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Molecular and Valence Structures of Complexes of

Cyclooctatetraene with Iron Tricarbonyl

by Brlan Dickens and William N. Lipscomb

Department of Chemistry, Harvard University, Cambridge 38, Massachusetts

Abstract

Structure determinations by X-ray diffraction
methods indicate that Fe(CO)3 units are bonded to a
butadiene type of residue in csHaFe(CO)3(I), and in
(OC)EFeCBHSFe(CO)3 (II), where the two Fe(co)3 units
are on opposite sides of the CBHB ring. The dihedral
CgHg ring in (I) and the chair CgHg ring in (II) are
previously unknown and unsuspected geometries for
cyclooctatetraene,

Crystals of (I) have symmetry Pnam, within
experimental error, with four molecules in a unit cell
defined by the parameters a = 6,54, b = 13,46,
¢ =11.50 A, Crystals of (II) are of symsetry Pel/h,
with four molecules in a unit cell which has parameters
a =12.52, b = 13,38, ¢ = 8,86 and B = 111°, Final
values of R = E||F |-[F ||/Z|F,| are 0.09 for (I) and
0.10 for (II) for all observed reflections.

The bonding of Fe to the butadiene~like residues

1s discussed.



o AR oy

<

Introduction. Cyclooctatetraene (COT) itself has been

shown by X=ray me’chodsj,"2 and later by electron diffraction?

to have a non-planar tub conformation in which the 5=C dlstance
of 1.33,A and the C-C distance of 1.462A are close, respectively,
to the values of 1.339A for 02H4 4 and 1.50A for a single bond
between carbon sp2 hybrid orbitals.5 The geometry of COT 1s
thus apparently dominated by the planar ethylens=llke resldues
in the molecule and the tube~like conformation of COT is retained
in the Ag(COT)+ complex.6 The fallure of COT to show aromatic
character recelves its most natural rationallzation from molec-
ular orbital (MO) theory which yilelds, in the one electron MO
approximation, two unpalred electrons 1f the molecule has planar
D8h symmetry or the non=planar crown D#d symmetry. In eilther
case one might then expect COT to accept electrons to become

COT™ or COT™2, recently prepared,7’8

or to undergo distortion

from D8h or Dud to & lower symmetry so that the orbital degener-

acy 1s removed and all electrons in neutral COT can be palred,
The preparation of (COT)Fe(CO)B, (OC)BFe(COT)Fe(CO)3 and

of (COT)Fe2(00)7 first by Manuel and Stone,9 and of one or two

of these compounds almost simultaneously by five other research

groups,lo,ll,lfe

was largely stimulated by an extension of ideas
of transition metal-aromatic hydrocarbon bondlng to seven and
eight membered rings, a subject of considerable recent activity.

The three classes of investigators who proposed structures, all

®
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incorrectly, for the geometry of the COT ring in these complexes

are those?s10s11 who prepared the compounds, those13’14’15

who
could not awalt our promised9 X=ray diffraction results, and
those16 (including ourselves) who did not publish., The observa-
tiong’lo of a single sharp proton resonance in the nuclear
magnetic resonance spectrum and the shift of the C=C stretchilng
frequency toward thac¢ in ferrocene apparently led to heavy
favoritism for the suggestionsg’lo’13’14’15 of the planar COT
ring in (COT)Fe(CO)3, but two suggestions of the tub form
occurred.,ll’17 The larger variety of suggestions, also incorrect,
for the geometry of (COT) in (Oc)er(COT)Fe(CO)3 are summarized
in our preliminary communications.l8’19

Our X-ray diffraction studies of single crystals of
(co'.r')Fe(co)3 and (OC)BFe(COT)Fe(CO)B, described below, show that
the bonding of Fe(co)_3 to butadiene-like residues of the COT
ring actually dominates the ring geometry. The dihedral form
and large C=C-C bond angles of the COT ring in (co'r)Fe(co)3.
and the chair form of the oval shaped COT ring in (OC)EFe(COT)Fe(CO)3
are hitherto unknown geometries, Although these results add
varlety to the predictability of COT geometry in various situations,
they also lead to the possibility of a general principle of
bonding between Fe(CO)3 and a butadiene unit when such a unit
i1s more readily available on energetic grounds than it 1s in

ferrocene. We describe o imental resulls Tirst for the



Structure Determinations. VYellow air~stable crystals of

(Oc)er(COT)Fe(CO)3y obtained from dichloromethane-pentane
solutlion; were chosen, Maximum cross-sectional dimensions of

0.14 and 0.12 mm were sufficiently comparable with (4‘PJ'1=0,11 mm,
where p.is the linear absorption ccefficient for MoKa radiation,
to allow us to neglect absorption ccrrections. Reclprocal lattice
symmetry of C,,, and extinections of OkO when k is odd and of hOf
when h+f is odd lead to the monoclinic space group Pal/h. Cell
parameters of a =~ 12.529 + 0.006, b = 13.377 + 0.013, ¢ = 8,868

+ 0.008 A and B = 111.0°+ 0,2 were obtained from hOf and hkO
photographs upon which powder patterns of NaCl were superimposed.
Asgumption cf four molecules in the unit cell leads toYO =1.8% gm cm-'3
in good agreement with the measured density of‘/o =1.85 gm cm'j.
For the visual intensity estimates, obtained with a standard

g2als of timed exposures of a reflection from the same crystal,
the levels hkL for O< L <3; hKf for 0< K¢ 4; Hké for 0% H& 4;

hh8; hikh; htl,k.h, h+2,k,h; 2h,k,h, hkh; h,k,h+1; bk,h+2; h,k,2h;
3h,2n,8; h.6h.8; 2h,k,h and h,2h,f were photographed with the

uge of the precessinn method and MoKa rsdiation. Intensities were
corrected to Fnk22‘ correlated, and scaled statistically prior

to ccmputation of the three dimensiona®l Patterson function which
was sharpened with the aid of the gradient function2°’2l go that
the average of the innermost reflections was about twice that of
the outer reflections. The increased resolution of the gradient
modificatior, of the Patterson function greatly facilitated the

analysis of the vector map.



The structure of (OC)BFe(CO'If)Fe(CO)3 was solved by location
of the Fe °*‘Fe vectors, and the subsequent computation of a
three=dimensional electron density map, /o(xwy,z),'frOm which
the Fe's were subtracted, After the usual intermedlate stages
which should have been straightforward but almost never are,
except in retrospect, the entire molecule was located, and then
refined by three dimensional least squares procedures. Three
dimensional least squares refinements proceeded from three cycles
with Fe atoms only in which R(F2) = E:HFQ]'2 - ]Fclal/'leol2 for
all 977 observed reflections reduced to 0.76, through isotropic
refinement in which all atoms except H ylelded for the 334 largest
reflections a decrease from R(Fa) = 0,40 to 0.32, a test including
al. observed reflections in which the slightly non-linear Fe=C=0
groups werec forced into linearity and refined to R(Fa) = 0031
while the 0 displaced about 0.05A to make Fe-C-0 non-l%near agaln,
five mere eycles in which individual lsotropic temperature factors
on all atoms were varled to yileld R(Fa) = ,22, tito cycles in which
Fe atoms only were allowed to have anlsotroplic temperature factors
yieiding R(Fe) = 0,18, to a final least squares cycle in which H
atoms were added assuming trigonal hybrlds at ¢ and in which all
position parameters except those of H were varied., Final values
%)

of R(F®) = 0,17 and R (Table 1) = 0.10 were achieved. In all

of these refinements our usual set of welghts appropriate to
21
visual estimates were employed. Although some definite

indications of the H atoms were present in a three-dimensional



subtracted, these H atom positlons did not seem reliable enough
to form a basis for refinement.

Reddish brown plate-llke crystals of (GOT)Fe(CO)By obtalned
by sublimation, were mounted inslde a thin Mylar envelope inside
of which a few additional crystals were held in order to malntain
an equilibrium atmosphere of COT. Deterloration of the crystal
under study was further retarded by passing a near O°C stream of

dry N2 around the envelope in the usual way,22

Crystals were
0.21 and 0.30 mm in maximum diameter, comparable with

(Qp)"l = 0,34 mm, and hence absorption corrections were omltted.
The reciprocal lattice symmetry 1s Dy, s and the absence of Okf
when k+f 1s odd and of hOf when h is odd suggest either Pnam or
Pnaalp as the space group possibllitles. Unit cell dimensions,
calibrated with NaCl powder patterns, are a = 6,544 + 0.008,
13.455 + 0,023 and 11.506 + 0.021 A. The assumption of four
molecules in the unlt cell gives a calculated density of

1.60 gm cm"3 (observed value 1,57 gm cm-j). Levels which were
photographed, all with MoKa radiation and the precession method,
are hKf for 0K K<¢5; Hkl for 0L HS2; hkL for O0SL<5; h,2h,4;
h,2h=1,£; h,2h-2,6; hkk; h,k,k+l, and hhf. Corrections, correla-

tions, and scaling on the observed data and the subsequent

computation of a three=dimensional Patterson function, as described

above, were also carried out.
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The structure of (COT)Fe(CO)3 was solved from the Patterson
function and successive electron density maps. The Fe atoms were
located in the mirror plane of the space group Pnam, and hence
the assumption (later proved correct within standard deviations)
was made that this space group mirror plane bisected the Fe(co)3
unit and the COT ring. If the asymmetric unit of the unit cell
contains only one Fe, at x = 0.25, y = 0.06, z = 0.25, calculated

from the Patterson map, there 1s, as well as the space group mirror

plane at z = 0.25, a pseudo mirror plane at x = 0,25, so a three
dimensional electron density map calculated from the Fe phases
(s1gns) showed the molecule superimposed upon its pseudo-mirror
image., A CO group in a chemically reasonable and crystallo-
graphically general position was chosen, and, after least squares
refinement of thz y coordinate and the lsotropic temperature
factor of Fe, a second three dimensional map was computed from
which an Fe(co)3 group of reasonable geometry was choszn. Also
six of the C atoms of the COT ring were found at geometrical
positions corresponding to the Fe-butadlene residue, and its
reascnable bonding to two other C atoms of the COT ring. Two

of the ¢ atoms,; those at the apex of the dihedral form of the
ring, were not unambiguously indicated and were therefore omitted
at this stage. After least squares refinement of the partial
structure to R(Fa) = 0,40, a three~dimensional electron density

map was computed from which these last two  atoms were easily



located, and from which the pseudo symmetry was now absent,

Seven cycles of léast squares ref;nement led to a decrease of
R(Fa) from 0.33 to 0.16 for the 172 largest observed reflections,
three cycles in which all 856 observed reflections were included
reduced R(Fa) from 0.24 to 0.19 and, finally, H atoms were intro-
duced at chemically reasonable positiors and all other coordinates
and anisotropic temperature factors were varied (where allowed by
the space group symmetry) in four cycles in which R(Fa) became
0.16. The more usual R values are shown in Table 1. Because of
thls very satisfactory agreemeht, no refinements were carried out
i1n the space group Pnaal. Since any molecular distortions to
lower symmetry would certalnly have to be small,.comparable with
the standard deviations tabulated below, the molecular geometry
1s well established with only a probable resolution of the space
group ambigulty.

Results and discussion. Drawlngs of the two molecules are

shown in Figures 1, 2 and 3, as obtained from the final coordie
nates of Tables 2 and 4. Intramolecular bond distances and
standard deviations are shown in Tables 3 and 5, and the exper-
imental data are summarized in a compressed form in Tables 6

and 7. Standard deviations of coordinates, distances and angles
were computed from the full matrix; including off=diagonal terms,
within the standard deviations the molecule of (OC)BFe(COT)Fe(CO)3

hag a genter of

4]

yumetry which, however, is not ubilized by

the space group. Also within the standard deviations the



(3404)Fe(00)3 butadiene~type of residues have the same geometry
in Soth molecules. The FeCO groups are non-linear in both
compounds, the largest deviation from linearity being 7.1° + 1.5°
for FeC505 in (CO‘I‘)Fe(GO)B. None of the remalning deviations 1s
significant statistically, and all are assumed to be assoclated
with intermolecular forces in the molecular packing or with errors
in the final parameters of the structures. The average CO dls-
tances of 1.15A and 1.12A are not significantly different from
one another, or from the distance of 1.13A in CO itself. If one
chooses the digonal radius of 0.73A for C and omits the electro-
negativity correction of -0.08 (2.5-1.8) = =0.05¢A, the single
bond Fe=C distance is 1.24A + 0.73A = 1.9TA. The Fe-C (carbonyl)
distances are about 0.17A shorter than thils single bond distance,
a shortening which 1s consistent with some ¥ donation from bondlng
CO to vacant d on Fe, some back donation from filled d on Fe %o
vacant antibonding w on CO (Figure 4), and perhaps some further

28 These effects

shortening because C hgs only two neighbors,
are not separable, but since the back donmatlion would clearly
reduce the formal negative charge on Fe and thus stabllize the
FeCO bonding,29 it 1s assumed that this mechanlsm is responsible
for most of the Fe-C bond contraction. Such bond shortening is
in accordjo with the observed low C-0 stretching frequency

(2058, 1992 cm'l) when compared with that of free C-0 (2170 cm-l).
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The two new geometrical COT configurationsls’lg

seem to us
to be forced on the ring by the domination of the Fe-butadlene-
like residues in the structures as discussed below. Overlap

integrals between SCF31

carbon w orbitals are summarized in
Tables 3 and 5. The C,-C, types of overlap integral (0.16) are
similar in both compounds, and are less than that in butadiene
because the c1 ap,,r orbitals are dlirected out of the 04 plane
towards Fe, The near planarity of the 04 unit bonded to Fe 1s
responsible for the large Cl~cg overlap (0.32) in both compoun&s;
since the C,-C, overlap is only 0.16 the ca-cg distance of 1,40
and 1.42 A (Tables 3 and 5) is less than that in free butadlene

and the C -C, and ca-cg dlstances are more nearly equal. The

1
electronic near-isolatlon of the two butadlene-types of residues
in (Oc)er(COT)Fe(CO)B, as indicated by the C,-C{ overlap integral
of only 0,04 and by the near single bond distance of 1.49A
(average) close to that (1.50A) expected,5 is the most striking
feature of the COT ring in this compound, In (CO‘I‘)Fe(CO)3 a
larger w orbital interaction between the butadiene-like residue
and the remainder of the ring is suggested by tne corresponding
overlap integral of 0.25 between C1 and 03; indeed the unbound
remainder of the ring is not only very nearly planar, as required
for maximum overlap in the free half of the ring where an

uncoordinated butadiene unit is formed, but the bond angles, with
only two exceptions out of eight, are within about 30 of the
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very large angle of 135° expected for a completely planar octagon
(Figure 5).

This demonstration that the strain to make the COT ring planar
or nearly so has been overcome in COT Fe(Co)3 may have some

8

relation to the recent proposal7’ that the (COT)” ion may be

planar, and to the equal bond distances predictedza’33 for

((‘:O’I‘)"2 ion which shows rapid electron exchange8

with (cor)”
ion. The 1nterpre‘ca’cion34 of experimental evidence on the hyper~
fine structure of the electron spin resonance of (COT)  seems to
be ambiguous with respect to the question of planarity of the
lon, and hence the questlions of small distortions into non-planarlty,
possibly into the crown form, have not been settled either for
(coT)” or for (COT)'a. An X-ray diffraction investigation of
KQ(CO’I')7 may be of value. Moreover, further theoretical studies
of Jahn-Teller distortions in (COT)” and of non-planar distortions
in both ilons need to be'carried out in order to show whether the
addition of an extra electron ("the one over the eight") to an
antibonding level in non-planar COT 1s sufficiently stabilized
by planarity or near planarity of the (COT)” ion.

Two different proton nuclear magnetic resonance signals
in a 1:1 ratio have been observed17 in a solution of
(Oc)er(CO’I‘)Fe(CO)3 in DCClB. Comparisons of the infrared spectra
of the two COT lron-tricarbonyl complexes in the solid state and

in solutinon in bromoform indicate that their respective molecular




geometries are the same in the solld and solutlion states. Thus
the single sharp proton resonance in the nuclear magnetic res-
onance spectrum of & solution of (CO'r)Fe(CO)3 in €S, is apparently
not due to negligible chemical shifts between the different protons,
or to the presence of a different geometry, includlng the planar
form of COT, in solution from that in the solig. Any proposed
exchange mechanism accounting for this single proton resonance
must explain why the protons in (COT)Fe(Co)3 exchange, while
those in (OC)BFe(COT)Fe(CO)3 do not. A dynamical effect amounting
to permutation of the C atoms of the ring relative to the Fe(co)3
group does, however, satisfy the experimental observations, There
is continuous 7-w overlap of 0,16 or more around the dihedral
form of the ring, while in the chalr form the Cl-Ci T-T overlap
is only 0.04, Consequently in the chair form rotation in an
analogous fashion 1s seriously inhibited, and two different types
of protons are observed., The effect of ring substitutipn in the
dihedral form is shown 1n the broadened resonance ob’cained35 for
the COT protons in the nuclear magnetic resonance spectrum of
(06H5-08H7)Fe(00)3. A temperature dependence study of the
resonance spectrum of (COT)Fe(CO)3 may clarify the above situation.
In the orbital overlap investigation of the iron-butadiene
residue unit SCF orbita1536 were used for Fe ls through 4s,
Slater orbitals®! for Fe 4p and carbon 1s and 2s, and SCF
orbitals}l for the carbon 2p. The Fe orbitals were referred to



12

cartesian coordinates about the "best" three-fold axis defined
by the three carbonyl groups; thelir overlaps with the various
carbon orbitals are presented in Table 8.

Trigonal bipyramidal hybridisation of the Fe 1s excluded by
the absence of C-Fe-C angles near 120°; square pyramidal coordina-
tion not only takes no account of the shorter Fe-c2 distance
(2.05A) over the Fe-C; (2.18A) distance, when geometrical con-
siderations would prefer Fe bonded more to C1 than to 02 since
C,-Fe-C is 88.5° + 0.5 while C,-Fe-Cj 1s 40.7° + 0.6, but also
is refuted by the <desp3 |02+C§> 6 bond value of 0.22, where
no appreciable overlap would be expected.

Two models of Fe-COT bonding which glve dlamagnetic struc-
tures are left, The octahedral model has as ligands the three
carbonyl groups, the C, and c{ carbons, and the C, + Cg double
bond; orbital overlaps for § type bonds with the appropriate
dzsp3 Fe orbitals are 0.50, 0.15 and 0.22 respectively. Table 8
shows that appreclable w bonding between the dasp3 orbitals and
the 2p orbitals on the ligands 1s possible. Overlap of the tag 3d
orbitals, not invelved in the dasp3 hybridisation, with the anti-
bonding orbital at C, and cg, has a value of 0,08, and could
account for possible back donation to this section of the buta-

diene residue. The maximum back donation overlap of these & 3d

2g
orbitals with the antibonding orbitals of a carbonyl group is

estimated at 0.17.
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A model in which Fe 1s treated as seven-coordinated splits

the doeuble bond contribution of c2+cg in the octahedral model

into two separate interactions by hybridizing the tag orbitals

with the appropriate dasp3 orbital to form sligma type bonds to

each 02. Due to the orthogonallty restriction between the result-
ing hybrids the individual <d5sp3lca>» have maximum values of 0.17,
to be compared with 0.18 for <fd25p3|02)». The best cholce of
orbital coefficients in the new d2sp> orbitals ¢ and ¢",.

¢ .689 (d%sp ) - 611 denzn + .389 zdxhzh - .028 dehyh

$" = .689 (d sp ) - ,611 dehzh + .389 BthZh - .,028 dehyh

together with the interorbital angle of 40°, close to that of
c Fecz, brings out the importance of ¥ type bonding over & type
in the Fe-butadlene unit at these interatomic distances. This
gseven~bond model is supported by the approximately equal Cl-C2
and 02-02 distances in the coordinated C, group. The short
Fe-C, distance of 2,06 supports the octahedral model via back
donation. It can only be concluded that the "true" picture is
probably somewhere between these two extremes, though possibly
nearer the latter,

Geometries close to those of the butadiene lron tricarbonyl
residues reported here have now been observed, by X-ray diffrac-

tion studies, in several analogous compounds (Fig. 6). The
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extreme dislocation of the dihedral form of COT, and the electronic
isolation in each half of the chalr form, produced by the Fe(co)3
group, are indications of the great strength of the Fe-C inter-
actions. Additional evidence for Poth the strength of Fe-C bonds
and the excellence with which the butadlene residue meets the
spatial requirements of Fe 1s found in the inducement of butadiene
resldues by Fe(co)5 and related carbonyls in 1:4 pentadiene,38

1:4 dihydromesitylene,39 and vinylcycloheptatriene,uo all of which
possess unconjugated double bonds.

A butadiene residue unit 1s apparently preferred when an
Fe(co)3 group combines with an organic molecule in which no ferro-
cene fragment 1s avallable; many compoundsjs’39’40’41’42’u3’44’45
containing Fe(co)j’groups probably contain such a unlt. Since no
06H6Fe(CO)3 complex 1s known, unsubstituted benzene appears to
be aosufficiently stable system to resist the temptation to
deform, but meta and para divinylbenzene both form complexe539
with Fe}(CO)IE' Here a vinyl double bond 1s used as one half
of the butadiene residue and a double bond of the benzene ring
can be used for the other half, since in the 10T electron system
of divinyl benzene the stability of the benzene w electron system
has been disrupted by the additional electron delocalisation
arforded by the vinyl groups. In l-phenyl butadliene no disturbance

of the benzene ring is necessary to form a butadiene residue, and

. - ; . 39
ituted butadiene compilex is formed.- -
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The butadlene residue unit, purely because 1t has four
avallable r electrons in a sultable spatial arrangement for
appreciable overlap with the Fe orbltals, is a highly characteris~
tic ligand of the Fe(co)3 group. In the formation of a butadiene
residue, only the organic w electron density is important; in this
respect the apparently ahpmalous complexes of 2,2,1 blcyclohepta=-
diene45 and 1,5 cyclooctadiene38 are analogous to the more normal
complexes although they differ in thelr ¢ bond frameworks.
Complexes, CBHloFe(CO)3, of the three isomers of CgH;qys 1,3,5-octa-
triene, 1,3,6-cyclooctatriene and (4,2,0) bicycloocta 2,4 diene,
all of which possess butadlene-like 7 electron densities; but

differ in the rest of the molecule, are well characterised.45
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Table 1. Sumrary of Agreement, R = Z[|F | - chll/ElFol

A. (oc)3Fe(00T)Fe(co)3, 977 F,'s.
R as a function of sln ©

hké for R Range of sin © R

all observed 0.1l 0.00 - 0.10 0.11

n even .11 0.10 - 0.15 .10

k even 11 S5 - 0,18 .10

£ cven .11 V..o = 0.22 .09

h+lc even .12 0.22 - 0,20 ,08

n+f even L11 0.20 - 0.0 .10

k+# cven .10 0.0 - 0.35 .12

n+k+-f even .11 0.355 - 0.40 15

hko .10 0.40 - 0.45 .22

nol 13 0.45 - 1.00 .20
olch 14

B. (COT)FG(CO)j, 850 1 's

nicd Lor R Range of sin © it
all observed 0.09 0.00 - 0.10 10
11 even .09 0.10 - 0.20 LGy
1 even .10 0.20 - 0.0 LOL
Y cven .10 0.%0 - 0.5 .07
n+le even .09 0.55 ~ 0.50 NeD
n+-£ cven .09 0.40 - 0.4y L2
b even .08 0.45 - 0.50 LY
a-+ic-d even .10 0.50 - 0,60 LA
hico .08
hod .08

oicd .08 *




Atom

Table 2. Atomic Paramecters and Standard Deviations

b

e

for (oc).er(COT)Fe(co)3

Iy

Z,
L

Fe' 0.2235 0.2056 0.7034
L2THL

t
CU
ot

L

Tne 3B,
Rt |
components for the two Fe atoms are (8

(By )5

(5505
(5,5,

tempe

. 2655

O3
L2438
142
.129
103
254
Lol
L3505
<550
LOT6
COTL
L2
.181

i

.158
.113
115
Lol

.18
<71

l)ll *
3 = 0.01?9, (61?12 = 0.0002, 5*5 = 0,007,
1= 0.00?b, (ﬁ2)22 = 0.,0025, (pE)bb = 0,3
- = 0,0001 and B8,, = -0.0001 wnere tnc o
o 22 5 5
rasur tors are cxp (-Bi A “s5in®0) and
3 |,2 e} /72 P - g S N
(5110. 22:\ + ).«33.(1 + ,Jlg.u( pljr‘.ﬁ + pe

CALE38

227
. 291
. 339
L 419
Lo
456
A1l

ke

L5
.02
.188
10k
104
-.003
.570
7O
L1932
Bh2
.808
.966

5.118
5.80
4.95
3.1
5.17
b 14

0 Y

.58

X

- 0.0003

. 0004
.002
.002
.002
.002
.003
.002
002
LCON
002
.002
0G5
.002
.002
002
.CO2
.002
.002
.002
.002
.002

are isotropic temperabure paremeters in

Y1
0.0003
.0003
.002
.002
.002
.002
.002
.002
.002
L0002
.CO2
NONA
.02
. 002
.0G2
L0

.CO2

7
LY

4

0.0004
. 0004
.00>

003

L0035

00>

~

.CU

.00
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Table 3. Distances (in A), Angles (%), standard
Deviations (¢ ) in (OC)BFeCSHSFe(CO)B.

 FeC(cCOT)

Fe'-C}
FC"’Cé”
Fe -C}!
Fe - 02
Av(FeC
Fci-Ci"
Fe‘-Ci
Fe—cl
Fe-Ci'

Lv FCCl

2

c(eoryc(cow)

ter !
Ca''-Cp

11_
02 02

Av CQC
el |
C1-Cs

tte_ptat
S

€1-Cn

cyr-cy
Av ClC2

€,-C1

11 11t
€1 -G

Av ClCl

2

Dist.
2.03
2.04
2.06
2.09
2.06
2.15
2.17
2.14
2.12
2.1h

1.40
1.29
1.40
1.48
1.44
1.43
1.40
1. 44
1.48
1.50
1.9

¢
0.03
0.02
0.03
0.03

0.03
0.03
0.02
0.03

0.04
0.04

0.04
0.0
0.03
0.0k

0.04
0.04

1t
LClC202
tttl 1
C5'3C2,Cq

ttratteol
C- 02 C2

EER R |
Ll”:”Q

1ttt
CQC2 Cl

A |
Liv quClC2

1ot
C2C16

~1

11 11 111
Ch'Cy'Cy

t1! 111 1t
C;'C "¢

Av
L #eCo
FeiCéOé

W L1t Tt It
e Cb OD

Fe'CéOé
FeCé'Oé'
Fe0606
e 0505
Av FeCoO
Lcrec®
CéFe'Ci"
CéFeCi
C5FcCl
CBFeCi'
Av

Angle
123
118
121
119
120
123
150
129
133
120

17>
ey
170
ey
176
170
176

o oW oo

q

DN

ASHER UGN

LCUNEAV I S AL

o

S = S
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Table 3 (cont'd.)

: Fe'-Cgt! 1.81 0.03 CgFeC; 38 1
Fe'-Cé 1.76 0.03 Cé'FeCi' 95 1
Fe'-Cé 1.73 0.03 Cire'cy 89 1
Fe-05 1.77 0.05 Cé"Fe'Ci" Q0 1
Fe-Cq 1.76 0.04 , v 91
Fe-Cé' 1.77 0,02 C6seCé' 91

Av FeC(CO)1.77 CLlivutct 94
co{co) Av 9>
cAlt-oftt  1.13 0.03 C;FeCy! 82 1
Cé-Oé 1,20 0.03 CiFeCi" 85
Cé-Oé 1.13% 0.03 Av 8%

- | k e
C5 05 1.14 0.03 051006 101 ik
C5-05 1.16 0.04 C5Fec¢' 102 1
CLr-04! 1.15 0.03 CiFe'cy!! 97 1
Av CO 1.15 CéFe'Cé 101 2
Av 100

2pw,2pwb ¢

Angle G Av. Si;j

Cg,Cé' type: Cé,Cé" 5 4 , y

1 N — g O.)l

CB,Cé T 2

Cp.C{ type: C,Cy 5 * g 0.0k

)
Ci",Ci‘ 101

{
J
)
C,sC~ bype: Cit',Crt'! 0O ) )
1772 1 2 57 L 61 0.16
Id

1ot
C2,C1 :

. Cl,Cd o8 it
C{t,Cy! 59 5

-~ 1 _ da o~ o - 1 ] =1 1.
a. Test of octanedral (907) bonding abouk Fe, Fc %o C,om-ChL' T
orbltal omitted,

0. ‘The 2pmr ordival Tor Cl is teken «s perpendlc. .o $¢ Uhe bla.c
of C,C,C., where C. and C, are bonced to C,. )
J 4 J K i

¢, Overlap integrals Si, are discussed later In tne text.
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Teble 4., Atomic Parameters® and Standard Deviabions (g7
for (COT)Fe(co)3

Avom xy Yy 2y X3 Yy g
Fe 0.7690  -0.0613  0.7500  0.0003  0.0002 =-=---
Cg . 504 ~-.097 750 .002 001 eeee-
o5 . 335 -.110 .750 .002 001 eeee-
Cs .867 -.140 637 .002 .001 ‘0,001
Og .92%0 -.192 .568 0v2 .001 .001
C, L7 .062 .688 .001 .001 .001
Cy NS .054 618 .002 .001 .001
C .558 115 .608 .002 .001 .00L
C, A2 - .164 .685 .002 .001 .001

Byy Poo Py Pio By boy
Fe  0.0074 0.0022 0.0033  -0.0000 0 0
Cs 013 .002 .012 -.002 0 0
0y .013 .008 .018 -.004 0 0
Cy .010 .00 .005 .001 ~-.000 .GOL
Og 042 . 006 . 008 .004 - LU .GOw
C, .018 .00 . 007 .002 .CO2 .01

.020 .00k .005 -.002 ~.000 .00
C.; .020 .00% .009 -.001 ~.00u L0072
Cy, .016 .003 .011 -.000 ~.005 .001

a The other nall of the molecule is generated by & ml:ror
plane at z = 3/,
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Table 5. Distances (in A), Angles (°) and standard
Deviations (&7) for (COT)Fe(CO)3

Fec(cCOT) Dist.
Fe-02 2.05
Fe-C; 2.18
c(cor)c(cor)
C,-CJ! 1.42
C5-Cy 1.42
C,-Cy 1.45
C4-Cy, 1.34%
C.-C}" 1.49
Cl—Ci' 5.04
C5-C4" .27
Cp-Cy, 3.3
Fec(Co) .
re-Co 1.79
Fe-Cy 1.80
co(co)
C5-0c 1.12
C5-0g 1.13
a,b,c

See corresponding rootnotes to Table 3.

<
0.01
0.0l

0.02
0.01
0.02
0.02
0.03
0.02
0.03
0.02

0.01
0.02

0.02
0.01

ccC
0102
020103

t1
Cs

c.co o
o7
FeCO

FeC5O5

FeCg0g
Crec®

; 1t
Cll"eCl

C5FeC1

CGFCCé'

Angle
124,06
152.4
133.2
131.8

172.9
178.2

\Z C» \C
D ~N Gy
~ —~ O oW

100.
163%.0

S ouw 9

O O

=
Ul

o O ©C O O O




. Table 6. Observed Structure Factors

a for

(OC)BFQCBHBFG(CO)B

h=0 Sk,ﬂ) (0,2-10) 125,a, 82,a 20,a,17,a,21;
(1,1-9) 36,10,43,29, 7,a,,,,a, &5 (2,5-9) 12,14,
17,17,18,18 ,10; (),1-10) 27,10, 11:)4:28:Joaa:
22,a2,10; (4 ,O 9) 20,164,4! ,lOl 2%,14,8,2,12,17;
(5,1-10) 21,a,40,3k,27,2. a,? ,“,1A (6, 4-3) 10,
24,a,10,12,12; (7,1-10) 34,. .9, a,)9,a,22 a,a,l8;
(8,0"8) 177,8. 8 ,48,40 26,a,~_. - (9 "9) 25 lb,
22,8.;20 22,&,10, (10,6 8) 14;&;12, (ll 1“8) 10, '
18,16,18.4,21,a,ll; (12,0-8) 13 o4, 20,h1 14,a,a,
a,18; (13,3-7) 14,12,14,a,12; ( .,5) 10; (15,5)
143 (16,0-%) 24,a,20,10,1k; (1 1) 0.
h =-1 (k,8): (0 ,3~9) 14 a,)B,a,40 a,22; (l 2-8)
18,52,a,64,a,50,21; (2,1-8) 185, 149,a,;,2l,2§,a,
lﬂiH(B)l 8) 17,21,a, j? 21 35,&,18 ﬁl6)231
§5,;—7; 18,)j,2),28 18; (6 1-5) 55,98,a,07,20;
7,1-7) 20,27,27, a,+6 a,26; (8,7) 20; (9,J~d)
53,25,18,& 27, 18 (10 1- 5) (78,520,825 (11)5)
22; (lj,)—b) 2h,a,a,22; (1%,2-%) Sl,a,21; (27,0)
75 (18,1—3g 28)‘1,10
h =1 ék,ﬂ (0,1-7) 16,a,18,2,27,a,7L; (1,1-
85,16,64,a,47,20,29,16; (2 O~y ) 201, 141,¢J2,,J,
40,&,&,&,&,18; (3: ’9) 14,20, 85:a:4lJu:JJ:a:a:
20; (411“8) lj)leJGJeela)aJdJla) (b: ‘D) 57,15,
51,a,47,43; (6,0-8) 137,84,128,30, 54, 21,u,18,ao
€7,1 7? 50,22,51,21,29,a, 18 (8,; 7) 1/,h,a,h,18
9,1- 50,a,29,a, 23:17: (lO 0-5) 71,71,35,29,
17,27; 311 ,2-60) 18 16,20,a,20; (13,4-5) 19,18;
14,0—2 uo}/ol)jl (ld L) 15.

= =2 (k,£): (0,2-10) 174,0,31,2,19,2,20,4,54;
(111'9) 22,8, 8()%:J8JJ()”()dJ2hJ (943’8) lb,z,lu,
18’22’28’ ())l lO) l)‘LlJ.) 59))3)2) 290, 2;."“0;'&1)2}3
(4,1-7) 76,96,157,a,50,a,25; (5,3-10) 2k,a,i8,%2,
28, a, a,L), (7,2-7) 18, ho,Je h2,a,23; (5,1-C) b,
8h,22,42,a,51; (9,3—7; 20, 29,h,21 25; (11,2-0)
21 a, eo,a,zs, (12,1-4 35,fo,,8 22; (16,1-2) 21,
h =2 Eu, ): (0,0-10) 280,a,141,a,102,a,12 2,22,
a,1i; (1 0-6) 37, 80,31 oO 8G o¥,¢3 (4,1-;) 14,

13 2%, »25; é):o‘ ll;) 205,20,02,25, 225
(r,o-k 81,(_2,’), ,_)6 21 l.’Q,L_/,\‘l,e.’/, (D,u—-u)
’0:”0143:)):61 2l,a,a, 22: (O 2-7) 22, WO;Q;QO
a,18; (7,1 -8) 51 272, 58 a,B),a 21,175 {C,0-0)

[ e ~D 0
lUU;V){D:C):“J:G:LU; \ 2 ~‘J/ £5,25,4,8,2¢;

211 ,0=4 g 2l,a,22,a,22; Sle ,0-3) 43,50,a,22;
13,1-3 21:3:213 (16,0 23.




‘h = -3(k,£): (0,5-9) l6,a,28 a,28; (1,1-10)
2»,a 57,31, 47,a,“5,22,;1 (2,1-7) 146, 22,
101,115,74,20,20; (3,2~ 8) 42 20,32, a,)9,a,u1,

: . Eu 6 83 22,a,20; (5,1-8).16,a,a, 1@ ,a,141,20,20;

a : - 6,1-6) 33,98,55,9%,77,22; (T,1-T) 17, 18, ;),

a,41,a,33; (9,3 327) 20,21,22,a, 24 3 (10,1-5)
66,26)54,3.)29, (11;6) 20 (1), ) l“-l- a, )2,&,
5 (14,2 4) 51,a, 54; (18 1) 0.

h = j(k,ﬂ). (O,j-?) 41,a, %),a 17; (1, 1—6) 32,
21,a,a,60,25; (210" ) 5:d: 3):31 a, 21{
(3,1-6) 18,82,20,069,a, 32; 5) 27,a, a,
203 (5,0-7) 4k, 24,7433, 58, 26,20,17; (6,
109, 28:84;43:3;18:213 ({ 0- f) 33:39 17, 59,&,
5,22, 18; (8:3'5) 183a:23: é9;\ J) 17 J1,21,
29,a,29,23; (10,1 -3) 40,a,206; (11,0 4) 18,26,
a d;28’ (13) ) 2“’; 314,0 2) ,U.;._)'l‘

= -4(k,2) 5032"6 377)aJ49’aﬁL7J (1 1-9)
14 a:a:a:)S 20, a,24; ( 20; (J:l“ )
121, ashS: (5: -8) 16 l7ia}45J4332 21:

4

ﬁ( 1-7) 28,a,2 35,22, 303 (852-6) 111,a,
s} 21,21; ( 2,1- 5) 1u 6 nn
22,21,
-8) 42,a,71,2,20, a,20,4, 20;
4 21:)2Ja:2“) (2 ?"O) lo:
6) 20,2,52,21,50, a:fo
,16,&,&,& a, l(: ():1
73 (6,1-5) 29,a,32,3,20;
2035 (840"6) 52, aJ/)’a’
18,22,a,a,34; (11, A) 29
g 46 27,17; (lo o) R0,
1,/;&,3- Q, d,u)g/;cjn..,))
)'fl.'¥:2)f.v (?:h"/) U);
l~8) 25,22,u,a,4,01,8,
52,a,21; (611 () 57
]‘() )(:ﬁxeo:a:cjxv:
( Jl () ”9:

) 65 (191"6) 35:?:36:
12,17,20,2,265 (3,0-7)
0 U) 10, u,a,a3,10,8,29;
»22; (U 0- 6) 105,C4%,
24,3 a129J205 (dxﬁ)

9) 8):9

l—‘-.s.t.

9: (9 1- /) OJ:dJa:L
ll-l,)J,Ql,/),g,_/O Sl
h = 5(k,%): (0,5-5)_

20, 77,28; (2,0-5) 90
59,2,29,a a,55,0,8,21;
(),O 0) 42,18,42,¥§,l
Z0,2,a,4a,25; 7,10
2/: (9:0 705 (1035
h = -6(k,2): (0,2-8
(l j”b L/3’L/}L-,21);-'
A A0 S0 o DD (331—7)
(“:1 7) lol, H3:5b;551¢:
22,21,22; ((: ’7) o5ya,a
82,a,a,a,37,22,23; (9,1
50, a,J),a 20,

~

3

[
O
n

-’O

o]

“ 0N -
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h =6 Skag): (O:O 8) 4613:25:3120:3:39: e

(1,0-5) 30,48,21,48,a,26; (2,0-4) 10,17,14

16,20;‘E3,o-6 62,25, 35,4, 33,a,21; (&,0-1)

12,21; (5,0-6) 30,35,30,28,25,a,30; (7,0-53)

42,42,&,205 ( ,0- -5 50,a, 20 a,22,a,20; (9,0—3;

3L,a,a,21; (11,0-2 2l,h,22, (12 0) 26;-(16,0

16; ( ,;) 20.

h = -7 (k,8): (0,1) 11; ~,l~3) 52,u:a,u,22,
211“83 29)1051122 67 79)“‘:/ Jh): 7 ) 1/!
6,1=7) 49,77,53,2,29,52,31; (7,1-2) 35,22;
9,1) 34; (10,1-7) 26,235,051, a, 523 (1~,2—6)

J5,a,27,a,21. ,

h=7 éc,ﬂ): (0,1-5) 31,a,335, .,1%; (1,1-4) 05,

a, 6,265 (2,0-4) 18,15,a,50,52; (3,0-2) 59,2k,

19,31,20;
21

373 (4,0-2) 17,8,21; 85,0-3)
630”1) 66 ,21; (7 1-5 )7)“)22J“)
11,0-2) 18, a,ao, (12,0) 22; (14, o) 20,

h = -8 (h,ﬂ): (0,2-8) 07, 8_,a,}d,a,50;
1 ) )312)J18 3: ) 18 (4,1-7) 79)18)
4 aJ6“JaJ5)J 5,1- { :ayi:c:u:?1 (7

(l 0-3 2,0-1) 14,20; (3,0-%)
)912/;2):‘-”9) “ O) ’)U (b:o"'l') )l:-—):w:\l:lb
E(’O-l) 12:905 8 n"L) JdJLJt:d 09; (U O) K
11,0-2) 23,a,10; 813,0) 15,
= -9 (kJ”)' (O:l 12; (1 1 9) J* a,29,4,4a,
a,a 2): (2 1 9) 09370:27;11 58 Jf;Lz,E)’ld
2- lO) “9,a,28,a,a,a,25,a,20; (J: b) IGY PR
,a,d,2"‘ (b l 8) J)‘I', ))n,c;)d a,)),d,ge;
l )) 35,a,21; (9 9) 21,71,25,8,a2,2,2,,21;
s 5=9) 34,a,a,a, ?8 a,10.
K,£): (o 1-2) 29,a,22;
(3:0‘2) 'l a:JO (g:
1

111‘3) n3,0,52;
) 175 £5;0~1\
9

P

~ -
20,4,25;
233G, 0,

¢) 215 (13,0)

h o= =11 (k,2): (1,1=3) 26,a,73; (2,4-10) 1,
:391#7:25J2):?V: £3,2)_70; (5:1“2) 22 24;
12) 23; (7)1’9) 20,a,22.



h =11 (k,£): (0,1-3) 23,a,14; (1, 1; 9;
(3,0) 275 (4,0) 17; §5’°2 22; (11,0) 37.
h= =12 (k,8): (0,4-8) 20,a,77 , (1 1)
22; %3,23 303 24,1-9) 25,509 bk 0,47, )
42; (5,2) 22; (7,1) 24; (8,4-8) 26,2, 39,
a,22. ,

h =12 (k,8): (0,0-4) 16,a,a,a,16; (1, 1) 28;
(3,0) 23; (4,0) 12; (11, 0) 13.

h=-13 Sk,z):.(Q,' -7) 25,32,2%,35; (3,2)
2k; (5,2) 28.

h =13 (k,8): (1,03 14%; (9,0) 1

h3= Zi49skig): (0,4-8) 14, a,27,a,21, (3,2)
23; P

h =14 (k,2): (0,0-2) '16,a,18; (2,0) 17;
(3,0) 17.

@ pange of 2 ond value of k are indicn
in palcntheoeo Absences are indlcatod
by the symbol, a.




4 =0 h, :
22,14; (o s
29:21 12: ’
(1-7,5
21 36 25,15;
16 49,18,44,
45,51 56,14,
12, 35,13,29,
12,23,20; S 5
L =1 én sk): (2-8 ,
48,50,6,51,a,29,15; (1-8
(0-8,3) 53,55,84, 34,41, 2
13,)2,9,18,a 15; (0-7,5)
(1-8, ) 9,2, 29:2612033:1
u»,Lp 1 (1—8 8) 2h,25,a
)):a;49:d)J18:a:173 (2‘8:1
(0‘5111) ;7:32)58117)251155
2(59,20,14,15,u0,17; (2'5114
15)91)&,18; (O );l/) 9,;@,0. 18
£ = 2 (h,k): (0-8,0) 10l,a 64, a,¥8,a,2),k,1~, (1-7,1)
6,22,23%,41, 11,0,24 (o 8, ) o1, M5, b, 5l Bk 5y, 22,1ﬁ
12, (1 9,)) 60,25,5,41,a,20, 14 8 20 (O-7,%) h),bj,u,
71, b,zg,a 165 (1-8,5) Lg,lo 2,175 13,20, 10, 13; (0- /,u)
SO U d) 5{ 18 45, :)DJlj:QBJ (1 319) b ! ql ]l;l8
0-0,10) u47,29,26,20,17,L4%,23%; (1.-0, 11) 19.u,a 10,06,
11; (1 ),10) 5(,12,51,a 16, 6,17} 10; (o-;,lw) 1y,1u,
16,24; (1, 1)) 10, (0-2, 16) 1 a,22.
£ =73 (h, k) 8,0) »2,a,28, a,)l a,19; (0-8,1) 15,
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1;59:25:26:
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5,13
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I stee O
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Srae
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»9,25,11,14, 21 lU,

(1 -9, 4) GKJJlJJL)
5):2I 25,11;

7) 9, 66 21,6,10,

173 (0-7 2) 20,

)

2
a,21,a,19; (1-8,1) 117,
i

v oW A\ NN
OUiHEU1 O~

45 (0
Y 2o
)

)
251 L
) 20,2,21; (0-0,13)
J143 \l"b)l)) ) 2

23,560,062, 24 ,a),a 18,155 (1-8,2) 77,46,15,10,14,10,10,
11; (o 8,5) 121, 5(,0),27 58,19,20,a, 1), (1-7,4) *0,
2h,22,8,20,a, 17, (0-8,5) 92,19, 8*,a,4r,21,25,a,155
(l—b,b) 15,32,21,11,20,1h, ( -7, {) 25:‘015(33011J:92;
12,12; (1-8,8) 23,a,a,2%,12,12,a,1%; (0-5,y) 7,47,20,
25,11,19; (1-6,10) 5,a,12,a,12,14; (0-G,11) 26,12,u1,
a,20,12,14; 51—5,123 13,a,a,a,17; (0-6,13) 28,15, 20,
a,24%,13,10; 1'5114 9,a,8,3,13; (0‘5115) 20,19,17,

l‘i‘,a)lbj (1—5)17) 16,8.,11.



Z =% (h,k): (0-8,0) 2),&,64 a,h6,a,13,a,10; (1-7,1)
5,16,11,23,20,a, 28 0-7s ag 54 46,)a 5,28,48,11,15;
(1-8,3) 19,2,27,32,4, 1), (6-7,%)716, 82,;,02,1,
L1,a,20; (2-8 5) ;(,a,l7,,,12 17,10; (0-7,6) 52,08,
29,52,23,14,2,17; 3-7,73 3h,a,15,a,11; (0-0,8) 50,
a,30112,23319;l6; 2"'5)9 _.._.’20 O 20 (O () 10) 10,
35,19,24, 20, 5, 14%; (5-6,11) ;;,14; ( -5,12) 14,34,

4o,a , 223 ( ,1;) 13; (0-5,14) 11,27,15,22, 18,17,

2 16) 13,10,20; 81,1() ; {1, 18) 3,

(ﬂ, ) (2" 2)1'56.,21 a;)l oy 12{. § "IT l)

)
0-

8, uz,a,46 25,34, 27 12; (1-7,2 lb,G,a 26,3,15,18;
0-8, 33 77,%0,59,28,49,8,19,a,8; (2- 5,4) ll, 2k,a, 16;
0-8,5) 70, a,65 51,29,25,25,a,27; (1-6,0) 59, 15,18,

;2,113 (o ) )M 51,20,27, 14,16,15, 10; (2-5,8)
58,1, 1k; (o 5,9) 38,37,10,25,a 20, gl -0,10) 14,
,2,17,2,15; (0—6,11) 29,a, 31,21, 2;,12 (;,37) 10
é -6, %p) 22,a,32,a,17,a,2L; (1, 14) (o -1,15) 20, 1),
»17) 12
= 0 (11:1\): (O—0,0) TO:d:D(:a:J.}:U«:lu: (l ) oA,
,4,19,1,,1., (0-7,2) 58,21,5H4, p),)( 9%,11 11;

,5) 17,20,22, 17,a,1 8: (1 -5, ) 52:31 tD,a,29;
,t‘ 25, 18 9,21, 8: (O f 6 O L)a;)l 9,27,20,10,Y;
9,31 a,l4 10 10; (0-5,8) M,a, ul a, s, 11

s j,le,a a,lb, (1-5,10) 29, NO a, 25 12; (5-0,
) 9,10; (0-5,12) 12,28,a,a,3,18; (0 ,1,) 75 (1-2,1%)
19 16; (0-2 6) 2k, a,l{

4 o= (ih,k ) (2 0) 11,a,40,a,12; (0-7,1) 5%,50,11,
‘“j,ld,)_), »9 (-) 12) l/)luf:u:lo 19: (0 8 ) lll )25,
55,0, 25,a8,11,4, gl n,hY 24,a,20,14%; (0- 6 ) lO 13,
29,11, 20, 1?,h,, -0, ?I a,ll,a, 12 10 (0-05,7) >n,
58, a, 10, ]l 18,1%; ('l— &) ll 11, l), (O b,()) l(),),,.’;,
a,u,18; (4, 10) 12 (o ,11) ’4 20 Lh,a,a,2,19; (L-U,
12) 9,a,a,a,17; 2,135) 20,a, 1& (1,108) ot

£ =8 En,k) (O -4 o) Qb 4,68 a,44 (1 5, ) LO,1h,27,
a,10; (© 7 2) 52, 2),)0 20:)11&*:1):11: 2- D:J) led;
*-’-)a:ll: (0-5, f) 19;1' 5,8%,9,a,21; )—U,)B 10, 1«‘:“.91”:
(0-6,0) 44, 25 20,17, 51,a,10; (0-6,8) 1/,a,)o a, 2%,
11, 17: (1 ) 9,22, a)-L5J (O -5, lO) 2u, 18:).):‘A:1DJ
12, (2,11) 1), (0-5, 12) 12,28,a,2,a,15; (1-2,12)
7,Lh; (0-2,14) 12,11,15; (2 10) 18.
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L =9 éh,k): (4,0% 28; (0-7,1) 24,42,15,38,a,17,a,
83 (2' :2) 10,16,3,a,9; (0'6:j) 55:14124:2jJ1513:
12; (1-2,4) 17,9;(0-4,5) 26,14,26,10,20; (3-6,0)
8,7,a,12; (0“317) 8:%:15:593 (2-5,8)_9,&,15,133
(1-5,9) %2,a,22,10,16; (0-2,11) 27,16,14%; (1,12)
15; (0—2,13§ 18,2,25; (1,15) 14; (1,17) 13,
z = 10 (l‘l;‘t{ . (O—4,0) 38,&,56,&,21; (2—7,1) 10,
1%,a,a,a,10; (0-5,2) 20, 34,2':,10,17,15; (1-2,3)
8,9: (l‘jxqg 37,&,27;-&3,5) <H (0‘4:0) 15,23,21,
22,20; §2:7 11; (0‘4: ) 22,a,20,a,18; (5:9) 11; .
0-4,10) 17,14,14,12,11; (2,11) 13; (1,12) 24;
1,14) 130

=11 (h,k): (2-%,0) 14%,a,10; (0-7,1) 29,20,a,
17,a,a,a,8; (4:2) 11; (0'6:3) }7,&,26,11,21,&,8;
(0"4:5) 29,a,52,15,20; (116) 1k; (0"3)7) 14,a,15,
15; (%4,8) 11; (0-5,9) 11,18,a,a,2,11; (0-2,11)
14,a,20; (2,13) 18; (1,15) 13,
b o= 12 éh,k (0-1,0) 21,a,18,a,17; So-g,g) 1it,
21,16,16,a,13%; (1-3,7 9:3385 21’514 35J&;27§
(2:5) 9; O“))G) 16,20,11,10; (3,7) 9; (0“2:5)
20,a,12; (1-2,10) 13,9; (1,12; Loy (L,14) 17,
L =13 (h,k): (4,0) 9; (1-3,1) 18,11,11; (O-4,2)
17,13,21,a,13; (0-2,5) 27,8,20; (3,7) L2; (1,9)

0-2,0) 22,a,21; (0-2,2) 20,7,14;
) 17,a,14%; (0-2,0) 19,13,12; (3,7)

,10; 11, ) :
i6 22; (1"2:§) G)lji (2:5) 13;
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Range of nh and value of k are indicated in
parentheses, ancé an avgence is indlcuaibed by 2,
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. .f&bléi%: Ozbital overlaps in the Fe=butadiene - SR
| 77 lunit in cggRe(co); . o

2p carbon orbitals

Fe

Coroitals  CF  Cyiof® °1‘°£h B S
ks A70 .26 o .eee .22 0
4p.° =063 042 -ahd . ,132 .09% . .096
| kp,, 129 ¢ L0k2 bk .020 .094 -.096
bp,  =.098 -.136 o ' .096 - .118 0
3, =-.028 ~-.040 o .040 .050 0
340_y2 045 o  .066 =024 0 -.0k2
M,, =024 - 03k 0 ~.008  =.009 0
3d,, .00k .006 -.001 004  =,036 .057
3y, .00k .006 001  -,062 =,036 -.057
(a%sp”)d -.016 -.024 0 182  ..223 0
(a%sp?)_, .122 .170 ) o4 208 0
(as0%), .052 .38  -.068  .160  .126  .0k8
(a®sp?)_, .150  .078 3% -.026 .03 =089
(d23p3)y .146 .138 .068 .106 126 -, 048
(d28p3)_y-.036 .78 -.134 .076 .030 .089

a. Normalised antlbonding orbital formed from indicated 2p orbitals.
b. Normalised bonding orbital formed as lndicated.

¢. All orbital subscripts refer to the axes on Fe in Fig. 3.

d. The octahedral hybrid orbitals of Fe are designated by (despB).
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Legends for Filgures

Figure 1. Side view of the (oc:)BFe(co'r)Fe(czo)3 molecule,
showing the nearly planar C,Cy .gc£ group associated with
Fe, and the ciCéCé"Ci" group cooxdinated to Fe!,

Figure 2, ProJjectior: of one (OC)3Fe(GOT)Fe(CO)3 molecule
along the a axis of haif of the unit ceil. The origin is

at a center of symmetry. Other molecules hsve been omitted

for clarity.

Figure 3, Side view of the (COT)Fe(CO)3 molecule, projected

along the ¢ axis, with symmetry elements added accariing tc

the coordinates of the £l 2ircles. Th=2 opzr ircies are added

for perspectivs oniy. The (COT ring forms two plLares, the noxrmals

of which are 41° apart., Qotahedral ciesp-3 ortitals from Fe to
CO are approximately indicated by lines, and from Fe to Cl 1 ¢l
{ by O0's; the remairing c~tahadral orbital., %, 18 hybrid-
ized with the thrse ng 3d orbitals tn make ¢ ani ¢", which
overlap, respectively, with the w orbitslis from 02 ani Cg,
The Fe orbitals in Tabkle 8 are refervad to the x, y and z

axes shown,

Figure 4, Back donation from filled d crbital of Fe to vacinh

antibonding w orbitali of CO.



'l’_['l““”'[“‘"‘m’ﬂ?“"":iﬁ“fm'(‘ RS

Figure 5. Projection of'thé dihedral form of the COT ring
onto a planar octagon, showri as open circles 1.40 A apart,
The C;, C,, C; and C; atoms are bound to Fe 1n-(com)Fe(co)3.

26

Figure 6. Molecular structures I2>, IT2', 11122, Iv2® in which

the butadliene~iron residue has been observed by X-ray diffraction,
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