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The_ electronic structure of bis-cyclopentadienyl compounds is discussed in terms of molecular orbital theory. The way
in which symmetry arguments may be used to facilitate such an analysis is described in some detail.

The purpose of this note is twofold. On the one
hand, it is hoped to present a plausible and useful
account of the electronic structures attributable to
bis-cyclopentadienyl compounds of the transition
metals. The current interest in these molecules!
and their continuous proliferation prompts a rather
more detailed examination of their structure than
was put forward by either Dunitz and Orgel? or by
Jaffé.* And on the other hand, these systems are
beautifully symmetrical. They therefore also of-
fer an opportunity to illustrate in a simple manner,
the principles by means of which symmetry argu-
ments are used to elucidate electronic properties.

Since the appearance of Pauling’s book,* several
others have been published, of which that by Coul-
son’® is perhaps the most recent. They have served
to acquaint primarily experimental chemists with
the work that is being done in valence theory.
There is, however, a considerable gap that remains
to be covered before the current theoretical litera-
ture is comprehensible to the student of such
books. In particular, the use of group theory in the
resolution of problems with high symmetry has only
been treated in the later chapters of considerably
more exacting texts on quantum chemistry.®
Whereas it is not, of course, intended to bridge this
gap in the present note, it is hoped that the princi-
ples underlying the use of symmetry may be illus-
trated in a straightforward fashion, and that this
may aid- the experimentalist in deciding for himself
the relative merits of proposed electronic structures.

The electronic structure, particularly of ferrocene,
has been discussed by several authors.®»®” All
are open to some criticism.! The approach to be
followed here is that of molecular orbital theory,
and therefore similar to that of Dunitz and Orgel®
and of Jaffé.® It differs in several respects from
these treatments, however, and has been useful
in the correlation of niore recent information about
these bis-cyclopentadienyl compounds. Through-
out the-analysis, a- working rule of least disturbance-
will be invoked. The local structure of, for exam-
ple, a cyclopentadienyl group will be disturbed as
little as possible so that its considerable resonance
energy is not lost. If, as will be shown to be the
case, strong primary sources of binding can be
found without violating this rule, the structures to

{1) G. Wilkinson, P. 1.. Pauson and F. A. Cotton, THIS JOURNAL,
76, 1970 (1954), where an exhaustive series of references may be fuund.

(2) J. D. Dunitz and L. E. Orgel, Nature, 171, 121 (1953).

(3) H. H. Jafié, J. Chen. Phys., 81, 156 (1953).

(4) L. Pauling, ”The Nature of the Chemical Bond,”’ Cornell Univ.
Press, 1thaca, N. Y., 1939.

(5) C. A. Coulson, " Valence,”” Oxford Univ. Press, Oxford, 1952.

(6) For example, H. Eyring, J. Walter and G. E. Kimball, ’Quan-
tum Chemistry,” John Wiley and Sons, Inc,, New York, N. Y., 1944,

(7) G. Wilkinson, M. Rosenblum, M. C. Whiting and R. B. Wood-

ward, THIS JoURNaL, T4, 2125 (1952); E. O. Fischer and W. Pfab,
Z. Naturforschung, 7B, 377 (1952).

which one is led may be regarded as sufficient to de-
scribe the molecules, at least to a first approxima-
tion. It is then quite possible to discuss second-
order terms but in the present instance this is
hardly necessary.

(a) The Orbitals of the Metallic Atom or Ion.—
For simplicity, we shall confine our attention to the
transition metals of the first long period. In
their ground states, the atoms of these metals
have electronic structures of a common type,
namely, (K)(L)(35)%(3p)8(3d)™(4s)*.  Whereas
there is only one 4s orbital, there are five linearly
independent 3d orbitals. These may be distin-
guished by the components of angular momentum
my(h/27) which they have about some given axis,
0z say, where m; = 0, =1, £2. Explicitly, their
angular dependence is given by the formulas®

+2: (15/327)/2sin%0-e*¥oR(r) = dess
+1: (15/87)"isin 6 cos 6-e=8R(r) = dets
0: (5/167)/2(3 cos?9 — 1)R(r) = da,

The last form of writing will be explained below.
In order to show the nature of these orbitals, their
contours on the zx-plane (.e., the two half-planes
¢ = 0, ) have been plotted in Figs. 1-4. The
specific example chosen is neutral iron, and the ra-
dial functions R(r) were taken from the calcula-
tions of Manning and Goldberg.® A three-dimen-
sional picture of the moduli of these orbitals (one-
electron wave funections) is cbtained by ignering
the minus signs wherever they appear and rotating
the figures about the z-axis; the contours, on which
the absolute values of the orbitals are constant,
then appear as surfaces of revolution. For exam-
ple, the 3d orbitals with |7;| = 1 both have moduli
which may be represented diagrammatically by the
paraboloidal surfaces of Fig. 5. The squares of
these moduli, of course, give the corresponding
electron densities.

Now these 3d orbitals have certain interesting
properties. In the first place, suppose we invert
them in the origin, namely, the atomic nucleus.
That is, let us construct a new set of functions
whose values at the point (x, ¥, 2) are the same as
those of the original set, evaluated at the point
(—x, —y, —2). Then an examination of Figs. 1-4,
or an inspection of equation (1) shows that the new
orbitals are identical in every way with the old
ones: the orbitals are simply reproduced, without
change of sign, under the inversion. For this rea-
son, they are said to be “even’ (or “‘gerade’) and
we use subscripts g in their specification. This is an
example of what are known as transformation
properties. It is easy to see that the 4s orbital is
also “‘even” in this sense.

(8) C. A. Coulson, reference 5, p. 27.
(9) M. F. Manning and L. Goldberg, Phys. Rev., 3, 662 (1938).
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Fig. 1.—Contours on the zx-plane of the iron 3d orbital

with m; = =+2 (de:,) (distances along the z-axis in A.
units).
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Fig. 2.—Contours on the zx-plane of the iron 3¢ orbital
with m = =1, (de},) (distances along the g-axis in A.
units).

20

Fig. 3.—Contours on the zx-plane of the iron 3¢ orbital
with m = 0, (da,) (distances along the z-axis in A, units).

As another important example of these proper-
ties, consider the effect of a rotation « about the z-
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Fig. 4,—Contours on the zx-plane of the iron 4s orbital,
(sag),.(distances along_the z-axis in A. units).

axis. That is, construct a new set of orbitals
whose values at the point (r, 8, ¢) are the
same as those of the original set at the point (7,
6, ¢ + «). Then it is seen from equation (1) that
the new 3d orbital with m; = =*2 is the same as the
old ome, apart from a factor e*?e, Similarly, the
my = 0 orbital remains completely unchanged, but
the m; = =1 orbitals which arise from the rotation
contain the additional factors e**®. Them; = £2
orbitals are multiplied by factors which are the
complex conjugates, one of another, and are ealled
dei; g because they are ‘“‘even,’’ ¢ because they are
conjugate pairs, and 2 because of the appearance of
this term in the appropriate rotation factors
e*%e  The my = =1 orbitals are called de;; for
analogous reasons, but the m; = 0 orbital, which re-
mains invariant and, of the 3d orbitals, is unique in
this respect, is called da,.1® The spherically sym-
metrical 4s orbital, which is also “even,’’ remains in-
variant under the rotation and therefore qualifies
for the symbol a, as well; we call it sa;. An under-
standing of these simple transformation properties
is of great value in handling problems of high sym-
metry

v

Fig. 5.—Diagrammatic representation of |de)| contours
in space.

Lastly, it is profitable to consider the possibility
of a particular kind of hybridization. Suppose
we introduce certaimr extermal fields which repel
electrons in regions of space where the magnitudes
of both da, and sa, are appreciable. It will be pos-

(10) The notation has been chosen so as to conform to representa.
tions of the point group Dsq¢; for simplicity, however, ai; has been

called ag, since no az; species occur here. No explicit reference to
group theory will be made.
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Fig. 6 —Contours on the sx-plane of the stable hybrid orbital
hag in the field F..

Fig. 7.—Contours on the zx-plane of the unstable hybrid
orbital %a, in the field F.

sible to construct new metal orbitals of ¢, type by
linearly combining da, and sa,. The interference of
these wave functions will increase the values of the
hybrid orbitals (and therefore the densities of any
electrons they may contain) in some places and
diminish them in others. For example, in Figs. 6
and 7 we illustrate, respectively, the two orthogonal
hybrid orbitals

hay = (1/4/2)(dag + sag) (2)
kag = (1/7/2)(da, — sag)

It is clear that if the repulsive fields are operative
in those regions where ha, is small, namely, in the
areas labeled F in the diagrams, then %a, may be
considerably more stable than ka, and, indeed, more
stable than either of the original orbitals, se¢, and
da,. Regarding the field as a perturbation, we see
that the effect of the field on the da, and sa, orbitals
is to mix them in such a way as to produce one orbi-
tal, ha, which is more stable than either and an-
other, ka, which is more highly excited. If there
are two electrons of @, type, therefore, these will be
most firmly bound in the hybrid orbital ka, and
not in either sa, or da,. (The precise values of the
coefficients determmining the amount of hybridiza-

W. MOFFITT

Vol. 76

tion are not in general those given in equation (2)—
these were chosen for convenience in illustrating
fields like F—but must be calculated.) The- effect
is important whenever the fields F are of the same
order of magnitude as the difference between the
energies of the unperturbed 4s and 3d orbitals;
an inspection of spectroscopic data on, for example,
the iron atom, shows that this energy difference is,
in fact, quite small.!!

Other metal orbitals which are reasonably close
to, but more highly excited than the 3d and 4s lev-
els arise from the 4p set. It may be shown that
these are “‘odd” (or ‘“‘ungerade’) with respect to
the operation of inversion——that is, they change
sign. Moreover, that 4p orbital with ny = 0 is
invariant under a rotation «, whereas the »; = +1
orbitals are multiplied by factors e*ie. These orbi-
tals are therefore called pay, pef, respectively.

(b) The Cyclopentadieny! Orbitals.—We shall
now consider the description of an isolated cyclo-
pentadienyl radical. This will be a regular planar
system each of whose carbon atoms is joined by o
bonds to its carbon neighbors and to the hydrogen
atom with which it is associated.!* The five elec-
trons which are not yet accounted for are the radi-
cal’'s unsaturation or m electrons. These are as-
signed to molecular orbitals encompassing all five
nuclei and containing the ring system as a nodal
plane: the orbitals change sign on reflection in the
molecular plane. They are prescribed as linear
combinations of the atomic 2p7 orbitals!?

Yo = wildr + b2 + b5 + b + $5) = cpa; w = g2l
Vi1 = nld + wds + wihs + wids + wids) = cpet

(3)

V-1 = nldr + 0 i + 0 25 + w s + wTihs) = cpei
Yo = va(dr + wide + wits + wlhs + wids) = cpes’

—2 =r(p1 + w e + w43 + w Py + wI¢s) = cpes

where the v are normalizing factors, ¢, is the 2pr
orbital of atom 7, and the last form of writing will be
explained presently. That the coefficients with
which the ¢, appear in the molecular orbitals y have
been well chosen may be verified by solving the
requisite secular equation, or otherwise. Since ¥—;
is the complex conjugate of ¥4, and ., the conju-
gate of Y., the energies of these orbitals are equal
in pairs—that is, they fall into two doubly-degener-
ate levels, More specifically, it may be demon-
strated that the energies of the orbitals g, ¥ 1, Y a2
are a + 28, a + 28 cos (27/5), @ — 28 cos (w/5),
respectively, where a is a constant and 38, which is
negative, is the usual resonance integral. It ap-
pears that i, is a very strongly bonding orbital, that
the ¢, are less strongly bouding and the ¢ ., are
quite powerfully anti-bonding. In the ground
state of the cyclopentadienyl radical, therefore, the
electrons are allotted first to Y, and then to ...
There are two possible assignments, (¥u)%(¢¥+1)?
($-1) and ($)2(Y—1)*(¥+1); both have the same
energy, so that the ground state of the radical is
doubly-degenerate. (Additional degeneracy also

(11) R. F. Bacher and S. Goudsmit, ’Atomic Euergy States,”
McGraw-Hill Book Co., Inc., New Vork, N. V., 1932.

(12) This statement, although perfectly adequate for the purposes
of this note, is not strictly true; it will be amplified in a later communi-
cation.

(13) C. A. Coulson, reference 5, pp. 23& 210,
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arises from the two possible orientations of the spin
of the unpaired electron in each of these assign-
ments.) The resonance energy of the radical is the
difference between the energy of a single structure
containing two localized double bonds, (5a + 48),
and that of the above allocations, namely, [5a +
48 + 68 cos (27/5)]. Taking 8 = —20 kcal.,!3 this
leads to the value of 37 kcal./mole. 1415

Now the molecular orbitals in equation (3) also
have interesting transformation properties. Con-
sider the effect of a rotation through 2x/5 radians
about the fivefold axis of symmetry, perpendicular
to the plane of the ring. For example, in place of
Y1 take that function which is obtained from it by
replacing atom 5 (and thus ¢5) by atom 4 (and thus
¢4), 4 by 3, and so on, namely

Vit = nlgs + 0o + w0’ + wids + wids) = wyy,

since «* = 1. Clearly the effect of the rotation,
through an angle 27/5 = «, say, is to multiply
Y1 by @ = e« Similarly ¢ is simply multi-
plied by w=! = e~%. By the same criterion that
we used in discussing the rotational properties of
the orbitals of the metals, this pair of orbitals may

be called e*; since they are on the cyclopentadi-

enyl ring, we use the more specific notation cpe=.1¢

Similarly the molecular orbitals ¥+, acquire factors
e*2%« ynder the rotation, and are therefore referred
to as cpeif. The strongly bonding ¢, orbital is in-
variant under the transformation and is called cpa
on this account.

Let us now consider a system of two cyclopenta-
dieny!l radicals. We suppose that these are suf-
ficiently far apart that the 2pm orbitals of the one
do not overlap the 2p7 orbitals of the other at all
appreciably. Moreover, we arrange that the five-
fold axes of the two rings coincide; this is to be
called the z-axis. In order to fix the signs of the
2p7 orbitals on the one ring (see Fig. 8) relative to
those of the other, we choose the point midway

between the two rings
as the origin and adopt
the convention that the
negative lobes of the two
sets of 2p7 orbitals are
" directed toward this ori-
gin, and therefore toward
each other. Finally, we
arrange for the two cy-
clopentadienyl radicals
to be skew—that is, they
will form a pentagomnal
antiprism. Labeling the
carbon atoms of the first ring serially, from 1 to 3,
we label those of the second ring 1’ to 57, such that
carbon 1 goes over into carbon 17, 2 into 2’ and
so on, under an inversion in the origin, which is
therefore a center of symmetry (see also Fig. 9).

It is profitable to discuss what happens when the
molecular orbitals of the two rings are subjected to
this operation of inversion. The molecular orbitals
of the first ring Cpa'® are called cpaa, cpae, cpaes

(14) F. A. Cotton and G. Wilkinson, THis JOURNAL, T4, 5764 (1952).

(15) J. L. Franklin and F. H. Field, ibid., 75, 2819 (1953).

(16) We use the abbreviations Cp for a cyclopentadienyl radical
and ¢p to designate orbitals of this radical.

Fig. 8 —A cyclopentadienyl
radical.
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Fig. 9.—The arrangement of the two cyclopentadienyl radi-
cals with respect to the bonding de,, orbitals of the metal.

and those of the second ring Cps are called cpga,
cppes, cppe®. Under the inversion, atom 1 and
therefore, with our convention of signs, also the 2p«
orbital ¢, go over into atom 1’ and orbital ¢y, re-
spectively. Thus the local molecular orbitals of
the first ring, namely, the cp4’s, are transformed into
the local molecular orbitals of the second ring by
the inversion
cpaa — cpBa, cpaer — cpper, cpaer — cpper (4)

And, mutatis mutandis, those of the second ring go
over into those of the first.

Now it is easy, and convenient, to form linear
combinations of the ¢p4’s and cpg’s which trans-
form into themselves, and not into each other as
in (4), under the inversion. The new orbitals, so
formed, encompass both rings in this case

cpas = (1/V2)(cpaa + cpaa), cpan = (1/7/2)(cpaa —

cpsa)

cpes = (1/7/2)(cpaer + cpret), cpeis = (1/V/2)(cpact —
cpper) (B)

cpess = (1/V2)(cpaes + cpaer), cpess = (1/V/2)(cpaes —

cprey)

Using relations (4), it may be shown that cpa, is
indeed “‘even’’ with respect to the operation—as the
subscript g implies. Moreover, since this orbital
contains equal admixtures from c¢p4a and cpge, an
electron in the cpa, orbital spends half its time on
any one particular ring, and the remainder on the
other. And similarly for the remaining orbitals of
(5). The ground state of the system of two non-in-
teracting cyclopentadienyl rings is normally de-
scribed by the two separate assignments-of unsatu-
ration electrons, namely
(cpaa)¥(cpaer)® and (cppa)¥cpre)? (8
where we have not troubled to distinguish between
the e and e~ orbitals, but tacitly agreed that the
doubly-degenerate cpe; level may accommodate as
many as four electrons, and therefore the three
which are indicated. However, if we use relations
(5), it may be shown that the three electron assign-
ments each describe states of the composite system
(cpag)¥(cpan)X(cpes)¥cpen)?t (7a)
(cpag)*(cpan)cperp)(cpew ) (7b)
(5P00)2(5P0u)2(5P610)4(5Pem)2 (7¢)
of two rings which, in these simple molecular orbi-
tal terms, have the same energy (and, in particular,
the same resonarnce energy) as the specification (6).
For, on the average, there are two electrons in cpaa
and two {1 cppa, as well as three electrons in each of
the levels cpaer, cppe;. Any one of these assign-
ments, such as (7¢) which may contain two unpaired
electrons, may therefore be used in order to link
the two cyclopentadienyl radicals to the metal
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atom, without destroying the resonance energy of
either conjugated ring.

(¢) The Use of Symmetry Arguments.—In the
analysis which we have so far undertaken, namely,
the orbital description of the fragments which to-
gether form the bis-cyclopentadienyl compounds,
we have stressed the transformation properties of
these orbitals. Before going on to discuss these
molecules themselves, we shall explain the reason
for this emphasis.

If it is desired to form an electron-pair bond be-
tween two atoms or groups by means of electrons
in orbital ¢, of the one moiety and orbital ¢, of the
other, then a good criterion of the bonding is given
by the overlap of these two orbitals. Now this over-
lap is gauged by the integral

Swe = f¢:¢vd7)

Whenever Sy, vanishes, it follows that the orbitals
do not overlap, and that they are not suited to
binding between the two atoms or groups. On the
other hand, if .Sy, is appreciably different from zero,
the overlap is correspondingly large and the incipi-
ent binding strong. We shall apply this idea to
binding between the orbitals of a metallic atom—
which were considered in a~—and the group orbi-
tals (5) of the two cyclopentadienyl rings, which
were defined and described in b.

The importance of the symmetry properties
comes in when we note that the overlap integral S
between two orbitals often vanishes identically,
because of the way in which the latter transform.
They therefore give us an exceedingly powerful
method of analyzing the possible sources of binding,
or of eliminating the impossible sources. For sim-
plicity, we shall describe a one-dimensional example
to illustrate the arguments which are to be used.
Let ¢u(x) be some real function of a single variable x
which is “‘even,” that is, ¢u(—x) = ¢p(x) = du(x).
Also, let ¢,(x) be some ‘“odd” function of x:
do(—2x) = —¢u(x) = —¢u(x). These are shown
diagrammatically in Fig. 10. Now let us evaluate
the overlap integral

+
Sue = f_ du(x)pu(x)dx

Consider the contribution to this integral of incre-

ments Ax around the two points x = —b, x = .
At the former, we have
A Sue = ¢u(—b)p( —B)AX = —u(b)du(b)dx

since ¢4 is “‘even’ and ¢, is “‘odd.” At the latter
A+ S = 0ul(b)u(b)Ax

The sum of these increments therefore vanishes.

Moreover, since the whole domain of integration,

W. MOFFITT
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from — o to 4 =, may be broken up into pairs of
increments of this type, it follows that the value of
the complete integral vanishes also. That is, since
¢w and ¢, transform differently under the inversion
in the origin, the overlap between them vanishes
identically, When ¢, and ¢, are both either “‘even”
or “‘odd,” this will no longer be true in general, and
these orbitals “overlap.”

More generally, it may be shown for the three-
dimensional case that whenever ¢, and ¢, differ in
any one transformation property, then the overlap
between them vanishes. Thus if ¢, acquires the
factor e’= under a rotation through o = 27/5 radi-
ans and is “even’’ with respect to inversion (<.e., it is
of eff type), and if ¢, is multiplied by e=%= under
the rotation but may also be “‘even” (of speciese,,),
then those two orbitals do not overlap at all. The
proof of this theorem requires a more exacting nota-
tion, but essentially no different arguments from
those which we used in the one-dimensional case
above. As an important corollary to this result, it
follows that unless the transformation properties
of two orbitals are identical, these are not suitable
for the formation of electron-pair bonds. This lim-
its the possibilities of binding very considerably and
eases the subsequent discussion.

(d) The Structure of Bis-cyclopentadienyliron
(II) (Ferrocene).—In order to fix our ideas, let us
consider the electronic structure of ferrocene. On
the extreme right of Fig. 11, we list the orbitals of
the isolated iron atom, indicating the symmetries
and approximate locations of the 3d, 4s and 4p lev-
els. On the left, we show the orbitals of the group
of two cyclopentadienyl radicals. Some preliminary
calculations, which will be published in full at a
later date, show that the cpe, orbitals are at about
the same level as the iron 3d orbitals—that is, their
ionization potentials are about equal.  As was dem-
onstrated in b, any omne of the three assignments (7)
describes a state of minimuim energy-of the two cy-
clopentadieny! rings (each of whose ground states
is degenerate). We choose a particular one of
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these, namely (7a), illustrating electrons in filled
shells by crosses, and unpaired electrons by circles
on the diagram. It will easily be seen that (7b) and
(7¢) are not suitable for binding. There are also
several different ways of allotting iron’s eight outer
electrons to the stable 4s and 3d orbitals. Only
one of these is useful, however, so that we choose to
put four electrons into the dey, orbitals, two into the
sa, orbital and one each into del"; and dey,.

Now let the two cyclopentadieny! radicals ap-
proach the central metal atom in the manner illus-
trated in Fig. 9. (The only iron orbitals shown in
this diagram are rough representations of the dey,
orbitals, for reasons which will appear below.)

Before considering the binding possibilities, there
is an important effect of Coulomb repulsions which
must be considered. When the rings have as-
sumed the positions they occupy in the stable ferro-
cene molecule, their electrons, which are very
strongly bound, have high electron densities in the
neighborhood of regions labeled Fin Figs. 3, 4, 6 and
7. They will powerfully repel electrons in these re—
gions. Accordingly, as was explained in a, the sa,
and da, orbitals- will. hybridize to- form: stable Za,
and unstable ke,. We may say that the effect of
the ¢ electrons of the two rings is to “polarize’’ the
sa, and da, orbitals. The two electrons which we
assigned to sa, for the isolated iron atom, will
therefore drop into the favorable hybrid ke, when
the two rings are brought up. The complementary
unfavorable hybrid ka, will probably now lie in the
region of the 4p orbitals of the iron atom. This re-
organization is illustrated, diagrammatically, in
the third column of Fig. 11. (The precise location
of ha, and ka, is difficult to determine. It is only
important for our argument that ka, should not be
appreciably more stable than the 4p orbitals.)

Finally, we conie to consider the nature of the
iron—carben bonding. By the symmetry argu-
ments of ¢, we need only consider binding between
orbitals with the same transformation properties.
Moreover, these should contain unpaired electrons.
The primary source of the binding must therefore
lie between the cpe;, and dej orbitals. The overlap
between these orbitals is not only allowed by sym-
metry, but also favored by superposition: in Fig. 2,
we show a dotted representation of one 2pm orbital
of Cpa. (More specifically, it is a contour chosen
so as just to touch the similar contour on a neigh-
boring carbon atom.) Thus it appears that the
ring orbitals cper,, which encompass-all ten carbon
atoms, appreciably overlap the paraboloidal con-
tours of the dej, orbitals (see also-Fig. 10). All the
prerequisites for strong bonding between them are
thus satisfied. Since the energies of the de, and
cpey, orbitals are also at about the same level, this
bonding should not involve charge separation.
The net charges on the iron and cyclopentadienyl
rings should vanish, in first approximation. Four
electrons are therefore involved, two for each Cp-Fe
bond.

The bonding orbitals bej,, which in molecular or-
bital theory will be

bets = (1/V2)(cpets + dess),

are approximately located in the second column of
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Fig. 11. The complementary antibonding or
repulsive orbital

res =~ (1/V2)(cpes — des)

is also shown.

There are various secondary types of bonding;
which ‘may be considered. For example, the filled
dey, orbitals may donate electrons into the vacant
cpes, orbitals. The latter are strongly antibonding
in the carbon—carbon sense, and therefore are not
inclined to accept electrons—that is, the electro-
negativity exhibited by the cyclopentadienyl rings
is small. Similarly, the filled cpers orbitals may
formally donate electrons into the vacant pejy
orbitals. However, the cpey, orbitals are bonding
in the carbon—carbon regions, and the electron af-
finity of iron for 4p electrons is low, so this effect
will also be small, There may be a little of both
occurring simultaneously, leaving no net charge on
the rings or on the metal. But this would have to
be at the expense of the resonance energy of the cy-
clopentadienyl rings. Since very favorable bind-
ing conditions have already been found, it seems un-
necessary to invoke these secondary forces.

This description of the molecule provides a very
satisfactory rationalization of the organic reactions
of ferrocene, which behaves in many respects like
an aromatic system.” In our view, each ring has
a high local resonance energy, discussed in b and
remains uncharged. This is in agreement with the
reactivity of the molecule and with the acid disso-
ciation constants of its carboxylic acid derivatives.!?
Since the densities of the bonding iron orbitals are
non-directional rotationally but only axially, as
shown in Figs. 5 and 9, the two unsubstituted
rings should be freely rotating to good approxima-
tion. The absence of any nearby unfilled orbitals
accounts for the molecule’s diamagnetism.

Other Bis-cyclopentadienyl Compounds.—It is
interesting to give similar accounts of other neutral
molecules like ferrocene, where the central iron
atom is replaced by Co, Ni, Cr or other atoms of the
transition elements. The energy level diagram will
not be very different from Fig. 11 in all these cases,
and we may treat the molecules by adding, or sub-
tracting the requisite number of electrons.

The simplest example is bis-cyclopentadienylco-
balt(II), where we add omne electron. This may go
either into one of the 4p orbitals or into the rela-
tively unstable kg, orbital. In either of these cases,
of course, it has one unpaired electron (i.e., itisin a
doublet state). For bis-cyclopentadienylnickel-
(II),! on the other hand, two electrons must go into
these orbitals. Whether they go, one into ka, and
the other into some 4p level, or both into the 4p lev-
els, is in many ways immaterial. The proximity of
the ka, orbital energy to that of the 4p orbitals will
ensure that we shall be left with two singly occupied
orbitals whose electrons are in a triplet state with
their spins parallel (Hund’s principle of maximum
multiplicity). In bis-cyclopentadienylchromium-
(II) two electrons are removed. If the ka, orbital
is appreciably more stable than the de,, orbitals,
both will come from the latter level, leaving one

(17)' R. B: Woodward; M. Rosenblum and M. C; Whiting, TaIis
JourNaL, T4, 3458 (1952).
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electron in dej, and the other in desz,, so that their
spins become parallel, and we have a triplet once
again. If the ka, level is close to the de, levels,
however, one electron will be taken from each and
we get another triplet condition. (The ka, level is
certainly not appreciably less stable than des,,
for then it would lose both electrons and leave a
diamagnetic molecule—contrary to experience.!®)
More detailed magnetic studies may well be able to
settle some of these ambiguities, which are due to
our ignorance of the precise location of the ha,
and ka, levels. However, since these are only
concerned with the details of the electronic struc-
ture of the metal atom, and do not in any way affect
the nature of the metal-carbon bonding, the uncer-
tainties are unimportant in the above instances.

Bis-cyclopentadienylmanganese(IT) would be iso-
electronic with the ferricinium ion, and arise from
the loss of a dey; electron. It is interesting to spec-
ulate on the tnagnetic properties of bis-cyclopent-
adienyltitanium(II) and -vanadium(II). If, as we
may suspect, the ha, orbital is sufficiently more
stable than dey,, in these cases, then (C;H;):Ti, with
only two electrons not involved in metal~carbon
bonding, would be diamagnetic, both being assigned
to the ka, orbital. However, itis also quite possible
that the extra Hund stabilization, which occurs
when two electrons can orient their spins parallel to
one another, is sufficiently large that one electron
goes into ka, and the other into de;;. The molecule
would then be a paramagnetic triplet. If (C;Hs),Ti
is diamagnetic, then (C;H;),V with one additional
electron (in dex) would most probably have only
one unpaired electron (doublet state). On the
other hand, if (CsH;).Ti 1s paramagnetic, it would
be supposed that (CsH;);V has three electrons with
their spins all parallel, one each in ka,, de;’, and de;;,
(quartet state).

Throughout, we have regarded, for example,
ferrocene as being made up of two neutral cyclo-
pentadienyl radicals and of a neutral iron atom.
Moreover, we have shown that this tacit nomen-
clature reflects the actual charge distribution in the
stable molecule. However, since many of the re-
actions leading to synthesis of bis-cyclopentadienyl
compounds occur under ionic conditions, and in
view of the oxidation potentials of the compounds,
it is in some ways chemically appropriate to regard
the metal atom in (CsHs):M as being in the IT oxi-
dation state. Whereas it is not, of course, intended
to suggest that the metal has a forinal charge of +2,
this notation is very convenient also in other cases.
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For example, the name bis-cyclopentadienyltitan-
anium(IV) dibromide refers to the molecule
Ti+t4(CsH 3)2(Br—)2. However, it is better, for
structural purposes, to regard this molecule as
[Ti(CsHs)2] ¥ *Br3, so that the titanium has two
dey, electrons at hand for the metal-carbon bond-
ing—which we consider to be the essential feature
of all these bis-cyclopentadienyl molecules. The
existence of this particular compound® is, in fact, a
strong piece of evidence in favor of our picture of
the metal-carbon bonding; it can have no more
than two electrons available for this purpose.

As a final point, there is no reason why the penta-
gonal pyramid formed by any one cyclopentadienyl
ring and a metal should be a structure unique to
bis-cyclopentadienyl compounds. It is quite pos-
sible that compounds of a different type, e.g.,
[(CsHs)M”A,]1X,,—1 where A is a neutral group
and X a singly charged anion, can exist. The first
examples of such cyclopentadienyl compounds have
in fact been made!®; these are the molybdenum
and tungsten cyclopentadienyl carbonyls, (C;H;)-
l\‘IO(CO)sl\IO(CsHs) and (CsHs)W(CO)sW(CsHs)

In conclusion, it is hoped that an understandable
account has been given of the way in which sym-
metry arguments may be used to simplify the anal-
ysis of the electronic structures which may be
ascribed to bis-cyclopentadienyl compounds of the
transition elements. More particularly, it has
been shown that the essential binding is between the
dey, orbitals of the metal and the cpe,; orbitals of
the cyclopentadienyl rings, forming two electron-
pair bonds. In order to understand the magnetic
properties of the compounds, the effect of the elec-
trostatic fields on the da, and sa, orbitals of the
metal, to produce hybridization, must be consid-
ered. Dunitz and Orgel appreciated the predomi-
nant role of the e, orbitals but neglected to consider
the s or p electrons of the metal. On the other
hand, Jaffé, in considering all possible combinations
of ring orbitals and metal s, d and p orbitals, gave
structures whose physical significance it is difficult
to understand. Both treatments give erroneous
predictions of one sort or another.

The author would like to express his cordial
thanks to Professors G. Wilkinson and R. B. Wood-
ward for arousing his interest in these molecules.
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