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ABSTRACT

Tﬁo crystal and molecular structure of hexakis (dimethyl-
formamide)iron(III) perchlorate, Fe (DMF) ( (CL0,) 4,
has been determined from 1164 independent, non-zero reflec-
tions collected using Mo Ka radiation. The crystal data
are: space group C2/c, a = 20.504 t0.00QR, b = 13.642
b4 0.003;, c = 13.12 10.01;, B = 99.50+ 0.05°, density 1.43

o3
3 (by flotatiom), 1.453 g./cm.? (z=4), V = 3622.8A .

g./cm.
The structure has been refined by full-matrix least squares
refinement to a conventional R-factor of 8.7%v. The molecule
is ionic with the octahedrally coordinated iron atom of the
cation sitting on an inversion centre. The coordinations of
the three non-equivalent nitrogen are planar. One anion is
required to sit on a twofold axis, the other two in general
positions. All three exhibit considerable thermal motion
The crystal and molecular structure of trig(dimethyl-
dithiophosphinato)chromium(III): Cr (S,PMe,) ;. has been
determined, using Cu Ka radiation. The crystal data are:
space group P2,2,2,, a = 9.123 t0.001i, b = 21.550 :0.0023,
c = 9.6137 20.001;, vV = 1894.63’, density 1.51 ¢+ 0.02 g./cm.’
(by flotation), 1.499 g./cm.? (z=4). A total of 1387
independent, non-zero reflections were used and refined by
full-matrix least squres to final unweighted and weighted
residuals of 0.037 and 0.061 respectively. The approximate
D, symmetry of the molecule is destroyed by the bending of
each ligand along a line joining the two sulphur atoms of

each ligand.



The crystal and molecular structure of bis (dimethyl -
dithiophosphinato)cobalt (II), Co(s,PMe,);, has been
determined, using Mo ka radiation. The crystal data are:
space group Pccn, a = 15.446 ¢ 0.001;, b = 8.093 ¢ 0.001;,
c = 9.430 20.001;, V = 1178.8;3, density 1.720% 0.006 g.

/cm.s

(by flotation), 1.714 g./cm.s (z=4). Refinement of
815 non-zero intensities by full-matrix least squares
gave a conventional R-factor of 3.8%. The structure is
polymeric with infinite chains in the {001} direction and
is the first example of such a structure in which the
bridging ligand contains two sulphur atoms. The cobalt
atoms lie on twofold axes, as required by symmetry, and
the expected tetrahedral coordination is maintained.

The crystal and molecular structure of bis(dimethyl-
dithiophosphinato)oxovanadium(IV), VO(s,PMe,) ,, has been
determined, using Cu Ka radiation. The crystal data are:
space group P2,/c, a = 10.889 20.002;, b = 12.072 10.002;,
¢ = 10.208 :0.001;, g = 91.96 +0.01° V = 1341.1;’, density
1.57 £ 0.01 q./cm.’ (by flotation), 1.571 q./cm.’ (z=4) .
The structure was solved by direct methods and has refined

to R = 0.059. The coordination of the vanadium atom is

square pyramidal and the apical oxygen-vanadium bond

o
length is 1.583(5)A. There is no coordination to the vacant

sixth position of the vanadium atom. Ligand geometry is

strongly influenced by intramolecular forces.

ii
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The work done for this thesis involves X-ray
diffraction. Undefined symbols have their standard
crystallographic meaning and are defined in Appendix
A. The standard theoretical and experimental

procedures may be found in detail elnewhcre.""'
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CHAPTER 1

THE CRYSTAL STRUCTURE OF

(l‘XAKIS(DIH!THYL?ORHAHIDB)IRON(III)PIRCHLOI&TI



INTRODUCTION

Interest in the line broadening effects in n.m.r.
spectroscopy lead to the investigation of the series

H(Dll!)x(cl.o,,)y wvhere

M= Pe, V, Cr
DMF = dimethylformamide

x,y = stoichiometric ratios

This effect is partially dependent on the distance
between the metal atom and the hydrogen atom attached to
the chain carbon of the dimethylformamide group. The

factor involved is —iT- where r is defined by

) 4
/" Me
v/ C
/
2 N

Matwiyoff" estimated this distance using published values
for bond angles and bond lengths® of the DMP molecule

and the metal ion under consideration. Acceptable
agreement between experimental and theoretical values of
n.m.r. data, using the calculated distance, was not

realised howvever.

Consequently the crystal structure of hexakis(dimethyl-

for-a-iga)iton(llxl perchlorate,
[(ne NcHO) re’TT)(cLo )
¢ L |

was undertaken to try and establish the distance r.



The bright yellow prisms of Fe(DMF)¢(CLO4)3,kindly
supplied by Dr. N. S. Angerman,® were prepared by the
reaction of FeCls, AgCRO, and DMF in the presence of
molecular sieves and under vacuum. After filtering off
the precipitated silver chloride and distilling off
the excess DMP, crystals very sensitive to moisture were

formed. The analysis figures as supplied by Dr. Angerman

are as follows:

B N c
Calculated: 5.34» 10.628 27.30%
Pound: 5.23% 10.668 27.29%

EXPERIMENTAL

Collection and Reduction of Data

Preliminary Weissenberg (hOL, hl%, hkO, hkl) and
precession (hkO, Okl) photographs taken with Cu Ka
(A = 1.5418R) and Mo Ka (A = 0.7107A) radiation

respectively exhibited the following systematic absences:
hkf: h+k = 2n+l; hOR: L = 2n+l

These absences correspond to the space groups Cc(C:, No.9)
or cz/c(c:h. No.15). The unit cell dimensions were
obtained at 20°C using 2r filtered Mo Ka radiation

(A = 0.71069;) and are:

a = 20.504 ¢ 0.009A a = 90.0°
b = 13.642 ¢t 0.003R 8 = 99.50°t 0.05°

c = 13.12 t 0.01A Yy = 90.0°



The errors in the cell parameters were obtained from
the errors in reciprocal lattice spacings, which were
calculated by least squares analysis.’ The camera was
calibrated by comparison of results from an axial
determination using the Picker diffractometer. The
experimental density, measured by flotation in a
chlorobenzene and bromobenzene mixture, was 1.43 g./cm.s
The value calculated for a formula weight of 792.67 a.m.u.,
a unit cell volume of 3622.8A°, and 2z=4 was 1.453 g./cm.’

An initial set of data was collected using the
Weissenberg equi-inclination film technique with Ni
filtered Cu Ka radiation. Two crystals, of major dimensions
(0.16 mm. x 0.10 mm. X 0.21 mm.) and (0.31 mm. X 0.24 mm.

x 0.20 mm.), were mounted on glass fibres and dipped in
shellac to prevent decomposition and had their b and c axes
respectively, aligned coincident with the rotation axis of
the camera. Reciprocal lattice levels (hOL - hillf) and
(hkO - hk2) were collected and 1530 above background
intensities were estimated by visual comparison with an
intensity strip. Data reduction was done using the method
of Hamilton, Rollett and Spatks' and the usual Lorentz
and polarization corrections were applied. The dimensions
of the two crystals were carefully measured and absorption
corrections (uCu = 62.63 cm.-‘) were made?; transmission

factors were in the range 0.249 - 0.402. Unit weight was



applied to all reflections during refinement.

Intensity data were collected also on a Philips
PAILRED fully automated diffractometer with Mo Ka
radiation () = 0.7107;) monochromatised by the (002)
reflection of a graphite crystal and using a tube take-
off angle of 6.0°. The prism used for data collection,
which had major dimensions 0.36 mm. X 0.42 mm. X 0,12 mm.,
was mounted on a glass fibre and then dipped in shellac
solution to prevent decomposition. The crystal was
mounted with its b-axis coincident with the w-axis of
the diffractometer. The crystal was 13.0 cm. from the
source while the distance from the source to the circular
aperture of the detector was 10.0 cm. The source
collimator was 0.039 inches in diameter. Intensities
were measured using a scintillation counter with the pulse
height analyser set to accept approximately 90% of the
transmitted peak when the window was centered on the Ka
peak. The equi-inclination technique and a moving crystal-
stationary counter (w-scan) scanning procedure were
employed. A scan speed 1.0°/minute was used at all times.
Reciprocal lattice levels hOof - hllf were scanned, but
as the PAILRED diffractometer uses Weissenberg geometry
due allowances had to be made for the expansion of the.
reflection as L, the equi-inclination angle, was increased.
This necessitated increasing the circular aperture from

2.5* for the hOfL - hSiL layers inclusive to 3.0° for the



remaining six layers. Corresponding changes in half scan

widths were also needed:

Level: h(o-2)% h(3-5)2 h(6-8)% h(9,10)% hllg
1/2 scan in: 1.4° 1.4° 1.4° 1.8° 2.3°
1/2 scan out: 0.8° 1.0° 1.0° 1.4° 1.8°

stationary pbackground coungs were measured for twenty
seconds immediately before and after each scan. A total
of 3413 independent reflections were scanned with 20 < 62.0°.
Nine zero layer reflections were monitored after each layer
to check for crystal and electronic instability. No
systematic trend was evident and the maximum intensity
variation was approximately 108. These data were then used
to put all data onto a common scale. Thirteen very
intense reflections whose count ratios exceeded the linear
response range of the counting system were remeasured at a
lower power, obtained by lowering the milliamperage and
voltage on the X-ray tube. To scale these reflections to
a level common with the rest of the data, five intense
reflections at full power, were also measured at the same
reduced power and the resulting intensity ratios were
then used as a scaling factor.

Experimental data were corrected for background
assuming a linear variation over the scan range. The -
integrated intensities obtained were then corrected for

Lorentz and polarization effects, Weissenberg geometry,

RN



and a relatively scaled set of |P°\ and |F°|2 calculated.'’

A total of 1164 independent intensities were found to be

statistically significant using the dual criteria:

1>0 and -ﬁéﬂ <0.35

where I = T - TB

A(1)

and

(T + 128)5

T = peak count

B = total background count

T = ratio of peak counting time to the total background
counting time i.e. TT/(‘Il + T,).

only these statistically significant reflections were

used during the subsequent refinement. standard deviations

in |P°| were derived from the standard deviations of the

experimental intensities, according to poedens and Ibers,"

using an uncertainty factor, p, of 0.06. The weighting

scheme used throughout the refinement was w =

1
o2

(e e

In the final stages of refinement absorption corrections

were applied to these data.

9 The crystal was accurately

measured and absorption corrections (um° = 7.164 cm:l)

applied to I and o(F). The calculated transmission factors

were in the range 0.824 - 0.924.



SOLUTION AND REFINEMENT OF THE STRUCTURE

The space group C2/c was initially preferred as a
result of the observation that well formed crystals had
symmetry 2/m. The choice of space group received additional
support from the distribution of the vector peaks (qg.v.)
in the three dimensional Patterson map calculated from the
film data.

Density measurements had indicated that there were
four formula units per unit cell. The space group C2/c has
eight general positions, thus restricting the iron atom to
a special position; the choices here, because of the
expected octahedral coordination of the iron atoms were
ijnversion centres or twofold axes. The unit cell contains
twelve perchlorate ions and assuming that they are tetra-
hedral and not disordered, the only special positions
compatible with the Td symmetry of the ions are twofold
axes. The twelve ions may be distributed as follows:

(a) Three ions lying on each of the four twofold axes,
where, for example, the chlorine atoms would have
coordinates (0,y,.%), (O.yz,k), and (0,y,.%). This
arrangement, while possible, is extremely unlikely because
of the destabilising influence of the repulsive forces
that would be expected from the close approach of ions of
the same charge.

(b) Eight perchlorate ions in general positions and

four ions on twofold axes. This arrangement allows three



ions to be grouped around each iron atom at approximately
equal distances and hence was preferred.

The position of the iron atom and the space group
were found by analysis of the Patterson map with reference
to the Harker vectors for C2/c and Cc that are listed in
Tables 1-4. The two largest peaks, of equal height, were
found at (0,%,%) and (%,0,%) and these are consistent
with an iron atom sitting on an inversion centre at special
positions, of Wykcoff notation, ¢ or 4 [c was used, (%.%.%))
of space group C2/c. Space group Cc would only have been
possible if the y coordinate had been 0.25 exactly, and this
was unlikely. Special positions a and b of C2/c would have
also required the y coordinate to have been 0.25.

The 'general' chlorine was located by deducing the

expected Fe-ClG vectors as follows:

;,-y_,-z-; xin;i"ZS ;.y,k-z

N,%,0 |4tx, Wy, +z N-x, Wty, %=z | W+x, K-y, 4-z

The next three largest peaks were consistent with these
vectors and produced coordinates (-0.154, 0.111, 0.127)

for Clc. The ‘'special’ chlorine, Cls, was easily found
using the Harker vectors listed in Table 3 and had
coordinates (0.50, 0.098, 0.25). The successful
identification of the it§n-iron, iron-chlorine and chlorine-

chlorine vectors strongly supported the space group c2/c .



These heavy atom coordinates were inserted into a

2

structure factor calculationl and an Fo Fourier was

bs
computed.” Twelve out of the remaining nineteen light

atoms were located and then these atoms were subjected
to two cycles of isotropic least squares zefinement12
giving R = 0.325, (R = }:||p°|-|rc||/}:lro|). A difference
?ourier was computed and all remaining atoms except the
oxygen atoms attached to the 'general’' chlorine were
found. Pour more cycles of refinement reduced R to
0.259 and the remaining light atoms were found from a
difference Fourier. Three cycles of refinement with all
atoms isotropic gave an R index of 0.217. Analysis of
the observed and calculated structure factors showed the
film data to be unreliable on comparing the calculated
and observed structure factors and a new set of data was
collected on the PAILRED diffractometer.

Refinement using the atomic parameters from film
data analysis and the PAILRED structure factors gave a
discrepancy index of 0.253 after three cycles. A
difference Fourier computed at this stage showed atoms
04 - 09, C31 and C32 had been assigned incorrect atomic
positions. The atoms were inserted with their correct
coordinates and seven cycles of isotropic refinement

reduced R to 0.158.



Absorption and decomposition corrections were
performed next and the iron and perchlorate groups were
allowed to refine anisotropically as indicated by
residual electron density around their positions.

L

Refinement proceeded using the program SFLSS,l after

three cycles, to Rl = 0.107 and R2 = 0.137 where

- 2 | %
R, = E‘IF°|'ch|‘/2|F°| and R = z"(|F°| |Pc|)
TAE

where Zw(li‘ol-lrcl)2 was minimised and w = 1/02(F).

Three cycles with all atoms except On, Cn, Nn (n=1-3)
anisotropic (165 variables) converged with R, = 0.098
and R, = 0.125.

The layer (hlL) showed particularly bad agreement
between observed and calculated structure factor values
and was therefore recollected using the same crystal,
scan speeds, etc. as before. Scaling with the old data
was effected by also remeasuring the hOof layer and using
the ratio obtained with the initial hOf layer as a
scaling factor. Four more cycles of refinement (165
variables) saw convergence at R, = 0.087 and R, = 0.119.

A final difference Fourier was computed and the
highest residual peak was 0.42e-/;’. FProm this Fourier
an attempt was made toO locate the three hydrogen atoms

attached to Cl, C2, and C3 but it was unsuccessful.

10



Analysis of the weighting schenme exhibited lack of
dependence of Wi (A = |r°|-|rc|) when divided into ranges
according to |r°| and (sin@)/)A values in accordance with
cruickshank's critereon.!® scattering factors used were
those due to Cromer and Waber'® and the anomalous
dispersion corrections for iron (Af' = 0.40e ,

Af" = 1.0e ) and chlorine (At' = 0.le , Af" = 0.20e")
applied to Pcalc were taken from International Tables

of X-ray Crystallography."

11
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RESULTS

Pigure 1 shows the spatial arrangement of the ions
of re(DM?)‘(clou)3and the atom numbering scheme.
Pigure 2 is a view of the cation showing the thermal
ellipsoids of vibration.!® The two anions are
illustrated in Figures 3 and 4, Table 13 lists the
f£inal calculated and observed structure amplitudes.
Table 5 reports the fractional coordinates and isotropic
temperature factors (where applicable) for the atoms
of the asymmetric unit. Anisotropic thermal parameters
are listed in Table 6. Tables 7-12 contain data on
molecular bond lengths, angles, inter-ion approach

distances, and least squares planes.



Pigure 1

A view of the Fe(DMF) (CLO,), formula unit with
the atoms scaled in the ratios of their Van Der
Waals radii showing the spatial arrangement of the

ions.
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Pigure 2

A perspective view of the Pe (DNF) ¢

with 508 probability ellipsoids.

3+ cation
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riguto 3

A perspective view of the ‘'general’' perchlorate

group with 40s probability ellipsoids.

19






rigure 4

A perspective view of the ‘'special' perchlorate

group with 40% probability ellipsoids.
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Table 5

Pinal Atomic Coordinates and

Temperature Factors for

Equivalent Isotropic
Pe(D“F) 3 o (Cf.On.) 3

2

X Y z B,A

re 0.75" 0.2st 0.s* 4.07"
01 0.7839(3)3 0.2244(5) 0.6487(5) 4.4(2)
02 0.8364(4) 0.2133(5) 0.4629(5) 4.8(2)
03 0.7239(3) 0.1108(5) 0.4801(5) 4.4(1)
c1 0.8366(5) 0.1744(7) 0.6859(8) 4.5(2)
c2 0.8826(6) 0.2690(8) 0.4478(8) 5.2(2)
c3 0.7320(5) 0.0600 (8) 0.3981(7) 4.4(2)
N1 0.8622(5) 0.1847(7) 0.7836(7) 6.1(2)
N2 0.9390(5) 0.2358(7) 0.4266(6) 5.3(2)
N3 0.6887 (4) -0.0192(6) 0.3777(6) 4.6(2)
Cl1 0.8403(7) 0.2641(9) 0.8491 (9) 7.63"
cl12  0.9194(7) 0.1291(11) 0.8263(10) 8.38"
c21  0.9486(7) 0.1344(10) 0.4152(12) 8.71"
c22 0.9914(8) 0.3017(12) 0.4058 (13) 9.76"
c31 0.6882(8) -0.0712(9) 0.2797(10) 8.07"
C32 0.6460(7) -0.0544(10) 0.4463(10) 7.74"
Clg  0.8464(2) 0.1075(3) 0.1290(3) 6.39"
ctg o.s 0.1006(5) 0.2s" 9.24:

04 0.8007(10) 0.1260(25) 0.0447(13)  26.16
05 0.8119(6) 0.0666(7) 0.2003(8) 10.75"
06 0.8737(8) 0.1960(10) 0.1501(13) 15.74"
07 0.8892(9) 0.0460(9) 0.1017(14) 18.04"
08 0.5436 (8) 0.1546(12) 0.3160(20) 15.21"
09  0.5354(9) 0.04281(14) 0.1976(15)  21.30"

21

a .
Numbers in parentheses are estimated standard deviations
occurring in the last digits listed.

L ]
The anicotropic temperature factors for these atoms are
listed in Table 6.

These parameters were not refined because of restraints
due to site symmetry.
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Table 7

®
Intramolecular Distances (A) for the !'o(Dlu")"+ Cation

Atoms Distance
Fe - 01 1.991(6).
Fe - 02 1.978(7)
Fe - 03 1.979(7)
0l - C1 1.256(11)
02 - C2 1.256(11)
03 - C3 1.277(11)
Cl - N1 1.327(12)
C2 - N2 1.313(12)
c3 - N3 1.293(12)
Nl - Cl1 1.497(14)
Nl - Cl2 1.432(14)
N2 - C21 1.409(15)
N2 - C22 1.461(15)
N3 - C31 1.467(13)
N3 - C32 1.439(13)

.lu-bctl in parentheses are estimated standard

deviations occurring in the last digits listed.



Table 8

[ ] -
Intramolecular Distances (A) for the (clo~) Anions.

Atoms Distance
ct, - 04 1.349 26)"
CLG - 05 1.380(9)
CLG - 06 1.341(13)
CLG - 07 1.306(13)
cls - 08 1.355(12)
rcls - 09 1.336(15)

.llulbcrs in parentheses are estimated standard

deviations occurring in the last digits listed.
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Table 9

Intramolecular Angles (Degree) for the re(DMP) ** Cation

Atoms Angle
01 - Fe - 02 90.9(3)"
01 - Fe - 03 90.3(3)
02 - Fe - 03 87.6(3)
Fe - 01 - C1 127.3(6)
Pe - 02 - C2 128.0(7)
FPe - 03 - C3 126.7(7)
01 - €1 - N1 121.3(10)
02 - C2 - N2 122.6(10)
03 - C3 - N3 124.0(9)
c1 - N1 - cl1 120.3(9)
c1 - N1 - Cl2 121.7(10)
c2 - N2 - c21 120.3(11)
c2 - N2 - C22 121.9(11)
c3 - N3 - €31 120.7(9)
€3 - N3 - C32 121.1(9)
Cc1l - N1 - C12 117.6(10)
c21 - N2 - C22 117.6(11)
c31 - N3 - C32 118.0(9)

‘Inlbcr. in parentheses are estimated standard

deviations occurring in the last digit listed.



Table 10

Intramolecular Angles (degree) for the (clo.f'hnions.

Atoms Angle
o4 - Ezc - 0% ' 105.5(10)
04 - CL_ - 06 102.2(15)
04 - CL_ - 07 107.6 (15)
0s - CL, - 06 117.9(8)
0s - ct, - 07 111.6(8)
06 - cL . - 07 111.0(9)
o8 - 623 - 09 1106.9(11)
o8 - Ct - o8’ 114.1(15)
o8 - Ctg - 09’ 110.5(10)
09 - ct - o8’ 110.5(10)
09 - ¢t - 09’ 107.6(19)
o8'- ct - 09’ 106.9(11)

Mumbers in parentheses are estimated standard deviations

occurring in the last digits listed.



Table 11

L ]
Inter Ion Contacts (<4.0A) for Fe(DM?)‘(Cgo~)’

Atoms Distance, A
04 N3 3.25
o4 c32 3.37
o4 Ccl1 3.39
04 c3 3.42
04 03 3.63
o4 c11 3.73
04 c31 3.92
o4 Nl 3.92
o5 cl 3.33
05 c3 3.41
05 c3l 3.45
05 cl2 3.68
05 N1 3.69
05 c21 3.75
oS c11l 3.85
05 N3 3.89
05 02 3.95
oS 03 3.97
06 c22 3.31
06 c3l 3.63
06 c32 3.60
06 c21 3.66
06 N2 3.70

Symmetry Position

of Second Atom

x, Y -k +
x, Y -} +
x, Y -1 +
x, - ¥ -} +
x, - Y, -% +
x, ¥ -y, 1+
X, - Y -k +
X, Yo -1 +
x, - ¥ -¥ +
X, Y

X, Y,

x, - ¥, -k +
x, - ¥ -k +
x, Y

x, ¥ - vy, 1+
X, Y,

X, Y

x, - Y -k +
x, Y k -
x, K + vy, bk -
x, k + vy, k -
X, Y,

X, Y.

27



Table 11 (continued)

o
Inter Ion Contacts (£4.00) for Fe(DMP)‘(Clo~)‘

Symmetry pPosition

Atoms Distance, A of Second Atom

06 - C21 3.97 2 - x, Y b
07 - Cl 3.46 x, Y, -k
07 - Cc21 3.58 2 - x, Y, ks
07 - Cl12 3.77 x, Y =¥
07 - Cc21 3.8l X, Y -k
07 - C12 3.93 x, y. -1
08 - N1 3.33 Y - x, ¥ - vy, 1
08 - C2 3.38 » x, ¥ - vy, 1
o8 - Cl 3.44 Y - x, k - vy, 1
08 - C12 3.64 - x, -y, 1
08 - Cl1 3.65 Y - x, X -y, 1
08 - N2 3.66 Y x, ] Yo 1
08 - C32 3.78 x, Y

08 - N3 3.79 x, Y.

o8 - 01 3.86 Y, - x, k - vy, 1
o8 - C3 3.88 X, Yo

08 - C22 3.88 % - x, k - vy, X
08 - Cl2 3.92 % 4+ ox, ¥ - vy, =)
08 - 02 3.92 - x, K - vy, 1
09 - C31 3.50 X, Yo

09 - €22 3.57 Yo - x, kN +y, )
09 - N3 3.71 x, Y.

09 - Cl1 3.78 Y, - x, ¥ -y, 1
09 - C32 3.89 x, Yo

cL - Cl 3.94 x, y, -4

+

+++++++++
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Table 13

Observed and calculated structure amplitudes (x10)

in electrons for PC(DM?)‘.(CLO.),.
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DISCUSSION

The cation has the expected octahedral coordination
with the mean 0-30-0 angle being 89.6°. Table 14
compares bond length and bond angles for other formamide
compounds. The iron-oxygen distances show good agree-

ment and compare well with those in other compounds.

Compound ro-o(i) Reference
PO(DMP)‘(Clob), 1.983(6) -
!o(acac), 1.992 19
recz,(ouso), 2.006(6) 20

The geometry of the coordinated dimethylformamide ligand
in this structure can be compared with that observed in

other complexes and with the geometry of the free ligand.

Table 14

Compound O-C(;) C-N(i) 0-C-N(Deg) Ref.
Pe(DMFP)¢ (CRO, )3 1.263(9) 1.311(12) 122.6(10) -

SbClg .« DMF 1.300(10) 1.287(12) 120.15(89) 21
(Co(safl)],+0,° (DMF), 1.222(11) 1.310(11) 126.7(10 22
Nale (DMF), 1.23(4) 1.34(4) 123.6(20) 23
DMP* 1.20 1.36 123.0 24
HCONH, 1.25(13) 1.30(13) 121.5 25

*
electron diffraction
(Numbers in parentheses are estimated standard deviations

occurring in the last digits listed.)

3l
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The carbonyl oxygen of the DMF ligand acts as the
donor atom and this has been shown to be a frequent
occurrence for amides.z‘-z. The length of the oxygen-carbon
bond seems to be significantly longer than in the free
ligand. A consequence of this donor interaction is that
there is an electron density withdrawal from the oxygen
atom thus causing a reduction in the bond order and hence
an increase in bond length.z’ The coordination of the
nitrogen atom is planar (see Table 12), within experimental
error, for all three non-equivalent DMF groups, compared

to the nearly planar framework of free DMF . 2"

DMP may be represented as two resonance forms:

H\ /Me H\ . /Me
C—N C
O/ \Me 'O/ N\

The electron density increase which the carbonyl carbon
atom experiences when the complex is formed increases the
o-bond order of the carbon-nitrogen bond in the OCN group.
The effect of this would be to increase the T-bond order

of the nitrogen-carbon bond because of the electron density
withdrawal from the amide increases the delocalisation of
the lone pair of electrons of the nitrogen atom, i.e. the
contribution of resonance form 1I is increased. These
changes in 0 and 7m-bond orders may be expected to cause

a decrease in the length of the carbon-nitrogen bond when



33

compared to the free donor, however, the value of 1.34(4);
found by Vilkov et al?" for free DMF is not of sufficient
accuracy to be able to show any significant deviation from
the observed mean value of 1.311(13);. Lide's?® proposed
value of 1.36(2); for sp? hybridized carbon in free amides
does lend support to this argument. Archambault and
Rivest" have reported spectroscopic evidence for the
shortening of the carbon-nitrogen bond in adducts of

with titanium(IV) halides when compared to free DMF. Brun
et al?!? reported a nitrogen-methyl carbon length of
1.504(36)R for SbCL °DMF, as compared to 1.45(2); for free
pMF,2? and suggested that this was due to the increasing
contribution from the number II resonance form of DMF.

The value of 1.451(28); for the bond length in this
structure would seem not to support this argument, but

the estimated corrections in bond length for thermal
vibrations?? can alter the nitrogen-carbon distance by

as much as 0.05;. This could bring the bond length for
each compound into good agreement. Gobellon et al??
suggested that form I is the major contributor to the
electronic structure of the DMF ligand and although this
structural analysis does lend some credence to the donor
properties of DMF within the Fe(DMF):*cation the
contribution of form 11 does not seem to be as great as

in Sbcls°DHF molecule.



The two perchlorate anions, shown in Figures 3 and 4
show large thermal ellipsoids for the oxygen atoms which
are indicative of high dynamic disorder.as-gs The high
thermal amplitudes are consistent with the rapid fall
off of significant intensities with sin6/)\ and limits the
precision of the structural analysis.

one of the purposes of this analysis was to find the

distance between the carbonyl hydrogen atoms and the iron

atom for use in n.m.r. studies. As the attempt to find the

atoms from the final difference Fourier, calculated at
R = 8.7%, was unsuccessful, the atomic positions were
calculated using vector methods.’® Assuming (i) an sp?
hybridisation for the carbon atom, and (ii) a carbon-
hydrogen distance of 1.07;, the three independent iron-

hydrogen contacts can be calculated as

Fe - H1l (attached to cl) 3.04
Fe - H2 (attached to c2) 3.02
Fe - H3 (attached to C3) 3.08

[ ]
Mean 3.05A

L
This distance is 0.35A longer than that estimated by

Hatwiyoff' and has been used in calculations giving
satisfactory agreement between experimental and theoret-

?

ical results.’ Also this metal-hydrogen distance is

°
considerably greater than 2.59A for RuClzlP(C‘HS),l,."
[ ] *
2.8M for trana-{PdI,(P(C H,),},}?? and 2.51A (minimum) for

¢rans-[Co(mesityl), (PEt Ph),])."° While for the first two

34
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of these three complexes the hydrogen vwas effectively the

sixth atom of a distorted octahedra around the central

metal atom and for the third probably the cause of the

'stepping' of the mesityl groups, no such chemical

significance can be attached to the iron-hydrogen distance

in the Pe(DMF) cation.



CHAPTER 11

THE DITHIO LIGANDS
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In recent years great interest has been aroused in
ligands that have sulphur as the donor atoms(s), especially
those systems which show a series of complexes differing

81-87
only in the number of valence electrons. These ligands

have the form

o~
y \g/"

s~ R

R = CN", CF,, C¢Hy, CH,, H.

n=2; p=20,1, 2; M = Co, Ni, Cu, P4, Pt, Au, Rh

n=3p=20,1, 2, 3;f M=V, Cr, Mo, W, Re, Co.

The bis ligand systems, discovered first with ni 2t
and Coz+, received initial attention because of the
stabilisation of the square planar geometry for a variety
of central metals and electron configurations. Also these
complexes showed, with no change in coordination geometry,
an apparent ease of oxidation and reduction,bs—k‘ thus
enabling the study of similar transition metal complexes
in a series of formal oxidation states.

The chemistry of these ligands was extended to the
preparation and characterisation of tris systems that also
readily underwent electron-transfer reactions without change
in coordination.s.—" Initial interpretations of the
physical properties assumed D, symmetry with a distorted

$9 62
octahedral coordination about the central metal atom. '
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This symmetry is the most likely because it is common to

the two extremes, namely O (octahedron MS,) and D

h 3h
(trigonal prism). Distortion of an octahedron may occur
via (a) compression (or expansion) of the octahedron along
a threefold axis, (b) rotation of one-half of the

octahedron relative to the other when viewed down a three-

fold axis as shown below:

or (c) a combination of (a) and (b). Since the symmetry
classification, Dy, covers the expected range of geometries,
it is not useful as an identifying label and the discussions
emphasise the limiting cases, i.e. octahedral or trigonal
prismatic coordination.

As the spectra of the ris systems were not typical
of the spectra of octahedral (Co(IIl), Langford et al®?
suggested the possibility of a trigonal prismatic or at
least, a strongly trigonally distorted six coordinate
structure. Three complexes, all with the formula
"lS;CZ(C‘H,)zl,: where M = Mo,*" Re,*® and v*® have been
reported to have a trigonal prism of sulphur atoms

surrounding the central metal atom. Steifel and coworkers®’
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have reported that [Me,N]-{V[s ,c (cN),] } has a coordina-
tion between the two extremes of octahedral and trigonal
coordination.

The stability of the trigonal prismatic coordination
has been attributed,®® in part, to interligand bonding
forces between the two sulphur atoms, which are consider-
ably stronger than in the classical octahedral, tetrahedral,
or planar complexes. Shortening of metal-sulphur bonds
might also be expected because of this interaction.

Other complexes of sulphur containing ligands have
been studied to investigate the similarities and differ-

ences from the 1,2 -dithiolene ligands. These systems

include:

(a)

b
]
-4
L)
-
-
0
x
]
e

£

Vs\\ 7 C ne2; M= Ni"}
CcC—S

Ns”

(b)

(c)

2; M = Co’?

i i
/S—C<c n
L ~c |n

-

R
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(a)

R = °°z“s'”-” cu,”? c,u’"
S R ¢ s
M >P< 1 =c,u0,’" cu,,*’
S R n ns=2,3; M = Ni, 2n, Co, V, Cd.

The latter group (d) have received attention for a
variety of reasons, e.g. (i) as important lubricating
0il additives and (ii) because the presence of the
phosphorus atom allows e.s.r. spectroscopy to be used
to greater effect in the structural studies of these
complexes. Day et al®®! have synthesised a series of
complexes using the (=S,PR,) ligand (e.g. R = Me, CF,) and
various transition metals (e.g. R = Co, Cr, V, Fe, Mo).
Three complexes were chosen, Cr(s,PMe,),, VO (S,PMe,), and
Co(szPMez)z, such that comparisons could be made between
representative complexes having a range of coordination
geometries and to provide structural models as a basis for
detailed spectroscopic studies. Other workers have also
been investigating the structural trends in complexes of
this ligand and comparisons with the work of this thesis is
discussed later. All three structures were unknown and each
had sevetal‘possible structures.

The chromium complex was assigned, on the basis of its
lpeCCra"(i.r"vis..u.v.). a distorted octahedral structure.
ldeally the complex would have D, symmetry, but the exact

nature of the distortion was unknown.
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The CO(SZPMez)2 complex, on comparing its spectra
(i.r.,u.v.,vis.) with those of Co[Szl’(OE:t:z)]2,°2 was
tentatively assigned tetrahedral coordination. Apart
from marked insolubility in many solvents there was no
indication that the structure would not be monomeric.

The structure of VO(SZPMez)2 was of special interest
as the e.s.r. spectrum exhibited super hyperfine splitting
due to the interaction of the unpaired electron with the
nuclear spin (%) of the *'P nucleii indicating some
delocalisation onto the ligands. Also it was hoped to be
able to provide data for the investigation of the anomalous
solvent dependence of spectral properties (u.v.,vis.,i.r.,
Raman) that have been reported for some Voz+ syatems;""“
these anomalies (shifts of spectral bands) that have been
attributed to axial ligation i.e. the formation of a six
coordinate complex or a change in electronic structure.®’

For the reasons stated above the structural analyses
of the Cr(s,PMe,),, Co(s,PMe,) 5 agd VO(SzPMez), complexes

were undertaken.



CHAPTER 11T

THE CRYSTAL STRUCTURE OF

TRIS(DIHBTHYLDITHIOPHOSHINATO)CHROHIUH(III)



EXPERIMENTAL

Part 1. Space Group and Unit Cell Data.

Deep purple crystals of CrIII(SzPMez)3 vere

initially supplied by D. Day. However, as supplied

the crystals were unsuitable for X-ray analysis so
recrystallisation was effected, with difficulty, from

a solution of 75% absolute ethanol and 25% benzene.
(0Often no crystals would form; if some did they were
usually multiple crystals.) Analysis figures before and

after recrystallisation were:

C H S
Calculated 16.86% 4.24% 45.00%
Found (D.Day) 16.76% 4.54%s -

Found after

*
recrystallisation 16.21% 4.16% 41.54%

Preliminary Weissenberg (0kf% - 2k&) and precession
(hOo%, hkO) photographs, taken with Cu Ka radiation

© [
(A = 1.5418A)and Mo Ka radiation (A = 0.7107A) respec-

tively, exhibited the following systematic absences:
hOO: h = 2n+l; OkO: k = 2n+1l; 00R: & = 2n+l

These absences are consistent with the orthorhombic
space group 92‘212‘(0;. no. 19). Unit cell dimensions

were obtained, at 22°C, on a manual Picker 4 circle

*
Sulphur determinations are usually 2-3% too small.
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[ ]
diffractometer using Cu Ka radiation (A = 1.5405A),
by accurately centering 15 high 20 reflections
(20 299.0°). The 20 values obtained were refined by

least squaresas and the axial lengths calculated were:

o

a= 9.123 £ 0.001A a = 90.0°
°

b = 21.550 & 0.002A B = 90.0°
(]

c = 9,637 £ 0.001A A = 90.0°

The experimental density, measured by flotation in a
zinc bromide solution, was 1.51 % 0.02 q./cm.’ The
value calculated for a formula weight of 427.48 a.m.u.,

°3
a unit cell volume of 1894.6A and Zz=4 was 1.499 g./cm.’

Part II. Picker Data Collection

Intensity data were collected on a manual Picker
4 circle diffractometer, using Cu Ka radiation
(A = 1.5418;) monochromatised by the (002) reflection of
a graphite crystal, using a tube take-off angle of 2.0°.
The needle-like crystal, which had approximate dimensions
0.1l mm. x 0.1 mm. x 0.2 mm., was mounted on a glass fibre,
such that the a/a. axis was coincident with the ¢ axis of
the diffractometer. The crystal was 20.0 cm. from both
the source and counter windows and the source and counter
collimators were 1.0 mm. in diameter. 1Intensities were
measured using a scintillation counter with the pulse

height analyser set to accept 96V of the transmitted peak
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when the window was centered on the X0 peak. A coupled
w-20 moving.crystal, moving counter technique with a scan
rate of 2.0°/minute, was used to scan a range of 2.0° in
20, centered on the calculated position of the Ka peakf’
Stationary background counts were measured for thirty
seconds immediately before and after each scan. A total
of 1644 reflections were scanned with 26 £120.0°. A
periodic check (approximately every twelve hours) of seven
well distributed reflections showed some instability, in
the order of 10%, but with no 26 dependence. This informa-
tion was used to set all data onto a common scale. Seven
very intense reflections, whose count ratios exceeded the
linear response range of the counting system were
remeasured at a lower power, obtained by lowering the
milliamperage and voltage on the X-ray tube.‘ To scale
these reflections to a level common with the rest of the
data, four intense reflections, at full power, were also
measured at the same reduced power and the resulting
intensity ratios were then used as a scaling factor.
Experimental data were corrected for background,
assuming a linear variation over the scan range. The
integrated intensities obtained were then corrected for
Lorentz and polarization effects, and a relatively
scaled set of |F_| and |Fo|2 was calculated.®’ It was

found that 1387 independent intensities were statistically
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significant using the dual criteria:

1>0, 1/]P + (TP/18)2(31+32)Z% 23.
where TP = total counting time for peak
TB = total counting time for background

P,Bl,Bz = counts of the peak and the two backgrounds

respectively.

Oonly these statistically significant reflections were used
during the subsequent refinement. Standard deviations in
|F°| were derived from the standard deviation of the
experimental intensities according to Doedens and Ibers,!!?
using an uncertainty factor pz, of 0.002. The weighting
scheme used throughout the refinement was u)-—%—°(|F°|).
In the final stages of the refinement absorptgon corrections
were applied to these data.®? The crystal faces wvere
fdentified as {021}, 100, 001, 110, 110, 130, and the
dimensions were very carefully measured. Equations for the
plane faces were calculated assuming one end face to be (100).
Slight variations (up to 10%) in the parameters for these
equations were permitted to give optimum agreement between
the calculated and observed absorption curves for the hO0O
reflections, obtained by rotation of the crystal about the
¢ axis at Y = 90.0°.

Absorption corrections (ucu = 132.82 cm-)) to 1 and

0(P) gave a relatively scaled set of |P°| and o(F).%?
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The calculated transmission factors were in the range
0.236 - 0.355 and the variation in Ihoo of 40% before
absorption correction was reduced to approximately 10%

after correction for absorption.

Part III. PAILRED Data Collection

Intensity data were collected on a Philips PAILRED
fully automated diffractometer with Cu Ka radiation
(A = 1.5418;) monochromatised by the (002) reflection of
a graphite crystal and using a tube take-off angle of 6.0°.
The needle crystal used for data collection, which had
dimensions 0.090 mm. X 0.080 mm. X 0.400 mm., was mounted
on a glass fibre with its a axis coincident with the
axis of the diffractometer. The crystal was 13.0 cm. from
the source and 10.0 cm. from the circular aperture of the
counter. The source collimator was 0.039 inches in diameter.
Intensities were measured using a scintillation counter
with the pulse height analyser set to accept approximately
90% of the transmitted peak when the window was centered
on the Ka peak. The equi-inclination technique and a
moving crystal-stationary counter (w-scan) scanning
procedurec were employed. A scan speed of 1.0°/minute was
used at all times.

Reciprocal lattice levels 0V - Bki were scanned,
but as the PAILRED diffractometer uses Weissenberg

geometry, allowances had to be made for the expansion of
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the reflection as y, the equi-inclination, was increased.
The necessary adjustments in aperture size and 1/2 scan

widths were as follows:

Layer 1/2 scan in 1/2 scan out Aperture

OkL-2k% 0.8° 0.6° 2.0°
3k 1.0° 0.7° 2.0°
4k L 1.0° 0.7° 3.0°
S5k & 1.3° 0.8° 3.0°
6k £ l.4° 0.9° 3.5°
3] 1.5° l1.0° 4.0°
8k L l1.6° 1.2° 4.0°

Stationary background counts were measured for ten

seconds immediately before and after each scan. A total
of 3506 independent reflections were scanned with
(8in®) /X £0.93. Eleven zero layer reflections were
checked, after each layer, but no reflection deviated by
greater than 3.50 from its mean value, thereby indicating
no crystal or electronic instability. Five very intense
reflections, whose count ratios exceeded the linear response
range of the counting system were remeasured at a lower
power, obtained by lowering the milliamperage and voltage
on the X-ray tube. To scale these reflections to a level
common with the rest of the data, five intense reflections
at full power were also measured at the same reduced powver
and the resulting intensity ratios were then used as a

scaling factor.
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Experimental data were corrected for background
assuming a linear variation over the scan range. The
resulting integrated intensities were then corrected
for Lorentz and polarization effects, Weissenberg
geometry, and a relatively scaled set of IFOI and |F°|2
calculated.!® 1599 independent intensities were found

to be statistically significant using the dual criteria:

1>0 and —AL;—)-— <0.40
where I = T - TB

A (1) (T +12B)

and T = Peak count .
B = Total background count
T = ratio of peak counting time to the total
background counting time i.e. TT/(Tl + T,).

Only these statistically significant reflections were
used during the subsequent refinement. Standard deviations
in |F°| were derived, according to Doedens and Ibers,'' -
from the standard deviations of the experimental intensities
using an uncertainty factor, p, of 0.06. The weighting
scheme used throughout the refinement was w= —l;'(lF |).
Absorption corrections (ucu = 132.81 cm.-l) wege applied to
the data®’® after accurately measuring the crystal dimensions
and a relatively scaled set of IFOI and O(F) were obtained.

The calculated transmission factors were in the range

0.277 to 0.414.



SOLUTION AND REFINEMENT OF THE STRUCTURE

The successful structural solution of a three
dimensional Patterson map calculated with the PAILRED
data, was accomplished by assuming that the six sulphur
atoms were octahedrally coordinated to the chromium atom.
This assumption implies that for a chromium atom with
coordinates (x, y, z), the six sulphur atoms will have
coordinates (x,y,z) i(Axn,Ayn,Azn), (n=1-3). The general
Harker vectors, arising from the vectors between atoms
related by the symmetry operations of the space group
are listed in Table 15. The chromium-sulphur 'image
vectors' located around each Harker plane, arise from
the vectors between a chromium atom at one symmetry
position and the sulphur atoms attached to a chromium
atom at a symmetry related position. These vectors are
listed in Tables 16-18. The sulphur-sulphur vectors
between sulphur atoms attached to symmetry related
chromium atoms are also listed in these three Tables.

Inspection of the Patterson map around the origin
showed three distinct (i.e. not related by symmetry)
chromium-sulphur vectors. These vectors are the
ijntramolecular chromium-sulphur vectors and as the
Patterson map had mmm symmetry at the origin, the sign

combinations for these vectors were as follows:

48
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. A -
+1 +
+ -
+ - +
o4 * b Ax VR r Ay . o< > Az
- + +
- + -
- - +
- [ - [ -

The chromium-sulphur vectors provided the information:

n=1 n=2 n=3
|Axn| 0.193 0.067 0.157
|Ayn‘ 0.040 0.066 0.076
‘Aznl 0.150 0.169 0.078

and the problem was to find a consistent solution for the
signs.

Analysis of the Patterson map using the general
Harker vectors, might, at first sight, have been
complicated by (i) the comparable atomic numbers of
chromium, sulphur and phosphorus and (ii) the possibility
of sulphur-sulphur, sulphur~-phosphorus, and phosphorus-
phosphorus vectors being superimposed, thus 'building’

a peak to the height expected for a chromium-chromium
vector only. However, a detailed analysis of the vector
tables showed that this should only occur if any of the

Avg (xn. Y, or zn) are zero. The search about the origin
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showed this not to be the casé and the chromium-chromium
vectors, with a multiplicity of two, were readily
identified. .A solution for the coordinates of the
chromium atom (x = 0.042, y = 0.123, z = 0.209) was then
simply obtained from the largest vectors in the Harker
planes.

Any possible solution of the Patterson map must
be self consistent, therefore only the chromium-sulphur
image vectors that have the same orientation with respect
to the Harker planes and the origin may be used; this
process of elucidating these orientations is an
application of Buerger's Minimum Function.?’ Table 19
lists all of the possible sign combinations for the
three Minimum Functions Mz(x), Mz(y) and Mz(z) for the
all positive region of vector space. The signs of the

self consistent vector combinations are listed in

Table 20.
Table 20
Minimum Functions Ax Ay Az
n n n
M, (x), M,(y) share t * ¥
n,(x), M, (2) share b ¥ 3

M,(y), M,(2) share

+
-
-
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It should be noted that each pair of combinations are
related by an inversion centre. Table 20 implies that
only image vectors that show a relationship

(+Ax_., +by . -A?n) and (-Ax_, -Ay . +bz ) with respect
to both Harker planes, x = X and y = ), may be
considered as possible solutions.

The solution now involved analysis of all peaks
around each Harker plane that were at the same distance
from the planes as were the three chromium-sulphur
vectors from the origin. As mentioned before the
Patterson map had mmm symmetry, therefore, initially
any orientation (i.e. any combination of signs with
respect to the Harker plane) was allowable because the
correct orientation of the origin vectors was unknown.
In this particular case the analysis needed to be carried
out around the Harker planes, x =) and y =) only, i.e.
determining Mz(x).Mz(y), because of the assumption that
placed a centre of symmetry at the chromium atom required
both solutions, Axn positive and Axn negative. In the
general case an examination of, for example, the peaks
around the Harker planes, Xx=J) and z = ), would remove

the remaining ambiguity.
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The three origin vectors were used to search the
vector space around the Harker planes, x = % and y = ),
and the following sign combinations were found and are

listed in Table 21.

Table 21

H, (x) M, (y) Ma tud
Ax, + - + - 0.193
Ayl + - + - 0.040
A" - 4 - 4 0.150
AY’ '.' - + - 00066 .
Az, + - + - 0.169
Ax, + - + - 0.157
Ay, -+ -+ 0.076
As, + - + - 0.078

Az, was chosen as positive and the final signs of
Ax,, Ay,, etc. vere fixed by combining the signs in

Table 21 with those for M, (x)-M,(y) in Table 20:



Ax,
Ay‘
As

Ax
Ayz
As

Ax'
Ay'
A:,

The Patterson solution then gave the following

Signs from Signs of M,(x)°M,(y) Final Signs of

Table 21

from Table 20

Axl'AYl' .tc.

coordinates.

Atom
Cr
81
82
83
84
8S

x
0.042
0.198
0.108
0.235

-0.152

-0.025

-00115

0.123
0.047
0.189
0.166
0.083
0.057

0.199

0.209

0.131

0.041

0.359

0.059

0.375

0.288

starting
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These parameters for the seven atoms using
isotropic thermal parameters and scale factor as
indicated by a Wilson plot91 were subjected to one
cycle of least squares refinement using the PAILRED
data and gave discrepancy indices of Rl = 0.39 and

L
R, = 0.44
The positions of the three phosphorus atoms were

located from an observed Fourier map and the refinement

may be summarised as follows:

Cycle(s) Conditions R, R,

1 Cr, 6S isotropic 0.39 0.44
4 Cr, 6S, 3P isotropic 0.26 0.32
4 Cr, 6S, 3P, 6C all isotropic 0.132 0.155
3 Absorption, decomposition,

Cr, 6S, and 3P anisotropic,

6C's isotropic 0.107 0.109
2 All atoms anisotropic 0.104 0.115

The above refinement did not include any corrections
for anomalous dispersion and a new proqraml“ which
took account of this effect, became available at this
stage. Refinement again terminated with Rl = 0,095

and R, = 0.106 after a further four cycles.

*
See page 10 for definition of R,, Rz' etc.
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Comparison of the observed and calculated structure
factors at this point cast considerable doubt, because
of very bad agreement, as to the quality of the PAILRED
data. Hence a new data set was collected on the Picker
diffractometer and‘all further discussion will be in
reference to this data set. Using the atomic coordinates
from the initial data set, refinement again converged
after five cyles to R, = 0.070 and R, = 0.092,

Cruickshank and Mcbonald’? have discussed quanti-
tatively the effects of anomalous dispersion for non-
centrosymmetric crystals. Neglect of Af" (the imaginary
component of the anomalous scattering) can lead to
serious coordinate errors in polar space groups. An even
more serious error may occur when Af" is allowed for
and the structure model is the inverse of the true
structure; for polar space groups the relative coordinate
error will be twice as large as the error when Af" is
neglected and for nonpolar space groups, e.g. P212121’ an
increase in the mean square thermal vibration amplitude
occurs. This choice of the inverse model corresponds
to the ambiguity of the Patterson solution where an initial
sign was fixed arbitarily,in this case it was AXx, positive.

To investigate this effect the inverse of the
model was derived by reflecting the model through a

mirror plane coincident with the x axis, i.e. X * =-x.



with the thermal parameters transformed as indicated

by I.evy.’3 Refinement was continued and convergence
was achieved after four cycles with R, = 0.037 and

R, = 0.061 (with four (sinf)/X £0.8 reflections
rejected as they were thought to be suffering from
secondary extinction). Comparison of the two solutions
using Hamilton's statistical test?" showed that the
second model was very strongly confirmed at the 0.005
significance level.

In the final cycle of refinement no parameter
changed by more than one sixth of its estimated standard
deviation. A final difference Fourier map’s showed no
peak higher than 0.40e-/;\3 and an attempt to find the
methyl hydrogen atoms was unsuccessful. The correct
choice of the weighting scheme was reflected by the lack
of dependence of wAZ(A = |F°|-|Fc|) on [F_| and
(sin®)/ ) in accordance with Cruickshank's criterion.!®
Scattering factors by Cromer and Waber !® were used
throughout the refinement and the anomalous dispersion
corrections for chromium (Af' = -0.10e , Af" = 2.60e ),
phosphorus (Af' = 0.2e¢”, 8f' = 0.5e¢”) and sulphur (Af' =
0.30e~, Af" = 0.60e”), applied to Pcalc' were taken from

’

International Tables of X-ray Crystalloqraphy."

56
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Mz(X) l’ <

Ax
( n

4

-2y

> Ayn, +2z A

Mz(y) +2x

> Ayn,k-zz <

M,(2z) | h-2x

> A x

2y

Table 19.

Possible Sign Combinations for the Three

Minimum Functions M, (x), M, (y) and M, (2).
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RESULTS

Pigure 5 is a perspective view of the Cr(szPMez),
molecule indicating the numbering scheme used, while
Pigure 6 and 7 show the molecular packing in the ab
and bc planes respectively. Table 22 lists the final
atomic coordinates and equivalent isotropic temperature
factors for the asymmetric unit. Anisotropic temperature
factors are listed in Table 23. Tables 24-27 contain
data on molecular bond lengths, angles, intermolecular
non-bonded contacts, and least squares planes. Table 28

reports the final calculated and observed structure

amplitudes.



Pigure S

A perspective view of the Cr(szrue,), molecule

with 508 probability ellipsoias.
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Pigure 6
The molecular packing of Cr(s,PMe,),

projected onto the ab plane.
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rigure 7

The molecular packing of c:(s,ruo,),

projected onto the bc plane.
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Table 22

Final Atomic Coordinates and Equivalent Isotropic

Atom

Cr
sl
s2
s3
s4
sS
S6
Pl
P2
P3
Cl
Cc2
C3
C4
CS

Ccé

.Nunbets in parentheses are estimated standard deviations

occurring in the last digits listed.

Temperature Factors for Cr(s,PMe,),

x

0.02655(13)2

0.21198(23)
0.09704(26)
0.20239(21)
-0.12927(19)
-0.05116(21)
-0.18003(23)
0.25131(22)
0.04036(22)
-0.22084(22)
0.2491(12)
0.4342(10)
0.0943(10)
-0.0037(10)
-0.3953(9)

-0.2323(13)

L

0.12100(5)
0.05250(8)
0.18653(9)
0.16202(8)
0.20273(9)
0.04192(9)
0.08179(9)
0.12221(8)
0.22148(8)
0.02841 (8)
0.0955(4)
0.1545(4)
0.3013(3)
0.2138(4)
0.0500(5)

-0.0527 (4)

0.20617(12)
0.11005(22)
0.01176(24)
0.37515(24)
0.30011(21)
0.37187(18)
0.07513(18)
-0.02241(20)
0.42678(20)
0.24205(18)
-0.2013(9)
0.0032(13)
0.4022(10)
0.6097(8)
0.3160(9)

0.1965(9)

6.62

7.51

5.49

5.46

5.69

6.95
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Table 24

[ ]
Intramolecular Distances (A) for the Cr(szPHez), Molecule.

Atoms
Cr sl
Cr s2
Cr 83
Cr s4
Cr 1)
Cr s6
sl Pl
s§2 Pl
83 P2
S4 P2
s$ P3
s6 P3
Pl Cl
Pl c2
P2 c3
P2 c4
P3 cS
Pl cé

&Numbers in parentheses are estimated standard deviations

in the last digits listed.

Distance

2.429(2)
2.433(2)
2.451(2)
2.438(2)
2.441(2)
2.421(2)
2.004(3)
2.003(3)
2.019(3)
2.012(3)
2.012(3)
2.012(3)

1.818(9)

1.825(10)

1.806(8)
1.816(8)
1.805(9)

1.806(8)



Intramolecular Angles (degrees) for the Cr(szPMez)’

Molecule.

sl

83

85

sl

82

83

sl

sl

8l

§2

82

s2

83

sS4

s4

Cr

Cr

Cr

Cr

Cr

Cr

Atoms

] ' 1 ' ' ' ] ] ] [] ] t [ [ ] ] [ 1 1
w > W mm M M M ™M O O M O o M O a OO OO
&» w ) - ] ] L " " ~ L] ] " ] L] L] ] (] "

!
w
w

s2

84

s6

sS4

S5

$6

s3

sS

s6

s3

s4

§6

§5

§5

§6

Pl

Pl

P2

P2

P3

Pl

Table 25

Angle

a
82.82(7)

82.78(7)
82.61(7)
170.73(9)
170.40(9)
169.13(9)
90.96(8)
91.57(7)
97.54(8)
97.43(9)
91.19(8)
90.38(9)
90.42(8)
95.29(8)
89.53(7)
84.95(9)
84.87(9)
85.03(9)
85.52(9)

85.28(8)

85.79(9)
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Table 25 (continued)

Intramolecular Angles (degrees) for the Cr(szPMez)’

Molecule.

sl
s3
85
sl
sl
s2
s2
s3
83
s4
$4
S5
3]
$6
$6
Cl
c3

CcS

%Numbers in parentheses are

in the last digits listed.

s2
s4
§6
Cl
c2
Ccl
Cc2
C3
c4
Cc3
c4
C5
cé
C5
c6
c2
c4

Ccé

Angle
106.76(12)
106.64(11)
105.78(11)
111.4(3)
111.3(4)
111.6(3)
110.9(3)
111.9(3)
110.1(3)
108.7(3)
113.6(3)
113.3(3)
109.6(4)
109.3(3)
111.7(3)
105.0(6)
105.9(4)

107.1(5)

estimated standard deviations



Table 26

71

L]
Intermolecular Non-Bonded Contacts (S4.0A) of Cr(S,PMe,),.

Atoms
sl Cl
s§2 c2
83 Cc4
s4 c3
84 c4
85 (o
s6 CcS
86 (of
86 c2
Ccl c4
c3 Cc4
Cc3 o]
cS (o 3

Distance,

A

Symmetry Position

of Second Molecule
-x, -y, -M+z
ex, k-y, -z
ex, %-y, 1l-z
kex, ¥-y, 1l-z
-M+x, M¥-y, 1l-z
M-x -y, Ntz
“k-x, -y, -kh-z
“k-x, -y, -k-z
l+x, Yo z
x, Yy, l+z
kex, -y, 1l-z
-x, k+y, -z
“H-x, -y, Nk+z
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Table 28

Obsexved and calculated structure amplitudes (x10)

in electrons for Ct(B,PHc,)r

74



s
$
* & .
.
1 [
[ 4.
] ‘.
. '
. '
. »
o
H .
.
" s
: [
1o
» o
o
1
.
(R}
P
P
»
.
[t
[
[
v
‘o
I
e
o
Ve
s
.
.
.
.
Ny
.o
..
.«
.

evsesvssssssssssrsene

P
. e
[
.
LY
‘.
PR
‘.
o
. ‘.
o * e . e
P LY
o e W . o
Vo oen s
. v
.o
' .
. « .
I
.
T e
[
L)
[
. ‘e
vy
: L3
. "o
. " oae
. .
' '
. o
LI
g Pl
PR
v ..
. .
‘ « .
. . o
.o
M
.«
P
. v o
e an v e
o e “ o
! 5 '
]
.
’
.
.
*
.
.
‘
.
.
’ '
. '
' .
i
' ‘
. .
.
'
.

B N
.
"
~ .
- .

-
"
-
-
.
"

.

et
P i -

evesresesacaaan

.
.
.
.

)
v
1
’
’
.
.
.
.
’
N
)
.
.
.
'
»
.
.

P T L]

rene & amioann

crescsssanmilen e

.
.
'
4
.
-
.
’
v
.
.
’
.
.
.
'
I
-
’
1

1
'
.
.

v e
R
s eee
Vo e
[
Y
N
'
’
i
i
)
. '
e . g
. b
. .
. .
B :
. .
. .
' P
. PO
B . .
‘ P
. . .
. P
PR
. N
. P
N -
. P
R .
. - .
. . . v
. . e .
P
. . . .
. .
v .

ersunmres &

anemna

s
.
v
.
.
’
.
.
.
e
'
:
Y
.
.

vssemmresen=ros

J R

¢
.
.
'
'
N

J aane Senms oo

g3ase

[y
.
)
.
.
.
.
.
.
.
.

crseemmune

ee-tas e @ason

R R L et L Ll A bt i

v
)
3
]
1
Y
.
.
'
N
»

.
.
v
.
i
’
.
.
3
.
?
)
.
.
.
'
i
.
.

.
'
'
'
'
}
V
'
?
’
:
:
[}
'
v
.
.
.
.
.
.
B
.

.
.
.
]
.
.
v .
i .
. .
. .
. .
' '
' !
. f
.
. .
"~ .
I N
. e N
e e e
) \
- N
e .
PRI .
. . .
i~ .
. . -
o

.
.
.
'
.
?
'
:
3
.
’
]
'
H
.
.
v
\
?

R

e

.
.
’
»
'
]
.
.
.
3
.
1
’
.
.

P

seancatbar e rOene

M we
ey bt
oo
v 1%
Iees
"
s
ne
e v
tes et
.
e
ros
e
e
1o

O et

-

PO
emc tabammmrsenmBabeteb s NP ssuNe se sToussat s




DISCUSSION

The crystal consists of discrete molecules of
Cr(szPMez)3 which have no crystallographic symmetry: the
approximate D, symmetry of the molecule is destroyed by
the bending of each ligand along a line joining the two
sulphur atoms of each ligand (see Figure 5). The six
sulphur atoms are virtually equi-distant from the chromium
atom with an average bond length of 2.436&, which compares
with 2.451; for V[Szp(OEt)zla," and 2.418; for
Pe[52CN(n-But)2]3.97 The trend of the variation in these
M-S distances is that expected on the basis of covalent
radii, viz. V(III) >Cr(I11) >Fe(III). More detailed
discussion of these distances is reserved until the final
chapter.

The coordination polyhedra of the sulphur atoms is
that of a slightly distorted octahedron where the mean of
the sulphur-metal-sulphur angles, involving pairs of donor
atoms furthest apart is 170.04°. The corresponding angle
for the known trigonal prismatic structures‘“-67 is 136 ¢+ 1°
and for perfect octahedral symmetry 180°. Taking into
account the constraint imposed on the geometry of the

molecule by the rigid nature of the dithiophosphinato

ligands and by the size of the 'bite' angles at the metal

atom (for this compound the mean value is 82.73°), the mean

trans sulphur-metal-sulphur angles should be ca. 173¢.%¢

75



Analysis of angles at the chromium atom suggests that
the distortion of the complex is a combination of

compression and rotation of the coordination octahedron

as illustrated below:

Therefore the value found for this angle for Cr(S,PMe,),
is closer to that for a chelated octahedral structure,
rather than a trigonal prismatic one.

Cr(s,PMe,), is compared in Table 29, with the trise
substituted dithiolene complexes which have trigonal
prismatic coordination. The sulphur-metal-sulphur angles
are equal to within a degree but for the trigonal and
pseudo trigonal prismatic structures the metal-sulphur
bond lengths lie within a narrow range of values, which is
0.08 - 0.10; less than for Cr(s:PMe,),, even though the
metal atoms belong to different transition metal rows and
have different atomic radii. This shortening of the metal-
sulphur bond length is probably due to the greater
delocalisation of electrons over the entire metal-sulphur
system, and hence greater ‘multiple bond' character, that
is obtainable with the dithiolene ligands rather than the

dithiophosphinate ligands.
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The distances between sulphur atoms within the
ligands (intra) and between sulphur atoms of different
ligands (inter) have been used as an indication of inter-
donor atom bonding forces which help stabilise the
trigonal prismatic coordination of the tris substituted

dithiolene complexes.S®

These distances, as well as the
metal-sulphur distance and sulphur-metal-sulphur angles,
are compared in Table 29.

The intra sulphur-sulphur distances are different
with the 'octahedral coordination' values for Cr(S,PMe,),
0.18; greater than those observed for the 'most perfect'
trigonal prismatic compound, Re(Szczphz)s,‘° and 0.03; for
the pseudo trigonal prismatic compound {V[Szcz(CN2]3}z- 7
The inter sulphur-sulphur distances are approximately
0.5; longer for Cr(szPMez)a than the trigonal prismatic
complexes but only O.JR longer when compared to
{V[Szcz(CNz],}z-. Thus, the closer to octahedral
coordination the longer the intra sulphur-sulphur distance
becomes accompanied by increased inter sulphur-sulphur
distances and metal-sulphur bond lengths.

The mechanism of interdonor atom bonding has been
discussed in several treatments of the tris complexes""’
and apparently two types of interaction may be involved;

(1) direct sulphur p_-P, bonding interactions between

appropriate ﬂv molecular orbitals of the ligand systems
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and (ii) strong involvement of the in-plane sulphur ™
orbitals with the metal dzz and P, orbitals along the
threefold axis of the prism leading to a more stable
bonding orbital which is occupied in all of the trigonal
prismatic complexes. 1In an octahedral configuration
neither of the proposed bonding interactions would be as
substantial as they are in the trigonal prismatic
configuration. These trends do suggest, however, that the
two modes of metal coordination are energetically closely
related and that only small forces dictate which mode is
preferred, e.g. chromium, as the Cr(szczphz)3 complex,
is known to possess trigonal prismatic coordination on the
basis of isomorphism and spectroscopic st:uc‘iies.""65 An
1ndication of the nature of these forces may be found
in the ease of crystallization and the inter ligand
forces of the complexes. Steifel et al®® found that M
(toluene—3,4,-dithiolate)(M = Mo, W, Re) did not readily
form crystals, similar to what was found for Cr(S,PMe,);
and suggested this was due to (i) two possible orientations
of the threce methyl groups in either trigonal prismatic
or octahedral coordination and (ii) the unsymmetrical
nature of the tdt ligand.

Octahedral complexes with D, symmetry should be
optically active but attempts at resolving the

2 -
(Colszcz(CN)zl,} complex into its optical enamtiomers
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have not met with success.!®® similar experiments by
cavel et al'®! have shown that a crystal of purified
Cr(S,PMe,), either racemises rapidly in various solvent or
the resolution procedure failed. However, if racemisation
were to occur without 'unhooking' of ligands then the
complex must pass through the trigonal prismatic configura-
tion, thus implying that the energy difference between tri-
gonal prismatic and octahedral coordination is small. This
argument has gained support from the structural studies
on the trig-1,2-dithiolene complexes which have been found
to possess both trigonal prismatic and trigonal anti-
prismatic (octahedral) coordination geometries.”2 All other
distances and angles (where applicable) are similar to other
published values, as well as Co(S,PMe,), and VO(SzPHez)z.
These similarities will be discussed in the final chapter.
The geometry of the ligands is similar to that of
VO(SzPMez)2 in that the ligands bend along a line joining
the sulphur atoms contained within each ligand (see Figure
13). All other examples of the dithiophosphinato ligand
have been planar (quite often because of symmetry require-
ments) except for (a) this thesis and (b) in dimeric
molecules where the ligand is a bridging group linking two
monomeric molecules together to form a dimer. (In these

70,79

dimers the ligands that are bound wholly to one metal

atom are planar, within experimental error). Table 27

lists the dihedral angles within each ligand; however,
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analysis of the structure shéws that the (s3, P2, S4)
ligand is bent in the opposite sense to the other two
ligands thus destroying the '‘propellor' configuration of
the molecule.

This flexing may be attributed tc molecular packing
and the resultant Van der Waals forces. For atome Cl, C2,
CS5, and C6 the intermolecular approach distances with the
sulphur and carbon atoms of adjacent molecules are in the
range 3.68 - 3.89; (see Table 26) while the sums of the
van der Waals radii® for a methyl group (2.0;), or a
carbon atom (1.7;), and a sulphur atom (1.853) are
3.85; and 3.55;. However for C3 and C4 similar approach
distances range from 3.52 - 3.96; and represent the
position of least interaction of this ligand with neigh-
bouring molecules. If this ligand (s3, P2, S4) was bent
in the same sense as the other two the intermolecular
distances could be shortened by as much as ~0.2i which
would be energetically unfavourable. Hence it is evident
that the configuration of the ligands is determined by

molecular packing considerations.



CHAPTER IV
THE CRYSTAL STRUCTURE OF

BIS(DIHETHYLDITHIOPHOSHINATO)COBAL?(II)



EXPERIMENTAL

The crystals of COII(SZPMez)z were kindly supplied
by D. Day as bright green prisms and were suitable for
X-ray analysis as supplied. Preliminary Weissenberg
photographs (hkO - hk2) using Cu Ka radiation (A = 1.5418;)

exhibited the following systematic absences:
hkO: h+k = 2n+l; Okf%; £ = 2n+l; hOf%: £ = 2n+l

These absences are consistent with the orthorhembic
space group Pccn(D;;, No. 56). Unit cell dimensions
were obtained, at 21°C, on a manual Picker 4 circle
diffractometer using Cu Ka radiation (A = 1.5405;), by
accurately centering fourteen high 20 reflections

(20 283.0°). The 260 values obtained were refined by

least squares®®and the axial lengths calculated were:

°

a = 15.446 * 0.001A a = 90.0°
°

b= 8.093 ¢ 0.001A 8 = 90.0°
o

c = 9.430 ¢ 0.001A Y = 90.0°

The experimental density, measured by flotation
in a mixture of bromobenzene and dibromomethane, was
1.720 ¢+ 0.006 g./cm.’ The value calculated for a formula
weight of 303.16 a.m.u., a unit cell volume of 1178.8A°
and 2=4 was 1.714 g./cm.?

Intensity data were collected on a manual Picker

[ ]
4 circle diffractometer with Mo Ka radiation (A = 0.7107A)



monochromatised by the (002) reflection of a graphite
crystal and using a tube take-off angle of 2.0°. The
prism used for data collection, which had major dimensions
of 0.164 mm. X 0.32 mm, X 0.167 mm., was mounted on a
glass fibre, such that the c/c' axis was coincident with
the ¢ axis of the diffractometer. The crystal was twenty
cm. from both the source and the counter windows. Source
and counter collimators were both 1.0 mm. in diameter.
Intensities were measured using a scintillation counter
with the pulse height analyser set to accept approximately
96% of the transmitted peak when the window was centered
on the Ka peak. A coupled w-20 moving crystal, moving
counter technigue was used with a scan rate of 2.0°/
minute, to scan a range of 2.0° in 20, centered on the
calculated position of the Ka peak.'7 Stationary back-
ground counts were measured for thirty seconds immediately
before and after each scan. A total of 1348 independent
reflections were scanned with 29 <55.0°. A periodic check
(approximately every five hours) of five well distributed
reflections showed no systematic variation in intensity
jndicative of crystal decomposition and none showed any
deviation greater than 3g from its mean value: Ten very
intense reflections, whose count ratios exceeded the
linear response range of the counting system were
remeasured at a lower power, obtained by lowering the

milliamperage and voltage on the X-ray tube. To scale
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these reflections to a level common with the rest of the
data, five intense reflections, at full power, were also
measured at the same reduced power and the resulting
intensity ratios were then used as a scaling factor.
Experimental data were corrected for background
assuming a linear variation over the scan range and the
integrated intensities obtained were then corrected for
Lorentz and polarization effects. A relatively scaled
set of |F_| and |F°|2 was then calculated®® and 815
independent intensities were found to be statistically
significant using the dual criteria as stated beforet
Only these statistically significant reflections
were used during the subsequent refinement. Standard
deviations in |F°| were derived from the standard
deviation of the experimental intensities according to
poedens and Ibers,!! using an uncertainty factor, p?,
of 0.002. The weighting scheme used throughout the
refinement was W= ;%-(|F°|). In the final stages of
refinement absorption corrections were applied to these

data.®? The crystals faces were identified as {221)

{110} and {100}, but were idealised to (100), (To0), (010),

(010) and {201} and the dimensions were measured very
carefully. Equations for the plane faces were calculated

allowing slight variations (up to 10%) in the parameters

*
See page 44,
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for these equations, such that optimum agreement between

the calculated and observed curves for the 00f reflections,
obtained by rotation of the crystal about the ¢ axis at

X = 90.0°, was obtained. Absorption corrections

(uno = 24.02 cm-‘) to I and o(F) gave a relatively scaled
set of |P°| and o(F) and the calculated transmission factors

were in the range 0.734 to 0.791.
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SOLUTION AND REFINEMENT OF THE STRUCTURE

space group Pccn has eight general positions and
density calculations had indicated four molecules of
Co(szPMez)z per cell. This restriction required the
cobalt atom to be jocated on a special position, either
a centre of symmetry or a twofold axis. spectroscopic
studies (i.r., vis., u.v.) on similar compounds‘2 had
indicated a tetrahedrally coordinated cobalt atom, 8O
the cobalt atom was assigned a position on a twofold axis,
viz. (%, X 2z) which was confirmed by the patterson
solution and successful refinement.

Using a three dimensional Patterson map, which had

mmm symmetry, the 2z coordinate of the cobalt atom was,
initially, calculated as 0.17 from the Harker line
(s, %, w). Only two peaks were at the correct distance
from the origin to be considered as possible cobalt-

sulphur vectors and they were:

lax| layl laz| Dpistance, A

Vector 1. 0.12 0.00 0.12 2.17

Vector 2. 0.00 0.22 0.12 2.11



As the coordination around the cobalt atom was assumed
to be tetrahedral there were two possible models using
the above two vectors and knowing that the Patterson map

had mmm symmetry. They were:

Assuming that the molecule was a discrete molecular
species these two models would have been expected to
produce:

(1) A cobalt-phosphorus vector at approximately 3.5;
from the origin either along the z axis or in the xy
plane at 45° to the cobalt-sulphur vectors. This peak

was not located.

(14) Sulphur-sulphur vectors between sulphur atoms attached

to symmetry related cobalt atoms. These peaks were not
located.
Hence no distinction between models (I) and (II)

could be made so both models, with the phosphorus atoms



inserted by inspection, were subjected to a cycle of
least squares refinement.l“ Both models had R, = 0.40
and R2 %~ 0.60 as did the models with the phosphorus

atoms bridging between different pairs of sulphur atoms.
The observed Fourier map calculated for each model
showed no recognizable features.

The possibility that the compound may be a
polymeric species was raised in trying to explain the
largest peak in the patterson map at (0.12, 0.24, 0.25).
The distance between adjacent cobalt atoms was 4.6;,
(i.e. Jc) and a phosphorus atom, lying exactly half way
between neighbouring cobalt atoms, would be able to
bridge between sulphur atoms attached to adjacent cobalt
atoms. This arrangement of atoms explained all major
features of the Patterson map. The ambiguity as to the
true structure brought about by the mmm symmetry could
not be resolved except by trying each model. The first
model tried gave an overall discrepancy factor, R, of
0.41 but for hk2 (%.=2n) R=0.20 and for hkf (L=2n+1)
R~0.45. All four models exhibited the same discrepancy
factors until the other possible solution for the cobalt
atoms z coordinate was tried (corresponding to k-22).
This effectively altered the 2 coordinate of all atoms
and these new coordinates, along with those of the two
carbon atoms obtaincd from inspection of a model, were

refined. .The coordinates used were:
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Atom x L
Co 0.25 0.75
81. 0.25 1.00
$2 0.125 0.76
P 0.13 0.99
Ccl 0.04 0.99
c2 0.12 1.18

-0.26

-0005

The refinement may be conveniently listed:

Comments No. of Cycles

All atoms isotropic.
Co, P, S anisotropic.
All anisotropic.

After absorption, all
atoms anisotropic.

Same as above with
2 secondary extinction
affected planes removed.

6

*x, = $he 1=t t/51e | ana ®, -

where w(IPol-ll’cl)z was minimised.

® *
R, R,

0.064 0.095
0.045 0.080
0.043 0.077

0.040 0.062

0.038 0.058

Tule l-1e |
Jwle,I?
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A final difference Fourier map showed no peak higher

91

®
than 0.39e~/A and an attempt to £ind the methyl hydrogen

atoms was unsuccessful. Analysis of the weighting
scheme exhibited lack of dependence of wA2(A = |F°|—
|!c|) when divided into ranges according to |F°| and
(sing)/\ values in accordance with Cruickshank's

critereon.!?

Scattering factors used were those due
Cromer and Waber!® and the anomalous dispersion
corrections for cobalt (At' = 0.40e , 1:" = 1.10e7),

sulphur (Af' = 0.10e"7, Af" = 0.20e~), and phosphorus

to

(Af' = 0.10e", At" = 0.20e”) applied to Fcalc were taken

from International Tables of X-ray Crystallography."



RESULTS

Figure 8 is a perspective view of the Co(S,PMe;) ,
polymeric chain (with the c axis vertical) indicating
the numbering scheme used. Figure 9 illustrates the
molecular packing seen from approximately down the b
axis. Table 30 lists the final atomic coordinates,
along with the equivalent isotropic thermal parameters,
for the asymmetric unit, while the anisotropic thermal
parameters are given in Table 31. Tables 32, 33, and
34 list intramolecular bond lengths, bond angles, and

the final calculated and observed structure amplitudes.
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Pigure 8
A perspective view of the Co(8,PMe,), entity

with 608 probability ellipsoids.
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rigure 9

The molecular packing of CO(SzPH.:)z viewved

approximately down the b axis.
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Table 30

Pinal Atomic Coordinates and Equivalent Isotropic

Temperature Parameters for Cco (SaPMe;) ,

Atom x e z B2’
co 0.25000(0)* 0.75000(0)* 0.08468(8)"  1.82
s1 0.26270(7) 0.99567(12)  0.20918(12)  2.36
s2 0.12040(7) 0.78855(12) -0.03834(12)  2.19
P 0.13115(7) 0.98761(12) -0.16659(11)  1.82
c1 0.0327(3) 0.9923(6) -0.2721(5) 2.76
c2 0.1304(3) 1.1782(5) -0.0662(5) 2.69

.Nunbets in parentheses are estimated standard deviations

occurring in the last digits listed.

. .
These parameters were not refined because of restraints

due to site symmetry.
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Table 32

[ ]
Intramolecular Distances (A) for Co(szPHoz),.

Atoms Distance
co - 81 2.316 ()"
Co - 82 2.331(1)
s1 - P 2.014 (1)
82 - P : 2.019(2)
P -cl 1.817(2)
P - C2 1.809 (4)

®gumbers in parentheses are estimated standard
deviations in the last digits listed.



Table 33

Intramolecular Angles (Degrees) for Co(S,PMe,),.

Atoms
Sl - Co - S2
81 - 60 - sl'

sl'- 60 - 82

s2 - eo - 82
Co - gl - p"
Co - §2 - P
s1 - p - s2'
s1"- p - Cl
s1"- P - c2
s2 - P - Cl
2 - P - C2
c1 -P - C2

.Synmetty transformations are as follows:

prime: X-x, k-y, z
double prime: X-x, y,

b

Numbers in parentheses are estimated standard

deviations occurring in the last digits listed.

ez

Angle

b
102.04(5)

119.26(9)
107.03(4)
120.55(7)
109.53(6)
109.40(5)
107.03(4)
111.4(2)
106.3(2)
105.9(2)
111.6(2)

105.2(2)



Table 34

Observed and calculated structure amplitudes (x10)

in electrons for C°(33P“‘z)g'
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DISCUSSION

The crystal structure of Co(sszez)2 consists of
polymeric chains (in the [001] direction) built up by
double dithiophosphinate bridges between cobalt atoms
which have distorted tetrahedral coordination (see Figure
8). The identity period of the chain is equal to one
half of the c axis (4.701A) of the unit cell and the
symmetry of the structure is determined by the crystal-
lographic twofold screw axes with the cobalt atoms situated
on special positions of twofold symmetry. The S-Co-S
angles that range from 102.04° to 120.55° show considerable
deviation from the tetrahedral angle of 109.47°. However,
this distortion is probably less than would be found in
a monomeric bis complex with tetrahedral coordination where
for example the s-Co-S angles within the chelate ring
would probably be less than 90°.

The cobalt sulphur bond lengths of 2.316; and 2.331;
are intermediate between the values reported for big-

dithiolato complexes which have cobalt-sulphur bond lengths

° + -
in the range 2.16 - 2.18A, e.g. [n-C,Hy) N1, (Co(S,C,N,), "1,

of 2.161; and the average value of 2.463; reported for
[2n(szPBtz)zlzz7' this latter complex being isostructural
with its cobalt analogue, and contains both four and eight
membered rings (see Figure 11), the value quoted being for

the four membered rinas.

S0



101

Figure 10 Figure 11

These values agree well with the cobalt-sulphur bond
length found in compounds that exist as dimers or polymers.
In IZn(ssztz)2]27° the values within the eight membered
are 2.302 - 2.382; and in the Co(SOPPh,), polymer,”3 The
cobalt-sulphur distances are 2.318 - 2.356; (see FPigure
10 for a schematic view of the moleéule). In the dimeric
compound{[(Cps)c252]2Coh} $2 )inkage occurs between each
ﬁalf of the dimer by two cobalt-sulphur bonds of length
2.38A while Alderman et all®* report a pyramidaly
coordinated cobalt atom with four sulphur atoms at the
corners of the base where two cobalt sulphur bonds have an
average length of 2.39; and the other two, an average of
2.22;. The phosphorus-carbon bond lengths are in excellent
agreement (see Table 44) with those of Cr(s,PMe,), and
VO(S,PHez)z and compare favourably with similar compounds.
The coordination of the phosphorus atom will be discussed
in the final chapter. The bond angles found, except for

the C1-P-C2 angle which agrees well with similar angles

(see Table 35), are representative of those found in dimeric
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and polymeric thiophosphinic compounds and are summarized

below:
Table 35
~ A -~ [
Compound S-M-S M-S-P s-p-s s-P(A)® Ref.

[Co(SzPMez)zln 102.04°, 109.53, 107.03° 2.016 -

119.26° 109.40°
[Co(OSPPh,),} =~ 104.5- 88.7- - 2.01 103
115.4° 106.2°
b
(zn(S,PEt,),], 119.3- 99.2- 115.3- 2.017 78
122.4° 106.6° 116.7°

a'rhe values quoted are averages.

bIsomorphous with [Co(S,PEt,),],.

The Co(S,PMe,), complex is the first example of a
polymeric structure with phosphinate ligands in which
both oxygen atoms have been replaced with sulphur atoms.
As early as 1962 Coates et all®s predicted a polymeric
structure for Co(O,PR;) (R = Me, Ph) on the basis of
solubility in various solvents. The structure proposed
was one with a backbone of two phosphinic bridges between
distorted tetrahedrally coordinated cobalt atoms (as in
Figqure 8). F. Giordano and co-workers found, however,
that the backbone structure for the {zn[(n-C H,) (C H)
Pozlz}l" polymer was alternate singly and triply bridging
phosphinate groups between tetrahedral zinc atoms, (see

Figure 10), in common with the zinc(11) and cobalt(1lI)
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di-n-alkylphosphinate polymers.l°7"°° A similar structure

(Figure 10) was found for the Co(OSPth) the backbone

2!
structure being different from the double bridge structure
(see Figure 8) proposed by Kuchen et al!?®?

All previous structures of dithiophosphinate complexes
that have been solved have either been monomeric or
dimeric. The dimeric ones, {Zn[S,P(i-C,H,0)),},,”?
{cals,p(i-c,u,)1,},,77 [Co(s,PEt,),],,”® and [zn(s,PEt,),],""
all feature a molecule formed by tetrahedral metal atoms
bridged by two RzPsz' groups, the coordination polyhedron
of the metal atom being completed by Rzpsz' groups
behaving as chelate ligands to form four membered rings
(see Figure 11).

The structure of Co(SzPMez)z may be viewed as a
combination of both the dimeric and polymeric structures.
It consists of severely distorted tetrahedral cobalt atoms
linked by two three atom (-S-P-S-) groups (see Figure 8).
This structure does not support the suggestions of
M. Calligaris et al'®? based on the behaviour of diphenyl
and di-n-alkyl phosphinothionates in solution, that (i)
the presence of at least one sulphur atom in the ligands
facilitates the formation of stable four membered rings and
(ii) the stability of the bridges between metal atoms is
decreased when the ligand species changes from the
phosphinates to the phosphinothionates and then to the

phosphinodithionates.
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Co(szPMez)2 is the only example of a phosphinato
polymer without the single and triple bridging backbone
structure (as in Figure 10), not withstanding the fact
that the bridging ligand contains two sulphur atoms
thus violating the trend noted by Calligaris et al o?
The probable reason for this polymerisation is the desire
of the complex to relieve the steric strain that is
present on chelate ring formation with the s,PR,' ligand.

(This steric strain will be discussed in the final chapter).



CHAPTER V
THE CRYSTAL STRUCTURE OF

BIS(DIM!THYLDITHIOPHOSHINATO)OXOVANADIUH(IV)
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EXPERIMENTAL

Collection and Reduction of Data

Bright blue needle crystals of VO(Sszez)zwere
kindly supplied by D. Day and were suitable for X-ray
analysis as supplied. Preliminary Weissenberg
photographs (hkO = hk3) with the needle axis as the
rotation axis, taken with Cu Ka radiation (A = 1.5418;)

exhibited the following systematic absences:
hkf: h+2 = 2n+l; hOg: £ = 2n+l; 0kO: k = 2n+l

These absences are consistent with the nonstandard
monoclinic space group B21/c. Precession photographs
(hof - h2f, Okf& - 2k&) taken with Mo Ka radiation

(A = 0.7107;) showed that standard space group P2,/c
(C:h, No. 14) would be a preferable choice. As it was
possible to align the crystal to take advantage of this
standard space group, P2,/c was used throughout the
structural analysis., The axial lengths of the BZl/c
cell were measured from the Ok{ and hof precession
photographs taken with Mo Ka radiation (XA = 0.7107;).
The axial lengths of the P2l/c cell were obtained, at
21°C, on a manual Picker 4 circle diffractometer,
using Cu Ka radiation (X = 1.54053) by accurately
centering twelve high 20 reflections (202 81.0°). The

20 values obtained were refined by least squares."
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The axial lengths obtained for the two cells were:

P2,/c B2,/c
[ ] [ ]
a 10.889 £ 0.002A 15.175A
o [ ]
b 12.072 £ 0.002A 12.065A
o o
c 10.208 + 0.001A 14.662A
a 90.0° 90.0°
B 91.96 * 0.01° 93.7°
Y 90.0 90.0°
o3 [ 28 )
v 1341.1A 2684.4A

The experimental density, measured, with difficulty,
in a mixture of chlorobenzene and dibromethane was
1.57 £ 0.01 g./cm.3 The value calculated for a formula
weight of 317.29 a.m.u., a unit cell volume of 1341.1;
and Z=4 was 1.571 g./cm.3

Intensity data were collected on a manual Picker
4 circle diffractometer with Cu Ka radiation (A = 1.5418;),
monochromatised by the (002) reflection of a graphite
crystal and using a tube take-off angle of 2.0°. Copper
radiation was chosen for use in the data collection;
usually it would be desirable to use Mo Kqa radiation in
order to minimise absorption effects (uCu = 140.01 cm-);
uﬂo = 15.79 cm-‘). However because of the small size of
the crystals available the lower background and i{ncreased

intensities obtainable with Cu Ka radiation made it
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preferable. The crystal used had dimensions of

0.098 mm. x 0.098 mm. X 0.301 mm. and was mounted, on

a glass fibre, such that the a* of the P2,/c cell was
coincident with the ¢ axis of the diffractometer. The
crystal was twenty cm. from both the source and the
counter windows. Source and counter collimators were
both 1.0 mm. in diameter. 1Intensities were measured
with a scintillation counter with the pulse height
analyser set to accept approximately 96% of the trans-
mitted peak when the window was centered on the Ka peak.
A coupled w-20 moving crystal, moving counter technique
was used with a scan rate of 2.0/minute, to scan a range
of 2.0° in 20, centered on the calculated position of
the Ka peak.'7 Stationary background counts were
measured for thirty seconds immediately before and after
each scan. A total of 1682 independent reflections were
scanned with 20 £110.0°. A periodic check (approximately
every ten hours) of seven well distributed reflections
showed no systematic variation in intensity that is
indicative of crystal decomposition and none showed any
deviation greater than 30 from its mean. Twenty very
intense reflections, whose count ratios exceeded the
linear response range of the counting system, were
remeasured at a lower power, obtained by lowering the
nulliamperage and voltage on the X-ray tube. To scale

these reflections to a level common with the rest of the
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data, seven intense reflections, at full power, were
also measured at the same reduced power and the
resulting intensity ratios were then used as a scaling
factor.

Experimental data were corrected for background
assuming a linear variation over the scan range. The
integrated intensities obtained were then corrected for
Lorentz and polarization effects and a relatively
scaled set of lFol and |F°|2 calculated.aa A total of
1198 independent intensities were found to be
statistically significant using the dual criteria

*
stated previously.

Oonly these statistically significant reflections
were used during the subsequent refinement. standard
deviations in |F°| were observed from the standard
deviation of the experimental intensities according to
bDoedens and Ibers,ll using an uncertainty factor, pz,

of 0.002. The weighting scheme used throughout the

refinement was W = —l?'(|F°|). In the final stages of
o

refinement absorption corrections were applied to these
daata.®'’ The crystal faces were identified as {100}
and {111} and the crystal dimensions were measured very

carefully. Equation for the plane faces were calculated

allowing slight variation (up to 10%) on the parameters

*
See page 44.
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for these equations such that optimum agreement between
the calculated and observed curves for the h0O
reflections, obtained by rotation of the crystal about the
¢ axis at x = 90.0°, was obtained. Absorption corrections
(uC“ = 142.01 cm-l) gave a relatively scaled set of |Fo|
and 0(F). The calculated transmission factors were in

the range 0.147 - 0.395 and the variation in Ihoo of

278 before absorption was reduced to approximately 10%

after absorption.
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SOLUTION AND REFINEMENT OF THE STRUCTURE

An attempt was made to solve the structure of
Vo(sszez)2 using a three dimensional Patterson map.
This was unsuccessful because of (a) the comparable
atomic numbers of vanadium, phosphorus, and sulphur and
the consequent comparable heights of the vector peaks.
(b) the superpositon of vector peaks due to the similar
sulphur-sulphur, phosphorus-phosphorus and vanadium-
vanadium distances between like atoms of symmetry related

molecules.

The next attempt was made using the £2re1ationship

of Karle and Hauptman,"°"ll the ‘'direct methods' approach

utilising the programs MAGIC and FAME.!'? rThese programs
allow automatic application of the Zz relationship to
intensity data for any centrosymmetric space group of
orthorhombic or lower symmetry.

These two programs utilise the normalised structure
factor E

hki’ but the unitary structure factor, uhkl'

must be defined first:



where rhkl = the structure factor for the reflection with

indices (hki).

N = number of different atoms in the unit cell

and fi = the scattering factor for the ith atom.
- 2 2
- f -e B(sin“8)/A
o
where B = the temperature factor
and A = wavelength of the radiation used.

As Uhkl is a structure factor it may be calculated

in an exactly analagous manner to F i.e. for the

hki’
centrosymmetric case

N
Uxt ™ ifni-cosZﬂ(hxi + ky, + !:1)
=]
ti
where n, = "fz i.e. the fraction of the
4
1_11 scattering power

represented by the ith

atom.

The average mean square value of the unitary structure

*
factor is given by

111

4

L
This is exactly analogous to F¢‘. See reference 91.



The normalised structure factor, Bhkl' as defined by

Xarle and Hauptman!!? is given by

U
g? o __hkt

hke ;r

Bhkt" have a particular advantage in that they
allow the normalisation of all reflections to a common
basis, thus avoiding the error of comparing special sets
of reflections. Consequently a significant factor in

the calculation of Ehkl is that a given Uhkl

related to the true ET for the class of reflections to

must be

which it belongs, i.e. account must be taken of the

multiplicity of the class of reflections. Therefore,

in general

e? - Uhk!
hk{ N
eZni
i=1
where € is a multiplicity factor.“~ An equivalent form

of this expression, which is used by FAME, is

hkt N (1)

112
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The distribution of |E| values is in principle,
and often in practice, independent of the gsize and content
of the unit cell. It does depend, however, on the
presence or absence of a centre of symmetry in the space
group and therefore the values of the |Ehkz|2 afford
a statistical test for acentric or centric distributions

of 1ntensit1es.‘l’ The results obtained in this case were:

Calculated
Quantity Obsetved’ Centric Acentric

Average |E| 0.853 0.798 0.886
Average |E|2 1.0 1.0 1.0

Average |E?-1] 0.853 0.968 0.736
|| >1.0% 31.80 32.00 36.80
|e| > 2.0s 3.51 5.00 1.80
|e] >3.08 0.25 0.30 0.01

*
Scaled such that average |E|? = 1.0

The indication in this case was that the space
group of VO(S,PMez)2 was centrosymmetric.

The Zz relationship says that the sign of a
structure factor may be calculated in terms of a pair

of reflections whose signs are known when the following
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condition is satisfied: the algebraic sum of the Miller
indices of the known reflections must be equal to the
indices of the unknown. For example, if a pair of

knowns have indices 210 and 313 then the unknown would be
503, i.e. the known pair is said to have a I, interaction
with the unknown. If an unknown has one or more inter-
actions with pairs of knowns then the probability of the
unknown having the same signs of the known pair, i.e.

the probability, P, of a reflection with indices hk?2
having the phase given by the product of the phases of
other reflections having indices [(h-h'), (k-x"), (L-2"')]

and h'k'L' is given by

P(E, . o) 0.5 + 0.5 + t‘“h[°'|5hxz|'23h-x'z"gh-h',k-x',z-z']

...(2)
where E

the normalised structure factor

I = the sum over all pairs of knowns which have a
22 interaction with the particular known under
consideration.

and 0 = probability factor

The value of sigma, O, for VO(S,PHez)2 was 0.176.
Values of P < 0.5 indicate that the sign of Bhk!

is negative with a probability P_ given by
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P_=1-P(E ,)

hk
In practice there are no reflections whose signs are
known absolutely at the start (except for origin signs
that may be chosen as positive or negative) so a small
group of reflections is assigned a set of symbols
(e.g. A,B, etc.) and these are used in lieu of genuine
knowns. Treatment of the unknowns is then just as before,
using products of the symbols of the pairs instead of the
sign products; as this procedure progresses, with more
reflections joining the list of the knowns as they are
determined, the symbols exhibit systematic relationships
with each other, which indicate the signs the symbols
represent. Finally the equivalences may be evaluated
and + or - signs assigned to each symbol, thus making
a 'most consistent' set. This procedure is known as

‘Symbolic Addition'

FAME converted the structure factors, to

Frki

normalised structure factors, Bhkl' using the formula

| 'hu| = {—or ips exP[B(8inb) 2/3%1} /et ?)
where A = wavelength of radiation used
S = scale factor obtained from a Wilson plot
B = overall temperature factor obtained from a
112,91

Wilson plot ' and then substituting |?hkl|z

in Equation (1) for use in the L, relationship. The



values of S and B for VO(SzPMez)z were 1.985 and 4.359
respectively.
The assignment of a fixed number of starting symbols
was done using the following criteria:
(1) symbols are assigned to as many different parity
groups as possible.
(ii) higher E's are favoured.
(11i) reflections that have more [? interactions with
other large E's are favoured.

The symbols assigned were:

h k L Parity E Symbol
1 6 4 oee 2.537 A
4 3 2 ece 2.847 B
6 4 3 eeo 3.049 (o
4 1 5 eoo 3.722 D
5 2 1 ceo 2.298 E
1 3 4 eeo 2.722 F
S 1 7 000 2.864 G
0 6 8 eee 2.717 H
5 0 3 oee 2.698 J

The specification of the origin was made by assigning
phases arbitrarily to a properly chosen set of lEhkl'
using the largest suitable |£hk1|'s."‘ Por VO(S,PMe,),

the following choice was made: A+, B+, and C+,

116
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MAGIC is a high speed program for the completely
automatic generation of phases using the Karle-Hauptman
Ez relationship, which in practise, starting with a
small group of knowns, either known to be plus (origin
signs) or assigned symbolic signs and using an iterative
procedure, may be used to phase enough E's to give a
meaningful E map. Four parameters are used to decide
whether a sign indication is strong enough to allow

addition of the unknown E to the 1ist of knowns and they

are:
(i) The minimum acceptable probability as defined
by (2). This is usually 20.95.
(i1) The minimum number of contributors - normally one.

(1ii) The maximum number of inconsistancies, i.e.
contributors with opposite sign - usually zero.
(iv) The minimum ratio of contributors to inconsist-
ancies - usually 1.0.
In this case, symbols A-E were inputed into the
symbolic addition procedure along with all of the unknown

Ehkl" and 156 signs were determined with the following

assignments.



118

Symbol Sign Probability No. of Determinations

BCD - 0.880 - 0.998 13
BCD + 0.880 - 0.998 19
ACE - 0.880 - 0.985 9
A CE + 0.860 - 1.000 138
AB DE - 0.860 - 0.985 12
AB DE + 0.860 ~ 0.992 17

The best choice of signs for the symbols was then
A+, B+, C+, D+ or D-, E+. Due to inexperience MAGIC

i ' >1.5
was initially run with all Ehkl s but use of Ehkl's 2
is more likely to give a correct solution. Hence the
five initial symbols plus six more that had been

determined in the first run of MAGIC were used as input

to MAGIC with all Ehk!.ZI'S as unknowns. The assignment
of signs was confirmed and a total of 106 Ehkl 21.5 had

their signs determined.

A Fourier map (i.e. E map) using these 106 known
E's (i.e. signs known) was computed for both cases,
D+ve or D-ve. The solution extracted from the D+ map
gave, after one cycle of refinement, R, = 0.48 and

R, = 0.56

2

where

- w - 21k
lirelorrell L (R v 7]
S LY MFl |




and the function Jw(|F
where w = 1/0%-(F).

and R2 = 0,60,

after

obs' - |l"calc

The D- map solution gave R, = 0.49

The observed Fourier maps calculated

these cycles showed no solution was obtainable.

It was therefore decided to introduce two more symbols,

F and G from FAME, into the symbolic addition procedure

in the hope of determining more signs of Ehkl.s because

of the increased number of variables. This was done

and all E

the following assignments:

sSymbol

Probability

21.5 (251) had their signs determined with

No. of Determinations

BC

BC

AB

AB

ABC

ABC

0.860 ~1.000
0.960
0.880 -1.000
0.900
0.860 -1,000
0.940
0.880 - 0.985
0.860 -1.000
0.940
0.860 - 0.992
0.860 - 0.996

0.930 - 0.930

76

1l

14

1

47

54

12

10

I)z was minimised and
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The choice of signs for the symbols when only five
symbols used was confirmed along with F+ and G-, i.e.

the signs were:

A+' B+, C+' D+ or D-' E+' F"'. G+-

These Ehkl's were then used to compute two E maps one
with D-ve and one with D+ve. The D+ve solution enabled
the coordinates of all atoms, except the carbon and
oxygen atoms to be found (N.B. with the smaller number
of E's the D-ve solution seemed more hopeful). These
coordinates were subjected to two cycles of isotropic
refinement and gave R, = 0.276 and R2 = 0.409. An Fobs
Fourier synthesis was calculated and revealed the remaining
five atoms. A further three cycles of isotropic refine-
ment resulted in R, = 0.116 and R, = 0.158. Refinement
with all atoms anisotropic converged with R, = 0.100 and

R, = 0.141. Absorption corrections were performed at this
juncture and refinement again converged after five cycles
with all of the atoms anisotropic with R, = 0.062 and

R, = 0.102.

Comparison of the observed and calculated structure
factors, especially at low sinf, indicated that secondary
extinction effects may be affecting the refinement. Thus,
secondary extinction corrections were undertaken using

the method of zachariasen.!!? Zzachariasen defines

rco:t " 'wot)s(1 * B“CH'C.Jobs]



121

where rcotr = the observed structure factor corrected for

secondary extinction.

Pob. = the observed structure factor

Jobs = the observed integrated intensity on an

arbitrary scale

K, C

B8(20)

scale factors, refined in the program SFLSS.

angular variation of the extinction
correction. It is assumed to be normalised
to unity at 20 = 0.0°

B(20) may be expressed as

..
8(20) = Polarization Term: A (20)

a!

A (0)
L an"
where A (20) = av at 20°
*
®
anda A" (0) = :: at 26 = 0.0°
and a* = 1/(transmission factor, A)

The polarization term for Picker diffractometer geometry

is:

(1 + cos220 )(cos?20 + cos"“20)
m m

(cosz26m + cos?20)?

vhere 29‘u = 20 angle of the monochromater crystal.

and 20 = 20 angle of the reflection under consider-

ation.



122

%! x! »
The ratio A (20)/A (0) was evaluated, numerically,

as follows:

z0A
Ay

D-lﬂ-
=|»

a AA*(ZG)
. A __(20) _ Auy
*

A“(O) Aa (0)
Ay

_ A" (20)
aa’ (0)

_ AA(0)
AA(28)

where AA was computed by taking the difference of two
transmission factors calculated with the absorption
coefficient, u, having the values of u and (y + 0.1ly).
Three cycles of refinement were undertaken refining the
secondary extinction coefficient, C, as well as all the
other usual parameters and resulted in R, = 0.060 and
R, = 0.097.

The values of the extinction coefficient and its
estimated standard deviation along with no improvement
in the agreement between Fobs at low sinf indicated that
the expected secondary extinction effects were not
significant in this structure. Two more cycles of
refinement without secondary extinction corrections

converged to R, = 0.059 and R, = 0.088.
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An electron density difference map based on the
final parameters contained no residual peaks greater
than O.46e'/;.3 An attempt was made to £ind the methyl
hydrogen atoms, but was unsuccessful. The experimental
weighting scheme satisfied, within acceptable limits,
Cruickshank's critereon'® and in the final cycle of
refinement no parameter changed by more than one quarter
of its standard deviation. The structure factors used
were these due to Cromer and Waber'® and the anomalous
dispersion corrections for vanadium (Af' = 0.le”,

Af" = 2.3e), phosphorus (Af' = 0.2e”, Af" = 0.5e7), and
sulphur (At' = 0.30e-, AMt" = 0.60e”) applied to fcalc'
were taken from International Tables for X-ray

Ctystallography.'7
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RESULTS

Figure 12 is a perspective view of the VO(SzPMez)2
molecule, indicating the numbering scheme used. Figure 13
is a side view of the molecule showing the bending of
the ligands, and where Ml and M2 are the mid-points
between the atoms S1-S2 and §3-5S4 respectively. Figure 14
shows the molecular paéking of the molecules projected
onto the ac plane. Table 42 lists the final calculated
and observed structure amplitudes. Table 36 reports the
fractional coordinates and the equivalent isotropic
temperature factors, while Table 37 lists the anisotropic
thermal parameters. Tables 38 to 41 contain data on
intramolecular distances, intramolecular angles, inter-

molecular non-bonded contacts, and least squares planes

respectively.
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Pigure 12
A perspective view of the v0(s,ruez§ molecule

with 508 probability ellipsoids.
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rigure 13

A side on view of the vo(szpncz)z molecule
where Ml and M2 are the mid points between the atoms
§1-S2 and S3-S4 respectively. The atoms are scaled
in the ratio of their isotropic temperature factors.
M1 and M2 have a pseudo temperature factor, B, of

2
4.95A , the mean of the sulphur atoms' temperature

factors.
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rigure 14

The molecular packing of vo(szrno')zonto

the ac plane.






Final Atomic Coordinates and Equivalent Isotropic

Atom

v

sl

§2

83

s4

Pl

P2

cl

c2

c3

c4

a
Numbers in parenthe

occurring in the last digits listed.

Temperature Parameters for vo(szpnez)2

X

0.22739(11)a

0.0890(2)
0.2539(2)
0.4406(2)
0.2656(2)
0.1139(2)
0.4158(2)
-0.0262(7)
0.1488(8)
0.3927(8)
0.5506(7)

0.1485(5)

Table 36

L

0.45025(10)

0.5846(2)
0.5918(2)
0.4000(2)
0.3827(2)
0.6690(2)
0.3145(1)
0.6679(7)
0.8127(6)
0.1681(6)
0.3245(6)

0.3567(4)

0.27629(11)

0.3659(2)
0.1121(2)
0.2532(2)
0.4977(2)
0.1993(2)
0.4202(2)
0.0971(8)
0.2320(9)
0.3870(8)
0.5271(7)

0.2045(4)

;.

4.20

ses are estimated standard deviations
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Table 38

[ ]
Intramolecular Distances (A) for the v0(s,puez)z

Molecule.

Atoms Distance
v - 81 2.415(2)°
vV - 82 2.418(2)
vV - 83 2.419(2)
v - 84 2.425(2)
v -0 1.583(5)
sl - Pl 2.009(3)
82 - Pl 2.019(3)
83 - P2 2.019(2)
s4 - P2 2.017(2)
P1 - Cl 1.819(8)
Pl - C2 1.804(8)
P2 - C3 1.815(7)
P2 - C4 1.803(7)

a
Numbers in parentheses are estimated standard deviations

in the last digits listed.
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Table 39

Intramolecular Angles (degrees) for the VO(S;PMe;),
Molecule.

Atoms Angle
0o -V - s1 108.6(2)2
o-V - s2 105.0(2)
o-V - s3 106.5(2)
o-V - s4 105.3(2)
s1 - V - s2 82.03(7)
s3 - V - s4 82.65(7)
s1 - V - s4 87.81(7)
s2 - V - s3 88.40(7)
s1 - ¢ - s3 144.95(8)
s2 - V - s4 149.63(8)
Vv - §1 - Pl 85.16(9)
Vv - 82 - pl 84.88(9)
vV - §3 - p2 83.65(8)
v - 84 - P2 83.53(8)
s1 - Pl - s2 105.39(11)
s§3 - P2 - sS4 104.83(10)
s1 - P1 - C1 110.3(3)
sl - Pl - C2 111.4(3)
s2 - P1 - C1 112.0(3)
s2 - P1 - C2 111.6(3)
s3 - P2 - C3 111.2(3)
s3 - P2 - c4 110.3(3)
s4 - P2 - C3 111.2(3)
s4 - P2 - C4 112.9(3)
c1 - P1 - C2 106.3(4)
c3 - P2 - Cc4 106.5(4)

&Numbers in parentheses are estimated standard deviations

occurring in the last digits listed.
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Table 40

[
Intermolecular Non-Bonded Contacts (S4.0A) of VO(S,PMe,),.

Symmetry Position

Atoms Distance of Second Molecule
s1 - sl 3.97 -x, 1l-y, 1-z
sl - C2 3.97 x, 1¥%-y, M+z
s2 - C2 3.96 1-x, k+y, N-z
s2 - c4 3.83 1-x, N+y, M-z
§3 - €3 3.85 x, X-y, YM+z
83 - C3 4.00 ' 1-x, N+y, Xk-z
s3 - C4 3.78 x, k-y, Ntz
s4 - Cl 3.78 -x, k+y, -2
s4 - O 3.82 x, K-y, N+z
Pl - O 3.80 -x, XM+y, K-z
cl1 - O 3.36 -X, -Y. -2
cL -0 3.33 -x, 1l-y., -2

C2 - (o] 3-37 -X . H*y, 8’:
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Table 42

Observed and calculated structure amplitudes (x10)

in electrons for VO(S,PMe;),.
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DISCUSSION

The crystal consists of discrete molecules of
Vo(szPMez)2 which have no crystallographic symmetry; the
approximate sz symmetry of the molecule is maintained
even though there is considerable bending of each ligand
along the line joining the two sulphur atoms (see Figure
13). As shown below the coordination around the

vanadium is square pyramidal with only slight deviations:

\"\ "??/
'9") J/J/
$3 $2
90.65(6)° 137203 8999(7)°
8 . b
3 . 8
por @ AR K Q

90.84(7)°
sS4 3357 (3) S1

°

The average vanadium-sulphur distance of 2.419A lies
°
within the range of published values; 2.338A for
66 M 67 °
V(Szczphz),, 2.36A for (Me~N)2[V(mnt)3], and 2.451A
VlSzP(OEt)zl,.7“ The apical oxygen-vanadium atom bond
-]

length is 1.583(5)A, which is within the range of 1.56-

[
1.67A reported by other workers for vanadyl compounds.
sulphur-phosphorus, phosphorus-carbon bond lengths and
ligand angles (where applicable) for this complex are
in excellent agreement with those of the Cr(szPMez)3 and
Co(sszez)2 complexes, as well as with similar compounds.
These features will be discussed, along with the coordina-

tion of the phosphorus atom, in the final chapter.

136
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The molecule exhibits bending of each ligand about

the sulphur-sulphur line similar to Cr(SzPMez) but to

3!
a much greater degree, the dihedral angles are 166.0°

and 154.0° (Figure 13), while those for the chromium complex
are 171.,2°, 171.8° and 177.9°. For the (s3, s4, P2, C3,

C4) ligand there are no intermolecular approaches less than
3.78h, while for the (sl, s2, Pl, Cl, C2) ligand there

are two close approach distances, viz. 3.33; between Cl

and 0 and 3.37; between C2 and 0 (Table 40). These latter
values are in the range of the sum of Van der Waals radii
for an oxygen atom (1.43) and a carbon atom (1.73) or a
methyl group (2.0;).s All other intermolecular approach
distances are normal, greater than 3.833, thus bending of
the ligands seems to be the method by which the crystal
achieves stability between attractive and repulsive
intermolecular forces. All other S,PR, momomeric ligands

(R = OEt,73-7"9‘ Ph,77) reported (except for this thesis
and Ni(szPMeZ)z),°° are planar because of restrictions

due to crystallographic symmetry.

The moleculc¢ has a psuedo mirror plane passing through
the P1, vV, O, and P2 atoms (Table 41). The four carbon
atoms are almost coplanar with this plane, the greatest
deviation from the plane being 0.1023 for Cl while the
sulphur atoms are appoximately equi-distant from the plane.

The four sulphur atoms are themselves planar with a

[-]
maximum deviation of 0.01lA for Sl. The vanadium atom is
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0.681; above the basal plane defined by the four sulphur
atoms and the dihedral angle between the planes (sl, s2, V)
and (s3, s4, V) is 135.9°, which may be compared to

132.3° for vo(acen),?®5 134.7° for VO(acac)2.11° and 135.6°
for VoO(bzac),.'?!?

The coordination 'pyramid' data for this and the
three previously determined vanadyl complexes is summarised
in Table 43 and as analysis will show the corresponding
angles for each complex are equal within experimental error.
The distances of the vanadium atom above the basal planes
are 0.58; for VvO(acen), 0.55; for Vo(acac)z, and 0.54;
for Vo(bzac), and are consistent with the value of 0.681;
for VO(SzPMez)z, the difference being due to the increase
of the vandium-ligand distance from an average length of
1.98; for the three previously determined structures to
2.42; for VO(SzPMez)z.

There is no indication, in the solid state, of even
weak coordination to the vanadium atom in the vacant sixth
coordinate position from below the basal plane; the closest
approach is 4.12; by a C4 atom. Similar results were
found for the other complexes although Dichman et al
recently reported the structure of the [Vo(acac)zlzz 1,4-
dioxan adduct'?? to have coordination in this sixth vacant
position with a vanadyl-oxygen bond length of 2.513. A

gimilar result was found by Ballhausen ¢t al'?! for
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V0SO, *5H,0 where the 'bond length' of the fifth water
molecule was 2.223(5);. This adduct differs from the
other vanadyl complexes in that the angles 0-V-M1l and
0-V-M2 (see Figure 13) is 107.2° while for the penta
coordinated complexes these angles had values of 112 1.5°
This difference is probably due to coordination by the
sixth atom, thereby compressing the tetragonal pyramid
coordination of the vanadium atom. Thus it is evident
that when there is no modification of the vanadium
coordination by a sixth atom the dominating feature of
oxovanadium complexes is the unchanging coordination
pyramid of the vanadium atom even when different ligands
are present. However, intermolecular forces have a

considerable effect on the geometry of the ligands.



CHAPTER VI

THE (8,PR,) LIGAND
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Molecular dimensions for Cr(szPMez)g, Co(szPMez)z,
and VO(S,PMe,), are compared with other S,PR, complexet
in Table 44. The average value of the sulphur-phosphorus
bond length for the complexes of this thesis is 0.017;
ionger than for the other dithiophosphinato complexes.
Also when compared to the 1,2-dithiolene complexes the
metal-sulphur bond length is 0.253 longer.

Estimates of the expected bond lengths may be made
using the sums of covalent radii. For chromium(III) the
covalent radii of 1.455 was derived from the difference
of the (Cr-NH,) bond length in [cr(scu),.(tm,)z]'122 and
the radii of tetrahedral nitrogen (0.70;).s This value
when summed with the covalent radii of sulphur (1.043?
gives a bond length of 2.49;. The covalent radii of
cobalt (II) was similarly estimated, using the Co-C&
bond length from Cocff-,.z',‘23 and gave a cobalt-sulphur
bond length of 2.37;. Sulphur-phosphorus and phosphorus-

carbon lengths were also estimated. The results are as

follows:
[ -]
Distance Estimated (A) Found (A)
Cr~-S 2.49 2.436
Co-S 2.37 2.320

S-P 2.14 2.014

P-C 1.87 1.812
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While the estimated chromium-sulphur bond length is
longer than the experimental ;alue the difference is
probably not significant, as the error in the chromium
radius may be as high as five per cent; similarly for
the estimated cobalt-sulphur bond length.

As there is a lack of V(IV) data the acceptability

of the bond length was estimated as follows:

v-S in VO(SZPMGZ)z = 2.419

v-0 in vO(acac),®® = 1.968

[ ]
o.oA‘ - 0.451A

Tetrahedral radius of S

1.04

Tetrahedral radius of O = 0.66

LAy = 0.3BA

>e

Co 8174

0.07

The difference of 0.07i for the VO(acac), complex when
compared with VO(S,PMe,), indicates that more delocalisa-
tion may occur in the acetylacetenato ligand than the
dithiophosphinato ligand (although the difference of
0.07; is of the same order as for the chromium and cobalt-
sulphur bond lengths, more significance may be attached
to it,because of the similarity between the two compounds,

VO(S:PHez)z and Vo(acac)z. being compared).



Several structures of the “s,PR, ligand may be

drawn implying a certain amount of delocalisation in the
chelate's electronic structure. JorgensenSs stated that
the sulphur-phosphorus bond for the o,o'-dialkyldithio-
phosphate systemé has very little double bond character,
but the average value of 2.014; for the complexes of

this thesis and 1.96(1); for the potassium salt of
[SzP(OCHz)Z]-lza are closer to the calculated double bond
value of 1.94; than to the single bond sum of 2.4;15
Lawtonl2?% reports a value of 1.908 for a p=S bond

in [(1i - C,H,o)zPSZ]2 and on this basis a sulphur-
phosphorus bond in Vo(sszez)2 has a bond order of =1.50
Hence there is delocalisation of the odd electron in the
n system over the three atoms which coordinate with the
metal ion to form the four membered chelate ring. This,
as well as the longer metal-sulphur bond lengths in the
-Sszz complexes when compared to the 1,2-dithiolene
complexes, does not necessarily imply the existence of
metal-ligand mn bonding. For this to occur the ligand
molecular orbitals have to be of the correct symmetry and
corresponding energy for extensive overlap and bonding

with metal valence orbitals to occur.
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These results indicate that the 'szPRz complexes
are more analagous to the 'szc-n complexes than the 1,2-
dithiolenes. Although all of these sulphur donor
chelating agents possess T systems extending over the
atoms which form the backbone of the metal-chelate ring,
the difference between the bonding of the 1,1- and the
l,2-dithiolato ligand systems is the extent of the metal-
ligand 7 bonding.

All other distances and angles of Cr(szPMe2)3,
vo(sszez)z, and Co(szPMez)2 compare well (where
applicable) with small differences (~2°) in ligand bond
angles the most variable parameter. (See Table 29).

These differences are probably due to the strained S-P-S
bond angle despite the 'normality' of the S-M-S bond

angle. The coordination of the phosphorus atoms in all
complexes is best described as tetrahedral with the average

deviation from 109.5° listed below:

Comglex Atom Deviation from 109.5°

Range (Deg) Average (Deg)

Cr(s,PR,) Pl 1.8-4.5 2.41
P2 0.6-4.2 3.03
P3 0.1-3.8 2.07
Co(s,PR,), P1 1.9-4.2 2.93
VO(S,PR,), Pl 0.8-4.11 2,44

P2 0.8-4.63 2.54
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For the complexes Cr(S,PMe,), and VO(SZPMez)2 the
major feature of the ligands is the bending about the 1line
joining the sulphur atoms of each ligand. This flexing
does not seem to be a function of the 'bite angle' of the
ligand or of the metal-sulphur distance. The metal,
sulphur, and phosphorus thermal parameters for other
S,PR, complexes, that were not restricted to a planar
ligand because of symmetry, were of such values that
disorder and therefore flexing of the ligand may have
been disguised by thermal motion. The only exception to
this is the Ni(s,PMe,), complex®® where the phosphorus
atom deviates significantly, but not too much, from the

NiS, plane.

.
Apparently for Co(s,PMe,), the flexing of the ligand

and/or the strain of ring formation was excessive and a

polymeric species was formed. While the sulphur-phosphorus-

sulphur bond angle is comparable to the other two complexes

the ligand 'bite angle' is 102.0°-120.6° for Co(Ss,PMe,),

as compared to 82.9° and 82.3° for Cr(s,PMe,), and

Vo(s,PMec,), respectively, (see Table 29), thus the strain

within the 'chelate ring' is probably reduced, especially

as the metal-sulphur-phosphorus bond angle increased to

109.46° from 84.86°. Both the Cr(s,PMe,), and Vo(s,PMe,),

complexes may also have a tendancy to polymerise, but

the coordination of the metal, octahedral and pyramidal

respectively, does not lend itself to polymerisation as



well as the tetrahedral coordination of the cobalt(II)
species does.

It appears then, that polymer formation cannot be
attributed wholly to the strain placed upon the ligand by
flexing and/or ring formation of the ligand, but is also
influenced by the ability of the metal species to exist

in the required coordination.
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APPENDIX A

CONVENTIONAL CRYSTALLOGRAPHIC SYMBOLS
AS DEFINED IN VOL. I, PAGE xi, OF THE

INTERNATIONAL TABLES FOR X-RAY CRYSTAL-

LOGRAPHY



h,k,%

hk&

a,b,c,

a,B,Y
a.'b.'c.
at*,B*,y*

Xge¥yr2y

px,y,z
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APPENDIX A

indices of the reflection from a set
of parallel planes; co-ordinates
of a reciprocal lattice point

structure factor for the unit cell,
corresponding to the Bragg
reflection hkf

lengths of unit cell edges

interaxial angles

lengths of reciprocal lattice unit
cell edges

interaxial angles in reciprocal space

fractional co-ordinates of an atom i
(co-ordinates of atom i in units
of a,b,c)

electron density at the point x,y.,2z

linear absorption coefficient

mean square amplitude of atomic
vibration

Debye isotropic temperature parameter

B = 8r2 o2
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APPENDIX A (continued)

611,822,833. anisotropic temperature parameters

812'813'323 used to describe ellipsoidal
electron distribution of the
anisotropically vibrating atom;
the temperature factor expression
is then: exp[-(Bllh2 + Bzzkz

+ By 2% + 28,0k + 28, AL + 28,5k0)]

° observed structure factor

rc calculated structure factor
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APPENDIX B

Title

MIXG2

PMMO

Dataprep

p-refine

FORDAP

GONO9

GNABS

SFLS5

CROMERS

MGEOM

H ATOM

ORFFE2
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Description

calculates Picker diffrac-
tometer settings

calculates intensities,
makes Lp corrections for
Picker data

as for PMMO,
PAILRED data

except for

refines axial lengths for
all space groups

Fourier summation for
Patterson, Fourier, and
E maps

absorption corrections -
Picker data, modified by
R. H. Sumner for rigorous
extinction correction

absorption corrections -
PAILRED data

structure factor calcula-
tion and least squares
refinement of parameters,
modified by B. M. Foxman
and M. J. Bennett for a
rigid body routine

calculates form factor
curves using Cromer
coefficients )

calculates bond lengths,
angles and best planes

locates hydrogen atoms by
vector methods

calculates bond lengths,
angles and associated errors,

modified by B. Penfold for
IBM 360



APPENDIX B (continued)

Author

C. Johnson

R. B. K. Dewar
and A. L. Stone
(360 version by
p. P. Stokely)

R. B. K. Dewar
and A. L. Stone
(360 version by
p. F. Stokely)

Title

ORTEP

FAME

MAGIC

Descrigtion

writes plot command tape
for Calcomp plotter

Fortran program for
Automatic Manufacturing
of E's

Multiphase Automatic
Generation from
Intensities in centric
crystals
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