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A full three-dimensional X-ray diffraction study of (HCF;:CF;):Fe(CO); has been completed by the use of conventional

Patterson, Fourier, and least-squares refinement techniques.

All atoms other than hydrogen have been located. The

final value for the discrepancy index, Ry, is 9.32%, for 2090 independent nonzero reflections measured with a Buerger auto-

mated X-ray diffractometer.

The molecule has the expected cis-octahedral stereochemistry with a mean Fe—CF, distance

of 2.068 == 0.014 A and an average Fe—-C,—Cg angle of 121.2 = 1.3°,

Introduction

Although simple transition metal alkyls are unstable,
it is often possible to isolate stable species provided
that appropriate strong-field ligands are bonded to the
metal! Furthermore, fluorcalkyl complexes will, in
general, be more stable than the corresponding non-
fluorinated species.? In terms of the valence-bond ap-
proach, the relatively great thermal and aerobic
stability of transition metal fluoroalkyls has been
explained as the result of resonance between such
canonical forms as

E F F-

1 . .
M——Cli——R <> M=C—R <«—> M=?—R

F - F

In more concrete terms, Cotton and McCleverty?
suggest that the metal-fluoroalkyl linkage is strength-
ened as a result of d,—o* back-donation from the metal
to the ligand. The present structural analysis is one
of a series being performed in order to obtain accurate
molecular parameters for transition metal fluoro-
alkyls, 8

Tetracarbonylbis(1,1,2,2-tetrafluoroethyl)iron(II),
(HCF;- CF2).Fe(CO),, is prepared by the interaction of
tetrafluoroethylene with iron carbonyl hydride, H;Fe-
(CO)s. The appearance of four carbonyl stretches
in the infrared spectrum leads to the prediction that
the molecule has a cis configuration.®

(1) J. Chatt and B. L. Shaw, J. Ckem. Soc., 705 (1959).
(2) P. M. Triechel and F. G. A. Stone, Advaen. Orgenometal. Chem., 1,
143 (1964).

(3) F.A.Cotton and J. A. McCleverty, J. Organometal, Chem. (Amsterdam),

4, 490 (1965).
(4) M. R. Churchill, Inorg, Chem:, 4, 1734 (1965).
(5) See ref 4 for the previous structural investigation in this series,
(8) E. Pitcher, Ph.D. Thesis, Radclifie College, 1962,
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Experimental Section

Pale yellow monoclinic crystals of (HCF,.CF,):Fe(CO)y
were grown over a period of 5 or 6 days by slow sublimation of
the material onto the cold wall of a container at ~0° and at-
mospheric pressure. The compound is not air sensitive but 4s
extremely volatile. Although there is a tendency for formation
of platelike crystals, a number of approximately cubic crystals
were also obtained. During the mounting of a crystal, sufficient
sublimation took place to make the specimen lose all characteristic
edges. The crystal used in the analysis was ellipsoidal in shape
with a length of 0.16 mm and a diameter of 0.13 mm. It was
mounted along its extended direction (¢) and inserted into a
0.2-mm diameter thin-walled glass capillary tube. Unit-cell
dimensions, obtained from zero-layer precession photographs and
calibrated by means of a single crystal of sodium chloride (axsct
= 5.6402 A), were: a 20.588 + 0.015, b = 8.913 =+ 0.007,
¢ = 13.241 = 0.009 A, and 8 = 92° 55’ == 05’. The unit-cell
volume is 2427 A3; the density obtained by flotation, pobsa =
1.99 & 0.05 g cm ™3, is in satisfactory agreement with that cal-
culated for M = 370 and Z = 8 (pealed = 2.025 g cm~3). The
absorption coefficient yx is 14.09 cm™1. Since uRmax = 0.112 and
the variation in absorption coefficient is small for the ap-
proximately spherical crystal,” no absorption correction was
made.

The observed extinctions were: hkl for B + | = 2n + 1;
ROl for B = 2n + 1; ROl for I = 2n 4+ 1; OkO for & =
2n 4+ 1. The space group is therefore B2;/c, which is

a nonstandard setting of space group no. 14 (Cu®),® having the
following equipoints: x, y, 2; —x, —y, —2; x,Y/2— v,1/s + 2;
_x;l/2+y)1/2_ 2 1/2+ X5 Vs 1/1+ gy 1/2 — X%, =Y, 1/2 -z 1/‘2
+ %, 1/2 — Y & 1/2 - X%, 1/2 + Y, —a.

The data-collecting system was composed of a fully stabilized
Phillips X-ray generator (operated at 45 kv and 15 ma), a
Phillips transistorized scintillation counter, a Phillips electronics
panel, and a Buerger Automated X-Ray Diffractometer, which
employed Weissenberg geometry. The over-all stability of the

(7) “International Tables for X-Ray Crystallography” Vol. 2, The
Kynoch Press, Birmingham, England, 1959, Table 5.3.6B, p 302.

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

1, The



186 MEerLvyN R. CHURCHILL

system within a zone was monitored by remeasuring a check
reflection after every 20 reflections had been collected.

The scintillation counter was adjusted to receive Mo Kea
radiation (A 0.7107 A), the Mo Kg radiation being excluded by
a 0.003-mm zirconium filter at the source. The base line of the
pulse-height analyzer, the window voltage, and the counter-
voltage were kept constant throughout the experiment. The
diffractometer was programmed to scan all reflections up to sin
# = 0.45 in a given Weissenberg zone.® The angle scanned is
given by w = (2.0 + 1.0L) degrees where L is the Lorentz
factor. For a reflection hkl, having vertical and horizontal
Weissenberg coordinates'® Thkl and ®hkl, the counting sequence
consisted of five steps. (i) The counter was positioned to
Thkl where it remained throughout the cycle. (ii) The crystal
was rotated about its spindle axis (¢) until it reached the angle
& = (®hkl — « /2). (iii) The first background count, Bj, was
measured for ¢ seconds. (iv) ¢ was increased o degrees from
(®hkl — w/2) to (Phkl 4+ «/2) in time 2¢ at a constant rate of
2° /min, the total count being C. (v) The second background
count, By, was measured for ¢ seconds at ¢ = (Phkl + w/2).

Reflections were omitted from the analysis if the net count,
C — (B, + B»), was negative or if B; and B, were asymmetric
by more than 20%;. The 2090 acceptable reflections, obtained
from the Weissenberg zones hk0Q through hk16, were corrected
for Lorentz and polarization effects. All zones were initially
assumed to be on the same scale (an assumption later justified)
and the absolute scale factor was determined from a Wilson plot,
which also suggested an over-all isotropic thermal parameter,
B = 2.9 A?. In the course of the subsequent analysis the com-
puter programs OR-FLS,'! ERFR-2,'? and OR-FFE!? were used on
the Harvard IBM 7094 computer.

Determination of the Structure

The position of the iron atom (X = —0.122, ¥ =
+0.197, Z = 40.187) was found from a three-dimen-
sional Patterson synthesis which had been sharpened
so that the average intensity was independent of sin
¢ and which had the origin peak reduced to the height
of a single iron—iron interaction. A three-dimensional
electron density map, phased by the iron atom alone
(R = 0.52), revealed the positions of three carbonyl
groups and seven of the fluorine atoms. A second
electron density map, phased now by the iron and by
13 light atoms (R = 0.38), led to the unambiguous
location of the remaining carbon, oxygen, and fluorine
atoms. Structure factor calculations, phased by all
atoms other than hydrogen, had an initial discrepancy
index R = 0.32, which converged to a value of 0.17
after four cycles of least-square refinement of positional
and isotropic thermal parameters. At this stage an
attempted least-squares refinement of scale factors for
the independent zones indicated that the zones were
already, as expected, on a common scale (£2%). A
difference Fourier now indicated that the thermal mo-
tions of the fluorine and oxygen atoms were not ade-
quately described by isotropic parameters, and aniso-
tropic thermal parameters () in the form

T = exp(—b11h2 - bgsz — b3312 — 2b12hk —
Obyhl — 2bykl)

(9) Difiractometer settings were calculated using the program PREPAR
by G. N. Reeke.

(10) C. T. Prewitt, Z. Krist.,, 18, 8355 (1960).

(11) or-FLS, by W. R. Busing, K. O. Martin, and H. A. Levy, is a Fortran
program for structure-factor calculations and full-matrix least-squares re-
finement of positional and thermal parameters.

(12) ErFR-2, by W. G. Sly, D. P. Shoemaker, and J. H. van der Hende, is
a two- and three-dimensional Fourier program.
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were used to continue the refinement. Owing to a
limitation in the total number of parameters that
could simultaneously be refined, the anisotropic refine-
ment was performed in two parts. First, the iron atom
and the tetrafluoroethyl groups and then the iron atom
and the carbonyl groups were refined. This was re-
peated, and, finally, all positional parameters were
refined while the anisotropic thermal parameters were
held constant. The final discrepancy index was R =
0.093 for 2090 independent reflections.

TaBLE I
FinaL Atomic COORDINATES FOR ¢is-(HCF,- CFy),Fe(CO);
Atom x/a y/b z/c
Fe 0.12092 0.69875 0.31333
Oy 0.2369 0.8150 0.2166
O, 0.0253 0.8161 0.1580
O3 0.0067 0.6238 0.4293
Oy 0.1197 0.4132 0.1966
& 0.1936 0.7692 0.2520
Gy 0.0638 0.7777 0.2169
Cs 0.0521 0.6482 0.3882
Cy 0.1201 0.5187 0.2404
Cs 0.1252 0.8918 0.3998
Cs 0.0803 1.0173 0.3778
F, 0.1151 0.8595 0.4994
F, 0.1854 0.9582 0.4030
Fs 0.0913 1.0686 0.2818
Fy 0.0176 0.9712 0.3727
Cq 0.1883 0.5952 0.4115
Cs 0.1686 0.4739 0.4826
F; 0.2332 0.5140 0.3549
Fe 0.2273 0.6892 0.4667
¥y 0.1296 0.3750 0.4335
Fy 0.1299 0.5396 0.5520
TaBLE 11
ANISOTROPIC THERMAL PARAMETERS
FOR c¢is-(HCFs: CF;)Fe(CO)
B)u
Atom 1041 10:b22 104bss 104b1e 104b1s 104523 A?
Fe 18.3 105.4 425 -3.7 5.4 6.9 3.14
O, 29.7 283 111 —18 16 40 7.25
O, 31.3 203 74 7 —11 39 5.64
O; 26.2 201 76 —13 7 16 5.37
O: 356 175 94 4 -7 —40 6.06
G, 26.5 143 70 -3 —1 —3 4.64
C, 23.1 110 51 -5 —2 8 3.66
Cy 25.1 127 40 -2 —6 ~1 3.71
Cy 23.2 137 53 3 -5 13 3.98
Cy 22,7 124 76 —21 —4 -9 4.38
Cs 40.4 130 100 4 —19 -21 5.98
F, 54.1 194 61 —25 -1 —18 6.52
F, 30.2 141 119 —13 —-19 -9 5.96
F;, 74.5 144 116 —6 —22 30 8.43
F, 29.1 229 166 15 —6 —49 7.93
C;  23.8 159 65 -5 -5 6 4.54
Cs 30.2 175 81 7 —15 10 5.45
F;, 20.7 296 93 35 9 4 6.98
Fs 30.6 132 116 —17 —31 23 6.03
F, 46.1 138 108 —21 —16 20 6.38
Fs 42.2 310 75 16 7 9 7.40

@ B is an approximate ‘“‘equivalent isotropic temperature fac-
tor’” obtained by averaging 461:/a*?, 4bn/b*2, and 4bss/c*2.

The least-squares refinement was based upon a unit
weighting scheme; the residual minimized was Zwr

(13) orR-¥FE, by W. R, Busing, K. O. Martin, and H, A. Levy, is a Fortran
crystallographic function and error program.



Vol. 6, No. 2, February 1967

woass Lu0} weses

I
bolubvi

-17

PR s P L L L R PR AN AR R AR R R R R R AR R R R AR R R i e o o e i e e e e e e

o0 2e

. -9 -3v
26 +20 =21

6000800000000 ®

Le0,

e R RS 0 R R R 8 R R R R b i e e e e e e

-0

i

CRYSTAL STRUCTURE OF A TETRAFLUOROETHYL-IRON COMPLEX

D R R Rl L R L ok o o o v A Y

00000000000 0D EED D BBPD AN~ A I AA A NS A I AN ST DD O I PO COOO FIO B P RS R AP APV AR A A PR RIS PR PP s PO PSP I P PP WD e e f PSRN RAR

10 11 -1a
1o o -1
1" [T I TR Y
t 10 26 2t
u 10 7 .

o

-¢ 1o

s 10

Ls04 svess |0 10

-1e 10

124 =123

R N RS S e e e e b e e e e - 0 D 0 0000000000000 G00

e B R S N R R 0 0 AR O R st e e o e

*esse La0e seses

'
shn

°

e A A AR R R R R & AR AN A A& A A AR A e e e e e i i e = - OO C B OOCOCOEOCEC 0000000

26 24
® 5
59 -bs
=35

13% =138

TaBLE III
OBSERVED AND CALCULATED STRUCTURE FACTORS FOR ¢4s-(HCF;+ CFy);Fe(CO)4

rc

L T L T Y N T " I PY SR VP I SY PRI ORTRIE'Y

.
.
.
.
3
.
.

[ Y Y YT T T TR Y

0000 0RBNEEEarEEEEBu"dtdddddddddd " S 40O OO CO PO PP OP O PP PP PRSI BS BN

P P e L R R A R R A R A A R A o e e e e e e e e - O DO GO0 00000000000000

S N B T A L L L T Y )

Ls09 esses

O P A B AP RS S PP r s s s P s P s s 0PI s Pt LY S e SRR AR R AR R R R e b e e e e e

.
6
I3
o
.
°
.

7%
71
[
75
s
«0
62

-9

PP P N Y T IR PP

a
.

B T P X R R BB VNN MO P DO O PO I P 0 P S S AR AR AR R PSSP PSSP PR P e e A e 1 e RS AL RS I S R 8 A ALY R RS o i e i e e e e 4 =D 0D O3 GO0 00A000G000000

a0nes Lal) essen

1

la

12

3
3
3
3
3
3
3
3
H
Fl
3
3
Fl
3
-
.
.
.
.
.
s
.
.
.
-
P
.
-
5
s
s
s
L]
s
s
5
s
s
s
s

P Y

g
0
9
0
o
)
°
9
°
°
o
9
o

i

1

1
1

1

1

1
1
1
1
1
1
1
i
y
s
H
2
2
¢
2
¢
2
2
2
2
2
2
2
2
2
2
3
3
3
s
3
3
3
3
3
3
3
3
3
N
«
N
N
N
.
.
0
.
.
N
s
s
s
s
s
s
3
s
6

.

187



188 MEeLvYN R. CHURCHILL

”FOJ — | F.|% Throughout the analysis, the scattering
factors for the neutral atoms as compiled by Ibersi4
were used. Dispersion corrections are small® and
were ignored,

Final atomic coordinates are collected in Table I,
anisotropic thermal parameters in Table II; observed
and calculated structure factors are shown in Table III.

The Molecular Structure

Table IV shows the important bond lengths and
intramolecular contacts; bond angles are listed in

TABLE IV

INTERATOMIC DISTANCES®
FOR ¢i5-(HCFs« CF;);Fe(CO),

Distance, Distance,
Atoms A Atoms A
(a) Bond Lengths
Fe-C, 1.848 C:—~Cs 1.471
Fe-C. 1.832 C—Cs 1.503
Fe-Cs 1.826 C;-F, 1.377
Fe-Cs4 1,873 Cs-F, 1.374
Fe—05 2 . 066 CT—Fa 1 . 418
Fe-C; 2,070 Ci—Fg 1.349
Ci-0y 1.107 Ce-F; 1.382
Co—0Oq 1.134 Ce—F, 1.352
Cs-0Os3 1.126 Cs-Fy 1.339
Cs—04 1.104 Cs—Fs 1.377
(b) Distances from Iron Atom
Fe-0y 2.955 Fe-F; 2,857
Fe-0; 2.962 Fe-F, 2,892
Fe-O3 2.949 Fe-F; 2.869
Fe-O4 2.977 Fe-Fs 2.911
{¢c) Contacts between Carbonyl Groups
C-Ce 2.689 0,0, 4,382
C-Cy 2.698 0:-04 4,319
Co—Cs 2.567 03—03 4.017
Co-Cs 2.595 0,-0s 4.101
Cs—Cy 2.719 03-04 4.377
(d) Contacts within Tetrafluoroethyl Groups
F-F; 2.166 F—Fs 2.160
F,-F, 3.446 F—-F, 3.457
F-F4 2,737 Fs—Fy 2.720
Fy-Fs 2.643 FsF; 2,702
F,-F4 3.461 F¢-Fy 3.463
F;-Fq 2.167 F:—F; 2,148
(e) Miscellaneous Intramolecular Contacts <3 A

Ci-Cs 2.699 Ci-F, 2.627
C—Cr 2,626 C-F; 2.753
Co—Cs 2.860 Ci—F¢ 2.978
Cs—Cs 2.641 Co~Fs 2.781
Ce—Co 2.844 C,-F, 2.888
Ci—Cr 2.692 Cs-F,y 2.684
Ce—Cr 2,946 Cy—F. 2.970
F,-Fs 2.816 Cs-Fs 2,802
Fi-Fs 2.048 C,—Fs 2.714
F:-Fe 2.670 Cy-Fy 2.858

¢ The average estimated standard deviations are: o¢(Fe-C) =
0.014, ¢(Fe-0) = 0.010, ¢(Fe-F) = 0.009, ¢(C-O) = 0.017,
o(C-F) = 0.016, ¢(C-C) = 0.020, o(F-F) = 0.013, ¢(0-0) =
0.014, ¢(O-F) = 0.013 A. These values do not include any con-
tribution from errors in the unit-cell constants. Also, since it
proved impossible to refine all parameters simultaneously, the
estimated standard deviations given here are derived from blocks
of the true full matrix and are probably underestimated by an
uncertain amount.

Inorganic Chemistry

Table V. The essential geometry of the molecule and
the numbering system are shown in Figure 1.

TaBLE V
INTERATOMIC ANGLES?® FOR ¢15-(HCFy CF2):Fe(CO);
Atoms Angle, deg Atoms Angle, deg

FG‘C1—01 178 . 1 Cq-‘Fe—Ca 176 . 8
Fe‘-Cz—Oz 174.3 C4—FE—C7 86.0
Fe—C3—Og 174 . 5 C5“F€“CT 90 . 9
Fe—C4—O4 179 . 1

FE*‘C{,*Ca 121.0
C—Fe-C, 93.9 Fe-Ci-F, 110.7
0,-Fe-0, 95.6 Fe-C;-F, 112.9
Ci-Fe-Cs 171.9 F-Cs-F, 103.9
O1~Fe~03 171.3 Fi-Ci—Cs 102.9
C1~FC—C4 92 . 9 Fz‘Cs“Cs 103 . 7
O1—F€—O4 93 . 5 C5—CG~F3 107 B 6
Cl—Fe—C5 87 . 0 C5"CG—F4 111 . 6
Ci-Fe-Cq 84.0 F3-Ce-Fs 104.8
CQ_FQ—Cg 89.2
0y-Fe-0O3 85.6 Fe-C;—Cs 121.4
Cy-Fe-Cy 88.9 Fe-Ci—F; 109.2
0;-Fe-04 87.3 Fe-C;-F; 115.1
Cy-Fe—C; 94.2 F:—Cr-F¢ 102.6
CQVFe_C7 174 .4 Fa—c';—Cg 99.7
Cs—Fe-Cy 94.6 Fe-Ci—Cs 106.2
03-Fe-0O,4 95.2 Ci—-Cs-F+ 110.1
Cg—FB-Cs, 85 . 3 C7—C8—Fg 107 . 2
Cy-Fe-C; 93.6 F,-Cs-F; 104.5

o Average estimated standard deviations are: o¢(Fe-C-0) =

1.2°, #(C~Fe-C) = 0.6°, ¢(O-Fe~0) = 0.5°, o(F~C-F) = 1.1°,
¢(Fe-C-C) = 1.3°, ¢(C-C-F) = 1.4°.

o,

2 %

Figure 1.—The numbering of atoms in the molecule ¢is-(HCF;-
CF:),Fe(CO)s.

The molecule is a typical octahedral complex of a
d¢ Fe(II) ion. All angles between adjacent ligands are
approximately 90° although, vide infra, there are some
statistically significant deviations from this value.
The tetrafluoroethyl groups are arranged so as to give
the molecule the expected ¢is configuration. However,
in the solid state the iron atom does not appear to
maintain accurate local C,, symmetry. The carbon-—
carbon contacts between adjacent carbonyl groups
vary in the range 2.57-2.72 A (0.15 A = 7.50), the
variations not always being consistent with ideal
Cyy symmetry, where the expected relationships are

(14) “International Tables for X-Ray Crystallography,” Vol. 3, The
Kynoch Press, Birmingham, England, 1962. Values for iron are taken from
p 211; those for carbon, oxygen, and fluorine, from p 202,

(15) The corrected scattering factor for iron would be fo = fo 5 + AF +
iAf" where Af’ = 0.4 electron and Af’" = 1.0 electron; see ref 14, p 2135.
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Cs G

Cl} = {Ca

Co. Cs
For example, the angles C;-Fe-C; (94.2°) and Cr—Fe-C,
(86.0°) vary by approximately 130, and the distances
CZ—C5 (286 A) and C4~C7 (269 A) vary by 8.5¢.
‘These variations are believed to be caused by a combina-
tion of (i) nonbonded interactions between fluorine
atoms and the carbon atoms of the carbonyl ligands
and (ii) intermolecular repulsions involving the oxygen
atoms of the carbonyl groups.

The metal-carbonyl linkages are approximately
linear, but the variations of Fe—-Cy-0, (174.3°) and
Fe-C3—0; (174.5°) from linearity are statistically signifi-
cant (5.4° = 4.5¢). Since the pattern of these distor-
tions from linearity is not consistent with maintaining
Cyy symmetry, it is believed that these distortions also
are the result of crystal forces rather than orbital
overlap criteria.!®

The Tetrafluorcethyl Groups.—This analysis, as in
the case of that involving the [Co(CN).C.F.H]*~
ion,” confirms that the reaction of a transition metal
hydride with tetrafluoroethylene leads to the formation
of a tetrafluoroethyl ligand with the hydrogen attached
to the B-carbon atom. Figure 1 shows each of the tetra-
fluoroethyl groups to be in the expected staggered
conformation; the exact correspondence between the

two groups can very clearly be seen by means-of the-

intramolecular contacts in Table IV(d). The average
fluorine—fluorine distance within a CF; group is 2.16 A;
the mean F-C-F angle of 104® shows an angular con-
traction from the regular tetrahedral value in the same
sense, but magnified, as that observed in fluorinated
methanes and ethanes.'$!% Table VI gives a summary

TABLE VI

AVERAGE BOND DISTANCES AND -ANGLES
WITHIN cis-(HFC,« CF)eFe(CO)

No. of

observa- ~mmm—Bond Length, A-———

tions Atoms Largest Smallest Av
4 Fe-CO 1.873 1.826 1.845
2 Fe-CF, 2.070 2.066 2.068
4 C-0 1.134 1.107 1.118
2 Ca—Cs. 1.503  1.471  1.487
4 Ca-F 1.418 1.349 1.379
4 Cs-F 1.382 1.339 1.363
—_— —Angle, deg——rm—=es—

Largest Smallest Av
2 Fe-CoCg 121 .4 121.0 121.2
4 Fe~C,~F 115.1 109.2 112.0
2 F-Co-F 103.9 102.9 103.4
4 F-Co—Cps 106.2 99.7 103.1
4 Co-Cs~F 111.6 107.2 109.1
2 F-Cs~F 104.8 104.5 104.7

of the average bond angles and bond lengths. The
average Fe-C,~C; angle is seen to be 121.2°, The
increase in the metal-carbon-carbon bond angle from

(16) S. F. A. Kettle, Tnorg. Chem., 4, 16861 (1965).

(17) R. Mason and D, R. Russell, Chem. Commun., 182 (1965).

(18) *“Tables of Interatomic Distances and Configuration in Molecules
and Jons,’”’ Special Publication No. 11, The Chemical Society, London, 1958:;

(19) “‘Interatomic Distances, Supplement 1956-9,” Special Publication
No. 18, The Chemical Society, London, 1965.
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TABLE VII

INTERMOLECULAR CONTACTS T0 3.5 A
FOR c¢is-( HCF,+ CF;);Fe(CO),
Atom Atom in neighboring molecule
O Fs (/2 — 2,1 —y, /2 — 2)
Fs (x, 11/2 — 3, —V/3 + 2)
Fg (x, 1V/2 — 9, —=V/2 + 2)
O Fg (x, 11/2 — 3, —1/2 4+ 2)
O3 (—x, 12+ 5,12 — 3
Os (x, 11/ — 5, —t/2 +.3)
Fo(—x, =12+ 9,12 — 2)
Fi(x, 1Y/2 — 3, —1/2 + 2)
Fg(~x, =12 + 3,1/ — 2)
Fr (—=%,1/2 4+ 9, /2=~ 2)
Cs(—x,1/24 5,1/~ 2
Co (—x, ~Y/2+ 5,1/ —2)
03 Oz (=~x, =2+ 9,1/2 — 2)
0z (x, 1/: — 3, /2 + 3)
Fs (—x, —1/24 9,12~ 2)
O Fe(—x, =1/ + 9,12~ 2)
Fs (/2 — %, 1 — y,1/s — 2)

Distance, A

Fi(x, 1V/2 — 9, —1/2 + 2) 30
Fs (x, =1 4+ ¥, 2) 33
Cy Fs (/o —x,1 — 3, /2 —~ 2) 30
Fe(x 11/0s — y, —1/s 4+ 2) 36
Ce Fs(x 11/s —y, —1/2 4+ 3) 09

Fi(x, 11/ — 9, =1/s + 2)

Fy(—x, =2+ y, /2 — 2) 39
Cs Oz (~x, =V 4+ v, 1/2 — 3) 40
Ca Fa(—%, —1/a+ 3, 1/2— 2) 17

Fo(1/: - % 1 — 9 /2 — 3)
Fi(x, 1Y/ — 5y, —Y/s + 2)

Co Fi(x, 1 + 5, 2) 42
O (=x, 3+ 5, 1/2 — 2)
Fi Q2 (x, 11/2 — 'y, V/2 + 2) 26

Os (x, 1L/ —-y, /2 4+ 2}
Caofx, 11/2 — 3, 1/2 4+ 3)
Cex, 11/2 — v, /2 + 3

Fs Ps (x, 11/2 — y, —1/2 + 2)
Os(x,1 4+ v, 2
O (~=x,1/s + 3,1/ — 2)
Os (=x, /2 + 3, 1/2 = 2)
Fi(x,1 4+ % 2)

Fy Ot (=%, 2+ v, /2 — 2)
Ci(=x, Y2+ 9,21 — 2)
O2 (=2, /24 5, /2 — 2)
Ca(=x%,12 4+ y,1/2 — 2)

Fs Fs (/s — x,1 — 5, 1/5 — 2)
O1 (12~ 2,1 —y /s —2)

Os (1/e — 2,1 — v, /s — 2) 20
Ci (/e ~x,1 — 9, 1/y —2) 30
Ce (¥ —x,1 — 9,1/ —3) 35
Fg O (2,12 — 3y, 1/5 + 2) 30
F1 O (=x, =1/o + v, 1/2 — 2) 40

Co (%, -1 + 3, 3)
Fi(x, —1 4+ 9, 2)

Fs Oy (x, 1V/2 — y,1/2 + &)
Ca(x, 11/2 — ¥, /2 + 2)
O1(x, 11/2 — 3, /2 + 8)
Fs (x, 11/2 — »,1/2 + 2)
Cilx, 11/s — 3, Y/2 4 2)

STy ST -
(=2

the formal sp? angle of 109° 28’ .appears to be a general
phenomenon in transition metal fluoroalkyls. Ineach
of the complexes which has previously been studied, a
significant increase of the angle M-C,-C; has been
noted, the observed values being: 116.4° in 7-C;H;Rh-
(CO)(C2F5)I,5 119.7° in K3[C0(CN)5CF2CF2H],17 and
123.3° in 7-CsH;Mo(CO);CyF7.20 It must be realized,
however, that norfluorinated transition metal alkyls
also show M-C,-C; angles greater than the regular
tetrahedral value.?!?2

The mean Fe-CF; bond length of 2.068 A in the
present complex is some 0.223 A longer than the average
Fe-CO distance of 1.845 A. After making the ap-
propriate correction of 0.07 A (which allows for the
difference in covalent radii of sp and sp® hybridized

(20) M, R. Churchill and J. P. Fennessey, Chem. Commun., 695 (1966).
(21) P. G..Lenhert and D. C. Hodgkin, Nature, 192, 937 (1961).
(223 M. ]. Bennett and R. Mason, Proc. Chem. Soc., 273 (1963).
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carbon atoms), the “effective contraction” of the
Fe-CO bond length, relative to the Fe~CF, distance,
is ~0.15 A.%8

Since such species as (C,Hj,.1):Fe(CO), are not
known, no comparison of analogous alkyl and fluoro-
alkyl complexes is possible. There are, however, a
number of polynuclear iron-carbonyl species which,
formally at least, contain simple iron—carbon ¢ bonds,
but a wide variety of bond lengths have been observed.
For example, the ferracyclopentadiene species (CH;Co-
OH):Fe (CO)e, 2t CeH;3CyCeH:Fea(CO)s,? and black (Cs-
H;C.CeHj)2Fe;(CO)s% have iron-carbon ¢ bonds rang-
ing from 1.948 to 2.063 A in length, The acetylene
complex violet (CsH;C,CeH;)oFe;(CO)s* has eight
iron-carbon ¢ bonds varying from 1.954 to 2.057 A.
The heterocyclic (CeH;CoH);CoFeo(CO);¥ has iron-
carbon ¢ bonds of 2.006, 2.088, and 2.097 A, and the
a-vinyl complex, (CsH;C.CO,CH;);COFe(CO);, has an
iron—carbon distance of 1.99 A, 1In each of the above
molecules there is a considerable likelihood that the
iron—carbon linkage is part of a large delocalized sys-
tem, rather than being an isolated ¢ bond.

(23) The “‘effective contraction’ defined here is one of the few possible
measures of the relative amounts of » bonding in metal-carbon linkages. A
comparison with values for other molecules may be made by consulting
Table V of ref 4,

(24) A. A. Hock and O. S, Mills, Acta Cryst., 14, 139 (1961).

(25) M. van Meerssche, P. Piret, J. Meunier-Piret, and Y. Degreve, Bull.
Soc. Chim, Belges, 18, 824 (1964).

(26) R. P. Dodge and V. Schomaker, J. Organometal Chem, (Amsterdam),
8, 274 (1965).

(27) G. 8. D. King, Acta Cryst., 1B, 243 (1962).

(28) L. F. Dahl, R. J. Doedens, W. Hubel. and ]. Nielsen, J. Am. Chem.
Soc., 88, 446 (1966).
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However, the complex (OC);FeC;H,~CH,Fe(CO),
does have a distinct Fe-CH, bond of length 2.123 A,%°
but, since the iron atom is in a formal 4+ 1 oxidation state
and the over-all configuration may well involve some
strain in the Fe-CHj, linkage, a direct comparison of this
bond length with the Fe~CF, distance in ¢is-(HCF,-
CFy):Fe(CO). is not strictly valid. The crystal struc-
ture of w-CH;Fe(CO)a(c-C:;H;) has recently been
determined ;*® the Fe''-CH< distance is found to be
2,11 = 0.02 A, but the structure is of limited accuracy.
Thus, although further substantiation would be welcome,
it seems that the contraction in iron—carbon bond length
caused by fluorinating the a-carbon atom is probably
about 0.05 A in Fe(II) complexes.

The Crystal Structure

All intermolecular contacts less than 3.5 A are
collected in Table VII. The shortest F---F contact
is 2.91 A between F;and F; (/s — x, 1 — 3, /s — 2).
There are several F---0O contacts below 3.0 A, and it
is possible that these participate in distorting the iron
aton1 coordination sphere from strict Cy, symmetry.
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Azulene diiron pentacarbonyl, CyHsFe,(CO);, crystallizes in the triclinic space group Cl (no. 2) with ¢ = 7.32 = 0.01 A,

b =1448 £0.02A,¢c = 1476 £ 002A, o = 1162 £ 0.2°,8 = 923 = 0.2°, y = 93.0 = 0.2°, Z = 4.

A three-dimen-

sional single-crystal X-ray analysis, based on 2579 independent nonzero reflections collected with an automated diffractom-
eter, has been completed (Rr = 10.759,). The carbon atoms from the five-membered ring of the azulene form a r-cyclo-
pentadienyl system which is bonded to an Fe(CO); group, while three atoms of the seven-membered ring participate in
a m-allyl linkage to an Fe(CO); group. Unequal Fe-C(allyl) bond lengths, a distortion of the azulene ligand from planarity,
and a rather long iron-iron bond of 2.782 A indicate that the molecule may be rather strained.

Introduction

The preparation of molybdenum- and iron-azulene
complexes such as C1pHsMo0:(CO)g! and CyoHsFea(CO)52
was reported in 1958. An investigation of their proton
magnetic resonance spectra led to the suggestion of a
number of structures, each involving metal-diene or
metal-triene bonding, but no unique formulation was

possible.® King and Bisnette* have pointed out that
(1) R. Burton and G. Wilkinson, Chem. Ind. (London), 1205 (1958).
(2) R. Burton, M. L. H. Green, E. W. Abel, and G. Wilkiuson, ibid., 1592
(1958).

recent developments make it likely that CiHsMoy(CO)s
is represented as in I, with a w-cyclopentadienyl-metal

L]
(0C)sMo—Mo(CO);
1

(3) R. Burton, L. Pratt, and G. Wilkinson, J. Chem. Soc., 4290 (1960).
(4) R. B. King and M. B, Bisnette, Inorg. Chem., 4, 475 (1965).



