}(kcal/mol) AS¥(eu) AH¥(kcal/mol) ASt(eu)
0 5.56 —47.3 25.3 8.2
1 5.62 —46.5 22.7 1.2
2 5.59 —48.2 19.2 0.1

. Given the following data, determine the rate law for oxidative-addition of

C6H5CH21 to CpRh(CO)PPha

[CGHECHZI][M] 104kobs (s_l)
0.166 7.37
0.237 10.7
0.402 16.0

[A.]. Hart-Davis and W. A. G. Graham, Inorg. Chem. 10, 1653 (1971).]

. The dependence on the halide is as follows

Cl<Br<I

for C¢H5CH, X in the reaction of problem 3. Interpret these observations in terms
of the mechanism.

. Since oxidation number is a formalism that may or may not have any relationship

to reality, there has been some discussion as to whether additions are oxidative in

195
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character. Discuss the significance of the following data for addition to
Ir(o-phen)(cod)t:

adding group oxidation number
SCN— 0.26
I~ 0.37
PPh, 0.47
CH,l 2.58
HA 3.00
Cl, 3.00

[W.]. Louw, D.]. A. de Waal, T. 1. A. Gerber, C. M. Demanet, and R. G. Copper-
thwaite, Inorg. Chem. 21, 1667 (1982).]

(@) The complex CH3Rh(PPhy), is cleaved by H, to give methane and
HRh(PPhy),. If CH3Rh(PPhy), is heated by itself, methane is again
evolved, and the orange complex isolated analyzes approximately as
1Rh: 3PPh,. Suggest the structure and the mechanism of CH, formation.

(b) The orange complex from (a) reacts with CO to give a new complex that
analyzes as 1Rh:3PPh;:2CO and has IR peaks at 1965 and 1620 cm~ 1
Suggest structures for this product.

(@ Treating Ir(CO)CpPPh, with CHjl yields a white solid that is soluble in
fairly polar solvents, completely insoluble in benzene, has a vco at 2050
cm 1, and analyzes as IrC,5H,3IOP. Suggest a structure of the product.

(b) Similar reactions of the cobalt and rhodium analogs M(CO)Cp(PPhy) with
CH,l yield products that are colored, somewhat soluble in nonpolar sol-
vents, and have vcg between 1650 and 1666 em~1. However, the analyses
are the same as in (a). Suggest structures.

() Compare Irf(CO)CpPPh; with Vaska’s compound, trans-IrCI(CO)(PPhs), .
What is the key difference between them? How does this affect the nature of
their reactions with CH,I? (Their activation parameters are very similar.)

. Reaction of a macrocyclic thodium complex with various alkyl halides showed
the following dependence on the alkyl group: methyl > ethyl > secondary >
cyclohexyl. In addition, reaction of n-butyl bromide in the presence of LiCl led to
only the trans-chloro rhodium alkyl complex under conditions where the trans-
bromo rhodium alkyl does not exchange with LiCl. Present a mechanism that
accounts for these facts.

. Reaction of cis-Me,Pd(PPhg), with PhCH,Br leads primarily to trans-
MePd(PPh,), Br and PhCH,CHj. Starting with a-deuteriobenzylbromide leads
to a-deuterioethylbenzene with overall inversion of configuration at the benzylic
carbon. Discuss the implications of this work. [D. Milstein and J. K. Stille, . Am.
Chem. Soc. 101, 4981 (1979).]

" rrudLEMS

10. Reaction of Ni(Et),(dppe) with CO leads to ethylene, ethane, acetone, and pro-

11.

12.

pionaldehyde. Account for these products. [T. Yamamoto, T. Kohara, and A.
Yamamoto, Chem. Lett. 1217 (1976).]

Similar reactions have been observed on iron(Il) complexes.

Fe(Et),(bipy) — CyHg + CoH, + [Fe(bipy)]
Fe(Et)(bipy)* — C4Hyo + CoHe + CoH, + [Fe(bipy)l*
45% 48% 8%
Fe(Et),(bipy)** — CqHyo + [Fe(bipy)**
The rates of the reactions vary with half-lives of 15 days, 38 min, and 107 3s for

Fe(Il), Fe(Ill), and Fe(IV), respectively. Account for the product distribution and
rates of reaction.

A stereoselective synthetic route to alkenes has been presented as shown in the

following reaction:

RLi
R'R"C = CR”X ————— R'R"C = CR”R
PA(PPhy )

Suggest a mechanistic scheme.
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Homogeneous Catalysis
by Transition Metal
Complexes

]

Homogeneous catalysis has been an important part of the explosion of inter-
est in organometallic chemistry, providing a practical application for the
complexes prepared. Homogeneous catalysis has not yet reached its full
potential, but already a number of industrial processes employ homogeneous
catalysts.!-2 Recent advances in synthesis-gas chemistry and asymmetric hy-
drogenations show considerable potential for industrial application.3-¢ In
this chapter we shall consider the mechanisms that have been suggested for
several homogeneously catalyzed reactions such as homogeneous hydro-
genations, hydroformylation, polymerization, olefin metathesis, and metha-
nol homologation. As we discuss these mechanisms and the supporting data,
it is important to remember that a catalytic cycle is composed of many reac-
tions that may be equilibria and are usually impossible to investigate com-
pletely. Thus the mechanisms suggested will be the simplest that satisfacto-
rily describe the data.

GENERAL CONSIDERATIONS

A catalyst accelerates the rate of a reaction without changing the thermody-
namic stability of the reactants or products. The catalyst lowers the activation -
energy and thereby speeds the reaction (Figure 6.1). By lowering the activa-
tion energy, a catalyst increases the rate of reaction in both directions; that is,
it increases the rate of attainment of equilibrium. Therefore only for reactions
with favorable equilibria is a catalyst useful.



/ He. IEQUE . L.JIS, ANSIT STAL, LEXES

105 of 166

— uncatalyzed reaction

—-—= catalyzed reaction

reaction coordinate

FIGURE 6.1, The effect of a catalyst on the reaction profile.

Reactions may be catalyzed heterogeneously or homogeneously. Heter-
ogeneous catalysts operate in a different phase than the reactants. For the
reactions that we shall discuss, heterogeneous catalysts are most often metals
or metal oxides. Homogeneous catalysts function in the same phase as the
reactants; for our considerations the homogeneous catalyst is usually a metal
complex in solution. Heterogeneous catalysts, which are more commonly
used in industry, have advantages in stability, generality for different reac-
tions, and ease of separation from the products. Homogeneous catalysts often
require lower temperature and pressure conditions and are more selective for
a given product.” Advantages of homogeneous catalysts have made them
very attractive as raw materials have become scarce. An additional advantage
of homogeneous catalysts is they can be studied and the reaction mechanism
investigated by spectroscopic techniques.8

In order to function as a catalyst a complex must have open coordination
sites or be capable of easily generating coordination sites. Most catalysts have
involved square planar complexes or complexes with readily dissociable li-
gands.1:27.8 Saturated complexes with tightly bound ligands do not function
in catalytic cycles. The transition metal also must hold the substrate molecules
within the coordination sphere in a position appropriate for reaction. In some
cases the catalyst holds the substrate molecules in position for stereospecific
reactions. This is termed a template effect.? A structure illustrating the poten-
tial of metal complexes for a template effect is shown in Figure 6.2.19 The
tetranickel cluster is a catalyst for the cyclotrimerization of alkynes.10 In the
structure the alkynes are held along the basal three nickel atoms in a position
for trimerization; thus the catalyst brings the three acetylenes together as a
template.10 It has been suggested that four acetylene molecules are simulta-
neously coordinated to nickel in the Ni(II) catalyzed cyclotetramerization of

- sNERA . ___ SIDeR ....:S

FIGURE 6.2, Structure illustrating the template effect for catalytic reactions. The
Ni JCNC(CH, )3 Ja[t3(n?)-CgHsC=CC¢Hj; |3 molecule is viewed normal to the
triangular base along the idealized threefold axis. Nickel atoms are represented
by large numbered open circles and carbon and nitrogen atoms by small open
circles. [Reprinted with permission from M. G. Thomas, E. L. Muetterties, R. O.
Day, and V. W. Day, J. Am. Chem. Soc. 98, 4645 (1976). Copyright 1976 American
Chemical Society.]

acetylene forming cyclooctatetraene,!1

HC=CH "> 6.1

and successive coordination of alkynes was suggested in the cyclotrimeriza-
tion on Ir(I).12 The mechanistic distinction between simultaneous and succes-
sive coordination is not always straightforward. The important feature is that
the metal complex must be able to coordinate the substrate(s) in the proper
position for further reaction. ,

2(
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PPh, /R

1r(N,)(PPh,),Cl == Cl—1Ir

//,C
N
PPh, MR

lRCECR

PPh; R

P
[lx(PPh,;),Cl} «— Cl—Ir
+ |\ =
R C R

PPh, "R

RC=CR

6.2

Studying catalytic reactions is different from studying the stoichiometric
reactions we have discussed in earlier chapters. For catalytic reactions, inter-
pretation of product distribution is very important; kinetic studies are less
significant. Identification of intermediates is usually impossible. In fact the
postulate has been advanced that if a complex is reactive enough to partici-
pate in a catalytic cycle, then it is not stable enough to be observed.8 This
postulate suggests the difficulty of trying to define a catalytic cycle. Evidence
cited in support of this postulate is the observation of the intermediate shown
in Figure 6.3, which was intercepted from the catalytic cycle as shown in
Figure 6.4 but which has the wrong configuration for the primary product 813

H T’

N
U’{x Ph S

S = CH,OH or CH,;CN

FIGURE 6.3. An alkyl hydride intermediate that was intercepted from a cycle for
catalytic hydrogenation. [Reprinted with permission from A. 5. C. Chan and J.
Halpern, J. Am. Chem. Soc. 102, 838 (1980). Copyright 1980 American Chemical
Society ]

HOMOGENEOUS HYDKOGENATION OF ALKENES

.
Ph H 1
Ph Ph c’
i S
H _COCH, ¢ —c”
[Rh(diphos)]* +  C,=C, — R I
/ N\ P NH OCH,
Ph NHCCH, N Q|
I Ph Ph N
0o |
CH,
H, |
COcH,
[Rh(diphos)|* + PhCH,CH
NchlCH3
o)

FIGURE 6.4. Cycle for the catalytic hydrogenation of methyl(Z)-a-acetamidocin-
namate by Rh(diphos)*.11

The mechanisms described in this chapter are those accepted for the different
catalytic reactions. The simplest mechanism that fits all of the experimental
data is the mechanism that we shall present.

HOMOGENEOUS HYDROGENATION OF ALKENES

A catalyst must accomplish four things in homogeneous hydrogenations: (1)
it must coordinate the alkene; (2) it must coordinate hydrogen; (3) it must
allow the hydrogen to add to the alkene; and (4) it must eliminate the hydro-
genated product.

catalyst

alkene + H, alkane 6.3

Coordination of alkenes has been studied often beginning in the early nine-
teenth century with Zeise’s salt, KPtCl3(C,H,).14 Many alkene complexes
have been prepared, and the stability of the alkene-metal bond evalu-
ated.15.16 Stability constants determined for the reaction

Ag* + alkene == Ag*(alkene) 6.4
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are reported in Table 6.1.15 The data in Table 6.1 indicate that increasing the
hydrocarbon chain length or increasing substitution on the olefinic carbons
decreases the stability of the alkene-metal bond. In general cis isomers are
more stable than trans.15

TABLE 6.1

Stability Constants for Alkene Complexation.

alkene K2
C,H, 17.5
CH;CH=CH, 7.5
C,H;CH==CH, 8.8
CyH,CH==CH, 6.7
CHyCH=CH, 4.3
CsH,;;CH=CH, 3.2
cis-CH;CH=CHCHj3 4.9
trans-CH;CH=CHCH, 1.6
(CH,),C=CHCH, 1.01
(CH4),C=C(CH,3), 0.34

a K = [Ag(atkene)t]/[Ag™ J{alkene].

Hydrogen activation has also been commonly observed (see Chapter 5).
Heterolytic activation has sometimes been observed!? although oxidative-
addition is the most commonly observed means of activation (Chapter 5).
Transfer of hydrogen to a coordinated alkene has not been as thoroughly
investigated. The transfer must occur in two steps.

H; M(alkene) == HM(alkyl) 6.5
HM(alkyl) —> M + alkane 6.6

The first step would be alkene insertion into a M-H bond (or hydride migra-
tion). It has proven extremely difficult to study this step. Two olefin hydride
complexes that have been observed illustrate the reaction:

CpRh(C,H,)PMe; + HBE, — [CpRhH(C, H,)PMe; |BF,
) 6.7
[CPRh(C, Hs)PMe; |BF,

HCo(N,)(PPhy); + alkene — HCo(alkene)(PPhy); + N, 6.8

In reaction 6.7 the olefin insertion to the alkyl can be observed!$; in reaction

1

AOMO ._.._JUS 4. .. ENAT . v ALK

6.8 the alkene and the hydride are in trans positions, and the alkyl is not
formed.1? Insertion of ethylene into a Pt-H bond has been investigated in
some detail 20

trans-Pt(H)(acetone)(PEt; )'2"+ C,H, — trans-Pt(C,Hs)(acetone)(PEt; );’ 6.9

The rate expression precluded coordination of the ethylene and insertion into
the Pt-H bond in the five-coordinate intermediate. The following mechanism
was suggested:20

trans-HPYPEt3), S + C,H, == trans-HPH(C,Hy )(PEt3 ), 6.10
trans-HPH(PEt, ),(C,H, ) == cis-HPt(PEt; ),(C,Hy ) 6.11
cis-HPt(PEt; ),(CoHy ) == cis-PH{C,H5 )(PEt;), S 6.12
cis-PH(C,yHg Y(PEty ), S == trans-PH{C,H; Y(PEt;),S 6.13

S = acetone

The intermediate, frans-HPt(C, H, )(PEt;),, was observed by NMR.

‘:“?‘7 The stoichiometric hydrogenation of activated alkenes by Cp, MoH,

showed the stereochemistry of the alkene insertion to be cis by reac-
tion of Cp,MoD, with dimethyl fumarate, which leads to threo-
Cp,MoD[CH(CO,Me)CHD(CO, Me)] or with dimethylmaleate, which leads
to the erythro isomer. The isomers were identified by NMR.2! Since the
stereochemistry of the Cp,MoRH was known, the stereochemistry of the
reductive-elimination could also be investigated and proceeded with reten-
tion of configuration at the sigma-bonded carbon.?! The stereochemistry is
shown in Figure 6.5. This was in agreement with the results on reductive-
elimination described in Chapter 5.

The reverse of reaction 6.5 is considered to occur by f-elimination, a
general reaction of transition metal alkyl complexes. The reaction can be
represented in the general case as

M—CH,—CH,R —> M—H + CH,=CHR 6.14

where the alkyl which possesses -hydrogen is converted to a metal hydride
and an alkene. That the f-hydrogen is transferred to the metal was shown by
reaction of (n-Bu)Cu[P(n-Bu);].22-24

CH3CH2CD2CH2CUPR3 — l'buten9'd1 + d3'butane + Cuo + PR3 6.15
CH,CH,CH,CD,CuPR; — 1-butene-d, + butane-d, + Cu® + PR, 6.16
R=Bu

Beta-elimination of deuterium from reaction 6.15 yields DCuPR;, which
produces dj-butane in a binuclear reductive-elimination with the alkyl com-
plex. Beta-elimination of hydrogen from reaction 6.16 yields the hydrido
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dimethyl fumarate dimethyl maleate

|
R

R % H

H D

Cp,MoD Cp,MoD

|
R

R i[ H

H D
D

retention J retention
R
R H
D H
D
racemic succinate meso-succinate

FIGURE 6.5. Stereochemistry of the stoichiometric hydrogenation of dimethyl
fumarate or dimethyl maleate by Cp, MoH,.1°

species and the d,-butane and 1-butene.?2 The mechanism of f-elimination
has been most carefully investigated for the thermal decomposition of di-n-
butylbis(tr'1pher\ylphosphine)pla'cinum(II).23

(n-butyl),Pt(PPhy), — butane + 1-butene -+ [PH{PPh,); ] : 6.17

The data indicate a first order intramolecular process that is slowed by the
presence of excess PPhs. The following mechanism has been suggested:?3

Bu, Pt(PPh;), &= Bu,PtPPh, 6.18
Bu,PtPPh; == BuPt(H)(1-butene)(PPhj) 6.19
BuPt(H)(1-butene)PPh; —— butane + 1-butene + [Pt{(PPhj)] 6.20

Scrambling of the deuterium label indicated that the reactions could occur
several times and probably also lead to the 2-butene isomer as a transient
species. Since the rate-determining step for this reaction involved PPhy loss,
no deuterium isotope effect was seen.2? A kinetic isotope effect was evaluated
for p-elimination from (n—octyl)Ir(CO)(PPh3)2.24 The value of 2.3 £ 0.2 is
consistent with iridium inserting into a §-C-H bond. Beta-elimination is in-
volved in (alkene) isomerization reactions, which accompany most homoge-
neous hydrogenation reactions.

Rh(PPh;); Cl

Tristriphenylphosphinerhodiumchloride is one of the most active ho-
mogeneous hydrogenation catalysts known and has been often studied.25-32
It is a square planar 16-electron complex that readily undergoes oxidative-

.. OGEN HYUR ;,  ATION . ENE

addition reactions and functions as a hydrogenation catalyst at ambient con-
ditions.25 The rates of hydrogenation of several alkenes are reported in
Table 6.2.27 The data show that less hindered olefins are hydrogenated more
rapidly.2” This order is very similar to that expected for olefin coordination
stability.18:19

TABLE 6.2

Hydrogenation of Alkenes with Rh(PPh,),Cl at 25°C in Benzene Solution.

alkene k102M~1s™1)
1-hexene 29.1
2-methylpent-1-ene 26.6
cis-4-methylpent-2-ene 9.9
trans-4-methylpent-2-ene 1.8
cyclohexene 31.6
1-methylcyclohexene 0.6
styrene 93.0

Oxidative-addition of H, to Rh(PPh;);Cl has been studied by proton
and phosphorus-31 NMR.2? Addition at — 25°C led quantitatively to
H,Rh(PPhj,), Cl with the stereochemistry shown in Figure 6.6. Upon warm-
ing to 30°C, the coupling from Rh to Py and from P; to P, is lost while the Rh
to P, coupling is retained. This is consistent with rapid dissociation of the

PPh, PPh, Cl P,

PPh3><c1 FH,— T

P,=P,="PPh,

FIGURE 6.6, Stereochemistry of H, addition to Rh(PPh;), CL23

20
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PPh, represented as P, . The rate constant for the reaction
H,Rh(PPhs); Cl ¥== H,Rh(PPh,), Cl + PPh, 6.21

was estimated as 200 s—! at 30° by line shape analysis.30 Although the
equilibrium is rapidly established, it must greatly favor the six-coordinate
species since there was no evidence for free PPh; or the five-coordinate

complex. Studies of the kinetics of these reactions are complicated by the

following reactions:
Rh(PPh,); Cl == Rh(PPh;),Cl + PPh, 6.22
Rh(PPh,), Cl == Rh, Cl,(PPhj), 6.23

Both products react with H, and can participate in the catalytic cycle. An
excess of PPh, inhibits reactions 6.22 and 6.23 allowing the kinetics of the
hydrogen addition to Rh(PPh); Cl to be studied.3! The results are consistent
with the following reactions:

Rh(PPhg)sCl + H, ——> Rh(PPhs); CI(H,) 6.24
Rh(PPh),Cl _:‘:l Rh(PPh,),Cl + PPh, 6.25
Rh(PPhy ), Cl + H, — Rh(PPhy), Cl(H,) 6.26
Rh(PPhy), CI(H,) + PPhy === Rh(PPhs), Ci(H;) 6.27
The rate law was derived

ZARNER) T (k1 + mﬁm@) [H, [RR(PPhy); C1] 6.28

with the rate constants, k; = 4.8 M~1s™1, k, =0.71s7! and k_p ks =1.131
The remainder of the catalytic reaction, the transfer of H, from
H, Rh(PPh,); Cl to an alkene, was studied for cyclohexene.3? The rate law

—d[H,Rh(PPh,);Cl} ( Kske[CsHio]

dt o

[PPhy] + Ks [CGHw]) [H, Rh(PPhy); Clj 6.29

where the constants are defined by the following equations:

Ks
H,Rh(PPh,), Cl + C¢Hjp &=2 H,Rh(PPhy), Ci(CeHio) + PPhy 6.30
ke +PPh,
Hth(PPh3)2 CI(CGHIO) _— [ ]__d_)Rh(PPh3 )3 Cl + C6H12 6.31
rapi

Equation 6.30 would be a rapid preequilibrium described by the equilibrium.

SlX/ HOMOGENEQUS CATALYSIS BY TRANSITION METAL CéMPLEXES ‘

HOMOGENEUUS HYDKUGENATION ur ALKENLo

H

P P cl P
>< +H,=

P Cl P H

P
—alkene
—p || +P, + alkene
H

H
cl p o C p
P >< alkyl -p P H
P _ alkene

FIGURE 6.7, Stereochemistry at rhodium for catalytic hydrogenation by
Rh(PPhy),CL

constant Ks. The reaction represented by kg is the rate-determining step. A
complete catalytic cycle is represented by reactions 6.32-6.36; the stereo-
chemistries are shown in Figure 6.7.

Rh(PPh,); Cl + Hy == H,Rh(PPh,);Cl 6.32
H,Rh(PPh,); Cl == H,Rh(PPh,),Cl + PPh, 6.33
H,Rh(PPh,), Cl + alkene == H, Rh(PPhj), Cl(alkene) 6.34
H,Rh(PPh,), Cl(alkene) === H(alkyl)Rh(PPh; ), Cl 6.35
H(alkyl)Rh(PPh,); Cl + PPhy —> Rh(PPhy ); Cl + alkane 6.36

These reactions may be termed oxidative-addition (equation 6.32) ligand
substitution (equations 6.33 and 6.34), alkene insertion into the rhodium-hy-
dride bond (equation 6.35) and reductive-elimination of alkane. With the
exception of the final step each reaction is reversible, and isomerization of
alkenes does occur. At low concentrations of PPh, the following three reac-
tions may replace reactions 6.32-6.34.31

Rh(PPh, ); Cl &= Rh(PPh;), CI(S) + PPhy 6.37
Rh(PPh,), CI(S) + H, == H,Rh(PPh,), CI(S) 6.38
H,Rh(PPh,), CKS) + alkene =2 H, Rh(PPhj ), (alkene)Cl 6.39
S = solvent

Although Rh(PPh,),CI(S) is of such low concentration that it cannot be
detected in the catalytic system, the very rapid reaction with H, allows

20
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Rh(PPh,), CI(S) to contribute to the catalytic reaction. There has been active
discussion about whether PPh, dissociation occurs before or after oxidative-
addition of hydrogen.?® This is an extremely difficult question to resolve since
the two products H, Rh(PPhs); Cl and H, Rh(PPh;), Cl are both present in
solution. The kinetics study indicated that both reactions contribute to for-
mation of H, Rh(PPhj;),; ClL

HRh(PPh;),CO

Just as Rh(PPh;), Cl serves as a model for catalytic hydrogenations by
square planar 16-electron complexes, HRh(PPh3); CO serves as a model for
hydrogenations by 18-electron hydride complexes.3 The geometry is tri-
gonal bipyramidal with equatorial PPh; ligands as shown in Figure 6.8.34:35
An 18-electron complex must open a coordination site for the alkene as an
initial step; PPh, readily dissociates from HRh(PPhj )3(CO) under mild con-
ditions.36:37 The proposed mechanism is as follows:

HRh(PPhs );CO == HRh(PPh,),CO + PPh, 6.40
HRh(PPh ), CO + alkene =—=2 Rh(PPh,),(CO)(alky)) 6.41
Rh(PPhs ),(CO)(alkyl) ~—> HRh(CO)(PPhy), + alkane 6.42

The rate shows a first order dependence on the concentration of hydrogen
and rhodium complex and dependence between zero and first order in al-
kene.38 The rate law for the mechanism of reactions 6.40-6.42 shows these
characteristics.

kK[Rh]falkenej[H,]
1 + KJalkene]

rate = 6.43

The presence of PPhj inhibits the reaction by reversing reaction 6.40, leaving
no coordination site for the alkene. None of the intermediates has been
isolated or spectroscopically characterized. Evidence for the first two steps is

shown by the exchange of hydrogen from the alkene to rhodium in the
absence of H,.%°

DRh(PPh;); CO + alkene — hydrogen exchange 6.44
F PPh,
PPh, — [‘ih\
co PPh,

FIGURE 6.8. Structure of HRh(PPh3);(CO).

IMOG IS hyi NATIC . ALKE

The scheme shown in equations 6.40 - 6.42 includes reactions that probably
occur in more than one step. The sequence can be described as: PPh; dissocia-
tion (equation 6.40); addition of alkene followed by insertion of the alkene
into a Rh-H bond (equation 6.41); and oxidative-addition of H, followed by
reductive-elimination of alkane (equation 6.42). The key differences mecha-
nistically between Rh(PPh;);Cl and HRh(PPh;);CO lie in the electron
count; the 16-electron Rh(PPh; ); Cl may undergo oxidative-addition, but the
18-electron HRh(PPh;); CO complex must initially undergo PPhy dissocia-

~ tion. The presence of the hydride ligand in HRh(PPh, ); CO allows the alkene

to add and insert into the Rh-H bond retaining the coordination site (no
further dissociation is necessary); H, Rh(PPhs )3 Cl must undergo PPh, disso-
ciation to open a site for alkene.

The carbonyl complex HRh(PPh; )3 CO shows considerably more selec-
tivity towards terminal alkenes, but is only about half as active as
Rh(PPh;); Cl. The results for several olefins are shown in Table 6.338 and
may be compared to the data in Table 6.2. '

TABLE 6.3

Rate of Hydrogenation of Several Olefins by HRh(PPh;),CO at 25°C.

alkene _ rate (ml min—1)

1-hexene 16.7
ethylene 35

styrene 1.4
allyl benzene 11.1
cyclohexene <0.1
cis-2-heptene <0.1
HCo(CN)2~ :

Much of the earliest research on mechanisms of homogeneous hydro-
genation of alkenes by transition metal complexes derived from studies of
HCo(CN)2~, which hydrogenates activated carbon-carbon double bonds.40
Two mechanisms have been suggested depending on the substrate. For hy-
drogenation of conjugated dienes to monoenes, illustrated by 1,3-butadiene
here, the mechanism involves an alkyl complex similar to the mechanisms
considered above. The products of the hydrogenation of 1,3-butadiene are
1-butene and cis- and trans-2-butene with 1-butene dominant at high con-
centrations of CN~ and trans-2-butene dominant at low concentrations of
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CN~.40 A detailed mechanism has been suggested for the hydrogenation of

1,3-butadiene by HCo(CN)2 ™.

3—

Me
HCo(CN)3~ + C,H, == (CN)SCo—CIH 645
CH=CH,
(CN)s CoCHMeCH==CH}~ £== (CN), Co(73-C, Hy )2~ 6.46
(CN)sCoCHMeCH=CH3~ == C(CN); CoCH, CH=CHCH3~ 6.47
(CN)sCoCHMeCH=CH}~ + HCo(CN)}~ —> 2Co(CN)3~ + 1-C,H, 6.48

(CN)s CoCH, CH=CHCH}~ + HCo(CN~ —>

2Co(CN)2™ + 2-C,Hg (cis and trans) 6.49
(CN), Co(#*-C4H, )2~ + HCo(CN)2~ —> 2Co(CN)2~ + 1-C,Hg 6.50
(CN), Co(73-C, H, )2~ + HCo(CN)2~ — 2Co(CN)2~ + 2-C, Hj (trans) 6.51
The rate constants were calculated for each step of this catalytic cycle (the
cycle is completed by 2Co(CN)2~ + H, — 2HCo(CN)2™). The products of
the hydrogenation of several conjugated dienes are shown in Table 6.4.40 The
hydrogenation of a,f-unsaturated acids by HCo(CN)2 ™ has been suggested

to occur by a free radical mechanism.#? The reduction of cinnamic acid to
B-phenylpropionic acid can serve as an example:

(CN)s CoH?~ + Ph(H)C=CHCOOH —> Co(CN)2~ + PhCH,CHCOOH  6.52

PhCH, CHCOOH + HCo(CN)3~ — PhCH, CH, COOH + Co(CN)2~ 6.53
PhCH, CHCOOH + Co(CN)}~ == PhCH, CHCOOH 6.54
Co(CN}~

Kinetic analysis rules out the mechanism involved in hydrogenation of con-
jugated dienes (reactions 6.45—6.51) for hydrogenation of ¢, f-unsaturated
acids. The complex HCo(CN)2 ™ is an active hydrogenation catalyst for many
activated carbon-carbon double bonds. It serves as a model for a free radical
mechanism in homogeneous catalysis by transition metal complexes.

CH,; Co(CO),[P(OMe); ],

Perhaps the most important requirement for an active catalyst is the
ability to coordinate both alkene and hydrogen. An alkyl carbonyl complex
may open two coordination sites if the carbonylation-decarbonylation reac-

HOMOGENEOUS HYDROGENATION OF ALKENES

TABLE 6.4

Products of the Hydrogenation of Conjugated Dienes by HCo(CN)2~.

alkene products
butadiene 1-butene and 2-butene
1,3-pentadiene 1-pentene and trans-2-pentene
2,4-hexadiene 2-hexenes
norbornadiene nortricyclene and norbornene
cyclopentadiene cyclopentene
1,3-cyclohexadiene cyclohexene

tion is a rapid equilibrium:
R—1\|/[ == RC(OM 6.55

C
O

One coordination site is opened by the migration of the alkyl to a CO and the
second by dissociative loss of a ligand from the acyl complex. A catalytic
system for hydrogenation of alkenes has been developed using this concept
of carbonylation-decarbonylation to open the coordination sites necessary.41
The catalyst, CH3 Co(CO),[P(OMe);],, is active for the hydrogenation of
terminal alkenes at the rate of 450 turnovers per hour. In both rate-and
selectivity this alkyl complex is very similar to HRh(PPhj3);(CO). The rates of
hydrogenation of several alkenes are shown in Table 6.5.41 The following
cycle has been suggested for these catalytic reactions:4!

CH,; Co(CO),[P(OMe), ], + alkene == CH, C(O)Co(CO)(alkene)[P(OMe);], 6.56

CH,; C(O)Co(CO)(alkene)| P(OMe);z ], =2
CH;3 Co(CO)(alkene){P(OMe);], + CO  6.57

CH; Co(CO)(alkene)[P(OMe)3 ], + H, ==
CH; C(O)Co(alkene)(H, )[P(OMe);], 6.58

CHj; C(O)Co(alkene)(H, )[P(OMe); ], == CH;Co(CO)(alky)(H)[P(OMe);],  6.59
CH,; Co(CO)(alkyl)(H)[P(OMe);z ], + CO — CH;Co(CO),[P(OMe);], + RH  6.60

Each of the intermediates in this scheme contains 18 electrons. An under-
standing of why alkane instead of CH, is reductively eliminated in the last
step can only come from consideration of the possible geometries. The sug-

2]
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TABLE 6.5

The Rates of Hydrogenation of Alkenes by CH, Co(CO),[P(OMe);],.

alkene turnovers/hour
1-hexene 450
cyclohexene 11
2-hexene 4
1-octene >100
styrene >100
1,7-octadiene >100
3-hexene <1
cyclohexenone <1

gested geometries for reaction 6.59 are shown in Figure 6.9. The CHj, group is
frans to H while the alkyl group is cis, thus the selectivity for reductive-elimi-
nation of alkane. If the phosphite donors are constrained to be cis as in the
complex CHj, Co(CO),(Pom-Pom), the catalyst has a much shorter lifetime,
and the rate of CH, elimination is increased [Pom-Pom =
(CH,0), PCH, CH, P(OCHj3),}.42

T
Cc=0 CO
alkene P CH, P
==
P H P H
H alkyl

FIGURE 6.9. Stereochemistry of reaction 6.32.

Asymmetric Hydrogenation :

One of the most promising areas of application for homogeneous hydrq-
genation catalysis is in the use of chiral catalysts to effect the asymmetrlc
hydrogenation of prochiral alkene functionality with high optical yields. Th.e
commercial synthesis of L-DOPA is accomplished by such an a§ymg1etr1c
hydrogenation. The chirality in the catalyst derives from a chiral ligand

coordinated to the catalytic center. Several examples of such ligands are
shown below.8

P(Cy)(Me)(o-C¢H,OMe) /CHZ—CI\iMe
Ph,P PPh,

/CHZ—CHZ
(m-C4¢H,OMe)(Ph)P PPh(m-CH,OMe)

. When these ligands are coordinated to Rh(I), they provide active catalysts

that may give greater than 90% optical yields in the hydrogenation of olefinic
substrates such as @-acylaminoacrylic acid and a-acetamidocinnamate deriv-
atives.® The mechanism of the hydrogenation reaction,

1 i
I
H C—OC,H; LOC,H;
N 4 R, H S
/C=C\ RUAL N C6H5CH2C\<IH 6.61
Ph NH%CH3 NHCCH,
|

has been examined and the scheme below suggested:®

C H €
N Nl
\Rh/ C H, C Rh C
/N P’ o
P O H

W olefin l[ast
CH

gl
P_ _ P /C
/Rh\ + N-acetyl-R-phenylalanine ethyl ester «— /Rh\
P P O 662

where PP is a bidentate phosphine ligand and the ethyl-(Z)-a-acetamidocin-
namate is functioning as a bidentate ligand through the alkene and an oxy-
gen. At low temperature the monohydride alkyl complex could be character-
ized.13 From this reaction it was suggested that the enantiomeric selectivity in
hydrogenation does not arise from a preferred mode of bonding of the pro-
chiral olefin but rather arises from differences in the rates of the subsequent
reactions.® Asymmetric homogeneous hydrogenation should be a very pro-
ductive research area in organic synthesis and mechanistic organometallic
chemistry in the near future.
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HYDROFORMYLATION REACTION

Hydroformylation involves the conversion of an alkene to an aldehyde with
one additional carbon atom in the presence of synthesis gas, a mixture of CO
and H,.

CnHzn + CO + H2 — Cn H2n+1 CHO 6-63

This reaction is of considerable industrial importance as a means to function-

alize alkenes.43 The traditional catalyst is HCo(CO),, derived from Co, (CO)g
and H, under the reaction conditions. The extra selectivity to straight-chain
aldehydes exhibited by HRh(PPhj )3 CO has led industrial processes to shift
to this catalyst.44 Hydroformylation by the cobalt system is first order in [Co]
and first order in alkene. The rate increases with increasing H, pressure and
decreases with increasing CO pressure.45 The conditions required are rather
strenuous, over 100°C and over 200 atm pressure.#445 Based on these obser-
vations and a number of other reactions, the following sequence was pro-
posed for hydroformylation of alkenes by Co,(CO)g.46

Co,(CO)g + H, == 2HCo(CO),4 6.64
HCo(CO), == HCo(CO); + CO 6.65
HCo(CO); + alkene == HCo(alkene)(CO),3 1 6.66
HCo(alkene)(CQO),; + CO == RCo(CO), 6.67
RCo(CO), == RC(O)Co(CO), 6.68
RC(OYCo(CO); + Hy &= RC(0)Co(CO)3(H,) 6.69
RC(O)Co(CO)3(H,) — RC(O)H + HCo(CO), 6.70

Primary side products are alkane, isomerized alkene, nonlinear aldehydes
and alcohols, all logical products of the proposed scheme.43 Each reaction
involves two-electron transitions, either 16- or 18-electron complexes. Infra-
red studies of a hydroformylation reaction have suggested that reactions 6.69
and 6.70 should be replaced by a binuclear reaction (see Chapter 5).47

RC(O)Co(CO); + HCo(CO), —> RC(O)H + Coy(CO)g 6.71

Considering the relative ease of Co(CO), formation from HCo(CO)y, it is
surprising that radical mechanisms have not received more attention. Photo-
lysis was recently shown to inhibit the hydroformylation reaction, a difficult
observation to justify in terms of a radical mechanism.48

Terminal alkenes are hydroformylated more rapidly than more highly
substituted alkenes.45 Pertinent data (Table 6.6)4> show that the degree of
substitution at the olefinic carbons is the most important consideration in

DROF AL STION |

rates of hydroformylation. This would correspond to the ease of coordination
of the alkene as discussed earlier.

TABLE 6.6

~

Rates of Hydroformylation of Alkenes by HCo(CO), at 110°.

alkene k(X105 s71)
1-hexene 110
1-octene 109
2-hexene 30
2-octene 31
2-methyl-l-pentene 13
4-methyl-l-pentene 107
2-methyl-2-pentene 8.1
cyclohexene 9.7

Both associative and dissociative mechanisms have been suggested for hy-
droformylation by HRh(CO)(PPhj );.4%59 Schemes are shown in Figure 6.10.
The active species in either scheme is HRh(CO),(PPh;), formed by reaction
of HRh(CO)(PPh;); with CO.4°

HRh(CO)(PPh,); + CO —> HRh(CO),(PPh,), + PPh, 6.72

The relative rates of hydroformylation of several alkenes are shown in Table
6.7.49 Comparison of the data in Tables 6.6 and 6.7 indicates that the rhodium

TABLE 6.7

Rates of Hydroformylation of Alkenes by HRh(CO)PPh,); in Benzene

at 25°C,
alkene rate (gas uptake in ml/min)

1-hexene 3.52
1-pentene 3.74
1-heptene 3.50
2-pentene . 0.15
cis-2-heptene 0.12
2-methyl-l-pentene 0.06
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“Rh—CO === N “Rh—(RCH=CH,)
7 71
Ph,P é Ph,P’ ¢ oc’¢
o) 0 o}
COH “fast
fast
CH,CH,R
' pPh, [ co
Rh" Rh ™
7| 7 |
Ph,P” Phy,P ¢
0 0
‘[ — RCH,CH,CHO ClHZCHZR “'If’aps}t‘l
CH,CH,R
L,CH,CO), T H (‘:O\\\\\PPha PP, (H:CH:
”//Rl N H,, slow Ilzh\\ fast 7 /’li{h —co
A /s 7/
Ph3P/(|: PPh, Ph,P* ¢ Ph,P’ ¢
0 o 0
co
ph,p, COCH:CH:R
“Rh—CO
PhaP/(I:
0
PhyP, I} Ph,p, Hl (RCH=CH,) Ph,p, (H2CHaR
“Rh—CQ ~—tH=, “Rh e, ”Ilzh—co
VAR 7
P113P/(|: Ph,P Cl co Ph,P’ ¢
o) 0 0
”(ast
=l ci,car
co |
i (PPh ph,p, i H © PPhs
R & ’/,,R & H,, slow Rh\‘\
—RCH,CH,CHO N 7|
Pl13P/C| Ph3P/CI COCH,CH,R Ph, P’ ¢
O 0 o}
”co
”m’ CH,CH,R
PhsP, K Phyp, ©
“Rh—PPh, /’I‘lh—CO
Ph3P/C‘ Ph,P’ ¢
0 0

tE 6.10. Proposed mechanisms for the hydroformylation of alkenes by
Z0),(PPh,),: (a) dissociative and (b) associative.
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complex is considerably more selective for terminal alkenes and reacts at
milder conditions.4?5¢ The rhodium system also produces fewer side prod-
ucts as shown in Table 6.8.50 The advantages of rhodium catalysts in mild
conditions and greater specificity (hydroformylation of 1-hexene produces
heptanal in >90% yield on rhodium while cobalt produces a lower yield of
the straight-chain aldehyde) are very attractive for industrial processes and
offset the extra expense of rhodium over cobalt.

Other metal carbonyl species that have been investigated show reactiv-
ity quite dependent on the metal center.5?

metal: Rh Co Ru Mn Fe  Cr,Mo,W,Ni
———
relative rate: 103-104 1 102 10—4 10-6 0
TABLE 6.8

Products from the Hydroformylation of Propylene for Cobalt and Rhodium-
Based Catalysts.

product Co Rh
aldehyde 80% 97%
alcohol 11% trace
butylformate 2% trace
propane 2% 2%
others 5% <1%

WACKER ACETALDEHYDE SYNTHESIS

The Wacker process, which was one of the first industrial applications of
homogeneous catalysis, led to the displacement of acetylene as the starting
material for manufacture of organic chemicals. The efficient conversion of
ethylene to acetaldehyde using PdCl; in a catalytic sequence was accom-
plished in the mid 1950s.1,51 The stoichiometric reaction

C,H, + PdCl, + H,0 —> CH,CHO + Pd(0) + 2HCI 6.73

had been known since 1894. Combination with two reactions to regenerate
the palladium chloride allowed a catalytic synthesis of acetaldehyde from
ethylene.

21
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Pd(0) + 2CuCl, — PdCl, + 2CuCl 6.74
2CuCl + 2HCI + 30, —> 2CuCl, + H,0 6.75

Addition of the three reactions gives the net reaction
C,H, + 30, —> CH;CHO 6.76

in which ethylene is converted by oxygen to acetaldehyde. While reactions

6.74 and 6.75 are essential to the catalytic sequence, they are electron transfer

processes as discussed in Chapter 8. The conversion of ethylene into acetal-

dehyde occurs in reaction 6.73, which we shall examine in more detail.
The rate law for product formation in the Wacker process

—d[C,H,] _ MPCI{ ]IC;H,]

— 6.77
dt [HY)[CI- |2
has led to the following mechanism for acetaldehyde formation.151:52
PACE~ + C,H, == [(C,H,)PdCl;]~ + CI~ 6.78
' CH,
Cl\
H,0 + [(C,H,)PdCL;]- == / Pd CH, + CI- 6.79
Hzoz___\(]
CH,
Cl
H,0 + / \pd CH, —
2 2 ~——
N
HZO——/—CI N
Cl\——7—CH2—CHZOH2
v 650
H,0—
CH,
1
/ \Pd CH + OH- slow
2 e
HZO/—\CI
Cl\——————/CHZ—CHZOH -
//Pd\ 6.81
H,O0—C '

ACKE! ALUE, SYNTE

+
\”—‘—/—CHZ——CHzOH2

H,O + / Pd= / e
HZOL\CI
Cl\—/CHZ—CHZOH -
//Pd\ / +H,0* 682
H,O Cl

Cl——CH,—CH,OH]|"
Pd// slow

/

)

H,0=— I
N
_Pd—CH,—CH,OH | +CI~ 683
H,0
CHOH

Cl\Pd—CHZ—CHZOH Ly / Cl\Pd CH, 6.84

H,0” HZO/———\ H
CHOH

/ Cl\Pd CH, = Cl\Pd—CH/OH 6.85

o= q H,0” “cH,

The first two reactions are ligand substitutions at a square planar center
(Chapter 2). Note that the strong trans effect of the C,H, leads to the trans
product.5253 Reaction 6.81 and reactions 6.80 and 6.82 involve attack of OH~
or H,O on coordinated ethylene in what has been called a hydroxypallada-
tion. The mechanism of this step has been demonstrated to be attack of
hydroxide or water from outside the coordination sphere on coordinated
ethylene by using specifically deuterium-labeled ethylenes.52:53 Beta-hydro-
gen elimination (reaction 6.84) leads to the olefin complex that may rearrange
to a second sigma-bonded isomer (reaction 6.85). Acetaldehyde is formed by
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B-elimination of the hydrogen on oxygen. The palladium hydride decom-
poses to palladium metal and HCl.

The primary discussion in recent years has centered on the hydroxypal-
ladation reaction that converts the coordinated ethylene into the sigma alkyl
(Pd-CH, CH, OH).5253 The earlier suggestion of ethylene insertion into a
Pd-OH bond was shown to be inconsistent with two separate stereochemical
studies. The hydroxypalladation of cis-1,2-dideuterioethylene under CO al-
lowed the trapping of the f-hydroxyethylpalladium complex and determina-
tion of the stereochemistry.52 -

D D D Pd

N / H, =
C=C_ +PdCl,+H,0— __/ co,
/ AN “5

H H HO H

D H
(CO)Pd H,V |.D

W

D
H I>’2’ i ) — o \ + Pd°® 6.86

HO H

Since the insertion of carbon monoxide into a carbon-palladium sigma-bond
occurs with retention of configuration at carbon, the hydroxypalladation
proceeds with anti stereochemistry, indicating that attack on the coordinated
ethylene takes place outside of the coordination sphere of the complex.52 A
similar conclusion was obtained from studies of trans-1,2-dideuterioethylene
with the stereochemistry determined for chloroethanol and the correspond-
ing epoxide.53

H D HO p HO cl o
= \ / H
— PdCi3- A £ H CuCl, 5 A §\\D OH- Hl”’//, A\\\‘\\\ 6.87
> < > \ LiCt W 5 )
H H
D H D Pd D H D Db
threo 97% cis

The formation of the epoxide is known to proceed with inversion of configu-
ration at one carbon. Thus external attack on the coordinated olefin is con-
firmed.>3

The Wacker chemistry can also be used for other alkenes. Terminal
alkenes produce methylketones, and acetone can be readily produced from

DROC, e -BUT, ,

propene. The rates and yields decrease with increasing chain length of the
alkene. Cyclic alkenes produce good yields of cyclic ketones, but other inter-
nal alkenes give mixtures of products.

The Wacker process has been a very important reaction in transition
metal homogeneous catalysis for the production of acetic acid as a building
block of industrial organic chemistry. This process may soon be replaced by
synthesis gas (CO and H,) chemistry in industry, but it will remain a model
for the adaptation of known chemistry into a useful catalytic cycle.l

HYDROCYANATION OF 1,3-BUTADIENE

The synthesis of 6,6-nylon involves an elimination polymerization that re-
quires 1,6-hexanediamine. 1,6-Hexanediamine can be readily produced by
hydrogenation of adiponitrile using heterogeneous catalysts.

H.
N=CCH,CH,CH,CH,C=N — H,NCH,CH,CH,CH,CH,CH,NH, 6.88

Thus the convenient production of adiponitrile has been an active area of
research.154 A commercial route using homogeneous hydrocyanation of 1,3-
butadiene has been developed and investigated mechanistically.54

N RS\ IN X CN = /\/\CN 6.89
lHCN
NCCH,CH,CH,CH,CN

These reactions are catalyzed by Ni(0) complexes. The catalytic cycle is com-
posed of three separate reactions: hydrocyanation of an activated olefin,
isomerization, and hydrocyanation. We shall examine each of these reactions
independently and then the cycle in its entirety. _

The catalyst is a tetrahedral nickel complex, NiL,, where L is a phosphite
ligand.>4 Since NiL, is an 18-electron complex, ligand dissociation is impor-
tant in initiating the catalytic reaction.

NiLy#—=Nil; +L 6.90

The equilibrium constants for the ligand dissociation of L from NiL, given in
Table 6.9, indicate the importance of steric interactions. Hydrogen cyanide
oxidatively adds to the NiL; complex.

NiL; + HCN == HNijL4(CN) 6.91
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TABLE 6.9

Equilibrium Constants for Ligand Dissociation from NiL, in Benzene
at 25°C.

L K@)
P(OEt), <10~10 (at 70°C)
P(O-p-tolyl), 6X 10-10
P(O-i-Pr), 2.7 X 10-5
P(O-o0-tolyl)s 4.0 X 10-2

The hydridocyanonickel complexes could be spectroscopically character-
ized.5¢ The hydrocyanation of ethylene can be used as a model for the mecha-
nism of a nonactivated olefin.

NiL, = NiL; + L 6.92
NiL, + HCN == HNiL4(CN) 6.93
HNiL;CN = HNIL,CN + L 6.94
HNiL,CN + C,H, == HNiL,(C,H,)CN 6.95
HNiL,(C,H, )CN == C,H;NiL,CN 6.96
C,H;sNiL,CN + L == C,HsNiL,CN 6.97
C,HgNiL,CN —> C,H;CN + NiL, 6.98

L = P(O-o-tolyl),

The hydridocyano and ethylcyano complexes could be spectroscopically
identified in the catalytic cycle.5 This scheme involves a sequence of 16- and
18-electron conversions.

Hydrocyanation of a conjugated alkene is considered to be slightly dif-
ferent. Addition of the first molecule of HCN to 1,3-butadiene has been
studied for Ni[P(OEt);]4.

NiL, &= NiL, + L 6.99
NiL; + HCN == HNiL,CN 6.100
HNiL,CN == HNIL,CN + L 6.101

HNIL,CN 4 C,H, == (13-C,H,)NiL,CN 6.102

| SIX/ '"HOMUGENEOUS CAIALYSiS BY {KRANSITIUN METAL CUMPLEXES *

N /——NiL2 £ 3-pentenenitrile + NiL,

(P-CH,)NIiL,CN— N 6.103

CN
—
\—NiL, —= 2-methyl-3-butenenitrile + NiL,

The 73-allyl group combines with the cyanide in two ways to form the desired
linear 3-pentenenitrile and the branched 2-methyl-3-butenenitrile. The path
leading to linear product was favored by a small rate factor.

The catalytic conversion of 1,3-butadiene to adiponitrile with HCN in
the presence of nickel(0) complexes is completed by the addition of BPh,, a
Lewis acid promoter. The BPh; coordinates to the nitrogen of the coordinated
cyanide and has three beneficial effects on the production of adiponitrile: (1)
the rate of hydrogenation of unactivated olefins is enhanced; (2) the amount
of linear product is increased; and (3) the catalyst lifetime is enhanced, pre-
sumably because a second oxidative-addition of HCN to form NiL,CN, is
prevented.54

L = P(OE),

HNIL,CN + HCN — H, + NiL,CN, 6.104
RNiL,CN + HCN — RH + NiL,CN, 6.105

Each of the proposed steps in the hydrocyanation of 1,3-butadiene with NiL,
(L = phosphite ligand) is suggested to occur by 16- and 18-electron interme-
diates.

OLEFIN METATHESIS

The olefin metathesis reaction involves the transfer of alkylidene units be-
tween two alkenes.55-58

(R1),C=C(Ry),

+ — 2(R;),C=CR;), 6.106
R2),C=C(R;),

’

The olefin metathesis reaction is of considerable industrial importance.5?

228
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Propylene is converted to ethylene and 2-butene in a commercial process,
and cycloolefins polymerize to linear unsaturated polyalkenamers.3”

Q e W 6107

The importance of olefin metathesis led to extensive investigation that pro-
duced mechanistic understanding only 15 years after first reports on the
reaction. A primary difference from the other catalytic systems that we have

examined is that the catalyst for olefin metathesis is not well defined. The )

most active catalysts are combinations (WClg, EtOH, EtAICl,; and
Mo(PPh,),(NO), Cl,, Me3Al,Cly). Despite this uncertainty in the coordina-
tion around the active metal center, the primary steps are now understood.

A number of experiments have been devised to differentiate between the
two suggested mechanisms.55.59-60

R1\ /R1 Ry Ry
= —C—C— R R R R
/C C\ R,—C—C—R; N NI
x| R, c c
M M | —M—1 6.108
R
R | R /N /N
C=C R,—C—C—R, R, R, R, R,
/ AN [ |
R, R, R, R,
R R
Bl st
R C M=C
s / N\ AN
M=C\ +(R2)2C:C(Rz)z M\ /C(Rz)z R, 6.109
R, VRN +
R, R, (R1)2C=C(R2)2

The first mechanism (equation 6.108) is the cyclobutane mechanism, and the
second is the metallocyclobutane or carbene mechanism. Reactions in which
a mixture of a cycloalkene and an alkene undergo metathesis allow these two
mechanisms to be distinguished and have shown the cyclobutane mecha-
nism to be unsatisfactory.55 Metathesis of cyclooctene with 2-hexene was
examined for the relative amounts of C;,, Cy4 and C,4 dialkenes. For the
cyclobutane mechanism only C;4 would be expected since both alkenes
would be coordinated to the metal.3

=C—Me
Q| + Me—C=C—Pr —> C o p 6.110
—C—Ir

For the metallocyclobutane mechanism more possibilities are available. One
reaction is shown below:

cuN m £, i . . . . . -

MeHC=CHPr 6.111

—

C
ey

=_(|3—Me + M=C—7Pr
H

With this mechanism one expects a statistical distribution, 1:2: 1 for Cy,, Cy4
and Cy¢ dialkenes.55 Since the alkenes formed could undergo further me-
tathesis, the significant observation to distinguish the mechanism must be
made early in the reaction. The ratios, [C;,]/[C14] and [C4]/[C14], extrapo-
lated to t = 0 are nonzero in confirmation of the metallocyclobutane mecha-
nism. Similar experiments with three alkenes, cyclooctene, 2-butene, and
4-octene, were performed.55

T T
l
CIH Me—C=C—Me + Pr—C=C—Pr
l 6.112
=CHMe =CHPr 4 =CHPr M
—CHMe —CHMe — CHPr eCH=CHPr

C12 C14 C15

For the cyclobutane mechanism no C, 4 dialkene should form initially, but for
the metallocyclobutane one would again expect a statistical ratio of
C12:Cy4:Cy6, 1:2:1. In plots extrapolated to t = 0 the amount of Cy4 was
invariably larger than the amount of C;, or C;¢. A sample plot is shown in
Figure 6.11.55

Another experiment to distinguish between the metallocyclobutane and
the cyclobutane mechanism involved the metathesis of 1,7-octadiene.60

—CH,

— CH,

+ — O + C,H, + C,H,D, + C,D, 6.113
—CD,

— CD,

22



51X/ HOMUGENEOUS' 'CA s ALYSIS o1 1nANSITivcy mETAL 'wwues LEXES:

119 of 166

%
decrease
of

040: -
0

1.2

80

~ 0.8

0.4

S Intercept = 0.401 + 0.046 —

| | I ! 1 1 J 1 1 I | 0
0 0.08 0.16 0.24 0.32 0.40 0.48
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FIGURE 6.11. Plot showing the formation of products from the metathesis of
cyclooctene with 2-butene and 4-octene. The ordinate is labeled at the left for the
solid curve and at the right for the dashed curve. [Reprinted with permission
from T. J. Katz and J. McGinnis, . Am. Chem. Soc. 99, 1903 (1977). Copyright
1977 American Chemical Society.]

The ratios of deuterated ethylenes expected for a cyclobutane mechanism
witha 1:1ratioof d9tod4 1,7-octadiene was calculatedtobe 1:1.6: 1, and for
the carbene or metallocyclobutane mechanism the ratio was calculated to be
1:2:1.0 The experimental ratio of 1:2.1:1 is most consistent with the me-
tallocyclobutane mechanism.

The rate of olefin metathesis depends on the degree of substitution of the
alkene, decreasing in the following order: the degenerate exchange of meth-
ylene units between terminal alkenes > the cross metathesis of terminal and
internal alkenes > the metathesis of internal alkenes > the metathesis of
terminal alkenes to give ethylene and internal alkenes.5%61

The exchange of methylene units between an alkylidene complexand an
olefin has been demonstrated stoichiometrically,

(CO)sW=CPh, + CH,=CPh(OMe) —>

Ph
/
(Copw=c_  + CH,=CPh, 6.114
OMe

as required in the metallocyclobutane mechanism.62 Exploring the reactions
of (CO)s W==C(tol), with alkenes allowed the relative reactivities to be quan-

OLEFIN METATHESIS'

TABLE 6.10

The Reactions of Alkenes with (CO);W=C(tol),.

alkene alkene products
CH,=CH(CH,),CHj, (tol),C=CH, (tol),C==CH(CH,),CHj,4
36% 0.06%
CH,=C(CH,3), (tol),C=CH, (tol),C=C(CH,),
73% <0.06%
CH,=CHC¢H; (tol),C=CH, (tol),C=CHC4Hj;
61% <0.2%

titatively determined (Table 6.10).5% In each case the new alkene formed
corresponds to the least substituted possibility or the more highly substituted
alkylidene (carbene). The scheme in Figure 6.12 illustrates these reactions.>?

In the discussion thus far we have been concerned with the nature of the
alkene products and have shown that the metallocyclobutane mechanism is
consistent with the products obtained. For the metallocyclobutane mecha-
nism one needs an alkylidene metal complex to initiate the reaction. A theo-
retical study of the'metal and ligand environment that facilitates olefin me-

tol tol tol
w
tol — A |
J)l
4
tol
ind
/\/= tol

'\\. tol tol tol

FIGURE 6.12. Preferred reaction of an alkene with an alkylidene leading to the
most highly substituted alkylidene product.
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tathesis has appeared.®® Many metals have been used, but the most active
catalysts are based on tungsten, molybdenum, and rhenium.58 The alkyli-
dene complex, (CO)s W==C(Ph),, functions as a catalyst but much more
slowly than other catalysts.5? It has been suggested that the slowness of this
alkylidene is attributable to the saturation of the coordination around the
tungsten; CO dissociation is required to open a coordination site before the
alkene can be coordinated.5% The most active catalysts are based on transition

metal halides and alkylaluminum species and probably proceed initially toa -

transition metal alkyl complex. In a few cases a-hydrogen abstraction has
been observed from an alkyl to form an alkylidene.6* A tungsten alkylidene
that may serve as a model for alkylidenes formed when tungsten oxides or
chlorides are treated with alkylaluminums has been isolated by the following
reaction:65

Ta(CHCMe, )(PEt,),Cl, + W(O)(OCMe,), —>
PEt,
Ta(OCMej),Cl +Cl\v‘v/O 6.115
a e .
T a” N CHCMe,

PEt,

The oxoalkylidene complex is an active catalyst for the metathesis of alkenes.
Reaction with 1-butene in the presence of AlCl; for one to two hoursled to 3,3
dimethyl-1-butene (1 equiv.), 3-hexenes (1 -2 equiv.), and an undetermined
amount of C,H, . The alkylidene product was predominantly the propylidene
product although some methylidene product was observed. It was suggested
that the metallocyclobutane A is more stable than B.

CMe, CMe,

M M Et
Et
A B

In several active catalyst systems—such as Mo(PPhy),Cl,(NO);,
Me; Al,Cl,; WClg, SnMe,; and WClg, ZnMe, —methane and ethylene are
eliminated in the absence of alkene, evidence for methylidene formation.8
Further evidence for methylidene intermediacy is shown by the initial for-
mation of propylene in the metathesis of 2-alkenes.>8 Labeling showed that
the methylidene of the propylene arose from the cocatalyst and the ethyli-
dene arose from the 2-alkene.58

Research on olefin metathesis supports the metallocyclobutane mecha-
nism. The nature of the alkene products and the rates of alkene reactions are

' POLYMERIZATION OF ALKENES

fully consistent with the mechanism. The nature of the catalyst centers is not

clearly defined, but in several cases there is evidence of alkylidene formation
in the catalytic systems.

POLYMERIZATION OF ALKENES

Polymerization remains one of the most important industrial applications of
homogeneous catalysis.!-2 The polymerization of simple derivatives of ethyl-
ene leads to a number of important products as shown in Table 6.11. The
discovery of alkene polymerization by Ziegler—Natta catalysts is one of the
milestones of organometallic chemistry. Ziegler—Natta catalyst systems,
composed of a transition metal halide and a main group alkyl (usually an
aluminum alkyl), are poorly defined in terms of the coordination sphere of
the transition metal. In this respect they are similar to olefin metathesis
catalysts.

TABLE 6.11

Products from the Polymerization of Ethylene Derivatives.

alkene polymer (application)
CH,=CH, polyethylene (plastic bags)
CF,=CF, teflon (pan coating)
CH,=CHCl polyvinylchloride (phonograph records)
CH,=CHCN orlon (rug fibers)
=CHPh polystyrene (combs)

At the current time the two most plausible mechanisms for polymer
growth on a transition metal cannot be differentiated on the basis of experi-
mental data on the catalytic polymerization reaction. One proposed scheme
involves insertion of an alkene into a metal alkyl bond, similar to insertion of
an alkene into a metal-hydride bond as discussed for hydrogenation and
hydroformylation.

l\l/I—R
P — M—CH,CH,R .
g, \\H 2 2 6.116
H H
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The second involves alkene insertion into a metal-alkylidene bond and sub-
sequent hydrogen transfer.

H R

| H
=C—H |
I\IA ——> M=CHCH,CH,R 6.117
H/ \H
H H

Each of these proposed chain growth steps will be briefly examined.

The insertion of an alkene into a transition metal alkyl bond is analogous
to the suggestions for the mechanism of the growth reaction in alkyl alumi-
num chemistry, which was the precursor to polymerization. Although a
number of alkyl-alkene transition metal complexes are known, the direct
insertion of an alkene into a transition metal alkyl bond has not been
observed.66-69 Recently the insertion of alkenes into a lutetium-carbon bond
has been observed.6¢

CpjLu(Me)(Et;0) <22 [CpjLuMe] _GHe,  CpyLu—CH,CHMe,
, lc,m 6.118

Cp’zLuCHZCHMeCHZCHMe2

Cp;LuCD; + CD,=CDCH; — Cp;LuCD,CD(CH,)CD; 6.119

Cp'=1n°-CsMe;

Deuterium labeling (reaction 6.119) demonstrated that the propene inserted
into the lutetium-methyl bond.66é Further insertion of propene occurred al-
though the details were not reported. Evidence for ethylene insertion into a
cobalt-methyl bond has also been obtained from deuterium labeling experi-
ments on CpCo(PPh;)(CHs), ¢
CpCo(PPhy)(CH,); + CoHy —

CpCo(PPhy)(CH,) + CH, + CHyCH=CH, 6.120

When the completely deuterated starting complex (deuterated phosphine
and methyl groups) reacted with C,H,, the products were CD;H and dj-
propene.5” This labeling strongly suggests that reaction proceeds by PPh,
loss, addition and insertion of C;Hy, B-hydrogen elimination and reductive-
elimination of CD;H:

CpCo(CD,),PPhy == CpCo(CD3); + PPhs 6.121
CpCo(CDy); + CoHy ¥ CpCo(CD3)o(C2Hy) 6.122

" s1x/ HOMOGENEOUS CATALYSIS Bt 1RANSITIC ¢ i dAL Cane XES .

MERIZ ;O A 5
CpCo(CD;)5(C,Hy) —> CpCo(CD3 (CH,CH,CD3) 6.123
CpCo(CD, )(CH,CH,CD;) —> CpCo(CD,)(H)(72-CH,=CHCD;) 6.124

CpCo(CD; (H)(12-CH,y=CHCD3;) — CpCo(#>-CH,=CHCD;) + CD;H  6.125
CpCo(12-CH,=CHCD,) + C,H, + PPh; —
CpCo(C,H, )(PPhy) + CH,=CHCD; 6.126

This scheme accounts nicely for the observed products.

The apparent difficulty of inserting a coordinated alkene into a metal
alkyl bond and the similarity of the polymerization catalyst systems to the
metathesis catalyst systems led to a second postulated mechanism for chain
growth.686% This mechanism is based on the known reaction between an
alkylidene and an alkene to form a metallocyclobutane, as in the metathesis
reaction. The chain growth for propylene is described as follows:

/H I|_I /R l_ /R
M—C—R = M=C _GsH, | I\'/['—C\
N N\ Pac——AN Me
Me Me 7N\
Me
l 6.127
|
R
M M—c_
| | “Me
CH,

Me Me

The first step is a-abstraction, converting the alkyl into an alkylidene, fol-
lowed by reaction of the alkylidene with the alkene to form a metallocyclo-
butane. The final step is reductive-elimination of one end of the metallocy-
clobutane. The similarity to metathesis catalyst systems would indicate that
alkylidene complexes could form in systems active for polymerization of
alkenes, and the other reactions in this mechanism are well documented in
stoichiometric reactions.

At this point there is no evidence that allows either of these postulated
chain growth steps for polymerization to be excluded. The separation and
identification of the active species in a polymerization catalytic cycle would
be extremely valuable to further understanding of the mechanism of this
important reaction.
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METHANOL CARBONYLATION

The conversion of methanol to acetic acid is a reaction of considerable impor-
tance.”0

CH,OH + CO — CH,C(O)OH 6.128

Commercial processes based on cobalt and rhodium complexes exist. Mecha-
nistic work has been accomplished on the rhodium system, and the cycle is
understood.”? Use of any of a number of rhodium complexes as starting
compounds produces equivalent catalytic behavior, suggesting that the cata-
lyst is formed under the reaction conditions, 180°C and 30-40 atm of CO.
The iodide promoter that is also required may be in any of several different
forms, CHjl, HI, or I,. Kinetic studies show a first order dependence on
rhodium concentration and on the concentration of iodide promoter. The rate
was independent of the partial pressure of CO, the concentration of CH;0H,
and the concentration of CH;C(O)OH.

Carbonylation of RhXj leads to the carbonyl anions, Rh(CO), X7, at
lower temperatures.

RhX; + 3CO + H,0 — Rh(CO),X5 + CO, + 2H+ 6.129

The same anionic species forms under the reaction conditions for a number of
rhodium precursors.”? A sample withdrawn from a reactor initially charged
with Rh(PPh,),(CO)Cl showed Rh(CO),I3 to be present. A catalytic cycle
can be constructed for the carbonylation of CH3;OH based on Rh(CO),I7
from the reactions we have previously discussed. The scheme is shown in
Figure 6.13. The first step is one expected in reactions of square planar
16-electron complexes, oxidative-addition of CH,I. The methyl iodide is
present as the promoter or is formed from methanol.

CH,OH + HI — CH,I + H,0 6.130

The next step is an alkyl migration to coordinated CO with CO taking up the
open coordination site. Reductive-elimination of acetyl iodide regenerates
the catalyst, Rh(CO),l7. Reaction of acetyl iodide with H,O leads to
CH,C(O)OH and HI completing the catalytic reaction.

Room temperature reaction of Rh(CO),I7 with CH,1 leads directly to an
acetyl complex that was isolated and characterized as a dimer.”?

)
1 ?O I (”: CH
NI /5N s
Rh(CO),I; + CH,] — Rh Rh/ 6.131
CHaﬁ/} NS

0

<ww-.ARY -

CH,OH o - CIHS
[y | 2 co I co
CH,1 NL / AN
[R(CO), L] — /Rh\ — Rh\
(1) 171 “co 17 I eo
—CH,COI (2) 3
CH,OH l or H;0 -
CH,CO,Me
CH,CO,H(+HI) (I:He' -
I
I\l /CO
Rh
AN
ocC I CO
)

FIGURE 6.13. Proposed catalytic cycle for the carbonylation of methanol.48

The dimer readily reacts with CO to form an acetyl carbonyl complex that is
unstable towards reductive-elimination of CH;C(O)I. The kinetic depen-
dences indicate that oxidative-addition of methyl iodide to Rh(CO),I5is the
rate-determining step. This is also indicated since Rh(CO),I7is the predomi-
nant rhodium species present under catalytic conditions.

Thus the proposed cycle accounts for the products and the observed
kinetics. In addition each step of the catalytic cycle can be independently
shown to occur at low temperature and pressure, so that the cycleis unusually
well characterized, especially for a reaction that occurs at high temperature
and pressure.”0

SUMMARY

We have examined the proposed mechanisms of several homogeneously
catalyzed reactions. Although the reactions are different, the basic catalytic
steps at the metal center are composed of steps that we have examined in
earlier chapters: oxidative-addition, ligand dissociation, ligand addition to
16-electron complexes, insertion reactions, and reductive-elimination.
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PROBLEMS

10.

11.

. Write the balanced equation for each of the following homogeneously catalyzed

reactions:

(@) hydrogenation

(b) asymmetric hydrogenation

(¢} hydroformylation

(@ hydrocyanation of 1,3-butadiene

(e) olefin metathesis
{f} methanol carbonylation
(g) polymerization of an alkene

Suggest a catalyst and appropriate reaction conditions for each reaction in Prob-
lem 1.

Replacing PPh, by PBug in Rh(PPh,),Cl causes a loss of catalytic activity. Com-
bining the information from Chapter 5, suggest a reason for this loss of activity.

Reaction of diphenylacetylene with Cp, MoH, led to cis-1,2-diphenylethylene
and Cp,Mo(PhCCPh). Suggest a mechanism. [A. Nakamura and S. Otsuka,
J. Am. Chem. Soc. 94, 1886 (1972).]

- Reaction of Cp,NbCl, with (n-C3H,)MgCl gives an 18-electron mononuclear

complex that adds one equivalent of CO to form Cp,Nb(CO)C;3H;. Present a
scheme to account for these observations. [A. H. Klazimga and J. H. Teuben,
J. Organomet. Chem. 194, 309 (1980).]

Most homogeneous catalysts show a selectivity in hydrogenation of alkenes
(Tables 6.2, 6.3, and 6.4). Suggest a reason for this.

- The complex H3Co(PPhy); is an active hydrogenation catalyst. Suggest the

mechanism for the reaction. (Refer to reaction 6.4 and the relevant discussion.)

Asymmetric hydrogenations are accomplished by an optically active center on
the metal complex. Suggest at least two different ways to generate an optically
active center on a square planar rhodium complex. [See ]. M. Brown and D.
Parker, Organometallics 1, 950 (1982) and references therein.]

Look at the hydroformylation mechanism catalyzed by HCo(CO), (equations
6.35-6.41). Discuss the assumptions made for this mechanism, and account for
the formation of the major impurities (alkane, alcohol, etc.).

The addition of PBu, to a Co,(CO)g hydroformylation mixture leads to a catalyst
that is more selective for 1-alkenes to n-aldehydes, that produces alcohols, and
that is active at more moderate conditions. Account for these observations. [L. H.
Slaugh and R. D. Mullineaux, J. Organomet. Chem. 13, 469 (1968).]

There are several similarities between the mechanisms of alkene hydrogenation
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by CH3Co(CO),(P(OMe);),, hydroformylation by HCo(CO),, and hydroformy-
lation by HRh(CO)(PPh;);. Compare and contrast these mechanisms.

Explain the evidence that implicates metal alkylidenes (carbenes) in olefin me-
tathesis.

Explain in some detail the steric interactions in the metallocyclobutane interme-
diate that lead to specificity in the metathesis reactions.

How does the mechanism suggested for methanol carbonylation account for the
observed dependences on the added reagents?
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Stereochemical
Nonrigidity

Molecules that interchange rapidly between different structures are said to be
stereochemically nonrigid. If the conversion(s) leads to a chemically distin-
guishable species, the process is isomerization; if the conversion(s) leads to a
chemically indistinguishable configuration, the process is fluxionality. The
primary technique for studying stereochemically nonrigid molecules is NMR
spectroscopy, which is convenient for rates from 102 to 105 s~1. (See Chapter
1 for a discussion of kinetic studies by NMR.) In this chapter we shall consider
three types of stereochemical nonrigidity: coordination number isomeriza-
tion, “ring-whizzing,”” or migration of a metal around an unsaturated ring,
and rearrangements in metal clusters.

COORDINATION NUMBER ISOMERIZATION

Transition metal complexes of coordination number four to nine have at least
two possible geometries.2 These geometries may interconvert (leading to
either isomerization or fluxional behavior) at quite different rates depending
on the coordination number.13 The rearrangement mechanisms have been
defined by consideration of solid state structures that lie on the reaction
coordinate between two or more distinct geometries.3-3 Often the rearrange-
ments involve movement along the normal vibrational modes. We shall
consider the interconversions for each coordination number separately.
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Four-Coordinate Complexes

Four-coordinate complexes, in which the metal contains eight d-elec-
trons, may be either square planar or tetrahedral. Platinum and palladium
complexes are invariably square planar, but the smaller nickel may be tetra-
hedral, square planar, or an intermediate along the reaction coordinate be-
tween these two primary geometries.2 Electronic factors (CFSE) favor
square planar complexes, but steric interactions favor tetrahedral ones. Our
discussion will center on complexes of nickel, for which the energy differ-
ences between square planar and tetrahedral are relatively small and inter-
conversions are possible.

The interconversion between tetrahedral and square planar geometries
lies along a vibrational mode and involves relatively little molecular motion
(Figure 7.1). The small molecular motion required suggests rapid intercon-
version. However a spin change is also involved since tetrahedral complexes
are paramagnetic with two unpaired electrons and square planar complexes
are diamagnetic. Thus the interconversion between tetrahedral and square
planar complexes is relatively slow and can be conveniently studied.

1 I

FIGURE 7.1. Molecular motion involved in conversion of tetrahedral to square
planar geometry.

Complexes of the formula NiL,X,, where L is a phosphorus donor and X
is a halide, have been observed as tetrahedral, as square planar, and as
mixtures of the two isomers.1-267 Table 7.1 lists the percentage of tetrahedral
isomer for several different complexes.®? The data indicate that the nature of
the ligands on nickel affects the geometry in a similar set of complexes.6”
Many of the data suggest the preference of larger ligands for tetrahedral
geometry in which the ligand-ligand interactions are reduced. For
Ni(PPh,R),Cl,, as R changes from Me to Et, Pr, and Ph, the structures
become 31, 40, 47 and 100% tetrahedral, respectively. The halide depen-
dence also indicates the preference of larger ligands for tetrahedral geometry
with 31, 59 and 73% tetrahedral for the chloro, bromo and iodo complexes,
respectively. That electronic properties are also important is indicated by the
results on para substituted phenylphosphines.

The kinetics of these reactions are studied by NMR techniques (as de-
scribed in Chapter 1). A typical set of data is shown in Figure 7.2 for

‘ COORDINATION NUMEER ISOMERIiATION

TABLE 7.1

Structures of Several NiL,Cl, Complexes Given as the Percentage of
Tetrahedral Isomer.

percentage
complex tetrahedral at 0°C
Ni(PEt;),Cl, 0
Ni(PPh;),Cl, 100
Ni(PPh,Me),Cl, 31
Ni(PPh,Et),Cl, 40
Ni(PPh,Pr),Cl, 47
Ni[(p-CIC¢H),PMe],Cl, 10
Ni[(p-MeC¢H,),PMel],Cl, 35
Ni(PPh,Me),Br, 59
Ni(PPh,Me),I, 73

Ni(PPh;Me),Br, .7 The resonances for the paramagnetic tetrahedral complex
are contact shifted; those for the diamagnetic square planar complex occur in
the normal aromatic region. The kinetic parameters for the interconversion of
Ni(PPh;R),X; are shown in Table 7.2.7 The rate of isomerization depends on

TABLE 7.2

Rate Constants and Activation Parameters for the Conversion from
Tetrahedral to Square Planar Geometry for Ni(PPh,R),X,.

R X k(10~5s71) AH¥ ASt

Me Cl 2.6 9 —4
Br 0.45 9.3 —6.1
I 29 8.5 —0.6

Et Cl 9.2 9.0 -1
Br 1.6 9.0 —4.7
I > 10 7. —5

Pr Cl 6.6 9.4 —0.6
Br 1.3 9.8 —24
1 >10 8 —3
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m-H, CH,Cl,
p-Ha
o-H,
+40°C
m-H. o-H, p'Ha
+20°C

0°C

—-30°C

m-H, p-H,

—45°C

—30 —20 —10 0 10
contact shift, referenced to TMS

FIGURE 7.2. Proton NMR traces of [MeP(Ph),],NiBr; in CD,Cl, as a function of
temperature. The H, refer to averaged resonances, the H; to tetrahedral, and the
H, to square planar. [Reprinted with permission from G. N. LaMar and E.'O.
Sherman, J. Am. Chem. Soc. 92,2691 (1970). Copyright 1970 American Chemical

Society.]

both R and X although not in a readily explainable manner. For fixed R the
rate depends on the halide (Br < Cl1 < 1); for constant X., t'he R group d.epen-
dence is Me < Pr < Et. Apparently the factors determining the kmetl.cs. are
complex and involve a combination of steric and electronic effects. This is in

COORDINATION NUMBER 1ISOMERIZATION

contrast to the thermodynamics where the preference for tetrahedral
(X=Cl <Br<I and L =R3P < ArR,P < Ar,RP < Ar;P) is clearly under-
standable in terms of steric effects.

Five-Coordinate Complexes

Five-coordinate rearrangements are important for five-coordinate com-
plexes and for intermediates in dissociative reactions of six-coordinate
complexes.B-10 Two geometries are observed in five-coordination, trigonal
bipyramidal and square pyramidal. Both geometries and the interconversion
between them are shown in Figure 7.3. Five-coordinate complexes are
usually trigonal bipyramidal; but five-coordinate intermediates generated by
dissociation from six-coordinate complexes are often square pyramidal.

4 4 o )
.2 /i A4
1—K <———>1<———>1
3 N 5
! 3 5

3
4\ ;1
«2 I,’ 2
1—K. =1
<3 \'5
A

)

3

FIGURE 7.3. The interconversion between trigonal bipyramidal and square pyra-
midal geometries.

For five-coordinate complexes of trigonal bipyramidal geometry there
are two symmetry-distinct coordination positions; the three equatorial posi-
tions are equivalent (1, 2 and 3 of Figure 7.3) but distinct from the two axial
positions (4 and 5 in Figure 7.3). The two different environments should be
detectable by experimental measurements. X-ray diffraction experiments do
confirm the geometry and show bond differences between the axial and
equatorial ligands. NMR studies of molecules such as PF;5 and Fe(CO); (*F
and 13C respectively) show only one resonance.8-10 This indicates that there
is a chemical process that averages the environments of the axial and equato-
rial positions on the NMR time scale but not on the X-ray time scale.

There are two primary sources of five-coordinate complexes, Group V
species and d8 transition metal complexes. Species of both types undergo
rapid intramolecular rearrangements. Since in many cases the exchange can-
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FIGURE 7.4. Fluorine NMR spectra of CF;Co(CO)3(PFs) at 30° and —70° (refer-
ence, CFCl,). [Reprinted with permission from C. A. Udovich and R. J. Clark, J.
Am. Chem. Soc. 91, 526 (1969). Copyright 1969 American Chemical Society.]

not be stopped (on the NMR time scale) at temperatures as low as —150°C,
the activation barrier must be quite low (see Chapter 1). A mechanism in-
volving pseudorotation along the normal coordinates as illustrated in the
bottom of Figure 7.3 has been suggested.!! The procedure may be viewed as
holding one equatorial position of the trigonal bipyramid fixed and bending
the other two equatorial positions apart. The two axial positions bend away
from the one stationary equatorial site, leading to the square pyramid. The
reaction may proceed to a new trigonal bipyramidal configuration or return to
the starting configuration.

For many five-coordinate complexes the exchange cannot be stopped on
the NMR time scale.8-11 One of the first that was investigated was
CF,Co(CO)3PF3.12 The room temperature F NMR spectrum shows an
averaged environment for the complex, as shown schematically in Figure 7.4
where the methyl fluorines are downfield from the reference and the PF;
resonances are broad and upfield. Lowering the temperature to — 70°C stops
the exchange and leads to the two isomers shown in Figure 7.5.12

A number of HML, complexes have also been investigated; the tempera-
ture-dependent NMR spectra are shown in Figure 7.6 for HRh(P(OEt)3), R

CF, CF,
.CO CO
PF,—K co—
co co
co PF,

C T

FIGURE 7.5. Suggested structures of the two low-temperature isomers of
CF;3Co(CO);PF;.
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<
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FIGURE 7.6. Observed and
calculated hydride region
proton (90 MHz) NMR
spectra for
HRh[P(OC;Hg);]4 in
CHCIF;. [Reprinted with
permission from P. Meakin,
E. L. Muetterties, and J. P.
Jesson, J. Am. Chem. Soc. 94,
5271 (1972). Copyright
1972 American Chemical
Society.]
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The —134°C spectrum does not represent a low-temperature limit spectrum
but does indicate a Cj, ground state. The calculated lineshapes shown in
Figure 7.6 were obtained assuming a first order low-temperature limit corre-
sponding to a C,, geometry with the NMR parameters Jyr, =9 Hz,
Jup,, = 152Hz, andJyp, =5 Hz.13 The kinetic parameters (AH¥ = 5.2 kcal /
mole and ASt=—11.9 eu) were also obtained. By similar techniques the
activation barriers of the five coordinate HML, species shown in Table 7.3
were obtained.13 These data illustrate one feature that is commonly observed:
The rate of intramolecular interchange is firstrow > second row > third row.
These hydrido complexes, HML,, are best described as a tetrahedral arrange-
ment of phosphorus ligands with the hydride capping a tetrahedral face, and
a hydride tunneling mechanism is favored.13

TABLE 7.3

Activation Barriers for a Series of HML, Complexes Obtained from
Dynamic NMR Investigations.

compound AG# (kcal/mole)

HRh([P(OE),), 7.25
HIK(CO),(PPhs), 8.4
Fe(PFy)s <5
Ru(PF,)s <5
Os(PF,)s <5
HFe(PF,); <5
HRu(PE3)f 7.0
HOs(PFs); 8.0
HCo(PF,), 55
HRh(PE;), 9.0
HIr(PF,), 10.0

In cases where steric interactions may be involved, M [P(OMe);]5, the
order of dependence on the metal is altered as shown by the data in Table
7.4.14 The ruthenium complex has the lowest activation barrier in contrast to
the trends shown in Table 7.3 where steric interactions are not as important.
The steric interaction is shown nicely by the increase in activation barrier for
Fe[P(OEt),]5 over that of Fe[P(OMe),]s.

The rate of exchange in Fe(CO)s is too rapid to be investigated directly by
NMR. However the exchange frequency was calculated from time-averaged
chemical shifts and weighting factors obtained from infrared data.!> The

RDIN, NU. MERL

TABLE 7.4

Activation Parameters for Intramolecular Rearrangement in MLy Systems.

complex AGH
Fe[P(OMe);]s 8.8
Ru[P(OMe);]5 7.2
Os[P(OMe);]5 7.6
Fe[P(OEt),]5 11.3

value determined, 1.1 X 1010 5=, is very rapid and suggests an exchange
mechanism based on normal vibrational modes.

Most of the studies of five-coordinate complexes have centered on 18-
electron species because these are readily accessible. A few studies have been
accomplished on intermediates generated by ligand dissociation from six-
coordinate complexes. For these intermediates the important question is
whether the intermediate exists long enough to undergo rearrangement. The
best estimate of the lifetime for an intermediate from ligand dissociation is
10~5s. This is about the rate observed for intramolecular rearrangement in
18-electron five-coordinate complexes. As discussed in Chapter 4, CO disso-
ciation from Mn(CO)sBr leads to Mn(CO),Br, which does undergo intramo-
lecular rearrangement.16 This is in contrast to Mo(CO),PPhj, which appar-
ently is rigid.}” The only conclusion possible for 16-electron five-coordinate
complexes is that one should be aware of the possibility for intramolecular
rearrangement in intermediates generated by dissociation from six-coordi-
nate complexes. Too little information exists to make further generalizations
at this point.

Six-Coordinate Complexes

Six-coordinate complexes differ from four-coordinate and five-coordi-
nate complexes in that they have one predominant isomer.1.2 Complexes that
are octahedral do not rearrange to trigonal prismatic species with any finite
lifetime. The reactions that we shall consider are isomerization and racemiza-
tion of octahedral complexes. Often these processes occur by dissociation of
the ligands from an octahedron. Because this process is not distinct from
ligand substitution as discussed in Chapter 3, we shall not be concerned with
it here. The reactions to be considered in this section involve rearrangement
without complete dissociation of a ligand from the coordination sphere. Two
types of mechanism will be considered, one involving dissociation of one end
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of a chelating ligand and the second involving twists of the intact octahedral
complex. In both cases the most informative examples involve tris-chelate
complexes that are substitutionally inert.18-20

The bond-rupture mechanism involves dissociation of one end of a
chelate ligand leading to a five-coordinate intermediate followed by reat-
tachment of the chelate. The five-coordinate intermediate may be either a
trigonal bipyramid or a square pyramid, and it may be either rigid or flux-
ional. These possibilities can lead to racemization for a symmetrical chelate or
to racemization and isomerization for an unsymmetrical one. The case for an
unsymmetrical chelate is shown in Figure 7.7. The analysis is further compli-
cated by the possibility of mixtures of intermediates.

The twist mechanism can be considered as a rotation of one trigonal face
of an octahedron while the opposite face remains in its original position.18
Two possibilities are shown in Figure 7.8. The rotation about the real Cj axis,
which leads to inversion of configuration without isomerization, is called a
trigonal twist. The twist mechanisms can be thought of as

octahedral == [trigonal prismatic] @2 octahedral

O
O
\\N — fac-A
N or
O/ mer-A
(O
/N N
(@] N
— N — fac-A
O N or

© o_—>facA
Q

A

fac-A
mer-A
mer-A
fac-A

fluxional five-coordinate
intermediate

FIGURE 7.7. Possible isomerizations and racemization of a facial unsymmetrical
tris-chelate complex undergoing bond rupture.
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< ( // > trigonal twist
~/
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I X))

FIGURE 7.8. Possible twist mechanisms in isomerization and racemization of
tris-chelate complexes. [Based on ]. C. Bailer, Jr., J. Inorg. Nucl. Chem. 8, 165
(1958).]

reactions in which the trigonal prismatic structure represents the transition
state.18

Sorting out the different intramolecular rearrangements for complexes is
not simple.18-20 The isomerization and racemization of unsymmetrical tris-

chelate complexes can be described in general for the four possible isomers
shown in Figure 7.9,20

fac-A g fac-A
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FIGURE 7.9. Four possible isomers of unsymmetrical tris-chelate complexes.

The rate constants have been evaluated for two Co(Ill) complexes, tris(S-
methylhexane-2,4-dionato)cobalt(Ill),Co(mhd);, and tri.s(benzoylacetonatg)
cobalt(Ill),Co(bzac), (Table 7.5).21-22 The data show d1fference§ for‘ the cis
and trans isomers, the cis isomers undergoing primarily isomerlzatlo'n and
inversion (k, > k;, ks) and the trans isomer undergoing inversion and inver-
sion with isomerization at comparable rates (ks > kg > k3). These rate data
cannot readily be accommodated into one mechanistic path. It has been
concluded on the basis of these rate constants that Co(mhd), follow{s‘a bond-
rupture mechanism primarily through a trigonal bipyramidal transition state
with the unidentate chelate occupying an axial site. However, some of the

TABLE 7.5

Rate Constants for Isomerization and Racemization of Two Unsymmetrical
Tris-chelate Complexes. The Rate Constants Are as Defined in Scheme 7.1.

k(10%s71) Co{mhd), Co(bzac),
ky 0.11 0.02
ky 0.96 1.81
ks 0.05 0.01
ky 0.46 0.67
ks ~0 0.44
kg 0.86 1.29

COORDINATION NUMBER ISOMERIZATION

transition states are trigonal bipyramidal with the unidentate chelate in an
equatorial site (10%) and some are square pyramidal with the unidentate
chelate in the axial site (20%).20 The other complex Co(bzac), could be ac-
commodated equally well by bond rupture with 80% axially substituted
trigonal bipyramidal and 20% axially substituted square pyramidal interme-
diate and by a twist mechanism with 20% trigonal twist.20 The best way to
differentiate between the two mechanisms is by comparing rates and activa-
tion parameters for the isomerization (racemization) to those for dissociation
of the chelate. The oxalate complex of Rh3+, Rh(ox)3 ™, illustrates this compar-
ison. The similarity in activation parameters for aquation, for 180 exchange of
the bound oxygen of oxalate, and for racemization strongly suggests that
bond rupture is the mechanism. The comparison is shown in Table 7.6.20 The
activation parameters indicate a similar rate-determining step for the three
reactions, probably a bond rupture. Bond rupture must be the mechanism for
the exchange of the coordinated oxygen of oxalate for free 180, and it can be
involved in the replacement of oxalate (aquation). The comparison suggests
that racemization also occurs by bond rupture.

Racemization of Ni(en);* was investigated

A (AAD) == A (606)

and found to occur at a rate of 5.5 X 103s~1 (AGt = 15.7 kcal/mole) at
100°C.2% Comparison to N,N’-dimethylethylenediamine, where bond rup-
ture would lead to an interconversion of the dl and meso isomers that is not
observed, suggests that the racemization occurs by a twist mechanism.

Intramolecular racemization and isomerization of octahedral complexes
occur relatively slowly either by dissociation to five-coordinate intermediates
or by a twist mechanism (rotation of one octahedral face with respect to the
other).

The complex H,Fe(P(OEt);), has been investigated by variable-tempera-

TABLE 7.6

Comparison of Rate Data for Three Reactions of Rh(ox)j~.

reaction Kops(108s~1) AH*(kcal/mole) ASt(eu)
180 exchange® 14.7 23.4 —6.3
aquation 0.9 25.5 —7.8
racemization 19.7 23.3 —8.2

@ This is exchange of the coordinated oxygen on oxalate for free 180.
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ture NMR.23 The changes in the spectrum with temperature are shown in
Figure 7.10. The high-temperature spectrum (68°C) clearly shows the equiv-
alence of the phosphorus nuclei; the low-temperature spectrum indicates the
cis stereochemistry of the rigid molecule. A number of mechanisms including
twists were investigated, but the only mechanism giving satisfactory agree-

observed complete first order
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FIGURE 7.10. Calculated and observed NMR spectra of H,Fe[P(OEt);], at various
temperatures. {Reprinted with permission from P. Meakin, E. L. Muetterties, F.
N. Tebbe, and J. P. Jesson, J. Am. Chem. Soc. 93, 4701 (1971). Copyright 1971
American Chemical Society.]

COORDINATION NUMBER ISOMERIZATION

ment involves a hydrogen migrating from one face of the pseudotetrahedral
arrangement to another.23 It is significant that the octahedral complex under-
goes rearrangement with a substantially higher barrier (13.7 kcal /mole) than
HMP complexes (Table 7.3). This can also be seen in the higher temperature
required for the fast-exchange limit.

Seven-Coordinate Complexes

Seven-coordinate complexes are not often observed, but they are of
considerable interest as intermediates in associative reactions of six-coordi-
nate complexes and in dissociative reactions of eight-coordinate com-
plexes.1-2 Three geometries are commonly found, a pentagonal bipyramid
derived from the octahedral arrangement by addition to an edge, a capped
octahedron with the seventh ligand occupying a face position of an octahe-
dron, and a capped trigonal prism with a square face capped.2¢ These possi-
bilities are shown in Figure 7.11. The energy differences between these geo-
metries are small as only minor movement is required to interconvert (Figure
7.12). Calculations show barriers to interconversion between these three
isomers of 0 -4 kcal /mole.?4 Values for several complexes are shown in Table
7.7. Thus, under most experimental conditions seven-coordinate complexes
are stereochemically nonrigid.

TABLE 7.7

Calculated Relative Values of the Energy of the Pentagonal Bipyramid,
Capped Octahedron, and Capped Trigonal Prism for d4-Configurations.

geometry MCl, M(CO),
pentagonal bipyramid 0 0
capped octahedron 1 5
capped trigonal prism 2 4

The chromium complex Cz[P(OMe);]sH; has a pentagonal bipyramidal
structure with the two hydrogens in the pentagonal plane as shown by 31P
NMR at —130°C. The high-temperature limit spectra show a triplet for the
31P and a sextet for the 1H. Detailed analysis of the mechanism for the
intramolecular exchange was not offered, but a scheme involving simulta-
neous exchange of two axial phosphorus ligands with two equatorial ligands
would be consistent with the varjable-temperature NMR.25

25



SEVEN,/ STEREOCHEMICAL NONRIGIDITY

134 of 166

FIGURE 7.11. Seven-coordinate geometries as derived from an octahedron.

The reaction dynamics of bis{1,2-bis(dimethylphosphino)ethane]tricar-
bonyltitanium, Ti(Me,PCH,CH,PMe,),(CO);, have been investigated by
variable-temperature NMR.26 The structure of this analogue of Ti(CO), was
shown to be a capped octahedron (structure B in Figure 7.11) in whicha CO is

'COORDINATION NUMBER ISOMERIZATION
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FIGURE 7.12. Rearrangements of the idealized seven-coordinate geometries.
[Based on R. Hoffman, B. F. Beier, E. L. Muetterties and A. R. Rossi, Inorg. Chem.
16, 311 (1977).]

the capping group. Both 13C and 3!P spectra were investigated at variable
temperatures, and the exchange was stopped at —115°C where the 31P
spectrum showed four distinct, equally intense resonances. This is one of the
few seven-coordinate complexes in which the exchange can be stopped and
investigated. The change in the resonances as the temperature was raised to
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—60° allowed determination of the activation parameters for the dynamic
behavior (AGt = 7.8 kcal/mole; AH} = 8.6 kcal/mole; ASt = 4 eu).?6 A tri-
gonal twist of the face of the octahedron occupied by three phosphorus
ligands was suggested as the simplest mechanism consistent with the NMR
data.

Eight-Coordinate Complexes ;

Eight-coordinate complexes are commonly observed for the high oxida-
tion state (+4, +5) of the early transition metals.12 Two geometrical forms
are observed, the square antiprism and the dodecahedron (Figure 7.13). Each
of these structures can be readily derived froma cube, the square antiprism by
rotating one face by 45° relative to the opposite face and the dodecahedron
by closing the cube along opposite faces. Conversion between the two occurs
relatively rapidly along vibrational modes.?? A possible scheme is shown in
Figure 7.14. The Mo(CN)3~ complex shows a dodecahedral arrangement of
cyanides around molybdenum that would give two different environments
for the two CN~ groups. In solution only one 13C NMR signal is seen. This is
most readily explained by a rapid equilibration as shown in Figure 7.14.27

FIGURE 7.13. The square antiprism and the dodecahedron for eight-coordinate
complexes. [Reprinted with permission from S. J. Lippard, Progress Inorganic
Chemistry 8, 115 (1976). Copyright 1976 S. ]. Lippard.]

COORDINATION NUMBER ISOMERIZATION

D,, = dodecahedron

D,4-square antiprism

C,,-bicapped (square face) trigonal prism

FIGURE 7.14. Rearrangement in eight-coordination. [Based on E. L. Muetterties
Inorg. Chem. 4, 769 (1965).] ,

Nine-Coordinate Complexes

Nine-coordinate complexes have not been very extensively investi-
gated.12 The geometry observed for almost all nine-coordinate complexes is
the symmetrically tricapped trigonal prism.28 This geometry is related by a
stretching motion to the monocapped square antiprism. The rearrangement is
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FIGURE 7.15. The suggested intramolecular path for stereochemical nonrigidity
in nine-coordinate complexes. [Reprinted with permission from L. J. Guggen-
berger and E. L. Muetterties, J. Am. Chem. Soc. 98, 7221 (1976). Copyright 1976
American Chemical Society.]

shown in Figure 7.15. The barrier to this intramolecular rearrangement is
calculated to be very small, but experimental data demonstrating the rear-
rangement have not been presented.?8

METAL MIGRATION IN AN UNSATURATED
RING —RING WHIZZERS

When a metal coordinates to a ring with more than one equivalent position,
characterization by NMR often indicates an equilibration. The cyclopenta-
dienyl ring, #1-CsHs, serves as an example (Figure 7.16). Only one resonance
is seen in the proton NMR despite the existence of three nonequivalent sites
in the static structure.28 The process that equilibrates the three sites is metal
migration around the ring, and complexes that show such behavior are com-
monly termed “ring whizzers.” We shall examine several examples that
iltustrate different ring whizzers.

FIGURE 7.16. Nonequivalent hydrogens in a static structure on an #!-C;Hs com-
plex.

" mesAL MIGKATION IN AN UNSATURATED RING — RING WHIZZERS

(7°-CsHg)(n1-C;Hy)Fe(CO),
. One of the first complexes that demonstrated fluxional behavior for a
ring complex was (#5-C5Hs)(17'-C5H;s)Fe(CO),,

Cp\
Fe(CO),

which shows two singlet resonances of equal intensity at room tempera-
ture.2% The NMR spectra at several temperatures are shown in Figure 7.17. At
—80°C the spectrum shows a sharp single resonance from 1°-CsHs and a
singlet from the unique hydrogen on 7!-CsHs. The assignment of the two
multiplets is crucial to the mechanistic interpretation; the downfield signal is
assigned to the H,, hydrogens as defined in Figure 7.16.29 As the spectra in
Figure 7.17 show, the collapse of the low-temperature spectrum is unsym-
metrical (the Hy, hydrogens are exchanging more rapidly than H_'s). This rules
outa random process or any process in which all sites become equivalent and
limits the reasonable mechanistic possibilities to a 1,2 metal migrationora1,3

+30°C J\

—40
—52
—56
—60
—64

-80Y.
—100] c

S

|
T 3.5 4.0 4.5 5.6 6.0 6.5 7.0

FIGURE 7.17. Variable-temperature proton NMR spectra of (1°-CsHs)
(1*-C5H;)Fe(CO), in CS,. {Reprinted with permission from F. A. Cotton, Acc.
Chem. Res. 1, 257 (1968). Copyright 1968 American Chemical Society.]
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FIGURE 7.18. The definition of 1,2 and 1,3 metal migration for fluxional isomer-
ism in #-CsHjs complexes.

metal migration as shown in Figure 7.18. The effect of a 1,2 shift on the
hydrogen positions can be illustrated as shown below.

Ha I—Ib
Hb a
H. 1.2 shift, H,
Hc H:
Hb Hc

With the 1,2 shift both Hy’s are equilibrated in a single migration while only
one H_ is equilibrated. Thus the H,, would exchange more rapidly than H_ as
observed in the NMR spectrum. The 1,3 shift would lead to more rapid
equilibration of H, than H,.

H, H,
H, H

Hc 1,3 shift Ha
Hc Hb
Hb Hc

The 1,2 shift is thus demonstrated for the metal migration in the n!-cyclopen-
tadienyl ring of (13-CsH;)(#1-CsHs)Fe(CO), .29

(m*-CgHg)Ru(CO),

Cyclooctatetraene complexes also allow for metal migration around the
unsaturated ring. The complex (17*-CgHg)Ru(CO), (Figure 7.19) serves as an
example.?-30 The NMR spectrum at low temperature (— 147°C) shows four
distinct resonances of equal intensity, but at room temperature there is only
one sharp resonance, indicating complete equilibration.3° The spectra at dif-
ferent temperatures are shown in Figure 7.20. An unsymmetrical collapse like
that of (75-C5Hs)(n1-CsH;)Fe(CO), is observed. After assignment of the
spectra and interpretation of the possibilities, a 1,2 shift was again suggested.

METAL MIGRATION IN AN UNSATURATED RING — RING WHIZZERS

By 4
a
)
o ’ ﬁ y
OC"/‘R"\
oC co

FIGURE 7.19. Static structure of (1*-CgHg)Ru(CO); showing the four different
hydrogen positions. [Reprinted with permission from F. A. Cotton, A. Davison,
T.J. Marks, and A. Musco, |. Am. Chem. Soc. 91, 6598 (1969). Copyright 1969
American Chemical Society.]

The activation energy of 9.4 kcal/mol indicates the ease of metal migration
along the unsaturated CgHj ring.

Cycloheptatriene Complexes

The predominant mechanism for metal migration in unsaturated ring
systems is the 1,2 shift. This mechanism is observed for #1-CsH; complexes,
(n*-C;H;)Re(CO)5, 73-C;H, complexes, n*-C¢Rq rhodium complexes,
n*-CgHg complexes, #°-C,H, complexes, and some #5-CgH;Me, complexes.
In this section we shall examine two cycloheptatrienyl complexes in which
1,3 and 1,4 shifts are suggested.31:32 For a cycloheptatriene complex such as
(m*-C,Hg)Fe(CO);, a simple 1,2 shift is not possible and the proton NMR
spectrum shows no line broadening up to 100°C. However a high energy
process does exchange the environments.3! Two possible mechanisms are
shown in Figure 7.21. The 1,2 shift must be accompanied by ring closure to
the norcaradiene intermediate. The alternativeis a 1,3 shift through an unsat-
urated intermediate. The mechanism of rearrangement was investigated by
spin saturation transfer of the proton NMR.3! A number of mechanisms can
be ruled out based on the lack of scrambling of the exo and endo substituents
in the d; complex. The free energy of activation is 22.3 kcal/mol.3! The
selective nature of the averaging process was only consistent with a 1,3 shift.
The results of an extended Hiickel molecular orbital calculation suggested an
1? transition state/intermediate with the iron shifted toward the interior of
the cycloheptatriene.31

The rearrangement of the cycloheptatrienyl complex CpRu(CO),-
(11-CyH;) has been interpreted in terms of two concurrent modes, a 1,2 shift
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FIGURE 7.20. The variable-temperature NMR spectra of (*-CgHg)Ru(CO), with
computer simulation for a 1,2 shift at the right. [Reprinted with permission from
F. A. Cotton, A. Davison, T. J. Marks, and A. Musco, J. Am. Chem. Soc. 91, 6598
(1969). Copyright 1969 American Chemical Society.]
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FIGURE 7.21. Possible mechanisms for rearrangement of cycloheptatriene com-
plexes.

and a 1,4 shift.32 The structure of CpRu(CO),(#!-C;Hy) is shown in Figure
7.22. The spin saturation transfer technique was used to explore the possible
migration pathways.32 Rate constants for the different possibilities were cal-
culated from the 13C NMR data; for the 1,2 shift k= 1.7 X 10—2s~1, for the
1,3 shift k =~ 0, and for the 1,4 shift k = 0.3 s~1.32 This suggests that the 1,2
and 1,4 shifts are of comparable energy (AGt = 19 kcal/mol).

CpRu(CO),

6 7| H,

3 2

FIGURE 7.22. The structure of CpRu(CO),(1'-C,H,) with the numbering scheme.

An allene complex (this is not formally an unsaturated ring system) also
undergoes fluxional behavior.33 The structure of (72-Me,C=C=CMe,)
Fe(CO), is shown in Figure 7.23. The proton NMR spectrum at room temper-
ature shows only one resonance although at low temperature the spectrum is
resolved.33 The rearrangement must involve migration of the iron from coor-
dination to one double bond to coordination to the orthogonal double bond.
This is illustrated in Figure 7.23. The activation energy for the process was
determined as 9.0 kcal.33

The examples illustrate the ease of metal migration in unsaturated sys-
tems where there are equivalent structural forms. The most common mecha-
nism is a 1,2 shift, but others may be possible, especially if the 1,2 shift is
energetically unfavorable. The metal remains coordinated during the process

~
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FIGURE 7.23. The structure of (#2-Me,C=C==CMe,)Fe(CO), and migration in
its fluxional behavior.33

and must migrate along the electron density from one energy minimum to
another. -

METAL-METAL BONDED SYSTEMS

In systems that involve more than one metal center, the exchange of ligands
between metal centers is commonly observed. This type of stereochemical
nonrigidity has been investigated extensively as a possible model to surface
mobility of chemisorbed species.34 The fluxional behavior of metal carbonyl
clusters is the most frequently studied of the metal-metal bonded complexes.
The bonding of carbon monoxide in metal clusters may take different forms
as shown in Figure 7.24. These structures are models for carbon monoxide
mobility on clusters and for the rearrangements of other ligands such as nitric
oxide, isocyanides, and hydrides. We shall examine the fluxional processes in
a few cluster compounds.

.
%

M—C=0 M——M
terminal edge-bridging face-bridging

FIGURE 7.24. Bonding modes of terminal, edge-bridging and face-bridging car-
bon monoxide in metal clusters.

Metal Carbonyl Dimers

Dimers are not clusters but the intramolecular rearrangements of dimers
provide data on exchange of ligands between two metal centers. For
Co,y(CO)s in solution, infrared spectroscopy reveals two forms, one bridged
and one nonbridged (Figure 7.25). This molecule is fluxional on the NMR

Ml | JEL.. ED 5.

O O

c__C
N/ ~ N\ S I
*COACO_ _CO‘CO_
/ \ | N

FIGURE 7.25. The solution structures of Co,(CO)g.

time scale below —90°C, but the mechanism has not been established 34
Conversion of the bridged isomer to the unbridged and back would be logical
steps.

The iron dimer Cp,Fe,(CO), has been investigated extensively by a
number of techniques; of these NMR is the most informative.34.35 The com-
plex exhibits only one resonance in the 1H spectrum down to —48°C, but the
peak splits to two singlets at lower temperatures.35:36 These two singlets are
assigned to cis and trans isomers as shown in Figure 7.26. The NMR spectra at
different temperatures are shown in Figure 7.27. Note the slight preference
for the cis isomer. The interconversion between the two isomers occurs with a
rather low activation barrier (AGt = 10.4 kcal /mole). Carbon-13 NMR has
shown that bridge-terminal CO exchange in the cis complex occurs with an
activation barrier very similar to that for isomerization, but the bridge-termi-
nal CO exchange of the trans complex was considerably more facile. These
data suggest a simultaneous breaking of the two bridge bonds with a CO
moving to a terminal position on each iron. Bridge-terminal exchange in the
trans isomer would occur by just this process, leading to an intermediate as
shown in the top part of Figure 7.28 where all four COs are equivalent.
Cis-trans isomerization and bridge-terminal exchange in the cis isomer re-
quire simultaneous breaking of two bridge bonds and rotation of one iron by
120° with respect to the other. This rotation requires an additional activation
barrier and slows these processes relative to the bridge-terminal exchange in
the trans isomer. In the larger ruthenium analogue, the cis-trans isomeriza-
tion could not be stopped at the lowest temperature investigated.36 In a
complex where the cyclopentadienyls are linked and cannot rotate,
(119-C1oHg-C;,Hg)Fe,(CO), (Figure 7.29), exchange of bridge and terminal
COs occurs only above 80°C.34

O O
C 0]
ENIANIPE S NI N
Fe——Fe Fe Fe
/ N_/ \ /7 N_/ \
oC coO co <C p
] O
cis trans

FIGURE 7.26, The cis and trans isomers of Cp,Fey(CO),.
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FIGURE 7,27. The proton NMR spectrum of Cp,Fe,(CO), shows the interconver-
sion between cis and trans isomers that equilibrates the environment of the
~ hydrogens. [Reprinted with permission from J. G. Bullitt, F. A. Cotton and T. J.
Marks, Inorg. Chem. 11, 671(1972). Copyright 1972 American Chemical Society.]

Trinuclear Clusters

The trimetaldodecacarbonyls are diverse in structure and fluxional be-
havior.34 The iron complex adopts the bridged structure; the ruthenium and
osmium complexes have the nonbridged structure as shown in Figure 7.30.

METAL-METAL BONDED SYSTEMS

Cp
Cco CcO
Cco Cco
Cp
Cp Cp
CoO Cp Cp Cco
or
o€ Co oC Co

C
O
FIGURE 7.28. The nonbridged intermediates in the fluxional behavior of
Cp,Fey(CO), . The trans isomer leads only to the top possibility in which the four
COs are equivalent. The cis isomer may lead to either of the lower possibilities.

Since the COs are nonequivalent in the cis isomer, rotation must occur for
bridge-terminal exchange.36

The iron and ruthenium complexes in solution are fluxional to —100°C
showing only a single resonance in the 13C NMR; the osmium complexis rigid
at room temperature,3* No mechanistic detail has been obtained for the
M;(CO),, species in solution.

The exchange process has been investigated for the trimer Cp3Rh3(CO);,
which exists in two isomeric forms (Figure 7.31).37 Both isomers undergo
fluxional processes without converting into each other. This is surprising
since a primary suggestion for fluxional behavior of (b) is termed the merry-
go-round for which (a) would be an intermediate.34 The 13C NMR spectra of
(b) at different temperatures were investigated; spectra at two temperatures
are shown in Figure 7.32.37 The quartet at room temperature indicates com-
plete randomization of the three CO groups with the quartet arising from

FIGURE 7.29. The structure of the iron dimer with linked cyclopentadienyls.
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FIGURE 7.30. Structures of the trimetaldodecacarbonyls. The bridged structure
(a) is for Fes(CO);,, and the unbridged (b) for Rus(CO)y, and Osz(CO)45-

coupling to three equivalent rhodium centers. The spectrum recorded at
—125°C is consistent with a pairwise bridge-opening mechanism for the
exchange process. The activation energy, AGH = 8.9 kcal/mol, was derived
from the intermediate-exchange spectra.3” The limiting slow-exchange spec-
trum could not be obtained, but the broadening at —156°C led to an estimate
of 4.8 kcal/mol for AGt for the low-temperature process. An additional
process occurred at high temperature converting (b) into (a). The scheme in
Figure 7.33 was suggested to account for these observations. The essential
feature is the conversion of an edge-bridging carbonyl to a face-bridging one.
The upper part of the scheme accounts for the low-temperature process in
which carbonyl A is always bridging but Band C are terminal part of the time,
explaining the —125°C spectrum. The conversion from X into Y, a face-to-
face interconversion through an edge-bridged intermediate, may be an im-
portant step in carbonyl scrambling on clusters in general.

Tetranuclear Clusters

Tetranuclear carbonyl clusters, My(CO)y;, M = Co,Rh,Ir, also exhibit
nonrigid behavior.34 These complexes adopt one of the two structures shown
in Figure 7.34. Cobalt and rhodium have bridged structures; iridium has the
unbridged structure. The energy difference between the two structures is

Cp

1 co_ Cp

Rh Rh
oc// \\co
C }m Rf/1 C C h—Rh—C
p—Rh—Rh—CLp p—Rh—KRh—Cp

N4 \></

C ¢ C

0o 0 O

(a) (b)

FIGURE 7.31. Two isomers of Cp;Rhy(CO);.37

METAL-METAL BONDED SYSTEMS

+25°

—120°

[ I 1
240 225 210
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FIGURE 7.32. Carbon-13 NMR spectra of the B isomer of CpzRh4(CO); at room
temperature and at —125°C. [Reprinted with permission from R. J. Lawson and
J. R. Shapley, Inorg. Chem. 17, 772 (1978). Copyright 1978 American Chemical
Society.]

probably not large, and the two may be considered intermediates for the
fluxional behavior of the other structure. The rhodium complex Rhy(CO),,
shows only a broad resonance in the 13C NMR at room temperature.38 Heat-
ing to 63°C leads to a quintet as expected for complete equilibration of the

= = = el | — —

A

Y

FIGURE 7.33. Scheme for the scrambling processes in Cp3Rh;(CO);. [Reprinted
with permission from R. J. Lawson and . R. Shapley, Inorg. Chem. 17,772 (1978).
Copyright 1978 American Chemical Society.]

27



Sovmnny’ STERww v EMIC/+e. ¢ o ARIGIL ... .
74
142 of 166
\/ W/
>.Z X.L \./ \./
AN /NN

/l\ PN
FIGURE 7.34. Structures of the tetrametaldodecacarbonyls.

carbonyls. The collapse of this spectrum as the temperature is lowered is
symmetrical, indicating no site selectivity and consistent with an intercon-
version between the bridged and unbridged structures in Figure 7.34.38 The
low-temperature (—65°C) spectrum shows four doublets of equal intensity
consistent with the bridged structure for Rh,(CO),,.3%

The tetra-iridium complexes are interesting in that substitution of one
carbonyl by a phosphorus donor changes the structure from the unbridged

+31°C

2°C

;

—33°C

—=50°C

—58°C

iH

—88°C

-

| 1 1 ] ] ] I ] J
210 190 170 150

ppm
FIGURE 7.35. The variable-temperature carbon-13 NMR spectra of
Ir,(CO),,PPh,Me showing three averaging processes. [Reprinted with permis-
sion from G. F. Stuntz and J. R. Shapley, J. Am. Chem. Soc. 99, 607 (1977).
Copyright 1977 American Chemical Society.]
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isomer to the bridged with the phosphorus donor in the basal plane. The
fluxional behavior of Ir,(CO),,PPh,Me has been investigated.49 The NMR
spectrum indicates three distinct averaging processes as the temperature is
raised from —88°C (Figure 7.35). The low-temperature process equilibrates
the bridging carbonyls with the basal radial carbonyls (defined in Figure
4.11). The next process (about —50°C) equilibrates the two axial carbonyls on
the basal iridiums with two carbonyls on the apical iridium. The remaining
carbonyl is equilibrated in a process above 0°C. Each of these processes
apparently occurs by bridging-terminal exchange with energy differences
governed by location of the phosphine.40

Hydrido Cluster Compounds

The introduction of a hydride ligand offers further possibilities for the
nonrigidity of metal clusters.4! Hydrides are commonly either bridging or
terminal, and the exchange between the two is usually facile. The complexes
H,0s3(C0);; and H,0s5(CO);oPMe,Ph serve as examples of the exchange.
The bridging and terminal hydrides have been investigated by proton
NMR 4243 The reaction is shown in Figure 7.36. The free energies of activa-
tion show very small dependence on theligand Lin H,0s3(CO); oL for a wide
variety of different L groups.#3 A smaller value of AG? for exchange of bridge
and terminal hydrides was observed for smaller or more basic ligands. It has
been suggested that the transition state for bridge-terminal exchange in-
volved a double bridging configuration of one osmium-osmium bond.43 The
series of P(OMe); substituted derivatives of H4Ru,(CO),, are all fluxional
down to —100°C indicating the facility of hydrogen exchange.44 This facility
has led to very little clear mechanistic evidence on hydrogen movement on
clusters. Variable-temperature NMR spectra of [AsPhyJ[H;Ruy(CO);,)
showed the exchange process, but the line shapes could not be fit by a simple
mechanism.45

Three dynamic processes were observed for hydride equilibration on
H,Ruy(CO);o(u-diphos).46 The lowest energy process (observed between
—92and —131°C) was considered to be the movement of a hydride from one

(CO), (CO),
Os Os
CO);0 Os(CO C0),0 Os(CO
( )BIS\ /IS( Ys ( )3/\5 IS( )3
H H L

FIGURE 7.36. The bridging-terminal hydride exchange in H,0s4(CO);; and
H;053(CO),gPMe,Ph.42 L = CO, PMe,Ph
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FIGURE 7.37. Carbonyl labeling scheme for the C, and C; isomers of
H,FeRuOs,(CO);5. [Reprinted with permission from W. L. Gladfelter and G‘. L.
Geoffroy, Inorg. Chem. 19, 2579 (1980). Copyright 1980 American Chermical

Society.]
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FIGURE 7.38. Variable-temperature proton NMR spectra for H,FeRuOsy(CO)y3.
[Reprinted with permission from W. L. Gladfelter and G. L. G'eoffroy, Inorg.
Chem. 19, 2579 (1980). Copyright 1980 American Chemical Society.]
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edge-bridging position to another. This process was observable because the
backbone of the diphos ligand is asymmetric.46 The second process (— 74 to
—92°C) was considered to involve conformational changes of the diphos
ligand with a free energy of 9.1 kcal /mole. The final process (— 40 to — 70°C)
equilibrated all four hydrides, but the precise mechanism could not be deter-
mined.46 .
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FIGURE 7.39. Variable-temperature carbon-13 NMR spectra of
H,FeRuOs,(CO),5. [Reprinted with permission from W, L. Gladfelter and G. L.

Geoffroy, Inorg. Chem. 19, 2579 (1980). Copyright 1980 American Chemical
Society.]
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The hydrido mixed metal clusters H,FeRu3(CO)3, H,FeRu,0s(CO);3
and H;FeRuOs,(CO),3 provide the most thoroughly investigated examples of
fluxional behavior in metal-cluster complexes.” The structures and labeling
scheme for the latter are shown in Figure 7.37. The asymmetry provided by
the different metal centers allows considerable mechanistic interpretation
from variable temperature proton and 13C NMR spectra. The spectra for
H,FeRuOs,(CO);5 shown in Figures 7.38 and 7.39 indicate several different
exchange processes.*” The carbonyl environments are equilibrated in three
distinct exchange processes. The first is exchange of bridge and terminal
carbonyls on the iron, probably by the opening of one carbonyl bridge, a
trigonal twist of the Fe(CO); unit, and re-formation of the CO bridge. The
second carbonyl exchange process equilibrates the COs around the Fe-M-M
triangle that contains the bridging COs. A cyclical movement of the COs
around the triangular face (a type of merry-go-round) has been suggested for
this fluxional reaction.4> As indicated by the proton NMR, the hydrogen
atoms are not involved in the two low-temperature exchange processes. The
third process is involved in isomerization, H exchange, and total CO scram-
bling. This was considered a cluster framework rearrangement (Figure 7.40)
with the iron moving away from Os, toward Os, and H, moving simulta-
neously. The combination of framework rearrangement and cyclic
CO exchange allows total exchange of carbonyls and hydrogens in
H,FeRuOs,(CO)y3. Examination of the three clusters H,FeRu3(CO)y3,

|

fo 8 Os,
C

S

FIGURE 7.40. Skeletal rearrangement for the fluxional behavior of
H,FeRuOs,(CO),3. [Reprinted with permission from W. L. Gladfelter and G. L.
Geoffroy, Inorg. Chem. 19, 2579 (1980). Copyright 1980 American Chemical
Society.]

FIGURE 7.41. Possible orientations of the iron friangle within an icosahedral
arrangement of COs: (a) the observed structure of Fe;(CO),; (b) the observed
structure of Osy(CO);;. [Reprinted with permission from B. F. G. Johnson, J.

tCrhe]m. Soc. Chem. Comm. 703 (1976). Copyright 1976 Royal Society of Chemis-
y.

H;FeRu,0s(CO);5 and H,FeRuOs,(CO),; showed identical exchange pro-

cesses except that the activation barrier for each i :
. rocess increased
osmium content of the cluster.4” P with the

The ligand scrambling on larger cluster compounds is more complicated
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to study. The migration of the hydride ligands on Rh13(CO)24H§~ and
Rh5(C0),,H3 ™ indicates that the hydrides move rapidly on the inside of the
hexagonal close-packed structure while carbonyl fluxionality occurred by the
“normal” bridge-terminal exchange.“® The movement of hydrogen atoms on
the inside of the metal framework is directly applicable to hydrogen diffusion
in metals and warrants further investigation.

Metal Rotations within the Ligand Polyhedron
An alternative postulated mechanism for metal-cluster fluxionality in-
volves reorganization of the metal framework within the polyhedron of
ligand atoms. This process has been described in some detail for Fe3(CO);, .42
In the ground state structure the 12 carbonyls describe an icosahedron, and
the iron atoms lie within this icosahedron as shown in Figure 7.41a. Rotation
by 30° would lead to the isomer with all COs equivalent and terminal (Figure
7.41b).59 Similar rotations can lead to other structures. This scheme has the
advantage of equilibrating the COsina single step involving relatively minor
atom motion — as required for reactions with very low activation barriers.*’
At this time there is no evidence to differentiate between ligand motion and
metal motion for the stereochemical nonrigidity of extremely facile systems in
solution. However, the solid state carbon-13 NMR spectrum of Fe3(CO)1,
showed six resonances of equal intensity, inconsistent with a static structure
and suggesting time averaging of the two disordered molecules observed
crystallographicaily.* It has been suggested that the two molecules intercon-
vert by a 60° rotation of the iron triangle, a transition thatis very rapid on the

NMR time scale.50

SUMMARY

Certain classes of metal complexes can be expected to exhibit stereochemical
nonrigidity at moderate conditions without undergoing ligand loss. These
include five- and seven-coordinate complexes, unsaturated ring complexes,
and metal clusters. In each case a combination of NMR spectra and computer
simulation has allowed reasonable mechanistic interpretation of the fluxional

behavior.

* Note that on the X-ray crystallography time scale (10~ 18s) Fe5(CO),, in the solid stateisin
the slow-exchange limit, while on the NMR time scale (10~1-1079%) a fast-exchange spectrum is

observed.

REFERENCES

1. I;;)Purcell and J. C. Kotz, Inorganic Chemistry (Philadelphia; W. B. Saunders
2. F. A. Cotton and G. Wilkinson, Advanced In i ]
. , organic Ch :
ceience, 1972, ganic Chemistry (New York: Inter-
. E. L. Muetterties, Tetrahedron 30, 1595 (1974).
. E. L. Muetterties, J. Am. Chem. Soc. 91, 1636 (1969).
- E. L. Muetterties, Acc. Chem. Res. 3, 266 (1970).
. I_l.glg.oI)’xgnolet, W. DeW. Horrocks, Jr., and R. H. Holm, J. Am. Chem. Soc. 92, 1855
Z. G. N. LaMar and E. O. Sherman, J. Am. Chem. Soc. 92, 2691 (1970).
. R.R. Holmes, Sr., R. M. Deiters, and ]. A. Golen, Inorg. Chem. 8, 2612 (1969).
9. ]. R. Shapley and J. A. Osborn, Acc. Chem. Res. 6, 305 (1973).
10. R.R. Holmes, Acc. Chem. Res. 5, 296 (1972).
11. R.S. Berry, J. Chem. Phys. 32, 933 (1960).
12. C. A Ud.ovich and R. J. Clark, ]. Am. Chem. Soc. 91, 526 (1969).
3. P. Meakin, E. L. Muetterties, and J. P. Jesson, J. Am. Chem. Soc. 94, 5271 (1972).
14. J. P. Jesson and P. Meakin, . Am. Chem. Soc. 96, 5760 (1974).
15. ;-ll.gl;/ie;hnke, R.]. Clark, R. Rosanske, and R. K. Sheline, J. Chem. Phys. 60, 2997
16. J. D. Atwood and T. L. Brown, J. Am. Chem. Soc. 97, 3380 (1975).
17. D.J. Da'rensbourg and A. H. Graves, Inorg. Chem. 18, 1257 (1979).
18. ]. C. Bailar, Jr., J. Inorg. Nucl. Chem. 8, 165 (1958).
19. R. H. Holm, Acc. Chem. Res. 2, 307 (1969).
20. N. Serpone and D. G. Bickley, Prog. Inorg. Chem. 17, 391 (1972) and references
therein.
21. J.G. Go'rd.on Il and R. H. Holm, J. Am. Chem. Soc. 92, 5319 (1970).
;; A. Y. Girgis and R. C. Fay, J. Am. Chem. Soc. 92, 7061 (1970)
. P. Meakin, E. L. Muetterties, F, N. Tebbe, and J. P '
, F.N. 2 .P.Je . Am.
01 09D J. P. Jesson, J. Am. Chem. Soc. 93,
24. R. Hoffman, B. F. Beier, E. L. Muetterties, and A i
, B. F. , E. L. . .R.R
o7, ossi, Inorg. Chem. 16, 511
25. E. A.Van-Catledge, S. D. Ittel, C. A. Tolman
,S.D. , C.A. ,and]. P. Jesson, J. Chem. Soc.
Comm., 254 (1980). Jesson.J- Chem Soc Cher.
26. P.]. Domaille, R. L. Harlow, and S. S. Wreford, Organometallics 1, 935 (1982)
27. E. L. Muetterties, Inorg. Chem. 4, 769 (1965). .
28. L. G. Guggenberger and E. L. Muetterties, . Am. Chem. Soc. 98, 7221 (1976).
29. F. A. Cotton, Acc. Chem. Res. 1, 257 (1968) and references therein.
30. fl.g.lz.g)Cotton, A. Davison, T. J. Marks, and A. Musco, J. Am. Chem. Soc. 91, 6598

N G W

28



31
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.
42.
43.
44.
45,
46.

47.
48.

49,
50.

E

EZREOC AL N orry,

146 of 166

K.J. Karel, T. A. Albright, and M. Brookhart, Organometallics 1, 419 (1982).

D. M. Heinekey and W. A. G. Graham, J. Am. Chem. Soc. 104, 915 (1982).

R. Ben-Shoshan and R. Pettit, J. Am. Chem. Soc. 89, 2231 (1967).

E. Band and E. L. Muetterties, Chem. Rev. 78, 639 (1978) and references therein.
R. D. Adams and F. A. Cotton, J. Am. Chem. Soc. 95, 6589 (1973).

J. G. Bullitt, F. A. Cotton, and T. J. Marks, Inorg. Chem. 11, 671 (1972).

R.]J. Lawson and J. R. Shapley, Inorg. Chem. 17, 772 (1978).

F. A. Cotton, L. Kruczynski, B. L. Shapiro, and L. F. Johnson, J. Am. Chem. Soc. 94,
6191 (1972). ’
]. Evans, B. F. G. Johnson, J. Lewis, and J. R. Norton, . Chem. Soc. Chem. Comm.
807 (1973).

G. F. Stuntz and ]. R. Shapley, J. Am. Chem. Soc. 99, 607 (1977).

]. Evans, Adv. Organomet. Chem. 16, 319 (1977) and references therein.

J. R. Shapley, J. B. Keister, M. R. Churchill, and B. G. DeBoer, J. Am. Chem. Soc. 97,
4145 (1975).

]. B. Keister and J. R. Shapley, Inorg. Chem. 21, 3304 (1982).

S. A. R. Knox and H. D. Kaesz, ]. Am. Chem. Soc. 93, 4594 (1971).

]J. W. Koepke, J. R. Johnson, S. A. R. Knox, and H. D. Kaesz, J. Am. Chem. Soc. 97,
3947 (1975).

M. R. Churchill, R. A. Lashewycz, J. R. Shapley, and S. 1. Richter, Inorg. Chem. 17,
1277 (1980).

W. L. Gladfelter and G. L. Geoffroy, Inorg. Chem. 19, 2579 (1980).

S. Martinengo, B. T. Heaton, R. J. Goodfellow, and P. Chini, J. Chem. Soc. Chem.
Comm. 39 (1977).

B. F. G. Johnson, J. Chem. Soc. Chem. Comm. 703 (1976).

H. Dorn, B. E. Hanson, and E. Modell, Inorg. Chem. Acta. 54, 1.71 (1981).

PROBLEMS -

1.

Reaction of NiCl, with excess PEt, leads to Ni(PEty),Cl,, which can be isolated
and further reacted with a phosphorus ligand, P(CF;)F(Cl), to yield

Ni[P(CF3)F(Cl){(PEt,)Cl, as yellow crystals. Describe this complex in detail given
the following data:

(@) Magnetic susceptibility at 25°C is 0.3 B.M.; at 65°, 1.2B.M.; and at — 100°
0.0 B.M. , ,

(b) Molecular weight studies show that no association or dissociation occurs
from —100°C to +100°C.

(¢) The profon NMR spectrum for the complex in C4Dj at 20° is a broad reso-
nance displaced substantially from the typical C-H proton region.

(d) The proton NMR at —100°C (at both 60 MHz and 90 MHz) is as shown

below. Assume rotation about all bonds is infinitely fast at—100°C and that
the only magnetic nuclei are 'H.

TF b | r_ﬂ‘% CTTTTT

SV, T - B OO T

methylene region methyl region

2t
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. The optically active complex R-cis-Co(en),Cl} undergoes both racemization and
isomerization in CH3OH. Based on the observation that racemization is some-
what more rapid than isomerization, describe the most likely mechanism.

. The analysis of the mechanism of coordination sphere isomerization i.s more
complicated in general than we have presented. The separation of.dlfferer}t
possibilities is very difficult. For five-coordinate complexes an alt.ernat‘lve possi-
bility is termed the “‘turnstile” mechanism. Consider the theoretical differences
between the Berry pseudorotation and the turnstile mechanism; evaluate the
possibility of differentiating between the two mechanisms experimentally. [J. 1.
Musher, J. Am. Chem. Soc. 94, 5662 (1972)].

. Why do five- and seven-coordinate complexes undergo such rapid equilibration?

. The Bailar twist of a tris-chelate complex formally involves rotation around the
C, axis. There exist two other unique faces about which rotation can occur. Show
for the three different faces what isomerization occurs for a fac-R-tris-unsymme-
trical bidentate metal complex.

. What is the order of reactivity toward coordination sphere isomerization for
different coordination numbers? Explain.

. The 13C NMR of (rt-CgHg)Fe(CO), are shown below at different temperatures.
Based on these spectra and on the similarity of activation parameters tf) those for
the (178-CgHg)Ru(CO); complex, assign the spectra and offer a mechanism for the
ring-whizzing phenomenon. {F. A. Cotton and D. L. Hunter, ]. Am. Chem. Soc. 98,

1413 (1976).]

] L

l ~60°C
'L-~_.___/\._._.~___. -108°C
LW -113°C
A M A_n-tiEC
| Y ¥ U U STy

L‘*———U—J_,l -134°C

L i
214.0 211.7

128.8 122.6 92.5 73.7
Cco CcOoT

PROBLEMS

10.

11.

12.

13.

. The fluxional behavior of the complex (1-C,H,)Re(CO); was investigated by the

spin saturation transfer technique. Irradiation of the one position (Figure 7.22)
caused the two and seven position resonances to decrease in intensity with a AH?
of 18.1 kcal /mole and ASt = —5.7 eu. Interpret this observation mechanistically.
[D. M. Heinekey and W. A. G. Graham, J. Am. Chem. Soc. 101, 6115 (1979).]

. Cyclopropenium complexes are another example of ring whizzing. This behavior

has been considered in detail for triphenylcyclopropenium complexes of nickel
and palladium. Suggest a reasonable mechanism, and illustrate the transition
state. [C. Mealli, S. Midollini, S. Moneti, L. Sacconi, J. Silvestre, and T. A.
Albright, J. Am. Chem. Soc. 104, 95 (1982).]

The complex Ir,(CO),(CNCMe,), which has the unbridged structure, undergoes
two processes, a low-temperature one that equilibrates ten carbonyls and a
higher-temperature process that equilibrates the remaining carbonyl with the
ten. Describe the processes that are probably occurring. [G. F. Stuntz and J. R.
Shapley, J. Organomet. Chem. 213, 389 (1981).]

The ligands that occupy the equatorial site of a trimetal cluster have an important

effect on the merry-go-round process. Why? What ligand characteristics provide
for facile equilibration?

The tetranickel cluster Niy(CNCMe,), undergoes a fluxional process that scram-
bles the isocyanides. The complex contains four terminal and three edge-bridging
isocyanides. Suggest a mechanism for the fluxional behavior.

In the dinuclear indeny! complex (C10Hg)Fey(CO),PEt, that contains no bridging
carbonyls,

Q)

(CO),Fe

Fe(CO),PEt,

internuclear CO exchange is observed. Suggest a scheme that incorporates elec-
tron redistribution of the rings.

2¢
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Oxidation-Reduction
Reactions — Electron
Transfer

L

Many inorganic reactions involve a change in the oxidation states of metals.
The ability of metals to assume a variety of oxidation states (the chromium
“subgroup has been observed in oxidation states from —4 to + 6) makes this a
common reaction often utilized in synthetic sequences.!-4 Oxidation-reduc-
tion (redox) reactions involve two species that change in oxidation state, one
increasing (losing an electron) and the other decreasing (gaining an electron).
The thermodynamics of electron transfer depends on the reduction potentials
of the reactants. This topicis treated in general chemistry courses and will not
be covered in this chapter. The complexes that we shall consider are thermo-
dynamically accessible, but they may have a kinetic barrier to reaction. The
kinetic barrier and the mechanism will be our primary focus.
Several examples of electron transfer in inorganic reactions are shown in
the following equations:

A-Os(bipy)3* + A-Os(bipy)3* &= racemization k = 5 X 10~4M—1s~1 8.1
Cr(H, 0)2* + Co(NH, )5 Cl2+ —s

Cr(H,0)s CI2+ + Co(H,0)3* + 5NHf k=105M~1s=1 8.2
*Co(NH;)2* + Co(NH;)3t &==2 *Co(NH,; )3+ + Co(NH,)2* k=10"8M—1s"1 83

*Fe(o-phen)3™ + Fe(o-phen)}t ==
*Fe(o-phen)3* + Fe(o-phen)3t k=10"M~1s~1 84

These equations indicate the types of reaction and the diversity of rates
observed among electron transfer reactions in inorganic systems. Reactions
such as 8.3 and 8.4, which were investigated in the 1950s as radioisotopes
became available, form an important part of the electron transfer

28
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chemistry.1-4 Electron transfer has not been as fully studied in organometal-
lic reactions although some reactions certainly involve electron transfer.

C0,(CO)g + 2PPh; — Co(CO),(PPh, ) Co(CO); + CO _ 8.5
Et;0 _
V(CO)s — V(ELO)F[V(COYs ], 8.6

Recently the reactivity of organometallic complexes has been enhanced by
electron transfer reagents.5-6 - 7

The mechanisms for redox reactions fall into two classifications. An
inner sphere electron transfer is accompanied by marked changes in the
coordination sphere of the transition state, usually with a ligand bridging the
two metal centers. In an outer sphere electron transfer mechanism the
coordination spheres of the reactants remain intact. Differentiating between
the two mechanistic types is in general not easy. Reaction rates for exchange
that are more rapid than for substitution at the metal (as in equation 8.4) are
good evidence for an outer sphere reaction. In describing the product distri-
bution it is necessary to understand the ligand substitutional lability of the
metal centers (Chapter 3). Reaction 8.2 provides an example of the impor-
tance of the metal center on the products. The reactant metal complexes
involve a Cr2*, which is extremely labile, and Co3*, which is inert; the
products are Cr3+, which is inert, and Co?*, which is labile. Thus the loss of
ligands from the cobalt product is a natural consequence of the lability of the
Co?*. Either an inner sphere or an outer sphere mechanism would give the
same products.

Inner sphere:

Cr(H,0)3* + Co(NH, ); C12+ — (H,0)s Cr— Cl—Co(NH, )¢+ + H,0 8.7
(H,0)5 Cr—Cl—Co(NH,3 )¢t — Cr(H,0)5 C12+ + Co(NH,)s H,02+ 8.8
H+

Co(NHj,)5 Hy02+ — Co(H,0)2+ + 5NH} 8.9
Cr(H,0)sCI2+ — Cr(H,0)2* + CI- 8.10
Outer sphere:

Cr(H,0)2* 4+ Co(NH,)5 CI2+ — Cr(H,0)z* + Co(NH,)s Cl*+ 8.11
Co(NH,)sCl* ——s Co(H,0)2* + 5NH} + CI- 8.12
Cr(H,0)3* + CI- — Cx(H,0);C12* + H,0 8.13

ThoewunerICAL ‘CuNSIDERA T IUINS

Thus simple product distribution is not a good means of distinguishing mech-
anistic type in electron transfer reactions.*
All electron transfer reactions are first order in oxidant and reductant,

rate = kfoxidant]{reductant] 8.14

allowing no distinction between inner sphere and outer sphere processes
based on the rate law.347-12 Activation enthalpies are usually low, with
outer sphere mechanisms a bit lower than inner sphere ones; both have
negative entropies of activation. The standard kinetic parameters are not very
useful in differentiating electron transfer mechanisms. Special considerations
are required to distinguish between inner and outer sphere mechanisms. In
later sections we shall consider each mechanism for electron transfer.

THEORETICAL CONSIDERATIONS

Electron transfer by either type of mechanism is subject to the restrictions of
the Franck — Condon principle. The electron weighs much less than the nuclei
and therefore moves rapidly compared to nuclei. Thus during the time of
electron transfer the nuclei remain stationary and bond distances cannot
change. Before electron transfer from one center to another can take place,
the coordination spheres must adjust so that the energy of the system is
unaltered on electron transfer. This is most easily considered for self-
exchange reactions like those of equations 8.3 and 8.4. The M-L bond dis-
tance is shorter for the higher oxidation state metal.t Several examples are
shown in Table 8.1. Before the self-exchange electron transfer can take place
the metal of higher oxidation state must lengthen its bonds and the one with
lower oxidation state must shorten its bonds. The amount of distortion re-
quired to reach a common state is inversely related to the rate of electron
transfer. If large changes are required, then the rate of electron transfer may
be very slow. Coupled with the principles of electronic structures of transition

* Use of 3CI™ free in solution initially showed no incorporation into the chromium prod-
uct, indicating an inner sphere mechanism. In this case, because Cr(H,0)sCI2+ is inert, isotope
labeling allows mechanistic differentiation.

1 A shorter M-L bond distance for the higher oxidation state metal presumes that pi
back-bonding is not important in the metal-ligand bond. When pi-bonding is important, the
lower oxidation state M-L bond may be shorter. An example is V(CO)¢ and V(CO); in which
the V-C distances are 2.001 and 1.931 A, respectively.13.14 In general the metal-ligand bond
distance does change with oxidation state of the metal. In our discussion we shall consider the
metal of higher oxidation state to have the shorter M-L bond.
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TABLE 8.1

Changes in Metal-Ligand Bond Distances as the Oxidation State Changes.

M L MILL, MILL ref
Ru NH, 2.144(4) 2.104(4) 15
Ru H,0 2.122(16) 2.029(7) 16
Co NH, 2.114(9) 1.936(15) 15
Fe bipy 1.97(1) 1.963 17
Co bipy 2.128(8) 1.93(2) 17

metal complexes this concept allows an understanding of some of the reactiv-
ity changes in electron transfer reactions. The self-exchange between
Co(NH,3 )3+ and Co(NHj, )2t is quite slow as shown in reaction 8.3. Since the
Co3* is a low spin d6 and the Co?™ is a high spin d7, the electron transfer
involves a spin change and the reaction would be expected to be very slow.
The e, orbitals are anti-bonding with respect to the metal-ligand sigma bond-
ing framework while the t,, orbitals are nonbonding. Changing the number
of ez electrons has a relatively larger effect on the bonding than does changing
the number of t,, electrons. Typically electron transfer into or out of the e,
orbital is slower than transitions involving t,, electrons. Reactions that in-
volve very small M-L changes with oxidation state may undergo very rapid
electron transfer. Note that the smallest M-L changes with oxidation state
involve differences in t,, electrons (t; and £,).

Since electron transfer involves rearrangement of the coordination
sphere along a normal coordinate, isotope changes should affect the rate.
This has been addressed in recent experiments.17-18 Kinetic isotope effects
were measured for redox reactions of Fe(H,0)*, Fe(D,0);* and
Fe(180H,)2* with M(bipy)3* (M = Fe, Ru, Cr). The oxygen kinetic isotope
effect of k;¢/k1g = 1.08 for chromium was readily predicted as the product of
an electronic interaction and Franck-Condon factors for vibrational modes
as given by the effect of mass change on the frequency of the symmetric
metal-ligand stretching mode. The substitution of deuterium for hydrogen in
the ligand caused a larger kinetic isotope effect (ky/kp = 1.3) than could be
explained by the change in metal-ligand frequency. It has been suggested
that the O-H modes were also involved in the electron transfer.1”

JUTEE  RE eui NTRA. L ; f f ‘ ) Y

OUTER SPHERE ELECTRON TRANSFER

An outer sphere electron transfer may be considered as the following steps:

A+ B==[AB] 8.15
[AB]==[AB]* 8.16
[AB]* == [A~,B*] 8.17
[A-B*]== A~ +B*+ 8.18

where the brackets indicate the reactants are in close proximity (an encounter
complex). Reaction 8.16 involves the structural rearrangement necessary for
electron transfer; reaction 8.17 indicates the electron transfer; and the final
reaction is the movement of the products apart. Since outer sphere reactions
involve no bond-breaking or bond-making they are amenable to theoretical
treatment.3.8:19.20 [n Marcus’s interpretation, for a reaction with AG? = (, the
free energy of activation is the sum of several contributions.2!

kT
AG*=RTIn —+AGEH+ AGH + AGE 8.19

The first term allows for the loss of translational and rotational free energy on
forming the collision complex from the reactants. This term involves con-
stants (Z is the effective collision number) and can be calculated. The AG}
represents the free energy change due to electrostatic interaction between the
reactants at the separation distance in the activated complex compared to the
interaction at infinite separation. The term AG} represents the free energy
change that is required for rearrangement of the coordination sphere —
elongation or contraction of the metal-ligand bonds in the activated complex
and perhaps also rearrangement of the ligand. This normally occurs along the
vibrational normal modes for the molecule. The AG} represents solvent
sphere rearrangement. The solvent would certainly be more attracted to the
higher oxidation state and must rearrange prior to electron transfer. This term
is relatively constant for different M(H,O), complexes in the same oxidation
state. The AG} may be quite different for different ligand systems. A few
examples for hexaaquo complexes are shown in Table 8.2.8 In complexes that
do not differ greatly in oxidation state or ligands, differences in outer sphere
reactivity cannot arise from AG} or AG} and so must arise from changes in
AG}. A measure of AG is the metal-ligand bond distance changes asshownin
Table 8.1 for the different oxidation states. For complexes whose structures
are known, the energy barrier for electron transfer can be calculated from the
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TABLE 8.2

Enthalpies of Solvation for Hexaaquo lons.

MH,0)2* AH (kcal/mole) MMH, 0t AH (kcal/mole)
v+ —267 va+ —610
Cr2t —274 Cr3t —662
Mn2+ —259 Mn3+ —655
Fe?t —282 Fe3+ —629
following classical equations:
E = 3k, (rt — 1,,)2 + 3ky(r, — %) 8.20
rt - Kkt + Kuly 8.21

km + Ky

where k,, and k, are force constants, 7,, and 1, are the metal-ligand bond
distances and ¥ is the bond distance necessary for electron transfer..3'812°
Using these equations for Co(NH; )2+ /Co(NH,)z+ g?’ire's an energy bgmer of
6.8 kcal/mole; the value for Ru(NH;)3*/Ru(NH;)s™ is negligible since the
radius difference is only 0.04 A.16 This small radius change 1111%strates tt'le
small effect when a “nonbonding” t,, electron is removed. The difference in
self-exchange rates for these two systems is a factor of 1015, and 7 kcal/mole
is insufficient to account for such a large difference. The cobalt complex also
must undergo a spin change with a calculated energy djffe:rence of 24..6
kcal/mole. Thus the reorganization energy for the coba.lt—hga.nd bond is
small compared to the spin-change energy. Similar consgierahons for the
species Fe(H,0)2*/Fe(H,0)3* and Ru(H,0)2*/Ru(H,0)3" show that the
reactivity order
2+ 3+ < k for Ru(H,0)2* /Ru(H,0)3*

k for Fe(H,0)g™ /Fe(H,0)g (H,0)™/ (<?< fo(;- Ru(NH, )+ /Ru(NH, )2+

is readily accounted for by the reorganization energies during self-

exchange.16 .
A useful variation of Marcus’s theory called the relative Marcus theory

utilizes self-exchange reactions to calculate the barrier for cross reactions.38
Ox, + Red; —> Red; + Ox;  ky;, AGH 8.22
Ox,+ Redy —> Red, + Ox,  kpp, AGH, 8.23
Ox, + Red, — Red; + Ox,  kyz, AGE; 8.24

UUTER SPHERE ELECTRON TRANSFER

The barrier to the self-exchange reaction is considered to contribute to the
cross reaction as shown below.

AGY, = 0.5 AGE, + 0.5 AGE, + 0.5 AGY, 8.25

The AG}, is lower than the average of the self-exchange free energies because
of the favorable free energy change, AGY,.8 For a series of closely related
reactions (a common oxidant or reductant) a plot of AG, versus AG 9, should
be linear with a slope of 0.5. This has been demonstrated in the oxidation of a

series of iron phenanthroline complexes by Ce(IV) as shown in Figure 8.1.22
The expression for the rate constant is

ki = (k11 kpp Kqpf)1/2 8.26

AG}, — 0.5 AGY (kcal/mole)

0 -2 -4 -6 -8 —10 —12 —14
AG}, (kcal/mole)

. tris(3,4,7,8-tetramethyl-1,10-phenanthroline)
. tris(5,6-dimethyl-1,10-phenanthroline)

. tris(5-methyl-1, 10-phenanthroline)

. tris(1,10-phenanthroline)

. tris(5-phenyl-1, 10-phenanthroline)

. tris(5-chloro-1, 10-phenanthroline)

. tris(5-nitro-1,10-phenanthroline)

NG A QN =

FIGURE 8.1. Relation between AG}, — 0.5AG} and the standard free energy
change of the oxidation-reduction reactions at 25.0°C: open circles, Fe(phen)2*-
Ce(IV) reactions in 0.50 F H,SO,; closed circles, Fe2+-Fe(phen)3* reactions in
0.50 F HCIO,.

2(
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where f is defined as

_ (log K2)?
log f= [4 log (k11 ka2/Z2)) e

which becomes significant only if K; 5, the cross reaction equilibrium constant,
is large. Equation 8.26 is more usefully represented as

log kyg = 0.5 (1og iy + log gy + s + log f) 8.28

at 25°C. Table 8.3 shows the utility of this approach to modeling outer sphere
electron transfer reactions.® It should be emphasized that the calculation of
rate constants is a difficult task. The success for outer sphere electron transfer
reactions further emphasizes the special nature of these reactions.

TABLE 8.3

Comparison of Calculated and Observed Rate Constants for Outer Sphere
Cross Reactions.

reaction observed calculated
IxCI2~ + W(CN)§~ 6.1 X 107 6.1 X 107
[rCI2~ + Fe(CN)$~ 3.8 X105 7 X 105
Mo(CN)~ + W(CN)&~ 5.0 X 106 4.8 X 108
Fe(CN){~ + MnOj 1.3 X 104 5% 103
V(H,0)2% + Ru(NH,)2* 1.5 X102 4.2 X108
Ru(en)3* + Fe(H,0)2* 8.4 X 104 4.2 X108
Fe(H,0)3* + Mn(H,0)2* 1.5 X 104 3 X 104

The validity of the Marcus treatment has been demonstrated in so many
cases that deviations from the expectation are usually indicative of a mecha-
nistic change.?3 Reaction of Co(H,O)3* with a number of reductants occurs
by an outer sphere mechanism. The parameters from these reactions can be
utilized to calculate the Co(H,0)3*2* self-exchange rates, which are 12
orders of magnitude smaller than the experimental value. This has been used
to suggest an inner sphere mechanism through a water-bridged pathway for
the self-exchange.??

It has been shown that the selectivities of the rates of outer sphere redox
processes (as shown in Table 8.4) do not depend on the free energy gain for
reactions where the reorganization energy is small compared to the exother-

OUTER SPHERE ELECTRON TRANSFER

TABLE 8.4

Ki.netic Data for the Reaction of Binuclear Cobalt (Substituted Carboxylato)
with Some Reductants (Structure in Figure 8.2),22

R
reductant CH, CH,F CHF, CF, E®
Ru(NH,)2*  0.035 0.12 0.21 0.36_ 0—10

Cr(+HZO)§+ 146 X 1073 279 X103 3.97 X% 10-3 6.3X1073 —045
Zn*(aq) 55X 108 7.6 X108 1.0 X 109 1.2 X107 —2.0

/
(NH,);Co Co(NH,),
\ /

FIGURE a.z.z. Structure of the dinuclear carbonato complexes that are oxidants in
the reaction described in Table 8.4.

mic contribution.24 The Marcus theory accommodated the free ener i

completely when quadratic terms were included. 24 &g
. Both charge transfer and intervalence transitions can be used to provide
information on thermal electron transfer.25-27 The relationship bztween
electron transfer and intervalence transitions is shown graphically in Figure
8.3.25The intervalence transfer leads to an excited vibrational state through a
photochemical reaction. As a long-range, directed electron transfer progess
between separated redox sites, intervalence transfer may provide an experi-
mental basis for relating optical and thermal electron transfer. Most sttfdies

have centered on Ru2+, Ru3+ compl i
, o I
s 4 plexes bridged by aromatic nitrogen donor

. hy
[(bipy),CIRu!(pyz)RulCl(bpy), + — [(bipy),CIRuM(pyz)RuICI(bpy), P+ 8.29

pyz = pyrazine
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(2,3) 3,2)
@) (b)

FIGURE 8.3, Reaction coordinate diagrams for electron transfer showing the
optical transitions for (a) AG® = 0 and (b) AG° negative.

The theories of Marcus and Hush relate the energy of the intervalence
transfer to the energy of the electron transfer. Outer sphere ch_arge t1.ransfer
transitions have been investigated for a series of mixed-metal ion pairs and
used to compare to the enthalpy change associated with the electro.n transfeF.
Some data are shown in Table 8.5.26 Plots of the energy of the optical transi-
tion versus the enthalpy change for the charge transfer

[MI(CN),Ru(NH, )5 L]~ — [MI(CN)g Rul(NH; )5 L] 8.30

show linear relationships (Figure 8.4), indicating the value of charge-transfer
transitions to the understanding of outer sphere electron transfer rixscha-
nisms. It has been suggested that outer sphere contact between M(CN)g ™~ and
an ammine face of the Ru(NHj )5 L3+ occurs.?6

TABLE 8.5

Spectral and Enthalpy Data for Outer Sphere Charge Transfer in [MI(CN),,
Rull (NH;)sL}~7

M L A AH
Fe py 910 11.0
Fe 4-Mepy 898 11.1
Fe 4-Brpy 932 10.7
Ru 24 643 10.7
Ru 4-Mepy 627 15.9
Ru 4-Brpy 653 15.3
Os py 658 15.3
Os 4-Mepy 626 16.0
Os 4-Brpy 670 14.9

OUTEk 5rreRE ELEC 1 KUN TRANSFER

45.0[
_ 40.0: Ru
L%
S -
&
T -
® L Os
"
= 35.0F
___ Fe
30.0+
IlIIIIIIIIlIIIII
15.0 20.0 25.0

AHY, (kcal/mole)

FIGURE 8.4. A plot of the optical transition versus the enthalpy change for the
charge transfer transition (reaction 8.30).

One feature allows the definite assignment of an electron transfer as
outer sphere: If the rate of electron transfer is more rapid than substitution at
the metal centers, the mechanism can be assigned as outer sphere. This is
because inner sphere electron transfer requires loss of a ligand to open a
coordination site while outer sphere needs no such change in coordination.
Thus a reactant such as Co(NH, )2* or Ru(bipy)3* that is inert to substitution
and does not contain a possible bridging ligand will undergo outer sphere
electron transfer. The examples shown in Table 8.3 further illustrate this
feature. Although Cl~ or CN~ can function as a bridging ligand, neither
IrCIZ~ with an Ir4+ center nor W(CN)4~ undergoes substitution on the same
time scale as the electron transfer. Similar considerations apply to the other
examples.

Much of the recent interest in outer sphere electron transfer has been in
the area of bioinorganic reactions. Cross reactions between nickel(II) pep-
tides and nickel(IlI) peptides have been used to evaluate the self-exchange
rate constants for a number of different complexes.?8 The self-exchange
reaction rates varied with peptide structure, but they could be broadly classi-
fied according to the protonation, triply deprotonated peptides reacting at
1.2X10° M~1s~1 and doubly deprotonated peptides reacting at 1.3 X
10% M~1s~1, It was suggested that the approach of the complexes was close,
probably from an axial direction.28 Reactions between blue copper proteins
— stellacyamin, plastocyanin, and azurin—and inorganic redox reagents —
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1.25

kops (571

1.00

0.75

0.50

0.25

1 ] 1
0.25 0.50 0.75 1.00 1.25

[reagent] X 10° (M)

FIGURE 8.5. Dependences of the observed rate constants on rea_gent c.oncentra-
tion at 25°C. [pH 7.0 (phosphate); u = 0.2 M]. (M) Fe(dipic); -a’zqur_l(II); ()
Co(dipic); -azurin(I); (®) Fe(dipic); "-plastocyanin(Il); (O) Co(dipic)7-plasto-
cyanin(I); (A) Fe(dipic); ~-stellacyanin(II).

is(dipicoli i II)—have been exam-
bis(dipicolinate) complexes of cobalt(IIl) and 1r0n(' '
ine(cl.213 The rate data indicate well-behaved reactions (Figure §.5): The
electron transfer distance of 2-3 A suggests that 'th'e 'hydrophoblc. ligand
penetrates the hydrophobic region of the copper-histidine redox unit.

INNER SPHERE MECHANISMS

Inner sphere mechanisms are characterized by the formation of_a bllrlliiloear
transition state/intermediate during the electron' transfer. refactan. . hA
very important facet of the inner sphere process is fh‘e ‘brldgmg hgax:id that
forms part of the coordination spheres of both the oxidizing and the reducing

" INNER SPHERE MECHANISMS

metal jons.!? The bridging ligand must function as a Lewis base toward both
metal centers —it must have two pairs of electrons that can be donated to
different metal centers. The electron transfer can be considered as several
individual reactions.

MI A4 —NI— MU L —NII 8.31
MU, L—NU —— \MU—[ — NI 8.32
MI—L —NHI — Ml [ NI 8.33
MM —],—NI —— Mil—] 4 NO 8.34

The first reaction is the diffusion-controlled formation of a collision complex.
The second reaction is the formation of a complex, termed the precursor
complex, in which the ligand bridges the two metal centers but the electron
has not been transferred. Reaction 8.33 is the electron transfer leading to the
successor complex. The last reaction is the dissociation of the successor com-
plex to the products. Any of these reactions may be rate determining as
shown by the reaction profiles in Figure 8.6. If reaction 8.32 or 8.34 is rate
determining, the reaction is substitutionally controlled; if the electron
transfer is rate determining, as is most commonly observed, the middle pro-
file is observed, and reaction 8.33 is rate determining. The scheme shown in
reactions 8.31-8.34 represents an atom transfer in which the bridging ligand
is transferred to a different metal center. Atom transfer is not a requirement
for an inner sphere mechanism, but itis a consequence of the kinetic labilities
of the two metal centers in the successor complex. The bridging ligand re-
mains with the more inert metal center.

The same theoretical considerations apply for inner sphere reactions as
for outer sphere—bond lengths must adjust-—but the same theoretical
treatment cannot be accomplished because the reaction also involves bond
dissociation. The most important consideration for inner sphere reactions is
the bridging ligand.

It is instructive to consider an example that illustrates an inner sphere
reaction, the reaction of Cr(H,0)2* with Co(NH;)5CI2+, for which the sub-
stitutional reactivities are known. The Co(III) complex is substitutionally
inert in acidic solution, and the Cr(II) complex exchanges extremely rapidly.
In the products of the electron transfer the substitutional labilities at the two
centers are reversed, the Co(II) center being very labile and substitution on
Cr(III) quite slow.

Cr(Ha0)" + Co(NH3)s CI2+ = Cr(H,0)sCI2+ + Co(H,0)2* + 5NH} 8.35

Since the chromium(II) complex is quite labile, the precursor complex can
easily be formed. The electron transfer also occurs readily. In the successor
complex the Cr(III) center is the more inert and the chloride-chromium bond
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energy

sm p s pc

reaction coordinate

FIGURE 8.6. Possible energy profiles for inner sphere electron transfer. The
relative minima correspond to the starting complexes (sm), the precursor (p), the
successor complex (s), and the product complexes (pc). In the top profile the
precursor formation is rate determining, in the middie one the electron transfer is
rate determining, and in the bottom profile the successor decomposition is rate

determining,.

remains while the labile Co(II) loses chloride. That the chloride is transferred
directly is shown by the absence of 3¢Cl~ incorporation when the reaction is
run in the presence of free 36CI—.*

Nature of the Bridging Ligand

The bridging ligand can be very important in inner sphere reactions.
Some data for reduction of Co(NH;)sL3+ by Cr2+ are shown in Table 8.6.3
The order observed for the halides represents the ability of the ligand to

* Use of 36CI free in solution initially showed no incorporation into the chromium prod-
uct, indicating an inner sphere mechanism. In this case, because Cr(H,0)sCI?* is inert, isotope
labeling allows mechanistic differentiation.

INNER'SPHERE MECHANISMS

TABLE 8.6

Rate Constants for Reduction of Co(NH,),L3+ by Cr(H,0)2+.

L k
NH;3 8.0 X 10-5
F~ 2.5 X 105
CI- 6.0 X 105
Br— 1.4 X 106
I- 3.0 X 1086
N3 3.0 X 105
OH~ 1.5 X 106
NCS— 19
SCN— 1.9 X 105
H,0 ~0.1

donate to two metal centers. Water has two electron pairs that could be used
to bridge metal centers, but an inverse dependence on the [H*]indicates that
OH~ is the actual bridging ligand. The 105 increase in rate for OH— over H,O
adds to the plausibility of this interpretation.11.12

. When a halide atom functions as the bridging ligand, it is obvious that a
single atom is involved. When a ligand such as SCN~— functions as a bridging
ligand, there are two possibilities.1! If the second metal bonds to sulfur, the
reaction is referred to as adjacent attack; if the second metal bonds to nitro-
gen, it is referred to as remote attack. Attack at both possible sites has been
observed for Cr2* as the reductant. Adjacent attack leads to the unstable
?ulfurs-lbonded isomer, which rearranges to the more stable nitrogen bonded

orm.

Co(NH,);SCN2* + Cr(H,0)3* — [(NH,);CoSCr(H,0)4+]
C

N
l 8.36

Cr(H,0)5(NCS)** «— Cr(H,0)5(SCN)** + Co** + 5NH,
For remote attack the stable nitrogen-bonded isomer forms directly
Co(NH;);SCN2* + Cr(H,0)3* — [(NH,)5CoSCNCr(H,0)#+]
8.37
Cr(H,0)sNCS* 4 Co?* + 5NH,
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In 1 M H, 30% of the electron transfer occurred by adjacent attack.3931 It is
difficult to prove that remote attack has occurred in some systems. The
reaction of

[ /O 3+
(NH3)5C0—N@—C<

L NH,

with Cr2+ in acid solution leads to the product

[ /OCr 4+
HN C
(O

| NH,

\

This product can't arise by interaction of Cr(H,0)3* with the free ligand since
the product is unstable with respect to the free amide and Cr(H,O)}*, al-
though the reaction is slow enough that it is possible to characterize the
intermediate.!! In a few cases it has been possible to characterize the binu-
clear species formed in electron transfer reactions.30.32-34 For the reaction of
4,4'-bipyridinepentaaminecobalt(Ill) with aquopentacyanoferrate(ll), the
rate of formation and dissociation of the precursor were measured.3?

Co(NH,)s(4,4'bipy)** + Fe(CN);OH3~ ==

(NH3)5C0'“—N@—@N-—Fe“(CN)S 8.38

The rate of dissociation and electron transfer in the precursor were compara-
ble. The electron transfer in binuclear (NC)sFell-CN-Col!!l (chelate) com-
plexes has been observed by picosecond absorption spectroscopy. The fol-
lowing scheme has been suggested based on these data.3?

Fell —CN—Coll* L, Fell—CN—Coll™ (<10 ps) 8.39
Fell —CN—Coll"* ~— Fell—CN—Coll (~75 ps) 8.40
Fell —CN—Colf — Fell —CN—Coll" (—95 ps) 8.41
Fell —CN—Co!ll' — Fell = CN—Co!l  (>500 ps) 8.42

The first reaction is excitation into the charge transfer band, which leads to
Collin a t§,e} excited state. The next reaction is the rearrangement to t3.€2.
The third reaction is the spin-allowed back electron transfer leading to Co'lin
an excited state (3,€}) that slowly relaxes to the singlet groundstate.33
After the precursor complex forms, there are two possible roles for the
bridging ligand in the actual electron transfer.” The electron could be trans-
ferred to the ligand forming a radical that, in a subsequent step, would

uvNER Srrexed MECrniamnioMS

transfer the electron to the second metal. Alternatively the electron might
spend no time on the bridging ligand, which would function merely as a
mediator for the electron transfer. Pulse radiolysis of p-nitrobenzoato-pen-
taamine cobalt(Ill) led to the formation of a metastable intermediate ascribed
to the cobalt(IIl) complex of the radical ion, which decayed to the cobalt(II)
complex in a first order process.!2

?I) o
| :
(NHa)scO~o—c@~No;r — (NH,;);Co—0—C NO3

[

Co® + NHf + COZ@—NOZ 8.43

Because detection of radical ligand species is not usually possible, a rate test
has been developed to distinguish the role of the bridging ligand by compar-
ing reductions of cobalt(IIl) and chromium(III) with the same reductant and
bridging ligand.1? For the radical mechanism electron transfer takes place
from the reductant to the ligand; the nature of the oxidant will therefore have
a small effect on the rate. When the ligand is merely mediating the electron
transfer, the nature of the oxidant should be much more important. Data in
Table 8.7 demonstrate this procedure for distinguishing the role of the bridg-
ing ligand in inner sphere electron transfer.12 For the ligands that would not

TABLE 8.7

Rates of Reaction of Cr(II) with Co(III) and Cr(III) Complexes, Co(NH;); L2+
or Cr(H,0);L2*. L = Bridging Ligand.

L k(Co)/K(Cx)
NCS™ 14X105
F~ 3.4 X107
OH~ 2.3 X108
—O\
C—CH=CH .
Y, CO,H(trans)y 0.4
O
‘O\
/C—CH=CHCOZH(cis) 50
O/

3
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be expected to form a radical, the ratio k{(Co)/k(Cr) is ~ 105, indicating an
important effect on the nature of the oxidant. Fumarate and maleate have a
much smaller dependence on the nature of the oxidant, and it has been
concluded that these reductions occur through a ligand-centered radical.12

The ability of a ligand to mediate an electron transfer has been ascribed
to a matching of the symmetry of metal and ligand orbitals.12 When the
symmetry of the orbitals of the metal ions that donate and accept the electron
are the same, ligands with orbitals of matching symmetry may provide a
lower energy pathway for electron transfer. Thus if the reductant donates an
e, electron to an ey orbital, a ligand such as chloride (a sigma carrier) would be
a better bridging ligand than azide or acetate. Electron transfer involving a t5,
orbital would be better accommodated by an azide or an acetate, presumably
because of better overlap of the t,; orbital with the pi system of azide or
acetate. Existing data are in agreement with these suggestions, but they are
insufficient to test the concepts adequately.

It has proved difficult to prepare complexes in which the effect of the
nature of the bridging ligand on the rate of electron transfer can be investi-
gated, usually because one of these metal centers is labile and the rate of
formation of the precursor is difficult to separate from the rate of electron
transfer. An ingenious approach to circumvent this problem involved the
preparation of binuclear Ru(IIl)-Co(IlI) complexes, which were then reacted
with a rapid one-electron reducing agent.3> This produced the binuclear
precursor complex,

Cofll—L—Rul!

TABLE 8.8

Rate Constants for Intramolecular Electron Transfer in
(NH;)s Coll— L —Rul/(NH,),(H,0)**+ Where L = Pyridinecarboxylate.

=
=

OZC@N— 1X10?
OZCCHZ@N— 1.6 X 1072

Q N 1.6 X 107

LONG-RANGE ELECTRON TRANSFER

which could be used to measure the rate of electron transfer between the Rull
and the Col!! centers. The results for bridging pyridine carboxylate ligands are
shown in Table 8.8.12 These results show an inhibiting effect of the CH,
group and the importance of conjugation in the bridging ligand.

Other Considerations for Inner Sphere Reactions

The role of the bridging ligand is the most important feature of inner
sphere reactions and has dominated research on reactivity towards electron
transfer by an inner sphere mechanism. The cis ligand has a very small effect
if the data in Table 8.9 are indicative of inner sphere processes in general 8
The electronic requirements of inner sphere electron transfer for macrocyclic

%igands have been discussed in terms of a three-center transition state bond-
ing scheme.36

TABLE 8.9

Rates of Electron Transfer between Cr2* and cis-Co(en), LCI2+,

L k(M ~15=1)
NH, 2.3 X 105
H,0 4.2 X 105
Py 9.4 X 105
cl- 7.7 X 105
F- 9 X 105

Discussions of inner sphere reactions are complicated by the fact that
any of the three components may be rate determining. The possibilities in the
free energy profiles are shown in Figure 8.6. In the first case the rate-deter-
mining step is formation of the precursor complex (equation 8.32). In the
second case the rate-determining step is the electron transfer, and in the third
case decomposition of the successor complex is rate determining. Each type
has been observed, but the second is the most common, involving the rear-
rangement of the coordination sphere as discussed earlier.

LONG-RANGE ELECTRON TRANSFER

One of the most active research areas in electron transfer involves long-range
electron transfer, transfers i°n which the distance between the oxidant and the
reductant may be up to 25 A.37 The primary impetus for the research lies in a

30
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FIGURE 8.7. Systems in which long-range electron transfer has been studied. The half-lives and free energies for

intramolecular electron transfer are shown above each diended steriod.

MULTIELECTRON TRANSFER

wish to understand electron transfer in biological systems where electron
transfer often takes place over considerable distances.3” The capability for
rapid electron transfer between organic donor and acceptor sites separated by
rigid saturated hydrocarbon groups has been investigated.38 The types of
complexes are shown in Figure 8.7. These complexes were treated with sol-
vated electrons, and the approach to equilibrium between the two ends was
investigated. As shown on Figure 8.7 the rates for electron transfer from one
end to the other range from half-lives of <0.5 ns to 1 us.38 This fast electron
transfer is surprising considering the long distances (~ 15 A) and the insulat-
ing nature of the organic backbone, but it certainly makes the electron
transfer between metal centers in biological molecules more understandable.
The distance from the redox site to the surface in several metalloproteins was
estimated from the reaction with Fe(EDTA)2~.3% The calculations indicated
electron transfer distances ranging from 3 to 10 A depending on the protein
and inorganic redox reagent.3? Electron transfer has been observed in a Znl,
Felll hybrid hemoglobin at 25 A 40 The electron transfer was initiated by flash
photoexcitation forming Zn™! which is a good reductant for Fel in the long-
range process. The distance is known from crystallography to be 25 A in a
rigid structure, and the rate constant was 60 & 25 s—1.40 Similar experi-
ments on pentaammineruthenjum( IIT)(histidine-33)-ferricytochrome C have
shown electron transfer between the metal centers 15 A apart at a rate of
2057141
There is considerable theoretical and experimental interest in these
long-range electron transfers, but at this point a full explanation is not avail-

able.%” The application to biological systems will certainly keep this an active
research area.

MULTIELECTRON TRANSFER

A number of electron transfer reactions yield products that have changed by
more than one electron.42

UN(aq) + TIM(aq) — UVi(aq) + TIaq)

8.44
Cr'(aq) + TIW(aq) — CrV(aq) + Tl(aq) 8.45
Snll(aq) + VV¥(aq) — SnIv, (aq) + Vili(aq) 8.46

It is usually difficult to determine whether a two-electron transfer occurs
simultaneously or in steps. The absence of large amounts of Crlli(aqg) in
reaction 8.45 is evidence that two electrons may be transferred. A more recent
report has suggested that a four-electron “‘simultaneous’ transfer occurs
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Et,C—O 0—C Et,C—O_ | _0—C
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cfy 0 H,0

FIGURE 8.8, A reaction that has been suggested to proceed by a four-electron

transfer.

from a chelated chromium(V) complex.44 The reaction is shown_ in Figure 8.8.
The suggested scheme involved formation of a hydroxylamine precursor
followed by a four-electron transfer.

SUMMARY

Electron transfer is one of the primary reactions of transition metal com-
plexes. Its rate depends on the concentration of the oxidant and the reductant.
Electron transfer mechanisms are of two basic types: an outer sphere m?cha—
nism between metal centers with intact coordination spheres and an inner
sphere mechanism in which a ligand bridges the two .metal centers. In helthecllr
case a primary consideration in the rate is the changes in the bond lengt san
angles necessary before electron transfer can occur. Outer sphere ;ea;tl.(c)ins
can be adequately described by theoretical mgthods. The nature .of t be ‘ dn‘ g-
ing ligand is important for inner sphere reactions. Conjugation in a bridging
ligand aids electron transfer, although elet.:tron'transfer can occur over very
long distances even in the absence of conjugation.
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PROBLEMS

1.

2,

Write inner and outer sphere mechanisms for the reaction of V(H,0)3t with
Co(NH;)s N3 ™. Suggest data that could be used to differentiate between the two.

Use the following data for the isotopic exchange reactions to calculate the rate
constants for the cross reactions:

E, k
:Cew(aqa)_+ Cem(aq)? CeV(aq) + *Celll(aq) 1.44 4.6 )
Fe(CN)I™ + Fe(CN)f™ ==Fe(CN)§~ + *Fe(CN)§™  0.68 300
MnOf + MnO}~ == MnOj + *MnO?2 056  3.6X 10

Use the data in Table 7.1 to estimate the rate of self-exchange for Ru(H,0)2+3+

[P. Bernhard, H.-B. Burgi, ]. Hauser, H. Lehmann, and A. Ludi, Inorg. Chem. 21,
3936 (1982).]

Consider the following data:

Second Order Rate Constants for the Reductions of ComplexesI-IV by Chro-
mium(IT) and Vanadium(II) at 25°C, u=1.0M (LiC10,)

complex ke X103(M~1571) ky(M—1571) keo/ky
I 1.16 = 0.09 0.056 £+ 0.005 0.021
II 1.15+0.03 0.065 £+ 0.005 0.018
I 1.66 = 0.02 0.085 = 0.003 0.020
v 1.89 £ 0.09 0.096 £+ 0.005 0.020
[ OH ¢ [ OH s+
(NH3)3C0\~OH—/C0(NH3)3 (NH3)3C0\—OH—/C0(NH3)3
O\ /O O O
N/ N/
C C
C C
VIR
/O \O\ O/ \O
(NH;);Co—OH—Co(NH,), I \Co(NH3 )s |
|1 OH |
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OH Ta+ I OH Ta+
(NH3)3C0\—OH——/C0(NH3)3 (NH3)3C0\10H—/C0(NH3)3
O\\{ /70 O%‘ %O
C C
¢ ¢
VRN /N
UH O/ O—CH, | IV H—O \O |

Suggest mechanisms based on these data. [M. Hery and K. Wieghardt, Inorg.
Chem. 15, 2315 (1976).]

5. The transfer of electrons between centers in biological molecules has been mod-
eled by attaching an oxidizing agent to a protein containing Fe(III). Briefly de-
scribe the nature of the experiment. [S. S. Isied, G. Worosila, and S. J. Atherton, .
Am. Chem. Soc. 104, 7659 (1982).]

6. For reactions of Cp,Fe, (CO), with oxidants

CH,CN

Cp,Fe,(CO), + 20x 2CpFe(CO),(NCCH,)* + 2Red
Ox = Ru(bipy),Cl3 or [CpFe(CO)}f

the rate law is

—d[Cp, Fe,(CO),]

dt = KOx][Cp; Fe; (CO)4]

and activation parameters,

Ox AH#* AS#
Ru(bipy),Cl3 6.2 —17.
[CpFe(CO)Y 1.8 —31.

Suggest a mechanism. [J. N. Braddock and T. J. Meyer, Inorg. Chem. 12, 723
(1973).]

7. The activation enthalpy for reduction of cis-Co(en),ClF by Cr2+is —6 + 4 kcal/
mole. Explain the negative value. [R. C. Patel, R. E. Ball, J. F. Endicott, and R. G.

Hughes, Inorg. Chem. 9, 23 (1970).]

8. Explain the following two reactions:

PROBLEMS

11,

12.

cis-Cr(H;0)4(N3 )7 + *Cr(H, 003+ —> *Cr(H,0)sN3* + Cr(H 012" + Nj

k=19 M- 151
cis-Cr(H,O0)4(N3)§ + *Cr(H,0)2* — cis-*Cr(H,0)4(N3)* + Cr(H,0)2*
k=60 M—151

[T.]. Swift and T. A. Stephenson, Inorg. Chem. 5, 1100 (1966).]

- Why is Co(CN)2™ a common choice for preparation of a bridged redox species?

10.

The reaction of Co(NHj, )3+ with Co(CN)2~ occurs at approximately the same rate

as that of Co(NHj ); F2+ with Co(CN)Z™. What does this indicate about the mech-
anism?

In the reaction of Co(NH;)sSCN2+ with Fe(H,0)2* the intermediate
Fe(H,0)5(NCS)2+ can be detected. Suggest a mechanism.

The reduction of Co(NH;)sH,03+ by Cr(H,0)2* occurs at a rate of ~0.1;
Co(NH;); OH?+ js reduced by Cr(H,0)2* at a rate of 1.5 X 106 (all rates ex-
pressed in M~1s~1). Reduction of these two oxidants by Ru(NH,3)2* led to rate
constants of 3.0 and 0.04 for the aquo and hydroxo complexes, respectively.
What do these data suggest for the mechanisms of these redox reactions?
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Index

Absorption spectra, 21
Acetaldehyde synthesis, 219
Acid catalysis of ligand substitution, 90
Ru(NH,)$2, 91
Acid catalyzed dechelation, 92
Activation energy, 16
Activation of C-H bonds, 180
Activation parameters, 16
alkyl complexes, 138
metal carbonyl substitution reac-
tions, 107
square planar complexes, 65
substitution reactions of octahedral
complexes, 84
Acyl intermediate, alkyl complexes,
138, 145
Addition of H,, oxidative addition, 172
Addition of H;, Rh(PPh,);Cl, 207
Adiponitrile, 223
Adjacent attack, 301
Alkene coordination, 204
Alkene coordination stability, 204
Alkene insertion, 204
into metal alkyl bonds, 231
into metal alkyl bonds,
Lu(Cp”),(Me)(Et,0), 232
Alkene isomerization, 206
Alkene polymerization, 231
Alkenes, mechanism, hydrocyanation,
224

Alkene selectivity with Co,(CO)g,
hydroformylation, 217
Alkyl complexes:
activation parameters, 138
acyl intermediate, 138, 145
catalysis, 146
effect of alkyl group, 139
effect of entering ligand, 141
effect of Lewis acid, 146
kinetics, 137
ligand substitution, 137
mechanism, 138
rate law, 137
solvent effect, 139
stereochemistry, 141
Alkyl migration, 137, 142
Allene complex, fluxional behavior, 267
Allyl complexes, 150, 153
Alpha hydrogen abstraction, 232, 233
Anation reaction, 78
Cr(H,0)33, 83
Cr(NH3)5H20+3, 83
Aquation reactions, 78
Co(NH;3)sX*2, 82, 85
Arene metal complexes, substitution
reactions, 153
Arrhenius equatjon, 16
Associative reactions, 7
Asymmetric hydrogenation, 214
mechanism, 215

INDEX

Atom transfer, 299
Au(IIl) complexes, 69

Bailar twist, 117

Base catalysis, 92

Base hydrolysis, Cofen)y(X-C4H,CO,),,
21

Basicity of metal, oxidative addition, 168

Beer’s law, 21

Beta-elimination, 205

Bimolecular, 4

Binary metal carbonyls, 124

Binuclear, reductive elimination, 186

Binuclear species, electron transfer
reactions, 302, 304

Bioinorganic, electron transfer reac-
tions, 297, 307

Bond lengths and oxidation state, 289

Bridge-terminal exchange, 269

Bridging ligand, electron transfer
reactions, 300

Calculations, sixteen-electron interme-
diate, 116

Carbonylation, 212

Catalysis, alkyl complexes, 146

Catalyst, 199

hydrocyanation, 223

Catalysts, olefin metathesis, 229

Charge transfer, 295

Chelate effects, 86 ‘

CH,3FeCp(CO),, substitution reactions,
140

Chiral ligands, 215

Chloride exchange reaction,
Pt(Py),Cl,, 64

CH3MoCp(CO),, substitution reaction,
140

Chromium carbonyl complexes,
substitution reactions, 116

Cis effect, 55

Cis labilization, 115, 122

Cis labilization order, 115

Cis-Ru(NH,),Clj reaction with Cr(II),
15

Classification of mechanisms, 33

Coalescence, NMR, 27

Co(CH3)(CO),(P(OMe)y),, 212
mechanism for hydrogenation, 213
selectivity in hydrogenation, 214

COz(CO)B:
fluxional behavior, 268
hydroformylation, 216
substitution reactions, 32, 128
Co(CO)3NO, substitution reaction, 20,
151
CoCp(Me),PPh, reaction with CO, 181
CO dissociation, stereochemistry, 113
Co(en),(X-C¢H,CO,),, base hydrolysis,
21

Co(173-C3H;)(CO),, substitution
reaction, 153
CO exchange, Mn(CO)sBr, 9, 12, 113
Co(H)(CN)33, 211
hydrogenation of unsaturated acids,
212
mechanism of hydrogenation of 1,3
butadine, 212
products from hydrogenation of
conjugated dienes, 213
Cohesive energy density of solvents,
112
CO insertion, 137, 142
Collision complex, 291
Competing mechanisms, 14
Complexes with metal-metal bonding,
123
Concerted addition, oxidative addition,
172
Cone angles, 118
Cone angles and reactivity, 119
Co(NH,3)sX+2, aquation reaction, 82, 85
Conjugate-base mechanism, 92
Conjugated alkenes, mechanism,
hydrocyanation, 224
Consecutive first-order reactions, 7
Coordination complexes, 77
Coordination number isomerization,
243
eight-coordinate complexes, 260
five-coordinate complexes, 247
five-coordinate intermediates, 252
four-coordinate complexes, 244
nine-coordinate complexes, 261
octahedral complexes, 251
seven-coordinate complexes, 257
six-coordinate complexes, 251
square planar complexes, 244
tetrahedral complexes, 244
Cr(CO)4(P(OPh)s), reaction with CO, 5
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Cr(H,O)g, anation reaction, 83
Cr(H,)(P(OMe)y)s, fluxional behavior,
257

Cr(NH,)sH,0%3, anation reaction, 83
Crystal field activation energies, 88, 110
Crystal field splitting, 77
Crystal field stabilization energy, 88
Cycloheptatriene complexes, 265
Cyclopentadienyl metal complexes,
substitution reactions, 153
Cyclotetramerization of acetylene, 200
Cyclotrimerization of alkynes, 201

Decarbonylation, 212

Dependence on adding molecule,
oxidative addition, 166

Dependence on alkyl halide, oxidative
addition, 174

Dependence on entering ligand,
nitrosyl complex, 151

Dependence on group, reductive
elimination, 178, 182

Deuterium isotope effect, oxidative
addition, 172

Dissociative reactions, 33

Effect of alkyl group, alkyl complexes,
139
Effect of entering ligand, alkyl
complexes, 141
Effect of Lewis acid, alkyl complexes,
146
Effect of metal, octahedral coordina-
tion complexes, 87
Eight-coordinate complexes, coordina-
tion number isomerization, 260
Eighteen electron rule, 106
Electron counting, 106
Electron transfer reactions, 286
binuclear species, 302, 304
bioinorganic, 297, 307
bridging ligand, 300
free energy profiles, 305
isotope effects, 290
radical ligand, 303
rate law, 289
theoretical considerations, 289
Electrophilic attack, oxidative addition,
169
Encounter complex, 291

, INDE

Enthalpies of solvation, 292

Enthalpy changes, oxidative addition,
166

Enthalpy of activation, 16

Entropy of activation, 16

Eyring plot, 16

Fast exchange, NMR, 27
Fe(n4-C;Hg)(CO);,, fluxional behavior,
265 .

Fe(1-C5H;5)Cp(CO),, fluxional
behavior, 263

Fe3(CO),,, fluxional behavior in solid
state, 280

Fe(CO)4(72-Me,C=C=CMe,),
fluxional behavior, 267

Fe,Cp,(CO),, fluxional behavior, 269

Fe(H,)(P(OEt),)4, fluxional behavior,
255

First order reactions, 4
consecutive, 7
general, 10
reversible, 6
Five-coordinate complexes, coordina-
tion number isomerization, 247
Five-coordinate intermediates,
coordination number isomeriza-
tion, 252
Fluxional behavior:
allene complex, 267
COz(CO)s, 268
Cr(Hz)(P(OMe)a)s, 257
Fe(n4-C;Hg)(CO);, 267
Fe(n!-CsH;s)Cp(CO),, 263
Fe(CO)4(n2-Me,C=C=CMey), 267
Fe,Cp,(CO),, 269
Fe(H,)(P(OEt)3)4, 255
hydrido cluster compounds, 275
hydrido mixed metal clusters, 278
Iry(CO),,PPh;Me, 274
metal carbonyl dimers, 268
metal-metal bonded systems, 268
Mo(CN)g4, 260
0s5(CO);;1H;, 275
Os3(CO);gPMe,Ph(H,), 275
Rhy(CO)yy, 273
Rh3Cps(CO),, 271
Ru(n4-CgHg)(CO)3, 264
RuCp(CO),(n-C,Hy,), 265
RU4H4(CO)10(,U'diphOS), 275

NDEX
. ¢

Fluxional behavior (continued)
in solid state, Fea(COY),,, 280
tetranuclear clusters, 272
trinuclear clusters, 270
Fluxionality, 243
Formation of alkylidene, olefin
metathesis, 229
Formation reactions, 78
Four-coordinate complexes, coordina-
tion number isomerization, 244
Franck-Condon Principle, 289
Free energy of activation, 16
Free energy profile, electron transfer
reactions, 305

Gas uptake, 27
General first order reactions, 10
General rate law, 3

Half-life, 5

Half-neutralization potential, 20

Halide catalysis, oxidative addition, 169

Hammett constant, 21

Hammett relationship, 21

Hard nucleophile, 60

H,Fe[P(OMe);];, NMR spectra, 27-29

H,FeRu,(CO), 4, substitution reaction,
135

HMn(CO)s, substitution reaction, 149
Homogeneous catalysis, 198
Homogeneous hydrogenation of
alkenes, 203
Hydride complexes, 148
Hydride migration, 149
Hydride mobility in large clusters, 279
Hydride tunneling, 257
Hydrido-alkyl complexes, reductive
elimination, 185
Hydrido cluster compounds, fluxional
behavior, 275
Hydrido mixed metal cluster, fluxional
behavior, 278
Hydrocyanation:
alkenes, mechanism, 224
catalyst, 223
conjugated alkenes, mechanism, 224
Lewis acid promotion, 225
of alkenes, 224
of 1,3 butadiene, 223

Hydroformylation, 216
alkene selectivity with Co,(CO)g, 217
COz(CO)B, 216
mechanism with Co,(CO),, 216
mechanism with HRh(CO)PPhy);,
218
selectivity with HRh(CO)(PPh,),,
217
Hydrogen activation, 172, 204
Hydrogenation of unsaturated acids,
Co(H)(CN);, 212
Hydroxypalladation, 221
mechanism, 222
stereochemistry, 222

Inert, 79

Inner sphere electron transfer, 288, 298

Integrated rate laws, 4

Interchange reactions, 33, 79

Intermediate, metal carbonyl substitu-
tion reactions, 112

Internal pressure of solvent, 112

Intervalence transitions, 295

Intramolecular rearrangement, 247

Inversion of configuration, oxidative
addition, 172

IrCI(CO)(PMe,),, oxidative addition,
166, 175

Ir4(CO)1PPh,Me, fluxional behavior,
274

Ir4(CO)y2, reaction with nucleophiles,
13

Iry(CO),,, substitution reaction, 131

Isomerization, 243

Isotope effects, electron transfer
reactions, 290

Isotopic exchange reactions, 6, 11, 19

Kinetics, 2
alkyl complexes, 137
of hydrogenation,
Rh({H)(PPh,)3(CO), 210
of hydrogenation, Rh(PPh,),Cl, 208
oxidative addition, 166
square planar complexes, 49
substitution reactions of octahedral
complexes, 79
Kinetics techniques, 21
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Labile, 79
Leaving group effects:

octahedral, 86

square planar, 49, 57
Lewis acid promotion, hydrocyanation,

225

Lifetime, NMR, 26
Ligand bonding, 103, 120
Ligand dissociation, 118
Ligand effects:

oxidative addition, 168

reductive elimination, 182
Ligand strength, 77
Ligand substitution:

alkyl complexes, 137

square planar complexes, 47
Linear free energy relationships, 19
Line shape fitting, NMR, 27
Long range electron transfer, 305
Lu(Cp’),(Me)(Et,0), alkene insertion

into metal alkyl bonds, 232

Marcus’s theory, 291
Mechanisms:
alkyl complexes, 138
asymmetric hydrogenation, 215
with Co,(CO)g, hydroformylation,
216
with HRh(CO)(PPh;);, hydrofor-
mylation, 218
for hydrogenation,
Co(CH3)(CO),)P(OMe),),, 213
of hydrogenation of 1,3 butadiene,
Co(H)(CN)s, 212
of hydrogenation,
Rh(H)(PPh,),(CO), 210
of hydrogenation, Rh(PPh;);Cl, 208
hydroxypalladation, 222
metal carbonyl dimers, 124
metal carbonyl substitution reac-
tions, 107
nitrosyl complex, 150
olefin metathesis, 226
oxidative addition, 172
polymerization of alkenes, 231
radical chain, 149
reductive elimination, 182
square planar complex, 49

, INDE

Mechanisms (continued)
substitution reactions of octahedral
complexes, 79
Wacker process, 220
Merry-go-round process, 271
Metal carbonyl dimers, 124, 268
fluxional behavior, 268
mechanism, 124
rate law, 124
substitution products, 125
Metal carbonyl reactions:
trans effect, 120
trans effect order, 121
Metal carbonyl substitution reactions,
106
activation parameters, 107
intermediate, 112
mechanism, 107
metal effects on reactivity, 108
rate-law, 107, 108
solvent effects, 111
stereochemistry, 113
transition state, 111
Metal center, square planar complexes,
65
Metal effects on reactivity, metal
carbonyl substitution reactions, 108
Metallocyclobutane mechanism of
olefin metathesis, 226
Metal-metal bonded systems, fluxional
behavior, 268
Metal migration (1,2), 263
Metal migration (1,3), 263, 267
Metal migration (1,4), 267
Metal migration around a ring, 262
Metal rotation within the ligand
polyhedron, 280
Methanol carbonylation, 234
Microscopic reversibility, 19
Mixed olefins, olefin metathesis, 226
Mo(CN)g4, fluxional behavior, 260
Mo(CO)4(X-o-phen), substitution
reaction, 21
Mn,(CO),q, substitution reactions, 124
Mn(CO)5Br:
CO exchange, 9, 12, 113
substitution reaction, 106, 111
Mn(CO)4NO, substitution reaction,
151

INDE>

MnRe(CO),y, substitution reactions,
125

Ni(II) complexes, 69
Ni(CO),, substitution reaction, 106
Ni(en)}?, racemization, 255
Ni(H,0)¢?, substitution reaction, 80
Nine-coordinate complexes, coordina-
tion number isomerization, 261

Nitrosyl complexes, 150

dependence on entering ligand, 151

mechanism, 150

rate law, 151

substitution reaction, 151
NMR, 26

coalescence, 27

fast exchange, 27

of H,Fe[P(OEt)s],, 27-29

lifetime, 26

line shape fitting, 27

slow exchange, 27

slow exchange limit, 27

stopped exchange, 27

time scale, 26
Nucleophilic attack, oxidative addition,

172

Nucleophilic discrimination factor, 61
Nucleophilic reactivity constant, 60

Octahedral, leaving group effects, 86
Octahedral complexes:
coordination number isomerization,
251
racemization, 251
Octahedral coordination complexes,
effect of metal, 87
Octahedral substitution reactions,
stereochemistry, 93
Olefin metathesis, 225
catalysts, 229
formation of alkylidene, 229
mechanism, 226
mixed olefins, 226
rate dependence on alkene, 228
Organometallic chemistry, 102
Organometallic electron transfer
reactions, 288
Organometallic substitution reactions,
103

3

Os5(C0O)1H,, fluxional behavior, 275
Os3(C0O);0PMe,Ph(H,), fluxional
behavior, 275
Outer sphere complex, 85
Outer sphere electron transfer, 288, 291
Oxidation-reduction reactions, 286
Oxidative addition, 163
addition of H,, 172
basicity of metal, 168
concerted addition, 172
dependence on adding molecule, 166
dependence on alkyl halide, 174
deuterium isotope effect, 172
electrophilic attack, 169
enthalpy changes, 166
halide catalysis, 169
inversion of configuration, 172
IrCI(CO)(PMey),, 166, 175
kinetics, 166
ligand effects, 168
mechanisms, 172
nucleophilic attack, 172
radical mechanisms, 175
stereochemistry, 165, 174

Pd(II) complexes, 67

Pi-acceptance by ligands, 104

Pi-back bonding, 104

Polarizability, 60

Polymerization of alkenes, 231

mechanisms, 231
products, 231

Precursor complex, 299

Prochiral alkenes, 214

Products, polymerization of alkenes,
231

Products from hydrogenation of
;(irel’jugated dienes, Co(H)(CN)33,

Protonation, acid catalysis of ligand
substitution, Ru(NH,3)$2, 91

Pseudo first order conditions, 7

Pseudorotation, 248

Pt(dien)X* reaction with Py, 58

Pt(H)(Me)(PPhs),, reductive elimina-
tion reaction, 178

Pt(H,)(PCy;),, reductive elimination
reaction, 179

Pt(NOyXPy),Cl, substitution, 49
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Pt(PEt,),LCl, substitution, 51
Pt(Py)zclz:
chioride exchange reaction, 64
reaction with nucleophile, 60

Racemization, Ni(en)}?2, 255
Racemization, octahedral complexes,
251
Radical chain mechanisms, 149
Radical ligand, electron transfer reac-
tions, 303
Radical mechanisms, oxidative
addition, 175
Rate, 3
Rate constant, 3
units, 4
Rate dependence on alkene, olefin
metathesis, 228
Rate law, 3
alkyl complexes, 137
electron transfer reactions, 289
general, 4
for hydrogenation,
Rh(H)(PPh4)5(CO), 210
for hydrogenation, Rh(PPh,);Cl, 208
metal carbonyl dimers, 124
metal carbonyl substitution reac-
tions, 107, 108
nitrosyl complex, 151
transition metal clusters, 130
Wacker process, 220
Reaction:
with CO, CoCp(Me),PPh,, 181
with CO, Cr(CO),(P(OPh)y),, 5
with Cr(Il), cis-Ru(NH,3),Cl,, 15
with nucleophiles, Iry(CO)4,, 13
with PMe;, ReCp(NO)(CO)CHj, 155
with Py, Pt(dien)X*, 58
Reaction order, 10
Reaction profiles, 18
[Re(CO),(NO)ClL,], reaction with
nucleophile, 25
Re,(CO);, substitution reactions, 124
ReCp(NO)CO)CHj, reaction with
PMejy, 155
Reductive elimination, 177
binuclear, 186
dependence on group, 178, 182
hydrido-alkyl complexes, 185

.. DEX

Reductive elimination (continued)
ligand effect, 182
mechanisms, 182
reaction, Pt(H)(Me)(PPh;),, 178
reaction, Pt(Hy(PCyj),, 179
stereochemistry, 183
Relative Marcus theory, 292
Remote attack, 301
Reorganization energies, 292
Reversible first order reactions, 6
Rhy(CO),,, fluxional behavior, 273
Rh3(Cps)(CO);, fluxional behavior, 271
RhCp(CO),, substitution reaction, 154
Rh(H)(CO)PPh;);, hydroformylation,
217

Rh(H)(PPh3),(CO), 210
kinetics of hydrogenation, 210
mechanism of hydrogenation, 210
rate law for hydrogenation, 210
selectivity in hydrogenation, 211
Rh(PPh;),Cl, 206
addition of H,, 207
kinetics of hydrogenation, 208
mechanism of hydrogenation, 208
rate law for hydrogenation, 208
selectivity in hydrogenation, 207
Ring whizzers, 262
Ru(#74-CgHg)(CO);, fluxional behavior,
264

RuCl, + CO, 27

RuCp(CO),(nt-C;Hy), fluxional
behavior, 265

RuyHy(CO),o(-diphos), fluxional
behavior, 275

Second order reactions, 4, 7
Selectivity in hydrogenation:
Co(CH;)(CO),)(P(OMe)y),, 214
Rh(H){(PPh3)3(CO), 211
Rh(PPh,),Cl, 207
Selectivity with HRh(CO)(PPh;),,
hydroformylation, 217
Self-exchange reactions, 292
Seven-coordinate complexes, coordina-
tion number isomerization, 257
Seventeen-electron complexes, 123
Sigma-donation of ligands, 105
Site of substitution, transition metal
clusters, 130

Six-coordinate complexes, coordination
number isomerization, 251
Sixteen-eighteen electron reactions, 106
Sixteen-electron intermediate, 107, 112
calculations, 116
fluxionality, 113
reaction with nucleophile, 107, 113
Size of ligand, 105
Slow exchange limit, NMR, 27
Soft nucleophile, 60
Solvent effect:
alkyl complexes, 139
metal carbonyl substitution reac-
tions, 111
square planar complexes, 50, 63
Square planar complexes, 46
activation parameters, 65
coordination number isomerization,
244
kinetics, 49
leaving group effects, 49, 57
ligand substitution, 47
mechanism, 49
metal center, 65
solvent effect, 50, 63
stereochemistry, 47
Steady state approximation, 8
Stereochemical non-rigidity, 242
Stereochemistry:
alkyl complexes, 141
CO dissociation, 113
hydroxypalladation, 222
metal carbonyl substitution reac-
tions, 113
octahedral substitution reactions, 93
oxidative addition, 165, 174
reductive elimination, 183
square planar complexes, 47
Steric acceleration, 56
Steric effect, 56, 182
Steric interaction, transition metal
clusters, 133
Steric interactions, 118
Stoichiometric hydrogenation, 205
Stopped exchange, NMR, 27
Stopped-flow techniques, 30
Substituted metal carbonyl clusters, 132
Substitution reaction:
arene metal complexes, 153
chromjum carbonyl complexes, 116
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Substitution reaction (continued)

CH;FeCp(CO),, 140

CH3MoCp(CO),, 140

CO(”3'C3H5)(CO)3, 153

cyclopentadienyl metal complexes,
153

Cox(CO)g, 32, 128

Co(CO)3NO, 20, 151

H,FeRu,(CO), 5, 135

HMn(CO)5, 149

Ir,(CO)y,, 131

Mny(CO)yq, 124

Mn(CO)sBr, 106, 111

Mn(CO),NO, 151

MnRe(CO)lo, 125

Mo(CO),(X-o-phen), 21

Ni(CO),, 106

Ni(H,0)7?, 80

nitrosyl complex, 151

PH{INO,)(Py),Cl, 49

Rez(CO)m, 124

RhCp(CO),, 154

V(CO)q, 123

P(PEt,),L.Cl, 51

of octahedral complexes, kinetics, 79

of octahedral complexes, mecha-
nisms, 79

of octahedral complexes, activation
parameters, 84

Substitution reaction products, metal

carbonyl dimers, 125

Successor complex, 299

Taft relationship, 21
Template effect, 200
Tetrahedral complexes, coordination

number isomerization, 244

Tetranuclear clusters, fluxional behav-

ior, 272

Theoretical considerations, electron

transfer reactions, 289

Time scale, NMR, 26
Trans effect, 49, 51
Trans effect, metal carbonyl reactions,

120

Trans effect order, metal carbonyl

reactions, 121

Trans influence, 52
Transition metal clusters, 130

rate Jaw, 130
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Transition metal clusters (continued)
site of substitution, 130
steric interaction, 133
Transition state, metal carbonyl
substitution reactions, 111
Transition state stabilization, 122
Trigonal twist, 117, 252
Trinuclear clusters, fluxional behavior,
270
Trischelate complexes, 252

Unimolecular, 4
Unsaturated metal clusters, 136

V(CO), reaction with PPhy, 8
V(CO),, substitution reactions, 123
Volume of activation, 17, 183

Wacker process, 219
mechanism, 220
rate law, 220
Water exchange, 87
W(CO)5(=CPh,), olefin metathesis,
228

Werner-type complexes, 76

Ziegler-Natta catalysts, 231
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