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SUMMARY

In Part I of this thesis, I describe come aspects of crystal
structure’analysis; in particular those methods employed in this
research,

In Part 11, the structural investigation of three organometallic
complexes by X-ray diffraction is reported, viz.
(N—ethoxycarbonyl—B—formylazepine)tricarbonyliron,
n-cyclopentadienyl-cis~dicarbonylbromo (triphenylphosphine )molybdenum -
methylene chloride and rr~cyclopentadienyl-trans-dicarbonyliodo-
(phenyl isocyanide)molybdenum.

Previous X-ray analyses of azepine-tricarbonyliron complexes
have shown that the geometry within the azepine ring is modified by
substitution, therefore the structure elucidation of
(N—ethoxycarbonyl—3-formy1azepine)tricarbonyliron was undertaken in
order to examipe the geometry in a 1,3-substituted complex. Bond
length variations consistent with those in the other complexes have
been found.

The structure determinations of the molybdenum complexes were
undertaken to augment the already considerable structural comparisons
possible among complexes of the type 01h05H5)MoL2XY. In the analysis
of cis-(nhCSHS)Mo(CO)Z(PPhs)Br, halo/carbonyl disorder has prevented
the determination of meaningful Mo ~ CO distances, but sensible values
involving the other ligands have been obtained. The intercst in the
structure of trans—@w-csHs)Mo(00)2(CNPh)I was centred on the
phenyl isocyanide ligand, for which an almost linear Mo - C - N - C
geometry was found, with a Mo - CNFh bond length consistent with the
Tw=accepting ability of the phenyl isocyanide ligand being nearly

comparable with that of the carbonyl ligands.



In Part III, the characterization by X-ray analysis cf a chromium
and three iron organometallic comrlexes is reported.

The analysis of the chromium complex was undertaken to determine
whether the monomeric formulation, 01—05H5)Cr(N0)(NPh2)I, or a
formulation involving weak iodine or nitrogen bridges was correct. The
complex was found to be monomeric and structuvral comp;risons have been
made with related chromium—cyclbpentadienyl»nitrosyl coemplexes.

An X-ray analysis was carried out on the hexafluorophosphate
salt of a stable intermediate isolated from the Friedel-Crafts
acylation of (hexa-2,4-diene)tricarbonyliron, in order to assert
whether the iron atom directs the entering electrophile endo or exo
to the organic ligand. The configuration of the cation of the
intermediate, tricarbonyl(2—-4-y-hepten-5-methyl-6-one)iron, was found
to be that resulting from endo-acylation.

A product of the photochemical reaction of benzyldicarbonyl-
@1—§yclopentadienyl)iron with triphenylphosphine has been examined
by X-ray diffraction and found to be (1-exo—benzylcyclopenta-z,4~diene)-
dicarbonyl (triphenylphosphine)iron, in contradiction to the
spectroscopic assignment. The tetracyanoethylene adduct of this
product has been characterized by a further X-ray analysis as
dicarbonyl (r-cyclopentadienyl ) (triphenylphosphine)iron 1,1,2,3,3-penta-
cyanopropenide. As a consequence of disorder, accurate dimensions

T ...

for the anion could not be cbtained, but structural cowpzrisons have

T
been possible between the cation, formally a FeI‘ complex, and its

0
closely related precursor, formally a Fe complex, The most notatle
feature is a longer, ca. 0.03 ﬁ, Fe - P bond length in the FeII

complex.
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PART I

_SOME _ASPECTS OF CRYSTAL STRUCTURE ANALYSIS




CHAPTER T
I.1.1  HISTORICAL

Steno's observation in 1669, of the constancy of angles between
corresponding faces in quartz, stimulated thought on the geometrical
theory of crystallography, and this was developed and completed soue
years before Rontgen's discovery of X-rays in 1895. The nature of
this very penetrating radiation was unknown until in 1912, Freidrich
and Knipping, following the suggestion of von Laue, showed that e
crystal could act as a three-dimensional diffraction grating for X-rays.
This not only demonstrated that X-rays could be considered as
electromagnetic radiation of wavelength similar to the interatomic
spacing in a crystal lattice, but also initiated the growth of a
powerful physical technique for investigating the internal structure
of crystals on an atomic scale.

Bragg's Law was pubiished in the following year, and gradvally
other important advances, both in theory and technique, have resulted
in a greater number of structures being determined, greater accuracy

being achieved and greater complexity in structure being overcome.



I.1.2 DATA REDUCTION

The cobserved structure amplitude, |F s of the reflection
o(rk£)

(hke) is related to the intensity, I(hkz)’ by the equaticn:

lFo(hkl)l = _(-—-11 hic? (1)

L.p
whe;e both L, the Lorentz factor, and p, the polarisation factor, are
dependent on the individual reflection and the method of data collection.
The Lorentz factor allows for the relative time each crystal plane is

in a reflecting position and, for normal beam diffractcmeters, is

given by:
1
L = —osp——— (2)
where e(hkz) is the Bragg angle of the reflection (hk£).
The polarisation factor given by:
2
1 + 20
P = 708 To(nke) (3)
2

allows for the partial polarisation of the reflectied beam. However, if
the X-ray beam has been reflected from a crystal monochromator, the
incident beam is also partially polarised and the modified equation is:

_ lcosZGM| + 008229(hk2) (4)
p = IcosQGMI + 1

where eM is the Bragg angle of the reflecting family of planes of

the crystal monochromator.

reflected beam intensity and failure to allow for either of these
effects, if they are significantly present, results in a systematic
lowering of the temperature factors and a raising of the standard

deviations.

X-rays are absorbed to a considerable extent even in the small



crystals used for X~ray diffraction, but this can be allowed for when
the crystal dimensions are known. If the original beam has intensity Io,
then the intensity I after passing through a thickness t of the crystal
is given by:

1 = et (5)
where p is the linear absorption coefficient and is dgpendent on the
atoms in the crystal and the X-ray wavelength.

Extinction is caused by a transfer of energy between the incident
and diffracted beams and depends partly on the size and alignment of
the mosaic blocks in the crystal. These are difficult to calculate,
therefore extinction is usually allowed for, either by removing the
extinct reflections or by the more satisfactory method of including an

extinction parameter in the least-squares refinement.



I.1.3 THE STRUCTURE FACTOR AND THE ELECTRON DERSITY DISTRIBUTION

The structure factor, )* is defined by the complex equation:

F (e
N

F(hkf) = EZ;fjexp[2ni(hxj + kyj 4'223)] (6)
J=

where the summation is over all the atoms in the unit cell and fj is

the atomic scattering factor of the jth aton whose fractional coordinates
are (xj, yj, zj). Neglecting anomalous scattering, then the atomic
scattering factors can be represented by real numbeis and equation (6),

when reduced into real and imaginary parts, becomes:

N N
Flog) = ;fjcoszn(hxj + ky, +sz) + ij}::ilfjsin2n(hxj + Ky +£zj) (7)

Another equivalent expression is:

Fawe) = [y P[H o) ()
- where the structure amplifude IF(hk2)| and the phase *(hkz) are related
to A(hkﬂ) and B(hkﬂ) by the equations:
Poaol” = ey * Pumn (10)
and % (g an-1<§j(§%) (11)
The structure of a crystal is periodic in three dimensions,
therefore the electron density, p, at the point with fractional
coordinates (x, Y z) can bé represented by a three-dimensional Fourier
series, It can be shown that the coefficients of this Fourier series
are directly related to the set of structure factors F(hke) resulting
in the following expression:
0 o o0
P(x’ —— %thkEIF(hu)exp[-Zni(hx + ¥y + £3)] (12)

Ol amOd =00

where V is the volume of the direct cell. This can be shown to



e

reduce to:

P(x, v, z) = %ZthEKIF(hkg),cos[Zn(hx +ky + £2) - d(hkl)] (13)

B0 =00 00



T.1.4 THE PATTERSON FUNCTION AND THE FEAVY ATOM METHOD

Examination of equations (12) snd (13) reveals that electron-density
calculations would be routine if the relative phases and not merely the
structure amplitudes could be determined directly from the intensity
measurements., However, Patterson (1934/36) realised that knowledge of
the structure amplitudes is sufficient to enable a Fourier series
reprezenting the interatomic vectors in a crystal to be calculated. The
value, P, of this Fourier series at the point with fractional ccordinates
(v, v, w) is given by:

P(u, o W) = 12 E E ,F(hkﬁ)l exp 2ni(hu + kv + Ew)] (14)

- 00 —w -“

which is equivalent to:

P(u, vy w) J\fzhEkEle(M)lzcos?n(hu + kv + 2w) (15)

A cell containing N atoms will generate N2 ~ N non-origin peaks,
with height proportional to the product of the atomic numbers of the
atoms involved'and maximum width twice that cf the correspondiﬁg
electron density Fourier peaks. For those reasons, peaks tend to
overlap and normally the only readily distinguishable features in a
sea of vecfor density are the vectors between the heavy atoms. Hence
only the position of the heavy atom/atoms cen be found quickly and
easily, 5ut this is normally a sufficient foundation to enable the
rest of the structure to be built up by the following iterative method.

The phasas calculated using the dominant scatterers in the cell
(i.e. the heavy atoms) approximate to the true phases. Therefore, an
electron density distribution based on the calculated phases and the
obgserved structure amplitudes should reveal the positions of some or
all of the light atoms. This new gel of atoms determines a more correct

set of phases, and the procedure can be repneated.



An indication of both the nuwver of iterations which will be
required to build up the vhole structure and the likely final accuracy
of the light atom positions, can be cbtained from an examination of the

2
pA
ratio heavy atoms 09 where Z is the atomic number. As the ratio

light atoms Z
increases beyond 1 the heavy atom dominance increases, with the result
that, although most of the observations will be phased correctly,
comparison between the observed and calculated structure factors to
obtain the position of the light atoms will be less meaningful.
However, if the ratio is less than 1, more accurate final parameters
for the light atoms will be obtained, but the interpretation of the
Patterson function and the subsequent electron density distributions
will be more difficult, and several iterations will be required to

produce parameters good enough to begin least-squares refinement.



I.17.5 LEAST-SQUARES REFINEMENT

In order to improve the agreement between the observed and
calculated structure factors, the n parameters (p1, Pyr = = = = pn),
which occur in the structure factor calcuiation, are adjusted by the

method of least-squares. The function most commonly minimised is:

m o n 2 .
Igwr(lwol - IFcl) = r};er (16)

vhere the summation is over the set of m observations and L is a
weight for cach term. Minimisation is achieved by taking the derivative
with respect to each of the parameters and equating to zero. This
gives the following n equations:
m )|
WwAS— =0 (j=1,2 -=~=-=n) (17)

&4 o,

A can be expanded as a function of the parameters by a Taylor series,
and if the trial set of parameters is close to the correct values, the

terms higher than first derivative of chl can be neglected, giving:

o) - n, x|
ae+¢) = AR - ) €3 (18)
i=1 i

where P and € stand for the whole set of parameters and changes.
Substituting (18) into (17) gives n equations in n unknowns. These are
called the normal equations and can be expressed as:

n m F ]| slF n »|F |

EZ 2] |°|e = wA--——-lcl (19)

Sren ey i T &y

or in matrix form:

vhere,
A is a nm matrix witha,, = iw bIFcl . 3|F°|
i £ ropy 2Dy

X is a vector of order n with x, = Gi
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- W Ailigl

B is a vector of order n with b.
r ij

=1
For equation (20) to have a solution, A must possess an inverse A'-1
such that:
X = A7.B (21)
The normal equations can therefore be solved but, because they were
derived using a truncated Taylor series, exact adjustments are not
calculated and it is necessary to repeati the calculation, until it is
clear that a further cycle of refinement would give small shifts when
compared with their estimated standard deviations.
The estimated standard deviation, o=, of Pis when using abgoluvte
weights, is given by:

2 -1

and, when using relative weights, by:

m
-1 2
2 a,. w_A
By T (23)
m-n

where azl is the ith diagonal element of the inverse matrix A-1.

Absolute weights reflect the precision of the measurements of
'Fol and are calculated from:
(24)

w =

A
T o=

r

where v;z is the estimated variance of the rth observation due to
random experimental errors. This type of weighting scheme can only be
used when zwAz/(m - n) is close tc unity, indicating that the only
significant errors are the random experimental errors. The presence
of both random and systematic errors is allowed for by using relative
weights which reflect the trends in the IAF1 values. Calculation of
relative weights is achieved by choosing a weighting function to give

2 2 . .
constant averages of wA , when the set of wA™ values is analysed in



-1

ranges of iFol and siné.

The estimated standard deviations derived in the above way are
sometimes underestimated, particularly if block diagonal least-squares
is employéd, therefore it is desirable to have an independent
assessment of their reliability from an examination of the bond lengths,
valency angles and estimated standard deviations in any part of the

molecule which has known geometry (e.g. a phenyl ring).
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PART I1

STRUCTURAL STUDIES OF SOME ORGANOMETALLIC COMPLEXES




1%~

CHAPTER 1

(N-ETHOXYCARBONYI,~ 3-FORMYLAZEPINE ) TRICARBONYLIRON
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IT.%.1 INTRODUCTION

Discussion(1 - 3) of the nature of the very stable bond formed
between the iron atom and the butadiene group has been stimulated and
aided by the structure elucidation of a wide variety of 1,3-diene Fe(CO)3
complexes(4 - 27)(sxee Table 1 page 15). These reveal that the iron atom
is bonded to a planar ‘cis-butadiene fragment', producing substantial
alterations in ‘the molecular geometry of the olefinic ligand. For
example, the characteristic 'tub' conformation of cyclo-octatetraene
(COT)(28) is greatly altered on forming (00'13)1«'-e(co)3 and (COT)ZFe(CO)3(27),
geometrical iscmerisation occurs when vitamin-A aldehyde forms a
tricarbonyliron complex(9) and in all 1,3-diene Fe(CO)3 complexes,
donatioh of electrons from the highest-occupied bonding molecular
orbital of the diene to suitable metal orbitals, together with
back-donation from filled metal d orbitals to the lowest antibonding
. orbital of theAdiene(z), rYesults in the two outer bonds heing
significantly longer than normal double bonds and the central bond
being significantly shorter than a single bond.

X-ray analyses of the seven-membered unsaturated azepine ring,
(24)

both in the free state [N;p—bromobenzenesulphonylazepine

dibenz[b,f]azepine(ZQ) and N—phenoxycarbonylazepine(29)]
(22)
?

and when
complexed with tricarbonyliron [1H—azepine Fe(CO)5
N-methoxycarbonylazepine Fe(CO)3(24) and 3-acetyl-1H-azepine Fe(CO)3(23)]
have enabled changes on complex {ormation and variations between
complexes to be examined. Uncomplexed, the azepine ring exists in a

bozt conformation with localised double bonds, whereas when complexed,
the ring is divided into two almost planar groups of atoms, hinged

about the outer atoms of the delocalised 'butadiene fragmert' and

inclined at a dihedral angle of about 1400. Comparison of the



complexes indicates that on clectren-withdrawing substituent in the
3-position of the azepine ring (numbering as in Figure 2 page 24)
increases the amount of back-donation from the iron, while substitution
at the 1-position only significantly affects the bonds involving the
nitrogen aton.

In order to investigate the molecular geometry of a
1,3-substituted complex, a crystal structure analysis of
(1-ethoxycarbonyl-~3-formylazepine )tricarbonyliron was undertaken on

crystals prepared(30) by A. W. Johnson et al.

TABLE 1

(1,3-Diene)tricarbonyliron complexes investigated by X-ray analysis

a) Diene in an open chain

Butadiene Fe(CO)3(4)

Sorbic acid.Fe(CO)3(5)
1,4-Diphenylbutadiene Fe(CO)3(6)
N-Cinnamylideneaniline Fe(CO)3(7)
Cinnamaldehyde Fe(co)3(8)
Vitamin-A aldehyde Fe(CO)3(9)

(~)-2-(S~4-Me thylbenzylammonium)-cis, trans-hepta-3,5-diene Fe(CO)3(1O)

b) Diene partly in an open chain and partly in a sir-membered ring

m-Divinylbenzene Fe2(00)6(11)
p-Divinylbenzene Fe2(00)6(11)

(11)
)3

1-Vinylnaphthalene Fe(CO

2-Vinylnaphthalcne Fe(CO)3(11)

¢) Diene in a five-membered ring

Tetrakis(trifluoromethyl)cyclopentadienone Fe(CO)3(12)



d)

16—

Diene in a gix-membered ring

Octafluorocyclohexa-1,3-diene Fe(00)3(13)

Symmetrical 12-Oxa[4.4.3]propella-2,4,7,9-tetraene Fez(co)6(14)
Unsymmetrical 12-0xa[4.4.3]propella—2,4,7,9—tetraene Fe2(00)6(15)
Tricyclo[4.3.1.01’6]deca-2,4-diene Fe(CO)3(16)
n-Tetracyclo[8.6.0.0°'2.0%*®Jhexadecapenta~1,6,11,13,15-ene Fe(CO)3(17)
Thebaine Fe(CO)3(18)

011,16

4,5,6,7—Tetrahapto-pentaeyclo[8.3.3.02’9.03’8. ]hexadeca—

4,6,12,14-tetraene Fe(CO)3(19)

Diene in a seven-membered ring

Tropone Fe(CO)B(ZO)
2,4,6-Triphenyltropone Fe(00)3(21)
1H-Azepine Fe(00)3(22)
3-Acetyl-1H-azepine Fe(co)3(25)
N-Methoxycarbonylazepine Fe(CO)3(24)
1-Isopropoxycarbonyl-1,2~diazepine Fe(co)5(25)
Diazulene Fe4(co)1o(26)

Diene in an eight-membered ring

(27)

Cyclo-octatetraene Fe(CO)3

Cyclo-octatetraene Fe2(CO)6(27)
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II.1.2 EXPERIMENTAT,

Crystal Data  (N-Ethoxycarbonyl-3-formylazepine)tricarbonyliron;

013H1106NFe.
Crystal system

Unit cell dimensions

Space group
Unit cell volume
Molecular weight

Observed density

Calculated density

Number of molecules per unit cell
Number of electrons per unit cell
Linear absorption coefficient

Wavelength of Mo-EKxX radiation

Triclinic
a= T7.022(3) &
b = 10.550(4) R
c = 9.500(3) %
« = 92%49' (1)

p = 94°32' (2)

¥ = 96° & (2)
BT (c})

U= 696.4 8

M = 333.0 a.m.u.

D 1.58 gm.cm-.'3 (flotation in aqueous

o)

zinc jodide solution)

D, = 1.587 gm.cm?3
2 =2
F(000) = 340

M(Mo-Kx) = 11.45 em’!

A = 0.71069 &
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Crystallographic Meagurements

Prelimirary triclinic cell dimensions were obtained from precession
photographs of a yellow crystal of dimensions ca. 0.10 x 0.35 x 0.50 mm3.

The crystal was {iransfered to a Hilger and Watts' Y290 automatic
diffractometer controlled by a PDP-8 computer and offset on X by about

(31)

5o to prevent muliiple reflections . Mo~K« radiation was produced by
a fully stabilized X-ray generator, operated at 46 kV and 16 mA, with a
zirconium filter at the source.

The reciprocal lattice spacings and orientation determined Ifrcm
the precegsion photographs enabled the angular settings of two strong,
low ordexr, zonal reflections to be estimated. These settings were
optimised by means of 20, ¢ and X scans and incorporated with the cell
dimensionsg in an orientation matrix, which was used to locate nine fairly
strong reflections with a wide spread of ¢ and X values and with 6 values
in the range 11° to 16°. The cell dimensions and the setting angles of
_ two of these reflections were adjusted by a least-squares treatment(32),
in order to minimise the disagreement between the optimised observed
and the calculated setting angles of these nine reflections, thereby
obtaining an orientation matrix with which to locate the reflections
during the data collection. The adjusted cell dimensions, together with
the standard deviations derived from the least-squares calculations, are
given in the crystal data. A

The intensity data were collected, in octants hkf, hkf, hk2 and hkZ2
with 6(Mo-kx) < 26° by the & - 20 scan procedure, each reflection being
scanned in 80 equal steps from 260310. -0.80° to 2ecalc. +0.80°, Each
step of the scan was counted for 1 second and stationary-crystal,

stationary-counter background counts were taken at each end of the scan

range for 20 seconds. The intensities of two standard reflections were
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monitored every 40 intensity measurements and only small random
fluctuations were observed. The scan counts (P) and the background

counts (B1,B2) of each reflection were combined to yield the integrated
intensity, I =P - 2(B1 + Bz), which was corrected for Lorentz-polarisation

effects but not for absorption. 2,467 independent values of lFol were

obtained.
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Strvueture Analysis

The initial coordinates of the iron atom were deduced from the
three-dimensional Patterson synthesis and used to phase
[R =‘2(|Fo - Fcl)/quol = 46%q an electron density distribution which,
when contoured on to glass sheets, revealed the positions of the
remaining non-hydrogen atoms. This map confirmed that.the space group
is the centrosymmetric P1 and not the altermative noncentrogymmetric P1.

The approximate atomic parameters were adjusted by a series of
least-squares calculations, using the program due to D. W. J. Cruickshank,
Je Go F, Smith and J. G. Sime on Glasgow University's KDF9 computer. The
function minimised was‘ZW(lFol - IFCI)Z,'where w ig a weight given by
the expression: _

W = [1 - exp(—p1{sin9/i}2)]/[1 + pQIFOI + pilF0|2]'

The values of p1, p2 and p., were adjusted at several stages of the

3
refinement to ensure approximate constancy of <wA2> over various ranges
of lFol and sind. The final values were 50.0, 0.1 and 0.001 respectively.
The atomic scattering factors, including dispersion corrections Af' and
Af" for the iron atom, were taken from 'International Tables for X-ray
Crystallography,' Vol. III.(33)

Two cycles of full-matrix refinement using isotropic thermal
parameters reduced R to 10.6%, and after two cycles of block diagonal
least~squares refinement with the atoms assigned anisotropic thermal
parameters, the R-factor was 6.2%. At this stage a difference electron
density distribution was calculated revealing the hydrogen atom positions
(average peak height = O.60e-/33). The highest peak not attributable to
a hydrogen atom (peak height 0.57e-/33) vas close to the iroh atom. The

positional and isotropic thermal parameters of the hydrogen atoms were



then included in the least-squares adjustment and two further cycles of
block diagonal refinement converged at R = 5.0%. When those reflections
with P < 2(B1 + BZ) were removed from the analysis, two rounds of
block diagonal refinement, using the remaining 2,363 observations,
converged at a conventional R~-factor of 4.59% and a weighted R~factor
[R' = (EWAZ/EWlFolz)%] of 6.,43%. Bach of the above increases in the
number of refined parameters resulted in a significant(M) lowering

of R',



Resul ts

The observed and final calculated structure factors are listed in
Table 2, with the final positional énd thermal parameters, including
the estimated standard deviations derived from the least-~squares
refinement, in Table 3. The atomic numbering scheme of the non-hydrogen
atoms (each hydrogen atom is numhered according to the atom to which it
is bonded) is shown both in Figure 1; a perspective view of the molecule
illustrating the thermal ellipsoids(35), and in Figure 2; the molecule
projected on to the butadiene plane. Figure 2 also contains the bond
lengths involving the non-hydrogen atoms, vhile those involving the
hydrogen atoms are listed in Table 4, The valency angles, torsion angles
and displacements of atoms from various planes are given in Tables 5,
6 and 7 respectively. The crystal packing is shown in Figure 3 end

the intermolecular contacts ¢ 3.60 % are listed in Table 8,



L

FIGURE 1

Perspective view of {N-ethoxycarbonyl-3-formylazepine)tricarbonyliron

showing the 50% probability thermal ellipsoids.
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FIGURE 2

Projection of (N—-ethoxycarbonyl- 3.formylazepine )tricarbonyliron

on to the butadiene plane, illustrating the bond lengths.



FIGURE %

Packing arrangement of (N-ethoxycarbonyl-3~formylazepine)tricarbonyliron

viewed along the a-axis.



O R R R R R R e A L R L R L EE R R R

(N—Ethoxycarbmnylgj-fnrwylazepine)tricarbonvliron;

i

observed and final calculated structure amplitudes

.
K L F 085 F CALC Mok L F O0BS F CaLC MoK L F 083§ Cart MoK N T 588 FoTaLe M &y F ONSF CALT Moa L F 08Y FoCALC
2 0 43 2.7 - 7.0 5.0 208 - 0 2ea
2 =8 2 1042 +0 L TS T 'Y
2 -5 1 e 4.0 . 1ot
l 5 0 alel s
1 -5 -1 3 4
] -8 <2 Ted 3
1 -3 -} 1048 2
t 3 -4 1e® 1
L] -3 -5 Se) 0
°
I3
0
°

-1

-1

-1

aMAsLRrsasrLALAAALALAMLAL AN AL AL AL o amarans
B A L L L e

.
.
.
.
.
.
.
.
.
0
.
.
.
.
.
.
.

L Y N S T L A R R
P P PP P PP rre I P TP PPPPPINPOD0PeI. sPPPerdORPODePIPRrePPITIRlcrsseT PRI

D L L L L L L L L T N L AL L

P P VY MU AN PP P PV I P RS P L B U UV U s PSP PV PV U Y AUV U P P UV SR B VU P P P AR P R A BV P VB R B S AU B AP S UV AP UN S AR O
essasambscsrassnnsassan

el 0000 0000000000000 e et e NN NN N NN RS NN NN AN LU LL NP VNN B LU LU N aALanAardtaiadasstvmeny

P L R T R R R R R P P T T v

.
.
‘.
.
‘.
]
bl
3
2
)
3
3
2
3
3
J
)
b
3
3
3
1
3
2
2
. . 2
. . a
. 3 2
° . . 2
° . . F
° . . <
° . . 2
° . . 2
0 . . 2
o . . 2
o I . 2
° . . 2
[ . g 2
° . . 2
1 . . - « 2
. . - 0
. . - LI
. . - S=13 o
. 3 v - %+10 ]
. 3 . s-10 )
. [ ) - Se10 ¢ 1
. LI - .10 . 1
. s 2 -1 set0 .«
. LI | -1 . 4
. s o . .«
. s - . 4
. L] - . «
. s - - . 0
. [ - . “«
. [ - ‘. 0
. s 1 ) - ‘. .«
. s 7 2 - .
. s v 1 . i
. s 7 0 . «
. s 1.t . 4 3elo 1030 31049
. s 1 -2 . ¢« 0
. 5 7 e ) [
. s 7. . “0
. s 7 s . “ 0
N LR PO t i3
. 3 e s ) “« 0
. [ . ¢« 0
. s . 3 . ‘0
. s e 2 . o2
* ke i . ¢ 0
. s (] [l “« 0
. LTl a “« 0
. s s 2 . ‘0
. LR . “ 0
. s e e . ]
. 3 -5 . e 0
L. S e . 4 =1
s 3 et . ‘el
. S 3 . . 4 el
. s 5 3 . o
. s s 3 ) N
. s s 1 . ..l
. L] SIS T YR Y L) ‘el
s s 0 2 =2 4% 1% ) ¢ e
. LT [ 134 . .
. s 8 a2 1) 172 . 4.




DT

z
-

L F 08s F CALC Hono L FoOBRS F oCALC

z
»
-

F 0§ § Cac

L f Ons FiCALC

z
»

¥ 08 F Calc

x
=

Foom§ FoCiLC

L
it 2 Teu
'

4 -1 =1 15,8 9 1led t2e2 - =l 37.9 40,0

4l -2 2% -1 2.0 0.3 ) =1 32eb 3des " 1.3
4ol a3 S -2 4.8 4 14e?  deow oo [ 134
4 2y ea 2207 -3 () 8.0 1.4 10,7 ol 12
4 -t VeT 21 ) <% 2.2 2ren RT3

) - sel 8.2 .1 -7 [ 15 2,0 1"

] . oot 6e3 5

. ‘ <ot Sl te

) 4 7.2 bt 17

. ) 3.0 €y 10

. 2 205 1ed 10

. 1 1043 13

) tan 0

a -1 s 19

] .2 1e2 2.0 10

4 - Seb Se4 10

. -t See as 10

N ’

il

.

.

ceePmsacnscscssasveee

N N S N O R N A

.

B T kL L R P U VR R P R PP R R VIR P PP TP U P P P VRPN

SRR
LY R R ey

e
UN=C- suave v e

.
.
.
.
14
7
y
12
’
7
12
13
v
v
?
v
v
’
12
b
.
.
.
.
.
-
.
.
.
.
.
.
.
]
.
.
.
.
Ed
s
s
5
s
s
s
s
s
s
5
s
s
s
s
)
.
.
.
.
.
.
.
.
.
4
.
.
.

v
0
.
)
.
.
s
.
k)
?
1
H

12 9 e [ X34

VU PP T PP P PR P T UR PRI PR PRV v PR TR PRV PR PR PR PR POy RS e L L - re ey L

R e RN N N AT A e RN R N e e I e e e g e e e B R B e e e N e e e e B e A R N R AN R e B e N R R R N R e e e e R N e e e e e Y R R R Y N Y R N R e R R A g R R AR N R R R A e e e N e e e

L o R T L L L L L L L L L I T T I L L o e T e e O U U O R O T O S T T A VR G

D R T I A A N L T L R R R T R L R A R L L L R LT RN T I I I I

T T T T T D P P T P R T L R

.
0
4
.
4
0
.
.
.
.
.
.
.
.
.
.
.
4
.
.
.
.
.
4
.
4
.
4
0
)
+
.
e
.
.

wasrssa




=

O S P S T S L L R L L R L L R L L e T T O N N T VR R VR R YR

[N
-4 10
-t
.

-t
-t

FoONE F CALC

.0 7o
$e7 S
24 20
23e0
ie?
22, 207

.
.
«
)
.
.
)
e
.
0
.
.

sesas

L

-l
-2
1
°
.1
-2

FoORS T ZaLC

2ee Je2
LI} 1
() Ten
34 3.7
143
743
2t
4e2
(1)
den
ver
o7
38
Te6
s.0
€02
2.3

"

L]
-

C-mMusuINs eSO ee

N R P T
3

©cocoocococcoceovoo

e

R R R R X

28

F 085 4 CaLC

10,2
A\
"en
74

tea

1y
1e03

5.8
re

St.0

E

[l
1
1
]
1
]
1
1
1
1
1
]
1
]
1
]
1
]
1
1
]
1
1
1
1
]
1
]
1
)
)
1
]
1
]
]
]
t
.
1
t
'
1
1
]
)
1
}
]
]
[}
1
1
]
]
]
t

F 0%y F ocace

7.}

VU0 0®0C0AC0800C0080EE0L000000000000E000000E00000000NA000000A00000

3

L A R R R

L L R L L R R LR R R R T R

L

Fo98s F o CALC

107

33079000003 3¢00200393030300330000000830wIa230900CCO02000C000CNIC0O0R0RO0DDOOV00000U0030007:003200000000003932003A00635¢080350C32E0360

XL FoewdroCaLe

0. 12

cr 1%.T el

EYIRE TR N TS §
.t I
4 12a1
. 8.7
s S0

- "o [
.19 3.
v r.2



(N-Ethoxycarbonyl-3-formylazepine ) tricarboayliron; fractional

TABLE 3

atomic cocrdinates with esd in parenthegses and thermal pzrameters.

Atom
TFe
0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
N(1)
c(2)
c(3)
c(4)
¢(5)
c(é)
c(7)
c(s)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
E(2)
H(4)
H(5)
H(6)
H(T)
H(9a)
H(9p)
H(102)
H(10b)
H(10c)
2(11)

X

0.09012(7)

0.4821(4)
0.2767(4)
-0.4677(4)
0.1398(5)
-0.1322(6)
0.4497(5)
0.1772(4)
0.0021(5)
-0.1513(5)
-0.1667(5)
-0.0889(5)
0.1035(6)
0.2191(5)
0.3282(5)
0.4255(7)
0.3369(9)
-0.3188(5)
0.1243(5)
-0.0495(6)
0.3105(6)
-0.010(5)
-0.290(5)
~0.157(7)
0.159(6)
0.349(5)
0.548(8)
0.445(7)
0.312(10)
0.407(8)
0.214(10)
-0,307(6)

J
.20994(4)
.5994(3)
.6911(3)
.3699(3)
.2252(4)
.0425(4)
0.1128(3)
0.5013(3)
0.5073(3)
0.4191(4)
0.3045(4)
0.2960(4)
0.3445(4)
0.3954(3)
0.5996(3)
0.7983(4)
0.8929(5)
0.4402(4)
0.2170(4)
0.0558(4)
0.1500(4)
0.583(3)
0.256(3)
0.239(4)
0.340(4)
0.406(3)
0.763(5)
0.837(5)
0.861(6)
0.965(6)
0.914(7)
0.528(4)

o O O O O

o

Z
0.%1160(5)
0.3480(3)
0.2021(3)
0.1045(4)
0.0095(3)
0.3124(5)
0.4102(4)
0.2865(3)
0.2120{4)
0.2140(4)
0.2952(4)
0.4377(4)
0.4764(4)
0.5705(4)
0.2831(4)
0.1970(5)
0.1055(6)
0.1210(4)
0.1257(4)
0.3116(5)
0.3728(4)
0.162(4)
0.274(3)
0.495(5)
0.567(4)
0.404(4)
0.150(6)
0.283(5)
0.018(7)
0.105(5)
0.157(7)
0.076(4)

302
U, oo (%10 %)

*

*

A % x %k *x *x %k %k X% X% x % * % %k % * X X

N O ON © > W N W -
Q O W =2 WU»nm N O N 3 & O
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¥ These atoms were assigned anisotropic temperature factors of the form:
2 2 2 .2 2l 52

T = exp[—2n2(‘0ﬂh a¥” + U K'b*" + U%* c*” 4 2U23k£b*c* + 2U31£hc*a* +
2U12hka*b*)] with final parameters (Uijx1o432):
Atom U, Uy Uss 20,5 205, 20,
Fe 378 443 371 58 15 -52
o(1) 290 668 706 129 -299 -244
0(2) 462 505 584 203 -70 -141
0(3) 394 867 709 42 -262 -97
0(4) 657 1040 412 74 138 -104
0(5) 985 633 1146 67 345 -692
0(6) 577 791 874 380 -140 371
N(1) 320 463 422 55 -121 -69
c(2) 364 472 432 ~14 -59 153
c(3) 348 521 416 =15 -14 90
c(4) 312 589 479 36 101 -64
c(5) 467 592 434 90 230 16
c(6) 562 569 323 -6 -28 64
c(7) 364 458 440 -15 -185 -7
c(s) 428 484 422 -94 29 -132
c(9) 642 577 669 72 53 -424
c(10) 967 566 767 273 - 135 -204
c(11) 399 665 512 -2 -6 147
c(12) 403 556 458 -39 22 2
c(13) 550 589 616 118 113. -151
c(14) 512 487 550 205 -2 6

Average estimated standard deviations. (Uijx10432) and (Uisox10322)

Aton U or T, T, Uss 20,5 20,4 20, ,
Fe 2 3 2 4 4 4
0 18 20 20 31 30 30
N 14 15 15 24 23 23
c 21 21 21 33 33 33
H 13



TABLE 4

(N~-Ethoxycarbonyl-3-formylazepine )tricarbonyliron;

bond lengths (&), with esd in parentheses, involving the hydrogen atoms.

c(2) - H(2) 0.95(3) c(9) - H(%) 1.10(5)
c(4) - H(4) 0.96(3) c(9) - H(9%) 0.89(5)
c(5) - E(5) 0.95(5) c(10) - H(10a) 0.88(7)
c(6) =~ EH(6) 0.92(4) c(1o) - EH(10b) 0.87(6)
c(7) - E(7) 0.93(3) c(10) - E(10¢) 1.06(7)

c(11)

B(11)  1.04(4)
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TABLE 5

(N~-Ethoxycarbonyl-3-formylazepine )tricarbonyliron; valency angles (°)

with esd in parentheses.

c(12) - Te - Cc(13) 100.3(2) N(1) - c(8) - o(1) 123,1(3)
c(12) - Te - c(14) 99.8(2) N(1) - c¢(8) - o(2) 11%.3(3)
c(13) - Fe - c(i4)  93.4(2) o(1) - c(8) - 0o(2) 125.5(3)
Fe - C(12) - of(4)  176.9(4) c(8) - o(2) - c(9) 114.2(3)
Fe - C(13) - o{5)  178.0(4) o(2) - c¢(9) -~ c(10) 105.0(4)
Fe - C(14) - 0(6)  179.3(4) ¢(3) - c(11) - o(3)  125.2(4)
Fe - C(4) - c(5)  66.5(2) c(3) - c(11) - B(11)  114(2)
Fe - ¢(4) - c(3) 114.2(2) o(3) - c(11) - E(11) 121(2)
Fe - ¢(4) - H(4) 121(2) N(1) - c(2) - H(2) 116(2)
Fe - ¢(1) - c¢(6) 68.1(2) c(3) - c(2) - H(2) 119(2)
Fe - ¢(7) - N(1)  120.6(2) c(3) - c(4) - =u(4) 110(2)
Fe - c(7) - E(T) 118(2) c(5) - c(4) - H(4) 114(2)
c(4) - Fe - c(5) 39.7(1) c(4) - c(5) - E(5) 118(3)
c(4) - re - c(6) 71.2(2) c(6) - c(5) - H(5) 121(3)
c(4) - Fe - ¢(7) 82.5(1) c(5) - c(6) - E(6) 122(2)
c(5) - Fe - C(6) 40.1(2) c(7) - c(6) - H(6) 119(3)
c(5) - Fe - c(7)  72.3(1) c(6) - c(1) - (1) 110(2)
c(6) - re - ©(7) 40.4(1) N(1) - c(7) - H(7) 109(2)
K1) - ¢(2) - c(3) 124.3(3) 0(2) - c(9) - H(9a) 108(3)

c(2) - c(3) - c(4) 127.8(3) 0(2) - c¢(9) - =H(%) 107(3)
c(2) - c¢(3) - c(11) 115.2(3) H(9a) - €(9) - E(9b) 118(4)
c(4) - ¢(3) - c(11) 117.0(3) ¢(10) - ¢(9) - H(9a) 111(3)
c(3) - c(4) - c(5) 125.8(3) c(10) - c(9) - H(%) 105(3)
c(4) - ¢(5) - c(6)  119.1(3) c(9) - c(ic) - E(10a)  111(4)

c(5) - c(6) - c(71) 119.1(3) c(9) - c(10) - H(10b)  114(4)
c(6y - o(1) - ®1)  125.0(3) ¢(9) - ©{10) - m(10c)  104(4)
¢(7) - ®(1) - c(2) 123.2(3) H(10a)- ¢(10) - EH(10b)  109(6)

c(7) - N(1) - c(8)  115.9(3) H(10a)- ©(10) - H(10c)  114(6)
c(s) - N(1) - c¢(2) 120.9(3) q(10v)- ¢(10) - E(10c) 105(5)
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TABLE 6

(W-Ethoxycarbonyl-3-formylazepine Jtricarbonyliron; torsion anglea (o).

N(i) - ¢(2) - ¢(3) - c(4)

N(1) - ¢(2) - ¢(3) - c(11)

H(2) - ¢(2) - ¢(3) - c(4)

B(2) - ¢(2) - ¢(3) - ¢c(11)

c(2) - ¢(3) - ¢(4) - ¢c(5)
c(2) - ¢(3) - c(4) - B(4)
c(11)- c(3) ~ c(4) - c(5)
c(11)~ ¢(3) -~ c(4) - E(4)
c(2) - ¢(3) - c(11)- 0(3)

c(2) - ¢(3) - c(11)- H(11)

c(4) - ¢(3) - c(11)- o(3)

c(4) - c(3) - c(11)- B(11)

c(3) - c(4) - c(5) - c(6)
c(3) - c(4) ~ c(5) - H(5)
H(4) - c(4) - c(5) - c(6)
H(4) - c(4) - ¢(5) - B(S)
c(4) - c(5) - c(6) - c(7)
c(4) - ¢(5) - ¢(6) - H(6)
B(5) - ¢(5) ~ ¢(6) - ¢(7)
B(5) - ¢(5) - ¢(6) - H(é)
c(5) - ¢(6) - ¢(7) - N(1)
c(5) - ¢(6) - ¢(7) - B(7)
H(5) - c(6) - c(7) - N(1)
H(6) - c(6) - ¢(7) - B(T)
~c(6) - c(7) - N(1) - c(2)

2
-177
-174

H(7) - ¢(7) - ¥(1) - c(2)
c(6) - ¢(7) - N(1) - c(8)
E(7) - ¢(7) - N(1) - c(8)
c(7) - x(1) - ¢(2) - ¢(3)
¢(7) - ¥(1) - c(2) - B(2)
c(8) - (1) - c(2) - c(3)
c(8) - (1) - c(2) - B(2)
¢(2) - ¥(1) - c(8) - o(1)
c(2) - ¥(1) - c(8) - 0(2)
c(7) - x(1) - c(8) - o(1)
¢(7) - n(1) - c(8) - o(2)
N(1) - c(8) - 0(2) ~ ¢(9)
0(1) - c(8) - 0(2) - ¢(9)
c(8) - o(2) - ¢(9) ~ c(10)
c(8) - o(2) - c(9) - H(%)
c(8) - o(2) - ¢(9) - E(9p)
o(2) - ¢(s) - ¢(10)~ H(10a)
0(2) - ¢(9) - ¢(10)~- H{10Db)
0(2) ~ ¢(9) - ¢(10)- HE(10c)
H(%a)- ¢(9) - ¢(10)~ H(10a)
H(92)- ¢(9) - ¢(10)- H(10b)
H(92)- ¢(9) - ¢(10)~ H(10c)
H(9b)- ¢(9) - c(10)- H(102)
H(9b)- ¢(9) -~ c(10)- H(10b)
HE(9b)- ¢(9) - c¢(10)- H(10c)

174
129
-6

179
178
-1
-178
63
-66
-66
172
58
52
-71
175
~-179
58
-56

The sign of the torsion angle is negative if an anticlockwise rotation

of A is required to eclipse D whilest looking down the B - C bond, the

atom labelling being from left to right in the above table.



TABLE

(N-Vithoxycarbonvl-3-formylazepine )tricarbonyliron; displacements (2)

cf atoms from various planes.

Atoms in plane Displacements Atoms out of plane Displacemcnts

a) c(4) -0.007 H(4) 0.17
¢(5) 0.014 B(5) 0.28
c(6) -0.014 H(6) 0.00
c(7) 0.007 B(7) 0.19
Fe 1.588
b) N(1) 0.003 c(7) 0.09%6
c(2) ~0.006 c(s) -0.062
c(3) 0.006 o{1) -0.078
c(4) ~0.003 0(2) -0.127
c(9) ~0.235
¢(10) -0.350
H(2) ~0.09
c(11) 0.072
0(3) 0.125
H(11) -0.05
c) c(7) 0.023 c(8) -0.097
N(1) -0.029 c(11) 0.135
c(2) 0.004 -
c(3) 0.022
c(4) -0.021
- d) c(3) H(4) -0.54
c(4)
c(5)
e) c(6) H(7) -0.63
c(7)
R(1)
£) ¢(7) N(1) -0.006
c(s)

c(2)
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Atoms in plane  Displacerents  Atoms out of plane  Displacements

g) c(8) -0.007 N{1) -0.051
0(1) ~0.007 Hq(5a) 0.94
0(2) 0.011 H(9b) -0.76
c(9) 0.019 H(10a) 0.72
c(10) ~0.017 E(10b) -0.13

H(10¢) ~0.90

h) ¢(3) -0.008 ¢(2) ' 0.10%
c(11) 0.031 c(4) -0.127
0(3) -0.011
H(11) -0.011

i) c(13) ~0.021 Fe 0.521
c(14) + 0.022
c(4,5) 0.027
c(6,7) -0.027

t+ ©(X,Y) is the midpoint of the C(X) - C(Y) bond.
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TABLE 8
(N-Ethoxycarbonyl-3-formylazepine Ytricarbonyliron; intermolecular

contacts (¢3.608).

0(3) = ~-~ o0{sY) 3.05 c(2) --- ¢y 3.5
o6) --- o) 3.1 o(5) --- ¢ 345
o3) --- c(12) 3.6 06) - -- c@™h) 347
o(1) --- c(m¥hy 3.7 0(3) --- ¢(19) 3,50
o(1) --- o) .22 o) --- o3 3.5
o(1) --- o) 3,26 o(3) --- n(bH 3,51
0(1) --- o(sT) 333 0(4) ~-- c(10") 351
0z) --- c(9) 3.34 o4) ~-~ o) 3.5
02) --- 0(3) 3.36 o5) --- c(14) 3.5
o) --- c(11') 3.3 N(1) - -- c(6')  3.55
0(3) --- c(1'Y) 338 o8 --- c(1t)y 3.5
o3) --- c(8h) 3.39 06) --- c(5TT) 3.7
0(5) =--- (") 3.4 0(3) --- c(10')  3.58
N(1) -~ (5N 3.4

The superscripts refer to the following transformations of the atomic
coordinates:

I -1 + x, Y z3 Vi “-1 -x, 1-Y, - 23
I1I 1 - x, -y, 1 - 123 VIiI -1 +x, -1 + 5, Z3
IIi 1 4+ x, Y Z3 VIII -%xy, 1 -y, 1.- 23
Iv 1-exy, 1=y, 1-2; IX - X, -Y, - z3

v -%, 1 -y, - 23 X - X, -y, 1 -1z



IT.1.3  DISCUSSION
For comparison purposes, selected bond lengths in uzepine-Fe(CO)3

complexes investigated by X-ray analysis are given in fable 9.

TABLE 9
Selected bord lencths (R) in the Fe(CO)3 complexes of 1H—azepine(22), h,
5—acety1—1H—azepine(23), B, N¥methoxycarbony1azepine<24). C, and
N-ethoxycarbonyl-3-formylazepine, D.
Bond? ATT B C D
Fe - C(4) 2.206(5) 2.182(7) 2.145(10) 2.151(4)
Fe - C(5) 2.033(5) 2.063(8) 2.059(10) 2.053(4)
Fe - C(6) 2.039(5) 2.055(9) 2.041(9) 2.051(4)
Fe -~ C(7) 2.174(4) 2.168(9) . 2.091(8) 2.096(4)
N(1) - ¢(2) 1.352(7) 1.343(8) 1.382(11) 1.379(4)
N(1) - ¢(7) 1.402(6) 1.391(10) 1.436(11) 1.447(5)
c(2) - ¢(3) 1.322(7) 1.364(12) 1.334(14) 1.343(5)
c(3) - c(4) 1.451(7) 1.458(11) 1.439(14) 1.465(5)
c(4) - c(5) 1.414(7) 1.457(10) 1.398(14) 1.471(5)
c(5) - c(6) 1.407(7) 1.392(13) 1.409(13) 1.406(6)
c(6) - c(7). 1.409(7) 1.464(13) 1.440(12) 1.431(5)
c(3) - c(11) 1.467(9) 1.458(5)
N(1) - ¢(8) 1.372(11) 1.406(5)
c(s8) - o(1) 1.192(12) 1.201(5)
c(s) - o(2) 1.334(12) 1.325(5)
0(2) - ¢(9) 1.465(15) 1.461(5)
¢(9) - ¢(10) 1.507(7)
Fe - c(12) 1.765(4) 1.791(8) 1.713(11) 1.805(4)
Fe - €(13) 1.779(4) 1.799(10) 1.784(10) 1.807(4)
Fe - C(14) 1.782(4) 1.802(6) 1.779(10) 1.799(4)
c(12)- 0(4) 1.142(6) 1.138(10) 1.153(14) 1.125(5)
c(13)- o(5) 1.138(5) 1.148(14) 1.123(12) 1.134(6)
c(14)- 0(6) 1.144(6) 1.137(9) 1.142(13) 1.130(5)

t The numbering scheme ccnforms to that in D.

t+ A1l bond lengths in A are an average of values in two

crystallographically independent molecules.



B
In this analysis, as in the 5—acety1-1ﬁ—auepine(2§} complex. ihe

Fe(CO)3 group is complexed to atoms C(4) - - - C({) rather than

¢{2) - - = ¢(5), in agreement with Niehclson's argument(Bé) th

at
during complex formation it is energetically more favourshle for the
Fe(CO)3 group to interact with the more localised butadiene group,
thereby retaining maximum conjugetion in the cemplex.,

The iron atom is significantly closer to the ceniral atoms of
the butadiene group, with mean Fe - C(central) end Fe - C(termiral)
distances of 2.052 and 2.124 R respectively, These compare favourably
with corresponding mean values of 2.048 and 2.161 % in A, B and C, and
with values in a variety of 1,3-diene Fe(CO)3 complexes, e¢.g. 2.050
and 2.1%1 £ in sorbic acid Fe(CO)3(5), 2.0%8 and 2.114 £ in unsymmetrical
12—oxa[4.4.j]propella—2,4,7,9—tetraene bis-Fe(CO)3(15) and 2.05 and
2,18 £ in (COT)Fe(CO)3(27). The Fe - C(terminal) bonds are nonequivalent,
cf. Fe - C(4) and Fe - C(7) bond lengths of 2.15%(4) and 2,096(4) &
respectively; an asymmetry which probadbly occurs in A, B and C (see Table 9),

The terminal C - C bond lengths, both 1.431 R, and the ceniral
C - C bond, 1.406 X, differ significantly from those in an uncomplexed
1,3=-diene system, e.g. 1.337 and 1.483 2 respectively in
trans~butadiene(37). This apparent flow of electron density from the
terminalAbonds to the central bond can be explained either by a
valence bond approach, in which the complex is considered as a hybrid

of 71 {1) and &7 {II) canonical forms, or by a molecular orbitel

N

Fe Fe
(Cog (COB

(1) (11)

approach, in which a smooth transition from (I) to (II) occurs with
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increasing back-donation into the lowest antibonding oxrbital (¢5) of

v N N N

the butadiene group(z). In the Hickel moleccular orbital representation

(38)

of cis~butadiene » shown above, the doubly occupied orbitals (¢a)
and (¢é) are of appropriate symmetry for »-donation, while the vacant
(¢5) and (¢4) orbitals are appropriate for m-acceptance from filled
metal d orbitals. The back-donation/contribution of (II) is increased
by the presence of an electron-withdrawing substituent in the
3-position of the azepine ring. For example, in 1H-azepine Fe(CO)3(22)
the C -- C bonds within the butadiene group are essentislly the same
[1.414(7), 1.407(7) and 1.409(7) &], vhercas in 3-acetyl-1H-azepine-
Fe(CO)3(23) [1.457(10), 1.392(13) and 1.467(9) X] and to a lesser and
not necessarily significant extent in this analysis [1.431(5), 1.406(¢€)
and 1.431(5) R] the terminal bonds are longer than the central bond.
Other evidence of the contribution of (II) in this analysis
is the partial sp3 hybridisation of the terminal atoms, as indicated
by displacements of H(4) from the C(3) - C(4) - C(5) plane and H(7) from
the C(6) - ¢(7) - N(1) plane by 0.54 and 0.63 £ respectively. The
resulting displacements of these hydrogen atoms from the essentially
planar butadiene group, 0.17 and 0.19 2 respectively, are towards the
iron atom, as predicted(39) by Clinton and Lillya from a conformational
analysis of 1,3-diene Fe(CO)3 complexes. However, the hybridisation of
the terminal atoms is not ideally sp3. The C - C(4) ~ H(4) angles,
110(2) and 114(2)°, the ¢(6) - ¢(7) - H(7) angle, 110(2)°, and the
X(1) - ¢(7) - H(7) angle, 109(2)°, do not differ significantly from

the tetrshedral angle of 109°28', but the C(3) ~ ¢(4) - C(5) and



7(1) - ¢(7) - ¢(6) angles, 125.8(3) and 125.0(3)° respectively, arc
larger than a normal 8p2 angie.
Torsion angles in complexed and uncomplexed azepine rings are

given in Table 10.

TABLE 10

Selccted torsion angles (°) in N-methoxycarbonylazepine Fe(CO)3(24), Cs

N-ethoxycarbonyl-3~formylazepine Fe(CO)a, D, N-p-bromobenzenesulphonvl-

azepine (24) , B, and N-phenoxycarbonylazepine (29) s Fe

Torsion angleT Complexed azepines  Uncompliexed azepines
C D B F
c(7) - x(1) - c(2) - c(3) -1 3 64 54
N(1) - c(2) - ¢(3) - c(4) 5 2 -3 -1
c(2) - ¢(3) - c(4) - c(5) 40 40 ~34 -28
c(3) - c(4) - c(5) - c(é) -50 -49 1 -1
c(4) - c(5) - c(6) - ¢(7) -4 -3 35 28
c(5) ~ c(6) - c(7) - N(1) 60 60 -2 4
c(6) - ¢(7) - 8(1) - ¢(2) -49 -52 -61 -55
c(6) - ¢(7) - N(1) = X' 134 129 147 143
X =7x01) -c(2) -c(3) 176 182 -143 -144

t The numbering scheme and sign convention conform to that in D.

t+ X is the exocyelic atom bonded to N(1).

Inspection of the above table illustrates that complex formation
involves substantial conformational changes to the azepine ring. In the
free state a boat conformation is adopted with ¢(2), ¢(3), €(6) and
6(7) being effectively copianar, whereas when complexcd with Fe(C'O)3
the ring is divided between two nearly planar groups of atoms
[c(a), c(5), c(6), ¢(7) and c(4), €(3), c(2), N(1), ¢(7)] . The dihedral
angle between these planes in this analysis, 1380, comparés favourably
with the corresponding angles of 1370 in N-methoxycarbonylazepine-

Fe(CO)3(24), 140° in %-acetyl-1H-azepine Fe(CO)3(23) and 143° in



1li-azcpine Fe(CO)B(zg). Another conformztional difference is the
greater planarity about the nitrcgen atom in the complexes. For
example, in N—p—bromnbenzenesulphonylazepine(22) and
N-phenoxycarbonylazepine(29) the nitrogen a2tom deviates considerably,
0.22 and C.13 e respectively, from the plane defined by its three
bonded atoms, but in N-methoxycarbonylazepine Fe(CO)3<24) and
N-ethoxycarbonyl-3-formylazepine Fe(CO)3 the corresponding deviations
are only 0.020 and 0.006 2 respectively, suggesting that in these
complexes the nitrogen is effectively sp2 hybridised.

The planes of the formyl and ethoxycarbonyl substituents are
inclined at angles of 6.8 and 4.9° respectively to the w(1), c(2), c(3),
0(4) plane. This near planarity may reflect conjugative interactions
of the nitrogen lone-pair with the formyl substituent via the
¢(2) - ¢(3) bond and with the ethoxycarbonyl group.

23) vy sim to

The former type of interaction has beeﬁ suggested(
account for the probably significant lengthening of the €(2) - €(3)
bond in 3-acetyl-1H-azepine Fe(co)3(23). 1.364(12) 8, compared both
with the corresponding bond in 1E-azepine Fe(CO)3(22), 1.322(7) &, and
with the bond in ethylene(4o), 1.334(3) £. In this analysis the
lone-pair also interacts with the ethoxybarbonyl group, as demonstrated
by the double-bond character of the N(1) - €(8) bond, 1.406 2,
therefore the C(2) - C(3) bond length should be intermediate between
the above values. Although the small éye‘xatios rrevent any definite
agsertions, it is interesting to note that an intermediate value,
1.343(5) %, is indeed found. Similarly the apparent shortening of the
€(3) - c(substituent) bond in B;acety1-1ﬂ-azepine Fe(CO)B(ZB),
1.467(9) £, and n-ethoxycarbonyl-3-formylazepine Fe(CO)B, 1.458(5) R,

. 2 .
compared with an ideal single bond, 1.48 X, between sp carbon aious,



~
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although not statistically significant, is neverthecless consistent
with conjugation. Better evidence of interaction of the lone-pair with
the C(2) - C(3) bond is the significant shortening in each complex of
the N(1) - C(2) bond compared both with the ¥(1) - ¢(7) bond, cf.

N(1) - c(2) = 1.379(4) & and N(1) - ¢(7) = 1.447(5) £ in this analysis,
and with the N ~ C bonds in uncomplexed azepines, e.g. 1.41(1) and
1.42(%) R in N—phenoxycarbonylazepine(29). .

Interaction of the lone-pair with an N-alkoxycarbonyl group
results in the significant lengthening of both the N(?) -~ C(2) and
N(1) - ¢(7) bonds, of. 1.352(7) and 1.402(6) & respectively in
1H-azepine Fe(CO)3(22) and 1.379(4) and 1.447(5) & in this analysis.
These competing conjugative interactions should be reflected in the
N - C(exocyclic) bond in N-ethoxycarbonyl-3-formylazepine Fe(CO)3,
1.406(5) %, being longer than in N-methoxycarbonylazepine Fe(CO)3(24),
1.372(11) &, with both lengthened compared to the N - C bond in
ethyl carbamaté(41), 1.349(4) &, in which the only possible lone~pair
interaction is with the ester group. The observed trend is not
unequivocal, but is in the sense expected.

The geometry of the ethoxycarbonyl group is in good agreement
with that of ethyl carbamate(41) and the methoxycarbonyl group in
N¥methoxycarbonylazepine Fe(CO)3(24). The non-hydrogen atoms are
nearly planar, the root-mean-square deviation from planarity being
0.01% ﬁ, with the hydrogen atoms, as demonstrated by the torsion
angiés, in a staggered conformation. The mean C - H bond length in the
ethyl group, 0.96 £, is the same as that found in the rest of the
molecule., Similar contractions from the spectroscopic value of 1.07 X

have been observed in other X-ray analyses(42) and can be attributed

to the displacement of the hydrogen electron density towards the



carbon atom during bond formaulo'(43)

The carbonyl of the ester group is cis to the complexed butadiene
group in agreement with the preferred conformation of
N-ethoxycerbonylazepine Fe(CO)B, as indicated by its ‘enmperature

(44)

dependent n.m.r. spectrum s and with the conformations found in the
X-ray analyses of N-methoxycarbonylazepine Fe(CO)3(24) and
1-isopropoxycarbonyl-~1,2-diazepine Fe(CO)B(ZS).

When the molecule is viewed in projection on to the bLutadiene
plane (see Figure 2), two of the carbonyl ligands eclipse the two
formal double bonds of the diene; such an arrangement is normal(sa) in
1,5-diene Fe(CO)3 complexes. The coordination about the iron atom can
be described either, by considering canonical form (II), as a distorted
octahedron or, by considering form (I), as a distorted square pyramid
with the iron atom 0.52 £ above the plane through atoms C(13) and
c(14) and the midpointe of the C(4) - C(5) and C(6) - C(7) bonds, and
with atom 0(125 occupying the apical position. In both descriptions
the trans environment of carbonyl ¢(i12) - 0(3) is different from that
of the other carbonyls, allowing the possibility of different
Fe - CO bond lengths. Apical lengthening has been observed in other
types of de square pyramidal complexes(45), but in the present
analysis, as seems typica1(23) of 1,3,-diene Fe(CO)3 complexes, the
Fe - CO bond lengths are essentially the same [1.805(4), 1.807(4) and
1.799(4) g]. rH>methcxycar nylazepine Fe(CO)3(24) is a curious
exception with an apical Fe - CO bond lengih of 1.713(11) £ and vasal
Fe - CO bond lengths of 1.784(10) and 1.779(10) &.] The average
Fe - CO and C - O bond lengths, 1.804 and 1.130 2 respectively, can be

compared with mean values of 1.779 and 1.147 2 respectively, calculated

by Birnbaum(14) from 20 bonds in related structures. The nonequivalcnce
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ol the carbonyl groups is however reflected in the angle between-the
basal Fe ~ CO bonds, 93.40, being significantly smaller than the
angles between apical and basal Fe - CO bonds, 100.3 and 99.80. Thisg
angular disposition is common to otner 1,3-diecne Fe(CO)3 complexes,
cf. mean angles of 90.2, 102.5 and 98.4° in sorbic acid Fe(co)5(5).
The Fe - C - 0 angles [176.9(4), 178.0(4) and 179.3(4)°] aepart orly
slightly from linearity. Kettle has peinted out(46) that small
deviations from linearity may arise both from nonequivalence of the
two distinct sets of 1v* orbitals on the carbonyl groups and from
crystal packing forces. In this analysis the crystal packing does not

involve any abnormal intermolecular contacts.
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IT.2.1 INTRODUCTION

Investigation into the bonding in organometallic complexes is
often undertaken by the structural comparison of a series of closely
related complexes. Seven-coordinate molybdenum complexes of the type
@T—C5H5)M0L2XY or OW—CBHS)MOLBX represent one series for which numerous
structure analyses have been reported, e.g.

H5)Mo(CO)(PPh3)2(NCO)(1 ), (n~CH_ )Mo (CO) (Pth- CH, CH,’ PPh2)C£(2) ,

H
5 55
trans-(ﬂ-C5H5)Mo(CO)2(PPh3)(COMe)(3), trans-(rv-CsHS)Mo(CO)Z(PPhS)I(z),

trans-(y-C

trans-(n—CSH5)Mo(CO)Z[P(OMe)B]1(4), trans~(n—CH505H4)Mo(00)2[P(0Me)3]1(4),
OW-C5H5)M°(CO)301(5) and QT—CSHS)MO(CO)3(03F7)(6). Therefore, in order

to augment the number of possible comparisons, crystal structure

analyses were undertaken on compounds with different ligands, i.e.
(n—Csﬁs)Mo(CO)Q(PPh§)Br, A, and (n—CSHB)Mo(CO)z(CNPh)I, B.

Both A and B were supplied by Dr. G. R. Knox of Strathelyde
University. The former was prepared(7) by refluxing 01—05H5)H0(CO)BBr
with triphenylphosphine and recrystallising from 60-80 petrol/hethylene
chloride, while the latter was prepared(s) by the treatment of

@w-CSH )Mo(CO)BI with phenyl isocyanide. Interconversion of isomers of

5
OT—CSH5)M0(CO)2XY occurs in solution(7), therefore for both complexes
the rezcrystallisation solution contained an equilibrium mixture of
isomers. In the case of A the crystals isolated were spectroscopically
assigned(g) ag the cis-isomer, while for B there was difficulty in
obtaining only crystals of one isomer, and the crystal used in the
X-ray analysis was selected from a mixture (predominantly trans) of
isomrers,

(n-CSHS)Mo(CO)z(CNPh)I is of particular interest in view of the

growth, in recent years, of interest in transition-metal isocyanide

chemistry(10 - 13). Although isocyanides are isoelectronic with



carbon monoxide, the marked decrczse in V(CO) on coordination in not
mirrored by a similar decrease in V(CN) and indeed increases are often
observed(?4). These increases in V(CN) result from the greater
contribution of canonical form (II) on coordination(15) and bhave been
R—H==0: ¢——) R—N==0
(1) (11)

generally interpreted(10’ 15 - 17) as indicating little back-donation
by thé metal. However in cis-[PtCﬁQ(CNEt)(PEtzPh)] (18) and
cis-[PtCﬂz(CNPh)2](19) both large increases in V(CN) and appreciable
double~-bond character in the Pt - C bonds have been found,

This analysis of (n-CSHS)Mo(CO)z(CNPh)I should not only yield
information on the relationship between V(CN) and the exient of M—3C
back-donation, but also enable a comparison to be made of the

n-accepting abilities of carbonyl and isocyanide ligands.



1I.2.2 EXFERIMENTAL

Crystal Data n-Cyclopentadienyl-cis-dicarbonylbromo (tripherylphosphine )~

molybdenum - methylene chloride; 025H2002PBrMo, 0.2SCH20£2.
Crystal system Triclinic
Unit cell dimensions a = i8.927(4) &
b = 12.335(2) &
c = 11.003(2) &

< = 103°37' (1)
p = 105°35' (1)

¥ = 99%2 (1)
Space group Pl ('cl)
U = 2330.1 %7
M = 580.3% a.m.u.

D, = 1.66 gm.cm':z' (flotation in MeI/pcz4 solution)
D, = 1.654 gm.cm-.'3

z =4

F(000) = 1154

H(Mo-K<X) = 25,19 cas!
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Cryatallograohic Measurements

Preliminary triclinic cell dimensions were determined from
preceasion photographs of a red polyhedron-shaped ecrystal of dimensions
ca. 0.20 x 0.20 x 0.25 mm3.

The crystal, having been transfered to a Hilger and Watts' Y290
automatic diffractometer controlled by a PDP-8 computer, was offset on
X by about 5° to prevent multiple reflections(zo). A fully stabilized
préy generator was operated at 46 kV and 16 mA. The cell dimensions
were then adjusted by a least-squares treatment(21) of the 6, X and ¢
getting angles of eleven reflections measured with zirconiuvm-filtered
Mo-K« radiation.

The intensity data were collected,'in octants hke, hkf, hk2 and
hkZ with G(Mbﬁgx) £ 250, by the 6 - 26 scan procedure, each reflection
+0,72°,

being scanned in 36 equal steps from 265 -0.72° to 290a

lc.

Each step was counted for 2 seconds and stationary-crystal, stationary-

alc.

counter background counts were measured at each end of the scan range
for 18 seconds. Monitoring of the intensities of two standard reflections
every 40 intensity measurements revealed drifts of about 10%, therefore
the orientation matrix was redetermined after about every 2,000 intensity
me~surements., The data were scaled according to the intensities of these
standards and the scan counts (P) and the background counts (B1,B2) of
each reflection combincd to yield the integrated intensity, I =P -

2(B1 + BZ)’ vhich was corrected for Lorentz-polarisation effects but not
for absorption. 6,944 independent values of lFo were obtained, of which
the 5,212 observations with kaif > 3,0 were used in the structure
analysis.,

1 Vi' the standard deviation in the measured intensity, I, is derived

from counting statistics by the formula:

o = J(P + B, + B2)



Structure Analysis

The three-dimensional Patterson synthesis was readily interpreted
in terms of space group P1 with two crystallographically independent
molecules per agymmetric unit, giving the positions of the two unique
molybdenum atoms, which were then used to phase an electron density
distribution (R = 53%), revealing coordinates for both bromine and both
phosphorus atoms. The electron density distribution (R = 35%) phased by
these six heavy atoms was contoured on to glass sheeis, yielding for
both molecules the positions of all the remaining non-hydrogen atoms
except the atoms of the carbonyl group trans to the bromine atom. The
newly found atoms were included with the heavy atoms in a further
structure factor calculation (R = 21%), but the subsequent electron
density distribution still contained a region of electron density in
both molecules trans to the bromine atom, which was unresolvable into
distinct peaks, Another unexplained and prominent feature of this map
was a peak (peak height = 1'5,0e-/g3 or 1.5 times the height of the
highest carbon atom) making no bonding contacts with either of the
molecules and about 1.45 £ from a centre of symmetyy., These maps despite
the unexplained features, confirmed that the space group is P1 and not
the alternative P1. -

The three unexplained peaks were each assigned the scattering
curve of oxygen in the initial least-squares calculations. After three
cycles of tuli-matrix retinement on the positional and isotropic thexwal
parameters of all the atoms convergence was reached at R = 1%.8%. Low
thermal parameters (average B, o = 1.732) resulted for each of the
three unexplained peaks indicating that the scattering assigned to them
was underestimated. A difference electron density distribution was

calculated revealing peaks (average peak height = 4.6e-/23) at either
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pide of the ‘oxygen' atom in both molecules (see Table 1).

TABLE 1

Geometry involving the molybdenum atomg, the 'oxygen' atoms

and the peaks (P) found in the difference electron density

distribution (R = 13.8%)

It at01"
Mo - '0' bond length (8) 2.77 2.73
Mo - P, bond length (R) 2.05 2.15
P, - P, bond length (R) 1.16 0.98
Mo - P, - P, valency angles (®) 168.6 163.4

t A1 and A101 refer to the molécules containing Mo(1) and

Mo(101) respectively.

Comparison of the above values with ex‘_c)ected.(1 - 6) Mo -~ Br,
Mo - C(carbonyl) and C - O bond lengths of ca. 2.65, 1.96 and 1.14 %
respectively strongly suggested disorder in both molecules between the
bromine atom and the carbonyl group trans to it (illustrated in Figure 1
page 61). This disorder is a consequence of the similar steric requirements
of a bromine atom and a carbonyl group enabling both enantiomorphs of
cis-@\-CSHS)Mo(00)2(PPh3)Br to be almost mutually replaceable during the
crystallisation. Halo/barbonyl disorder has also been found in the
orystal structures of Ir02C£(CO)(PPh3)(22), Ircz(co)z(PPh3)2(25),
[(n—C4H9)4N]+[RhC£2(CO)2]-(24), Ircz(cn)(Ncs)(co)(PPh3)2(25),
IrBr(co)(TCNE)(PPh5)2(26) and IrIOz(CO)(PPh3)2(27). The treatment of the
disorder in this analysis is almost identical to that employed
satisfactorily in IrBr(CO)(TCNE)(PPhB)z(zs) in which a similar degree

of disorder was found.

An initial model for the disorder was derived as follows: structure

factors were calculated without any contribution from the disordered



atoms (R = 39%), and from a comparison of the bromine peak heignts in
the subsejuent difference electron density distribution, estimates of
0.79 and 0.74 were obtained for the extent of disorder in A1 and A101
respectively., Coordinates for the bromine atoms were taken from thig
map, while those for the disordered carbonyl groups were calculated
corresponding to Mo - C and C - O bond lengths of 1.96 and 1.14 £
respectively with & linear Mo - C ~ Br - O geometry. Isctropic thermal

parameters, B o= 5.0, 4.0 and 3.682, were assigned to these bromine,

is
carbon and oxygen atoms regpectively.

A1l the parameters of the disordered carbonyl groups plus the
population parameters of the bromine atoms were held fixed and
contributions from the remaining unexplained peak omitted, during two
cycles of full-matrix least-squares refinement on the remwaining isotropic
thermal and positional parameters. & difference electron density
distribution (R = 14.6%) was calculated showing firstly, that a
reasonable model for the disorder was being employed, and secondly that
the previously unexplained peak and the peak related by the a&jacent
centre of symmetry could be assigned to the chlorine atoms of a solvent
methylene chloride molecule. The carbon atom of this molecule is
necessarily disordered and appeared as two peaks (peak height = 1.4e-/23)
related ﬁy the centre of symmetry. With the disordered solvent

molecule included in the model the structure refinement proceeded as

chown in Table 2.
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TADLE 2

Progress of the least-scuares refinement

of cls-(n»C5H5)Mo(CO)2(PPh5)Br, 0,25CH,Ce,

Step Treatment of parameters Final R-factor
1) 3 cycles; 9 blocks; refinement of overall scale 10.0%
factor; x, vy, =, Uiso for all the atoms except the

disordered carbonyl groups.

2) 1 cycle; 8 blocks; refinement of overall scale 8.9%
factor; x, ¥y, 2, Uij for all the atoms except the
disordered carbonyl groups, the bromine atoms and

the carbon atom of the solvent.

3) 2 cycles; 1 block; refinement of overall scale 6.9%
factor; x, y, 2, Uij’ population parameter (PP.) for
the bromine atoms; the sum of the PP.s of the bromine

atoms ih the same molecule constrained to unity.

4) PP. of each of the disordered carbonyl groups made

equal to that of the appropriate bromine atom,

5) 2 cycles; 11 blocks; refinement of overall scale 6.7%
factor; bromine atoms as in step 3; x, y, 2, Uiso
for the carbon atom of the solvent; x, ¥y, 2z, Uij for

the remaining atoms except the disordered carbonyl
groups.
The results of this refinement were not entirely satisfactory as
demonstrated both by the range of Mo ~ Br bond lengths obtained (0.07 %),
and by the occurrence of peaks and holes (0.82 to —1.46e-/33) in the

difference synthesis in the region of the disordered groups. It was

likely that these features were partly dependent on the thermal motion



asgigned to the fixed carbonyl groups, therefore this was investigatead

by fixing the Biso of these carbon and oxygen atoms at various values and

refining the bromine atoms as in step 3. The resulting bond length

variations are given in Table 3.

TABLE 3

The effect ¢f changing the Biso (R?) of the carbon and oxygen atoms

of the disordered carbonyl groups on the Mo - Br bond lengths (ﬁ)

Part 1:

B of oxygen
o ] 1
Mo - Br(1) Mo - Br(1) Mo - Br(101) Mo ~ Br(101)

is
atoms
A1
3.6

5.0
6.0
7.0
8.0

6.0

6.0

6.0

Biso of the oxygen atoms varied while that of the carbon aticms

fixed at 4.0%°

A101
2,673

2.676
2.676
2.677
2.677
9.0 2.676
11.0 2.676
13.0 2.676

Bond lengths of

2.631
2.655
2.686
2,705
2.720
2.685
2.686
2,685

2.664
2.666
2.669
2.670
2.671
2.672
2.674
2.675

2.606
2.622
2.638
2.648
2.658
2.666
2.676
2,689

R-factor (%)

6.664
6.564
6.516
6.485
6.464
6.460
6.445
6.439

Part II: Biso of the carbon atoms varied while that of the oxygen atoms

fixed at 6.032

B of carbon

iso
atoms

3.0
4.0
5.0
6.0
7.0

Mo - Br(1) Mo
2.676
2.676
2.675
2.67%
2.675

Bond lengths of

- Br(1)I Mo - Br(101) Mo - Br(1o1)l

2.691
2.686
2.679
2.670
2.660

2.669
2,669
2,668
2.668
2,667

2.643
2.638
2.632
2.628
2,622

R-factor (%)

6.532
6.516
6.528
6.545
6.571

The above table and the difference syntheses calculated at each step

were examined with a view to obtaining both consistent Mo - Br bond

lengths and minimum deviations in the difference map, vhile retaining
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physically reasonable thermal parameters for the disorderad carbonyl
groups. These carbon and oxygen atoms were therefore assigned Biso =
5.0 and 7.532 respectively and, after least-squares refinement as in
step 5, c&nvergence was reached at R = 6.41%.

A difference synthesis was calculated revealing stereochemically
acceptable positions for 33 of the 40 hydrogen atoms of A, at an average
peak height of 0.52e-/33. All of the hydrogen atoms qf the cyclopentadienyl
rings were found, suggesting that disorder of these rings, if any, was
minimal. In further least-squares calculations, the hydrogen atoms
vere not refined but were included in the structure factor calculatiomns,
at positions calculated assuming an idealized geometry with a C - H
bond length of 0.98 £ and with an isotropic temperature factor equal to
that of the atom to which it was bonded. Three cycles of least-squares
refinement, treating the other parameters as in step 5, converged at
R = 5.71%, R' = 4.95%. The peaks and holes in a final difference
electron densi%y distribution all lay between 0.76 and -0.86e_/23, the
najor deviations being near the disordered groups.

Examination of the final bond lengths revealed that the ordered
carbonyl group in both molecules had a Mo - C bond length ca. 0.13 )3
(11e) longer than expected and a C - O bond length ca. 0.20 2 (130)
shorter fhan expected. Abnormal bond lengths of this type have been
found by Ibers(23) to be symptomatic of halo/barbonyl disordexr therefore,
in view ¢f lhe rezsonable estimated standard deviations in an ordercd
part of both molecules e.g. the triphenylphosphine groups, these

anomzlous values very probably reflect disorder between

fre_n @ YWA/rnY (DDA YR» and a amall nroncrtion of the trans-~isomer

cis—(ﬂ-CSHs)Mb(00)2(PPh3)Br and a small propcrtion of the trans-isomer
rather than an underestimation of thc estimated stancard devietions in

cig-

an ordered model. Since no evidence of this further disorder was found

in any of the difference syntheses, the scattering due to the partial
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romine is probably less than 2.5 in each molecule, i.e. lesa than 7%
of the trans-isomer, and therefore no further calculations were

undertaken.

1) The atomic scattering factors, including dispersion corrections
Af' and Af" for the molybdenum, bromine, phosphorus and chlorine
atoms, were taken from 'Ihternational Tables fer X-ray
Crystallography,' Vol. III.(28)

2) The final weights employed in the least-squares refinement, in
order to ensure approximate constancy of (wA?) over various
ranges of IFOI and sineé, were given by the expression:

wl=17 4 12[(|Fo| - 70)/35]2 -~ 30sineé

3) Most of the calculations were carried out, using the 'X-ray
System' programs(29), on the Univac 1108 computer at the National
Engineering Laboratory, East Kilbride, and on the IBM 370/155

computer of the Edinburgh Regional Computer Centre.



Results

The observed and final calculated ztructure factors are listed in
Table 4, with the final positional and thermal parameters, including
the estimated standard deviations derived from the lezst-squares
refinement, in Table 5. The atomic numbering scheme of the non-hydrogen
atoms (each hydrogen atom is numbeved according to the atom to which it
is bonded) is shown in Figure T; A1 and A101, each projected on to the
plane of its m~-cyclopentadienyl ring illustrating the halo/carbonyl
disorder. The bond lengths, valency angles and mean plane calculations
are given in Tables 6, 7 and 8 respectively. The crystal packing is
shown in Pigure 2 &nd the intermolecular contacts €3.75 £ are listed in

Table 9.
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=Cyclopentadienyl-cis~dicarbonylbromo(trivhenyiphosphine )molybdenwn —

methylene chloride; observed and final calculated structure amplitudes (x10)
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TABLE 5

n—Cyolonentadienyl—cis—dicarbonylbromo(tripheny;phosphine)molybdenum -

methylene chloride; fractional alomic coordinates and population narameters

(Pp.), if other than 1.0, with esd in parentheses and thermal parameters.

Atom x y 2 PP, Uiso(x10322)
Mo(1) 0.83611(4) 0.66078(6)  -0.04501(6) *
Br(1)| 0.71875(6) 0.65433(11)  0.04731(11)  0.792(4) *
Br(1) 0.88706(29)  0.84269(48) -0.12185(46) 0.208 *
B(1) 0.90319(11)  0.81259(16)  0.17641(18) *
c(1) 0.8760(4) 0.7906(7) 0.3175(7) *
c(2) 0.8547(6) 0.6802(8) 0.3256(8) *
c(3) 0.8343(6) 0.6625(9) 0.4312(9) *
c(4) 0.8320(8) 0.7509(10) 0.5280(9) *
c(5) 0.8538(5) 0.8611(10)  0.5254(8) *
c(6) 0.8755(5) 0.8819(8) 0.4194(8) *
c(7) 1.0053(4) 0.8231(7) 0.2288(8) »
c(8) 1.0418(5) 0.7990(8) 0.3438(10) *
c(9) 1.1172(6) 0.7980(9) 0.375t(12) *
c(10) 1.1568(6) 0.8245(10)  0.2946(14) *
c(11) 1.1235(5) 0.8501(9) 0.1819(12) *
c(12) 1.0479(5) 0.8496(8) 0.1508(9) *
c(13) 0.8972(4) 0.9610(6) 0.1836(7) *
c(14) 0.9586(5) 1.0525(8) 0.2393(11) *
c(i5) 0.9501(6) 1.1633(8) 0.2462(15) *
c(16) 0.8808(7) 1.1818(8) 0.1971(12) *
c(17)  0.8193(5) 1.0913(8) 0.1410(10) *
c(18) 0.8264(5) 0.9797(7) 0.1329(10) *
c(19) 0.8733 0.7929 -0,1007 0.80 63
0(19) 0.8949 0.8697 -0.1331 0.80 95
0(19): 0.7502 0.6562 0.0228 0.20 63
0{19) 0.7002 0.6535 0.0622 0.20 95
¢(20) 0.7429(6) 0.6531(7)  -0.2028(13) *
0(20) 0.6994(4) 0.6468(6) -0.2782(7) *
c(21) 0.9387(5) 0.5893(8)  -0.0640(10) *
c(22) 0.8765(5) 0.5338(8) -0.1828(8) *
c(23) 0.8202(5) 0.4686(7)  -0.1504(8) *
c(24) 0.8478(6) 0.4779(8)  -0.0180(10) *
c(25) 0.9191(6) 0.5526(8) 0.0377(9) *



Aton
H(2)
(3)
H(4)
H(5)
1(6)
H(8)
H(9)
H(10)
H(11)
H(12)
H(14)
H(15)
H(i6)
H(17)
H(18)
H(21)
H(22)
H(23)
H(24)
E(25)
Mo(101)
Br(101)

Br(101)’

P(101)
c(101)
c(102)
c(103)
c(104)
c(105)
c(106)
c(1o7)
c(108)
c(109)
c(110)
c(111)
c(112)
c(112)
c(114)

X
.855
.823
.813%
.854
.8%1
013
143
.209
151
.023
.008
994
.875
.770
.T783%
.985
.874
LT71
0.822
0.951
0.61945(4)
0.73785(7)

(o]

O O O O O O QO A =24 = @ a0 o O O O O

0.58646(26)
0.57168(10)

0.5977(4)
0.5915(5)
0.6094(5)
0.6329(5)
0.6388(5)
0.6202(5)
0.4677(4)
0.4280(5)
0.3494(6)
0.3110(5)
0.3509(6)
0.4294(5)
0.6022(4)
0.5517(5)

Y Z
0.616 0.25%
0.584 0.438
0.737 ¢.598
0.925 0.596
0.959 0.417
0.781 0.399
0.782 0.456
0.823 0.314
0.868 0.125
0.870 0.073
1.040 0.274
1.228 0.286
1.259 0.201
1.104 0.108
0.915 0.092
0.643 -0.054
0.540 -0.269
0.424 -0.211
0.439 0.030
0.574 0.129
0.35353(6)  0.27555(7)
0.39556(12)  0.49201(12)
0.16768(35) 0.07178(38)
0.20250(16)  0.37428(18)
0.2428(6) 0.5538(7)
0.3493(7) 0.6221(8)
0.3821(8) 0.7582(8)
0.3061(9) 0.8278(8)
0.2018(8) 0.7616(8)
0.1686(7) 0.6255(8)
0.1549(7) 0.3181(8)
0.1562(8) 0.4076(9)
0.1212(9) 0.3617(13)
0.0880(9) 0.2276(16)
0.0867(9)  0.1413(12)
0.1196(8) 0.1844(9)
0.0685{6) 0.3329(7)

-0.0383(7) 0.2848(9)

PP,

0.689(4)
0.3%11

1Y
UiSO(xIO 2
55

64
54
50
57
74
81
63
56
63
86
75
59
58
62
52
51
65
64

*

* % % % % % % ¥ *x ¥ * % X% *x *k 3k



Atenm

c(115)
c(116)
c(117)
c(118)
c(119)

0(119%

c(119%
0(119)
¢(120)
0(120)
c(121)
c(122)
c(123)
c(124)
c(125)
E(102)
H(103)
H(104)
H(105)
H(106)
H(108)
B(109)
H(110)
H(111)
H(112)
H(114)
H(115)
H(116)
H(117)
H(118)
H{121)
H2(122)
H(123)
E(124)
E(125)
ca
c(50)
B(50a)
H(50p)

X
0.5773(7)
0.6519(3)
0.7021(6)
0.6782(5)
0.5929
0.5775
0.7064
0.7571
0.7153(7)
0.7561(4)
0.5084(5)
0.5687(7)
0.6187(6)
0.5886(7)
0.5209(6)
0.575
0.605
0.644
0.658
0.621
0.455
0.322
0.257
0.323
0.458
0.498
0.542
0.670
0.755
0.714
0.466
0.574
0.665
0.611
0.489

0.99289(27)

0.9596(19)
0.967
0.906

~70-

y
-0,1367(8)
~0.1298(9)
~0.0229(10)

0.0761(8)
0.2160
0.1360
0.3844
0.4024
0.3639(8)
0.3677(7)
0.4004(9)
0.4634(10)
0.5401(8)
0.5252(8)
0.4395(9)
0.401
0.456
0.328
0.151
0.093
0.181
0.120
0.066
0.063
0.118
-0.045
-0.210
-0.199
-0.018
0.150
0.541
0.455
0.595
0.567
0.412

0.46825(34)

0.4381(28)
0.354
0.431

7
0.2517(11)
0.2751(12)
0.3237(13)
0.3527(11)
0.1242
0.0362
0.4345
0.5270
0.2136(9)
0.1854(7)
0.1809(12)
0.1504(10)
0.2715(11)
0.3716(10)
0.3145(12)
0.574
0.802
0.921
0.810
0.579
0.502
0.424
0.196
0.048
0.122
0.273
0.212
0.258
0.339
0.387
C.11%
0.065
0.282
0.465
0.361

0.36332(38)

0.4816(34)
0.471
0.464

PP,

0.69
0.69
0.31
0.3

0.50

0.50
0.50

U, _(x10522)
iso

*x %k *x kX %x X Xk

47
62

61

55
47
59
76
83
[P
52
53
73
85
85
67

81
73
71
81

123
122
122
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*  These atoms were assigned anisotropic iewmperatvre fuctors of the form:

T = exp[»zr?(u11h2a*2 + U22k2b*2 + U33120*2 + 20, hko¥t* o 20, shla¥or +
2U23k2b*c*)] with final parameters (Uijx10432):
Atom U, 4 Uy Uss Uy, Uys Uz
Mo(1) 372 374 317 85 128 80
Br(1)l 431 676 486 25 197 =7
Br(1) 637 830 481 48 133 55
P(1) 323 354 316 74 100 94
c(1) 303 454 285 34 45 94
c(2) 758 488 392 24 220 113
c(3) 755 640 523 -179 131 188
c(4) 715 896 356 -11 127 196
c(5) 550 896 333 208 142 32
c(6) 508 566 397 137 66 130
c(7) 397 383 546 110 174 136
c(s) 392 583 720 144 124 288
c(9) 446 661 1023 172 -47 358
c(10) 389 834 1119 141 264 87
c(11) 423 652 867 -62 347 -7
c(12) 501 584 572 43 252 67
c(13) 436 338 354 71 121 42
c(14) 318 406 1095 623 -5 166
c(15) 660 331 1595 77 285 175
c(16) 750 403 1065 211 176 206
c(17) 493 501 g19 216 5 158
c(18) 502 411 713 145 100 130
c(20) 638 263 907 96 490 168
0(20) 686 470 507 80 9 82
c{2i 470 620 767 284 302 119
c(22) 540 530 418 182 193 31
c(23) 541 362 501 120 199 37
c(24) 846 401 682 267 383 203

c(25) 732 642 451 490 110 152



Atom

Mo (101)
Br(101)
Br(1o1f

P(101)
c(101)
c(102)
c(103)
c(104)
c(105)
c(106)
c(107)
c(108)
¢(109)
c(110)
c(111)
c(112)
c(113)
c(114)
c(115)
c(116)
c(117)
c(118)
¢(120)
0(120)
c(121)
c(122)
c(123)
c(124)
c(i25)
ce

Uy

375
431
1117
292
318
546
699
524
469
506
304
396
493
314
392
461
421
607
894
1127
682
453
980
618
430
896
760
943
768
1667

22
380
608
791
310
336
461
594
704
674
446
369
512
672
654
673
531
370
364
436
596
833
455
459
797
598
889
4T1
#9
606

1069

331
458
685
330
435
456
423
282
438
444
525
719

1080

1443
992
610
341
677
806
969

1284

1034
317
581
922
636
928
661
912
991

Uto
105
-41
36
78
63
181
236
34
139
86
106
112
156
159
57

140
102
245
535
489
239
363

51
259
594
265
395
354
438

13
11
a2
274
80
141
231
299
193
106
248
77
216
367
126
-132

120
260
266
573
538
314

82
323

3
347
329
264
499
652

23
149
237
305

92
134
221
161
184
256
156
122
168
430
488
223
148
100

60
101
279
540
266
118
390
141
517
436
161
336

441



Average estimated standard deviations, (Uijx10422) and (Uisox10332)

Atom U1 1 or Uiso U22 U33 U1 2 U1 3 1123
Mo 4 4 3 3 3 3
Br 8 9 8 6 6 6
Br| 31 31 24 24 21 22
10 10 10 8 8 8
C 59 58 66 48 51 50
47 45 43 37 36 35
(0374 38 27 25 26 26 21

¢(50) 10



TABLE 6

n;Cyclopentadienyl-cis-dicarbonylbromo(triphqulggggpbﬁne)mclybdenum -

methylene chloride; bond lengths (ﬁ) with esd in parentheses.

Bong- Molecule A1 Molecule A101

Mo(1) - Br(1)| 2.676(2) 2.665(1)

Mo(1) - Br(1) 2.698(6) 2.648(4)

Mo(1) - P(1) 2.528(2) 2.525(2)

Mo(1) - c¢(20) 2.087(11) 2.095(14)
c(20) - 0(20) 0.977(13) 0.904(17)
Mo(1) - c(21) 2.303(11) 2.313(10)
Mo(1) - c(22) 2.290(10) 2.294(13)
Mo(1) =~ c¢(23) 2.310(8) 2.315(11)
Mo(1) - c(24) 2.383(10) 2.374(11)
Mo(1) =~ c(25) 2.363(11) 2.379(13)
P(1) - c(1) 1.823(9) 1.822(8)

P(1) - ¢(7) 1.834(8) 1.837(8)

P(1) - c(13) 1.837(8) 1.838(9)

c(1) - ¢(2) 1.385(13) 1.392(11)
c(2) - ¢(3) 1.371(16) 1.384(12)
c(3) - c(a) 1.349(15) 1.400(15)
c(4) - c(5) 1.361(17) 1.360(14)
c(s) - ¢(6) 1.400(15) 1.383(12)
c) - c(1) 1.394(11) 1.390(13)
¢(7) =~ c(s) 1.395(14) 1.389(15)
cd) - ¢(9) 1.378(14) 1.387(13)
c(9) - c(10) 1.364(21) 1.381(19)
c(10) - c(11) 1.366(19) 1.360(21)
c(11) - ¢c(12) 1.376(14) 1.386(13)
c(1z) - ¢ 1.381(15) 1.376(12)
c(13) - c(14) 1.360(10) 1.379(11)
c(14) - c(15) 1.389(15) 1.387(15)
c(1s) - c(16) 1.358(17) 1.347(19)
c(16) - ¢(17) 1.354(12) 1.377(15)
c(17) - c(18) 1.390(14) 1.3570(17)
c(18) - c¢(13) 1.387(13) 1.377(13)



Bond—t Molecule A1 Molecule A101
c(21) - c¢(22) 1.430(11) 1.430(17)
c(22) - c¢(23) 1.399(14) 1.410(13)
c(23) - c(24) 1.379(14) 1.403{19)
c(24) - c(25) 1.383(13) 1.394(14)
c(25) - c(21) 1.414(16) 1.375(17)

'Fixed' bond lengths.

Bond Molecule A1 Molecule A101
Mo(1) -~ c(19)I 1.96 1.96
Mo(1) - ¢(19) 1.96 1.96
c(19)I - 0(19)l 1.14 1.14
c(19) - 0(19) 1.14 1.14
o - = ‘ 0.98 0.98

t The atomic numbering refers to A1. The numbering of A101 is 100
plus that in Al.

Methylene chloride

c(s0) - Cli* 1.78(4)

- ¢(50) - c2 1.65(4)
c(50) - H(50a) 0.98(fixed)
¢(50) - H(50b) 0.98(fixed)

H Ce2 is transformed to the coordinates 2 - x, 1 -~ y, 1 - 2z,
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TABLE 7

r-Cyclopentadienyl-cis~dicarbonylbromo(triphenylphosphine Ymolybdenum -

methylene chloride; valency angles (o) with esd in parentheses.

7 Molecule A1 Molecule A101
Br(1) - Mo(1) - Br(1)| 120.3(1) 121.6(1)
Br(1)' - Mo(1) -~ P(1) 82.1(1) 79.6(1)
Br(1) - Mo(1) -~ P(1) 78.8(1) 80.6(1)
Br(1)l - Mo(1) - c¢(20) | 74.0(4) : 73.9(3)
Br(1) - Mo(1) - ¢(20) 77.9(3) 74.4(3)
P(1) - Mo(1) - ¢(20) 131.4(3) 125.2(3)
Br(1) - Mo(1) - c(21) 147.7(3) 146.5(3)
Br(1) - Mo(1) - ¢(22) 136.6(2) 134.7(2)
Br(1) - Mo(1) - c(23) 101.9(3) 99.9(2)
Br(1) - Mo(1) - c(24) 191.7(3) 90.2(2)
Br(1)l - Mo(1) - c(25) 113.1(3) 113.7(3)
Br(1)I - Mo(1) - cf21) 90.8(3) 91.2(3)
Br(1)l - Mo(1) - ©(22) 94.4(3) 94.6(3)
Br(1) - Mo(1) - c(23) 127.1(3) 127.8(3)
B2(1) - Mo(1) - o(24) 148.0(4) 148.3(3)
Br(1) - Mo(1) - c(25) 120.7(3) 119.5§3;
P(1) - Mo(1) - c(21) 97.1(2) 101.1(3
P(1) - Mo(1) - c(22) 133.2(2) 137.2(3)
P(1) - Mo(1) - c(23) 141.4(2) 141.8(3)
P(1) - Mo(1) - c(24) 108.2(2) 107.3(3)
P(1) - Mo(1) - c(25) 85.0(2) 87.0(3)
c(20) - Mo(1) - c¢(21) 125.2(4) 126.9(5)
c(20) - Mo(1) - c(22) 90.7(4; 93.2§5;
c(20) - Me(1) - c(23) 85.5(3 90.2(4
c(20) - Mo(1) - c(24) 114-1(33 119-6543
c{20) - Mo(1) - c(25) 143.3(3) 147.6(4;
Mo{1) - P(1) -~ c(1) 117.2(2; 116.922;
Mo(1) - P(1) =~ ¢(7) 111.1(3 112.7(3
Mo(1) - P(1) - c(13) 116.5§2; 114.653;
c(1) - p(1) - ¢(7) 103.4(4 103.7 (4
c(1) - P(1) - c(13) 103.2(4) 103.4(4)
c(7) - P(1) - c(13) 103.8(4) 104.0(3)
P(1) - c(1) - c(2) 120.1(6) 119.3(7)
P(1) - c(1) - c(6) 122.3(7) 122.3(6)
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Molecule A1 Molecule A101

c(6) =~ c(1) -~ c{2) 117.6(8) 118.3(7)
c(1) - c(2) - c(3) 120.6(8) 121.0(9)
c(2) -~ c¢(3) - c(4) 121.5(11) 119.4(9)
c(3) - c4) - c(5) 120.0(11) 119.9(8)
c(4) -~ c(5) - c(6) 119.8(9) 120.6(10)
c(s) - c(6) - c(1) 120.4(9) 120.7(8)
P(1) -~ ¢(1) - c(8) 121.7(7) 121.2(6)
P(1) -~ ¢(7) - c(12) 120.5(7) 118.5(7)
c(12) - c(7) - c(8) 117.7(8) 120.3(8)
c(7) - c(® - c(9) $120.5(11) 119.7(9)
c8) - ¢(9) -~ c(10) 119.5(11) 119.9(13)
c(e) - c(10) - c(11) 121.8(10) 119.6(10)
c(10) - c(11) - c(12) 118.2(12) 121.7(11)
c(i1) - c(12) - c¢(7) 122.2(10) 118.8(10)
P(1) - c(13) - c(14) 122.9(7) 122.1(7)
p(1) - c¢(13) - c(18) 118.0(6) 118.4(6)
c(18) ~ c(13) - c¢(14) 119.1(8) 119.5(8)
c(13) - c(14) - c(15) 120.3(9) 119.9(9)
c(14) - c¢c(15) - c¢(16) 120.7(8) 120.7(9)
c(15) - c(16) - c(17) 119.6(9) 119.1(12)
c(16) - c(17) - c(18) 120.8(9) 121.5(11)
c(17) - c(18) - c(13) 119.6(7) 119.3(8)
Mo(1) - c¢(20) - 0(20) 178.0(10) 179.0(8)
c(25) - c(21) - c(22) 106.7(8) 108.8(8)
c(21) - c(22) - c(23) 107.6(9) 106.4(10)
c(22) - c(23) - c(24) 108.0(7) 108.0(10)
c(23) - c(24) - c¢(25) 109.9(10) 108.5(9)
c(24) - c(25) - c(21) 107.7(8) 108.4(11)

The disordered carbonyl groups were 'fixed' to give a linear
Mo - C - Br - 0 geometry.
The C(spa) hydrcgen atoms were 'fixed® with the C - H vector biseciing
the ¢ - C ~ C anglc.
Methylene chloride

ce-C-cat 1i5(2)
t+ C2 is transformed to the coordinates 2 - x, 1 -y, 1 - z,
The C(spB) hydrogen atoms were 'fixed' to give a H - C -~ H angle of 1090,

with the vector bisecting the H - C - B angle also bisecting the
CL - C - CZ angle.
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TABLE 8

m=Cyclopentadienyl-cis-diearbonylbromo (triphenylphosvhine Jmolybdenum —

methylene chlcride; mean plane calculations.

Atoms in plane Displacements (X) Atoms out of plane Displacements (R)

a) c(1) 0.005 P(1) 0.021
c(2) 0.003
c(3) -0.013
c(4) 0.015
c(5) -0.007
c(6) -0.003%
b) c(7) 0,008 P(1) 0.138
c(8) -0.010
c(9) 0.007
¢(10) -0.001
c(11) -0.001
c(12) 0.003
c) c(13) -0.003 P(1) ~0.064
c(14) 0.002
c(15) 0.000
c(16) -0.001
c(17) ~ 0,000
c(18) 0.002
a) c(21) -0.006 Mo (1) -1.999
c(22) 0.014
c(23) -0.018
c(24) 0.015

c(25) -0.006
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Atoms in plane Digplacements (X) Atoms out of plane Displacements (£)

e) c(101) -0.010 P(101) 0.030
c(102) 0.005
c(103) 0.000
c(104) 0.002
c(105) -0.008
¢(106) 0.012
) c(107) -0.003 P(101) ~0.048
c(108) -0.005
c(109) 0.010
¢(110) -0.008
c(111) 0.000
c(112) 0.006
g) c(113) 0.002 P(101) -0.005
c(114) -0.018
c(115) 0.025
c(116) -0.015
c(117) -0.001
¢(118)- 0.007
h) c(121) -0.006 Mo(101) ~2.00%
c(122) 0.007
c(123) -0.005
c(124) ; 0.001
c(125) 0.003
The dihedral angles (o) between selected planes are:
a) - b) 83.1 e) - f) 79.8
a) - ¢) 84.5 e) -g) 99.3

b) - ¢) 70.3 £) - g) 105.5
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TARLE 9

IT—Cyclopentadiegyl-cis—dicarbonylbromo(triphenylphosphine)molybdenum o~

methylene chloride; intermolecular contacts (£3.75%).

0(119)’ - - - (2 s c(16) - -- C(50"°1)  3.64
0(20) | - - - c(110tl) 3,24 C(6) - =-- cU17) 3.64
0(119) - - - 0(231) 3.27 0(119) =~ - - c(111v) 3.65
0(19) - -- c(4hy 3.3 Br(1) - - - (14T 3.66
0(20) - -~ c(1091T)  3.40 0(20) - -- c(124'Y)  3.66
c(21) - -- c(25Y)  3.43 c(105) - - - c(114%)  3.66
0(119) - - - c(112")  3.45 c(18) - -- c(nihy 3,67
0(19) --- c(@h) 345 0(20) - -- c(11l) 3.7
0(119) = - = c(1147)  3.50 0(19) - -- c(11™) 3,68
0(19) - -~ c(123)  3.51 c(23) - -~ c(iod'l) 3.68
0(19) - - - c(2Ithy 3,52 0(119) - - - c(104")  3.68
0(19) - -~ c(1sT) 3,53 c(15) - -- ¢(50' 1) 3.69
0(19) - -~ c(116"7) 3.54 c(17) - -- c(17) 3.69
Br(1) - - - @) 3.55 c21) --- c(2) 369
c(18) --- c(7'h) 3.55 0(119) - - - c(115')  3.69
0(120) = - - c(16"T) 3,55 c(102) - - - c(1257)  3.69
0(120) - - - C(24) " 3.55 ¢(20) - -- c(103')  3.69
¢(20) - - - c(1otT) .56 Br(1) R c(15tYy 3,70
ce o= o2y 357 Br(101) - - - ¢(104'0)  3.72
0(20) - -~- c(103'1) 3.58 0(119) = - - c(105'Y) 3,72
c(5) --- c(14y  3.60 c17) - -- c(nlt)y 372
0(19) - -- ¢C(5'%)  3.60 0(120) - - = ¢(2) 3.73
0(19)| - == ¢(122) 3.61 c(25) - - = c(257") 3,73
C(103) - - - c(125%)  3.63 c(106) -~ - c(109")  3.74
Br(101) = - - c¢(22%) 3,63 c(10) --- o) 374
Br(101) - - - ¢(23%) 3.64 0(25) - -- c(103T) 3.74
0(20) - -- c(102'%) 3.64

The superscripts refer to the following transformations of the atomic

coordinates?

I x, vy, 1 + 23 Vit x, 1 +7y, o3
IT 1-x%, 1-y, - 23 VIII X -1 +y, z3
111 2-x, 2-Y, - 23 X 2-x, 2-y, 1-2;
v 2-x, 1-y, -2 X t-x 1-3 1-%
v i-x, -, - z3 XI 1-x -Fy 1 -2z

VI x, ¥y, -1 + 23
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I1.2.3  EXPERIMINTAL

Crystal Data m-Cyclopentadienyl-trans-dicarbonyl(phenyl isocyanide)-

molybdenum; C,  H, .0 NIMo.

1471072

Crystal system Orthorhombic
Unit cell dimensions a = 12.035(4) &

b = 17.248(5) &

c = 14.510(5) &
Space group | Pbea (D;E)
U = 3011.9 8%
M = 447.1 a.m.u.
D, =1.95 gm.cm:3 (flotation in aqueous zinc iodide solution)
D, = 1.972 gu.cns>
Z =8
F(000) = 1696

1

fi(Mo-ExX) = 29.25 cm.
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Crystallographic Measurements

Preliminary cell dimensions, and systematically absent reflections

(k0% zbsent if £ = 2n + 1, Ok absent if k = 2n + 1 and hkO absent if
h=2n + 1) consistent with space group Pbca were found from precessicn
and Wiessenburg photographs (using Mo-K« and Cu-KX vadiation respectively)
of a red diamond-shaped plate with dimengiong ca. 0.01 x 0.45 x 0.50 mm3.

An initial set of diffractometer data, collected using zirconium-
filtered Mo-KX radiation, refined unsatisfactorily due tc the large
number of weakly observed reflections, therefore a second set was
collected and the counting statistics improved, both by using graphite-
crystal monochromatised Mo-K« radiation and by increasing the counting
times. A fully stabilized X—raj generator orerated at 46 kV and 16 mA
and a Hilger and Watts' Y290 automatic diffractometer were used in both
data collections. In collection I, the diffractometer was controlled by
a PDP-8 computer (a DF32 DEC disc file backed PDP-8 computer in
collection II) and the cell dimensions were adjusted by a least-squares
treatment of thé 6, X and ¢ setting angles of 11 (14) reflections.

In both collections the intensity measurements were made, in
octant hk¢ with e(Mo-Kx) < 27°, by the & - 26 scan procedure; each
reflection being scanned in 36 equal steps from 265alc. -0.72o to

295 1 +0.72°. In collection I, each step was counted for 2 seconds and
av c.

stationary-crystal, stationary-counter background counts were measured
at each end of the scan range for 18 seconds., (In collection II, three
o-ranges O(Mo-kx) < 16°, 16° ¢ 6(Mo-Kx) ¢ 23° and 23° ¢ 6(Mo-kx) ¢ 27°

were collected, the corresponding counting times being 4 and 36, 6 and 54,

and 8 and 72 seconds respectively.) The intensities of 2 (3) standard

reflections were monitored every 40 (30) intensity measurements and the
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results used to ensure that all the observations were on a commoan scale.
The scan counts (F) and the background counts (B1,32) of each weflection
were combined to yield the integrated intensity, I = P ~ 2(]31 + BZ)’
vhich was‘corrected for Lorentz-polarisation effects but not for
absorption. In collection I, 3,284 independent measurements were
obtained and only the 1,742 with I/%& > 2.0 used in the structure
analysis. (In collection II, only the 1,564 reflections were measured,
which a quick scan had shown to be significantly abéve background, and,

of these, the 1,471 with I/ﬁi > 3.0 were used in the final refirement.
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Structure Analysis

Using the first set of data, the coordinates of both the molybdenum
and iodine atoms were derived from the three-dimensional Patterson
synthesis, and the subsequent electron demsity distribution (R = 36%)
revealed the positions of the remaining non-hydrogen atonms.

The approximate atomic parameters were adjusted by a series of
least~squarss calculaticns, usihg the program due to D. W. J. Cruickshank,
J. G. F. Smith and J. G. Sime on Glasgow Umiversity's KDF9 computer. The
weighting scheme:

W= [1 - exp(-p1{sin9/h}2n‘/[1 + pleol + pB!FOIQ]
was employed, and the values of Py» p2 and p3 adjusted at several stages
of the refinement to ensure approximate constanc& of <w¢?> over various
ranges of IFOI and sin@. The final values were 90.0, 0.54 and 0.01
respectively. The atomic scattering factors, including dispersion
corrections Af' and Af" for the molyhbdenum aﬁd iodine atoms, were taken
from 'International Tables for X-ray Crystallography,' Vol. III.(28)

Two cycles of full-matrix refinement on the positional and isotropic
thermal parameters lowered the R-factor to 11.1%, With all the atoms
assigned anisotropic thermal parameters, four cycles of block diagonal
least-squares refinement converged at R = 9.%%.

The final set of parameters were used as the starting set for
refinement with the second set of data and, after four cycles of block
diagonal leasi-squares, convergence was reached at R = 4.3%%. A
difference electron density distribution was calculated revealing the
positions of all the hydrogen atoms ai an average peak height of 0.409'/23.
The main deviations in this map were peaks of height ca. 0.7e-/33 and
holes of depth ca. O.Se—/g3 in the region of the iodine atom. Each

hydrogen atom was included in further structure factor calculations with
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an isotropic temperature factor equal to that of the carbon atom io which

it was bonded and, after three cycles of block diagonal refinement of

the parameters of the other atoms, the R-factor was lowered to 3.99%.

The refinement was completed with four cycles of full-matrix least-squares;
firstly, two cycles refining only the phenyl isocyanide, molybdenum and
iodine atomic parameters, then two cycles refining only the cyclopentadienyl,
carbonyl, molybdenum and iodine atomic parameters. Convergence was

reached at R = 3.99%, R' = 5.58%.
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Results

The observed and final calculated structure factors are listed in
Table 10, with the final positional and thermal parameters, including
the estimated standard deviations derived from the least-squares
refinement, in Table 11. The atomic numbering scheme of the non-hydrogen
atoms (each hydrogen atom is numbered according to the atom to which
it is borded) is shovm in Figure 3; the projection of the molecule on
to the plane of the rm~cyclopentadienyl ring showing the thermal
ellipsoids(ao). The bond lengths, valency angles and displacements of
atoms from various planes are given in Tables 12, 13 and 14 respectively.
The crystal packing is shown in Figure 4 and the intermolecular contacts

€3.75 & are listed in Table 15.
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FIGURE 3

Pevspective view of n-cyclopentadienyl-trans-dicarbonyliodo-

(phenyl isocyanide)molybdenum projected on to the plane of the

T-cyclopentadienyl ring, showing the 50% probability thermal ellipsoids.

L6 8 =
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FIGURE 4
Crystal packing of r-cyclopentadienyl-trans-dicarbonyliodo-

(phenyl isocyanide )molybdenum viewed along the a-axis.
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TABLE 11

n=Cyeclopentadienyl-trans~dicarbonyliodo(phenyi isoqiggiﬁeﬁmolybdenum;

fractional atomic coordinates with esd in parentheses and thermal porameters.

H(13)

0.420

0.143

00 373

Atom x y z Uiso(x10322)
Mo 0.640%6(6) 0.18578(4) 0.39509(5) *
I 0.87306(5) 0.15570(4) 0.37895(5) *
c(1) 0.5325(8) 0.2712(5) 0.3608(6) *
N(2) 0.4737(8) 0.3209(5) 0.3396(7) *
c¢(3) 0.4022(8) 0.3832(5) 0.3234(7) *
c(4) 0.3230(9) 0.3760(8) 0.2541(8) ®
c(s) 0.2518(10) 0.43%88(8) 0.2%99(10) *
c(6) 0.2561(11) 0.5023(8) 0.2931(10) *
c(7) 0.33%85(14) 0.5115(6) 0.3588(9) *
c(e) 0.4110(10) 0.4493(7) 0.3768(7) *
c(9) 0.5530(10) 0.0631(6) 0.3907(8) *
c(10) 0.6376(12) 0.0575(7) 0.4557(9) *
c(11) 0.6191(10) 0.1120(7) 0.5267(8) *
c(12) 0.5148(11) 0.1492(6) 0.5056(8) *
¢(13) 0.4774(9) 0.1209(6) 0.4209(9) *
c(14) 0.7052(8) 0.2794(6) 0.4518(6) *
0(15) 0.7367(7) 0.3360(5) 0.4847(6) *
. ¢(16) 0.6678(8) 0.1989(5) 0.2612(7) %
0(17) 0.6788(7) 0.2077(5) 0.1827(5) *
B(4) 0.312 0.332 0.202 66
H(5) 0.186 0.433 0.184 77
H(6) 0.200 0.546 0.276 85
H(7) 0.360 0.574 0.387 87
H(8) 0.483 0.463 - 0.400 65
H(9) 0.530 0.035 0.325 69
H(10) 0.705 0.015 0.439 77
H(11) 0.662 0.110 0.588 68
H(12) 0.482 0.187 0.541 70

68



¥ Those atoms were assigned anisotropic temperaturve factors of the form:
T = exp[-2n2(U11h2a*2 + U22k2b*2 + U33220*2 + 20, kelb¥o* + 20 fhoka® +
2U1 tha*b*)] with final parameters (Uijx'!OA'Xz,):
Atom T, Ups Uss 20,5 20, 2u,,
Ho 383 473 447 -28 1 56
I 409 748 778 -121 12 59
c(1) 460 543 580 -33 27 194
N(2) 579 653 871 81 15 250
c(3) 416 527 695 215 95 50
c(4) 547 597 812 138 ~201 -191
c(5) 632 856 967 752 -176 239
c(6) 41 694 1075 539 709 671
c(7) 1240 472 852 7 632 166
c(8) 771 639 590 -64 243 127
c(9) 760 530 760 82 305 -199
c(10) 893 559 955 473 483 301
c(11) 675 661 775 483 363 303
¢(12) 825 670 606 17 650 -181
c(13) 503 622 862 178 169 -175
c(14) 470 562 593 -156 45 =75
0(15) 756 837 788 -410 -5 ~200
c(16) 557 581 540 -282 -115 -23
0(17) 956 979 453 -63 -66 -115
Average estimated standard de%riations (Uijx10432)

Atom U.' 1 U22 U53 2U23 2U31 2U1 5
Mo 4 4 4 6 6 6
1 3 5 5 6 6 5
c 67 62 70 109 111 103
N 52 51 63 98 92 90
0 59 64 48 81 79 88



TABLE 12

n-Cyclopertadienyl-trans—-dicarbonyliodo{phenvl isoevanide)molybdenvi;

interatomic bond lengths (&) with esd in parentheses.

Moo - I 2.858(1) N(2) - ©(3) 1.397(13)
Mo - ¢(9) 2.363(11) c(3) =~ c(4) 1.392(15)
Mo - c(10)  2.382(12) c4) - c(s)  1.395(17)
Mo - c(11) 2.3%09(11) | c(s) - ¢l6) 1.342(20)
Mo - C(12) 2.29%(12) c(6) -~ ¢(7) 1.385(20)
Mo - C(13)  2.289(11) c(7) - c(8) 1.409747)
Mo - c(14)  1.973(10) c@e) - ¢(3) 1.381(15)
c(14) - 0(15) 1.150(12) c(9) -~ c(10) 1.390(18)
Mo - c(16) 1.983(10) c(10) - c¢(11) 1.412(17)
c(16) - o(17) 1.158(11) c(11) - c(12) 1.443(47)
Mo - c(1) 2.025(10) c(12) - «¢(13) 1.396(17)
c(1) - N(2)  1.153(13) c(13) - c(2)  1.418(15)

The C - H distances range from 0.92 - 1.17, mean 1,06 X.'



TABLE 13

n~0yclqpontgﬁienyl~trans—dicerbonyliodo(Ehenyl isoqyanide)mclybdenum;

valency angles

(°) with esd in parentheses.

I -
T -
I -
c(1)
¢(1)
c(14)

Lo T o B e B o B |
1

c(1) -
c(1) -
c(1) -
c(1) -
c(1) -~
c(14)
c(14)
c(14) -
c(14) -
c(14) -
c(16) -

The phenyl C -

Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Mo
Yo
Mo
Mo
Mo
Mo
Mo

c

c(1)

c(iq)
¢(16)
¢(14)
c(16)
c(16)
c(9)

c(10)
c(11)
c(12)
c(13)
c(9)

c(10)
c(11)
c(12)
c(13)
c(9)

c(10)
c(11)
c(12)
c(13)
c(9)

137.7(3)
78.2(3%)
77.1(3)
76.2(4)
77.5(4)

104.4(4)

105.7(3)
82.8(3)
94.4(3)

130.8(3)

139.9(3)

111.0(4)

139.2(4)

122.2(4)
87.1(4)
81.2(4)

156.9(4)

127.8(4)
98.7(4)

101.2(4)

132.1(4)
98.6(4)

c(i6) -
c{16) -
c(16) -
c(16)
Mo -
Mo -
Mo -
c(1) -
N(2) -

- N(2) -

c(e) -
c(3) -
c(4) -
c(s) -
c(6) -
c(7) -
c(13)
c(9)
¢(10) -
c(11) -
c(12) -

Mo -
Mo -
Mo -
Mo -
c(14) -
c(16) -
c(1) -
N(2) -
c(3) -
c(z) -
c(3) -
c(4) -
c(5) -
c(6) -
c(7) -
c(s) -
c(e) -
c(10)
c(11) -
c(12) -
c(13) -

c(10)
c(11)
c(12)
c(13)
0(15)
0(17)
N(2)
c(3)
c(4)
c(s)
c(4)
c(5)
c(6)
c(7)
c(8)
c(3)
c(10)
c(11)
c(12)
c(13)
c(9)

- H angles range from 111 - 131, mean 119°.

118.0(4)
153.0(4)
145.7(4)
111.0(4)
175.9(9)
176.8(9)
177.8(9)
174.2(11)
118.3(9)
119.6(9)
122.1(9)
117.2(10)
121.7(12)
121.2(12)
118.9(11)
118.5(10)
108.0(10)
109.4(11)
106.2(10)
108.1(10)
108.1(10)

The cyclopentadienyl C - C - H angles range from 115 = 137, mean 125°.



TABLE 1

o

n-Cyclopentadienyl-irans-dicarbonylicdo(phenyl isocyanide)molybdenum;

displacenents (ﬁ) of atoms from various rlanes,

Atoms in plane  Displacements  Atoms out of plane  Displacements

a) c(3) -0.008 Mo -0,201
c(4) 0.004 c(1) ~0.123
¢(5) 0.017 H(2) ~0.035
c(6) -0.033 H(4) 0.12
c(7) 0.029 B(5) 0.01
c(8) -0.008 H(6) -0.01

H(7) 0.34
u(8) 0.41

b) c(9) 0.000 - H(9) -0.16
¢(10) -0.014 H(10) 0.01
c(11) 0.022 B({11) -0.18
c(12) -0.022 H(12) -0.02
c(13) 0.014 H(13) 0.27

Mo 1.991
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TABLE 15

n-Cyclopentadienyl-trans-dicarbonyliodo(phenvl iscevanide Imolybdernnm;

intermolecular contacts (€3.758).

c(13) --- o(157)  3.29 c(6) --- c(th) .67
c(12) --- o(15)  3.36 o(7) --- c(6hy 367
c(1a) --- o(7'h) 337 0(6) - -~ TNy 3.6
o(7) --- o017y 3.44 c(4) --- o(157)  3.68
c(4) --- o(17t)  3.51 c4) --- c(147) 370
c(4) --- c(167)  3.59 6(5) =--- c(o™) 570
¢(7) --- 0o(15)  3.59 ¢(5) --- o(157) 572
c(6) --- c(eth) 3.60 ¢(5) --- c@o™) 374
c(6) --- o7ty 3.5

The superscripts refer to the following transformations of the atomic
coordinates:

I -4 4+x, 3-y, 1-23; v -5 + X, Y, % - 2z
II X, 5~y, %+ 23 v 1-x, 1=y, 1-2.

111 4 4+ x, Yy % - 23
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There anilyses have confirmed the spectroscopic assignment of
OT—CSHS)MO(CO}Z(PPh3)Br, A, as the cis-isomer and demonstrated that the
crrstal selected from a mixture of isomers of @w-CSH )Mo(CO)Q(CNPh)I, B,
was that of the trans-isomer.

Regaxrding the cyclopentadienyl ligand as a formally tridentate
gix-electron donor, CrII5 s then both A and B can be considered as
seven~coordinate d4 Mo 11 complexes with distorted sguare pyrzmidal shape;
then—CSH5 group is at the apex of the pyramid, the four moncdentate
ligands are at the corners of the base and the molybdenum atom is above
the base. An examination of the X-ray anélyses of related compounds:(1 - 6)
suggests that the preferred conformation in their crystals of complexes
of this type has a molybdenum - carbonyl bond passing over the midpoint
of a carbon - carbon bond of the cyclopentadienyl ring, and this
tendency is indeed observed in both A and B (see Figures 1 and 3). The
slight difference between the orientation of the monodentate ligands
with respect to the cyclopentadienyl ring in A1 and A101 could be a
manifestation of the different extent of disorder in these molecules
or merely an artifact of crystal packing.

The valency angles about the molybdenum atom in B and any
meaningful angles obtainable from the disordered structure of A aré
similar to those found in related complexes. The I - Mo - CNPh and
OC - Mo - CO angles of 137.7 and 104.4° in 3 compare favourably with
the I - Mo - P and OC - Mo - CO angles of 141 and 105o respectively in

trans-(n-C_H )Mo(co) (PPh3)I(2), 138 and 107° in tra.ns-(n—(,H3 5 4)Iv-o-

55

(co),[p(ome) ] 1(4) 2ra 136 ana 109° in trans-(n-C Hs)Mo/co)z[P(OMo 911(4)

Other OC - Mo - CO (trans) angles are 108° in trans—@w—CSHS)Mo(CO)2-
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(PPnj) cone)(5) and 117° in Qw-bs 5)ﬂ0(00)5(03F7)(6)
(PPbB)(COMe)(3) and 117° in (r=C 5 5)Mo(co 3¢ 3F7)(6). In A the mean

Br - Mo - Br engle of 121.0o is of limited chemiecal significance, but

the mean P - Mo - CO (trans) angle of 128.50 is probably a fair reflection
cf this angle in an ordered model and is reascnably close to the

P - Mo - COMe angle of 133° in tldnS*OT*C )Mo(CO) (”Ph )(COMP)(3)
Bimilar values include the P - Mo - P angle of 155 in

tran:—(nmﬁ jii )Mo(oo)(PPh ) (NCO)(T)

and the OC - Mo - C4Fy (trans) angle
of 132° in 01—05 5)M0(00)3(03 7) ). The cis-valency sngles, on the
other hand, are less sensitive to changes in the ligands. The values
in A and B range from 73.9 - 82.1 and 76.2 - 78.20 reapectively, while
those in the other complexes all lie within the range 73 ~ 82°.

The molybdenum - carbonyl Mo - C tond lengths in B, 1.973(10)
and 1.963(10) R, do not differ significantly from each other and may

be compored with the Mo = CO separation of 1.934 in (n=-C.H.)Mo(CO)-

515

. (2)
5 Pth)Cﬂ and

mean separations of 1.955 in OT—CSHS)MO(CO)Z(PPhB)(COMe)(B), 1.983 in

(PPhE)z(HCO)(1>, 1.9%8 R in OT-CBHS)MO(CO)(PPh2~CHQ-CH

OWquHs)Mo(CO)z(PPh )1(2), 1.99 in ow-c H )Mo(co) 02(5), 2.00 in
25057, Mo (€0), [2(oMe) ] 1(4),
2.02 in 01~CSH5)M0(CO)2[P(OMe)3] (4) and 2.06 & in Mo(CO)6‘31). These

QT~CSH5)M0(CO)3(C )(6), 2.00 in (n-CH,C

values are all considerably shorter than the distance of 2.38 % ina
purely «-bonded Mo - C linkage2), illustrating the double-bond
character of the Mo - C(carbonyl) bonds produced by a e-n synergic
interaction, in which v-donation of an electron pair from the carbonyl
to the metal is accompanied by back-donation from filled metal d
orbitals to doubly degenerate 1*(CO) levels. Though the individual
values in the above series are subject to some uncertainty, there is a
trend which reflects, at least partially, the greater back-donation to

the n* orbitals of an individual carbonyl group as the number of these



groups on the metal atom is reduced. This trend is analogons to
differences bLetween the Cr - C(carhenyl) distances in various
arenechromiua tricarbonyls, ca. 1.82 ﬁ(33), and the distance in chromium
hexacarbonyl, 1.909 84), The ¢ = 0 bond lengths in B, 1.150(12) and
1.158(11) f, ave in good agreement with Sutton's(BS) valoe of 1.14(1) &,
while the corresponding Mo - C - O valency angles, 175.9(9) and
176.8(9)°, depart only slightly from linearity. '

Comparisons with the above values demonstrate that, as a result
of the eis/trans disorder, the Mo - C and C - O bond 1engths‘of 2.087(11)
and 0.977(13) & respectively in A1 and 2.095(14) and 0.904(i7) & in
A101 are unrealistic. .

The molybdenum - (phenyl isocyanide) Mo - C bond length, 2.025(10) &,
is probably longer than the mean molybdenum - carbonyl bond length in
B, 1.978(7) R, and can be compared with the mean molybdenum -
(tert-butyl isocyanide) bond lengths of 2.055(15) and 2.115(15) & for
the two sets of nonequivalent Mo - C distances in {Mo(CNBut)éll*i_(36)
and the mean molybdenum - (methyl isocyanide) bond length of 2.148(5) R
in'Mo(CNCH3)4(CN)4(37). Tn this analysis the n-accepting ability of-
the phenyl isocyanide ligand is nearly comparable with that of the
carbonyl ligands, but the decrease in v(€0) from 21‘55o:>m'1 in carbon
monoxide to 1974fcm.-1 (symmetric siretching mode) and 19'56.“cm"1
(asymmetric stretching mode) in OT—CSHS)MO(CO)Z(CNPh)I is not paralleled
by a similar decrease in V(CN) on coordination. A small decrease in
(ow) from 2132em (1) in the free ligand to 2108 em™! in B is

. -1 A
observed, and can be compared with an increase of ca. 50cm ~ on forming

Mo(CNCH3)4(CN (37), in which only weak n-bonding is suspected. These

) 4 ‘
t  Does not correspond exactly with the spectra of trans-@T—Csﬁs)Mo—
(00)2(CNPh)I because the chloroform solution, in which the i.r.

was measured, contained a mixture (ca. 50/50) of isomers.
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frequency changes are a balance tetween the decrease due to 17 back-
donation and the increase due to the increased contribution of
canonical form (II) on cooréination to the positively charged metal ion,
R— {==0: ¢=m—j R— li==0C
(1) (11)
and more structural and spectroscopic information is qbviously required
before VY(CN) values and bond leﬁgths can be correlated.

The C(sp) - N bond length, 1.153(13) &, in the phenyl isocyanide
ligand compares favourably with mean values of 1.139(6) in
Mo(CNCH5)4(CN)4(37), 1.143(5) in Ni(CNBut)Z(TCNE)(BB), 1.16(3) in
cis~[PtC£2(CNPh)2}(19), 1.17(1) % in [Mo(CNBut)61}+I'(36) and the value
of 1.166 % in rethyl isocyanide(39). These distences in isocyanides are
very similar to the mean distance of 1.158(2) % in gimple organic
cyanides(40). The N - C(spz) bond length, 1.397(13) £, in B is equal
within experimental error to the mean value of 1.37(2) % in
cis—[PtGﬂz(CNPﬁ)2](19). The Mo - C = N - C fragment is nearly linear
with Mo - C - Nand C - N - C angles of 177.8(9) and 174.2(11)°
respectively; an arrangement which is typical of metal-isocyanide
linkages, cf. M ~ C - N angles of 176.9(4) and 172.4(4)° in Ni(CNBut)z-
(rene) (%) and 177.8(17) and 170.0(18)° in cis-[Ptczz(CNPn)z](19) with
corresponding C - N - C angles of 176.6(4), 171.5(4), 174.5(18) and

177.9(20)°. In both these complexes chemically equivalent angles are

b

statistically different, sugges

reagon for the deviations from linearity in these and presumably in
this analysis. These near-linearities are consistent with a large
contribution of canonical form (II) in isocyanide complexes. The phenyl
ring of the isccyanide ligand ig planar within the limite of

- S ona 1 3 4+
experimental error, the root-mean-square deviation from pianariiy
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being 0.020 X, with the nitrogen atom deviating 0.03% 3 from the plzne,
The C - C distances range from 1.342 - 1.409, mean 1,384 R, and. deviations
of the individual values from the mean should be considered as an
independent assessment of the reliability of the estimated standard
deviations in B rather than as an indication of genuine variations.

The molybdenum - iodine separation of 2.858(1) £ can bve compared
with 2.836(4), 2.850(3), 2.858(3) and 2.862(3) & in
GTﬂCSHS)Mo(CO)2[P(OMe)3]I(4), OT~CH305H4)M0(CO)Z[P(OMe)3]I(4),
OT-CSHs)Mb(00)2(PPh5)I(2) and [Mo(cnaut)61]+1'(36) respectively. The
individual values of the molybdenum - bromine separation in the analysis
of OT-CSHS)MO(CO)z(PPh3)Br are Mo -~ Br(1) = 2.676(2), Mo - Br(1)I =
2.698(6), Mo - Br(101) = 2.666(1) and Mo ~ Br(1o1)| = 2.648(4) &, while
the average value, weighting each individual value according teo the
population parameter of the corresponding bromine atom,‘is 2.671 3.

The estimated standard deviations of the individual values are
underestimated; but this analysis has the advantagze of having two
crystallographically independent molecules per asymmetric unit, enabling
standard deviations to be derived from a comparison of the two

independent sets of bond lengths. Allowing for the dependence of the

Mo - Br bond lengths on the vibrational treatment of the disordered
carbonyl}groups, a reasonable standard deviation of the weighited mean
distance is 0.003 2. The weighted mean molybdenum - bromine separation,
2.671(3) R, compsres favourabl
other types of seven-coordinate MoII complexes, e.g. mean values of
2.662(2) and 2.662(3) § in MoBrz(CO)B(PPhE'CHz-CH2~PPh2)(41) and

MoBr,, (CO), (AsPh," CE 'AsPh2)2(42) respectively. [The latter complex is

2

seven-coordinate because one of the arsine ligands is bi- and the

other unidentate.] The molybdenum -~ bromine separation in A is 0.19 2
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shorter than the molybdenuwn -~ iodine separation in B, and this i=s in
excellent agreement with the difference in the covalent rad11(43)
brominre, 1.714 X, and iodine, 1.33 X, a2toms. The covalent radii(43) of
chlorine atoms is 0.99 2 suggesting precbeble molybdenum - chlorine
geparations in related complexes of ca, 2.52 R, compared with observed

values of 2.541(5) and 2.542(9) R in 0w~\ )Mo(CO)(PPh * CH,,’ CH,: Pth)cz(z)

2
and OT—CSH5)M0(CO)302()) respectively.

The standard deviations of the molybdenum - phosphorus bond
lengths, 2.538(2) and 2.525(2) & in A1 and A101 respectively, appear
to be underestimated in the analysis of cis-OT—CsHS)Mo(00)2(PPh3)Br,
but nevertheless this bond is undoubtedly longer than that, 2.481(5) X,
in trans-@w—csﬂs)Mo(00)2(PPh3)I(2), in agreement with the difference

found in OT—CSHS)Mb(CO)(Pth'CH -CHZ-PPhZ)Cz(z) in which the Mo - P

2
bond, 2.496(4) X, trans to the carbonyl group is appreciably longer
than the bond, 2.439(5) %, trans to the halogen atcm. Although these
ligands are nof strictly trans to one another [The P ~ Mo - L angles
lie between 110 and 14594, this trans influence is reminiscent of
bond-lengthening effects in square-planar and octahedral complexes(44).
For comparison purposes the molybdenum - phosphorus separations in
other complexes are 2.388 in trans-(nhCHBC H )Mo(CO)Q[P(OMe)S]I(4)’
2.406 in trans-(-CgH;)Mo(CO) [P(OMe)3]1(4). 2.475 in

trans-(n-C Hs)Mo(CO) (PPhs)(COMe)(B), 2.499 in trans—OT—CsHs)Mo(CO)—
.o \v-\cn) (45) and 2.517 & i

I -L-.ll

(43)

. 05 in ’pphz NEt- :;uz v10
(PPh2C6H4-CH:CHMe)Mo(CO) (46). Subtraction of the covalent radius

of the phosphorus atom, 1.10 3, froem the molybdenum - phosphorus

rcs)(1), 2

—~~

PPh, ), {
82 3/2\

separation in the above complexes yields values between 1.29 and 1.43 )

for the contribution of the molybdenum atom to the molybdenum -

phosphorus tend, whereas the single bond covalent radius of molybdenunm
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YA
in (r-C_H_)MoL XY and (v-C_.H_)MoL,¥ complexes is 1.61 R()g). Thig
55 2 55 3
contraction may be evidence for double-bond character in the metal -
rhosphorus bonds arising from dnm-dn Mo—>P back-donation, and can be
compared (see Table 16) with contractions involving other ligands,
gome of which have been attributed to multiple~bond character in the
metal - ligand bonds.
TABLE 16

Bond lengths (B) and ligand single-bond covalent radii (R)

in complexes of the type QT~C5H5)M0L2XY and OT—CEHS)MOL3X

Bond B (R) R (]) B-R References
Mo - CO 1.93 - 2,02 0.70 1.23 - 1.32 This work, 1 - 6.
Mo - CNPh 2.03 0.70 1.33 This work.

Mo - P 2,39 - 2.53 1.10 1.29 - 1.43  This work, 1 - 4.
Mo - NCO 2.13 0.65 1.48 1.

Mo - COMe 2.26 0.74 1.52 3.

Mo - 5P 2.29  0.77 1.52 6.

Mo - I 2.84 - 2.86 1.33 1.51 - 1.53 This work, 2, 4.
Mo - Br 2.67 1.14 1.53 This work.

Mo - Cx 2.54 0.99 1.55 2, 5.

Mo - 02H5 2.40 0.77 1.63 47.

The phosphorus - carbon bond lengths in the triphenylphosphine
groups are normal, the mean distances of 1.831 and 1.832 2 in A1 and A107
respectively being close to the sum of the covalent radii, 1.84 2, to
mean distances in other triphenylphosphine complexes, e.g. 1.833, 1.826
and 1.825 £ in (n-Csﬂs)Mo(CC)z("rﬁs )Ty {v-0ghg ¥ (PPhy )Ph and
Cr(CO)s(PPhB)(49) respectively and to the mean distance, 1.828 %, in
the uncomplexed triphenylphosphine molecule(so). Bach of the C - P - C
angles [103.4, 103.2 and 103.8o in A1 and 103.7, 103.4 and 104.0° in
A101] is appreciably smaller than'the regular tetrahedral value of

109028' and this is typical(51) of triphenylphosphine transiticn-metal
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complexes that have been investigated by X-ray snalysis, e.g. mean values

of 103.4, 104.3 &nd 102.6° in @w-CBH.)Mo(CO)z(PPhﬁ)I(Q),

5
(nac5HS)Ni(PPh3)Ph(48) and Cr(CO)S(PPhB)(49) respectively, and also
of the uncomplexed triphenylphosphine molecule(so), 105.00. Such

5 hybridisation have been suggested(z) to be

deviations from ideal sp
indicative of the phiosphorus orbital directed towards the metal atom
having more s-character than the orbitals directed towards the carbon
atoms.

The carbon - carbon bond lengths in the triphenylphosphine ligands
are equal within experimental error and range from 1.349 - 1.400, mean
1.375 2, in A1 and from 1.347 - 1.400, mean 1.379 X, in A101. Similar
contractions from the spectroscopic value of 1.397 2 appropriate to

(e-g- 1’2), and have been

benzene have been noted in other X-ray analyses
attributed to thermal motion. While the phenyl rings are accurately
planar [The root-mean-square deviations from planarity are 0.009, 0.006
and 0.002 & in A1 and 0.007, 0.006 and 0.014 & in 4101.], the phosphorus
atoms are appreciably displaced from some of these planes. The
displacements [ 0.02, 0.14 and 0.06 & in A1 and 0.03, 0.05 and 0.01 %

in A101] are however considerably less than the corresponding
displacements of 0.23 and 0.36 & found in @T—CSHB)MO(CO)(PPhB)z(NCO)(1)
‘and (1—exo~benzylcyclopenta—2,4-diene)Fe(CO)Q(PPhB)(52) respectively,

and are probably due to van der Waals' repulsions between the phenyl
groups. The different displacements in the two crystallographics
independent molecules of A, therefore indicate that dissimilar repulsions
arise from the different rotational orientation of the phenyl rings in
.A1 and A101, cf. dihedral angles between the phenyl rings of 83.1, 84.5
70.5° in A1 and 79.8, 99.3 and 105.5° in A101, Similar differences

between itwo crystallographically independent mclecules have been cbssrved
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in the crystal structures of OT«VFH )Hl(PPh )(“F )()3) and
(1-exo-benzylcyclopenta-2, A—dlcne,Pe(CO) (PPh )(5 ) demonstrating the
importance of intermolecular repulsions in determining the rotational
orientation of the phenyl rings in triphenylphosphine transition-metal
complexes.

The ri-cyclopentadienyl rings in A and B are accurately planar, the
root-mean~-square deviations from planarity being 0.013, 0.005 and 0.016 )3
in A1, A101 and B respectively. The cyclopentadienyl carbon - carbon
bond lengths range from 1.379 - 1.430, mean 1.401 £, in A1, 1.375 -
1.430, mean 1.402 &, in A101 and 1.390 - 1.443, mean 1.412 &, in B and
can be compared with a value of 1.419 2 found from an average of 23

(54)

different X-ray analyses of rn-cyclopentadienyl derivatives and with
values of 1.431(5) and 1.427(7) & found in the electron-diffraction

studies of (m-C_H Fe(55) and (nhCSHS)In(56) respectively. The shorter

5%5)2
values found in X-ray analyses have again beén attributed(54) to thermal
motion. The molybdenum - carbon(cyclopentadienyl) distances range
significantly from 2.290 - 2.3%83%, mean 2,330 X, in A1, in an equivalent
trend from 2.294 - 2.374, mean 2.335 R, in A101 and from 2.289 - 2,%82,
mean 2,327 R, in B, These mean separations are in good agreement with
values in related complexes, e.g. 2.333 in GT'CSHS)MO(CO)Z(PPhB)I(2)9

2.333 in (n-C Hs)Mo(CO)(PPh ) (NCO)(1) and 2.347 £ in

5
@v—c H )Mo(CO) (PPh )(COMe)(3), and are only a little shorter than the

Ry SR O . ‘(47>
molybdenum - ethyl bond length of 2.397{i5) & iu \n-ushs/uu(CU/B\C2n5} .

Significant variations in metal - carbon and carbon - carbon bond

lengths can be rationalized(57) in terms of the lack of cylindrical
symmetry around the metal atom removing the degeneracy of the e,
molecular orbitals of the Tr-cyclopentadienyl ring. In both A1 and 4101

significant variations in the molybdenum - carbon bond lengths are
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observed and, with respect to their major crientation, are in the sense

expected. Both the molybdenum - carbon bonds in A situated approximately

trans to a carbonyl group are ca. 0.C7 X longer than those associated

with the atoms of the cyclopentadienyl bonds which pass under either of

the moiybdenum - carbonyl bonds, analogous to trends in for exanple

(IT-CSH,).)MO(CO)(PPhB)Q(NCO)U), (rr-CSHS)Mo(co)z(P?h3)(cocn3)(3) and

(n—CSHS)Mo(CO)3(03F7)(6). Sim has suggested(1) that these variations may

reflect partly the appreciable m-character of the metal ~ carbonyl bond,

therefore it is interesting to observe that in (n'-CSHS)Mo(CO)z(CNP‘n)I,

of the two molybdenum - carbon bonds which are ca. 0.08 it longer than

the others, one ig situated approximately trans to a carbonyl group while

the other is approximately trans to the m-accepting phenyl isocyanide

ligand. Although significant variations in the C - C bond lengths and

C - C - C valency angles have been obgerved in other rm-cyclopentadienyl

complexes, e.g. OT-CSHS)Cr(NO)Q(NCO)(58), in-A and B none of the deviations

of these dimensions from their mean value is statistically significant.
The intermolecular Qontacts in both analyses appear to be purely

van der Waals' interactions. In the methylene chloride molecule the

carbon - chlorine bond lengths, 1.78(4) and 1.65(4) %, are in reascnable

agreement with each other and with the distance of 1.77 £ found both in

a microwave study(59) of the gaseous molecule and in an X-ray analysis(Go)

at -120°C, while the most accurately determined dimension, i.e. the

G2 - - - C2 separation of 2.885(6) R, is slightly shorter, presumably

as a result of the fairly high thermal meticn in this analysis, than the

values of 2.935 and 2.932(4) & in these analyses respectively. The

€2 - C - Cg angle, 115(2)°, is in good agreement with the angles of 111.8

60
and 112(1)° found in the microwave(59) and X—ray( ) analyses

respectively.
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CHARACTERIZATION OF SOME ORGANOMETALLIC COMPLEXES
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CHAPTER 1

Tt-CYCLOPENTADIENYL (DI PHENYTLAMIDO ) IODONITROSYLCHROMIUM
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IIT.11 INTRODTCTION

Dr. G. R. knox and co-workers at Strathclyde University prepared
the title complex according to the reaciions:

Mel + 2Li -——3MelLi + Lil

H,)Cr(NO)(NPhQ)I

+ (n—CSHS)Cr(NO)ZCE——-) (n_c5 5

MeLi + HNPhZ-—-%IdNth

Characterization by elemental analysis, i.r. and n.m.r. spectroscopy,
mass spectrometry and osmetric ﬁolecular weight measurements indicated
the above monomeric formulation, but, because this implied only 16 metal
valence electrons, very weak iocGine or nitrogen bridges were not
excluded.

An X-ray analysis was undertaken in the knowledge that, whatever
formulation was correct, interesting structural comparisons were likely
with some of the following materials: @T—C )Cr(NO)2 2(1)

(-C B )ox (10), (mc0) (), cx(uprt 23 (3), tne anion (c0).Cr - T - Cr(CO)5(4)

and @1—0 Hs)(No)ur;\i//Cr(NO)Ow c 5) where X = SPh(S), OMe(6) and NMe (7).
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Crystal Data

EXPERIMENTAL

-11%~

TTnyclopentadienyl(diphenylamido)iodonitrosylchromium;

C17H15N2CII,

Crystal system Monocliniec

Unit cell dimensions a = 10.247(2) &
b = 8.888(2) %
c = 9.236(2) %
B =91°30"(1)

Space group P2, (Cg)

U = 840.9 §°

M = 442.2 a.m.u.

D, =1.74 gm.cm'.'3 (flotation in aqueous zinc iodide solution)

D, = 1.746 gm.cm':3

Z =2

F(000) = 432

25.66 cm:1
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Crystallographic Mezgurements

Preliminary cell dimensions and systematically absent reflections

(Ok0 absent if k = 2n + 1) consistent with gpace groups P2, and P21/h

1
were obtained from precession photographs of a red crystal mounted about
b* vith dimensions 0.22 x 0.40 x 0.50 mm’ in the [001], [170] and [110]
directions respectively.

The crystal, having been transfered to a Hilger and Watts' Y290
automatic diffractometer controlled by a PDP-8 computer, was offset én'x
by about 30 both to prevent multiple reflections(e) and to enable a data
set to be collected without any observations being made at X values of
about 900. The cell dimensions were then adjusted by a least-squares
treatment(9) of the 6, X and ¢ setting éngles of twelve reflections
meagured with Mo-KX radiation from a graphite crystal monochromator. The
fully stabilized X-ray generator was operated at 42 kV and 17 miA, when
collecting all the reflections in octants hkf and hk? with e(Mofgx) £ 300,
then at 28 kV and 10 mA, in order to minimise dead time losses, within the
range 6(Mo-kx) < 10°.

The intensity data were collected by the © - 26 scan procedure, each

reflection being scanned in 36 equal steps from 26 -0.72° to 265

calc. alc.

+9.72°. Each step was counted for 2 seconds and stationary-crystal,
stationary-counter background counts were taken at each end of the scan
range for 18 seconds. The intensities of two standard reflections were
monitored every 40 intensity measurements and only small random
fluctuations were observed. The scan oounts‘(P) and the background counts
(B1,BQ) of each reflection were combined to yield the integrated intensity,
I=P- 2(B1 + Bz), which was corrected for Lorenitz-polarisation effects.
2,590 independent measurements (including 28 corrected for dead time
losses) were obtained, of which 192 had Lﬁri < 5.0 and were omitted from

the structure determination. The remaining 2,398 independent values of
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IFol were corrected for absorption using the DATAP program of P. Coppens
modified for use on Glasgow University's KDF9 computer by I. R. Mackay(1o).
A Gaussian 8 x 8 x 8 grid was employed and the transmission factors

ranged from 0.37 to 0.58,
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Structure Analysis

The initial coordinates of the chromium and iodine atoms were
obtained from the three-dimensional Patterson synthesis, and the
subsequent electron density distribution (R = 20%) revealed the positions
of the remaining non-hydrogen atoms, indicating that the space group is
almost certainly P2, and not the alternative P21/h.

The approximate atomic paiameters vere adjusted by & series of
least-squares calculations, using the program due tc D. W. J. Cruickshank,
J. G. F, Smith and J. G. Sime on Glasgow University's KDI'9 computer. The
weighting scheme used throughout the refinement was:

W = [1 - exp(-p1{sin9/%}2)]/11 + pleol + pBIFOIZ]'

where the values of Py P, and p., were adjusted at several stages of the

3
refinement to ensure approximate constancy of <wA2> over various ranges
of IFOI and sin@. The final values were 5.0, 0.1 and 0.000% respectively.
The atomic scattering factors, including dispersion corrections Af' and
Af" for the chromium and iodine atoms, were taken from ‘International
Tables for X-ray Crystallography,' Vol. III.(11)

The y-coordinate of the chromiuvm atom was arbitrarily fixed at 1.0
to define the origin. Two cycles of full-matrix refinement of the
remaining positional and the isotropic thermal parameters reduced
R to 5.25%, R' = 7.10%. and with all the atoms assigned anisotropic
thermal parameters, three cycles of block diagonal least-squares
reduced R to 2.84%, R' = 3.71%. Comparison between the calculated and
observed structure factors revealed that, for the OkO reflections, IFOI
was about 15% lower than !Fcl. These reflections hed been collected at
a high X setting (ca. 870) where the orientation matrix is sometimes
unreliable, therefore they weie recollected, as were six general

reflections for scaling purposes, with the crystal further offset by
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about 10°. Three further cycles of refinement using the corrected data
coriverged at R = 2.62%, R' = 3,25%.

P21 is a polar space group, therefore two polarities for the
crystal structure are possible. If anomalous scattering occurs (as in
this analysis) it should be possible to distinguich between the two
possibilities either by statistical tests on the crystallographic

(12)

R-factor or by an assessment of the relative sterecochemical
plausibilities of the two structures.

The approximate parameters of the other enantiomorph were
calculated by reflecting through the plane y = 1.0, and then refined by
five cycles of block diagonal least-squares to convergehce at R = 2.64%,
R' = 3%,2%%. For both enantiomorphs an electron density difference map
vag calculated restricting the summation to those reflections with
sing/n < 0.4. A1l of the hydrogen atoms, except H(15), were found in
both maps at average peak heights of 0.26 ana 0.27e—/ﬁ3 in the maps
corresponding to enantiomorphs I and II respectively. The highest peaks
not attributable to hydrogen atoms had peak heights 0.27 and 0.21e—/ﬁ3
in maps I and II respectively. The coordinates of H(15) were calculated
and both enantiomorphs refined identically as follows:

5 cycles of a) block diagonal least-squaies refining the non-hydrogen
atoms anisotropically and the hydrogen atoms isotropically.

2 cycles of b) full-matrix least-squares refining the hydrogen atoms
isotropically.

1 cycle of type a).

Refinement converged for enantiomorph I at R = 2.16%, R' = 2.857%,
and for enantiomorph II at R = 2.16%, R' = 2.841%. Neglecting anomalous
dispersion, and starting with the set of parameters obtained by

averaging the final parameters of enaniiouworph II and the final
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parameters of enantiomoxph I reflescted through the plane y = 1.0, five
cycles of least-squares refinement [type a)] converged at R = 2.11%,

R!' = 2.825%. Including anomalous dispersion, structure factors were
calculated on the final parameters obtained without the dispersion
corrections giving R = 2,66%, R' = 3.539%, for enantiomorph I and

R = 2.67%, R' = 3.477%, for enantiomorph II., The difference between these
weighted R~factors is unexpectedly small, considering the presence of
both chromium and iodine atoms, and is insufficient‘to allow the
absolute stereochemistry to be determined.

It has been pointed out(13) that unless the Af" contribution is
included in the structure factor calculation, the anomalous scatterexr
will appear to be closer to the X-ray source than it actually is.
Consequently, if the origin is fixed by an anomalous scatterer in a
polar space group, on allowing for anomalous dispersion the other atoms
undergo shifts in the polgr direction. For different enantiomorphs the
| ghifts have the same magnitude but opposite sense with respect to the
anomalous scatterer. The coordinate error, Ay, introduced by including
Af" in the calculation and choosing the incorrect enantiomorph can be
estimated from the following formula derived by Cruickshank and

McDonald(14):
2 [af"
ol
nsmax 1£1 %S

where S = (28in8)/A, If| is the modulus of the complex atomic scattering

max

factor and the quantity (Af"/|f|) is taken as the phase shift due to
anomalous scattering evaluated at S = %Smax'

In this analysis, the above formula predicts an insignificant
error in the y~coordinate of the iodine atom and an error of 0.043 2

in the y-coordinate of the light atoms with respect to the chromium atom,
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coupsred with observed differences between the two enantiomorphs of

0.003 and 0.038 & (average) respectively, i.e. 60 and 8¢ respectively.
Comparison of the bond lengths obtained from the two refinements

including anomalous dispersion reveals essentially'no differences in the
bond lengths not involving the chromium, while differences in the

chromium - light atom bond lengths reflect the weight of the y component

in the bond length calculation and range from 0.003 t& 0.029 2, v to 6u;

for the Cr - N(19) and Cr - C(15) bonds respectively. The corresponding

Cr - N distances [1.892 and 1.675 2 in enantiomorph I and .896 and

1.678 % in enantiomorph II] are very similar and the Cr - C(cyclopentadienyl)
distances [2.224 -‘2.297, mean 2.260 3, in enantiomorph I and 2.195 -

2.286, mean 2.23%9 X, in enantiomorph II] are in reasonable agreement with
those found in other chromium-cyclopentadienyl complexes (see Table 8,

page 138), therefore, unlike some other analyses(e°g' 13, 15, 16) in which
one refinement clearly gave more chemically reasonable bond lengths, an

vnequivocal assignment of the absolute stereochemistry from bond

length comparisons is impossible.
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All the tables and figures refer to the refinement carried ouit
neglecting ancmalous dispersion.

The observed and final calculated structure factors ave listed in
Table 1, and the final positional and thermal raraweters, including the
estimated standard deviations derived from the least-squares refinement,
are given in Table 2, The atomic numbering scheme of the non-hydrogen
atoms (each hydrogen atom is numbered according to the atom to which it
is bonded) is shown in Figure 1; a perspective view of the molecule
projected on to the ri-cyclopentadienyl plane illustrating the thermal
ellipsoids(17). The bond lengths, valency angles and selected mean
plane calculations are given in Tables 3, 4 and 5 respectively. The
crystal packing is shown in Figure 2 and the intermolecular contacts

$3.80 £ are listed in Table 6.
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FIGURE 1

Perspective view of rr-cyclopentadienyl(diphenylamido)iodonitrosylchromium
projected on to the r-cyclopentadienyl plane, showing the 50% probability

thermal ellipsoids.
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FICURE 2

Crystal packing of n-cyclopentadienyl(diphenylamido)iodonitrosylchromium

viewed along the b-axis.
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TABLE 1

n~Cyclopentadieny] (diphenylamido)indcnitrosylchromium;

observed and final calculated gtrusture amplitudes.
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TABLE 2

n—Cyclopentadienyl(diphenylamido)iodonitrosylcbromium; fractional

atomic coordinates with esd in parentheses and thermal parameters.

Aton x ‘ y z Uiso(110322)
Cr 0.23779(4) 1.00000 0.33700(5) *
I 0.24376(2) 1.28244(6) 0.43524(2) *
1(1) 0.2948(2) 1.0281(3) 0.1455(3) *
c(2) 0.4278(3) 1.0380(4) 0.1066(4) *
c(3) 0.4701(3) 0.9780(5) -0.0253(4) *
c(4) 0.6024(4) 0.9856(5) ~0.0590(5) *
¢(5) 0.6927(4) 1.0496(5) 0.03%98(6) *
c(6) 0.6508(3) 1.1081(5) 0.1666(6) *
c(7) 0.5194(3) 1.1055(5) 0.2014(4) *
c(8) 0.2037(3) 1.0288(4) 0.0246(3) *
c(9) 0.1189(4) 0.9076(5) 0.0004(4) *
c(10) 0.0302(4) 10.9103(6) -0.1172(5) *
c(11) 0.0243(4) 1.0324(7) -0.2075(5) *
c(12) 0.1075(5) 1.1533(6) -0.1836(5) *
-c(13) 0.1990(4) " 1.1521(5) -0.0686(4) *
c(14) 0.2002(6) 0.8204(7) 0.4991(7) *
c(15) 0.2654(6) 0.7571(5) 0.3782(7) *
c(16) 0.3912(5) 0.8206(6) 0.3786(6) *
c(17) 0.4031(5) 0.9215(7) 0.4910(6) *
c(18) 0.2854(7) 0.9234(8) 0.5650(5) *
N(19) 0.0773(3) 1.0155(4) 0.3003(3) *
0(20) -0.0379(3) 1.0203(5) 0.2895(4) *
H(3) 0.415(5) 0.950(7) -0.104(6) 36
H(4) 0.633(6) 0.93%6(8) -0.150(7) 51
H(5) 0.778(5) 1.059(7) 0.025(6) 38
H(6) 0.708(6) 1.173(8) 0.259(7) 50
H(7) 0.491(5) 1.165(6) 0.288(5) 26
H(9) 0.126(5) 0.836(6) 0.057(5) 26
“H(10) -0.027(T) 0.841(9) -0.135(8) 61
E(11) -0.032(5) 1.034(7) -0.298(6) 26
H(12) 0.110(6) 1.239(7) -0.242(6) 48
5(13) 0.260(6) 1.228(8) -0.050(6) 47
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Atom x y z Uiso(x10332)
B(14) 0.097(T7) 0.786(15) 0.514(8) 75
H(15) 0.222(10) 0.702(13) 0.294(11) 95
"2(16) 0.449(6) 0.785(13) 0.302(7) 62
H(17) 0.472(11) 0.971(13) 0.470(11) 101
H(18) 0.270(5) 0.990(7) 0.620(5) 35

¥ Thege atoms were assigned anisotropic temperature factors of the form:
2 .2

T = exp[-an(U11h a*” 4 U22k2b*2 + U33£?c*2 + 2U23k2b*c* + 2031£hc*a* +
2U12hka*b*)] with final parameters (Uijx10422):

- Atom U1 1 U22 U33 21123 2U31 QU1 o
Cr 347 489 406 78 32 81
I 532 581 579 -74 40 21
N(1) 362 467 434 -32 4 -8
c(2) 367 473 519 -18 69 18
c(3) 455 560 579 -173 151 69
c(4) 524 618 758 -162 402 148
c(5) 430 573 980 -125 426 36
c(6) 379 633 898 -217 45 -29

¢(7) 389 598 637 -155 14 -31
c(8) 262 464 436 -60 52 23
c(9) 494 556 541 -30 -75 -153
c(10) 472 833 653 -258 -64 -147
c(11) 540 947 557 -163 -101 245
c(12) 790 641 538 94 -30 459
c(13) 622 473 526 -32 60 87
c(14) 746 944 937 1009 375 257
c(15) 954 515 888 294 -185 51
c(16) 688 683 833 311 210 548
c{i7) 673 751 865 292 ~463 340
c{18) 1057 955 509 466 159 835
N(19) 396 527 538 34 108 6

0(20) 343 816 1028 -35 123 -14
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Averaze eatimated standard deviations. (Uin1o42”2) and (Uisox‘iosxz)

Atom u,, or U, U, U 2U 20 20
iso

11 22 33 03 31 12
cr 2 2 2 4 3 4
I 1 1 1 2 1 2
N 10 13 11 19 16 18
0 10 22 23 39 23 25
c 19 25 22 38 32 36
H 16 '
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TABLE %

anyclopentadienyl(diphenylamidq)iodonitrosylchromium;

bhond lengths (X) with esd in parentheses.

Cr - 1 2.6694(5) c(13) - c(8) 1.394(5)

Cr - N(1) 1.894(3) c(14) - c(15)  1.432(9)
Cr - N(19)  1.676(3) c(15) - ¢(16)  1.407(8)
Cr - c(14)  2.229(7) c(16) - c¢(17)  1.375(8)
Cr - ¢(15) 2.210(5) c(17) - c(18) 1.401(8)
Cr - ¢(16) 2.265(5) c(18) - c¢(14) 1.394(9)
Cr - c(17) 2.292(6) c(3) - EH(3) 0.94(6)

Cr - c(18)  2.254(5) c(4) - H(4) 1.00(6)

N(19) - o0(20)  1.183(4) c(s) - E(5) 0.89(6)

N(1) - c¢(2) 1.421(4) -c(6) - H(6) 1.17(7)

N(1) - c(8) 1.436(4) c(7) - E(7) 1.01(5)

c(2) - c¢(3) 1.409(5) c(9) - E(9) 0.83(5)

c(3) - c(4) 1.400(5) c(10) - EH(10)  0.87(8)

c(4) - c(5) 1.403(6) c(11) - E(11)  1.00(5)

c(5) - c(6) 1.361(7) c(12) - E(12)  0.93(6)

c(6) - ¢(7) 1.393(5) c(13) - E(13)  0.93(7)

c(1) - c(2) 1.402(5) c(14) - EH(14) 1.11(8)

c(8) - c¢(9) 1.399(5) c(15) - E(15)  1.01(11)
c(9) - c(10)  1.398(6) c(16) - H(16)  0.98(7)

c(10) - c¢(11) 1.369(8) c(17) - EH(1T) 0.86(11)
c(11) - c¢(12) 1.386(8) c(18) - H(18) 0.80(7)

c(12) c(13)  1.398(6)



-130-

TABLE 4

{-Cyclopentadienyl (diphenylamido)indonitrosylchroniun; valency ansles (°)

with esd in parentheses.

N(1) - ¢cr - W(19)  97.2(%) c(12) -~ ¢(13) - ¢(8)  119.2(4)
I - Cr - N(1) 100.9(1) c(18) - c¢(14) - c(15) 107.4(5)
I - Cr - X(19)  90.3(1) c(14) - c(i5) - c(16) 1056.7(5)
I - Cr - C€(14) 116.6(2) c(15) - c(16) - c¢(17) 109.1(5)
I - Cr - €(15) 149.2(2) c(16) - c(17) - c(18) 108.4(5)
I - Ccr - c(16) 126.5(1) c(17) - c(18) = c(14) 108.5(5)
1 - ¢ - c(17)  93.8(2) c(2) - c(3) - H(3) 125(3)
I - Ccr - c(18)  87.9(2) c(4) - c(3) - H(3) 114(3)
N(1) - cx - c(14) 141.7(2) c(3) - c(4) - H(4) 119(4)
N(1) - cr - c(15) 104.4(2) c(5) -~ c¢(4) - H(4) 120(4)
N(1) - ¢ - c(16)  91.2(2) c(4) - c(5) - u(5) 125(4)
N(1) - cr - c(17) 112.3(2) c(6) - c(5) - H(5) 115(4)
N(1) - ¢cr - c(18) 148.0(2) c(5) - c¢(6) - H(6) 130(3)
N(19) - ¢cr - c(14)  90.5(2) c(7) - c(6) - u(6) 108(3)
N(19) - cr - c(15) 103.6(2) c(6) - c(7) - u(7) 119(3)
N(19) - ¢ - c(i6) 139.9(2) c(2) - c(7) - ®T) 121(3)
N(19) - ¢ - c(17) 148.9(2) c(8). - ¢(9) - E(9) 116(4)
N(19) - ¢ - c(18) 113.7(2) c(10) - ¢(9) - H(9) 124(3)
Cr - N(19) - o0(20) 172.7(3) c(9) - c¢(10) - H(10) 124(5)
cr - N(1) - c(2) 124.4(2) c(11) - c(10) - E(10) 115(5)
cr - N(1) - c(8) 121.1(2) c(10) - c(11) - E(11) 122(4)

c(2) - x(1) - c(8) 114.3(3) c(12) - c(11) - H(i1) 117(4)
¥(1) - c¢(2) - c(3) 121.0(3) c(11) - c(12) - EH(12) 124(4)
N(i) - c(2) - c(71) 120.0(3) c(13) - c(12) - E(12) 115(4)
c(71) - c(2) - c(3) 119.0(3) c(12) - c(13) - E(13)  125(4)
c(2) - o(3) - c(4) 119.7(4) c(8) - c(13) - H(13) 116(4)
c(3) - c(4) - c(5) 120.1(4) c(18) - c(14) ~ EH(14) 135(5)
- c(4) - c(5) - c(6) 119.9(4) c(15) - c¢(14) - H(14) 117(5)
c(5) - c(6) - c(7) 121.3(4) c(14) - c(15) - E(15) 126(6)
c(6) - c(1) - c(2) 119.9(4) c(16) - c(15) - E(15) 125(6)
¥(1) - c(8) -~ c(9) 120.6(3) c(15) - c(16) - E(16) 116(5)
N(1) - c(8) - c(13) 119.7(3) c(17) - c¢(16) - E(16) 135(5)
c(13) - c(8) - c(9) 119.7(3) c(16) - c(17) - E(17) 103(7)
¢(8) - c(9) - c(10) 120.0(4) c(18) - ¢(17) - E(17) 146(7)
c(9) - c(10) - c(11) 120.3(5) c(17) - c(18) - E(18) 121(2)
c(10) - c(11) - c¢(12) 120.0(4) c(14) - c(18) - H(18) 129(4)
c(i1) - c¢(12) - ¢(13) 120.8(4)
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TABLE 5

n-Cyclopentadienyl (diphenylamido )iodonitrosylchromium; mean plane

calculations.

Atoms in plane Displacements (%) Atoms out of plane Displacements (X)

a) Cr K1) -0.039
c(2)
c(8)
b) (1) Cr 0.1%4
c(2)
c(s)
c) c(2) -0.009 N(1) -0.063
c(3) -0.004 H(3) 0.17
c(4) 0.012 H(4) -0.05
c(5) -0.008 ’(5) 0.01
c(6) -0.005 H(6) 0.05
c(7) 0.013 H(7) 0.17
Cr -0.984
a) c(e) -0.003 N(1) -0.024
c(9) . -0.006 “H(9) 0.00
¢(10) 0.008 H(10) -0.04
c(11) -0.001 H(11) 0.09
c(12) -0.007 H(12) 0.00
c(13) 0.009 H(13) 0.05
Cr -1.380
e) c(14) -0.0%2 H(14) 0.04
c(15) 0.011 R(15) 0.26
c(16) ~0.006 H(16) -0.02
c(17) ~0.002 : H(17) 0.20
c(18) 0.009 H(18) 0.19
Cr 1.906
f) Cr 0(20) -0.151
I
N(19)

> o o~ =Y .
The dihedral angles { ) between selected planes are:

e) -a) 771.5 b) - ¢) 29.5 b) - 4) 60.6



DABLE 6

1T—Cycloppntadienyl(diphenylamido)iodonitrosylchromium; intermolecular

contacts (£3.808).

0(20) -~ - c(6h) 3.45 0(20) - -~ c{14)  3.72
0(20) - -~ c(12™h) 347 c(10) --- c(13h) 373
0(20) - -- c(5h) 3.56 ¢(3) --- c(6) 374
c(11) - -~ c(e™h) 3.5 c(5) --- ¢(9%) 375
c(12) --- c(8™h) .62 c(4) --- co(13r) 577
¢(9) --- c@2X)y 368 c6) --- c(8'™™y  3.79
¢(3) --- (1) 3.69 c(11) - -- c(a™) 379
c(5) --- c(3™y s

The superscripte refer to the following transformations of the atomic

coordinates:

I -1 + x, Y, 73 v -x, Y4+y, 1-12;
II -x, % +7, - 23 VI 1-x, 3+, -z
111 X, ¥, =1 + 23 Vi1 1-%, 2+y, 1-2.

v 1-x,-3+y, = 2;



IIT.1.3 DISCUSSION

The discussion refers to the molecular gecmetry obiained negliecting
anomalous dispersion in the calculations, and although the standard
deviations derived from the least-squares refinement are underestimated
by a factor of about three in some cases, because they allow only for
the random experimental errors and not for the systematic error of
neglecting the anomalous dispersion, none of the comparisons or
conclusions would be invalid if the correct absolute configuration was
known.,

The intermolecular contacts are normal van der Waals' interactions
consigtent with the monomeric formulation, (n—C5H5)Cr(NO)(NPh2)I. The
formal oxidation state and the number of valence electrons assigned to
the chromium atom in the above formula is dependent on the nature of
the ligands. For instance, nitrosyl ligands are regarded as NO' or NO™
- ligands depending whether the metal - N - O valency angle is about 1800,
linear type, or about 1200, bent type.(18) The bonding in linearly
coordinated nitrosyls is analogous to that in carbonyl ligands, with
o-donation of an electron pair from NO+, isoelectronic with CO, to the
metal together with back-donation from filled metal 4 orbitals to empty
doubly degenerate n*(NO) levels, whereas the bonding in bent nitrosyls
is considered primarily as v-donation of an electron pair from NO to
the metal. In this analysis, the Cr - N - O angle is of the linear
type, 172.7(3)0, therefore the ligand is regarded as the 2-electiron
donor N0+. Customarily, cyclopentadienyl and iodo ligands are considered

to be 6-clectron, C HB-’ and 2-electron, I, donors respectively,

5

therefore with the arbitrary and somewhat extreme assignment of the
- +

diphenylamido ligand as ~NPh, or "NPh,, (n-CSHS)Cr(NO)(Nth)I can be

o]
considered as a CrII complex with 16 metal valence electrons or a Cr’
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complex with 18 metal valence electrons.

The Cr - NPh2 bond, 1.894(3%) X, although considerably longer than
tha Cr - NO bond, 1.676(3) £, still has some double-bond character
compared with the Cr - NCO bond, 1.982 £, in (n-CSHS)Cr(NO)Z(NCO)(z) and
the Cr - N bonds, average 2,185 X, in diethylenetriamine Cr(CO)3(19),
both of which have been regarded as essentially single bonds. It seems
more reasonable to explain this double-bond character.by overlap of
suitable filled metal orbitals with the vacant lone pair orbital of a
+NPh2 ligand, than by the interaction of the lone pair of a ~NPh,
ligand with vacant metal orbitals, because the depletion of electron
density on the metal in the former formulation is consistent with that
due to metal-—>ligand back-donation in the Cr - NO linkage. The
metal diwr —> ligand prr bonding in the Cr - NPh2 linkage is also reflected
in the approximate sp2 hybridisation of the nitrogen atom, which is
displaced only 0.03%G % from the plane defined by its three bonded atoms.
Corregsponding élanarities with similar Cr - N bond lengths, average
1.87 &, are found in Cr(NPri2)3(3), in which the other extreme
formulation of the ligand, i.e. _NPriz, has been considered the more
appropriate, with the double-bond character therefore attributed to
ligand—9ymetal n-bonding.

Alfhough, as a result of the planarity, the sum of the valency

angles about the nitrogen atom of the diphenylamido ligand, 358.80, is
nearly 3600, the individua) angles deviate significantly from 120°, The
difference between the Cr - N - C{2) angle, 124.4(2)0, and the

Cr - N - C(B) angle, 121.1(2)°, is presumably due to packing requirements,
but differences between these and the C(2) - N - C(8) angle, 114.3(3)°,

probably reflect electronegativity differences beiween the chromium and

carbon atoms resulting in the bond to the chromium atom having more
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s-character than those to the carbon atoms. This argument has been used

previously to explain similar deviations from ideal hybridisation about

Me\\ ,/Me (
; i 27N 7)
the bridging nit t ~C.H -C.H .
e ging rogen atoms in (rv 5 5)(NO)Cr\\N//Cr(NO)@T C5P5)
Me” e
Phenyl rings €(2) = - - C(7) and ¢(8) - - - €(13) are effectively

planar, the root-mean-square deviations from planarity being 0.009 and
0.006 2 respectively, with mean C -~ C bond lengths, 1;395 and 1.3%91 R
respectively, which are comparable with the gpectroscopic value of

1.397 K appropriate to benzene, The mean C - H bond length, 0.96 R,

[0.95 X in the cyclopentadienyl ring] is contracted from the spectroscopic

(20)

value of 1.07 2. This is usual in X-ray analysis and can be atiributed

to the displacement of the hydrogen electron density towards the carbon
atom during bond formation(21).

The variations in the geometry of chromium - nitrosyl groupings
are demonstrated in Table 7.

TABLE

Geometry of various chromium - nitrosyl groupings

Complex Bond lengths (8) Angle (°)

Cr - NO N -0 Cr-N-0
A: @T—CSHS)Cr(No)z(NCO)(2) 1.716(3) 1.157(3) 171.0
B: (nb05H5)Cr(NO)2C£(1) L19) 1.140(13) 168.6
Cs cis-[GT-CsHs)Cr(NO)OMe]2(6) 1.689(8)  1.199(10)  166.3
D: (n-CsHs)Cr(NO)(NPhg)I 1.676(3) 1,183(4) 172.7
E: trans-[&T-CSHS)CT(NO)SPh]Z(S) 1.662(7) 1.19{1) 165.9
F: trans—[(anBHs)Cr(NO)NMe2]2(7) 1.63(2) 1.23(2) 169.1
G: cis-[(n-CSHS)Cr(NO)NMe2]2(7) 1.63(1) 1.22(2)" 169.1
t These values are an average of two independent values, with the

estimated standard deviaticn of the meazl[u:m] related to the

R

' 2
individual standard deviations [VH’VE] by‘vh ='%@t' + o,
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Frxamination of Table 7 reveals that the values found in this
analysis are physically reasonable. The trend in the Cr - NO distances
suggests that there is a stronger Cr - NO bond with greater
back-donation of charge to the n* orbitals of an individual nitrosyl
ligand as the number of these ligands on the metal atom is reduced, and
is analogous to differences between the Cr ~ CO distances in chromium

(22)

hexacarbonyl, mean 1.909 R » and in various arenechromium
tricarbonyls, ca. 1.82 g(EB). After allowing for the difference of
ca. 0.06 £ in the radii of nitrogen and carbon atoms, the above values
demonstrate that the v—yv synergic interaction of nitrosyl ligands is
comparable with, if not greater than, that of carbonyl ligands with
chromium. Increased back-donation should weaken the N - O bond and
although N -~ O bond lengths are presumably relatively insensitive to
bond order changes, analogous to the situation in carbonyl complexes(24),
the N - 0 bond lengths appear to lengthen as the Cr - NO bond lengths
decrease. |

The metal - nitrosyl groupings in complexes A to G depart from
linearity by highly significant amounts. The good agreement suggests
that the non-linearity is not due purely to lattice forces, which are
known to affect molecular conformations(QS), but has electronic origins.
An approfriate mechanism has been described by Kettle(26) who pointed
out that small deviations from linearity in metal - carbonyl oxr
¢ are not necesgsarily attributable to packing

(- T AR o1

trosyl groupings are not necess
effects in crystals, but may arise from a difference in occupation of
the two distinct sets of n* orbitals on the CO or NO ligands. As

the Cr - NO bond lengths clearly indicate appreciable dn back-donation
into the n* orbitals of the NO ligands, it is highly probable that

Kettle's rn-bonding mechanism is the primary cause cf the Cr - N-0
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valency angles of ca. 170O in thesc complexes.

Although there are no reports of any suitable Cr - I bonds [The
bridging Cr - I bond length in [(CO)5Cr -1- Cr(CO)S]-(4) is 2.79 8.]
with which to compare the bond length of 2.669(1) R found in this
analysis, it does however seem reasonable considering the Cr - C£ bond

length of 2.311 & in (n-C Cr(NO)20£(1) and the respective covalent

55
radii of iodine and chlorine atomsg, 1.33 and 0.99 3(27).

Comparison of the bond lengths in similar complexes of molybdenum
and chromium reveals that the metal - chlorine bonds in
01-05H5)Mo(00)302(28) and ow-CSHS)Cr(N0)202(1) differ by 0.23 %; the
metal - iodine bonds in QT~05H5)M0(00)2(PPh3)I(29) and

(n-C HS)Cr(NO)(Nth)I differ by 0.19 %; the metal - nitrogen bonds in

5
(NH{[CHz]Z-NH2}2)M(CO)3 where ¥ is 1024 ana cx(19) airfer by 0.14 8&;
the metal - isocyanate bonds in OT-CSHS)MO(CO)(PPh3)2(NCO)(30) and

| 01-05H5)Cr(N0)2(NCO)(2) differ by 0.15 & and the mean metal -
cyclopentadienyl distances in these molecules differ by 0.14 2. It nhas
been suggested(zg) that the greater ionic character of the metal -
halogen bonds may account for the disagreement between the values
obtained by considering the metal - halogen bonds and by considering
the metal - carbon and metal - nitrogen bonds.

The cyclopentadienyl ring is accurately planar, the root-mean-
square deviation from planarity being 0.009 2. The variations in the
Cr - C and ¢ - C bond lengths can be compared with those found in
other chromium-cyclopentadienyl complexes (see Table 8) and, as in

these examples, are probably significant.



TABLE 8
Cr - C and C - C bond lengths (R) in chromium-cyclopentadienyl complexes
Comple:»c-f Cr - C bond lengths C - C bond lengths
Range Mean Range Mean
A ] 2.173 - 2.227 2.199 1.369 - 1.417 1.394
BT 2.20 1.41
C 2.206 - 2,248 2.2%2 1.36 - 1.43 1.39
D 2.210 - 2,292 2.250 1.375 ~ 1.432 1.402
E 2,167 - 2.25% 2.207 1.35 - 1.43 1.38
F 2.23 - 2.28 - 2.26 1.33 - 1.49 1.42
fof 2.21 - 2,32 2.27 1.30 - 1.47 1.40
t A 01-0 )Cr(NO) (NCO)(Q) E: trans—[@T-C )Cr(NO)SPh] (5)
B: (n-C Hs)Cr(NO) cmm F: trans-[(n-C.E,)or(N0)me, 1, (7)

. ] 6 .
C: cls—[(n-CSHS)Cr(I\O)OMe]2() Ge cls—[(n-CSHS)Cr(NO)NMez]2(7)
D: (TT—05H5)Cr(NO)(NPh2)I
tT The cyclopentadienyl ring is disordered.

1ttt Values are given for the ordered cyclopentadienyl ring.

Significant variations in metal - carbon and carbon - carbon bond
lengths have also been found in other types of m-cyclopentadienyl
wc0)(3°) and

complexes, e.g. (1-C HS)Mo(CO)(PPh

5 3)2
@T—C H )RhOT 2,3 dlchlo:cobuta.dlene)(3 ), and can be ratlonallzed(3 )
arising from the lack of cylindrical symmetry about the metal atom
removing the degeneracy of the e, molecular orbitals of the
cyclopentadienyl ring. The variations in this analysis typify those
found in the other chromium~-cyclopentadienyl complexes; the longest
Cr - C bond, Cr - C(17), is situated approximately trans to the
nitrosyl ligand, the longest C - C bond, C(14) - €(15), is associated
with thé shortest Cr - C bonds and the deviations, although not

o
necessarily significant, of the C - C - C angles from the mean of 108.0

reflect the r—character of the C - C bonds with the smallest angles,
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106.7(5) and 107.4(5)° at ¢(15) and C(14) respectively, being associated
vith the longest C - C bond.

The mean cyclopentadienyl carbon - carbon bond lengths in Table 8
are consistently shorter than the C - C bond lengths of 1.431(5) and
1.427(7) R found in the electron-diffraction studies of @1—05H5)2Fe(53)
and 01-C5H5)In(34) respectively. Such contractions in other
n~cyclopentadienyl complexes are well documented(Bs) and have been
attributed(BS) to librational motion of the cyclopentazdienyl ring.

Regarding the cyclopentadienyl ligand as tridentate, the chromium
atom has a distorted octahedral coordination with angles between

monodentate ligands [I - Cr - NPh_ = 100.9, I -~ Cr - §O = 90.3 and

2
ON - Cr - NPh2 = 97.20] fairly similar to those found in

OT-CSHS)Cr(NO)202(1) [mean CL = Cr - NO = 99.1 and ON = Cr - NO = 94.3°]

and in OT-CSHs)Cr(NO)Q(NCO)(z) [oN - cr - O = 94.9 and

.ON - Cr -~ NCO = 99.70]. The significant variations in this analysis
seem to arise from the greater steric requirements of the diphenylamido
and iodo ligands than by electron-electron repulsions between bonding
electrons, which would have resulted in the greater double-bond

character of the Cr - NO bond being reflected in the larger angles

associated with the nitrosyl ligand.
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CHAPTER 2

TRICARBONYL ( 2—— 4-"-HEPTEN-5-METHYL-6-0ONE ) IRON HEXAFLUOROPHOSPHATE
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IT1.2.1 INTRODUCTION

Although numerous electrophilic substitution reactions of transition

metal-complexed dienes and polyenes have been repOrted(e'g' T- 13),

the role of the metal atom in these reactions is uncertain.
Butadiene Fe(CO)3 undergoes Friedel-Crafts acylation on reaction

with a CH COCI—A[CI3 Perrier complex under homogeneous conditionz

3

(CH2022 sclution) 3,800 times faster than benzene('o). A stable

intermediate, I, has been isolated(2) and the cation characterized

: 1+

(14)

JOCIFE  ab [Acce]

L]

by an X-ray anzlysis of the PF6~ salt, but this does not reveal whether
acylation occurs by attack on the side of the ligand near to or away
from the iron atom (endo or exo), the latter being followed by rotation
of the C(7) - ¢(8) bond through 180°. In order to determine which
mechanism operates, Dr. G. R. Knox repeated the acylation on

hexa-2,4~diene Fe(CO)B, II, However, n.m.r. investigations, even when

JociFe o3
H\\‘C“~ /

‘\<:C;;;;é
TR
3
H
I

isotopically labelled substrates were used, did not demonstrate whether
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the cation of the isolable intermediate was ITI or IV, therefore

an X-ray analysis of the PF6- salt was undertaken.

/OQC/CH:% : OQC/CH3
3(OCIFE, \c/CH SOCIFE éMCH
HC [ H HC \
3 3 / H
H H
IIT Iv

endo-attack exo-attack
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I1T.2.2 EXPERIMERTAL

Crystal Data  Tricarboayl(2—4-7-hepten-5-methyl-6-one )iron

hexafluorophosphate; [01 ":# 30 4Fe] [ PF6] -

Crystal system Monoclinic

Unit cell dimensions a = 9.363(6) &
b = 12.174(9) &
¢ = 16.547(10) &
p = 121736 (3)

Space group P2, /e (Cgh)

v = 1606.8 87

M = 409.9 a.m.u.

D, =1.68 gm.cm?3 (flotation in MeI/CCR A solution)

D, = 1.694 gu.cm.>

z =4

F(000) = 824

H(Ho-kX) = 11.46 ems!
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Cryctallographic Measurements

Preliminary cell dimensions, and systematically absent reflections
(hO£ absent if £ = 2n + 1, OkO absent if k = 2n + 1) consistent with
space group P21/b were found from precession and Wiessenburg photograrphs
(using Mo-K« and Cu-KX radiation respectively) of a yellow crystal,
mounted about b*, with dimensions ca. 0.02 x 0.12 x 1.20 mm?

The ciystal, having been transfered to a Hilger and Watts' Y290
automatic diffractometer controlled by a PDP-8 computer, was offset on
X by about 4° both to prevent multiple reflections(15) and to enable a
data set to be collected without any observations being made at X values
of about 90°. A fully stabilized X-ray generator, operated at 46 kV and
16 mA, and a graphite crystal monochromator were used to produce Mo-K«
radiation. The cell dimensions were then adjusted by a least-squares

(16)

treatment of the 6, X and ¢ setting angles of twelve reflections
from octants hkf and hke.
The intensity data were collected by the & - 26 scan procedure,

each reflection being scanned in 36 equal steps from 26c -0.72° to

alc
26 +0.72°, Each step was counted for 3 seconds and stationary-crystal,

calc,
stationary-counter background counts were measured at each end of the
gcan range for 27 seconds. The intensities of two standard reflections
were monitored every 40 intensity measurements and only small random
fluctuations were observed. The scan counts (P) and the background counts
(B1,B2) of each reflection were combined to yield the: integrated intensity,
I=P- 2(B1 + B2), which was corrected for Lorentz-polarisation effects
but not for absorption.

Initially, observations were collected in octant hkf with

Q(Mo-gg) £ 27°. Next, the collection of octant hkZ was started, but



exanination of equivalent reflections (ERO and hk0) revealed intencity
differences of up to 25%. The data were therefore recollected with each
octant being defined by a separate orientation matrix calculated using
the setting angles of 9 reflections in that octant. This resulted in a
set of hkZ observations which were egsentially the same as before, and
an improved set of hk2Z observations, in which the intgnsity differences
had been reduced by about a third. The two sets of hk{ observations
were averaged to give 1,287 observations and then combined with the
2,401 hk£€ observations using the common Ok reflections for scaling
purposes. All these 3,688 observations were used in the initial structure
elucidation, but only the 1,538 independent values of IFOI which had

IArI > 3.0 were used in the least-squares refinement.
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Structure Analysisg

The initial coordinates of the iron and phosphorus atoms were
obtained from the three-dimensional Patterson synthesis and used to phase
an electron density distribution. From this and subsequent electron
density maps (see Table 1), the positiona of the remaining non-hydrogen
atoms were found from an examination of the bond lengths and angles

calculated on the highest peaks in each map.

TABLE 1
Steps in the structure elucidation of [C, B, ;0,Fe] "[FF ]”
Step . Atoms wused to phase the R-factor Atonms unambiguously
electron density distribution | found
1) Fe,P. 47% F(1),F(2),7(3),F(4),
¢(1),0(1),¢(3),0(3).
2) Fe,P plus atoms found in 44% Rest of the non-hydroge
step 1. atoms except F(5),
F(6),c(4),c(51).
3) A1l the non-hydrogen atoms 37% F(5),F(6),c(4),c(11).

except F(5),F(6),C(4),C(11).
The atomic numbering scheme is that employed in Figure 4, page 156,

The approximate atomic parameters were then adjusted by a series

of least-squares calculations (see Table 2).



Step

1)

3)

4)
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TABLE 2

- TR o -
Progress of the least-squsres refinement of [011H13O4Pé} [PF6]

Treatment of parameters
4 cycles; full-matrix; refinement of overall scale

factor; x, y, 2, U o for all the atoms.

is
2 cycles; full-matrix; refinement of overall scale
factor; x, y, 2z, Uiso for ¢, 0, F; x, ¥, 2, Uij
for Fe, P.

3 cycles; full-matrix; refinement of overall scale

factor; x, y, 2z, Uij for Fe, P, F.

5 cycles; block diagonal; refinement of overall

scale factor; x, y, 2, U,. for all the atoms.

ij

Final R-factor

14.0%

12.6%

10.6%

9.2%

At this stage a difference electron density distribution was

calculated revealing:

1)
2)

3)

4)

Peaks and holes (1.50 to -O.9Oe-/23) around the iron atom.

Four well-resolved peaks plus two elongated regions of electron

density (average peak height 0.75e—/33) at bonding distances from

the phosphorus atom.

Peaks (average height 0.46e-/x3) assignable to the four non-methyl

hydrogen atoms.

Poorly-resolved peaks (ca. 0.45e_/33) in the region of the methyl

hydrogen atoms.

The positions of the hydrogen atoms attached to C(11) were

calculated assuming a staggered conformation about the C(8) - C(i1) bond

and a C - H bond length of 0.98 X. These methyl hydrogen atoms were

assigned an isotropic temperature factor equal to that of C(11) and

included with fixed parameters during five cycles of block diagonal



-150=-

least-squares refinement of the overall scale facter; x, y, 2z, Uiso for
the non-methyl hydrogen atoms and x, y, 2, Uij for the non-hydrogen atoms.
Convergence was reached at R = 8,72%, R' = 11.70%.

The peaks in the difference synthesis at bonding distances from
the phospﬁorus atom, the diffuseness of the fluorine peaks in the
original F_ maps and their high thermal parameters (average B, o 15.432)
vere indicative of disorder in the hexafluorophosphate anion, therefore
the residual electron density around the phosphorus atom was contoured

on to glass sheets and more closely examined. This suggested a mcdel for

the anion consisting of three distinct octahedra (see Figure 1).

l I O ! [ 1] IJ

0 05 1-0 1-5
FIGURE 1
The three orientalions of the hexafluorophosphate anion viewed

along the a-axis, illustrating the interatomic distances <1.14 g.



Atoms F(15), F(25), F(16) ard F(26) correspond to the four
well-defined residual peaks and the overlap of F(12) with F(21) and that
of F(14) with F(23) correspond to the two elongated regions of electron
density. Using these eight positions as the starting basis and assuming
the same phosphorus position in each orientation of the anion, coordinates
for the two minor orientations were calculated; each corresponding to an
ideal octahedron with P - F bond lengths equal to that found in NaPF6
and KPF6(17), i.e. 1.58 X. The proximity of the calculated positicns of
F(11), F(22), F(13) and F(24) to the refined positions of F(1), F(2),
F(3) and F(4) respectively explains both the absense of the former set
of peaks in the difference synthesis and the higher peak heights,
compared with F(5) and F(6), of the latter set of peaks in the original
Fo maps.

From a comparison of the peak heights in the final difference

'synthesis and in the difference synthesis calculated omitting all the
fluorine atoms, the population parameters of the three orientatidns
were estimated to be 0.68, 0.16 and 0.16. The fluorine atoms of the
minor orientations were each assigned Biso = 9.022. In the subsequent
least-squares refinement the cation was treated as previously, while in
the anion the refined parameters wexre x, y, 2z, Uij for the fluorine
atoms of the major orientation and also for the single phosphorus atom

vhich was used to account for the three partial phosphorus atoms. Five

~

cycles of lcast-squares refinement, with 1 block per ion, reache
convergence at R = 8.01%, R' = 10.91%.

The above treatment of the disorder resulted in a considerable
improvement in the parameters of the anion with the P - F distances,
1.503 - 1.573, mean 1.552(29') £, being lengthened to 1.539 - 1.596,

mean 1.569(18*) 2, the average deviation of the F - P - F angles from

t Roct-mean-square deviation from the mean.
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ideal cctahedral geometry being reduced from 3.1 to 2.30 and the average
Biso of the refined fluorine atoms being lowered from 15.422 to the more
realistic value of 11.232. A difference electron density distribution
still confained residual electron density in the region of the anion
[The average peak height of the previously noted peaks had been reduced
from 0.75 to 0.49e-/2?] but, because the dimensions of the anion were

of little interest and the dimensions of the cation not significantly
dependent on the model employed for the anion, no further calculiations

were undertaken.

Notes:

1) The scattering factors employed for Fe+, P, F, O, C and H were
taken from 'International Tables for X-ray Crystallography,' Vol.
III(18), ag were the dispersion corrections Af' and Af" for the
iron and phosphorus atoms.

- 2) The final weights employed in the least-squares refinement, in
order to ensure approximate constancy of <wA2> over various ranges
of IFOIand siné, were given by the expression:

wilo5y o.o7|Fo| + O.O1|F°|2 - 6.665in6

3) The calculations were carried out on Glasgow University's KDF9
computer [The least-squares program due to D. W. J. Cruickshank,
J. G, F. Smith and J. G. Sime was usedJ, and latterly on the

IBM 37Q/155 computer of the Edinburgh Regional Computer Centre
(10)

using the 'X-ray System’ programs' “7,



Results
The observed and final calculated structure factors are listed in
Table 3, with the final positional and thermal parameters, including
the estimated standard deviations derived from the least-squares
refinement, in Tables 4 and 5 respectively. The thermal parameters of
the cation and anion are also illustrated by 50% and 20% probability

(20)

thermal ellipsoids respectively in Figures 2 and 5 respectively.

The bond lengths, valency angles, torsion angleg and mean plane
calculations are given in Tables 6, 7, 8 and 9 respectively. The crystal
packing is shown in Figure 4 and the interionic contacts 3,50 £ are

listed in Table 10.
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FIGURE 2
Perspective view of the tricarbonyl(2———4-ﬁ—hepten-5—methy1-6-one)iron

cation illustrating the 50% probability thermal ellipsoids.



FIGURE 3

Perspective view of the major orientation of the hexafluorophosphate anion

viewed along the a-axis, illustrating the 20% probability thermal ellipsoids.
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c(s) C“‘O?OG)
c{6) l/C(Zi)

i

& Fe P
FIGURE 4

Packing arrangement of tricarbonyl(2—-—4—n—hepten-5—methy1-6-one)iron

hexafluorophosphate viewed along the a-axis. For clarity, only the

major orientation of the anion is shown.
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TABLE 3

Tricarbonyl (2—A4-7~hepten-5-methyl~6-one )iron hexafluorophosphate;

observed and final calculated structure amplitudes (x10).

19,3, 14 127 338 LZE 1IN “14 138 149 300 196 (78

18 310 112 *18 161 18 137 120 124
®? 98 1E9 aio 181 77 3 126 138 eie 331 228 199 178 162
°9 124 135 a7 131 112 ed 184 |92 1 197 198
o1d 6 151 (82 6s300 14¢ 168 981
et et 23 122 @
1) il 187 110 118
33 193 «12 188

112 e15 14 3.19,L

4 139 118
L34

o7 414
184 s 133 187
142 o1l 140 149
1%9 12 112 134
110 118
103 Sedet
L]
el 134 327
e 1 423
102 4 288 24n

9 132 129 ei2 386 183 a3 201 232
99 et 183 172
152 =8 340 3rs
222 «9 17e 189
132 w1d 141 129
11e .11 189 122

13 17 L) LAY

18 198 ” * 18)

I ET1 388 «18 3% 129
8,2, s 272 268
b 153 112 3.8
B 199 237 o7 134
e 113 122 o0 184 130
v2 187 148 12 168 2141
*) 136 147 e13 170 .18 178 168 308
4 112 141 «id 129 e11 223 224 223
et 334 348 w15 127 1?7 419 118 [ ]
6 176 (51 17 148 19 113 1 159 2
.19 163 164 o190 158 72 @
.21 126 153 4
81,1 .S
7.8 19¢ .
° 99 93 293 .7
2 113 12 228 174 “we ey
ed i1¢ 113 838 27 197
S 120 124 138 274 198 216,L
-8 94 9 s e a49
9 121 98 ses 168 E3s s 263
8 111 88 11 129 1M 196 °18 834 %8s 208 .1 208

o7 156 141 e12 108 1982
*11 126 136 <17 152 132 6.12.L
®13 129 123 «19 183 14}

eil 125 133
12 132 147
?

L3} -2 108
36 es 287

*13 125 128 113
=17 108 e 0L 1134
128
Pedol 2 218 211
4 333 338 [TERITS

ed 3132 143 .3 264 277 LT LY
o8 1656 182 o1& 114 114 es 11D
et 18} 131 - 113

2,30, 3,121
4 132 118 112
o 201 192
10 181 138 LT RS
ell 132 126
*13 183 134 *2 197
ol8 {92 182 o4 18S
3 178
.8 142
149 8,10,¢
176
140
1ne
174
139
136 LIE NN 2,7,
126
100 3 138 134
-0 1 129
LERS
=2 164 178
.23 118 182 el 123 114
s 137 1%
v 4 116 147
Soieet 139 149
8 11y 131 13 183 188
.8 12¢ 121
LRI TN
oo ot 118 13¢
13 116 98 ot 184 196

3,154

3 13
- 3
100 9 12 1%L

AL o1 192 148

-t t1e "

#r 81 <18 124
-
3124

LILHE
ey 120 192
o 423 Wy o3 162 118 o9 138 16% 3,100 0:
ol 197 222 1 24y 241 .
3 7¢0 W22 3
4 . ] *3 172 139 s 193 198 EIRR AN .
-;: ::: ::' -:: ;:l »3 399 49} 6 19% 183 od I\ ”
. s 213 23¢ 7 111 93 8 3L 231 o9 608 89

o183 174 187 38 10D



-156~

ell 233 23 3 127 1y *1,10,1 o3 220 220 *3 12,1 *3 3% 38
“12 188 2235 et 124 139 “ 123 143 s 317 387
150 ety 18 [ T L ) 1 137 138 3 137 143 el 138 123 °7 136 111

327 e14 187 123 et 100 231 e2 214 222 6 143 1S{ =3 249 247
183 18 11A  1ae MR R .3 283 a2 =7 188 {78 *4 123 112

382 “12 128 152 .4 On2 LB % 122 110 b 148 jee
191 Leg,L 13 109 128 *5 193 13} o7 1ie 13% 3,0,
113 0 132 138 *2,11.L
180 LIS LA T2 e,8,0 L2 TR Y .2 208
132 *1 342 339 *1.9%L °1 132 143 R L

*2 498 49 ¢ 632 8%2 .2 129 138 1 197 1M .19 1£2

3 428 A14 w1 236 289 e (94 1T *2 168 139

s4 543 4l6 w2 138 182  e4 120 }36 2,10, ) 140 1Y 18,0
S04 8 298 e el ¢ 412 8 128 M 3 172 16
746 <8 433 347 «3 1A 1Bv w6 137 184 ed 164 172 e 197 198 °2 €4 89
699 e2 299 333 a6 387 208 e 99 I1J e 233 224 7 |56 (89 i 742 631
833 =9 97 199 182 113 e11 122 (P2 e8 {79 {78 2 218 233 .6, 0,L
679 o180 125 178 132138 e12 122 14¢ e 111 114 3,90 3 382 288
888 <12 133 (16 116 114 *8 136 138 .4 451 a2y b 144 "
348 «13 119 124 “li8.L 9 148 132 =2 261 2V 8 . ° 3 114 118
236 «13 112 tes BeTol e1® 148 120 o7 1t 11t
17 el 33 264 *3e8,L *8,7,L
870 10850 4 528 Ssp .2 487 aLe “2,9,4 it
a3 .6 1F4 87 4 245 284 =2 201 18 °1 273 239

295 o1 (86 166 a7 303 318 e3> 124 €1 e2 216 181 e} 133 121 «3 137 138 e2 184 130
281 -3 682 TR0 oA 34 83 eA 283 203 «3 192 172 a4 279 %8 .4 299 228 3 180 1S
113 e 231 197 123 j2e *? 281 2w e 113 " -8 J81 78 % 198 188 .4 133 142

183 o5 781 74y 261 243 «10 183 144 *9 1¢9 (23 =8 111 118 w8 44 Y
°7 338 338 13 %2 181 *2,8,1 12 121 128 es 138 141
9 473 459 14 287 216
18 Yee 387 L 118 ol 163 126 "3.7sL
849 11 221 2933 224 2 801 398 LYTE Y 13
258 13 333 319 9y 83 287 e3 232 238 e 545 452 .
183 <18 146 143 175 164 187 o4 106 220 =3 338 JI{ e1 3AA 388
639 %8s aay 237 w8 123 138 e 191 471 e2 287 244
384 16t 348 387 123 @7 133 138 ey 1ad 138 ) @34 533
268 298 277 115 <8 199 198 .8 123 127 192
324 376 306 o5 148 145 1D 128 92 12 {18 (@) 3,8,, 6 137 138 148
28 $98 400 °8 201 192 11 13¢ 13§ 198
208 122 84«7 261 265 i3 136 (%% 2,70 o1 418 323 42,0 18
178 827 aep 143
190 208 LIPY N o1 43y 192
2 148 a“r
“l 479 3986  ed )50 172
2 2490 286 5 149 218
381 168 o3 47t 392 8 172 191
871 422 ed 397 388 e12 124 207
82 M w8 144 14a 18
E313 148 »6 183 189 "2,8,L 17
1425 spe  «7 333 13 .1 278 2%
219 271 8 326 311 el 248 3 138 8t
73 237 .9 199 216 =2 867 *5 182 120
551 122 «30 249 208 3 122 319 <6 163 03
323 °12 133 1P ed 320 18 =7 129 144
147 162 9 114 385
203 384
1re 198 LLTE Y
112 210
181 "l 18P 143 9 118 115 el 193 93
.2 184 15t 2 238 aig
3 b24 e e, 3 178 107
e 782 693 114 113
s6n er 283 274 2 175 tae
LTL) 1 143 155 et 3530 $ie
@ 8 332 28
193 LETR IS A 130 126
0 o1® 243 210
17 .1 610 378
248 2 139 130 3,11,
287 3 13 136
184 s 103 (18 o1 3187 92
8 162 163 2 128 118
I'TRY 0 289 269
“8,9,0
. *3,2,L
1 178 199 o 287 237
1e12,L o1 324 205 a3 218 261
*2 184 170 ed 126 117
19t 3 142 128 W7 (04 82
1etsl
*3,0,L
1 168 172
12 3 184 15
Lol 8 111 126

o8 134 {04
143 148

149 8, 7,1 LI RYTTY
200
106 1 3%¢ N °1 177 188

281 e12 172 1s¢
173 o111 337 425
138 «12 92 1
*13 220 234
=15 187 167
17 139 149

oy 18 297 7,3,

°3 274 241 .1 118 184

o2
[PLS ot

e
o 1887 (889 4

.14

4,120

¢ 328 262

*3 275 2858 <16 197 233 el 130 124 *85,3%,L
- 38

o dp et e e

7 382 40 0,140

9 173 168 ef 139 2 198 178
an i e 5 et
::3 :;: ::: 2.0 2 103 18
¢ 124 14a o8 1D 8,31
$EE i A
. -t 113 :: el.0sL I 8,21
s :: ::: :.u ®2 ja3i léel CEINETT I 1}
St H .: ::: 1 117 118
238 e :3; ::; " e w2 22 ea 195 187 5,2,4 3 109 2
b e he e oW RN e e
2 TR S NI+ H DR It P R PP Y
1 *lsllsb 2,120 AT a0 LIS -9,5,L
ol 103 97 =1 193 43 stk o1 348 208 el 247 232 -1 107 93

2 113 112 e2 133 122 2 155 132 2 193 1¢ 209 202 <2 293 27



~159-

TAPLE

Tricarbonyl(2——-4—7-hebtenﬁ5-methy1—6—onq)iron hexafluorophosphate;

fractional atomic coordinates with esd in parentheses.

Part I: The cation

Atom
Fe
0(1)
0(2)
0(3)
0(9)
c(1)
c(2)
c(3)
c(4)
c(5)
c(6)
c(7)
c(e)
c(9)
c(10)
c(11)
5(5)
H(6)
H(7)
H(8)
H(11a)
H(11b)
E(11¢)

X

0.05319(18)

0.2515(15)
-0.1593(13)
0.3445(11)
~0.0767(9)
0.1730(17)
-0.0745(16)
0.2327(13)
0.3101(18)
0.1332(14)
0.0303(16)
~0.1306(17)
-0.2569(13)
~0.2020(13)
-0.2910(19)
-0.4252(15)
0.043(21)
0.091(16)
-0.165(12)
-0.294(13)
-0.405
-0.461
-0.507

y

0.013%05(11)

-0.1012(9)
0.1131(10)
0.1615(7)
0.0952(5)

-0.0576(11)
0.0751(12)
0.1087(9)

-0.1203(14)

-0.0841(9)

-0.1415(9)
-0.1081(9)
-0.0576(9)
0.0512(8)
0.1088(11)
-0.0384(13)
-0.044(14)
-0.182(11)
-0.111(8)
-0.098(9)
0.009
-0.107
-0.007

2
0.23181(10)
0.1673(8)
0.0434(7)
0.3354(7)
0.2762(5)
0.1927(9)
0.1155(9)
0.2962(7)
0.4%314(12)
0.3%620(8)
0.2786(9)
0.2060(9)
0.2217(7)
0.2699(7)
0.3104(11)
0.1248(9)
0.391(11)
0.267(9)
0.159(7)
0.263(7)
0.085
0.094
0.135

t+ Each hydrogen atom is numbered according to the atom to which it

is bonded.



Part TI: The anion

Atom
P
F(1)
F(2)
F(3)
F(4)
F(5)
F(6)
F(11)
F(12)
F(13)
F(14)
F(15)
F(16)
F(21)
F(22)
F(23)
F(24)
F(25)
F(26)

X
0.23566(41)
0.3679(16)
0.0854(17)
0.1100(18)
0.3863(15)
0.2338(25)
0.2455(29)
0.399
0.194
0.073
0.278
0.122
0.339
0.285
0.052
0.186
0.420
0.287
0.184

-160-

y
0.26390(27)
0.2032(10)
0.2092(15)
0.3199(19)
0.3275(14)
0.3571(16)
0.1637(19)
0.25%0
0.138
0.279
0.389
0.292
0.237
0.141
0.23%9
0.387
0.289
0.293
0.235

tt PP, is the population parameter.

2

0.05379(19)

0.0377(11)
-0.0351(10)
0.0739(14)
0.1414(10)
~0.0121(14)
0.1171(16)
0.050
0.030
0.058
0.076
-0.056
0.164
0.054
-0.030
0.055

0.138

-0.020
0.128

Tt
pe.

1.00
0.68
0.68
0.68
0.68
0.68
0.68
0.16
0.16.
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
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TAPLE 5

Tricarbonyl(2———4—7~heptennS—methyl-G—one)iron hexafluorophosphates

*
anisotropic temperature factor (Uijx10432) or isotropic temperature

factor (U x10°82
=——-——= ‘"iso

) for each atom.

* The form of the anisotropic temperature factor is:
2 .2 2 .2

T = exp[-zn?(u11h a¥® 4+ U22k2b*2 + UgsRc*" + 20, Jhka¥b* + 20, jhoakox +
2U23k£b*c*)].

Part I: The cation
Atom U11 or Uiso U22 U33 U12 013 U23
Fe 504 359 427 -78 222 -45
o(1) 1088 948 1191 -64 862 -298
0(2) 818 1199 600 =140 228 268
0(3) 644 625 864 -218 321 -167
0(9) 627 369 552 22 329 11
c(1) 622 751 594 -142 286 -92
c(2) 599 860 530 -132 266 5
c(3) 504 431 515 23 247 3
c(4) 595 828 976 118 132 26%
c(5) 579 529 534 -63 264 97
c(6) 661 385 700 -18 381 -24
c(7) 828 418 401 -115 304 -94
c(s) 456 546 443 -32 198 111
c(3) 478 435 501 84 222 109
c(10) 1006 610 1134 212 764 -15
c(11) 437 923 681 -91 101 98
H(5) 80
H(6) 39
H(7) 1
H(8) 22
H(11a) 71 (£ixed)
H(11b) 71(fixed)

H(110) 71 (£fixed)
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Part II: The anion

Atom U4 Uso U35 Uss U13 U25
P 696 601 433 -38 260 -74
F(1) . 922 673 1365 -29 715 ~309
F(2) 850 1925 1017 -441 359 -1040
F(3) 648 2682 1769 =277 534 -1715
7(4) 712 1634 1060 -240 338 -888
F(5) 1666 1384 1518 79 595 992
F(6) 1998 1751 1898 - 1198 1067

The fluorine atoms of the two minor orientations of the anion were
each assigned a 'fixed' Uiso(x10322) = 114.

Average estimated standard deviations. (Uijx10432) and (Uisox103ﬁ2)

Fart T: The cation

Atom U11 or Uiso_ U22 U33 U12 U13 U23
Fe 7 , 6 6 T 5 6
0 61 63 59 50 52 49
C T2 T2 T 56 60 51
H 35
Part II: The anion

Atom U11 U22 U33 U12 U13 U23
P 18 17 14 14 14 12

F 113 157 131 105 104 123
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TABLE 6

Tricarbonylj2——-4—7—hepten—5~methy1—6—one)iron hexafluorophosgphate;

bond lengths (&) with esd in parentheses.

Part I: The cation

Fe - ¢(1)
Fe - ¢(2)
Fe - 0(3)
Fe - ¢(5)
Fe - c¢(6)
Fe - ¢(7)
Fe - 0(9)
c(r) - o(1)
c(2) - 0(2)
c(3) - 0(3)
c(4) - c(5)
c(s) - c¢(6)
c6) - ¢(n
 Part II: The anion
P - F(1)
P -  F(2)
P - F(3)

1.782(18)
1.809(12)
1.852(10)
2.210(12)
2.087(13)
2.132(14)
1.987(10)
1.149(24)
1.127(15)
1.102(13)
1.501(17)
1.384(15)
1.404(16)

1.580(18)
1.555(13)
1.539(23)

c¢(7)
c(s)
c(8)
c(9)
c(9)
¢(5)
c(6)
c(7)
c(8)
c(11)
c(11)
c(11)

P
P
P

c(8)
c(9)
c(11)

¢(10)

0(9)
H(5)
H(6)
H(7)
H(8)
H(11a)
H(11Db)
E(11¢e)

F(4)
F(5)
F(6)

1.470(22)
1.490(15)
1.563(13)
1.488(26)
1.244(16)
1.26(23)
0.84(17)
0.67(11)
1.04(14)
0.98(fixed)
0.98(fixed)
0.98(fixed)

1.596(13)
1.568(23)
1.578(26)

The fluorine atoms of the two minor orientations of the anion were

'fixed' at positions corresponding to P - F distances of 1,58 2.
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TABLE 7

Tricarbonyl (2——4-7-hepten-5-methyl-6-one )iron hexafluorophosphate;

valency angles (°) with esd in parentheses.

Part I: The cation

c(1)

- ¢(1)

c(2)
c(1)
c(1)
(1)
¢(2)
c(2)
c(2)
c(3)
c(3)
c(3)
c(5)
c¢(5)
c(6)
0(9)
0(9)
0(9)
0(9)
0(9)
0(9)
Fe
Fe
Fe

Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe

Fe

Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
Fe
c(1)
c(2)
c(3)

c(2)
c(3)
c(3)
c(5)
¢(6)
c(7)
c(5)
c(6)
c(7)
c¢(5)
c(6)
c(7)
c(6)
¢(7)
c(7)
c(1)
c(2)
c(3)
c(5)
c(6)
c(7)
0(1)
0(2)
0(3)

90.4(7)
87.6(6)
104.0(6)
97.9(6)
84.6(7)
100.9(6)
162.2(6)
129.0(5)
93.6(6)
92.1(4)
126.3(4)
160.5(6)
37.5(4)

- 69.5(4)

38.9(4)
178.5(6)
89.4(6)
91.0(5)
82.6(4)
96.6(5)
80.6(5)
178.6(14)
177.3(15)
176.7(11)

Fe -
Fe -
Te -
Fe -
Fe -
c(4) -
c(5) -
c(6) -
c(7) -
c(7) -
c(9) -
c(s) -
c(s) -
c(10) -
c(4) -
c(6) -
c(5) -
c(7) -
c(6) -
c(s) -
c(7) -
c@9) -
c(11) -

0(9)
c¢(5)
c(6)
c(7)
c(6)
c(5)
c(6)
c¢(7)
c(e)
c(s)
c(8)
c(9)
c(9)
c(9)
c(5)
c(5)
c(6)
c(6)
c(7)
c(7)
c(8)
c(8)

c(8)

c(9)
c(6)
c(5)
c(6)
¢(7)
c(é)
c(7)
c(s)
c(9)
c(11)
c(11)
¢(10)
0(9)

- 0(9)

A(5)
H(5)
H(6)
H(6)
H(7)
H(7)
H(8)
H(8)
H(8)

119.0(7)
66.5(7)
76.1(7)
68.8(8)
72.3(7)

121.5(13)

125.1(12)

124.8(13)

112,5(10)

110.7(11)

107.0(9)

122.7(12)

118.2(12)

119.0(10)

121(6)
108(6)
108(7)
122(8)
128(10)
107(10)
120(6)
102(6)
104(5)

The hydrogen atoms attached to €(11) were 'fixed' at positions giving a
staggered conformation about the C(8) - C(11) bond.
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Part IT: The anion ,
F1) - P - P(2) 92.4(9) F(2) -

P - F(6) 90.3(10)
F(1) - P - F(3) 177.3(10) F(3) - P - P(4) 90.0(9)
F(1) - P - F(4) 89.0(8) F(3) - P - P(5) 95.7(13)
F(1) - P - F(5) 86.8(11) F(3) - P - F(6) 89.1(14)
F(1) - P - F(6) 88.4(12) F(4) - P - F(5) 87.9(9)
F(2) - P - F(3) 88.8(10) F(4) - P - F(6) 93.2(9)
F(2) - P - F(4) 176.2(9) F(5) - P - F(6) 175.1(15)
F(2) - P - PF(5) 88.7(9)

The fluorine atoms of the two minor orientations of the anion were 'fixed!
at ideally octahedral positions about the phosphorus atom.



~166-

TABLE 8

Tricarbonyl (2——4-7-hepten-5-methyl-6-oneiron hexafluorophosphate;

torsion angles (°).

Fe - 0(9) - ¢(9) - ¢(8) -5 H(6) - ¢(6) - ¢(7) - c(8) 166
Fe - 0(9) - ¢(9) - c(10) 175 H(6) - c(6) - ¢(7) - H(T) -13
Fe - c¢(5) -c(6) ~c(7) -56 c(6) - ¢(7) - c(8) - ¢c(9) 64
Fe - C(5) - ¢(6) - H(6) 100 c(6) - ¢(7) - c(8) - c(11) -i76
Fe - C(6) - ¢(7) - ¢(8) -98 c(6) - c(7) - ¢(8) - H(8) -55
Fe - C(6) - c(7) - B(7) 96 H(7) - ¢(7) - c(8) - ¢c(9) -115
Fe - C(7) - ¢(6) - ¢(5) 57 B(7) - ¢(7) - c(8) - ¢(11) 4
Fe - C(7) - c(6) - H(6) -95 H(7) - ¢(7) - ¢c(8) - ¢c(8) 125
c(4) - c(5) - c(6) - c(1) -174 c(7) - c(8) - ¢(9) - 0(9) 12
c(4) - c(5) - c(6) - H(6)  -18 c(7) - c(8) - ¢(9) - c(10) -168
H(5) - ¢(5) - ¢(6) - ¢(7) 39 c(11)- c(8) - c(9) - 0o(9) -109
H(5) - ¢(5) - c(6) - H(6) -164 c(11)- c(8) - ¢(9) - ¢(10) 70
c(5) - c(6) - c(7) - c(8) -40 H(8) - c(8) - ¢(9) - 6(9) 141
c(5) - c(6) - ¢(7) - H(T) 139 H(8) - ¢(8) - ¢(9) - c(10) -38

The sign of the torsion angle is negative if an anticlockwise rotation
of A is required to eclipge D whilest looking down the B - C bond, the
atom labelling being from left to right in the above table.
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TABLE 9

Tricarbonyl (2—4-7-hepten-5-methyl-5-one )iron hexafluorophosphates;

mean. plane calculationg.

Part T: The cation

Atoms in planc Displacements (}) Atoms out of plane Displacements (&)

a) c(5) H(5) ~0.76
c(6) H(6) . 0.33
c(7) H(7) 0.34
c(a) 0.136
c(8) ~-0.783%
H(8) -1.82
c(11) -0.609
¢(9) -0.363
0(9) -0.609
Fe 1.683
b) c(5) 0.069 (5) -0.21
c(6) -0.154 B(6) ~0.18
c(7) 0.149 “H{T) 0.41
c(8) -0.064 H(8) ~1.01
c(4) ~0.161
c(11) 0.298
c¢(9) 0.778'
0(9) 1.697
Fe 1.887
c) 0(1) c(1) -0.623
0(2) c(2) ~0.569
0(3) c(3) -0.578
 Fe -1.552
a) c(2) 0.007 Fe 0.119
c¢(3) -0.007 c(1) 1.885
c(5) 0.008 0(9) -1.856
¢(7) -0.008 c(6) - 0.591

c(8) -1.423
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Atons in plane Dispiacements (X) Atoms out of plane Displacements (&)

e) c(2) Fe ~0.089
c(3) c(1) 1.690
c(6) | 0(9) -2.073
c(5) -0.526
c(7) -0.543
£) c(1) Fe 0.014
c(6) 0(1) -0.015
0(9) c(2) 1.426
c(3) -1.465
c(5) -1.257
c(7) 1.224
The dihedral angles (°) between selected planes are:
a) -c) 1.2 a) - f) 89.4
b) - ¢) 24.7 b) - £f) 89.7
a) -d) 66.8 a) - £f) 88.4
b) - d) 89.1 e) - £f) 88.7

Part IT: The anion
Atoms in plane Displacements (8) Atoms out-of plane Displacements ()

g) F(1) -0.040 7(5) 1.555
F(2) 0.042 F(6) -1.585
F(3) -0.042 P 0.007
F(4) 0.041

h) F(1) -0.016 F(2) 1.553
F(3) -0.015 F(4) -1.595
F(5) 0.015 P 0.000
F(6) 0.015

i) F(?) -0.044 F(1) 1.556
F(4) -0.042 F(3) -1.560
F(5) 0.044 P -0.023
F(6) 0.041

The dihedral angles (°) between the planes are:
g) -h) 89.1 n) - 1) 88.9
g) - 1) 88.1
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TABLE 10

Tricarbonvl (2——4~7-hopten-5-methyl-6-one)iron hexafluorophosphate;

interionic contacts ( 3.50R).

F(25) - - - o(3) 2.77 F(2) --- oty 3.3
F(15) - - - 0(9h) 2.77 F(12) - - - ¢y 3,31
F(13) - - - 0(2) 2.88 F(13) - == ¢(5") 3.31
F(16) - - - 0(3) 2.96 F(4) --- o(1™h) 332
F(26) ~ - - ¢(3) 2.99 F(6) --- o0(1) 3,32
F(11) --- c@™)  3.00 F(15) --- ¢(3%) 3.35
F(26) - -- ¢(2) 3.03 F(24) --- o(1t) 3.3
F(2) --- o(1™)  3.04 F(26) --- c¢(8") 3.35
F(25) --- C(37) 3.05 F(3) --- ¢(6") 3.36
F(22) --- o)  5.05 F(6) --- 0(2) 3,37
F(26) - - -  0(3) 3.06 CF(2) - -- 0(2) 3,38
F(2) --- cOM) 307 F(15) - - - o7y 3.3
F(6) --- ¢(3) 3.10 " F(4) --- o) 3,38
o(1) --- o)y 3,12 F(16) - - - c(10YV)  3.39
P(26) - - - 0(2) 3,13 F(1) --- cm™™) 3.0
F(6) --- ¢(2) 3.17 F21) - -- o™  3.40
F(5) --- ¢(30) 3.19 F(3) --- 0(2) 3.41
P(21) - -- c(1Y)  3.19 0(9) --- ¢(6") 3.42
F(6) --- c(1) 3.19 F(25) - -- c(4™)  3.42
F(5) --- 0(30) 3.20 F(22) --- 0o(9%) 3.43
F(22) - -~ 0(2) 3.20 F(12) - - - 0(2) 3,44
F(G) --- ¢(5) 3.20 CF(15) - - - o(3D) 3.44
F(13) - - - ¢(2) 3.21 F(22) --- c(10f) 3.4
F(5) --- 0(97) 3.22 F(13) - - - ¢(6") 3.45
F(6) - -- 0(3) 3.22 F(26) --- ¢C(6") 3.45
F(14) - - - c(10")  3.23 F(24) - -- c(4) 3.6
F(12) - -~ o(2™h) 3.4 P(25) --- c(™) 3.6
F(16) - - = ¢(3) 3.24 F(23) --- ¢(9") 3.46
F(22) --- c(™)  3.26 F(23) --- ¢(8) 3.46
F(3) --- c(8") 3.27 F(16) - -- c(8") 3.46
F(5) --- o(5) 3.29 F(15) - - - ©(97) 3.47
0o3) --- ¢V 3,30 F(11) - -~ o(3Y) 3.48
F(23) - -~ ¢(10") 3,30 F(24) --- c(10T)  3.49
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The superscripts refer to the following transformations of the atomic

coordinates:

I X, B - ¥, -k + u;
II 1-%, 3+y, 3 - 23

171 - X, =¥

Iv
v

1 + x,

—x’

%

¥
+ ¥

zZ3

% - 2,
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ITT.2.1 DISCUSSION

The view of the cation in Figure 2 and the displacements from
the rr-allyl plane of Fe, C(8), H(8) and C(11) [1.68, -0.78, -1.82 and
-0.61 § respectively] both indicate that endo-acylation has occurred.
Although endo-acylation is also thought likely in the Friedel-Crafts
reaction involving cycloheptatriene Fe(CO)3(5) and endo-protonation
of butadiene Fe(CO)3 has been demonstrated(a), electrophiles do not
always attack the m-system of cocordinated olefins endo to the metal,
e.g. protonation of cycloheptatriene Fe(CO)B(S) and tropone Fe(CO)B(g).

Figure 2 also illustrates that the organic ligand is bound to
the iron atom by the m-allyl residue C(5) - C(6) - ¢(7) [The Fe - C
bond lengths are 2.210(12), 2.087(13) ani 2.132(14) § respectively.]
and by the acyl oxygen 0(9) [1.987(10) 8], but not by any of the
other atoms. [The Fe - C(4), ¢(8) and ¢(9) distances are 3.31, 2.95
and 2.81 & respectively.] Congidering the m-allyl residue ag the
4~electron donor,zr-CBHa_, and with the donation of a lone-pair of
electrons from each of the carbonyl ligands and from the acyl oxygen,
tricarbonyl(2-——4—7—hepten—5-methy1-6—one)iron hexafluorophosphate
can be considered as a d6 FeII complex with 18 metal valence electrons.

The dimensions of the iron—rr-allyl linkage are in good

agreement with those found in other rr-allyl Fe(CO)3 complexes (see

Table 11).
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TABLE 11

Geometry in iron—rr-allyl linkages

*
Complex Fe - C bonds (X) C - ¢ bonds (R) C-0C-C angle (°)

This work 2.210(12) 1.384(15) 121.5(13)
2.087(13) 1.404(16)
2.132(14)
A 2.141(10) 1.380(15) 123.7(8)
2.063(9) 1.415(15)
2.144(8)
B 2.194(18) 1.440(24) 124.3(16)
2.091(16) 1.420(23)
2.202(17)
c 2.17(1) 1.37(2) 120.8(15)
2.08(2) 1.44(3)
2.11(1)
D 2.200(8) 1.432(12) 122.8
2.,050(8) 1.391(12)
- 2.142(8)

t A Tricarbonyl(1———3—9—hexen—5—one)iron hexafluorophosphate;
+rpp 1-(14)
[cgBgPe0, ] [Py
B: Butadieneiron tricarbonyl-sulphur dioxide-boron trifluoride adduct;

.s0_.pp (21)
c4H6Fe(co)3 s0,, BF,

C: Tricarbonyl-cycloheptatrieneiron-tetracyanoethylene adduct;
(22)
(013H8N4)Fe(00)3

D: Azulenepentacarbonyldi-iron; C1OH8Fe2(CO)5(23)

In these m-allyl complexes the Fe - ¢(terminal) distances, mean
2.165 R, are longer than the Fe - C(central) distance, mean 2.074 X,
reminiscent of the situation in 1,3-diene Fe(CO)3 complexes, in which
typical Fe — C(terminal) and Fe - C(central) distances are 2.16 and 2.05 %
respectively(24). This asymmetry strengthens the v—iv bonding in the

1,3~diene Fe(CO)3 complexes and although a similar interaction probably



occurs in the m-allyl complexes, a contributing factor to the variation
in the Fe - C bond lengths in most of these complexes is the distortion
of the ligand to allow metal — ligand bonds other than to the m-allyl
group. The C - C distances in these groups, e.g. 1.384(15) and

1.404(16) & in this analysis, compare favourably with those in other
metal — rr-allyl complexes, e.g. 1.419(18) and 1.428(19) & in
n-methylallyl[bis-1,2-(diphenylphosphino)-ethane]nickel bromide(25) and
1.352(11) and 1.421(12) £ in m-allyl-dihydrobis(3,5-dimethyl-1-pyrazolyl)-

(26)

boratodicarbonylmolybdenum , and as in 1,3-diene Fe(CO)3 complexes,
e.8. 1.414(7), 1.407(7) and 1.409(7) & in 1H-azepine Fe(CO)3(27), are
intermediate between single- and double-bond values for carbon - carbon
bonds, indicating delocalisation of the m-electrons over the bonded atoms.
The approximate sp2 hybridisation of these atoms is also demonstrated

by the C - C - C valency angles in this analysis at C(5), C(6) and C(7)
of 121.5(13), 125.1(12) and 124.8(13)° respectively.

The othef C - C bond lengths in this analysis are consistent with
éingle bonds, the C(Sp3)'- c(sp?) bond [0(8) - ¢c(11) = 1.563(13) ﬂ] and
the C(sp’) - C(sp?) bonds [C(4) - €(5) = 1.501(17), ¢(8) - ©(7) =
1.470(22), €(8) - ¢(9) = 1.490(15) and c(10) - €(9) = 1.488(26) & being
close to the commonly accepted values of 1.54 and 1.51 X regpectively.

The refiﬁed C - H distances range from 0.67 - 1.26, mean 0.95 % a
contraction from the spectroscopic value of 1.07 X gsimilar to that noted
hydrogen electron density towards the carbon atom during bond formation(zg).

The Fe - 0(9) bond length, 1.987(10) &, is identical within
experimental error to the Fe - 0 bond lengths of 1.999(5) and 2.004(10) %
(14)

in the corresponding butadiene Fe(CO)3 acylation intermediate ,

and in C4B€Fe(co)%-802'BF3(21), B, respectively, and considering the

1 .
covalent radii of O and Fell to be 0.66<30) and 1.34 2(3 ) respectively
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indicates that the iron - acyl oxygen bhond is essentially single. The
C(9) - 0(9) bond length, 1.244(16) &, [1.207(8) R in 4] is in good
agreement with Sutton‘s(32) value of 1.215(5) £ for ketones ancé aldehydes,
demonstrating that the acyl CO bond order is only marginally affected,
if at all, by the formation of the iron — acyl oxygen linkage.
In A the Fe - C(carbonyl) bond trans to the acyl oxygen, 1.787(8) &,

is significantly shorter than those trans to the n>a1iy1 systen,
1.840(9) and 1.828(8) &, reflecting the negligable back-donation of
.charge from the iron to the acyl oxygen compared with that to the
m-allyl system. Although the variations in these bond lengths in this
analysis [1.782(18), 1.809(12) and 1.852(10) Eﬂ and in B [1.767(20),
1.818(17) and 1.830(16) X] are not necessarily significant, the shortest
bond in both complexes is indeed trans to the oxygen. The C - O{carbonyl)
bond lengths in this amalysis [1.149(24), 1.127(15) and 1.102(13) %]
agree very well with each other and with Sutton's(az) value of 1.14(1) R,
vhile the Fe - C - O angles [178.6(14), 177.3(15) and 176.7(11)°] are
reasonably close to 1800.

| The lack of cylindrical symmetry trans to the Fe(CO)3 group results
in the C(1) - Fe - ¢(2) and C(1) - Fe - C(3) angles, 90.4(7) and 87.6(6)°
respectively, being considerably smaller than the C(2) - Fe - C(3)
angle, 104.0(6)°; a distortion identical to that found in A, in which
the corresponding angles are 90.4(4), 88.7(4) and 103.8(4)°

respectively, and of the same magnitude as that found in other

metal(CO)5 complexes(BB).

The hexafluorophosphate anion is disordered, but this is neither

uncommon, €.8&. [Rucg(No)z(PPhB)zl+[PF6]'.C6H6(34) and

. Hpp 1-(35) ;
[#(0,) (Pn,P-ca, CH,: PPh,)] [pr] where M is Eh or Ir, nor unexpected
in view of the almost spherical appearance of the ion to an external

obgserver. The dimensions of the major orientation, the only one refined,
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are in reasonable agreement despite the digorder with the expected
values; the P - F bond lengths 1.539 - 1.596, mean 1.%69 R are close
to the value of 1.58 & in NaPF, and K'PF6(17), vhile the F = P = F
angles ha&e a maximum deviation of 5.70 and a mean deviation of only
2.30 from ideal octahedral geometry.

In agreement with the relative population of the three orientations
of the anion, the close interionic contacts involving the minor
orientations are more numerous and generally shortef than those involving
the major orientation. For example, the shortest contact involving both
the minor orientations is an 0 - - - F contact of 2.77 X, while that
involving the major orientation is a similar contact of 3.04 X. The
gshortest 0 = - -F, C = ==PF, 0~ - =~ 0and 0 - - - C interionic
contactls [2.77, 2.99, 3.12 and 3%.30 e respectively] appear to be purely

van der Vasls'! interactions.
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CHAPTER 3

TWO TRON CCOMPLEXES
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I1I.3.1 INTRODUCTION

In a contiruation of previous(1) studies of photochemical
reactions involving organometallic compounds, Dr. G. R. Knox
investigated the reaction of triphenylphosphine with I and isolated a

compound, which was characterized as II by elemental analysis, an osmetric

©> | UuVv. ‘lir

CH '
_Fe—C—0 >3 pp p—— Fe— 0O
ch. | PPh 3 | >c
772 3 ~0
PH C CH2

! |

O - ~ Ph
I IT

molecular weight determination and i.r. and n.m.r. spectroscopy.
Confirmstion of the free double bond by chemical methods proved
difficult, but a tetracyanoethylene (TCNE) a&duct was eventually
isolated.

In order to determine unequivocally the structure of II an X-ray
analysis was undertaken. However, this demonstrated the compound to be

(1-exo-benzylceyclopenta~2,4-diene )dicarboryl (triphenylphosphine)iron, III,

(ZHzPh

H
Fa—C—0
o
PPh,
3
0
11T

and a further X-ray analysis was therefore carried out to elucidate the

structure of the TCNE adduct.
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ITI.%.2 EXPERIMENTAL

Crystal Data (1—Exo-benzylcyclopenta—Q,4-diene)dicarBonyl-

(triphenylphosphine)iron; C,.H.. 0, PFe.

3272772
Crystal system Monoclinic
Unit cell dimensions a = 17.218(6) &
b = 11.687(4)
c = 26.811(6) &
p = 102°%18' (1)
Space group P21/b (Cgh)
U = 53501.6 8
M = 53%0.1 a.m.u.
D, = 1.33 gm.cmj3 (flotation in aqueous zinc iodide solution)
Dc =1.3%28 gm.cm-.'3
Z =8
F(000) = 2208
6.74 ey

x
e
- F
b
K
-
"
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Crystallographic Meagsurements

Preliminaxy cell dimensions, and systematically sbsent reflections
(hO£ absent if £ = 2n + 1, OkO absent if k = 2n + 1) consistent with
space group P21/b were found from precession photographs of a yellow
crystal, wounted about b¥*, with dimensions ca. 0.30 x 0.38 x 0.50 mma.
P21/b is a four-fold space group and Z = 8, therefore there are two
crystallographically independent molecules per asymmetric unit.

The crystal, having been transfered to a Hilger and Watts' Y290
sutomatic diffractometer controlled by a PDP-8 computer, was offset on
‘X by about 40 both to prevent multiple reflections(z) and to enable a
data set to be collected without any observations being made at X values
of about 90°. A fully stabilizéd X-ray generator was operated at 46 kV
and 16 mA. The cell dimensions were then adjusted by a least-squares

(3)

treatment of the 6, X and ¢ setting angles of eleven reflections

measured with zirconium-filtered Mo-XK<X radiation.
The intensity data were collected, in octants hkf and hk£ with
6(Mo-kX) < 260, by the © - 26 scan procedure, each reflection being

scanned in 30 equal steps from 266 -0.60° to 2eca +0.60°. Each

lc.

step was counted for 2 seconds and stationary-crystal, stationary-counter

alc.

background counts were meésured at each end of the scan range for 15
seconds. The intensities of two standard reflections were monitored
every 40‘intensity measurements and, although only small random
fluctuations were observed, the orientation matrix was checked and

a

e i
fter aboul 6,000 measurements., The scan counts (F

slightly adjusted a
and the background counts (B1,Bz) of each reflection were combined to

. yield the integrated intensity, I =P - 2(B1 + Bz), which was corrected
for Lorentz-polarisation effects but not for absorption. 10,421

independent values of lFol were cbtained, of which the 6,517 observations

with Lﬁri~> 3.0 were used in the structure analysis.



~-182~

Struture Analysis

The initial coordinates of both iron and both phosphorus ztons
were obtained from the fhree-dimensional Patterson synthesis and used to
phase an electron density distribution (R = 40%), which revealed that
both independent molecules in the asymmetric unit were not as expected II,
but were III; a complex with an identical molecular formula to II and

more consistent with the spectroscopic data.

CH,Ph
H
Ph,P F‘e< c—0 Fe—C—0
Cw /
0
CH, PPh, ¢
Ph 0
IT I1Y

Coordinates for all the non-hydrogen atoms were found from this
electron density distribution, and after three cycles of bléck diagonal
least-squares refinement of the positional and isotropic thermal parameters,
the R-factor was 10.2%. With all the atoms assigned anisotropic thermal
parameters, three cycles of refizement reached convergence at R = 7.5%.
Comparison between the observed and calculated structure factors revealed
six reflections with high Fo and low siné values which appeared to be
suffering from appreciable secondary extinction and/br dead time losses,
and these were removed from further refinement. A difference electron
density distribution was calculated revealing the positions of all the

'hydrogen atoms at an average peak height of 0.47e-/ﬁ3, and no other
regions of electron density higher than O.36e-/33. Each hydrogen atom
was included in further structure factor calculations with an isotropic

temperaturs factor equal to that of the carbon atom to which it was
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bondeld and, after thiee cycles of block diagonal least-squares refinement
of the parameters of the other atoms, convergence was reached at R = 5.72%,
R!' = 6.45%. A structure factor calculation, including the six previcusly

removed reflections, gave R = 5.80%.

Notes:

1) The atomic scattering factors, incluvding dispersion corrections
af' and Af" for the iron and phosphorus atoms, were taken from
'International Tables for X-ray Crystallography,' Vol. III.(4)

2) The final weights employed in the least-squares refinement, in
order to ensure approximaite constancy of'<wA2> over various ranges
of IFOI and sin®, were given by the expression:

w=XxY
where:
if 0.1 x IFOI > IFcl, then w = 0.000000001;
if . 8in@ > 0.3, then X = 1 else X = sing/0.3;
if |F°| < 110.0, then Y = 1 else Y = 11o.o/|F°l.

3) °  Nearly all the calculations were carried out on the Univac 1108

computer at the National Engineering Laboratory, BEast Xilbride,

(5)

using the 'X-ray System' programs .
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Results

The observed and final calculated structure factors are listed in
Table 1, with the final positiohal and thermal parameters, including
the estimated standard deviations derived from the least-squares
refinement, in Table 2, The atomic numbering scheme of the non-hydrogen
atoms (each hydrogen atom is numbered according to the atom to which it
is bonded) is shown in Figure 1; A1 and A101 (the molecules containing
Fel and Fel101 respectively), each projected on to its butadiene plane.
The bond lengths, valency angles and mean plane calcuiations are given
in Tables 3, 4 and 5 respectively. The crystal packing is shown in

Figure 2 and the intermolecular contacts <3.60 X are listed in Table 6.
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TABLE 1

11-Exo-benzylcyclopenta—z,4—diene)djcarbonyl(triphenylphosphine)iron;

observed and final calculated structure amplitudes (x10).
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TABLE 2

(1-Exo~benzyleyclopenta-2,A-diene Jdicarbonyl (triphenylphosphine Jiron;

fractional atomic coordinates with esd in parentheses and thermal parameters.

Atom x y z Uiso(x10532)
Fe(1) 0.34386(4) 0.33664(6) 0.50311(3) *
P(1) 0.32455(7) 0.27151(11)  0.42389(5) *
c(1) 0.3701(3) 0.2512(5) 0.5973(2) *
c(2) 0.3467(3) 0.1853(5) 0.5472(2) *
c(3) 0.268%(3) 0.2162(5) 0.5227(2) *
c(4) 0.2549(3) 0.3251(5) 0.5423(2) *
c(5) 0.3252(3) 0.3586(5) 0.5775(2) *
c(6) 0.3430(4) 0.1924(6) 0.6430(2) *
c(7) 0.3525(4) 0.2734(5) 0.6884(2) *
c(8) 0.4246(4) 0.2887(6) 0.7214(2) *
c(9) 0.4329(5) 0.3640(8) 0.7623(3) *
c(10) 0.3679(5) 0.4235(7) 0.7703(3) *
¢(11) 0.2968(5) 0.4089(8) 0.73%80(3) *
c(12) 0.2868(4) 0.3333(7) 0.6963(3) *
c(13) - 0.3595(3) 0.3623(4) 0.3769(2) *
c(14) 0.4197(3) 0.4398(5) 0.3939(2) *
c(15) 0.4477(4) 0.5095(6) 0.3588(3) *
c(16) 0.4158(4) 0.5001(6) 0.3076(3) *
c(17) 0.3563(4) 0.4229(5) 0.2910(2) *
c(18) 0.3283(4) 0.3533(5) 0.3250(2) *
c(19) 0.2208(3) 0.2437(7) 0.3915(2) *
c(20) 0.1628(3) 0.3101(5) 0.4060(2) *
c(21) 0.0842(4) 0.2970(6) 0.3809(3) *
c(22) 0.0640(4) 0.2171(6) 0.3418(3) *
c(23) 0.1212(4) 0.1503(6) 0.3285(3) *
c(24) 0.1995(4) 0.1632(5) 0.3530(2) *
c(25) 0.3741(3) 0.1348(4) 0.4185(2) *
c(26) 0.4484(3) 0.1344(5) 0.4067(2) *
c(27) 0.4875(4) 0.0313(6) 0.4059(3) *
c(28) 0.4543(4) -0.0706(6) 0.4173(3) *
c(29) 0.3808(4) -0.0694(5) 0.4291(3) *
*

¢(30)

0.3413(3)

0.0330(5)

0.4304(2)



Atom
c(31)
0(32)
c(33)
0(34)
H(1)
H(2)
H(3)
H(4)
H(5)
H(6a)
H(6b)
H(8)
H(9)
H(10)
H(11)
H(12)
H(14)
H(15)
H(16)
H(17)
H(18)
H(20)
H(21)
H(22)
H(23)
H(24)
H(26)
H(27)
H(28)
H(29)
H(30)
Fe(101)
P(101)
¢(101)

X
0.4482(3)
0.5159(2)
0.3206(3)
0.3%061(3)
0.43%0
0.372
0.228
0.205
0.327
0.3%84
0.283
0.482
0.487
0.372
0.242
0.236
0.441
0.502
0.4/
0.324
0.283
0.168
0.047
0.000
0.131
0.238
0.484
0.553
0.482
0.357
0.278
0.92891(4)
0.97405(7)
0.7828(3)

~10 3=

y
0.3404(5)
0.3417(4)
0.4781(5)
0.5709(4)
0.267
0.114
0.147
0.378
0.439
0.104
0.153
0.244
0.355
0.496
0.449
0.3%28
0.455
0.546
0.547
0.418
0.289
0.354
0.335
0.220
0.086
0.089
0.221
0.026

-0.140
-0.141

0.029
0.24183(6)

0.26554(11)

0.2315(5)

2z
0.5156(2)
0.5243(2)
0.4823(2)
0.4703(2)
0.608
0.540
0.498
0.536
0.595
0.659
0.625
0.722
0.793
0.800
0.740
0.836
0.435
0.374
0.282
0.252
0.3%10
0.437
0.399
0.327
0.298
0.355
0.40%
0.405
0.412
0.432
0.432
0.53441(3)
0.61756(5)
0.4783(2)

302
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Atom

c(102)
c(103)
c(104)
c(105)
c(106)
c¢(107)
¢(108)
¢(109)
c(110)
c(111)
c(112)
c(113)
c(114)
c(115)
c(116)
c(117)
c(118)
¢(119)
- ¢(120)
c(121)
c(122)
c(123)
c(124)
c(125)
c(126)
c(127)
c(128)
c(129)
c(130)
c(131)
0(132)
c(133)
0(134)
H(101)

.8089(3)
.8566(3)
.8870(3)
.8579(3)
.7060(3)
.6816(3)
.6404(4)
.6229(4)
.6459(4)
.6849(4)
.7027(4)
.0313(3)
.0280(3)
.0754(4)
.1265(4)
.1299(4)
.0828(3)
.0366(3)
.0555(4)
1.1014(5)
1.1290(4)
1.1109(4)
1.0651(4)
0.8903(3)
0.8437(3)
0.7718(3)
0.7455(4)
0.7912(4)
0.8639(3)
0.9127(3)
0.9015(3)
1.0226(3)
1.0806(3)
0.775

_- =S A d A e a0 OO0 OO0 OO0 O 0O o o

O O O O O O © O O O O O O O 0o 0o o o o

o O

O O O O O O O O O © O O O
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y

.2055(5)
.1055(5)
.0943(5)
.1871(5)
.1702(6)
.2036(5)
.3057(6)
.3421(8)
.2772(7)
.1765(7)
.1394(5)
.3959(5)
.4545(5)
.5492(5)
.5887(6)
.5317(6)
.4364(5)
.1557(5)
.0567(5)
.0272(6)
.0134(7)
.0850(6)
.1684(5)
.2759(4)
.3750(5)
.3751(6)
.2793(6)
.1823(6)
.1791(5)
.3899(5)
.4852(4)
.2210(5)
.2063(5)
322

©O O O O O O O O O O O O O O O O O O O o o o o

<

O O O O © O © © O °o

Z

.5352(2)
.5418(2)
.4970(2)
.4647(2)
.4520(2)
.3968(2)
.3829(2)
.3324(3)
.2953(2)
.3082(2)
.3580(2)
.6375(2)
.6826(2)
.6971(2)
.6676(3)
.6229(3)
.6078(2)
.6550(2)
.6319(2)
.6607(3)
.7121(3)
.7358(2)
.7076(2)
.6490(2)
.6420(2)
.6570(2)
.6779(2)
.6851(3)
.6707(2)
.5214(2)
.5129(2)
.5195(2)
.5072(2)
472

Uiso(x10332)

k %k sk %k ok ok %k k k %k %k Kk Xk Xk ok 3k sk ok 3k ok k ok *k %k *k *k *k k *k 3k ok %k
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N
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Atom x y z Uiso(x10332)
H(102) 0.783 0.261 0.560 4%
H(103) 0.875 0.052 0.578 50
H(104) | 0.922 0.026 0.492 47
H(105) 0.857 0.197 0.428 44
1(108a) 0.671 0.185 0.473 50
H(106Db) 0.708 0.085 0.458 50
H(108) 0.625 0.341 0.418 65
H(109) 0.590 0.420 0.317 81
H(110) 0.637 0.287 0.253 74
H(111) 0.704 0.128 0.278 70
H(112) 0.734 0.067 0.370 56
H(114) 0.992 0.418 0.706 48
H(115) 1,068 0.589 0.734 55
H(116) 1.173 0.647 0.674 63
5(117) 1.162 0.574 0.598 64
H(118) 1.067 0.391 0.571 52
H(120) 1.032 0.057 0.593 53
H(121) 1.119 -0.097 0.640 72
- H(122) 1.172 -0.059 0.739 71
H(123) 1.129 0.118 0.775 63
H(124) 1.045 0.232 0.726 52
H(126) 0.858 0.452 0.628 48
H(127) 0.736 0.431 0.640 55
H(128) 0.695 0.290 0.688 63
H(129) 0.775 0.704 0.701 65
H(130) 0.891 0.093 0.680 47

* Thepe atoms were assigned anisotropic temparature factors of the form:

2 .2 . . .
T = exp{-Qn?(U11h2a*2 + U22k2b*2 + U33£ c* + 2U12hka*b* + 2U13n£a*c* +

20, Jlio*ox)] with finsl parameters (Uijx1o422):
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Atom Uq4 Uaz Uss Uip Uy3 Uoz
re(1) 376 391 374 11 116 -18
r(1) 369 361 383 12 108 -19
c(1) 529 465 381 7 127 54
c(2) 488 429 446 -31 161 31
c¢(3) 394 544 454 -35 - 167 53
c(4) 434 597 448 133 254 107
c(5) 609 447 387 57 249 25
c(6) 674 638 432 -90 127 85
c(7) 714 558 391 -7 188 158
c(8) 582 866 522 -87 158 52
¢(9) 819 1050 545 -142 185 56
c(10) 1262 785 500 51 291 73
c¢(11) 1107 1031 648 434 360 249
c(12) 871 926 567 275 327 151
c(13) 430 346 481 22 170 12
c(14) 528 564 518 -136 183 -18
c(15) 570 669 680 -137 210 16
c(16) 747 600 650 -6 385 108
c(17) 897 528 440 146 296 45
c(18) 711 409 377 26 169 -3
c(19) 385 356 421 -1 68 25
¢(20) 428 604 431 61 106 72
c(21) 453 796 691 104 94 118
c(22) 502 ™41 863 -114 -74 158
c(23) 704 548 669 -101 ~105 57
c(24) 623 420 505 8 13 -30
c(25) 422 412 303 50 76 =33
c(26) 390 478 737 84 181 2
c(27) 522 €65 982 137 294 109
c(28) 661 555 986 281 225 138
c(29) 594 423 794 72 151 41
c(30) 488 431 642 42 170 22
c(31) 456 473 393 -53 67 ~34
0(32) 414 889 821 -125 58 53
c(33) 487 499 415 90 182 ~33

0(34) 914 482 827 190 341 88
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Atom U U,, Uss U, Uys Ups
Fe(101) 376 385 320 17 111 -9
P(101) 392 356 327 38 97 14
c(101) 402 523 349 7 29 -36
¢(102) 382 510 407 ~31 96 -15
c(103) 471 405 545 -84 47 34
c(104) 529 378 530 -16 105 -126
c(105) 508 478 330 0 73 =92
c(106) 548 698 403 © -169 68 32
¢(107) 389 620 487 -150 52 -90
c(108) 676 787 531 155 117 -53
¢(109) 784 988 642 255 85 121
¢(110) 728 1063 481 8 54 -8
c(111) 731 853 513 -12 82 -201
c(112) 580 552 593 -21 28 -69
c(113) 428 408 367 -6 28 25
c(114) 581 462 430 9 69 -36
c(115) 607 503 561 -1 -63 -86
c(116) 609 514 825 ~122 -65 22

c(117) 642 573 753 -112 145 1
c(118) 496 516 541 -59 104 18
¢(119) 361 AT1 385 30 91 62
¢(120) 578 504 519 178 142 34
c(121) 855 697 659 288 200 45
c(122) 579 782 707 199 80 206
c(123) 697 689 528 156 14 65
c(124) 643 533 445 142 26 65
c(125) 422 431 270 29 94 -13
c(126) 544 384 428 102 161 35
c(127) 30 667 495 155 152 -32
c(128) 520 857 598 109 311 28
c(129) 607 790 640 0 291 178
c(130) 502 504 454 27 154 145
c(131) 454 489 373 32 104 -7
0(132) 752 430 760 116 150 141
c(133) 510 537 482 28 179 -62

0(134) 552 959 1046 22 444 151



Atom

Fe

~198-

Average estimated standard deviations (Ui

U [y U U

11 22 33 12
3 4 3 3

6 7 6 6
28 30 32 24

36 38 35 3

jx10422)
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TABLE 3

(1-Exo-benzyleyclopenta-2,4-~diene)dicarbonyl (triphenylphoaphine Jiron;

bond lengths (R) with esd in parentheses.

Bond~r Molecule A1l Molecule A101
Fe(1) - P(1) 2.213(2) 2.216(2)
Fe(1) - c¢(31) 1.767(5) 1.775(6)
Fe(1} - ©(33) 1.763(6) 1.768(6)
c(31) - 0(32) 1.148(7) 1.145(7)
c(33) - 0(34) 1.145(7) 1.137(8)
Fe(1) - c¢(2) 2.123(6) 2.126(5)
Fe(1) =~ ¢(3) 2.065(6) 2.062(6)
Fe(1) - c¢(4) 2.046(6) 2.049(6)
Fe(1) - ¢(5) 2.102(6) 2.106(5)
c(1) - ¢(2) 1.527(7) 1.526(7)
c(2) - c¢(3) 1.425(7) 1.419(8)
c(3) - c(4) 1.414(8) 1.417(9)
c(4) - c(5) 1.427(7) 1.412(8)
c(5) - c(1) 1.513(8) 1.516(8)
c(1) - c(6) 1.562(9) 1.543(8)
c(6) - c(7) 1.521(8) 1.504(8)
c(7) - c(8) 1.381(8) 1.399(9)
c(8) - c¢(9) 1.388(10) 1.390(10)
c(9) - ¢(10) 1.379(12) 1.374(11)
c(10) - ¢(11) 1.355(11) 1.364(11)
c(11) - c¢(12) 1.406(11) 1.374(9)
c(12) - ¢(7) 1.390(10) 1.393(9)
P(1) - ¢(13) 1.844(6) 1.835(5)
P(1) - c¢(19) 1.850(5) 1.834(5)
P(1) - ¢(25) 1.833(5) 1.831(€)
c(13) - c(14) 1.384(8) 1.401(8)
c(14) - c¢(15) 1.409(10) 1.383(8)
c(15) - c(16) 1.358(9) 1.384(10)
c(16) - ¢(17) 1.370(9) 1.385(10)
c(17) - c(18) 1.386(9) 1.388(9)
c(18) - ¢(13) 1.386(7) 1.398(9)



c(19)
¢(20)
¢(21)
c(22)
c(23)
c(24)
c(25)
c(26)
c(27)
c(28)
c(29)
c(30)

.‘.
Bond.

c(z0)
¢(21)
c(22)
¢(23)
c(24)
¢(19)
c(26)
c(27)
c(28)
c(29)
c(30)
c(25)

Range C(sp2) - H
Mean C(spz) -H
Range C(spB) -H
Mean C(spB) - H

~200~

Molecule A1
1.388(8)
1.392(8)
1.392(10)
1.368(10)
1.384(9)
1.388(8)

1.390(8)
1.385(9)
1.385(10)
1.376(10
1.382(9)
1.385(8)

0.95 - 1.17
1.07
1.02 - 1.28
1.15

Molecule A101

1.384(8)
1.389(9)
1.369(10)
1.381(10)
1.376(9)
1.406(7)
1.391(7)
1.389(9)
1.371(10)
1.373(10)
1.393(9)
1.393(8)

0.95 - 1.15
1.07
0.93 - 1,07
1.00

+ The atomic numbering refers to A1. The numbering of A101 is 100

plus that in Al.
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TABLE 4

(1-Exo-benzyleyclopenta-2,4-diene)dicarbonyl (triphenylphosphine Yiron;

valency angles (o) with esd in parentheses.

Molecule A1 Molecule A101
P(1) - Fe(1) - c(31) 97.5(2) 95.8(2)
P(1) =~ TFe(1) - c(33) 92.4(2) 94.7(2)
c(31) - Te(1) - c(33) 101.1(3) 101.8(3)
Fe(1) - ¢(31) - o0(32) 179.0(5) 179.4(5)
Fe(1) - ©(33) - 0(34) 178.0(5) 176.1(5)
c(2) - Fe(1) - c¢(3) 39.8(2) 39.6(2)
c(2) - Fe(i) - c(4) | 65.8(2) 65.9(2)
c(2) - re(1) - c(5) 64.1(2) 64.0(2)
c(3) =~ Fe(1) - c(4) 40.2(2) 40.3(2)
c(3) =~ Fe(1) - c(5) 66.9(2) 66.3(2)
c(4) - Fe(1) - c(5) 40.2(2) 39.7(2)
Fe(1) - c(2) - c(1) 92.3(3) 91.8(3)
Fe(i) - ¢(2) - c¢(3) 67.9(3) 67.8(3)
Fe(1) - ¢(3) -~ c(2) 72.3(3) 72.6(3)
Fe(1) - c(3) - c(4) 69.2(3) 69.3(3)
Fe(1) - c(4) - c(3) 70.6(3) 70.3(3)
‘Fe(1) - c¢(4) =~ c(5) 72.0(3) 72.3(3)
Fe(1) - ¢(5) =~ c(4) 67.8(3) 68.0(3)
Fe(1) - ¢(5) - c(1) 93.5(3) 92.9(3)
c(1) =~ c(2) - c(3) 109.0(5) 109.2(5)
c(2) - c¢(3) - c(4) 105.8(4) 106.4(5)
c(3) - c¢(4) - c(5) 108.0(5) 107.5(5)
c(4) - c(5) - c(1) 107.9(5) 109.2(5)
c(s) - c(1) - c(2) 95.1(4) 94.9(4)
c(s) - c(1) - c(6) 115.0(5) 115.6(5)
c(2) - c(1) -~ c(6) 113.6(5) 114.0(5)
(i) - o8y - o) 110.7(5) 111.3(5)
c(6) - ¢(7) - c(8) 121.5(§€) 120.2(6)
c(6) - c(1) - c(2) 118.9(5) 122.2(5)
c(12) - ¢(7) - c(8) 119.6(6) 117.5(5)
c(7) - c(8) - c(9) 121.0(7) 120.9(7)
c(8) - c¢(9) - c(10) 119.5(6) 119.9(7)
c(9) - c(10) - c(11) 119.8(7) 119.8(7)
c(10) - c(11) - c(12) 121.9(8) 121.0(7)
c(11) - c(12) - ¢(7) 118.1(6) 121.0(6)



Fe(1)
Fe(1)
Fe(1)
c(13)
¢(13)
c(19)
P(1)

P(1)

c(18)
c(13)
c(14)
c(15)
c(16)
c(17)
P(1)

P(1)

c(24)
c(19)
¢(20)
c(21)
c(22)
c(23)
P(1)

P(1)

c(30)
c(25)
c(26)
c(27)
c(28)
c(29)

Range 'butadiene' H- C - C

Mean 'butadiene' H-C - C

P(1)
P(1)
(1)
P(1)

P(1)

P(1)

c(13)
c(13)
c(13)
c(14)
¢(15)
c(16)
c(17)
c(18)
c(19)
c(19)
c(19)
¢(20)
c(21)
c(22)
¢(23)
c(24)
c(25)
c(25)
c(25)
c(26)
c(27)
c(28)
c(29)
c(30)

c(13)
c(19)
c(25)
c(19)
c(25)
c(25)
c(14)
c(18)
c(14)
c(15)
c(16)
c(17)
c(18)
c(13)
c(20)
c(24)
¢(20)
c(21)
c(22)

c(23) .

c(24)
c(19)
c(26)
¢(30)
c(26)
c(27)
c(28)
c(29)
c(30)
c(25)

Range phenyl H- C - C
Mean phenyl H~ C - C

Range H - C(sp3) -C
Mean H - C(sps) -C

H - C(spa) - H

202~

Molecule At

116.9(2)
116.3(2)
113.5(2)

102.0(2)‘

102.7(2)
103.5(2)
119.1(4)
121.8(4)
119.1(5)
120.1(5)
120.1(6)
119.6(7)
121.1(5)
120.0(5)
117.3(4)
123.1(4)
119.6(5)
119.7(5)
120.1(6)
120.0(6)
120.3(6)
120.4(6)
119.5(4)
120.6(4)
119.6(5)
119.2(6)
121.1(7)
119.4(6)
120.1(6)
120.6(6)

119 - 135

126
98 - 142
119

104 - 122

111
102

Molecule A101

116.7(2)
120.2(2)
109.1(2)
101.7(2)
104.1(3)
103.2(2)
122.5(4)
119.1(4)
118.4(5)
120.1(6)
121.4(6)
119.0(6)
120.4(7)
120.8(6)
120.6(4)
121.2(4)
118.2(5)
120.2(5)
120.8(7)
119.8(7)
119.9(6)
121.1(6)
119.0(4)
120.1(4)
119.5(5)
119.9(5)
120.5(6)
120.0(6)
120.7(7)
119.4(6)

112 - 136
125
107 - 144
121
104 - 118
112
85
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TABLE &

(1-Exo-benzylcyclopenta-2, 4-diene )dicarbonyl ({riphenylphosphine Jiron;

mean plane calculations,

Atoms in plane Displacements () Atoms out of plane Displaceuents ()

a) c(2) -0.003 H(2) 0.02
c(3) 0.005 H(3) -0.15
c(4) -0.005 H(4) -0.05
¢(5) 0.003 H(5) 0.0%
c(1) -0.584
Fe(1) 1.721
b) c(1) c(3) -0.774
c(2) | | c(4) ~0.779
c(5)
c) c(1) H(2) -0.%0
c(2)
c(3)
-a) c(1) H(5) -0.36
c(5) |
c(4)
e) c(7) 0.003 c(6) 0.017
c(s) -0.003 H(8) -0.06
c(9) 0.003 B(9) -0.27
c(10) -0.003 H(10) 0.14
c(11) 0.002 H(11) 0.00
c(12) -0.002 H(12) 0.20
£) ¢c{13) -0.005 P(1) 0.011
c{14) 0.002 H(14) =0.11
c(15) 0.000 H(15) 0.28
c(16) 0.000 H(16) 0.09
c(17) -0.003 B(17) ~0.11

c(18) 0.006 H(18) 0.07
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Atoms in plane Displacements (%) Atoms out of plane Displacements (&)

g) c(19) 0.009 P(1) 0.101
c(20) ~0.006 H(20) -0.22
c(21) . =0,002 E(21) -0.21
c(22) 0.008 H(22) 0.01
c(23) -0.005 H(23) 0.10
c(24) -0.003 H(24) -0.47

h) c(25) 0.008 P(1) -0.112
¢(26) -0.004 H(26) -0.22
c(27) 0.001 H(27) -0.23
c(28) -0.002 B(28) 0.11
c(29) 0.006 H(29) 0.12
c(30) -0.009 H(30) 0.20

i) P(1) 0.061 Fe(1) -0.547
c(33) - -0.071
c(4,5) 0.108
c(2,3)T -0.099

j) c(102) -0.001 H(102) 0.20
c(103) 0.002 H(103) 0.14
c(104) -0.002 H(104) -0.04
c(105) 0.001 H(105) -0.20

c(101) ~0.559
Fe(101) 1.726

k) c(101) c(103) -0.73%6
¢(102) c(104) -0.736
¢(105)

1) c(101) H(102) -0.09
c¢(102)
c(4503)

m) c(101) H(105) -0.47
c(105)

c(104)
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Atoms in plane Displacements (R) Atoms out of plane Displacements (R)

n) c(107) 0.008 c(106) 0.120
c(108) -0.005 H(108) -0.07
c(109) -0.,003% H(109) -0.03
¢(110) 0.007 H(110) -0.02
c¢(111) -0.003 H(111) 0.04
c(112) -0.004 H(112) 0.04
0) c(113) 0.003 P(101) 0.086
c(114) -0.002 H(114) 0.08
c(115) 0.001 H(115) 0.00
c(116) 0.001 H(116) 0.16
c(117) 0.000 H(117) -0.18
c(118) -0.002 H(118) -0.21
p) c(119) .0.001 P(101) 0.037
c(120) -0.002 ’ H(120) -0.02
c(121) 0.002 H(121) -0.11
c(122) 0.000 H(122) -0.17
c(123) ~0.002 H(123) -0.07
c(124) 0.002 _H(124) 0.15
Q) c(125) 0.000 P(101) ~0.358
c(126) -0.004 H(126) 0.04
c(127) 0.006 H(127) -0.32
c(128) ~-0.005 H(128) 0.03
c(129) 0.002 BE(129) 0.00
¢(130) 0.001 H(130) 0.01
r) P(101) -0.016 Fe(101) -0.511
c(133) . 0.018
c(104,105) -0.028
c(102,1o3)'r 0.026

+ C(X,Y) is the midpoint of the C{X) - C(Y) bond.

The dihedral angles (°) between selected planes are:

a) - b) 34.7 3) - x) 32.9
£f) - g) 103.4 o) - p) 102.1
f) - n) 90.2 0) - q) 64.1

g) - h) 59.6 p) - q) 102.5
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AZLE 6

ij—Exo-benzylcyclopenta—?,4—diene)dicarbony1(triphenylphosphine)iron;

intermolecular contacte (£3.60R).

0(134) - -
0(32)
0(34)
0(34)
0(134)
0(32)
0(132)
0(34)
c(17)
0(32)
0(32)

!

c(3h) 3.19
o34y 3.22
c(101ty 3,24
c(102thy 3,27
c(ah) 3.27
c(14™)  3.40
c(118Ty 343
c(127th)  3.45
c8™) 3.5
c(28") 3,52
c(15™l)  3.52

0(134)
0(134)
0(134)
0(32)
0(132)
0(132)
0(132)
c(7)
c(21)
0(34)

- - c(200)

- - c(21h)

- - c(104'h)

- - o3

- = c(m7th
- - c(s™)

- - c(20th)

- - o7
-~ c(15T)
- - c(126™h

3.54
3.56
3.56
3.56
3.57
3.57
357
357
3.58
3.59

The superscripts refer to the following transformations of the atomic

coordinates:

I 1 +x,
I1 1 -x,
- I11 2 -x,
Iv X,

Y Z3
1-y, 1-2;
1 -y, 1~ 23

-y, %+ 2

VI
VII

1 -x, - ¥
2 - x, - Y
X, %"'y,

1 - 23
1 - 23
3+ z
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III.3.3 EXPERIMENTAL

Crystal Data icarbonyl (m-cyclopentadienyl) (triphenylphosphine )iron

1,1,2,3, 3-pentacyanopropenide; [C H,.0 PFe]+[08N5]_.

25202

Crystal system Triclinic
Unit cell dimensions a =11.812(3) &

b = 15.913(5) &

c = 8.873(2) R

< = 95°5' (1)

p = 104°57' (1)

¥ = 110%24' (1)
Space group Pl (01)
U = 1480.7 % |
M = 605.2 a.m.u.
D, = 1.345 gm.cm-.'3 (flotation in aqueous potassium iodide solution)
D, = 1.357 gu.cm.”
z =2
F(000) = 620
u(Mo-E«) = 6.84 em?]
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Crystallographic Mezsurements

Preliminary triclinic cell dimensions were determined from precession
photographs of a yellow crystal with dimensions ca. 0.02 x 0.20 x 1.40 mms.

The crystal was transfered to a Hilger and Watts' Y290 automatic
diffractometer and offset on X by about 5° to preveﬂt multiple

(2)

those reflections in octants hke, hkz, hk? and hk£ with e(Mo-ng € 19

reflections . The intensity data were collected in two parts; firstly

o
with the diffractometer controlled by a PDP-8 computer, and then, several
months later, with 19° < e(MoﬁgK)~< 27° using a DF3%2 DEC disc file backed
PDP-8 computer. Recollection of about 50 observations revealed that no
serious crystal decomposition or counting chain variations occurred
between the two collections. In both collections the cell dimensions and
orientation matrix were obtained from a least-squares treatment of the
6, X and ¢ setting angles of twelve reflections, measured with Mo-KX

- radiation produced by a fully stabilized X-ray generator, operated at

46 kV and 16 mA, and a graphite crystal monochromator.

The intensity data were collected by the 6 - 26 scan procedure,
each reflection being scanned in 26 equal steps from zecalc. -0.52o to
2ecalc. +0.529. With 6(Mo-K«) < 150, each step was counted for 4 seconds
and stationary-crystal, stationary-counter background counts were
measured at each end of the scan range for 26 seconds, while with
15° 6 (Mo-kx) < 27° the corresponding times were 6 and 39 seconds and
only those reflections were measured, which a quick scan had shown to
be significantly above background., The intensities of two standard
reflections were monitored every 40 intensity measurements and the

results used to ensure that all the observations were on a common scale.

The scan counts (P) and the background counts (B1,B2) of each reflection
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were combined to yield the integrated intensity, T =P - 2(}31 + 132),
which was corrected for Lorentz-polarisation effects but not for
absorption. 3,567 independent values of IFOI were obtained, of which
the 3,156 observations with I/bi > 3.0 were considered to be observed

and were used in the final refinement.
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Structure Analysis

Initially, the struvcture analysis was carried out using only the
2,114 independent values of IFO| obtained in the first part of the data
collection, i.e. reflections with &(Mo-K«) ¢ 19°.

Coordinates for the iron and phosphorus atoms were deduced from the
three-dimensional Patterson synthesis and used to phase an electron density
distribution (R = 51%). From this and subsequent electron density syntheses
peaks were found consistent with the dicarbonyl (rv~cyclopentadienyi)-

(triphenylphosphinz)iron cation, but a group of peaks (see Figure 3) could

not be sensibly interpreted in terms of an owdersd or a disordered anion,

4
®)

154

FIGURE 'Anion' peaks jillustrating the separations ¢1.90 2.
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Thege maps, despite the unexplained ‘anion' peaks, confirmed that
the space group is P1 and not the alternative .

All the 'anion' peaks, together with those of the cation, were
included in the initial least-squares refinement,‘the five peripheral peaks
being agsigned the scattering curve of nitrogen and the others that of
carbon, The thermal vibration of all the atoms was described by isotropic -
temperature factors during four cycles of full-matrix least-squares
refinement [Convergence was reached at R = 12.9%.],.which resulted in a
similar uwninterpretable geometry for the ‘anion' peaks and a set of
thermal parameters for these atoms, none of which was exceptionally
high. Uiso of peaks 1, 8, 9 and 10 ranged from 0.14 - 0.1632, compared
with averages of 0.10 and 0.0722 in the rest of the 'anion' and the
cation respectively,

Using the complete set of observed data, the 'anion' peaks were
omitted from three cycles of block diagonal least-squares refinement of
the positional'and anisotropic thermal parameters of the cation,
convergence being reached at 21.1%. At this stage a difference electron
density synthesis was calculated and the residual electron density in
the region of the 'anion' contoured on to glass sheets, revealing peaks
in essentially the same positions as previously noted. Peaks 8 and 10
appeared to be half-weight peaks and, although this was consistent with
the observed density which indicated that 2 - 4 of the peaks should be
half-veighted, no model involving disorder of an znion, in agreement
with this, could at this stage be proposed.

The 'anion' peaks, all with a population parameter of 1.0, were

then included stepwise in a series of least-squares refinements (see
Table 7), and at each stage the positions of the omitted peaks obtained

from a difference electren density synthesis.
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TABLE 7

Progress of the least-squares refinement, on the stepwise

addition of the 'anion' peaks
Step Atoms included in Treatment of parameters Final R-factor
the refinement
1) All the atoms of the 3 cycles; block diagonalj 17.6%

cation plus peaks 1, refinement of overall scale

2, 3, 4 and 5. factor; x, y, 2z, Uij for all
the atonms.

2) As step 1, plus As step 1. 13.1%
peaks 6, 12 and 14.

3)  As step 2, plus As step 1. , 9.9%
peaks 7, 11 and 13.

4) As step 3, plus H As step 1, but with 'fixed' H. 9.5%
of cation in
calculated positions.

5) As step 4, plus 2 cycles; 1 block for anion, 3 5.9%

remaining peaks i.e. Dblocks for cation; refinement

8, 9 and 10. as step 4.'

Each of the above additions of the 'anion' peaks resulted in a
significant(s) lowering of R and R'.

From an examination of a plot(7) of the 50% probability thermal
ellipsoids of the 'anion' peaks, a model for this ion explaining the
smaller peak heights of 8 and 10 was derived, which consisted of the

1,1,2,3,3-pentacyanopropenide anion disordered as shown in Figure 4.
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N(36)
N(38)'

FIGURE 4
The 50% thermal ellipsoids of the 'anion' peaks before the model

for disorder was employed, and the two orientations of the

1,1,2, 7, 3~-pentacyanopropenide anion after refinement.
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The vrobable geometry cf this anion was estimated from an
examination of the geometry in the sgimilar ion, 2-cyanomethyl-1,1,3,3-
tetraoyanopropenide(B), and in other crganic cyanides(9 - 13), and
coordinates for both orientations of the anion obfained by matching two
models of the anion with the observed peaks, in order to best explain
the direction and extent of the thermal vibrations.

The similarity of the peak heights of 8 and 10 suggested that both
orientations were equally populated, therefore each atom of the two
orientations was assigned a population parameter of 0.5, which was held
'fixed! during the subsequent least-squares refinement. Both the hydrogen
and non-hydrogen atoms of the cation were included in the structure
factor calculations during four cycles of full-matrix refinement of the
positional and isotropic thermal parameters of the anion, which reached
convergence at R = 5.6%. The positional and anisotropic thermal parameters
of the non-hydrogen atoms of the cétion wereAthen included in the
parameters refined, and after two cycles of least-squares refinement,
with 1 and 4 blocks for the anion and cation respectively, convergence
was reached at R = 5.5%. Omitting the hydrogen atoms from the structure
factor calculation, a difference electron density distribution was
calculated revealing positions for these atoms at an average peak height
of 0.38e_/23. The hydrogen atoms were included, at these positions with
each assigned an isotropic temperature factor equal to that of the atom
to which it was bonded, in further structure factor calculations, but
vere not refined during two cycles of refinement [The cther parameters
were treated as previouslyu] which reached convergence at R = 5.53%,

R' = 7.04%.
A consequence of the above treatment of the disorder was the large

nﬁmber of high correlations in the least-squares refinement between

parameters in the different orientations of the anion. There were 35
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such correlation coefficients whose mcdulus was > 0.5; the highest, 0.80,
relating the shifts of the isotropic temperature factors of the closest
atoms, i.e. C(38) and 0(36)' which were 0.32 & apart.

In the final difference electron density synthesis the residual
electron density lay between 0.53 and -0.31e-/ﬁ3 in the region of the
anion and between 0.84 and —O.79e-/23 in the region of the cation, the
ma jor deviations being around the iron atom.,

The satisfactory refinement, resulting in the geometry of the anion
being feasonable in view of the disgorder, indicated that the anion is
indeed 1,1,2,3,%-pentacyanopropenide, and this has been confirmed by
Dr. G. R. Knox in an independent chemical synthesis of dicarbonyl-
(m-cyclopentadienyl) (triphenylphosphine)iron 1,1,2,3, 3-pentacyanopropenide

using the previously reported preparations of both the cation(14) and

(15)

the anion

Notes:

1) The scattering factors employed for Fe+, P, 0, N, C and H were
taken from 'International Tables for X-ray Crystallography,' Yol.
III(4), ag were the digpersion corrections Af' and Af" for the
iron and phosphorus atoms.

2) The final weights employed in the least-squares refinement, in
order to ensure approximate constancy of‘<WA2> over various ranges
of lFol and sine, were given by the expression:

w=XxY
where:
if 0.1 x IFOI > ch|, then w = 0.000000001;
if 8in6é > 1.0, then X = 1 else X = 8ing/1.0;
if 'Fol < 10.0, then Y = 1 else Y = 10.0/|Fo|.
3) The calculations were carried out on Glasgow University's KDF9

computer [The least-squares program due to D. W. J. Cruickshauk,
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Je Go F, Smith and J. G. Sime was used.], and latterly on the
IBM 370/1 55 computer of the Edinburgh Regional Computer Centre

using the 'X-ray System' programs(S).
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Results

| The observed and final calculated structure factors are listed in
Table 8, with the final positional and thermal parameters, including
the estiﬁated standard deviations derived from the least-squares
refinement, in Table 9. The atomic numbering scheme in the anion has
been illustrated previously in Figure 4, while in the cation, that of
the non-hydrogen atoms is shown in Figure 5; the cation projected on to
the plane of the rr-cyclopentadienyl ring. Each hydrogen atom is
numbered according to the atom to which it is bonded. The bond lengths,
valency angles and mean plane calculations are given in Tables 10, 11
and 12 respectively. The distances €1.25 2 petween atoms of the different
orientations of the anion and the interionic contécts £3.60 2 are listed
in Tables 13 and 14 respectively. The crystal packing is shown in

Figure 6.
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FIGURE

The dicarbonyl(-cyclopentadienyl)(triphenylphosphine)iron cation

projected on to the plane of the ;-cyclopentadienyl ring.
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TABLE 8

Dicarbonyl(n-c'clopegtadienyl)(triphenylphospuine)iron

1914243, 3-pentacyanopropenide;

observed and final calculated structure amplitudes (x10).
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TABLE

Dicarbonyl (re-cyclopentadienyl ) (triphenylphosphine Yiron

1,1,2,3, 3-pentacyanopropenide; fractional atomic ccordinates with

esd in parentheses and thermal parameters.

Part I: The cation

Atom x y 2 Uiso(x10322)
Fe 0.58020(6) 0.73185(4) 0.11753(9) *
P 0.71148(10) 0.84372(7) 0.03412(14) *
c(1) 0.5563(7) 0.6054(4) 0.1851(9) *
c(2) 0.6421(6) 0.6248(4) 0.0983(9) #*
c(3) 0.5772(6) 0.6318(4) -0.0552(8) *
c(4) 0.4518(6) 0.6175(4) -0.0600(9) *
c(5) 0.4395(5) 0.6022(4) 0.0882(10) *
c(6) 0.7655(4) 0.9536(3) 0.1665(6) *
¢(7) 0.6793(5) 0.9962(4) 0.1577(8) *
c(8) 0.7126(8) 1.0772(4) 0.2630(10) *
c(9) 0.8312(9) 1.1164(4) 0.3769(8) *
c(10) 0.9138(8) 1.0744(4) 0.3826(7) *
c(11) 0.8848(5) 0.9944(4) 0.2806(6) *
c(12) 0.8517(4) 0.8221(3) 0.0262(6) *
c(13) 0.9232(4) 0.8040(3) 0.1614(6) *
c(14) 1.0280(5) 0.7839(4) 0.1582(7) *
c(15) 1.0594(5) 0.7791(5) 0.0229(9) *
c(16) 0.9872(7) 0.7935(5) . ~0.1146(9) *
c(17) 0.8836(6) 0.8166(4) ~0.1118(7) *
c(18) " 0.6508(4) 0.8700(3) -0.1573(6) *
c(19) 0.7162(6) 0.9525(4) -0.1930(7) *
c(20) 0.6692(8) 0.9743(5) -0.3400(8) *
c(21) 0.5608(7) 0.9133(5) -0.4505(7) *
c(22) 0.4969(6) 0.8332(5) -0.4177(7) *
c(23) 0.5395(5) 0.8089(4) -0.2702(6) *
c(24) 0.6710(5) 0.7837(3) 0.3194(7) *
0(25) 0.7292(4) 0.8141(3) 0.4482(5) *
c(26) 0.4713(4) 0.7867(4) 0.1025(7) *
+*

0(27)

0.3997(4)

0.8203(3)

0.0942(7)
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Atom x V y 2 Uiso(x10322)
H(1) 0.548 0.593 0.296 85
H(2) 0.730 0.628 0.110 78
H(3) 0.613 0.643 -0.143 74
H(4) 0.366 0.617 -0.157 72
E(5) . 0.367 0.583 0.134 75
H(7) 0.584 0.961 0.069 &
H(8) 0.656 1.114 0.277 93
B(9) 0.840 1.176 0.454 88
H2(10) 0.996 1.108 0.467 79
H(11) 0.945 0.963 0.264 60
H(13) 0.892 0.803 0.252 56
H(14) 1.075 0.760 0.262 65
H(15) 1.125 0.757 ~ =0.001 104
H(16) 1.017 0.792 -0.207 - 100
H(17) 0.834 . 0.824 -0.210 74
E(19) 0.782 1.003% -0.110 74
H(20) 0.719 1.038 -0.362 91
H(21) 0.541 0.936 -0.571 92
B(22) 0.418 0.785 -0.480 0
H(23) 0.491 0.748 -0.245 65

* These atoms were assigned anisotropic temperature factors of the form:

2 2 .2 2 2 2 .2 o
T = exp[~2n (Uyqh %" + U,k b + Uyp 0% 4 20, jhka¥b¥ 4+ 20, ;hea¥ox 4

2U, klb*c*)] with final parameters (U x10432):

23 ij



Atom

Fe

c(1)
c(2)
c(3)
c(4)
c(5)
c(6)
c(7)
c(s)
c(9)
c(10)
c(11)
c(12)
c(13)
c(14)
c(15)
c(16)
c(17)
c(18)
c(19)
c(20)
c(21)
c(22)
c(23)
c(24)
0(25)
c(26)
0(27)

Atom

Fe

Usq

350
386
929
635
779
609
465
540
593
1139
1397
1144
669
388
467
475
566
936
701
509
875
1196
1084
678
590
529
829
385
557

Average estimated standard deviations (U x10432)

672
482
1058
1160
956
969
1139
484
871
1056
642
602
581
526
570
730
998
921
622
514
639
679
567
564
544
635
615
907
1464

Ui

170
174
166
280
184
132

46
179
258
426
292
154
200
187
271

302

400
625
435
290
319
544
743
514
326
285
457
242
465

U9

3
5
25
36

U22

3
6

Us3

4
6

36
39

Uio

3
5
24
29

158
107
280

- =28

179
103
234
524
291

~165

151
300

U13

3

5
24
30

23
132
19
255
107
19

132
105
70
161
85
55
57
119
111
138
277
410
245
66
184
314
195
43

59
168

127

237
361

Vi W

26
28
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Part I1: The anion

Atom
c(31)
c(32)
c(33)
c(34)
N(34)
c(35)
N(35)
c(36)
N(36)
c(37)
N(37)
c(38)
N(38)
c(31)
c(52):
c(33)
c(34)
N(34)
0(35):
N(35)
c(36)'
N(36)'
c(37)’
N(37)
c(38)
N(38)

X
1.1996(25)
1.1076(13)
0.9727(12)
1.1412(16)
1.1230(18)
1.3206(31)
1.4151(24)
1.1645(14)
1.2350(14)
0.9177(15)
0.8507(16)
.8922(25)
.8130(19)
.1501(14)
.0514(15)
.0517(11)
1.283%2(23)
1.3815(31)
1.1032(21)
1.0950(17)
0.913%1(22)
0.8168(18)
0.9343(15)
0.8613(12)
1.1730(16)
1.2328(14)

- a a0 o

-227~

y
0.4838(15)
0.5056(9)
0.4676(8)
0.3900(10)
0.3176(13)
0.5255(19)
0.5694(17)
0.5937(12)
0.6633(11)
0.5116(12)
0.5368(11)
0.3822(18)
0.3305(14)
0.4575(10)
0.4697(10)
0.5406(8)
0.5229(13)

© 0.5615(20)

0.3724(15)
0.3216(12)
0.3959(16)
0.3314(13)
0.5327(11)
0.5356(8)

0.6220(14)
0.6825(10)

2
.4356(23)
.3336(14)
.2577(15)
.4883(18)
.5339(22)
.4758(35)
.5119(31)
.2832(19)
.2374(18)
.1613(20)
0.0792(21)
0.2981(29)
0.3164(26)
0.4285(15)
0.3251(16)
0.2485(14)
0.4852(23)
0.5433(25)
0.4948(25)
0.5589(21)
0.2848(29)
0.2619(23)
0.1295(19)
0.0290(17)
0.2645(19)
0.2849(19)

O O O O O O ©C O O O

Uiso(x1o432;*
939
653
701
678

1021
1113
1304
77
833
753
932
805
1133
644
732
675
802
1429
948
931
845
983
695
742
724
844

1+ The population parameter of every atom of the anion = 0.50.

. . . . s - 402
tt The average estimated standard deviations of Uiso(x1o'g ) of

the carbon and nitrogen atoms are 49 and 57 respectively.
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TABLE 10

Dicarbonyl (r7-cyclopentadienyl ) (tipkenylphosphine Jiron

1,1,2,3,3-pentacyanopropenide; bond lengths (x) with esd in parentheses.

Part I: The cation

©(7)

Fe - P 2.240(1) , c(6) - 1.397(9)
Fe - c(24)  1.778(5) c(7) - c(s) 1.389(9)
Fe - c¢(26) 1.774(7) c(8) - ¢(9) 1.385(11)
c(24) - o0(25)  1.129(7) c(9) ~ c(10)  1.355(14)
c(26) - o(271)  1.138(9) c(10) - c(11)  1.374(9)
Fe - c(1) 2.096(7) c(11) - c¢(6) 1.392(6)
Fe - ¢(2) 2.085(7) c(12) - c(13)  1.392(7)
Fe - ¢(3) 2.093(7) c(13) - ¢(14) 1.389(9)
Fe - c¢(4) 2.102(5) c(14) - c(15)  1.347(11)
Fe - ¢(5) 2.092(5) ~¢c(15) - c¢(16) 1.383(11)
c(1) - c(2) 1.394(12) c(16) - c(17)  1.400(12)
c(2) - c¢(3) 1.413(10) c(17) - c(12)  1.374(9)
c(3) - c(a) 1.406(10) c(18) - c¢(19) 1.382(8)
c(4) - c¢(5) 1.392(12) c(19) - c¢(20) 1.402(10)
c(s) - c¢(1) 1.405(10) c(20) - c¢(21)  1.362(8)
P - ¢(6) 1.820(5) c(21) - c(22)  1.337(11)
P - ¢(12) 1.821(5) c(22) - c¢(23) 1.413(9)
P - - c¢(18) 1.810(5) c(23) - c¢(24) 1.388(6)
The C - H distances range from 0.95 - 1.15, mean 1.03 &,
- Part II: The anion ‘ |

c(31) - c©(32)  1.390(30) c(31) - c©(32)  1.369(23)
c(32) - ©(33)  1.436(18) c(32) - ¢(33) 1.368(21)
c(31) - c(34) 1.580(28) c(31)' - c(34)  1.471(25)
C(34) - N(34)  1.221(27) c(34) - N(34)'  1.062(36)
c(31) - c(35)  1.262(40) ¢(31) - ©(35)  1.507(28)
¢(35) - N(35)  1.034(37) c(35) - W(35)  1.021(31)
c(32) - c¢(36) 1.491(22) 0(32)' - c(36)l 1.569(26)
c(36) - ©N(36)  1.303(23) 0(36)' - N(SS)I 1.190(27)
c(33) - ¢(37)  1.333(24) c(33) - 0(37): 1.466(20)
¢(37) - N(37)  1.138(27) c(37) - N(31),  1.112(22)
c(33) - c¢(38)  1.497(29) c(33) - ¢(38)  1.525(20)
c(38) - N(38) 1.070(34) c(38) - N(38)  0.942(22)



-229-

TABLE 11

Dicarbonyl (m-cyclopentadienyl ) (triphenylphosvhine Yiron

1,1,2,3,3-pentacyanopropenide; valency angles (°) with esd in parentheses.

Part I: The cation

P - TFe - ¢(24) 90.7(2) c(6) - p° - c(12) 107.6(2)
P - Pe - ¢(26) 91.9(2) c(6) - P ~- c(18) 101.5(2)
c(24) - Fe - c(26)  96.4(3) c(12) - P - c(18)  105.4(3)
Fe - c(24) - o(25) 177.9(6) P - ¢c(6) - c(71) 117.6(3)
Fe - c(26) - o0(27) 178.4(7) P - ¢(6) - c(11) 123.5(5)
P - TFe - ¢(1) 142.4(2) c(11) - ¢(6) - ¢(7) 118.8(5)
P - Fe - €(2) 104.7(2) c(6) - c(71) - c¢(8) 120.0(5)
P - Fe - ¢(3) 91.6(2) c(7) - c(8) - ¢(9) 120.4(8)
P - Fe - ¢(4) 115.5(2) c(8) - c¢(9) - c(10) 118.6(6)
P - Fe - ¢(5) 154.1(2) c(9) - ¢€{10) - c(11) 122.8(6)
c(24) - Fe - ¢(1) 87.1(3) c(10) - c(11) - c¢(6) 119.3(6)
c(24) - Fe - C(2) 97.8(3) P - c(12) - c(13) 118.7(4)
c(24) - Fe - c(3) 136.0(3) P - ¢(12) - c(17) 122.0(2)
c(24) - Fe - C(4)  151.5(3) c(17) - c(12) - c(13) 119.1(5)

c(24) - Fe - C(5) 114.0(3) c(12) = c(13) - c(14) 120.4(5)
c(26) - Fe - (1)  125.7(3) c(13) - ¢(14) - c(15) 120.3(6)
c(26) - Fe - ¢(2) 158.0(2) c(14) - c¢(15) - c(16) 120.5(7)
c(26) - Fe - c(3)  127.4(3) c(15) - c(16) - c(17) 119.8(7)
c(26) - Fe - ¢(8) 94.0(3) c(16) - c¢(17) - c(12) 119.9(6)
c(26) - Fe - C(5) 93.0(3) P - c(18) - c(19) 119.6(3)
c(1) - c¢(2) - ¢(3) 107.6(6) P - c(18) - c¢(23) 121.4(4)
c(2) - c(3) - c(4) 107.8(7) c(23) - c(18) - c(19) 119.0(5)
c(3) - c(4) - c(5) 108.0(6) c(18) - c(19) - c(20) 120.2(5)
c(4) - c(5) - c(1) 108.2(7) c(19) - ¢(20) - c¢(21) 120.3(6)
c(5) - c(1) - c{2) 108.3(7 c(20) - ¢(21) - c(22) 120.0(7)
Fe - P - 0(6) 111.2(2) c(z1) - ¢(22) - c¢(23) 121.7(5)
Fe - P - c(12) 111.5(2) c(22) - c¢(23) - c(18) 118.8(5)
Fe - P - c(18) 118.7(2)

The cyclopentadienyl C -~ C - H angles range from 109 - 142, mean 126°.
The phenyl C - C - H angles range from 108 - 130, mean 120°.



Part II: The anion

c(32) - ¢(31) - c(34)
c(32) - c(31) - c(35)
c(34) - c(31) ~ ¢(35)
c(31) - c(34) - N(34)
c(31) - ¢(35) - N(35)
c(31) - c(32) - c¢(33)
c(31) - ¢(32) - ¢(36)
c(33) - c(32) - c(36)
c(32) - c¢(36) - N(36)
c(37) - ¢(33) - c(38)
c(32) - ¢(33) - c(37)
c(32) - c¢(33) - c(38)
c(33) - ¢(37) - XN(37)
c(33) -~ c(38) - N(38)
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112.4(17)
127.8(24)
119.4(25)
165.4(22)
169.8(41)
139.0(15)
111.7(14)
109.2(12)
166.4(19)
119.8(16)
120.5(13)
119.5(16)
167.4(18)
161.9(33)

c(32)
c(32) -
c(34)
0(31),-
c(31) -
c(31) -
c(31)' -
0(53):-
c(32) -
c(37)' -
c(32) -
c(32):-
c(33) -
|
c(33) -

c(31) -
c(31) -
c(31)
C(34)'—
c(35) -
c(32)' -
c(32)' -
c(32)' -
c(36) -
¢(33) -
c(33) -
¢(33)' -
0(37):-
c(38) -

c(34)
c(35)
c(35)
N(34)l
N(35)
c(33).
0(36)I
c(36)
N(as):
c(38)
c(37)’
0(38):
N(37%
N(38)

125.8(15)
111.1(14)
122.8(16)
168.3(28)
165.2(21)
129.7(12)
119.4(16)
110.9(15)
170.3(28)
117.9(13)
119.0(11)
122.5(13)
166.2(17)
161.4(26)
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TABLE 12

Dicarbenyl (--cyclopentadienyl ) (£riphenylphosphine Jiron

1,1,2,3,3-pentacyanopropenide; mean plane calculations.

Part T: The cation _
Atoms in plane Displacements (%) Atoms out of plane Displacements (R)

a) c(1) 0.007 H(1) 0.02
c(2) -0.006 H(2) 0.08

c(3) 0.002 H(3) 0.02

c(4) 0.003 H(4) 0.01

c(5) -0.006 H(5) 0.09
b) c(6) -0.006 P -0.122
c(7) 0.003 H(7) -0.05

c(8) 0.002 H(8) -0.07

c(9) -0.004 H(9) -0.08

¢(10) 0.001 H(10) 0.01

c¢(11) 0.004 H(11) 0.15
c) c(12) -0.009 P 0.085%
' c(13) - 0.015 H2(13) 0.10
c(14) -0.005 H(14) 0.16

c(15) -0.010 H(15) 0.10

c(16) 0.015 H(16) -0.04

c(17) -0.006 H(17) 0.05
a) c(18) -0.001 P -0.005
c(19) 0.007 H(19) -0.21

c(20) -0.009 H(20) -0.04

c(21) 0.005 H(21) 0.13

c(22) 0.001 H(22) -0.04

c(23) -0.003 H(23) -0.01

The dihedral angles (°) between selected planes are:
b) - ¢) 122.4 ¢) - d) 76.5
b) - d) 6909
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Part I1: The anion

Atoms in plane Displacements (&) Atoms out of plane Displacements (R)
e) c(31) -0.058

c(32) -0.038
c(33) 0.044
c(34) 0.006
N(34) 0.173
c(35) 0.006
N(35) -0.073
c(36) -0.078
N(36) 0.078
c(37) 0.054
N(37) 0.047
c(38) -0.001
N(38) -0.159
£) c(31) 0.005 c(32) 0.136
c(34) -0.045
N(34) 0.022
c(35) 0.050
N(35) ~0.032
g) c(33) -0.019 c(32) ~0.205
c(37) -0.008 |
N(37) 0.008
c(38) 0.045

N(38) -0.026



Atoms in p}ane Displacements (8) Atoms out of plane Displacements (®)
h) c(31) 0.091

c(32)’ 0.012
c(33)’ ~0.047
c(34)" 0.089
N(34)" 0.057
c(35)" 0.009
N(35)" -0.069
c(36)' -0.067
N(36)' -0.049
c(37)' 0.018
N(37)’ 0.144
c(38) 0.018
N(38)| -0.206
i) c(31) -0.005 c(32)" -0.175
c(34). 0.005
N(34)I -0.003
c(35) 0.005
N(35)' ~-0.002
) 0(53): -0.026 c(32)" 0.188
c(37), -0.044
N(37)I 0.028
c(38)l 0.113
N(38) -0.072
The dihedral angles (°) between selected planes are:
e) - £) 5.2 h) - i) 4.4
e) - g) 4.8 h) - 3) 3.5

e) -h) 7.5
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TABLE 13

Dicarbonyl (-cyclopentadienyl)(tripnenylphosphine )iron

1,1,2,3, 3-pentacyanopropenide; distances (€1.258) between atoms of

the different orientations of the anion.

c(31)
c(31)
c(32)
c(33)
c(33)
c(33)
c(34)
c(34)
N(34)
N(34)
c(35)
c(35)

c(31)’
c(34)"
c(32)’
c(32)’
c(33)’
c(36)’
c(31)’
c(35)’
c(35)’
N(35)’
c(34)
N(34)

0.57
0.93
0.69
0.96
1.24
1.20
1.23

0.46

1.05
0.46
0.46
0.80

N(35)
c(36)
c(36)
N(36)
N(36)
c(37)
N(37)
N(37)
c(38)
c(38)
N(38)

N(34):
c(33)

¢(38)'

¢(30),
N(38)
c(37)’
o(37)’
N(37)’
¢(36)
N(36)
N(36)

0.53
1.24
0.48
0.90
0.51
0.48
1.00
0.49
0.32
0.93
0.50
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TABLE 14

Dicarbonylﬁw—cyclopentadienyl)(tribhegylphosphing)iron

1,1,2,3,3-pentacyanopropenide; interionic contacts (43.602).

N(34) --- o(250)  3.15 N(35) - -- o(257)  3.49
N(36) - -- o(2r™h)  3.18 N(35) - - - c(9') 3,51
0(25) --- c(21) 3,18 N(37) -~-- c(4") 3,51
c(36) --- §GET) 3.2 N(34) --- c(13) 3.5
NGT) - - - c(s") 32 ¢(33) - -~ c(31) 3.5
c(33) --- ®GEY)  3.23 c2) --- o) 3.52
N38) --- o) 3.3 N35) - - - c@h) 3.53
N(37) - - - c(5") 3,30 ¢(37) --- c(3h 353
c(35) --- c(131) 3.3 N(37) - -- N(35Y) 353
NG3T) - - - o(3™) 533 c(37) --- =®G35H 3.5
0(25) - -- c(2M) 335 NE4) --- e s
c3) - -- 31y 5.3 N(36) --- o(21')  3.54
n34) - - - oY) 3.3 ¢31) - -- N3 354
N(3%6) --- c(26TT) 3.%8 c(24) --- c@™) 355
c(32) --- N(37Iv)' 3,38 c(32)I - - - 1Y 3.5
N(36) --- C(57)  3.40 6(32) --- w3 3.5
0(25) --- ¢ 3.4 c(36) --- N38Y) 3.5
N(38) --- c(24))  3.42 N(38) - -- C(9T) 357
NG3e) - - - co(22'h) 3.4 6(2) --- c4)  3.58
N(38) -~ - (34D 3.6 c(1) --- c@) 358
N(36) --- NG .47 c(32) --- c(3h) 3.5
c(10) - -- c(16)y 347  wW38) --- c(26h)  3.59
N(34) --- c(2b) 3.49 c(31) --- N(G8Y) 359
c(1) --- c¢(3) 3.49 c(36) --- NGB 3.60
N35) - - - c(1aY) 3.9

The superscripis refer to the following transformations of the atomiz
~coordinates:

I 2-x%x, 1=y, 1= 123 v 1-x 1-y, - 23
IT 1+ x, Y, Z3 Vi 1 +x, v 1 + 23
IIX X, ¥y, 1 + 23 Vil 2-x, 2-Yy, - 23



ITTI.5.4 DISCUSSION

These analyses, together with the indeperdent chemical synthesis

of B, have demonstrated that the reaction sequence under investigation was:

CHZPh
> m H
F C H TCNE
e—C—
CH/’ -0 P_Ph;) fFe —C—-0 ==
PR 2§
| PPrl ‘
0 0
A

F‘e—~ C-0
C

PPh, C

A 0 ]

B

N= C\C
c_—C—N

/

T
NZC

In the reaction A——> B, the conversion of the 'butadiene' ligand,

normally considered a neutral 4-eleciron donor, into a cyclopentadienyl

6-electron C_H_~

ligand, customarily a 595

donor, is accompanied by a

change in the formal oxidation state of the iron atom from zero to two.

Both crystallographically independent molecules of A are the

exo~ rather than the endo-isomer suggesting that an intermolecular

CH2Ph

o

Fe—C—0

exo-isomer

migration of the benzyl group has occurred. The pathway from A to B is

uncertain, but reactions involving cyclo-diene Fe(CO)5 complexes often

(16)

generate stable r—pentadienyl groups

H

dLC H2Ph

endo-isomer

formation of another stable ion [Numerous complexes of the

resonance-stabilized anion, 1,1,2,3,3-pentacyanopropenide,.are known

Fe—C—0
1

, and this, together with the

(1 5).]



is probably part of the driving force behind the reaction.

The dimensions of the butadiene-—-Fe(CO)Z(PPhB) linkage in A are
in good agreement with those in butadiene-—-Fe(CO)3 linkages and, as is
typical of the latter linkages, the Fe - C(terminal) distances
[2.123(6) and 2.102(6) & in A1 and 2.126(5) and 2.106(5) & in A101] are
significantly longer than the Fe - C(central) distances [2.065(6) and
2.046(6) £ in 41 and 2.062(6) and 2.049(6) & in A101], the mean values
of 2.114 and 2.056 2 respectively being comparable with the corresponding
mean values of 2.124 and 2.052 % in W-ethoxycarbonyl-3-formylazepine-
Fe(CO)3(17) and 2.131 and 2.050 £ in sorbic acid Fe(CO)3(18). The C - C
bond lengths within the butadiene group are essentially the same
[1.425(7), 1.414(8) and 1.427(7) & in A1 and 1.419(8), 1.417(9) and
1.412(8) % in A101] and are intermediate between single- and double-bond
values for carbon - carbon bonds, e.g. 1.337 and 1.483 2 respectively
in trans-butadiene(19), reflecting delocalisation of the m-electrons
over the bonded atoms as a result of back-donation from filled iron
d orbitals into the lowest antibonding orbital of the butadiene group(zo).
This back-donation is more pronounced, demonstrated by the central C - C
bond being shorter than the outer C - C bonds, if instead of strongly
r-accepting carbonyl ligands being trans to the butadiene group, there
is a mofe weakly r-accepting ligand. For example, compare the distances
of 1.414(7), 1.407(7) and 1.409(7) & in 1H-azepine Fe(00)3(21) with

1.49(3), 1.36(3) and 1.54(3) in 1-exc-benzoylcyclopenta-~2,4-diene~

0001-0535)(22).

The conformation of the cyclopentadiene ligand, as is the case

(23)

with other organic ligands, e.g. 1H—azepine(21) and cyclo-octatetraene

is greatly altered on complex formation, with the planarity(24'25)

being destroyed by the displacement of C(1) by 0.58 % in A1 and 0.56 2
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in'A101 out of the butadiene plane and away from the iron atom. The
resultant non-bonded Fe - C(1) distance is 2.664(6) ? in A1 and
2.655(6) x in A101. The dihedral angle between the butadiene plane and
the plane defined by atoms C(2), C(1) and C(5) is 34.7 and 32.9° in
A1 and A101 respectively, compared with correspondiﬁg values of 37, 37
and 41° in 1-exo-benzoylcyclopenta-2,4-diene CoOT—C )(22)
1-exo-phenylcyclopenta-2,4-diene CO(NHC5H )(26)
1~-exo-methylcyclopenta-2,4-diene Re(Me) OT-C )( 7) respectively.

The dimensions of the 1-exo-benzyl susbstltuent in A are normal
and of little interest.,

The Fe - C(cyclopentadienyl) distances in B are similar to the
Fe - C(butadiene) distances in A and range from 2.085 - 2.102, mean
2. 094(6+) %, in good agreement with values of 2.074 - 2.097, mean
2. 089(8 ) &, in trans-1,4-bis- [GT—C )Fe(CO)zlbuta-1 3-aiene(2®) ana
. 2,082 - 2,121, mean 2.106(15 ) %, in trans-di-uz-carbonyl-dicarbonyldi-

(29)

n-cyclopentadienyldi-iron « The lengthening of these values compared
with the Fe - C distance of 2.058(5) & found in an electron-diffraction
study of 01-0 ) F‘e(3 ) is expec’ced(3 ), because one of the
cyclopentadienyl rings in (h'—C5 5)2Fe has been replaced in the above
complexes by strongly m-accepting ligands. The C - C bond lengths in

the cyclopentadienyl ring in B range from 1.392 - 1,413, mean 1.402(8f) '
compared with a value of 1.419 £ found from an average of 23 different

L

X-ray analyses of m-cyclopentadienyl derivatives'” ’/ and with values
of 1.431(5) and 1.427(7) & found in the electron-diffraction studies
of (m-C H5) Fe(3 ) and (-C H )In(3 ) respectively. The shorter values
(31)

found in the X-ray analyses have been attributed to thermal motion

The ¢ - C - C angles range from 107.6 - 108.3o with an average value

1 Root-mean-square deviation from the mean.
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of 108.0° consistent with that of a planar five-membered ring, the
roét—meannsquare deviation from planarity being 0.005 %. None of the
deviations of the Fe - C, C = C or € - C - C dimensions from their
mean value is significant, unlike some other complexes, e.g.
@w—c5H5)0r(No)2(Nco)(33) and OT-CSHS)MO(CO)(PPh3)2(NCO)(1), in wvhich
deviations occur due to the lack of cylindrical symme@ry around the
metal atom removing the degeneracy of the e, molecular orbitals of
the cyclopentadienyl ring(34).

The Fe - P bond length in A [2.213(2) and 2.216(2) R in A1 and
~ A101 respectively; mean 2.215(1) 2] is significantly shorter than in
B, 2.240(1) &, both being similar to the distances of 2.24(1) and
2,25(1) R in different isomers of FeB(CO)11(PPh3)(35) and mean
distances of 2.237(5) and 2.244(4) & in Fe3(00)9(PMe2Ph)3(36) and
[1,2-bis(diphenylphosphino)hexafluorocyclopentené]Fe(NO)2(37)
respectively. Assuming the 'trans influence"of the butadiene and
cyclopentadienyl ligands is similar, the Fe - P bond in B, formally a
FeI,I complex, would be expected to be shorter than in A, formally a
Feo complex, due to the shorter covalent radii of FeII. On the other hand,
this bond would be expected to be longer in B due to both the i1~bonded
effect of the decreased dm-pnm Fe—)P back-donation as a result of the
contraction, compared with A, of the metal d orbitals, and the
v-bonded effect of the phosphorus orbital directed towards the more
clectronegative motal, i.c. FeII, having the greater p-character(38).
[Greater p-character indicates a longer hond, cf. the covalent radii
of single-bonded c(sp3), C(sp2) and C(sp) atoms of 0.77, 0.74 and 0.71 &
respectively.] The latter considerations appear to be the more important

in determining the difference in the Fe - P bond lengths in the present

analyses, and although the Fe - CO bond lengths in 4 [1.767(5) and
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1.762(6) £ in A1 and 1.775(6) and 1.768(6) & in A4101; mean 1.768(3) X]
ana in B [1.778(5) and 1.774(7), mean 1.776(4) X] are not significantly
different, the variation is in the same sense. These Fe - CO bond
lengths compare favourably with those in similar complexes, e.g. mean
values of 1.759 end 1.768 % in sorbic acid Fe(CO)3(18) and

[OT—C )Fe(CO) ]ZSO (39) respectively. Also consistent with greater
back-donation in A, but again nbt statistically significant, the C ~ O
bond lengths in A [1.148(7) and 1.145(7) £ in A1 and 1.145(7) and
1.137(8) & in A101; mean 1.144(4) ﬁ] are slightly longer than in B
[1.129(7) and 1.138(9), mean 1.134(6) X], both being in excellent
‘agreement with the value of 1.14(1) & given by Sutton(4o). The

Fe - C ~ 0 angles in A [179.0(5) and 178.0(5)° in A1 and 179.4(5) and
176.1(5)° in A101] and in B [177.9(6) ana 176.4(7)°] depart only
slightly from linearity.

Since there is more p~-character in the phosphorus orbital
directed towards the more electronegative iron atom, i.e. FeII, the
phosphorus orbvitals directed towards the carbon atoms in that complex
should have more s-character than those in A. This approach suggests
that the P - C bond lengths in B should be the shorter and this is
indeed found, cf. 1.844(5), 1.850(5) and 1.833(5) £ in A1 and 1.835(5),
1.834(5) and 1.831(6) & in A101, mean 1.838 ¥; and 1.820(5), 1.821(5)
and 1.810(5), mean 1.817 & in B. These values are comparable with the
sum of the covalent radii, 1.84 2, with mean P - ¢{phenyl) distances
of 1.810, 1.828 and 1.833 & in trans-(PPhMe),Ni(v=C )Br(‘“),
cr(C0) 5 (PPh,4 y(42) ang (r-c 1 Mo (€0),, (PPn \1(43) respectively and with
the mean distance, 1.828 X, in the uncomplexed triphenylphosphine
molecule(44). The deviations of the C - P - C angles in

z
triphenylphosphine ligands from ideal sp” hybridisation [The mean values
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of 102.6 and 103.4° found in Cr(CO)S(PPhB)(42) and
(n;05H5)Mo(co)z(PPh3)1(43) respectively are typical of those in
triphenylphosphine trangsition-metal ccmplexes.] have been suggested(43)
to be indicative of the phosphorus orbital directed iowards the metal
atom having more s--chzracter than the orbitals directed towards the
carbon atoms. Therefore in view of the suggested greater s-character
in the P - C bonds in B compared with A, the C = P - C angles in A
should be smaller than those in B with both significantly less than
the tetrahedral value of 109028'. The observed values [102.0(2),
102.7(2) and 103.5(2)° in A1 and 101.7(2), 104.1(3) and 103.2(2)° in
A101, mean 102.9°%; and 107.6(2), 101.5(2) and 105.4(3), mean 104.8° in
B], although consistent with this argument, may merely be a reflection
of different van der Waals' repulsions between the phenyl groups in

A and B.

The C - C bond lengths in the triphenylphosphine ligands range
from 1.368 - 1;409, mean 1.384 &, in A1, 1.369 - 1.406, mean 1.386 %,
in A101 and 1.337 - 1.413, mean 1.381 X, in B; contractions from the
spectroscopic value of 1.397 2 appropriate tq benzene similar to that
noted in other X-ray analyses(e'g' 1041,43) ,1na attributed to thermal
motion. While the phenyl rings are accurately planar (The root-mean-
square déviations from planarity are 0.004, 0.006 and 0.006 % in A1,
0.002, 0.002 and 0.004 R in A101 and 0.003, 0,011 and 0.005 R in B.]
the phosthorus gtoms are appreciably displaced from some of these
planes. [The displacements are 0.01, 0.10 and 0.11 £ in A1, 0.09, 0.04
and 0.36 2 in 4101 and 0.12, 0.09 and 0.01 R in B.] Considerable
phosphorus displacements of this type have been noted in other X-ray
analyses, e.g. 0.23 and 0.21 2 in'QT-CBHS)Mo(co)(PPhB)Q(Nco)(1) and

(thPC6H4-CH:CH-He)Mo(CO)4(45) respectively. In the two



crystallographically independent melecules of A the different phosphorus
diéplacements and the different rotational orientation of the phenyl
rings [cf. dihedral angles between the phenyl rings of 103.4, 90.2 and
59.6° in A1 and 102.1, 64.1 and 102.5° in A101] demonstrate, as does

the crystal structure of Ov-CSHS)Mo(CO)E(PPhE)Br(j7) which also

contains two crystallographically independent molecules per asymmetric
unit, the importance of intramolecular and intermolecular repulsions

in determining the conformation of triphenylphosphine ligends in
transition-metal complexes.

Different intermolecular repulsions also probably account for the
slightly different orientation in A1 and A101 of the Fe(CO)z(PPhB)
group with respect to the butadiene ligand. Both conformations resemble
the preferred conformation(46) in 1,3%-diene Fe(CO)3 complexes in which,
when viewed on to the butadiene plane, the two formal double bonds of
the diene are eclipsed by Fe - CO bonds. [Iliustrated in the case of
N-ethoxycarbonyl-3-formylazepine Fe(CO)3 on page 24.] The coordination
about the iron atom can be described as a distorted square pyramid with
the iron atom above the plane [0.55 % in A1 and 0.51 & in A101] through
atoms P(1) and C(33) and the midpoints of the formal double bonds of
the diene, and with atom C(31) occupyingﬂthe apical position. In
1,3~diene Fe(CO)3 complexes the angle between the basal Fe - CO bonds
is usually smaller than the angles between apical and basal Fe - CO
bonds, e.g. angles of 90.2, 102.5 and 98.4° in sorbic acid Fe(50)3(18),
and this feature is also evident in A, cf. P(1) - Fe(1) - C(33)
angles of 92.4(2) and 94.7(2)° in A1 and A101 respectively and
P(1) - Fe(1) - ¢(31) and C(31) - Fe(1) - C(33) angles of 97.5(2) and
101.1(3)° respectively in A1 and 95.8(2) and 101.8(3)° respectively in

A101,
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Regarding the cyclopentadienyl ligand in B as tridentate, the
iron atom has a distorted octahedral coordination in which the angles
between the monodentate ligands [The P - Fe - C(24), P - Fe - ¢(26)
and C(24) - Fe - C(26) angles are 90.7(2), 91.9(2) and 96.4(3)°
respeotively.] are close to the ideal octahedral vaiue of 90.00. The
OC - Fe - CO angle is significantly greater than the OC - Fe - PPh3
angles, a disposition also found in A, suggesting that these
differences are not determined by the greater size of the
triphenylphosphine ligand, but reflect the better m-accepting ability
of the carbonyl ligands when considering the non-bonded repulsions
between the ligand orbitals which receive electron density by
back~-donation from the metal, In these analyses the greater m-accepting
ability of the carbonyl ligands, reflected in the gfeater double-bond
character of the Fe -~ CO bonds, is apparent from a comparison of the

' Fe - CO and Fe .- PPh, bond lengths, ca. 1.77 and 2.23 'Y respectively,

3
and the covalent radii of C(spB) and P atoms, 0.71 and 1.10 &
respectively. Non-bonded repulsion considerations of this type have
been used previously(47 - 50) to explain similar angular dispositions,
e.g. the larger OC/bN - Co - CO/NO angles, mean 113.40, compared with

the OC/ON - Co - PPh, angles, mean 105.2°%, in Co(CO)z(NO)(PPhB)(49).

3
Although the disorder has resulted in the individual geometrical

values in the 1,1,2,3,3-pentacyanopropenide anion being of limited

meaning, the gross structure indicates that the anion is non-planar

with the C(CN)2 groups twisted out of the completely planar conformation

by 5.2 and 4.8° in anion €c(31) - - and by 4.4 and 3.5° in anion

0(31)' - -, In 2-cyanomethy1-1,1,3,3-tetracyanopropenide(8) a

corresponding twisting of 5.5° is observed which, together with the

opening to about 125° of the angles corresponding to C(34) - C(31) - ¢(32),
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c(31) - ¢(32) - ¢(33) and €(32) - ¢(33) ~ C(38), avoids short
intraionic contacts between the arms corresponding to C(34) - N(34)
and C(38) - N(38). In this analysis the C(31) - C(32) -~ C(33) and
0(31)' - C(32)l - C(33)l angles of 1%9.0 and 129.7° respectively may
indicate a similar valency angle distoriion. In the'C(CN)2 groups the
C - CN distances range from 1.282 - 1.580, mean 1.457 £, and the

C -C - C angles from 117.9 - 122.8, mean 120.0°, com;;ared with
corresponding mean values of 1.425 % and 114.20 in 2-cyanomethyl-
1,1,3,3-tetracyanopropenide(8), and 1.43%9 % and 115.6o for the one
independent measurement of these values in TCNE(12). The ten C - N
distances range from 0,942 - 1.303, mean 1.109 R, and the C - C - XN
angles from 161.4 - 170.3, mean 166.20, whereasg in 2-cyanomethyl-
1,1,5,3—tetracyanopropenide(8) and TCNE(12) the geometry is almost
linear with C - N distances of 1.135 (mean) and 1.143 R respectively,
There is least overlap between the two orientations involving the
central part of the anion, resulting in reasonable agreement among the
four measurements equivalent to c(31) - ¢(32), which range from

1.368 - 1.436, mean 1.391 X, in good accord with the corresponding
value of 1.3%91 X in 2-cyanomethyl—1,1,5,3—tetracyanopropenide(8).
The intermolecular contacts in the crystal structure of A and

the interionic contacts in that of B appear to be purely van der Waals'

interactions.
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