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Three sets of metal-metal bonded systems of the form MiCL^L)^ have been studied 

by gas-phase ultraviolet photoelectron spectroscopy and electronic structure calculations to 

understand the electronic structures of and bonding in these molecules. The 1 igand sets range 

from the relatively poor electron donor trifluoroacetate ligand, to hydroxymethylpyridinate 

(mhp), cind finally to the relatively strong electron donor N,N'-diphenylformamidinate (form) 

ligand. Not only does this study elucidate the methods by which metal and ligand interact 

throughout a series of differing electron donor ligand sets, but it also presents a cohesive 

understanding of the electronic structures of these systems in terms of overall molecular 

symmetry. In particular, the relative stabilities and orbital characters of the metal-metal 

bonding and antibonding orbitals are probed to understand the ability of a particular ligand 

set to affect the ability of two metal atoms to bind together. 

First, compounds of the form M2(fomn)4 (M = Cr, Mo, W, Ru, Rh, Pd) are examined. 

The spectra of the metal-metal quadruple bond-containing systems (i.e., M2(form)4 where M 

= Cr. Mo, W) are used to identify several metal- and ligand-based ionization features, which 

can then be used to identify the additional metal-based features in the spectra of the 

remaining systems. Given the ease with which functional groups can be added to the 

formamidinate ligand, a series of substituted Mo2(form)4 systems have been prepared and 

their ionization data have been compared with solution-phase electrochemical results. 

Next, the electronic structures of M2(02CCF3)4 (M = Mo, Rh) are studied. Variable 

energy photon experiments reveal a predominance of ligand character in the M-M a and ic 
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orbitals, despite the relatively poor overall electron donor ability of the ligand. The means 

by which such a ligand can interact by symmetry with these metal orbitals are studied by 

computational methods. 

Finally, the bonding in M2(mhp)4 (M = Cr. Mo, W, Ru. Rh) systems is probed. The 

lower symmetry of these molecules and the intermediate donor properties of this ligand set 

allow for correlation with the electronic structures of M2(form)4 and M^COiCCFOa. Unlike 

for the higher symmetry systems, ligand involvement in the M-M 5 bond is observed and can 

be understood in terms of molecular symmetry arguments. 



24 

Chapter 1 

INTRODUCTION 

Molecular symmetry is a property whose value lies far deeper than aesthetic beauty. 

The mere fact that a molecule possesses one or more symmetry elements, such as an axis of 

rotation, mirror plane, or center of inversion, can aid the chemist in predicting how the 

molecule absorbs light, how it rotates and vibrates, how an aggregation of molecular systems 

arranges itself in the solid phase, and even how it reacts with other molecules. This 

symmetry is readily described in mathematical terms and can vastly simplify the 

computational effort required to estimate molecular structure, electronic states, vibrational 

and rotational frequencies, chemical shifts, and the like. However, these formula in their 

various implementations are useless unless they acceptably and understandably describe 

experimentally observed quantities and support the sometimes unexpected conclusions that 

arise. Ultimately, this combination of theory and experiment has successfully advanced the 

scientific understanding of how atomic properties are fused in the molecular framework to 

give rise to molecular attributes. In this vein, the work described here involves the use of 

photoelectron spectroscopy, an experimental method, with the computational application of 

theoretical methods and principles to describe the valence electronic structures of a number 

of transition metal-containing molecules. 

Although the photoelectron spectrum of a given molecule can provide a wealth of 

information regarding the electronic structure of that particular system, the ability to compare 

the spectra of a series of molecules is invaluable in understanding the trends over a range of 
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chemically similar species. Chemists who specialize in synthetic chemistry often employ the 

term "tunability" to describe one of their most powerful tools in creating new molecular 

systems. Although the term is not unique to inorganic chemistry, transition metal chemists 

arguably have the largest number of elements at their disposal for tuning their compounds. 

Not only is there a plethora of main group elements for use in creating ligand sets, but the 

number of transition metal elements from which to chose is also wide. The particular choice 

of metal atom for a compound affects the properties of the system, including bond lengths, 

bond angles, color (i.e., photon absorption and emission; also luminescence), magnetics, 

stability (i.e., thermodynamic properties), reactivity (i.e.. kinetic properties), radioactivity, 

rotational and vibrational characteristics, and electron donor and acceptor capacity. 

However, all of these characteristics originate in the electronic and nuclear properties, 

whether separate or additive, of the constituent elements of a molecule. Each of these 

properties can be examined by a particular type of spectroscopy and based on this 

accumulated knowledge, chemists are largely capable of designing molecular systems for a 

particular purpose, be it for a given optical, synthetic, medicinal, or environmental value. 

One area of current interest in which a vast number of metal centers and ligand sets 

have been employed to fine-tune a number of system properties is that of metal-metal bonds. 

An enormous number of compounds with two or more metal atoms connected directly to 

each other have been reported in the literature. Extensive work has been performed to probe 

the reactivity of small molecules, such as CO,' N,," CH3CN,^ '' alkenes,^' and alkynes^ 

with various dimetal systems. Among these paddlewheel compounds of the general form 

M2(L'~L)4, those with a Rh,"*"^ core have received the most attention. Dirhodium molecules 
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have a number of important applications in many areas of chemistry." Most notably, many 

derivatives have proven to be valuable as catalysts for a variety of reaction processes 

including hydrogenation and dehydrogenation reactions.'* oxidation and oxidative addition 

reactions,'^ photocatalytic reactions (water splitting),'^ and reactions involving carbenes. 

Some dirhodium carboxylates have also been shown to possess relevant biological chemistry, 

such as anti-tumor activity.'** In nearly all of these cases, the choice of ligand substituents 

on the dimetal species greatly affects the reactivity of the system. 

These and other paddlewheel systems have been studied so extensively that their 

general valence electronic structure has become a textbook example of the application of 

molecular orbital theory to inorganic systems. Their molecular symmetry (Dj^) is an 

immense aid in allowing the separation of the various metal-metal bonding and antibonding 

components into specific orbital interactions that are derived from combinations of unique 

metal-based atomic orbitals. These molecular orbitals, shown in Figure 1, are familiar to 

most chemists. 

The relative energy ordering of these molecular orbitals is usually discussed solely 

based on the relative strengths of each of the metal-metal bonds and antibonds, with the 

metal-ligand interactions assumed for the most part to be negligible. According to first 

principles, the most strongly bonding interaction in this metal-metal manifold is the M-M a 

bond, which is composed of the constructive overlap of the metal /id^, (and to a lesser extent 

the C/7 + /)s and (n + 1 >Pj) atomic orbital (AO). This orbital interaction is assumed to be so 

strongly bonding because the lobes of the d^, atomic orbitals are pointed directly toward each 

other along the z-axis of the molecule. The other combination of these atomic orbitals, the 
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Figure 1. Contour plots and energy ordering based on intermetal orbital 
overlap considerations only of the metal-metal bonding and antibonding 

orbitals of a dimetal tetraformate system under Djf, symmetry. 
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M-M a* orbital, is strongly antibonding and is thus the least stable orbital shown in Figure 

I. The valence d^^ combine to form the M-M tc bonds, which are rigorously 

degenerate (and orthogonal to each other) as a result of the molecular symmetry. These 

bonds are not quite as strongly bonding as the a bond because of the smaller overlap of their 

constituent atomic orbitals and are therefore not as stable as the M-M CT bond. The 

corresponding n* antibonds are not as antibonding as the M-M a* MO. The M-M 6 bond, 

composed of the d^j, AOs on the metal centers, possesses an even smaller metal-metal orbital 

bonding interaction and is therefore the least stable of the M-M bonding molecular orbitals. 

Accordingly, the M-M 5* antibond is more stable than the tz* and a* MOs. 

The only metal-metal interaction in which the role of the ligand is typically discussed 

is the second 5-type interaction. It is possible to form another 6 bond (and thus a second 5* 

antibond) using the atomic orbitals as shown in Figure 2. However, because these 

combinations are directed along the x- and y-axes toward the ligands, they interact in a-

bonding and -antibonding capacities with the a-donor orbitals of the ligand set. Therefore, 

even though this 5 orbital is M-M bonding, it forms strongly metal-ligand bonding and 

antibonding orbitals (as does the 5* combination), of which the former is electronically 

occupied and is stabilized well below the M-M a bond while the latter is empty and is 

destabilized above the M-M o* antibond. 

Although this sort of diagram provides an acceptable first description of the relative 

energies and compositions of the metal-metal bonding and antibonding orbitals, it does not 

adequately describe the finer nuances of metal-ligand interactions. Such an explanation 

essentially assumes that the only possible metal-ligand interactions are exclusively a-type 
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Figure 2. Contour plots of the metal-metal 5 and 5* orbitals that are formed from the M 
d^2,y2 atomic orbitals. The metal-ligand interactions in these molecular orbitals are a*. 
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by nature. Further, it is assumed that the remaining metal-metal interactions (i.e., the a 

through a* manifold) contain essentially no ligand character and that they are reasonably 

well-separated in energy from ligand-based orbitals. Such an assumption is reasonable in the 

interpretation of the photoelectron spectra of (M = Mo. W) systems-" 

(discussed further in Chapter 3). but begins to show faults for M2(PMe,)4Cl4 (M = Mo, W, 

Re), in which ligand-based ionizations obscure some metal-based features, and the amount 

of ligand character in the so-called "metal-based" ionizations is not entirely understood. 

Further refinement in the metal-metal bonding model is required as a result of the lack of 

separate a, TC, and 5 ionization features in the photoelectron spectrum of Cr,(02CCH,)4. with 

the appearance of only two bands in the metal region for Mo2(0;CCH04, and with the 

presence of three bands (with the one at highest IP believed to be the least bonding) for the 

W system. The question with the Mo and W systems concerns the relative bonding strengths 

of the a, 71, and 5 components depending on the M-M bond length, the involvement of higher 

unoccupied metal atomic orbitals (i.e. the (n + I )s and + 7 jp^) AOs) and lower unoccupied 

(i.e.. core) atomic orbitals, as well as the role of relativistic effects that are possible for a 

given M, especially for the third row (5d) transition metals. 

These questions concerning the nature of metal-metal bonding are examined here via 

photoelectron spectroscopy and computational methods. There are numerous ways, 

experimental and theoretical, to probe this area to gain a better understanding of the 

electronics of such systems. This work begins with an examination of the electronic 

structures of the M2(form)4 (M = Cr, Mo, W; form = N,N'-diphenylformamidinate) 

compounds. The general structure of this ligand set, and of those of other ligands examined 
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here, are presented in Figure 3. The applications of transition metal complexes of this and 

other amidine ligand sets are wide,"' including as promoters in oxidative poly(phenylene 

ether) formation" and as catalysts for isocyanate polyaddition reactions.-^ Extended arrays 

of dimetal formamidinate systems have even been prepared.In the current work, 

ionizations from valence ligand-based molecular orbitals of the M2(form)4 systems are 

identified and their locations are used to assign the features that correspond to the ionizations 

from the M-M CT, ;i, and 5 orbitals. Group theory is used to determine how these valence 

ligand orbitals can interact with the metal-metal bonding and antibonding fragment orbitals 

and Fenske-Hall and density functional calculations are employed to substantiate the spectral 

assignments. An additional ionization from a ligand-based, metal-ligand bonding molecular 

orbital is identified through the use of a similar compound, Mo2(cyform)4 (cyform = N,N'-

cyclohexylformamidinate), which possesses a saturated ligand set, thereby eliminating the 

overlapping phenyl k ionizations that are present in the spectra of the M2(form)4 systems. 

Having established the locations of the valence ligand ionizations for M2(form)4 (M 

= Cr, Mo, W), it is possible to deduce the locations of the ionizations from the metal-metal 

antibonding orbitals for the M2(p-CHi-form)4 systems. Trends in ionization band cross-

section as observed in variable photon experiments assist in the spectral assignments as do 

comparisons of the shifts in metal ionizations within the series of M2(p-CH,-form)4 

compounds. Correlations with the metal-based orbital ionization energies of the 

corresponding M2(0,CCF3)4 systems further support these assignments. 

Considering the ease with which substituents can be placed on the phenyl rings of the 

N,N'-diphenylformamidine ligand set, a number of substituted Mo2(form)4 systems (p-OCH,, 
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Figure 3. Ligands, ligand abbreviations, and modes of ligand binding in the 
metal-metal bonded systems examined here. 
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p-CH-„ p-C\, m-Cl, p-Br, p-CF,) have been prepared and their photoelectron spectra 

collected. The trends in the ionization energies of the various ligand- and metal-based 

orbitals are of interest not only to understand how functional groups at the periphery of a 

ligand set influence the individual molecular orbitals of the system, but also to compare with 

the solution-phase oxidation potentials for these systems. Although the first ionization and 

oxidation potentials correspond to the removal of an electron from the highest occupied 

molecular orbital of a system, the presence of solvent in the electrochemical experiment can 

affect the ease with which an electron is removed. Further, electrochemical oxidation 

potentials are adiabatic measurements whereas ionization potentials are vertical energies. 

Therefore, comparison of the first ionization and oxidation potentials gives some idea of the 

circumstances under which solvent can affect the removal of this electron. Additionally, X-

ray crystal structures for several of these systems have been determined and are included in 

Appendices A and B. 

The examination of the M2(form)4 systems is followed by a study of the bonding in 

M2(02CCF3)4 (M = Mo, Rh) systems. Although the metal-metal bonding and antibonding 

orbitals in these acetate-containing molecules are subject to the same symmetry restrictions 

as for the formamidinate systems, the electronic properties of the relatively poorly electron-

donating (O^CCF,)' ligand give rise to different metal-ligand interactions than were observed 

for M2(form)4. These differences are manifested not only in the relative energy separation 

between the Rh-Rh 6* andTC* ionization features but also in the relative intensities of the Rh-

Rh a, TT, and 5 bands for different ionization sources, thereby indicating different amounts 

of metal and ligand character in these orbitals than were observed for the M2(form)4 systems. 



34 

This work provides a detailed accounting of the ability of ligands that are viewed as poor 

electron donors to interact better with certain metal-metal fragment orbitals (and at the same 

time worse with others) than can other ligands that are perceived as better electron donors. 

Given the information gathered here regarding the electronic structures of systems 

with D4h symmetry and that possess either 0,0- or N.N-donor ligand sets, it is possible to 

draw comparisons with the electronic structure of a system that has an 0,N-donor ligand set 

and a lower overall molecular symmetry. Such a system is M2(mhp)4 (M = Cr, Mo, W, Ru. 

Rh; mhp = 2 hydroxy-6-methylpyridinate). The lower symmetry of these molecules (D211) 

allows different metal-ligand interactions than were observed for the systems with 

symmetr>', namely an increased mixing of ligand character into the M-M 5 orbital, especially 

for Rh2(mhp)4. Although the photoelectron spectra of these systems have been reported by 

other workers, the trends observed here for the acetate and formamidinate systems allow for 

a unique reexamination of the pyridinate compounds and indeed a reassignment of a number 

of the spectra. 

Also included in this work are examinations of the electronic structures of several 

other metal-metal bonded systems. First, the metal-metal and metal-ligand bonding in 

Ru,(CO)9(p^-r|-,r|-,Ti--QH6) and Ru3,(CO)9(^ ̂ -r|-,Ti-,r|--C6o) are explored via computational 

means. This study offers an explanation for the differences in metal-ligand bonding for the 

benzene- and buckminsterfullerene-ligated systems in terms of orbital energies (with regard 

to molecular symmetry) of the various fragments from which these molecules are composed. 

Second, the photoelectron spectra of a number of substituted Mo2(benz)4 (benz = benzoate; 

unsubstituted, y^-CH,, p-F, p-C\, p-CF,, and perfluoro) systems are presented. Although the 
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electronic structures of these systems are of interest in light of the study of the variously 

substituted Mo2(fomi)4 systems, the ability of the various functional groups to affect 

differently the energies of the metal- and ligand-based ionizations (unlike for the 

formamidinates) is also explored. 
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Chapter 2 

EXPERIMENTAL 

The procedures used in this work for collecting photoelectron spectra were developed 

by and documented in the dissertations of John Hubbard. Charles Blevins, Glen Kellogg, 

Mark Jatcko, Sharon Renshaw, and Nadine Gruhn. The sources of the compounds studied 

here and details of the experiments, theoretical calculations, and data reduction and analysis 

methods are presented here. 

Preparation of Compounds. Most of the compounds examined here were either 

purchased or synthesized as part of this work. References to the published syntheses of the 

metal-metal bonded systems are provided in the following chapters. The photoelectron 

spectra of Mo^CO^CCF^j and Rh2(02CCF,)4 were collected by John Pollard and the samples 

were supplied by Professor Cotton at Texas A&M University. All of the spectra of the 

trifluoroacetate systems originally appeared in the dissertation of John Pollard.'^ The spectra 

of Cr2(mhp)4 and Rh2(mhp)4 were collected by Jason English and these samples were 

prepared by him according to published reports as noted in Chapter 7. 

Because of the sensitivity of many of these dimetal systems to oxygen and water, all 

syntheses were performed on a Schlenk line using standard techniques for manipulating air-

sensitive compounds. All compounds were stored under a nitrogen atmosphere in a dry box. 

All solvents were dried and degassed according to standard techniques. Compounds were 

characterized by NMR spectroscopy, mass spectroscopy, and/or elemental analysis. 

Gas-Phase Photoelectron Spectroscopy. The photoelectron spectra were collected 



on a spectrometer equipped with specially designed photon sources, ionization cells, 36 cm 

radius hemispherical analyzer (McPherson), power supplies, counter interface, and collection 

methods that have been described elsewhere.The argon ionization ("P^/^) at 15.759 eV 

was used as an internal calibration lock of the energy scale for the He I and He II experiments 

and the xenon ionization at 12.130 eV was used to calibrate the Ne I experiments. The 

"Ei^ ionization of methyl iodide (9.538 eV) was used to calibrate the energy scale for all 

experiments. Instrument resolution was better than or equal to 0.030 e V, as measured by the 

full-width at half-maximum of the calibrant gas ionization feature, during all experiments. 

All data have been intensity corrected with an experimentally determined instrument analyzer 

sensitivity function that assumes a linear dependence of analyzer transmission (intensity) to 

the kinetic energy of the electrons within the energy range of these experiments. 

The He la (Is" - ls2p, 21.128 eV) spectra were corrected for the He ip line (I s~ ^ 

ls3p, 23.085 eV; 3% of the intensity of the He la line). The He Ila (Is - 2p, 40.814 eV) 

spectra were corrected for the He HP line (Is - 3p, 48.372 eV; 12% of the intensity of the He 

na line). The Ne la (2s* - 2s3p, 16.85 eV) spectra were corrected for the spin-orbit splitting 

of this line, which produces a line 0.18 eV lower in energy at 18% of the intensity of the 

main Ne I line. These corrections are necessary because discharge sources are not 

monochromatic.^" 

The spectra of solid samples were measured with either an aluminum (< 230°C) or 

stainless steel (> 230°C) sample ionization cell, depending on the sublimation temperature 

of the particular compound being studied. The spectra of liquid samples were collected 

either through the use of the stainless steel cell or an external Youngs tube, depending on the 
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temperature at which the sample evaporated under vacuum. Specific sublimation and 

evaporation temperatures are given in each chapter. 

Data Reduction. In the figures of the data, the vertical length of each point 

represents the experimental variance of that point. The ionization bands are represented 

analytically with the best fit (program FP") of asymmetric Gaussian peaks.These peaks 

are defined with position, amplitude, half-width for high ionization energy side and half-

width for the low ionization energy side of the peak. The reproducibility of the peak 

positions and widths is typically ±0.02 eV (3a ) when ionization bands are not substantially 

overlapping. The number of peaks used in a fit is based on the visible features of a given 

band profile and the minimum number of peaks necessary to give the best statistical fit.-^" The 

parameters describing an individual ionization peak are less certain when two or more peaks 

are close in energy and overlap. The confidence limits for the relative integrated band areas 

are about 5%. with the primary source of uncertainty being the determination of the baseline 

subtracted from the peak. For representation of He n and Ne I data, the position and width 

values of the asymmetric Gaussians were all constrained to the He I values because the better 

signal-to-noise ratio of the He I spectra allows these values to be determined more accurately. 

The amplitudes were then allowed to vary to account for the different photoionization cross 

sections for He II or Ne I. Fitting procedures are described in more detail elsewhere.'^" 

Confidence limits for the relative integrated peak areas are about 5%, with the 

primary source of uncertainty being the determination of the baseline, which is caused by 

electron scattering and is taken to be linear over the small energy range of these spectra. The 

total area under a series of overlapping peaks is known with the same confidence, but the 
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individual peak areas are more uncertain. 

Atomic Photoionization Cross<Sections. Atomic cross-sections for the elements 

and ionization sources of interest to this work are presented in Table Units for these 

values are megabams (Mb). 

Ne I He I He n Ne I/He I He nme I 

Cr 3d 8.829 9.230 8.540 0.9566 0.9252 

Mo 4d 23.49 26.27 8.492 0.8942 0.3233 

W 5 d  21.01 24.83 7.999 0.8462 0.3222 

Ru 4d 19.25 25.63 20.59 0.7511 0.8034 

Rh 4d 16.38 22.75 27.83 0.7200 1.223 

Pd 4d 22.15 26.05 32.52 0.8503 1.248 

C 2 p  8.324 6.128 1.875 1.358 0.3060 

N 2 p  11.21 9.688 4.351 1.157 0.4491 

0 2p 10.43 10.67 6.816 0.9775 0.6388 

F 2 p  N/A 9.305 8.417 - 0.9046 

Table 1. Theoretical atomic cross-sections as determined by Yeh and Landau. 
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Chapter 3 

QUADRUPLE METAL-METAL BONDS WITH STRONG DONOR LIGANDS: 
ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF M.(form)4 

(M = Cr, Mo, W; form = N.N'-diphenylformamidinate) 

Introduction 

Metal-metal interactions are central to the behavior of a wide variety of molecules, 

clusters, interfaces and materials. An understanding of metal-metal interactions and their 

influence on chemistry is rooted in the electronic structure and bonding between just two 

metal atoms. As put forth by Cotton,^ allotment of the dimetal-based valence electrons into 

molecular orbitals of o, a, 5, 6*, 7t*, and a* symmetries provides a wealth of information 

regarding the reactivity and physical properties that a given dimetal system will possess. For 

instance, metal-metal and metal-ligand bond distances, diamagnetism and paramagnetism, 

electronic transitions and ionizations, redox activity, and the like are all relatively directly 

explained based on the simple metal-metal bonding manifold." Detailed features of this 

bonding manifold have been most widely studied in molecules of the general formula M2L4, 

where the ligand set around the dimetal core approximates D^^ symmetry and each metal-

metal orbital interaction is distinct by symmetry. Of primary concern to chemists is the effect 

that chemical tuning, including choice of metal and ligands, has on the reactivity and 

electronic properties of a system with metal-metal bonds. 

The diphenylformamidinate ligand (commonly referred to as form = N,N'-

diphenylformamidinate) has made possible the synthesis of dimetal compounds of more 

transition metals than any other ligand system. Currently, M2(form)4 compounds have been 
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reported^^ for M = V, Cr, Mo. W. Re. Fe, Ru, Co. Rh, Ir. Ni. Pd. and Pt and MiCform); 

systems have been prepared'^^ for M = Cu and Ag. Furthermore, due to the ease of 

preparation of this ligand system, substituents can easily be added to the phenyl ring to probe 

the long-range effect of electron-donating and -withdrawing substituents on the electronic 

structure of these compounds.The stability and volatility of these compounds have 

rendered their study by photoelectron spectroscopy possible, and photoelectron spectroscopy 

provides the most direct observation of the electronic structure features. 

The photoelectron spectra of the latest class of dimetal "paddlewheel" compounds 

(M2(form)4 (M = Cr, Mo, W)) are presented here. Assignment of the photoelectron spectra 

of the M;(form)4 compounds is greatly aided by the experimental and theoretical work that 

has been performed by numerous research groups on the tetracarboxylate compounds of 

dichromium, dimolybdenum, and ditungsten.'*'"" The structural similarity of the 

M;(02CCH3)4 and M2(fonn)4 molecules is shown in Figure 4, with the phenyl groups of three 

of the diphenylformamidinate ligands removed for clarity. Understanding the valence 

electronic structure of the acetate systems assists spectral assignments for the formamidinates 

and gives insight into the ligand influences on the metal-metal bonding. In addition, the He I 

spectrum of M2(cyform)4 (cyform = N,N'-dicyclohexylformamidinate) is presented to help 

identify a ligand-based ionization that is obscured in the spectra of the phenyl ring-containing 

systems. 

Experimental Section 

Synthesis. Samples were prepared according to published procedures.^''"*® The 
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M2(0CCH3)4 MjCformX 

Figure 4. Molecular structures of M2(02CCHt)4 and MjCform)^ 



unsubstituted ligand (N,N'-diphenylformamidine) was used as obtained from Aldrich. N.N'-

d i - ^ - t o l y l f o r m a t n i d i n e  w a s  p r e p a r e d  a c c o r d i n g  t o  t h e  p u b l i s h e d  s y n t h e s i s . N , N ' -

dicyclohexylformamidine was prepared according to the published synthesis^'* with the 

modification that the reagents were refluxed for two days before the ethanol was removed."''^ 

Photoelectron Spectra. The spectra were measured with a stainless steel sample 

ionization cell at 230-300°C, depending on the particular compound being studied. Specific 

sublimation temperatures for these systems are: Cr2(form)4 (290 °C), Mo;(form)4 (225 °C), 

Mo2(/?-CH3-fonn)4 (260 °C), Mo2(cyform)4 (230 °C), and W2(form)4 (245 °C). The peak 

positions and relative peak areas for the low energy bands in the He I spectra of M2(form)4 

(M = Cr, Mo, W) and Mo2(cyform)4 are given in Table 2. The same parameters are provided 

in Table 3 for the Ne I, He 1. and He II photoelectron spectra of Mo2(/?-CH,-form)4. 

Calculations. A molecular orbital calculation was performed on the Mo2(form)4 

system via the Fenske-Hall method^" for comparison not only with previous calculations on 

M-M bonded systems but also with the results of the density functional work presented here. 

Atomic basis functions were generated using the method of Bursten et al.^' Contracted 

double-zeta functions were used for the Cr, Mo, and W valence d atomic orbitals (AOs) and 

for the carbon and nitrogen 2p atomic orbitals. Basis functions for the metal atoms were 

derived for the 1+ oxidation state. Ground state atomic configurations were used for the 

basis functions of all other atoms. The bond distances and angles were taken from the 

reported crystal structures'*^ '*^ and the total geometry of the system was idealized to 04^ 

symmetry. In order to achieve the symmetry of this point group, the N-Mo-Mo-N torsion 

angle, which is 3.2° in the published crystal structure, was set to 0°. The orientations of the 
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Compound Position (eV) Half-Width Relative Area Label' 
(eV) 

6.44 0.37 1 6 

6.66 0.21 1.0 ^lu 
Cr;(form)4 

6.87 0.26 2.1 

7.08 0.29 1.3 a+ 71 

5.63 0.32 1 5 

6.45 0.29 1.3 a,u 

Mo2(form)4 6.80 0.39 2.6 

7.32 0.56 2.7 a + Jt 

7.88 0.31 1.8 b.u 

5.33 0.33 1 5 

6.51 0.24 1.3 a.u 

6.84 0.35 2.2 Cg 
Mo2(cyform)4 

7.19 0.32 1.8 7C 

7.43 0.28 1.0 O 

7.76 0.52 2.8 b,. 

5.23 0.21 1 5 

6.58 0.32 1.8 aiu 

6.91 0.42 3.0 
W2(form)4 

e-

7.33 0.38 2.0 7t 

7.54 0.24 1.2 a 

7.91 0.33 1.9 

Table 2. Peak positions, average full-widths at half maximum, relative peak areas, and 
peak assignments for low Energy He I ionizations of M2(form)4 (M = Cr, Mo, W) and 

Mo2(cyform)4. Group theoretical labels denote ligand-based orbitals and the traditional 
Greek characters denote the predominantly metal-metal bonding and antibonding MOs. 
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Position Relative Peak Areas 
, ... Label 

Ne I He I He H 

5.60 1 1 1 Mo-Mo 5 

6.37 3.02 1.36 1.41 

7.6 

Ligand-Based 
aiu 

6.71 5.46 2.88 2.82 Ligand-Based eg 

7.27 ^ Mo-Mo CT + 71 

Ligand-Based 
b,u 

Table 3. Peak positions and relative areas in the Ne I, He I, and He II photoelectron 
spectra of Mo2(p-CH3-form)4. 

' Unable to determine due to overlap with tail of intense ionization band and uncertainty 
in the baseline. 
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phenyl rings with respect to the N-C-N plane are not all the same in the crystal structures. 

This matter will be a point of discussion for the calculation of ionization energies of the 

molecules in the gas phase. 

Density functional calculations were performed with the ADF (Amsterdam Density 

Functional) package, version Results from LDA (Xa) and GGA (BLYP) 

computations are presented here. For the full systems (i.e., including the phenyl rings), basis 

sets used for the transition metal atoms were from set IV (triple-C Slater-type orbitals) and 

for C. N, and H were from set II (double-C STOs). For Mo (n = 3) and W (n = 4), the core 

orbitals were defined as the /id orbitals and lower. For Cr, the 2p orbitals and lower were 

considered core. Single point calculations with triple-C functions on all of the atoms were 

performed for the neutral molecules and a similar ordering of valence orbitals (i.e.. ligand 

orbitals less stable than metal-based orbitals) was obtained. For the model systems 

(M2(HNCHNH)4), all basis sets were from set IV. Ionization energies for the full molecules 

and for the truncated systems (M2(HN(CH)NH)4), using 04^ symmetry, were calculated by 

determining the total energy difference between the neutral and cationic systems, with 

electrons being removed from the various valence molecular orbitals. The default SCF 

convergence criterion was employed. 

Background 

Preliminary Considerations. The present study relates directly to previous 

photoelectron investigations of metal-metal bonded systems, and the information from these 

earlier studies is important to the foundation of the present work. The metal-metal bonding 



manifold is a classic textbook subject and will only be reviewed briefly here. The Cr, Mo 

and W atoms in the M2(form)4 molecules are formally in the +11 oxidation state with d"* 

configurations. According to the M-M bonding interactions these d electrons occupy 

orbitals of a, 7t, and 5 symmetry, each of which has separate symmetry properties under the 

Dji, point group. Therefore, ionization of an electron from each of these bonds may give rise 

to a separate feature in a photoelectron spectrum because mixing of the various bonding 

components of the metal-metal bond is forbidden by symmetry in the absence of spin-orbit 

coupling and configuration interaction. 

The Mjf O2CR Compounds: Points of Primary Reference. A conclusive assignment 

of these ionizations in the gas-phase photoelectron spectra of these systems has only been 

realized relatively recently""and is due in large part to the comparison of the gas-phase and 

thin-film He I photoelectron spectra of M2(02CCH3)4 (M = Cr. Mo, W).-° In general, 

assignment of the M-M TT and 6 features (M = Mo, W) as the two bands of lowest ionization 

energy in these spectra is accepted. However, understanding the strength of the M-M a bond 

and assigning its ionization feature have been a considerable challenge. Scattered wave DV-

Xa calculations originally suggested that the ionization feature resulting from the M-M o 

bond, which was believed to be the strongest of the metal-metal electronic interactions 

because of the direct overlap between the valence d,,, atomic orbitals on each metal center, 

should lie several eV higher than the n bond in ionization energy.^' " Some studies therefore 

assigned peaks higher than ca. 10 eV as arising from the ionization of an electron from the 

M-M CT bond. As for the analogous chromium system, the photoelectron spectrum exhibits 

a single, broad ionization feature, which is generally thought to arise from the removal of 
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electrons from the Cr-Cr a. JT, and 6 bonds. However, the CTTC'^S" configuration may only 

represent a small percentage of the complete ground state wavefunction/'* In other words, 

the electronic interactions in Cr-Cr quadruple bond-containing systems may instead arise 

from antiferromagnetism. superexchange. or a combination of these two effects. Hence, 

assignment of various features of the broad band as resulting from removal of electrons from 

the a. 71. and 5 bonds may not be appropriate. 

Assignment ofM2( Metal-Based Ionizations. Despite the early computational 

studies that led to the prediction that the M-M valence a orbital should have considerably 

greater bonding character than the n and 5 orbitals, thin-film surface ultraviolet photoelectron 

spectroscopy (UPS) experiments showed that electronic occupation of the M-M n orbitals 

gives the greatest bonding character and that the c ionization is in the same energy region as 

the 7t ionization.-" In the case of the gas-phase photoelectron spectroscopy study of 

Mo2(O2CCH04- the a and rt ionizations are believed to be energetically coincident while the 

removal of an electron from the 5 bond lies ca. 1.70 eV lower in energy. A shoulder, not 

observed in the gas-phase spectrum, is found on the low ionization energy side of the Mo-Mo 

71 band in the surface photoelectron spectrum. It is thought that this feature occurs in the thin-

film surface spectrum of MoiCOiCCH,)^ because the Mo-Mo a bond is destabilized in the 

solid phase as a result of its filled-filled interaction with an oxygen atom lone pair from an 

adjacent Mo2(02CR)4 molecule. 

For the W2(02CR)4 systems in the gas phase, the <T ionization appears as a separate, 

sharp feature on the high ionization energy side of the W-W jt ionization, which is separated 

from the 5 band by 1.70-1.80 eV.""^^ The photoelectron spectrum of a thin film of 
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W,(0;CCHI)4 shows only two features below 11 eV and the band assigned to the k ionization 

increases in intensity relative to the 5 band."° This spectral change occurs as a result of the 

destabilization of the W-W g bond, which is then energetically coincident with the W-W k 

band in the solid phase. 

Af,/? yO^CR)^ Compounds. Additional support for these assignments of the Mo-Mo 

and W-W cr ionizations is found in the photoelectron spectra of M2(np)2(02CCH,>4 (M = Mo, 

W; np = neopentyl ).^ Comparison of the spectra of M02(O2CCH3)4 and Mo2(np)2(OXCH,)4 

shov/s that an additional ionization band is present between the k and 5 bands for the 

neopentyl system. For the W, systems, the sharp cr ionization feature of W^CO^CCHOj is not 

present in the spectrum of W2(np)2(O2CCH04 and the W-W n band is more broad for the 

neopentyl system. These results suggest that the M-M CT bond has been oxidized upon the 

attachment of the two alkyl substituents to the metal centers and the formation of M-C a 

bonds. The additional ionization observed for Mo2(np)2(02CCH3)4 and the broadening of the 

K band of W2(np)2(02CCH3)4 are thus indicative of ionizations from the M-C a bonds. 

M2(02CH)4 and Mo2(HNCHNH)4. General Theory. In order to understand the 

interactions of the ligand-based orbitals with those of the dimetal fragment, it is helpful to 

compare the pertinent bonding modes of the carboxylate and formamidinate systems. The 

electronic structure of the acetate ligand is easily understood by partitioning the total number 

of valence electrons into the a and k bonds that the simplest carboxylate, 0-C(H)-0", 

possesses. This moiety has 18 valence electrons, six of which are involved in O-C and H-C 

a bonding. Four electrons are located in two oxygen lone pairs that are used to form a bonds 

with the metal centers. Another four electrons are found in two additional lone pairs, one 



pair on each oxygen atom, and are analogous to the in-plane oxygen lone pair in water. The 

remaining four electrons are in the k network of the carboxylate ligand. The three z 

combinations, composed of the two O and one C 2p atomic orbitals. are shown in Figure 5. 

Note that the lowest of these three is O-C 7t bonding, the highest is O-C k antibonding, and 

the middle nonbonding combination is located entirely on the O atoms. The four electrons 

available for the k network occupy the two combinations of lowest energy. 

The simplest formamidinate, HN-C(H)-NH', also has 18 valence electrons, six of 

which are involved in a bonds (C-H and two N-C bonds), four are used by the nitrogen atoms 

to form o bonds with the metal centers, and four are in the same type of k combinations 

found for the carboxylate systems. The four electrons of the carboxylate that were in the in-

plane oxygen lone pair orbitals directed away from the metal atoms are now in the N-H a 

bonds of the formamidinate. 

When four of the carboxylate or formamidinate ligands are located around two metal 

centers to form an M2(X-C(R)-X)4 system with Dj,, symmetry, each X-C-X orbital forms four 

linear combinations. For this discussion, group theoretical labels will be used to denote 

ligand-based orbitals and the traditional Greek characters will be employed to describe the 

metal-metal bonding and antibonding MOs. Of course, these metal-metal interactions can 

also be described by group theoretical labels, which will be emphasized where appropriate. 

The out-of-phase electron pair orbitals which He in the X-C-X plane and are primarily 

directed toward the exterior of the molecule also include some X-C-X a bonding character. 

These orbitals form linear combinations of symmetries aj^, b,,,, and eg for the four ligands in 

symmetry. One of the four combinations of the in-plane electron pairs for a carboxylate 
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a2g* + t)2g*+ e u 

a i u  +  b j u + C g  

a2g + b2g+eu 

Figure 5. The three TC symmetry combinations possible for X-C-X. 



and formamidinate system is compared in Figure 6. For the carboxylate these are primarily 

a combination of the in-plane oxygen lone pairs while for the formamidinate these are a 

combination of the N-H bonds. The similarity is evident. By symmetry only the e^, set can 

interact in a bonding fashion with the M-M k* antibond; the rest are strictly ligand-based. 

With the presence of the additional substituent on the N atom of a formamidinate ligand (an 

H atom in the figure, but a phenyl group in the systems actually examined experimentally), 

these orbitals that are lone pairs for the O-donor ligands become N-H (or N-Cph^nyi) cr bonding 

in nature and are moved to higher ionization energy by ca. 3 eV in the formamidinate 

systems relative to the carboxylates. 

The lowest of the X-C-X n bonding orbitals in Figure 5 forms linear combinations 

with symmetries aog, b^g, and e^ when the four ligands are arranged in the Dj,, geometry. The 

b2g combination has the appropriate symmetr>' and spatial orientation to interact with the M-

M 5 bond and can influence this ionization. 

The middle tc orbital forms combinations of a,u, b,u, and Cg symmetry, which are 

shown in Figure 7. Of these last three combinations, only the b,u arrangement has the proper 

symmetry features to interact with a metal-based fragment orbital, namely the 5*. This 

interaction provides an additional mechanism for bonding and electron donation to the metal 

center. The ligand eg orbitals, although of the same symmetry as the M-M ;c* antibond, are 

in a plane orthogonal to these metal orbitals and cannot mix. As will be seen, the a,u and Cg 

combinations are entirely ligand-based and are found at lower ionization energy than the 

metal-ligand bonding b,„ orbital. The a,u set is expected to be found at a slightly lower 

ionization energy than the eg combination because the former has electron density on all four 
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Mo2(02CH)4 Mo2(HNCHNH)4 

Figure 6. The combination of the in-plane O lone-pairs and N-H bonds as determined 
via the Fenske-Hall method. 



Figure 7. The a,u, eg, and combinations of the HOMO of the 
formamidinate ligands under Djh symmetry. 



ligands with an antibonding interaction between the AOs on adjacent ligands while the 

latter only has electron density on two ligands located opposite each other. 

The antibonding X-C-X ;t bonding orbital, like the X-C-X n bonding orbital, forms 

linear combinations with symmetries a^g. b^g, and e^ when the four ligands are arranged under 

symmetry. For this discussion, an asterisk will be added to these last three combinations 

(i.e.. a^g*, big*, and e^*) to denote the X-C k* antibonding character that these fragment 

orbitals possess. Because of its symmetry, the b^g* combination can also interact with the 

M-M 6 bond. 

A qualitative MO diagram that summarizes these interactions is presented in Figure 

8, 67. The metal-metal bonding and antibonding orbitals, arranged in their typical textbook 

ordering, are presented on the left side of this figure. The combinations of all of the ligand 

Ti-type orbitals are shown on the right side of the diagram. The strongest metal-ligand 

interaction in this region, because of the good overlap and energy match between the 

fragment orbitals, is between the M-M 5* antibond and ligand b,u orbital. Based on 

ionizations and calculations to be discussed, the metal-ligand bonding combination is 

stabilized below the M-M o bond and the corresponding metal-ligand antibonding 

combination (the orbital usually called the M-M 5* antibond) is destabilized above the M-M 

71* orbital. The second metal-ligand interaction in this region, between the M-M 5 bond and 

the ligand big and b^g* combinations, is much weaker. Although the metal-ligand overlap is 

similar to that observed for the b,u combinations, the energy match between the 5 bond and 

these combinations is worse. The S-bjg interaction in this region is antibonding while for the 

6-b2p* interaction is bonding. The result is that depending on the relative amounts of b^g and 
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Figure 8. Molecular orbital diagram depicting 7C-type ligand interactions with the 
metal-metal bonding and antibonding orbitals. The arrows represent the HOMO 

of a system that contains a metal-metal quadruple bond. 
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b2g* character in this molecular orbital, the M-M 5 ionization can be slightly stabilized or 

destabilized. The remainder of orbitals in this diagram are essentially nonbonding and are 

either metal- or ligand-based. 

Considering the difference in atomic composition between the acetate and 

phenylformamidinate ligand systems, the nonbonding (middle orbital in Figure 5) p 

combination is expected to be localized entirely on the O atoms for the O-C-O unit. 

However, because of the phenyl rings bound to the N atoms in the formamidinates, these 

four p combinations may be conjugated to the phenyl :i systems depending on the 

orientation of the phenyl rings. Based on the relative electronegativities of N and O it is 

expected that ionizing an electron from these orbitals should require less energy for the 

tetraformamidinates than for the tetracarboxylates. 

Figure 9 presents a summary of the relative energies, as obtained by the Fenske-Hall 

method, of the ligand- and metal-based valence molecular orbitals. For the tetracarboxylates. 

the in- and out-of-plane O-based lone pair combinations are all found at higher ionization 

energies than are the metal-metal bonding orbitals. The combinations that are the O-based 

in-plane lone pairs in the acetates are more tightly bound in the formamidinates because they 

possess N-Cphe„y| a bonding character. For the tetraformamidinates, the p^ combinations 

move to lower ionization energy than those of the tetracarboxylates mostly because of the 

difference in electronegativity between N and O. In fact, the Fenske-Hall method predicts 

that for the HN(CH)NH ligand system, at least one of these combinations is found 

energetically between the Mo-Mo a and Jt orbitals and as will be seen in the spectra of the 

tetrakis(phenylfomiamidinates), ionizations from several of these orbitals actually occur in 
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Mo2(02CH)4 MO2(HNCHNH)4 

Figure 9. Correlation diagram between analogous molecular orbitals of Mo2(02CH)4 and 
Mo2(HNC(H)NH)4. The arrows represent the HOMO. 
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the same energy region as those from the metal-metal bonds. 

A Fenske-Hall calculation on the Mon(form)4 system with the full 

diphenylformamidiniate ligand predicts aground state molecular orbital ordering of the eight 

highest valence molecular orbitals as shown in Table 4. The highest occupied molecular 

orbital (HOMO) of this system is calculated to be the Mo-Mo 5 bond, which contains 

approximately 15% ligand character. This orbital is followed by the aj^ and e^ ligand-based 

orbitals. Next are the Mo-Mo n and c bonds, which are about 90% metal in character. These 

orbitals are followed by the fourth (b,u) ligand p -based combination, which contains ca. 13% 

metal-metal 5* character. Higher still in ionization energy are the occupied k orbitals of the 

phenyl rings and the deeper intraligand a and 7i bonding orbitals. 

Results and Discussion 

Information from Ionization Characteristics. The He I valence photoelectron 

spectra of M2(form)4 (M = Cr, Mo, W) are presented in Figure 10. All spectra have a broad 

intense ionization band spanning from 8 to 9.5 eV. characteristic of phenyl 7t ionizations. 

The spectrum of Mo2(form)4 shows the best separation of the low energy ionizations. In this 

spectrum, a single ionization band appears at 5.63 eV followed by features at 6.45, 6.80, and 

7.32 eV. A single ionization feature appears at 5.23 eV for WiCform)^ followed by 

overlapping ionizations from 6.5 to 8 eV. The spectrum of W;(form)4 exhibits a sharp 

feature at 7.54 eV as well as a broadening near 7.32 eV that is not evident in the spectra of 

the Cr, and Mo, systems. In the spectrum of Cr2(fonn)4, the features in the region 6.25-8.25 

are much more broad than for the Mo, and W, systems. 
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Calculated Energy (eV) Orbital Description Orbital Composition 

-8.25 Mo-Mo 5 Bond 

-9.70 Ligand-Based a,u 

-10.69 Mo-Mo 71 Bond 

-11.68 Mo-Mo a Bond 

84 % Mo 
15%C(N-C-N) 

53 % N 
42 % C (aryl) 

f  ^  5 1  % N  
10.32 Ligand-Based e„ aa rr r-, ix ^ 44 % C (aryl) 

90 % Mo 
7  % N  

91 % Mo 
8 % N 

13 % Mo-Mo 5* 
1.92 Ligand-Based b,u 30 % N 

5 7  %  C  (aryl) 

Table 4. Fenske-Hall calculated orbital energies and compositions for the valence 
orbitals of Mo2(fonn)4. The phenyl rings are coplanar with the ligand. 
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5 6 7 8 9 

Ionization Energy (eV) 
Figure 10. He I photoelectron spectra of M2(form)4 

(M = Cr (top). Mo (middle), W (bottom)). 



Assignment of Spectral Features: The Mo- and W-Based o, n, and 5 and Ligand-

Based a,u and e^ Ionizations. The correlation of ionization energies and assignments of the 

spectra of M2(02CCHj)4 and MiCform)^ (M = Mo, W) is illustrated in Figures 11 and 12. 

Comparison of the behavior of the first ionization band for the Mo; and W, systems with 

those previously observed for the MiCOjCCHOj systems indicates that these features 

correspond to ionization of an electron from the M-M 5 bond. The shift of these ionizations 

to lower energies for the MnCform)^ species is indicative of the more electron-donating nature 

of the formamidinate ligand versus the acetate: 1.25 eV for M = Mo and 0.87 eV for M = W. 

These shifts are dependent on the amounts of the metal 8 and ligand b^g and b^g* fragment 

character that contribute to the M-M 5 bonding molecular orbital. Energies of these fragment 

orbitals and their relative contributions as determined from Fenske-Hall calculations on the 

M2(02CCH3)4 and M2(HN(CH)NH)4 (M = Mo, W) systems are presented in Table 5. The 

M-M 5 fragment orbitals of all of the systems have similar energy matches (ca. 10 eV) with 

the b^g and b2g* fragment orbitals. The amount of ligand b2g character is also similar (5.3-

7.5%) for all of these molecules. However, the amount of ligand b^g* character varies 

considerably among the systems and is larger for the formamidinates than for the acetates. 

Remembering that the S-b^g* interaction is bonding, the stabilizing effect on the W-W 5 

ionization in W2(HN(CH)NH)4 is the greatest of all of the systems. The smaller shift of the 

M-M 6 ionization band from the acetate to the formamidinate for M = W is therefore 

consistent with the larger amount of ligand b^g* character contained in this molecular orbital. 

Because there is less ligand b^g* character in the Mo-Mo 5 bonding molecular orbital for 

MO2(HN(CH)NH)4, the 5 ionization for this system is not stabilized as much as for the 
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Figure 11. Correlation diagram of the valence ionization energies of Mo2(02CCH3)4 and 
Mo2(form)4. The arrows represent the HOMO. 
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Figure 12. Correlation diagram of the valence ionization energies of W,(0;CCH3)4 and 
W,(fonn)4. The arrows represent the HOMO. 
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Fragment Energies (eV) M-M 5 Orbital Composition 

M-M 5 h * -p % M-M 5 % b,,* 

M02(0;CCH3)4 -8.5 -18.3 2.8 87.9 7.5 4.5 

Mo3(HN(CH)NH)4 -7.6 -17.6 4.1 86.1 5.3 8.6 

W,(0.CCH3)4 -7.3 -18.6 2.5 84.7 7.0 8.2 

W,(HN(CH)NH)4 -6.4 -17.4 2.7 78.3 5.5 16.2 

Table 5. Energies of the M-M 5, ligand b^g, and ligand big* fragment orbitals and their 
percent contributions to the M-M 5 bonding molecular orbital. 
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tungsten analogue, and the shift of the 8 ionization is larger between Mo2(02CCH3)4 and 

Mo2(form)4 than for the analogous tungsten systems. 

The shift of the 5 ionization upon changing the metal from Mo to W is less for the 

tetraformamidinate series (0.40 eV) than for the analogous tetraacetates (0.80 eV). This also 

follows from the greater b^g* character in the M-M 5 bonding molecular orbital of the 

tetraformamidinate molecules. In general, for molecular systems that possess the same 

ligand set but different metal centers, the difference in energy between an analogous orbital 

in each system will be smaller for the orbital with less metal and more ligand character. 

Thus, there is more ligand character in the 5 ionization of the tetraformamidinate series than 

in the tetraacetates. 

The spectra of the tetraacetates also aid in the assignment of the a and n ionizations 

for Mo2(form)4 and W2(form)4. The single band assigned to the ionization from the a and 

K bonds of MO2(02CCH3)4 occurs at 8.68 eV, the sharp a ionization of W2(02CCH3)4 appears 

at nearly the same energy (8.57 eV), and the TT ionization of W2(02CCH3)4 occurs at 7.86 eV. 

The sharp ionization at 7.54 eV in the spectrum of W2(form)4 occurs at an energy similar to 

that of the more broad peak at 7.32 eV for Mo2(form)4, suggesting that the former is due to 

the W-W o bond and the latter from the Mo-Mo a and iz bonds. The energy gap between the 

5 and a/7t bands for Mo2(form)4 is therefore the same as for Mo2(02CCH3)4: 1.70 eV. 

Additional ionization intensity near 7.3 eV occurs for the W system. Considering the 

separation of the a and TI bands in the gas-phase photoelectron spectrum of W2(02CCH3)4 and 

the absence of this feature in the Mo2(form)4 spectrum, the ionization intensity in this region 

must be from the W-W n bond. The energy separation between this peak and the W-W a 



ionization is ca. 0.30 eV, which is smaller than that found for the tetraacetate (0.71 eV) but 

is comparable to that found for W,Cl4(P(CHj)3)4 (0.40 eV).^' Because of the considerable 

overlap of the W-W c and 7t ionization bands with the ligand-based aj^ and e^ features, it is 

difficult to determine the exact energy difference between the o and n ionizations. 

The remaining features to be addressed are those that arise from the ligand-based a,,,. 

Cg, and b,y valence orbitals. The ratio of the areas of the peaks in the Mo3(form)4 spectrum 

at 6.45 eV and 6.80 eV is near 1:2. suggesting that the former ionization is from a singly 

degenerate orbital and the latter is from a set of doubly degenerate orbitals. Such an 

assumption can only rigorously be made if the orbital compositions of the MOs that give rise 

to the two ionizations are identical. Fenske-Hall calculations predict that the electron density 

of the a,u and Cg orbitals is entirely based on the ligands (i.e., no metal character is possible 

by symmetry). Therefore, the assignment of these peaks as arising from ionizations from the 

ligand-based a|„ and eg orbitals is appropriate. As for the metal-ligand bonding b^ 

ionization, at this point in the discussion only a tentative assignment can be made. It is 

possible that the shoulder on the low ionization energy side of the phenyl ring ionizations can 

be attributed to the ionization from this b,u orbital. The Fenske-Hall calculation for 

Mo2(form)4 suggests that the next highest MO in ionization energy to the Mo-Mo CT and ;t 

bonds is the bi^ orbital. This placement is reasonable considering the proximity of the band 

to the other two ionization bands attributed to the similar a,,, and eg ligand-based MOs as well 

as to the metal-ligand bonding nature of the b,u orbital. A more conclusive argument for this 

assignment, however, can only be made by employing a formamidinate ligand that does not 

contain unsaturated substituents. This matter will be examined shortly. 
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The Ne I, He I and He n spectra of Mo2(^-CH3-fonn)4 are shown in Figure 13. This 

figure demonstrates the inability of He I / He II comparisons to confirm assignments for these 

systems. From Table 3 it is evident that the areas of the metal-based 5 and the ligand-based 

ai„ and Cg ionization bands do not change relative to each other. This observation is in 

agreement with calculated photoionization cross sections," which predict that in a He n 

photoelectron spectrum, the areas of nitrogen- and carbon-based ionization bands should 

drop in intensity by 55% and 69%, respectively, relative to their areas in a He I spectrum. 

However, the areas of Mo- and W-based bands are expected to fall by essentially the same 

amount: 68%. The Ne I photoelectron spectrum of Mo2(p-CH3-form)4, however, does 

support the assignments of the valence ionizations. In a Ne I spectrum, the - and C-based 

ionizations should increase in intensity by 16% and 36%, respectively, while those that are 

Mo-based ionizations should decrease by 11 %.^' As presented in Table 3, the intensities of 

the a,u and Cg ligand-based ionizations increase markedly as compared to the Mo-Mo 5 band. 

Calculation of Valence Ionization Energies for Mo2(fom!i)4 and W2(form)4. The 

ADF package readily allows the computation of valence ionization energies through the 

determination of the total energies of the neutral ground state molecule and the various 

cationic species. Such a method provides a computational means of modeling the 

photoionization process by allowing the electronic structure to relax upon removal of an 

electron and is preferable to the use of molecular orbital energies from the ground state 

calculation (i.e., Koopmans' approximation) to assign the photoelectron spectrum. 

Calculated IPs for the Mo2(form)4 and M2(HN(CH)NH)4 (i.e., the original system 

with phenyl rings replaced by H atoms) at the Xa level are presented in Table 6. The most 
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Figure 13. Ne I, He I, and He II photoelectron spectra of MojCp-CHj-form)^ 
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Ionization Mo-,(form)4 Mo-,(form)^ MOi(form)4 Mo-,(HN 
(D,H;0°) (D,;45°) (D;H;90°) CHNH), 

Mo2(form)4 
(experimental) 

Mo-Mo 
5 Bond 

Ligand-
Based a lu 

Ligand-
Based e„ 

Mo-Mo 
K Bond 

Mo-Mo 
c Bond 

Li sand-
Based b l u  

6.04 

5.23 

5.54 

6.87 

7.72 

6.32 

5.87 

5.41 

5.67 

6.74 

6.85 

6.44 

5.77 

5.66 

6.06 

6.42 

6.54 

7.25 

5.31 

5.41 

5.93 

7.08 

7.14 

7.28 

5.63 

6.45 

6.80 

7.32 

7.88 

Table 6. Valence ionization energies (in eV) calculated with the ADF package for 
Mo2(form)4 and Mo2(HN(CH)NH)4 using the Xa method. Angles refer to the rotation of 
the phenyl rings out of the N-C-N plane. Double-i^ functions have been used on all non-

metal atoms. 



obvious difference between the two systems is that the four ligand-based ionizations are 

placed too low in energy when the phenyl rings are used in the calculation. In fact, these 

calculations predict that the lowest energy ionization results from the ligand a,„ orbital, 

rather than from the Mo-Mo 5 MO. Rotating the phenyl groups by 45 °. as is observed in the 

crystal structure of Mo2(/»-CH-i-form)4, provides improved calculated ionization energies, but 

the N-based ionizations are still predicted to be slightly too low compared to those that are 

metal-based. Rotating the phenyl groups so that they are p>erpendicular to the N-C-N plane 

gives the best relative ordering of the ligand- and metal-based valence ionizations, but the 

ionization from the ligand aj^ orbital is still calculated as being the easiest by about 0.1 eV. 

The most notable difference among these calculations in which the phenyl groups are rotated 

is the amount of N character in the ligand-based orbitals. With a planar ligand set, the 

ligand-based a,„ molecular orbital is composed of 53% N character. Rotating the phenyl 

groups by 45° increases the amount of N orbital character to 65% and although the first 

ionization is predicted to come from the a,u orbital, the separation between this EP and that 

of the Mo-Mo 6 bond decreases. This trend in increasing N character upon rotation of the 

phenyl groups and stabilization of the a,„ ionization relative to the 5 ionization continues as 

the rings are rotated farther from the N-C-N plane. At this orientation, the a,u orbital 

contains 91% N p^ character. Only for this calculation is the ionization from the ligand-

based Cg orbital predicted to be more difficult than that from the Mo-Mo 6 bond. 

Replacing the phenyl rings with H atoms, aside from increasing the speed of the 

calculation, provides reasonable ionization energies. For this abbreviated system, the valence 

ionizations are calculated to be in the same order as they have been assigned based on 
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comparison of spectral features among the series, although the accuracy of the calculated 

values is somewhat poor. More reasonable valence ionization energies for the Mo and W 

systems have been calculated using the BLYP method and are presented in Tables 7 and 8, 

respectively. 

Spectral Features of Cri(forin)4. The only distinct ionization peaks of the 

Cr2(form)4 molecule are due to the phenyl rings and the a,^ and Cg N-based orbitals. In 

comparison, the He I spectrum of Cr2(02CCH3)4 shows that the ionization of electrons from 

the metal-based valence orbitals appears as a single broad band near 9 eV. Extrapolating the 

shifts observed for the W, and Mo; ionizations from the acetate to the formamidinate 

molecules, the Cr-based ionizations for Cr^Cform)^ should be roughly near 7-8 eV and are 

therefore presumably coincident with the a,u and Cg set of ligand-based orbitals as well as 

with the onset of the phenyl ionizations. 

The spectrum of Cr2(form)4 does exhibit an ionization band at 6.4 e V. which appears 

as a leading shoulder on the front band. The energy separation between this band and the 

Mo-Mo 5 ionization feature is 0.81 eV, which compares well with the separation of 0.86 eV 

observed for the M2(mhp)4 (M = Cr, Mo; mhp = 2-hydroxy-6-methylpyridine) spectra.^" The 

photoelectron spectrum of Cr2(mhp)4 is the only one for which a separate ionization feature 

has been observed for the 5 bond in a Cr-Cr quadruple bond-containing system. This feature 

is seen for the mhp system because of the increased ligand character in the Cr-Cr 5 bond that 

is possible with the more Lewis basic N-donor ligand as well as for additional symmetry-

related reasons. With the N-donor formamidinate ligand set, it appears here that the Cr-Cr 

6 ionization may also be separated from the c and n features, although the proximity of the 
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Ionization Xa BLYP Experimental 

Mo-Mo 5 Bond 5.23 5.70 5.63 

Ligand-Based a,u 5.59 6.13 6.45 

Ligand-Based e^ 6.09 6.63 6.80 

Mo-Mo 7t Bond 6.97 7.51 
7.32 

Mo-Mo a Bond 7.15 7.67 

Ligand-Based 6,^ 7.39 7.89 7.88 

Table 7. Valence ionization energies (in eV) calculated with the ADF package for 
MO,(HN(CH)NH)4 using the Xa and BLYP methods in comparison to the experimental 
values. Triple-C functions have been used on all atoms. Scalar relativistic corrections 

were employed. 
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Ionization Xa BLYP Experimental 

W-W 5 Bond 4.77 5.21 5.23 

Ligand-Based a,u 5.70 6.25 6.58 

Ligand-Based e^ 6.27 6.81 6.91 

W-W 7t Bond 6.42 6.93 7.33 

W-W a Bond 7.49 8.01 7.54 

Ligand-Based b,u 7.68 8.17 7.91 

Table 8. Valence ionization energies (in eV) calculated with the ADF package for 
W,(HN(CH)NH)4 using the Xa and BLYP methods in comparison to the experimental 
values. Triple-C functions have been used on all atoms. Scalar relativistic corrections 

were employed. 
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ligand-based a,u and ionizations renders such an assignment tentative. 

Computationally determined ionization potentials for Cr2(HN(CH)NH)4 are presented 

in Table 9. The Cr-Cr 5 ionization is calculated to be well separated from the a and n 

ionizations by ca. 1.8 eV. The other metal- and ligand-based ionizations are calculated 

reasonably well although it is difficult to make exact assignments given the large number of 

overlapping features in the spectrum of CriCform)^. 

Identifying the Ligand 5,^ Ionization. As mentioned previously, the presence of 

a broad band of phenyl ionizations at 8.50 eV hinders the assignment of the b,u ionization. 

This ionization, as shown in Figure 8. 67, is from the ligand-based metal-ligand bonding 

molecular orbital that contains M-M 5* character and is found below the M-M G MO. The 

saturated ligand, N,N'-dicyclohexylformamidine, has recently been used to prepare several 

dimetal paddlewheel compounds®^"^ and because it lacks phenyl substituents, this ligand is 

ideal for attempting to observe the b,u ionization. Close-up He I spectra of Mo2(form)4 and 

Mo2(cyform)4 are presented in Figure 14. Four peaks are visible in the Mo2(cyform)4 

spectrum in the energy region 6.00-8.25 eV and a single ionization feature is present at 5.33 

eV. The lack of a broad phenyl-based feature rising at 8 eV is evident. As in the He I 

spectrum of MoiCform)^, the Gaussian bands representing the ionizations at 6.51 and 6.84 eV 

have an area ratio of 1:2 (current fit is 1:1.7) and are assigned as the a|„ and peaks. The 

G and 71 ionization feature, like the 5 ionization, has moved to lower ionization energy 

relative to the phenylformamidinate species, but this region is best fit with two Gaussian 

functions at 7.19 and 7.43 eV. Finally, the resolved band at 7.82 eV is the most likely 

candidate for the b,u ionization. It appears at a similar energy position as the shoulder in the 
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Ionization Xa BLYP Experimental 

Cr-Cr 5 Bond 

Ligand-Based a^ 

Ligand-Based Cg 

Cr-Cr 71 Bond 

Cr-Cr a Bond 

Ligand-Based bi^ 

5.27 

5.49 

6.12 

6.85 

7.17 

7.54 

5.80 

6.05 

6.67 

7.35 

7.67 

8.05 

6.44 

6.66 

6.87 

7.08 

- 7 . 9  

Table 9. Valence ionization energies (in eV) calculated with the ADF package for 
Cr2(HN(CH)NH)4 using the Xa and BLYT methods. Triple-C functions have been used 

on all atoms. 
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Figure 14. Detailed comparison of the lowest energy ionizations of 
MojCform)^ and Mo2(cyform)4. 
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Mo2(form)4 spectrum. 

It is interesting to note the similarity in energies of the ligand-based a,u, e^ and b,,, 

ionization features between the phenyl- and cyclohexyl-containing systems. Such a result 

suggests that the o and interactions between the phenyl and cyclohexyl rings and the N-C-N 

moiety are similar in these molecules. Further, it implies that the phenyl rings are not 

conjugated with the N-C-N k system in the gas phase, as they are not in the crystal structure 

of Mo2(form)4 where the phenyl rings are twisted from the plane of the N-C-N portion of the 

ligands. If the phenyl rings were coplanar with the N-C-N portion of the ligands, these 

ligand-based ionizations would be shifted about 1 eV to lower binding energies from those 

of the cyclohexyl-containing molecules. For example, such a shift is observed in the 

comparison of the first ionization of aniline with that of cyclohexylamine. where the filled-

filled interaction between the N p^, orbital and a phenyl ring n orbital in aniline produces a 

low first ionization at 8.0 eV in comparison to the N lone pair ionization of cyclohexylamine 

at 9.1 eV. However, once this conjugation is lost, as occurs in Mo2(form)4, the inductive 

effects of the phenyl and cyclohexyl rings of the two ligands appear to be nearly equal as 

evidenced by the similarity in ionization energies of the ligand a,u, Cg, and b,„ bands. The 

lack of conjugation with the phenyl rings is supported by the theoretical calculations 

discussed earlier, where the most accurate calculated ionization energies were obtained when 

the phenyl rings were twisted from the N-C-N plane, and the phenyl groups could be 

modeled reasonably with hydrogen atoms bound to the nitrogen atoms. 

The difference in the shifts of the 5 and z bands from Mo2(form)4 to MoiCcyform)^ 

(0.30 eV vs. 0.13 eV) emphasizes the different interactions that these metal-based orbitals 
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have with the ligand. The 6 bond interacts the most with the ligand. The shift of the metal-

metal 5 ionization may be due to a better overlap of the N p^ orbital of cyform with the Mo-

Mo 5 bond or due to slight geometry changes between the two systems which require further 

investigation. The Mo-Mo o bond can interact with the ligands in a a fashion using the tori 

of the 4d^, AOs even though it is directed principally along the metal-metal bond axis rather 

than toward the ligand set. This ionization is the least sensitive to bonding interactions. The 

7t bond has the appropriate symmetry to have an antibonding interaction with the N-C(H) 

bonds, but this combination is not expected to destabilize the metal-metal Jt bond nearly as 

much as is seen for the 5 bond. 

Conclusions 

Comparisons between the photoelectron spectra of M2(form)4 (M = Cr, Mo, W) and 

with those of the analogous M2(02CCH3)4 compounds help to identify which ionizations are 

metal-based and which are ligand-based. For the systems M2(form)4 (M = Cr. Mo, W), 

ionizations attributed to the ligand-based a,u and e^ MOs appear consistently at ca. 6.50 and 

6.85 eV. The location of these two ionizations will assist the interpretation of the spectra of 

other M2(form)4 (M = Ru, Rh, Pd) systems. Although the fourth expected ligand ionization 

(b,u) is obscured in the M2(form)4 systems, the He I photoelectron spectrum of Mo2(cyform)4 

indicates the location of this ionization approximately 1 eV more stable than the a,u and e^ 

ionizations. The a, it, and 5 predominantly metal-based ionizations can be assigned based 

on other trends between these homologous M2(form)4 systems. The relative energies of these 

ionizations are consistent with the better electron-donor ability of the formamidinates over 
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the carboxylate ligands: the a, TT, and 5 bands all appear at significantly lower ionization 

energies in the photoelectron spectra for these nitrogen-containing ligands than for the 

acetate systems. The changes in the energetic separations of the individual metal ionizations 

for a given compound are consistent with the symmetry properties and electron donor 

properties of the formamidinates and carboxylates. The cyform ligand destabilizes the Mo-

Mo 5 ionization by 0.30 eV and appears to separate the Mo-Mo a and tz ionizations, thus 

assisting the assignment of the spectra of all of the compounds presented here. 

As with the carboxylate systems, the He I photoelectron spectrum of Cr2(form)4 

exhibits a single broad ionization band unlike the distinct ionization features that are 

observed in the photoelectron spectra of the analogous Mo, and W, compounds. The 

shoulder at ca 6.4 eV appears to indicate that the Cr-Cr 5 ionization is separate from the a 

and It ionizations, analogous to that observed for Cr2(mhp)4. Such an observation supports 

the notion that the M-M 6 bonds for the M2(form)4 (M = Cr, Mo, W) systems possess more 

ligand character than do the same orbitals for the dimetal tetraacetates. 

Ultimately, these observations show greater metal-ligand mixing in the M2(form)4 

systems than in the tetracarboxylates. The approximately 1 eV stabilization of the 

predominantly ligand bj^ ionization from the ligand a,u and e^ ionizations represents a 

significant amount of bonding from ligand donation into the metal-metal 5* orbital. Also, 

the ligand bjg and big* orbitals and the metal-metal 5 orbital comprise a three orbital / four 

electron set that is net bonding. The most stable combination is mostly b;g in character and 

is bonding between the metal and the ligands. The middle combination is mostly metal-

metal 5 in character and non-bonding with the ligands because the node is near the nitrogen 



atoms. The highest combination is antibonding between the metal and the ligands as well 

as antibonding within the ligands and is not occupied. The occupation of the metal-Iigand 

bonding and nonbonding combinations results in a net bonding interaction. The ionization 

energy shifts show this interaction increasing from the tetraacetates to the 

tetraformamidinates and from Mo, to W,. The closer energy proximity of the ligand-based 

a,u. Cg. and b,u ionizations to those from the metal-based c. a. and 6 bonds in M2(form)4 than 

in M2(0;CCH,)4 indicate the better energy match between ligand and metal fragment orbitals 

in the formamidinate systems required for the increased degree of covalency. 
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Chapter 4 

ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF M,(/)-CH,-form)^ 
SYSTEMS (M = Mo. Ru, Rh, Pd; form = N.N'-diphenylformamidinate): 

PROBING THE METAL-METAL BONDING MANIFOLD FROM a TO a* 

Introduction 

The concept of bonding and antibonding orbitals of c, ti, 5, 5*, k*, and cs* symmetry 

for two metal atoms bound to each other under a paddle wheel-type ligand symmetry is 

invaluable. For systems with M-M"*^ cores (M = Mo, Tc, Ru, Rh, Pd. for example), the 

metal-metal bond order can range from four (with an electronic configuration of for 

M = Mo to zero (cr;c^5-5*-7t*"'c*-) for M = Pd. This construct has provided chemists with 

a useful tool for predicting relative intermetal distances and metal-metal bond strengths, 

metal-to-metal, metal-to-ligand, and ligand-to-metal electronic transitions, system 

diamagnetism or paramagnetism, and (to a certain degree) reactivity. 

However, a photoelectron spectroscopic study of such a broad series of dimetal 

systems from Mo to Pd with the same ligand set has not yet been possible. The use of gas-

phase photoelectron spectroscopy to examine the electronics of metal-metal bonded systems 

has so far been limited to dimetal tetracarboxylates-"'*^'"^'"^^'^ (M2(02CR)4; R = alkyl, 

perfluoroalkyl, and aryl, M = Cr, Mo, W, Ru, Rh), tetrahalotetraphosphines^'^^ (M2X4(PR04; 

X = F. CI, Br, I, M = Mo, W, Re), and tetrahydroxypyridinates"®®'^' (M2(mhp)4, M = Cr, Mo, 

W, Ru, Rh; also CrMo and MoW). The relative ease of preparation, stability, and favorable 

sublimation properties of the M2(02CCF3)4 and M2(mhp)4 systems (M = Mo, Ru, Rh) has 

meant that these series exhibit the widest range of metal-metal bond orders studied by 



photoelectron spectroscopy to this time. Technetium and palladium are excluded from this 

series because of the radioactivity of the former and the proclivity of the latter to form 

trimetal systems (e.g., Pd3(02CCH,)4). The palladium compound PdiCmhp)^ has been 

prepared, but efforts to collect a photoelectron spectrum have not been successful.^-

Although the relative energetic ordering of the metal-metal bonding and antibonding 

orbitals is generally viewed from most strongly bonding to most strongly antibonding as a. 

7z, 5. 5*. 71*, and cr*, the exact sequence depends on the electronic properties of the ligand, 

the strength of the metal-metal bond, and the phase of the sample. A review of the 

assignment of the ionizations from metal-metal bonding orbitals was given in Chapter 3. As 

for the metal-metal antibonding orbitals, the 5* orbital need not always be more stable than 

the 71*. The reversal in the ordering of these two orbitals has implications for Ru^^" 

compounds, where depending on the relative energies of the 6* and tz* molecular orbitals, 

these systems are either diamagnetic or paramagnetic. The M-M 5* orbital has been shown 

by computational methods and symmetry considerations, as will be discussed more in depth 

shortly, to contain a large amount of electron density at the ligand atoms directly bound to 

the metal centers.®' The M-M 5* orbital as a result contains M-L tz* character and the 

more Lewis basic the ligand 7t orbitals are, the more the 5* orbital is destabilized. This 

phenomenon is exemplified by the electronic structures of Ru^CO^CCF^j and related 

analogues"and Ru2(RNXNR)4"-''' (R = p-CH^QH^; X = N, CH). The greater Lewis 

basicity of the N-donor ligands destabilizes the Ru-Ru 6* orbital such that this molecule 

possesses an electronic configuration of and is therefore diamagnetic. However, 

the 71* orbital is less stable than 5* when the more electron-withdrawing trifluoroacetate 
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ligand is present, giving an electronic ordering and occupation of cr:t'*5"5*-re*" or 

cr7r"'5-5*';r*-^ and therefore a paramagnetic system. The interpretation of the photoelectron 

spectrum of this system can thus be of the various doublet and quartet states that are possible 

upon photoionization, rather than of just the doublet states that are ordinarily interpreted as 

ionizations from successive molecular orbitals. 

As a result of the paramagnetism, unfavorable sublimation properties, or the 

unavailability of a series of dimetal systems with the same attendant ligand set. a 

straightforward photoelectron spectroscopic study of a set of diamagnetic compounds 

possessing filled metal-metal bonding and antibonding MOs from o to a* has so far not been 

possible. However, the N,N'-di-p-tolylformamidine ligand has recently been employed to 

prepare a wide range of so-called paddle-wheel metal-metal bonded systems. These 

compounds are designated here as MiCp-CH^-form)^ (form = N,N'-diphenylformamidinate) 

and include the series for M = Mo, Ru, Rh, Pd. The tolyl groups on three of the ligands in 

the structure presented in Figure 15 have been omitted for clarity. All of these systems have 

been shown to be diamagnetic and have been found here to possess favorable sublimation 

properties for the collection of photoelectron spectra. For the first time, therefore, 

ionizations from o to a* can be assigned in the photoelectron spectra of a set of metal-metal 

bonded systems with the same ligand set. These assignments are based on the intensities of 

the various bands in the He I, He II, and Ne I spectra of these systems, comparisons of the 

spectral features among this series of compounds, analogies to the photoelectron spectra of 

other Mi^^-type systems, and with correlations to molecular orbital calculations. 



M2(p-CH3-form)4 

Figure 15. Molecular structure of M2(/?-CH3-form)4. 
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Experimental Section 

Photoelectron Spectra. Samples were prepared according to published 

procedures/^-^"* ®"-®' The spectra were measured with a stainless steel sample ionization cell 

at 230-3C)0°C, depending on the particular compound being studied. Specific sublimation 

temperatures for these systems are: MoiC/J-CHTform)^ (260°C). Ru2(/?-CH,-form)4 (265 °C). 

Rh2(/?-CH,-form)4 (265"C), and Pd2(p-CH,-fonn)4(290°C). 

Calculations. Density functional calculations were performed with the ADF 

(Amsterdam Density Functional) package, version 2.3.0.^""''"^ Results from BLYP 

computations with scalar relativistic corrections are presented here. Basis sets used for all 

atoms were from set FV (triple-C Slater-type orbitals). For Mo, Ru, Rh, and Pd, the core 

orbitals were defined as the 3d orbitals and lower. Structures of each of the systems (M = 

Mo/"^ Ru/"* Rh,®" Pd®')were based on the reported crystal data. Ionization potentials for the 

model systems (i.e., M;(HN(CH)NH)4) were calculated by determining the total energy 

difference between the neutral and cationic systems, with electrons being removed from the 

various valence molecular orbitals. The default SCF convergence criterion was employed. 

For reasons described previously, calculations have been performed on structures in which 

the phenyl rings have been replaced with a single H atom. 

Photoelectron Data 

Photoelectron Spectrum of !Vlo2(p-CH3-form)4. The He I, He II, and Ne I 

photoelectron spectra of Mo2(p-CH3-form)4 were presented and assigned in Chapter 3. This 

system is included in the following discussion to complete the electronic configuration series 



from crz^5' to crn^S* and as an aid to the assignment of the spectra of the other 

systems. 

Photoelectron Spectrum of Rui(/»-CH3-fonn)4. The He I. He n, and Ne I 

photoelectron spectra of Ru2(p-CH3-form)4 are presented in Figure 16. These spectra, as is 

the case for all systems with this ligand set. possess a broad ionization feature at ca. 8.7 eV 

with a shoulder at ca. 7.9 eV. This ionization envelope corresponds to the ionization of 

electrons from the valence phenyl t: systems. There are also several distinct ionization 

features at lower energy as seen in Figure 17. An ionization band appears at 5.24 eV and a 

broader feature occurs in the 5.60-7.50 eV energy range. The profile of this broad band 

changes depending on the ionization source, with a local maximum occurring at 6.49 eV 

under Ne I irradiation and at 6.16 eV when a He I or He n source is employed. Spectral fit 

parameters are provided in Table 10. An explanation of the fits and assignments of these and 

the other spectra in this chapter will be presented shortly. 

Photoelectron Spectrum of Rh2(/>-CH3-form)4. The He I. He 0, and Ne I 

photoelectron spectra of Rh2(A'-CH3-form)4 are presented in Figure 18. The broad ionization 

feature due to the phenyl 7t system is apparent. Two separate ionization features are evident 

in the 5.5-7.0 eV energy region, as seen in Figure 19. Spectral fit parameters for this system 

are given in Table 11. 

Photoelectron Spectrum of Pd2(p-CH3-form)4. The He I, He II, and Ne I 

photoelectron spectra of Pd2(p-CH3-form)4 are presented in Figure 20 and closeup spectra of 

the 6.00-7.25 eV energy region are provided in Figure 21. Aside from the phenyl TC 

ionizations, only a single broad ionization band is present in these spectra. This envelope 
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Ionization Energy (eV) 

Figure 16. He I, He II, and Ne I photoelectron spectra (10-5 eV) of Ru2(p-CH3-form)4 
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Figure 17. Closeup He I, He II, and Ne I photoelectron spectra of Ru2(p-CH3-form)4 
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Position Relative Peak Areas 

(eV) Ne I He I Hen 
Assignment 

5.24 1 1 1 Ru-Ru Tt* 

6.16 2.13 2.57 1.65 Ru-Ru 7t + 5 

6.49 0.74 0.61 0.27 Ligand-Based a,u 

6.74 1.47 1.72 1.02 Ligand-Based Cg 

7.06 0.75 0.81 0.47 Ru-Ru a 

2.84 3.17 3.51 (TI + 5) / o Ratio 

Table 10. Spectral Fit Parameters for He L He II, and Ne I Photoelectron Spectra of 
Ru2(/>-CH3-form)4 
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Figure 18. He I, He II, and Ne I photoelectron spectra (10-5 eV) of Rh2(/?-CH3-form)4 
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Ionization Energy (eV) 

Figure 19. Closeup He I, He n, and Ne I photoelectron spectra of Rh2(;7-CH3-form)4 
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Position Relative Peak Areas 

Ne I He I He n 
Assignment 

5.64 1 1 1 Rh-Rh 5* 

6.37 0.78 0.59 0.52 Ligand-Based a,„ 

6.55 2.51 2.14 2.05 Rh-Rh TI* 

6.82 1.50 1.19 1.43 Ligand-Based e^ 

Table 11. Spectral Fit Parameters for He I, He II, and Ne I Photoelectron Spectra 
of Rh2(/'-CH,-form)4. 



Ionization Energy (eV) 

Figure 20. He I, He D, and Ne I photoelectron spectra (10-5 eV) of Pd2(p-CH3-form)4 
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Figure 21. Closeup He I, He II, and Ne I photoelectron spectra of Pd2(p-CH,-form)4 



Position 
(eV) 

Relative Peak Areas 

Ne I He I Hen 
Assignment 

6.25 

6.45 

6.69 

6.91 

1 

0.68 

1.14 

0.74 

1 

0.62 

1.05 

0.68 

0.62 

0.81 

0.36 

Pd-Pd <y* 

Ligand-Based a lu 

Ligand-Based e^ 

Pd-Pd 5* 

Table 12. Spectral Fit Parameters for He I. He II, and Ne I Photoelectron Spectra 
of Pd2(p-CH,-form)4 



possesses a relatively sharp feature at lowest ionization energy (6.25 eV). which obtains a 

maximum relative intensity under He n photoionization and a minimum under Ne I 

ionization. Spectral fit parameters for this system are given in Table 12. 

Discussion 

Background Description of the Electronic Structure. An in-depth discussion of 

the symmetries that the valence metal and ligand fragment orbitals possess was given in 

Chapter 3. where a ligand-based molecular orbital (bi^) that contains M-M 6* character was 

described. This orbital, with the rest of the valence metal- and ligand-based MOs. is evident 

in Figure 8. 67. The M-M bonding and antibonding orbitals, under a environment of 

only a-donor ligands, are presented on the left side of the figure. This ordering, a subject 

found in introductory inorganic texts, is based on relative overlaps of the valence metal d 

orbitals of the two metal atoms. 

The HOMO of the formamidinate and acetate ligands was shown previously to be an 

antisymmetric (nonbonding) combination of the N or O p^ atomic orbitals with a node 

passing through the bridging carbon atom. A group theoretical treatment of this fragment 

orbital shows that it forms combinations of ai^, Cg, and b,u symmetries when four such ligands 

are arranged in a 04^ environment, as presented in Figure 7. These combinations are shown 

on the right side of Figure 8,67. These group orbitals can then interact with the metal-metal 

bonding or antibonding fragment orbitals of appropriate symmetry to form metal-ligand 

bonding and antibonding molecular orbitals. This type of interaction was discussed in 

Chapter 3 regarding the ligand b,u and M-M 5* orbitals in the M2(form)4 (M = Cr, Mo, W) 



and Mo2(cyform)4 systems. The more stable b,u orbital is predominantly composed of the 

b,„ combination of the formamidinate HOMO, but also contains M-M 5* character, and 

overall the orbital is metal-ligand bonding. The metal-ligand antibonding counterpart to this 

orbital also possesses b,,, symmetry, but contains more metal character than ligand. 

Obviously, the 5* orbital is not occupied for the M = Cr. Mo. W systems, so only an 

ionization from the ligand-based metal-ligand bonding b,u orbital is observed. A similar 

interaction between the b^g combinations of the O-C-O (or N-C-N) Jtand Jt* fragment orbitals 

and the M-M 6 bond is also possible. However, considering the stability of the strongly 

intraligand bonding b^g orbital and the corresponding instability of the intraligand 

antibonding b^g* orbital, the energy matches between these ligand fragment orbitals and the 

5 bond are poor. 

The result of these various symmetry- and overlap-based orbital interactions is that 

the energy of the M-M 6* orbital (and to a much lesser extent that of the 5 orbital) relative 

to that of the other M-M bonding and antibonding orbitals is largely dependent on the 

electronic properties of the attendant ligand set. Such a phenomenon can occur through an 

energetic perturbation of the M-M 5* MO relative to other metal-based orbitals. Such was 

the explanation offered by Cotton and coworkers upon their study of Ru2(p-CH3-form)4, 

which unlike Ru2(02CCH3)4, was shown to be diamagnetic based on their ability to collect 

a 'H NMR spectrum of this compound at room temperature. The most reasonable 

explanation for this difference between the acetate and formamidinate systems was an 

inversion of the relative energies of the M-M 6* and n* MOs, as shown in Figure 23. 

Whereas the ground state ordering and electronic occupation of the M-M based MOs in 
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1 a* (M = Pd) 

8* (M = Rh) 

•J— 7t*(M = Ru) 

5 (M = Mo) 

n f 

Figure 22. Ordering of metal-metal bonding and antibonding orbitals in M2(form)4 
systems. 
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Ru2(02CCH3)4 (as well as in the perfluoroacetate) is cr7t^5-5*-7t**. that for Ru20'-CH3-form)4 

is presumably <r;t^5"7c*^5*°. so that the former is paramagnetic and the latter is diamagnetic. 

Magnetic susceptibility measurements on the ruthenium acetates have shown that these 

systems do indeed possess two unpaired electrons.Molecular orbital calculations have 

been offered previously and will be offered here, with spectral observations, to support this 

ordering for RuiC/^-CH^-form)^. 

Additional support for this ordering and occupation of the metal-metal antibonding 

orbitals in these systems can be gained from a simple inspection of crystallographically 

determined structural parameters, which are provided in Table 13. The M-M and M-X (X 

= N. O) lengths and the X-M-M-X torsion angles for the M^Cp-CHi-form)^ (M = Mo. Ru, Rh. 

Pd) and M2(02CCF3)4 (M = Mo, Ru, Rh) are given here and it is the M-M bond lengths that 

give the most insight into the electronic occupations of the metal-metal bonding and 

antibonding orbitals. The Mo-Mo distances are the same, regardless of the attendant ligand 

set. and the metal-metal bond order is four. However, the Ru-Ru distances for these two 

systems are markedly different, which suggests that each possesses a different electronic 

occupation of the valence metal-metal bonding manifold. The Ru-Ru distance for the 

formamidinate system is 0.20A longer than for the perfluoroacetate. Such an observation, 

taken with the diamagnetism of Ru2(;?-CH3-form)4, is consistent with the placement of four 

electrons in the Ru-Ru k* level. Of course, the interaction between the two d„ (and dy^) 

atomic orbitals that form the n* molecular orbital is more antibonding than between the d„ 

atomic orbitals that comprise the 5* orbital. The fourfold occupation of the 7t* level for 

Ru2(/7-CH3-fomi)4 thus renders the Ru-Ru bond length longer than the configuration 
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M M-M (A) 
M-X 

(X  =  N orO )  (A)  
X-M-M-X(°) 

M2(p-CH3-form)4 

Mo 2.09 2.17 3.2 

Ru 2.48 2.04 9.5 

Rh 2.43 2.05 16.7 

Pd 2.62 2.06 15.1 

M2(02CCF,)4 

Mo 2.09 2.11 

Ru 2.28 2.07 < l.O ° 

Rh 2.38 2.04 

Table 13. Structural Parameters for M2(p-CH-,-form)4 and M2(02CCF3)4 Systems. 
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allows for RunCOjCCFOu- As for the Rh; systems, both have similar Rh-Rh bond lengths 

(2.38 vs. 2.43 A), consistent with the predicted equivalent occupation of the 6* and ;t* levels 

in these two systems regardless of their relative stabilities. While there is no crystal structure 

of Pd2(0;CCF3)4 for comparison (the Pd acetates possess triangular Pd, units), the Pd-Pd 

bond distance in Pd,(p-CH,-form)4 is considerably longer (0.19A) than the Rh-Rh distance 

in the analogous system. This observation is consistent with the occupation of the strongly 

antibonding a* orbital 

It should be noted, however, that complete occupation of the M-M ;r* level with an 

empty 6* orbital is not the only situation in which a diamagnetic Ru;"** core can be obtained. 

Another possible electronic configuration in which only the metal-metal bonding and 

antibonding orbitals are employed is cr;t^5"6*-a*- or cr:t^5-CT*-5*-, in which the strongly 

antibonding a* orbital is occupied. For such a situation to occur it would have to be the M-

M n* orbitals that are destabilized above the o* and 5* orbitals. Such an occupation would 

indeed give rise to the much elongated Ru-Ru bond observed for Ru2(/?-CH3-form)4 but 

would require the analogous Rh system to be paramagnetic, assuming occupation of the n* 

level. The explanation of the similar M-M bond lengths for the Ru and Rh systems would 

then be considerably more convoluted. 

Also worthy of note is the observed X-M-M-X torsion angles for the formamidinate 

and acetate systems. This parameter is less than 1.0° for the acetates but varies from 3.2° 

to 16.7° for the formamidinates. This twisting results in a reduction of the paddlewheel 04^ 

symmetry to D4, especially for the Ru, Rh, and Pd systems, and does have an impact on the 

energies of the metal-based ionization features of the photoelectron spectra presented here 
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as will be explained in the next section. 

Assignment of Spectral Features: Ru2(p-CH3-form)4. Based on the photoelectron 

spectra presented previously of the M;(/7-CH3-fonn)4 (M = Cr, Mo, W) systems,"' the 

relatively consistent and explainable presence of two ligand-based ionization features (the 

a,y- and eg-based ionizations) at ca. 6.5 and 6.8 eV can also be assumed for the other 

formamidinate systems. These two ionizations, located at 6.49 and 6.74 eV. are evident in 

the fit of the Ne I, He I, and He n spectra of Ru2(/>-CH3-form)4 shown in Figure 17. The 

onset of the phenyl k ionizations occurs at ca. 7.1 eV and will not be discussed further. The 

remainder of the spectrum can be fit by three asymmetric Gaussian peaks, one of which is 

used to model the separate ionization feature at 5.24 eV. The remaining two features are 

located at 6.16 and 7.06 eV. 

Because of the broad and somewhat featureless profile of the ionization envelope 

located in the 5.60-7.50 eV energy range, it is necessary to rely partially on the photoelectron 

spectra of other Ru-Ru systems to offer an assignment of this envelope. Only two other 

Ru2^"-t>'pe systems have been examined via photoelectron spectroscopy: RuiCO^CCF^)/^^^ 

and Ru2(mhp)4.™ However, because of differences in molecular symmetry and some 

uncertainty in the actual assignment of the spectrum of the system Ru2(mhp)4, the 

electronic structure of this molecule will not be presented here for comparison. As for the 

perfluoroacetate system, the assignments of the features in the He I and He II photoelectron 

spectra of Ru2(02CCF3)4 were based on comparisons with the ionizations observed for 

Mo2(02CCF3)4.'*' The energies of the metal-based ionizations for these systems, for 

Rh2(02CCF3)4 (see Chapter 6) and for the other second-row transition metal formamidinates 
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are presented in Table 14. Obviously, despite the expected differences in overall electron 

occupation of the valence metal-based orbitals. the ability to compare two such related 

systems is an immense aid in the assignment of the formamidinates and in support of the 

understanding of the ionization features of the perfluoroacetates. 

Although the photoelectron spectrum of Ru,(02CCF,)4 was not unambiguously 

assigned by Green and coworkers, the positions of the various metal-based features are useful 

in the assignment of the spectrum of Ru2(/?-CH,-form)4. Green assigned the spectrum of 

RU2(02CCF3)4 by assuming that the bands from the a, ;i. and 5 orbitals should occur at higher 

ionization potentials than for the it* and 5* orbitals. It was further assumed that the Ru-Ru 

a and it ionizations occur under a single feature as is observed for the analogous Mo-Mo 

system. Therefore, the CT + 7t band occurs at nearly the same energy for Mo2(02CCF,)4 and 

RU2(02CCF,)4: 10.44 VS. 10.41 eV, respectively. There is a more sizeable change, however, 

in the ionization potentials of the 5 bond. For Mo2(02CCF,)4, the 5 ionization occurs at 8.67 

eV while for Ru2(02CCF3)4 this ionization is found at 9.66 eV. The explanation offered by 

Green and coworkers for these phenomena is that the increase of 1 eV of the largely metal-

based 5 ionization upon changing the metal from Mo to Ru is consistent with an increase in 

nuclear charge of two but that the similarity in energy of the CT + bands is indicative of 

ionizations from orbitals that have a large amount of ligand character. 

The assignment by Green and coworkers of the 6* and TI* features was a bit more 

tenuous as the absolute valence ground state configuration (5*"7C*" or 5*'7C*') is not certain. 

Hartree-Fock,^^ Extended Hiickel, and Fenske-Hall®^ calculations have all predicted a ground 

state configuration of for Ru2(02CH)4 while spin-restricted SCF-Xa-SW 
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CT Tl 5 n* 5* a* 

Mo2(/7-CH,-form)j 7.25 5.59 

M02(02CCF3)4 10.46 8.67 

Ru2(p-CHTform)4 7.06 6.16 5.24 

RU2(02CCF,)4 10.41 9.66 9.00 8.49 

Rh2(/?-CH,-form)4 7.38 6.58 5.67 

Rh2(02CCF,)4 11.08 10.61 9.63 

Pd2(/?-CH3-form)4 6.94 6.25 

Table 14. Ionization Potentials of M-M Bonding and Antibonding Orbitals 
for M2(/?-CH3-form)4 and MiCOjCCFj)^ Systems. 
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computations^^ suggested that the orbital ordering and occupation was Of course, it 

is also possible that at the temperature at which the photoelectron spectrum of this system 

was recorded (200°C), a thermal equilibrium between these two states occurs or that the 

energies of the various doublet and quartet cationic states are separate from each other. In 

such a case, the ionizations from the various components of the metal-metal bonding and 

antibonding manifold would not be expected to give rise to separate assignable features in 

the photoelectron spectrum. However, Green assumed that it would be unlikely that the 

doublet and quartet states would be resolved because of the small exchange splitting that 

occurs for second row transition metals. The assignment of the 6* and n* bands. Green and 

coworkers concluded, was consistent with either ground state ordering and that the 5* 

ionization was at a lower energy (8.49 eV) than n* (9.00 eV). It is entirely possible, 

however, that with the near degeneracy of the Ru-Ru 5* and 7z* orbitals that distinct doublet 

and quartet state features are observed for these levels, thereby giving rise to the features at 

8.49 and 9.00 eV. The doublet and quartet states that occur upon electron ionization from 

lower levels, on the other hand, might not be resolved from each other. 

Considering the diamagnetism of Ru2(p-CH3-form)4, the nature of the lowest energy 

metal-based ionizations should be rather straightforward. In order for this system not to have 

any unpaired electrons, the electronic occupation of the valence metal-metal bonding and 

antibonding manifold is as argued here previously and elsewhere.'"* The ionization 

feature at lowest energy (5.24 eV) must therefore arise from the Ru-Ru tz* MO. 

Interestingly, the trend observed in the photoelectron spectra of Mo2(02CCF3)4 and 

Ru2(02CCF,)4 is that the lowest energy band moves to lower binding energy for the Ru 



system: 8.76 eV (Mo-Mo 5) vs. 8.49 eV (Ru-Ru 5*/;r*) for the perfluoroacetates and 5.59 eV 

(Mo-Mo 5) vs. 5.24 eV (Ru-Ru n*) for the formamidinates. The shift to lower ionization 

energy is nearly the same for each ligand set; 0.27 eV for the perfluoroacetates and 0.35 eV 

for the formamidinates and is only observed upon moving from Mo to Ru. Although this 

observation appears to run counter to the increased effective nuclear charge for Ru than for 

Mo. this trend demonstrates that the strongly antibonding nature of the Ru-Ru ;r* MO more 

than counteracts the effect of an increased effective nuclear charge. The shift of the lowest 

ionization to higher binding energies with increased nuclear charge does occur from Ru to 

Rh as will be discussed shortly. 

Assignment of the Ru-Ru CT, iz, and 5 ionizations, however, is considerably less 

straightforward than that of the jt* orbital. The considerable overlap of these ionization 

features with those of the ligand-based a,u and eg ionizations alone makes the assignment 

difficult. Additionally, the Ru-Ru bond lengths in Ru,(02CCF3)4 and Ru2(;7-CH,-form)4 are 

considerably different and the relative energies of the Ru-Ru a, 7t, and 6 ionizations change 

accordingly. The ratios of the areas of the asymmetric Gaussians located at 6.16 and 7.06 

eV vary from 2.84:1.00 under Ne I ionization to 3.51:1.00 under He II ionization as 

determined from the values presented in Table 10. Such a finding is not consistent with the 

trends observed between the photoelectron spectra of Mo2(02CCF3)4 and Ru2(02CCF,)4, 

where the band at higher energy (the a + TI band) has the larger relative area. Assuming that 

the ionizations from each of the o, ;t, and 5 orbitals have similar cross sections, the relative 

ratio information would suggest that the ionizations from the Ru-Ru k and 5 orbitals or from 

the 7t and a orbitals occur under the band at 6.16 eV. Given that a M-M a bond is 
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considerably stronger than a 5 bond, it appears more likely that the feature at 6.16 eV results 

from near degenerate Ru-Ru n and 6 ionizations. However, a degeneracy of the ionizations 

from these orbitals has not previously been encountered. 

Besides the difference in Ru-Ru bond lengths in Ru^COiCCF,)^ and Ru^C/^-CH,-

form)^, there is an added geometric perturbation that was not encountered for the 

M2(02CCF-;)4 (M = Mo, Ru, Rh) series. Whereas the O-M-M-O torsion angles for the 

M2(02CCF3)4 systems are all less than 1 indicating that a molecular symmetry of 04^ can 

be assumed, the analogous dihedral angle for the tetraformamidinates deviates from 0°. 

especially so for M = Ru, Rh, and Pd. The result is that Dj symmetry must be employed to 

understand the relative energies of the M-M bonding orbitals. 

It is possible to examine computationally these changes in metal-metal bond length 

and metal-ligand torsion angle to understand more thoroughly how each can influence the 

energies of the metal-metal bonds. The effect of the increase in metal-metal bond length from 

Mo2(/7-CH,-form)4 (2.09 A) to Ru2(p-CHj-form)4 (2.48 A; 04^ symmetry; N-Ru-Ru-N = 0°) 

on the valence metal-based ionizations is evident from the predicted ionization potentials 

presented in Table 15. The energies of the M-M a and n ionizations of Mo2(p-CH3-form)4, 

for which a molecular geometry of 04^ was used in density functional (ADF) calculations, 

were found to be similar: 7.67 and 7.51 eV, respectively. These ionizations were calculated 

to be ca. 1.80 eV more difficult than the Mo-Mo 5 ionization. Upon elongation of the M-M 

bond and substitution of Ru for Mo while maintaining 04^ symmetry, some intriguing results 

are obtained. The M-M 5 ionization energy is calculated to be stabilized by 0.52 eV from 

Mo to Ru while the M-M ic ionization is destabilized by 0.82 eV, but the M-M a ionization 
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Mo^(;7-CH,-form)j Rui(/?-CH3-form)4 Ru^(/7-CH3-form)4 
(D4h) ' (D4,) " (D4) 

Orbital 
IP 

(eV) 
Orbital 

Character 
IP 

(eV) 
Orbital 

Character 
IP 

(eV) 
Orbital 

Character 

K* 5.08 95% Ru 5.12 94% Ru 

5 5.70 
72% Mo, 

24% C 
6.22 

71% Ru, 
26% C 

6.21 
70% Ru, 
26% C 

71 7.51 
87% Mo, 

5% N 
6.69 

91% Ru, 
4% N 

6.46 
81% Ru, 
13% N 

CT 7.67 
76% Mo, 

15% N 
7.64 

79% Ru, 
3%N 

7.66 
78%! Ru, 

3% N 

Table 15. Calculated Ionization Potentials for Mo2(HNCHNH)4 (D4h), 
RU,(HNCHNH)4 (D4h), and Ru,(HNCHNH)4 (D4). 
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energy is computed to be essentially unchanged between these two systems. 

Although each of these ionizations is affected by the change in nuclear charge 

between the two metals, which would act to stabilize the ionizations for the Ru system 

compared to Mo, it appears that a more predominant effect is that of the change in metal-

metal orbital overlap that occurs upon elongation of the bond length. For a given metal, 

lengthening the metal-metal bond should weaken the M-M bonding orbitals, causing their 

ionizations to be easier. However, the relative bonding capacities of the a, Tt, and 5 orbitals 

are not equal. From the calculated ionization potentials for Mo2(/7-CH3-form)4 and Ru;(/?-

CHTform)4, it appears that the already weak M-M 5 bond is little influenced by its 

weakening upon elongation. The predominant influence on this orbital is that of the increase 

in nuclear charge for the Ru system, given that the ionization energy of this orbital is 

calculated to be more difficult in Ru2(;7-CH3-form)4 than in Mo2(/7-CH3-form)4. On the other 

hand, the large loss of the bonding character of the M-M n bond relative to its stabilization 

by the increase in nuclear charge is evident in the destabilization of this orbital. As for the 

seemingly enigmatic M-M CT bond, the explanation of the near constancy of its ionization for 

these two systems is more convoluted. At short M-M distances, such as in Mo-Mo 

quadruple bond-containing systems, the a bond is known to be weak given the near 

degeneracy of the a and 7t ionizations observed for such compounds. Possible explanations 

for this effect include destructive overlap of the d^, AOs and the repulsion of core <T-type 

orbitals on the two metal centers at short bond lengths. Some elongation of the M-M bond 

from these short lengths would be expected to strengthen the M-M a bond, but continued 

lengthening of the bond would surely begin to weaken the a bond at some point. Therefore, 
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suffice it to say that for these systems, the effects of bond lengthening and increase in nuclear 

charge may balance each other in the case of the M-M a ionization. 

Next, the effect of the nonzero N-Ru-Ru-N dihedral angle on the energies of the 

valence metal-based ionizations must be examined. The calculated ionization energies are 

presented in Table 15 for Ru^Cp-CH^-form)^ with symmetries of and Dj^- The energies 

of the a, 6, and ;i* ionizations differ by no more than 0.04 eV between these two structures 

and the compositions of these orbitals are essentially unchanged. However, the Ru-Ru n 

ionization energy is destabilized by 0.23 eV relative to the system and the amount of 

ligand character in this orbital increases. The and 5 ionizations are thus found by the 

calculation to occur at similar energies (6.46 vs. 6.21 eV. respectively) with the Ru-Ru a 

ionization (7.66 eV) being more than 1 eV more difficult. 

The reason for the marked difference in the energy of the M-M n ionization relative 

to those of the a and 5 orbitals for the Mo and Ru systems is evident in the composition of 

the orbital. Contour plots of the Ru-Ru n. 5, and 7t* molecular orbitals and the Mo-Mo n 

orbital are provided in Figure 23. The Mo-Mo k orbital does contain more metal character 

than does the Ru-Ru n orbital (87% vs. 81 % as determined by an ADF BLYP calculation). 

As a result, there is increased bonding character between the ligand and the central lobes of 

the Ru-Ru 7t bond relative to the Mo-Mo k bond and increased antibonding character 

between the ligand and the external lobes of the Ru-Ru bond, which further destabilizes the 

orbital. 

Therefore, given the observed relative ratios of asymmetric Gaussian bands and 

correlating results from ionization potential calculations, assignments of the Ru-Ru a, iz, and 
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Figure 23. Contour plots of the Ru-Ru 7c, 5, and 7t* molecular orbitals. 
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6 ionizations for Ru2(/7-CH3-form)4 can be offered. The loss of 04^ symmetry as a result of 

the nonzero N-Ru-Ru-N torsion angle destabilizes the Ru-Ru 7t ionization such that it is 

closer in energy to the 5 ionization feature than to that of the CT orbital. The ti and 5 

ionizations of Ru2(/?-CH,-form)4 therefore occur at ca. 6.2 e V while the Ru-Ru a ionization 

is found at 7.1 eV. The results of the variable photon experiments also support this 

conclusion in that the intensities of the and (tt -t- 5) bands are the greatest relative to the 

ligand-based a,u and Cg bands in the He II spectrum. The intensity of the k* band, however, 

increases more than does that of the (n. + 5) band from the Ne I and He I spectra to the He II 

spectrum, indicating the greater ligand character expected for at least some components of 

the (TT + 5) band relative to the it* band. The assignment of the CT feature is also consistent 

with the relative ionization potentials observed for this orbital in M2(02CCF3)4 (M = Mo. 

Ru). The a + K bands for these systems were observed at 10.46 and 10.41 eV, respectively. 

The CT + 71 band for Mo20'-CH3-form)4 occurs at 7.25 eV and the a band of Ru2(/7-CH,-form)4 

is placed at 7.06 eV, close to that of the Mo system with the same shift to lower binding 

energy as is observed for the perfluoroacetates. 

Finally, the assignment of the ionization of the Ru-Ru n* orbital to the band at lowest 

energy (5.24 eV) is consistent with the parameters of the asymmetric Gaussian curves used 

to model the c, 7C, and 5 features. Assuming that the ratios of the functions used to fit the 

ionization features give an indication of the relative degeneracies of the orbitals from which 

the ionizations occur, the sizes of the Gaussian functions should be consistent with the 

numbers of electrons that are being photoionized. The theoretical ratio of the n* band to the 

(TC + 5) band is 1.00/1.50 while the experimental ratios vary from 1.00:2.57 under He I 
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irradiation to 1.00:1.65 in the He 11 experiment as shown in Table 10. Given the proximity 

of these ratios to the theoretically calculated value, the error expected to arise as multiple 

Gaussian functions are employed to fit a broad ionization feature, and the increased breadth 

of the Ru-Ru ti ionization expected as a result of the greater metal-ligand antibonding 

interaction, these ratios do not contradict these assignments. 

Assignment of Spectral Features: Rh2(/>-CH3-form)4. Considering the expected 

shift of the ionizations of the most strongly bonding Rh-Rh orbitals to higher ionization 

potentials relative to those of the Ru system because of the increased effective nuclear charge 

of Rh and the obscuring of these bands by the phenyl n ionization feature, there are fewer 

metal-based ionization features observed in the same closeup energy region as was examined 

for RunC/J-CHi-form)^. Accordingly, the assignment of the photoelectron spectrum of the 

analogous Rh system is more straightforward. Placement of the ligand-based a,u and e^ 

ionizations at 6.37 and 6.82 eV in the closeup spectrum of this system shown in Figure 19 

allows the remainder of the spectrum to be fit using two additional asymmetric Gaussians 

located at 5.64 and 6.55 eV with area ratios ranging, resp>ectively, from 1.00:2.51 under Ne I 

irradiation to 1.00:2.05 upon He n photoionization. Such a finding is consistent with the 

ionization of electrons at the higher ionization energy from a set of orbitals with twice the 

degeneracy as those at the lower energy. Given the valence electronic configuration of the 

Ru system and the similarity in M-M bond lengths for the Ru and Rh systems,^^^^ the 

occupation and ordering of the highest occupied metal-based orbitals of RhiC/J-CHj-form)^ 

is 7r*^6*" and these two asymmetric Gaussian features are assigned as such. Density 

functional calculations are consistent with this assignment as illustrated in Table 16. These 
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Orbital Calculated (eV) Experimental (eV) 

Mo-Mo 

5 5.70 5.59 

Tl 7.51 
7.25 

a 7.67 

Ru-Ru 

Tt* 5.12 5.24 

5 6.21 
6.16 

7T 6.46 

a 7.66 7.06 

Rh-Rh 

5* 5.17 5.67 

TT* 6.49 6.58 

5 7.00 7.38 

7T 7.92 
>7.5 

(J 9.18 

Pd-Pd 

a* 6.19 6.25 

5* 6.14 6.94 

71* 7.08 ca. 7.5 

Table 16. Calculated Ionization Potentials (ADF BLYP) of M2(HNCHNH)4 Systems. 
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computations suggest that these two ionizations should be well resolved from each other, 

with those from the 5* and n* predicted to occur at 5.17 and 6.49 eV. respectively. A 

separate feature at 7.38 eV is evident in the spectrum shown in Figure 18. This ionization 

band, located on the low binding energy side of the phenyl n ionizations, is located at an 

energy near that suggested by the ADF calculations to be where the Rh-Rh 5 ionization 

should be found. Interestingly, the density functional calculations determine the ionization 

energies well for the Rh-Rh 5 and k* orbitals, but calculate that that for the Rh-Rh 5* orbital 

should be 0.50 eV easier than is observed. Because the 5* orbital contains metal-ligand it* 

character, it appears that this interaction is overestimated in the calculation. 

It should be noted that this assignment of the valence ligand- and metal-based 

ionizations does not agree entirely with that originally offered by Granozzi and coworkers." 

At the time that these spectra were originally published, Rh2(/?-CH3-form)4 was the only 

M2(;?-CH3-form)4 system that had been studied via photoelectron spectroscopy. While it does 

appear that this work correctly assigned the positions of the Rh-Rh 5* and 5 ionizations as 

well as the general location of the Rh-Rh TC* ionization band, the remainder of the spectrum 

was poorly identified. The ligand-based e^ ionization was assigned to the shoulder of the 

phenyl TC ionization envelope, located at ca. 7.80 eV, and the Rh-Rh Jt ionization was 

believed to give rise to the main portion of what has been assigned here as the phenyl k 

ionization band at ca. 8.60 eV. Granozzi and coworkers also believed that the shoulder on 

the high binding energy side of the phenyl n ionization feature was a result of the ionization 

of the Rh-Rh a bond. 

Thus, the improvements presented here regarding the assignment of the photoelectron 
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spectrum of Rh2(p-CH,-form)4 are essentially the result of the collection of the spectrum for 

the Mo analogue, in which the ligand-based a,„ and e^ ionizations are clearly identifiable. 

From the current work, it is not possible to identify distinct Rh-Rh a and z ionization 

features although it is evident that these ionizations occur under the phenyl k ionization band, 

given the changes that occur in the shape of this feature for the different systems and the 

trends observed in the shift of a given metal-based feature as the metal centers are changed 

from Ru to Rh to Pd. This point will be examined more in-depth during and following the 

assignment of the photoelectron spectrum of the Pd system. 

Finally, it appears that little information is gained from the variable photon energy 

experiments performed on this system. Such a result, however, is reasonable considering the 

composition of the orbitals that are ionized. The Rh-Rh 5* orbital possesses N character 

because, by symmetry, this orbital can mix with the b|u combination of the formamidinate 

HOMO. Although the Rh-Rh n* orbital is expected to be predominantly metal-based, the 

ionizations from this orbital overlap considerably with the ligand-based a,u and Cg orbitals. 

Therefore, the intensities of these two valence ionization envelopes do not change 

considerably, as evidenced by the relative area ratios provided in Table 11, as the photon 

source is changed from Ne I to He I and finally to He EI. 

Assignment of Spectral Features: Pd2(/'-CH3-forni)4. Because there is no 

photoelectron spectrum of an analogous Pd acetate system for comparison, assignments of 

the features in the spectrum of Pd2(p-CH3-form)4 must be made based on trends observed for 

the Mo, Ru, and Rh systems. Aside from the phenyl n ionization envelope, the only feature 

available for examination is a broad band located from 6.00 to 7.25 eV. However, there are 
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some interesting changes that occur with this feature under the various ionization sources. 

Four distinct maxima are evident in the closeup He II spectrum of this system with the 

relatively sharp maximum at 6.25 eV being least intense under Ne I photoionization and most 

pronounced in the He II spectrum. A local maximum at 6.69 eV is also evident with each 

of the ionization sources. This feature has an obvious shoulder at higher ionization energy 

(ca. 6.90 eV). Given the appearance of four distinct ionization features in the He II spectrum 

and the known location of the ligand-based a,u and e^ ionizations, there appear to be two 

metal-based ionization bands, located at 6.25 and 6.94 eV. under this envelope. 

An examination of the ionization potentials given in Table 14 for the formamidinate 

systems aids in the assignment of these metal-based features for the Pd system. For the M 

= Ru. Rh, and Pd systems it is possible to follow the shift in ionization energy of a given M-

M antibonding orbital as the metal centers are changed. Specifically, the change in 

ionization energies of the M-M 5 and Ti* orbitals can be examined as Ru is replaced by Rh 

and the energy of the 5* ionization can be followed from Rh to Pd. For these three metal 

systems, the M-M bond distances are sufficiently long that the effect of the change in overlap 

of the metal atomic orbitals that form the antibond does not contribute greatly to the change 

in ionization energy observed as the metal centers are replaced. In other words, the overlap 

of the d^y atomic orbitals in the 5* orbital of the Rh and Pd systems is so poor because of the 

long M-M bond lengths found for each of these molecules that the shift in the 6* ionization 

observed between these two systems is overwhelmingly a factor of the change in effective 

nuclear charge for the two metals and is little dependent on the change in overlap of the 

metal atomic orbitals that comprise this MO. As for the shift of the k* ionization between 
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the Ru and Rh systems (AER^-RU S-), the change in metal-metal atomic orbital overlap is 

expected to play a slightly larger role given that the overlap between the d^^^ and d,^ atomic 

orbitals that form this molecular orbital is larger than the overlap of the d^^. atomic orbitals 

in the 6* orbital In other words, upon lengthening of the metal-metal bond, a greater loss in 

metal-metal antibonding character occurs for the ;c* orbital than for 5*. Thus. is 

expected to be slightly larger than AEr^-ru a ^pj-Rh s" but all three values might be 

expected to be similar based on the relatively long M-M distances observed for these systems 

and the relatively small changes in overlaps of the constituent metal atomic orbitals. 

Quantitatively, the shifts in ionization energies for analogous orbitals in the Ru and 

Rh systems are similar. The magnitude of this shift might therefore be employed to assign 

the photoelectron spectrum of PdiCp-CHj-form)^ based on the shift of the 5* ionization from 

Rh to Pd. From Table 14, AERh.Ru S ^RH-RU ^.re found to be 1.22 and 1.34 eV, 

respectively. The magnitudes of these values are in agreement with the qualitative overlap 

arguments just presented. The differences in energy between the Rh-Rh 5* ionization and 

the features at 6.25 and 6.94 eV in the photoelectron spectrum of Pd2(/?-CH3-form)4 are 0.58 

and 1.27 eV. Given the similarity of the latter value to those found for AEr^-rus ^Rh-

R„ the ionization at 6.94 eV in the spectrum of the Pd system is assigned here as arising 

from the Pd-Pd 5* MO. The feature at 6.25 eV must therefore result from the ionization of 

the Pd-Pd a* orbital. This system is therefore the first for which the M-M a* orbital has 

been observed via photoelectron spectroscopy. 

These assignments of the metal-based ionizations for Pd2(p-CH3-form)4 are also 

consistent with the spectral trends observed for the various ionization sources. The Pd-Pd 
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a* orbital is expected to be composed predominantly of metal d^, character whereas the 5* 

orbital by symmetry has a considerable amount of ligand character. Density functional 

calculations suggest that the Pd-Pd o* orbital is nearly 91 % metal-based. As a result, based 

on the theoretical atomic cross sections presented earlier, the intensity of the a* ionization 

should increase as the ionization source is changed from Ne I to He I and ultimately to He O. 

This trend is indeed observed as the relative areas of the e^. and 5* bands all decrease in 

magnitude as shown in Table 12. 

The ionization energies in Table 16 calculated by ADF, however, do not match this 

assignment of the Pd-Pd g* and 5* ionization features. This computational result appears 

to be related to that observed for the Rh-Rh 5* ionization band, which was calculated to be 

0.50 eV easier than was experimentally observed. Assuming that the amount of ligand 

character in the Pd-Pd 5* orbital is incorrectly determined by the same amount as for the 

rhodium system, the Pd-Pd 5* ionization feature would be expected to be found at 6.64 eV, 

closer to the actual ionization energy of 6.94 eV. 

Analysis of Trends for the Series M,(^-CH3-form)4 (M = Mo, Ru, Rh, Pd). The 

He I photoelectron spectra of these systems are presented in Figures 24 and 25 for 

comparison of the ionization envelopes observed at ionization potentials lower than ca. 7 eV 

and to demonstrate the changes that occur to the band profile of the phenyl k ionization 

feature as the ionizations of the M-M bonding orbitals become more difficult for M = Rh and 

Pd. Given that this series is the first for which photoelectron spectroscopy has been used to 

examine the M-M bonding manifold from CT to o* for a given ligand framework, it is possible 

to examine not only the positions of the asymmetric Gaussian curves used to model the 
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M = Mo 

CT + 7C 

M = Ru 

7C + 6 

M = Rh 

M = Pd 

g a 

10 9 8 7 6 5 

Ionization Energy (eV) 

Figure 24. He I photoelectron spectra (5-10 eV) of 
M,(p-CH3-form)4 (M = Mo, Ru, Rh, Pd). 



M = Pd 

7 6 

Ionization Energy (eV) 

Figure 25. Closeup He I photoelectron spectra of 
M2(/7-CH3-fonn)4 (M = Mo, Ru, Rh, Pd). 
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various ionization features, but to compare the relative widths of these functions to 

understand the relative bonding and antibonding characters that the orbitals contain. 

Regarding the band profile of the phenyl n ionizations observed in this series, the 

considerable broadening of this feature is indicative of the movement of the M-M bonding 

orbital ionizations to this region. Assuming the overlap-neglected shift of ca. 1.3 eV per step 

from Ru to Rh to Pd for a given ionization, the Rh-Rh c and :c ionizations would be expected 

to occur in the 7.4-8.5 eV range. The Pd-Pd a, 7t, 5. and 7c* ionizations should therefore 

occur between 7.9 and 9.8 eV. The increase in the width of the phenyl ionization envelope 

and its shoulder at lower binding energy, as well as the increase in the number of shoulders 

on the high energy side of this band (especially so for M = Pd) qualitatively support this 

conclusion, but any attempt to assign specific ionizations to these features would be 

speculative. 

An indication of the relative electron-withdrawing power of the formamidinate and 

perfluoroacetate ligand sets is possible by further examination of the ionization potentials 

shown in Table 14. It is obvious that, with their O donor atoms and electronegative F atoms, 

the acetate ligands are more electron-withdrawing than the N-donor formamidinate ligands. 

This property, barring any symmetry-related overlap reasons, should render the ionizations 

of the metal-based molecular orbitals more difficult on the whole for the M2(02CCF,)4 (M 

= Mo. Ru, Rh) systems. Examination of the data provided in Table 14 shows that this 

phenomenon is indeed observed. The average shift of a given ionization is 3.25 ± 0.14 eV 

to higher ionization energy upon substitution of the formamidinate ligand set with 

perfluoroacetates. However, two orbitals are not included in this value: Ru-Ru n and Rh-Rh 
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6*. The destabilization of the Ru-Ru n ionization, which is a result of the nonzero N-Ru-Ru-

N torsion angle in RuiCp-CH-cform)^, causes the shift between ligand sets to increase by a 

full 1 eV to 4.25 eV although the exact location of the Ru-Ru n ionization is somewhat 

questionable considering the large number of ionization bands that occur in the same energy 

region for the formamidinate system. As for the shift in the energy of the Rh-Rh 5* 

ionization (3.96 eV), the destabilization of this MO is a result of the symmetry-allowed 

mixing of the b,„ combination of the ligand HOMO into this orbital. While this ligand 

combination is present for the acetates and the formamidinates, the metal-ligand antibonding 

interaction is greater in Rh2(/?-CH5-form)4 than for Rh2(02CCF,)4 as a result of the more 

Lewis basic N-donor ligand set. 

Finally, examination of the widths of the asymmetric Gaussian functions used to fit 

the metal-based ionization features in these systems allows for a comparison of the relative 

bonding and antibonding character of the orbitals from which the ionizations occur. These 

parameters are provided in Table 17. In general, the more bonding or antibonding the orbital 

is from which an ionization occurs, the wider the ionization envelope will be because the 

removal of an electron from such an orbital has a more profound effect on the interatomic 

bond order than would the removal of an electron from a weakly bonding or antibonding (or 

nonbonding) molecular orbital. Accordingly, the broadest Gaussian curves are used here to 

model the ionizations from 7C- and :t*-type orbitals. The Ru-Ru 5 + band is the most broad 

with widths on the high and low binding energy side of the Gaussian functions of 0.49 eV, 

although the width of this feature is also dependent on the proximity of the vertical 

ionizations of the 6 and Jt ionizations. That is, the breadth of this single feature that is used 
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Orbital Experimental EP (eV) Width High (eV) Width Low (eV) 

Mo-Mo 

5 5.59 0.36 0.25 

CT + :t 7.25 0.40 0.37 

Ru-Ru 

K* 5.28 0.41 0.37 

5 + 7C 6.16 0.49 0.49 

a 7.06 0.33 0.33 

Rh-Rh 

5=^ 5.67 0.31 0.20 

TZ* 6.58 0.45 0.36 

5 7.38 0.27 0.24 

Pd-Pd 

(T* 6.25 0.27 0.18 

5* 6.94 0.30 0.23 

Table 17. Spectral Fit Parameters for He I Photoelectron Spectra of M2(/?-CH3-form)4 
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here to model the ionizations from the Ru-Ru 5 and tz orbitals may be misleading if the 

individual 5 and Jt ionizations are separate enough in energy such that their envelop>es add 

together to produce an ionization feature that is wider than either of the individual Gaussian 

functions. The other 7t and n* ionizations observed in this series are less broad, with high 

widths of ca. 0.41 eV and low widths of ca. 0.37 eV. 

Examination of the fit parameters of the a- and 5-type ionizations shows that these 

orbitals are less bonding and antibonding than their ;i-type counterparts. The 5 and 6* bands 

for the series have high widths near 0.30 eV and low widths near 0.20 e V, although the high 

and low widths for the 5 ionization of Mo2(/?-CH3-form)4, the system with the shortest M-M 

bond length and therefore the strongest 5 bond, is noticeably broader at 0.36 and 0.25 eV. 

respectively. The breadth of the Pd-Pd a* ionization is similar to that of the Rh-Rh 5 

ionization and is more narrow than that of the Pd-Pd 5* MO. This result is not surprising, 

however, given that the 5* MO has been shown here by symmetry to be metal-ligand n-

antibonding. In other words, removal of an electron from such an orbital not only affects the 

metal-metal bond order, but also the strength of the metal-ligand bonds. At such a long M-M 

distance, as observed for the Pd system, and with such a small amount of ligand character, 

the overall antibonding character of the Pd-Pd a* orbital is comparable to or less than that 

observed for the 5-type MOs. 

Conclusions 

The photoelectron spectra presented here provide, for the first time, a systematic 

understanding of the metal-metal bonding and antibonding orbitals from a to o* for the same 
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ligand set. The trends observed involve metal-metal and metal-ligand considerations, 

including the effect of these sorts of interactions on the electron occupation of the metal-

metal bonding and antibonding manifold, the relative ordering of these orbitals, the degree 

of bonding and antibonding character that each contains, the symmetry-allowedness of the 

various types of mixing, and the relative roles of effective nuclear charge and orbital overlap. 

The trends in ionizations observed here for M2(/7-CH3-form)4 (M = Mo. Ru, Rh) are 

consistent with those observed for the analogous M2(02CCF,)4 systems and can be applied 

to Pd.Cp-CHj-form)^ for an assignment of the photoelectron spectrum of this compound. 

The locations and widths of the functions used to fit the metal-containing ionizations 

in these spectra suggest some interesting notions regarding the ability of two metal atoms to 

bind to each other. Overall, these results suggest that the M-M tc and n* orbitals are the most 

metal-metal bonding and antibonding, respectively, of the entire manifold. This conclusion, 

which appears to be in conflict with the supposed strength of the M-M cr bond, presents some 

interesting conclusions regarding the a MO. At short Mo-Mo distances, the overlap of the 

individual d^,: atomic orbitals imposed by the formation of a quadruple bond can actually 

destabilize the bond such that its ionization is coincident with that from the Mo-Mo n orbital. 

Likewise, the long Pd-Pd distance that results from the complete occupation of the metal-

metal antibonding orbitals and the resulting sharp spectra] feature that occurs upon ionization 

of the Pd-Pd CT* MO suggest that the actual interpalladium antibonding character of this 

orbital is low. Although the M-M cr and a* can, respectively, certainly be strongly bonding 

and antibonding orbitals, the conditions under which they occur in actual systems actually 

renders them weaker than would be anticipated. Systems for which the Ru-Ru, Rh-Rh, and 
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Pd-Pd or ionization bands are not obscured by ligand features will help to resolve this matter 

further. 

Finally, the ability of a ligand to strongly influence the positions of the M-M 6 and 

5* ionizations is certainly important. These metal-ligand interactions, which are predictable 

by group theory, explain the tunability in which so many synthetic chemists are interested. 

Although this property is exemplified qualitatively by the diamagnetism of Ru2(/7-CH3-form)4 

and the paramagnetism of the perfluoroacetate analogue, the photoelectron spectra presented 

here allow comparison of the bonding nature of the M-M 5 and 5* MOs. In the spectrum of 

Pd2(p-CH3-form)4, for which an ionization from a a-type (a*) MO is separate from one that 

is 7r-type and the a* and 5* features are not obscured by ligand-based ionizations, the 5* MO 

can actually be seen to have more antibonding character than the a* MO. based on the 

relative band widths. Of course, this phenomenon is a result of the metal-ligand antibonding 

nature of the 5* MO, which is not expected by symmetry for CT- or 7c-type orbitals. Such 

antibonding character is increased by the better 7t Lewis donor capacity of the N-based 

formamidine ligand set and would be expected to be greatly reduced in the 6* MO of a 

system that contains a relatively poor electron donor ligand, such as Rh^COjCCF^j, which 

will be discussed in Chapter 6. All in all, these results show that the metal-metal bonding 

manifold is strongly influenced by the nature of the attendant ligand set. The characters of 

the metal-metal bonding and antibonding orbitals vary accordingly and as a result can 

challenge the assumptions that have been made regarding the relative strengths of these 

individual interactions. 



I 

I 
i 
I 

129 

Chapter 5 

THE ELECTRONIC NATURE OF DIMETAL TETRAFORMAMIDINATE SPECIES: 
ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF SUBSTITUTED 
Mo.Cform)^ SYSTEMS. CORRELATION OF ELECTRONIC AND OVERLAP 

EFFECTS IN THE SOLUTION AND GAS PHASES 

Introduction 

The steric and electronic properties and thus the chemical reactivity of a molecular 

system can be either vastly or subtly adjusted by making changes to the molecular framework 

of a system. Possible perturbations include replacing one transition metal for another, adding 

functional groups to the periphery of molecular units, expanding or contracting the bite angle 

of a bridging ligand by altering the length of the chelate backbone, substituting the atom 

through which a metal center binds to a ligand, and so on. Among other uses, these types of 

modifications have been employed to adjust the catalytic behavior of metal-metal bonded 

systems. For example, dimetal tetraacetates, depending on the nature of the metal atoms 

(e.g., molybdenum or rhodium), have been shown to possess varying types of catalytic 

behavior, from desulfurization®^ to cyclizations."^ Likewise, dirhodium tetracarboxylates, 

depending on the choice of the organic substituent in the ligand, have been employed in the 

catalytic decomposition of diazo compounds into cyclic systems.®' ®** 

Of course, the ability to quantify the effect of substituents on the electronic 

transitions, redox potentials, vibrational features, and chemical shifts of a molecular system 

as a whole is valuable to chemists. In fact, organic chemists have derived an empirical set 

of values, known as Hammett parameters,®' to correlate and to predict various electronic and 

physical properties of systems that contain substituted phenyl rings. These parameters (o 
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values) are defined according to the aqueous acid dissociation constants of meta- and 

para-substituted benzoic acids relative to unsubstituted benzoic acid. The use in relating a 

to the various properties of differently substituted aryl systems has been justified based on 

the thermodynamic relationships between rate and equilibrium constants with AG. Changes 

in Gibbs free energy can also be related to electrochemical potentials (AG = -nFe) and 

therefore by extension, presumably, to ionization potentials (IPs). 

The relationship between electrochemistry, photoelectron spectroscopy, and Hammett 

parameters therefore might appear to be direct. The first electrochemical oxidation potential 

of substituted systems, absent solvent effects and geometric relaxation, should be expected 

to correlate well with the first IP obtained in the gas phase and with the appropriate a value. 

In fact, these parameters do correlate well for many of the organic systems and the few 

inorganic systems for which such studies have been performed, as will be discussed shortly. 

Hammett parameters also contain a great deal of information concerning the relative 

inductive and resonance properties that phenyl substituents possess and impart on a 

molecular system as a whole. For example, for multiply substituted benzenes, depending on 

the Lewis acidity or basicity of the various functional groups, adjusted Hammett parameters 

have been determined to account for the electronic changes that occur when a 7T-donor 

substituent, such as a halide or alkoxide, bonds in resonance with a 7t-acceptor like NO;. 

However, linear correlations of Hammett parameters and electrochemical oxidation 

potentials with IPs have been obtained with mixed success and a more detailed understanding 

of the relationship between these values, especially for inorganic systems, is certainly in 

order. At first glance, the most obvious difference between ionization potentials, oxidation 
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potentials, and Hammett parameters is the phase in which each is determined: ionization 

potentials are predominantly determined in the gas phase while Hammett parameters are 

defined for and oxidation potentials are usually obtained in solution. Naturally, the degree 

to which solvent molecules coordinate to a particular molecule should influence the degree 

to which the gas- and solution-phase parameters agree. The greater extent to which a solvent 

molecule can donate electron density to the system in question, the more the electronic 

structure of that system might be expected to be perturbed from its solvent uncoordinated or 

gas phase state. Also important is the time-scale of the particular experiment as it relates to 

the molecular and electronic structure of the cationic species. Because of the slower time-

scale of an electrochemical oxidation, the framework of a molecule relaxes to a greater extent 

upon removal of an electron than it does upon photoionization. The molecular structures 

(including associated solvent molecules in the electrochemical experiment) of the cationic 

species in the two experiments can therefore be drastically different, thereby leading to 

discrepancies in the gas- and solution-phase data. 

Therefore, considering the recent electrochemical studies of substituted Mo^Cform)^ 

systems,an examination of the electronic structure of these compounds and an 

examination of the relationship between the gas-phase ionization and solution-phase 

oxidation information is presented here. The energies of the easiest metal- and ligand-based 

ionizations are related to the relative electron-donating or -withdrawing capacity of various 

functional groups placed at meta- and para- positions of the phenyl rings. Additionally, the 

first electrochemical oxidation potentials, which have been shown to correlate well with 

Hammett parameters, are compared with the first IPs of these systems to understand the 
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relationship between the solution and gas phase measurements for these metal-metal bonded 

systems. Ultimately, the goal of this work is to obtain a better understanding of the 

relationship between gas-phase ionization and solution-phase oxidation potentials. 

Experimental 

Synthesis. Samples were prepared according to published procedures.^'* The 

unsubstituted ligand (N,N'-diphenylformamidine) and the anilines were used as obtained 

from Aldrich. The substituted formamidines were prepared according to the published 

synthesis.^'*"''' 

Photoelectron Spectra. The spectra of the Mo2(form)4 systems were measured with 

a stainless steel sample ionization cell at 230-280°C, depending on the particular compound 

being studied. The spectra of the anilines and formamidines were measured with either an 

aluminum sample ionization cell or with a Youngs tube and a copper tube. Specific 

sublimation temperatures for the Mo2(fomi)4 systems, the anilines, and the formamidines are 

provided in Tables 18, 19, and 20, respectively. The peak positions and relative peak areas 

for the low energy bands in the He I spectra of the Mo2(form)4 systems, some of which are 

presented in Figure 26, are given in Table 21. Instrument resolution was better than or equal 

to 0.030 eV during all experiments. 

Electrochemistry of the Formamidines. Cyclic voltammetry was performed in 

dichloromethane solutions on the variously substituted N,N'-diphenylformamidines (10 mM) 

over a potential range of 1.0 to 2.0 V v.y. Ag/Ag* with 0.1 M tetra-n-butylammonium 

hexafluorophosphate, [«-Bu4N][PF6], as the supporting electrolyte. Dichloromethane was 



Compound Sublimation Temperature (°C) 

Mo;(/?-OCH3-form)4 230 

Mo2(p-CH3-form)4 260 

Mo2(form)4 225 

Mo2(;?-Br-form )4 350 

Mo2(/7-Cl-form)4 350 

Mo2(m-Cl-form)4 350 

Mo2(p-CF3-form)4 220 

Table 18. Sublimation temperatures of various substituted 
Mo2(fonn)4 systems. 
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Compound 
Sublimation or 

EvaporationTemperature (°C) 

p-OEt-aniline (p-phenetidine) 

/^-OCHj-aniline (p-anisidine) 

p-CHj-aniline (p-toluidine) 

aniline Room temperature 

p-Cl-aniline 

m-Cl-aniline 

/7-Br-aniline 

p-CFj-aniline 55 

p-NOi-aniline 70 

Table 19. Sublimation temperature of various substituted anilines. 
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Compound Sublimation Temperature ("C) 

/^-OCHj-formamidine 110 

/^-CHj-formamidine 100 

formamidine 100 

/7-Cl-formamidine 140 

p-Br-formamidine 128 

p-CFj-formamidine 120 

Table 20. Sublimation temperatures of various N,N'-diphenylformamidines. 
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Mo2(p-C)CH3-form)4 

Mo2(p-CH3-fonn)4 

Mo,(fonn)4 

Mo2(m-Cl-form)4 

Mo2(^Br-fonn)4 

Mo2(p-Cl-fonn)4 

Mo2(/?-CF3-form)4 

10 9 8 7 6 

Ionization Energy (eV) 
Figure 26. He I photoelectron spectra of the substituted Mo2(form)4 

systems examined here. 
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Compound 
Peak 

Position 
(eV) 

Half-Width 
(eV) Relative Area Assignment 

5.58 0.28 1 Mo-Mo 5 

MojCp-OCH,-
fonn)4 

6.36 

6.65 

0.34 

0.40 

1.63 

2.63 

Ligand a,„ 

Ligand Cg 

7.23 0.37 2.26 Mo-Mo a + 7t 

6.33 0.32 1 Mo-Mo 5 

Mo3(/?-Cl-fonn)4 
7.08 

7.46 

0.34 

0.42 

1.41 

3.00 

Ligand a,„ 

Ligand e^ 

7.97 0.36 2.08 Mo-Mo G - f - K  

6.24 0.36 1 Mo-Mo 6 

MonCm-Cl-form)^ 
7.08 

7.42 

0.31 

0.45 

1.18 

2.55 

Ligand a,„ 

Ligand e^ 

7.97 0.36 2.65 Mo-Mo a + :r 

6.26 0.37 1 Mo-Mo 6 

Mo2(/?-Br-form)4 
7.03 

7.40 

0.32 

0.48 

1.23 

3.26 

Ligand a,„ 

Ligand eg 

7.91 0.37 2.53 Mo-Mo a + Jt 

6.77 0.30 1 Mo-Mo 6 

Mon(/7-CF3-form)4 
7.61 

7.96 

0.23 

0.42 

0.97 

3.33 

Ligand ai„ 

Ligand Cg 

8.47 0.35 1.52 Mo-Mo o + 7C 

Table 21. Peak positions, average full-widths at half maximum, relative peak areas, and 
peak assignments for low energy bands in the He I photoelectron spectra of substituted 

Mo2(form)4 systems. 
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dried and distilled over NaH. Background scans of deoxygenated CH^CU with 0.1 M [n-

BU4N][PFJ exhibited no impurities or solvent degradation. The electrochemical cell 

consisted of a platinum disc (1.6 mm) working electrode (Bioanalytical Systems, BAS), 

platinum wire counter electrode (BAS), and KCl saturated Ag/Ag* reference electrode 

(BAS). The platinum disc electrode was polished using alumina (BAS). Prior to each 

experiment, the electrode was cleaned by performing bulk electrolysis at 900 mV and -900 

mV in 6 M HNO,. All scans were performed with a BAS CV-50W potentiostat under the 

control of BAS software. Ferrocene was used as an internal standard and all potentials were 

referenced to the Fc/Fc"" couple. 

Results and Discussion 

Photoelectron Spectra and Assignments. The He IPE spectra from 5 to 10 eV of 

the various Mo2(form)4 systems are presented in Figure 26. The spectra are ordered from top 

to bottom according to increasingly electron-withdrawing substituent. The portions of the 

spectra at energies greater than 10 eV are not presented as only broad, predominantly 

intraligand bonding features occur at these energies. A full He I PE spectrum is provided in 

Figure 27 for Mo2(/?-Cl-form)4 in which ionizations from predominantly chlorine-based lone 

pair orbitals are evident at 11.2 eV. As has been argued for the unsubstituted Mo2(form)4 

system in Chapter 3, the ionization at lowest energy for these systems is from the Mo-Mo 5 

bond and is followed by two ligand-based ionizations of a,u and eg symmetry. The next 

feature at higher ionization energy corresponds to the removal of an electron from the Mo-

Mo a and tz bonds. The much larger feature at ca. 9 eV arises from the ionization of 
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CI lone pair 

Phenyl n 

Mo-Mo 5 

10 12 14 6 8 

Ionization Energy (eV) 

Figure 27. He I photoelectron spectrum of Mo2(/?-Cl-form)4. 
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electrons from the phenyl n system. This band broadens noticeably as ;t-donor substituents 

are added to the phenyl ring such that the Mo-Mo a and it band can be obscured, as occurs 

in the spectrum of MoiC/^-OCHj-form)^. This broadening occurs as a 7t-type donor orbital on 

the substituent interacts in bonding and antibonding capacities with the various filled phenyl 

7t-type orbitals. thereby spreading out the phenyl ionizations. Spectral fit information is 

provided in Table 21 for the first four ionizations of each system. 

As is evident from the spectra, the positions of the metal- and ligand-based ionization 

features vary depending on the electronic properties of the particular functional group. As 

the substituent on the phenyl ring becomes more electron-withdrawing, all of the ionization 

bands (metal- and ligand-based) shift to higher binding energy. The energy of the Mo-Mo 

5 ionization varies from 5.58 eV for Mo2(p-OMe-form)4 to 6.77 eV for MoiCp-CFj-form)^. 

However, as can be seen from Figure 28, the four lowest ionizations of all of these systems 

maintain essentially the same energetic separation with respect to each other, regardless of 

the substituent that is placed on the phenyl ring. These differences are summarized in Table 

22. Because of the relatively small variation in energy separation between neighboring 

ionization features, it can be concluded that the formamidinate ligands act as charge 

reservoirs that donate electron density to or withdraw it from the metal centers, depending 

on the nature of the phenyl substituent. In other words, the relative energies of these 

ionizations are essentially dependent on inductive ligand-based charge properties rather than 

on symmetry-derived metal-ligand overlap effects because the relative separations between 

the valence metal- and ligand-based ionizations are constant through the series of phenyl 

substituents. This matter will be discussed in depth shortly. 
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Orbitals 6-a,u a,u-ej, e^-a/Ti 

Average Separation (eV) 0.80 ± 0.04 0.34 ± 0.03 0.54 ± 0.02 

Table 22. Average energy separations between ionization features 
for Mo2(form)4 systems. 
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General Relationship of Electrochemical and Photoelectron Spectroscopic Data. 

These two experimental techniques deal with the energetic quantification of similar 

phenomena. The first oxidation potential determined by electrochemical methods and the 

band at lowest ionization energy in a photoelectron spectrum both correspond to the relative 

ease of removal of an electron from the highest occupied molecular orbital of a molecule. 

The former is determined most predominantly in the solution phase while the latter is usually 

measured in the gas phase. Second and higher electrochemical oxidation potentials, 

however, correspond to the formation of cations with successively higher total positive 

charges, while second and higher ionization potentials represent the formation of a singly 

charged cation that occurs upon the photoionization of a single electron from the more tightly 

bound orbitals of a molecule. Therefore, only the first ionization and oxidation potentials 

correspond to the same process. 

Overall, correlation of solution electrochemical oxidation potentials with 

photoelectron spectroscopic measurements has met with reasonably good results and 

mathematical relationships between oxidation and ionization potentials have been derived. 

The relationship between these values has been explored theoretically and is generally 

agreed^'^' to take the form 

^\l2.ox — ^IP\ + ̂^sol.R-lR ^ 

where a is a proportionality constant, E,/2.ox's the first oxidation potential, E,p, is the first 

ionization potential, AGSQ, is the difference in solvation energy between the oxidized and 

neutral forms of the system, and C is a constant that depends on the particular reference 
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electrode. More explicit forms of this equation that include changes in entropy associated 

with solvation differences between the oxidized and neutral species, electron affinity of the 

electroactive center, and activity and diffusion coefficients of the reduced and oxidized 

species have also been offered.^ However, each of these additional terms is considered to 

be small compared to E[p, such that they can either be ignored or grouped into the constant 

C. 

The majority of the work comparing ionization energies with oxidation potentials has 

been focused on understanding organic systems and the correlation between these two 

parameters is. in general, reasonably linear. These studies include examinations of 

substituted arenes, alkenes, alcohols, and the like.^"'"'' Because of the linearity of the 

resulting vs. IP plots, workers have concluded that at least for these systems, the free 

energy change in solvation is either constant for the entire series of systems and is thus part 

of C, or is proportional to the ionization potential and is included in the constant a. 

However, in contrast to the large amount of work performed for organic systems, few 

analogous studies have been performed on transition metal-containing compounds. The best 

correlation of E,;; vertical ionization energy for an inorganic system has been observed 

for substituted ferrocenes. Seddon and coworkers have shown that for a series of twenty 

substituted ferrocenes, a linear correlation (r^ = 0.942) between and the first vertical 

ionization energy exists.^ Matsumura-Inoue and coworkers have published similar work on 

eleven ferrocene derivatives and concluded that a linear relationship occurs, but with the first 

adiabatic rather than vertical ionization energies.'^ In another study, the data obtained for 

coordinatively saturated chromium(O) sandwich compounds (CrCarene),; arene = benzene. 
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methylbenzene, or 1,3,5-trimelhyibenzene) do correlate linearly (r^ = 0.990), but only three 

systems were examined.'® Finally, for the l9-electron FeCCjRsXarene) (R = H or Me; arene 

= QMCft. QEtg, orCgH,-1,3.5-(CMe,)3) systems, the oxidation potentials, with the exception 

of that of FeCCjHjXQMeg), do correlate linearly (r^ = 0.998) with gas-phase ionization 

99 energies. 

General Relationship of Electrochemical Data and Hammett Parameters. 

Previous work by Ren and coworkers^'has been focused on understanding the valence 

electronic properties of the substituted MoiCform)^ systems under study here. Of greatest 

relevance to the photoelectron spectroscopic data presented here is their observation that the 

first solution-phase oxidation potentials of these compounds in CH2CI; correlate linearly with 

the Hammett constants^' of the various phenyl ring substituents. Before comparing the results 

of their solution-phase experiments with the gas-phase data presented here, it is necessary 

to examine the nature of these CT values to determine their dependence on various 

experimental factors. These parameters, which are a physical organic chemistry construct, 

are defined according to the acid dissociation constants of meta- and para- substituted 

benzoic acids relative to unsubstituted benzoic acid according to equation 1; 

cr= los C 
\ y 

( 1 )  

The more electron-withdrawing the substituent is, the larger the acid dissociation constant 

and hence the more positive the o value will be. Values for functional groups in the meta-

and para- positions are denoted and CTp, respectively. 

The first oxidation potentials of quite a number of substituted aryl organic systems 
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have been correlated successfully with meta- and para- Hammett parameters. These systems 

include substituted benzophenones, benzophenoneoximes, nitrosobenzenes, nitrobenzenes, 

various halobenzenes. benzaldehydes, benzyl alcohols, and so on.'°° In general, for the 

systems for which linear relationships are found between and a. the oxidation is not 

accompanied by any sort of intramolecular rearrangement or reaction with the solvent or 

electrolyte; the process is simply oxidative in nature. A few organic systems, namely benzyl 

bromides and benzenediazonium salts, have oxidation potentials that do not relate linearly 

with Hammett parameters.'"'These systems give plots of £,^2 vs. cr where the points that 

correspond to electron-donating substituents form a line with negative slope while those of 

electron-withdrawing substituents are of positive slope. These overall nonlinear trends have 

been explained by proposing that a simple electrochemical oxidation is not the only process 

that occurs. Rather, there might be two competing potential-determining reactions: charge 

transfer in the case of electron-withdrawing substituents and bond breaking or other 

electrophilic reaction for electron-donating substituents. 

There has also been success in relating a to the redox processes of transition metal 

systems, namely variously substituted metallophthalocyanines.'" Quite importantly, the 

redox potentials of these metal systems have been shown to be dependent on the nature of 

the solvent, chemical environment, and axial ligand. The stronger a solvent can donate in 

a a fashion to the metal center of a metallophthalocyanine, the more destabilized the 

electrons in the metal dj,-based MO become, and therefore the easier it becomes to oxidize 

the metal center. Likewise, when axial ligands rather than solvent molecules are coordinated 

along the z-axis, a similar effect is observed. For example, the oxidation potential of 
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K"^[PcCo(X),]' (Pc = phthalocyanine; X = CN". SCN") has been shown to be more positive 

when the c-donor, 7t-donor thiocyanate ligand is replaced with the more Lewis acidic a-

donor. Ti-acceptor cyanide group."" It has even been determined that the counter ion can 

influence the ease of electrochemical oxidation of metallophthalocyanines. Lever and 

Wilshire have reported that for the Fe(IIDPc / Fe(IDPc couple, the ease of oxidation in 

DMSO is an ion-dependent in the order Cr>Br">C104".'°^ 

Hammett parameters and oxidation potentials have also been correlated for a series 

of oxomolydenum systems. Enemark and coworkers demonstrated a linear correlation 

between a and the first oxidation potentials for substituted MoO(OR)2(tp) (R = C^Hj-p-Z; 

Z = OEt, Et, H. F, CN; tp = rm(pyrazolyl)borate) systems."^ A reasonably linear correlation 

was also found for these systems between the first ionization and oxidation potentials and 

therefore for the first ionization potentials and the Hammett parameters. 

Correlation of o values with ionization potentials for other inorganic systems has not 

been as successful. The valence PE spectra of CpFe(CO)iSR (R = QHj-p-Z; R = H. CI. CF,. 

NO,) have been reported in an effort to correlate electronic structure with the rate of 

reactivity of each of these compounds with iodomethane.'"^ The first ionization energies of 

these systems do not correlate well with the Hammett parameters as defined in Equation 1. 

Linear regression of a plot of a vs. first IP (not provided in the original manuscript) shows 

the fit to be poor (r^ = 0.910). However, the authors did define a Hammett relationship 

similar to Equation 1 using the relative rates of reaction of CpFe(CO)2SR with CH,L Linear 

regression of this plot of log(kx/kH) vs. first ionization energy shows that the fit is excellent 

(r = 0.996). In another study, Hammett parameters were compared more successfully with 
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valence ionization potentials. For the system (ri''-C5H4X)Rh(CO)2 (X = NO,, CF,. CI, H, 

CH,, NMe^), the Hammett parameter (Gp) as defined in Equation 1 correlates well (r^ = 

0.994) with the first ionization potential, which also correlates linearly with the symmetric 

carbonyl stretching frequencies.'"* 

Correlation of Oxidation Data, Ionization Potentials, and Hammett Parameters 

for Substituted lVIo2(form)4 Systems. For the substituted MoiCform)^ systems of interest 

here, it is necessary to understand how these metal-metal bonded systems interact with 

solvent and how the presence or absence of solvent is manifested in solution electrochemical 

or gas-phase photoelectron spectroscopic results. These types of metal-metal bonded 

systems do indeed possess vacant coordination sites in the isolated molecule. Inspection of 

the numerous crystal structures that are available for M-M bonded systems shows that these 

compounds have an affinity for coordinating a solvent molecule to each metal center along 

the z-axis.""^ In the absence of solvent, as during the vapor deposition of a thin film of 

M2(02CCH3)4 (M = Cr, Mo, W), the molecules align themselves such that an in-plane O lone 

pair is directed toward each metal center.'' This interaction has been shown by photoelectron 

spectroscopy to destabilize at least the M-M a bond (M = Mo, W) if not the entire metal-

based electronic manifold (M = Cr).*° Of course, solvent can also interact with other parts 

of the molecule, namely in hydrogen-bonding capacities with H atoms or lone pairs that are 

available on the ligands. Such interactions can conceivably alter the electronic distribution 

within the ligand set, which would therefore influence the electronics of the metal centers. 

These various possibilities will be examined here in turn. 

A plot of the first ionization potentials vs. electrochemical potentials for the 
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substituted MoiCform)^ systems is presented in Figure 29. The correlation is not linear, and 

as Ren and coworkers have shown that a plot of vs. a is linear, the relationship between 

the Mo-Mo 5 ionizations and Hammett parameters is therefore also not linear. From Figure 

28 and Table 21 it can be seen that for the systems with electron-donating groups (i.e., 

Mo2(/?-OCH3-form)4 and Mo2(/7-CH3-form)4) and the unsubstituted Moi(form)4, the first 

ionization potentials occur in asmall range (5.58-5.63 eV) while the first oxidation potentials 

and the a values span 174 mV and 0.27, respectively. As for the systems with the more 

electron-withdrawing substituents (w-CI, p-Cl, p-CFjf), these groups have a much greater 

influence on the first ionization potential than on the corresponding oxidation potential. The 

range of Hammett constants from H to p-CF^ is 0.54 and the first ionization and oxidation 

potentials extend from 5.63 eV to 6.77 eV and from 418 mV to 795 mV. respectively. 

Despite the doubling of the spans of CT values and oxidation potentials from the systems with 

electron-donating substituents to those with electron-withdrawing functionalities, the range 

of first ionization energies increases nearly 23-fold between these two sets of systems. 

Before attempting to explain this nonlinear trend between solution- and gas-phase 

potentials, it is necessary to determine if the ionization potentials for the dimolybdenum 

systems are consistent with those found for the molecular fragments from which the 

Mo2(form)4 molecules are composed. That is to say, these dimetal tetraformamidinate 

systems can be viewed as being built from, and their composite electronic structures as 

derived of, the variously substituted formamidine ligands, which are in turn synthesized from 

substituted anilines, which themselves contain the aromatic core of benzene. By 

examining in turn the relationship between the ionization and oxidation potentials of each 
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of these systems, the degree to which solvent affects the various molecular fragments of the 

Mo2(form)4 systems (and presumably the impact it has on the molecule as a whole) can be 

understood so that an explanation of the nonlinearity of the relationship between the 

ionization and oxidation potentials of the Mo2(form)4 compounds can be offered. Further, 

comparison of the trend in valence ionizations of these systems with those of other metal-

metal bonded systems that possess substituted phenyl groups is also of interest and will be 

examined shortly. 

Correlation Between Gas- and Solution-Phase Data for Substituted Aryl Organic 

Systems. Physical organic chemists have observed a trend similar to that seen in Figure 29 

for the relative gas and solution acidities of substituted benzoic acids.""""" The relative 

Gibbs free energy change (or AAG°) for the reaction 

X-QH4-CO2H + QH5-CO2 X-C^H^-CO, + CeHj-CO.H 

can be determined from the pK^ values of benzoic acid and the substituted acid for the 

solution phase and from mass spectroscopy experiments for the gas phase. Similar studies 

have been performed for substituted phenols."^ ""' A plot of AAG°(g) vs. AAG°(aq) for the 

substituted benzoic acids, shown in Figure 30, shows an interesting attenuation of the acidity 

of the 7c-donor substituted (i.e., /7-NH2, p-OCH^, and p-F) benzoic acids in the gas phase. 

This phenomenon has been explained through the use of resonance structures in which a 

transquinoidal bonding mode occurs. It has been argued that the jt-donor substituent 

enhances the electron density at the O" and OH centers, which strengthens hydrogen-bonding 

with the solvent and weakens the acidity of such acids in solution. Interestingly, the acidities 

of the benzoic acids with Ti-donor substituents are similar in the gas phase and their points 
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exhibit a linear relationship of smaller slope than for the electron-withdrawing substituents. 

This effect has been ascribed to a ;i-electron saturation caused by the presence of a ;t-donor 

reaction center and substituent for similarly substituted anilines."^ 

Correlation of the Energy of the Mo2(form )j S Ionization with Other Gas-Phase Data. 

Charge Overlap Influences. The simplest, and most fundamental, comparison can be 

made with the PE spectra of substituted benzenes, the valence electronic structures of which 

have been understood for quite some time. The HOMO of benzene is a fully occupied 

doubly degenerate set (e,g under Dg,, symmetry) of ;r-type orbitals as seen on the left side of 

Figure 31. These orbitals each possess a node that separates the C-C n bonding on each side 

of the ring. In one of the orbitals (A), the node passes between carbon atoms while in the 

other (B), the node passes through two carbon atoms that are para to each other. Substitution 

of one of the H atoms of benzene with an atom or group that has 7C-donor properties breaks 

the degeneracy of the HOMO as shown. The jr-donor orbital interacts with the benzene 

orbital A; electronically occupied ;t-bonding and -antibonding combinations of b, symmetry 

(under C,,. symmetry) are thus formed. As for benzene orbital B, the node that passes 

through the carbon atoms also passes through the added group (assuming a single-atom 

substituent or a functional group that does not cause the loss of the plane of symmetry 

perpendicular to the Q ring). This MO (a,) therefore contains no orbital character from the 

7T-donor orbital of the substituent. 

The relative energies of these three highest occupied orbitals of a ;t-donor substituted 

benzene depend on the type of interaction that they contain between the ring TC system and 

the substituent re-donor orbital. The energies of the b, orbitals depend on the degree of ring-
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substituenl 7T overlap as well as on the electron-donating or -withdrawing ability of the 

substituent. As the a, orbital does not contain any orbital character from the added functional 

group X, the energy of this MO depends solely on the charge-donating or -withdrawing 

character of the substituent as it is felt by the it system of the ring. If the interaction between 

the phenylformamidinate ligand system and the Mo-Mo 5 bond is based primarily on the 

electron-donating or -withdrawing capacity of the various substituted ligands, then the 

ionization energy of the Mo-Mo 5 bond should correlate well with the energy of the a, 

photoionization of the analogously substituted benzenes. A plot of these quantities is 

presented in Figure 32 and the correlation is indeed linear. For comparison, a plot of the Mo-

Mo 5 IP vs. the HOMO (orbital b,) of the substituted benzenes is presented in Figure 34. 

The switchback in this plot at the chloro and bromo substituents demonstrates the role of n 

overlap in the energy of the b, ionization. Although it might be imagined that it would be 

more difficult to remove an electron from the HOMO of chlorobenzene than from toluene, 

because -CI is more electron-withdrawing than -CHj, the greater 7i overlap between the CI 

3p^ AO and the benzene k system than with the methyl substituent actually destabilizes the 

HOMO of chlorobenzene relative to that of toluene. 

Another comparison that is possible is with the similarly substituted Mo2(benz)4 

(benz = benzoate) systems. A plot of the Mo-Mo 5 ionization energies for the Mo2(fonn)4 

and Mo2(benz)4 compounds is presented in Figure 33 and the correlation between the two 

systems is excellent. Therefore, any charge and overlap effects that influence the ionization 

energy of the Mo-Mo 5 bond for the benzoates similarly affect the ionization of this bond for 

the formamidinates. Given the similarly good correlation with the benzene a, ionization 
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energies, the gas-phase data from all of these systems correlate well with each other, thereby 

suggesting that the cause of the nonlinear correlation of the Mo^Cform)^ ionization and 

oxidation potentials lies in the different phases in which these measurements have been 

made. More support for this conclusion follows. 

Correlation of the Valence Ionizations of Substituted Benzenes and Anilines. The 

next largest fragments are the substituted aniline systems, which can be viewed as doubly 

substituted benzenes. In general, the highest occupied molecular orbitals of the anilines 

possess X-C and N-C k* character, with the highest and second highest occupied molecular 

orbitals possessing b, and a, symmetry, respectively, analogous to the orbitals depicted in 

Figure 31. Photoelectron spectra collected here of various para-substituted anilines are 

presented in Figure 35. Shown in Figure 36 is a correlation of the first benzene and aniline 

ionizations. The relationship between these parameters is linear, indicating that the sum of 

substituent charge and overlap effects is similar between the benzenes and anilines. 

However, a correlation of the benzene and aniline a, ionization energies, shown in 

Figure 37, does not demonstrate a linear relationship. In fact, an interesting trend is revealed: 

the a^ ionizations of benzene (9.25 eV) and of the p-CH^ (9.24 eV) and /j-OCH, (9.24 eV, 

anisole) benzenes are essentially the same, despite the supposed electron donor ability of the 

-CH, and -OCH, groups. The same trend was observed for the 6 ionizations of 

Mo2(/?-OCH,-form)4, Mo2(/?-CH3-form)4, and Mo2(form)4. Such results for the benzenes and 

for the Moj compounds suggests that electron donation into these systems by electron-donor 

substituents is not limitless: the ;t-donor saturation effect."^ Further, the a2 ionization of 

/?-anisidine (p-OCH^-aniline) is more difficult than that for p-toluidine (p-CH^-aniline), but 
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is easier than for aniline. 

This trend appears to run counter to the arguments given previously regarding the 

energy of the aniline a, orbital. It was argued that because of the orbital node that passes 

through the N and O atoms, there should be no p^^ character from the -NH, or -OCH, groups 

in this orbital and the energy of the a, orbital should be solely a function of the electron-

donating or -withdrawing ability of the ^ara-substituent. At first consideration, the 

ionization from the a, orbital of p-OCH^-aniline might either be expected to be easier than 

that for aniline or p-toluidine, given the presumed better electron-donor ability of the -OCH, 

group than of -CH,, or it might be similar to the a, ionization energy for p-toluidine or 

aniline, given the relative ionization energies of the a, orbital of the benzenes and the 

conclusion that electron donation into these systems has its limits. The energies of the 

second highest molecular orbital of the p-OCHj, p-CH,, p-Cl, and unsubstituted anilines, as 

calculated by ADF, are plotted in Figure 38 with the experimentally determined ionization 

potentials for these orbitals. The calculations do indeed determine that the second highest 

occupied molecular orbital of p-anisidine is more stable than that for p-toluidine and has an 

energy similar to that for aniline. As expected, the energy of this orbital for /?-Cl-aniline is 

more stable than for any of these other systems. 

Probing the Nature of the a. Ionization for Substituted Anilines. Contour plots from 

Fenske-Hall calculations of the two highest occupied molecular orbitals of aniline and p-Cl-

aniline are provided in Figure 39 and for p-OCHj-aniline and p-CHj-aniline in Figure 40. 

As is shown in Figure 39, the b, and a, orbitals are analogous to those for substituted 

benzenes. The b, orbitals for both of these systems possess a node that passes between 
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unsubslituted carbon atoms and has carbon-substituent 7t* character. The a, orbital has a 

node that passes through the nitrogen atom of the amine, the substituent, and the carbon 

atoms at which the functional groups are located such that there is no contribution of p, 

orbital character from any of these atoms to this molecular orbital. As shown in Figure 40, 

the case is much the same for/7-toluidine although there is a small amount of H Is character 

in the b, orbital (this orbital label assumes C^v symmetry rather than the symmetry that 

toluidine actually possesses) and no CH, character in the a, orbital. 

For p-OCH,-aniline, there are two orientations of the methoxy group that give the 

molecule Cj symmetry. The first (the "in-plane" structure) occurs when the C atom of the 

-OCH, group is oriented in the plane of the Q ring such that the pure p, lone pair is 

conjugated with the n system of the aniline and the second (the "out-of-plane" structure) 

exists when this C atom is in a plane only with the O and N atoms of p-OCH-,-aniline. For 

the out-of-plane structure, the hybridized O lone pair can interact with the 7C system of the 

ring. Upon optimizing the geometries of these two structures with ADF, the in-plane 

structure is found to have a total energy that is 2.18 kcal/mol lower than that of the out-of-

plane structure. In addition, a survey of related structures contained in the Cambridge 

Structural Database shows an average displacement of the methoxy group out of the plane 

by 5.5°. Assuming that the in-plane structure of /j-OCH^-aniline is the predominant 

geometry for interpreting the electronic structure is therefore reasonable. 

The b, orbital of p-OCHj-aniline is similar to those of the other systems, but the a, 

orbital of this system is markedly different. Although there is little or no p, character on the 

C atoms to which the amine and methoxy substituents are connected, there is quite a bit of 
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Figure 39. Contour plots of the two highest occupied molecular orbitals 
of p-toluidine (p-CHs-aniline) and p-anisidine (p-CKZH3-aniline). 
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orbital character on the substituents. Further, the p, orbital character on the unsubstituted 

carbon atoms is symmetric to reflection across the ring. This addition of orbital character 

to the "a^" orbital of anisidine is a result of the lowering of symmetry caused by the -OCH;, 

group. The loss of the plane of symmetry that is perpendicular to the Q ring allows 

subsiituent p, character to mix into the "a," orbital. Although the Fenske-Hall calculations 

suggest that this orbital is essentially ring-NH; and ring-OCH, nonbonding, the ADF 

calculations determine that the a, orbital is ring-NH, and ring-OCH, bonding. In either case, 

however, the interaction acts to stabilize the a, orbital for p-OCHi-aniline. 

In summary of the comparison of the gas-phase data for substituted benzenes and 

anilines, the correlation of the energies of the first and second ionizations of these systems 

sheds light on the effect of charge and overlap influences on the corresponding orbitals. The 

correlation between the b, ionizations of the benzenes and anilines is good, which indicates 

that the effect of charge and overlap influences on this orbital is consistent between the two 

molecular systems. The overall trend is as expected, with the b, ionization for the p-CFj-

substituted benzene and aniline being the most difficult for each series of molecules and that 

for the p-OCH^-substituted benzene and aniline being the easiest. The trifluoromethyl 

substituent stabilizes the b, orbital for p-CFj-benzene and p-CFj-aniline while the methoxy 

group, acting not only as an electron-donor group in general but also as a 7c-donor 

functionality, destabilizes the b, orbital thereby making the first ionization of p-OCH,-

aniline easier than that of p-toluidine and that of anisoie easier than that of toluene. 

However, the comparison of the a, ionizations for the substituted benzenes and anilines 

demonstrates some faults in the assumption that the energy of this orbital is only a function 
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of the charge-donating or - withdrawing ability of the functional group. As seen by the more 

difficult a; ionization for p-anisidine than for p-toluidine. the loss of the plane of symmetry 

perpendicular to the Q ring allows lone pair character on the methoxy substituent to mix into 

this orbital, causing it to be more stable for^-anisidine than for ;>-toluidine. All in all, it is 

the b, orbital that becomes a measure of the substituent charge effect, assuming that the 

substituent overlap effect is the same for each similarly substituted benzene and aniline and 

that the addition of Tc-overlap character by the NH^ substituent is a constant over the range 

of substituted anilines as compared with the analogous substituted benzenes. This statement 

is true though only for the correlation between the first ionizations of the benzenes and 

anilines because of the effect of 7C-overlap in the p-Br and ̂ -Cl systems. As seen from Figure 

36, the first ionizations from the p-Br and p-Cl benzenes and anilines are easier than from 

the unsubstituted benzene and aniline because of the substituent-ring 7t* character of this 

orbital. In contrast, the 5 ionizations for Mo2(/?-Cl-form)4 and Mo2(/?-Br-form)4 are more 

difficult than for Mo2(form)4, indicating the predominance of the effect of charge, not 

overlap, of these substituents on the ionizations of the metal-metal bonded system. 

Correlation of Gas- and Solution-Phase Data for the Substituted Anilines. Less 

confusing, though, is the correlation between the first ionization and oxidation potentials'"' 

for the substituted anilines. A plot of these parameters is presented in Figure 41. Regression 

of this data shows that the fit is linear and therefore that the solvent (CHjCN for aniline, 

isopropanol for the rest), compared to the gas-phase experiments, does not affect the relative 

ease of removal of the electron from the HOMOs of these anilines in the two phases. 

Comparison of Solution- and Gas-Phase Data for the Formamidines. The next 
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largest fragment is the formamidine ligand as a whole. Photoelectron spectra of the various 

para-substituted ligands are presented in Figure 42. Molecular orbital calculations 

performed here suggest that the two easiest ionizations occur from orbitals that possess N-C 

71 character. A plot comparing the first ionization and oxidation potentials for these systems 

is presented in Figure 43. As was seen for the substituted anilines, the correlation is linear, 

indicating that solvent (in this case CHCI,) does not affect the overall ionization trend from 

solution to the gas phase. 

Additional comparisons can be made between the full ligand and the full metal-metal 

bonded systems. Shown in Figure 44 is an excellent correlation between the first oxidation 

potentials of the formamidine and MonCform)^ systems, indicating a linear translation of the 

effect of the electron-donating or -withdrawing substituent from the ligand to the metal 

centers as indicated by the relative ease of electron removal from the Mo-Mo 5 bond in 

solution. However, a correlation of the first ionization potentials of these systems, as shown 

in Figure 45, gives the worst linear fit of any of the correlations presented here. It is 

therefore clear that solvation of the metal-metal bonded systems, and not of the ligand or 

ligand fragments, plays an important role in the ease with which an electron is removed from 

the Mo-Mo 5 bond. 

Interpretation of Nonlinear Correlation between Mo-Mo S Bond Ionization and 

Oxidation Potentials for Mo2(form)^. The data presented in the last several sections reveals 

an interesting trend in the electronic properties of systems that possess electron-donor 

functionalities whereby the ability of the substituent to donate electron density depends on 

the molecular system and the phase in which the measurement is taken. For the substituted 



171 

11 10 9 8 7 

Ionization Energy (eV) 

Figure 42. He I photoelectron spectra of various substituted N,N'-
diphenylformamidines. 



172 

8.40 

8.20 
p-CF 

8.00 

p-Cl 7.80 

7.60 
p-CH 

7.40 

p-OCH 
7.20 

1200 1600 1800 2000 1000 1400 

Ei/2 (mV) 

Figure 43. Comparison of first ionization and oxidation potentials 
for various substituted N.N'-diphenylformamidines. 



173 

 ̂ 800 
> 
£ 
^ 700 

rs 

u 
 ̂600 

^ 500 

C/3 
.i= 300 
Uu 

200 

p-C\ . 
m 

; P-CHy^ H 

1 1 1 1 i 1 
r2 = 0.979 

1 \ 1 

1000 1200 1400 1600 1800 

First Formamidine E1/2 (mV) 

2000 

Figure 44. Comparison of first oxidation potentials of substituted 
Mo2(form)4 systems and substituted N,N'-diphenylformamidines. 



6.80 

6.60 

p-C\ 

£ 6.00 

5.80 p-OCH 
5.60 

P-CH 
5.40 

8.00 7.40 8.40 7.20 7.60 7.80 8.20 

First Fomiamidine IP (eV) 

Figure 45. Comparison of first ionization potentials of substituted 
Mo2(form)4 systems and substituted N.N'-diphenylformamidines. 



175 

benzoic acids, the AAG values obtained in the gas phase indicate that regardless of the nature 

of the donor substituent (i.e , p- and m-NH,, p-OCH,. and p-CH,). the acidity of the benzoic 

acid relative to the unsubstituted acid remains essentially the same. This phenomenon has 

previously been rationalized as a result of electron repulsion between the 7t-donor 

substituents and the COOH group. This effect can also be viewed as an electronic saturation 

in which the substituent and carboxylic acid functionality have donated as much electron 

density into the system as it can handle, thereby rendering the strength of the acidity of 

benzoic acids with seemingly better electron-donor substituents essentially the same. 

However, in solution, certain solvent effects appear to change the relative acidities of the 

benzoic acids that possess electron-donor substituents. As demonstrated in Figure 30. the 

AAG values for the p-CH,-, p-OCH,, and p-NH2-substituted benzoic acids are increasingly 

more negative, which demonstrates a substantial weakening of the acid strength of these 

systems in water relative to the gas phase. Increased hydrogen bonding by the solvent with 

the COOH functionality as a result of the electron-donor ability of the substituent has been 

implicated in this reduction of acid strength. 

Whereas the relative strengths of the benzoic acids differ from the gas phase to 

solution, the ionization and oxidation potentials of the similarly substituted anilines agree 

well, as is also observed for the fonmamidines. As for the case of the substituted Mo2(form)4 

systems, the correlation of the Mo-Mo 5 ionization and oxidation potentials shows the same 

sort of trend as was observed for the gas- and solution-phase acidities of the substituted 

benzoic acids. The Mo-Mo 6 and a+7t and the Hgand-based alu and eg ionization bands for 

the p-OCH^, p-CHj, and unsubstituted Mo2(form)4 molecules are all found at essentially the 
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same energy for each of the three systems, despite the supposed increased electron-donor 

ability of the methyl and methoxy substituents. The first oxidation potentials of these 

systems, however, are spread over a range of 194 mV. In the gas phase, the electron-donor-

substituted Mo2(form)4 systems seem to be electronically saturated; the methyl and methoxy 

groups do not donate electron density to the rest of the molecule. Such a donation of electron 

density would be expected to destabilize the valence ionizations of the substituted 

Mo2(form)4 system relative to where they are for the unsubstituted molecule, but this 

situation does not occur. Interestingly, the oxidation potentials of the Mo^Cform)^ 6 bond 

correlate linearly with aqueous Hammett parameters while the ionization potentials for this 

orbital correlate linearly with gas-phase Hammett parameters (as shown in Figure 46) as well 

as with the Mo-Mo 5 ionization potentials for the substituted Mo2(benz)4 systems and with 

the nonoverlap-dependent benzene a, ionizations, thereby indicating that the substituent-

dependent shift in ionization potentials is consistent with other organic and inorganic 

systems. 

Several questions are therefore raised concerning the electron-donor ability of these 

supposedly electron-donor substituents. There must be some degree of solvent interaction 

with the MoiCform)^ systems that affects the relative electron-donor capacity of the methyl 

and methoxy groups such that these functionalities become better electron donors in solution 

than they are in the gas phase. By contrast, the anilines and formamidines with 7i-donor 

/7«ra-substituents seem not to exhibit electronic saturation in the gas phase to the same 

degree as is observed for the methoxy- and methyl-substituted Mo2(form)4 systems. 

The question concerning the relative amount of electronic saturation in the substituted 
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anilines, formamidines, and Mo2(fonn)4 systems can be understood through examination of 

the ionization and oxidation potentials of these systems. Comparison of the difference in 

energy between the first (i.e.. lowest energy) ionizations for the unsubstituted and ̂ -OCH,-

substituted benzenes, anilines, formamidines, and Mo2(form)4 systems shows that this 

separation is largest for the benzenes (0.86 eV), smaller for the anilines (0.50 eV) and 

formamidines (0.39 eV), and smallest for the Mo2(form)4 systems (0.05 eV). The difference 

in the first oxidation potentials for the unsubstituted and /^-OCH^-substituted anilines (320 

mV), formamidines (353 mV), and Mo2(form)4 systems (194 mV) also reveals the same 

trend. 

The orbitals from which these ionizations and oxidations occur do contain charge and 

overlap contributions, as demonstrated in Figure 31 for a substituted benzene, and the 

relative amounts of these contributions vary from the substituted benzenes to the anilines, 

formamidines, and dimolybdenum systems. The influence of 7C overlap is greatest for the 

benzenes and anilines because the first ionizations from these systems are from the b, orbital, 

which contains ring-substituent 7t* character. As evidenced by the smaller separation for the 

anilines than for the benzenes, the electronic saturation is greater for the anilines than for the 

benzenes because of the presence of the competing electron-donor NH2 substituent. As for 

the formamidines, there is mainly just a charge contribution to the highest occupied orbital 

of this system as evidenced by the similar shift in ionization energies of the first two 

ionization bands for the substituted formamidines. As for the Mo2(form)4 systems, it was 

argued earlier that based on the nonplanarity of the ligand and the similar shift in the 6, a,u, 

Cg, and a + 71 ionization bands, the effect felt by the valence molecular orbitals is also 
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predominantly charge-based. 

Despite the fact that the relative charge and overlap contributions by the substituent 

to the highest occupied molecular orbitals of the various systems are not constant throughout 

the series, they do act to shift the energy of the orbital in the same direction in the case of the 

electron-donor methoxy substituent relative to the unsubstituted system. The donation of 

electron density (i.e., the charge effect) from the methoxy group into the rest of the molecule 

renders the substituted benzene, aniline, formamidine, and MojCform)^ systems more 

electron-rich, which makes the removal of an electron easier. As for the overlap effect, the 

HOMO of the anilines and benzenes is the b; orbital, which contains a ti* interaction 

between the n system of the ring and the rt-type lone pair of the methoxy group. This 

antibonding interaction destabilizes the HOMO of the substituted relative to the 

unsubstituted system, which like the charge effect, makes removal of an electron easier. 

Therefore, as shown by the energy shifts from the unsubstituted systems to those that 

have /7-OCH3 groups, the electronic saturation is greatest for the Mo2(form)4 systems. The 

ligands in the dimolybdenum systems have formal 1 - charges whereas the benzenes, anilines, 

and formamidines are all neutral. This negative charge on the ligand makes it more difficult 

for the methoxy groups to donate electron density onto the metal centers, resulting in nearly 

identical Mo-Mo 5 ionization energies for Mo2(form)4 and Mo2(p-OCH3-form)4. Upon 

removal of an electron from the 5 orbital, the ligands are still formally uninegatively charged, 

so the formation of an ionized dimolybdenum species may not necessarily alleviate electronic 

repulsion within the ligand. 

This situation can be probed through the use of a ligand set that is formally neutral. 
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such as a chelating diphosphine of the form Ph2P(CH2)nPPh2. The molecule 

Mo2(Ph2P(CH2)nPPh2)2Cl4 would have the same number of phenyl rings as the Mo2(form)4 

systems (and the same number of substituents at the phenyl rings), but electron-donor 

substituents might be able to donate more electron density onto the metal centers because of 

the formal neutral charge of the phosphine-based Hgand set. 

In contrast to the case of the Mo2(form)4 systems, it was observed by Enemark and 

coworkers for the Mo( V) system MoO(OR)2(tp) (R = R = QH^-p-Z; Z = OEt, Et, H. F. CN; 

tp = rrzj(pyrazolyl)borate) that the ionization and oxidation potentials for the cases of the 

ethoxy and ethyl substituents were colinear with those from the unsubstituted and p-¥- and 

p-CN-substituted systems. Although the phenoxy ligands in this molecule are formally 

uninegatively charged, as the ligands are in Mo2(form)4, each possesses only one substituent 

and there are only two of these ligands bound to a high oxidation state metal center. Perhaps 

most important are the empty d orbitais on the metal that can accept electron density. These 

factors undoubtedly provide for the linearity of the gas- and solution-phase data for this 

Mo(V) system whereas the lower oxidation states of the metal centers in Mo2(/?-OCH3-form)4 

simply do not allow all of the extra electron density of the substituents to be transferred to 

the Mo(II) atoms. 

As shown by the nonlinear correlation of the ionization and oxidation potentials for 

the Mo2(form)4 molcules, the electronic saturation for these systems is different in solution 

than it is in the gas phase. Such a phenomenon has also been observed for a series of 4-

substituted camphors for which the inductive effects of a substituent have been shown to be 

solvent-dependent. A linear relationship exists between the CO frequencies of these systems 
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as measured in the gas phase, in heptane, and in CCI4. However, hydrogen-bond donor 

substituents such as NH,, OH, NHCO^Et, CONH,, and CO^H are less electron-withdrawing 

/ more electron-donating in a pyridine solution as evidenced by the lower than expected 

carbonyl stretching frequency in this solvent than in CCI4. As the protons on these 

substituents become associated with the N-lone pair on pyridine, the relative positive charge 

at these substituents decreases and they become better electron donors. On the other hand, 

hydrogen-bond acceptor substituents such as NMe^ and OCH, become more electron-

attracting in a hydrogen-bond donor such as hexafluoro-2-propanol. As a proton from the 

solvent associates with the lone pair of the substituent, the substituent becomes more 

positively charged. The substituent therefore becomes a worse electron donor under such 

circumstances. 

A similar kind of interaction may be occurring for the Mo2(form)4 systems. 

Assuming that CH^CU acts as a hydrogen-bond donor toward the methoxy groups in Mon(p-

0CH,-form)4, the association of the H atoms of the solvent with the O lone pairs would 

remove some of the negative charge (i.e., the electronic saturation) in the ligand set through 

the formation of hydrogen bonds with the methoxy substituents. The methoxy group could 

thus be a better electron-donor in such a solvent because the solvent acts to absorb some of 

the negative charge of the ligand through the formation of hydrogen bonds. Alternatively, 

the solvent may interact with the N atoms of the ligand or even with the HOMO of the 

system (i.e., the Mo-Mo 5 bond) to remove electron density from the ligand or the metal 

centers. To valid this argument, the electrochemical measurements should be performed in 

a number of solvents to probe the solvent dependence of the Mo-Mo 5 oxidation potential. 
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The use of an even better hydrogen-bond donor solvent, such as an alcohol, should allow the 

methoxy substituents to be even better electron donors, thereby rendering the Mo-Mo 5 

oxidation potential for Mo2(p-OCH3-fonn)4 even easier than that for the unsubstituted system 

as observed in dichloromethane. The opposite should be true in a solvent such as hexane or 

toluene, but it is known that the Mo2(form)4 systems are only sparingly soluble in relatively 

nonpolar solvents, so such an experiment would be difficult to perform. The electronic 

characteristics of the methyl-substituted Mo2(form)4 system in solution, however, would not 

be expected to be as dependent on the hydrogen-bond donor ability of the solvent, 

considering that this functionality has no lone pairs. Regardless of the solvent, the Mo-Mo 

5 oxidation potential should be as similar to that for the unsubstituted system as it is in 

CH2CI2 while that for the methoxy-substituted system should exhibit a clear solvent 

dependence. 

Finally, the difference in the linearities of the ionization and oxidation potential 

correlations for the substituted anilines, formamidines, and Mo2(form)4 systems needs to be 

addressed. A number of crystal structures have shown that certain metal-metal bond-

containing systems, especially those of the form M2(02CR)4, act as Lewis acids by 

coordinating electron donor solvent molecules to the metal atoms. However, the crystal 

structures of the Mo2(form)4 systems show that the phenyl rings are so bulky that they 

obstruct the open coordination sites at the metal centers. Therefore, in the case of MojO?-

OCH3-form)4, dichloromethane can only act as a hydrogen bond donor and thus as an 

electron density acceptor; this solvent cannot act as a Lewis base, via donation of a chlorine 

lone pair to a metal atom. However, the ionization and oxidation potentials for a series of 
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substituted Mo2(benzoate)4 systems would correlate linearly because of the unobstructed 

coordination sites at the metal centers. In this case, a solvent such as CH^CK could use its 

protons to form hydrogen bonds with a substituent that possesses lone pairs and also donate 

electron density to the metal centers via the chlorine lone pairs. 

Conclusions 

Considering all of this gas- and solution-phase data for a number of functionalized 

phenyi-ring containing systems, the effect of solvent is the most likely choice for explaining 

the nonlinearity of the first ionization and oxidation potentials for the substituted Mo2(form)4 

systems. First, the correlation of the gas-phase ionization potentials of the Mo2(form)4 

systems with the charge-only influenced a, ionizations of substituted benzenes shows that 

the charge-donor or -acceptor ability of the various substituents is directly translated from 

the Cft fragment to the Mo2(form)4 system as a whole in the absence of solvent. Second, the 

correlation between the Mo-Mo 5 ionization energies for the similarly substituted Mo2(form)4 

and Mo2(benz)4 systems indicates that a given substituent has a similar affect on the energy 

of the ease of electron removal from this bond, despite the different natures of the benzoate 

(acidic) and formamidinate (basic) ligands. Third, the linear correlation of the first ionization 

and oxidation potentials for the substituted anilines (and also for the substituted 

formamidines) indicates that solvation of these fragments of the Mo2(form)4 system is 

different than that for the Mo2(form)4 system as a whole. 

Ultimately, as the substituent on the phenylformamidinate ligand is varied from 

-OCH, to -CF3 the ability of the solvent to form hydrogen bonds with the substituent varies. 
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With the formal negative charge on the ligands and the large number of substituents in the 

molecule, the electron-donor substituents are unable to donate any more electron density to 

the metal centers. Hence, the ionizations from the Mo-Mo 6 bonds (as well as those from 

valence ligand-based orbitals and the Mo-Mo a and it bonds) are found at essentially the 

same energies for Mo2(fomi)4, Mo2(/7-CH,-form)4, and Mo2(^-OCH3-form)4. However, 

hydrogen-bonding between dichloromethane and the oxygen lone pairs on the methoxy 

substituent, the N atoms of the ligand, or the metal centers themselves explains the observed 

difference in electron donor ability of this functionality between the solution and gas phases. 

Such an interaction with the solvent allows electron density to be removed from the system, 

thereby allowing this substituent to appear to be a belter electron donor than in the gas phase. 

Whether this interaction also occurs for the methyl-substituted system remains is unclear, 

given the improbability of hydrogen-bonding between a -CH, group and the chlorine lone 

pairs in CH^CU. Only through the use of different solvents and different types of substituted 

ligand sets will this question be truly resolved. 



) 

i 
i 
t 

185 

Chapter 6 

METAL-METAL BONDING IN Rh.CO.CCF,)^. EXTENSIVE METAL-LIGAND 
ORBITAL MIXING PROMOTED BY FILLED FLUORINE ORBITALS 

Introduction 

It has been generally accepted that the formal metal-metal bond order in Rh(ID-Rh(ir) 

carboxylates is one. This notion is supported by the vast amount of structural information 

reported on various Rh2(02CR)4 molecules in which all reported Rh-Rh bond distances are 

consistent with a single metal-metal bond." However, the energetic ordering of the Rh-Rh 

bonding and antibonding orbitals is not as well substantiated. Starting from the ground-state 

configuration ofMo2(02CR)4, crK*5-, the addition of six electrons as in Rh2(02CR)4 leads to 

a ground-state configuration of crTi^S-S^-TC*"*, assuming that the Rh-Rh :r* orbitals are 

destabilized relative to the 6*. Unfortunately, dirhodium tetracarboxylates such as 

Rh2(02CCH-,)4 readily decompose thermally, making them unsuitable for study via gas-phase 

photoelectron spectroscopy. 

As a result of this uncertainty, spectroscopic and computational work has been carried 

out to understand the valence electronic structure of these systems. The earliest studies were 

done by Dubicki and Martin,'" who performed extended HUckel calculations on Rh2(02CH)4 

and concluded the formal bond order to be one based on an electron configuration of 

cr7t"'6-5*-7t*"'. This report was followed by SCF-Xa calculations on Rh2(02CH)4 that 

indicated this same formal Rh-Rh bond order, but suggested that the 5* orbital is destabilized 

relative to the n* level, giving a ground-state configuration ordering of 

The switching of the Rh-Rh tc* and 5* levels was attributed to the filled-filled symmetry 
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interaction between the 5* orbital and the appropriate symmetry combination of oxygen tc-

type lone pairs. The first direct experimental work came soon thereafter. EPR studies on 

[Rh^COXCHJjCHiO);]* ions showed that the unpaired electron occupies the n* level. 

This result was supported by a rigorous computational study (SCF-CI) where the unpaired 

electron for this species was determined computationally to be in the Rh-Rh k* orbital.'"^ 

However, other relatively high-level theoretical treatments have reported much different 

ground-state configurations. Ab initio calculations performed by Nakatsuji and co-workers 

suggest a ground-state Rh-Rh configuration of 7t"*6"7r*"'5*V.''^ More recent SCF-Xa-SW 

calculations performed on the full Rh2(0;CCF3)4 molecule concur with the earlier Xa results 

by suggesting an orbital ordering of crn'*5'jc*'*8*- with an energy separation between the 5* 

and 71* orbitals of 0.48 eV and between their ionization potentials of ca. 0.75 eV.'-^ 

In this chapter is presented the photoelectron spectrum of RhjCOjCCFOa, the first 

dirhodium tetracarboxylate for which such data has been obtained. The assignment of this 

spectrum is aided by observation of the variations in ionization cross-sections with change 

of photon source and by comparison with the spectrum of MojCO^CCF^)^. Electronic 

structure calculations at several levels of sophistication (Fenske-Hall and density functional) 

are presented also. These results add important new understanding to the nature of the metal-

metal interactions and how they are influenced by the perfiuoroacetate ligand in 

Rh2(02CCF3)4 as well as in Mo2(02CCF3)4. 

Experimental 

Photoelectron Spectroscopy. Samples were prepared according to published 
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procedures.'^" Pertinent instrument operating conditions have been discussed elsewhere. 

During data collection, neither Mo^COnCCFOj nor Rh^COiCCF^j displayed any signs of 

decomposition. Mo2(02CCF3)4 and Rh2(02CCF,)4 exhibited sublimation temperatures (at 

lO"' Torr) of 135-140°C and 130-135°C. respectively. 

Calculations. Density functional calculations were performed with the ADF 

program developed by Baerends et al.^ and vectorized by Ravenek.'^' The numerical 

integration procedure was developed by te Velde and coworkers.^^ The BLYP method was 

used for all calculations. The atomic orbitals on al! centers were described by an 

uncontracted triple-C STO basis set (i.e., set FV) that is available with the ADF package. The 

Is" configuration on carbon, oxygen, and fluorine as well as the I.s-2s"2p^3s"3p^3d'" 

configuration on Rh were assigned to the core and treated by the frozen-core approximation. 

The molecular structures of Mo,(02CCH3)4, Mo2(02CCF3)4, and Rh2(02CCF,)4 were fully 

optimized under the Djh point group by appropriate orientation of the CF, groups. Pertinent 

geometric parameters with comparison to the crystallographically determined structures are 

presented in Table 23. The theoretically optimized structures for the molecules in the gas 

phase are generally in good agreement with the experimentally determined structures from 

single crystals, with the Mo-Mo distances 0.05-0.07A longer in the calculated structures. 

Calculations of the electronic structures and ionization energies were also carried out at the 

experimental geometries and similar results were obtained. Only the results for which the 

ADF (BLYP) optimized geometries were employed are reported here. 

Ionization energies can be determined in ADF by two methods. First, the orbital 

energies from the neutral ground state calculation can be examined in a Koopmans-type 
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M02(02CCH,)4 M02(02CCF04 Rh2(O2CCF04 

Crystal"^ ADF Crystal"'^---" ADF Crystal ADF 

M-M (A) 2.089 2.160 2.114 2.170 2.390 2.442 

M-O (A) 2.114 2.116 2.115 2.116 2.028 2.104 

M-M-0(°) 92.1 91.6 91.4 91.4 88.3 88 

M-O-C (°) 117.7 115.9 115.6 116.2 117.5 I 17.2 

o-c (A) 1.273 1.283 1.256 1.280 1.250 1.271 

O - C - C C )  118.9 117.4 117.5 117.5 115.9 115.3 

c-c (A) 1.496 1.530 1.535 1.530 1.538 1.569 

C - C - X C )  
N/A 

109.0, 
111.3 

110.0, 
109.0 

111.2, 
(X = H or F) N/A 

109.4 
111.3 

111.1 
109.0 

108.9 

c-x (A) 
(X = H or F) N/A 

1.113, 
1.094 

1.295 
1.357, 
1.288 

1.318 
1.354, 
1.364 

Table 23. Structural parameters from ADF geometry optimizations of Mo;(02CCH3)4, 
Mo2(02CCF3)4, and RhjCOjCCFOj with comparisons to crystallographically determined 

structures. For the perfluoro systems, the crystallographic data reported here are an 
average of several crystal structures as referenced. 
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approximation.^^ Second, the total energies of cations with a single electron removed from 

successive molecular orbitals (with the molecular geometry frozen) can be calculated and 

compared to the total energy of the neutral ground state of the system to determine successive 

vertical ionization energies. The energies obtained via this second method are termed AEscf-

Although the Koopmans-type values have long been used to estimate ionization energies, it 

is the AEscf values that more correctly represent the ionization process because they account 

for the electron relaxation that occurs among the remaining electrons in a molecule once one 

electron has been removed. We have chosen to present both the Koopmans and AEs^-p values 

in the discussion that follows. 

Fenske-Hall molecular orbital calculations have also been performed for comparison 

and for illustration of orbital distributions. Details of this method have been given 

previously.'"^ The molecular structures employed are the same as obtained from the ADF 

calculations (i.e., the optimized structures). 

Information from Ionization Featiires. 

Figure 47 shows the full He I spectrum of Rh2(OiCCF,)4 compared to that of 

Mo2(02CCF3)4. Mo2(02CCF3)4 has been studied extensively, as has Mo2(02CCH3)4, and the 

ground state electronic structure and photoelectron spectra of these molecules are perhaps 

the best understood of multiple metal-metal bonds."*' In the spectra of Mo2(02CCF3)4 and 

Mo2(02CCH3)4, the band at lowest binding energy corresponds to the ionization of an 

electron from the Mo-Mo 8 orbital.^" The next lowest band results from the overlapping 

ionizations from the Mo-Mo o and Tc-orbitals."" "*' In the spectrum of Mo2(02CCF3)4, a 
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Figure 47. He I spectra (6-16 eV) of Mo2(02CCF3)4 and Rh2(02CCF,)4-
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Figure 48. He I and He n spectra (8-15 eV) of Rh2(02CCF3)4. 
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Band Ionization He I Width Area Area Origin 
Energy (eV) High/Low (eV) He I HeH 

M02(02CCF3)4 

5 8.63 0.48/0.30 0.21 0.40 5 

CT + 7C 10.32 0.77/0.43 1 1 <y + 7t 

Rh,(0,CCF3)4 

1 9.55 0.39/0.28 1.17 1.36 

2 9.77 0.43/0.31 0.88 1.04 

3 10.61 0.36/0.22 0.24 0.56 

4 11.08 0.48/0.43 1 1 

Table 24. Peak parameters for the He I and He II photoelectron spectra of Mo2(02CCF3)4 
and Rh2(02CCF3)4. Peak areas for the Mo system are relative to that of the (a + re) band 

and for the Rh system are relative to that of peak 4. 
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region of overlapping ionizations starting at about 11.75 eV has been attributed to primarily 

ligand-based orbitals (the sharp features at ca. 14 eV in this spectrum arise from the Ar -P3/2 

and "P,^ ion states generated by the He ip line; Ar is present as an internal reference). The 

onset of overlapping ionizations at the same energy in the spectrum of Rh2(02CCF,)4 is 

consistent with this interpretation, but the difference in the profiles of the bands from 12 to 

14 eV suggests some changing interactions to be discussed later. As in the spectrum of 

Mo;(0;CCF3)4, the Rh^CO^CCFOj ionizations with energies less than 11.75 eV occur from 

orbitals that contain metal orbital character. More support is given to this assignment when 

the full He I and He II data for RhiCO^CCFj)^, shown in Figure 48, are compared. The 

theoretical photoionization cross-section of the Rh 4d atomic orbital under He II ionization 

is predicted to increase when compared to that of the carbon, oxygen, and fluorine 2p atomic 

orbitals.'^ The features at ionization energies less than 11.75 e V grow substantially compared 

to those at higher energy, where ionizations are typically ligand-based, indicating that the 

former ionizations occur from orbitals that are high in rhodium character. Changes in the 

profile of the region above 11.75 eV from He I to He n excitation are more subtle, but are 

nonetheless significant for later discussion. 

Figure 49 compares more closely the He I and He II photoelectron spectra of the 

metal-based region of Rh2(02CCF3)4. The lowest ionization energy band at ca. 9.60 eV is 

best fit with two asymmetric Gaussian peaks. The next two bands, which slightly overlap 

with each other, require only one Gaussian peak each. The fit parameters for these features 

in the photoelectron spectra of Rh2(02CCF3)4 are summarized in Table 24. 

In the He II spectrum there is a substantial increase in the area of peaks 1, 2, and 3 
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Figure 49. He I and He n spectra (8-12 eV) of Rh2(02CCF3)4. 
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relative to peak 4, suggesting that the three ionizations at lowest energy arise from orbitals 

with a larger proportion of metal character. Because of the relative intensity and overall 

width of the band at lowest ionization energy, which contains peaks 1 and 2. and because of 

computational results to be discussed shortly, this feature is assigned to the ionizations of the 

Rh-Rh 5* and n* orbitals. The overall width of the band containing peaks 1 and 2 is 0.58 

eV compared to the width of peak 3 which is 0.29 eV. The width of a band containing a 

single ionization is determined by the vibrational progression associated with excitation to 

the positive ion state. If the orbital from which the electron is removed is substantially 

bonding, the vibrational progression will be relatively broad. Assuming similar widths for 

the unresolved vibrational progressions of peaks 1, 2, and 3, the overall width of the first 

band indicates peaks 1 and 2 may be separated by as much as 0.2 eV. Since the vibrational 

widths of these peaks are greater than 0.2 eV, the vibrational progressions of I and 2 are 

merged and separate peaks are not observed in the first band. It is only possible to say that 

the 5* and k* ionization energies are similar within the spread of vibrational energies with 

excitation. 

As for the Rh-Rh a, ;r, and 6 ionizations, information from previous studies is 

particularly helpful. For systems such as Mo2(0;CCF,)4,'" ''^ W2(02CCF^)4,'^^ and 

Ru2(02CCF,)4,^^^ it has been observed that in a He n spectrum, the 5 ionization 

approximately doubles in intensity relative to the a and n ionizations as compared to the He I 

spectrum. Because of the similar increase in intensity observed here for peak 3 relative to 

peak 4, peak 3 is attributed to the Rh-Rh 6 ionization and peak 4 to the Rh-Rh a and n 

ionizations. The band at 11.08 eV can also be assigned as arising from ionizations from Rh-
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Rh a- and :c-containing orbitals because of its location, which correlates with the analogous 

band in the spectra of Mo2(03CCF3)4 (10.44 eV) and Ru2(O;CCF04 (10.41 eV). 

The enhanced intensity in the He II experiment of the 5 ionization as compared to the 

a and k ionizations has been reproduced here for Mo2(02CCF,)4. Figure 50 shows the 

He I/He II comparison for these features and fit parameters for these spectra are presented 

in Table 24. With He II ionization, the 8 ionization feature doubles in intensity relative to 

that of the a + 7C band. This phenomenon has been used as a fingerprint for the identity of 

metal-metal 5 and 5* ionizations for this and other systems."**'^'''^ ' " The exact cause of this 

cross-section phenomenon for the 5 ionization has so far not been explained. It has been 

observed only in the bridging dimetal acetates and has been thought to be related to the 

unique nodal properties of the 5 bond as well as to the electron withdrawing ability of the 

bridging ligands (which directly relates to the ionization energy of the metal-metal orbitals). 

The enhancement was first noticed by Green and co-workers who reported the He I and He 11 

spectra for a series of quadruply bonded molybdenum complexes, Mo2(02CCH3)4, 

Mo;(02CC(CH3)3)4, Mo2(02CCF3)4 and MoiCOiCH)^."*' For this series, it was observed that 

the He II intensity of the 6-ionization grew substantially relative to the o + k ionizations for 

both Mo2(02CH)4 ((a + n.):5 ratio goes from 5:1 to 2.5:1) and Mo2(O2CCF04 ((^ + Jc):5 ratio 

goes from 3:1 to 1.7:1). They reported a small intensity enhancement for the 5-band of 

Mo2(02CCH3)4, and an even smalleronefor Mo2(02CC(CH3)3)4. Green and co-workers later 

used this enhancement to assign the photoelectron spectrum of Ru2(02CCF3)4,"^ and again 

observed it in recent synchrotron studies reported for Mo2(02CCF3)4.'" We have also 

observed this enhancement of the 5 ionization band for W2(02CCF3)4, but did not see an 
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Figure 50. He I and He II spectra (8-12 eV) of Mo2(02CCF3)4. 
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appreciable enhancement for W,(02CCH3)4.'^^ For the ruthenium system, it was suggested 

that because the a + Jt band had an IP (10.41 eV) similar to that of the analogous 

molybdenum compound (10.44 eV), these orbitals may contain a relatively large amount of 

carboxylate character. This hypothesis also explains the intensity changes for the 5 and a + 

7t bands for both systems. The mixing of carboxylate character into the CT and k ionizations 

will be a point for consideration. 

It is difficult to determine whether or not the Rh-Rh 5* ionization feature exhibits the 

same increase in intensity as the 5 band because of the substantial overlap of this feature with 

that of the Rh-Rh k* ionization envelope. Green and coworkers observed separate 6* and 

K* ionization features in the photoelectron spectrum of Ru2(02CCF3)4,®^ for which the 

electronic ground state is with the assumption that these features represent ionizations 

from distinct molecular orbitals for this paramagnetic system. However, Ru2(DtolF)4 (DtolF 

= N,N'-di-p-tolylformamidinate; also termed DFM and /^-CH^-form) has been shown to be 

diamagnetic and must therefore have an electronic occupation of The ordering of 

the M-M 5* and ti* orbitals depends on the amount of ligand character in the 5* orbital, such 

that strongly donating ligands with orbitals of the appropriate symmetry tend to destabilize 

the M-M 6* orbital above the M-M n* orbital. This phenomenon has been discussed 

elsewhere^"* '"^ and will be reviewed briefly in the computational results section. 

Therefore, based on this photoelectron data the ground-state electron configuration 

of the Rh-Rh bond in Rh2(02CCF3)4 is with the ionizations from the 5* and 7t* 

orbitals being very close in energy. The observation that the 5* and 7C* ionizations are 

merged in the same energy region largely obviates the question of which is the more stable 



positive ion stale. The 5 ionization is clearly observed to precede the o and n ionization 

band. According to the differences in the He I and He 11 spectra of Rh2(02CCF3)4, it appears 

that the Rh-Rh o and it bonding molecular orbitals contain a considerable amount of ligand 

character. Similarly, some rhodium character is suggested by subtle changes in the 

predominantly ligand region between 13-14 eV compared to the spectrum of Mo2(02CCF3)j 

and by the He I / He n comparison of this region. This matter will be addressed shortly. 

Information from Calculations 

Before discussing the results of the calculations, it is important to clarify the language 

for describing the orbital structure of molecules with metal-metal bonds. The molecular 

orbitals with predominant metal d orbital character (and the associated ionizations) are 

labeled with the traditional Greek symbols a, n, 5.5*. etc. of adimetal unit. These molecular 

orbitals may also contain a substantial amount of ligand character, and this metal-ligand 

mixing is important to understanding the electronic structure and properties of these 

molecules. Under the 04^ point group, the 5 and 5* orbitals refer to the combinations of the 

metal d,,, orbitals while the d,2,yi orbitals are primarily involved in a bonding to the ligands. 

The molecular orbitals with predominant ligand character are labeled with group theoretical 

symbols, using the 04,, symmetry of the atoms directly bonded to the metals. For interactions 

between the dimetal unit and the ligands it is helpful to remember the symmetries of the 

metal-metal orbitals. Thus the metal-metal CT orbital may mix with the ligand a,g 

combinations, the metal-metal it orbitals may mix with the ligand e^ orbitals, and so on. 

These interactions are the focus of the discussion. 

Rh;(02CCF3)4 has been examined previously via the SCF-Xa-SW method.'*' This 
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calculation found a number of ligand-based orbitals in the same energy region as the Rh-Rh 

5*. 7t*. and 5 levels. The ground state calculation of this system indicated that the HOMO 

of Rh2(02CCF3)4 is the Rh-Rh 5* orbital and that it is separated from the next highest 

occupied molecular orbital, the Rh-Rh 7t* orbital, by 0.48 eV. The calculated ionization 

energies, however, suggested that a ligand-based ionization of e„ symmetry should occur 

(12.21 eV) between the Rh-Rh 5* (11.99 eV) and 7t* (12.78 eV) ionizations. A second 

ligand-based ionization (a,g symmetry) was calculated to be at nearly the same energy as that 

of the Tc* and yet another (b,g symmetry) was calculated to be at higher ionization energy than 

the Rh-Rh 5 bond. In the computational comparison of RhiCOiCH)^ and Rh2(02CCF3)4, there 

was a different ordering of the ligand-based orbitals between the formate and trifluoroacetate 

ligand set. It was noted that the e^ set of orbitals of Rh^COnCCFj)^ contained C-C bonding 

character and that there was considerable contribution from the fluorine atoms. This note 

will become important. In addition, Fenske-Hall calculations presented in this same report 

agreed with the SCF-Xa-SW results in that the third highest occupied orbital was a ligand-

based orbital of e^ symmetry that contained C-C bonding character. 

The experimental and computational results to this point present some unexpected 

observations for the M2(0,CCF3)4 molecules in general and the RhiCOjCCFj)^ molecule in 

particular. Basically, the strongly electron-withdrawing CF, groups are expected to stabilize 

the orbital energies of (OjCCFj)' in comparison to those of (O^CCH,)' and to pull them away 

from the valence metal orbitals. However, the ionization studies indicate that the valence a 

and 71 ionizations of MOiCOjCCFj)^ are associated with more ligand character than are those 

of Mo2(0;CCH3)4, and the SCF-Xa calculation on Rh2(0;CCF3)4 intermingles metal- and 
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ligand-based ionizations in the low-energy region. 

Orbital Energies and Interactions. Closer examination of Fenske-Hall calculations 

on several dimetal tetraacetate molecules and on the isolated ligands helps to clarify the 

fragment orbital interactions within the ligand and with the metals. Orbital energies and 

characters for MojCO^CCHOa, Mo2(02CCF3)4, and Rh2(02CCF3)4 are summarized in Tables 

25 and 26. Contour plots of the highest occupied molecular orbitals (Rh-Rh k*, 5*. and 6) 

of Rh,(02CCF3)4 are shown in Figure 51. The ordering of molecular orbitals found with this 

method agrees almost identically with that using the SCF-Xa-SW method. One difference 

is that this Fenske-Hall calculation places three ligand-based molecular orbitals between the 

ligand-based b,g orbital and the Rh-Rh a bond while the SCF-Xa-SW results placed two 

ligand-based orbitals in this same region. The previously reported molecular orbital energies 

and compositions are also similar to those found here. 

The two highest occupied orbitals of Rh2(02CCF3)4 in this calculation are the Rh-Rh 

5* and k*, which are separated by 0.14 eV. The similarity in energy of these two orbitals 

follows from the effect of the metal-metal single bond distance and from the different ligand 

contributions to the 5* and k* orbitals. To a first approximation, the M-M 6* orbital is the 

least antibonding of the metal-metal antibonding orbitals (i.e., the 6*, k*, and a* orbitals) 

because of the smaller overlap between the d,y atomic orbitals on the metal centers. One of 

the highest occupied orbitals of the trifluoroacetate ligand is an antisymmetric combination 

of the oxygen p_ atomic orbitals. Under symmetry, this fragment orbital forms linear 

combinations of ai^, b,u, and Cg symmetry, as shown in Figure 52. The bju combination has 

the appropriate symmetry and orbital orientation to combine with the Rh-Rh 6* fragment 
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Orbital 
Energy (eV) 

Orbital 
Symmetry 

Amount of Metal 
Character 

-10.16 b.„ 91% Rh-Rh n* 

-10.30 11% Rh-Rh 

-12.10 Cu 10% Rh-Rh 7C 

-12.33 87% Rh-Rh 5 Cd,y) 

-12.51 ^Ig 24% Rh-Rh <T 

-13.53 Co 90% Rh-Rh Ti 

-14.24 b.g 22% Rh-Rh 5 

Three Ligand-Based Orbitals Omitted 

-15.75 a,g 80%Rh-Rh<y 

Table 25. Summary of energies and orbital compositions of Rhi(02CCF3)4 determined 
via the Fenske-Hall method. Symmetry labels are for the D4h point group. 



Orbital 
Energy (eV) 

Orbital 
Symmetry 

Amount of Metal 
Character 

M02(02CCH3)4 

-7.23 89% Mo-Mo 5 

-10.33 Cu 89% Mo-Mo 7t 

-11.49 ^Ig 78% Mo-Mo CT 

M02(02CCF3)4 

-9.17 86% Mo-Mo 5 (d,J 

-11.74 Cu 83% Mo-Mo 71 

-12.34 Cu 16% Mo-Mo a 

-12.35 ^Ig 44% Mo-Mo CT 

-13.67 b.s 13% Mo-Mo 6 (d^^y,) 

-14.24 3lg 62% Mo-Mo a 

Table 26. Summary of energies and orbital compositions of Mo^COjCCHjjj and 
Mo2(02CCF3)4 determined via the Fenske-Hall method. Symmetry labels are for the 

point group. 
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5* 5 

Figure 51. Contour plots (value ±0.05) of the Rh-Rh n*, 5*, and 5 molecular orbitals. 
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Figure 52. Contour plots (value ±0.05) of the antisymmetric combination of O 2p^ 
orbitals and the four linear combinations (a,u, b,u, and e^) of this orbital that are formed 

under a paddlewheel geometry. 
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orbital to form one molecular orbital that is metal-Hgand bonding as well as one that is metal-

ligand antibonding. The metal-ligand antibonding combination of these fragment orbitals 

is the molecular orbital that is ordinarily called the Rh-Rh 5* orbital. As shown in Table 25, 

the orbital labeled Rh-Rh 5* is 77% metal in character. The other 23% of the orbital 

character is from the oxygen p orbitals of the ligands. The oxygen p character in this orbital 

is apparent from the contour plot in Figure 51. As a result of the metal-ligand antibonding 

nature of this orbital, the Rh-Rh 5* orbital is destabilized. 

The ligand character in the 5* molecular orbital, as shown in Table 25 and illustrated 

in Figure 51. is calculated to be more than twice that in the 7t* orbital. In the Rh-Rh n* 

orbital this ligand character, which is composed of the second highest occupied orbital of the 

trifluoroacetate ligand (to be discussed below), is antibonding with respect to the Rh-Rh k* 

orbital. Such an interaction acts to destabilize this metal-based orbital. As for the relative 

metal-metal antibonding character of the 7T* orbital in RhjCO^CCF^^, it is certainly less than 

that of the Tt* orbital in a system possessing a metal-metal quadruple, triple, or double bond 

because of the relatively longer metal-metal bond distance observed in this Rh-Rh single 

bond-containing system. The n* orbital is expected to be slightly more metal-metal 

antibonding than the 5* orbital, but the 6* orbital is more metal-ligand antibonding than the 

orbital. These interactions tend to compensate, and the Fenske-Hall calculation 

determines that the Rh-Rh 5* and n* orbitals are nearly degenerate for Rh2(02CCF3)4. 

The O-C-O 7t-bonding and 7c-antibonding fragment orbitals form combinations of a^g, 

e„, and bjg symmetry, the last of which can form bonding and antibonding combinations with 

the Rh-Rh 5 bond.®^ As seen from the contour plot of the Rh-Rh 5 bond in Figure 51, there 



207 

is very little ligand character in this orbital. The oxygen character is canceled out because 

of the similar amount of O-C-O :t-bonding and Tt-antibonding b^g symmetry fragment orbitals 

that contribute to this molecular orbital, leaving a small amount of carbon character in the 

Rh-Rh 5 bond. 

As with the SCF-Xa-SW calculations, the Fenske-Hall calculations suggest that there 

should be numerous ligand-based, metal-metal bond-containing ionizations throughout the 

metal-based ionization manifold for both perfluoroacetate molecules. The ligand-based 

molecular orbitals for Rh^COjCCFJj in the outer valence region are a doubly degenerate e^ 

set located at-12.10 eV and a singly degenerate a,^ orbital at-12.51 eV. A contour plot of 

one of the e^ orbitals is presented in Figure 53. These e,, orbitals contain lOvc Rh-Rh k-

bonding character but the electron density of these molecular orbitals is predominantly 

located on the oxygen atoms and throughout the ligands. Likewise, the a,g orbital at -12.51 

eV possesses a small amount ofRh-Rha-bonding character with the remainder of the density 

found at the oxygen and fluorine atoms. These orbitals have also been found in theoretical 

treatments of Rh2(02CH)4, but they have considerably different ligand character and are both 

more stable than the Rh-Rh 8 orbital, unlike for Rh2(02CCF3)4 for which calculations suggest 

that the ligand-based e^ orbital should be less stable than this metal-metal bonding orbital. 

In further contrast, as seen in Table 26, the three highest occupied molecular orbitals of the 

acetate system Mo2(02CCH3)4 are metal-based. A stepwise examination of the fragment 

orbitals of these ligands is therefore in order to understand how they interact differently with 

the metal-metal bonding manifold. 

Ligand Valence Orbitals. For the puqjoses of this correlation, the formate ( OjCH), 
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Figure 53. Contour plot (value ±0.05) of the ligand-based, Rh-Rh 7C-containing (ej 
molecular orbital. 
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acetate ( 0200113), and trifluoroacetate CO2CCF3) ligands will be compared. A correlation 

diagram of some of the highest occupied molecular orbitals of each of these ligands, as 

determined by the Fenske-Hall method, is presented in Figure 54. Analogous calculations 

were performed via ADF and similar results were obtained. The highest occupied orbital of 

the formate ligand is calculated to be an in-plane, antisymmetric (bi symmetry) combination 

of oxygen 2p atomic orbitals. The next highest occupied orbital is composed of an in-plane, 

symmetric (a,) combination of oxygen 2p orbitals that are out-of-phase with the orbital 

character on the H atom. The third highest occupied orbital is an out-of-plane, antisymmetric 

(a,) combination of oxygen 2p AOs. Similar orbitals occur for the acetate ligand with the 

exception that the a, orbital is less stable because of the increased O-C antibonding 

interaction. All of these orbitals exist for the trifluoroacetate, but there is an important 

difference that occurs as a result of the fluorine lone pairs; the HOMO of the trifluoroacetate 

ligand is not the same as for the acetate or formate ligands. Because of the electron-

withdrawing capability of the fluorine atoms, the b, and a, valence orbitals of trifluoroacetate 

are more stable than in the formate or acetate ligands. However, as a result of the lone pairs 

of the fluorine atoms, the a, orbital contains additional antibonding character between the 

fluorine atoms and the C-C a bond. This orbital is calculated to be in the same energy 

vicinity as the HOMOs of the formate and acetate ligands. Furthermore, in addition to the 

C-C a-bonding and C-F antibonding character of this orbital, there is calculated to be a 

considerable amount of oxygen character that is oriented such that it can interact in a <T 

fashion with the metal atoms of a metal-metal bonded system. 

This orbital overlap effect of the fluorine p orbitals on these ligand orbitals is 
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T rifluoroacetate 

Figure 54. Correlation diagram of highest occupied orbitals (contour value 
±0.05) of the formate, acetate, and trifluoroacetate ligands. One of the 
deeper orbitals of each ligand is included to show the correlation to the 

HOMO of trifluoroacetate. Energies are in eV and symmetry labels are for 
the Cjv point group. 
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reminiscent of the 'mesomeric' effect of fluorine p orbitals on benzene k electrons in 

fluorobenzenes'^" '^^ or the 'hyperconjugative' effect of C-H or C-heteroatom bonds on 

adjacent carbon p orbitals.In the fluorobenzenes the stabilization provided by the 

inductive electron withdrawal by the fluorine on the first benzene n ionization is countered 

by the filled-filled interaction between the fluorine p.j electrons and the benzene ;t electrons. 

In contrast to traditional examples of hyperconjugation, the effect observed for fluorination 

of the acetate ligand involves neither C-heteroatom bonds nor carbon p^ orbitals. Instead, 

the special feature for the fluorination of the acetate ligand is that the p orbital electrons 

("lone pairs") of the three fluorines have filled-filled interactions with the carbon-carbon cr 

bond. This bond in turn has a filleu-illled interaction with the in-plane symmetric 

combination of the oxygen p electrons. The highest occupied orbital is the ai. ibonding 

combination composed of these fluorine p orbitals, the carbon-carbon bond, and the in-plane 

oxygen p orbitals as pictured in Figure 54. In this case the stabilization provided by the 

inductive electron withdrawal by the fluorine atoms is countered by the filled-filled 

interaction between the p orbital electrons of the three fluorine atoms and the carbon-carbon 

a bond. 

vVhen four trifluoroacetate ligands are placed in a paddle-wheel orientation around 

two metal centers, thi /lighest occupied molecular orbital forms linear combinations with 

symmetries (under the point group) of a,g, e^, and b,g which are the same, respectively, 

as the M-M tj and n bonds and the 5 combination of the M d^^yj orbitals. Of course, these 

ligand fragment orbitals can form bonding and antibonding combinations with the metal 

fragment orbital of appropriate symmetry. Because the 5 combination of the M d^^y, orbitals 
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is empty, only the metal-ligand bonding combination is occupied. For this reason, this b,g 

combination is the most stable of the four ligand-based orbitals shown in Table 25. 

Likewise, because the Rh-Rh a and bonds are occupied, as are the three remaining 

combinations of the trifluoroacetate HOMO, the a,g and e^ molecular orbitals can have 

substantial mixing between the metal and the ligands. The mixing of the e^ combination with 

the Rh-Rh TT bond is shown in Figure 53. 

Metal'Ligand Interactions. A molecular orbital diagram that summarizes all of 

these various metal-ligand interactions is presented in Figure 55. This diagram is based on 

the results of the current Fenske-Hall calculation and the energies are not those that have 

been determined experimentally, although there are many similarities. For instance, the order 

of the valence orbitals from the Fenske-Hall calculation is the same as seen experimentally 

from the spectrum of Rh2(O2CCF04, with the exception that the 5 orbital is placed slightly 

below the first k orbital. The major metal-ligand interactions are those that involve the Rh-

Rh a, 7t, 71*, and 5* orbitals. The 5* orbital is metal-based, but contains some amount of 

metal-ligand antibonding character. In the absence of the ligand set, the 5* fragment orbital 

is considerably more stable than the Rh-Rh n* fragment orbital, but upon mixing with the 

ligands, the 5* orbital becomes similar in energy to the Rh-Rh ii* orbital. As for the Rh-Rh 

5 bond, it is slightly destabilized from its energy in the Rh^^ fragment because of a slight 

excess of the ligand b^g O-C-O 7c-bonding fragment orbital over the 7t-antibonding ligand 

fragment orbital of the same symmetry. Regarding the Rh-Rh o and n bonds, these fragment 

orbitals are more stable than are the appropriate symmetry combinations of the 

trifluoroacetate orbitals in the Fenske-Hall calculation. Therefore, the less stable (i.e.. 
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5* 

-10 

12 

-14 

-16 

eV 

Rh-Rh n 
(ligand-based) 

Rh-Rh o 
(ligand-based) 

Rh-Rh 7c 
fmetal-based) 

^Ig 5(d^.y») 
(ligand-based 

Rh-Rh G 
(metal-based) 

Rh2(02CCF3)4 (02CCF3)4^ 

Figure 55. Molecular orbital diagram of Rh2(02CCF3)4 from a transformed Fenske-Hall 
calculation. All orbitals in this diagram are occupied. For clarity, the levels of the 
degenerate 6 (d,y) and S (d,,.y,) Rh,"^ fragment orbitals have been staggered. If the 

molecular orbital energies had been taken from the experimentally determined energies, 
the S (d^y) orbital would be located above the ligand-based Rh-Rh Jt orbitals. 
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antibonding) combination of these ligand and metal fragment orbitals are ligand-based in the 

Fenske-Hall and SCF-Xa-SW calculations. 

The primary point is that the metal-metal a and k orbitals can mix with filled 

trifluoroacetate orbitals of the same symmetry. The calculated order of the ionizations, the 

primary ligand or metal character in the least stable e,, and a,g orbitals. and the degree of 

metal-ligand mixing is sensitive to the relative energies of the metal-metal and ligand 

fragment orbitals. The photoelectron spectroscopy indicates that there is substantial metal-

ligand mixing in the o and k ionizations. The SCF-Xa and Fenske-Hall calculations seem 

to place these ligand orbitals somewhat too unstable relative to the metal orbitals, although 

it must be emphasized that such results are for the ground state ordering of these orbitals 

rather than the energetic order in which electrons are photoionized from these orbitals. 

Such a molecular orbital diagram also explains the change that occurs in the 

ionization profile in the 12-14 eV region. The ionization intensity near 12 eV appears to 

increase in the He II spectrum relative to the ionizations at higher ionization. Assuming that 

the ionizations with some metal-based O and TC character are in this area, these features would 

indeed be expected to increase in intensity in the He n experiment. Because of the large 

number of overlapping ionizations that occur in this part of the spectrum, it is difficult to 

make these assignments conclusively, but such a result is consistent with the remainder of 

the spectrum as well as with these calculations. 

Ionization Energies. Density functional theory has been used previously to probe 

metal-metal bonds*"^'''" and the ability of ADF to calculate ionization energies for the 

systems that have been studied has been reasonably good. ADF computational results are 
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consistent with the band assignments for the photoelectron spectrum of Mo2(02CCF,)4 as 

shown in Table 27. The ionization energies determined with the ADF package (BLYP 

method) via the Koopmans and AEJCT tnethods for the highest metal-containing orbitals of 

Rh2(02CCF3)4 are also presented in Table 27. There are several interesting comparisons that 

can be made between the results from the ADF and Fenske-Hall methods. ADF finds that 

the Rh-Rh 5* orbital is slightly less stable than the Jt* orbital while the Fenske-Hall 

calculation inverts the order of these two orbitals, but both methods determine that they are 

within 0.2 eV, in agreement with analysis of the photoelectron spectrum. In the ADF 

calculation, the separation between the Koopmans values for the 5* and tz* orbitals is 

calculated to be 0.08 eV whereas the AEgcp value is 0.17 eV. In the Fenske-Hall calculations, 

these orbitals are separated by 0.14 eV. Further, the ADF Koopmans energies suggest that 

the orbitals that follow the Rh-Rh 5 orbital to higher binding energy contain Rh-Rh c and n 

character and are metal-based in the neutral ground state calculation but are ligand-based in 

the cation calculation. As is evident from Table 27, relaxation of the Rh-Rh a- and :r-

containing orbitals upon photoionization introduces a large amount of ligand character into 

these orbitals whereas the change in the amount of metal character in the 5 and 5* orbitals 

is much smaller. In fact the relaxation is such that for Rh2(02CCF3)4, the Rh-Rh a- and n-

containing orbitals change from predominantly metal-based in the neutral molecule (69% and 

66% Rh, respectively) to ligand-based (27% and 36% Rh) in the respective cation states. A 

similar trend is observed for Mo2(02CCF3)4, although the Mo-Mo CT and n orbitals are 

calculated to contain more metal character in the cation states (65% and 64%, respectively) 

than in the analogous rhodium system because the molybdenum d orbitals are inherently less 



Expt. IP AEscf IP Koopmans Orbital Character 

Neutral Cation 

Mo,(02CCH3)4 

6.89 6.89 6.89 11% Mo-Mo 5 78% Mo-Mo 6 

8.38 8.34 85% Mo-Mo Ti 62% Mo-Mo 7C 
8.68 

8.65 8.46 87% Mo-Mo a 68% Mo-Mo CT 

Shift 0.09 2.64 

M02(02CCF3)4 

8.76 8.76 8.76 74% Mo-Mo 5 78% Mo-Mo 5 

10.02 9.96 85% Mo-Mo 71 64% Mo-Mo 7C 
10.46 

10.28 10.09 88% Mo-Mo a 65% Mo-Mo a 

Shift 0.20 2.65 

Rh2(02CCF3)4 

9.55 9.55 74% Rh-Rh 5* 64% Rh-Rh 5* 
9.55 - 9.77 

9.72 9.63 88% Rh-Rh 7C* 73% Rh-Rh 71* 

10.61 10.72 10.65 85% Rh-Rh 5 80% Rh-Rh 5 

10.61 10.94 66% Rh-Rh K 36% Rh-Rh 7C 
11.08 

11.46 11.97 69% Rh-Rh a 27% Rh-Rh a 

~ 12.0 11.49 12.06 25% Rh-Rh 71 53% Rh-Rh 71 

Shift 0.27 2.80 

Table 27. Ionization energies and orbital compositions calculated with the ADF package 
using the BLYP method for Mo2(02CCH3)4, Mo2(02CCF3)4, and Rh2(02CCF3)4. All 

calculated energies have been shifted by the amount indicated so that the first ionization 
matches the experimental value. 
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stable than the Rh d orbitals. The intensity of the a and k bands would therefore be expected 

to decrease relative to that of the 5 band from He I to He II excitation as is indeed observed 

in the spectra of Mo2(02CCF3)4 and Rh2(02CCF3)4. The 5* and n* orbital characters are 

intermediate in nature and show intermediate changes in He I/He II intensities. 

The amount of ligand character that is added to the Mo-Mo a and 7t orbitals of 

MO2(02CCH3)4 is calculated to be similar to that for MoiCOiCCF,)^. As is shown in Table 

27, the Mo-Mo a and :t orbitals remain predominantly metal based (68% and 62%, 

respectively). The result is that the intensity of the 6 ionization band may be enhanced for 

all of these compounds, but it is expected to be more enhanced for Rh;(02CCF3)4 than for 

MO2(0,CCF3)4 and Mo2(02CCH3)4. The relative peak areas presented in Table 24 for the 

trifluoracetates and found by Green and coworkers'" for Mo2(02CCH3)4 ( (c + ;r):5 for He I 

is 1:0.21 and for He II is I ;0.36) support this conclusion. The a,g and e^ trifluoroacetate-

based fragment orbitals must therefore be energetically closer to the Rh-Rh a and n fragment 

orbitals than to the same orbitals in the molybdenum system. This result is consistent with 

the greater inherent stability of Rh d orbitals compared to Mo d orbitals. There is thus more 

ligand character introduced into these Rh-Rh orbitals than into the analogous Mo-Mo 

orbitals. As for Mo2(02CCH3)4, there is no C-F antibonding character to destabilize the a,g 

and e^ acetate fragment orbitals. The Mo-Mo o and Jt bonds might therefore be expected to 

mix even less well with these ligand fragment orbitals than is suggested by our calculations. 

Conclusions 

The photoelectron data reported here provide new insight into the nature of the metal-
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metal and metal-ligand valence electronic interactions in the general class of M2(02CR)4 

molecules. These data for Rh2(02CCF3)4 are the first for a Rh-Rh system in this class, and 

this information reflects on the understanding of the electron distribution and bonding 

between metal atoms in the group VI dimetal tetracarboxylates. The ionizations of 

Rh2(02CCF3)4 support a ground state configuration of crn*5rd*-it*^ with nearly degenerate 

ionizations from the Rh-Rh 5* and k* orbitals. The 5 ionization precedes a band that 

contains the a and 7t ionizations. The enhancement of 5 ionizations observed in the He II 

experiment for other dimetal systems is present again in the spectrum of Rh2(02CCF3)4 and 

assists in assigning this ionization. This phenomenon is traced to the high ligand character 

present in the Rh-Rh o- and ;c-containing orbitals of lowest binding energy. 

Computations help to reveal the orbital interactions that are important in determining 

the electronic structure of these molecules, but the methods exhibit varying degrees of 

success in accounting quantitatively for these experimental observations. The characters of 

the molecular orbitals are sensitive to the relative energies of the metal-metal and ligand 

fragment orbitals, and the characters can change substantially with ionization. Overall, the 

ADF method is reasonable in calculating the order and relative separation of metal-metal 

orbitals in Rh2(02CCF3)4. The ionization energies determined by the AEJCF method are in 

good agreement with experiment. Even the Koopmans values, with the exception of that for 

the ligand-based Rh-Rh a ionization, match the order and relative separation of the valence 

ionizations despite their neglect of the electron relaxation process that occurs upon 

ionization. This finding underscores the extent of the metal-ligand orbital mixing and the 

influence of these interactions on the properties of these systems. 
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The increased ligand character in the a and k orbitals of the molecules with 

perfluoroacetate ligands is interesting in light of the high electron-withdrawing ability of the 

fluorine atoms and the stabilization of the ligand orbitals. The photoelectron spectra show 

that the metal-metal ionizations are stabilized similar to the ligand ionizations, so the 

electron withdrawal by the fluorine atoms affects the entire molecule and does not 

preferentially stabilize the ligand orbitals relative to the metal orbitals. A critical factor in 

these systems is the overlap of the filled fluorine p orbital "lone pairs" with the C-C bond in 

one of the highest occupied orbitals of the ligand. As shown by each of the calculational 

methods reported here, this intraligand interaction destabilizes this particular ligand orbital 

relative to other orbitals and allows a better energy match between this orbital and the M-M 

a and 71 bonds. As a consequence, the a and n bond orbitals of Mo2(02CCF3)4 are associated 

with more ligand character than are those of Mo2(02CCH3)4 or Mo2(02CH)4. The a and k 

bond orbitals of RhiCOiCCF,)^ contain the largest amount of ligand character of this group 

of molecules because of the combination of the fluorine electronic effects and the greater 

inherent stability of the rhodium d orbitals. The significant amount of ligand character 

introduced into these molecular orbitals is demonstrated experimentally by photoelectron 

spectroscopy. 
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Chapter 7 

THE ELECTRONIC STRUCTURE OF M.(mhp)4 SYSTEMS 
(M = Cr, Mo, W, Ru, Rh; mhp = 2-hydroxy-6-methylpyridine): 

TUNABILITY OF THE 5 AND 5* IONIZATIONS VIA ENERGY, OVERLAP, AND 
SYMMETRY CONSIDERATIONS 

Introduction 

The tunability of metal-metal bonded systems has so far been discussed in terms of 

molecules that possess 04^ symmetry. The electronic structures of these systems have been 

perturbed by either changing the metal atoms or by modifying a functional group at the 

periphery of the ligand set. Based on symmetry arguments it has been shown for these 

paddle-wheel type systems that the predominant metal-ligand interaction (aside from the M-L 

a bonds) is between the M-M 5* orbital and the appropriate symmetry-adapted linear 

combination of p^ orbitals on the chelating atoms. Metal-ligand orbital interactions were 

also observed for the Rh-Rh c and n orbitals in Rh2(02CCF3)4 as a result of the energetic 

proximity of these fragment orbitals with several ligand orbital combinations of appropriate 

symmetry. However, perturbation of the M-M 5 bond by a particular ligand orbital has not 

been observed here for systems that belong to the D4h point group. Although there are certain 

ligand orbital combinations that possess the correct symmetry for interaction with the M-M 

5 orbital (i.e., the bjg and b^g* ligand orbitals), it was shown for the M2(form)4 and 

M2(02CR)4 systems that these ligand orbitals combine deconstructively with each other in 

the M-M 5 molecular orbital such that there is no electron density on the ligand atoms that 

bind to the metal centers. 
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An example of metal-metal bonded, paddlewheel-type systems that do not possess 

D4h symmetry are the M2(mhp)4 compounds, shown in Figure 56 with the aryi portions of 

three of the ligands omitted for clarity. These molecules belong to the point group, 

which possesses fewer symmetry properties than does the point group. As a result, a 

greater degree of metal-metal, metal-ligand, and ligand-ligand orbital mixing can be 

expected. The influences of such interactions on the valence electronic structure of the 

MjCmhp)^ systems (M = Cr, Mo, W, Ru, Rh) are examined here. Although the photoelectron 

spectra of these systems have already been examined elsewhere,"®®'^' the conflicting 

assignments offered in these reports demand a reexamination of the valence electronic 

structures of these compounds. In addition, the availability of the Ne I ionization source adds 

M2(mhp)4 

Figure 56. Molecular structure of M2(mhp)4 systems. 
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further support to the assignments offered here as do the results of density functional 

calculations. Comparison of the valence electronic structures of the M2(mhp)4 systems here 

with the valence metal-metal and metal-ligand interactions of the M2(form)4 and M2(02CR)4 

systems ultimately provides a unified view of the metal-metal bonding and antibonding 

manifold via symmetry and energetic perturbations that are induced by way of metal atom, 

ligand type, and intraligand functionality modifications. 

Experimental Section 

Photoeiectron Spectra. Samples of M2(mhp)4 (M = Cr,'^^ Mo,'^^ W.'^^ Ru.'"" and 

Rh'^') were prepared according to published procedures. The spectra were measured with 

an aluminum sample ionization cell at I80-210°C, depending on the particular compound. 

Specific sublimation temperatures for these systems are: Cr2(mhp)4 (180°C), Mo2(mhp)4 

(200°C), W2(mhp)4 (205°C), Ru2(mhp)4 (210°C), and Rh2(mhp)4 (210°C). The peak 

positions and relative peak areas for the low energy bands in the Ne I, He I, and He n spectra 

of M2(mhp)4 are given in Tables 28 (Cr), 29 (Mo), 30 (W), 31 (Ru), and 32 (Rh). The 

samples of Cr2(mhp)4 and Rh2(mhp)4 were prepared by Jason English who also collected the 

spectra of these systems. These spectra are presented here to support the interpretation of the 

spectra of the Mo, W, and Ru systems examined as part of this work. 

Calculations. Molecular orbital calculations were performed on the Mo2(mhp)4 and 

Rh2(mhp)4 systems via the Fenske-Hall method^® for comparison not only with previous 

calculations on M-M bonded systems but also with the results of the density functional work 

presented here. Atomic basis functions were generated using the method of Bursten et al.^' 
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Position Relative Peak Areas 
.. Assignment 

Ne I He I He n 

6.65 1 1 

7.30-7.65 7.62 8.08 

8.07-8.31 6.11 6.05 

Table 28. Peak positions and relative areas in the Ne I, He I, and He 11 photoelectron 
spectra of Cr2(mhp)4. 

I Cr-Cr 6 

- , Ligand-Based b, and e 
(and Cr-Cr CT + 7t) 

_ _ Ligand-Based a^ 
(and Cr-Cr a + TT) 

Position Relative Peak Areas 
Assignment 

Ne I He I He D 

5.82 1 1 

7.59 8.31 5.42 

8.14 3.21 1.91 

Table 29. Peak positions and relative areas in the Ne I, He I, and He n photoelectron 
spectra of Mo2(mhp)4. 

I Mo-Mo 6 

J J Ligand-Based b, + e 
(and Mo-Mo <y + 7i) 

Ligand-Based a, 
(and Mo-Mo a + 7t) 
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Position Relative Peak Areas 

Ne I He I He 0 

7.69 4.02 3.62 3.62 

Assignment 

5.21 1 1 1 W-W5 

7.17 1.64 1.94 1.81 W-W ;t 

Ligand-Based b, + e 
and W-W CT 

8.08 0.94 0.98 0.96 Ligand-Based a^ 

Table 30. Peak positions and relative areas in the Ne I, He I, and He II photoelectron 
spectra of W2(mhp)4. 

Position Relative Peak Areas 

Ne I He I He n 

8.22 1.90 1.53 1.12 

Assignment 

5.70 1 1 1 Ru-Ru-'S* 

6.22 0.75 0.86 0.82 Ru-Ru'S* 

6.71 1.49 1.60 1.48 Ru-Ru "*5,'5, and "JT* 

7.60 5.84 5.03 4.38 
Ligand-Based b, + e 

and Ru-Ru o + 7t 

Ligand-Based a2 
and Ru-Ru a + ;c 

Table 31. Peak positions and relative areas in the Ne I, He I, and He II photoelectron 
spectra of Ru2(mhp)4. 
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Position Relative Peak Areas 

Ne I He I He n 

8.60 0.63 0.61 0.43 

Assignment 

Rh-Rh 5* 
6.53 0.48 0.57 0.65 (a,; metaJ-ligand 

antibonding) 

Rh-Rh 5 
7.11 0.46 0.53 0.72 (b,; metal-iigand 

antibonding) 

7.30 1 1 1 Rh-Rh 7t* 

7.69 0.90 0.83 0.53 Ligand-Based e 

8.06 1.22 1.05 0.79 
Ligand-Based b, 

(metal-ligand bonding) 

8.42 0.60 0.54 0.33 , ^ig^d-Based a^ 
(metal-ligand bonding) 

Rh-Rh 7t 

8.80 0.42 0.36 0.18 and possibly Rh-Rh a 

Table 32. Peak positions and relative areas in the Ne I. He I, and He II photoelectron 
spectra of Rh2(mhp)4. 



226 

Contracted double-zeta functions were used for the Cr, Mo, and W valence d atomic orbitals 

(AOs) and for the carbon, nitrogen, and oxygen 2p atomic orbitals. Basis functions for the 

metal atoms were derived for the 1+ oxidation state. Ground state atomic configurations 

were used for the basis functions of all other atoms. The bond distances and angles were 

taken from the reported crystal structures and the total geometry of the system was idealized 

to D2J symmetry. 

Density functional calculations were performed with the ADF (Amsterdam Density 

Functional) package, version 2.3.0.^~"^'* Results from LDA (Xa) and GGA (BLYP) 

computations are presented here. Basis sets used for the transition metal atoms were from 

set IV (triple-C Slater-type orbitals) and for C, N. and H were from set II (double-C STOs). 

For Mo, Ru, Rh (n = 3), and W (n = 4), the core orbitals were defined as the nd orbitals and 

lower. For Cr, the 2p orbitals and lower were considered core. Ionization energies for each 

system were calculated by determining the total energy difference between the neutral and 

cationic systems, with electrons being removed from the various valence molecular orbitals. 

The default SCF convergence criterion was employed. 

Background 

M2(inhp)4. General Theory and Symmetry Considerations. A discussion of the 

metal-metal and metal-ligand orbital interactions in the structurally similar Dj^ paddle-wheel-

type M2(L-L)4 systems has been given in Chapter 3. The relative ordering of the metal-metal 

bonding and antibonding orbitals was shown to be dependent not only on the metal-metal 

bond length and bond order, but also on the donor ability and pertinent valence orbitals of 
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the ligand set. For the M2(02CR)4 (M = Mo, Rh; R = CFJ and MiCfotTn)^ (M = Mo, Ru, Rh) 

systems, one of the predominant valence metal-ligand interactions was found to be ;t in 

nature between the M-M 5* and ligand b,u (nonbonding, antisymmetric combination of p 

orbitals on the donor atoms) fragment orbitals. For the MiCOiCCF,)^ (M = Mo, Rh) systems, 

it was also found that certain ligand fragment orbitals could interact with the M-M a and n 

orbitals. 

Additionally, the entirely 7t-bonding or 7c-antibonding O-C-O or N-C-N ligand 

fragment orbitals form linear combinations under the Djh point group that have the proper 

symmetry to interact with the M-M 5 fragment orbital. However, these so-called b^g and b^g* 

fragment orbitals have similar overlaps with and energy separations from the M-M 5 

fragment orbital such that they combine with each other to give no net stabilization or 

destabilization to the 5 orbital, which thus remains predominantly metal-based. As shown 

in Table 5. fragment orbital calculations suggest that similar amounts of the b^g and b^g* 

ligand fragment orbitals are present in the M-M 6 orbital and the only evidence from contour 

plots that these ligand fragment orbitals interact with the 5 orbital is the constructive overlap 

of electron density on the C atom. The electron density on the O or N atoms from the b^g 

orbital combines deconstructively with that of the b^g* orbital so that there is no net orbital 

density on the donor atoms. Thus, for all of these systems of D4h symmetry, the effects of 

ligand contribution to the valence metal-metal bonding and antibonding orbitals can be 

observed in the photoelectron spectra and explained computationally for the M-M o, n, and 

5* orbitals, but the M-M 5 bond remains predominantly metal-based under this molecular 

symmetry and for these transition metals. 
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For M2(02CCH3)4 and M2(form)4, it was shown that the highest occupied ligand 

orbital contains p^ character at the O or N donor atoms and that the phases of these orbitals 

are antisymmetric with respect to each other such that there is no orbital character on the 

central C atom. Under D4h symmetry, this ligand orbital forms linear combinations of a,u, 

b,u, and Cg symmetries. Because the M-M 5* fragment orbital possesses bj^ symmetry and 

because it has the same nodal properties as the ligand combination of b,u symmetry, these 

metal and ligand fragment orbitals can form bonding and antibonding combinations with 

each other. The ai^ and e^ combinations, however, do not have the appropriate symmetry to 

interact with any of the other metal-metal bonding or antibonding orbitals, so these molecular 

orbitals contain no metal character. 

Although the M2(mhp)4 compounds can also be considered as being paddlewheel-type 

systems, the lower symmetry (02^) of these molecules permits different orbital interactions 

than those for the D4h point group. It might be reasonably expected that the highest occupied 

7i-type orbital of mhp" has the same orbital character at the O and N atoms as was observed 

for the formamidinate and acetate ligand sets, namely antisymmetric p^ character at the O and 

N donor atoms. Under the point group, this ligand orbital (and indeed any ;c-type ligand 

orbital) forms combinations of a2, b,, and e symmetry, which are shown in Figure 57. The 

symmetry labels of the various metal-metal interactions under this point group are: CT (a,), n. 

(e), 5 (b,), 5* (a2), Tt (e), and a*(b2). Simple comparison of symmetry labels shows, for 

example, that the M-M 5 orbital is allowed by symmetry to interact with ligand orbitals of 

b, symmetry and that the M-M 6* orbital can interact with those of aj symmetry. 

However, further examination of the nodal properties of the b, and a2 ligand orbitals 
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Figure 57. Symmetry adapted linear combinations of the highest 
occupied 7i-type orbital of the mhp ligand. 
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and the M-M 5 and 5* orbitals shows two different types of metai-ligand interactions. 

Shown in Figure 58 are the valence M-M 5- and 5*-containing molecular orbitals that are 

formed upon mixing with the appropriate ligand orbital. It can be seen from the M-M 5*-

containing orbital that all of the M-N and M-O interactions are 7c-antibonding. Such an 

interaction, as was seen for systems of D4h symmetry, acts to destabilize the metal-based M-

M 6* orbital to various degrees, depending on the donor ability of the ligand set. There is, 

of course, a corresponding orbital that is entirely metal-ligand ;t-bonding and it was shown 

in the photoelectron spectrum of Mo2(cyform)4 that the ionization from this b,u symmetry 

orbital is considerably more stable than the ionizations from the entirely ligand-based a,u and 

Cg ionizations. 

Inspection of the metal-based M-M 5 orbital shows that the M-N interactions are tz-

bonding but that the M-O interactions are ;c-antibonding. Under 04^ symmetry, the M-M 5 

fragment orbital possesses big symmetry while the analogous orbital combination is of a,„ 

symmetry, so this metal-ligand interaction is forbidden for M2(02CCH3)4 and M2(form)4. 

However, for M2(mhp)4, the M-M 5 fragment orbital and this ligand orbital both possess b, 

symmetry and are not prohibited by symmetry from mixing. However, neither combination 

of these metal and ligand fragment orbitals can be completely metal-ligand bonding or 

antibonding because of the orientations of the M d,y orbitals that form the 8 orbital or of the 

p orbitals on the O and N atoms. Nevertheless, even if this sort of interaction does not 

destabilize the now metal-ligand antibonding, metal-based M-M 5 orbital with respect to the 

M-M c and 7c orbitals, it does add ligand character to the M-M 5 orbital. In fact, such an 

interaction is indicated in the photoelectron spectra of the M2(mhp)4 systems as will be 



Rh-Rh 6 Rh-Rh 8* 

Figure 58. Contour plots of Rh2(mhp)4 depicting the metal-ligand 
interactions in the 6 and 5* molecular orbitals. 
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discussed shortly. 

Results and Discussion 

Information from Ionization Characteristics. The He I valence photoeiectron 

spectra of M,(nihp)4 are presented in Figures 59 (M = Cr, Mo, W) and 60 (M = Mo. Ru, Rh) 

and He I spectra of the 5 to 9 eV region for these systems are presented in Figures 61 (M = 

Cr. Mo, W) and 62 (M = Mo, Ru, Rh). The Ne I, He I, and He II spectra of the 5 to 9 eV 

region for each system are provided in Figures 63 (Cr), 64 (Mo), 65 (W), 66 (Ru). and 67 

(Rh). Spectral fit parameters are provided in Tables 28 (Cr), 29 (Mo), 30 (W), 31 (Ru), and 

32 (Rh). Justification for the assignments provided in these tables will be given shortly. 

At ionization energies greater than 9 eV, all of the photoeiectron spectra have similar 

features as is evident from the spectra. Although assignments for these bands have been 

offered in previous reports, these features will not be discussed here. The features in the 9-

11 eV region will not be discussed here. At energies less than 9 eV the spectra, except for 

that of the rhodium system, also have similar features. For the Cr, Mo, and Ru systems, an 

intense ionization band is present at 7.6 eV with a shoulder near 8.2 eV. For the W system, 

a similarly intense ionization feature is present at 7.7 eV, but the shoulder at 8.1 eV is 

relatively less intense than for the Cr, Mo, and Ru systems. A shoulder at 7.2 eV is also 

present in the spectrum of W2(mhp)4. For the Group VI systems, an ionization band is 

present at 6.7 eV (Cr), 5.8 eV (Mo), and 5.2 eV (W) while for Ru2(mhp)4, three ionization 

features (at 5.7, 6.2, and 6.7 eV) are evident. The bands at 6.2 and 6.7 eV for Ru2(mhp)4 

appear to be somewhat broad on their high energy sides. 



M = Cr 

M = Mo 

M = W 

15 13 11 

Ionization Energy (eV) 

Figure 59. Full He I spectra of M2(mhp)4 (M = Cr, Mo, W). 
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M = Mo 

M = Ru 

M = Rh 

7 5 9 13 11 15 

Ionization Energy (eV) 

Figure 60. Full He I spectra of M2(mhp)4 (M = Mo, Ru, Rh). 
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M = Cr 

M = Mo 

M = W 
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Ionization Energy (eV) 

Figure 61. Closeup He I spectra of M2(mhp)4 (M = Cr, Mo, W). 
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M = Mo 

M = Ru 

M = Rh 

5 6 9 8 7 

Ionization Energy (eV) 

Figure 62. Closeup He I spectra of MiCnihp)^ (M = Mo, Ru, Rh). 
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+OH-7C ... bi+e 
+a+7c 

9 8 7 

Ionization Energy (eV) 

Figure 63. Closeup Ne I, He I, and He n spectra of Cr2(mhp)4 
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+a+7C bj+e 

+a+7i 

9 8 7 6 5 

Ionization Energy (eV) 

Figure 64. Closeup Ne I, He I, and He n spectra of Mo2(mhp)4. 
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Figure 65. Closeup Ne I, He I, and He n spectra of W2(mhp)4. 
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Figure 66. Closeup Ne I, He I, and He II Spectra of Ru2(mhp)4. 
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Ionization Energy (eV) 

Figure 67. Closeup Ne I, He I, and He n spectra of Rh2(mhp)4. 
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Several trends are also apparent from the variable energy photon experiments. For 

the Mo. W, and Ru systems, the bands at ionization energies less than 7 eV are the least 

intense with respect to the band at 7.6-7.7 eV in the Ne I spectra while the intensities of these 

bands are similar for the He I and He n spectra. For the Cr, Mo, and Ru systems, the 

shoulder near 8.2 eV is the most intense in the Ne I spectra and the least intense in the He n 

spectra. The shoulder at 8.1 eV in the spectrum of W2(mhp)4, however, has a relatively 

similar intensity to that at 5.2 eV for all of the spectra. 

For Rh2(mhp)4. numerous individual ionization features are apparent in the 6-9 eV 

range. A nearly separate band occurs at 6.5 eV while a number of sharp overlapping 

ionizations can be seen at 7.3 (with a shoulder at 7.1), 7.7, and 8.4 eV. Less intense 

ionization bands are also present at 8.1 and 8.7 eV. For the Ne I spectrum, the most intense 

bands are those at 7.7 and 8.4 eV. These bands and the one at 8.1 eV decrease in intensity 

relative to those at 6.5, 7.1, and 7.3 eV from the Ne I to the He I and He 11 spectra. 

Assignment of Spectral Features: The Cr-, Mo-, and W-Based o, n, and 6 

Ionizations. For comparison, the current and previously reported assignments for these 

spectra (Cr," Mo,"^®^^ W,®') and for the spectra of the Ru™ and Rh^' systems are provided 

in Tables 33, 34, and 35. Selected ionization energies for M2(02CCH3)4 (M = Cr, Mo, W), 

M2(02CCF3)4 (M = Rh), M2(mhp)4 (M = Cr, Mo, W, Rh), and M2(form)4 (M = Cr, Mo, W, 

Rh) are provided in Table 36. As has been previously assigned, the band at lowest energy 

in the M2(mhp)4 (M = Cr, Mo, W) is from the ionization of the M-M 5 bond. This 

assignment is made for several reasons. First, the energies of these bands are similar to those 

for the analogous M2(fomi)4 systems, with the W-W 5 being the easiest to ionize and the Cr-
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Position 
(eV) 

Current 
Assignment 

Cotton et al. Gamer et al. 

Cr2(mhp)4 

6.65 Cr-Cr 5 Cr-Cr 5 Cr-Cr 5 

7.30-7.65 
Ligand-Based b, 

and e 
and Cr-Cr a + ;t 

Ligand-Based b, and e 
and Cr-Cr n 

Ligand-Based 
b,, e, and a2 

8.07-8.31 
Ligand-Based a2 
and Cr-Cr a + ;i 

Ligand-Based a2 
and Cr-Cr k 

Cr-Cr G + 7t 

MojCmhp)^ 

5.82 Mo-Mo 5 Mo-Mo 5 Mo-Mo 5 

7.59 
Ligand-Based b, + 

e 
and Mo-Mo a + 7C 

Ligand-Based b, + e 
and Mo-Mo n 

Ligand-Based 
b|. e. and a2 

8.14 
Ligand-Based a2 

and Mo-Mo a + ̂  
Ligand-Based a2 

and Mo-Mo tt 
Mo-Mo a + a 

Table 33. Comparison of current and previously reported assignments 
for M2(mhp)4 (M = Cr, Mo). 
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Position (eV) Current Assignment Cotton et al. 

5.21 W-W5 W-W5 

7.17 W-W n Spin-orbit split W-W 7i 

_ Ligand-Based b, +e , . . _ .. 7.69 ® Ligand-Based b, 4- e + a^ 
and W-W a ° ' * 

8.08 Ligand-Based a^ Spin-orbit split W-W TC 

Table 34. Comparison of current and previously reported assignments for Wj(mhp)4. 
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Position (eV) Current Assignment Gamer et al. 

Ru2(mhp)4 

5.70 Ru-Ru *5* Ru-Ru n* 

6.22 Ru-Ru-5* Ru-Ru 5* 

6.71 Ru-Ru ^6, "5, and "Tt* Ru-Ru 5 

7.60 
Ligand-Based b, + e 

and Ru-Ru CT + tc 
Ligand-Based 
bp e, and ai 

8.22 
Ligand-Based a2 
and Ru-Ru o + k 

Ru-Ru 71 
and possibly Ru-Ru a 

Rh2(mhp)4 

6.54 
Rh-Rh 5* 

(a,; metal-ligand antibonding) 
Rh-Rh 5* 

7.06 
Rh-Rh 6 

(b,; metal-ligand antibonding) 
Not assigned 

7.29 Rh-Rh n* Rh-Rh n* 

7.70 

8.06 

8.42 

8.6-8.6 

Ligand-Based e 

Ligand-Based b, 
(metal-ligand bonding) 

Ligand-Based 
(metal-ligand bonding) 

Rh-Rh7t 
and possibly Rh-Rh a 

Ligand-Based 
b, and e 

Rh-Rh 6 

Ligand-Based a.2 

Rh-Rh 7c 
and possibly Rh-Rh c 

Table 35. Comparison of current and previously reported assignments 
for M2(mhp)4 (M = Ru, Rh). 
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M2(02CCH3)4 M2(mhp)4 M2(f^O'T^)4 

Cr-Cr a 
8.1-8.3 7.08 

Cr-Cr K 8-9 

Cr-Cr 5 6.65 6.44 

Mo-Mo a 
8.68 7.6-8.1 7.32 

Mo-Mo 71 

Mo-Mo 5 6.89 5.82 5.63 

W-W a 8.57 ca. 7.7 7.54 

W-Wti 7.86 7.17 7.33 

W-W 5 6.10 5.21 5.23 

Table 36. Comparison of selected ionization energies for M2(02CCH3)4, M2(mhp)4, and 
M2(form)4 (M = Cr, Mo, W). 
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Cr 5 bond the most difficult. Second, the intensities of these bands follow the trend predicted 

by the theoretical atomic cross-sections, with the W-W 6 ionization band in the He I 

spectrum being similarly as intense relative to the bands in the 7.1 -7.8 eV region as that from 

the Mo-Mo 5 ionization band and the Cr-Cr 5 ionization band being much less intense. 

Similar trends can be observed between the Ne I and He II spectra. 

Unlike for the M-M 6 ionization band, the assignment of the spectral features in the 

7.0-8.5 eV region have not been agreed upon in previous reports. According to the variable 

energy photon experiments performed here, the most intense feature (7.6 eV) of this band 

grows in intensity by 53% relative to the Mo-Mo 5 ionization feature for Mo2(mhp)4 from 

the He I to the Ne I spectrum while the shoulder at 8.1 eV increases by 68%. These features 

decrease in intensity from the He I to the He n spectrum by 6% and 20%, respectively. Such 

trends suggest that these ionizations are from ligand-based orbitals. A similar trend is 

observed for these features in the spectra of W,(mhp)4, although the absolute intensities of 

the features at 7.7 and 8.1 eV (3.6 and 1.0, respectively, for He I) are smaller than for the 

features at 7.6 and 8.1 eV (5.4 and 1.9, respectively) for the molybdenum analogue. 

However, if the area under the shoulder at 7.2 eV for W2(mhp)4 is included, the intensity of 

the M-M 5 ionization band relative to the features in the 7.0-8.5 eV region is similar for both 

systems (1:7.3 for M = Mo and 1:6.5 for M = W in the He I spectra). 

Although the relative intensities of the features in a photoelectron spectrum are only 

partially dependent on the degeneracies of the orbitals from which the electrons are ionized, 

the data suggest that there are approximately seven times as many electrons being ionized 

from molecular orbitals in the 7.0-8.5 eV region as from the Mo-Mo and W-W 6 bond. 
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Ionizations from seven molecular orbitals must therefore be ascribed to the features in this 

region. From the photoelectron spectra of the M2(02CCH3)4 and MiCfonn)^ systems, it is 

possible to determine an approximate energy separation for the Mo-Mo 5 and (a + a) 

ionization bands (1.79 and 1.69 eV, respectively), for the W-W 5 and n bands (1.76 and 2.10 

eV, respectively), and for the W-W A and TC bands (0.71 and 0.21 eV, respectively). 

Therefore, the Mo-Mo (a + n) would be expected to occur at approximately 7.6 eV, which 

is the position of the most intense band in the 5-9 eV region of this spectrum. Such an 

assignment would account for three of the seven molecular orbitals from which ionizations 

occur in this energy region. As for the tungsten system, the W-W it ionization would be 

expected to occur at ca. 7.1 eV, which is indeed the position of the shoulder on the low 

energy side of the band at 7.7 e V. The W-W o ionization should thus occur at approximately 

7.6 eV, which is almost directly under the intense feature at 7.7 eV. 

It should be emphasized here that recent photoelectron spectroscopic studies of W,"** 

systems have not supported the idea that the W-W TC ionizations should be spin-orbit split. 

Cotton and coworkers^' suggested that these ionizations should be separated into "E,/, and 

-E3/2 components, of which one would give rise to the ionization feature at 7.2 eV and the 

other to the shoulder at 8.1 eV for WiCmhp)^. Based on the relative intensities of the features 

at 5.2 and 7.2 eV, the W-W k ionizations appear to occur under a single band. Any spin-

orbit splitting that may occur is therefore too small to be observed in this spectrum. 

Having determined three of the seven molecular orbitals from which ionizations 

occur for the Mo and W systems, it is necessary to deduce the nature of the remaining four 

orbitals and to determine why it appears that one of them (the feature at ca. 8.1 eV) is more 
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stable than the other three. It was assumed earlier that the highest rt-type ligand orbital has 

antisymmetric character at the N and O atoms and that the four symmetry combinations 

of this ligand orbital have symmetries of a^, b,, and e. While the e combination does not 

have the proper symmetry to interact with any metal-fragment orbitals, it was shown that the 

a, combination forms completely metal-ligand bonding and completely metal-ligand 

antibonding combinations with the M-M 5* fragment orbital. However, both combinations 

of the b, and M-M 5 fragment orbitals are partially metal-ligand bonding and metal-ligand 

antibonding. The ligand-based a^ metal-ligand bonding combination should therefore be 

expected to be considerably more stable than the e combination while the b, combination, 

because it is neither predominantly metal-ligand bonding or antibonding, can be expected to 

have an energy similar to the e combination. The b, and e ionizations are therefore assigned 

to the feature at 7.6-7.7 eV while the a^ ionization gives rise to the shoulder at ca. 8.1 eV. 

These assignments also apply to the Cr and Ru systems. The more broad a^, ionization 

feature for Mo2(mhp)4 is a result of the overlap of the Mo-Mo A + TC ionizations with the a, 

band. The a^ feature in the spectrum of the W system is less intense because of the shift of 

the W-W a and n ionizations to lower ionization energy. 

As for the spectrum of Cr2(mhp)4, it is difficult to draw comparisons from the spectra 

of Cr2(02CCH3)4 and CriCfomi)^ in order to make assignments of the Cr-Cr a + 7c ionizations. 

The spectrum of Cr2(mhp)4 is the only one to date in which a clearly defined Cr-Cr 5 

ionization has been observed. Such an observation is a result of the lower symmetry of 

Cr2(mhp)4 than of the acetate and fonnamidinate systems. With the presence of an 

energetically similar ligand-based orbital of b, symmetry, considerable ligand character can 
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be present in the Cr-Cr 5 bond even if the interaction is neither entirely metal-ligand bonding 

nor antibonding. However, if the metal-ligand interaction is sufficiently antibonding, the Cr-

Cr 5 bond will be destabilized relative to the Cr-Cr a and tz bonds and its ionization will be 

resolved from the Cr-Cr o and 7i ionizations. As for Cr,(02CCH3)4, the Cr-Cr a, k, and 5 

ionizations appear to be under a single broad band. It thus appears for the tetraacetate that 

the relatively high molecular symmetry and worse donor ability of the ligand set do not act 

to separate the Cr-Cr 5 ionization from the a and n ionizations. For CriCform)^, a shoulder 

near the ligand-based a,„ and Cg ionizations was preliminarily assigned in Chapter 3 as 

resulting from the Cr-Cr 5 ionization because of its similarity in position to the 8 ionization 

reported for Cr2(mhp)4. However, this band is partially obscured by several ligand-based 

ionizations and the location of the Cr-Cr a and 7c ionizations is entirely uncertain because of 

the numerous ligand-based ionizations at higher energies. The ratios of the areas under the 

Cr-Cr 5 ionization band and the broad ionization envelope in the 7.0-8.5 eV region suggest 

that the Cr-Cr a and 7C ionizations may be coincident with the ligand-based ionizations that 

occur here. In the He I spectrum, the ratio of the Cr-Cr 6 ionization band to the broad 

ionization feature is 1:14.1, but it must be remembered that the theoretical ionization cross-

section for the Cr 3d atomic orbitals is considerably smaller than are those for the Mo 4d or 

W 5d orbitals. Relative to the metal-based ionizations, those from the ligand-based orbitals 

will therefore appear more intense in the spectrum of Cr2(mhp)4 than for the Mo and W 

analogues. 

Assignment of Spectral Features: The Ru-Based o, n, 6, d*, and it* Ionizations. 

The profile of the features in the 7.5-8.5 eV region for Ru2(mhp)4 is similar to that observed 
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for MoiCmhp)^. The ratios of the areas of the shoulder (8.2 eV) to the principle portion of 

the band (7.6 eV) are 1:3.3 for the Ru system and 1:2.6 for the Mo2(mhp)4 in the He I 

spectrum. Given that the Ru-Ru g and tz ionizations are believed to be coincident in the 

spectrum of Ru2(02CCF,)4 and that they occur at nearly the same ionization energy as the 

Mo-Mo G and 7t ionizations in Mo2(02CCF3)4, a reasonable assignment would be that the Ru-

Ru CT and 7Z ionizations in Ru2(mhp)4 occur in the 7.5-8.0 eV region and are coincident with 

the ligand-based ionizations. Whether or not these ionizations are split as a result of the 

paramagnetic nature of the cation cannot be determined from the spectrum. 

As for the Ru-Ru 5, 5*, and n* ionizations, there is some question regarding the 

interpretation of the three ionization features that occur at 5.7, 6.2, and 6.7 eV. Ru2(mhp)4 

has been shown to be paramagnetic, with a ground state electronic configuration of 

cr7i^5-6**7c*". This configuration also is believed to apply to Ru2(02CCF3)4. Upon ionization 

of an electron from orbitals other than the Ru-Ru it*, doublet or quartet cationic states can 

be formed depending on the spin of the electron that has been removed. Of course, 

ionization of a ic* electron gives rise to only a doublet cation state. 

Previous assignments of the photoelectron spectra of Ru2(mhp)4^° and 

Ru2(02CCF3)4^^'" have been proposed based on the assumption that the ionizations to the 

quartet and doublet cationic states will not have considerably different energies and will 

therefore not be resolved from each other in the spectrum. Hence the assignment by Gamer 

and coworkers that the features at 5.7, 6.2, and 6.7 eV in the spectrum of Ru2(mhp)4 arise, 

respectively, from ionizations of the Ru-Ru it*, 5*, and 5 orbitals.™ Of the three ionizations, 

that from the Ru-Ru 5 orbital was assigned to the band at highest ionization energy. It was 
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reasoned that this orbital should be the most stable of the three because of its metal-metal 

bonding character. Because the Ru-Ru n* orbital should be less stable than 5*. the feature 

at 5.7 eV was assigned to ionizations from the Ru-Ru k* orbital and that at 6.2 eV to 

ionization of the 5* orbital. Because of the different intensities of these bands, it was 

suggested that the ground state electronic configuration was although the authors did 

admit that such an assignment did not take account of spin multiplet effects that might be 

considerably important for this system. 

An assignment of the Ru-Ru it*, 5*. and 5 ionizations will not be made here solely 

based on spectral observations. This system has been examined via density functional 

calculations, the results of which will be presented shortly. The results of these computations 

and of several publications in which absorption spectra have been collected for 

Ru^'^^-containing systems ultimately lead to an alternate assignment for these bands. 

Assignment of Spectral Features: The Rh-Based 6, 6*, and n* Ionizations. In 

comparing the Ne I, He I, and He n spectra of Rh2(mhp)4, there are three features that grow 

in intensity under Ne I photoionization compared to He I and that decrease in intensity in the 

He n spectrum. These features, which are the bands at 6.5 and 7.3 eV and the shoulder at 

7.1 eV, are therefore metal-based and arise from ionizations from the three least stable Rh-

Rh orbitals: 5, 5*, and TC*. For Rh2(02CCF3)4, the ionizations from the 5* and n* orbitals 

were found to be nearly coincident because the 5* orbital, which already contains metal-

metal antibonding character, also was found by calculations to contain metal-ligand TC* 

character. As for Rh2(p-CH3-form)4, the Rh-Rh 6* orbital is even more destabilized relative 

to the Rh-Rh n* orbital (0.91 eV separation between ionization features) because of the better 
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electron donor formamidinate ligand, which renders the Rh-Rh 5* orbital even more metal-

ligand antibonding than in the acetate system. Considering that the mhp ligand is an 0,N-

donor, and is therefore a better electron donor that the 0,0-donor acetate system, the 

ionization from the Rh-Rh 5* orbital should be expected to be easier than that from the Rh-

Rh 7t* orbital, but by an amount intermediate to that observed for Rh2(0,CCF,)4and Rh2(p-

CHj-fonn)^. The separation between the features at 6.53 and 7.30 eV is 0.77 eV and the 

feature at the lower ionization energy is therefore assigned here as from the Rh-Rh 6* orbital 

and that at higher energy is from the Rh-Rh n* orbital. Considering the relative ratios of the 

functions that have been used to fit these two features (1.0:1.8) and the degeneracies of the 

5* and n* orbitals (1:2), such an assignment is appropriate. 

This assignment, however, forces the conclusion that the shoulder at 7.1 eV arises 

from the ionization of the Rh-Rh 5 orbital. This orbital must somehow be less stable than 

the presumably strongly metal-metal antibonding TI* orbital. The preliminary discussion of 

the interaction of the 5 orbital with the b, ligand fragment orbital showed that half of the 

metal-ligand interactions were bonding while the other half were antibonding. The spectrum 

appears to suggest that the stabilization of the M-M 5 fragment orbital that occurs upon 

changing the metal from Mo to Rh alters the metal-ligand b, interaction by making it more 

metal-ligand antibonding for Rh than for Mo. As a result, the metal-based Rh-Rh 5 

ionization is destabilized relative to the 6* ionization and the lower, ligand-based 

combination, which must be more metal-ligand bonding than for the Mo system, should 

therefore be stabilized. This point will be rejoined shortly. 

Further evidence of this different type of metal-ligand interaction is seen in the 
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different appearance of the spectrum in the 7.5-9.0 eV region for Rh2(mhp)4 than for all of 

the other systems. A relatively sharp feature is present at 7.7 eV, which is where the e and 

b, ligand-based ionizations are located in the spectra of the Group VI and Ru systems. The 

area under this feature is similar to that of the Rh-Rh iz* ionization band and is twice that of 

the Rh-Rh 5* ionization, suggesting that these ionizations are from a doubly degenerate set 

of orbitals. This feature is therefore assigned to the ionization of the ligand-based e orbitals. 

Therefore, the features at 8.1 and 8.4 eV are from the a; and b, ligand-based orbitals. Given 

that the a, combination is entirely metal-ligand bonding, it should be more stable and thus 

at a higher ionization energy than the b, ionization. The feature at 8.4 eV is therefore 

assigned to the a, ionization while the b, ionization is located at 8.1 eV. Interestingly, the 

energy separation between the ligand-based, metal-ligand bonding ionization and the 

metal-based, metal-ligand antibonding 5* ionization (1.89 eV) is almost exactly twice the 

separation found between the ligand-based, half metal-ligand bonding, half metal-ligand 

antibonding b, ionization and the metal-based half metal-ligand bonding, half metal-ligand 

antibonding 5 ionization (0.95 eV). Such a finding is consistent with the twice as great 

metal-ligand bonding character of the ligand a, orbital over the b, orbital and the twice as 

great metal-ligand antibonding character of the metal 5* orbital over the 5 orbital. 

Finally, the observed separation between the Rh-Rh 5* and k* ionizations of 0.77 e V 

is especially interesting given the paramagnetism of Ru2(mhp)4 and the near degeneracy of 

the 5* and 7t* ionizations for Rh2(02CCF3)4. Although it has been argued as to which 

electronic configuration, or is the ground state configuration in this and other 

Ruo"** systems,®'^ " the conclusion that the Ru-Ru 5* orbital is either only slightly 
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more stable than or is degenerate with the n* orbital in the neutral ground state of the 

molecule is certain.'"" The same conclusion was reached for Rh2(02CCF3)4, for which it was 

found that the metal-metal antibonding character of the Rh-Rh ;t* orbital and the metal-

ligand antibondingcharacter of the 5* orbital are such that the ionizations from these orbitals 

are nearly degenerate. Given that the N-donor mhp ligand is a better electron donor than the 

acetate or trifluoroacetate ligands, the metal-ligand antibonding M-M 5* orbital must be less 

stable with respect to the 7t* orbital in M2(mhp)4 than in M2(02CR)4. While the increase in 

metal-metal bond length from RuiCmhp)^ (2.238A) to Rh2(mhp)4 (2.359A) acts to ease the 

metal-metal antibonding character in the ;i* orbital, the decrease in M-O (Ru-O 2.044A; Rh-

O 2.017A) and M-N (Ru-N 2.089A; Rh-N 2.043A) bond lengths increases the metal-ligand 

antibonding character of the 5* orbital. 

Calculation of Valence Ionization Energies for M2(nihp)4 (M = Cr, Mo, W, Rh). 

The ADF package readily allows the computation of valence ionization energies through the 

determination of the total energies of the neutral ground state molecule and the various 

cationic species. Such a method provides a computational means of modeling the 

photoionization process by allowing the electronic structure to relax upon removal of an 

electron and is preferable to the use of molecular orbital energies from the ground state 

calculation (i.e., Koopmans' approximation) to assign the photoelectron spectrum. 

Calculated IPs for the Cr, Mo, and W systems at the Xa and BLYP levels are 

presented in Table 37 and for the Rh system in Table 38. Methyl groups were omitted from 

the ligands in the calculations; the ligand is therefore termed hp rather than mhp. In general, 

the ionization energies calculated by the BLYP method more closely match the 
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Ionization Exptl AEJCF 
(Xa) 

AEscf 
(BLYP 
) 

Orbital Character 

Cr2(mhp)4 

Cr-Cr 5 6.65 5.86 6.37 717c Cr-Cr 5, 7% O 

Ligand-Based e 7.30-7.65, 6.71 7.22 20% Cr-Cr ti, 25% O, 10% N 

Ligand-Based b, 

Cr-Cr 7t 

a and 7t 

also 
overlap 

6.79 

7.56 

7.29 

8.06 

97o Cr-Cr 6, 32% O, 15% N 

68% Cr-Cr :c, 13% O 

Cr-Cr a with a. 7.87 8.35 89% Cr-Cr CT 

Ligand-Based a. 8.07-8.31 7.10 7.60 8% Cr-Cr 6*, 16% O, 2% N 

MojCmhp)^ 

Mo-Mo 6 5.82 5.88 6.36 65% Mo-Mo 5, 6% O. 2% N 

Ligand-Based e 7.59, 6.72 7.22 27% O, 8% N 

Ligand-Based b, 

Mo-Mo 7t 

CT and n 
also 

overlap 

6.80 

7.69 

7.29 

8.22 

9% Mo-Mo 8, 26% O, 14% N 

53% Mo-Mo n, 23% O 

Mo-Mo a with a2 7.59 8.06 75% Mo-Mo a, 7% O, 5% N 

Ligand-Based aj 8.14 7.07 7.56 8% Mo-Mo 8*, 13% O 

W2(mhp)4 

W-W5 5.21 5.28 5.71 54% W-W 8, 3% O, 4% N 

W-W;t IM 7.16 7.22 66% W-W 7t, 13% O, 4% N 

Ligand-Based e 6.72 7.65 13% W-W ;c, 26% O, 4 % N 

Ligand-Based b, 7.69 6.83 7.32 4% W-W 8, 29% O, 16% N 

W-Wa  8.26 8.74 90% W-W a 

Table 37. Ionization energies (AEscp, eV) calculated by ADF for M2(hp)4 
(M = Cr, Mo, W). 



Ionization Exptl AEJCF 
(Xa) 

AESCF 
(BLYP) 

Orbital Composition 

Rh-Rh 5* 6.54 5.69 6.23 51% Rh-Rh 5*, 25% O. 8% N 

Rh-Rh5 7.06 6.32 6.84 19% Rh-Rh 5, 35% O, 8% N 

Rh-Rh n* 7.29 6.53 7.06 84% Rh-Rh 71*, 10% O 

Ligand-Based e 7.70 6.69 7.29 36% O, 9% N 

Ligand-Based b, 8.06 7.44 7.94 52% Rh-Rh 5, 6% O, 12% N 

Ligand-Based a^ 8.42 7.52 8.02 22% Rh-Rh 5*, 6% O 

Rh-Rh 71 7.77 8.29 46% Rh-Rh 7T, 39% O 
8.6-8.8 

Rh-Rh a 8.77 9.24 37% Rh-Rh CT, 3O, 8% N 

Table 38. Ionization energies (AEscf' in eV) calculated by ADF for Rh2(hp)4. 
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experimentally determined values, with the exception of the Mo-Mo and W-W 5 ionizations 

for which the Xa calculations better predict the ionization energy. It appears that the 

principle difference between the results of the calculations using the two methods is a 

stabilization of all ionizations by approximately 0.50 eV from Xa to BLYP. Thus, only the 

energies from the BLYP calculation will be used for the discussion. For each of the Group 

VI systems, the 5 ionization is calculated to be easier by several electronvolts than are the 

ionizations from the 7t and a orbitals. For MOiChp)^, the a ionization is actually calculated 

to be easier than the it ionization; the two are separated by only 0.16 eV. Such a finding is 

consistent with previous conclusions for the photoelectron spectra of the Mo2(02CR)4 and 

Mo^(form)4 systems that the a and it ionizations are coincident or that the Mo-Mo CT 

ionization is easier than the it ionization. For the Cr and W systems, the ionization from the 

M-M a bond is found to be more difficult than that from the it bond, with the separation of 

these ionizations calculated to be 0.29 eV for Cr2(hp)4 and 1.10 eV for WjChp)^. Given the 

photoelectron spectra of W2(02CCH3)4 and W2(form)4, for which the separations between the 

W-W a and it ionizations are 0.71 and 0.21 eV, respectively, it appears that the relativistic 

calculations may stabilize the a ionization too much, but given the considerable overlap of 

the ionizations in the 7.0-8.5 eV region, it is not possible to determine the exact position of 

this ionization. 

As for the ligand-based ionizations, the BLYP calculations also predict their energies 

well. The e set of orbitals is always calculated to be the easiest to ionize and the b, ligand-

based ionization is calculated to be only slightly more difficult for the Cr and Mo systems. 

This finding is consistent with the ability of the ligand b, fragment orbital to form only a 
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partially metal-ligand bonding combination with the M-M 5 fragment orbital. The a, orbital 

ionization is calculated to be more difficult than those from either the b, or e orbitals, 

consistent with the completely bonding and therefore stabilizing interaction of the a^ orbital 

with the M-M 5* fragment orbital. However, for none of the Group VI systems is the a^ 

ionization potential calculated (7.6-7.7 eV) to be as difficult as is observed experimentally 

(8.1 eV). Nevertheless, the calculated orbital characters are consistent with these 

observations. For the Mo system, the e ligand-based orbital contains no metal character, 

while for the Cr and W systems, this orbital is composed of approximately 17% metal 

character. For all of the Group VI systems, there is 5-10% M-M 5 character in the b, orbital 

and ca. 8% 5* character in the a, orbital. 

As for Rh2(hp)4, the ADF calculations agree with the relative positions of the 6*, ;t*, 

and 5 ionizations as they were assigned based on spectral comparisons. It was concluded 

however from the variable photon experiments that the ionizations from the less stable 5*-

and 5-containing orbitals (i.e., the bands at 6.5 and 7.1 eV, respectively) were metal-based, 

but the calculations suggest that the 5 ionization is from an orbital that contains only 19% 

metal character while the 5* ionization is from an orbital that is evenly split between metal 

and ligand character. Given the observations from the variable photon experiments, namely 

that the intensity of the 6 ionization feature increases relative to the ionizations at higher 

energy in the He U experiment and decreases in the Ne I experiment, this orbital must contain 

more metal character than the ADF calculations suggest. 

Regarding the ligand-based ionizations, there are some notable differences between 

the calculated orbital characters for Rh2(hp)4 than for the Cr, Mo, and W systems. The a. 
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ligand-based orbital is found in the calculations on the Group VI systems to possess 6-8% 

M-M 5* character, while the calculation on the Rh system finds that this orbital contains 

approximately 20% metal character. Such an increase in metal character in these more stable 

orbitals for Rh2(hp)4 than for MojChp)^ is consistent with the more stable atomic orbitals of 

the later transition metal. The more stable orbitals of Rh relative to Mo thus act to increase 

the metal-ligand bonding nature of this molecular orbital for Rh2(hp)4 than for Mo2(hp)4. 

Relative to the ligand-based e orbital, which is found by the calculations to have no metal 

character for either the Mo or Rh systems and therefore is not affected by a change in the 

degree of metal-ligand bonding, the a, orbital is expected to be stabilized on chaJiging the 

metal from Mo to Rh. This finding is borne out in the photoelectron spectra, as the e-a, 

separation was found experimentally to be 0.55 eV for Mo2(nihp)4 and 0.72 eV for 

Rh2(mhp)4. While the b, orbital for the Group VI systems is determined in the calculations 

to contain approximately 10% M-M 5 character, this orbital is calculated to be composed of 

52% Rh-Rh 5 character. Although the trends from the variable photon experiments do not 

agree that this orbital should contain more metal than ligand character, this orbital is certainly 

expected to contain more metal character in Rh2(mhp)4 than for Mo2(mhp)4. As for the a; 

orbital, the increase in metal character in the b, orbital does act to increase the metal-ligand 

bonding character of this orbital, which stabilizes the resulting ionization for Rii2(mhp)4 

relative to Mo2(mhp)4. All in all, the shift of the metal-based ionizations away from the 

region of the spectrum where the ligand-based ionizations are observed does allow an exact 

determination of the energy of the b, ionization energy for Rh2(mhp)4 and the spectra indicate 

that while the b, and e ionization energies for Mo2(mhp)4 are the same, the b,-e separation 
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for RhiCmhp)^ is 0.36 eV. 

Intraligand Orbital Character of the aj, b„ and e Ligand-Based Orbitals as a 

Function of Metal. One implication of the lowering of symmetry from for M2(02CR)4 

and M2(form)4 systems to for the M2(mhp)4 molecules is that the relative amounts of O. 

N. and C orbital contributions to the ligand orbitals can, according to the calculations, vary 

depending on the nature of the metal centers. Although this point is minor in the 

interpretation of the spectra, it does indicate that a lowering of symmetry affects orbital 

mixing within various ligand fragment orbitals and not just the mixing between metal and 

ligand fragment orbitals of the same symmetry. For example, for Mo2(form)4, a ligand Ti-type 

fragment orbital of b[u symmetry is available for interaction with the Mo-Mo 5* fragment 

orbital. Calculations presented in Chapter 3 showed that there were no other ligand orbitals 

of b|u symmetry that mixed with the Mo-Mo 5* fragment orbital because none had energies 

close enough to this metal fragment orbital or to the first b,u ligand orbital. The relative 

amounts of ligand atomic orbital character in this molecular orbital are therefore the same 

as in the ligand fragment orbital. As for the Mo-Mo 5 fragment orbital, there were two k-

type ligand fragment orbitals of bjg symmetry with which it could interact, but these two 

ligand orbitals were evenly separated in energy from the Mo-Mo 5 fragment orbital. These 

two ligand orbitals were found computationally to combine deconstructively such that there 

was no orbital character on the N atoms; the only ligand character in the Mo-Mo 5 molecular 

orbital was located on the C atom of the N-C-N bridge. In other words, unlike for the 5* 

orbital, the ligand character in the 5 orbital does not resemble that of the constituent ligand 

fragment orbitals because it is the result of the sum of several fragment orbitals. 



The lowering of symmetry from 04^ to entirely changes the number of ligand 

fragment orbitals that are allowed by symmetry to interact with the M-M 5 and 5* fragment 

orbitals. Under symmetry, the b,„ and big ligand orbital combinations are only two of the 

eight 7t-type combinations that are formed: there are four with N-C-N symmetric TC character 

and four with N-C-N antisymmetric character on the donor atoms. With symmetric n 

character on the N-C-N fragment, the combinations that are possible under D^h symmetry are 

a^j,, b^g, and e,,, of which only the b^g can interact with a metal fragment orbital (5). With 

antisymmetric n character on the donor atoms, the possible combinations are 3,^, b,u, and eg, 

of which only the b,„ can interact with the M-M 5* orbital. However, because the O and N 

donor atoms of the ligand in the MnCmhp)^ systems cannot be interchanged by any symmetry 

operation, all of the 7c-type ligand orbitals (regardless of whether they possess symmetric or 

antisymmetric n character at the O and N atoms) give rise to a^, b,, and e symmetry 

combinations under the point group. AH of the b, ligand fragment orbitals can interact 

by symmetry with the M-M 5 orbital and all of the a, ligand orbitals can interact with the M-

M 5* orbital. However, precisely which and how many ligand orbitals mix with each of 

these metal fragment orbitals depends on how well the ligand and metal fragment orbitals 

overlap and match energetically. Such a mixing of individual ligand fragment orbitals can 

also act to perturb the relative amounts of orbital character on the donor atoms as well as on 

the C atoms of the pyridine ring. 

For example, considering only the orbital character at the donor atoms, depending on 

the particular combination of individual ligand orbitals of b, symmetry (some of which may 

have symmetric p^ orbital character at the N and O atoms, some may have antisymmetric 
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character at these atoms, and some may have orbital character at only one of the donor 

atoms), the relative amounts of N and O orbital character and the directionality of the 

orbitals on these atoms will vary with the energy of the M-M 5 fragment orbital. This change 

in relative amount of O and N p, orbital character is evident from the data in Tables 37 and 

38. The ligand-based b, orbital for Mo2(hp)4 is calculated to have nearly twice the amount 

of O orbital character than N whereas for Rh2(hp)4, this orbital has twice the amount of 

orbital character on the N atom than it does on the O donor atom. If only a single b, 

symmetry fragment orbital were mixing with the Mo-Mo and Rh-Rh 5 fragment orbitals, the 

relative amount of O and N character in these molecular orbitals should remain the same. 

To better illustrate this point, fragment orbital calculations have been performed to 

determine which individual bi ligand fragment orbitals combine to interact with the Mo-Mo 

and Rh-Rh 5 fragment orbitals. The results of these calculations are presented in Table 39. 

While the ligand-based b, orbital is predicted for MonChp)^ to be composed of 70% of the 

highest occupied orbital (4bi) of the (hp)/' fragment with smaller contributions from the next 

two highest occupied (2b, and 3b,) and the lowest unoccupied (5b,) fragment orbitals, that 

for the Rh system suggests an equal contribution from the 2b, and 4b, ligand fragment 

orbitals. Contour plots of these ligand fragment orbitals, the Rh-Rh 5 fragment orbital, and 

of the composite molecular orbital are shown in Figure 68. These contour plots are from 

Fenske-Hall calculations, which correctly predict that the more easily ionized molecular 

orbital of b, symmetry for Rh2(hp)4 is metal-based (67% Rh-Rh 5) and that the next is ligand-

based (17% Rh-Rh 5) but show the same metal-ligand bonding and antibonding interactions 

as determined by ADF. These contour plots for the Rh, system show that the metal-based 
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Ionization Assignment 
Constituent Fragment Orbitals 

Ionization Assignment 
Mo2(hp)4 Rh2(hp)4 

Metal-Based M-M 5 

67% Mo-Mo 8 

6% (hp)^-^ 2b, 

8% (hp)4-^ 3b, 

9% (hp)4^ 4b, 

8% (hp)4-^ 5b, 

19% Rh-Rh6 

13%(hp)4"-3b, 

63% (hp)4-'- 4b, 

5% (hp)4-'- 5b, 

9% Mo-Mo 5 52% Rh-Rh 5 

10% (hp)4-^ 2b, 21% (hp)4'-2b. 

Ligand-Based b. 6% (hp)4'- 3b, 3% (hp)4-*- 3b, 

70% (hp)4-^ 4b, 21% (hp)4'-4b. 

4% (hp)4-^ 6b, 3% (hp)4-'- 6b, 

Table 39. Compositions of the two highest MoiChp)^ and Rh2(hp)4 molecular orbitals of 
b, symmetry as determined by an ADF fragment orbital calculation. Orbitals 4b, and 5b, 

are the HOMO and LUMO, respectively, of the (hp)4'^ fragment. 



Figure 68. Contour plots of ligand b, fragment orbitals, the 
metal-metal 5 fragment orbital, and the resulting metal-

based molecular orbital. 
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Rh-Rh 5-containing orbital contains M-O tz* character and little orbital character on the N 

atom. In the ligand-based b, molecular orbital of Rh2(hp)4, which (unlike for Mo2(hp)4) has 

appreciable metal character, the Rh-O and Rh-N interactions are ^-bonding and n-

antibonding, respectively. This orbital is shown in Figure 69. 

According to Tables 37 and 38, the particular amounts of ligand fragment orbitals in 

the Mo-Mo and Rh-Rh 5 and b, orbitals from Table 39 combine to give different relative 

amounts of orbital character at the N and O donor atoms. For the orbital assigned here as 

giving rise to the metal-based 5 ionization, the relative O and N characters change from 

69c:2% for Mo2(hp)4 to 35%:8% for Rh2(hp)4 while for the ligand-based b, ionization the O 

and N characters change from 26%: 14% for Mo2(hp)4 to 6%: 12% for Rh2(hp)4. Although 

the effects of such changes in the relative amounts of O and N orbital character on the 

photoelectron sjiectra of Mo2(mhp)4 and Rh2(mhp)4 cannot be expected to be observed via 

variable energy photon experiments because of the similar cross-sections for these two 

elements, it does affect the metal-ligand interaction for the M-M 6-containing orbitals. The 

relative amount of metal-ligand bonding and antibonding character in the metal- and ligand-

based 5-containing orbitals can vary depending on the nature of the metal such that the metal-

ligand bonding and antibonding character of the 5 orbital is variable. This more fluid type 

of mixing between a metal-based fragment orbital and a number of ligand-based fragment 

orbitals is a result of the lowering of symmetry from 04^ to Djj and may have greater 

implications for systems in which the ligand donor atoms have more different electronic 

properties and photoelectron cross sections than do O and N. 

Calculation of Valence Ionization Energies and Interpretation of Photoelectron 



Figure 69. Contour plot of the ligand-based, Rh-Rh 5 
orbital-containing, b, molecular orbital. 
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Spectrum for Ru2(inhp)4. Because of the paramagnetism of Ru2(mhp)4, the assumption that 

the various features in the photoelectron spectrum of this system represent ionizations from 

separate molecular orbitals is possibly not valid.™ The photoionization of an electron from 

a diamagnetic system results in a cation with only one unpaired electron. All excited states 

of such systems that result from photoionization thus are of a single spin state: a doublet. For 

a molecule such as Ru2(mhp)4, which in its neutral ground state presumably has a ground 

state electronic configuration of ejection of an electron from most orbitals 

results in either a doublet or a quartet spin state. Although only a doublet spin state results 

upon the photoionization of one of the Tt* electrons, doublet or quartet states are obtained 

from the removal of an electron from all of the other molecular orbitals of the system, with 

the total spin of the system depending on the spin of the electron remaining in the half-filled 

orbital in relation to the parallel spins of the 7t* electrons. Depending on the energy 

separation between the doublet and quartet states, there may be separate, resolvable features 

in a photoelectron spectrum that correspond to the generation of each ion state. 

Because it is possible to perform unrestricted density functional calculations with 

ADF, energies can be determined computationally for the ionizations to the doublet and 

quartet cation states. These results are presented in Table 40. For simplicity, the various 

states are labeled according the orbital from which the electron is removed. For example, 

the ^5* label refers to the ionization from the Ru-Ru 5* orbital in which the remaining 

electron has a spin parallel to the two electrons in the Ru-Ru TI* orbitals. Only the results 

from unrestricted Xa ADF calculations have been presented because those attempted with 

the BLYP method would not converge. Calculations on the two possible ground states 
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Ionization Experimental AESCF 

^5* 5.70 5.14 

-5* 6.22 5.46 

••5 6.21 

-5 6.71 6.33 

"7T* 6.45 

•^e 6.65 

"C 7.60 6.66 

'B. a and tz also overlap 6.98 

'B. 7.26 

7.23 

•^2 7.33 

•^TL 8.38 
8.22 

"7C 7.91 

••A 8.61 

-c 8.74 

Table 40. Ionization energies (AEscp, in eV) calculated by ADF for Ru2(mhp)4 with a 
ground state electronic configuration of 
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suggest that the state is more stable than the state by 0.06 eV. Based on a 

Boltzmann distribution using the temperature at which the spectrum of Ru2(mhp)4 was 

collected (210°C), the ratio of systems with these two electronic states is 

calculated to be 4.39:1.00 (81.4%: 18.6%). The photoelectron spectrum of Ru2(mhp)4 should 

therefore be interpreted largely in terms of ionizations from a ground state of 

The calculations suggest that the easiest ionization is to the ̂ 5* (5.14 eV) cation state, 

followed by that to the "5* state (5.46 eV). The energy separation between these two states 

is calculated to be 0.32 eV. Ionizations to three states ("*5, "5. 'n*) are then predicted to occur 

in the 6.2-6.5 eV range, with that from the Ru-Ru n* orbital being the most difficult of the 

three. Of course, because the -n* state is generated regardless of which electron is 

photoionized from the Ru-Ru k* orbital, the area of the 'it* feature in the photoelectron 

spectrum would be expected to have twice the area of the features that arise from the other 

doublet or quartet cation states. 

Assigning the three ionization features in the 5.7-6.7 range in the photoelectron 

spectrum of Ru2(mhp)4 not only requires consideration of the computational results, but it 

also must be consistent with the relative intensities and areas of the three bands among 

themselves and with respect to the rest of the spectrum. The spectral fits from the spectra 

collected with the various ionization sources imply an approximately 1:1:1.5 degeneracy of 

ionizations. The asymmetric Gaussian function used to fit the band at highest ionization 

energy (6.7 eV) is the most broad, with high and low half-widths of 0.79 and 0.35 eV, 

respectively. The functions used to fit the other two features have comparable high and low 

half-widths of approximately 0.50 and 0.30 eV, respectively. Given the width of the band 
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at 6.7 eV, these data suggest that this ionization is of an electron from either a more strongly 

bonding or strongly antibonding orbital than those at 5.7 and 6.2 eV. Given that the Ru-Ru 

K* orbital is more strongly metal-metal antibonding than the 5* orbital and that the 5 orbital 

is weakly metal-metal bonding, the n* band would be expected to be the most broad of these 

ionizations. Further, given that the -n* feature should have twice the area of the ^5* and "5* 

features, the ionization at 6.7 eV is assigned to the "7C* ionization. The feature at lowest 

ionization energy (5.7 eV) is thus assigned to the "*5* ionization and that at 6.2 eV is assigned 

to the "5* ionization. In the photoelectron spectrum of Ru2(02CCF5)4 a feature at 9.66 V was 

assigned as the Ru-Ru 5 ionization, which is I eV more difficult than the Mo-Mo 6 

ionization in the analogous compound. Given that the Mo-Mo 5 ionization for Mo2(mhp)4 

occurs at 5.82 eV, the "*5 and "6 ionization features for Ru2(mhp)4 would be expected to be 

observed at ca. 6.8 eV. The considerable width at half-maximum on the high energy side of 

the --jt* feature may therefore be indicative of the 5 ionizations. 

There is one piece of information from absorption spectra that is consistent with the 

energy separation between the ^5* and "5* ionization features as they are assigned here. 

Upon removal of an electron from the Ru-Ru 5* orbital, the electronic configuration of the 

cation is 5*75.149-151 ^^ere the "*6* and *5* states are related by a spin-flip of the 6* 

electron. Therefore, the energy required to flip the spin of the 5* electron is the energy 

separation between the ^6* and "S* states, which is the separation between the "*5* and *6* 

features in a photoelectron spectrum. Although absorption spectra have not been collected 

for Ru2(mhp)4*, Gray and coworkershave collected the absorption spectrum of 

Ru2(02C(CH2)2CH3)4C1 and have observed features at 5048 cm ' (absorption) and at 1582 
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cm ' (resonance Raman), which they have tentatively assigned as spin-flip transitions within 

the configuration (i.e., - "Bju and "'BIU ^ "A,„). The transition at 5048 cm ' is 

equivalent to 0.63 eV, similar to the 0.52 eV separation between the ''5* and "5* features. 

If the transition at 1582 cm ' (0.20 eV), however, was the energy of the 6* spin-flip, then the 

"*5* and "5* features would not be expected to be separate in the photoelectron spectrum. 

There are, however, several points based on spectral features that do not support this 

assignment. First, if the bands in the 5.7-6.7 eV range do indeed correspond to six 

ionizations ("*5*. "5*. "*5, "5, and two 'n* ionizations) with the features at 5.7 and 6.7 eV 

representing the one-electron ionizations to the '*5* and *6* states, respectively, then based 

on the relative areas of the features in the spectrum, the features at 7.6 and 8.2 eV should 

correspond to the 14 ionizations to the doublet and quartet a^, b,, e, a, and 7t states. However, 

the relative areas presented in Table 31 suggest half as many, which leads to the conclusion 

that the original assignment by Gamer and coworkers, who assumed that the ionizations to 

all of the quartet and doublet ion states are not split from each other, is correct. Additionally, 

if the two features at lowest ionization energy do correspond to the "*5* and *5* ionizations, 

then it is confusing as to why the two bands have different intensities and band profiles. 

Although the relative areas and high and low half-widths of the fits of these features are 

similar, the absolute intensity of the feature at 6.2 eV is 2/3 that of the feature at 5.7 eV. The 

reason for such a difference in intensities for states that differ by the spin multiplicity of the 

cation state is not immediately apparent. 

To better understand the photoelectron spectrum and calculated ionization potentials 

of Ru2(mhp)4, it would be helpful to examine the spectra of compounds that have similar 
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Ionization Experimental (eV) Calculated (eV) 

O; 

'n. 12.11 13.11 

16.68 17.23 

17.79 19.75 

%• 17.83 17.60 

-T 19.69 19.32 

NiCp, 

6.50 5.91 

'^ig 
8.40 

8.37 

8.33 

'^>g 
9.08 

8.86 

8.86 

Table 41. Experimental and Calculated Ionization Potentials for O, and NiCp,. 
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electronic configurations and to determine how well ADF can calculate the ionization 

potentials to the various cation states. However, because of the complexity of interpreting 

the photoelectron spectra of paramagnetic systems, relatively few have been reported. In 

order to be analogous to Ru2(mhp)4, a system must have two unpaired electrons in degenerate 

orbitals and the photoelectron spectmm must be well understood with respect to the location 

of the ionizations to the various doublet and quartet states. Two molecules fit these criteria: 

dioxygen (O,) and nickelocene (NiCp^). Dioxygen (with a valence electronic configuration 

of and NiCp; (e2g'*a,g"e,g')'^"* have two unpaired electrons in a rigorously degenerate 

set of orbitals. Distinct separate features from ionizations to doublet and quartet states are 

apparent in their photoelectron spectra and these have been summarized in Table 41 with 

ionization energies calculated here with the Xa method of ADF using comparable basis sets 

on the metal and ligand atoms as were used for Ru2(mhp)4. The various ionization potentials, 

with the exception of the and ionizations for O,, are all calculated well, thereby 

giving confidence to the calculated ionization potentials for the ^5* and *5* ionizations for 

Ru2(mhp)4. Still though, with the questions raised concerning the relative intensities of the 

"*6* and "5* ionization features and of the n*, 5*, and 6 ionizations with respect to the a, n, 

and ligand-based ionizations, this assignment can only be considered tentative at best. 

Conclusions 

The lower symmetry of the M2(mhp)4 systems allows for additional metal-ligand 

orbital interactions that are not observed for the compounds of 04^ symmetry. In particular, 

a significant mixing of orbital character with the M-M 5 bond occurs. Although such an 
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interaction is not forbidden by symmetry for the MiCL^L)^ systems, ligand orbital 

energetics essentially eliminate perturbation of the 5 bond by ligand orbital character. 

However, under the point group, all ;t-type ligand fragment orbitals can interact by 

symmetry with either the M-M 5 or 5* orbitals. It can be shown by application of group 

theory that a ligand orbital with antisymmetric TC orbital character on the N and O atoms can 

interact either entirely in a bonding or an antibonding fashion with the M-M 5* (a, 

symmetry) fragment orbital, but only in a half-bonding, half-antibonding manner with the 

5 (b. symmetry) orbital. However, the relative amounts of metal-ligand bonding and 

antibonding character that are present can vary depending on the nature of the metal atoms. 

Such interactions act to introduce ligand character into the 5 and 5* metal orbitals. 

For Cr;(mhp)4, such an interaction is manifested in the observation of a distinct Cr-Cr 6 

ionization while for Rh2(mhp)4, the antibonding interaction between the Rh-Rh 5 orbital and 

the b, combination of ligand orbitals acts to destabilize the 8 ionization above that from the 

Rh-Rh 7t* orbital. As was seen for Rh2(p-CH3-form)4, the ionization from the Rh-Rh 5* 

orbital is easier than from the 7t* orbital owing to an analogous 5*-ligand orbital interaction. 

For the Mo, and W, systems, comparisons of ionization band intensities between MoiCmhp)^ 

and W2(mhp)4 and between the M2(mhp)4, M2(02CCH3)4, and M2(form)4 systems aid in the 

determination of the general location of the M-M o and it ionizations. Additional mixing of 

several ligand orbitals of the same symmetry with each other allows the N, O, and C ligand 

orbital character to vary depending on the energy match of a particular M-M orbital with the 

ligand fragment orbitals. Such an interaction renders both the ligand-based b, orbital and the 

Mo-Mo 5 bond essentially metal-ligand nonbonding for Mo2(mhp)4 while for Rh2(mhp)4, 
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strongly metal-ligand bonding and antibonding combinations of these fragment orbitals are 

formed. 

Although the interpretation of the photoelectron spectrum of RuiCmhp)^ is still open 

to question, density functional calculations and other spectroscopic evidence allow for a 

different explanation than that of Gamer and coworkers. As a result of the nearly degenerate 

Ru-Ru 5* and 7t* orbitals. which occurs because of a destabilization of the 5* orbital by 

metal-ligand interactions less than that observed for Ru2(/7-CH,-form)4, the doublet and 

quanet electronic spin states that result from ionization of a 5* electron are suggested by a 

density functional calculation to be separately observable in the photoelectron spectrum. The 

observed separation between the "5* and "*5* ionization features is similar to the energy 

observed in an absorption spectrum for a spin-flip transition for the related Ru;^* system, 

Ru2(butyrate)4Cl. Calculations on other systems with related electronic occupations do 

predict well the separations between the ionization features for the various doublet and 

quartet states and therefore lend credence to the results obtained computationally for 

Ru2(mhp)4. However, the relative intensities and areas of these bands are not consistent with 

the remainder of the spectrum, assuming that similar intensities for ionization of a particular 

metal-based electron should be observed regardless of the orbital from which it is removed 

or the particular electronic population of the orbital in the ground or excited cationic state. 
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Chapter 8 

CONCLUSIONS AND FUTURE DIRECTIONS 

This work demonstrates that, despite their formal discovery a number of decades ago 

and the vast amount of research that has been devoted to their study, metal-metal bonded 

systems continue to merit examination of their electronic structures for a number of reasons. 

While the general form of the various metal-metal bonding and antibonding interactions is 

well understood, the ability of different ligand sets and the resulting overall molecular 

symmetries to alter the energetics of the metal-metal bond, that is, to fine-tune the intermetal 

electronic character, will continue to stimulate interest in this field. Continued 

improvements in the implementation of electronic structure theory, further synthesis of novel 

molecular systems, and the continued use of a wider range of ionization sources will provide 

spectroscopists, and indeed all chemists, with an even better understanding of the metal-

metal bond and the electronic structures of molecules in general. This study has forwarded 

the effort toward this goal in a number of ways through the application of synthesis, 

spectroscopy, and theory and provides a foundation for continued exploration of this field. 

The current work has expanded the understanding of the electronic structure of and 

bonding in metal-metal bonded systems in a number of ways. First, the study of systems of 

the general formula M2(form)4 has provided for the examination of the widest range of metal-

metal bond orders by photoelectron spectroscopy of compounds with a given ligand set and 

therefore has allowed an accounting of all of the metal-metal bonding and antibonding 

orbitals from a to a*. Through the use of a number of tools, including multiple ionization 
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sources, computational methods, ligand perturbations, and a range of transition metals, a self-

consistent view of metal-metal and metal-ligand bonding for the formamidinate systems has 

emerged. Application of group theory to these highly symmetric systems and the observation 

of similar and different features in the photoelectron spectra of the M2(form)4 molecules 

assists in the understanding of which ligand- and metal-based orbitals are and are not 

expected to mix with each other. 

Much of this work has been focused on understanding the effect of valence ligand 

orbitals on the metal-metal bonding and antibonding orbitals. For example, it was shown 

that there are ligand orbitals of a,u and Cg symmetry than cannot interact with any metal 

fragment orbitals. These orbitals therefore remain ligand-based and are metal-ligand 

nonbonding, as supported by the results of variable photon photoelectron spectroscopy and 

as corroborated by computational methods. The related ligand fragment orbital of b,u 

symmetry, however, does have the correct symmetry to interact with the M-M 5* orbital, 

thereby having a profound influence on the amount of ligand character in this molecular 

orbital, on the relative ordering of the M-M 5* and n* orbitals, and therefore on the 

electronic properties of systems for which these orbitals are electronically occupied. 

Whereas the Ru2(L"L)4 systems with poorer electron donor ligands (i.e., the various 

carboxylates) are paramagnetic because of an incomplete occupation of the M-M n* set, 

Ru2(p-CH3-form)4 is diamagnetic and possesses a electronic configuration. However, 

interpretation of the spectra for Ru2(02CCF3)4"-^ and Ru2(mhp)4 is difficult for these 

paramagnetic systems and a direct correlation between the ionization features of these 

systems with those of Ru2(p-CH3-form)4 is not possible. 



279 

On the other hand, the spectra for the various Rh2"**-containing systems examined 

here provide a clear understanding of the trends in the energies of the M-M 6* and TI* orbitals 

because all of these molecules are diamagnetic. For RhiCOjCCFj)^, the ionizations from the 

5* and TI* orbitals are coincident while they are separated by 0.91 eV for RhiCp-CHi-form)^ 

despite the fact that molecules have similar Rh-Rh bond lengths. Although the 5* orbital 

contains metal-ligand ;r* character for both systems, it is less in the case of the poorer 

electron donor trifluoroacetate ligand set than for the formamidinate system. As for the N,0-

donor mhp ligand set, the M-M 5*-7i* separation (0.75 eV) is between those for the N,N- and 

0,0-ligand donor systems, but it is not exactly intermediate because of the mixing of a 

number of ligand fragment orbitals with each other that is permitted by the lower symmetr>' 

of the M2(mhp)4 molecule. 

Trends in ionization feature cross-sections have also been used to examine the ability 

of ligand character to mix into other metal-based orbitals. For the M2(02CCF3)4 (M = Mo, 

Rh) systems, changes in relative peak intensities among the M-M (CT + :c) and 8 bands 

indicate that the least stable, M-M (a + 7c)-bond containing orbitals contain a significant 

amount of ligand character despite the fact that this ligand set is a worse electron donor than 

formamidinate. This high degree of ligand character in the "metal" region stems from the 

presence of electron lone pairs on the fluorine atoms, which act to destabilize ligand orbitals 

that are ordinarily too stable to interact with the metal-based fragment orbitals. 

A lowering of molecular synmietry, as in the case of the M2(mhp)4 systems, 

demonstrates that metal-ligand interactions can also be significant for the M-M 5 bond. 

Although there are filled and empty ligand orbitals of the appropriate spatial orientation that 
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can interact with the 6 orbital under D4h symmetry, these orbitals combine destructively such 

that there is little orbital character on the donor atoms that can either stabilize or destabilize 

the 5 bond. Lowering the molecular symmetry to D2d essentially allows any ;c-type Hgand 

orbital to interact with the M-M 6 orbital such that, for example, ionizations from bonding 

and antibonding 5-ligand orbitals can be observed in the spectrum of Rh^Cmhp)^. 

To date, all studies by photoelectron spectroscopy of the metal-metal bond have been 

on systems with transition metals from Group VI and later. Little has been done though to 

understand the electronic structures of metal-metal bonded systems from the early transition 

series, namely those from Groups IV and V, from the 3d and 5d transition metals, and from 

the non-transition metals. Of course, there are several important reasons why such systems 

have not been well studied: the mere paucity of such systems, the relatively unfavorable air-

sensitivity of the 3d and 5d transition metal systems, and the low yields of their syntheses. 

Among these are numerous M2(form)4 (M = V,'^^ Fe,'^^ Co,'" Ni,®' Re,'^® Ir,'^' and Pt'^) and 

the mostly unreported M2(cyform)4 (M = Cr,®-^ W, Ru, Rh, Pd) systems that remain to be 

examined. The related MjCform), systems (M = Fe,'^^ Co'^') and M2(PhNC(Ph)NPh)3 (M = 

Co,'^- Fe'") have also been reported and await study by photoelectron spectroscopy. 

Systems with similar formamidinate ligand sets have also been prepared: 

M2(PhN(CPh)NPh)4 (M = Mo,'" Co,'^^ Rh,'" Pd,'^ Cu'®'), M.i(p-CHjC^H^)NNN(p-

CH3QH4))„ (n = 4: M = Cr,'^' Mo,"^ Ru,''Rh,'®'Co,'™Cu,'" Ni,''' Pd'" ; n = 2: Cu,"- Ag'" 

), and M2(CH3NC(Ph)NCH3)4 (M = Cr""*). Another set of compounds that possess N,N-

donor ligands have the form M2(hpp)4 (hpp = I,3,4,6,7,8-hexahydro-2H-pyrimido[l,2-

a]pyrimidinato; M = V,'" Cr,''' Mo'") are also available for study via photoelectron 
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spectroscopy although it was found as part of this work that Nb2(hpp)4 would not sublime. 

The study here of the correlation between the ionization and oxidation potentials for 

the Mo-Mo 5 bond for the variously substituted Mo2(form)4 systems has given a first look 

at the effects of solvent on the removal of an electron from this orbital. Of course, questions 

remain about the specifics of the interaction of solvent molecules with these systems, 

including the effect of different solvents on their electrochemical properties. It would be 

interesting to compare the first oxidation potentials obtained in a nondonor solvent such as 

hexane, but it is recognized that the Mo2(form)4 systems are only sparingly soluble in this 

solvent. The first oxidation potentials for Ni2(form)4 systems have also been reported'^ and 

a comparison with their ionization potentials merits study and may shed light on the 

information presented here for the analogous Mo, systems. 

Ultimately, correlation of the trends in the metal- and ligand-based ionization features 

for all of the M2(02CR)4, M2(mhp)4, and M2(fonn)4 systems examined here has provided a 

consistent view among a number of series of metal-metal bonded systems in several ways. 

This work shows that metal-ligand mixing can occur in various degrees in all of the metal-

metal bonding and antibonding orbitals and that the extent to which it occurs is dependent 

on the nature of the metal atoms present, the ligand set employed, and the electronic 

interactions that are allowed as a result of the overall molecular symmetry. These trends have 

been elucidated via the examination of the bonding in metal-metal quadruple bond-

containing M2(form)4 systems, in M2(form)4 systems for which the metal-metal bond order 

ranges from four to zero, and in substituted Mo2(form)4 systems that possess electron-

donating and -withdrawing substituents at the phenyl rings. Further, upon reexamination of 
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the photoelectron spectra of MjCmhp)^ systems here, a consistent view of the trends in metal-

ligand mixing and of the energies of the valence metal- and ligand-based ionization features 

for metal-metal bonded systems with poor (acetate), intermediate (hydroxypyridinate), and 

good (formamidinate) ligand donors and with relatively high (acetate and formamidinate) and 

low (hydroxypyridinate) symmetries has been achieved. These results as a whole, through 

experiment and theory, add to the fundamental understanding of the concept of molecular 

fine-tuning and of the molecular properties that influence the ability of transition metals to 

bond to each other. 
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Appendix A 

X-RAY CRYSTAL STRUCTURE OF Mo.(p-Cl-form)4 

Experimental Section 

Data Collection. A yellow monoclinic block crystal of MOiClgNgCjjHj^ having 

approximate dimensions of0.33 x 0.33 x 0.20 mm was mounted on a glass fiber in a random 

orientation. Preliminary examination and data collection were performed with Mo Ka 

o 

radiation (k = 0.71073 A) on an Enraf-Nonius CAD4 computer controlled kappa axis 

diffractometer equipped with a graphite crystal, incident beam monochromator. 

Cell constants and an orientation matrix for data collection were obtained from 

least-squares refinement, using the setting angles of 25 reflections in the range 4O<20<46°. 

The triclinic cell parameters and calculated volume are: a = 10.347(1), b = 11.496(1), 

c= 12.569(1) A, a = 106.611(5), p = 92.039(5), y = 114.546(5)°, V = 1282.7(1) A\ For 

Z = 1 and F.W. = 1248.42 the calculated density is 1.62 g/cm^. As a check on crystal quality, 

co-scans of several intense reflections were measured; the width at half-height was 0.3°, 

indicating good crystal quality. There were no systematic absences; the space group was 

determined to be P-1 (#2). 

The data were collected at a temperature of 23±I° using the co-20 scan technique. 

The scan rate varied from I to 7°/min (in omega). Data were collected to a maximum 20 of 

50.0°. The scan range (omega, in deg.) was determined as a function of 0 to correct for the 

separation of the Ka doublet''®; the scan width was calculated as follows: scan width = 0.8 

+0.340 tan0. Moving-crystal moving-counter background counts were made by scanning an 
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additional 25% above and below this range. Thus the ratio of peak counting time to 

background counting time was 2:1. The counter aperture was also adjusted as a function of 

0. The horizontal aperture width ranged from 2.4 to 2.9 mm; the vertical aperture was set 

at 2.0 mm. The diameter of the incident beam collimator was 0.76 mm and the crystal to 

detector distance was 21 cm. For intense reflections an attenuator was automatically inserted 

in front of the detector; the attenuator factor was 13.5. 

Data reduction. A total of 4771 reflections were collected, of which 4498 were 

unique. As a check on crystal and electronic stability 3 representative reflections were 

measured every 60 min. The intensities of these standards remained constant within 

experimental error throughout data collection. No decay correction was applied. 

Lorentz and polarization corrections were applied to the data. The linear absorption 

coefficient is 9.4 cm ' for Mo Ka radiation. No absorption correction was made. Intensities 

of equivalent reflections were averaged. The agreement factors for the averaging of the 505 

observed and accepted reflections was 0.9% based on intensity and 0.6% based on Fo. 

Structure Solution and Reflnement. The structure was solved using the Patterson 

heavy-atom method which revealed the position of one Mo atom. The remaining atoms were 

located in succeeding difference Fourier syntheses. Hydrogen atoms were included at 

idealized positions and included in the refinement but constrained to ride on the atom to 

which they are bonded. The structure was refined in full-matrix least-squares, where the 

function minimized was ^w(IFol- IFcl)" and the weight w is defined as 4FoVtr(Fo"). 

Scattering factors were taken from Cromer and Waber.'^' Anomalous dispersion 

effects were included in Fc'*°; the values for Afand Af were those of Cromer.'®' Only the 
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4133 reflections having intensities greater than 3.0 times their standard deviation were used 

in the refinements. The final cycle of refinement included 316 variable parameters and 

converged (largest parameter shift was 0.03 times its esd) with agreement factors of: 

R = 0.024, = 0.038, and S = 1.52. There were 67 correlation coefficients greater than 

0.50. The highest correlation coefficient was 0.65 between parameters 32 and 35. The 

highest peak in the final difference Fourier had a height of 0.39(5) eVA^'®*: the minimum 

negative peak had a height of -0.09(5) c'/A^. Plots of 2^w(IFol-IFcl)" versus IFol, reflection 

order in data collection, sin 0/>., and various classes of indices showed no unusual trends. 

All calculations were performed on a VAX computer using MolEN.'^-^ 
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MojClgNgCjjHjg 

F.W. = 1248.42 

crystal dimensions 

peak width at half-height 

Mo Ka radiation 

temperature 

F(OOO) = 624 

0.33 xO.33 x0.20 mm 

0.3° 

>. = 0.71073 A 

23±1° 

a= 10.347 (1) A 

a= 106.611 (5)° 

Z= 1 

triclinic space group P-1 

b= 11.496(1) A 

p = 92.039 (5)° 

V= 1282.7 (1) A^ 

p = 9.4 cm"' 

c= 12.569(1) A 

Y= 114.546(5)° 

p = 1.62 g/cm^ 

Table 42. Crystal data for Mo2(p-Cl-form)4. 
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Instrument 

Monochromator 

Attenuator 

Take-off Angle 

Detector Aperture 

Crystal-Detector Distance 

Scan Type 

Scan Rate 

Scan Width (deg) 

Maximum 20 

Number of Reflections Measured 

Corrections 

Enraf-Nonius CAD4 diffractometer 

Graphite crystal, incident beam 

Zr foil, factor 13.5 

2.8° 

2.4 to 2.9 mm horizontal 
2.0 mm vertical 

21 cm 

01-20 

1 -7°/min (in omega) 

0.8 +0.340 tan0 

50.0° 

4771 total, 4498 unique 

Lorentz-polarization 
Reflection averaging (agreement on 

I = 0.9%) 

Table 43. Intensity measurements for Mo2(;7-Cl-form)4. 



Solution 

Refinement 

Minimization Function 

Least-Squares Weights 

Anomalous Dispersion 

Reflections Included 

Parameters Refined 

Unweighted Agreement Factor 

Weighted Agreement Factor 

Factor Including Unobserved Data 

Estimated Standard Deviation of 

Observed of Unit Weight 

Convergence, Largest Shift 

High Peak in Final Difference Map 

Low Peak in Final Difference Map 

Computer Hardware 

Computer Software 

Patterson method 

Full-matrix least-squares 

^w(IFol-IFcl)-

4FoVcr(Fo-) 

All non-hydrogen atoms 

4133 with Fo^3.0a(Fo")* 

316 

0.024 

0.038 

0.028 

1.52 

0.03c 

0.39(5)e/A' 

-0.09(5)e/A' 

VAX 

MolEN (Enraf-Nonius) 

Table 44. Structure solution and refinement for Mo2(p-Cl-form)4. 
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Atom X y z B(A-) 

Mol 0.09073(1) 0.05976(1) 0.06379(1) 2.521(3) 
Cll 0.3017(1) 0.68373(8) 0.54435(6) 7.49(3) 
C12 0.56053(7) -0.09893(7) 0.38265(6) 5.98(2) 
C13 0.2408(1) 0.33920(9) 0.66760(6) 9.10(3) 
C14 0.84647(6) 0.52263(7) 0.06594(7) 5.64(2) 
N1 0.0434(2) 0.2315(2) 0.1084(1) 3.15(4) 
N2 0.1479(2) -0.1056(2) 0.0395(1) 3.26(4) 
N3 -0.0233(2) 0.0021(2) 0.1925(1) 3.14(4) 
N4 0.2237(2) 0.1363(2) -0.0538(1) 2.98(4) 
CI -0.0664(2) 0.2208(2) 0.0424(2) 3.44(5) 
C2 -0.1618(2) -0.0848(2) 0.1619(2) 3.35(5) 
CIO 0.1043(2) 0.3443(2) 0.2098(2) 3.25(5) 
Cll 0.2489(2) 0.3986(2) 0.2537(2) 4.11(6) 
C12 0.3098(3) 0.5022(2) 0.3556(2) 4.84(7) 
C13 0.2261(3) 0.5538(2) 0.4147(2) 4.76(6) 
C14 0.0832(3) 0.5042(2) 0.3722(2) 5.19(7) 
C15 0.0220(3) 0.3995(2) 0.2711(2) 4.58(6) 
C20 0.2465(2) -0.1090(2) 0.1191(2) 3.08(4) 
C21 0.3939(2) -0.0378(2) 0.1260(2) 3.81(5) 
C22 0.4903(2) -0.0332(2) 0.2076(2) 4.18(5) 
C23 0.4383(2) -0.1013(2) 0.2819(2) 3.84(5) 
C24 0.2939(3) -0.1744(2) 0.2756(2) 4.77(6) 
C25 0.1982(2) -0.1779(2) 0.1942(2) 4.30(5) 
C30 0.0335(2) 0.0738(2) 0.3088(2) 3.26(5) 
C31 0.1804(2) 0.1212(2) 0.3462(2) 4.13(6) 
C32 0.2438(3) 0.2009(2) 0.4555(2) 5.07(6) 
C33 0.1612(3) 0.2326(2) 0.5296(2) 5.01(6) 
C34 0.0167(3) 0.1852(3) 0.4971(2) 5.91(8) 
C35 -0.0470(3) 0.1075(3) 0.3862(2) 5.10(7) 
C40 0.3711(2) 0.2352(2) -0.0259(2) 3.00(4) 
C41 0.4519(2) 0.2577(2) 0.0752(2) 3.34(5) 
C42 0.5980(2) 0.3462(2) 0.1046(2) 3.77(5) 
C43 0.6622(2) 0.4137(2) 0.0325(2) 3.68(5) 
C44 0.5833(2) 0.3975(2) -0.0652(2) 4.22(6) 
C45 0.4385(2) 0.3104(2) -0.0928(2) 3.77(5) 

Table 45. Positional parameters and their estimated standard deviations 

for Mo2(A'-Cl-form)4. 
Anisotropically refined atoms are given in the form of the isotropic equivalent 

displacement parameter defined as: 
(%) * [a2»B(l,l) + b2*B(2,2) + c2*B(3,3) + ab(cos Y)*B(I,2) 

+ ac(cos p)»B(l,3) + bc(cos a)*B(2,3)] 
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Name U(1,I) U(2,2) U(3,3) U(l,2) U(1.3) U(2,3) 

Mo I 0.02857(6) 0.03382(6) 0.02726(7) 0.01075(5) 0.00062(6) 0.00669(5) 

Cll 0.1100(6) 0.0727(4) 0.0522(4) 0.0183(4) 0.0030(4) -0.0144(4) 

C12 0.0622(3) 0.1125(3) 0.0681(3) 0.0471(2) 0.0008(2) 0.0404(2) 
C13 0.1795(6) 0.1077(4) 0.0412(3) 0.0788(4) -0.0353(4) -0.0162(3) 

C14 0.0366(3) 0.0568(3) 0.0962(4) 0.0032(2) 0.0120(3) 0.0174(3) 

N1 0.0409(7) 0.0367(6) 0.0359(8) 0.0152(5) 0.0029(6) 0.0070(6) 

N2 0.0414(7) 0.0428(6) 0.0384(8) 0.0199(5) 0.0021(6) 0.0106(6) 

N3 0.0376(7) 0.0433(7) 0.0304(7) 0.0130(5) -0.0000(6) 0.0093(6) 

N4 0.0315(7) 0.0411(7) 0.0331(7) 0.0113(5) 0.0023(6) 0.0091(6) 

CI 0.0497(9) 0.0410(8) 0.0401(9) 0.0219(6) 0.0070(8) 0.0110(7) 

C2 0.0410(9) 0.0432(8) 0.0355(9) 0.0130(7) 0.0068(8) 0.0112(7) 

CIO 0.0480(9) 0.0341(7) 0.0361(9) 0.0152(6) 0.0053(8) 0.0092(7) 

Cll 0.050(1) 0.048(1) 0.046(1) 0.0185(7) 0.0067(9) 0.0045(9) 

C12 0.054(1) 0.054(1) 0.054( 1) 0.0118(9) -0.003( 1) 0.006(1) 

C13 0.081(1) 0.040(1) 0.039(1) 0.014(1) 0.005(1) 0.0041(9) 

C14 0.079(1) 0.062(1) 0.053( 1) 0.0366(9) 0.019(1) 0.007(1) 

C15 0.056(1) 0.058(1) 0.051(1) 0.0253(8) 0.007(1) 0.006(1) 

C20 0.0407(8) 0.0385(7) 0.0384(9) 0.0211(5) 0.0052(7) 0.0084(7) 

C21 0.0465(9) 0.0597(9) 0.050(1) 0.0280(6) 0.0168(8) 0.0271(7) 

C22 0.0343(8) 0.061(1) 0.066( 1) 0.0205(7) 0.0075(9) 0.0255(8) 

C23 0.0459(9) 0.0603(9) 0.045(1) 0.0286(6) 0.0028(8) 0.0184(7) 

C24 0.053(1) 0.078(1) 0.067(1) 0.0300(8) 0.0157(9) 0.0469(8) 

C25 0.0359(9) 0.061(1) 0.068(1) 0.0150(7) 0.0077(9) 0.0342(8) 

C30 0.0469(9) 0.0408(8) 0.0307(8) 0.0147(7) 0.0031(8) 0.0116(6) 

C31 0.052(1) 0.056(1) 0.039(1) 0.0207(8) -0.0013(9) 0.0085(8) 

C32 0.068(1) 0.064(1) 0.047(1) 0.0257(9) -0.017(1) 0.0087(9) 

C33 0.095(1) 0.055(1) 0.031(1) 0.0335(9) -0.012(1) 0.0020(8) 

C34 0.094(2) 0.086(1) 0.038(1) 0.045(1) 0.016(1) 0.004(1) 

C35 0.056(1) 0.078(1) 0.046(1) 0.0270(9) 0.008(1) 0.006(1) 

C40 0.0341(8) 0.0365(7) 0.0382(9) 0.0137(6) 0.0070(7) 0.0080(7) 

C41 0.0359(8) 0.0427(8) 0.0409(9) 0.0119(6) 0.0056(8) 0.0121(7) 

C42 0.0363(9) 0.0481(9) 0.050( 1) 0.0146(7) 0.0019(9) 0.0112(8) 

C43 0.0338(8) 0.0349(8) 0.059(1) 0.0094(6) 0.0107(8) 0.0067(8) 

C44 0.055(1) 0.0406(9) 0.056(1) 0.0099(8) 0.0180(9) 0.0194(8) 

C45 0.049(1) 0.0433(9) 0.044(1) 0.0128(7) 0.0034(9) 0.0155(7) 

Table 46. Displacement coefficients for Mo2(p-Cl-form)4. 
The form of the anisotropic displacement parameter is: 

exp[-2PI2(h2a2U(l,l) + k2b2U(2,2) + 12c2U(3,3) + 2hkabU(l,2) + 2hlacU(l,3) 

+ 2klbcU(2,3))] where a,b, and c are reciprocal lattice constants. 
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\toml Atom2 Distance (A) Atoml Atom2 Distance (j 

Mol Mol 2.0898(3) C13 C14 1.366(4) 

Mol N1 2.155(2) C14 C15 1.378(4) 

Mol N2 2.162(2) C20 C21 1.384(3) 

Mol N3 2.133(2) C20 C25 1.379(3) 

Mol N4 2.176(2) C21 C22 1.379(3) 

Cll CI3 1.746(3) C22 C23 1.370(3) 

C12 C23 1.744(2) C23 C24 1.362(4) 

C13 C33 1.741(3) C24 C25 1.378(3) 

C14 C43 1.743(2) C30 C31 1.394(3) 

N1 CI 1.324(3) C30 C35 1.378(4) 

N1 CIO 1.422(3) C31 C32 1.370(3) 

N2 CI 1.324(3) C32 C33 1.361(4) 

N2 C20 1.423(3) C33 C34 1.361(5) 

N3 C2 1.323(3) C34 C35 1.382(4) 

N3 C30 1.418(3) C40 C41 1.393(3) 

N4 C2 1.330(3) C40 C45 1.378(3) 

N4 C40 1.426(3) C41 C42 1.387(3) 

CIO Cll 1.379(3) C42 C43 1.371(4) 

CIO C15 1.392(4) C43 C44 1.372(4) 

Cll CI2 1.379(3) C44 C45 1.373(3) 

C12 C13 1.369(4) 

Table 47. Selected bond lengths for Mo2(p-Cl-form)4. Numbers in parentheses are 

estimated standard deviations in the least significant digits. 
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Atom I Atom2 Atom3 Angle (°) Atom I Atom2 Atom3 Angle (° 

Mol Mol N2 91.67(5) CI 1 CIO C15 117.6(2 

Mol Mol N3 93.67(5) CIO Cll C12 121.4(3 

Mol Mol N4 91.88(5) CI I C12 C13 119.8(3 

N1 Mol N2 173.39(6) Cll C13 C12 120.1(2 

N1 Mol N3 86.84(7) Cll C13 C14 119.7(2 

N1 Mol N4 90.90(7) C12 C13 C14 120.2(3 

N2 Mol N3 89.09(7) C13 CI4 C15 120.0(3 

N2 Mol N4 92.65(7) CIO C15 C14 121.0(3 

N3 Mol N4 174.13(6) N2 C20 C21 120.4(2 

Mol N1 CI 116.0(2) N2 C20 C25 121.1(2 

Mol N1 CIO 125.9(1) C21 C20 C25 118.4(2 

CI N1 CIO 117.4(2) C20 C21 C22 120.9(2 

Mol N2 CI 117.7(2) C21 C22 C23 119.1(2 

Mol N2 C20 123.9(1) CI2 C23 C22 118.9(2 

CI N2 C20 117.0(2) C12 C23 C24 119.8(2 

Mol N3 C2 117.5(1) C22 C23 C24 121.3(2 

Mol N3 C30 122.3(1) C23 C24 C25 119.3(2 

C2 N3 C30 118.8(2) C20 C25 C24 121.0(2 

Mol N4 C2 116.7(1) N3 C30 C31 118.7(2 

Mol N4 C40 126.1(1) N3 C30 C35 123.3(2 

C2 N4 C40 117.1(2) C31 C30 C35 117.9(2 

N1 CI N2 120.5(2) C30 C31 C32 121.3(3 

N3 C2 N4 120.1(2) C31 C32 C33 119.3(3 

N1 CIO Cll 119.8(2) C13 C33 C32 120.0(3 

C13 C33 C34 118.8(3) C40 C41 C42 121.3(2 

C32 C33 C34 121.1(3) C41 C42 C43 118.7(2 

C33 C34 C35 119.7(3) CI4 C43 C42 119.6(2 

C30 C35 C34 120.6(3) CI4 C43 C44 119.5(2 

N4 C40 C41 118.2(2) C42 C43 C44 121.0(2 

N4 C40 C45 124.0(2) C43 C44 C45 119.8(2 

C4I C40 C45 117.9(2) C40 C45 C44 121.2(2 

Mol Mol N1 93.79(5) N1 CIO C15 122.6(2 

Table 48. Bond angles for Mo2(p-Cl-form)4. Numbers in parentheses are estimated 

standard deviations in the least significant digits. 



s- g; 
3- ji, 

O w 
n 3 
P 
O 

T3 O c/> 

O 3 
3 H. 
t/i ^ 

5" n 
2i n (-» n •n (/> 

p 
3 a 
ft 
3-O 

0 

Q 

1 
fi 

H ̂  3" =• 
0 3 C/l nj 
" ff 
*» 

Si D. 
2 
1 i 

a 
a 
o. o < 

a S f® s. 
a o 3 3 n yi 
a 

ac SC ffi EC EC 33 EC EC a: EC EC 5 EC 5 EC -p- u> N) K) to to 
tyi N) lyi 4^ K) Ui 4:» to to 

p o O O 1 
p 

1 
p P p o p p o 1 

p o O p 
b\ ON b !>> to b io iyi 4^ Q b U) 

00 iti o U> u> vO to to o O 1̂ 1 ON vO -J 00 o — vO 00 ON 00 00 

o 
b 
00 

o o o o o o o o  I o  o  o  o  o  o  o  I o  
W ^ U ) f O O t O | v J Q i o k j O Q O J U ( U i U ) ^ t s )  
0 . f c > . 0 \ —  ^ p u J ^ } 3 } o  —  O O v - ^ U l O S r t V O  
N ) 0 \  —  K ) v O . ^ U i O v o o  —  0 0 0 0 w S O ^ ^ v S O ^  

b o P P P P P P  
— U- — — 
r r t  —  ^ N ) O \ l y i 0 0 \ O  
^ u » w u i r o  —  0 4 ^  

p p p p p p p p p p  
—  u ) i o b l o 4 ^ u ) i o i o b  

— 00 — --Oi 
0 0 ( > J 4 ^ U »  —  - 4 —  - - J W  

U i L r t L r t L / i U i U | ( ^ U l U » L / i U i L / ( L n L / l U i ' > y t U ( l y i  
b b b b b b b b b b b b b b b b b b  

> F-» 
o  
3 

N 

W 
>0 

NJ 
vO 



Atoml Atom2 

CI HI 

C2 H2 

CI I HII 

CI2 H12 
CI4 H14 

CI5 HI5 

C2I H21 

C22 H22 

C24 H24 

C25 H25 

C3I H31 

C32 H32 

C34 H34 

C35 H35 

C4I H4I 

C42 H42 

C44 H44 

C45 H45 

Distance (A) 

0.951 

0.948 

0.953 

0.950 

0.955 

0.950 

0.948 

0.950 

0.949 

0.947 

0.955 

0.951 

0.945 

0.947 

0.948 

0.946 

0.949 

0.946 

Table 50. Bond distances for the hydrogen atoms in Mo2(p-CI-form)4. 
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AtomlAtom2Atom3 Angle(°) 

N2 CI HI 119.3 

N3 C2 H2 120.1 

N4 C2 H2 119.7 

CIO CI 1 Hll 118.8 

C12 CI 1 Hll 119.8 

C l l  C12 H12 120.9 

C13 C12 H12 119.3 

C13 C14 H14 120.0 

C15 C14 H14 119.9 

CIO C15 H15 119.0 

C14 C15 H15 120.0 

C20 C21 H21 119.4 

C22 C2I H21 119.7 

C21 C22 H22 120.6 

C23 C22 H22 120.3 

C23 C24 H24 119.9 

C25 C24 H24 120.8 

C20 C25 H25 119.1 

C24 C25 H25 119.9 

C30 C31 H31 119.0 

C32 C31 H31 119.7 

C31 C32 H32 120.6 

C33 C32 H32 120.1 

C33 C34 H34 119.5 

C35 C34 H34 120.7 

C30 C35 H35 119.2 

C34 C35 H35 120.1 

C40 C41 H41 118.8 

C42 C41 H41 119.9 

C41 C42 H42 121.0 

C43 C42 H42 120.3 

C43 C44 H44 118.8 

C45 C44 H44 121.5 

C40 C45 H45 119.0 

C44 C45 H45 119.7 

N1 CI HI 120.2 

Table 51. Bond angles involving the hydrogen atoms in MoiCp-Cl-form)^. 
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Figure 70. ORTEP diagram of Mo2(p-Cl-form)4. 
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Appendix B 

X-RAY CRYSTAL STRUCTURE OF Mo,(p-Br-fonn)^ 

Experimental Section 

Data Collection. A yellow thin plate crystal of Mo2BrgNgC52H36 having approximate 

dimensions of 0.03 x 0.12 x 0.18 mm was mounted on a glass fiber in a random orientation. 

Preliminary examination and data collection were performed with Mo Ka radiation 

(A = 0.71073 A) on an Enraf-Nonius CAD4 computer controlled kappa axis diffractometer 

equipped with a graphite crystal, incident beam monochromator. 

Cell constants and an orientation matrix for data collection were obtained from 

least-squares refinement, using the setting angles of 25 reflections in the range 2O<20<3O°. 

The triclinic cell parameters and calculated volume are: a = 10.437(1), b = 11.610(1), 

c = 12.801(1) A,a= 107.00(1), p = 92.56(1 ),Y= 113.31(1)°, V= 1339.4(2) A'. ForZ= 1 

and F.W. = 1604.07 the calculated density is 1.99 g/cm^. As a check on crystal quality, 

co-scans of several intense reflections were measured; the width at half-height was 0.37°, 

indicating moderate crystal quality. There were no systematic absences; the space group was 

determined to be P-1 (#2). 

The data were collected at a temperature of 23±1° using the co-20 scan technique. 

The scan rate varied from 1 to 7°/min (in omega). Data were collected to a maximum 20 of 

50.0°. The scan range (omega, in deg.) was determined as a function of 0 to correct for the 

separation of the Ka doublet'^*; the scan width was calculated as follows: scan width = 0.8 

+ 0.340 tan0. Moving-crystal moving-counter background counts were made by scanning 
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an additional 25% above and below this range. Thus the ratio of peak counting time to 

background counting time was 2:1. The counter aperture was also adjusted as a function of 

0. The horizontal aperture width ranged from 2.4 to 2.9 mm; the vertical aperture was set 

at 2.0 mm. The diameter of the incident beam collimator was 0.76 mm and the crystal to 

detector distance was 21 cm. For intense reflections an attenuator was automatically inserted 

in front of the detector; the attenuator factor was 13.5. 

Data Reduction. A total of 5001 reflections were collected, of which 4717 were 

unique. As a check on crystal and electronic stability 3 representative reflections were 

measured every 60 min. The intensities of these standards remained constant within 

experimental error throughout data collection. No decay correction was applied. 

Lorentz and polarization corrections were applied to the data. The linear absorption 

coefficient is 64.1 cm ' for Mo Ka radiation. An empirical absorption correction based on 

a series of psi-scans was applied to the data. Relative transmission coefficients ranged from 

0.726 to 0.997 with an average value of 0.910. Intensities of equivalent reflections were 

averaged. The agreement factors for the averaging of the 278 observed and accepted 

reflections was 3.2% based on intensity and 2.8% based on Fo. 

Structure Solution and Refinement. The structure was solved using the Patterson 

heavy-atom method which revealed the position of one Mo atom. The remaining atoms were 

located in succeeding difference Fourier syntheses. Hydrogen atoms were included at 

idealized positions and were included in the refinement but constrained to ride on the atom 

to which they are bonded. The structure was refined in full-matrix least-squares, where the 

function minimized was ^w(IFol- IFcl)" and the weight w is defined as 4FoVcr(Fo-). 
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Scattering factors were taken from Cromer and Waber Anomalous dispersion 

effects were included in Fc'*°; the values for AF and Af' were those of Cromer Only the 

1896 reflections having intensities greater than 3.0 times their standard deviation were used 

in the refinements. The final cycle of refinement included 316 variable parameters and 

converged (largest parameter shift was 0.05 times its esd) with agreement factors of: 

R = 0.045, R^, = 0.046, and S = 1.21. There were 29 correlation coefficients greater than 

0.50. The highest correlation coefficient was 0.63 between the second and fourth 

temperature factors of Br3. The highest peak in the final difference Fourier had a height of 

0.70(12) eVA-^ the minimum negative peak had a height of -0.21(12) e"/A-\ Plots of 

^w(IFol-IFcl)" versus IFol, reflection order in data collection, sin 0/X, and various classes of 

indices showed no unusual trends. 

All calculations were performed on a VAX computer using MolEN.'®^ 
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Mo2BrsNgCs2H36 

F.W. = 1604.07 F(OOO) = 768 

crystal dimensions 0.03 x 0.12 x 0.18 mm 

peak width at half-height 0.37° 

Mo Ka radiation X. = 0.71073 A  

temperature 23± 1 ° 

triclinic space group P-1 

a =10.437(l) A  b= 11.610(1) A c= 12.801(1) A  

a =  107.00(1)° p  = 92.56(l)° Y= 113.31(1)° 

V= 1339.4 (2) A-' 

Z = 1 P = 1 -99 g/cm^ 

H = 64.1 cm' 

Table 52. Crystal data for Mo2(p-Br-form)4. 
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Instrument 

Monochromator 

Attenuator 

Take-off Angle 

Detector Ap)erture 

Crystal-Detector Distance 

Scan Type 

Scan Rate 

Scan Width (deg) 

Maximum 20 

Number of Reflections Measured 

Corrections 

Enraf-Nonius CAD4 diffractometer 

Graphite crystal, incident beam 

Zr foil, factor 13.5 

2.8° 

2.4 to 2.9 mm horizontal 

2.0 mm vertical 

21 cm 

q)-20 

1 -7°/min (in omega) 

0.8 +0.340 tanO 

50.0° 

5001 total, 4717 unique 

Lorentz-polarization 

Reflection averaging (agreement on I = 3.2%) 

Empirical absorption (from 0.73 to 1.00 on I) 

Table 53. Intensity measurements for Mo2(p-Br-form)4. 



Solution 

Refinement 

Minimization Function 

Least-Squares Weights 

Anomalous Dispersion 

Reflections Included 

Parameters Refined 

Unweighted Agreement Factor 

Weighted Agreement Factor 

Estimated Standard Deviation of 

Observed of Unit Weight 

Convergence, Largest Shift 

High Peak in Final Difference Map 

Low Peak in Final Difference Map 

Computer Hardware 

Computer Software 

Patterson method 

Full-matrix least-squares 

£w(IFol-IFcl)-

4FoVcr(Fo-) 

All non-hydrogen atoms 

1896 with Fo^3.0<j(Fo")" 

316 

0.045 

0.046 

1.21 

0.05a 

0.70(12)e/A^ 

-0.21(12)e/A^ 

VAX 

MolEN (Enraf-Nonius) 

Table 54. Structure solution and refinement for Mo2(/?-Br-form)4. 
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Atom X y z 
o ̂  

B(A-) 

Mol 0.0897(1) 0.05953(9) 0.06224(8) 2.44(2) 

Brl 0.3037(2) 0.6885(2) 0.5453(1) 7.16(6) 

Br2 0.5700(1) -0.1014(1) 0.3845(1) 5.70(4) 

Br3 0.2466(2) 0.3601(2) 0.6673(1) 10.20(6) 

Br4 0.8404(1) 0.5209(1) 0.0524(1) 5.55(4) 

N1 0.0396(9) 0.2278(8) 0.1053(7) 3.1(3) 

N2 0.1495(8) -0.1043(8) 0.0382(7) 3.0(2) 

N3 -0.0178(9) 0.0040(8) 0.1890(7) 3.0(3) 

N4 0.2173(8) 0.1316(8) -0.0554(7) 2.9(2) 

CI -0.070(1) 0.217(1) 0.0429(8) 3.0(3) 

C2 -0.152(1) -0.081(1) 0.159(1) 3.7(3) 

CIO 0.099(1) 0.3400(9) 0.2061(9) 2.8(3) 

C l l  0.246(1) 0.396(1) 0.245(1) 4.3(4) 

C12 0.304(1) 0.502(1) 0.347(1) 4.7(4) 

CI3 0.221(1) 0.552(1) 0.405(1) 4.0(4) 

CI4 0.078(1) 0.497(1) 0.368(1) 5.2(4) 

C15 0.017(1) 0.392(1) 0.267(1) 4.3(4) 

C20 0.248(1) -0.1057(9) 0.1190(8) 2.6(3) 

C21 0.392(1) -0.041(1) 0.1224(9) 3.5(3) 

C22 0.486(1) -0.036(1) 0.204(1) 4.1(3) 

C23 0.440(1) -0.1011(9) 0.2762(9) 3.3(3) 

C24 0.297(1) -0.170(1) 0.271(1) 4.8(4) 

C25 0.203(1) -0.171(1) 0.192(1) 4.2(4) 

C30 0.037(1) 0.076(1) 0.3037(9) 3.6(3) 

C31 0.180(1) 0.127(1) 0.341(1) 4.4(4) 

C32 0.242(1) 0.209(1) 0.449(1) 5.1(4) 

C33 0.164(1) 0.239(1) 0.521(1) 5.5(4) 

C34 0.021(1) 0.188(1) 0.489(1) 6.6(5) 

C35 -0.040(1) 0.110(1) 0.379(1) 5.1(4) 

C40 0.359(1) 0.2310(9) -0.0261(9) 2.7(3) 

C41 0.445(1) 0.252(1) 0.067(1) 3.4(3) 

C42 0.588(1) 0.339(1) 0.093(1) 3.5(3) 

C43 0.646(1) 0.406(1) 0.022(1) 3.6(3) 

C44 0.561(1) 0.387(1) -0.071(1) 4.1(4) 

Table 55. Positional parameters and their estimated standard deviations 

for Mo2(p-Br-form)4. 
Anisotropically refined atoms are given in the form of the isotropic equivalent 

displacement parameter defined as; 

(%) » [a2*B(l,l) + b2*B(2,2) + c2*B(3,3) + ab(cos Y)*B(1,2) 

+ ac(cos p)*B(I,3) + bc(cos a)*B(2,3)] 
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Name U(1,I) U(2,2) U(3,3) U(l,2) U(l,3) U(2.3) 

Mol 0.0282(4) 0.0327(4) 0.0268(5) 0.0103(3) 0.0029(4) 0.0072(4) 

Brl 0.101(1) 0.0698(9) 0.053(1) 0.0129(9) 0.0077(9) -0.0126(8) 

Br2 0.0627(7) 0.1034(8) 0.0656(9) 0.0457(6) 0.0062(7) 0.0358(6) 

Br3 0.207(1) 0.126(1) 0.046( 1) 0.1057(8) -0.041(1) -0.0226(9) 

Br4 0.0390(7) 0.0539(7) 0.098(1) 0.0043(6) 0.0161(7) 0.0188(7) 

N1 0.042(5) 0.030(4) 0.026(5) 0.004(4) -0.006(4) -0.001(4) 

N2 0.028(4) 0.046(4) 0.044(6) 0.022(3) 0.007(4) 0.011(4) 

N3 0.033(5) 0.033(4) 0.026(5) -0.005(4) -0.004(4) 0.006(4) 

N4 0.016(4) 0.046(5) 0.037(5) 0.008(3) 0.005(4) 0.010(4) 

CI 0.056(6) 0.027(5) 0.030(6) 0.018(4) 0.013(5) 0.010(4) 

C2 0.046(6) 0.039(6) 0.052(7) 0.011(5) 0.010(6) 0.022(5) 

CIO 0.048(6) 0.034(5) 0.024(6) 0.024(4) -0.001(5) 0.002(4) 

CI 1 0.047(6) 0.045(6) 0.057(8) 0.020(5) -0.005(6) -0.002(6) 

C12 0.059(8) 0.036(6) 0.064(9) 0.011(5) -0.007(7) 0.004(6) 

C13 0.056(7) 0.035(6) 0.044(7) 0.014(5) 0.007(6) 0.001(5) 

C14 0.071(7) 0.062(7) 0.056(9) 0.035(5) 0.025(7) -0.004(7) 

C15 0.064(7) 0.044(6) 0.041(7) 0.021(5) 0.010(6) -0.001(6) 

C20 0.032(5) 0.036(5) 0.028(6) 0.014(4) -0.005(5) 0.006(4) 

C21 0.049(6) 0.056(6) 0.043(6) 0.026(5) 0.021(5) 0.031(5) 

C22 0.053(6) 0.063(6) 0.069(8) 0.040(4) 0.022(6) 0.040(5) 

C23 0.046(6) 0.038(5) 0.045(7) 0.028(4) -0.004(5) 0.007(5) 

C24 0.063(8) 0.078(7) 0.043(7) 0.020(6) 0.014(6) 0.039(5) 

C25 0.039(6) 0.057(6) 0.070(8) 0.017(5) 0.013(6) 0.036(5) 

C30 0.060(7) 0.046(6) 0.033(6) 0.021(5) 0.014(6) 0.019(5) 

C31 0.065(7) 0.069(7) 0.034(7) 0.035(5) 0.006(6) 0.007(6) 

C32 0.051(7) 0.073(8) 0.048(8) 0.028(5) -0.012(7) -0.006(7) 

C33 0.095(8) 0.069(7) 0.034(7) 0.043(6) -0.021(7) -0.007(6) 

C34 0.101(9) 0.096(9) 0.045(8) 0.051(7) 0.026(7) -0.001(7) 

C35 0.040(7) 0.080(9) 0.037(8) 0.006(6) -0.005(6) -0.002(7) 

C40 0.039(5) 0.048(5) 0.038(6) 0.032(4) 0.020(5) 0.023(4) 

C41 0.037(6) 0.044(6) 0.052(7) 0.018(4) 0.011(6) 0.017(5) 

C42 0.030(6) 0.034(6) 0.046(7) 0.007(4) -0.009(6) -0.005(5) 

C43 0.033(6) 0.027(6) 0.057(7) -0.003(5) 0.025(5) 0.007(5) 

C44 0.045(7) 0.040(6) 0.060(7) 0.003(5) 0.015(6) 0.021(5) 

C45 0.039(6) 0.037(6) 0.032(6) 0.015(4) 0.003(5) 0.002(5) 

Table 56. Displacement coefficients for Mo2(p-Br-form)4. 

The form of the anisotropic displacement parameter is: 
exp[-2PI2(h2a2U(l,l) + k2b2U(2,2) + 12c2U(3,3) + 2hkabU(l,2) + 2hlacU(l,3) 

+ 2lclbcU(2,3))] where a.b, and c are reciprocal lattice constants. 
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Atoml Atom2 Distance (A) Atoml Atom2 Distance (A) 

Mo I Mol 2.087(2) CI3 C14 1.36(2) 

Mol N1 2.14(1) C14 CIS 1.40(2) 

Mol N2 2.17(1) C20 C21 1.38(2) 

Mol N3 2.12(1) C20 C25 1.36(2) 

Mol N4 2.18(1) C21 C22 1.37(2) 

Brl CI3 1.89(1) C22 C23 1.35(2) 

Br2 C23 1.90(1) C23 C24 1.37(2) 

Br3 C33 1.89(1) C24 C25 1.37(2) 

Br4 C43 1.88(1) C30 C3i 1.38(2) 

N1 CI 1.31(1) C30 C35 1.35(2) 

N1 CIO 1.43(1) C31 C32 1.38(2) 

N2 CI 1.32(1) C32 C33 1.32(2) 

N2 C20 1.44(1) C33 C34 1.36(2) 

N3 C2 1.31(1) C34 C35 1.39(2) 

N3 C30 1.42(1) C40 C4I 1.36(2) 

N4 C2 1.31(1) C40 C45 1.38(2) 

N4 C40 1.42(1) C41 C42 1.39(2) 

CIO C l l  1.40(2) C42 C43 1.38(2) 

CIO C15 1.38(2) C43 C44 1.36(2) 

C l l  CI2 1.41(2) C44 C45 1.36(2) 

C12 C13 1.36(2) 

Table 57. Selected bond lengths for Mo2(p-Br-fonn)4. Numbers in parentheses are 

estimated standard deviations in the least significant digits. 
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Atoml Atom2 Atom3 Angle f°) Atoml Atom2 Atom3 Angle 

Mol Mol Nl 93.8(3) Nl CIO C15 122.( 

Mol Mol N2 91.4(3) C l l  CIO C15 1I9.( 

Mol Mol N3 93.5(3) CIO C l l  C12 118.( 

Mol Mol N4 91.9(3) C l l  C12 C13 121.( 

N1 Mol N2 173.6(4) Brl C13 CI2 I19.( 

Ni Mol N3 87.5(4) Brl C13 C14 12L( 

NI Mol N4 91.1(4) C12 C13 C14 120.( 

N2 Mol N3 88.4(4) C13 C14 C15 120.( 

N2 Mol N4 92.5(4) CIO C15 C14 121.( 

N3 Mol N4 174.5(4) N2 C20 C21 120.( 

Mol Nl CI 116.8(8) N2 C20 C25 12I.( 

Mol NI CIO 125.6(8) C21 C20 C25 119.( 

CI Nl CIO 117.(1) C20 C21 C22 119.( 

Mol N2 CI 117.3(9) C21 C22 C23 12I.( 

Mol N2 C20 123.0(8) Br2 C23 C22 121.( 

CI N2 C20 118.(1) Br2 C23 C24 119.( 

Mol N3 C2 117.2(9) C22 C23 C24 120.( 

Mol N3 C30 122.8(8) C23 C24 C25 119.( 

C2 N3 C30 118.(1) C20 C25 C24 122.( 

Mol N4 C2 115.6(8) N3 C30 C31 118.( 

Mol N4 C40 124.8(8) N3 C30 C35 125.( 

C2 N4 C40 120.(1) C3I C30 C35 117.( 

Nl CI N2 121.(1) C30 C31 C32 12I.( 

N3 C2 N4 122.(1) C31 C32 C33 121.( 

Nl CIO C I l  118.(1) Br3 C33 C32 122.( 

Br3 C33 C34 118.(1) C40 C41 C42 122.( 

C32 C33 C34 120.(2) C41 C42 C43 I19.( 

C33 C34 C35 120.(2) Br4 C43 C42 120.( 

C30 C35 C34 122.(2) Br4 C43 C44 121.( 

N4 C40 C41 120.(1) C42 C43 C44 119.( 

N4 C40 C45 122.(1) C43 C44 C45 121.( 

C41 C40 C45 117.(1) C40 C45 C44 122.( 

Table 58. Bond angles for Mo2(p-Br-form)4. Numbers in parentheses are estimated 

standard deviations in the least signiHcant digits. 



Atom X y z B(A-) 
HI -0.093 0.291 0.055 5 

H2 -0.204 -0.108 0.214 5 

H l l  0.304 0.363 0.202 5 

H12 0.402 0.540 0.376 5 

H14 0.022 0.530 0.413 5 

H15 -0.082 0.357 0.239 5 

H21 0.425 0.000 0.068 5 

H22 0.585 0.014 0.210 5 

H24 0.265 -0.216 0.322 5 

H25 0.104 -0.219 0.188 5 

H31 0.237 0.104 0.290 5 

H32 0.342 0.244 0.473 5 

H34 -0.035 0.206 0.542 5 

H35 -0.139 0.080 0.353 5 

H41 0.405 0.204 0.115 5 

H42 0.646 0.355 0.160 5 

H44 0.600 0.434 -0.120 5 

H45 0.362 0.289 -0.160 5 

Table 59. Positional parameters and their estimated standard deviations 

for the hydrogen atoms in Mo2(/?-Br-form)4. These atoms were not refined. 
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Atom I Atom2 Distance 

CI HI 0.95 

C2 H2 0.96 

C I l  H l l  0.95 

C I 2  H12 0.95 

C I 4  H14 0.95 

C15 H15 0.95 

C21 H21 0.95 

C22 H22 0.95 

C24 H24 0.95 

C25 H25 0.95 

C31 H31 0.95 

C32 H32 0.95 

C34 H34 0.95 

C35 H35 0.95 

C4I H41 0.95 

C42 H42 0.95 

C44 H44 0.95 

C45 H45 0.95 

Table 60. Bond distances for the hydrogen atoms in Mo2(p-Br-form)4. 



Atoml Atom2 Atom3 

N1 CI HI 

N2 CI HI 

N3 C2 H2 

N4 C2 H2 

C I O  C l l  H l l  

C12 C l l  H l l  

C l l  C12 H12 

C13 C12 H12 

C13 C14 H14 

C15 C14 H14 

C I O  C15 H15 

C14 C15 H15 

C20 C21 H21 

C22 C21 H2I 

C21 C22 H22 

C23 C22 H22 

C23 C24 H24 

C25 C24 H24 

C20 C25 H25 

C24 C25 H25 

C30 C31 H31 

C32 C31 H31 

C 3 1  C32 H32 

C33 C32 H32 

C33 C34 H34 

C35 C34 H34 

C30 C35 H35 

C34 C35 H35 

C40 C41 H41 

C42 C41 H41 

C41 C42 H42 

C43 C42 H42 

C43 C44 H44 

C45 C44 H44 

C40 C45 H45 

C44 C45 H45 
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Angle 

120 

119 

119 

119 

120 

121 
120 

119 

118 

121 
119 

120 

120 
121 
120 

119 

120 

121 

119 

120 

119 

120 

121  
119 

119 

121 
118 
120 

118  
120 

121 
119 

119 

120 

118 

120 

Table 61. Bond angles involving the hydrogen atoms in Mo2(/?-Br-fomi)4. 
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Atoml Atoni2 Atom3 Atom4 Angle (°) 

N2 Mol N1 CI -149.40(2.85) 

N2 Mol N1 CIO 19.11(3.61) 

N3 Mol N1 CI -98.88(0.81) 

N3 Mol N1 C I O  69.63(0.86) 

N4 Mol N1 CI 86.49(0.81) 

N4 Mol N1 C I O  -105.00(0.85) 

N1 Mol N2 C20 -18.44(3.55) 

N3 Mol N2 C20 -68.91(0.80) 

N4 Mol N2 C20 105.62(0.80) 

N1 Mol N3 C2 93.96(0.85) 

N1 Mol N3 C30 -70.21(0.89) 

N2 Mol N3 C2 -90.96(0.85) 

N2 Mol N3 C30 104.86(0.89) 

N4 Mol N3 C2 169.66(3.26) 

N4 Mol N3 C30 5.48(4.11) 

N1 Mol N4 C40 81.00(0.84) 

N2 Mol N4 C40 -93.71(0.84) 

N3 Mol N4 C40 5.48(4.06) 

Mol N1 C I O  C l l  43.98(1.30) 

Mol N1 CIO C15 -134.23(0.96) 

CI N1 C I O  C l l  -147.51(1.06) 

CI N1 C I O  C15 34.28(1.47) 

Mol N2 C20 C21 -82.92(1.14) 

Mol N2 C20 C25 97.70(1.10) 

Mol N3 C30 C31 -38.99(1.41) 

Mol N3 C30 C35 134.74(1.10) 

C2 N3 C30 C31 156.98(1.11) 

C2 N3 C30 C35 -29.29(1.70) 

Mol N4 C40 C41 26.39(1.41) 

Mol N4 C40 C45 -159.59(0.83) 

N1 C I O  C l l  C12 -176.77(1.00) 

C15 CIO C l l  C12 1.50(1.66) 

N1 CIO C15 C14 176.58(1.05) 

CM CIO C15 C14 -1.62(1.71) 

CIO C l l  C12 C13 -1.91(1.77) 

Table 62. Torsion angles in Mo2(p-Br-fomi)4. 
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Atom 1 Atom2 Atom3 

CI 1 C12 C13 

C l l  C12 C13 

Brl C13 C14 

C 1 2  C13 C14 

C13 C14 C15 

N2 C20 C21 

C25 C20 C21 

N2 C20 C25 

C21 C20 C25 

C20 C21 C22 

C21 C22 C23 

C21 C22 C23 

Br2 C23 C24 

C22 C23 C24 

C23 C24 C25 

N3 C30 C31 

C35 C30 C31 

N3 C30 C35 

C31 C30 C35 

C30 C31 C32 

C31 C32 C33 

C31 C32 C33 

Br3 C33 C34 

C32 C33 C34 

C33 C34 C35 

N4 C40 C41 

C45 C40 C41 

N4 C40 C45 

C41 C40 C45 

C40 C41 C42 

C4l C42 C43 

C4l C42 C43 

Br4 C43 C44 

C42 C43 C44 

C43 C44 C45 

Atom4 Angle 

Brl 176.99(0.91) 

C14 2.42(1.87) 

C15 -176.96(0.94) 

C15 -2.50(1.91) 

C I O  2.11(1.86) 

C22 176.41(1.00) 

C22 -4.19(1.65) 

C24 -178.28(1.07) 

C24 2.33(1.75) 

C23 3.89(1.75) 

Br2 177.15(0.89) 

C24 -1.60(1.80) 

C25 -179.12(0.92) 

C25 -0.34(1.82) 

C20 -0.05(1.87) 

C32 173.69(1.11) 

C32 -0.53(1.83) 

C34 -175.94(1.19) 

C34 -2.12(1.92) 

C33 1.27(1.99) 

Br3 -176.10(0.99) 

C34 0.70(2.06) 

C35 173.63(1.06) 

C35 -3.28(2.12) 

C30 4.09(2.14) 

C42 173.65(1.03) 

C42 -0.68(1.68) 

C44 -172.88(1.07) 

C44 1.33(1.69) 

C43 -0.95(1.77) 

Br4 -178.37(0.88) 

C44 1.97(1.75) 

C45 178.99(0.92) 

C45 -1.36(1.82) 

C40 -0.32(1.84) 

Table 63. Torsion angles in Mo2(p-Br-form)4, continued. 
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Figure 71. ORTEP Diagram of MojCp-Br-form). 
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Appendix C 

COMPARISON OF THE BONDING OF BENZENE AND TO A METAL 

CLUSTER: 

RU3(CO)9(P^-T1%TI%TI--C6H6) AND Ru3(CO)9(M^-ri%ri%Ti--C6o) 

Introduction 

The binding of to inorganic fragments has shown the remarkable versatility with 

which this fullerene can react with organometallic species.'^ The first such complex to be 

synthesized and structurally characterized was C6o(Os04)(4-r^rr-butylpyridine)2, followed 

shortly by (Ti--C6o)Pt(PPh3), (Ph = and [Cp*Ru(CH3CN)J,(C«,)]^^(03SCF3-),(Cp* 

= C5(CH3)5).'^^ Several electronic structure studies have been performed on the platinum 

complex that suggest that the metal fragment is bound more tightly to C^o than to ethylene 

owing to strongerelectronicbackdonation from the metal.Other fullerene-ligated 

systems include (r|--C6o)Ir(CO)Cl(PPh3)2«5C6H6''' and [(C2H5)3P]2pt}6C6o,'^' in which the 

platinum centers are bound in an ri'-fashion. The thiofullerene C6o[S2Fe2(CO)6]n,'^" '^^which 

exhibits the iron cluster coordinated to via the two sulfur atoms, is an analogue of the 

ethylene-bound system, C,H4[S2Fe2(CO)6]."^"^ The ligation in this system, as well as in 

C6o(0s04)(4-/erf-butylpyridine)2 and others, has exemplified the ability of fiillerenes to act 

more as alkenes than arenes. More recently, compounds with higher total hapticities have 

been prepared by the use of multiple metal atom-containing fragments, although these 

complexes still possess r|*-bound metal atoms. For example, in Cp*2Ru2(M-H)(M-Cl)(C6o) 

and Cp*2Ru2(M-Cl)2(C6o), the ruthenium atoms are ti^-bound to adjacent bonds of a C^ face 

of Cgo-"^ The chloro-bridged iridium complex CgoCIriCUC 1,5-COD)2)2 (COD = 
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cyclooctadiene) also exhibits two ri'Cgo-bound metal atoms.''® 

However, no complexes have been shown previously to exhibit metal fragments 

bound symmetrically to a Q face of a fullerene, which is surprising considering the many 

metal complexes containing ri^-bound benzene and its derivatives. Fagan et al.'®' noted that 

the curvature of C^o forced the carbon p„ atomic orbitals to tilt away from the center of the 

six-membered rings, an effect that would appear to weaken metal-C^o orbital overlap for 

hexahapto bonding. Rogers and Marynick were the first to estimateby a computational 

method the energetics of exchange of an r|^-bound benzene for C^o- They determined that 

small metal atoms would indeed be more weakly bound to the fullerene than to for the 

reason suggested by Fagan et al. Subsequently, Rogers and Marynick proposed that a large 

metal atom might be needed to form an r|^-bound complex. Calculations on a palladium 

atom with did not indicate appreciable bonding at the r|® position.'®' 

Shapley and coworkers have recently prepared RU3(CO)9((J 

molecular system that is analogous to the previously prepared and characterized hexahapto-

ligated benzene system Ruj(CO)q(n^-r|-,ri-,T|--C6H6) as shown in Figure 72.-°'-°- The RU3 

core bonds symmetrically to a Q face of C^o and, as the name implies, each metal atom is 

bound in a dihapto fashion. This mode of bonding is sufficiently strong to allow the 

synthesis and electrochemical investigations of a number of related Ru- and Os-fullerene 

systems, including some that contain larger metal clusters that are bound in a 

fashion and some that are bound to The analogous osmium systems Os3(CO)9(n^-

Ti",ri",ri"-C6H6)-°'~'° and Os3(CO)q((i'-r|~,r|-,T|^-C6o)"'' have also been reported. Considering the 

similarity in coordination between these benzene- and buckminsterfullerene-ligated systems. 
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Figure 72. Molecular structures of 

Ru3(CO)g(n^-ri-,Ti\Ti--C6o) and Ru3(CO)9(n-'-Ti\r|\ri--QH6). 

the nature of the metal-ligand interactions for these ruthenium clusters is worthy of study. 

The electronic structure of the newer complex, Ru3(CO)9(fi^-Ti*,Ti*,ri--C6o)» is therefore 

discussed in depth here and is compared with that of the benzene adduct Ru,(CO),((j^-

ri-,ri-,ri--C6H6). Electronic implications for metal-metal and metal-ligand bond lengths, CO 

stretching frequencies, and reduction chemistry are presented. 

Computational Details 

The Fenske-Hall molecular orbital method"'" was chosen to investigate the 

interactions of and CgH^ with RujCCO),. This method has been used previously in the 

study of the electronic interactions of C^o with metals.A particular advantage of the 

method is the ability to easily carry out an analysis of the contributions of individual 

fragment molecular orbitals to the total electronic structure. This type of analysis and 



comparison is central to the present study. 

Coordinates for the two structures were taken from the respective crystal structures 

and idealized to C,,. symmetry. The same Ru^CCO), fragment was used for calculations of 

the Ru,(CO)9(h^-ti%ti%ti--C6H6) and Ru3(CO)9(n-'-Ti%Ti-,ri--C6o) systems to preclude minor 

charge and overlap effects due to small differences in bond lengths and angles between the 

two systems. Bond lengths used for the RujCCO), fragment were; Ru-Ru 2.884A, Ru-COaj^.^, 

l.SSA , and Ru-CO^qujionj, 1.92A , and C-O 1.13A. Ruthenium-aryl carbon distances were 

set at 2.268A and 2.331A in Ru3(CO)9((i^-Ti%ri-,ri--C6o) and Ru3(CO)q((i^-r|-,ri^Ti--QH6). 

respectively. Distances between adjacent carbon atoms in the rings were set to 1.446A 

for the Cgo complex and 1.430A for the benzene adduct. The C-H distance employed in 

Ru,(CO)9(n^-Ti-,ri-,r|--C6H6) was 1.084A and calculations for this system were performed 

with the H atoms bent away from the Ru, core at the crystallographically determined angle 

o f 2 1 . 5 ° .  

Atomic basis functions were generated using the method of Bursten, Jensen, and 

Fenske.^' Contracted double-^ functions were used for the metal nd AOs and for the C and 

O 2p AOs. Basis functions for ruthenium were derived from the 1+ state. 

A stepwise approach has been undertaken to develop the electronic structure of the 

Ru^CCO), derivatives. The carbonyl, C^o, and CgHg units were converged separately and their 

fragment orbitals were then allowed to interact with those of the metal atoms. Additional 

calculations were performed in which the six carbons of the fiillerene to which the Ru^CCO), 

fragment is bound were transformed as a separate unit and allowed to interact with the rest 

of the carbon atoms and the metal-containing moiety. 
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In order to evaluate the energies associated with the geometrical distortions of 

benzene and C^o when they bond to the Ru, cluster, calculations were performed using 

Gaussian 94 with the Hartree-Fock and MP2 methods."'^ Calculations with the 6-3IG* and 

6-31IG** basis sets at these two levels gave reasonably similar results, and only the larger 

basis set calculations at the MP2 level will be reported. The geometry of was fully 

optimized with and without the C-H bonds bent out of the plane. For the ab initio 

calculations on C^, the 6-3IG* basis set was used at the Hartree-Fock level. The structure 

of undistorted C^o had C-C bond lengths of 1.370A at the short 6-6 bonds and 1.448A at the 

long 6-5 bonds. The distorted structure when bound to the Ru, cluster was taken directly 

from the crystal stmcture of the molecule.""" 

Discussion 

Bonding in the Ru3(CO)9 Fragment. The Cg-bound triruthenium complexes of 

benzene and buckminsterfiillerene share a common fragment: RujCCO),. The valence 

orbitals of the isoelectronic moiety Fe^CCO), have been discussed in detail by Hoffmann,"'^ 

so only a brief review is in order. Each ruthenium tricarbonyl portion represents a pseudo-

octahedral environment (average CO-Ru-CO bond angles are: CO^q-Ru-CO^q = 95.8° ; 

COj^-Ru-COjq = 93.4°) so that the familiar tjg and sets of orbitals can be used to generate 

the molecular orbitals (MOs) of RujCCO),. Formally, each Ru atom is uncharged and hence 

possesses a d* electronic configuration. A total of 24 metal-based d electrons are thus 

available for metal-metal and metal-ligand bonding. A right-handed local coordinate system, 

shown in Figure 73, can be defined by placing the z-axis of the metal atom along the Ru-

axial CO bond and the y-axis toward the center of the mthenium triangle. The Ru 4d,2, dj^. 
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Figure 73. Local coordinate system of a Ru center. The C-C fragment 
corresponds to the T|--bound C, moiety in CgH^ or CgQ. The n bond 

between these carbon atoms formally donates two electrons to the Ru 
center. 
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and d^^jj atomic orbitals (AOs) form the "t^g" set and interact essentially exclusively with the 

CO 2k (i.e., the k* LUMO of CO) orbitals in a backbonding fashion. A linear combination 

of these three metal-based orbitals from each Ru(CO)3 gives nine fragment orbitals for the 

ruthenium triangle. These orbitals transform as three sets of doubly degenerate orbitals of 

e symmetry and two and one singly degenerate orbitals of a, and a; symmetry, respectively. 

These occupied orbitals are presented in Figure 74 as the lowest nine MOs of the Ru,(CO)q 

fragment shown in the diagram. 

To this point, 18 of the 24 electrons ascribed to the Ru, moiety have been placed. Six 

electrons remain to form the three single bonds between the metal atoms. The Ru 4d^, atomic 

orbitals contribute minimally to the Ru-Ru bonds for two reasons: they are not directed along 

the metal-metal bonds and they are strongly o antibonding with respect to an axial CO 5a 

orbital. The Ru 4d,y AOs are oriented along the sides of the ruthenium triangle. The 

occupation of the e symmetry combination of the Ru 4d,y orbitals accounts for four of the 

remaining six metal-based electrons. These and the following orbitals are presented in 

Figure 75. The last two electrons are not placed in the third combination of the Ru 4d„ AOs, 

shown at the top of Figure 75, because this orbital of a, symmetry is strongly metal-metal a 

antibonding. Rather, the remaining electrons fill a strongly bonding orbital comprised of the 

a, combination of Ru 5py and to a lesser extent the Ru 4dj, and 5s atomic orbitals. Thus, six 

of 24 metal-based electrons form the three Ru-Ru bonds while the remaining 18 are found 

in Ru-CO backbonding interactions. 

RU3(CO),-C«H« Bonding. Of course, some of these 12 Ru-based fragment orbitals 

can be used to form bonds between the Ru3(CO)9 moiety and additional ligands. Several 
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Figure 75. Contour plots of Ru-Ru bonding and antibonding interactions as viewed 
from above the triangle of Ru atoms. The doubly degenerate set of orbitals labeled 2e 
is the SHOMO of Ru3(CO)9(h^-ti\ti%T-C6O)' orbital a, is the HOMO, and orbital a. is a 

higher unoccupied MO. Isosurface level is ±0.03 e/A^. 
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authors have already examined the bonding in M,(CO)g(p^-T|-,ri",r|--QH6) (M = Ru, Os) via 

computational methods.^'" The molecular orbitals of this system are presented on the left 

side of Figure 74 and agree with the valence electronic structures predicted by other workers. 

The valence orbitals of the benzene fragment in this energy region are the doubly occupied 

one-node 7r-type highest occupied molecular orbital (HOMO) of e,g symmetry and the 

unoccupied two-node ;i-type lowest unoccupied molecular orbital (LUMO) of e^u symmetry. 

Not included in the diagram are the completely bonding n orbital of a,u symmetry, which is 

lower in energy, and the empty three-node TC* orbital of big symmetry, which is much 

higher in energy. 

Bonding between the mthenium-carbonyl triangle and the QH^ moiety can be 

understood in terms of the Dewar-Chatt-Duncanson model in which electrons flow to and 

from the various fragments of a molecular system to form metal-ligand bonds. In orbital le 

of the compound, the electrons are provided by the HOMO and a bond is formed with 

the LUMO of the RujCCO), fragment, which is the one-node e symmetry combination of the 

three Ru 4d^, AOs. This MO is accordingly benzene-based and one of these two doubly 

degenerate orbitals is shown at the top of Figure 76. The doubly degenerate second highest 

occupied molecular orbital (SHOMO; orbital 2e) of Ru3(CO)9(fi^-Ti",r|",Ti"-QH6) is a bonding 

interaction between the SHOMO (two of the three metal-metal bonding fragment orbitals) 

of the RU,(CO)9 fragment and the empty benzene LUMO. This MO is metal-based and one 

of the doubly degenerate orbitals is presented at the top of Figure 77. Interestingly, the 

Fenske-Hall method finds that the Ru3(CO)9 donor orbitals are the metal-metal bonds, rather 

than the presumably better oriented Ru d^ dy^, or 4d^, orbitals. However, as mentioned 
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Figure 76. One of the orbitals of the metal-based metal-ligand bonding 2e orbitals of 
Ru3(CO)9(n^-ri-,ri-,Ti--QH6) (top) and Ru3(CO)9(n^-r|^,r|-,Ti--C6o) (bottom). Isosurface 

level is ± 0.03 e/A^. 
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Figure 77. One of the orbitals of the ligand-based metal-ligand bonding le 
orbitals of Ru3(CO)9((i^-ri^,Ti^,Ti--C6H6) (top) and Ru3(CO)g(n^-Ti%Ti%ri--C6o) 

(bottom). Isosurface level is ± 0.03 e/A\ 
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previously, the Ru and d„ orbitals are tied up in 7i donation to the CO In fragment orbitals 

and are too low in energy to allow for donation to the benzene. As for the Ru d^, orbitals, 

they are involved in an antibonding interaction with the CO 5CT orbital and are too high in 

energy. The la, HOMO of this system is essentially located on the RujCCO), fragment and 

is shown slightly deflected from the energy of the fragment orbital. There is no empty 

benzene 7r-type orbital into which the two electrons of this Ru-,(CO)g-based orbital can be 

donated. However, the filled, much lower lying, and no-node ti (a^u) bonding orbital of C^H^ 

does have the appropriate symmetry to interact with the 1 a, RujCCO)^ HOMO under C^^, 

symmetry. Therefore, the antibonding combination of these two fragment orbitals is the 

HOMO of Ru3(CO)9(n"-ri-,Ti-,r|--C6H6), but is nearly entirely Ru3(CO)9-based because of the 

energy separation between the a, Ru3(CO)g and the a^u C^H^ fragment orbitals. Between 

orbitals 1 e and 2e lie the nine RujCCO), fragment orbitals derived from the Ru t^g AOs, which 

interact minimally with the frontier orbitals of C^H^. Only two of the nine t^g orbitals contain 

any benzene character, amounting to only 13% of each MO. These two orbitals show that 

only a small donation of electron density is possible from the Ru d„-based fragment orbitals. 

Ru3(CO)9-Cgo Bonding. The binding of a Cg face of C^o to a RujCCO), moiety 

suggests that the electronic stmcture of this system might be similar to that of Ru3(CO)q((i'-

ri-,ri-,r|--C6H6), but the shorter RU3-C60 bond distances and higher CO stretching frequencies 

imply that the fullerene is more tightly bound to the metal centers than is benzene. That is 

to say, more energy is required to form Ru3(CO)9 and Cgo fragments that have the same bond 

lengths and angles as in the bound system than to form the analogous Ru3(CO)9 and C^H^ 

fragments. The metal-metal bond lengths for the benzene adduct are 0.047A shorter than for 
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the Ceo complex, suggesting that the metal-metal bonds are depleted moreof electron density 

in the fullerene adduct than in the compound. The fragment valence orbitals of 

icosahedral C^o that lie in the frontier region and are thus available for electron donation or 

acceptance are the fivefold degenerate h,, HOMO, the t,„ LUMO. lower acupied orbitals of 

gg symmetry, and higher unoccupied orbitals of t,g symmetry. Previously reported 

calculations"'^"'' support this pattern of energy levels and gas phase and surface 

photoelectron spectroscopic results""""^ are consistent with these assignments. The 

irreducible representations to which these three-, four-, and fivefold degenerate orbitals 

transform under C3,, symmetry are provided in Table 64. 

An examination of the molecular orbitals of Ru3(CO)9(|j ̂ -ri-,r|-,ri- C6o), given on the 

right side of Figure 74, shows that the bonding between the Ru^CCO), and C^o moieties is 

analogous to that predicted for RU3(CO)9(P^-TI",TI-,T^--C6H6). The doubly degenerate SHOMO, 

denoted 2e, is a bonding interaction between the metal-metal bonding SHOMO of Ru3(CO)9 

and two of the three orbitals of the t|u LUMO of the fullerene. One of these orbitals is 

compared to the analogous orbital for the benzene system in Figure 76. As for the benzene 

adduct, metal-metal bonding electron density is pulled away from the Ru3(CO)9 fragment 

upon formation of the 2e molecular orbitals. A total of 0.678e flow from the SHOMO of 

RujCCO), to form the 2e MOs of Ru3(CO)9((i^-r|*,r|-,Ti*-C6H6) whereas 0.705e are donated 

from the same metal-based fragment orbital to form the analogous MOs in the fullerene-

bound system. These figures are in agreement with the slightly longer Ru-Ru distances 

found in RU3(CO)9(H'-TI%T|^,TI*-C6o) than in the benzene adduct. The doubly degenerate 

molecular orbitals at -9.33 eV, labeled le, are formed as a result of electron donation from 
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J, 
t,g a; + e 

tiu a,+e 

hu 32 + 2e 

gg a, + a, + e 

Table 64. Correlation of symmetry labels for the and point groups. 

the HOMO of C^o into the LUMO of Ru3(CO)9, analogous to MO le of the benzene-ligated 

system. A diagram of one of these orbitals is compared to the analogous orbital for 

Ru3(CO)g(n^-ri-,r|-,T|--C6H6) in Figure 77. The doubly degenerate LUMOs of the Ru^CCO), 

fragment receive a total of 0.717e from the benzene HOMO and 0.679e from the fullerene. 

Unlike in Ru3(CO)9(p^-Ti*,r|-,T|*-C6H6) the set of nine t^g-derived orbitals lies below orbital le 

simply because the HOMO of Cgo, which donates into the LUMO of RUjCCO),, lies more 

than 4 e V higher than the HOMO of QH^. Cgo-based molecular orbitals of lower energy that 

are found in this region are represented by the shaded boxes at the bottom of the diagram. 

The t2g orbitals in Ru3(CO)9(^^-r|-,T|-,ri--C6o) are found to be more tightly bound than in 

Ru3(CO)q(^^-rl-,r^-,rl--C6H6). Because the metal-containing fragment donates more electron 

density to C^o than to a greater positive charge occurs on the RujCCO), fragment for 

Ru3(CO)q(p^-ri-,r|",ii"-C6o), which renders these orbitals more tightly bound than in 

Ru3(CO)9(n^-Ti',Ti*,r|--C6H6). Molecular orbitals originating from other fragment orbitals of 

Cgo are also found in the region of the tjg orbitals. 

Relative Strength of Ru3(CO),-Ligand Bonding. The question remains as to why 

the Cgo fragment is more tightly bound in RU3(CO)9(H^-TI",TI^,TI*-C6o) than the benzene moiety 
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is in Ru3(CO)9(fi^-Ti-,Ti",Ti*-C6H6). Each complex possesses two doubly degenerate sets of 

molecular orbitals that can be described in terms of the Dewar-Chatt-Duncanson bonding 

model. The SHOMO of each structure, which corresponds to electron donation from the 

metal fragment to the aryl moiety, is calculated to lie at nearly the same energy: -7.38 eV for 

Ru3(CO)g((i-^-Ti",Ti-,ri--QH<j) and -7.49 eV for Ruj(CO)9(p^-T|-,r|",ri--C6o)- The fragment 

orbitals of the Ru3(CO)9 moiety, however, are stabilized more (0.61 eV) in Ru,(CO)q(p^-

r|*,TI-,ri--C6H6) than in RU3(CO)9(P^-TI",TI*,T|--C6O) (0.16eV) upon metal-ligand bond formation 

owing to the greater overlap of RU3(CO)9 orbitals with the frontier QH^ fragment orbitals. 

Likewise, the molecular orbitals representing C^-to-metal electron donation are more stable 

for the benzene adduct. The le molecular orbitals lie at -13.92 eV for the benzene system 

and at -9.33 eV for the fullerene adduct. 

In addition, the degree to which the unoccupied fragment orbitals accept electron 

density and the occupied fragment orbitals donate electrons in the complex as a whole can 

be determined from the transformed calculations. The calculated populations show that 

benzene is a stronger electron donor and acceptor than is C^o when considering only four 

frontier orbitals in Figure 74. The QH^ Cju orbitals accept 0.846e, whereas the two of the 

three 1,^ fullerene LUMO orbitals accept 0.623e, even though the doubly degenerate LUMOs 

of benzene are nearly 5 eV higher in energy than are the five-fold degenerate LUMOs of C(^. 

The HOMO of benzene, with a total of 4.0e in the uncoordinated moiety, loses 0.590e in 

electron donation, but the orbitals of the h^ HOMO that form the le MO of Ru3(CO)9(ji^-

ri-,r|-,Ti--C6o) relinquish only 0.366e. Contrary to the crystallographic and IR data, these 

initial frontier orbital energy and population arguments suggest that the benzene fragment 
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Figure 78. Electron donation and acceptance by the fragment 
of Ru3(CO)9(n^-t^^Tl^n"-C6H6). 
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should be more tightly bound than the fullerene. 

The plot in Figure 78 presents the total electron flow to and from the benzene moiety 

in Ru3(CO)q((j^-Ti-,r|-,r|--C6H6); the doubly degenerate HOMOs of QH^ are orbitals 14 and 

15. Essentially, only two of the fragment orbitals of benzene (the doubly degenerate HOMO) 

donate electron density to the RujCCO), fragment in this complex. Likewise, only two, the 

doubly degenerate LUMO of C^Hg, accept electrons from the metal moiety with a third, the 

completely n antibonding orbital of benzene accepting less than 0.06e. 

The plot in Figure 79 paints a much different picture. The Cgo fragment, whose five

fold degenerate HOMOs are orbitals 116 through 120, donates electron density from its 70 

highest occupied orbitals, with seven donating 0.05e or more, and accepts electrons from the 

metal fragment using orbitals 121-150, with four accepting 0.05e or more. As a 

consequence, the ruthenium fragment can actually donate more electron density to the 

fullerene than it does to the benzene: Cgo receives a surplus of0.425e whereas QH^ receives 

only 0.269e (0.258e for planar QH^). In terms of the molecular orbital diagram presented 

in Figure 74, the frontier fragment orbitals of benzene find themselves spread throughout 

those of Cfio such that many more of the filled and unfilled fullerene orbitals can interact with 

those of the RujCCO), moiety. A transformed calculation on the six carbon atoms to which 

the RujCCO), is bound in the C^o complex demonstrates this phenomenon. For this complex, 

buckminsterfullerene can be viewed as a hexagon of carbon atoms to which are attached 54 

carbon atoms. If isolated, these six atoms would have the same six orbital n structure as is 

found in benzene. However, when combined with the rest of the atoms in C^O, these TI 

orbitals mix with those of the other carbons such that they are smeared over a broad energy 
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Orbital Number 

Figure 79. Electron donation and acceptance by the CGO fragment 
of RU3(CO)9(H^-TI%TI%II--C6O). 
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Figure 80. Amount of Q 7t eig character contained in the fragment orbitals of CgQ. 



range. Figure 80 presents the molecular orbitals of and the percent character of the one 

node Cg TI orbital of e,g symmetry that each fullerene MO contains. Rather than being 

confined to a single set of degenerate orbitals (i.e., the HOMO of CgH^), the e,g set of Ti 

orbitals contributes to a majority of the MOs of Cgo and thus, as shown in Figure 81, to a 

majority of the MOs of Ru3(CO)9(^ '-Ti-,Ti-,ri--C6o)- In sharp contrast to these plots is that 

shown in Figure 82, which presents the percent contribution of the set of n orbitals in 

QHft to the molecular orbitals of Ru3(CO)9(n'-T|-,Ti",r|"-C6H6). Only molecular orbitals le of 

the benzene adduct possess sizeable benzene e,g character. 

Essentially, the more fullerene orbitals that contribute to a given molecular orbital of 

the complex, the less electron density each will donate or receive, as shown from the 

Mulliken populations of the Dewar-Chatt-Duncanson-type MOs of each system, but the more 

Cfto orbitals that are present in a given energy range, the greater the possibility that as a 

whole, the moiety can accept or release more electrons and therefore be more strongly bound. 

Specifically, the fullerene donates 0.012e more than does the benzene, but it also accepts 

0.148e more into its virtual orbitals. In other words, each of the molecular orbitals of the C^o 

complex may represent a weaker metal-arene interaction than those of the benzene analogue, 

but there are simply more possible interactions with the fullerene than with QH^. 

Electrochemistry of Os3(CO),(|i^-i|̂ ,ii^,t|̂ -C4o). Although the electrochemical 

properties of Ru3(CO)9(n'-ri*,r|',r|^-C6(,) have not been reported, those of the analogous Os 

compound have appeared in the literature.^"® The osmium system exhibits four reversible 

reduction waves in the cyclic voltammogram. The first occurs at -0.98 V, which is 0.14 V 

more positive than the first reduction of C^o alone and the second appears at -1.46 V, which 
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1 51 101 151 201 251 301 
Orbital Number 

Figure 81. Amount of Q 7t e,g character contained in the molecular orbitals of 
Ru3(CO)9(n^-r|-,Ti",Ti^-C6o). Orbital 177 is the HOMO of this complex. 
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Figure 82. Amount of Q 7t eig character contained in the molecular orbitals of 
Ru3(CO)9(p'-r|-,r|-,T|--QH6). Orbital 72 is the HOMO of this complex. 
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is comparable (-1.455 V) to that seen for the second reduction of the unbound fullerene. The 

third reduction of Os3(CO)9(p^-r|-,Ti-,r|--C6o) is considerably more positive than the third 

reduction of C^o (-1.60 vs. -1.913 V) as is the fourth reduction (-1.74 vs. -2.383 V). Such 

observations are readily explained using the molecular orbital diagram provided in Figure 

74. The first two reductions place electrons in orbital 2a, of Os3(CO)9((i--r|".ri-,r|--C6o)-

According to the calculations presented here, this MO is nearly entirely (98%) CgQ-based. As 

a result, the first two reductions are of the fragment alone and are therefore similar to 

those observed for the free fullerene. 

As for the third and fourth reductions of Os3(CO)9(n ̂ -ri-,Ti-,T|*-C6(,), the electrons are 

placed in the 3e MOs of the system, which are the metal-CGO antibonding counterparts to 

MOs 2e. These two orbitals do contain Ru3(CO)9 character (6% each) and thus allow for 

electron delocalization into the Os3(CO)g fragment, thereby making the third and fourth 

reductions easier than is observed for free C^,. In their report. Park and coworkers found that 

unlike for simple transition metal complexes, which undergo metal dissociation in the 

reduced anions, the M^-Ti-,ri",r|--C6o triosmium complex exhibits remarkable electrochemical 

stability and reversible redox behavior. Such a finding is understandable, given that upon 

four reductions, only two electrons have occupied metal-C^o antibonding orbitals. The metal-

fullerene bond orders are thus only reduced, at most, by one-third in the 4- anion. 

Effect of Ru3(CO),-Ligand Bonding on Carbonyl Stretching Frequencies. 

Further, the computational results should agree with the observation that the carbonyl 

stretching frequencies are slightly higher in Ru3(CO)9(n^-ri-,ri^,r|^-C6o) than in Ru3(CO)9(fi'-

ri-,ri-,ri--C6H6). In a molecular orbital sense, for v(CO) to increase, the weakly a antibonding 
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Fragment Population in Population in Population in 
Orbital Free Ligand (e) Ru3(CO)9(n^-r|-,Ti",Ti-- Ru3(CO)9(n^-n,-,T]-,Ti--

QHJ (e) C^) (e) 

Axial CO 5a 2.000 1.391 1.388 

Axial CO 2n: 0.000 0.638 0.633 

Equatorial ^.QQO 1.391 1.388 
CO 5a 

0.000 0.561 0.552 
CD ZTZ 

Table 65. Populations of CO frontier orbitais in Ru3(CO)9CM^-ri"'n"'n"-QH6) 
and RU3(CO)9(H^-TI-,TI%TI'-C6o)-



HOMO of CO should donate more electrons to the metal centers and/or the CO k* LUMO 

should accept less in the fullerene complex. A survey of the Mulliken populations given in 

Table 65 of the axial and equatorial CO valence orbitals shows that both of these situations 

occur, and the values predict that the carbonyl stretching frequencies should, as is observed, 

not be dramatically different. The largest change in population between the two complexes 

is 0.009e, which is the calculated difference between the two complexes of the population 

of the equatorial CO 2n orbitals; the largest difference between the reported v(CO) values 

for these two systems is but 18 cm '. 

Geometric Distortions. It is important to comment on the observation by Fagan et 

al.'®' that the p^^orbitals of C(^ are tilted away from the center of the C^ rings. This structural 

feature likely contributes to the stability of Ru3(CO)9(M^-ri-,Ti-,r|--C6o) and the as-to-yet 

absence of complexes in which a single metal atom is T|®-bound to CgQ. Rogers and Marynick 

suggested that a large, third row metal atom would be required to prepare an r|®-bound 

complex. A larger metal-containing cluster is obviously even more favorable. The 

ruthenium atoms of this structure extend past the edges of the C^ ring to which they are 

bound and can take advantage of the splayed carbon p„ system. It should be noted, though, 

that the synthesis of compounds possessing a single metal atom that is r|^-bound to C^o is 

certainly possible, but that the metal-fullerene bonds are expected to be weaker due to the 

tilted 7t system argument and the system more labile because only one metal atom, rather than 

three, is ligated. However, this argument bears no relevance to the observation that C^o is 

bound more tightly, in terms of shorter metal-carbon bond distances, to the RujCCO), 

fragment than is CgHg. The crystal structures of Ru3(CO)9((i^-r|^,r|",r|--C6H6) and 



Os,(CO)g(n^-Ti",r|-,Ti~-QH6) show that the hydrogen atoms of are displaced out of the 

plane of the benzene and away from the metals by approximately 20°.-°-*'° The energy 

associated with a 20° bending of the C-H bonds is 16 kcal/mol by the ab initio 6-31G*/MP2 

method. In free C^o, the carbon atoms connected to the Cg faces are already bent back by 

36°. In the structure of the CgQ-triruthenium complex, the carbon atoms connected to the 

metal-coordinated Q face bend back an additional 3°, and the C-C distances of the face 

increase by approximately 0.03A. Although the magnitudes of these distortions are small 

compared to those of CgH^, they do put additional strain on the remainder of the 

molecule. The energy associated with the total distortion of the coordinated C^o molecule 

in comparison to the unbound fullerene is comparable to the energy associated with the 

distortion of the benzene molecule (15 kcal/mol by ab initio/6-3\G*). Thus the primary 

source of the stronger bonding of the triruthenium core to C^o than to benzene is not primarily 

that benzene must distort more for better bonding, but that the fullerene has a greater density 

of frontier orbitals in an energy range that favors bond formation through electron donation 

and acceptance. 

Conclusion 

Fenske-Hall molecular orbital calculations show that C^o binds to the Ru,(CO)9 

fragment via many more of its fragment orbitals than can CgH^. A fragment orbital analysis 

demonstrates that the TC orbitals analogous to the HOMO and LUMO of benzene contribute 

to a large number of the orbitals of Cgo, allowing the fullerene to form many more bonding 

interactions than the standard Dewar-Chatt-Duncanson bonds. Therefore, not only can C^o 
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donate more electrons from its filled orbitals than QH^, but it also can accept more electron 

density from the RujCCO), fragment into its unoccupied orbitals. The metal-carbon bonds 

are stronger in Ru3(CO)9(n ̂ -r|-,r|-,ri--C6o) than in Ru3(CO)9((i-^-T|-,T|-,ri'-C6H6) for this reason. 

As a result of this slight increase in the drain of electron density from the Ru^CCO)^ fragment, 

the Ru-Ru bonds are weakened and the CO ligands must donate more electron density via 

their 5a HOMO and accept less into their 27t LUMO. The result, as seen from a comparison 

of the IR spectra of the benzene- and buckminsterfullerene-ligated systems, is that v(CO) is 

slightly higher for Ru3(CO)9(n^-ri-,Ti-,Ti--C6o) than for Ru3(CO)q(n^-ri-,r|-,ri--C6H6). The 

HOMO and LUMO of Ru3(CO)g(n-^-T|-.r|-,Ti--C6o) are not involved in these interactions and 

remain largely localized on the metal-carbonyl cluster and the C^o, respectively. Thus the 

first two reductions of the cluster-bound in the analogous osmium complex are similar 

to those of the free C^q molecule, except as affected by the charge distribution. The third 

reduction involves orbitals participating in the metal-C^o interaction, and therefore occurs 

more easily than for the free C^j molecule. 
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Appendix D 

THE ELECTRONIC NATURE OF DIMETAL TETRABENZOATE SPECES: 
ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY OF 

SUBSTITUTED Mo.Cbenz)^ SYSTEMS 

Introduction 

Although the photoelectron spectra of variously substituted Mo2(benz)4 systems have 

been examined here primarily for comparison with the variously substituted Mo2(form)4 

systems presented in Chapter 5, there are some trends in these spectra that make these 

systems interesting on their own. These spectra are therefore presented and assigned here 

with a short discussion of the valence electronic structures of these substituted benzoate 

systems. 

Experimental 

Photoelectron Spectra. Samples were prepared according to published 

procedures.The spectra of the Mo2(benz)4 systems were measured with a stainless steel 

sample ionization cell at 260-300°C, depending on the particular compound being studied 

as shown in Table 66. The peak positions and relative peak areas for the low energy bands 

in the He I spectra of the Mo2(benz)4 systems, which are presented in Figure 83, are given 

in Table 67. Instrument resolution was better than or equal to 0.030 eV during all 

experiments. 



Compound Sublimation Temperature (°C) 

Mo2(p-CH,-benz)4 295 

MojCbenz)^ 300 

Mo2(p-F-benz)4 285 

Mo^Cp-Cl-benz)^ 285 

Mo2(p-CF3-benz)4 260 

Mo2(perfluorobenz)4 265 

Table 66. Sublimation temperatures of various substituted Mo2(benz)4 
systems. 



Mo-Mo o+T 

Mo-Mo 5 

Mo2(/7-CH3-ben2)4 

Mo2(benz)4 

Mo2(p-F-benz)4 

Mo2(p-Cl-benz)4 

Mo2(p-CF3-benz)4 

Mo2(perfluorobenz)4 

11 10 9 8 7 6 

Ionization Energy (eV) 

Figure 83. Closeup He I photoelectron spectra of 
various substituted Mo2(benz)4 systems. 
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Compound Peak Position (eV) Relative Area Assignment 

6.62 1 Mo-Mo 8 

Mo2(/7-CH3-benz)4 
8.50 

9.00 

9.47 

1.65 

7.16 

2.26 

Mo-Mo a + a, 
O p^. and phenyl n 

6.61 1 Mo-Mo 5 

Mo2(benz)4 

8.05 

8.55 

0.44 

4.80 
Mo-Mo a + 7t 

9.06 

9.53 

7.87 

3.97 
O p_ and phenyl n 

6.73 1 Mo-Mo 5 

Mo2(p-F-benz)4 
8.64 

9.14 

9.68 

3.74 

7.66 

8.74 

Mo-Mo g + 7t 

O p^ and phenyl ti 

6.83 1 Mo-Mo 5 

Mo2(p-CI-benz)4 
8.56 

9.06 

9.59 

2.43 

9.31 

7.74 

Mo-Mo o + 7t 

O p_ and phenyl TC 

7.04 1 Mo-Mo 6 

Mo2(/?-CF3-benz)4 8.89 5.29 Mo-Mo <y + 7t 

9.67 9.36 O p^ and phenyl it 

Table 67. Peak positions, relative peak areas, and peak assignments for low energy bands 
in the He I photoelectron spectra of substituted Mo2(benz)4 systems. 
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Results and Discussion 

Photoelectron Spectra and Assignments. As has been argued previously.'^ the 

band at lowest ionization energy for all of these systems is from the Mo-Mo 5 bond. This 

assignment is analogous to that made for all other Mo^^ systems. A distinct ionization band 

at 8.89 eV is evident in the spectrum of Mo2(/7-CF3-form)4 while the remainder of the spectra 

possess a much more intense ionization feature at ca. 9 eV (at ca. 10 eV for the perfluoro 

system) that has a shoulder on the low energy side. This shoulder for the majority of the 

spectra and the band at 8.89 eV for Mo2(p-CF,-form)4 is assigned as the ionizations from the 

Mo-Mo CT and n bonds. The average separation between the Mo-Mo 5 and a + 7i bands is 

therefore 1.84 ± 0.08 eV, which is slightly larger than that observed for other Mo2(02CR)4 

systems (R = H, 1.69eV;CH3, 1.79,CH2CH3, 1.76 eV; (CH,),, 1.78eV;CF3, 1.75 eV).'^^^ 

Such an increase in the separation between these two ionization features is explained by an 

increase in the amount of bjg ligand character relative to big* character(see Figure 8, 67), 

which would act to destabilize the Mo-Mo 5 bond relative to the Mo-Mo a and n bonds. The 

energy of the ligand bjg orbital would thus be expected to be closer to that of the Mo-Mo 5 

bond for the benzoate system than for the tetraacetate or tetraformamidinate because of a 

destabilization caused by iz* character between the O^C and CgH, fragments. A contour plot 

of the Mo-Mo 6-containing orbital is shown in Figure 84 in which the phenyl TC character is 

evident. 

The ionizations in the 9-10 eV region are from ligand-based orbitals. As was the case 

for the M;(form)4 systems, the ionizations in this area are indicative of ionizations from 

phenyl-based molecular orbitals. Contour plots, shown in Figure 85, demonstrate that these 



Figure 84. Contour plot of the Mo-Mo 5 bond in Mo2(benz)4 demonstrating 

the phenyl 7t character that this orbital contains. 



contour plots of several of the high«. occupied phenyl-based 

molecular orbitals of MoiCbenzji-
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orbitals are derived from the one-node 7t-type orbitals (e^g) of benzene. The calculation also 

suggests that O-based molecular orbitals are present in this energy region. Two of these 

orbitals are shown in Figure 86 and these orbitals are analogous to the in- and out-of-plane 

valence N-based orbitals seen in Chapter 3 for the M2(form)4 systems. 

The only Mo2(benz)4 system studied here that exhibits a Mo-Mo CT + ;t band that is 

nearly separate from the neighboring ligand ionization feature is Mo2(/7-CFj-benz)4. The 

remainder of the systems, except for Mo2(p-CH3-benz)4, possess re-donor halide substituents. 

The electronically occupied p^ lone pairs that these substituents have interact in either a 7t or 

7t* fashion with the phenyl TC system. These interactions act to spread out the phenyl n 

ionization envelope, as evidenced by the use of two asymmetric Gaussian features in the 9-10 

eV region (9.5-10.5 eV for the perfluoro system) for the spectra of the p-F and p-C\ systems, 

which causes the Mo-Mo cr + TC ionization band to be nearly entirely obscured. 

As for the systems with a-donor substituents at the phenyl rings, the Mo-Mo a + Tt 

band is essentially entirely obscured in the spectrum of Mo2(p-CH3-benzoate)4 but is the most 

revealed in the spectrum of Mo2(p-CF3-benzoate)4. Unlike for the M2(form)4 systems, it 

therefore appears that the ligand ionization bands for the Mo2(benz)4 systems can be adjusted 

relative to the metal-based features. The electron-donor CHj group acts to destabilize the re

type phenyl ionizations in this region while the electron-withdrav/ing CF3 group stabilizes 

these re-type phenyl ionizations. This effect is presumably a result of the greater planarity of 

the benzoate ligand relative to the formamidinate. Examination of the crystal structures 

reported"^ for Mo2(benz)4 shows that the phenyl rings are displaced out of the plane of the 

O2C fragment by only 1.8° while those for Mo2(form)4 systems are displaced on the order 



Figure 86. Contour plots of several of the highest occupied oxygen-based 

molecular orbitals of Mo2(benz)4. 
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of The greater planarity of the benzoate iigand acts to separate intraligand o and n 

orbital interactions. As a result, the effect of a 7c-donor substituent is much more pronounced 

in 7i-type orbitals than in those orbitals in which cj and k orbitals can mix. 
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