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SUMMARY
This thesis describes the single-crystal X-ray structure analyses

of eleven inorganic compounds.

A brief account of X-ray diffraction theory and experimental tech-
niques is presented in Chapter One, with emphasis on those aspects

relevant to the above-mentioned structural studies.

Theoretical treatments and experimental methods pertaining to the
trans-influence of ligands are outlined briefly in Chapter Two. The
structure analyses of five platinum complexes are then described:

a continuing theme here is the nature of the trans-influence of
carbon-donor and phosphine ligands. Four specific points of struc-

tural interest arise.

(i) The study of the complexes Eigf[PtClz(CU)(L)] (L = PPh, and
PNezph) has shown that the Ezggg:influeqce of carbon monoxide
is very small, being comparable to that of chloride. The
trans-influence of carbon-donor ligands is then considered
in terms of a platinum-ligand bonding model. It is further
observed that the metal-ligand bond lengths, and also related
i.r. and n.m.r. spectroscopic data, indicate the possibility

of carbon monoxide exerting a cis-influence on the Pt-Cl and

Pt-P bonds in the complexes.

(ii) 1In Eiff[ptClz{phngHQCHzp(CFg)Q}] the electronic properties of
the substituents on the phosphorus atoms exert a pronounced
effect on the metal-ligand bonding. Thus, the Pt-P(CF,),-
bond is extremely short [1(Pt-P) = 2.168(2) g; cf. l(Pt—Pth-) =
2.244(2) 3] and is trans to an unusually short Pt-Cl bond. An
extension of the model of the trans-influence of carbon-donor

ligands is presented.
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(iii) Chatt and co-workers concluded that when the complexes cis-
[pt012{c(NHMe)2}(pEt3)] and trans—[PtClz{C(NNe)é}(PEtz)z]ClU4
react with dichlorine a novel 2-metallation and 4-chlorination
of the phenyl ring occurs. This has been verified by the
X-ray analysis of the Pt(IV) carbenoid derivative [PtClZ{C -

(c1.c NH)(NHMe)}(PEt3)2]ClU4. The N-C(carbenoid)and

63
Pt-C(donor) distances suggest that the platinum(IV) carbenoid
bbnding is very similar to that observed in platinum(II)
complexes, with the main interaction being overlap of the
vacant p orbital of the EE? carbenoid carbon atom with the
filled p orbitals of the adjacent nitrogen atoms, which are
also §E? hybridised. The Pt-Cl bond lengths lead to the trans-

influence order chloride < carbenoid < o -phenyl, which is

identical to that in platinum(II) derivatives.

(iv) The analysis of the cyclooctyne complex [Pt(CSle)(PPhS)ZJ.-
0.5[36H6 was carried out in order to compare the structure with
those of the cyclooctyne molecule and of the analogous
cyclohexyne and cycloheptyne complexes of platinum. The metal
co-ordination geometry is found to be very similar to those in
the related cycloalkyne complexes. However, the cyclooctyne
conformation is a half-boat, which differs from that (a half-

chair) observed in free cyclooctyne in the gas phase.

In Chapter Three the molecular structures of a novel ligand, 1,1-
dimethyl-2,5-diphenyl-1-silacyclopentadiene (silole), and its tri-
carbonylruthenium complex are described. This is the first structural
study of the complexed and uncomplexed forms of the same hetero-
cyclopentadiene, where the hetero-atom belongs to the second short

period. It has enabled an assessment to be made of the changes in
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bonding which occur when the silole molecule is attached to a
transition metal. A rationalisation of the results is given in

terms of a Huckel molecular orbital model.

Recently, Chatt and co-workers synthesised a series of isocyanide
complexes §£§D§7[N(CNR)2(dppe)2](N = Mo or W; dppe = phZPCHZCHZPPhZ;
R = alkyl or aryl). They noted that the V(NC) values are much lower
than those for free isocyanides and close to the values for bridging
isocyanides. Moreover, the ready protonation at the nitrogen atom

is unusual., To examine the isocyanide bonding in these complexes,
the analyses of two representative derivatives [N = Mo, (1) or

M=, (II); R = CH3] have been carried out. Details are given in

Chapter Four.

The metal co-ordination geometries in (I) and (II) are similar to
that in §£§g§r[M0(N2)2(dppe)2]. The most noteworthy feature is the
C-N-C(Me) interbond angle in (I) of 155.1(5)°. Prior to the present
study, no fully attested example of substantial bending at the
nitrogen atom of co-ordinated isocyanide was available. Houever,
recently a corresponding C-N-C angle of 130(2)0 has been repcrtgd in
[Ru(CNBut)4(PP53)J. The present C-N-C angle and the Mo-C(donor)
distance are both consistent with a large contribution from the
canonical form M=C=M\R. The tungsten isocyanide complex (II)

is almost isostructural with (I) and has a C-N-C(Me) angle of 151(1)°.

Recently, Chatt and co-workers synthesised a range of novel five-
and six- co-ordinate rhenium nitrosyl complexes. They noted
difficulties in structural assignment. Thus, the spectral and magnetic

properties of [ReClZ(NU)(PNePh ] (111) appear anomalous. The

2)2
structure analysis of two representative complexes [ReClZ(ND)(CHSDH)—



(PI"leZPh)z] (1v) and [Rec13(No)(pMeph2)2] (V) are described herein.
In both (IV) and (V) a linear Re-N-0 arrangement is found, and the
 Re-N distances appear normal. Compound (IV) appears to be derived
from (III) by addition of solvent methanol during recrystallisation
and this unexpected reaction frustrated an attempt to determine the

structural basis of the unusual magnetic properties of (III).
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CHAPTER _ONE

Some Aspects of X-Ray Structure Analysis

of Single Crystals
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1.1, HISTORICAL BACKGROUND

Morphological crystallographyl was studied systematically as early as
the 17th century. 1In 1669 Steno carried out measurements on quartz
crystal and postulated the law of constancy of the interfacial angles

of a crystal.

In 1801 Hally formulated .the law of rational indices which can be
expressed as follows: the ratios of the indices of any face of a
crystal are ratiopal and, in general; are the ratios of small integers.
It follows from this law that a crystal can possess proper or improper
rotation axes only of order 1, 2, 3, 4 or 6. Combinations of these
symmetry elements lead to 32 point groups which are classifiable to

7 crystal classes.

Bravais showed that only 14 distinct crystal lattices exist. 1In a
lattice additional symmetry operations are possible, namely screw

axes and glide planes which involve; respectively, rotations and
reflexion coupled with translation by simple fractions of a cell
edge. Combination of symmetry elements leads to 230 independent space
groups, which are mathematical representations of the only ways in

which identical objects can be arranged in an infinite lattice.

In 1912, following a suggestion by von Laue, Friedrich and Knipping
demonstrated the diffraction of X-rays by a crystal.2 This phenomenon
was interprepted by von Laue in terms of scattering from a three-
dimensional grating. In the following year, W.L. Bragg showed that
the scattering of monochromatic X-rays from a crystal could be con-
sidered in terms of reflexion and derived the law which bears his
nameo3 This enabled the crystal structures of relatively simple

compounds (such as sodium chloride) to be determined. Since that



time, with the application of the Fourier technique and the develop-
ment of direct methods of phase determination, the elucidation of the
crystal and molecular structures of complex molecules has become
feasible. In addition, with the advent of powerful digital computers,
the use of the least-squares method of structure refinement has become
commonplace. Moreover, it is now less laborious to apply corrections
for effects such as absorption and extinction; indeed, in many cases
(e.g. the analyses of platinum derivatives described in this thesis) it
is essential to apply such corrections in order to obtain precise

structural information.

1.2. DETERMINATION OF CELL DIMENSIONS AND SPACE GROUP

A preliminary examination of a crystal is usually undertaken with a
Weissenberg or precession camera.4 From the X-ray photograpﬁs, one
can determine the crystal system and the unit-cell dimensions.

Final values of the cell constants can be obtained by a least-squares
treatment of diffractomster setting angles.5 In addition, the
systematically-absent reflexions enable one either to assign the
crystal uniquely to one space group or to determine which space

groups are possible.4’6

1.3. DATA COLLECTION AND REDUCTION

For crystal-structurs analysis, a comprehensive set of integrated

intensities, IU, is reqguired. There are two main.methods of
cbtaining such a set: by photographic techniquesd or with a computer-
controlled diffractometer.7 In the photographic method, the
intensities are estimated visually by use of a calibrated series of

intensitiss on photographic film or measured with a densitometer.
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For the diffractometer, a number of instrument geometries are
possible; the Hilgsr and Watts?® Y290 diffractometer employs four
circles (labelled 8, w, x and ¢) which are capable of independent

motion.

In the e/b scan mode,7 the counter and crystal motions are coupled
as the crystal is moved through the Bragg condition in a number of
steps. The number of counts, in a fixed time, at each step is
obtéined electronically with a scintillation counter in conjunction
with a pulse-height analyser. The integrated intensity is calcu-

~lated from the relationship:

IO = C - (Bl + Bz) tp/ztB cevs e s (lol)

where C is the total number of counts obtained during the scan, Bl
and 82 are the background counts at each end of the scan range, tp
is the total time spent counting the peak, and tB is the time spent

counting each background. The estimated standard deviation of ID,

o) (ID),is given by:

2

2 2 2 2
0(1,) = C+ (By +By) t /4" +q°1." ... (1.2)

The first two terms in this equation arise from counting statistics
‘and the term q2102 is included because of additibnal errors:8 it
is well known that discrepancies of a few percent arise between
observed intensities of symmetrically-equivalent reflexions, even
for those of the (hkl) and (hkl) planes of a centrosymmetric non-
absorbing crystal; some of the variation is undoubtedly due to
extinction effects and minor instrumental aberrations; moreover,
when weights are derived directly from O(FD) values [see equation

1.44) neglect of the empirical term leads to unrealistic estimates



for strong reflexions. A value of ca. 0.05 is usually assigned to

the ‘factor qg.

From the observed intensities, the amplitude of the diffracted waue,6

IFOI,can be derived:
IF I = K(IOE/(ALp))l/Z veees (1.3)

K is a scale factor which puts the structure amplitudes on an absolute

scale. A crude value can be obtained from the empirical relationship:
K = 0.3 F(ooo) /F: ceees (1.4)

yhere F(UOG) is the total number of elesctrons in the unit cell and
F'is the largest (unscaled) structure amplitude obtained from the
diffraction experiment. A more reliable estimate of the scale factar
can be obtained from a Wilson plot.9 The final value of K is obtained
from the least-squares refinement (see Section 1.8). A and E are,
respectively, corrections for absorption and extinction (see section

1.5). The Lorentz factor, L, corrects for the differing times

b
individual reflexions spend in the diffraction condition and is
dependent on the experimental technique employed and on the Bragg

angle, 6.6 For the equi-inclination Weissenberg methud; L is given

by:

L = simg */ {sh129¢/(sinze - sin%)} ceces (1.5)

where B is the equi-inclination setting angle. For the normal-beam

diffractometer, L is given by:
L = 1/ sin20 ceee. (1.6)

The polarisation Factor,‘p,6 corrects for the partial polarisation



of the unpolarised, incident X-ray beam upon scattering and is given

by:
p = (1 + 305226) / 2 eesee (1.7)

However, if a crystal monochromator has been used, the X-ray beam is
partially polarised. For a normal-beam diffractometer with a plane
crystal monochromator, as in the Y290 instrument, the appropriate

expression is:
5 ,
p = (008229 + COSZZGN) / (1 + cos QGM) escee (108)

where 9m is the Bragg angle of the reflecting plane of the monochro-

mating crystal.10

The estimated standard deviation of | Fol’ denoted o‘(FD), can be

obtained from the‘relationship:

o (F,) /| F0|= o(1) /21, ceee. (1.9)

1.4, DEAD~TIME LOSSES

.mith electronic counting systems, intensity losses arise when the
counting rates become too great. For scintillation counters with
pulse-height discrimination (as on the Y 290 diffractometer) dead-time
losses are significant at counting rates greater than ca. 10,000 counts
s—l. For the Y290 instrument suitable attenuating foils were not
available: hence,an empirical correction for counting losses uwas
developed during the course of the present work. The integrated
intensities suspected of being affected by such losses and of a

representative sample of intensities with peak counting rates below

10,000 counts s_l were remeasured at reduced X-ray generator settings.
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A guadratic equation was found to give a satisfactory representation
of the relationship between I0 and the integrated intensity at reduced

settings, 30. The coefficients, r and s, of the equation:

J = I‘I + SIDZ LI ) (l.lU)

were obtained by the method of least-squares; the function minimised

was ZuwA 2; where
w = 1ﬁ2(30) cevee (l-ll)

and

2

. eeeee (1.12)

A = JO—I‘ID-SI

The corrected intensities and their estimated standard deviations
were taken as Jo/i and (T(Jox/r,' respectively. Typically, for

reflexions having counting rates of 10,000 counts s-l the counting-

9
loss correction, expressed as a fraction of the corrected intensity,
was ca. 1-2% and, for intense reflexions with rates of ca. 100,000

counts s_l the correction was of the order of 20-40%.

’

1.5, SYSTEMATIC ERRORS: ABSORPTION, EXTINCTION AND MULTIPLE REFLEXION

When X-rays pass through solid matter they are absorbed, the amount of
absorption depending on the'material and the X-ray wavelength. The

integrated intensity corrected for absorption, IO',is given by:
LR —
IV= IV / ]exp [-p (rp + rd)] dv eeeee (1.13)

where V is the crystal volume, ¢ is the linear absorption coefficient,
and rp and r, are the path lengths in the crystal along the primary

and diffracted beams, respectively, for reflexion by the volume



element dv.6

The mass absorption coefficient is defined as p/P , whers P is the

b
density of the material. For a composite, homogeneous material, to

a very good approximation,

b = g o; (w/p ), ceees (1.14)

where the summation is over all the constituent elements, and g; is
the mass fraction contributed by the ith element. Hence,from a

knowledge of the crystal composition and density, one can calculate .

The integral in equation (1.13) can be evaluated numerically by
Gaussian integrationll or by the analytical method of de Meulenaer
and Tompa.12 For evaluation of the path lengths, rp and Tys the

crystal faces must be indexed and crystal dimensions obtained. A

suitable instrument for this purpose is a two-circle optical goniometer.

For heavy-metal complexes, significant X-ray absorption is expected.
'Cansequently, one should calculate the magnitude of the correction
for a representative sample of reflexions in order to determine whether

or not to apply this correction to the complete set of intensities.

Another effect which reduces the observed intensities is extinction.
Two types, primary and secondary, were defined by Daruin.13
Primary extinction results from the reduction of the X-ray beam due

to multiple reflexions as it passes through a crystal.

55\\\\ INCIDENT BEAM
CRYSTAL\\\\\\\
NG
E) ;«s)

MULTIPLY <\\\\\£h\
REFLECTED BEAM

Fig. 1.1, Primary Extinction
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In Figure 1.1. a reflected beam at A is at the correct angls for
reflexion by the plane at B. On reflexion the phase of the reflected

" beam changes by 90°, so that the tuice-reflected beam is 180° out of
phase with the incident beam and destructive interference occurs.
InAgeneral, a beam multiply reflected n times will be 180° out of

phase from one reflected (n-2) times. The net result is that I0 is
proportional to ]FDI rather than |F0|2 for an ideally perfect crystal.
However, most crystals can be considered to consist of small mosaic
blocks tilted slightly with respect to each other, so that the perfect

planes extend over only small regions within the crystal. In general,
n
I, @ ]FOI ceees (1.15)

where 1 £ n £ 2 and is usually closer to 2 for a mosaic crystal.
Thus, for mosaic crystals, primary extinction effects are usually

negligible,

Secondary extinction, which affects intense reflexions, is more
commonly encountered. For strong reflexions; a significant proportion
of the incident beam is reflected by the planes near the crystal
surface so that deeper planes receive a diminished incident intensity
and their contribution to the diffracted intensity is much less than
it would otherwise have been. Darwin deduced thét the observed

intensities are related to the calculated intensities, I_, by the

e?

equation:

ID = Itoexp (-29I8> soscee (1-16)

where g is a constant for the crystal at a particular wavelength.

To a good approximation, this relationship can be reduced to:
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IC/ID = 1 + ngC 7 cocece (1017) )

Hence, from a plot of Ic/I0 versus IC, an estimate of g can be

obtained. The corrected intensity, I is then given by:

o?

I, = I, (1 + 29I ) éoeoe (1.18)

Nowadays; it is common practice to include the extinction constant
as a parameter in the least-squares refinement. Correction for
secondary extinction was applied in two of the structural analyses
described in this thesis. The procedure adopted was that of Larson14
in which the correction is incorporated in the calculated structure

amplitudes; the corrected amplitude, ]FC*], is given by:
2. \-1/4
Forl = [kF | (1 + 2r* [F |78 ) / eoss (1.19)
Here; r* is an extinction constant; § is given by:
§ =2 3 (82/mn:2\l)2 (pz/bl) T/ sim0  .eeo (1.20)

where A is the X-ray wavelength; 92/}nc2 consists of universal
constants; V is the crystal volume; T is the mean path length in

the crystal; and P is given15 by:

pn = 1+ coszn 206 - . eeceo (1421)

Another source of systematic error is multiple reflexion which is
expected especially when a crystal is aligned about a symmetry axis.
To minimise its effect on diffractometer data, the crystal should be
offset so that its axes are not coincident with those of the

diffractometer.
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1.6, THE STRUCTURE FACTOR AND ELECTRON DENSITY

The structure factor of a reflexion, F(hkl), which results from the

scattering of the atoms in the unit cell; is given by:

F(hk1) = ) P, exp [2M i (hx, + Ky + 12.)]  eoe (1.22)
53 J J J

where fj and (x zj) are, respectively; the scattering factor and

ERAL

fractional co-ordinates of the jth atom. If anomalous scatterers are

el

present in the crystal; a modified scattering factor,fj; is appropriate:

o

f. = f. Af\’. i Af. eo0eeo 1023
S I (1.25)

J

Values of the primed quantities in the above expression are available

for comman X—ray'mavelengths.6

The structurs factor is characterised by an amplitude JFCI, and a

phase angle, o«(hkl):

ch| = (Az + 82)1/2 ’ ececo (1.24)
and
a(hkl) = tén-l (B/A) ecoee (1025)
where
AR = ) f, cos 2 mhx, + ky, + 1z.) eecee (1.26)
j J J J J :
and
B = ) f,sin 2 m(hx, + ky. + 1z.) ececs (1.27)
i J J J J

The scattering factors, fj, have been computed, from various atomic
wave-functions, for atoms at resto6 In a crystal, each atom is

vibrating about its mean position: the appropriate scattering factor
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is the product of fj and q(hkl), where g is the Fourier transform of

the smearing f‘unction.17 For isotropic vibration,
-2 .2
q(hkl) = exp (-B)\ sln 8) eceee (1028)

where the Debye factor, B, is related to the mean-square amplitude

?

—

of vibration; uz; by:
B = B'nz U2 ©ecec (1.29)

For anisotropic vibration, a number of equivalent expressions are

in common use, Perhaps the most useful is:

2

= - * * ece O
q(hkl) = exp [-2 7 -E g Llijai a; hihj] (1.30)

where ai* and hi represent, respectively; the reciprocal cell constants
and the Miller indices h; k and 1, It is customary to include the B

or Uij parameters in the least-squares refinement,

The atomic arrangement in a crystal is triperiodic and, as first
suggested by W.H, Bragg;ls the electron density distribution; p(x,y;z)

can be represented by a Fourier seriss:

0 (x;y;z) - yd ) Y Y IF] cos[2 m (hx+ky+1z )-a (hkl1) ]
h k 1

XX XX (1.31)

Hence, all that is required for the calculation of the electron
density distribution; from which -atomic positions can be obtained,

is a comprehensive set of structure amplitudes and corresponding
phases, However, the diffraction experiment yields only structure
amplitudes. Thus, the main problem encountered in structure analysis
is the derivation of a set of correct or nearly correct phases,

There is a variety of methods available which can be employed in an



attempted solution of the phase problem; one such technigue is the

use of the Pafterson function in conjunction with the heavy-atom
method, and this is outlined in the next section. However, once an
approximate structural model has been found a set of phases can be
derived. 1If these calculated phases and associated structure amplie
tudes were incorporated in equation (1031),the electron density
distribution of the original model would be reproduced. When the
calculated phases are combined with the observed structure factors,

the resulting electron distribution should resemble that of the crystal

more closely than did the original model.

1.7, THE PHASE PROBLEM: THE PATTERSON FUNCTION AND THE HEAVY ATOM
METHOD

Although there is no general solution to the phase problem, the
Patterson function is a particularly useful tool for the solution of
heavy-atom structures. Thus, in 1934 Pattersonl9 derived a function

which yields information on interatomic vectors:
P(u,v;w) = ) 11 |F0|2 cos 2 T(hu + kv + lu) sece(1e32)
h k 1

A peak in the Patterson synthesis at the position (u,v;w) results

from atoms.with fractional co-ordinates (x,, Yis %4 ) and (x,, ¥Y,, z,)

such that
u = Xl - x2 ceoceo (1033)
v = Yl - YZ eesee (1.34)
w = Zl - 22 ®e0c000 (1035)

In general; for a cell with N atoms, there are N(N - 1)/2 distinct

non-origin vector peaks. However, it is usually impossible to derive
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atomic co-ordinates from this function unless at least one atom has

a relatively high atomic number‘so that its vectors are easily
resolvable from all the others. Furthermofe, when the crystal possesses
symmetry elements (other than a centre) particular concentrations of
vector density arise, known as Harker lines and planes,m:l and these
have at least one specialised co-ordinate: this can aid the identifi-

cation of the heavy-atom peaks.

The heavy-atom thus located can be used to calculate an approximate
set of phases which are then used in a Fourier synthesis; commonly
employing |FD| - IFC[ as coefficients, and this should reveal positions

of some of the lighter atoms,

1.8, REFINEMENT OF THE STRUCTURAL MODEL

The structural model is refined by an iterative process which involves
locating some atoms, refining the structural parameters by a least-
squares method; using the refined parameters to calculate a Fourier
synthesis, and repeating the process until all the atoms have been
located and the parameters have been refined. However, some or;
indeed, all of the hydrogen atoms may not be 1ocated; particularly

in a heavy-atom structure. In such a case, one can readily calculate
positions fqr the hydrogen atoms in groups of known chemical structure,

and include them in structure factor calculations,

The least-squares process involves minimising some function of the

differences bstween the observed and calculated intensities with

respect to the structural parameters P1s oooo; pn.s’14 The function

most commonly used is:



-15 =

m 2
M = Z ‘”r(|Fo] - |kFC|) = zerr
r=1 T

eeese (1436)

where the summation is over the set of m crystallographically-
independent reflexions, W is a weight for each term; and k is a
scaling parameter applied to |FC| (rather than IFOI ) for any single

refinement cycle. For M to be a minimum,

3 3 A = . = i = ese |
m/ J 12 w A D lk‘Fcll/an =0 (j=1,-"+,n)

ceces (1437)

For an initial set of parameters, aj, close to the correct values,

to a good approximation; we have:

Pss
|KF_(pyyeeesp )l = [KF (a,0ee5a )| + Apy 3|KF | /Op; +
cee + Op_3] KF | / 3P, cocoe (1o38)

where

Ap. = P, = a, eeece (1939)

Substitution of (1.38) into (1.37) yields n equations in n unknouns,
termed the normal equations:

n m m

F |KFo]
z Z wr a]kFCI. BJk CI A pi - z wr Ar ) c
i=1 =1 oP; apj =1 - 3pj

(j = 1; ooo; n) evseo (1040)

Analytical expressions for the derivatives are availableo6

Solution of (1.40) by a numerical method providesvalues of Api°21

A

From these values one can determine better approximations, aj,

to the correct values:

A

a. = a.+ Ap. ceowo 1041
i ; P o (1.41)
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However; since a truncated Taylor series was used; it is necessary
to repeat the least-squares calculations until the shift in any

parameter is small by comparison with its estimated standard deviation,

g (pi).
If the weights are on an absolute scale; o(pi) is given by:

2
.O' (pi) = bii coese (1042)

nr; when the weights are relative,

2 -1 2
(0] (pi) = (lTl - n) bii é‘ Ur AI‘ eeceo (1043)

where bii is the ith diagonal element of the inverse matrix obtained
in the numerical solution of the normal equations. UWeights on an

approximately absoclute scale can often be obtained from:

w, = 1/02(F0) cecee (1444)

This weighting scheme is only formally valid if z W Arz/(m—-n) is
close to unity; indicating that the only significznt errors are random
experimental ones. In other cases, some function of ]Fol or A is
employed., For a weighting scheme to be satisfactory; mean values of

hlAz must be approximately constant when analysed in ranges of |F0l

or sing.

A useful indication of the course of the refinement is given by the

residuals:

R = 21a I/ TIr]| coece (1.45)
T T

and

R’ = {E mI‘» AI\Z/ z lﬂr 'FO'Z}l/z foceee (1946)
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For the most accurate analyses, typically the residuals have magni-

tudes of cao 0,05 at the end of the refinement,

1.9, ANALYSIS OF RESULTS

From the refined structural parameters and their estimated errors

values of functions such as bond lengths, bond angles and mean planes

’
can be derived together with their standard deviationso22 To

interpret these values in a consistent way a variety of statistical
significance tests can be employed. Consider, for example, bond length
measurements. The probability; p; that a measured difference in bond

arises only from random error can be related to the

length; A,

 through Student®s t-distribution:

standard deviation, o ’

p > 0.05 A < 1.645 ¢
p > 0,01 A < 23270
P > 0.001 A < 3,090 o

The criteria most commonly employed are:

(1) If p > 0.05, the difference is insignificant.

(ii) 1f 0.05>p>0°01; the difference may be sign%ficant.
(iii) If 0.01 > p; the difference is highly significant.

A fuller account of statistical methods is presented in Vol.II of

tInternational Tables for X-ray Crystallography.?® 6
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CHAPTER _TWO

The Crystal and Molecular Structures of Five

Platinum Compexes: Platinum-Ligand Bending

involving Carbon-Donor and Phosphine Ligands;

the Relative trans-Influence of Ligands and

the Possibility of a cis-Influence of

Carbon Monoxide.
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2.1, THE TRANS-INFLUENCE OF LIGANDS

e —

2.1.1. INTRODUCTION

The trans-sffect in square-planar and octahedral complexes is defined
as the effect of a co-ordinated group A upon the rate of substitution
reactions of the group opposite to A. A wealth of kinetic data is
available; particularly for platinum (II) derivatives. From this data,
a trans-effect series has been derived which has proved very useful

for rationalising known synthetic reactions and in devising new ones.

In 1966; Pidcock, Richards,and Venanzi defined the trans-influence of
a ligand in a metal complex as the extent to which it weakens the
trans-metal-ligand bond in the equilibrium state of the complex.2 Thus,
they distinguished it clearly; for the first time, from the trans-

effect, a kinetic phenomenon which may or may not be related to the

trans~-influence.

Many studies of the trans-influence phenomenon have now been carried
out with the use of a variety of analytical techniques such as X-ray
crystallography and Vibrational; nNuclear magnetic resonance, nuclear
quadrupole resonance and photoelectron spectroscopy. The trans-
influence has been observed in a host of sqguare-planar and octahedral
complexes and also in a few square-pyramidal complexes of transition

metalso3 " It is the subject of a recent review.

A brief account of experimental techniques and rssults; and theoretical

treatments is presented in the following sections.

2.1.2., THEORETICAL TREATMENTS OF TRANS-INFLUENCE

The first theoretical rationalisation was the electrostatic theory
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of Grinberg5 which relates trans~ influence to ligand polarisability.
However, this electrostatic model is nouw generally considered
implausible since in many complexes, such as those of platinum(IIL

the metal-ligand bonding has a high degree of covalency.6

A model involving the hybridisation of the metal ion was proposed
by Syrkin.7 In square-planar complexes of the third transition
series; a metal ion uses hybrid orbitals composed of the 5dx2—y2;

65; 6px and pr orbitals, The relative order of the orbital energies
is 6d J 6s < 6p. It was considered that; if a ligand L forms a strong
covalent bond with a metal ion, the M-L bond has a higher proportion

of metal 5d aﬁd 6s orbitals. Since L and the trans-ligznd A share

the same 's+d? hybrid orbital (Figure 2.1); the weakening of the M-A
bond is attributed to a decreased involvement of the metal 5d and 6s

orbitals in that bond. The cis-ligands use a nearly independent !s-d?

hybrid orbital and are affected only slightly.

s+d

Figure 2,1. Syrkin's'sddhybrid orbitals

In the 1950's and sarly 1960's emphasis was placed on metal-ligand
m-backbaonding when considering the stability of metal complexes with

ligands such as‘ethylene, carbon monoxide and phosphine. In addition,
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the high Eggggreffect of w=-acid ligands was attributed to stabilisation
of the transition state by m-backbonding. It was noted that a metal-
phosphorus bond is weaker when trans to a phosphine than when trans

to chloride: this was attributed to competition between the phosphines
for metal d; electrons. However, in 1966 Pidcock, Richards and
\]enanzi2 asserted that a rationalisation of Pt-P bond strengths in
terms of O-bonding was more appropriate. Thus; they considered that
trialkyl-phosphine has a strong O-inductive effect which leads to
trans-bond weakening and that the effect of Pt-P w-bonding on the

Pt-P w=-bonds is insignificant. They supported their conclusions

with coupling constant data for related platinum(II) and platinum(IV)

complexes (Sec. 2.1.3.(b)).

In recent years, theoretical treatments of metal-ligand bonding have
emphasised the maximising of metal-ligand overlap. Thus; Randic
examined the bonding in square-planar complexes using hybrid orbitals

composed of the 3s, pr; 3p ' dez_yz and Sdzz metal orbitals.8 He

y,
showed that the 3d22 orbital has only a very small contribution to

the metal-ligand overlap. Furthermore, when {o is large; K being the
éffective metal atomic charge and P the internuclear distance; the
contribution to the total overlap is in the order Py > s> dx2—y2'

If a strong covalent metal-ligand bond is formed such that pp is
large, the M-L bond contains a higher proportion of pc character than
the trans-M-A bond; whereas if {p is small; s-character is increased
in the M-L bond at the expense of that in the M-A bond. Unfortunately,
these results cannot be extrapolated reliably to platinum(II)

complexes where 5dx2_ 6s and 6p metal hybrid orbitals are involved,

yz,

Mason and co—morkersg considered that the magnitude of the guantity

SZ/ZSE could be used as a measure of the trans-influencing ability
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of‘a ligand L; S is the overlap integral between the metal Po~
orbital and the appropriate ligand orbital; and AE is the difference
in energy of these orbitals,which is related to the Pauling electro-
negativity of the donor atom of L. They showed that both the
relative metal-ligand O-overlap integrals and the relative ligand
o-orbital energies reproduce the trends of the trans-influencing
ability of ligands deduced from observed bond lengths in sguare-
planar platinum(II) complexes in which the trans ligand (chloride)
has negligible mw-acidity. A corresponding; though less satisfactory;
ordering of trans-influencing ability for ligands in a variety of
octahedral d6 metal complexes confirmed the usefulness of this view,
The conclusion that platinum 6p; character is enhanced in the
platinum-ligand bond for ligands of high trans-influence is the

reverse of that of Syrkin,.

" In the above study relatively high trans-influence was predicted for
m-acceptor ligands such as ethylene and carbon monoxide which are
found to havé dlow trans-influence. This led to the suggestion that
for such ligands the o-inductive effect is partially cancelled by
competition between the Lewis acid and the trans ligand for excess

charge in the metal.9

Zumdahl and Dragol0 made a detailed study; using an extended Hickel

molecular orbital method, of the trans}influence of the ligands L in

the series trans-[PtCl,(L)NH;] , where L is H,0, NH,, C17, H,S,

W™ and CHS-’ They concluded that the weakening of the Pt-N bond

PH3,

is due to diminishe d interaction of the nitrogen atom with the
platinum 6s and 5dx2-y2 orbitals (as in Syrkints theory). The
changes they observed in the energy and population of the Pt=N

bond are caonsistent with the experimental order of trans-influence
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for ligands similar to L. In addition, they concluded that Pt-P
T-backbonding is energetically insignificant for the PH3 ligand,
and they predicted that in the series of complexes the cis~Pt-Cl
bonds would be weakened in the same manner as and to an extent
comparable with that of the Pt-N bond weakening. However, most
studies have indicated that the trans-influence of a ligand is, in

general; much greater than any cis-influence it may possess.

In conclusion; it is clear that a metal ion undergoes a rehybrid-
isation of its orbitals when it forms a strong covalent bond with a
ligand, Houever; the various theoretical treatments outlined above
do not present a consistent account of the typs of metal orbital
which participates in the M-L bond at the expense of the M-A (trans

to L) bond.

2.1.3. EXPERIMENTAL TECHNIQUES

(a) Vibrational Spectroscopy

The relative trans-influence of a ligand can be inferred from
vibrational stretching frequencies: a decrease in a force constant
is attributed to a weakening of the bond involved. However; force
constants are often not available and vibrational stretching

frequencies are used instead.
A number of complicating factors must be considered in the inter-
pretation of this data:

(i) as the mass of L increases the effective mass of the NLn

grouping increases and Vv (M-A) decreases;

(ii) coupling can occur between molecular vibrations;
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(iii) 1lattice effects can produce band splitting and give rise

to frequencies not observed in solution;

(iv) for a charged metal complex; frequencies can be influenced
by the nature of the counter-ion; and

(v) hydrogen bonding can affect the stretching frequencies.

Despite these complexities,numerous studies have been made of trans-
influence using infra-red data. In particular, attention has centred

on platinum (II) and platinum(IV) complexes using, for the most part,
platinum-chlorine and -bromine stretching frequencies. Other indicators
that have been employed include M-CHz, M-H and M-P stretching

frequencies, and internal ligand vibrations of groupings such as

4

N-H(amine), CO,CN and CH,.

From the vibrational frequencies,orders of relative trans-influence
for a variety of ligands and metal ions have been derived. For
example, vV (Pt-Cl) data for the series trans-[PtXCle] (L = PEt. or

PMeth)_lead to the trans-influence ordér for ligands X: CO < t-BuNC

< c1” < p-Me0C

& SiMeZPh-.ll

influence can be drawn from the wide range of the stretching

6 2

H,NC ¢ P(OPh), %P(0Me),; « PPh, ¢ PEt, CH;” ¢ Ph™ ¢ H

Some idea of the physical significance of trans-

frequencies for these ligands, namely 242 to 344vcm—l; the order of

increasing trans-influence is that of decreasing frequency.

(b) Nuclear Magnetic Resaonance Spectroscopy.

Pidcock, Richards, and Venan212 related the variation of lJ(PtJP)
coupling constants to the Fermi contact term which is believed to be

2
predominant in such couplings.z’l To a good approximation, for
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the covalent component of a Pt-P bond, the coupling constant is given

by:

PP &y o ” Y (60) ()] 219, (39) ()PP aE)

eeees(2.1)

where yi is the magnetogyric- ratio for nucleus i; aiz is the s-
character of the bonding hybrid orbital used by atom i in the Pt-P
bond, YQQ( ns)(D)l2 is the electron density of the ns valence orbital

at nucleus i; and SASE is a mean singlet-triplet cxcitation energy.

From the Pt«P couplings in the cis- and trans-isomers of the
[PtClz(Bu%P)z] and [PtCl4(Bu§P)2] complexes, Pidcock gz_gl.z inferred
that any synergic effect of Pt-P dﬂ——dw bonding on the Pt(II)-P
o-bonding is insignificant. Thus, the ratio J(Pt-P) (cis isomer)/
J(Pt-P) (trans isomer) is very similar for the platinum (II) and
platinum (IV) derivatives although platinum —s ligand m-bonding is
expected to be of lesser importance in the higher oxidation state.

In addition;from the Pt(II)~Cl bond lengths; they deduced that
trialkylphosphine and hydride ligands have gfeater trans-influence
than chloride and they attributed this to an inductive effect oper-

ating through the o-molecular framework.

Later studiesyof; for example; trialkylphosphine;l3 phosphite and
phosphonatel4 derivatives strengthened the belief that Pt-P coupling
constants are determined mainly by the covalency and the s-character
of the Pt-P bonds, and that the couplings are more sensitive to
changes in the trans than the cis ligand; a few cases were found,

however, of significant variations in the coupling constants upon
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change of cis—ligands.l5

From this spectroscopic data; orders of relative trans-influence have
been derived; to this end, it is assumed that a reduction of lJ(Pt—P)
coupling constants indicates Pt-P bond weakening. Thus; for example,
Allen and Sze combined several sets of results to obtain the trans-
influence series SiMePh,” > Ph™ > Me” PEt,, PBug > PMe,Ph > PPh, >

P(OPh),, CN™ > AsEt , > NO,~ > p-toluidine > EtNH, > Et,NH > pyridine,

- 16

N;~, NCO3 NCS™ > €17, Br; I7 > NO; o

Of especial interest are the correlations found in related complexes
in which phosphonate, methyl and hydride ligands are; in turn; trans

to a variety of anionic ligands. Thus,Allen et al.l4

observed a
dependence of lJ(Pt-P)(phosphunato) ~ on the trans ligand X~ in the
complexes jg;gyg{PtX{(PhD)ZPD}(PBug)Z] and noted a linear corre-
lation between these coupling constants and 2J(Pt-l"]e) constants in
related Ezgﬂgr[PtXMe(PEFS)z] complexes, Church and Mays observed
that the variations in lJ(Pt—H) constants with the trans-ligand in the
cations §£§E§7[PtHL(PEt3)2]+ paralleled those in lJ(Pt-P) coupling
constants.l7 In addition; variocus authors have noted essentially
linear correlations between 23(Pt~Me) and lJ(Pt—H) constants within
related series of complexes.l8 The above correlations may be taken

as evidence that the variations in lJ(Pt-H); 2J(Pt-["le) and lJ(Pt-P)
couplings are dominated by changes in the metal-ligand s-orbital bond

order,

Another correlation that is of considerable import is that suggested
between lJ(Pt-P) constants and Pt-P bond lengths in square-planar
platinum(II) complexes containing monotertiary phosphine ligands.19

This relationship is expected to be valid if variations other than in
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the total mdlecular orbital bond order between the platinum and
phosphorus valence state s-orbitals are insignificant. However,

the correlation curve is not accurately defined and; in particular,
the shorter Pt-P bonds display marked deviations from the general
trend. This suggests that factors other than the s-orbital bond

order may determine the Fermi contact term (equation 2.1) in some
~cases. Alternatively, electronic effects (such as M— P m-bonding)
or steric influences may be present; unfortunately, the n.m.r. method

does not monitor these directly.

(c) X-Ray Crystallography

The most straightforward measure of bond strength and, hence, of
trans-influence appears to be the length of a given metal-ligand
bond. Measurement of a bond length can, of course, be achieved in a
single-crystal X-ray study. However, there has been much less
recourse to this method than to the spectroscopic techniques, largely
‘because of the often considerable experimental and computational

effort that is required.

X-ray studies of trans-influence have dealt largely with metal complexes
containing O-donor ligands. Thus, for example, PMclWeeny gﬁ_g;.g
examined the molecular structures of a number of square-planar

platinum (II) complexes in which the ligands trans to chloride have
negligible Tm-acidity. From Pt (II)-Cl bond lengths, they derived

the order of trans-influence RZSi- > H > RLP > R20=CR2,51— > 0(acac),
Mason and Towl, in a study of trans-influence in octahedral d6

metal complexes (including some of platinum (IV)), noted a lack of
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adequate structural data.,9 To circumvent this problem they proposed
that the relative lengthening of a given M-A bond, expressed as a
fraction of the bond length when trans to A itself (or as a fraction
of the sum of the covalent radii of M and A), be used as a measure
of the trans-influence of a ligand trans to A. They found a high
degree of correlation between the trans-influence order obtained
from bond length data and that obtained from metal-ligand SZAAE
ratios. Nevertheless, there are drawbacks to the use of indicator
groups: it has been remarked that some caution is required in the
application of this method if the ligands A have relatively high

trans-influence or can exhibit T-bonding properties.

The present author has contributed significantly to a recently
undertaken and continuing research project.3 A Departmental group has
set out to obtain, by single-crystal X-ray methods, accurate
structural information on clesely related complexes which is

relevant to the following topics:

(i) the bonding of carbon-donor ligands to platinum ions;
(ii) the relative trans-influence of such ligands; and
(iii) the relative importance of inductive and mesomeric

mechanisms of trans-influence.

Prior to this work, it was not possible to assess with any confidence
the relative contributions of these mechanisms, for ligands capable

of m-bonding to a metal due to lack of adequate structural data.

To date, effort has been concentrated on monomeric, electroneutral,
square-planar complexes of platinum (II); these derivatives contain

a linear C-Pt-Cl arrangement and unidentate ligands.3 Moreover,
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the ligands that have been examined are such that a wide variety

of 0 -donor-m -acceptor properties is displayed.

More recently, attention has been directed at platinum (I 1) complexes
containing phosphine ligands which have a variety of electronegative
substituents.20 Interest lies in the nature of the Pt-P bonding

(0 - and T -interactions), the proposed relationship19 between Pt-P
bond lengths and lJ(Pt-P) coupling constants, and the relative trans-

influence of substituted phosphine ligands.

An account of this work detailing, in particular, the present author®s

contribution is presented in the ensuing sections.
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2,2 THE cis-INFLUENCE OF LIGANDS

There are relatively few studies reported of cis-influence. The most

important works appear to be as follows.

(i) In a Raman study of the anions [pt013(NH3)]' and [ptc13(co)]',
Denning and Ware deduced that in the carbonyl derivative strengthening
of the Pt-Cl(cis to CO) bond is as important as the weakening of the
Pt-Cl(trans to CO) bond. They attributed this cis-influence to an
increased positive charge on the platinum atom due to electron with-

drawal via T-bonding to carbon monoxide.

(ii) Allen and Sze obtained the order of cis-influence CN~ , I D

NCS™, Br > NCO™, C1™ > N3' > NO,” > NUS- from lJ(Pt-P) coupling

2
constants in the series trans-[PtHX(PEt,),], trans-[PtMeX(PEt,), ]

and trans_[pt{(pho)zpo}x(pzt3)2] (X =cNT, ..., NOS-]. In addition,
from lJ(pt-P) values in the series - cis-[PtClzL(PBug)], they derived

the cis-influence order (PhU)3P > (me0)3p > PPh, > PMePh, > PBug, PEt..

(iii) An inverse correlation was found in platinum(II) complexes
35 :

betwszen ~Cl nuclear quadrupole resonance frequencies and the lengths
of the Pt-Cl bonds. Although the frequency is observed to be more
sensitive to variation of the trans-ligand, a small dependence an the

. . 3
cis-ligand was noted. Furthermore, from 5Cl n.g.r. frequencies in
trans-[PdCl2L2] derivatives a cis-influence series was obtained:
piperidine ¢ pyridine ¢ AsBug < PBu; ¢ dimethyl sulphoxide ¢ EtCN ¢ PhCN.

For the analogous platinum(II) complexes the corresponding order obtained

.y n n
was NH3 < NezNH ¢ pyridine ¢ PEt3 < PBu3 < PBu2Ph.

(iv) There are few pertinent crystallographic results. However, in

Sec. 2.3.3 structural data are presented on two platinum(II) complexes:



these are related to a cis-influence of carbon monoxide.

After the completion of the experimental work detailed in this thesis,
Nanojlovié-muir, Muir and Solomun extended the crystallographic study
of cis-influence with additional data on complexes of the type cis-
[PtClz(PEtS)L].22 They derived the order of cis-influence of the
ligands L s C1” < C(NPhCHz)Z_',g CNPh o C(OEt) (NHPh)< PEE,%CO &

P(DPh)3 N PFB; this order is that of increasing Pt-P distances.



2.3. THE CRYSTAL AND MOLECULAR STRUCTURES OF THE PLATINUM(II)
CARBONYL COMPLEXES cis-[PtC1,(CO)L], L = PPh, (I) AND
PMe,Ph (II).

2.3.1. JINTRODUCTION

The chemistry and spectroscopic properties of platinum(II) carbonyl
complexes have been investigated at length.23 However, only a few
X-ray structural analyses of mononuclear platinum(II)-carbonyl
derivatives have been reported and the results are of low or unstated
accuracy.za_z7 To obtain detailed information on the nature of the
platinum(II) carbonyl °~ bonding end on the relative trans-influence
of carbon monoxide, an accurate structural analysis of the complex
Eig-[PtClz(CD)(Pth)],(I),_mas undertaken. Prior to this work

Muir and manojlovié—Muir, from structural studies of platinum(II)
complexes, derived the mw-acidity series O-carbyl < carbene <
isocyanide and noted that this was an exact reversal of the corres-

3
ponding trans-influence order. The opportunity of studying the rela-

tively stronger T7-acid ligand carbon monoxide was, therefore, welcomed.

It was also anticipated that the structural data would permit an assess-
ment of the cis-influence, if any, of carbon monoxide. In this
connection structural and spectroscopic data are of especial interest.
Thus, the Pt-P distances (2.34 and 2.35 A) in trans.- [PtC1(CO)-
(PEt3)2]+ are slightly longer than the usual values (2.27 - 2.32 E) for
Pt(II)-P(trans to P) bonds.28 Moreover, Pt(II}-Cl(trans to C1)
distances are normally close to 2.31 R but in trans-[PtC1,(C0)-
(ONC_H,OMe)] the Pt-C1  bond lengths are 2.25(3) and 2.26(3) R.28, 25
Furtaermore, spectroscopic data for Eig;[PtClzL(PEtS)j complexes,

where L is a neutral ligand, indicate that the Pt-P bond is

weakest and the Pt-Cl bonds are strongest when L is carbon monoxide.
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The lJ(Pt-P) coupling constants (Hz) are: 2754, L = CO; 3049,

29,30

L = CNPh; and 3520, L = PEt,. The mean N (Pt-Cl) stretch-

ing freguencies (cm—l) are: 330, L = CO; 307, L = CNPh; and
29,31

294, L = PEt,.

The X-ray analysis of (I) confirmed the conclusions drawn from the
spectroscopic and structural data given above. However, it was not
possible to distinguish unambiguously between alternative raticnal-
isations of the metal-ligand bond lengths: one involving steric and
electronic properties of the triphenylphosphine, the other stipu-
lating a cis-influence of carbon monoxide. With the aim of resolving
this ambiguity,the accurate X-ray analysis of E;§7[PtC12(CU)(PM92Ph)]

(11) was undertaken.

2
A full account of the analysis of (I) has been published3 and a
report of the structural analysis of the analogous complex cis-

[Ptnlz(cu)(pEtz)],(111),'has appeared r‘ecently.22



2.3.2. EXPERIMENTAL

Crystal Data

Molecule

Formula
Molecular weight
_ Crystal system

Unit-cell constants

Temperature
Unit-cell volume
Number of formula
units per cell
Calculated density
Number of eléctrons
per unit-cell
Wavelength of X-
radiation
Linear absorption
coefficient

Space group
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M (a.m.u.)
a (A)

b (A)

c (R)

a (7

g (")

v ()

T (°c)

u (23)

z

-3
Dc(gm cm )

F (000)

A (mc-Ka)(ﬂ)

b (Mo-K ) (om ™)

(1)
clngsc;zoppt
55643
Triclinic
10.4822(9)
9.5929(7)
11.0065(8)
97.,57(1)

117.96(1)

- 93.80(1)

20

958.6

1.927

528

0.71069

80.6

(11)
CgHp,C1,0PPE
432,2
Orthorhombic
15.8515(12)
7.5296(8)

10.6843(11)

20
1275.2

4

2,251

800

0.71069

120.8

p2.2.2

1711
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Crystallographic Measurements. - Complex (I). The crystals are air-

stable, transparent plates. The specimen chosen for the analysis
displayed all members of the {100}, {010}, and {001} forms, and the
perpendicular distances between parallel faces were 0.40, 0.24 and

0.09 mm.

The crystal system and some of the unit-cell parameters were obtained
from rotation and Weissenberg photographs. The crystal specimen was
then centred on a Hilger and Watts® Y290 four-circle diffractometer,
controlled by a PDP8 computer, and offset to minimise the effects of
multiple reflexion.:,)3 A breliminary orientation matrix was derived
from the manually-optimised setting angles of two strong low-angle
reflexions. The final values of the dimensions of a triclinic cell
and the orientation matrix used for the collection of the intensity
data were derived by a least-squares treatment of the setting angles
of twelve reflexions having a wide range of X and ¢ values and

0<g < 200)§4a

suitable Bragg angles (typically, 13 The space

group Pl led to a satisfactory structural model.

Complex (1 )« The crystals are white, air-stable needles elongated
along the c-axis. The specimen used in the analysis displayed all
members of the {001} and {210} forms, and the perpendicular dis-

fances between parallel faces were 0.52; 0.11 and 0.08 mm.

The crystal system and unit-cell dimensions were obtained from rotation
and Weissenberg photographs. The systematically-absent reflexions,
h00 when h = 2n + 1, OkO when k = 2n + 1, and 001 when 1 = 2n + 1,
restrict the space group uniquely to P212121. The crystal specimen

was centred on the Y290 diffractometer and offset to minimise
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the effects of multiple reflexion. The final values of the cell

dimensions were obtained by a least-squares method.34b

Intensity Measurements. - Complex (I). The intensities of all

independent reflexions with 6( Mo —Ka) < 30° were measured on the Y290
diffractometer with the use of zirconium-filtered molybdenum radiation
and a pulse-height analyser. The 6 <26 scan technique was employed,
with a scan step in 20 of 0.04° and a counting time per step of 2.5s.
Each reflexion was scanned from 26l0.60‘ to 2g+D.60, where 2@ is

the calculated ND-Ka peak position. At each end of the scan range,
the local background was counted for 10s with crystal and counter
stationary. To check crystal and electronic stability, the intensities
of three intense low-angle reflexions from diverse areas of reciprocal
space were remeasured periodically throughout the experiment, but

only random fluctuations of up to b 5% of their mean values were

observed.

The integrated intensities, I, and their standard deviations, O(I),

H
were derived using standard relationships described earlier in the
text;zsa value of 0.04 was assigned to the empirical factor g. They

wvere scaled according to the variations in intensity of the three
standard reflexions and corrected for Lorentz, polarisation and counting-

lass effects.35’36

An absorption correction was also applied using
a Gaussian integration grid of 12 x 12 x 14 points.z7 The transmission

factors on |F | ranged from 0.41 to 0.72.

Of 5618 reflexions measured, only 4198 for which I 23 0(I) were used

in subsequent calculations.
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Complex (I1). The intensities of all independent reflexions with

6(N0-Ka) < 35° were measured on the Y290 instrument with the use of
graphite-monochromated molybdenum radiation and a pulse-height
analyser. The 0-26 scan technique was employed. Each reflexion was
scanned through a 20 range of 1.20, with a scan step in 26 of 0.040,
and a counting time of 2.5s. The local background was counted for

15s at each end of the scan range. The intensities of three strong
reflexions, remeasured periodically throughout the experiment, varied

by less than ¥ 4% of their mean values.

The integrated intensities, I, and their standard deviations, O(I),
were obtained using relationships referenced above (q 0.04). They
were corrected for Lorentz, polarisation, counting-loss and absorption
effects. The transmission factors on |F0|, calculated by Gaussian

integration, varied between 0.46 and 0.63.

0f 3172 reflexions measured, only 2390 with I > 30 (I) were used in

the subseguent calculations.

Structure Analysis. - In both analyses, the position of the platinum

atom was derived from a Patterson synthesis and the other non-hydrogen
atoms were located in subsequent difference syntheses.

The structural models were refined by the method of full-matrix
least-squares, The function minimised was Zwlﬁz, where w = 1/62(FD)

and A=|f | - IFCI. Atomic scattering factors wers taken from ref. 38
except those of platinum39 and hydrogsn.40 Allomgnce was made for the
anomalous scattering of the platinum, chlorine and phosphorus atoms using

Cromer's values of AfY and Aﬁf".al
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Complex (I). The refinement of the scale factor and of the positional
and isotropic thermal parameters of the platinum atom led to R 0.28.
After the other non-hydrogen atoms were included, oxygen and carbon
atoms with isotropic temperature factors and all the remaining atoms
with anisotropic temperature factors, R decreased to 0.09. The
carbon and oxygen atoms of the carbonyl group were then assigned
anisotropic thermal parameters. The positions of the hydrogen atoms
were determined from those of the phenyl carbon atoms, assuming a
C-H distance of 1.0 3; the scattering of these atoms was allowed
for in subsequent structure factor calculations but their positions
were not varied. The refinement converged at R 0.037 and R?! 0.041.
In the last cycle of refinement all parameters shifted by < 0.107

The standard deviation of an observation of unit weight, S.D., was
1.3. The mean values of (|F0| - [FCI)Z/’OZ(FD) showed no systematic
trends when analysed as a function of IFOI or sinQ, indicating that
the weighting scheme was satisfactory. The extreme function values
in the final difference synthesis (1.7 and-l.l‘eﬂ—3 ) were associated
with the positions of the platinum and C(24) atoms, respectively.

Extinction corrections did not appear necessary.

Complex (II). The refinement of the scale factor and of the

positional and isotropic vibrational parameters of the platinum atom

led to R 0.19. After the remaining non-hydrogen atoms were included
with isotropic thermal parameters, R decreased to 0.10. The platinum;
chlorine and phosphorus atoms, and the carbon and oxygen atoms of the
carbonyl group were then assigned anisotropib thermal parameters: R
decreased to 0.064. In all subsequent calculations, the data corrected
for absorption effects were employed. In addition, the positions of

all non-methyl hydrogen atoms were inferred and the scattering of
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these atoms was allowed for in subsequent structure factor calcu-
lations but the positional parameters were not varied. The refine-
ment of the structural model converged at R 0.037 and R® 0.044.

With no increase in the number of structural parameters, the enantio-

’
meric model was refined. This refinement converged at R 0.053 and

Rt 0.068; Hamilton's R-ratio test indicates that these represent
highly significant increases.42 Accordingly, the original structural
model was assumed to represent correctly the absolute configuration

of the molecules in the crystal. Examination of the structuré factor
discrepancies of low-angle reflexions indicated that moderate
extinction effects were present. Accordingly, a seéondary extinction
parameter, r*, was included in the refinementfﬁ convergence was
achieved at R 0.036 and R® 0.043. In the final cycle of least-
squares all parameters shifted by less than 0.30 . The value of r*
was 6.8(5) x 10-3 deg—l and that of S5.D. 1.5. The mean values of
(IFDI-lFCI)%/OEiFO) showed no systematic trend when analysed as a
function oleolor sinf. The extrems function values in the final
difference synthesis ranged from 2.1 to -1.7 83-3; all peaks outwith

the range 31.1 88-3 were associated with the position of the platinum

atom. The methyl hydrogen atoms were not located.

The observed and final calculated structure amplitudes are listed
in the Appendix [pp. 1 to 32,(I), and 33 to 52,(II)]. Final atomic
parameters and a selection of derived functions are presented in
Tables 2.1 - 2.6. Views of the molecular structures are shown and

the atomic numbering schemes are indicated in Figs. 2.2 and 2.3.

The computer programs used wers the Hilger and Watts' software
packags for the Y290 diffractometer, the cell reduction program of

K.W. Muir, J.G. Sime's data processing program, the counting-loss
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correction program of K.W. Muir and R. ualker, J.M, Stewarf's

tX-ray '70 Systemy' the RBLS52 full-matrix least-squares program

of P.K. Gantzel, R.A. Sparks, K.N. Trueblood, D.N.J. White, P.D.Craduwick,
S.E.V. Phillips, and P.R. Mallinson, the ORFFE program of W.R, Busing,

K.0o Martin, and H.A. Levy, and C.K. Johnson®s ORTEP.
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2.3.3. RESULTS AND DISCUSSION

The crystals of both structures are built of discrete monomeric
molecules. Calculation of all intermolecular distances s 4.0 R
$ndicated that the interactions between molecules are of the van der

Waals type (Tables 2.3 and 2.4(d)).**

The Co-ordination of the Metal Atoms. - The molecules in both

structures have the expected cis-square-planar configuration.

The orientation of the phosphine ligand is such that an a-carbon atom
[c(31) in (1) and €(11) in (II)] lies close to the co-ordination plane
of the metal atom, near to the carbonyl group: relevant torsion
angles are C(1)-Pt-P-C(31) 2.7(3)° in (I) and C(1)-Pt-P-c{11)

8.2(5)° in (I1). Furthermore, there are a number of short
intramolecular contacts involving carbon and chlorine atoms. Thus,

in (I) there is a separation of 3.34 2 between a B-carbon, C(16) and

a chlorine atom, €1(2). The resulting C1(2)-+-H distance of ca.

2.55 g is shorter by 0.45 g than the sum of the van der Waals radii

of hydregen (1.2 E) and chlorine (1.8 g)f4 and the C(16)-H-++C1(2)
angle is 147°:  a weak hydrogen bond is indicated.a5 In (II) the
methyl carbon---chlorine separations C(2)--+C1(2) 3.42 2 and C(3)---C1(2)
3.62 ﬂ suggest aweak interaction although this conclusion is not

certain since the methyl hydrogen atoms were not located.

The non-bonded intramolecular contacts involving carbonyl and phenyl
atoms, namely, C(1)-+-C(31) and C(1)---C(32) in (I), and c(1)---c(11)
in (II) [3.06, 3.14 and 3.11 ﬂ, respectively | indicate steric strain

in the molecules of (I) and (II). The distortions of the metal
co~ordination planes from ideal squars-planar geometry can best

be attributed to ligand-ligand repulsions, particularly those involving

the carbonyl and bulky phosphine ligands; as expected, the
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distortions are greater in (I) where a phosphine of greater steric
bulk is presentf}6 Thus, the P-Pt-C(1) angle departs from gg° by
4.6° in (1) and 3.9° in (I11); the corresponding deviations of the
C(1)-Pt-C1(1) angle are -3.2 and -2.0°, respectively. The
C(1)-Pt-c1(2) angle is only 173.5(2)6 in (I) but is more nearly
regular in (II), being 178.0(3)°.  Similar distortions are found in
the complex »Eigﬁ[PtClz(CNEt)(PEtzph)].47 In addition, as is often
found in square-planar platinum(II) complexes, there are small but
significant displacements of the platinum and ligand donor atoms from

7 $ndividual

the metal co-ordination plane (Tables 2.5 and 2.6):%
. + 0 + o .
atoms are displaced by up to - 0.04 A in (I) and = 0.02 A in (II).

The carbonyl oxygen atbms have displacements from these planes aof

0 0
-0.16A and -0.02A in (I) and (II), respectively.

The Geometry of the Phosphine Ligands. - The phosphine ligands

display no unexpected 1“eatures.4B Thus, the P-C(phenyl) separations
are in excellent agreement: respective values are 1.815(3) R (mean)
in (I) and 1.802(8) ﬁ in (II). In addition, the P-C(methyl) bond
lengths do not deviate significantly from their mean value of
1.821(9) . These distances are similar to those found in other
monotertiary phosphine complexes of platinum(II)?9 Noreovér, the
Pt-P-C and C-P-C angles display the expected deviations from the
reqular tetrahedral angle of 109028':48they are, respectively,
significantly larger and smaller than the latter value. The Pt-P-C
angles in (I) and (II) have the respective ranges 110.2(3) - 118.3(2)
and 111.2(3) - 113.1(3)°.  The corresponding ranges of the C-P-C
angles are 105.4(3) - 107.2(3)° (mean 105.8(7)°) in (I) and 105.6(4) -

107.2(5)° in (11).
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The carbon-carbon distances in the phenyl groups are normal, with mean
values of 1.382(9) and 1.384(4) R in (I) and (II), respectively;

these means are shorter than the spectroscopic value of 1.397(1) g

for benzane:s0 such contractions have been attributed to the effects of
thermal motion.48 The C-C-C angles are normal [means range from 119.9(6)
to 120.0(3)0], and the phenyl rings are accurately planar with root
mean-square deviations from planarity of < 0.03 E. The deviations

of the individual distances and angles from their respective mean
values are insignificant, with the exception of the bond lengths
involving atoms C(21) - (26) in (I) where the deviations are highly
significant (0.1% level, X 2 = 35.8 on five degrees of freedom).

In principle, this may result from neglect of any anisotropic thermal
motion of the ring carbon atoms, from underestimation of the errors

of the positional parameters derived in the least-squares refinement,
or from distortions from regular hexagonal geometry. Similar
variations have often been ascribed to a swinging motion of the rings
about the P-C bonds.51 The bond length pattern noted by Churchill,
Kalra and Veidis is evident with only minor discrepancies:

C(ortho)-C(meta) > C(P-bonded)-C(ortho) > C(meta)-C(para).Sl

In complex (I) the phenyl rings have the usual 'propeller! arrangement
at the phosphorus atom with dihedral angles between the planes of
051,52 c
97.5, 109.4 and 81.5 .7’ The phosphorus atom is displaced from the
s .
phenyl planes by up to 0.20 A in (I) and by 0.09 E in (II1): distortions

of such a magnitude are common in arylphosphine derivatives and have

been attributed to repulsions between the phosphine substituents.

o
The endocyclic angles at the ipso-carbon atoms [119.5(4) (mean), (1);

118(1)0,(11)] are comparable with the values noted by Coulson and

s 53,54
co-workers for a phenylphosphine o-bonded to a transition metal.
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The Platinum-Carbonyl Bonding. The Pt-C-0 fragment is linear in

(11) but slightly bent by 4.4(7)D in (I): such distortions can arise
from electronic effects but, in this case, may be simply due to
steric repulsion>by the bulky phosphine ligand.55 The Pt-C(donor)
distances [1.858(7) B, (I); 1.834(11) R, (11); 1.855(24) R, (111)]
are in good agreement and in the range found in other platinum(II)

]24—27

0
carbonyl complexes [1.74(4) to 1.97(5) A However, ‘they are

considerably shorter than the Pt-C(sp) distance °C of 1.98(2) R in
E@—{PtCl(CECPh)(PEtZPh)Z], and the Pt—C(EE?_) distances > 20 in
_c_ig—[Ptphz(PhZPCHZPth)]A [2.05(1) B] and _c_i_s_—[PtPh(GePhZOH)(PEtS)Z]
[2.04(1) EJ. When allowance is made for the difference in covalent
radiégcﬁ’gg? and sp hybridised carbon atoms (0.74 and 0.70 R,
respectively), it is clear that the co-ordinated cerbonyl groups
exhibit appreciable mw-acceptor properties. In addition, the
Pt-C(donor) separations are somewhat shorter than the mean value of
1.896(16) R in cis -[Ptc1,(CNPh),], suggesting increased Pt —> C

backdonation in the carbonyl complexes.so

The C-0 bond lengths [1.114(8) and 1.106(13) E] appear a little
short by comparison with those in other metal carbonyls[typically
ca. 1.15 A with esds of ca. 0.02 A)°Tand with the distance™ of
1.128 ﬂ in free carbon monoxide: these contractions can be
attributed reasonebly to the effects of the high thermal motion of

the terminal oxygen atoms.

The Trans-Influence of Carbon Monoxide. - The Pt-Cl(trans to C)

0 0
distances in the title complexes [2.276(1) A,(1);2.29X(2) A, (11)] and
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22
in (111) [2.296(4) ﬂ] are extremely short by comparison with those in
26,29,47, 63

(Table 2.7) and with the mean length [2.303(5) a]z

related complexes
of the Pt-Cl(trans to Cl) bonds in five other platinum(II) complexes:
the carbonyl group exerts only a weak trans-influence which is
significantly less than that of CNEt or chloride. In contrast, the
trans-influence of the O-bonded carbon-donor ligand in cis-[PtCl-
(CEs(xno(pEtzph)zj is high, the Pt-Cl (trans to C) distance being

o
2.407(6) A0

The bond length data lead to the mw-acidity series o-carbyl <

carbene < isonitrile < carbon monoxide, which is the exact reversal

of the trans-influence order carbon monoxide < isonitrile < carbene <

0 -carbyl. Thus, the T-acidity of carbon-donor ligands appears to reduce

their trans-influence on Pt-Cl bonds.

Manojlovié-Muir and Muir proposed a model of trans-influence which
takes account of both the 0 -donor and the 7 -acceptor properties

of ligands.3 Thus, if a strong covalent Pt-L bond is‘formed; with
negligible m-component, the bonding electron density will lie mainly
in the L-Pt bond and on the ligand C1 . The concentration of electron
density in the L-Pt bond causes repulsion of the metal dﬂ_ electrons
in the direction of the chloride ligand and, thereby, weakens the
Pt-Cl bond. As the electronegativity of the ligands L increases,

the Pt-L covalency decreases and; consequently, the iggggfinflhence
decreases. Moreover; T-acid ligands can accept charge from the
metal d, orbital, Thus; the trans-influence of carbon-donor ligands
is expected to decrease as the m-acidity increases throughout a

series.
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The cis-Influence of Carbon Monoxide - The lengths of the metal-

-ligand bonds cis to the carbonyl group are of especial interest.
Thus, in (1) the Pt-Cl(trans to P) and Pt-P distances are;
respectively, 0.036(4) R (90°) shorter and 0.045(3) A (150”) longer
than the weighted mean values [2.379(3) and 2.237(2) R; respectively ]
of corresponding distances in five other gig-[PfClz(L)(PR3)}
complexes (Table 2.7). These differences; although small, are
‘statistically highly significant and are consistent with the trends
in the structural and spectroscopic data noted in Sec. 2.3.l.

They lead to two rationalisations (not necessarily mutually exclusive):
(a) that carbon monoxide exerts a cis-influence which weakens the
Pt-P bond and strengthens the Pt-Cl(trans to P) bond; or (b) that
PPh, forms a weaker bond to platinum and has a lower trans-influence

than PEtS, PMe,, or PPhEtZ.

3

Consider, for the moment, the electronic and steric properties of the
substituents of phosphine ligands. These have been examined by
Tolman46 who used the perturbation of the Al carbonyl stretching
frequency in Ni(CU):,JPR3 complexes as a measure of the electron-
withdrawal by individual substituents on the phosphorus atom. He
assigned, for example, the values of Xi [a measure of electron-
withdrauwal 2.6, 1.8 and 4.3 cm™L to the Me, Et and Ph groups,
respectively [cf., e.q., 19.6, CF,; 11.2, C.F.; and O, t-Bu
(internal standard)]. Moreover, he defined a steric parameter as
the angle 6 of a cylindrically symmetrical cone which has its apex
at the metal and which just encloses the van der Waals envelope of
the ligand. The 6 values were obtained from models, assuming a M-P

a 2 . .
distance of 2.28 A. For unsymmetrical PRlR R3 ligands, an effective
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cone angle is given by:

8 =2/3 (e,l/z + 62/2 +63/2) ceeea(2.1)

Thus, for example, § has the values: 143, PPh3; 122, PMe,Ph; and

s}

1327, PEtS. The above parameters are useful, although crude, measures

of steric and electronic properties of substituents.

Let us now return to the problem concerning the metal-ligand bond
lengths Eig_to carbon monoxide. If the steric mechanism is predomin-
ant, change of phaosphine from PPh3 to the less bulky PNeZPh or PEt3
ligands (smaller in cone angles by 21 and llo, respectively) should
produce PtP and Pt-Cl.bend lengths that resemblé mare  clasely

the corresponding mean values in Table 2.7. However, the Pt -C1
(trans to P) and Pt -P bond lengths in the PMe,Ph (I1) and PEE.,
(I1I) analogues of (I) are 2.362(3) and 2.264(2) E, respectively,
in (II) and 2.368(3) and 2.265(3) 8, respectively, in (III). Thus,
it can be seen that the trends observed in (I) are present alsoc in
(I1) and (III), although they are not as pronounced. They are
consistent with carbon monoxide exertiﬁg a small cis~influence of

o
ca. +0.03 A on a Pt-P bond and ca. -0.02 A on a Pt-C1 bond.

A cis-influence also provides a satisfactory rationalisation of the
bond lengths in Eig-[PtElz(L)(PRS)] camplexes in general. In

this series, one of the ligands gis to phosphine and the ligand trans
to phosphine are always the same. The Pt-P bond lengths cover a
large range [2.215(4) to 2.282(2) E] and can be divided into three
groups: (i) 2.215(4) R when L = C1” (in the anion of [Et4N][PtC13-
(PEt3)]);64(ii) 2.242(2) R, the mean for seven complexes in which

L is a weak Tm-acid such as carbenoid, isocyanide or phosphinef

and (iii) 2.280(5) 8, the mean for the three carbonyl complexes
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(1) - (III). The variations in bond distance do not appear to be

of steric origin since such a rationalisation impiies that the Pt-Cl
and Pt~P bond lengths cis to L should vary in the same manner: a
slight trend in the opposite sense is indicated; the mean Pt~Cl

(cis to L) distances being 2.382(4), 2,375(3) and 2.353(8) R,
respectively, for groups (i); (ii) and (iii). Differences in the
electronic properties of the phosphine substituents are alsoc unlikely
to be a major factor in these variations: the Pt-P distances in

the complexes (I) - (III) differ by at most 0.018(3) R; Pt-P(trans to P)
distances in monomeric; square-planar complexes (Table 2.8) show no
consistent variation with the electron-withdrawing ability of the
phosphine substituents. Thus, an electronic mechanism operating
through the cis-ligand is strongly indicated. By analogy with

the trans-influence of w-acceptor ligands, it is suggested that the
cis-influence of a ligand L may result from its T-acceptor ability.
Thus; the weakening of the Pt-P bond may be ascribed to competition
between L and PR3 ligands for metal d, electrons. In addition,
significant Pt —> L backdonation will lead to an increased
electrostatic attraction between platinum and chloride ligands; thus
shortening the Pt-Cl bond cis to L (as well as that trans to L).
Alternatively, the cis-Pt-Cl bond may shorten because of a diminution
of the trans-influence of the phosphine that is effected by the cis-

influence of L.
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TABLE 2.1

(a) Fractional atomic co-cordinates (xlD4) and vibrational parameters

for cis-[PtClz(CU)(PPhS)] (1); standard deviations are given in

parentheses. *

Atom X y z Bx10%°
Pt | 2422.6(3) 2223.8(2) 832.6(3) *

P 1393(2) 1363(1) -1510(2) *
c1(1) 3496 (2) 3174(2) 3227(2) *
c1(2) 1798(2) 4399(2) 382(2) *
c(1) 3136(8) 556(7) 1359(7) *

0 | 3648(8) -395(6) 1723(7) *
c(11) -549(6) 1389(5) -2598(6) 31(1)
c(12) -1416(7) 236(6) -3643(7) 39(1)
c(13) -2857(8) 300(7) . -4570(8) 47(1)
c(14) -3434(8) 1512(7) -4459(8) 49(1)
c(15) -2611(9) 2664(8) -3441(9) 54(2)
c(16) -1157(8) 2606(7) -2470(8) 47(1)
c(21) 2285(6) 2341 (6) -2275(6) 32(1)
c(22) 1524(7) 2602(6) -3597(7) 40(1)
c(23) 2258(9) 3349(8) -4161(8) 52(1)
C(24) 3697(9) 3813(8) -3379(9) 54(2)
c(255 4467(10) 3567(9)‘ -2068(10) 62(2)
c(26) 3764(8) 2825(7) -1482(8) 49(1)
c(31) 1629(6) -483(6) -1811(6) 33(1)
c(32) 909(7) -1476(6) -1444(7) 40(1)
C(33) 1066(8) -2899(7) -1625(8) 50(1)
C(34) 1985(10) -3314(9) -2113(10) 61(2)
C(35) 2705(10) -2344(9) -2502(10) 61(2)

c(36) 2513(8) | -929(7) -2358(8) 46(1)
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TABLE 2.1 (Cont'd)

These atoms were assigned anisotropic temperature factors

2 2 2
of the form exp [-(B))h"+B, k" +B;;1"+28, ,hk+2B, ;h1428,.k1)].

The final values of the Bij parameters (x104) are:

Atom B11 B2 B33 B2 B3 B3
Pt 95.0(3) 84.7(2) 88.9(3) 23.7(2) 46.1(2) 23.9(2)
p 93(2) 70(1) 95(2) 20(1) 49(1) 22(1)
c1(1) 197(3) 154(2) 91(2) 36(2) 52(2) 22(2)
c1(2) 154(2) 83(1) 128(2) 33(2) 31(2) 14(1)
c(1) 164(11) 134(9) 106(9) 40(8) 59(8) 33(7)
0 281(12) 162(8) 188(10) 108(8) 103(9) 91(7)

* Throughout this thesis, the limits of error have been derived from
the appropriate least-sqguares matrix and are given in units of the

least significant digit of the quantities to which they refer.
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TABLE 2.1 (Cont'd)

(b) Calculated fractional co-ordinates (xlDz) and assumed isotropic
vibrational parameters for hydrogen atoms; each hydrogen atom is

numbered according to the carbon atom to which it is attached.

Atom X y z Exloﬂz*
H(12) -106 -58 -373 49
H(13) , -339 ~46 -528 55
H(14) -439 155 -508 58
H(15) -301 345 -336 62
H(16) -64 337 -178 57
H(22) 54 229 -408 49
H(23) 175 353 -508 62
H(24) 419 429 -373 62
H(25) 544 ‘ 393 -150 73
H(26) 427 263 -60 58
H(32) 27 -121 -114 51
H(33) 56 -358 =145 - 59
i H(34) 214 424 -222 68
H(35) 335 -264 -zsi 70
H(36) 301 -26 . -261 54

* B of adjacent carbon atom multiplied by 1.25.
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TABLE 2,2

(a) Fractional co-ordinates (x104) and vibrational parameters for

cis-[Ptc1,(C0) (PMeph)] - (11)

-5664(14)

Atom X y z Bx10R°
Pt 1269.4(2) -1398.5(4) 2224.4(3) *

P 180(1). -3440(3) 883(2) *
c1(1) 759(2) 719(4) 3668(2) *
€1(2) 2110(2) -2606(4) 3748(2) *
c(1) 571(7) -407(15) 1048(10) *

0 153(7) 195(16) 337(9) *
c(11) 1475(5) -3088(11) -714(8) 33(1)
c(12) 1903(7) -1907(14) -1468(10) 44(2)
c(13) 1647(7) -1568(14) -2704(11) 48(2)
c(14) 929(7) -2420(14) -3147(10) _44(2)
c(15) 494(8) -3555(17) -2421(13) 59(2)
c(16) 762(7) -3941(15) -1200(11) 49(2)
c(21) 2955(6) -3414(14) 855(10) 44(2)
c(31) 1479(6) 1313(10) 43(2)

* Thesé&atoms were assigned anisotropic temperature factors of the
4
form exp [-zzeijhihj]. The final values of the Bij parameters (x10 )
, ij :

ares
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TABLE 2.2 (Cont'd)

Atom B11 B2 B33 B2 B3 B23
Pt 2.6(1) 146.3(5)  54.7(2)  -0.6(2) 0.9(1)  0.2(3)
P 35(1) 138(3) 63(1) 3(1) 4(1) 0(2)
c1(1) 46(1) 232(5) 98(2) 0(2) 9(1) -56(3)
c1(2) 70(2)  270(6) 67(2) 27(3) -17(1) 24(3)
c(1) £6(5) 227(22)  89(8) 42(9)  -2(6)  -29(12)

0 104(7) 415(30) 128(10) 88(13) -56(8) -6(15)

(b) cCalculated fractional co-ordinates (xlDS) and assumed isotropic
vibrational parameters for hydrogen atoms; each hydrogen atom is

numbered according to the carbon atom to which it is attached.

Atom x y 2 Bx10 8%
H(12) 241 -128 -113 53
H(13) 196 . =72 -324 56
H(14) 76 -222 -403 51
H(15) -4  -4p9 ~274 67
H(16) | 50 -488 -68 57

* See footnote, Table 2.1 (b)
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TABLE 2.3

Selected interatomic distances (R) and angles (°) in (1)

(a) Bond lengths with standard deviations in parentheses

Pt-C1(1)
Pt-C1(2)
Pt-P
Pt-C(l)

c(1)-o0

p-c(11)
P-C(21)
P-C(31)

Mean*

c(11)-c(12)
c(12)-c(13)
c(13)-c(14)
C(14)-c(15)
C(15)-c(16)
c(16)-c(11)

Mean

2.343(2)
2.276(1)
2.282(2)
1.858(7)

1.114(8)

1.819(6)
1.815(6)
1.813(5)

1.815(3)

1.387(8)
1.382(10)
1.363(9)
1.365(11)
1.403(11)
1.389(8)

1.382(6)

C(21)-c(22)
C(22)-c(23)
c(23)-c(24)
C(24)-c(25)
c(25)-c(26)
Cc(26)-c(21)
Mean

C(31)-c(32)
c(32)-c(33)
C(33)-c(34)
c(34)-c(35)
c(35)-C(36)

C(36)-c(31)

Mean

1.360(8)
1.408(10)
1.344(11)
1.346(11)
1.402(11)
1.382(9)
1.374(11)
1.390(8)
1.385(9)
1.362(11)
1.390(12)
1.386(10)
1.384(9)

1.384(4)

* Throughout this thesis, each mean value, x, is derived from the

relation X = ijxj/ZWJ, where the summations are over the set of n
3 J '

individual measurements, X
the reciprocal of the variance of xj.
weighted mean is the larger of OA

individual standard deviations, Oj

.j,

and the weights, w,., are equatéd with
J

The standard deviation of each

B

and O _. OA is calculated from the

2,-%.
ion 0 = o) 2,
by the relation 9, (% 1/ DA

O_ is derived from the deviations of the individual values from their

B

mean by the relation Og = ) wj(xj -

J

02/1(e1) | w10,
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TABLE 2.3(Cant'd)

(b) Interbond angles with standard deviations in parentheses ‘

C1(1)-Pt-C1(2) 88.4(1) c(21)-c(22)-c(23) 119.6(6) .
c1(1)-pPt-c(1) 86.8(2) | c(22)-c(23)-c(24) 119.6(7)
C1(2)-Pt-P 90.1(1) C(23)-c(24)-c(25) 121.7(8)
P-Pt-C(1) 94.6(2) ‘ €(24)-c(25)-c(26) 119.9(8)
c1(1)-Pt-P 178.3(2) C(25)-c(26)-c(21) 119.0(7)
c1(2)-pPt-c(1) 173.5(2) C(26)-c(21)-Cc(22) 120.3(6)
Mean 120.0(3)
Pt-Cc(1)-0 175.6(7) C(31)-c(32)-c(33) 120.8(6)
C(32)-C(33)-C(34) 119.3(7)
Pt-P-C(11) 118.3(2) \8(33)-C(34)-C(35) 121.0(8)
Pt-p-c(zi) 110.3(2) C(34)-c(35)-C(36) 119.5(8)
Pt-pP-C(31) 110.2(2) C(35)-c(36)-Cc(31) 120.1(7)
c(sa)-c(zl)-c(zz) 119.3(5)
c(11)-pP-c(21) 105.4(3) Mean 119.9(3)
c(il)-p-c(zl) 104.9(3)
c(21)-pP-c(31) . 107.2(3) P-C(11)-c(12) 120.3(4)
Mean 105.8(7) - p-c(11)-c(16) 120.3(5)
P-C(21)-Cc(22) 121.2(5)
C(11)-c(12)-c(13) 120.8(6) P-C(21)-C(26) 118.6(5)
€c(12)-c(13)-c(14). 119.7(7) P-C(31)-C(32) 118.0(4)
C(lS);C(ld)-C(lS) 121.0(7) P-C(31)-C(36) 122.7(5)
£(14)-c(15)-C(16) 120.1(7) Mean 120.2(7)

c(15)-c(16)-c(11) 119.2(7)
c(16)-c(11)-c(12) 119.1(6)

Mean 120.0(3)
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TABLE 2.3 (Cont'd)

(c) Intramolecular non-bonded distances* within the limits of the
van der Waals radii (R): C(sp), 1.7; C(§22), 1.85; C(gga), 2.0;

c1, 1.8; 0, 1.4; P, 1.9.**

c1(2)---c(16) 3.34 c(12).--.c(31) 3.06
c1(2)---c(21) 3.57 c(12)--+c(32) 3.25
c(1)+--C(31) 3.06 C(16)++-C(21) 3.54
c(1)-+C(32) 3.14 Cc(16)-+-C(22) 3.56
c(11)---c(22) 3.09 c(21)---c(36) 3.15
c(11)-++c(32) 3.34 c(26)-++C(31) 3.63
c(12)--+:c(22) 3.68 c(26)+-+C(36) 3.59

* Values for étoms bonded to a common atom have been omitted from

such lists,

** Here, and throughout, the labels refer to formal hybridisation

states.
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TABLE 2.3 (Cont'd)

(d) Intermolecular non-bonded distances within the limits of the

van der Waals radii

111
)

c1(1)---c(241)* 3.61 C(13)- - - (36 3.68

c1(2). --c(33'Y) 3.52

* The Roman numeral superscripts refer to the equivalent positions

relative to the reference molecule at Xy Y, 23

I x, y, 1 + z IIT -x, -y, ~1-z

IT x,1+vy, z
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TABLE 2.4

Selected interatomic distances (R) and angies (°) in (11)

(a) Bond lengths

pt-C1(1) 2.362(3) c(1)-0 1.106(13)
Pt-C1(2) 2,291(2)
Pt-P 2.264(2) c(11)-c(12) 1.378(13)
pt-C(1) ' 1.834(11) c(12)-c(13) 1.404(16)
c(13)-c(14) 1.390(15)
p-c(11) 1.802(8) c(14)-c(15) 1.345(16)
c(15)-c(16) 1.412(18)
p-c(21) 1.830(10) c(16)-c(11) 1.374(14)
P-C(31) 1.811(11) Mean 1.382(9)

Mean 1.821(9)



(b) Interbond angles

c1(1)-pPt-c1(2)
c1(1)-pPt-Cc(1)
c1(2)-Pt-P
P-Pt-C(1)
C1(1)-Pt-P

c1(2)-pt-Cc(1)
Pt-pP-C(11)

Pt-P-C(21)
Pt-P-C(31)

Mean

Pt-C(1)-0

C(11)-P-c(21)
c(11)-p-c(31)

Mean

- 61 -

TABLE 2.4 (Cont'd)

90.2(1) C(21)-pP-c(31)
88.0(3)
88.0(1) P-Cc(11)-c(12)
93.9(3) P-C(11)-c(16)
178.0(1) Mean
178.0(3)
c(11)-c(12)-c(13)
113.1(3) c(12)-c(13)-c(14)
C(13)-c(14)-c(15)
112.0(4) c(14)-c(15)-c(16)
111.2(3) c(15)-c(16)-c(11)
111.5(4) c(16)-c(11)-c(12)
Mean
179.7(19)
.105.6(4)
107.2(4)
106.4(8)

107.

120.

121.

120.

121.

118.

121

119.

120.

118.

119.

2(5)

5(7)
2(7)
9(5)

7(10)

2(10)

.1(11)

9(12)
7(11)
3(9)

9(6)
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TABLE 2.4 (Contt®d)

(c) Intramolecular non-bonded distances

ci(2)9'~c(21) 3.42 C(12):+-C(21) 3.20
c1(2)---c(31) 3.62 c(16):--c(31) : 3.18

c(1)---C(11) 3.11
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TABLE 2.4 (Cont'd)

(d) Intermolecular non-bonded distances

01(1).-‘9[:(161)* 3.65 c1(2)---c(3tl)y 3.77
c1(1)---c(2ath) 3,71 c(13).--c(3Y) 3.78
“g1(1)---c(3l) 3.70 c(24)---c(21ty 3.76
c1(2)---c(atlly 3.5 c(25)---c(21tY) 3.83

* The Roman numeral superscripts refer to the following co-ordinate
transformations:
I -x,1/2+y,1/2 -z IIT 1/2 - x, -1-y,1/2+2

11 1/2 - x, -y, 1/2 + 2 IV 1/2 - x, -1 -y,-1/2 4+ 2
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TABLE 2.5

Equations of least-squares planes of (I) in which X, Y, Z refer
to orthogonal co-ordinates in q. Deviations of selected atoms

from the plane are given in square brackets.

Plane 1: Pt, P, C1(1), C1(2), c(1)
0.958X + 0.287Y + 0.019Z - 2.506 = O
[Pt 0.039, P 0.020, C1(1) 0.022, Cc1(2) -0.036,. C(1) -0.044,

0 -0.163]

Plane 2: C(11) - (16)
-0.634X - 0.474Y + 0.611Z + 2.786 = O
[P -0.207, c(11) -o0.011, C(12) 0.000, C(13) 0.007, C(14) -0.002,

c(15) -0.010, c(16) 0.016 ]

Plane 3: C(21) - (26)
0.470X - 0.808Y - 0.355Z - 0.233 = 0O
[P 0.017, C(21) 0.004, C(22) -0.004, C(23) 0.003, C(24) -0.003,

t(25) 0.002, C(26) -0.003]

Plane 4: C€(31) - (36)
-0.374X + 0.003Y - 0.927Z - 0.613 = O
[p -0.075, c(31) -0.009, C(32) -0.007, C(33) 0.019, €(34) -0.015,

c(35) -0.001, C(36) 0.013]

Angles (°) between planes:
(2) - (3)  97.6 (3) - (4) 81.3

(2) - (4)  109:4
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TABLE 2.6

Least-squares planes of (II)

Plane 1: Pt, P, C1(1), C1(2), C(1)
0.733X + 0.630Y - 0.257Z - 0.200 = 0
(pt 0.000, P 0.016, C1(1) 0.016, C1(2) --0.015, c(1) -0.018,

0 -0.023)

Plane 2: C(11) - (16)
-0.572X + 0.747Y + 0.338Z + 3.339 = 0
[P 0.088, C(11) 0.006, C(12) 0.010, C(13) -0.013, c(14) -0.001,

c(15) 0.017, c(16) -0.020]
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TABLE 2.7

Bond lengths (R) in cis-[PtClz(L)(RSP)] compiexes

L RP Pt-Cl1 Pt-Cl Pt-p Ref.
(trans to L) (trans to P)

PMe., PMe., 2.376(12)* 2.376(12)* 2.248(9)* 62

C(DEt )NHPh PEt 2.365(5) 2.368(7) 2.240(8) 26

C(NPhCH2)2 PEt, 2.362(3) 2.381(3)  2.234(3) 63

CNPh PEt, 2.333(12) 2.365(11) 2.238(8) 26,29

CNEt PEt,Ph 2.314(10) 2.390(8) 2.244(8) 47

weightéd means 2.379(3) 2.237(2)

co PPh, 2.276(1) 2.343(2) 2.282(2) Present work

co PMe,Ph 2.291(2) 2.362(3) 2.264(2) " "

co PEt., 2.296(4) 2.368(3) 2.265(3) 22

* Mean values
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TABLE 2.8

Mean Pt-P({rans to P) bond lengths (R) in various types of

platinum (II) complexes®

'Phosphineb PRS PRZPh PMEZPh PPh3
Electroneutral
complexes 2.312(5) 2.299(8) 2.294(3) 2.304(2)
Monocationic
complexes 2,330(12) - 2.295(5) -

Tolman's in

parameter” 5.4 7.9 9.5 12.9

a . . .
K.W. Muir, personal communication.

b R = Et or n-Bu
A measure of the total electron-withdrawing ability of the

substituents on phosphorus. (see ref. 46).
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Figure 2.2: A view of the cis-[PtC1,(C0)(PPh;)]
molecule; thermal vibration ellipsoids
enclose 50% of probability. Hydrogen

atoms are omitted for clarity.
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Figure 2.3: A view of the cis-[PtCl,(CO)(PMe,Ph)]
molecule; thermal ellipsoids enclose

50% of probability.
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2.4 THE CRYSTAL AND MOLECULAR STRUCTURE OF THE PLATINUM (II)

PHOSPHINE COMPLEX cis-[PtC1,{Ph,PCH,CH,P(CF,),Y]

2.4.1, INTRODUCTION

Recently, the novel unsymmetrical ditertiary phosphine PhZPCHZCHZP—
(CF3)2, L, and its chelate complexes Eii"[MClzL], M = palladium

or platinum, were synthesised.s6 An X-ray structure determination

of the palladium complex showed that the electronic properties of

the substituents on the phosphorus atoms have a pronounced effect on
the palladium-ligand bonding.66 Thus, the Pd-P distance involving
the trifluoromethylphosphine 1ligand is extremely short and, further-
more, this phosphine exerts a considerably smaller trans-influence on

a Pd-Cl bond than does the phenyl-substituted phosphorus donor atom.

An account is now given of the accurate X-ray analysis of the platinum
analogue cis-[PtClzL]. This work was undertaken for the following

reasonse.

(i) It extends the study3 of the bonding and trans-influence of
carbon-donor ligands in monomeric squars-planar platinum(1I)
complexes (Sec. 2.3): an analogy can be drauwn in that one of
the phosphorus atoms (namely, that of the P(CF3)2 group) is
believed to receive significant ﬂ—backﬁonation from the metal

atom,

195
(

(i1) Platinum, unlike palladium, has an isotope Pt) with nuclear

1 .
spin angular momentum and, consequently, J(Pt-p) coupling
constants can be obtained. In the present complex, the two

; . . 1
metal-phosphorus bonds have appreciably different 3(Pt-P)

coupling constants. This result is significant in view of the
proposed correlation betuween lJ(Pt—P) coupling constants and

Pt-p bond lengths in platinum(IT) complexes containing

1
monotertiary phosphine ligands.
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(iii) There is an extensive structural literature on platinum (II)
R 67
phosphine complexes: accordingly, a more critical svaluation
of the metal-phosphorus bonding should be possible for the

platinum complex.

(iv) The bonding in analogous second and third row transition metal
complexes can show marked differences, especially when m-acid

6
ligands are involved. 8

A preliminary account of this work is a\lailable.69
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2.4.2. EXPERIMENTAL

Crystal Data. = 4Cl FP,Pt, M= 648.2. Monoclinic, a =

C16M14012F 672
]
10.062(1), b = 13.690(1), c = 15.930(1) A, B = 108.66(1)°,

0

0 . -
T=19%, U=2078.9 A, Z=4, D_=2.071 gncn™>, F(000) =

)
o] -
1224, No—Ka radiation, A = 0.71069 A, u(Mo-Ka) = 75.6 cm l.

Space group PZl/E.

Crystallographic Measurements. - The crystals are white, air-stable
plates. The specimen chosen for the analysis displayed all members
of the {100}, {010} and {00} forms, and the (110)and (110) faces;
the perpendicular distances between the parallel faces were 0.17,

0.32 and 0.09 mm.

The crystal system and unit-cell dimensions were derived from roﬁation
and Weissenberg photographs. Final values of the cell dimensions
were obtained by a least-squares treatment of the setting angles of
12 reflexions centred on a Hilger and Watts! Y290 diffractometer
34b

controlled by a PDP8 computer. The crystals are nearly isomorphous

with those of the palladium analogue.ﬁ8

Intensity Measurements. - The intensities of all independent reflexions

with e(mo-Ka) < 28°  were measured on the Y290 instrument with the use
of graphite-monochromated molybdenum radiation and a pulse~height
analyser. A symmetrical g - Ze:scan was employed: 2.5s counts were
taken at 0.02° intervals over a range of 0.60° in 0, and stationary
crystai-stationary counter backgrounds were measured for 15s at each
‘end of the scan. The intensities of three strong low-angle reflexions,
remeasured periodically during the experiment, varied by less than 6%

of their mean values.
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Structure amplitudes and their standard deviations were derived in
the usual way (q 0.04)?5 A correction was made for absorption
effecfs; the transmission factors on IFDI, calculated by Gaussian
integration over a grid of 14 x 14 x 14 points, ranged from 0.41

to 0.7097

Of 3531 intensities measured, only 3364 for which I > 30(I) were

used in the subsequent calculations.

Structure Analysis - The fractional atomic co-ordinates of the

palladium analogue were employed in a trial solution: this led to

a satisfactory structural model. This model was refined by the method
of full-matrix least-squares. The function minimised was-ZuMSz,

where w= 1/0 2(FU) and A = [Fl = IFl «  Atomic scattering factors
were taken from ref.38, except those for the hydrogen atoms.

Allowance was made for the anomalous scattering of the platinum,

phosphorus and chlorine atoms with values of Af! and Af" from ref. 41.

Refinement of the scale factor and of the positional and isotropic
thermal parameters of all non-hydrogen atoms led to R 0.099 and R 0.120.
When the data were corrected for absorption effects and anisotropic
temperature factors were assigned to the platinum, phosphorus and
chlorine atoms, R and R* decreased, respectively, to 0.041 and 0.054.
Hydrogen atom positions were inferred and their contributions to the
scattering were included in all subsequent structure factor calculations
but their positional and thermal parameters were not refined. 1In
addition, anisotropic temperature factors were assigned to the fluorine
atoms. It then became evident that extinction effects were present.

3
r*4

, was included in

Accordingly, a secondary extinction parameter,

the refinement: convergence was achieved at R 0.029 and R* 0.036.
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In the fipnal cycle of least-squares refinement all parameters shifted
by less than 0.2g . The standard deviation of an observation of
unit weight was 1.3 and r* was 2.9(1) x 1073 deg_l. Mean values of
wzsz showed no apparent trend when analysed as a function of IFJ

or sin®, indicating that the weighting scheme was satisfactory. The
extreme function values (1.1 and -0.5 eﬂnz) in the final difference

synthesis occurred in regions close to the platinum atom.

The observed and calculated structure amplitudes are listed in the
Appendix (pp.53 to 77). Final atomic parameters and a selection of
derived functions are presented in Tables 2.9 - 2.11. A view of the
molecular structure ié shown and the atomic numbering scheme is

indicated in Fig. 2.4.

The computer programs employed have been described in Sec. 2.3.2.
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2.4.,3. RESULTS AND DISCUSSION.

The crystals are built of discrete Eig—[PtClZ{PhZPCH2CH2P(CF3)2}]
molecules. A calculation of all intermolecular distances $ 4.0 f
indicated that the interactions between molecules are of the van der
Waals typeﬁA' Of the contact distances shown (Table 2.10(e)),

the only one of interest is that of 3.59 R between C(13) and C1(1):
the resultant H(13)...C1(1) distance of 2.81 R and the C(13)-He-+C1(1)

angle of 136° may indicate a weak hydrogen bond.45

The Co-ordination of the [Mletal Atom. - The molecules have the expected

Cis -square-planar configuration at the platinum atom with the
ditertiary phosphine acting as a chelating bidentate ligand; the
remaining co-ordination sites are occupied by chlorine atoms. There
are small but significant distortions of the metal co-ordination from
ideal square-planar geometry. Thus, the P(1)-Pt-P(2) angle is

only 86.0(1)0: this may be attributed to a constraint of chelation.
There is also a slight opening of the P(2)-Pt-C1(2) angle to 94.1(1)°
and the P(2)-Pt-C1(1) angle is only 175.2(1)°. In addition, the
platinum, phosphorus and chlorine atoms deviate significantly by

up to t 0.02 R from the metal co-ordination plane: similar distor-
tions have been observed in a number of monomeric, square-planar
complexes of platinum(II) and have been attributed to ligand-ligand
repulsions?7 ‘That the molecule is subject to steric strain is

shown by a number of short intramolecular contacts (Table 2.10(d)).
Thus, the shortest contact involving the phenyl carbon atoms is 3.14 R
between C(16) and C(21); contacts of a similar magnitude have been
observed in other arylphosphine derivatives48 and in the triphenyl-

phosphine molecules? The Ce++Cl and C(methylene)--+F contacts may
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also indicate strain; the Ce«.F distances do not result from

hydrogen bonding since the shortest Hee+F contact is 2.70 A involving
H(3a) and F(21) and this is ca. D.15 R longer than the sum of the van
der Waals radii of hydrogen (1.2 R) and fluorine (1.35 A) atoms.

The CFS---CF3 intramolecular distances are unexceptional; the shortest
distance being 3.07 R involving C(2) and F(12); they lead to a contact
radius of ca. 1.8 ﬂ for the trifluoromethyl carbon atom and this is

not unduly short.

The five-nembered chelate ring is puckered with the methylene atoms
C(3) and C(4) displaced by -0.24 and +0.37 R, respectively, from the
platinum co~ordination plane. Bidentate chelating ligands; such as
diphosphines, are expecteﬁ to display a variety of conformations
(symmetrical and unsymmetrical) of nearly equivalent energy.70 In

the title complex the conformation exhibited is intermediate between
those of the envelope (CS) and half-chair (C2) forms, being closer to
the latter type: ‘Df the torsion angles given in Table 2.10(0); the
ones of primary interest are those about the Pt-P bonds, P(1)-Pt-P(2)-C(3)
-7.4(3) and P(2)-Pt-P(1)-C(4) -13.5(3)2 and that about the central
C-C bond, P(2)-C(3)-C(4)-P(1) -42.0(6)°.  These values are normal,

. . 7
being in the range found in a number of other metal-diphosphine sy-stems.l

The Geometry of the Phosphine Ligands - The geometry of the phenyl-

substituted phosphine is normal .’ Thus, the P-C(ggz) distances
(mean value 1.812(6) R), the P-C(sp°) separation of 1.830(3) R and
the C(EE?)’C(EE?) distances (mean values 1.375(7) and 1.375(9) )
are similar to the corresponding values found in monotertiary

49 cps
phosphine derivatives of platinum(II). In addition, the Pt-P-C and
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C-P-C angles display the expected deviations48 from the ideal
tetrahedral value; respective ranges are 107.8(2) to 116.7(2)° and
105.4(3) to 107.0(3)0. Moreover, the endocyclic phenyl angles at

the ipso-carbon atoms [120.1(6) and 118.8(7)°] are normal.>

In contrast; the P—CF3 bond lengths in the trifluoromethylphosphine
ligand are longer than expected: the individual lengths are equal
and their mean value of 1.877(7) R differs from the corresponding
P-C(phenyl) value by ca. 0.07 R which is 0.04 R longer than would be
predicted from the covalent radii59 of ggé and §E? hybridised
carbon atoms (0.77 and 0.74 R respectively). Angular distortions

in the same sense as those found in the PPh2 fragment are evident.
However; the C-P-C,angles, which range from 99.7(4) to 104.4(4)0,

are decidedly smaller; in particular; the CF_,-P-CF., angle is 7.3(5)0

3 3
smaller than the corresponding C(Ph)-P-C(Ph) angle.

The respective ranges of Pt-P-C angles overlap but, on the whole;

the angles at the P(CF group (range 112.1(2) - 119.5(3)°) are

3)2
slightly larger. The bonding differences of the phosphine ligands are

discussed, in some detail, below.

The C-F bond lengths are in excellent agreement Qx? = 0.6 on 5

degrees of freedom); their mean value of 1.301(5) R is somewhat
shorter than that obtained50 from a number of fluoroparaffiﬁs
(1.333(5) R); and the values in cyclic polyfluorophosphines of general
formula [p(CFS)ZJn (mean 1.34 R),SD but it is in agreement with the
Turresponding mean separation of 1.30(1) R in the analogous complex

cis-[PtClz(FECSEHNeCH SBFZ)]:72 this contraction can best be

2
attributed to the effects of the high thermal vibration of the
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fluorine atoms. The P-C-F and F-C-F angles are nearly regular

with mean values of 110.9(9) and 107.6(6)0, respectively.

The P-C(methylene) bond lengths [1.846(7) and 1.830(9) R] are
normal, 4’ Moreover, the C(3)-C(4) separation of 1.519(10) R is
.. 50 0 3 3
similar to the accepted value of 1.54 A for a C(sp™)-C(sp”) bond
length, and the P-CH,-CH, interbond angles [110.1(5) and 105.7(6)°]
|
“are close to 109°28 .

Metal-Ligand Bonding and trans-Influence - The most noteworthy

feature of the molecular structure is the extremely short Pt-P(CF3)2

bond [2.168(2) ﬂ]. Prior to this work, the shortest Pt-P(phosphine)

distance observed in 56 monomeric platinum(II) phosphine complexes

for which structural data are available was that of 2.215(4) ﬂ in the
[Ptc1,(PEt,)]” enion.®®  Furthermore, the Pt-Cl(trans to P(2))

distance, 2.315(2) 8, indicates that the trans-influence of the P(CF3)2
group is substantially less than that of a trialkyl- or triarylphosphine,
being comparable with that of isocyanide or chloride:3 the Pt-Cl(trans to C)
distance’ in Eig—[PtClz(CNEt)(PEtZPh)] is 2.314(10) 8 and the mean

length of the Pt-Cl(trans to Cl) bonds in five platinum (II) complexes

is 2.303(5) ﬂ.z In contrast, the Pt-PPh, and Pt-Cl(trans to Pth)

distances [2.244(2) and 2.371(2) ﬂ, respectively] are normal, being

equal within experimental error to the corresponding distances in five

other complexes of the type ngf[PtClzL(PRB)] where R is alkyl or

aryl, and L is carbenoid, isocyanide or phosphine (Table 2.7 and refs.
therein). The highly significant difference of 0.076(3) ] (A/0 = 25) in the
Pt-P distances in the title complex must be predominantly of electronic origin

since the substituents on the atoms P(l) and P(2) appear to have similar steric
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bulk but markedly different electron-withdrawing ability. Thus, the
minimum cone angles of the phosphines are 120° (trifluoromethyl) and
125° (phenylphosphina), and the corresponding values of Tolman?s in

parameter are 41.0 and 10.4 cm—l, respectiuely.a6

The striking difference in the Pt -P bond lengths is paralleled by
that in the lJ(Pt-P) coupling constants: lJ(Pt-Pth) = 3120 and

lJ(Pt—P(CF ) = 4013 Hz - a difference of ca. 900 Hz. However, in

3)2

2CH22(C6F5)2}]the coupling constants

l3(pt-pph2) [3445 Hz] and lJ(Pt—P(CﬁFE)Z) [3845 Hz ]| differ by only

the complex cis—[PtClZ{PhZPCH

ca. 400 Hz.69 Thus, the coupling constant increases in the order
PPh, < P(CGFS)2 < P(CFS)Z' It seems reasonable to relate this trend
to increasing electron-withdrawing ability of the phosphine substitu-
ents. Thus, Tolman has assigned electron-withdrawing parameters

-1 - - - .
(Xi) 4.3, 11.2 and 19.6 cm = to the Ph , CF_ and CF, substituents,

respectively; of the 47 substituents examined, trifluoromethyl was

found to be the most electronegat‘ive.“6

Bent considered bond lengths and angles in relation to hybridisation
in PXS, X3P0 and X3PS derivatives.?3 His rules predict that the

phosphorus atom with the more electronegative substituents will have
in the lone pair orbital
the greater s-characteyc Applied to the title complex, they lead to
a shorter Pt-P bond for the trifluoromethyl-substituted phosphine
and a higher ;J(Pt-P) coupling constant. In addition, the C-P-C
angles should be smaller and the P-C bonds longer than the carres-
ponding values of the phenyl-substituted phosphine (allowance, of
course, being made for the difference in covalent radii of 52? and

§E? hybridised carbon atoms). Although the structural parameters

and coupling constants are in agreement with these predictions, there
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are a number of objections to this interpretation. It implies that

the less basic phosphorus atom forms a shorter and presumably stronger
Pt -P bond. Moreover, it requires that the Pt-P bond lengths and

the phosphine trans-influence be extremely sensitive to small vari-
ations in the hybridisation of the phosphorus atoms: an analogy can

be drawn with the relative trans-influence of carbon-donor ligands

where EE? y gg? and sp hybridised carbon atoms have similar trans-
influence on Pt -Cl bonds.3 The extremely éhort Pt-P(CFz)2 bond

can best be attributed to substantial backdonation from the platinum
ion engendered by the electron-withdrawal of the trifluoromethyl groups.

On this basis, the high lJ(Pt—P(CF ) coupling constant arises from

3)2
synergic enhancement of the Pt -P o-bonding. Furthermore, the small
trans-influence of the P(CF3)2 group is expected by analogy with

carbon-donor ligand systems (Sec. 2.3.3) where it has been shown that

there is a marked decrease in trans-influence if 7 -backdonation is

3
significant.

In conclusion, there are no significant differences between comparable
bond lengths and angles in the present complex and its palladium
‘analogueﬁﬁudth the exception of the N-P(CFS)2 bond length which is -

0.025(4) R shorter in the platinum complex.
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TABLE 2.9

(a) Fractional atomic co-ordinates (xlU4) and vibrational parameters

for cis-[PtCl,{Ph,PCH,CHP(CF,),}]

Atom x y z Ux10°R2
Pt ' 3539.7(2) 2003.9(1) 2342.9(1) *
P(1) 2481(1) 2687(1) 1016(1) *
P(2) 5464(2) : 2618(1) 2234(1) *
c1(1) 1391(2) 1399(1) 2342(1) *
c1(2) 4669(2) 1232(1) 3719(1) *
F(11) 7938(6) 2181(5) 2046(6) *
F(12) 7658(7) 1579(6) 3202(5) *
F(13) 6599(7) 987(5) 1970(6) *
F(21) 7414(7) 3976(5) 2901 (6) *
F(22) 6624(9) 3331(5) 3861(4) *
F(23) 5418(7) 4326(4) 2938(5) *
c(1) 7 7020(10) 1805(7) 2379(7) 78(2)
c(2) 6312(10) 3613(7) 3039(7) 77(2)
c(3) 5210(8) 3160(5) 1144(5) 60(2)
c(4) 3725(7) 3557(5) 789(5) 49(1)
c(11) 902(6) 3390(4) 906(4) 39(1)
c(12) 1022(7) 4280(5) 1318(5) 53(2)
c(13) -190(8) 4811 (6) 1255(5) 63(2)
c(14) -1469(8) 4453(5) 782(5) 63(2)
C(15) -1596(8) 3582(6) 364(6) 66(2)
c(16) -406(7) 3030(5) 431(5) 56(2)
c(21) 2040(6) 1800(4) 130(4) 44(1)
c(22) 1628(8) 2114(5) -738(6) 66(2)
c(23) 1206(9) 1432(6) -1431(6) 72(2)
c(24) 1225(10) 473(7) -1251(6) 78(2)

c(25) 1589(10) 157(7) -402(7) 88(3)
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TABLE 2.9 (Cont'd)

3
Atom X y z Ux10 ﬂ

c(26) 2033(9) 819(6) 297(6) 73(2)

* These atoms were assigned anisotropic temperature factors of

2
the form exp[-2m XZ U,.a*a *h h.]. The final values of the U, .
73 H13 4 ij

3
parameters (x10~) are:

Atom U u u u u u

11 22 33 12 13 23
Pt 38.5(1) 33.8(1) 33.4(1) -0.1(1) 12.4(1) 1.5(1)
P(1) 38.5(7) 33.0(6) 34.8(8) 0.7(5) 12.5(6) 1.2(6)
P(2) 37.5(8) 43.9(8) 56.9(11) 0.1(6) 13.0(7) 6.6(8)
ci(1) 53.0(9) 63.0(10) 59.7(10) -13.2(7) 25.0(8) 6.3(8)
c1(2) 66.7(10) 76.0(12) 41.6(3)  5.0(3) 9.9(8)  16.9(8)
F(11) 65(3) 148(6) 213(8) 36(3) 85(4) 83(5)
F(12)  101(4) 165(6)  136(6)  73(4)  34(4) 72(5)
F(13)  105(5)  106(5)  236(9) 31(4) 73(6) -33(6)
F(21) 108(5) 130(5) 194(8) -79(4) 30(5) -24(5)
F(22)  192(7) 93(4) 81(4)  -41(4)  -23(5) -13(4)

F(23)  137(5) 66(3)  148(6) 4(3) 10(5) -39(4)
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TABLE 2.9 (Cont®d)

(b) Calculated fractional co-ordinates (xlOS) and assumed isotropic
temperature factors for hydrogen atoms; each hydrogen atom is

numbered according to the carbon atom to which it is attached.

Atom x y z Ux10°%2
H(3a) 591 370 118 70
H(3b) 535 265 72 70
H(4a) 345 368 13 59
H(4b) 367 420 109 59
H(12) 197 ' 456 168 63
H(13) A -12 547 154 73
H(14) -235 483 77 75
H(15) -255 N 335 0 76
H(16) -50 238 11 66
H(22) - A 166 284 - -87 75
H(23) 83 165 -208 83
H(24) 97 =3 -176 84
H(25) 161 -57 -26 97

H(26) 229 57 93 81
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TABLE 2,10

Selected interatomic distances (R) and angles (°) in

(a) Bond lengths

cis-[PtC1,{Ph,PCH,CH,P(CF ), } ]

Pt-P(1)
Pt-p(2)
Pt-C1(1)

Pt-Cc1(2)

P(1)-C(11)
P(1)-c(21)
Mean
P(2)-c(1)
p(2)-c(2)

Mean

P(1)-c(4)
P(2)-Cc(3)

c(3)-c(4)

C(1)-F(11)
c(1)-F(12)

Cc(1)-F(13)

.244(2)
.168(2)
.315(2)

.371(2)

.817(6)
.806(6)
.812(6)
.874(10)
.878(10)

.876(7)

.846(7)
.830(8)

.519(10)

.309(12)
.299(13)

.297(12)

c(2)-F(21)
c(2)-F(22)
c(2)-F(23)

Mean

c(11)-c(12)
c(12)-c(13)
c(13)-c(14)
c(14)-c(15)
c(15)-c(16)
c(16)-c(11)
Mean

c(21)-c(22)
c(22)-c(23)
€(23)-c(24)
c(24)-c(25)
c(25)-c(26)
c(26)-c(21)

Mean

.296(12)
.304(12)
.302(11)

.301(5)

.371(9)

.396(10)
.358(11)
.352(11)
.391(10)
.382(9)

.375(7)

.379(11)
.404(12)
.343(13)
.354(14)
.394(13)
.370(10)

.375(9)
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TABLE 2.10 (Cont'd)

C1(1)-Pt-C1(2)
c1(1)-Pt-P(1)
P(2)-Pt-C1(2)
pP(2)-Pt-P(1)
P(1)-Pt-C1(2)

pP(2)-Pt-C1(1)

pt-P(1)-Cc(11)
pt-p(1)-c(21)
Mean

Pt-P(1)-C(4)

Pt-p(2)-c(1)
Pt-P(2)-C(2)
.Nean

Pt-P(2)-C(3)

c(11)-p(1)-c(4)

C(21)-P(1)-c(4)

Mean

C(11)-pP(1)-c(21)

C(1)-pP(2)-c(3)
C(2)-P(2)-c(3)
Mean

C(1)-pP(2)-c(2)

P(1)-c(11)-c(12)

90.7(1) P(1)-c(4)-c(3) 110.
89.2(1) P(2)-c(3)-c(4) 108.
94.1(1)

86.0(1) P(2)-c(1)-F(11) 112.
178.0(1) P(2)-c(1)-F(12) 112.
175.2(1) P(2)-c(1)-F(13) 109.

P(2)-c(2)-F(21) 112.
116.6(2) P(2)-c(2)-F(22) 112.
112.3(2) P(2)-c(2)-F(23) 108.
115(2) Mean 110.
107.8(2)
F(11)-c(1)-F(12) 108.
119.5(3) F(11)-C(1)-F(13) 107.
116.7(3) F(12)-c(1)-F(13) - 106.
118.1(14) F(21)-Cc(2)-F(22) 1009.
112.1(3) F(21)-c(2)-F(23) 106.
F(22)-C(2)-F(23) 106.
105.4(3) méan 107.
107.1(3)
106.2(8) c(11)-c(12)-c(13) 119.
107.0(3) c(12)-c(13)-c(14) 120.
c(13)-c(14)-c(15) 121.
102.4(4) c(14)-c(15)-c(16) 119.
104.4(4) c(15)-c(16)-c(11) 119.
103.4(10) c(16)-c(11)-c(12) 120.
99.6(4) Mean 119.

c(21)-c(22)-c(23) 120.

1(5)

7(5)

7(7)
9(7)
0(7)
9(7)
4(7)
3(7)
9(9)

5(8)
2(9)
1(9)
9(9)
6(8)
3(9)

6(6)

2(6)
2(7)
0(7)
9(7)
6(6)
1(6)
9(3)

o(6)

119.0(5) C(22)-C(23)-c(24) 120.2(8)



p(1)-c(11)-c(16)
p(1)-c(21)-c(22)
pP(1)-c(21)-C(26)

Mean
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TABLE 2.10 (Cont'd)

120.9(5)
119.6(5)
121.5(5)

119.9(6)

C(23)-c(24)-c(25) 120.4(9)
C(24)-c(25)-c(26) 120.4(9)
C(25)-C(26)-C(21) 120.2(8)
C(26)-c(21)-c(22) 118.8(6)

Mean 119.9(3)
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TABLE 2.10 (Cont'd)

(c) TJorsion angles

pt-p(1)-C(4)-C(3) 36.4(5) Pt-P(2)-c(3)-C(4)
P(1)-Pt-P(2)-C(3) -7.4(3) P(2)-Pt-P(1)-C(4)

P(2)-c(3)-c(4)-pP(1) -42.0(6)

31.4(6)

-13.5(3)
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TABLE 2.10(Cont'd)

(d) Intramolecular non-bonded distances within the limits of the

) 2
contact radii (R): C(sp”) 1.85, C(sp>) 2.0, C1 1.8, F 1.35, P 1.9.

CFy- - +CFq

c(1)---F(21) 3.08 C(3):-+F(11) 2.98
c(1)---F(22) 3.27 C(3)---F(21) 3.17
c(2)-:+F(11) 3.27 C(3)---F(23) 3.22
£(2)---F(12) 3.07

C---Cl
c(11)---c1(1) 3.49V c(1).--c1(2) 3.74
c(26)---c1(1) 3.61

C-»+C
c(2)---c(4) 3.70 c(11)---c(22) . 3.42
c(3)---c(21) 3.60 c(16)---Cc(21) 3.14
C(4)---c(12) 3.25 c(16).--C(22) 3.42

c(4)---c(22) 3.31
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TABLE 2.10 (Cont'd)

(e) Intermolecular non-bonded contacts within the limits of the

van der Waals radii:

cL(1)---c(13t)* 3.59 c1(2)---c(4th) 3,72
c1(1)---c(22t) 3.62 c(3):--c(15° ) 3.84
c1(1)---c(23%) 3.59 c(12)---c(23'h) 3.66

* The Roman numeral superscripts refer to the following co-ordinate

transformations:

I -x,-1/24+y,1/2 -2 III 14+x,y, 2

11 x, 1/2-vy,1/2+2
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TABLE 2.11

Least-squares planes of cise[PtClz{PhZPCHZCHZP(CFS)Z}]

Plane 1: Pt, P(1), P(2), c1(1), c1(2)
-0,314X +0.827Y +40.467Z -3.158 = O
[pt 0.019, P(1) -0.022, P(2) 0.012, c1(1) 0.011, C1(2) -0.020,

c(3) -0.237, C(4) 0.374]

Plane 2: C(11) - (16)
-0.349X -0.450Y +0.822Z +1.119 = O
[p(1)0.034, C(11) 0.000, C(12) -0.006, C(13) 0.004, C(14) 0.003,

c(15) -0.009, C(16) 0.008]

plane 3: C(21) - (26)
-0.997X +0.073Y -0.001Z + 1.800 = O
[P(1)0.094, c(21) -0.002, C(22) 0.003, C(23) 0.007, C(24) -0.017,

c(25) 0.017, C(26) -0.008]

Angle (°) between planes: (2) - (3) 71.7



- 93 -

Figure 2.4: A view of the cis~[PtCl,{Ph,PCH,CH,P(CF5),}]
molecule; thermal vibration ellipsoids
enclose 50% of probabilify. Hydrogen atoms

are not shown.
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2.5. THE CRYSTAL AND MOLECULAR STRUCTURE OF THE PLATINUM(IV)

CARBENDID [ptc12{c(c1.c6H3NH)(NHMe)} (PEt,),]c10,

2.5.1. INTRODUCTION

Recently Chatt, Richards, and Royston showed that the platinum(II)
carbenoid complexsé Eig—[PtElz{C(NHR)(NHR')}PEtS] and trans-
[ptc1{C(NHR)(NHRT)} (PEt3)2]ClD4, where R = R* = Me, undergo oxidative
addition with dichlorine to give analogous platinum (IV) carbenoid
compounds. However, when R = Me or Et and R* = Ph a novel reaction
occurs, apparently involving 2-metallation and 4-chlorination of the
phenyl‘ring.74 Thus, the product from trans-{ PtC1{C (NHMe) (NHPh )Y~

(PEt3)2] €10, was formulated as (I):

B MeNH PEt3 4_

Cl

N
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e

/

0
-

RRRRERRRRRRY

g

=

ct
w

C} ) J
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An X-ray structural analysis of this product was undertaken for the

following reasons.

(i) Verification of this structural assignment seemed desirable

since reactions of co-ordinated carbenoid ligands are relatively

unusual.75

(ii) A metallation induced by oxidation rather than reduction is unusual. '
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(iii) The platinum-chlorine bond lengths would enable the relative
Eggggrinfluence of o-phenyl and carbenoid ligands in platinum(IV)
complexes to be compared. Thus, this work forms part of the
structural investigatidn of the trans-influence and bonding of

carbon-donor ligands in platinum complexes.77

Prior to this study, structural data were available only for carbenoid

complexes of metals in oxidation states 0 to II.75 However, the

analysis of a rhodium(III)carbenoid has been reported recently.78

A full account of the structure analysis of the title complex is
available.79 Accordingly, a.brief description only is presented

here.

The observed and final calculated structure amplitudes are listed in

the Appendix [pp. 78 to 114].
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2.5.2., RESULTS AND DISCUSSION

The crystals contain [ptc12{c(01.c6H3NH)(NHMe)}(p£t3)2]+ complex
cations and perchlorate anions which are well separated. A perspec-

tive view of the cation is shown in Figure 2.5.

The structure of the complex cation agrees with that predicted by
Chatt 53_31374 Mutually-cis phenyl and carbenoid carbon atoms,
trans phosphorus atoms, and cis chlorine atoms define a slightly
distorted octahedron about the platinum atom. The constraint imposed
by the chelate ring leads to a C(13):Pt~C(19) angle of 80.3(4)°,

and also to a slight opening of the C(13)-Pt-C1(2) and C(19)-Pt-C1(3)
angles to 95.8(3) and 92.8(3)0, respectively. Other angles

subtended at the platinum atom by mutually-cis ligand donor atoms

are close to 900.

The carbenoid carbon atom, C(lQ), is coplanar with the atoms N(l),
N(é) and Pt, to which it is directly bonded. The methyl carbon
“atom, C(20), attached to N(1), also lies in this plane. The N-C
(carbenoid) bond lengths (1.327(13) and 1.347(17) g) are in agreement
and their mean value of 1;337(10) g is much shorter than the other
N-C bonds in the cation [N-C(Ph) 1.394(13) R; N-C(Me) 1.496(18) R].

5
They are consistent with a bond order of approximately 1.7.7

The Pt-C(carbenoid) bond length of 1.973(11) R is 0.061(16) R

shorter than the Pt-C(phenyl) bond length of 2.034(11)‘R. The latter
value is in turn 0.02 R shorter than the mean Pt(IV)-C(methyl)
distance of 2.054 R in several trimethylplatinum(IV) complexes,80 and
this difference can be almost entirely accounted for by the difference

2 3
in covalent radii of sp” and sp~ hybridised carbon atoms. The Pt-C(Ph)
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bond thus appears to be single in character. It has been suggested
that the order of a metal-carbon bond which is 0.1 R shorter than the
corresponding single bond will be approximately 1.2.80 On this

basis; it may be argued that the shortening of the Pt-C(carbenoid) bond

is consistent with a bond order of about 1.1; such multiple character

could arise from a small amount of PtaC(carbencid) backdonation.

From the lengths and coplanarity of the bonds involving the carbenoid
carbon atom it may be concluded that the platinum-carbenoid bonding

is predominantly that indicated by the canonical structure(I)
(HEQE.EEEEE), in which the main interaction of the vacant p orbital

of the EE? hybridised carbenoid carbon atom is with the filled p
orbitals of the adjacent nitrogen atoms, which are also EE? hybridised.
The C-N-C angles at the atoms N(1) and N(2), respectively 125.5(11)

and 116.8(9)0, are consistent with this view. Furthermore, there is
also apparently a minor contribution from a second canonical structure,
in which metal d electrons are donated to the vacant p orbital of the
carbenoid carbon atom. This platinum(IV)-carbenoid bonding is
strikingly similar to that observed in the platinum(II) complexes

cis- and trans-[Ptc1 {c(PhNcH,),} PEE,].O

The Pt-c1 (trans to carbenaid) bond length of 2.372(3) R is 0.043(5) R
shorter than the Pt-Cl(trans to phenyl) distance of 2.415(4) 1

but 0.040(6) R longer than the mean Pt-Cl bond length of 2.332(5) R

in §£§D§7[PtC14(PEt3)2].81 These differences imply that in platinum(IV)
complexes the trans-influence of the carbenoid ligand is less than

that of o-phenyl but greater than that of chloride. An identical

trans-influence series pertains in complexes of platinum(11). Thus,
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o)
pt(11)-Cl(trans to Cl) = distances are normally close to 2.31 A,
) 0
and a bond length of 2.362(3) A has been reported for Pt(II)-C1
(trans to C(PhNCHz)z)-ﬁ3 The length of a Pt(II)-Cl bond trans

to o-phenyl has apparently not been reported, but a value of

o
2.398(4) A trans to O -alkenyl has been observed.82

The mean Pt-P bond length of 2.388(4) % is in good agreement with
the corresponding value of 2.393(5) R in gggggf[PtCl4(PEt3)2]fu

In sguare-planar complexes of platinum(II), howéver,'mutually—jgggg
Pt-P bond lengths lie in the range 2.27 - 2.32 ﬂ.78 The greater
length of Pt-P bonds in octahedral platinum(IV) complexes may be
related to the presence of six, rather than eight, d electrons at the
metal atom. In octahedral jggggf[mIUCla(PRs)zj complexes, where M is
a third row transition metal, addition of one d electron to M leads
to a contraction of 0.05 ﬂ in the M-P bond length.Bl 1t is, however,
remarkable that the lengths of the Pt-C and Pt-Cl1 bonds in the

[Pte1 {C(C1. T H,NH) (NHMe ) (PEt,),]" cation are nearly the sameas

63

those of comparable bonds in square-planar platinum(II) complexes.
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- . +
Figure 2.5: A view of the [ptc12{t;(c1.06H3NH)(NHMe)} (PEt;), ]

cation. Hydrogen atoms are omitted for clarity.
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2.6. THE CRYSTAL AND MOLECULAR STRUCTURE OF THE

PLATINUM CYCLOOCTYNE .
) [pt(cale)(pph3)2] 0.5C,H,

2.6.1. INTRODUCTION

Cyclohexyne and cycloheptyne are too reactive to be isolated but form
stable complexes with platinum(U).BS The X-ray analyses of the
complexes[PtL(PPhS)z], L = cyclohexyne or cycloheptyne, have been
reported?4’85 In contrast, cyclooctyne is stable; an electron
diffraction study of this molecule has been reportedeB6 The present
author undertook an X-ray analysis of the cyclooctyne compléx

)(PPh,),] for the following reasons.

[Pt (C H +)g

12

(i) to obtain accurate molecular dimensions for comparison with
those of the above cycloalkyne derivatives and with acyclic
alkyne complexes;

(ii) to determine thé mode of bonding of cyclooctyne to platinum(0);

and

(iii) to compare the conformations of the free and complexed

cyclooctyne molecules.
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2,6.2. EXPERIMENTAL

Crystal Bata. - C,.H,-P,Pt, M= 866.9. Triclinic, a = 11.334(5),

b

8]
15,931(6), c = 12.021(6) A, o= 97.77(5), B = 113.66(4),
3

y = 90.79(3)°, T =20, U =1964.3 R,

-3
Dc = 1.466 gm cm ~,

- . D
z =2, F(ooo) = 870. Cu-K ~ radiation, A = 1.5418 A, u(Cu—Ka)

= 78.2 cm-l. Space group PI.

The crystals are white, air-stable plates. The specimen used in the
analysis displayed all members of the {100}, {010}, {110}, {1Ic}, and
{013} forms, and also the (011) face. It had dimensions of ca. 0.2 x

0.1 x 0.2 mm,

The crystal system and the dimensions of a Delaunay unit-cell were
obtained from Weissenberg and precession photographs. Unit-cell
dimensions were later adjusted by a lgast-squares treatment of the
setting angles of 12 reflexions centred on a Hilger and Watts® Y290
diffractometer controlled by a PDP8 computer.saa The space group

P1 led to a satisfactory structural model.

Intensity Measurements. - The intensities of all independent

reflexions with -O(Cu-Ka) < 57° were measured on the Y290 instrument
with the use of nickel-filtered copper radiation and a pulse-height
analyser. A symmetrical 6 - 26 scan was employed, with a scan step

in 6 of 0.01° and a counting time per step of ls. Each reflexion

was scanned through a 26 range of 1.4° and the local backgraund was
counted for 1l0s at. each end of the scan range. To check crystal and
electronic stability, the intensities of two strong low-angle

reflexions were remeasured periodically throughout the experiment:

they indicated total crystal decomposition of ca. 37% during the
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course of the intensity measurements.

The integrated intensities, I, and their stan&ard deviations, vO(I),
were derived in the usual manner (q 0.05).35 They were corrected for
Lorentz, polarisation and absorption effects. The transmission
factors on IFol, balculated by Gaussian integration over a grid of

10 x 8 x 14 points, ranged from 0.61 to 0,75.°7

Of 5200 reflexions measured, only 2579 for which I 2 30(1I) were

used in the subsequent calculations.

Structure Analysis. - The positions of the platinum and phosphorus

atoms were derived from a Patterson synthesis, and the remaining non-
hydrogen atoms were located in subsequent difference syntheses. The
structural model was refined by least-sguares minimisation of the
function ZwAz, where v is a weight and A = [F_| - IFCI° Initially,
the weights were taken as l/bszG), but this proved unsatisfactory and
in the final stages of refinement another function was employed:

w

X.Y where X = 1 for sim® > 0.55, else X = (simg )/0.55, and

Y

1 for [F | > 60, else Y =50/ |F |. Atomic scattering factors
were taken from ref.38a, except those for platinum39 and hydrogen.4D
Allowance was made for the anomalous scattering of the platinum and

phosphorus atoms . using Cromerts values of Af?® and Af".4l

The refinement of a scale factor and of positional and isotropic
thermal parameters of the platinum and phosphorus atoms led to R 0.29.
When the remaining non-hydrogen atoms were included in the refinement
and anisotropic temperature factors were assigned to the platinum

and phosphorus atoms R fell to 0.16. Eight individual scale factors

were included to account for the crystal decomposition,thus reducing
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R to 0.11. The intensities were corrected for absorption. In addition,
the hydrogen atom positions were inferred and. the scattering of these
atoms was included in subsequent structure factor calculations but

their positional parameters were not varied. The refinement converged
at R 0.093 and R? 0.122. In the final cycle of refinemént all
parameters shifted by less than 0.50 . The mean values of mA’Z

showed no systematic trend when analysed as a function of IFDI or

sin . The extreme function values in the final difference synthesis
(2.1 and ~3.0 e 3—3) were associated with the position of the platinum

atom.

The observed structure amplitudes and calculated structure factors are
listed in the Appendix (pp.115 to 131). Final atomic parameters and
a selection of derived functions are presented in Tables 2.12 - 2.14,

A view of the molecular structure is shown in Figure 2.6.

The computer programs used were those described in Sec. 2.3.2.
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2.6.3. RESULTS AND DISCUSSION

The crystals are composed of discrete [(CBHlZ)Pt(PPh3)2] and berizene
(solvate) molecules in a 2:1 ratio. The distances between atoms in
neighbouring molecules are typical of van der Waals contacts (Table

2.13(8)).44

As a result of the rather severs crystal decomposition, the structural
parameters are ill-determined. The C-C bond distances of the

phenyl rings, for example, range from 1.22(7) to 1.50(5) g.

However, X 2 = 43 for 36 such distances and so it appears that the
standard deviations from the least-squares refinement are realistic
estimates of the true experimental errors.s7 Accordingly, the struc-
tural parameters are of sufficient accuracy for a discussion of the

salient features of the molecular structure.

The Metal Co-ordination. - As expected, the molecules of [(CBHlZ)Pt-

(PPhs)z] have a trigonal-planar co-ordination at the platinum atom
with one site occupied by a mors or less symmetrically co-ordinated
multiple bcmdoa-8 The metal co-ordination geometry is very similar to
that found in the analogous cyclohexyne and cycloheptyne complexes
and to that in the acyclic-alkyne complex [(PhCECPh)Pt(Pth)Z].BQ
Selected bond lengths and interbond angles in thé title complex, in
related complexes, and in cyclooctyne are presented in Table 2.15.

It can be seen that the corresponding Pt-P and Pt-C distances

and the C-Pt-C interbond angles are comparable in all the complexes.
The P-Pt-P angles vary from 102 to 111°. They fall into two
distinct groups: the values in the cyclooctyne and cyclohexyne
complexes are similar, as are those in the cycloheptyne and diphenyl-

acetylens derivatives. In addition, the dihedral angle of 1° betuween
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the [Pt, P(1), P(2)] and [Pt, (1), C(2)] planes in the title complex

is in the range expected.88

The Cyclooctyne Ring. =~ It is a general feature of alkene or alkyne

molecules co-ordinated to a transition metal that the C-C multiple

bond is longer than that found in the free ligand.88 On this basis,
and by comparison with the dimensions of the acetylenic bonds in
related complexes (Table 2.15), the co-ordinated alkyne linkage is a
little short: bond distances in the free and bound cyclooctyne are
1.232(6) and 1.20(5) ﬂ, respectively,and the corresponding values in
the related cycloalkyne complexes are equal at 1.29(2) :. Howsver, the
bond separations involving the acetylenic and adjacent carbon atoms
[mean l.52(4)ﬂ] and the remaining C-C bond lengths [mean C(EES)—C(§E§)
distance = 1.51(5) ﬂ] are normal, being similar to the values observed

in the related cyclic derivatives and in cyclooctyne itself.

The most generally applicable theory of the bonding of unsaturated
hydrecarbons to transition metals appears to be the Dewar-Chatt mndel.go
On this basis, the angular distortions at the acetylenic atoms indicate
that the relative importance of C = M 0~ and M - C mw-interactions
is similar in the three cycloalkyne complexes. Thus, the C-G=C-
fragment bends by comparable amounts [12 - lﬁo] upon complexation as

judged from the angles found in these three compléxes, in free cyclo-

octyne, and predicted 83f‘or free cyclohexyne and cycloheptyne.

The interbond angles in the title complex involving 52? hybridised
carbon atoms [mean 126(3)°] are considerably greater than the ideal
tetrahedral value [109028'] and comparable with those in the cyclo-
heptyne complex [mean 120(1)0]; the corresponding angles in the

cyclohexyne complex are somewhat smaller [mean 1140]. However, in free
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3 3 3
cyclooctyne the C(sp™)-C(sp™)-C(sp™) angles are more nearly regular

[mean 109.9(6)" ]. These distortions may be attributed to ring strain
engendered by the angular deformations at the acetylenic atoms upon

complexation.

The conformations of the free and bound cyclooctyne molecules are
different. 1In the gas phase the ring adopts a half-chair conformation
with the atoms C(l)—(d) and C(7)-(8) coplanar, and C(5) and C(6)
symmetrically displaced on opposite sides of the plane by 0.57 Ko In
the title complex the ring displays a half-boat conformation with the
same six atoms coplanar within experimental error and atoms C(5)

and C(6) displaced on the same side of the plane by 0.87 and 1.14 R,
respectively. This conformation change presumably originates from
non-bonded intéractions arising from the deformations at the acetylenic
atoms upon ligation rather than from crystal-packing forces. However,
it is not possible to make a definite assertion since a molecular
mechanics célcﬁlation 91 s not feasible at present due to lack of

the necessary force-field parameters.

The Phosphine Ligand. - The geometry of the phosphine Iigands is

normaln48 Thus, the Pt-P-C and C-P-C angles display the expected
deviations from regular\tetrahedral geometry. . The msan P-C and. C-C -
distances are 1.83(1) and 1.42(2) ﬂ, respectively, and the phenyl

rings are planar to within® 0.04 1.

The Benzene Solvate. - The C-C bond lengths [mean 1.34(4) ﬂ]

o
and internal interbond angles [mean 119(3) ] are close to the corres-

ponding values for benzene.50 The ring is planar to within f 0.02 ﬂ.
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TABLE 2.12 -

3
Fractional co-ordinates (x10") and vibrational parameters

for [Pt(CBle)(PPhS)z] *0.5C H,

Atom , x y z ux10°R2
Pt 141.7(1) 279.6(1) 364.8(1) *
P(1) 222.5(7) 247.4(4) 225.0(8) *
P(2) ~71.6(7) 298.1(4) 273.6(8) *
c(1) 206(3) 296(2) 550(3) 60(7)
c(2) 298(3) 278(2) 528(3) 76(8)
c(S) 443(4) 267(2) 568 (4) 104(12)
c(4) 501(5) 278(3) 720(5) 130(15)
c(5) 470(5) 232(3) 789(5) 127(15)
c(6) 343(5) 228(3) 788(5) 137(16)
c(7) 271 (4) 308(3) 778 (4) 119(13)
c(8) 160(3) 305(2) 651 (4) 85(10)
c(11) 325(3) 158(2) 262(3) 65(7)
c(12) 455(3) 165(2) - 290(4) 96(11)
c(13) 528(4) 94(3) 334(4) 108(12)
c(14) 466(4) 23(3) 349(5) 122(14)
c(15) 341(3) 13(2) 321(4) 90(10)
c(16) 266(4) 84(2) 277(4) 101(11)
c(21) 337(2) 328(2) 223(3) 56(7)
c(22) 382(3) 327(2) 134(3) 65(7)
C(23) 472(3) 388(2) 137(4)' 93(10)
c(24) 514(3) 456(2) 236(4) 82(9)
c(25) 470(4) 463(2) 319(4) 95(11)
c(26) 377(3) 399(2) 321(3) 78(9)
c(31) 128(3) 217(2) 58(3) 64(7)
c(32) 32(3) 267(2) 2(3) 80(9)

c(33) -43(4) | 247(2) ~135(4) 100(11)
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TABLE 2.12 (Cont'd)

Atom | x y 2 © uxa0°%?
c(34) . =15(4) 176(2) -199(4) 103(12)
c(35) ‘ 76(5) 124(3) -144(5) 134(16)
c(36) 150(3) 143(2) -8(4) 87(10)
c(41) -114(3) 380(2) 176(3) 67(8)
c(42) -27(3) 450(2) 202(3) 78(9)
c(43) -53(4) 514(2) 129(4) 100(11)
C(44) -168(4) 510(2) 26(4) 100(11)
c(45) -253(4) 441(3) 1(4) 107(12)
c(46) -230(3) 376(2) 71(3) 84(9)
c(51) -143(3) 333(2) 384(3) 64(7)
c(52) -175(3) 280(2) 438(4) 92(10)
c(53) -221(3) 301(2) 537(4) 95(11)
c(54) -234(4) 391(2) 553(4) 99(11)
c(55) -204(4) 446(3) 504(4) 108(12)
c(s6) -158(3) 421(2) 414(3) 71(8)
c(61) -183(3) 209(2) 173(3) 62(7)
c(62) -134(3) 151(2) 112(3) 73(8)
c(63) -223(4) 82(2) 21(4) 99(11)
c(64) -344(4) 75(2) 10(4) . 101(11)
c(65) -396(3) 130(2) 74(4) 93(10)
c(66) -312(3) 201(2) 159(3) 71(8)
c(100) 101(4) -28(3) 597(5) 122(14)
c(101) | 119(5) 32(3) 538(5) 136(16)
c(102) 22(5) 61(3) 440(5) 139(17)

* These atoms were assigned anisotropic temperature factors of the
form exp [—ZNQZZ Uijazaghih_]. The final values of the Uij parameters
- . J
13

(Xle) are:
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TABLE 2.12 (Cont'd)

Atom 11 22 33 12 13 23
Pt 60(3) 56(2) 62(2) -3(1) -3(1) -5(1)
P(1) 65(5) 50(4) 93(6) -2(3) -13(5) -6(4)
P(2) 68(5) 59(4) 58(6) -14(3) 12(4) -5(3)
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TABLE 2.13

Selected interatomic distances (R) and angles (°) in

[Pt(CBH

12)

(PPh,),]0.5C.H

6 6

(a) Bond lengths

(1) Pth(CBle)

Pt-P(1)
Pt-P(2)
Mean

Pt-C(1)
Pt-C(2)

Mean

c(1)-c(2)

c(1)-c(s)
c(2)-c(3)

Mean

(ii) Phenyl and solvent

Ring atoms

c(11)-(16)

c(21)-(26)
C(31)-(36)
C(41)-(46)
c(51)-(56)
c(61)-(66)

c(100)-(102)*

* Benzene solvate

.22(1)
.26(1)
.24(2)
.02(3)
.05(3)

.04(2)

.20(5)

.49(6)

.54(5)

.52(4)

Range

l.

1.

l.

28(7)-1

.37(5)-1.
.22(7)-1.
.33(6)-1.

.33(8)-1.

32(6)-1.

35(6)-1.

45(5)

.46(4)

50(5)
40(4)
48(7)
48(4)

38(7)

c(3)-c(4)
c(4)-c(5)
c(5)-c(6)
c(6)-c(7)
c(7)-c(s)

Mean

p(1)-c(11)

p(1)-c(21)

p(1)-c(31)
p(2)-C(41)
P(2)-c(51)
P(2)-c(61)

Mean

1.65(7)
1.32(9)
1.44(8)
1.52(7)
1.53(5)

1.51(5)

1.84(3)
1.83(3)
1.85(3)
1.81(3)
1.84(4)
1.82(2)

1.83(1)

Mean

1.41(2)

1.40(2)
1.42(2)
1.39(2)
1.40(4)
1.42(2)

1.36(4)
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(b) Interbond angles

(1) ptpz(c

P(1)-Pt-C(2)
P(2)-Pt-C(1)
Mean

P(1)-Pt-P(2)

c(1)-pt-C(2)

p(1)-pPt-c(1)
p(2)-pPt-C(2)

Mean

Pt-Cc(1)-c(2)
pt-c(2)-c(1)

Mean

Pt-P(1)-C(11)
Pt-P(1)-c(21)
Pt-p(1)-c(31)
Pt-P(2)-C(41)
Pt-p(2)-C(51)
Pt-P(2)-c(61)

Mean

8H12)

103(1)
112(1)

108(5)

110.8(3)

34(1)

138(1)
146(1)

142(4)

74(2)
71(2)

73(2)

110(1)
115(1)
126(1)
115(1)
113(1)
119(1)

116(2)

(ii) Phenyl and solvent

Ring atoms
c(11)-(16)
£(21)-(26)
C(31)-(36)
C(41)-(46)

C(51)-(56)

c(11)-pP(1)-c(21)
c(11)-pP(1)-c(31)

c(21)-pP(1)-c(31)

Cc(41)-P(2)-C(61)

c(51)-p(2)-c(61)

Mean

c(1)-c(2)-c(3)

c(2)-c(1)-c(8) -

Mean

c(2)-c(3)-c(4)

c(1)-c(s8)-c(7)

Mean

c(3)-c(4)-c(5)
c(4)-c(5)-c(6)
c(s)-c(6)-c(7)

c(6)-c(7)-c(s)

Mean

Range
116(3)-124(4)
116(4)-123(3)
118(3)-123(4)
116(3)-124(3)

108(4)-129(5)

C(41)-pP(2)-c(51)

Mean
120(1)
120(1)
120(1)
120(1)

120(3)

101(1)
102(1)

99(1)
102(1)
101(1)
103(1)

101.3(6)

152(3)
142(3)

147(5)

104(4)
113(3)

109(5)

128(5)
122(4)
119(4)
112(3)

120(3)



Ring atoms
c(61)-(66)

c(100)-(102)

(c) Torsion angles

- 114 -

c(1)-c(2)-c(3)-c(4)
c(2)-c(3)-c(4)-c(5)
C(3)-c(4)-C(5)-c(6)

c(4)-c(5)-c(6)-c(7)

TABLE 2,13 (Cont‘'d)

Range
117(3)-125(3)

116(4)-125(5)

10(8)
62(6)
-67(8)

-37(7)

Mean
121(2)

119(3)

c(5)-c(6)-c(7)-c(8)
c(6)-c(7)-c(s8)-c(1)
c(7)-c(8)-c(1)-c(2)

C(s)-c(l)-c(z)-c(z)

106(5)
-59(5)
=14(7)

-20(11)
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TABLE 2,13 (Cont'd)

(d) Intramolecular non-bonded distances

CgH;, Ring
c(1).-.-c(a) 3.19 c(3)---c(6) 3.39
c(1)---c(5) 3.50 c(3):--c(7) 3.76
c(1)---c(6) 3,02 | c(3)---c(8) 3.75
c(2)7--c(5) 3.15 c(4)---c(7) 2.99
£(2)- - -c(6) 3.17 | c(4)---c(8) 3.66
c(2)---c(7) 3.11 c(s)---c(8) 3.53
CBlef'?Pth
c(3)--:P(1) 3.84 C(3)-:-C(26) 3.71
C(3)---c(11) 3.55 c(8)---c(51) 3.72
c(3)---c(12) 3.57 c(8)---Cc(52) 3.61
Ph- - -Ph
vC(ll)f-;C(Sﬁ) : 3.03 c(46)---c(61) 3.04
c(12):~sc(él) 2.99 c(51)~~fc(sq) 3.10
c(22),;-c(31) 3.08 c(52)---C(61)  3.20

C(41)---c(56) 3.08 C(52)---C(66) 3.14
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TABLE 2.13 (Cont'd)

(8) Intermolecular non-bonded distances

c(5)- - -c(65") 3.75 c(24)- - (55! D)
c(6)---c(35'") 3.84 o(24)-- (6t
c@2)---c(e5™)  s.e c(25)---c(55M1T)
c(12)---c(e6™t) 3.65 c(36)- --c(63")

£(13)---c(65 1) 3.67 c(42)---c(s5'])
c(r4)---c(1atVy 3.57 c(43)---c(aa’th)

The Roman numeral superscripts refer to the equivalent positions

relative to the reference molecule at x, y, z:

I 1+x, y,l+z vV o-x, -y, -z
II X, Yy, 1 +z VI - x,1-y,1 -2
IIT 1 +X%x, Y, z VII - x, 1 -y, -2z
W 1l-x,-y,1-~2

3,54
3.57
3.50
3.68
3.60

3,67
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TABLE 2.14

Least-squares planes of [Pt(C )(PPhS)z]'U.SC H

g2 6"

Plane 1: Pt, P(1), P(2)

-0.204X -0.978Y -0.036Z + 3.853 = O

Plane 2: Pt, C(1), €(2)

0.220X + 0.975Y + 0.044Z -3.865 = 0
Plane 3: Pt, P(1), P(2), c(1), c(2)
0.206X + 0.978Y + D0.043Z -3.869 = 0

[pt 0.007, P(1) 0.001, P(2) -0.005, C(1) 0.007, C(2) -0.010,

c(3) 0.071, c(8) -0.181]

Plane 4: c(1), c(2), c(3), c(4), c(7), c(8)
-0.151X -0.986Y -0.076Z + 4.063 = O
[Pt 0.014, C(1) -0.062, C(2) 0.029, C(3) 0.016, C(4) -0.016,

c(5) 0.866, C(6) 1.144, C(7) -0.002, C(8) 0.035]

Angle between planes: (1) - (2) 1°
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TABLE 2.15

Selected bond distances (R) and angles (°) in the title complex

and related molecules

(a) Distances (1)* (11) (111) (1v) (v)
Pt-p 2.24(2)%  2.271(2)%  2.268(4)t 2.28(1)* -

pt-C 2.04(2)Y  2.04(2)F 2.05(2)%  2.04(3)™ -
C(sp)-C(sp) 1.20(5) 1.29(2) 1.29(2) 1.32(9) 1.232(6)
C(sp)-C(sp”) 1.52(4)"  1.s0)t 1.49(1)* - 1.459(12)
C(sp>)-C(sp") 1.51(5)%  1.s4()* 1.52(2)F - 1.55(3)F
(b) Angles

P-Pt-P 110.8(3) 109.3 102.5 102 -
C-Pt-C 34(1) 36.8 36,7 39 -
C(sp)-C(sp)-C(sp™)  147(5)*  127.5(5)"" 139(2)™  139.5(5)** 158.5(9)
C(sp>)-C(sp”)-C(sp°) 120(3)* 1147 12001)* - 109.9(6)"

* (I) is the title complex; (II) and (III) are, respectively, the
5

analogous cyclohexynBBAand cycloheptyne8 derivatives; (IV) is

[(PhCECPh)Pt(PPhS)z]ga%nd (V) is the cyclooctyne molecule. P

+ .
Mean values

+ The e.s.d. of the mean value was calculated from the range.

%
+ No estimate of error can be obtained from the available data.
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Figure 2.6: A view of the [Pt(CBle)(PPh3)2]
molecule; thermal vibration ellipsoids
enclose 50% of probability. Hydrogen
atoms (and the benzene solvate) have

been omitted for clarity.
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CHAPTER THREE

The Crystal and Molsecular Structures of

1,1-Dimethyl-2,5-Diphenyl-1-Silacyclo-

pentadiene and its Tricarbonylruthenium

complex
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3.1 INTRGDUCTION

Silacyclopentadiene (silole) metal complexes are of recent discovery
. 1-3 .

and current interest. Direct high-yield syntheses are available

and complexes of chromium, iron, cobalt, molybdenum, ruthenium and

rhodium have been prepared.4

The crystal and molecular structures4 of 1,1-dimethyl-2,5-diphenyl-
1-silacyclopentadiene (I) and its tricarbonylruthenium complex (II)

have been determined. This work establishes the nature of the bonding

H H H

\ / Y

Ph Ph Ph[{i\\\\\ —Ph

//////;i i
Me \\\\he A Me \\\\\Ne
(1) : (11)

in an uncomplexed silole ring. Moreover, it permits an assessment

of the changes in struﬁture and bonding which occur when the silole
is bonded to a transition metal. This is the first case in which the
structures have been determined of the uncomplexed and complexed
forms of the same cyclopentadiene heterocyecle, where the hetero-

atom belongs to the second short period. The results are, thus,
relevant to those on the related phosphorus and sulphur heterocyclic

complexes [(CEHB)CO{C(OF3)4C4PO.UH}] and [{CQF3)4C4S(CGF5)}Nn(CU)SJ.S

Brief details are available of the structure of the silole (I) co-
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crystallised with diphenylaqetylene.6 In the same paper, reference
was made to a structure analysis of (I) but; as yet; no publication
of this work has appeared. In addition, the dimensions of 1,2;5-

triphenylphosphacyclopentadiene (a phosphole) have been reportad.7
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3.2, EXPERIMENTAL -

Crystal Data - Structure (I). C,gH,.S5i, M = 262.4. Orthorhombic,
D 3
H

. . o .
a % 15.669, b = 7.500, c =6.548 A, T=23°C, U= 769.5 A

-3 : :
Dc = 1,133 gncm °, Z =2, F(000) = 280. Mo-K, radiation,

0 - -
A = 0.71069 A, i(Mo-K ) = 1.39 on™l. Space group Pnn2 ..

Structure (IT). C, H,o0.RUSi, M = 447.5, Monoclinic,

21"18"3
0 - .
a = 18,112, b =8.013, c =27.455 A, B = 97.22°, T = 20%,
073 7. .
U= 3952.7 A°, D = 1.504 gn on™>, Z =8, F(000) = 1808. Mo-K_

6
2h?

Equivalent positions: < (x,y;z); ¥ (i,y; l/?-z); bt (1/2 + x;

radiation; 0} (Mo—Ka) = 8.5 cn” L. Space group I2/c(C No.15).

1/2 + y; 1/2 + z); ¥ (1/2 - x; 1/2 + y; Z)e

Crystallographic Measurements. - Crystals of (I) are fluorescent-

yellow air-stable polyhedra. The specimen used in the analysis had
dimensions of ca. 0.6 x 0.4 x 0.4 mm. Crystals of (II) are fluorescent-
orange air-stable needles. The specimen chosen displayed all faces
of the {100} and {001} forms, and also the (0I1) and (0II) faces, and

its dimensions were 0,13 x 0,17 x 0,61 mm.

In each analysis the Laue group, the space group thinctions and unit-
cell dimensions were derived by X-ray photography. For crystals of
(II) a non-standard body-centred monoclinic cell was chosen in order
that B would be close to 90°, The unit-cell parameters were then
adjusted by a least-squares treatment of the setting angles of 12

reflexions centred on a Hilger and Watts® Y290 diffractometer con-

trolled by a PDP8 computer.8

Intensity Measurements. - The intensities of all independent reflexions

for which G(MD-KG) < gt (1) or 27° (11) were measured on the Y290

instrument with the use of graphite-monochromated molybdenum radiation
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and a pulse-height analyser. A symmetrical © - 26 scan was employed,
with a scan step in © of 0.02° and a counting time per step of 3 s
(1) or 2.5 s (II). Each reflexion was scanned through a 26 range of
0.96° (I) or 1.4° (II) and the local background was counted for 15 s
(1) or 10 s (11) at each end of the scan range. The intensities of
three strong reflexions, remeasured periodically throughout each
experiment, displayed random fluctuations no greater than % 3% (1)

or £ 5% (II) of their mean values.

The integrated intensities, I,Iand their standard deviations, a’(I),
were derived in the usual way (q 0.04).9' They were corrected for
Lorentz, polarisation and counting~-loss effects. No absorption
correction was applied; for (II) a test calculation with a Gaussian
integration gridlD of 14 x 14 x 14 points indicated that the trans-

mission factors on |FD| were constant to within ¥ 1%.

Of the-reflexions measured [892,(1) ; 3498,(II)]; only those for which
1230 (1) [828,(I); 3363,(11)] were used in the subsequent

calculations.

Structure Analysis - Ip both analyses, the position of the heaviest

atom was derived from a Patterson synthesis. The remaining atoms were
located in subsequent difference syntheses; except that in the
analysis of the ruthenium complex the positions of the hydrogen
atomskwere,in general, derived from those of the attached heavier

atoms.

The structural parameters were refined by the method of full-matrix
. N b2 2 2
least-squares, The function minimised was wdA”, where w = 1/6“ (Fo)
and A = |[F| - |F |. Atomic scattering factors were taken from
o c

ref.11, except those of hydrogen.12 Allowance was made for the
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anomalous scattering of the silicon and ruthenium atoms using values -

of Aft.and Af" from ref. 13.

(i) Silole - The systematic absences hOl when h + 1 = 2n + 1

are consistent with the space groups Pmnm and Pmn2 The former

1°
centrosymmetric space group has eight general positions per unit-cell
whereas the latter non-centrosymmetric space group has four general
positions. With two silole molecules per unit-cell, the centrosym-
metric space group imposes mm symmetry on the molecules and the
silicon atom must be located at the special position (U, y; 0).
However, in the non-centrosymmetric' space group only m symmetry is

required of the molecules, with the eilicon atom situated at the

special position (0, y, z).

Initially, a solution was sought in the centrosymmetric space group.
Refinement of a scale factor and the isotropic thermal parameter of
the silicon atom led to R 0(39. A difference synthesis revealed
pseﬁdo-symmetric sets of atomic peaks and indicated that the silole
molecules possess only one mirror plane. Accordingly; all subsequent
czlculations were performed with the polar non-centrosymmetric space
group. The origin of this space group was defined by holding z(51)
fixed at L/4. Refinement of a scale factor, the positional para-
meters of all non-hydrogen atoms, and isotropic thermal parameters

led to R 0.089. Several cycles of Fourier synthesis and least-squares
were necessary for the location of all the hydrogen atoms; peak
heights of these atoms ranged from 0.22 to 0.44 88-3. The hydrogen
atom parameters were held invariant until the shifts in the carbon
parameters were insignificant and thereafter were refined. Anisotropic
temperature factors were assigned to the silicon and carbon atoms. The
refinement converged at R 0.034 and R' 0.040. The enantiomeric model

gave identical R-ratios and was not considered further. 1In the final cycle
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of 1e§st-squares palculations all parameters shifted by less than
0.10 0“» The standard deviation of an observation of unit weight,
S.D.,was 1.5‘suggesting that the accuracy of the observed structure
amplitudes has been slightly overestimated. However, the absence of

significant trends in the mean values of uAIZ when analysed as a

?
function of IFOI or sin®, suggests that the relative weights are
satisfactory. In the final difference synthesis the extreme
function values were 0.2 and —0.2.83-3; the positive peak was
situated between the Si and C(1) atoms and the negative one was
close to the silicon atom. The minimum peak height for a carbon

atom in the final electron-density synthesis was 5.7 eﬂ-z. Corrections

for secondary extinction effects did not appear to be necessary.

(ii) (silole)tricarbonylruthenium, - The systematic absences hkl
when h + k'+ 1 = 2n ;Tl and h0l when 1 = 2n + 1 are consistent with
the space groups I2/c (centrosymmetric) and Ic (non-centrosymmetric).
With eight formula units per unit-cell the centrosymmetric space

group leads to one .(silole)tricarbonylruthenium molecule per
asymmetric unit with the atoms lqcated in general positions. However,
the non-~centrosymmetric space group has only four general positions
per cell and, hence, the asymmetric unit would need to possess two
formula units. A solution was attempted in the céntrosymmétric space

group and this led to a satisfactory analysis.

Refinement of a scale factor and of the positional and isotropic
thermal parameter of the ruthenium atom led to R 0.34. After the
remaining non-hydrogen atoms were included with isotropic thermal
parameters R and R' were 0.060 and 0.082, respectively. Anisotropic

temperature factors were then assigned to the ruthenium and silicon



- 134 -

atoms. In addition, the positions of the phenyl hydrogen atoms were
inferred and the scattering of these atoms was included in subsequent
structure factor calculations but no hydrogen parameter was varied.
This led to R 0.055 and R' 0.079., The hydrogen atoms bonded to the
methyl carbon atom C(2) were located in a difference synthesis; the
positions of the hydrogen atoms of the butadiene unit were inferred.
Furthermore, anisotropic temperature factors were assigned to the
butadiene atoms C(3) - (6). R and R' decreased to 0.049 and 0.066
respectively. Anisotropic thermal parameters were then assigned to
the carbon and oxygen atoms of the carbonyl groups and to four of

the phenyl carbon atoms - regions of electron density in a differénce
synthesis had indicated that the thermal vibrations of these carbon
atoms were significantly anisotropic.14 The refinement converged

at R 0,038 and R' 0,049, In the final cycle of least-squares refine-
ment all parameters shifted by less than 0.20~ . The value of S5.D.
was 1.9, However, the relative correctness of the weights employed
was indicated by the absence of obvious trends when the data were
analysed as a function of IFDI or sin®. In the final difference
synthesis there were no significant features: the function values
ranged from 0,7 to -0.5 92-3 with the extreme values associated with
the positions of the C(1) and C(15) atoms,respecﬁivelyo The minimum
peak height for a carbon atom in the final electron density synthesis

O.
was 4.5 eAIS.

Observed and calculated structure amplitudes are listed in the Appendix
(pp. 132 to 140,(I), and 141 to 165, (II)}, Atomic parameters are given in
Tables 3.1 and 3.2; and a selection of derived functions - interatomic
distances énd angles, and mean planes - are presented in Tables 3.3

to 3.6, The atomic numbering schemes are indicated and views of the
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molecular structures are shown in Figures 3.3 to 3.5.

The computer programs employed have been described praviously.15
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3.3. RESULTS AND DISCUSSION

The crystals of (I) and (II) are composed; respectively; of discrete
monomeric silole and (silole)tricarbonylruthenium molecules. The
separations between atoms in neighbouring molecules are in the range

of ‘normal van der Waals contacts (Tables 3.3(d) and 3.1;’(d)).16

(i) Structure (I). - The molecules of (I) display exact Cg
symmetry, with the silicon and methyl carbon atoms lying on the
mirror plane at x = 0 to which the butadiene unit is perpendicular.
.The butadiene fragment of the silole ring is exactly planar, with the
silicon atom displaced from it by 0.08 E, leading to a dihedral angle
of 3.7° between the butadiene and 5iC(3)C(3') planes. The phenyl
ring is approximately coplanar with the butadiene unit with a dihedral
angle between these planes of 13.7°. This small rotation about the
C(butadiene)-C(phenyl) bond appears to result from intramolecular
steric effects. Thus,there are a number of short intramolecular
contacts between phenyl ortho-carbon and -hydrogen atoms and buta=-
diene carbon and hydrogen atoms (Table 3.3(c)). The most noteworthy

of these separations are H(5)---H(10) 2.268 and C(4)---c(10) 3.00R.

The bond lengths within the silole ring are consistent with complete
localisation of the double bonds: the C(3)-C(4) and C(4)-C(4')
distances of 1.345(4) and 1.466(6) respectively, are typical of
values found in gis-1,3-butadienes.’’  The Si-C(3) bond length is
thatofaSi-C(gE?) single bond (vide infra). In addition, the
butadiene-phenyl bond C(3)-C(5) has a length, 1.478(4)2; which is

that of a C(§E?)-C(§E2) single bond. >’

The interbond angles of the heterocyclic ring are qualitatively as

expected. Thus, the C(3)-c(4)-c(4") angls at the central carbon
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atom C(4), 117.6(2)°, is close to 120° as expected for sp> hybridisation

of the carbon atoms. However, the Si-C(ring)-C(ring) and C(ring)-Si-C(ring)
angles are reduced [ from the normal values of 120° and 109°58' ] to

106.0(2) -and 92.5(2f1 respectively, and this may be attributed to constraints
imposed by the formation of the five-membered ring. They result in an
opening of the exocyclic S5i-C(ring)~C(Ph) and C(ring)-C(ring)-C(Ph)

angles to 128.9(2) and 125.0(2)0, respectively; the latter angle may

also arise, to some extent, from the intramolecular steric effects dis-

cussed above.

The silicon atom has a distorted tetrahedral configuration. Con-
comitant with the reduction of the C(3)-5i-C(3') angle there is an
opening of the C(Me )-5i-C(Me) and C(Me)-Si-C(ring) angles to 112.5(3)
and 112.6(3)° (mean), respectively. The Si-C(Me) bond lengths are equal:
their mean distance, 1.867(6) ﬂ, agrees well with the standard value
[1.870(5) A].17 The si-C(sp®) bonded distance, 1.878(3) R, appears
long by comparison with the Si-C(gES) distances in the same molecule.
However, it is in the range expected. Thus, in 10 silicon derivatives
the Si-C(Ph) bond lengths vary from 1.855(6) to 1.894(5) ﬂ;ls the

Si-C bond distances in PhSiH, and [(CSH5)2ZrCl(SiPh3)] are 1.843(5) and
1.913(4) ﬂ, respectively.l7’ 19 In several cyclosiloxanes the 8i-C(Me)
and Si-C(Ph) distances display the same trend as in (I): this has been

attributed to an effect of the relatively high thermal motion of the

methyl carbon atoms.20

- The phenyl geometry is normal.21 Thus, the ring [atoms C(5) - (10)]
is acéurately planar, the root mean-square deviation from planarity

of the carbon atoms being 0.003 ﬂ. The mean C-C distance, 1.384(7) R,
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is slightly shorter than the spectroscopic value [10397(1) ﬂ] for

benzene.17 The mean internal interbond angls is 119.9(1)0.

The C-H bond lengths rénge from 0.83(5) te 1.05(3) g; mean distances
are 0.95(4)ﬂ (Me) and 0.95(2)R (Ph).  These distances are, as
‘expected, slightly shorter than the values [gg. 1.08 g] abtained by
neutron diffraction or spectroscopic methods.22 Such contractions
have been attributed to the displacement of the slectron density of
the hydrogen atom from its nuclear paosition when it bonds to a

heavier atom such as carbon.

In addition, the Si-C-H and H-C(Me)-H angles range, respectively,
from 102(3) to 122(5)0, and 92(3) to 115(4)0, but the corresponding
mean values, 110(3) and 107(6)2 are close to the ideal tetrahedral

)

angle [109°28']. The C(Ph)-C(Ph)-H angles vary from 115(2) to 124(2)
g ! g

and their mean value is 120(1)°.

(ii) Structure II. - Approximate Cs symmetry is ratained in the

molecules of (II)- (Fig.3.5.). The metal co-ordination can be

described, in tefms of canonical form (A), as a distorted square

) |
\\\5Ruk’///\\\ _--Ru-

(a) (8)

Fig. 3.1. Metal-Butadiene bonding: valence bond model.

0
pyramid with the metal atom displaced by 1.85 A from the plane of
the butadiene carbon atoms or, in terms of form (8), as a distorted
octahedron with three facial sites occupied by carbaonyl ligands and

a further three by diene atoms C(3) and C(6) and the midpoint of
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the diene C(4)-C(5) bond. The disposition of the carbonyl ligands
and the M-C(butadiene) bonded distances are in accord with
f‘eaturesz4 observed in many (diene)l‘fl(ﬁo):lJ structures. Thus, when
the moleculs is viewed in a direction normal to the butadiene plane
the carbonyl groups C(100)-0(1) and C(101)-0(2) project across
the formally double bonds C(3)-C(4) and €(5)-c(6) of the diene
(Fig. 3.5). Noreouer; the ruthenium atom is slightly cleser to the
central carbon atoms of the diene than it is to the terminal atoms:’
equivalent metal-carbon separations are equal and mean values are
Ru-C(central) 2.189(3) & and  Ru-c(terminal) 2.293(4) R . These
values agree well with the corresponding distances of 2.182(6) and

2.265(6) ﬁ in (C H,)Ru(co) 25
° 8''s 3

The butadiene unit remains accurately plapar. However, the presence
of the ruthenium atom results in substantial changes in the bonding
of the silole ring. Thus, the formally double bonds C(3)-C(4) and
C(5)-c(6) are lengthened by 0.103(5) ﬂ (210”) to a mean distance
of 1.448(3) g; a value close to that expected for a C(§E?)-C(§EZ)
single bond.l7 There is also a highly significant reduction of
0.059(8) A (76”) in the length of the central C(4)-C(S) - bond of
the butadiene to 1.407(5) ﬁ. However, the  Si-C(ring), Si-Me and
C(Ph)-c(ring ) distances remain unchanged. The changes in the
bonding within, and the conformation (vide infra) of the silole ring
are reflected in minor (but statistically significant) variations

of the valency angles aof this ring by up to 50° Thus, the C(terminal)-
C(central)-C(central) angles, C(3)-C(4)-C(5) and C(4)-C(5)-C(6)

are reduced by 3.2(5)° to 114.4° (mean). However, the Si-C(ring)-
C(ring) angles, méan 105.7(4)°, show little change. The

C(ring)-Si-C(ring) angle is only 87.7_(1)0 [cf. 92.5(2)° in
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(I)]. There is an opening of the C(Me)-Si-C(ring) angles to
o ,
114.9(11)" (mean). However, the C(Ne)_sj__,[;(me) angle becaomes

more nearly regular (108.4(2)°),

There are a number of short intramelecular contacts (Table 3.4(0));
The most noteworthy are C(4):..C(16) 3.04 R and £(5).--C(22)

2,99 g which involve ortho-carbon atoms of the phenyl groups and
central carbon atoms of the butadiene. Similar interactions are
observed in the molecules of (I). However, in the complex, these
repulsive forces are apparently relieved by the greater‘rotations
about the €(Ph)-C(ring) bonds leading to phenyl/butadiene dihedral
angles of 24,5 and 18.4°D1£. 13.7° in (1)]; the C{ring)=C(ring)~+C(Ph)

angles, mean 121.7(6)0, are close to 120° [cf. 125.0(2)° in (1) ].

A rationalisation of the metal-diene bondin926 can be given in terms
of a valence bond treatment, where the bonding is considered to be
a hybrid of 7¢ and o”~ canonical forms (Fig. 3.1) or in terms of a

molecular orbital approach such as that of Hickel (Fige 342).

b4 8 8
I
Wy ¥

Fig. 3.2. Metal-butadiene bonding: Hiickel
molecular orbitals.
In this treatment the orbitals'ye}'v@,’y% and@ﬂ4 are cbtained for
the description of the butadiene bonding. Thelyl- and]Vz— orbitals
are filled and are of appropriaté symmetry for o”-donation to a

metal, whereas the \jacant\uz- and \}/4— orbitals are capable of
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bonding to filled metal d, orbitals. Two interactions are expecfed:
donation of electron density from the highest filled orbital 0#2) of
the butadiene to the metal and donation of metal d, electrons to the
butadiene/,-orbital. These processes lead to a weakening of the
terminal double bonds and a strengthening of the central C-C bond,
which corresponds to an increased contribution from canonical form (B).
From the changes in the butadiene bond lengths upon ligation, it is
concluded that there is significant backdonation from the metal atom
to the butadiene unit. 1In valence bond terms a significant contri-
bution from cancnical form (B) must be present. However, as is often
found; there is little evidence of any partial EE? hybridisation at

26

the terminal carbon atoms C(3) and C(6). The valence bond descrip-

tion of butadiene metal systems is of limited usefulness.

There is one further major difference in geometry of the free and
complexed silole rings. The butadiene / Sﬂ%{ring) dihedral angle
opens up considerably to 32.2° in (II) [cf. 3.7° in (I)], so that the
silicon atom is situated 0.72 2 from the butadiene plane on the side
opposite to that of the metal atom. This envelope conformation is
typical of the ligands in such cyclic butadiene systems: it has been
attributed to an inward twisting of the p orbitals of the terminal
carbon atoms of the diene in order to maximise their overlap with the
metal 0rbitals.27 The folding about the C(3)-c(6) vector results

in a Ru-s»S5i separation of ~2.992(2) R: any possibility of normal
bonding'betmeen these atoms is excluded since the lengths of the Ru-5i
single bonds in six complexe528 for which structural data are avail-
able are in the range 2.39 - 2.51 3 (mean 2.45 R) and the sum of the
covalent radii of ruthenium (1.30 A)and silicon (1.10 R)is 2.40 A3 2%

Pauling®s empirical relationship between the lengths of single and
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.fractional bonds suggests a Ru-5i bond order of about D'.12.16

In the related P- and S-heterocyclic complexes [(CSHS) CU{C(CF3 4
C,PO.0HY]  and [{(CF5),C,S(CF )} Mn(Co), ], where again there is
no direct bond between the metal and the ring hetero-atoms, the
tetrahapto rings are also folded about the line through the terminal
carbon atoms of the butadiene.5 The resulting dihedral angles,
respectively 32 and 310, agree well with the corresponding angle in
(11), In all three molecules the non-bonded separations between the
metal atom and the hetero-atom appear surprisingly small, since sub-

traction of the van der Waals radius of the hetero-atom suggests

]
that the contact radii of the metal atoms are in the range 0.8 - 1.0 A.

The environments of the carbonyl groups C(100)-0(1) and C(101)-0(2)
are similar and they are markedly different from that of theC(102)-0(3)
group (Fig. 3.5.). The ruthenium-carbonyl Ru-C distances

range from 1.906(4) to 1,941(4) ﬂ [mean 1.923(10) RJ; the largest
value 5eing associated with the C(102) atom of the unique carbonyl
group. They are similar to those observed in [(CBHB)RU(CU)3] (mean
1.916(7) g ) and in [(CBHB)RQZ(CU)6] (mean 1.89(2) R). This is to be
expected since in all three complexes the ratios of olefin-ligand
atoms to ruthenium atoms to carbonyl groups are similar.25 The non-
equivalence of the carbonyl groups of (II) is reflected in the
CO-Ru-CO angles which are 90.0, 94.7 and 96.90: fhe last two values,
which involve the unique'carbonyl; are the largest of the set, as

hgsyﬁeén noted in other systems.2

The C-0 bond lengths are in agreement and their mean distance,
o 0
1.133(3) R, is near to the spectroscopic value [1.128 A] for carbon

munoxide.17 The Ru-C-0 angles deviate from 180° by up to 5°.
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Distortions of such an amount are common in metal carbonyls. In the
case of N(CU)3 fragments symmetry considerations indicate that the_7T*
electron density of sach CO group has twofold rotationai symmetry
rather than full cylindrical symmetry.30 The resulting angular
distortion is a function of the difference in population of the Tt%
orbitals. Since in (II) the ligand trans to the CO groups does not
present a cylindrically-symmetric bonding electron distribution to
the metal atom; bending at carbonyl is expected. The Ru-G(100)-0(1)"

and Ru-C(101)-0(2) angles are egual at 178.7(4)O,whereas the

Ru-C(102)-0(3) angle is only 175.2(4)°.

The phenyl geometries are normal; with root-mean square deviatiaons
from planarity of the carbon atoms of < 0.006 ﬁ.21 The mean C-C

o s]
lengths are 1.387(8) A [c(11) - (16)] and 1.390(5) A [c(21) - (26)].

The internal interbond angles are close to 120°,
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TABLE 3.1

. - 3
Fractional co-ordinates (x10") and vibrational parameters for (1)

Atom x y z B A2
Si 0 172.3(1) 1/4 *
c(1) 0 -66.9(6) 174.5(9) *
c(2) 0 202.9(8) 533.8(8) *
c(3) -86.6(2) 305.4(3) - 123,3(5) *
c(4) -46.8(2) 433.9(4) 16.3(5) *
c(5) -180.0(2) 279.8(3) 132.6(5) *
c(6) -215.7(2) 163.7(4) 272.0(8) *
c(7) -304.0(2) 136.2(4) 281.2(7) *
c(s) -356.8(2) 224.5(4) 149.1(7) *
c(9) - -322,8(2) '338.5(5) 11.2(7) *
c(1o) -235.2(2) 366.9(4) -0.5(6) *
H(1) 0 | -60(7) 34(10) 6(1)
-~ H(2) 49(2) -122(4) 233(7) 6(1)
H(3) 0 310(8) 592(12) 8(2)
H(4) 53(3) 168(5) 604(9) g(1)
H(5) -74(2) 515(4) -52(5)' 5(1)
H(6) -185(2) 104(4) 367(6) 5(1)
H(7) -324(2) 65(4) 391(7) 6(1)
H(B) ~422(2) 192(4) 155(5) 6(1)
H(9) -352(2) 392(5) -75(8) 7(1) |

H(10) -212(2) 433(4) -99(6) 6(1)
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TABLE 3.1 (cont'd)

* These atoms were assigned anisotropic temperature factors of the

form exp [-.%EBijhihj]' The final values of the Bij parameters (x104)

‘are:
Atom By Ba2 B3 B2 B3 B23
Si 36.6(4) 160.1(15) 228.2(23) O** o** 15.7(25)
c(i) 43(2) 196(8) 368(18) O * o** -2(8)
c(2) 70(3) 286(12) 228(11) o** o** -4(10)
c(3) 39(1) 173(4) 235(6) 8(2) 0(2) 2(5)
c(4) 45(1) 202(5) 319(9) 11(2)  -6(3) 63(6)
c(5) 38(1) 158(4) 265(7) 8(2) 7(3) -13(5)
c(s) 43(1) 235(5) 344(10)  14(2) 13(3)  68(8)
c(7)  46(1)  254(6) - I8a(14)  -6(2) 19(4)  59(9)
c(8) 41(1) 223(5) 422(10) -4(2) 6(3) -30(7)
c(9) 45(1) 251(7) 395(11) 5(3) -29(3) 25(8)
c(10) 48(1) 236(6) 308(9) -5(2) -14(3) 50(7)

**B =0 by symmetry

B1o7B13
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TABLE 3.2

; . 4
(a) Fractional co-ordinates (x10°) and vibrational parameters for (IT)

Atom x y z uxio” A2
Ru 2382.7(1) 1942.3(3) 1523.3(1) *
Si 2848.0(5) -849.8(12) 905.8(3) *
c(1) 3438(3) -2750(6) 834(2) 64(1)
c(2) 2290(2) -395(5) 301(1) 58(1)
c(3) 3410(2) 919(4) 1214(1) *
c(4) 3430(2) 619(4) 1735(1) *
c(5) 2841(2) -362(4) 1866(1) *
c(6) 2322(2) -908(4) 1452(1) *
c(11) 3973(2) 1951(5) 1011(1) 51(1)
c(lz) 4122(2) 1714(5) 534(2) 63(1)
c(13) 465613) 2690(8) . 343(2) *
c(4) 5048(2) 3876(7) 634(2) "
c(15) 4923(3) 4116(6)v 1106(2) 76(1)
c(16) 4397(2) 3169(5) 1296(2) - 64(1)
c(21) 1660(2) -1910(4) 1524(1) 47(1)
c(22) 1395(2) ~2014(5) 1978(2) 62(1)
C(23) 779(3) -3015(7) 2041(2) 81(1)
c(24) 416(3) -3879(6) 1649(2) *
c(25) 663(2) ~3780(6) 1200(2) - *
C(26) 1283(2) -2819(5) 1137(2) 61(1)
-~ ¢(100) 2761(2) 4057(5) 1753(1) *
c(1o1) 1576(2) 2168(5) 1911(1) *
c(102) 1860(2) 2810(5) 916(1) *
0(1) 3000(2) 5305(4) 1892(1) *
0(2) 1107(2) 2275(5) 2143(1) *

0(3) 1577(2) 3420(4) 569(1) *
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TABLE 3.2 (Cont'd)

ij7i

Uij parameters (x103) are:

..a¥ a

* h.h.]. The final values of the
J 1]

Atom Y11 Y22 Uz Y12 U3 Uz
Ru 43.9(2) 39.7(2) 42.5(2) 1.9(1) 5.2(1) -2.9(1)
Si 43.5(5) 41.8(5) 43.1(4) 1.3(4) 6.7(4) -3.0(4)
c(3) 41(2) 42(2) 51(2) 4(1) 5(1) 0(1)
c(4) 45(2) 44(2) 50(2) 1(1) -2(1) -3(1)
c(5) 49(2) 45(2) 42(2) 7(1) 3(1) 3(1)
£(6) 45(2) 40(2) 44(2) 2(1) 7(1) 1(1)
c(13) 66(3) 111(4) 82(3) 4(3) 24(2) 41 (3)
c(14) - 46(2) 80(3) 143(5) -8(2) 4(3) 43(3)
C(24) 58(2) 70(3) 127(4) -11(2) 27(3) 14(3)
c(25) 55(2) 68(3) 106(4) -12(2) 5(2) -14(3)
c(10o0) 64(2) 47(2) 58(2) 5(2) 4(2)' -4(2)
c(io1) 60(2) 57(2) 54(2) 5(2) 10(2) -5(2)
c(102) 52(2) 51(2) 56(2) 2(2) 10(2) -3(2)
0(1) 105(3) 49(2) 81(2) -7(2) - 1(2) -13(1)
0(2) 73(2) 100(3) 73(2) 12(2) 30(2) -8(2)
0(3) 81(2) 79(2) 58(2) 16(2) 4(1) 14(1)
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TABLE 3.2 (Cont'd)

(b) Calculated fractional co-ordinates (xlOS) and assumed isotropic
vibrational parameters for hydragen atoms; each hydrogen atom is

numbered according to the carbon atom to which it is attached.

Atom x y z ux1o” 42
H(2a) 182 0 33 69
H(2b) 204 -155 ' 18 69
H(2c) 250 - 0 0 69
H(4) 383 108 199 58
H(5) 279 -67 222 54
H(12) 382 83 32 72
H(13) 479 251 -1 95
H(14) 544 460 49 91
H(15) 523 500 131 88
H(16) 430 335 166 74_
H(22) 166 -139 227 73
H(23) 59 313 237 89
H(24) -4 -459 168 : 51
H(25) 39 442 0 84

H(26) 147 =277 80 69




- 151 -

TABLE 3.3

Selected interatomic distances (R) and angles °y in (1)

(a) Bond lengths

5i-C(1) 1.861(5) H(1)-c(1) 0.92(6)
8i-C(2) 1.872(5) H(2)-Cc(1) 0.95(3)
Mean 1.867(6) H(3)-C(2) 0.89(7)
8i-C(3) 1.878(3) H(4)-c(2) 0.99(5)
Mean 0.95(2)
" €(3)-c(4) 1.345(4)
c(3)-c(5) 1.478(4) H(5)-C(4) - 0.90(3)
C(4)-c(4r)* 1.466(6)
H(6)-C(6) 0.90(4)
c(5)-c(6) 1.380(5) H(7)-c(7) 0.95(4)
c(6)-c(7) 1.400(4) H(8)-c(8) 1.05(3)
c(7)-c(8) 1.367(5) H(9)-C(9) 0.83(5)
c(8)-c(9) : 1.353(6) H(lo)-p(lo) 0.90(4)
c(9)-c(10) 1,391(5) Mean 0.95(4)
c(10)-c(5) 1.391(4)
Mean 1.384(7)

* Co-ordinates of primed atoms are derived from those of the corresponding

atoms in Table 3.1 by the transformation (%, y, z).



(b) Interbond angles

c(1)-si-c(2)

£(3)-5i-C(3")

c(1)-5i-c(3)
C(2)-5i-C(3)

Mean

Si-C(1)-H(1)
Si-C(1)-H(2)
51-C(2)-H(3)
5i-C(2)-H(4)

Mean

5i-C(3)-C(4)

5i-C(3)-C(5)

H(1)-C(1)-H(2)
H(2)-c(1)-H(2")
H(3)-C(2)-H(4)
H(4)-C(2)-H(4")

Mean
C(4)-C(3)-c(5)
C(3)-c(4)-c(4Y)

C(3)-c(4)-H(5)

C(41)-C(4)-H(5)
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TABLE 3.3 (Cont'd)

112.5(3)

92.5(2)

113.3(1)
111.9(1)

112.6(7)

102(3)
108(2)
122(5)
116(3)

110(3)

106.0(2)

128.9(2)

115(3)
108(3)

92(3)
115(4)

107(6)
125.0(2)
117.6(2)

124(2)

118(2)

C(3)-C(5)-C(6)
c(3)-c(5)-c(10)

Mean

C(5)-c(6)-c(7)
c(6)-c(7)-c(8)
c(7)-c(8)-c(9)
c(8)-c(9)-c(10)
c(9)-c(10)-c(5)
c(10)-c(5)-c(6)

Mean

H(6)-C(6)-C(5)
H(6)~C(6)-C(7)
H(7)-C(7)-C(6)
H(7)-c{7)-t(a)
H(8)-c(8)-C(7)
H(8)-Cc(8)-C(9)
H(9)-C(9)-C(8)
H(9)-c(9)-c(10)
H(10)-c(10)-C(5)
H(10)-C(10)-C(9)

Mean

120.

121

121,

121.
119.

119.

.5(3)

121

120.

117.

118.

7(3)

.9(3)

3(6)

4(4)
9(4)

3(3)

5(3)
3(3)

g(1)

124(2)

115(2)

116(2)

124(2)

117(2)

124(2)

123(3)

116(3)

117(2)

122(2)

120(1)
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TABLE 3.3 (Cont'd)

(c) Intramolecular non-bonded distances within the limits of the
y 2
van der Waals radj.(ﬂ): C(sp), 1.7; C(sp”), 1.85; C(ggs), 2.0; H,

1.2; 0, 1.4; S5i, 1.95.

(1) Phenyl:--Butadiene

H(6)--+C(3) 2.69 c(5)---H(5) 2.74
H(lo)--fc(S) 2.62 AC(lU)---H(S) 2.80
H(10)---C(4) 2.69 c(10)---.c(4) 3.00
H(10)- - -H(5) 2.26

(ii) Phenyl-- - Methyl

H(6)- - -C(2) 3,19 c(6)---c(2) 3.80

(iii) Phenyl.- -Silicon

H(6).+-5i 3.05 c(6)---5i 3.38
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TABLE 3.3 (Cont'd)

(d) Intermolecular non-bonded distances within the limits of the

contact radii:

c(2)---c(ah)’ 3.68 c(5)---H(7 ) 3.03

11 :
C(4)---H(3" ") 3.02 c(8): . -H(s") 2.93
* The. .Roman numeral superscripts. refer to the following co-ordinate

transformations:

I x,y, L4z 11 -1/2-x, -y, -1/2 + 2

II %, y, -1 +z W -1/2 -x, 1 -y, 1/2 +z
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JABLE 3.4

Selected interatomic distances (R) and angles (°) in (11)

(a) Bond lengths

Ru-C(3) 12.293(3) c(3)-c(4) 1.447(5)
Ru-C(6) 2.294(3) c(5)-c(6) 1.448(4)
Mean 2.294(2) Mean 1.448(3)
Ru-C(4) 2.187(3)
Ru-C(5) 2,187(3) c(4)-c(5) 1.407(5)
Mean , 2.187(2)
c(3)-c(11) 1.475(5)
Ru-C(10D) 1.906(4) c(6)-c(21) 1.477(5)
Ru-C(101) 1.921(4) Mean 1.476(4)
Ru-C(102) 1.941(4)
Mean 1.923(10) c(11)-c(12) 1.385(6)
c(12)-c(13) 1.396(7)
c(100)-0(1) 1.136(5) c(13)-c(14) 1.380(8)
c(101)-0(2) | 1.128(6) c(14)-c(15) 1.355(8)
C(102)-0(3) 1.134(5) c(15)-c(16) 1.371(7)
Mean 1.133(3) c(16)-c(11) 1.415(6)
Mean 1.387(8)
5i-C(1) 1.885(5) c(21)-c(22) | 1.394(6)
Si-c(2) 1.868(4) c(22)-c(23) 1.482(7)
Mean 1.875(8) C(23)-c(24) 1.374(8)
c(24)-C(25) 1.367(8)
5i-C(3) 1.983(3) C(25)-C(26) 1.391(6)
5i-C(6) 1.876(3) c(26)-c(21) 1.394(5)

Mean 1.880(4) Mean 1.390(5)
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TABLE 3.4 (Cont'd)

(b) Interbond angles

Ru-C(100)-0(1) 178.7(4) c(3)-c(4)-c(5) 114.8(3)
Ru-C(101)-0(2) 178.7(4) c(4)-c(5)-c(6) 114.0(5)
Ru-C(102)-0(3) 175.2(4) Mean 114.4(4)
Mean 177.5(12)
C(4)-c(3)-c(11) 122.3(3)
c(100)~Ru-C(101) 90.0(2) c(5)-c(6)-t(21) 121.1(3)
c(100)-Ru-c(102) 94.7?2) Mean | 121.7(6)
c(101)-Ru-c(102) 96.9(2)
Mean - oo 94(2) C(3)-c(11)-c(12) 120.5(3)
C(3)-c(11)-c(16) 122.1(3)
C(1)-5i-c(2) 108.4(2) c(6)-Cc(21)-c(22) 122.0(3)
C(3)-5i-C(6) 87.7(1) C(6)-Cc(21)-Cc(26) 120.7(3)
Mean 121.3(4)
C(1)-8i-c(3) 111.9(2)
| c(1)-5i-C(6) 114.5(2) c(11)-c(12)-c(13) 120.3(4)
€(2)-5i-C(3) 117.0(2) c(12)-c(13)-c(14) 119.9(5)
C(2)-5i-c(6) 116.3(2) c(13)-c(14)-c(15) 121.0(5)
Mean 114.9(11) c(14)-c(15)-c(16) - 119.5(4)
c(15)-c(16)-c(11) 121.8(4)
Si-C(3)-c(4) 105.3(2) c(16)-c(11)-c(12) 117.4(4)
8i-C(6)-C(5) 106.0(2) Mean 119.9(6)
Mean 105.7(4) c(21)-c(22)-c(23) 120.9(4)
| C(22)-C(23)-C(24) 120.2(5)
Si-C(3)-c(11) 127.8(2) C(23)-c(24)-c(25) 119.9(5)
Si-c(6)-c(21) 128.5(2) c(24)-c(25)-c(26) 120.3(4)
Mean 128.2(4) c(25)-c(26)-c(21) 121.4(4)
c(26)-c(21)-c(22) 117.4(3)

Mean 119.7(7)
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TABLE 3.4 (Cont'd)

(c) Intramolecular non-bonded distances

Ru- - - Si 2.992 £(2)---c(26) 3.66

5i:-+C(12) 3.34 c(2)---c(102) 3.22
5i---C(26) 3. 37 C(4)---c(16) 3.04
FSi---C(102) 3.44 c(5)---c(22) 2.99
c(1)---c(4) S.éﬁ c(16)---c(100) 3.43
c(1)---c(5) 3.69 c(21)-..c(101) . 3.44

c(2)rgoc(12) 3.71 c(22)-+-c(101) 3.37



- 158 -

TABLE 3.4 (Cont'd)

(d) Intermolecular non-bonded distances within the limits of the

van der Waals radii:

c(1)---c(2h)* 3.86 (1)---c(26'h) 3.84

II) III)

3.54

c(1)---c(15 3.69 c(14)+--c(102

* The Roman numeral superscripts refer to ths following co-ordinate

transformations:

I 1/2-x%x,-1/2+y, -2 111 1/2 4+ x,1/2 -y, 2

11 X, =1 +vy, z



- 159 -

TABLE 3.5

Equations of least-squares planes of (I) in which X, Y, Z refer
to orthogonal co-ordinates in #. Deviations of selected atoms

from the plane are given in square brackets.

Plane 1: C(3), c(3'), c(4), c(4")
0.589Y + 0.809Z -2.001 = O
[si-0.083; €(3), €(3'),.C(4),-C(4') 0, C(5) -0.064, C(6) 0.162,.

H(5) -0.055]

Plane 2: Si, €(1), €(2)

Plane 3: Si, C(3), C(3')
0.639Y + 0.769Z -2.085 = 0
[c(3) 0.017, C(4) -0.192, c(5) -0.003, c(6) 0.003, c(7) 0.000
c(s) 0.000, c(9) -0.003, C(10) 0.005, H(6) -0.028, H(7) -0.097

H(8) 0.071, (9) 0.027, H(10) 0.089]

Angles (°) between planes:
(1) - (2) 90* (1) - (4) 13.7

(1) - (3) 3.7

* By symmetry
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TABLE 3.6

Least—sqguares—planes of (II)

Plane 1: C(3) - (6)
0.561X - 0.824Y - 0.080Z - 2.361 = O
[Ru -1.848, Si 0.722, C(3) -0.001, C(4) 0.003, C(5) -0.003,

c(6) 0.001, c(11) -0.028, C(16) -0.518, C(21) --0.040, C(26) 0.337]

Plane 2: Si, C(1), €(2)

0.772X + 0.586Y - 0.246Z - 2.733 = 0
Plane 3: Si, C(3), C(6)
0.609X - 0.656Y + 0.446Z - 4.497 = O
Plane 4: C(11) - (16)
=0

D.661X - 0.6B4Y + 0.308Z - 4.313
[c(3) 0.009, C(4) 0.515, c(11) .-0.008, C(12) D.0DO9, C(13) -0.003,

c(14) -0.006, C(15) 0.001, C(16) 0.007]

Plane 5: C(21) - (26)
0.574X - 0.784Y + 0.238Z - 3.610 = O
[c(5) o.410, c(6) 0.027, C(21) 0.000, C(22) -0.006, C(23) 0.010,

c(24) o0.000, C(25) -0.008, C(26) 0.006]

Angles (°) between‘planes:

1) - (2) 91.7 (1) - (4) 24.5

(1) - (3) 32.2 (1) - (5) 18.4
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Figure 3.3: A view of the silacyclopentadiene
molecule (I). Thermal ellipsoids
enclose 50% of probability.

Hydrogen atoms arses shown with arbitrary

radii for clarity.
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A

Figure 3.4: A view of the (silacyclopentadiene) -
tricarbonylruthenium molecule (II);
thermal ellipsoids enclose 50% of
probability. Hydrogen atoms are

not shouwn.
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Figure 3.5: A view of the molecular structure
of (II) in projection onto the butadiene

plane.
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0(3)
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CHAPTER FOUR

The Crystal and Molecular Structures of

the Isocyanide Complexes

trans-[m(CNMe)2(phZPCHZCHzpphZ)Z](M=Ma and W)
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4.1, INTRODUCTION

It has been observed that the co-ordination of isocyanides to
transition metals in their intermediate or higher oxidation states
results in an increase of the V(NC) stretching frequency relative

to that of the free ligan'd.l This may be attributed to the use,

in bonding to the metal, of the essentially lone pair orbital on the
donor carbon atom, thereby enhancing the C(EE}—N o~ -bonding. In
same cases nucleophilic attack at the donor atom is Facilitated.l
However, low-valent metals produce a decrease of V(NC) relative to
that of the free isocyanide. This arises from backdonation to the
isocyanide 7% orbitals.2 Interestingly, there is apparently no report
of electrophilic attack at the ligating isocyanide in such cases,
possibly because in the majority of systems studied to date the iso-
cyanide competes with carbon monoxide or isocyanide co-ligands for

metal d1< electrons.3

A series of complexes ﬁggﬂg—[M(CNR)zgdppe)2] (M= Mo or Wy R=

me, Bu®, Ph, CeHyMe=4, CoH,Cl-4, CcHoCl,-2, 6, or CoH,DMe-4;

dppe = PhZPCH2CH2PPh2) has been prepared by Chatt and co-wnrkers.4
These derivatives contain metal sites which are such powerful electf?n
donors that they activate dinitrogeno5 In these isocyanide complexes
the build-up of charge on the carbon-donor ligand gives it some
"carbene-like"bcharacter, engendering ready electrophilic attack at
the nitrogen atom and producing the greatest observed decrease in

¥ (NC) for terminal isocyanide ligands in uncharged complexes.

Thus, for example, V(NC) for the complex Egggg-[MO(CNNe)z(dppe)zj

s -1
is 1886 cm—l in tetrahydrofuran solution, which is 279 cm = smaller

than the corresponding value for free methyl isocyanide. The corres-
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ponding frequencies of the analugous tungsten derivative are 1850
and 315 cm-£ respectively. The V(NC) frequencies throughout the
series of bis-isocyanide complexes are very low relative to those
of the unbound isoc?anides and close to the range (gg. 1750 - 1800
cm'l) of bridging isocyanides which display6 CNC interbond angles

of ca. 125°.

In order to obtain structural information on the metal-isocyanide
bonding in these systems accurate X-ray analyses of two representative
complexes trans-[N(CNMe)z(dppe)Z] (M = Mo and W) were undertaken. -

A preliminary account of this work has been published;4

A full description of the analysis of the molybdenum derivative, (I),
is now given. For comparison, brief details of the tungsten analogue

(11) are also presented.



- 170 -

4,2. EXPERIMENTAL

tal Data - C . M=
Crystal Da omplex (I) CeghggNoPyMo, M = 974.9,

. .. . 0.
Triclinic, a = 10.747, b = 10.555, c = 12,565 A, a= 72.37,

B=o7.78, ¥ =61.80° T=-20", U=1187.9R°, b_= 1.363

b
-3 :
gn e, Z=1, F(0OD) = 506. Mo - K_ radiation, N = 0.71069

p(Mo - Ka) = 4,5 cm-l. Space group P1.

Complex (IT). CcoHe,N,P,W, M= 1062.8. Triclinic, a = 10,731,
e]
b =10.535, ©c=12.552 A, o=172.38, B =87.83, Y =61.98°,
o. 03 ' -3
T=20C, U=1184.6 A", D_=1.490gmecm , Z=1, F(000) = 538.

Mo - Ka radiation, p (Mo - Ka) = 16.7 cm-l. Space group PIi.

Crystallographic Measurements - Complex (I). The crystals are red

air-stable plates. The specimen used in the analysis displayed
all members of the {100}, {001} and {22i§forms, and the perpendicular

distances between parallel faces were 0.16, 0.06 and 0,30 mm.

The crystal system and the dimensions of a reduced triclinic cell
were obtained by X-ray photography. The unit-cell dimensions were
later adjusted by a least-squares treatment of the setting angles of
11 reflexions measured on a Hilger and Watts® Y290 diffractometer
controlled by a PDP8 computer.7 The space group P1 led to a
satisfactory structural analysis which included the location of

hydrogen atoms.

Complex(II). The crystals are deep-red air-stable plates. The

specimen used in the structural measurements had dimensions ca.

0.21 x 0.30 x 0.45 mm.

The crystal system and unit-cell dimensions were derived by X-ray
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photography. Final values of the cell dimensions were obtained by
7
a least-squares method, The crystals are nearly isomorphous with

those of the molybdenum analogue.4

Intensity Measurements - Complex (I). The intensities of all

independent reflexions for which (Mo - Ka) < 28° were measured on
the Y290 diffractometer with the use of graphite-monochromated
molybdenum radiation and a pulse-height analyser. A symmetrical

@ - 26 scan was employed, with a scan step in 6 of 0.02° and a
counting time per step of 2.5 s. Each reflexion was scanned through
a 26 range of 1.2° and the local background was counted for 15 s at
each end of the scan range. The intensities of three strong
reflexions, measured periodically throughout the experiment; showed

only random fluctuations of up to ¥ 5% of their mean values.

The integrated intensities; I, and their standard deviations, a’(I),
were derived from standard relationships described earlier in the
text (g U.U4).§ They were corrected for Lorentz, polarisation and
counting-loss effects. No correction for the effeﬁts of absorption
was applied, since a test calculation with a Gaussian integration

grid9 of 14 x 14 x 14 points indicated that the transmission factors

were in the narrow range 0.96 - 0.98.

Of 3816 reflexions measured only 3620 for which I 2 307 (1) were

used in subsequent calculations.

Complex !IIQO The intensities of all independent reflexions for

which 8(Mo-K ) < 28° were measured on the Y290 diffractometer in
a .

a manner comparable to that adopted for complex (I).

The integrated intensities, I, and their standard deviations, o’(I),
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were derived using standard relétionships (g 0.04).8 They were

corrected for Lorentz and polarisation effects.

‘

0f 5660 reflexions measured only 5657 for which I 2 30”(I) were used

in subseguent calculations.

Structure Analysis - Complex (I). The position of the molybdenum
atom at the origin of the unit cell, and the co-ordinates of -each
phosphorus atom were deduced from a Patterson synthesis. The remain-

ing non-hydrogen atoms were located in subsequent difference .syntheses.

The structure was refined by the method of full-matrix least-squares.
The function minimised masiﬁqu, where w = 1/642(FD) and A =

|F0| - IFCI. Atomic scattering factors were taken from ref.l0,
except those for hydrogen atoms.ll ‘Allowance was made for the

anomalous scattering of the molybdenum and phosphorus atoms using

values of A ft and Af" from ref.12.

A structure factor calculation based on the molybdenum and phosphorus
atoms with isotropic temperature factors gave R 0.30. UWhen the
remaining non-hydrogen atoms were included R decreased to 0.092,
Anisotropic temperature factors were then assigned to the molybdenum
and phosphorus atoms, and to the carbon and nitrogen atoms of the
isocyanide ligand, giving rise to R 0.059. and R* 0.068. A difference
synthesis was then calculated using only the 1075 reflexions for which
sin®/A < 0,40, This indicated the position of every hydrogen atom
except that attached to the phenyl carbon atom €(16); the peak
heights of these atoms ranged from 0.60 to 0.94 98-3. The methyl
geometry was rather ill-determined: ranges were 1(C-H) 0.96 -

and. <H-C(Me)-H 101.7 - 121.6°;

0
1.358, <N-C(Me)-H 94.8 - 112.3°

’

the value of 1.35 R was associated with the rather diffuse
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peak of the atom H(4a).  The phenyl and methylene geometries were
idealised and the scattering of all the hydrogen atoms was included

in the subsequent structure factor calculations but the positional

and assumed vibrational parameters of these atoms were not varied.

The refinement converged at R 0.048 and Rt 0.058. In the final

cycle of least-squares all parameters shifted by < 0.2 o~. In
addition, the standard deviation of an observation of unit weight

was 1.9, suggesting that the accuracy of the data was slightly over-
estimated. However, the absence of significant trends when the mean
values of wA2 were analysed as a function of |F0| or sing indicated
that the relative weights were satisfactory. 1In the final difference
synthesis the extreme function values were 0.8 and -0.5 92-3. The
positive peak was situated between the atoms C(33) and C(34), and

the negative peak was close to the atom P(2). Thg minimum peak

height for a carbon atom in the final electron density synthesis was
4,0 92-3.

Observed and calculated structure amplitudes are listed in the Appendix
(pp. 166-189), Atomic parameters are given in Table 4.1 and a selection
of derived functions is presented in Tables 4.2 and 4.3. The atomic

numbering scheme is indicated and a view of the molecular structure

is shown in Figure 4.1.
The computer programs employed have been described previously.

4
Complex (II). The structural parameters of the molybdenum analogue

(I) were used in a trial solution and this led to a satisfactory

analysis,

2
The model was refined by the least-squares method (w = l/b' (FO)).

Atomic scattering factors were taken from refs.l0 and 1l. Correction
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for the anomalous scattering of the tungsten and phosphorus atoms

was applied.12

Refinement of the scale factor and of the positional and isotropic
thermal parameters of the non-hydrogen atoms led to R 0.085 and R?
0.094. UWhen anisotropic temperature factors were assigned to the
tungsten and phosphorus atoms R and RY decreased significantly to
0.045 and 0.061, respectively. 1In the final cycle of refinement the
shifts in the parameters were close to ld~ except those of the
tungsten thermal parameters (1 - 5¢). The analysis was terminated

at this stage.

A selection of bond lengths and interbond angles is presented in
Table 4.4, The atomic labelling scheme is that of Fig. 4.1 (with

molybdenum replaced by tungsten).
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4,3. RESULTS AND DISCUSSION

(a) Complex (I)

The crystals are composed of discrete monomeric trans -[Mu(CNNe)z-
(dppe)z] molecules. The intermolecular distances (Table 4.2 (s)) are

in the range expected for normal van der Waals contacts.l4

The Metal Co-ordination -~ As expected, the molybdenum co-ordination

is distorted octahedral. The isocyanide ligands occupy axial trans
positions, and the phosphorus atoms and the molybdenum atom define
an equatorial plane. Moreover, exact Ci crystallographic symmetry

is imposed on each molecule as a space group requirement.

The Mo-C(donor) vector is not strictly normal to the equatnriél
plane but is inclined to it at an angle of 82.4°. The metal co-
ordination is, thus, strikingly similar to that observed in the
analogous dinitrogen complex trans - [MD(NZ)Z(GDPG)Q] (III)-lS

The distortions of the P-Mo-CNMe angles appear to arise from
steric effects. Thus, the intramolecular non-bonded contacts
[c(3)... C(16%) 3.44, €(3)... C(26) 3.32, C(3)... C(36) 3.38, and
C(3)e.. C(41%) 3.40 R] (Table 4.2(d)) involving the carbon-donor
and the phenyl carbon atoms suggest that the molecules of (1) are

subject to some steric strain.

The Diphosphine Geometry - The molybdenum-phosphorus . Mo-P(1) and

0
Mo-P(2) . bonded distances, respectively 2.442(1) and 2.457(2) A, are
comparable to the values found in other arylphosphine or diphosphine
6 .
complexes of molybdenum(U).%v Moreover, they are in good agreement

D -
with the corresponding bond lengths [2.445(1) and 2.462(1) A ] in the

dinitrogen complex (III).15 The highly significant difference of ca.
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o
0.02 A in the lengths of the cis-Mo-P bonds in each of these.
complexes may be attributed to intramolecular steric overcrowding
(vide supra). These values are all significantly shorter than the

. o
estimated Mo(D)-p single bond length of 2,71 A derived from the
. 17 14 o

covalent radii of molybdenum™  and phosphorus™ atoms (1.61 and 1.10 A,
respectively). This contraction has been attributed either to
significant Mo-P dog - d71 backbonding 16a or to distortions from

exact dzsp3 hybridisation.18

Steric strain is also apparent in highly significant differences in
the lengths of equivalent P-C bonds in both (I) and (III). Thus, in
(1) the p-d;;?) distances differ by 0.026(8) % (A for= 3.25).
Moreover, the P-C(gg?) bond lengths range from 1.841(3) to

1.860(5) R. The same patﬁern of bond length variation is-also seen.-
in (III), the individual distances being in excellent agreement with
those of (I). Despite these distortions the mean distances are
normal: those of (I) are ‘P~C(§92) 1.847(4) A and P—C(ggg) 1.869(13) R1°

In addition, the CH,-CH, bond length of 1.508(7) R is close to the

2
accepted value of 1.54 R for a C(ggz)—t(ggz) distance.20

The P(1)-Mo-P(2) interbond angle involving mutually-cis phosphorus

atoms is only 79.6(1)° [cf. 79.4(2)° in (III)] and this may be
attributed to a constraint of chelation. Other valency angles at the
phosphorus atoms also display significant distortions. Thus, the
Mo-P-C(Ph) interbond angles [range 117.0(2) - 124.7(2)°] are
considerably greater than the ideal tetrahedral value of 1099281,
Furthermore, the C-P-C angles [range 96.7(2) - 103.0(2)°] are

much less than the latter value. This pattern of distortion is commonly
observed in transition metal complexes of arylphosphir‘nes.16a Hovever,

the magnitude cf the effect in the title complex (1) is somewhat
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greater than is typically observed, providing further evidence of
steric strain in the molecules of (I). 1In addition, the Mo-P—C(ggz)
énd'p;c(ggs);C(EESQ angles are regular, having mean values of 109(2)
and llD(l)o, respectively; that there are no appreciable distortions
of these angles may be attributed to constraints imposed by ring

formation.

‘The five-membered chelate ring is puckered, as expected,z1 with the
methylene carbon atoms C (1) and C (2) displaced on the same side of
the equatorial plane by 0.84 and 0,21 R, respectively., The ring
conformation is, thus, unsymmetrical: torsion angles about the Mo-P
bonds are P(1)-Mo-P(2)-C(2) -6.4(2)° and P(2)-Mo-P(1)-C(1) 28.6(2)°,

and the P-CH -CHZ—P dihedral angle is -47.1(6)0. These values are

2
normal, being in the range observed in a variety of metal-diphosphine

systems.22

The Molybdenum-Isocyanide Bonding ~ The molybdenum-carbon Mo-C(3)

bond length of 2.095(4) g is appreciably shorter than the estimated
Mo-C(sp)  single-bond length2> [2.32 R] indicating that there is
considerable Mo(4d)—» (C=N) 7T* backdonation. Indeed, it is only
slightly longer than the Mo-CO(trans to CO) bonds in [mD(co)6]

(2.06 2)24 and [ND(CD)4(Ph2PCH2PPh2)]-(2.04 ﬂ)gs~ This trend is also
displayed in the complex [mD(rv-CSHS){(co)z(cmph)] where the

Mo_co  and  Mo-CNR bond lengths differ-by about 0.05 A.2°  The

bond length data, therefore, imply that isocyanide is almost as good

a 7( -acceptor as carbon monoxide, as has been noted in other systems.

The most interesting feature of the molecular structure is the geo-
O .
metry of the isocyanide ligand. The Mo-C-N angle of 176.2(5) is

3
close to 1800, as expected.  However, the C(sp)-N-C(sp™) angle
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. o A
is only 155.1(5)", much smaller than the approximately 180° usually
found in terminal isocyanide derivativeso3 Prior to the present
work,the only cases of considerable bending at the nitrogen atom were

those observed in the derivatives cis -[re(CN)Z(CNMe)4].4CHc1
26, 27

3
- C-N-C angles of 156(7) and

and cis -[PtCl, (CNPh) (PEL,)].
165.5(30)0, respectively, were noted in these complexes. However, -
the crystal used in the X-ray analysis of the iron compound had a
large proportion of disordered chloroform solvate: the distortion of
the isocyanide group could result from crystal packing effects.
Moreover, -the pronounced non-linearity observed in the above platinum
(11) - isocyanide complex does not appear to be a generai feature of
such systems since it is not paralleled in the geometries of cis-—
[PtClz(CNEt)(PEtzph)] and E-[ptclz(m\mh)zj.z8 However, a very
pronounced bending has been reported recently for the derivative
[Rg(CNBut)4(pph3)_]: the C-N-C angle of 130(2)° is believed to be of

29
electronic rather than steric origin.

ARlthough relatively sophisticated molecular orbital treatments of
isocyanide systems‘?’0 have been carried out, it is; perhaps, instruc-
tivé to consider the valence bond f‘ormulationo14 Thus; in valence.
bond terms the electronic structure can be represented as an appro-

priately weighted combination of the forms (A) and (B), with

(A) M-C=NR &« m:c:m\R (B)

a major contribution from structure (B) in cases of large bending at
the nitrogen atom. If form (B) is predominant in a particular

molecule, a short mM-C bond and a long C-N bond would be expected.
A relatively short Mo-C(donor) distance is, indeed, found in (I)

o
(as noted above). Houwever, the C(sp)-N  distance of 1.094(7) A
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is similar to that in methyl isocyanide itself [1.166 A].SY Further-
more, the corresponding values in other complexes with terminal iso-
cyanide ligands are also close to those found in the free isocyanides.3
This is, perhaps, not surprising since in transition metal complexes
containing the isoelectrenic carbonyl ligand the C-0 bond lengths

32

are insensitive to bond order changes in the region 2 - 3. In

- 3y .
addition, the N-C(sp”) distance, 1.449(10) R, is normal,?0

Although a steric mechanism could produce an unusually large bending
at the isocyanide nitrogen atom, an electronic effect is strongly

indicated by the following observations:

(a) There are no exceptionally short intramolecular contacts involving
the methyl carbon atom either in its observed position or that calcu-

lated assuming linearity of the C(gE)-N-C(EEE) fragment.

(b) Throughout the series of bis-isocyanide compleXxes §£§Q§~—‘A
[N(CNRE(dppe)z] the lowering of the V(NC) stretching frequency in
the spectra of the solids, relative to that found for the free
isocyanide, is very large [Mo, 303-221 on™’; W, 336-230 cm ] and

is not altered significantly when the solid is dissolved in tetra—

hydrofuran.4

(c) The isocyanide complexes protonate readily at their nitrogen atoms.

. . 33
The Phenyl Geometry - The phenyl rings display only expected features.

Thus, they are planar within experimental error. Furthermore, the
o
C(§E?)-C(§Ez) bond lengths range from 1.344(7) to 1.420(8) A and have
0 .
a mean value of 1.,387(3) A which is only slightly shorter than the

(8]
spectroscopic value20 [1.397(1) A]for benzene. Moreover, the C-C-C

interbond angles are close to 120°., The smallest values of this set

)
involve the ipsg-carbon atoms with a range of 117.4(3) to 118.9(4) :
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they are, thus, consistent with the P-C(Ph) distances and with the

postulated Mo -3 P backdonation.33

(b) cComplex (I1)

The molecular structure is very similar to that of the analogous

molybdenum complex (I).

Of particular interest is the metal-isocyanide geometry (Table 4.4).
Thus, the M-C(donor) and C(sp)-N bond lengths, 2.065(5) and 1.12(1)

R respectively, are in good agreement with the corresponding distances
of (I). The C(gE)LN—C(§93) angle again deviates significantly from
180° with a value of 151(1)° [cf. 155.1(5)° in (I)]. °~ This observation
strongly suggests that the pronounced non-linearity of the isocyanide
ligand is a characteristic feature of the Eggggr[N(CNR)z(dppe)z]

system rather than an arfifact‘
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TABLE 4.1

Fractional co-ordinates (xlDa) and vibrational parameters of

t -
rans [Mo(CNMe)2(PhZPCHZCHZPth)ZJ

" Atom x y 2 Ux10°82
Mo 0 0 0 *
P(1) 254(1) 1966(1) -1469(1) *
P(2). 678(1) 1138(1) 1154(1) *
N -3336(5) 1948(5) 40(4) *
c(1) 1577(4) 2297(5) -861(3) 40(1)
c(2) 1168(4) 2573(5) 242(4) 42(1)
c(3) -2188(5) 1326(5) 12(3) *
c(4) -4629(8) 2326(12) 570(7) *
c(11) 1036(4) 1729(5) -2778(3) 38(1)
c(12) 1073(5) 2911(5) -3626(4) 47(1)
c(13) 1775(5) 2649(6) ~4557(4) 55(1)
c(14) 2423(5) 1216(6) -4655(4) 57(1)
c(15) 2381 (5) 29(6) -3823(4) 54(1)
c(16) 1700(5) 284(5) -2889(4) 46(1)
c(21) -1285(4) 3885(4) -2015(3) 38(1)
c(22) -1251(5) 5224(5) -2115(4) 45(1)
c(23) -2457(5) 6630(5) -2546(4) 52(1)
c(24) -3694(5) 6734(6) -2917(4) 58(1)
C(25) -3751(6) 5431 (6) ~-2836(5) 65(1)
c(26) -2561 (5) 4022(6) -2367(4) 52(1)
c(31) -560(4) 2369(5) 1935(4) 42(1)
c(32) -237(5) 2233(5) 3044(4) 52(1)
C(33) -1221(6) 3255(6) 3546(5) 66(1)
c(34) -2488(6) 4359(7) 2965(5) 70(1)
C(35) -2854(6) 4519(7) 1887(5) 72(2)
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TABLE 4.1 (Cont'd)

Atom X y z Ux10°32
c(36) -1872(6) 3507 (6) 1354(4) 60¢1)
c(41) 2263(4) -149(5) 2212(3) 40(1)
c(42) 3604(5) -315(6) 2004(4) 55(1)
c(43) 4783(6) -1303(7) 2805(5) 69(1)
c(44) 4652(6) -2180(6). 3825(5) 67(1)
c(45) 3355(6) -2076(6) 4031(4) 59(1)
C(46) 2156(5) -1072(5) 3234(4) 52(1)

* These atoms were assigned anisotropic temperature factors of the form

exp [-27(%ZZU..afafh.h.]. The final values of the U, ., parameters
ij7ig 1313 1J

3
(x107) are:

Atom Uy Ugz U3 Y12 Y3 Uz
Mo 43.7(3)  31.6(3) 28.7(3) -24.8(2) 7.9(2) -10.0(2)
P(1) 43.8(6)  35.5(6) 31.9(5) ~24,4(5) 6.4(5) -9.9(4)
P(2) 47.0(6) 37.5(6) 32,.8(5) -25.5(5) 5.3(5) -11.4(4)
N 66(3) 64(3) 59(3) -29(3) 9(2) -14(2)
C(3)  49(3) 38(2) 32(2) -27(2) 9(2) -11(2)

C(4) 69(5) 168(9) 104(6) -17(5) 28(4) 1(6)
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TABLE 4.1 (Cont'd)

. : 3
(b) Fractional co-ordinates (x107) and assumed isotropic vibrational
parameters for hydrogen atoms; each hydrogen atom is numbered

according to the carbon atom to which it is attached.

Atom X y z leDSﬂ2
H(1a) 256 138 -73 51
H(1b) 163 320 -140 51
H(2a) 198 253 66 52
H(2b) 33 363 9 52
H(4a) -535 227 -25 134
H(4b) -427 147 138 134
H(4c) -515 338 50 184
H(12) 58 398 -357 57
H(13) 180 352 -516 65
H(14) 294 103 -534 66
H(15) 286 -103 -390 65
H(16) 169 -59 -228 56
H(22) -33 518 -188 55
H(23) -243 758 -258 62
H(245 -456 778 -326 68
H(25)-- 466 - 550— -311- 75 --
H(26) -263 307 ~229 62
H(32) 72 139 348 62
H(33) -100 316 435 75
H(34) -320 509 334 79
H(35) -382 535 146 83
H(36) -213 362 55 69
H(42) 372 30 125 66

H(43) 575 -139 264 80
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TABLE 4.1 (Cont'd)

Atom X y z le[lz’ﬂ2
‘H(44) 551 -290 442 77
H(45) 325 -273 477 69
H(46) 119 -100 340 61




Selected interatomic distances (8) and angles (°) in
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TABLE 4.2 -

(a) Bond lengths

tr - |
ans [No(CNN9)2(PhZPCHZCHZPth)ZJ

Mao-P(1)
Mo-P(2)
Mean

Mo-C(3)

c(3)-N

N-C(4)

p(1)-c(1)
p(2)-c(2)
Mean

c(1)-c(2)

p¢1)-c(11)
P(1)-c(21)
p(2)-c(31)
P(2)-c(41)

Mean

c(11)-c(12)
c(12)-c(13)

c(13)-c(14)

.442(1)
.457(2)
.450(8)

.095(4)

.094(7)

.449(10)

.856(6)
.882(5)
.869(13)

.508(7)

.849(4)
.841(3)
.860(5)
.847(4)

.847(4)

.390(6)
.394(7)

.378(8)

c(14)-Cc(15)
c(15)-c(16)
c(16)-Cc(11)
c(21)-c(22)
c(22)-c(23)
C(23)-c(24)
£(24)-C(25)
c(25)-c(26)
c(26)-c(21)
c(31)-c(32)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
£(35)-C(36)
c(36)-C(31)
c(41)-c(42)
c(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(45)-C(46)
c(46)-C(41)

Mean

.386(8)
.387(7)
.395(7)
.398(8)
.388(5)
.371(9)
.378(10)
.387(6)
.384(8)
.398(7)
.400(8)
.344(7)
.363(10)
.420(%)
.382(6)
.391(8)
.385(7)
.383(8)
.366(9)
.397(6)
.396(6)

.387(3)



(b) Bond angles
p(1)-Mo-P(2)
p(1)-Mo-C(3)

P(2)-Mo-C(3)

Mo-C(3)=N

c(3)-N-C(4)

Mo-P(1)-C(1)
Mo-P(2)-C(2)
Mean
Mo-P(1)-C(11)
Mo-P(1)-C(21)
Mo-P(2)-C(31)
Mo-P(2)-C(41)

Mean

C(1)-P(1)-c(11)
c(1)-p(1)-c(21)
C(2)-p(2)-c(31)
C(2)-p(2)-Cc(41)
Mean
C(11)-p(1)-c(21)
C(31)-p(2)-c(41)

Mean

P(1)-c(1)-c(2)
P(2)-c(2)-c(1)

Mean
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TABLE 4.2 (Cont'd)

79.6(1) P(1)-c(11)-c(12) 122.7(4)
95.6(1) P(1)-c(11)-c(16) 118.7(3)
94.2(2) P(1)-c(21)-c(22) 124.4(4)
- P(1)-c(21)-c(26) 118.1(4)
176.2(5) P(2)-c(31)-c(32) 124.4(3)
155.1(5) P(2)-c(31)-c(36) 116.7(4)
P(2)-C(41)-C(42) 122.3(3)
107.1(1) P(2)-c(41)-c(46) 119.8(4)
110.4(2) Mean 121(1)
109(2)
124.7(2) c(11)-c(12)-c(13) 120.5(5)
119.4(2) c(12)-c(13)-c(14) 120.3(5)
124.5(2) c(13)-c(14)-c(15) 119.9(5)
117.0(2) c(14)-c(15)-c(16) 119.9(5)
121(2) c(15)-c(16)-c(11) 120.9(4)
c(16)-c(11)-c(12) 118.5(4)
98.0(2) c(21)-c(22)-c(23) 120.9(5)
103.0(2) C(22)-c(23)-c(24) 120.4(6)
96.7(2) c(23)-c(24)-C(25) 119.8(4)
102.8(2) c(24)-c(25)-c(26) 119.9(6)
100(2) c(25)-c(26)-Cc(21) 121.6(6)
100.9(2) c(26)-Cc(21)-C(22) 117.4(3)
101.9(2) c(31)-C(32)-C(33) 120.2(4)
101.4(5) c(32)-c(33)-C(34) 120.0(6)
C(33)-C(34)-C(35) 121.7(6)
109.5(3) £(34)-C(35)-C(36) 119.5(5)
111.4(4) £(35)-C(36)-C(31) 119.7(5)

110(1) c(36)-C(31)-C(32) 118.9(4)



Bond angles
c(41)-C(42)-C(43)

c(42)-C(43)-C(44)
c(43)-C(44)-C(45)

Mean
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TABLE 4.2 (Cont‘d)

121,3(5) C(44)-c(45)-c(46)
120.2(6) C(45)-c(46)-c(41)
119.4(5) C(46)-C(41)-c(42)

119.7(3)

120,9(5)
120.3(5)

119.9(4)



(c) TJorsion angles

Mo-P(1)-C(1)-C(2)
P(1)-Mo-P(2)-C(2)

P(2)-c(2)-c(1)-P(1)

~ 191 -

TABLE 4,2 (antld)

-52.1(5) Mo-P(2)-C(2)-c(1)
-6.4(2) P(2)-Mo-P(1)-c(1)
-47.1(6)

-22.6(5)

28.4(2)
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TABLE 4.2 (Cont‘d)

(d) Intramolecular non-bonded contacts

£(3)-»-C(16 )

c(3)---c(21)
c(3)---c(26)
c(3)---c(36)
c(11)---c(22)
€(11)---c(26)
c(12)---c(21)
€(12).--c(22)

C(16)-+-c(31")

c@)--
c@).-
c(1)--
c@)- .-
c(1)--

.c(12)
-c(16)

-C(22)

c(a1)

-C(42)

Isocyanide: - -Phenyl
3. 44 C(3)---c(a1’)
3.58 c(3)---c(42*)
3.32 C(4)---C(16*)
3.38

Isocyanide:- - -Methylene

c(s)--~c(1*)

. 3,38

Phenyl- - -Phenyl

3.67 C(26): -
3.58 c(26)
3.16 c(31)--
3.53 c(32)--
3.45 c(32)---
Methylene- - - Phenyl
3.35 c(2)-
3.74 c(2)-
3.13 c(2)-
3.81 c(2)-
3.77 Ac(z)-

c(45")
---c(as*)
-C(46)
-c(41)

c(46)

--c(21)

-+C(22)
<. C(32)
--C(36)

--c(42)

3.40
3.65

3.69

3.70
3.44
3,34
3.10

3.15

3.41
3.47
3.76
3.32

3.14

o Co-ordinates of the starred atoms are related to those of the

corresponding unstarred ones by the transformation (x, ¥, z).
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TABLE 4.2 (Cont'd)

(e) Intermolecular non-bonded contacts

c(2)- - -c(22) 3.61 c(14)
c(2)-- -c(23%) 3.73 c(22)
c(13)---c(23'1) 3.61 c(23)

11

--'C(23 ) 3.57
I

-+.C(327) 3.63
I

-+-C(327) 3,59

* The Roman numeral superscripts refer to the following co-ordinate

transformations:

I-x, 1-y, -2z

IT -x, l-y, -1-z
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TABLE 4.3

Least—squares planes/line of t -
e q p / zans-[ Mo (CMte) , (Ph,PCH,CH,PPh,)) ]

Plane 1: Mo, P(1), P(2)
7.930X -2.594Y -2.101z = O

[c(1) 0.836, C(2) 0.208]

Plane 2: C€(11) - (16)
9.414X + 3.870Y + 5.904Z = 0.001
[p(1) 0.131, c(11) 0.002, €(12) -0.006, C(13) 0.004, C(14) 0.002,

c(15) -0.006, C(16) 0.004]

Plane 3: C(21) - (26)
-3.313X + D.934Y + 11.781Z = -1.580
[p(1) -0.051, c(21) -0.006, C(22) -0.009, C(23) 0.014, C(24) -0.004,

C(25) -0.011, C(26) 0.016]

Plane 4: C(31) - (36)
8.347X + B.B29Y -1.456Z = 1.337
[P(2) D.065, €(31) 0.006, C(32) -0.006, C(33) 0.001, C(34) 0.004

C(35) -p.004, C(36) -0.001]

Plane 5: cC(41) - (46)
2.229X + 9.355Y + 8.438Z = 2.214
[P(2) -0.025, c(41) 0.018, C(42) -0.014, C(43) 0.000, C(44) 0.011,

C(45) -0.007, C(46) -0.007]

Line 6: Mo, C(3), N~
[Mo 0.011, ©(3) 0.031, N 0.020]

X = -0.184 + 0.105t, y = 0.109 -0.061t, z = 0.002 -0.001t
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TABLE 4.3 (Cont'd)

Angles (°) between functions:
(1) - (6) 82.4 (4) - (5)

(2) - (3) 81.2

50.7
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TABLE 4.4

Selected interatomic distances (ﬂ) and angles (0) in

trans—[W(CNNB)Z(Ph2PCH2CH2PPh2)2]

(a) Bond lengths

w-p(1) 2.429(2) w-c(3) 2.065(5)
w-p(2) 2.442(4) c(3)-N 1.12(1)
N-c(4) 1.46(1)

(b) Bond angles
P(1)-w-P(2) 79.6(2) W-C(3)-N 177.3(6)

p(1)-w-c(3) 95.7(2) c(3)-N-C(4) 151(1)

P(2)-w-C(3) 94.3(3)
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Figure 4.1: A view of the trans-[Mo(CNMe),(Ph,PCH,CH,PPh,), ]
molecule; thermal ellipsoids enclose 50% of

probability. Hydrogen atoms have been omitted

for clarity.
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CHAPTER FIVE

The Crystal and Molecular Structures of

the Rhenium Nitrosyl Complexes

[ReC1,(NO)(PMePh,) L], (1) L =C1,

and (II) L = MeDH
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5.1. INTRODUCTION

Recently, Chatt and co-workers devised a synthetic route to novel

rhenium nitrosyl complexes (Fig. 5.1):
PPh3

c1 :
Ne—_
\\\\\\\\\\\e¢;5,;55 N O
/ - \ /’ > [ReCL, (NO) (PPh,),] (IV)
c1 = 0 Ph
PP:h3 PMePh,

'Green Chelate'

[ReClz(NO)(PMeth)Z] W)
)

HC1 E CH,0H PMePh,
v ,
(1) (I1) (IIT)
(1) [ReCl3 (NO) (PMeth) 2]

(1I1) [ReClz(NO)(CH3OH)(PMePhZ)z]
(111) [ReClz(NO)(PMeth)B]

Figure 5.1: Synthesis of Rhenium nitrosyls.

The "Green chelate" gives rise to [ReElZ(NU)(PPhZ)Z] (1V) uwhich is
the parent compound of a variety of related five- and six-co-

ordinate rhenium nitrosyl derivatives.

A preliminary account of the structure analysis of complex (111)

has been reportedol In that study it was observed that the molecules

had a lineér Re-~N-0 arrangement, consistent with the formulation

+ . .
of nitrosyl as the three-electron donor NO'. From the similarity of

the v (ND) stretching frequencies in (I), (III) and (V) [1740, 1690
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and 1725 cm-l, respectively, in chloroform solution],one can predict
that the three complexes contain no* ligands. However, the magnetic
properties of (V) appear to be anomalous.1 Thus, (V) has formally
a Re(II) d5 metal ion. However, the metal oxidation state is

either Re(f) or Re(III), depending on whether the nitrosyl is
co-ordinated as NOY or NO™. A d6 metal NOT complex should be
diamagnetic, whereas a d4 NO™ species could exhibit temperature-~
independent paramagnetism for octahedral co~ordination and can be
either paramagnetic or diamagnetic when five~co-ordinate. It is
observed that (V) displays paramagnetism which is not temperature-
independent.l Hence, it is difficult to assign a definite structure

to (V) from magnetic and spectroscopic data.

The present author undertook the structure analysis of two represem-
tative complexes [ReClS(ND)(PMePhZ)ZJ (1) and [ReClz(ND)(PMePhZ)Z]

(V) for the following reasons.

(i) Unambiguous evidence of the structure of (V) was required in
6rder to understand its anomalous magnetic behaviour.

(ii) Provision of additional structural information on rhenium
nitrosyls should aid the assessment of the metal-nitrosyl
bonding.

(iii) Interest also centred on the relative trans-influence of the

nitrosyl ligand.

The results, unfortunately, have yielded no structural information
on complex (V) because the crystal specimen used in the diffraction
experiment was found to consist entirely of the octahedral complex

i i -ordinated
[ReClZ(ND)(CHZUH)(PNeth)Z] (11), which contains co-or

methanol originating from the recrystallisation solvent.
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5.2. EXPERIMENTAL

tal Data. Compl .
Crys ata omplex (I) Co6HgCLsNOPRe, M = 723.0.

]

s s o
Triclinic, a = 9,751, b = 9.627, ¢ = 8.919° A, « 116.69,

i

B=88.24, ¥ =113.50°, T=20-268%, U= 674.7 §°,

-3
b, =1.780 gmcm °, Z =1 F(000) = 353, Mo-K, radiation,

p(Mo_Ka) = 52.0 cm-l. Space group PI.

Complex(II). C27HSDC12N02P2R8, N.= 719.6. Monoclinic,
21.998(7), b = 15.333(5), c = 9.822(3) f, B
X |

a 115.26(2)°,

I
1]

a]

o
T=20C, U= 2996.1A

’ Z =4

, D_ = 1.595 gn on”>

b H

5]
F(ooo) = 1416. Mo-K, radiation, A = 0.71069 A, u(mo-Ka) =
- 0
46,0 cm l; Cu~-K radiation, X = 1.5418 A, u(Cu—Ka) = 105.1

e, Space group PZl/é.

Crystallographic Measurements. The crystals of (I) are purple

air-stable polyhedra. The specimen used had dimensions ca.

0.67 x 0.18 x 0,10 mm. Crystals of (II) are brown air-stable
extremely thin needles. The specimen chosen for the analysis was
elongated along the c-axis and its dimensions were ca. 0.58 x

0.05 x 0.05 mm.

The crystal systems and unit-cell dimensions were determined by
X-ray photography. For (I), the space group PI led to a satis-
factory structural analysis which included the location af some of
the hydrogen atoms. For (II), the systematic absences OkO whgn
k =2n + 1 and hO1 when h = 2n + 1 uniquely determine the space

group as le/Eo The unit-cell dimensions were adjusted by a least-

squares treatment of the setting angles of a number [ll’(I); 12(11) ]
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of reflexions centred on a Hilger and Watts® Y 290 diffractometer
2

controlled by a PDP8 computer; 6 ranges of these reflexions were

< 4 ,,0 <g < .,0 :

12 26 =17 (I) and 8 =90 = 12° (II), For (II), reflexions with

o
6> 127 and strong enough for setting purposes could not be found.

Complex (I). - The intensities of the unique reflexions for which
O(NO-KQ) < 30° were measured on the Y290 diffractometer with graphite-
monochromated molybdenum radiation and a pulse-height analyser. A
symmetrical @ - 26 scan was used,with a scan step in ¢ of 0.02° and

a counting time per step of 2.5 s. Each reflexion was scanned

through a 2§ range of 1.52°, and the local background was sampled

b
for 15 s at each end of the scan. The intensities of three strong

reflexions,measured periodically throughout the experiment, displayed

’
systematic variations of up to +12 and -16% of their mean values
because of changes in the ambient humidity and temperature attributed

to malfunctioning of the laboratory air-conditioning system.

The integrated intensities; I, and their standard deviations, o’ (1),
were derived in the usual manner (q 0.05).3 They were scaled
according to the variations of the intensities of the standard
reflexions and corrected for Lorentz; polarisation and counting-

loss effects.3

: . > .
Of 3897 reflexions measured, 3869 for which I = 39” (I) were used in

subsequent calculations.

Complex (I1). - (a) Diffractometric Intensities

The intensities of all independent reflexions for which B(No-Ka)

< 18D were measured on the Y 290 instrument with the use of zirconium-

filtered molybdenum radiation and a pulse-height analyser. A
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symmetrical & - 20 scan was used with a scan step of 0.02° in O
and a counting-time per step of 5s. FEach reflexion was ecanned
through a 26 range of 0.96° and the local background was counted
for 20 s at each end of the scan range. The intensities of tuwo
strong low-angle reflexions measured periodically throughout the
experiment showed only random fluctuations of up to t 2% of their

mean values.

The integrated intensities, I, and their standard deviations, a’(I),
were derived in the usual way (g 0.04).3 They were corrected for
Lorentz and polarisation effects;3 correction for dead-time losses

was considered unnecessary.

- 0f 2129 reflexions measured; only 1327 for which I2 1.50%(I) were

used in the subsequent calculations,

(b) Photographic Intensities

In an attempt to include more high angle data, the intensities

for (II) were re-collected by film methods. Multiple-film photo-
graphs of the hk0-8 levels were obtained by the gqui-inclination
Weissenberg technique, with the use of copper radiation.4 The time

of irradiation for a particular level was in the range 2-7 days.

The intensities were estimated visually with the aid of a calibrated

strip and corrected for Lorentz and polarisation effectss” The

hk8 layer intensities showed signs of significant crystal decompo-

sition and were considered unworthy of measurement. 1272 unique

intensities were estimated and used in subsequent calculations.

Structure Analysis. - In each analysis the position of the rhenium
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atom was derived from a Patterson synthesis and the remaining non-

hydrogen atoms were located in subsequent difference syntheses.

Each structural modsel was refined by the method of full-matrix

least-squares, with minimisation of the function ZwAz; where

w is a suitable weight and A = IFl = IF| . The weights were
defined as w = (A+B]FD| +C IFO|2)"l for (I) and w = 1/&'2(F0)
(diffractometric intensities) or w = 1(photographic intensities)

for (II); the parameters R, B and C were adjusted during the refine-
ment of (I) so that <unA2> was approximately constant when analysed
as a function of IFOI or sin® . The final values employed for

the parameters were A = 4.425; B = -0.421 and C = 0.012.

Atomic scattering factors were taken from ref.6, except those for
rhenium7 and hydrogen.8 Allowance was made for the anomalous
scattering of the rhenium, chlorine and phosphorus atoms with

Cromer®s values of Af! and ‘AF"OQ

Complex (I). =~ With one molecule per unit cell there are alter-
native structural models: (a) the space group is Pl with one molecule

per asymmetriec unit; and (b) the space group is PI with the asym-

metric unit consisting of half a molecule. The second alternative,

which requires positional disorder, led to a successful solution.

A difference synthesis, based on phases calculated from the position

of the rhenium atom, revealed the positions of most of the non-

hydrogen atoms. In particular; it indicated a positional disorder

of mutually-trans chloro and nitrosyl ligands.

Refinement of a scale factor and of the positional and isotropic

thermal parameters of all non-hydrogen atoms led to R 0.067 and
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R? 0.083. UWhen anisotropic vibrational parameters were assigned

to the Re, P and C1(2) atoms, R and R decreased to 0,053 and 0.069,
respectively. A difference synthesis revealed the positions of 5

of the 10 phenyl hydrogen atoms. The positional parameters of all
such hydrogen atoms were calculated, assuming the normal phenyl

ring stereochemistry. The scattering of these atoms was included in
all subsequent structure factor calculations but neither their
pﬁsitional nor thermal parameters were varied. The refinement
converged at R 0,053 and R? 0.056. 1In the final cycle of refinement
all parameters shifted by < 0.90”. There were only expected features
in the final difference synthesis; the peak function values ranged

0.3

o_ -
from +l1.1 to -1.0 e A 3 except for two values of +6.2 and -4.6 e A

H
which were associated with the position of the metal atom. In the
final electron density synthesis the minimum peak height for a

0.3
carbon atom was 7.1 e A .

Complex (II). -~ (a) Diffractometric_Intensities

Refinement of a scale factor and ‘of the positional and isotropic
thermal parameters of the rhenium atom led to R 0.27. When the
non-hydrogen atoms of the phosphine, nitrosyl and chloride ligands
were included, R decreased to 0.13. Anisotropic’ temperature factors
were then assigned to the rhenium, phosphorus and chlorine atoms,

giving R = 0.11, A difference synthesis revealed that a sixth

metal co-ordination site was occupied. However, the electron density

associated with this ligand appeared rather diffuse, and there was

o. . iculti .
only one function maximum at 3.5 e A . There were difficulties in

the identification of this ligand since the sample had been

recrystallised from a variety of solvents in an attempt to obtain
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a specimen of suitable dimensions and quality for an X-ray struc-

tural analysis. Initially, it was assumed that the sixth ligand was

a water moleculs, However; this assumption proved unsatisfactory

in that it led to an unrealistic Re-0 single bond length of 2.43 R.
Furthermore, the thermal parameters; U; of the nitrosyl atoms were
rather abnormal throughout the refinement. Thus, the nitrogen and
oxygen atoms had U values close to 0,03 and 0.19 32. Furthermore,
interchange of the nitrogen and oxygen atoms of the nitrosyl ligand

led to somewhat more acceptable thermal parameters of 0.13 and 0.06532,
respectively. These observations strongly suggested that the

structural model was partially incorrect.

(b) Photographic Intensities

With a view to obtaining the structure amplitudes of additional
high-angle reflexions, and hence better resolution, a set of
intensities was obtained by photographic methods. The observed
structure amplitudes were put on an approximately absolute scale

by comparison with the amplitudes calculated for the approximate
structural model already obtained. Refinement of layer scale factors
and the positional and isotropic thermal parameters of the non-
hydrogen atoms led to R 0.13. These parameters were found to be in
good agreement with those derived from the diffractometric
intensities. The atoms of the nitrosyl group and of the unidentified
ligand were then removed from the structural model: R increased to
0.16. The individual layer scale factors were then fixed at their

current values; an overall scale factor was introduced and an

anisotropic temperature factor was assigned to the rhenium atom.

R decreased to 0.13. A difference synthesis indicated that the
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additional ligand consisted of tuwo (non-hydrogen) atoms; peak

. O. .
function values were 2.2 and 3.4 g A 3. Contrastingly, the corres-

ponding values of the ligand considered to be nitrosyl were 2.8 and
1.8 e R_S for the nitrogen and oxygen atoms; respectively, It was
considered that a sixth éo—ordination site was occupied by a methanol
molecule; this formulation was consistent with the variety of
solvents employed in the sample preparation and with the observed
density measured by flotation in agueous ZnI2 solution. At this stage
the electron density was apparently'consistent with alternative
models for the two metal co-ordination sites (denoted A and B):

(i) the original model with A = bent NO and B = CH;OH (possibly
disordered);lU and (ii) A = CHSDH and B = linear NO. Refinement

of each model was carried out.

(a) Model (i). =~ UWhen the nitrosyl atoms were included in the
refinement with isotropic thermal parameters R and R? were 0.12 and
0.14, respectively. The thermal parameters of these atoms were

again abnormal (vide supra).

(b) Model (ii). - 1Isotropic thermal parameters were assigned to the
nitrosyl atoms. R and R! became 0.12 and 0.14. Thus; distinction
between the models on the basis of the R-ratiosll was impossible.
However, the second model did lead to physically reasonable thermal
parameters:  U(N) = 0.00 and U(0) = 0,12 A%, Furthermore, the

Re-N and N-0 bond 1engths; respectively 1.70(6) and 1.18(8) g, were

= 1.94(5) A

for the first time in accord with expectation (cf. 1(Re-N)

and 1(N-0) = 1.37(7) ﬂ, previously). Accordingly, all further

refinement was carried out with this model. When the methanol carbon

and oxygen atoms were included in the refinement R and R® decreased



- 209 -

significantly to 0.095 and 0.11, respectively. Furthermore. the
. H]
thermal parameters of these atoms, namely U(0) 0.11 and u(c) o.10

02 - .
A”, were unexceptional and the Re-methanol dimensions were in the

range expected (vide infra),

Despite the long exposures used; the photograghic technigue gave
fewer usable structure amplitudes than the diffractometric experi-
ment and the two data sets contained a high proportion of common
reflexions. The refinement was, therefore, continued with the
(presumably more accurate) diffractometric measurements. The
positions of the hydrogen atoms of the phenyl groups were inferred
from stereochemical considerations and the scattering of these atoms
was included in subsequent structure factor calculations but neither
the assumed thermal parameters nor the fractional atomic co-ordinates
were varied. Refinement of a scale factor, anisotropic temperature
factors of the rhenium, phosphorus and chlorine étoms, and isotropic
thermal parameters of the remaining non-hydrogen atoms led to

R 0.086 and R' 0.078, 4In the final cycle of refinement all para-
meters varied by 0.2 o7 The standard deviation of an observation
of unit weight was 1.8. However, mean values ofluAZ showed no
apparent trend when analysed as a function of [F | or sing., indi-
cating that the weighting scheme was satisfactory. The extreme
function values (1.9 and -1.4 e 3—3) in the final difference

synthesis were associated with the position of the metal atom.

Observed and calculated structure amplitudes (diffractometric set

for I1) are listed in the Appendix (pp.190 - 2}0’(1)’ and 211 - 224,(11) ].

Atomic parameters are given in Tables 5.1 and 5.2 and a selection

of derived functions is presented in Tables 5.3 - 5.6. The atomic
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labelling schemes are indicated and views of the molecular structures

are shouwn in Figures 5.2 and 5.3,

The computer programs employed have been described previausly.12
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5.3, RESULTS AND DISCUSSION

The crystals of both structures are built from discrete monomeric
molecules. The interactions between adjacent molecules are of the

13
van der Waals type; selected intermolecular contacts are given

in Tables 5.3(d) and 5.4(d).

The Co-ordination of the Metal Atoms - The molecules of the title

complexes have distorted octahedral metal co-ordination geometries.
In each complex an equatorial plane is defined by the metal atom,
mutually—trans PNePh2 ligands, and mutually-trans chloro and nitrosyl
ligands. The axial trans co-ordination sites are occupied by tuwo

chloro ligands in (I) and by chloro and methanol ligands in (II).

There are a number of short intramolecular contacts, involving
chlorine and phosphine carbon atoms (Tables 5.3(c) and 5.4(c)). The
most noteworthy are: C1(1)---LC(l)3.56, c1(2)---c(1) 3.45,
c1(1)-:-c(12) 3.42, c1(1)---C(21%) 3.42 and C1(1)---C(22%) 3.20 A
in (1); and c1(1)---c(1) 3.54, c1(1)---c(2) 3.48, c€1(2) --c(1)
3.50, and C1(2)-+C(2) 3.46 R in (II). Of the remaining contacts,
there are only four of interest in (I): N---C(1) 3.48, N---C(21%)

3.20, N---C(22%) 3.23, and 0---C(22%) 3.20 R, Since these values

’

are not unduly short, any steric strain is expected to be small and

this is, indeed, observed. Thus, the angles subtended at the rhenium

atom by mutually-cis ligand donor atoms lie in the narrow range

87-93°, Moreover, individual donor atoms of (I) are displaced only

slightly by up to 0.03 A from the metal co-ordination planes (Table

5.5).

utually—trans chloro ligands of (I) by

a phosphine leads to the related complex EEEIEEE‘[ReClz(Nﬂxpmezph)S]

Replacement of one of the m
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(II1I). The substitution of a chloride by phosphine,thereby producing
a meridional arrangement of phosphine groups, is expected to produce
some increase in steric strain in the primary metal co-ordination
sphere. The interbond angles in (III) confirm this prediction.

Thus, the angles subtended at the metal atom by cis ligands cover

a wider range [84-96°] than is observed for (I).14

Substitution of a phosphine ligand of (III) by a methanol molecule,
with retention of the metal configuration, leads to complex (II). The
interbond angles within the ReClz(ND)(PP’IePh)2 fragment of (II) are
similar to those of (III): those involving mutually-cis ligands

lie in the range 84.0(4) to 94(1)°. However, the angles 0(1)-Re-P(1)
99.6(7)°, 0(1)-Re-C1(2) 80.0(8)°, and 0(1)-Re-N 102(2)°, all
involving the methanol oxygen atom, deviate more from the ideal
octahedral value of 90° than any of the angles in (I1I) involving
cis-ligand donor atoms. A possible explanation is intramolecular
hydrogen bonding: the 0(1)---C1(2) distance of 2.78 K is ca. 0.4 R
shorter than the sum of the van der Waals radifﬁ of oxygen (1.4 ﬂ)
and chlorine (1.8 ﬁ) atoms and within the range typical of O0-H:--Cl

hydrogen bonds.15

The Rhenium-Phosphine Bonding. - The Re-P (trans to P) bond lengths

0 g
in (1) and (II), respectively 2.511(1) A and 2.49(2) A (mean), are
in good agreement. They are comparable to corresponding distances

) . 1 ' 2
in related complexes: 2.462(3) A (mean) in (III);™ and 2.459(3) A (mean),

o .
2.470(1) A, and 2.484(5) R (mean), in the Thenium-imino complexes

16
d [ReCl,(NCH,)—
[Rec1,(L) (PEL,Ph),] (L = NCgH,COCHg and NC gH,OMe) * and [ReCl5 (NCH)

17
(PELPh,), ].
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The Rhenium-Chloride Bonding. - Re-C1 (trans to Cl) distances in
the literature cover a wide range, being dependent on, EEEEE.Eiii,

the metal oxidation state and ligand-ligand interactions. The bond
length observed in (I), 2.350(2) ﬂ, is within the above range and,

in particular, is very similar to the values found in the related
complexes [ReCl3(MeCN)(PPh3)2] (2.35(1) and 2.36(1) 3) }3
[ReC1(Pme,Ph) ;] (2.353(6) R),"” and in the anion [Rec1,(N0)(py)]”
(2.353 - 2.379(2) A).29 The Re-cCl (trans to NO) distances in (IT)

and (III), respectively 2.40(1) and 2.436(3) R, are also in good
agreement. However, the corresponding dimension for (I) [20311(4)

8] is gca. 0.1 A shorter than these values. This contraction may

arise from systematic error: Ibers has reported systematic variations
of bond lengths in complexes which display an analogous halogen/

carbonyl disorder.Zl

8]
The Re-Cl (trans to MeOH) bonded distance in (II) is 2.41(1) A, which
is comparable to the Re-Cl (trans to NO) bond lengths in (11) and
(III), indicating that the trans-influences of nitrosyl and methanol

ligands are similar.

The Rhenium-Nitrosyl Bonding. - The Re-N-0 interbond angles in the

complexes (I) - (III) [178(2)0, (1); 179(4)°, (11); and 179(1)°,

o .
(111)] do not differ significantly from 180 . Hence, the nitrosyl

+
ligands may be described formally as NO" 3-electron donors. [Moreover,

. O .
the Re-N and N-O bond lengths [1.79(2), 1.21(2) A; 1.60(4),

(n] . .
1.20(5) A3and 1.775(10), 1.182(14) A, respectively in (1), (11)

+ s
and (I11)] are similar and in the range expected for NO' derivatives

of third-row transition metals.22 In particular, they are in fair

agreement with corresponding values found in the anions [ReCl4(ND)(py)]
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[1.749(6), 1.171(9) ﬂ}zo and [ReBra(ND)(EtDFDJ- [1.723(15), 1.19(2) ﬂ].23

The Rhenium-Methanol Interaction. - A methanol molecule is co-ordinated

to the metal atom in (II) with a Re-0 distance of 1.88(3) g.

Structural data for ligating alcchol molecules are scarce. However,

the above bond length is indicative of a fairly strong metal-oxygen
o”’-bond. It may be compared with the sum of the covalent radii24

of the metal and oxygen atoms (ca. 1.95 ﬂ)’ with Re—D(gES) distances

in the derivatives [N5t4][Rear4(No)(EtuH)] and [ReU(HZD)Clztuz]Cl(2.161(5)

and 2,23(1) ﬂ, respectively), 23,25

and with Re = 0 doeuble bond
X 26 _ 3 3 ,
distahces (ca. 1.80 ). Furthermore, the 0(sp™)-C(sp™) 0(1)--+G(3)
2
bonded distance [1.40(5) ﬂ] appears normal, 6 and the N—D(H)-C(gg?)
angle of 124(3)° is comparable to those observed in the anion [ReBr4(NU}—

(EtoH) |~ [132.1(13)”]23 and in a uranium derivative [121.9(11)°].27

The Phosphine Ligands. - The geometry of each phosphine ligand is

normal.28 Thus the Re-P-C and C-P-C interbond angles display the
expected deviations from a regular tetrahedral configuration.
Moreover, the p-t(ph), p-c(Mme), and C(Ph)-C(Ph) bond lengths are
in the ranges expected. Thus, the mean p-c(Ph) distances are
1.812(4) A and 1.82(3) 2, respectively, in (I) and (II); the
corresponding P-C(Me) bond lengths are 1.822(6) g and 1.84(3) R
(mean), respectively. These values are similar to those found in
other monotertiary phosphine derivatives of third-row transition
metal ions.29 Furthermore, the mean c(pPh)-C(Ph) distances in (I)
and (II) are, respectively, 1.39(1) and 1.38(1) A which agree well

‘ 26 .
with the spectroscopic value for benzene. The C-C-C interbond

o .
angles are close to 1207, as expected, and the phenyl rings are

planar within experimental errore
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TABLE 5.1.

(a) Fractional co-ordinates (xlDa) and vibrational parameters

in [ReClS(NU)(PMePhZ)Z],(I)

Atom x y z ux10°R2
Re o 1] 0 ¥

N¥*S 340(17) 2085(25) 1712(23) 63(3)
o*¥ 624(14) 3503(20) 2878(19) 66(3)
C1(1)** 504(3) 2713(5) 2196(4) 38.7(5)
c1(2) 1524(2) -320(2) 1700(2) *

P 2325(1) 1434(1) -991(1) *

c(1) 3963(7) 2807(8) 741(8) 46(1)
c(11) 2232(6) 2894(6) -1709(6) 36(1)
c(12) 1835(7) 4209(9) -632(9) 49(1)
c(13) 1785(8) 5385(10) -1121(10) 56(1)
c(14) 2105(8) 5238(10) -2681(10) 55(1)
c(15) 2513(8) 3952(10) -3751(10) 57(1)
c(16) 2556(7) 2773(8) -3274(8) 48(1)
c(21) 2856(5) -71(6) -2711(6) 35(1)
c(22) 1835(6) -1198(8) - -4262(8) 44(1)
c(zz) 2192(8) -2366(9) -5614(9) 52(1)
c(24) 3564(8) -2450(9) -5436(9) 54(1)
c(25) 4571(8) -1359(9) -3%00(9) 52(1)
t(26) 4228(7) -161(8) -2537(8) 44(1)

* These atoms were assigned anisotropic temperature factors of the

253 *2*h h.l. The final values of the U, . parameters
form exp [—27Y Elei'aiajhi jJ e fina ij p

(xan) are:
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TABLE 5.1 (Contd)

Atom u u u U u

11 22 33 12 13 23
Re 315(1) 275(1) 268(1) 125(1) 38(1)  133(1)
ci(2) 455(6) 486(7) so0(7) 180(5) -29(5) 272(6)
P 283(5) 297(5) 303(5) 106(4) 48(4) 136(4)

** gite occupancies of these atoms are 0.5.
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TABLE 5.1 (Cont'd)

(b) Calculated fractional co-ordinates (xlOz) and assumed isotropic
vibrational parameters for hydrogen atoms; each hydrogen atom is

numbered according to the carbon atom to which it is attached.

Atom X y z leDSﬂ_2
H(12) ' 159 - 432 ' 52 60
H(13) 150 633 - -33 67
H(14) 208 609 -303 66
H(15) 278 389 -488 68
H(16) 286 184 -408 58
H(22) 81 -115 -439 54
H(23) 145 -319 -674 62
H(24) 381 -330 -642 65
H(25) 557 -142 -378 64

H(26) 497 65 -142 54
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TABLE 5.2.

(a) Fractional co-ordinates ‘(x103) and vibrational paramsters

in [Rec1, (NO) (MeoH) (PMePh,), ], (11)

Atom x y z ux102R?
Re 115.2(1) 182.4(1) 209.2(2) *
P(1) '36.1(6) 288.5(8) 22.5(14) *
PZZ) 211.7(5) 101.9(8) 396.3(13) *
c1(1) 196.2(5) 233.5(8) 121.7(11) R
c1(2) 145.9(6) 299.3(8) 388.7(13) *
N 95(2) 106(3) 86(5) 10(1)
0(1) 64(1) 153(2) 314(3) 6(1)
0(2) 80(1) 50(2) -7(4) 9(1)
c(1) 73(2) 398(3) 34(5) 8(2)
c(2) 287(2) 168(3) 494(5) 8(1)
c(3) 29(2) 74(3) 293(5) 9(2)
c(11) 14(2) 252(3) -163(5) 7(1)
c(12) 46(2) 275(3) -254(6) 11(2) .
c(13) 26(3) 243(4) -398(7) 12(2)
c(14) -27(3) 189(4) -456(5) o 11(2)
c(15) -62(2) 164(3) -378(5) 9(2)
c(16) -38(2) 201(3) -228(5) 9(2)
c(21) -45(2) 320(3) 34(5) 7(1)
c(22) -54(2) 287(3) 158(5) 10(2)
c(23) -119(3) 310(4) 149(6) 13(2)
c(24) -167(2) 352(3) 31(6) 10(2)
c(25) ~152(2) 382(3) -76(5) - 10(2)
£(26) -90(3) 363(3) -88(6) 11(2)

c(31) 199(2) 57(3) 548(4) 5(1)
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TABLE 5.2 (Cont;d)

Atom x y z ux10%8?
c(32) 167(2) 103(3) 615(5) 6(1)
c(33) 156(2) 76(3) 740(5) 8(1)
C(34) 183(2) -6(3) 796(4) 7(1)
C(35) 215(2) -56(3) 739(6) 10(2)
c(36) 224(2) -30(3) 620(5) 7(1)
c(41) 236(2) 8(3) 312(4) 6(1)
c(42) 297(2) 9(3) 300(5) 9(2)
C(43) 309(2) -64(4) 229(5) 10(2)
c(44) 263(3) -127(3) 168(5) 11(2)
- c(45) 206(2) -130(3) 188(5) 8(2)
c(46) 191(2) _58(3) 246(5) 9(2)

* These atoms were assigned anisotropic temperature factors of

the form exp [-21&"};Eu. .a*a*h h, ]. The final values of the U, .
T4 1371751 ij

2
parameters (x10") are:

Atom Y11 Uzz Uss Y2 Y3 Uas
Re 4.6(1) 6.0(1) 5.9(1) -0.,4(2) 2.5(1) -0.5(2)
P{1) 6(1) 8(1) 8(1) 1(1) 3(1) o(1)
P(2) 5(1) 7(1) 7(1) -1(1)  3(1) -1(1)
c1(1) 5(1) 11(1) 6(1) 0(1) 3(1) 1(1)
ci(2)  8(1) 8(1) 8(1) -2(1)  3(1) -1(1)
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TABLE 5.2 (Cont'd)

(b) Caleulated fractional co-ordinates (x103) and assumed isotropic
vibrational parameters for hydrogen atoms; each hydrogen atom is

numbered according to the carbon atom to which it is attached.

Atom x y 2 Ux102%2
H(12) 86 321 -207 12
H(13) 54 257 -456 13
H(14) -42 170 -569 12
H(15) -103 122 -424 10
H(16) -67 185 -169 10
H(22) -18 - 248 244 11
H(23) -129 294 241 13
H(24) -215 359 26 10
H(25) -187 424 -158 10
H(26) -80 380 -183 12
H(32) 150 165 571 7
H(33) 129 112 784 9
H(34) 178 -28 891 8
H(35) 232 -116 790 10
H(36) 250 -71 578 9
H(42) 332 59 343 10
H(43) 355 -67 221 11
H(44) 273 -175 105 11
H(45) 177 - =187 160 9

H(46) 142 -52 234 10
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TABLE 5.3
Selected interatomic distances (R) and anqles (7) in (1)

(a) Bond lengths
Re-C1(1) 2.311(4) c(11)-c(12) 1.40(1)
Re-C1(2) 2.350(2) c(12)-c(13) 1.40(2)
Re-P 2.511(1) c(13)-c(14) 1.37(1)
Re-N 1.79(2) c(14)-c(15) 1.38(1)
c(15)-c(16) 1.39(1)
N-0 1.21(2) c(16)-c(11) 1.38(1)
c(21)-c(22) 1.40(1)
p-Cc(11) 1.819(8) c(22)-c(23) 1.38(1)
p-c(21) 1.809(5) c(23)-c(24) 1.39(1)
Mean 1.812(4) C(24)-c(25) 1.38(1)
pP-C(1) . 1.822(6) c(25)-c(26) 1.39(1)
c(26)-c(21) 1.39(1)
Mean 1.39(1)
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TABLE 5.3 (Cont'd)

(b) Interbond angles

C1(1)-Re-C1(2) 89.9(1) c(11)-pP-c(21) 105.9(3)
01(1)-ﬁe-p 87.0(1)
C1(2)-Re-N 90.4(8) c(11)-c(12)-c(13) 120.6(7)
C1(2)-Re-P 89.3(1) c(12)-c(13)-c(14) 120.2(8)
N-Re-P 88.4(6) C(13)-c(14)-c(15) 119.8(10)
N-Re-C1(1) 178.5(5) c(14)-c(15)-c(16) 120.3(8)
c(15)-c(16)-c(11) 120.8(7)
Re-N-0 178(2) C(16)-c(11)-Cc(12) 118.4(7)
C(21)-Cc(22)-C(23) 120.5(7)
Re-P-C(11) 115.8(2) C(22)-c(23)-c(24) 120.2(6)
Re-P-C(21) 113.5(2) C(23)-c(24)-Cc(25) 119.7(7)
Mean 115(1) c(24)-c(25)-c(26) 120.4(8)
Re-P-C(1) 111.0(2) c(25)-c(26)-c(21) 120.0(5)
c(26)-Cc(21)-Cc(22) 119.1(5)
c(1)-p-c(11) 103.1(3) Mean 119.9(2)
c(1)-pP-c(21) 106.6(3)

Mean 105(2)
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TABLE 5.3 (Cont'd)

(c) Intramolecular non-bonded distances™

PMePh,
c(1)---c(12) 3.39 c(16)---c(21)
C(1)-.-c(26) 3.13 c(16)---c(22)
C(11)---c(22) 3.41 '

C1- --PMePh,
cL(1)---c(1) 3.56 c1(2).--c(1)
c1(1)---c(12) 3.42 C1(2):--c(11%)
C1(1)---c(21%) 3.42 €1(2)---c(12%)
C1(1):--c(22%) 3.20

NO: - -PMePh,

N---C(1) 3.48 N---C(22%)
N: -C(21%) 3.29 0.--C(22%)

3.12

3.28

3.23

3.20

**  Co_ordinates of the starred atoms are related to those of the

corresponding unstarred ones by the transformation (x, y, z).
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TABLE 5.3 (Cont'd)

(d) Intermolecular non-bonded distances

0---c(23T)* 3.23 c@)---cqa'h) 3.60
c1(1)---c(15'l)  3.61 c)---c@sttl) 3.64
c@)---ca3tly  3.76

* The Roman numeral superscripts refer to the following co-ordinate
transformations:

I x, 14y, 1+z II1 1-x, 1-y, -z

I1 x, y, 1+z
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TABLE 5.4

Selected interatomic distances (ﬂ) and angles (0) in (I1)

(a) Bond lengths

c(13)-c(14) 1.34(8)

Re-P(1) 2.51(1) c(14)-c(15) 1.37(9)
Re-P(2) 2.47(1) c(15)-c(16) 1.45(7)
Mean 2.49(2) c(16)-c(11) 1.30(6)
Re-C1 (1) 2.41(1) c(21)-c(22) 1.42(8)
Re-C1(2) 2.40(1) c(22)-c(23) 1.44(9)
Re-N 1.60(4) c(23)-c(24) 1.35(7)
Re-0(1) 1.88(3) c(24)-c(25) 1.32(9)
c(25)-c(26) 1.45(9)

0(1)-c(3) 1.40(5) c(26)-c(21) 1.35(6)
N-0(2) 1.20(5) c(31)-c(32) 1.34(7)
€(32)-c(33) 1.41(7)

p(1)-c(1) 1.85(5) c(33)-c(34) | 1.41(6)
P(2)-c(2) 1.52(4) C(34)-c(35) 1.30(8)
Mean 1.84(3) c(35)-c(36) 1.32(8)
p(1)-c(11) 1.76(5) c(36)-c(31) 1.50(6)
P(1)-c(21) 1.89(5) c(41)-c(42) 1.40(8)
P(2)-c(31) 1.77(58) c(42)-c(43) 1.39(8)
pP(2)-c(41) 1.84(5) c(43)-c(44) 1.35(7)
Mean 1.82(3) C(44)-C(45) 1.35(9)
C(45)-C(46) ' 1.34(7)

c(11)-c(12) 1.40(9) c(46)-C(41) 1.37(6)
- c(12)-c(13) 1.38(8) Mean 1.38(1)
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TABLE 5.4 (Cont'd)

(b) Interbond angles

C1(1)-Re-C1(2) 90.0(4) c(1)-P(1)-c(11) 106(2)
Cl(l)-RefN 88(2) c(1)-pP(1)-c(21) 99(2)
C1(1)-Re-P(1) 85.2(4) c(2)-pP(2)-c(31) 102(2)-
C1(1)-Re-P(2) 84.0(4) c(2)-pP(2)-c(41) 107(2)
C1(2)-Re-0(1) 80.0(8) Mean 104(2)
€1(2)-Re-P(1) 86.7(4) c(11)-pP(1)-c(21) 107(2)
C1(2)-Re-P(2) 86.8(4) C(31)-P(2)-c(41) 105(2)
N-Re-0(1) 102(2) Mean 106(1)
N-Re-P(1) 92(1)
N-Re-P(2) 94(1) c(11)-c(12)-c(13) 123(5)
0(1)-Re-P(1) 99.6(7) c(12)-c(13)-c(14) 120(6)
0(1)-Re-P(2) 89.8(7) c(13)-c(14)-c(15) 122(5)
C1(1)-Re-0(1) 168.6(6) C(14)-c(15)-c(16) 114(4)
C1(2)-Re-N 178(2) c(15)-c(16)-c(11) 127(5)
P(1)-Re-P(2) 167.4(5) c(16)-c(11)-c(12) 114(4)
c(21)-c(22)-c(23) 112(4)
Re-N-0(2) 179(4) c(22)-c(23)-c(24) 124(6)
Re-0(1)-c(3) 124(3) C(23)-c(24)-Cc(25) 119(6)
c(24)-c(25)-c(26) 124(4)
Re-P(1)-C(1) 113(1) €(25)-c(26)-c(21) 113(5)
Re-P(2)-C(2) 114(1) c(26)-Cc(21)-Cc(22) 127(5)
Mean 114(1) c(31)-c(32)-c(33) 126(4)
Re-P(1)-C(11) 110(1) C(32)-C(33)-C(34) 114(4)
" Re-P(1)-C(21) 120(2) C(33)-C(34)-C(35) 125(5)
Re-P(2)-C(31) 115(1) C(34)—C(35)-C(36)' 121(5)
Re-P(2)-C(41) 112(1) C(35)-c(36)-C(31) 121(5)

Mean 113(2) €(36)-C(31)-C(32) 114(4)



C(41)-c(42)-c(43)
C(42)-C(43)-C(44)
C(43)-c(44)-Cc(45)

Mean
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TABLE 5.4 (Cont'd)

116(4)
122(5)
122(5)

119(1)

C(44)-C(45)-C(46)
 (45)-C(46)-C(41)

C(46)-C(41)-C(42)

116(5)
124(5)

119(4)



!
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TABLE 5.4 (Cont'd)

(c) Intramolecular non-bonded distances

C(l)!-zC(iZ)

c(1)---c(26)
c(2) -+ -c(32)
c(2)---c(36)
c(2)---c(42)

c(11)---c(26)

- c1(1)-.-c(1)

C1(1)---c(2)

N---C(11)

‘N---C(41)

c(3)---c(22)

c(3):--C(31)

c(3)---c(32)
c(3)- --P(2)
£(3)---N

o(1)r--C1(2)

3.24

3.29

3.46

3.76

3.16

3.18

3.23

3.30

3.70

'3.51

3.35

3.74

3.02

2.78

PMePh,
c(16): -:C(21)
C(16)---C(26)
C(31)---C(46)
C(36)---c(41)

C(36)---c(46)

Cl---PMePh,
c1(2)---c(1)
c1(2):--c(2)

NU‘--PNsPh2
N.--C(46)
0(2)---Cc(46)

MeDH---PMePh2

0(1)---c(22)

0(1)---c(31)

0(1)---c(32)
MeOH- -- NO
MeOH:--Cl

3,22
3.28
3.39
3.21

3.46

3.50

3.46

3.23

3.12

3.16
3.23

2,95
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TABLE 5.4 (Cont'd)

(d) Intermolecular non-bonded distances

C(1)---c(257)* 3,72 0(2)- --c(3h) | 3.39
C(1)---c(26%) 3,69 c(3)---c(14th) 3.63
c(3)---c(15')) 3.75 c(33)---c(13'th) 3.64

* The Roman numeral superscripts refer teo the folleowing co-ordinate

transformations:

I -x, 1l-y, -2z ITT x, y,1 +z

IT -x, -y, -z
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TABLE 5.5

Equations of least-squares planes of (I) in which x, y, z refer to
fractional co-ordinates. Deviations of selected atoms from the

plane are given in square brackets.

Plane 1: Re, P, P', C1(2), C1(2')*
-2.424 x +6.245 y +3.349 z = O

[symmetry requires exact coplanarity ]

Plane 2: Re, C1(1), C1(2), c1(2'), N
6.584 x +3.146 y -5.,311 z +0.002 = O

[Re 0.002, C1(1) 0.021, C1(2) 0.002, C1(2') 0.002, N -0.027]

Plane 3: Re, P, P', C1(1), N

6.790 x -6.508 y +6.514 z +0.001 = O

[Re 0.001, P 0.001, P' 0.001, Cl1(1) 0.008, N -0.010]

Plane 4: C(11) - c{16)
7.658 x +1.017 y +1.550 z -1.736 = O
[p 0.036, C(11) 0.002, C(12) -D.001, C(13) 0.004, C(14) -0.008,

c(15) 0.008, C(16) -0.005]

Plane 5: C(21) - (26)
1.313 x +7.770 y -6.440 z -2.061 = 0
[P -0.004, C(21) 0.004, c(22) -0.007, c(23) 0.003, c(24) 0.004,

c(25) -0.006, C(26) 0.002]

Angles (°) between planes:

(1)-(2)  87.5 (2)-(3) 89.3

(1)-(3) 89.9 (4)-(5) 66.3
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TABLE 5.5 (Contd)

* Co-ordinates of the primed atoms are derived from those of the

corresponding unprimed cnes by the transformation (X, y, z)e
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TABLE 5.6

Least-sguares planes and lines of (II)

Plane 1: Re, P(1), P(2), €C1(2), N
19,467 x +5.196 y -6.547 z -1.924 = 0

[Re -0.103, P(1) 0.131, P(2) 0.132, C1(2) -0.073, N -0.087]

Plane 2: Re, P(1), P(2), c1(1)
0.005 x +11.614 y +5.799 z -3.429 = O

[Re -0.097, P(1) 0.053, P(2) 0.054, C1(1) -0.010, O(1) 0.169]

Plane 3: Re, N, C1(1), C1(2)
9.950 x -8.990 y +4.074 z -0.349 = 0

[Re 0.010, N -0.006, C1(1) 0.000, C1(2) -0.004, 0(1) 0.314]

Plane 4: C(11) - (16)
-11.039 x +12.076 y -1.073 z -3.072 = 0
[p(1) -0.010, C(11) -0.013, C(12) 0.006, C(13) 0.004, C(14) -0.007,

c(15) -0.001, c(16) 0.012]

Plane 5: C(21) - (26)
3.720 x +13.149 y +3.607 z -4.154 = 0
[P(1) -D0.145, c(21) 0.015, ©(22) -0.012, c(23) 0.022, c(24) -0.036,

c(25) D.038, C(26) -0.027]

Plane 6: C(31) - (36)
‘14,793 x +6.469 y 42,583 z -4.722 = 0
[P(2) 0.093, c(31) 0.000, C(32) 0.004, C(33) -0.005, c(34) 0.003,

£(35) 0.002, C(36) -0.003]



TABLE 5.6 (Conttd)

Plane 7: C(41)-(46)
1.254 x -7.348 y +7.541 z -2.571 = O
[P(2) -0.066, C(41) 0.016, C(42) 0.004, C(43) 0.007, C(44) -0.037,

C(45) 0.057, C(46) -0.047] h

Line 8: Re, 0(1)

b

x = 0.090 +0.027t, y = 0.168 +0.016t, z = 0.262 -0.056t.

Angles (°) between planes/lines:

(1)-(2)  87.2 (2)-(8) 81.9
(1)-(3) 89.2 (3)-(8) 84.4
(1)-(8) 78.0 (4)-(5) 65.4

(2)-(3) 89.7 (6)-(7) 68.4



FIGURE 5.2:
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A view of the [ReCl,(ND)(PMePh,),] molecule
(1); thermal ellipsoids enclose 50% of
probability. Hydrogen atoms have been.
omitted for c;arity. The halogen/hitrusyl

disorder is not shown.



(v2)3
N/

.
NS
Avau.mvas' ‘mum. 25

- (92)2 ‘mmmwv |

v
~ VVK~ (z2)a
(12)3 .mwA.

(1)9

e
¥ ’
oo L]

& ’mmmv (t1)0
(sT)2 .mmmm.v

- 237 -

</
/ (/R‘ (z1)2
($1)2 Lm“m.

2 )

(e1)2




- 238 -

FIGURE 5.3: A view of the [ReClZ(NO)(MeDH)(PI”IeF‘hz)z]

molecule (II); thermal ellipsoids enclose
50% of probability. Hydrogen atoms have been

omitted for clarity.
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