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For most chemists, formal oxidation numbers are a tool
for writing correct reaction schemes more conveniently.
However, recent progress in absorption spectroscoPy of
transition group complexes and the application of group
theory and molecular orbital theory to chromophores,
consisting of a central atom and a number of adjacent
atoms belonging to the ligands, has made it possible to
connect the classification of oxidation states with spec-
troscopic and magnetochemical results. Consequently, the
apparent discrepancy between the integral number of elec~
trons in the partly filled shell and the fractional atomic
charges can be clarified in a satisfactory and rather unex-
pected fashion. However, under certain circumstances, the
ligands are not innocent and do not allow the determina-
tion of oxidation states. The book treats many detailed
problems, such as the phenomenological baricenter poly-
nomial for electron configurations in monatomic entities,
api n-pairing energy, the Madelung potential and the i
abilization of definite oxidation states, the nephelauxetic
effect, bonding in semiconductors, the question of back-
bonding in carbonyl, olefin and hydride complexes,etc.
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Die Wechselwirkung von z-Elektronensystemen mit
Metallhal ogeniden (auch als Lewis- oder Ansolvosiuren
zu bezeichnen) hingt von der Gegenwart von Protonen
(aus protonenhaltigen Lsungsmitteln oder Verunreini-
gungen stammend) ab. Sind Protonen vorhanden, so
resultieren sog. Proton-Additionskomplexe, fehlen
Protonen, so entstehen#-Komplexe oder ¢ -Komplexe,
letztere mit einer polaren Bindung zwischen Kohlenstoff
und Metallatom. Diese drei Komplextypen werden in
diesem Buch behandelt. Besonders ausfiihrlich werden die
Ergebnisse der Untersuchungen an den reinen bindiren
SystemenT-Elektronensystem und Metallhal ogenid dar-
gelegt. Hier fehlte bisher eine umfassende Darstellung, die
den Primlirschritt der Wechselwirkung ohne Fol gereaf(tion
zum Gegenstand hatte. Zusammenfassend werden an den
bindren Systemen diskutiert: Dampfdruckmessungen,
Riintgenstrukturuntersuchungen, UV-, IR-, Raman-,
NMR-, NQR-, ESR- und DK-Messungen (Dipolmomente).

W. Schneider:
Einfiihrung in die Koordinationschemie

38 Abbildungen. VIII, 173 Seiten. 1968
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Organische Chemie in Einzeldarstellungen

A. Gossauer

DIE GHEMIE DER PYRROLE

17Abbildungen Das Pyrrol und seine Derivate haben als technische Grundstoffe wie auch als
XIX, 433 Seiten. 1974 Naturprodukte wachsendes Interesse gewonnen.

Geb. DM 158,— Diese Monographie ist eine umfassende Dbersicht {jher die seit 1934 gr-
us 864.60 schienene Literatur (ausgenommen Porphyrine). Bedingt durch die seitdem

ISBN 3-540-06603-9 sténdig wachsende Anzahl der Verodffentlichungen, die sich mit den physikali-
schen Eigenschaften dieser Verbindungsklasse befassen, weichen Konzeption
und Gliederung dieses Buches von denjenigen des klassischen Werkes von
H. Fischer und H. Orth grundsétzlich ab. Die Anwendung guantenmechanischer
Rechenverfahren zur Deutung der Eigenschaften des Pyrrol-Molekiils wird im
ersten Kapitel ausfiihrlich erdrtert. Die entscheidende Bedeutung der physikali-
schen Methoden zur Untersuchung der Konstitution und Reaktivitdt des Pyrrols
und seiner Derivate ist durch zahlreiche tabellarisch geordnete Datenangaben,
deren Interpretation im Text diskutiert wird, hervorgehoben. Dem praparativ
arbeitenden Chemiker soll die Systematisierung der synthetischen Methoden
bei der Suche nach der ginschiégigen Literatur helfen: Ringsynthesen sind nach
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C. K. Jprgensen

I. Historical Introduction

A. Chemical Affinity

The main object of classical physical chemistry (to be distinguished from chemical
physics studying atomic and molecular properties) is to clarify the relation between
Jree energy G and enthalpy H. By obvious analogy to combustibles, it was felt that
the characteristic feature of chemical bonding is the evolution of heat. Around 1880
when Julius Thomsen and other chemists performed very precise calorimetric mea-
surements, it was argued that the chemical avidity was essentially the heat evolution
with possible small correction terms. However, one could not continue to ignore that
many spontaneous reactions are strongly endothermic such as the dissolution of am-
monium nitrate in water, and the majority of chemical equilibria are not calorimetri-
cally neutral to the extent that the reaction progressing in one direction is exothermic,
but when the original concentrations are on the other side of equilibrium, the oppo-
site reaction should turn out also to be exothermic. It was realized that physico-
chemical equilibria are determined by a competition between heat evolution and a
tendency toward disorder, favouring the solution compared with the crystals and
pure water, or for that matter the dilute vapour formed by endothermic evaporation
of the liquid. The quantitative measure of disorder is entropy S representing the
product of the gas constant R and the natural logarithm of the number of accessible
microstates (assuming axiomatic equal probability of each microstate, this number
is proportional to the probability of the macroscopic state) in statistical mechanics.
For a chemical reaction, the important relation is

AG = AH — TAS (1)

choosing the sign in such a way that spontaneous reactions have negative AG and
exothermic reactions negative AH.

Guldberg and Wige suggested the mass-action law in 1863 based on Kinetic argu-
ments. A much more clear-cut derivation is possible from the hypothesis that the
free energy contains a contribution from the natural logarithm of the concentration
C of the substance:

G=Gy+RTInC @)

The zero-point G, depends on the solvent and conceivably on other variables, Thus,
the distribution coefficient K4 between two phases correspond to the species being
exp[(Go1 — Go2)/RT] times more soluble in the phase 2 than in the phase 1. The
solubility product K, is an expression of Gy in the solid compared with Gy in the
solution, if we accept to speak about free energies of ions and not only of neutral
species. Since Arrhenius convinced his reluctant contemporaries about the predomi-
nant (or complete) dissociation of salts in aqueous solution, it became acceptable to
write complex formation constants involving concentrations of ions and not only of
neutral molecules,

2



Continuum Effects Indicated by Hard and Soft Antibases and Bases

It is worthwhile to discuss why the mass-action law on concentration basis
(moles/litre) is plausible. It is beyond doubt that it is not always valid. The concen-
tration 5.5 M of saturated aqueous sodium chloride indicates the solubility product
30 moles?/litre?. If an equal amount of such a solution is added to 12 M hydro-
chloric acid, the concentration of Na* is 2.75 M and of C1~ (12 + 5.5)/2 =8.75 M.
Their product 24.06 M? is distinctly below the solubility product, but nevertheless,
more than 80 percent of the NaCl present crystallizes out. It would be to short-cir-
cuit this paradox to speak about the mass-action law on activity basis. The introduc-
tion of activity & as the producta = fC of the activity coefficient f and the concen-
tration is a tautological trick to keep the mass-action law valid, and it is more fruit-
ful to try to explain why f varies more dramatically in some cases than in others.

It is an empirical fact that mixtures of most gases at pressures below a few atmo-
spheres are almost ideal following a set of rules common to all gases. Exceptions must
be made for mixtures precipitating condensed matter (liquids, amorphous-vitreous
and crystalline solids) not remaining gaseous, e.g. NH4Cl from NH3 and HCl at tem-
peratures below some 350 °C, or more extensive reactions such as SO, and Cl, form-
ing SO,Cl,. In normal cases, the partial pressures of each constituent are remarkably
additive. It is not always recognized that the law of Boyle and Mariotte

PV =nRT 3)

contains the hypothesis of Avogadro in the determination of the number # of moles.
This hypothesis was not generally accepted before the Congress in Karlsruhe 1860
and has some unexpected corollaries such as the oligo-atomicity of gaseous elements
such as H,, N, , O, (and ozone O3), P4 and Sg (in equilibrium with other species
such as S, and Sg). It is well-known that chemical equivalent weights cannot be con-
vincingly multiplied to atomic weights without such an assumption, and sometimes
troubles occured. The chemical properties of beryllium are much more similar to
those of aluminium than to magnesium and calcium, and there were serious suspi-
cions that Be is trivalent. Metallic beryllium happened to be one of the few cases of
strong deviations from Dulong and Petit’s law (that the specific heat of a metal is

6 gcal/°C per mole, by the way also valid for the average atomic weight 6 of water)
suggesting the atomic weight 13 rather than 9. To make matters worse, the vapour
of beryllium chloride contains appreciable amounts of the dimer C1BeCl,BeCl again
supporting trivalency. Comparable cases, such as the loosely bound colourless dimer
formed at lower temperature from the brown monomer NO, represent deviations
from Boyle and Mariotte’s law, in sofar Eq. (3) is not satisfied when varying the
absolute temperature 7. It is not always easy to predict whether a given gaseous
compound tends toward oligomerization. Whereas HF contains a large proportion
of (HF), and (HF)¢ pure HCI and NH3 are almost ideal gases, and acetic acid vapour
contains some hydrogen-bonded dimers. The situation is strikingly different in aque-
ous solution. Though HF reacts with F~ to form FHF ™, the equilibrium between
acetic acid and acetate is almost a Brgnsted monomeric acid-base pair (large amounts
of dimerized acetic acid in solution would increase pK at higher concentration) and
aqueous ammonia is not exceptionally deviating from ideality. At 25 °C, a solution
16 M NH3 (29 M H,;0) has the ammonia pressure 1 atm, and pure liquid ammonia

3



C. K. Jgrgensen

(36 M) 10 atm to be compared with 0.02 atm for 1 M aqueous ammonia. It is a well-
known fact that dilute HC1 solutions smell to a much smaller extent than dilute NH;.
Though 1 atm pressure occurs at 25 °C in a solution (13 M HCl, 40 M H,0) not ex-
tremely different in molarity from ammonia, pure liquid hydrogen chloride (22 M)
is 47 atm and 6 M HCl is already close to the constant-boiling hydrochloric acid used
for titrimetric standardization, the HCI vapour pressure 0.0004 atm (to be compared
with 10~5 atm for 3 M HCI) clearly showing a strong deviation from ideality. 1 M
HCI has the HCI pressure 100000 times lower than that of H,0. It can be argued
that the decrease of the activity coefficient f by a factor 1.2 - 107! (22/47) relative
to liquid HCl is an expression of a very low pK (~ — 10) of HCI as a Brgnsted acid,
reacting almost quantitatively to ng and C1™ in dilute aqueous solution (where pK
of Hzq would be —log 55 = —1.74 taking the molarity 55 of water into account).

Anyhow, at 25 °C, an ideal gas at 1 atm is 0.041 M. Condensed matter with
small molecules (or metals such as silver and gold) can be up to 100 M. Hence, at
their boiling points, most substances show an activity coefficient in the gaseous
state (comparing with the molarity of the condensed matter and not the conven-
tional activity a = 1 of pure substances) of the order of magnitude 1000. In view
of the almost ideal nature of the gaseous state, it would perhaps be more appropri-
ate to say that the condensed matter has f ~ 103 relative to the vapour at 1 atm.

It is possible to discuss solvents almost immiscible with water along this line. 1 litre
benzene can dissolve 700 mg water. Such a saturated solution has the same partial
pressure of H,O as pure water. Since the two molarities are 0.04 and 55 M, the
activity coefficient f (on a molarity basis) is 1400 for water in CgHg. This large
value can be made even larger for solvents in which water is even less soluble. Sup-
pose 1 litre carbon tetrachloride can dissolve 180 mg H,0O forming a 10~2 M solu-
tion. Then, f = 5500. It is not without interest to compare with saturated water
vapour at 25 °C being 0.0012 M. Said in other words, carbon tetrachloride is a 8
times better solvent than empty space for water. This statement looks pretty ludi-
crous to the professional physico-chemist becanse empty space is not normally con-
sidered as a solvent but is rather considered as formed ad libitum by moving the
walls confining the system studied. However, in view of the approximate ideality
of dilute gases, the solubility of water in the system 0.04 M argon, or the more
frequent system 0.032 M N, and 0.008 M O,, is also close to 0.0012 M, and it is
not unreasonable to extrapolate this statement to empty space through intermediate
stages such as 10~7 M helium. There is a clear analogy between the distribution be-
tween two solvents and between one solvent and empty space. In the latter case,
K4 =5-10* for water and K4 =7 - 10® for mercury at 25 °C. Almost the same
value 7 - 10® is obtained for the solubility of mercury atoms in water.

However, the idea of a chemical potential containing a term proportional to the
logarithm of the concentration like Eq. (2) soon gained confidence for ions. Nernst’s
law for electrode potentials varying (at 25 °C) 0.059 V divided by the number of
electrons removed in the oxidation process for each power of ten in the concentra-
tion of free (i.e. exclusively hydrated) metal ions in solution soon got used for esti-
mating ion concentrations below 1072® M having no analytical significance but
rather representing exponential functions of free energy differences like Eq. (2).

4



Continuum Effects Indicated by Hard and Soft Antibases and Bases

By the same token, it originally demanded an enormous experimental effort
to purify water by distillation and keep it free from contaminants such as CO, in
order to prove that the pure substance indeed contains 10~7 M Haq and 107" M
OH~ in equilibrium. After S. P. L. Sgrensen introduced the concept pH, it became
plausible to determine pH by electrode potentials, first from the classical hydrogen
electrode with finely divided platinum catalyst (the conditions for the standard
oxidation potential E© to show its zero point is a monument for the difficulties
when mixing thermodynamical prescriptions for gaseous and condensed matter:
0.041 M H, in gas at 25 °C, 1 M H,; and roughly 54 M H,0) and later from oxi-
dized antimony, from quinhydrone, and from better and better glass electrodes,
all being easier to handle but more difficult to understand as far goes the detailed
mechanism.

One of the most helpful things to realize when applying thermodynamic argu-
ments to reactions in solution is that usually some but not all reactions achieve
equilibrium under the conditions prevailing in the laboratory at the time-scale of
the measurements. Thus, when determining pK close to 9 of Fe (H20)+(,2 asa
Brgnsted acid in a perchlorate solution, it is considered irrelevant that Cl03z could
oxidize eight Fe(I1I) to Fe(III) (of which the hexaaqua ion has pK ~ 3) whereas it
is not without experimental importance to exclude oxygen carefully. On the other
hand, strong solutions of hydrochloric acid are normally handled without considering
the thermodynamically feasible formation of two Cl, for each O, . Electron-transfer
(redox) reactions are frequently slow and may need rather odd catalysts, whereas
Brgnsted acidity (with exception of some C—H bonded cases, such as the deprotona-
tion of nitromethane) normally is rapid. However, this is only true for monomeric
acid-base pairs; oligomeric hydroxo complexes of trivalent aluminium, chromium,
iron, rhodium and bismuth and of quadrivalent tin, cerium and hafnium form slowly,
and react slowly with excess acid, as is also true for pyrophosphate O3POPO3* but
not for the analogous dichromate. In principle, one should not be able in aqueous
solution (say above 40 M H,0) to get outside the parallelogram in a (E®, pH) plot
limited by the vertical lines pH = —1 and +15 and the two slanted, straight lines
E° =(1.23 — 0.059 pH) ¥ and E° = (—0.059 pH) V. Empirically, the opportunities
for oxygen overvoltage frequently allow solutions to be situated above the former
slope and of hydrogen overvoltage to be below the latter line.

B. Determination of Complex Formation Constants

Around 1900, Abegg and Bodlinder performed measurements of copper, silver and
mercury electrode potentials which could be interpreted as the formation of a defi-
nite complex with an excess of a strongly bound ligand. The choice of efficient me-
tallic electrodes selected several cases of the coordination number & = 2 such as

Ag (NH,)3 in an excess of ammonia or Ag (CN)3 in an excess of cyanide. It was
noted that a few compounds dissolve as neutral molecules (like sugars or urea) in
water without providing much electric conductivity, such as HgCl, and Hg (CN),
now known to be triatomic and penta-atomic linear molecules. However, in an
excess of C1I~ or CN™, the ionic species HgCl3? and Hg (CN)3? are formed. These
measurements were performed on solutions establishing equilibrium very quickly.

5



C. K. Jgrgensen

On the other hand, the complexes of cobalt(III), rthodium(1H), iridium(11T) and
platinum(IV) (all with NV = 6) and of platinum(I1) (N = 4) studied in the last cen-
tury by Blomstrand and S. M. Jgrgensen were not amenable to equilibrium studies
though Alfred Werner!) generalized the idea of an (almost invariant) coordination
number NV for an element in a definite oxidation state. It is remarkable that the cor-
responding geometrical models of octahedra, squares, tetrahedra, . . . were made
before the first crystal structures were determined by diffraction of X-rays. Niels
Bjerrum found the connecting link between preparative and formation constant-
determining complex chemistry in the chromium(II1) thiocyanate complexes with
N =6 of the general formula Cr (NCS),,(H,0)¢35,” where all seven complexes react
sufficiently slowly to be separated by chemical techniques, but which reach equilib-
rium at room temperature within a few days in such a way that the formation con-
stants

- [ML] K = [MLZ] K - [MLn]
YUMILT TP MLYL] TR ML, 1[L]

[)‘2=K1K2 ﬁ3 =K1K2K3 ﬁ" =K1K2...Kn

4)

could be determined. Originally, there was a tendency to give the reciprocal values
(1/K,) as instability constants. For instance, it was known that gaseous PCls dissoci-
ates to a certain extent to PCl3 and Cl, but that the concomitant deviation from
Avogadro’s hypothesis can be suppressed by an excess of one of the two dissociation
products. The brackets in the dissociation constant [PCl3] [Cl;]/ [PCls] indicate
molar concentrations (which are proportional to the partial pressures in ideal gas mix-
tures at a given temperature). Russian authors 2) still use instability constants where-
as the large catalogs “Stability Constants”> use the definitions in Eq. (4).

One important aspect of Niels Bjerrum’s studies is the recognition of the aqua ion
Cr(H,0)s*? as a complex on equal footing with other complexes of neutral ligands
such as Cr(NH3)e 3. Nevertheless, it is the general agreement between determiners of
formation constants to neglect the water of constitution and to put the activity of
water = 1 and not 55 M. The main reason for this decision was that the number of
water molecules previously only was known in very few cases. Even today, studies of
visible absorption spectra of aqua ions containing partly filled d shells®) and of pro-
ton and oxygen 17 nuclear magnetic resonance, and in a few instances Raman spec-
tra, have allowed tetrahedral Be(H,0) 4'2 , quadratic Pd(H,0)4"? and octahedral hexa-
aqua ions of Mg(Il), AI(11D), Ti(I1), V(IT), V(III) Cr(III), Mn(1L), Fe(II), Fe(III),
Co(II), Co(III), Ni(IT), Zn(II), Ga(III), Ru(IIl) and Rh(II) to be identified. In other
cases, such as aquated Li*, Ca’2, Ag", TI', Pb*?and Th™ it is by no means certain
that a unique species occurs, and a statistical mixture of weakly bound non-equiva-
lent water ligands is quite conceivable. It is fairly certain that Sc(III), Y(III) and the tri-
valent lanthanides occur as ennea-aqua ions, but if cerium(1II) solutions contain a
small quantity of Ce(H,0)s"> and a large quantity of Ce(H,0)¢"2, it may be possi-
ble to see spectral differences, but for the thermodynamicist the mixture just repre-
sents “the standard state of aqua ions in dilute solution”. We shall see below that
even more intricate problems occur when comparing the instantaneous picture (de-
rived from spectra) of copper(II) aqua ions with crystal structures and other evidence
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related to time-average pictures. This does not prevent that the kinetic properties of
chromium(111) complexes clearly show that the concentration of Cr(H,0)g *3 atyp-
ical kinetic intermediate, in equilibrium is smaller than 107*% times the concentra-
tion of the hexa-aqua ion. This comparison shows that a hypothetical species like
unsolvated Cr'? is completely unrealistic, exactly like unsolvated H'. Steric hindrance
between neighbour ligands, and stereochemical preferences determined by the elec-
tronic structure of the central atom, also prevents higher ¥ from occuring, and the
upper limit to the concentration of Cr(H20)7" with roughly equivalent ligands is
even lower, because H. Taube otherwise would have found oxygen 18 exchange with
the solvent more rapid than one day half-life.

In 1932, Jannik Bjerrums) started work on ammonia complexes of copper(I)
and Cu(Il). Some of the results were obtained with more direct techniques, such as
measurement of the ammonia vapour pressure over the solution, or solubility of
weakly soluble salts in various supernatant solutions. However, most of the work
involved determination of the free concentration of ammonia [NH3 | via measure-
ments with a glass electrode of

pH = 9.2 + log [NH3] — log [NHj] (5)

where the ammonium ion concentration {NH4] is very close to the total concentra-
tion of an ammonium salt (say 1 or 2 molar) which serves at the same time as a con-
stant salt medium. This has to a certain extent been the satisfactory response to the
worries about activity coefficients. Experience has shown that the effect of adding
0.1 or even 0.01 M of salt to pure water are larger and far more unpredictable than
the effect of modifying, say 1 M NaClOy4, to 0.9 M sodium perchlorate and 0.1 M of
another salt. Anyhow, one has to be careful when applying Eq. (5) which only indi-
cates the consumption of ammonia as the difference between the total concentra-
tion of ammonia entering the system and [NH;3]. For instance, aqua ions may very
well deprotonate to hydroxo complexes by transforming NH; to NH3. The distinc-
tion between genuine ammonia complexes and such parasitic ammonia removal can
be made by varying the total concentration of NHy4 (say by a factor of 2 or 5) if the
mass-action law is valid. Later, J. Bjerrum(’) succeeded in determining logK ¢, =4.4
of the cobalt(III) ammonia system by careful study of

Co(NH3)sOH'? + NH4 = Co(NH;3)¢" + H,0 (6)

in the presence of active charcoal as a catalyst and knowing pK = 6.5 of the aqua ion
Co(NH3)5(H,0)*? as a Brgnsted acid. The product of the six constants are known
to be log B¢ = 35.2 for the cobalt(III) and 5.2 for the cobalt(II) ammonia complexes.
The difference between the two values of log g can be determined from the change
of the standard oxidation potential E9 from + 1.85 V for Co(H;0)s*? to + 0.1 V for
Co(NH3)g*? which is much easier to oxidize. Actually, 1.75/0.059 = 30.

In the case of copper(I) ammonia complexes, Cu(NH3),’ is formed with log 3,
=10.9 and higher complexes cannot be detected, in close analogy to the silver(I)
- Ag(NH3); having log 8, =7.0. On the other hand, copper(II) turned out to be con-
siderably more complicated. It is true that between 0.08 and 0.3 M NH,, more than
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90 percent occurs as Cu(NH3)%* with log K4 = 2.1 and log 84 = 12.7 to be compared
with Cu(NH3)(H,0)%? having log K, =4.1. These facts give a quantitative description
of the reaction

Cu + Cu(NH3)¥? =2 Cu(NH3)} M

progressing extensively to the right in the absence of oxygen and other oxidants. On
the other hand, copper(I) aqua ions disproportionate to metallic copper and Cu(II)
except at very low concentrations, because the activity of the element is unity dis-
regarding the amount of solid.

However, a fifth ammonia®’ is bound in Cu(NH,)3? with K5 = 0.3, i.e. an equal
amount of tetrammine and pentammine occurs in 3.3 M NH;3. The pentammine is
formed with a characteristic change of the visible absorption spectrum, and its con-
stitution is further discussed below. Jannik Bjerrum"’ points out that complexes con-
taining only one central atom M (in contrast to many oligomeric hydraxo complexes)
assuming the mass-action law has an average number of ligands bound per M

= ([ML]+2 [ML,]+....+n[ML,D)/(IM]+[ML]+....+[ML,]) (8)

not depending on the total M concentration but only on [L]. J. Bjerrum calls the
plot of 7' as a function of log[L] the formation curve. He introduced the distinction
between the maximum coordination number N,y = 5 in Cu(NH3)2?2 and 4 in the
mercury(Il) complexes discussed above, and the characteristic coordination number
N:har = 4 in Cu(II) and 2 in Hg(I). J. Bjerrum also discussed deviations from the
statistical behaviour in the intermediate complexes, which are normally mixed com-
plexes of the unidentate (neutral or charged) ligand L™ and water having the con-
stitution ML,,(H,0)7 ~ 7 In the purely statistical distribution of ligands on N avail-
able sites, an average constant K, is defined by log 85 =N log Ky, and K| =NK,y,
whereas K = K,y/N. In the simplest case of statistical distribution on two sites,

K =4K,. The formation curve has the simple form

= NK,[L]/(1 + Ko [L]) ®

in the statistical case of V equivalent sites. Usually, the ratio (K, + 1/K,,) is somewhat
smaller than the statistical value n(V — n)/(Nn — n? + N + 1). In such cases it is a
good approximation to K+ ; to take the reciprocal concentration 1/[L] at iz =
n+1/2.

The approximate statistical distribution of unidentate ligands on & sites is a
special case of the hypothesis of step-wise complex formation that all the inter-
mediate complexes ML,, occur in mixtures with 0 <# <. This hypothesis has
turned out to be a remarkably successful alternative to the distinction by Job be-
tween perfect (robust, preparatively separate) and imperfect (labile, equilibrating
in solution) complexes. The latter suggestion is similar to the influence of Aristotle’s
principle of the excluded middle on a housewife when she declares that a given com-
pound either is toxic or not. Though most of the reactions of iridium(III) are slower
than the reactions of carbon compounds in organic chemistry, there is little doubt
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that most mixtures of two ligands (including the case of one ligand and water) or
three or more ligands do indeed contain non-negligible concentrations of all the
mixed complexes of a given central atom. It is true, however, that some practical
situations can raise some doubts about the universal validity of the hypothesis of
step-wise formation. For instance, the cyanide complexes of iron(II), iron(III) and
nickel(II) show almost exclusively n =N (or N — 1 in a few cases) in homogeneous
solution because of a combination of two important effects preventing other inter-
mediate complexes from being detected: the lower # values form insoluble precipi-
tates, and the stability can change suddenly when the total spin quantum number S
of the groundstate decreases by one or two units when n increases. On the other
hand, the spectra of all the intermediate chromium(lII) cyanide complexes
Cr(CN),,(HZO);?_‘,," have been studied”? including the two geometrical isomers for
each of the valuesn = 2, 3 and 4. Hence, this system is as well characterized as the
thodium(1II) chloro complexes RhCl,,(H,0)¢ 3 7," where equilibria can be obtained®
by heating for several days at 120 °C. At room temperature, the individual species
can be separated on ion-exchange resins much in the same way as the ten species.
(including geometrical isomers) MX Y6 . can be separated by electrophoresis®’ 10)
of osmium(IV) chloro-bromo, chloro-iodo and bromo-iodo mixed complexes, as

well as iridium(IV) chloro-bromo complexes.

Several books'!~17) treat the detailed techniques of how to determine forma-
tion constants. In practice, classical physico-chemical measurements of one parameter,
such as pH or [M*#] from an electrode potential, continue to furnish a large number
of the constants publisheds) though in principle “fingerprint techniques” such as
visible spectra at a large number of wave-lengths, infra-red and Raman vibrational
spectra, nuclear magnetic resonance without time-averaged ligand exchange, and
rapid evaporation in mass spectrometers should be able to detect several complexes
simultaneously. It is by no means a trivial question to ask for the constitution of
the complexes for which the formation constants are sought, and Lars-Gunnar
Sillén attempted to write an objective computer programme “Letagrop” producing
estimates of accuracy and negligible or slightly negative formation constants for
complexes not actually existing in significant amounts. Nevertheless, some of the
oligomeric hydroxo complexes investigated in Stockholm provided unexpected
predominant species such as Al; 3(OH)33 (the crystal structure favours the version
AlO4Al, (OH)3} as an iso-poly-cation) and octahedral Big(OH)}§ being hydrated,
hexamerized BiO™.

C. {A) and {B) Trends in Complex Chemistry

The natural history of chemistry consists since many centuries in empirical rules
about the relative affinity of various elements. Though metathetical reactions are
frequently used in preparation, the main origin is the filtering of insoluble precipi-
tates, as when an aqueous solution of silver sulphate and another of barium iodide
leave almost pure water in the filtrate:

2 Agt +8032 + Ba*? + 21~ =2 Agl + BaSO, (10)
9
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However, comparable exchange of neighbour atoms (/igating atoms) can occur in the
gaseous state

BCly + 6 CH5;0H = B(OCH3); + 3 CH3Cl + 3 H,0 (11)

where the “driving force” seems to be the affinity of boron to oxygen atoms. It has
been recognized for a long time (and is one of the consequences of the Avogadro
hypothesis) that many highly exothermic reactions do not modify the total number
of chemical bonds, in particular if the oxygen molecule is assumed to have a double
bond:

CH4+202 =C02+2H20
2H, +0, =2H,0 (12)
H2 +F2=2HF

Hence, some hetero-atomic bonds must be considerably stronger than the homo-
atomic bonds in the elements. Linus Pauling considered this tendency to be so
fundamental that the defined the thermochemical electronegativity x from the
relation of bond strengths (AH,, values) D for dissociation to gaseous atoms

1
Dpp = 2 (Daa +Dgp) + (xa —xp)* eV (13)

where the energy unit 1 eV = 23.05 kcal/mole = 8068 cm™1. A corollary of Eq. (13)
is that four atoms tend to rearrange according to AB + CD — AD + BC in sucha
way that the most different x occur for the two atoms in one of the products, say
AD. This explanation is quite satisfactory for the “combustions” in Eq. (12) where
x of the atoms increases in the order H < C < O < F. However, less exothermic
reactions do not always proceed according to the criterium that one of the products
is as electrovalent as possible. As a matter of fact, Pearson'® compared a large num-
ber of reactions of the type AB + CD and found exceptions to the rule of maximum
x difference in about a third of the cases. As a slightly extreme example, it cannot be
argued that the pyrolysis in vacuo of barium azide Ba(N3), to metallic barium and
nitrogen increases the tendency towards charge separation.

Besides the question whether one should consider AG or AH, it was early recog-
nized that some elements, such as magnesium, aluminium, calcium, lanthanum and
thorium, prefer fluoride to the heavier halides by precipitating insoluble fluorides,
and other elements such as beryllium, boron, silicon, titanium, zirconium, niobium
and tantalum prefer fluoride by forming highly complex anions in solution such as
BeF32, BFz, SiF5 2, TiF5 2 etc. The opposite tendency, preferring iodide to bromide,
and bromide to chloride, when forming insoluble halides or complex anions, is shown
by copper(I), rhodium(IIl), palladium(II), silver(1), platinum(1I), platinum(IV), gold(1),
gold(TII), mercury(ll), thallium(IIl), lead(Il) and bismuth(III). Abegg and Bodlinder
pointed out that the latter elements are noble, their E© relative to aqua ions in acidic
solution (with exception of T] and Pb) are positive (American chemists used for many
years the opposite sign of £°) corresponding to the metals not developing hydrogen
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with non-complexing acids (HI or HCN may do if the iodo or cyano complexes are
very strong) but needing strong oxidants such as nitric acid to dissolve. On the other
hand, the former group of metals preferring fluoride have negative £° evolving H,
with acids or even with water alone.

It is not easy to tell whether it is an accident that noble metals prefer to form
highly covalent complexes. It might be argued that one reason for high £ is a high
heat of sublimation of the metal, but mercury is a distinct exception at this point,
and tungsten with high boiling-point is rather of the fluoride-affine type.

The common technique of group separation in qualitative inorganic analysis was
to use the highly varying solubilities of sulphides produced by saturated (about 0.1 M)
H,S at various pH. Since pK; =7 and pK, = 14 of H,S, the free sulphide concentra-
tion [S~2] is approximately 10~2% M at pH=0,10"'*MatpH =4 and 10~°M at
pH =9. It is perfectly clear that the former value is derived from Eq. (2) and is not
a statement about one sulphide ion in 17 ml solution. On the whole, the iodide-fans
precipitate sulphides at pH = 0 and the fluoride-addicts do not. Certain fringe cases
such as cadmium(II) and lead(II) may need pH = 1 for precipitation as sulphides,
but they are not particularly insisting on iodide either. Certain elements, such as
arsenic, molybdenum and rhenium have the peculiar property of precipitating the
sulphides most readily in strong hydrochloric acid (pH = —1) but less readily at
positive pH. This behaviour may be connected with the amphoteric behaviour of
these sulphides. Though the solution of sulphides in an excess of HS™ is known to
contain thio-anions such as AsS3 2 and SbSz? it is quite possible that mixed oxo-
thio complexes are formed here, in analogy to the known Re0S3 %), As far goes
As(IIT), Mo(VT) and Re(VII) there is no evidence available for a preference for
iodide among the halides. However, mixed oxo-fluoro complexes may form in
fluoride-containing solutions.

Goldschmidt introduced a classification of elements for geochemical purposes
in aerophilic (noble gases and, to a certain extent, nitrogen), thalassophilic (mainly
chlorine and bromine), lithophilic (the alkaline and alkaline-earth metals, aluminium,
rare earths, silicon, zirconium, thorium, niobium, tantalum, etc.) chalkophilic (cop-
per, zinc, arsenic, selenium, silver, cadmium, indium, antimony, tellurium, gold,
mercury, thallium, lead, bismuth etc.) and siderophilic elements (iron, cobalt, nickel
and also the six platinum group elements which would have been classified as chalko-
philic on usual chemical evidence). The five types of elements would concentrate (by
a kind of extraction process on a geological time-scale) in the atmosphere, the ocean,
in silicate rocks, in sulphur-containing minerals and in the iron core known to give
the Earth its high average density. The fifth category was constructed mainly on
basis of the composition of the meteorites close to rust-free steel, and cannot be
considered as a thermodynamical equitibrium, since the coinage metals would be
extracted in iron. A practical consequence of this distribution is that the main
rocks are mixed oxides of silicon and the lithophilic metals. As already Gold-
schmidt pointed out, such minerals can show non-stoichiometric composition
with charge compensation as when the ratio between sodium(l) and calcium(il)
is the same as the ratio between silicon(IV) and aluminium(11l), or when monazite
- LnPQy4 being the phosphate of the mixed lanthanides Ln has some La(III) replaced
by Th(IV) and simultaneously the same amount of P(V) replaced by Si(IV). In
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other cases, mixed oxides can be non-stoichiometric by oxide deficit?®) such as
Ln,Th; _ O, _ o.5 x orf the Nernst lamp Ln,Zr; _ .0, _ g.5 » conducting at high
temperature by transport of oxide (rather than of electrons, as magnetite Fe30,4
does). In such cases, x may vary continuously from zero to above 0.5. It is charac-
teristic for substitution of cations in mixed oxides that comparable ionic radii is a
more important condition than identical oxidation states. Thus, one can easily
introduce some (x ~ 0.1) magnesium(Il) in Mg, Zry _ Oy _ .

Since there is much less sulphur than oxygen in the Earth’s crust, the chalko-
philic elements having low abundances tend to concentrate in small amounts of
concentrated sulphides, providing rare elements such as silver and bismuth in
technically exploitable high concentrations. The elements in the crust represent a
residue of about 0.4 percent compared with the abundances in the Solar atmo-
sphere?!), and contrary to the cosmic distribution, the elements with Z above 30
have a roughly constant concentration of the order of magnitude 10~ (1 g/ton)
in the Earth, perhaps because of accumulated supermova dust. When condensing
Solar material, H,, He, and the main constituents CH4 and NHj of the atmospheres
of Jupiter and Saturn, leave at first. Since lithium, berylliurn and boron very rapidly
undergo thermonuclear reactions in the interior of stars, oxygen is the first common
element in Terrestrian material, and actually almost half the mass of the crust. It is
not too probable that the Earth has an interior mantle of sulphides of chalkophilic
elements, unless the total amount of sulphur is unexpectedly large.

Returning to complex formation constants, J. Bjerrum® introduced a corrected
constant taking the 55 M concentration of water into account. For unidentate ligands,
he considers log K,, + 1.74 or log K,y + 1.74, the constant 1.74 being log 55. It is
empirically known??) that bidentate ligands such as ethylenediamine = 1,2-diamino-
ethane NH,CH,CH,NH; or multidentate ligands such as diethylenetriamine
HN(CH,CH,NH,), or tren = tris(2-aminoethyl)amine N(CH,CH,NH,); show high
formation constants, much higher than of unidentate NH; or CH3NH, . We do not
here discuss this chelate effect in detail. A major correction for using a molar con-
centration scale rather than a unit of concentration comparable to the liquid
amine®® can be obtained®) by evaluating the new constant

(logK,/q) + 1.74 (14)

in the case where it is almost certain that the #’th g-dentate ligand replaces q water
molecules coordinated to the central atom. Bjerrum® pointed out that for a given
central atom, the corrected constants in Eq. (14) for pyridine, ammonia and cyanide
complexes have the ratios 0.6 : 1 : 1.6 though, as we discuss below, certain central
atoms such as copper(I) and palladium(Il) have slightly higher affinity to pyridine
than indicated by this rule. On the whole, these three ligands, have the stronger
bonding to chalkophilic elements, but not to the extreme extent of sulphide and
iodide.

Schwarzenbach developed complexometric titrations with multidentate ligands
such as nitrilotriacetate N(CH,CO, )3 and the potentially sexidentate (two N and
four O) ethylenediaminetetra-acetate and potentially octadentate (three N and five
O) diethylenetriaminepenta-acetate. Such synthetic amino-acids form strong com-
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plexes with more central atoms than ammonia, including the alkaline earths and the
lanthanides. Nevertheless, Schwarzenbach?%2%) pointed out that it is important for
the analytical chemist to recognize the trends of lithophilic elements preferentially
coordinating with fluorine and oxygen and chalkophilic elements with phosphorus,
sulphur and iodine. Seen from this point of view, nitrogen and chlorine are interme-
diate types of ligating atoms, though approaching the latter group. Two sulphur
atoms on the same carbon or phosphorus atom frequently form chelates with four-
membered rings, such as the bidentate dithiocarbamates R,NCS5 , xanthates ROCS5 ,
dithiophosphates (RO),PS7 and dithiophosphinates R,PS32%27) whereas carboxylic
groups usually are not bidentate except in the equatorial plane of the uranyl complex
UO,(0,CCH3)7 and in oligomers bridging two different central atoms, such as
OBe4(0,CCH;)¢ and M,(0,CCHj3),, 2 H,0 with more or less pronounced bonding
between the two M =Cr, Cu or Rh.

Ahrland, Chatt and Davies 28 published in 1958 the paper which has been the
best recognized for the discussion of (A) and (B) character. These authors pointed
out that all central atoms choose two among the 24 conceivable series of formation
constants with halide anions in aqueous solution, and are either showing (A) charac-
ter in the case F > Cl>Br>1 or (B) in the case F<ClI<Br<I. Copper(Il) and cad-
mium(II) are marginally (B) and indium(III) (A). Ahrland, Chatt and Davies also per-
formed a systematic comparison of ligands differing only by the replacement of an
oxygen atom by a sulphur atom and found clear evidence for (A) central atoms pre-
ferring the former and (B) the latter version of the two ligands. When comparing two
ligands differing in a nitrogen or a phosphorus atom carrying one lone-pair (though
one tends to concentrate on primary amines RNH; but tertiary phosphines R3P) the
typical (B) elements show a predominant preference for phosphorus. It is as if certain
border-line elements more readily show (A) behaviour toward amines, and copper(Il)
is readily reduced by phosphines like it is by iodide and by cyanide so its suspected
(B) character is difficult to prove. However, if the preference for fluoride compared
with iodide is taken as the primary definition of (A) character, iron(III), cobalt(lI)
and nickel(IT) are definitely of (A) types though not as violently as aluminium(III)
and magnesium(Il) with comparable ionic radii. In the few cases where higher homo-
logs of the ligands could be studied (mainly the neutral molecules R,S, R,Se and R, Te
or R3P, RaAs and R3Sb) it was not always the case that the formation constants in-
crease monotonically with (B) central atoms 28),

[t may be regretted that the words (A) and (B) character make one think about
the short-period description of the Periodic Table containing 8 columns though the
eighth column contains the triad elements. It is generally argued that the A elements
Ca, Sr, Ba, Ra are different from the B elements Zn, Cd, Hg and the idea association
immediately presents itself that the differences can be described as (A) and (B) char-
acter, as would be even more true for alkaline metals compared with the coinage
metals (which Mendeleev originally arranged in tetrads in view of the oxidation
numbers of copper(I) and gold(III) higher than the number of the column). If one
calls all the elements from Na to Ar for A and from Cu to Kr for B, reserving the
classification B for post-transition group elements, the agreement is fairly good. But
it is always dangerous to have the same word for almost the same concept, and it
would be difficult to classify both iron and platinum as (A) elements, or both as (B)
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elements, for that matter. In the sense of Goldschmidt, nickel, gallium and tin are
on the border-line between lithophilic and chalkophilic elements and occur in both
oxidic and sulphidic minerals. Further on, the ligands were not called (A) or (B)
though it would have made sense to ascribe (A) behaviour to fluoride and (B) to
iodide. These are among the reasons why the words “hard’* and “soft™ seem more
appropriate, as discussed in the next chapter.

Ahrland®®3® has revived the old interest in comparing A H with AG of complex
formation. It has turned out that the strong complexation of aluminium(III) with
fluoride forming AI(H20)¢_,, F5>~"from Al(H,0)¢2 and #F~ has negative AG
(whereas the almost impossible formation of Al(H,0)sCI"? has positive AG) but
positive AH. Said in other words, the formation of the fluoro complexes is a spon-
taneous endothermic reaction occurring because AS of Eq. (1) is so large. The reason
why the solution of AI(H,0)sF"? has so much lower entropy, is so much more disor-
dered, than a solution of Al(H,0)¢3 and F~ can be ascribed to the strong hydrogen
bonding between F~and a large number of water molecules. This structure disappears
when F~ gets coordinated to a central atom, but at the same time, one has to supply
heat to dissociate the hydrogen bonds. This rather unexpected situation (which already
seemed paradoxical to Julius Thomsen) occurs in general by the reaction between (A)
central atoms and fluoride or oxygen-containing ligands (such as SOz 2 and carboxyl-
ates RCO3 »with exception of OH™ (where the reactions frequently are exothermic).
On the other hands the reactions between (B) central atoms and ligands such as io-
dide or cyanide show comparable, negative AH and AG, that is AS is rather unim-
portant. It may be noted that the strong discrepancy between negative AG and posi-
tive AH in (A)cases occurs for anionic ligands. Neutral ligands, such as ammonia and
ethylenediamines show comparable values®" for AG and AH when forming comple-
xes with nickel(Il) and copper(ll). A simple reaction such as the neutralization of
H;q by OH™ in dilute aqueous solution has AGy = 19.1 and AHgy 13.36 kcal/mole
clearly favoured by increasing disorder of the pure water formed.

D. Hard and Soft Anti-bases and Bases

Ralph G. Pearson>2) suggested in 1963 to generalize the idea of (A) and (B) character
to hard and soft behaviour of both Lewis acids (called anti-bases by Jannik Bjerrum33)
and the ligating bases. This idea (frequently called SHAB = soft and hard acids and
bases) has been reviewed3#and Pearson has edited a reprint volume with comments>
A symposium about this idea®® was organized by R. F. Hudson in 1965 at the Cyan-
amid European Research Institute (closed 1968) in Cologny, the Republic of Geneva,
and described in the 31. May 1965 issue of Chemical Engineering News.

There is no doubt that Pearson did not suggest something entirely new, as we
have already seen, but he generalized the concepts derived from the mass-action law
(formation constants and Brensted acidity) in a variety of new ways. Many chemists
have felt that hard-hard interactions are a new name for electrovalent (ionic) bonding
and soft-soft interactions for covalent bonding®”). This is also a part of the truth, but

other aspects are far more sophisticated and deserve detailed discussion. Other chem-
ists sharply criticize the short and colloquial words “hard” and “soft”. In the writer’s

5)
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opinion, this reluctance to accept new words is similar to the resistance to use “weak”
and “strong” acids in a way independent on their titration capability as the number of
equivalents pro litre. It may be noted that these words were used by chemists for
many years before pH was introduced in such a way that an acid with negative pK
now is called strong, with pK around 5 weak and around 10 very weak.

The Pearson principle is dual:

Hard anti-bases react preferentially with hard bases.
Soft anti-bases react preferentially with soft bases.

[t may be noted that both statements refer to an actual affinity and not only to a
relative decrease of the affinity in one direction. Nobody can seriously argue, in spite
of Eq. (13), that the reaction between Hg(Cl04), and 2 NaCN is driven by the for-
mation of NaClO4 (which anyhow is ionically dissociated in solution) and not, as
the —AH = 48.7 kcal/mole shows, by formation of two Hg—C bonds. In view of the
calorimetric results discussed by Ahrland?°3) it is neither trivial that the hard-hard
interactions correspond to an actual affinity though the reactions may be endothermic
One might have expected that any hetero-atomic molecule or polyatomic ion always
would have a background of Coulombic attraction, called Madelung energy*>®. Actu-
ally, the scales of affinity are quite different for ions reacting in the gaseous phase3”)
as well as in solvents of low dielectric constants, and the hard-hard interactions be-
come stronger in these cases. Nevertheless, the chemistry simply can be different for
two ions with the same oxidation state and almost the same ionic radii, e.g. sodium(1)
and silver(I); rubidium(I) and thallium(I); calcium(1I) and mercury(Il); strontium(lI)
and lead(Il); erbium(III) and thallium(III). However, the assumption of strongly posi-
tive Madelung contributions to the dissociation energy of hetero-atomic compounds
does not apply the same way in aqueous solution, where the agua ions represent the
standard state. As seen in the last chapters, the numerical extent of hydration energy
needs careful study, already because a minor uncertainty in these huge quantities can
modify the formation constants expected. There is a large number of complexes which
cannot be studied in aqueous solution because the ligands loose the competition with
water. One should not be deluded to think that these problems are simple; when an
aqueous solution of silver(1) fluoride and another of calcium(II) iodide react quanti-
tatively in analogy to Eq. (10) precipitating Agl and CaF, it looks like a perfect con-
firmation of the Pearson principle, the hard Ca*? selecting the hard F~ and the soft
Ag’ selecting the soft I~ . However, the complex chemistry surrounding Agl is com-
plicated; an excess of Ag’ dissolves the precipitate as Ag3l*2with a central iodide
bound to three Ag ligands, and an excess of I” produces Agl3 2 in closer analogy to

Pbl3 and Hglz 2. On the other hand, the supernatant solution of CaF, contains its
small concentration of calcium as Ca*? and not as fluoro complexes. This is not true

for certain other, almost insoluble fluorides. The supernatant solution over LaF,
contains some LaF*2 and ThF, quite a lot of ThF*? and ThF32 if some Th** is
added. In all of these ionic complexes, as well as in the precipitates, the Pearson _
principle is satisfied; but it did not a priori specify the solubility of the precipitates,
only a tendency toward the constitution of the inorganic chromophore*® MXy
where V X-atoms surround the M atom.

Pearson?) suggested that metallic elements and alloys ipso facto are soft. This
statement about surface chemistry is rather unfamiliar to complex chemists, though
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it is beyond doubt that catalysts consisting of platinum or other noble metals, cata-
lyzing reactions of the type Eq. (12), readily become ineffective, “poisoned”, by ad-
sorptlon of phosphines, arsines or sulphur-containing compounds. The water on iron
surfaces*!? shows Brensted acidity quite different from iron(II) or iron(III) aqua ions,
and the corrosion process of iron can be shifted into different pH regions by applying
an external potential. A corollary to Pearson’s classification of metallic surfaces as
soft is that organic molecules capable of adding to metallic surfaces, such as CO,
CeHg, C,Hy and other olefins, all are soft.

We come here to a question which is not explicitly analyzed by Pearson, whether
it is by necessity or an accident that zerovalent or negative oxidation numbers of
transition elements are intrinsically soft. These cases are not generally discussed in
connection with formation constants, but the clear-cut evidence for soft behaviour
is of preparative nature, as discussed in the next chapter. The organometallic chemistry
of such low oxidation states confirms the soft character of the ligands CO and C4Hg
and indicates also soft properties of cyclopentadienide CsHs , tropylium C;H% and
cyclo-octatetraenide CgHg  all having electronic configurations somewhat related
to benzene*?). The latter ligands can produce remarkably high coordination numbers
N; the sandwich complexes Cr(C¢Hg), and Cr(C¢Hg)} have N = 12 and the isoelec-
tronic Fe(CsHs), and Fe(CsHs)} N = 10; and the uranjum(IV) compounds
U(C5H;s )3Cl and U(CgHg), both have N = 16.

Pearson>?) argued that for a given element, the increase from low to high oxidation
numbers corresponds to a monotonic development from soft to hard behaviour. Though
this is a frequent tendency, the writer doubts that this rule is universally valid. Thus,
thallium(III) is perceptibly softer than thallium(I). TI(III) is also an instance of a high
ionization energy of a soft central atom, though it has been argued that soft systems
have low ionization energies (this would not apply to metallic surfaces on the whole
being chemically softer when the work function is high). A subtler exceptlon may be
nickel(II) not being as soft as nickel(IV) occurring not only in NiFg? but also in
sulphur-containing complexes such as Ni(S;CN(C4Ho),)3, in solid NiAs, and in
complexes of bidentate phosphines and arsines. A perhaps even more striking case
is the co-existence of bromide and dithiocarbamate in the copper(IIT) complex*®
Br,CuS,CN(C,Hs), . Recently, the quadratic chromophore Cu(III)P4 and square-
pyramidal Cu(III)P4C] have been realized*®) with a bidentate phosphine. The oxida-
tion was performed with concentrated nitric acid, which immediately would attack
the free ligand to form phosphine-oxides. We are here in presence of a general prob-
lem: ligands of low electronegativity are particularly favourable for covalent bonding
to a central atom of comparativety high electronegativity (one may for instance evalu-
ate optical electronegativities** from electron transfer spectra) but at the same time,
the ligand is reducing and can be oxidized by the central atom, frequently to a dimer
having lost two electrons (I” to I, RS™ to RSSR etc.). However, the stabilization of
the soft-soft compound by covalent bonding may sometimes retard kinetically or
prevent thermodynamically the redox reaction between the reducing ligand and the
oxidizing central atom. As Jannik Bjerrum says, covalent complexes have known to
stop the extent of electron transfer at the right moment.

The writer®® analyzed the behaviour of manganese in the various oxidation
states from Mn(—I) to Mn(VII) and suggested the modification of Pearson’s rule that
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the softness of central atoms decreases monotonically as a function of increasing
fractional charge.

There is clear evidence that the 3d® Mn(—I)in Mn(CO); is even softer than 346
Mn(I) in Mn(CO)sX to be discussed in the next chapter. It is also clear that anionic
carbonyl complexes are rather different from monomeric halide anions, except that
Mn(CO)s also forms an oxidized dimer (OC)sMnMn(CO); to which it is problem-
atic® to ascribe the preponderant configuration 3d” and the concomitant oxidation
state Mn(0). However, the hard character of manganese achieves a maximum at the
numerous 3 d5 Mn(II) compounds of which the majority are high-spin (S = 5/2) to
be compared with the invariantly diamagnetic (S = 0) manganese(I) complexes. Dis-
regarding redox reactions, the chemistry of Mn(II) is remarkably similar to magne-
sium(II), as can already be seen from the common etymology of the names of the
two elements. Mn(III) is already less distinctly hard, as can seen from the existence
of MnCl3 % and Mn(S,CNR,);. It is difficult to be explicit about Mn(IV) which is
best known in MnF32 and in mixed oxides, though it seems less extremely hard
than Mn(II). The higher oxidation states Mn(V), Mn(VI) and Mn(VII) are mainly
known from tetrahedral oxo complexeslg) and represent cases like Cr(VI), Ru(VII),
Ru(VIII) and Os(VIII) where oxide ligands are more capable than fluoride ligands
to stabilize high oxidation numbers. In aqueous solution, other examples of strongly
stabilized oxo complexes are UO%2 and the vanadyl(IV) ion VO(H,0)3? both lack-
ing proton affinity in strong perchloric acid, as can also be-seen from the ultra-violet
spectra of 0sO4 and the mixed nitrido complex NOsO3 **). The very slight evidence
for Mn(VII) not being very hard is that the green MnO3F and MnO;Cl show com-
parable synthetic stability.

A rationalization compatible with the maximum hardness at Mn(II) preceded
by pronounced soft Mn(I) and by moderate hardness in Mn(III) and higher oxidation
numbers would be that the fractional atomic charge of manganese nowhere is higher
than in Mn(Il), and the highest in the octahedral chromophore Mn(II)F¢ occurring
in the rutile-type MnF, and the perovskites KMnF 3 and RbMnF3 where it seems to
be close to 1.9, and slightly lower in Mn(H;0)§2. This conclusion can be derived
from the nephelauxetic effect, the decrease of the parameters of interelectronic
repulsion compared with the corresponding gaseous ion, here Mn*24:39:46) 4nd
from approximate M. O. calculations including the Madelung potential® 47). Calcula-
tions neglecting the Madelung potential suggest fractional charges well below +1 in
agreement with Pauling’s electroneutrality principle, but this idea is almost incom-
patible with the visible spectra of transition-group complexes*®). We do not here
discuss the even more serious problems for the related hybridization theory*8» 49,
which seems irrelevant outside the 2p group elements. The physical mechanism
behind the softness disappearing for high fractional charge of the central atom
{(besides an obvious emphasis on Coulombic effects) may be the higher density
of low-lying excited states both of very low oxidation states (the energy of the
partly filled shell approaching many empty orbitals) and of high oxidation
states (showing electron transfer spectra at low wave-numbers because the loosest
occupied M. O. of the ligands have comparable energy with the partly filled shell).
It is perfectly clear that we are looking for a high density of low-lying efficient
states because the many energy levels of 4 f9 (especially for ¢ between 2 and
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12)%% 59 do not modify the chemistry of the trivalent lanthanides compared
with a smooth interpolation between La(IIT) and Lu(IIl). The question of efficient
states is related to the (fairly remote) importance of electric dipolar polarizabilities
derived from roughly additive molar refractivities to be discussed in subsequent
chapters. It is perfectly clear that the relation of softness to fractional charges at
best produces a convergent re-iteration (and at worst a vicious circle) because the
more covalent compounds have lower fractional charges of the central atom® 39)
and hence, the softness of the ligand influences the central atom to become softer.
In the next chapter, we discuss the empirical evidence for this inorganic symbiosis.

It may be noted that Pearson uses the word “acid” according to Lewis. It is not
perfectly clear whether the soft-soft interactions in Mn(CO)5 has the Mn(—I) central
atom as Lewis acid and CO as base, or whether the back-bonding (to be discussed in
detail in later chapters) to the ligand is so strong that Mn(—I) is the base. Anyhow,

a much more profound difficulty is that it is by no means certain that the coordina-
tion process really consists of exactly one pair of electrons from the base being
donated to an empty orbital of the Lewis acid (anti-base). Though the chemical
bonding in H,, HeH" and H3 undoubtedly is due to two electrons and in Hj to

one electron, it is not easy to justify the general belief in N pairs of electrons in NV
orbitals bonding MV atoms to a central atom*®. Thus, the NaCl-type oxides, nitrides
and carbides such as MnO, NiO, CdO, LaN LuN and HfC have N = 6 of both elements,
but there are simply not more than four filled orbitals in the outer shells of the
anion. This argument is even more striking in the non-metallic CaF,-type beryl-
lium(II) carbide Be,C having NV = 8 for carbon. In the writer’s opinion, there is no
particular reason to look for six bonding orbitals in AlFz3, SiF52, PFg and SF¢
and hence, the classification of the central atoms as anti-bases (as would also be
true for SiF4 and PF3) does not imply the absolute validity of the Lewis model,
which has recently been discussed®?).

J. Bjerrum®® has written a review about hard and soft anti-bases mainly apply-
ing AG arguments for selected systems. However, he has also brought a very interest-
ing question up for debate. In the Bronsted theory, it is very clear-cut to talk about
an acid as the proton adduct of its corresponding base. Now, one may define a base
corresponding to a given anti-base as the adduct of an electron pair to the anti-base.
Frequently, both species are known in chemistry. The simplest case is the proton
H* as anti-base and H™ (to be discussed in the next chapter) as base. Another case
is the anti-base I'" and the base I~ where iodine(I) complexes are known. For instance
elemental iodine disproportionates in pyridine under the influence of silver(l) nitrate
in the metathetical reaction

I; + Ag(NCsHs); = Agl + I(NCsHs )3 (15)
Another simple example is the soft anti-base TI"? adding two electrons to TI* which
is hardly a Lewis base though square-pyramidal green low-spin (S = 1/2) Co(CN)z 3
reacts’® with aqueous TI' to give (NC)sCoTICo(CN); >, where the distribution of
oxidation states is debatable.
In the case of polyatomic entities, the stereochemistry changes frequently
drastically by adding two electrons to an anti-base. For instance, monomeric SO3
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is planar like BF3 but the corresponding base 032 is pyramidal like 103 also
containing a lone-pair. One may observe even more profound changes. Thus, di-
borane H;BH,BH, is a well-known “electron-deficient” molecule though the

writer considers it as hydride bridged and isosteric with Al,Clg also consisting of
two tetrahedra joined along an edge. There is nothing unusual about hydride
bridges; hafnium(IV) boranate Hf(H3BH)4 has ¥ = 12 of the central atom in the
molecule, and the perovskite BaLiH; has each barium(II) surrounded by 12 hydrides,
lithium(T) six (like in crystalline LiH) and each hydrogen(—I) is octahedrally coordi-
nated with two lithium on one Cartesian axis and four barium on the two other.
Anyhow, adding two electrons to ByHg modifies the stereochemistry to the anion
B,Hg 2 isosteric with ethane and having a central B—B bond. It can also be argued
that Mn(CO);X contain the square-pyramidal Mn(CO)3 anti-base re-arranging to
trigonal-bipyramidal Mn(CQ)5 when adding two electrons.

Already Pearson>?) noted the differences in softness, normally increasing by
adding an electron pair, as in the carbonium ion C(C¢Hs)3 not being as soft as the
carbanion C(CgHs)3 or, a fortiori, aliphatic examples such as C(CH3)3 and C(CH3;)3 .
The writer is only aware of one case of a less soft base, viz. TI*, being formed by
adding two electrons to a soft anti-base. Bjerrum®® proposes that the anti-base
corresponding to a soft base is hard (of which many examples are known, such as
S03) but also that the anti-base corresponding to a hard base is soft, in analogy
to the definite result in Bronsted theory that a weak base corresponds to a strong
acid (formed by addition of a proton) and that a strong base corresponds to a weak
acid. It may be worthwhile noting that this statement does not discuss whether a
weak base itself is an acid; it may be a strong acid like HCI, a very weak acid like
H,0, or not being able to be a Bransted acid at all (not containing protons) like C1~.

It is by no means certain that the anti-base corresponding to a hard base always
is soft. Bjerrum3? assumes that F* is a soft anti-base. This is very difficult to dis-
prove because fluorine(l) is not known in compounds, not even in the type Eq. (15).
OF, is better classified® as an oxygen(II) fluoride, and the hypofluorite molecules
such as CF3OF (trifluoromethanol cannot be made from the deprotonated Rb*CF30~
because it decomposes to HF and OCF,), FsSOF and O3CIOF all involve oxygen
rather than fluorine in anomalous high oxidation number. In a Gedankenexperi-
ment, F* has a higher affinity to I~ forming IF than to F~ forming F, along the
lines of Eq. (13) but at the same time, there is no doubt that F* would oxidize
hard compounds such as CeF5 and TbF3. Anyhow, a distinct exception to this
opinion is UFg¢ and UFz? where UF, is only known to react as a hard anti-base
with F~ forming adducts such as UFg % whereas the uranium(IV) complex formed
by adding two electrons to UF, also is hard.

In this connection, it may be remembered that Bransted acids sometimes form
“partly neutralized” adducts with their corresponding bases, such as FHF~ and
H,0HOH; known from crystal structures. If Hyq on an instantaneous picture is
HoO} this would also fall in this category. It is less frequently realized?) that an
anti-base may react with less than the maximum amount of base. Thus, the anti-
base XeF? and its adduct with XeF,, symmetrical (but bent) FXeFXeF* and
fluoride-bridged Siamese-twin octahedra FsSbFSbF5 and FsPtFPtFg are all
known from recent crystal structures. Originally, Bjerrum®® called SbFg an
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anti-base + base (anba) adduct, SbFs being the anti-base and F~ the base. How-
ever, for practical purposes, SbFg is also a base, potentially able to bridge another
atom in a complex, as in Sb,F; or in the hypothetical FsSbFBF3 . When gaseous
PCl;s crystallizes as PCI;PClg it shows that the same molecule can be a base and an
anti-base to a much more pronounced extent than water is simultaneously a base
and a Brensted acid. To the writer, an anba adduct remains a base because its
potential capability of reacting with another anti-base releasing base. In the case
where the anba adduct can add further base, it is at the same time an anti-base.
Hence, one tends to ascribe “hard” or *soft” character to an anba adduct without
specifying whether it is considered a base or anti-base. SiFg 2 is uniformly hard
and PtI5? soft all over.

E. Inorganic Symbiosis and Preparative Chemistry

It would be closing the eyes to half of the content of Pearson’s classification to
consider only systems where complex formation constants have (or can) been
measured. If one wants to stabilize unusually low oxidation numbers, it is well-
known that the best chances are to select the ligands among the class H™, 17,
R4P,CO, CNR,CN™,. .. that is Pearson’s soft bases. Actually, a very large num-
ber of complexes containing triphenylphosphine L = P(CgHs)3 have been reported
the last years, and it is also known®%) that PF is particularly successful in stabiliz-
ing negative oxidation states such as Ru(PF3)32 and Ir(PF3)7 . What is important
to the synthetic chemist is that a mixture of soft ligands frequently yields stable
complexes. Among the homogeneous catalysts for hydrogenation of olefins,
Wilkinson’s thodium(I) compound RhL3Cl and Vaska’s iridium(I) compound
Ir(CO)L,Cl are able to form a lot of interesting adducts. Thus, the latter complex
is oxidized by H, to the iridium(III) hydrido complex IrH,(CO)L,Cl whereas the
adducts of oxygen are known in certain cases¥ suggesting octahedral iridium(IH)
with a peroxo (03 ?) ligand and others having iridium(I) bound to O, much in the
same way as ethylene in the platinum(II) complex PtCl3(C,Hg)~ discovered by
Zeise in 1829. Vaska’s compound has an isomer®!) where Ir(III) has extracted a
hydride from a phenyl group forming also an Ir—C bond Malatesta prepared Ir(IIT)
IrH3L3. It must be added in all fairness that the iridium(V) compound IrHsL, also
is known, the only other well-characterized case of Ir(V) being ItFg . The tendency
toward high NV and high oxidation number in hydrido complexes can also be seen
in the rhenium(VII) complex ReHg 2.

It is worthwhile to analyze why co-existing soft ligands assist low oxidation
numbers. If we want to make a copper(I) compound, it is very difficult to try the
aqua ion, the fluoride or the anhydrous sulphate because they disproportionate to
the metallic element and a higher oxidation state, here Cu(ll). However, as seen in
Eq. (7) it is easier to make the ammonia complex Cu(NH3); under anaerobic condi-
tions, and even easier to make copper(l) complexes of pyridine and of conjugated
bidentate ligands such as 2,2"-dipyridyl and 1.10-phenanthroline. The experimental
problems are reversed in the case of iodides and cyanides, where it is easy to precipi-
tate Cul or CuCN or to prepare solutions in an excess of the ligand containing Culy,
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Cu(CN)3 or Cu(CN)z > but a difficuit kinetic problem to detect the intermediate
Cu(II) complexes.

Manganese(I) is known in a few compounds with five CO ligands and a sixth
ligand, H=, CH3, CI™, Br~ orI™. It is possible to have only four CO ligands in the
dimeric (OC)sMnBr,Mn(CO), having two bromide bridges analogous to niobium(V)
chloride crystallizing as dimeric octahedra Cl4NbCL,NbCl,. The soft cyclopenta-
dienide provides a compound with only three CO as the molecule CsHs Mn(CO);.
Said in other words, one needs a lot of soft ligands to keep manganese(I). Until
now, Mn(CO)sF has not been prepared. One has to be very cautious about saying
that it cannot conceivably exist; many compounds included in the fascinating book
“Non-existent Compounds”*®) have later been prepared, such as CIFCI*, CIF},
BrOj and a rich folklore of xenon compounds. However, it is almost certain that
Mn(CO)sF would dispropartionate:

4 Mn(CO)sF = (0C)sMnMn(CO); + 2 MnF, (16)

driven by the stability of manganese(II) fluoride. Under anhydrous conditions, it is
possible to prepare salts of Mn(CO)¢. They undergo a most unexpected reaction in
aqueous solution

Mn(CO)g + H,0 = Mn(CO)sH + CO, + Hzq an

where one of the CO ligands is oxidized to CO, and one hydrogen(I) from water
simultaneously reduced to a hydride ligand. This does not prevent that Mn(CO)sH
is a Bransted acid in aqueous solution with pK = 7.1 undergoing a redox reaction
with the hydride ligand:

Mn(CO)sH = Mn(CO)5 + Hyq (18)

This acid-base reaction would be felt by many chemists to show that the ligand is
not exactly hydrogen(~I). However, arguments can be given4) that all transition-
group to hydrogen bonds involve H(—I). Thuse, Co(CO)4 H is trigonal-bipyramidal
compatible with 3 d® Co(I) isoelectronic with Fe(CO)s and Mn(CO)5 but never-
theless a strong acid readily forming Co(CO)z in aqueous solution, which is a tetra-
hedral 3d!° system like Fe(CO)3% and Ni(CO),. PtL,(CO)H is quadratic (5 d%)
and not tetrahedral, etc.

It is one of the virtues of Pearson’s classification that the behaviour of hydride
as a super-soft ligand has been clarified, though it is outside the domain of complex
formation constants. Like the o-bonded carbanions of the type CH3 , (CH3);CCH3,
Ce¢HsCH3 and (CH3)3SiCH3 it shows many of the effects of frans-influence discussed
below, but H™ cannot be suspected of conventional back-bonding nor hyperconjuga-
tion. Nevertheless, the constituents of water pose rather specific problems. It has
already been mentioned that OH™ is not a typically hard base. It is possible in the
first approximation*® to ascribe the tendency of water coordinated to the element
M in the oxidation state z to deprotonate to OH™ (and then further to 0~ %) toan
increasing value of z divided by the ionic radivs. Thus, M(VII) and M(VIII) are almost
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exclusively coordinated by O~2 in aqueous solution. In sufficiently acidic solution,
S(V1) forms mixed hydroxo-oxo complexes such as HOSO3 and Cr(VI) and Te(VI)
more readily so with their larger radii of the central atoms. Only the largest M(IV)
such as Th** and U** are known as aqua ions, whereas the typical behaviour of
M(II) is to change from aqua to hydroxo ligands at a pH which increases in the se-
ries Fe(IIN <A ~Cr(IID~Rh(IDH<Sc(ID<Lu(IIN. . . .<La(Ill). The so-called
diagonal similarities in the Periodic Table can be understood as the influence of the
ionic radius. Be(Il) is very similar to AI(III) and finishes as a pure hydroxo complex
Be(OH)3 ?by its amphoteric behaviour above pH = 12, a behaviour shown by no oth-
er alkaline earth. On the other hand, B(OH)3 does not react at low pH (though con-
centrated sulphuric acid forms tetrahedral B(OSO3H)z ) but deprotonates to oxo
complexes in strongly alkaline solution like silicic acid, etc.

However, this simple description is not appropriate for certain oxidizing central
atoms forming strong covalent bonds. Already Fe(H,0)¢” is far more acidic than ex-
pected (but Fe(OH); is so insoluble that it is not particularly amphoteric) and Cu(II)
is too acidic for a M(II) of that size. Extreme cases are Pd(H,0)4? having the same pK
as U;ﬁ and the univalent halogens comparable to P(V). It is perhaps significant that
hypochlorite OCI~ does not seem to hydrate to CI(OH); in aqueous solution. It may
very well be that pK, of CIOH relative to the latter species would have been more nor-
mal. Anyhow, it is perfectly clear that one cannot divide elements M in a given oxida-
tion state z into “chemical metals™ and *“metalloids™ according to whether M(OH), is a
base or an acid. The development is perfectly continuous.

The word inorganic symbiosis®’) was proposed in connection with a striking ef-
fect of the other ligands bound to cobalt(III). It must be admitted that both Co(II)
and Co{III) are border-line cases with a mild preference for fluoride like indium(III)-
though the chemistry is very different in other respects because of “ligand field” sta-
bilization*4?-3® apparently increasing the formation constants of complexes of am-
monia, amines, N-bound NO3 and cyanide producing large sub-shell energy differ-
ences A*5% between the two anti-bonding 3d-like orbitals with angular functions
proportional to (x2— %) and (3z2—r%) some 3 to 4eV above the three other 3d-like
orbitals. If the groundstate keeps the same S (here zero) and it is assumed that the
parameters of interelectronic repulsion are the same (the vary in practice according
to the nephelauxetic series) the ““ligand field” stabilization is proportional to the dif-
ference of A, in the complex and A, in the aqua ion, and is — 1.2 (A.—4; ) for octa-
hedral >(S = 3/;) and d3(S = 1) and — 2.4(A.—A,) for d®(S = 0) systems. Since
halides have lower A than aqua ions, this may explain a discrimination against chlor-
ide in chromium(1II) and nickel(I) not getting beyond Cr(H,0)4C}; and Ni(H,0)5C1"
in 12M HC1 to be compared with perceptible amounts of Mn(H;0)4Cl; and ZnCly 2,
Since A for fluoride falls in the spectrochemical series between chloride and water,
this trend might also explain a mildly harder behaviour of nickel(II) than of zinc(II).

The four complexes Co(NH3)s X*? are kinetically robust, but the AG values are
in favour of X = F and the subsequent X = Cl, Br and I are monotonically weaker
bound. This hard behaviour, one may argue, is superposed an unusually high affinity
for ammonia making the chemistry of Co(IIT) quite different®® from Sc(IIl), Fe(Iil)
and Ga(III) though in neutral solution, Eq. (6) is followed by other reactions finally
precipitating datk brown Co(OH)3. The “ligand field” stabilization — 2.4 (A; —4,) =
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—11300 ecm™! = —32.2 kcal/mole corresponds to a contribution 23.7 to log f¢ which
would have been 11.5 only without this effect of the partly filled shell. The “purpurec”
complexes Co(NH3)5 X™? serve as convenient starting materials for replacing X by an-
other ligand. Adamson found to his great surprise that the reaction with CN™ proceeds
along a quite unexpected route

Co(NH3)sX'? + 5CN™ =Co(CN)s X~ + 5NH; (19)

which he explained involved the kinetic intermediate Co(CN);3 formed by traces of
Co(11). Yellow Co(NH3)s CN"2was first prepared much later®®). Anyhow, the thermo-
dynamic properties of Co(CN)s X2 clearly show soft characteristics by having X =1
stronger bound than Br. Another analogy to Mn(CO)sX is that hydride and benzy!
(and other alkyl) derivatives readily can be made by oxidation of Co(CN)3 3 with H,
and by splitting of alkyl iodides in analogy to the synthesis of Grignard reagents:

2Co(CN)s5® + H, = 2Co(CN)sH (20)
2Co(CN)s 3 + CgHsCH, T = Co(CN)sCH,CeHz 3 + Co(CN)s 3

Other cobalt(IIT) complexes showing soft behaviour with preference for cyanide, io-
dide and alkyl ligands are the cobalamine group of vitamin B 1259) and the bis (di-
methylglyoximates) involving four nitrogen atoms bound in the equatorial plane in
both cases, as is true for porphyrin and chlorophyll complexes.

One may attempt to explain the soft character of the anti-base Co(CN)s %in var-
ious ways. The strong nephelauxetic effect®*®) in Co(CN)g 3compared with
Co(NH3)g? indicates a lower fractional charge of the central atom in the former
case, as also shown by careful X-ray diffraction studies of the electron density®" in
[Co(NH3)g] [Co(CN)s] and one may return to the first interpretation of Pearson’s
dual principle, that the decreased charge of the cobalt atom makes it softer. How-
ever, an alternative explanation involves back-bonding transferring electron density
from the d-shell to the empty orbitals of CN~ (or CO) having a node between the
two atoms of the ligand. It is clear that such a change may increase the covalent
bonding of iodide, hydride etc. but it is less obvious that it does not encourage elec-
trovalent bonding to fluoride. It may be that the second alternative only serves to
make the fractional charge of central atoms with negative oxidation number less
negative. Anyhow, the importance of symbiotic effects for preparative chemistry
cannot be explained away. For comparison with Eq. (17) it may be noted that Ma-
latesta“)prepared colourless manganese(I) complexes of isonitriles CNR such as
Mn(CNC¢Hs)g which can be oxizidized with strong nitric acid to dark violet
Mn(CNCgHs)g?. The corresponding £° above + 1 V clearly shows a contrast with
harder ligands usually bound to Mn(II). From a practical point of view, the worst
difficulty is to make complexes of soft central atoms with hard ligands. The oppo-
site problem of hard central atoms with soft ligands can be solved by direct reaction
in vacuo or in noble gases between the metallic element (say, barium or lanthanides)
and elemental selenium, tellurium or iodine.

One might have expected that an obvious application of the idea of inorganic
symbiosis would be ambidentate ligands such as thiocyanate SCN™. Crystal struc-
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tures show that typically soft central atoms are bound to the sulphur end, such as
Cu(SCN)7 . Rh(SCN)z 3. PA(SCN)7 2. Ag(SCN); . Au(SCN)z7 , Hg(SCN), and
Hg(SCN)4Co whereas most other central atoms are bound to the nitrogen end,

such as Cr(NCS)g 3. Fe(NCS)g 2. Mo(NCS)g ? and, interestingly enough, Nb(NCS)g
and Ta(NCS)z . From reflection spectra of crystalline salts, it can be concluded®®
that octahedral Co(NCS)g ¢ and Ni(NCS)s ? occur, whereas organic solvents may
contain tetrahedral Co(NCS)z 2 and Ni(NCS)z2. Whereas Cr(H,0)sNCS*? is the
stable species. it is possible®® to prepare Cr(H,0)sSCN*? (re-arranging within an
hour) by reacting (‘r;(f with Co(NH;3)sNCS*2. Ragnar Larsson pointed out that cer-
tain species such as Cd(SCN)z 2 seem to re-arrange to a considerable extent in solu-
tion (according to infra-red spectra) and it cannot be excluded that Rh(NCS),(SCN)z2
occur. It is beyond doubt that mixed complexes of palladium(I1) of amines or phos-
phines exist with N-bound thiocyanate. However, it is a question whether the N-end
is so much harder than the S-end. It has two lone-pairs (like N3 ) and not one lone-
pair like an amine, the electron transfer spectra®S: ©3) of N-bound isomers show an
optical electronegativity 2.8 comparable to bromide, and the spectrochemical posi-
tion is close to water. Interestingly enough, protonation to species such as
Co(NH3)sNCSH" and external addition, of Ag* or Hg*? to the S-ends®%) as first
detected by Wemer!) produces spectra similar to Co(NH3){3 showing that the ligands
NCSH, NCSAg and NCSHg" have A equal to ammonia and probably have exactly
one lone-pair available. The co-existence of tetrahedral Co(I[)N4 and Hg(I1)S; in
solid Co(NCS)4Hg is another instance of thiocyanate bridging two atoms of two
metallic elements. Other ambidentate ligands such as selenocyanate have been much
discussed®3 % but like the old example of N- and O-bound nitrite NO3 the conclu-
sions about hard and soft behaviour have not been clear-cut. More interesting cases
might occur if fluorine-containing organic compounds might form bridges to lantha-
nides or thorium. It is of great importance for biochemistry that sulphur-containing
amino-acids incorporated in proteins have a specific affinity for Fe(III), Cu(II) and
Zn(I), and in the case of intoxications, Hg(IT) and Pb(II).

Il. Spontaneous Deviations from the Highest Symmetry Available
A. Absorption Band Intensities and Stereochemistry of Copper(ll)

It is generally argued that electrovalent bonding does not show strongly preferred
bond angles. Whereas cubic and hexagonal close packing of identical spherical atoms
both have N = 12 (slightly below 4 =) it is rare for ionic binary salts to show V higher
than 8, the value found for CsCl, though LaCl; has NV =9 and both SrTiO3 and
K,PtClg have N = 12 for the large ion (Sr*? and K*). The disadvantage of not show-
ing the highest possible symmetry is not extreme on a Madelung picture4) but in
practice, ionic crystals seem to minimize their electrostatic energy. It must be re-
membered that the angular dependence of covalent bonding may not be as pro-
nounced as frequently assumed, as seen from the existence of P4 and cyclopropane,
and in particular that the hybridization model cannot exclusively explain the bond
angles*8: 67+ 68)_ Nevertheless, the low N = 4 of diamond, silicon, grey tin and GaAs
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indicate covalent bonding, and N =2 known from the isoelectronic complexes
Au(NH3)3, Hg(NH;5)3?, Hg(CH;), and TI(CH3); cannot be explained with geo-
metrical arguments based on relative ionic radii where N = 4 or 6 rather would be
expected, as known from crystalline [Co(NH3)¢ |TIClg to be compared with thal-
lium(I11) in strong hydrochloric acid, where only TICl; is detected.

It is very instructive to compare high-spin (S = 1) nickel(II) with copper(Il)
bound to oxygen- and nitrogen-containing ligands 2% ). The octahedral chromo-
phore Ni(I)Og¢ is found in the aqua ion in solution and in many salts, in complexes
of many organic ligands’®, in NiyMg; _ ,O and many mixed oxides’"), in glasses’?
and in definite compounds such as NiCO; (discrete carbonate anions), NiTiO5
(ilmenite with N = 6 for titanium) and Ba,[Ni{(OH)4]. The absorption bands in
transparence or in reflection spectra are exceedingly characteristic for octahedral
Ni(I1). The fundamental conclusion® is that we are in presence of eight d-like
electrons in the preponderant electron configuration. However, for our purposes,
the band intensities are informative and show striking contrasts with copper(Il).

To the writer’s knowledge, it has not been pointed out that moderate deviations
from the highest symmetry available to the chromophore, producing comparatively
high intensities of Laporte-forbidden transitions and a variety of observable effects,
are characteristic for soft central atoms. At an instantaneous picture, Cu(H,0)¢2
and other instances of Cu(II)Og are nor cubic, i.e. having three equivalent Cartesian
axes.

We are not here emphasizing the Jahn-Teller effect conserving the center of
inversion, if originally present, and related to the holohedric part of the “ligand
field’®”). It is well-known that the numerical extent of the first-order Jahn-Teller
distortion is only large in the systems having two or three anti-bonding orbitals
occupied in an unbalanced fashion in the high symmetry (by 0 and 1; or by 1 and
2 electrons) such as octahedral high-spin (S = 2) d* exemplified by Cr(II) and
Mn(lII) and d° mainly known from Cu(lI). The Jahn-Teller effect is weak in
Ti(H,0)¢3 and VCl, and hardly perceptible in lanthanide compounds.

Seen from the point of view of complex formation constants®) there is no
doubt that the Jahn-Teller effect contributes to N¢par = 4 in the copper(I) amine
complexes whereas an early surprise was that Ni(NH;),,(H,0)£2. , shows no evidence
for this characteristic coordination number. However, the effect in closer connection
with our subject is that N,y = 5 in Cu(NH3)E? as is also true for the mixed complex
with ethylenediamine Cuen,(NH3)*? and recently”’® the Cuen3? known to have N =
6 in the crystalline sulphate (and a reflection spectrum rather similar’® to tris-com-
plexes of 2,2"-dipyridyl and 1,10-phenanthroline) has been shown to have N =5 in
aqueous ethylenediamine with two bidentate and one unidentate ligand. The solu-
tions of {Cuen,](Cl0,4), and of [Cuen,]Cl, in aqueous ethanol”>) have absorption
spectra which are all linear combinations of two spectra, one belonging to the purple
aqueous species (which may be Cuen,(H,0)*?) and another a blue-violet species
with the constitution Cuen,(C,HsOH)*? or Cuen, (C10,4)" . It has been demon-
strated”®) that anhydrous Cu(NH3)4? incorporated in the p-toluenesulphonate
[Pt(NH3)4](CH3C¢H,4S03); is pink and quite different from the blue aqueous
form, which most probably has N = 5 and is square-pyramidal Cu(NH3)4(H,0)*2.

It is important to realize that the fact that K4 = 120 but K5 = 0.3 in the copper(II)
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ammonia complexcs does not by itself prove that the so-called perpendicular fifth
ligand is not strongly bound. It is conceivable that all five ligands in Cu(NH3)}? are
bound with comparable distances and force constants, but have elongated the four
Cu—N distances in the equatorial plane to such an extent that the free energy is less
negative than in Cu(NH 3)4(H20)+2. No crystal structure has been shown to contain
Cu(NH;):2 7).

The oscillator strength P (called f by many authors) is proportional to the area
of an absorption band, the molar extinction coefficient € as a function of the wave-
number o0 in cm‘z1 gcalled v in many cases). When the band is a Gaussian error curve
€=g9 279~ 90 /8% with the maximum €, at o, and the one-sided half-width &, the
area is 2.1289 €46 and

P=432-10"° fed0=9.20-107° b (21)

Whereas the absorption band in the red of the methylene blue cation has P close to 1,
it is very rare that bands of inorganic complexes in the visible (13000 to 25000 cm™!)
have P above 0.1. The electron transfer band of Ptlg? with maximum at 20250 cm™!
has P = 0.18 whereas the electron transfer band giving the well-known purple colour
of MnO3 is a vibrational structure in the green having P = 0.03. In a way, it is sur-
prising that P-values in the ultra-violet covered by most spectrophotometers (down

to 192 nm or up to 52000 cm™! or 6.5 eV) rarely add up to more than a few-tenths
because it is a quantum-mechanical sum rule that the total P of all electric dipole
transitions of a system containing q electrons is exactly g. However, nearly all of

the oscillator strength corresponds to transition at higher energy in the far ultra-
violet and X-ray region, as discussed below in the chapter on refractive indices.

In chromophores possessing a center of inversion, not only the one-electron
wave-functions ¥ (the orbitals) but also the total wave-functions ¥ choose between
even and odd parity (like even or odd / in the spherical symmetry of a monatomic
entity)67). It is a necessary condition for a transition to be allowed as electric dipole
radiation to take place between states of opposite parity. This selection rule is very
carefully obeyed in atoms (the rare exceptions are due to weak electric quadrupole®
or magnetic dipole transitions, or to perturbation by adjacent atoms at high pres-
sures of the gas emitting the spectral lines) but experience shows that both gaseous
molecules”® and compounds containing partly filled shells in condensed matter®®)
show Laporte-forbidden transitions between a groundstate and an excited state
both having even parity (or odd in the case of an odd number of f electrons). It
has been recognized for many years’®) that the origin of the non-vanishing oscillator
strength P of such transitions in polyatomic systems is that the nuclei do not remain
stationary at the positions defining the point-group of high symmetry (such as Oy,
of a regular octahedron) but deviate slightly on an instantaneous picture®”) due to

) Lanthanide(III) compounds show a few hypersensitive transitions207) showing selection
rules like quadrupole transitions, but they are not due to static distortions but are highly
dependent on the ligating atoms, such as conjugated ﬁ-diketonateszos) and strongest in

gaseous jodides209), Though the intensities can be described with Judd-Ofelt parameterszm)

this phenomenon is closely related to chemical softness and is perhaps due to a rapidly vary-

ing local dielectric constant.
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their vibration (even at 0 °K). What has been much more slowly recognized 5% 89)

is that this vibronic coupling of even states mainly occur through excited states of
odd parity corresponding to electron transfer bands at the wave-number g,. Actually,
one can determine an empirical formula depending on the wave-number o¢ of the
forbidden transition considered, and the oscillator strength £, of the electron transfer
band:

Py =P,H%/(0, — 0¢)® (22)

where the effective non-diagonal element H¢ turns out to be between 1500 and
2500 cm™! of the same order of magnitude as the full half-width 2 § of the absorp-
tion bands. Hence, if the distance (0, — o¢) is ten times larger, and P, about 0.1,
Eq. (22) predicts P; close to 1073,

A list of representative P values has been published®!? and a few cases are given
in Table 1. It is seen that the sum of P¢ of the three spin-allowed (but Laporte-for-
bidden) transitions of Ni(H,0)¢2 is only 1.3 - 10~% and in Ni(NH3)¢2 2.3 - 1074,
These values are quite characteristic for M(I) of the 3 d group with exception of
Cu(11). If the chromophore lacks a center of inversion, one can induce transition
dipole moments without the help of Eq. (22) and tetrahedral CoXz? have P close
to 0.01. However, this mechanism is remarkably ineffective in approximately octa-
hedral complexes (such as orthoaxial chromophores ¢7+ 32 having all the ligating
atoms on the Cartesian axes) and M(NH;3)s X*? (M = Cr, Co, Rh, Ir) mostly have
P comparable with the corresponding M(NH3)3. Actually, since § is somewhat
larger, €y of Eq. (21) is lower for X = Cl.

From this point of view, the rapidly increasing P from 3.5 - 10~* for the com-
bined shoulder and band of the copper(II) aqua ion to 2.3 - 10™3 for Cu(NH;)32
having a spectrum of the same form cannot be explained exclusively from the de-
nominator in Eq. (22). Thus, the first electron transfer bands are situated approxi-
mately at 50000 cm™! in the Cu(II) aqua ion and at 60000 cm™! in Ni(H,0)¢2.
Even considering the fact that several transitions coincide in the copper(I) com-
plexes (it is recognized 76 77 that the shoulder is due to the excitation of one
electron from (3 z2 — r?) to the available empty position in (x? — %) and the
maximum to excitation of (xz, yz) degenerate in systems with two equivalent
Cartesian axesx and y, and of (xy) to this hole in (x> — y2) whereas species such
as Cu(NH;3)4(H,0)*? apparently presenting one, somewhat asymmetric band have
all these transitions almost coinciding) it would be difficult to explain a factor
higher than 2 as the intensity ratio between Cu(II) and Ni(II) with the same ligands.
Certain multidentate amines acieve quite impressive P values as seen in Table 1.

Energy-wise (discussing the positions o¢ of the internal transitions in the partly
filled shell) it has been known since long time® 23) that the variation is far less
regular in Cu(II) than in Ni(II). As long nickel(I) complexes remain high-spin
(S = 1) the mixed complexes of the type Ni(NH3),,(H,0)i2. ,, have band positions
closely following the rule of average environment®?) as if they were hexakis-com-
plexes of a hypothetical ligand having A = (nA. + (6 — n)A,)/6. The development
of the spectra adding from 1 to 4 ammonia ligands to Cu(Il) is also linear though
o, of the tetrammine is 1.34 times larger than o, of the aqua ion to be compared
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with (Ac/A,) = 1.25 in regular octahedral complexes* ). The pentammine effects)
is that this ratio regresses to 1.24 in Cu(NH,)?. The tetragonality ratio oc,/on;
known®?) to vary between 1.1 for tris-complexes of dip = 2,2"-dipyridyl and phen =
1,10-phenanthroline to 1.73 for the bis(ethylenediamine) complex (with the aqua
ion 1.48) is undoubtedly an increasing function of the deviation from cubic octa-
hedral to quadratic coordination around Cu(II). It is difficult to know exactly what
the tetragonality ratio would be for a regular octahedron though an extrapolation
from V(H,0)}? to Ni(H,0)¢? suggests a value close to 0.9.

It is worthwhile once more to make a distinction between the tendency toward
tetragonality (long and weak bonds to one or two ligands on the axis perpendicular
to the plane containing four strongly bound ligands at short distance) which can be
interpreted as first-order Jahn-Teller distortion (Reinen84) has made a careful study
of the mixed oxides of many types) and the spontaneous loss of the centre of inver-
sion, as when Cu(NH3)#2 does not bind a sixth ligand. Quite general, the stereo-
chemistry of copper(Il) is rather complicated®®) and whereas cis-Cudip,(H,0)32
and cis-Cuphen, (H,0)32 are strikingly different from trans-complexes of aliphatic
amines and the mixed®® Cu(en)dip*2, one also knows trigonal-bipyramidal Cu phen,I*.
Like the high-spin trigonal-bipyramidal chromophores M(II)N, X formed®”” by the
quadridentate N(CH,CH,N(CH3),)3 the intensities are not exceedingly high, where-
as low-spin M(II)P4 X and M(II)As, X formed by sterically hindered quadridentate
phosphines and arsines®®) have ¢, ~ 5000 and P ~ 0.1 of transitions which energy-
wise can be described by “ligand field” theory, and in particular, the angular overlap
model. The latter cases are even more extreme than CoXz 2. Actually, the orange
CuClz? and purple CuBrz 2 belong to the point-group D, 4 and are intermediate
between the regular tetrahedron (which can be selected as four of the eight corners
of a cube) and a square by being four of the corners of a parallele piped with two
identically long and one short side. However, it appears that [Pt(NH3)4][CuCla]
contains planar complexes. On the other hand®®) trigonal-bipyramidal CuClz3 is
also known. It must in all faimess be admitted that nickel(II) is not universally octa-
hedral, but can exhibit other stereochemistry with soft ligands. Besides quadratic
chromophores, diamagnetic (S = 0) nickel(II) also form square-pyramidal Ni(I[)As, X
and Ni(CN)3 3 and one example of high-spin square-pyramidal Ni(I[)Os is known.
Certain crystal structures contain square-pyramidal InCls2 and (Jahn-Teller-unstable)
MnCl52.

It is not easy to explain Irving and Williams’ rule that complex formation con-
stants show a maximum for Cu(II) between Ni(II) and Zn(II) as a consequence of
“ligand field” stabilization. It is true that multidentate ligands sterically predisposed
to low ratios of tetragonality (such as 1.35 for ethylenediaminetetra-acetate) also
show this effect to a less pronounced extent. Thus, log Ky can be compared(” 22,23)
with bidentate “en” and tridentate “den”

Mn(Il) Fe(Il) Co(I) Ni(Il) Cu(ll) Zn(I)
NH; - - 2.1 2.8 4.1 2.4
en 27 4.3 59 76 107 59
den 4.0 6.2 81 107 160 8.9
enta—* 140 143 162 186 188 16.3

(23)
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However, softer ligands show a much greater propensity to bind Cu(Il) though the
measurements sometimes are rendered impossible because of redox reactions. It is
particularly interesting that Dunitz and Orgel®® compare heats of formation of
binary compounds from gaseous ions of the six elements of Eq. (23). In this case,
we are not comparing a “ligand field” stabilization of a complex with the aqua ion,
but a more fundamental —AH. For the solid fluorides, the variation is roughly like
the last line of Eq. (23) but the solid chlorides show a pronounced maximum at Cu(II).
This is also true for the oxides, but the comparison is more difficult, because MnQ,
FeO, CoO and NiO crystallize in NaCl type, ZnO has .V = 4 in BeO type, and CuO is
its own type with quadratic coordination. The same kind of criticism can be directed
toward the sulphides, selenides and tellurides, but there is no doubt that the Cu(II)
compounds are far more stable than Ni(II) and Zn(II).

B. Palladium{lIl) Complexes

Only a minority of nickel(IT) complexes are low-spin with the (x2 — »2) orbital empty
whereas high-spin palladium(1II) is exceedingly rare. Two instances are solid PdF, and
CsPdF;. It is possible to study a variety of ligands bound to Pd(II) in solution, and it
was pointed out®?) that a ratio Opa/orn closely similar to the tetragonality ratio
0cu/0n;i can be defined as the ratio between the wave-numbers of the first spin-al-
lowed transition in the PA(II) and in the rhodium(III) complex with the same ligands.
This ratio varies between 1.02 and 1.10 (with exception of the amphoteric solution
in 2 M NaOH possibly containing Rh(OH)g > and Pd(OH)3 2 where the ratio is 1.136
to be compared with 1.037 for the aqua ions). The approximate invariance of this
ratio is due to a compensation of the two effects that quadratic Pd(II)X4 have un-
usually short Pd—X distances (actually, PdClz2 and PdClg? have the same Pd—Cl
distance in spite of the differing oxidation state) and that the sub-shell differences
normally are larger in M(III) than in M(II). It can be argued that the first spin-
allowed transition in Pd(I1)X, and Rh(II[)X, correspond essentially to the excitation
of an electron from (xy) to (x2 — y?) changing the electronic density in the equa-
torial plane.

When looking through the catalog “Stability Constants”® one finds hundreds
of ligands for which the formation constants have been determined for a definite
class of bivalent central atoms consisting of the six elements from Eq. (23), Mg(Il),
Zn(1I1), Cd(II), Hg(II) and Pb(II). With exception of the last, these are also the am-
monia complexes of M(II) studied by BjerrumG). The reason for this emphasis on
eleven bivalent elements is that one readily can provide the aqua ions in perchlorate
solution, whereas noble metals fwith exception of Ag(I)] most frequently are fur-
nished as chloro complexes such as RhClz 3, PdCIz2, IrClg 3, IrClg 2, PtCl3 2, PtClg2
and AuCly . Actually, metallic palladium is a limiting case of a noble metal by being
soluble in hot nitric acid like silver. However, the brown solution obtained contains
nitrato complexes with higher € than the yellow aqua ion which has a quite charac-
teristic spectrum with a shoulder at 24400 cm™! and a maximum with e, =79 at
26400 cm™!. This species was first obtained in solution®?) by adding an excess of
Hg(Cl04), in 1 M HCIO4 to PdCly 2 Since log Ky = 4.5 for Pd(H,0)3Cl" is consider-
ably smaller than log K; = 6.7 for HgCl", the chloride is almost quantitatively taken
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over by the mercury(II). On the other hand, it is not possible to obtain the aqua ion
by dissolving the hydroxide in perchloric acid. The coffee-brown solution obtained
is partly colloidal, change with time and has far too highe suggesting polymeric hy-
droxo complexes. The same tendency can be seen®!) in the ultra-violet spectrum of
Rh(OH); dissolved in strong HCIO,4 which only forms pure Rh(H,0)¢? after boiling
for a considerable time.

As seen in Table 1, most Pd(IT) complexes have spectra remarkably similar in
shape to copper(Il) complexes of the same ligands, but with twice as high wave-
numbers. It cannot be absolutely excluded that the yellow aqua ion (exceptionally
having a shoulder 2000 cm™! before the maximum) is Pd(H,0)s* with a weakly
bound fifth water ligand. This would also explain why the colourless amphoteric
species has higher o (which is unheard about among hydroxo complexes) if it is
quadratic Pd(OH)z2. A related phenomenon is that PA(NH3)2? increases ¢, from 200
to 210 going from a solution in dilute ammonia to 1 M NaClO4 (92,93). This mar-
ginal effect might be ascribed to the formation of square-pyramidal Pd(NH3)4(OClO3)
with unidentate perchlorate weakly bound perpendicular to the plane containing
PA(II)N,4. On the other hand, no penta-coordinated complexes can be detected in the
ultra-violet spectra of Pd(NH3)32 in 12 M NH3 nor in PA(CN)3? in 1 M KCN. Quite
generally, the tendency to go from quadratic (V = 4) to square-pyramidal (V =5) co-
ordination is weaker in Pd(II) than in low-spin Ni(IT) and much weaker than in Cu(II).

However, it would appear that the spontaneous refusal to retain a centre of inver-
sion in palladium(II) is connected with the equatorial plane containing the four liga-
ting atoms rather than by out-of-plane distortions. Both Lene Rasmussen and the

writer were students of Jannik Bjerrum in 1950 when we started to discuss how one
may determine formation constants of Pd(II), and when she returned from the period

1964—67 as professor at the Ife University in Ibadan, Nigeria, and participated in a
UNESCO conference in Geneva, we took up this problem again, which curiously
enough had not been solved in the meantime. Qur first step was to show that anhy-
drous or weakly hydrated PdSQ4 (which can be made from boiling mixtures of nitric
and sulphuric acid with powdered Pd) dissolves in 1 M HC104 with the same spectrum
as the aqua ion, and is not changed if SO7 2 is removed with barium perchlorate. A
0.01M PdS0Q4 in 0.1M HCIO4 has the same spectrum (excepting a weak increase
above 40000 cm™!) but does not keep more than a few days without beginning
decomposition to the coffee-like products. Our next contribution was to prepare
{Pd(NH3)4] (CH3CsH4S03), because it is imperative to establish equilibrium from
both sides in acidic solutions containing known quantities of NHzand where pH is
measured for use in Eq. (5). The formation constants found by us®?) for ammonia
and ethylenediamine, by Elding®¥ for chloride and bromide, and by Chang and
Bjerrum®® for the phosphine P(CgHs), (C¢H4SO3) = dpm™ are:

+

log K; log K, log K3 log K4

NH, 9.6 8.9 7.5 6.8

en >21 18.4 (24)
crr 4.47 3.29 2.41 1.37

Br- 5.17 425 3.30 222

dpm~ 10.2 9.8 6.3 49
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One of the most remarkable results is that K, is so much larger than K3 for the
ammonia and phosphine complexes, where K, /K3 is 25 and 3100 respectively, to be
compared with the statistical value 2.25 for N = 4. Said in other words, the two first
unidentate ligands are strongest bound, as if there is a tendency toward the point-
group C3 . Correspondingly, there are good reasons to believe that Pd(NH3),(H,0)3?
predominantly occurs as the cis-isomer. There has been many studies of the kinetics
of Pd(11) also involving mixed amine-chioro complexes®2¢1%0) The results summa-
rized in Eq. (24) clearly show the soft character of Pd(II) as central atom. This can
also be seen from the study by Srivastava and Newman!®Vof the spectra of the mixed
complexes PdCl,_, 1, 2where the equilibrium constant for the exchange of the first
chloride with iodide is 9000, for the second iodide 12000, for the third 600 and the
replacement with the last iodide 20. It is not easy to study the intermediate
Pd(H,0)4_,I; 2 because black Pdl, is so insoluble, but log 84 for PdIg% must be
12.15 larger than 11.54 for PdClz? in Eq. (24) or 23.7. That this value is smaller
than log 34 = 32.8 for Pd(NH3)3? can be explained with “ligand field” stabilization®?.

The reason why log K; is almost impossible to measure of Pden(H,0)52 is that
with pK; =7.5 of enH3? and pK; = 10.2 of enH", the free ethylenediamine concen-
tration {en] is 107177 times the concentration of protonated ethylenediamine at
pH = 0. Hence, H;; cannot perceptibly decompose the mono-complex (without assis-
tance of other ligands such as C17) in 10~2M concentration at positive pH (which is
almost a condition for reasonable conditions of activity) if log K; is above 21. This
argument is much stronger for diethylenetriamine, where pK; =4.7, pK; =9.2 and
pK3 = 10.0 of denH3>. If log K; is above 26, it would be difficult to determine. A
very interesting aspect of the reaction between Pd(H,0);? and denH3? in 1M HCIO,
is that an intermediate is formed'®? with a spectrum similar to Pden(H,0)32 and
most probably cis-Pd(I)N,0, with two of the nitrogen atoms of the ligand bound
to the central atom, and the third presumably protonated. Bidentate diethylenetri-
amine also occurs in Pdden3? having a spectrum like Pden;? without any evidence
for N = 5 (as would be true for Cuden;?) nor NV = 6. However, the intermediate is
transformed in 1M HCIO, at room temperature to the same species as one obtains
by removing C1~ from PddenCl" with Ag’ or Hg'?. The simplest proposal for the con-
stitution of this species is Pdden(H,0)? but this is not perfectly certain in view of
somewhat unexpected complications'®?) of the deprotonation to Pdden(OH)". The
spectra of such species have been reported'®®and may be compared with the species
PALX" 104195 formed by the ligand N,N,N”" N”-tetra(ethyl)diethylenetriamine
HN(CH,CH;N(C,Hs),), previously used by Basolo as a sterically hindered tridentate
amine for kinetic studies.

Turning from chemical to spectroscopic properties, the € values and the oscil-
lator strengths increase dramatically from the aqua ion (P = 0.003 which already is
20 times larger than the sum of the spin-allowed, but Laporte-forbidden, transitions
in Ni(H,0)¢?) toward the amine complexes in a way strongly dependent on the
branching of the multidentate ligands. The observation that the band intensities of
Pden(H,0);2 are lower than of Pden3? indicates spontaneous distortions of, at least,
the latter species. It may be noted that the electron transfer band of Pd(1I) aqua ions
is close?2**10 50000 cm~! like Cu(ll) and hence, the high intensity cannot be
explained by Eq. (22). For comparison it may be mentioned that the two spin-allow-
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ed transitions at 19300 and 24300 cm™" of RhClg *have # = 1.3 - 1073 each where-
as the first electron transfer band at 39200 cm™! has P = 0.8. Comparison with iso-
electronic species such as PdClg 2 suggests a second electron band close to 52000 cm™
with P about 2. It is not excluded that Rh(III) also shows spontaneous deviations
from a centre of inversion.

The situation is already more complicated with diethylenetriamine-den and the
tetra-ethyl-substituted L. It is quite striking that the tridentate'??) Pdden(H,0)*?
has €g = 520 higher than €y = 420 of Pdden(OH)" and € = 460 of Pdden CI" as if
the mixed anion complexes were closer to be planar, as seems also to be the case for
Pdden(NH3)"? having o = 486!°%) and a band position at 33700 cm™! slightly below
other Pd(1[)Ny in Table 1. The corresponding PdL(H,0)*? and PALX" have ¢, between
1140 (aqua ion) and 700'°%1%%)_ For comparison, it may be mentioned that most
diethylenetriamine complexes such as Niden32, Coden3> and Rhdenj? have band
positions closely similar to the tris(ethylenediamine) complexes and intensities some-
what higher, whereas the spectrochemical position is lower'®”) in Mndenj? than in
Mnen3?, perhaps for some steric reason.

Livingstonelos)prepared a variety of PddipX, and PdphenX, containing the
chromophore cis-Pd(I[)N, X, . Though the first bidentate ligand is much stronger
bound than the second, it is not trivial that Livingstone also prepared Pddip;? and
Pdphen3? because M phen, X3 (M = Cr, Co, Rh, Ir) are only known'®®) as cis-isomers,
and it is usually argued that Van der Waals repulsion between hydrogen atoms of
the two ligands destabilize the co-planar coordination in the trans-isomer. Sigel''®)
has also argued that Cuphen, (H;0)5? is cis because of definite effects of n-back-
bonding, but it is remembered that Cu(en)dip"2 86) jg roughly quadratic. Anyhow,
crystal structures'!? containing Pddip;* show the point-group D,4 of PA(INg
(like CuClz?) diminuishing the repulsion between the ligands, and Pd phen;® seems
also to be distorted'!?) from planarity. Lene Rasmussen and the writer''¥ studied
the two residual positions of the anti-base Pd phen’? in complexes such as
Pd phen(NH3)52, Pd(phen)en’? and Pd(phen)py>*. In connection with the latter
pyridine complex, we also showed by preliminary measurements that log K3 of
Pd py3(H,0)? is 6.5 (the same value is found for the binding of pyridine in
Pd(den)py*?).

Hence, the corrected value from Eq. (14) is 8.24, i.e. 89 percent of 9.24 for K3
of the ammonia complexes in Eq. (24) constituting an exception from J. Bjerrum’s
rule® of this ratio being 60 percent. It would appear that very soft central atoms
favour pyridine, as suggested by preparative evidence of the relative ease of making
the chromium(Q) complexes Cr(CO)spy and Cr(CO)sNH3.

Lene Rasmussen and the writer''also prepared a moderately soluble, bright
yellow, crystalline Pd phen(OH), which slowly transforms in an orange, amorphous
wax possibly containing oxide-bridged polymers. The crystals are soluble in an excess
of OH™ to a species which seems to be five-coordinated Pd phen(OH)3 with a rather
different ultra-violet spectrum according to Parthasarathyl”). The Bronsted acidity

 of mixed aqua-phenanthroline complexes is not as high as of Pd(H,0)* but markedly
higher than of water in mixed complexes of aliphatic amines where the pK values
scatter between 6 and 810%:114),
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Kasahara''® prepared a carbanion ligand L™ by deprotonating 2-phenylpyridine
on the ortho-position on the phenyl ring in lemon-yellow LPdCl, PdL with two chlo-
ride bridges, each chromophore being PA(II)CNCl,. L~ is isoelectronic with 2,2’-
dipyridyl. The formation of anion bridges is a frequent consequence of preparing
neutral complexes in non-polar solvents, and Schurter''®) and the writer have started
an investigation of monomeric species such as LPd(H,0);. Unfortunately, all known
salts of this cation are almost insoluble, as it is also true!!*® for Pd phen(H,0)52.
Further on, unidentate nitrate or perchlorate tend to replace aqua ligands in these
instances of PA(II)CNO, . N,N-dialkylbenzylamines''? also react with PdClz2 coor-
dinating with the nitrogen atom and the deprotonated carbon atom in ortho-position
of ligands such as C¢gHsCH,; N(C,Hs), forming a five-membered ring with the palla-
dium atom. Parshall!'®) has written an excellent review of such orthopalladation
reactions which Trofimenko!'®) prefers to call cyclopalladation. The same benzene
ring can bind two palladium, as in derivatives of N,N,N’,N’-tetra-alkyl-p-xylene-
ac’diamines of the type CgHq(CH,N(C3Hs),), deprotonating on two carbons on
one side of the ring. Deprotonated phenylhydrazine L™ also forms LPdX,PdL and
LPdXy 120) Other instances of activated carbon sites are the formation of aniline
from Cu(1I) or Pd(II) benzoate and ammonia at 200 °C studied by Arzoumanidis
and Rauch'?Y. A case of orthoiridation by hydride abstraction from coordinated
triphenylphosphine was recently reported® b,

Besides the question of carbanions being formed in the presence of palladium(Il)
with concomitant chelation, the chemistry of the anti-bases LPd" are clear-cut exam-
ples of the frans-influence, the ligands trans to strongly bound, soft ligands (such as
carbanions and hydride) have long distances and weak bonding. It is proposed by
Venanzi to reserve the word frans-effect to the kinetic variations which can be quite
dramatic because of the large change of rate constants for a comparatively small
change of the activation energy in the Arrhenius equation. A typical trans-influence
is the highly increased pK values of water trans to carbanions. On the whole, qua-
dratic gold(II) complexes are even more acidic than Pt(IV). For instance, Au(H,0)Cl;
is a strong acid forming H,q and AuCl3(OH)~ whereas pK of PtCls (H,0)™ is close
to 4. Harris and Tobias!22) studied the methyl complexes cis-Au(CH3),(H,0);
and fac-Pt(CH3)3(H,0)3 having an aqua ligand #rans to each carbanion ligand with
the moderate pK; values 8 and 7, respectively. In a certain sense, these complexes
are extreme cases of an evolution seen in Eq. (24) where the softest ligands have the larg
K, /K3. The tendency toward Nepar = 2 (being bent in a right angle like H, Te and
not linear such as HgCl, ) may correspond to an intrinsic tendency toward C,, on
the instantaneous picture of a species such as PA(NH3)4* explaining the high inten-
sities first pointed out by Lene Rasmussen and the writer'®?). One may suggest
that the inherent deviations from a centre of inversion are less pronounced in Pt(II)
than Pd(II). Both PtClz 2 and IrClg > have weaker bands than the isologous PdClz 2
and RhClg 3. This might be explained as higher wave-numbers 0, of electron transfer
bands, under equal circumstances, in the 54 than in the 4d group, but since or increase
almost as much, Eq. (22) is not a perfectly convincing argument. The situation is
quite different in gold(1IT) complexes generally having ¢, and o coinciding123) and
the kinetics is far more rapid of Au(IlI} than of the isoelectronic Pt(II). One reason
may be that five-coordinated intermediates are easier to obtain in the former case.
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Another reason may be electron transfer catalysis like in the Co(II) and Co(III) couple.
Since Pt(H,0)4? is almost certain to disproportionate to metallic platinum and  °
Pt(IV) (though Elding'?* has separated Pt(H,0)3C1" and trans- and cis- Pt(H,0),Cl,)
complex formation constants are usually given relative to AuCly and PtCIz2. Itis
generally expected that Pt(II) is softer than Pd(II) but there is very little quantitative
evidence available. Chang and Bjerrum®®) find log K; and log K, for cis-Pt(NH3),dmp,
11.5 and 11.1 and for the trans-isomers 11.5 and 10.5, slightly above 10.2 and 9.8
for Pd(dmp), (H,0):25". ,

In addition to the encyclopedia of Gmelin and of Pascal, Griffith!2%) has written
a comprehensive book about the chemistry of ruthenium, rhodium, osmium and
iridium, and Hartley'*®) two volumes about palladium and platinum with emphasis
on metallo-organic chemistry.

C. Mercury(l1)-Complexes

The colourless Hga2 existing in perchloric acid (in which HgO can be dissolved) is
almost as acidic as PA(I1) with pK close to 2. It is known to bind two unidentate
ligands3-) very strongly:

logK, logK, logK; logKs logB,
NH;3 8.8 87 1.0 0.8 19.3

Cl~ 6.7 6.5 1.0 1.0 15.2
Br- 9.0 79 23 1.7 209 (25)
r 12.9 109 37 2.3 29.8

CN~™ 18.0 16.7 3.8 3.0 41.5
dmp~ 14.5 102 5.1 2.6 324

(to be compared with log 4 = 22.0 for Hg(SCN)z 2 and log 8, =23.4 for Hgen3?)
with exception of fluoride, where solid HgF, (crystalling in CaF, type with N = 8)
dissolves mainly as the aqua ion with log K; at most 1. The characteristic coordina-
tion number N¢po, = 2 corresponds to a linear coordination preferred by d 10 gustems
in low, but positive, oxidation numbers such as Cu(I), Ag(I), Au(I). Whereas usual
thallium(II) complexes are tetrahedral (V = 4) or octahedral (V = 6), metallo-organic
species such as TI(CH3)3 contain a linear CTIC group.

The spectroscopic properties of d'© systems are less informative than of com-
plexes containing partly filled shells. Tetrahedral HgXz? have bands in the ultra-
violet'®”) intermediate in character between 5d - 6 5 excitation of the central
atom and electron transfer from the filled orbitals of X~ to the empty 6 s orbital,
whereas the bands 45* 149 of thallium(I1I) and lead(IV) halides have the latter origin.
It is now recognizedss) that the ionization energies of the d-shell in Zn(II), Cd(II)
and Hg(IT) between 14 and 18 ¢V are considerably larger than the values found for
Co(III), Cu(II), Pd(1l) and Au(1Il) compounds by photo-electron spectra. The situa-
tion is different in gaseous Ni(CQO)4 (8.8 and 9.7 eV), Ni(PF3)4 (9.55 and 10.58 eV),
solid CuCN (9 eV) and silver(I) compounds (10 to 11 eV).

The silver(l) aqua ion has definite 4d — 5 s transitions at 44700, 47 500 and
51900cm™! 128) but the cadmium(II) and mercury(II) aqua ions have no character-
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istic bands before vacuo ultra-violet, where thin layers of water also are opaque. This
is one reason why N is not known. A plausible instantaneous picture is octahedral
Hg(H,0)%? distorted in the opposite direction of Cu(H,0)¢? with two short and
four long Hg—O distances. As far one can know, zinc(Il) and cadmium(il) aqua ions
are regularly octahedral.

It is clear that first-order “ligand field” stabilization does not apply to closed-
shell d'° complexes. Nevertheless, Pouradier and the writer'?%) found the regularity
that log 8, for two ligands L and L' differ 1.84 times as much for gold() as for
silver(1). The corresponding ratio of variation of log 8, for copper(I) and silver(I)
is close to 1.25 but is less constant. Though this approach has been criticized?*?)
it still constitutes an unexpected relation between gold(I) and silver(f) chemistry. It
may be noted that the factor 1.84 is independent of the standard oxidation potential
of metallic gold E? to the hypothetical Auy, (which has been estimated between
+1.6 V and +2.1 V by different authors). We rationalize this behaviour by a second-
order “ligand field” stabilization of linear XMX by admixture of the rotationally
symmetric d orbital (3 z2 — r?) with the empty s orbital, increasing the electronic
density in the equatorial plane and rendering the central atom oblate, as previously
suggested by the writer'3!) and Orgel'3?). By the way, the detailed distribution of
excited levels of PtCl32 can best be understood'3¥ as an admixture of 5d and 6 5
with the opposite sign of the linear combination depleting the electronic density of
(3 2% — r?) in the equatorial plane.

In the absence of “ligand field” stabilization of the partly filled shell favouring
amine and phosphine complexes (with sub-shell energy differences larger than in the
aqua ion) and discriminating against halide complexes, Eq. (25) suggests that Hg(II)
rather is softer than Pd(II) in Eq. (24). Actually, the generic name “mercaptanes”
for RSH come from the strong bonding of RS™ to Hg(Il), and certain phosphines
are even stronger bound to Hg(IT) than the mono-sulphonate of triphenylphosphine
dmp™ . Thus, Meier'® find log 8, =37.3 and log K3 = 5.2 for (C,Hs),PCH,CH,OH
which is more soluble in water than triethylphosphine.

The cyanide complexes of Hg(II) are somewhat paradoxical by having so large
formation constants and, at the same time, reacting very rapidly. The main reason
seems to be the re-arrangement from N = 2 to 4. Slowly reacting Hg—C bonds are
known from the numerous organo-mercury compounds HgR, with aliphatic ligands
as in Hg(CH3), or aromatic, such as Hg(CgHs), . It has atiracted interest recent years
that HgR* undergo many reactions, also contributing to the metabolism and toxicity
of mercury in organisms. The equilibrium constant for the reaction

Hg*? + CgHg = HgCoHs + Haq (26)

has been determined!?5) to be close to 300, unfortunately in nitric acid, which is
slightly suspected of forming additional nitrato complexes.

The addition of one or two other ligands to HgCH3 has been studied by Schwar-
zenbach and Schellenbergl36). Though the idea of inorganic symbiosis would suggest
that this cation may be considered as the typical soft anti-base, it is not excluded that
the carbanion ligand has a certain trans-influence modifying the soft behaviour. Among
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the many curious reactions of this cation is that sulphide forms S(HgCH3)3 in analogy
to sulphonium ions SR3.

The mercuration of organic compounds can go very far with a lot of C—H replaced
by C—HgX groups. As a curiosity may be mentioned C(Hgl), containing the lowest
carbon content (0.9 percent) known in any organic compound.

Nyholm and Vrieze'3”) preparated rhodium(III) complexes of the ligand HgX™
together with three R3As and two X, by replacing a hydride ligand with HgX,
eliminating HX. In a certain sense, this ligand exemplifies the oxidation state mer-
cury(0) isoelectronic with thallium(I). It may be stretching the analogy a little too
far to argue that the dimeric mercurous ion Hgi? is the complex of Hg*? with a mer-
cury atom having equilibrated their electronic density to become symmetric. It is
remembered that monomeric HgX is only known in the gaseous state (like the di-
atomic molecules MgX, BaX and ZnX studied by molecular spectroscopists). The
solids containing linear tetratomic XHgHgX disproportionate readily (in particular,
an excess of X~ produces HgX3? and metallic mercury). A ligand somewhat com-
parable to the mercury atom is SnCl3 known from the dark-red trigonal-bipyramidal
Pt(SnCl;,,)g3 and yellow cis-Pt(SnCl3),Cly 2 containing the quadratic chromophore
Pt(I1)C1;Sn,. Quite recently!3®) AsF 6 salts have been prepared under anhydrous
conditions of the new catenated ions Hg}? and Hgj2. These cations are open chains
and not like the square Te}?.

D. Lead(ll) and Other Gillespie-unstable Systems

The isoelectronic series Hg, TI*, Pb*?, Bi*3, . . . have the groundstate belonging to
the electronic configuration terminating 6 s. The first excited configuration 6s6p
contains four levels 3Py, 3P, , 3P, and 'P, . Allowed electric dipole transitions are
possible to 3P; and P, and have considerable oscillator strengths P around 0.5 and
1.5. The wave-numbers increase regularly; 3P, is situated at 39412 cm™! in Hg (giving
the sharp absorption line from a 10 cm cell containing vapour of a drop of mercury,
which can be used for calibration of spectro-photometers in the ultra-violet) at
52393 cm™! in TI* and 64391 cm™* in Pb*2. In compounds®® the transitions to
two excited states remain roughly constant in the region 30000 to 50000 cm™! for
a given set of ligands of TI(I), Pb(II) and Bi(III). Duffy and Ingiamlag) actually use
the variation of band positions to classify the ligands much in the same way as the
nephelauxetic series. The post-transition group halides show reflection'*?) and solu-
tion spectra dominated by these inter-shell transitions rather than by electron transfer.
Though the original spectral assignments assumed spherical symmetry, the stereo-
chemistry of these central atoms seems unusually distorted. It is a great contrast that
the various modifications of yellow PbO have the short Pb—O distances at one side
only, as if the rear side contained a bulky lone-pair, but PbS, PbSe and PbTe are cubic
(NaCl type) low-energy-gap semiconductors (large crystals show metallic luster) of
an aspect very different from the colourless isotypic BaS, BaSe and BaTe. It cannot
be excluded®? that the lead atoms in PbS are statistically distributed in the eight
directions along the trigonal axes or in the six directions along the tetragonal axes
in a way keeping the six Pb—S distances highly different on an instantaneous picture.
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Anyhow, the distorted stereochemistry of such post-transition group compounds is
described by Gillespie'*!) as lone-pairs occupying the positions of ligands, as was
originally proposed by Sidgwick for explaining the resolution of sulphonium ions
with three different substituents RR'R"'S" in optically active enantiomers as if they
were tetrahedral with one lone-pair and three ligands. We return to this problem
below, but an alternative explanation was suggested by Orgel'*?) that 6 s and one
of the empty 6p orbitals are mixed in the MO of the distorted chromophore. This
is exactly an expression of the spontaneous loss of a centre of inversion.

Lead(1I) chemistry is comparable to Hg(1l) as far goes a (less pronounced) af-
finity to iodide, sulphide and sulphur-containing ligands, but not to amines, phos-
phines and cyanide. It can be argued that strongly o-bonded ligands would make the
65 orbital anti-bonding. Organo-lead chemistry is concentrated on tetrahedral lead(IV)
compounds such as the herostratically famous anti-knocking agent Pb(C,Hs),, and
in view of the explosive character of the yellow oil PbCly (thermally much less stable
than salts of PbClg 2 with large univalent cations) it is surprising that halides and
carbanion ligands co-exist in colourless Pb(C;Hg),Cl; and Pb(C,H;s),Br,.

In aqueous solution, V is low and most frequently 3. The amphoteric dissolution
of Pb(OH), in excess of OH™ is now known to produce Pb(OH)j3 , an interesting
contrast to Be(OH)z2 formed by a much smaller central atom. The moderately sol-
uble PbCl, and Pbl, are known to dissolve in an excess of C1~ to PbCl3 or of [ to
Pbl3 . It is not certain whether PbCl3 binds additional chloride ligands; the absorp-
tion spectrum of Pb(II) shifts marginally'4® as a function of the concentration of
strong HCl.

Crystal structures containing the 52 type cations are sometimes cubic of types
such as NaCl, K,PtClg and S1TiO3 with N = 6 and in other cases highly distorted.

On the whole, oxide and fluoride tend to express the distortions. Thus, TeF3 is
square-pyramidal like the isoelectronic IFs and XeF5 and a text-book illustration

of Gillespie-behaviour as an octahedron with a lone-pair and five ligands, whereas
TeClg 2 and TeBrg 2 exist (like gaseous XeFg). Couch, Wilkins, Rossman and Gray'#¥
discuss the weak band separations of the excited levels 3P; and 'P; of TeXg? cor-
responding to a weak orthorhombic distortion on an instantaneous picture. Pearson
prefers to speak about second-order Jahn-Teller effect rather than Gillespie-instability.
However, the occurrence of second-order Jahn-Teller distortions is a numerical ques-
tion of whether the vibronic coupling with excited ¥ of opposite parity is stronger
than the restoring forces of the groundstate. This is a subtle question to be further
discussed in the quantum-chemical section.

145)

I11. Electric Dipolar Polarizability and the Approximately Additive Molar
Refractivities

Whereas the hard-hard interactions in Pearson’s Dual Rule essentially are Coulombic,
the soft-soft interactions frequently invite the comment that they represent polariz-
ability. This word has connotations for the chemists which are not very different
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from soft bases and anti-bases including species such as silver(1) and mercury(Il).
However, the situation is not as clear-cut for the physicist.

In the visible and ultra-violet region of frequencies ¥ (the wave-number o is v/c)
the electric dipolar polarizability « is connected with a summation over all the &
excited states to which the transition has the oscillator strength Py, :

3 2
=% Py bohr” hartree
Kk h@i-1?)

(27)

where 1 bohr = 0.529 A and 1 bohr® = 0.1482 A3 and 1 hartree =2 rydberg =
27.2 eV =219500 cm™". The oscillator strength of an absorption band is given

Eq. (21). The best experimental technique for evaluating « is to measure the refrac-
tive index n of a pure compound for which the density d and molar weight M is
known, via the molar refractivity

n2—-1 M _an

~n2—+2— d = 3—Noa (28)
Since &V, is Avogadro’s number, 1 cm3 of R is equivalent to 0.392 A3 of a. The factor
(n? — 1)/(n* + 2) multiplying the molar volume (M/d) is close to zero for gases and
approaches 1 for highly refractive materials. It is even argued*5) according to a hypo-
thesis by Herzfeld from 1927 that a material would become metallic at such a high
pressure where the molar volume has been reduced toR from Eq. (28).

Organic chemists tend to describe R of a molecule as a sum of bond properties
whereas inorganic chemists prefer a sum of characteristics of the atomic entities.
Fajans“”) reviewed this subject and emphasized that one cannot describe ionic salts
by an additive R or « of the individual ions. Salzmann and the writer'®) looked into
this question, and though we admit that one cannot obtain a perfect additivity, we
also believe that it is possible to choose a set of constituent polarizabilities much closer
to additivity than maintained by Fajans.

Table 2 gives the « values for a series of gaseous, liquid and crystalline compounds.
For convenience, the subtraction —»? in the denominator of Eq. (27) has been ne-
glected for yellow light from a sodium lamp. Table 2 includes values for species in
aqueous solution mainly derived from careful measurements by Heydweiller'4®).
Though o for water is low, the molar weight M is also low, and (/M) is 0.081, be-
tween the values 0.05 for iodide and 0.085 for chloride. However, besides this ques-
tion of experimental uncertainty, a much more serious problem is how & can be
distributed on the individual ions. This is a general problem in physical chemistry
that we only have collective properties of neutral substances. In such a case, an ad-
ditivity rule will be satisfied as well or as unsatisfactorily if all values for the ion
with the charge z are added an arbitrary constant C multiplied by (the positive or
negative) z. This ambiguity is usually circumvented by rather ingenious arguments.
For instance, molar conductivities cannot conceivably be negative. Given this, one
may try to look for an ion with very small conductivity, or one may apply Stokes’
law for motion in a viscous fluid and assume a proportionality between reciprocal
ionic radii and the ionic conductivity. It turns out that the “Stokes radius” of Na*
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Table 2. Molar refractivities in A derived from measurements of refractive indices

H (calc.)

H(-D)

He (gas)

Li* (gas)

Li(I)

Be(II)

Be,C (crystal)

C (diamond)

CHg (gas)

CO, (gas)

C0§2 (cryst.)

CO;2 (aq.)

NO7 (cryst.)

NOj3 (aq.)

NHj3 (gas)

H,0 (aq.)

O(-1I) (BeQ)
(Si0)
(B203, Al 03)
MgO)
(Ca0)
(Liy 0, Sr0)

F(-D (cryst.)
(aq.)
(CFq)

Ne (gas)

Na(I) (cryst.)
(aq.)

Mg(II)

ANIID)

POZS (cryst.)

(HO)}PO; (cryst.)

805 “ (cryst.)
(aq.)

SFg (gas)

CI(—TI) (cryst.)
(aq.)
(CCly)

Cl0y (cryst.)
(aq.)

Ar (gas)

K(I)

Ca(I)

Sc(I1I)

TiO4 (crystal)

TiCl (liq.)

Ti(I1V)

V(I1I)

Cr(Itl)

CrO“"2 (aq.)

Mn(1l)

Fe(Il)

Fe(Ill)

Co(1l)

Ni(Il)

Cu(ID)

Zn(1l)

GeCly (lig.)

Ge(lV)

0.67
1.8
0.205
0.027
0.03
0.0
3.21
0.83
2.60
2.65
4.0
4.4
3.9
4.0
2.26
1.458
1.25
1.3
1.35

12.5

(HO),;As05 (cryst.)

SeO‘T2 (cryst.)

SeF ¢ (gas)

Br(-1I) (cryst.)
(aq.)
(C-Br)

Kr (gas)

Rb(D

Sr(ID

Y(IID

Zr(IV)

Nb(V) (Nb,Clyg)

Mo032 (aq.)

Rh(II)

PA(IT) (PdCIZ2)

Ag)

Cda(an

In(IID)

Sn(1V) (SnCly)
(SnBrgq)

SbCls (lig.)

Sb(V)

TeFg (gas)

I(-I) (cryst.)
(aq.)
C-n

Xe (gas)

Cs(l)

Ba(Il)

La(Ill)

Ce(Il)

Ce(1V)

Pr(11I)

NA(III)

Sm(lII)

Gd(IIn)

Yb (111)

Hf(IV)

W04_2 (cryst.)

0sOg4 (gas)

Ptl’g2 (cryst.)

PiCIg 2 (cryst.)

PtBrg 2 (cryst.)

Hg (gas)

Hgdl) (aq.)
(HgCl3)

TKI) (aq.)
(cryst.)

Pb(ID) (2q.)
(cryst.)

Bi(HI) (aq.)
(cryst.)

Th(V)

u(I) (UCly)

Pu(1V)

6.5
6.5
5.25
4.2
4.6
3.4
2.46
1.9
1.4
1.5
1.8
6

10
2.5
4
2.3
1.7
1.6
3.4
5.9
17.3
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is larger than of K* in aqueous solution, which can be explained away with an
extended hydration shell of Li* and Na*, but at least ions like As(C¢Hs)§ and
B(C¢Hs)z are sufficiently large. If one calculates molar volumes of dissolved salts,

it is very difficult to escape the conclusion that Mg*? in anhydrous MgSO, produces
a negative contribution. This is not aberrant because the six ligands in Mg(H,0)%?
formed may very well have a lower molar volume each (say 10 cm?) than liquid
water known to have a rather uneconomic way of packing.

In our case it is clearly desirable not to have negative « values though Fajans
analyzed Heydweiller’s results in a way where Mg(Il) in aqueous solution has a =
—0.75 A® and AI(III) & = —1.2 A3, It cannot be excluded a priori that such negative
values might be connected with a decrease 0.2 A3 of o of each of the six ligated
molecules, or in a more collective alternative, that a// the water in a 1 M solution of
these cations has « decreased by 0.02 A3, However, our analysis”s) shows that it is
more reasonable to add Cz to the values derived by Fajans with C = 0.4 A3. A com-
parison with refractive indices of crystalline compounds allows zero-points to be
fixed by assuming vanishing & of Be(II) and Al(11l). For practical purposes, since the
additivity anyhow does not work better than within one or two-tenths A3 one may
also neglect the contribution of Li(I).

In a few cases, the wave-function ¥ of a monatomic entity can be used for calculat-
inga,eg 4.5 bohr?® for the hydrogen atom, or 0.205 A3 for the helium atom in agree-
ment with the experimental value. Gaseous H™ does not have a Hartree-Fock function
stable relative to spontaneous loss of an electron, and it is necessary to introduce cor-
relation effects in order to calculate o which is said to be 31 A3. The value 1.8 A3 for
H(-—I) in Table 2 derives from NaCl-type LiH, NaH and KH. The anion B,Hg? has
a=6.3 A3 to be compared with the isoelectronic C,Hg 4.47 A3. Since CH, has a =
2.6 A3, each hydrogen can at most contribute 0.65 A3 in what case the C—C bond
in ethane contributes 0.57 A3. This would be slightly more than 0.42 A3, half the
value for diamond. Much the same problem as for hydrides occur for oxides. Gaseous
02 looses spontaneously an electron, and the oxides only occur because of a stabiliz-
ing Madelung potential. There is no doubt that orange Cs,0 would show a large a,
and this compound is readily oxidized to the peroxide Cs;0, or the superoxide CsO,
¢orresponding to the low ionization energy of oxide in the weak Madelung potential
prevailing in Cs,0. It can be seen from Table 2 that the lower limit of « for an oxygen
atom in a compound is some 1.25 A3 a5 also found by comparison with NO3 , SOz
and C107 with vanishing contributions from the central atom.

The main conclusion from Table 2 is that the dramatic decrease of & with increas-
ing ionic charge z for a given isoelectronic series does not always occur in compounds.
1t is true that & decreases monotonically in the series O(—I1), F(—I), Ne, Na(I), Mg(1I)
and AIIID) but far less at the beginning than between the infinite value for 0% and
a value for gaseous F~ not far from 2 A3. However, there is a shallow minimum close
to the bivalent ion in the series Br(—I), Kr, Rb(I), Sr(II}, Y(III) and Zr(IV) and close
to the trivalent ion in the series I(—I), Xe, Cs(I), Ba(II), La(IIT) and Ce(IV). The im-
portant point is not the exact position of this flat minimum, but the completely dif-
ferent behaviour from the gaseous ions. One might have suspected, once more, that
a is a decreasing function of increasing fractional atomic charge 4,36, 39) of the atom.
However this cannot be the whole truth because « is connected with the positions
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and oscillator strengths of excitations according to Eq. (27). One reason for the turn-
ing around, « increasing with the oxidation state, e.g. from Ca(Il) to Cr(VI), is the
electron transfer bands**). When they have sufficiently low wave-numbers, it is no
longer possible to make a significant separation between contributions to « from the
central atom and from the ligands, and fluoro complexes have distinctly lower a than
chloro complexes. Thus, the two known electron transfer bands of PtClg 2 provide
a=6.2 A% and the four transitions in PtBrg? 10.8 A3!4®), These large contributions
must in part spend some of the halide polarizability.

With exception of the hydrogen atom and the 65 isoelectronic series (the mer-
cury atom, TI(I), Pb(II) and Bi(III) compounds) most systems have the majority of
the effective (P,/v2) above the first ionization energy, in the continuum. Thus, the
noble gases would have the observed a values if all the P, was concentrated at vy, =
the jonization energy with the numerical values of P, = 0.84 for helium, 0.99 neon,
2.00 argon, 2.24 krypton and 2.59 for xenon. Since helium contains two 15 electrons,
and the four other noble gases have six p electrons in their loosest bound shell, these
figures indicate that most of the a derives from transitions in the continuum.

Among the unexpected results compiled in Table 2 is that o for M(II) of the 3d
group decreases smoothly from Mn(II) to Zn(II) and that « for M(III) of the 4f
group also decreases slowly from Ce(III) to Yb(III). It is possible!*®) to discuss the
contributions of the individual shells to a with the negative result that each of the
3d electrons of Zn(II) or each of the 4 f electrons of Yb(III) and Hf(IV) contribute
less than 0.1 A3 to «. The theoretical estimate of the 5p contribution is 1 A3 in the
two latter ions.

For the chemist, there is no doubt whatsoever that the softness of the central
atoms do not follow the « values, though this is valid for the halides. Thus, Cs(I) is
more polarizable than Ag(I), Ba(II) more than Cd(II) and La(III) more than In(III)
in disagreement with Pearson’s classification. Said in other words, the chemical bond-
ing involves far stronger perturbations than the linear electric fields inducing the o-
polarizability.

1V. Quantum-chemical Comments

Quantum mechanics is approximately 50 years old, and it is worthwhile to ask what
it has done for chemistry'5®). Questions such as Pearson’s Dual Rule are among the
most difficult to treat in quantum chemistry with an even remote hope of significant
results. First of all, the energy differences of interest to complex chemists are exceed-
ingly small compared with the energy of Z electrons being bound to the nucleus

with charge +Ze having the order of magnitude —Z 2% rydberg. For this purpose, it

is useful to compare various units of energy:

1000 cm™! =0.1239 eV = 2.85 kcal/mole = 11920 joule/mole (29)
= 2.09 powers of ten in equilibria constants at 25 °C
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Secondly, most quantum-chemical discussion assumes fixed internuclear distances
producing what spectroscopists call vertical transitions and ionization processes
studied in recent photo-electron spectrometry !51: 152) by analogy called vertical
ionizations. The adiabatic processes allowing the intemuclear distances to vary
represent a tremendous complication in a polyatomic system containing O nuclei
because the potential hypersurfaces are the eigenvalues of the total electronic wave-
functions ¥ as a function of the (3 Q — 6) Cartesian coordinates remaining as degrees
of freedom after separation of three translational and three rotational variables. Be-
cause of paper having two dimensions, most people are accustomed to the potential
curve of a diatomic molecule with one internuclear distance. The activation energy
of a reaction is the maximum height of the easiest walk on the potential hypersurface
between one minimum representing the groundstate of the original reactants and
another minimum representing the products. The intermediates are relative minima
and transition states (usually) saddle points on the hypersurface. '

The preponderant electron configurations classify correctly the (up to 400 levels)
compiled by Charlotte Moore in the National Bureau of Standards Circular “Atomic
Energy Levels”. Though this does not mean that a certain amount of configuration
interaction does not take place in the ¥ of each of these levels of monatomic entities,
it is possible to extend this classification to the approximate spherical symmetry of
compounds containing a partly filled 4 f shell. Actually, it is even possible to define
the oxidation state®) for p and d group compounds in the cases where the distribu-
tion of excited levels observed in the absorption spectrum is sufficiently characteristic
to indicate unambigously the preponderant configuration of the groundstate. In
general, certain oxidation states such as 3d3 Cr(IIT) or 3d® Ni(II) are readily recog-
nized, but one can run into problems with strongly coloured compounds of ligands
capable of adding electrons (such as dipyridy! or quinones) or loosing electrons, as
certain conjugated sulphur-containing ligands. In such cases, the ligands are said to
be collectively reduced (as is also true for the excited levels of electron transfer to
certain conjugated ligands, increasing the oxidation state of the central atom by one
unit) or collectively oxidized (as is also true for the usual electron transfer bands,
where the oxidation state of the central atom is decreased one unit in the excited
level). A few simple ligands (NO*, NO, NO™ or O,, 05, O3 ?) present comparable
problems. It is clear that the attribution of oxidation states to closed-shell colourless
systems is more arbitrary® and done by extrapolation and analogy. It helps that
most ligands are innocent having closed shells for the purpose of finding the prepon-
derant configuration of the central atom, as has been learned from the transition
groups. Ammonia is a neutral ligand isoelectronic with CH3 and with BH3? which
seems to occur? in Mn(CO)sBH3 becoming an octahedral 3d® Mn(I) complex in
spite of the fact that BH; is a well-known anti-base. Seem from the point of view of
oxidation state, there is never any possibility of neutral CH; or H as ligand (this does
not mean the same thing as “functional group” to the organic chemist) but the choice
may be between CH3 and CH3 or between H™ and H* in cases such as P(CH3)3, PH3,
S(CH3)3, Te(CH3)3 and TeH, which may contain P(—III) or P(III), S(~II) or S(IV)
and Te(—IT) or Te(1V) and Te(I1). One of the weak points of this argumentation is that
‘N(CH3)% and P(CH3)4 would have the choice between N(V) and P(V) with carbanion
ligands or N(—IIT) and P(—III) with carbonium ligands. The horrible truth may be
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that these central atoms do not possess oxidation states. It is preferable® to describe
CH,4 as a carbon(IV) hydride (in view of the substitution by halides in CH,4 _ ,X,;)
but NH3 as N(—III) and H(I) in view of the ready protonation. Besides the spectro-
scopic properties of diamagnetic (S = 0) compounds, there is a second line of argu-
mentation which sometimes may help defining the oxidation state, viz. the preferred
stereochemistry'*®). For instance, when a platinum atom is surrounded by one hy-
drogen, one chlorine and two phosphorus (from phosphines) in a plane it is strong
evidence for 5d® Pt(I) whereas 5d '° Pt(0) would be expected to be tetrahedral.

The chemist would expect the question of adapting CH3 and H™ with an electron
pair more than CH} and H* to be decided by the relative electronegativity of the
central atom considered and carbon (or hydrogen). Anyhow, all available spectro-
scopic and stereochemical evidence points to d group complexes choosing H™ and
CH3 4. There is one situation where it is certain that the electronegativities are iden-
tical, the catenation in symmetrical species such as Hgs2, H3CCH3, (OC)sMnMn(CO)s,
0358032, 0388588032 or FsSSFs. It is not particularly informative to think about
ethane heterolytically dissociated to CH3 and CH3 or the dimeric manganese carbonyl
to Mn(CO); and Mn(CO)Z and it is tempting to use a description related to Fajans’
quanticules, to reserve a pair of electrons to the homo-atomic bond, and to let ethane
be two CH} connected with such a pair, etc. This quanticule formulation can be
extended to other bonds between two metallic elements of comparable electronega-
tivity, such as (OC)sReMn(CO)s, (0C)4CoMn(CO)s and CISn(Co(CO)a)s. This ap-
proach can go very far; the ligand SnCl3 isoelectronic with SbClz and TeCl3 can be
suspected for catenation between Sn(IV) and Co(I) in Cl38nCo(CO)4 comparatible
with the stereochemistry of tetrahedral Sn(IV) and trigonal-bipyramidal 3d® Co(l),
and it would not be perfectly ludicrous to regard the robust cobalt(III) complexes
Co(NH;3)sNO%2, Co(NO,)g 3 and Co(NH3)sSO3 as catenation by six electron pairs
of dioxo and tri-hydrido complexes of nitrogen(V) and sulphur(VI) trioxide. How-
ever, this description early meets its limits; it is not generally true that each chemical
bond employs exactly two electrons. Seen from the point of view of functional groups,
a chlorine atom bridging two other atoms is CI* like N* in betaine, and the central
jodine in IAg}? would be I'2. It may be remembered'>*) that PAg}> and TeAg}®
also exist. If catenation occurred in the examples, chlorine(III) and iodine(V) would
rather astonishingly appear. It should be emphasized that we are not discussing the
“resonance between valence-bond-structures” which has problems enough® but the
optimized selection of oxidation states for the classification of the preponderant
configuration of the groundstate. It may not always be possible to make such a
selection.

The MO (molecular orbitals) of a polyatomic system are one-electron wave-func-
tion ¥ which can be used as a (more or less successful) result for constructing the
many-electron ¥ as an anti-symmetrized Slater determinant. However, at the same
time the ¥ (usually) forms a preponderant configuration, and it is an important
fact®?) that the relevant symmetry for the MO may not always be the point-group
determined by the equilibrium nuclear positions but may be a higher symmetry. For
many years, it was felt that the mathematical result (that a closed-shell Slater deter-
minant contains ¥ which can be arranged in fairly arbitrary new linear combinations
by a unitary transformation without modifying ¥) removed the individual subsistence
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of the MO. This argument neglects the fundamental difficulty that ¥ is not exactly

a Slater determinant and that the main purpose of MO is to construct preponderant
configurations which one can excite by changing the MO of an electron (or in ground-
states with .S > 1 by changing to other levels belonging to the ground configuration,
as known from O, and many d group complexes) and ionize by removing an electron
from one of the MO. It has never been necessary to convince atomic and X-ray spectro-
scopists that no orbital in the krypton atom is a mixture of 1s and 4p as one would
argue from the unitary transformation. However, the penultimate MO with higher
ionization energy I than the loosest bound MO were not taken too seriously before
,the photo-electron spectra of gaseous molecules!5!: 152 provided experimental
results to compare with the calculated I values.

In isolated molecules, it is usually assumed that the MO are satisfactorily ap-
proximated by LCAO (linear combination of atomic orbitals). This hypothesis is
supported to a great extent by careful calculations on diatomic and other small
molecules, but it cannot be proved generally. Though the chemical bonding energies
are rather negligible compared with the total binding of electrons in each atom
(excepting hydrogen) the outermost electrons are “‘soft” in a certain sense, being
flexible by perturbations from adjacent atoms. First of all, it is beyond doubt that
the radial functions of each AO contract under the influence of increasing fractional
atomic charge® 3% 67) and secondly, the Kinetic energy operator in the Schrodinger
equation produces a contraction of the AO constituents of bonding MO and an ex-
pansion of anti-bonding MO with a nodal surface between the two atoms, as first
pointed out by Ruedenberg!®®). It has been suggested®” that the “ligand field”
effects are mainly determined by the kinetic energy operator in the bond region.

It is only in crystals that one frequently attempts to solve the Schrédinger equa-
tion directly by finding the one-electron orbitals as eigen-functions of an effective
potential U(x, y, 2) for instance in the “‘augmented plane-wave method” where the
¥ are kept orthogonal on the inner shells of each atomic core but correspond to free
electrons outside the cores where U is constant. Recently, Slater and Johnson! 56 157)
have proposed the “multiple-scattering Xo method” for oligo-atomic entities with U
chosen according to certain rules. The agreement'S®) with / values in photo-electron
spectra and with excited levels is better than with many more sophisticated approxi-
mations. It is clear that the LCAQO hypothesis plays a minor role in such direct solu-
tions of the Schrédinger equation.

In molecules, mixing of | values of the same atom can occur in MO of a definite
symmetry type if permitted by group theory applied to the point-group of the rele-
vant symmetry. This mixing might be called “hybridization” but the writer discour-
ages this word which has a different meaning*®: 5°) in valence-bond theory. In linear
molecules without centre of inversion (such as CO, HF, NNO, NCS™ and HCCC]) the
25 orbitals of a given carbon, nitrogen, oxygen or fluorine atom can be mixed with
the cylindrically symmetric 2 po orbitals of the same atom, but not with the 2 pn
orbitals having a node-plane containing the linear axis. In linear molecules with
centre of inversion (such as N,, OCO, NCN~2,NNN~, OUO*?, HCCH and NCHgCN)
the ¢ orbitals have to choose between even and odd parity and are called g, and o,
(g = gerade, u = ungerade in German). If the atom considered has its nucleus at the
centre of inversion (this is the case for the central atom in the case of an odd number
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of nuclei) only / values of the same parity can be mixed. Thus, the s orbital can mix
with the cylindrically symmetric do orbital having the angular function proportional
to (322 — r?) in linear HgCl, and Hg(CN), and also in complexes such as Ag(NH3)3,
Hg(NH;)3? and Hg(CH3); which can be considered, to a good approximation, to
contain the linear chromophores Ag(I)N,, Hg(11)N, and Hg(II)C, . The atoms having
their nuclei situated on general points of the linear axis (outside the center of inver-
sion) can mix odd and even / values in the MO of g, or g, symmetry. Thus, the orbital
most easy to ionize in N, of symmetry o, has mainly 2 p and some 2s character. The
squared amplitudes (which add to exactly 1 because of the absence of intra-atomic
overlap integrals) seem to be 10 to 25 percent vs. 90 to 75 percent in most cases of
25 and 2 p mixing. The reason why the coefficients to LCAQO are so moderate is that
the diagonal elements of 2s and 2 p orbitals at the same atom differ 10 to 15 eV, as

also confirmed by photo-electron spectra's?).
Another typical case of / mixing conserving the parity is the mixingl33) of the

totally symmetric (2;z) s andd (3 z2 — r?) orbitals in the point-group Dy, characteriz-
ing quadratic chromophores with the four ligating atoms in the xy-plane. However,
for our purposes, the mixing (even to a small extent) of odd and even orbitals on the
same atom is far more important. The point is that both odd and even ¢ have even
parity of their square y? representing the electronic density. A mixture of odd and
even ¢ does not have a well-defined parity and can concentrate on one side of a plane
containing the nucleus of the atom considered. Some tetra-atomic molecules contain-
ing a central atom and three identical ligating atoms adapt the highest possible sym-
metry, D3, with the ligands in an equilateral triangle (such as BF3 or NO3') but other
become pyramidal (C3,) like NH3, NF3, SO32, Cloz, 103 and XeO3. However,
these species have holohedrized symmetry D34 like a trigonal anti-prism, whereas
AsHj; has almost right angles HAsH. If they were right, the point-group would still

be C3, but the holohedrized symmetry 57" 82) is O, like the chromophore Pt(IV)C30;
in fac-Pt(CH3)3(H,0)3. By the same token, TeH, with a right angle has the same
point-group C,, as H,0, but the holohedrized symmetry is D45. There is no particu-
lar reason to believe 87> %8 that the bond angles in pyramidal molecules are deter-
mined by the participation of p orbitals in s—p hybridizations. Nevertheless, it is not
easy to explain why some polyatomic systems are much more apt than others to
deviate from the highest available symmetry. Exactly like the first-order Jahn-Teller
effect, the Gillespie-distortions may either be szatic (seen on crystal structures) or
dynamic (to be observed on instantaneous pictures obtained by spectroscopic tech-
niques). Many post-transition group complexes are highly suspect for dynamic
Gillespie-instability (XeF¢ is a famous case, though we must add that xenon(VI) is
moderately hard, in view of the existence of XeO3 and XeO3X™ with X =OH, F

and C1) and we give the arguments above why copper(II) and palladium(II) are
Gillespie-unstable though the deviations go along the z-axis in C4, of Cu(NH3)5° in
the former case and along the x- and y-axes in C, of PA(I)N,0;. Gillespie'*V) does
not believe that the d-electrons in general behave like lone-pairs in the transition
group compounds, but he adds that a beginning tendency toward distortion can be
seen at the end of the d groups. It is perhaps significant that the kinetically more
rapid central atoms Au(IIl), Cu(1l) and Pd(II) at the same time are more oxidizing
and more readily deviate from quadratic chromophores. However, it must be admit-
ted that the vibrational energy levels (obtained by Raman and infra-red spectroscopy)
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of quadratic species such as PdClz2 and PtBrz2 do not show broadening or separa-
tions of frequencies degenerate in the point-group Dy ,. This criterium would not
apply to almost octahedral TeXg? and XeFg. Still, the band intensities of internal
3d? transitions in Cu(II) and 448 in Pd(11) given in Table 1 are far too large to
convince about an unconditional fidelity to the point-group D4,. Again, this may
be a question of time-scale®”),

Seen from a conventional LCAO point of view, the condition for the existence
of complexes of CO, olefins such as C,H,, and of NO* is synergistic back-bonding.
It seems well established from force constants obtained by vibrational spectra’®)
that back-bonding occurs in the isoelectronic (3d!°) series Ni(CO),, Co(CO)z and
Fe(CO)5? and becomes more important in direction of the negative oxidation num-
bers. In a way, it is curious that CO having one of the highest / = 14.1 eV known for
a diatomic molecule and the first excited levels above 6 eV should be a simultaneous
lone-pair o-donor and w*acceptor. Until the preparation of complexes such as
Ru(NH3)sN#? it was a standing question why N, would not work equally well.
Though iridium(1II) forms If(CO)Brs? the fact of CO complexes being concentrated
between M(—II) and M(II) (a striking case is the orange 5d® Ta(CO)g being the only
known monomeric tantalum complex with an oxidation number below 4) is taken as
an indication of back-bonding, and quantum-mechanical calculations provide suffi-
ciently large non-diagonal elements of the effective one-electron operator!®).

The situation with phosphines is much more difficult to understand. Kruck>s
demonstrated that PF5 is the only ligand more effective than CO to stabilize negative
oxidation states of d group elements (excepting NO* if one argues that yellow
Co(NO)(CO)3, red Fe(NO),(CO), and green Mn(NO)5(CO) all three are 3d1°
systems). Colourless 4d'° Ru(PF;)32, Rh(PF3)7 and Pd(PF3),, 4d® Ru(PF3)s,
5d% Os(PF;3)72 and Ir(PF3); and mixed hydrido-complexes such 4d® Rh(PF3),H
and 5d°® Ir(PF3),H are extreme cases, and not subject to the doubt® about reduced
ligands as the strongly coloured dipyridyl complexes M dip3%. Wilkinson previously
prepared Ni(PCl3)4 and Bigorgne“’l) after extended studies of vibrational spectra of
Ni(PR3),,(CO)4 _ , and Cr(PR3),(CO)g _ » succeeded in preparing Ni(PH3),. Second-
ary phosphines PR,H tend to deprotonate to PR7 and this ligand readily forms bridges
between two atoms of metallic elements'®?. Tertiary phosphines PR3 form complexes
of Co(II) and Ni(IT) which can be prepared in non-aqueous solvents, and of typical
soft central atoms in positive oxidation states such as Cu(1), Pd(II), Ag(T), Pt(IT), Au(l)
and Hg(IT). However, the bidentate diphos = (C¢Hs),PCH,CH,P(C¢Hs), stabilizes
somewhat unusual oxidation states such as 5d2 iridium(l) Ir diphos}. Another di-
phosphine-ortho-CgHg(P(CH3),), has recently been shown by Warren and Bennett*#
to stabilize high oxidation states such as Fe(IV), Ni(IIl), Ni(IV) and Cu(III). The cor-
responding diarsine was previously applied by Mann and Nyholm*®) with comparable
results. Phosphite esters P(OR)3 such as P(OCH3); and the sterically constrained
P(OCH,)3CCH; were used by Verkade and Piper'®3) to make diamagnetic chromo-
phores such as trigonal-bipyramidal Co(I)P5 and Ni(II)P5 and octahedral Co(III)Pg.

It is striking that these complexes are straw-yellow or colourless with the first excited
levels in the ultra-violet showing a much later position in the spectrochemical series
with larger sub-shell energy differences than the 3d group complexes of PR3 charac-
terized by their bright blue, violet and red colours.
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One may, of course, argue that synergistic back-bonding occurs to the empty 3d
orbitals of PF3, PR3 and P(OR);. However, this proposal is more difficult to defend
than in the case of CO. The empty orbitals must have high energy in the inorganic
and aliphatic ligands showing no excited levels before some 6 eV, and it is difficult
to provide chemical bonding with large non-diagonal elements of the effective one-
electron operator because of the longer M—P than M—C distance. The whole idea of
3d participation in phosphorus and sulphur originated in the belief that NV =5 in
PFs orN =6 in PFg , PClg or SF¢ needs N orbitals for the chemical bonding and
hence one or two orbitals (called “transargonic” orbitals by Pauling) besides 3 s and
3p. It is debatable whether spectroscopic evidence!%%) exists for such 3d effects. An
extrapolation of the electron transfer spectra backward from purple MnOj , yellow
Cr0z2, colourless VO3, . . . or starting with TiCl, shows that already around cal-
cium, the excitation energies are in excess of 9 eV and actually, it is rather molecules
with smaller &V and low / such as PR3 and SR, which might conceivably have acces-
sible empty 3d orbitals. Colton'%S) suggests that the characteristic “soft” behaviour
of iodide and bromide in noble metal complexes is due to back-bonding to empty
5d and 44 orbitals, respectively. Seen from the point of view of ultra-violet
spectra! 66 167) this proposal is even less attractive, since the first excited levels are
due to the configuration terminating 4p°5s in bromides and in krypton and 5p%6s
in ionic iodides (5.5 eV) and xenon (8.5 V) followed by 5p35d levels at higher
wave-numbers. The chemical argument would be that fluorides having no low-lying
3d orbitals show different properties. If stretched a bit, it might also illustrate why
the dissociation energy of F, is lower than of Cl,.

It is necessary to analyze what one means exactly with “3d orbitals”. If they
have contracted radial functions, the overlap integrals with occupied ligand orbitals
may be rather large. It is clear that one needs the two angular nodes characterizing
1 =2 but that the principal quantum number 3 has no particular significance. From
this point of view, the d orbitals are polarization orbitals also needed % for explain-
ing the barrier toward inversion of NH3. This molecule would be planar if the bond-
ing involved s and p orbitals only. By the same token, the very low barrier toward
free rotation in C,Hg can only be explained by f polarization orbitals with three
angular nodes. The name “polarization orbitals” derives from the fact that an electric
field V = Cz changes the wavefunction ¥ to (¥ + CAW¥ ) with appropriate units,
where ¥, is a linear combination of excited states with opposite parity, and the
electric dipole moment of CAY¥, ¥, represents the « values given in Table 2. Since
the electric fields available in the laboratory, some 10% V/cm, are much smaller than
the atomic unit of electric fields 530 MV/cm this first-order perturbation is a suffi-
cient description. Hence, only the cross-term W, enters the discussion.

It is by no means easy to say whether d polarization orbitals are needed in the
quantum-chemical description of phosphorus and sulphur compounds. Because of
the variational principle, one has to be exceptionally unlucky not to ameliorate an
approximate ¥ when introducing a new free parameter. But the question is whether
the d polarization orbitals are an essential aspect of the unknown (and somewhat
Platonic) true W. This is a very profound question related to the problem whether
the natural spin-orbitals (introduced by Lowdin) having occupation numbers closely
below 1 are those which define the preponderant configuration. It is now known
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that the natural spin-orbitals do not need to be symmetry-adapted but also that the
convergence is almost as rapid if the constraint of (relevant?) symmetry-adaptation
is introduced. The problem with natural spin-orbitals is that each set are a function
of the approximate ¥ considered, but that function seems to converge so rapidly
with increasing quality of ¥ that one is readily making the conceptual jump to talk
about “the natural spin-orbitals of the true ¥ as the limiting quantities.

It should be meaningful to ask whether the soft-soft interactions can be explained
by the deformations of the MO alone. A specific point to discuss is whether the phos-
phines make ¢ bonds like amines, but just better with certain central atoms. This
might be rationalized by the smaller bond angles CPC or FPF on the rear side of the
phosphine, and by the bulky character of the lone-pair of the readily ionized (i.e.
“vertically” reducing) phosphine corresponding to an orbital with low kinetic energy
in a large confined volume. If one went very far, one might even catenate X3P(V)
with one lone-pair to the central atom, arguing that the central atoms preferring
phosphines favour catenation. This idea of an almost pure, single o-bond would
rather much be an anti-climax after so much talk about back-bonding. The o-bond
may involve more than an usual amount of deformation. In many ways, the question
whether the M—P bond is performed by an essentially phosphorus 3 p orbital or
rather by a more general, cylindrically symmetric symmetric orbital is rather similar
to the question whether the Mn—Mn bond in (OC)sMnMn(CO); is performed by a
bonding linear combination of the 3d(322 — r?) orbitals of each atom, making the
complex more or less 3d”, or whether the Mn—Mn bond is cylindrically symmetric
without much relation to 3d orbitals. We remember that LCAOQ is no obligation
derived from the Schrédinger equation.

On the other hand, genuine more-electron effects are known in chemistry. Am-
meter and Schlosnagle'®®) studied aluminium and gallium atoms incorporated in
solidified noble gases. These two particular atoms have exceptionally strong Van der
Waals interactions with the twelve adjacent noble-gas atoms because the un-paired
3p electron of Al does not have a much larger average radius than the occupied 3s
orbital. Consequently, the neighbour atoms arrive closer than in a case like the 3s
electron of a sodium atom, and the order of magnitude of chemical stabilization is
0.2 eV or 4 kcal/mole. The electron spin resonance spectrum of the aluminium or
gallium atom show interesting consequences of the Jahn-Teller instability of a single
p electron. Many other interactions are due to the interatomic correlation effects
producing an energy minimum at long distance, such as the attraction between noble
gas atoms explaining their condensation at low temperatures. It is curious to note
that if the London dispersion forces between two iodine atoms (assuming an electric
dipolar polarizability « close to 10 &%) are (rather dubiously) extrapolated to the
equilibrium internuclear distance of I, the dissociation energy 1.5 eV of this mole-
cule is obtained. Said in other words, it is difficult to make a sharp distinction be-
tween weak single bonds and the Van der Waals interactions between atoms contain-
ing partly filled p shells.

It is generally argued that the higher boiling points with increasing Z of the halide
(CH, — 164, CF4 — 128, CCl4 + 77, CBr4 + 190 °C) are due to increasing Van der
" Waals attractions. There is a general dependence of the boiling point on the molecular
weight M of molecules (not associating or forming hydrogen bonds) but the fluorides
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generally fall low on this scale though they have the most pronounced internal separa-
tions of fractional atomic charges. When the octahedral molecules WF¢ form a liquid
boiling at 17 °C but crystalline WClg melts at 275 °C and boils at 347 °C, there is
little doubt that one sees an effect of strong Van der Waals attractions in the latter
case. One might argue that certain aspects of soft-soft interactions, and in particular
the inorganic symbiosis, may suggest strong Van der Waals contributions, as when Sg
and Hgl, are soluble in CS, but very little in most other solvents. It is worthwhile
once more to mention that not only I, RS™ and R3P are soft ligands, but also H™,
CH3, CN™ and CO with far weaker capability of Van der Waals stabilization.

However, one of the rare distinct observable quantities related to Pearson’s scale
of softness. the shift of the I of the inner shell 2 p of potassium by measurements!’®
of photo-electron spectra of solid K* salts to be discussed below, and values given in
Table 4, is a relaxation effect'™V due to the re-arrangement of the electronic density
of the adjacent atoms concomitant with the ionization of the K2 p electron providing
an ephemeric form of potassium(lI) existing for some 10~15 sec Such chemical shifts
amounting to some 2 eV cannot be incorporated in a one-electron operator contain-
ing the combined Hartree and Madelung potential, and are, technically speaking, cor-
relation effects.

The writer has frequently expressed the view that induction from experimental
data is necessary in quantum chemistry, and that some of our most unexpected and
fascinating surprises come from new experimental techniques, such as the visible and
ultra-violet spectra of transition group complexes 1950-65 or the photo-electron
spectrometry starting around 1962. The present section is mainly intended to draw
attention to the fundamental problems one may hope to solve in the future, and
ambivalently appealing and frustrating queries: why is softness of anti-bases so fre-
quently connected with mild deviations of the highest symmetry available (as exem-
plified by Cu(II), Pd(IT) and Hg(II) and numerous cases of trans-influence) and why
is the category H—, CHz, CN—, CQ, C,H,, CgHg, R3P, RS™ and I all softand
symbiotic? Could it be catenation with ¢rans-influence corresponding to the softest
ligand attracting the electronic density from the other side of the central atom? It is
realized that the heat of formation corresponding to soft-soft interactions normally
is below 1 eV and log K is changed less than 16 units, as seen in Eq. (29). It would
be very difficult for quantum chemistry to be accurate to this extent (in particular
because the internuclear distances vary) and one has to be lucky to be precise in
comparative studies. The last section reviews certain parametrizations directly related
to Pearson’s Dual Rule,

V. Softness Parameters, Hydration and lonization Energies
A. The Dissolution of Gaseous lons in Water

Classical thermodynamicists refrained from transporting electrically charged species
across borders between two phases, and specifically from vacuo to an aqueous solu-
tion. The origin of this ascetic attitude is clearly the almost incredibly exact electro-
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neutrality of macroscopic objects. One corollary of this restriction is that ions do not
possess individual activities, only manifolds of ions having zero total charge (e.g.

2 K* +S032%) however much Debye and Hiickel use ion activities in their theory of
long-distance interactions in dielectric solvents. Niels Bjerrum”z) wrote a paper about
this paradox which extends very far; a well-known concept such as pH is not defined,
strictly speaking, without reference to the surrounding salt medium and in particular
to the ambient anions.

For the spectroscopist, there is nothing alarming about the ionization energy
needed for removing one or more electrons form an atom (this process would be
described by a classical physico-chemist as AH for forming a neutral gaseous mixture
of ions M*? and electrons at low pressure) even if the process is accompanied by the
ion M*? being transferred from vacuo to a dilute aqueous solution, i.e. we discuss the
sum of positive ionization energies Iy + I, +I3 + .. ..+, known from Charlotte
Moore’s tables (up-to-date version, see!”®) and the negative hydration energy for
the transfer Mgz, MZ&. We call this sum the chemical ionization energy I .pem for
the process

Mgas =Mag + 2 egs. (30)

Since the classical value for the standard oxidation potential E® of the normal hydro-
gen electrode is fixed at zero, the hydration energy of the proton has attracted special
attention. Already in 1941, Jannik Bjerrums) gives the value —249 kcal/mole for this
quantity which has been reviewed by Rosseinsky'”®, revising the value to —260.5 kcal/
mole. Knowing the dissociation energy 4.52 eV of H,, the corresponding /¢pem in-
volved in the hydrogen electrode is 4.5 eV. Hence, it becomes attractive to evaluate

I .hem for oxidation processes (not involving gases, where the AS has to be taken

into account, nor solids with constant activity such as metallic elements) of the type
Fe(H,0)¢> - Fe(H,0)¢> + e~ (E® =+0.75 V) orBu;s ~Eujd+e (E° =

—0.4 V) as the expression

Ihem =E® +4.5eV 31

being 5.25 and 4.1 eV, respectively. It is conceivable that the difference of entropy
AS cannot be consistently evaluated for processes of the type Eq. (30) and this is
one reason why it is not perfectly clear whether the 4.5 eV represents AH or AG,
and also why it might be situated somewhere between 4.4 and 4.7 eV. However, for
our purposes, it is sufficient to consider an approximate value. In Table 24 of Ref.5?
the quantity H}, = 40000 cm™! = 4.96 eV represents this constant of Eq. (31).
Latimer'”%) estimated absolute hydration energies of ions. If an ion with the
charge z and radiusr is transferred from vacuo to an absolute dielectric, the energy
gained is —z2/27 in atomic units, or —z2 - 7.2 eV/(r in A). The reciprocal dielectric
constant 0.013 of water is so small that it may be neglected in such considerations.
The values given by Latimer'”> and later extended in Table 24 of Ref.5) show that
halide anions have approximately the hydration energy given by this dielectric theory,
but that about 0.85 A should be added to the conventional ionic radii of cations.
This observation can be interpreted in different ways. One may argue that water
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cannot penetrate as close to the surface of the small cations, reminding one about

the radii obtained by applying Stokes’ law to molar conductivities. Another argument
involve local dielectric constants introduced by Niels Bjerrum 1923 to explain

(pK; — pK; — 0.6) of dicarboxylic acids as a function of the distance between the
two protons. Schwarzenbach!7® 177 evaluates reciprocal local dielectric constants
(increased toward 0.3 for r decreasing to 4 A) from such electrostatic contributions

to equilibrium constants. Latimer’s result would need this reciprocal value to be close
to a-half. However, one should not conclude that all the interaction is electrostatic.
Expressions of the type —z2 - 7.2 eV/(r + 0.85 &) are so huge, that minor contribu-
tions do not matter too much, and the hydration energy is the result of all the changes,
including covalent bonding, of the transfer of M™* from vacuo to the aqueous solution.
Actually, Scrocco and Salvetti'?®) pointed out that the hydration energy of Ag* and
Hg*? are larger than expected from Latimer’s theory. This does not prevent that we
do not know the actual stereochemistry of these aqua ions.

The writer® 17%) analyzed the hydration energy differences derived from Eq. (31)

for aqua ions, where £ is known for the process increasing the oxidation number
from (z — 1) to z. It turns out that each transition group has a characteristic constant
& such that

Ichem = (22 - I)K (32)

with k = 5.3 eV for the 3d group, 4.3 eV for the 4 f group and 3.9 eV for the 5 f group.
Lower limits of k = 5.3 eV can be obtained for beryllium and aluminium. It is clear
that x decreases with increasing ionic radii of the group, explaining the fact that I,
of gaseous Ti*3 43.27 eV is considerably larger than 36.72 eV of Ce*> but that Iopem
of titanium(III) aqua ions close to 4.4 eV is smaller than 6.2 eV of cerium(III) aqua
jons. Actually, Eq. (32) is compatible with a hydration energy —z2 k not taking the
differential variation of ionic radii as a function of z into account. Thus, the effective
ionic radius in the 3d group would be 7.2/5.3 = 1.36 A corresponding to the Latimer
correction added tor = 0.51 A. This result is an indirect confirmation of the order

of magnitude of the quantity 4.5 eV of Eq. (31) because Eq. (32) would not obtain
if I pem Were changed by a large constant. Though Eq. (32) is rather crude for chemi-
cal purposes, it represents the necessary link between , of gaseous M**~! (measured
or calculated from approximate ¥) and chemistry in aqueous solution. Thus, the oxi-
dation states expected for unknown elements with Z above 102 can be predicted, at
least for M(II) to M(IV), by choosing a reasonable value of ¥ and applying the condi-
tion that the ionization energy f .pem should be above 4.5 eV (otherwise, the aqua
ion is thermodynamically unstable toward evolution of H, in 1 M acid) and the
electron affinity equal (since adiabatic ionizations are considered) to /¢pem Of the
aqua ion (z — 1) should be below 5.73 €V in order not to evolve 0, %7 189, For
comparison, it may be noted thatk =5.4 eV for F~, 3.7 eV for CI™ and 3.2 eV for
I~. The high hydration energy for fluoride may be connected not only with the small
ionic radius but also the strong hydrogen bonding to water. The heat of evaporation
of water is 0.5 eV/mole corresponding to the breaking of between one and two
moderately strong hydrogen bonds. However, the moderate pK = 3 of HF in aqueous
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solution shows that HF must be considerably more stabilized, at least by entropy ef-
fects like Al(H,0)sF*2.

B. Ahrland’s Softness Parameter

Ahrland?® 18D proposes that (Ichem/2) for the reaction Eq (30) is a parameter
measuring the softness of definite central atoms. Table 3 gives values for 04 =
(Ichem/z) Which is a kind of energy per electron like standard oxidation potentials
E°. Presumably by accident, the lowest value is zero for lithium(I) and the highest
well-established value is 5.1 eV for mercury(Il) using the data of Rosseinsky '’
whereas Ahrland?®®) suggested 4.6 eV. Ahrland has revised the value for the hydration
energy of Ag" producing 0 = 4.1 eV for silver(I). The value o5 = 1.5 eV for cop-
per(I) obtained from Table 24 in Ref.%%) looks anomalous and is not included in
Table 3.

There is no obvious reason why o, should express Pearson’s scale of softness.
Nevertheless, it is evident that it succeeds much better than for instance the molar
polarizabilities a given in Table 2. The border-line cases between hard and soft central
atoms have g, around 3 eV, whereas typical hard behaviour is found when o, is
below 2 eV. A mild criticism is that o, has a tendency to increase more with the
oxidation number z than appropriate for the chemical softness, producing g, =
3.1 eV for iron(II1) like for copper(II) and zinc(II). No aqua ions are known for
z = 0 but an argument reducing o ad absurdam for such a case is that it would auto-
matically be zero, or more exactly the slightly negative hydration energy AHhydr
expected for a neutral atom.

The positive value of 0, means that it costs energy to transform an atom of a
metallic element (if the heat of sublimation of the condensed phase is added, an ad-
ditional energy of usually 2 to 5 eV is needed, with exception of the low value 0.6 eV
for mercury) to an aqua ion. This can be stated in a very provocative way%?): the
heats of formation of positively charged aqua ions (with the marginal exception of
Li*) are positive and not negative like conventional bond energies. Now, why are
Na* and Ca*? so stable in solution? This question (first asked by the contemporaries
of Svante Arrhenius) can be answered by pointing out that a system does not contain
free electrons with zero energy but that the loosest bound electron have a positive /
called the work-function for metallic samples. Photo-electron spectra show [ values
between 8 and 15 eV for most gaseous and solid compounds, the lowest value'82)
being 5.0 eV for the chromium(0Q) mesitylene complex Cr(C¢H3(CHa)a), having
N =12. It may be looking like putting the cart before the horses, but one may argue
that the “driving force” forming aqua ions is the electron affinity representing a kind
of Fermi level of condensed matter. The adiabatic electron affinity of water is 4.5 eV
in the conditions of the hydrogen electrode. Said in other words, a calcium atom
gains some 2(4.5 — 6, ) ~ 7.6 eV by dissolving as Ca*? in a solution having pH = 0
and producing 1 atm. H, . Under equal circumstances, a zinc atom gains ~2(4.5 - 3.1)=

" 2.8 eV and a mercury atom looses 1.2 eV, in agreement with the fact that mercury
vapour does not react with water.
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Table 3. Softness parameters according to Ahrland and to Klopman, the sum of the z first ioniza-
tion energies of the gaseous atom, and the enthalpies and free energies of hydration of M*? accord-
ing to Rosseinsky, and finally the heats of atomization of the elements, all in the unit 1 eV

(= 23.05 kcal/mole)

oA oK I, —AHnzygr —AGhydr Aflytom

H(I) 2.3 (—0.42) 13.60 11.3 11.3 2.26
Li(I) 0.0 -0.49 5.39 5.4 5.3 1.61
Be(I) 1.2 -3.75 27.53 25.1 - 3.33
Na(D) 0.9 0.00 5.14 4.2 4.3 1.08
Mg(1D 1.4 -2.42 22.68 19.9 19.8 1.66
ANIID 1.6 -6.01 53.26 48.3 47.8 3.25
K@) 1.0 - 4.34 3.3 3.5 0.93
Ca(ll) 0.7 -2.33 17.98 16.5 16.5 2.00
Sc(in 1.2 - 44.10 40.6 40.1 4.0
Cr(1D 2.1 —-0.91 23.27 19.1 - 3.45
Mn(ID) 2.0 — 23.07 19.1 19.0 2.97
FedI) 2.0 ~0.69 24.05 20.0 19.8 4.20
Fe(III) 3.1 -2.22 54.70 45.4 44.9 4.20
Co(Il) 1.8 - 24.92 21.3 20.8 4.56
Ni(Il) 2.0 -0.29 25.80 21.7 21.4 4.40
Cu(l) 3.1 +(.55 28.02 21.8 21.6 3.53
Zn(II) 3.1 - 27.36 21.2 21.0 1.35
Ga(lll) 2.9 -1.45 57.22 48.5 48.0 2.87
Rb(D) 1.0 - 4.18 3.2 3.3 0.89
Sr(1D) 0.8 -2.21 16.72 15.0 15.0 1.70
Y{IIH) 0.6 — 39.14 37.5 37.3 4.47
Ag) 4.1 +2.82 7.58 4.9) (5.0) 3.00
cadn 3.6 +2.04 25.90 18.7 18.7 1.18
In(III) 3.3 - 52.68 42.6 42.2 2.53
Cs(I) 1.2 - 3.89 2.7 2.9 —
Ba(ll) 0.9 -1.89 15.22 13.5 13.7 1.82
La(lll) 0.6 -4,51 35.81 34.0 - 3.8
Ce(IV) 2.0 - 73.24 65.1 - —
Hgd1) 5.1 +4.64 29.19 19.0 19.0 0.63
TII) 2.7 +1.88 6.11 3.4 3.6 1.93
TI(HD) 4.3 +3.37 56.37 43.4 - 1.93
Pb(1l) 3.6 - 22.45 15.3 15.5 2.01

Whereas LiCl and CsF with disparate ionic radii dissolve exothermally in water,
most halides of the alkaline metals dissolve without much heat evolution. This is a
remarkable observation in view of the huge Madelung energy —1.74/(ry; +74) in
atomic units (14.3 eV/A) relative to gaseous M* and X~ and it was first pointed out
by F ajans"m that this is compatible with the approximate equality

L74/(ry +re) ~ (1/2ry) + (1/214) (33)

if the radii in the dielectric approximation to the right are slightly larger, as later
treated quantitatively by Latimer'”3). However, Fajans extracted a quantity equiva-
lent to the 4.5 eV of Eq. (31). It is interesting that the hydration “‘pays back™ so
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accurately the enormous Madelung energy of the crystalline halides. This is a paral-
lel to the general tendency discussed by Rabinowitch and Thilo'®® that Madelung
potentials almost exactly compensate the ionization energies of the isolated atoms.
Around 1930, this tendency was illustrated by many numerical calculations, whereas
Eq. (32) for hydration energy has k closely related to the coefficient (a,/2) of the
differential ionization energy % 5.

When log 84 for Hg(CN); 2 is 41.5 or when AH39 is 63 kcal/mole the covalent
bonding “pays back™ 2.8 eV of the 2 0, lacking in the hydration of the aqua ion.
This expression (10.2 €V) might be somewhat more extensively compensated in
Hg(CH3), but seen from this point of view, 0, expresses a deficiency of stabilization
of the aqua ion relative to the gaseous neutral atom, and o4 indicates the soft be-
haviour because this deficiency can be somewhat mitigated by strong covalent bond-
ing. Said in other words, Li* is as stable in aqueous solution as the isolated lithium
atom, whereas Hg*? represents the opposite extreme. 0, has many of the properties
of a standard oxidation potential, and would be x eV lower if the quantity 4.5 eV
was x higher. Thus, 0, might have been introduced with the classical E° varying
from —4.5 eV for lithium(l) to +0.6 eV for mercury(II) formed from gaseous atoms.

It is even possible to calculate o, exclusively from the classical E° for the oxida-
tion of the metallic element to the aqua ion and from the heat of atomization AH,om
of the element given in Table 3. Neglecting for a moment the difference between AH
and AG, it is a matter of constant energy that

—AHyyar = AHyom + I, — 2(E° + 4.5) 34
205 =TI, + AHpygr = ~AHpom +2(E° + 4.5) (34)
As a numerical example, we may consider magnesium with AH 3o, = 1.66 eV and
%I, =22.68 eV. Then, E® = —2.38 V corresponds to 6, = 1.29 not far from the
more sophisticated value 1.4 in Table 3. It may be noted that one does not need to
calculate —AHpyqg, =20.1 eV from Eq. (34) for this purpose. It is possible to use

this approximation for obtaining o5 for aqua ions not discussed by Rosseinsky!7®.
For instance, the National Bureau of Standards Thermodynamical Tables give for Pd
AH0m =93 kcal/mole and AG 4¢m = 84 kcal/mole. In this case, the sublimation
heat of metallic palladium can be identified with the heat of atomization, because

the closed-shell atom with the electron configuration [Kr]4d!® presumably does not
form a perceptible amount of diatomic or oligo-atomic molecules. Since half the AH
for atomization of a hydrogen molecule is given as 2.26 eV in these tables, and half
AG as 2.11 eV (corresponding to the parameters 4.56 and 4.41 eV of I¢pem), the two
values (AH and AG) combined with E 0 = 0.99 V of the standard oxidation potential
of the metal to Pd(H,0)32 both give a, = 3.5 for palladium(II), the same value as

for cadmium(1l) (where — % AHpyom+E®+45=-0.6—0.4+4.5=3.5)and con-

siderably smaller than for mercury (= —0.3 + 0.85 + 4.5 = 5.05). 05 for copper(I) is
only 1.55 and silver(I) 2.35 according to Eq. (34) whereas it is 2.6 for chromium(III),
3.4 for cobalt(1Il) and 4.1 for bismuth(I1I).

It isimportant to note that (contrary to the discussion of hydration energy) the
differences between various g, are not influenced by the knowledge of the parameter
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of I hem in Eq. (31), close to 4.5 eV, and Eq. (34) is closely related to the ideas of
Abegg and Bodlinder except that E© are diminuished by (AH 440m/2) Which is a
much larger quantity for metals such as Fe, Ru, Rh, W, Re, Ir and Pt than for Hg
and TL

C. Kiopman's Approach

Klopmanlss) previously applied a semi-empirical quantum-chemical treatment to
organic molecules with the main purpose of predicting bond energies and heats of
formation. The values obtained were remarkably accurate, usually between 2 and 3
keal/mole (0.1 eV). After the symposium at the Cyanamid European Research Insti-
tute 1965, Klopman'®®) proposed a set of softness parameters derived from a theory
of ionic solvation taking into account the variation of the orbital energy>® with its
occupation number. For the aqua ion of M*?, Klopman proposes the orbital energy
being 0.751, _  + 0.251, _ , of the gaseous entities, as a compromise between the
“charge-controlled reaction” with little charge-transfer (where the electron affinity
of the loosest bound orbital 7, _ ; is decisive) and the “frontier-controlled reaction”
with strong covalency of the frontier orbitals (where the mean value (I .y +1,_2)/2
is appropriate). Klopman'®®) derives a rather complicated expression for the desolva-
tion energy which turns out to be very close to K gittes /(Tion + 0.82 A) where the
parameter K gies 18 7.1 eV for M(I), 23.1 for M(II), 42.7 eV for M(ITI) and 65.7 eV
for M(IV). In Table 3 are given the value in eV of og = —E,,* where the latter quantity
was defined by Klopman as the difference between the desolvation energy and the
orbital energy. For instance, barium has /; =5.21 eV and 7, = 10.0 eV and hence,
the orbital energy 8.80 eV. Since ;o = 1.34 A, the desolvation energy is 23.1/2.16 =
10.69 eV. The reason why we have changed the sign of ox = 8.80 — 10.69 = —1.89 eV
for Ba(Il) is that it is nicer to have a softness parameter increasing with the softness.
It may be noted that o = —0.42 eV for hydrogen(l) is derived from the experi-
mental desolvation energy of the proton assumed to be 10.8 eV rather than 11.3 eV
in Table 3. If one calculated (K gjj1es/0.82 A) = 8.9 eV one would obtain og =
+1.48 eV which might be defended too from the strong affinity of protons to H™,
CN™ and CH3. It may also be noted that Klopman186) chooses to consider ioniza-
tion of 4 s orbitals in Cr(Il), Ni(II) and Cu(Il) rather than 34d.

There is no doubt that Ahrland’s approach is more transparent. The main dif-
ferences are the use of the sum of all [,(n = 1 to z) and of experimental hydration
energies in the former case. An appealing aspect of Klopman’s treatment is the
desolvation energy only depending on ionic radii and charges. It is noted that Kgijes
is roughly proportional to (2z — 1) since the model is based on differential charge
transfer.

Both models can be applied to anions. Eq. (30) can be extended in an obvious
way to give 0, for halides (but not for H™ unstable in water). If one is willing to
accept ionic radii for H™ and diatomic anions, ok can be evaluated'®®) as the sum
of the orbital energy (0.25 ionization energy +0.75 electron affinity) and the desolva-
tion energy, (7.1 ev/rjon) both with opposite sign. o vary more than o, for halides,
but the variation of these negative values is less pronounced than for the cations.
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F~ Cl- Br™ I” H™ OH- CN™ SH™
Oa -87 -75 -69 -6.1 - - - -
Tion 1.36 1.81 195 2.16  2.08 140 2.60 1.84  (35)
ok, —12.18 —-1045 -9.22 -8.31 -7.37 -1045 —8.78 -8.59

D. lonization Energies of Valence Electrons and Partly Filled Shells

In the period 1955—70 the partly covalent bonding in “ligand field” theory was con-
sidered an extension of the Hiickel treatment of heteronuclear molecules. The chro-
mophore MXy had diagonal elements of energy Hyy less negative than Hy of the li-
gating atoms, and the eigen-values supposed to represent ionization energies I (with
opposite sign) are evaluated for a secular determinant having as non-diagonal elements
the product of the overlap integral Syyx multiplied by an average energy, for which
Wolfsberg and Helmholz proposed k(Hy + Hx)/2 with k between 1.5 and 2. This
model has the advantage of making the anti-bonding MO twice or thrice as anti-bond-
ing MO are bonding, in agreement with experience. It was suggestedso) in 1962 that
certain complexes of oxidizing central atoms and reducing ligands (such a CuBrz 2
and Oslg?) might turn out to have higher 7 of the partly filled shell than of the
loosest bound MO mainly situated on the ligand. The mechanism of this apparent
paradox is the huge difference between I and electron affinity of the partly filled
shell (for which the theoretical estimates have the order of magnitude 10 eV in the
d groups and 20 eV in the 4f group) which is recognized® 5787} o play a decisive
rdle in the chemical behaviour of the five transition groups, and in particular, in the
choice of oxidation states when combined with the hydration or Madelung energies.
However, the photo-electron spectra 151,170) have shown the situation of higher
I of the partly filled shell to be far more frequent than a few exceptional cases in
the d group. A great surprise is that'88:189) most 4f group compounds (with excep-
tion of Ce(IID), Pr(1IT) and Th(III)) have comparable or higher I of the partly filled
shell than of the 2p orbitals of fluoride or of oxygen-containing ligands. It is nor-
mally felt that the condition for strong covalent bonding is comparable Hy; and Hy.
Seen from the strict point of view of solving Schrédinger’s equation, a very small
Smx cannot prevent covalent delocalization in the case of coinciding Hy = Hy Nev-
ertheless, it is one of the best established facts about 4f group complexes2?-50-190)
that the covalent bonding, both as far goes radial expansion adapting to decreased
fractional charge and delocalization on the ligands corresponding to formation of
anti-bonding orbitals!® D, is very weak, as seen from the nephelauxetic effect (de-
creasing phenomenological parameters of interelectronic repulsion) and spin-orbit
coupling parameter {4 varying less than one percent in different ytterbium(III) com-
pounds. The corresponding problem of finding LCAO eigen-vectors is far more com-
plicated than first believed and constitutes what is colloquially called “the third revo-
lution in ligand field theory”58171:192) 1t js interesting that the angular overlap mod-
el originally intended?!) to describe anti-bonding effects on the seven 4f orbitals
proportional to S}x remains valid, as it does for d-group complexes®7:82:193) jnde.
‘pendently of this difficulty, and it can be shown7:193) t¢ be equi-consequential
with a singular contact potential acting in the vicinity of each ligand nucleus.
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In some cases. the d-like orbitals have lower 7 than the MO mainly localized on
the ligands. The first known case was VCl, having one 3d-like electron with/ =9.4
eV well below the filled MO starting at 11.8 eV like in the analogous TiCl, re-
presenting linear combinations of essentially chlorine 3p orbitals. Such evidence is
usually known for gaseous molecules'>!? where the good resolution allows vibration-
al structure to be detected, and a typical case is all three M(CO)s (M = Cr, Mo and
W) having 7 = 8.5 eV of the six d-like electrons (in the following, we give the verti-
cal f corresponding to the maxima (or the baricenters of vibrational structures) of
photo-electron signals). Nixon'®?® studied molecules such as Cr(PF3)¢, Fe(PF3)s
and Rh(PF3)4H to which *“ligand field” (and to a large extent, even angular overlap)
arguments can be applied. For whatever reason, the d-like electrons have / one to
two eV higher in PF; than in the corresponding CO complexes. One may think of
back-bonding to empty orbitals increasing /, either by stabilizing the d-like orbitals
being the lower eigen-values, or indirectly by increased fractional charge of the cen-
tral atom. However, it has become clear®®:192) that the minimization of the total
energy of the molecule does not correspond to a necessary minimum of the energy
of the partly filled shell. Partly covalent bonding pulls in direction of lower I of d-
like electrons by the predominant influence of decreased fractional charge of the
central atom also, to a large extent, removing the intrinsic difference between co-
balt(Il) and (III) or even nickel(IT) and (IV). These central atoms have far lower
I(3d) than gallium(III) close to 26 eV3®). The recent results from photo-electron
spectra have explained why the partly filled shell in most cases remain fairly localiz-
ed on the central atom*%”) not so much because of a much lower electronegativity
than of the ligands, but rather due to the large difference between I and the electron
affinity (also favouring a definite integer as the number of 4f electrons in the metal-
lic elements, alloys and compounds). Even the rather unique exception TmTe, a
stoichiometric metal crystallizing in NaCl type, contains about half 4f '3 Tm(II)
and half 4/ Tm(IIT) on an instantaneous picture, but the photo-electron spec-
trum!®>)is an unambiguous superposition of the two sets of signals.

" For our purposes, the results of photo-electron spectra of solids 38:189:196) are

somewhat worrying in sofar the ten 4d-like electrons of silver(l) have almost the
same / as the 5p-like electrons of iodide, whereas the 4d electrons of cadmium(II)
have I close to 17 and indium(IIT) about 24 eV. For a conventional LCAO descrip-
tion, this evidence clearly indicates that the filled d shell hardly is influenced by
chemical bonding, and that the obvious chemical differences between Cd(II) and
Sr(IT) or between In(IIl) and Y(III) are due to covalent bonding of the empty 5s
orbital (the 4d and Ss orbitals cannot mix in a one-electron description if the chro-
mophore remains cubic on an instantaneous picture with three equivalent Cartesian
axes) or possibly to the 5p orbitals, besides the smaller ionic radii of Cd(II) and
In(III). However, the situation is far worse in solid silver(I) halides. It has been
known for half a century!3¥) that the Madelung energy overestimates the heat of
formation of AgF from gaseous Ag® and F~ by a few percent™ like it does for the
isotypic alkali halides. This discrepancy was explained by Born, Haber and Fajans'®®)
as the destabilization due to the repulsion between the closed cores. That such a de-
stabilization with a dramatic increase for shorter internuclear distances must occur
can be seen from the fact that the Madelung energy alone gets x times more negative
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if all the distances are decreased by the same factor x. Solid AgCl and AgBr are
somewhat exceptional by having AH from gaseous ions a few percent higher‘” than
predicted by the Madelung theory. This has always been taken as evidence for co-
valent bonding'®* but the problem now is that the coinciding / of silver 4d and halide
p electrons produces a destabilization of the same kind as core-core repulsion pre-
venting solids from imploding. Hence, AgF avoiding this coincidence should be
more stable. This is the reason why continuum effects®”) were invoked to explain
the excess stability of AgCl and AgBr by deformation of the constituent orbitals
(having no direct effect on the photo-electron spectra). These materials are also un-
usual by forming the latent image known from photography, and where it has been
suggested197) that two additional electrons are delocalized on a cluster of twelve
silver atoms.

The 1 values being one-electror quantities show a contrast to valence-bond
hybridization. Even CH4 has two signals centered around 14 and 23 eV to be com-
pared with Ne2p 21.6 and Ne2s 48.4 eV and the intermediate ten-electron system
H;0 12.6, 14.8, 18.6 and 32.2 eV which could be interpreted as a “ligand field” in
the point-group C,, separating the three 2p orbitals of oxygen(—II) remaining rathe:
separate from 2s. It is difficult to tell whether hybridization occurs or not in the
groundstate, but its importance has been overestimated*®68),

E. lonization Energies of Inner Shells and Relaxation Effects

Around 1968, it was believed'*® that the chemical shift d of ionization energies of
inner shells depends mainly on the oxidation state of the atom considered. Elements
able to change their oxidation number by 8 units, such as nitrogen, sulphur and
chlorine, vary indeed their / values some 12 eV. However, thisis to a large extent a
question of the ligating atoms. Thus, /(S2p) of SFe is 180.4 eV to be compared
with the interval 175 to 173 eV for various sulphates and 170.2 eV for H, §'52),
When Berthou and the witer %) measured photo-electron spectra ot 600 non-
metallic compounds containing 77 elements, distinct exceptions were found. Thus,
T1,03 has lower I than the 21 thallium(l) compounds measured, PbO, lower than
all the 15 lead(II) compounds studied, and most cobalt(III) complexes lower / than
Co(II). The general trends of high 7 in the fluoride of a given central atom and low

I in the oxide (known for pronounced nephelauxetic effect) and sulphur-contain-
ing compounds are compatible with a dependence on the fractional atomic charge
4,39,67) though the iodides and cyanides show unexpectedly large I seen from this
point of view. This variation (usually 2 to 5 eV for a given oxidation state) could

be understood a s a first-order perturbation from the combined Hartree + Madelung
potential not contributing®® to the total energy of the system, and explaining why
X-ray absorption spectra show chemical shifts an order of magnitude larger than

the X-ray emission lines due to transitions between two shells perturbed by roughly
the same Hartree + Madelung potential.
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However, it is certain that this cannot be the whole truth. The relaxation effect
consisting of an energy decrease by the adaptation of the electronic density of the
other orbitals (contrary to the behaviour described by Koopmans) and a compara-
tively smaller energy increase due to a part of the correlation energy disappearing
by the ionization, is known to be 20 eV for the 1s orbital of the neon atom having
I=2870.2 eV. Quite generally, the infra-atomic part of the relaxation energy is em-
pirically'™? close to 0.8 eV times the square-root of I (in eV) of inner shells. Care-
ful calculations of the relaxation energy'?®) in simple carbon-, nitrogen-, and oxygen-
containing molecules are between 15 and 23 eV for 1s ionization. It is clear that for
our purpose, the inter-atomic part of the relaxation energy are more interesting. In-
deed, potassium(I) salts!7%18%) show a variation of (K2p3;) which can hardly be
ascribed to changes of the fractional charge. Table 4 gives the values of I’ corfected

Table 4. Ionization energies in eV of the (f = 3/2) component of the
2p shell of potassium obtained by photo-electron spectrometry, and
corrected for the quasi-stationary positive potential of the non-con-

ductors loosing electrons

KBF4 299.3 KIO3 298.1
KPFg 299.2 KiO4 298.0
K3RhFg 299.0 K,Hgla 298.0
K3SiFg 298.8 KF 297.9
K;GeFg 298.6 KI 297.9
K4Bily 298.6 KCl 297.8
KyBeFg 298.5 K2HOAsO3 297.8
KNbF7 298.5 K2UFg 297.8
K;HfF§ 298.5 KNiF3 297.7
K2 TiFg 298.4 KNOsO3 297.7
K,PtClg 298.3 K2Pt(SeCN)g 297.7
KBr 298.3 KAg(CN), 297.5
Ko TaF, 298.2 KBrO3 297.3

KSeCN 296.5

for the effect of charging of non-conducting samples acquiring a quasi-stationary
positive potential in the photo-electron spectrometer. When this potential is above
1V (it reaches 5V for certain anhydrous fluorides) we argue that it can be measured
as the distance between two carbon 1s signals seen when the powdered sample is
distributed?®® on the adhesive side of one-sided scotch tape (such as 600 P from

the 3M Company; other brands are not always an aliphatic hydrocarbon but con-
tains poly-ether or C-Cl bonds). Since gaseous hydrocarbons have I(C 1s) between
290.8 and 290.4 eV'*?) of carbon atoms exclusively surrounded by hydrogen and
other carbon atoms, and since the mild dependence on molecular size suggests an
approximate saturation of the relaxation effects, we arguezol) that these signals in-
dicate 7 = 290.0 eV relative to vacuo (whereas most authors would write I * =285 eV
relative to a Fermi level of the spectrometer) and we define Cg as the difference be-
tween 290 eV and the highest of the two/ *(C 1s) values recorded by the Varian
1EE-15 apparatus. Then, we define I’ =I* + C4 for the signals of the other elements.
This definition gives good agreement with independent evidence for the valence elec-
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trons of solids and in gaseous molecules. In the case of conducting samples, one

sees only one carbon 1s signal at I'* = 290—C and I =I* + Cg. Not only metals in
electric contact with the instrument, but also certain samples with strong hydrogen
bonds (say, salt hydrates) or containing conjugated constituents (such as tetraphenyl-
borates or salts of tetraphenylarsonium or methylene blue cations) are sufficiently
conducting under the X-ray bombardment (with 1253.6 or 1483.6 eV photons) to
fall in the latter category.

It is quite striking that the fluorine-containing anions in Table 4 show I’ (K2p3;)
in average 298.7 eV to be compared with 296.5 eV for the soft selenocyanate and
297.7 eV for K, Pt(SeCN)g . However, Table 4 is incomplete for the large anions,
there is no doubt'7%'8%) that K, Ptls, K, PdCly, K, PA(CN)4, K, Ni(CN)4, KAu(CN),,
KthBl'ﬁ, K, Il'Bl's, K2 Hg(SCN)q, K4F€(CN)6, K3CY(NCS)5, KMI'IO4, K, Pt(SCN)5
and K3Fe(CN)g also have low ionization energies, but the distance between the two
C 1s signals indicating the quasi-stationary potential (which we believe is the distance
from the lower limit of the empty conduction band of the sample to the Fermi level
of the metallic surroundings) cannot be evaluated.

Actually, the results in Table 4 are even more surprising if corrected for the
Madelung potential. If Vyyag =9.4 eV in KF, 8.0 KCl, 7.6 KBr and 7.1 eV in KI are
added to the I' values, one obtains 307.3, 305.8, 305.9 and 305.0 eV, respectively.
The fluoride-containing anions have more than twice as large radii, and there are
good reasons to believe that their I’ values corrected for the Madelung potential
would be lower, probably close to 304 eV. This idea'”") of more important relaxa-
tion effects in fluorine-containing anions is corroborated by the lower I’ observed in
K,UF¢ and the perovskite KNiF3; not containing monomeric anions but an extended
lattice with fluoride bridges. That the large pseudohalogen- and halogen-containing
anions of noble central atoms produce low I’ values is accentuated by the weaker
Madelung potential. A rather extreme case is K*B(CgHs)z where / (K2p3p) =
298.9 eV is an upper limit to/’ (a plausible I’ would be 298 eV) and the Madelung
potential is at most 2 eV. Hence, it seems that the inter-atomic relaxation is 7 eV
larger in the tetraphenylborate than in the fluoride.

Seen from the point of view of the chemist, the relaxation effects remaining in
I'(K2p) after correction for the Madelung potential represent the propensity of the
neighbour atom to establish covalent bonding to the K*2 lacking a 2 p electron within
10~ sec. It would be a more transparent question to consider the groundstate of
potassium(II) lacking a 3 p electron, and actually, the I'(K3p) varying between 23
and 21 eV (to be compared with 15.8 eV for argon 3 p) show the same trends, but
the photo-electron signals are much weaker2°%' 293) than K 2p. It is not surprising
that the ephemeric super-oxidant K(II) shows many of the characteristics of soft
central atoms such as PA(II) and Au(II).

It is conceivable that one may extract other evidence from photo-electron spectra
of relevance for the physical significance of soft and hard behaviour. Thus, it is char-
acteristic>®® that the post-transitional atoms Cd(II), In(I1T) and Hg(II) show much
smaller I’ differences between fluorides and oxides than other elements in the oxida-
tion state z where the order of magnitude of df is zeV with the insoluble iodates oc-
cupying a position intermediate between fluorides and oxides. Noble gases??) embed-
ded in metallic copper, silver or gold show inter-atomic relaxation effects!”") amount-
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ing to 2 to 3 eV. In all of these cases, phenomena with a time-scale around 10717 sec
obey the Manne-Aberg principle2?®) of electronic relaxation in the primary signals,
in addition to the analogous Franck-Condon principle of nuclear positions. This may
be much closer to what chemists loosely name polarizability than the o values of
Table 2. Chemistry is intrinsically a question of the influence of the adjacent atoms.
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1. Introduction

Optically active organometallic compounds in which the transition metal is the center
of chirality have been known since 1969, when the first manganese compounds were
réportedl). In the meantime cyclopentadienyl and carbonyl transition metal com-
plexes with 4, 5 and 6 ligands have been obtained in optically active form for the fol-
lowing types of compounds (Scheme 1):

M M (1
L1C/‘">L3 L34—X_/ Ly

L, L,
//I’ \ N
. \\ \\\ , "I \:\
Y M 3 *\ ‘) D
oc 77T L, , T co

The introducticn of optically active resolving agents into chiral or prochiral
organometallic complexes, the separation of the diastereoisomers and the prepara-
tion of enantiomers are summarized in a publication of the New York Academy of
Sciences?). A brief account of the application of these optically active compounds
for the elucidation of reaction mechanisms was given some time ago>~3). The pre-
sent article describes the stereochemical results obtained with the new optically
active organometallic compounds, subdivided according to the stereochemical out-
come into retention, inversion, racemization and epimerization reactions. The abso-
lute configurations of the optically active organometallic transition metal compounds
are not known except for the square pyramidal Mo complex 384®). Therefore the
configurational assignments in the formulas /—49 are arbitrary, 2 and & designating
the two different configurations at the metal atom.
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2. Retention Reactions

2.1. Ligand Transformations

The optically active compounds obtained by diastereoisomer separations?) can be
used for the preparation of other optically active derivatives. If these reactions occur
only at the ligands and do not involve the asymmetric center at the metal atom, all
the compounds prepared in this way must have the same relative configurations at
the metal atom. '

In the reaction of the optically active manganese menthyl esters / with sodium
methoxide in methanol, a transesterification occurs [Eq. (2)]. The menthoxide ion is
replaced by the methoxide ion. In the solvent methanol the equilibrium lies com-
pletely on the side of the methyl derivatives 2, which can be isolated in high yields”'®).

I B 4y \
s I‘ ‘\\ CH3ON8 \5_/ ‘
. ,0'._ + CHOH

ON «-/jM“—\é ?
1,

~ s N
<
N 2

@}
4jm
rd
2 -
S
&
/
@]
(@)
o]
w

P(C6H5)3
Ia [a)%, +485° ) 2a [a)%, +630°
1b {a]?5, —550° 2b [«])?, —645°

1579 579

If the (+)-rotating menthyl ester Ia is used for this reaction the (+)-methyl ester
2a is obtained. In the same way the (—)-menthyl ester /b can be converted to the
(—)-methyl ester 2 b7, Short reaction times and fast work up are necessary because
the menthyl esters as well as the methyl and ethyl derivatives racemize in solution”®)
(Section 4.1).

Treatment of compounds which contain metal-bound ester groups with acids
leads to a rapid cleavage of the carbon alkoxide bond in the COOR group®'9). If dry
HCl is passed through solutions of the optically active esters I, the chlorides of the
[CsHsMn(CO) (NO)P(CgHs)s]" cations precipitate within minutes'?. In this reaction
menthol is eliminated and the ester group is converted into the carbonyl group. The
chlorides can be transformed into the water-insoluble hexafluorophosphates 3 (Eq.

™.

~
-

~

-
lIII(

\ + PF¢ P \

S _=Mn \ 7 +HCO &—=— L \ _
ON /\»c/ - - oNé=TM s o | PFe +HOQ
/ . & = [‘_‘,

~ - O ~
P(CH;), Q P(CeH;)a

la e, +485° 3a lallg, +375°

16 [a)35, ~550° 3b [a]25, —385° (3)
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If the (+)-rotating ester /a is used for this sequence of reactions the (+)-rotating
salt 3a is produced. In the same way, starting with the (—)-rotating ester /b the (-)-
salt 3b is obtained'V. The reactions 3 are best carried out at —20 °C in toluene solu-
tion in order to suppress the racemization of the menthyl esters /. The salts 3 are
optically stable in the solid state as well as in solution. As 32 and 3b are also stable
to air and heat, they can be stored indefinitely and represent suitable starting materi-
als for the preparation of other optically active compounds, as the following examples
show.

The reverse of the acid cleavage of metal-bound ester groups is the nucleophilic
addition of alkoxide ions to cationic carbonyi complexesg). These reactions have been
carried out with the optically active salts 3 and sodium methoxide”® [Eq. (4)] as
well as sodium ethoxide?

_ R 0,
ON&M—nN co PF, + NaOCH; ——8 KM-H»\»C\ + NaPF,
/ OCH,
P(CcHs)a P(CHs)s
4)
Ja [a]25, +375° 2a [a)2, +630°
36 lag;, —385° 2b a2, —645°

In reaction 4 the (+)-rotating salt 3a yields the (+)-methyl ester 2a, identical with
the transesterification product of the (+)-menthyl ester la according to Eq. (2). Sim-
ilarly, the (—)-rotating salt 35 gives the (—)-rotating methyl ester 25, identical with
the transesterification product of the (—)-menthyl ester 15 according to Eq. (2)7%.

By reactions 2—4 the (+)-rotating compounds /4, 24 and 3a can be converted
into each other. As the reactions occur only at the carbonyl carbon atom group these
(+)-rotating compounds must have the same relative configuration at the manganese
atom, The (—)-rotating complexes /b, 2b and 3b are related in the same way.

The optically active Fe complex 4a was converted into the corresponding iodo
derivative Sa with the same configuration at the Fe atom by interaction with HI
(Eq. (5)1'.

SN ~ / RN
= + —_ J F
oc </-j S CHQ—O—Q HI oc (/]— = cp,p THOGWH
~ - Yo -
P(C6H5)3 P(C6H5)3 (5)
4a Sa

In the reaction of the salts 3 with Li organic compounds two different types of pro-
ducts are formed simultaneously because LiR attacks cyclopentadieny! carbonyl cat-
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ions at two different sites: on the cyclopentadienyl ring, and on the carbonyl carbon
atom!%~1), In the ring-addition reaction the cations are converted into the neutral
exo-cyclopentadiene complexes 6 whereas in the carbonyl-addition reaction the cat-
ions are transformed to neutral acyl complexes 7'%.

S Mn PE;" + LiCH LiPF,
\ 10,
ON éﬁ—— >>co ) ’
N
L P(CeHs);
a [e]25, ~1475°
(6)
+ S \ O
’ Mn N //
ON 6{-7/—— e
-7 CH,
P(CeHg)s P(C¢Hs),
6a [o]Z, —288° 7a [a]25, —2450°

The reaction of 3a with LiCHj is shown in Eq. (6)'7. In the same way the opti-
cally active salts 32 and 3b were reacted with Li phenyl and p-substituted Li phenyls
with the p-substituents N(CHs),, OCH3, CH3, CgHs, F, Cl, CF317. The cyclopenta-

_ diene complexes 6a and 6b and those carrying other exo substituents are optically
stable like the salts 32 and 3b'7). The acetyl compounds 7z and 7b as well as the
corresponding benzoyl and p-benzoyl derivatives 18—25, however, are configuration-
ally labile in solution'” (Section 4.1).

In reaction 6 and in the reactions of 3a and 35 with other Li organic compounds,
the two products must necessarily have the same relative configuration at the metal
atom as the optically active cations used for their preparation, because the asymmetric
center at the metal atom does not take part in these ligand transformations. This argu-
ment holds for reactions 2—6, but it is not always reliable, as the examples in Section
3.1 show. It should be mentioned that compounds with the same relative configura-
tion at the manganese atom have similar chiroptical properties. So the wavelengths
of the maxima and the signs of the Ae values in the CD spectra of benzoyl compounds
with different substituents are exactly the same and they are not too different in
compounds in which one ligand is varied a little!?). Therefore it seems that the chir-
optical properties of these organometallic compounds are dominated by the configura-
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tion at the metal atom and that small changes in the ligands do not have a large in-
fluence on ORD and CD spectra.

2.2, Ligand Dissociation via Chiral Intermediates

Another group of retention reactions including ligand dissociation and the formation
of chiral intermediates is discussed in Section 4.1.

2.3. S0, Insertion

SO, inserts into metal-carbon ¢ bonds!®). The reaction is stereospecific with respect
to the configuration at the a-carbon atom of the alkyl group!® and proceeds with
inversion of configuration at the a-carbon atom, as shown on threo-erythro isomeric
derivatives of CsHsFe(CO),CHDCHDC(CH3); by 'H NMR spectroscopy?®:7%).

As far as the metal center is concerned, the stereospecificity of the SO, insertion
was demonstrated with diastereoisomeric Fe compounds that contain chiral centers
on the metal and either in the substituted cyclopentadienyl ring“) or in the alkyl
side-chain?!> 22), The stereochemistry of the SO, insertion with respect to the metal
atom was studied with the optically active iron compounds 84 and 8b%%). Liquid SO,
inserts into the Fe—C bond of 84 and 85 with retention of conﬁguration23) (Eq- (7)].
The similarity in the chiroptical properties of 8a and 9a as well as §b and 95 was
used for the assignment of relative configurations?%).

. \ fo) [ \ o

J_LFe 7 +80, — ;_iFe ™ .
oc <// > oHc] Y 2 oc e/] "2 50,-cH, €7 v
~i - = e N =
p 0 - O
P(CqHy)s Q P(CoHy)s Q
8a [«]Z5, +330° 9a la]®, +206°
8b [a]25, ~309° 9b [a)?5, ~270° , ™)

These results lead to the following suggestion for the mechanism of the SO,
insertion into a metal-alkyl bond®): Backside attack of 80, on the a-carbon atom
of the alkyl group with inversion of configuration at the carbon atom affords a tight ion
pair MRSO3 , from which first the O- and then the S-bonded products MSO,R are
formed with retention of configuration at the metal atom!®: 23). The CO insertion
reaction is discussed in Section 3.3,

3. Inversion Reactions

3.1. Role Change of Ligands

In the transesterification of the manganese menthyl esters /4 and 15, which give the
corresponding methy] derivatives 24 and 2b, the same relative configuration was
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ascribed to starting materials and reaction products, the argument being that the
reactions occur only at the ligand, the configuration at the metal atom being un-
changed”* ®). The iron menthyl esters 10a and 1052* 25) differ from the manganese
menthyl esters /a and 15 only in the fact that the manganese nitrosyl system is re-
placed by the isoelectronic iron carbonyl system“), everything else remaining un-
changed. Therefore, in the transesterification reaction of the iron menthyl compounds
10, the corresponding methyl esters 11 with the same configuration at the iron atom
were to be expected. The transesterification in methanol according to Eq. (8) in fact
yields the methyl ester, but always in the racemized form 1a/b?). Furthermore,
for the transesterification in the manganese series base addition is necessary, where-
as the transesterification in the iron series proceeds in pure methanol®: 2%,

//" AN ~ 1 N
N 5
+ CH,0H

/
, '

S _LFely 40
oc«{']-s—- < Y

N t P

N \O

P(CeHs)s P(C¢Hs)s

o]
{CS
jasi +
Q

Q
O\ 4

s S~

\ :'11
A\
-
Q
e}

25 L4
10a [, +35 11 racemic

10b [o]%5, —80° ®)

These differences in the reaction conditions and the stereochemical results of the
transesterification of the related manganese and iron systems of Eqs. (2) and (8) are
explained on the basis of the results of the following reaction.

In the reaction of the optically active iron menthyl esters 10 with Li methyl,
the esters are converted into the acetyl derivatives 12 and Li menthoxide is elimi-
nated?”). If in reaction 9 the (+)-rotating ester 70a is used, the (—)-rotating acetyl
derivative 125 is formed and the (—)-rotating ester /0b affords the (+)-rotating
acety! derivative / 2a*7,

Contrary to the examples in Section 2.1, the optical rotations of starting material
and reaction product in reaction 9 are not the same-and their chiroptical properties
are also opposite to each other. The diagram at the bottom of Scheme 9 shows the
CD spectra of 10a and its reaction product with Li methyl 12527). These opposite
Cotton effects indicate that the configuration at the iron atom is inverted in reac-
tion 9. This can be explained in the following way: Li methyl obviously does not,
as expected, attack the carbon atom of the ester group, but the carbon atom of the
carbonyl group. However, the menthoxide ion is eliminated from the ester group,
which leads to an inversion of the configuration at the iron atom because the original
carbonyl group is transformed into the new acetyl group, whereas the original func-
tional group on losing the menthoxide ion is converted into the new carbonyl group?”,
In this reaction two ligands change their roles and this means inversion of configura-
tion, although the bonds from the iron atom to the ligands are not cleaved. Obviously
the carbonyl group in compounds /0 is more reactive than the ester group towards
nucleophilic attack?: ),
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’r /\ c : LiO + OQ(‘(//_’L, F-e-:\\(‘o
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In the manganese compounds I the ester group seems to be more reactive than
the nitrosyl group and the nucleophilic attack proceeds at the carbon atom with
retention of configuration”” ), Therefore, for molecules of type  and 10 the reac-
tivity sequence toward nucleophilic attack is25 .

CO > COOR > NO. (10)

This reactivity sequence also explains the results of the transesterification reactions 2
and 8. Nucleophilic attack on the iron complex 10 is easier at the carbonyl group
than at the ester group. One reaction step of this kind leads to an inversion of con-
figuration, as shown in Eq. (9)?7). Successive nucleophilic attacks, as occur in the
solvent methanol, however, lead to a series of inversion steps and ultimately to the
racemization observed in reaction 825). In the manganese ester /, on the other hand,
the attack of the alkoxide ion occurs at the carbon atom of the more reactive ester
group and hence always with retention of conﬁgurations). In accord with reactivity
sequence 10, pure methanol is sufficient to attack the reactive CO group in the trans-
esterification of 10 [Eg. (8)] whereas Na alkoxide must be added to attack the less
reactive COOR group in the transesterification of 1 [Eq. (2)]% 25).

3.2. Walden Inversion

The inversion reactions 8 and 9 of the iron esters 10 discussed in Section 3.1 are in-
versions of a special kind. They arise because two ligands change roles without cleav-
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age of the bonds starting from the metal atom. The next examples show an in-
version reaction that occurs directly at the metal atom.

The optically active Mo complexes 13a and 13b are configurationally stable*® 29),
Their optical rotations in solution remain constant over long periods of time. If, how-
ever, a trace of free R—(—)—a-pheny! ethyl isonitrile 30, 31) j5 added to solutions of
13a at room temperature, its optical rotation decreases within about one hour to
values around 028 2% We explain this behavior by a backside attack of the free
isonitrile on the optically active complex /32 according to Eq. (11).

S N Mo
ONM —--“CNC H + oNECH RNC--Mo-CNRa== c CNC~{--%‘>»NO+CNR
~ ~
. H H;C
o¢ CeH, CeHs coNo sCs co
13a [a)%, +350° 13b
R = CH (CHj) (CeHy) 11

The isonitrile originally bound in the complex is expelled on the other side and
a Walden inversion occurs at the asymmetric Mo atom?® 29), Complex 13b, with the
opposite configuration to /3a at the Mo atom, may react again with free isonitrile
via a similar Sy 2 transition state. A series of such inversion steps ultimately leads to
the epimerization which results in the observed decrease in optical rotation on addi-
tion of free a-phenyl ethyl isonitrile to solution of 134 or 1352% 29),

The optically active Mo isonitrile complex 3a may also be reacted with nucleo-
philes other than isonitriles. Triethylphosphine, a much better nucleophile than the
isonitrile bound in 1 3a, also attacks complex I3« at the backside and replaces the
isonitrile via an Sy2 transition state in a reaction which at room temperature is com-
pleted within a few minutes 28 29),

The triethylphosphine derivative 14b formed in reaction 12 has a configuration op-
posite to that of the starting material, as can be seen by comparing the chiroptical
properties of 3a and 14b and of the products of Scheme 12 when cyclohexyl iso-
nitrile is used instead of triethylphosphine 28 29),

System 12 is very favorable, since the optically active phosphine complex 145
is relatively stable towards the free nucleophiles, the excess phosphine, on the one
hand and the isonitrile formed in reaction 12 on the other. Therefore, if the reaction
of 13a with P(C,H;)3 is stopped after a few minutes, only the inversion represented

,
2 SN
/ I’ 1

g _CH, N

i
1

Mo
ON(/]‘--\CNC H + P(C3Hg)y——(HsC);P Mo CNR —=  (H,C,),p & -\\’ NO +CNR
oc¢ TCoHs o
CONO
13a [a]f;, +350° 14b [0, -215°
R = CH (CH3) (C¢Hs) (12)
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in Eq. (12) will have occurred and the phosphine complex 145 can be isolated in an
optically active form?%: 29),

The reactions 11 and 12 of the optically active Mo compounds /.3 follow the
typical pattern of organic Sy2 reactions. Racemization occurs if the optically active
compounds are treated with nucleophiles that are identical with the leaving groups.
Better nucleophiles lead to a Walden inversion.

3.3. CO Insertion

Metal-alkyl bonds can be carbonylated and metal-acyl bonds can be decarbonylated3?,
The main mechanism suggested for the carbonylation reaction is alkyl migration from
the metal to a terminal CO group with entrance of a ligand L, and vice versa for de-
carbonylation32).

Both reactions have been shown to proceed stereospecifically with respect to the
carbon atom adjacent to the metal or the carbonyl group!®: 33, An investigation of
the threo-erythro isomers of CsHsFe(CO),CHDCHDC(CH3)3 showed that the reaction
occurs with retention of configuration at the a-carbon atom of the alkyl chain3%.

The same conclusion was drawn from a reaction sequence involving carbonylation
of an Fe alkyl compound with the asymmetric center on the a-carbon atom followed
by an oxidative cleavage of the Fe-acyl bond with halogen35).

The photochemical decarbonylation of 1.3—(CH3)(C4Hs)CsH3Fe(CO)--
[P(CeHs)3]COCH3 proceeds with a high degree of stereospecificity as far as the con-
figuration at the asymmetric iron center is concerned 223671 The Joss in stereospeci-
ficity was shown to be due to epimerization subsequent to CO elimination. Similar
results have been obtained with diastereoisomers of CsHsFe(CO)P(CeHs )3}
CH,CH(CH;3)(CgH5)?%: 3671,

The thermal decarbonylation of (—)-CsHsFe(CO)P(C¢Hs)3]JCOCH;3 12537 in
boiling toluene gave only optically inactive CsHsFe(CO)[P(CgHs)3]CH3 153%). The
photochemical decarbonylation of (+)-CsHsFe(CO)[P(C¢Hs)3]COCH3 12a3%) gave
on long irradiation an optically inactive decarbonylation product, and on short irra-
diation an optically active decarbonylation product 152 to which the opposite con-
figuration at the iron atom was assigned on the basis of its chiroptical properties®®)

[Eq. (13)].

7 i
// /’ \\ ///’/ \\\
o / \ // ,’ \\
N / -CO ’ Fe \
> (4— Nco ocﬁ—-—}kcn,
I Ny P
P(C6H5)3 P(CeHs),
12a [a]%, +287° 150 (13)

546

The inversion of configuration at the iron atom in Eq. (13) is in accord with the pro-
posed alkyl migration mechanism for the decarbonylation reaction 22-3%:72)
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4. Racemization and Epimerization Reactions

All the new optically active organometallic complexes?) are configurationally stable

in the solid state. The crystals can be stored indefinitely without any decline in the
optical rotations, provided no decomposition reactions occur. In solution, however,
two different cases must be distinguished. Most of the new organometallic compounds
are also optically stable in solution, and the solutions retain their optical rotations
unchanged for long periods of time. But some complexes are configurationally labile
in solution; their rotational values decrease without participation of other reagents.
Examples of this kind are treated in Sections 4.1 and 4.2. Section 4.3 describes the
racemization and epimerization reactions that occur when optically active organo-
metallic complexes interact with other reagents.

4.1. Dissociation Reactions

After dissolution of the manganese methyl esters in benzene at 30 °C specific rota-
tions of about 2500° can be measured for the (+)- and (—)-rotating enantiomers 2a
and 2b7>®). These rotations decrease exponentially with time and O is approached
from both sides (Fig. 1). The decrease in rotation is a first-order reaction” ®). The
half-life of the optical stability of the methyl esters 2z and 25 at 30 °C in benzene
solution is 2 h 50 min. During the racemization reaction the configuration at the
manganese atom changes and an equilibrium is established between the two enantio-
mers 2z and 2b. On completion of racemization, equal amounts of enantiomers 2a
and 2b are present” ®). In contrast to the manganese esters CsHsMn(COOR)(NO)-
P(C¢Hs)3, the isoelectronic iron esters CsHs Fe(COOR)(CO)P(CgHs)3 do not race-
mize in solution 24 25),

The strongly positive entropy of activation for the racemization of 2a and 2b (25 eu).
indicates that a dissociative mechanism is operative”). As triphenylphosphine is a stable
molecule and triphenylphosphine dissociations are known in other systems, the cleav-
age of the Mn—P bond could be responsible for the racemization. Therefore we studied
the influence of triphenylphosphine on the racemization of 2z and 25 and the phos-
phine exchange in 2.

The decline in optical rotation of the esters 2a and 2b as a function of time is
not affected by the addition of triphenylphosphine (Fig. 1). P(C¢Hs)3 in concentra-
tions up to 10-fold excess with respect to complex concentration had no effect at
all on the rate of racemization of 2a and 2b7). Deuteration experiments indicated
that triphenylphosphine is indeed the ligand which dissociates. When the racemization
of the manganese esters 2 is carried out in the presence of deuterated triphenylphos-
phine, P(C¢D;)3 is incorporated into the complexes 76 [Eq. (14)]. A kinetic study
showed that the rate of triphenylphosphine exchange is exactly equal to the rate of
racemization®.

All these results are consistent with the Sy1 mechanism shown in Eq. (15). The
Mn—P bond in 24 is cleavedin the rate-determining step k; and a planar intermediate
17 is formed.
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Fig. 1. Racemization of (+)- and (-)-CsHsMn(COOCH3)(NO)P(C¢Hs)3 24 and 2b in benzene
solution at 30 °C in the absence and in the presence of P(CgHs)3

17 is attacked by triphenylphosphine in a rapid reaction step k, . As this attack
may occur with equal probability at the front or back side of 17, the enantiomers 2a
and 2b are formed in equimolar amounts; phosphine exchange is also possible at this
stage. As triphenylphosphine does not take part in the rate-determining step &, , the
rate of racemization of 22 and 2b is not affected by the presence of triphenylphos-
phine”* ® (Fig. 1). The simple dissociation mechanism of Eq. (15) has, however, to be
modified after consideration of the manganese benzoyl compound 2117+ 40),

The rates and half-lives for the racemization of the CsHsMn(COOR)(NO)P(C¢Hs)3
compounds are dependent on the group R in the ester function. As the alkyl group
increases from methyl to ethyl to menthyl, racemization becomes faster and the

/I A% 1 )
SN +R(CeDs)s; —P(CeHs)s N
ON «/’,’ h:d‘j;\,\) COOCH, FP(CaHL)s; —P(CaDy), ON é(-l/qfh:lﬁ COOCH,
P(E:sHs)a P(E:6D5)3
2 16 (14)
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half-lives at 30 °C in benzene solution fall from 170 to 115 to 60 min. This is cer-
tainly due to the increasing size of the alkyl group, which should favor the dissocia-
tion of tnphenylphosphme However, this steric effect is superimposed upon an elec-
tronic effect”> & 12:17),

1B .|t
S r“ / \\\
! M : ’
S \ k, ;

/' tMn N Pu— ‘M +P(CeHs)y ———
7 \ ‘ %,\ . N
0qu§%;;>c00CH3 [ " coocH, k, 3COOC‘/ \:T“NO
P(CsHs)s P(CaHs)a
2a 17 2b

(15)

In order to study the electronic effect without changing the steric situation around
the reaction center, we prepared several benzoyl compounds 18—25 with different
p-substituents X 14) [Section 2.1, Eq. (6)]. The optically active complexes 18—25a
and b show in solution the same exponential decline in optical rotation as do the cor-
responding esters 2a and 2b. The left column of Fig. 2 gives the half-lives for these
first-order reactions of the benzoyl derivatives /8a—25a, the half-life of the unsub-
stituted benzoyl compound 21 a in toluene at 20 °C being 49.5 minutes!”). Electron-
releasing substituents in the p position increase the rate of racemization. The di-
methylamino compound /8a with 71, 3.6 minutes at 20 °C can be handled without
racemization only at low temperatures!?). Electron-withdrawing substituents in the
p position of the benzoyl group decrease the rate of racemization. The racemization
of the trifluoromethyl compound 254 is fast only at higher temperatures”).

d NO \Q @ RO
X
X ' 71/2 (toluene, 20 °C) 712 (toluene, 20 °C)
N(CH3), 18a 3,6 min 26a very large
OCHj 19a 18,5min 27a 337 min
CH3 20a 26,7min 28a 151 min
H 2la 49,5min 2la 49,5 min
CgHs 22a 56,5 min 29a 84,4 min
F 23a 87 min 30a 34 min
Ci 24a 145 min 3la 25,2 min
CF3 25a 418 min 32a 5,9 min

Fig. 2. Effect of p-substituents X in the complexes CsHsMn(CO—p— C5H4X) (NO)P(p— C6H4X)3
18a—32a on the half-lives 7 ,, of the first-order racemization reaction in toluene at 20 °C (com-

plex concentration 2 mg/ml)
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In the same way as the electron density of the manganese atom was varied by
use of different p-substituents in the benzoyl group, it should be possible to modify
the electron density of the phosphorus atom by introducing substituents X into the
three p positions of the triphenylphosphine ligand. The compounds 26a—32a were
prepared in the same way as the corresponding triphenylphosphine complexes!s 7> 8),
the diastereoisomer separations being made via the menthyl esters*!). From the half-
lives of the complexes 26a—32a in the right column of Fig. 2, it can be seen that
p-substitution in the phosphine ligand has exactly the opposite effect from p-sub-
stitution in the benzoyl system*!), It can be concluded that cleavage of the man-
ganese-phosphorus bond is fast when electron-donating substituents are attached to
the metal atom and electron-attracting substituents are bound on the phosphorus
atom whereas, if the substituent effects are inverted, cleavage of the metal-phosphorus
bond is slow!7* *1). In this context it should be mentioned that the iron-acyl com-
plexes CsHsFe(COR)(CO)P(C¢Hs), isoelectronic with the manganese compounds
CsHsMn(COR)(NO)P(C¢Hs)3 do not racemize in solution®”). Moreover, the complex
cation in the salt [CsHsMn(CO)(NO)P(C¢Hs)3]{PF¢] is configurationally stable in
solution even at higher temperatures'!).

For both series of compounds, /182—-25a and 26a—32a, with the exception of
the tris-diphenylphosphine compound 29a, we established good Hammett correla-
tions between the substituent constants and the half-lives of the configurational stabil-
ity!7> 41). As Fig. 2 shows, small changes in the ligands cause large differences in the
rate of racemization. Therefore the half-lives of the racemization reaction offer a
much more sensitive tool for studying changes in the electron density at the man-
ganese or phosphorus atom than do shifts of the IR stretching vibrations or the NMR
signals, which are rather small in the compounds 18—3217- 41,

The racemization of the optically active manganese methyl esters 2a and 25 pro-
ceeds with the same rate irrespective of whether t}ipTlgr{}/lphosphine is present or
not” ® (Fig. 1). Surprisingly, the racemization of the corresponding benzoyl com
plexes 212 and 215 turned out to be P(CgHs);-dependent!”> 4®). As shown graphi-
cally in Fig. 3, the half-life of the racemization of the pure benzoyl complex 21 ¢ at
20 °C in toluene solution is 49.5 min; a threefold excess of triphenylphosphine pro-
longs the half-life to 56.5 min, and a sixfold excess to 65 min'?. The triphenylphos-
phine dependence of the racemization of 21a was studied within the range complex:
triphenylphosphine concentration 1 : 1 to 1 : 207> 40),

To account for the observed triphenylphosphine dependence, it is necessary to
expand the simple Sy1 dissociation mechanism of Eq. (15). In Scheme 16, upper half,
the introduction of two chiral intermediates 33a and 335 is suggested. Triphenyl-
phosphine dissociates from 2/a in reaction step a. In the chiral intermediate 33a the
remaining ligands retain their geometry. The tripod 334 may either rearrange accor-
ding to step ¢ to give the planar intermediate (or transition state) 34, or it may react
in the bimolecular step b with triphenylphosphine to give the original compound 2/a.
From the planar intermediate (or transition state) 34 both enantiomers 2/a and 21b
can be obtained with equal probability. The fact that reaction step b, the uptake of
triphenylphosphine, is favored in the presence of increasing amounts of P(C¢H; )3 ex-
plains the decrease in the racemization rate on addition of P(CgHs); 1740, .
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Fig. 3. Racemization of (+)- and (—)-CsHsMn(COCgHs) (NO)P(CgHs)3 212 and 21b in toluene
solution at 20 °C (complex concentration 2 mg/mi).

(1) in absence of P(CgHs)3.

(2) in presence of P(CgHsg)3 in 3-fold excess.

(3) in presence of P(CgHs)3 in 6-fold excess.

If the kinetic equation for the upper part of Scheme 16 is set up and the Boden-
stein steady-state approximation applied, we have!74%)

*P(CsHs)a FP(CeHg)y
/,",' +P(C6Hs)3 ‘| | —P(Ceﬂs)s “

Mn b Ml
ROCEZTSR(CH,), © ROCEL - "’co -----\?’COR (Hscs)aP(---\»con
NO NO ON NO NO

21a (@], +240° 33 34 33b 21b
+P(p—C4H,0CH3); /- P(p—C,H,OCH,), —P(p—cﬁﬂquH3)3\\P(p—CEH4OCH3)3
ROC«{/—;—»P{p—CeHQOCHs)s (p—cs,mOCHg)aPK-\";\*cox
NO
35a [a]%, +130° (16) 35b
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ke _ kwitn " [P(CeHs)3]
Ky Kwithout — Kwith an

where ky, and k. are the rate constants for the reaction steps b and ¢ in Scheme 16,
and Ky;iin and Kyitnoue are the rate constants for the racemization of 214 with and
without addition of P(CgHs)3. Throughout the range of complex : triphenylphos-
phine concentration from 1 : 1 to 1 : 20 the competition ratio k. /k;, remains con-
stant'7:4?)_ This means that the observed P(C¢Hs ); dependence is also quantitativ-
ely consistent with Scheme 16.

Besides this kinetic argument, there is also stereochemical evidence for the pre-
sence of chiral intermediates on dissociation of P(C4Hs); from 27a. If a solution of
the benzoyl complex 2/a is treated with an excess of tri-p-anisylphosphine, phosphine
exchange takes place and P(CgHs)s is replaced by P(p-C¢H4OCH3)5 to give the sub-
stitution product 354%). After one half-life of 21a, the unchanged starting material 2/a
and the reaction product 35 can be separated by chromatography*®). The substitution
product 35 (Scheme 16) is optically active and has the same configuration as the
P(C¢Hs)3 complex 21a. Although this is a dissociation reaction, phosphine substitu-
tion according to Scheme 16 occurs with at least partial retention of configuration at
the Mn atom, because chiral intermediates are formed. Mechanism 16 should also be
valid for the racemization of the esters 22 and 25, but here the chiral intermediates
could not be demonstrated on the basis of the triphenylphospine dependence of the
rate of41(r)z;cemization, probably because of the unfavorably large competition ratio
kefky 7.

The stability of the chiral intermediates may be ascribed either to 7-bonding ef-
fects or to solvent participation. Flattening of the chiral intermediate would require
at least one ligand to move relative to the metal, a process which could be accompanied
by some loss of m-bonding. This may be the reason why the other ligands retain their
geometrical arrangement on dissociation of triphenylphosphine, and why it seems rea-
sonable to assume an energy barrier between the chiral intermediate 334 and the
planar form 34. On the other hand, solvent molecules might be expected to stabilize
the free coordination position formed on dissociation of P(C¢Hs); sinice even unreac-
tive molecules are known to interact with free coordination sites*?> 43+ 73, Although the
results presented demonstrate the existence of the chiral intermediates 33a and 33b,
they do not tell us whether the planar form 34 is an intermediate or a transition state

The kinetic and stereochemical results discussed in this section could be explained
in another way by assuming that group R migrates rapidly from the acyl substituent
to the metal atom to give an intermediate of the type CsHsMn(CO) (NO) R. This
intermediate could be formed in an additional equilibrium starting from 332 in Scheme
16, or by a concerted process directly from 2/a. Intermediates of the type
CsHsMn(CO) (NO)R would also account for the observed retention stereochemistry.
Further work is necessary to distinguish between these possibilities.

40)

4.2. Intramolecular Epimerization Reactions

The compounds CsHsM(CO)3X (M =Mo, W; X = alkyl, Hal and so on) have square
pyramidal structures with the m-cyclopentadienyl ring on top of the pyramid*4—4¢),
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If a carbonyl group is replaced by a ligand L, cis-frans isomers 36 and 37 are formed
48)_ The isomer interconversion has been studied with the help of NMR spectro-
scopy?®*?:59 and the intramolecular character of the rearrangement shown in Eq.
(18) has been demonstrated*®51:52) The rate of isomerization is strongly dependent
on the nature of L and

46—

x46,47).

|

36 37

Whereas the trans isomers 37 contain a plane of symmetry, the cis isomers 36 are
asymmetric*®53), If L and X are replaced by a chelate ligand LL' with two different
ends, cis-trans isomerization according to Eq. (18) is excluded and only the enantio-
meric cis isomers 36 are possible54)

With the optically active Schiff base derived from pyridine carbaldehyde-(2) and
S-(—)-a-phenyl ethyl amine replacing L and X, the two diastereoisomeric complexes,
38a and b for Mo and 39a and b for W, respectively, are formed, differing only
in the configuration at the metal atom®*5%), In both cases the two epimers can be
separated by fractional crystallization5$ ). For the Mo compound the absolute configu-
ration has been determined, formula 38a representing the (+)s79-rotating isomer®)

At room temperature the optical rotations of the salts 384 and b dissolved in ace-
tone or DMF remain constant, at higher temperatures, however, an exponential de-
crease of rotation is observed, as shown in Fig. 4 for 75 °C54~56), Because the com-
plexes 384 and 38b are epimers, the plots do not begin at the same (+)- and (—)-rota-

Zae

[ i oA
k| R o
I I ’ ' LR

,/ : —— . R PF;
/:/ ‘\ A " \\\
\’l c \\I 3]
----- Y et Thbbh
/N H N\c co (19)
CeHs™ . ~H CgHs ™) H
CHy CHy
° - 2 o
M=Mo 38 la]33g*905 M=Mo 38 lal33g - 820
W 395 lalZSe +315° W39 [a135g - 320°

83



H. Brunner

tions, although the compounds 38z and b are optically pure and the curves do not
approach 0 but a value different from 0. Nevertheless the decrease of optical rotation
for the diastereoisomers 38a and b in the temperature range 55—95 °C is a clean first-
order reaction®®). During the epimerization the configuration at the Mo atom changes
and an equilibrium is established between species 38a and 5% [Eq. (19)].

-30001

T T T T T T T T
20 40 60 80 100 120 140 160 180

t {min) — -

Fig. 4. Epimerization of the Mo complexes 384 and b at 75 °C in dimethylformamide

There are several possibilities to account for the transformation of the diastereo-
isomers 38a and b into each other. For a compound with 5 substituents an intramole-
cular mechanism without cleavage of bonds is very attractive, but dissociative mecha-
nisms must also be considered, for instance chelate ring opening and closing to the
other side; or ligand dissociation, for instance dissociation of the Schiff base’9). If
the Schiff base of pyridine carbaldehyde-(2) and methyl amine is added during epi-
merization of 384, no exchange is observed with the Schiff base bound in complex
384%9). Therefore Schiff-base exchange can be excluded as a mechanism for the ob-
served epimerization reaction. Furthermore, if the epimerization is carried out in the
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presence of P(CgHs)3, triphenylphosphine does not show up in the reaction product.
The inference is that during the change of the configuration at the Mo atom no free
coordination positions are available®®). This evidence favors an intramolecular char-
acter for the epimerization, for which several modes can be envisaged®7—59),

In addition to its use in the preparation of the square pyramidal Mo and W com-
plexes 38 and 39, the Schiff base derived from pyridine carbaldehyde-(2) and S-(—)-
a-phenyl ethyl amine>® was also used for the synthesis of optically active Co com-
plexes of the tetrahedral type 60)_ Unlike the Mo and W compounds, the separated Co
diastereoisomers 40a, 40b one of which is shown in Scheme 20, are optically stable.
The rigidity of the tetrahedral Co complexes and the nonrigidity of the square pyra-
midal Mo and W complexes give a further indication of the intramolecular character
of the epimerization of 38 and 39.

PFg
|
N=C —H ”_ ______ W
< oc
CeHs” | H c/ (20)
CHs cGHS/(I:H\H
3
402 (]334 + 150° 38a {a}254 +905°

Analogous behavior was found as regards the isomerization of 7-allyl complexes.
In CsHsMo(CO); (m-allyl) and CsHg Fe(CO) (m-allyl), the m-allyl moiety can adopt two
different configurations with respect to the rest of the molecule®"6?), Whereas the
isomeric forms of CsHs; Mo(CO), (7-allyl), equivalent to compounds 38 and 39, are
transformed into each other, the isomers of CgHsFe(CO) (rr-allyl), like compounds
40, do not rearrange %),

In order to study substituent effects on the epimerization rate of square pyrami-
dal compounds of the type CsHsM(CO),LL', we synthesized the derivatives 4149
by using instead of pyridine carbaldehyde-(2) the corresponding aldehydes for the
condensation reaction with S-(—)-a-phenyl ethyl amine. In all the cases 47—49 the
resulting pair of diastereoisomers could be separated into the optically active compo-
nents a and b%3~%5); the a series is depicted in the formulas of Scheme 21.

The optically active square pyramidal complexes 39 and 4/—49a and b epimerize
in solution, as shown in Fig. 4 for 38a and b, some of them at lower, and some at
higher temperatures®®:63=65), The first-order decline in optical rotation yields overall
rate constants k, which are the sum of the individual rate constants k; and k, for the
interconversion of both epimers into each other®%%3-6%) [Eq. (19)]. These first-order
rate constants k for the approach to equilibrium were used for the calculation of the
half-lives given in Table 1. A change in the solvent from DMF to toluene has only a
small effect on the half-lives of the configurational stability$?.
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Table 1. Half-lives [min) of the optical stability of the complexes 38, 39 and 41—49a and b in DMF

measured at 75 °C or extrapolated to 75 °C

Mo w

38z and b 26.3 39a and b 3.5
4la and b 35.1 44a and b 1110
424 and b 1670

43a and b 2220

38a and b 26.3 39a and b 3.5
45a and b 321 46a and b 178
47a and b 163 -
48a and b 0.07 49a and b 0.17

The upper half of Table 1 shows the half-lives of the unsubstituted complexes 38

and 39 and their derivatives with methy] groups in the o and/or p positions of the
pyridine nucleus. It is obvious that a methyl group in the p position decreases the
rate of epimerization a little whereas in the o position it decreases the rate of epimeri-
zation very much®¥,

Let us take the relative rate constant

reI
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defined as the ratio of the rate constants for the substituted and the unsubstituted
derivatives, and standardize it to 100. Then it can be seen that when 100 reference
molecules of the unsubstituted Mo complex 38 epimerize only 75 molecules of its
p-methyl derivative 4 and on average only 1.6 molecules of the o-methy! derivative
42 in the same time undergo the change in configuration. In the dimethyl derivative
43 the effects of the two methyl groups are additive®* (Table 1).

The drastic decrease in the rate of epimerization of the o-substituted derivative
42 relative to the unsubstituted complex 38 and the p-substituted complex 4/ is as-
cribed to the steric effect of the methyl group in the o position. In intramolecular
isomerization, the steric hindrance should be greatly increased if a methyl group is
introduced into the o position of the pyridine ring instead of an H atom®%), Con-
versely, if the mechanism were dissociative, steric acceleration of the isomerization
ought to be observed. These substituent effects therefore provide strong arguments
in favor of an intramolecular epimerization reaction.

In addition to the methyl derivatives 41—44, the epimerization of a number of
other optically active Mo and W complexes was investigated polarimetrically. The
lower half of Table 1 shows that in the quinoline derivatives 45 and 46 the rate of
intramolecular epimerization is slowed down relative to the pyridine compounds 38
and 395%, Obviously, an adjacent benzene ring increases the activation barrier for
the pseudorotation in much the same way as an o-methyl group. On the other hand,
the charge does not seem to have much influence on the epimerization rate, for the
half-lives of the cationic pyridine derivative 38 and the neutral pyrrole derivatives
47 do not differ very much®% 83, If, however, the pyridine complex 38 and the cor-
responding phenyl derivative 48 are compared, a strong acceleration of the isomeriza-
tion is observed in the case of phenyl. A correlation of corresponding Mo and W
derivatives (Table 1) reveals that the W complexes in most cases epimerize a little faster
than the Mo derivatives 3% %), Although these substituent effects support the formu-
lation of the epimerization as an intramolecular reaction, further work is needed to
clarify the critical dependence of the rate of isomerization on the nature of the
chelate ring,

4.3. Other Racemization and Epimerization Reactions

Racemization reactions due to successive exchange of ligand roles and successive
Walden inversions were discussed in Sections 3.1 and 3.2. The decarbonylation reac-
tion seems to be stereospecific, yet, as mentioned in Section 3.3, subsequent to CO
elimination there is a racemization of the decarbonylation products.

Attempts to cleave the metal-acyl and metal-ester bonds in (—)-CsHsFe(CO)—
[P(C¢H;5)3]COCH; and (—)CsHsFe(CO)P(CgHs)3JCOOC,oH, ¢ with I, led to opti-
cally inactive CsH;Fe(CO)[P(CgHs)3]138). It could, however, be shown that the iron-
alkyl bond in 1.3-(CH3)(C¢Hs)CsH3Fe(CO)[P(CgHs)3]CH3 can be cleaved under
mild conditions by I,, HI, and Hgl, with some degree of stereospecificity 2% 21), A
suggested cause for the low stereospecificity of these reactions is the formation of a
square pyramidal intermediate [1.3-(CH3)(C¢Hs)CsH;3Fe(CO)[P(C¢Hs); J(CHIT'I,
which could undergo rapid pseudorotation!). As regards the stereochemistry of the
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a-carbon atom, both retention and inversion have been evoked to account for the
cleavage of metal-carbon bonds by halogensm' 35.70.74)

Cobalt complexes of the type CsHsCo(C3F7)(CNR)NCS were prepared in opti-
cally active form®”). These complexes undergo a structural isomerization as far as the
bonding of the thiocyanate ligand is concerned and an epimerization at the cobalt
atom®”), A photoracemization has been observed for (+)- and (—)-CsHsFe(CO)-
[CNCH(CH3)(C6H5)]I3°). In neither case are the mechanisms of the changes in con-
figuration known.

5. Asymmetric Syntheses

(+)- and (—)-CsH5Fe(CO)[P(C¢Hs)3]JCH,0C, oH 5 were used as the reagents for car-
bene transfer to the olefin trans-1-phenylpropene, with formation of the correspond-
ing optically active cyclopropanes!®). Similar results were obtained with an optically
active chromium carbene complex containing an optically active phosphine®®).

The optically active molybdenum compounds 38 were used to determine the
asymmetric induction in the ligands on reaction with organolithium compounds“).

6. Conclusion

In this article we have described the different types of reactions that have been in-
vestigated by means of optically active compounds. It reinains to determine the scope
of the different mechanisms suggested, and to formulate stereochemical rules for use
in further synthetic work.
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Abbreviations for ligand substituents, R:
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ethyl
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for complexes:
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Dynamics of Intramolecular Metal-Centered Rearrangement Reactions of Tris-Chelate Complexes

i. Introduction

Since the time of Werner inorganic chemists have been intrigued by the observation
of widely varying rates for isomerization reactions of metal complexes. Many studies
‘have been carried out on reactions such as geometric isomerization and racemization
especially with complexes which isomerize slowly, i.e., with half-lives of several hours
or longer. In this category are complexes of the traditionally non-labile metal ions
such as Co(1iI), Cr(III), Rh(III), Ru(Ill), and Pt(I1,1V). Much of this early work has
been excellently reviewed by Basolo and Pearson.!) The extent of these kinetically
“slow” reactions was usually monitored by spectrophotometric or polarimetric means,
although chromatographic techniques have been employed.z) Since these techniques
require isomer separation and/or resolution it was very tedious to carry out experi-
ments. Recently nuclear magnetic resonance (NMR) spectroscopy has been used to
measure rates of isomerization reactions. This technique greatly simplifies isomer
detection® and with faster reactions often permits kinetic measurements without
isomer separation. NMR line broadening techniques, (DNMR),>) have now been ex-
tensively used to measure rates of reactions in which magnetically nonequivalent
environments are averaged or interchanged on the NMR timescale.” Reactions with
rates between ca. 1072 to 10° sec™" are best suited for DNMR studies and usually
involve the kinetically “fast” metal ions such as Fe(III), Mn(III), V(III), Co(II),
Ti(IV), Sc(11I), AL(III) and Ga(III).

Several reviews have recently appeared which cover the topics of inter-!* © and
intramolecular!- ~1) rearrangement reactions of metal complexes. In order to
minimize duplication this review will be limited to intramolecular metal-centered
rearrangement reactions of six-coordinate tris-chelate complexes. Both kinetically
“slow” (rates <1072 sec™ ') and “fast” (rates > 10~ 2 sec™ )P complexes will be
considered mainly from a mechanistic point of view. In addition various structural
and electronic parameters of tris-chelate complexes will be scrutinized in order to
assess their affect on the rate and mechanism of rearrangement.

Detailed mechanisms of intramolecular rearrangement reactions have been diffi-
cult to determine. Classical rate measurements seldom lead to unambiguous mecha-
nistic predictions. Generally only after extensive examination of concentration, sol-
vent, and substituent effects on the reaction rate can a general mechanistic class be
proposed; for example, intra vs intermolecular or bond rupture of a bidentate chelate
vs non-bond rupture twist pathways. Indeed, only two examples of “slow” com-
plexes are known where detailed rate comparisons for geometrical and optical iso-
merizations were made and used to eliminate several mechanisms; however, a single
most probable pathway was not demonstrated in either case.'? '3 Only with DNMR
can detailed environmental site interchanges be directly observed and with this in-

2) The term DNMR, Dynamic Nuclear Magnetic Resonance, refers to the process of recording
and usually computer simulating exchange broadened NMR spectra at a number of tempera-
tures in order to determine mechanistic and/or kinetic information.

b) The terms *‘fast” and “‘slow”” are used rather than the more familiar labile and nonlabile be-
cause the latter imply an intermolecular reaction.
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formation the most probable mechanism can sometimes be deduced. Even with this
information one can only determine the most reasonable mechanism which gives
the observed site interchanges. The DNMR experiment unambiguously gives the site
interchange pattern (resolution permitting) and the scientist must then hypothesize
a consistent mechanism(s) based on chemical intution. For example, a proposed
transition state should be a reasonable geometry for the rearranging molecule. Often
the rule of “least motion” is invoked. It is well to keep in mind that rearrangement
mechanisms are necessarily hypothetical and that only a particular site interchange
or ligand permutational reaction® can be determined by DNMR. In this review the
various physically reasonable mechanisms will be described first and then related to
their respective ligand permutational reactions or rearrangement modes.!*)» )

Of all the six-coordinate chelate complexes studied by DNMR to date unique
rearrangement modes have been determined for only two types of tris(bidentate)
chelates, tris-(N,N-disubstituted dithiocarbamates), I, and tris-(a-substituted tropo-
lonates), 2:% These complexes in addition to many others where unique modes have
not been established will be discussed in part IV.

R
S R 0
\Mf ‘>C=N< ! N M(ﬁ
3 \\3/ R, 3 0o
I M(R,, Rydtc), 2 M(RT),

Il. Nuclear Magnetic Resonance Determination of Rates and Mechanisms
(DNMR)

For rearrangement reactions of the kinetically “fast™ variety, i.e., for complexes
which are stereochemically nonrigid, DNMR techniques have in several cases permit-
ted detailed mechanistic conclusions via the observation of site interchanges.>~% The
first experiments were carried out by Fay and Piper' on tris(trifluoroacetylacetona-
to) complexes of aluminum(III), gallium(IIT) and indium(II), 3, using 19F DNMR.
These complexes which are members of the class of octahedral tris chelates M(A—B);3

CH,

P
M ,}H
3\ 0\-

CFj

M(CF;, CHy-$-dik)s
3

©) A ligand permutational reaction refers to a specific permutation of indexed ligand positions.
For a six coordinate complex there are 6! or 720 such permutations including the identity,
however, fortunately all do not yield distinguishable isomers.

4 Musher has adopted the phrase rearrangement mode which refers to a set of physically equi-
valent or indistinguishable ligand permutational reactions (see Section II1.B). i

¢} Ligand abbreviations are given on p. 92.
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where A—-B represents an unsymmetrical bidentate ligand can exist as cis and trans
geometric isomers each of which is enantiomeric, 4. The notation used in 4 and

cis A trans A

throughout this review depicts an unsymmetrical chelate ligand as a curved line with
a tag at one end. In the case of the Ga complex four '?F resonances are observ-
ed below ca. 49 °C which result from the cis (one resonance, C3 symmetry) and
‘trans (three resonances, C; symmetry) isomers. As the temperature is increased
the four lines simultaneously collapse into one sharp resonance at 96 °C as shown
in Fig. 12.'%) Kinetic parameters for cis-trans isomerization can be determined by
computer simulation of the exchange broadened resonances using one of several

jk\
615° A
49° ﬂ
38'/}
(o)

Fig. 1. a) Fluorine DNMR spectrum of Ga(CF3, CHz-g-dik)3. From Ref.15)
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-2523

Fig. 1. b) Proton DNMR of N—CHj region of Fe(CH3, Phdtc)3 at 100 MHz in CD,Cl, solutibn.
observed and calculated line shapes are shown. From Ref.19

-an

computer programs.“"’ DNMR kinetic techniques have been described in detail else-
where and recently several very complex studies have been carried out.'”» %)

It is also possible to ascertain the mode of a rearrangement reaction by careful
examination of the coalescence pattern. The various rearrangement modes (see Sec-
tion IT1.B) usually lead to different site interchange patterns which depend on the
ligand substituents. In the above case a computer simulation was not performed,
however, if the four sites were found to coalesce in a specific non-random way some
mechanistic conclusions possibly could be made. Even without careful analysis,
however, several rearrangement mechanisms were eliminated as sole pathways.ls)
These results should be contrasted with those of Fe(CH;, Phdtc)s, another M(A—B)3
type complex whose N—CH; DNMR spectra are shown in Fig. 1b.!? In this case
only two of the four sites are interchanged in the temperature interval shown and
the calculated spectra illustrate the result of a kinetic line shape analysis. The un-
equal cis and trans populations permitted assignment of the cis methyl resonance, C.
Only two rearrangement modes or permutational sets (see Section I1I.B) are con-
sistent with the T; 2 Tj site interchange and only one of these predicts enantiomer-
ization (A 2 A metal centered inversion). Further experiments’® with unsymmetri-
cal dtc ligands which contain diastereotopic protons (vide infra) were able to show
that enantiomerization occurs and have lead to an unambiguous assignment of the
sole rearrangement mode which is illustrated in 5 for the trans A isomer. Note that
cis 2 trans isomerization does not accompany enantiomerization while two of the
trans methyl sites, X and Z, are interchanged. The letters refer to magnetic environ-
ments or sites and the numbers label the methyl groups. The most reasonable mecha-
nism which gives this mode is the trigonal or Bailar®® twist (see Section IILA).

The above examples illustrate how kinetic and mechanistic information can be
extracted from DNMR experiments. Specific site interchange patterns are most use-

96



Dynamics of Intramolecular Metal-Centered Rearrangement Reactions of Tris-Chelate Complexes

trans A

ful for the latter, however, it is also desirable to measure rates of overall reactions
such as geometric isomerization and enantiomerization. Significant mechanistic in-
formation can be derived from ratios of the various microscopic rate constants for
such reactions. Indeed two independent studies!? 13) on kinetically “slow” tris(un-
symmetrical-g-diketonate) complexes of Co(III) in which the various geometric and
optical isomers were completely or partially separated and subjected to kinetic ana-
lysis have yielded similar mechanistic conclusions (see Section IV.C). These experi-
ments were fruitful because the various rearrangement modes (Section III) lead to
different ratios of microscopic rate constants.

An important DNMR technique for measuring rates of enantiomerization reac-
tions of “fast” complexes is the incorporation of diastereotopic groups“) into the
ligand framework. Diastereotopic groups as used here are substituents which have
nuclei which are nonequivalent solely due to the dissymmetry about the metal
center and their occurrence is best illustrated by an example. Figure 22?) shows the
methyl DNMR spectrum of Al(iPr, iPr3-dik)3, a M(A*—A*);3 type complex where
the asterisks indicate diastereotopic lables. The isopropyl methyl groups X and & are
diastereotopic and hence two spin-spin doublets due to coupling with the methine
proton are observed at 37 °C. As the temperature is increased the two doublets co-.
alesce into one due to rapid enantiomerization of the complex. A total line shape
analysis has been carried out.2%) The use of diastereotopic groups is an extremely
convenient method for measuring enantiomerization rates of kinetically ““fast™ com-
plexes.5—%

Line shape analysis of coalescing NMR peaks gives a pre-exchange lifetime, 7, at
each temperature where significant exchange broadening occurs. For intramolecular
processes the reciprocal of the lifetime equals the first order rate constant k. The
usual work-up of the data consists of a standard Erying or Arrhenius plot to give the
enthalpy and entropy of activation, AH* and AS¥, or the activation energy and
frequency factor, E, and log 4, respectively. A general observation which results
from the many DNMR kinetic studies reported is that for intramolecular processes
AS? is usually near zero (log A = 13.2) and almost always within 15. e.u. of zero.
Values of AS* outside of this range should be viewed with caution if other factors
indicate intramolecularity. Another rule of thumb which is often extremely useful
is the realization that for a simple two site exchange the rate constant at the tempe-
rature of maximum line broadening or coalescence is approximately equal to the
peak separation in Hz in the absence of exchange. Hence a very large chemical shift
difference between two exchanging environments permits the measurement of rather
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J?— pri

Pri CH3
145° M
} M
llo. M
1 1
-1 -1.0 -0.9
& (p.p.m.)

Fig. 2. DNMR spectrum of the isopropyl methyl groups of Al(iPr, iPr-g-dik)3 in chlorobenzene
solution. From Ref.22

fast rates. Rate constants as large as 10® sec™ ! have been measured®*® by DNMR
where the exchanging environments were near paramagnetic metal centers and thus
experienced large isotropic shifts.?®

111, Rearrangement Pathways

The previous section outlined how rates and modes of rearrangement reactions can
be determined by DNMR techniques. This section will describe in some detail the
various intramolecular rearrangement mechanisms and modes which tris chelate
complexes can undergo. A discussion of mechanisms must, of course, include a con-
sideration of the experimental techniques used. Classically for kinetically “slow™
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complexes the various geometric and optical isomers are separated and their kinetics
measured by spectrophotometric or chromatographic means, Hence for each mecha-
nism we must derive the isomerization rate relations between the various isomers.
This has been done in detail for the M(A—B); case 1?13

DNMR gives a site interchange pattern and the rate relations for the various
interchanges. The types of complexes which have been studied are

M(A*—A*)3;, M(A-B)3, M(A—B*);, M(A—A),(B—B), M(A*-A*),(B-B),
M(A—B),(C-C),

and infrequently M(A—B*), (C—C), and M(A—A), (C*—C*). It would be a formidable
task to enumerate all of the site interchanges and relative rates in each of these cases
for each rearrangement mode, therefore, the details will be shown for the M(A—B*)3
and M(A—B), (C—C) cases only. It is hoped that these examples will enable the

reader to carry out the analysis for any of the other cases.

Metal centered rearrangement reactions will be reviewed by two general ap-
proaches. First (part A) we will consider only the rearrangements which are physi-
cally reasonable and therefore a description of the most likely geometry of the tran-
sition state will be included. These rearrangements will be referred to as mechanisms,
for example, twists via trigonal prismatic or bond ruptures via trigonal bipyramidal
transition states. Secondly (part B) we will consider the analyses by permutational
reactions as recently carried out by Musher!® and Eaton et al.2% 27 This method
has the advantage of assuring that all rearrangements have been.considered, however,
it only considers permutations of sites and not motions of ligands. It is important to
realize that DNMR can only give information about site interchanges and hence only
a class of permutational reaction or rearrangement mode can be proven. The assign-
ment of a mechanism will always be hypothetical and realistically requires added
chemical knowledge.

A. Mechanisms v/a ldealized Transition States

Intramolecuiar metal centered rearrangement reactions for tris chelate complexes
result in two types of stereochemical change:

enantiomerization (A 2 A) and
isomerization (cis & trans).

Mechanisms for such reactions have been viewed by the effective coordination num-
ber of the transition state. Bond rupture processes proceed via five-coordinate tran-
sition states for which idealized square-pyramidal (SP) and trigonal-bipyramidal
(TBP) geometries with the dangling ligand axial or equatorial have been considered.
Twist mechanisms are considered to proceed via six-coordinate transition states with
“ idealized trigonal prismatic (TP) geometry. Twists of the chelate rings about the real
or pseudo Cj axis in the case of the cis or trans isomer, respectively, and about the
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imaginary C3 axes have been considered.?® These non-bond-breaking twist mecha-
nisms have been referred to as trigonal or Bailar®® twists (r-C5 or p-C3) and rhom-
bic or Riy-Dutt?® twists (i-C3). Examples are discussed below for the M(A—B), C—C
case. The various mechanisms often lead to different stereochemical results, for
example in the M(A—B);(C—C) case, bond rupture through a TBP-equatorial transi-
tion state leads to isomerization but not enantiomerization whereas a TBP-axial transi-
tion state leads to isomerization with enantiomerization. All twist processes result

in enantiomerization. Several bond rupture mechanisms are illustrated in Fig. 3.

\/ P\ —L— cis-A

—2—— trans-A

a
— —t 4 cis-A
b5
—2— trans-A
c

cis-A

Fig. 3. Stereochemical rearrangement of the cis-A isomer of a M(A—B)3 complex via a bond
rupture mechanism proceeding through (a) a trigonal bipyramidal intermediate with a dangling
equatorial ligand, (b) a trigonal bipyramidal intermediate with a dangling axial ligand, and (c)'a
square pyramidal intermediate with a dangling axial ligand. The numbers label possible sites fbr
reattachment of the end of the ligand. From Ref.6)

The stereochemical consequences of these rearrangement mechanisms have been
worked out in detail for the M(A~B);'?) and M(A—B), (C—C)3® cases and are sum-
marized in topological correlation diagrams.> 1) For the latter case three isomers are
possible each of which is enantiomeric, 6. Several of the possible twist mechanisms
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Fig. 4. Topological correlation diagram for the interconversion of M(A—B),(C—C) isomers by a
twist mechanism. Twist motions about the p—C3 and one of the i—C3 axes of A¢t and Agc are
illustrated. From Ref.30)

and the topological correlation diagram which results from all possible twists are
illustrated in Fig. 4.3% In the correlation diagram all possible isomer interconver-
sions are sumunarized. Isomers are located at the apices and transition states at the
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midpoint of edges and the diagonal.f) Several stereochemical results which are ap-
parent in the diagram are that all reactions result in enantiomerization and that
direct ct 2 tc interconversion is allowed. A consideration of correlation diagrams for
the bond rupture mechanisms as well shows all of the constraints which are placed
on the one-step interconversions. This kind of information has permitted mechanis-
tic conclusions on M(A—B); systems of “‘slow” Co(III) g-diketonate complexes by
kinetic analysis*?* ') and on “fast” bid(dithiocarbamato)dithiolene iron complexes
by DNMR.3° 32) With the latter complexes site interchanges were also used to eluci-
date the mechanism. For example, the Acg— A, interconversion shown in Fig. 4
has a different site interchange pattern for substituents labeled A, B, a, and b depen-
ding on whether the interconversion proceeds via transition state 5 or 6. The former
(p-C3 twist) averages nuclei a and b but not A and B whereas in the latter (i-C3") both
pairs of nuclei a<b and A« B, are averaged.

In the above illustrations the mechanisms discussed are considered to be physi-
cally reasonable and accordingly involve transition state geometries which are known
for other metal complexes. This approach in no way guarantees that all rearrange-
ments have been considered although in every case studied thus far by DNMR one
or several of the above rearrangements do account for the observed site interchange
patterns. However, it is most useful and necessary to mathematically enumerate all
possible permutational reactions and to consider their stereochemical and site inter-
change consequences.

B. Permutational Rearrangement Reactions

Several approaches to the problem of enumerating all possible permutational reac-
tions of tris chelate complexes have recently been published.!* 26: 27)

Musher'?® carried out the first permutational analysis on the general class of
six-coordinate octahedral complex ML; L, L3L4L5L,. The analysis is similar to the
one on five coordinate TBP complexes33) and is done by writing out the 6! = 720
permutations of the indices; collecting together the 24 permutations which give
indistinguishable isomers when rigid-body rotations are permitted; and observing
which of the 30 resultant sets of permutations contain individual permutations cor-
responding to physically similar processes. The sets of these sets are called modes of
rearrangement’ ¥ and each mode can in principle be distinguished by DNMR experi-
ments. Musher'® applied these results to tris chelate complexes which necessitated
the use of split modes of rearrangement to distinguish further the “types” of stereo-
chemical change. The results show in detail what DNMR experiments are needed in
order to establish a class or mode of rearrangement. Musher'® also pointed out for
the first time the ambiguities associated with several previous DNMR experiments

f) The following transition states result from twists about the indicated axes of the A isomers:
Agg: p-C3, 115 iC3, 41(2); +C3', 3d; Age: p-Ca, 11;i-C3, 21(2); i-C3', 31; Aget p-Cs, 55 i-C3,
2d;-C3’, 6;i-C3", 4d. Axes are defined in an analogous manner for the three isomers. Note
that two of the imaginary axes of ct and tc are equivalent. Transition states 1/, 3d, 5, and 6
are illustrated in Fig. 4 2and the remainder may be deduced from the correlation diagram in
this figure.
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(see Section IV). An equivalent but mathematically more complex analysis was
carried out by Eaton and Eaton.?®) In this review the results of Eaton and Eaton?®
will be used because the configurational changes and site interchanges are more:
clearly tabulated.

Eaton ez al.2% 27 applied the method of molecular symmetry groups for non-
rigid molecules introduced by Longuet-Higgins34) to complexes of the type M(A—B);3
and M(A—B), (C—C) and derived averaging sets of NMR indistinguishable permuta-
tions. The resulting site interchanges which result from each averaging set can then
be derived along with any configurational change. For example, the analysis for the
M(A—B*); case is as follows. The notation used to indicate nonequivalent environ-
ments or sites is shown in 7 for a T isomer where the magnetic environments x, y
and z are, in principle, distinguishable for any unsymmetrical ligand whereas the
environments r and s apply only to diastereotopic substituents. Several permutations
are illustrated in 8.2% The cis isomer 8z has the notation [135—462]® and permuta-

S
¥y ar
H
1
o ,Q
LA
3 2z
O™f--R,,
2
VA Y
;

B
LR

"M

o<

LRy,
R
7
1
2 4 (34)
=24
B 3
&
[135-462] [145-362] 8b

8a (34)&\
4

l

8c [154-263]

g) As the complex is viewed down the real-C3 (or pseudo-C3) axis with the triangular face
including vertex 1 upward, the vertex labels are given clockwise for this face starting with 1,
followed by the labels for the lower triangular face starting with the vertex to the right of 1.
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tion (34)™ gives the trans isomer 8b. The permutation E*, the inversion of all ligands
through the center of mass, on 8b gives 8c which is obtained from 8z by permutation-
inversion (34)*. The set of all permutations and permutation-inversions is a group

of order 384 which factors into a group of order 16 consisting of the rearrangements
among isomers not related by rigid-body rotations and a group of order 24 consisting
of the rigid-body rotations of the molecule. The 16 operations in the group of order
16 constitute the complete group of rearrangements of stereochemically nonrigid tris
chelate complexes.?® The effect of each of the 16 operations on the isomer [135—
462] is given in Table 1.2®) Permutations which give the same net DNMR averaging

Table 1.26) Permutational analysis of M(A—B)3 NMR spectra

Operation Resulting Averaging Net Net site
isomer!) set configurational  interchanges
change (trans)
E [135-462] A, None None
(12) (34) (56) [153-642] A, None (vz)
Q12) [164-532] Cis —* trans
34) [145-362 } Aj Trans > 1 ¢js (xy), (x2)
(56) [136-452] + 2 trans
(12) (34) [163-542 Cis —> trans
(34) (56) (146--352 } Trans = = cis (xzy), (xyz)
(12) (56) [154-632] +3 trans
E* [153-264] As AZA (xs)
(12) (34) (56)* [135-246] Ag AZA (vz), (15)
a2+ [146-235] AZA
(34)* [154-263] } Aq Cis — trans (xy), (xz), (15)
(56)* [163-254] Trans — 3 cis
+ % trans
(12) (34)* [136-245] AZA
(34) (56)* [164-253] } Ag Cis — trans (xyz), (xzy)
(12) (56)* [145-236] trans = 3‘ cis (ts)
+ —32- trans

1y Isomers resulting from performing the indicated operations on (135--462}
arc given as examples. Columns 3, 4, and § summarize net effects of opera-
tions on all 16 isomers.

pattems for the nonequivalent sites of 7 are combined into averaging sets A, through

As.

The DNMR experiment with a M(A—B*); type complex can at best distinguish
between the eight averaging sets. Indeed all averaging sets with the exception of the
pairs (A3, Ag), (As, Ag) and (A, Ag) are distinguishable from changes in signal

h) Standard permutation notation and means 3 replaces 4 and 4 replaces 3.
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multiplicity alone. In order to make distinctions within the pairs a careful lineshape
fit is necessary. In the case of M(A—B)3; where enantiomerization cannot be sensed
the averaging sets are pairwise indistinguishable from changes in signal multiplicity
alone: (A;, As), (A3, A¢), (A3, A7) and (A4, Ag).2® The latter two pairs may be
distinguished via lineshape analysis. Both pairs effect cis-trans isomerization and thus
average all four signals to one but with slightly different coalescence patterns.

The averaging sets can be correlated with rearrangement mechanisms (Section
HI.A) which give the same site interchange as follows: p-C3 or r-C3 twists, Ag;i-C3
twists, Ag; TBP-axial, A;; TBP-equatorial, Aj; SP-axial, A3 + Ag + Ag.

A similar analysis was also carried out on the M(A—B)2(C—C) type complex.

Table 2.2%) Permutational analysis of M(A—B);(C—C) NMR spectra

Operation Averaging  Net Net site M(A-B)3
set configurational interchanges analog
change (cc isomer)
E Ay’ None None Ay
(12) (34) (56) Ap' ctete (mn) A
(56) Ay None (fg) Aj
(12) A Ajz
(34) Aj
(34) (56) Ag' tc cc ct As
(12) (56) A Ag
12) 34) AG, ot te (fg), (mn) Aq
E* 7 AZA (rs) As
Ag’
(12) (34) (56)* ctZ te, AZA (mn), (rs) Ag
56)* A’ AZ A (fg), (rs) Aq
a2* Aq
(34)* I teL ccEct Aq
(34) (56)* l AZA (rs) Ag
(12) (56)* Ag
12) 34)* Arg' ctZte, AZA (fg), (mn), (15) Ag

Results are given in Table 2.2% In this case there are three geometrical isomers 6

and a total of four magnetic environments shown in 9.2% The ct and tc isomers

have C, symmetry so each possesses a single environment for Substitutents A, B

and C whereas the cc isomer has two C sites, f and g, and two B sites, m and n,

where B is arbitrarily represented by the flag of chelate A—B. The notationr, s

refers to diastereotopic environments on either the A—B or C—C chelate. Table 3
shows changes in signal multiplicity which result from the ten averaging sets. These
results will be referred to in Section IV.D. The most information from DNMR experi-
ments with regard to M(A—B),(C—C) type complexes is obtained by comparing the
NMR averaging pattern for a complex with nondiastereotopic substituents on both
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A—B and C—C with a closely related complex containing diastereotopic groups on
C-C.

Table 3.26) Changes in signal multiplicity for diastereotopic and nondiastereotopic ligands

A-B C-C
Nondiastereotopic Diastereotopic Nondiastereotopic Diastereotopic
Ay’ 4—>4 8—>8 4—>4 8§—>8
Ay’ 42 8 >4 43 8—>6
Ay’ 44 8§>8 4—>3 8—>6
Ay’ 4—>1 8->2 4->1 8—>2
Ag' 42 8—>4 4—>2 8 >4
Ag’ 4—>4 8—>4 4->4 8—>4
Aq' 4->2 8 >4 43 8 >4
Ag' 424 8—>4 4—>3 8§—>4
Ag' 41 82 41 822
Aro’ 4—>2 8+4 4->2 8->4

IV. Experimental Studies
A Tris{dithiocarbamates)

This class of paramagnetic tris chelate complex, 1, has been extensively studied by
DNMR by Pignolet and co-workers!® 35-3% and although these compounds were
not the first examined by DNMR they do represent the largest collection for which
a unique rearrangement mode or averaging set has been demonstrated. The first
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compound examined was Fe(CHj, Phdtc);'% 3) a compound whose NMR spectrum
had previously been reported by others*® but whose stereochemical nonrigidity was
not recognized. The DNMR spectra of the N—CHj region is shown in Fig. 1'% along
with the calculated line shapes. At —108 °C the complex is rigid and the four reso-
nances result from the C and T isomers (see Section II). The C resonance can be iden-
tified by signal integration via computer calculation and by its dynamic behavior. As
the temperature is increased two of the trans environments, T, and Tj, are inter-
changed while the C and remaining T, environments are unaffected. This specific site
interchange for the T isomer, and the absence of geometric isomerization (C 2 T)

are consistent only with averaging sets A, and A¢ (see Table 1). Of these only set

Ag requires that enantiomerization accompany the site interchange. NMR investiga-
tion of the similar compound Fe(Bz, Bzdtc); '®) where Bz = benzyl showed that
averaging of the diastereotopic methylene environments occurred with similar acti-
vation parameters. This result implies but does not prove that enantiomerization and
the (yz) site interchange occur simultaneously for Fe(dtc); complexes which there-
fore must rearrange via averaging set Ag. Further experiments with Fe(CHj, —
Bzdtc)s 19) showed conclusively that averaging set Ag is the primary rearrangement
mode for the T isomer and most probably for the C isomer as well, although site
interchanges cannot be observed in the latter. '

The Fe(dtc); complexes also exhibit a high temperature process which averages
the remaining three CHj resonances of the (CHj, Ph) substituted complex. This process
results in geometric CH, isomerization and has been assigned to S,C—N bond rota-":
tion*) although several metal centered rearrangements, for example, averaging sets
"~ Az, Ay, Ay and Ag, will also account for the results.

The low temperature process is obviously intramolecular because all intermole-
cular rearrangements would result in geometric isomerization. Ligand exchange has
been observed in these complexes and occurs at a much slower rate than either the
low or high temperature processes so the high temperature process is intramolecular
as well.

[FeﬂCl-l,.benzyl-mc)J]‘

CN1 RESONANCES

F1g 5. DNMR spectrum of the N-CHj resonances of {Fe(CHj, Bzdtc)3)3F4 in CDyCly solution.
From Ref.36)
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Fig. 6. DNMR spectrum of the N—CHj resonances of [Fe(CHgz, Bzdtc)3]BF4 in CD,Cly solution. .
From Ref.36)

DNMR experiments have also been carried out with [Fe(R'dtc)3]BF4 com-
plexes'® 36) where the formal oxidation state of iron is +4. These complexes can be
prepared by air oxidation of the corresponding iron(III) complexes in the presence
of BF3*? or by electrochemical means.*® The DNMR spectra of [Fe(CHj ,-

Bzdtc); |BF is shown in Figs. 5 and 6% for the N—CH; and N—CH, groups, re-
spectively. The N--CH; coalescence pattern for the low temperature process (—77
to —110 °C) is the same as observed for Fe(CHj3, Phdtc)s and therefore is consistent
only with averaging set A, or Ag both of which give the (yz) site interchange for the
T isomer. An analysis of the coalescence pattern of the N—CH, group reveals that
only averaging set Ag is operative. This averaging set which is that given by the tri-
gonal twist mechanism predicts that eight lines all coalesce simultaneously via four
pairwise interchanges into four resonances (Fig. 6, LTP). This pattern can be derived
from the rearrangement reactions shown in Fig. 739 for the C and T isomers. The
site interchange pattern which results using the notation in Fig, 7 is given by 10 for
the T isomer where numbers and primed numbers represent the methylene nuclei

1-a | pseudo C3 |1.f
b — |1
2¢c | = [2d

2'-d 2 10
3-e 3-b

3 3

trans A trans A

and letters refer to the nonequivalent magnetic environments. The four site inter-
changes are: (af), (be), (cd) for the T isomer and (ab) for the C isomer. The DNMR
spectra in Fig. 6 are in complete agreement with this pattern. The eventual coales-
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s
Ha

TRANS-A

Fig. 7. Site rearrangement scheme of a M(A—B*)3 type complex for the trigonal twist mechanismn
or averaging set A636)

cence of the four lines above —47 °C has been attributed to rapid S, C—N bond
rotation.*") Ligand exchange studies demonstrate that the exchange processes shown
in Figs. 5 and 6 are intramolecular in origin.w)

Similar DNMR studies have been carried out on other M(dtc); complexes where
M = Ru(III),3” 3% Mn(I1I), V(III), Ga(IIL), In(II1)*® and Co(I1I).37 All of these
complexes are nonrigid due to metal-centered intramolecular rearrangement and
kinetic parameters are given in Table 4. The kinetic parameters are all for enantio-
merization, however, the mechanism or averaging set cannot be determined unambig-
ucusly for every complex. If it is assumed that all M(dtc); complexes of the same
metal rearrange by the same mechanism, for example, Fe(CH3, Bzdtc); and Fe(Bz,
Bzdtc)s, then the following mechanistic conclusions can be made: iron(IIl), (IV),
ruthenium(III), vanadium(IIT) and manganese(III) rearrange by averaging set Ag;
gallium(IIT) and indium(IIT) by As or Ag; and cobalt(IIl) by As, Ag, A; or Ag.
Complexes of chromium(IIl) and rthodium(IIT) are rigid up to 84 and 200 °C, respec-
tively, so no mechanistic conclusions can be made. Only enantiomerization rates
can be measured for complexes with symmetrical ligands viz diastereotopic substi-
tuents (see Section II).

It is argued® that all of the nonrigid M(dtc); complexes rearrange by averaging
set Ag in spite of the several ambiguous results noted above. This conclusion is based
on the similarity of the A S¥ values (all near zero) and on solid state results which
shows a significant distortion toward trigonal prismatic geometry (the assumed
transition state of the trigonal twist mechanism) for all M(dtc); complexes (see Sec-
tion V).
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Table 4. Kinetic parameters for intramolecular metal-centered inversion for M(dtc)3 complexes
in CD,Cl, solution

Complex!) AH*, kcal/mol AS*, eud) AGH*, keal/mol (temp, °C)  Ref.

V(BzBzdtc); < 8.2 < 7.7 (-103) 38)
V(MePhdtc); < 8.2 <7.7(-98) 38)
Mn(BzBzdtc); 11.0¢ 1.0 1.5+5.0 10.6 + 0.2 (-35) 38)
Mn(MePhdtc); 9.8+ 1.0 9.1 £ 0.5 (-50) 38)
Ga(BzBzdtc)3 < 8.6 < 8.1 (-85) 38)
In(BzBzdtc); < 8.6 < 8.1 (-85) 38)
Cr(EtEtdtc); > 17.1 > 16 (84)%) 38)
Fe(BzBzdtc);  10.3 £ 1.0 4.1+5.0 9.3 + 0.2 (—54) 19)
Fe(MePhdtc);  8.7+1.0 1.7£5.0 8.5 £ 0.2 (-80) 19)
Fe(pyrdtc)z 7.6+1.7 7.1 0.3 (~103) 19)
Fe(BzBzdtc)y  8.4:2.0 7.9 + 0.4 (—88) 19)
Co(BzBzdtc)s 255+ 1.0 41150  23.6:0.2 (168)3) 19)
Rh(BzBzdtc)s > 27 > 25.3 (200)3) 19)
Ru(EtEtdtc);  10.3 -8+5 12.8 £ 0.2 (22) 39)
Ru(BzBzdtc); 11.6 ~7+5 13.8 £ 0.2 (42)%) 39)
. Ru(MeBzdtc); 11.1 5 13.3 £ 0.2 (15)%) 39)
Ru(MePhdtc); 10.1 5) 12.1 0.2 (9)%) 39)

1 ) Abbreviations given in Appendix.
) CDCly solution.
) NO,CgDg solution.
) Value assumed to be 3 eu where not given.
%) AS* assumed to be ~7.5 eu.

Many of the M(dtc); complexes are paramagnetic and therefore have rather large
isotropic NMR shifts.2%) This phenomenon usually enhances signal resolution (Figs.
S and 6) over analogous diamagnetic complexes and has greatly simplified mechanistic
analyses. Most of the studies reviewed hereafter involve diamagnetic complexes and
the increased complexity of the analyses will be evident.

Several important results have come from the M(dtc), studies in addition to the
operation of the trigonal twist mechanism. First, the rate of enantiomerization is
found to be greatly dependent on metal ion with the following order: In, Ga, V >
Mn > Fe > Ru > Co > Rh with Cr at least greater than Ru. This trend including
ligand effects will be considered in greater detail in Section VI. Secondly, Ru(dtc);
complexes represent the only class of stereochemically nonrigid ruthenium(IIl) tris
chelates. All others which have been examined to date including Ru(RT); and
Ru(R, R-f-dik); types are rigid on the NMR timescale (vide infra). Thirdly, Co(dtc);
complexes are the only class of tris chelates whose rate of enantiomerization has
been determined both by DNMR and polarimetry. A recent study*® reports the
optical resolution and polarimetric kinetic results for Co(pyrdtc); in CHCl; solution.
The kinetic parameters are in good agreement with those determined by DNMR for
Co(BzBzdtc); and are AH* =234 * 2.1 kcal/mol, AS* = —0.8 + 7.0 eu polarimet-
rically*® and AH* = 25.5 + 1.0kcal/mol, AS * = 4.1 * 5.0 eu by DNMR!? for the
above compounds, respectively.
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B. Tris(tropolonates)

The a-substituted tropolonates 2 which are tris chelate complexes with a MOg coor-
dination core have received considerable study by DNMR.27> 45~46) The complexes
are of the M(A—B); and M(A—B¥*); types and therefore the averaging sets of Eaton
et al.2% 27) in Table 1 are applicable. The metal ions and a-R-substituents used in
these studies include M = AI(IIT), Ga(III), Co(I1I), V(III), Mn(11I), Ru(Ill), Rh(III)
and Ge(IV); R = isopropyl (C3H;) and isopropenyl (C3Hjs), however, only com-
plexes of AI(IIT), Ga(IIT), and Co(III) have yielded definitive mechanistic informa-
tion.27> 45=46) On the basis of line shape changes of the methyl resonances these
complexes can be classed kinetically as follows: stereochemically nonrigid complexes
which attain the fast-exchange limit of inversion and/or isomerization

(i) below ca. 0 °C [V(UI), Mn(1II), Ga(111)]

(i) below ca. 100 °C [AL(III), Co(III)], and
(iii) above ca. 100 °C [Ge(IV)] and stereochemically rigid complexes [Rh(III),

RU(III)].27’ 45—-46)

The DNMR spectra of the AI(IIT), Ga(III) and Co(III) complexes reveal two coales-
cence regions which are most clearly evident in the methyl DNMR spectra of

12°

T
. Jj\&k
==

-62°

- 69"
-74
-83°
. C T.T

Fig. 8. Methyl spectra (100 MHz) of cis (C) and trans (T) Ga(C3HsT)3 in dichloromethane solu-
tion. Chemical shifts of the centers of spin doublets are Tj, Ty, 3.64; C, 3.45; T3, 3.35 ppm
upfield of dichloromethane at ~83°C. From Ref.#6)
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Ga(C3H;s T); which is shown in Fig. 8.%¢ The low temperature process (LTP) occurs
between —83 and —44 °C and the (HTP) which results in coalescence of the three
remaining lines occurs above —44 °C. Complexes of V(III) and Mn(III) do not show
two regions of coalescence and their DNMR spectra indicate is-trans isomerization
as does the (HTP) of the others. The Ge(IV) complexes show only a rather feature-
less (LTP) which has general similarity to the (LTP) of the Co(IlI) and AI(III) com-
plexes.*®) All of these processes have been shown to be intramolecular.

The observed averaging patterns of the (LTP) for M(C3Hs T); complexes of
Al(III), Co(II1), and Ga(Ill) are entirely consistent with either averaging set A, or
Ag (see Table 1).9 In Fig. 8 the (yz) site permutation (after the notation in 6) of the
T isomer is evident in the (LTP). The CA 2 CA inversion is undetectable by NMR.
The DNMR spectra of Ga(C3H,;T); show a pairwise averaging of eight methy}
doublets to four in the (LTP) which is only consistent with averaging set A which
requires the site interchanges given in 77 for the T isomer (notation according to

7).%6) The C isomer shows the (rs) site permutation. Note that this averaging set is

byr l-zs

fys l-zr

2xr | —* 2-xs 11
2xs | 2-xr

32r 3-ys

3-zs 3-yr

TA TA

the same as was found for [Fe(CH3, Bzdtc);]" and the trigonal twist is the most
satisfactory physical process or mechanism which gives this averaging set. The (LTP)
DNMR spectra of Al(C3H,T); and Co(C3H,T); were also found to be consistent
only with averaging set Ag or the trigonal twist mechanism, however, with these
complexes extensive computer analysis was necessary.2” In addition, the rearrange-
ment mechanism of [Ge(C3H;T)3]" is provisionally assigned as a trigonal twist.4®)
The kinetic parameters for inversion and/or isomerization are listed in Table 5.46)
Only the M(C3H;T); complexes of AI(III) and Co(III) were subjected to total line-
shape analysis, whereas the kinetic order of the other M(RT); complexes is estimated
from coalescence points. No mechanistic information was extracted from the non-
rigid M(RT); complexes of Mn(III) or V(III) or the rigid Ru(III) and Rh(III) com-
plexes.%LThe order of rearrangement rates for M(RT); complexes is for inversion:
Ga > Co > Al > Ge > Rh, Ru; and for isomerization: V~ Mn ~ Ga> Co > Al >
Ge > Rh, Ru.*® This trend will be discussed in Sections V and V1.

The most noteworthy observation with the M(RT)3; complexes in addition to
operation of the trigonal twist mechanism for several is the suprisingly low activation
energies for inversion of the Co(III) complexes. These were the first nonrigid Co(IIT)

i The DNMR spectra of AI(1II) and Co(III) require a computer fit for this conclusion whereas
the Ga(IIl) spectra clearly show the site averaging pattern (Fig. 8).
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Table S. Kinetic parameters for Rearrangement of M(RT);5 complexes”)

Complex  Solvent  Process E, ast 2G*298°
M, R kcal/mole

[CaHaCly C—T 169:1d1 - 43: 3.2 17.5:14
CH;Cl; TA—>TA 13.2:14 — 74+ 48 149:1.2

C;HCl; CA~CA 10536 -16 $12 14.6+5.0
CHaCly TA-TA 123:20 -11 + 7 149128
CaHCly C~T  258:40 21 £12 18.7:5.3

CDCl3 C->T 155+1.1 - 53+ 37 165+1.0
CDCl3 TA—-TA 16.7:0.9 54+ 39 143:0.7

CHCl3 Ca~»CA 14310 - 21+ 35 143+1.5
CHCl3 TaA~TA 161zx13 48+ 39 141138
CHCl3 C~>T 157+14 - 51+ 42 1661t1.6

Al, C3Hs

Al, C3H,

CO, C3H7

|
Co, C3Hs {
{

complexes discovered*® and at 25 °C they enantiomerize ~ 10'! faster than does
Co(CH;, CH;-p-dik)5 and ~ 107 faster than does Co(Bz, Bzdtc); 197 general, the
tris-tropolonates rearrange faster than the analogous tris-8-diketonates but slower
than the analogous tris-dithiocarbamates with the notable exception of Co(1Il). This
and similar trends will be discussed in Sections V and VI.

C. Tris(B-diketonates)

This class of complex given by structure 3 has been the most extensively studied tris
chelate by both DNMR and classical techniques. Thusly a large body of kinetic data
is available for rigid and nonrigid complexes, however, in not a single case has a
unique mechanism been established, in spite of several elegant mechanistic studies on
some Co(IIT) complexes.!? 13 The difficulty in establishing a unique rearrangement
mode is mostly due to the fact that bond rupture process seem to be operative. The
various five coordinate transition states which result have similar energies and combi-
nations of mechanisms apparently occur leading to complicated NMR averaging pat-
terns or isomerization kinetics.12 13) The only rearrangement mode which has been
uniquely established to date for any tris chelate is the trigonal twist as already dis-
cussed in Sections III.A and B for M(dtc); and M(RT)3 complexes, respectively.
The rigid or “slow” complexes will be considered first. Kinetic parameters for
isomerization and/or racemization can be determined after separation of geometric
or optical isomers usually by chromatographic techniques. Partial resolution of
M(CH3;, CH3-f-dik); complexes of Co(III), Rh(III), Cr(III),'3 47 and Ru(111);*"
and complete resolution of Co(IIT) by repeated chromatography on D-lactose and
careful crystallization48) have been achieved. Kinetic parameters for intramolecular
optical inversion of these resolved isomers in non-coordinating solvents are reported
in Table 6. Geometric isomers of M(CHj, Ph--dik); complexes where
M = Co(IIT),'* 49 Cr(T11)' %+ 49) and Rh(II1)*® have been separated and the former
two subjected to kinetic analysis.!? ') Geometric isomers of M(CH;, CF 3-B-dik)3
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Table 6. Kinetic parameters for rearrangement of rigid M(R1 R,-g-dik)3 complexes

Complex Solvent  Process aH?* keal/mol asteu Ref.
M(R;1R3)
Co(CH3CH3) PhCl  Inversion 34.0 + 0.6 14 :06 50)
Cr(CH3CH3) PhCl  Inversion 34.2+ 0.9 7 £2 50)
Ru(CH3CH3) PhCl  Inversion >~ 39.21) - 50)
Rh(CH3CH3) PhCl  Inversion >~ 4230 - 50)
Co(CH3CF3) CHCl3 C-T 30.0 + 0.6 8.6+ 1.7 15)
PhCl  T-C 32.0 £ 0.6 8.8+18 \
PhCl  C-T 32.0 £ 0.6 110+ 1.3
CoCHaP) ey ca-ca 3221 0.7 119 £ 2.0 ] 13)
PhCl TA-TA 31.6 £ 0.9 10.0 £ 2.6
[ PhCl  T-C 319+ 1.1 6.3+2.9
. PhCl C—T 322+ 1.4 8.7+3.9
Co(CHsiPD) I PhCl  C (Racemization) 29.9 + 0.6 1.5+ 1.6 12)
PhCl T (Racemization) 31.6 0.7 6.8+1.8

1y Vaiues are actually for £, in kcal/mol.

complexes of Co(IIT) and Cr(III) have also been separated'® *5) and the former
kinetically investigated.!5? Partial resolution of cis-Cr(CHj, Ph-p-dik);3,!®) cis- and
trans-Co(CHj, Ph-g-dik)3,'% 5 and cis- and trans-Co(CHj, iPr-p-dik); 12 has also
been achieved. Kinetic parameters for rearrangement are reported in Table 6.

It was recognized by Fay and Piper'®) in 1964 that mechanistic information
can in principle be derived from a knowledge of the rates of isomerization and optical
inversion for the same complex providing both reactions are due to the same mecha-
nism. This sort of analysis was not applied, however, until 1970 when independently
Gordon and Holm'? and Girgis and Fay'® separated and partially resolved the four
geometric and optical isomers of Co(CHj, iPr-3-dik)3 and Co(CH3, Ph-8-dik), respec-
tively. The kinetic parameters for isomerization and racemization (or 1nverswn)‘ are
shown in Table 6 for these complexes. These complexes isomerize and racemize at
slightly different rates and activation parameters are closely similar for both processes
which indicates that they proceed via the same mechanism(s). Six microscopic rate
constants are required to kinetically describe the system comprised of the four iso-
mers and are defined by

kq
_—_.—__—_——9
= =

k3

ca Ta

k4 k6 ks kz k4
k3

<~
ky

TA CaA

) The rate constant for optical inversion determined from a log[a] vs time plot is twice that of
the rate constant for direct A — A inversion.6)
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and have been evaluated for both complexes.!?> 13) The ratios of the microscopic
rate constants as well as ratios of isomerization rates to racemization rates are found
to depend on the rearrangement mechanism.

Gordon and Holm'® have thoroughly described the various rearrangement
mechanisms for this type of system and have derived the appropriate rate ratios. The
results of the two independent kinetic analyses are in good agreement and lead to
the conclusion that the reaction mechanism is of the bond rupture variety with a
high percentage of TBP-axial transition states.!? '

Very recently?) the above type of kinetic analysis has been applied to the rigid
complex Ru(act);, 12, which has the chiral 8-diketone ligand (+)-3-acetylcamphor.
The four diastereomers (TA, TA, CA and CA) can readily be separated in optically

CH,
CH,

(Yt
CH,4 \.. Ru/3
O

CH,

12

pure form and during kinetic experiments their presence and relative abundance can
be determined by liquid chromatography.z) In this case 12 microscopic rate constants
are necessary to describe all possible interconversions among diastereomers. These
were determined and the appropriate rate ratios were used to establish the most
probable mechanism(s). For the CA and CA isomers the data show a reasonably good
fit to bond rupture mechanisms with either SP-axial or 50% TBP-axial and 50% TBP-
equatorial transition states. No single mechanism was found to fit the T isomer,
however.?)

CH,
= 0
-1 . ) Cé
0 \CH3
3
13

The above kinetic analyses of rigid complexes all indicate the operation of bond
rupture processes. This result has also been found with the interesting g-diketone
known as triac, /3, where the possibility of linkage isomerization exists.>1) Intra-
molecular bond rupture processes should result in similar rates for inversion and
linkage isomerization in Co(triac);. Activation parameters for optical inversion in
Co(triac)s are AH* =30.6 0.4 kcal/mol and AS* = 10 £ 1 eu whereas for linkage
isomerization in Co(triac-d3)s are 38.9 kcal/mol and 28 + 4 eu, respectively.“) The
slightly higher activation enthalpy for linkage isomerization could result from inter-
-nal ligand rotations which are necessary for isomerization. Also it is possible that
ligand exchange could account for linkage isomerization although preliminary ex-
periments with Co(CH;, CH3-g-dik), (triac-d3) suggest otherwise.5?)
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Much DNMR work has also been done on nonrigid tris(8-diketonates) but as
with their rigid counterparts no unique rearrangement modes have been established
and again bond rupture processes are usually found. The first DNMR experiments
were carried out on M(CH;CF3-8-dik); complexes where M = AI(III), Ga(III), and
In(I1T) by Fay and Piper.'>) The '°F DNMR spectra of the Ga(III) complex is shown
in Fig. 1a. No mechanistic conclusions other than the elimination of the trigonal
twist pathway as the sole rearrangement mode could be made, however, these experi-
ments were the first of this type and are therefore of historic significance. The ob-
served geometric isomerization in these complexes is thought to occur by bond rup-
ture processes because the rate of the Al(IIT) complex was faster in more polar
media.!®) Fay and Piper'® pointed out the need for measuring both isomerization
and racemization rates in order to gain mechanistic information. Jurado and Sprin-
ger??) showed that enantiomerization rates for nonrigid symmetrical tris chelates
can conveniently be measured via diastereotopic site exchange. They observed the
CH;3; DNMR of Al(iPr-8-dik); (Fig. 2) which show the coalescence of diastereotopic
CHj doublets as a result of rapid enantiomerization. A precise total line shape anal-
ysis yielded an Fa = 19 + 1 kcal/mol which remained constant as the concentration
was varied, showing that the kinetic process is first order and intramolecular.

The most detailed mechanistic analysis on nonrigid complexes which made use
of kinetic data for isomerization and inversion was carried out by Hutchison et al.5%
on complexes of the type M(Bz, iPr-8-dik); where M = AI(III) and Ga(1lI). The
isopropyl CH; groups serve as probes for isomerization and inversion. For equilib-
rium mixtures of C and T isomers of the Al(IIT) and Ga(IIl) complexes in chloro-
benzene the slow exchange NMR spectra (93 and 31 °C, respectively) reveal thirteen
and nine of the sixteen possible methyl signals, respectively. DNMR spectra show a
rather complicated coalescence pattern which for both complexes results in a single
methyl spin doublet at the fast exchange limit (156 and 105 °C, respectively).>*
DNMR spectra for the Al(III) complex are shown in Fig. 9 along with several calcu-
lated spectra.5® Mechanistic information could not be extracted directly from
changes in signal multiplicity alone but rather required a complex line shape analysis
which was carried out using site exchange matrices®) for the various twist and bond
rupture mechanisms and for random exchange. Several of the computer simulations
are shown in Fig. 95% for the AI(III) complex. Careful analysis of the simulated line
shapes led to the exclusion of the following mechanisms as sole reaction pathways
for either complex: twists about the 1-C; and p-C3 axes only; bond rupture produc-
ing TBP-eq transition states; random exchange of ligand environments; for Ga(IIl),
bond rupture via TBP-ax transition states. Satisfactory agreement was found for the
following mechanisms: twists involving less than ca 50% and from ca. 25 to 75%
rotation about the 1-C3 and p-C3 axes of the Al(III) and Ga(1II) complexes, respec-
tively; bond rupture via SP-ax transition states; for AI(IIl), bond rupture producing
TBP-ax transition states.>® Kinetic results for the probable mechanisms are listed in
Table 7.

k) The Whitesides-Lisle EXCNMR computer program was employed; Whitesides, G. M. and
Fleming, J. S., J. Amer. Chem. Soc. 89, 2855 (1967); Lisle, J. B., 8. B. Thesis, M. I. T., 1968.
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Table 7. Kinetic parameters for rearrangement of nonrigid M(R§ Ry-8-dik)3 complexes and
mixed g-diketonate complexes

Complex M(RyR3) Solvent Process E4 kcal/mol as*en Ref.
AI(CH3CF3) CDCl3 C—T 23.5+ 1.8 - 15)
Ga(CH3CF3) CDCly C~T 208+ 1.6 - 15)
In(CH3CF3) CDCly C-T <135 - 15)
PhCl twist ™) 276+ 1.4 12.9 £ 3.5
Al(BziPr) { PhCl TBP-ax 1) 30.2:1.4 19.5+3.5¢ 53)
PhCl SP-primary}> 2)  29.6+ 1.4 17.6 £ 3.5
. PhCl twist?) 20.1 £ 1.2 29134
Ga(BziPr) PhCl SP-primary !> 2) 205 1.2 3634 5
AlCH3CH3),(CF3CF3) CH,Cl, CHj site exchange 18.4 + 0.7 10024 55
; | CH,Cl, CFj site exchange 21.3+ 0.7 10.7 £ 2.2
AUCH;CH3)(CF3CF3)y ) ¢ gy, CFj site exchange 19.0 + 1.3 29:42( 5%
AI(CH3CH3), (PhPh) 0-CgHaCly CHjy site exchange 22.0 £ 0.6 09:15 55)
Ga(CH3CH3),(CF3CF3) CH,Cly CHj site exchange 15.3 = 1.2 3.9:46 55
Ga(CH3CHz), (PhPh) CeHg CHj site exchange 20.2 £ 3.2 22£9.3 55)

1) Isomerization and inversion.
2) SP-primary denotes bond rupture via SP transition state by the simplest ligand motion
[see Ref.12)].

This entire analysis depends on correct signal assignment and chemical shift
extrapolation, both of which could be in error. This difficulty could account for the
mechanistic uncertainty, however, it is reasonably certain that at least some mecha-
nisms can be excluded. The entire procedure is extremely time consuming and in
light of the inconclusive results will probably not be profitable to apply to other
systems.

Linkage isomerization rates were measured by DNMR for Al(triac); and
Ga(triac); and estimated to be at least 1/40 and 1/800 times as fast as rearrangement
rates, respectively. This result is interpreted to mean that bond rupture is unlikely
for rearrangement of the Ga(III) complex but possible for AI(I11).5¥ It is difficult to
know exactly what rate differences are to be expected for rearrangement of M(triac),
and M(Bz, iPr-$-dik); so the triac experiments are not conclusive, however, they
strongly imply that Ga(Bz, iPr-8-dik); rearranges by twist mechanisms whereas the
analogous AI(TII) complex most likely rearranges via bond rupture. It should be
pointed out that multiple rearrangement mechanisms cannot be excluded by any of
these results.

NMR experiments have also been carried out on M(CH;, CF3--dik); com-
plexes of Mn(III) and V(III).54) The CH; DNMR spectra of the Mn(III) complex
shows the complete coalescence of four lines to one, indicating that C—T isomer-
ization is occurring. The rate constant was estimated to be 8 x 10% sec™! at 70 °C
(the coalescence temperature) whereas the analogous Mn(CHg, Ph-B-dik); complex
which has similar DNMR behavior isomerizes with a rate constant of ca. 1 x 103
sec™ ! at 80 °C.5¥ The V(III) complex was found to be rigid up to 100 °C.5¥ No
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mechanistic information was obtained from these studies. Table 8 contains relative
rearrangement rates of f-diketonate and a-R-tropolonate complexes all of which
contain the MOg core. Although a detailed analysis of the relative rearrangement
rates will be made in Sections V and VI, several important trends will be mentioned
here. Rate data for MOg type complexes of AI(III), Ga(IIl), V(III), Mn(iIl), and
Co(l1I) give kinetic series /4 for a-RT and Ry R, -8-dik type ligands.

o-RT > (R] R2 = CF3, CH3) > (CH3, Ph) ~ (CHa, CH3) ~ (BZ, in)~
~ (CHs, iPr) 14

Table 8. Relative rearrangement ra‘cs of MOg complexes. From Ref.46)

Ligand Process Rate order: M[k, 1 sec™! (°C);E a» kcal/mol| Ref.
a-RT2) Inv Ga [ ~ 10%(—65°)] > Co [102, 17] > A1 [80,13]
> Ge > Si, Rh, Ru 27, 45, 46) 3,
Isom V ~ Mn ~ Ga > Co?[4.0, 16] > Al 1.0, 17]
> Ge > Si, Rh, Ru 27,45, 46) 3)
CH3CF3-6-dik  Isom Fe,In [ > 36(-57°), < 14] > Mn [ ~ 103(70°))

> Ga[38(62°),21] > A1[34(103°),24] > V >
CoM(5x1078,31] > Ru[2x 10712, 33] > Rh

[ <10~8 (163°), > 42) 54, 15)
CHy-Ph-dik  Isom Mn (8 x 102 (80°)] >V > Co¥) [5x 10~9,33] 54.13)
BziPr-g-dik Isom + inv Sc > GaSy[ ~ 8,20) > AI5) [~ 10—4, ~ 29) 53)
CH3CH3-p-dik Inv Co [8x 10710,35] > Cr[2x 1011, 35] > Ru

[<3x1076(135°),>39] > Rh[<2x 1076

165°), > 42) )
mixed g-dik®)  Site exchange Ga[8x 102, 15] > Al{80, 18] 55)
mixed g-dik 7)  Site exchange Ga [8 x 10~2, 20] > Al[2 x 10~3, 22] 55)

1) Measured or extrapolated value at 25 °C unless otherwise noted.

Data for R = C3Hg complexes.

3) Ito, T., Tanaka, N., Hanazaki, I., and Nakagura, S.: Inorg. Nucl. Chem. Lett. 5, 781 (1969).
C— T; T — C kinetic parameters are similar.

Calculated using average values of the kinetic data obtained by line shape analysis.

) M(CH3CH3-5-dik); (CF3CF3-p-dik).

7) M(CH3CHz-6-dik), (PhPh-p-dik).

8) Fay, R. C., Girgis, A. Y., and Klabunde, U.: J. Amer. Chem. Soc. 92, 7056 (1970).

For each type of ligand the rate dependence on metal ion is shown in Table 8 and
the following observations can be made. For metal ions with a d® or d!© electronic
configuration the rate of rearrangement increases with metal ionic radius as shown in
series 1.5 in which ionic radii are in parentheses;

In(III) (0.79), Sc(III) (0.73) > Ga(III) (0.62) > AI(III) (0.53) 15
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Rates for d2—d® complexes show no trend with ionic radius, however, on descend-
ing a column in the periodic table the rates always decrease: Fe(III) > Ru(III) and
Co(III) > Rh(II).

D. Mixed Ligand Complexes

Mixed ligand complexes are usually of the types M(A—A), (B—B) and M(A—B), (C—C)
with and without diastereotopic probes. The permutational analysis and site inter-
changes have been worked out for the latter and are summarized in Tables 2 and 3.
Most work has been done with nonrigid mixed §-diketonate complexes of Al(III)
and Ga(IIl). Initially the M(A—A), (B—B) complexes were examined by DNMR and
the nonequivalent terminal A groups were found to coalesce. This site exchange was
studied kinetically for the complexes listed in Table 7.55) There has been much dis-
cussion in the literature concerning whether enantiomerization accompanies terminal
A group exchange,®: % however, careful analysis reveals that the relative rates of
site exchange and enantiomerization depend on the mechanism.>® Fortman and
Sievers®®) have shown that twist motions about the p-Cs, all i-C5 equally, and all
axes equally give ratios of the rate of enantiomerization to the rate of terminal group
exchange of 1:1, 3:2, and 4:3, respectively. Similarly, ratios of 3:2, 3:1, and 0:1
result for rupture via all TBP transition states equally, TBP-axial, and TBP-equatorial,
respectively; and a ratio of 1:1 for bond rupture via all SP-axial transition states by
the primary process.5

Careful kinetic analysis>”> >®) of CF site exchange and i-propyl CH; exchange
in Al(CF3, CF3-p-dik), (CH3; CH3-8-dik) and Al(CF 3, CF3-3-dik), (iPr, iPr-3-dik),
respectively, show very similar activation parameters for the two processes.>”* 58)
This result although derived from two similar complexes strongly implies that bond
rupture via SP-axial transition states or the p-C5 twist mechanisms are operative.5
This sort of analysis clearly shows how DNMR kinetic measurements and mechanistic
considerations can lead to unique choices of rearrangement pathway.

A series of nonrigid Fe(R, R, dtc), (S, C,Z,) complexes, 16,
where R; R, = CH3 CHj; Et, Et; CH3, Ph, and (CH,); and Z = CF4,CN

;{[
Rz/‘\\\
~S
S'\I.///S‘\ z
- 'C\\ }/
S‘\ _\\s' ¥4
-5
R:\T’
R,
16
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have recently been synthesized and subjected to analysis by DNMR.3%> 32)» D As

with the M(R; R, dic); complexes, two types of intramolecular processes can account
for the stereochemical nonrigidity: ligand centered S, C—N bond rotation and metal
centered processes. The proton DNMR spectra of Fe(Et, Etdtc), (S, C,(CN),) which
are shown in Fig. 10%2» ™ reveal two distinct kinetic processes hereafter referred to

METHYLENE

Et METHYL
£t

S

s
137

7n*
-1486

2 PPM

-2424
1 | | Nes 2
-3469 -2157 -139
H (PPM)
-80°
1 I Nl
-3804 -2404 -2314 -1204
10 PPM

Fig. 10. Temperature dependence of the 100-MHz PMR spectrum of Fe(Et, Etdtc)2(52C2(CN)2)
in CD,Cl, solution. Sweep widths vary and are indicated below each series of spectra. Chemical
shifts are downfield of TMS reference. From Ref.32)

D These complexes are paramagnetic and posses a singlet-triplet spin state equilibrium in solid
and solution phases3°' 32), Pignolet, L. H., Patterson, G. 8., Weiher, J. F., Holm, R. H.: Inorg.
Chem. 13, 1263 (1974),

™) The DNMR spectra show excellent resolution of the four nonequivalent methylene environ-
ments. As mentioned earlier, paramagnetism in complexes usually results in large isotropic
shifts which greatly simplify DNMR studies.25) If this complex was diamagnetic a compli-
cated spin-spin coupled methylene pattern would probably result and subsequent analysis
may be difficult.
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as the (LTP) and (HTP). The (HTP) which is only observable for the methylene
resonances has been assigned to S,C—N bond rotation®? #1) and will not be consid-
ered further here. The (LTP) averages two of the four nonequivalent methylene
resonances Hj, Hy,, H,, Hy, and interchanges the two nonequivalent methyl environ-
ments. This coalescence pattern was originally explained by either S, C—N bond
rotation which averages H, with H, and Hy, with H;, or metal-centered inversion
which averages H, with Hy, and H, with Hy. Both processes average the methyl
environments. If S, C—N bond rotation is operative in the (LTP), other metal cen-
tered processes would be required to account for the (HTP).

Consideration of an unsymmetrically substituted dtc ligand allows a distinction
to be made between these mechanistic possibilities. In this case three geometric iso-
mers are possible and are depicted in 6 The '°F and 'H DNMR spectra of Fe(CHj,
Phdtc),(S;C,(CF3), ) are shown in Fig. 11 and clearly reveal that the (LTP) does
not result in geometric isomerization; therefore, the (LTP) is metal centered in
origin. Resonances due to the cc isomer can be assigned because this isomer which
lacks C, symmetry (see 6) shows spin-spin coupling between the nonequivalent CF3
groups and requires equal intensity CHj resonances. The following stereochemical
and site interchange information is evident from the (LTP) in Fig. 11.

(i) The ct 2 tc interconversion occurs as evidenced by the x + y peak coalescence
but by a path which does not involve the cc isomer.
(ii) The rearrangement reaction of the cc isomer averages the CH; environments
while simultaneously not averaging the CF; environments.
An additional reasonable constraint is that the same type of mechanism must apply
to the processes in (i) and (ii). The observed configurational change (ct 2 tc) and
site interchange pattern of the cc isomer, (mn) after 9, are consistent with only
two averaging sets from the list in Table 2, A, and A;’. Averaging set A,’ also
requires enantiomerization which, of course, is NMR undetectable in this complex.
The incorporation of a diastereotopic probe on the S,C, Z, ligand would allow a
clear distinction between these two averaging sets as shown by the signal multiplicity
changes listed in Table 3, however, this is synthetically difficult and has not been
done. Note that the presence of a diastereotopic probe in the dtc ligand, a trivial
synthetic task, will not permit a distinction between A;' and A;’ (see Table 3).
Averaging set A,’ is given by the trigonal twist mechanism (p-C3) which is depic-
ted in Fig. 3 via transition states 1/ and 5 for the Act and Acc isomers, respectively.
Note that the contigurational change Acc 2 Acc results in averaging environments a
and b but not A and B. Averaging set A, is best considered to result from a mecha-
nism which requires simultaneous rotation of each chelate ring 180° about its local
C, axis passing through an idealized hexagonal planar transition state. The trigonal
twist mechanism on the other hand involves a more plausible motion via an idealized
trigonal prismatic transition state, a geometry which has been found experimentally
for several MS4 core complexes containing S,C,Z, type ligands.5®) Also the trigonal
twist has been established for several M(dtc); complexes (see Section III.A). These
considerations provide strong support for averaging set A, and the trigonal twist
mechanism. Kinetic parameters for complexes of type 16 are listed in Table 9. Note
that the (HTP) has activation enthalpies which are 4—5 kcal/mole higher than for
the (LTP).
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Table 9. Kinetic data for rearrangement reactions of Fe(RqR,dtc),(S,C2R3) complexes in
CD,Cl, solution. From Ref.32)

R Ry,R; Process T, sec™! (@) AG* Y aHF AS* en
kcal/mol keal/mol

CF3 CHa, CH;3 LTP 1.89x 102 (—-50) 106202 92+09 -6.1+3.9
CF3 CpHs,C;Hs  LTP 7.85x 102 (~50) 10.0:0.2 83:06 -7.5:3.7
CN CpH5,CHs LTP 3.11x103(~50) 9.4:0.2 86:1.5 -3.4:5.0

CF3 CHj, Ph HTP  1.29x102( 25) 14.9:0.2 140221 -30:78
CF3 CyHs,C;Hs HTP  411x10'( 25) 152:02 16.4+1.5  4.1:45
CF3 (CHy)s HTP  4.38x10' ( 25) 152302 16.6+24 47:75

CN CyHs,C;Hs HTP  230x10' ( 25) 141202 12520 -55:6.0

1
) Kinetic parameters for CF3 complexes from Ref.30),
? Calculated from kT at T °C using the relation kT = (kgT/exp(-AG*/RT).

Several additional studies have been reported with mixed ligand complexes. La Mar®®

has measured the rate of collapse of nonequivalent §-dik methyl signals in
Co(IIXCH3, CH3--dik),(4,7-dimethyl,1,10-phenanthroline) and found an
E, ~ 13 kcal/mol and log A ~ 16. Pignolet and co-workers'®’ 5!) have examined
Fe(ID(R{ R, dtc), L type complexes where L = 1,10-phenanthroline, phen, or bis(1,2-
diphenylphosphino)ethane, diphos. These complexes are high (S = 2) and low (S =0)
spin, respectively, and have activation enthalpies of <7 and > ~ 20 kcal/mole, re-
spectively. Fortman and Seivers®’ 62- 63) have reported preliminary DNMR results
on the mixed f-diketonate Al(CF5, CF3-8-dik)}(CH3, CH3-3-dik)}(¢, C4Hy, #-C4Ho--dik).
No firm mechanistic conclusions have been reached, however, rate constants for the
three types of terminal group exchange have been measured.>

Some of the rate data of this section will be analyzed in Sections V and VI.

E. Miscellaneous Tris(bidentates)

A number of catonic complexes with the MN¢ core have been found to racemize or
possess DNMR properties. The racemization of Ni(ethylenediamine);*?, which is
actually the reaction A(AAA) 2 A(888) where A and § refer to the two possible con-
formations of the five-membered chelate ring, has been observed by DNMR®?. At
room temperature in aqueous solution two well resolved signals from the ethylenic
protons are observed which coalesce at ca. 101 °C giving AG* ~ 15.7 kcal/mole.
Intramolecular twist mechanisms have been postulated because bond rupture would
cause nitrogen inversion in the analogous N,N'-dimethylethylenediamine complex
which was not observed at 101°.%%) Other similar Ni(II) complexes, Ni(meso-butyl-
enediamino); *2 %) and Ni(1,3-diaminopropane);*2,67) have been examined by
DNMR with the result that racemization occurs slightly faster than for the ethyl-
enediamino complex with AG* at 50 and 72 °C equal to ca. 14.0 and 14.0 kcal/mol,
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respectively. A twist mechanism was again proposed for the former.5® M(ethyl-
enediamino); *3 complexes of Cr(I1I), Co(111), and Os(I11) are extremely inert to
racemization.!

The tris{phenanthroline), phen, and (bipyridino), bipy, complexes of Fe(II)
have been found to racemize predominately by an intramolecular pathway .58 6%
The racemization also proceeds partly via ligand dissociation but at much slower
rates.58 6) The mechanism for intramolecular racemization is thought to be a non-
bond-breaking twist process because the planar, rigid phen ligand is not able to act
as a monodentate ligand, however, the large AS™ value of +21 eu®® is not consistent
with the near zero or slightly negative values found for other “twisting” complexes
(see Tables 4, 5 and 9). The low spin (S = 0) Fe(phen);*? complex has a AH* of ca.
29 kcal/mol 8- %)

Numerous kinetic studies of racemization reactions have been performed with
tris(oxalato) metal complexes, 7, M(0X); ™3 in aqueous solution where

-3

PO

3\1«0/&:0

17

M = Cr(IID),”® Co(111),”® and Rh(III).”") These reactions are complicated by acid
and metal ion catalysis and in the case of Co(III) decomposition is significant.”® In
addition the OX ™2 oxygen atoms are found to exchange with *80 labeled water
sometimes at rates comparable with racemization.”?

The racemization of Cr(0X); ™3 and Co(0X);~ 2 is found to be intramolecular
because labeled OX~2 does not exchange with the complexed OX~2 in the time
required for racemization.”** 7 In neutral aqueous solution racemization of
Cr(0X)3~2 occurs but the OX~2 oxygens do not exchange with ®0H, and a twist
mechanism has been proposed. In the presence of acid both racemization and oxygen
exchange with '80H, are accelerated and therefore an acid catalyzed bond rupture
process probably occurs.”?) Racemization of Co(0X); > in neutral and acid solution
presumably also occurs by a twist mechanism.”® This result comes from extensive
oxygen exchange studies involving both inner and outer 0X~2 oxygen exchange
rates.”® In any case, both of these complexes are thought to racemize by a twist
mechanism in neutral solution, in addition, definite acid catalysis occurs which at
least in the case of Cr(0X)3 ~ 3 probably results from bond rupture. Activation
parameters for optical inversion in neutral solution are listed in Table 10.

The only other tris(oxalato) complex to receive much attention is Rh(0X)3
This complex undergoes racemization in acid solution which is not due to inter-
molecular 0X ™2 exchange.74) Oxygen exchange studies with 18 OH, show that
the rate of racemization is similar to the rate of inner oxygen exchange and therefore
an intramolecular bond rupture mechanism is favored’!) in contrast to the Co(II)
complex, where racemization is much faster than inner oxygen exchange.

-3 171,73)
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Table 10. Kinetic data for optical inversion of M(OX)3_3 complexes in neutral aqueous
solution

Complex kx10° sec™ !, (¢ °C) E, asth
kcal/mole eu

crox);"2 D 175,182 15.75 ~23.7

Co(0X)3=3 3) 1.88, (24.87) 27.1 6.7

) Ref.6),

3; ushra E., Johnson, C. H.: J. Chem. Soc. 1937 (1939).

V. Influence of Solid State Geometry on Dynamics

The previous section has dealt with the kinetics and probable mechanisms for metal
centered rearrangement reactions of tris chelate complexes. A general rationale of
these results is best obtained by considering the §-diketonates, a-R-tropolonates and
dithiocarbamates separately. These three classes have been the most extensively
studied and have yielded the most firm mechanistic conclusions. It is obvious from
the previous sections that rates and mechanisms depend markedly on metal ion and
ligand type. We will approach the problem of explaining these results by first consid-
ering the effect of ground state geometry as determined from X-ray data on the
kinetic parameters and mechanisms for rearrangement.

X-ray results are available for numerous tris chelate complexes, however, we will
be primarily concerned with the three classes mentioned above. The most striking
feature of the structural results is the adherence to~ D3 symmetry even in com-
plexes which are severely distorted from the octahedral or trigonal antiprismatic
D34" ") Jimit. Muetterties and Guggenberger’® ) have recently pointed out that with
the exception of about six tris(dithiolate) complexes, I8, that are close to the D3y,
(trigonal prismatic) limit, all structurally established tris chelates have D or near

S

NN

3} Ng R

R=H, CN, Ph
18

D3 symmetry and they are at or near the D34 limit or along the D34 2 D3y, reaction
path.75) This observation has obvious importance with respect to the trigonal twist
mechanism.

n) Dj3q symmetry will be used to describe trigonal antiprismatic geometry even though the tris
chelate complexes have lower real symmetry due to the presence of the chelate rings.
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S
b) ¢}

Fig. 12. Definition of solid state structural parameters for tris chelate complexes with ~ D3
symmetry: ¢ is the twist angle and is the projection of the bite angle « onto the plane which is
perpendicular to the C3 symmetry axis, ¢ is the pitch angle and is the angle subtended by the
plane of the chelate ring and the C3 symmetry axis; 7, d, s and 4 are the metal ligand distance
bite distance, triangle edge, and the distance between the triangles, respectively. From Ref.sz,)

In order to describe the geometry of tris chelate complexes the following shape
parameters have been selected and are defined in Fig. 12. The angle a is the chelate
bite angle and is related to the metal ligand distance, r, and the bite distance, d, by
d = 2r sin (¢/2); the angle ¢ is the so called twist angle and is the projection of & on
the plane which is perpendicular to the C3 symmetry axis (see below); the angle ¢ is
the chelate ring or propeller pitch angle; and the distances s and & are the edge length
of the triangle and intertriangle separation, respectively. The polar angle 4 is also
convenient in relating the various parameters and is the angle subtended by the M—L
bond and the C3 symmetry axis. All of these parameters have been used by oth-
ers,”%~81) however, the importance of the pitch angle ¥ in describing distortions
away from idealized D34 symmetry has not been emphasized. 3% 82) The following
equations most conveniently relate the angles and distances:

cos(e/2) =sin 6 cos(¢/2) 0))
sin(a/2) = cos 8/cos ¥ )
s=/3 (rsin6) ®3)

cos Y = hjd 4
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Table 11. Structural parameters ') for tris chelate complexes of ~ D3 symmetry

Complex r d s h a ¢ m __ Footnote
A A A A deg. deg. deg. s/h
(RyRy-p- diketonates(3)
Mg(CF3CF3) 2.058 2.771 2.94 2.31 84.7 S§3.1 334 127 2)
ANCH3CHa) 1.892 2.718 2.64 2.24 91.8 60.9 34.7 118 )
Sc(CH3CHjz) 2.070 2715 2.96 2.34 82.0 47.3 303 1.26 ¥
V(CH3CH3) 1.979 2.749 2.79 2.30 88.0 55.5 33.0 1.21 %)
V(CH3CH3) 8 1.987 2.745 2.81 230 87.4 552 332 1.22 )
Cr(CH3CH3) 1.953 2.786 2.74 2.29 910 60.3 34.8 1.20 j)
Cr(CH3CHj3) 1.956 2.793 2.76 2.27 91.1 61.5 357 1.22 8)
Fe(CH3CH3) 1.992 2.744 2.86 2.32 87.1 53.6 321 1.23 3)
Co(CH3CH3) 1.897 2.849 2.62 2.29 97.3 67.9 364 1.14 9)
Ru(CH3CHaz) 1.992 2907 2.79 2.34 93.7 644 362 1.19 lo)
Rh(CH;CH3) 1.992 2.946 2.77 2.37 95.3 66.1 36.3 1.17 11)
Cr(atc), 1.969 2.831 2.78 2.28 92.0 62.5 36.1 122 )
Averages 90.1 59.0 344 121
Tropolonates (2, R = H)
Al(T)3 1.88 2490 2.70 2.13 826 48.5 31.0 1.27 12
Sc(T)3 2.102 2.523 3.04 2.30 73.8 34.0 241 1.32 13)
Fe(T)3 2.008 2.522 2.87 2.27 77.8 384 256 1.26 14
Averages 78.1 403 269 1.28
(R 1R4)dithiocarbamates (1)
Mn(EtEt) 2.450 2.908 3.64 2.52 72.8 40.2 29.9 1.44 15)
Fe(EtEt) 2.357 2.845 3.44 2.54 74.2 37.6 26.8 1.35 16)
Fe(EtEt), 79 °K 2.307 2.836 3.36 2.50 75.9 404 28.2 1.34 16)
Fe[(CHy)4] 2.407 2911 3.50 2.60 744 374 265 1.35 17)
Fe(CH; Ph) 2312 2.819 3.38 2.47 75.1 40.7 289 1.37 17)
Co(EtEt) 2.258 2.786 3.32 2.39 76.2 43.7 30.7 1.39 18)
Ru(EtED) 2.376 2.827 3.50 2.50 73.0 38.1 27.8 1.40 19)
In[(CH;)s] 2.588 2.947 3.84 2.66 69.4 32.8 25.3 144 20)
TICH3CH3) 2.659 2.979 3.99 2.65 68.2 33.2 26.5 1.50 21y
Averages 73.2 38.2 27.8 140
Miscellaneous
V[S;C3(Ph); 13 2.338 3.059 3.07 3.05 817 1.9 1.2 1.01 22)
Mo[Se;C2(CF3)213 2491 3.3153.22331 834 0 0 09723
Re[S;C,(Ph)2 13 2.325 3.032 3.05 3.03 81.4 34 2.0 1.012%
Cr(0X)3™2 1.965 2.591 2.83 2.18 82.5 50.5 32.8 1.30 25)
Co(0X)3~2 1.922 2.580 2.77 2.13 84.3 541 34.3 1.30 26)
Rh(0X);~2 2.016 2.678 2.94 2.18 83.0 54.5 355 1.35 27)
Fe(phen)s*? 1.969 2.814 3.12 2.31 91.4 60.7 34.8 1.35 28
Ni(phen);3*2 2.090 2.669 3.43 2.25 79.4 48.2 327 1.52 29
Ni(en)3* 2.124 2789 3.07 2.35 82.0 50.2 32.6 131 39)

1) Some of the angular parameters (¢ and ) may vary slightly from values reported in the
literature due to the details of the calculation, especially the location of the ~ C3 axis (see

text).

2y Truter, M. R., Vickery, B. L.: J. Chem. Soc. Dalton, 1972, 395.
3) Hon, P. K., Pfluger, C. E.: J. Coord. Chem. 3, 67 (1973).
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4 Anderson, T. J., Neuman, M. A., Melson, G. A.: Inorg. Chem. 12, 927 (1973).
6) Morosin, B., Montgomery, H.: Acta Cryst. B25, 1354 (1969).
) Wright, W. B., Meyers, E. A.: Cryst, Struct. Comm. 2, 477 (1973).
7) Morosin, B.: Acta Cryst. 19, 131 (1965),
8y Tball, J., Morgan, C. H.: Acta Cryst. 23, 239 (1967),
9 Chou, G. K.-J., Sime, R. L., Sime, R. J.: Acta Cryst. B29, 2845 (1973),
10y Morrow, J. C., Parker, E. B., Jr.: Acta Cryst. B29, 1145 (1973),
'y Horrocks, W. D., Jr., Johnston, D. L., MacInnes, D.: J. Amer. Chem. Soc. 92, 7620 (1970).
12y Muetterties, E. L., Guggenberger, L. J.: J. Amer. Chem. Soc. 94, 8046 (1972),
13y Anderson, T.J., Neuman, G. A., Melson, G. A.: Inorg. Chem. 13, 158 (1974),
14y Hamor, T. A., Watkin, D. J.: Chem. Commun. 1969, 440.
15) Healy, P. C., White, A. H.: J. Chem. Soc. Dalton 1972, 1883,
16y Ieipoldt, J. G., Coppens, P.: Inorg. Chem. 12, 2269 (1973),
17) Ref.79).
18y Merlino, S.: Acta Cryst. B 24, 1441 (1968),
19) Ref.82),
20y Hauser, P. J., Bordner, J., Schreiner, A. F.: Inorg. Chem. 12, 1347 (1973),
21) Abrahamson, H., Britton, D., Pignolét, L. H., in preparation.
22y Eisenberg, R., Gray, H. B.: Inorg. Chem. 6, 1844 (1967),
23y pierpont, C. G., Eisenberg, R.: J. Chem. Soc. 4 1971, 2285.
24) FEisenberg, R., Ibers, J. A.: Inorg. Chem. 5, 411 (1966),
25) van Niekerk, J. N., Schoening, F. R. L.: Acta Cryst. 5, 499 (1952),
26) Butler, K. R., Snow, M. R.: J. Chem. Soc. 4, .1971, 565.
27) Dalzell, B. C., Eriks, K.: J. Amer. Chem. Soc. 93, 4298 (1971).
28y Zakin, A., Templeton, D. H., Veki, T.: Inorg. Chem. 12, 1641 (1973).
29) Erenz, B. A., Ibers, J. A.: Inorg. Chem. 71, 1109 (1972).
30y Ul-Haque, M., Caughlan, C. N., Emerson, K.: Inorg. Chem. 9, 2421 (1970),

h=2rcos@ )
8 = arctan{2/+/3 (s/h)) ()

Parameters were calculated from the reported positional coordinates and the
crystallographic unit cell constants and are listed in Table 11 for selected complexes.
For complexes which lacked crystallographic C3 symmetry the ~ C3 axis was de-
fined as follows. The midpoints of the lines connecting the ligating atoms of each
bidentate chelate were calculated and the plane containing these three midpoints
constructed. The ~ C3 axis is defined as the normal to this plane which contains the
metal ion. The parameters 3,  and ¢ were then calculated.’’

For octahedral geometry some of the structural parameters are fixed by
definition and are & = 90°, ¢ = 60°, ¥ = 35.3°, and s/h = 1.22. The ratio s/h is the so
called compression ratio’® and is useful in describing the relative flatness of a poly-
hedron. For trigonal prismatic D3, geometry ¢ =0° and ¢ = 0°. D3, symmetry has
no further requirements and the value of s/i depends on «. The only tris chelates
which possess D3y, geometry are several neutral tris(dithiolenes) (Table 11) which

o) During the preparation of this article the author discovered by private communication from
R. H. Holm that a similar but more extensive analysis has been carried out by M. R. Snow
which will eventually be published in Coord. Chem. Rev.

129



L. H. Pignolet

have @ ~ 82° and s/h =~ 1.0. It is not obvious, however, that s/k = 1.0 is a necessary
condition for D3y, coordination or that compressed or flattened complexes (s/h >
1.0) which have D3 ground state geometries will not enantiomerize via Dy, transi-
tion states.”) Indeed, the trigonal twist mechanism is most likely operative for highly
compressed complexes [M(dtc)s and M(RT)s, vide infra]. Trigonal antiprismatic or
D34 geometry requires ¢ = 60°.

Most of the tris bidentate chelate complexes listed in Table 11 do not have
octahedral geometry because the chelate bite angle a is usually less than 90°. This is
contrary to the Oy, symmetry commonly assumed for six coordinate complexes.
Since most tris chelate complexes? and all of those listed in Table 11 possess ~ Dy
symmetry, the twist angle ¢ has most often been used to describe the extent of twist
from trigonal antiprismatic D34 (¢ = 60°) to trigonal prismatic D3y, (¢ = 0°) geometry.
The parameter ¢ has accordingly been used to describe the likeliness of inversion via
the trigonal twist mechanism since highly twisted complexes (¢ < 60°) are already
near the presumed D3y, transition state geometry.7’ 8) Consideration of the twist
angle ¢ alone, however, can lead to erroneous mechanistic predictions. Idealized O,
geometry has ¢ = 60°, = 35.3° and a = 90° but also requires mutual orthogonality
of the three chelate rings. If « is less than 90° it is possible to preserve the orthogo-
nality by simply decreasing ¢. In this case, however, ¥ remains at 35.3°. For example,
o= 75° [a value often found for M(dtc); complexes] gives ¢ = 48° and ¢ = 35.3°
for mutually orthogonal chelate rings. Indeed, @ and ¢ can decrease to nearly 0°
(hypothetically) while still retaining the orthogonality condition. This observation
shows that the trigonal twist mechanism is best envisioned as the concerted rotation
of the three chelate rings about their respective C, axes such that the average value
of ¥ goes from its ground state value through 0° (D3, transition state) to the nega-
tive of its ground state value. The usual ¢ criterion for inversion via a trigonal twist
can be misleading because a small ground state value of ¢ does not necessarily indi-
cate a twist toward D3y, since @ may be very small whereas a small value of
(< 35.5°) always does regardless of the size of a. Of course the ¢ criterion is valid
and equivalent to the y criterion if the value of a is also considered. Indeed Egs. (1)
and (2) relate «, ¢ and .

Examination of the results in Table 11 shows that the M(3-dik); complexes are
all near the octahedral limit. The average value of @, ¢, ¥ and s/h is 90.1°, 59.0°,
34.4°, and 1.21, respectively, for the twelve complexes listed. The M(T); complexes
have averages of 78.1°, 40.3°, 26.9° and 1.30, respectively, for the same parameters
of the three complexes listed which indicates a significant twist toward D3j, geometry
as well as a slight flattening or compression of the coordination core. The M(dtc)s
complexes have averages of 73.2°, 38.2°, 27.8°, and 1.40, respectively, for the nine
complexes listed which also shows a twist toward D3, and much greater flattening,

P) Stiefel and Brown”®) have suggested that highly compressed tris chelate complexes may
enantiomerize via a hexagonal planar transition state because they have s/h > 1.0 when
twisted to D3p while maintaining the chelate ring dimensions.

Q) Several tris chelate complexes show an additional tetragonal distortion due to the Jahn-Teller
effect, e.q., with Mn(III}, and therefore do not have ~ D3 symmetry. These distortions are
not related to intramolecular reaction pathways and these complexes are omitted from this
discussion. :
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The values of Y are most important here because « varies from ~ 90° to ~ 70° for
M(-dik); and M(dtc); complexes, respectively. Hence the amount of twist toward
D3y by the ¢ criterion is greatest for the M(dtc); complexes whereas the Y criterion
shows that the M(T); complexes are actually twisted slightly more. The smaller
average ¢ value of the M(dtc); complexes results because of the smaller average
value of & [73.2 compared with 78.1 for M(T), ]. However, since only three M(T)3
complexes have been structurally characterized, the average values of &, ¢ and  are
not statistically meaningful and overall comparisons with the M(dtc); complexes
are not valid "

The degree of twist noted above in the %xound state geometry of tris chelate
complexes has been calculated by Kepert.””) The calculation was based on the sum-
mation of ligand-ligand repulsion energies between the six donor atoms of the MLg
core.” The calculation was carried out for a fixed value of a as a function of ¢/2.
The minimum repulsion energy for values of & < 90° occurred for values of ¢ <60°
indicating that twist distortions toward D3y, geometry result because of small bite
angles. A value of 90° for « had an energy minimum for Oy, geometry. Kepert77)

did not report values of {, however, they are easily calculated from a and ¢ [Eqs.

(1) and (2)] and indeed small chelate bite angles yield minimum repulsion energies
for values of ¥ < 35.3°. In fact, the calculations quite amazingly predict the experi-
mentally observed twist and pitch angles for a number of complexes with the excep-
tion of the tris(dithiolenes) which have ~ D3y, geometry. For the M(dtc); series
listed in Table 11 note that the smaller values of & correspond with the smaller values
of ¢ and ¢.

The mechanisms for metal centered rearrangement should in principle be related
to ground state geometry and it is found that the complexes which rearrange via the
trigonal twist mechanism are just the ones which are distorted toward D3y geometry.
It should be noted, however, that these distortions are in no case larger than ~ 32%
by the y criterion. Kepert’s calculation also predicts that small bite ligands should
have lower activation energies for inversion via a trigonal twist.”” Hence, the
tris(8-diketonates) which have ~ Oy, geometry rearrange by bond rupture pathways
with the possible exception of Ga(Bz, iPr-f-dik); where a twist pathway is likely;
whereas the tris(tropolonates) and tris(dithiocarbamates) are distorted toward D3y,
geometry and rearrange via the trigonal twist pathway. At this time it can be con-
cluded that the small bite angles of the five and four membered T and dtc chelate
rings, respectively, are of primary importance in causing the operation of the trigonal
twist mechanism.

It is less fruitful to use structural data to explain the relative rearrangement rates
even for complexes which rearrange by the same mechanism. The most extensive
series of constant mechanism complexes is of the M(dtc); type and structural results
are available for many of the complexes. A comparison of AH* for enantiomerization
to a, ¢ and Y is made in Table 12. Although some of the AH * values are within
experimental error of each other, an overal relation exists. The higher AH # values
in general correspond to the less twisted (toward D3p,) complexes, however, the
magnitude of the differences in angular parameters is hardly sufficient to account

r) Preliminary structural results from Co(T)3 indicate ¢ ~ 55°, Eisenberg, R., cited in Ref.27)
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Table 12. Crystallographic parameters of the MSg core and kinetic parameters for metal-
centered inversion of several M(dtc); complexes

Complex AHF Angles?) of MS,4 Core, deg. Ref. of structure
kcal/mol (x1) « 02) v determination
In[(CHy)sdtcl;  <8.61) 69.4 32.8 253 4
Fe|(CH;)4dtc]3 7.63) 74.4 37.4 26.5 )
Fe(MePhdtc)s 8.7 751 40.7 28.9 %)
Ru(EtEtdtc); 10.3 73.0 38.1 27.8 6)
Mn(EtEtdtc)3 1.4 72.8 40.2 299 7)
Co(EtEtdtc)s 25.51) 76.2 43.7 307 8

1) AH? determined for analogous BzBzdtc complex Ref.38),

2) Average values calculated from the crystallographic coordinates given in the appropriate
reference.

3y Values differ slightly from those reported elsewhere due to the method of calculation,
however, these values are correct for relative comparison.

4) Hauser, P. J., Bordner, J., Schreiner, A. F.: Inorg. Chem. /2, 1347 (1973).

5) Ref. 79),

6) Ref.39).

7) Healy, P. C., White, A. H.: J. Chem. Soc. Dalton 1883 (1972).

8y Merlino, S.: Acta. Cryst. 824, 1441 (1968).

for the much greater AH * value found for Co(III). Electronic effects must be
invoked in this case and in general are important in determining relative rearrange-
ment.!? The next section will be concerned with d electronic effects.

Eaton et al.*®) have made a rather extensive comparison of the rearrangement
rates and mechanisms for tris(8-diketonates) and tris (tropolonates). The following
two structural points may be important in favoring the trigonal twist for the latter
and bond rupture for the former:#®)

(i) The rigid, planar nature of the tropolonate ligand should tend to supressabond
rupture mechanism since more energy, in the form of M—0 or M—O—C bond defor-
mations, would be required to remove one end of the ligand from bonding distance
to the metal than in the case of the internally flexible g-diketonates.

(ii) The relatively short bite distance of the tropolonate ligand (ca. 2.54) leads
to polyhedron radius to polyhedron edge ratios which are close to the ideal value
of 0.76 given by Day and Hoard®® for Ds;, geometry. The following ratios have
been calculated assuming bite and M~-Q distances are the same in the D3y, as in the
ground-state trigonal antiprismatic configuration: CoTj, 0.74;" ) Co(acac);, 0.66;
AIT;, 0.76; Al(acac);, 0.69; GaTj, 0.78 (estimated; MnT3, ~ 0.78.5%

The ground state geometry of the neutral tris(dithiolenes) is essentially D3
(Table 11). This result is inconsistent with Kepert’s’” calculation since a is ca. 82°

s) MnTj3 does not possess trigonal symmetry and the quoted distance ratio as well as the average
twist angle (~ 49°) are not as meaningful as for strictly trigonal chelates.
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and therefore the complexes should have geometries which are similar to the
tris(tropolonates), The trigonal prismatic geometry of these complexes has been
rationalized by interligand S—S attractions between the S atoms of each trigonal
face.5%) However, the M(dtc); complexes which also have an MSg core do not have
D3y, coordination but rather have geometries exactly predictable by Kepert’s calcu-
lation.

The remaining entries in Table 11 have parameters which are less easily inter-
preted in terms of rearrangement dynamics. Again the complexes with smaller values
of a are the most twisted toward Dsp,. The M(0X)3~ 3 complexes, however, show
that values of a less than 90° while usually leading to values of ¢ less than 60° do
not necessarily show twists toward D3}, by the pitch angle criterion.

VL. influence of Electronic Configuration on Dynamics

A consideration of the d electronic configuration should in principle permit certain
rate predictions for rearrangement reactions of tris chelate complexes. Electronic
effects have been applied with some success in explaining the relative rates of ligand
substitution reactions.!* #%) For example, Basolo and Pearson!) used a ligand field
stabilization energy, LFSE, argumental such that relative activation energies for disso-
ciative ligand substitution of six coordinate complexes are related to the differences
in LFSE between octahedral and trigonal bipyramidal or square pyramidal geometry.
This procedure nicely accounted for the inertness of Co(III) and Cr(III) complexes.
Taube®>) used electrostatic arguments based on d orbital occupation to account for
the inertness of low spin Co(III) and Cr(IIl) toward associative ligand substitution.
Both of these approaches require a knowledge of the reaction mechanism, i.e., a
specific transition state or activated complex geometry must be assumed. Likewise
for intramolecular rearrangement reactions the mechanism must be known before
any electronic effect arguments can be applied.

In the previous section it was noted that the trigonally twisted nature of the
ground state geometry of M(dtc); and M(T)3 complexes was probably important in
causing the operation of the trigonal twist mechanism. The tris(3-diketonates) are
not distorted in this way and rearrange via bond rupture processes. Since several
transition state geometries are possible and probable for rearrangements of the latter
it is impossible to apply electronic configuration arguments with any degree of success.
However, such arguments should be useful in accounting for the relative rearrange-
ment rates of M(dtc); and M(T)3 complexes for which the trigonal twist mechanism
via a trigonal prismatic transition state is extremely likely. Since the M(dtc), series
is the most extensive it will be used exclusively in the following discussion.

Recent ligand field calculations”® 8®) have been carried out on trigonal anti-
prismatic, TAP, trigonal prismatic, TP, and intermediate geometries which yield good
estimates of the LFSFE for TAP and TP geometries for the various d electronic con-
figurations. A complex which enantiomerizes by the trigonal twist mechanism can
be assumed to proceed from TAP or near TAP geometry through a TP transition state
and therefore the activation energy should be related to LFSE(TAP) -- LFESE(TP) or
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ALFSE. This procedure has been successfully applied in establishing stereochemical
preferences in a series of clathro-chelate complexes.”® 81) The results have been
applied to enantiomerization rates of M(dtc); complexes and are shown in Table
13.19:38) The A LFSE values used here were determined from the calculation of

Table 13. ALFSE!) values and AH¥ for enantiomerization of dithiocarba-
mate complexes in CD,Cl, Solution

" Metal Ion, spin No. of d ALFSE AH* keal/mol Ref.
electrons Dg

Fe(Il), 2 6 0 <1.5% 19)
Ga(li), 0 10 0 < 8.6 38)
In(I11), 0 10 0 <8.6 38)
v(IIn, 1 2 3.4 <8.2 38)
Mn(IID), 2 4 3.4 9.8--11.0 38)
Fe(Ill), 5/2 5 0

Fe(IID), 1/2 s 10.2 } 7.6-10.33) 19
Ru(IID), 1/2 5 10.2 10.1-11.6 39)
Fe(IV), 1 4 6.8 8.4 19)
Cr(Iin, 3/2 3 6.8 >16 38)
Fe(Il), 0 6 13.6 >20% 61)
Co(IlN), 0 6 13.6 25.5 19)
Rh(III), 0 6

13.6 >27 19)

1y LFSE = TAP(LFSE) — TP(LFSE) after Gillum et af.89)

2y Fe(dtc)pphen.

3) Fe(lII)(dtc); complexes have a § = 1 {228 = 5/2 spin state equilibrium.
4 Fe(dtc)3(CO), in toluene-dg.

Gillum et al. 8 however, the more sophisticated calculation of Larsen et al’®
yields very similar results.

The data reported in Table 13 do show a relation between AH* and ALFSE
which is in general agreement with the above assumption. For Mn(IlI) the AH *
values are slightly high which may result from the observed tetragonal distortion in
the solid state which places these complexes slightly off the D33—Djy, reaction
pathway. Since ALFSE is in units of Dy the complexes from the second row of the
periodic table should enantiomerse slower than their first row counterparts. Hence
the trends in AH* :
(Ru(1I) > Fe(III), Rh(IIT) > Co(III))

are expected and consistent with results from M(CHj, CH;-$-dik)3; complexes where

for AH*
Rh(IIT) > Co(IIT) and Ru(III) > Fe(IlI),

and for M(RT)3; complexes where Rh(IIT) > Co(III). The Fe(IIl) complexes possess
a low spin 2 high spin equilibrium which complicates the ALFSE argument since
ALFSE is 10.2 Dq and 0 Dy, respectively, for these spin states. The spin equilibrium
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is rapidly attained, however, which could mask any rate effects due to the equilibrium
constant which is greatly dependent on the N-substituent.!®) In any case it is ob-
served that the complexes which are predominately high spin enantiomerize faster
than ones which are mainly low spin. This trend is also consistent with solid state

data which shows that the predominately high spin complexes are twisted toward

Dsp to a greater extent than the low spin complexes. In Table 11 note the structural
parameters for Fe(EtEtdtc); at 79° and 297 °K where the complex is predominately
low and high spin, respectively.

The LFSE analysis assumes that other factors such as bond energies, nonbonded
interactions, solvent effects and geometries have essentially equal changes during
enantiomerization for one metal to another. In effect, these obviously important
factors must cancel so the effect of ALFSE dominates. Further the spin states are
assumed to remain unchanged from TAP to TP geometry so electron pairing effects
are eliminated. The fact that the LFSE analysis seems to qualitatively work is sur-
prising but no more so than for ligand substitution reactions.

It is difficult to extend the LFSE conclusions to complexes of different ligand
type since the ligand structural and electronic characteristics may result in large rate
effects. For example, Co(RT); complexes isomerize much faster than Co(dtc)s
complexes in spite of the fact that all other M(dtc); complexes rearrange faster than
the analogous M(RT)3 complexes. This observation has not been satisfactorily ex-
plained and possibly could involve low lying electronic excited states in Co(RT);.
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l. Introduction

The Chemical effects produced by various kinds of electrical discharge have attracted
the attention of chemists since the middle of the last century. A large number of
papers are available on homogeneous reactions under plasma conditions' =%, but
only little work was done on gas-solid reactions prior to 1960. Studies on the reduc-
tion of certain oxides, sulphides and halides®*?? and on the formation of hydrides

of tin, arsenic, antimony, etc.’) are noteworthy. Anomalous sputtering of certain
elements, such as As, Sb, Bi, Se and Te in a hydrogen glow discharge appeared to be
due to chemical transport taking place by formation and subsequent decomposition
of volatile, unstable hydrides®’.

The rapid development of solid state physics and technology during the last fifteen
years has resulted in intensive studies of the application of plasma to thin film prepa-
ration and crystal growth The subjects included the use of the well known sputter-
ing technique, chemical vapour deposition (*“CVD”) of the solid in the plasma, as well
as the direct oxidation and nitridation of solid surfaces by the plasma. The latter
process, called “plasma anodization”'??, has found application in the preparation of
thin oxide films of metals and semiconductors. One interesting use of this technique
is the fabrication of complementary MOS devices'"?. Thin films of oxides, nitrides
and organic polymers can also be prepared by plasma CVD.

These applications will not be discussed here; the reader is referred to review
articles and books'® 2714 and to more recent papers!3~!9.

All the work just mentioned is rather empirical and there is no general theory
of chemical reactions under plasma conditions. The reason for this is, quite obviously,
that the ordinary theoretical tools of the chemist, — chemical thermodynamics and
Arrhenius-type kinetics — are only applicable to systems near thermodynamic and
thermal equilibrium respectively. However, the plasma is far away from thermody-
namic equilibrium, and the energy distribution is quite different from the Boltzmann
distribution. As a consequence, the chemical reactions can be theoretically considered
only as a multichannel transport process between various energy levels of educts and
products with a nonequilibrium population2%> 21), Such a treatment is extremely
complicated and — because of the lack of data on the rate constants of elementary
processes — is only very rarely feasible at all. Recent calculations of discharge para-
meters of molecular gas lasers may be recalled as an illustration of the theoretical
and the experimental labor required in such a treatment?2: 2%,

A similar theoretical treatment of heterogeneous reactions under plasma condi-
tions is even more complicated, owing to our poor knowledge of chemical inter-
actions between plasmas and solids. Moreover, such an approach is hardly suited to
the needs of a chemist in the laboratory, who is interested in preparative solid state
chemistry, and who would prefer a reasonably simplified theoretical approach, which
would give him a rough idea of the steady state chemical composition of the plasma
and its dependence on the basic parameters of the discharge. Such an approach is
reviewed in this article.

There are many different kinds of discharge plasmas*?%~27) and it is not pos-
sible to develop a theoretical model applicable to all of them. We must therefore re-

140



A Theoretical Approach to Heterogeneous Reactions in Non-Isothermal Low Pressure Plasma

strict ourselves to some particular kind of plasma, the choice of which will be deter-
mined by its practical applications in preparative solid state chemistry. This aspect
will be discussed in Part II, of this article.

ll. Discharges Suitable for Chemical Vapour Deposition

The physical plasma is either a partially or a fully ionized gas, which is macroscopi-
cally neutral. This means that the concentration of positively charged species is equal
to that of the negatively charged ones. There are a number of different kinds of plas-
mas: In nature, there are the thermal plasmas of the stars, the interstellar plasmas,
the lightning, the corona, etc. Various types of plasma can also be produced in the
laboratory?4~27 We shall now consider some of them from the aspect of their ap-
plicability to CVD?®.

A. The Arc Discharge

In an arc discharge at atmospheric pressure, the neutral gas temperature reaches a
value of several thousand °K. No solid can exist at such high temperatures and,
therefore, a deposition of solid can take place only in the outer region of such dis-
charges. Fast quenching processes have to be accounted for in any theoretical treat-
ment?%-2Y, This plasma was used as a source of heat in a modification of the Verneuil
method of crystal growth'®, powder spraying, etc. ),

B. The Corona, the Low Current Glow Discharge and the Afterglow

The corona, the low current glow discharge and the afterglow are among the weakest
discharges which can be produced. The neutral gas temperature can be adjusted
within wide limits, either by heating or cooling of the discharge tube. The internal
energy of these plasmas is close to the equilibrium value, but there are highly reac-
tive species like atoms, ions and free radicals, the presence of which can result in
high overall reaction rates, even at low concentrations. Such plasmas can be used as
catalysts in systems in which a particular chemical reaction, though thermodynami-
cally possible, does not take place because of the high activation energy without the
plasma. Except in the electrode regions, the chemical equilibrium is determined by
the value of the standard Gibbs energy of the reaction, AG°®, while the reaction rate
is controlled by the concentration of the active species. The well known Boudouard’s
reaction C(s) + CO,(g) = 2 CO(g) was studied as an example of such a reaction®®,
The theoretical treatment becomes more complicated if the ele¢trode regions

. are taken into account — for example, when the solid is deposited on a thin wire

acting as the central electrode of a corona discharge. Such an arrangement was used
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by Wales?® in the deposition of boron by decomposition of boron tribromide. The
decomposition was shown to take place in the proximity of the central wire elec-
trode. The corona discharge is most intense near the wire and the decomposition is
actually physical in nature. It takes place by electron impact or by dissociatve deex-
citation of the excited species.

C. The High Current, Low Pressure Discharge

Finally we shall consider the plasmas of intense low pressure discharges. These plas-
mas can be produced either with direct or alternating current under pressures be-
tween 0.1 and several millimeters of mercury at electrical current between 0.1 A
and several amperes®*~27)_ The internal energy of these plasmas attains high values
corresponding to an equilibrium temperature of several thousand degrees. However,
the temperature of the neutral gas can be maintained at a much lower value, which
is desirable for preparative purposes?® 30-35) These unique properties of intense
low pressure discharges open new, attractive possibilities in preparative solid state
chemistry.

However, such systems are very far away from thermodynamic equilibrium and
their theoretical treatment is, therefore, extremely complicated. The distribution of
energy cannot be described either by Boltzmann’s distribution function or as small
deviations from it (linear region). For example, the mean electron energy corresponds
to a temperature of several tens of thousands °K, whereas the neutral gas tempera-
ture is lower by two or three orders of magnitude. Most of the earlier theoretical
treatments are based on the simplifying assumption that the electron energy distri-
bution is Maxwellian. It has been recently shown, however, that this is true only at
high discharge currents, when the relatively high degree of ionization (10~5—10~%)
and the low electric field strength favor an effective mutual electron-electron Cou-
lomb interaction®®). It should also be pointed out that molecular plasmas, which are
of primary interest for CVD, are much less well understood than the plasmas of rare
gases.

In such plasmas, the electron concentration does not exceed 10'? cm™2 and the
electron temperature is typically around 2 x 10* °K37), Special attention must be
paid to dissociation processes. At a discharge current of about 1 A the degree of dis-
sociation reaches a value of several tens of percent in molecular gases which corre-
sponds to an energy of several tens of kilocalories per mole. This is the largest part
of the internal energy of such a plasma. The reason for this high degree of dissocia-
tion is the rapid dissociation of molecules by electron impact and by energy transfer
from the excited species, as compared to the slow recombination of atoms on the
walls of the discharge tube.

As an example, Table 1 gives a comparison of energy values which are stored in
various subsystems of the plasma of a nitrogen high frequency discharge at I mm
Hg and a medium value of the high frequency current3®). It is seen that the largest
part of the internal energy of the plasma is stored in the dissociation of molecules
into atoms, because of the high degree of dissociation a.

Due to the prevalence of the dissociative processes, the chemical composition of
the plasma is quite different from that of the corresponding heterogeneous systems
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Table 1. Energy content of various subsystems of the low
pressure plasma. Example: Nitrogen high frequency dis-
charge, 27 MHz, p. D. =1 Torrcm, //D=1A em—1,
degree of dissociation €~ 0.6, T, = 873°K

kcal mole™!

Etranslational =1.8
Erotationat =1.8
Evibrational 2138
Edissociation =135
Emetastable 26
Eshort lived states =0.3 )
Eions =10 3
Eelectrons =10

under conditions of thermodynamic equilibrium. Thus, for instance, besides oxygen,
only a few percent of carbon monoxide have been found in the plasma of the heter-
ogeneous S)}stem solid carbon/oxygen between 300 °C and 700 °C3%_ On the other
hand, the gas phase in thermodynamic equilibrium contains onty CO, below 400 °C,
a mixture of CO, and CO at intermediate temperatures and only CO (no free oxygen)
above 1000 °C (see, e.g.,%). Similarly, no methane was found in the plasma of the
C/H,-system at low temperatures®® even though it is the dominant component of
the gas phase in thermodynamic equilibrium*®,

It is evident from these two examples, that the chemistry of low pressure plas-
mas is fundamentally different from the chemistry of ordinary systems. Unfortu-
nately, the actual chemical composition of these plasmas is not known in most cases.
The high degree of dissociation indicates that only simple (diatomic? ) species which
are generated by fast reactions on the walls of the discharge tube may survive in the
plasma. This fact has to be kept in mind in any theoretical consideration of chemical
processes taking place in such systems.

111, Chemical Transport in Low Pressure Plasma

A. General Considerations

Chemical transport of solids is a well known preparative technique. As was pointed
out by Schifer?V), information on thermodynamic properties of heterogeneous sys-
tems can also be obtained from experiments involving chemical transport. In parti-
cular, the dependence of chemical equilibrium of a heterogeneous reaction of the

type
A(s) + B(g) = C(g) + D(g) (1)

on temperature, pressure, etc. can be investigated in this way.
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The use of low pressure plasma for chemical transport was proposed by Haupt-
man in 1965%%_ Since then, this idea has been developed in a series of paper528’3°_35)
It was shown that relatively simple chemical transport experiments under plasma con-
ditions can reveal the fundamental nature of the dependence of the steady state com-
position of the plasma on the discharge parameters. Transport experiments in open
(gas flow) systems yield information on the amount of solid A(s) which is chemically
diluted in the gas phase due to the formation of the volatile compounds [e.g. C(g) —
see Eq. (1)].

We shall consider the transport of carbon in hydrogen, oxygen and nitrogen as
an illustration of the experiment and of the theory. Similarly to the temperature
gradient which is used in ordinary transport systems*!), a gradient of plasma energy
has to be produced. As pointed out above, the internal energy of the plasma is not
determined by the temperature of the neutral gas. The energy gradient can be estab-
lished, for example, by changing the discharge current density; this may be achieved
by a change in the diameter of the discharge tube.

B. The Transport of Carbon

The experimental arrangement for the transport of carbon in hydrogen and oxygen is
schematically shown in Fig. 1 (for further details see®® 3%)). The carbon charge is
placed in the low energy zone (£) and a high frequency discharge is started at a
total pressure of hydrogen between 0.4—0.8 mm Hg and a gas flow rate of about

100 mm Hg cm3/sec. If the density of the high frequency current in the high energy
zone (E,) has reached a critical value, carbon is deposited in this zone.

In a similar manner carbon can also be transported in an oxygen plasma. How-
ever, the density of the electric current in the high energy zone (£,) must reach a
much higher value than for transport in hydrogen.

" On the other hand, carbon can be transported in nitrogen in the direction of
decreasing plasma energy, £3 ~> E 35) The carbon charge is placed in the high energy
zone and the gas is made to flow in the direction from left to right (see Fig. 1).

arbon charge
E>E

Fig. 1. Discharge tube with two zones of different plasma energies £; < Ej. Solid carbon is trans-
ported into the high energy region in hydrogen and oxygen (£] — £3) and in the opposite direc- -
tion in nitrogen (E; — E}).
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These experiments show that with increasing plasma energy the chemical equi-
librium of the reaction (1) is shifted to the right in the C/N,-system (transport direc-
tion E, - E,) whereas it is shifted to the left in the C/H,- and C/O, -systems (trans-
port direction E'; - E,). The mechanism of the transport was previoysly discussed
for the C/N,-system?® 3% 43) and C/H;- and C/O, -systems?28: 3% 44) 1t was shown
that the transport involves formation and subsequent decomposition of CN, simple
hydrocarbon radicals and CO in the systems C/N,, C/H, and C/O, respectively.

Moreover, the systems obey the Le Chételier-Braun’s principle which indicates,
that they are stable as regards their chemical composition. We shall discuss this point
in the next section.

1V. Theoretical Model

In this section we shall recall some of the basic concepts and discuss the problem of
stability of non-equilibrium systems. This will lead us to an idealized, simple theoret-
ical model of low pressure plasma which can be mathematically treated.

A. Non-Equilibrium Systems

In the macroscopic theory, a state of a physical (chemical) system is described by a

set of thermodynamic parameters &, j =1, ..., n. These parameters and their deriva-

tives deterr;nine the values of the thermodynamic fluxes J; and forces X;, i=1,..
145, 46),

All forces X; and fluxes J; vanish if thermodynamic equilibrium has been attain-
ed. The equilibrium values of the thermodynamic parameters are denoted as £7..

By using external reservoirs, some of these parameters can be kept at values dif-
ferent from those of thermodynamic equilibrium, £; E;), j=1, -, m<n. Asa
result, a non-equilibrium state arises, which is characterized by nonvanishing values
of some fluxes J;, i = 1, - - -, s <r and of the corresponding forces X;. Examples of
such processes are: diffusion and related effects, Peltier effect, etc. 4> *9). Such a
state can either be stationary or time-dependent, stable or unstable.

Most of the non-equilibrium systems were studied in linear approximation, i.e.
near thermodynamic equilibrium; &; = E}) +8;,68 <¢ ,° . All such systems are
stable*® and are susceptible to at least an approximate mathematical treatment*®.
Such a treatment becomes highly complicated for systems which are out of the
linear region, like biological systems and various physical and chemical sys-
tems with large gradients of the parameters £;. In such systems instabilities may
occur and new dissipative structures can be formed*®: 47 Let us emphasize that
such systems are “open”, and they can exist only due to an exchange of energy,
matter, etc. with some external reservoirs.
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B. Stability Criterion

The condition of stability of these non-equilibrium states is given by the Glansdorff-
Prigogine criterion*®. The equivalence of this criterion with the extended form of
Le Chtelier-Braun principle for systems which are far away from thermodynamic
equilibrium"‘s), yields a convenient experimental criterion of stability: An open
system which is far away from thermodynamic equilibrium is stable, if a change of
some of the parameters £; governing the particular non-equilibrium state results in

a change of this state according to the principle of Le Chitelier-Braun.

As was pointed out in the last section, experiments on chemical transport of
solids in intense low pressure discharges showed that the chemical composi-
tion of the plasma obeys this principle as regards the change of the internal energy.
Blaustein and Fu*® illustrated the validity of Le Chitelier Braun principle as regards
the changes in the initial chemical composition. We can also conclude that these
systems are stable as far as their chemical composition is concerned (for further dis-
cussion see3® 43 44)).

This obiously does not exclude the possibility of oscillation phenomena such as
ionization waves, etc., which are among the most frequently observed instabilities in
d.c. glow discharges*®). Any allowance for these phenomena in the theoretical treat-
ment of chemical processes would introduce major complications and, we shall there-
fore ignore them in the first approximation. Such a simplification is justified, because
the relaxation processes related to the ionization waves are usually much faster than
chemical processes. Therefore, the oscillations take place on a time scale which is
different from that of the chemistry. Moreover, the waves arise in a d.c. discharge
rather than in a high frequency discharge, which was used in most experiments on
. chemical transport.

" In order to develop a simple theoretical model of the plasma under considera-
tion, we must now give a microphysical interpretation of the stability criterion.
Unfortunately, very little work has been done on the subject. A detailed stochastic
treatment of several simple models has shown that stability will be ensured if the
time scales associated with the fluctuations in the system are much shorter than the
time scales associated with the outside world*> 3 . This condition is similar to
that for local thermodynamic equilibrium®® 52

C. Statistical Model of Low Pressure Plasma

It is plausible to assume that the stability of the chemical composition of the plasma
with respect to a disturbance from the “outer world” originates in a similar separation
of the time scale of the chemical processes in the plasma from that of the interaction
of the plasma with the electron gas and with the environment.

2) As pointed out in Ref.SI), this condition does not preclude instabilities on a macroscopic
scale. Plasma instabilities such as standing striations might be a counterpart of the chemical
instabilities discussed in™ 7.
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The chemical reactions which have to be considered involve atoms, simple (di-
atomic? ) molecules and radicals formed in high concentrations (1015-10'¢ ¢cm™3).
Numerical estimation shows that these reactions predominate over ion-molecule
reactions in the type of plasma under consideration (see e.g.2% 4¥). Therefore, the
latter reactions can be omitted here.

As the next step, we have to compare the relaxation times of various kinds of
energy transformation. The following processes have to be considered (Table 2):
energy exchange within the system of long-lived neutral species (atoms, radicals,
.. .) due to fast chemical reactions (7chemistry)» energy flow from the electron
gas into this system (7 excitation ) @nd the energy exchange between the system and
the environment (Tenergy). These processes were discussed in38- 43 44) and the typical
values of the relaxation times are summarized in Table 2. In addition, there are also
the relaxation times of energy equilibration in the translational rotational and vibra-
tional degrees of freedom. The last-named equilibration is related to the relaxation
of high excited vibrational states in chemically reacting systems. The lower states
(v = 1, 2) of homopolar molecules are deactivated rather slowly, but they do not

significantly contribute to the total energy of the plasma under consideration (see
8.15038’ 43))b) .

Table 2, Relaxation times for various processes in the
low pressure plasma

s€C

4 5

Tchemistry 10: ) —10:3
Texcitation 10 —10_-2
Tenergy 10_ —10
Ttranslational 10 7 —
Trotational 5100 '-10
Tvibrational 10~5_10~°
It is seen from Table 2 that
7t < Tp <7y € Tehem. < Texe. < Ten. )

The inequality (2) considerably simplifies further treatment and is the starting point
for a simple statistical model of the plasma*®,

The approach of a system characterized by inequality (2) to a steady state was
previously discussed®®, and the properties of the steady state have been studied
by methods of statistical physics*®. We shall briefly summarize the results.

If the wave functions of individual species are separable (Born-Oppenheimer
approximation), and if there is a weak energy coupling between the system of long-
lived, chemically reacting particles with other degrees of freedom, the total probabil-
ity distribution function p(t, r, v, e) of the system can be separated:

b) At higher pressures, however, the situation may well be different33: 54),
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p(t, r.v,e)=p(t) - p(r) - p(v) - p(e). (3)

Due to the above-mentioned weak coupling and to the inequality (2), the distribu-
tion of translational, rotational and, to an approximation also of vibrational degrees
of freedom — p(¢), p(r) and p(v) respectively — can be satisfactorily approximated
by the Boltzmann functions exp(—f,€,) with the corresponding temperatures

T =(k8) 'S T, = (kB) "' ST, = (kB . @)

Here, §, are the modules of canonical distributions and e, are the energy values.

Special attention has to be paid to the electronic degrees of freedom. A set of
energy levels of reaction educts and products which are strongly coupled due to fast
chemical reactions and energy transfer was considered in the simple model*®. Be-
cause of the weak coupling of this system to the “outer reservoirs*,

Tchem. € Texe. S Ten. (2a)

the Boltzmann energy distribution within these electronic states results. The corre-
sponding temperature is:

Te=(kB) ' T r v &)

[see (4)]. T, is not identical with the temperature of the electron gas [see (2a)]. If
Texc. < Ten., the energy coupling of the system to the environment is the slowest pro-
cess, which determines the overall relaxation time of the energy of the system.

Such a steady state is evidently stable. Moreover, due to the inequality (2a), the
system of long-lived, chemically reacting particles “forgets™ its mode of reception
of the energy from the electrons, and the mode of energy dissipation into the envi-
ronment. The energy within the system will be distributed according to the partic-
ular chemical reactions involved. This means that all chemical fluxes vanish in the
steady state, although there still remain nonvanishing fluxes of energy. We have a
chemical equilibrium state which is far removed from the thermodynamic equilib-
rium (for further discussion see?#).

The chemical equilibrium constant of an ordinary chemical reaction

A+bB=C 6)
is given in terms of partition functions in the same form as in the thermodynamic
equilibrium?3 5%

qc
Kz —r 7
aa " (q8)° M

However, the partition functions have another form which, for our particular model,
is given by43):
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ax =Zgf fX(eX) exp(—Peez) -, 2 0, 8 exp(-Beece).  (8)

(t,r,v)e (k=11v)

Here, the index e stands for electronic, and the index « for either translational, rota-
tional or vibrational degrees of freedom, the quantities § are the modules of canoni-
cal distributions {see (4) and (5)], and ¢ are the energy levels. The function j *(e)
is an expression of the fact that only certain electronic levels of individual chemical
components — the long-lived, chemically interacting ones — in the system are consid-
ered.

In case of a heterogeneous reaction

A(s) + bB(g) = C(g), (62)

the following species should be taken into account: molecules and atoms of the
transporting agent B(g) in their ground and electronically excited metastable states,
and the volatile products C(g) of fast reactions of gaseous species B(g) with the solid
A(s). If the solids considered are not vaporized at the temperature T, in the plasma
(T; £ 1300 °K), only the electronic ground state of A(s) appears in the respective
partition function [see Eq. (29) in Ref.43)].

Figure 2 illustrates the effect of the change in the internal energy of the plasma
on the chemical equilibrium composition. The high energy of the plasma can be
stored only in the electronic energy levels of the gaseous species B(g) and C(g) given
in Fig. 2. The mean energy stored in the translational, rotational and vibrational de-
grees of freedom is much smaller than that of the long lived metastables, atoms,
radicals, etc. (see Table 1). Consequently, the former degrees of freedom do not
significantly contribute to the energy diagramm (Fig. 2)°).

ENDOTHERMIC EXOTHERMIC
TRANSPCRT
DIRECTION

|

Fig. 2. Electronic energy levels in a chemically reacting system. AH° is the reaction enthalpy

ENERGY

I
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H

=3

|

Consider first a strong endothermic reaction, A H° > RT, (see Fig. 2). Starting
from a weak plasma, the energy is stored in the electronic levels of the transport
agent B(g), and only if the high energy levels of B(g) are populated (e8> AH),
are the gaseous reaction products significantly available in the plasma. The solid A(s)

is transported in the direction of decreasing plasma energy in such systems (e.g. the
transport of carbon in nitrogen).

) For more details see also Eq. (33) in 43) and the discussion of this equation.
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An opposite direction of the transport is observed in systems which are strongly
exothermic without the plasma, —AH ° > RT,. However, the situation in this case
is more complicated.

In a number of such systems the reaction products are polyatomic molecules
containing three or more atoms. With increasing plasma energy these molecules
become dissociated to an increasing degree and species containing smaller numbers
of atoms appear in the gas phase. The formation of these species is endothermic as
regards the thermodynamically stable products of the reaction (6a) without the plas-
ma. However, their formation can be exothermic if the atoms of the transporting
agent B(g) react with the solid A(s). Consequently, we may consider only the sim-
plest, diatomic species in the plasma®®).

A(S) + B(g, atomic) ¥ AB(g) AH°<0  (6b)
2

If —A H° > RT, for reaction (6b), the deposition of the solid is strongly endother-
mic. The activation energy is frequently found to be very low for the forward reac-
tion. £ (act.) = RTy, but it is very high for the reverse reaction:

E,(act)=E (act.) —AH®° > RT,. .

The formation of the species AB(g) can take place by thermal collision of an atom
of B(g) with the solid surface, but only an energy transfer from a gaseous species
carrying an energy of several electron volts can result in the decomposition of AB(g)
at a rate r, which would be comparable with ;.

This question was discussed in?® and, in more detail in*®. It was shown that
the most efficient process of decomposition of the species AB is the dissociative de-
excitation of metastable atoms of B, if their energy is higher than the dissociation
energy of AB (see for example th‘Z’C/Hz-system in Section V).

If, on the other hand, the excitation energy of the metastable is lower than the
dissociation energy of the species AB, the latter can only be decomposed either by
dissociative de-excitation of short-lived electronically excited states, or by ion-mole-
cule reactions, or by electron impact. Much higher plasma energy values are neces-
sary to produce a high rate of decomposition of the species AB in such systems?® 4

After the species AB(g) has been decomposed by one of these processes, the
solid A(s) will be deposited for the following reasons: the energy necessary for the
sublimation of the solid has to be made available to the vibrational degrees of free-
dom of the solid. These are nearly in thermal equilibrium with the translational
degrees of freedom of the gas and their mean energy is several kcal/mole at T, <
1300 °K. Therefore, the value of the partial pressure p5 of component A corre:
sponds to that of thermodynamic equilibrium at T, and is negligible when the en-
thalpy of sublimation is much higher than the mean thermal energy. Obviously, such
solids are the only ones here considered, because there is rarely need to transport
the solid by the use of plasma if it evaporates at a low temperature.

So far we have considered an idealized model possessing most of the significant
properties of the plasma of intense low pressure discharges. The choice of a simple
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model has made it possible to use an exact mathematical treatment which gives a trans-
parent relationship between the physical assumptions and the behavior of such sys-
tems. Real systems display the properties of the theoretical model as exactly as they
conform to the assumptions which underlie the inequality (2). The validity of (2)
must be checked in any application of the theory to some particular system. In the
next section, we shall put forward several fundamental ideas on this point by discus-
sing the individual terms of the inequality (2) one by one.

V. Real Systems

The relaxation times 7; and 7, are evidently the shortest in the plasma under consid-
eration and 7; < 7p <€ Tchem €an be assumed to be valid in all real systems.

On the other hand, the relaxation times of lower vibrationally excited states
may be comparable with that of chemical processes. The short relaxation times 7,
indicated in Table 2 refer to the relaxation of higher vibrational levels in chemically
reacting systems. The lower states (v = 1, 2, 3) can be more densely populated, and
T, > T;. If the energy of formation and/or dissociation of the long-lived chemically
reacting species is much larger than the vibrational energy quantum, the low vibra-
tional states will not significantly affect the chemical equilibrium composition. Gen-
erally, a higher vibrational temperature will result in a lower concentration of the
species containing more than one atom.

The most serious limitation of the applicability of the theoretical model to real
systems is the validity of inequality (2a). The condition

Tchem. € Ten (2a%)

means that the heterogeneous recombination of atoms and/or the de-excitation of
metastables on the surface of the solid A(s) [see Eq. (6a)] is much slower than the
chemical reaction. We must consider endothermic and exothermic systems sepa-:.
rately.

A. Endothermic Systems

Such systems may be illustrated by the system35) C/N;. There are two competitive
processes for the atoms on the surface: recombination (9a) and reaction with the
solid (9b).

N +N —N,(g (%)
C(s)+N ->CN(g) (b)

The former, (9a), represents energy dissipation into the environment (7., ), the latter
(9b) corresponds to the energy exchange within the system (7cpem.)- The recombina-
~ tion is usually faster at low temperatures, while the reaction with the solid becomes
significant at 800—1000 °C (see discussion in Ref, 28 3% 43)), This is also apparent from
the measured surface temperatures of different solids in a high frequency nitrogen
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dischargesg). Very little is known about the de-excitation of the metastables on the
surface. There seems to be some similarity with the recombination of atoms®062),
but a more thorough study of these processes is desirable. Nevertheless, we can re-
strict our considerations to the atoms, because their concentration is several orders
of magnitude higher than that of atomic metastables in the plasma.

The translational temperature T plays an important kinetic role. At high tempe-
ratures chemical reactions are fast, and — in view of the decreasing rate of surface
recombination of atoms — the energy exchange of the system with the environment
becomes slower. Consequently, the theoretical model can be applied to such systems
(for comparison see Table 1 in*>). The actual equilibrium concentration of the
volatile reaction products — CN in the present case — may be reduced by dissocia-
tive de-excitation of electronically excited species (cf. also the system C/H,).

B. Exothermic Systems

As an example of exothermic systems we shall consider the system C/H22® . The
corresponding energy level diagram, which is a counterpart of Fig. 2, is given in Fig.
3.1t has been shown that there are only simple hydrocarbon radicals in the plasma
under conditions of chemical transport39). The deposition of carbon, e.g. CH(g) >

E
keal /mole

g+ Hi2's)

200

100 1

cg* Hi's)

CH
-100 CoH
CHy

CaHy

H
~200 CHs

Rl

CH4

Fig. 3. Energy level diagram for the system carbon/hydrogen

C(s) + H, takes place at a temperature of about 950 °C. As in the previous case, the
reaction of hydrogen atoms with solid carbon is fast at this temperature®”). The de-
composition of the hydrocarbons like CH-radical takes place by dissociative de-

excitation of the hydrogen metastables*®:
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CH(g) +H(2'S) »C+H+H (10)

Carbon atoms are deposited on the glass wall of the discharge tube because of the
very low pressure of carbon vapour at the neutral gas temperature ¢, < 950 °C. Thus,
carbon is transported into the high energy zone. ‘

However, the deposition of carbon does not take place on metal surfaces, such
as platinum. The reason for this effect is the high catalytic efficiency of pure metals
for surface recombination of atoms and metastables, which leads to a decrease of the
plaszm)a energy near the surface. Consequently, inequality (2a’) is not fulfilled there
(cf.2®).

An electron concentration 7, < 5 x 10! ¢m™ 2 and electron temperature T, ~
2 eV was measured in high frequency discharges in molecular gases such as H,, CH,,
NHj;, etc.>™, The power of about 10 W cm™ 3 dissipated in these discharges, was
rather higher than in our own systems and, therefore, the above values of #, and T,
are the highest ones which can be expected in systems such as C/N, and C/H;. Thus,
the inequality

Tehem. <€ Texc. (2a”)
is well satisfied in these systems (see also43> 44)),

A different situation arises when the excitation energy of the metastables is
lower than the dissociation energy of the corresponding species, as is the case for
example, in the system C/0,2®). Carbon is transported according to the reaction
(see also Ref.39).

C(s) +0=CO (11)

in the direction of increasing plasma energy. A much higher density of h.f. current
is required in the deposition zone than in the system C/H,, because carbon mono-
xide can be decomposed only by electron impact, ion-molecule reactions and/or
dissociative de-excitation of higher, short-lived excited states. Consequently, the
interaction of the system of long-lived chemically reacting species with the electron
gas has to be taken into account.

Similar conditions obtain in the systems TiN/Cl, and AIN/Cl, 3. Figure 4 shows
the respective energy level diagrams®. Without the plasma, the chemical equilibrium
is shifted far towards the stable chlorides. In the plasma, an increase of the internal
energy leads to an increase of dissociation with the formation of simpler species till
free metal atoms are formed in the gas phase. As in the system C/H,, these atoms
must condense on the wall of the discharge tube. At the same time they may react
with nitrogen atoms with formation of the solid nitride. Because the dissociation
energy of TiCl and AICI is higher than the excitation energy of the metastable
N(?D) and N(?P), the deposition of nitrides may be expected to take place only at
a relatively high density of the high frequency current. This conclusion is confirmed
by experimental results3%).

d . .
) For the corresponding energies of formation see®3 64)-
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Fig. 4. Energy level diagram for the systems TiN/Cly and AIN/Cl,

Additionally, iodine may be employed instead of chlorine. The dissociation ener-
gies of the corresponding metal iodides®®) are lower than the excitation energy of
the nitrogen metastables and the nitride should therefore be deposited at a much
lower value of the plasma energy than that of the chlorine/nitrogen plasma. There-
fore, the use of iodine would seem to be preferable for preparative purposes, but
experimental results are still lacking.

C. Plasma Gradients

Finally, we shall briefly mention the problem of gradients of plasma parameters,
including the degree of dissociation, electron concentration and temperature, etc.
The assumption underlying the theoretical model is that it is possible to choose a
small volume in which the parameters can be considered as constant, and which con-
tains a number of particles which is large enough for statistical treatment.

In real systems we have to distinguish between two different types of plasma
gradients: the radial gradients (*long range’-) , and the short-range-gradients near
the surface of the solid.

The existence of the relatively small radial gradients in the plasma at a pressure
of about 1 mm Hg involves no special problems concerning the applicability of the
theory. It should, however, be kept in mind that in a wide tube the energy can be
much higher in the middle than near the walls. In analogy to the transport taking
place in the axial arrangement (Fig. 1), solids can be transported in radial direction
if a discharge tube of a large diameter is used®).
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The short-distance gradients of plasma energy appear in the vicinity of solid
surfaces possessing a high catalytic efficiency for the recombination of atoms and
de-excitation of various excited species. These gradients may be very high and result
in significant changes of the chemical processes. We have already mentioned that
the deposition of carbon does not take place on such surfaces in C/H,- and C/O,-
systems. Another effect was described in Ref.>®). The titanium nitride crystals grown
in a nitrogen/chlorine plasma? 3 are simultaneously dissolved on the side adjacent

to the substrate, if the energy in the deposition zone is relatively low. The reason
for this effect is that the plasma energy decreases strongly in regions which are screened
from the active discharge and, consequently, titanium nitride is not stable there.

‘ .‘. - " ’

f

Fig. 5. Molybdenum shect recrystallized in nitrogen/chlorine plasma. Electron scanning micro-
scope, 480x

Finally, a short distance transport resulting in recrystallization of the solid can
take place owing to the existence of such gradients. Fig. 5 shows a molybdenum
sheet which was recrystallized in a nitrogen/chlorine plasma"S ). The experimental
arrangement was similar to that used in the synthesis of nitrides. The molybdenum
sheet was inserted directly into the high energy zone (Zone 11 in Fig. 3, Ref.%).
Fig. 5 shows the well-developed faces of small crystals. The recrystallization can be
explained as follows (Fig. 6): in the beginning, there are small cracks in the sheet in
which ordinary chemical reactions take place, i.e. the metal chlorides are formed.
They diffuse out of the cracks into the high energy plasma where they are decom-
posed. Because of the relatively low temperature (about 1100 °C) the metal is de-
posited, and the most stable form — the crystals — is formed. It should be men-
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Fig. 6. Mechanism of recrystallization of molybdenum in nitrogen/chlorine plasma. A cross-sec-
tional view of the sheet with the growing crystals

tioned that molybdenum nitride is not stable at this temperature®® and the melting
temperature of molybdenum is 2619 °C°%,

These results also support the theoretical explanation of the synthesis of titanium
nitride and aluminum nitride given above. They show that metal chlorides can be
decomposed and metals deposited in the intense low pressure plasma under similar
conditions as those employed for the synthesis of nitrides. The interpretation of
the experimental results given in Ref.3* can now be considered as the initial step in
the development of the ideas presented in this review (see also’®).

V1. Conclusions

The purpose of the recent work just reviewed was to develop and verify a reasonably
simplified theoretical approach to heterogeneous reactions in a nonisothermal low
pressure plasma. With this purpose in mind, we first considered a simple statistical
model of the plasma which has brought about a better understanding of the depend-
ence of the chemical composition of the plasma on energy. Comparison of this
mode] with several real systems which had been experimentally investigated illus-
trated the applicability of the theoretical ideas to such systems as well as their

limitations. -
The energy level diagrams, which can be compiled and used by any experimental

chemist, represent a qualitative assessment of the dependence of chemical equilibrium
composition of heterogeneous systems on the plasma parameters. The merit of such
an approach is its simplicity.

On the other hand, the Boltzmann method of calculating the most probable
distribution, used in the theoretical model, precludes an explicit consideration of
actual values of transition probabilities (rate constants). This would only be possible if
plasma reactions are considered as a multi-channel transport problem. However, the
knowledge of a large number of various transition probabilities is necessary for such
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calculations. The determination of these constants is an important aspect of future
work.

We also know very little about the chemical and physical interaction of the
plasma with solid surfaces. Special attention must be paid to the problems of nuclea-
tion — heterogeneous as well as homogeneous — and to the mechanism of crystal
growth under plasma conditions.

For the present, the theoretical approach described in this review makes it
possible to predict the direction of chemical transport as well as the relative amount
of plasma energy which is necessary for the transport to take place. Such considera-
tions also allow a choice of the most suitable heterogeneous system for chemical
evaporation and/or deposition of a particular solid. The exact plasma parameters
have to be found experimentally. Nevertheless the theoretical approach is quite use-
ful in planning experiments, as has been illustrated here for several systems.

The main subject of this review were the theoretical aspects of plasma CVD
processes. The applications will be discussed in another paper. The results so far
obtained show that the plasma of intense low pressure discharges offers new tech-
niques of crystal growth. There are also other problems and tasks, which are just as
important and which merit a more thorough study. These include for example, the
application of plasma to thin film technology, the importance of which may be
expected to increase in the future. The purification of materials by plasma transport
can find practical uses, and many other applications will certainly be found.

The theoretical approach of this review is neither the only one possible nor the
final one, and this contribution is more in the nature of a challenge to perform more
sophisticated experimental work and to develop new ideals on the subject.
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