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I. Introduction 

The construction of models of molecular geometry has been a 
popular exercise for many years. In the field of main-group stereo- 
chemistry the ideas of Sidgwick, Powell, Nyholm, and Gillespie have 
been successfully fused together into the VSEPR scheme (1-3), where 
the electron pairs around a central atom adopt the minimum energy 
consistent with their mutual electrostatic repulsion. The VSEPR rules 
have captured much of the essence of main-group stereochemistry and 
are unrivalled in their simplicity. In addition, Walsh diagrams ( 4 )  
[quantified by the work of Gimarc and others (5-S)] and the pseudo 
Jahn-Teller formalism introduced by Bartell (9) into the structural 
field and extended by Pearson (10, 11) have provided a molecular 
orbital interpretation of the wide range of available structural data. 

By way of contrast, fewer gas-phase structures of transition metal 
complexes are known: a few d0-d4 hexafluorides (all octahedral), 
do-d' tetrachlorides (tetrahedral), and some 18-electron carbonyl and 
phosphine structures typified by tetrahedral Ni(CO),, octahedral 
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Cr(CO), , and trigonal bipyramidal Fe(CO), . Many transition metal 
systems are polymeric in the solid state yielding little or no data 
concerning their ideal “gas-phase” structure. Even when monomeric 
structures are established, we do not generally know how strong the 
influence is of crystal forces on the structure and geometry. This 
dearth of structural data has been alleviated considerably in recent 
years by the synthesis in low-temperature matrices of isolated carbonyl 
and dinitrogenyl fragments (12), M(CO), and M(N,), ( n  = 1-6), with a 
variety of transition metal atoms M and, hence, a spectrum of d-orbital 
configurations that have fillcd some of the gaps in the structural field. 
Walsh diagrams have only recently been derived for transition metal 
complexes (13-16) but obviously need to be prolific in order to describe 
as completely as possible all possible distortion modes of ML, ( n  = 

1 6) systems. A simple model with a minimum of parameters would be 
a significant advance in the arena of structural transition metal 
chemistry. In this paper, we describe a molecular orbital parametriza- 
tion that is able to provide a unified pathway to many structural 
problems. 

11. Application of the Angular Overlap Method 

Our simple molecular orbital approach is based on the angular 
overlap model (17),  which has been used mostly in the past in the 
intcrpretation of the electronic spectra of transition metal complexes. 
Basically, it provides thc energies of the (mainly) transition metal d 
orbitals in an ML, complex of given gcometry in terms of just two 
parameters [like the A or Dy of the crystal field theory (CFT)]. Once 
these energies have been derived then many structural effects may be 
examined, as we shall see in the following. For example, the weighted 
sum of these d-orbital energies (weighted by the number of electrons 
in these orbitals) as a function of the molecular geometry provides the 
opportunity to explore the configurational potential surface and, 
hence, find the minimum energy geometry demanded by the particular 
d-orbital configuration. The weighted sum of these energies relative 
to those of the free ion (the total d-orbital stabilization energy) leads 
to a rationalization of the heats of hydration of the transition metal 
ions. The relative stabilities of cis- and trans-ML,L,’ octahedral com- 
plexes may be elucidated by considering the stabilization energies of 
each isomer. The angular overlap model, as we shall use it here, is 
based on an approximation involving the interaction energy between 
two orbitals $,, 4, on different atoms. In our case q5i will represent a d 
orbital on the transition metal center, and 4) a single-ligand orbital or 
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FIG. 1. Energy-level diagram showing the basis of the model. Stabilization of bonding 
orbital = destabilization of antibonding orbital = /ISij’. 

a symmetry-adapted combination of ligand orbitals transforming 
under the same irreducible representation as 4i. 

The angular overlap approximation sets the stabilization energy of 
the bonding orbital proportional to the square of the overlap integral 
between 4i and 4 j ,  E = fiSij2, where f i  is a constant inversely dependent 
on the energy separation between C p i  and # j .  In our simple model, we 
shall assume in addition that the destabilization energy of the anti- 
bonding orbital is equal to this stabilization energy of the bonding 
orbital’ (Fig. 1). The tremendous power of the model lies in the fact 
that the Sij are, in general, dependent on simple geometric expressions 
as the angular metal-ligand geometry is adjusted while maintaining 
the same bond length. Figure 2 shows pictorially the simple function 
describing the overlap integral between a central atom p, orbital and 
ligand (T orbital in terms of the polar coordinate 8. S, is a constant2 
and equal to the overlap integral between the two orbitals for d = 0. 

This is not strictly true (I7e):  

and 

i.e., the antibonding orbital receives a larger destabilization than the stabilization 
received by the bonding orbital. Inclusion of overlap between $i and 4j will also tend 
to push both new orbitals to higher energy and increase the disparity. (HLL and HMM 
are the ionization potentials of ligand and metal orbitals, respectively.) 
’ The notation we have chosen to use here is that of Kettle (17f). 
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S(n) = s, cos (Y 

FIG. 2.  Overlap of a ligand u orbital with a central atom p orbital as a function of 
angle. 

TABLE I 
OVERLAP INTEGRALS OF CENTRAL ATOM 

d ORBITALS AS A FUNCTION OF THE 

LICAND POSITION IN POLAR COORDINATES 
(0, 4) WITH A LIGAND (i ORBITAL",* 

:(3 cos2 8 - 1)s; 
(J?/z) cos2 4 sin2 0 S, 

( 4 3 1 2 )  cos C$ sin2 0 S, 

(&z) sin 4 sin' e S, 

( , / 3 / 2 )  sin2 4 sin2 0 S, 

4, 
d,, - y 2  

4, 
4 2  

dL, 

For simplicity, n-type overlap functions 
have been left off this table. Their values are 
given in Larsen and La Mar (17g). 

'See Fig. 3, regarding labeling of polar 
coordinates and ligand. 

S, Is the overlap of a ligand u orbital 
with d,, when the ligand lies along the z axis. 

For the two orbitals of Fig. 2, the interaction energy as a function of 
angle is thus simply E = p,S,2 cos2 0, here we introduce p, as the p 
parameter describing interactions that are of rr type.' For interactions 
between orbitals of n type, we introduce two similar parameters p ,  and 
S,. Table I gives the angular dependence of the overlap integrals 
between the d orbitals and ligand rr-type orbitals; the ligand position 
is defined by the polar angles d ,+ .  Also n-type interactions are amena- 
ble to similar treatment.4 

We are thus in a position to  be able to  write the interaction energy of 
a pair of orbitals as a simple expression E = Izf(0, +), where k is a con- 
stant, and f(8, +) a simple geometric function readily obtained from 

An interesting forerunner of the angular overlap model is given by McClure (19). 
The integrals involving s, p, and f orbitals are available in Smith and Clack (20). 
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Table I. This is the basis of our approach and is really quite a simple 
one to use, although obviously not as simple as the VSEPR rules (18) 
in main-group stereochemistry. 

A. OCTAHEDRAL TRANSITION METAL IONS 
The octahedrally coordinated molecule provides a useful introduc- 

tion to the practicalities of the method. The ligand 0 orbitals transform 
as a l g  + eg + t l u ,  the ligand 7c orbitals as t lg  + tZg + t,, + t2,, and the 
metal d orbitals as eg and t2g. We are interested, therefore, in the cr 
interactions (of species eg) and the n interactions of (species tZg) of the 
ligand orbitals with the metal. 

1. a-Type Interactions 

For one component of the doubly degenerate, eg ligand combination, 
we may write 

$&) = t ( 4 ,  - 4 2  + $3 - 44) (1) 

with reference to Fig. 3. The overlap integral functions contained in 
Table I allow us to calculate the relevant overlap integral between 

$2 --Y 

FIG. 3. Polar coordinates and ligand u-orbital labeling in the octahedron. 
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t+bes(l) and d,,-,,. In Table I, with reference to Fig. 3, 0 = 90" and 
d, = O", go", 180°, 270" for the overlap integrals involving 4l -+ d,4. Thus 
we immediately find 

SJl) = 1/2 . 4 ~ 43 s, 
2 

i.e., E(eJ = 3P,Sg2. For the octahedral geometry (and other octahe- 
drally based structures such as the square plane), we will find Table I1 
useful. This gives the overlap integrals of a ligand D orbital located 
along x ,  y, or z axes with d,2_y2 and d,,, and is simply a rationalized 
form of a part of Table I. 

TABLE XI 

OVERLAP INTEGRALS OF A LIGAND u ORBITAL 
WITH d,, AND dX2 - ).> 

Ligand located along 

We may similarly construct a ligand eg o-orbital combination to 
overlap with d,,, 

(3) 

and, by using Table 11, we find 

1 6 
Ses(2) = --(2 + 2 + f + 4 + 4 + +)SO = -so 
0 J12 

(4) 

Hence the stabilization energy is 3P,S02 as it has to be by symmetry 
with Eqs. (1) and (2). Figure 4 shows the molecular orbital diagram for 
the t~ framework of the octahedral configuration using this result and 
our aforementioned assumption concerning stabilization in bonding 
and antibonding orbitals. Also shown is the well-known crystal field- 
splitting pattern for this geometry. We see immediately that 

We are now in a position to calculate the total stabilization energy 
of an ML, complex from the free ion plus ligands (21). We shall compare 

A,,, = 3B&r2. 
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FIG. 4. Comparison of crystal field and molecular orbital methods for the octahedral 
environment. 

the result with the familiar “double-humped” curve (22,23) associated 
with AH:yd for the reaction 

M Z i  (gas) + 6H,O (gas) -* M+’(H20),  (gas) (5 )  

For all d” complexes the e, bonding orbitals (mainly ligand located) 
contain 4 electrons and these contribute (from Fig. 4) a stabilization 
energy of 4 x 3,h’,Sm2 = 12,h’,SU2. The first 3 d electrons experience no 
change in energy on complex formation-they go into o nonbonding d 
orbitals and, thus, c(cr) = 12,h’,SU2, where we introduce symbol ~ ( c T )  to 
describe the total cr-stabilization energy of a given electronic configura- 
tion. The fourth electron of the high-spin d4 complex, however, enters 
e,” and is destabilized by 3/3,SU2. The total o-stabilization energy c ( o )  
is thus equal now to only 9,6,SO2. We may readily calculate the values 
of c(cr) for all the high-spin configurations do-d”, and these are plotted 
in Fig. 5. An equation we shall find useful later on in evaluating these 
I(.) values is 

where B,Si2 is the interaction energy of the i th d orbital, and hi is the 
number of electron holes in this orbital. Equation (6)  (24) arises simply 
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FIG. 5. Plot of d-Orbital a-stabilization energies [x(u)] for high-spin d" ions. 

because when filling d orbitals with electrons we are filling metal- 
ligand antibonding orbitals, and it is only the empty d orbitals that 
have filled metal-ligand bonding counterparts which contribute to 
the stabilization energy. 

This plot of Fig. 5 is not immediately recognizable as being associated 
with the familiar double-humped curve describing AHiyd as a function 
of the number of d electrons. However, we should recall that in addition 
to interaction with the metal nd orbitals, the ligands are attached to 
the transition metal ion by interactions with the ( n  + 1)s and (n + l)p 
orbitals. How else would the Zn(H,0)6zt (d") complex be stabilized 
with all metal d-ligand antibonding orbitals occupied? Thus, the 
observed AH&d plot will be the sum of these s + p orbital stabilization 
energies and the d-orbital contribution5 of Fig. 5. 

Figure 6a shows how a sloping (s + p) contribution can be added to 
the d-orbital function of Fig. 5 to give the observed variation along the 
series. Figure 6b shows the crystal field rationalization of the effect in 
terms of the crystal field stabilization energy. The slope of the s t p 
contribution of Fig. 6a is readily rationalized. As the first-row transi- 
tion metal series is traversed, the ionization potential of the metal 
becomes larger and shifts the entire set of s + p + d orbitals to lower 
energy. The s,  p energy separation from the ligand CT orbitals thus 
decreases across the series and, correspondingly, the stabilization 
energy increases. This molecular orbital rationalization of the data in 
Fig. 6 is certainly more convincing than previous molecular orbital 
explanations (23). We have in addition produced with the minimum of 
effort the relative contributions of d and higher orbitals to the total 
stabilization energy associated with metal-ligand (in this case H,O) 

Because we arc dealing with high-spin systems, the same combination of electron 
repulsion terms as for the lowest-energy term of the gaseous ion will occur, in the form 
of the Racah parameters, in the energy description of the ground electronic state of 
the complex. Thus, we are perfectly justified in only considering the change in orbital 
energy on complex formation. 
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I bl 

FIG. 6. Molecular orbital (a) and crystal field (b) rationalizations of the variation of 
AH&, with d". 

interaction. For Ti2+, the d-orbital contribution is about 50% but for 
Cu2+, only about 15%. We must, therefore, exercise considerable care 
in the interpretation of structural transition metal data in d-orbital 
terms alone-higher orbital contributions are obviously very impor- 
tant in numerical terms. Having said this, we shall be surprised to 
find that a large amount of material can be rationalized using the 
d-orbital-only model. 

The actual mixing of nd and (n + l)p orbitals is, of course, of crucial 
importance in providing a mechanism by which the Laporte forbidden 
d-d transitions in transition metal complexes may gain in intensity. 
This may occur in the static situation (e.g., tetrahedral complexes), 
where the p orbitals and one set of the d orbitals transform as t, or in 
the dynamic situation (as in octahedral complexes) where such mixing 
is only possible when the point symmetry has been reduced by an 
asymmetric vibration (vibronic coupling). 

2. n-Bonding 

The n-bonding may be treated along exactly the same lines as just 
shown for a-type interactions. No new principles are needed. Structure 
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I shows one component of the ligand tzs combination, and we may 

i 

I 
write 

$,&> = t ( n 3  - 714 + n5 - n6) (7) 

If the overlap of one lobe of d,, with a ligand n-type orbital along the 
x axis is defined as S,, the overlap of Eq. (7) with d,, becomes 

S&) = 9. 4 . s, (8) 

and, thus, the 71-interaction energy E = 4p,SZ2. For systems containing 
n donors (where the ligand .n orbitals lie below the d orbitals), the t2g 
d-orbital set is raised in energy by this amount; with n acceptors (where 
the ligand n orbitals lie above the d orbitals), the t,, d orbitals are 
depressed by 4/jnSn2. The crystal field-splitting parameter A is then 
related to the angular overlap parameters by Aoct = 3P,SU2 +_ 4P,Sn2, 
the choice of sign depending on the nature of the n orbitals present. 
The interaction energy involving the i th d orbital may also be derived 
using 

where the summation is over all ligand orbitals j .  In the present case 
we have four ligand orbtials each having an overlap integral of S, 
with d,, and thus E(d,,) = 4 x /j,Sn2 as before. Use of Eq. (9) gives the 
same results as for the a-type interactions in the foregoing, and it is 
very easy quickly to derive orbital energies using this equation and 
Tables I and I1 without recourse to group theory. 
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B. TETRAHEDRAL COORDINATION 

By the same methods as discribed in Section 11, A, we may construct 
t, functions of o symmetry with which to overlap with the d,,, dXy, and 
d,, orbitals in the tetrahedral configuration. The interaction energy 
becomes ~ ( t , )  = 1.333 PuSu2 for this geometry. Inclusion of 7t bonding 
leads to the energy levels of Fig. 7 for n donors. (For n acceptors, 
the n contribution is included with the opposite sign.) Immediately 
we notice that, whereas Aoc, = 3P,SO2 & 4P,Sn2, A,,, = (4/3)j?,SO2 ir 
(16/9)P,sX2, i.e., A,,, = (4/9)AOc,. (The equality will only hold, of course, 
if P,S, is the same in both geometries, i.e., the metal-ligand distance 
remains constant.) One rule that we will find useful in the derivation 
of these figures is a sum rule concerning the orbital energies ( I  7c). 

FIG. 7. Energy-level diagram for tetrahedral coordination of a 0 and n donor (n con- 
tributions should be included with opposite sign for n acceptors). 

In a complex ML,, where there are nc orbitals directed at the central 
atom the sum total o interaction energy of all the d orbitals is simply 
equal to nB,Su2. Thus we know in the octahedral case that all the CT 
interaction is contained in the doubly degenerate eg set of orbitals from 
group theory. The total available B interaction energy (6P,Su2) is, 
therefore, shared between each of the two components of the e, set, 
i.e., 3/3,SO2 each. In the tetrahedral molecule the total r~ interaction 
energy (4B,Su2) is shared between the three components of the t2 set, 
i.e., (4/3)j,So2 each. Similarly, if each ligand has two orbitals of n 
symmetry the total n interaction is 2nfl,SZZ. In the octahedral case the 
total 7t interaction, 12P,Sr2, is shared between the three components 
of the tzg set of orbitals, 4P,Sn2 each. In the tetrahedron, both t, and 
e sets contain n contributions, and the total interaction energy of 
88,S,2 is shared between the two. To calculate what fraction is located 
in the t, set and what function in the e set, we need to write down a 
symmetry-adapted ligand wavefunction and calculate the overlap 
integral as we have shown previously. However, since the sum total 
is 8PnSnZ, once the n contribution to one set has been decided by this 
calculation, the contribution to the other set can obviously be obtained 
by simple subtraction. The combination of this sum rule and Eq. (9) 
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allows a rapid calculation of the d-orbital energies for different 
geometries. 

C. OTHER GEOMETRIES 

Energy-level diagrams €or other geometries are now readily derived. 
Because inorganic chemists place greater stress on (T interactions than 
on 71 interactions, we shall emphasize the former in what follows and 
initially ignore the 71 contributions to the orbital energies. By using 
Eq. (9) and Table 11, we can readily derive the interaction energies 
associated with the dX2 - y 2  and d,, orbitals in the orthogonal geometries 
derived from the octahedron. For example in the square planar struc- 
ture (11), the four ligands overlap with d,r-yl to give a total interaction 
energy of 4 x b,($/2)2S,2 = 3/j,SU2 and with the "collar" of d,, to 
give a total interaction energy of 4 x p,(l/2)2S,2 = fi,S,2. Figure 8 
shows d-orbital energy-level diagrams for some of these octahedrally 
based geometries and the trigonal plane and trigonal bipyramid.6 We 

.A . ,' 

-4 

0.633 ' x 2 - y 2 '  a1 
alta2+bl+b2 

0- 

2.75 z2 a i  

A V 2  xy 
1.125 ' e' 

0 e" 

d 
a1 + a2 + b2 a l  + e  

0 0 

-0 1200 

FIG. 8. Energy-level diagrams for some geometries of interest 

' In the low-symmetry situation of the T-shaped structure, orbitals d:, and dxa-yz 
must always mix together. (In the cis-divacant structure this is avoided by a suitable 
choice ofaxcs.) Sulutiun uf'the relevant detcrnminant gives us E ~ (1.5 1 '1') for the 
two interacting orbitals [see McClure (19) for a more complete discussion]. In Burdett 
(24) such mixing was ignored. 
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remember that to lower energy, the ligand CJ orbitals split apart in 
energy as the mirror image of this d-orbital splitting. However, we 
need only the d-orbital region of the energy-level diagram to calculate 
the total d-orbital stabilization energy of a given electronic configura- 
tion since C(c) of Eq. (6) depends only on the location of the holes in 
the d-orbital manifold. 

D. RATES OF REACTION OF HEXAQUO IONS 

Knowledge of the energy-level diagram for the square pyramidal 
geometry allows us to rationalize immediately (22) the rates of ligand 
labilization in M(HzO),2+ molecules (kl), determined in the classical 

M(HzO),z' 2 M ( H 2 0 ) 5 2 '  + H,O 
octahedral square pyramidal 

researches of Eigen (25,26) .  Simple subtraction of the d-orbital stabi- 
lization energies for octahedral and square pyramidal molecules gives 
the contribution of the metal d orbitals to the energy of activation for 
ligand loss shown in Fig. 9 as a function of the number of d electrons 
(all electronic configurations and high-spin). This is simply done by 
use of Eq. (6) and the relevant energy-level diagrams of Figs. 4 and 8. 
If a sloping contribution from s + p orbital interactions is added (cf. 
the heats of hydration themselves in Fig. 6a), then the curve of Fig. 
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1 1  

-4 r 

Dq-l 
4 p 1  I , ,  , , , , , I  

do d5 d” 

FIG. 10. Molecular orbital rationalization of the rates of reaction of hexaquo ions: 
(a) experiment; (b) theory; and (c) crystal field approach. 

10b results. This is to be compared with the observed rates (Fig. 10a) 
and the crystal field analysis of the activation energy (Fig. 1Oc) ob- 
tained by simple subtraction of the CFSE’s of octahedron and square 
pyramid.’ 

The superiority of the molecular orbital approach is clear; the 
activation energy is always positive which is not the case with the 
CFT, and the molecular orbital plot is quite a faithful reproduction 
of the observed log (rate) curve. The failure of the CFT is due to the 
following reason. In the absence of a bonding, Fig. 8 shows that the 
lowest three d orbitals are equienergetic (b, + e) for the square-based 
pyramid, but the nature of the CF method removes this accidental 
degeneracy considerably. In terms of Dq, the CF energies of the d 

’ For a discussion of the crystal field rationalization of this data, see Philipps and 
Williams (27). 
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orbitals in the square pyramid are 

It is the large splitting between d,, and d,,, dyr, not reproducible on a 
no n-bonding molecular orbital model, which gives rise to the incorrect 
form of the plot of Fig. 1Oc. The error in the CFT will, of course, be 
especially apparent in those systems which are poor n bonders as is 
the present case with the aquo ligand. In general, then, the CFT should 
not be trusted to give a quantitative measure of the d-orbital splittings. 

E. GEOMETRIES OF TRANSITION METAL COMPLEXES 

We have seen in Section II,D the relative contributions of the metal 
s and p orbitals compared to d orbitals to the heats of hydration and 
rates of reaction of the hexaquo ions. In the field of molecular geometry, 
these observations suggest that here the geometry will be a compromise 
between that demanded by the s,p-orbital interactions and that by the 
d-orbital interactions with the ligands. In general, an ML, complex 
will contain no pairs of electrons involved in s,p (and d) interactions. 
Thus, on the basis of the VSEPR method (dealing exclusively with 
molecules involving s,p orbitals on the central atom), the geometry 
demanded by interactions with these higher orbitals will be (3 ) :  
trigonal planar (D3J for ML,, tetrahedral (Td)  for ML,, trigonal 
bipyramidal (D3J for ML, and octahedral (0,) for ML,. We note that 
the VSEPR geometry in these cases is the one with minimum ligand- 
pair repulsions [Pauli avoidance ( I & ) ]  and also the geometry contain- 
ing minimum nonbonded repulsions between the ligands themselves. 
We will label these combined forces ligand-ligand terms. The geom- 
etries of some four-coordinate M(CX), species with different d” 
configurations, shown in Fig. 11, indicate that the d orbitals may often 
exert a decisive effect in modifying this VSEPR geometry. 

Let us start by looking at  these four-coordinate geometries. The o 
stabilization energy, I(.), derived using Eq. (6)  and the energy-level 



128 JEREMY K. BURDETT 

CrlC014 F e I C 0 14 N i l C N l F 2  c 0 1 c 0 1 q  N I I C O I ~  

Is  d6 hs d8 b d8 d9 d 1 0  

FIG. 11. Some four-coordinate geometries (18, low-spin ; hs, high-spin). 

diagrams of Fig. 8, allow ready construction of Table I11 for three 
geometries of interest, namely, the octahedral "cis-divacant" (or 
butterfly or disphenoidal) structure, the square plane, and the tetra- 
hedron. For the d" configuration we see that no d-orbital stabilization 
energy is present since all metal (d)-ligand a-bonding and antibonding 
orbitals are equally occupied. The tetrahedral structure of Ni(C0)4 
or ZnCl,-' thus results, since this is the geometry demanded by 
ligand-ligand interactions of the type described in the foregoing. For 
the d9, low-spin d8 and d7 systems, the square planar geometry has the 
largest d-orbital stabilization energy. For the low-spin d8 system, the 
square planar geometry is more favored (by 3.338,SO2) relative to the 
tetrahedral (the ligand-ligand determined geometry). Low-spin d8 
systems are always square planar e.g., Ni(CN),-'. The square planar 
geometry is similarly strongly favored for the low-spin d7 configuration 
(by 3P,Sn2) and all low-spin Co(I1) systems are square planar. 

For the d9 configuration, square planar is still favored relative to 
tetrahedral but by a smaller amount (1.66P,Sa2). For Cu(I1) complexes 
with this configuration, the geometry often depends on the crystal 
structure and the nature of the counterion. For example, (NH4),CuC14 
contains (28a) planar CuC14-' ions, but Cs,CuCl, and Cs,CuBr, and, 
in general, systems with large cations contain CuX4-' ions that are 

TABLI.2 111 

FOR FOUR-COORDINATE COMPLEXES (UNITS !3,S,') 
TOTAL d-ORBITAL STABILIZATION ENERGIES [ C ( O ) ]  

~~~~ ~~ 

Configurnt,ion" cis-Divacant Square planar Tetrahedral 

d ' " 0 0 0 
d' 2.5 3 1.33 
ayis) 5 6 2.67 
d8(hs) 4 4 2.61 
d7(is) 6.5 I 4 
d"(1s) 8 8 5.67 

" Low spin (Is); high spin (hs). 
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squashed tetrahedra (28b) of the D,, point group (111), i.e., halfway 
between the ligand-ligand (tetrahedral) and d-orbital (square planar) 
structures. The two geometries are close in energy for this electronic 
configuration, as evidenced by the fact that application of pressure 
(29) sends the squashed tetrahedron in Cs,CuBr,, Cs,CuCI,, or 
[(CH,),CHNH,], CuC1, to the square planar geometry. 

111 

The process is reversible.' The d-orbital stabilization energy is, 
therefore, often only large enough to drive the structure a part of the 
way toward the square planar geometry. Two independent, molecular 
orbital calculations (13, 15) for a d9 tetracarbonyl moiety predict 
angles a of 132' and 135' for the equilibrium geometry, i.e., halfway 
between tetrahedral (110') and square planar (180'). In fact for Co(CO), 
both D,, and C,,  (angle C,,-M-C,, = 100') structures are found (31) for 
this species, trapped in a low-temperature matrix. For small distortions 
away from tetrahedral, there is not much to choose between these two 
structures for the d' configuration. 

For two electronic configurations of Table I11 the square planar and 
cis-divacant structures are predicted to be of equal stability. In order 
to determine the one of lowest energy, it is necessary to extend the 
angular overlap approximation to the fourth power in the overlap 
integral S.  The general result (24) is that the more stable structure is 
the one with the larger number of cis ligands-in this case, the cis- 
divacant structure. The fact that we need to resort to terms in S4 means 
that the energy differences between the various geometries is smaller 
for these (e.g., low-spin d') systems than for low-spin d7. We will see 
some consequences of this later in the stability of cis and trans octa- 
hedral isomers ML,L,'. The cis-divacant geometry is that observed for 
(32) matrix-isolated Cr(CO), (Fig. ll), where the energy difference 

Ferraro and Long (30) have used the second-order Jahn-Teller formalism to give 
some clues as to why these ions should distort along this pathway linking the tetra- 
hedron and square plane. The present author has suggested (24) that this is only valid 
for systems containing a single d-orbital hole (as in these d9 systems), but this is not a 
completely general approach. 
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from tetrahedral is 2.338,SU2. For high-spin dR, however, the d-orbital 
stabilization energy difference between the two geometries is smaller 
(1.33fl,SU2). For the four-coordinate d9 system with a difference of 
1.66/3,S,2, we found geometries intermediate between the tetrahedron 
and the geometry demanded on d-orbital grounds alone. Similarly 
high-spin dM systems are usually described as distorted tetrahedral 
and are typified by the matrix-isolated Fe(CO), structure (33) of Fig. 
11. They are, therefore, intermediate in structure between the tetra- 
hedral and cis-divacant arrangements. 

For five-coordinate molecules, we find the stabilization energies 
(Table IV) for five electronic configurations of interest. For low-spin 
d', the stabilization energy difference between the square pyramid and 
the trigonal bipyramid (the ligand-ligand determined geometry) is 
largest and matrix-isolated M(CO), (M = Cr, Mo, W) is found to have 
the C4,> geometry (34). Preliminary reports point to square pyramidal 
geometries for Re(CO), (35) and Mn(CO), (36). Ab initio molecular 
orbital calculations conclude a square pyramidal structure (37) .  
However, for d6 (intermediate spin) and low-spin d', the energy differ- 
cncc bctwccn thc two geometries is very small. The species Fe(CO), is 
well known in the gas phase as a trigonal bipyramidal molecule (38) 
[as is the Mn(CO),- in the crystal (39)], although the molecule is 
fluxional and rapidly exchanges axial and equatorial sites probably 
via the square pyramidal configuration [Berry process (40)] as inter- 
mediate. The ion Ni(CN),-' exists in the crystal as a mixture of 
trigonal bipyramidal and square pyramidal inolecules, but application 
of pressure (41)  reversibly sends all the molecules into the square 
pyramidal structure at 7 kbar. The photochemistry of Cr(CO), and 
Mo(CO), Pcy, (low-spin d') may be explained (42) on the basis that 

TAR1,E IV 
TOTAL CbOHBITAL STABILIZATION E N E R G I E S  [c (U) ]  

FOR SOME F I V E - C O O K D I N A T E  COMPLEXES ( U N r r s  /{,Sc2) 

Configuration" Square pyramid Trigonal bipyramid Difference 

d '' 3 
dR(1s) 6 
dI(ls) 8 
d"(ls) 10 
Cl"(1S) 8 

2.75 0.25 
5.5 0.5 
6.625 1.375 
7.75' 2.25 
7.75" 0.25 

I' Low spin (Is). 
* l'hcse t w o  electronic configurations have identical d-orbital elec 

t.ronic distrihutions in  the t.rigonnl hipyramid:il gcsometry. 
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TABLE V 

FOR SOME THREE-COORDINATE COMPLEXES (UNITS &,Soz) 
TOTAL d-ORBITAL STABILIZATION ENERGIES [ x ( C ) ]  

Configuration" Trigonal plane T shape C,,b 

d" 0 0 0 
d9 1.125 2.366 1.5 
ds(hs) 2.25 3 3 
d8(ls) 2.25 4.732 3 
d7(is) 3.375 5.366 4.5 
dh(ls) 4.5 6 6 

~ 

a High spin (hs); low spin (Is). 
* All bond angles 90". 

the first electronic excited state (intermediate-spin d6) has a trigonal 
bipyramidal geometry. We return to this point later. 

For three-coordinate molecules we derive the stabilization energies 
shown in Table V. To distinguish between the equienergetic geometries 
for high-spin d8 and low-spin d6 systems, we use the rule already 
developed here that the most stable geometry is the arrangement with 
the maximum number of cis ligands. Experimentally the d" species 
Ni(CO),, Ni(N2),, etc. (43) are found from matrix isolation studies to 
be trigonal planar (DJh). The structure of Cr(CO), (low-spin d6) closely 
resembles (32) the C,, structure with orthogonal ligands (IV). Here 
the difference in stabilization energy between C,,  and D,, is 1.5B,Su2. 

WCO),  Fe(COh 
lsdb hsdn 

IV 

For high-spin d8, the stabilization energy is smaller (O.75p,Su2) and a 
structure halfway between the d-orbital, and ligand-ligand determined 
geometries is found ( 4 4 )  for Fe(C0)3. Perhaps this smaller energy dif- 
ference between CJV and DJh Cr(C0)3 molecules (1.5fi,SU2) than between 
the Czv and T,, Cr(C0)4 molecules (2.33p,SO2) results in smaller devia- 
tions from the d-orbital-only geometry in the four-coordinate complex 
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than in the three-coordinate one (Fig. 11). This behavior is certainly 
what would be expected under the scheme. As we go down the periodic 
table, however, the Djh d" structure is often found in distorted en- 
vironments (45) ,  e.g., in (Ph3P)2AuC1, where the M- - C1 bond is long 
and the angle-between the two M -P bonds has opened up from 120". 
This incipient two coordination is expected when, as a t  the bottom of 
the periodic table, the ( n  + l)s/nd orbital separation is small. Similar 
effects are found in five-coordinate d'O systems (46).  

Some interesting points emerge from the preceding discussion. The 
molecular geometry is dominated by CJ effects (we have used only CJ 

energies in this discussion). The d orbitals involved in D interactions 
are always the higher energy ones because these orbitals are metal- 
ligand CJ antihonding. Thus, only where there are holes in the higher- 
energy d orbitals will there be any large differential d-orbital sta- 
bilization energy for a distorted geometry compared to the ligand- 
ligand determined geometry. Thus with reference to the four-coordi- 
nate geometries of Figs. 7 and 8 for do, d', d2, low-spin d3  and d4 
configurations, ~ ( c J )  has the same value (@?,So2) for all three 
geometries- square planar, cis-divacant, and tetrahedral. The latter 
geometry, the one determined by ligand-ligand interactions is, there- 
fore, the structure adopted. This feature then rationalizes the 
widespread observation that the first few d electrons have little effect 
on the geometry of the molecule. Thus TiC1, (do) and VCl, (d') are both 
tetrahedral, but note the much larger difference in structure between 
ZnC14-2 (d") and CuC14-2 (d"). 

Molecular orbital calculations support these ideas. Small distortions 
from the ligand-ligand determined geometry are often found when 
asymmetric electron-charge distributions are present in orbitals 
involving n interactions only. The second- and third-row hexafluorides 
MF, (M = Mo-Rh, W-Pt) are octahedral molecules, but, where 
holes in the n-orbital manifold exist, small vibronic effects are ob- 
served (47, 48). This type of behavior has often been labeled the 
"dynamic" Jahn-Teller effect to distinguish it from the gross struc- 
tural effects noted earlier. We believe that these sizably smaller effects 
reflect the relative importance of n interactions compared to CJ interac- 
tions in determining the angular geometry. On our molecular model 
described in this paper, the reason for smaller n interactions compared 
with D ones is the smaller value of n compared to CJ overlap integrals. 
This discrepancy is magnified since, in the stabilization energy of 
Fig. 1, the overlap integral appears as the square. 

The gross geometry is thus determined by the orbital occupation 
numbers of the three highest d orbitals. If these three orbitals are 
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symmetrically occupied (with orbital occupation numbers 000, 111, 
222), then the d-electron distribution is spherically symmetrical and 
the d-orbital electron configuration will not exert any distorting effect 
on the symmetrical ligand-ligand determined structure. Only when 
the distribution of electrons in these three orbitals is nonspherically 
symmetrical does the molecule distort as we have seen in the foregoing. 

These generalizations have led to a set of rules with which to predict 
the lowest-energy geometry of a complex (24):  

1. Neglect any electrons in the lowest two d orbitals. The angular 
geometry is determined by the occupation numbers of the three highest 
energy orbitals. 

2. If the occupation numbers are symmetrical (000, 111, 222) then 
the VSEPR geometry will be observed. 

3. If a hole exists in the highest-energy orbital (220, 221, 210, l l O ) ,  
then the structure will be that of maximum overlap with the lobes of 
d,l-yl.9 (A structure intermediate between this geometry and the 
VSEPR one may be observed for 221.) 

4. If two holes exist symmetrically in the two highest energy orbital 
(200,211, loo), then the structure will be that based on the octahedron 
containing the maximum number of cis ligands. (A structure inter- 
mediate between this geometry and the VSEPR one may be observed 
for 211.) 

Obviously for some excited-state configurations, not contained in 
the scheme, e.g., 121, we need to calculate and compare the relevant 
stabilization energies for the various extreme geometries. 

How do these conclusions fit in with the Jahn-Teller (49) theorem 
telling us that molecules with orbitally degenerate electronic states 
distort to lose this degeneracy? Some of the distortions we have seen 
and rationalized are allowed under the Jahn-Teller scheme, but very 
importantly others are not (50). For example, 

square planar (not Jahn-Teller allowed) 
M(CO)42 

C,,,, Cz., D,, (Jahn-Teller allowed) 
/” C,, (not Jahn-Teller allowed) 

Td \ 

M(CO), 
D3, \ 

C,, (T) (Jahn-Teller allowed) 

Thus, there is no reason from Jahn-Teller considerations considera- 
tions alone for Fe(CO), (high-spin d*) to distort from the D3h geometry 

The first T-shaped geometry for a three coordinate is d’ system has recently been 
found (73). 
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(3A2’) to the observed C3” structure (3A2), and the square planar 
structure for Ni(CN4)2- is a very large distortion for a Jahn-Teller 
one. In fact, all the results of the “static Jahn-Teller” theorem are 
encompassed by the present theory, which is, as a consequence a much 
more powerful approach since it is able to provide energetic data on 
the geometry of any electronic configuration irrespective of any con- 
siderations concerning the degeneracy of the electronic state. On the 
present model, the smaller-energy changes involving the “dynamic 
Jahn-Teller” effect are considered to arise from the much smaller 
structural influence associated with asymmetrical charge distribu- 
tions in n orbitals, as we have discussed in the preceding. 

F. DERIVATION OF WALSH DIAGRAMS 

The Walsh diagrams, showing qualitatively the energy changes 
associated with molecular orbitals on distortion, have a well-estab- 
lished place in main-group stereochemistry, but only recently have 
their equivalents in transition metdl chemistry been comprehensively 
derived using the extended Huckel molecular orbital method (13-16). 
However, in some cases we may readily obtain the functional depen- 
dence on angle of distortion using the simple scheme developed here. 

V 

Consider the square pyramidal ML5 unit with a geometry defined by 
the angle 0. Let us investigate how the stabilization energy associated 
with the d-orbital changes on distortion. d,, interacts with the axial 
ligand and the four equatorial ligands that overlap its collar (V). Thus, 
e(dZ2) = [l + 4(1 - 3 sin2 O)2]p,S,’ from Table I ;  d,2-y2 overlaps solely 
with the four equatorial ligands and hence ~(d ,2 -~2)  = 4($/2 sin’ 
O)2S,2 ; d,, and dye, which are IJ nonbonding at 6’ = 90°, give E(dxz, dyz) = 

4(J3/2 sin 20)2S,2. With these functions we can readily construct 
Fig. 12, where we see stabilization of d,, on bending away from 90°, 
but destabilization of d,, and dyz. Thus we find that whereas low-spin 
d6 Cr(CO), in a CH, matrix (34a) has a bond angle of 9 3 O ,  low-spin d7 
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, 
90 95 100 105 8 

FIG. 12. Walsh diagram for distortion of a square pyramid. 

Co(CN), ~ has 0 = 97' (51) and one-half of Mn,(CO),, has 0 = 96' (52). 
Similarly, high-spin Fe(I1) in hemoglobin (53, 54)  lies 0.75 A out of the 
plane of the porphyrin ring (6' > 90") but, in oxyhemoglobin (low-spin 
d6), the iron now lies in the plane of the ring, 8 - 90'. The change in 
bond angle in the low-spin d', d' pair just mentioned is in the opposite 
direction to that expected if this "d electron" was stereochemically 
active in the sense of being one-half of a VSEPR electron pair (VI). 

df' d7  

v1 

G. STRUCTURAL CONSEQUENCES IN d8 AND d9 SYSTEMS 

Three figures extracted from Tables I11 and IV and Fig. 5 are of 
immense importance in understanding some of the structural chem- 
istry of low-spin d8 and d9 systems. We find that, for these two electronic 
configurations, the d-orbital stabilization energy of square planar, 
square pyramidal, and octahedral complexes are equal. This implies 
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that the axial bond energy between ligand 0 and metal d orbitals in 
octahedral and square pyramidal low-spin d8 and d9 systems is zero 
and that the ligands are attached purely by forces involving the (s + p) 
orbital interactions on the metal. 

Alternatively, we can see that the axial ligands (along the z axis) 
may only interact with dz2. The bonding orbital dZ2-ligand is occupied 
but, in these d8 and d9 systems, also its antibonding counterpart 
contains two electrons resulting in a zero axial d-orbital -1igand bond 
order. Thus, we should expect to see, in general, long axial bond 
lengths compared to equatorial in these systems. Table VI shows some 
representative bond length data. For the six-coordinate d9 case, we 
immediately recall that the Jahn-Teller theorem has been used for 
many years to rationalize these observations (22). It is easy to see, 
however, that the same distortion occurs irrespective of whether the 
parent compound is a six-coordinate regular octahedron (e.g., CuCl 2 ) ,  

a six-coordinate octahedron but with different ligands (e.g., 
CuC1,.2H20), or a five-coordinate square pyramid. Only the first case 
is directly approachable by Jahn -Teller considerations since only 
here are d,2-y2 and d,, orbitals degenerate. Yet all three cases fit 
within the umbrella of the present discussion. 

If a soft potential surface describes the approach of the axial ligand 
to the transition metal center, then it is not too surprising to see some 
short axial metal-ligand distances in a couple of instances (as in the 
example of K,CuF, in Table VI) where possibly, because of crystal 

TABLE VI 
SOME BOND LENGTHS (A) IN d' COMPLEXES 

~~ ~ 

Octahedral: 
CUCI, 
cscuc1,  
CsCI, 2H,O 

CuBr, 
CuF, 
K,CuF, 

4C1 a t  2.30 2C1 a t  2.95 
4C1 at 2.30 2C1 at 2.65 
2 0  a t  2.01 2C1 a t  2.31 

2C1 at 2.98 
4Br at 2.40 2Br at 3.18 
4F  a t  1.93 2F at 2.27 
2F at 1.95 4F at 2.08 

Square pyramidal : 
Diquo(acac)Cu(II) picrate" 
N, N'-disalicylidene 

ethylene diarnine Cu(II)* 

" D. Hall and T. N. Wates, J. Chem. SOC. p. 1644 (1960). 
R. D. Gillard and G. Wilkinson, J. Chem. SOC. p. 3599 

Equatorial 1.88; axial 2.76 
Equatorial 2.01 ; axial 2.41 

(19fi3). 
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packing, the axial ligand may be pressed into the coordination shell. 
Under these circumstances, we see little change in the equatorial 
metal-ligand distances. In the recent crystal structure determination 
of K,P~CU(NO,)~,  there is even a regular octahedron of nitrogen 
atoms about the CuZt ion (28c). Often, because of this facile approach 
of the fifth and sixth ligands to the square plane, it is difficult to classify 
solid-state Cu(I1) structures as four-, five-, or six-coordinate systems. 

In d8 chemistry the structural equivalent of this well-documented 
structural behavior is the so-called anomalous behavior of Ni(I1) 
systems, in which two axial ligands may be weakly bound to  a square 
planar unit (Lifschitz’s salts) producing dramatic effects in the elec- 
tronic spectrum (55). The dR system differs slightly from Cu(I1) in the 
sense that the octahedral geometry has an additional stabilizing force. 
This is the exchange energy associated with the triplet state (high 
spin), which is obviously lower in energy than the singlet state (low 
spin) when d,, _ y 2  and d,, are equienergetic. Sometimes the Lifschitz 
complexes [of Ni(I1) with substituted ethylenediamines] are blue and 
paramagentic (“octahedral,” high spin), and sometimes yellow and 
diamagnetic (square planar, low spin). The color depends on a variety 
of factors, such as the particular anions present, the solvent from 
which the material is crystallized, the temperature, and whether the 
complexes are exposed to atmospheric water vapor. In several cases, 
four-coordinate units polymerize to give Ni(I1) in five- and six-coordi- 
nate environments, e.g., nickel acetylacetonate. The position of the 
equilibrium is generally complex and it is clear that low-energy 
pathways connect square planar four-, square pyramidal five-, and 
octahedral six-coordinate Ni(I1). 

The resemblance of the low-spin d8 systems to the “Jahn-Teller” 
behavior in Cu(I1) is forcefully apparent. Similarly, the X-ray crystal 
structure of square pyramidal (low-spin) Ni(CN), - 3  shows that the 
axial Ni-C bond length is much longer than the equatorial ones. In 
high-spin d8 systems, since dz2 and d,, y 2  are now equally occupied, 
the d-orbital contributions to both sites should be equal, and in a 
large number of examples there is evidence to support this. In a recent 
comparison (56~)  between the isostructural species Mg(Me,AsO),- 
(ClO,), (do) and Ni(Me,AsO),(ClO,), (d8), the axial MO bonds are 
1.94 A (Ni) and 1.92 8, (Mg) compared to the average equatorial bonds 
of 2.00 A (Ni) and 2.03 A (Mg). Compare these figures with those for 
low-spin Ni(CN),p3 of 1.86 A (equatorial) and 2.17 A (axial) ( 4 1 ~ ) .  (In 
the latter molecule the axial bond length is certainly shortened to 
some extent by 71 bonding.) 

Whereas the d-orbital stabilization energy difference between four 
and five coordination is zero for the low-spin d8 configuration in the 
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electronic ground state, the same is not true if an excited-state con- 
figuration is produced with a different arrangement of d electrons, as 
in the high-spin d8 complexes just discussed for example. This has led 
to the interesting and very unusual observation of photoassociation 
(57) in the molecule Ir(MeNC),’. In the first excited state with con- 
figuration 211, there is a gain in d-orbital stabilization energy on 
adding a fifth ligand. The photo-produced complex dissociates in the 
dark. 

H. LIGAND SITE PREFERENCES 

We may use the results of these last sections to inquire where in a 
mixed ML,,L,,,’ complex the strongest cr denors are likely to reside. In 
the low-spin d8 square pyramid we saw in Section 11, G that the axial 
bond was the weakest one. The isomer with the lowest energy will 
obviously be the one where the strongest (T donors (L) occupy those 
sites of largest latent bond strength. In the ML,L’ d8 square pyramid, 
therefore, the weakest cr donor is relegated to the axial site. 

Alternatively, we could have considered (58) that the most stable 
arrangement of the four remaining L ligands is the square planar 
structure, which is not disturbed by coordination of the fifth (weaker 
(r donor ligand). Quantitatively we may (58) use Eq. (9), define different 
values of /j,S,2 for each different ligand, and compare the stabiliza- 
tion energies for each isomer. All three approaches give us the same 
answer. For low-spin dh  and high-spin d8 systems, the stable four- 
coordinate geometry is the cis-divacant structure (VII). Thus the 
weaker cr donor here occupies an equatorial site in the square-based 
pyramid. However, Table I11 shows us that square planar and cis- 
divacant four-coordinate arrangements are very close in energy and, 
thus, the energy difference between the two isomers in these cases is 
small. Indeed, we see little difference in axial and equatorial bond 
lengths in a wide range of molecules with these electronic configura- 
tions surveyed by Orioli (59). 

VII 



STRUCTURE AND BONDING IN TRANSITION METAL COMPLEXES 139 

For the d8 low-spin trigonal bipyramid, we expect the stronger o 
donors to occupy the axial positions from our preceding arguments. 
The T-shape three-coordinate structure (VIII) is much more stable 

VIII 

than the trigonal plane (Table V) for this electronic configuration. 
Alternatively, we may view the molecule in the following way (60). 
The total stabilization energy of the low-spin d8 configuration arises 
from overlap (11) of ligand u orbitals with dz2. (Fig. 8). Overlap of each 
axial ligand contributes 2P,Sn2 to I(.) (from Table 11), and each 
equatorial ligand #,SU2 since the latter overlap only with the collar 
of dz2. Thus, the axial positions contain the largest d-orbital stabiliza- 
tion, and it is here that the strongest u donors should reside. With some 
exceptions, this is generally true. Shorter axial than equatorial bond 
lengths are found (Table VII) in all known low-spin d8 trigonal bi- 
pyramidal complexes with first-row central atoms although the 
difference for Fe(CO), is very small. [Recent reworking of the data 
suggests that there is no difference between the bond lengths of axial 
and equatorial groups within experimental error (64.1 The situation is 
not quite as simple as we have suggested here, as evidenced by the 
disparity in bond lengths observed for CdCIs3 and HgC1s-3 (d") 

TABLE VII 
SOME BOND LENGTHS (A) IN TRIGONAL 

BIPYRAMIDAL COMPLEXES 

Complex 

Ni(CN), 3(d8) 
Co(CNCH,),+(ds) 
Fe(CO),(da) 
CuC1, 3(d9) 
CuBr, - 3(d') 
CdC1,-3(d10) 
HgCl, '(d") 

Axial Equatorial 

1.838(9) 1.94" 
1.84(2) 1.88(2) 
1.810(3) 1.833(2) 
2.2964( 12) 2.391 2( 13) 
2.4500(22) 2.5191(17) 
2.526(1) 2.561(2) 
2.518(4) 2.640(4) 

Ref. 

41a 
41c 
38 
41d 
41e 
41f 
46 

a Average of several nonequivalent distances. 
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(Table VII). The tendency for the five-coordinate Hg complex to lose 
three ligands and become two-coordinate is reflected in the relative 
Hg-C1 bond lengths, and we have noted previously similar behavior 
in three-coordinate third-row d’ complexes. The usual explanation 
for this behavior [see Clegg (45u)l is the small d-s orbital separation 
at  the bottom of the periodic table, i.e., heavy involvment of higher 
orbitals in determining the angular geometry. The trigonal bipyra- 
midal ZnC1,- 

We may use similar arguments to conclude that six-coordinate 
octahedral low-spin d6 ML,L,’ are most stable in the cis configuration 
as is found to be largely the case, especially with first-row transition 
metals. Thus, cis-Co(CN),(H,O), - is more stable (62) than the trans 
arrangement, although at  25OC in solution the two isomers are rapidly 
interconverting. The energy difference between them is probably small 
(cf. the d6 square pyramid described in the foregoing). Similarly, for 
M(CO),I, (M = Fe, Ru, 0s) the cis form is the more stable isomer (63). 
In a large number of FeL,H, complexes (64) (L = phosphine, phos- 
phite, CO), the cis form is of lower energy although the molecules are 
fluxional. For complexes with the large cage ligands P4S3, the cis forms 
are also the more stable (65) for M(C0)4(P4S3)2 (M = Cr, Mo). Here the 
trans isomer might be more likely on steric grounds. Similarly, the 
most stable ML,L,’ species for low-spin d6 should be the fac arrange- 
ment, which preserves the C,, arrangement of strong-field ligands. 

(M = Cr, Mo) (65) are all found in this arrangement. 
An interesting application of these ideas is the recent work on the 

rate of incorporationof ,CO into Mn(CO),Br, Re(CO),Br, and Cr(CO), 
chelate complexes (67). Thermally 13C0 is much more rapidly incor- 
porated at  the cis position of all three complexes than at  the trans 
sites. By the microscopic reversibility principle, therefore, it is pre- 
cisely a t  these sites where the l2C0 is preferentially labilized. We may 
view this in the following way. The lower energy of the two possible, 
square pyramidal intermediates in the case of M(CO),Br will be the 
one that contains the cis-divacant arrangement of strong-field ligands 
as in Cr(CO), itself. In these low-spin, d6, five-coordinate fragments 
the weaker CJ donor is, therefore, relegated to an equatorial position. 
Trans labilization, however, leaves behind a square planar strong-field 
ligand arrangement (IX), which is the less stable of the two. In the 
case of the tetracarbonyl chelate then, it is the “fac trivacant” struc- 
ture which is the more stable, tricarbonyl geometry (see the structure 
of Cr(CO), noted above) and this is reached also by cis labilization 
from the six-coordinate structure. 

molecule is unfortunately unknown. 

Thus, Co(CN),(H,O), ( @ ) ,  Cr(CO),(PH,), (661, and M(CO),(P,S,), 
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Tl 
Br. 

Br 
IX 

I. INTRAMOLECULAR PHOTOCHEMICAL REARRANGEMENTS 
The fact that the geometry of the transition metal complex depends 

on the precise arrangement of the electrons in the metal d orbitals 
means that in some cases the geometry and properties of an  excited 
electronic state is different from that found for the electronic ground 
state. (We have already seen an interesting photoassociation reaction 
in Section 11, G.) Thus, photochemical excitation is often sufficient to 
allow rearrangement processes to occur in otherwise stereochemically 
rigid systems. For example, the equilibrium geometry of the electronic 
ground state of the low-spin d' ML,L,' system is the square planar 
arrangement (cf. Ni(CN),-'). The first excited state, however, with 
orbital occupation numbers (211) prefers the distorted tetrahedral 
arrangement typical of high-spin d8 complexes. This rearrangement 
process in the excited state leads to facile (68) cis-trans photochemical 
isomerisation in solution : 

cis distorted 
tetrahedron 

trans 

The ground-state interconversion via the distorted tetrahedron is 
prevented by a large barrier (see in the following). Similarly, although 
the electronic ground state of low-spin dh Cr(CO), is square pyramidal 
(in the low-temperature matrix, any thermal fluxional behavior is 
frozen out), the geometry of the first excited state (intermediate-spin 
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d’) is a trigonal bipyramid from Table IV. Thus, on photoexcitation, 
the square pyramid may rearrange via a process much akin to the 
Berry process proposed for Fe(CO),. There is an exchange of axial and 
basal ligands, 

and this has been elegantly confirmed experimentally by the photo- 
chemical interconversion of the two isomers of Cr(CO),CS in a low- 
temperature matrix (69). 

The different spatial orientation of the right-hand product compared 
to starting material, indicated schematically in Eq. (la), has been 
followed (70) using polarized spectroscopy and photolysis for Cr(CO), 
where there is no chemical “label” in the molecule. Both of these 
rearrangement processes are described by potential surfaces akin to 
the well-known cis t--, trans ethylene interconversion (71). Figure 13 
illustrates schematically for the square pyramidalftrigonal bipyram- 
idal case an electronic ground state trapped in one of the two wells and 

I 

a 

FIG. 13. Energy diagram showing interconversion of square pyramid and trigonal 
bipyrarnid for (a) d6 low-spin ground state and (b) d6 intermediate-spin excited state. 
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unable, because of the barrier between them, to interconvert ther- 
mally. These wells would equally well represent the square plane for 
Ni(I1) L2L2’. The interconversion coordinate connecting the two wells 
is via the trigonal bipyramid (or distorted tetrahedron in the square 
planar examples). In the excited state, the equilibrium geometry is 
different from that in the ground state and the intramolecular rear- 
rangement can proceed along the dotted pathway. (Some of the excited 
molecules will, of course, return to the original configuration.) 

A third rearrangement process (62, 72), that of cis + trans 
Co(CN),(H,O),- and fac -+ mer Co(CN),(H20), is also approachable 
(58) on the scheme. In the ground electronic state (low-spin d‘), as we 
have just noted, the cis and fac structures are more stable than their 
trans and mer analogs. In the first excited electronic state with orbital 
occupation numbers 210 or perhaps 110, the most stable geometry of 
the systems are the trans and mer isomers, however. On return to the 
electronic ground state, it is these geometries which are frozen out 
and slowly revert thermally to their more stable ground-state analogs. 

Ill. Conclusion 

We have seen that the d-orbital-only model of structural transition 
metal chemistry is remarkably successful in rationalizing a wide 
spectrum of observations from structural and kinetic transition metal 
chemistry. It is possibly even more remarkable because of the smaller 
contribution to the total stabilization energy (in the M(H,O),’+ 
series a t  least) of the nd orbitals compared to the ( n  + 1)s and ( n  + l)p 
orbitals. Its validity we suspect will be better for first-row transition 
metal systems compared to complexes containing the heavier elements 
since, as we have noted herein, higher orbitals exert a significant 
distorting effect in Hg(I1) and Au(1) chemistry. Although we should 
certainly consider the influence of these higher orbitals in any detailed 
discussion of these structural effects (see, for example, the finely 
worked reasoning in Ref. 14), use of the d-orbital-only model provides 
a simple wide-ranging basic approach. 
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