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The compound trans-1,4-bis-(m-cyclopentadienyldicarbonyliron)buta-1,3-diene, [r-C;H:;Fe(CO)]:CiH,, crystallizes in the
centrosymmetric monoclinic space group P2,/c (Cand) with @ = 6.794 == 0.005 A, b = 11.471 = 0.010 &, ¢ = 11.787 = 0.007
A, B = 113.14 &= 0.02°,and Z = 2. Observed and calculated densities are 1.60 = 0.01 and 1,596 g cm ™3, respeetively, A
single-crystal X-ray diffraction study based on data out to sin # = 0.38 (Mo Ka radiation) has led to the unambiguous loca-
tion of all atoms, including the hydrogen atoms. The final discrepancy index for the 989 independent nonzero reflections is
Rp = 5.489,. The crystal consists of discrete molecular units of [x-C;H;Fe(CO),]2CsH,, which have crystallographically
imposed C; symmetry. The FeCH=CHCH==CHFe system has an all-trans configuration and is closely planar, as are the
m-cyclopentadienyl ligands. The iron-butadiene ¢ bonds are 1.987 == 0.005 A in length—i.e., some 0.12 A shorter than the
Fe~C(sp?) bond length of 2.11 = 0.02 & found in #-CsH;Fe(CO)(o-CsHs) and 0.07 A shorter than the Fe-C(sp?) bond length

of 2.06 = 0.02 A reported for w-CsH;Fe(CO)(CH,COH).

1.340 = 0.007, 1.450 = 0.011, and 1.340 = 0.007 A.

Introduction

The reaction of m-C;H;Fe(C0O);Na with cis-3,4-di-
chlorocyclobutene proceeds exothermally, producing!
the complex [7-C;H;Fe(CO);LCsH,. The room-tem-
perature proton magnetic resonance (pmr) spectrum of
this complex (at 60 Mc) shows two sharp singlets at =
3.76 and 5.05 (relative integrated intensities 2:5).
This unexpectedly simple spectrum at first suggested
that the complex might contain a new type of metal-
cyclobutadiene interaction and prompted the present
X-ray diffraction study. Both the present authors!®
and Davis!® have published preliminary accounts of
this structure.

Unit Cell and Space Group

Orange crystals of [7m-C;H;Fe(CO):,CH, were sup-
plied by the late Professor G. F. Emerson of the State
University of New York at Stony Brook. The complex
is air stable and is not X-ray sensitive. Optical exam-
ination and the observed reciprocal lattice syminetry
(Con; 2/m1) indicated that the crystals belonged to the
monoclinic system, TUnit cell dimensions at 24 =+ 2°
obtained by a least-squares analysis of calibrated
(axac1 = 5.640 A) high-angle precession data taken with
Mo Ka radiation (X 0.7107 A) are ¢ = 6.794 = 0.005 A,
b = 11471 + 0.010 A, ¢ = 11.787 = 0.007 4, and 8 =
11&13.14 £ (.02.° The volume of the unit cell is 844.7

3

A survey of photographs for the zones 0k, 1kl k0!,
h1l, hkQ, and hk1 revealed the systematic absences A0/
forl = 2n 4 1 and 0k0 for & = 2n 4 1, compatible only
with space group P2;/c (Cer).? The observed density
(1.60 = 0.01 g cm 3, by flotation in aqueous zinc iodide
solution) indicates two molecules per unit cell. (The
calculated density is 1.596 g cm—3 for M = 405.70,
Z = 2.) Thus, provided the crystal is not disordered,

(1) (a) M. R. Churchill, J. Wormald, W. P. Giering, and G. F. Emerson,
Chem. Commun., 1217 (1968); (b) R. E. Davis, 1bid,, 1218 (1968).

(2) “International Tables for X-Ray Crystallography,” Vol. I, The
Kynoch Press, Birmingham, England, 1965, p 99.

Carbon-carbon distances within the butadiene system are

the molecule is required to possess a crystallographically
imposed center of symmetry.

Collection and Reduction of the X-Ray Diffraction Data

The crystals are well-formed parallelepipeds with
large and distinet (100), (011), and (01T) faces. Two
crystals were used in the course of collecting intensity
data: crystal I (0.20 X 0.20 X 0.26 mm) was mounted
along its ¢ axis, and crystal IT (0.16 X 0.36 X 0.34 mm)
was mounted along its b axis. [Diniensions refer sequen-
tially to the [100], [011], and [011] directions in the crys-
tal.] ‘

Intensity data (Mo Ka radiation, X 0.7107 A) were
collected on a 0.01°-incrementing Supper-Pace Buerger
automated diffractometer using the stationary-back-
ground, w-scan, stationary-background method. Both
the technique and the apparatus have been described in
detail in a previous publication.?

Experimental details that are specific to the present
structural investigation include the following. (i)
The X-ray generator was stabilized at 48.6 kV/19.1
mA. (ii) The angle scanned () is given by w = 1.5 +
(0.7/L)°, where 1/L is the Lorentz factor. (iii) The
speed of the w scan was 2°/min. (iv) The initial and
final backgrounds were each measured for one-fourth
the time of the main scan. (v) Within each level a
carefully preselected check reflection was remeasured
after each batch of 20 reflections had been collected.
No significant [i.e., 2 3(count) 2] variations from the
mean were detected. This confirms that the electronics
were stable and that the crystal remained accurately
aligned.* (vi) I(hkl), the intensity of the reflection
hkl, was calculated as: I(hkl) = C(hkl) — 2[B1(hkl) +
By(hkl)], where C(hkRI) is the count associated with the
w scan, and B;(hkl) and By(hkl) are the counts asso-
ciated with the initial and the final backgrounds, respec-
tively.

(3) M. R. Churchill and J. P. Fennessey, {norg. Chem. T, 1123 (1968).
(4) Each crystal was also checked photographically at the beginning and
end of data collection. No problems of misalignment were encountered.
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Using equiinclination Weissenberg geometry, data
for the zones hkL (L = 0-10) were collected from crys-
tal I, and data for the zones 2Kl (K = 0~12) were col-
lected from crystal II. This represents, in each case, a
single complete set of diffraction data to sin § = 0.38,
save for the few reflections in the range 0 £ 6 < 4°whicl
are shielded from the counter by the lead backstop.
Long-exposure Weissenberg photographs had shown pre-
viously that there were few observable data beyond sin
6 = 0.38.

Data were assigned standard deviations according to
the following scheme (where 8(kkl) = 3[C(hkl) + B
(hkl) + Bo(hED)7®: I(hkl) > 1225, o{I(hkl)} =
0.1[I(hkD)); 1225 > I(hkl) > 8(hkl), oiI(hkl)} =
3.5[I(hkl) 1% I(hkl) < 8(hkl), reflection rejected.

Of the 1196 reflections obtained from crystal I, 253
were rejected; of the 1192 reflections obtained from
crystal II, 148 were rejected. Intensities were cor-
rected for Lorentz and polarization effects [(Lp)—! =
2 cos? gsin T/(1 + cos? 26) ° and an absorption correc-
tion was applied® (v = 17.86 cm™! for Mo Ka radia-
tion); calculated transmission coefficients ranged from
0.688 to 0.745 for data from crystal I (volume 0.0093
mm?) and from 0.577 to 0.756 for data from crystal II
(volume 0.0197 mm?3). Duplicate ‘‘check reflections”
were removed, the median value being retained in each
case. The two sets of data were then merged to a
common scale by a least-squares analysis of common re-
flections.” The resulting 989 independent, nonzero re-
flections were used in a Wilson plot,® which put the data
on an approximately absolute scale and yielded the
over-all isotropic thermal parameter, B = 2.45 A2,

Elucidation and Refinement of the Structure

A three-dimensional Patterson synthesis,® which had
been sharpened such that the average intensity was in-
variant with 8, revealed a set of vectors consistent with
an iron atom at x = 0.1315, y = 0.1621, 2 = —0.2359.
A three-dimensional ‘‘difference-Fourier’” synthesis
phased only by the iron atom (Rp = 35.49,)'° quickly
and unambiguously revealed the locations of all nonhy-
drogen atoms in the molecule. Five cycles of full-ma-
trix least-squares refinement of all positional and iso-
tropic thermal parameters led to convergence at R, =
11569, and R,z = 8.359%. A second ‘‘difference-
Fourier” map at this stage showed considerable resid-
ual electron density in the plane of the w-cyclopenta-
dienyl ring and showed asymmetric features about all
atoms other than Cg and C;. The hydrogen atoms of
the w-cyclopentadienyl system could not be identified
unambiguously, but those of the butadiene system
(<.e., Hs and H;) stood out clearly with peak heights of
0.5and 0.7 e=/As3,

(5) @is the equiinclination angle, T is the vertical Weissenberg coordinate,
and ¢ is the Bragg angle.

(8) Using a local modification of the IBM 7094 program GNABsS—a general
absorption correction program by C. W. Burnham.

(7) A. D. Rae, Acta Cryst., 19, 683 (1965).

(8) A. J. C. Wilson, Nature, 180, 152 (1942).

(9) All computations were performed under the cryM system. CRYM is
an integrated sequence of crystallographic routines for the IBM 7094, written
under the direction of Professor R. E. Marsh at the California Institute of
Technology.

(10) Rr = B|IFo| — |Fe||/2|Fol; Rur = Sw(|Folt ~ |Fe|n2/zw|Fols

STRUCTURE OF [7-C:H;Fe(CO):,CH, 1937

All seven hydrogen atoms were now included in the

_structure factor calculation (using calculated!* posi-

tions and having isotropic thermal parameters set at
B = 6.0 A?) but were not allowed to refine. Seven
cycles of full-matrix least-squares refinement of posi-
tional and anisotropic thermal parameter refinement
for the 12 nonhydrogen atoms resulted in convergence
at Ry = 5489, and Ryrm = 2.129%,. The maximum
suggested shift in any coordinate was less than 2.59 of
the appropriate standard deviation.

An “observed’’ electron density synthesis showed the
following peak heights: 4.3-4.9 e~/A3 for carbon
atoms of the 7-cyclopentadienyl system, 5.3-7.3 e=/As
for other carbon atoms, and 7.2-7.8 e~/A? for oxygen
atoms. A “difference-Fourier” map showed no signifi-
cant residual electron density, except in the vicinity of
the iron atom.

A test was now madde to see whether or not the in-
clusion of all seven hydrogen atoms constituted a legiti-
mate procedure. The structure was allowed to refine
to convergence othitting all hydrogen atoms from the
structure factor calculations. The discrepancy indices
thus obtained (Rr = 6.229),, R,m = 3.05%,) confirm
that inclusion of the hydrogen atoms leads to an im-
provement that is significant!? with a level of confidence
greater than 99.5%,. A final set of electron density
maps, through the plane of the =-cyclopentadienyl
system, led to the unambiguous location of the five hy-
drogen atoms of this system, with individual peak
heights ranging from 0.41 to 0.55 e~/A? (see Figure 1).

Throughout the analysis, the scattering factors for
neutral oxygen, carbon and hydrogen were used.!®®
The Thomas—Fermi-Dirac values for neutral iron!'®®
were corrected for dispersion (Af' = 0.4 e—; Af' =
1.0 e7).13¢ The residual minimized was Ew(}FOIZ —
| F%)2, wherew = [o{ F2(hRD) } ]2

Observed and calculated structure factors are col-
lected in Table I. Final positional parameters are
shown in Table II. Anisotropic thermal parameters
are listed in Table III; their appropriate thermal vi-
bration ellipsoids are defined in Table IV and are illus-
trated in Figure 2.

The Molecular Structure

The results of the crystallographic analysis show that
the molecule is the all-frans form of 1,4-bis(w-cyclopen-
tadienyldicarbonyliron)buta-1,3-diene. The molecule
possesses a crystallographically imposed center of sym-
metry (in the center of the C(7)-C(7’) bond atx = 0,y =
1, 2 =1/,). Asmay conveniently be seen in Figure 3,
atoms of the basic asymmetric unit are unprimed; those
in the “‘other half”’ of the molecule (which is related to
the basic asymmetric unit by the transformation:
x' = —x,9" =1-—wv,2 =1—g)are each labeled with
a prime.

(11) Hydrogen atom positions were calculated with d(C-H) = 1.080 A
and with the H~C* vector bisecting the appropriate C-C*~C or Fe-C*-C
angle,

(12) W. C. Hamilton, Acta Cryst., 18, 502 (1965).

(13) ‘“‘International Tables for X-Ray Crystallography,” Vol. III,
The Kynoch Press, Birmingham, England, 1962: (a) p 202; (b) p 211;
() p 216.
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OBSERVED AND CALCULATED STRUCTURE FACTORS FOR [7-C:H;Fe(CO),[oCHy (1N
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Figure 1..—Electron density maps in the plane of the =-cyclo-
pentadienyl ligand. (a) The “observed” electron density map,
with contours at l-electron intervals. The lowest (dashed)
contour represents zero electron density. (b) The “difference’”
synthesis, showing the positions of the five =-cyclopentadienyl
hydrogen atoms. Contours are at 0.1-electron intervals, the
dashed line representing the 0.1 e“/fi3 contour.

Bond lengths are collected in Table V, while inter-
atomic angles are shown in Table V1.

The complex may be regarded as a d® Fe(II) deriva-
tive; if, as is customary, the r-cyclopentadienyl ligand
is regarded as tridentate, then the central iron atom has
a pseudooctahedral coordination. Angles between the
monodentateligands—uviz., C(6)-Fe-C(8) = 90.6°, C(6)-
Fe-C(9) = 86.0°,C(8)-Fe-C(9) = 94.1° (each with ¢ =
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TasBLE I
FFINAL POSITIONAL PARAMETERS FOR
[m-CsH: e (CO)].CiHye e
Atom x &y 5
Fe 0.13069 (12) 0.26566
o) —0.1348 (9) 0.3299
4
7

~

0(2) —0.2285 (9) 0.077
C(1) 0.3256 0.234
C(2) 0.3016 0.1567
C(3) 0.3784
CH4) 0.4593
C(5) 0.4212
C(6) 0.0966
C(7) 0.0015
C(8) —0.0302
C) —0.0861
H(1) 0.2783
H(2) 0.2299
H(3) 0.3809
H4) 0.5327
H(5) 0.4628
H(6) 0.1678 0.5405
H(T) —0.0775 0.3720
@ Estimated standard deviations, shown in parentheses, are
right-adjusted to the last digit of the preceding number. ° Hy-
drogen atoms are in calculated positions.!! ¢ Hydrogen atoms
are numbered similarly to the carbon atoms to which they are
attached. v
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(10) 0.2410
0.4081
0.1224
0.2913
0.4857
0.4367
0.2049
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0.3%)—-are each close to the ideal octahedral value of
90°. 1In keeping with the observed diamagnetism of
the complex, cacli Fe(1I) ion reaches the appropriate
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TABLE 111

ANISOTROPIC THERMAL PARAMETERS FOR [m-C;H;Fe(CO).].CiH,o?

Atom 104811 104822 104833
Fe 193.7 (3.2) 62.1 (0.9) 59.7 (1.1)
O(1) 446 (19) 90 (4) 218 (9)
0(2) 391 (18) 155 (6) 111 (5)
C) 275 (22) 108 (7) 176 (12)
c@) 306 (23) 169 (9) 110 (8)
c@3) 314 (25) 104 (7) 188 (12)
C4) 134 (18) 234 (12) 216 (13)
C(5) 284 (24) 261 (15) 118 (9)
c(6) 214 (16) 63 (5) 62 (5)
C(7) 209 (16) 67 (5) 65 (5)
C(®) 273 (19) 70 (5) 103 (7)
C(9) 303 (22) 99 (6) 87 (7)

¢ The anisotropic thermal parameter, 7', is defined as:
dard deviations are shown in parentheses.

TaBLE 1V
ATtomi¢ VIBRATION ELLIPs0IDS FOR [7-C;H;Fe(CO),].CiH
Bmax, A Bmed, AZ Bmin, AZ
Fe 3.74 3.02 2.08
o(1) 11.38 4.70 3.50
02) 10.16 7.37 3.64
c() 9.10 5.55 2.79
c@) 9.18 5.73 2.97
C(3) 9.19 5.37 3.39
C(4) 19.86 3.30 1.96
c(5) 15.60 4.58 2.77
C(6) 3.55 3.15 2.86
() 3.81 3.22 2.66
C(8) 5.60 4.03 2.36
c(9) 5.92 4.48 3.12

@ Axis dimensions for the vibration ellipsoids are presented in

terms of the isotropic thermal parameter, B. The transforma-
tion to root-mean-square displacement is: (T2 = (B/8xr2)2,

Figure 2.-——The asymmetric unit of the molecule, projected in
the plane of the r-cyclopentadienyl ring. The 689, probability
contours of the atomic vibration ellipsoids are shown. (The
diagram was constructed using ortLIps, an IBM 1620 program
written by Dr. P. H. Bird.)

noble gas configuration (7.e., that of krypton) by the
donation of six electrons from a w-cyclopentadienyl
ligand, two electrons from each of the two carbony]! lig-
ands, and two electrons from a butadiene-to-metal ¢
bond.14

(14) An equally satisfactory way of enumerating electrons is to consider
the molecule as an Fe(0) complex with five electrons donated from a neutral
r-cyclopentadienyl ligand, two electrons from each carbonyl ligand, and one
electron from the metal-carbon ¢ bond. The difference is one of formalism
only.

T = exp(—ﬂuhz — ﬂzsz - ﬂasl2 - Bmkh d ﬂmhl - Bgskl)
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104812 1048 10482
—3.7(1.8) 105.5 (2.6) —26.5 (1.1)
—112 (14) 437 (25) —60 (10)
152 (17) 28 (18) 30 (11)
38 (20) 245 (29) —65 (15)
48 (25) 221 (25) —30 (16)
—69 (20) 300 (31) —37 (16)
—72 (24) 132 (25) —318 (19)
283 (31) 205 (26) 122 (20)
11 (14) 87 (16) —3(8)
23 (14) 102 (16) —7(8)
25 (17) 196 (20) —43 (10)
—35 (19) 152 (22) —43 (11)

b Estimated stan-

Figure 3.—Numbering of atoms in the [#-C;H;Fe(CO),}.CsHy
molecule. Atoms related to the basic asymmetric unit by the
transformation (—x, 1 — y, 1 - z) are marked with a prime.

TABLE V
INTRAMOLECULAR DISTANCES WITHIN THE
[w-C;HsFe(CO).].CiHy MOLECULE®

Atoms

Dist, A

Atoms

Dist, A

(a) Distances within the =-Cyclopentadienyl Ligand

Fe-C(1) 2.094 (8) C(1)-C(2) 1.327 (12)%
Fe~C(2) 2.091 (8) C(2)-C(3) 1.360 (12)
Fe~C(3) 2.088 (8) C(3)-C4) 1.387 (13)
Fe-C(4) 2.097 (10) C(4)-C(5) 1.433 (14)
Fe-~-C(5) 2.074 (9) C(5)-C(1) 1.369 (13)
Fe-C (av) 2.089 (8)¢ C-C (av) 1.375 (35)°
(b) Distances within the trans-Buta-1,3-diene Ligand
Fe-C(6) 1.987 (5) C(6)-C(7) 1.340 (7)
C(7)-C(7") 1.450 (11)
(¢) Distances within the Carbonyl Ligands
Fe-C(8) 1.747 (8) C(8)-0(1) 1.143 (8)
Fe-C(9) 1.752 (7) C(9)~-0(2) 1.146 (9)
Fe-C (av) 1.750 (7)° C-0 (av) 1.145 (9)°

@ Estimated standard deviations (esd’s), shown in parentheses,
are right-adjusted to the least significant digit in the preceding

number.

b Carbon—carbon distances within the =-cyclopenta-

dienyl ring are almost certainly low, owing to a large amplitude
¢ Esd’s for mean values are defined

of libration for this system.

as the rms deviation or as omean (Whichever is the greater).

The cyclopentadienyl ligand takes up the most sym-
metric possible rotational orientation such that the
iron-to-butadiene linkage (Fe~C(8)) passesdirectly below
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TasBLE VI

INTERATOMIC ANGLES WITHIN THE
[7-CsH;Fe(CO),)>C.H; MoLECULE®"?
Atoms Angle, deg

Atoms Angle, deg

(a) Within the »-Cyclopentadienyl Ring

C(1)-Fe-C(2)  37.0(3) CI)-C@2)-C@) 110.7 (8)
C(@2)-Fe-C(3)  38.0(3) C(2)-C(3)-C(4) 108.1 (8)
C(3)-Fe-C(4)  38.7(4) C(3)~C(4)-C(5) 105.2 (9)
C@)-Fe-C(5)  40.2(4) CH)-C(3)-C(1) 107.5 (9)
C(5)-Fe-C(1)  38.4 (4) C(5)-C(1)-C(2) 108.5 (8)
Av 38.5(1.2) Av  108.0 (1.8)

(b) Within the Buta-1,3-diene System
Fe-C(6)-C(7) 131.8 (4) CE)-C(T)-C(7") 123.8(7)
(¢) Within the Carbonyl Ligands
Fe-C(8)-0(1) 179.7 (6) Fe~-C(9)-0(2) 178.2 (7)

(d) Between Ligands

C(6)-Fe—c.o.g. 121.9 (3) C(6)-Fe-C(8) 90.6 (3)
C(8)-Fe—c.o.g. 126.1 (4) C(6)-Fe-C(9) 86.0 (3)
C(9)-Fe-c.o.g. 126.7 (4) C(8)-Fe-C(9) 94.1 (3)

@ See footnotes a—¢ to Table V. ? The symbol “c.0.g.” repre-
sents the centroid of the w-cyclopentadienyl system.

C(4) (withC@)---C(6) = 2.815 = 0.010 A) while iron—
carbonyl bonds pass beneath the C(1)-C(5) and C(2)-
C(3) bonds such that C(1)---C(8) = 2.861 = 0.010 4,
C(5)-+-C(8) = 2.895 = 0.011 A and C(2)---C(9) =
2.889 = 0.011 4, C(3)---C(9) = 2.935 = 0.011 A (see
Figure 2).

The r-Cyclopentadienyl Ligand.—The root-mean-
square deviation of the w-cyclopentadienyl carbon
atoms from their least-squares plane [—0.9797X +
0.2000Y + 0.0090Z + 0.5911 = 0]is only 0.005 A (see
Table VII). Individual bond angles around the five-

TaBLE VII

IMPORTANT PLANES WITHIN THE
[W—C5H5F€(CO)Q12C4H4 MOLECULE®?

Atom Dev, A Atom Dev, A

(a) w-Cyclopentadienyl Ring:
—0.9797X + 0.2000Y 4 0.0090Z + 0.5911 = 0

C(1) —0.001 C(4) —0.007
C2) —0.003 C(5) +0.005
C(3) +0.006 Fe* +1.731

(b) The Buta-1,3-diene System:
0.6232X — 0.3338Y + 0.7072Z — 04746 = 0
C(8) 0.000 Fe* +0.051
C(7) 0.000

# All planes are expressed in Cartesian coordinates (X, ¥, Z).
These are related to the natural crystal axes (x, v, z) by the
transformations: X = xa +2ccosB, ¥V = 40, Z = zcsinp. P A
plane is derived using unit weights for all atoms other than those
marked with an asterisk.

membered ring range from 105.2 to 110.7°, averaging
108.0°~—the ideal value for a regular planar pentagon.
Carbon—carbon bond distances within the ring range
from 1.327 to 1.433 A and average 1.375 A. This mean
value is significantly lower than the carbon-carbon
bond distance of 1.431 = 0.005 A found from an elec-
tron diffraction study of ferrocene®® (and which is prob-

(15) R. K. Bohn and A, Haaland, J. Organometal. Chemn. (Amsterdam), §,
470 (1966). '

Inorganic Chemistry

ably one of the most accurate estimates of a carbon-
catbon bond length within a =-cyclopentadienyl
system). Such discrepancies in other complexes have
previously been ascribed to librational motion of the -
cyclopentadienyl ligand.’® This must surely be true
for the present case—it may be seen from Figure 2 that
each of the w-cyclopentadienyl carbon atoms defines an
ellipsoid of vibration in which the maximum amplitude
of vibration is tangential to an imaginary circle drawn
through the five carbon atoms. The observed carbon—
carbon lengths (and their associated estimated standard
deviations (esd’s)) are thus underestimated by an un-
certain amount. [It should be noted that the indepen-
dent structural work of Davis'® on this complex also re-
veals large anisotropic motions for the atoms of the =-
cyclopentadienyl system. Although no esd’s are avail-
able, the average C~C distance is reported as 1.41 A.
The difference between this value and ours may, how-
ever, be derived from the hydrogen contributions being
omitted in Davis's calculations. ]

Tron—carbon distances range from 2.074 = 0.009 to
2.097 = 0.010 A, averaging 2.089 = 0.008 A (¢f. 2.10 A
in the determination by Davis!?). The w-cyclopenta-
dienyl system is thus linked symmetrically to the central
metal ion.

The Carbonyl Ligands.~—Each of the metal-carbonyl
linkages is linear within the limits of experimental error,
appropriate angles being £ Fe-C(8)-0O(1) = 179.7 = 0.6°
and £ZFe~C(9)-0(2) = 178.2 = 0.7°. Theiron—carbonyl
bond lengths are Fe-C(8) = 1.747 % 0.006 A and Fe-
C(9) = 1.752 = 0.007 A (¢f. 1.70 and 1.76 A in Davis’s
study'®). The species most similar to the present com-
pound for which crystallographic information is avail-
able are 7T-C5H5F€(CO>2(O’-C5H5> 7 and 7F-C5H5F€(CO)2—
(CH,COyH).'® The Fe-CO bond distances found in
these molecules are 1.70 A (average) and 1.72 A (av-
erage), respectively.

The carbon-oxygen bond lengths of 1.143 = 0.008
and 1.146 = 0.009 A in the present study (1.14 and
1.16 A in Davis’s independent study!?) are typical of
carbonyl ligands bonded to a transition metal.

The Iron-Butadiene-Iron System.—The present
crystallographic determination yields an Fe-C(sp?) o-
bond distance of 1.987 = 0.005 A. (Davis’s value for
this bond length is 2.05 A, with an unspecified esd,!®)
We feel that our bond length has a sufficiently low esd
for us to claim justifiably that this bond is signifi-
cantly shorter than the iron-carbon bonds of unit bond
order in 7-C;H;Fe(CO)y(a-CsH;) [Fe-Clsp?) = 2.11 +
0.02 A] and in #-C;H;Fe(CO)y(CH,COH) [Fe-C
(sp?) = 2.06 = 0.02 A]. After allowing for the differ-
ence of approximately 0.03 A in the covalent radii of
sp? and sp3-hybridized carbon atoms, the present iron—
carbon bond shows a contraction of ca. 0.04-0.09 A from
the regular Fe-C(sp?) single-bond distance. This is,

(16) P. J. Wheatley in “Perspectives in Structural Chemistry,” Vol. 1,
J. D. Dunitz and J. A. Ibers, Ed., John Wiley & Sons, Inc., New Vork,
N. Y., 1967, p 9. .

(17) M. J. Bennett, F. A. Cotton, A. Davison, J. W. Faller, 8, J. Lippard,
and 8. M. Morehouse, J. Am. Chem. Soc., 88, 4371 (1966).

(18) .M. L. H. Green, J. K. P. Ariyaratne, A, M, Bjerrum, M, Ishaq, and
C. K. Prout, Chem. Commun., 430 (1967).
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of course, entirely consistent with previous studies
showing metal-carbon bond contractions in other sys-
tems (such as acyls,!? aryls, 202! or perfluoroaryls?.22—24)
which are in conjugation with a metal atom.

Carbon-carbon bond lengths within the frans-buta-1,
3-diene fragment are: C(6)-C(7) = 1.340 = 0.007 A,
C(N-C(7") = 1.450 = 0.011 A, C(7")-C(6") = 1.340 =
0.007 A (1.36,1.47,1.36 A from Davis’s study'®). These
distances are each in good agreement with the bond dis-
tances in frams-buta-1,3-diene itself—1.337 = 0.005,
1.483 = 0.010, 1.337 £ 0.005 A, as determined from
electron diffraction studies.®

Finally, it should be noted that possible reasons for
the C,H, moiety exhibiting a single proton magnetic
resonance peak at 7 3.76 have been discussed in another
publication.®

The Crystal Structure

Figure 4 shows the packing of molecules in the crys-
tal as viewed down 4. The closest intermolecular con-
tacts (of each type) are: hydrogen- - -hydrogen, 2.48
A; oxygen. . hydrogen, 2.73 A; carbon- - -hydrogen,

(19) M. R. Churchill and J. P. Fennessey, Inorg. Chem., T, 953 (1968).

(20) M. R. Churchill, T. A. O’Brien, M, D, Rausch, and V. F. Chang,
Chem. Commun., 992 (1967).

(21) M. R. Churchill and T. A. O’Brien, J. Chem. Soc., 4, 266 (1960).

(22) M. D. Rausch, A, K. Ignatowicz, M. R. Churchill, and T. A. O’Brien,
J. Am. Chem, Soc., 90, 3242 (1968).

(23) M. R. Churchill and T. A, O’Brien, J. Chem. Soc., A, 2970 (1968).

(24) M. R. Churchill and T. A, O’'Brien, ¢bid., A, 1110 (1969).

(25) A. Almenningen, O. Bastiansen, and M, Traetteberg, Acta Chem.
Scand., 13, 1221 (1958),
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Figure 4.—Packing of molecules within the crystal, viewed
down b.

2.83 A; oxygen.-.carbon, 3.25 A; oxygen- -
3.41 A;and carbon - - -carbon, 3.50 A.

-0xygen,
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The reaction of azulene with an iron carbonyl is known to give rise to azulenediiron pentacarbonyl and a compound of high

molecular weight, previously formulated as (CiH;):Fes(CO)ys.
Fe4(CO)m and that it crystallizes from a 1,2- d1ch10roethane—hexane mixture as (CioHj):Fey(CO)yp - C:HyCls.
are: = 17.296 = 0.012 A, b = 15.541 = 0.011 &, ¢ = 12.915 4= 0.009 A, 8 = 114.53 = 0.02°, Z =

(Can®; no. 15).

zero reflections.
crystallization (which is disordered).

It is now shown that this latter complex is actually (CioHsg)z-
Unit cell data
4, space group C2/c

Observed and calculated densities are 1.818 &= 0.015 and 1.805 g cm 3, respectively. A single-crystal X-ray
diffraction study has been completed using data to sin § =

All nonhydrogen atoms have been located, the final discrepancy index being Ry =

0.40 (Mo K« radiation) measured with a scintillation counter.
6.229, for the 2040 independent, non-

The crystal is composed of discrete molecular units of (CioHs)oFe,(CO)yp along with 1,2-dichloroetharne of
The polynuclear azuleneiron—carbonyl complex has crystallographically imposed C,

symmetry and is composed of a 4-endo,4’-endo-diazulene ligand whose five-membered rings are bridged by an Fe;(CO),
moiety, while Fe(CO) groups are linked to the 1,3-diene systems remaining in each of the seven-membered rings.

Introduction
The present paper is the sixth in our series on transi-
tion metal complexes of azulene and follows detailed
reports on the crystal structures of C;HzFey(CO)s,2

(1) Research Fellow of the Alfred P. Sloan Foundation, 1968~1970.
(2) M. R. Churchill, Tnorg. Chem., 8, 190 (1967).

[C10H8MO(CO)3CH3]2,3 (’i-C3H7) (CH3)2C10H5M02(CO)6:4
C10HsMI’l2<CO)6,5 and (CmHa)zFe.s
The reaction of azulene with an iron carbonyl (Z.e.,
(3) P. H. Bird and M, R. Churchill, ibid., 7, 349 (1968).
(4) M. R. Churchill and P. H, Bird, ébid., 7, 1545 (1968).

(5) M. R. Churchill and P, H. Bird, ibid., T, 1793 (1968).
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