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Foreword 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

A s CONTEMPORARY ORGANOMETALLIC CHEMISTRY HAS G R O W N in 

sophistication and as we have learned more about reactivity, reaction 
mechanisms, molecular architecture, and electronic structure, it is only 
natural that we should inquire more deeply about the strengths of the 
bonds holding organometallic molecules together and how these are 
altered in various chemical transformations. At present, the acquisition 
and understanding of metal-ligand bond energy information for 
organometallic molecules is an active and important area of chemical 
research. It impacts directly upon central issues in contemporary 
organometallic, inorganic, organic, physical, enzymatic, and catalytic 
chemistry. 

This volume and the symposium that served as its basis represent an 
effort to bring together leading experimental and theoretical researchers 
concerned with organometallic bonding energetics in the gas phase, in 
solution, and on well-defined surfaces. There has traditionally been 
minimal interaction between these diverse communities of activity, and 
the present volume attempts to convey the essence of the oral presenta
tions and active dialogue that took place at the symposium. In addition, 
an overview chapter has been added to introduce basic concepts and 
experimental methodologies, as well as to provide a bibliography of 
relevant review articles, textbooks, compilations of thermodynamic data, 
and other source materials. This book is intended for all chemical 
researchers who are interested in a broad, in-depth survey of bonding 
energetics in organometallic molecules. 

I am grateful to the Division of Inorganic Chemistry for generous 
financial support of this symposium and to the participants for their 
enthusiastic dedication. I also thank the ACS Books Department staff 
for their diligence and excellent advice. 

T O B I N J. M A R K S 

Department of Chemistry 
Northwestern University 
Evanston, IL 60208 

March 14, 1990 

xi 
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Chapter 1 

Importance of Metal-Ligand Bond Energies 
in Organometallic Chemistry: An Overview 

Tobin J. Marks 

Department of Chemistry, Northwestern University, Evanston, IL 60208 

The acquisition and analysis of metal-ligand bond 
energy information in organometallic molecules 
represents an active and important research area 
in modern chemistry. This overview begins with a 
brief historical introduction to the subject, 
followed by a discussion of basic principles, 
experimental methodology, and issues, and 
concludes with an overview of the Symposium 
Series volume organization and contents. 
Finally, a bibliography of thermodynamic data 
compilations and other source materials is 
provided. 

One need only browse through any general chemistry or introductory 
organic chemistry text to appreciate just how fundamental the 
notions of bonding energetics are to modern chemistry. I t i s these 
compilations of bond energy data for simple organic and inorganic 
molecules that afford students their f i r s t quantitative ideas about 
the strengths of chemical bonds as well as the p o s s i b i l i t y of 
understanding the course of chemical transformations i n terms of the 
strengths of bonds being made and broken. Likewise, the genesis of 
valence ideas as basic as the electronegativities of atoms can be 
traced back to perceived i r r e g u l a r i t i e s i n bond energy trends (1). 
Over the past several decades, major advances have occurred i n the 
accurate measurement and systematization of thermochemical data for 
organic and r e l a t i v e l y simple (binary and ternary) inorganic mole
cules. The former represent a cornerstone of modern physical 
organic chemistry while the l a t t e r provide a useful tool for under
standing large segments of main group, t r a n s i t i o n element, and f-
element reaction chemistry. A l l such information i s of obvious 
technological importance for process design and predicting product 
characteristics. 

The past several decades have also witnessed the phenomenal 
development of contemporary organometallic chemistry. This f i e l d 
has had a major impact on our understanding of structure/bonding/re
a c t i v i t y relationships i n metal-centered molecules, i n practicing 
and/or modelling homogeneous and heterogeneous catalysis, i n s t o i c h i -

0097-6156/90AM2S-0001$06.00A) 
© 1990 American Chemical Society 
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2 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

ometric synthetic organic chemistry, i n metal ion biochemistry, and 
i n the synthesis of important electronic and ceramic materials. 
While one can only be dazzled by the plethora of unprecedented 
reactions and equally beautiful molecular structures, and while our 
understanding of bonding and reaction mechanisms has advanced 
considerably, i t i s f a i r to concede that a p a r a l l e l understanding of 
bonding energetics and the thermodynamics of reactions involving most 
organometallic compounds does not yet exist. Indeed, i n most cases, 
we do not know the strengths of the bonds holding these fascinating 
molecules together nor do we even know whether these molecules are 
k i n e t i c or thermodynamic products of the reactions that produce them. 

Although the thermodynamics of organometallic substances i s 
j u s t i f i a b l y a topic of considerable current interest, a c t i v i t y i n 
this area i s by no means new. Thus, Guntz reported the heat of 
formation of dimethyl zinc (determined by combustion calorimetric 
methods) i n 1887 (2) and Berthelot the heats of formation of several 
mercury alkyls (by similar techniques) i n 1899 (3). In 1928, 
Mittasch reported the heat of formation of iron pentacarbonyl, again 
determined by combustion calorimetry (4). The 1930's and 1940's saw 
important developments i n instrumentation which allowed far more 
accurate calorimetry (5) and a rapidly expanding data base of 
information on organic (6) and simple inorganic (1) compounds. 
Nevertheless, only a handful of organometallic compounds had been 
studied prior to 1940, and the 1939 "The Nature of the Chemical Bond" 
contains no bond energy information on organometallic compounds 
except for organosilanes (1). 

The period after the Second World War saw greatly accelerated 
a c t i v i t y i n the study of organometallic compounds by calorimetry and 
by a growing number of gas phase techniques. By 1964, Skinner was 
able to publish the f i r s t substantial review a r t i c l e on the strengths 
of metal-to-carbon bonds (7). Further advances were evident i n the 
1970 "Thermochemistry of Organic and Organometallic Compounds," by 
Cox and Pilcher (8) , as well as i n the key 1977 review a r t i c l e by 
Connor on the thermochemistry of t r a n s i t i o n metal carbonyls and 
related compounds (9). The post-1980 period has been one of height
ened interest i n bond energy information for a variety of important 
reasons. The developing sophistication of structural and mechanistic 
organometallic chemistry has raised increasing numbers of thermo
dynamic questions, sometimes as fundamental as why a particular 
reaction does or does not occur (10-12). The power of contemporary 
quantum chemistry to map out the energies and s p a t i a l characteristics 
of molecular orbitals i n complex organometallic systems i n turn 
raises quantitative questions about the strengths of the bonds being 
portrayed. F i n a l l y , the impressive experimental advances i n gas 
phase, solution phase, and surface chemical physics have allowed 
studies of metal-ligand interactions i n heretofore inaccessible 
environments and on heretofore inaccessible timescales. Conceptual 
bridges to more t r a d i t i o n a l organometallic chemistry are only just 
emerging and should have a major impact. 

Basic Concepts. Measurement Approaches, and Issues. 

In a s t r i c t spectroscopic sense, the bond dissociation energy, DQ, 
for a diatomic molecule AB can be defined as the change i n internal 
energy accompanying homolytic bond dissociation (Equation 1) at Τ - 0 
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1. MARKS Metal-Ligand Bond Energies in Organometallic Chemistry 3 

Κ i n the gas phase (13). The equilibrium bond dissociation energy, 
De, measures the depth of the Morse potential well describing AB, and 

AB(g,0 K) > A(g,0 K) + B(g,0 Κ) (1) 

di f f e r s from DQ by the zero-point energy (Equation 2). Here x e i s 
the anharmonicity constant and ω σ i s the harmonic stretching frequen-

1 xe 
De - Do +

2 " [ 1 - — ) * » o (2) 

cy. Such parameters are commonly derived from a Birg-Sponer analysis 
of spectroscopic data (13). For thermochemical purposes, the 
enthalpy required to homolytically dissociate AB at 298 Κ i n the gas 
phase (Equation 3) i s commonly referred to as the "bond dissociation 
energy," the "bond disruption enthalpy," the "bond energy," the "bond 

AB(g,298 K) > A(g,298 K) + B(g,298 K) (3) 

enthalpy," and the "bond strength (7, 14)." As given i n Equation 4, 
i t refers to fragments which are i n relaxed (equilibrium) states, and 

D A B - AHf(A,g,298 K) + AHf(B,g,298 K) - AHf(AB,g,298 K) (4) 

i s related to DQ v i a Equation 5. Here N A i s Avagadro's number. Some 
authors use abbreviations of the form ΔΗ(ΑΒ) rather than DAB (13). 

D - N AD Q + RT (5) 

The description of bonding energetics for polyatomic molecules 
i s more complex. For homoleptic systems such as MXn (X - an atom), 
the enthalpy of atomization can be defined as i n Equation 6, where a 
temperature of 298 Κ i s normally assumed. From this quantity, i t i s 

AHatom " AHf(M,g) + nAHf(X,g) - AHf(MXn,g) (6) 

also possible to define a mean bond dissociation energy (or enthal
py) , D; which describes the average M-X bond enthalpy (Equation 7), 
as well as f i r s t , second, etc. stepwise bond dissociation energies 

ÔMX - AH a t o m/n (7) 

(or enthalpies) (Equations 8, 9, etc). I t i s not i n general correct 

D! - AHf(MX n. l l g) + AHf(X,g) - AHf(MXn,g) (8) 

D2 - AHf(MXn_2,g) + AHf(X,g) - ΔΗ £(ΜΧ η. 1 > β) (9) 

to assume that D - D]_, nor that either D or w i l l be the same i n 
a l l MXm and MY^n^ molecules. The l a t t e r issue of whether Djix 
values are transferable among different environments i s of great 
interest not only for developing bond energy parameters of broad 
a p p l i c a b i l i t y but also for understanding a n c i l l a r y ligand s t e r i c and 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
1



4 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

electronic effects. The adherence of redi s t r i b u t i o n processes (e.g., 
Equation 10) to a purely s t a t i s t i c a l model i s one straightforward 

MYn + MXn ^ MYn.x X x + etc. (10) 

test of t r a n s f e r a b i l i t y . 
For elaborate polyatomic organometallic molecules, the atomiza-

tion enthalpy of taking the entire molecule to gaseous atoms i s not a 
p a r t i c u l a r l y informative quantity, and i t i s more meaningful to use 
the terminology of disruption enthalpies which describe dissociation 
into i d e n t i f i a b l e fragments. For a homoleptic compound, MRn, this 
term i s defined as i n Equation 11 for the process depicted i n 
Equation 12 (7, 14). There i s now a considerable body of 

^ d i s r u p t » AHf(M.g) + nAHf(R*,g) - AHf(MRn,g) (11) 

MRnCg) > M(g) + nR-(g) (12) 
AHf(M,g) and AHf(R-,g) data available (15-17). Because of uncertain
ti e s i n t r a n s f e r a b i l i t y surrounding AH^isrupt values and because 
chemical situations are more commonly encountered i n which the 
enthalpies of single dissociation/disruption processes as i n Equation 
13 are more useful, the author suggests defining the M-R bond disrup-

Î MR > L̂ M + R- (13) 

ti o n enthalpy (or dissociation energy) as i n Equation 14 (12). A l 
though problems of t r a n s f e r a b i l i t y are s t i l l important, i t should be 

D(LnM-R) - AHf(LnM) + AHf(R») - AHf (I^MR) (14) 

recognized that many processes of greatest chemical interest w i l l 
take place within the same coordination sphere (e.g., Equation 15) 
and that D(LnM-R) i m p l i c i t l y contains the information needed to 
understand/predict such processes. Ways to test parameter transfer-

Î MR > Î MR' (15) 

a b i l i t y i n such systems and to account for the lack of useful 
v o l a t i l i t y i n many of the molecules of interest w i l l be discussed 
shortly (vide i n f r a ) . 

Returning to Equations 11 and 12 and similar situations, 
problems arise when AHf values of disruption/atomization fragments 
are not available. Various schemes exist to estimate such quantities 
by apportioning the energetics among the constituent bonds (7., 14). 
The resulting, estimated M-R energies are generally referred to as 
bond enthalpy contributions and denoted for an MRn molecule by Ë(M-
R) . Importantly, such values do not incorporate the enthalpies of 
reorganization involved i n relaxation of the newly formed fragments 
to their equilibrium configurations. As such, Ê values are less 
readily applied to transformations of the type depicted i n Equation 
15. 

The c l a s s i c a l approach to deducing the thermodynamic properties 
of a substance has t r a d i t i o n a l l y been combustion calorimetry (18) . 
Here the substance of interest i s completely burned, and the heat of 
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1. MARKS Metal-Ligand Bond Energies in Organometallic Chemistry 5 

combustion apportioned among the known/assumed and unknown constit
uent bond energies. While such approaches are well-suited for 
simple organic molecules, the apportioning problem becomes exceeding
l y d i f f i c u l t for complicated organometallic molecules. In addition, 
organometallic molecules are notoriously d i f f i c u l t to burn cleanly, 
so that major errors can be introduced i n data analysis (despite many 
advances i n calorimeter design and combustion procedures). A useful 
alternative approach i s sometimes high temperature calorimetry with 
other oxidants (e.g., halogens) (19). 

Various types of solution reaction calorimetry have proven 
especially useful i n thermochemical studies of organometallic 
molecules. Provided the reactions employed are clean, rapid, and 
quantitative, i t i s possible to employ processes as i n Equation 16 to 
express re l a t i v e M-R bond disruption enthalpies i n terms of the meas-

Î MR + X 2 > I^MX + RX (16) 

ured heat of reaction and generally available or readily estimated 
dissociation energy parameters (Equation 17). P a r t i c u l a r l y useful 
reactions for this purpose are halogenolysis and protonolysis (12, 

D(L nM-R) s o l n » Δ Η Γ χ η + 0(Ι^Μ-Χ) 5 θ 1 η + D ( R X ) s o l n - D ( X 2 ) s o l n (17) 

20). When this procedure i s carried out i n a vacuum-tight isoperibol 
(quasi-adiabatic) batch t i t r a t i o n calorimeter (2J.) , there i s the 
added advantage of anaerobic security for highly sensitive samples, a 
readily incorporated protocol for measuring heats of solution, and a 
means (via t i t r a t i o n ) of sequentially investigating a series of bonds 
i n a molecule as well as providing a b u i l t - i n check on reaction 
stoichiometry and calorimeter system integrity. As should be evident 
i n Equation 16, derived relative D(LnM-R) parameters i n such a 
determination are "anchored" to a particular D(LnM-X) value. 
Conversion from a series of relative bond enthalpies to a scale 
approximating absolute can be achieved i f D(LnM-X) can be estimated. 
Use of the corresponding D]^(MXn) value appears to be r e a l i s t i c for M 
- an early transition metal, lanthanide, or actinide i n the same 
formal oxidation state, and X = halogen (22). Absolute D(M-R) values 
can be obtained v i a one- and two-electron redox sequences as shown i n 
Equations 18-23 and 24-28 (23-22). The a v a i l a b i l i t y of lower-valent, 
less coordinatively saturated l^M species i s of course essential for 

LnMR + X 2 > I^MX + RX (18) 

I^M-X > LnM + 1/2 X 2 (19) 

X· > 1/2 X 2 (20) 

R-X > R- + X· (21) 

LnMR > LnM + R* (22) 

D(LnM-R) - Δ Η Γ χ ( 1 6 ) + A H r x ( 1 9 ) - 1/2 D(X 2) + D(R-X) (23) 

this approach. In addition, note that Equations 24-29 as written 
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6 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

LnMR2 + 2 X 2 -> L nMX 2 + 2 RX (24) 

Ι^ΜΧ2 -> I^M + X 2 (25) 

2 Χ· -> X 2 (26) 

2R-X •> 2 R* + X· (27) 

LnMR2 -> L̂ M + 2 R* (28) 

D(LnM-R2) - A H r x ( 2 4 ) 4- Δ Η Γ Χ ( 2 5 ) - D(X 2) + 2 D(RX) (29) 

afford a D(M-R) value, while stepwise cleavage of M-R groups w i l l 
y i e l d D(LnM(R)-R) and D(LnM(X)-R) parameters referenced to a D(M-X). 

Bond enthalpy values derived from the aforementioned c a l o r i 
metric approaches and a l l other D(M-R) quantities determined i n 
solution (vide infra) are not s t r i c t l y gas phase quantities as 
specified i n the formal definitions (Equations 1,3,4). However, 
since most chemistry of interest to organometallic chemists occurs i n 
the solution phase, i t can be argued that this i s not an undesirable 
state of a f f a i r s . There i s also good evidence that D(R-H) values for 
simple organic molecules are the same i n nonpolar solvents as i n the 
gas phase (27), and that the heats of solution ( A H s o i n ) of uncharged 
organometallic molecules are generally rather small i n nonpolar 
solvents (-2-4 kcal/mol) (12, 21, 24). Conversion of solution phase 
D(M-R) data to the gas phase requires ΔΗ 5 0χ η and heat of sublimation 
(AH S U D) data for the species involved (e.g., on both sides of 
Equation 18). Such parameters are readily available for small 
inorganic and organic molecules, while A H s o i n values can be easily 
measured for the organometallic molecules of interest. In contrast, 
AH S U D data are not easily measured for organometallic compounds and 
may be inaccessible for compounds of low v o l a t i l i t y and/or thermal 
s t a b i l i t y . Hence, i t i s usually assumed that AH s ub i s the same for 
a l l organometallic molecules involved. Where this assumption has 
been checked by experiment (19, 28), i t has been found to be reason
able, but not extremely accurate. 

Other solution calorimetric techniques which have been applied 
to the study of organometallic molecules have included batch, flow, 
heat flux (Calvet), and pulsed, time-resolved photoacoustic c a l o r i 
metry. The former method i s a simpler isoperibol variant of the 
aforementioned batch t i t r a t i o n technique and involves breaking 
ampoules of the compound of interest into a reaction dewar containing 
an excess of reagent. I t i s not chemically as selective as a method 
i n which the reagent i s added i n a t i t r a t i o n mode, and i n some 
systems the excess reagent i s l i k e l y to cause side reactions. The 
heat flux or Calvet technique i s an isothermal approach, and has the 
advantage that reactions can be studied at elevated temperatures and 
pressures (19., 29, 30). I t has also been employed i n a solventless 
mode using halogen reagents as a substitute for combustion c a l o r i 
metry i n studying metal carbonyls (19, 30). As i n the batch tech
nique, the reagent cannot be added incrementally. I t i s , i n prin
c i p l e , adaptable to the study of extremely air-sensitive compounds. 

Pulsed, time-resolved photoacoustic calorimetry employs a pulsed 
uv laser source to induce a photochemical reaction i n the molecule of 
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1. MARKS Metal-Ligand Bond Energies in Organometallic Chemistry 7 

interest (e.g., Equation 30). The absorbed photochemical energy 
which i s subsequently released as thermal energy i s measured by 

hi/ 
MLn > MLn.x + L (30) 

acoustic techniques (from the resulting shock waves), and combined 
with quantum y i e l d information on nonradiative processes, yields the 
M-L bond enthalpy as well as k i n e t i c information on recombination 
processes (31-33.) . Comparison of photoacoustic D(M-L) data with gas 
phase data for the same molecules obtained by other techniques (vide 
infra) has been p a r t i c u l a r l y informative i n quantifying the ener
getics of weak M-solvent interactions (32). Disadvantages of 
organometallic systems for photoacoustic calorimetry may include the 
lack of clean, well-defined photochemistry, low nonradiative quantum 
yie l d s , and the p i t f a l l s of multiphoton processes at high l i g h t 
fluences (32). 

Equilibrium and k i n e t i c techniques have also been successfully 
applied to studying metal-ligand bonding energetics i n solution. In 
the former approach, r e l a t i v e metal-ligand bond enthalpies are 
obtained by studying (usually v i a NMR, IR, or op t i c a l spectroscopy) 
the positions of various e q u i l i b r i a (e.g., Equation 31). Study of 
the equilibrium constant as a function of temperature combined with 

LnM-R + R'H LnM-R' + RH (31) 

a van't Hoff analysis, yields ΔΗ° and AS 0 values for the process 
(34). Of course, data must be acquired over a s u f f i c i e n t l y wide 
temperature range, which may be prohibited by thermal i n s t a b i l i t y . 
Alternatively, i t can be assumed that AS ~ 0 for the equilibration 
process, so that ΔΗ « AG (34-36) . Major disadvantages of the 
equilibration technique for organometallic systems include the lack 
of suitably clean or rapid e q u i l i b r i a i n many systems, the inherent 
inaccuracy i n measuring large equilibrium constants (only small steps 
i n ΔΗ values can be used i n constructing scales of r e l a t i v e bond 
enthalpies), and the i n a b i l i t y to measure absolute bond enthalpies. 

Kinetic techniques for measuring metal-ligand bond enthalpies 
focus on measuring the activation enthalpies for homolytic processes 
as i n Equation 32. The resulting organic radical i s usually trapped. 

Î MR > LnM + R- (32) 
I f i t i s reasonably assumed that ΔΗ + for the reverse, recombination 
reaction i s small (ca. 2-3 kcal/mol), then the absolute L̂ M-R bond 
enthalpy can be d i r e c t l y calculated from ΔΗΦ for the forward reaction 
(37-42). Radical cage diffusion effects cannot be ignored i n such 
k i n e t i c analyses, however they appear only to be important i n more 
viscous media. Good agreement has recently been noted between 
kinetically-derived Co-R bond enthalpies and those obtained using 
one-electron oxidative (cf., Equations 18-23) calorimetric techniques 
(26). These ki n e t i c techniques are of course only applicable to 
systems with rel a t i v e low M-R bond enthalpies and clean, homolytic 
dissociation chemistry. 

D i f f e r e n t i a l scanning calorimetry has been applied to thermo
dynamic studies of organometallic compounds i n the s o l i d state (43). 
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8 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Thus, the enthalpies of various decomposition reactions (e.g., 
gaseous o l e f i n loss) can be readily measured for rather small samples 
(a few mg.). Drawbacks of this technique include the necessity of 
correcting data to 298 K, the uncertain influence that s o l i d state 
effects may have on measured ΔΗ values, and the p o s s i b i l i t y of side 
reactions at elevated temperatures. The l a t t e r effects can be 
assayed by thermogravimetric and v o l a t i l e product analysis. 

Electrochemical techniques have also been applied to determining 
metal-metal bond energies i n dinuclear organometallic molecules (44). 
Using a combination of redox equilibration experiments with reagents 
of known potentials and fast scan c y c l i c voltammetry, i t i s possible 
to obtain E° data for the kinds of reactions shown i n Equations 33 
and 34, respectively. The result i s the free energy (but not the 

Mn 2(CO) 1 0 > 2 Mn(CO)5- (33) 

2Mn(CO)5- > 2 Mn(CO)5 (34) 

Mn 2(CO) 1 0 > 2 Mn(CO)5 (35) 

enthalpy) of Equation 35. In Equations 36-39, an approach to 
measuring metal-hydrogen bond enthalpies i n a c e t o n i t r i l e solution i s 
shown which uses pKa, electrochemical, and tabulated gas phase 
electron a f f i n i t y data (45). When approximate corrections for 
solvation and entropy of solvation effects are made, good agreement 

Î MH > LnM" + H + (36) 

LnM" > I^M (37) 

H + > Η· (38) 

Î MH > I^M + Η· (39) 

i s obtained with ϋ(Ι^Μ-Η) values measured by other techniques. 
Crucial to this method i s the amenability of the subject compounds to 
both the pK a and electrochemical (Equation 37) measurements. 
Solvation effects are expected to be important i n coordinatively 
unsaturated systems. 

Gas phase approaches to the study of organometallic metal-ligand 
bonding energetics can be roughly divided into those employing ion-
molecule reactions and those which employ neutral molecular precur
sors. In the most common embodiment of the former approach, bare 
gaseous metal ions are created by evaporation/ionization or pulsed 
laser desorption/ionization of bulk metal sources or by dissocia-
tion/ionization of v o l a t i l e molecular precursors (e.g., by electron 
impact). These ions are then brought to well-defined k i n e t i c 
energies either by mass f i l t e r i n g i n a guided ion beam (tandem mass 
spectrometer) apparatus (46, 42) or by trapping i n c i r c u l a r orbits i n 
an ion cyclotron resonance (ICR) spectrometer (48, 49) . The l a t t e r 
device can be readily coupled to a highly sensitive Fourier transform 
mass spectrometry detection system. A wide variety of informative 
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1. MARKS Metal-Ligand Bond Energies in Organometallic Chemistry 9 

experiments can then be performed i n these two experimental config
urations . 

In a common type of ion-molecule experiment (46), a guided beam 
of monoenergetic metal ions i s impinged upon gaseous neutral mole
cules under single c o l l i s i o n conditions, and the reaction products 
analyzed by mass spectrometry as the kin e t i c energy of the metal ions 
i s varied. For the r e l a t i v e l y straightforward case of endothermic 
reactions (e.g., Equation 40), the MH+ y i e l d i s analyzed as a 
function of M + k i n e t i c energy to obtain the threshold E-p for the 

M + + RH > MH+ + R* (40) 

reaction. Making the reasonable assumption (which has been v e r i f i e d 
i n several simple cases) that the endothermic reaction has a negli
gible ki n e t i c activation barrier, then Equation 41 applies. For 
processes as i n Equation 42, the relationship of Equation 43 holds, 
where IP i s the ionization potential. In addition to the assumption 

D(M-H+) - D(R-H) - E T (41) 

M+ + RH > MH + R+ (42) 

D(M-H) - D(R-H) + IP(R) - IP(M) - E T (43) 

of negligible activation barriers, other uncertainties i n the above 
analyses include the cross-section model used to calculate E-p and 
internal energy uncertainties i n the reactants. The l a t t e r issue 
includes the p o s s i b i l i t y that M+ i s formed and used i n an electron
i c a l l y excited state. In addition, large molecular ions w i l l have 
many degrees of freedom so that cross-section versus kine t i c energy 
plots w i l l be rather f l a t and E-p values d i f f i c u l t to accurately 
determine i n such cases. Although the nature of the cross-section 
model and the data analysis are quite different, bond enthalpy 
information can also be derived from exothermic ion-molecule reac
tions by studying product ki n e t i c energy release distributions (.50) . 

ICR-FTMS experiments have been employed to derive thermodynamic 
information using several approaches (48). These include studies of 
exothermic and endothermic ion-molecule reactions, equilibration 
studies, competitive collision-induced dissociation reactions, and 
photodissociation studies. Exothermic reactions involving therma-
lyzed (cooled by an inert buffer gas) ions provide brackets on 
metal-ligand bond enthalpies, as i l l u s t r a t e d by Equation 44 which 
implies that D(Fe-C£H4+) > 66 kcal/mol. Endothermic reactions can 
also be studied i n the manner described above for ion beam experi-

Fe+ + C6H5C1 > FeC6H4+ + HC1 (44) 

ments (vide supra). However, the greater uncertainty i n M+ energies 
i n ICR-FTMS experiments renders this approach somewhat less accurate 
than that described above. ICR-FTMS experiments can y i e l d relative 
metal-ligand bond enthalpy information by measuring equilibrium 
constants for ligand equilibration processes (e.g., Equation 45) and 
examining other reactions where an c i l l a r y thermodynamic information 
exists (e.g., Equation 46). These approaches assume that AS « 0 and 
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10 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

ML + L 5=* ML + L (45) 

y i e l d r e l a t i v e metal-ligand bond enthalpies unless an absolute anchor 

+ \ 
FeNH2+ > Fey + ^ 3 ( 4 6) 

point has been established. The gaseous metal-ligand ion reactants 
for such studies are normally prepared by ion-molecule reactions or 
by the decomposition of neutral organometallic precursors. Compet
i t i v e collision-induced dissociation studies (e.g., Equation 47) can 
also be employed to estimate metal-ligand bond enthalpies by observ
ing the d i s t r i b u t i o n of fragments following c o l l i s i o n s with neutral 
molecules. F i n a l l y , photo-dissociation techniques can be used to 
obtain metal-ligand bond enthalpies by determining the photon 

AM+B > AM+ + Β 
or (47) 

> MB+ + A 
energetic threshold for dissociation (Equation 48). Such an approach 
i s only workable i f the ion absorbs the photon, i f the metal-ligand 

hi/ 
ML+ > M+ + L (48) 

ion undergoes clean photodissociation ( i t i s i n some cases possible 
to disentangle side reactions), and the metal-ligand ion has a high 
density of low-lying excited states so that dissociation i s thermo-
dynamically- rather than spectroscopically-determined. 

In a l l of the above ion-molecule experiments, i t should be 
evident that structural ambiguities can arise i n products which are 
assigned purely on the basis of an M/e r a t i o . In some cases, 
additional product structural information can be obtained by isotopic 
l a b e l l i n g , collision-induced dissociation, and photodissociation 
experiments. The l a t t e r techniques rely upon understanding the 
nature of the fragments produced when the metal-ligand ion i s 
dissociated. I t should also be noted that ICR-FTMS experiments are 
by no means limited to small metal-ligand ions, and that bracketing 
studies leading to re l a t i v e metal-ligand bond enthalpies (cf., 
Equations 45, 46) can be successfully performed on ions as elaborate 
as (C 5H 5) 2ZrR+ (50). 

Flowing afterglow techniques are yet another approach to 
studying ion-molecule reactions of organometallic species (51, 52). 
Here ion-molecule reactions are conducted i n a flow of inert buffer 
gas (usually He) , so that a l l reagents and products are completely 
thermalyzed. Representative experiments have employed bracket
ing/competition experiments (cf., Equations 45-47) to obtain informa
tion such as hydride a f f i n i t i e s of metal carbonyls and t r a n s i t i o n 
metal formyl complex s t a b i l i t i e s (51, 52.) . 

Another class of gas phase experiments begins with the molecular 
organometallic compounds of interest and measures the added energy 
required for ligand dissociation. The mass spectrometric appearance 
potential method relates the metal-ligand bond energy to the mass 
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1. MARKS Metal-Ligand Bond Energies in Organometallic Chemistry 11 

spectrometer electron accelerating potential needed to observe the 
metal-ligand fragment of interest and the fragment ionization 
potential (e.g., Equation 49). Major uncertainties i n this approach 

DiOlLn) - ΑΡ(ΜΙ^.!+) - ΙΡίΜΙ^.χ) (49) 

concern the precision with which the threshold can be measured and 
the possible formation of thermally "hot" products. Photodissocia
ti o n approaches were discussed i n the previous section. 

Very low pressure pyrolysis k i n e t i c techniques measure (via mass 
spectrometry) the activation energy for ligand dissociation under 
c o l l i s i o n l e s s conditions (53, 54). As i n the solution k i n e t i c 
approach (vide supra), i t i s assumed that the k i n e t i c barrier for 
recombination i s small. This approach suffers from problems assoc
iated with c a t a l y t i c sample decomposition on the hot walls of the 
apparatus and radical chain reactions. A recent improvement i n this 
technique (£3, 54) , the LPHP (laser powered homogeneous pyrolysis) 
method, employs a pulsed infrared (CO2) laser to heat an SFg "sensi
t i z e r " i n the reaction mixture containing a low pressure of the 
compound of interest. An N 2 thermalizing bath and an internal 
M(CO)n "thermometer" of known thermolytic characteristics are also 
present so that sample pyrolysis i s rapid and homogeneous, reactor 
walls remain cool, and the internal temperature i s known accurately. 
Sample decomposition i s allowed to proceed for 10-15 before rapid 
expansion cooling and mass spectrometric analysis. This technique 
has been successfully applied to a wide variety of organotransition 
metal compounds. 

Measurements of metal-ligand bonding energetics on clean metal 
surfaces are generally carried out by equilibrium or k i n e t i c methods 
(.55). In the former approach, adsorbate coverage, Θ, i s measured as 
a function of equilibrium pressure at varying temperatures. The 
enthalpy of adsorption i s related to these isotherm data v i a Equation 
50. In k i n e t i c methods, desorption rates are measured as a function 

aIn ρ A Hads 
( ~) — (50) 

d T ^-constant RT2 

of temperature and AH a cj s calculated assuming a negligible activation 
energy for the (reverse) adsorption process. These approaches are 
complicated by the r e a l i s t i c p o s s i b i l i t i e s that AH a (j s i s dependent 
upon Θ, that the adsorbate bonding mode may be temperature-dependent, 
and that the surface i t s e l f may be heterogeneous. Surface thermo-
chemical measurements are c l e a r l y most informative when analyzed i n 
conjunction with detailed adsorbate surface structural information 
(56, 57). 

Symposium Volume Motivation and Organization. 

The present Symposium Series volume and the September 1989 symposium 
from which i t derives are part of an e f f o r t to bring together leading 
investigators active i n the diverse subdisciplines concerned with 
bond energies i n organometallic compounds. There has t r a d i t i o n a l l y 
been l i t t l e interaction between such researchers, and the present 
work attempts to convey the essence of the oral presentations and 
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12 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

active dialogue which occurred at the symposium. A l l contributions 
have been carefully reviewed by experts i n the respective f i e l d s , and 
a l l efforts have been made to expedite the e d i t o r i a l process so that 
coverage i s as up-to-date as possible. 

This volume begins with a discussion of r e l a t i v e l y simple 
systems i n the gas phase. Thus, Armentrout, Beauchamp, Bowers, and 
Freiser focus upon the course and thermodynamics of both endothermic 
and exothermic gas phase reactions between metal ions and simple 
organic or inorganic molecules. Metal-ligand bond enthalpy data are 
reported for a wide range of ions, neutrals, and metal-metal bonded 
species. Important trends i n bonding energetics are revealed and 
convincingly explained. Richardson next describes gas pjiase organo-
zirconium chemistry of the molecular ion (C5H5)2ZrCH3 and draws 
useful connections to known solution phase chemistry. He also 
compares the gas and solution phase redox properties of metallocenes 
and metal acetylacetonates. Lichtenberger reports a new way to 
estimate metal-ligand bond energies based upon ionization potentials 
and simple molecular o r b i t a l concepts. The approach i s successfully 
applied to several classes of metal carbonyl complexes. The focus 
then s h i f t s to solution phase studies, and Halpern presents a 
detailed study of metal-alkyl bond energies derived from ki n e t i c 
measurements. Close attention i s given to supporting ligand effects 
on D(M-alkyl) as well as to the possible errors incurred i n such 
analyses. A complementary contribution by Koenig further discusses 
the determination of bond energies by kin e t i c methods and the 
importance of radical pair cage effects i n such determinations. Hoff 
and Kubas report calorimetric and k i n e t i c studies of metal-ligand 
binding energetics and kinetics i n a fascinating series of molecular 
N2 and H2 complexes. Wayland next describes the CO and H2 chemistry 
of several series of rhodium porphyrin complexes, elucidating the 
thermodynamics and kinetics of several unprecedented migratory CO 
insertion and reduction processes. Metal-ligand bond energies, 
a n c i l l a r y ligand effects, and their consequences for unusual reactiv
i t y are then surveyed by Marks for a broad series of organolanth-
anides. Drago next discusses the application of Ε and C parameters 
to accurately predicting l i g a t i o n thermodynamics i n several classes 
of organometallic/coordination compounds. Photoacoustic calorimetry 
i s an attractive and r e l a t i v e l y new technique for studying metal-
ligand bonding energetics i n solution, and Yang applies this method 
to Mn-L and Cr-olefin bond energies i n a series of (C5H5)Mn(CO)2L and 
Cr(C0)5(olefin) complexes. F i n a l l y , Simoes presents a " c l a s s i c a l " 
(calorimetric) study of metal-ligand bonding energetics i n a series 
of (C5H5)2MR2 and (C5H5)2ML complexes, as well as a "non-classical" 
(photoacoustic calorimetric) study of Si-Η bond energies i n a series 
of silanes. 

In the area of surface phenomena, Somorjai discusses the 
restructuring processes which occur when clean metal surfaces undergo 
chemisorption, and the major consequences that such structural 
reorganizations have for the measured thermodynamics of chemisorp
tion. The binding of small molecules to chemically modified surfaces 
i s next surveyed by Stair. Dramatic effects on the chemisorption 
thermodynamics of Lewis bases and on heterogeneous c a t a l y t i c a c t i v i t y 
are observed when clean molybdenum surfaces are modified with carbon, 
oxygen, or sulfur. The theoretical section begins with a presenta
tion by Pearson on the use of absolute electronegativity and hard/-
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1. MARKS Metal-Ligand Bond Energies in Organometallic Chemistry 13 

soft concepts for understanding bond energies and chemical r e a c t i v i t y 
i n organometallic systems. These rather simple concepts are shown to 
have considerable predictive power. Harrison and A l l i s o n next focus 
on tr a n s i t i o n metal-N bond energy systematics i n a series of gas 
phase ions. Correlations are drawn between experimental data and the 
results of high-level electronic structure calculations. F i n a l l y , 
Ziegler discusses the use of lo c a l density functional calculational 
methods to probe M-CH3, M-H, and M-CO bonding trends as a function of 
the position of M i n the Periodic Table. Important and convincing 
explanations of trends i n solution experimental data can be made. 
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Chapter 2 

Periodic Trends in Transition Metal Bonds 
to Hydrogen, Carbon, and Nitrogen 

Peter B. Armentrout 

Department of Chemistry, University of Utah, Salt Lake City, UT 84112 

Guided ion beam mass spectrometry has been used to obtain a 
variety of metal-hydrogen, metal-carbon, and metal-nitrogen 
bond strengths. The experimental method is reviewed with an 
emphasis on the requirements for obtaining good thermochemical 
information. The gas-phase values which have been obtained 
are listed. Trends in the values are evaluated for changes in 
charge, periodic variations, and bond-energy bond-order 
relationships. These comparisons result in the determination 
of several "intrinsic" bond energies which may be of use in 
estimating metal-ligand bonds for condensed-phase 
organometallic systems. 

A comprehensive characterization of organometallic thermochemistry i s 
a d i f f i c u l t task because of the multitude of metals, ligands, and 
environments. Nevertheless, this task has seen much progress over 
the past decade i n part because of increasing communication between 
sci e n t i s t s working i n the areas of gas-phase and condensed-phase 
organometallics, surface science, and theoretical chemistry. Our 
efforts i n this area center on gas-phase determinations and involve 
several d i s t i n c t parts: develop a novel, experimental tool for 
thermochemical measurements ; provide a substantial data base of 
organometallic bond energies; and analyze the data to relate this 
thermochemistry to the broader organometallic perspective. Progress 
i n these areas i s reviewed here. Discussions that emphasize 
different aspects of this information have been published elsewhere 
(1-3). 

Guided Ion Beam Mass Spectrometry 

The Apparatus. Experimental methods used i n our laboratory to 
measure gas phase bond dissociation energies have been detailed 
before (4,5,6,7), and involve the use of a "guided" ion beam tandem 
mass spectrometer. Ion beam instruments are two mass spectrometers 

0097-6156/90y0428-0018$06.00/0 
© 1990 American Chemical Society 
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2. ARMENTROUT Periodic Trends in Transition Metal Bonds 19 

back-to-back with a reaction zone i n between, and an ion source and 
an ion detector at either end. An ion beam experiment consists of 
creating ions, mass selecting them, accelerating the ions to a 
particular k i n e t i c energy, reacting the ion with a neutral reagent, 
and f i n a l l y , mass separating and detecting the reactant and various 
product ions. The reaction zone i s designed so that reactions occur 
over a well-defined path length and at a pressure low enough that a l l 
products are the result of single ion-neutral encounters. (This i s 
easily v e r i f i e d by pressure dependence studies.) In our apparatus, 
the interaction region i s surrounded by an r f octopole ion beam 
"guide" (8) which ensures e f f i c i e n t c o l l e c t i o n of a l l ions. The 
s e n s i t i v i t y of the detector (a secondary electron s c i n t i l l a t i o n ion 
detector (9)) i s s u f f i c i e n t l y high that individual ions are detected 
with near 100% efficiency. 

The raw data of an ion beam experiment are in t e n s i t i e s of the 
reactant and product ions as a function of the ion k i n e t i c energy i n 
the laboratory frame. Before presentation of the data, we convert 
this information into an absolute reaction cross section as a 
function of the k i n e t i c energy i n the center-of-mass frame, σ(Ε). A 
cross section i s the effective area that the reactants present to one 
another and i s a direct measure of the probability of the reaction at 
a given k i n e t i c energy. I t i s easily related to a rate constant, k -
σν where ν i s the relative velocity of the reactants. The center-of-
mass energy takes into account the fact that a certain fraction of 
the laboratory ion energy i s t i e d up i n motion of the entire reaction 
system through the laboratory. This energy must be conserved and i s 
unavailable to induce chemical reactions. Conversion of intensities 
to cross sections i s readily performed by using a Beer's law type of 
formula (4). Conversion of the laboratory ion energy to the center-
of -mass frame energy involves a simple mass factor (except at very 
low energies where truncation of the ion beam must be accounted for) 
(4). For accurate thermochemistry, particular attention must also be 
paid to a determination of the absolute zero of energy. In our 
laboratories, this i s routinely measured by a retarding potential 
analysis which has been v e r i f i e d by time-of-flight measurements (4) 
and comparisons with theoretical cross sections (10). 

Chemical Systems. To measure metal-ligand bond energies of a species 
l i k e ML+ or ML, we measure the cross section for reaction 1 or 2 
while varying the kinetic energy available to the reactants, 

M+ + RL - ML+ + R (1) 
-+ ML + R+ (2) 

as outlined above. The neutral reactant i s chosen such that 
reactions 1 and 2 are endothermic, and, therefore, require the 
addition of k i n e t i c energy to proceed. The minimum ki n e t i c energy 
required i s the reaction threshold energy, ET, and this provides the 
desired thermochemical information (as described below). 

Table I l i s t s the various reactants which we have used to 
measure the associated metal-ligand bond energies. In general, the 
best information i s obtained from the simplest possible system. 
Hence, MH+ thermochemistry can be derived from studies of alkanes but 
the H2 system provides the most d e f i n i t i v e data since there are no 
competing reaction products. However, the simplest imaginable system 
does not always work. For example, studies of the reactions of M+ 
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20 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I. Chemical Systems 

Product Neutral Reactant (RL) Metals (M)a 

MH+ H2 
Ca - Zn 

MCH3
+ C2H6 Ca - Zn 

MCH2
+ CHA Sc - Cr 

c-C3H6, c-C2HA0 Cr - Cu 
MCH+ CH4 T i - Cr 
M(CH 3) 2

+ 

MNH2
+ 

2-butene Sc, Ti M(CH 3) 2
+ 

MNH2
+ NH3 Sc - V, Co, 

MNH+, MN+ NH3 Sc - V 
M0+ o 2 

Ca - Zn 
CO Sc - V 

MH RH (R - 2-C3H7, t-C4Hg) Sc - Cu 
MCH3 RCH3 (R - 2-C3H7, t-CAHg) Sc - Cu 
MO N02, c-C2HA0 Cr, Mn, Co, 
aSecond and t h i r d row transition metals can generally u t i l i z e the 
same systems as the f i r s t row metal i n the same column of the 
periodic table. 

with N2 convince us that the MN* product formed does not appear 
promptly at the thermodynamic threshold. Therefore, we have used 
ammonia to measure the MN+ product thermochemistry i n several cases. 

Data Analysis. The cross sections for reactions 1 and 2 are analyzed 
i n d e t a i l to determine ET. In the l i m i t that there i s no activation 
barrier i n excess of the endothermicity, the bond dissociation energy 
(BDE) of the species produced i n the reaction can be obtained from 
the threshold value for reactions 1 and 2 by using equations 3 and 4, 

D°(M+-L) - D°(R-L) - E T (3) 
D°(M-L) - D°(R-L) + IE(R) - IE(M) - E T (4) 

respectively, where IE i s the ionization energy of the appropriate 
species. 

There are several factors which influence the accuracy of BDEs 
derived using the beam method. The f i r s t i s the assumption that 
there i s no activation energy i n excess of the reaction 
endothermicity. This i s equivalent to there being a barrier to 
reaction i n the opposite (exothermic) direction. Since the long-
range ion-induced dipole potential i s often s u f f i c i e n t l y strong to 
overcome small barriers (11), exothermic ion-molecule reactions are 
often (though not always) observed to proceed without an activation 
energy. The converse must also be true. Endothermic ion-molecule 
reactions are often (though not guaranteed) to proceed once the 
available energy exceeds the thermodynamic threshold. 

This assumption i s one which we have tested d i r e c t l y for a 
number of reactions where the thermochemistry i s well known 
(â»Z,12.-15). In a l l these cases, no activation barriers are found, 
although this sometimes requires very good s e n s i t i v i t y (6). 
Unfortunately, such direct checks for transition metal containing 
species are rare since there are few alternate experimental 
determinations having better accuracy. Those values which are 
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2. ARMENTROUT Periodic Trends in Transition Metal Bonds 21 

available from other experiments (see, for example, 1£) are generally 
i n good agreement with our work. In addition, high quality 
theoretical results on diatomic metal hydride ions are available 
(1Z-19). These values average 2 ± 3 kcal/mol lower than the 
experimental values derived i n our studies, a t y p i c a l error for such 
calculations. Note that i f activation barriers were present, the 
true bond energies would be larger making the agreement with theory 
even worse. Good agreement i s also obtained for metal methyl ions 
(theory (20,21) i s 3 ± 3 kcal/mol lower than our experimental 
numbers) and for metal hydride and metal methyl neutrals although 
here the experimental data are less precise (20). 

A second l i m i t a t i o n on the beam results concerns the 
characterization of the internal energy of the reactants. This 
energy i s available to the reaction and therefore must be accounted 
for i n the determination of the true threshold for reaction. While 
not a particular problem for the neutral reagents (since these have 
well characterized temperatures of 300 Κ), i t i s a problem for the 
ionic reactant since ion production i s i n t r i n s i c a l l y a very energetic 
process. In studies of atomic metal ions, this problem becomes one 
of controlling the electronic energy of the metal ion. The extent to 
which this can change the thermochemistry derived has been discussed 
before (1,22). For the thermochemistry from our laboratories given 
i n this a r t i c l e , the effects of electronic energy have been carefully 
considered i n a l l cases. 

A f i n a l consideration i n the accuracy of the BDEs derived using 
the beam method i s the determination of the threshold energy, ET. 
This i s tr u l y one of the more d i f f i c u l t aspects i n ion beam 
technology since the theory behind chemical threshold phenomena i s 
not well established. Our general approach i s to reproduce the data 
by using a ve r s a t i l e form for the threshold dependence of the 
reaction cross section, and one that can mimic the multitude of 
theoretical forms which have been derived (5). This empirical 
formula i s 

σ(Ε) - σ0(Ε - E T) n/E m (5) 
where σ0 i s a scaling factor, Ε i s the re l a t i v e k i n e t i c energy, and η 
and m are adjustable parameters (5 ,22) · ^ e nave found that a value 
of 222 - 1 i s among the most useful forms (2,12-12) and one which i s 
theoretically j u s t i f i a b l e (24) for k i n e t i c a l l y driven reactions of 
the type investigated i n our laboratories. Before comparison with 
the data, equation 5 i s convoluted with the known distributions i n 
the ion and neutral kine t i c energy (4). The values of η and E T are 
then optimized by nonlinear regression analysis to best reproduce the 
data. Uncertainties i n E T come from variations i n values of n, 
different data sets, and the absolute energy scale uncertainty. 

Periodic Trends i n Metal Ligand Bond Energies 

Metal ligand bond dissociation energies measured i n our laboratories 
are given i n Table I I . Values from other sources are given i n some 
cases for completeness. In the following sections, we evaluate these 
numbers to try and relate them to condensed-phase organometallic 
chemistry. We do this by examining the trends i n the values with 
regard to (a) periodic variations, (b) charge, and (c) bond-energy 
bond-order relationships. 
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22 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table II. Transition Metal Ion-Ligand Bond Dissociation Energies (kcal/mol)a 

M M+-H Μ+-ΟΗ3 M+-NH2 M+-CH2 M+-(CH3)2 M+-NH M+-CH M+-N 

Sc 57(2) b 59(3) c 85(2) d 98(5)* 
Ti 54(3) 8 54(2) h 85(3) d 93(4) h 

V 48(2)* 50(2) J 73(2) k 80Î3)1 

Cr 32(2) n 30(2)° 54(2)° 
Mn 48(3) p 51(2) q 71(3) r 

Fe 50(2) 8 58(2)fc 67(12) u* 83(4) v 

Co 47(2)* 49(4)»· 62(2) b b 78(2) c c 

Ni 40(2) z 45(2)»» 56(5)·· 75(2) c c 

Cu 22(3) 2 30(2) a a 64(2) c c 

Zn 55(3) 8 8 
7 1 ( 3 ) h h 

117(2) f 119(2) d 

118(6) h l l l ( 3 ) d 122(4) h 120(3) d 

98(5) n 99(4) k 115Î2)1 107(2) k 

75(8)° 
>96w 61(5)** 101(7)** 
110(5) d d 100(7) y* 
>96" 

9 8 ( 3 ) h h 

Y 6 2 ( l ) b 5 9 ( l ) e 95(3)· 
Zr 55(3) u 

Nb 54(3) u 109(7) J j* 145(8) J j* 
Mo 4 2 ( 3 ) u 

Ru 41(3)"* 54(5)^ 
Rh 36(3) L 1 47(5)^ 91(5) J J* 102(7) J j* 
Pd 4 7 ( 3 ) u 59(5)" 
Ag 16(3) u 

La 58(2) b 55(3)· 98(2)· 125(8) J J* 
Lu 49(4) b 45(5)· >57(l) e 

•Values are at 300 Κ with uncertainties i n parentheses. Values 
derived from work other than ion beam data are marked by an 
asterisk. 

bElkind, J. L.; Sunderlin, L. S.; Armentrout, P. B. J. Phvs. Chem. 
1989, £3, 3151. 

cSunderlin, L. ; Aristov, N.; Armentrout, P. B. J. Am. Chem. Soc. 
1987, 109, 78. 

dClemmer, D. E.; Sunderlin, L. S.; Armentrout, P. B. J. Phvs. Chem. 
submitted for publication. 

•Sunderlin, L. S.; Armentrout, P. B. J. Am. Chem. Soc. 1989, 111. 
3845. 

fSunderlin, L. S.; Armentrout, P. B. Organometallics. submitted for 
publication. 

8Elkind, J . L.; Armentrout, P. B. Int. J. Mass Spectrom. Ion 
Processes 1988, 83, 259. 

hSunderlin, L. S.; Armentrout, P. B. J. Phvs. Chem. 1988, £2, 1209; 
Int. J . Mass Spectrom. Ion Processes accepted for publication, 

^ l k i n d , J. L.; Armentrout, P. B. J. Phvs. Chem. 1985, 89, 5626. 
•^Reference 5. 
kReference 34. 
xAristov, N.; Armentrout, P. B. J. Phvs. Chem. 1987, 91, 6178. 
"Aristov, N. Thesis, University of Cali f o r n i a , Berkeley, 1986. 
n E l k i n d , J. L.; Armentrout, P. B. J. Chem. Phvs. 1987, £6, 1868. 
°Georgiadis, R.; Armentrout, P. B. J. Phvs. Chem. 1988, 92, 7067; 
Int. J. Mass Spectrom. Ion Processes 1989, 8£, 227. 

pElkind, J. L.; Armentrout, P. B. J. Chem. Phvs. 1986, 84, 4862. 
(Continued on next page) 
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Table II. (Continued) Transition Metal Ion-Ligand Bond Dissociation Energies (kcal/mol)* 

^eorgiadis, R.; Armentrout, P. B. Int. J. Mass Spectrom. Ion 
Processes 1989, 21, 123. 

rSunderlin, L. S.; Armentrout, P. B. J. Phvs. Chem. submitted for 
publication. 

•Elkind, J. L.; Armentrout, P. B. J. Am. Chem. Soc. 1986, 108, 2765; 
J. Phvs. Chem. 1986, 90, 5736. 

Reference 22. 
uBuckner, S. W.; Freiser, B. S. J. Am. Chem. Soc. 1987, 109, 4715. 
vSchultz, R. H.; Armentrout, P. B. work i n progress. 
"Burnier, R. C.; Byrd, G. D.; Freiser, B. S. J. Am. Chem. Soc. 1981, 
103. 4360. 

xBuckner, S. W.; Gord, J. R.; Freiser, B. S. J. Am. Chem. Soc. 1988, 
110. 6606. 

yHettich, R. L.; Freiser, B. S. J. Am. Chem. Soc. 1986, 108, 2537. 
zElkind, J. L.; Armentrout, P. B. J. Phvs. Chem. 1986, 9Q, 6576. 
a aGeorgiadis, R.; Fisher, E. R.; Armentrout, P. B. J. Am. Chem. Soc. 
1989, 111, 4251. 

bbClemmer, D. E.; Armentrout, P. B. J. Am. Chem. Soc. 1989, H I , 
8280. 

c cFisher, E. R.; Armentrout, P. B. J. Phvs. Chem. i n press. 
d dHanratty, Μ. Α.; Beauchamp, J. L.; l i l i e s , A. J.; van Koppen, P.; 
Bowers, M. T. J. Am. Chem. Soc. 1988, 110, 1. 

eeClemmer, D. E.; Armentrout, P. B. work i n progress. 
f f H a l l e , L. F.; Crowe, W. E.; Armentrout, P. B.; Beauchamp, J. L. 
Organometallics 1984, 3, 1694. 

"Georgiadis, R.; Armentrout, P. B. J. Phvs. Chem. 1988, £2, 7060. 
^Reference 6. 
"Reference 27. 
j dHettich, R. L.; Freiser, B. S. J. Am. Chem. Soc. 1986, 108, 5086. 
^Reference 26. 
u E l k i n d , J. L.; Armentrout, P. B. unpublished work. 
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24 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Single Metal Ligand Bonds. Metal Hydride Ions. The periodic trends 
i n t r a n s i t i o n metal ligand bonds can be understood by considering the 
simplest species, MH+. Early work (21) pointed out that Cr + has a 
weak bond to H and a very stable 3d 5 ground state configuration. To 
form a covalent bond to Cr +, one of the electrons must be removed 
from this very stable environment and placed i n a suitable bonding 
o r b i t a l . This concept can be quantified by the promotion energy, Ep, 
which we define as the energy necessary to take a metal atom (ion or 
neutral) i n i t s ground state to an electron configuration where there 
i s one electron i n the 4s o r b i t a l . I t i s also important to include 
the loss of exchange energy involved i n spin decoupling this bonding 
electron from the nonbonding 3d electrons (2£,2Z) . While Ep can be 
easily calculated from spectroscopic data, the necessary values for 
f i r s t and second row elements have now been tabulated by Carter and 
Goddard (28). 

A plot of the f i r s t row MH+ BDEs versus this promotion energy, 
Figure 1, shows an excellent correlation. I f Ep i s alternately 
defined as excitation to a 4s3d n _ 1 configuration, but the 3άσ o r b i t a l 
i s the bonding o r b i t a l and i s spin decoupled, then a correlation 
almost as good as Figure 1 i s obtained (22) . This implies that the 
dominant binding o r b i t a l on the metal i s the 4s o r b i t a l but that 
there i s sig n i f i c a n t 3da character as well. These ideas are quite 
consistent with results of ab initio calculations (1Z»12)· Second 
row tr a n s i t i o n metal hydride BDEs also show a f a i r l y good correlation 
with Ep, although PdH+ i s cl e a r l y d i s t i n c t (21) · This has been 
postulated to be due to a change i n the dominant bonding o r b i t a l used 
from the 5s to the 4d i n Pd. This has been confirmed by theory 
( Ι Ζ , ϋ ) which also suggests similar bonding for RuH+ and RhH+. 

We have previously contended (1,2Z) that the most important 
feature of this correlation i s the y-axis intercept, 56 kcal/mol for 
the f i r s t row metals, 58 kcal/mol for the second row. This maximum 
bond energy, or " i n t r i n s i c " BDE, i s the MH+ BDE expected when a l l 
electronic factors have been accounted for. Further, i t i s probably 
a reasonable estimate of the bond energy of any metal-hydrogen bond 
i n the absence of electronic and s t e r i c effects. This i s because 
f u l l y l i g a t i n g a metal radical center can also put the metal bonding 
electron into an o r b i t a l suitable for bonding and decouple i t from 
the remaining nonbonding electrons. Thus l i g a t i o n can perform the 
equivalent of the atomic electronic promotion. Indeed, our i n t r i n s i c 
BDE i s comparable to those observed for many M-H bonds i n saturated 
organometallic species (see for instance, the values l i s t e d i n 2â and 
22). Similar discussions based on more detailed theoretical analyses 
have also been forwarded (2S)· 

Metal Hydride Neutrals. One check into the u t i l i t y of this 
" i n t r i n s i c " bond energy i s whether i t i s strongly affected by charge. 
I f the periodic trends analysis shown i n Figure 1 i s t r u l y for 
covalently bonded species, then a similar analysis should hold for 
the neutral metal hydride diatoms. We fi n d that while the values of 
D°(MH) and D°(MH+), Table II and I I I , d i f f e r for a given metal, this 
i s compensated by d i f f e r i n g values of Ep for the ionic and neutral 
atoms. The end result i s the correlation shown i n Figure 2. The 
upper l i n e shown i s the best linear regression f i t to the data, which 
i s not yet as precise as that available for the ions. (Squires (30) 
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2. ARMENTROUT Periodic Trends in Transition Metal Bonds 25 

η I ι I . I . I I . 1 
"0.0 20.0 40.0 60.0 80.0 

s' dn~' Promotion Energy (kcal/mol) 

Figure 1. Metal ligand ion bond energies vs. 4s 13d n" 1 promotion 
energy for f i r s t row transition metals. Data are shown for MH+ 

(open c i r c l e s ) , MCH3
+ (closed c i r c l e s ) , MCH2

+ (closed triangles), 
M(CH 3) 2

+ (open triangles), and MCH+ (closed squares). Lines are 
linear regression analyses of the five systems. 
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26 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I I I . Transition Metal Neutral 
Bond Dissociation Energies (kcal/mol) a 

M M-H M-CH3 

Sc 48(4) b* 32(7) c 

T i 47d* 46(7) c 

V 41(4), c 38(3) e* 37(9) c 

Cr 41(3) e* 41(7) c 

Mn 30(4), f <32b* 9 - 30f 

Fe 46(3), 8 43(6) ,h 30(3), e* <43b* 37(7) c 

Co 46(3) / 45(3) ,b* 42(3) e* 46(3)* 
Ni 58(3) / 59(2) b* 55(3)* 
Cu 61(4) / 60(l) b* 58(2)* 
Zn 20(1) J* 19(3) k 

aValues are at 300 Κ with uncertainties i n parentheses. Values 
derived from work other than ion beam data are marked by an 

asterisk. 
bKant, Α.; Moon, K. A. High. Temp. Sci. 1981, 14, 23; 1979, 11, 55. 
cAristov, N.; Fisher, E. R.; Schultz, R. H.; Sunderlin, L.; 
Armentrout, P. B. work i n progress. 

dTheoretical value corrected from 0 K, reference 20. 
eSallans, L.; Lane, K. R.; Squires, R. R.; Freiser, B. S. J. Am. 
Chem. Soc. 1985, 10Z, 4379. 

fSunderlin, L. S.; Armentrout, P. B. J. Phys. Chem. submitted for 
publication. 

Reference 22. 
hTolbert, Μ. Α.; Beauchamp, J. L. J. Phvs. Chem. 1986, 90, 5015. 
iGeorgiadis, R.; Fisher, E. R.; Armentrout, P. B. J. Am. Chem. Soc. 
1989, 111, 4251. 

jHuber, K. P.; Herzberg, G. Molecular Spectra and Molecular Structure 
IV. Constants of Diatomic Molecules. Van Nostrand-Reinhold: New 
York, 1979. 

kReference 6. 
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2. ARMENTROUT Periodic Trends in Transition Metal Bonds 27 

10. O h 

20.0 40.0 60.0 80.0 

s,dn^1 Promotion Energy (kcal/mol) 

Figure 2. Metal ligand neutral bond energies vs. 4s 13d n" 1 

promotion energy for f i r s t row tran s i t i o n metals. Data are shown 
for MH (open c i r c l e s ) and MCH3 (closed c i r c l e s ) . Lines are 
linear regression analyses of the two systems. 
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28 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

has previously commented on the "crude" correlation between these 
quantities.) Nevertheless, the trend i s clear and the i n t r i n s i c MH 
BDE i s 54 kcal/mol, essentially the same as for the ionic hydrides. 
Thus, charge is not an influential aspect of the bonding in these 
simple transition metal species. 

Metal Methyl Ions and Neutrals. Figure 1 also shows data for the 
BDEs of MCH3

+ species vs. Ep. Note that the linear regression f i t to 
this data yields a l i n e which i s p a r a l l e l to that obtained for the 
MH+ correlation. Further, the i n t r i n s i c bond energy i s only s l i g h t l y 
higher, 60 kcal/mol, probably because the methyl group i s more 
polarizable than the H atom. In contrast, Figure 2 shows that the 
neutral MCH3 BDEs have a lower i n t r i n s i c BDE than the MH BDEs, 49 
kcal/mol, although the slope i s again p a r a l l e l to the MH data. These 
features demonstrate that the single metal-ligand bonding i n M+-H i s 
similar to that i n M^CHJJ (and likewise i n the neutrals) , but that 
the charge on the metal is i n f l u e n t i a l i n the strength of the metal-
methyl bond. 

Multiple Metal Ligand Bonds. Metal Methvlidene Ions. Recently, we 
completed measurements for the f i r s t row MCH2

+ bond energies 
including réévaluations of several previously measured values 
(Fisher, E. R.; Armentrout, P. B. J. Phys. Chem. accepted for 
publication. Sunderlin, L. S.; Armentrout, P. B. J. Phvs. Chem. 
submitted for publication). When these values, Table I I , are 
plotted vs. E p(double) the result i s shown i n Figure 1 (Armentrout, 
P. B.; Sunderlin, L. S.; Fisher, E. R. Inorg. Chem. accepted for 
publication) . Values for Ep(double) are taken from Carter and 
Goddard (28) for convenience and consist of the promotion energy 
necessary to form the atomic ion i n an electron configuration of 
4s 13d n" 1 where the 4s electron and a 3d electron are spin-decoupled 
from the remaining nonbonding 3d electrons. The correlation i s again 
quite remarkable considering i t s simplicity. We note that the use of 
alternate electron configurations for E p (3d n or the lowest of the 
3d n and 4s 13d n _ 1 promotion energies) y i e l d a s i g n i f i c a n t l y poorer 
correlation. 

Also remarkable i s the fact that the slope of the linear 
regression l i n e i s nearly p a r a l l e l to that obtained for the MH+ and 
MCH3

+ correlations. This suggests that the bonding characteristics 
are similar between these species. The i n t r i n s i c metal-carbon double 
BDE i s 101 kcal/mol, -43 kcal/mol above the i n t r i n s i c single bond 
energies. This i n t r i n s i c bond energy i s close to that for the 
saturated species, D°[ (C0)5Mn+-CH2] - 104 ± 3 kcal/mol (31). 

Dimethyl Metal Ions. Another correlation between E p(double) might be 
expected for metal ions with two singly bound ligands. While the 
data i s s t i l l somewhat sparse, Table I I , the correlation of the sum 
of the bonds i n M(CH 3) 2

+ vs. E p(double) i s shown i n Figure 1. Only 
lower l i m i t s are available for Fe + and N i + , but the best linear 
regression analysis again shows a li n e with a slope similar to those 
observed for MH+, MCH3

+, and MCH2
+. Further, the i n t r i n s i c dimethyl 

BDE, 120 kcal/mol, i s almost exactly twice that of the single methyl 
BDE, 58 kcal/mol. The BDE for Zn(CH 3) 2

+ i s not included i n this 
analysis since E P(double) i s not easily defined due to the 4s 13d 1 0 
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2. ARMENTROUT Periodic Trends in Transition Metal Bonds 29 

configuration of Zn+. Indeed, the CH3Zn+-CH3 bond i s essentially a 
single electron bond. 

Metal Methylidyne Ions. Again the data for MCH+ species i s limited, 
Table I I , however the correlation of these BDEs with Ep(triple), 
taken from Carter and Goddard (28), i s quite consistent with the 
other correlations, Figure 1. The slope of the linear regression 
l i n e i s comparable to the other correlations and the intercept i s 135 
kcal/mol, the i n t r i n s i c metal-carbon t r i p l e bond. This agrees nicely 
with the theoretical value of 129 kcal/mol which can be derived (see 
1) from the theoretical work of Harrison and coworkers on TiCH +, 
VCH+, and CrCH+ bond energies (32). 

Bond-Energy Bond-Order Relationships. 

Comparison of the i n t r i n s i c BDEs for MH+, MCH3
+, MCH2

+, and MCH+ shows 
that they increase i n the rat i o of 0.9:1.0:1.7:2.2. This compares 
favorably to the ratios for the organic analogues (H-CH3, CH3-CH3, 
CH2-CH2, and CH-CH), 1.0:0.9:1.6:2.2. We f i r s t noticed this type of 
correlation between the single, double, and t r i p l e BDEs of metal 
ligand bonds vs. those of organic analogues for the case of M - V 
(33). This correlation i s reproduced i n Figure 3. Similar 
correlations have now been pointed out for nearly a l l the f i r s t row 
metal ions and many second and t h i r d row metals as well. 

The u t i l i t y of this comparison has been resurrected by the need 
to understand the bonding i n metal-ligand BDEs involving heteroatoms. 
S p e c i f i c a l l y , we have recently measured the values of the BDEs for 
VNH2

+, VNH+, VN+ (34), and V0H+ (35, Clemmer, D. E. ; Armentrout, P. B. 
work i n progress). I f these species and VO* (36) are compared with 
the organic analogues, CH3NH2, CH2NH, HCN, CH30H, and CO, Figure 3 
(correlations to NH2NH2, N2H2, and N 2 are nearly equivalent), we fin d 
that only VÎT*" and V0 + l i e on the li n e established by the metal-carbon 
BDEs. The remaining values l i e well above the l i n e . A similar 
result i s obtained for Sc + and T i + species. We explain this 
deviation by participation of the lone pair electrons on the nitrogen 
and oxygen atoms. Harrison (Harrison, J. F. personal communication) 
has v e r i f i e d this picture theoretically for ScNH2

+ and ScNH+. 
Figure 3 shows that the VNH2* and VNH+ values l i e on a l i n e 

p a r a l l e l to the metal-carbon correlation but displaced upward by 28 
kcal/mol. Displacements of similar magnitude are found for Sc + and 
T i + species. Thus, 28 kcal/mol i s the experimentally determined 
contribution that the nitrogen lone pair makes to the bonding energy. 
The two lone pairs can be seen to each make a similar 28 kcal/mol 
contribution each i n the V0H+ case, Figure 3. Ziegler et a l . have 
calculated a similar result for the series of saturated species, 
Ci 3Ti-L, finding the Ti-OH bond to be 21 kcal/mol stronger than the 
Ti-NH2 bond which i s 23 kcal/mol stronger than the Ti-CH 3 bond (17). 

For metal ions on the right side of the periodic table, the 
picture i s less clear-cut. One would anticipate that the lone pair 
effect w i l l be reduced since there are no longer any empty orbitals 
on the metal to accept the lone pair donation. This i s indeed found 
experimentally for the case of CoNH2

+ and CoOH+ (35,38), Figure 4, 
and Ziegler et a l . (32) also find this for the saturated species 
(C0)ACoL. We anticipate similar results for other metals on the 
right side of the periodic table. 
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BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Figure 3. Vanadium ion ligand bond energies vs. analogous 
organic bond energies. 
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Future Developments 

Ongoing work i n our laboratory seeks to continue to extend the ideas 
discussed above to additional ligands and metals. Data for second 
and t h i r d row metals are being accumulated slowly because the 
problems with electronic excited states are more d i f f i c u l t than for 
the f i r s t row metals. We are also endeavoring to extend these 
experimental techniques to systems of more direct interest to the 
condensed-phase chemist. Our efforts i n these areas involve two 
primary research directions. The f i r s t i s the extension to multiple 
metal centers, i.e. metal clusters. We have recently published the 
f i r s t measurements of the binding energies for tr a n s i t i o n metal 
clusters larger than the dimers (39,40, Hales, D. Α.; Armentrout, P. 
B. J. Cluster Science submitted for publication). This work i s being 
extended to other metals and to the chemistry of such species. 

We have also recently developed a flowing afterglow source for 
our guided ion beam apparatus. This source i s designed to produce 
ions that are therraalized i n a l l degrees of freedom. The i n a b i l i t y 
to d e f i n i t i v e l y study "cold" metal ligand complexes i s a signifi c a n t 
reason why gas phase ion studies have infrequently included ligated 
metals. Such studies are being increasingly pursued, however, and 
the combination of high pressure sources with beam techniques 
promises to be a pa r t i c u l a r l y powerful means of studying metal ligand 
complex ions which i s being developed i n several laboratories. 
Recent work of M a r i n e l l i and Squires (41) on the determination of 
metal ion bond energies to water and ammonia represents an early 
example of this type of experiment. 

Acknowledgments 

This work i s supported by the National Science Foundation. I also 
thank my many research collaborators who contributed to the work 
described here. 

Literature Cited 

1. Armentrout, P. B.; Georgiadis, R. Polyhedron 1988, 7, 1573. 
2. Armentrout, P. B. In "Gas Phase Inorganic Chemistry," Russell, 

D. H., Ed.; Plenum: New York, 1989; 1. 
3. Armentrout, P. B.; Beauchamp, J. L. Accts. Chem. Res. 1989, 22, 

315. 
4. Ervin, Κ. M.; Armentrout, P. B. J. Chem. Phys. 1985, 83, 166. 
5. Aristov, N.; Armentrout, P. B. J. Am. Chem. Soc. 1986, 108, 

1806. 
6. Georgiadis, R.; Armentrout, P. B. J. Am. Chem. Soc. 1986, 108, 

2119. 
7. Ervin, Κ. M.; Armentrout, P. B. J. Chem. Phys. 1986, 84, 6738. 
8. Teloy, E.; Gerlich, D. Chem. Phys. 1974, 4, 417. 
9. Daly, N. R. Rev. Sci. Instrum. 1959, 31, 264. 
10. Burley, J. D.; Ervin, Κ. M.; Armentrout, P. B. Int. J. Mass 

Spectrom. Ion Processes 1987, 80, 153. 
11. Talrose, V. L.; Vinogradov, P. S.; Larin, I. K. In Gas Phase 

Ion Chemistry; Bowers, M. T., Ed.; Academic: New York, 1979; 
Vol. 1, p. 305. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
2



2. ARMENTROUT Periodic Trends in Transition Metal Bonds 33 

12. Ervin, K. M.; Armentrout, P. B. J . Chem. Phys. 1987, 86, 2659. 
13. Weber, M. E.; Elkind, J . L.; Armentrout, P. B. J . Chem. Phys. 

1986, 84, 1521. 
14. Elkind, J . L.; Armentrout, P. B. J . Phys. Chem. 1984, 88, 5454. 
15. Boo, Β. H.; Armentrout, P. B. J . Am. Chem. Soc. 1987, 109, 3549. 
16. Buckner, S. W.; Freiser, B. S. Polyhedron 1988, 7, 1583. 
17. Schilling, J . B.; Goddard, W. Α.; Beauchamp, J . L. J . Am. Chem. 

Soc. 1986, 108, 582; 1986, 109, 5565; J . Phys. Chem. 1987, 91, 
5616. 

18. Rappe, A. K.; Upton, T. H. J . Chem. Phys. 1986, 85, 4400. 
19. Pettersson, L. G. M.; Bauschlicher, C. W.; Langhoff, S. R.; 

Partridge, H. J . Chem. Phys. 1987, 87, 481. 
20. Bauschlicher, C. W.; Langhoff, S. R.; Partridge, H.; Barnes, L. 

A. J . Chem. Phys. 1989, 91, 2399. 
21. Schilling, J . B.; Goddard, W. Α.; Beauchamp, J . L. J . Am. Chem. 

Soc. 1987, 109, 5573. 
22. Schultz, R. H.; Elkind, J . L.; Armentrout, P. B. J . Am. Chem. 

Soc. 1988, 110, 411. 
23. Armentrout, P. B.; Beauchamp, J . L. J . Chem. Phys. 1981, 74, 

2819. 
24. Chesnavich, W. J.; Bowers, M. T. J . Phys. Chem. 1979, 83, 900. 
25. Armentrout, P. B.; Halle, L. F.; Beauchamp, J . L. J . Am. Chem. 

Soc. 1981, 102, 6501. 
26. Mandich, M. L.; Halle, L. F.; Beauchamp, J . L. J . Am. Chem. Soc. 

1984, 106, 4403. 
27. Elkind, J . L.; Armentrout, P. B. Inorg. Chem. 1986, 25, 1078. 
28. Carter, Ε. Α.; Goddard, W. A. J . Phys. Chem. 1988, 92, 5679. 
29. Stevens, A. E.; Beauchamp, J. L. J . Am. Chem. Soc. 1981, 103, 

190. 
30. Squires, R. R. J . Am. Chem. Soc. 1985, 107, 4385. 
31. Stevens, A. E. Ph.D. Thesis, Caltech, Pasadena, California, 

1981. 
32. Mavridis, Α.; Alvarado-Swaisgood, A. E.; Harrison, J . F. J. 

Phys. Chem. 1986, 90, 2584. 
33. Aristov, N.; Armentrout, P. B. J . Am. Chem. Soc. 1984, 106, 

4065. 
34. Clemmer, D. E.; Sunderlin, L. S.; Armentrout, P. B. J . Phys. 

Chem. 1989, 93, in press. 
35. Magnera, T. F.; David, D. Ε.; Michl, J . J . Am. Chem. Soc. 1989, 

111, 4101. 
36. Aristov, N.; Armentrout, P. B. J . Phys. Chem. 1986, 90, 5135, 
37. Ziegler, T.; Tschinke, V.; Versluis, L. ; Baerends, E. J.; 

Ravenek, W. Polyhedron 1988, 7, 1625. 
38. Cassady, C. J.; Freiser, B. S. J . Am. Chem. Soc. 1984, 106, 

6176. 
39. Loh, S. K.; Lian, L.; Armentrout, P. B. J . Am. Chem. Soc. 1989, 

111, 3167. 
40. Loh, S. K.; Hales, D. Α.; Lian, L.; Armentrout, P. B. J . Chem. 

Phys. 1989, 90, 5466. 
41. Marinelli, P. J.; Squires, R. R. J . Am. Chem. Soc. 1989, 111, 

4101. 

RECEIVED November 15, 1989 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
2



Chapter 3 

Organometallic Reaction Energetics 
from Product Kinetic Energy Release 

Distributions 

Petra A. M. van Koppen1, Michael T. Bowers1, J . L. Beauchamp2, and 
David V. Dearden2 

1Department of Chemistry, University of California, Santa 
Barbara, CA 93106 

2Arthur Amos Noyes Laboratory of Chemical Physics, California Institute 
of Technology, Pasadena, CA 91125 

Product kinetic energy release distributions reveal important 
features of the potential energy surfaces associated with the 
formation and rupture of H-H, C-H and C-C bonds at transition 
metal centers. For processes in which there is no barrier for the 
reverse reaction (loose transition state), experimental 
distributions can be reproduced with phase space theory. The 
single important parameter in fitting theory and experiment is the 
reaction exothermicity, which in turn yields bond dissociation 
energies for organometallic reaction intermediates. Two distinct 
experiments are discussed. In the first, the systems are chemically 
activated with reaction intermediates having well defined internal 
energies. The second, potentially more general method, involves 
investigations of ions with a broad range of internal energies. In 
this case the temporal constraints of the experiment lead to 
preferential detection of ions with a narrow range of internal 
energies. The results obtained to date in these studies are 
summarized, and several cautions are discussed which must be 
exercised if accurate bond energies are to be obtained. 

The recent development and application of techniques for studying the 
mechanisms and energetics of organometallic reactions in the gas phase stems in 
part from the importance of transition metal sites as active centers which 
provide low energy pathways for the selective catalytic transformation of small 
molecules into useful products. Considerable interest in the subject of C-H 
bond activation at transition-metal centers has developed in the past several 
years, stimulated by the observation that even saturated hydrocarbons can react 
with little or no activation energy under appropriate conditions. Interestingly, 
gas phase studies of the reactions of saturated hydrocarbons at transition-metal 
centers were reported as early as 1973(1). More recently, ion cyclotron 
resonance and ion beam experiments have provided many examples of the 
cleavage of both C-H and C-C bonds of alkanes by transition-metal ions in the 
gas phase(2). These gas phase studies have provided a plethora of highly 
speculative reaction mechanisms. Conventional mechanistic probes, such as 
isotopic labeling, have served mainly to indicate the complexity of "simple" 

0O97-6156/90/042̂ -OO34SO6.25/0 
© 1990 American Chemical Society 
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3. VAN KOPPEN ET AL. Organometallic Reaction Energetics 35 

processes such as the dehydrogenation of alkanesQ,4). More detailed studies 
using ion beam methods(5), multiphoton infrared laser activation(o) and the 
determination of kinetic energy release distributions(2,S), have revealed 
important features of the potential energy surfaces associated with the reactions 
of small molecules at transition metal centers. 

A starting point for considering the energetics of these processes is the potential 
energy surface or reaction coordinate diagram shown in Figure 1. In neutral 
systems a significant barrier to reaction is usually associated with the activation 
of C-H bonds at coordinatively unsaturated transition metal centers. Ions, on 
the other hand, interact with neutrals via charge-induced dipole forces creating a 
chemically activated adduct, often with sufficient excitation energy to overcome 
intrinsic barriers for insertion into C-H bonds, as shown in Figure 1. 

The initial oxidative addition product III in Figure 1 may undergo further 
rearrangement, leading to the elimination of small molecules and the exothermic 
formation of stable organometallic products. These reactions are regarded as 
being facile if they occur efficiently at thermal energies. This implies that all 
interconnecting transition states are lower in energy than the reactants. 
Typically, elimination of molecular hydrogen, alkanes, and alkenes are facile 
processes. Reagent electronic or translational excitation can promote 
endothermic reactions, the simplest processes resulting from cleavage of the 
newly formed bonds in III. These processes typically yield radical products. 

The experimental methods(2) which have been used in these kinds of studies are 
those of the ion-molecule chemist: ion cyclotron resonance (ICR) mass 
spectrometry and its close cousin, Fourier transform mass spectrometry 
(FTMS), flowing afterglow (FA), tandem mass spectrometry (or beam 
techniques), and kinetic energy release measurements. The first three 
techniques permit the measurement of reaction rates, k(T), and branching ratios 
at thermal energies. The beam method allows the measurement of the absolute 
probability for reaction as a function of kinetic energy(5,9). This probability is 
given in terms of an energy dependent cross section σ(Ε), the effective area 
which the reactants present to one another. Kinetic energy release 
measurements are, as the name implies, direct studies of the kinetic energy of 
the products of reaction(5,lQ,H). These studies provide insight into the 
potential energy surface in the exit channel of the reaction. 

The main strength of the beam method is its ability to vary precisely the energy 
available to the reactants. This permits the determination of thresholds for 
endothermic reactions, which in the absence of a barrier for the reverse process, 
directly yield reaction thermochemistry and heats of formation of 
organometallic fragments. In the case of exothermic reactions (and the majority 
of identified reactions are in this category), ion beam experiments are no longer 
a useful technique for determining reaction thermochemistry. It is for just these 
cases, however, that the detailed analysis of kinetic energy release distributions 
can be a valuable source of data relating to reaction exothermicities and metal 
ligand bond dissociation energies. It is the purpose of this article to summarize 
the developments which have occurred in this area and demonstrate the 
potential of this newer method for the determination of unknown 
thermochemical properties for reactive intermediates in general. Since the 
instrumentation for these experiments is widely available, we anticipate an 
increasing number of applications of the experimental methodology described in 
this review. 
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36 BONDING ENERGETICS IN ORGANOMETALUC COMPOUNDS 

Experimental Methods 

The instrument used to determine kinetic energy release distributions for 
decomposing ions, a V G ZAB-2F reversed geometry double focusing mass 
spectrometer(12), is shown schematically in Figure 2. Reactant ions, typically 
adducts of atomic metal ions with small molecules, are extracted from a high 
pressure ion source and mass analyzed using the magnetic sector. Metastable 
peaks resulting from ion dissociation in the second field free region between the 
magnetic and electric sectors are recorded by scanning the electric sector. 
These are differentiated to yield kinetic energy release distributions(lQJl). The 
energy width of the main beam is sufficiently narrow to avoid contributing to the 
metastable peak widths. 

The ion source is a custom designed variable temperature EI/CI source. Metal 
containing precursor ions are formed by electron impact (150 eV) ionization 
and fragmentation of volatile precursors such as Fe(CO)5 and Co(CO)3NO. 
Typical source pressures are 10"3 torr, and source temperatures are kept below 
280 Κ to minimize decomposition of the organometallics on insulating surfaces. 
Adduct formation results from reaction of an atomic metal ion or metal 
containing species with small molecules. The ion source is operated under 
nearly field free conditions to prevent translational excitation of the ions, which 
are accelerated to 8 kV before mass analysis. 

Analysis of Kinetic Energy Release Distributions 

General Considerations. Statistical product kinetic energy release distributions 
can be used to determinegas phase bond dissociation energies for 
organometallic species. The amount of energy appearing as product translation 
can be used to infer details of the potential energy surfaces primarily in the 
region of the exit channel and has implications for the ease with which the 
reverse association may occur. 

To illustrate how the amount of energy released to product translation for a 
given reaction pathway may reflect specific details of the potential energy 
surface, consider the two hypothetical surfaces in Figure 5. The interaction of a 
metal ion M + with a neutral molecule A can result in the formation of a 
chemically activated adduct, M A + . In the absence of collisions, the internal 
excitation may be utilized for molecular rearrangement and subsequent 
fragmentation. In Figure 3, the adduct M A + is snown to dissociate along two 
different potential energy surfaces, designated Type I and Type II, yielding 
products MB + and C. For a reaction occurring on a Type I surface, a smooth 
transition in the exit channel, without a barrier for the reverse association, 
allows for complete energy randomization prior to dissociation. This results in a 
statistical product kinetic energy release distribution. A typical example is a 
simple bond cleavage. Statistical phase-space theory(13,14) has been successful 
in modeling translational energy release distributions for reactions occurring on 
this type o f potential energy surface. In a statistical kinetic energy release 
distribution, the relative probability for a given product kinetic energy 
maximizes near zero and drops off rapidly with increasing energy as shown on 
the right hand portion of Figure 3a. The average kinetic energy release for a 
large molecule will generally be much less than the total reaction exothermicity, 
ΔΗ, since the energy of the system in excess of that necessary for dissociation 
will be statistically divided between all the modes. 
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3. VANKOPPENETAL. Organometallic Reaction Energetics 37 

III 

Figure 1. Schematic reaction coordinate diagram comparing the 
difference between metal atoms and metal ions inserting into a bond as 
a first step in a chemical reaction. The attractive well of the M(AB) + 

complex can completely offset the insertion barrier if Ε >E a . 

Magnetic 
Sector 

Electrostatic 
Sector 

Source 

Electron 
Multiplier 

Figure 2. Schematic diagram showing the apparatus for measuring 
kinetic energy release distributions. 
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38 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

T Y P E I (No Barrier for Reverse Associat ion Reaction) 

PRODUCT KINETIC ENERGY 

T Y P E II (Large Barr ier for Reverse Association Reaction) 

PRODUCT KINETIC ENERGY 

Figure 3. Hypothetical potential energy surfaces for the reaction M + + A 
M B + + C and the corresponding product kinetic energy release 

distributions in the center-of-mass trame. 
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3. VAN KOPPEN ET A L OrganometoUic Reaction Energetics 39 

A reaction occurring on a Type II surface involves a barrier with an activation 
energy (E^) for the reverse association. In this case, the rate of product 
formation is too fast to allow for complete energy randomization, giving rise to 
a non-statistical kinetic energy release distribution. In the absence of coupling 
between the reaction coordinate and other degrees of freedom after the 
molecule has passed through the transition state, all of the reverse activation 
energy would appear as translational energy of the separating fragments. 
Accordingly, the translational energy release distribution would be shifted from 
zero by the amount E ^ . More typically however, some coupling does occur, 
yielding a broader distribution shifted to lower energy. This type of surface is 
often associated with complex reactions which involve the simultaneous rupture 
and formation of several bonds in the transition state. Statistical phase space 
theory is not applicable to these systems. With either potential energy surface, 
the maximum kinetic energy release, E , ^ , places a lower limit on the reaction 
exothermicity. 

Complex reactions may involve the formation of several reaction intermediates 
which are local minima on the potential energy surfaces, separated by barriers. 
In such systems, the shape of the kinetic energy release distribution can be 
determined by the exit channel even though the rate of reaction will generally be 
determined by an earlier transition state. However, barriers near the asymptotic 
energy of the reactants can affect the kinetic energy release distribution by 
imposing dynamic constraints on the system, even when they are remote from 
the exit channel(van Koppen, P.A.M.; Brodbelt-Lustig, J.; Bowers, M.T.; 
Dearden, D.V.; Beauchamp, J.L.; Fisher, E.; Armentrout, P.B.; J. Am. Chem. 
Soc. to be published). This is discussed further below. 

Studies of kinetic energy release distributions have implications for the reverse 
reactions. Notice that on a Type II surface, the association of ground state M B + 

and C to form M A + cannot occur at thermal energy. In contrast, on a Type I 
potential energy surface the reverse association can occur to give the adduct 
M A + , which does not have sufficient energy to yield the reactants M + and A. 
Although the reaction is nonproductive, it is possible in certain cases to 
determine that adduct formation did occur by use of isotopic labeling (and 
observing isotopically mixed products) or by collisional stabilization at high 
pressures. 

Detailed Analysis of Kinetic Energy Release Distributions for Type I Surfaces 
using Phase Space Theory. The model for the statistical phase space theory 
calcûlations(S) begins with Equation 1, where F°Tb(EJ) is the flux through the 

Forb^EJ) UEJ) 
M + + A ^ [MA+(EJ)] J-> products (1) 

orbiting transition state of the formation reaction and yields the initial EJ 
distribution of (MA+)*. The fraction of ions decomposing in the second field-
free region (2FFR) of the instrument, between the magnet and the electrostatic 
analyzer (ESA), is given for channel i, by 

Pi(EJJx) = <w[*tfJ)(!l + 'r)l - exp[nfcf<W2 + 'r)l (2) 

where tx is the time spent in the ion source after formation of the adduct, t\ the 
flight time from the ion source to the exit of the magnet (entry of the 2FFR), 
and *2 the flight time from the ion source to the entrance of the ESA (exit of the 
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40 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

2FFR). The unimolecular rate constants, kj(EJ) are given by Equation 3 where 

ki(EJ) = Ff*>(EJ)l p{EJ) (3) 

where Fi0X\EJ) is the total microcanonical flux through the orbiting transition 
state leading to products in channel /, and ρ (ΕJ) is the microcanonical density 
of states of the [MA + (£,/)]* complex. The fraction of molecules at energy Ε and 
angular momentum / decaying through the orbiting transition state to yield 
products i with translational energy Et is given by Equation 4, 

PtEJtfà = F{>*{EJ-JEà/F{rt>(EJ) (4) 

where FPl}aŒJ\EÙ is the microcanonical flux which leads to products i with 
energy Et Finally, the fraction of molecules that decay via channel i rather than 
some other channel is given by the expression 5. Combining these equations, 

ItiEJ) = ki{EJ)/Vh{EJ) (5) 

averaging over the initial Boltzman energy distributions of the reactants and the 
angular momentum distribution of the [MA+]* collision complex, and 
normalizing yield the probability for forming products in channel i with 
translational energy Et (Equation 6). For simplicity, the term li(EJ) was set 

/°d£exp(-£/k B r) lmel!F<>rb(EJ)Pi{EJ,tr)Pi{EJ\Et) i^EJ) (6) 
0 0 

00 / 
/ d £ e x p ( - £ / k B 7 ) / ^ 2 ^ 
0 0 

equal to unity. In special cases where the rate constant for one reaction channel 
may have a very strong / dependence relative to another, this term can have an 
effect. However, for all systems considered here the effect will be small. The 
expression for should also be averaged over the distribution of source 
residence times, P|(/r). This term has been shown to have an effect of only a few 
percent in similar systems and hence is usually ignored. Further, little is 
generally known about the rate determining transition states along the reaction 
coordinate for the organometallic systems studied. Hence for simplicity it is 
assumed that PjfEJjtf is a constant. This is a reasonable assumption since the 
kinetic energy distribution will not depend strongly on the detection time 
window for dissociating M A + complexes which have a narrow range of internal 
energies relative to the reaction exothermicity. A number of kinetic energy 
release distributions have been measured as a function of the accelerating 
voltage, over the range which maintains reasonable sensitivity and resolution, 
from 3 kV to 8 kV. This changes the time window by a factor of 1.6. The 
distributions were identical, confirming this contention (van Koppen, P. A. M.; 
Bowers, M. T.; Beauchamp, J. L., unpublished results). For ion complexes 
formed with a broad range of internal energy the time window is taken into 
account and will be discussed further below. 
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3. VAN KOPPEN ET AL. OrganometaUic Reaction Energetics 41 

Practical Considerations in Calculations. In order to calculate kinetic energy 
release distributions, structures and vibrational frequencies for the various 
species are required. These are taken from the literature where possible, or 
estimated from literature values of similar species. The details of the kinetic 
energy release distributions are found to vary only weakly with structure or 
vibrational frequencies over the entire physically reasonable range for these 
quantities. The distributions are strongly dependent on the total energy 
available to the dissociating complex, and hence in our model to the Δ Η 0 of 
reaction. Often all heats of formation of product and reactants are well known 
except one, the organometallic product ion. This quantity can then be used as a 
parameter and varied until the best fit with experiment is obtained. 

Results and Discussion 

Chemically Activated Species with Well Characterized Internal Energies. 
Atomic cobalt ions react with isobutane to yield two products as indicated in 
reactions 7 and 8, which involve the elimination of hydrogen and methane to 
yield cobalt ion complexes with isobutylene and propylene, respectively(g). 

Kinetic energy release distributions for these processes are shown in Figures 4 
and 5. An attempt to fit the experimental distribution for dehydrogenation of 
isobutane by Co with phase-space theory is included in Figure 4. The observed 
disagreement supports a Type II surface for this process. All of the studies to 
date of the dehydrogenation of alkanes by group 8, 9 and 10 first row metal ions 
exhibit kinetic energy release distributions which are characterized by large 
barriers for the reverse association reactions. This is consistent with the Failure 
to observe the reverse reaction as isotopic exchange processes when D 2 
interacts with metal olefin complexes. 

In contrast to the results obtained for dehydrogenation reactions, kinetic energy 
release distributions for alkane elimination processes can usually be fit with 
phase space theory. Results for the loss of methane from reaction 8 of Co + with 
isobutane are shown in Figure 5. In fitting the distribution calculated using 
phase space theory to the experimental distribution the single important 
parameter in achieving a good fit is the reaction exothermicity, which in the case 
of reaction 8 depends on the binding energy of propylene to the cobalt ion in the 
reaction products. As shown in Figure 5, a best fit is achieved with a bond 
dissociation energy of 1.91 eV at O^K (2.08 eV or 48 kcal/mol at 298 °K). An 
analysis of the kinetic energy release distribution for reaction 9 of Co + with 
cyclopentane(S) yields an identical value for the binding energy of propylene 

Co(C 4 H 8 ) + + H 2 

Co(C 3 H 6 ) + + C H 4 

(7) 

(8) 

C o + + cyclo-C 5H 1 0 Co(C 3 H 6 ) + + C 2 H 4 (9) 

to an atomic cobalt ion. Bond energies derived from these and other studiesQS) 
of this type are summarized in Table I. 
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42 BONDING ENERGETICS IN ORGÀNOMETALLIC COMPOUNDS 

C M . KINETIC ENERGY (eV) 

Figure 4. Experimental and theoretical kinetic energy release distributions 
for loss of Η 2 from Co(isobutane)+. The calculated distribution assumes no 
activation barrier for the reverse process. 

C M . KINETIC ENERGY (eV) 

Figure 5. Experimental and theoretical kinetic energy release distributions 
for loss of C H 4 from Co(isobutane)+. The calculated distribution assumes 
no activation barrier for the reverse process. 
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3. VAN KOPPEN ET AL. Organometallic Reaction Energetics 

Table I. Summary of Thermochemical Data 

43 

Species D 0 ° ( D 0

2 9 8 ) a AHf00(kcal/mol) Reference 
Co +-CO 
Co+-(ethene) 
Co+-(propene) 
Co'-(CH 3 ) 2 

c ° 0 
Fe +-CO 
Fe+-(ethene) 
Fe+-(propene) 

31(34) 
42(46) 
44(48) 
105b(110) 

8lb(86) 

26(30) 
35(39) 
37(41) 

224 
255 
247 
247 

274 

227 
260 
252 

8 
c 
8 
8 

15 

15 
c 
c 

55(61) 

70(76) 

85(90) 

260 

241 

268 

d 

d 

15 

aThe error on values of D 0

U is on the order of ± 5 kcal/mol, reflecting the 
sensitivity of the fit between theory and experiment. The value in parenthesis is 
the estimated value for 298 K. 
bThe bond energy is the sum of the two bonds forming Co + and 2 C H 3 from 
C o ( C H 3 ) 2 + and Co + and trimethylene from cobaltacyclobutane ion. 
cValues quoted in reference 15 (van Koppen, P.A.M.; Bowers, M.T.; 
Beauchamp, J.L., unpublished results). 
dDearden, D.V.; Beauchamp, J.L.; van Koppen, P.A.M.; Bowers, M.T. J. Am. 
Chem. Soc. submitted for publication. 

As is the case for reaction 9, elimination of a π-donor or η-donor base from a 
coordinately unsaturated metal center would generally be expected to proceed 
with a Type I potential surface (no barrier for the reverse association reaction). 
The validity 01 the phase space analysis for such processes is not surprising. The 
statistical theory analysis for alkane elimination (e.g. reaction 8) indicates a 
loose transition state is operative in the exit channel. This requires that the 
alkane being eliminated is strongly interacting with the transition metal center, 
almost certainly via a significant energy well on the potential energy surface 
prior to product formation. This suggests an important feature of the reaction 
coordinate diagram indicated in Figure 6 for the reaction of Co + with isobutane. 
The kinetic energy release distribution for methane elimination is determined 
entirely by the dissociation of the methane adduct, and is not useful in identifying 
the presence or determining the height of a reverse activation barrier which might be 
associated with oxidative addition. For this reason, the features in the exit 
channel for methane elimination are represented by a dashed line. The 
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BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

(|OLU/|BO>j) A6J9U3 ΘΛ!1Β|ΘΗ 
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3. VAN KOPPEN ET AL. OrganometoUic Reaction Energetics 45 

substantial kinetic energy release observed for hydrogen elimination and the 
failure of a statistical analysis to reproduce the observed distribution is a clear 
signature of the barrier shown in the exit channel for this process in Figure 6. 

The initial well associated with the formation of an adduct of the Co + with 
isobutane is included in Figure 6. The chemical activation associated with the 
formation of such an adduct is essential in overcoming the intrinsic barrier 
associated with insertion into a C-H bond. In comparison to larger 
hydrocarbons, the weaker interaction of ethane with first row group 8-10 metal 
ions is apparently insufficient to overcome intrinsic barriers for insertion. This 
would explain the failure to observe dehydrogenation of ethane by these metal 
ions, even though the process is known to be exothermic. The reactions of the 
isomeric butanes and larger hydrocarbons with cobalt ions and with other 
reactive metal ions as well are generally facile. Reaction rate constants and 
cross sections approach the Langevin or collision limit. Propane is intermediate 
in behavior between isobutane and ethane, and this gives rise to interesting 
behavior which is further discussed below. 

It should be apparent that phase space fitting of kinetic energy release 
distributions yields important thermochemical information for exothermic 
reactions with no reverse activation barrier. As another example, Co* ions 
decarbonylate acetone (reaction 10) yielding a dimethyl cobalt ion as 

C o + + (CH 3 ) 2 CO -> Co(CH 3 ) 2

+ + CO (10) 

the product. A phase space theory fit of the kinetic energy release distribution 
for this process indicates the total energy of process 11 is 4.55 eV at 0 Κ (4.77 

C o ( C H 3 ) 2

+ -> Co + + 2CH 3 (11) 

eV or 110 kcal/mol at 298 K) (g). Ion beam threshold measurements indicate 
the bond strength of Co + -CH 3 is 49.1 kcal/molQo). From our measurement we 
obtain, by difference, a value of 61 kcal/mol for the second bond energy. One 
interesting conclusion that can be drawn from this result is that insertion of Co + 

into a C-(J bond in saturated alkanes should be exothermic by about 20 kcal/mol. 
However, the fact that the reaction is exothermic does not guarantee that the 
process will be observed. 

Examples of Chemically Activated Systems where the Reverse Reaction is 
Known to be Facile. The dehydrogenation of cyclopentene by atomic iron ions 
(Reaction 12), is known to be reversible(Dearden, D.V.; Beauchamp, J.L.; van 
Koppen, P.A.M.; Bowers, M.T. J. Am. Chem. Soc. submitted for publication). 
In the presence of D 2 , the product of reaction 12, 

Fe + + cyclopentene-* Fe(C 5 H 6 ) + + H 2 (12) 

presumed to be an iron cyclopentadiene complex, rapidly undergoes isotopic 
hydrogen exchange. This suggests that there is no barrier for the addition of H 2 

to Fe(C5H6)+, which corresponds to the first step in the reverse of reaction 12. 
In accordance with the considerations outlined in the previous section, a 
statistical kinetic energy release distribution should be observed for this system. 
As shown in Figure 7, the experimental distribution for this process can be fit 
very closely using statistical phase space theory, which yields a bond dissociation 
energy D 0 ° ( F e + - C 5 H 6 ) = 55 + 5 kcal/mol. A reaction coordinate diagram for 
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46 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

C M . KINETIC ENERGY (eV) 

Figure 7. Experimental and theoretical kinetic energy release distributions 
for the dehydrogenation of cyclopentene by Fe+. 
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3. VAN KOPPEN ET A L Organometallic Reaction Energetics 47 

this system is shown in Figure 8. In this case the initial interaction of the metal 
ion with the olefin leads to a chemically activated intermediate with around 35 
kcal/mol internal energy. The postulated mechanism involves insertion of the 
metal into the allylic C-H bona followed by β -hydrogen transfer and reductive 
elimination of H 2 . The reverse of the final two steps accomodates the observed 
isotopic exchange with D?. As shown in Figure 8, the overall reaction is 
exothermic by 35 kcal/mol. The binding of cylopentadiene to the metal ion is 
more than enough to overcome the 20 kcal/mol required to dehydrogenate 
cyclopentene. 

This example is particularly interesting in that dehydrogenation of alkanes by 
Fe + and other group 8 metal ions generally exhibit non-statistical kinetic energy 
release distributions. Apparently a full range of behavior can be observed for 
dehydrogenation processes, depending on the ligand environment. When bound 
to cyclopentadiene, oxidative addition of hydrogen to the metal center is facile. 
This is not generally the case when Fe + is ligated by a single olefin. 

Another example of a hydrogen elimination process which is both reversible and 
exhibits a statistical kinetic energy release distribution is the dissociation of the 
cyclopentadienyl rhodium isopropyl ion, reaction 13(12). In this case the 

CpRhCH(CH 3) 2

+ CpRh(C 3H 5) + + H 2 (13) 

reaction of the product ion, presumed to be a π-allyl species, with D 2 leads to 
the incorporation of four deuterium atoms into the complex. 

Quantitative Studies of Ions Formed with a Broad Range of Internal Energies. 
The above studies have all involved chemically activated systems in which the 
internal energy of the decomposing ion is defined within a narrow range. In all 
of our earlier investigations we had worked with the assumption that the energy 
content of the decomposing ion had to be precisely known in order to extract 
quantitative results from the application 01 phase space theory to reproduce 
kinetic energy release distributions. We now realize that if the method of ion 
formation produces a broad distribution of internal energies, then the 
experiment will select a particular internal energy (since the time window for 
observation is dictated by the ion flight time through the second field free region 
of the V G ZAB-2F reversed geometry spectrometer). Statistical theory is used 
to accurately calculate the internal energies of ions being observed, and this 
energy is then used to analyze the kinetic energy release distribution to extract 
the enthalpy change for the observed process. This technique has been used, for 
example, to determine the sequential bond energies of the metal carbonyl ions 
Mn(CO)x+ (Table II), and appears to be generally applicable for determination 
of the thermochemical properties of both ionic and neutral species(IS). 

The manganese carbonyl ions are of particular interest since the spin state of the 
system changes from septet for Mn + to singlet for the fully coordinated 
Mn(CO^ + . With the exception of the fully coordinated species, all of the 
Mn(CO)x+ ions undergo rapid exchange of CO with labelled 1 3 C O . Not 
surprisingly, then, the Μη(υΟ)χ + species with χ = 3-6 all exhibit kinetic energy 
release distributions which appear statistical. These ions, however, were formed 
by electron impact fragmentation of various precursor ions and as a result had a 
broad distribution of internal energies. According to the phase space 
description, the statistical kinetic energy release distribution is a strong function 
of the amount of energy above threshold in the energized molecule, Ε*, which 
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3. VAN KOPPEN E T A L OrganometaUic Reaction Energetics 49 

in the dissociation of the ions is just the difference between the bond 
dissociation energy and E*, the internal energy of the adduct. The lifetime 
requirements for the observation of metastables are stringent. They must 
decompose during the time they are in the second field-free region, a window of 
approximately 5-20 μ sec after extraction from the source. The lifetime 
requirement in turn will serve to select ions with a narrow range of E* which are 
detected with high sensitivity. If E* is too high, ions will decompose while still in 
the source region. If E* is too low, ions will reach the detector without 
decomposing. These considerations can be quantified using statistical kinetic 
theory to determine decomposition rates as a function of ion internal energy. 
Figure 9 shows calculated unimolecular decomposition rate constants for the 
Mn(CO)x+ ions. These calculations then yield values of E* which can be 
employed in fitting statistical phase space theory to experimental kinetic energy 
release distributions. Typical results are shown in Figure 10 for χ = 4. The two 
calculated curves correspond to logA values of 15.3 and 13.0, which in turn yield 
bond dissociation energies of 23 and 17 kcal/mol, respectively. These results are 
arrived at by iteration, with the major uncertainty in the analysis being the A 
factors for the reactions. The values chosen represent a range which likely 
includes the actual value. As a result the bond energy for the example given is 
taken to be 20 ± 3 kcal/mol. 

Table II. Bond Dissociation Energies for Manganese 
Carbonyl Ions 

Species Μη(0Ο)χ τ D[Mn(CO) x.!T-CO] a 

Mn(CO) 6

T 

Mn(CO) 5

+ 

Mn(CO) 4

+ 

Mn(CO) 3

+ 

Mn(CO) 2

+ 

Mn(CO)* 

32 ± 5 
16 ± 3 
20 ± 3 
31 ± 6 

3f 
fkcal/mol at 0 Κ ~~ 
' ^ e sum of the last two bond energies is 32 kcal/mol. This is determined from 
the known heat of formation of Mn(CO)5+ by subtracting the first three bond 
energies for this species. 

The two smallest ions, Mn(CO)2+, and MnCO + decompose too rapidly to be 
detected as metastables. This is clearly shown in Figure 9. It is oi interest that 
this analysis works best with large ions, since they require large excess energies 
to decompose within the temporal constraints imposed by the experiment. This 
in turn gives large and easily measured kinetic energy releases. 

Determination of Thermochemical Properties of Neutrals. The examples 
discussed above demonstrate that an analysis of kinetic energy release 
distributions for exothermic reactions yield accurate metal ligand bond 
dissociation energies. This can be extended to include neutrals as well as ions. 
For example, the general process 14 has been observed in the reaction 

C o + + RSi(CH 3 ) 3 -> CoR + Si (CH 3 ) 3

+ (14) 
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50 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

ES kcal/mol 

Figure 9. Unimolecular decomposition rate constants k u for Mn(CO)x+ as a 
function of ion internal energy above threshold, E * , calculated using RRKM 
theory employing Whitten-Rabinovitch state counting and bond energies 
listed in Table II, with log A = 15. 

' ι r — ι 1 1 '^Γ'~ Γ " • ι 1 1 ' 
0.2 0.4 0.6 0.8 1.0 

C M . KINETIC ENERGY (eV) 

Figure 10. Experimental and theoretical kinetic energy release distributions 
for CO loss from Mn(CO) 4

+. 
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3. VAN KOPPEN ET AL. Organometallic Reaction Energetics 51 

of atomic cobalt ions with trimethyl and tetramethyl silane, respectively, yielding 
Co-Η and C0-CH3Q2). Kinetic energy release distributions for these processes 
and related processes are being analyzed to yield metal hydrogen and metal 
carbon bona dissociation energies for neutral species(Brodbelt-Lustig, J.; van 
Koppen, P.A.M.; Bowers, Μ.τΓ, unpublished results). 

Role of Excited Electronic States. Determining the electronic state of the metal 
ion has not been a problem for the systems studied thus far. Excited electronic 
states of cobalt or iron ions can be relaxed if necessary by adding a collision gas 
to the ion source. Co(CO)3NO is known to give ~ 60% excited state Co + under 
electron impact conditions (> 40 eV)(Kemper, P.R.; Bowers, M.T., unpublished 
results). Cobalt cyclopentadienyl dicarbonyl, however, gives 90% ground state 
Co + with electron impact (< 40 eV). Greater signal intensities are obtained with 
the nitrosyl complex due to its higher vapor pressure and as a result it is 
normally employed. However, if excited states are suspected to be a problem, a 
comparison of reults with both compounds is made, a procedure which has been 
successfully applied. In the formation of a chemically activated intermediate 
starting with an excited state, the excess energy will most likely become available 
as vibrational excitation on the ground electronic surface of the system. This in 
turn yields higher dissociation rates (e.g. the Mn(CO)^ system illustrated in 
Figure 9). A major problem arises when the dissociation rate matches the 
temporal requirements for detection with high sensitivity, since even a minor 
excited state component can then make a major contribution to the observed 
signal. 

Coupling of Multiple Transition States by Dynamical Constraints: Effect on 
Kinetic Energy Release Distributions. In cases where exoergic reactions are 
inefficient, i.e. the reaction cross section is significantly less than the collision 
cross section, the rate determining transition state must be located and included 
in the theoretical model. Qualitatively, an initial electrostatic well followed by a 
tight transition state, near in energy to the reactant energy (as shown in Figure 
1), can restrict the flow of reactants to products. Quantitative statistical phase 
space theory modeling using this simple idea has been done for a number of 
systems(van Koppen, P.A.M.; Bowers, M.T.; Dearden, D.V.; Beauchamp, J.L., 
unpublished results), including reactions of Co + with propane as noted above. 
Both dehydrogenation and demethanation of Co(propane)+ are known to be 
exoergic but inefficient reactions, the sum of them occurring at 8% of the 
collision rate. 

The reaction can be schematically written as in Equation 15. 

^collision * 
M + + C 3 H 8 ^ [M(C 3H 8)+]* -+ products (15) 

ôrb 

Simplistically, the rate constant for product formation is given by Equation (16) 

p̂roduct = ^collisionl^/O^ + korb)l (*6) 

where k^u^on is the Langevin collision rate constant and k ^ and k j are 
unimolecular rate constants defined in Equation 15. The values of k^b and k j 
are proportional to the fluxes through the orbiting and tight transition states. 
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52 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

i.oH 

C o ( C 3 H 8 ) + — ^ Co+—II + C H 4 

Experiment ( ) 
Phase Space Theory 

Restricted ( ) 
Unrestricted ( ) 

— r 
0.1 

τ 1—*—=r 
0.2 0.3 0.4 0.5 
C M . KINETIC ENERGY (eV) 

0.6 

Figure 11. Kinetic energy release distribution for metastable loss of CH4 
from nascent Co^Hg)* collision complexes. The "unrestricted" phase 
space theory curve assumes the entrance channel contains only an orbiting 
transition state, the exit channel has only an orbiting transition state (no 
reverse activation barrier), and there are no intermediate tight transition 
states that affect the dynamics. The "restricted" phase space theory 
calculation includes a tight transition state for insertion into a C-H bond 
located 0.08 eV below the asymptotic energy of the reactants. 

ο Ε 
CO 
ο 
>% CD k_ ω c 

OH 

-10H 

> -20 Η 
J? 
rx 

-30- 1 

Centrifugal 
barrier 

C o + - C H 4 

Figure 12. Schematic potential energy surface for the reaction Co + + C3Hg 
-* Co(C2H4)+ + CH4. The dashed portion schematically shows the effect 
of angular momentum on the initial orbiting transition state and the tight 
C-H insertion transition state. A collision in which the system passes over 
the centrifugal barrier may not result in reaction due to reflection at the 
second barrier. 
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3. VAN KOPPEN ET AL. Organometallic Reaction Energetics 53 

The probability of product formation is simply kproductŝ collisjon- ™ s r a^° *s 

calculated using statistical phase space theory as a Function 01 the barrier height 
of the rate limiting transition state. A barrier 0.08 eV below the asymptotic 
energy of the reactants reproduces the experimental probability of product 
formation for Reaction 15. The kinetic energy release distribution for methane 
elimination is narrower than statistical if an orbiting transition state in the 
entrance channel is assumed (shown as the unrestricted phase space kinetic 
energy release distribution in Figure 11). The kinetic energy release distribution 
was recalculated by implementing a tight transition state for insertion into a C-H 
bond located 0.08 eV below the asymptotic energy of the reactants. The 
resulting distribution fits well with the experimental distribution and is shown as 
the restricted phase space calculations in Figure 11. 

If the microcanonical (E,J) values of the kprodUçts/^o!lision calculation are 
examined it becomes clear that the principal effect ot tne C-H insertion 
transition state is to bias against formation of products from collisions with high 
/ values. This is a reasonable result since angular momentum increases the 
energy of the tight transition state more than it does the loose orbiting transition 
state. This is illustrated in Figure 12. Loss of the higher / portion of the (EyJ) 
distribution results in products with less kinetic energy than would have been 
expected if the full (E,J) distribution were operative. This example is presented 
to express a cautionary note in analyzing kinetic energy release distributions. If 
the dynamical constraints had not been considered in fitting phase space theory 
to the data in Figure 11, an erroneously low bond dissociation energy would 
have resulted. Inefficient reactions which proceed at only a fraction of the 
collision rate can signal the possible importance of these factors. 

Summary and Prognosis 

One of the definitions which Webster gives for the word prognosis is "forecast of 
the course of a disease." In this case not only is the patient doing well but 
appears to be headed for a long and fruitful life. The V G ZAB-2F double 
focusing mass spectrometer and several of its cousins produced by other 
manufacturers are available in many laboratories around the world. 
Measurements of the type described in this review can be made in a relatively 
straightforward manner, and other groups have already started reporting kinetic 
energy release distributions for organometallic reactions(20). The basic 
computer programs for carrying out statistical phase space calculations are 
available from the Quantum Chemistry Program Exchange (Chesnavich, W. J., 
OCPE. submitted for publication). As a result, this experimental methodology 
can be widely applied in many laboratories to determine heats of formation and 
bond dissociation energies for reactive intermediates formed in the tolerant 
environment of the mass spectrometer. In view of the results presented in this 
review, it is desirable to have additional information available, such as reaction 
efficiencies or knowledge relating to the reverse reaction. When carefully 
analyzed, these experiments provide bond dissociation energies with accuracy 
comparable to other thermochemical kinetic methods. 
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Chapter 4 

Methods for Determining Metal—Ligand 
and Metal—Metal Bond Energies Using Fourier 

Transform Mass Spectrometry 

Ben S. Freiser 

Department of Chemistry, Purdue University, West Lafayette, IN 47905 

In this review we discuss five techniques involving 
Fourier transform mass spectrometry (FTMS) for 
determining qualitative and quantitative metal ion
-ligand bond energies. These include (i) exothermic 
ion-molecule reactions, (ii) equilibrium measurements, 
(iii) competitive collision-induced dissociation, (iv) 
endothermic ion-molecule reactions, and (v) 
photodissociation. A key advantage of the FTMS 
methodology is its ion and neutral manipulation 
capabilities which permit the formation and study of a 
limitless number of interesting metal-ion systems. 

The combination of laser ionization and Fourier transform mass 
spectrometry (FTMS) has proved to be ide a l l y suited for the study of 
gas-phase ion-molecule reactions involving metal ions (1-7). The 
laser source permits the generation of v i r t u a l l y any metal ion i n the 
periodic table from a suitable metal target (8). The FTMS (9-14) 
stores these ions i n an "electro-magnetic bottle" for times t y p i c a l l y 
on the order of msec to sec (hours are possible) permitting the study 
of their chemistry and photochemistry. These studies are further 
f a c i l i t a t e d by the unusual ion and neutral manipulation c a p a b i l i t i e s 
of the FTMS which permit complex multistep processes to be monitored 
i n an MSn fashion (1-4). These ca p a b i l i t i e s have made laser 
ionization-FTMS a prominent method i n what has been a rapidly growing 
arsenal of techniques for studying gas-phase transition-metal ion 
species. 

The major thrust of these studies has involved determining 
reaction mechanisms, kin e t i c s , and thermochemistry (15-30). In 
analogy to solution studies, deriving a reaction mechanism requires 
knowledge of product structure(s) and of the intermediate and overall 
thermochemistry ( i . e . are a l l of the steps proposed i n the mechanism 
thermodynamically feasible?). While a disadvantage of the gas phase 
i s that a low concentration of ions, ~10~^ M, makes the use of 

0097-6156T90A)428-0055$06.00A) 
© 1990 American Chemical Society 
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56 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

conventional techniques a l l but impossible, a new set of mass 
spectrometric techniques have been developed which can readily be 
applied. 

Among the f i r s t and most powerful of these methods used for 
obtaining metal-ion bond energies i s the ion-beam apparatus developed 
by Beauchamp and Armentrout (18,19) and discussed i n d e t a i l elsewhere 
i n this book. Our laboratory has been involved i n developing a 
complementary array of techniques for the FTMS which w i l l be 
i l l u s t r a t e d i n this chapter. These include ( i ) exothermic ion-
molecule reactions, ( i i ) equilibrium measurements, ( i i i ) competitive 
collision-induced dissociation (CID), (iv) endothermic ion-molecule 
reactions, and (v) photodissociation. While much of this methodology 
has i t s roots i n ion cyclotron resonance (ICR) spectroscopy, the 
precursor instrument to the FTMS, the Fourier method greatly enhances 
the number of interesting systems which can be investigated. 

Exothermic Ion-Molecule Reactions. 

Ion-molecule reactions generally occur with l i t t l e or no activation 
barrier because of the long range ion-dipole and ion-induced dipole 
attraction. One consequence of this long range interaction i s that 
ion-molecule reactions are several orders of magnitude faster than 
reactions i n solution. Another i s that observation of a reaction 
proceeding at roughly 1/10 or greater the diffusion-controlled 
c o l l i s i o n rate i s l i k e l y to be exothermic. Reactions which are 
endothermic by as much as 3 kcal/mol can be observed and recognized 
by their c h a r a c t e r i s t i c a l l y slow rates (e.g. less than about 1% of 
the c o l l i s i o n rate). Thus, providing that the reactant ion i s i n i t s 
ground state (thermalized), the observation of a reaction yields 
l i m i t s on bond dissociation energies. The absence of a reaction, 
however, does not necessarily imply an endothermic process since 
other pathways may be k i n e t i c a l l y favored. Spin r e s t r i c t i o n s may 
also prevent an otherwise exothermic reaction from occurring, which 
i s the case for the lack of reaction between M + and N2O to form M0+ 

for M-Co, Ni, and Mn (31). 
We have recently reported studies on M+-benzyne (M - Fe and Sc) 

generated from reactions 1 and 2 (32,33). Observation of these 

Fe + + (( jycl > FeC 6H 4
+ + HCl (1) 

> ScC 6H 4
+ + H 2 (2) 

f a c i l e reactions imply D°(Fe+-C6H4) > 66 kcal/mol and D°(Sc+-C6H4) > 
80 kcal/mol. Interestingly, unlike Fe+-benzyne, H 2 i s observed to 
hydrogenate ScCgH 4

+ to form presumably Sc+-benzene, reaction 3. This 
reaction yields an upper l i m i t on the Sc+-benzyne bond strength of < 

S c - l C + H2 > S c + i t J (3) 
133 ± 5 kcal/mol obtained using a previously determined value of 
D°(Sc+-C6H6) - 53 ± 5 kcal/mol. This type of bimolecular association 
reaction i s extremely rare for a mononuclear metal center i n the gas 
phase, with the only other reported example being the direct 
hydrogénation of RhCyHg"1" (34). As i n that case, the Sc+-benzene 
product ion i n reaction 3 must be s t a b i l i z e d by an IR radiative 
relaxation process. 
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4. FREISER Determining Metal-Ligand and Metal-Metal Bond Energies 57 

Ligand exchange (displacement) reactions are a convenient means of 
determining both re l a t i v e and absolute metal-ligand bond energies. 
For example, we have reported on a wide variety of MFe+ species 
including M - Co (35), Cu (36), Nb (37), Rh (38), La (38), V (39), 
and Sc (40). In this series the bond energies have ranged from a low 
of D°(Sc+-Fe) - 48 ± 5 kcal/mol to a high of D°(V+-Fe) - 75 ± 5 
kcal/mol. Currently underway i s a study of MgFe+ where the effects 
of a non-transition metal i s being investigated. Observation of the 
exchange reaction 4 implies D°(Fe+-C2H4) - 34 ± 5 kcal/mol (41) > 
D°(Fe+-Mg) which i n turn yields D°(Mg+-Fe) < 29 ± 5 kcal/mol. This 

MgFe+ + C 2H 4 > FeC 2H 4
+ + Mg (4) 

value i s considerably lower than for the transition-metal dimer ions 
and suggests that the bonding between Mg and Fe i s largely 
e l e c t r o s t a t i c . 

Bracketing methods involving exothermic proton transfer have 
yielded both cationic and neutral metal-ligand bond energies. For 
example, M0H+(M - Fe and Co) were reacted with a series of reference 
bases, reaction 5 (42). For CoOH+, proton transfer was observed with 

M0H+ + Β > MO + BH+ (B- various bases) (5) 

pyridine and stronger bases but not observed with η-propylamine or 
weaker bases indicating PA(pyridine) > PA(CoO) > PA(n-propylamine). 
Using this result i n equations 6 and 7 yields D°(Co+-0H) - 71 ± 6 
kcal/mol i n good agreement with D°(Co+-0H) - 71 ± 3 kcal/mol obtained 
from photodissociation. In this case AHf(MO) was known while 

AHf(M0H+) - AHf(MO) + AH f(H +) - PA(MO) (6) 

D°(M+-0H) - AHf(M+) + AHf(0H) - AHf(M0H+) (7) 

AHf(Μ0Η+) was determined. In some instances AHf of the ion i s known 
and the corresponding neutral i s not. Thus, proton bracketing 
experiments can also be used to determine neutral metal-ligand bond 
energies. Reaction 8, for example, was used to determine PA(4-vinyl-

MCH3
+ + Β > MCH2 + BH + (8) 

pyridine) > PA(FeCH2) > PA(pyridine) (43). Using a previously 
determined value of D°(Fe+-CH3) - 65 ± 5 kcal/mol (5), D°(Fe-CH2) -
87 ± 7 kcal/mol was obtained from equations 9 and 10. 

AHf(FeCH2) - PA(FeCH2) + AH f(FeCH 3
+) - AH f(H +) (9) 

D°(Fe-CH2) - AHf(Fe) + AHf(CH2) - AHf(FeCH2) (10) 

Multiply charged metal ions have not received much attention due 
in part to the b e l i e f that rapid charge exchange would occur 
exclusively. Taking a lead from a study by Tonkyn and Weisshaar on 
T i ^ + (44) , we have begun to study a series of doubly charged early 
transition-metal ions. Nb 2 +(2nd IP(Nb) - 14.3 eV) i s observed to 
react with methane (IP - 12.6 eV) not only by charge transfer, 
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58 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

reaction 11, but by carbene and hydride abstraction as well, 

Nb 2 + + CH4
 4 1 % > Nb + + CH4+ (11) 

5 2 % > NbCH 2
2 + + H 2 (12) 

^ — > NbH+ + CH 3
+ (13) 

reactions 12 and 13, respectively (45). Observation of NbCH 2
2 + from 

methane implies D e(Nb 2 +-CH 2) > 112 kcal/mol. Reactions of NbCH 2
2 + 

showed this species to be a good proton donor and yielded PA(CH4) < 
PA(NbCH+) < PA(CO) from which PA(NbCH+) - 137 ± 7 kcal/mol was 
assigned. Using this result i n a thermochemical cycle yielded 
D°(Nb2+-CH2) - 197 ± 10 kcal/mol and D°(Nb+-CH2

+) - 107 ± 10 
kcal/mol. For comparison, De(Nb+-CH2) - 109 ± 7 kcal/mol has 
recently been reported (5). Similarly, we have now observed a number 
of thermodynamically stable metal dication species. Dication species 
which are k i n e t i c a l l y , but not thermodynamically stable can also be 
observed for seconds i n the FTMS. A p a r t i c u l a r l y fascinating example 
of this i s LaFe 2 + which has recently been shown i n our laboratory to 
be stable i n d e f i n i t e l y (46). 

F i n a l l y , the proton a f f i n i t i e s of several atomic metal anions, M" 
(M -V, Cr, Fe, Co, Mo, and W), have been determined by bracketing 
methods (47). Combining these data with measured electron a f f i n i t i e s 
of the metals yielded homolytic bond energies for the neutral 
hydrides, D°(M-H). The monohydride bond energies compare favorably 
with other experimental and theoretical data i n the l i t e r a t u r e and 
were used to derive additional thermodynamic properties for metal 
hydride ions and neutrals. 

Equilibrium Measurements 

One of the early successes of ion cyclotron resonance (ICR) 
spectroscopy was i t s application to obtaining accurate proton 
a f f i n i t y information by measuring equilibrium constants for reaction 
14 (48,49). The equilibrium constant Κ can be determined both from 
the steady state r a t i o of BH+/AH+» which becomes constant beyond some 
trapping time (the ra t i o of the neutrals A/B i s known from the 
p a r t i a l pressures and remains constant), and by measuring the forward 

k f 
AH + + Β ^ BH+ + A k r 

(14) 

and reverse rate constants with Κ - kf/k r. Similarly, reaction 15 
M L + + L ' ^ ML' + + L (15) 

has been monitored using ICR, yielding accurate r e l a t i v e metal-ligand 
binding energies for M+ - L i + ( 5 0 ) , A l + ( 5 1 ) , Mn +(52), Cu +(53), and 
CpNi + (54). Most recently, we extended this methodology to FTMS to 
measure the binding energies of Mg+ to a series of alcohols, 
aldehydes, ketones, and ethers (55). Some ty p i c a l data are shown i n 
Figure 1 which displays the variation of ion abundance with time for 
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4. FREISER Determining Metal-Ligand and Metal-Metal Bond Energies 59 

0 0.2 0.4 0.6 0.8 
R e a c t i o n Time (s) 

Figure 1. Variation of ion abundances with time for Mg + with a 3:1 mixture of i-
PrOH and n-BuOH at a total pressure of 5 χ 10"7 torn (Reprinted from reference 55. 
Copyright 1988 American Chemical Society.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
4



60 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

a 3:1 mixture of i-PrOH and n-BuOH. Following i n i t i a l reaction of 
Mg+ with the two alcohols, the ra t i o of Mg(i-PrOH) + and Mg(n-BuOH)"1" 
becomes constant as reaction 15 approaches equilibrium. At longer 
times the abundance of secondary product ions increases appreciably, 
moving the system out of equilibrium. The ra t i o of ion abundances at 
equilibrium, together with the measured p a r t i a l pressures of i-PrOH 
and n-BuOH, give an equilibrium constant i n this case of Κ - 1.5. 
The average of three determinations, obtained for three different 
i-PrOH/n-BuOH p a r t i a l pressure rat i o s , was Κ - 1.7 ± 0.2 yielding a 
free-energy difference of AG - -0.30 ± 0.08 kcal/mol. I t was argued 
that the entropy changes were negligible and, therefore, that ΔΗ -
-0.30 ± .08 kcal/mol - D° (Mg+-iPrOH) - D° (Mg+-nBuOH) . Table I l i s t s 
the data obtained from this study. Agreement between the various 
pairs of bases i s generally better than 0.2 kcal/mol, and the 
precision of each measurement i s ± 0.1 kcal/mol. 

Competitive Collision-Induced Dissociation (CID) 

A generalized method for determining both re l a t i v e and absolute bond 
strengths to an ion center by CID has been developed by Cooks and co
workers. In extensive studies on X - H + (56) and Ag + (57), they 
demonstrated that under appropriate conditions, i f AX + i s more 
intense than BX + i n the competitive CID processes 16 and 17, then 
D°(X+-A) > D°(X+-B). This relative bond energy information can be 

AX+B 
-> AX + + Β (16) 

-> BX + + A (17) 

used to determine absolute bond strengths by using a series of 
reference Lewis bases and bracketing the value of interest. Cooks 
and co-workers pointed out that this method i s p a r t i c u l a r l y useful 
for obtaining information on nonvolatile compounds where i n s u f f i c i e n t 
vapor pressure would prevent standard ion-molecule reaction 
bracketing and equilibrium measurements. We have found this method 
to be simple and r e l i a b l e and, therefore, use i t extensively. As an 
example, we have determined several M"*"-benzene bond strengths by 
photodissociation (58,59), as discussed below, and benzene has become 
a convenient reference Lewis base for competitive CID studies 
involving metal dimer species. A variety of MFe(benzene)"1" ions have 
been generated and their subsequent CID reactions 18 - 20 have been 
monitored i n order to obtain information on the metal-metal bond 

MFe(benzene)+-
-> MFe"' benzene (18) 

(19) 
(20) 

strengths (59). CID on ScFe(benzene) +, for example, yields 
approximately equal amounts of ScFe + and Sc+-benzene (Figure 2), with 
Sc+-benzene favored at low CID energies. In addition, no production 
of Fe+-benzene i s observed. These results imply D°(Sc+-Fe) < D°(Sc+-

-> M(benzene)"1" + Fe 

-> Fe (benzene)"1" + M 
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4. FREISER Determining Metal-Ligand and Metal-Metal Bond Energies 61 

Table I. Relative and Absolute Gas Phase Ligand Binding 
Energies to Mg+ for Various Organic Molecules a 

Ligand (L) Measured AG exchange** 
D°(Mg+-L) 

r e l . c abs.c 

MeCOEt 

MeoCO 

THFe 

Et 20 

n-PrCHO 

n-BuOH 

EtCHO 

i-PrOH 

n-PrOH 

MeCHO 

EtOH 

MeOH 

/ 
1.24 

Ν / ; 
1.05 1.20 

/ 
) 

0.23 
Ν 

V 

/ 

\ 

) 
0.52 

^ ) 

) 
0.86 

\ / \ 

1.45 
Ν / 

1.76 
/ 

/ 0.30 
\ 

) 
0.72 

Ν 
0.93 

Ν f 

Ν / Ν / Ν f 
) 

0.68 
V / 1.17 

0.52 
/ Ν f 

) 
1.77 

Ν 

7.64 68 

6.40 67 

5.41 66 

5.16 66 

4.60 66 

3.87 65 

3.67 65 

3.59 65 

2.95 64 

2.28 63 

1.77 63 

0.00 61 

a A l l data are i n kcal/mol. ^For the equilibrium reaction 15 i n text. 
cValues (±0.1 kcal/mol) are relative to D°(Mg+-MeOH) - 0.00 kcal/mol. 
^Absolute values (±5 kcal/mol) assigned from photodissociation 
results, see reference 55. eTetrahydrofuran. 
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BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Figure 2. Collision-induced dissociation spectrum of 
ScFe(benzene) + at 50 eV c o l l i s i o n energy. 
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4. FREISER Determining Metal-Ligand and Metal-Metal Bond Energies 63 

benzene) and D°(Fe+-Sc) > De(Fe+-benzene) which are i n accordance 
with the photodissociation results of D°(Sc+-Fe) - 48 ± 5 kcal/mol 
(60), De(Sc+-benzene) - 53 ± 5 kcal/mol (61), D°(Fe+-Sc) - 79 ± 5 
kcal/mol (60), and D°(Fe+-benzene) - 55 ± 5 kcal/mol (58). Note that 
observation of Sc (benzene)"4" and not Fe (benzene)"1", however, does not 
imply D°(Sc+-benzene) > D°(Fe+-benzene). In contrast to 
ScFe(benzene) +, CID of VFe(benzene) + yields predominantly VFe + i n 
accordance with D°(V+-Fe) - 75 ± 5 kcal/mol (39), D°(V-Fe+) - 101 ± 5 
kcal/mol (39), D°(V+-benzene) - 55 ± 5 kcal/mol (58), and D°(Fe+-
benzene) - 55 ± 5 kcal/mol (58). A variety of MFe+-L (L - ligand) 
species can be generated i n s i t u i n the FTMS to try to bracket the 
values of D'O^-Fe). 

Endothermic Ion-Molecule Reactions 

The k i n e t i c energy of an ion i n the trapping c e l l can be increased by 
applying a radio frequency (rf) to the transmitter plates at the 
cyclotron frequency of the ion. The maximum ki n e t i c energy of an ion 
which can be achieved i s proportional to the magnetic f i e l d squared, 
to the radius of the c e l l squared (for a cubic c e l l the radius would 
be H the x,y, or ζ dimensions), and to the inverse of the mass of the 
ion (62). Variation of the ion ki n e t i c energy i s achieved by 
adjusting the amplitude and/or the pulse duration of the r f 
excitation and can be estimated using a standard equation (62). As 
the k i n e t i c energy of the ion increases, i t s radius also increases 
and, thus, the maximum kin e t i c energy i s limited by a c o l l i s i o n of 
the ion into one of the c e l l plates where i t i s neutralized. The 
radio frequency excitation i s used for the collision-induced 
dissociation experiments described above i n which an ion of interest 
i s accelerated into a c o l l i s i o n gas and the fragments detected. In 
exactly the same manner, application of r f energy i s also a 
convenient means of adjusting the translational energy of an ion i n 
order to study i t s endothermic reactions with reactive target gases. 
By monitoring the threshold kin e t i c energy required to observe the 
onset of an otherwise endothermic process, thermochemistry i s derived 
which yields bond energy information. This method i s analogous to 
the ion-beam experiment of Beauchamp and Armentrout and co-workers 
(18,19) which has been among the most useful i n obtaining such data. 
In our i n i t i a l study, we chose simple systems which could be d i r e c t l y 
compared to the ion-beam results (61). Thresholds for endothermic 
reactions of laser-generated Co + with cyclopropane and ethene, for 
example, yielded D°(Co+-CH2) - 81 ± 7 kcal/mol and 75 ± 18 kcal/mol, 
respectively, compared to D°(Co+-CH2) - 85 ± 7 kcal/mol determined 
from ion-beam experiments. A value of D°(Co+-CH3) - 46 ± 14 kcal/mol 
by FTMS was somewhat lower than the ion-beam value of 61 ± 4 
kcal/mol. Interestingly, a value of D°(Fe2+-H) - 52 ± 16 kcal/mol 
was determined from the endothermic reaction of Fe2 +, generated i n 
s i t u , and ethane. 

Endothermic reactions can also be used to synthesize species which 
are not available by exothermic reactions. For example, reactions 21 
and 22 were used to generate ScH + and ScCH3+ i n an attempt to bracket 

Sc + + C 2H 6 

-> ScH + + C 2H 5 (21) 

-> ScCH 3
+ + CH3 (22) 
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64 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

the Sc+-benzene bond strength (61). In addition CrCH2+ has been 
generated by driving the endothermic reaction 23 for subsequent 
photodissociation studies (59). 

Kang and Beauchamp have shown that the ki n e t i c energy of laser-
desorbed metal ions increases with increasing laser power density 
(63). Similarly, endothermic reactions can be observed i n the FTMS 
without applying r f energy i f the laser-desorbed metal ions are 
nonthermal (61). Such reactions can mistakenly be interpreted as 
being exothermic yielding incorrect information. Using laser powers 
just above the threshold for laser desorption, together with a 
c o l l i s i o n a l cooling period, however, has been found to be quite 
effective i n circumventing this potential problem. 

From these i n i t i a l studies i t was concluded that, when applicable, 
the ion-beam experiment i s superior to that involving FTMS for 
determining accurate endothermic reaction thresholds. The error 
l i m i t s of the FTMS determinations can be considerably larger due to 
the i n a b i l i t y to deconvolute the effects of multiple c o l l i s i o n s and 
the thermal motion of the target gas and due to the spread of ion 
energies a r i s i n g from the phase difference between the excitation 
energy and the ions, an effect which increases with k i n e t i c energy. 
Nevertheless, the ease of generating a wider variety of complex 
reactant ions whose fundamental endothermic r e a c t i v i t y i s of interest 
i s certainly a plus for FTMS. 

Photodissociation 

Photodissociation, process 24, has proven to be one of the most 

convenient and powerful methods used with FTMS to obtain both ion 
structure and bond energy information (47, 58, 60). This information 
i s a consequence of the three c r i t e r i a required to observe the 
photodissociation process 24: (a) the ion must f i r s t absorb a 
photon, (b) the photon energy must exceed the enthalpy for process 
24, and (c) the quantum y i e l d for photodissociation must be greater 
than zero. I f c r i t e r i a b were the only consideration, the longest 
wavelength (lowest energy) at which photodissociation i s observed 
would give a direct measure of the enthalpy of process 24. C r i t e r i a 
a, however, makes this energy s t r i c t l y a lower l i m i t for the enthalpy 
since photons with s u f f i c i e n t energy but which are not absorbed are 
cle a r l y ineffective i n promoting photodissociation. 

Extensive studies i n our laboratory have shown, not surprisingly, 
that the metal center i s an excellent chromophore which absorbs over 
a broad wavelength region due to the high density of low-lying 
electronic states (42, 58, 60). Thus, i n many cases the 
photodissociation threshold of metal-containing ions i s determined by 
the thermodynamics and not by the absorption characteristics of the 
ion. This i s i n contrast to most organic ions i n which the f i r s t 
allowed excited state l i e s above the dissociation energy (64,65). 
One must s t i l l always use caution i n interpreting a photodissociation 
threshold. The presence of nonthermal ions and the p o s s i b i l i t y of 

(23) 

AB + + hv -> A + + Β (24) 
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4. FREISER Determining Metal-Ligand and Metal-Metal Bond Energies 65 

multiphoton processes are also potential problems i n obtaining 
meaningful thresholds. Thus, the results should preferably be 
supported by one or more of the other methods described. 

These studies have focussed on five general categories of metal 
containing ions : 
1. ML+ (L - 0, S, CH2, CH3, C 4H 6, C 4H g, C 6H 6, etc.) 
2. LM+L' (both L - L' and L / L': L - C 2H 4, C 3H 6, C4Hg, C 6H 6, etc.) 
3. MFe+ (M - Se, T i , V, Cr, Fe, Co, Ni, Cu, Nb, Ta, Mg) 
4. MFeC 6H 6

+ (M - Nb, V, Co, Sc) 
5. La2+ - L (L - C 2H 2, C 2H 4, C 3H 6) 
Table I I i s a representative sample of the metal-ligand bond energies 
obtained to date by photodissociation. 

Table II. Bond Dissociation Energies Obtained From Photodissociation 
Threshold Measurements 

Photodissociation Literature 
A+ - Β D°(A+ - B) kcal/mol 

Co+-C 90±7 (a) 98 (b) 
Co+-CH 100±7 (a) 
Co+-CH2 84±5 (a) 85±7 (d) 
Co+-CH3 57±7 (c) 61±4 (d,e,f) 
Cr+-CH2 72±5 (g) 
Fe+-C 94±7 (a) 89 (b) 
Fe+-CH 101±7 (a) 115±20 (b) 
Fe +-CH 2 82±7 (a) 96±5 (d) 
Fe+-CH3 65±5 (c) 69±5 (d,e) 
La+-C 102±8 (h) 
La+-CH 125±8 (h) 
La +-CH 2 106±5 (h) 
Nb+-C > 138 (h) 
Nb+-CH 145±8 (h) 
Nb+-CH2 109±7 (h) 112< (i ) 
Rh+-C > 120 (h) 164±16 (J) 
Rh+-CH 102±7 (h) 
Rh+-CH2 91±5 (h) 94±5 (k) 
Co+-0H 71±3 (1) 
Co+-S 62±5 (c) 
Fe +-butadiene 48±5 (c) 
Fe +-c-C 5H 6 55±5 (m) 
FeC 5H 5

+-H 46±5 (m) 
Fe+-NH 61±5 (n) 
Fe +-0 68±5 (c) 68±3 (d) 
Fe+-0H 73±3 (1) 76±5 (o) 
Fe+-S 61±6 (P) 65±5 (c) 
Fe +-S 2 48±5 (P) 
FeS +-S 2 49±5 (P) 
FeS 2

+-S 2 49±5 (P) 
FeS3+-S2 43±5 (P) 
FeS4+-S2 38±5 (P) 
Ni +-S 60±5 (c) 
Ni +-2C 2H 4 80±5 (c) 90 (q) 
Co +-C 6H 6 68±5 (c) 66±7 (r) 
Fe +-C 6H 6 55±5 (c) 58±5 (s) 

(Continued on next page) 
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66 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table II. (Continued) Bond Dissociation Energies Obtained From Photodissociation 
Threshold Measurements 

Photodissociation Literature 
A + - Β D°(A+ - B) kcal/mol 

La+-C6H6 50±3 (g) 
LaC 6H 6

+-C 6H 6 <43 (g) 
Nb +-C 6H 6 64±3 (g) 
NbC 6H 6

+-C 6H 6 49±3 (g) 
Sc +-C 6H 6 50±3 (g) 
ScC 6H 6

+-C 6H 6 50±3 (g) 
62±5 (c) 

VC 6H 6
+-C 6H 6 57±5 (c) 

50±3 (g) 
YCçH 6

+-C 6H 6 

Co*-Fe 
47±3 (g) YCçH 6

+-C 6H 6 

Co*-Fe 62±5 (t) 66±7 (r) 
Cr +-Fe 50±7 (t) 
Cu+-Fe 53±7 (t) 
Fe+-Fe 62±5 (t) 56< χ <67 (u) 
La +-Fe 48±5 (v) 
Nb+-Fe 68±5 (t) 
Ni +-Fe 64±5 (t) 
Sc +-Fe 48±5 (t) 
Ta+-Fe 72±5 (t) 
Ti +-Fe 60±6 (t) 
V+-Fe 75±5 (w) 
CoFe +-C 6H 6 48±5 (g) 
NbFe +-C 6H 6 48±5 (g) 
ScFe +-C 6H 6 47±4 (g) 
VFe +-C 6H 6 50±7 (g) 

(a) Hettich, R.L. ; Freiser, B.S. J. Am. Chem. Soc. 1986, 106, 2537. 
(b) Beauchamp, J.L., private communication. (c) Reference 58. (d) 
Armentrout, P.B.; Halle, L.F.; Beauchamp, J.L. J. Am. Chem. Soc. 
1981, 103, 6501. (e) Halle, L.F.; Armentrout, P.B.; Beauchamp, J.L. 
Organometallies 1982, 1, 963. (f) Armentrout, P.B.; Beauchamp, J.L. 
J. Am. Chem. Soc. 1981, 103, 784. (g) Reference 59. (h) Hettich, 
R.L.; Freiser, B.S. J. Am. Chem. Soc. 1987, 109, 3543. ( i ) Reference 
45. (j) Jacobson, D.B.; Byrd, G.D.; Freiser, B.S. Inorg. Chem. 1984, 
23, 553. (k) Jacobson, D.B. ; Freiser, B.S. J. Am. Chem. Soc. 1985, 
107. 5870. (1) Reference 42. (m) Huang, Y. ; Freiser, B.S. J. Am. 
Chem. Soc.. submitted. (n) Buckner, S.W.; Gord, J.R.; Freiser, B.S. 
J. Am. Chem. Soc. 1988, HO, 6606. (o) Murad, E. J. Chem. Phvs. 
1980, 21, 1381. (p) MacMahon, T.J.; Jackson, T.C.; Freiser, B.S. ^ 
Am. Chem. Soc. 1989, 111. 421. (q) Hanratty, M.A.; Beauchamp, J.L.; 
Andreas, J . I . ; van Koppen, P.; Bowers, M.T. J. Am. Chem. Soc. 1988, 
110. 1. (r) Jacobson, D.B. ; Freiser, B.S. J. Am. Chem. Soc. 1984, 
106. 4623. (s) Jacobson, D.B.; Freiser, B.S. J. Am. Chem. Soc. 1984, 
106. 3900. (t) Reference 60. (u) Brucat, P.J.; Zheng, L.-S.; 
Pettie t t e , C.L.; Yang, S.; Smalley, R.E. J. Chem. Phvs. 1986, £4, 
3078. (v) Huang, Y.; Freiser, B.S. J. Am. Chem. Soc. 1988, HO, 387. 
(w) Reference 39. 
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4. FREISER Determining Metal—Ligand and Metal—Metal Bond Energies 67 

Conclusion 

Less than 10 years ago, there was a d i r t h of information on gas-
phase metal ion-ligand bond energies. Starting with the ion-beam 
technique, a concerted effor t by many laboratories using a growing 
number of techniques has allowed considerable progress to be made. 
It i s evident i n the l i t e r a t u r e , however, that many of these values 
are not "carved i n stone" and that further refinement w i l l be forth
coming. The development of new methods i s important, therefore, i n 
checking these numbers to obtain a consensus and, therefore, 
confidence i n these important thermochemical values. The FTMS, as 
shown above, combines a number of diverse methods for determining 
bond energies with an almost unique a b i l i t y for generating and 
studying novel metal ion systems. 
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Chapter 5 

Gas-Phase Thermochemistry of Organometallic 
and Coordination Complex Ions 

David E. Richardson, Charles S. Christ, Jr., Paul Sharpe, Matthew F. Ryan, 
and John R. Eyler 

Department of Chemistry, University of Florida, Gainesville, FL 32611 

Recent thermochemical results from gas-phase ion cyclotron 
resonance studies of organometallic compounds and 
coordination complexes are summarized. Reactions of 
dihydrogen, alkenes, alkynes, nitriles, and other substrates with 
d0 Cp2ZrCH3+(g) and d 1 Cp 2Zr +(g) lead to estimates for 
minimum differences in dissociation enthalpies for various Zr-R 
bonds. Appearance potential studies have been used to provide 
a preliminary estimate of D(Cp 2 Zr + -CH 3 ) . Gas-phase charge
-transfer bracketing and equilibrium methods have been used to 
determine the adiabatic free energies of electron attachment to 
species such as metallocenium ions (Cp2M+(g)), Cp2Ni(g), 
M(acetylacetonate)3(g), and M(hexafluoroacetylacetonate)3(g). 
When combined with other data in thermochemical cycles, these 
results can be used to obtain values for average gas-phase 
metal-ligand bond dissociation enthalpies and solvation free 
energies for organometallic ions and coordination complex ions. 

Relatively few studies of the thermochemistry of gas-phase metal-containing 
ions with condensed-phase counterparts have been reported. Such data 
reveal aspects of intrinsic molecular properties in the absence of solvation, 
thus eliminating a very significant energetic component in the 
thermodynamics of dissolved ions. A perusal of the important compilation of 
gas-phase ion thermochemical data by Lias et al. (7) reveals only a few entries 
for ionic metal species that are also stable in solution or the solid phase. In 
our research we have focused on the kinetics and thermodynamics of gas-
phase ion/molecule reactions that often feature metal-containing reactants 
that can be studied both in gas- and condensed-phases. Thus, the opportunity 
arises to investigate both intrinsic chemistry and thermodynamics rf such 

0097̂ 156/90AM2S-0070$06.00/0 
© 1990 American Chemical Society 
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5. RICHARDSON ET A L Gas-Phase Thermochemistry 71 

species as well as the effect erf solvation on the kinetics and energetics of 
fundamental chemical processes. In this article, we will review some recent 
results that pertain to the thermodynamics of metal-ligand bonds and charge-
transfer processes involving the loss or gain of an electron at a metal center 
(i.e., oxidation-reduction). We will focus exclusively on reactants with direct 
condensed-phase counterparts, such as metallocenes and metal tris-chelate 
complexes. 

Experimental 

We have applied the Fourier transform ion cyclotron resonance mass 
spectrometiy (FTICR-MS) technique in most of our studies. The basics of 
the technique have been reviewed (2), and applications erf the method to gas-
phase metal ion chemistry (3) and coordination compounds have been 
reviewed recently (4). Ion cyclotron resonance has been used for many years 
to study ion/molecule reactions involving traditionally organic reactants (5). 
Indeed, that body of work provides an important survey of the types of 
information that might be gained through studies of inorganic species. Here 
we will give only a brief overview erf the capabilities erf the instrument and 
techniques used in the work summarized. 

The heart of the instrument is a six-sided ion trap lexated in a high 
magnetic field. The trap is maintained in a high vacuum chamber at 
background pressures of ~ 10~9 torr, and neutrals are introduced into the 
system via leak valves or heated solids probes to give total pressures up to 
~ 10"5 torr. We use two FTICR instruments based on the Nicolet FTMS 1000 
at the University erf Florida, one with a 2 tesla field (maximum mass -2000 
amu) and one with a 3 tesla field (maximum mass -3000 amu). The former 
instrument has a custom made vacuum system that allows rather accurate 
determination erf pressures of neutrals in the ion trap. The latter instrument 
has a high m/z resolution and is particularly well-suited to studies erf high-
mass ions often encountered in stuelies erf metal compounds. 

Ions produced in the center erf the trap (usually by electron impact) are 
constrained by the magnetic field and applied potentials on the trapping 
plates to follow orbits within the cell and only slowly diffuse toward the walls. 
During the time the ions are trapped, they may have many collisions with 
neutral molecules in the trap, and these collisions can lead to thermalization 
erf the ions and may result in chemical reactions. At a neutral pressure of 10"6 

torr, the approximate pseudo first-order rate constant for ion-molecule 
collisions is 30 s"1. The ionic products erf ionization and subsequent reactions 
in the cell can be detected at any time mass spectrometrically by application 
of a broad range of radio frequencies and detection erf resonance at cyclotron 
frequencies corresponding to m/z values erf the ions present. Techniques are 
available that allow isolation erf one or more m/z value in the ion population 
by ejection erf all other ions, and this allows the reactions erf a particular ion to 
be followed directly. Fourier transform methexls, intrexluced by Marshall and 
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BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Comisarow (6), allow the rapid detection and signal averaging for a complete 
mass spectrum of the ion population of the trap. 

We have also applied more traditional mass spectrometric methods in 
the study of organometallic ions. For preliminary appearance potential 
determinations, compounds were admitted into a nearly field-free source and 
ionized by variable energy electron impact. Detection of ions is by 
acceleration into a quadrupole mass spectrometer equipped with a sensitive 
detector. Ramping of the electron ionization energy rapidly through the 
range of the appearance potential (AP) allows determination of the AP for 
constant source conditions. AP values determined on the current instrument 
are in good agreement ( ± 0.1 - 0.2 eV) with literature values when 
comparisons are available (Berberich, D. W.; Hail, M. E.; Johnson, J. V.; 
Yost, R. A. Int. J. Mass Spectrom. Ion Ρ roc, in press). 

Chemistry of Cp 2 ZrCH ? + (g) and Zr-R Bond Dissociation Enthalpies 

Cp 2 ZrCH 3

 + (g) (I, Cp = cyclopentadienyl) can be produced by electron 
impact ionization of Cp 2Zr(CH 3) 2 , and we have characterized the gas-phase 
reactions of this highly reactive ion with a number of substrates, including 
dihydrogen, alkenes, alkynes, and nitriles (7; C. Christ, J. R. Eyler, and D. E. 
Richardson, J. Am. Chem. Soc, in press; C. Christ, J. R. Eyler, and D. E. 
Richardson, submitted). Interest in this particular ion derives from a number 
of factors, some of which are summarized here. First, the study of the 
solution chemistry of highly electrophilic d° and d0?1 organometallic 
complexes has been rapidly expanding over the last several years (for leading 
references, see Ref. 8-12). In particular, these types of complexes, 
containing Ti(IV), Sc(IlI), or lanthanide(III) for example, are often efficient 
catalysts for C-H activation and the coordination polymerization of ethylene, 
and they are believed to be excellent homogeneous models for Ziegler-Natta 
catalysts (8). Second, Cr^ZrCT^ + is thought to be the reactive complex in 
the solution chemistry of [Cp 2ZrCH 3(S)n]+ (S= solvent, n = 1,2), which has 
been extensively characterized by Jordan and coworkers (12). Third, the 
mechanistic chemistry of a d° ion is limited in the sense that oxidative 
addition is not generally an energetically viable option; thus, its reactivity is 
not expected to include the oxidative addition/reductive elimination pathways 
commonly encountered in the chemistry of bare metal ions with hydrocarbons 
(13). The overall reactivity of I in the gas-phase is very similar to the solution 
chemistry of related d° early transition metal compounds. 

Relative Cp^Zr4" -R Bond Energies. Thermochemical information from the 
study of ion/molecule reactions of I can be obtained through identification of 
thermoneutral or exothermic reactions with partially known thermochemistry. 
Although not all exothermic reactions are observed in the FTICR due to large 
kinetic barriers or competing pathways, all reactions that are observed must 
be exothermic or near thermoneutral (assuming that the reactant ions are 
thermalized). Endoergicity of more than a few kcal mol"1 will usually lead to 
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5. RICHARDSON ET AL. Gas-Phase Thermochemistry 73 

reactions with efficiencies too low for detection in the ion trap prior to ion 
loss (kforward/kcollision < - M>"4). Although this method is only semi
quantitative in nature, it has provided some insight into Zr-ligand bond 
dissociation enthalpies for products of reactions of I with various substrates. 

As a simple example, consider the reaction of I with dihydrogen 
(Equation 1) (7). 

C p 2 Z r C H 3

+ + H 2 C p 2 Z r H + + C H 4 (1) 

The hydrogenolysis reaction proceeds at a near collisional rate, but the 
activation of methane, the reverse reaction, does not proceed at a measurable 
rate in the FTICR. Thus the equilibrium constant (=kÎ/kT) for Equation 1 is 
> 1, and the product Zr-H homolytic bond dissociation enthalpy, D(Cp2Zr+ -
H), is therefore greater than D(Cp2Zr + -CH 3) since D(H-H) = D(H3C-H) = 
104 kcal mol"1. (Note that entropy changes in Equation 1 and following 
transformations are assumed to be negligible.) The difference in the Zr bond 
dissociation enthalpies cannot be derived from the data, but the order is 
typical for known condensed-phase organometallics and is opposite that 
usually observed for M r C H 3

+ and M - H + ions in bare metal ion chemistry 
(13) . In particular, for the closely related zirconium(IV) complex Cp*2ZrR^ 
(Cp*=pentamethylcyclopentadienyl), D(Zr-H) - D(Zr-CH3) - 10 kcal mol"f 

(14) . 
Another example involves the reaction of C p 2 Z r C H 3

+ with benzonitrile 
to produce the phenyl complex (Equation 2). The organic part of this 

C p 2 Z r C H 3

+ + C 6 H 5 C N - Cp2ZrPh + + CH 3 CN (2) 

transformation (Equation 3) is endothermic by 8 ± 2 kcal mol"1. Thus, for 

C H 3 + C 6 H 5 C N -* Ph + CH 3 CN (3) 

the homolytic Zr-R bond enthalpies, D(Cp2Zr+-Ph) - D(Cp 2 Zr + -CH 3 ) > ca. 
8 kcal mol"1. This result is consistent with other thermochemical differences 
between M-Ph and M-CH 3 bond dissociation enthalpies in d0?1 complexes. 
For example, Marks and co-workers found D(Th-Ph) - D(Th-CH3) = 13 ± 3 
kcal mol" in C p ^ T h l ^ (15). From other observed reactions and 
thermochemical data, D(Cp2Zr+ -R) > DiCp^Zr* -CH 3) for the following R 
groups in Cp 2 ZrR + (minimum derived difference in kcal mol"1 in 
parentheses): -OH (-14), -C=CH (-20), r̂ -alryl (-2), -CH=C=CH 2 (-4). 
The results are generally in accord with experience for other organometallic 
thermochemistry, but the method is clearly incapable of giving absolute 
values of dissociation enthalpies for the various metal-ligand bonds. 

Absolute Zr-R Bond Dissociation Enthalpies. It is desirable to determine the 
absolute Zr-R bond dissociation enthalpies in gas-phase Cp 2 ZrR + ions. We 
have used two methods to estimate these quantities. 
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74 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

The first approach is to investigate the reactivity of the d 1 radical ion 
Cp 2Zr +(g) (II), which is also formed in the electron impact ionization of 
Cp 2Zr(CH 3) 2(g). The general reaction of interest is given in Equation 4. 

C p 2 Z r + + RX ^ Cp 2 ZrX + + R (4) 

The abstraction of a radical X from the substrate will only occur efficiently if 
the reaction is exothermic or near thermoneutral (in the absence of 
significant entropy change). II was found to abstract CI from CC14, C C l ^ , 
and HCCI3, thereby placing a lower limit on the homolytic D(Cp 2Zr + -CI) (rf 
-81 kcal mol"1. By observation (rf other atom and group abstraction 
reactions analogous to Equation 4, the following lower limits were established 
(kcal mol'1): D(Cp2Zr +-Br) > 83; D(Cp2Zr + -OCH 3 ) > 57; D(Cr>>Zr+-
SCH 3) > 67; D(Cp2Zr + -N0 2 ) > 70. Many (rf these bond enthalpies are 
likely to be much larger than the lower limits, but an absence erf atom and 
group transfer substrates with higher bond dissociation enthalpies and 
multiple reaction pathways found for many substrates limits the applicability 
<rf the method. 

We have recently initiated appearance potential (AP) studies in an 
attempt to determine D(Cp 2 Zr + -CH 3 ) . AP measurements have many well 
known limitations, but they are nevertheless a common source of 
thermochemical data (7). To obtain the desired Zr-C bond enthalpy, the AP 
values for eqs 5-7 must be considered. 

Cp 2Zr(CH 3) 2 + APj = C p 2 Z r C H 3

+ + CH 3 " (5) 
Cp 2Zr(CH 3) 2 + A P 2 = C p 2 Z r C H 3

+ + C H 3 + e" (6) 
Cp 2 Zr(CH 3 ) 2 + A P 3 = C p 2 Z r + + C 2 H 6 + e" (7) 

APj and A P 3 are expected to be the lowest energies required to produce 
Cr>2ZrCH3

+ and C p ^ r * , respectively. D(Cp2Zr + -CH 3) is then given by 
AP 3 - APj + D(H 3C-CH 3) + AH a (CH 3 ) , where the last quantity is the 
enthalpy of electron attachment to methyl radical. Experimentally, ΑΡχ « 
AP 3 = 7.7 ± 0.2 eV, and therefore D(Zr-CH3) = 86 ± 7 kcal mol'1. The 
reaction for APj probably has a lower cross section than that erf AP 2 , and if 
the observed threshold is in fact AP 2 , D(Cp 2 Zr + -CH 3 ) would be 88 ± 7 kcal 
mol"1. This value can be compared to the analogous bond dissociation 
enthalpy values given by Schock and Marks (14) for the neutral complex 
Cp*2Zr(CHj)2. Experimentally, they determined D(Zr-CH3) = D(Zr-Cl)-
49 kcal m o l , and, assuming D(Zr-Cl) = 115.7 kcal mol'1, they estimate 
D(Zr-CH3) = 67 ± 1 kcal mol"1. The AP-derived D(M-CH3) for I is much 
higher than usual values found for M-CH 3 bonds in both coordinatively 
saturated and unsaturated complexes, and application of alternate 
approaches to determination of the bond enthalpy in I and related ions 
clearly would be of interest. 
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5. RICHARDSON ET A L Gas-Phase Thermochemistry 75 

Electron Attachment to Gas-phase Metal Complexes 

For a particular redox couple, thermodynamic information on the intrinsic 
molecular properties of the oxidized and reduced forms of the complex can be 
obtained directly by determination of the thermodynamics for the gas-phase 
reaction given in Equation 8, where η is the overall charge on the oxidized 
form. 

AX a 

M^ n(g) + e . ML y(n- 1)(g)(X = G,H,orS) (8) 

The negative value of the enthalpy change for Equation 8 when η = 0 is 
defined (7) as the electron affinity (EA) of the oxidized species when the 
oxidized and reduced species are in their ground rotational, vibrational and 
electronic states (0 K). At any temperature for any value of η (0, positive, or 
negative), the thermodynamic state functions for Equation 8 are given by Δ Χ 3 

(X = G, H, or S), and the thermochemistry of electron attachment can be 
defined in the ion convention ("stationary electron convention") (7). The 
relationship between EA and AG a is given by Equation 9. A similar 
relationship applies for adiabatic ionization energies. 

E A = - A G A - TAS + icp (A*) dT - [cp (A) dT (9) 
J 0 J 0 

Methods for obtaining values of Δ Χ 3 for gas-phase neutrals and cations 
have been described in the literature (7). Estimates of adiabatic electron 
affinities (M°/~) and adiabatic ionization potentials (alP, M 0 / + ) of neutral 
molecules have been obtained in many cases through investigations of charge-
transfer equilibria between pairs of neutral molecules and their parent ions. 
EA values for over two hundred compounds have been determined that span 
a range of -0.8 to - 3 eV (76), and a large number of alP values have also 
been reported (77). Charge-transfer equilibria (Equation 10) for cations or 

A + /"(g) + B(g) A(g) + B + /-(g) (10) 

anions have generally been studied by using ion cyclotron resonance mass 
spectrometry or pulsed high pressure mass spectrometry (PHPMS). Values 
for Δ Χ 3 (X = G , H, and S) for a new molecule (say, B) can be deduced from 
the temperature dependence of the equilibrium constant of Equation 10 if the 
corresponding values of Δ Χ 3 for A are known. If no reference compounds are 
available that come to equilibrium with B, charge-transfer bracketing 
between two reference compounds can be used to estimate A G 3 ( B ) . 
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76 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Experimental Results. The solution redox potentials (18) and gas-phase 
photoelectron spectroscopy of metallocenes (79) have received much 
attention in the literature. We have recently used charge-transfer equilibria 
in the FTICR-MS to determine the values of A G 0 for several metallocenium 

a 
ions (Figure 1). Reference compounds are not widely available for alP values 
< 6.8 V, so the absolute values for many metallocenes of lower IP have not 
yet been determined. However, alP values in the desired range are known 
(77), and we are continuing these studies. 

We have also determined AG a values for electron attachment to a 
number of neutral metal complexes by charge-transfer bracketing and 
equilibrium experiments with organic acceptors (Figure 2). One 
metallocene, Cp2Ni, was known to form a stable negative ion from early 
studies by Beauchamp and coworkers (20). Many A G 3 values have also been 
determined for electron attachment to the first row transition metal 
tris(acetylacetonate) (M(acac)3) and tris(hexafluoracetylacetonate) 
(M(hfac)3) complexes (P. Sharpe and D. E. Richardson, submitted). This 
process involves the formal reduction of the metals from the 3+ to 2+ 
oxidation states, and the variation of the M(acac)3°/" values with atomic 
number is qualitatively similar to that observed for the [ M ^ O ^ ] 3 + / 2 + 

couples. 

Thermochemical Applications of Electron Attachment Energies. Although 
Δ Χ 3 values for Equation 8 are of intrinsic interest, they also provide an 
important component of thermochemical cycles involving oxidation-reduction 
of metal complexes (Figure 3). The upper and lower cycles of Figure 3 can be 
used to obtain values of average heterorytic gas-phase M-L bond energies and 
the solvation thermochemistry of the species involved, respectively. Gas-
phase homolytic M-L energies can also be derived from related cycles. 
Values of Δ Χ 3 are then crucial to a more complete understanding of the 
various thermochemical contributions to electrode potentials for metal 
compounds since they allow a breakdown of the observed potentials into 
bonding and solvation components. Note that the solution redox couple in 
Figure 3 is defined by the single electrode potential (E s °) rather than the 
standard electrode potential (values of E s ° can be estimated by adding 4.44 V 
to the value of E° vs. NHE) (21). In view of the accepted convention for 
writing electrode potentials as electron attachments, we have adapted a 
convention in which all gas-phase processes involving a free electron are also 
written as electron attachments with thermochemistry defined by the notation 
Δ Χ 3 . 

Derived bond dissociation enthalpies for metallocene ions are given in 
Table I. These values assume that AS 3 is negligible and, for the heterorytic 
D(M-Cp) values, thatAHa for Cp 0 / " = -40 ± 5 kcal mol"1 (/). Corrections for 
junction potentials in electrochemical data were not applied. 

An interesting point concerning results in Table I is that for M = V, Ru, 
and Ni both oxidized and reduced forms of a metallocene have the same 
values of homolytic bond dissociation enthalpies within the estimated error 
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RICHARDSON ET AL. Gas-Phase Thermochemistry 

+

 Δ ^ 3 
M + e 4 » M 

Mn 

Figure 1. Free energy ladder for electron attachment to metallocenium ions, 
Cp 2 M + , as deduced by charge-transfer equilibria. Reference compounds 
(Ref. 17) are shown on the left with - A G A values. Values of A G R X N (Equation 
8) are shown on the vertical lines for various equilibria, and derived values 
of - A G 3 for the metallocenes are shown on the right. Values in parentheses 
are estimates. Temperature -350 K. 
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BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

CN 

CN V C N 

Chlorine atom 83.4-
CN 

Mn(hfac>3 (106) 

J Co(hfac)3 (94) 

•—Fe(hfac ) 3 (90) 

CI CI 
W 

F F 

F F 

Cl Cl 

-73.0-

62.8-

61.1-

-V(hfac)371.5j 
| Ti(hfac)3 69 

Cr(hfac)3 67 

j~Sc(hfac)364 

CN 

Cl 

O = < ^ = O - 5 6 . 0 - J 

Cl 

V_Ga(hfac) 3 60.1 

Mn(acac)3 59 

48.7-

— 45.3-

42.7-

NC50^NO : 

N ° 2 ^ T ^ " C N ~ 3 8 , 8 " 
o V - / 

I N H 26.3-
< 
Ο 

N02-<f>-CH3 - 2 1 . 3 -

0 

CHq CHq 

4 J H N 0 2 

19.5— 

Co(acac)3 47 

Fe(acac)343.0 

Ru(acac)338.7 

V(acac)3 24.9 

Crfacac^ 20 

Cp 2 Ni 19.7 

QIO) - 17 .3 -

Figure 2. Free energy ladder for electron attachment to metal complexes 
deduced from charge-transfer equilibria and charge-transfer bracketing. 
Reference compounds are on the left, and derived values of - A G A are on the 
right. Values of A G R X N are not shown to simplify the graphic, but charge-
transfer equilibria were determined for those complexes connected to 
reference complexes by a solid line. Temperature -350 K. 
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5. RICHARDSON ET AL. Gas-Phase Thermochemistry 

limits. With respect to the thermochemical cycles used to derive the 
tabulated values, this arises from the nearly equal values for - Δ Η 3 for 
Cp2M(oxidized) and the relevant ionization energies for the free metal atom 
( V * / V , Ru + /Ru, and Ni/Ni"). In the case (rf ferrocene, Δ Η 3 (Fe+ (g) + e = 
Fe(g)) is more exothermic than Δ Η 3 (Cp^Fe* ) by - 2 7 kcal mol"1, and this 
results in the difference of - 14 kcal mol for the homolytic D values for 
Cp2Fe and Cp2Fe + . Note that the larger homolytic bond enthalpy for 
Cp2Fe + relative to Cp2Fe would not be predicted from the increased M-C 
bond lengths in the cation relative to the neutral (22), thus illustrating the 
absence (rf a direct connection between bond energies and the ground state 
bonding in a molecule. 

Table I. Mean Bond Dissociation Enthalpies and Differential Solvation Free 
Energies for Metallocenes 

Cp 2 M M 2 + - C p M 3 + - C p - M-Cp- M + -Cp- M G s o l v 

C p 2 F e + / ° 317 593 79 93 41 (CH3CN) 

C p 2 V + / ° 302 562 95 95 61 (THF) 

C p 2 R u + / ° 331 577 94 96 -

M +-Cp" M 2 + - C p M-Cp- M-Cp M G s o l v 

Cp 2 Ni°/- 124 324 64 67 -49 ( Œ 3 C N ) 

est errors ± 10 ± 10 ± 7 ± 7 ± 5 

Differential solvation free energies ( M G S O 1 V = A G s o l v ( C p 2 M n * 1 ) -
AG s o l v (Cp 2 M n ) ) for theCp 2 M + / 0 (n = 1) andCp^i 0 /" (n = 0)couplesare 
also summarized in Table I. According to the Born equation, electrostatic 
solvation free energies (Equation 11) are modelled by a conducting sphere of 
radius r and charge q in a dielectric continuum with dielectric constant e. 

A G c 1 = V/2/-0 -1/6) 

This equation sometimes has been misinterpreted in the literature as 
predicting AG s oj v(ion) values, e.g., for the process A + (g) = A+(solv). The 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
5



80 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

proper definition for A G c 1 is the electrostatic free energy change when a 
charge from a conducting sphere in a vacuum is transferred to a sphere of 
equal radius in the dielectric medium. Thus, for couples of the type 
Cp 2 M + / ° , M G s o 1 v as defined above is given theoretically by - A G c 1 since the 
effective radii of metallocene neutrals and ions are roughly equal (22). 
Assuming r = 3.8 Â, which is veiy close to the average radius of a 
ferrocenium ion, Equation 11 predicts M G s o 1 v ° = 43 kcal mol"1 for Cp2Fe + / 1 

in acetonitrile. For Cp2Ni~/°, using the same radius, theoretical 
M G s o 1 v ° = -43 kcal mol'1. The case of C p 2 V + / ° is known to be anomalous 
(18\ and the oxidized form probably is a bent metallocene with at least one 
coordinated solvent. Therefore, for the simple cases of Cp2Ni and Cp2Fe, the 
dielectric continuum model of the Born equation apparently provides a good 
estimate of the differential solvation energies given in Table I. This 
observation is in retrospect not so surprising given the roughly spherical 
structure of the metallocenes and the absence of specific interactions, such as 
Η-bonding, between the solvent and the molecules. 

Again assuming that A G A is a good estimate for Δ Η 3 , average 
heterolytic bond disruption enthalpies, D ( M 2 + -(acac)~), can be derived for 
the M(acac)3" ions (Figure 4). It is noteworthy that the minimum D(M 2 + -
(acac)") in the series is found for Μ = Μη, which would be predicted for the 
high-spin d 5 ion by ligand field theory. Differential solvation free energies 
can also be estimated for the M(acac)3" complexes from the difference (AG 3 -
A G s ° ) , and an estimated value for M G s o 1 v for Ru(acac)3" in aqueous solution 
is found to be -60 ± 5 kcal mol'1. This value is about twice that predicted by 
the Born equation (Equation 11) with r = 5.8 Â (the distance to the ligand 
periphery) and strongly suggests significant solvent interpénétration between 
the essentially planar acac ligands and, perhaps, specific interactions with 
solvent. 

Entropy Effects 

It should be noted that statistical mechanical considerations suggest that 
values of T A S 3 for some transition metal complex couples are significant due 
to large changes in frequencies of M-L vibrational modes (e.g., low-spin 
Co(III) + e = high-spin Co(II); P. Sharpe and D. E. Richardson, in 
preparation). The contributions of T A S 3 to A G 3 may be large enough to 
invalidate the assumption used above that A G 3 = Δ Η 3 , but the general points 
made here concerning D(M-L) values derived from the present work are 
expected to hold. We are currently investigating methods for studying the 
temperature dependence of charge-transfer equilibria in the FTICR-MS in 
the hope that we can further characterize the entropie contributions in these 
processes. 

Conclusions 

Thermochemical data for gas-phase neutrals and ions are fundamental to the 
understanding of the thermodynamics of molecular transformations. 
Furthermore, such data is valuable for comparisons to the results of quantum 
mechanical calculations of electronic energies since the theoretical models do 
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M n (g) + e 

Y[AXhet (Mn -L)] avg 

M n L Y (g) + e-

ΔΧ 

AX(solv) 

M" U (soin) + e 

ΔΧα 

AXs 

M * 1 " 1 » (g) 

Y[AXhet (M*-" -L)]avg 

M ! " - 1 ) U (g) 

AX(solv) 

• M ( n " 1 ) U (soin) 

X = S.G.H 
Figure 3. Thermochemical cycles for electron attachment to free metal ions, 
gas-phase metal complexes, and solvated metal complexes. A X H E T refers to 
heterorytic bond disruption (M-L -> M + :L). 

ο ο 

500 
480 
460 
440 
420 

M u l (acac) 3 

X 
< 

280-
260· 
240-
220 
200· 

7 ? M"(acac) 3" 

—I r— 

Sc Ti V Cr Mn Fe Co 

Figure 4. Average heterorytic bond enthalpies for M(acac)3 and M(acac)3" 
complexes. Dashed lines connect those complexes with no net ligand field 
stabilization (dashed line on anion data drawn arbitrarily for purposes of 
illustration). Values for M(acac)3 taken from Ref. 27. 
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82 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

not normally include solvation. Comparisons of gas-phase and solution 
reactivity for metal complex ions can also be instructive about the role (rf 
solvent in the rates (rf reaction pathways (25-26). The techniques described 
here illustrate several approaches (and their limitations) for determination of 
relative and absolute bond energies in gas-phase organometallic ions. Other 
methods, such as beam techniques and photoionization, will also be 
important in defining these quantities experimentally. Appearance potential 
measurements have not been widely applied in organometallic 
thermochemistry, but the preliminary results reported here suggest that 
further efforts with sophisticated instrumentation may be profitable. The 
central role of gas-phase electron attachment thermodynamics in separating 
bonding and solvation contributions to solution electrode potentials can be 
clearly seen in this work. These various gas-phase ion techniques would 
appear to find virtually limitless applications to the thermochemistry erf 
organometallic compounds and coordination complexes. 
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Chapter 6 

Ionization Energy—Bond Energy Relationships 
in Organometallic Chemistry 

Dennis L. Lichtenberger and Ann S. Copenhaver 

Laboratory for Electron Spectroscopy and Surface Analysis, Department 
of Chemistry, University of Arizona, Tucson, AZ 85721 

The relationships between ionization energies and bond energies are 
implicated in numerous photoelectron investigations. The foundations 
of these relationships are developed and presented here. The quantita
tive accuracy and limitations of using ionization energies to obtain bond 
dissociation energies are illustrated with results on single- and multiple
-bonded diatomic molecules. The principles that emerge from this 
analysis are then used to evaluate the bond energies in Mn2(CO)10, 
Mn(CO)5H, Mn(CO)5CH3, Cp2Nb(CO)CH3 and Cp2Nb(CO)H. The ion
ization energies are particularly useful because of their direct 
relationships to other thermodynamic quantities through energy cycles, 
and can be used as a check of other thermodynamic information. In 
some cases, bond energy information may be obtained from the ioni
zation energies which is difficult to measure by other chemical or 
thermodynamic methods. The technique has the further advantage that 
it allows separation of individual symmetry orbital or electron distri
bution contributions to the total bond. 

Knowledge of individual thermodynamic bond energies in molecules and fragments is 
essential for understanding and systematizing chemical behavior. Unfortunately, it has 
generally proven difficult to obtain quality thermodynamic information for wide ranges 
of molecules, especially organometallic complexes.(i) Alternative methods for 
obtaining thermodynamic information, particularly methods that can be independently 
related to other chemical or kinetic measurements, are necessary for developing 
consistent knowledge of bond energies. The ionization energy of an atom or molecule, 
at the most basic level, is a well defined thermodynamic quantity that can be precisely 
measured. Ionization energies are often used in thermodynamic cycles. Common 
examples are the use of ionization energies in Born-Haber cycles of ionic 
compounds(2) and the use of ionization energies with appearance potentials for 
determining proton affinities.(3) Detailed understanding of the chemically important 
valence ionizations of a species is closely related to its thermodynamic stability or 
chemical reactivity. Since any physical or chemical transformation will alter the valence 

0097-6156/90/0428-0084$06.00A) 
© 1990 American Chemical Society 
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6. LICHTENBERGER & COPENHAVER Ionization Energy and Bond Energy 85 

electronic structure as bonds are compressed, elongated, broken, or formed, the 
amount of bonding lost in a valence ionization event is one factor that determines the 
ionization energy. Walsh pointed out over four decades ago that a molecular 
ionization energy characterizes both the orbital which is ionized as well as the 
contribution which that orbital makes to the bond strength.(4) 

Often times the ionization potentials of a molecule are only loosely and 
qualitatively related to the strengths of the bonds. The fundamental question 
addressed here concerns the precise relationships between measured ionization energies 
and bond energies in molecules. The purpose here is to clarify the exact equations 
that relate ionization energies and bond energies and to illustrate some useful 
principles which emerge. The correlations are discussed in terms of simple bonding 
models. 

Covalent Bonds and Ionization Energies. 
The Hydrogen Molecule. The first step toward investigating the relationships between 
the bond dissociation energy of a molecule and the molecular ionization energy from 
photoelectron spectroscopy is to examine the simplest molecular case. The energy 
cycle which includes the ionization of the hydrogen molecule(5) and the bond 
dissociation energy is shown in Figure 1.(6) The vertical ionization energy is 
designated here as IP(H2). The potential curve for the neutral hydrogen molecule 
traces at large internuclear separation to the dissociation of two neutral hydrogen 
atoms. Similarly, the potential curve for the hydrogen molecule positive ion traces to 
the dissociation of one hydrogen atom and a proton. The energy separation between 
the two dissociation limits is the ionization energy of a hydrogen atom, designated 
ΙΡ(Η·). 

These energies are related simply by the following exact equation: 

IP(H2) + D(H2

+) = ΙΡ(Η·) + D(H2) (1) 

D(H2) is the bond dissociation energy of molecular hydrogen, and D(H2

+) is the bond 
dissociation energy of the H 2

+ molecular cation. To be consistent, IP(H2) and D(H2

+) 
are measured from the same vibrational level of the H 2

+ ion. Collecting the ionization 
energies on one side and the dissociation energies on the other side gives: 

IP(H2) - ΙΡ(Η·) = D(H 2)-D(H 2

+) (2) 

Equation 2 shows that the difference between the ionization potential of the H 2 

molecule and the ionization potential of the dissociated hydrogen atom(7) is the bond 
energy lost upon ionization. Knowledge of any three of the quantities in Equation 2 
provides knowledge of the fourth quantity. This relationship is used extensively by 
Herzberg to determine the bond dissociation energies of molecular cationic species 
from knowledge of the ionization energies and the dissociation energy of the neutral 
molecule.(9) As another example, the dissociation energy of the bond in the molecular 
cation is often obtained from the appearance potential of the dissociated cation 
fragment (measured by mass spectrometry) minus the molecular ionization energy, and 
these are in turn used to obtain the dissociation energy of the bond in the neutral 
molecule. 

If there is no independent information that gives the bond energy in the neutral 
molecule or in the positive ion state, an additional relationship must be introduced to 
obtain the bond energies from the ionization energies. A simple first approximation 
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86 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

is that the ionization of an electron from the covalent electron pair bond destroys half 
the bond.(8) 

D(H2) « 2 · [D(H2

+)] (3) 

This will be called the bond order approximation. It might be noted that this 
approximation is at the heart of the Huckel MO method. Using this approximation: 

IP(H2) - ΙΡ(Η·) = D(H2) - D(H2

+) 
« D(H2) - 1/2 D(H2) 
« 1/2D(H2) (4) 

Note that this bond order approximation applies without changing or relaxing the 
distance between the two atoms. Thus the vertical ionization energy, rather than the 
adiabatic ionization energy, is the correct energy to use in the application of this bond 
order approximation to Equation 4. Using the vertical ionization potential of H 2 and 
the atomic ionization potential of H, a bond dissociation energy of 4.70 eV is obtained. 
Despite the extreme simplicity of this bond order approximation, this value is in good 
agreement with the known Do(H2) of 4.478 eV.(9) This approximation provides a 
bond energy estimate that is correct to within about 5% of the true bond energy for 
H 2 . We find later that this assumption generally applies well provided that the 
covalent bond is reasonably strong. In the absence of other approximations, this bond 
order approximation provides an upper bound to the true dissociation energy. 

A better estimate of the bond energy from the ionization energies is obtained 
from a more complete understanding of the nature of the bond. Theoretical models 
represent the bond in the hydrogen molecule with a 94% contribution of a covalent 
term and a 6% contribution of ionic terms.(lO) The bond order approximation applies 
only to the covalent portion. As we will show again later, the contribution of the ionic 
portion to the bond energy is essentially lost with ionization. Equation 2 can be 
generalized as follows: 

IP(H2) - ΙΡ(Η·) = D(H 2)-D(H 2

+) 
= D(H2) - k · D(H2) 
= (1-k) · D(H2) (5) 

where k is the ratio of the bond energy in the positive ion to the bond energy in the 
neutral molecule, D(H2

+)/D(H2). This is still an exact equation provided that the 
value of the proportional bond strength, k, is precisely known. The value of k 
depends on the degree of bond covalency. If the bond energy is decomposed into 
covalent energy ( ϋ ^ ^ , ) and ionic energy (D ionic) portions, then: 

1/2 Dcovaient 1/2 D o l e n t 

k « = (6) 
D(H2) D 

covalent Djonjc 

If an electron is removed from a completely covalent bond, half of the bond order is 
removed and the remaining bond is approximately half as strong as the original. In 
this case k « 0.5. If ionization occurs from a completely ionic bond, then the negative 
ion of the ionic bond becomes neutral, and the ionic bond is completely lost. In this 
case k « 0. Using the 6% ionic character for H 2 molecule, k is then found to be 0.47 
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6. LICHTENBERGER & COPENHAVER Ionization Energy and Bond Energy 87 

and the estimated bond dissociation energy is 4.43 eV versus the experimentally 
determined 4.478 eV value. This is within 1% of the correct value. Thus, these very 
simple models and concepts of bonding lead to a close agreement with the 
experimentally determined bond energy of H 2 . 

Halogens. The same principles can be applied to the ionization energies and bond 
energies of the halogens, although there is a greater number of valence electrons to 
be considered and there is also the presence of σ and π symmetry interactions. The 
low energy photoelectron spectra of the halogens,(1M6) X 2 (X= F, Cl, Br, I), exhibit 
three different valence ionization events corresponding to different states of the 
positive molecular ions. The first and second lowest ionizations, the ng and Π„ 
respectively, correspond to the antibonding and bonding π combinations on the 
halogens. The ionization at highest ionization energy is assigned to the sigma bond, 

(see Table I). 
The appropriate states of the dissociated atoms and ions for application of the 

bond order approximation that was illustrated for the H 2 molecule must be identified. 
Using the Cl 2 molecule as an example, the energies of the appropriate molecular and 
atomic electronic states are illustrated in Figure 2. The bond dissociation of the Cl 2 

molecule results in two neutral CI atoms in the ground state. In dissociating a Cl 2

+ 

positive ion, there are two choices for the electronic state of dissociated Cl + to be 
used with the bond order approximation. The electron could have originated from one 
of the two molecular π combinations. Using the first ionization potential of Cl^ 
corresponding to the 2 Π ^ , and Equation 1, the bond dissociation energy of Cl 2

+ is 
reported by Herzberg(9) to be 3.9 eV as compared with the neutral Cl 2 bond 
dissociation energy of only 2.5 eV. The bond's energy has increased by 1.4 eV upon 
removal of an electron from the ionization of an antibonding π orbital to form the 
2Tl#a state. This bond energy change is given directly by the difference in energy 
between the molecular ionization and the atomic ionization to the 3 P 2 state. Thus the 
3 P 2 state is appropriate for correlation to the molecular π ionizations. Note in 
Figure 2 that the molecular π bonding and antibonding states essentially cancel each 
other with respect to the atomic 3 P 2 state. Thus, the π bonding combination is 
stabilized the same amount as the π antibonding combination is destabilized from the 
atom's 3 P 2 state. The average energy of the molecular Ilu and Il g states are within 0.1 
eV of the respective atomic 3 P 2 states for all the halides. 

If the hole that is produced on ionization corresponds to the molecular sigma 
bond, the final state of the dissociated Cl + cation should appropriately correlate with 
this molecular state for application of the bond order approximation. The atomic 
cation state which best reflects the loss of the sigma bound electron is the *D2 state. 
This state corresponds to the atomic electron paired 2s^p4 valence occupation that 
results from removal of the unpaired electron that formed the bond. Using the 
ionization values for the molecular state and the final state *D2 for Cl + in 
Equation 2, a bond dissociation energy for Cl 2

+ from this state is found to be 0.8 eV. 
This is less than half the dissociation energy of the neutral molecule. As a 
consequence, application of Equation 4 to estimate the bond dissociation energy from 
the ionization energies results in a value which is too large (Table I). 

The nature of the molecular ionization and the final state of the dissociated cation 
must be understood for quantitative applications of these principles. In Table I, the 
bond dissociation energies for several homonuclear diatomic molecules are calculated 
using Equation 4 and are compared to the dissociation energies found by spectroscopic 
means. The dissociation energy determined from ionization energies decreases from 
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88 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

00 1.0 2.0 20 4j0 50 60 
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Figure 1. Molecular hydrogen bond dissociation and ionization diagram. 
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Figure 2. Experimental ionization correlation diagram for Cl 2, HC1 and NaCI. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
6



6. LICHTENBERGER & COPENHAVER Ionization Energy and Bond Energy 89 

Table I Experimental and Calculated Bond Dissociation Energies (in eV) for 
Homonuclear Diatomics 

Do(exp)« Atomic* D(calc)* % Err 

H 2 4.478(1) 15.95(2) - % 13.60 4.70(3) 6 
F 2 1.602(1) 20.8f 15.83(3)b 

15.87(3) 
18.98(3) 
19.02(3) 

3 P 2 

% 

17.43 
20.01 
22.99 

Cl 2 2.479(1) 16.08(2)b 11.59(2)b 

11.67(2) 
14.42(2) 
14.50(2) 

3 P 2 
! D 2 

12.97 
14.42 
16.42 

3.32(3) 34 

Br2 1.971(1) 14.60(2)c 10.56(2)c 

10.91(2) 
13.08(2) 
13.34(2) 

3 P 2 

'D 2 

% 

11.82 
13.31 
15.26 

2.58(3) 31 

h 1.542(1) 12.95(2)d 9.36(2)d 

9.98(2) 
11.03(2) 
11.82(2) 

3 P 2 
10.45 
12.15 
14.50 

1.60(3) 4 

f The photoelectron spectrum of F 2 does not show the σ ionization, although it is 
known to be slightly greater that 20 eV. This value is the predicted ionization 
potential found by using the known dissociation energy. 
* D(cic)=2*[IP(X2,2Zg

+) -IPCX^D)] 
* Ref. 9. b Réf. 11. c Ref. 13. d Refis. 13 and 16. e Ref. 7. 

Cl 2 to Br2 to la in agreement with the trend in experimentally measured bond 
dissociation energies. This treatment gives very good agreement with the experimental 
measured bond dissociation energies for I2 and H 2 and suggests that the bonding is 
primarily covalent in character. The bond dissociation energies of Cl 2 and Br2 are 
estimated too high by some «35%. These are the largest errors we have observed for 
reasonable covalent bonds. Ionic terms and electron correlation may play a role, as 
these contributions will adjust the estimated bond energy downward. It may also be 
that the valence s electrons and other atomic terms are contributing, as will be shown 
shortly in the case of N 2. 

Halogen Acids. In the previous discussions, attention was given to homonuclear 
diatomic molecules. The bonds were largely covalent, although ionic contributions 
have a small influence on the energy relationships. For a bond formed between two 
differing atoms, one atom will inevitably possess a greater electronegativity and ionic 
terms will become more important. The bonding picture is now better viewed as some 
contribution of covalent bond energy and a remainder of ionic bond energy. As the 
difference in electronegativity increases, the bond is considered more ionic in character, 
as illustrated in Figure 2. 

An example is the case of the halogen acids.(14) Consider the estimation of 
HF,(17) HC1,(18) HBr(19) and HI(20) bond dissociation energies from ionization 
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90 BONDING ENERGETICS IN ORGANOMETALUC COMPOUNDS 

Table II Experimental and Calculated Dissociation Energies (in eV) for the Halogen 
Acids and Interhalogens 

Do(exp)* 2Σ 2Π Atomicb Atomicb D(calc)* % Err 

HF 5.869 20.00tc 16.05(3)c Η 2S013.60 F 3P217.43 6.39f 9 16.05(3)c 

^iO.Ol 
% 22.99 

HC1 4.433 16.23d 12.75(3)d Η 2S013.60 Cl 3P212.97 4.54 3 
12.85(3) lO2UA2 

% 16.42 
HBr 3.894 15.60e 11.71(3)e Η 2S013.60 Br 3P211.82 4.29 10 

12.03(3) ,D213.31 
% 15.26 

HI 3.054 14.25e 10.38(3)c Η % 13.60 I 3P210.45 2.75 10 
11.05(3) !D212.15 

% 14.50 
ICI 2.153 14.26f 10.10(3)f I 3P210.45 Cl 3P212.97 1.95 9 

10.68(3) !D212.15 *D214.42 
12.88(3) % 14.50 % 16.42 

IBr 1.817 13.70* 9.85(3)f I 3P210.45 Br 3P211.82 1.94 7 
10.42(3) ιΌ2\2Λ5 1D213.31 
11.99(3) % 14.50 % 15.26 
12.38(3) 

"•Because the photoelectron bands are very broad, the value is uncertain. 
•De* = ρ - ΙΡίΗΧ, 2 ! / ) - ΙΡρς'ϋ) - IP(H,°S)] 
aRef. 9 bRef. 7. cRef. 20. dRef. 18. eRef. 19. fRef. 11. 

energies. Again, the correct molecular and atomic positive ion states must be 
correlated for application of the bond order approximation. The dissociative limit for 
[HC1]+ may be either to H + and atomic chlorine or to Cl + and atomic hydrogen. 
Further, Cl + possesses several possible atomic states.(7) 

The lowest energy dissociative state of [HC1]+ is to the 3 P 2 of Cl + and atomic H. 
However, this set of dissociation limits correlates most directly with the removal of a 
lone pair electron on the CI atom in molecular HC1. This is also the lowest IP of 
HC1. As seen in Figure 2, the final dissociation state for [HC1]+ which correlates with 
the σ bond requires either H + and neutral CI or atomic hydrogen and ! D 2 Cl + . The 
bond order approximation applies most closely to the averaged final atomic states. 
The HC1 bond energy is estimated by summing the energy stabilization of the σ 
bonded hydrogen atom and the σ bonded CI atom. This is calculated by the following 
equation: 

D(caio = [IP(HCr,2Z+)-IP(ClVD2)] + [IP(HCl+,2I+)-IP(H+,2S0)] (7) 

where the energy stabilization from the Cl + , *D2 state to the molecular HC1+, 2 Σ + state 
is summed with the stabilization from the H + , 2S 0 state to the molecular HC1+, ^ 
state. Table II lists the calculated dissociation energies for the halogen acids and two 
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6. LICHTENBERGER & COPENHAVER Ionization Energy and Bond Energy 91 

interhalogens, (ICI and IBr). In all cases the calculated dissociation energies are within 
10% of literature values of dissociation energies.(9) Further, the trend from greatest 
bond strength to weakest bond strength is followed by the calculated bond dissociation 
energies. This suggests that for predominantly covalent interactions, the molecular 
bond energy may be reasonably obtained from ionization energies. 

Salts. The bonding stabilization of salts is attributed to an ionic contribution and as 
such does not give a net stabilization of an electron pair shared between both atoms. 
Instead, the electron levels on the cationic atom are stabilized by its net positive 
atomic charge and the electron levels on the anionic atom are destabilized by its net 
negative atomic charge. Because of the net stabilization and destabilization of one 
atom versus the other, the "molecular" Σ ionization energy nearly averages between the 
atomic cation and atomic anion, as shown in Figure 2. 

Other workersQIJg) have estimated the bond energies of salts by taking the 
difference between the first ionization potential, (the 2π, corresponding to a anion lone 
pair) and the ionization potential of the atom corresponding to the cation in the salt. 
They realized that most all the bond is destroyed with removal of an electron, as we 
mentioned earlier, and leaves only a small stabilization due to the polarizability of the 
halide. This stabilization, (increasing from F to I) is small relative to the other energy 
contributions. Thus, with the removal of a π electron from a salt, the bond 
dissociation energy of the molecular cation, D(MX+), is nearly zero. These bond 
dissociation energies(22) are in excellent agreement to the values reported by 
Herzberg.(9) 

General Relationships between Ionization Energies and Dissociation Energies. 
A general relationship which includes bonds ranging from homonuclear diatomic 
molecules to salts would be useful. The bond energies in covalent molecules are 
estimated as the sum of the stabilizations from the atomic states to the molecular state. 
The bond energies in ionic complexes are estimated by just the stabilization from the 
metal atomic state to the molecular state. The nature of a bond between these two 
extremes is dependent on the difference in electronegativity of the atoms. Using the 
difference in electronegativities, a single equation may be written which relates the 
ionization energies to the bond energies: 

D(MX) = [ΙΡ(ΜΧ,Σ)-ΙΡ(Μ)] + [ΙΡ(ΜΧ,Σ)-ΙΡ(Χ)]·[1-(Δχ/Δχ ίοηί€)] (8) 

The dissociation energy, D(MX), is the sum of the "M" atomic stabilization and the 
"X" atomic stabilization, weighted by a measure of the bond's covalent character (see 
Table III). Here we define the "M" atom as the atom with the lowest atomic 
ionization potential (for the atomic state which correlates to the bond of interest). 
The "X" atom is the atom with the larger atomic ionization potential (for the atomic 
level involved with the bond of interest). The weighting factor of [\-Αχ/ΑχιΟΛι0] is an 
estimate of the bond's covalent character. The difference in electronegativity, Αχ, is 
divided by a constant, Αχιοηιο. ΑχΜο is a parameter that defines the value of Αχ 
corresponding to a completely ionic bond. For this case, Αχίθηκ was chosen to equal 
2.70. The ratio of Αχ to Αχιοηκ equals one if the diatomic is completely ionic and the 
weighting factor will be zero (no covalent character). If the difference in 
electronegativity is zero, the weighting factor is one. 

Figure 3 illustrates the results for a wide range of diatomic molecules with widely 
different electronegativities. The numerical results are listed in Table III. The 
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92 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table III Measured and Calculated Bond Dissociation Energies (in eV) for a Series 
of Diatomics 

MX D(Kexp) ΙΡ\*Σ] IP(M) IP(X) *(M) X(X) % err 

H 2 4.480 4.5 15.95 13.60 13.60 2.20 2.20 -
Cl 2 2.479 3.1 16.10 14.46 14.46 3.16 3.16 25 
Br2 1.970 2.5 14.62 13.31 13.31 2.96 2.96 27 
h 1.542 1.5 12.93 12.15 12.15 2.66 2.66 3 
ICI 2.153 2.0 14.29 12.15 14.46 2.66 3.16 7 
IBr 1.817 1.9 13.70 12.15 13.31 2.66 2.96 5 
HF 5.856 5.8 19.50 13.60 20.01 2.20 3.98 1 
HQ 4.433 4.2 16.61 13.60 14.46 2.20 3.16 5 
BrH 3.755 3.6 15.60 13.31 13.60 2.20 2.96 4 
IH 3.054 2.6 14.25 12.15 13.60 2.20 2.66 15 
NaCI* 4.230 4.2 9.80 5.14 14.46 0.93 3.16 1 
NaBr* 3.740 3.7 9.45 5.14 13.31 0.93 2.96 1 
NaP 3.000 3.2 9.21 5.14 12.15 0.93 2.66 7 
KIa 3.310 3.5 8.66 4.34 12.15 0.82 2.66 6 
RbP 3.370 3.4 8.48 4.18 12.15 0.82 2.66 1 

fEquation 8 was used to calculate D ^ (±0.1 eV). All these values were shifted a 
constant -0.22 eV. This constant was found by evaluating D t t | C for the H 2 molecule 
and calibrating this value to correspond to the experimentally measured D(H2) value. 
1 Ref. 22. 

electronegativities used in Table ΠΙ are Pauling's electronegativities.QO) We have not 
made any attempts to improve the correlations with more appropriate electronegativity 
scales. It should also be stressed that Figure 3 represents a direct application of 
Equation 8. The are no parameters in Equation 8 to be optimized in order to 
improve the fit, except perhaps the choice of Δχ^κ. As can be seen in Figure 3, this 
one general equation gives good values for the bond energies in a wide range of 
diatomic molecules. 

Multiple Bonds. N?. 
The examination of multiple bonded diatomics illustrates additional relationships 
between ionization energies and bond energies. One important distinction is the ability 
to separate the different symmetry σ and π bonding components of the total bond. 
This is not possible by other methods of thermodynamic measurements because these 
methods affect the entire bond and do not separate the individual symmetry 
components. 

Again, the first step toward calculating bond energies with the bond order 
approximation is identifying the atomic states which correlate with the dissociation 
products for ionization of a specific molecular state. The molecular orbital view of N 2 

consists of two degenerate π levels and a set of sigma levels. Figure 4 is a correlation 
diagram of the experimentally measured ionization energies of the appropriate 
molecular and atomic states. The final atomic nitrogen states in Figure 4 are simply 
labeled as 2s and 2p. As stated previously, the bond order approximation applies to 
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6. LICHTENBERGER & COPENHAVER Ionization Energy and Bond Energy 93 
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Figure 3. Correlation diagram of bond dissociation energies with Equation 8 
versus measured bond dissociation energies. 
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Figure 4. Experimental ionization energy correlation diagram of N 2. 
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94 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

the average configuration of the atomic states. All the atomic states which correspond 
to a 2s22p2 electron filling of the nitrogen cation (the atomic 3Po,i,2» *D2

 a n d % states) 
are statistically averaged to give a value of 15.46 eV as the ionization potential of an 
atomic nitrogen 2p electron for use with the bond order approximation. Similarly, the 
2s ionization to the nitrogen cation produces the 2s12p3 valence filling, and the 
corresponding states (the atomic 5S2, *S\y

 3 D 3 2 ) 1 , 3P2,i,o> *D2 and *Ρχ states) are 
statistically averaged to give a value of 27.84 eV. 

The sigma bond is a sum of the 1σ8, 1σ„ and 2ag molecular valence levels. The 
σ contribution to the total bond is then given by the equation below: 

D(a) « 2·[ΙΡ(Ν2,Π2Σ£) - IP(N,2s)] 
+ 2·[ΙΡ(Ν2,Β2Σΐ) - IP(N,2s)] 
+ 2φΡ(Ν 2 ,Χ 2Σ+) - IP(N,2p)] (9) 

where D(a) is the sum of the stabilizing energies attributed to the og interactions and 
the destabilizing energy attributed to the au molecular level. Note that ionization from 
each σ bond results in the loss of "half the bond" which then requires the factors of 
two in the above equation. To determine the π contribution, the stabilization energy 
between atomic cation N + 2s22p2 state (2p) and molecular A 2 nj state is found. Since 
this represents a fourth of the entire two π bonding contributions, the following 
equation gives Ό(π): 

2·Ό(π) = 4·[ΙΡ(Ν,2ρ) - ΙΡ(Ν2,Α2Πί)] (10) 
and 

D(total) = 2·Ό(π) + D(a) (11) 

Table IV list the atomic(7) and molecular states(23.24) upon ionization for N 2. 
The calculated bond dissociation energy for N 2 of 10.28 eV is 5% greater than 

the experimentally determined value of 9.759 eV. This is the same error found in the 
analysis of the H 2 molecule. The sigma contribution to the overall bond strength is 
4.20 ±0.05 eV and is greater than the single π contribution of 3.04 ±0.03 eV, as 
theory would predict. 

Table IV Experimental and Calculated Bond Dissociation Energies (in eV) for N 2 

D0(exp) Molecular Atomic* D(caic) 

N 2 9.759 10.28(6) 
15.57(3) 2p 15.46(1) 0.22(3) 

Α 2 Π : 16.98(3) 2s 27.84(1) 1TTU 3.04(3) 
Β 2 Σ : 18.75(3) 1σ„ -18.18(3) 
D 2 ^ 38.92(1) 22.16(3) 

fSee section on N 2 for discussion. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
6



6. UCHTENBERGER & COPENHAVER Ionization Energy and Bond Energy 95 

Organometallics. 
The principles developed in the previous sections apply directly to the study of bond 
energies in organometallic molecules, and should help the reader in gaining useful 
information from publications of the photoelectron spectra of organometallic molecules. 
There is much less thermodynamic information available for organometallic molecules 
than for the diatomic molecules used to illustrate these principles. The thermodynamic 
information for organometallic molecules is also much less precise. Widely different 
results are often obtained by different techniques. In this section it will be shown that 
the ionization energies can contribute to the determination of more consistent 
collections of bond dissociation energies. Even when little additional information is 
available, it is possible to obtain simple determinations of relative bond energies. 

One of the most extensively studied areas of organometallic bond energies 
involves the metal-ligand bonds in (CO)5Mn-ligand complexes. These bond energies 
are determined through thermodynamic cycles which depend upon the accurate 
evaluation of the first ionization potential of Mn(CO)5

e and/or the metal-metal bond 
energy in Mn2(CO)10. There have been many estimates of the Mn(CO)5

e ionization 
energy from other techniques.(25) In many cases, small differences in large numbers 
and additional assumptions have led to clearly erroneous values. A common example 
is mass spectrometric determinations of bond energies, particularly through appearance 
potentials, which are subject to errors of measurement and interpretation.(26) An 
estimate of the ionization energy of the Mn(CO)5

e fragment reported from 
calorimetric data is 8.1 eV,(27) and a mass spectrometry appearance potential 
measurement indicates a value of 8.4 eV.(28) These values are greater than the initial 
ionization energy of Mn2(CO)10 (7.99 eV vertical and 7.69 eV adiabatic). The first 
ionization energy of molecular Mn2(CO)10 is from the metal-metal σ bond, which 
correlates with the bond formation from combination of the Mn(CO)5» radicals. It 
is not reasonable that ionization of the Mn-Mn bond should be less stable than 
ionization of the Mn(CO)5

e radicals. The ionization energy of Mn(CO)5

# must be less 
than 7.69 eV. 

We have previously estimated, by two different approaches, that the vertical 
ionization energy of Mn(CO)5* is about 7.4±0.2 eV.(29) Precise measurements of 
molecular ionization energies improve the confidence in the value of this ionization 
energy. For instance, a third approach to obtaining the ionization energy of 
Mn(CO)5» depends on the appearance potential of Mn(CO)5

+ from Mn(CO)5H, which 
is a combination of the dissociation energy of Mn(CO)5H into Mn(CO)5* and Η· plus 
the ionization energy of Mn(CO)5» to Mn(CO)5

+. This appearance potential is 
reported to be 10.3 eV.(27) However, we have often found that reported appearance 
potentials are too high by several tenths of an electron volt. (30) For instance, the 
appearance potential of Mn2(CO)10* is reported to be 8.42 eV,(31) rather than the 
7.69 eV adiabatic ionization energy cited above from photoelectron spectroscopy. It 
is seen from the photoelectron spectrum of Mn2(CO)10 that the appearance potential 
value corresponds to the second ion state rather than the first ion state with a vertical 
IP of 8.05 eV.(27) Assuming at least a 0.3 eV overestimate in the appearance 
potential of Mn(CO)5

+ and knowing that the homolytic dissociation energy of the 
Mn-H bond in Mn(CO)5H is about 2.6 eV (60 kcal/mole (27,32)), the ionization 
energy of Μη(0Ο) 5 · is again estimated to be 7.4 eV. 

The most direct determination of the ionization energy of Μη(0Ο) 5 · comes from 
Equation 1 applied to Mn(CO)5H: 

IP(Mn(CO)5») = IP(Mn(CO)5H) + D(Mn(CO)5H+) - D(Mn(CO)5H) (12) 
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96 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

The best current values (vertical IP(Mn(CO)5H) = 8.85 eV (33); D(Mn(CO)5H+) = 
1.0 eV (34); D(Mn(CO)5H) = 2.6 eV (above)) yield a vertical ionization energy for 
Mn(CO)5* of 7.25 eV. 

An estimate of the Mn-Mn bond strength in Mn^CO)^ can now be made using 
the ionization energies and Equation 4. The assumption that leads to this equation 
requires the vertical ionization energy of the Mn-Mn bond of Mn2(CO)10 (8.05 eV) 
and the adiabatic ionization energy of the Mn(CO)5» fragment. If we select 7.2 eV 
as the adiabatic ionization energy of Μη(0Ο) 5 · (the lower end of the estimates 
discussed above), we obtain 1.7 eV for the bond dissociation energy. This agrees with 
the value of 1.7 ±0.4 eV reported by Beauchamp.(34) The uncertainty in our value 
is also several tenths of an electron volt, but it supports the larger values for the 
metal-metal dissociation energy of Mn2(CO)10. 

In many cases there is not sufficient information to obtain estimates of absolute 
bond energies. However, by comparing the bonds of two different species with a 
common fragment, such as comparing the hydride and methyl bonds with the same 
metal fragment, relative bond energies can be obtained. In these cases, two equations 
of type 2 can be written, one for the M-H bond and one for the M-C bond. Taking 
the difference between these equations, the ionization energy of the common metal 
fragment cancels out, and one obtains: 

IP(M-H) - IP(M-C) = {D(M-H) - D(M-H+)} - {D(M-C) - D(M-C+)} (13) 

where (M-L) represents the particular metal fragment-ligand bond for L = Η or L = 
C(alkyl). This equation is further simplified if it is recognized that the dissociation 
energies of the ions, D(M-C+) and D(M-H+), are generally small in comparison to the 
dissociation energies of the neutral molecules. The general trend of weaker bonds 
with increasing metal oxidation state is a characteristic feature of organometallic 
chemistry, where an oxidation of the metal center is a common chemical approach to 
effect disproportionation of organic ligands from metal complexes. As shown above, 
the dissociation of a hydrogen atom from the Mn(CO)sH+ ion is 1.0 eV in comparison 
to the 2.6 eV value for dissociation from the neutral molecule. It should further be 
noted that the ground ion state of Mn(CO)5H for this dissociation energy refers to 
removal of a metal-based electron from Mn(CO)5H that is nonbonding with respect 
to hydrogen. The ionization in Equation 13 above refers to removal of an electron 
from the predominantly Mn-H bond, and the dissociation energy from this ion state 
will be considerably less than 1.0 eV. Thus the difference between D(M-H+) and 
D(M-C+) is generally the difference between two relatively small numbers, and 
Equation 13 can be reduced to: 

IP(M-H) - IP(M-C) » D(M-H) - D(M-C) (14) 

An example of relationships between ionization energies and bond energies is 
illustrated with the Mn-H and Mn-CH3 bond energies in Mn(CO)5H and 
Mn(CO)5CH3. The adiabatic ionization energies associated with the Mn-H and Mn-
CH 3 bonds of these complexes are approximately 10.0 eV(33) and 9.3 eV(35) 
respectively. These bond energies have been reported to be 2.6 eV and 2.0 eV 
respectively on the basis of microcalorimetric measurements. (27) The relative 
stabilities of the bonds and the ionizations are the same within the uncertainties of the 
experiments. 
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6. LICHTENBERGER & COPENHAVER Ionization Energy and Bond Energy SI 

We have recently reported similar comparisons from the photoelectron data of 
niobium and tantalum complexes.(36) From comparison of the spectra of 
Cp2Nb(CO)H and Cp2Nb(CO)CH3 as well as Cp2Ta(C2H4)H and C p ^ C ^ X Q H s ) , 
the relative ionization energies of early transition metal M-H and M-C(alkyl) bonds 
is observed to be M-H > M-C. It can in turn be concluded from this trend that the 
M-H bond energy is greater than the M-C bond energy. In the case of the Nb(CO)H 
and Nb(CO)CH3 complexes the energy of the Nb-H ionization is about 0.5 eV greater 
than that of the corresponding Nb-CH3 ionization. This indicates that the Nb-H bond 
is about 12 to 14 kcal mol*1 more stable than a Nb-C(methyl) bond in these molecules. 
This result is in good agreement with other thermochemical results involving group IV 
and actinide bent metallocenes, where M-H > M-C by 11-15 kcal moH.QZ) 

Conclusions. 
It has been shown that bond dissociation energies are closely related to photoelectron 
ionization energies. There are several advantages as well as limitations to using 
ionization energies for evaluating bond dissociation energies. Among the present 
limitations are: (1) If photoelectron ionization information is the only information 
available, the ionization energies of radical species are necessary to obtain absolute 
bond dissociation energies. It is often difficult to obtain photoelectron information on 
radical species. However, between complexes with similar fragment radicals, trends in 
bond strengths between the complexes may be evaluated without the ionization 
energies of the radicals. (2) Spectroscopic methods are inherently precise in 
determining bond dissociation energies. However, uncertainty in determination of the 
ionization energies leads directly to uncertainty in the determination of the bond 
energies. An uncertainty of a few tenths of an eV in an ionization energy leads to an 
uncertainty of several kcal/mole in the bond energy. Nonetheless, the uncertainties of 
this technique are comparable to those of other techniques. (3) The ionizations must 
be assigned correctly. For polyatomic molecules, ionizations often correspond to 
delocalized states that do not correlate to a single localized bond. (4) Key ionizations 
may be difficult to observe. 

Among the advantages of relating ionization energies and bond energies are: (1) 
If other thermodynamic information, such as appearance potentials or other 
calorimetric data, is available, then additional bond dissociation energies may be 
determined directly by Equation 2. (2) The ionization information can be used to 
check the consistency and validity of results from other methods. (3) The ionization 
information is unique in being able to separate different symmetry and orbital 
contributions to the total bond. The nitrogen molecule is one example. We are 
presently studying similar relationships in multiple metal-metal bonds. (4) The 
technique applies to gas phase molecules without complications from solvents and 
other side effects or chemical precesses. (5) The technique provides additional 
information on the nature of the bond (ionic, covalent, etc.) and the factors that 
contribute to the strength of bonding in organometallic molecules. 
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Chapter 7 

Thermodynamics and Kinetics of Transition 
Metal-Alkyl Homolytic Bond Dissociation 

Processes 

Jack Halpern 

Department of Chemistry, The University of Chicago, Chicago, IL 60637 

It is only during the past ten years that reliable and 
widely applicable methods for determining homolytic 
metal-alkyl bond dissociation energies of stable or
ganometallic compounds in solution have been developed 
and that information about such bond dissociation 
energies has become available. Today about one 
hundred transition metal-alkyl bond dissociation ener
gies have been determined, the majority for cobalt
-alkyl complexes. Most of these have been from kinetic 
measurements. The scope, limitations and results of 
such determinations are discussed. 

This paper i s concerned with certain aspects of the thermodynamics 
and kinetics of transition metal-alkyl homolytic bond dissociation 
processes, notably of stable, ligated complexes i n solution (L M-R, 
where L i s a ligand and R = a l k y l , benzyl, e t c . ) Q ) . The metal-
a l k y l bond dissociation energy of such a complex (BDE, s t r i c t l y bond 
dissociation enthalpy) i s defined as the enthalpy of the process 
represented by Equation 1. 

k l 
L M-R - L M. + R. (1) 
η xr-r η -1 

A knowledge of such BDE1s i s important for an understanding of 
the kinetic and thermodynamic s t a b i l i t i e s of organometallic com
pounds and of the thermodynamics of the many organometallic reac
tions that involve the formation or dissociation of transition 
metal-alkyl bonds, for example, insertion or oxidative addition-
reductive elimination (Equations 2 and 3, respectively)(1-3). 

CO § 
L M^ + L ^ L ,M-C-R (2) 
η ^ R κ n+1 

R 
L M + RH ^ L Yl' (3) 

^ n N H 
0097-6156/90/0428-0100$06.00A) 

© 1990 American Chemical Society 
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7. HALPERN Transition Metal-Alkyl Homolytic Bond Dissociation Processes 101 

Certain biological processes, notably coenzyme B-^-dependent 
rearrangements (4), also are triggered by enzyme-inducea homolytic 
Co-C bond dissociation of the coenzyme, Equation 4 (coenzyme B,£ = 
51-deoxyadenosyl cobalamin, abbreviated Ado-B-^î ^\2τ = c°b(H' al a-
min). 

Ado-B 1 2 >Ado. + cob(ll)alamin (B 1 2 r >) 

Notwithstanding their importance, i t is only within the past 
ten years or so that r e l i a b l e and widely applicable methods for de
termining such BDE's have been developed and applied. To date ap
proximately sixty absolute BDE values have been determined, the 
majority for Co complexes (5^), but also for a few complexes of Mn 
( 6 ) , F e ( 7 ) , R u ( 8 ) , Mo (7,9), W (2), U (10), Sm (10) and I r ( l l ) . In addi
tion , a number (ca 4(Π of relative*"EI)E 1 s. "T.e., D(L M-R)-D(LnM-X) 
where X = R', I, OR', H, etc., have been determined for complexes of 
Mn (12), Sc (13,14), Hf (14), Th (15,16), Zr (16,27), Rh (18-20) and 
Ir (21). 

Of related interest are extensive measurements in the gas 
phase, by a variety of techniques such as ion cyclotron resonance 
and guided ion beam experiments, of the M-C bond dissociation 
energies of unligated ("bare") ionic and neutral metal a l k y l s , e.g., 
M+-CH3 and M-CH3, where M = Se, T i , V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
Ru, Rh, etc.(227. 

Determination of Bond Dissociation Energies from Kinetic 
Measurements: Macroscopic Description 

In 1982 (23) we described a method of determining transition metal-
a l k y l bond dissociation energies, based on measuring the kinetics of 
reaction 1 and using the rel a t i o n , 

DLM-R = Κ-ΔΗίΐ ( 5 ) 

η 
where ΔΗ* and ΔΗ*^ are the activation enthalpies of the forward and 
reverse reactions of Equation 1, derived from the temperature de
pendencies of the macroscopic rate constants, k^ and k ^. Since 
then, this has been widely applied by ourselves and many~others ($) 
and continues to be the most widely used method for determining such 
BDE's. In particular, the great majority of known absolute t r a n s i 
tion metal-alkyl BDE's (including v i r t u a l l y a l l those for cobalt-
a l k y l complexes) have been determined by this method (<8). At this 
stage i t probably constitutes also the most accurate (± ^ 1-2 
kcal/mol) method of determining such BDE's. 

In favorable cases the determinations of k, and ΔΗ^ are 
straightforward. An obvious requirement i s that the compound 
decompose (not necessarily exclusively) by metal-alkyl bond 
homolysis. This may be established by adding an appropriate 
scavenger (TRAP, for example, n-C^H-^SH (23) or 2,2,6,6-
tetramethylpiperidineoxy, TEMPO (24) to trap the initially-formed 
free radical i n accord with the scheme of Equations 1, 6 and 7, 
where L M. i s , for example, c o b a l t ( l l ) . 
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102 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

k l L M-R — ^ L M. + R. (1) η xr-Γ η 
- 1 k 

2 
R. + TRAP — > R-TRAP (6) 

OVERALL: L M-R + TRAP > L M. + R-TRAP (7) 
η η 

Identification of the product R-TRAP and f i t t i n g of the kinetic 
data to the steady-state rate law of Equation 8 serve to confirm the 
mechanism and to evaluate k, and k ^^2" Δ^1 m a ^ ^ e ^ e c* u c e c* from 
the temperature-dependence of k^. 

-dln[L M-R] = k . , = k,k0 [TRAP] η obsd 1 2 
dt k , [L M.J + k-, [TRAP] 

- i n ι 
In favorable cases k ^ may be evaluated either d i r e c t l y (e.g., 

from the recombination of flash photolytically-generated L M. and 
R.) (25,26) or from the value of k ,/k« where k« can be independent
ly evaluated (e.g., R. + n-CgH,?SH > RH + n-CgH^S. ( ^ %( n-
CgH 1 7S) 2) (Z3) or R. + Tempo -i-> R-Tempo (27)). As elaborated be
low, this usually i s not necessary. 

Additional decomposition pathways give r i s e to additional terms 
in the rate-law which are not inhibited by L M. and which t y p i c a l l y 
result in the formation of d i s t i n c t i v e products. As elaborated be
low, a common such pathway, when the a l k y l group contains 3-hydrogen 
atoms, i s o l e f i n elimination according to Equation 9 (23,28-30). 

k9 L M-CH0CH0R» ^ L M. + CH0=CHR' + h H 0 (9) η 2 2 ^ η 2 2 
The majority of BDE determinations of the type described above 

have been made on cobalt-alkyl complexes. Among the reasons for 
this emphasis are: (a) the relevance of such complexes as models for 
coenzyme B^ whose action i s triggered by enzyme-induced cobalt-
carbon bond nomolysis (Equation 4) (4), (b) the t y p i c a l l y low range 
(ca 20-30 kcal/mol) in which most cobalt-alkyl BDE's l i e , permitting 
homolysis to be studied at r e l a t i v e l y low temperatures, often with
out intervention of other reactions C5), and (c) the monomeric 
nature of most cobalt(II) complexes. This permits variation of the 
concentration of the lat t e r ( i . e . , of L M.) and hence determination 
of the f u l l rate law of Equation 8 (5). The monomeric nature of 
c o b a l t ( l l ) permits the determination of absolute BDE's of L Co-R 
compounds also by other methods (e.g., calorimetric or from determi
nation of the equalibrium constants of Equation 9)(28,29,31) in con
tra s t , say to (C0),-Mn-R where such measurements yi e l d only relative 
values whose magnitudes depend on a knowledge of the Mn-Mn BDE of 
Mn 2(C0) 1 ( ) (12). 

Microscopic Description 

A more detailed description of the homolytic bond dissociation pro
cess in solution, the simplest case depicted by Equation 10, takes 
account of the fact that the i n i t i a l products of dissociation are a 
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7. HALPERN Transition Metal-Alkyl Homolytic Bond Dissociation Processes 103 

geminate (caged) radical pair, L M., R., which i s subject to com
peting cage reactions. (The subscripts, DISS, RECOMB, SEP, DIF re
fer to dissociation, recombination, separation and diffusional en
counter, respectively.)(5,32). 

k k k 
L M-R D I S S L M., R. S E P L M. + R. T R A P > R-TRAP (10) η ΤΓ η ' **-r η 

RECOMB DIF 

In the l i m i t of high TRAP concentration, i.e., k T R A p[TRAP] » 
k D I F [ L n M - ] ' 

-din [LM-R] = ̂  = k D I S S k S E p 

d t kRECOMB + ksEP 
Two lim i t i n g cases may be id e n t i f i e d : 

( a ) kSEP > > KREC0MB ; k l = kDISS 

Δ Η Ϊ = A HDISS = DLM-R + AHREC0MB ( 1 2 ) 

η 
( uχ , ^ l . \, kDISS kSEP 

RECOMB W k l = kRECOMB 

Δ Η 1 = \ M-R + Δ Η5ΕΡ - AHREC0MB ~ D L M-R + Û HSEP ( 1 3 ) 

η η 

Case (b) corresponds to the diffusion-controlled l i m i t . 

In determining BDE's from kinetic measurements, instead of 
actually evaluating k ̂  and ΔΗ*^ as described above, the following 
assumptions and approximations commonly are made (5_): 

( i ) The recombination reaction (k ̂ ) is diffusion-controlled; 
therefore, from Equation 13, 

DLM-R = Δ Η 1 " M S E P ( 1 4 ) 

η 

( i i ) ΔΗ* Ε ρ (̂  ΔΗ* Ι ρ) ^ AH*(viscosity) (15) 

Assumption ( i ) has been v e r i f i e d d i r e c t l y i n a few cases. In
deed for v i r t u a l l y every case where the rate constant of combination 
of a metal radigal £L M̂ ) andean a l k y l radical has been estimated 
the value ( ̂  10 -10 ft" sec" , Table I) has been found to be close 
to the diffusion controlled l i m i t . Moreover, the rate constants for 
self-combination of metal radicals, such as Mn(C0)t.« or 
Mo(C0)3(CcH^)., which might be expected to be reduced by st e r l c bar
r i e r s , ftaiso t y p i c a l l y are found to be close to diffusion-controlled 
(k ~Ί0 — 10 M sec" , Table I ) . Thus, the assumption of 
diffusion-controlled recombination of L M. and R. would appear to be 
widely j u s t i f i e d . 
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104 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Assumption ( i i ) above, namely that ΔΗ* f ^ AH +(viscosity), also 
appears to be consistent with available data, e.g., those in Table 
II for the diffusion-controlled self-reaction of (CH-^COH radicals. 
(More rigorously, ΔΗ* F

 i s expected to correlate with the diffusion 
coefficient (39̂ ) which, in turn, i s related to viscosity (40) ). 

For many common organic solvents of low viscosity, e.g., ben
zene, toluene, acetone, and for water in the range 50°-100°C, 
Δ H*(viscosity) ̂  2 ± 1 kcal/mol. These are the media in which the 
majority of determinations of BDE's from kinetic measurements have 
been made 05). The above considerations would appear to j u s t i f y the 
relation that has generally been used to deduce BDE's from such mea
surements, namely Equation 16, and suggest that such BDE values are 
rel i a b l e to within ± 2 kcal/mol (except in solvents of high v i s c o s i 
ty such as ethylene glycol for which ΔΗ 
larger—see below). DIF is expected to be 

L M-R η 
ΔΗ7 - 2kcal/mol 

because of 

(16) 

contributions It has been pointed out (32_) that, 
from S G and H may have maxima at different points along the 
reaction coordinate. In such cases, ΔΗ* ( i . e . , the value of H at 

TABLE I. Rate Constants for Metal-Alky1 Radical and Metal-Metal 
Radical Combination Reactions 

Reaction k 1 (M" 1sec" 1) Method Ref. 

Co(Saloph)(Py) 
Co(Saloph)(Py) 
Co(Saloph)(Py) 
Co(Saloph)(Py) 
Co(TPP)(THF) + 
Co(0EP)(THF) + 
Co(OEP)(PMe2Ph 
Co(DH) 2(PPh 3) 
Cob(ll;alamin 
Cob(ll)alamin 
Mo(Cp)(C0)3 + 
Fe(C p)(C0) 2 + 

+ CH3CH2CH2. 
+ (CH )2CH. 
+ (CH3).CCH2. 
+ C^HcCH2· 
C^H[-CH2 · 3 
Ĉ -Ht-CHrt · 7 ) + C6H5CH2. 5 + C,H,CH0. . 1 
( B * 5 A . d (4-(ΒΓ„Γ) + Ado. C6H5&H(CH3) 9 C6H5CH(CHp 1 

201 10S 

10 
108 10 10 10 10 10 
10 
io 
10v 

(23) (23) (23) (23) (33) (33) (33) (33) (25,26) 
(34) 
(7) 

2Mn(CO)5. 
2Re(C0);?. 
2Co(C0)£. 
2Co(CO)7(PBun). 
Fe(Cp)(C0) 2. 

2 χ 10* 
2 χ 10* 4 χ 10° 

e 
e 
e 

(35) (35) (36) 
2Mn(CO)5. 
2Re(C0);?. 
2Co(C0)£. 
2Co(CO)7(PBun). 
Fe(Cp)(C0) 2. 

9 χ 1θ' 
3 χ io: 

e 
e 

(36) (35) 
2Mo(Cp)(C07 v 3 χ io: e (35) 2W(Cp)(CO)3. 2 χ 10* e (35) 

TPP = tetraphenylpgrphyrin; OEP = octaethylporphyrin; DH2 

dimethylglyoxime; Competition with trapping by n-C0Hn-,SH 
Competition with trapping by TEMPO (27). 
Direct. Competition with self trapping. 

R = CHn 2"5' 
(37 ) . C3H7. 
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7. HALPERN Transition Metal-Alkyl Homolytic Bond Dissociation Processes 105 

Table I I . Comparison of AH +(viscosity) and ΔΗ for the 
Diffusion-Controlled Self-Reaction of (CH~)0C0H Radicals 

AH*(Kcal/mo 1) 

Solvent V i s c o s i t y 0 2(CH 3) 2COH b 

Acetonitrile 1.2 0.9 
Heptane 1.3 2.1 
Benzene 1.9 0.6 
Tetradecane 3.1 3.1 
Water 3.6 3.7 
2-Propanol 4.6 2.6 
2-Butanol 4.3 4.0 

a0-50°C, from Ref. (38). Other values (0-50°C) acetone, 0.9; 
toluene, 1.5; ethylene glycol , ~ 7; ethanol, 2.7. bRef. (39). 

the point where G i s a maximum) may not correspond to the maximum 
value of H. This may give r i s e to a correction of BDE's deduced by 
the above method but the discrepancy i s expected to be small, 
usually within the experimental uncertainty of the method (t y p i c a l l y 
± 2 kcal/mol). 

Solvent Effects 

Solvent effects may influence the magnitudes of BDE's and their 
determination i n several ways. 

F i r s t of a l l the BDE i t s e l f may depend on the solvent as a re
sult of contributions of solvation to the enthalpy of the bond di s 
sociation process, i . e . , differences between the solvation enthal
pies of the reactant (L M-R) and products (L M. + R.) of Equation 1. 
There i s not much direc? information about tRis. Most of the appli
cations of ghe kinetic method to date^have involved low spin 
octahedral d complexes (notably of Co ) where the product of 
homolyeis i s a 17 electron low spin five-coordinate d complex. 
Such complexes generally exhibit l i t t l e tendency to add a sixth 
ligand so that solvent influences due to coordination are l i k e l y to 
be small. Support for this i s provided by invariance of the Co-C 
BDE of PhCH(CH3)-Co(DH)2Py in solvents of considerably different 
polarity and coordinating a b i l i t y , e.g., toluene and acetone. Bond 
dissociation processes that are accompanied by substantial changes 
in charge di s t r i b u t i o n (unexpected for the homolytic dissociation of 
neutral radicals) are, of course, expected to exhibit signi f i c a n t 
medium effects. 

Even when the BDE i t s e l f i s unaffected by solvent variation, 
determination of the BDE from kinetic measurements through Equation 
14 must take account of the solvent dependence of A Hsgp (approxi
mated by ΔΗ* ( v i s c o s i t y ) . From data such as those in Table I I , i t 
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106 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

is expected that Δ Η| Ερ (hence, ΔΗ*) w i l l increase in going to s o l 
vents of higher vis c o s i t y . This i s supported by Table I I I which 
compares ΔΗ| for the homolytic Co-C bond dissociation of several 
cobalt a l k y i complexes in ethylene glycol with the corresponding 
values in solvents of considerably lower vi s c o s i t y , notably toluene 
and water. Clearly the widely assumed value of ca 2 kcal/mol 
(8,23,24,43) for ΔΗ* (Equation 16) must be modified for measure
ments in solvents of higher viscosity such as ethylene gly c o l . Com
parison with (CH 3) 3CCH 2-B 1 2 (Table III) suggests that the ca 5 
kcal/mol difference Between the reported values of ΔΗ* for the ther
molysis of Ado-Bj^ in ethylene glycol and aqueous solutions (42,43) 
is due to such a solvent effect. 

Comparison of BDE's Determined by Different Methods 

In addition to the procedure described above for determining 
transition metal a l k y l BDE's in solution from kinetic measurements, 
several other methods now are available for determining such BDE's. 
The most important of these are: 

Equilibrium Measurements. Measurements of the temperature depend
ence of equilibrium constants of reactions involving transition 
metal-alkyl bond disruption y i e l d values of ΔΗ± from which BDE's can 
be deduced through appropriate thermodynamic cycles. The f i r s t 
example of this application involved the determination of the Co-C 
BDE of Py(DH)2Co-CH(CH3)Ph from measurements of the equilibrium con
stant of reaction 17, according to Equations 17-19 (28,29). 

Table I I I . Solvent Effects on Activation Enthalpies 
of Co-C Bond Homolys is 

ΔΗ* (kcal/mol) 

Compound Ethylene Glycol Toluene Difference Ref. 

PhCH0-Co(0EP)(PMe9Ph) 33.3 29.1 4.2 (41) 
PhCH;-Co(DH)7(PPhp 34.1 27.8 6.3 41) 
PhCH$-Co(DH);(PPhp 29.1 24.8 4.3 (41) 
PhCH^-Co(DH)2(PEtfti2) 34.8 28.8 6.0 (41) 

Ethylene Glycol Water 

fUncorr. 26.8 23.1 3.7 χ 
Neopentyl-B 1 ( i > 

^ C o r r . * 33 27 β J 

rUncorr. 30.6 36.3 4.3 
Ado-B I f (42,43) 

Vcorr. a 34.5 28.6 5.9 } 
aCorrected for equilibrium between reactive "base-on" form and 
unreactive protonated "base-off" form. 
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7. HALPERN Transition Metal-Alkyl Homolytic Bond Dissociation Processes 107 

κ 
Py(DH) 2Co-CH(CH 3)Ph e q ^ PhCH=CH2 + Py(DH) 2Co + h H £ (17) 

PhCH=CH2 + \ H 2 > PhCHCH3 (18) 

OVERALL: PhCH(CH 3)-Co(DH) 2Py PhCH(CH 3) + Co I i :(DH) 2Py (19) 

DCo-C = Δ Η 1 9 = Δ Η 1 7 + Δ Η 1 8 = 2 2 " 2 = 2 0 kcal/mol (20) 

Other a p p l i c a t i o n s include determination of r e l a t i v e values of 
the Cp^HfH-H and Cp^HfH-C^Hj- BDE's from measurements of the e q u i l i b 
rium constants of r e a c t i o n 21 (14). 

Cp£HfH 2 + C 6H 6 - — ^ Cp^HfH-C 6H 5 + H 2 (21) 

Δ Η 2 0 = D(Cp^HfH-H) - D(CpJHf H - C ^ ) + D(C 6H 5-H) 

-D(H-H) = 6 kcal/mol (22) 

D(Hf-H) - D(Hf-C 6H 5) = 1 kcal/mol (23) 

C a l o r i m e t r i c Measurements. In a few favorable cases, absolute BDE's 
can be determined from c a l o r i m e t r i c measurements of a p p r o p r i a t e l y 
coupled bond d i s r u p t i o n processes. An example i s the determination 
of the Co-C BDE of Py(DH) 2Co-CH~ from thermochemical measurements of 
Δ Η 2 4 and Δ Η 2 5 (31). 

Py(DH) 2Co-CH 3 + 1^ > Py(DH) 2Co-I + CH 3I; Δ Η 2 4 = 20 kcal/mol (24) 

P y ( D H ) 2 C o n + h I 2 > Py(DH) 2Co-I; Δ Η 2 5 = -3 kcal/mol (25) 

D(Py(DH) 2Co-CH 3) = Δ Η 2 4 - Δ Η £ 5 + D(CH 3-l) - % D ( l - l ) 

= 33 kcal/mol (26) 

S i m i l a r l y , c a l o r i m e t r i c measurements (10 a) of ΔΗ of, 

Cp̂ « U + h I 2 > Cp!» U-I (27) 

and Cp̂ » U-R + I £ * Cp" U-I + RI (28) 

(whe^e Cp" = Me^iCrH,) y i e l d the f o l l o w i n g values (kcal/mol) f o r 
D(Cp 3U-R): R = CH 3 (45), CH 2C 6H 5 (26), n - C ^ (29). A s i m i l a r 
approach has y i e l d e d absolute BDE^s f o r Cp#Sm-H and Cp#Sm-CH(SiMe 3) 2 

(52-57 and 46-48 kcal/mol, r e s p e c t i v e l y ) f l O b ) . 

In other cases r e l a t i v e BDE's can be determined from 
c a l o r i m e t r i c measurements; f o r example, D(Ir-R) - D(Ir-R') from 
measurements of ΔΗ of the o x i d a t i v e additions of RI and R'I to 
I r I ( C 0 ) ( P M e 3 ) 2 (20); g(Th-R) - D(Th-OR') from measurements of ΔΗ for 
the a l c o h o l y s i s of Cp 9ThR(0R') (Equation 29) (15,16) , e t c . 
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108 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

CpJltiR(OR') + H0R» * Cp£Th(0R» >2 + RH (29) 
Independent estimation of D(Th-OR') premits derivation of absolute values of D(Th-R) (15,16). 

Combination of kinetic and calorimetric measurements with photoaccoustic calorimetry has been used to determine the D(lr-H) and D(lr-cyclo-C6Hi;L) BDE's of Cp*(PMe3)IrHUyclo-Ĉ ,) (11). Photoaccoustic calorimetry also has been employed to determine the Mn-Mn BDE of Mn2(C0)1() (45). 
Comparison of BDE's Determined by Different Methods 
Only a few transition metal-alkyl BDE's, namely those listed in Table IV, have been determined by more than one of these methods. In each of these cases other determinations are in excellent agreement with those deduced from kinetic measurements supporting the validity of the latter method. 
Olefin Formation Accompanying Homolytic Transition Metal-Alkyl Bond Dissociation 
For metal complexes of alkyls containing 3-hydrogen atoms, metal-alkyl homolytic bond dissociation often is accompanied by olefin formation. An example (23̂) is provided by Equation 30 (Saloph = N,N'-bid(salicylidene)-o-phenylenediamine). 

-> Py(Saloph)Con + CH3CH2CH2. 
( TRAP> CH3CH2CH2-TRAP) (30a) 

-> Py( Saloph) Co11 + CH~CH=CH( 
+ !*H2 (30b) 

Table IV. Comparisons of Bond Dissociation Energies of Alkyl-Cobalt Complexes Determined by Different Methods 

Complex 
Bond Dissociation Energy (Kcal/mol) 

Complex Kinetic Calorimetric Equilibrium 

C6H5CH2-Co(DH)2(Py) 29a 31b 

C6 H5 CH ( CH3 ) - Co ( DH ) 2 ( Py ) 20° 20° 
C6H5CH2-Mo(Cp)(C0)3 32d 32e 

aRef. (33). bRef. (31). °Ref. (28,29). dRef. (7). eRef. (9). 

/ 
Py(Saloph)Co-CH2CH2CH3 
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7. HALPERN Transition Metal-Alkyl Homolytic Bond Dissociation Processes 109 

Similar behavior has been observed for Py(Saloph)Co-CH(ClO2 (23), Py(DH)2)Co-CH(CH3)C6H5 (28,29) and cyclo-C^CH^B^ (30). Table V reveals that in every such caseAH for homolysis ana olefin formation are similar for the two processes, suggesting that they proceed through a common rate-determining step. The most likely such step is metal-alkyl bond homolysis followed by competition of cage escape and separation of the radical pair with β-Η transfer between the geminate alkyl and metal radicals (Equation 31). Concerted olefin elimination is a less likely processes. Such concerted elimination is expected to require a vacant coordination site which is not present in these cases. Additional evidence favoring this interpretation has been advanced (46). 
TRAP / > L M. + RCH0CH0.( 1RAr> / η 2 2 

/ RCH2CH2-TRAP) (31a) L M-CH0CH0R η 2 2 RCH2CH2. 
RCH=CH0 + L M-H (-2 η 

L M. + h H0) η L (31b) 
Table V. Simultaneous Radical Formation and Olefin Elimination During Thermolysis of Cobalt Alkyl Complexes 

ΔΗ* (kcal/mol) 
Compound Homolyeis Olefin 

Formation 
Ref. 

(CH3)2CH-Co(Saloph)(Py) 19.8 21.8 (23) CH CH9CH9-Co(Saloph)(Py) 23.4 27.1 (23) PhCH(CH 7-Co(DH)2(Py) 21.3 22.4 (28 29) Cyclo-C^C^-B^ 25.4 25.2 (30) 

Available data (Table VI) now permit comparison of the relative 
rates of competitive cage reactions, depicted by Equation 32, for 
several systems. 

RECOMB ^ , w ~ /oo\ ^ —- > L M-R (32a) 
k n 

ΩΤ FFTN 
L M., R. > Olefin + L M-H (—> L Μ. + \ H 0 (32b) 
η ^ , η η Ζ -> L M* + R* ( T R A P > R-TRAP) (32c) η 
The fact that the relative rates for these cage processes a l l are 
close to unity suggests that a l l , including kgjrp* have very low 
activation barriers and i s consistent with the assumption of 
diffusion-controlled recombination. 
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110 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table VI. Relat i v e Rates of Competitive Cage Reactions 

L M. R# k /k „ k /k Method Ref. 
η R# SEP OLEFIN SEP' RECOMB 

Mn ( C 0 ) 5 

Cob(IIjalamin Ado. 
C ( C H 3 ) 2 ~ 1 ( 7 0 ° ) 

0 . 3 ( 2 5 ° ) 

a 
b 

( 4 7 ) 

( 4 8 ) 

C o b ( l l ) a l a m i n c-C H Q C H ^ . 1 . 3 ( 5 8 - 7 8 ° ) c ( 3 0 ) 

Co(DH) (Py) 
C 6 H 5 

CH(ClL) 4 ( 8 ° ) - 6 ( 2 6 ° ) c ( 2 8 , 2 9 ) 

Co(Saloph)(Py) <&H* ) 2CH. 3 ( 7 0 ° ) c ( 2 3 ) 

Co(Saloph)(Py) CH3C IH2CH2 · 2 ( 7 0 ° ) c ( 2 3 ) 

a b CIDNP/Isotopic t r a c e r . Picosecond spectroscopy. 
Kinetics/Product d i s t r i b u t i o n . 
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Chapter 8 

Cage Pair Intermediates and Activation 
Parameters 

T. Koenig1, T. W. Scott2, and James A. Franz3 

1Department of Chemistry, University of Oregon, Eugene, OR 97403 
2Corporate Research Laboratories, Exxon Research and Engineering 
Company, Clinton Township, Route 22 East, Annandale, NJ 08801 

3Pacific Northwest Laboratories, P.O. Box 999, Richland, WA 99352 

Equations that describe the effect of cage pair 
intermediates on apparent activation parameters for bond 
homolysis and recombination are presented. These 
equations demonstrate the curvature that is present in 
ln(k/T) versus l/T relationships which depends on the 
activation parameters for the recombination and diffusive 
separation reactions of the cage pair intermediates. 
Recent results on laser photolysis of diphenyl disulfide 
in decalin solution are analyzed in terms of a simple 
chemical model and the radiation boundary hydrodynamic 
model for the cage effect. The resulting activation 
parameters suggest that the effective activation enthalpy 
for diffusive separation of the thermal cage pair is 
equal to that for diffusion of the free radical 
intermediates. This result is used to illustrate the 
predicted curvature for self-termination of the 
phenylthiyl free radicals and for the reactions of 
reactive free radicals with trapping agents. Curvature 
effects for reversible bond homolyses, as determined by 
observed rate constants for disappearance of 
organometallic precursors in the presence of the 
appropriate excess of free radical trapping agent, are 
also discussed. 

A description of a bond thermolysis i n solution requires at least 
two elementary steps. This i s due to the fact that the immediate 
product of the bond cleavage step i s a pair of radicals which are 
i n i t i a l l y r e s t r i c t e d to remain as neighbors by the surrounding 
solvent molecules. We follow Rabinowitch and Wood and term this 
reactive species the cage pair intermediate Scheme 1 depicts a 
simple chemical model for this k i n e t i c sequence. Subsequent to the 

0097-6156/90/0428-0113$06.00/0 
© 1990 American Chemical Society 
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114 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

k h k d 

R-R 4 » [R* -R] c « * 2 [R-] 
k c 2k D 

Precursor Cage Pair Free Radicals 
C o l l i s i o n a l 

SCHEME 1 Chemical Model C o l l i s i o n a l Cage Pair 

homolysis step (k^, Scheme 1), the c o l l i s i o n a l cage pair of Scheme 
1 ([R* *R]C) can be partitioned by the competition between the 
reformation of the covalent precursor (k c, Scheme 1) and diffusive 
separation (k<j, Scheme 1) which leads to free radical 
intermediates. In our version of Scheme 1, both the cage 
recombination (k c) and diffusive separation (k^) processes are 
k i n e t i c a l l y f i r s t order i n cage pair. The process of reformation of 
cage pairs from the free radical intermediates (kn, Scheme 1) i s 
k i n e t i c a l l y second order i n free radicals. The l a t t e r rate 
constant (kj)) must be kept d i s t i n c t from that for diffusive 
separation of the cage pair (k^). 

The center of our focus i s the effective energy surface 
leading to and from cage pair intermediates. Figure 1 shows a 
schematic comparison of the Gibbs free energy and enthalpy p r o f i l e s 
for a Scheme 1 reaction i n the case where the barrier to 
recombination of the cage pair i s entirely entropie (AS c < 0) . 
The tr a n s i t i o n state structure for the covalent precursor/cage pair 
inter-conversion ($ c, Figure 1) i s thus determined by the 
corresponding maximum i n the free energy p r o f i l e . On the other 
hand, the transition structure ( $Q0 for the diffusive separation 
of the cage pair i s determined by the position of the top of the 
enthalpy barrier for relative movement of one of the cage pair 
radicals past the solvent and away from i t s cage partner. This part 
of the energy p r o f i l e i s uniquely a property of the l i q u i d phase. 
I f the reaction coordinate i s reduced to a simple r a d i a l separation 
of the cage pair, then the transition structure for diffusive 
separation (J^) can be i d e n t i f i e d with the cage radius (R c, Figure 
1). 

The determination of differences i n the activation 
enthalpies for the separation/combination steps (ΔΗ ^ - ΔΗ c) of 
Figure 1 i s quite simple but, to our knowledge, no determination of 
the individual values of the activation parameters for the k c and 

processes have previously been available. One of the primary 
purposes of the present work i s to discuss an analysis that yields 
such values. These activation parameters, i n turn, are used to 
i l l u s t r a t e the curvatures that exist i n Eyring or Arrhenius 
treatments of the temperature dependences of the observed rate 
constants for free radical recombination, trapping and formation by 
thermolysis of a covalent precursor i n solution. 

In order to establish a base for our analysis, the equations 
that relate the activation parameters for the elementary steps of 
Scheme 1 (Figure 1) to the observables for free radical self-
termination are presented f i r s t . Next, the distinctions between 
c o l l i s i o n a l cage pairs and photochemical cage pairs are 
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8. KOENIG ET AL. Cage Pair Intermediates and Activation Parameters 115 

established. The results section shows the correspondence that can 
exist between hydrodynamic and chemical models for the cage effect. 
The implications of an approximate equivalence between the 
activation enthalpy for cage pair separation (k d, ΔΗ d) a n d that 
for free radical diffusion (kp, ΔΗ n) are then developed. 

Free Radical Recombination--A Scheme 1 system can be studied 
experimentally by measuring the second order rate constants for 
self-termination of the free radical species. In other words, the 
reverse of Scheme 1 system can be studied starting with the free 
radicals which form (2kj), Scheme 1) the c o l l i s i o n a l cage pair 
through diffusion. The observed second order rate constants for 
free radical self-termination (2k tobs) depend on the value of kn 
and the efficiency of the cage combination reaction (k c) compared 
to the competing diffusive (re)separation (k d) at the c o l l i s i o n a l 
cage pair stage. In quantitative terms, the experimental rate 
constant (2k tobs) depends on the fractional cage efficiency [F C(T)] 
which, for Scheme 1, i s defined by equation (1). Equations (2)-(4) 
give the relationships of the observable self-termination rate 
constants (2k tobs) and their activation parameters (ΔΗ tobs, 
AS tobs) with those for the elementary processes of Scheme 1. The 
fractional cage efficiency factor [F C(T)] i s temperature dependent 
to the extent that k c/k d i s temperature dependent . 

F C(T) - k c / ( k c + k d ) ; [1/F C(T)]-1 - kaAc (1) 

2ktobs - F c(T)*(2k D) (2) 

AH*tobs - AH*D +[1-FC(T)]*(AH*c-AH*d) (3) 

AS*tobs - A s V R l n [ F c ( T ) ] + [l-F c(T)][(AH* c-AH* d)/T] (4) 

These equations [(3)-(5)] are simply implied by composite 
mechanisms, such as Scheme 1, but have not received much previous 
attention. They express the curvature i n Eyring (ln(k/T) vs 1/T) 
treatments of observed rate constants for two step mechanisms where 
neither step i s clearly rate determining. For the cage pair case, 
this includes the domain where the cage combination efficiency i s 
from 10 to 90 percent (0.1 < F C(T) < 0.9). A notational 
c l a r i f i c a t i o n , which i s required by this curvature, i s to introduce 
the apparent activation parameters (ΔΗ taPP» Δ δ t aPP) that would be 
obtained from the ln(2k tobs/T) versus 1/T linearized f i t . As we 
w i l l show, the apparent activation parameters must be kept d i s t i n c t 
from the ΔΗ tobs and AS tobs of equations (3) and (4). The l a t t e r 
values are labelled "obs" because they give the observed rate 
constant (2k tobs) at any temperature i n the range of observation. 
The apparent activation parameters give approximate values for 
2ktobs that d i f f e r from the actual values by the extent of the 
curvature. 

The values for ΔΗ t aPP a n c* Δ δ t aPP a r e n°t, by themselves, 
physically significant and could be quite misleading. In spite of 
this feature equation (5) shows a useful approximation for 

F C(T) « l-[(AH* tapp - AH*D)/(AH*C - AH*d)] (5) 
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116 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

estimating the cage efficiency factor at the mean temperature 
[F C(T)] i n the range used to determine ΔΗ taPP» presuming that the 
values for ΔΗ η and the (ΔΗ C-AH d) differences are known. 

The activation parameters for the purely dif f u s i o n controlled 
formation of the c o l l i s i o n a l cage pair from the free radicals 
(Scheme 1, k D , AH*D, AS*D) are r e l a t i v e l y well e s t a b l i s h e d 6 1 5 ' 9 ' 1 0 . 
For nonpolar radicals i n non-associating alkane solvents, the value 
of ΔΗ η should be very close to the Andrade energy [E n, equation 
(6)] for viscous flow of the solvent as predicted by the 

η - A n exp(En/RT) (6) 

Stokes-Einstein-Schmoluchowski 1 1 (SSE) equation. This result, cast 
i n the present notation, i s given i n equations (7) where the 
constant C incorporates the c o l l i s i o n diameter of the c o l l i s i o n a l 
cage pair and the numerical constants. 

k D - (kT/h)(C)(l/n) ; (7) 
ΔΗ D - E,, ; AS η - R ln[C/(A n)] 

The c r i t i c a l analysis by Shuh and Fischer 6 1 3 on corrections to 
equation (7) showed that, for a l k y l radicals i n alkane solvents, 
the prescription of Spernol and Wirtz (SW) gives adequate 
modifications to the simple SSE prediction. The SW recipe can 
generally be re-expressed as i n equation ( 8) where 

k D - (kT/h)'mf'(C)(l/n) a ; (8) 
ΔΗ η - aEn ; AS D - R ln[mf·C/(An

a)] 

the a values are constants that depend on the solute/solvent system 
and vary between 0.9 and 1. The major effect of the SW correction 
comes from the temperature independent multiplier [mf, equation 
(8)] which, i n transition state models, affects the activation 
entropy (AS n). The activation parameters for the diffusion of free 
radicals (kj)) are thus not too much of a problem. The main 
d i f f i c u l t y i s with effective activation parameters for reactions 
leading out of the cage pair intermediates and our main goal i s to 
elucidate these values. 

Photochemical Cage Pairs--Laser methods have progressed to the 
point where direct observations of cage pair intermediates are 
feasible. With pulse widths i n the picosecond (psec) regime, the 
time course of the formation and decay of cage pair intermediates 
can be recorded as f i r s t demonstrated by Endicott and Netzel for 
aqueous solutions of coenzyme Β^2· A recent report on the 354.7 
nm (35psec) pulsed photolysis of cis-decalin solutions of diphenyl 
di s u l f i d e showed that the observed kinetic behavior for photolysis 
of this precursor/solvent system was due to formation and reaction 
of the cage pair species (Scheme 2). The present work provides a 
further analysis of the temperature dependence exhibited by this 
system which extracts the effective activation parameters for 
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8. K O E N I G E T A L Cage Pair Intermediates and Activation Parameters 117 

hv 
C 6H 5S-SC 6H 5 [C 6H 5S--SC 6H 5] p 2 [ C6H5S' ] 

k< cp Precursor Cage Pair 
Photochemical 

Free Radicals 

Scheme 2 Chemical Model Photochemical Cage Pairs 

the reactions of the c o l l i s i o n a l cage pair from observations of the 
photochemical cage pair. I t i s important to remember that the 
photochemical cage pairs, l i k e that of Scheme 2, are not ide n t i c a l 
to their c o l l i s i o n a l (Scheme 1) counterparts and the notation of 
Scheme 2 has added the subscript ρ to differentiate the 
photochemical cage reactions. Hydrodynamic models, l i k e the 
radiation boundary model (RBM) that was used i n our preliminary 
account of the behavior of the Scheme 2 system, can provide a 
basis for accounting for the differences i n the two related cage 
pair types and for predicting the behavior of the c o l l i s i o n a l cage 
pair of Scheme 1 (R - C6H5S) from the observations on the 
photochemical cage pair. The following sections demonstrate results 
that can be derived from this type of analysis. 

The Radiation Boundary Model (RBM)-- The optical density of the 
Scheme 2 system at 435nm, produced by 35-40 psec (gaussian fwhm) 
laser pulses (0.5mJ per pulse at 354.7 nm), i s due to the sum of 
the free and cage pair phenylthiyl radical concentrations. The 
expression for the time dependence of this sum [SR*(t)], according 
to the RBM, i s equation (9). This equation would be d i r e c t l y 
applicable i f the temporal widths of the exciting and probing 

pulses were small compared to the time constant for the cage pair 
decay. This condition does not pertain to the phenylthiyl system i n 
decalin with 35-40 psec pump and probe widths. Convolution of the 
decay function [equation (9)] and the pulse/probe temporal shapes 
is therefore necessary and Scott and Liu have established that 
the numerically convoluted time dependence, based on equation (9), 
gives good agreement with experimental observations . 

The variables of equation (9) are the r a t i o (K) of the 
i n i t i a l separation distance (d Q) to the sum of the hard sphere 
c o l l i s i o n r a d i i (s), the rat i o (L) of the proportionality constant 
for the combination reaction (k^) to the second order rate 
constant for pair diffusion (k d2) and the r a t i o (r) of the time 
elapsed since pair formation to the diffusive time constant (s /D). 
The fractional cage efficiency i s the complement to the pair 

Results 

SR'(t) - l-IL/KU+LMerfcx - (βχρχ * exp 2 * e r f c 2 ) ) ; 

e r f c x - e r f c K K - D / ^ r 1 / 2 ] , e x P 1 - exp[ (1+L) (K-l) ] , 

e r f c 2 - erfc{[(l+L)/Tl/2]+[(K'l)/2rl/2]), 

exp2 - exp[(l+L)2r] (9) 
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118 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

survival [equation (9)] at i n f i n i t e time. Equation (10) gives the 
RBM expression for cage combination efficiency and simply involves 
Κ and L. 

F C(T) - (1/K)*L/(1+L) ; Photochemical: Κ > 1 
C o l l i s i o n a l : Κ - 1 (10) 

The d i s t i n c t i o n between the photochemical cage of Scheme 2 
and the c o l l i s i o n a l cage of Scheme 1 i s the additional 
momentum ' ' available for separating the incipient photochemical 
pair by virtue of the (26 kcal/mole) energy i n the photon that i s 
in excess of that required for bond cleavage. According to the RBM, 
the difference between the photochemical and c o l l i s i o n a l cases i s 
in the value of K. For the c o l l i s i o n a l case, Κ i s unity while i n 
the photochemical case i t i s greater than 1. The greater than one 
condition i n the photochemical case results from the extra 
separation momentum which i s not available i n the c o l l i s i o n a l case. 
The adsorption of a 354.7 nm photon yields an excited diphenyl 
disul f i d e molecule which i s 80.6 kcal/mole above the ground state 
and 26 kcal/mole above the dissociation l i m i t for formation of 
two separated phenylthiyl radicals i f both are i n their electronic 
ground state. The excess energy i n the excitation event i s 
dissipated i n the fsec regime, partly by (translational) separation 
of the cage pair. 

Our present focus i s on the values of F C(T) that are contained 
i n the convoluted f i t s to equation (9) obtained i n cis-decalin over 
the temperature range from 237 Κ to 429 K. These results give cage 
eff i c i e n c i e s for the photochemical case d i r e c t l y and predict those 
for the corresponding c o l l i s i o n a l case where Κ may be set equal to 
one. The vis c o s i t y of this solvent has been characterized (Table I) 
and f i t s the Andrade equation (6) with an L of 3685 cal/mole and a 
pre-exponential constant (A n) of 6.45X10 cP. These results are 
summarized i n Table I and Figure 2. 

The f i t t i n g procedure was remarkably simple for the 
photolysis i n cis-decalin. A single value of Κ (1.3) and a single 
proportionality constant (k^) were s u f f i c i e n t throughout the 192 
degree temperature range. Furthermore, the variations of the 
measured diffusional time constant (s /D) were d i r e c t l y 
proportional to the changes i n solvent viscosity. A hard sphere 
c o l l i s i o n diameter of 360pm, estimated from the x-ray structure of 
diphenyl d i s u l f i d e , gives absolute diffusion coefficients for 
phenylthiyl radicals that are uniformly 7.3 times greater than the 
Stokes-Einstein value. 

The combination e f f i c i e n c i e s , predicted for the c o l l i s i o n a l 
case by the RBM, can be converted to the simple chemical models 
(Scheme 1) through the effective l o c a l concentration of the i n i t i a l 
pair and the observed diffusive time constants. The k dp of Scheme 2 
i s thus given as 3D/dQ . The F C(T) and F c p(T) values of Table I 
y i e l d the corresponding k c p and k c values at each temperature. The 
corresponding activation parameters for diffusive separation and 
combination of the c o l l i s i o n a l cage pairs are summarized i n Table 
I I . 
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-60 "i 1 1 1 1 1 1 1 1 1 1 1 1 
2.6 3 3.4 3.8 4.2 4.6 5 

REACTION COORDINATE 

Figure 1. Free energy and enthalpy for bond dissociation in solution. (+)Gibbs 
Free Energy, (-) Enthalpy. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Fluidity [1/Eta. cP(-1)] 

Figure 2. Radiation boundary (RBM) and chemical models for 
phenylthiyl cage pairs. (x)RBM {photochemical}, (^Chemical model, 
(—)RBM ( c o l l i s i o n a l ) 
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120 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I 
Fractional Cage Efficiencies i n cis-Decalin 

τ Γ°ΚΙ 
Viscosity F l u i d i t y 

1/n fcP 

Photochemical 
Efficiency 

L1 F c P m b 

C o l l i s i o n a l 
Efficiency 

237 16 .21 0. .584 0. ,75 0.98 
251 10 .47 0, .524 0. ,74 0.96 
268 6 .55 0, .457 0. ,72 0.93 
283 4, .54 0. .404 0. ,69 0.90 
293 3 .63 0, .371 0. ,67 0.88 
299 3 .20 0. .352 0. ,66 0.86 
313 2 .42 0, .312 0. ,63 0.82 
333 1 .70 0, .260 0. 57 0.74 
354 1 .22 0, .231 0. 51 0.66 
375 0 .910 0, .173 0. 45 0.58 
390 0 .751 0, .148 0. .40 0.52 
429 0 .488 0, .097 0. .30 0.39 

a) Landolt-Bornstein. Zahlewerte Und Functionen; Springer: Be r l i n , 
1969: Vol.11, Part 5a, p.169. b) Ref. 16 

Table I I 
Activation Parameter Summary 

Phenylthiyl radical 

Rate 
Process Constant 1 AH* AS 

C o l l i s i o n a l 
Cage 

Combination (kc) -600 cal/mole -11.4 cal/mole-Κ 

C o l l i s i o n a l 
Cage 

Separation 
(kd) 3705 cal/mole - 0.5 cal/mole-Κ 

Free Radical 
Diffusion 

(2k D) 3447 cal/mole - 4.4 cal/mole-K 

Figure 2 compares the ratios of the rate constants for 
diffusive separation to cage combination (kd/kc as 1/FC(T) - 1) for 
both the photochemical (Scheme 2) and c o l l i s i o n a l cage pairs 
(Scheme 1). The points on the c o l l i s i o n a l curve show the agreement 
between the activation parameter derived chemical (Scheme 1) model 
with the hydrodynamic RBM. This agreement suggests that the simple 
chemical model gives an adequate account of the c o l l i s i o n a l cage 
pair, at least i n this case. 
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8. KOENIGETAL. Cage Pair Intermediates and Activation Parameters 121 

Free Radical Self-Termination. The cage ef f i c i e n c i e s and activation 
parameters for the phenylthiyl c o l l i s i o n a l cage pair provide the 
basis for i l l u s t r a t i n g some of the important features of equations 
(3)-(5) and for predicting the observed rates of self-termination 
of phenylthiyl free radicals . Application of the SW procedure to 
the completely diffusion controlled step of Scheme 1 (kn ) for 
phenylthiyl free radicals i n cis-decalin can be expressed by the 
tra n s i t i o n state equation with a ΔΗ η of 3448 cal/mole and a AS η 
of -4.3 cal/mole-K. The corresponding activation enthalpy (AH n) 
from the Stokes-Einstein-Schmoluchowski relationship i s 3685 
cal/mole (K^ for cis-decalin) so that the α of equation (8) i s 
0.94. The micro-frictional multiplier (mf, equation 8 above), which 
i s incorporated into the SW activation entropy (AS η), i s 2.4. The 
SW activation entropy for a truly diffusion controlled s e l f -
termination of phenylthiyl free radicals (2k tobs -2kj), F c - 1 at 
a l l temperatures) i s -5 Λ?2 cal/mole-K after correction for the 1/4 
spin s t a t i s t i c a l factor . These values are also included i n Table 
I I . Figure 3 (uppermost curve ) shows this SW/(FC-1) prediction of 
the self-termination rate constants i n this case. This part of 
Figure 3 provides a reference that i s helpful i n i l l u s t r a t i n g the 
effects of less than i n f i n i t e l y effective cage combination 
reactions (FC<1) derived above. 

As indicated by equation (2) above, the observed values for 
the rate constants of the second order self-termination of Scheme 1 
free radicals (2k tobs) are the product 2kn*F c(T). The RBM has 
provided the required values for F C(T) and SW has given 2kn so that 
the values of 2ktobs can be predicted. The effective activation 
parameters for the k<i/kc competition and equations (3) and (4) 
offer the chemical model alternative for calculating 2k tobs. The 
lower two curves of Figure 3 are the results of the two model 
calculations and simply reconfirm the equivalence of the RBM and 
chemical models shown i n Figure 2. The important feature of Figure 
3 i s the pronounced curvature i n the Eyring treatment of the 
predicted rate constants (2k tobs). As mentioned at the outset, this 
i s a result of the composite mechanism where neither diffusive 
separation nor cage combination i s cl e a r l y rate dominant. 

I f the self-termination rates were measured over a more 
limited temperature range, then apparently or approximately linear 
activation parameter plots would be observed. For example, 
treatment of the calculated 2ktobs values from 237 °K to 268 °K by 
linear regression yields a AH t aPP °f 3265 cal/mole with a 
correlation coefficient (r ) of 0.999. This value of AH t aPP a n d 

equation (5) gives F C(T) as 0.96 at 252 °K (the mean of the 
temperature i n t e r v a l ) , the same as calculated by the RBM. Values 
for 2ktobs from 375 °K to 429 °K also give acceptable linear 
regression s t a t i s t i c s (r - .995) but a AH tapp of 1235 cal/mole and 
an F C(T) at the mean temperature (402 °K) equal to 0.44. These 
results highlight the importance of the very wide temperature range 
over which laser methods can operate. The degree of curvature 
predicted here (Figure 3) appears to be s u f f i c i e n t to be detected 
with modern nanosecond pulse methods. » ' a 

These results (Table I I , Figure 3) reveal the caution that i s 
required i n interpreting the temperature dependence of free radical 
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122 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

self-termination. Curvature i n the ln(k/T) versus 1/T i s certainly 
expected but might not be v i s i b l e , especially over a limited 
temperature range. The apparent activation parameters that would be 
obtained i n such a case could be misleading. The major general 
conclusion, suggested by from these results, i s that simple 
chemical models can describe cage pair phenomena i n a manner that 
i s equivalent to more sophisticated hydrodynamic formalisms such as 
the RBM. The activation entropy for the ( c o l l i s i o n a l ) cage 
recombination process (AS c) i s negative and, as indicated i n 
Figure 1, i s the source of the barrier for recombination . The 
activation enthalpies for diffusive separation of cage pairs (ΔΗ d) 
and diffusive c o l l i s i o n of free radicals (AH D) are essentially the 
same as the Andrade energy for viscous flow of the solvent. This 
approximate equality i s used i n the succeeding sections that treat 
trapping reactions and bond homolysis. 

Free Radical Trapping Reactions--Scheme 3 represents a reversible 
bond thermolysis starting from an organometallic precursor (R-M) 
reacting by trapping of the radical intermediates (R*, M*) with a 
trapping agent (T). This scheme i s formally identical to Scheme 1 
with the addition of the trapping processes (^Tpair*[Tl» k-pf'tT]). 
The free radical trapping process (k-pf'[T]) i s of fundamental 
importance i n allowing the observation of the kinetics for 
formation of free radicals for such systems. 

kTpair'[T] 
k h ' Ï * 

M-R « » [M- -R] « » [M* ] + [R-] • Ρ 
k c k D k T f[T] 

Precursor Cage Pair Free Radicals Trap Product 
Scheme 3 Reversible Bond Homolysis 

The free radical trapping reaction (kff) of Scheme 3 
involves a c o l l i s i o n a l l y formed cage pair (where the trapping agent 
(T) and the a l k y l (R*) radical are the chemically reactive 
components) which i s formally identical to that for free radical 
self-termination discussed above. Scheme 4 provides this 

kTD 
[R-] + [Τ] « E [R- T] • Ρ 

k T d k T c 

Free Radicals Cage Pair Trap Product 
(Reactive radical/Trap) 

Scheme 4 - k^f Step of Scheme 3 

elaboration of the free radical trapping (k-pf) process of Scheme 3. 
The overall k«pf reaction of Scheme 3 i s again a composite of the 
elementary steps of Scheme 4. The chemical reaction of the 
radical/trap cage pair i s denoted as k-pc. The diffusive steps for 
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8. KOENIG ET AL. Cage Pair Intermediates and Activation Parameters 123 

formation and (re)separation of the radical/trap pair are denoted 
as k<prj and k-pd respectively. 

The relationships corresponding to equations (l)-(5) above 
are as follows. The observed rate constants (k-pfobs) and activation 
parameters (ΔΗ -pf°bs AS -pf°bs) for disappearance of R' by reaction 
with Τ depend on the second order rate constant for diffusive 
c o l l i s i o n to form the cage pair (k-pn, equation 12) and the 
fractional cage efficiency (F<pc, equation 11). The l a t t e r i s 
determined by the f i r s t order rate constants for the chemical 
reaction (k<pc) and diffusive (re)separation (k-pd) of the T/R* 
c o l l i s i o n a l cage pair. The associated activation parameters are 
given by equations (13) and (14). 

F Tc " kTc/( kTc + k T d) ( U ) 
k-pfobs - F-pc k-prj (12) 

AH*Tfobs - AH* T D + [ l - F X c ( T ) ] (AH* T c - AH*Td) (13) 

AS* T fchs - AS* T D+[l-F T c(T)][(AH* T c-AH* T d)/(T)]-Rln[F T c(T)] (14) 

These equations are quite useful i n the analysis of recent 
observations on free radical trapping. The diffusive activation 
enthalpies i n equation (13) (AH JD, δ η Td) certainly tend to cancel 
and i f they do so exactly, then the value of ΔΗ -pn can be used with 
equation (13) to obtain AH -pc which i s i n t r i n s i c to the 
radical/trap cage pair. The recent work on reaction of butyl 
radicals with thiophenol provides a useful example. In this case, 
enough information i s available to evaluate k-ppj and hence F-pc 

( F T c - k Xfobs/k T D - 0.02) for the η-butyl (NBU*)/thiophenol 
reaction i n n-nonane. This low value, the AH -pd " ̂  TD equality 
(suggested by the psec laser/RBM results above) and equation (13) 
immediately explain the observed activation parameters. The l-F-pc 

factor, i n this case, i s essentially 1 throughout the^temperature 
range of observation and AH «pfobs becomes equal to AH -pc (when 
ΔΗ «pD * s presumed to be equal to AH -pd) 

In cases where the fractional cage efficiency i s this low (< 
0.1), equation (14) can be replaced with the more i n t u i t i v e 
approximate form shown as equation (14a). This equation together 
with the value of AS »pD can be used to obtain the value of AS <pc 

AS* T fobs - AS* T D + [l-F X c ( T ) ] [ ( A S * T c - A S * T d ) (14a) 

relative to AS -pd- Th e results obtained above (Tablell ) suggest 
that AS -pd should be near 0. We wish to emphasize that the values 
for AH »pc and AS fc are those which should be transferred for a 
given R'/t-rap system to a different solvent rather than AH xfobs 
and AS «pf °bs. Changing solvent w i l l involve a new AH -pn and AS «pD 
and possibly a new AS <pd- I t i s AH -pc a n d Δ δ T c that are properties 
of the R*/T pair with the solvent effects stripped (or assumed) 
away. 
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124 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

I f the FT c(T) values are not so near 0 (or 1), then the 
composite mechanism curvature problem arises. As i n the free 
radical self-termination case discussed above, i t i s necessary to 
introduce the apparent activation parameters that are obtained from 
the standard ln(k/T) versus 1/T treatment of the observed rate 
constants (kffobs). These activation parameters must be kept 
d i s t i n c t from those of equations (13) and (14) above. The apparent 
activation enthalpy (AH xfapp) gives an approximation to k«jfobs 
which neglects the curvature while AH xfobs and AS xfobs give the 
correct values of the rate constants throughout. The apparent 
activation enthalpy i s useful i n estimating the value of the 
fract i o n a l cage efficiency for the reactive radical/trap cage pair 
at the mean of the temperature range of observation (Fx c(T)). 
Equation (15), which i s analogous to equation (5) above, expresses 
this p o s s i b i l i t y . 

F T c(T) - l-[(AH* T fapp - AH* T D)/(AH* T c - AH* T d)] (15) 

This use of equation (15) can be i l l u s t r a t e d using recently 
published results on the trapping of the 5-hexenyl radical (5-
HE*) with the Beckwith nitroxide (BEN) i n cyclohexane. The 
reported observations correspond to an apparent activation 
enthalpy (AH Tf aPP) °f -2 kcal/mole. The ΔΗ - ΔΗ χη - En 
equivalence, suggested by the laser photolytic results on diphenyl 
dis u l f i d e discussed above, gives ΔΗ χη " 2.9 kcal/mole. Assuming a 
temperature independent kx c gives a ΔΗ χ α of ca. -.5 kcal/raole. 
These values and equation (15) give Fx c(T) - 0.2 at 360 K, the mean 
temperature of the observation range. This value, as F x c ( T ) / [ l -
F T c ( T ) ] , fixes the AS* T c - AS* x d difference (12.1 cal/mole-K) and 
an observed rate constant allows the determination of AS χη (-5.8 
cal/mole-K). 

Figure 4 shows the comparison of the Fx c-1 l i n e with that was 
generated by the present formalism for the BEN/5-hexenyl pair i n 
cyclohexane. The temperature range of this figure i s much wider 
that i n the experiment and linear regression over the experimental 
temperature interval (333 to 397 K) reproduces the apparent 
activation parameters observed by the Australian group i n that 
in t e r v a l . The curvature imparted by the varying values of Fx c(T) 
gives a AH xfapp which i s much lower than the En of the solvent. 

The transference property of the radical/trap cage pair 
activation parameters can be i l l u s t r a t e d by recent data on trapping 
cycloprop^lmethyl (CPM) r a d i c a l 2 8 with BEN. Transferring the 
AH*Tc/^AS T c values for BEN/5-HE* to CgFg and using the En of CfcFfc 
for ΔΗ χη together with Warkentin's 2 9 nicely conceived BEN/ CPM* 
product ratios gives rate constants for the CPM* isomerization (ki 
Figure 5) i n close agreement with the Franz -Newcomb -Beckwith 
results. Figure 5 shows this comparison after very s l i g h t 
adjustment (-0.83 ca l mole'^K"1) of AS*Tn i n the CgFg solvent. The 
s l i g h t l y more negative value for AS χη i n CgFg compared to 
cyclohexane i s expected from the relative Andrade pre-exponential 
factors [A n, equation (7)] of the two solvents. The activation 
parameters for these trapping reactions are summarized i n Table 
I I I . 
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8. K O E N I G E T A L . Cage Pair Intermediates and Activation Parameters 125 

13.4 Η 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r—ι ι I 
0.0023 0.0025 0.0027 0.0029 0.0031 0.0033 0.0035 0.0037 0.0039 0.0041 0.0043 

1/TEMPERATURE 

Figure 3. Calculated ln(2k«tobs) values versus 1/T for s e l f 
termination of phenylthiyl free radicals. (•) Spernol-Wirtz (SW, 
Fc • 1). (0>radiation boundary (RBM), (+) Chemical model. 

0.0025 0.0027 0.0029 0.0031 0.0033 0.0035 0.0037 0.0039 0.0041 0.0043 
1/TEMPERATURE 

27 Figure 4. Trapping of 5-hexenyl radical with Beckwith nitroxide 
i n cyclohexane. (•) F c - 1, (+) Scheme 4. 
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126 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I I I a 

R */Trap * * AH xfapp AS xfapp * 
ΔΗ χη 

* 
AS χη AH* T c 

A O * b p c AS x c Fx c 

NBUyc 6H 5SH 2 6 

5-HE*/BEN27 

CPM'/BEN29 

1.04 -18.32 
0.26 -16.29 

2.00^ 
2.90f 

2.526 

-5.23e 

-5.77 
-6.60 

1.04 
-.50 
-.50 

-13.1 .02 
-12.1 .42 
-12.1 .30 

a) Enthalpies i n kcal mole-1, Entropies i n c a l / mole-Κ. 
b) A H*Td - AH* T D ) AS* x d c a 0 Addition of the same 
constant to both A S*Tc and AS* T d d o e s n o t a f f e c t FTc 
or 

k T cobs. 
c) 25 C. d) Nonane solvent, e) No cage 

s i n g l e t / t r i p l e t spin selection, f) Cyclohexane 
solvent, g) Hexafluorobenzene solvent. 

F i n a l l y , we should note that the rate constants for the cage 
pair trapping^reaction £kxpair) i n Scheme 3 are also determined by 
values for ΔΗ x c and AS χ 0 such as those of Table I I I . The form of 
the kxp a^ r rate constant d i f f e r s from that of k X f i n that i t 
applies to r e l a t i v e l y high trap concentrations where the trapping 
agent can be one of the 4-8 molecules that make up the cage wall. A 
diffusive step need not be involved i n the k x p a i r process i n this 
concentration range. The cage pair trapping reaction rate constant 
could be approximated as the sum of a diffusional path and a non-
diffusional cage wall path. The activation parameters for the ^ 
chemical cage reaction for reactive radical/trap cage pairs (AH X c , 
AS x c, Table III) are the fundamental values that govern both of 
these cage pair trapping processes. The cage pair trapping reaction 
i s experimentally accessible through careful measurements of the 
rate constants of Scheme 3 homolyses i n the 0.1M - 1M trap 
concentration region. The temperature dépendance of those results 
can y i e l d the activation enthalpy differences for the cage 
recombination (AH c, k c, Scheme 3) and cage pair trapping (kxp a^ r, 
Scheme 3) processes. Values for AH c are the most important 
unknown i n the solution phase equations for bond dissociation 
energies of organometallic systems. 

ο 
Bond Homolysis reactions.--We have previously reported an 
approximate version of the present formalism as i t pertains to the 
activation parameters for disappearance of an organometallic 
precursor through reaction with a suitable free radical trapping 
agent (Scheme 3). That preliminary account was incomplete and did 
not make the d i s t i n c t i o n between apparent activation parameters and 
what we term "observed" activation parameters. This d i s t i n c t i o n i s 
necessary, i n principle, for the rate constants observed for 
homolytic decay of R-M of Scheme 3 (k nobs) at scavenger 
concentrations such that a l l free radicals and no cage pairs are 
being trapped. As discussed above for free radical s e l f -
termination, we use the subscript "obs" to denote the activation 
parameters that give the observed rate constants at any temperature 
in the interval of observation. These values should be^ 
distinguished from apparent activation parameters (AH n app, 
AS n app) derived from linear regression of ln(k nobs/T) against 
1/T. The l a t t e r values w i l l give approximate values for k nobs which 
d i f f e r from the true ones by the extent of the curvature. 
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8. K O E N I G E T A L . Cage Pair Intermediates and Activation Parameters 127 

Equations (17) and (18) below give the activation parameters 
which correspond to the observed rate constants [k nobs, equation 
(16)] for a bond homolysis leading to reaction of reactive radicals 
with a trapping agent at the free radical stage (Scheme 4). 

k hobs - [1 - F c(T)]'k h (16) 

AH*h(T)obs - ΔΗ*η + F c(T)[AH* d-AH* c] 
AS* h(T)obs - AsVF c(T)[(AH* d-AH* c)/(T)]+Rln[l-F c(T)] (18) 

Figure 6 i l l u s t r a t e s the d i s t i n c t i o n between ΔΗ n, ΔΗ hWobs a n c* 
ΔΗ η app for a hypothetical M-R and solvent with the activation 
parameters shown. The l i n e corresponding to ΔΗ n

aPP w a s generated 
by linear regression of ln(k nobs/T) against 1/T at the three 
highest temperatures and extended to the (experimentally 
inaccessible) low temperature region. The curved l i n e i s the r a t i o 
of the rate constants calculated from the apparent activation 
parameters (k napp) to those calculated from equations (17) and (18) 
with an added graphical multiple (-15) to allow the display of the 
k napp/k nobs measure of the curvature on the same scale as the 
Eyring plots. The curvature effect i s present but of much less 
importance than that shown i n Figure 3^above for free radical s e l f -
termination. The difference between ΔΗ napp and ΔΗ nobs i s not 
sig n i f i c a n t for rate constants of ordinary accuracy over ordinary 
temperature ranges. 

ο 
I f d i f f e r e n t i a l solvation effects are ignored , then the bond 

dissociation energy for the R-M bond can be approximated as i n 
equation (19). The example shown i n Figure 6 corresponds to a case 
where F C(T) approaches unity. Equation (19) shows that, 

BDE - AHh*app + [1 - F C(T)] [AH*d-AH*c] - ΔΗ*η (19) 

i n the F C(T) - 1 l i m i t , the BDE i s simply the difference between 
ΔΗ η app (34.80 kcal/mole i n Figure 6) and ΔΗ η (5 kcal/mole i n 
Figure 6 i f ΔΗ η — ΔΗ d ) . For the example of Figure 6, this 
difference i s 29.80 kcal/mole which compares favorably with the 
actual (30 kcal/mole) value. This procedure i s equivalent to the 
one put forth by Halpern and the present results show that i t can 
give quite good results i f F C(T) i s close to one. 

The Halpern procedure becomes less accurate when the 
fracti o n a l cage efficiency i s not so close to one. A system with 
the activation parameters of Figure 6, except for a reduction of 
ΔΗ d, models a more f l u i d solvent. Diffusive escape becomes faster, 
r e l a t i v e to cage combination, and this leads to reduced values of 
F C(T). A reduction of the value of ΔΗ d to 2.6 kcal/mole gives 
F C(T) as 0.2 at the mean of the temperature range that would apply 
to a ΔΗ η app value of 30.6 kcal/mole. The Halpern procedure leads 
to an estimated 28 kcal/mole for the BDE i n this case, somewhat 
less than the actual 30 kcal/mole value. The value of F C(T), the 
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128 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

32 η 
30 -
28 -
26 - \ v Eyrina Arrhenius 
24 -
22 -
20 -

AH* 6.73±.08a 

AS*| 0.76±.76b 

Ea(i) 7.13±.08a 

log Ai 13.25±.17 

CP
M

 

18 - a) Kcal mole*1 b) Cal mole*1 K'1 

3 16 -
c 14 -

12 -
10 -
8 -
6 -
4 -
2 - ι ι ι r ι • Τ Γ 
0 0.002 0.004 0.006 0.008 

1 Λ ( Κ ) 

Figure 5. Eyring plot for the ring opening isomerization (k£) of 
cyclopropylmethyl free radical. 
<D) Ref. 29, (O) Ref. 28, (Δ) Ref. 30. 

0.0023 0.0025 0.0027 0.0029 0.0031 0.0033 0.0035 0.0037 0.0039 0.0041 0.0043 
1/TEMPERATURE 

Figure 6. Temperature dependence (1/T) of apparent (k^app) and 
observed (k^obs) rate constants for a bond homolysis (kft) i n 
solution. (+)k h, (•)k n(obs), (0)k h(app), (—) -15*kh(app)Ah(°bs) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
8



8. KOENIG ET AL. Cage Pair Intermediates and Activate 129 

activation parameters for the cage pair reactions and equation (19) 
give the correct 30 kcal/mole value for the BDE. The solution 
phase method of estimating BDE values requires some attention to 
the value of the fractional cage efficiency and the activation 
parameters for the reactions of the cage pair i f precise values are 
the objective. I t should also be noted that the apparent activation 
entropies show a r e l a t i v e l y strong response to differences i n 
F C(T). This response needs to be considered i n interpretations of 
variations of experimental AS n app values for reactions of 
organometallic systems of varying structure. 

Discussion 

The major objective of the present work i s to provide a form 
for treating the effects of cage pair intermediates on observed 
activation parameters which brings consistency to observations on 
composite free radical formation and termination processes. The 
free radical trapping process i s completely analogous to s e l f -
termination i n that significant curvature i n Eyring or Arrhenius 
treatments of observed rate constants i s expected i f measurements 
are made over a wide enough temperature range. One of the most 
important results, suggested by the preliminary laser photolytic 
results on phenylthiyl cage pairs , i s that cage combination rate 
constants that are essentially temperature independent. The 
corresponding activation entropies for the cage combination of both 
phenylthiyl cage pairs and primary alkyl/nitroxide (BEN ) cage 
pairs support the idea depicted i n Figure 1; the barrier to cage 
combination may be entirely entropie. 

The present results suggest a correspondence between 
transition state and hydrodynamic models for^cage effects. They 
also suggest an equivalence between AH d AH JJ and E^ The major 
difference between the rate constants for diffusive separation (k d) 
and diffusive c o l l i s i o n (kjj) i s i n the activation entropies. 
However, we emphasize that more experimental data and examination 
of a wider range of models i s necessary before this suggestion i s 
accepted. Our emphasis i s on demonstrating that cage reactions are 
d i r e c t l y approachable over a wide range of temperatures and 
solvents v i a psec laser methods. We do not imply that the present 
results establish the generality of either the temperature 
independence of rate constants for cage combination reactions or 
the AH d/AH Ό/^ΤΪ equivalence. Instead, we hope to have provided a 
framework that w i l l encourage and improve future direct 
determinations of the nature of the reactions of cage pair radicals 
and organometallic thermolyses. We expect that such studies w i l l 
soon provide a f a i r l y precise picture of temperature effects of 
cage pair reactions of varying structure. 
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Chapter 9 

Thermodynamic and Kinetic Studies of Binding 
Nitrogen and Hydrogen to Complexes 

of Chromium, Molybdenum, and Tungsten 

Alberto A. Gonzalez1, Kai Zhang1, Shakti L. Mukerjee1, Carl D. Hoff1, 
G. Rattan K. Khalsa2, and Gregory J . Kubas2 

1Department of Chemistry, University of Miami, Coral Gables, FL 33124 
2Los Alamos National Laboratory, Los Alamos, NM 87545 

The enthalpies and entropies of binding of molecular nitrogen and 
hydrogen to the complexes (PCy3)2M(CO)3, M = Cr, Mo, W, have 
been measured by a combination of solution calorimetry and high 
pressure FTIR studies. For all three metals nitrogen is the preferred 
ligand with regard to enthalpy of binding, however hydrogen has a 
less negative entropy of binding and is the preferred ligand at higher 
temperatures. Stopped-flow kinetic studies have been performed for 
ligand displacement reactions of (PCy3)2W(CO)3(L), L = H2, D2, 
and N2. Rate constants and activation energies have been measured 
for these complexes and can be used to construct complete reaction 
profiles for binding of nitrogen and binding and oxidative addition of 
hydrogen. Thermodynamic and kinetic data have been measured by 
NMR techniques for the equilibrium between the dihydride and 
molecular hydrogen tautomers H2W(CO)3(PR3)2 and 
W(CO)3(PR3)2(H2) for R = iso-propyl and the newly synthesized 
cyclopentyl complex. These data are in reasonable agreement with 
data for the analogous cyclohexyl complex which was determined 
independently by the solution calorimetric and stopped-flow kinetic 
methods as described above. 

It has only recently been discovered that H2 can form stable complexes with 
transition metals in which the H-H bond is retained (1). The general series of 
reactions shown in eqn.(l) probably reflects the course of many reactions in which a 
dihydride complex is formed as part of a catalytic cycle: 

kl k2 
L n M + H 2 =̂=* L n M(H 2 ) =̂=* LnM(H)2 0) 

k-i k-2 

The first step involves binding of molecular hydrogen to a "coordinatively 
unsaturated" or weakly ligated metal center. The second step involves 
intramolecular cleavage of the H-H bond to form a dihydride complex. At the 

O097-6156/90/0428-O133$06.00/0 
© 1990 American Chemical Society 
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134 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

present time it seems most likely that catalytic reactions such as olefin 
hydrogénation probably proceed through sequential addition of hydride ligands 
from die final dihydride product of reaction (1). No convincing evidence has been 
presented to date that hydrogen transfer can occur via concerted addition of intact 
H-H in a molecular hydrogen complex, but this remains a possibility. While 
molecular hydrogen complexes may be shown in the future to have a unique 
chemistry of their own, there can be no doubt that they are key intermediates in 
oxidative addition and reductive elimination reactions. Detailed understanding of 
the rates and equilibria in reaction (1) as a function of the metal and its ligands is 
important to understanding catalyzed reactions of hydrogen. 

The individual rate constants shown in eqn.(l) play an important role in 
determining the nature of a metal's interaction with hydrogen. A number of 
coordinatively unsaturated complexes don't react with hydrogen at all, implying 
that both kj/k-i and kik2/k-lk-2 « 1. The majority of complexes that do react with 
hydrogen proceed quantitively to the dihydride form, implying that both kik2/k-ik-2 
and k2/k-2 » 1. In the complexes (PR3)2W(CO)3, R = cyclohexyl, isopropyl, 
cyclopentyl, the individual rate constants are balanced so that all species can be 
observed as a function of temperature and hydrogen pressure. This allows a unique 
opportunity to study the factors involved in binding and oxidative addition of 
hydrogen. The analogous molybdenum (2) and chromium (3) complexes also bind 
H2, but in solution they do so quantitatively only under pressure. In this paper we 
report studies of all the rate and equilibrium constants shown in eqn.(l) for 
molecular hydrogen complexes of tungsten, and of the kj/k-i equilibrium for 
analogous chromium and molybdenum complexes. 

Key molecules in nitrogen fixation are complexes of N 2 , H 2 , N 2 H 2 , N 2 H 4 , and 
N H 3 . As part of a systematic study of the thermodynamic factors determining 
stability of these complexes (4) we also report results for enthalpies and entropies of 
binding of nitrogen to the series of complexes described above. For each of the 
metals nitrogen is the preferred ligand with respect to enthalpy of binding. 
However, entropie factors favor binding of hydrogen and at high temperatures H 2 
binds more strongly than N 2 . 

Experimental 

All operations were performed under an argon atmosphere using standard 
techniques. Tetrahydrofuran and toluene were distilled from sodium benzophenone 
ketyl under an argon atmosphere into flame dried glassware. The complexes 
(PR3)2M(CO)3 were prepared as described in the literature: R = cyclohexyl, M = 
Mo, W (2),and Cr (3), M = W, R = isopropyl (2) and cyclopentyl (5). Due to the 
highly air sensitive nature of the solutions, great care had to be taken to exclude 
even traces of oxygen from all operations. Solution calorimetric measurements were 
made using either a Guild isoperibol or a Setaram Calvet calorimeter as described 
previously (6). Infrared spectra were measured on a Perkin-Elmer 1850 FTIR 
spectrometer. High pressure FTIR spectra were obtained using a special 
thermostated cell purchased from Harrick Scientific. The cell was loaded in the 
glove box and then transferred to a special optical bench/glove box described in 
detail elsewhere (7,8). NMR measurements were obtained on an IBM AF-250 
spectrometer equipped with a Bruker VT-1000 temperature controller. A Bruker 
BSV3 decoupler unit was used for single-frequency 31P saturation. Absolute 
intensity values were determined by use of an Aspect 3000 computer which 
monitored intensities relative to the noninteracting tetracarbonyl complexes 
(PR3)2W(CO)4. Full details of these measurements will be published (5). Stopped-
flow kinetic measurements were performed on a Hi-Tech Scientific SF-51 apparatus 
equipped with an SU-40 spectrophotometer unit as described previously (2). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

00
9



9. GONZALEZ ET A L Binding Nitrogen and Hydrogen to Complexes 135 

Results 

Enthalpies of Binding of Ligands to n P ( C f f l n ^ ? W ( C Q ^ 

The dark blue complex (P(C6Hn)3)2W(CO)3 binds a selective "menu" of ligands 
and calorimetric data has been reported for a range of donors (6). Typical reactions 
studied by solution calorimetry are the reactions with pyridine shown in eqns.(2) 
and (3) below: 

(P(C6Hu)3)2W(CO)3 + py -> (P(C6Hu)3)2W(CO)3(py) (2) 

(P(C6Hu)3)2W(CO)3(H2) + py --> (P(C6Hu)3)2W(CO)3(py) + H 2 (3) 

The enthalpy of reaction (2) was determined to be -18.9 ± 0.4 kcal/mole with all 
species in toluene solution. The enthalpy of reaction (3), measured under an 
atmosphere of H2, was found to be -9.5 ± 0.5 kcal/mole. The difference between 
these two reactions, shown in eqn.(4), corresponds to binding of hydrogen and is 
calculated to be exothermic by 9.4 ± 0.9 kcal/mole: 

(P(C6Hll)3)2W(CO)3 + H 2 - > (P(C6Hu)3)2W(CO)3(H2) (4) 

Utilizing a series of measurments of this type in both THF and toluene, average 
heats of binding were measured (6) for: H2 = -10, N2 = -15, NCCH3 = -15, py = -19, 
P(OMe)3 = -26, and CO = - 30 kcal/mole. These data are shown schematically in 
Figure 1. 

Equilibrium Measurments for Binding of Nitrogen and Hydrogen to 
(P(Cffilp^?M(COV3 Complexes 

The calorimetric methods outlined above could not be used to determine heats of 
binding of H2 and N2 to the chromium and molybdenum complexes. In solution, 
even under an atmosphere of H2 and N2, binding is not quantitative for these 
metals. In order to obtain thermodynamic parameters for binding of these ligands 
the equilibrium reactions (5) and (6) were studied as a function of temperature and 
pressure (2). 

(P(C6Hu)3)2Cr(CO)3 + H 2 ^==^ (P(C6Hn)3)2Cr(CO)3(H2) (5) 

(P(C6HU)3)2Cr(CO)3+N2 =̂==̂  (P(C6Hn)3)2Cr(CO)3(N2) (6) 

Typical variable temperature spectral data for eqns.(5) and (6) are shown in 
Figure 2. This data can be used to calculate equilibrium constants and plots of In 
Keq versus 1/T are shown in Figure 3. Enthalpies and entropies of binding 
calculated from these plots are collected in Table I. 

As discussed above, enthalpies of binding of H2 and N2 to (P(C6Hu)3)2W(CO)3 
were determined by solution calorimetry. It was not practical to measure 
equilibrium constants for the tungsten complex since binding of both H2 and N2 is 
near quantitive under normal conditions. Using N2/H2 mixtures we have measured 
(2) the thermodynamic parameters for the ligand exchange reaction shown below: 
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136 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

(P(C6HU)3)2W(C0)3(H2) + N 2 ^ (P(C 6H 1 1) 3) 2W(CO) 3(N 2) + H 2 (7) 

The enthalpy of reaction (7) calculated from this equilibrium data, -4.4 ± 0.4 
kcal/mole, agrees within experimental error with that calculated from the 
calorimetric data described above, -3.5 ± 2.0 kcal/mole. The entropy of reaction (7), 
-13.8 ± 3.5 cal/mole deg serves to offset the favorable enthalpy of reaction and leads 
to a small favorable free energy for reaction (7) as summarized in Table I and 
discussed in more detail later. 

Stopped-Flow Kinetic Study of Displacment of Eb. D?. and N? from 
ÎPÎCâM2)2MCQl2ÎLl " " 
Displacement of coordinated dinitrogen by pyridine as shown in reaction (8) was 
too rapid to measure by conventional techniques: 

(P(C6HU)3)2W(CO)3(N2) + py -> (P(C6Hu)3)2W(CO)3(py) + N 2 (8) 

Under pseudo first order conditions this reaction could be studied by stopped-
flow methods and plots of ln(abs) versus time were linear over four to five half lives 
as shown in Figure 4. This data was analyzed in terms of the following mechanism 
(Wk = (P(C6HU)3)2W(CO)3): 

kl k 2 

Wk-N 2 N 2 + Wk+py —-> Wk-py (9) 
k-1 

Using standard procedures the following rate constants were determined at 25 
oC, kl = 75 s-1, and k2/k-l = 1.6. The value of k 2 was independently determined as 
8.0 χ 105 M-ls-1 (g) allowing calculation of k-i = 5.0 ± 1.0 χ 10-5 M-ls-1. The 
enthalpy of activation for dissociation of N 2 was determined as 17.8 ± 0.7 
kcal/mole. Since the enthalpy of binding of nitrogen, as measured by solution 
calorimetry, is -13.5 kcal/mole, the enthalpy of activation for the back reaction with 
nitrogen can be calculated to be on the order of 4.3 kcal/mole. 

Displacement of hydrogen did not obey simple first order kinetics as shown by 
the plot of ln(abs) versus time in Figure 5. The kinetic traces appeared to show two 
limiting reactions, an initial rapid formation of product followed by a slower second 
reaction. This data was interpreted in terms of the mechanism shown in eqn.(10) 
below: 

kl k 2 k3 
Wk-H Wk(H2) H 2 + Wk + py —> Wk-py (10) 
Η k-i k. 2 

The initial rapid reaction is due to the relatively fast loss of H 2 from the 
molecular hydrogen isomer. On a slower time scale the dihydride complex forms 
the molecular hydrogen complex which can then dissociate leading to product. 
Complete kinetic details in this system have been reported for both H 2 and D 2 (2). 
Data of relevance to this paper are summarized at 25 oC: kl = 37 s-1 for H 2 and 33 s-
1 for D 2 ; k-i = 18 s-1 for H 2 , k 2 = 469 s-1 for H 2 and 267 s-1 for D 2 ; k- 2 = 2.2 χ 106 
M-ls-1 for H 2 . The enthalpy of activation for the kl step, conversion of the dihydride 
to molecular hydrogen complex is calculated to be 14.4 + 0.5 kcal/mole. The 
enthalpy of activation for the k 2 step, loss of molecular hydrogen to form the 
"agostic" complex is calculated to be 16.9 ± 2.2 kcal/mole. 
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Figure 1. Enthalpies of ligand addition (kcal/mole) to (P(C6Hu)3)2W(CO)3. 

TABLE I 

THERMODYNAMIC PARAMETERS FOR BINDING OF H 2 AND N 2 

M ( C O ) 3 ( P C y 3)2 + L ^ M(CO) 3 (PCy 3)2(L) 

M_ AH Δ Δ Η AS Δ A S Δ Δ G298° 
Cr N 2 - 9 . 3 ± 0 . 2 - 3 5 . 4 ± 2 . 3 
Cr H 2 - 7 . 3 ± 0 . 1 - 2 . 0 ± 0 . 3 - 2 5 . 6 ± 1 . 7 - 9 . 8 ± 2 . 6 +0.9 

Mo N 2 
- 9 . 0 ± 0 . 6 - 3 2 . 1 ± 3 . 2 

Mo H 2 
-6.510.2 - 2 . 5 ± 0 . 8 - 2 3 . 8 ± 2 . 1 - 8 . 3 ± 3 . 9 0.0 

W -4.4±0.4 - 1 3 . 8 ± 3 . 5 -0 .3 
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-0.200 
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'(CO)3Cr(P(Cy)3)2 + H 2 <~ Z > ( C O ^ C r ^ C y ) ^ 2 

2.04 ATM H 0 

3.100 
J 
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1/T χ 10 (K) 

-0 .500+ (C0)3Cr(P(Cy)3)2 +N 2 <~ = > (C0)3Cr(P(Cy)3)2N2 
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-+-
3.100 3.300 3.500 
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Figure 3. Plots of In keq versus 1/T for binding of (a) H2 and (b) N2 to 
(P(C6Hu)3)2Cr(CO)3T1 
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0 . 0 0 0 0 . 0 1 0 0 . 0 2 0 

Τ I Μ Ε ( s ) 

0 . 0 3 0 0 . 0 4 0 

Figure 4. Plot of In A versus time for the reaction Wk-N2 + py -> Wk-py + N2, 
Wk = (P(C6Hu)3)2W(CO)3 

CO 
m < 

1.000 

0 . 5 0 0 

0 . 2 0 0 
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Figure 5. Plot of In A versus time for the reaction Wk-H2 + py -> Wk-py + H2, 
Wk = (P(C6Hn)3)2W(CO)3 
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142 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

NMR Measurments of Kinetic and Thermodynamic Parameters of the 
Interconversion of the Dihydride and Dihydrogen Forms of WfCO^ j(PR;V)H2 
Where R = iso-Propyl and Cyclopentyl. 

In parallel to the solution calorimetric and kinetic studies described above, NMR 
investigations have been performed on the complexes (PR3)2W(CO)3 for R = iso
propyl (i-Pr) and cyclopentyl (Cyp). Due to its lower solubility, attempts to study 
the cyclohexyl complex by NMR methods were not successful. A typical 31p 
decoupled lH NMR spectrum showing the resonances due to the molecular 
hydrogen and dihydride peaks is shown in Figure 6 for the very soluble cyclopentyl 
complex. Integration of die peaks allows calculation of the equilibrium constant for 
formation of the molecular hydrogen complex from the dihydride as shown in eqn. 
(11) below: 

kl 
H2W(PR3)2(CO)3 W(PR3)2(CO)3(H2) (11) 

k-1 

Equilibrium constants for this reaction as a function of temperature are collected 
in Table Π. Thermodynamic parameters calculated from this data are as follows: for 
R = iso-propyl, Δ Η = -1.2 ± 0.6 kcal/mole, AS = -1.2 cal/mole deg; for R = 
cyclopentyl, ΑΆ = -1.5 ± 0.4 kcal/mole, AS = -2.4 ± 1.4 cal/mole deg. 

Spin saturation transfer studies of the 31p NMR of the iso-propyl complex yield 
data regarding the rate of interconversion of the dihydride and molecular hydrogen 
complexes. Thus kl is calculated to be 63 s-1 (299 K) and k-i is calculated to be 12.4 
s-l(300 K). These values are in reasonable agreement with the corresponding values 
determined by stopped-flow kinetics for the cyclohexyl complex as described 
above; kl = 37 s-l(298 K) and k-i = 18 s-1 (298 K). Activation parameters for 
conversion of the dihydrogen to dihydride reaction (k-i step) were determined based 
on analysis of the spectral changes in the temperature range 288-310 K. The values 
Z£*= 16.0 ± 0.2 kcal/mole, ΔΗ*= 10.1 ± 1.8 kcal/mole and AS*= -19.9 ± 6.0 
cal/mole deg were determined. 

Discussion 

Relative and "Absolute" Bond Strengths to (P(C6Hift^2 w ( C Q ^ 

Enthalpies of ligand addition to (P(C6Hu)3)2W(CO)3 are summarized in Figure 1. 
Relative bond strengths in this system are in the order: "agostic" < H2 < N2 < 
NCCH3 < py < P(OMe)3 < CO. These values can not be used to estimate "absolute" 
bond strengths since the value for the "agostic" bond strength is not known. 
Attempts to estimate this value by NMR measurements down to -90 0c were 
unsuccessful. Recent photoacoustic calorimetric measurements indicate that the 
enthalpy of reaction (12) is -13.4 ± 2.8 kcal/mole (10). 

W(CO)5 + heptane —> W(CO)5(heptane) (12) 

The low enthalpy of addition of CO as shown in reaction (13) can be compared to 
the more exothermic value for reaction (14) determined in the gas phase by pulsed 
laser techniques (11): 

CO 
(PCy3)2W(CO)3 —> (PCy3)2W(CO)4 Δ Η = -30 kcal/mole (13) 
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GONZALEZ ET AL. Binding Nitrogen and Hydrogen to Complexes 

Figure 6. 31p decoupled lH NMR spectrum(200 mHz,toluene-d8,24 OQ of 
(P(Cyp)3)2W(CO)3(H2) showing dihydride(near -3.55 
ppm) and molecular hydrogen(near -4.35 ppm) resonances. 

TABLE II 

EQUILIBRIUM CONSTANTS FOR: 
W H 2 ( C O)3 ( P R 3 ) 2 ^ W ( C O)3 ( P R 3 ) 2 0 l 2 - H 2 ) 

R = hPr R = Cyp 

K e q T ( ° C ) K e q T(OC) 

3.5 32 3.2 36 

4.0 24 3.4 32 

4.2 18 3.5 24 

4.4 10 3.9 18 

4.5 - 3 4.0 11 

5.0 - 8 4.2 5 

4.6 0 

Estimated error in K e q values is ± 5 % . 
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144 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

CO 
W(CO)5 —-> W(CO)6 Δ Η = - 46 kcal/mole (14) 

Assuming that the W-CO bond strength is the same in (PCy3)2W(CO)4 as in 
W(CO)6, the lower enthalpy of reaction of the former oomplex would imply a value 
of 16 kcal/mole for the W-H-C "agostic" bond. While that assumption is probably 
not warranted, the result is nevertheless in reasonable agreement with the 
photoacoustic results discussed above. The estimate of -15 ± 5 kcal/mole for this 
bond strength is reasonable for purposes of comparison to other metals. Adopting 
this value for the "agostic" bond strength the enthalpy of addition of H2 and N2 to 
"naked" (P(C6Hu)3)2W(CO)3 would be about -25 and - 29 kcal/mole respectively. 
Since, as discussed below, the molecular hydrogen and dihydride form exist as 
tautomers with little enthalpic difference between them, the average W-H bond 
strength for the dihydride form can be estimated as 65 ± 6 kcal/mole. 

Enthalpies and Entropies of Binding of N? and H? 

Following synthesis of the complex (P(C6Hn)3)2Cr(CO)3 it was shown that high 
pressures were needed for quantitative binding of N2 0500 psi) and H2(300 psi) (2). 
The higher pressure needed for binding of N2 was surprising since the calorimetric 
results described above had shown that, with regard to enthalpy of reaction, N2 was 
the favored ligand for binding to (P(C6Hu)3)2W(CO)3. Equilibrium studies were 
begun on the Cr and Mo complexes expecting to see a cross-over with regard to 
ligand preference in going from Cr to Mo to W. 

The results summarized in Table I show that for all three metals, nitrogen is the 
preferred ligand with regard to enthalpy of binding, but disfavored with regard to 
entropy of binding. These data are of interest in reactions in which H2 and N2 are 
competing for the same site on a metal center as shown in eqn.(15): 

LnM-(H2)(soln) + N2(gas) --> LnM-(N2)(soln) + H2(gas) (15) 

The columns in Table I Δ Δ Η , Δ / ^ S , mdAAG refer to the thermodynamic 
parameters for reaction (15). In view of the fact that in molecular H2 complexes, the 
hydrogen molecule is known to undergo relatively free rotation (1) it was initially 
considered that the small entropy of binding of hydrogen might be due to less 
restricted motion of the bound molecule. A simpler explanation is that H2, due to 
its small mass and moment of inertia has less entropy to lose on complexation than 
does N2. Thus the entropy of reaction (15) is described by eqn.(16) below: 

A S = SLnM-(N2)(soln) - SLnM-(H2)(soln) + SH2(gas) - SN2(gas) (16) 

The entropy change in eqn.(16) corresponds to the term S in Table I. The 
absolute entropies of H2 and N2 are 31.2 and 45.8 cal/mole deg respectively (12). 
Thus eqn.(16) becomes: 

AS = -14.6 + SLnM-(N2)(soln) - SLnM-(H2)(soln) (17) 

The observed entropy changes as shown in Table I are: Cr(-9.8 ± 2.6), Mo(-8.3 
± 3.9), and W(-13.8 ± 3.5). This indicates that the absolute entropies of the 
complexes in solution nearly cancel, as might be expected. There is a significant 
entropie factor(on the order of 10 cal/mole deg) favoring coordination of H2 over N2 
in eqn.(15). This conclusion is probably general and implies that at high 
temperatures coordination of hydrogen will be preferred by most complexes. If 
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9. GONZALEZ ET AL. Binding Nitrogen and Hydrogen to Complexes 145 

nitrogen is preferred with respect to enthalpy of binding it will be preferred at low 
temperatures. The cross-over temprature will be determined by the magnitude of 
any enthalpic preference for dinitrogen. In the case of the Cr, Mo, and W complexes 
studied here, the equilibrium constants for reaction (15) have values of 1 at 
temperatures of about -69, + 28,and + 50 <>C respectively. 

In this regard it is also of interest to note that the equilibrium studies discussed 
earlier for interconversion of the molecular hydrogen and dihydride complexes 
indicate that the molecular hydrogen complex is favored with regard to enthalpy of 
formation( circa 1 kcal/mole). The dihydride form appears to be favored with regard 
to entropy of formation, on the order of 2 cal/mole deg. This should be considered 
when comparing the tungsten complex to the chromium complex since there is no 
evidence in the high pressure NMR spectrum of the chromium complex for a stable 
dihydride formQ2). The apparently higher entropy term S for the tungsten 
complex as shown in Table I could include some contribution of this land, but 
experimental errors are too high to warrant further consideration. It is important to 
note that splitting the H-H bond on the metal does not appear to have a significant 
entropy of reaction. 

Kinetics of Reaction of H? and (P(Cfflri)^2 w ( C 0 ^ ( Py^ 

Displacement of hydrogen by pyridine was studied using stopped flow kinetics as 
described above. While the reaction was studied in the forward direction shown in 
eqn.(10),it is instructive to examine the kinetics of this reaction as shown in Figure 
7. Half lives for all reactions have been calculated from rate constants at 25 0c 
under the pseudo first order conditions [py] = [H2] = 0.01 M, [W] < 10-4 M. 

The first reaction in Figure 7 involves disociation of pyridine which occurs with a 
half life of about 6 seconds at 25 0c. This is a fast rate of dissociation since the W-
py bond is normally a strong one. Dissociation is facilitated by steric crowding due 
to the bulky phosphine ligands and concerted formation of a W-H-C "agostic" 
bond as the pyridine ligand is displaced. The "agostic" complex formed can either 
back react with pyridine(tl/2 = 140 microsec) or react with H 2 to form the 
dihydrogen complex(tl/2 = 32 microsec). The dihydrogen complex has two reaction 
channels open to it; oxidative addition to form a (Uhydride(tl/2 = 40 msec) or loss of 
coordinated dihydrogen to reform the "agostic" complex(tl/2 = 1.5 msec). The 
dihydride complex can isomerize to form the dihydrogen complex(tl/2 = 20 msec). 
The surprising result in this reaction sequence is that, aside from loss of pyridine, 
oxidative addition of bound H-H is the slowest step in the overall process. 

Reaction Profile for Oxidative Addition of H? 

The combination of calorimetric, kinetic, and NMR data can be used to generate a 
fairly complete picture of oxidative addition of H 2 in this system. A diagram 
combining most of these features is shown in Figure 8. The enthalpy of reaction 
between H 2 and the PCy3 "agostic" complex is -10 ± 1 kcal/mole. The enthalpy of 
activation for loss of coordinated H 2 is 16.9 ± 2.2 kcal/mole which implies there is a 
barrier 6.9 ± 3.2 kcal/mole for the forward reaction between the tungsten complex 
and hydrogen. 

The second barrier in Figure 8, actual spitting of coordinated H 2 , is based on 
thermodynamic parameters determined by NMR studies of the PiPr3 complex. As 
discussed below, this data can be compared to kinetic estimates made previously for 
the PCy3 complex. The ground state enthalpy difference favors formation of the 
molecular hydrogen complex by 1.2 ± 0.6 kcal/mole. The enthalpy of activation for 
cleavage of the H-H bond in this complex was measured to be 10.1 ± 1.8 kcal/mole. 
The enthalpy of activation for recombination of the dihydride to regenerate the 
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146 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

STOP-FLOW KINETICS 

W(CO) 3 (PCy 3)2 (H 2 ) +py ^ ( C O h i P C y a h Î p y ) + H 2 

t-|/2= 6 S .000032 S .04 S 

p \ ° " V " 3 c ° oxid P 3 C ° 
I/ -PV I, +"2 l / „ addn I/ 

oc—w—py . oc— W—H ' oc—w—ι * oc—w — Η 

t 1 / 2 = .00014 S R R .0015 S 02 S 

agostic dihydrogen dihydride 

Figure 7. Reaction scheme including half lives under pseudo first order conditions 
as described in text. 

THERMODYNAMICS AND KINETICS OF 
W(CO) 3 (PR3)2 + H 2 — > W(CO) 3(PR3)2(TI 2-H2) —> W H 2 ( C O ) 3 ( P R 3 ) 2 

A G * = 16.0(2) A G * = 15.2(3) 

A S * = -21(8) 

= W - | 
(Agostic) .0015 8 H 

AG = -0.80C12) 

1(2) 

(PCy,) (P-/.Pr,) (P-/-Pr,) 

Reaction Coordinate 

PARAMETERS DETERMINED BY 1H NMR STUDIES OF DIHYDROGEN-DIHYDRIDE 
EQUILIBRIUM (Κ β ς„ΙΙ= 0.2-OJ) AND SPIN-SATURATION TRANSFER 

8 Zhang, Gonzalez, Hoff; J. Am. Chem. Soc. 3627 (1989). 
b Gonzalez, Zhang, Nolan, de la Vega, Mukerjee, Hoff, Kubas; Organometallics 2429 (1988). 

Figure 8. Reaction profile including enthalpies of activation(kcal/mole) as 
described in text 
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9. GONZALEZ ET AL. Binding Nitrogen and Hydrogen to Complexes 147 

molecular hydrogen complex can then be calculated to be 8.9 ± 2.4 kcal/mole. The 
kinetic data discussed above for the cyclohexyl complex yielded an enthalpy of 
activation of 14.4 ± 0.4 kcal/mole for this reaction. These values are in relatively 
good agreement. It must be considered that they are for different complexes and use 
completely different approaches to the problem. It is possible that, due to steric 
factors there is a larger barrier to this reaction for the PCy3 versus the ΡίΡτβ 
complex. The relatively high experimental errors and the fact that both derivations 
are based on assumptions regarding mechanism does not allow this conclusion to be 
firmly held. It seems clear that an energy barrier on the order of 10-15 kcal/mole 
exists for breaking the H-H bond while it is on the metal. Additional studies on the 
kinetics and thermodynamics of these and related complexes are in progress. 
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Chapter 10 

Thermodynamic Studies of the Hydrogenation 
and Reductive Coupling of Carbon Monoxide 

by Rhodium(II) Porphyrins 

Bradford B. Wayland, Virginia L. Coffin, Alan E. Sherry, and 
William R. Brennen 

Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19104-6323 

Octaethylporphyrin rhodium II dimer, 
[(OEP)Rh]2, reacts with H 2 and CO to produce an 
equilibrium distribution of hydride and formyl 
complexes (Equations 1-3).1,2 Thermodynamic and 
kinetic measurements for this system have 

[(OEP)Rh]2 + H 2 2 (OEP)Rh-H (1) 
2 (OEP)Rh-H + 2 CO 2 (OEP)Rh-CHO (2) 
[(OEP)Rh]2 + 2 CO + H 2 2 (OEP)Rh-CHO (3) 

provided estimates for the effective Rh-Rh, Rh-H 
and Rh-C bond energies: (OEP)Rh-Rh(OEP) (~16.0 
kcal mol-1), (OEP)Rh-H (~62 kcal mol-1), 
(OEP)Rh-CHO (~58 kcal mol-1). 3,4 Approximate 
bond energy-thermochemical relationships for 
organometallic reactions (Table I) have 
subsequently been used in anticipating new 
types of reactivity for the (OEP) Rh system and 
in guiding our efforts to modify reactivity 
through ligand steric and electronic effects. 
Reductive coupling of CO to form dimetal 1,2
-ethanedione complexes 5 and hydrocarbon 
reactivity6 are examples of anticipated 
[(OEP)Rh]2 reactivity. Ligand modifications 
suggested by thermodynamic and mechanistic 
considerations have been effectively used in 
achieving se l ec t iv i ty for CO reductive 
coupling7,8 and methane act ivat ion . 9 This 
article summarizes the thermodynamic 
measurements and reasoning used in organizing 
and interpreting reactivity studies of rhodium 
macrocycles relevant to CO reduction. 

0097-6156/90A)428-O148$06.00A) 
© 1990 American Chemical Society 
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10. WAYLAND ET AL. Hydrogénation and Reductive Coupling of CO 149 

Table I: Thermochemical Estimates for Selected Reactions Relevant to the 
Hydrogénation and Reductive Coupling of CO (Continued on next page) 

(I)a,b ( I I ) C 

Reaction ~ΔΗ° kcal mol"1 ~Δ£> (298K)<0 kcal mol - 1 

Metallohydrides 

a. M-M + H 2 <± 2 M-H (M-M)-2(M-H)+104 2 (M-H) - (M-M) >104 
b. 2 M- + H2 <± 2 M-H -2 (M-H)+104 2 (M-H)>112 
C . M + H2 *± MH2 -2 (M-H)+104 2 (M-H)>112 

Metalloformyls 

d. M-H + CO <± M-CHO (M-H)-(M-C)-17 (M-H) - (M-C) <9 
e. M-M+H2 + 2 CO <i 2 M-CHO (M-M)-2(M-C)+70 2(M-C)-(M-M)>86 
f. 2M-+H2 + 2 CO ̂  2 M-CHO -2(M-C)+70 2 (M-C)>94 
g. M-M+H2+2C0^2M-H+2C0<^2M-CH0 2 (M-C) - (M-M) >86 

(M-H)-(M-C)<9 
h. 2M-+H2+2C0 <± 2M-H+2C0<=̂  2 (M-C) >94 

2M-CHO < (M-H)-(M-C)<9) (M-C)>47 
Metallohydroxymethyls 
i . M-M+3 H2 + 2 C0+±2 M-CH20H (M-M)-2 (M-C)+42 2 (M-C) - (M-M) >74 
j . 2Μ·+3Η2 + 2 C0^>2 M-CH20H "2(M-C)+42 2(M-C)>82 
1. M-CHO + H2 M-CH20Hd ~ 1 4 " 6 

m. M-CH20H + CO <̂  M-C(0)CH20Hd ~ 1 2 " 4 

Dimetalketones 
(M-M) -2 (M-C) +70 2 (M-C) - (M-M) >78 n. M-M + CO M-C(0)-M 

o. 2 M- + CO <± M-C(0)-M -2(M-C)+70 2 (M-C)>86 
Dimetal Enediolat.es 

p. M-M+H2+2 C0<̂ M-0CH=CH0-M (M-M)-2(M-0)+85 2(M-0)-(M-M)>10 9 
q. 2 M-+H2+2C0^ M-0CH=CH0-M -2 (M-0)+85 2 (M-0)>117 
r. 2 M-CHO <=> M-0CH=CH0-M 2(M-C)-2(M-0)+15 2(M-0)-2(M-C)>23 
s. M-M+H2+2C0 <± [2M-CHO] # 2 (M-0) - (M-M) 109 

M-OCH=CHO-M (2 (M-0) -2 (M-C) >23) 
t. 2M-+H2+2C0 [2M-CHO] 2(M-0)>117 

M-0CH=CH0-M (2 (M-O) -2 (M-C) >23) 
Dimetal Acetylene Diolates 
u. M-M + 2 CO ̂  M-OC sCO-M (M-M)-2 (M-0)+131 2 (M-0) - (M-M) >147 
v. 2M- + 2 CO <± M-OC =C0-M -2 (M-0)+131 2(M-0)>155 
Dimetal 1.2-Ethanediones 

w. M-M+2 CO <=» M-C-(0)-C(0)-M (M-M)-2 (M-C)+70 2 (M-C) - (M-H) >86 
x. 2 M-+2 CO f± M-C(0)-C(0)-M -2 (M-C) +70 2 (M-C)>94 
y. M-C(0)-M+COf±M-C(0)-C(0)-Me 2 (M-C) k-2 (M-C) d 2 (M-C) d-2 (M-C) k>8 
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150 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I: (Continued) Thermochemical Estimates for Selected Reactions Relevant to the 
Hydrogénation and Reductive Coupling of CO 

a Column I gives the estimated standard enthalpy change (ΔΗ°) for 
a series of reactions i n terms of the sum of the eff e c t i v e M-M, 
M-H, M-C and M-0 bond energies with an enthalpy change for the 
organic fragments derived from bond energy data given i n b. 
b The (C-C), (C-H) and (O-H) bond energies (kcal mol"1) used for 
the organic fragments were obtained from data for the organic 
molecule that most closely resembles the organic ligand. As an 
example, the bond energy parameters for the CH2OH group of M-CH20H 
were obtained from the parameters for CH3OH [(C-H)=94, (OH)=104]. 
The bond energy data for organic oxygenates are found i n reference 
14, pp. 516 and 517, Table 4. RC(CO)-H (87), HOCH2-H (94), 
HOCH(R)-H (93), HOCH(R)2-H (91), RO(O)C-H (93), RO-H (104), RC(0)0-H 
(106), HC(0)-CH3 (82), CH3C(0)CH3 (81), CH3_CH2R (85), RC(0)0-CH3 

(81) . The bond energy data used for the purely hydrocarbon units 
are L a i d l e r parameters from r e f . 15, p. 592, Table 50. 
(CsC)=183.3, (C=C)=133.0, (C-C)=85.4, (=C-H2)=101.2, (=C-H)=104 .2, 
(C-H)p=98.2, (C-H)s=97.4, (C-H)t=96.5. Bond energy values for the 
(C=0) and (C-O) were estimated from ΔΗ° values for addition 
reactions of CO, C0 2, H2CO, RCHO, and R2CO with H2 and CH 4. 1 5' 1 6 

(C sO)=257, (C=0)=187, (C-O)=100, (C=0) C02=192, (C (O)-C (O) ) =70 . 
c Column I I l i s t s the differences i n (M-H), (M-C), (M-0) and 
(M-M) bond energies that are anticipated to produce a standard free 
energy difference of zero at 298 Κ (ΔΘ° (298K)=0). These estimates 
are based on using AS° ~Δη(27 c a l K"1 mol"1) where Δη equals the 
difference i n the number of product minus the number of reactant 
molecules i n the respective reactions along with ΔΗ° values given 
i n column I. 
d The M-C bond energies i n the reactants and products are assumed 
equal. 
e (M-C)k designates the M-C bond energy i n the dimetal ketone and 

(M-C)d i s the M-C bond energy i n the dimetal 1,2-ethanedione. 
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10. WAYLAND ET AL. Hydrogénation and Reductive Coupling of CO 151 

M e t a l l o h v d r i d e and T^-Formyl Complexes 

A c t i v a t i o n of dihydrogen by a d d i t i o n t o a metal 
center i s a r e q u i r e d step i n metal promoted and c a t a l y z e d 
hydrogénation r e a c t i o n s . G u i d e l i n e c r i t e r i a f o r 
thermodynamically f a v o r a b l e , (AG° (298K)<0), a d d i t i o n of H2 
t o a M-M bond (Equation 4) are t h a t twice the M-H bond 
energy minus the M-M bond energy exceed -104 k c a l , and the 
cor r e s p o n d i n g c r i t e r i o n f o r a d d i t i o n t o a s i n g l e metal 
center (Equation 5) i s that the M-H bond energy exceed -56 
k c a l mol" 1 (Table I, e n t r i e s a -c). 

M-M + H 2 ^ 2 M-H (4) 
2 M + H 2 2 M-H (5) 

M e t a l l o f o r m y l complexes are the most probable f i r s t 
o r g a n o m e t a l l i c i n t e r m e d i a t e s i n metal complex promoted 
r e a c t i o n s of H 2 and CO that produce o r g a n i c oxygenates. 
P r o d u c t i o n o f l a r g e e q u i l i b r i u m c o n c e n t r a t i o n s o f 
T^-carbon bonded formyl complexes from r e a c t i o n s of metal 
hydrides with CO (Equation 6) r e q u i r e s that the M-H bond 

MH + CO M-CHO (6) 

energy not exceed the M-C by more than -9 k c a l mol' 1 

( T a b l e I, e n t r y d ) . T h e r m o d y n a m i c a l l y f a v o r a b l e 
(AG°(298K)<0) pr o d u c t i o n of T^-metalloformyl s p e c i e s from 
r e a c t i o n s of metal complexes with H 2 and CO are subject t o 
a d d i t i o n a l c r i t e r i a . T h i s r e a c t i o n f o r M-M bonded 
complexes (Equation 7) r e q u i r e s that the M-C bond energy 

M-M + H2 + 2 CO 2 M-CHO (7) 
2 M- + H 2 + 2 CO 2 M-CHO (8) 

exceed one h a l f the M-M bond energy p l u s -43 k c a l and 
m e t a l l o r a d i c a l s (Equation 8) r e q u i r e t h a t the M-C bond 
energy exceed -47 k c a l (Table I, e n t r i e s d-h). At present 
o n l y rhodium p o r p h y r i n s 1 " 4 and rhodium (TMTAA), 1 0 (TMTAA= 
di b e n z o t e t r a m e t h y l a z a [ 1 4 ] - a n n u l e n e d i a n i o n ) , have been 
d e m o n s t r a t e d t o produce o b s e r v a b l e q u a n t i t i e s o f 
m e t a l l o f ormyl s p e c i e s from H 2 and CO (Table II) , but a 
wide v a r i e t y of r e l a t e d macrocycle and c h e l a t e complexes 
can be a n t i c i p a t e d t o accomplish t h i s r e a c t i o n of c e n t r a l 
importance i n the hydrogénation of CO. 

The standard route proposed f o r metal promoted and 
c a t a l y z e d conversion of H 2 and CO i n t o o r g a n i c oxygenates 
i n v o l v e s the r e a c t i o n of a metallohvdride with CO t o form 
a m e t a l l o f o r m y l as the f i r s t o r g a n o m e t a l l i c i n t e r m e d i a t e . 
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152 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I I : Thermodynamic Values for Selected Reactions Relevant to 
the Hydrogénation and Reductive Coupling of CO by Rhodium 

Porphyrins 

Reaction 
ΔΗ ° 
kcal 
mol"1 

cal Κ"1 

mol-1 

AG°(298K) 
kcal 
mol"1 

[(0EP)Rh] 2 + H2 <̂  2 (0EP)RhH<4> -3.±1 0.8±2 -3.2 

(OEP)RhH + CO <=> (0EP)RhCH0(2) -13±1 -29±4 -3.8 

[(0EP)Rh] 2 + H2 + CO <̂  2(0EP)RhCH0 -29±2 -58±7 -11.3 

(TTP)RhH + CO ^ (TTP) RhCHO(17) -10±1 -21±3 -3.7 

(OEP)IrH + CO <̂  (OEP) Ir (H) (CO) ( 2 ) -8.1±1.2 -12±3 -4.5 

[(0EP)Rh] 2 + CO <̂  [ (OEP)Rh]2CO(5) -10±1 -2 6±4 -2.3 

[(0EP)Rh] 2 + CO î± 
(OEP) Rh-C (O)-Rh (OEP) ( 5 ) 

-12±2 -31±5 -2.8 

[(OEP)Rh]2+ 2C0 <̂  
(OEP)Rh-C(0)-C(0)-Rh (OEP) <5> 

-21±2 -62±5 -2.5 

(0EP)Rh-C(0)-Rh(0EP) + CO <̂  
(OEP) Rh-C (0) -C (0) -Rh (OEP) (5> 

-9±3 -31±7 0.3 

[(0EP)Rh]2C0 <̂  (OEP)Rh-C(0)-Rh(OEP)(5) -2±1 -5±5 -0.5 

[(0EP)Rh]2C0+C0 f± 
(OEP) Rh-C (0)-C(0)-Rh (OEP) ( 5 ) 

-11±1 -3 6±3 -0.3 

2 (TMP) Rh-CO <=> 
(TMP) Rh-C (0) -C (0) -Rh (TMP) ( 8 ) 

-18.5±0.8 (-25) (-11) 
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10. WAYLAND ET AL. Hydrogénation and Reductive Coupling of CO 153 

Subsequent c a r b o n y l hydrogénation, CO i n s e r t i o n and 
r e d u c t i v e e l i m i n a t i o n s t e p s can p r o d u c e o r g a n i c 
oxygenates. Hydrogénation of M-C(Ο)-X u n i t s and CO 
i n s e r t i o n r e a c t i o n s are expected to be thermodynamically 
f a v o r a b l e f o r v i r t u a l l y any system (Table I, e n t r i e s l,m) 
and thus a c h i e v i n g these steps subsequent to metalloformyl 
f o r m a t i o n i s p r i m a r i l y dependent on having a p p r o p r i a t e 
mechanistic pathways. 

An a l t e r n a t e route t o o b t a i n two carbon p r o d u c t s 
through a metalloformyl intermediate i s by formyl c o u p l i n g 
to give e n e d i o l a t e s (Equation 9) . G u i d e l i n e thermodynamic 

c r i t e r i a f o r an T^'carbon bonded formyl a c h i e v i n g formyl 
c o u p l i n g i s t h a t the M-0 bond energy exceed the M-C by 
more than -12 k c a l (Table I, entry r) . The Rh-C and Rh-0 
bond e n e r g i e s 3 f o r the (OEP)Rh system are comparable and 
thus formyl c o u p l i n g i s n e i t h e r expected nor observed. 
Formyl c o u p l i n g i s a prominent r e a c t i v i t y f e a t u r e f o r 
e a r l y t r a n s i t i o n metal, lanthanide and a c t i n i d e complexes 
which have p a r t i c u l a r l y strong M-0 b o n d s . 1 1 ' 1 2 

CO Reductive Coupling 

Reductive c o u p l i n g of CO t o form 1,2-ethanedione or 
acetylene d i o l a t e complexes (Equations 10-11) i s a d i r e c t 
route to forming C-C bonded spe c i e s . 

Favorable thermodynamics (ΔΘ° (298K)<0) f o r o b t a i n i n g 
a c e t y l e n e d i o l a t e s from M-M bonded complexes occurs when 
2(M-0)>(M-M)+-147 k c a l while s i n g l e metal u n i t s r e q u i r e 
that the M-0 bond energy exceed -78 k c a l (Table I, e n t r i e s 
u,v). This l i m i t i n g type of CO c o u p l i n g i s best known f o r 
r e a c t i o n s of a l k a l i metals with CO which form s o l i d i o n i c 
a c e t y l e n e d i o l a t e compounds. 1 3 Rhodium m a c r o c y c l e 
complexes have Rh-0 bond ener g i e s -50-60 k c a l 3 and thus 
are excluded as p o t e n t i a l candidates f o r acetylene d i o l a t e 
formation. 

Reductive c o u p l i n g of CO t h a t produces ct-diketones 
( 1 , 2 - e t h a n e d i o n e s ) by r e a c t i o n 10 r e q u i r e s t h a t 
2 (M-C)-(M-M) exceed -86 k c a l and f o r m e t a l l o r a d i c a l s the 
M-C bond energy must exceed -47 k c a l (Table I, e n t r i e s 
w,x,y). Recognizing t h a t these M-C and M-M bond energy 
c r i t e r i a f a l l i n the range observed f o r rhodium porphyrins 
s t i m u l a t e d the search f o r t h i s unprecedented type of 
r e a c t i v i t y . Our i n i t i a l s t u d i e s i n v o l v e d i n v e s t i g a t i n g 

2 M-CHO M-OCH=CHO-M (9) 

M-M + 2 CO 0 M-C(0)-C(0)-M 
M-M + 2 CO M-OCsCO-M 

(10) 
(11) 
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154 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

the e q u i l i b r i a t h a t occur when [(OEP)Rh]2 r e a c t s with CO 
( P c o = 0.1-30 atm) i n t o l u e n e s o l u t i o n . T h i s study 
r e v e a l e d the presence of simultaneous e q u i l i b r i a i n v o l v i n g 
two s p e c i e s with the s t o i c h i o m e t r y of two (OEP)Rh u n i t s 
per CO and one species t h a t contained one (OEP)Rh u n i t per 
CO. S p e c t r o s c o p i c s t u d i e s were used i n a s s i g n i n g these 
s p e c i e s t o a mono CO adduct, [ (OEP)Rh]2CO, a d i m e t a l 
ketone, (OEP)Rh-C(0)-Rh(OEP), and a d i m e t a l ct-diketone, 
(OEP)Rh-C(0)-C(0)-Rh(OEP), (Equations 12-14). 5 

[(OEP)Rh] 2 + CO ^ [(OEP)Rh] 2CO (12) 
ΔΗ12°=-10 kcal mol - 1 ASi2°=-26±4 cal Κ"1 mol - 1, 

AG12°(298K)=-2.3 kcal mol"1 

[(OEP)Rh] 2 + CO (OEP) Rh-C (O)-Rh (OEP) (13) 
ΔΗ13°=-12 ±2 kcal mol"1 AS13°=-31±5 c a l Κ"1 mol - 1 

AGi3°(298K)—2.8 kcal mol" 1 

[(OEP)Rh] + 2 CO (OEP) Rh-C (O)-C (O)-Rh (OEP) (14) 
ΔΗ14°=-21±2 kcal mol"1 AS14°—62±5 c a l Κ"1 mol" 1 

AG14°(298K)=-2.5 kcal mol - 1 

E q u i l i b r i u m c o n s t a n t s determined f o r r e a c t i o n s 12-14 
provide thermodynamic values f o r both these r e a c t i o n s and 
the i n t e r c o n v e r s i o n s between the CO c o n t a i n i n g s p e c i e s 
(Equations 15-17). Thermodynamic values f o r r e a c t i o n 14 

[(OEP)Rh] 2CO & (OEP)Rh-C(O)-Rh(OEP) (15) 
ΔΗ15°=-2±1 kcal mol"1 ASi5°—5±5 cal Κ"1 mol" 1 

AGi5°(298K)=-0.5 kcal mol" 1 

[(OEP)Rh] 2CO + CO (OEP) Rh-C (0)-C(0)-Rh (OEP) (16) 
ΔΗ16°=-11±1 kcal mol"1 ASi6°=-36±3 c a l Κ"1 mol" 1 

AGi6°(298K)«-0.3 kcal mol" 1 

(OEP)Rh-C(0)-Rh(OEP) + CO ^ (OEP)Rh-C(O)-C(O)-Rh(OEP) (17) 
ΔΗ17°=-9±3 kcal mol"1 ASi7°=-31±7 c a l Κ"1 mol" 1 

AGi7°(298K)=0.3 kcal mol" 1 

i n d i c a t e t h a t p r o d u c t i o n of the CO r e d u c t i v e c o u p l i n g 
product i s i n h e r e n t l y f a v o r a b l e (AGi4° (298K)=-2.5 k c a l 
mol" 1) , however competition with the other CO c o n t a i n i n g 
compounds r e s t r i c t s the α-diketone t o a m i n o r i t y s p e c i e s 
up t o r e l a t i v e l y high p r e s s u r es (Pco ~100 atm, T=298K) . 
R e d u c t i v e c o u p l i n g r e a c t i o n s l i k e t h a t d e s c r i b e d i n 
Equation 14 become more thermodynamically f a v o r a b l e when 
the M-M bond i s weakened, and more s e l e c t i v e when 
for m a t i o n of ot h e r CO c o n t a i n i n g s p e c i e s becomes l e s s 
f a v o r a b l e . Both the dimetal ketone and the Rh-Rh bonded 
dimer are s t e r i c a l l y r e s t r i c t e d and thus s e n s i t i v e t o 
l i g a n d s t e r i c requirements. Increasing the s t e r i c bulk of 
the p o r p h y r i n i s thus expected t o weaken both the Rh-Rh 
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10. WAYLAND ET AL. Hydrogénation and Reductive Coupling of CO 155 

bond and the e f f e c t i v e M-C bonding i n the d i m e t a l ketone 
which should make formation of the α-diketone both more 
thermodynamically favorable and s e l e c t i v e . 

The g e n e r a l r e a c t i o n of CO i n s e r t i o n i n t o a d i m e t a l 
ketone u n i t i s d e p i c t e d by Equation 18. The dominant 

M-C(0)-M + CO M-C(0)-C(0)-M (18) 

e n t h a l p y changes i n r e a c t i o n 18 are a s s o c i a t e d w i t h 
forming the C(0)-C(0) bond (-70 k c a l mol" 1) and the 
c o n v e r s i o n o f the CO t r i p l e bond t o a double bond 
( + 70 k c a l m o l " 1 ) . R e a c t i o n 18 i s e x p e c t e d t o be 
thermodynamically u n f a v o r a b l e (ΔΗΐ8°~0, AGie° (298K)~ + 8 
kcal) because of the entropy change (-TASi8° (2 98K) ~+8 k c a l 
mol" 1) u n l e s s the CO i n s e r t i o n i s accompanied by an 
a d d i t i o n a l f a v o r a b l e enthalpy term of at l e a s t -8 k c a l 
mol" 1. The general process of s e q u e n t i a l i n s e r t i o n of two 
CO u n i t s i n t o an M-X bond i s thus a n t i c i p a t e d t o be 
thermodynamically unfavorable, and examples of t h i s type 
of r e a c t i v i t y are l a c k i n g . I n s e r t i o n o f CO i n t o the 
rhodium-carbon bond of (OEP)Rh-C(0)-Rh(OEP) i s observed 
and we b e l i e v e that r e l i e f of s t e r i c s t r a i n present i n the 
dirhodium ketone provides the favorable enthalpy term that 
overcomes t h e e n t r o p y change a s s o c i a t e d w i t h t h i s 
r e a c t i o n . Using the approximate bond energy r e l a t i o n s h i p s 
f o r s i n g l e and double CO i n s e r t i o n (Table I , e n t r i e s n,u) 
and the measured enthalpy changes f o r r e a c t i o n s 8 and 9 
p r o v i d e estimates of 49 k c a l mol" 1 and 54 k c a l mol" 1 f o r 
the e f f e c t i v e Rh-C bond energies i n (OEP)Rh-C(O)-Rh(OEP) 
and (OEP)Rh-C(0)-C(O)-Rh(OEP), r e s p e c t i v e l y . 

S t r u c t u r a l models of (OEP)Rh-C(0)-Rh(OEP) suggest 
t h a t i n t e r a c t i o n s between the p o r p h y r i n r i n g s produce an 
e f f e c t i v e weakening of the rhodium-carbon bond. The 
unfavorable i n t e r p o r p h y r i n i n t e r a c t i o n s are s u b s t a n t i a l l y 
r e l i e v e d i n the 1,2-ethanedione complex, where the r i n g s 
a r e f u r t h e r a p a r t and more n e a r l y p a r a l l e l . T h i s 
i n t e r p r e t a t i o n suggests t h a t l a r g e r s u b s t i t u e n t s on the 
p o r p h y r i n might promote double CO i n s e r t i o n by s t e r i c a l l y 
e x c l u d i n g the s i n g l e i n s e r t i o n of CO as w e l l as weakening 
t h e r h o d i u m - r h o d i u m bond. T e t r a p h e n y l p o r p h y r i n 
d e r i v a t i v e s are a t t r a c t i v e c a n d i d a t e s t o p r o v i d e more 
s t e r i c a l l y h i n d e r e d p o r p h y r i n s , s i n c e t h e p h e n y l 
s u b s t i t u e n t s are o r i e n t e d p e r p e n d i c u l a r to the p o r p h y r i n 
r i n g which i n h i b i t s the c l o s e approach of two (por)M u n i t s 
t h a t occurs i n both the Rh-Rh bonded dimers and dirhodium 
ketone s p e c i e s . 

Rhodium complexes of the bulky t e t r a - ( 3 , 5 - d i m e t h y l -
p h e n y l ) p o r p h y r i n (TXP) l i g a n d and the more s t e r i c a l l y 
demanding t e t r a - ( 2 , 4 , 6 - t r i m e t h y l p h e n y l ) p o r p h y r i n (TMP) 
were prepared as p a r t of an e f f o r t t o examine the r o l e of 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
0



156 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

s t e r i c i n f l u e n c e s on promoting CO r e d u c t i v e c o u p l i n g . The 
o b j e c t i v e was t o i n h i b i t formation of the Rh-Rh bonded 
dimer and dirhodium ketone without s e r i o u s l y a f f e c t i n g the 
Rh-C bonding i n the α-diketone complex. The r e l a t i v e 
i n s e n s i t i v i t y of the Rh-C(Ο)H bonding t o s t e r i c and 
e l e c t r o n i c e f f e c t s f o r t h i s s e r i e s of p o r p h y r i n l i g a n d s 
(OEP, TXP, ΤMP) i s suggested by the remarkably s i m i l a r IR 
and NMR parameters f o r the f o r m y l groups i n the 
corresponding (por)Rh-CHO complexes (Table I I I ) . 

The a n t i c i p a t e d improvement i n s e l e c t i v i t y f o r CO 
r e d u c t i v e c o u p l i n g i s observed f o r the (TXP)Rh system. 7 

( T X P ) R h 1 1 forms a Rh-Rh bonded dimer, [(TXP)Rh] 2, t h a t 
r e a c t s at m i l d c o n d i t i o n s (Pco^ 1 atm, T=298K) t o form 
(TXP)Rh-C(0)-C(0)-Rh(TXP) as the o n l y 1H NMR observable 
species i n s o l u t i o n (Equation 19). Observation of CO 

[(TXP)Rh] + 2 CO (TXP)Rh-C(0)-C(0)-Rh(TXP) (19) 

s t r e t c h i n g f r e q u e n c i e s o f 1778 and 1767 cm" 1 i n 
(TXP)Rh-C(0)-C(0)-Rh(TXP) i l l u s t r a t e s t h a t the d i o n y l 
fragment i n t h i s dirhodium α-diketone i s s i m i l a r t o th a t 
i n o r g a n i c analogs where vco values of 1720-1740 cm"1 are 
observed. The combined e f f e c t s of weakening the Rh-Rh 
bond and v i r t u a l l y e xcluding the dirhodium ketone give the 
(TXP)Rh system an appropriate set of thermodynamic f a c t o r s 
f o r s e l e c t i v e CO r e d u c t i v e coupling. 

R e a c t i v i t y s t u d i e s with CO have been extended to the 
t e t r a m e s i t y l p o r p h y r i n (TMP) d e r i v a t i v e where l i g a n d s t e r i c 
r e q u i r e m e n t s p r e c l u d e Rh-Rh bond f o r m a t i o n and thus 
p r o v i d e a s t a b l e rhodium II d e r i v a t i v e , (TMP)Rh 1 1. 8 

R e a c t i o n of (TMP)Rh- with CO r e s u l t s i n e q u i l i b r i a t h a t 
i n v o l v e a 17-electron mono-CO complex, (TMP)Rh-CO, and the 
C-C bonded dimer (TMP)Rh-C(0)-C(O)-Rh(TMP) (Equation 20-
22). Temperature dependence of the r e l a t i v e EPR i n t e n s i t y 

(TMP)Rh- + CO ^ (TMP)Rh-CO (20) 
2 (TMP)Rh-CO ^ (TMP)Rh-C(0)-C(0)-Rh(TMP) (21) 
2 (TMP) Rh- + 2 CO (TMP) Rh-C (O) -C (O) -Rh (TMP) (22) 

f o r (TMP)Rh-CO was used i n determining the enthalpy change 
f o r r e a c t i o n 21 (ΔΗ2ΐ°=-18 . 5±0 . 8 k c a l m o l " 1 ) . 8 R e v e r s i b l e 
d i m e r i z a t i o n of (TMP)Rh-CO through C-C bond formation t o 
produce a 1,2-ethanedionyl b r i d g e d complex (Equation 21) 
can be^ viewed as being r e l a t e d to a c y l r a d i c a l c o u p l i n g 
(2 CH3CO -> H 3C-(0)C-C(0)CH 3) . D i m e r i z a t i o n of (TMP)Rh-CO 
must i n v o l v e s u b s t a n t i a l l y l a r g e r e l e c t r o n i c and 
s t r u c t u r a l rearrangement of the Rh-CO u n i t compared t o 
t h a t f o r CH3CO b e c a u s e t h e a s s o c i a t i o n e n e r g y 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
0



10. WAYLAND ET AL. Hydrogénation and Reductive Coupling of CO 157 

Table I I I : Selected NMR and IR Parameters for the Formyl Group i n 
(por)Rh-CHO Complexes 

OEP p-TTP m-TXP TMP 

2.82 3.24 3.40 3.78 
$£HO <PPm) 194.4 194.5 194.8 194.3 
Jl03 R h_13 C H O (HZ) 29.1 30.0 30.5 30.5 
J13 C_1 H 0 (Hz) 200 200 197 196 
JlOSRh.cl^o (Hz) 1.8 1.8 1.9 1.9 
Vc=o (cm"1)* 1707 cm"1 1707 cm-1 — 1710 cm-1 

*Nujol mull 
OEP= octaethylporphyrin 
p-TTP= tetra-(4-methylphenyl) porphyrin 
m-TXP= tetra-(3,5-dimethylphenyl) porphyrin 
TMP= tetra-(2,4,6-trimethylphenyl) porphyrin 

(ΔΗ2ΐ°=-18.5 k c a l mol" 1) i s much smaller than the expected 
C(0)-C(0) bond energy (-70 k c a l mol" 1) i n the d i o n y l 
complex. This r e s u l t i n d i c a t e s that a s u b s t a n t i a l p o r t i o n 
(-50 k c a l mol" 1) of the t o t a l energy change f o r the CO 
fragment [2 (Cs=0)-2 (C=0) =140 k c a l mol" 1) a s s o c i a t e d with 
formation of the ct-diketone from CO i s regained i n forming 
(TMP)Rh-CO. This i s equivalent to saying that the CO bond 
o r d e r i n (TMP)Rh-CO i s g r e a t e r than two or t h a t the 
b i n d i n g of CO with (TMP) Rh- r e s u l t s i n o n l y p a r t i a l 
r e h y b r i d i z a t i o n of CO toward a double bond. 

Summary 
Rhodium por p h y r i n complexes have a set of Rh-H (-60 

k c a l mol" 1) and Rh-C(0)X (50-60 k c a l mol" 1) bond energies 
a p p r o p r i a t e t o produce m e t a l l o f o r m y l complexes from 
r e a c t i o n s with H2 and CO and α-diketone complexes by CO 
r e d u c t i v e c o u p l i n g . Double i n s e r t i o n of CO i n t o a M-M 
bond i s u s u a l l y r e s t r i c t e d by the thermodynamics f o r the 
r e a c t i o n of the s i n g l e i n s e r t i o n product with CO. When 
the M-C bond energies i n the dime t a l ketone and d i m e t a l 
α-diketones are equal, unfavorable thermodynamics (ΔΗ°-0, 
ΔΘ°(298Κ)~+8 k c a l mol" 1) are a n t i c i p a t e d f o r the second CO 
i n s e r t i o n step. Recognizing that the e f f e c t i v e M-C bond 
energy i n d i m e t a l ketone s p e c i e s i s more s e n s i t i v e t o 
l i g a n d s t e r i c requirements than the Rh-C bonding i n 
dimetal α-diketones provides an approach f o r circumventing 
t h i s r e s t r i c t i o n . A p p l i c a t i o n of t h i s s t r a t e g y to rhodium 
porphyrin systems r e s u l t s i n s e l e c t i v e formation of the CO 
r e d u c t i v e c o u p l i n g products (Rh-C(0)-C(O)-Rh) f o r both 
(TXP)Rh and (TMP)Rh complexes. 
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Chapter 11 

Metal and Ancillary Coordination Effects 
on Organolanthanide-Ligand Bond Enthalpies 

Implications for Bonding and Reaction Patterns 

Steven P. Nolan, David Stern, David Hedden, and Tobin J. Marks 

Department of Chemistry, Northwestern University, Evanston, IL 60208 

This contribution presents a batch titration calorimetric 
investigation of absolute and relative metal-ligand bond 
enthalpies in a broad series of organolanthanides of the 
type L 2LnX, L2LnR, and L2LnL' (L = various η5-cyclo-
pentadienyl-type ligands; Ln = La, Nd, Sm, Eu, Yb; X = 
Cl, Br, I, alkoxide, dialkylamide; R = CH(SiMe3)2, η3
-allyl, hydride; L' = η2-alkyne). It is found that D(Ln
-halide) is a reasonably transferable thermodynamic 
anchor point from one trivalent lanthanide coordination 
environment to another. Bond enthalpy trends typical of 
electropositive metal ions (early transition elements, 
actinides) are observed in this series and include small 
D(Ln-H)-D(Ln-alkyl) values, and large D(Ln-halide) and 
D(Ln-alkoxide) values. Such bond enthalpies are sensi
tive both to the identity of the lanthanide ion and to 
the structure of the supporting ligation (e.g., (Me5C5)2 
vs. Me2Si(Me4C5)2 vs. Et2Si(C5H4)Me4C5). While the 
thermodynamics of L2LnR -> L2LnR' transformations will be 
relatively insensitive to the identity of Ln, those of 
binuclear oxidative addition and reductive elimination 
processes will be highly sensitive to the nature of Ln. 

The past decade has witnessed an explosive growth i n what we know 
about the organometallic chemistry of the lanthanide and actinide 
elements (1-7). A myriad of new metal-ligand linkages, coordina
ti o n geometries, stoichiometric/catalytic reaction patterns, and 
insights into metal-ligand bonding have emerged. As this area of 
chemistry has developed, i t has become increasingly apparent that 
s i g n i f i c a n t departures from r e a c t i v i t y patterns t y p i c a l of middle 
and late t r a n s i t i o n element compounds are pervasive, and that these 
departures are not simply explained on the basis of kin e t i c 
factors. Our desire to understand the o r i g i n of these departures 
as well as to develop guides to predicting new types of transfor
mations thus prompted thermochemical studies aimed at probing f-
element metal-ligand bonding energetics (8-11). 

0097-6156/90/042S-O159$O6.(X)A) 
© 1990 American Chemical Society 
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160 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

I n i t i a l calorimetric investigations focussed on determining 
r e l a t i v e metal-ligand bond disruption enthalpies i n tetravalent 
organoactinide complexes of the type Cp2ThR2 (12), CP2UR2 ( !^) 
(Cp'- r? 5 - M e 5 C 5 ) and Cp3ThR (Cp - i7 5 - C 5 H 5 ) (14) using halogenolytic 
or protonolytic batch t i t r a t i o n chemistry (e.g., Equations 1-4). 
The resulting information i s extremely useful for comparing 

LnM-R + X 2 > I^M-X + RX + ΔΗ Γ Χ (1) 

ΔΗ Γ Χ - D(LnM-R) + D(X 2) - ϋ(Ι^Μ-Χ) - D(R-X) (2) 

Î M-R + HX > I^M-X + RH + ΔΗ Γ Χ (3) 

ΔΗ Γ Χ - D(LnM-R) + D(H-X) - ϋ(Ι^Μ-Χ) - D(R-H) (4) 

I^M-R/I^M-R' bond enthalpies within a homologous series of com
pounds or predicting enthalpies of reactions interconnecting 
members of the series. Converting such re l a t i v e bond enthalpies to 
an absolute scale i s less straightforward, however, and requires a 
judiciously chosen "anchor point" (an accurate estimate of 0(Ι^Μ-
X)). Rigorously absolute values of Dil^M-R) are accessible v i a 
one-electron sequences as shown i n Equations 5-10, provided 
suitable Ι^Λ/Ι^,-Κ/Ι^-Χ ensembles are available. This approach 
has recently been applied to an actinide(III)/(IV) and a lanth-

LnM-R + X 2 > LnM-X + RX (5) 

LnM-X > LnM + 1/2 X 2 (6) 

X· > 1/2 X 2 (7) 

R-X > R» + X· (8) 

Î M-R > I^M + R. (9) 

D(LnM-R) - Δ Η Γ Χ ( 1 ) + Δ Η Γ χ ( 6 ) - 1/2 D(X 2) + D(R-X) (10) 

anide(II)/(III) system: (Me3SiC5H4)3U/(Me3SiC5H4)3U-R (15, 16) and 
Cp2Sm/Cp2Sm-R (Γ7). The study of the l a t t e r compounds provides the 
f i r s t detailed thermochemical data for any series of organolanth-
anide complexes. While the results are highly informative, they 
also raise fascinating additional questions about the metal and 
an c i l l a r y l i g a t i o n s e n s i t i v i t y of some of the trends as well as 
their implications for important reaction patterns. In the present 
contribution, we address these issues with a broader examination of 
metal-ligand bonding energetics i n several classes of organometal
l i c compounds which span the entire lanthanide series. 

Experimental 

The complexes Cp^Sm (18), Cp^Eu (19, 20), Cp^Yb (21), Cp2Sm(THF)2 

(22) , Cp2LaCHTMS2 (TMS - SiMe 3) (23), (Cp2LaH)2 (23), Cp2NdCHTMS2 

(23) , (Cp2NdH)2 (23), Cp2NdNMe2 (24), Cp2Nd(r73-C3H5) (23), 
Me2SiCp2SmCHTMS2 (25), (Cp" - T?5-Me4C5), (Me2SiCp2SmH)2 (25), 
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11. NOLAN ET A L Organolanthanide—Ligand Bond Enthalpies 161 

Cp2LuCHTMS2 (23), Me2SiCp2LuCHTMS2 (25), Et2Si(Cp)Cp"LuCHTMS2 

(26), and Cp2Yb(rç2-Me2C2) (27) were prepared and p u r i f i e d as 
described elsewhere. The reagents for t i t r a t i o n calorimetry, I 2 , 
t-BuOH, and (t-Bu^CHOH were pu r i f i e d as indicated elsewhere (17). 
A l l reactions employed for calorimetry were f i r s t investigated by 
NMR spectroscopy to v e r i f y the rapid, quantitative character of the 
transformations. The anaerobic isoperibol batch t i t r a t i o n c a l o r i 
meter and anal y t i c a l procedures used i n this study have been 
described i n d e t a i l elsewhere (17, 28)· A l l heat of solution and 
heat of reaction measurements were carried out i n rigorously 
p u r i f i e d toluene. 

Thermodynamic Anchor Points. (Me5C5)oLn Thermochemistry. 

T i t r a t i o n of the divalent compounds Cp^Sm, Cp^Eu, and Cp^Yb with 
iodine proceeds rapidly and quantitatively to y i e l d the correspond
ing t r i v a l e n t iodides (Equation 11) . The heat of this reaction 
combined with the known BDE of I 2 yields the D(Cp2Ln-I) values set 

Cp 2Ln + I 2 > 1/n (Cp2LnI) n (11) 

Ln - Sm, Eu, Yb 

out i n Table I. Structural studies of other (Cp2LnX) n complexes 
suggest that the above iodides, which are not s u f f i c i e n t l y soluble 
for cryoscopy, are associated i n the s o l i d state (e.g., A or B) 
(29. 30). Nevertheless, several lines of argument suggest that 

C p 2 

Ln 
c% *** 

Χ 'x 

Cp2Ln LnCp2 

\ / 
X 
Β 

D(Ln-I) and similar parameters for group 16 ligands are not 
extremely sensitive to the bonding mode ( i . e . , bridging or termi
nal). Thus, D(Sm-I) values for (Cp2SmI)n and Cp2Sm(THF)I d i f f e r 
marginally: 69.4(2.4) and 72.7(2.9) kcal/mol, respectively (17). 
Furthermore, D(SmIII-0) values for (Cp^SmO-t-Bu)2 and 
Cp2Sm0CH(t-Bu)2 a r e essentially id e n t i c a l at 82.4(3.5) and 
81.3(1.0) kcal/mol, respectively (17, reasonably assuming that 
D(t-BuO-H) - D[(t-Bu)2CH0-H]). The generality of such trends of 
course requires additional v e r i f i c a t i o n . For more electron-
deficient organolanthanide l i g a t i o n such as a l k y l ligands, i t 
appears that differences i n bridging versus terminal bonding 
energetics are somewhat more sig n i f i c a n t (26). 

In Table I I , the present D(Cp2Ln-I) data are compared with the 
corresponding Ln - Sm, Eu, and Yb parameters for the homoleptic 
lanthanide t r i i o d i d e s , D^(Lnl3) (31-33) . I t can be seen that, for 
both early and late lanthanides, the DtLn 1 1 1-!) parameters are 
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162 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I 

Enthaplies of Solution, Enthalpies of Reaction of Organolanthanide 
Compounds with Iodine i n Toluene, and Derived Bond Disruption 

Enthalpiesa»b 

Compound ^ s o l n Titrant -AH r x n
c D(Ln-R/X) * A 

Cp^Sm 4. 7(0. 2) 12 102. 4(2. 2) 69. 4(2. 4) 1^ 

C p 2 E u 3. .4(0. 4) 12 80. 7(1. 8) 58. 6(2. 0) I 

Cp^Yb 3. ,0(0. 3) 12 85. ,8(1. 2) 61. . 2 ( 1 . 4) I 

( C p 2 L a H ) 2 
4. .6(0. 2) 12 108. ,1(2. 1) 66. ,6(2. 5) H 

Cp2LaCHTMS2 3, .2(0. 2) 12 40. .3(1. 2) 63. .1(1. 8) CHTMS2 

( C p 2 N d H ) 2 5, .5(0. 3) 12 109, .2(2, .2) 56. .6(2. .5) H 

C p 2 N d C H T M S 2 3, .1(0. 3) 12 46, .4(1. 1) 47, .5(1. .8) CHTMS2 

(Cp2SmH)2 5. .5(0. 3) 12 104, .8(1. .5) 52, .4(2. .0) H<* 

Cp2SmCHTMS 2 3 .4(0. 2) 12 40, .5(0. 9) 46, .0(1, 8) CHTMS2
d 

Me 2 SiCp2SmCHTMS2 4, .1(0. 3) 12 43, .2(0, .8) 42, .7(1, .6) CHTMS2 

(Me 2 SiCp2SmH)2 4, .6(0. 2) 12 100, .7(1, .8) 52, .8(2, .2) H 

(Cp2LuH>2 4 .8(0. 3) 12 98 .1(2, .1) 66 .7(2 .5) H 
CP2LUCHTMS2 3 .5(0. 3) 12 31 .5(1 .1) 67 .0(1 .8) CHTMS2 

Me 2 S i C p 2 L u C H T M S 2 4 .2(0, .3) 12 36 .1(1 .2) 62 .4(1 .8) CHTMS2 

Et2SiCpCpLuCHTMS2 4 .3(0 .3) 12 43 .4(1 .2) 55 . 1 ( 1 .8) CHTMS2 

a I n kcal/mol. 

Q u a n t i t i e s i n parentheses are 95% confidence l i m i t s (3σ). 
cPer mole of t i t r a n t . 

<*R eference 17. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
1



11. NOLAN ET A L Organohnthanide-Ligand Bond Enthalpies 163 

Table I I 

Bond Disruption Enthalpy Data for Organolanthanide Complexes 
and the Corresponding Homoleptic Trihalides i n Kcal/Mol a 

Cp^Ln-X D(Cp2Ln-X) LnX 3 Di(LnX 3) 

Cp^SmCl 97.1(3.0) D SmCl3 102(5) c 

Cp^SmBr 83.6(1.5) b SmBr3 86(5) c 

Cp^Sml 69.4(2.4) b Sml3 68(5) c 

Cp^EuI 57.1(2.0) E u l 3 65(5) c 

Cp^Ybl 61.2(1.5) Y b l 3 60(5) c 

Q u a n t i t i e s i n parentheses are 95% confidence l i m i t s (3a). 
bTaken from ref. 17. 

References 31-33.  P
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164 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

rather similar for Ln constant, indicating that Cp and I a n c i l 
lary ligations have energetically rather similar effects. Related 
work also reveals p a r a l l e l trends i n the (Cp2SmBr)n/SmBr3 and 
(Cp2SmCl)n/SmCl3 pairs (17). These results are combined i n Table 
II and i n Figures 1 and 2. Taken together, these data argue 
strongly that D(Ln I I : [-halide) i s a reasonably transf errable 
thermodynamic anchor point for the lanthanide series. For the 
actinides, the picture to date appears rather similar i n that 
D[(Me 3SiC 5H4)3U-I] - 62.4(1.4) kcal/mol while ϋχΟΠ^) - 66(8) 
kcal/mol (15). 

Metal Size and Additional An c i l l a r y Ligand Effects 

Excepting effects which are clear l y 4f configuration/redox i n 
o r i g i n , r e a c t i v i t y trends across the lanthanide series are usually 
associated with differences i n Lewis a c i d i t y / e l e c t r o p h i l i c i t y and 
s t e r i c interactions. Each of these effects, i n turn, i s necessar
i l y sensitive to the f a l l i n g metal ionic radius with increasing 
atomic number. The quantity Dil^M-H) - D(L nM-alkyl) i s a c r u c i a l 
thermodynamic determinant for a number of important homogeneous 
ca t a l y t i c reaction components, such as β-H elimination (Equation 

L„M / ~ ^ R · L„M-H + R ""N ( 1 2 ) 

12). This parameter was investigated i n the pairs D(Cp2Ln-H) versus 
D(Cp2Ln-CHTMS2) as shown i n Equations 13,14 for the largest, the 
smallest, and two intermediate lanthanides. To place the bond 

(Cp2LnH)2 + 12 > 2/n (Cp2LnI) n + H 2 (13) 

C p 2 L n C H T M S 2 + I 2 > 1/n ( C p 2 L n I ) n + ICHTMS2 (14) 

Ln - La, Nd, Sm, Lu 
enthalpies on an absolute scale, i t i s assumed that D(Cp2Ln-I) -
D^(LnI 3) as demonstrated above. However, the D(Cp2Ln-H) -
D(Cp2Ln-CHTMS2) difference parameter i s not sensitive to this 
assumption since D(Cp2Ln-I) i s constant i n the determination for 
each Ln pair. The results i n Table I indicate that this bond 
enthalpy difference parameter i s rather small (0-9 kcal/mol) 
indicating, i n agreement with r e a c t i v i t y observations (5.23.25) 
that β-Η elimination i s generally unfavorable for Cp2Ln-alkyl 
complexes. As a function of Ln and a 1.160 À (La(III)) -+ 0.977 À 
(Lu(III)) contraction i n eight-coordinate ionic radius (34), the 
present D(Cp2Ln-H) - D(Cp2Ln-CHTMS2) parameters vary by only a 
r e l a t i v e l y small amount and i n no regular fashion (Table I) . 
Interestingly, for Ln - Sm, this parameter i s ca. 4 kcal/mol 
smaller than for D(Me2SiCp2SmH) - D(Me2SiCp2SmCHTMS2), indicating 
that, a l l other factors being equal, β-U elimination should be more 
thermodynamically favorable i n the l a t t e r system. Further comments 
w i l l be made about such a n c i l l a r y ligand effects shortly (vide 
i n f r a ) . 

For pragmatic reasons, the above analyses used CHTMS2 as a 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
1



11. NOLAN ET A L Orgatiolanthanide-Ligand Bond Enthalpies 165 

Figure 1. Comparison of metal-iodine bond disruption enthalpies 
for several (Me5C5>2LnI complexes (Ln - lanthanide) with the 
published values for the corresponding lanthanide t r i i o d i d e s . 
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166 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

• Cp'2SmX 
0 X2SmX 

Figure 2. Comparison of samarium-halogen bond disruption enthal
pies for several (Me5C5)2Sm-halogen complexes with the published 
Di values for the corresponding samarium t r i h a l i d e s . 
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11. N O L A N E T A L Organolanthanide—Ligand Bond Enthalpies 167 

model a l k y l group. In viewing such results, i t should be noted 
that CHTMS2 may be a somewhat atypical a l k y l group i n that d i f f r a c 
t i o n studies reveal close Ln««*H3C-Si secondary bonding and a small 
* Ln-C(a)-H angle (C) (22,25,26). In addition, while early lantha
nide ( C p 2 L n H ) 2 compounds have (μ-Η)2 structure D (4,23,25), the 
lutetium member of the series appears to have (μ-Η)Η structure Ε 
(5). 

% . S i M e 3 

, i / \ %%Me 
Cp 2Ln Sr* 

\ / vMe 
H ^ H 

Η 

Cp2Ln* ^LnCp 2 

Η 

Cp 2 Lu —Η— LuCp 2 

Η 

C D Ε 

I t has been previously observed that s i g n i f i c a n t changes i n 
οrganolanthanide metal-carbon sigma bond r e a c t i v i t y can be effected 
by the a n c i l l a r y ligand modifications F -• G H (23,25,26). In 
particular, reactions having large s t e r i c demands i n the tr a n s i t i o n 
state (e.g., o l e f i n insertion) are (not surprisingly) accelerated 
i n the more open coordination spheres of G and H (23., 25,34) . 

F G H 

Curiously, however, s t e r i c a l l y rather insensitive Ln-C bond 
hydro geno lys i s i s considerably slower i n environments G and H (2JS) . 
Iodinolytic thermochemical studies were therefore undertaken on the 
LU-CHTMS2 members of the F, G, H series and S111-CHTMS2 members of 
the F, G series to probe a n c i l l a r y ligand effects on D(Ln-CHTMS2). 
Assuming that DiLu 1* 1-!) and D^m111-!) are invariant within each 
class of compounds (vide supra) , the results i n Table I are 
obtained. I t can be seen that the LU-CHTMS2 bond disruption 
enthalpy c l e a r l y decreases as the an c i l l a r y l i g a t i o n makes the 
progression F -> G H, and that the S111-CHTMS2 data follow an 
ide n t i c a l trend for F G. These trends are i n opposition to what 
would be expected from a n c i l l a r y ligand-CHTMS2 nonbonded inter
actions. The reasons for these trends appear instead to re f l e c t 
the nature of the bond dissociation process (e.g., Equation 15) 
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168 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

which involves formal reduction of the lanthanide ion. The 

Cp2LnII:[-R > Cp^Ln 1 1 + R. (15) 

progression F -» G H i s one of decreasing electron donation by the 
a n c i l l a r y ligands (for example, structural data reveal diminished 
ring-metal interactions i n Me2SiCp2LnCHTMS2 versus Cp2LnCHTMS2 
(23,25)), hence destabilization of the Ln(III) state and s t a b i l i z a 
t i o n of Ln(II) . Such an effect i s expected to lower the bond 
disruption enthalpy. An alternative explanation would invoke an 
approximately invariant D(Ln-CHTMS2) but increasing D(Ln-I) through 
the progression F -* G -» H for s t e r i c and/or electronic reasons. 
While this explanation cannot be rigorously ruled out with the 
information at hand, i t i s not supported by the aforementioned 
D(Cp2Ln-I)/Di(Lnl3) correlations. That D(Sm-H) i s essentially 
i d e n t i c a l i n (Me2SiCp2SmH)2 (52.8(2.2) kcal/mol) and (Cp2SmH)2 
(52.4(2.0) kcal/mol) (Table I) indicates that either D(Ln-I) i s not 
stronger i n G,H-type complexes (with D(Ln-H) approximately invar
iant) or that D(Ln-H) and D(Ln-I) change i n an almost p a r a l l e l 
fashion. Considering the greatly different s t e r i c and electronic 
requirements expected for μ-Η and μ-1 bonding, the l a t t e r conten
tion appears questionable, and additional studies are needed to 
resolve this issue. The reason for the f a l l i n g Ln-CHTMS2 hydro-
genolysis r e a c t i v i t y i n the F -»- G -> H progression appears to 
r e f l e c t diminished charge s t a b i l i z a t i o n at the lanthanide center i n 
the heterolytic, four-center hydrogenolysis t r a n s i t i o n state 
(Equation 16) rather than thermodynamic factors. An interesting 
contrast i s presented by Cp2Th(X)R compounds where Th-C hydro

s' H-— Η 

Ln-R +H2- Ln----R 
δ+ δ" 

-Ln-H +R-H (16) 

genolysis rates exhibit an aDproximately opposite dependence on 
D(Th-R) (35). In terms of Cp2SmR/H interconversions, perhaps the 
most important result of this study i s the observation that the 
thermodynamics of important transformations such as β-Η. elimination 
and metal-carbon hydrogenolysis are sensitive to the cyclopenta-
dienyl a n c i l l a r y l i g a t i o n . 

Alkoxide. A l l v l . Amide, and Alkvne Ligands. 

Additional calorimetric studies were undertaken to examine the 
generality of trends (17) previously noted for Cp2SmX compounds and 
to v e r i f y parameter self-consistency within a f a i r l y large series 
of organolanthanide complexes. Equations 17 and 18 probe Cp^Nd-
alkoxide bond enthalpies for s t e r i c a l l y non-encumbered and encum
bered alcohols. From cryoscopy results for the Sm analogues (17), 
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11. NOLAN ET A L Organolanthanide-Ligand Bond Enthalpies 169 

(Cp 2NdH) 2 + 2 t-BuOH > (Cp 2Nd0-t-Bu) 2 + 2 H 2 (17) 

(Cp 2NdH) 2 + 2 (t-Bu)2CHOH > 2 Cp2NdOCH(t-Bu)2 + 2 H 2 (18) 

we take the molecularities of the products to be dimeric and mono-
meric, respectively. The results (Table III) show that the two 
D(Cp2Nd-OR) values d i f f e r i n s i g n i f i c a n t l y , arguing as for samarium 
that such parameters are rather insensitive to the degree of asso
c i a t i o n . Equations 19 and 20 probe the strengths of Nd dial k y l a -
mide and rç^-allyl linkages, respectively. The derived disruption 

2 Cp2NdNMe2 + 2 t-BuOH > (Cp 2Nd0-t-Bu) 2 + 2 HNMe2 (19) 

2 Cp2Nd(773-C3H5) + 2 t-BuOH > (Cp2NdO-t-Bu)2 + 2 C 3H 6 (20) 

enthalpies (Table III) closely mirror those i n the Sm series (17) 
with the lanthanide-to-dialkylamide bond considerably weaker than 
that to an alkoxide, and the CHTMS2 ligand more strongly bound than 
the r y 3 - a l l y l . The close congruence between the 4 f 3 Cp2Nd-R and 

Cp2Sm-R bond enthalpy patterns i s i l l u s t r a t e d i n Figure 3. 
An additional test of the r e l i a b i l i t y of the above D(Cp2Nd-R) 

parameters i s provided by an independent determination of 
D(Cp2Nd-0-t-Bu) as shown i n Equation 21. The result, 82.2(2.0) 
kcal/mol, compares well with that determined v i a the hydride, 
79.8(1.5) kcal/mol (Equation 15; Tables I, I I I ) . 

Cp2NdCHTMS2 + t-BuOH > 1/2 (Cp 2Nd0-t-Bu) 2 + H2CTMS2 (21) 

The complex Cp2Yb(r;2-Me2C2) (I) i s the only isolable, simple 
organo-f-element π-alkyne complex (27), and i t was of great 
interest to probe the energetics of the Yb-alkyne bond. The t i t r a -

I 
t i o n of Equation 22 along with the data i n Table I y i e l d an alkyne 
bond disruption enthalpy of 14.0(1.2) kcal/mol. This quantity i s 
rather low, and can be compared to reported t r a n s i t i o n metal-alkyne 

Cp2Yb(î72-Me2C2) + 1/2I 2 > 1/n (Cp 2YbI) n + Me 2C 2 (22) 

bond enthalpies i n the range 20-90 kcal/mol (£,10,31,36). For 
comparison i n the f-element series, D(Cp2Sm-THF) - 7.3(0.4) 
kcal/mol (17), D(Cp2Sm(THF)-THF) - 4.9(1.0) kcal/mol (17), and 
D(MejSiC 5H 4) 3U-C0) - 10.3(0.2) kcal/mol (15). The value for 
D(Cp2Zr-benzyne) i s i n excess of 120 kcal/mol (28). 
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170 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I I I 

Enthaplies of Solution, Enthalpies of Reaction of Organolanthanide 
Compounds with Various Titrants i n Toluene, and Derived 

Bond Disruption Enthalpiesa»b 

Compound ΔΗεοΙη Titrant -AH r x n
c D(Ln-R/X) R/X 

(Cp 2NdH) 2 5.5(0.3) t-BuOH 26.2(1.2) 82.2(2.0) O-t-Bu 

Cp2NdCHTMS2 3.1(0.3) t-BuOH 25.7(1.7) 82.2(2.0) O-t-Bu 

(Cp 2NdH) 2 5.5(0.3) (t-Bu)2CH0H 23.0(1.0) 79.8(1.5) 0CH(t-Bu) 2 

Cp2NdNMe2 1.5(0.2) t-BuOH 24.8(1.2) 47.4(1.5) NMe2 

Cp 2Nd(f ?
3-C 3H 5) 2.5(0.3) t-BuOH 25.3(1.3) 40.9(1.7) T73-C3H5 

Cp2Yb(r72-Me2C2) 4.6(0.2) I 2 58.2(0.8) 14.0(1.2) ry2-MeC-CMe 

a I n kcal/mol. 

^Quantities i n parentheses are 95% confidence l i m i t s (3σ). 
cPer mole of t i t r a n t . 

D(Sm-X), kcal/mol 
Figure 3. Comparison of D[(Me5C5)2Nd-R/X] data to the correspond
ing D[(Me5C5)2Sm-R/X] data of ref. 17. R - CH(SiMe 3) 2 and C 3H 5 -
f ? 3 - a l l y l . The l i n e shows a least-squares f i t to the data and has 
a slope of 1.08. 
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11. NOLAN ET AL Organolanthanide-Ligand Bond Enthalpies 171 

Discussion 
The present study affords the f i r s t detailed picture of absolute 
and r e l a t i v e organolanthanide bonding energetics for a diverse 
selection of metal ions and interesting ligands. At the broadest 
l e v e l , these data exhibit strong p a r a l l e l s to bond enthalpy 
patterns previously i d e n t i f i e d for actinide and group 4 complexes, 
and which appear to be general for this portion of the Periodic 
Table. These include small D(M-H)-D(M-alkyl) values, large values 
of D(M-halide) and D(M-alkoxide), and smaller values of 
D(M-dialkylamide). In a l l cases, D(M-halide) appears to be rather 
insensitive to whether a n c i l l a r y ligands are halide or π-carbo-
c y c l i c . The present results indicate that such patterns are rather 
general for a series of organolanthanides i n which the central 4f 
ion can vary considerably i n size, 4 f n configuration, and redox 
characteristics (38)· Hence, most Cp^LnR —> Cp2LnR transforma
tions w i l l have enthalpies which are rather insensitive to the 
identity of Ln. As noted previously, many of the aforementioned, 
d i s t i n c t i v e reaction patterns can be q u a l i t a t i v e l y understood i n 
terms of metal and ligand electronegativities (16, 2j£) . The degree 
to which the present organolanthanides adhere to this picture i s i n 
good accord with the pronounced electropositive character of the 
entire 4f series. The present study reveals i n addition that 
modification of cyclopentadienyl a n c i l l a r y ligand structure 
s i g n i f i c a n t l y affects the enthalpies of some adjacent metal-ligand 
sigma bonds. This effect appears also to have some generality. 

As for metal-ligand bond enthalpy differences among compounds 
of different lanthanides, the approximate t r a n s f e r a b i l i t y of 
D(Ln-halogen) parameters along with f a i r l y general reg u l a r i t i e s i n 
D(Ln-halogen) -D(Ln-R/X) values means that unavailable D(Ln-R) data 
should be estimable from existing data and should approximately 
track D(Ln-halogen) (e.g., Equation 23). Thus organolanthanides 

D(Ln'-R/X) « D(Ln-R/X) - [D(Ln-I)-D(Ln'-I)] (23) 

with the weakest metal-halogen bonds are l i k e l y to have the weakest 
metal-hydride, metal-alkyl, etc. bonds. These lanthanide ions w i l l 
be those with the most stable divalent states (e.g., Eu(III), 
Yb(III); cf., eq.(15)). Complementary patterns should obtain for 
lanthanides with the most stable t r i v a l e n t states (e.g., L a ( I I I ) , 
Ce(III), P r ( I I I ) ) . 

In terms of interesting organolanthanide chemistry, the above 
discussion conveys intriguing implications for t r i v a l e n t organo-
europium chemistry, the r e s t r i c t e d nature of which has generally 
been thought to r e f l e c t the pronounced s t a b i l i t y of the divalent 
oxidation state. While complexes such as (Cp2EuH)2 and Cp2Eu-alkyl 
are presently unknown, Equation 23 and the data i n Tables I and II 
suggest that D(Eu-H) « 40 kcal/mol and D(Eu-CHTMS2) ~ 35 kcal/mol. 
While these bond enthalpies are lower than for other organolanth
anides, simple s u s c e p t i b i l i t y to bond homolysis should not be a 
major factor i n determining the i s o l a b i l i t y of such complexes (cf., 
isolable cobalt complexes with D(Co-C) « 25 kcal/mol (8,11)). 
Rather, the k i n e t i c l a b i l i t y of such complexes combined with the 
anticipated exothermicity and entropie f a v o r a b i l i t y of many 
bimolecular elimination processes (e.g., Equations 24-26) i s l i k e l y 
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172 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

an important factor. Likewise, even an endothermic /3-H elimina
t i o n process (e.g., ΔΗ « +10 - +30 kcal/mol (17)) could be driven 

(Cp2EuH)2 > 2 Cp2Eu + H 2 (24) 
A H c a l c d ~ -12 kcal/mol Eu 

l/2(Cp2EuH)2 + Cp2EuR > 2 Cp^Eu + RH (25) 

^ c a l c d ~ _12 kcal/mol Eu 
2 Cp2EuR > 2 Cp2Eu + R2 (26) 

AHcalcd ~ -8 kcal/mol Eu 
by coupled exergonic follow-up reactions of the resulting hydride. 
For example, the sequence of Equations 27, 28 i s approximately 
thermoneutral, however the TAS contribution to AG i s expected to be 

Cp^EuR > Cp2EuH + alkene (27) 

S c a l e d « + 2 5 kcal/mol 
Cp2EuH + Cp2EuR > 2 Cp^Eu + RH 

over a l l : 2 Cp^EuR > 2 Cp^Eu + alkene 

overall: A^calcd ~ 0 kcal/mol Eu 
on the order of ca. -10 kcal/mol Eu for two parti c l e s forming from 
one (39,40). Thus, the i n t r i n s i c weakness of the europium-ligand 
bonds may promote new types of organolanthanide transformations 
which are normally only observed i n t r a n s i t i o n metal systems. 
Conversely, many dinuclear addition processes which are exothermic 
for other divalent lanthanides (17) w i l l be endothermic for 
europium. An example i s dinuclear hydrocarbon activation. The 
endothermic process of Equation 30 i s estimated to be exothermic 
for samarium (17) yet endothermic for europium. These and a number 

2 Cp'2Ln + • C p ' 2 L n φ + 1/2 (Cp ,

2LnH)2 (30) 

S c a l e d ~ -12 kcal/mol, Ln - Sm 

^ c a l c d ~ +1° kcal/mol, Ln - Eu 
of other consequences of the data reported herein are currently 
under investigation. 
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Chapter 12 

Novel Extensions of the Electrostatic Covalent 
Approach and Calorimetric Measurements 

to Organometallic Systems 

Russell S. Drago 

Department of Chemistry, University of Florida, Gainesville, FL 32611 

Attempts to understand chemical reactivity in 
organometallic systems often involve comparison of some 
measured observable with pKB or other one parameter 
cri teria of sigma donor strength. Deviations from the 
sigma donor trends are often interpreted in terms of 
unusual bonding effects in the organometallic system. In 
this art ic le , the pit fal ls associated with selection of a 
one parameter cri teria of donor strength are discussed. 
An alternative approach based on the ECW model is offered 
for both the interpretation and design of experiments. 
Several examples are presented which i l lustrate both the 
ways in which the model should be applied and the 
additional information that can be obtained from the data. 
Utilization of the approach to reactions in polar solvents 
and in heterogenous systems is also described. 

Most c h e m i s t s c a r r y o u t thermodynamic measurements i n o r d e r t o 
u n d e r s t a n d t r e n d s i n c h e m i c a l r e a c t i v i t y . To a c c o m p l i s h t h i s 
o b j e c t i v e , q u a n t i t a t i v e c r i t e r i a a r e r e q u i r e d t o p r o v i d e t h e b a s i s 
f o r what i s t o be e x p e c t e d u n d e r normal c i r c u m s t a n c e s where sigma 
b o n d i n g d o m i n a t e s r e a c t i v i t y . F o r example, t h e ρ Κ β s c a l e has been 
u s e d o f t e n t o p r o v i d e t h e b a s i s f o r t h e sigma bond r e a c t i v i t y o f 
o r g a n i c b a s e s . In t h e l a t e 1950's, i t was r e c o g n i z e d t h a t no 
s i n g l e s c a l e o f sigma d o n o r s t r e n g t h e x i s t e d ( 1 ^ 3 ) . As t h e L e w i s 
a c i d i s v a r i e d , c h a n g e s i n t h e o r d e r o f d o n o r s t r e n g t h o c c u r . 

0097-6156/90A)428-0175$06.00A) 
© 1990 American Chemical Society 
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176 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Some o f t h e most d r a m a t i c r e v e r s a l s o c c u r w i t h t h e a c i d s i o d i n e and 
p h e n o l (3). E a r l y , f i r s t row t r a n s i t i o n m e t a l c o m p l e x e s a l s o g i v e 
r i s e t o o r d e r s d i f f e r e n t f r o m d ^ t h i r d row s y s t e m s (1). 
Q u a l i t a t i v e e x p l a n a t i o n s o f t h e s e r e v e r s a l s i n b a s i c i t y were b a s e d 
on t h e M u l l i k e n (4) d e s c r i p t i o n o f b o n d i n g i n c h a r g e - t r a n s f e r 
c o m p l e x e s : 

r B A = * · β 1 + *-cov (υ 
V a r i a t i o n s i n t h e i m p o r t a n c e o f c o v a l e n t , 0 ° c o v » and e l e c t r o s t a t i c , 
^ ° e - | , b o n d i n g were p r o p o s e d t o a c c o u n t f o r t h e r e v e r s a l s i n 
s t r e n g t h o f oxygen and s u l f u r d o n o r s t o w a r d i o d i n e ( R 2 S > R20) and 
p h e n o l (R 2 0 > R 2 S ) . N i t r o g e n d o n o r s , w i t h b o t h a l a r g e l o n e p a i r 
d i p o l e moment and low i o n i z a t i o n e n e r g y , e . g . , ( C ^ ^ N , t e n d t o be 
s t r o n g e r t h a n s u l f u r d o n o r s t o w a r d I 2 and a l s o s t r o n g e r t h a n oxygen 
d o n o r s t o w a r d p h e n o l . T h e s e examples i l l u s t r a t e t h e q u a l i t a t i v e 
way i n w h i c h t h e M u l l i k e n o r P a u l i n g (5) e l e c t r o s t a t i c - c o v a l e n t , 
( E C ) , model i s used t o r a t i o n a l i z e d i f f e r e n t d o n o r o r d e r s . 

I f a q u a l i t a t i v e r a t i o n a l i z a t i o n o f b o n d i n g has any b a s i s i n 
f a c t , a t t h e v e r y l e a s t one s h o u l d be a b l e t o f i t bond s t r e n g t h s , 
e.g. a d d u c t f o r m a t i o n e n t h a l p i e s , t o e m p i r i c a l p a r a m e t e r s t h a t 
r e l a t e t o t h e e f f e c t s u s e d i n t h e q u a l i t a t i v e d e s c r i p t i o n . I f 
a d d i t i o n a l p a r a m e t e r s a r e needed f o r a good q u a n t i t a t i v e f i t , t h e n 
an added e f f e c t i s a l s o needed f o r t h e c o m p l e t e q u a l i t a t i v e 
r a t i o n a l i z a t i o n . The e q u a t i o n p r o p o s e d (6̂ 8) f o r t h e q u a l i t a t i v e 
e l e c t r o s t a t i c - c o v a l e n t model i s : 

-ΔΗ = E A E B + C A C B - W (2) 

The e n t h a l p y o f c o o r d i n a t e bond f o r m a t i o n , -ΔΗ, i s g i v e n by an 
e l e c t r o s t a t i c t e r m , E^Eg, and a c o v a l e n t t e r m , C^Cg where A r e f e r s 
t o a Le w i s a c i d and Β a Lew i s b a s e . The W t e r m accommodates (8) 
any c o n s t a n t c o n t r i b u t i o n t o t h e e n t h a l p y w h i c h f o r an a c i d ( o r 
b a s e ) i s i n d e p e n d e n t o f t h e base ( o r a c i d ) e m p l o y e d . The W t e r m i s 
u s u a l l y z e r o b u t w o u l d be f i n i t e , f o r example, f o r t h e h e a t o f 
d i s s o c i a t i o n o f A12C16 t o f o r m a B-AICI3 a d d u c t . 

E n t h a l p y d a t a f o r r e a c t i o n s o f t h e t y p e : 

A + Β * A-B (3) 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 177 

i n s o l v e n t s w i t h m i n i m a l s o l v a t i o n c o n t r i b u t i o n s a r e us e d t o 
e m p i r i c a l l y d e t e r m i n e t h e Ε and C p a r a m e t e r s . The r e s u l t i n g d a t a 
f i t i s e x c e p t i o n a l . The most r e c e n t r e p o r t (9) o f v a l u e s f o r t h e s e 
p a r a m e t e r s employed 500 e n t h a l p i e s f o r 48 b a s e s and 43 a c i d s t o 
s o l v e f i v e h u n d r e d e q u a t i o n s f o r 185 unknown p a r a m e t e r s . ( S e v e n 
a c i d s have W v a l u e s and a l l o t h e r a c i d s and b a s e s have W=0.) The 
EC p a r a m e t e r s t h a t r e s u l t f r o m t h e f i t r e p r e s e n t t h e t e n d e n c y o f 
t h e a c i d o r base t o under g o e l e c t r o s t a t i c o r c o v a l e n t b o n d i n g , 
r e s p e c t i v e l y , when f o r m i n g an a d d u c t . When t h e r e p o r t e d (9) 
e m p i r i c a l p a r a m e t e r s f o r t h e a c i d and base a r e s u b s t i t u t e d i n t o 
E q u a t i o n 2, t h e c a l c u l a t e d e n t h a l p y i s f o u n d t o a g r e e w i t h t h e 
e x p e r i m e n t a l r e s u l t t o w i t h i n 0.1 t o 0.2 k c a l m o l e " ^ . Systems i n 
w h i c h s t e r i c e f f e c t s e x i s t and t h o s e i n w h i c h t h e r e i s m e t a l - l i g a n d 
π - b a c k b o n d i n g show d e v i a t i o n s between t h e c a l c u l a t e d and measured 
v a l u e s t h a t p r o v i d e an e s t i m a t e o f t h e m a g n i t u d e o f t h e s e e f f e c t s . 

In c o n t r a s t t o t h e c l a i m (10) t h a t t h e ECW model " d i s g u i s e s 
t h e r e l a t i o n s h i p between r e a c t i v i t y and p e r i o d i c e l e m e n t a l 
p r o p e r t i e s " , e l e m e n t a r y a p p l i c a t i o n o f f r o n t i e r m o l e c u l a r o r b i t a l 
t h e o r y ( H ) can be used t o u n d e r s t a n d t h e t r e n d s . U s i n g 
q u a l i t a t i v e t r e n d s i n i o n i z a t i o n e n e r g i e s , i n d u c t i v e e f f e c t s , 
e l e c t r o n e g a t i v i t i e s and p a r t i a l c h a r g e / s i z e r a t i o s , one c a n 
e s t i m a t e t r e n d s i n t h e H0M0-LUM0 s e p a r a t i o n o f t h e d o n o r and 
a c c e p t o r . I n c r e a s i n g t h e s e p a r a t i o n d e c r e a s e s t h e c o v a l e n t and 
i n c r e a s e s t h e e l e c t r o s t a t i c n a t u r e o f t h e i n t e r a c t i o n . D e c r e a s i n g 
t h e s e p a r a t i o n has t h e o p p o s i t e e f f e c t . T r e n d s i n t h e r e p o r t e d 
a c i d and base p a r a m e t e r s as w e l l as i n t h e Ε Α Ε β and C A C g p r o d u c t s 
c a n be u n d e r s t o o d i n t h i s way. 

T h e r e have been s e v e r a l a t t e m p t s i n r e c e n t i n o r g a n i c c h e m i s t r y 
t e x t b o o k s t o r e l a t e t h e ECW a p p r o a c h t o o t h e r a c i d - b a s e t h e o r i e s . 
F i n s t o n and Rychtman (12) have done an o u t s t a n d i n g j o b i n t h e i r 
r e c e n t t e x t and t h e r e a d e r i s r e f e r r e d t o t h i s s o u r c e f o r t h i s 
t o p i c . A s i m p l e t e s t c a n be used t o j u d g e o t h e r a p p r o a c h e s . 
Anyone o f f e r i n g o r c o n s i d e r i n g a d i f f e r e n t q u a l i t a t i v e model f o r 
d o n o r - a c c e p t o r r e a c t i v i t y s h o u l d e x p r e s s i t u s i n g an e m p i r i c a l 
e q u a t i o n , as was done w i t h E q u a t i o n 2 f o r t h e c o v a l e n t -
e l e c t r o s t a t i c m o d e l . The 500 e n t h a l p i e s c o m p i l e d (9) s h o u l d be f i t 
t o t h e p r o p o s e d e q u a t i o n . I f t h e q u a n t i t a t i v e e x p r e s s i o n o f t h e 
model l e a d s t o a p o o r f i t b ut r e p r o d u c e s t h e c o r r e c t t r e n d s w i t h 
p a r a m e t e r s c o n s i s t e n t w i t h t h e model imposed t h e n i t c a n be 
c o n c l u d e d t h a t t h e q u a l i t a t i v e model i s a c c e p t a b l e . I f t h e 
q u a n t i t a t i v e e x p r e s s i o n does n o t r e p r o d u c e t h e t r e n d s , t h e n t h e 
q u a l i t a t i v e model i s n o t a c c e p t a b l e . I f t h e new model r e q u i r e s 
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178 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

t h r e e o r more e f f e c t s t o e x p l a i n t h e t r e n d s i n s t e a d o f t h e two o f 
t h e EC model i t c a n a l s o be d i s r e g a r d e d . Though t h e above 
s t a t e m e n t s a p p e a r o b v i o u s , t h e y a r e m e n t i o n e d h e r e b e c a u s e t h e 
f a i l u r e o f v a r i o u s q u a l i t a t i v e i n t e r p r e t a t i o n s o f c h e m i c a l 
r e a c t i v i t y t o f i t q u a n t i t a t i v e d a t a have been j u s t i f i e d by t h e 
argument t h a t " i t i s o n l y a q u a l i t a t i v e m o d e l . " 

PHILOSOPHY OF THE ECW MODEL 

The ECW model p r o v i d e s a b a s i s f o r d e t e r m i n i n g what i s normal 
( E q u a t i o n 1) i n sigma bond, d o n o r - a c c e p t o r i n t e r a c t i o n s . As su c h 
i t c a n be us e d i n t h e s t u d y o f t h e c o o r d i n a t i o n c h e m i s t r y o f new 
a c i d s o r b a s e s t o d e t e r m i n e t h e e x i s t e n c e , o r l a c k t h e r e o f , o f 
un u s u a l b o n d i n g e f f e c t s . The e n t h a l p y o f c o m p l e x a t i o n o f a s e r i e s 
o f b a s e s ( o r a c i d s ) i n t h e Ε and C c o r r e l a t i o n (9) c a n be s t u d i e d 
t o w a r d t h e new a c i d ( o r b a s e ) and t h e s e r i e s o f s i m u l t a n e o u s 
e q u a t i o n s o f t h e f o r m o f E q u a t i o n 2 s o l v e d f o r t h e two ( o r t h r e e i f 
W i s needed) unknown p a r a m e t e r s . A r e c e n t s t u d y (13) o f m e t a l -
m e t a l bonded a c i d s , M 2 ( 0 2 C R ) 4 , (where M = R h ( I I ) , M o ( I I ) , C r ( I I ) 
and R u ( I I ) R u ( I I I ) ) i l l u s t r a t e s t h e i n s i g h t p r o v i d e d by t h i s t y p e o f 
a n a l y s i s . An u n u s u a l l y l a r g e π - b a c k b o n d s t a b i l i z a t i o n was o b s e r v e d 
i n t h o s e s y s t e m s where t h e π o r b i t a l s o f t h e m e t a l - m e t a l bond a r e 
o c c u p i e d . The m e t a l s i n a m e t a l - m e t a l bond i n t e r a c t i n a 
s y n e r g i s t i c way t o enhance t h e a b i l i t y o f t h e m e t a l c e n t e r t o π -
back d o n a t e . The d i s c o v e r y o f t h i s s y n e r g i s m has f u n d a m e n t a l 
i m p l i c a t i o n s f o r u n d e r s t a n d i n g t h e r e a c t i v i t y o f m e t a l c l u s t e r s . 
O t h e r e xamples o f t h e s e a p p l i c a t i o n s have been r e v i e w e d . (7-8) 

The u t i l i z a t i o n o f t h e ECW model need n o t be r e s t r i c t e d t o 
bond s t r e n g t h s . I f one m e a s u r e s t h e s p e c t r a l s h i f t s , Δι/, o f a 
s e r i e s o f o r g a n o m e t a l l i c b a s e a d d u c t s , one c a n a t t e m p t t o f i t t h e s e 
t o t h e e x p r e s s i o n : 

A" • E A * E B + C A * C B " W* W 

The a s t e r i s k i n d i c a t e s t h e s e a r e n o t e n t h a l p y b a s e d p a r a m e t e r s and 
c o n t a i n c o n v e r s i o n u n i t s t o g i v e E A Eg t h e same u n i t s as Δι/. F r e e 
e n e r g i e s , i n f r a r e d , nmr, e p r , uv, e t c . s h i f t s , r a t e c o n s t a n t s , 
c o n t a c t a n g l e s , g . c . r e t e n t i o n t i m e s , e t c . , can a l s o be a n a l y z e d by 
s u b s t i t u t i n g t h e p r o p e r t y , Δ χ , f o r Δι/ i n t o E q u a t i o n 3 and a f i t 

it "k k 
a t t e m p t e d . I f t h e f i t i s s u c c e s s f u l , ( i . e . t h e E A , C A and W 
p a r a m e t e r s d e t e r m i n e d c a l c u l a t e Δ χ t o e x p e r i m e n t a l e r r o r ) , one c a n 
c o n c l u d e t h a t t h e phenomenon i s b e i n g d o m i n a t e d by n o r m a l , sigma 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 179 

bond c o o r d i n a t i o n c h e m i s t r y . The more complex t h e p r o p e r t y t h e 
g r e a t e r t h e c h a n c e t h a t t h e c o r r e l a t i o n w i l l n o t work b e c a u s e o t h e r 
f a c t o r s e x i s t and may make d o m i n a n t c o n t r i b u t i o n s t o t h e 
o b s e r v a b l e , Δ χ . T h e s e a p p l i c a t i o n s i l l u s t r a t e an i m p o r t a n t 
p h i l o s o p h i c a l p o i n t a b o u t t h e ECW a p p r o a c h . The ECW p a r a m e t e r s a r e 
b a s e d on s o l v e n t m i n i m i z e d e n t h a l p i e s o f a d d u c t f o r m a t i o n . P h e n o l 
h y d r o g e n b o n d i n g s h i f t s i n t h e i n f r a r e d were i n c l u d e d i n t h e f i t 
(9) o n l y a f t e r e x t e n s i v e s t u d i e s showed t h a t t h e y c o r r e l a t e d w i t h 
s e v e r a l known b a s e p a r a m e t e r s . T h u s , t h e ECW a p p r o a c h i s u n i q u e 
b e c a u s e i t i s b a s e d on t h e " r i g h t s t u f f " . O t h e r e m p i r i c a l 
a p p r o a c h e s use l a r g e q u a n t i t i e s o f more e a s i l y m e a s u r e d d a t a t o 
d e t e r m i n e t h e p a r a m e t e r s . The p h i l o s o p h y o f t e n i s t h e more d a t a 
t h e p a r a m e t e r s f i t , t h e b e t t e r t h e m o d e l . The EC p a r a m e t e r s w o u l d 
n o t be c h a n g e d t o f i t o n e - h u n d r e d e l e c t r o n i c t r a n s i t i o n s i f t e n 
good e n t h a l p i e s had t o be e l i m i n a t e d . I n s t e a d , t h e q u e s t i o n w o u l d 
be a s k e d , what e l s e i s o c c u r r i n g i n t h e s p e c t r o s c o p y t h a t i s n o t 
i n v o l v e d i n normal sigma bond f o r m a t i o n ? 

The ECW a p p r o a c h c a n be a p p l i e d t o o r g a n o m e t a l l i c s p e c t r a l and 
th e r m o d y n a m i c d a t a i n p o l a r s o l v e n t s . I f a good c o r r e l a t i o n 
r e s u l t s , t h e phenomenon measured i s d o m i n a t e d by d o n o r - a c c e p t o r 
s igma b o n d i n g i n s t e a d o f s o l v a t i o n e f f e c t s , e n t r o p i e s , e t c . I f a 
c o r r e l a t i o n d o e s n o t r e s u l t , t h e phenomenon i s b e i n g d o m i n a t e d by 
e f f e c t s o t h e r t h a n normal sigma bond f o r m a t i o n . I t i s n o t c o r r e c t 
t o a t t r i b u t e t h e f a i l u r e t o t h e EC model and c l a i m o t h e r p a r a m e t e r s 
a r e b e t t e r i n h i g h l y c o o r d i n a t i n g s o l v e n t s ( 1 2 ) . Any s c a l e t h a t 
has s o l v a t i o n as w e l l as c o o r d i n a t i o n p r o p e r t i e s i n c l u d e d i n t h e 
same p a r a m e t e r c a n n o t have g e n e r a l a p p l i c a b i l i t y . T h e s e a r e 
d i f f e r e n t , i n d e p e n d e n t e f f e c t s t h a t need t o be u n d e r s t o o d and 
p a r a m e t e r i z e d s e p a r a t e l y . T h i s i s a l s o an i m p o r t a n t p h i l o s o p h i c a l 
p o i n t t h a t i s o f t e n n o t a p p r e c i a t e d . The g o a l o f ECW i s n o t t o 
c o r r e l a t e t h e u n i v e r s e b u t t o p r o v i d e a t o o l f o r u n d e r s t a n d i n g i t . 

PLOTS EMPLOYING REFERENCE ACIDS OR BASES 

Next c o n s i d e r t h e i m p l i c a t i o n s o f t h e c o n c l u s i o n t h a t t h e r e i s no 
i n h e r e n t o r d e r o f d o n o r ( o r a c c e p t o r ) a b i l i t y . The m u l t i t u d e o f 
o r d e r s t h a t e x i s t i s n i c e l y i l l u s t r a t e d by t h e g r a p h i c a l p l o t o f 
Cramer and Bopp, (14) who f a c t o r e d t h e ECW e q u a t i o n ( w i t h W=0) t o 
o b t a i n : 
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180 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

P l o t t i n g an e n t h a l p y n o r m a l i z e d f o r a c i d s t r e n g t h , - A H / ( C A + E A ) 
v e r s u s a " n o r m a l i z e d a c i d c o v a l e n t bond t e n d e n c y " ( C A - E A ) / ( E A + 
C A ) one o b t a i n s a s t r a i g h t l i n e f o r a g i v e n b ase b o n d i n g t o a l l 
s i g ma a c c e p t o r s . S e l e c t a base f r o m t h o s e r e p o r t e d , (9) s u b s t i t u t e 
i t s Eg and Cg i n t o E q u a t i o n 5, use any E A and C A v a l u e y o u w i s h , 
c a l c u l a t e ΔΗ w i t h E q u a t i o n 2 and p l o t t h i s d a t a a c c o r d i n g t o 
E q u a t i o n 5. Any v a l u e s o f E A and C A c h o s e n , w i l l f a l l on a 
s t r a i g h t l i n e f o r t h e b a s e . F i g u r e 1 i s a p l o t o f s u c h l i n e s f o r 
s e v e r a l b a s e s . I f y o u s e l e c t a v a l u e o f ( C A - E A ) / ( C A + E A ) on t h e 
x - a x i s and move up p a r a l l e l t o t h e y - a x i s , t h e o r d e r o f i n c r e a s e d 
d o n o r s t r e n g t h t o w a r d t h i s a c i d r e s u l t s . E v e r y t i m e t h e l i n e f o r a 
g i v e n b ase c r o s s e s t h a t f o r a n o t h e r i n F i g u r e 1, t h e o r d e r o f d o n o r 
s t r e n g t h f o r t h e s e two b a s e s w i l l r e v e r s e f o r a c i d s on o p p o s i t e 
s i d e s o f t h e i n t e r s e c t i o n . From t h e l a r g e number o f i n t e r s e c t i o n s 
i n F i g u r e 1, a l a r g e number o f d o n o r o r d e r s i s s e e n t o r e s u l t f o r 
t h e b a s e s p l o t t e d as t h e a c i d i s v a r i e d . Thus, i t i s i m p o s s i b l e t o 
f i n d a r e f e r e n c e a c i d t h a t w i l l i n d i c a t e t h e o r d e r o f sigma d o n o r 
s t r e n g t h s f o r b a s e s . T h i s shows t h a t i t i s a f u n d a m e n t a l e r r o r i n 
c h e m i c a l r e a c t i v i t y t o measure a Δχ, p l o t i t v s . pKg o r any o t h e r 
d o n o r s c a l e b a s e d on a s i n g l e r e f e r e n c e a c i d ( p r o t o n a f f i n i t y , 
S b C l ç , BF^, e t c . ) and i n t e r p r e t d e v i a t i o n s f r o m t h i s p l o t w i t h 
s t e r i c , π - b o n d i n g , e t c . t y p e a r g u m e n t s . The r e s u l t i n g d e v i a t i o n 
c o u l d r e s u l t s i m p l y b e c a u s e t h e r e f e r e n c e a c i d c h o s e n i s n o t 
p r o p e r l y r e p r e s e n t i n g t h e c o v a l e n t and e l e c t r o s t a t i c c o n t r i b u t i o n 
t o Δ χ . 

I f t h e C A / E A r a t i o f o r some base a d d u c t o b s e r v a b l e s , Δχ, i s 
t h e same as t h a t f o r d o n o r o r d e r p a r a m e t e r s o f a r e f e r e n c e a c i d 
w i t h t h e same C A / E A r a t i o , a s t r a i g h t l i n e w i l l r e s u l t (15) when 
t h e s e b a s e p a r a m e t e r s ( o r e n t h a l p i e s ) a r e p l o t t e d v s . t h e 
o b s e r v a b l e , Δ χ . D i v i d i n g b o t h s i d e s o f E q u a t i o n 2 by E A p r o d u c e s : 

= B k (6) 

F o r a c o n s t a n t C A / E A , t h e t e r m i n b r a c k e t s i s a c o n s t a n t f o r e a c h 
b a s e , B ,̂ where k i s t h e C/E r a t i o , i . e . , when C A / E A = 0.01, BQ Q 1 

= 0.01 Cg + Eg. We can v i e w t h e s e BQ Q 1 p a r a m e t e r s as a one 

ΔΗ 
CB + EB 
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τ 1 1 1 1 1 1 1 1 1 1 1 1 1 Γ 

more covalent acids 

F i g u r e 1. P l o t o f E q u a t i o n 5 i l l u s t r a t i n g t h e w i de v a r i e t y o f 
d o n o r o r d e r s as t h e a c i d i s v a r i e d . 
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182 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

p a r a m e t e r s c a l e o f b a s i c i t y (15b) g e n e r a t e d f r o m e n t h a l p i e s f o r an 
a c i d w i t h E A = 1 t h a t c a n be use d as a s c a l e f o r o t h e r s y s t e m s 
whose C A / E A r a t i o i s 0.01. I f t h e C/E r a t i o f o r Δ χ i s 0.01, i t 
w i l l p l o t l i n e a r l y w i t h BQ 0 1 v a l u e s i n d e p e n d e n t o f t h e E A v a l u e 
o f t h e p r o p e r t y e x a m i n e d . L e t ' s g e n e r a t e a s e t o f s y n t h e t i c Δ χ 
v a l u e s f o r an a c i d whose C/E r a t i o i s 0.1 w i t h Ε = 2, i . e . , Δ χ 0 j = 
.2 Cg + 2 Eg. When Δ χ 0 j i s p l o t t e d v s . B Q Q 1 p a r a m e t e r s , F i g u r e 2 
r e s u l t s . C e r t a i n base p o i n t s d e v i a t e f r o m t h e l i n e b e c a u s e t h e i r 
c o v a l e n t c o n t r i b u t i o n t o t h e b o n d i n g i s g r e a t e r t h a n t h a t f o r t h e 
B Q2 r e f e r e n c e a c i d whose C/E = 0.01. 

How many t i m e s have y o u seen some p r o p e r t y , Δχ, f o r m e t a l -
l i g a n d c o m p l e x e s p l o t t e d v s . pKg o r a p r o t o n a f f i n i t y o r a s i m i l a r 
one p a r a m e t e r b a s i c i t y s c a l e i n t h e l i t e r a t u r e ? How o f t e n a r e t h e 
d e v i a t i o n s o f p y r i d i n e and s u l f u r d o n o r s f r o m t h e s e p l o t s 
a t t r i b u t e d t o π - b a c k b o n d i n g ? I t c o u l d j u s t as w e l l be t h a t 
c o v a l e n c y p l a y s a d i f f e r e n t r o l e i n t h e c o o r d i n a t i o n c h e m i s t r y o f 
t h e complex t h a n i n t h e b a s i c i t y s c a l e s e l e c t e d . The s t r a i g h t 
f o r w a r d a p p r o a c h t o t h e s t u d y o f o r g a n o m e t a l l i c and t r a n s i t i o n 
m e t a l complex r e a c t i v i t y i s t o u t i l i z e some o f t h e 48 b a s e s whose 
Eg and Cg v a l u e s a r e known (9) i n t h e e x p e r i m e n t a l d e s i g n and f i t 
t h e e x p e r i m e n t a l d a t a t o E q u a t i o n 2. Ba s e s must be s e l e c t e d whose 
Cg/Eg r a t i o v a r i e s . I f p y r i d i n e and d i e t h y l s u l f i d e were n o t u s e d 
i n F i g u r e 2, a good p l o t would have r e s u l t e d and one w o u l d have 
c o n c l u d e d i n c o r r e c t l y t h a t t h e two a c i d s (Δχ and t h e r e f e r e n c e a c i d 
u s e d t o g e n e r a t e t h e b a s i c i t y s c a l e ) a r e s i m i l a r i n t h e i r 
e l e c t r o s t a t i c - c o v a l e n t b o n d i n g p r o p e r t i e s . Donor numbers (12) a r e 
r e p o r t e d f o r b a s e s w h i c h have a l i m i t e d r a n g e o f Cg/Eg r a t i o s . F o r 
t h i s r e a s o n t h e y o f t e n a p p e a r t o c o r r e l a t e w i t h e x p e r i m e n t a l 
r e s u l t s . The s u b t l e n a t u r e o f t h e above c o n c e p t s i s i l l u s t r a t e d i n 
o u r own r e s e a r c h . The change i n t h e OH s t r e t c h i n g f r e q u e n c y o f 
p h e n o l upon a d d u c t f o r m a t i o n t o a s e r i e s o f b a s e s was p l o t t e d v s . 
t h e e n t h a l p y o f a d d u c t f o r m a t i o n ( 1 6 ) . S u l f u r d o n o r s d i d n o t f a l l 
on t h e l i n e . I t was some t i m e l a t e r (17) b e f o r e we r e a l i z e d t h a t 
t h e C A / E A r a t i o f o r t h e p h e n o l s h i f t i s d i f f e r e n t t h a n C A / E A 

r a t i o f o r t h e e n t h a l p i e s . B o t h s e t s o f d a t a f i t E q u a t i o n 2 v e r y 
w e l l f o r a l l b a s e s . 

APPLICATION OF THE ECW APPROACH TO ORGANOMETALLIC SYSTEMS 

DIMER CLEAVAGE ENTHALPIES. A v a r i e t y o f a p p l i c a t i o n s i n w h i c h t h e 
ECW a p p r o a c h has been u s e d t o p r o b e u n u s u a l e f f e c t s i n c o o r d i n a t i o n 
c h e m i s t r y have been r e v i e w e d ( 7 , 8 , 1 3 ) . Systems i n w h i c h s t e r i c 
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184 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

e f f e c t s e x i s t have been s p o t t e d and t h e m a g n i t u d e o f t h e e f f e c t 
m e a s u r e d . In o t h e r e x a m p l e s , a q u a n t i t a t i v e measure o f t h e 
a d d i t i o n a l s t a b i l i z a t i o n o f a m e t a l - l i g a n d bond e n e r g y f r o m π-
b a c k b o n d i n g has been d e t e r m i n e d and i n d u c t i v e i n f l u e n c e s on t h i s 
e n e r g y p r o b e d (13) Here s y s t e m s a r e d i s c u s s e d t h a t p r o v i d e t h e 
b a s i s f o r f u t u r e a p p l i c a t i o n s o f t h e ECW model t o o r g a n o m e t a l l i c 
c h e m i s t r y . 

T a b l e I c o n t a i n s a l i s t o f Εβ and Cg p a r a m e t e r s f o r b a s e s 
commonly e n c o u n t e r e d i n o r g a n o m e t a l l i c c h e m i s t r y . A l s o l i s t e d a r e 
t h e BQ Q2 and BQ J p a r a m e t e r s . T h e s e c a n be us e d as r e f e r e n c e 
a c i d s i n p l a c e o f ρ Κ β d a t a t o a t t e m p t one p a r a m e t e r p l o t s . The 
r e a d e r c a n c o n s u l t t h e l i t e r a t u r e (9.15b) f o r a more c o m p l e t e l i s t . 

T a b l e I . P a r a m e t e r s f o r I n t e r p r e t i n g E x p e r i m e n t a l D a t a 

Base E B C B B 0 . 0 1 B 0 . 1 
NH 3 1.48 3.32 1.52 1.81 
( C 2 H 5 ) N H 2 1.51 5.91 1.58 2.11 
( C 2 H 5 ) 2 N H 1.11 8.59 1.22 1.97 
( C 2 H 5 ) 3 N 1.29 10.83 1.43 2.37 
( C H 2 ) 5 N H 1.28 9.00 1.39 2.18 
H C ( C 2 H 4 ) 3 N 1.14 12.71 1.30 2.61 
NCH 3Im 1.12 9.30 1.29 2.05 

1.30 6.69 1.38 1.96 
CH 3CN 0.90 1.34 .917 1.03 
C H 3 C ( 0 ) C H 3 1.01 2.38 1.04 1.24 
C H 3 C ( 0 ) 0 C H 3 .92 1.79 .942 1.10 
C H 3 C ( 0 ) N ( C H 3 ) 2 1.32 2.48 1.35 1.57 
( C 2 H 5 ) 2 0 1.08 3.08 1.12 1.39 
( C H 2 ) 4 0 1.06 4.12 1.11 1.49 
( C 2 H ç ) 2 S 0.55 7.40 .643 1.29 
( C H 2 ) 4 S 0.58 7.70 .677 1.29 
( C H 3 ) 2 S 0 1.36 2.78 1.40 1.64 
C 5 H 5 N 0 1.40 4.40 1.45 1.84 
[ ( C H 3 ) 2 N ] 3 P O 1.52 3.80 1.64 1.88 
( C 2 H 5 0 ) 3 P 0 1.37 1.84 1.39 1.55 
( C H 3 ) 3 P 1.11 6.51 1.19 1.76 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 185 

In t h e a p p l i c a t i o n o f t h e s e p a r a m e t e r s t o o r g a n o m e t a l l i c 
s y s t e m s , t h e measured q u a n t i t y t h a t v a r i e s as t h e l i g a n d i s 
c h a n g e d , Δχ, i s s u b s t i t u t e d i n t o E q u a t i o n 4 a l o n g w i t h Eg and Cg 
l e a d i n g t o a s e r i e s o f s i m u l t a n e o u s e q u a t i o n s . The l e a s t s q u a r e 
f i t o f t h i s d a t a p r o d u c e s E A , C A and W . 

In t h e a p p l i c a t i o n o f t h e ECW e q u a t i o n t o s i m p l e a d d u c t 
f o r m a t i o n , E q u a t i o n 3, W g e n e r a l l y has a v a l u e o f z e r o . E q u a t i o n s 
7 and 8 d e s c r i b e r e a c t i o n s i n w h i c h t h e r e i s a c o n s t a n t e n e r g y 
c o n t r i b u t i o n t o t h e r e a c t i o n e n t h a l p y . 

AB + B' > AB' + Β (7) 

1/2 A 2 + Β * AB (8) 

E q u a t i o n 7 i s a b a s e d i s p l a c e m e n t r e a c t i o n . The e n t h a l p i e s f o r a 
s e r i e s o f d i f f e r e n t b a s e s B' d i s p l a c i n g Β c a n be f i t t o t h e ECW 
e q u a t i o n . In s u c h a f i t , W i s t h e e n t h a l p y o f a d d u c t f o r m a t i o n o f 
AB f r o m A and B, i f AB i s c o m p l e t e l y a s s o c i a t e d i n s o l u t i o n . I f AB 
i s p a r t i a l l y d i s s o c i a t e d , i t i s a f r a c t i o n o f t h e e n t h a l p y o f AB 
f o r m a t i o n c o r r e s p o n d i n g t o t h e f r a c t i o n o f AB t h a t i s a s s o c i a t e d i n 
s o l u t i o n . 

E q u a t i o n 8 i s a g e n e r a l r e a c t i o n f o r a d i m e r i c a c i d i n w h i c h W 
r e f e r s t o t h e h e a t o f d i s s o c i a t i o n o f t h e d i m e r . The h e a t o f 
r e a c t i o n o f a s e r i e s o f b a s e s w i t h [ R h ( C 0 D ) C l ] 2 i s m e a s u r e d , 
l e a d i n g f r o m E q u a t i o n 2 and T a b l e I t o t h e f o l l o w i n g e q u a t i o n s i n 
u n i t s o f k c a l m o l e " 1 o f Rh, i . e . -ΔΗ f o r Β + l / 2 [ R h ( C O D ) C l ] 2 > 
B R h ( C 0 D ) C l : 

Base 
C 5 H 5 N 

C H 3 C 5 H 4 N 
( C H 2 ) 4 S 
l - C H 3 I m 
C 5 H n N 
( C H 3 ) 2 S 0 
H C ( C 2 H 4 ) 3 N 

A l e a s t s q u a r e s s o l u t i o n o f t h e s e e q u a t i o n s f o r t h e b e s t f i t EC and 
W p a r a m e t e r s l e a d s t o E A = 4.85, C A = 1.07, W = 5.78 k c a l m o l e " 1 . 
W i s one h a l f t h e e n t h a l p y v a l u e f o r c l e a v i n g t h e d i m e r . T h i s 
q u a n t i t y c a n n o t be o b t a i n e d as e a s i l y by any o t h e r means. Computer 
programs a r e a v a i l a b l e f r o m t h e a u t h o r f o r t h e l e a s t s q u a r e s 

7, .6 = E A ( 1 . 3 0 ) + C A ( 6 . 6 9 ) - W 
8. ,2 = E A ( 1 . 3 0 ) + C A ( 7 . 4 2 ) - W 
5, ,3 = E A ( . 5 8 ) + C A ( 7 . 7 0 ) - W 
9, J = E A ( 1 . 1 2 ) + C A ( 9 . 3 0 ) - W 

10, Λ = E A ( 1 . 2 8 ) + C A ( 9 . 0 0 ) - W 
3.8 = E A ( 1 . 3 6 ) + C A ( 2 . 7 8 ) - W 
7, .0 = E A ( 1 . 1 4 ) + C A ( 1 2 . 7 1 ) - W 
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186 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

s o l u t i o n o f t h e s i m u l t a n e o u s e q u a t i o n s . The e n t h a l p y f o r 
[ R h ( C 0 D ) C l ] 2 r e a c t i n g w i t h a whole s e r i e s o f o t h e r b a s e s i s r e a d i l y 
c a l c u l a t e d by s u b s t i t u t i n g E A , C A and W w i t h Eg and Cg v a l u e s f r o m 
T a b l e I i n t o E q u a t i o n 2. The v a l u e f o r t h e d i s s o c i a t e d monomer 
Rh( C 0 D ) C l r e a c t i n g w i t h b a s e s i s o b t a i n e d by s e t t i n g W = 0 and 
s u b s t i t u t i n g E A , C A , Eg and Cg i n t o E q u a t i o n 2. S i m i l a r s t u d i e s on 
[ R h ( C O ) 2 C l ] 2 and [π-allyl P d C l ] 2 l e a d t o E A = 9.23, C A = 1.71, W = 
11.19 and E A = 3.2, C A = 1.0, W = 4.1 r e s p e c t i v e l y . The weaker 
sigma b a s i c i t y o f CO v s . a l k e n e s i s m a n i f e s t e d i n t h e g r e a t e r 
a c i d i t y o f R h ( C 0 ) 2 C l v s . R h ( C 0 D ) C l . 

In t h e n e x t two s e c t i o n s , t h e a n a l y s i s o f more complex 
r e a c t i o n s i s i l l u s t r a t e d . T h e s e w i l l i n c l u d e s y s t e m s i n w h i c h a 
l i t t l e i n g e n u i t y e n a b l e s one t o add o r s u b t r a c t a s e r i e s o f 
e q u a t i o n s w h i c h a r e composed o f c o n s t a n t e n e r g y p r o c e s s e s and 
a d d u c t f o r m a t i o n r e a c t i o n s t o p r o d u c e t h e e q u a t i o n f o r t h e d e s i r e d 
r e a c t i o n . 

COBALT-CARBON BOND ENERGIES. The c o b a l t - c a r b o n bond d i s s o c i a t i o n 
e n e r g y has been r e p o r t e d (18) f o r a s e r i e s o f base a d d u c t s o f 
a l k y l - s u b s t i t u t e d b i s ( d i m e t h y l g l y o x i m a t o ) c o b a l t ( I I ) , 

R -Co(DH) 2-B > C o ( D H ) 2 - B + R (9) 

(where R i s C g H 5 C H ( C H 3 ) and DH i s d i m e t h y l g l y o x i m a t o ) . A t f i r s t 
g l a n c e i t l o o k s as tho u g h ECW i s n o t a p p l i c a b l e . The c o b a l t - c a r b o n 
bond d i s s o c i a t i o n e n e r g y v a r i e s when Β i s c h a nged, b u t e v e r y t i m e Β 
cha n g e s we change t h e ECW o f t h e c o b a l t c e n t e r t o w a r d R. 
F u r t h e r m o r e , t h e c o b a l t - c a r b o n bond d i s s o c i a t i o n ( o r f o r m a t i o n i f 
we change t h e s i g n o f Δ Η ρ ) i s n o t c o o r d i n a t e bond f o r m a t i o n b u t a 
f r e e r a d i c a l r e a c t i o n . However, t h e f o r m a t i o n r e a c t i o n ( i . e . , t h e 
r e v e r s e o f E q u a t i o n 9) can be br o k e n up (9) i n t o t h e f o l l o w i n g 
s t e p s : 

C o ( D H ) 2 + .R > C o ( D H ) 2 R W (10) 

+ B C o ( D H ) 2 > C o ( D H ) 2 + Β + A H C o ( Π ) 

+ C o ( D H ) 2 R + Β > Β - C o ( D H ) 2 R " A H C o R (12) 

SUM B C o ( D H ) 2 + .R > BCo(DH) 2R -AH D (13) 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 187 

We have r e w r i t t e n E q u a t i o n 8 as c o b a l t - c a r b o n bond f o r m a t i o n and 
e x p r e s s e d i t as t h e sum o f a c o n s t a n t e n e r g y p r o c e s s (W), an a d d u c t 
d i s s o c i a t i o n r e a c t i o n and an a d d u c t f o r m a t i o n r e a c t i o n t o p r o d u c e 
t h e d e s i r e d r e a c t i o n , E q u a t i o n 13. S t e p s 11 and 12 a r e t h e t y p e 
r e a c t i o n t r e a t e d by ECW l e a d i n g r e s p e c t i v e l y t o E q u a t i o n s 14 and 
15. 

+ A H C o - E C o E B + C C o C B ( 1 4 > 

• A H C o R = E C o R E B + C C o R C B ( 1 5 ) 

The h e a t o f c o b a l t - c a r b o n bond f o r m a t i o n ( E q u a t i o n 13) i s g i v e n by 
summing W and E q u a t i o n s 14 and 15 t o p r o d u c e : 

o r 
A H D " " E C o E B " C C o C B + E C o R E B + C C o R C B " W 

ΔΗ0 = ΔΕΑΕΒ + A C A C B - W (16) 

where ΔΕΑ = E C o R - E C o and A C A = CQ q R - C C o . S i x b a s e s w i t h 
d i f f e r e n t Cg/Eg r a t i o s s h o u l d have been s e l e c t e d f r o m T a b l e I and 
t h e i r i n f l u e n c e on c o b a l t - c a r b o n bond d i s s o c i a t i o n s t u d i e d . The 
s i x s i m u l t a n e o u s e q u a t i o n s o f t h e f o r m o f E q u a t i o n 16 c a n be s o l v e d 
f o r t h r e e unknowns ΔΕΑ, A C A and W. We woul d know i f sigma bond 
f o r m a t i o n d o m i n a t e s t h e Co-R d i s s o c i a t i o n e n e r g y , t h e r e l a t i v e 
i m p o r t a n c e o f t h e base c o v a l e n t o r e l e c t r o s t a t i c bond f o r m i n g 
p r o p e r t i e s on t h e s t a b i l i t y and, i f s t e r i c e f f e c t s e x i s t o r i f π-
b a c k b o n d i n g i s p r e s e n t . In a d d i t i o n , t h e c o b a l t - c a r b o n bond 
d i s s o c i a t i o n e n e r g y w i t h no base a t t a c h e d i s g i v e n by W and t h e 
c o b a l t - c a r b o n bond d i s s o c i a t i o n e n t h a l p y f o r t h e 48 a d d u c t s o f 
ba s e s i n ECW can be c a l c u l a t e d . How e l s e c a n one o b t a i n t h i s much 
i n f o r m a t i o n f r o m e x p e r i m e n t a l d a t a ? U n f o r t u n a t e l y , t h e e x p e r i m e n t 
was r e p o r t e d (18) w i t h o n l y f o u r s i m i l a r b a s e s l e a d i n g t o t h e f o u r 
s i m u l t a n e o u s e q u a t i o n s . 

-21.2 = 1.37 ΔΕΑ + 7.99 A C A - W 
-20.1 = 1.33 ΔΕΑ + 7.24 A C A - W 
-19.5 = 1.30 ΔΕΑ + 6.69 A C A - W 
-17.9 = 1.14 ΔΕΑ + 3.89 A C A - W 

The r e s u l t i n g t e n t a t i v e v a l u e s f r o m t h e l e a s t s q u a r e s s o l u t i o h n o f 
t h e f o u r e q u a t i o n s a r e ΔΕΑ = 4.27, A C A = 0.54 and W = -10.7. 
The q u a l i t y o f t h e f i t i s shown i n T a b l e I I where e n t h a l p i e s 
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188 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

c a l c u l a t e d by s u b s t i t u t i n g A E A , A C A and W v a l u e s i n t o E q u a t i o n 16 
( A H c a l c ) a r e compared t o e x p e r i m e n t a l r e s u l t s ( A H m e a s ) . 

T a b l e I I . C o b a l t - C a r b o n Bond D i s s o c i a t i o n E n e r g i e s , 
-AH, f o r R-Co(DH) ?-B A d d u c t s 

X - C 5 H 4 N " A H m e a s " A H c a l c 

4-NH2 21.2 20.8 
4-CH3 20.1 20.3 
Η 19.5 19.9 

4-CN 17.9 17.7 

The r a d i c a l p a i r i n g r e a c t i o n o f 0 2 t o c o b a l t ( I I ) i s s i m i l a r t o 
t h e r e a c t i o n o f c o b a l t ( I I ) w i t h an a l k y l r a d i c a l ( 1 9 ) . The 0 2 

b i n d i n g e n t h a l p i e s have been a n a l y z e d (19) w i t h ECW t o g i v e A E A = 
2.9 A C A = 0.6 and W = -1.5 where A r e f e r s t o C o 0 2 - C o ( I I ) . 
The l i g a n d s y s t e m a r o u n d c o b a l t i n t h e 0 2 b o n d i n g s t u d i e s i s a 
p o r p h y r i n . I t i s i n t e r e s t i n g t h a t b i n d i n g R* t o C o ( D H ) 2 i s much 
more e x o t h e r m i c (-10.7 k c a l mole"*) t h a n b i n d i n g 0 2 t o Co ( p o r ) 
(-.5 k c a l m o l e " 1 ) . I t i s a l s o i n t e r e s t i n g t o n o t e t h a t b i n d i n g 
R ^ t o C o ( D H ) 2 has i n c r e a s e d t h e a c i d i t y o f t h e c o b a l t much more t h a n 
b i n d i n g 0 2 t o Co ( p o r ) ( A E A i s much l a r g e r f o r C o ( D H ) 2 and A C A 

c o m p a r a b l e ) . T h i s i s c o n s i s t e n t w i t h more e x t e n s i v e e l e c t r o n 
t r a n s f e r i n t o t h e a l k y l g r o u p t h a n i n t o 0 2 , s u p p o r t i n g o u r p o s i t i o n 
(19) t h a t c o b a l t bound 0 2 does n o t r e s e m b l e i o n i c a l l y bound 
s u p e r o x i d e . Though t h e c o n c l u s i o n s on C o ( D H ) 2 a r e t e n t a t i v e 
b e c a u s e o f t h e e x p e r i m e n t a l d e s i g n , t h e y a r e p r e s e n t e d h e r e t o show 
t h e power o f an ECW a n a l y s i s i n p r o v i d i n g i n s i g h t s i n t o c h e m i c a l 
r e a c t i v i t y t h a t c a n n o t be o b t a i n e d by o t h e r means. 

2:1 BASE ADDUCTS. The e x t e n s i o n o f t h e ECW a n a l y s i s t o 2:1 a d d u c t s 
c o n s t i t u t e s a n o t h e r c h a l l e n g e . C o n s i d e r a c i d s t h a t r e a c t i n t h i s 
f a s h i o n : 

A + Β * AB (17) 

AB + Β ^ A B 2 (18) 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 189 

The f i r s t r e a c t i o n i s a s t r a i g h t f o r w a r d ECW p r o b l e m . The s e c o n d 
one r e q u i r e s o b t a i n i n g E A B and C A B v a l u e s f o r AB. When Β i s t h e 
same f o r b o t h s t e p s ( E q u a t i o n s 17 and 1 8 ) , e v e r y t i m e we s t u d y a 
d i f f e r e n t b a s e we g e n e r a t e a new a c i d f o r s t e p 18 whose E A B and C A B 

v a l u e s a r e n o t known. The unknowns mount up f a s t e r t h a n t h e 
knowns. U s u a l l y , we c a n n o t measure e n t h a l p i e s f o r AB r e a c t i n g w i t h 
s e v e r a l d i f f e r e n t b a s e s B' t o o b t a i n t h e s i m u l t a n e o u s e q u a t i o n s 
n e eded t o s o l v e f o r E A B and C A B . In t h e m i x e d s y s t e m e x p e r i m e n t 
AB, AB', ABB', A B 2 and A B 2 ' f o r m . The a s s u m p t i o n i s made (13) 
t h a t : 

and 
E A B - E A - k E B (19) 

C f t B = C A - k ' C B (20) 

H e re k and k' r e p r e s e n t t h e e x t e n t t o w h i c h c o o r d i n a t i o n o f Β t o A 
m o d i f i e s t h e a c i d i t y o f AB i n i t s s u b s e q u e n t r e a c t i v i t y t o f o r m 
A B 2 . I t i s a measure o f t h e i n d u c t i v e t r a n s f e r o f B's c o o r d i n a t i n g 
t e n d e n c y i n m o d i f y i n g t h e new a c i d AB. The model has been t e s t e d 
i n m e t a l - m e t a l b o n d i n g s y s t e m s i n v o l v i n g M 2 ( R C 0 2 ) 4 c o m p l e x e s ( 1 3 ) . 
The p r o p o r t i o n a l i t y c o n s t a n t s measure t h e e f f e c t i v e n e s s o f t h e M-M 
bond t o t r a n s m i t t h e i n d u c t i v e e f f e c t o f b a s e c o o r d i n a t i o n a t one 
m e t a l c e n t e r t o t h e o t h e r m e t a l . S u b s t i t u t i n g E q u a t i o n s 19 and 20 
i n t o E q u a t i o n 2 w i t h W = 0 l e a d s t o : 

- Δ Η 2 ; 1 = E A E B - k E B
2 + C A C B - k ' C B

2 = A H 1 : 1 - k E g
2 - k ' C B

2 (21) 

Thus a h a l f d o z e n e n t h a l p i e s c a n be s o l v e d f o r t h e two unknowns k 
and k' when AHJ.J c a n be measured s e p a r a t e l y . 

When o n l y t h e sum o f t h e 1:1 and 2:1 e n t h a l p i e s c a n be 
d e t e r m i n e d ( e . g . , K 2 > K j ) t h e d a t a has t o be f i t t o : 

- Δ Η Τ = 2 ( E A E B + C A C B ) - k E B
2 - k ' C g

2 (22) 

In t h i s c a s e a v e r y e x t e n s i v e s e t o f d a t a i s needed t o s o l v e f o r 
t h e f o u r unknowns. 

REACTIONS OF CATIONS AND ANIONS. Many o f t h e o r g a n o m e t a l l i c bond 
e n e r g i e s i n t h e l i t e r a t u r e a r e o b t a i n e d f r o m t h e r e a c t i o n : 

MX + HY > MY + HX (23) 
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190 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

The e n t h a l p y f o r 
M + + Y" > MY (24) 

can be r e p r e s e n t e d r e l a t i v e t o M + + X" > MX b e i n g z e r o . I f we 
had Eg and Cg v a l u e s f o r a n i o n s , an ECW a n a l y s i s w o u l d l e a d t o 
a b s o l u t e e n e r g i e s w i t h W b e i n g t h e v a l u e f o r M-X. 

The o n l y p l a c e t o o b t a i n s o l v a t i o n f r e e e n e r g i e s f o r i o n s i s 
t h e gas p h a s e . However, t h e ECW e q u a t i o n d o e s n o t a p p l y t o t h e 
l a r g e e n t h a l p i e s o f i n t e r a c t i o n a s s o c i a t e d w i t h g a s p h a s e i o n -
m o l e c u l e r e a c t i o n s ( 2 0 , 2 1 ) . The g a s e o u s i o n i s a s t r o n g L e w i s a c i d 
and when i t i n t e r a c t s w i t h a ba s e , a s i g n i f i c a n t c o n t r i b u t i o n t o 
t h e m easured e n t h a l p y o f i n t e r a c t i o n comes f r o m e x t e n s i v e e l e c t r o n 
t r a n s f e r t o t h e i o n ( 2 1 ) . One can v i e w t h i s as a one c e n t e r e n e r g y 
t e r m i n w h i c h t h e c a t i o n has r e g a i n e d some f r a c t i o n o f i t s 
i o n i z a t i o n e n e r g y . The m a g n i t u d e o f t h i s e f f e c t , f o r an ex t r e m e 
c a s e , c a n be a p p r e c i a t e d by c o n s i d e r i n g t h e e n t h a l p y d i f f e r e n c e i n 
t h e r e a c t i o n o f two h y d r o g e n atoms t o f o r m H 2 w i t h t h a t o f H + 

r e a c t i n g w i t h H". R e c e n t work f r o m t h i s l a b o r a t o r y (22) shows t h a t 
369 e n t h a l p i e s c a n be f i t t o t h e e q u a t i o n : 

-ΔΗ = E A E B + C A C B + T A T B (25) 

where T^Tg i s t h e t r a n s f e r t e r m . The s i g n i f i c a n t new f i n d i n g i s 
t h a t t h e r e p o r t e d (9) Eg and Cg v a l u e s f r o m s o l v e n t m i n i m i z e d weak 
a d d u c t e n t h a l p i e s can be u t i l i z e d i n E q u a t i o n 25. Twenty t h r e e 
c a t i o n s i n c l u d i n g t h e p r o t o n , e i g h t e e n new ba s e s and t w e n t y f i v e 
known b a s e s l e a d t o 148 unknown p a r a m e t e r s f o r t h e l e a s t s q u a r e s 
f i t . V a l u a b l e i n s i g h t s c o n c e r n i n g gas p h a s e and s o l u t i o n 
r e a c t i v i t y r e s u l t ( 2 3 ) . The T^Tg t e r m d o m i n a t e s gas phase i o n 
c h e m i s t r y b u t i s l a r g e l y c a n c e l l e d o u t i n s o l u t i o n where t h e 
r e a c t i o n s a r e u s u a l l y d i s p l a c e m e n t . C o n t r i b u t i o n s f r o m t h i s e f f e c t 
must be c o n s i d e r e d when d i s p l a c e m e n t e n t h a l p i e s a r e p l o t t e d v s . gas 
p h a s e bond e n e r g i e s . 

The e x t e n s i o n o f t h e s e f i n d i n g s t o o r g a n o m e t a l l i c d i s p l a c e m e n t 
r e a c t i o n s , i s c u r r e n t l y underway. However, t h e r e s u l t s p r e s e n t l y 
a v a i l a b l e i n d i c a t e t h a t v a r i a t i o n s i n t h e c o v a l e n t and 
e l e c t r o s t a t i c c o n t r i b u t i o n s t o t h e b o n d i n g o c c u r and c a u s e 
v a r i a t i o n s i n t h e t r e n d s o f sigma bond e n e r g i e s f o r t h e d i f f e r e n t 
o r g a n o m e t a l l i c L e w i s a c i d s . T h u s , i t i s q u i t e i n a p p r o p r i a t e t o 
p l o t M-X v s . H-X d i s s o c i a t i o n e n e r g i e s and e x p e c t t o o b t a i n a 
l i n e a r p l o t . A l l o f t h e arguments p r e s e n t e d i n t h e s e c t i o n on 
P l o t s E m p l o y i n g R e f e r e n c e A c i d s and B a s e s a p p l y t o t h e a n a l y s i s o f 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 191 

o r g a n o m e t a l l i c bond e n e r g i e s . The CH^-X, H-X and K-X s y s t e m s v a r y 
s u b s t a n t i a l l y i n t h e c o v a l e n t and e l e c t r o s t a t i c c o n t r i b u t i o n s t o 
t h e s i gma bonds. P l o t s o f M-X bond e n e r g i e s v e r s u s a l l t h r e e 
r e f e r e n c e s y s t e m s may p r o v i d e some i n s i g h t s . However, d e v i a t i o n s 
f r o m t h e p l o t s a r e d i f f i c u l t t o i n t e r p r e t and i n a d d i t i o n t o n o v e l 
b o n d i n g c o n t r i b u t i o n s d e v i a t i o n s may o c c u r b e c a u s e t h e c o v a l e n t -
e l e c t r o s t a t i c c o n t r i b u t i o n t o sigma b o n d i n g i s n o t p r o p e r l y 
r e p r e s e n t e d i n t h e r e f e r e n c e compound. 

HETEROGENOUS CATALYSTS. The c o o r d i n a t i o n o f s u b s t r a t e o r b i n d i n g 
o f a s m a l l m o l e c u l e i s o f t e n i n v o l v e d i n t h e mechanism o f 
h e t e r o g e n e o u s c a t a l y z e d r e a c t i o n s . Thermodynamic s t u d i e s w h i c h use 
t y p i c a l o r g a n i c b a s e s as l i g a n d s t o t h e c a t a l y t i c m e t a l c e n t e r s 
have t h e p o t e n t i a l o f c h a r a c t e r i z i n g t h e i r c o o r d i n a t i o n c h e m i s t r y 
and e n a b l i n g us t o compare t h e s e h e t e r o g e n e o u s s y s t e m s t o 
c o n v e n t i o n a l c o o r d i n a t i o n compounds. Knowledge o f t h e s t e r i c and 
e l e c t r o n i c c h a r a c t e r i s t i c s ( E g , Cg) o f t h e l i g a n d s w i l l a i d i n t h e 
c h a r a c t e r i z a t i o n o f t h e a c i d i t y o f t h e m e t a l c e n t e r and i n 
u n d e r s t a n d i n g c a t a l y s t p o i s o n i n g . In o r d e r t o o b t a i n d a t a 
c o n s i s t e n t w i t h t h e ECW d a t a s e t , t h e s o l i d c a t a l y s t s h o u l d be 
s l u r r i e d i n a p o o r l y s o l v a t i n g s o l v e n t and t h e e n t h a l p y o f 
i n t e r a c t i o n d e t e r m i n e d a f t e r c o r r e c t i n g f o r t h e e n t h a l p y o f 
s o l u t i o n o f b a s e . When t h e c a t a l y s t s u p p o r t i n t e r a c t s w e a k l y w i t h 
t h e b a s e , t h e c a l o r i m e t r i c d a t a a l s o has t o be c o r r e c t e d f o r t h i s 
c o n t r i b u t i o n . The e q u a t i o n f o r t h e r e a c t i o n o f 5% Pd/C r e a c t i n g 
w i t h p y r i d i n e i s t h u s w r i t t e n a s : 

P d / C ( s l ) + P * ( s o l ) > P * P d / C ( s l ) < 2 6> 
where s i r e f e r s t o t h e s o l i d s l u r r y and s o l t o s o l u t i o n . The 
e q u i l i b r i u m c o n s t a n t i s w r i t t e n a s : 

PyPd/C 
Κ = (27) 

[ P y ] [ n . s - PyPd/C] 

where n ^ s i s t h e number o f a c t i v e s i t e s p e r gram o f c a t a l y s t ; 
PyPd/C t h e number o f grams o f p y r i d i n e c o o r d i n a t e d p e r gram o f 
c a t a l y s t ; [ Py] i s t h e s o l u t i o n c o n c e n t r a t i o n o f p y r i d i n e i n 
mole l i t e r ' 1 ; and Κ has u n i t s o f 1 m o l e " 1 . The h e a t l i b e r a t e d i n 
t h e t i t r a t i o n h' i s g i v e n by (24)· 
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192 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

h' n ^ K J P y ] 
1 1 AHj (28) g Pd/C 1 + K ^ P y ] 

W i t h p r a c t i c a l c a t a l y s t s t h a t o f t e n c o n t a i n m u l t i p l e a c i d s i t e s 
a d d i t i o n a l t e r m s a r e added f o r e a c h s i t e w i t h t h e s u b s c r i p t s 
c h a n g i n g f r o m 1 t o 2, 3 e t c . i n e a c h s i t e added. 

The i n f o r m a t i o n a v a i l a b l e f r o m a c a l o r i m e t r i c t i t r a t i o n o f a 
bas e and s l u r r i e d c a t a l y s t i s n o t s u f f i c i e n t t o d e t e r m i n e a l l t h e 
unknown q u a n t i t i e s i n E q u a t i o n 28. The p r o b l e m i s a l l e v i a t e d by 
c o u p l i n g t h e c a l o r i m e t r i c t i t r a t i o n w i t h t h e d e t e r m i n a t i o n o f an 
a b s o r p t i o n i s o t h e r m . E q u a t i o n 26 can be r e a r r a n g e d t o g i v e t h e 
f a m i l i a r L a u g muir e q u a t i o n : 

[Py] 1 [ P y ] 
PyPd/C n ^ K j n ^ 

(29) 

F o r two s i t e s we can w r i t e ( 2 4 ) : 

PyPd/C n ^ K J P y ] n 2
s K 2 [ P y ] 

= - ^ - i + - i — i (30) 
1 + K j i P y ] 1 + K 2 [ P y ] 

Knowing t h e amount o f p y r i d i n e added and m e a s u r i n g t h e e q u i l i b r i u m 
c o n c e n t r a t i o n i n s o l u t i o n (by t i t r a t i o n , g . c , u v - v i s i b l e e t c . ) we 
know b o t h PyPd/C and [ P y ] o f E q u a t i o n 30. The b e s t v a l u e s o f n - s , 

and ΔΗ^ t h a t s i m u l t a n e o u s l y f i t t h e d a t a t o E q u a t i o n 30 and 28 
( w i t h t h e added t e r m s f o r m u l t i p l e s i t e s ) a r e d e t e r m i n e d . T h i s 
a n a l y s i s g r o u p s s i m i l a r s i t e s i n t o one and g i v e s t h e minimum number 
o f d i f f e r e n t t y p e s o f s i t e s r e q u i r e d by t h e d a t a . I n d e p e n d e n t 
c o n f i r m a t i o n o f t h e c o n c l u s i o n a b o u t t h e number o f d i f f e r e n t s i t e s 
by s u r f a c e s c i e n c e t e c h n i q u e s i s d e s i r a b l e . 

F o r t h e t i t r a t i o n o f 5% Pd/C w i t h p y r i d i n e , t h e e x p e r i m e n t 
showed (24) two d i f f e r e n t s i t e s , n^ = 2.5 mmole/g and n 2 = 3.2 
mmole/g. V a l u e s o f K j = 2.5 χ 1 0 4 M" 1 and K 2 = 2.9 χ 1 0 2 M" 1 

r e s u l t e d w i t h AHj = 13 k c a l m o l e " 1 and Δ Η 2 = 10 k c a l m o l e ' 1 . ESCA 
s t u d i e s showed t h e e x i s t e n c e o f two d i s t i n c t s i t e s on t h e s u r f a c e , 
one b e i n g P d ( I I ) and t h e o t h e r P d ( 0 ) . T h e r m o g r a v i m e t r i c s t u d i e s 
and d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y were n o t a b l e t o d i s t i n g u i s h 
t h e two s i t e s b u t p r o d u c e d a v e r a g e v a l u e s i n a greement w i t h t h e 
a v e r a g e f o u n d i n t h e t i t r a t i o n . 

T h i s p r o c e d u r e has many p o t e n t i a l a p p l i c a t i o n s i n c a t a l y s i s 
and m a t e r i a l s c i e n c e . In t h e l a t t e r a r e a Fowkes and c o w o r k e r s (25) 
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12. DRAGO Novel Extensions of Electrostatic Covalent Approach 193 

and Chen (26) have r e p o r t e d s e v e r a l e x amples where i m p o r t a n t 
i n s i g h t s i n t o a d h e s i o n a t i n t e r f a c e s have been o b t a i n e d by 
a p p l i c a t i o n o f ECW c o n s i d e r a t i o n s . V e r i f i c a t i o n o f some o f t h e s e 
c o n c l u s i o n s w i t h c a l o r i m e t r i c s t u d i e s i s underway. 

T h e s e d i v e r s e examples i n d i c a t e t h e p h i l o s o p h y o f a p p l y i n g t h e 
ECW m o d e l . I t i s a v a l u a b l e t o o l f o r u n d e r s t a n d i n g t h e v e r y 
c o m p l i c a t e d a r e a o f c h e m i c a l r e a c t i v i t y b e c a u s e i t p r o v i d e s 
q u a n t i t a t i v e c r i t e r i a f o r what i s t o be e x p e c t e d when normal sigma 
bond f o r m a t i o n d o m i n a t e s a r e a c t i o n . 
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Chapter 13 

Metal—Ligand Bond Dissociation Energies 
in CpMn(CO)2L and Cr(CO)5(olefin) Complexes 

Jane K. Klassen, Matthias Selke, Amy A. Sorensen, and Gilbert K. Yang 

Department of Chemistry, University of Southern California, Los 
Angeles, CA 90089-0744 

The metal ligand bond dissociation energies for a variety of CpMn(CO)2L 
complexes in heptane solution have been found to be 16.1, 17.4, 24.5 and 
29.1 kcal/mol for THF, acetone, cis-cyclooctene and Bu2S respectively. The 
reaction of L with CpMn(CO)2 is first-order in [L] with second-order rate 
constants between 106 and 107 L/mol-s. Evidence is presented for a Mn
-heptane bond strength of 8-9 kcal/mol. Similarly, the (CO)5Cr-olefin bond 
strengths were determined for cis and trans-cyclooctene to be 14.3 and 19.5 
kcal/mol respectively. Kinetic data suggest that the difference in bond 
strengths is predominantly due to the greater ring strain in trans-cyclooctene. 

Coordinatively unsaturated transition metal complexes are known to bind to a variety of donor 
molecules. Qualitatively, the enthalpies of these interactions range from very strong dative 
bonds with ligands such as phosphines and CO to very weak interactions with saturated 
hydrocarbons. Despite the importance of these interactions in determining structure and 
reactivity, limited quantitative data exist for metal-ligand bond strengths. 

In this work we present bond enthalpies and kinetic information determined by 
photoacoustic calorimetry for a number of metal-ligand systems. The data presented serve to 
confirm the accuracy of the photoacoustic technique and illustrate the different types of 
interactions which might be examined. 

Experimental Technique 

Time-resolved photoacoustic calorimetry has been used by a number of research groups to 
determine the enthalpies and quantum yields of reaction in inorganic and organic systems Q-
7). Our experimental technique is similar to those previously described in the literature Q). 
Emission from a N2 laser (337.1 nm, 1 ns pulse length, 20 uJ/pulse) is passed through a 
quartz cuvette containing an argon-purged heptane solution at 25 ± TC of either a reference 
compound (ferrocene) or the metal carbonyl being examined. As illustrated in the energy 
diagram shown in Figure 1, cleavage of the metal-CO bond requires only a portion of the 

0097-6156/90/0428-0195$06.00/0 
© 1990 American Chemical Society 
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196 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

absorbed photon energy. The excess energy is released as heat (qi, Step B) into the solution. 
The M-CO bond scission process is very rapid (<lns) and the sudden deposition of heat into 
the solution generates a pressure shock wave. The coordinatively unsaturated intermediate 
"M" then reacts with ligands in solution via a second-order process with a rate constant k2 
(Step Q. As the reaction proceeds, the heat of reaction ΔΗ2 is released into the solution as 
q2. This second heat deposition produces a second shock wave. The two shock waves are 
simultaneously acoustically detected with a piezoelectric transducer. The reference compound 
is chosen to only display a "fast" deposition of heat. The transducers are sensitive only to 
heat generating processes with rate constants near or faster than the transducer frequency and 
are not sensitive to slower processes. With a 0.5 MHz transducer all "fast" reactions (k<108 

s'1) are detected "in phase" while "slow" reactions (105 s"1 < k < 107 s"1) have a phase lag 
due to the delay in the heat deposition. The phase difference allows deconvolution of the data 
into the fast (qi) and slow (q2) components and the rate constant kobs. An example of tfie 
data from an experiment is shown in Figure 2. 

Equations 1 and 2, where Ehv = 84.8 kcal/mol at 337.1 nm and Φ is the quantum 
yield for the reaction, give the relevant enthalpies of reaction. 

AHBDE = -Ehv Δ Η 2 = 5 *Ehv 0.2) Φ Φ 

For Cr(CO)6 (8) and CpMn(CO)3 (2) the quantum yields have been accurately determined to 
be 0.67 ± 0.04 and 0.65 ± 0.1 respectively. Quantum yields for CO dissociation have been 
found to be quite independent of solvent viscosity, wavelength and ligand concentration 
2). Relative errors in the quantum yields translate to the same relative error in the enthalpic 
measurements. 

Both species either non-radiatively decay back to the ground state or undergo 
photodissociation to form the corresponding coordinatively unsaturated intermediate. No 
evidence has been reported for formation of long-lived intermediates other than the CO loss 
product or for radiative decay processes. 

The measured enthalpies of reaction were all independent of the ligand concentrations 
used in our experiments suggesting that the quantum yield is also independent of ligand 
concentration. All reactions were performed in argon-purged η-heptane solutions. The 
absorbance values of the reference and the metal carbonyl solutions were matched to within 
3%. 

Metal-ligand Bond Strengths in CpMn(CO)2L 

The photochemical ligand substitution reactions of CpMn(CO)3 have been well studied and 
are synthetically very useful (UJ, U). Upon irradiation with light of wavelength less than ca. 
400 nm, CpMn(CO)3 readily dissociates one CO ligand (Scheme 1). 

In good donor solvents such as THF, the initially formed CpMn(CO)2 is stabilized as 
the solvated intermediate CpMn(CO)2S QQ, U). Substitution of the solvent molecule from 
this intermediate by "good" ligands such as phosphines and olefins occurs readily leading to 
the corresponding CpMn(CO)2L complexes. This reaction sequence is ideal for study of the 
energetics of the Mn-CO bond dissociation process and both the energetics and kinetics of the 
Mn-ligand bond forming process using photoacoustic calorimetry. 

337.1nm +L 
CpMn(CO) 3 — — • CpMntCOfeS A U » CpMn(CO) 2 L 

"fa*r "slow" 

Scheme 1 

The results of the photoacoustic experiments on CpMn(CO)3 performed in heptane 
solution are shown in Table I. The ligand concentrations were varied from -0.1 M to -0.5M. 
Within this concentration range, the Mn-CO bond dissociation energies (ΔΗΜΠ-CO) W E R E 
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13. KLASSEN ET AL. Metal-Ligand Bond Dissociation Energies 197 

M - C O 1 

Figure 1. Energetic scheme for photochemical CO substitution in metal carbonyls. 

Cp2Fe corr — CpMn(CO)3 q 1 

Data number 

Figure 2. Plot of photoacoustic data for the photolysis of CpMn(CO)3 in heptane with 
[SBu2l = 0.10 M both before and after deconvolution into qi and q2 components. 
Equations 1 and 2 are used to calculate enthalpies of reaction from qi and q2. 
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198 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

constant. The ΔΗΜΠ-CO values determined for each of the four ligands agree within 
experimental error. These observations are consistent with the mechanism shown in Scheme 
1 where the CO dissociation step is ligand independent 

Table I. Enthalpic and kinetic data for the reaction of CpMn(CO)3 with L in heptane solution 
according to Scheme 1 a 

Ligand 
CpMn(CO)3 

ΔΗΜΠ-CO 
CpMn(CO)2L 
Δ Η 2 (-BDEMn-L) k2 (L/mol-s) 

THF 
acetone 
cw-cyclooctene 
Bu2S 

46.2 ± 1.2 kcal/mol 
47.8 ± 1.7 
47.6 ± 1.4 
45.3 ± 1.4 

-16.1 ± 1.4 kcal/mol 
-17.4 ± 1.0 
-24.5 ± 2.3 
-29.1 ±2.0 

4.4 ±0.1 χ 106 

3.6 ± 0.4 
2.3 ± 0.4 
8.1 ± 0.8 

P(OMe)3

 b 

PPh 3

b 

7.1 χ 106 

11 χ 106 

Average 46.7 ± 1.7 kcal/mol 
a) Errors are given as one standard deviation of the scatter in the data. 
b) See reference 17. 

Since the reactions were performed in heptane solution, the bond dissociation 
energies measured here are the enthalpy of exchange of CO by heptane. The strength of the 
Mn-CO bond in CpMn(CO>3 is remarkably high when compared to other known metal-CO 
bond strengths Q2, 12). Since is the only report of the Mn-CO bond dissociation energy in 
this system in either the gas or solution phase, there is little data with which to make 
comparisons. However, our value is consistent with the observed reluctance of this species 
to undergo thermal CO substitution reactions Q4,15). Although quantitative data is not 
readily available, an estimate of Mn-CO can be made from the observations reported by Butler 
and by Angelici. With the assumption that the CO dissociation reaction has an activation 
entropy of +20 e.u. we can estimate that the activation enthalpy is at least 44 kcal/mol. 

The Mn-L bond strengths appear to be reasonable based on the known chemistry of 
CpMn(CO)2L complexes. The Mn-THF bond is relatively weak in agreement with the 
observations that CpMn(CO)2THF is thermally very sensitive and is readily substituted by a 
variety of ligands Qfl, U). The cis-cyclooctene and Bu2S ligands are substantially more 
strongly bound to CpMn(CO)2 and form correspondingly more stable complexes. 
Complexes of both of these ligands can be isolated by displacement of THF from 
CpMn(CO)2THF and decompose only above room temperature Q4,16). 

The rate constants kGbs for the coordination of L to CpMn(CO)2S displayed first-
order dependences on the concentration of the incoming ligand. Plots of kobs vs [ligand] for 
cw-cyclooctene and Bu2S are shown in Figure 3. The rate constants are all very large which 
demonstrates the reactivity of the CpMn(CO)2 intermediate towards donor molecules when 
weakly solvated by hydrocarbon solvents. In comparison, Poliakoff et al. (1Z) examined the 
rates of reaction at of P(OMe)3 and PPh3 with CpMn(CO)2 in n-heptane solution using time-
resolved IR spectroscopy. As shown in Table I, the rate constants they obtained at 22eC for 
the reaction of CpMn(CO)2 with these two phosphorus ligands are very similar to the k 2 for 
Bu2S. 

Relative Mn-L Bond Dissociation Energies from Equilibrium Studies 

As seen from Table I, the heats of formation (ΔΗ2) of the Mn-SBu2 bond and the Mn-cw-
cyclooctene bond were found respectively, to be -29.1 ± 2.0 and -24.5 ± 2.3 kcal/mol. 
Thus, we expected the Mn-SBu2 bond to be 4.6 ± 3.0 kcal/mol stronger than the Mn-cw-
cyclooctene bond. To confirm this prediction, we examined the equilibrium shown below 
between the corresponding manganese complexes. 
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13. KLASSEN ET AL. Metol-Ligand Bond Dissociation Energies 199 

CpMn(CO)2(cw-C8Hi4)+ SBu2 
1 

CpMn(CO)2(SBu2)+cw-C8Hi4 
2 

Both of these complexes are known to undergo thermal substitution near 100°C via clean 
first-order kinetics (14,1®. Thus we performed the equilibrium experiments between 80 and 
120eC. Since the equilibrium constant was expected to heavily favor the SBu2 complex 2 we 
ran the experiments with high concentrations of cw-cyclooctene, in either neat cw-cyclooctene 
(7.7 M) or 1.2 M solutions of cw-cyclooctene in heptane. The results obtained in both 
solvent systems were identical. Although differential vaporization of the ligands did not 
appear to be a problem, efforts were made to minimize the gas volume in the reaction vessel. 
The concentrations of the complexes were monitored by the intensity of the appropriate vco 
bands. Identical equilibrium constants were obtained for approach to equilibrium from either 
direction. 

A van't Hoff plot of the equilibrium data obtained between 80 and 120eC (Figure 4) 
gave ΔΗ=-2.9 ± 1 kcal/mol and AS=3.6 ± 2 eu. This value for ΔΗ is very close to the -4.6 
± 3 kcal/mol which we predicted based on the photoacoustic determinations of the individual 
bond strengths for the cw-cyclooctene complex 1 and the SBu2 complex 2. The degree to 
which these two very different techniques agree on this value attests to the accuracy of the 
photoacoustic technique in determining metal-ligand bond dissociation energies. 

Coordination of cis and trans-cvclooctene to CrTCOk 

There are many examples of organometallic complexes which owe their stability, at least in 
part, to the relief of strain in the organic ligand. Transition-metal benzyne (18-23). 
cyclohexyne (24) and bicyclic bridgehead olefin (25.-22) complexes are among these. The 
relative stability of transition metal complexes of strained olefins over their unstrained 
counterparts has long been recognized (25-30) and attempts have been made to determine the 
magnitude of this stabilization (il). An example of this difference in relative stability is found 
in the chemistry of cis and rrans-cyclooctene (22,22). Complexes of both of these olefins 
can be obtained by photolysis of Cr(CO)6 in hydrocarbon solutions of cis or trans-
cyclooctene (33). 

The photochemistry of Cr(CO)6 is similar to that of CpMn(CO)3. Upon photolysis 
of Cr(CO)6 in a hydrocarbon solution of either cis or ira/w-cyclooctene, CO is lost in less than 
100 ps (34-30) ("fast" step in Scheme 2) forming the solvated Cr(CO)sS intermediate (3) 
which subsequently binds olefin in a second-order reaction (k3 step in Scheme 2) to form 
either (CO)5Cr(cw-cyclooctene) (cis-4) or (CO)sCr(ira>w-cyclooctene) (trans-4) (22). These 
two steps have rate constants which fit the "fast" and "slow" criteria demanded by the 
photoacoustic technique allowing us to determine AHcr-CO» Δ Η 3 and k3. The results are 
summarized in Table II. The (CO)5Cr-CO bond dissociation energy in heptane (AHoco)of 

27.8 ± 1.7 kcal/mol is in excellent agreement with previous reports (2,4) and is independent 
of both the structure and concentration of the cyclooctene used in the experiment 

The heat of reaction, ΔΗ3, for the binding of cw-cyclooctene to the coordinatively 
unsaturated intermediate 3 to generate cis-4 was found to be -14.3 ± 0.9 kcal/mol. This is 
somewhat more exothermic than the -12.2 kcal/mol olefin-metal bond enthalpy found in (1-
hexene)-Cr(CO)5 (2,4). Perhaps this stronger bonding interaction can be attributed to the 6 
kcal/mol ring strain found in cw-cyclooctene (37). A much more dramatic effect is seen in the 
enthalpy of binding of frarts-cyclooctene to intermediate 3. In this case, ΔΗ3 = -19.5 ± 2.5 
kcal/mol. Thus, the metal-olefin bond in trans-4 is more than 5 kcal/mol stronger than that in 
cis-4 i.e., ΔΔΗ3 ~ 5 kcal/mol. This is consistent with the observation that ira/ts-cyclooctene 
has 9.3 kcal/mol of strain relative to cw-cyclooctene (2D. Coordination of the olefin relieves 
a substantial portion of this strain resulting in a greater bond strength (12, 21» 22,22). 
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200 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

k 0bs v$ [Ligand] 
I Dibuty! sulfide, • cis-cyclooctene, 

0 .05 .1 .15 .2 .25 .3 .35 .4 .45 .5 .55 .6 .65 
[Ligand] (mol/L) 

Figure 3. Plot of k 0b s vs. [Ligand] for the reaction of CpMn(CO)2S with cis-
cyclooctene and Bu2S at 25 ± TC in n-heptane. For cw-cyclooctene, r 2 ^ ^ ; for 
Bu2S, r2=0.996. Other data is given in Table I. Error bars are the greater of the 
standard deviation calculated from the scatter in the data and ± 10%. 

01 /T (cyc c), lnK(cyc c) • 1/T(sbu2), lnK(sbu2 c) 

c 

-I 1 ι ι 1 ι ι ι 1 · I 
2 .500E-3 2 .550E-3 2 .600E-3 2 .650E-3 2 .700E-3 2 .750E-3 2 .800E-3 2 .850E 

1 /T 

Figure 4. van't Hoff plot for the equilibrium CpMn(CO)2(cis-CgHi4) + SBu2 
• CpMn(CO)2(SBu2) + cw-CsH^ in neat cyclooctene (7.7 Μ). Τ = 80-

120eC; ΔΗ=-2.9 ± 1 kcal/mol and AS=3.6 ± 2 eu. 
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13. K L A S S E N E T A L . Metol-Ugand Bond Dissociation Energies 201 

Different steric interactions may also contribute to ΔΔΗ3, although we believe that this effect 
is minimal (vide infra). 

Table Π. Enthalpic and kinetic data for substitution of Cr(CO>6 
with olefins in heptane solution according to Scheme 2 a 

AHcr-CO ΔΗ3 k3 χ 107 

Ligand kcal/mol kcal/mol (L/mol-s) 
cw-cyclooctene 27.8 ± 1.6 -14.3 ± 0.9 1.4 ±0.3 

fra/w-cyclooctene 27.7 ± 1.9 -19.5 ± 2.5 1.7 ± 0.2 
l-hexeneb 27.0 ± 1.2 -12.2 ± 1.2 3.0 ± 1.5 

a) Errors are given as one standard deviation of the scatter in the data. 
b) Data from reference 3,4. 

Muhs and Weiss (3D have determined that the equilibrium constant for formation of 
ira/w-cyclooctene-Ag+ (K âns) at 40*C is at least 70 times greater than the equilibrium 
constant for formation of cw-cyclooctene-Ag+ (Kcis). Assuming that there is little difference 
in AS for these reactions and that the ΔΔΗ3 we determined for the cyclooctene-Cr bond can 
be applied here, we estimate that the ratio Ktrans/Kcis is close to 3000. 

The rate of substitution of solvent in intermediate 3 by both cis and fra/tf-cyclooctene 
exhibited an apparent first-order dependence on the concentration of the cyclooctene. The 
data is plotted in Figure 5. Assuming an overall second-order rate law we found that the rates 
of these two substitution processes are nearly identical with second-order rate constants k3 for 
cis and rrâ s-cyclooctene respectively of 1.4 ± 0.3 χ 107 and 1.7 ± 0.2 χ 107 L/mol-s (Table 
II). The rate constants were obtained from the slopes of the lines. These rate constants are 
very similar to previously reported rate constants for reaction of intermediate 3 with a number 
of different ligands (2., 4, 2&). It is possible that a residual reaction at zero ligand 
concentration is responsible for the non-zero intercept (e.g. reaction with water) but since 
there is no dependence of q2 on ligand concentration the energetics obtained from these 
experiments is still valid. However, given the scatter in the data, we cannot conclude that the 
non-zero intercept seen in both lines is physically significant 

The larger olefin-metal bond strength in trans-4 than in cis-4 could be due to either 
steric or electronic factors or both. From comparisons of the rates and enthalpies of reaction 
of α-methyl substituted and unsubstituted pyridine and THF ligands with Cr(CO)sS in 
heptane solution, it is apparent that steric influences which have an effect on the enthalpy of 
reaction also have a substantial effect on the rate of reaction. For example, in heptane 
solution, pyridine reacts with Cr(CO)5S more exothermically (2.3 kcal/mol) and faster (10 
times) than does 2-picoline (4). The lack of a substantial difference in the rate constants k3 
for cis and fra/w-cyclooctene supports the conclusion that strain relief and not steric bulk, is 

the primary component of ΔΔΗ3. 

Discussion and Conclusions 
In both the CpMn(CO)3 and the Cr(CO)6 systems we have obtained bond enthalpy data 
which, until now, has been unavailable. From the reactive CpMn(CO)2THF complex to the 
substitutionally inert CpMn(CO)3 the Mn-L bond strengths agree with empirically expected 
trends. The rate constants for the reactions of ligands with either CpMn(CO)2 or Cr(CO)5 
appear to bear little correlation to the exothermicity of the reactioa This observation has been 
noted previously Q, 4) and has been attributed to steric effects playing a dominant role in 
determining the rate constant for the reaction. The much greater reactivity of Cr(CO)5 
compared to CpMn(CO)2 may be due to greater steric demands imposed by the 
cyclopentadienyl ligand in comparison to 3 CO ligands. Experiments are in progress to help 
elucidate this. 
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202 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Cr(CO) 6 

337.1nm 

AHcr-CO 

fast 

Cr(CO)5(S) 

3 

c/s or trans -
cyclooctene 

Δ Η 3 , k 3, slow 

or 

Scheme 2 

Cr(CO)5 

C/S -4 

k 0bs vs [cyclooctene] 
> trans-cyclooctene, • cis-cyclooctene, 

.02 .04 .06 .08 .1 
[cyclooctene] (mol/L) 

Figure 5. Plot of kobs vs [cyclooctene] for the reaction of Cr(CO)5S with cis and 
fra/w-cyclooctene in Λ-heptane. For cw-cyclooctene, r2= 0.92. For irû^s-cyclooctene, 
r2=0.87. Other data given in Table II. Error bars are the greater of the standard 
deviation calculated from the scatter in each point or ± 10%. 
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13. KLASSENETAL» Metal-Ligand Bond Dissociation Energies 203 

An interesting question remains unanswered. How largo is the heptane-Mn 
interaction? Angelici and Loewen (14) have studied the ligand substitution of the cis-
cyclooctene complex 1 by PH13 in methylcyclohexane solution. Similarly, Butler and Sawai 
(16) have studied the ligand substitution of the SBu2 complex 2 by P(0-/i-Bu)3 in 
methylcyclohexane solution. 

CpMn(CO)2(cw-CsHi4) + PPh3 • CpMn(CO)2(PPh3 ) + cw-CgHn 

1 AH*= 34.9 ±0.7 kcal/mol; AS* = 27.5 ± 2.0 eu 

CpMn(CO)2(SBu2) + P(0-K-BU)3 • CpMn(CO)2(P(0-n-Bu)3) + SBu2 
2 ΔΗ*= 36 ± 1 kcal/mol; AS* = 22± 1 eu 

The activation enthalpies for these reactions are respectively 10 and 7 kcal/mol greater 
than the corresponding Mn-L bond strengths in heptane. Assuming that methylcyclohexane 
and heptane are similar as solvents and that both reactions proceed via dissociative pathways 
as proposed, this implies that the Mn-heptane interaction is close to 8 or 9 kcal/mol. This is 
close to the 10 kcal/mol Cr-heptane interaction in (CO)5Cr-heptane (2,4) and the 9.6 kcal/mol 
W-ethane interaction in (CO)5W-ethane (22). We can also calculate the gas phase Mn-CO 
bond dissociation energy in CpMn(CO)3 to be close to 55 kcal/mol. Further experiments are 
necessary to confirm the magnitude of the Mn-heptane interaction. 

Acknowledgments 

The authors would like to acknowledge the National Institutes of Health (GM-42704-01), the 
University of Southern California Faculty Research and Innovation Fund and the donors of 
The Petroleum Research Fund, administered by the ACS for financial support of this 
research. 

Literature Cited 
1. Rudzki, J.E.; Goodman, J.L.; Peters, K.S. J. Am. Chem. Soc. 1985, 107, 7849-

7854. 
2. Burkey, T. J.; Majewski, M.; Griller, D. J. Am. Chem. Soc. 1986, 108, 2218-2221. 
3. Yang, G. K.; Peters, K. S.; Vaida, V. Chem. Phys. Lett. 1986, 125, 566-568. 
4. Yang, G. K.; Vaida, V.; Peters, K. S. Polyhedron 1988, 7, 1619-1622. 
5. Lynch, D.; Endicott, J. F. Inorg. Chem. 1988, 27, 2181-2184. 
6. Gould, I. R.; Moser, J. E.; Armitage, B.; Farid, S.; Goodman, J. L.; Herman, M. S. J. 

Am. Chem. Soc. 1989, 111, 1917-1919. 
7. Herman, M. S.; Goodman, J. L. J. Am. Chem. Soc. 1988, 110, 2681-2683 and 

references cited therein. 
8. Nasielski, J.; Colas, A. Inorg. Chem. 1978, 17, 237-240. 
9. Giordano, P. J.; Wrighton, M. S. Inorg. Chem. 1977, 16, 160-166. 
10. Strohmeier, W. Angew. Chem. internat. Edit. 1964, 3, 730-737. 
11. Caulton, K. G. Coord. Chem. Rev. 1981, 38, 1-43. 
12. Collman, J.P.; Hegedus, L.S.; Norton, J.R.; Finke, R.G. Principles and Applications 

of Organotransition Metal Chemistry; University Science Books: Mill Valley, California, 
1987, p37. 

13. Lewis, Κ. E.; Golden, D. M.; Smith, G. J. Am. Chem. Soc. 1984, 106, 3905-3912. 
14. Angelici, R. J.; Loewen, W. Inorg. Chem. 1967, 6, 682. 
15. Fenster, A. E.; Butler, I. S. Inorg. Chem. 1974, 13, 915-920. 
16. Butler, I. S.; Sawai, T. Inorg. Chem. 1975, 14, 2703. 
17. Creaven, B. S.; Dixon, A. J.; Kelly, J. M.; Long, C.; Poliakoff, M. Organometallics 

1987, 6, 2600-2605. 
18. Gowling, E. W.; Kettle, S. F. Α.; Sharples, G. M. J. Chem. Soc., Chem. Commun. 

1968, 21-22. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
3



204 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

19. McLain, S. J.; Schrock, R. R.; Sharp, P. R.; Churchill, M. R.; Youngs, W. J. J. Am. 
Chem. Soc. 1979, 101, 262, 265. 

20. Bennett, Μ. Α.; Hambley, T. W.; Roberts, Ν. K. Robertson, G. B. Organometallics 
1985, 4, 1992-2000. 

21. Buchwald, S. L.; Watson, B. T.; Huffman, J. C. J. Am. Chem. Soc. 1986, 108, 
7411-7413. 

22. Arnold, J.; Wilkinson, G.; Hussain, B.; Hursthouse M. B. J. Chem. Soc., Chem. 
Commun. 1988, 704-705. 

23. Hartwig, J. F.; Andersen, R. Α.; Bergman, R. G. J. Am. Chem. Soc. 1989, 111, 
2717-2719. 

24. Bennett, Μ. Α.; Yoshida, T. J. Am. Chem. Soc. 1978, 100, 1750-1759. 
25. Jason, M. E.; McGinnety, J. Α.; Wiberg, Κ. B. J. Am. Chem. Soc. 1974, 96, 6531-

6532. 
26. Bly, R. S.; Hossain, M. M.; Lebioda, L. J. Am. Chem. Soc. 1985, 107, 5549-5550; 

Bly, R. S. 
27. Bly, R. K.; Hossain, M. M.; Lebioda, L.; Raja, M. J. Am. Chem. Soc. 1988, 110, 

7723-7730. 
28. Bly, R. S.; Silverman, G. S.; Bly, R. K. J. Am. Chem. Soc. 1988, 110, 7730-7737. 
29. Godleski, S. Α.; Gundlach, K. B.; Valpey, R. S. Organometallics 1985, 4, 296-302. 
30. Herberhold, M. Transition Metal π-Complexes, vol. II; Elsevier: New York, 1974. 
31. Muhs, Μ. Α.; Weiss, F. T. J. Am. Chem. Soc. 1962, 84, 4697-4705. 
32. von Büren, von M.; Hansen, H.-J. Helv. Chim. Acta 1977, 60, 2717-2722. 
33. Grevels, F.-W.; Skibbe, V. J. Chem. Soc., Chem. Commun. 1984, 681-683. 
34. Simon, J. D.; Peters, K. S. Chem. Phys. Lett. 1983, 98, 53. 
35. Simon, J. D.; Xie, X. J. Phys. Chem. 1986, 90, 6751-6753. 
36. Wang, L.; Zhu, X.; Spears, K. G. J. Am. Chem. Soc. 1988, 110, 8659-8696. 
37. Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New York, 1976. 
38. Kelly, J. M.; Bent, D. V.; Hermann, H. Shulte-Frohlinde, D.; Koemer von Gustorf, E. 

J. Organomet. Chem. 1974, 69, 259-269. 
39. Ishikawa, Y.; Brown, C. E.; Hackett, P. Α.; Raynor, D. M. Chem. Phys. Lett. 1988, 

150, 506-510. 

RECEIVED December 18, 1989 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
3



Chapter 14 

Metal—Carbon and Metal—Hydrogen Bond 
Dissociation Enthalpies from Classical 
and Nonclassical Calorimetric Studies 

A. R. Dias1, H. P. Diogo1, D. Griller2, M. E. Minas da Piedade1, and 
J. A. Martinho Simões1 

1Centro de Química Estrutural, Complexo I, Instituto Superior Técnico, 
1096 Lisboa Codex, Portugal 

2Division of Chemistry, National Research Council of Canada, Ottawa, 
Ontario K1A 0R6, Canada 

The application of classical and non-classical 
(photoacoustic) reaction-solution calorimetry to probe the 
energetics of metal-ligand bonds in organometallic systems 
is briefly analysed and illustrated by thermochemical 
results involving two families of compounds. The classical 
reaction-solution studies enabled the discussion of the 
systematics of metal-carbon bond enthalpies in several 
complexes Μ(η5-C5H5)2Ln. The photoacoustic studies 
addressed the effect of phenyl goups on the energetics of 
silicon-hydrogen bonds in phenyl-substituted silanes. 

Classical and Non-Classical Reaction-So1ution Calorimetry 

One of the limitations of " c l a s s i c a l " reaction-solution calorimetry 
(either relying on temperature change or heat flux measurements) (I) 
as a tool for obtaining information on the energetics of chemical 
bonds, stems from the fact that reactions seldom involve the 
formation or the cleavage of an individual bond. Therefore, the 
enthalpy of reaction usually ref l e c t s a difference between bond 
dissociation enthalpies. A second drawback of the method i s that the 
bond enthalpy balance can be masked by solvation effects. 

In organometallic reactions i t i s often possible to make 
measurements or reasonable estimates of vaporization and solution 
enthalpies, i n order to derive the enthalpy of reaction in the gas 
phase. Yet, the situation where only one bond dissociation enthalpy 
i s unknown i s rather uncommon. Despite these shortcomings, c l a s s i c a l 
reaction-solution calorimetry, being a well tested, inexpensive, 
r e l i a b l e technique, has provided an outstanding contribution to our 
present knowledge in the area of transition metal organometallic 
thermochemistry. 

A "non-classical" type of reaction-solution calorimetry has 
been developed in recent years (2,3). In this new method, the 
enthalpy of a reaction i s not measured with thermometers or 

0097-6156/90/0428-0205$06.00/Ό 
© 1990 American Chemical Society 
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206 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

thermopiles but determined by using piezoelectric transducers. As 
these transducers have very short response times (ca. 10" -10" s), 
only very rapid reactions can be examined - the case, for example, of 
many radical-molecule reactions. Another difference between 
c l a s s i c a l and non-classical calorimetry concerns the way reactions 
are i n i t i a t e d . As i l l u s t r a t e d by Reactions 1 and 2, in the new 
method the products or one of the reactants are d i r e c t l y produced by 
photolysis (4). 

AA(soln) — ^ 2A* (soin) (1) 

BB(soln) — 2 B * (soin) (2a) 

B* (soin) + XH(soln) > X' (soin) + BH(soln) (2b) 

Net: BB(soln) + 2XH(soln) > 2X' (soin) + 2BH(soln) (2c) 

The remarkable advantage of the non-classical "photoacoustic" 
technique over c l a s s i c a l calorimetry i s that i t can provide an 
accurate value of a bond dissociation enthalpy, D(A-A) or D(X-H), 
since D(B-B) and D(B-H) are usually available. Although that value 
i s determined in solution, there i s a good deal of experimental 
evidence indicating that solvation enthalpies play a minor role in 
the reaction energetics (particularly in process 2c) when AA, BB and 
XH are organic or even main group organometallic molecules (5). 
Significant solvation effects can, however, be expected when A' or B' 
are transition metal coordinatively unsaturated complexes, so that 
the measured enthalpy of reaction may no longer enable to derive an 
absolute value of a bond dissociation enthalpy. This and other 
complicating factors (e.g. the scarcity of r e l i a b l e values for 
quantum yields i n the case of process 1 and also the frequent 
p o s s i b i l i t y of competing reactions) have hindered an extensive use of 
photoacoustic calorimetry to study transition metal systems (6). 

Results obtained by c l a s s i c a l and non-classical 
reaction-solution calorimetry are described in the present paper. 
The former deal with the thermochemistry of several Mo(Cp) R (R= Me, 
Et, Bu, C H , C Ph ) and Nb(Cp) Me , and provided values f o r 2 

2 4 2 2 2 2 
molybdenum-carbon and and niobium-methyl bond enthalpies. The l a t t e r 
concern the energetics of silicon-hydrogen bonds i n phenyl-
substituted silanes. 
Mo1vbdenum-Carbon and Niobium-Carbon Bond Dissociation Enthalpies 

Despite intense current efforts to probe the energetics of 
transition metal-ligand bonds, there are s t i l l few examples of 
families of organometallic complexes for which the "strengths" of 
those bonds are known for a variety of ligands. In the case of 
Mo(Cp)2L^ complexes, the systematics of Mo-L bond enthalpies i s 
f a i r l y well established for a series of ligands, including hydrogen, 
methyl, halogen, benzoate, thiolates, and azobenzene (7). In an 
effort to investigate the effect of the size of the n-alkyl chain on 
Mo-C bond enthalpies and to obtain information on the energetics of 
Mo-alkene and Mo-alkyne bonds, the compounds Mo(Cp) Et , Mo(Cp) Bu , 
Mo(Cp) (C H ), and Mo(Cp) (C Ph ) were studied by c l a s s i c a l 2 2 

2 2 4 2 2 2 
reaction-solution calorimetry (8). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
4



14. DIAS ET AL. Metal Bond Dissociation Enthalpies 207 

Another i l l u s t r a t i o n of the same technique i s provided by the 
the complex Nb(Cp) Me . In t h i s case, the goal was to enlarge our 
knowledge on the systematics of metal-methyl bond enthalpies. 

The c a l o r i m e t r i c set-up used i n Lisbon has been described i n 
the l i t e r a t u r e (7), and d e t a i l s of the experiments w i l l be published 
elsewhere. 

The enthalpies of formation of the c r y s t a l l i n e complexes 
Mo(Cp) Et , Mo(Cp) Bu , and Nb(Cp) Me r e l y on measurements of the 
e n t h a l p i e s of t h e i r r e a c t ions with 2HCÎ i n i s o p r o p y l ether s o l u t i o n s , 
Equation 3. The enthalpies of formation of Mo(Cp) (C^^ anc* 
Mo(Cp) (C Ph ) were determined from the measurements o f 4 t h e 

2 2 2 
e n t h a l p i e s of r e a c t i o n of these complexes with toluene s o l u t i o n s of 
iodine, Equation 4. 
M(Cp) R (c) + 2HCl(soln) —-> M(Cp) CI (c/soln) + 2RH(g/soln) (3) 

2 2 2 2 

M = Mo, R = Et, Bu; M = Nb, R = Me 

Mo(Cp) L(c) + I (soin) —> Mo(Cp) I (c) + L(g/soln) (4) 
2 2 2 2 

L = C H , C Ph 
2 4 2 2 

Several measurements of enthalpies of s o l u t i o n were a l s o 
needed i n order to c a l c u l a t e the f i n a l r e s u l t s shown i n Table I. In 
a d d i t i o n , i t was necessary to determine the enthalpies of formation 
of HC1 i n the ether s o l u t i o n s , a task which proved to be more 
d i f f i c u l t than a n t i c i p a t e d and which i s s t i l l being pursued, aiming 
to achieve a better accuracy. This problem, together with the 
u n c e r t a i n t i e s associated with the enthalpies of s o l u t i o n of the 
alkanes, p a r t i c u l a r l y ethane and butane, may a f f e c t the values 
reported f o r the a l k y l complexes by about ±15 kJ/mol. However, i t 
can be seen from the d i s c u s s i o n below that t h i s inaccuracy i s reduced 
by h a l f when bond enthalpies are derived. 

The measured value f o r the enthalpy of sublimation, ΔΗ , of the 
e t h y l complex, and the values estimated f o r the remaining molecules 
are a l s o included i n Table I. While i t i s obvious that t h i s e xercise 
involved speculation, i t s e f f e c t on the bond enthalpy data w i l l 
( hopefully!) be covered by the assigned u n c e r t a i n t i e s . Anyhow, i t i s 
s t r e s s e d that the experimental values f o r the e n t h a l p i e s of formation 
of the c r y s t a l l i n e complexes enable to make r e l i a b l e estimates of 
r e a c t i o n enthalpies i n s o l u t i o n or i n standard reference states. 

The method used to derive metal-ligand bond enthalpy terms, 
E(M-L), and mean bond d i s s o c i a t i o n enthalpies, D(M-L), has been 
discussed i n a recent review (7) and only a b r i e f account i s given 
here. The enthalpies of formation of the complexes M(Cp) L and 
M ( C p ) 2 C l 2 i n the gas phase a f f o r d the enthalpy of Reaction § which 

M(Cp) L (g) + 2Cl(g) —> M(Cp) Cl (g) + nL(g) (5) 
2 η 2 2 

ΔΗ (5) = nD(M-L) - 2D(M-C1) (6) 

i n turn i s equal to the d i f f e r e n c e between M-L and M-Cl mean bond 
d i s s o c i a t i o n enthalpies. When η = 1, D(M-L) i s of course replaced by 
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208 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table I. Standard Enthalpies of Formation of Several 
Bis(cyclopentadienyl) Metal Complexes 

Data i n kJ/mol 

Complex AH°(c) ΔΗ° s AH°(g) 

Nb(Cp)2Me2 (364.8±2. 0 ) b (25110) b (339.8110. 2 ) b 

Mo(Cp) Cl c 

2 2 
-95.8±2. 5 (100.414.2) 4.614.9 

Mo(Cp) Me ° 
2 2 

262.414. 0 70.414.2 332.815.8 

Mo(Cp) Et 
2 2 

200.314. 6 93.611.8 293.914.9 

Mo(Cp) Bu 
2 2 

106.416. 1 (103110) 209.4111.7 

Mo(Cp) (C H ) 
2 2 4 

285.018. 2 (77110) 362.0112.9 

Mo(Cp) 2(C 2Ph ) 511.418. 0 (150120)d 661122 

Estimated values i n parentheses. The enthalpies of formation 
and sublimation of the niobium dichloride complex are not 
available. The values represent the differences between the 
enthalpies of formation^or sublimation^of the dimethyl and the 
dichloride complexes. Reference 7. See text. 

M-L bond dissociation enthalpy, D(M-L). The calculation of either 
one of these quantities requires a value for D(M-C1), which i s not 
available. While the experimentally derived value for the difference 
i s i t s e l f rather useful, i t i s often possible to predict a tentative 
value for D(M-C1). In any case, even i f the estimate i s 
unreasonable, the trend i n D(M-L) or D(M-L) for a series of ligands 
w i l l not be affected by the error. 

Different methods have been used i n attempts to assign 
reasonable numbers to D(M-C1) (7,9). In one of those methods (7), 
the M-Cl "bond strength" i n the complex M(Cp) CI i s ide n t i f i e d with 
the M-Cl bond strength i n the homoleptic molecule MCI , on the basis 
of similar bond lengths. As bond dissociation enthalpies are often 
poor measures of the i n t r i n s i c strengths of bonds, since they include 
the relaxation energies of the fragments, a new parameter had to be 
introduced. This quantity, called bond enthalpy term, Ε(M-L), was 
defined so that i t does not contain the above relaxation energies and 
therefore can be "transferred" from one molecule to another. 

Once E(M-C1) in the complex i s iden t i f i e d with E(M-C1) = 
D(M-C1) in MCI , i t has to be tied to D(M-C1) in M(Cp) CI . The 
bridge i s the relaxation energy of the fragment MCp from the 
dichloride complex (7). 

The bond enthalpy term for the metal-ligand bond, E(M-L), can 
also be obtained by subtracting the relaxation energies of the_ 
fragments MCp and L, formed by cleavage of M-L bond(s), from D(M-L). 

Although the method just described i s essentially 
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14. DIAS ET AL. Metal Bond Dissociation Enthalpies 209 

semi-quantitative, as i t r e l i e s e.g. on extended Huckel calculations 
to derive relaxation energies (7), i t has at least the merit of 
emphasizing some cautions that should be taken when transferring bond 
enthalpy data. On the other hand, bond enthalpy terms resemble 
Laidler terms, tabulated for organic compounds (.1), and i n fact can 
be used to estimate new enthalpies of formation of organometallic 
complexes (7). 

The bond dissociation enthalpies shown in Table II are based on 
E(Nb-Cl) = 407.112.1 kJ/mol (from NbCl ) and on E(Mo-Cl) = 303.817.1 
kJ/mol (from MoCl ). The s i m i l a r i t y between D(Nb-Cl)-D(Nb-Me) and 
D(Mo-Cl)-D(Mo-Me) and the trend in molybdenum-carbon bond enthalpies 
are independent of those assignments. 

Table II. Molybdenum- and Niobium-Carbon Bond Enthalpy Data 
Data in kJ/mol 

Complex D or D(M-L)a 

Nb(Cp) CI 
2 2 

407.112.l b 

Nb(Cp) Me 
2 2 

26316 

Mo(Cp) CI 
2 2 

303.817. l b 

Mo(Cp) Me 
2 2 

16618 

Mo(Cp) Et 
2 2 

15619 

Mo(Cp) Bu 
2 2 

154112 

Mo(Cp) (C H ) 
2 2 4 

(59120)°'d 

Mo(Cp) (C Ph ) 
2 2 2 

(120127)°'°* 

feMean bond dissociation enthalpies unless indicated otherwise. 
See text. Value for Mo from ref. 7 and for Nb from Chase, Jr.,M. 
W.; Davies, C. A.; Downey, Jr., J. R. ; Frurip, D. J.; McDonald, R. 

cA. ; Syverud, A. N. J. Phvs. Cjhem. Ref. Data 1985, 14, Suppl. No. 1. 
Bond dissociation enthalpy. See text. 

The molybdenum-alkyl mean bond dissociation enthalpies are in 
the expected order and i n good agreement e.g. with the trend reported 
for Th(Cp*) R complexes (Cp* = TJ5-C Me ) (9a). On the other hand, 
i t i s interesting to note that the group a d d i t i v i t y rule seems to 
apply to the Mo-alkyl family, as shown by the excellent linear 
relationships 7 and 8, where Ν i s the number of carbon atoms in the 
a l k y l chain. 

AH°[Mo(Cp) R ,c] = - (51.313.8)N + (309.419.9) (7) 
f 2 2 

AH°[Mo(Cp)2R2,g] = - (41.3±0.8)N + (375. 112.2) (8) 
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210 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

A comparison of the r e s u l t s i n Table II with other l i t e r a t u r e 
data shows that D(M-Me)-D(M-Et) * (15±5) kJ/mol i s n e a r l y independent 
of the metal [21 kJ/mol f o r Th(Cp*) R (9a,10); 19 kJ/mol f o r 
Th(Cp*) (OBu-t)R (9a,10); 10 kJ/mol 2for Mo(Cp) R (7,10,11); 1 8 kJ/mol 
f o r Mo(êp)(C0) R (10,12,13) and 10 kJ/mol f o r ïrïci)(CO)(PMe ) (I)R 
(10,14,15)]. Yhis d i f f e r e n c e i s a l s o i n the range of the average 
value f o r main group elements ca. 20 kJ/mol (16), suggesting that 
D(M-Me)-D(M-Et) i s approximately constant along the P e r i o d i c Table. 
We expect t h i s conclusion to hold f o r any other d i f f e r e n c e s between 
metal-^ - a l k y l bond d i s s o c i a t i o n e nthalpies i n the absence of relevant 
s t e r i c e f f e c t s . 

The comparison between D(Mo-Me), D(Nb-Me), and D(Zr-Me) = 285±2 
kJ/mol i n Zr(Cp) Me (9b) i s of course hindered by the unknown 
accuracies i n the anchor values, D^M-C1). Nevertheless, the 
expected trend, D(Zr-Me)>D(Nb-Me)>D(Mo-Me) i s observed. 

D(Mo-C H ) i s small as compared to D(Mo-C Ph ). The estimated 
value f o r the enthalpy of sublimation of Mo(Cp) (C Ph ) 
may be uncertain (Π.), thus implying an .adjustment of D(Mo-C Ph ). 
However, the enthalpy of Reaction 9, ΔΗ^(9) = 56.6±2.5 kJ/moî, 2 

Mo(Cp) (C Ph )(c) + C H (g/soln) 
2 2 2 2 4 

Mo(Cp) (C H )(c) + C Ph (soin) 
2 2 4 2 2 

(9) 

directly obtained from the experimental data, confirms that trend (the enthalpies of solution of 
the complexes should cancel within ±10 kJ/mol). In addition, the energetics of 
molybdenum-carbon bonds in these complexes, where the ethylene and diphenylacetylene 
fragments are ?72-bonded to the metal (17) follows the expected order 
D[Mo-C(5/?)]>D[Mo-C(5/?2)]. This is in line, for example, with the trend observed in several 
scandium σ-alkyl complexes, Sc(Cp*)2R (R=C=CCMe3, Ph, CH2CH2CH2C5Me4), 
D[Sc-C(5/?)]> D(Sc-aryl)>D[Sc-C(5/?3)] (18). 

S i 1 icon-Hydrogen Bond D i s s o c i a t i o n Enthalpies i n Methyl- and S i l v l -
s i l a n e s . A C r i t i c a l Summary 

One of the most i n t e r e s t i n g p r o p e r t i e s of methyl-substituted 
s i l a n e s , Me SiH (n = 0-3), i s the constancy of silicon-hydrogen 
bond dissocïation nenthalpies, with an average value of 376±2 kJ/mol 
(19). The corresponding carbon-hydrogen bond d i s s o c i a t i o n e nthalpies 
span a range of about 43 kJ/mol. Although t h i s s t r i k i n g d i f f e r e n c e 
between s i l a n e s and alkanes has been questioned (20), there seems to 
be no reason to doubt the accuracy of the experimental values of 
D(Si-H). 

The n e g l i g i b l e e f f e c t of methyl groups on silicon-hydrogen bond 
d i s s o c i a t i o n enthalpies i n methylsilanes i s supported by simple 
c o r r e l a t i o n s which only involve enthalpy of formation data. For 
example, when ΔΗ°(Me SiH ,g) are p l o t t e d against ΔΗ°(Me SiH ,g) 
(n = 0-3), the e x c e l l e n t l i n e a r f i t t i n g , Equation 10, implies 4 _ n 

that the enthalpy of Reaction 11 i s constant, which i n turn 
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14. D IAS ET A L Metal Bond Dissociation Enthalpies 211 

AH°(Me SiH ,g) = (1.034±0.004)AH°(Me SiH ,g) - (64.7±0.4) (10) 
f n+l 3 - n f η 4 - n 

Me SiH ,(g)+CH(g) > Me SiH ,(g) + H (g) (11) 
η 4 - n 4 n+l 3 - n 2 

implies that D(Me SiH -H) - D(Me SiH -Me) are al s o constant or, 
more l i k e l y , t h a t n s i l i c o n - h y d r o g e n n a n d s i l i c o n - c a r b o n bond 
d i s s o c i a t i o n enthalpies are both l i t t l e a f f e c t e d by the number of 
methyl groups bonded to the s i l i c o n atom. No s i m i l a r c o r r e l a t i o n s are 
observed f o r the corresponding hydrocarbons. 

Another f a c t i n support of the constancy of D(Si-H) i n 
methylsilanes, i s that the enthalpies of formation of these molecules 
can be pre d i c t e d by using only three "bond enthalpy terms", E(Si-H), 
E(Si-C), and E(C-H) , whereas f i v e terms are needed f o r the 
hydrocarbons, i n c l u f i i n g E(C-H) , E(C-H) , E(C-H) ( I ) . The 
su b s c r i p t s designate primary, iecondaryf and t e r t i a r y C-H bonds, 
r e s p e c t i v e l y . 

A recent a n a l y s i s of thermochemical data based on r e l a t i o n s h i p s 
between enthalpies of formation and the unshielded core p o t e n t i a l of 
a moiety Χ, V (21.), throws some l i g h t i n t o the behavior of 
silicon-hydrogen bonds i n methylsilanes. Consider f i r s t the case of 
carbon-hydrogen bonds. The enthalpy of Reaction 12, which i s shown 
to be a l i n e a r f u n c t i o n of V (21.) can be expressed i n terms of bond 
d i s s o c i a t i o n enthalpies, Equation 13. 

MeX(g) + t-Bu(g) > t-BuX(g) + Me(g) (12) 

D(Me-X) - D(t-Bu-X) = 69.0 - 9.62V (13) 
X 

Dif f e r e n c e s D(Me-X)-D(t-Bu-X) f o r several X are dis p l a y e d i n Table 
III. Besides a very good agreement between c a l c u l a t e d and 
experimental data, i t i s observed that D(Me-X)-D(ί-Bu-X) becomes 
negative when the e l e c t r o n e g a t i v i t y of X (as measured by V ) exceeds 
a given value, V = 7.17. It can be expected that t h i s " c r i t i c a l " 
value w i l l be s i g n i f i c a n t l y lower when the c e n t r a l carbon i s replaced 
by a much l e s s e l e c t r o n e g a t i v e element, as happens with s i l i c o n . 
Indeed, the same exerc i s e a p p l i e d to s i l a n e s leads to Equations 
14a,b and to the r e s u l t s c o l l e c t e d i n Table IV (22). 

D(H Si-X) - D(Me Si-X) = -67.8 + 24.9V (14a) 
3 3 χ 

X = H, Me, SiH 
3 

D(H Si-X) - D(Me Si-X) = -39.8 + 2.1V (14b) 
3 3 χ 

X = halogen, OH, SH, NH2 

Although the trend i n Table IV i s a f f e c t e d by the p a r t i c i p a t i o n 
of s i l i c o n d o r b i t a l s i n Si-X bond (Equation 14b) (22b), i t i s seen 
that the c r i t i c a l value, V =2.72 (Equation 14a), i s qu i t e low and 
close to the unshieled core p o t e n t i a l of hydrogen atom. It i s al s o 
noted that D(H Si-X)-D(Me Si-X) increase with V (within each 
f a m i l y ) , whereas the corresponding d i f f e r e n c e f o r hydrocarbons 
decrease f o r higher e l e c t r o n e g a t i v i t y moieties. 
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212 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table III. Carbon-X Bond D i s s o c i a t i o n Enthalpies as a 
Function of the E l e c t r o n e g a t i v i t y of X 

a [D(Me-X) - D(t-Bu-X)] (kJ/mol) 
X V 

X ca l c . exp. 

H 2.70 43 43 

SH 5.77 13 16 

CI 7.04 1 3 

OH 8. 11 -9 -8 

aData from Reference 22b. 

Table IV. S i l i c o n - X Bond D i s s o c i a t i o n Enthalpies as a Function 
of the E l e c t r o n e g a t i v i t y of X 

X 
a 

V 
X 

[D(H Si-X) - D(Me Si-X)) (kJ/mol) 
3 3 

c a l c . exp. 

H 2.70 -1 0 

SiH 
3 

3.41 17 

SH 5.77 -28 

CI 7.04 -25 -21 

OH 8. 11 -23 

a D a t a from Reference 22b. 

The thermochemical c o r r e l a t i o n s , the bond terms, and the 
unshielded core p o t e n t i a l method a l l support a n e g l i g i b l e e f f e c t of 
methyl groups on silicon-hydrogen bond d i s s o c i a t i o n enthalpies. This 
constancy i s a l s o i n keeping with the h y d r i d i c nature of Si-Η bonds 
i n s i l a n e s (23). The e f f e c t of other substituents i s , by comparison, 
poorly defined (19), although some r e s u l t s have r e c e n t l y become 
a v a i l a b l e . For example, i t has been shown that s i l y l a t i o n 
d e s t a b i l i z e s Si-Η bonds: D(H S i S i H -H) = 361±8 kJ/mol (19), 
D(Me 3SiSiMe -H) = 357±8 kJ/mol, anâ D[(Me S i ) Si-H] = 331±8 kJ/mol 
(24). The large d i f f e r e n c e between D(Si-§) i n 
t r i s ( t r i m e t h y s i l y l ) s i lane and s i lane, 47 kJ/mol, led to the 
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14. DIAS ET AL. Metal Bond Dissociation Enthalpies 213 

suggestion, l a t e r confirmed (25), that t h i s molecule would be an 
e f f i c i e n t reducing agent. The s i l y l a t i o n e f f e c t has been supported 
by ab i n i t i o c a l c u l a t i o n s , which a l s o addressed the i n f l u e n c e of 
other s u b s t i t u e n t s on D(Si-H) (26). According to these c a l c u l a t i o n s , 
the d i f f e r e n c e D(H Si-H)-D(H XSi-H) depends i n a large extent on the 
e l e c t r o n e g a t i v i t y of X and on the low e l e c t r o n e g a t i v i t y of S i : 
p o s i t i v e d i f f e r e n c e s were pre d i c t e d f o r elements or moieties that are 
more e l e c t r o p o s i t i v e than hydrogen and i n v e r s e l y f o r very 
e l e c t r o n e g a t i v e X. 

S i 1 icon-Hydrogen Bond D i s s o c i a t i o n Enthalpies i n Phenylsilanes 

If, i n s i lane, one hydrogen i s replaced by a phenyl group, the 
silicon-hydrogen bond d i s s o c i a t i o n enthalpy i s only reduced by about 
9±7 kJ/mol (19). This i s i n sharp contrast with the decrease 
observed f o r the carbon analogues, where the large s t a b i l i z a t i o n 
energy of benzyl r a d i c a l makes D(Me-H)-D(PhCH -H) = 71±4 kJ/mol. The 
e f f e c t of a second phenyl group i n the hydrocarbon f a m i l y i s als o 
known, D(Ph CH-H) = 340±8 kJ/mol (27,28) and there i s a recent 
estimate f o r D(Ph C-H), 338±13 kJ/mol (28). 

The small e?fect induced by one phenyl group on D(Si-H) r a i s e s 
the question of whether these bond d i s s o c i a t i o n e n t h a l p i e s i n 
phenylsilanes w i l l f o llow a pattern s i m i l a r to the one observed i n 
methylsilanes. In order to tackle t h i s problem, photoacoustic 
cal o r i m e t r y experiments on several phenyl- and methylsilanes were 
c a r r i e d out at NRCC 

The photoacoustic set-up and the standard experimental 
procedure have been described elsewhere (3), and d e t a i l s of the 
studies i n v o l v i n g the phenylsilanes w i l l be reported i n a separate 
p u b l i c a t i o n (29). As i n the case of the n o n - c l a s s i c a l studies, only 
a few s e l e c t e d points w i l l be addressed here. 

In a t y p i c a l photoacoustic experiment, a benzene s o l u t i o n of 
the s i lane containing a given amount of d i - i e r t - b u t y l peroxide was 
i r r a d i a t e d i n a quartz cuvette with a pulsed nitrogen l a s e r (λ= 337.1 
nm). The energy of a photon (354.9 kJ/mol) was used, i n part, to 
cleave the oxygen-oxygen bond i n the peroxide, producing two 
t e r i - b u t o x y l r a d i c a l s , which then abstracted hydrogen from s i l a n e 
molecules, y i e l d i n g s i l y l r a d i c a l s and t e r t - b u t y l a l c o h o l . The 
r e a c t i o n sequence i s described by Equations 2a,b, by i d e n t i f y i n g B' 
with t-BuO' and XH with the s i l a n e . 

The amount of heat deposited i n s o l u t i o n by a l a s e r shot, 
ΔΗ , i s therefore the d i f f e r e n c e between the photon energy and the 
ne£ r e a c t i o n enthalpy (ΔΗ f o r Reaction 2c) m u l t i p l i e d by the quantum 
y i e l d , Φ, f o r peroxide d i s s o c i a t i o n , Equation 15. 

ΔΗ = 354.9 - Φ ΔΗ (15) 
obs r 

The sudden heat release produced a shock wave which was 
detected by the p i e z o e l e c t r i c transducer that was clamped to the side 
of the cuvette, a m p l i f i e d and stored i n an o s c i l l o s c o p e . The 
amplitude of that wave was p r o p o r t i o n a l to ΔΗ and to the o p t i c a l 
d e n s i t y of the s o l u t i o n , so that the measurement of these two 
q u a n t i t i e s led to the value of ΔΗ , Equation 16. 

obs 
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214 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

ΔΗ = 354.9 - Φ a /a (16) obs r s 
Here, a i s the slope of a p l o t of the wave amplitudes versus the 
o p t i c a l r d e n s i t i e s of the s o l u t i o n s at d i f f e r e n t concentrations of 
d i - t e r t - b u t y l peroxide; the c a l i b r a t i o n constant a i s the slope of a 
s i m i l a r p l o t i n v o l v i n g s o l u t i o n s containing v a r i abïe amounts 
of o-hydroxybenzophenone i n place of d i - t e r t - b u t y l peroxide. That 
substance converts a l l of the absorved r a d i a t i o n i n t o heat i n a few 
nanoseconds (3). 

As mentioned above, a c r u c i a l requirement i n the photoacoustic 
experiment i s that the net r e a c t i o n 2c must be f a s t when compared to 
the response of the tranducers. The rate constants f o r the slower 
rea c t i o n , 2b, were a v a i l a b l e f o r most of the s i lanes studied and 
allowed the concentrations of those substrates to be c a l c u l a t e d so as 
to meet the above condition. Another important issue concerns the 
p o s s i b l e a d d i t i o n of s i l y l r a d i c a l s to solvent molecules. Since t h i s 
r e a c t i o n i s p r e d i c t e d to be exothermic by ca. 60 kJ/mol, i t s 
occurence would have a s i g n i f i c a n t impact on the r e s u l t s . However, 
p a r a l l e l experiments i n v o l v i n g t r i e t h y l s i l a n e , c a r r i e d out i n benzene 
and a l s o using the s i l a n e as solvent, led to s i m i l a r ΔΗ values, 
i n d i c a t i n g that the a d d i t i o n to benzene was i r r e l e v a n t on the 
timescale of the photoacoustic experiment. 

The c a l c u l a t i o n of silicon-hydrogen bond d i s s o c i a t i o n 
e n thalpies follows the determination of ΔΗ and r e l i e s on l i t e r a t u r e 
values f o r D(t-BuO-OBu-t) and D(t-BuO-H) (2?), Equation 17. 

D(Si-H) = ΔΗ /2 - D(t-Bu0-0Bu-t)/2 + D(t-BuO-H) 
Γ 

= ΔΗ /2 + (360.2±1.7) (17) 
Γ 

The values obtained f o r D(Si-H) are shown i n Table V, together 

Table V. Silicon-Hydrogen and Carbon-Hydrogen Bond D i s s o c i a t i o n 
Enthalpies i n Phenylsilanes and Phenylmethanes 

Data i n kJ/mol 

S i l a n e D(Si-H) Hydrocarbon D(C-H) 

PhSiH 
3 

369±5 a PhCH 
3 

368±4 b 

PhMe SiH 
2 

358±7 C PhMe CH 
2 

353±6 b 

Ph SiH 
2 2 

360±6 C Ph CH 
2 2 

340±4 d 

Ph MeSiH 
2 

342±10° Ph MeCH 
2 

339±8 5 

Ph SiH 
3 

352±2 C Ph CH 
3 

338±13 e 

Reference 19. Reference 27. °Photoacous^ic r e s u l t . The e r r o r i s 
twice the standard d e v i a t i o n of the mean. Average l i t e r a t u r e value. 
See Reference 28. R e f e r e n c e 28. 
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14. DIAS ET AL. Metal Bond Dissociation Enthalpies 215 

with data f o r PhSiH and the carbon analogues. Although the 
u n c e r t a i n t i e s are r e l a t i v e l y large, i n p a r t i c u l a r f o r 
diphenylmethylsilane, i t i s c l e a r that the replacement of hydrogen or 
methyl groups by phenyl groups decreases D(Si-H). The low value 
obtained f o r Ph SiH suggested that i t could be used as a us e f u l 
reducing agent ?or a l k y l bromides. This was confirmed by a d d i t i o n a l 
k i n e t i c experiments which showed that the rate constant of Reaction 
18, the rate-determing step of the r e a c t i o n chain, i s about 10 M 
s at 90°C (30). 

R* + Ph SiH > Ph S i * + RH (18) 
3 3 

Ph Si'+ RBr > Ph SiBr + R' (19) 

Conclusions 

The Mo-alkyl mean bond d i s s o c i a t i o n enthalpies decrease with the 
increase of the n - a l k y l chain length, i n a way c l o s e l y resembling the 
D(C-H) trend i n the alkanes. The r e s u l t s suggest that, i n the 
absence of important s t e r i c e f f e c t s , f u r t h e r increases of the chain 
length w i l l not s i g n i f i c a n t l y a f f e c t the Mo-alkyl bond d i s s o c i a t i o n 
enthalpy. 

The trend D(Zr-Me)>D(Nb-Me)>D(Mo-Me) i s observed accompanying 
the decrease of the e l e c t r o n e g a t i v i t y d i f f e r e n c e between the metal and 
the methyl ligand. 

D(Mo-C H ) i s small as compared to D(Mo-C Ph ). 
2 4 2 2 

The constancy of silicon-hydrogen bond d i s s o c i a t i o n enthalpies 
i n methyl s u b s t i t u t e d s i l a n e s i s supported by a thermochemical 
a n a l y s i s which does not r e l y on the enthalpies of formation of the 
corresponding s i l y l r a d i c a l s . 

The replacement of hydrogen or methyl groups by phenyl groups 
induces a considerable decrease i n D(Si-H). The use of Ph SiH as a 
reducing agent f o r a l k y l bromides was suggested by the low 
silicon-hydrogen bond d i s s o c i a t i o n enthalpy i n t h i s molecule. 
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Chapter 15 

Adsorbate-Induced Restructuring of Surfaces 

Surface Thermodynamic Puzzle 

G. A. Somorjai 

Department of Chemistry, University of California, Berkeley, CA 94720 and 
Center for Advanced Materials, Lawrence Berkeley Laboratory, 

Berkeley, CA 94720 

Most solid surfaces restructure when clean. Absorbates 
that chemically bind cause additional marked restruc
turing of metal substrates that is well demonstrated 
by recent low energy electron diffraction (LEED)
-surface crystallography studies. The rearrangement of 
atoms in the solid substrate may be local or long 
range and can occur on time scales of adsorption (less 
than <10-3 seconds) surface reactions (seconds) or 
atom transport (larger than >10+3 seconds). Atomi-
cally rough surfaces rearrange more readily and at 
lower temperatures and are also more chemically active 
in breaking bonds. Surface thermodynamic data are 
missing and very much needed to elucidate the nature 
and reasons for surface restructuring. Adsorbate 
induced restructuring can explain the need for thermal 
activation of chemical bond breaking, the dominant 
role of rough surfaces in dissociative chemisorption 
and catalytic activity and the structure insensitivity 
of a class of catalyzed reactions. 

In the beginning of the century, one of the major thermodynamic 
puzzles, the discrepancy in the equilibrium constant of ammonia as 
determined by Haber and Nernst has induced the rapid development of 
physical chemistry(l). The data points reported by these two giants 
of chemistry are shown in Figure 1. The equilibrium constant as 
determined in their laboratories was very different and the search 
for the reasons of the discrepency lead to the development of low 
temperature heat capacity measurements, commerical high pressure 
reactor technology and to the accelerated development of catalytic 
research and catalyst based chemical technologies. The use of 
catalysts and the establishment of high pressure reactor technology 
was needed to shift the equilibrium between nitrogen, hydrogen and 
ammonia. 

0097-6156/90AM28-0218$06.25/0 
© 1990 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
5



15. SOMORJAI Adsorb ate-Induced Restructuring of Surfaces 219 

Figure 1 . The equilibrium constant for the synthesis of ammonia 
from nitrogen and hydrogen as determined by Nernst and Haber as a 
function of temperature. 
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Modern surface chemistry and heterogeneous catalysis have many 
puzzles that await solution. Even the use of single crysta l 
surfaces shown i n Figure 2 and characterization techniques that 
provide information about the atomic structure, composition and 
oxidation state of surface atoms on the molecular l e v e l have not 
provided solutions to these puzzles as yet. One of the most 
interesting puzzles i s the need for 1) thermal activation to break 
large binding energy chemical bonds. Discovery of this phenomenon 
was i n the 1930's when dinitrogen was adsorbed on iron and i t s low 
heat of adsorption was measured. As the temperature was increased 
above around 130K a large exotherm was observed indicating 
dissociative adsorption of dinitrogen(2). That i s , at this 
temperature molecular nitrogen dissociated to make iron-nitrogen 
bonds as the atomic nitrogen chemisorbed. Similar observation for 
the thermal activation of chemisorbed hydrocarbons i s shown i n 
Figure 3. Ethylene, propylene and higher olefins adsorbed on 
platinum decompose upon heatingQ). Hydrogen desorbs, leaving a 
p a r t i a l l y dehydrogenated organometallic fragment on the metal 
surface. The decomposition occurs sequentially at well-defined 
temperatures. Why strong 100-200 kcal chemical bonds break by 
changing the temperature a few degrees for a given chemisorbed 
molecule on a given surface i s one of the puzzles of modern surface 
chemistry. While the molecular structure before and after the 
thermal decomposition i s well characterized (as shown for ethylene 
i n Figure 4), the reasons for this t ransition and the mechanism for 
i t s occurrence are not understood. 

2) Rough Surfaces Do Chemistry. Another puzzle i s the way 
rough surfaces do chemistry, both bond breaking and catalysis. The 
rougher, more open the surface i s the more l i k e l y that i t breaks 
chemical bonds and at a lower temperature. Figure 5 shows three 
crystal faces of platinum, the f l a t , stepped and the kinked 
surface. Figure 6 shows the stepwise decomposition of ethylene on 
the f l a t (111) surface of nickel as compared to the stepped surface 
of nickel(4). The same decomposition pathway i s found on both of 
these surfaces. However, on the stepped surface decomposition 
occurs at a much lower temperature, below 150K, as compared to the 
nickel (111) face which shows chemical bond breaking only at about 
230K. The a c t i v i t y of rough surfaces can perhaps be best 
demonstrated by studying the behavior of hydrogen on f l a t , stepped 
and kinked surfaces of platinum. When hydrogen i s adsorbed on these 
surfaces and then a temperature programmed thermal desorption 
experiment i s carried out, i t i s found that hydrogen desorbs at the 
maximum rate at the lowest temperature from the f l a t surface while 
from stepped and kink surfaces desorption occurs at higher 
temperatures (Figure 7). The higher temperature desorption peaks 
are associated with the hydrogen desorption from steps and kinks 
respectively(l). Similarly, the catal y t i c H2/D2 exchange also 
occurs by at least an order of magnitude higher reaction probability 
at steps as compared to the f l a t surface(£). This can be studied by 
a molecular beam surface scattering process where a mixed H2+D2 
beam i s scattered from a stepped platinum surface or a f l a t platinum 
surface and the resulting HD that forms upon single scattering i s 
measured. The presence of HD clearly indicates dissociative 
adsorption and reaction of hydrogen on the metal surface. As Figure 
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Figure 2. Small area (1 cm2) single crystal surface that is used in surface science studies as 
well as a model heterogeneous catalyst. (Reproduced with permission from Lawrence 
Berkeley Laboratory.) 
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_ l I I I I I l_ 
200 400 600 800 

Τ ( Κ ) 

Figure 3. Thermal desorption spectra for small alkenes adsorbed on the platinum (111) 
surface showing sequential hydrogen evolution and decomposition. (Reproduced from ref. 
3. Copyright 1982 American Chemical Society.) 
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Figure 4. The surface structures of ethylene at 77K, 310K and 
450K as determined by high resolution electron energy loss 
spectroscopy and low energy electron d i f f r a c t i o n . 
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[211] 

PERIODICITY 

Pt-(557) 

PERIODICITY' 

Pt-(679) 

Figure 5. The flat stepped and kinked surfaces of platinum. (Photo credit: Lawrence 
Berkeley Laboratories. Reproduced with permission from ref. 5. Copyright 1980 Elsevier 
Science Publishers.) 
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Ni(111) C 2 H 4 

- 230 Κ 
C 2 H 4 ( g ) 

C 2 H 2 + 2H 
- 400 Κ 

C 2 H or C H + H 2(g) 

Ni[5(111)X(110)| C 2 H 4 

<150 Κ 

C 2 H 4 ( g ) 

' C 2 H 2 + 2H 

C 2 + 4H 

- 250 Κ 

- 180 Κ 

2C + 4H 

2C + 4H 

Figure 6. Scheme of the decomposition pathway of ethylene on the 
nickel (111) and the stepped nickel [5(lll)x(110)] single c r y s t a l 
surfaces. 

_L JL 
0 2 0 0 4 0 0 

T e m p e r a t u r e (°C) 

Figure 7. Thermal desorption of hydrogen from the flat stepped and kinked platinum 
single crystal surfaces. (Reproduced with permission from ref. 5. Copyright 1980 Elsevier 
Science Publishers.) 
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8 indicates, the reaction probability i s nearly 90% from a stepped 
surface, especially when the beam impinges on the open step edges. 
While from the (111) face the reaction probability i s at least an 
order of magnitude lower, recent studies by ComsaQ) and his 
co-workers indicate that the reaction probability from the f l a t 
(111) platinum surface can be three orders of magnitude lower, once 
the uncontrolled defects are removed from the surface. Thus, the 
r e a c t i v i t y of the (111) face, i f any, i s due to uncontrolled 
defects and not to the ordered (111) crystal face. This reaction, 
of course, i s catal y t i c and as i t i s shown i n Figure 9 ca t a l y t i c 
reactions require many turnovers. Long surface residence times 
would be detrimental to ca t a l y t i c a c t i v i t y . Yet, we find that 
hydrogen chemisorption yields more strongly bound hydrogen atomic 
species at stepped surfaces of platinum which are the same sites 
that also carry out catal y t i c reactions. This i s a contradiction 
since the strongly bound hydrogen has long surface residence times 
and therefore should have low turnover rates. This i s another 
puzzle of surface chemistry, why rough surfaces do both strong 
chemisorption of species of high binding energy as well as exhibit 
high c a t a l y t i c a c t i v i t y . 

The Rigid Lattice Model; Its Inadequacy and the Reasons for i t . The 
atomic model of a surface that was frequently u t i l i z e d i n the past 
i s shown i n Figure 10. In this model, the surface i s pictured as 
rough and the various surface sites are distinguishable by the 
number of their nearest neighbors(&). There are steps, kinks and 
terrace sites along with ad-atoms and vacancies. There i s 
experimental evidence for the existence of a l l of these species. 
However, the model assumes that the l a t t i c e i s r i g i d . That i s , a l l 
the atoms are i n their bulk-like equilibrium positions that could be 
obtained by extrapolating the bulk structure to that surface. As we 
sha l l demonstrate, the surface restructures readily and this r i g i d 
l a t t i c e model i s incorrect. When we carry out studies of the 
structure of adsorbates and their surface chemical bonds, we t a c i t l y 
assume that the substrate structure remains unchanged during 
adsorption. The usual reason for the assumption of the r i g i d 
l a t t i c e under chemisorption conditions i s that most of the surface 
science techniques that provide us with molecular l e v e l information 
about the structure of the surface are sensitive only to the top 
monolayer and provide l i t t l e or no information about the second 
layer under the surface. As a result, i t has been most comforting 
to assume that the second layer or the substrate remains unchanged 
during chemisorption i n the absence of experimental proof to the 
contrary. However, recently there are many reports of low energy 
electron d i f f r a c t i o n surface crystallography studies that can 
determine the bond distance and bond angles down to three atomic 
layers under the surface. These studies provide clear-cut evidence 
for the restructuring of surfaces under chemisorption conditions. 

To demonstrate the i n s e n s i t i v i t y of some of the most modern 
surface science techniques to the structure of the second layer 
under the adsorbed molecule, Figure 11a shows a scanning tunneling 
microscope picture of a monolayer of graphite adsorbed on a platinum 
(111) surface. The graphite structure i s clearly v i s i b l e , but there 
i s no information on the platinum atoms underneath the graphite. 
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15. SOMORJAI Adsorbate-Induced Restructuring of Surfaces 227 

Figure 8. The hydrogen—deuterium exchange on the stepped and flat platinum surfaces. 
The reaction probability is much higher on the stepped metal surface. (Reproduced with 
permission from ref. 20. Copyright 1977 American Physical Society.) 
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/ 
Diffusion, Rearrangements, Reactions 

S u r f a c e 

Figure 9. A scheme of catalytic reaction that require many 
turnovers. 

TERRACE 

Figure 10. Model of a heterogeneous solid surface depicting different surface sites. These 
sites are distinguishable by the number of nearest neighbors. (Reproduced with permission 
from ref. 5. Copyright 1980 Elsevier Science Publishers.) 
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When a low energy electron diffraction-surface crystallography study 
i s carried out on the same system, a second layer of carbon can be 
detected under the graphitic overlayer (Figure l i b ) . In this second 
layer the carbon atoms are i n the troughs and atomic crevices 
provided by the metallic substrate and the metal surface atoms also 
occupy positions different from their equilibrium bulk-like 
positions. 

Over the past twenty years over 250 surface structures have 
been solved, most of them by low energy electron diffraction-surface 
crystallography(9). From these studies an entirely different model 
of the structure of surfaces emerged on the atomic scale. This 
model indicates a dynamic structure, a structure where the atomic 
positions of the surface atoms are different from that predicted by 
the r i g i d l a t t i c e model when the surface i s clean and change again 
when chemisorption occurs. 

The Dynamic Lattice Model of Surfaces. The Experimental Facts. Let 
us now review what i s known about the structure of clean surfaces 
without adsorbates. There are three phenomena that have been 
id e n t i f i e d ; relaxation, reconstruction and the presence of steps and 
kinks. 

Relaxation and Reconstruction at Clean Surfaces. The surface atoms 
are pulled inward at the clean metal surface providing an interlayer 
spacing between the f i r s t and second layer that i s shorter than the 
interlayer distances between subsequent layers. This inward 
relaxation i s increased greatly with increasing surface roughness. 
In the work by Marcus Jona(10) roughness was defined as one over the 
packing density. I t i s clear that very large relaxations occur at 
open and rough surfaces. The f i r s t layer relaxation i s always 
inward while the second layer could be either inward or outward. In 
each case, however, the interlayer spacing between the f i r s t layer 
and second layer of atoms i s much shorter than subsequent interlayer 
spacings. Large relaxation leads to reconstruction and a few 
reconstructed surfaces are shown i n Figures 12 (a) and (b). Figure 
12a shows the restructured s i l i c o n (100) surface(ll) that shows 
s i l i c o n atoms as dimer l i k e species on the surface separated by 
large troughs. Figure 12b shows the missing row reconstruction of 
the Iridium (110), face where a whole row of atoms i s periodically 
missing(12). 

Stepped Surfaces. Scanning tunneling microscope studies show 
readily the presence of steps even on f l a t surfaces. Surface 
crystallography studies by low energy electron d i f f r a c t i o n show that 
instead of the r i g i d step model there are large relaxations of step 
atoms both perpendicular and p a r a l l e l to the surface that leads to 
the formation of clusters of atoms at the step edges. It appears 
that, perhaps, cracks may propagate into the s o l i d from such step 
edges. 

Adsorbate Induced Restructuring. Perhaps, the most s t r i k i n g 
observation of recent years i s the adsorbate induced restructuring 
of surfaces. This can be demonstrated by the restructuring of the 
nickel (100) face(13) i n the presence of half a monolayer of carbon 
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Si ( 1 0 0 ) 

ideal 
Si(IOO) 

p(2xl) 

± 0 . 0 9 Δ 
+ 0.05A 

Figure 12a. The reconstructed s i l i c o n (100) crystal face. 

Figure 12b. The reconstructed iridium (110) crystal face exhibiting missing row 
restructuring. (Reproduced with permission from Lawrence Berkeley Laboratory.) 
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(Figure 13). When carbon adsorbs i t occupies a four-fold s i t e . In 
addition, the nearest neighbor metal atoms are displaced outward 
around the carbon atom providing a p o s s i b i l i t y for the carbon atom 
to sink more deeply into the surface and make bonds to the second 
layer of nickel atoms. This expansion leads to a large compression 
between nearest neighbor and next nearest neighbor n i c k e l atoms 
which can be relieved by a small rotation of the ni c k e l atoms around 
the carbon atoms. This i s shown i n Figure 13. Such an expansion 
and rotation of the nickel atoms are associated with the 
chemisorption of carbon and are induced by i t . When the carbon i s 
removed by using hydrogen to form methane, the metal atoms rotate 
back to their clean four-fold l a t t i c e positions. Such restructuring 
occurs within the time scale of adsorption, milliseconds or less and 
this i s the phenomenon we c a l l adsorbate induced restructuring. 

Another adsorbate induced restructuring may be demonstrated 
during the adsorption of sulfur on the iron (110) surface(14). 
(Figure 14) In this case the iron atoms cluster around the sulphur 
atoms providing larger iron-iron distances away from the sulfur 
atom, among the next nearest neighbors. This clustering may be 
viewed as producing Fe4S species. The removal of sulfur 
re-establishes the or i g i n a l clean iron (110) surface structure. 

The missing row structure can be s t a b i l i z e d by the presence of 
a small amount of sulfur on the iridium (110) surface where the 
sulfur atoms are placed i n bridge sites on the side of the troughs 
created by the missing row(ll) of iridium i n the top layer (Figure 
15). Thus, chemisorption restructures the substrate d r a s t i c a l l y . 
This i s not suprising since the chemisorption bond i s as strong as 
the metal-metal bonds. As a result, the restructuring may be 
induced by substituting the adsorbate-substrate bond for the strong 
bonds between the substrate atoms. 

The adsorbate induced restructuring processes that occur upon 
chemisorption (~10~3 sec), on time scales equal to that of 
c a t a l y t i c reactions (^seconds) or longer atom transport controlled 
time scales (̂ -ΊΟ3 sec) indicate that adsorbate induced 
restructuring i s perhaps one of the key phenomenon i n surface 
science that holds the promise to explain many of the thermodynamic 
puzzles of surface chemistry. I t i s proposed that the thermally 
activated bond breaking of adsorbed molecules may be induced by a 
phase transformation, perhaps f i r s t order, that causes the 
restructuring of the surface which induces bond breaking. In turn 
the bond formation upon adsorption induces restructuring. I t i s 
proposed that rough surfaces are more reactive because they 
restructure more readily when chemisorption occurs. Having fewer 
nearest neighbor their relaxation and reconstruction when clean and 
i n the presence of adsorbates i n more drastic and more f a c i l e . 
Adsorbate induced restructuring or surface restructuring induced 
bond breaking and catal y t i c processes i s proposed to be one of the 
missing links i n our understanding of many phenomena i n surface 
science and catalysis. 

Catalytic Reactions 

Adsorbate induced restructuring can also explain some of the 
important properties of catal y t i c reactions. The c l a s s i f i c a t i o n of 
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c a t a l y t i c reactions into two groups, structure sensitive and 
structure insensitive reactions i s one of the most widespread and 
useful distinctions (15-16). Ammonia synthesis that has also been 
carried out on single crystal surfaces clearly belongs to the 
structure sensitive reaction c l a s s ( l Z ) . The (111) and (211) 
surfaces of iron are orders of magnitude more active for producing 
ammonia from nitrogen and hydrogen then the close packed (110) iron 
surface. While the structure of the active s i t e i s not well 
established, i t i s clear that i t can be correlated with the 
structure of the clean metal surface before the reaction. 

Ethylene hydrogénation i s an example of a structure insensitive 
r e a c t i o n ( u ) . This i s much more d i f f i c u l t to understand from 
surface science studies. I t i s known that the c a t a l y t i c a l l y active 
surface i s covered with a monolayer of ethylidyne C 2 H 3 , species 
which do not participate d i r e c t l y i n the reaction(l£). I t i s 
thought that the ethylidyne adsorption restructures the metal 
surface by providing perhaps somewhat larger intermetallic distance 
among platinum atoms i n between the ethylidyne metal cluster 
moiety. These adsorbate created metal sites are the active centers 
where ethylene hydrogénation occurs with a high turnover without the 
direct participation of the strongly chemisorbed ethylidyne 
species. The metal surface creates i t own active s i t e s upon the 
chemisorption of the f i r s t monolayer of reactants. These sites did 
not exist on the uncovered clean metal surface. The reaction i s 
structure insensitive as the active s i t e concentration that i s 
created by chemisorption depends on the coverage of the adsorbates 
and not on the catalyst surface structure prior to the chemical 
reaction. I t appears that surface restructuring induced bond 
breaking and ca t a l y t i c processes are l i k e l y to be at the root of 
many of the puzzles, thermodynamic and dynamic, of surface chemical 
processes. 
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Chapter 16 

Acid Sites on Chemically Modified Molybdenum 
Surfaces 

Peter C. Stair 

Department of Chemistry, Northwestern University, Evanston, IL 60208 

Modification of metal surfaces by the introduction of 
electronegative atomic adsorbates forms Lewis acid sites 
associated with electron deficient metal atoms at the 
surface. The strength and hard/soft character of the acid 
sites depend on the coverage and identity of the electro
negative modifier. These effects are evident in surface 
electron spectroscopic measurements and in the experimen
tal results from a variety of surface/adsorbate systems. 
They are shown most clearly by quantitative thermal 
desorption measurements of NH3, PH3, CH3OCH3, CH2=CH2, and 
CH2=CHCH3 adsorbed on C, O, and S modified Mo(100) sur
faces. Trends in desorption activation energies are 
consistent with increasing Lewis acid strength with the 
coverage of the modifier and with the electronegativity of 
the modifier at a fixed coverage. The effect of steric 
blocking by sulfur is also clearly revealed. The ordering 
in desorption activation energies among the probe mole
cules indicates the acid sites are hard (not soft) in 
character despite the metallic nature of the adsorbing 
surface. Product selectivities in methylcyclopropane 
hydrogenolysis are consistent with the conclusions based 
on physical and chemisorption experments. 

Much of surface science research to date has focussed on the physi
ca l and chemical properties of clean metal surfaces, a state of 
matter that i s only obtainable under ultrahigh vacuum. However, 
under p r a c t i c a l , real world conditions most metals are covered by an 
oxide layer or take the form of various compounds, eg. sulfide, 
carbide, etc. For the l a s t several years my research group has 
investigated the properties of "chemically modified" molybdenum 
surfaces which serve as models for the surface of molybdenum com
pounds. Surfaces that are models for the oxides, carbides, sul
fides, and borides of molybdenum are fabricated by the reaction, 

0097-6156/90/042&-0239$06.00/0 
© 1990 American Chemical Society 
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240 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

respectively, of oxygen, ethylene, H2S, and B2H6 with a clean sur
face i n ultrahigh vacuum followed by annealing to order the surface 
and remove hydrogen. 

The geometric and electronic structure of the metal surface are 
modified by the introduction of electronegative elements such as 
oxygen, carbon, and sulfur. Geometric modifications may involve 
surface reconstruction and/or s t e r i c blocking of metal atoms. Elec
tronic structure changes include transfer of valence electron 
density between surface atoms, s h i f t s i n the electron population 
among the atomic orbitals of a given surface atom, as well as 
modifications i n the energy and spat i a l d i s t r i b u t i o n of HOMO and 
LUMO states. The chemical consequences of the electronic structure 
changes are described using the t r a d i t i o n a l chemical concept of 
Lewis acids and bases as discussed i n reference (1). These physical 
and chemical effects of surface modification can be codified into a 
series of qualitative rules based upon physical and chemical i n t u i 
tion. 

1. Electronegative modifiers produce electron deficient metal 
atoms (cations) and electron r i c h adatoms (anions). 

2. The degree of electron transfer away from surface metal 
atoms increases with modifier coverage and/or 
electronegativity. 

3. The surface p o l a r i z a b i l i t y decreases with increasing 
modifer coverage as the surface region transforms from metal to 
metal compound. 

4. The metal cations are Lewis acid s i t e s , and the adatom 
anions are Lewis base si t e s . 

5. The strength of acid sites increases with modifier coverage 
and/or electronegativity. The strength of base sites decreases 
with modifer coverage. 

6. The acid sites become harder i n character with increasing 
modifer coverage. 

The f i r s t three rules describe the changes i n surface electronic 
structure which are responsible for the appearance of acidic and 
basic s i t e s . The identity of these s i t e s , their strength as a 
function of modifer coverage and their hard/soft character are 
governed by the l a s t three rules. 

The present paper reviews the physical and chemical evidence 
for the above rules obtained over the l a s t several years from 
ultrahigh vacuum surface science studies of molybdenum single 
crystals chemically modified by 0, C, S, and B. Additionally, the 
results of recent studies of methylcyclopropane hydrogenolysis w i l l 
be presented which i l l u s t r a t e the influence of surface acid/base 
sites on c a t a l y t i c hydrocarbon conversions. The surface coverage of 
each modifier was determined by quantitative Auger electron spectro
scopy or x-ray photoelectron spectroscopy (XPS). The atomic struc
ture of oxygen, carbon, and sulfur adlayers below one monolayer (ML) 
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16. STAIR Acid Sites on Chemically Modified Molybdenum Surfaces 241 

coverage was established by low-energy ion scattering spectroscopy 
(2.3). The effective oxidation state of surface molybdenum atoms on 
oxygen, carbon, boron and a mixed carbon and oxygen modified sv.rface 
was assigned by angle resolved XPS measurements of Mo(3d) core level 
s h i f t s (4.5). The acid/base properties of chemically modified 
Mo(100) surfaces were investigated by temperature programmed desorp
tion of a series of chemisorbed Lewis bases (6.7). The molecules 
used were hard Lewis bases, ammonia - NH3 and dimethylether -
CH3OCH3, and soft Lewis bases, phosphine - PH3, ethylene - CH2-CH2, 
and propene - CH3CH-CH2. 

Surface Geometry 

At coverages less than or equal to 1015/cm2, 0 and C adatoms are 
located i n the four-fold hollow of an essentially unreconstructed 
Mo(100) surface at a distance of .3 - .5 Â above the top layer of 
molybdenum atoms (2). Above 1015/cm2 of atomic oxygen the coverage 
i s i n excess of monolayer capacity. The structure i s unknown but 
must involve formation of a three dimensional surface phase. The 
geometry of sulfur overlayers on Mo(100) has been discussed by 
Clarke (8) and by Salmeron et. a l . (9). At coverages below 0.5 ML 
sulfur adatoms are located on four-fold hollow sites as was found 
for carbon and oxygen. The position perpendicular to the surface i s 
higher than for the smaller adatoms, ~1 Â. Above 0.5 ML the situa
t i o n i s less clear. Both four-fold hollow and two-fold bridge 
positions have been proposed. However, the important structural 
parameter needed to interpret chemisorption and c a t a l y t i c results on 
sulfur modified surfaces i s the height of the adlayer. In either 
structural model the perpendicular distance between the sulfur layer 
and the top molybdenum layer i s larger than the corresponding 
distance determined for carbon and oxygen adlayers. 

Effective Molybdenum Oxidation State 

XPS measurements of chemically modified metal surfaces contain 
contributions from both surface and bulk metal atoms. The component 
due to surface molybdenum atoms was determined using a procedure 
established by C i t r i n et. a l . (10) which i s based on the changing 
contribution of surface and bulk components to the measured signal 
as a function of photoemission takeoff angle. The surface 

TABLE I Mo(3d5/2) Surface Binding Energies and Oxidation States 

Modifier Coverage 
1015/cm2 

BE 
(eV) 

Oxidation State 

Clean 227.5 
227.6 
227.7 
227.8 
227.8 
227.8 
227.9 
228.0 
228.4 

0.0 
0.4 
0.9 
1.3 
1.3 
1.3 
1.8 
2.2 
4.0 

β-CO 
0 
0 
0 
0 
_0 

Β 
C 

1.1 
1.0 
1.0 
0.3 
0.8 
1.0 
1.2 
1.4 
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242 B O N D I N G E N E R G E T I C S I N O R G A N O M E T A L L I C C O M P O U N D S 

molybdenum atom core levels s h i f t to higher binding energy with 
respect to the clean surface for a l l adlayers studied as shown by 
the data i n Table I. The surface designated β-CO was a 50:50 
mixture of atomic carbon and oxygen produced by the dissociative 
adsorption of CO. Three aspects of the results are of significance 
for understanding the chemistry of the chemically modified molyb
denum surfaces. F i r s t , the surface Mo core le v e l binding energy 
increases monotonically with increasing oxygen coverage indicative 
of progressive molybdenum oxidation. Second, i t i s evident that the 
most rapid increase i n molybdenum binding energy occurs between 1.0 
and 1.4 χ 1015/cm2 oxygen coverage as indicated by the plot i n 
Figure 1. This i s due to formation of a thin Mo02 layer on the 
surface (11). 

The f i n a l point of interest concerns the effective oxidation 
states assigned to molybdenum atoms on the chemically modified 
surfaces. The adlayer at 1.4 ML oxygen coverage i s Mo02 (see be
low), therefore, the molybdenum atoms i n the layer are assigned an 
oxidation state corresponding to this oxide, namely +4. Effective 
oxidation states are assigned on the rest of the surfaces by assum
ing a linear relationship between surface binding energy s h i f t s and 
oxidation state. An important observation i n connection with the 
assigned oxidation states for different adlayers at constant 1 ML 
coverage, i s the linear increase i n surface oxidation state with 
increasing modifier electronegativity (see Figure 2). Linearity 
implies a direct rel a t i o n between the degree of electron transfer 
from metal to adsorbate and the adsorbate electronegativity. This 
relationship can be understood as a consequence of the electronega
t i v i t y equalization postulate of Sanderson (12) which states that 
when two or more atoms bond to each other electron transfer adjusts 
their electronegativities to some common intermediate value. 

Surface P o l a r i z a b i l i t v 

The s h i f t i n measured by XPS core le v e l binding energies between a 
rare gas such as xenon i n the gas phase and adsorbed on a surface 
results from a combination of chemical s h i f t , l o c a l potential at the 
s i t e of the adsorbate, and s t a b i l i z a t i o n of the photoionization core 
hole by polarization of the substrate electron density. As dis
cussed i n reference (13), the contribution due to substrate polariz
ation i s related to the surface electronic p o l a r i z a b i l i t y and can be 
isolated from the other contributions to a good approximation by 
measurements of the xenon gas phase and adsorbed phase "Auger 
parameter", ο. α i s defined as the difference between the (jkl) 
core l e v e l Auger electron k i n e t i c energy, K A u * e r ( j k I ) , and the (j) 
core l e v e l photoelectron k i n e t i c energy, K P E ( j ) . 

a - K A u e e r ( j k l ) - K^O) 

The difference i n measured values of α for xenon i n the gas phase 
and on the surface i s equal to twice the polarization relaxation 
energy of the substrate, E|E. The details of this argument can be 
found i n reference (13). 

Δα - a(ads) - a(gas) - 2EI1 
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STAIR Acid Sites on Chemically Modified Molybdenum Surfaces 

5 η 1 ' 1 > 1 1 > 1 ' 1 « Γ 

Η 

o- l—.—,—.—,—.—,—.—,—.—,—.—,—.—ι—•—I 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Oxygen Coverage (atoms/cm^ Χ 10^) 
Figure 1. Effective Mo oxidation state vs. oxygen coverage 

MODIFIER ELECTRONEGATIVITY 

Figure 2. Effective Mo oxidation state vs. modifier electro 
negativity. 
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244 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Measured values of EJp for xenon adsorbed on the Mo(100) sur
face with varying coverages of atomic oxygen are plotted i n Figure 
3. The relaxation energy and hence the surface p o l a r i z a b i l i t y 
decreases monotonically with increasing oxygen coverage with a 
pronounced break i n the slope at a coverage corresponding to one 
monolayer. At 1.4 to 1.5xl0 1 5 atoms/cm2, the surface relaxation 
energy has reached the value measured for xenon adsorbed on bulk 
Mo02. The data i s interpreted as evidence for 1) the presence of a 
chemisorbed oxygen phase below 10 1 5 atoms/cm2 with a surface polar
i z a b i l i t y characteristic of a metal and 2) the formation of oxide 
above 10 1 5 atoms/cm2 which i s completed at an oxygen coverage of 
I. 5xl0 1 5 atoms/cm2. 

Acid Properties of Chemically Modified Μο(ΙΟΟ) 

Temperature programmed desorption measurements of desorption activa
tion energies were performed for ammonia, dimethylether, phosphine, 
propene, and ethene adsorbed on the five surfaces l i s t e d i n Table 
I I . In each case the dose of molecules was selected such that the 
desorption spectrum contained only a single desorption peak. Longer 
doses resulted i n a variety of lower temperature desorption peaks. 
Thus the reported activation energies correspond only to the most 
strongly chemisorbed surface species. With few exceptions the 
molecules adsorbed associatively on these surfaces (no decomposi
tion). For the exceptions, (molecule/surface) PH 3/1.0xl0 1 5 0, 
PH 3/1.0xl0 1 5 C, NH 3/1.5xl0 1 5 0, NH 3/1.0xl0 1 5 0, only the parent mole
cule desorption spectrum was analyzed to obtain an activation 
energy. 

Thermal desorption spectra were measured at four heating rates 
ranging from 3 K/sec to 150 K/sec. The spectra were analyzed by 
finding desorption rates and surface temperatures at several common 

TABLE I I Mo(100) surfaces used for chemisorption experiments 

Surface Adatom Mo Oxdn. Comments 
Positions State 

1. .0 ML 0 4-fold hollow 
.3 Â above Mo 

1. 8 Chemisorbed Phase 

1. .2 ML 0 - 2. 2 Mix of Chem. 
Phase and Oxide 

1. .5 ML 0 disordered 4. .0 Oxide 
1. .0 ML C 4-fold hollow 

.3 Â above Mo 
0. .9 Chemisorbed Phase 

0. .8 ML S 4-fold hollow 
+ 

Bridged 
1 Â above Mo 

Chemisorbed Phase 
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16. STAIR Acid Sites on Chemically Modified Molybdenum Surfaces 245 

coverages on each desorption curve. This data was used to construct 
an Arrhenius plot of log[desorption rate] vs. 1/T at each coverage 
(14). Desorption activation energies and prefactors were calculated 
from the slopes and intercepts of these plots. No s i g n i f i c a n t 
coverage dependence of the desorption kin e t i c parameters was ob
served. Therefore, a single value of the activation energy i s 
s u f f i c i e n t for purposes of comparing the various molecule/surface 
combinations. 

The measured desorption activation energies are summarized i n 
Figure 4. Both hard and soft Lewis bases, NH3, CH3OCH3, PH3, 
CH3CHCH2, and CH2CH2, exhibit increasing desorption activation ener
gies with increasing oxygen coverage. This trend r e f l e c t s an i n 
crease i n the Lewis acidit y of the surface molybdenum atoms with 
increasing oxygen coverage and i s consistent with the oxidation 
state changes measured by XPS. Desorption activation energies 
measured for a l l the molecules adsorbed on the sulfur modified 
surface are much lower than observed for any of the other surfaces. 
This effect cannot be explained by electron transfer from molybdenum 
to sulfur else a similar effect would be observed with the oxygen 
modified surfaces. Rather, the weak bonding to sulfur modified 
Mo(100) must be due to s t e r i c blocking of the molybdenum atoms by 
the sulfur overlayer. The greater influence of s t e r i c blocking with 
sulfur compared to the carbon and oxygen modifiers can be attributed 
to i t s increased size and the larger sulfur to molybdenum layer 
spacing (see Table I I ) . Furthermore, this result suggests that 
bonding of a l l the molecules to the modified surfaces involves 
coordination to molybdenum rather than to the modifier adatoms. 
Otherwise, bonding to the sulfur modified surface would be enhanced 
by the greater a c c e s s i b i l i t y to the sulfur layer. 

The hard bases are more strongly bonded to the oxygen modified 
surfaces than the soft bases. In fact, the desorption activation 
energies through the series of molecules studied show a linear 
correlation with the measured proton a f f i n i t i e s (15) as shown i n 
Figure 5. This suggests that the Lewis acid sites on a l l of the 
oxygen modified surfaces should be c l a s s i f i e d as hard, i e . the empty 
acceptor orbitals associated with the molybdenum cations are spa
t i a l l y l o c alized and nonpolarizable. The slope of the correlation 
l i n e i n Figure 5 decreases with decreasing oxygen coverage indicat
ing that the surface electronic structure softens at lower oxygen 
coverages. This chemical trend agrees with the physical measure
ments of surface p o l a r i z a b i l i t y discussed above. 

Comparison of desorption activation energies for the molecules 
adsorbed on l.OxlO 1 5 atoms/cm2 carbon and oxygen modified surfaces 
provides a test for the effect of surface electronic structure 
changes with l i t t l e or no change i n the surface geometry. The 
activation energies are lower for desorption from the carbon modi
f i e d surface than from the oxygen modified surface. This trend 
supports the model for surface Lewis acidit y and i s i n agreement 
with the measured molybdenum oxidation states. The corresponding 
activation energy increase observed for PH3 between 0/Mo(100) and 
C/Mo(100) i s not consistent with the acid/base bonding model but may 
be an a r t i f a c t of the p a r t i a l decomposition which accompanies PH3 

adsorption on these surfaces, i e . the surface from which desorption 
occurs has an altered composition. 
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246 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

SURFACE MODIFIER ( a t o m s / c m 2 χ 1 0 1 5 ) 

Figure 4. Desorption activation energies for various probe 
Lewis bases on chemically modified Mo surfaces. 
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16. STAIR Acid Sites on Chemically Modified Molybdenum Surfaces 247 

145.0 

1 1 1 1 1 
650 700 750 800 850 900 

D ( B - H + ) (kJ/mole) 

Figure 5. Desorption activation energies, 0(Β-Μο*+), vs. proton 
a f f i n i t i e s , D(B-H+) . 

American Chemical Society 
Library 

1155 16th St., H.W. 
Washington, D.C. 20036 
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248 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 
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Figure 6. Turnover frequency for isobutane formation ( f i l l e d 
c i r c l e s ) and η-butane formation (open c i r c l e s ) vs. oxygen coverage. 
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16. STAIR Acid Sites on Chemically Modified Molybdenum Surfaces 249 

Me thylcyclopropane Hydro genolys i s 

The physical and chemical properties of the oxygen modified molyb
denum surfaces described above indicate the formation of acidic 
sites with variable strength and hard/soft character as a function 
of oxygen coverage. The hydrogenolysis of methylcyclopropane (MCP) 
was investigated to probe the c a t a l y t i c properties of these sur
faces. A f u l l account of this study w i l l appear elsewhere (Touvell, 
M. S.; Sta i r , P. C. J. Catal. submitted). 

MCP may undergo single hydrogenolysis (ring opening) to form 
η-butane or isobutane or double hydrogenolysis to form either equal 
amounts of methane and propane or two molecules of ethane. The 
formation of isobutane i s taken as evidence for reaction catalyzed 
by metal sites whereas η-butane formation i s characteristic of 
acidic sites (16). η-butane product i s not favored by metal catal
yzed hydrogenolysis due to the electron donating methyl substituent 
which strengthens the adjacent bonds and weakens the bond opposite 
the substituent (17). Production of isobutane by an acid catalyzed 
reaction i s unfavorable due to the required formation of a primary 
carbenium ion intermediate (18). 

MCP hydrogenolysis was carried out over oxygen modified Mo(111) 
surfaces with varying oxygen coverages. The reaction conditions (5 
torr, MCP; 755 torr, H2; 100°C) were similar to those reported for 
MCP hydrogenolysis catalyzed by low valent Mo supported on alumina 
(16). The turnover frequencies per surface Mo atom as a function of 
oxygen coverage are plotted i n Figure 6. Note that for oxygen 
coverages below 1015/cm2 isobutane i s the major product while above 
1015/cm2 the major product i s η-butane. These results are indica
tive of c a t a l y t i c function which i s predominantly metallic at low 
oxygen coverage and acidic at coverages greater than 1015/cm2. 

The variation i n c a t a l y t i c function with increasing oxygen 
coverage i s i n excellent agreement with surface characterization by 
molybdenum core l e v e l s h i f t s and surface p o l a r i z a b i l i t y measure
ments. Clearly the physical measurements were performed on the 
actual c a t a l y t i c a l l y active s i t e s , and the nature of the active 
sites has been established. The c a t a l y t i c results combined with the 
spectroscopic data also serve to calibrate the minimum molybdenum 
oxidation state required for acid catalyzed C-C bond breaking and 
formation of a secondary carbenium ion, namely, Mo(IV). 

F i n a l l y , i t should be noted that the present work c a l l s into 
question a previous report by Holl et. a l . (19) that zero valent 
molybdenum catalysts possess acidic function. In l i g h t of the 
present results and the fact that molybdenum has a very high af
f i n i t y for oxygen, i t i s l i k e l y that the molybdenum partic l e s i n 
their catalyst were covered by a thin oxide layer imparted the 
acidic function. Similar observations of acid function on other 
zero valent metal catalysts may also be spurious due to the presence 
of oxide overcoatings. 
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Chapter 17 

Absolute Electronegativity, Hardness, and Bond 
Energies 

Ralph G. Pearson 

Department of Chemistry, University of California, Santa 
Barbara, CA 93106 

The absolute electronegativity, (I+A)/2, determines 
whether a molecule, atom, radical or ion, is a net 
electron donor or acceptor. The chemical hardness, 
(I-A)/2, determines how easily the electron number can 
be changed. The two properties are related to bond 
energies in several different ways. An equation for 
calculating the amount of electron transfer between 
two groups can be related to bond energies, in some 
cases. The principle of hard and soft acids and bases 
can be used, in conjunction with tables of values of 
hardness, to predict the sign of ΔΗ for exchange 
reactions. The effect of auxiliary ligands on bond 
energies can be predicted. 

The concept of hard and soft acids and bases was introduced i n 
1963 to help rationalize bond dissociation energies i n Lewis acid-
base complexes. Organometallic compounds can be viewed as such com
plexes, with the metal atom acting (usually) as the Lewis acid and 
the various ligands as bases. 

Recently there have been important new developments, both with 
respect to acid-base interactions and with the concept of hardness 
(1). These developments come from density functional theory (DFT), 
a branch of quantum mechanics which focuses on the one-electron 
density function of a molecule, rather than i t s wave function (2). 

According to DFT every atom, molecule, radical or ion i s char
acterized by two properties: the electronic chemical potential, μ, 
which measures the escaping tendency of electrons i n the system; 
the hardness, η, which measures how d i f f i c u l t i t i s to change μ. 
The softness, σ, i s the inverse of the hardness, σ = 1/η. 

I t turns out that good approximations to these properties are μ 
= -(I+A)/2 and η = (I-A)/2, where I and A are the ionization 
potential and electron a f f i n i t y . Since (I+A)/2 i s simply the Mul-
l i k e n electronegativity, χ, i t i s convenient to use χ and η, and to 
c a l l χ the absolute electronegativity. Note that χ i s now quite 

0097-6156/90/0428-O251$O6.00/0 
© 1990 American Chemical Society 
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252 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

different from Pauling electronegativity, which i s a property of 
atoms only. As noted above, χ refers to atoms, molecules, radicals 
or ions. 

In any chemical system χ, or μ, must be constant everywhere at 
equilibrium, whereas η can have l o c a l values. The average value i s 
given by (I-A)/2. The lo c a l values determine which parts of a 
molecule are most reactive. The most reactive parts of a molecule 
are the softest. 

I f two molecules, C and D, are brought close enough to inter
act, there must be a flow of electron density from the one of 

C + D - C - D (1) 

higher μ to that of lower μ u n t i l a single average value exists 
everywhere. The fractional number of electrons transferred i s 
given by (3) 

(MD-^C) (*C-*D) 
ΛΝ- - (2) 

^ C + ^ D ) 2(i7C+ifD) 

The difference i n the o r i g i n a l electronegativities drives the 
electron transfer, and the sum of the hardness parameters acts as a 
resistance. Equation 2 refers only to the i n i t i a l interaction 
between the two molecules and gives no direct information about the 
ionic and covalent bonding that ensues. Nevertheless, a large 
value of ΔΝ obviously means a strong interaction between the two 
molecules. This gives ris e to a stronger bond being formed i n some 
instances, or to a lowering of the activation energy for reaction 
i n others (4.5). 

While DFT does not require o r b i t a l s , i t i s not inconsistent to 
consider molecular orbitals i n the form of frontier o r b i t a l theory. 
This means the electrons must come from definite occupied orb i t a l s 
i n D, and go into definite empty orbitals i n C. Usually there i s 
some electron transfer i n both directions, as i n σ+π-bonding. The 
nature of these interacting orbitals i s of great importance i n 
determining the interaction between C and D. 

According to Koopmans' theorem, the frontier o r b i t a l energies 
are given by 

_eHOMO " 1 a n d _€LUMO " A ( 3) 
The value of χ f a l l s on the midpoint between the HOMO and LUMO. 

The energy gap between the HOMO and the LUMO i s equal to 2η. Thus 
hard molecules have a large HOMO-LUMO gap, and soft molecules have 
a small gap. (6) 

Table I contains values of χ and η for a number of atoms and 
common molecules. These are calculated from experimental values of 
I and A, many of which are now available. Most common molecules 
have negative electron a f f i n i t i e s , meaning that k i n e t i c energy must 
be supplied to an electron before the molecule w i l l accept i t . The 
table only gives a sampling of more extensive l i s t s that have been 
compiled for molecules, atoms, free radicals and monatomic cations. 
Q) 
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17. PEARSON Absolute Electronegativity, Hardness, and Bond Energies 253 

The entries i n Table I are arranged i n order of decreasing v a l 
ues of χ, so that Lewis acids or electrophiles, start the l i s t and 
bases, or nucleophiles, are at the bottom. The ordering must not 
be taken as one of decreasing acid strength, but of inherent ten
dency to gain or lose electrons. The acid strength depends heavily 
on two other factors, the charge or dipole moment of the acid, and 
the empty o r b i t a l which accepts the electrons. The same properties 
of each base must also be considered. 

Table I. Experimental Values for Some Molecules i n eV 

Molecule V ft ν η 
S0 3 7.2 5, .5 HC1 4.7 8.0 
N 2 7.0 8. .6 C 2H 4 4.4 6.2 
c i 2 7.0 4. .6 Ni 4.4 3.3 
so2 6.7 5, .6 4.0 5.2 
H 2 6.7 8, .7 PH3 4.0 6.0 
o 2 6.3 5, .9 H20 3.1 9.5 
P F 3 6.3 5, .3 V 3.6 3.1 
B F 3 6.2 9, .7 NH3 2.9 7.9 
CO 6.1 7, .9 (CH 3) 3As 2.8 5.5 
*2 6.0 3 .4 (CH 3) 3P 2.8 5.9 
Pt 5.6 3, .5 (CH 3) 2S 2.7 6.0 

0 M
 4.9 4, .7 CH4 2.5 10.3 

In principle a molecule i n Table I should donate electron den
s i t y to any molecule above i t . But for certain kinds of o r b i t a l s , 
there may be l i t t l e evidence that this occurs. Figure 1 shows the 
HOMO, the LUMO and χ for the molecules CO and NH3, and the Pd atom. 
It can be seen that Pd i s a net electron donor to CO, but a net 
electron acceptor from NH3. While i t appears that NH3 should be a 
good donor to CO, there actually w i l l be l i t t l e interaction. The 
accepting o r b i t a l of CO i s of π-type, whereas NH3 i s a σ-donor. 
Unlike the favorable case of Pd reacting with CO, there w i l l be no 
synergistic σ+π-bonding for NH3 and CO. 

The most detailed use of Tables of χ and η would be the 
application of Equation 2 to a series of related molecules, a l l 
reacting with a common substrate. This r e s t r i c t i o n i s necessary to 
ensure that the interacting orbitals remain f a i r l y constant. In 
certain cases we can assume that ΔΝ w i l l be proportional to the 
strength of the coordinate bond formed i n Equation 1. 

The requirements are that electron transfer i n one direction be 
more important than i n the other, but that ΔΝ be small. I f ΔΝ i s 
too large, then the bond w i l l be very ionic. Its strength w i l l 
depend mainly on size factors and ΔΝ w i l l not be a good c r i t e r i o n . 

A suitable example i s provided by Tolman's data on the e q u i l i 
brium constants i n benzene for 

NiL 3 + o l e f i n - N i L 2 ( o l e f i n ) + L K e q (4) 

where L i s a phosphite (7). Values of K eq are given i n Table I I 
for various olef i n s , along with their χ and η values. The 
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254 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

assumption i s made that the unknown values of χ and η for NiL 2 are 
about the same as for low spin Ni atom i n the configuration. 

Table I I . Electron Transfer i n Reaction of Olefins 
with Low-Spin Nickel Atoms 

Olefin Keq* X η Δ Ν 
maleic anhydride 4x l 0 8 6.3 4.7 0.20 
trans-NCCH=CHCN 1.6xl0 8 6.2 5.6 0.17 
CH2-CHCN 4.OxlO4 5.4 5.6 0.12 
C 2H 4 250 4.4 6.2 0.053 
CH2-CHF 90 4.2 6.1 0.042 
styrene 10 4.1 4.4 0.045 
H3CH«CH2 0.5 3.9 5.9 0.024 
trans-2-butene 2.7xl0" 3 3.5 5.6 0.000 
cyclohexene 3.5xl0' 4 3.4 5.5 -0.006 
(CH3)2C-CHCH3 3.OxlO"4 3.3 5.5 -0.013 
a Reference 7 

The calculated values of ΔΝ correlate very well with the 
equilibrium constants. Large positive values mean strong bonding, 
with π-bonding from metal to o l e f i n dominating. Negative values 
are found for olefins less electronegative than Ni. Evidently 
σ-bonding i s less effective than π-bonding. 

Further studies, including calorimetric ones, show that the 
variations i n K eq for reaction 4 are due to variations i n ΔΗ (.8) . 
The value of the NiL 2-C 2H4 bond strength i s about 40 kcal/mol. 

According to Table I I , ethylene has more π-bonding than 
σ-bonding. This agrees with accurate ab i n i t i o calculations (£). 
For a more ele c t r o p h i l i c metal center, such as Ag +, we would expect 
ethylene to be a net electron donor, by way of σ-bonding. Unfortu
nately we cannot use equation 2 to calculate ΔΝ for Ag+-C2H4. The 
reason i s that the positive potential of the ion lowers the energy 
of the electrons i n ethylene, even at a distance. Thus ethylene i n 
the presence of a cation becomes more electronegative. 

Consider the series Cu +, Ag + and Au +, with χ = 14.0, 14.5 and 
14.9 eV, respectively. Reacting with ethylene, we would expect 
only σ-bonding with Au + forming the strongest bond. In fact Cu + 

probably forms the strongest bond because i t has the greatest 
amount of π-bonding (JL0) . This would not be possible i f the cation 
did not enhance the electronegativity of the o l e f i n . Note that 
π-bonding i s more e f f i c i e n t than the same amount of σ-bonding, 
probably because of better overlap. 

Because of the large amount of data available, carbon monoxide 
is a good ligand to use to rate the zero-valent metal atoms i n 
bonding a b i l i t y . Even i n the ground state, CO i s more electronega
tive than any of the transition metals (Table I). The low spin 
metal atoms, characteristic of metal carbonyls have even lower χ 
values. Therefore π-bonding dominates. 
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17. PEARSON Absolute Electronegativity, Hardness, and Bond Energies 255 

Table I I I . Bonding i n Metal Carbonyle 
[M + CO - M - CO] 

M ΔΝ ΔΗ+. K c a l a 

V 0.211 V(C0) 6 s t a b l e b 

Cr .192 40 
Mn .149 37 
Fe .188 42 
Co .091 22 
Ni .128 22 
Cu .010 -
Mo .148 40 
Ru .125 28 
Pd .070 ( 1 D C 

Ag -.029 -
Pt .037 (14) c 

Au - .024 -

a Activation enthalpy for loss of f i r s t CO i n known carbonyls 
b Does not dissociate readily 
c Theoretical values. T. Ziegler, , V. Tschinke, C. Ursenbach, 

Am. Chem. Soc. 1987, 109, 4825. 

Table III contains, for a number of metal atoms in their low spin condition (11), the 
values of ΔΝ calculated for their reaction with CO using equation 2. These are to be 
compared with the numbers in the last column, which are the enthalpies of activation 
for the loss of the first CO ligand in known carbonyls such as Ni(CO)4 

The correlation between ΔΝ and the f i r s t M-CO bond strength i s 
seen to be very good. Large values of ΔΝ correspond to strong 
bonds. The smallest values of ΔΝ are calculated for metals where 
no stable carbonyls are known. The results for Cu, Ag and Au would 
be even less favorable for M-CO bonding i f the ionization potential 
for removing an (n-1) d electron, rather than an ns electron, had 
been used. 

The successful use of Equation 2 i s dependent on keeping the 
interacting orbitals of M and L r e l a t i v e l y constant. Failure to do 
so creates problems, i f we examine the bond energies of a series of 
diverse ligands with a given metal atom. 

For example, rating a series of common ligands i n order of 
decreasing π-bonding would give the following: 

CS > CO ~ PF 3 > N 2 > P C 1 3 > C 2H 4 > PR3 -

AsR3 > R2S > CH3CN > pyr > NH3 > R 20 

Various c r i t e r i a , such as i r spectra, are used to do the rat
ing. Because π-bonding i s so important with neutral metal atoms, 
the order i s very roughly that of decreasing bond strengths as 
well. However the variation from one end to the other i s surpris
ingly small, about 10 kcal/mol. This results from the best o-
donors being at the end of the l i s t . 
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256 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

I f we use Equation 2 for reaction with a metal atom such as 
nic k e l , we fin d the following order of decreasing ΔΝ: 

CS > N 2 ~ PC13 > CO > PF 3 » pyr ~ CH3 CN > 

C 2H 4 » As(CH 3) 3 > P(CH 3) 3 ~ NH3 > (CH 3) 2S> (CH 3) 20 

The l a s t five have ΔΝ negative, meaning they are net σ-donors. 
The ordering given by ΔΝ i s similar to that given by exper

iment, but there are discrepancies. These are due, for the most 
part, to o r b i t a l effects. For example, Fig. 2 shows the π* 
orbitals of CO and N 2, oriented to overlap with a f i l l e d metal d 
o r b i t a l . The π * o r b i t a l of CO i s concentrated on carbon, just as 
the π o r b i t a l i s concentrated on oxygen. Clearly i t w i l l give 
better overlap with the metal d o r b i t a l , compared to the π* o r b i t a l 
of N 2. The π orbitals of CH3CN and pyridine are also poorly 
suited to give good overlap (12). 

BONDING OF ANIONIC LIGANDS 

For anions and polyatomic cations (I+A) and (I-A) are no longer 
useful, or accessible, approximations to χ and η. Since electron 
transfer between M+ and X" would be so one-sided, better approxima
tions to χ are I for X" and A for M+. For the hardness values, no 
numbers are available, but rank ordering i s possible (13). 

In pr i n c i p l e , one could avoid the problems of considering the 
reaction of,say, Ag + with Br", by simply taking the atoms as a 
basis. For polyatomic ions, one could use the corresponding radi
cals . Thus one could apply Equation 2 to the reaction of Ag with 
Br. 

But there i s l i t t l e to be learned by doing t h i s . Bond energies 
would not be simply related to ΔΝ, for a series of atoms or 
radicals reacting with Ag. The value of ΔΝ for maximum covalency 
would be zero, and for maximum ionic bonding ΔΝ would equal one. 
At best, we could gain some insight into the pola r i t y of the sev
eral bonds. Since the effects of covalency and ionic bonding are 
not included i n Equation 2, the values of ΔΝ do not give r e l i a b l e 
values for the f i n a l i o n i c i t y (14). 

The most useful way to handle ionic reactants i s to rank order 
them by means means of the HSAB prin c i p l e , the o r i g i n a l method for 
rel a t i n g bond energies to hardness (13). The principle may be 
stated as follows: 

sh + hs - ss + hh 0 > ΔΗ (5) 

where h and s are read as the harder, or the softer, acid or base. 
For Equation 5 to be v a l i d , a l l other bond determining factors 

should be held constant. These include the electronegativities of 
the bonded groups, their charges and sizes, o r b i t a l overlaps and 
st e r i c repulsions. While i t i s impractical to keep a l l of these 
constant, at least one should compare acids, or bases, of the same 
charge, and with similar s t e r i c requirements. Also for a series of 
acids, or bases, the mean bond strengths to reference bases or 
acids should be about the same (13). 
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17. PEARSON Absolute Electronegativity, Hardness, and Bond Energies 257 

+ 5 eV 

LUMO 

0 

î 
-5 

-X 

Pd 

-10 eV 

NH3 

• O O HOMO 
CO 

Fig. 1 Orbital energy diagram for CO, Pd and NH3, showing HOMO, 
LUMO, and χ. 

θ Θ 
... ΝΞΞΝ * Θ $ 

Fig. 2 The π* orbitals of CO and N 2 showing greater overlap of CO 
with d orbitals on a transition metal atom, M. 
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258 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

The known values of I and A for Ag + and Na + show that the 
former i s much softer (4). Then thermodynamic data for the reac
tion 

AgF ( g ) + N a l ( g ) - Ag I ( g ) + NaF ( g ) ΔΗ - -28 kcal/mol (6) 

shows that I" i s much softer than F", as expected. The reaction 

CH 3F ( g ) + H I ( g ) - C H 3 I ( g ) + HF ( g ) ΔΗ - -12 kcal/mol (7) 

shows that CH 3
+ i s softer than H+. 

With these results, i t i s possible to rank order a large number 
of anionic bases (13). The most convenient way i s to take d i f f e r 
ences i n D°, the usual homolytic bond energies. 

ra(g) * H(g) + X(g) DH° <8> 
CH 3X ( g ) - C H 3 ( g ) + X ( g ) D°CH3 (9) 

Δ = D H° - D°CH3 (10) 

Table IV shows the values of Δ calculated for a number of 
common anions. A large value of Δ means a hard base. 

The results are seen to be much as anticipated, based on ear
l i e r c r i t e r i a , such as p o l a r i z a b i l i t y . The order cannot be consid
ered as absolute, since a different choice of reference acids gives 
somewhat different orders (15.) . These arise from specific interac
tions, between the various bases and the reference acids. 

Table IV. Empirical Hardness Parameters for 
Anionic Bases 

X Δ, Kcal X Δ 
F- 27 CH3C02 23 
c i - 19 C6H50" 23 
Br" 18 N03" 22 
I" 15 CH30" 21 
OH" 27 H02" 19 
SH" 17 0N0- 18 
SeH" 12 NCS" 19 
NH2" 22 C6H5NH* 17 
PH2 12 C6H5S" 14 
AsH 2" 12 C6H5~ 12 
CH3" 15 CN- 2 a 
SiH 3" 2 NC" 1 2 b 
GeH3" 4 H" -1 

C-bonded 
Ν-bonded 
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17. PEARSON Absolute Electronegativity, Hardness, and Bond Energies 259 

A good example i s Η", which i s the softest base i n Table IV. The 
hydride ion i s not capable of π-bonding, unlike most other soft 
bases. Thus soft Lewis acids with f i l l e d d shells do not bond as 
strongly to H" as might be expected. Instead the electronegativity 
of the acid i s dominant (13). 

Table V. Bond Energies for T i C l 3 X and Co(C0) 4X, a 

kcal/mol 

X" TiCl 3X Co(C0)4X Δ Δ»> 
OH" 108 56 52 11 
NH2. 87 35 52 22 
SH- 68 40 28 17 
CH3. 64 38 26 17 
CN" 98 73 25 2 
SiH 3. 50 51 "1 2 
H" 60 55 5 "1 

Data from reference 16 
From Table 4 

Table V l i s t s some bond dissociation ion energies for the reac
tions 

T i C l 3 X ( g ) = T i C l 3 ( g ) + X ( g ) (11) 

Co(C0) 4X ( g ) - Co(C0) 4 + X ( g ) (12) 

These are theoretical values, but calculated by a method that 
gives good agreement with experiment when tested (16). Also l i s t e d 
are Δ , the difference between the energies for reaction 11 and 12 
for each X, and the corresponding values of Δ from Table 4. 

The conclusion can be drawn that T i C l 3
+ i s a much harder acid 

than Co(C0) 4
+, just as H + i s harder than CH 3

+. I t appears that CN' 
is showing some specific effect with one of the reference acids. 
A l l four acids can be put i n rank order by the reactions 

MOH(g) = M(g) + 0H(g) (13) 

M S H ( g ) - M(g) + S H ( g ) <14> 
Δ" - D 1 3° -D 1 4° (15) 

T i C l 3
+ H + CH3+ Co(C0) 4

+ 

Δ" 41 kcal/mol 28 18 15 

Evidently T i C l 3
+ i s the hardest of the four acids, and Co(C0) 4

+ 

i s the softest. The two Lewis acids Pt(dppe)CH 3
+ and 

Ru(C 5(CH 3) 5)(P(CH 3) 3) 2
+ have Δ" less than 18 kcal/mol, and are also 

quite soft as expected (17.) . Similar results would be found for 
the middle to late transition metals i n low oxidation states. 
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260 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

The re l a t i v e bond strengths of M-H and M-CH3 are of great 
importance i n applications of tr a n s i t i o n metals to catalysis. 
Table 4 shows that H" i s much softer than C H 3 " . The difference i s 
large enough to be surprising, since the e a r l i e r b e l i e f was that 
carbanions were quite soft. Clearly the values of Δ for F", OH", 
NH2~ and C H 3 " form a well defined series, which correlate with the 
extent to which their valence s h e l l electrons can produce π-repul-
sions. 

The hardness of CH3" compared to H" accounts for several 
important features regarding their r e l a t i v e bond strengths. 
Increasing the positive oxidation state of the metal always 
increases the re l a t i v e bonding of C H 3 " over H" (18). This follows 
from the increased hardness of the metal ion. The early t r a n s i t i o n 
metals favor methyl over hydride, compared to the late t r a n s i t i o n 
metals (19). This i s also a result of increased positive charge 
for the early metals. Being less electronegative, the bonds are 
more ionic, with the positive charge on the metal. Also there are 
fewer d electrons for the early metals and less repulsion with 
methyl. 

Increasing the number of ligands on the metal favors H" over 
C H 3 " . This results from repulsive interactions between the valence 
electrons of C H 3 " and f i l l e d orbitals on the ligands. This i s just 
a more sophisticated way to describe s t e r i c repulsions. 

MORE ON M-H BONDS 

To understand metal-hydrogen bond energies, i t i s necessary to 
appreciate the important role that electronegativity plays i n cova
lent bonding (19). Electronegative atoms hold on to a l l their 
electrons t i g h t l y , including the electrons of the covalent bond. 
This makes the bond stronger. Bonds to hydrogen range from 136 
kcal/mol for F (χ - 10.41 eV), to only 42 kcal for Cs (χ - 2.18 
eV) . 

The values of χ for the tr a n s i t i o n metals range from 3.51 eV 
for T i , to 5.77 eV for Au. This indicates a range of M - H bond 
values from about 50 kcal/mol for T i , to 75 kcal/mol for Au. This 
agrees well with experiment (2JL) . χ increases as we go from l e f t 
to right i n any series, and as we go down i n any t r i a d . 

But there i s an opposing effect of electronegativity, i f we 
look at M-H bond breaking i n another way. 

HM(I>Ln(g) - M^LnCg) + H ( g ) (16) 

Loss of an Η atom from a transition metal i s a reductive-
elimination. This should occur more readily for a metal with a 
large value of χ. Eventually, as χ approaches that for the Η atom 
(χ - 7.17 eV), the bond w i l l become non-polar, and Equation 16 w i l l 
lose i t s v a l i d i t y because HMI^ does not contain H". 

The net effect i s that M-H bond energies increase i n going down 
any t r i a d , and change very l i t t l e i n going from l e f t to right i n 
any series (18.20). 

The au x i l i a r y ligands i n a metal complex can also influence the 
strength of the bond to hydrogen, though there has been l i t t l e sys-
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17. PEARSON Absolute Electronegativity, Hardness, and Bond Energies 261 

tematic study. The concept of hardness, however, can be used to 
make some definite predictions. 

I t i s well known that increased positive charge increases the 
hardness of the central atom (4). Considering Equation 16, we can 
make the prediction that hard ligands w i l l s t a b i l i z e the higher 
oxidation state, and soft ligands the lower. Thus hard ligands 
should increase the strength of M-H bonds. The only direct evi
dence seems to be the observation of Marks and Schock (19) that 
( C 5 ( C H 3 ) 3 ) 2 Zr(OR)H has stronger bonds than ( 0 5 ( ^ 3 ) 5 ) 2 ZrH 2 by 5 
kcal/mol. 

I f we accept spectroscopic evidence, i r and nmr, for r e l a t i v e 
M-H bond strengths, then the prediction finds further support. In 
a series of trans -Ni(PR3)oXH complexes, the M-H bond strength 
increases i n the order (22) 

X - C 6H 5" < CH3" < CN" < C6H5S" < I" 

SCN" < CI" < H C 0 2 " < CH 3 C 0 2 " < C 6H 5 0" < CF3 C 0 2 " 

Except for the somewhat anomalous position of CN", this i s 
about as expected, with C F 3 C O 2 " being the hardest ligand. 

Another kind of indirect evidence also exists. There i s a 
correlation between M-H bond strengths and the Bronsted a c i d i t y of 
the hydride (21) . Stronger acids have weaker bonds and 
lose hydrogen more readily. The reason for this can readily be seen 
by writing the equation for acidity. 

H M ^ I ^ - M^" 1)^ + H + (7) 

This i s also a reductive elimination, with the metal atom 
changing i t s oxidation state by two units. Hard ligands w i l l sta
b i l i z e HMI^, and reduce i t s acidity. 

There i s now considerable evidence for this rule. 
(21.23) . For example, the rhodium (III) complexes, 

Rh(NH 3 ) 4(H 2 0)H 2 + pKa > 14 

Rh(bipy) 2(H 2 0)H 2 + pKa - 9.5 

Rh(CNR) 4(H 2 0)H 2 + pKa < 0 

have pKa values as predicted. These changes are quite large. For 
reaction 16, the expected effect would be only about half as great. 
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Chapter 18 

Gas-Phase Chemistry of First-Row Transition 
Metal Ions with Nitrogen-Containing Compounds 

Theoretical and Experimental Investigations 

A. Mavridis1, K. Kunze2, J. F. Harrison2, and J. Allison2 

1Chemistry Department, University of Athens, 13a Navarinou Street, Athens 
10680 Greece 

2Department of Chemistry, Michigan State University, East 
Lansing, MI 48824 

The rich gas phase chemistry of f i r s t row 
transition metal (+1) ions with ammonia, and 
organic compounds (R-X where X=NH2, CN, NO2) 
is discussed. Ongoing theoretical 
investigations into the Sc+/NH3 system are 
presented, which provide some insights into 
the bonding and energetics of a variety of 
ΜΝΗx+ complexes. 

There a r e a number o f mass s p e c t r o m e t r i c t e c h n i q u e s 
t h a t have been developed f o r t h e st u d y o f t h e low 
p r e s s u r e gas phase r e a c t i o n s o f i o n i c s p e c i e s w i t h 
o r g a n i c m o l e c u l e s . The e a r l i e s t e x p e r i m e n t s i n v o l v i n g 
i o n / m o l e c u l e r e a c t i o n s i n v o l v e d c h e m i c a l i o n i z a t i o n 
mass s p e c t r o m e t r y , and t h e most r e c e n t u t i l i z e i o n beam 
and F o u r i e r t r a n s f o r m i o n c y c l o t r o n resonance methods. 
The e a r l i e s t s t u d i e s were p r e d o m i n a n t l y o r g a n i c i n 
na t u r e . More r e c e n t l y , t h e s e methods have been used t o 
stud y o r g a n o m e t a l l i c c h e m i s t r y i n t h e gas phase. The 
v a r i o u s i o n i z a t i o n t e c h n i q u e s a v a i l a b l e i n mass 
s p e c t r o m e t r y a l l o w f o r t h e g e n e r a t i o n o f unique gas 
phase s p e c i e s i n c l u d i n g b are t r a n s i t i o n m e t a l i o n s 
(such as Co*, N i + ) and l i g a t e d s p e c i e s (such as CoCO +, 
CoNO +, N i P F 3

+ , N i C s H s
+ ) . T h e i r c h e m i s t r y w i t h s m a l l 

m o l e c u l e s and a v a r i e t y o f l a r g e r m o l e c u l e s c o n t a i n i n g 
t h e f u n c t i o n a l groups o f o r g a n i c c h e m i s t r y has been 
e x t e n s i v e l y s t u d i e d i n t h e p a s t 15 y e a r s (1) . The 
e a r l i e r s t u d i e s were l a r g e l y m e c h a n i s t i c i n n a t u r e , t o 
g a i n an u n d e r s t a n d i n g o f how p r o d u c t i o n s were formed. 
R e c e n t l y , combined e x p e r i m e n t a l and t h e o r e t i c a l e f f o r t s 
have p r o v i d e d i m p o r t a n t i n s i g h t s i n t o how t h e s e 
r e a c t i o n s o c c u r . These i n s i g h t s w i l l become, we 
b e l i e v e , t h e b a s i s f o r a f r e s h e v a l u a t i o n o f t h e 
r e a c t i v i t y o f i n o r g a n i c and o r g a n o m e t a l l i c s p e c i e s t h a t 
a r e s t u d i e d and u t i l i z e d i n condensed phases. 

0097-6156/90/0428-O263$06.00A) 
© 1990 American Chemical Society 
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264 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Both p o l a r and n o n p o l a r o r g a n i c compounds e x h i b i t 
a r i c h c h e m i s t r y w i t h b a r e t r a n s i t i o n m e t a l i o n s ( l ) . 
S m a l l p o l a r compounds r e a c t w i t h i o n s such as Fe and 
Co +, i n a s i n g l e , b i m o l e c u l a r s t e p t o form a m e t a l -
o l e f i n complex, r e a c t i o n (1) . 

C o + + C 3H 7X -> C o C 3 H e
+ + HX (1) 

Such r e a c t i o n s have been r e p o r t e d f o r X=C1, B r , OH, SH, 
OR and even f o r X=H and R ( R = a l k y l s u b s t i t u e n t ) . The 
mechanism by which t h e s e p r o d u c t s a r e formed was 
proposed by A l l i s o n and Ridge i n 1979 (2 ) , and i s shown 
i n r e a c t i o n (2) . The r e a c t a n t s f i r s t form a complex 
(a) , which may be s i m p l y e l e c t r o s t a t i c a l l y bound. I n 
(b) , t h e t r a n s i t i o n m e t a l i o n i n s e r t s i n t o t h e p o l a r 
C-X bond ( f o r m a l " o x i d a t i v e a d d i t i o n " ) , f o l l o w e d by t h e 
s h i f t o f a H 

C o + + C 3H 7X - C 3H 7X* · -Co + - C 3H 7 - C o + - X 

(a) (b) ( c ) i 
(C 3 H e ) C o + ( H X ) (2) 

C o C 3 H e
+ + HX 

atom t h a t i s on a C which i s β t o t h e metal (0-H 
s h i f t ) , a c r o s s t h e m e t a l onto X, r e s u l t i n g i n t h e 
d e g r a d a t i o n o f t h e m o l e c u l e i n t o two s m a l l e r , s t a b l e 
s p e c i e s t h a t r e s i d e as l i g a n d s on t h e m e t a l . The l a s t 
s t e p (d) i s a c o m p e t i t i v e l i g a n d l o s s . I n t h i s 
p r o c e s s , i t appears t h a t t h e l i g a n d t h a t i s more weakly 
bound t o t h e m e t a l i s p r e f e r e n t i a l l y l o s t (2) . I n some 
c a s e s , two p r o d u c t s r e s u l t from t h i s d i s s o c i a t i o n . F o r 
example, C o + r e a c t s w i t h p r o p a n o l t o form b o t h CoH 20 
and CoC 3H e (2). W h i l e s t u d i e s o f s e r i e s o f , e.g., 
a l c o h o l s , and l a b e l i n g s t u d i e s p r o v i d e d some i n s i g h t s 
i n t o t h e mechanisms t h a t a r e o p e r a t i v e i n t h e 
c h e m i s t r y , many i m p o r t a n t q u e s t i o n s a r e d i f f i c u l t t o 
approach e x p e r i m e n t a l l y . To unde r s t a n d t h e c h e m i s t r y , 
i t i s c e r t a i n l y i m p o r t a n t t o un d e r s t a n d t h e bonding o f 
t h e m o l e c u l e s and fragments i n v o l v e d t o t h e t r a n s i t i o n 
m e t a l and t h e s t r e n g t h s o f t h e s e bonds. Many f e a t u r e s 
such as t h e d i s t r i b u t i o n o f t h e charge i n t h e v a r i o u s 
i n t e r m e d i a t e s may a l s o be i m p o r t a n t i n c o n t r o l l i n g t h e 
t y p e s o f p r o d u c t s t h a t a r e formed. Thus, t h e o r e t i c a l 
s t u d i e s a r e n e c e s s a r y t o un d e r s t a n d t h e " d r i v i n g 
f o r c e s " t h a t dominate t h e s e r e a c t i o n s and l e a d t o t h e 
r i c h c h e m i s t r y . 

The c h e m i s t r y o f p o l a r compounds c o n t a i n i n g many 
t y p e s o f f u n c t i o n a l groups and m u l t i f u n c t i o n a l o r g a n i c 
compounds, w i t h b are t r a n s i t i o n m e t a l i o n s has been 
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18. MAVRIDISETAL. Gas-Phase Chemistry of Transition Metal Ions 265 

r e p o r t e d . The r i c h e s t c h e m i s t r y c e r t a i n l y i n v o l v e s 
t h o s e f u n c t i o n a l groups t h a t c o n t a i n n i t r o g e n , and a 
few examples w i l l be p r o v i d e d h e r e . 

Stepnowski and A l l i s o n ( A ) r e p o r t e d t h e c h e m i s t r y 
o f a v a r i e t y o f t r a n s i t i o n m e t a l i o n s w i t h a s e r i e s o f 
a l k y l c y a n i d e s . W h i l e i o n s such as F e + and C o + i n s e r t 
i n t o t h e C-X bond i n many p o l a r compounds, t h e y do not 
appear t o do so f o r -X = -CN. I n s t e a d , C-C bonds a r e 
c l e a v e d , as shown f o r t h e C o + / n - p r o p y l n i t r i l e system 
i n r e a c t i o n s ( 3 ) and ( 4 ) . 

C o + + n-C 3H 7CN - CoCH sCN + + C 2H 4 ( 3 ) 

- C o C 2 H 4
+ + CH 3CN ( 4 ) 

The r e a c t i v i t y o f n i t r i l e s may be dominated by a 
number o f a s p e c t s o f t h e c h e m i s t r y i n c l u d i n g t h e f a c t 
t h a t C-CN bond d i s s o c i a t i o n energy (BDE) i s 
s u b s t a n t i a l l y l a r g e r t h a n t h e BDE's f o r C-Cl and C-OH 
b o n d s ( 4 ) . A l s o , t h e r e i s e v i d e n c e t h a t t h e geometry o f 
t h e i n i t i a l complex has a d r a m a t i c e f f e c t - an "end-on" 
i n t e r a c t i o n o f t h e m e t a l i o n s w i t h t h e n i t r i l e group 
may make i n s e r t i o n i n t o t h e C-CN bond g e o m e t r i c a l l y 
i n a c c e s s i b l e ( S ) . 

Another i n t e r e s t i n g f u n c t i o n a l group c o n t a i n i n g 
n i t r o g e n i s t h e n i t r o group. The c h e m i s t r y o f C o + w i t h 
a s e r i e s o f n i t r o a l k a n e s has been r e p o r t e d by Cassady 
e t al.(£). C o n s i d e r t h e C o + / n ~ c

3
H

7 N 0 2 system. 
F o u r t e e n d i f f e r e n t p r o d u c t s were r e p o r t e d . P r o d u c t 
i o n s such as C o ( C 3 H e ) + and C o ( H N 0 2 ) + suggested t h a t C o + 

i n s e r t e d i n t o t h e C-N0 2 bond. Other p r o d u c t i o n s such 
as C o C 3 H 7 0 + and CoNO + suggest t h a t RN0 2 may be 
c o n v e r t e d , i n p a r t , t o R0- and NO- on t h e m e t a l c e n t e r . 
Thus t h e -N0 2 group a c t i v e l y i n t e r a c t s w i t h t h e m e t a l . 
The c h e m i s t r y o f o r g a n o m e t a l l i c a n i o n s w i t h 
n i t r o a l k a n e s has a l s o been r e p o r t e d ( 7 ) . 

The c h e m i s t r y o f NO w i t h t r a n s i t i o n m e t a l i o n s has 
a l s o r e c e i v e d some a t t e n t i o n , and d e s e r v e s comment 
her e . One o f t h e f i r s t ways i n which C o + i o n s were 
ge n e r a t e d f o r mass s p e c t r o m e t r i c s t u d y was by e l e c t r o n 
impact i o n i z a t i o n o f t h e v o l a t i l e compound Co(CO) 3NO. 
I n a d d i t i o n t o Co +, i o n s such as CoCO and CoNO + were 
formed. W h i l e C o + and CoCO + i o n s f r e q u e n t l y r e a c t w i t h 
o r g a n i c m o l e c u l e s i n t h e gas phase, CoNO + i s 
u n r e a c t i v e ( f i ) . The r e a s o n f o r t h i s change i n c h e m i s t r y 
upon change o f l i g a n d was u n c l e a r , s i n c e t h e r e was o n l y 
" t r a d i t i o n a l " bonding-schemes t o c o n s i d e r a t t h e t i m e . 
However, t h e o r e t i c a l s t u d i e s show t h a t t h e CO l i g a n d i s 
not bonded t o f i r s t row t r a n s i t i o n m e t a l i o n s v i a t h e 
Dewar-Chatt model, b u t i s e l e c t r o s t a t i c a l l y bound (£,£) 
- t h u s i t ' s p r e s e n c e does not change t h e e l e c t r o n i c 
s t r u c t u r e o f t h e m e t a l . Presumably NO a c t s as a 1 o r 
3 - e l e c t r o n donor w i t h Co* (which has a 3 d 8 ground s t a t e 
c o n f i g u r a t i o n ) , so t h e CoNO + i o n has a s i n g l e u n p a i r e d 
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266 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

e l e c t r o n on t h e m e t a l , and s h o u l d not p a r t i c i p a t e i n 
r e a c t i o n s t h a t r e q u i r e an i n s e r t i o n s t e p . We a l s o n o t e 
t h a t t h e NO l i g a n d does appear t o be r e a c t i v e when 
bound t o Co 2

 + . J a c o b s o n r e p o r t e d t h e o b s e r v a t i o n 
o f r e a c t i o n (5) i n v o l v i n g CO. 

Co 2NO + + CO - C o 2 N + + CO 2 (5) 

There have been a number o f s t u d i e s r e p o r t e d 
i n v o l v i n g m e t a l i o n r e a c t i o n s w i t h amines and ammonia. 
The f i r s t o f t h e s e i n v o l v e d C o + w i t h a s e r i e s o f 
amines, r e p o r t e d by R a d e c k i and A l l i s o n i n 1984(11). 
R e a c t i o n s (6-9) were observed f o r t h e Co +/n-C 3H 7NH 2 

system· 

C o + + n-C 3H 7NH 2 - C o C 3 H 7 N + + H 2 (6) 

- C o C 3H 5N + + 2 H 2 (7) 

- CoCH 5N + + C 2H 4 (8) 

- C 3 H 8 N + + CoH (9) 

These r e s u l t s were c e r t a i n l y s u r p r i s i n g s i n c e 
i n s e r t i o n i n t o t h e C-NH2 bond was not observed, 
a l t h o u g h t h e r e a c t i o n (10) 

Co* + C 3H 7NH 2 - C o C 3 H e
+ + NH 3 (10) 

s h o u l d be e x o t h e r m i c . I t was proposed t h a t H 2 

e l i m i n a t i o n o c c u r r e d by i n i t i a l i n s e r t i o n i n t o t h e N-H 
bond. W h i l e C o + d i d not i n s e r t i n t o t h e C-NH2 bond o f 
p r i m a r y amines, i t does appear t o i n s e r t i n t o t h e C-N 
bond i n t h e t e r t i a r y amine, ( C 2 H 5 ) 3 N , and i n a l l y l 
amine. To e x p l a i n t h e f a i l u r e t o observe r e a c t i o n (10) 
i t was proposed t h a t t h e r e was a b a r r i e r a l o n g t h e 
r e a c t i o n c h a n n e l - t h a t t h e i n s e r t i o n i n t e r m e d i a t e was 
e n e r g e t i c a l l y i n a c c e s s i b l e f o r t h e r m a l energy 
r e a c t i o n s , which c o u l d o n l y be due t o a weak Co +-NH 2 

bond. The BDE would have t o be u n u s u a l l y s m a l l , < 20 
k c a l / m o l . I t has s i n c e been shown, as d i s c u s s e d below, 
t h a t t h i s i s not t h e c a s e . Another e x p l a n a t i o n may be 
t h a t Co does r e a c t w i t h , e.g., p r o p y l amine, t o form 
propene and ammonia, but t h e r e i s a b a r r i e r t o t h e 
d i s s o c i a t i o n s t e p o f ( C 3 H e ) C o + ( N H 3 ) - w h ich cannot be 
d i s t i n g u i s h e d i n t h e mass spectrum from t h e complex 
c o n t a i n i n g t h e i n t a c t m o l e c u l e , C o + ( C 3 H 7 N H 2 ) . The gas 
phase c h e m i s t r y o f a number o f m e t a l i o n s w i t h amines 
has been s t u d i e d . Babinec and A l l i s o n ( 1 2 . ) r e p o r t e d t h e 
c h e m i s t r y o f C r + , Mn +, F e + , N i + , or and Z n + w i t h 
η-propyl amine. Only F e + c l e a r l y i n s e r t e d i n t o t h e C-N 
bond, as e v i d e n c e d by t h e o b s e r v a t i o n o f t h e two 
p r o d u c t s F e N H s

+ and F e C 3 H e
+ . Mn + ( w i t h a h a l f - f i l l e d 

d - s h e l l , 3 d 5 4 s l ground s t a t e ) and Z n + ( w i t h a f i l l e d 
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18. MAVRIDISETAL. Gas-Phase Chemistry of Transition Metal Ions 267 

d - s h e l l , 3 d 1 0 4 s 1 ground s t a t e ) were u n r e a c t i v e w i t h 
p r o p y l amine. I n c o n t r a s t , C r + ( 3 d 5 ground s t a t e ) and 
C u + ( 3 d 1 0 ground s t a t e ) were b o t h observed t o induce H 2 

e l i m i n a t i o n o n l y . S i q s w o r t h and Castleman (12) s t u d i e d 
t h e r e a c t i o n s o f Ag9" and C u + w i t h methyl amine, 
d i m e t h y l amine and t r i m e t h y l amine. I n t h e s e s t u d i e s , 
h y d r i d e a b s t r a c t i o n was observed t o y i e l d t h e (amine-
H ) + i o n and t h e MH n e u t r a l p r o d u c t . 

I n 1987, Buckner and F r e i s e r ( H ) showed t h a t C o + 

does form a s t r o n g bond t o NH 2, and d i d so as f o l l o w s . 
I n an FTMS i n s t r u m e n t t h e y formed CoOH +, which r e a c t s 
w i t h ammonia, r e a c t i o n ( 1 1 ) . 

CoOH + + NH 3 - CoNH 2
+ + H 20 (11) 

They a l s o found t h a t t h e NH 2 group can be 
d i s p l a c e d from Co* by benzene, b u t not by a c e t o n i t r i l e . 
W i th t h i s i n f o r m a t i o n , t h e y c o n c l u d e d t h a t t h e BDE f o r 
Co -NH2 i s 65 ± 8 k c a l / m o l . I n t h i s same work t h e y 
r e p o r t e d t h e c h e m i s t r y o f MNH 2

+ w i t h some hydrocarbons. 
They a l s o found t h a t FeO + r e a c t s w i t h ammonia t o form 
FeNH +, and r e p o r t e d some c h e m i s t r y f o r t h i s i o n i c 
s p e c i e s . T h e i r work suggested t h a t t h e BDE f o r FeNH 
was > 41 k c a l / m o l and < 81 k c a l / m o l . T h i s work was 
extended i n a r e p o r t by Buckner, Gord and F r e i s e r i n 
1988 ( I S ) . They found t h a t a v a r i e t y o f m e t a l i o n s 
i n c l u d i n g S c + , T i + and V + r e a c t w i t h ammonia i n an 
e x o t h e r m i c p r o c e s s by r e a c t i o n ( 1 2 ) , which s u g g e s t s 
t h a t t h e s e M+-NH bonds a r e s t r o n g e r t h a n 93 k c a l / m o l . 
The BDE f o r V +-NH was determined t o be 101 ±7 k c a l / m o l , 
and t h e BDE f o r Fe +-NH t o be l o w e r , 54 ± 14 k c a l / m o l . 

M + + NH 3 - MNH + + H 2 (12) 

They a l s o r e p o r t e d a number o f r e a c t i o n s f o r MNH+ w i t h 
n e u t r a l m o l e c u l e s . A v a r i e t y o f mechanisms f o r 
r e a c t i o n (12) was d i s c u s s e d , i n c l u d i n g d e h y d r o g e n a t i o n 
v i a d i r e c t d e c o m p o s i t i o n o f t h e i n t e r m e d i a t e s (H) 2M -NH 
and/or H-M+-NH2. 

The R e a c t i o n o f Sc+ w i t h NH 3 

Our i n t e n t i s t o g a i n t h e o r e t i c a l i n s i g h t s i n t o t h e 
i n i t i a l i n t e r a c t i o n o f M + w i t h a p o l a r m o l e c u l e , t h e 
i n s e r t i o n s t e p and r e d u c t i v e e l i m i n a t i o n by a 
s y s t e m a t i c s t u d y o f t h e i n t e r a c t i o n o f M + w i t h NH 3. We 
b e g i n h e r e w i t h S c + because i t has o n l y two v a l e n c e 
e l e c t r o n s and t h u s i t s t h e o r e t i c a l d e s c r i p t i o n and i t s 
c a l c u l a t e d i n t e r a c t i o n w i t h NH 3 and i t s fragments w i l l 
be more r e l i a b l e t h a n w i t h t h e l a t t e r t r a n s i t i o n 
elements. We w i l l f i r s t d e s c r i b e t h e S c N + c o r e and 
t h e n b u i l d up t h e v a r i o u s i n t e r m e d i a t e s by a d d i n g 
hydrogens. S p e c i f i c fragments t o be s t u d i e d i n c l u d e 
ScNH +, S c N H 2

+ , HScNH 2
+ and S c N H * . The c a l c u l a t i o n s 

w i l l i n c l u d e a l l e l e c t r o n s and w i l l use b o t h MCSCF and 
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268 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

CI t e c h n i q u e s . The b a s i s s e t s used and t h e g e n e r a l 
approach have been d e s c r i b e d p r e v i o u s l y ( 1 6 ) . 

S £ H + . 
The r e l a t i v e e n e r g i e s o f t h e low l y i n g s t a t e s o f Sc , 
Ν, NH and NH 2 a r e c o l l e c t e d i n F i g u r e 1. Because t h e 
e x c i t e d s t a t e s o f Ν ar e much h i g h e r i n energy t h a n 
t h o s e o f S c + we w i l l c o n s i d e r t h e s t a t e s o f ScN which 
c o r r e l a t e t o t h e ground s t a t e o f Ν and t h e s d and d 2 

c o n f i g u r a t i o n o f S c + ( 1 £ ) . As S c + i n an sd 
c o n f i g u r a t i o n approaches Ν we can imagine f o r m i n g a σ 
bond between t h e 4s e l e c t r o n on S c + and a 2p σ e l e c t r o n 
on Ν and a π bond between t h e 3 d x z and 2 ρ χ e l e c t r o n s . 
T h i s l e a v e s an u n p a i r e d e l e c t r o n on Ν i n t h e 2 p y 

o r b i t a l and r e s u l t s i n a 2Π s t a t e r e p r e s e n t e d by 

I t i s o n l y a t l a r g e ScN s e p a r a t i o n s t h a t t h e Sc 
e l e c t r o n i n t h e a bond i s pure 4s. As t h e bond forms 
o t h e r o r b i t a l s on Sc o f a symmetry mix i n t o t h e bonding 
o r b i t a l . T h i s i s seen most v i v i d l y i n F i g u r e 2a which 
shows t h e o c c u p a n c i e s o f v a r i o u s a t omic o r b i t a l s i n t h e 
2 Π s t a t e o f S c N + as a f u n c t i o n o f s e p a r a t i o n . A t 
e q u i l i b r i u m t h e atomic o r b i t a l s i n t h e σ bond have t h e 
occupancy 

(4s°-° 4p/-° 3 d a ° - e e ) S c ( 2 P < 7
l - 2 8 ) N 

and t h e 4s o r b i t a l has gone from an occupancy o f 1 t o 
0. I n t e r e s t i n g l y t h e π bond occupancy i s e q u a l t o t h a t 
o f t h e a bond 

< 3 d xz°- e i>Sc< 2 Px l' 2 e>N 
w h i l e t h e u n p a i r e d e l e c t r o n remains e s s e n t i a l l y 
l o c a l i z e d on N. 

P d y ^ - ^ J s c U P y 0 * ' 1 ) » 
The n e t r e s u l t i s t h a t S c + l o o s e s 0.49 e l e c t r o n s 

t o Ν r e s u l t i n g i n t h e charge d i s t r i b u t i o n 
+ 1 * 6 1 S c Ν - 0 · 4 β . 

I f we break t h e η bond i n t h i s s t a t e and p l a c e t h e 
h i g h s p i n e l e c t r o n on Sc i n a d i + o r b i t a l we w i l l form 
a 4Δ^. s t a t e . 
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60 

50 

_ 40 
ο 
s 
^ 30 « ο 
UJ 20 
< 

10 

2 p 3 ( 2 D ) 
(55) 

(36) σ 2 π 2 ( * Δ ) 
σ π 2 ( 2 A t ) 

(32) 

τ ι 3d 2 (3 F ) 

( 6 9 ) _4s3d( lD)_ 

2 p 3 ( 4 S ) σ 2 π 2 ( 3 Σ ~ ) σ 2 π ( 2 Β ! ) 4s3d(3D) 

NH NH- Sc1 

F i g u r e 1. R e l a t i v e Energy L e v e l s ( k c a l / m o l " 1 ) o f N(i£), 
NH(20), NH 2(21) and S c + ( 1 2 ) . 

c ο 
ο 
D Q. Ο CL 
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1.2H 
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Ν p x > J / 

l \ 
Ι ' 

a 

I i 
Ν Pŷ V|'7 

ν / 
. ^ S c + 4s 

Tronafer | \ 

• Sc+ d ' 
\ ScN + 2 Π \ ScN + 2 Π 

0.0 2.0 4.0 6.0 8.0 10.0 

R(Sc-N) (au) 

1.4· 

1.2· 

1.0 

0.8 

0.6 

0.4-

0.2-

0.0 

Ν ρ σ ^ ' / - S e * όΉ 

Chorge 
Transfer | \ 

Sc + d, 

0.0 2.0 4.0 6.0 8.0 10.0 

R(Sc-N) (au) 

F i g u r e 2. O r b i t a l occupancy as a f u n c t i o n o f 
i n t e r n u c l e a r d i s t a n c e f o r S c N + i n t h e a) 2Π 
and b) 2 Σ + s t a t e s . 
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270 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

I n a s i m i l a r way we can c o n s i d e r s t a t e s o f S c N + 

which c o r r e l a t e t o t h e d 2 ( e x c i t e d ) s t a t e o f S c + . F o r 
example t h e 2 Σ + s t a t e has a π, * double bond and an 
u n p a i r e d e l e c t r o n on Ν i n t h e σ system 

[ *v* Γ 
I f we break a π bond i n t h i s s t r u c t u r e and p l a c e 

t h e t h e n uncoupled d* e l e c t r o n i n a do* ± o r b i t a l we have 
S c N + i n a 4 Φ s t a t e h e l d t o g e t h e r by a s i n g l e η bond 

C o n f i g u r a t i o n i n t e r a c t i o n c a l c u l a t i o n s on t h e s e f o u r 
s t a t e s r e s u l t i n t h e p o t e n t i a l c u r v e s shown i n F i g u r e 
3. The o r b i t a l p o p u l a t i o n s i n t h e 2 Σ + s t a t e a r e shown 
i n F i g u r e 2b and t h e p r o p e r t i e s o f a l l f o u r s t a t e s a r e 
summarized i n T a b l e I . 

T a b l e I . C a l c u l a t e d P r o p e r t i e s o f S e v e r a l 
S t a t e s o f ScN* 

S t a t e Lewis D c (kcal/molϊ R cfÀ) ω^,ίοιη"1 ) OfSc) 

2 Z + ( d 2 ) S c Z N ^ ° 
π 

63.0 1.738 871 + 1.51 

2 n x ( s d ) * π */ Ρ χ 

Se r Ν σ 55.3 1.804 811 + 1.51 

4 A ( s d ) 26.8 2.101 534 +1.46 

4Φ(ά 2) 21.1 1.979 674 +1.47 

Note t h a t a l l D 's a r e r e p o r t e d r e l a t i v e t o t h e ground 
s t a t e s o f S c + ( 3 D ) and N ( 4 S ) . Most i n t e r e s t i n g l y , t h e 
ground s t a t e i s t h e 2 Σ + which c o n t a i n s two π bonds and 
which c o r r e l a t e s w i t h t h e e x c i t e d d 2 c o n f i g u r a t i o n o f 
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272 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Sc . I t i s a l s o noteworthy t h a t t h e charge on Sc , Q, 
i s independent o f t h e number and t y p e o f f o r m a l bonds 
i n t h e m o l e c u l e . 

ScNH+ 
We can imagine ScNH + b e i n g formed by a d d i t i o n o f a H t o 
e i t h e r t h e 2 Σ + o r 2 n s t a t e o f S c N + . 

o r 
Sc -Η·*[ 2Σ*] • ·Η[ 25] 

Ρ 
Sc » Ν —Η* J 1 Σ* 

Se » Ν * [ 2 Π ] • ·Η [ 2S J 
Η 

O p t i m i z i n g t h e s t r u c t u r e o f t h i s system a t t h e CI 
l e v e l r e s u l t s i n t h e l i n e a r s t r u c t u r e w i t h a +ScN-H 
d i s s o c i a t i o n energy o f 118.5 k c a l / m o l (Kunze, K.L. and 
H a r r i s o n , J.F., MSU, u n p u b l i s h e d r e s u l t s ) . T h i s i s a 
remarkably s t r o n g NH bond ( f r e e NH has a o f 80 
k c a l / m o l and we r e q u i r e 108 k c a l / m o l t o break t n e f i r s t 
N-H bond i n NH 3). 

The reason f o r t h i s enhanced NH bond s t r e n g t h i s 
apparent when one a n a l y z e s t h e e l e c t r o n d i s t r i b u t i o n i n 
t h e ScNH + m o l e c u l e and compares i t w i t h S c N + and NH. 
T h i s a n a l y s i s shows t h a t when H bonds t o S c N + t h e Ν 2s 
o r b i t a l l o s e s 0.45 e l e c t r o n s , t h e Η I s l o s e s 0.17e and 
t h e Ν 2ρ σ o r b i t a l g a i n s 0.30 e l e c t r o n s . I f , f o r 
bookkeeping purposes, we assume a l l o f t h e e l e c t r o n s 
l o s t by Η go i n t o t h e Ν 2ρ α and t h a t t h e r e m a i n i n g g a i n 
i n t h e Ν 2ρ σ comes from t h e Ν 2s, t h e n we can a l l o t t h e 
r e m a i n i n g 0.32 e l e c t r o n s l o s t by t h e Ν 2s t o t h e σ 
o r b i t a l s on S c + . T h i s a c c o u n t s n i c e l y f o r t h e i n c r e a s e 
o f 0.33 e l e c t r o n s i n t h e S c + σ system and s u g g e s t s t h a t 
t h e enhanced N-H bond s t r e n g t h i n ScNH + i s due t o a 
s i g n i f i c a n t d a t i v e bond formed between Sc and t h e Ν 2s 
e l e c t r o n p a i r . A l t e r n a t i v e l y , we may imagine f o r m i n g 
ScNH + v i a t h e l o w e s t s t a t e ( 3F) o f t h e e x c i t e d d 2 

conf i g u r a t i o n . 

S c + ( 3F) + NH (3Σ~) - ScNH + (*Σ+) 

The S c + - NH bond s t r e n g t h i s c a l c u l a t e d t o be 
105.9 k c a l / m o l r e l a t i v e t o t h e ground s t a t e fragments 
(Kunze, K.L. and H a r r i s o n , J .F., MSU, u n p u b l i s h e d 
r e s u l t s ) , which s h o u l d be compared w i t h r e c e n t r e s u l t s 
by Armentrout e t a l . (Armentrout, P., U n i v . o f Utah, 
p r i v a t e communication, 1989) s u g g e s t i n g a Sc +-NH bond 
s t r e n g t h o f 118 k c a l / m o l . T h i s Sc +-NH c a l c u l a t e d bond 
s t r e n g t h i s 43 k c a l / m o l s t r o n g e r t h a n t h e 63 k c a l / m o l 
c a l c u l a t e d f o r t h e S c N + bond i n t h e 2 Σ + s t a t e . Note 
t h a t t h e c a l c u l a t e d N-H bond s t r e n g t h i n ScN +-H i s a l s o 
43 k c a l / m o l s t r o n g e r t h a n t h e 75.5 k c a l / m o l c a l c u l a t e d 
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18. MAVRIDIS ET AL Gas-Phase Chemistry of Transition-Metal Ions 273 

bond s t r e n g t h i n NH. T h i s s y n e r g i s t i c r e l a t i o n s h i p 
between t h e N-H and Sc-N bonds i n ScNH + i s a 
consequence o f t h e freedom g i v e n t o t h e a system by t h e 
u n u s u a l π, π double bond between t h e m e t a l and N. As Η 
bonds t o t h e ρσ e l e c t r o n on Ν c o n s i d e r a b l e 2s c h a r a c t e r 
i s mixed i n t o t h e NH bonding o r b i t a l . T h i s 
h y b r i d i z a t i o n not o n l y s t r e n g t h e n s t h e N-H bond bu t t h e 
companion o r b i t a l which p o i n t s toward t h e Sc 
s i m u l t a n e o u s l y s t a b i l i z e s t h e ScN bond by a d a t i v e 
i n t e r a c t i o n . The 2 Σ + s t a t e r e p r e s e n t e d above i s more 
a c c u r a t e l y w r i t t e n as 

The ground s t a t e o f NH 2 i s o f 2 B X symmetry and i s 
c h a r a c t e r i z e d by a σ2πι e l e c t r o n i c c o n f i g u r a t i o n and an 
NH 2 a n g l e o f 104°, whereas, t h e f i r s t e x c i t e d s t a t e i s 
o f 2A X symmetry and i s 32 k c a l / m o l above t h e ground 
2 B X . I t i s c h a r a c t e r i z e d by a σ 1* 2 e l e c t r o n i c 
c o n f i g u r a t i o n and an a n g l e o f 144° 

We may imagine t h e ground s t a t e o f NH 2 r e a c t i n g 
w i t h e i t h e r t h e ground o r e x c i t e d s t a t e o f S c + t o form 
a d o u b l e t w i t h a n o n p l a n a r s t r u c t u r e i n which t h e 
bonding e l e c t r o n on S c + i s f o r m a l l y e i t h e r 4s o r 3άσ. 

A l t e r n a t i v e l y we can imagine t h e ground s t a t e o f 
NH 2 r e a c t i n g w i t h t h e 3d 2 c o n f i g u r a t i o n o f S c + t o form 
t h e p l a n a r m o l e c u l e h a v i n g a π bond and a ( d a t i v e ) σ 
bond. The u n p a i r e d e l e c t r o n on Sc would most l i k e l y be 
i n a S± o r b i t a l t o o p t i m i z e t h e a b i l i t y t o form a π and 
d a t i v e " a bond. 

J.F., MSU, u n p u b l i s h e d work) p r e d i c t t h a t t h e ground 
s t a t e o f S c N H 2

+ i s o f 2 A 2 symmetry and t h a t i t i s 
p l a n a r w i t h t h e geometry 

ScNH 2
 + 

+ S c «- N-H ( 1Σ +) 

[ • S C « N ^ H > 0 7 ° 1 
1 9 β / ι . ο Γ Η J 
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274 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Only s m a l l e n e r g i e s a r e r e q u i r e d t o d e v i a t e from 
t h e p l a n a r s t r u c t u r e . Our c a l c u l a t i o n s suggest t h a t 
0.3 k c a l / m o l i s r e q u i r e d t o move Sc 10* out o f p l a n e 
and 0.9 k c a l / m o l t o move i t 20*. 

The e l e c t r o n d i s t r i b u t i o n a t e q u i l i b r i u m s u g g e s t s 
t h a t Sc has a t o t a l charge o f +1.51 h a v i n g l o s t 0.49 
e l e c t r o n s t o t h e NH 2 group. The e l e c t r o n s r e m a i n i n g on 
Sc a r e d i s t r i b u t e d as f o l l o w s 

4 s 0 .0 6 4 p 0.0 4 p 0 .0 7 3 d 0 .1 e 3 ( j 0 . 2 2 3 ( j 1 .0 0 

We c a l c u l a t e t h e +Sc=NH 2 bond d i s s o c i a t i o n energy 
f o r t h e 2A^ s t a t e t o be 79 k c a l / m o l w h ich compares 
f a v o r a b l y w i t h t h e 85 k c a l / m o l r e c e n t l y d e t e r m i n e d by 
Armentrout e t a l . (Armentrout, P.Β., U n i v . o f Utah, 
p r i v a t e communication, 1989). The l o w e s t 2Al s t a t e has 
t h e u n p a i r e d e l e c t r o n i n a 5 + o r b i t a l and i s 
e s s e n t i a l l y degenerate w i t h t h e ground 2 A 2 s t a t e . The 
l o w e s t 2 B 2 s t a t e has a D e o f 70 k c a l / m o l and r e s u l t s 
when t h e u n p a i r e d e l e c t r o n i s i n a d * y o r b i t a l . 
P l a c i n g t h e u n p a i r e d e l e c t r o n i n a d * x o r b i t a l r e s u l t s 
i n t h e 2BX s t a t e which i s 22 k c a l / m o l above t h e 2 A 2 

ground s t a t e . We have a l s o i n v e s t i g a t e d s e v e r a l 
q u a r t e t s t a t e s which a r e bound by -30 k c a l / m o l , 
p r i m a r i l y by c h a r g e - d i p o l e i n t e r a c t i o n s . 

SçHH»* 
Three isomers w i t h t h i s f o r m u l a a r e r e l e v a n t . The 
f i r s t i s a c h a r g e - d i p o l e complex i n which NH 3 i s 
i n t a c t . T h i s complex i s bound r e l a t i v e t o ground s t a t e 
fragments by 36.8 k c a l / m o l . 

The second isomer i s t h e i n s e r t i o n p r o d u c t 
H-Sc-NH 2 . G e n e r a l i z e d V a l e n c e Bond c a l c u l a t i o n s on 
t h i s system suggest t h a t i t i s bound r e l a t i v e t o S c + + 
NH 3 by 16 k c a l / m o l . The geometry i s 

The t h i r d isomer i s t h e e l e c t r o s t a t i c complex 
( H 2 ) S c N H + t h a t i s bound r e l a t i v e t o S c + + NH 3 by 14 
k c a l / m o l . I n t e r e s t i n g l y t h e H 2 m o l e c u l e i s bound t o 
t h e ScNH + i o n by 5 k c a l / m o l . 

Summary o f E n e r g e t i c s 
The r e l a t i v e e n e r g i e s o f t h e v a r i o u s p r o d u c t s o f t h e 
r e a c t i o n o f S c + ( 3D) w i t h NH 3 a r e c o l l e c t e d i n F i g u r e 
4. T h i s f i g u r e was c o n s t r u c t e d u s i n g t h e e n e r g i e s 
d i s c u s s e d i n t h e p r e v i o u s s e c t i o n as w e l l as b i n d i n g 
e n e r g i e s o f S c H + and ScH 2

+(l£) r e p o r t e d e a r l i e r . 
E n e r g i e s determined e x p e r i m e n t a l l y a r e shown i n 
p a r e n t h e s e s . 
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MAVRIDIS ET AL. Gas-Phase Chemistry of Transition-Metal Ions 

•277 
Se1"* Ν • 3Η· ν 

+214 

Sc + ( 3 D )+NH3 > Products 

ScN*+3H* +201 
Sc* + ΝΗ+2Η· 

104 (115) 

• 108 
Sc+ + ΝΗ 2+Η· 

78(85) 

+97 

106(119) 

•95 
ScH^+NH ScNH*+2H* 

ScH*+NH2 

-37 
| _ Sc4"** NH3(ion-dipole) 

F i g u r e 4. Summary o f E n e r g e t i c s f o r S c + + NH 3. 
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276 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

These c a l c u l a t i o n s suggest t h a t b o t h t h e i n s e r t i o n 
p r o d u c t H-Sc-NH 2

+ and t h e complex H 2
# e , S c N H + a r e 

ex o t h e r m i c p r o d u c t s o f t h e r e a c t i o n o f Sc w i t h NH 3. 
The i n s e r t i o n p r o d u c t i s formed e x o t h e r m i c a l l y because 
t h e Sc-NH 2 bond s t r e n g t h and t h e Sc-H bond s t r e n g t h a r e 
l a r g e and a b l e t o overcome t h e 108 k c a l / m o l r e q u i r e d t o 
break a N-H bond i n NH 3. Our c a l c u l a t i o n s suggest t h a t 
t h e +Sc-NH 2 bond i s s t r o n g because: 
1. The NH ? group donates charge t o t h e t r a n s i t i o n 

m e t a l i o n v i a t h e σ2 p a i r on N. T h i s d a t i v e 
i n t e r a c t i o n i s o p t i m i z e d when t h e r e a r e no 4s o r 
3da e l e c t r o n s on t h e m e t a l . 

2. The m e t a l donates charge t o t h e π o r b i t a l o f t h e 
NH 2 group. T h i s t r a n s f e r i s o p t i m i z e d when t h e r e 
i s one d* e l e c t r o n i n t h e * system b e i n g c o u p l e d 
w i t h t h e NH 2 π o r b i t a l . 
I n t e r f e r i n g w i t h e i t h e r o f t h e s e mechanisms w i l l 

reduce t h e m e t a l - NH 2 bond s t r e n g t h and c o n s e q u e n t l y 
t h e p o t e n t i a l f o r an ex o t h e r m i c H-M-NH2

+ i n s e r t i o n 
p r o d u c t . L i k e w i s e r e d u c i n g t h e metal-H bond s t r e n g t h 
would a l s o reduce t h e p o s s i b i l i t y o f an ex o t h e r m i c 
i n s e r t i o n p r o d u c t . 

F o r example, Co"1" i s a d e system and r e g a r d l e s s o f 
th e c o n f i g u r a t i o n o f t h e e l e c t r o n s i n t h e ground 3 F 
s t a t e one w i l l always have a t l e a s t one e l e c t r o n , i n a 
da o r b i t a l . C o nsequently t h e p l a n a r c o n f i g u r a t i o n i s 
not o b v i o u s l y b e t t e r t h a n t h e s i n g l y bonded non p l a n a r 
s t r u c t u r e 

and, as a r e s u l t , t h e M-NH2 bond s t r e n g t h w i l l be 
s m a l l e r f o r Co t h a n Sc. So w h i l e S c + and Co* b o t h have 
two s i n g l y o c c u p i e d d o r b i t a l s C o + i s l e s s 
e n e r g e t i c a l l y f a v o r e d t o r e a c t w i t h NH 3 t o form 

H - Co - NH 2
+. 

S i m i l a r c o n s i d e r a t i o n s a p p l y t o t h e ex o t h e r m i c 
p r o d u c t s H 2 + ScNH +. I n t h i s case t h e e x o t h e r m i c i t y 
r e s u l t s from t h e s t r o n g M-NH bond which a r i s e s from: 
1. Each 2ρ π e l e c t r o n on Ν bonding t o a s i n g l y 

o c c u p i e d o r b i t a l on S c * and 
2. The l o n e p a i r on Ν bonding t o t h e empty 4s, 3d 

o r b i t a l s on Sc. 
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18. MAVRIDIS ET AL. Gas-Phase Chemistry of Transition-Metal Ions 277 

I t i s n ot p o s s i b l e f o r C o + t o s a t i s f y b o t h o f 
t h e s e c o n d i t i o n s s i m u l t a n e o u s l y and c o n s e q u e n t l y , CoNH + 

s h o u l d have a r e l a t i v e l y weak Metal-NH bond s t r e n g t h . 
The p r o c e s s 

C o + + NH 3 - Co=NH + + H 2 

w i l l be l e s s e x o t h e r m i c i f t h e Co=NH + bond s t r e n g t h i s 
l e s s t h a n 90 k c a l / m o l . 
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Chapter 19 

Periodic Trends in the Bond Energies 
of Transition Metal Complexes 

Density Functional Theory 

Tom Ziegler and Vincenzo Tschinke 

Department of Chemistry, University of Calgary, Calgary, 
T2N 1H4, Canada 

Accurate Density Functional calculations make possible today the 
systematic investigation of periodic trends in the bond energies of 
transition metal complexes. Computational results are presented for 
metal-metal bonds in dimers of the group 6 transition metals, metal
-ligand bonds in early and late transition metal complexes, and metal
-carbonyl bonds in hexa- penta- and tetra-carbonyl complexes. 

The dearth of reliable experimental data on bond dissociation energies is felt 
throughout the field of organometallic chemistry. Accurate theoretical studies should 
afford a much needed supplement to the sparse available experimental data on metal-
ligand bond energies, necessary for a rational approach to the synthesis of new 
transition metal complexes. 

Recently, Density Functional investigations of molecular bond energies have 
gained novel impetus due to the introduction by Becke (7) of a gradient correction to 
the Hartree-Fock-Slater local exchange expression, 

t^LSD/NL CHFS V f t i l+YB 
[ p ] [ ( r i ) ] 7 / 3 

IV, PÏ(?i)l2 

[ p ? ( r i ) ] 8 / 3 

-1 

ï δΓ! (1), 

where is a spin density and ββ and γβ are parameters. In conjunction with 
appropriate approximations for antiparallel spin correlations, the expression of Eq.(l) 
provides near-quantitative estimates (7) of bond energies in main-group compounds. 

In this contribution we shall present several applications of the new method, 
which we shall refer to as LSD/NL, to the calculation of bond energies of transition 
metal complexes. We shall focus on trends along a transition period and/or down a 
transition triad. The following subjects will be discussed: a) metal-metal bonds in 
dimers of the group 6 transition metals; b) metal-ligand bonds in early and late 
transition metal complexes; c) the relative strength of metal-hydrogen and metal-
methyl bond in transition metal complexes; d) the metal-carbonyl bond in hexa- penta-
and tetra-carbonyl complexes. 

0097-6156/90A)428-0279$06.00/0 
© 1990 American Chemical Society 
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280 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table 1 Calculated bond energies [D(M-M)] (eV) and metal-metal bond distances (RM-M) 
(Â) for Cr2, M02 and W2 

D(M-M) RM-M 
Calc. Exp.11 Calc. Exp.11 

Cr2 1.75 1.5610.2 1.65 1.69 
M02 4.03 4.18±0.2 1.95 1.93 
w2 4.41(3.54)a - 2.03(2.07)a 

-
Non-relativistic results. 

Computational Details 

In the present set of calculations we have used the functional proposed by 
Becke (7), which adopts a non-local correction to the HFS exchange, and treats 
correlation between electrons of different spins at the local density functional level. 
All calculations presented here were based on the LCAO-HFS program system due to 
Baerends et al. (2) or its relativistic extension due to Snijders et al.(3), with minor 
modifications to allow for Becke's non-local exchange correction as well as the 
correlation between electrons of different spins in the formulation by Stoll et al. (4) 
based on Vosko's parametrization (5) from homogeneous electron gas data. Bond 
energies were evaluated by the Generalized Transition State method (6), or its 
relativistic extensions (7). 

A double ζ-STO basis (8) was employed for the ns and np shells of the main 
group elements augmented with a single 3d STO function, except for Hydrogen where 
a 2p STO was used as polarization. The ns, np, nd, (n + l)s and (n + l)p shells of 
the transition metals were represented by a triple ζ-STO basis (3). Electrons in shells 
of lower energy were considered as core and treated according to the procedure due to 
Baerends et al. (2). The total molecular electron density was fitted in each SCF-
iteration by an auxiliary basis (9) of s, p, d, f and g STOs, centred on the different 
atoms, in order to represent the Coulomb and exchange potentials accurately. 

Metal-Metal Bond Strength of the Dimers Cr 2, M02 and W2 (10) 

The bond energies (77) of the metal dimers Cr 2 and Mo 2 are accurately known 
experimentally and we note that several theoretical accounts of the bonding in these 
systems have already appeared, based on ab initio (11a) and Density Functional 
Theory (72). However, no calculation has been reported for W 2 , nor are there any 
experimental data available. 

The bond energies in Table 1 were calculated by evaluating the energy difference 

ΔΕ = 2EÇS) - E(M2) (2) 

between two metal atoms in the 7S state corresponding to the nd$(n + l)sl con
figuration, and M 2 . For Cr 2 and Mo 2, ΔΕ represents the bond energies D(Cr-Cr) and 
D(Mo-Mo), respectively, since Cr and Mo have a spherical 'S ground-state. 
However, the W-atom has a 5 D ground-state with the configuration 5d46s2, thus we 
have subtracted for W 2 the experimental energy difference (.37 eV) (75) between the 
5 D and the 7S states twice to arrive at D(W-W) of Table 1. 
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19. ZIEGLER & TSCHINKE Periodic Trends in the Bond Energies 281 

Table 2 Calculated [D(M-L)] bond energies (kJ mol"1) and optimized (RM-L) bond distances 
(A) in CI3ML 

D(M-L) RM-La 

M M 
L Ti Zr Hf Ti Zr Hf 
H 250.7 297.2 313.5 1.70 1.82 1.80 
CH3 267.5 309.5 326.6 2.13 2.26 2.25 
S1H3 210.9 239.5 272.2 2.63 2.78 2.79 
OH 453.2 527.2 535.9 1.83 1.95 1.97 
OCH3 426.9 484.5 506.6 1.86 1.99 2.01 
SH 293.3 347.9 360.1 2.28 2.47 2.47 
NH2 364.7 420.6 439.1 1.87 2.01 2.04 
PH2 190.6 225.6 233.9 2.24 2.48 2.47 
CN 410.4 457.6 477.9 2.06 2.21 2.23 

a Optimized from a quadratic fit through three energy points corresponding to three different M-L 
distances. 

The calculated bond energies and equilibrium bond distances RM-M for Cr 2 and 
M02 are in good accord with experimental values, as can be seen from Table 1. In 
contrast to other calculations based on DFT, we have employed in the present work (n 
+ l)f polarization functions. Their contribution to the bond energies are modest, 0.2 
- 0.4 eV. On the other hand, the contributions to D(M-M) from the non-local 
correction to the exchange are -1.8 and -2.4 eV for M02 and Cr 2, respectively, and are 
thus important in determining the agreement with experiment. 

We predict that W 2 , after the inclusion of relativistic effects, should have a 
stronger metal-metal bond than M02. Even in the non-relativistic case, the bonding 
interaction is stronger in W 2 than in Mo 2 if the two metal atoms are referred to the 
same 7S reference state. 

Metal-ligand Bond Strengths in the Early Transition Metal 
Systems CI3ML and Late Transition Metal Systems 
LCo(CO) 4 (14) 

The way in which metal-ligand bond energies of early transition metals and f-block 
elements differ from those of middle to late transition metals, or metal-ligand bond 
energies of 3d and 4f elements differ from those of their heavier congeners, has been 
the subject of many experimental (75) as well as a few theoretical studies (76) over the 
past decade. 

We shall present here calculations on the D(M-L) bond strength in the CI3ML (1) 
model systems of the early transition metals M = Ti, Zr and Hf, as well as the 
LM(CO)4 model system with the late transition metal M = Co, for a number of 
rudimentary ligands, L = H, C H 3 , S1H3, OH, SH, O C H 3 , NH 2 , PH 2 and CN. The 
calculated bond energies D(M-L) are displayed in Table 2. The ligands L = OH, 
O C H 3 , with the coordinating atoms of the highest electronegativity and the most 
polar CI3M -L bond have the largest D(M-L) bond energies. The ligand L = S1H3, 
with the coordinating atom of the lowest electronegativity and the least polar M-L 
bond, has a modest D(M-L) bond energy. For the series of ligands NH 2 , SH, C H 3 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
9



282 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Ev 

f 2e 3 θ 

i b 2 i £ * - r 
1a, ^ l a — 2a, 2a, ^ 

1 θ 1 θ <^ 2 a l 2 a l — σ 
•Φ. 2a 1 1θ 1Θ — — π 

•12.Η ^ 2a, 

C o ( C O ) 4 O H O C H 3 S H N H 2 P H 2 C H 3 S I H 3 H C N 

Fig. 1 Energies for the frontier orbitals of the two metal fragments T1CI3 and Co(CO)4 as well as 
the ligands L = OH, OCH3, SH, NH2, PH2, CH3, S1H3, CN and H. 

and Η one finds in Table 2 that D(M-L) follows the order of the electronegativity of 
the coordinating atom, with NH 2 > SH > C H 3 > H. 

CI 

\ 
. I, M 

CI 
CI 

It is clear from Table 2 that zirconium, and even more so hafnium, form stronger 
M-L bonds to the ligands under investigation than titanium in the CI3M-L systems. 
We have found that the calculated increase in D(M-L) down the triad is primarily 
caused by a corresponding increased overlap between the singly occupied lai-orbital 
of CI3M and the singly occupied orbital on the ligand L, see Figure 1, which is in turn 
responsible for an increased σ-bonding interaction between the metal centre and the 
ligand (77). 

There are few thermochemical data available for M-L bond involving group 4 
metals. To our knowledge, of the ligands under consideration data (15a) are only 
available for L = CR 3 , NR 2 and OR (R = alkyl), for the homoleptic M(CR3)4, 
M(NR2)4, and M(OR)4 systems with M = Ti, Zr and Hf. The M-L bonds in these 
systems follow the same trend as observed here for the CI3M-L systems, with the 
bond energy increasing down the triad as well as with the increasing electronegativity 
of the corresponding atom on the ligand (Ο > Ν > C). Group 4 metals are known 
(18) to form several complexes involving M-L bonds with L = S1R3, PR2, and SR 
ligands. However, the corresponding D(M-L) bond energies have not been 
determined experimentally. Perhaps not surprisingly, we find that the M-L bonds of 
L = S1H3, PH 2 , and SH are weaker and less polar than the M-L bonds of the 
homologous ligands L = CH 3 , NH 2 , and OH (Table 2). 

Comparative experimental data on M-H and M-CH3 bond energies of early 
transition metals are not available. However, it has been asserted (79) that the M-H 
and M-CH3 bond strengths of early transition metal complexes are quite similar. 
Indeed, we find D(M-H) and D(M-CH3) to be quite similar in the CI3M-H and CI3M-
CH3 systems, respectively. We shall dedicate the next section to the relative strengths 
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19. ZIEGLER & TSCHINKE Periodic Trends in the Bond Energies 283 

Table 3 Calculated [D(Co-L)] bond energies (kJ mol"1) and optimized (RCo-L) bond dis
tances (Â) in LCo(CO)4 

L DCC6-L) RCO-T. L D(Co-L) RCo-I, 
H 230. 1.55 SH 168.9 2.49 
CH3 160. 2.11 NH2 145.5 2.09 
SiH3 211.6 2.73 PH2 145.5 2.43 
OH 232.4 2.09 CN 304.3 2.04 

of the M-H and M-CH3 bonds in systems ranging from early transition metal and f-
block element complexes to middle and late transition metal complexes. 

OC 
CO 

CO 

We shall now consider the M-L bond energies in the late transition metal 
complexes LCo(CO)4 (2). The σ-bond in LCo(CO)4 is considerably less polar than 
in CI3ML. This is primarily so because cobalt is more electronegative than the group 
4 metals Ti, Zr and Hf, and as a consequence the lai metal based frontier orbital, 
involved in the σ-bond, is of lower energy than the frontier orbital lai of CI3M (see 
Figure 1). 

For ligands other than H we had in the CI3ML systems favourable donor-acceptor 
interactions from occupied ligand orbitals to the two empty e-sets, see Figure 1. In 
Co(CO)4 the metal based d-orbitals of e-symmetry are fully occupied and the 
corresponding interactions between occupied ligand orbitals and either le or 2e are as 
a consequence repulsive. As a consequence, we find in accord with available 
experimental evidence (20) that all ligand except hydrogen form stronger bonds to the 
early transition metal Ti than to the late transition metal Co, see Table 2 and 3. 

The Relative Strengths of the Metal-Hydrogen and the Metal-
Methyl Bonds in Transition Metal Complexes (14,21,22). 

The breaking or formation of metal-hydrogen and metal-alkyl bonds is an integral part 
of most elementary reaction steps in organometallic chemistry. As a consequence, 
considerable efforts have been directed toward the determination of M-H (15b) and M-
alkyl bond strength (23) as a prerequisite for a full characterization of the reaction 
enthalpies of elementary steps in organometallic chemistry. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
9



284 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Fig. 2 Calculated M-H and M-CH3 bond energies for several actinide and transition metal 
complexes. 

As already mentioned, the strengths of M-H and M-Alkyl bonds are comparable 
for early transition metals (19). According to sparse experimental data, the same 
trend is observed in actinide complexes (24). By contrast, data for alkyl 
(20a,15e,25,26) and hydride (20e,26,27) complexes of middle to late transition 
metals indicate that the M-H bond is stronger than the M-Alkyl bond by some 40-80 
kJ mol"1. This difference in strength has implications for the relative ease by which 
ligands can insert into the M-H and M-Alkyl bonds (28). Also, it is one of the 
thermodynamic factors, along with the relative order of the bond energies H 2 < H -
Alky < Alkyl-Alkyl, which favour the oxidative addition (19,29) to metal centres of 
H 2 compared to H-Alkyl and Alkyl-Alkyl bonds. 

In the preceding section we have presented results on the relative bond strengths 
of the M-H and M-CH3 bonds of model complexes CI3M-R (R = H, CH3) involving 
the early transition metals Ti, Zr and Hf, as well as the late transition metal complex 
R-Co(CO)4. Here, we shall present additional results on actinide metal complexes as 
well as on middle and late transition metal complexes, in an attempt to supplement the 
rather sparse experimental data available. 

We have conducted calculations on the bond energy D(M-R) (R = H, CH3) of the 
model actinide complexes CI3M-R (M = Th and U) as well as the middle transition 
metal complexes R-M(CO)5 (M = Mn, Tc and Re) and the late transition metal 
complexes R-M(CO)4 (M = Co, Rh and Ir). These results are depicted in Figure 2, 
along with the corresponding results presented in the preceeding section. 

The results depicted in Figure 2 seem to indicate that the trend which assigns 
comparable M-H and M -CH3 bond strengths in early transition metal and actinide 
complexes but a stronger M-H bond in middle and late transition metal complexes, is 
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19. ZIEGLER & TSCHINKE Periodic Trends in the Bond Energies 285 

of general validity. It also appear that both the M-H and the M-CH3 bond strengths 
increase down a triad for transition metal complexes. 

2a 2h 

The reduced strength of the M-CH3 bonds in middle and late transition metals can 
be readily explained in terms of destabilizing three- and four-electron two-orbital 
interactions which occur between the fully occupied 1σ (3a) and 1π (3b) methyl 
orbitals and the fully or singly occupied d-orbitals of matching symmetries present on 
the metal centres. By contrast, in early transition metal and actinide complexes, the 
metal orbitals of π-symmetry are vacant and are involved in stabilizing interactions 
with 2k A destabilizing three-electron two-orbital interaction between 2â and the 
single-occupied metal orbital lai (Figure 1) is still present. However, the M-CH3 
bond is more polar in early transition metal complexes than in middle and late 
transition metal complexes and as a consequence electronic charge is transferred from 
the metal orbital lai to the methyl ligand, thereby relieving the destabilizing interaction 
between lai itself and 3a. 

The comparable strengths of the M-H bonds in the complexes studied is perhaps 
not too surprising, since H is a simple one-orbital ligand without additional occupied 
orbitals involved in four-electron two-orbital interactions or π-donor-acceptor 
interactions. Finally, the increase in strength of both the M-H and M-CH3 bonds 
down a triad, see Figure 2, is primarily related to an increase in the overlap between 
the metal lai orbitals and the matching ligand orbitals, which leads to a stronger σ -
interaction. Such an increase in overlap occurs as the metal d-orbitals become more 
diffuse down the triad. 

A comparison between our calculated results for D(M-R) (R = H, CH3) and the 
few available experimental data is presented in Table 4. We find in general a good 
agreement with the experimental bond energies. Also, the stability order D(M-L) > 
D(M-CH3) in middle and late transition metal complexes supported by our theoretical 
study is consistent with data on organometallic reactions in which M-L and M-CH3 
bonds are formed or broken. Thus, CO will readily insert into a M -CH3 bond 
whereas the corresponding insertions into M-H bonds are virtually unknown (28), 
and methyl has likewise a larger migratory aptitude toward most other ligands than 
hydride. The H2 molecule is known to add oxidatively and exothermically to several 
metal fragments where the corresponding oxidative additions of the H-Alkyl and 
Alkyl-Alkyl bonds are unknown and probably endothermic as a consequence of the 
weak M-R bond (19). 

At this stage, it is important to comment on the role of the non-local correction to 
the exchange in the calculated bond energies. For middle and late transition metal 
complexes, the non-local correction reduces significantly the D(M-CH3) values (by 
105 kJ mol"1 for CH3-Mn(CO)5) whereas the corresponding D(M-H) bond energies 
are decreased to a lesser extent (by 13 kJ moF for H-Mn(CO)s). Thus, it is apparent 
that Becke's non-local correction to the exchange is essential to assure the good 
agreement of the LSD/NL results with experiment, whereas the FTFS and the LSD 
methods not only tend to give too large bond energies, but in some cases predict the 
wrong order for the M-H and M-CH3 bond strengths. 
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286 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Table 4 Calculated and experimental values for the bond energies D(M-R) (R = H, CH3) 
(kJ mol'1) 

M-H LSD/NL Exp. M-CH3 LSD/NL Exp. 
Cl3Th-H 318.0 ~335.a Cl3Th-CH3 333.9 ~335.a 

CI3U-H 293.3 319.7a CI3U-CH3 302.1 302.9a 

CI3T1-H 250.7 CI3T1-CH3 267.5 — 
Cl3Zr-H 297.2 — Cl3Zr-CH3 309.5 — 
Cl3Hf-H 313.5 Cl3Hf-CH3 326.6 
H-Mn(CO)5 225 213b CH3-Mn(CO)5 153 153b 

H-Tc(CO)5 252 — CH3-Tc(CO)5 178 — 
H-Re(CO)5 282 — CH3-Rc(CO)5 200 — 
H-Co(CO)4 230 238c CH3-Co(CO)4 160 — 
H-Rh(CO)4 255 — CH3-Rh(CO)4 190 — 
H-Ir(CO)4 286 — CH3-Ir(CO)4 212 — 

a Experimental bond energies from Ref. 24 correspond to Cp2 MC1-R systems. b Ref. 20c. 
c Ref.27e. 

Thermal Stability and Kinetic Lability of the Metal-Carbonyl 
Bond (30) 

The extensive use of coordinatively saturated mono-nuclear carbonyls as starting 
materials in organometallic chemistry, along with their volatility and high molecular 
symmetry, has prompted numerous experimental (15a,31,32,33) and theoretical 
(34,35) studies on their structure and reactivity. Special attention has been given to 
the degree of σ-donation and π-back-donation (34b-g,35a,35e) in the synergic (34k) 
M-CO bond. 

However, in spite of many experimental (32) investigations, there is still a lack of 
basic data on the thermal stability and kinetic lability of the M-CO bond in essential 
metal carbonyls such as M(CO)6 (M = Cr, Mo, W), M(CO)5 (M = Fe, Ru, Os) and 
M(CO)4 (M = Ni, Pd, Pt), particularly with respect to the carbonyls of the second-
and third-row metals. 

Theoretical methods have begun to play a role in determining the energetics of 
organometallics (35g) and ab initio type methods have recently been applied to 
calculation on the M-CO bond strength of Cr(CO)6 (35d-e), Fe(CO)5 (35a-cf), and 
Ni(CO)4 (35a J), but not yet to M-CO bond strength of their second- and third-row 
homologues. Here, we shall present LSD/NL calculations on the intrinsic mean 
bond energy D(M-CO) and first CO dissociation energy ΔΗ of Cr(CO)e, Fe(CO)s, 
and Ni(CO)4 as well as their second- and third-row homologues. 

We shall here be concerned with periodic trends in the strength of the M-CO 
bonding interaction within the triads M = Cr, Mo, W; M = Fe, Ru, Os; and M = Ni, 
Pd, Pt. As measures for the M-CO bonding interaction in the hexacarbonyls (4a). 
pentacarbonyls (4b) and tetracarbonyls (&), we will consider the intrinsic mean bond 
energy D(M-CO) between M (in its low-spin valence state) and the η CO ligands, as 
well as the bond energy ΔΗ between M(CO)n-i and CO. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
9



19. ZIEGLER & TSCHINKE Periodic Trends in the Bond Energies 287 

Table 5 Comparison between calculated and experimental values for the mean bond energy Ε 
of several carbonvl complexes. Calculated values for D(M-CO) and AE p r e p are also given. All values in kJ mol"1 

M(CO)n 

E(Exp.)c 

D(M-CO) 1/π·ΔΕρΓβρ Ec 

Cr(CO)6 211 100.7 110 110a 

Mo(CO)6 178 51.6 126 151a 

W(CO)6 210 54.4 156 179a 

Fe(CO)5 216.8 98.42 117 118.4a 

Ni(CO)4 178.9 — — 191b 

a Réf. 15a. b Experimental intrinsic mean dissociation energy D(M-CO), Réf. 15a. c Mean bond 
dissociation energy. 

Ο Ο 

There are two sets of experimental data with a bearing on the M-CO bond strength 
in M(CO)n, namely, the mean bond energy Ε corresponding to the process 

M(CO)n (g) -> M(g) + AzCO(g) - nE (2a) 

and the first bond dissociation energy ΔΗ corresponding to the process 

M(CO)n -> M(CO)n-i + CO - ΔΗ (2b). 

It is important to note that Ε is given by 

E = D ( M - C O ) - l / M E p r e p (3), 

where A E p r e p is the energy required to promote the metal atom from its high-spin 
electronic ground state to the low-spin valence configuration. As a consequence, one 
can not conclude that the order of Ε will correspond to the order of D(M-CO) down a 
triad, since ΔΕρ™ might differ significantly for the three elements. 

The first bond dissociation energy ΔΗ is on the other hand a direct measure for the 
strength of the M-CO bond interaction. It is further an extremely important kinetic 
parameter, since the dissociation process of Eq.(2b) is assumed to be a key step in the 
large volume of kinetically useful substitution reactions (36) 

M(CO)n + L -» M(CO)n-1L + CO (4) 

where L is introduced into the coordination sphere of M by replacing one carbonyl 
ligand. 

Our computational results for D(M-CO) and ΔΗ are depicted in Figure 3. It 
appears from the values of D(M-CO) (Figure 3a) that strength of the M-CO bond 
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288 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

D(M-CO) 

kJ mol 
•1 

250 -

200 -

150 -

100 -

50 -

M(CO) M(CO) M(CO) 4 5 6 

Δ Η 

kJ mol" 
A 

250 H 

200 

150 -

100 -

50 -

M(CO) M(CO) M(CO) 4 5 6 

Fig. 3 Calculated bond energies for M(CO)6 (M = Cr, Mo, W), M(CO)5 (M = Fe, Ru, Os), 
and M(CO)4 (M = Ni, Pd, Pt): a) intrinsic bond energies D(M-CO); b) first CO dissociation energies 
ΔΗ. 

decreases going from the 3d to the 4d metal of a triad, to increase again for the 
complex of the 5d metal. The destabilization of the M-CO bond of the 4d and 5d 
elements, compared to their 3d counterparts increases in going from the Cr to the Ni 
group; in fact within the group 6 carbonyls, the M-CO bond in the W carbonyl is at a 
par in strength with the bond in the Cr complex. Among the systems studied, the 
strongest M-CO bond is assigned to the Fe(CO)5 complex, whereas the weakest bond 
is found in the Pd(CO)4 complex. It is important to note that the first dissociation 
bond energies ΔΗ (Figure 3b) follow closely the same trends observed for the 
intrinsic bond energies D(M-CO) (Figure 3a). ο C Ο 

vco σ<χ> 

i l l 
The periodic trends discussed above can be readily rationalized in terms of the 

stabilizing electronic interactions and the destabilizing steric interactions which 
determine the strength of the M-CO bond. The electronic terms are represented by π-
back-donation from occupied nd-orbitals on the metal centre to the empty n c o orbital 
(5a). as well as σ-donation from the doubly-occupied Oco orbital (£10 to vacant nd 
orbitals. The steric terms are dominated by the repulsive four-electron two-orbital 
interactions between σ<χ> and occupied nd orbitals on the metal centre. Our results 
show that electronic factors are most favourable for the pentacarbonyls where both π-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

25
, 1

99
0 

| d
oi

: 1
0.

10
21

/b
k-

19
90

-0
42

8.
ch

01
9



19. ZIEGLER & TSCHINKE Periodic Trends in the Bond Energies 289 

Table 6 Comparison between calculated and experimental values for the first CO 
dissociation energy ΔΗ, values in kJ mol"1. Calculated values do not include geometry relaxation of 
the fragments M(CO)n_i 

M(CO)n LSD/NL Exp. M(CO)n LSD/NL Exp. 
Cr(CO)6 147 162a Fe(CO)5

b 185e 176d 

Mo(CO)6 119 126a Ru(CO)5
b 92 117e 

W(CO)6 142 166a Ni(CO)4 106 104f 

a Ref. 37. b Equatorial CO dissociation energy. c The dissociation product is the fragment 
Fe(CO)4 in its singlet state. d Réf. 32a. e Ref. 38. f Ref. 39. 

back-donation and σ-donation are important, whereas the steric interactions are most 
favourable for the M-CO bond among the hexacarbonyls, where all nd orbitals of σ-
symmetry are empty and only mild repulsive interactions between Geo and the 
occupied ns and np metal orbitals are present. For first-row transition metals, the 
repulsive interactions between occupied nd- and Gco-orbitals are still modest, since 
the nd-Gco overlap integrals are relatively small for the contracted 3d-orbitals 
compared to the more diffuse 4d and 5d orbitals. Thus, electronic factors will make 
the intrinsic mean bond energy larger for Fe(CO)s than for Cr(CO>6 (Figure 3a). On 
the other hand, in carbonyls of 4d and 5d elements, where repulsive interactions 
between occupied nd- and Cco-orbitals are considerable, the steric factors cause the 
M-CO bonds in Ru(CO)5 and Os(CO)s to be weaker than in Mo(CO)6 and W(CO)6, 
respectively. The tetracarbonyls, in which all interactions between the nd- and aco-
orbitals are repulsive, have weaker M-CO bonds than the corresponding 
hexacarbonyls and pentacarbonyls in each of the transition series (Figure 3a). 
Finally, relativistic effects will stabilize the 5d element carbonyl compared to the 4<1 
metal carbonyl within a triad, see Figure 3a). Such a stabilization is sufficient to 
bring the strength of the M-CO bond in W(CO)6 at a par with the strength of the bond 
in Cr(CO)6. The rational given above for the variations in D(M-CO) can further 
be used to explain the trends in the first CO dissociation energy ΔΗ (Figure 3b). 

We have calculated the promotion energy AE p r ep needed to evaluate the mean bond 
dissociation energy E, according to Eq.(3). In Table 5, we compare our calculated 
value for Ε with the available experimental mean bond dissociation energies. We 
observe a good to fair agreement of our theoretical estimates with the experimental 
data; in particular, the experimental trend in the values of Ε down the only triad for 
which such data are available, the group 6 carbonyls, is correctly reproduced. Here, 
see Table 5, the Cr(CO)6 complex has the lowest average dissociation energy in spite 
of having the largest value of D(M-CO). The different trends in Ε and D(M-CO) are 
related to variations in the promotion energies AEprep (Table 5), as the promotion 
energy is seen to be much larger for Cr than for Mo or W. This result is not 
unexpected since AE p r e p depends on exchange integrals that in general are larger for 
the relatively contracted 3d-orbitals of chromium than for the more diffuse 4d- and 5d-
orbitals of molybdenum and tungsten. 

Our calculated values for the first CO dissociation energy ΔΗ are also in fair to 
good agreement with available experimental data, see Table 6. Finally, the 
indication that the M-CO bonds are fairly weak in the Pd(CO)4 and Pt(CO)4 
complexes, inferred by our theoretical estimates of both D(M-CO) and ΔΗ (Figure 3), 
finds support in the apparent instability of these species at room temperature. 

The value of the non-local contribution to the exchange in the calculated bond 
energies for carbonyls ranges from 109 to 138 kJ mol"1. Thus, the HFS and LSD 
estimates (16a,35e) of bond energies are in some case twice as large as the correct 
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290 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

experimental values, and the non-local correction to the exchange is once again found 
to be essential to achieve good agreement with experiment. For calculations on 
transition metal complexes, the LSD/NL method must also be considered more reliable 
than the HF-method itself, which tends to severely under-estimate the bond energies 
in such systems, as attested by the prediction, given by HF-results, that the Fe(CO)4 
and Ni(CO)4 complexes be unstable with respect to the free metal atom and free CO 
molecules (35a). On the other hand, due to their slow convergency (35b), CI 
calculations are not at present widely applicable to transition metal complexes. These 
considerations point to the LSD/NL-approximation as one of today's methods of 
choice in the theoretical investigation of transition metal complexes. 
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296 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Acid properties of chemically modified 
MoilOOy-Continued 

measured desorption activation energies, 
245,246/ 

Mo(100) surfaces used for chemisorption 
experiments, 244/ 

thermal desorption spectra, 244-245 
Acid sites on chemically modified Mo surfaces 
acid properties of Mo(100), 244-247 
effective Mo oxidation state, 

241/^42^43/ 
hydrogenolysis of methylcyclopropane, 

248/249 
surface geometry, 241 
surface polarizability, 242,244,246/ 

Activation parameters, distinction between 
apparent and observed parameters, 126 

Adiabatic electron affinities, 75 
Adiabatic ionization potentials, 75 
Adsorbate coverage, measurement, 11 
Adsorbate-induced restructuring of surfaces 
carbon-induced restructuring of Ni, 229 
catalytic reactions, 233,237 
dynamic lattice model, 229,233-236 
rigid lattice model, 226,229,230-231/ 
sulfur-induced restructuring of Fe, 233 
sulfur-induced restructuring of Ir, 233 

Alkyl homolytic-transition metal bond 
dissociation processes, thermodynamics 
and kinetics, 100-111 

Ammonia, discrepancy in equilibrium constant 
as determined by Haber and Nernst, 218 

Andrade energy, definition, 116 
Anionic ligands, bonding,256^58-259/^60 
Atomic metal anions, determination of proton 

affinities, 58 
Auger parameter, definition, 242 

Β 
2:1 Base adducts, use of ECW model, 188-189 
Bases in organometallic chemistry, £ B and C B 

parameters, 184/ 
Batch calorimetry in determination of 

thermodynamic properties, 6 
Bis(cyclopentadienyl) metal complexes, 

enthalpies of formation, 207,208/ 
Bond disruption enthalpy, definition, 3 
Bond dissociation energy(ies) 
definition, 2-3 
from kinetic measurements 
macroscopic description, 101-102 
microscopic description, 102-103,104-105/ 

metal-ligand, in complexes, 195-203 
Bond dissociation enthalpies, metal-C and 

metal-H, from classical and nonclassical 
calorimetric studies, 205-216 

Bond dissociation processes, transition-
metal-alkyl, 100-111 

Bondenergy(ies) 
definition, 3 
metal-ligand and metal-metal, 

determined with FTMS, 55-68 
periodic trends in transition metal 

complexes, 279-289 
problems in obtaining thermodynamic 

information, 84 
related to absolute electronegativity 

and hardness, 251-261 
relationships with ionization energy, 

See Ionization energy-bond 
energy relationships 

transition metal complexes, periodic 
trends by density functional 
theory, 279-290 

Bond enthalpy 
definition, 3 
description of contributions, 4 
organolanthanide-li gand, metal and 
ancillary coordination effects, 159-173 

Bond enthalpy term, determination, 208-209 
Bond homolysis reactions 
accuracy of Halpern procedure, 127,129 
dissociation energy determination, 127 
observed rate constants, 127 
temperature dependence of rate constants, 

127,128/ 
Bond order approximation, definition, 85-86 
Bond strength, definition, 3 
Bond thermolysis in solution 
free energy and enthalpy, 114,119/ 
steps required for description, 113 

Bonding 
in charge-transfer complexes, Mulliken 

description, 176 
of anionic ligands 
bond energies, 259/ 
hardness parameters, 258/^59 
HSAB principle, 256 

C 

Cage combination rate constants, effect of 
temperature, 129 

Cage effects, correspondence between 
transition state and hydrodynamic 
models, 129 

Cage pair intermediates 
bond homolysis reactions, 126-129 
chemical model, 113-114 
definition, 113 
effect on activation parameters for free 

radical recombination, 115-116 
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INDEX 297 

Cage pair intermediates-Continued 
free radical self-termination, 

121-122,125/ 
free radical trapping reactions, 122-126 
radiation boundary model, 117-120 

Calorimetric measurements 
bond dissociation energy determination, 

107-108 
classical and nonclassical, metal-C and 

metal-H bond dissociation enthalpies, 
205-216 

organometallic systems, 175-193 
Carbon, binding to transition metals, 

periodic trends, 18-32 
Carbon monoxide 
orbital energy diagram, 253,257/ 
π orbitals, 256,257/ 
reductive coupling 
NMR and IR parameters, 155-156,157/ 
reaction(s), 153 
reaction for insertion into dimetal ketone 

unit, 155 
reactivity studies with tetramesitylpor-

phyrin, 156-157 
selectivity, 156 
thermodynamics, 153-155 

thermodynamic studies of hydrogénation and 
reductive coupling by rhodium(II) 
rx^hyrins, 148-157 

Catalytic reactions, adsorbate-induced restruc
turing to explain properties, 233,237 

Cation-anion reactions, ECW model, 189-191 
Cationic metal-ligand bonds, bond energy 

determination, 57 
Charge-transfer complexes, Mulliken description 

of bonding, 176 
Chemically activated species with well-

characterized internal energies 
kinetic energy release distributions, 41 
qualitative potential energy diagrams for 

H, and CH 4 loss, 43,44 ,̂45 
thermochemical properties, 41,43/ 

Chemically activated systems with facile 
reverse reaction 

examples, 45,46/47,48/ 
kinetic energy release distribution, 45-47 
schematic representation of potential 

energy surface, 47,48/ 
Chemically modified Mo surfaces, 
acid properties of Mo(100), 244-247 
effective Mo oxidation state, 241-243 
hydrogenolysis of methylcyclopropane, 

248/249 
surface geometry, 241 
surface polarizability, 242,244,246/ 

Chromium complexes, binding to Ν and H, 
thermodynamic and kinetic studies, 133-146 

OJML 
calculation of bond energies, 281/ 
configuration, 281-282 
energies for frontier orbitals, 282/ 

Classical reaction solution calorimetry 
advantages, 205 
limitations, 205 
Mo-C bond dissociation, 206-210 
Nb-C bond dissociation, 207-210 

Clean surfaces, relaxation and 
reconstruction, 229,232f 

Co=NH% bond strength, 277 
CoNHj, configuration, 276 
Cobalt ion-4igand bond energies, correlation 

to organic bond energies, 2931/ 
Cobalt-alkyl complexes, macroscopic 

description of bond dissociation energy 
determination fromkinetic measurements,101-102 

Cobalt-carbon bond energies, use of ECW 
model, 186-187,188/ 

Combustion calorimetry, use in determination 
of thermodynamic properties, 4-5 

Competitive collision-induced dissociation 
determination of bond strengths to ion 

center, 60,63 
spectrum, 60,62f,63 

Complex ions, gas-phase thermochemistry, 70-82 
Complexes, transition metal, periodic trends 

in bond energies, 279-290 
Coordination, effects on organolanthanide-ligand 

bond enthalpies, 159-173 
Coordinatively unsaturated transition metal 

complexes, limitations of quantitative 
data for metal-ligand bond strengths, 195 

CpMnCCO)^, metal-ligand bond strengths, 
196,198/,20qf 

Cr2, calculation of bond energies, 280/,281 
CriCO),, coordination of cis- and trans-

cyclooctene, 199,201/,202f 
CrfCO)^, plot of observed rate constants 

vs. cyclooctene concentration, 201,202/ 
Cr(CO)6, enthalpic and kinetic data for 

substitution with olefins, 199,201/ 
Cross section, definition, 19 
Cyclooctene, coordination to Cr(CO) r 

199^01/^02/ 
(CyclopentadienyOjZrCHj* 
absolute Zr-R bond dissociation enthalpies, 73-74 
chemistry, 72 
relative CPjZr-R bond energies, 72-73 

Cyclopropyl free radical, trapping, 
124,126/,128/ 

D 
D 2, stopped-flow kinetic study of 

displacement from complex, 136 
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298 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

ctf-Decalin, fractional cage efficiencies, 
118,120/ 

Density functional theory 
description, 251 
periodic trends in bond energies of 

transition metal complexes, 270-290 
properties characterizing atoms, 

molecules, radicals, and ions, 251 
Desorption rates, measurement, 11 
Dimer cleavage enthalpies, use of ECW model, 

185-186 
Dimethyl metal ions, bond energies, 28-29 
Dinuclear hydrocarbon activation, 172 
Displacement of Hj, D2, and N 2 from 

complex, stopped-flow kinetic study, 136,141/ 
Disruption enthalpies, definition, 4 
Dynamic lattice model of surfaces 
adsorbate-induced restructuring, 

229,233,234-236/ 
relaxation and reconstruction at clean 

surfaces, 229,232/ 
stepped surfaces, 229 

Ε 
ECW model of organometallic systems 
2:1 base adducts, 188-189 
advantages, 179 
applications, 178-179 
cobalt-carbon bond energies, 186-187,188/ 
comparison to other acid-base theories, 

177-178 
Δχνβ. basicity order, 182,183/ 
dimer cleavage enthalpies, 185-186 
donor orders vs. acid, 180,181/ 
equation, 176 
estimation of trends in HOMO-LOMO 

separation of donor and acceptor, 177 
heterogeneous catalysts, 191-193 
parameter determination, 176-177 
philosophy, 178-179 
plots employing reference acids and bases, 

179-183 
reactions of cations and anions, 189-191 

Effective Mo oxidation state 
MoQdyJ surface binding energies and 

oxidation states, 241/.242 
vs. modifier electronegativity, 242,243/ 
vs. oxygen coverage, 242,243/ 

Electrochemical techniques in studying 
metal-metal bond energies, 8 

Electron affinity, definition, 75 
Electron attachment to gas-phase metal complexes 
experimental results, 76,77-78/ 
free energy ladder for attachment to metal 

complexes, 76,78/ 

Electron attachment to gas-phase metal 
complexes-Continued 

free energy ladder for attachment to 
metallocenium ions, 76,77/ 

heterolytic bond enthalpies, 80,81/ 
mean bond dissociation enthalpies and 

differential solvation free energies 
for metallocenes, 76.79/.80 

reaction, 75 
thermochemical applications of energies, 

76,79/,80,81/ 
thermochemical cycles for attachment, 

76,81/ 
thermochemistry, 75 

Electronegativity, absolute, See 
Absolute electronegativity 

Electronic chemical potential, 251 
Electrostatic covalent model, qualitative, 

parameter determination, 176-177 
Endothermic ion-molecule reactions 
bond energy determination, 63-64 
error limits, 64 
reactions, 63-64 

Enediolates, formation, 153 
Enthalpy, bond, See Bond enthalpy 
Enthalpy of atomization, definition, 3 
Enthalpy of coordinate bond formation, 

equation, 176 
Equilibrium bond dissociation energy, 

definition, 3 
Equilibrium measurements 
bond dissociation energy determination, 

106-107 
Fourier transform MS 
gas-phase ligand binding energies, 60,61/ 
ion abundances vs. time, 58,59/,60 
reaction, 58 

Equilibrium techniques, use in studying 
metal-ligand bonding energetics, 7 

Ethylene 
hydrogénation, use of adsorbate-induced 

restructuring to study, 237 
molecular structure before and after 

thermal decomposition, 220,223/ 
stepwise decomposition on flat and stepped 

surfaces, 220,225/ 
Exothermic ion-molecule reactions 
bond strengths, 56 
canonic and neutral metal-ligand bond 

energy determination, 57 
multiply charged metal ion bond energy 

determination, 57-58 
rate, 56 
relative and absolute metal-ligand bond 

energy determination, 57 
Exothermic reactions, use in studying 

metal-ligand bond enthalpies, 9-10 
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INDEX 

F 
First-row transition metal ions, gas-phase 

chemistry with nitrogen-containing 
compounds, 267-277 

Flowing afterglow techniques, use in 
studying ion-molecule reactions, 10 

Fourier transform MS 
gas-phase thermochemistry of organometallic 
and coordination complex ions, 71-81 

methods for determining metal-ligand and 
metal-metal bond energies, 55-67 

organometallic reaction energetics, 35 
Fractional cage efficiency 
cis-decalin, 118,120/ 
definition, 115 
temperature dependence, 115 

Fractional number of electrons transferred 
between two molecules 

correlation with π bonding, 255-256 
determination, 252 
values for bonding in metal carbonyls, 

254255/256 
values for electron transfer in reaction of 

olefins with low-spin Ni atoms, 253 
Free radical recombination, effect of cage 

pair intermediates on activation 
parameters, 115-116 

Free radical self-termination 
calculated activation entropy vs. 

reciprocal temperature, 121,125/ 
temperature dependence, 121-122 

Free radical trapping reactions 
activation parameters, 123-126 
fractional cage efficiency, 123-124 
schematic representation, 122-123 
trapping of cyclopropylmethyl free 

radical, 124,126/,128/ 
trapping of 5-hexenyl radical, 124,125/ 

Frontier orbital energies, definition, 252 
Frontier orbital theory, 252 

G 

Gas-phase chemistry of first-row transition 
metal ions with nitrogen-containing 
compounds, 267-277 

Gas-phase metal complexes, electron 
attachment, 75-81 

Gas-phase techniques, use in studying 
metal-ligand bond energies, 8-9 

Gas-phase thermochemistry of organometallic 
and coordination complex ions 

chemistry of (cyclopentadienyOjZrCH,*, 71 
description of Fourier transform ion 

cyclotron resonance MS, 71-72 

Gas-phase thermochemistry of organometallic 
and coordination complex ions-Continued 

electron attachment to gas-phase metal 
complexes, 75-81 

entropy effects, 80 
experimental procedure, 71-72 

Guided ion beam MS 
apparatus, 18-19 
chemical systems for measurement of 

metal-ligand bond energies, 1920/ 
conversion of intensities to cross 

sections, 19 
data analysis, 20-21 
future developments, 32 

H 
Halogen(s) 
experimental and calculated bond 

dissociation energies for diatomic, 
87,89/ 

experimental ionization correlation 
diagram, 87,88/ 

relationship between bond energy and 
ionization energy, 87,89 

Halogen acids 
experimental and calculated dissociation 

energies, 89,90/,91 
relationship between bond energy and 

ionization energy, 89-91 
Hard and soft acids and bases, 251 
Hardness 
definition, 251 
experimental values for molecules, 252 
local values, 252 
values for anionic bases, 258/259-260 
values for electron transfer in reaction 

of olefins with low-spin Ni atoms, 
253254/ 

Hard-soft acid-base (HSAB) principle, 256 
Hartree-Fock-Slater local exchange 

expression, gradient correction, 279 
Heat flux calorimetry, use in determination 

of thermodynamic properties, 6 
Heterogeneous catalysts, use of ECW model, 

191-193 
5-Hexenyl radical, free radical trapping, 

124,125/ 
Homolytic transition metal-alkyl bond 

dissociation, olefin formation, 
108,109-110/ 

Hydrogen 
binding to ( P R ^ C O ) , , 135-139 
binding to transition metals, periodic 

trends, 18-32 
enthalpies of binding, 144-145 
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300 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Hydrogen-Continued 
entropies of binding, 144-145 
formation of stable complexes with 

transition metals, 133-134 
kinetics of reaction with 

[P(C6Hn)3]2W(CO),(py), 145,146/ 
reaction profile for oxidative addition, 

145,146/147 
stopped-flow kinetic study of displacement 

from [Ρ(0 6Η η),]^(^>),(Ι.), 136,141 
thermal desorption on flat, stepped, and 

kinked surfaces, 220,225/ 
Hydrogen molecule 
bond order approximation, 85-86 
molecular bond dissociation and ionization 

diagram, 85,88/" 
relationship between bond energy and 

ionization energy, 85-87 
Hydrogen-deuterium exchange, effect of flat 

vs. stepped surfaces on reaction 
probability, 220,226,227/ 

Hydrogénation of CO by Rh(II) porphyrins, 
148-157 

I 

Ion cyclotron resonance MS 
equilibrium measurements, 58-61 
metal-ligand bond energies, 8-9 
organometallic reaction energetics, 35 

Ionization energy 
examples of use in thermodynamic cycles, 84-85 
relationships to bond energy 
correlation diagram of calculated vs. 

measured bond dissociation energies, 
91-92,93/ 

equation, 91 
general relationships, 91,92/,93/ 
halogen(s), 87,88/89/ 
halogen acids, 89,90/,91 
hydrogen molecule, 85-87,88/ 
measured and calculated bond dissociation 

energies for diatomics, 91,92/ 
multiple bonds, 92,93/94/ 
organometallics, 95-97 
salts, 91 

Ion-molecule gas-phase techniques, use in 
studying metal-ligand bond energies, 9 

Κ 

Kinetic energy of ion, influencing 
factors, 63 

Kinetic energy release distribution analysis 
application, 36 

Kineticenergy release distribution 
analysis-Continued 

complex reactions, 39 
hypothetical reaction surfaces, 36,38/ 
practical considerations in calculations, 41 
simple bond cleavage, 36 
type I surfaces using phase space theory, 

39-40 
Kinetic energy release measurements, 

description, 35 
Kinetic measurements, bond dissociation 

energy determination, 101-105 
Kinetic techniques, use in studying 

metal-ligand bonding energetics, 7-8 
Kinetics 
of binding Ν and Η to complexes of 
Cr, Mo, and W, 133-146 

of transition-metal-alkyl homolytic 
bond dissociation processes, 100-111 

L 

Laser ionization-Fourier transform MS, advantages 
for study of gas-phaseion-molecule reactions, 55 

LCo(CO)4 

calculation of bond energies, 
281-282,283/ 

configuration, 283 
energies for frontier orbitals, 282f 

LSD/NL 
computational details, 280 
metal-ligand bond strengths in C13ML and 

LCo(CO)4 systems, 281/,282£283/ 
metal-metal bond strength of Cr2, Mo2, and 

W2,280/^81 
relative strengths of metal-hydrogen and 

metal-methyl bonds, 
28334/28536/ 

thermal stability and kinetic lability of 
metal-carbonyl bond, 286-290 

M 
Manganese carbonyl ions 
bond dissociation energies, 47,49/ 
kinetic energy release distributions for 

CO loss, 49,50/ 
quantitative studies, 47,49/,5Qf 
unimolecular decomposition rate constants, 

49,5Qf 
Mass spectrometric appearance potential 

method, use in studying metal-ligand 
bond energies, 10-11 

Mass spectrometric techniques, developments 
for study of low-pressure gas-phase 
reactions of ionic species, 263 
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INDEX 301 

Mean bond dissociation energy, 
definition, 3-4 

(MejC^jLn thermochemistry 
bond disruption enthalpies, 161,163/, 164 
bond enthalpies for mono- vs. trihalides, 

164,166/ 
bond enthalpies for mono- vs. triiodides, 

164,165/ 
enthalpies for iodides, 161,162/ 
iodide formation reaction, 161 

Metal(s) 
effects on organolanthanide-ligand 

bond enthalpies 
alkoxide-hgand bond enthalpies, 168-170 
alkyne-ligand bond enthalpies, 169 
allyl-ligand bond enthalpies, 169,170/ 
amide-ligand bond enthalpies, 169 
comparison to actinide and group 4 complex 

bond enthalpies, 171 
effect of size on reactivity, 164 
experimental materials, 160-161 
implications for trivalent organoeuropium 

chemistry, 171-172 
thermodynamic anchor points, 161-166 

surface structure, 239-240 
See also entries under Transition metal 

Metal carbonyls, bonding, 254255/ 
Metal hydride ions, bond energies, 2425/ 
Metal hydride neutrals, bond energies, 

2426/27/ 
Metal methylidene ions, bond energies, 28-29 
Metal methyl ions and neutrals, bond energies, 28 
Metal surface, modification of geometric and 

electronic structure, 240 
Metal-alkyl bond energies, 

283284/285286/ 
Metal-alkyl radical combination reactions, 

rate constants, 103,104/ 
Metal-carbon bond dissociation enthalpies 

from classical and nonclassical 
calorimetric studies, 205-216 

Metal-carbonyl bond 
calculated bond energies, 287288/ 
CO dissociation energy, 289/290 
mean bond energies, 287/289 
orbital configurations, 286-289 
thermal stability and kinetic lability, 

286-290 
Metal-hydrogen bond 
dissociation enthalpies from classical 

and nonclassical calorimetric studies, 205-216 
energies, 283-286 
order of bond strength, 261 
role of electronegativity in covalent 

bonding, 260-261 
Metal-ligand bond 
determination of bond enthalpy term, 208-209 

Metal-ligand bonàr-Continued 
dissociation energies in CpMnCCO)^ and 

Cr(CO),(olefin) complexes 
bond strengths in CpMn(CO),L, 196,198/200/" 
coordination of cis- and /ra/u-cyclooctene 

toCr(CO)5,199201/202/^ 
energy diagram for photochemical CO 

substitution, 195-196,197/ 
enthalpies of reactions, 196 
experimental procedure, 195 
plot of photoacoustic data for photolysis, 

196,197/ 
relative energies from equilibrium 

studies, 198-19920(y 
size of Mn-heptane interaction, 203 
van't Hoff plot of equilibrium data, 

19920QT 
energies 
determined with FTMS, 55-68 
dimethyl metal ions, 28-29 
future developments, 32 
ion bonds, 2425/ 
metal hydride neutrals, 2426/27/ 
metal methylidyne ions, 29 
metal methyl ions and neutrals, 28 
multiple, 28 
related to bond order, 2930-31/ 

Metal-ligand bond strengths in CpMnCCO)^ 
enthalpic and kinetic data, 196,198/ 
plot of observed rate constant vs. ligand 

concentration, 198200/" 
reaction, 196 

Metal-metal bond energies, determined with 
FTMS, 55-68 

Metal-metal radical combination reactions, 
rate constants, 103,104/ 

Metal-methyl bonds 
bond energies, 283284/285286/ 
orbital configuration, 285 

Metallocenes, mean bond dissociation 
enthalpies and differential solvation 
free energies, 76,79/,80 

Metalloformyl complexes 
formation criteria, 151,153 
thermodynamic values, 151 

^-Metalloformyl species, 
formation criteria, 151 

Methylcyclopropane hydrogenolysis 
acid function on catalyst, 249 
experimental conditions, 249 
turnover frequency vs. oxygen coverage, 

248/249 
Methylsilanes, silicon-hydrogen bond 

dissociation enthalpies, 
210-211212-213/ 

Mn(CO)5., relationship between bond energy 
and ionization energy, 95-97 
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302 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Mo2, calculation of bond energies, 280/31 
Molybdenum complexes, binding to Ν and H, 

thermodynamic and kinetic studies, 133-146 
Molybdenum surfaces, chemically modified 
acid properties of Mo( 100), 

244/3536-247/ 
effective Mo oxidation state, 

241 /3233/ 
hydrogenolysis of methylcyclopropane, 

24^249 
surface geometry, 241 
surface polarizability, 242,244,246/ 

Molybdenum-carbon bonddissociation 
enthalpies 

effect of size of n-alkyl chain, 206-210 
measurement, 207-208 
values, 209/30 

M-R bond disruption enthalpy, definition, 4 
Multiple metal-ligand bonds, bond 

energies, 28 
Multiple transition state coupling by 

dynamical constraints 
effect on kinetic energy release 

distributions, 51,52/53 
schematic representation of potential 

energy surface, 52/^3 
Multiply charged metal ions 
bond energy determination, 58 
reaction with methane, 57-58 

Ν 

Neutral metal-ligand bonds, bond energy 
determination, 57 

NH, relative energies, 26839/ 
NHj, relative energies, 26839f 
NH,, orbital energy diagram, 25337/ 
Niobium-carbon bond dissociation enthalpies 
formation enthalpies of 

bis(cyclopentadienyl) metal complexes, 
207,208/ 

measurement, 207-208 
values, 209/30 

Nitrogen 
binding to (PR^M(CO) s, 134-140 
binding to transition metals, periodic 
trends, 18-32 

enthalpies of binding, 144-145 
entropies of binding, 144-145 
experimental and calculated bond 

dissociation energies, 94/ 
experimental ionization energy correlation 

diagram, 92,93/94 
π orbitals, 25637/ 
relationship between bond energy and 

ionization energy, 92,94 

Nitrogen-Continued 
relative energies, 26839/ 
stopped-flow kinetic study of displacement 

from [P(C tHnUW(CO),(L), 136,141/ 
Nitrogen fixation, key molecules, 134 
Nitrogen-containing compounds, gas-phase 

chemistry with first-row transition 
metal ions, 263-277 

NO, chemistry with transition metal ions, 
265-266 

Nonclassical reaction solution calorimetry 
advantage, 206 
description, 205-206 
silicon-hydrogen bond dissociation 

enthalpies in methyl- and 
silylsilanes, 210-21 1 3 2 / 3 3 

silicon-hydrogen bond dissociation 
enthalpies in phenylsilanes, 
213,214/35 

Nonpolar organic compounds, reaction with 
transition metal ions, 264 

Ο 
Olefins 
electron transfer in reaction with 

low-spin Ni atoms, 25334/ 
formation accompanying homolytic 

transition metal-alkyl bond 
dissociation, 108,109-110/ 

One-electron redox sequences, 
description, 5-6 

Organolanthanide-ligand bond enthalpies, 
metal and ancillary coordination 
effects, 160-172 

Organolanthanide-ligand complexes, 
development, 159 

Organometallic compounds 
determination of ionization energy of 

Mn(CO),-, 95-96 
development of thermodynamics, 2-3 
gas-phase thermochemistry, 70-81 
relationship between bond energy and 

ionization energy, 95-97 
Organometallic chemistry, development, 1-2 
Organometallic reaction(s), development and 

application of techniques for gas-phase 
studies, 34-35 

Organometallic reaction energetics 
diagram of reaction coordinate, 35,37/ 
experimental techniques, 35 
product kinetic energy release distributions 
analysis, 36,38-41 
chemically activated species, 41-45 
chemically activated systems with facile 

reverse reaction, 45-48 
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INDEX 303 

Organometallic reaction energetics-Con/maed 
effect of multiple transition state 

coupling, 51,52^53 
expérimental methods, 36 
future measurements, 53 
quantitative studies of ions formed with 

broad range of internal energies, 
47,49/̂ QT 

role of excited electronic states, 51 
schematic representation of apparatus, 

36,37/ 
thermochemical properties of neutrals, 49,51 

Organometallic systems, ECW approach, 
175-193 

Organometallic thermochemistry, progress in 
characterization, 18 

Ρ 
π bonding 
correlation with fractional number of 

electrons transferred, 255-256 
π* orbitals of CO and N2,256257/ 

Palladium, orbital energy diagram, 253257/ 
[P(C6Hn)3]2M(CO)3 complexes, equilibrium 

measurements for N 2 and binding, 
135-140 

[PCC^UWCCO), 
absolute bond strengths, 142,144 
enthalpies of ligand binding, 135,137/ 
relative bond strengths of ligand 

addition, 142,144 
[P(C6Hn)J2W(CO)3(py), kinetics of reaction 

withHj, 145,146/ 
[ P i q H J J2W(CO)3(N2), stopped-flow kinetic 

study of Hj, D2, and N 2 displacement, 
136,141/ 

Periodic trends 
in bond energies of transition metal 
complexes, 279-289 

in transition metal bonds, 18-32 
Phase space theory 
analysis of kinetic energy release distri

butions for type I surfaces, 39-40 
fraction of ions decomposing in the second 

field-free region, 39-40 
Phenylsilanes, silicon-hydrogen bond 

dissociation enthalpies, 213214/215 
Phenylthiyl radical 
activation parameters for diffusive 

separation and combination of 
collisional cage pairs, 118,120/ 

free radical self-termination, 
121-122,125/ 

radiation boundary model, 
117-118,119/.120/ 

Photochemical cage pairs, chemical model, 
116-117 

Photodissociation 
bond dissociation energy determination, 

64-65,66-67/ 
reaction, 64 
techniques in studying metal-ligand bond 

enthalpies, 10 
Platinum, crystal faces, 220224/" 
Polar organic compounds 
chemistry of alkyl cyanides with 

transition metal ions, 265 
chemistry of amines with transition metal 

ions, 266-267 
chemistry of nitroalkanes with transition 

metal ion, 265-266 
mechanism for reaction with transition 

metal ions, 264 
reaction with transition metal ions, 264 

Porphyrins, rhodium(II), thermodynamic 
studies of hydrogénation and reductive 
coupling of CO, 148-157 

(PR^jMCCO),, preparation, 134 
Promotion energy, definition, 24 
Proton bracketing, canonic and neutral 

metal-ligand bond energy, 57 
Pulsed, time-resolved photoacoustic 

calorimetry, use in determination of 
thermodynamic properties, 6-7 

R 
Radiation boundary model 
cage combination efficiency, 117-118 
models for phenylthiyl cage pairs, 

118,119/ 
Reaction energetics, determined from product 

kinetic energy release distributions, 34-54 
Reductive coupling of CO by Rh(II) porphyrins, 

148-157 
Relative M-R bond disruption enthalpies, 

definition, 5 
Restructuring of surfaces, adsorbate-induced 
carbon-induced restructuring of Ni, 229 
catalytic reactions, 233237 
dynamic lattice model, 229233-236 
rigid lattice model, 226229230-231/ 
sulfur-induced restructuring of Fe, 233 
sulfur-induced restructuring of Ir, 233 

Reversible bond homolysis, reaction, 122 
Rhodium(II) porphyrins, thermodynamic 

studies of hydrogénation and reductive 
coupling of CO, 148-157 

Rigid lattice model of surfaces 
insensitivity, 226229 
low-energy electron diffraction surface 

crystallographic determination of 
surface structure, 229231/ 
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304 BONDING ENERGETICS IN ORGANOMETALLIC COMPOUNDS 

Rigid lattice model of surfaces-Continued 
model of heterogeneous solid surface with 

different surface sites, 22638/ 
scanning tunneling microscopic image of 

graphite-adsorbed layer, 226,230/ 
Rough surfaces 
crystal surfaces of platinum, 22034/ 
decomposition of ethylene, 22035/ 
effect on probability of H-D exchange, 

2 2 0 3 6 3 7 / 
scheme of catalytic reaction that requires 

turnovers, 22638/ 
thermal desorption of hydrogen, 220,225/ 

S 

Salts, relationship between bond energy and 
ionization energy, 91 

Sc*, relative energies, 26839/ 
Sc* reaction with NH, 
energetics, 27435/ 
exothermicity, 276 
relative energies of Sc*, N, NH, and NH 2, 

26839/ 
*Sc-^IH2 bond strength, 276 
ScN*, 268-272 
ScNH*. 272-273 
ScNH,*, 273-274 
ScNH,*, 274 

ScN* 
calculated properties of states, 270/32 
*Δ4 state,26830 
orbital occupancy vs. intemuclear 

distance, 268,269/ 
2 Π state, 268 
*Φ state, 270 
potential energy curves of states, 27031/ 
estate, 270 

ScNH* 
2Π state, 272 
estate, 272-273 
Sc*-NH bond strength, 272-273 

ScNH,* 
bond dissociation energy, 274 
first excited state configuration, 273 
ground-state configuration, 273-274 

ScNH,*, geometry, 274 
σ donor strength 
order reversals for Lewis acids, 175-176 
scales, 175 

Silicon-hydrogen bond dissociation enthalpies 
in methyl- and silylsilanes 
carbon-X enthalpies vs. electronegativity 

ofX,21132/ 
constancy, 210-213 
negligible effect of methyl groups, 210-211 

Silicon-hydrogen bond dissociation enthalpies 
in methyl- and silylsilancs-Continued 
silicon-X enthalpies vs. electronegativity 

of X, 21132/ 
in phenylsilanes 
effect of phenyl group, 213 
experimental procedure, 213-214 
values, 214/35 

Silylsilanes, silicon-hydrogen bond 
dissociation enthalpies, 
210-21132-213/ 

Single metal-ligand bonds, bond energies, 
2 4 3 / 

Single-crystal surfaces 
photography, 20031/ 
use in surface science studies, 220 

Softness, definition, 251 
Solution reaction calorimetry, use in 

determination of thermodynamic 
properties, 5-6 

Solvent, effect on bond dissociation energies, 
105,106/ 
Stepped surfaces, occurrence, 229 
Surface(s) 
clean, relaxation and reconstruction, 22932/ 
Mo, chemically modified 
acid properties of Mo(100), 244-247 
effective Mo oxidation state, 241-243 
hydrogenolysis of methylcyclopropane, 

248/249 
surface geometry, 241 
surface polarizability, 242,24436/ 

Surface modification of metals, for physical 
and chemical effects, 240 

Surface polarizability 
Auger parameter, 242 
polarization relaxation energy of 

substrate, 242 
surface relaxation energy vs. oxygen 

coverage, 244,246/ 
Surface restructuring, adsorbate-induced, 

218-237 

Τ 
Tandem MS, 35 
Tetravalent organoactinide complexes, 

reactions for determination of bond 
disruption enthalpies, 160 

Thermal activation 
discovery, 220 
spectra for chemisorbed hydrocarbons, 

22032f 
Thermochemistry, gas-phase, organometallic 

and coordination complex ions, 70-82 
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INDEX 305 

Thermodynamics 
of binding Ν and Η to complexes 

of Cr, Mo, and W, 133-146 
of hydrogénation and reductive coupling 

of CO by rhodium(II) porphyrins 
bond energy-thermochemical relationships, 

148,149-150t 
CO reductive coupling, 153-157 
reactions, 148 
thermodynamic values, 151,152t 

of organometallic substances, development, 2 
of transition-metal-alkyl homolytic bond 

dissociation processes, 100-111 
Tîme-resolved photoacoustic calorimetry, use 

in determination of enthalpies and 
quantum yields, 195 

Transition metal(s) 
bonding with H, C, and N, 18-32 
complexes, periodic trends in bond energies, 
279-290 

Transition metal ion(s), first-row 
gas-phase chemistry with alkyl cyanides, 265 
gas-phase chemistry with amines, 266-267 
gas-phase chemistry with nitroalkanes, 265-266 
reaction of Sc+ with NH3,267-268 

Transition metal ion-ligand bonds, 
dissociation energies, 21,22-23t 

Transition metal-alkyl homolytic bond 
dissociation processes 

calorimetric measurements, 107-108 
comparison of bond dissociation energies 

determined by different methods, 108t 
definition of bond dissociation energy, 100 

Transition metal-alkyl homolytic bond 
dissociation processes-Continued 

equilibrium measurements, 106-107 
macroscopic description of bond 

dissociation energy determination from 
kinetic measurements, 101-102 

microscopic description of bond 
dissociation energy determination from 
kinetic measurements, 102-103,104-105/ 

olefin formation, 108,109-110/ 
reactions, 100-101 
solvent effects, 105,106/ 

Tungsten complexes, binding to Ν and H, thermody 
namic and kinetic studies, 133-146 

Two-electron redox sequences, description, 5-6 

V 

Vanadium ion-ligand bond energies, 
correlation to organic bond energies, 29,30/ 

Very low pressure pyrolysis kinetic 
techniques, use in studying metal-ligand 
bond energies, 11 

W 

W2, calculation of bond energies, 280/281 
WCCOyPiyHj, NMR measurements of kinetic 

and thermodynamic parameters of 
interconversion of dihydride and dihyrogen 
forms, 142,143/,/ 
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