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vent for any thermodynamic measurement is water be- 
cause of its lack of volatility and the ease with which a 
constant background ionic strength can be maintained, 
but only olefins with strongly hydrophilic functional 
groups such as OH, NH3-+, or SO3- are reasonably solu- 
ble in water. 

The object of the present review is, first, to consider 
the methods that have been used in studying the thermo- 
dynamics of metal-olefin interactions to enable the future 
worker in the field to readily choose the most suitable 
and most accurate method for his particular problem; 
secondly, to tabulate the thermodynamic data available 
up to mid-1972 as a convenient source of reference; 
thirdly, to analyze the available data to see what informa- 
tion it yields about the nature of metal-olefin interactions. 
While some of the necessary background to the thermo- 
dynamics of metal-ligand interactions is given here, the 
interested reader is referred particularly to the excellent 
text by Rossotti and Rossotti2 as well as to other more 
recent  work^.^-^ A number of detailed accounts of the 
chemistry of metal-olefin complexes have been given.6-16 

I / .  Methods of Measurement 
A. 

The determination of the free energy of interaction of a 
metal complex and an olefin in solution depends upon 
finding a reversible reaction in which an olefin displaces 
a ligand from the coordination sphere of the metal ion 

Free Energies of Formation in Solution 

I. Introduction (2) F. J. C. Rossotti and H. Rossotti, "The Determination of Stability 
Constants," McGraw-Hill, New York, N. Y . ,  1961. 
(3) F. J, C. Rossotti in "Modern Coordination Chemistry," J, Lewis and A knowledge Of the thermodynamics Of the interaction 

of a metal and a ligand can give considerable insight into R .  G. Wilkins, Ed.. Interscience. New York,  N. Y . .  1960, Chapter I .  
the nature of the metal-ligand bond and the factors re- 
sponsible for its stability. Accordingly, a large number of 
studies of the free energy, enthalpy, and entropy of for- 
mation of metal complexes have been reported.' Metal- 
Olefin complexes have gradually assumed an increasing 
importance with the recognition of their involvement in a 
number of svntheticallv useful reactions such as the oxi- 

(4) M. T. Beck. "Chemistry of Complex Equilibria," Van Nostrand-Rein- 
hold, London, l970. 
(5) S. J. Ashcroft and C. T. Mortimer, "Thermochemistry of Transition 
Metal Complexes," Academic Press, London, 1970. 
(6) M, A, Bennett, Chem, Rev,, 62, e l l  (1962), 
(7) R. G. Guy and B. L. Shaw, Advan. lnorg. Chem. Radiochem., 4, 77 
(1962). 
(8) R. Jones, Chem. Rev., 68,785 (1968) 

dation , h y d rog e n at io n , i some r i za t i o n , a nd car bony I at i o n 
of olefins, all Of which are catalyzed both homogeneously 

LhH ,LG ':en& 1;3",'ana"ne~aII~acd~mT"u,n~e;h",",l,, 2$A:$ I 

Chapterl ,  
and heterogeneously by transition metal Salts. The vast 
literature on metal-olefin complexes has been sparingly 
sprinkled with reports of the thermodynamics of metal- 
olefin interactions. One reason for the scarcity of such 
data is that olefins, compared with many of the simpler 
widely studied ligands, present some rather special prob- 
[ems. First, the simpler olefins are gases necessitating 
the use Of closed reaction 
rate pressure measuring devices. Secondly, the ideal sol- 

(1 )  L. G. Sillen and A. E. Martell, Chem. Soc. Spec. Pub/., No, 17 
(1964); No. 25 (1971). 

(IO) F. R. Hartley. Chem. Rev., 69, 799 (1969). 
(11) H. W.  Quinn and J. H. Tsai, Advan. /norg. Chem. Radiochem., 1 2 ,  
217 (1969). 
~ $ ~ , " , ~ ~ ~ 8 3 B i $ ~ & i ;  '. Pietropaolo' and p. Uguagliati3 Inorg. 

(12a) C. D. M.  Beverwijk, G .  J. M. Van der Kerk, A. J. Leusink. and 
J. G. Noltes, Organometal. Chem. Rev., Sect. A ,  5, 215 (1970). 
(13) J. H. Nelson and H. E. Jonassen, Coord. Chem. Rev., 6, 27 
(1971). 
(14) P. M.  Maitlis, "The Organic Chemistry of Palladium," Vol. 1 and 2, 
Academic Press, New York, N. y., 1971. 
(15) F. R .  Hartley, "The Chemistry of Platinum and Palladium," Applied 
Science Publishers, London. 1973, Chapter 13. 
(16) F. R .  Hartley, Angew. Chem., lnt. Ed. Engl., 1 1 ,  596 (1972). 

and a need to 
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[MLn] + 01 e [ML,-l(ol)] + L (1) 

(eq 1). This reaction may be followed by the reversible 
displacement of further ligands L or, if the olefin contains 
more than one double bond, by coordination of the olefin 
to further metal ions. The necessary feature is that a fi- 
nite time after the metal and olefin solutions have been 
mixed an equilibrium should be established. This may 
sound rather pedantic, but metal ions often catalyze the 
reactions of olefins so that the system does not come to 
equilibrium at all. For example, a solution of ethylene in 
water is quite stable, but in the presence of palladium(lI) 
salts ethylene reacts with water to yield acetaldehyde, 
and the palladium( I I )  is reduced to metallic palladium. 

For a system represented by eq 1 it is possible to write 
a thermodynamic equilibrium constant K ” ,  where braces 
are used to represent activities. 

K” = ( I M L  - I (01) I( LI) / ( I  MLn I Ioll) 
This thermodynamic equilibrium constant is related to the 
free energy change by the expression 

AGO = -RT In K” 

The associated enthalpy and entropy changes are given 
by the well-known equation 

AGO = AH” - TAS” 

Thus, if it were possible to measure the activities of each 
of the species in eq 1 in solution, it would be possible to 
evaluate the free energy of formation of the metal-olefin 
complex. However, activities cannot be measured direct- 
ly, although concentrations can. I t  is therefore conve- 
nient to rewrite the thermodynamic stability constant K” 
as a stoichiometric stability constant K defined in terms 
of concentrations. The stoichiometric stability constant 
for eq 1 is given by 

where brackets are used to represent concentrations. It 
can be seen that the thermodynamic and stoichiometric 
stability constants are related by the products of the ac- 
tivity coefficients (y) of the reactants and products. 

When measurements are made at very low concentra- 
tions, as in the determination of conductivities, the activi- 
ty coefficients approach unity so that there is little error 
involved under these circumstances in considering stoi- 
chiometric stability constants to be thermodynamic sta- 
bility constants. Occasionally it is possible to measure 
the stoichiometric stability constants over a range of 
ionic strengths and to extrapolate to zero ionic strength, 
so obtaining thermodynamic stability constants. More 
often, however, since almost as much information can be 
obtained for a series of olefins from the relative stoichio- 
metric stability constants and their attendant free ener- 
gies, enthalpies, and entropies, no such extrapolation is 
attempted. Instead, a high concentration of a background 
electrolyte is added to ensure that the activity coeffi- 
cients of the species being studied remain effectively 
constant in spite of the change in concentration of these 
species. Since the activity coefficients are not evaluated 
but merely maintained at a constant (unknown) value, it 
is vital when recording the result to report not only the 
strength of the medium but also the nature of the inert 
background electrolyte used in the medium, since activity 

coefficients depend not only on the concentration but 
also on the nature of the electrolyte.2 

In the case of reaction 1 the equilibrium constant is di- 
mensionless. However, in the case of a chelating diolefin 
(diol) reacting according to eq 2, the equilibrium con- 

(2) 
K z  

[ML,] + diol * [MLn-2(diol)] + 2L 

K2 = [M Ln - 2  ( d i ~ l ) ] [ L ] ~ /  [MLn][diol] 

stant K Z  will have the dimensions of concentration. For 
the resultant free energy, enthalpy, and entropy terms to 
have meaning, it is vital that the concentration be ex- 
pressed in the correct units for the standard state, that is, 
in moles of solute per liter of solvent. So far the solvent 
has been omitted from all the equations in agreement 
with standard procedure. This is justifiable provided that 
the reactants are in such low concentrations that the ac- 
tivity of the solvent remains effectively constant through- 
out the series of measurements. For most methods of in- 
vestigation, sufficiently low concentrations of metal ions 
are used for this to be true but in some methods, such as 
certain applications of gas chromatography, where very 
high concentrations of metal ions have been used, the 
results are likely to be in error on this account. 

B. Methods Used to Measure Equilibrium 
Constants 

Since the reliability of a given equilibrium constant de- 
pends to a considerable extent on the method used for its 
measurement, a brief discussion of the methods that 
have been used to measure the equilibrium constants in 
metal-olefin systems is given. Although these methods 
cover most of the important methods that have been 
used for other metal-ligand systems, there are a number 
of other techniques which it may be appropriate to use in 
the future. For these the reader should consult the litera- 
t ~ r e . ~ . ~  In choosing a suitable method the following 
points should be carefully considered. 

(a) Is  the solvent being used one in which the activity 
coefficients of the reacting species can be controlled by 
the addition of a background electrolyte? I t  is this ex- 
tremely important factor that has led to the widespread 
use of water as a solvent, although some organic sol- 
vents, such as acetic acid and ethylene glycol, are also 
capable of dissolving sufficient quantities of inert salts to 
enable activity coefficients to be controlled. 

(b) Are all the so-called “constants” in the system 
truly constant? In a number of techniques parameters, 
such as partition coefficients in gas chromatography or 
extinction coefficients in electronic spectroscopy, are in- 
volved. I t  is obviously essential that these “constants” 
are truly constant and do not vary with the concentration 
of one or more of the reacting species. This is discussed 
in more detail below in connection with gas chromatogra- 
phy. 

(c) Does the method give results in agreement with 
other independent methods, and what is its inherent ac- 
curacy? 

(d) Is  the apparatus available or obtainable? Thus 
potentiometry has been described” as ”by far the most 
accurate and widely applicable technique currently avail- 
able for the study of ionic equilibria.” However, its appli- 
cation to a specific system does depend on the availabili- 
ty of a suitable electrode that is reversible in the solvent 
that is to be used. 

(17) Reference 2, p 127. 
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We now look at the techniques that have been applied 
so far to the study of metal-olefin equilibrium constants. 
The object of doing this is to give the reader some idea 
of the difficulties that have been met by previous workers 
in the field and hence an idea of the accuracy of the re- 
ported data. In addition it is hoped that the future worker 
in the field may get some feel for the techniques that are 
available. However, before applying a particular tech- 
nique it will need to be studied in more detail than is 
given here. 

1. Potentiometry 
This is easily the most accurate and widely used meth- 

od for the determination of equilibrium constants. How- 
ever, its application is limited to those systems for which 
suitable reversible electrodes are available. Among the 
transition metals the principal electrodes that are re- 
ported to be reversible in aqueous solution are 
Fel Fe2+,18 C O / C O * ~ , ~ ~  Ni 1 Ni2+,18 Pd I Pd2+,19 
C U I C U + , ~ ~  Ag/Ag+,"  A u ~ A u ' , ~  HglHg2+,22 and Ag- 
IAgC1,23 and only the latter appears to have been studied 
to any extent in nonaqueous solvents.24 The potential of 
the electrode is given by the Nernst equation 

E = Eo - ( R T / z F )  In { M J  

where ( M I  is the activity of the free metal ion in solution. 
I f  the measurements are carried out in the presence of a 
sufficient concentration of a background electrolyte, the 
potential can be written in terms of concentrations. 

E = Eo' - ( R T / z F )  In [MI 

This equation is valid in a 3 M perchlorate medium for 
divalent metal ions up to 0.1 M concentrations and for tri- 
valent metal ions up to 0.05 M  concentration^.^^ The 
presence of a term in the Nernst equation dependent on 
the absolute temperature makes it doubly important in 
any potentiometric method to maintain the temperature 
within f0.05" of a constant value, since changes in tem- 
perature affect not only the position of the equilibrium 
under study but also the emf generated by a given con- 
centration of metal ions. 

One of the major difficulties to be surmounted in any 
potentiometric measurement is the choice of a suitable 
reference electrode. In some cases it is possible to insert 
a reference electrode directly into the solution under test, 
but more often this is not possible and some kind of 
bridge has to be used. For this purpose the present author 
has found a Wilhelm salt-bridge with a "J-shaped" liquid 
junction to be very suitable.26 Any salt bridge will develop 
a liquid junction potential although this can be minimized 
by using a salt such as potassium chloride where the 
mobilities of the cations and anions are very similar. In 
spite of a number of attempts no really accurate 
methods have been developed for calculating liquid 
junction potentials.27 However, in the case of olefins the 
present author has shown that this is no real problem, 

(18) H. Euler, Ber., 37, 1704 (1904). 
(19) D. H. Templeton, G. W. Watt, and C. S. Garner, J. Amer. Chem. 
Soc., 65, 1608 (1943). 
(20) H. P. Rothbaurn, J. Electrochem. Soc., 104, 682 (1957). 
(21) E. Berneand I. Leden, Z. Naturtorsch. A, 8, 719 (1953). 
(22) 8. Lindgren, A .  Jonsson, and L. G. Sillen, Acta Chem. Scand., 1, 
479 (1 947). 
(23) G. J. Janzand H. Taniguchi, Chem. Rev., 53, 397 (1953). 
(24) J. T. Stock and W. C. Purdy, Chem. Rev., 57, 1159 (1957) 
(25) G. Biedermann, Red. Trav. Chim. Pays-Bas, 75, 716 (1956). 
(26) Reference 2, p 146. 
(27) Reference 2, pp 148, 149. 

because by titrating both the olefin and the corresponding 
saturated compound, which cannot, of course, complex 
with the metal ion, it is possible to measure accurately 
the liquid junction potential.28 

I f  care is taken over all aspects of the measurement, it 
is possible to obtain stability constants using a potentio- 
metric technique with an accuracy of better than 1%. 

2. Ultraviolet and Visible Spectrophotometry 
When an olefin displaces a ligand from coordination to 

a metal ion, there is a change in the electronic spectrum 
of the complex. This can be used to determine the equi- 
librium constant between the metal and the olefin and is 
very suitable because the extinction coefficients of com- 
plexes are generally large in some region of the electron- 
ic spectrum enabling small quantities of metal ions to be 
used, thus enabling activity coefficients to be readily held 
at a constant value with the aid of a background electro- 
lyte. The method is unsuitable for studying very weak 
complexes, since these would require the use of very 
high concentrations of ligand. Such high concentrations 
of ligand would alter the nature of the medium, and the 
extinction coefficients of complexes are very sensitive to 
the nature of the medium, both the solvent and the na- 
ture and concentration of any added material such as the 
background electrolyte. Even in the absence of any spe- 
cific interaction between particles, the presence of a high 
concentration of material (such as uncomplexed ligand) 
can lead to a change in the charge-transfer spectrum 
and hence extinction coefficient of the complex.29 From 
this change apparent association constants of up to 0.2 I. 
mol- '  can be obtained, so that this represents the lower 
limit of stability constants that can be measured spectro- 
photometrically. 

The absorbance ( A )  of a dilute solution is given by 
Beer's law 

A = / C t i c i  
1 

where t l  = extinction coefficient, and ci = concentration 
of species i .  and I = cell length. Before using a spectro- 
photometric technique it is essential to ensure that the 
solutions obey Beer's law. Failure to obey Beer's law can 
be due to either instrumental errors such as spectral im- 
purity of the radiation, nonlinear response of the photo- 
cell, multiple internal reflection of the radiation or non- 
parallelism of the radiation, or to having too high a con- 
centration of absorbing species present. Beer's law is not 
obeyed at high concentrations because neighboring mol- 
ecules interact, causing changes in the extinction coeffi- 
cients. 

The accuracy of the method depends very much on 
the number of complexes formed, getting progressively 
less accurate as more complexes are formed. I f  one con- 
siders the simple system 

[MLn] + 01 * [ M L n - l ( ~ l ) ]  -t L 

and if [MLn] and [MLn - (ol) ]  are the only species that ab- 
sorb at the wavelength being used, then it is apparent 
that as a result of the measurement there are five known 
parameters (total M, L, and 01 concentrations, the extinc- 
tion coefficient of MLn, and the total absorbance). In 
general, there are six unknown parameters (final concen- 
trations of [MLn], [MLn-l(ol ) ] ,  free olefin, and L, the ex- 
tinction coefficient of [MLn-l (ol)], and K ,  the equilibrium 
constant), but it is possible to add an extra known pa- 

(28) F. R. Hartley and L. M.  Venanzi, J. Chem. SOC. A, 333 (1967). 
(29) J. E. Prue, J. Chem. SOC., 7534 (1965). 
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rameter by varying the total concentration of olefin and 
then adding the condition that the equilibrium constant is 
independent of olefin concentration. In this way a least- 
squares analysis can be used to evaluate all the unknown 
parameters and hence the equilibrium constant. This pro- 
cedure can in principle be extended to any number of 
complexes, but because of correlation of some of the 
constants with each other, the accuracy drops signifi- 
cantly. Using a single-beam spectrophotometer in the 
most accurate absorbance range (0.15-0.50), it is possi- 
ble by taking all possible precautions to obtain stability 
constants for systems that only form a single metal-ole- 
fin complex that are accurate to better than 3%.30 

3. Infrared Spectroscopy 
Infrared spectroscopy is potentially very useful since the 

olefinic double-bond stretching vibration shifts in frequen- 
cy on coordination, so that in principle the concentrations 
of both free and coordinated olefin could be determined 
from a single spectrum. The method, however, has not 
been used in this way for a number of reasons. 

(a) The extinction coefficient of the double-bond 
stretching vibration is low so that high concentrations of 
olefin and olefin complex would have to be present. High 
concentrations are not only inconvenient but they are 
also detrimental to the accuracy of the determination as 
discussed in section I I .A above. 

(b) Most solvents, particularly water, absorb infrared 
radiation strongly in the same region as the olefinic dou- 
ble bond. The exclusion of water makes the control of 
activity coefficients difficult. 

(c) An essential feature of the design of an infrared 
spectrometer is that polychromatic light is passed 
through the sample. This inevitably limits the accuracy of 
the resulting absorbance values. 

Infrared spectroscopy has been used to measure the 
concentration of ethylene in the vapor phase above a sat- 
urated solution of the metal complex. The most intense 
band in the spectrum, which is at 952 c m - l ,  was used, 
but even then the accuracy was only about 

4. Raman Spectroscopy 
The resurgence of interest in Raman spectroscopy, 

which has followed the commercial manufacture of in- 
struments using lasers as the source of exciting radia- 
t i ~ n , ~ *  has not yet led to its use in measuring equilibrium 
constants for the formation of metal-olefin complexes. 
This is undoubtedly partly due to the difficulty of thermo- 
stating the sample against the considerable heating ef- 
fect of the laser beam and partly due to the low intensity 
of the Raman spectrum, necessitating the use of concen- 
trated solutions. In principle, the method should be more 
useful than infrared spectroscopy because glass cells 
and aqueous solutions can be used. A neat answer has 
been found to the practical difficulty of setting up the in- 
strument in an identical manner for every solution to be 
studied by comparing the relative intensities of two 
bands.33 If one of these is due to the free olefin and the 
other to the metal-olefin complex, then the ratio of the 
integrated intensities can be used directly in evaluating 
the stability constant. 

(30) R.  G. Denning, F. R. -Hartley, and L. M. Venanzi, J. Chem. SOC. A, 

(31) R. Cramer, J. Amer. Chem. SOC., 89,4621 (1967). 
(32) T. R. Gilson and P. J. Hendra, "Laser Raman Spectroscopy." Wiley, 
New York, N. Y., 1970. 
(33) G. C. Hood, A. C. Jones, and C. A. Reilly, J. Phys. Chem., 63, 101 
(1959). 

324 (1967). 

5. Nuclear Magnetic Resonance 
Nuclear magnetic resonance is potentially a very at- 

tractive method for determining the position of equilibri- 
um, since an integrated nmr spectrum immediately yields 
the relative number of magnetic nuclei in each environ- 
ment. Ideally, therefore, in a system with two types of 
species present (e.g., free and coordinated ligands) 
peaks due to each species would be observed and the 
concentration dependence of their relative areas mea- 
sured. The keto-enol tautomerism of acetylacetone has 
been studied in this way.34 One of the difficulties of 
applying nmr spectroscopy to the determination of stabili- 
ty constants is that the magnitude of the chemical shifts 
is often dependent on the nature and the concentrations 
of the inert ions p r e ~ e n t ~ ~ , ~ ~  and therefore, by implica- 
tion, on the concentrations of the metal and ligand 
species. However, in the case of metal-olefin complexes 
a further, more serious, difficulty arises in that, because 
of the rapid exchange between free and coordinated ole- 
fins, it is not possible to observe two chemical shifts but 
only a single time-averaged shift. In order to use this 
time-averaged chemical shift, it is essential to know the 
chemical shift expected for the coordinated olefin. In the 
only olefin system studied so far this was determined by 
adding more and more metal salt until no further change 
in the chemical shift was observed when it was assumed 
that all the olefin had been c ~ m p l e x e d . ~ ~  Such a tech- 
nique is liable to underestimate the change in chemical 
shift on coordination and hence overestimate the equilib- 
rium constant. 

It is possible for systems in which only a single metal- 
olefin complex ( [M(ol) ] )  is, formed to determine the 
chemical shift indirectly by a similar technique to that 
used to evaluate unknown extinction coefficients in sec- 
tion I I .B.2.37a For the system 

[ML] + 01 e [M(ol) ]  + L 

in the limit of fast exchange, the observed chemical shift 
(7obsd) is given by 

where x = mole fraction. Since 

xOl = (no1 - X ) / n O l  and X M I O l )  = X n O l  / 
where nol = initial number of moles of olefin and X = 
number of moles of Land M(ol) at equilibrium 

Tobsd = T 0 l [ ( n 0 l  - x)]/nol + 'TMcol'(X/nol) 
Rearrangement gives 

no170bsd - Tolnol 

= 7 M ( o l )  - T o l  

whence 

X 2  
K =  

( n M L  - X) (no' - X )  

where nML = initial number of moles of ML. The equilib- 
rium constants for a series of solutions of different metal 

(34) 6. N. Bhar, Ark. Kemi, 10, 223 (1956). 
(35) R. C. Axtmann, W. E. Shuier, and B. 8. Murray, J. Phys. Chem., 
64, 57 (1 960). 
(36) R. E. Connickand R. E. Poulson, J. Phys. Chem., 62, 1002 (1958). 
(37) J. Solodar and J. P. Petrovich, Inorg. Chem., 10, 395 (1971). 
(37a) W. Partenheimer, personal communication. 
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and olefin concentrations are calculated using a 
"guessed" value for the chemical shift of the metal-olefin 
complex ( T ~ ~ O ~ ' ) ,  and this value is adjusted until the cal- 
culated stability constant is independent of the initial 
metal and olefin concentrations. Such a procedure is 
clearly only possible where a single metal-olefin complex 
is formed. 

This necessity to assume that only a single metal- 
olefin complex is formed is often a problem with the nmr 
method because while the nmr experiment can distin- 
guish between free and coordinated olefin it cannot al- 
ways distinguish between olefin complexes containing 
different numbers of olefins. The assumption that only 
one olefin complex is formed, even if valid at normal con- 
centrations, may well break down in the presence of the 
high metal concentrations used in the direct method for 
determining the chemical shift of the coordinated olefin. 

In conclusion, nmr does not appear to be a particularly 
satisfactory method for determining metal-olefin stability 
constants largely because of the rapid exchange of free 
and coordinated olefin and the problems that result from 
this. 

6. Solubility Methods 

Equilibrium constants for the formation of metal-olefin 
complexes have been determined both by measuring the 
solubility of the metal salt in the olefin solution38 and by 
measuring the solubility of the olefin in the metal salt so- 
l ~ t i o n . ~ ~  For accurate results three criteria must be met. 

(a) A constant ionic medium must be used to ensure 
that the activity coefficients remain constant. 

(b) Since the solubility product is fixed so that the con- 
centration of olefin cannot be varied independently of the 
metal ion concentration, it is impossible to obtain suffi- 
cient data to ascertain whether or not polynuclear 
species are present. Accordingly, the method cannot be 
used in cases where polynuclear species are suspected. 

(c)  I t  is essential to ensure that the composition of the 
solid phase and hence its solubility product remains con- 
stant over the concentration ranges of metal and olefin 
being investigated. 

Unless the olefin is a gas, the use of solubility meth- 
o d ~ ~ ~ ~  depends upon the accurate analysis of the saturated 
solution. A wide range of analytical techniques is avail- 
able;40 high concentrations are often determined grav- 
imetrically or volumetrically and low concentrations can 
be determined by polarography, spectrophotometry, or 
radiometry. 

I t  has been suggested that instead of the stoichiomet- 
ric stability constant K1 (K1 = [Ag(ol)+]/[Ag+][ol]) the 
thermodynamic stability constant KI" (KI" = KIYAg(oli+/ 
Y A ~  * yol, where y = activity coefficient) is a more use- 
ful parameter to obtain from the solubility studies of hy- 
drocarbons in aqueous silver salt solutions. Thus in the 
case of a series of acetylenes, increasing substitution on 
the acetylene had little influence on the value of K1 al- 
though KI" decreased as e ~ p e c t e d . ~ '  Thermodynamic 
stability constants are normally very difficult to evaluate, 
but in the present case, for hydrocarbons that are virtual- 
ly insoluble in water, it can be shown that, at very low 

(38) R .  M. Keefer, L. J. Andrews, and R .  E. Kepner, J. Amer. Chem. 
SOC., 71,3906 (1 949). 
(39) P. Brandt. Acta Chern. Scand.. 13, 1639 (1959). 
(39a) L. Johansson, Coord. Chern. Rev., 3,293 (1968). 
(40) H. K. Zimmerman, Chem. Rev.. 51, 25 (1952). 
(41) G. K. Helmkamp, F. L. Carter, and H. J. Lucas, J. Amer. Chem. 
SOC., 79, 1306 (1957). 

silver ion concentrations, K1" is approximately equal to 
K i  [ol]. 

As the silver ion concentration tends to zero, Y A ~ ( ~ I ,  - / 

I f  the activity of the pure hydrocarbon at 25" is taken 
as unity, then the activity of the hydrocarbon in aqueous 
solution will be approximately unity (it will not be exactly 
unity because the hydrocarbon phase will not be pure 
owing to the presence of some dissolved water). Thus 
[ o l ] y o ~  = 1, and since K1 = [Ag(ol)+]/[Ag+][ol] 

T A g '  = 1. 

KI" = I [Ag (01) +] / [Ag+] [ol] I YAgcol j+/YAg'Yol1 = 
KI/YOI 

but y0l = l/[ol]; therefore, KI0 = Kl[ol]. 

7. Distribution Methods 
The distribution of a metal between two immiscible liq- 

uid phases, one of which contains the olefin, has been 
one of the most widely used methods for determining sil- 
ver-olefin stability constants. The results, however, are 
not always consistent with those obtained from other 
methods for a number of reasons. 

(a) I t  is essential to choose an organic solvent that is 
only very sparingly soluble in the aqueous phase. Further 
the miscibility of the two solvents must remain constant 
over the whole range' of metal and olefin concentrations 
used. 

(b) Although the activity coefficients in the aqueous 
phase can be controlled by the use of an ionic back- 
ground electrolyte, this is impossible in the organic sol- 
vent since ionic salts are not generally soluble in solvents 
that are immiscible with water. In a system such as 

[MLn] + 0 1  s [MLn- l (o l ) ]  + L 

it is possible to determine the range of concentration 
over which the activity coefficients in the organic solvent 
remain constant by determining the concentration range 
over which the ratio of the total metal concentration in 
each phase is a function of the ligand (L) concentration 
in the aqueous phase (where L is an ionic ligand that is 
insoluble in the organic phase) and is independent of the 
total concentrations of metal and olefin. Such a result 
would be unlikely to be obtained unless the activity coef- 
ficients in both phases remained constant.4z 

(c)  In the case of weak complexes large changes in 
the free olefin concentration must be made, and care 
must be taken to ensure that, if the olefin is appreciably 
soluble in the aqueous phase, these large changes in 
concentration do not lead to changes in the composition 
of the solvents and hence to gross changes in the activity 
coefficients. Furthermore,.even when the olefin is insolu- 
ble in water, large changes in its concentration are liable 
to lead to variations in its activity coefficient in the organ- 
ic phase. 

(d) Great care must be taken to investigate the possi- 
bility of the formation of polynuclear species, since even 
if these are not formed in aqueous solution they may still 
be formed in the organic phase. 

In general, distribution methods are not to be recom- 
mended for the determination of accurate stability con- 
stants. Their most important drawback is the difficulty of 
controlling the activity coefficients in the organic phase. 
An important aspect of stability constants obtained by 
distribution methods that must be borne in mind when 
studying the literature is that some authors record the 

(42) Reference 2, pp 206-207 
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values of K i *  ( K i *  = [Ag(ol)+]H,o/[Ag+]H,o[ol]or,ani,- 
solvent, where the subscripts refer to the phase in 
which the concentration is determined). Such constants 
are not strictly stability constants at all, although they 
may give indications of trends within a group of hydrocar- 
bons if the distribution coefficients of the hydrocarbons 
between the two immiscible solvents are virtually inde- 
pendent of the hydrocarbon. 

8. Polarography 
When polarography is used to determine stability con- 

stants, the effect of the ligand on the reduction potential 
of a metal ion at a dropping mercury electrode, or less 
commonly a rotating platinum electrode, is determined.43 
The method is very difficult to use successfully and also 
rather inaccurate, but it does have the important advan- 
tage that it can identify and determine the properties of a 
number of species simultaneously. I f  the electrode pro- 
cess is reversible, the potential of the dropping mercury 
electrode ( E )  is given by the Heyrovsky-IIkoviE equation44 
with an accuracy of about *2%. 

( € 1 / 2 ) ~  = the half-wave potential of the free metal ion in 
the solvent, z = number of electrons involved in the elec- 
trode reaction, id = limiting diffusion current, and i = 
current corresponding to potential E .  

On adding a ligand, such as an olefin, the half-wave 
potential of the system is shifted by an amount ( L E )  pro- 
portional to the stability constant of the c0mplex.~5 

(E~I~)M-oI = the half-wave potential of the metal-olefin 
complex, and P z  = the overall formation constant of 
[M(ol),]. The main limitations of the method, apart from 
the inherent limitations in the Heyrovsky-IIkoviE equation 
are (a) the problems associated with the electrical dou- 
ble layer; (b) the need to maintain the temperature very 
accurately since in addition to the equilibrium under 
study both the diffusion current and the half-wave poten- 
tials are temperature dependent; and (c) the fact that, 
when full precautions are observed, the half-wave poten- 

,t ial can be measured with a reproducibility of 3 ~ 0 . 2  mV. 
In many cases only small differences in the half-wave 

, potential occur in the presence of the ligand, so that the 
overall accuracy of the resulting stability constant is limit- 
ed. As a result in the copper( I)-allyl alcohol system 

CU' + CH2=CHCH20H s [CU(CH~=CHCH~OH)+] 

the stability constant was evaluated as 50,000 f 
25,000146 

9. Gas Chromatography 
Gas chromatography, which seems to have first been 

applied to the silver-olefin system,47 is potentially a very 
fast, elegant method for determining stability constants. 
A sample of the olefin is introduced onto the column of a 
standard gas chromatograph and eluted with an inert car- 
rier gas. The columns are generally packed with firebrick 

(43) D. R. Crow and J. V. Westwood, Quart. Rev. Chem. SOC., 19, 57 

(44) J. Heyrovsky and D. iikovit, Collect. Czech. Chem. Commun., 7, 

(45) J. J .  Lingane, Chem. Rev., 29, 1 (1941). 
(46) S. E. Manahan, lnorg. Chem., 5, 462 (1966). 
(47) M. A.  Muhs and F. T. Weiss, J. Amer. Chem. SOC., 84, 4697 

(1965). 

198 (1 935) 

(1962). 

soaked in the stationary liquid phase which is a solution 
of the metal salt in either or a solvent, such as 
ethylene in which the activity coefficients can 
be controlled by the addition of an inert background elec- 
trolyte. The partition coefficient ( H )  for the distribution of 
the olefin between the liquid and the vapor is given by47 

3Ftr { (Pi/Po) 

2V1{ (Pi/Po)3 - 1 } 
- 1 ) 

H =  

Pi = inlet pressure, Po = outlet pressure, f = carrier 
gas flow rate, t r  = retention time, and V I  = volume of 
the liquid phase at the temperature of the column. 

Thus by measuring the retention time and knowing the 
values of the other factors, the partition coefficient can 
be evaluated. By measuring the distribution coefficient of 
the olefin in the presence ( H )  and absence ( H o )  of the 
metal, the equilibrium constant can be evaluated since 

[M(o l ) I  H - Ho 

[Ml[ol] HOLM] 
K = - - -  - 

whence H = Ho + HoK[M]. Thus a plot of the distribution 
coefficient against the concentration of the metal should 
be a straight line of slope HoK and intercept Ho.  Unfortu- 
nately, this simple situation does not always arise,48 and 
plots of H against the metal concentration are not linear 
owing to a salting-out effect at high metal concentra- 
tions. This salting-out effect can, however, be overcome 
by using very high concentrations (e.g., 4 M )  of an inert 
electrolyte in the liquid phase. 

There are a number of major disadvantages connected 
with the use of gas chromatography. 

(a) To get accurately measurable differences between 
the partition coefficients in the presence and absence of 
metal ions, it has been necessary in the case of silver 
ions to use high concentrations of the metal ion, up to 4 
M. This in turn has undesirable consequences in that 
firstly the accurate control of activity coefficients over 
such a wide concentration range is impossible, and sec- 
ondly the approximation normally made that the solvent 
can be neglected in evaluating the stability constant is 
less valid than with the much lower metal ion concentra- 
tions normally used. This problem of the high concentra- 
tion of metal ion needed in the case of silver should be 
less for many other metals where higher stability con- 
stants are observed, leading to greater slopes on the 
plots of distribution coefficient against metal ion concen- 
tration. 

(b) The value of the equilibrium constant is dependent 
on the flow rate of the inert carrier gas, increasing slight- 
ly with increasing flow rate.49 This is a major problem, 
firstly, because it has generally been neglected in the Iit- 
erature and, secondly, because it is very difficult to take 
account of because, although in theory a series of flow 
rates could be used and extrapolated to a zero flow rate, 
in practice this is not possible (i) because the number of 
runs necessary would lead to deterioration of the column 
and hence the incorporation of further errors and (ii) be- 
cause as the flow rate is lowered the peak broadens and 
so the accuracy of the measurement of the retention 
time drops. 

(c)  The value of the equilibrium constant is dependent 
on the sample size, decreasing with increasing sample 

(47a) S. P. Wasik and W. Tsang, J. Phys. Chem., 74, 2970 (1970). 
(48) H. Schnecko, Anal. Chem., 40,1391 (1968). 
(49) T.  Fueno, 0. Kajirnoto, T. Okuyarna. and J. Furukawa, Bull. Chem. 
SOC. Jap., 41, 785 (1 968). 
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size. Again, ideally an extrapolation to zero sample size 
would be made, but this involves an undesirable number 
of runs which would lead to deterioration of the column 
and does not give very accurate results because of the 
increasing difficulty of measuring the retention times as 
the peaks get smaller. 

In conclusion, it would appear that because of the im- 
portance of both sample size and carrier gas flow rate a 
given set of metal-olefin equilibrium constants obtained 
by a single group of workers should be internally consis- 
tent, but any agreement with equilibrium constants ob- 
tained by other methods is likely to be fortuitous rather 
than an indication of the reliability of equilibrium con- 
stants obtained by gas chromatography. 

10. Thermometric Titration Calorimetry 
Although it has not been applied to the determination 

of thermodynamic data for metal-olefin systems, ther- 
mometric titration calorimetry is a method that is likely to 
be used in the near future as it can in suitable cases give 
rise to free energy, enthalpy, and entropy data simulta- 
neously. Basically the method involves titrating a solution 
of the metal complex with the ligand in a calorimeter and 
measuring the temperature of the system as a function of 
the amount of ligand added. The method has three main 
advantages over conventional solution calorimetry: (a) it 
can be used to study a number of simultaneous equili- 
bria; (b) more data can be determined in a given time 
than with solution calorimetry; (c) provided that (i) the 
equilibrium constants and the reaction conditions are 
such that the amount of reaction occurring is measur- 
able, but the reaction is not quantitative and (ii) the en- 
thalpy values for the reactions are measurably different 
from zero, it is possible to obtain free energy and entropy 
as well as enthalpy data. The interested reader is re- 
ferred to a recent review on thermometric titration calori- 
m e t r ~ . ~ g ~  

11. Nonpolar Solvents 
So far we have indicated that, because of the problem 

of controlling activity coefficients, water or an alternative 
highly polar solvent is the ideal medium for determining 
stability constants. This follows the classical work on sta- 
bility constants led by the Swedish schools. However, it 
has been suggested that nonpolar solvents 
such as benzene and carbon tetrachloride have a number 
of advantages as media for studying metal-olefin sys- 
tems. These include the following. (a) The solvation 
terms in a nonpolar solvent would be much smaller than 
in a polar solvent and hence would more closely cancel 
to zero when two olefins are compared. (b) The structure 
of the reactants and products can be characterized more 
readily in the absence of a high concentration of a rela- 
tively strong nucleophile such as, for example, water. (c) 
The majority of metal-olefin reactions are run in nona- 
queous solvents. (d) Most olefins and metal-olefin com- 
plexes are soluble only in nonaqueous solvents. 

The major drawback of nonpolar solvents is that of 
controlling the activity coefficients. However, with non- 
ionic metal-olefin complexes in dilute solutions the activ- 
ity coefficients should be close to unity. The deviations 
from unity will be greatest with complexes which have 
the largest dipole moments. The concentrations at which 
the approximation of considering activity coefficients to 

(4%) J. J. Christensen and R. M. Izatt, "Physical Methods in Advanced 
Inorganic Chemistry," H. A. 0. Hill and P. Day, Ed., Interscience, Lon- 
don, 1968, p 538. 

be unity ceases to be valid can be found by determining 
the concentration below which the vapor pressure-com- 
position curve for the solution obeys Raoult's law.49b,c 

C. Enthalpies and Entropies of Formation in 
Solution 

There are essentially two types of methods that can be 
used for determining the enthalpies and entropies of for- 
mation of metal-olefin complexes in solution, namely, 
measurements of the temperature dependence of the 
free energy of formation and calorimetric methods. Al- 
though the former are less accurate they have been more 
widely used. Since 

AG = -RTlnK = AH - TAS 
it follows that 

In K = (-AH/RT) + (AS/R) 

so that a plot of In K against 1/T should have slope 
-& /R  and intercept AS/R.  The accuracy of the result- 
ing enthalpy and entropy values depends on a number of 
factors. 

(a) The accuracy of the original free energy data as 
well as the accuracy of the thermostating system used. 
With sufficiently good data, enthalpies of about f0.2 
kcal/mol and entropies of about f0.7 cal/(mol "C) can 
be achieved, but more often the errors are rather higher. 

(b) The evaluation of enthalpies from the slope of a 
plot of In K against 1/T presumes that AH is temperature 
independent. In practice enthalpies are dependent on the 
temperature so that two conflicting requirements must be 
resolved: firstly, the temperature range should be suffi- 
ciently small to ensure that the variation of the absolute 
value of the enthalpy is small; secondly, the temperature 
range should be sufficiently large to enable the slope of 
the plot to be evaluated with the minimum of error. A typ- 
ical compromise that many workers have used is a tem- 
perature range of about 30". 

In view of the low accuracy of the enthalpy and entro- 
py data obtained from the temperature dependence of 
free energies it is pertinent to enquire whether there are 
cases in which such methods must be used? In fact 
there are, since calorimetric studies can only be used to 
study relatively fast reactions, typically complete in about 
20 min. Special calorimeters have been described that 
can measure heats of reactions that take up to 24 hr to 
go to completion, but such calorimeters in addition to 
being very elaborate to ensure that they have the re- 
quired long term thermal stability require very sensitive 
temperature probes to determine the very small heats of 
reaction that are liberated over a given short interval of 
time. Accordingly the enthalpies and entropies of a reac- 
tion such as that of tetrachloroplatinate(l1) ions with ole- 
fins, which at 30" takes about 14 days to come to equi- 
librium with a charged olefin such as CH*=CHCH2NHg+ 
and about 50 days with an uncharged olefin such as 
CHZ=CHCH~OH,~O can only be determined from the tem- 
perature dependence of the free energies. 

Although the enthalpies of formation of metal-olefin 
complexes that are formed rapidly can be measured di- 
rectly by calorimetry, only one such study has been 
reported.50a There is an obvious need for work in this 

(49b) J. H. Hildebrand and R. L. Scott, "The Solubility of Non-electro- 
lytes," 3rd ed, Reinhold, New York, N. Y., 1950. 
(49c) J. H. Hildebrand and R. L. Scott, "Regular Solutions," Prentice- 
Hall, Englewood Cliffs, N. J.. 1962. 
(50) F. R. Hartley, Ph.D., Thesis, Oxford, 1966. 
(50a) W. Partenheimer, Inorg. Chern., 11, 743 (1972). 
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TABLE I. Thermodynamic Data for Rhodium(1)-Olefin and -Acetylene Complexesa 

K = ( [  (acac) Rh (C2H4) (olefin)][C2H4])/ ( [  (acac)Rh (C2H4)2][olef~n]) 

Olefin 1 0 3 ~  (25") 1 0 3 ~ ( 0 0 )  AH AS 
- 

CH 2=C H C H 3 78 f 7 63 f 8 1.4 f 0.9 -0.5 f 0.5 
-1.7 k 5.0 C H 2=C H C? H 5 92f 18 79 f 12 1.0 f 1.4 

CH3CH=CHCH3 (cis) 4.1 f 0.3 3 1 f 0.3 1.8 f 0.8 -4.9 f 3.0 
-6.1 f 2.6 (trans) 2.0 f 0.3 1.5 f 0.1 1.9 f 0.7 

(CH3)2C=CHp 0.35 f 0.02 0.19 f 0.02 3.9 f 0.7 -2.6 f 2.5 
CH?=CHCI 170 f 19 150 f 10 0.8 f 0.8 -0.8 f 2.9 
CHCi=CHCI (CIS) -0.07 
CH2==CCI2 No reaction 
cc I2=C CI 2 No reaction 
CHz=CHF 320 f 22 410 f 70 -1.6 f 1.1 - 7.5 k 3.8 
FHC=CHF (trans) 1240 f 360 1320 f 410 

(CIS) 1590 f 330 2080 f 460 
C H 2 4 F 2  100 f 10 
C H F=C F? 88 
CF2=CF2 59 
C H 2=C H OC H 3 

C H 2=C H Cg H5 
C H 2=C H -C" N 
C H 2=C H N (C F3 ) 2 

18 f 2 
0.08 
>50 
0.1 

< 1  
< 1  

Diene-1 
K = ( [Rh2(diene-l )2C12][diene-2]2) /([Rhz(diene-2)2C12][diene-l ] Z ) d  

Diene-2 K Diene-1 Diene-2 K 

COOCH, 3 
OOCH, 

0 CH3 

&OOCH3 CH, 

COOCH, 10 

0 CH, 
COOCH, 

COOCH, 80 &OOCH3 CH3 
COOCH, 

aThe concentration of C2H4 liberated was determined by measuring the concentration of C2H4 in the gas phase by ir absorbance and determining the 
K was determined by nrnr at -60' in CDCl3 solubility of C2Hi in toluene. *Measured in toluene (from ref 3 1 ) .  C In chlorobenzene at 20' (from ref 54). 

(from ref 54a) 

field, since an understanding of the nature of the interac- D. Thermodynamic Data in the Solid Phase 
tion of olefins with metals requires enthalpy data as well 
as free energy data. The interested research worker is 
referred to texts on thermochemical  measurement^.^' , 5 2  

So far only thermodynamic data in the solution phase 
have been considered. However, since the simpler ole- 
fins are gases, it is possible to derive thermodynamic 
data on solid olefin complexes by measuring the variation 

(51) F. D. Rossini, Ed., "Experimental Thermochemistry." Vol. 1 ,  Inter- of the dissociation pressure with temperature, making 
science, New York, N. Y., 1956. 
(52) H. A. Skinner, Ed., "Experimental Thermochemistry," Vol. 2, Inter- such it is essential to that true 
science, New York, N. Y., 1962. equilibrium conditions prevail by studying the effect of 
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both increasing and decreasing the temperature. For the 
equilibrium 

K P  
MX(cryst) + n olefin(g) + [M(olefin),]X(cryst) 

the equilibrium constant K P  is equal to the inverse of the 
olefin pressure, and i f  the pressure ( p )  is expressed in 
the correct units for the standard state, namely atmo- 
spheres, then 

hG = -RTln ( l /p)  
and if the temperature range is sufficiently small for the 
temperature dependence of AH to be ignored, AH is 
given by53 

In ( ~ 1 / ~ 2 )  = -hH/R( l /T2  - 1/Ti)  

where pressure p1 corresponds to temperature T I .  
I t  is, of course, impossible to determine the relative 

stabilities of metal-olefin bonds from solid-phase data be- 
cause the lattice energies of the crystalline metal-olefin 
complexes are dependent upon the size of the olefin. 

111. Thermodynamic Data 
In tabulating the thermodynamic data it is immediately 

apparent that while many research groups have studied 
silver( I)-olefin complexes only a few have studied the 
olefin complexes of other metals. When comparing data 
for two different olefins it is essential to compare data 
obtained by the same technique under similar conditions 
and preferably by the same group of workers. This is be- 
cause, as discussed in detail above, some methods such 
as gas chromatography give stability constants that are 
only relative values dependent on the precise experimen- 
tal technique used. In such cases highly misleading con- 
clusions may be drawn if care is not first taken to ensure 
that the data are comparable. 

In Tables l-X1154-97 the experimental technique is re- 
corded alongside each result. The abbreviations for the 

(53) S. Glasstone, "Textbook of Physical Chemistry," 2nd ed, Macmil- 
Ian, London, 1960, p 847. 
(54) L. Vaska, Inorg. Chim. Acta, 5, 295 (1971). 
(54a) H. C. Volger, M. M. P. Gaasbeek, H. Hogeveen, and K. Vrieze, 
Inorg. Chim. Acta, 3, 145 (1 969). 
(55) L. Vaska, Accounts Chem. Res., I, 335 (1968). 
(56) T. Yamamoto, A. Yamamoto, and S. Ikeda, J. Amer. Chem. SOC., 
93,3360 (1971). 
(57) P. M. Henry, J. Amer. Chem. SOC., 86, 3246 (1964). 
(58) I .  I. Moiseev, M. N. Vargaftik, and Ya. K. Syrkin, Dokl. Akad. Nauk 
SSSR, 152, 147 (1963); Chem. Abstr., 60, 184d (1964). 
(59) S. V. Pestrikov, I .  I. Moiseev, and T. N. Rornanova, Russ. J. Inorg. 
Chem., 10, 1199 (1965). 
(60) S. V. Pestrikov, I. I. Moiseev, and E. A. Tsivilikhovskaya, Russ. J. 
lnorg. Chem., 11, 931 (1966). 
(61) S. V. Pestrikov, i. I. Moiseev. and L. M. Sverzh, Russ. J. Inorg. 
Chem., 11, 1113 (1966). 
(62) S. V. Pestrikov and I .  I. Moiseev, Izv. Akad. Nauk SSSR, Ser. 
Khim., 349 (1965); Chem. Abstr., 62, 16018d (1965). 
(63) A. D. Alien and C. D. Cook, Can. J. Chem., 42, 1063 (1964). 
(64) F. R. Hartieyand L. M. Venanzi, J. Chem. SOC. A, 330 (1967). 
(65) R. Spagna, L. M. Venanzi, and L. Zambonelli. Inorg. Chim. Acta, 4, 
475 (1970). 
(66) R. G. Denning, F. R. Hartley, and L. M. Venanzi, J. Chem. SOC. A, 

(67) R. M. Milburn and L. M. Venanzi, Inorg. Chim. Acta, 2, 97 (1968). 
(68) R. G. Denning and L. M. Venanzi, J. Chem. SOC. A, 336 (1967). 
(69) J. R. Joy and M. Orchin, J. Amer. Chem. SOC., 81, 305 (1959). 
(70) S. I .  Shupack and M. Orchin, J. Amer. Chem. SOC., 86, 586 

328 (1967). 

(1 964), 
(71) Y. A. Treger, R. M. Flid, L. V. Antonova, and S. S. Spektor, Russ. 
J. Phys. Chem., 39, 1515 (1965). 
(72) R. M. Keefer. L. J. Andrews, and R. E. Kepner, J. Amer. Chem. 
SOC., 71,2381 (1949). 
(73) L J. Andrews and R. M. Keefer. J. Amer. Chem. SOC., 71, 2379 
(1949), 

TABLE II. Thermodynamic Data for Iridium(1)-Olefin and 
-Acetylene Complexes in Chlorobenzene 

K = [IrLX(CO) (PPhd2l/([lrX(CO) ( P P ~ ~ I z I [ L I )  

Teomp, 
K AH Ref x c  L 

C2H4 CI 30 
C H2=CH C N CI 30 
NCCH=CHCN CI 30 

C2H4 I 20 
C2H4 I 30  
C H 2=C H CN I 30 
NCC H=CHCN I 30 
F2 C=C F 2 I 30 
CH=H I 20 

(NC)2C=C(CN)a CI 30 

<1 
1 .2  
1500 
140,000 (in THF) 
2.7 
1.1 
0.4 

> l o o  
1 .2  

a7 

55 
55 
55 
55 

-12 54 
55 
55 
55 
55 

-9.3 54 

techniques, which are all described in section II ,  are as 
follows: pot, potentiometry; sol, solubility; dis, distribution 
between two immiscible solvents; pol, polarography; glc, 
gas chromatography; nmr, nuclear magnetic resonance. 
In quoting the medium the inert background electrolyte 
has been reported. However, only the sum of the ionic 
strengths of the metal ion under study and the back- 
ground electrolyte have been given so that in the case of 
the silver(1) results, for example, a medium referred to as 
0.1 M KN03 is x M with respect to Agf and (0.1 - x )  M 
with respect to KC.  No units are quoted in the tables. In 
all cases the units of K can be determined from the rele- 
vant expression for K by expressing the concentrations of 
the species present in moles per liter. AH values are ex- 
pressed throughout in kilocalories per mole and AS 
values in calories per mole per deg ("C) (entropy units). 

(74) J. M. Harvilchuck, D. A. Aikens, and R. C. Murray, Inorg. Chem., 
8, 539 (1969). 
(75) S. E. Manahan, Inorg. Chem., 5, 2063 (1966). 
(76) E. R. Gilliland, H. L. Bliss, and C. E. Kip, J. Amer. Chem. SOC., 63, 
2088 (1941). 
(77) K. N. Trueblood and H. J. Lucas, J.  Amer. Chem. SOC., 74, 1338 
(1952). 
(78) R. J. Cvetanovic, F. J. Duncan, W. E. Falconer, and R .  S. Irwin, J. 
Amer. Chem. SOC., 87, 1827 (1965). 
(79) T. Okuyama, T.  Fueno, and J. Furukawa, Bull. Chem. SOC. Jap.,  
42, 3106 (1969). 
(80) L. J. Andrews and R. M. Keefer, J.  Amer. Chem. SOC., 73, 5733 
(1951). 
(81) S. Winstein and H. J. Lucas, J. Amer. Chem. SOC., 60, 836 (1938). 
(82) C. F. Wilcoxand W. Gaal, J. Amer. Chem. SOC., 93, 2453 (1971). 
(83) F. R. Hepner, K. N. Trueblood, and H. J. Lucas, J. Amer. Chem. 
SOC., 74, 1333 (1952). 
(84) T. Fueno, 0. Kajimoto, and J. Furukawa, Bull. Chem. SOC. Jap., 
41, 782 (1 968). 
(85) J. G. Traynham and J. R. Olechowski, J. Amer. Chem. SOC., 81, 
571, (1959). 
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TABLE Ill. Thermodynamic Data for Nickel(0)-Olefin 
Complexesa 

K ,  = [Ni(dipyr) (ol)]/([Ni(dipyr) (solvent)][olefin]) 

TABLE I V .  Thermodynamic Data for Nickel(l1)-Olefin 
Complexes” 

K = [R2Ni (dipyr) (olefin)]/([R~Ni(dipyr)][olefin]) 

T e p x  
Olefin C K ,  A H  AS R Olefin K (200’K) 

A H  
(200‘K) 

AS 
(200°K) 

Maleic anhydride 

Acrolein 

Acrylamide 

Acrylonitrile 

Methyl vinyl ketone 

Methyl acrylate 

Methacrylonitrile 

Methyl methacrylate 

Vinyl acetate 

22.2 
36.1 
40.1 
46.7 
26.8 
32.5 
35.6 
42.5 
22.4 
33.5 
39.4 
45.7 
20.4 
30.6 
36.5 
41.8 
24.0 
30.0 
35.6 
41.1 
18.3 
21.2 
31.8 
41.6 
21.9 
28.8 
37.9 
43.3 
17.3 
24.6 
29.2 
42.4 
30.0 

47,000 
21,000 
17,000 
14,000 
5,400 
3,100 
2,300 
1,400 
3,700 
1,600 

740 
490 

1,300 
600 
490 
350 
600 
470 
360 
280 
790 
630 
360 
140 
51 0 
280 
140 
95 
24 
14 
12 
6.1 
0.23 

-12.8 -22.0 

-19.0 -47.0 

-17.8 -44.2 

-16.0 -40.5 

-13.7 -33.9 

-13.7 -34.3 

-14.1 -36.2 

-8.7 -24.1 

Studied in tetrahydrofuran using a spectrophotometrlc technique 
(from ref 56) 

The order of the tables follows the position of the metal 
in the periodic table: rhodium(l),  iridium(l), nickel(O), 
nickel(l I ) ,  palladium(1 I ) ,  platinum(O), platinum( I I ) ,  cop- 
per( l) ,  silver(l), and mercury(l1). 

IV.  Discussion of Thermodynamic Data 
The thermodynamic data obtained for metal-olefin in- 

teractions can be used to answer two questions. The first 
is “which olefins form the most stable complexes?” and 
the second is “why does one olefin form a more stable 
complex than another?”. The first question, which is of 
immediate importance to a chemist trying to apply exist- 
ing knowledge either to the development of new synthetic 
organic reactions or to deciding which of a number of 
possible mechanisms for a particular reaction is the more 
likely, requires only free energy data. However, to answer 
the second question it is necessary to analyze the free 
energy change on complex formation into its enthalpy 
and entropy components. There are many examples in 
the literature where authors, having obtained stability 
constants at a single temperature, have attempted to in- 
terpret these in terms of both steric and electronic influ- 
ences on the metal-olefin bond. While a number of such 
explanations have been shown by subsequent enthalpy 
studies to be valid, there are other cases where modifica- 
tion of the structure of the olefin has very little influence 
on the enthalpy of formation of the metal-olefin complex 

~ ~ ~~ 

CH3 Acrylonitrile 0.093 -2.15 -15.5 
C2H5 Acrylonitrile 7.3 -4.55 -20.3 

n-C3H7 Acrylonitrile 1.4 (5) -4.90 -23.8 
i-CdH9 Acrylonitrile 0.16 -1.67 -12.1 

C2Hs Acrolein 1.9 -5.60 -26.8 

(I Studied in tetrahydrofuran using visual observation of the color of the 
mixture (from ref 56).  

TABLE V. Thermodynamic Data for Palladium(ll)-Olefin 
Complexesa 

K = ([PdC13L-][CI -1) / ([PdC14’ -][L]) 

Teomp, Ionic 
Olefin C strength, M K Ref 

C2H4 15.0 2 
25.0 2 
35.0 2 

C2H4 8.0 4 
13.4 4 
20.0 4 
25.0 4 
20.0 4 

C2H4 14.8 2 
14.8 2.1-2.2 
14.8 3.1-3.2 
14.8 4.5 

18.7 
17.4 
9.7 

13.1 
16.9 
18.7 
15.5 
15.9 
16.3 

57 
57 
57 

58, 59 

60 
61 
61 
61 
61 

59 
CHsCH=CHz 10.3 4 

14.9 4 
20.1 4 
20.0 4 7.6 60 

CzH5CH=CH2 5.0 4 
10.0 4 
14.8 4 
20.0 4 
20.0 4 

C ~ H S C H = = C H ~  14.8 2.1-2.2 13.8 
14.8 3.1-3.2 13.6 

12.4 
14.3 60 

61 
61 

14.8 4.1-4.2 13.6 61 
14.8 5.1-5.2 11.3 61 

(IObtained by measuring the solubility of olefins in aqueous palla- 
dium( I I )  chloride solutions. 

but a considerable effect on the entropy of formation of 
that complex and hence on the overall stability constant. 

In this section we shall attempt to evaluate which 
properties of the olefin and the metal lead to the forma- 
tion of a stable metal-olefin complex. We shall, however, 
only attempt to discuss why these properties lead to sta- 
ble complexes when enthalpy and entropy data are avail- 
able. 

In order to rationalize the electronic influence of sub- 
stituents on the overall stability of the metal-olefin bond, 
it is necessary to have a description of the bonding. The 
currently accepted explanation16 of the bonding in metal- 
olefin complexes suggests that a c bond is formed by 
donation of the pair of electrons in the 7 ~ 2 ~  orbital on the 
olefin to an empty hybrid orbital on the metal. This is 
complemented by 7~ back-donation of electron density 
from a filled hybrid orbital on the metal to the initially 
empty r*lP (antibonding) orbital on the olefin (see Fig- 
ure 1).  The u bond inevitably causes an unfavorable 
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TABLE V I .  Thermodynamic Data lor Platinum(0)-Acetylene 
Complexesa 
K = ([  (PPh3)2Pt (PhCECH)] [XCCH~CFCH]) / 

[ [ (PPh3) PPt (XCeH4C=CH)I[PhC=CH]) 

X K X K 

m-N02  125 0-CI 3 
P-NOZ 105 H 1 
p-Br 10 p-CH30 1 
p-CI 10 O-CH30 0.5 
m-CH30 6 

Studied in cyclohexane at 26.8' using an ultraviolet spectrophotomet- 
ric technique (from ref 63) 

build-up of negative charge on the metal; however, the x 
bond relieves this, giving a synergic effect. This bonding 
scheme, which has been described in sufficiently general 
terms to be applicable to all metal-olefin complexes ap- 
pears to give rise to two main types of olefin complexes, 
which have been described as class S and class T97a 
complexes.16~98~99 The essential difference between the 
two classes of olefin complexes are listed in Table X I I I .  
For the present purposes it is sufficient to mention that 
the x bond (metal to olefin) is relatively more important 
in class T than in class S complexes as is to be expected 
in view of the fact that in those cases where a given 
metal forms both classes of complex, the class T com- 
plexes are formed by the lower oxidation state, which has 
more d electrons potentially available for x back-dona- 
tion, and the class S complexes are formed by the higher 
oxidation state (see Table XI I I ) .  

A. Properties of the Olefin 
The properties of an olefin that influence the stabilities 

of metal-olefin complexes can usually be divided into two 
groups, namely steric and electronic. Of these the steric 
properties are generally far more important and accord- 
ingly are considered first. 

1. Steric Properties 
a. 

I t  is extremely difficult to separate the steric and elec- 
tronic properties of a substituent. However, of the wide 
range of possible substituents that could be used to re- 
place one or more of the hydrogen atoms on a double 
bond, methyl groups have the closest electronic 
properties to hydrogen atoms. Even a quick glance at the 
stability constant data, summarized in Table XIV, indi- 
cates that on replacing a hydrogen atom bound to one of 
the unsaturated carbon atoms by a methyl group there is 
a decrease in the stability constant. In all cases where 
enthalpy data are available (Ag( l ) ,  Rh( l ) ,  Pt( l I ) ,  and 
Pd( l l ) ;  for Pd( l l ) ,  see Table V)  it is apparent that re- 
placement of a hydrogen atom by a methyl group is ac- 
companied by an unfavorable enthalpy term, although in 
the case of silver(1) it requires the replacement of two of 
the hydrogen atoms on ethylene before the steric bulk of 
the methyl groups overcomes their electronic effect 
(which in the special case of silver(1) favors complex for- 
mation) and decreases the enthalpy of complex forma- 
tion. In all cases, except pal ladium(l l) ,  there is a more 

Substituents on the  Mult iple Bond 

(97a) The letters S and Tare taken from the square planar and trigonal 
structures of the model platinum complexes. 
(98) F.  R. Hartley, "Proceedings of the Fifth International Conference on 
Organometallic Chemistry," Moscow, 1971, Abstract 331, Vol. 1 1 ,  p 279. 
(99) F. R. Hartley, Platinum Metals Rev., 16, 22 (1972). 

a c - t y p e  bond 

n - t y p e  bond 

Figure 1. Bonding in metal-olefin complexes. 

/ 
CL 

Figure 2. The structure of [Pd(PhCH=CH2)C12]2 (from ref 100). 

favorable entropy change on complex formation with sub- 
stituted olefins. The effect of replacing the hydrogen 
atoms on a,double bond by groups such as cyanide or 
halides involves a much greater change in electronic 
properties than with methyl groups so that the resultant 
effect on the stability of the complex depends more on 
the susceptibility of the metal-olefin bond to electronic 
changes than on the steric effect of the substituent. 

In general it would appear that any substituent on a 
double bond will have an unfavorable steric effect on the 
complexing ability of that olefin and that this i s  manifest 
in both the enthalpy and the entropy terms. There is 
some evidence from X-ray diffraction to support the con- 
tention that the steric bulk of the substituents prevents 
the optimum approach of the olefin to the metal. In 
styrenepalladium( I I )  chloride the bulky phenyl group pre- 
vents the double bond being either symmetrically dis- 
posed about the palladium-olefin bond or perpendicular to 
the PdCIzPd planeloo (Figure 2) .  The more unfavorable 
entropies of complex formation in the more substituted 
olefins suggest that there is a somewhat greater physical 
restraint in the complex when the olefin is more bulky. 
This is perhaps not surprising when it is remembered that 
for class S complexes (see Table X l l l  and section I V  
above) with ethylene there is only a very low energy bar- 
rier to free rotation of the olefin about the metal-olefin 
bond. As the bulk of the substituents on the olefin in- 

(100) J. R. Holden and N .  C. Baenziger, J. Amer. Chem. SOC., 77, 4987 
(1955). 
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TABLE V I I .  Thermodynamic Data for Platinum(l1)-Olefin Complexes 

Ref 

CI 

CI 

CI 

CI 

CI 
CI 

CI 

CI 
CI 
CI 
CI 
CI 

CI 

CI 

CI 
CI 

CI 

CI 

CI 
CI 
CI 

CI 
CI 
CI 

Br 
Br 

Br 
Br 
Br 

al lNH3+ 

allNH2Et+ 

allNHEt2+ 

allNEt3+ 

allPEt3+ 
allAsEt3+ 

al lNMe3+ 

allN-n-Pr3+ 
all N-n-B u3 + 
allNH(CH2),,+ 
a l lNH(CH2)5+ 
butNH3+ 

butNEt3+ 

pentN H3+ 
c is-CH3CH=CHCH2NH3+ 

frans-CH3CH==CHCH2NH3+ 

C H 2-C HCH (C H3) N H 3 +  

pentOH 
trans-CH3CH=CHCH20H 
allSO3- 

allN H3+ 
allNH*Et+ 

allNHEtl+ 
allNEt3+ 
butNEt3' 

30.2 
44.0 
59.0 
24.0 
44.0 
59.0 
30.0 
45.3 
59.0 
25.0 
45.0 
59.0 
59.0 
45.0 
58.0 
30.0 
44.5 
60.0 
60.0 
60.0 
60.0 
60.0 
30.0 
44.5 
60.0 
30.0 
44.8 
60.0 
30.0 
44.8 
60.0 
60.0 
30.0 
45.0 
60.0 
30.0 
44.5 
60.2 
30.0 
45.3 
60.0 
60.0 
60.0 
30.0 
44.5 
60.0 
60.0 
60.0 
35.0 
45.0 
55.6 
24.5 
0.0 

25.0 
35.0 
24.5 
24.5 
24.5 

AH = -7.1; A S  = -7.6 

AH = -5.9; A S  = -4.4 

AH = -5.6; A S  = -5.0 
386 

AH = -4.9; A S  = -4.6 
112 
505 

AH = -5.9; A S  = -4.3 

AH = -5.3 ( 5 ) ;  A S  = -6.6 
117 
131 
308 
649 

AH = -5.1; A S  = -0.2 
2038 

5911 AH = -3.8; A S  = $5.4 
4449 77781 

AH = -3.3; A S  = 4-7.2 
5459 
1124 

AH = -6.0; A S  = -5.9 
41 5 

AH = -5.1; A S  = -4.6 ( 5 )  

AH = -6.7; A S  = -6.9 

209 

3.2 
2.6 

AH = -8.1; A S  = -7.6 
13011 

3890 
2525 
3008 

'""1 1539 
2123 AH = -6.1; A S  = -4.1 

AH = -4.8; A S  = -5.3 
184 
127 

1190 
44.1 

30 

30 

30 

30 

30 

30 

30 

30 
30 
30 
30 

30 

30 

30 

64 

65 

66 

66 

66 
66 

64 

64 
64 

67 

68 

68 

68 
68 
68 

Part I I 
K, = ([trans-{ (XC~H~CH=CHZ) PtC12Ll][C,~H~p])/([trans-( !C~ZHZ?)P~CIZLJ][XC~HICH=CHZ]) 

L z Medium rn-CH30 rn-CH3 rn-H m-CI rn-NOz 

Z-pyrO CH30 CHC13 3.8 2.4 6.6 2.7 0.6 
CH3 0.022 0.08 0.8 0.09 0.001 1 
H 0.029 0.055 0.052 0.14 0.0041 
CI 0.0040 0.023 0.10 0.10 0.033 
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TABLE VI1 (Continued) 

Part I I C  
L z Medium m-CH30 m-CH3 m-H rn-CI m-NOz 

COOCH3 
NO2 

2-pyrO CH30 CHC13 
CH3 
H 
CI 
COOCH3 
N 0 2  

CI 0.01 M HCI 
in EtOH 

0.026 0.20 0.13 0.043 
0.018 0.005 3.3 0.05 0.013 

p-CH30 
9.5 
0.30 
0.26 
0.18 
0.25 
0.0032 

19.4 

p-CH3 
7.1 
0.57 
0.016 
0.51 
0.016 
0.078 

26 

P-H 
6.6 
0.87 
0.052 
0.10 
0.13 
3.3 

37 

p-CI P-NOZ 
3.2 0.045 
0.099 0.0017 
0.071 0.00035 
0.1 1 0.010 
0.22 0.077 
0.052 0.0015 

21 

In 0.1 M HCI -t 1.9 M NaCI, studied using an ultraviolet spectrophotometric technique. ball = CH2=CHCH2-; but = CH2=CH(CHz)z-; pent = 
CHz=CH(CH2)3-. Studied by an ultraviolet spectrophotometric technique at 25" (from ref 69 and 70) .  

creases, the resistance to free rotation would be expect- 
ed to rise sharply. 

For acetylenes, only in the case of silver(1) have suffi- 
cient studies been reported to confirm that replacing the 
hydrogen atoms bound directly to the unsaturated carbon 
atoms by methyl groups decreases the stability of the 
complex. Furthermore replacing the hydrogen atoms on 
the carbon atom adjacent to the unsaturated carbon 
atom also decreases the stability of the complex by a 
factor of about i/3.4i There are insufficient data to ascribe 
this strictly to an enthalpy or entropy effect although it is 
anticipated that both terms might be involved in a similar 
way to that found for olefins. 

b. Branching in the Chain 

The introduction of a branched group on the alkyl 
chain of an olefin causes a reduction in the stability of 
the silver(1)-olefin complex. The results for a series of 
h e p t e n e ~ ~ ~  (see Table X under C7H14) indicate that this 
effect is greatest when the methyl side group is bound to 
the carbon atom next but one ( i .e. ,  6 )  to the unsaturated 
carbon atom and least when it is next but two; methyl 
groups bound to the carbon atoms adjacent to the 
unsaturated carbon atom appear to have an intermediate 
effect. I t  will require enthalpy and entropy studies before 
an explanation for these observations, which are also 
found with acetylenes, can be advanced. 

c .  Chain Length 

The effect of chain length is very difficult to generalize 
on. Before considering the data in detail it is important to 
reject any data in which an increase in chain length re- 
moves a group with a strong electronic influence to a 
greater distance from the multiple bond, since the inter- 
pretations of such results will depend on the electronic 
influence of the group being removed rather than the ef- 
fect of chain length itself. With this limitation in mind, we 
are left with data for silver( I ) ,  palladium( I I) ,  and rhodi- 
um( l )  (Table XV). In the case of silver(1) it is apparent 
firstly that the stability of complexes of RCH=CH2 de- 
pends very much on the solvent. Thus in ethylene glycol 
the stability constant decreases steadily as R increases 
in chain length ( R  = H > CH3 > C2H5 > n-C3H7 > n- 
C4Hg > n-C5Hl1), and over the series R = H to R = n- 
C3H7 there is very little change in the enthalpy of com- 
plex formation but a steadily more unfavorable entropy 
term. In aqueous solution, however, the stability constant 

increases steadily with increasing chain length of group R 
( R  = H < CH3 < C2H5 < n-C4H9), but no enthalpy or 
entropy data are available. For palladium(1 I )  the stability 
constant order is R = H > CH3 < C2H5, and now the en- 
tropy term becomes more favorable toward complex for- 
mation as the chain length of the olefin increases where- 
as the enthalpy of complex formation is comparable for 
propene and 1-butene and more favorable for ethylene. 
With rhodium(1) the stability constant trend is similar, 
though more dramatic, to that of palladium(l1) (/.e., R = 
H >> CH3 < C2H5); however, in this case the entropy 
term gets steadily less favorable with increasing chain 
length while the enthalpy term is more unfavorable for 
propene than 1 -butene relative to ethylene. 

I t  is apparent that a great deal more work is needed 
before the influence of chain length on the stabilities of 
olefin complexes can be predicted. This work must be 
accompanied by enthalpy and entropy data if an under- 
standing of how the chain length influences the stability 
of the metal-olefin complex is to be obtained. 

d. Cis and Trans Isomers 

In general cis olefins form more stable complexes than 
trans olefins (Table XVI). Further enthalpy and entropy 
studies have shown that there is very little difference be- 
tween the entropies of complex formation of a pair of cis 
and trans isomers, although there is a considerable en- 
thalpy difference in favor of the cis isomer. The greater 
enthalpy of formation of cis than trans olefin complexes 
has been ascribed to two effects. 

( i )  Cis olefins, as indicated by their higher heats of hy- 
drogenation,lol are generally more strained than trans 
olefins, and this strain is reduced on complex formation. 
Although it has been suggestedlo2 that on complex for- 
mation a slight rotation could occur about the double 
bond to relieve the bond oppositions present in a planar 
cis olefin, an X-ray diffraction study65 of [Pt(cis- 
CH3CH=CHCH2NH3)C13] showed that the four carbon 
atoms of the cis-crotylammonium ligand were coplanar. 
Thus any relief of the bond oppositions in the cis olefins 
appears to result solely from the slight lengthening of the 
olefinic double bond on coordination to a metal. In sup- 
port of this "relief of strain" hypothesis it has been found 

(101) R. B. Turner, D. E. Nettleton, and M. Perelrnan. J. Amer. Chem. 
SOC., 80, 1430 (1958). 
(102) P. D. Gardner, R. L. Brandon, and N. J. Nix. Chem. Ind. (Lon- 
don). 1363 (1958). 
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TABLE V I  II. Thermodynamic Data for Copper(1)-Olefin Complexes in Solutionn 

[Cu(olefin) + ]  [CuC13L2-] [CuCl2L-][CI-] 
[Cu+][olefin] [CuCI32- ] [ L] [CuCI32-][L] 

K <  = Kn = K b  = 

Molecular Teomp, 
formula Structural formula Method C Medium K Ref 

C3 H 5 CI C H 2=C H C H 2C I 

C3 C H 2-C HCH 20 H 

pot. 
pot. 
pot. 

5 
15 
25 

71 
71 
71 

concentrations 

0.1 M HClOi 
0.1 M NaC104 

(““:z4cl concentrations } 
0.1 M HClO4 

25 
25 
25 
50 
70 
85 
25 

38 
46 

sol 
sol 

pot. 
pot. 
pot. 
pot. 
so I 

71 
71 
71 
38 C3 H 50 C I C H 2=C CIC H 2 0 H 

sol 25 0.1 M HClO4 K i  = 9200 72 

SOI 25 0.1 M HC104 K1 = 1130 

SOI 25 0.1 M HC104 K1 = 34,000 

73 

72 

C4H602 CH\ /H SOI 25 0.1M HC104 K i  = 1600 

H/‘=   coo^ 
C4 H 8 0 C H 3C H =CH - C H 2 0  H SOI 25 0.1 M HClO4 K i  = 10,000 
C4HeO CH2=CHC(CH3)HOH sol 25 0.1 M “ 3 0 4  K1 = 33,000 
C4HeO CH2=C(CH3)-CH2OH sol 25 0.1 M HC104 K i  = 9200 

72 

38 
38 
38 

pot. 30 1 M LiC104 in K1 = 725; AH1 = -12.7 
2-propanol 

74 

C5H604 CH2=C(COOH)-CH2COOH SOI 25 0.1 M HCiO4 K1 = 2200 72 

S O I  25 0.1 M HC104 K1 = 410 

SOI 25 0.1 M HC104 K i  = 22 

72 

72 

C5H802 CH3, ,CH, sol 25 0.1 M HC104 Ki  = 210 

H /c=c\cooH 

72 

72 
38 
38 
38 
38 
38 

&,He02 (CH3)2C=CHCOOH SOI 25 0.1 M HC104 K i  = 110 
C5HloO CH2=CHC(CzHs)HOH SOI 25 0.1 M HCiOi K i  = 39,000 
C5HloO CHZ=C(CH~)-C(CH~)HOH SOI 25 0.1 M HC104 K1 = 4000 
C5HjoO CH3CH=C(CH3)CH20H SOI 25 0.1 M HC104 K1 = 3500 
C5HioO (CH3)2C=CHCH20H SOI 25 0.1 M HC104 K i  = 11,000 
C5 H 1 00 C H 2-C H -C ( C H 3 )  2 0 H SOI 25 0.1 M HC104 K1 = 25,000 

pot. 30 1 M LiC104 in K1 = 339; AH1 = -7.0 
2-propanol 

pot. 30 1 M LiC104 in K1 = 123; AH1 = -8.3 
2-propanol 

74 

74 

C6H1202 CH3C(OH)H-CH2-C(CH3)4H* SOI 25 0.1 M HClO4 K i  = 16,000 3a 

pot. 30 1 M LiClO4 in K i  = 12,880; AH1 = -15 
2-propanoi 

74 
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Molecular 
formula Structural formula 

Teomp, 
Method C Medium K Ref 

C7H10 

0 
0 

pot. 

pot. 

pot. 

a Ail data refer to aqueous solution unless otherwise stated. 

TABLE IX. Thermodynamic Data for Copper(1)-Olefin and 
-Acetylene Cemplexes in the Solid Phasea 

30  

30 

25 

30  

Temp range 
Olefin or acetylene n studied, "C AH 

H C X H  0.5 0-42.5 -6 .25  
H 2 C 4 H 2  1 Not stated -10.0 
C H 2 4 H C H 3  1 Not stated - 11 .O 
C H z e ( C H 3 )  z 1 Not stated -11 .0  
C H 2 4  H C H =C H 2 0.5 17-69 -8 .5  
C H 2-C (C  H 3) C H=C H2 0.336 10-40 -5 .81  

Enthalpies of formation of copper( 1)-olefin complexes accordi.ng to 
the reaction CuCl(cryst) + n olefin(g) e [C~(olefin)~]Cl(cryst) ob- 
tained from measurements of the dissociation pressure of [Cu(~Iefin)~]CI 
(from ref 76). 

that where the free trans olefin is more strained than the 
cis olefin, as in P-chlorovinyl ethyl etherIa3 and 1,2-di- 
c h l o r ~ e t h y l e n e , ~ ~ ~  the trans olefin forms the more stable 
complex with silver.79 In the case of 1,2-dibromoethyIene 
the cis and trans isomers of the free olefin are equally 
stable1a5 and the silver complexes of the two isomers are 
of comparable stability. 

(ii) The actual bonds formed between cis olefins and 
metals are stronger than between trans olefins and met- 
als. This could arise from the different rotations needed 
to reduce the nonbonded interactions between the two 
isomeric olefins and the other ligands present around the 
metal. In the case of a cis-disubstituted olefin these non- 
bonded interactions could be reduced by rotation of the 
olefin about the olefinic axis in such a way as to take the 
substituents further away from the metal (Figure 3).  This 
type of rotation, which will cause a small reduction in the 
orbital overlap resulting in a slight weakening of the 
metal-olefin bond relative to that formed by ethylene, has 
been observed in the nuclear magnetic resonance spec- 
tra of a number of complexes containing unsymmetrical 
olefins. IO6-' lo However its observation by X-ray diffrac- 

(103) T. Okuyama. T. Fueno. and J. Furukawa. Tetrahedron, 25, 5409 
(1969). 
(104) E. L. Eliel, "Stereochemistry of Carbon Compounds," McGraw-Hill, 
New York. N. Y., 1962, Chapter 12. 
(105) R. M. Noyes and R. G. Dickinson. J. Amer. Chem. SOC., 65, 1427 
(1943). 
(106) P. D. Kaplan, P. Schmidt. and M. Orchin. J. Amer. Chem. Soc., 
89, 4537 ( 1  967). 
(107) H. P. Fritz, K. E. Schwarzhans, and D. Sellmann. J. Organometal. 
Chem., 6, 551 (1966). 
(108) P. D. Kapian and M. Orchin, Inorg. Chem., 6, 1096 (1967). 

1 M LiClO4 in 
2-propanol 

K1 = 18,200; AH1 = -10 .8  74 

1 M LiC104 in 
2-propanol 

Acetone Ki  = 32,000 75 

KI = 1,047; AH, = - 7 . 8  74 

1 M LiC104 in K1 = 2,084; AH1 = -15 .3  
2-propanol 

74 

x 

X X-M- 
I 

R 

n I 
'c 3- 

Figure 3. The rotat,ion necessary to remove steric interference in 
a cis-disubstituted olefin complex (view down the olefinic double 
bond). 

R 
I 

I 
R 

Figure 4. The rotation necessary to remove steric interference in 
a trans-disubstituted olefin complex (view down the metal-olefin 
bond). 

tion is not so clear-cut for two reasons: firstly, all substit- 
uents are bent out of the plane of the olefinic double 
bond away from the metal on coordination,16 and, sec- 
ondly, in the complexes studied so far the olefinic hydro- 
gen atoms have not been located. With these reserva- 
tions in mind we may note that the angle cy in Figure 3 by 
which the methyl and methylene groups are bent away 
from the ClPtCl plane in [ P ~ ( C ~ S - C H ~ C H = C H C H ~ N H ~ ) C ~ ~ ]  
is 23" 65  as compared with a mean angle of about 18.4" 
for the methyl and methylene groups in [Pt(trans- 
CH~CH=CHCH~NH3)CI3]."' In the case of a trans- 
disubstituted olefin the steric interference between 
the olefin substituents and the cis ligands could be 
reduced by rotation about the metal-olefin bond axis 
(Figure 4) .  While not affecting the u bond (olefin to 
metal), this will markedly reduce the overlap between the 

(109) P. D. Kaplan, P. J. Schmidt, and M. Orchin, Abstracts, 155th Na- 
tional Meeting of the American Chemical Society, San Francisco, Calif., 
April 1968, Paper M156. 
(110) c. E. Holloway, G. Hulley, 8. F. G. Johnson, and J. Lewis, J. 
Chem. SOC. A, 1653 (1970). 
(111) R .  Spagna, L. M. Venanzi, and L. Zambonelii, Inorg. Chim. Acta, 
4, 283 (1970). 
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TABLE X. Thermodynamic Data for Silver(1) Complexes in Solution 

Molecular 
formula Structural formula 

Teomp, 
Method C Medium K Ref 

( i)  Olefinsa 

sol 25 

sol 25 

sol 25 

sol 25 

dis 25 
dis 25 
glc 40 

glc 25 
glc 40 
glc 0 

glc 0 

13.2 
23.2 
25 

glc 0 
glc 25 
glc 40 
glc 0 
glc 25 
glc 40 

glc 0 
glc 23.2 

sol 25 

sol 25 

sol 25 
sol 25 

sol 25 
sol 25 

sol 25 

sol 25 

dis 25 
glc 40 

glc 25 
glc 40 

glc 23.2 

glc 0 

1 M CF3COONa 

1 M CF3COONa 

1 M CF3COONa 

1 M CF3COONa 

1 M KNO3 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Various concen- 
trations of 
AgN03 in range { 0-3.5 M 1 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Various concen- 
trations of 
AgN03 in range ( 0-3.5 M 1 

1 M KN03 

1 M K N 0 3  

1 M KNO3 

1 M KNO3 
1 M KN03 

1 M K N 0 3  
1 M KNO3 

1 M KN03 

1 M KN03 

1 M K N 0 3  
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Various concen- 
trations of 
AgN03 in the  , 

range 0-3.5 M 

KI = 94.0; AH1 = -7.37; 39 

K(Ag(ol)OH + H+ z A g ( o l ) + )  = 39 
AS1 = -15.6 

2.2 x 10-9 
K(AgA+ + 01 AgA(ol)+) = 

57.0 

A) = 2.65 
(A = triethanolamine) 

K(AgA2+ + 01 z AgA(ol)+ + 

KI = 85.3 
K1/2 = 0.15 
K i  = 22.3 

AH1 = -3.5 
AS1 = -6.0 

K j  = 30.6 
K1 = 17.5 
K1 = 13.5 

AH1 = -3.55 
AS1 = -6.01 

AH1 = -3.63 
AS1 = -6.2 

K i  = 33.2 
KI = 18.7 
K1 = 14.5 
K1 = 35.6 
K1 = 19.7 
K1 = 15.2 

K1 = 237 
K j  = 105 

K1 = 0.68 

KI = 0.56 

K1 = 0.25 
K, = 0.16 

K1 = 0.40 
K i  = 0.31 

K1 = 17.8 
K1/2 = 1.06 

Note: these are not 
simple olefin com- 
plexes since the 
iodine atom is 
involved in bond- 
ing to Ag as shown 

K1 = 5.5 by comparing 

and CH2Br2 

K1/2 = 2.3 1 CH212 with CH2C12 

KI = 87.2; K i / z  = 0.11 
K i  = 9.1 

K1 = 85 

39 

39 

77 
77 
47 
78 
78 
78 
47a 
47a 
47a 
47a 
78 
78 
78 
78 
78 
78 

47a 
47a 

79 

79 

79 
80 

79 
80 

80 

80 

77 
47 
78 
78 
78 

47a 

glc 0 Ethylene glycol K1 = 13.9 78 
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TABLE X (Continued) 

Molecular 
formula Structural formula 

T e y ,  
Method C Medium K Ref 

C H 3 C H =C D 2 

C D3CD=CD 2 

CH 2=CHC H2N H 3 i- 

CICH=CHCEN 
CH z=CHCH=CHz 

C4Hs H\ /H ,c=c 
H3C 'CH, 

C4He H\ P H 3  

H3C /c=c\H 

C4Hs (CH3),C=CH, 

C4Ds O\ ,c=c 
03C 'co, 

glc 25 
glc 0 
glc 25 
glc 40 
glc 0 
glc 25 
glc 40 
glc 0 
glc 25 
glc 40 
glc 0 
glc 25 
glc 40 
glc 61 
dis 25 
sol 25 
pot. 25 

pot. 25 
pot. 25 

glc 61 
glc 40 
glc 0 
glc 25 
glc 40 
glc 0 
glc 25 
glc 40 
dis 25 
glc 40 

glc 25 
glc 40 

glc 23.2 

glc 0 

dis 25 
glc 40 
glc 0 
glc 25 
glc 40 

glc 23.2 

dis 25 
glc 40 
glc 0 
glc 25 
glc 40 

glc 23.2 

dis 25 
dis 25 

glc 23.2 

glc 0 
glc 25 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
4 M LiN03 

0.1 M KNO3 
1.9 M NaC104 + 
1 M KN03 

0.1 M HC104 
1 M KN03 
1.9 M NaC104 + 
4 M L iN03 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Corrected to 0 M 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Various concen- 
trations of 
AgN03 in the 
range 0-3.5 M 

0.1 M HC104 

Corrected to 0 M 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Various concen- 
trations of 
AgN03 in the 
range 0-3.5 M 

Corrected to 0 M 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Various concen- 
trations of 
AgN03 in the 
range 0-3.5 M 

1 M KNO3 
Corrected to 0 M 

Various concen- 
trations of 
AgN03 in the 
range 0-3.5 M 

Ethylene glycol 
Ethylene glycol 

glc 40 Ethylene glycol 

K~ = 7.8 7a 
78 

78 
7a 

AH1 = -3.61 
AS, = -7.8 

K1 = 14.3 
K~ = 8.0 
K1 = 6.2 

78 

78 
7a 

7a 
7a 
7a 

AH1 = -3.65 
as, = -7.8 

AH1 = -3.57 
AS1 = -7.7 

K1 = 14.8 
K~ = 8.25 
K1 = 6.35 
K1 = 13.7 
K1 = 7.7 
Kq = 5.95 

78 
7a 
7a 

K 1  = 8,45 AH1 = -3.68 
AS1 = -7.9 I K1 = 15.2 

Ki  = 6.5 
K1 = 0.703 48 
K 1 = 1 2 ; K z = 3  81 
K1 = 14 38 
K~ = 22.9 * 0.09; K~ = 0.57 f 2a 

K1 = 11.6 a2 
Kq = 1.30 f 0.01 2a 

0.16 

K i  = 0.283 
K1 = 4.2 

48 
47 
78 
7a 
7a 
7a 
7a 
7a 

AH1 = -3.2 

 AS^ = -8.2 
AH1 = -3.44 

K i  = 7.6 
K i  = 4.5 

K1 = 5,1 
K~ = 8.9 

K1 = 4.0 I 
K1 = 119.4 
Kq = 7.7 

a3 
47 
78 
78 
78 

AH1 = -3.7 
s1 = -8.0 i K1 = 16.1 

K~ = 8.8 
K1 = 6.8 

K1 = 120 47a 

K i  = 62.3 
K ,  = 5.4 

a3 
47 
78 
78 
78 

3s: = -8.2 

K~ = 8.7 

K1 = 3.9 

K1 =90 47a 

K1 = 24.6 
K1 = 1.4 

a3 
47 

K1 = 29 47a 

K1 = 61.7 
K1 = 71.5 

81 
83 

K1 = 55 47a 

7a 
7a 
7a 

AH1 = -3.56 
AS1 = -8.5 

K1 = 9.9 
K1 = 5.9 
K1 = 4.25 
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TABLE X (Continued) 

Molecular Teommp, 
formula Structural formula Method C Medium K Ref 

glc 0 
glc 25 
glc 40 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

78 
78 
78 

AH1 = -2.75 
AS1 = -8.0 

K i  = 3.0 
K1 = 1.8 
K1 = 1.55 

sol. 25 1 M K N 0 3  K i  = 0.32 79 

sol 25 1 M KNO3 K1 = 0.59 79 

, C W  
CH,=+=C 

\CH, 

C H 3 C H 4 H C E N  
CHjCH-HCHO 

glc 61 

glc 61 
dis 25 
pot. 25 
dis 25 
dis 25 
dis 25 
dis 25 
pot. 25 
dis 25 
sol 25 
pot. 25 
pot. 25 

4 M LiN03 K1 = 0.774 48 

4 M LiN03 
1 M KN03 
1 M K N 0 3  
1 M KNO3 
1 M K N 0 3  
1 M KN03 
1 M KNO3 
1 M KNO3 
1 M KNO3 
0.1 M KNO3 
1 M K N 0 3  
1.9 M NaC104 + 
0.1 M HClOd 

K1 = 0.940 48 
K1 = 0.19 81 
K l  = 2.1 82 

K i  = 0.09 81 
K i  = 0.37; K1/2 = 0.28 84 

K1 = 23 82 
K1 = 5.17 81 
K i  = 3.9 38 
K1 = 5.6 82 
K1 = 7.87 f 0.02; K 2  =OS7 i 28 

K1 = 0.42 a4 

K1 = 1.03; K1/2 = 0.37 a4 

0.07 

CHjC(=O)CH%Hz 
CH3CH-HCOOH 
CH2- HCOOCH3 
CH3COOCH=CH2 
C H z=C H C H pC H 2 0  H 
C H 3C H=CH C H 2 0  H 
cis/ trans mixture 

CH3, ,H 
/c=c 

H ' C H ~  

CH,\ 
,C=CH, 

CH30 
glc 10 
glc 20 

glc 10 
glc 20 
!IC 30 
dis 25 
sol 25 
sol 25 
pot. 25 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
1 M KN03 
0.1 M KN03 
0.1 M KNO3 
1.9 M NaC104 + 
0.1 M HC104 

K i  = 9.51 AH1 = -4.7 f 0.2 49 
K i  = 7.35 1 AS1 = -12.0 i 0.6 49 

49 
49 
49 

AH1 = -4.4 i 0.2 
AS1 = -11.0 f 0.6 

K i  = 9.08 
K i  = 6.72 
K i  = 5.55 
K i  = 13.0; K1/2 = 0.6 84 
K1 = 14 38 
K1 = 1 1  38 
K1 = 1.28 f 0.05 28 

C H 2 4 H C H  (CH3)OH 
C H 2-C (CH 3 )  CH2O H 

Ethylene glycol 

Q 
glc 40 K1 = 4.6 47 

C H 2=CH C H zC H=C H 2 glc 40 
CHzUHaCHb-HCH3 (Ha,Hb trans) glc 40 
C H z U H a C H b U H C H 3  (Ha,HbCiS) glC 40 
C H 2=C (CH 3) C H=C H 2 glc 40 

dis 5 Q dis 25 
dis 5 
dis 15 
dis 25 
glc 40 
glc 25 
glc 40 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

1 M K N 0 3  
1 M KNO3 
1 M KNO3 
1 M K N 0 3  
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
1 M K N 0 3  

Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

1 M KN03 

1 M KN03 

K i  = 10.2 
K i  = 3.5 
K1 = 4.4 
K1 = 3.1 

47 
47 
47 
47 

K1* = 0.266 AH1* = -6.63 85 
K i *  = 0.119 1 AS1* = -26.5 85 

86 
86 
86 

AH1* = -7.03 
ASi* = -27.9 

K i *  = 0.267 
K1* = 0.164 
K1* = 0.1 14 
K1 = 7.3 47 

78 
78 

K~ = 5.8 47 
K i  = 8.1 87 

AH1* = -4.04 85 
ASi* = -18.4 85 

glc 40 
glc 30 
dis 5 
dis 25 

glc 30 
glc 40 
glc 0 
glc 25 
glc 40 
glc 40 

K1 = 0.54 
K1 = 4.9 

87 
47 
78 
78 
78 AS1 = -8.1 

K1 = 12.1 

K1 = 5.2 
K1 = 5.1 , 47 
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TABLE X (Continued) 

Molecular T y v ,  
formula Structural formula Method C Medium K Ref 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
1 M KNOJ 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
1 M KNO3 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
1 M KNO3 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
1 M K N 0 3  

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

AH1 = -3.9 
AS1 = -8.8 I K1 = 15.2 

K j  = 8.0 
K1 = 6.1 

78 
78 
78 
81 

47 
78 
78 
78 
87a 

47 
78 
78 
78 
87a 

47 
78 
78 
78 
47 
78 
78 
78 
82 

49 
49 
49 

49 
49 
49 

47 
47 

47 

47 

47 
47 

86 
86 
86 
85 
85 
81 
81 
47 
37 
37 
37 
37 
37 
37 
37 
37 
37 

87 
47 

87 

87 

glc 0 
glc 25 
glc 40 
dis 25 

glc 40 
glc 0 
glc 25 
glc 40 
dis 25 

glc 40 

glc 25 
glc 40 
dis 25 

glc 40 
glc 0 
glc 25 
glc 40 
glc 40 
glc 0 
glc 25 
glc 40 
pot. 25 

glc 10 
glc 20 
glc 30 

glc 10 
glc 20 
glc 30 

glc 40 
glc 40 

glc 40 

glc 0 

C5HlO C H 3C H =C H Cz H 5 K1 = 62.7 

K1 = 4.3 C5HlO H\ /H 
/C“C 

CzH5 \CH3 

K i  = 112.5; K1* = 0.0312 

K j  = 1.1 

K1 = 62.2; K1* = 0.0111 

K i  = 3.0 CZH5\ 
/C=CH, 

CH3 

C5HlO K i  = 0.8 

C H z d H  (CHz)30H 

H\ ,c=c /H 

CH3CHzO ‘CH, 

K1 = 29.2 

/CH3 

CH3CHz0 ‘H 

K1 = 4.7 
K1 = 5.1 

K i  = 8.9 

cis-1 ,3,5-Hexatriene 
trans-l,3,5-Hexatriene 

0 
glc 40 Ethylene glycol K i  = 4.9 

C H z=C (C H 3)  C (C H 3)=C H 2 

C H z=C H (CH 2 )  zCH =C H 2 
glc 40 
glc 40 

dis 5 
dis 15 
dis 25 
dis 5 
dis 25 
dis 0 
dis 25 
glc 40 
nrnr 33 
nrnr 33 
nmr 33 
nrnr 33 
nrnr 33 
nrnr 33 
nrnr 33 
nrnr 33 
nrnr 33 

glc 30 
glc 40 

glc 30 

Ethylene glycol 
Ethylene glycol 

1 M K N 0 3  
1 M K N 0 3  
1 M K N 0 3  
1 M K N 0 3  
1 M K N 0 3  
1 M K N 0 3  
1 M KNO3 
Ethylene glycol 

CsH5NOz 
CHzCIz 

C ~ H S C I  
CHsNOz 
C ~ H ~ O A C  
(CD3)zCO 
(CDdzCO 

Dimethylforrnamide 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

CH30CH2CH20CH3 

K1 = 1.9 
K i  = 28.8 

0 
K1* = 0.0369 AH1* = -5.74 
K1* = 0.0184 I AS1* = -27.2 
K1 = 191 
K1 = 79.3 
K1 = 3.6 
K1 = 230 , 

K j  = 76 
K i  = 32 
K i  = 15 
K1 = 14 
K1 = 2.6 (for AgBF4) 
K1 = 8.1 (for AgC104) 
K i  = 0.98 
K1 = 0.55 

K i  = 2.9 
K1 = 1.9 

K1 = 12.0 

glc 30 Ethylene glycol K1 = 5.5 
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TABLE X (Continued) 

Molecular T$mp, 
formula Structural formula Method C Medium K Ref 

0 

C H 2=C H (C H 2 )  3 C H Y  H 2 

C H Z ~ ( C H ~ ) C H = C ( C H ~ ) ~  
C H z==C ( C H 3)  C H 2 C H 2C H =C H 2 

dis 5 
dis 25 
glc 40 
glc 30 

dis 25 
glc 40 
glc 40 
glc 0 
glc 25 
glc 40 

glc 10 
glc 20 
glc 30 

glc 10 
glc 20 
glc 30 

glc 10 
glc 20 
glc 30 
glc 10 
glc 20 

glc 10 
glc 20 
glc 30 

glc 40 

dis 20 
dis 25 
dis 32 
glc 40 

glc 40 

dis 5 
dis 25 
glc 40 
pot. 25 
dis 25 
nmr 33 

glc 40 
glc 40 
glc 40 

glc 40 
dis 5 
dis 25 
dis 5 
dis 15 
dis 25 

glc 30 
dis 25 
glc 40 

nmr 33 

glc 30 
glc 40 

glc 30 
glc 40 

glc 30 
glc 40 
dis 5 
dis 25 

glc 30 

1 M KNO3 
1 M KN03  
Ethylene glycol 
Ethylene glycol 

1 M KNO3 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

1 M KNO3 
1 M KNO3 
1 M KN03  
Ethylene glycol 

Ethylene glycol 

1 M KNO3 

Ethylene glycol 
1 M KNO3 
1 M K N 0 3  
(CDdzCO 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

1 M KN03 

1 M KN03 
1 M KN03 
1 M KN03 
1 M KNOB 
1 M KNO3 

Ethylene glycol 
1 M KNO3 
Ethylene glycol 

(C&)2CO 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
1 M KN03 
1 M KN03 

K1* = 0.100 ) AH1* = -3.31 85 
K i *  = 0.0670 AS1* = -16.5 85 
K1 = 4.0 
K j  = 6.0 

K i  = 860 
K1 = 4.3 

K i  = 7.6 

A U T *  = -11.18 
AS,* = -38.7 

K i  * = 0.755 
K i *  = 0.572 
KI* = 0.355 
K l  = 33.7 

K1 = 3.3 

K1* = 0.603 AH1* = -6.68 
K1* = 0.268 1 AS1* = -25.0 
KI = 62 
KI = 900 
KI* = 0.270 
K1 = 420 

KI = 14.7 
K1 = 1.6 
K i  = 22.1 

K i  = 12.8 

AUT* = -6.61 
AS1* = -29.8 

KI* = 0.0484 
K1 * = 0.0335 
K i *  = 0.0217 

K1 = 1.25 
K i *  = 0.00827 
KI = 0.5 

1 - 0.72 (for AgC104) 

K1 = 5.5 
K1 = 3.5 

K i  = 5.1 
K1 = 3.8 

K1 = 9.6 
K1 = 6.0 
K i *  = 0.0872) AH1* = -3.11 

47 
87 

81 
47 
47 
78 
78 
78 

49 
49 
49 

49 
49 
49 

49 
49 
49 
49 
49 
49 
49 
49 
49 

47 

85 
85 
85 
47 

47 

85 
85 
47 
82 
86 
37 

47 
47 
47 

47 
85 
85 
86 
86 
86 

87 

47 
37 

a5 

87 
47 

87 
47 

87 
47 
85 

K i *  = 0.05981 AS1* = -16.0 85 
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TABLE X (Continued) 
- 

Molecular Tynmp, 
formula Structural formula Method C Medium K Ref 

S C Z H 5  

&OH 

PhCH=CH, 

O C H C H 3  

(-J-CH4Hn 

glc 40 
glc 30 

glc 30 

glc 30 

glc 40 

glc 40 
glc 40 
glc 40 
glc 40 

dis 25 

glc 10 
glc 20 
glc 30 

glc 10 
glc 20 
glc 30 

glc 10 
glc 20 
glc 30 

glc 10 
glc 20 
glc 30 

glc 40 

sol 25 

sol 0 

sol 40 

glc 40 

glc 40 

glc 40 

glc 40 

dis 25 
dis 5 
dis 25 

glc 40 
glc 40 
glc 40 

glc 40 

glc 30 
glc 40 

glc 40 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

Ethylene glycol 

Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

1 M KNO3 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

1 M KN03 

1 M KNO3 

1 M KNO3 

Ethylene glycol 

Ethylene glycol 

Ethylene glycol 

Ethylene glycol 

1 M KNO3 
1 M KNO3 
1 M KNOB 

Ethylene glycol 
Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

KI = 2.3 
K i  = 3.6 

K i  = 11.8 

K i  = 7.1 

K i  = 0.7 

K i  = 3.2 
K i  = 2.7 
K i  = 2.3 
K i  = 3.1 

K i  = 333 

AH1 = -4.7 

AH1 = -3.5 
AS1 = -12.9 

K1 = 5.98 

K i  = 3.48 

K1 = 0.77 
K i  = 0.59 
K1 = 0.50 

K i  = 3.58 AH1 = -3.7 

AH1 = -2.8 
AS1 = -10.6 

K1 = 0.77 
K i  = 0.60 
K1 = 0.55 

K1 = 91 

K i  = 3.2 

K i  = 14.4 

K i  = 75 

K i *  = 0.098 
K1* = 0.174 } AH1* = -4.94 
K1* = 0.0955 AS,* = -21.2 

K i  = 0.8 
K1 = 13.3 
K1 z ’11.3 

K i  = 3.9 

K i  = 3.0 
K i  = 1.6 

K1 = 5.9 

47 
87 

87 

87 

47 

47 
47 
47 
47 

82 

49 
49 
49 

49 
49 
49 

49 
49 
49 

49 
49 
49 

47 

88 
89 
89 
89 
89 

47 

47 

47 

47 

86 
85 
85 

47 
47 
47 

47 

87 
47 

47 
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TABLE X (Continued) 

Molecular 
formula 

T$mp, 
Structural formula Method C Medium K Ref 

30 
40 

Ethylene glycol 
Ethylene glycol 

Ethylene glycol 

K1 = 1.3 
Ki = 0.5 

a7 
47 

Ki = 1.4 47 40 

dis 
dis 

5 
25 

1 M KNO3 
1 M KNO3 

Ki* = 0.107 } AHi* = -3.21 85 
Ki* = 0.0725 AS,* = -16.1 85 0 (cis) 85 

85 
47 

47 

a9 
a9 
a9 

a4 

89 

5 
25 
40 

40 

1 M KN03 
1 M KNO3 
Ethylene glyool 

Ethylene glycol 

K1 = 14.4 

K1 > 1000 
K1 = 32.2 

K1/2 = 1.7 

Ki = 5.26; Ki/z = 0.77 

(trans) 

sol 0 CeH7CI 

40 sol 

dis 25 1 M KNO3 

dis 25 1 M KNO3 K1 = 253 82 

dis 25 K1 = 330 a2 

0 

40 

40 

40 

1 M KNO3 

1 M KN03 

Ethylene glycol 

Ethylene glycol Ki = 3.2 47 

30 Ethylene glycol K1 = 1.05 a7 

COOCH, 

,&:OOCH3 

CH3--@/CHz ‘CH, 

dis 25 1 M KNO3 Ki = 346 a2 

dis 25 K1 = 193 a2 

Ki = 5.9 47 40 Ethylene glycol 

40 Ethylene glycol K1 = 3.1 47 

ClOH16 glc 40 Ethylene glycol K1 = 1.1 

glc 40 Ethylene glycol K1 = 3.7 

47 

47 C10H16 

CH,= CH(CH,),CH= CH, glc 40 Ethylene glycol K~ = 7.8 47 

H’ ‘COOC,H, 



Olefin- and Acetylene-Transition Metal Complexes Chemical Reviews, 1973, Vol. 73, No. 2 185 

TABLE X (Continued) 

Molecular 
formula Structural formula 

T y p ,  
Method C Medium K Ref 

Ki  = 91 82 
(87% endo, 134. exo) - 

dis 25 1 M K N 0 3  K1 = 15 

dis 25 1 M K N 0 3  K i  = 3.6 

82 

82 

n 

SOI 25 1 M KN03 K1 = 6.3; K i / 2  = 0.63 88 -\ /H 
C14H16 /C=c\,+ 

H 

C14H 16 (-)2 C=CH, SOI 25 1 M KN03 K1 = 2.3; K i f 2  = 1.3 88 

(ii) Acetylenes* 

[Ag(acetylene) + ]  

[Ag+][acetyiene] ' K 1 / 2  = [Ag(acetylene) +][Ag* ] 

[Agz (acetylene) + ] 
K ,  = 

sol 25 Corrected to 0 M ionic 

glc 40 Ethylene glycol 
glc 40 Ethylene glycol 

strength 

SOI 25 1 M K N 0 3  

Ki  = 42.7; AH1 = -13.2; 
AS1 = -36.9 

Ki  = 2.0 
K i  = 2.6 
K1 = 17.3; Ki/2 = 0.36; 

K i  = 17.3; K1/2  = 0.21; 
K i O  = 0.131 

K1' = 0.103 
K i  = 1.6 
K1 = 11.9; Ki/2 = 0.26; 

K ,  = 2.1 
K i  = 20.5; K i / 2  = 0.28; 

K i  = 1.2 
Ki  = 1.5 
K1 = 19.1; K1/2 = 0.30; 

K i O  = 0.0204 

K iO = 0.0386 

KiO = 0.0130 

K l 0  = 0.00529 

K1 O = 0.0019 1 

Kl0 = 0.00145 

K1 = 23.4; K1/2 = 0.34; 

KI = 12.8; K112 = 0.53; 

K1 = 18.6; K1/2 = q.33; 

90 

47 
47 
41 

41 

glc 40 Ethylene glycol 
Sol 25 1 M KN03 

47 
41 

CH3 (CH2) 3CECCH3 

glc 40 Ethylene glycol 
Sol 25 1 M KN03 

47 
41 

glc 40 Ethylene glycol 
glc 40 Ethylene glycol 
SOI 25 1 M K N 0 3  

47 
47 
41 

C9H16 sol 25 1 MKNO3 41 

SOI 25 1 M K N 0 3  41 

sol 35 1 M KNO3 

(iii) Allenes 

K 1  = [Ag(allene) +]/([Ag+][allene]) 

41 

glc 40 Ethylene glycol K i  = 0.8 
glc 40 Ethylene glycol K i  = 0.8 

47 
47 

All stability constants except K1* are in aqueous solution unless otherwise specified. K1° = Kl/y,,, where yac = activity coefficient of acetylenc 
(see text). All stability constants are in aqueous solution unless otherwise specified. 

filled d orbitals of the metal and the empty K* (antibond- the solid state.l15 Again, the observation of this type of 
ing) orbitals of the olefin, thus considerably reducing the rotation by X-ray diffraction is not clear-cut because no 
overall bond strength. Nuclear magnetic resonance stud- olefins lie exactly perpendicular to the square plane 
ies of class S olefin complexes have shown that this type around the metal. However, in [Pt(trans-CH3- 
of rotation does occur both in soI~fion110~112-114 and in CH=CHzNH3)C13] the angle p in Figure 4 is 81.5'"' 

compared with 85.5"  in the corresponding cis- 
(112) A. R. Brause, F. Kaplan, and M. Orchin, J. Amer. Chem. Soc., 89, crotylammonium complex.65 It  might be thought that 
2661 (1967). 
(113) C. E. Holloway, G. Hulley, B. F G. Johnson, and J. Lewis, J. 

(115) S. MariEiC. C. R. Redpath. and J. A. S. Smith, J. Chem. SOC., Chem. SOC. A, 53 (1969). 
(1 14) R. Cramer, J .  Amer. Chem. SOC., 88, 21 7 (1 964), 4905 (1 963). 
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TABLE XI. Thermodynamic Data for Silver(1)-Olefin Complexes in the Solid Phasea 

Temp range 
Olefin n X studied, "C AG AH AS Ref 

C2H4 1 
1.5 
1.5 
2 
2 
3 
0.5 

C3H6 2 
3 

CHz=CHCH 2CH 3 1 
2 
3 
2 
3 
2 
2 
0.5 
1 

cis-C H3CH=C H C H 3 

trans- C H 3C H=C H C H 3 

C H z =C ( C H 3) 2 

C H 2=C H C H =C H 2 

9.8-49.8 
9.8-25.3 
25.3-49.8 
5.2-27.3 
27.3-50.3 

-0.3-8.0 
-20-0 
0.0-50.3 

-46.8-3.0 
-5-25 
14.7-35.4 

- 0.8-9.0 
24.6-54.6 

-4.1-1 0.5 
14.5-54.8 
14.9-51.6 
0-49 

-20-11 

-2.42 
-3.28 
-3.28 
-3.67 
-3.67 
-3.08 

-4.59 
-3.88 

-5.20 
-5.10 
-6.20 
-6.24 
-4.26 
-5.28 

-10.61 
-13.94 
-15.56 
- 16.93 
- 18.98 
-27.23 

-5.3 (at -10') 
-21.94 
-30.87 
-10.1 
-24.05 
-35.34 
-25.79 
-37.67 
-25.52 
-22.28 
-6.5 
-10.8 

-27.5 
-35.7 
-41.2 
-44.5 
-51.3 
-81 .O 

-58.2 
-93.9 

-63.2 
-101.3 
-65.7 
-105.4 
-71.3 
-57.0 

91 
91 
91 
91 
91 
91 
92 
91 
91 
93 
91 
91 
91 
91 
91 
91 
94 
94 

Thermodynamic data at 25' for the system AgX(cryst) + n olefin(g) s [Ag(~lef in)~]X(cryst) obtained from measurements of the dissociation 
pressure of [Ag (~ ie f i n )~ ]X .  

TABLE X I  I. Thermodynamic Data for Mercury(1 I)-Olefin and -Acetylene Complexes 

Unsaturated ligand Method Temp, "C  Medium K Ref 

H C X H  sol 25 Corrected to Solubility product 95 
0 M ionic [Hg2+][LI2[OH -I2 
strength = 1 0 - 3 7 . 1 0  mol5 1 , - 5  

H2C=CH 2 kin 25 1 M clod- K(HgZf + L ~t HgL(OH)+ 96 
+ H f )  = 3.47 X lo6 

Cyclohexene dis 25 1 M KN03 K(Hgz+ + L z HgLZf) 97 
= 2.19 x 104 

K(Hg2+ + L ~ ; t  HgL(OH)+ 
+ H+) = 5.0 x 104 

97 

since silver shows a preference for linear coordination, 
there would be no cis ligands present in silver complexes 
to give steric interactions causing the postulated rota- 
tions of the olefins. However, there is strong evi- 
dence116.117 that in water the silver ion'exists as [Ag- 
(H20)4 ]+ .  

e. Monocyclic Olefins 
The stability of the silver ion complexes of cyclic ole- 

fins decreases in the order Cs > C7 > c6 > c g  (Table 
XVI I ) .  This order apparently results almost entirely from 
enthalpy effects since there are only very small entropy 
changes across the series. With the exception of cyclo- 
hexene this stability and enthalpy order follows a similar 
pattern to the heats of hydrogenation of these cyclic ole- 
fins (C, > C, 2 C5 > Cel l8) .  Since heats of hydrogena- 
tion largely reflect the relief of strain, it is apparent that 
the strain in the cyclic olefin, modified somewhat by 
electronic and steric effects, is the most important factor 
in the bonding of the olefin to the metal. This probably 
arises from two effects: (i) the slight weakening and 
lengthening of the multiple bond that occurs on coordina- 
tion relieves some of the strain present in the free olefin, 
thus giving a favorable enthalpy contribution; and (ii) the 

(116) H. B. Jonassen and P. C. Yates, "Symposium on Equilibrium and 
Rate Behaviour of Complex Ions," University of Chicago, Feb 21-23, 
1951, Paper 25. 
(1 17) J. Bjerrum, "Metal Ammine Formation in Aqueous Solution." P. 
Haase and Son, Copenhagen, 1941, p 107. 
(118) R. 6. Turner, W.  R. Meador, and R. E. Winkler. J. Amer. Chem. 
SOC., 79, 4116 (1957). 

TABLE XII I .  Classification of Olefin Complexes 

Model complex 
Coordination number 

of the metal 
Rotation of the olefin 

about metal-olefin 
bond? 

Angle between axis of 
double bond and 
square plane of 
metal 

Multiple bond length- 
ening on coordina- 
tion, A 

substituents on 
multiple bond are 
bent back away 
from metal 

Examples of metal ions 
giving each class of 
corn p I ex 

Angle at which 

Class S Class T 

Yes 

77-90" 

-0.02 

-15" 

Pt", Pd", Fe", 
Rhl, Re1, Mnl 

No 

0-24* 

-0.15 

-35" 

Pto, PdO, FeO, Irl, 
W1, Mol 

strain in the cyclic olefin facilitates deformation of the K 
orbital of the olefin thus promoting complex formation. In 
addition to strain the transannular hydrogen atoms can 
influence the stability of the complex. Thus cyclopentene 
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TABLE X IV .  Influence of Substituents on the Multiple Bond on the Stability of Metal-Olefin Complexes 

Metal Olefin Stability constanta AH AS Ref 

4' C2H4 K A ~  = 17.5 -3.5 -6.0 78 
C H 3C H =C H 2 K A ~  = 7.5 -3.5 -7.5 78 
cis-CHsCH=CHCH3 K A ~  = 4.9 -3.4 -8.2 78 
(C H 3 )  zC=C H C H 3 K A ~  = 1.01 -2.4 -7.8 78 
(C H 3 )  2 C=C (C H 3 1 z K A ~  = 0.34 -1.9 -8.5 78 

CU' CH2=CHC(CH3) HOH K c u  = 33,000 38 
C H 3C H =C H C H 2 0  H 38 K c u  = 10,000 
C H 2=C (C H 3 )  C H 2 0  H 38 

Rh' CZH4 KRh = 1 0 0 31 
C H 3 C H q H 2  KRh = 0.078 1.4 -0.5 31 
cis-CH3CH=CHCH3 KRh = 0.0041 1.8 -4.9 31 
(C H 3 )  2 C=C H 2 KRh = 0.00035 3.9 -2.6 31 

Pt" C H 2=C H CH 2 N H 3 f  K p t  = 1022 -7.1 -7.6 30 
trans-CH3C H=CHC H 2N H -+ K p t  = 209 -5.1 -4.65 66 
C H z=C (CH 3) C H 2 N H3 + K p t  = 6.2 66 
( C H ~ ) Z = C H C H ~ N H ~ +  K p t  = 2.6 66 

K c u  = 9200 

a K A ~  = [Ag(olefin)+]/([Ag+][o.lefin]) at 25" in ethylene glycol. Kcu = [Cu(olefin)+]/([Cu+][olefin]) at 25" in 0.1 M aqueous perchloric acid. 
KRh = ( [  (acac) Rh (C2H4) (olefin) ][CzH4]) / ([acac) Rh (C2Hd~][olefin]) at 25" in toluene. K p t  = ([Pt(olefin)Cl3-][Cl-]) / ([PtC142-][olef~n]) at 60" in 
aqueous 1.9 M NaCl + 0.1 M HCI. 

TABLE XV.  The Influence of Chain Length on the Stability of Metal-Olefin Complexes 

Metal Solvent Olefin Stability constanta AH AS Ref 

Ag' Ethylene glycol CZH4 K A ~  = 17.5 -3.5 -6.0 78 
CH3CH=CH2 K A ~  = 7.5 -3.5 -7.5 78 
C 2 H 5 C H =C H 2 K A ~  = 8.8 -3.7 -8.0 78 
R - C ~ H ~ C H = C H ~  K A ~  = 6.7 -3.6 -8.1 78 
n-C4HsCH=CHz K ' A ~  = 4.3 47 
R-CSH 1 1CH=CH2 K ' A ~  = 3.2 47 

H20 (1 M KN03) C2H4 K A ~  = 85.3 77 
H 2 0  (1 M K N 0 3 )  CH3CH==CH2 K A ~  = 87.2 77 
HzO (corrected to 0 M )  C2HSCH=CH2 K A ~  = 11 9.4 a3 

+ 2.5 M " 2 1 0 4  C H 3C H =C H 2 Kpd  = 7.9 0 4 59 

H20 (1 M KNO3) R - Cq H 9 C H =C H 2 K A ~  = 860 81 
Pd 'I H20 (4 M; 0.5 M HCI C2H4 Kpd  = 15.2 -1.5 0 58, 59 

+ 1.0 M LiCI) C 2 H 5 C H =C H 2 Kpd  = 12.4 0 5 59, 62 
Rh' Toluene C2H4 KRh = 1 0 0 31 

C H 3C H =C H 2 KRh = 0.078 1.4 -0.5 31 
C2 H 5 C H =C H 2 KRh = 0.092 1 .o -1.7 31 

a K A  = [Ag(olefin)+]/([Ag'][olefin]) at 25'; K'.*g = same at 40". Kpd = ([Pd(0lef in)Ci~-][CI-])/( [PdCl4~-][olef in]) at 20". K R h  = ([(acac)Rh(C2H4)- 
(olefin)?[C~H4]) / ([acac) Rh (C2H4) n][olefin]) at 25". 

and cycloheptene are about equally strained, but in cy- 
cloheptene the transannular hydrogen atoms interfere 
sterically with the n- bond and so lower the enthalpy of 
formation of the complex.86 

f. Exocycl ic Double Bonds 

The stabilities, enthalpies, and entropies of formation 
of silver complexes with cyclic olefins in which the multi- 
ple bond is exocyclic are very similar for five-, six-, and 
seven-membered rings (Table X V I  1 1 ) .  However, the sta- 
bility and enthalpy of formation of the silver complex of 
methylenecyclobutane is rather higher, reflecting the 
much greater strain in the four-membered ring com- 
pound, which is slightly reduced on complex formation 
due to the introduction of some sp3 character to the car- 
bon atoms of the double bond. 

g. Polycycl ic Olefins 

Polycyclic olefins, such as norbornene, interact with 
silver ions to give predominantly the sterically less hin- 
dered exo product in which the silver ion is on the oppo- 

site side of the Cg ring to the bridge-head carbon atom. A 
comparison of the thermodynamic data for the formation 
of the silver complexes of norbornene, cyclopentene, and 
cyclohexene (Table XIX)  shows that while the entropy 
terms are similar for all three, the enthalpies of formation 
put norbornene midway between the Cg and c g  monocy- 
clic olefins. 

h. Diolefins 

The stability of the silver ion complexes of the diolefins 
CH~=CH(CHZ)~CH=CH~ shows a maximum at n = 2 
(stability constant (value of n ) :  4.2 (0), 3.1 ( l ) ,  28.8 (2), 
14.7 (3) ,  11.3 (4 ) ,  10.4 (5), 7.8 (6 )47 ) .  This may indicate 
that a six carbon atom chain is the optimum for chelate 
formation with silver. 

2. Electronic Properties 

a. Conjugation 

Unfortunately thermodynamic data for conjugated ole- 
fins have only been obtained for silver where it is found 
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TABLE XVI.  Thermodynamic Data for Cis and Trans Olefins 

F. R. Hartley 

Metal Olefin 
Stability constants" AH AS 

Cis Trans Cis Trans Cis Trans Ref 

Ag' CH3CH=CHCH3 KAg = 4.9 KAg = 1.6 -3.4 -2.6 -8.2 -7.7 78 
CD3CD=CDCD3 Kng = 5.9 K A ~  = 1.8 -3.56 -2.75 -8.5 -8.0 78 
C ~ H S C H ~ C H C H ~  K A ~  = 5.6 KAg = 1.8 -3.6 -2.9 -8.5 -8.7 78 
C ~ H S O C H = C H C H ~  K'A~ = 3.13 K'Ag = 0.54 -3.9 -3.2 -11.0 -12.1 49 
Cz H 5 0 C H =C H C? H 5 K'A~ = 4.24 K'A~ = 0.73 -4.5 -3.3 -12.0 -12.0 49 

Pt" CH3CH=CHCH2NH3+ Kpt = 1075 Kpt = 450 -6.0 -5.1 -5.9 -4.6 65,66 

a K A ~  = ([Ag+][olefin])/[Ag(olefin)+] at 25"; K ' A ~  = same at 20". Kp, = ( [P t (~ le f i n )C l~ - ] [C I - ] ) / ( [P tC l~~- ] [o le f i n ] )  at 30". 

TABLE XVI I .  Thermodynamic Data for Silver(1) Complexes 
with Cyclic Olefins 

Stability 
Olefin constantn A H  AS Ref 

Cyclopentene 0.114 -7.03 -27.9 86 
Cyclohexene 0.01 18 -5.58 -26.6 86 
Cycloheptene 0.021 7 -6.61 -29.8 86 
Cyclooctene (c is)  0.00504 -4.11 -24.8 85 

a Stability constant = [Ag(olefin) + ] ~ ~ / ( [ A g + ] ~ p [ o i e f i n ] o r g ~ n i c ~ o i ~ e n t )  
at 25" obtained by a distribution method. 

that the diene gives a lower stability constant than the 
corresponding monoene (cf., 1 -butene and butadiene). 
The entropies of formation of the two complexes are 
similar while the enthalpy terms favor the monoene prob- 
ably because only one of the double bonds in the diene 
bonds to silver yet the conjugation present in the free 
diene is lost. 

b. Electronic Effects of Substituents 

As mentioned above (section IV.A.l.a), it is generally 
extremely difficult to separate the steric and electronic 
influences of substituents, although it is possible in favor- 
able circumstances either by considering unsaturated li- 
gands in which the substituent under examination is re- 
mote from the coordination site as in para-substituted 
phenylacetylene and para-substituted styrene or by com- 
paring substituents with similar steric substituent con- 
s t a n t ~ . ' ~ ~  With this in mind, examination of the thermody- 
namic data indicates that metals fall into two groups. The 
first group, comprising silver( I )  and copper( I ) ,  shows a 
decrease in the stability and enthalpy of formation of the 
metal-olefin complex as the electron-withdrawing ability 
of the substituent increases. By contrast metals in the 
second group, nickel(O), platinum(O), platinum(ll), rhodi- 
um( l ) ,  and iridium(l), all show increases in the stability 
and enthalpy of formation of their olefin (or acetylene) 
complexes as the electron-withdrawing ability of the sub- 
stituent is increased. 

These results can be understood in terms of the mo- 
lecular orbital description of the metal-olefin bond given 
above (section IV). In the case of metal ions in the first 
group, the u (olefin to metal) bond is more important 
than the R (metal to olefin) bond for the formation of a 
stable metal-olefin complex, and so any reduction in the 
availability of the olefinic R electrons decreases the sta- 
bility of the metal-olefin complex. In the case of the sec- 
ond group of metals it is the r-acceptor ability of the ole- 
fin that is more important for the formation of a stable 

(119) R. W. Taft in "Steric Effects in Organic Chemistry," M. S. New- 
man, Ed., Wlley, New York, N. Y . ,  1956, Chapter 13. 

TABLE XVI I I .  Thermodynamic Data for Silver(1) Complexes with 
Exocyclic Olefins 

Stability 
Olefin constanta AH AS Ref 

0.0900 -4.04 -18.4 78 

>CH* 0.0670 -3.31 -16.5 78 

OCH, 0.0598 -3.11 -16.0 78 

CH, 0.0725 -3.21 -16.1 7a 0- 
a Stability constant = [ A g ( o l e f i n ) + ] ~ ~ ~ / ( [ A g + ] ~ l o [ O l e f i n ] ~ ~ ~ ~ ~ i ~  solvent) 

at 25" obtained by a distribution method. 

metal-olefin bond, and so electron-withdrawing substitu- 
ents on the olefin naturally increase the stability of the 
complex. 

3. Effect of Deuteration 
The replacement of a hydrogen atom in an olefin by 

deuterium increases both the stability constant and the 
enthalpy of formation of the silver-olefin complex.78 The 
effect is greater where the deuterium is bound to one of 
the unsaturated carbon atoms than to the neighboring 
saturated carbon atoms. Although it is difficult to rational- 
ize this isotope effect without a detailed knowledge of the 
structural parameters and vibrational characteristics of 
the complexes, it could be due to a combination of (i) 
the greater inductive release of electrons from C-D than 
from C-H and (ii) the smaller steric effect 
of deuterium than hydrogenlZ2 leading to less nonbonded 
interactions in the deuterated free olefins. A third possi- 
bility that the nonbonded interactions with silver are 
smaller can be eliminated since deuteration of the 
unsaturated carbon atoms in ethylene, propene, and but- 
2-ene gives a similar effect whereas it should give a de- 
creasing effect if nonbonded interactions with silver were 
important. 

B. Properties of the Metal 
As already mentioned (section IV.A.2.b), metal ions 

fall into two classes, those in which electron-withdrawing 
substituents on the olefin decrease the stability and those 
in which the reverse effect occurs. The former group 
comprises silver(l), as can be seen from the effects of 

(1 20) E. A. Halevi, Progr. Phys. Org. Chem., 1, 109 (1 963). 
(121) E. A. Halevi, M. Nussim, and A. Ron, J. Chem. SOC., 866 (1963). 
(122) L. S. Bartell, J. Amer. Chem. SOC., 83, 3567 (1961). 
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TABLE XIX. Thermodynamic Data for Silver(1) Complexes with 
Polycyclic Olefins 

Stability 
Olefin constanta AH AS Ref 

@'J 0.268 -6.68 -25.0 a5 

0 0.0188 -5 .58  -26.6 86 

0 0.114 - 7.03 -27.9 66 

halide substitution, bearing in mind that methyl and bro- 
mide groups have comparable steric effects,' l 9  cop- 
per ( l ) ,  as indicated by the lower stabilities of the a,@- 
unsaturated acids compared with the a,P-unsaturated al- 
cohols. Although there are insufficient data at present, it 
is likely that when more data become available mer- 
cury( l l )  will be found to show the same characteristics. 
The relative stabilities of the olefin complexes of these 
three metal ions are mercury(l1) > ~ i l v e r ( l ) ~ ~  and cop- 
per( l )  > si lver( l) .3* 

Although the stabilities of the olefin complexes of nick- 
el(0),56 plat inum(l l) ,30 r h ~ d i u m ( l ) , ~ l  and i r i d i ~ m ( l ) ~ ~  and 
the acetylene complexes of p l a t i n ~ m ( 0 ) ~ ~  increase with 
increasing electron-withdrawing power of substituents on 
the olefin or acetylene, it is significant that although the 
displacement of ethylene by tetrafluoroethylene at rhodi- 
um( l )  is thermodynamically favored, it occurs slower by 
a factor of l o 6  than ethylene exchange. This behavior 
suggests a mechanism in which the rate-determining 
step is nucleophilic addition of the incoming olefin to the 
rhodium(1) complex, and further suggests that the forma- 
tion of the u (olefin to metal) and not the n (metal to ole- 
fin) bond is of critical importance in the formation of the 
activated complex.31 

The results in Table XX might at first be thought to sup- 
port other observations, such as the strength of chemi- 
sorption of ethylene on metal surfaces,iz4 which suggest 
that platinum(0) forms stronger olefin complexes than 
palladium (O), although the high relative stability of the 
nickel(0) complex is obviously suspicious. However, as 
has recently been pointed out,37a it is impossible to use 
displacement reactions to compare the stabilities of 
metal-olefin bonds when the metal is being varied. Com- 
pare the two reactions 

(3) 

(4) 

ML + 01 s M(ol) + L 

M'L + 01 s ~ ' ( o i )  + L 

For reaction 3 

and similarly for reaction 4. Hence 

(AGM'Ol' - AGM"O11) - (AGML - AGM'L) 

Thus the relative stability constants depend not only on 
the relative free energies of formation of the two metal- 
olefin complexes, but also on the relative free energies of 

(123) 
SOC., 94, 2669 (1972). 
(124) G .  C. Bond.Advan. Chem. Ser., No. 70, 25 (1968). 

c. A. Tolman, W. C. Seidel, and D. H. Gerlach, J. Amer. Chem. 

TABLE XX. Equilibrium Constants in Benzene at 25", Obtained 
Using a Spectrophotometric Technique (from Ref 123), 
for the Reaction 

K 
ML3+CpH4 ==+ [LzM(C2H4)] + L 

L M K 

formation of the two metal-ligand L complexes. I t  has 
been suggestedlZ3 that if the relative stabilities of the 
metal(0)-triphenylphosphine bonds are such that the sta- 
bility of the metal(0)-ethylene bonds do indeed increase 
in the order Pd(0) < Pt(0) << Ni(0) (Table XX) ,  then this 
may be due to the ability of the metal to donate electron 
density to the olefin through the n-metal-olefin bcnd in- 
creasing in the order Pd(0) < Pt(0) << Ni(0).  This elec- 
tron donor ability was gauged from the ionization poten- 
tials of the metals, the electron promotion energies ( n  - 
l ) d l o  - ( n  - l)dgnp (Ni, 1.72 eV; Pt, 3.23 eV; Pd, 4.23 
eVlZ5) and the electronic spectra of the tris(tripheny1- 
phosphine) complexes of the metals.i23 

The nature of the other nonolefinic ligands coordinated 
to the metal is obviously of crucial importance to the sta- 
bility of the metal-olefin bond. This aspect has, however, 
only received limited attention. The results, which are 
available for platinum( I and iridium( I)  ,55 show that re- 
placement of a chloride ligand by a heavier halide de- 
creases the stability constant, although analysis of the 
enthalpy data in the platinum( I I )  system indicated that 
the platinum(1 I)-olefin bond was actually stronger in the 
bromo than in the chloro complexes.68 Investigation of 
the coordination of a series of bidentate chelate ligands, 
CH~=CH(CHZ)ZXCHCOO-, where X = S or Se, to sib- 
er( l )  showed a similar effect in that replacing sulfur by 
selenium resulted in a more favorable enthalpy of forma- 
tion that was to some extent opposed by an increasingly 
unfavorable entropy of formation.lZ6 The results for the 
three metals platinum(ll), iridium(l), and silver(1) are 
thus all examples of a "symbiotic" effect whereby olefins 
form stronger complexes with metals when those metals 
are also coordinated to other soft ligands. A study56 of 
the inftuence of the nonolefinic ligand in a series of dialk- 
ylnickel ( I  I)-olefin complexes has shown that the stability 
increases as the alkyl group is varied in the series R = 
CH3 < C2H5 < C3H7. This corresponds to an increase in 
the energy of the highest occupied orbital on nickel(l1) in 
the order R = CH3 < CzH5 < C3H7.56 Since an increase 
in the energy of the highest occupied orbital on nickel(l1) 
gives rise to an increase in the interaction between this 
orbital and the ir* (antibonding) orbital on the olefin, it 
may be concluded that the ir (metal to olefin) component 
of the nickel(l1)-olefin bond is more important than the u 
(olefin to metal) component for the formation of a stable 
nickel(l1)-olefin complex. When the alkyl group was in- 
creased to isobutyl a drop in stability occurred due to 
steric effects. 

A similar conclusion, that the n component of the 

(125) 
(126) 
Comrnun., 690 (1971 !. 

R. Ugo. Coord. Chem. Rev., 3, 319 (1968). 
D. S. Barnes, G. J. Ford, L. D. Pettit, and C. Sherrington. Chem. 


