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ues for hydrated inorganic salts. More significant is
the observation that the trend of the displacement
magnitudes is in agreement with what would be ex-
pected from the structure. The oxygens with the
most ligands (O(1)-O(3)) have the smallest displace-
ments, O(4)-O(6) are intermediate, and O(7)-0(12),
with the fewest ligands, have the largest amplitudes
of motion. ‘

No thermal motion data could be found for a salt
which loses water of hydration as readily as Nas-
(CrMogOxHe) - 8H,0O. It is reasonable to expect the
water molecules to have equal or greater freedom
of motion than any anion oxygen. This is observed
to be the case. In view of the generally good agree-
ment with other structures of the magnitudes of ther-
mal motion of the other atoms in the salt it must be
concluded that the values for the displacements of
the water molecules are of comparable accuracy.

The anisotropy of the computed thermal ellipsoids
appears to be real. In all cases the maximum principal
axis is orientated in a direction which could be pre-
dicted from the observed structure. For example, the
anion oxygens which are bonded to only one Mo atom
(O(7)-0(12)) would be predicted to have the maximum
displacement approximately normal to the Mo—O bond
and this is found to be true for all of them. On the
basis of the proposed hydrogen-bonding scheme O(15)
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is coordinated to three atoms. This situation would
predict a marked anisotropy with the maximum prin-
cipal axis approximately normal to the plane defined
by the three coordinating atoms and this is what is
found. The O(14) atom provides the same situation,
but its coordination was chosen to yield agreement.
The distorted octahedron around Na(1) has one centro-
symmetrically related pair of faces which are appre-
ciably larger than the other octahedral faces. The
direction defined by the centers of these large opposing
faces would be predicted to be a direction of large
thermal displacement. It is observed that Na(l) has a
very elongated thermal ellipsoid with the maximum
principal axis in the predicted direction. This con-
sistent agreement appears to justify considerable con-
fidence in the accuracy of the present structure deter-
mination.
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Acenaphthylenediiron pentacarbonyl, Ci2HsFe (CO)s, crystallizes in the centrosyminetric monoclinic space group P2,/n
(Can%; no. 14) with ¢ = 10.056 = 0.007 A, b = 16.089 3= 0.010 A, ¢ = 9.376 == 0.006 10&, B = 91.53 3= 0.09°, pobsa = 1.74 +
0.03 g cm ™3, and pealea = 1.769 g ecm ™% for Z = 4. A single-crystal X-ray diffraction study of this complex has been com-

pleted, using counter data to sin § = 0.40 (Mo Ka radiation).
discrepancy index being Rr = 6,719, for 1791 independent nonzero reflections
units of Ci;3HzFey(CO); separated by normal van der Waals distances.

All atoms, including hydrogens, have been located, the final
The crystal consists of distinct molecular
The molecule consists of a modified acenaphthylene

ligand in which the carbon atoms of the five-membered ring form a w-cyclopentadienyl system which is bonded to an Fe-
(CO); group, while the three atoms C(5), C(10), and C(6) participate in a w-allyl linkage to an Fe(CO); group. The two
iron atoms are mutually linked vie a bond 2.769 A in length.

Introduction

Recent structural studies on the azulene—metal—
carbonyl complexes CioHgFey(CO)s,2 CipHsM 0, (CO)g,3 8
[(i-C3H7) (CHs)zCloHa]MOz(CO)G,3 8 [ClngMO(CO) 3~
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CH;l,," CupHsMny(CO)g,®  (CyHg)oFes(CO)yy,®  and
[(CH3)3C10H;3]R1,(CO) 41 have indicated that a domi-
nant feature of azulene-to-metal bonding is the use of
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the five-membered ring in a m-cyclopentadienyl—>metal
linkage. Again, in bis(azulene)iron,!! the formation of
a ferrocene system outweighs a loss of delocalization
energy and the creation of steric strain in the seven-
membered rings. Since polycyclic aromatic molecules
have both more extensive conjugation in their ground
states and more rigid carbon skeletons, structural
studies of their metal~carbonyl complexes should pro-
vide some indication of the extent to which metal-
carbon bonding will compensate for electronic and
steric distortions from the ground state of the native
ligand.

We now report the results of an X-ray structural in-
vestigation of acenaphthylenediiron pentacarbonyl.
A brief account of this work has appeared previously.!'?

Experimental Section

A solution of Fe(CO); (20 ml) and acenaphthylene (8 g, Aldrich
technical grade, recrystallized twice from methanol-water) in
125 ml of thiophene-free benzene was irradiated with a sunlamp
for 18 hr, refluxing under Ny;. The solvent was evaporated and
the solid residue redissolved in hexane and chromatographed in
batches on a 30-cm alumina column (Woelm, activity grade no.
3). The reddish brown band was isolated and concentrated to
yield crystals at —78°; yield, 1.5 g of purple-brown crystals
(189, based on acenaphthylene).

Mass spectral analysis showed the parent ion peak at m/e
404 and strong peaks at m/e 376, 348, 320, 292, 264 [correspond-
ing to C12H5F62(CO)5_n+ (ﬂ = 1‘5)] ) 208 [C12H8F6+] ) 152 [C12H3+},
56 [Fe¥], and 28 [CO"]. The infrared spectrum of the complex
showed carbonyl stretching frequencies at 2036 and 1984 cm™
(CHCI; solution). The product thus appears to be identical
with that prepared by King and Stone!®!¢ (which had initially
been reported as CiHzFes(CO)s!® and subsequently correctly
reformulated as Ci1oHgFe(CO)s14).

Crystals suitable for X-ray diffraction studies were grown by
the gradual cooling of a saturated solution of the complex in 50: 50
ether—petroleum ether.

Unit Cell and Space Group

Optical examination of the crystals and the observed
reciprocal lattice symmetry (Con; 2/m) indicated a
monoclinic system. Unit cell dimensions, obtained by
a least-squares analysis of high-angle precession data,
taken with Mo K« radiation (X 0.7107 A) at room tem-
perature (ca. 23 = 2°) and calibrated with sodium
chloride (anec1 = 5.640 A), are @ = 10.056 = 0.007 A,
b = 16.089 = 0.010 &, ¢ = 9.376 = 0.006 A, and 8 =
91.53 = 0.09°. The unit cell volume is 1516.4 A?.

A careful survey of 0k/ and 1kl Weissenberg and A}/,
hl1l, hkO, and hkl precession photographs revealed the
systematic absences 40/ for # 4- I = 2xn + 1 and 0k0
for & = 2n + 1, compatible only with space group
P2,/n, a nonstandard setting of P2;/¢ (Con®; no. 14)4
having the equipoints =(x, ¥, 2), =(/2 + %, /s — v,
e + z).

The observed density (pobsa = 1.74 %+ 0.03 g em~
by flotation in aqueous zinc iodide solution) is consis-
tent with four molecules per unit cell (pealea = 1.769 g
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Churchill and J. Wormald, Chem. Commun., 1033 (1968).
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1’1 ess, Birmingham, Iingland, 1965, p 99,
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em™? for mol wt 404, Z = 4). The space group thus
imposes no specific symmetry on the molecule.

Collection and Reduction of the X-Ray Diffraction Data

Intensity data (Mo K« radiation) were collected on a
0.01°-incrementing Supper-Pace Buerger automated
diffractometer, using the ‘“‘stationary-background, w-
scan, stationary-background’ counting sequence which
has been described in detail previously.® Experi-
mental details specific to the present investigation
include the following. (i) The X-ray generator was
stabilized at 49.0 kV/19.3 mA. (ii) The angle scanned
was w(kkl) = [2.0 4 {1.0/L(hkl))], where 1/L(kkL) is the
Lorentz factor for the reflection %%/, (iii) The scan
speed was 2°/min. (iv) Initial and final backgrounds
[B1(%kl) and By(hkl)] were each measured for one-fourth
the time of the main scan [C(hkl) counts]. (v) Within
each level a carefully preselected check reflection was
remeasured after each batch of 20 reflections had been
collected. No significant (i.e., >29%) variations from
the mean were detected, thus confirming the stability
of the counter electronics and the continued alignment
of the crystal. (vi) The intensity of the reflection hk!
was calculated as I(hkl) = C(hkl) — 2|B.(hkl)
By(hkD) ).

Using equiinclination Weissenberg geometry, data
for the quadrants #K[ and 2K/ (K = 0-9) were collected
from a b-mounted crystal of dimensions 0.30 X 0.39 X
0.48 mm (referred sequentially to the directions normal
to the well-developed (011), (011), and (110) faces).
Data were similarly collected for the quadrants hkL
and kL (L = 0-10) from a c-mounted crystal of di-
mensions 0.18 X 0.26 X 0.54 mm (referred to (110),
(110), and (101)).

This second set of data is complete to sin § = 0.4(),
save for the few reflections in the range (0 < § < 4°
which are shielded from the counter by a Pb backstop.
[Long-exposure Weissenberg photographshad previously
shown that there were few observable reflections beyond
sin § = 0.40.]

Data were assigned standard deviations according to
the following scheme, where 8(hkl) = 3[C(hkl) +
4Bi(hkl) + 4By(hkl)]/* and is the maximum probable
error in I(hkl) based solely on counting statistics:
I(hkl) > 1225, o{I(hkl)} = 0.11I(kkD)]; 1225 > I(hkl)
> 8(hkl), o{I(hED)} = 3.5[I(hkD]*; I(hkl) < 6(hkl),
reflection rejected.

Of the 1670 reflections obtained from the b-mnounted
crystal, 338 were rejected; of the 2375 reflections (which
include equivalent #k) and 7k) data) from the c-
mounted crystal, 359 were rejected. Intensities were
corrected for Lorentz and polarization effects [(Lp)~! =
2 cos? g sin T/(1 + cos? 26) ] and absorption corrections
were applied.” [With ¢ = 19.538 cm™! for Mo K«
radiation, transmission factors ranged from 0.406 to
0.635 for the h-mounted crystal of volume 0.0489 mm?®
and ‘from 0.614 to 0.740 for the c-mounted crystal of
volume (0.0246 mm?.] The 21 zones of data were

(18) M. R. Churchilland J. P. Fennessey, {norg. Chem., T, 1123 (1968).
(17) Using a locally modified version of Burnham's aNans: C. W. Burn-
ham, Adwmer. Mineral., 51, 159 (1966).
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merged to a common scale by a least-squares analysis
of common reflections,'® and the resulting 1791 inde-
pendent, nonzero reflections were used in a Wilson
plot,*® from which the approximate absolute scale and
the overall thermal parameter (B = 2.08 A2%) were ob-
tained.

Elucidation and Refinement of the Structure

All crystallographic routines were (unless otherwise
stated) performed under the cRYRM system?® using the
Harvard University IBM 7094 computer. The func-
tion minimized during least-squares refinement proce-
dures was ZJw('Fo‘2 — lFG 2)2 wherew = [a{FZ(hkl) }]‘2
and o{ F2(hkl)} is derived from o{I(hkl)} by appro-
priate adjustment for Lorentz, polarization, absorption,
and scale factors. Scattering cutves for neutral oxy-
gen, carbon, and hydrogen were taken from the compila-
tion of Ibers.?'* The Thomas—Fermi-Dirac values for
neutral iron?!® were corrected for the real (Af' = +0.4
e~) but not for the imaginary component of disper-
sion. 2l

Discrepancy indices used within the text are Ry =
S||Fo| — |Fdl/2|F,| and Ry = Zw(F|t — |Fo 22/
Ew‘ Fol*.

Positions for the two crystallographically indepen-
dent iron atoms were found from a three-dimensional
Patterson synthesis which had been sharpened such
that the average intensity was invariant with 6. A
subsequent three-dimensional difference-Fourier syn-
thesis, phased only by the two iron atoms, revealed
each of the remaining nonhydrogen atoms. Full-
matrix least-squares refinement of all positional pa-
rameters, anisotropic thermal parameters for the iron
atom, and isotropic thermal parameters for the remain-
ing nonhydrogen atoms led to convergence at R, =
9.47%, Ryp: = 6.89%.

A difference-Fourier synthesis now revealed the eight
hydrogen atoms of the molecule, with peak heights
ranging from 0.43 to 0.88 e~ A~3. The hydrogen atoms
were each assigned an isotropic thermal parameter of
3.0 A2; both their positions and their thermal param-
eters were kept fixed during a cycle of full-matrix re-
finement of positional and anisotropic thermal pa-
rameters for all 24 nonhydrogen atoms. This process
of locating the hydrogen atoms on a difference Fourier
map and refining all parameters of the nonhydrogen
atoms was repeated twice more, using two cycles of re-
finement between successive difference-Fourier maps.
The final discrepancy indices were Rp = 6.719, and
Ryr = 8.96% (¢f. Rp = 7.129% and R,m = 4.619,
with hydrogen atoms omitted from structure factor
calculations).

This method of positioning hydrogen atoms did not
allow great precision as is evidenced by the resulting
C-H bond distances which range from 0.78 to 1.33 A.
However, this disadvantage is more than outweighed

(18) A. D. Rae, Acta Crystallogr., 19, 683 (1965).

(19) A. J. C. Wilson, Nature (London), 160, 152 (1942).

(20) crYRM is an integrated sequence of crystallographie routines for the
IBM 7094 developed by Professor R. E. Marsh and his coworkers.

(21) ““International Tables for X-Ray Crystallography,” Vol. I11, Kynoch
Press, Birmingham, England, 1862: (a) p 202; (b) p 211; (c) p 2186.
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by the realistic picture obtained for the ligand—as may
be seen in Figure 1, all hydrogen atoms lie out of the
plane of the acenaphthylene carbon atoms and are
displaced gway from the two iron atoms.

PN

Figure 1.—The C;HsFe,(CO); molecule, showing the hydro-
gen atomn positions relative to the carbon atoms of the acenaph-
thylene ligand.

Application of Hamilton R factor ratio tests® indi-
cate that (i) anisotropic refinement of carbon and oxy-
gen atoms and (ii) inclusion of hydrogen atoms are each
processes significant at a confidence level greater than
99%.

At the completion of the analysis the standard error
in an observation of unit weight was 2.59.

Observed and calculated structure factors are col-
lected in Table I. Final atomic positions are collected
in Table II. Anisotropic thermal parameters are
given in Table ITI; their associated atomic vibration
ellipsoids are depicted in Figure 2.

Figure 2.—The 689, probability envelopes for the atomic vibra-
tion ellipsoids in Ci:HsFeo(CO)s.

The Molecular Structure
Interatomic distances, with their estimated standard
deviations (esd’s), are collected in Table IV; bond
angles (with esd’s) are shown in Table V. The scheme
for numbering atoms is shown in Figures 1-3.
The nature of the metal-to-ligand bonding is illus-
trated in Figure 2; the approximate C, symmetry of

(22) W. C. Hamilton, Acta Crystallogr., 18, 502 (1965).
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TaBLE I

OBSERVED AND CALCULATED STRUCTURE FACTOR AMPLITUDES (IN e~ X 5.00) For CiyHsFeo(CO);
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the CuHsFey(CO); molecule is demonstrated in Figure 3.

One iron atom, Fe(l), is bonded symmetrically to
the carbon atoms of the five-membered ring vie a =-
cyclopentadienyl—metal linkage. The five carbon
atoms C(1), C(2), C(9), C(12), and C(11) have a root-
mean-square deviation of only 0.005 A from the least-
squares plane 0.6305X + 0.5050Y 4 0.5892Z — 8.3025
= ( (see Table VI). Individual carbon—carbon bond
distances within this w-cyclopentadienyl system vary
from 1.415 (13) to 1.441 (12) A, averaging 1.431 A,
The C-C-C bond angles vary from 104.9 (7) to 110.6
(7)°, averaging 108.0°. Fe(l) lies 1.725 A below the
plane of the ring, with individual Fe--C distances rang-

"
\
] 2
4 3
. .
. 5
1 &
2 b
3 ’
. .
s {
. 2
1 '
. N
1 5
2 €
3 H
. A
5 M
. L
FE H
7 s 3
3 ] N
3 o2 o 4 5
3 o s 1
CRe 3 ok s
Fa PERY v
e 2 513 %50 & vz 2
o 4 1% W 4 2 [ v 3
o s W oW, o ’ o
UL w4 1o 3 v
Loz o1y 1z o« s e 1 H
foa o o oa g o 2 3
Lo oam s 1 1o 3 .
LS 12y iz s 2 21 . N
L7 s W s 3 : o2 N e
P T 3t S 2 3 7 e
t oz o oaw s s 7 a .
23 Uy R s . 2 s s Wl .
Z a1 i3 5 7 FEY 1 10
F 91 s 27 H 3 212 289 1
vz M e N 5 § 13 20 2
[ i e 2 3o . 789 a9 3
.2 1 6 3oz . s .
P s 3 3 . H s
‘s 200 4 FR i . .
DS o e 30 v s ]
PR 19 1 e 2 . .
s 1 1712 3 3 1] s
s 3 a2 1 3 . . oo s
s 4 161 8 [ 5 s 9 1278 N2
s 8 w7 “ o2 ° 10 1w 403
s s w1 PR s 2 2 533 943
I s 1 7 o 1 3 IR ERE
. 2 s 7 g a8 H . B I3
6 3 FrCO PO 3 5 vos oo
.. v a7 a7 . . s 4 T
o 8 (a1 5 v nos 7 o720
P o a7 PR nooe ? o s im2
7 nooe 51 nor b Tl 28
L] e 9 3 s 2 FE I 10 12 s
7 w8 s s 3 12 \ 1oyl
LI o0 e s 5 ’ H Toe a2
22 w9 s 5 s 3 15 e
s 3 a0 a2 s 3 . 1T oan
e 4 T T 37 ‘ s 1 i
3 s o W o 2 2 5 . M
& b tes 1M o 4 o1 i t 1
a1 e o s s 2 1 5
a7 a2 L4 0 s > ? H
PO B IO TR T s a z 1o .
LIRS TE R LA R b s 1 '
so 2 1% 8 a3 2 s e s : .
O I T O T C S I i e > .
o113 1% 13 s I « T ojos . »
o2 1m0 T 2 173 240 s 1
1) 24 223 ge 1 12 . .
K14 a5t je0 1e 2 T3 7 .
121 26 200 i3 2 L] ] .
122 1es 18 1 w2 9 M
T ¥ .
[
2
3
N
s
.
1
\
H
N
s
.
7
I
1
2
3
5
.
1
2
1
N
s
.
1
s
2
3

°
°
o
1
1
1

'

1
i
1
1
i
2
H
H
2
2
H
H
H
H
3
3
3
3
3
3
3
3
3
3
.
«
N
N
N
.
.
N
.
s
s
H
H
s
s
s
s
s
.
s

N
s
s
7
7
T
7
?
T
1
1
1

H

Lofo koL KD FC L KO KL KL kT B N L FO B N L FD  KC
243 244 220 23 102 108
0 1 i1
512 am sal 407
B 15 e
2 . [y
18 0
tee sz
e
87

Pttt St vl v etetcbotatat -t -3 2- DN

°
o
]
1
s
i
1
1
1
1
2
H
2
H
H
H
)
H
3
3
.
‘
N
N
.
.
s
3
s
s
5
s
s
.

1 H 3
1 H . 1
1 . 5 2
1 s . .
i . 3 °
1 7 2 H
1 . o 3
L H 1 .
H 1 H 5
7 H 3 .
? 4 It I
2 s s o
2 . . 1
H ? 1 3
H ] 3 .
F . . s
2z o . 7
2 3 v °
2 2 . H
H 3 o 3
3 + 1 7
3 s z °
3 i 3 1
] 3 6 7 . H
2 3 P s 3
s 3 I 7 s
2 3 roa ° .
H 31 [ 1 o
a . T2 z 1
1 . T3 3 H
. . T . H
H . T s . .
! . 7. 7 s
. [ .
1 . ! H H
2 . H ' 1
3 s a 2 oo
N s a "oy 3 I
s s s . [
4 s [ 2 L 2w s o
2 s P o 3 wto ase i Ty
] s s 0 € 3 248 i3e 1 (]
B s 2 PR T o T
18 5 v 3 e ' (Y
' s PR T 2 v
2 6 s [ 3 7.
3 s s 7 [ . o
. s w0 [ s 1
s o LY 1. o 3
. . 1 s Toe s
1 . w3 e [ o
] s oo pox 3 o2e 1
3 s - e 4 200 3
19 . e 7 o 5 1% .
Q oy w07 [ [t s
: e ot [ o s H
H LY o [ T 1
3 (] (4 LS v a0y H
A T o P o 182 o
5 T e [ v !
s T s 120 [ 3 0 H
v T 12 3 v oae
' 71 12 7 32 s 21e
N 7 1z 3 13 PERYS
1y ° 12 3. o az3
] 1 12 30 2 e
1 8 2 17 FIEY 3 2c8 LY
H B o2 E soaw o 3
i s 13 4 3 s s aer o s
] [ B [ 1o22e 1o
N I [T PR z 1o FRY
] P [P <2 & o P2
3 s 0 [OR . Vo2 1o
19 [ s D 3280 [
9 LI ] PR o ios s
\ DI 1B PR 1oae s
H L is s P 2 o
3 e [T PR} 21
. s 7 w2 PO FR
i s YO s Wt P
s 10 oo 5 2 [
] o s 3 1 T s
[ 2 s 5 [
b oo s s 1 [
H 1. e 5 ° 32
3 s < 7 L [
. o 9o 0 s 2 a0
s noz o 2 [ 3 DT
[ [T P PO « .« o2
N3 o3 e o s P s .3
v oes 1 18 FI IS . PO
S 103 s 1z o [ [ T P
ey o2 11 b © 5 o
2 sce 3w 12 2 [ PO 1 [
3ol s 1) 103 .o 2 sz
T O L N 1 P H s
Sz uv o a7 s s 10 . s s
Toloe 1w 12 e e 1 5 s 1
Boase e 12 7 17 1. v PE]
Y olot w13 oo [l s . T e
o sz st 13 1 o LS I L
11 oz a2 1 e 1 1oz
o2 o1 ) H [ 2 T
3olos 1B 13 4 3 P H T
oA w0y s . ¢ 2 . [
S 18y 200 1y 7 s £ s [
s 32 3 e o . « s 7 ¢ 2z
v Tz 10y 14 2 ’ [ Q 0
Voo s + o 1 . 1
1o31s o0 g5 o 3 e LI s s 2
3w s 2 3 s 2 . v 3
Yo s s 3 H DI 7 0
ATz w1 3 PR ° w7
I LT TR . s 2
3 3 3 s o . .
1 IR . ¢ 3
. 0T Il 10 o . nen
s . w1 *
1 s o 102 ° °
. e "o « 107 \ '
o 351 a7 n oo 2 Ny
1o 1oass e 4 s 0o . '
T3 e 3 e P noz 5 1
3 a2 ] P no . 1
7 101 1 P nos o 2
(IR ] PR noe t 2
1291 2 ] o oo H H
1y 1 1 o 3 z
3oz 2 b 122 4 3
v e e 1 H 12 s 3
EEE T 4 . [EI] . 3
ISR I 3 s [T ’ H
ian . . 133 [ .
[ 7 T 13 1 .
11e . 1 "o 2 s
zoteg . . 10 3 .
[ERTIE 10 o [TE . .
[RRTSONTS ] H Mmoo . s
e 2 1 2 3 s
Lo 2w b " H 5
T By 3 1 s
1 24 . . " .
[ty 5 1 ° .
s 210 . . e 0 h T
o im 7 Q 2 . M
1 1 3 H . 3 *
2 s . 3 . ° .
3 o7 18 . . 1
3 s ° H
1 . 1 3
H 3 2 .
M » H 3 z
+ 3 “ 5 sy
2 s h s 3 338 2er
. . 5 i 1187 e
. 7 . 1o
H ] T 2 0
10 o . 2
1odm o iy e ° @ o2 M

ing from 2.078 (9) to 2.140 (8) A, averaging 2.112 A.
There are two carbonyl ligands attached to Fe(l).
Fe(2) is associated with three carbonyl ligands and
bonds to three atoms of the acenaphthylene ligand via
a w-allyl=>metal linkage, in which Fe(2)-C(5) = 2.241
(8), Fe(2)-C(10) = 2.051 (7), and Fe(2)-C(6) = 2.242
(8) A. [It should be noted that the Fe(2)---C(12)
distance of 2.652 (8) A is essentially nonbonding.]
Carbon—carbon distances within the m-allyl system,
C(3)-C(10) = 1.431 (11) and C(10)~C(6) = 1.431 (12)
A, are in keeping with previously reported values.2?

105

(23) M. R. Churchill and R. Mason, Advan. Organometgl. Chem., B
(1967), and references therein.
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TaABLE II

FINAL ATOMIC POSITIONS, WITH ESTIMATED STANDARD
DEVIATIONS, FOR CioHgFey(CO)s

Imorganic Chemistry, Vol. 9, No. 10, 1970 2243

Atom % y 2z
Fe(1) 0.24631 (11) 0.41773 (8) 0.30206 (10)
Fe(2) 0.38623 (10) 0.27104 (8) 0.26924 (11)
(1) 0.2664 (9) 0.4995(6) 0.4749 (10)
C2) 0.3268 (9) 0.5332(6) 0.3531 (9)
C(3) 0.5258(9) 0.4782(7) 0.1985(8)
C4) 0.5976 (10) 0.4079 (8) 0.1815(9)
C(5) 0.5858(8) 0.3330 (6) 0.2687 (8)
C(6) 0.4812(8) 0.2733(6) 0.4883(9)
(7)) 0.3917(9) 0.2885(7) 0.6075(9)
C(8) 0.3232 (8) 0.3593(6) 0.6192(7)
(9) 0.4340 (8) 0.4805 (6) 0.3088(8)
C(10) 0.5118(7) 0.3413 (6) 0.3962 (7)
C(11) 0.3349(8) 0.4239 (6) 0.5119(8)
C(12) 0.4345(8) 0.4124(6) 0.4064 (8) Figure 3.—The Ci;HsFey(CO); molecule, projected onto the
C(13) 0.1999 (10) 0.4421(7) 0.1259 (10) plane of the five-membered ring. Note the approximate C
C(14) 0.0802 (10) 0.3887(6) 0.3380(9) symmetry of the molecule.
C(15) 0.3424 (9) 0.2908(7) 0.0862 (10)
C(16) 0.2291(9) 0.2388(6) 0.3302(9) , o o
Q(17) 0.4563 (9) 0.1703 (8) 0.2370(10) thus attains the appropriate inert gas configuration, in
o(1) 0.1725(9) 0.4648(7) 0.0123(8) keeping with the observed diamagnetism of the com-
0(2) —0.0298(7) 0.3767 (5) 0.3583(9) pound.
88; ?):;’zg‘i Eg; ggggi Eg; 8(;?7"23235 The acenaphthylene system reta:ns fcw? uncoordi-
o5 0.4976 (8) 0.1062 (6) 0.2149 (10) nated double bonds, °C(3)—C(4l) = 1.3':)2.(?5) Aand C§7)~
H(1) 0.2290 0.5280 0.5280 C(8) = 1.337 (12) A. The bonds joining the various
H(2) 0.3500 0.5980 0.2880 unsaturated systems, viz., C(9)-C(3) = 1.405 (12) A,
Hgii ggggg 82133 8328 C(4)-C(5) = 1.463 (13) A, C(6)-C(7) = 1.473 (12) A,
H . . . _ = X —
H(5) 06900 0 2870 0 9440 E(S) C(11) 1.453 (11.) A, C(12)-C(10) 12.388 (112)
H(6) 0. 5720 02130 0. 4870 , may be compared with the accep‘Eed C(sp?)-C(sp?)
H(T) 0.4200 0.2610 0.6710 single-bond length of 1.465 = 0.005 A.?* The organic
H(R) 0.3200 0.3830 0,7000 ligand is no longer sirictly planar, as may clearly be
TaBLE III
ANISOTROPIC THERMAL PARAMETERS® (X 10%) FOR NONHYDROGEN ATOMS IN CipHgFes(CO):?

Atom Bu B2 Bas Bz Bz B

Fe(1) 70.7(1.4) 27.7(0.7) 89.6(1.5) 1.6(1.8) —22.5(2.0) —3.1(1.4)

Fe(2) 66.3(1.4) 29.3(0.7) 96.8(1.5) —5.4(1.2) 15.2(2.0) —15.9(1.3)

(1) 97 (11) 43 (5) 134 (11) 4(11) 1(17) —65(11)

C(2) 125(12) 22(4) 161 (12) —17(11) —58(19) —32(11)

C(3) 134 (12) 48 (6) 88(9) —08(13) —10(16) 13(12)

C(4) 115(11) 64 (6) 119 (10) —100 (13) 36 (17) —55(13)

C(5) 65(9) 38(5) 136 (11) —27(10) 48 (14) —38(11)

C(6) 65(9) 42 (5) 129 (10) 20(10) —27(15) 11(11)

C(7) 101 (10) 50 (6) 95(10) 7(12) —40(15) 11(11)

C(8) 97 (10) 46 (5) 57(7) —46(11) 0(13) 4(10)

(9) 104 (10) 32(4) 94 (9) —44 (11) —34(15) 18(11)

C(10) 61 (8) 37(5) 77(8) —11(9) 3(12) —&(9)

C(11) 71(8) 34 (4) 85(8) —14(9) —2(13) —31(9)

C(12) 56 (7) 38(5) 73(7) —21(9) —34(12) —18(9)

C(13) 110(12) 42 (5) 132(13) 11(12) —~52(18) 16 (13)

C(14) 110(12) 34(5) 110(10) 15(12) —21(17) —12(11)

C(15) 95(10) 42 (5) 128 (12) —29(11) 36 (17) —33(12)

C(16) 84 (10) 37(5) 98(9) 4(11) 8(15) —26(11)

17y 84 (10) 43(6) 173 (14) ~11(12) —14(18) —17(15)

o(1) 199 (13) 107 (7) 128 (10) 1(14) —93(16) 97 (12)

o(2) 88(9) 81(5) 249 (12) —29(9) 82 (17) —55(12)

0(3) 172 (11) 92(6) 75(8) —27(12) 13(13) —21(9)

0O(4) L 91(8) 54 (4) 187 (10) —34(9) 52(14) 13(10)

0(5) 131 (10) 49 (5) 302 (16) 24 (11) 52(19) —94(13)

@ The anisotropic thermal parameter is defined as exp(—fuh? — Bak? — Bl — Biohk — Bushl — Bogkl).

assigned an isotropic thermal parameter of B = 3.0 Az

The Fe(1)-Fe(2) distance of 2.769 (3) A is indicative
of a metal-metal bond (¢f. 2.782 A for the iron-iron
bond in azulenediiron pentacarbonyl®); each iron atom

b Hydrogen atoms were each

seen from Figure 1. Referred to the least-squares

(24) ‘“Tables of Interatomic Distances and Configuration in Mojlecules
and Tons, Supplement 1956-1059,” Special Publieation No, 18, The Chemi-
cal Society, London, 1965, p S15s. a
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TaBLE IV
INTRAMOLECULAR DISTANCES, WITH ESTIMATED
StanpARD DEVIATIONS,” FOR Ci:HFey(CO)s

Atoms Dist, & Atoms Dist, A&
(a) The Iron-Iron Linkage
Fe(1)-Fe(2) 2.769 (3)

(b) Iron-Acenaphthylene Distances
Fe(1)-C(1) 2.093(9) Fe(2)-C(5) 2.241(8)
Fe(1)-C(2) 2,078(9) Fe(2)-C(10) 2,051 (7)
Fe(1)-C(9) 2.139(8) Fe(2)-C(6) 2.242 (8)
Fe(1)-C(12) 2,109 (7) Fe(2)---C(12)  2.652(8)
Fe(1)-C(11) 2,140 (8)

(e) Carbon—Carbon Distances within

the Acenaphthylene Ligand

C(1)-C(2) 1.415(13) C(4)-C(5) 1.463(11)
C(2)-C(9) 1.441(12) C(5)~-C(10) 1.431(11)
C(9)-C(12) 1.426 (11) C(10)-C(6) 1.431(11)
C(12)~-C(11) 1.437(11) C(6)-C(7) 1.473(12)
C(11)-C(1) 1.435(12) C(7)-C(8) 1.337(12)
C(9)-C(3) 1.405(12) C(8)-C (11) 1.453(11)
C(3)-C(4) 1.352(13) C(10)~-C(12) 1.388(11)

(d) The Iron-Carbonyl Systeins
Fe(1)-C(13) 1.748(10) C(13)-0(1) 1.152(13)
Fe(1)-C(14) 1.775(9) C(14)-0(2) 1.143 (12)
Fe(2)-C(15) 1.789 (9) C(15)-0(3) 1.135(12)
Fe(2)~-C(16) 1.772(8) C(16)~-0O(4) 1.170(11)
Fe(2)-C(17) 1.796 (10) C(17)-0(5) 1.132(13)

(e) Carbon~Hydrogen Distances
C(1)-H(1) 0.78 C(5)-H(5) 1.31
C(2)-H(2) 1.23 C(6)-H(6) 1.33
C(3)-H(3) 0.90 C(7)>-H(7) 0.79
C(4)-H(4) 0.90 C(8)-H(®) 0.85

« Estimated standard deviations, shown in parentheses, include
contributions from posible errors in unit cell dimensions.

Figure 4.—Packing of CyHsFe(CO); molecules, viewed down b.

plane of the five-membered ring, the remaining carbon
atoms of the acenaphthylene ligand are displaced to-
ward the iron atoms to the following extents: C(3) by
0.017 A and C(8) by 0011 A; C(4) by 0.224 A and
C(7) by 0215 A; C(5) by 0.440 A and C(6) by 0.411
A; and C(10) by 0.158 A. These pairs of figures,
taken with others in Table VI, serve to illustrate that
the molecule has approximate C, symmetry.

The dihedral angle between the planes of the =-cyclo-
pentadienyl and =-allyl systems is 156° 35
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TaABLE V
BoND ANGLEsS WITHIN THE Cy;HsFex(CO)s MoLECULE"
Atoms

Angle, deg Atoms Angle, deg

(a) Within the =-Cyclopentadienyl System

C(1)-C(2)-C(9) 110.3 (0.8) C()-Fe(1)~C(2) 39.7(0.4)
C(2)-C(9)-C(12) 104.9(0.7) C(2)-Fe(1)-C(9) 39.9(0.3)
C(9)-C(12)~C(11) 110.6 (0.7) C(8)-Fe(1)-C(12) 39.2(0.3)
C(12)~C(11)~-C(1) 106.3 (0.7) C(12)-Fe(1)~-C(11) 39.5(0.3)
C(11)~C(1)-C(2) 107.8 (0.8) C(11)~Fe(1)~-C(1) 39.6(0.3)
(b) Within the 7-Allyl System
C(5)-Fe(2)-C(10) 38,6 (0.3)  C(10)~Fe(2)-C(6) 38.6 (0.3)
(c¢) Within the Six-Membered Rings
C(12)~C(9)~-C(3) 117.4 (0.8) C(8)-C(11)~C(12) 117.1(0.7)
CO-CH-C4) 118.2 (0.9) C7H-C®-C(11) 120.0 (0.8)
C(3)~C(4)-C(5) 124.8 (0.9) CB)~C(T)-C(8) 122.0 (0.8)
C4)-C(H)-C(10) 116.2 (0.8) C(10)-C(B)~C(T) 118.3 (0.8)
C5)—~C(10)-C(12) 116.0 (0.7) C(12)-C(10)~-C(6) 117.3(0.7)
C(10)-C(12)-C(9) 125.5(0.7) C{10)-C(12)-C(11) 123.7¢0.7)

(d) External Angles of the Organic Ligand

C(1)~-C(11)-C(8) 136.5(0.8) C(2)-C(9)-C(3) 137.6 (0.8)
C(5)~C(10)-C(6) 123.8(0.7)

(e) Within the Carbonyl Ligands
Fe(1)-C(13)-0(1) 174.3 (0.9) Fe(2)-C({15)-0(3) 173.4(0.9)
Fe(1)-C(14)-0(2) 174.2(0.9) Fe(2)~C(16)-0(4) 171.3(0.8)

Fe(2)~-C(17)~-0(5) 178.2 (1.0)

(f)  Angles between Ligands and Iron Atoms

Cp-Fe(l)-Fe(2)* 98.7(0.3) C(13)-Fe(1l)-Fe(2) 102.1(0.3)
Cp—Fe(1)-C(13)® 127.3(0.4) C(14)-Fe(1)-Fe(2) 106.3 (0.3)
Cp-Fe(1)-C(14)% 128.6 (0.4)  C(13)-Fe(1)-C(14) 90.5(0.5)
C(15)~Fe(2)-Fe(l) 80.9(0.3) C(15)~Fe(2)~-C(16) 99.3 (0.4)
C(18)~Fe(2)-Fe(l) 75.8(0.3) C(16)~Fe(2)-C(1T) 98.4(0.4)
C(17)~Fe(2)~Fe(l) 172.1(0.3) C(17)~Fe(2)-C(15) 95.0(0.5)

(g) Angles Involving Hydrogen Atoms

C(2)-C{1)-H(1) 121 C(4)~C(5)~H(5) 107
CAD~C)-H() 125 C(10)~-C(5)~H(5) 130
C{1)-C(2)-H(2) 144 C(10)~C(6)~H(8) 113
C(9)-C(2)-H(2) 102 C(7)-C(6)-H(6) 124
C(9)-C(3)-H(3) 142 C(6)-C(7-H(T) 105
C(4)-C(3)-H(3) 96 C(8)~-C(T)~H(T) 126
C3)-C(H-H(4) 111 C(7)-C(8)-H(8) 119
C(5)-C(4)~H(4) 119 C(11)~-C(8)—H(8) 108

« Cp represents the center of gravity of the five-membered ring.

Crystal Packing
The crystal consists of discrete molecular units of
C12HsFe (CO);, separated by normal van der Waals
distances. The closest oxygen- - -hydrogen contact is
2.51 A and the closest hydrogen- - -hydrogen contact is
2.42 A, The packing of molecules within the crystal is
illustrated in Figure 4.

Discussion
The factoring of = electrons in azulenediiron penta-
carbonyl has previously been shown to be that pictured
in 1. Therefore, on an a priors basis the acenaphthyl-

@ ------- —El‘e( CO),

ene ligand might be expected to take up the configura-
tion II (which is analogous to I and also conserves a
noncoordinated ¢is-butadiene system along with its
concomitant delocalization energy); instead, we ac-
tually observe configuration III, in which conjugation
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Atom

TABLE VI

LEAST-SQUARES PLANES WITHIN THE
CmHgFez( CO )5 MOLECULE® "¢

Dist, A

Atom

Dist, A

(A) 0.6305X + 0.5050Y + 0.5892Z — 8.3025 = 0

c()* —0.006 (9) c(3) —0.017
C(2)* —0.003 (9) C(8) —0.011
c(9)* 40.011 (8) C(4) —0.224
C(12)* —0.015 (8) () —0.215
C(11)* +0.013 (8) c(5) —0.440
C(6) —0.411
Fe(1) —1.725 c(10) —0.158
(B) 0.8355X + 0.1618Y + 0.5250Z — 7.0556 = 0
C(5)* 0.000 Fe(2) —1.837
C(10)* 0.000
c(e)* 0.000
(C) —0.4446X — 0.3724Y + 0.8146Z -+ 1.2650 =
C(10)* +0.001(8) C(5) ——1.268}
C(12)* —0.001(8) c(6) +1.258
Fe(1)* 0.000(1) C(13) —1A303}
Fe(2)* 0.000 (1) C(14) +1.196
(1) +0.759} o(1) —2.196
c(2) —0.656 o(2) +1.916
Cc(9) ——1.162} C(15) —1.341
C(11) +1.192 c(16) +1.368
C(3) —2.414} 0(3) —2.198}
c(8) +2.463 0(4) +9.323
C(4) —2.446} c(17) +0.041
() +2.490 0(5) +0.067

¢ All planes are expressed in Cartesian coordinates.
transformations to natural cell coordinates are X = xa + zc
cos B, ¥ = yb,and Z = zc sin 8.
weights for atoms marked with asterisks.

b A plane is derived using unit
¢ The angle between

The

planes A and B is 23° 25'.
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Q ________ Fe(CO), -~=m==Fe(CO);

I m

within the six-membered rings has been wholly dis-
rupted. The stability of this compound is thus a con-
siderable tribute to the combined strength of =-cyclo-
pentadienyl—iron and #-allyl->iron bonding.

The preference for IIT over II furthermore demon-
strates the importance of steric effects. In azulenedi-
iron pentacarbonyl? (I) atoms of the seven-membered
ring are bent out of the plane of the five-membered ring
by as much as 0.91 A, and the stereochemistry of the
azulene ligand adapts to conform to electronic require-
ments. In the case of acenaphthylenediiron penta-
carbonyl, the organic ligand is more rigid than azulene
and the planar configuration I11 is more in keeping with
iron—~iron bond length requirements than is the planar
configuration II. In this case, then, the electronic
requirements are subservient to the steric requirements
of the relatively rigid polycyclic acenaphthylene frame-
work. There is some distortion of the ligand from
planarity, but Figure 1 shows this to be relatively slight.
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The crystal structure of wr-allyldi(thiourea)nickel(II) chloride has been determined by single-crystal X-ray diffraction meth-
ods. The crystals are orthorhombic with space group Pbea and cell parameters a = 25.24 (8) A, b = 11.17 4) A ¢ =863

(8) A, with Z = 8, deatog = 1.57 g cm™?, and dopea = 1.5 g cm ™3,
standard Weissenberg equiinclination photographic methods.

With Cu Ka radiation 1113 intensities were measured by
The structure was solved by routine heavy-atom methods

The influence of thiourea on the efficiency of 7-allyl-
nickel halides as catalysts for the synthesis of dienoic

esters wa
Merzoni.!

(1) G. P. Chiusoli and S. Merzoni, Chim Ind. (Milan), 48, 259 (1961).

and refined by block-diagonal least-squares methods with anisotropic temperature factors for Ni, Cl, and S to a final conven-
tional R factor of 0.096. The structure is made up of molecular ions 7 CyH;Ni(SC(NH;)).* and chloride ions. The shortest
Ni-Cl distance is 3.445 = 0.004 A. The coordination of the ligands around the nickel atom in the positive molecular ion may
be considered as square planar. The S;NiS$; angle (110.9 = 0.1) is however definitely larger than that expected for a normal
square-planar coordination. The carbon—carbon distances of the allyl group are equal within errors., The dihedral angle
between the plane containing the carbon atoms of the ally! group and that containing the Ni, S;, and S; atoms is 118 & 3°.
The crystal structure appears to be largely determined by the formation of hydrogen bonds between the NH, groups of the
thiourea ligands and the chloride ions.

Introduction intermediate w-allylnickel(IT)-thiourea complex. The
existence of this complex was confirmed by Guerrieri?
by the preparation of a series of compounds of the
general formula #-aINiLL’X in which al is allyl,

methallyl, or crotyl, L and L’ are thiourea, diisopropyl-

s observed and discussed by Chiusoli and
They postulated the formation of an

(2) F. Guerrieri Chem, Commun., 983 (1968),



