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Electronic Structure of Metal Aromatic Complexes

A. D. LIEHR* and C. J. BALLHAUSEN®*

Mallinckrodt Laboratory, Harvard University, Cambridge, Massachusetts, US.A.

A semi-quantitative theory of the electronic structure of aromatic
complexes formed by the cyclopentadienyl radical and by benzene
is presented. The theory utilizes the wavefunctions given by the
molecular-orbital theory, and on the basis of a simple scheme for
evaluating the necessary integrals gives an internally consistent treat-
ment of the bonding in metal aromatic complexes. The magnetic
properties of these compounds are correlated by means of the given
theory. A comparison between the treatment here presented and those
of previous authors is given.

11 of the theories of ’sandwich’’ bonding thus far proposed have made use

of the molecular orbital theory of valence.l-# The various treatments differ
solely in the methods of determining the relative locations of the sundry
molecular energy levels.

The most general mixing of the available cyclopentadienyl radical and metal
orbitals to form appropriate molecular orbitals has been performed by Jaffé !
and by Ruch 4. The approach of both of these authors is open to some criti-
cism. Whereas Jaffé’s treatment is too indefinite as to the relative positions
of the molecular energy levels, Ruch’s treatment is governed too much by a
predisposition to obtain a rare gas configuration about the metal atom. Be-
cause of these objections neither Jaffé nor Ruch is able to give a satisfactory
physical picture of the bonding in di-=-cyclopentadienyl compounds.

The first physically appealing treatment of the problem was given by Dunitz
and Orgel #*. These authors assumed that the cyclopentadienyl orbital y(a,)
was too tightly bound to mix with any of the available metal orbitals of
symmetry d, such as 3d(a;;) and 4s(a;;). They likewise assumed that the
empty 4p levels of the metal atom were too far removed energetically to inter-
act with the filled cyclopentadienyl orbitals y(a1.) and yp(e1s). Further,
they proposed that the bonding consisted mainly of two covalent-ionic”
bonds between the half-filled cyclopentadienyl orbitals y.p(es) and the metal
orbitals 3d(ey). It was also supposed that the bonding could take place via
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208 LIEHR AND BALLHAUSEN

two “donor” bonds formed by the mixing of the empty cyclopentadienyl
orbitals p.p(e2) With the metal orbitals 3d(eg).

However, as more experimental data became available, it was found that
the bonding scheme as first proposed by Dunitz and Orgel was not adequate
to explain the magnetic properties of all the newly prepared cyclopentadienyl-
metal compounds. This led Moffitt 3 to propose a modification of the Dunitz
and Orgel model. He assumed that the large difference in energy between the
3d(e) and the y.(ez) orbitals precluded any interaction of these orbitals,
and thus eliminated the ’donor’’ bonds of Dunitz and Orgel. He also assumed
that the 4s(ai) and 3d(a;;) metal orbitals interact under the molecular force
fields to produce one orbital lying in the vicinity of the 4p metal orbitals, and
one in the vicinity of the 3d(es) orbitals. Moreover, he placed the antibonding
orbital of symmetry e;; above the 4p metal orbitals. This model will explain
satisfactorily the magnetic properties of the di-n-cyclopentadienyl com-
pounds, but is admittedly of a qualitative nature.

The first and only other semi-quantitative treatment has been recently
published by Dunitz and Orgel 2. They have retained the major portion of
their own previous theory 2, but have also included some of the modifications
given by Moffitt. They differ from Moffitt in placing the antibonding levels of
symmetry ei; below the 4p levels of the metal. This calculation of Dunitz and
Orgel is based on the heuristic principle which states that the interaction energy
is proportional to the overlap, the overlap being computed according to the
prescriptions of Craig, Maccoll, Nyholm, Orgel and Sutton 5. This means of
evaluating the molecular integrals seems to the present authors to be less
satisfactory than that utilized in this paper.

1. ENERGY LEVELS FOR THE DI-n-CYCLOPENTADIENYL COMPOUNDS

The di-n-cyclopentadienyl compounds have the structure depicted in
Fig. 1%, Thus, calling one cyclopentadienyl ring CpA and the other CpB,
we have the following wave functions for the cyclopentadienyl ring systems 3,

CpS(az) = (5)" %2 ¢t (8 = A, B).
CpS(ers) = (5) "2 (*)g @ = exp(2mi[5)
CpS(ezs) = (5) %2 (w+2)gl. 1)

In eqn (1) we have given in parenthesis the symmetry designations of the wave
functions CpS (S = A, B) in the point group Dg,. Combining the wave funct-
ions given in (1) to form molecular orbitals of symmetry Dgq we have

Yepla2g) = (2)”*{CpA(az )—CpB(az )}
Peplan) = (2)7*{CpA(az )+CpB(az )}
veoleis) = (2)7*{CpA(ers)—CpB(e14)}
Yepl€it) = (2)#{CpA(ers) +CpB(er))
Yep(eis) = (2) 7 #{CpA(ezs)—CpB(ess)}
Yeplens) = (2) #{CpA(e2s) +CpB(ess)} . 2)
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METAL AROMATIC COMPLEXES 209

The wave functions of eqn. (2) represent the appropriate molecular orbitals
for the di-n-cyclopentadienyl ring system.

We must now construct wave functions for the metal atoms having the
proper symmetry in Dgy. We shall assume that only the 3d and 4s orbitals
of the metal are significantly involved in the bonding. In section 5 we shall
discuss the validity of this assumption. Thus, the appropriate wave functions
are *

‘ 8(a1g) = Rys (1)@00 (2) %
d(azg) = Bya(r)Os0 (2) "
d(eiy) = Raa(r)B21 (271) " exp (Lip)
d(ed;) = Raa(r)Oays (27) ™" exp (L2i9) (3)

The molecular orbitals for the entire molecule are then formed by functions
of the type

x(ei) = sin & pp(el) + cosé d (ef). (4)

Following Moffitt 3, we shall assume that the bonding takes place primarily

through the ef orbitals, the remaining molecular orbitals being of the non-
bonding variety. To determine the energies of these orbitals, we shall employ-
a new type of approximation scheme which combines the most appealing
parts of the molecular orbital and ecrystal field theories of chemical valence.

Under the assumptions mentioned above, we may write the single electron
molecular orbitals for the valence electrons as

X(eig) = sin & - pepledy) + cos & d(ei)
(1((11,) = cos 1 d(asg) + sin n s(@1g)
§(arg) = sin 5 d(a1g) — cos 9 s(a1,)

d(eze) = d(ez) (6)

And, according to molecular orbital theory, we may determine the correspond-
ing single electron energies as

h(exg)¥(eig) = E[X(eig)]X(eif)

h(alg)a(alg) = 'E[&(a’lg)]d(alg)

h(alg)g(alg) = E[§(a’1g)]§(alg)

he)d(ef) = E(d(eD)ld(ef) | ®)

g

where h is the appropriate single electron Hamiltonian.
Substituting eqns. (5) into eqns. (6), and performing the usual variational
treatment, we obtain the following results:

* For the definition of Rsq (r), Rys(r), and Oim see Pauling, L. and Wilson, E. B. Introduction
to Quantum Mechanics, McGraw-Hill, 1935, pp. 132—9.
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210 LIEHR AND BALLHAUSEN

E[X(ei)] = HElyeleis)] + E[d(ef)]} + H(Elyolei)] — E[d(e)])* +
+ 4(RLf ¥(eis )b (er)d(ei)) 2

E[d(ay)] = ¥E[d(ar)] + Els(as)]} + ${(E[d(a1,)] — E[s(as,)])? +
+ 4(fd*(a, )h(a,,)s(a, )2

Es(ax)] = HE[d(are)] + Els(a1)]} — H(E[d(ar,)] — Els(are)))? +
+ 4(fd*(@,)h(a,,)s(a,)2
E[d(e2)] = fd*(ezg)h(eze)d (i)
tan 2¢ = ZBLUps(Eh(e0d (i)
E[d (e1g)] — Elycp(eis)]

tan 2y = 2 [d*(a1,)h(a1)s(a1,) ’ -
~ E[d(a1,)]1—E[s(ay)]

where R1. = "’real part of”’.
For convenience, we have set the overlap integral between the metal orbitals
and the ring orbitals equal to zero in eqn. (7).

Since it is observed that the di-z-cyclopentadienyl compounds are fairly
stable, one would naturally wish to maximize the binding strength of the
X(efr) orbitals. To accomplish this, we assume that the ¥.p(ei) and d(ef)
electrons have approximately the same energy. That is, we set

Elypep(eis)] = Eld(eis)]- (8)
From (7) we see that the X(ei;) energy is then given by (since this condition
n
makes 2£& = 4 —2——)

Elx(eip)] = Eld(eis)] & RL {fpaeiph(e)d(eir)} (9)
and the corresponding wave functions are

Zy(eit) = (2)7*{d(eif) + pepled)}
Z(eif) = (2)7{d(eif) — pepleil))- (10)

In (9) and (10) the plus sign corresponds to the bonding orbital and the minus
sign to the antibonding orbital.

We have yet to evaluate the integrals occurring in eqns. (7) and (9). In
general, the evaluation of such integrals involves insuperable difficulties.
However, there does exist a consistent approximation scheme for evaluating
them. The procedure is the following:

For the electrons involved primarily in the bonding, the ei; electrons, we
shall consider the effect of compound formation to be a strong attraction of the
d(ei) electrons of the metal to the rings, with a similar attraction of the ring
electrons to the metal atom. Thus, we replace the true expression for the energy
of the X,(ef) state, E[X,(ei)], by an estimate obtained by considering the

energy of attraction to be given by a set of positive point charges, +ae,,,
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METAL AROMATIC COMPLEXES 211

situated on the carbon atoms of the two cyclopentadiehyl rings and interacting
with the electrons, metal plus ring, which are moving in d(ei) orbitals. We
hence assume that the energy of the bonding ei orbitals is given by

E%y(eip)] = Ea + fd(eis)*Ve(+ qes)d(eis) (11)

where EY is the energy of a d-electron in the normal atom and V.(+ qe,,)

is the crystal field potential produced by the ten point charges + qe,, of the
two cyclopentadienyl rings.

For the antibonding X.(eif) electrons we replace the true X,(ei) energy,
E[X4(eis)], by an estimate obtained by considering the energy of repulsion to

be given by a set of negative point charges, —qe;,, situated on the carbon atoms
of the two cyclopentadienyl rings and interacting with the electrons, metal plus

ring, which are moving in d(ef) orbitals. That is,
BIX (e£)] = BS + [d(ef)*V (—ae, )d(ef (12)

For the nonbonding electrons, i.e., those not primarily involved in the bond-
ing, such as the J(e}g), J(au), and §(a1g) electrons, the situation is conceptually

simpler. Here we assume that the sole effect of compound formation is to
repel these electrons from the region of the cyclopentadienyl rings. We shall
consider this repulsion to be represented by the effect of a set of ten negative
point charges, —qe,, or —qa, , situated on the carbon atoms and interacting

with the electrons moving in d(a,,), s(a,,), and d(es) orbitals. Thus we can
finally write

E[X(g)(e,ﬂ;)] = K £ [d(ef)*V (ge,,) d(ef

E[d(ez;)] = E] + [d(e£)*V (—qe,,)d(ef

Eld(a,,)] = EJ + [d(a,)*V (—aa,,)d(a,,)

E[s(alg)] = Eg + j's(alx)*Vc(—qau)s(au)

fd(a,,)*h(a, )s(a,,) = fd (a,,)*V (—qa,,)s(2,,) (13)

Fig. 1. Model of the compounds.
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212 LIEHR AND BALLHAUSEN

We next wish to consider the explicit evaluation of the integrals occurring
in eqn. (13). Now by makmg use of F1g 1, we see

Vikq =+ "N (1)
° 'r—x,
In eqn (14) r and x, are measured in units of the Bohr radius a,. Expanding

Ir——xi [ in terms of the associated Legendre polynomials of the first kind
and carrying out the sum over all the atoms occurring in (14) we obtain

que S 'r<> l ’) |ml
V+q)= By 7> l>25m< T~ 5’12_’ 0 _Hml (cosﬂ)P; (cosﬂ Jexp.[6im(p—@,)] (15)
Substituting the wave functions of eqn. (3) together with the expansion of
V= q) of eqn. (15) into eqn. (13) we have

1 4
E[X by (ef)] = ES F 10ge, , - e{God + = P2 (cosd,) sz—— P, (cosﬂo) Gy}

o
E[d(es)] = EY 4 10qe,, - e{Goq—+ Pz(cosﬁo)G'zd +3i P 4(cosB9)Gyq}

E[d(a, ‘)] = Ef + 10qa, T e{Goq + - P2(cos190)G2d -+ 77— P,(cosdy)Gya} (16)

E[s(a,,)] = K + 10qa,, - eG,,
where

1 re 17 ax
Gra(x) = ™ of prasy Riq(r)r2dr + ™ f sy Ria(r)r2dr

p.4

1 oox 1% ax
Gy(2) = — f —Trﬁ Ri(r)r2dr + — f _k:v;f Ri(r)redr (17)
0

Using 68 a carbon-carbon distance equal to l 41 A, a metal carbon distance
of 2 A, and the angle #, equal to arc cos (0.80338) in the formulae given above
we obtain the results tabulated in Tables 1 and 2. These results are also plotted

Table 1.
) 10 10 10
Zus Units ~of B, Q6 © e |Units of £+ — , deyg- e e| Units of —— NS
E[d(ay,)]— By B(e)— E E[d(eggn Ed
2.9780 0.25746 0.25834 0.22417
3.5736 0.26829 0.26853 0.23710
4.3677 0.27273 0.27196 0.24694
5.1618 0.27276 0.27130 0.25235
5.9560 0.27166 0.26993 0.25558
6.7501 0.27051 0.26875 0.25767
7.5442 0.26954 0.26788 0.25911

Energy Values
' Acta Chem. Scand. 11 (1957) No. 2



METAL AROMATIC COMPLEXES 213

Table 2.
. 10
Zis Units of N qf.lge
E['s’(alg)]—E’4s

1.58826 0.0807
2,11768 0.1039
2.64710 0.1260
2.91181 0.1360
3.17652 0.1455
3.70594 0.1630
4.23536 0.1801
4.76478 0.1970
5.29420 0.2131

Energy Values.

in Figure 2a. Since the computations for a wide range of values of Z3; and
Z,, showed that the interaction integral, [d(a,,)*h(a,)s(a,,), is only of the
order of 1072 times the diagonal terms E[d(a,,)] and E[s(a,,)], this term was
neglected in computing the values given in Tables 1 and 2.

In the following section we shall use Tables 1 and 2 as well as Figures 2a
and 2b to explain the magnetic properties of the di-n-cyclopentadienyl com-
pounds.
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Fig. 2a,b. A qualitative plot of the energy levels for the di-n-cyclopentadienyl compounds
of the first transition series. The energy spacings are distorted for illustrative clarity.
Manganese is omitted from the plot for reasons stated in the text.
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214 LIEHR AND BALLHAUSEN

2. DISCUSSION OF THE MAGNETIC PROPERTIES OF THE DI.n-CYCLO-
PENTADIENYL COMPOUNDS

Titanium. The compound (CzH;),Ti is diamagnetic ®. Hence, on our energy
level diagram we must have the electronic structure * [A]cp(alg)ch (a,,)%cp(e,,)*

X,(e,)%3(a,,)®. Since E'—E3 for Ti(II) is about 9x10-2x %qqalge, we see

from Figure 2a that any value of Z,,~2.5 and Z,;~4.5 will ensure that the
s(au) level is well below the &(82‘) level (if qa,, = 1/5 ¢ it is ~16 000 cm™!
below it) 10, These values, in addition to yielding a diamagnetic molecule,
are very reasonable physically for the s(a;,) and d(e, ) molecular orbitals of
the molecule (C;H,),Ti. Ionization of the molecule to form [(CzH,),Ti]*! and
[(CsH,),Ti]*2 then takes place by the removal of first one and then the other
§(a,,) electron. This makes [(C;H,),Ti]*' paramagnetic with one unpaired
electron and makes [(CzH;),Ti]J*? diamagnetic.

Vanadium. The compound (CgHy),V is paramagnetic with three unpaired
electrons 11,12, This implies that the 3(a,,) and d(ezg) levels must be nearly

degenerate. Thus the electronic structure is [A]ep(a,,)*cp(a,,)ep(e,,)4
X, (e,,)'%(a,,)'d(e,,)2. This will be the case if Z,~3.3 and Zy~4.8 for then
the observed value of E{—Ej] for V (II) will bring the 3(a,,) and d(e,,) levels

. 1 1
into near degeneracy (if qa,, = qe, ~ e then E0—E% = 1x1071X 39- qa, e).

The above choices of Z and Zg, are not critical. All that is required ss that they
be slightly higher than those occurring tn (CyHg),T'%, as they must be on physical
grounds. Having determined the best values of Z to use for the 3(a,) and

d(esg) molecular orbitals, we would predict that [(CsHj),V]+! and [(CgHj),V]+?
would be paramagnetic with two unpaired and one unpaired electrons, re-
spectively.

Chromium. The additional electron introduced into the cyclopentadienyl-
metal electronic system upon replacement of vanadium by chromium will
probably not introduce too great a change in the energy level scheme present
in vanadium. Thus we might expect chromium to have the electronic structure:

[AJep(a,,)%cp(ay,)%cP (e14) %, (€, {5(a, ) (e,) 4.

This structure predicts that (C;H;),Cr is paramagnetic with two unpaired
electrons, The energy level scheme (dz(egg))4(§(a1g))° is eliminated on the grounds
that it would require larger values of Z,, than are reasonable. We therefore
have two possibilities: (a) The 3(az,) and d(ez,) levels are nearly degenerate as
in vanadium, so that [(C4H;),Cr]*! and [(C4H;),Cr]*2 are paramagnetic with
three and two unpaired electrons, respectively; (b) the §(as,) level is lower than
the d(ey) level as in titanium, so that [(CsHj),Cr]*! is paramagnetic with one
unpaired electron and [(CgHy),Cr)]*2 is diamagnetic. The investigations of the
German school 13-15 indicate that [(CzH;),Cr)*! has three unpaired electrons

* The symbol [A] is used to designate the Argon core which is common to all of the metals of
the first transition series.
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METAL AROMATIC COMPLEXES 215

and thus case (a) is the one actually occurring. The relative instability of
(CsHg)oCr indicates 16 that the binding parameter of qe,, is not very large.

Manganese. The compound (CzHg),Mn is known from experiment to be
jonic”’, and therefore has no %,(e;;) bonding orbital. In the crystal the ions
C;H; Mn*+ CzH, ™ are probably arranged in a lattice having Dy, symmetry at
the manganese sites.16:1” Hence, the energy levels are given by a pure crystal
field perturbation of the Mn*2 ion by the C;H; rings. Since the ground state
of Mn*2 is a 88 state, which will not be split by a crystal field, the (C;H;),Mn
molecule will have five unpaired electrons [unless the crystal field is strong
enough to depress one of the higher states, such as 4@, 4P, etc., below the 68
state). Since it is observed that (CzH;),Mn has five unpaired electrons 6, we
see that the latter possibility is not realized.*

Iron. Here we have an extremely stable covalent compound having the
formula (CyHg),Fe. Since iron has enough electrons to fill both the §(ay)
and d(ey) shells, the relative location of these shells with respect to one another
is immaterial from the magnetic viewpoint. Since the d(as,) level is signific-
antly higher than the 3(ai;) and d(es) levels, all possible assignments of the
electrons will yield a diamagnetic (CzH;),Fe molecule and a paramagnetic
[(CgHj),Fe]*?! ion having one unpaired electron. The degree of stability of this
compound indicates a large positive value for qe,,. The 3(z,) and J(ezg)
levels are probably equi-energetic as in the case of vanadium.

Cobalt. 1t is likely that for (CzHg),Co, the §(a;,) and d(eg) levels are, as in
vanadium, nearly degenerate. The electrons are then placed in the molecule
as [AJep(a)0p (a14)%0D (e14)%e(e1¢) [8(010)d(e2)1%(d(arg))", yielding s paramag-
netic molecule with one unpaired electron. The cobalticinium ion, [(C;H;),Co]*1,
is then diamagnetic.

Nickel. This compound is relatively unstable thermally, in contrast to
ferrocene.!® Hence, we expect that qe,, is not too large. This is further
confirmed by the fact that the molecule is paramagnetic with two unpaired
electrons. This paramagnetism implies that the antibonding orbital, Z,(e1),
is nearly degenerate with the d(ai;) nonbonding orbital. We see from Table 1
that the choice q.;, = qs,, Will bring about this degeneracy. Hence, we may
assign to nickelocene the following electronic structure:

[Alep(a1¢)%cp (@14)2cP (e14) ¥ €15) [8(a15)d (e2¢)1*[d (@10 ¥a(e1s) I*.

This structure gives nickelocene two unpaired electrons. We also see that this
electronic assignment for (C;H;),Ni implies that the nickelocinium ion is para-
magnetic with one unpaired electron. ‘
Miscellaneous Di-n-cyclopentadienyl Compounds. A number of other di-z-
cyclopentadienyl compounds have also been prepared, and a discussion of these
follows much the same pattern as that given for the first transition series.
For example, [(CzHj),Zr]*2, [(CsH;),Nb]*3, and [(C;H;),Ta]*® are formed
exactly as is [(CzHg)eTi]*2% (CgH;),Ru, [(CsH;),Rh]*?, and [(CgHj),Ir]+?
are similar to ferrocene; [(CsHz)sRu]*! is analogous to the ferricinium ion.

* In the solid state the five unpaired electrons interact to form an antiferromagnetic crystal.
See Ref.1¢
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The compounds [(CzH;),Mo]*3 and [(C4H;),W]*? are completely analogous to
the similar electronic systems [(C;H;),V]*2and [(C;H;),Ti]*!. Preliminary in-
vestigations by Piper and Wilkinson 1? indicate that (C;Hj),Mo is analo-
gous to (C;H;),Cr. However, [(CyH;),Mo]*2 behaves quite differently from
[(CsHy).Cr1*2%, being diamagnetic instead of paramagnetic 20, Reference to
the discussion of (CyzH;),Cr shows that for molybdenum we must thus have
the 3(ayg) level below the d(ey) level. Hence, [(CzH;),Mo]*2 resembles its
neutral titanium analogue rather than its chromium and vanadium analogues.*

3. DISCUSSION OF THE MAGNETIC PROPERTIES OF THE CYOLOPENTA-
DIENIDES OF THE GROUP III METALS AND THE ACTINIDES. _

The group ITI metals form ionic compounds of the general formula (C;H;)sM
(M = Sc, Y, and the rare earths).2! Both the spectra and the magnetic pro-
perties are very similar to those of the normal triply ionized metals in solution.
Thus, one is led to assume that, as in the case of manganese, the crystal field
acting on the trivalent metal ions is of the same order of magnitude as that
found in the normal salts of these metals. One then has the ordinary weak
crystal field splitting of the trivalent ion which gives rise to the well-known
magnetic properties of these ions 22,

Recently there have been reported 22 the stable ions [(CzH;)sU]*! and
[(CsH),Th]*2 (the latter ion has not as yet been fully characterized).
The bonding in these ions would involve, in general, the low lying 5f, 6d, and
78 orbitals. A treatment similar to that given in sections 1 and 2 for the first
series of transition elements could also be applied here. However, the uncer-
tainty in geometry and the intrinsic complexity of the atomic systems involved
makes a treatment of this sort impracticable.

4. DISCUSSION OF THE MAGNETIC PROPERTIES OF THE DI-n-BENZENE
CHROMIUM COMPOUNDS

Fischer and Hafner ? have recently reported the covalent diamagnetic
compound (C¢H,),Cr, and have, because of its great similarity to ferrocene,
proposed a ’sandwich” type bonding. ** They have also reported the stable
ion [(CgHg),Cr]*! which they found to be chemically analogous to the ferrici-
nium ion. As the theory of section 1 is completely general, it applies equally
well to these di-nm-benzene systems. To adapt section 2 to the di-z-benzene
chromium compounds all one need to do is alter the geometrical parameters
slightly and run all summations over twelve point charges rather than ten.
Hence one would obtain exactly the same results for (C4Hg),Cr and [(CgHg),Cr]+!
as were obtained for the isoelectronic systems (CzH;),Fe and [(C;H;),Fe]l*t.
These conclusions agree with the experimental findings 2¢.

* In an earlier paragraph we have shown that the hypothetical [(CsHj;)sCr]t? ion must
be paramagnetic. .

** Previously Zeiss and Tsutsui had proposed a *’sandwich’ type bonding for several of the
polyphenyl chromium compounds. See the review article by Cotton 25,
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6. DISCUSSION

On the basis of a simple scheme for evaluating the necessary interaction
integrals, we have been able to give an internally consistent semi-quantitative
treatment of the bonding in metal aromatic complexes. This treatment has pre-
served those parts of the previous theories of Jaffé, Dunitz and Orgel, Moffitt,
and Ruch which are most appealing physically. For example, we have followed
Moffitt 3 in assuming that the only cyclopentadienyl orbitals intimately in-
volved in the bonding are the y.(e1) orbitals. However, as a calculation
based on the molecular orbital-crystal field formalism employed in this paper
shows that the p levels lie higher than the antibonding levels ,(eis), we have
followed Dunitz and Orgel 2 rather than Moffitt in the ordering of these
levels.

Of course, the explanation of the magnetic properties of the metal aromatic
complexes is not alone sufficient proof of the validity of any given energy
level scheme. A further test of the various theories concerning the electronic
structure of these compounds could be obtained by a study of their absorption
spectra. However, considerations of this kind have so far only been presented
by Jaffé. In view of these facts, we plan next to apply the theory set forth
in this paper to the problem of explaining the visible spectrum of the metal
aromatic complexes.*

We wish to thank Professor G. Wilkinson for stimulating our interest in this problem
and for many illuminating discussions. We also wish to express thanks to Drs., J. M.
Birmingham, F. A. Cotton, and T. S. Piper and Mr. L. T. Reynolds for helpful discussions
in connection with this work.
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