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efficient indirect superexchange pathway than does urea. The 
fact that relatively strong exchange interactions may be 
transmitted through two halide ions is not without precedent. 
Indirect pathways of the type [M-X-X-M] have been shown 
to produce fairly strong exchange (/ ~ 5-10 cm-1) in the 
Ir(IV)-Ir(IV) pairs observed in iridium-doped crystals of 
K2PtCl6 and (NH4^PtCl6.

25-26 In this case the dimer is formed 
from two octahedral [IrCl6

2-] complexes which interact along 
a common twofold axis. It is unfortunate that a more quanti
tative discussion of the magnetic interactions in Cr(III)-
Cr(III) pairs is prevented by the lack of accurately determined 
exchange energies. 

Conclusions 

It is clear that the Cr(III) impurities in the doped CsMX3 
crystals are incorporated into the lattice in a highly selective 
manner. The selectivity appears to arise from the rather strict 
charge compensation requirement of the host lattices. The 
charge compensation requirement is primarily an electrostatic 
effect and is not greatly dependent on the chemical properties 
of the impurity ions. It is reasonable to conclude that within 
rather broad limits any trivalent ion will behave like Cr(III) 
when doped into crystals which adopt the linear chain RMX3 
structure. From a spectroscopic point of view these systems are 
unique in that magnetically coupled pairs are produced in high 
relative concentrations, even at low doping levels. The fact that 
the distribution of a given trivalent ion can be manipulated by 
the introduction of other impurity ions makes it possible to 
control the nature of the spectroscopic species present in the 
doped crystals. 
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Introduction 
The experimental data on the photochemistry of Cr(III) 

complexes have been accumulating increasingly fast over the 
last years.1'2 The first effort to systematize the photosubsti-
tution behavior has led to Adamson's empirical rules.3 These 
rules suggest that the relative spectrochemical strength of the 
different ligands is the main factor determining which ligand 
is exchanged. 

From a more theoretical point of view, a number of au
thors4,5 have attempted to explain, or at least to rationalize, 
Adamson's rules. Recently, we have developed a model that 
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allows the prediction of the leaving ligand while using only 
simple ligand field considerations;6 at the same time, the model 
provides an alternative to the original rules. 

During the last few years, it became clear that the oriented 
labilization represents only one facet of the Cr(III) photo
chemistry. Another feature, almost equally clear cut, shows 
up in the stereochemical aspects of the substitution reactions. 
Kirk summarized the photostereochemistry as follows: "the 
entering ligand will stereospecifically occupy a position cor
responding to entry into the coordination sphere trans to the 
leaving ligand".7 
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This behavior is even more remarkable when compared with 
the thermal substitution reactions of the same Cr(III) com
plexes, which are generally stereorigid. Here, the entering Ii-
gand apparently enters the coordination sphere cis to the 
leaving ligand.2 

It is the purpose of this paper to relate the photostereo-
chemical behavior of the Cr(III) complexes to their electronic 
wave functions and energies. Basically, the same principles will 
be applied as in our previous work on the prediction of the 
leaving ligand.6 The conclusions can be aptly summarized by 
means of simple correlation diagrams and selection rules. 

The Experimental Data. Most experimental data refer to 
the case of axial labilization, more specifically to trans-dia-
cidotetramines, where the leaving ligand is situated on the 
heteroaxis, or to monoacidopentamines, where the leaving li
gand is the axial NH3. 

In the case of diacidotetramines of the type trans-
Cr(NH3)4XY or frans-Cr(en)2XY, the aquation product has 
a cis configuration to almost 100%: 

/rans-CrN4XY + H 2 O - ^ m - C r N 4 X ( H 2 O ) + Y 

where Y is considered to be the leaving ligand. The stereo-
mobility has been verified8-11 for //•a/w-Cr(en)2Cl2

+, 
-Cr(en)2(NCS)2+, -Cr(en)2(NCS)Cl+, -Cr(NH3)4(H20)-
Cl2+, and -Cr(NH3)4(H20)NCS2+. 

The analysis of the monoacidopentamines is more involved 
in that even the unequivocal identification of the end product 
as cis does not necessarily imply stereomobility. Indeed, since 
the leaving ligand is NH3, it remained to be shown that this 
ligand is released from the heteroaxis, trans to X. The problem 
was solved in two different ways. By isotope labeling, Adamson 
and co-workers12 were able to synthesize Cr(NH3)4-
(15NH3)Cl+; from a statistical analysis of the photolysis 
products, they were able to deduce the trans position of the 
leaving NH3 ligand. Wong and Kirk,13 on the other hand, 
proved the axial labilization by the photolytic aquation of 
?/-fl/i5-Cr(en)2(NH3)Cl2+. As a consequence of these results, 
the stereomobility of the photochemical pentamine aquations 
can be considered to be quite firmly established. The identi
fication of the aquation product as a cis complex has been re
ported2'14 for Cr(NH3)5Cl2+, Cr(NH3)5Br2+, Cr(NH3)5-
(NCS)2+, Cr(NH3MH2O)3 + , and Cr(NH3)5(CF3-
COO)2+. 

There are two apparent exceptions to the rule of total 
stereomobility: (1) the product of the photochemical aquation 
of trans-Cr(en)2FCl+ (leaving ligand: Cl -) is reported15 to 
be indeed predominantly cis, but also about 10% trans product 
is formed; (2) the product of the photolytical aquation of 
[Cr(cyclam)Cl2]

+ (leaving ligand: Cl -) is trans.16 As a matter 
of fact, one hardly expects the tetradentate cyclam ligand17 

to give rise to any kind of stereomobility. This might be the 
reason why the complex is almost totally photoinert (quantum 
yield ~3 X 1O-4). 

A few experimental data are reported on complexes, where 
the leaving ligand is not situated on the heteroaxis, but in the 
equatorial plane, perpendicular to this axis. This "equatorial 
labilization" appears to have its own stereochemical rules, 
characterized by the preservation of the heteroaxis.9 Although 
the here proposed formalism might readily be extended to this 
case, the set of structural data is too limited to allow for gen
eralizations at this point. In what follows, attention will be 
restricted exclusively to axially labilized complexes. 

Mechanistic Considerations. Basically two different 
mechanisms were discussed at several occasions both by Ad
amson18 and by Kirk.7'13 First of all, substitution of trans-
CrN4XY can be thought of as initiated by the dissociation of 
the Y ligand, concerted with the rearrangement of the re
maining complex from a tetragonal pyramid (TP) to a trigonal 

bipyramid (TBP). In this pentacoordinated intermediate, the 
X ligand can be either in apical or in equatorial position. The 
subsequent association with a solvent ligand should most 
probably proceed by lateral attack on one of the three sides of 
the equatorial triangle. If X is in apical position, such an as
sociation leads exclusively to a cis product; if X is in equatorial 
position, simple statistics would predict 2/3 cis and V3 trans 
product. 

Alternatively, one might think of the substitution reaction 
as proceeding via a seven-coordinated state, formed from the 
association of the original—distorted—complex and a solvent 
molecule, with the consequent expulsion of the Y ligand. 

It has been argued in the literature2 that a backside attack 
on the complex would explain the stereomobility. This may be 
true, but it leaves unanswered the question why a backside 
attack would be the preferred reaction path. As a matter of 
fact, backside attack tends to give rise to a cis product, but 
frontside attack tends to give rise to a trans product. 

Neither in five nor in seven coordination are simple statistics 
able to reproduce the experimental results. Apparently, some 
additional effect must be operative so as to ensure the almost 
exclusive production of the cis product. 

The cyclam experiment, referred to in the previous section, 
cannot be considered to be a decisive indication.18 Indeed, the 
observed photoinertness of the cyclam complex can be ex
plained equally well by an associative process (the formation 
of the seven-coordinated complex of the appropriate structure 
will be hindered) as by a dissociative process (the five-coor
dinated intermediate will be unable to undergo the isomer-
ization, necessary to assist in the concerted release of the de
parting ligand). 

In what follows, we will adopt the hypothesis of a five-
coordinated intermediate. Indeed, since the electronic exci
tation is the direct cause of the labilization of the Cr-Y bond, 
it seems inherently plausible that the dissociative step should 
be the initiator of the reaction. The fact that the leaving ligand 
has been shown6 to be the one with the smallest bond strength 
in the original undistorted complex lends additional strength 
to this hypothesis. 

An a posteriori argument against the seven-coordinated 
intermediate is that, even after close examination, no mecha
nism appears to be available to account for the exclusive for
mation of the cis product. The five-coordinated intermediate, 
on the other hand, does offer the possibility of rationalizing the 
observed stereochemistry, as we intend to show in what fol
lows. 

The photosubstitution reaction will thus formally be dis
sected into three separate processes: the dissociation of Y from 
the excited complex, the isomerization of the pentacoordinated 
intermediate, and the association of the isomerized interme
diate with the entering ligand. It is obvious that these three 
processes will actually proceed in a more or less concerted way, 
and not simply consecutively. The factors determining the 
dissociative process have been treated in a previous paper6 and 
will not further be considered here; the attention will be focused 
entirely on the latter two processes. 

Method of Analysis. The zero-order ligand field wave 
functions can be written as linear combinations of Slater de
terminants, constructed from the usual real metal d orbit-
als. 

The perturbation Hamiltonian is given by 

# = E V, + £ — 
i i>] >"ij 

The first term in ft, written as a sum of one-electron operators, 
represents the ligand field potential. The second operator 
corresponds to the interelectronic repulsion enengy; i and; are 
electron labels. Spin-orbit coupling will be neglected 
throughout. The potential %• is written as a sum of pertur-
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Table I. Orbital Energy Expressions for the Different Five-
Coordinate Fragments as a Function of the Individual (en., irr_) 
Parameters 

Irreducible 
repre

sentation Orbital energy 

TP (C*,) 

TBP (C31) 

TBP (C21) 

r b2 E(xy) = 4TTN 

I e E(xz) = E{yz) = irx + 2ITN 
I a, E(z2) = (Tx + CTN 

lb, E(x2- y2) = iov 

I l 
b, 
b2 

Ia1 V 

£ ( Z 2 ) = (TX + 7A(TN 
E{xy) = £(x2 - >>2) = V N + 3/2TN 

£(A:Z) = E(yz) = irx + %ITN 

£(*>>) = 7/2TN 
E(xz) = 1TX + 5/27TN 

£ (>Z) = TTX + %<TN + '/2TTN 

, 17 
TX + - ( T N 

(3) 

* 2 - > > 2 

1/2 

S (TN 

, 9 
T T l T N 

A : 2 - ) ' 2 (3)"5 /13 
(T f fN 

- 3JTN 

75 3 

- 3 T T N ) 

bations, due to the individual ligands L: 

V1 = E %L 

L 

The matrix of 0V^ in the usual real d-orbital set is very sim
ple19 '20 and diagonal when L is situated on the z axis: 

<z2 |%L*| z 2> = a 

(xzlV^lxz) = (yz\°Vh\yz) = ir 

The diagonal elements of dxy and dx2_^2 are assumed to be zero 
when 5 interactions are neglected. If the ligand L is situated 
on any other arbitrary axis p, specified by the polar coordinates 
(6, 0), the matrix of "V, LP is no longer diagonal, but it can be 
calculated in a quite straightforward way; the 25 matrix ele
ments are simple functions of a, ir, 0, and 4>20 The name "an
gular overlap model" (AOM) which we and others have used 
previously to label this model20-22 is, in fact, not entirely ade
quate. The parameters a and w are semiempirical and are not 
necessarily related to overlap integrals. They do have a simple 
chemical interpretation in that they incorporate very neatly 
the energetic effect of the isolated metal-ligand interactions. 
The model describes in a very direct way the role of the angular 
position (0L, </>L) of the individual ligands on the energy matrix. 
The radial position comes in only indirectly, through the value 
of the a and TT parameters. Therefore, the present version of 
the model might be more adequately classified as an additive 
point ligand model. 

After diagonalization of the ligand field matrix, Slater de
terminants of the appropriate symmetry can be combined into 
eigenfunctions of #2 ; the matrix elements of the repulsion 
operator can be evaluated in terms of Racah B and C param
eters.23 '24 A general computer program was developed to 
construct the relevant functions for an arbitrary d" system, to 
set up the total energy matrix and to carry out its exact di-
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Figure 1. The tetragonal pyramid and the two trigonal bipyramids; ge
ometry and coordinate systems used in the calculations. 

Table II. Ligand Field Parameter Set for the Cr(III) Complexes 
(Mm-1) 

Racah Parameters for Cr3+ (d3 system) 
B = 0.07 
C = 0.30 

Ligand 

NH3 
F 
H2O 
X 

Cr(III)-

(T 

0.718 
0.763 
0.594 
0.570 

-L Interaction Parameters 

T 

0.00 
0.170 
0.050 
0.100 

Ref 

29 
29,30 
30 
Average ir donor 

agonalization. In this way, one avoids the shortcomings of both 
the weak field and the strong field approximations. 

Along a given reaction path, the ligand field part of the 
perturbation Hamiltonian "V = £,• £i_ "V/L will vary, ac
cording to a certain specified set of ligand movements. For the 
isomerization reaction from the tetragonal pyramid to the 
trigonal bipyramid, the ligands are assumed to move on a 
sphere. Therefore, the individual a and ir parameters are taken 
to be constant, and the ligand movements consist of angular 
displacements only. For the association reaction, the param
eters of the sixth ligand are varied from 0 to the a, v values at 
equilibrium distance. In this way, orbital and state energy di
agrams can be set up, showing the evolution of the system 
throughout the reaction. 

Actually, correlation diagrams of this general type were first 
introduced by Woodward and Hoffmann in the theory of 
concerted organic reactions.25 In organic chemistry one is 
usually led to the same set of conclusions, whether one uses 
orbital energy diagrams (original Woodward-Hoffmann 
procedure) or state energy diagrams (Longuet-Higgins and 
Abrahamson26). Because of the very pronounced effects of 
electron repulsion in the open shell d" systems, one a priori 
expects that the treatment of transition metal reactions should 
certainly be carried out at the state level.27 Later on, it will be 
shown, however, that it still remains possible—at least in the 
present case—to describe qualitatively the general features 
of the reactions in terms of simple orbital considerations. 

The Isomerization Reaction. The starting point is the five-
coordinated fragment resulting from the removal of Y in 
trans- CrN4XY; if Y is removed without further change, one 
obtains a tetragonal pyramid with X in axial position and C4l) 

symmetry. As possible results from the isomerization reaction, 
one has to consider two trigonal bipyramids, one with X in 
apical position, the other one with X in equatorial posi
tion.28 

(1) Orbital Correlation Diagrams. While the TBP skeleton 
has D-ih symmetry, the two bipyramids have C3K and C2u 

symmetry, respectively (Figure 1). Table I gives the energy 
expressions for the real d-orbital basis set. In order to obtain 
the numerical values of the energies, the parameter set of Table 
II was used throughout. 



478 Journal of the American Chemical Society / 100:2 / January 18, 1978 

1 5 

1 O — 

05 — 

00 

-

-

b, (K - y ) 

1 E ( f i ni1) 

a , ( i 2 ) 

e ( x z , y z ) ^ ^ ^ 

\K*1) 

~ \ a 

^ s . a' 

a' 

/ a / /^ 

~ ^ a" 

I ! I 

( A ) 

S1I 1\ 

^ V e ( x y , » 2 - y ! ) 

^ ^ ^ ^ e l x z . y z l 

CL ( d e g r e e s ] 

2 0 -

t / 2 2 I b1 i x - y ) 

|E ( Lim1} 
• — — . i 

a, [„') 

(A) 

1.Of 

~ 

0 . 5 , -

00 

e ( x z . y z ) 

b 2 ( x y ) 

*yS 
-— b i 

a 
I 2 i 

s a , (z 2 -y 2 ' 

a ( d e g r e e s ) 

*" b ( ( x z ) 

|V.„ 

00 

- I 

-

-

' S 1 

E ( H m 1 

2 E 

2^ 
2K 4 E 

' B , 

___J±/ 
— i i ^ _ _ 

/4 
—-?'/ St. 

' ' / A 

v*"^ 

_ _ ^ / A 

i i 

^z? 

i 

A 

I 

-C\^_ 

I I 

( B ) 

4 E 

2 E 

4 E 

a ( d e g r e e s ) 
» • 

20 30 

Figure 2. Orbital (A) and state (B) energy correlation diagram for the 
isomerization of a Cr3+ system from the tetragonal pyramid to the trigonal 
bipyramid with X in apical position. Only the relevant quartet states and 
the lowest lying doublet states are shown. 
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Figure 3. Orbital (A) and state (B) energy correlation diagram for the 
isomerization of a Cr3+ system from the tetragonal pyramid to the trigonal 
bipyramid with X in equatorial position. 

The orbital correlation diagrams for the two conceivable 
isomerization reactions are shown in Figures 2A and 3A. In 
Figure 2A the familiar d set (z2, xz, yz, xy, x2 — y2) diago-
nalizes the energy matrix at both sides of the diagram, but not 
in between; the intermediate symmetry is only C1. As a con
sequence of the rearrangement of the ligands, a very strong 
interaction develops between the a' orbitals {dyz, &zi, and 
dx2-yi). The highest d orbital starts off as purely (x2 -y2)\ it 
gains progressively more z2 character, and ends up as purely 
z2. On the other hand, the two a" orbitals, xz and xy, are vir
tually unaffected by the variation of the reaction coordi
nate. 

In Figure 3A, the conserved symmetry is Civ; therefore the 
&xy. &xz. and Ay2 orbitals remain unaffected along the entire 
reaction path. The two ai orbitals, however, interact with each 
other and are mixed as a increases. The interaction matrix, 
given in Table I, applies to the right-hand side of Figure 3A, 
where the TBP skeleton has been formed. Diagonalization 
yields 

da = (sin p)dx2-y2 — (cosp)dz2 

db = (cos p)dx2-y2 + (sin/?)dz2 

(D 
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Table III. Strong Field Wave Functions" 
for d3 Complexes in 

Irreducible 
repre

sentation in 
Oh Ci,D 

Ci0 Symmetry 

Wave function 

of Octahedral Parentage 

OH 
config
uration 

4A28
 4B1 \{xz)(yz)(xy)\ 

Vl 

4-p 2g 

(«)(*y)[^y-(*2)-^(*2-.v2)]| 
t2gJ 

t2gV 

4B2 \(xz)(yz)(x2 -y*)\ 

4T1 

4 E' 

4A2 

(xz)(xy)\ - i ( z 2 ) - ^ - (x2 » [ - : 
(M>*>>)[-i(z2)-^(x2 

(xz)(yz)(z2)\ 

t2g2eg ' 

"Taken from J. R. Perumareddi, J. Phys. Chem., 71, 3144 
(1967). 

where 

tg 2p = 2 ^ ( 1 3 ( 7 N - 1 2 7 r N ) 
32(Tx - 58(7>i + 24-7TN 

If X = N, the symmetry is D3h, tg 2p -*• Vl, p -* 60°, and 
eq 1 becomes 

da = —— dx2-.yi - - dz2 = dx2 

db = r d* v2 + 
VI 

d22 = dz (2) 

If the X parameters are not too drastically different from the 
amine parameters, the composition of da and db will still be 
given approximately by eq 2; hence the designations for the two 
ai orbitals on the right-hand side of Figure 3 A. 

(2) State Correlation Diagrams. Before analyzing the state 
correlation diagrams, it is useful to take a closer look at the 
wave functions of the TP starting product, the energies of 
which are shown in Figure 4. The strong field wave functions 
(octahedral parentage) for the relevant quartet states are given 
in Table III. 

The tetragonal perturbation is far too weak to modify the 
multiplicity of the ground state, which remains a quartet 
characterized by the C^ configuration e2b2 ' . The 4T states are 
split, each one giving rise to a 4E state and another nonde-
generate quartet. The lowest 4E, of 4T2g parentage, is directly 
correlated with the photoactive 4E in the hexacoordinated 
complex; its properties are paramount in the determination of 
the photosubstitution behavior. The tetragonal perturbation 
^ 4 produces an off-diagonal matrix element between the two 
4E states, which is larger than in the original hexacoordinated 
complex: 

W 4 E; 4 T 2 g ) |<V 4 | * ( 4 E; 4 T l g ) ) = ^ y - (<rN - \ *x) 

The resulting mixing makes the lowest 4E correspond more 
closely to a pure (xz, yz) -* z2 excitation: the z2 character 
increases from 75% to 95% or more. 

The state correlation diagrams for the Cr(III)-pentacoor-
dinated intermediates are shown in Figures 2B and 3B. At the 
left-hand side of both figures, the state energies correspond to 
those of Figure 4. 

The degeneracy of the relevant 4E state is lifted along the 
reaction path of both Figure 2B and Figure 3B. From a corn-

is \ 

\ 
N / 

)( 

\ 

\ 

* B 2 

2 r 

H2 

\ 

7 

* 2 

2C 

2 C L l 

»1 

'9 

2 E 9 

q u a r t e t s 

Figure 4. State energy level diagram of a Cr(III) tetragonal pyramid 
complex; the octahedral parentage is given for the quartets and the dou
blets separately. 

parison of the two figures, the formation of the TBP with X in 
equatorial position will obviously be favored with respect to 
the TBP having X in apical position. The 4E state under con
sideration is the prototype of a stereomobile state; its 4B2 

component will "roll down" spontaneously so as to form the 
ground state of the appropriate trigonal bipyramid. This can 
readily be understood from the orbital composition of 4B2 

component. Indeed 

* ( 4 E a ; 4 B 2 ) « I{xz){xy){z2)\ 

^(4EbJ4B1) ^ \(yz)(xy)(z2)\ 

The dz2 orbital (and to a small extent the dxi-yi orbital) are 
destabilized by the a* interaction with the NH 3 ligands in the 
equatorial plane of the tetragonal pyramid. This antibonding 
interaction can only be avoided by moving the ligands out of 
the (xy) plane. 

A simultaneous out-of-plane bending of all four equatorial 
ligands (the ai vibrational bending mode) would not constitute 
an effective relaxation of the 4E excited state. Indeed, the ai 
bending mode would destabilize both dxz and dyz, and since 
one of these two orbitals is occupied, the 4E state cannot be 
expected to undergo a significant stabilization. 

Figure 3 A, on the other hand, shows the bending of only two 
bonds, situated on they axis. As a consequence, the energy of 
the d>,J(b2) orbital increases with increasing values of a. 
Hereby, the energy of the 4B2 state remains unaffected, since 
its configuration does not contain the dyz orbital. At the same 
time the z2 orbital is gradually transformed into a dz2__,,2 or
bital, resulting in a net stabilization of the 4 B 2 state. At the 
left-hand side of Figure 3 B, the configuration of 4B2 has be
come approximately (xz)l(xy)l(z2 - y2)1. To the extent that 
the dissociation of the leaving ligand and the isomerization 
reaction take place in a concerted way, the stabilization of 4B2 

may facilitate the substitution reaction as a whole. 
By way of contrast, it is useful to look at the properties of 

the 4B1 ground state. Neither the reaction path of Figure 2B 
nor that of Figure 3 B offers the possibility to reach a trigonal 
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Figure 5. Orbital (A) and state (B) energy correlation diagram for the 
association reaction by trans attack of a solvent molecule. 

bipyramid unless a considerable energy barrier is surmounted. 
Obviously, the tetragonal pyramid 4B] state is stereorigid. As 
shown in Table III, its configuration is given by (xz)1-

Since both dz2 and dxi-yz are vacant orbitals, there are no 
ff-antibonding interactions forcing the ligands to move out of 
place. At the same time, the association of this five-coordinated 
TP fragment is facilitated: the vacant coordination place has 
only a very small d-electron density. As stressed already by 
Hoffmann and Elian,31 a nucleophilic attack at this point is 
possible, and gives rise to an octahedral skeleton with trans 
structure. If the thermal substitution reactions proceed via a 
dissociative mechanism, their stereoretention could thus readily 
be understood. 

The Association Reaction of the Trigonal Bipyramid. The 
trigonal bipyramid, with X as an equatorial ligand, acts as a 
transition state; association with an entering solvent ligand 
produces another stable hexacoordinated Cr(III) complex. The 
addition will be assumed to take place in the trigonal plane 
(edge attack), rather than along another azimuthal angle (face 
attack). Indeed, from a purely sterical point of view, the central 
atom is relatively more accessible through the larger (120°) 
in-plane angles; moreover, edge attack requires the minimum 
amount of atomic motion to regenerate the octahedron.32 From 
the electronic point of view, face attack is also strongly disfa
vored; this point will be considered when discussing Figure 
7. 

If the edge association would occur at random, the cis/trans 
ratio of the product would be 2/1. We will show that the C2iI 
symmetry of the trigonal bipyramid is characterized by a 
preferential access path, thereby definitely disfavoring the cis 
attack (with respect to X) over the trans attack. The factors 
governing the course of the reaction are simply related to the 
ligand field parameters of X and N. 

(1) The Correlation Diagrams. Figures 5 and 6 show the 
orbital and the state energy correlation diagrams for a trans 
and a cis attack of a solvent molecule S with respect to the 
heteroligand X. The association reaction has been analyzed 
as a decrease of the Cr-S distance, combined with a concerted 
decrease of two ligand-metal-ligand angles (M>) from 120° to 
90°. Within the framework of the present ligand field model, 
the change in Cr-S distance has been accounted for by in
creasing as from zero to its equilibrium value as°\ at all points 
0"s/7rs w a s kept constant. The concertation between radial and 
angular movements can be realized by using an expression of 
the type 

^s - ^ ) o r . - ^ ) 
1/2 

where a = 120° — <&. Both possibilities lead to very similar 
results. The curves shown in Figures 5 and 6 correspond to the 
second (square root) alternative, simulating an association 
reaction, where the entering ligand is the dominant factor at 
the outset of the process. 

The zero-order strong field wave functions of the two lowest 
TBP quartet states are given by 

*(4B2) = \(xy)(xz){z2 -y2)\ (a 2 Va,>) 

Mz(4A1) = \(xy)(xz)(yz)\ Wb1
1W) 

for the ground and the first excited state, respectively. It was 
pointed out already that the ai orbital in 4B2 is not purely z2 

- y2. The numerical calculation with the parameter set of 
Table II yields forp in eq 1 a value of 63° instead of 60°, a very 
small effect indeed. The introduction of electron repulsion and 
configuration interaction within the ligand field state manifold 
shows that the two states under consideration are characterized 
in a rather pure way by the indicated single configurations. 
This allows us to visualise the general features of the electron 
density in a very simple way. Both in 4B2 and in 4Ai the dxz and 
dxy orbitals are occupied; this gives rise to an axial-symmetric 
electron density distribution along the x direction on both sides 
of the yz plane. This effectively narrows down the access 
possibilities to an equatorial approach of the incoming ligand. 
Figure 7 shows the relevant orbitals in this plane. The 4B2 state 
is characterized by a vacant dyz orbital; it is obvious from the 
figure that this orbital has directional properties, which are 
very favorable for a cis attack. The a antibonding induced by 
the new metal-ligand interaction will be carried by the vacant 
orbital. This is the more so, as the neighboring ligands X and 
N have at their disposition an energetically favorable path to 
complete the equatorial square. In the final hexacoordinated 
complex, the occupied (z2 - y2) orbital becomes a normal T 
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Figure 6. Orbital (A) and state (B) energy correlation diagram for the 
association reaction by cis attack of a solvent molecule. 

antibonding orbital, while the empty (yz) orbital is a a anti-
bonding metal orbital. 

The trans attack, on the other hand, is hindered by precisely 
the same factors that facilitate the cis attack: the motions of 
both the incoming ligand and of the two N-neighboring ligands 
will be such that the occupied (z2 — y2) orbital will be greatly 
destabilized, whereas the empty (yz) orbital becomes stabi
lized. 

Therefore, a cis attack on the 2B2 ground state of the TBP 
is correlated to the ground state of the hexacoordinated com
plex with no energy barrier in between, while a trans attack on 
the same state correlates with an excited state of the reaction 
product. 

T R A N S 

A T T A C K 

Figure 7. The d orbitals in the equatorial yz plane of the trigonal bipyra-
mid. 

The 4A; state is characterized by exactly the opposite sit
uation, since the electron is now transferred from (z2 — y2) to 
yz. 

(2) Connection with Axial Labilization.6 Basically, the ste-
reospecific reaction mode of the trigonal bipyramid can be 
traced back to the symmetry lowering of the ligand field 
Hamiltonian. The equatorial introduction of the heteroligand 
X reduces the symmetry from D-$h to C21,; as a consequence, 
the degenerate orbital set (yz,z2 — y1) gives rise to two dif
ferent energies. 

The relative energy and the electron occupancy of these two 
orbitals govern the equatorial access possibilities. The occu
pancy of Ay2 is trans orienting; the occupancy of dz2_y2 is cis 
orienting. In the preceding section, we stressed that these two 
orbitals are found back nearly unchanged in the 4Ai and 4B2 
states, respectively. To first order, both states are also char
acterized by the same electron repulsion energy: they can be 
seen as derived from the same parent D^, 4E' state. There
fore 

E(4Ax) - E(4B2) ^ E(dyz) 

1 
-E(z2- y2) = -(XQDq^-XODqx) 

This equation suggests an obvious connection with the factors 
responsible for the determination of the leaving ligand.6 Ac
cording to Adamson's first rule, the photoexcitation labilizes 
the axis characterized by the weakest ligand field. The here 
considered trans-CrNiXY complexes all satisfy this rule: the 
leaving ligand is situated on the heteroaxis, and 

DqM = 
_ Dqx + DqY < Dqeq = Dq^ 

More specifically, in all cases known so far, Dqx < Dq^. 
Therefore, the actual situation is realistically described by 
Figures 5 and 6 and only cis formation is observed. 

(3) The Fluoride Case. The composition of the dz2_y2 orbitals 
is 75% dz2 for a perfect D3/, symmetry (p = 60°). For a typical 
ir-donor X ligand, p is calculated to be 63°: the dz2 character 
increases to approximately 79%. The deviation from the 
zero-order situation can be seen most easily by transforming 
the two by two ai interaction matrix of Table I to a more ap-
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Figure 8. Comparative qualitative orbital energy correlation diagrams of 
Woodward-Hoffmann type for cis and trans attack in the association 
reaction. 

propriate basis suggested by eq 2: 

<V x2 z1-y1 

2 1 J . 5 ^ , \ 
X ~ "X + ~ (TX — (<7N ~ TX) 

4 2 4 
2 2 ^ / ^ 3 ^ 3

 _ L 3 

2 y -(CN-(Tx) - (TX + - <TN + - *N 

4 4 8 2 
If (TN > ax, the usual case for an average x donor, the z2 per
centage of the lowest ai orbital increases. This reinforces even 
more the preference of a cis attack over trans attack, since 
entry of the S ligand along the z axis is made more difficult. 
If, however, <TN < ax, as is the case of F - , the z2 character of 
the lowest ai orbital drops below 75%; this tends to render the 
trans attack less hindered. It is remarkable that the only case 
with a significant trans production (up to 9% of the total 
quantum yield)15 is precisely /ra/t5-Cr(en)2FCl+, where the 
resulting trigonal bipyramid is Cr(en)2F2+. 
Discussion and Conclusions 

(1) It has been shown that the factors determining the 
photochemistry of Cr(III) complexes are basically the same 
factors that also determine the selective photolabilization of 
one particular ligand. The same ligand field parameters that 
are responsible for the energetic evolution of a particular set 
of orbitals and states are also decisive in the evaluation of the 
relative bond strengths (I*) in the photoactive state.6 

The purely dissociative reaction mechanism that was for
mally adopted in our earlier leaving ligand treatment has been 
complemented in the present paper by the study of the two 
remaining reaction steps. The photosubstitution can thus be 
regarded as a succession of three more or less concerted pro
cesses, all governed by a given set of ligand field parame
ters. 

(2) In the isomerization reactions, the evolution of the orbital 
energies along a given path appears to follow a very simple rule. 
The ligands move in such a way that they avoid the occupied 
orbitals, and that they are directed toward spatial zones, where 
vacant orbitals have large probability densities. Therefore the 
ligand movement, characteristic of an actual reaction path, 
tends to increase the energy of the vacant d orbitals and to 
decrease the energy of the occupied orbitals. 

Similar considerations have been successfully applied in 
predicting and rationalizing the shapes of transition metal 
complexes.33 This is not to imply that a simple rule of this type 
would be of general validity in transition metal chemistry as 
a whole. It is certainly to be expected that in some cases con

figuration interaction, or even spin-orbit coupling, might be
come sufficiently important, so as to modify a presumed re
action path significantly. 

(3) The association reactions and the corresponding corre
lation diagrams might be interpreted in terms of Fukui's 
frontier orbitals.34 A ligand approaching a molecular fragment 
will preferably do so along an access path containing vacant 
d orbitals. The donor levels of the ligand act as HOMOs, while 
the d orbitals act as LUMOs. 

(4) An alternative way of analyzing the association reactions 
is by using the Woodward-Hoffmann methodology. In the 
middle of Figure 8 the orbital energies of the trigonal bipyra
mid are shown. For the reaction path corresponding to cis at
tack (right-hand side) the conserved symmetry is Cs; both the 
orbitals of the reagent and the product are labeled as irre
ducible representiations of this point group. The principle of 
conservation of orbital symmetry allows one to draw the cor
relation lines without any ambiguity. The same procedure is 
repeated for the trans attack on the left-hand side; here the 
conserved symmetry is Civ. It is quite obvious that the com
parison of the two reaction modes gives rise to a clear-cut se
lection rule: the cis attack is an allowed process, the trans at
tack is a forbidden process. This conclusion is independent of 
the specific values of the orbital energies and of the ligand field 
parameters—at least all the cases reported in the literature can 
be accommodated into this scheme. 

It may be well to stress here that the orbital occupation is 
of course quite different here from what one is used to in typical 
organic reactions, as in the original Woodward-Hoffmann 
considerations. This remark points to the very important role 
played by electron repulsion in the open shell d" systems. Ac
tually, in coordination chemistry even more than in organic 
chemistry, one should draw conclusions only from state cor
relation diagrams. For the association reaction under consid
eration, such a diagram can quite easily be constructed either 
from Figure 8 or from Figures 5B and 6B. It appears that, at 
least in the present case, the conclusions from orbital and state 
correlation diagrams are in complete agreement. In general, 
however, the only safe way to proceed is via state energy cor
relation diagrams. 

Provided that due attention is given to this latter point, it 
may be hoped that the introduction of electronic selection rules 
on the basis of symmetry conservation will offer a fruitful ap
proach to the field of coordination chemistry. 
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I. Introduction 
In the course of spectroscopic studies of paramagnetic 

transition metal hexafluorides, it became apparent that ad
ditional information might be obtained if a high-symmetry host 
material for mixed crystals could be found. Such systems would 
be particularly useful for the study of the T%s (Oh*) states, in 
which the Jahn-Teller interaction is of particular interest.1-2 

It was thought that xenon might serve as a good host; it has no 
crystal vibrational frequencies in the range of intramolecular 
MF6 vibrations, and size and orientation considerations indi
cate that MF6 might go into the Xe lattice substitutionally. 
However, it was found that when IrF6, which is yellow, is dis
solved in liquid Xe, the solution is totally opaque, although 
purple in reflection. It is the purpose of this paper to demon
strate that the new absorption band for the IrF6-Xe system is 
due to a low-lying intermolecular charge transfer (CT) tran
sition between Xe and MF6: 

Xe+ M F 6 - X Xe+MF6-

Such CT transitions and associated complexes with MF6 are 
known,3 but have not been previously observed for the rare 
gases. 

Several experiments have been carried out to verify these 
conclusions and to increase understanding of this phenomenon. 
The absorption spectra of MF6-Xe (M = Ir, Re, W, Mo, U) 
at liquid nitrogen temperature have been taken. An IrF6-Kr 
sample and a gas-phase IrF6-Xe sample were also prepared 
and investigated. Besides demonstrating the CT nature of the 
new transitions, these experiments also give valuable infor
mation on the exceptionally high electron affinities of the 
hexafluorides. Observation of "local" (intramolecular) IrF6 
transitions in the near IR also permits conclusions to be drawn 
concerning stability of the IrF6-Xe complex. 
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II. Experimental Section 
Handling of hexafluorides has been previously described.1 Research 

grade xenon and krypton (Linde) were used and were further purified 
by distillation to remove any traces of H2O, a very serious impurity 
for the hexafluorides. 

Crystals were grown from the melt by suspending the sample cell 
a few centimeters above the surface of liquid nitrogen in a closed 
Dewar. Although crystals grown this rapidly (~20 min) are certainly 
not high-quality single crystals, they are of adequate quality to allow 
spectra to be taken. Visible and near-UV absorption spectra were 
taken on a McPherson 285 monochromator with photoelectric de
tection. Near-IR spectra were obtained on a McPherson 2051 with 
a 77K InAs (Texas Instruments) detector. Some preliminary spectra 
were also obtained on a Cary 17. 

HI. Theory 
The theory of CT transitions and complexes is well known4 

and will be outlined only briefly here. For 1 :n complexes (in 
this case n is either 12Xe or IXe), the energy of the CT tran
sition is 

hvcT = /d - £a + (Gi - n'G0) + (X1 - n'X0) (1) 

in which /d = ionization potential of the donor D (Xe), £ a
 = 

electron affinity of the acceptor A (MF6), Gi = "normal" in
teraction of D+ and A - , specifically neglecting the CT inter
actions, Go = "normal" interaction of D and A, X\ = addi
tional interaction between D+ and A - due to proximity of D-A 
configuration, Xo = additional interaction between D and A 
due to proximity of the D + - A - configuration, n = number of 
donors in the complex, and in the limit of weak complexes, n' 
= n. For stronger complexes n' < n due to saturation ef
fects.5 

Xo can be approximated by second-order perturbation 
theory as 

*o~"f (2) 
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