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Abstract: A case is presented for an electronic factor in the out-of-plane bending of the saturated carbon in cyclohexadienyl-
M(CO); complexes, M = Fe*, Mn, Cr~. In the cyclohexadienyl ligand hyperconjugation extends the nonbonding MO wave
function to the methylene hydrogens. The phase of the CH> hydrogen contributions to that MO is such that when the C¢H>
ligand is bound to the M(CO); group there arises a secondary M-CHj; interaction which is destabilizing. In cyclobutenyl
and cyclooctatrienyl complexes this interaction is lacking and thus these should be less bent than cyclohexadienyl complexes.
A similar analysis rationalizes the bending away from the metal in cyclopentadiene-Fe(CQO); complexes, its lessening in cy-
clopentadienone complexes, and the bending toward the metal in fulvene or cyclopentadienyl-carbonium ion complexes. The
charge distribution and substituent effects in C¢H7M(CQ}3 complexes are examined, as well as a case of hypothetical isom-

erism in benzyl-M(CO);.

There exists a substantial chemistry of transition metal
complexes of cyclohexadieny! and cyclobutenyl ligands, ex-
emplified by structure 1. Examples exist for M = Fe*, Mn,
Cr~, and their lower transition series analogues. The assign-

M = Fe', Mn,Cr~

ment of a formal charge to the metal is, of course, arbitrary.
Nevertheless it focuses on the basic electronic similarity of
these complexes, an aspect that might be obscured by an
argument over the cationic or anionic nature of the coordi-
nated cyclohexadienyl ligand.

In all known structures of type 1 the six-membered or-
ganic ring is highly nonplanar, and distorted in the same
way—atoms 1 through 5 remain in an approximate plane,
but the saturated carbon 6 moves out of that plane and
away from the metal. The dihedral angle between planes
165 and 12345 takes on values of 43° in CsH7Mn(CO)s3,!

39° in dicarbonyl-3-[x-(2-cyclohexadienyl)]-a-propenoyli-
ron,? 50° in C¢(CH3)sHRe(CO)3,> 40° in (2-methoxycy-
clohexadienyl)Fe(CO)3*,4 41° in tricarbonyl(bis(ethoxy-
carbonyl)methyl)cyclohexadienylmanganese,® 43° in a
complex of a somewhat different but related type, bis(6-
tert-butyl-1,3,5-trimethylcyclohexadienyliron),® and angles
of approximately 45° in structures of three substituted 1,2-
dihydropyridinechromium tricarbony! complexes.”®

It should be noted that the free organic ligand is either
planar or only moderately distorted. In the crystal structure
of the tetrachloroaluminate salt of the heptamethylben-
zenonium cation, 2, the six-membered ring is essentially
planar.9 However, in three recent structures of stabilized o
complexes, 3,!° dihedral angles up to 17° have been
found.!! Stabilized anionic & complexes, that is Meisen-
heimer complexes, have been known for some time.!? Sever-
al crystal structures of such highly substituted cyclohexadi-
enyl anions are available,!* and in all the six-membered
ring is approximately planar. The problem of potential non-
planarity of cyclohexadienyl radicals has been discussed re-
cently.}4

At any rate it is clear that upon formation of a transition
metal complex there is a significant enhancement of the
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M(co), M= Fe?’ M, Cr

.

Figure 1. Interaction diagram for pentadienyl-M{(CO)s. At right are
the pentadienyl = orbitals, at left the M(CO); valence orbitals. The
dashed line marks the strongest interaction.

G0

3
a, R=H
b, R=CH;,
¢, R=Br

nonplanarity of a cyclohexadienyl ring. If one inquired after
the reasons for this distortion, it is likely that the deforma-
tion would be attributed to one of the following causes. (a)
“Rehybridization for better metal-ligand overlap.” The ref-
erence is to the termini of the w-electron system. A rehybri-
dization from trigonal toward tetrahedral coordination at
carbons 1 and 5 and/or a rotation around the 12 and 45
bonds might produce a better overlap between the metal or-
bitals and those of carbons 1 and 5. Such distortions are
common in transition metal complexes.!> In the specific
case of pentadienyl complexes there exists a structure of an
open chain pentadienyl-Mn(CO)3; complex in which the
terminal methylene is reported to be significantly twisted
out of the plane of the five carbon atoms.!¢ (b) “Steric hin-
drance between the metal and the saturated carbon, with its
bonded atoms.” (c¢) “Readjustment of ligand geometry to
changes imposed by metal complexation.” The reference
here is to the abnormally large 612 and 456 angles that
would result unless the CH, group moves out-of-plane.”
The purpose of this contribution is to suggest that there is
an electronic component which contributes significantly to
the observed deformation.

Figure 1 shows an interaction diagram for the formation
of a pentadienyl-metal tricarbonyl complex. The electronic
configurations of the fragments are to some extent arbi-
trary, but are shown for Fe(CO)3;2* and a pentadienyl
anion. The number, position in energy, and shape of
M(CO); valence orbitals have been discussed in a previous
paper.!” Figure 1 singles out one of the many interactions in
the complex bonding pattern, in fact the most important
one, between the nonbonding MO of pentadienyl and an ac-
ceptor orbital of Fe(CO)s. The occupied bonding combina-
tion which results from this interaction is shown in 4,!® But
the nonbonding MO of cyclohexadienyl differs somewhat
from that of pentadienyl. The saturated CH, group o and
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Figure 2. A perturbation theoretic construction of the cyclohexadienyl
nonbonding orbital. It arises from the mixing of the CH; ¢ in an anti-
bonding way and CH; ¢* in a bonding way into the pentadienyl non-
bonding MO.

72

4

o* orbitals have the correct symmetry to mix into the pen-
tadienyl nonbonding MO, and so they do, in a manner easy
to analyze'® (Figure 2). The orbital resulting from this hy-
perconjugative interaction is shown in 5. It has a contribu-
tion at the saturated methylene group, especially at the hy-
drogens. The experimental confirmation of a significant
density at those hydrogens comes from the large hyperfine
splitting of 48 G of the methylene protons in the EPR spec-
trum of the cyclohexadienyl radical.2¢

Most important, the phase relationship of the methylene
hydrogens is opposite to that of the 2p orbital contributions
at carbons | and S of the pentadienyl chain. It follows that
when the cyclohexadienyl is complexed by an M(CO);
group that there is a secondary antibonding interaction be-
tween the metal and the lower methylene hydrogen, as illus-
trated in 6. Molecular orbital calculations which will now

be described lead us to the conclusion that the significant
out-of-plane bending of the methylene group can be traced
in a large part to efforts by the molecule to avoid this secon-
dary antibonding interaction.

The molecular orbital calculations are of the extended
Hiickel type, and are described in the Appendix. The con-
clusions we draw are based on the following observations.

(1) Assuming a somewhat idealized geometry for
CsH+Fe(CO)3*, but one based on the available crystal
structures, we computed a potential energy curve for mov-
ing the CH> group out of the plane of the five other car-
bons. The results are shown in Figure 3. Two alternative as-
sumptions were made concerning the location of the hydro-
gens at positions 1 and 5. In the first case, marked by a solid
line in Figure 3, the hydrogen positions were kept fixed in
the five carbon plane as the CH, group swung up above
that plane. In the second case, the dashed line of Figure 3,
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Figure 3. Calculated energies for CH; bending up in CsH-Fe(CO);*.

Solid line = hydrogens at 1 and 5 kept fixed in their original positions

in five carbon plane. Dashed line = hydrogens allowed to follow bend-

ing motion as described in text. The vertical scale markings are sepa-

rated by 1.0 eV.

the hydrogens were allowed to follow the CH; bending in a
restricted way. They were placed in the 1-2-6 (or 4-5-6)
plane, along the bisector of the 126 angle, and in that fash-
ion moved down below the five carbon plane as the bending
proceeded. From the figure it is seen that the restricted hy-
drogen relaxation we allowed is not a stabilizing motion.?!
The computed bending minimum, at approximately 40°, is
in reasonable agreement with the available structural infor-
mation. Incidentally, a calculation on the free C¢H+* ligand
shows a preference for a planar geometry, though the bar-
rier to small excursions from planarity is soft.?2

(2) Assuming a “planar” ligand structure, we optimized
the position of the Fe(CQ); group with respect to lateral
displacements in the mirror plane of the complex. If the ref-
erence point is defined as Fe below the center of the ring (in
turn defined by the intersection of the 13, 24, and 35 vec-
tors), then if the ring was kept planar, the Fe(CO)3 pre-
ferred to move over 0.5 A toward Cs, that is away from the
methylene group. When the methylene group was bent up
40°, the Fe(CO); moved back, fipding a minimum dis-
placed only 0.2 A toward C; from the center reference posi-
tion. We interpret this behavior as a manifestation of a re-
pulsive interaction between the metal and the saturated site
in the planar geometry.

(3) A detailed analysis of the overlaps and orbitals shows
that in the case of a planar ring there are significant over-
laps between metal orbitals and the lower hydrogen at Cs.
Furthermore, the repulsive interaction, which is diminished
as the CH; group bends up, can be traced orbital by orbital
to the highest occupied MO of the complex, which has just
the shape of 6. A breakdown of the AO contributions to the
destabilization of this orbital confirms the importance of
the postulated secondary effect.

While we are convinced that this secondary destabilizing
effect is what dominates the bending, we doubt if anyone
else would abandon the “rehybridization for better metal-
ligand overlap” argument on the basis of what we have pre-
sented up to this point. But there is more to our case.

Consider the family of cyclobutenyl complexes, repre-
sented by three idealized structures 7, 8, and 9, where L is a
neutral ligand such as CO. The structures are drawn with a
neutral allyl group, and the charge on the metal, but of
course this is a formalism. Representatives of 7,23 8,24 and
925 are known, with only a few crystal structures available.

’ ’ O Y

- Pd-
L—Fe —L N ~~ci
L“‘\L LL] \L
7 8 9

In these complexes the most important bonding interaction
will be between the nonbonding allyl MO and a matching
metal fragment orbital, 10.26 The allyl orbital, being an-

3 4

10

tisymmetric with respect to the plane containing the metal,
C», and C4, has no contribution at the methylene hydro-
gens. The antibonding secondary interaction used by us
above is not present. In these molecules the methylene
group should bend up less than in cyclohexadienyl com-
plexes.

The structural evidence at hand is the following. A mole-
cule of type 7, specifically structure 11, exists and must
have a small dihedral angle.?” However, the trifluoroeth-
ylene bridge imposes a strong structural constraint. In a

ve Me Me
CaH,
Me’a sHs
‘ Me CFH MeMe
/ | “me
OC—F[e—ch T
& ¢ <<
11 12

structure of type 8, 1-keto-2,3,4-triphenylcyclobutenyl-
Co(CO)3, the bending angle is 11°.24 Two structures of
type 9 are available, being an isomeric compound with re-
spect to the attachment of phenyl and ethoxy groups at the
saturated carbons. The molecular structures show dihedral
angles of 22° and 27°. A third structure is of compound 12,
related to structural type 8 if one replaces three ligands by a
pentahaptocyclopentadienide. The angle of bending in that
structure is 25°,28

The range of these angles is not impressive until one com-
pares them with the free ligand. There is a general dearth of
structural data on cyclobutenyl cations or anions, but we do
have some information. From NMR studies of various cy-
clobutenyl cations in strong acid media there comes evi-
dence that these cations are nonplanar.?? Theoretical stud-
ies indicate the same.3% One available molecular structure is
that of the ¢ complex of tetramethylcyclobutadiene and
aluminum trichloride, shown in 13.3! The observed dihedral
angle is 31.5°, Electrostatic factors could contribute to the
bending in this zwitterion. Another structure is that of the
4-chloro-1,2,3,4-tetraphenylcyclobutenium cation, and that
has a planar four-membered ring.>? The two structures do
not give us a consistent picture of the bending tendencies of

-AICt

Me

13

the free ligand. Concerning the cyclohexadienyl case, we
could clearly say that it the metal complex the ligand is
more bent than when it is free. In the cyclobutenyl case we
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must reserve judgment, but we do note that the net bending
in the complex is less than in the cyclohexadienyl case.

The contrast between the four- and six-membered ring
cases is thus more impressive than either case by itself. It
should be noted that one might have expected the cyclobu-
tenyl complexes to be more bent. This expectation is based
on the known geometrical preferences of coordinated allyl
groups. In such complexes the metal atom is not directly
below the allyl plane, but displaced to the side, so that the
dihedral angle between the planes formed by the three allyl
carbons and the metal plus the two terminal carbons is
greater than 90°.33 Such a positioning of the metal atom
would in the cyclobutenyl case lead to a still shorter metal-
CH, contact. It should be noted that we do not claim that
bending should be absent in the cyclobutenyl complexes.
Model molecular orbital calculations indicate bending,
though less than in the cyclohexadienyl complexes. More-
over, the bending in the cyclobutenyl complexes can be
traced to four-electron destabilizing interactions between
lower-lying filled symmetric orbitals. Such interactions are
the molecular orbital equivalent of steric repulsions.

A referee has pointed out that a remarkable feature of
the cyclohexadienyl complex structures is the relatively
small angle at the saturated carbon. This angle ranges be-
tween 100 and 104° in the observed structures,!-’ com-
pared to 114-115° in uncomplexed cyclohexadienyl cat-
ions.%!! Our theory does not appear to provide an explana-
tion for the smaller angle, while the considerations of Chur-
chill and Scholer! and of Huttner and Mills” do furnish a
rationalization.

Returning to the experimental implications, an obvious
extension of our arguments is to the class of cyclooctatrien-
yl or homotropylium complexes with M(CO);, M = Cr,
Mo, W, illustrated in 14. The heptatrienyl nonbonding MO

14

is antisymmetric, and so we would not expect a repulsive
secondary interaction enhancing bending. Such complexes
are known.** No structural information is available on ei-
ther the free homotropylium ion33-37 or its metal com-
plexes. The NMR spectra of the complexes strongly resem-
ble those of the uncomplexed cation,342:9:38 egpecially in the
large differential between the chemical shifts of the two sat-
urated protons. This has been reasonably interpreted as in-
dicating similar homoaromatic and therefore presumably
significantly bent structures for the free ligand and its com-
plex. Whether the orbital effect we propose plays a role
must await more detailed structural investigation.

The bending of a saturated bridge away from the metal
fragment is not peculiar to polyenyl-transition metal com-
plexes, but is a common occurrence in complexes of poly-
enes as well. To a variable extent the saturated bridge in all
cyclopentadiene and 1,3-cyclohexadiene complexes is bent
in just such a manner. Some typical dihedral angles are 38°
in (CHai)2Re(Cp)(n*-methylcyclopentadiene),?® 36.5° in
CpCo(n*-phenylcyclopentadiene),*® and 47.3° in (octafluo-
rocyclohexadiene) Fe(CO)3.4! The bending has been per-
fectly well interpreted in terms of rehybridization at the
polyene termini for better metal-ligand bonding, associated
with increasing donation into ¥ of butadiene, its symmetric
LUMO.42

The secondary effect we discuss for cyclohexadienyl com-
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plexes is also present in these molecules. First the interac-
tion diagram for a butadiene-Fe(CO); resembles Figure 1.
The most important interaction is between one component
of the Fe(CO); fragment e orbital and the LUMO of buta-
diene, ¢3. The LUMO of cyclopentadiene or cyclohexa-
diene is modified from 3 of butadiene in a way that is very
similar to the cyclohexadienyl case. There is significant hy-
perconjugation with the CH orbitals of the saturated
bridge. In the specific case of cyclopentadiene the LUMO is
shown schematically below. Note the resemblance to 5. We

Lage

15

would anticipate the secondary effect to be somewhat
smaller in cyclopentadiene than in cyclohexadienyl com-
plexes, because the crucial orbital of the former lies higher
in energy and thus interacts less with the Fe(CO)3. The ob-
served bending, however, is comparable in the two types of
complexes. An analysis similar to this one can be carried
through for cyclic ligands containing a conjugated triene
complexed to Cr(CO);. The crucial hyperconjugated orbit-
al in these is the symmetric HOMO of the triene.

In cyclopentadienone complexes less bending is observed.
By way of example one has dihedral angles of 9° in CpCo-
(tetramethylcyclopentadienone},** 21.3° in CpCo(tetra(tri-
fluoromethyl)cyclopentadienone),** and 20.1° in (CO);-
Fe(tetra(trifluoromethyl)cyclopentadienone).*s The cyclo-
pentadienone LUMO is known to lie at very low energy 46
It can be described as an in-phase mixture of 3 of butadi-
ene and the carbonyl 7* orbital, as shown below in 16. Let

us reason as before, dividing up the interaction between the
Fe(CO)3 and the cyclopentadienone into a primary one, in-
volving carbons 1, 2, 3, and 4, and a secondary one with car-
bon 5 and oxygen 6. As indicated in 17, the secondary inter-
action has a bonding (Fe-Cs) and an antibonding (Fe-Og)
component, and should certainly be less antibonding than in
the case of a methylene replacing the CO. This is then in
accord with the lesser degree of bending in cyclopentadi-
enones. We would not be surprised if a structure of a metal
complex of a cyclopentadienone is found in which Cs re-
mains in the plane of the four other carbons, or even moves
below it, while the exocyclic oxygen bends out of the plane,
away from the metal.

Distortions by substituents on a polyene or polyenyl com-
plex are not limited to motions away from the metal. It is
clear that if the secondary interaction is a bonding or stabi-
lizing one that the substituent involved may move toward
the metal center. Such distortions have been observed for
fulvene complexes, 18,47 and ferrocenyl carbonium ions,
19,%% and were in fact suggested by Cais*® and predicted

b

Cr,
oC/J:\Co
0
18 19

from extended Hiickel calculations by Gleiter and Seeger.50
A detailed analysis of these systems, viewing both molecu-
lar types 18 and 19 from the starting point of a cyclopenta-
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dienyl group carrying a carbonium ion substituent, finds
two stabilizing secondary interactions responsible for the
geometry change. The first is direct overlap of the carboni-
um ion center with metal 22,50 and the second is an im-
provement of the overlap of a cyclopentadienyl-carbonium
ion fragment orbital with metal xz.

In the course of our studies of the cyclohexadienyl com-
plexes we examined the electron distribution in the com-
plexes as well as the effect of substitution at various sites.
The following observations were made.

(1) As the metal atom in C¢H-M(CO); is changed from
Cr~ to Mn to Fe*, the calculated dihedral angle of bending
increases slightly.

(2) The calculated charge distribution in the pentadienyl
segment of the three complexes, all bent up 40°, is com-
pared in Table I with the charge distribution in the anionic,
radical, and cationic forms of the free ligand distorted in
the same way. The total charges in the CsHs segment show
the expected—that the pentadienyl ribbon is more negative
in CgH,Cr(CO);™ than in C¢H7Fe(CO);*, but that the ac-
cumulation of charge is considerably attenuated in the com-
plexes. In going from C¢H;* to C¢H~ the CsHs ribbon
gains 1.848 electrons, but in going from Cs¢H,Fe(CO);3* to
C¢H-Cr(CO)5~ it gains only 0.645 electron. The charge
densities at the individual carbons are interesting-——note
that a strong charge alternation in the pentadienyl anion di-
rection is maintained in C¢HsMn(CO); and even C¢H7Fe-
(CO);™.

(3) When the cyclohexadienyl group is bent upon com-
plexing, the two CH bonds at the CH; group become non-
equivalent, and can be classified as exo (axial) or endo
(equatorial). A concern with an anomalous CH stretching
frequency assigned to the exo bond formed part of the moti-
vation for the early structural studies of these complexes.!
In our calculations there appeared a differential between
the two C-H bonds consistent with a weaker exo bond, but
the magnitude of the effect was small. For instance in
CsH;Fe(CO);* the overlap populations of the CH bonds
were 0.8062 endo, 0.7915 exo.

(4) We studied briefly the effect on the tendency of the
cyclohexadienyl moiety to bend of substituents at the satu-
rated site and the pentadienyl ribbon. This was carried out
for substituted CsH;Fe(CO);* by computing the difference
in energy between C¢H7 planar and bent 40° and compar-
ing that difference to the stabilization calculated in the ab-
sence of substitution. This procedure is no substitute for the
computation of a full surface, but should be indicative. In
all cases the effects were relatively small, but the direction
interesting.

The primary factor influencing substituent site prefer-
ences at the saturated site appears to be ligand electronega-
tivity. If L = a ligand less electronegative than Hand M =
a ligand more electronegative than H, then the favored sub-
stituent pattern is with L exo and M endo, as shawn in 20.

L

™
L=less electronegative

| M = more

7

20

That pattern is preferred for both L and M present, or for
either substituent alone. According to our calculations,
there should be a greater degree of bending associated with
the substitution pattern of 15, while the opposite pattern
should produce less bending. The substituent at the endo

Table I. Atomic and Total Charges in Free and
Complexed Cyclohexadienyls

3 2 1 Totala
CH,Cr(CO), -0.156 +0.031 -0.287 -0.568
CH,Mn(CO), -0.094 +0.070 -0.216 -0.289
C,H,Fe(C0O),* -0.011 +0.113 -0.119 +0.077
CH,~ -0.352 -0.047 -0.373 -1.019
C.H, —0.049 -0.046 -0.064 -0.095
CH,* +0.255 —-0.045 +0.244 +0.829

4Total charge on the five pentadienyl carbons and their bonded
hydrogens.

site appears to control the energetic situation to a greater
extent.

In the case of substitution on the pentadienyl ribbon the
w-donor or acceptor character of the substituents seems to
influence the bending preference. There is more bending in-
dicated with 1 or 3 substitution by donors, and the reverse
effect for acceptor substitution at the same sites.

In the course of thinking about this problem we were led
to consider substitution at the 6 position by a methylene
group. The resulting structure, 21, would still be expected
to be bent. But an interesting point arises when one realizes
that 21 describes an Fe(CO); complex of the benzyl cation.
An alternative structure for such a complex is 22, in which

part of the benzyl ligand is complexed in a trimethylene-
methane type mode and part is left as an allyl cation.

Our first inclination was to think that either 21 or 22
would be the stable point in the system. But consideration
of the nonbonding benzyl orbital 23 reveals that while there

23

is good interaction between the Fe(CO); acceptor orbital
(the same one shown previously in 4, 6, or Figure 1) and the
nonbonding benzyl orbital when the iron fragment is under
the center of the ring (corresponding to 21) or under carbon
6 (22), the passage between these two geometries puts the
iron fragment in a position where its interaction with the
benzyl orbital is minimal. This was probed with a model
calculation where the Fe(CO); was moved along the molec-
ular plane under a rigid benzyl group (Figure 4). There are
two minima, corresponding to 21 and 22, and a sizable bar-
rier in-between them. The minima will deepen when geo-
metric relaxation is allowed. Whether a barrier large
enough to allow observation of both coordination modes will
survive once structural relaxation is allowed remains to be
seen. Another interesting possibility is the coordination of
an Fe(CO)4 fragment to the exocyclic double bond in 21
and the allyl cation in 22. Incidentally our calculations for
22 indicate little positive charge on the allyl segment. While
some benzy! complexes are known, for instance (n°-ben-
zyl)(n3-Cp)M(CO);3, M = Mo, W,3! we have not been able
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Table II. Parameters in Extended Huckel Calculations

Orbital ¢ Hii(eV)

Fe 4s 1.575 -10.56

Fe dp 0.975 -6.19

Mn 4s 1.450 -10.03

Mn 4p 0.900 —-6.06

Cré4s 1.325 -9.58

Crdp 0.825 -5.94
Orbital £, ¢,b ta c,b Hy(eV)
Fe 3d 5.35 0.53659 1.80 0.66779 —-13.50
Mn 3d 5.15 0.51391 1.70 0.69291 -12.43
Cr3d 4.95 0.48761 1.60 0.72051 -11.38

aSlater exponent. Two are listed for the 3d functions. ® Expansion
coefficients in the double zeta function.

to locate any experimental examples of the type we discuss.
We note, however, that two isomeric and apparently not in-
terconverting heptafulvene-Fe(CQO)3; complexes have been
synthesized. One shows a trimethylenemethane type coordi-
nation,32 the other is an intraannular diene complex.>3
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Appendix

All calculations were performed using the extended
Hiickel method.’* Reasonable diagonal matrix elements
for iron were obtained by a charge iterative calculation on
(C¢H7)Fe(CO)3* with a geometry taken from an x-ray
structure determination of (2-methoxycyclohexadienyl)-
Fe(CO)3*.4 The basis set of valence AO’s for Fe consisted
of 3d, 4s, and 4p, the latter being single Slater-type orbitals
whereas the 3d functions were taken as contracted linear
combinations of two Slater-type wave functions. The orbital
exponents are those of Richardson et al.’® H;’s as well as
orbital exponents for carbon, oxygen, and hydrogen were
those used previously** and were kept fixed during charge
iteration. A quadratic dependence of the H;;’s of Fe was as-
sumed.’® A modified Wolfsberg-Helmholz formula was
used,’” with K = 1.75.

K= (K= 1)AYSy

Hij 5 [(1+ A)H; + (1 — A)Hj)
_Hi—H;
Separate charge iterations were carried out for

CsH7Mn(CO)3~. The converged H;; values and other pa-
rameters used are given in Table II.

All calculations for ligand distortions, etc., were then
done by a noniterative usual extended Hiickel scheme. The
following geometrical assumptions were made. (A) Cyclo-
hexadieny! ligand: pentadienyl fragment CC, 1.40 A; C-H
1.08 A; C-CH,, 1.50 A; HC-H, 1.10 A, angle HCH, 109°;
angle CCC in pentadienyl fragment 120°. (B) Cyclobutenyl
ligand: allyl fragment CC and CH as in pentadienyl frag-
ment above, C-CH>, 1.50 A; HC-H, 1.09 A; angle HCH,
109°; angle CCC in allyl fragment 90°. (C) Fe(CO)s: octa-

603

4 5
7
3 (c]
2 t
SR
N
4
Q
=4
w
= 2-4 center (-5 6 7
i Iy ) ' i
T T T
i 2 3 4
a
R (A)—

Figure 4. Potential energy curve for moving an Fe(CO); fragment
under a benzyl cation. The vertical scale markings are separated by 0.5
eV. The horizontal scale is marked in A away from the initial position
under C3 (see inset-structure). The internal arrows mark special sites—
“center" refers to a position under the center of the six-membered ring,
*1~5" under midpoint of line joining C; and Cs, etc.

hedral fragment; Fe-C, 1.82 A; C-0, 1.15 A. (D) Benzyl
ligand: all CC, 1.40 A; CH, 1.08 A, 120° angles. In the cen-
tered structures all Fe-C (pentadienyl) were taken as 2.2 &,
as were the Fe-C (allyl) distances. This placed the iron
atom 1.697 A below the pentadienyl fragment plane, and
that was the perpendicular separation maintained in the
benzyl-Fe(CO);* calculations.
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