e VGRS T NI
te -

A

CRYSTAL SIRUCTURES.QF SOME TRANSITION METAL TOMPLEXES
. CONTAINING %OVEL SULPHUR AND PHOSPHORUS LIGANDS

Upali Siriwgrdané

5
~a

g

A'Thesis
in
The Departiment
of
Chemistry

'

Presented in Partial Fulfilment of the Requiréments '

-for the degree of Master of Science at

w

A}

Concordia University
Sir George Williams Campus
Montreal, Quebec, CAnada

A .
[

April 1981

'© Upali Siriwardane, 1981

x4

g el

g b ¢,




ABSTRACT

CRYSTAL STRUCTURES OF SOME TRANSITION METAL COMPLEXES

; " CONTAINING NOVEL SULPHUR AND PHOSPHORUS _LEGANDS
o | UPALI SIRIWARDANE .
P - CONCORDIA UNIVERSITY ‘
| )‘sm'czoncg WILLIAMS CAMPUS, 1981 T '

This thesis describes the results of X-ray

crys'tallqgray%ic structufe determinationd on ‘four t¥ansition metal - - . A

. 2. v
organometallic complexes, ' v )
’ o N } e &

' The first is a platinum complex, (’1,\2 C6HSCH28) I’t‘,2 ,

(CgHCH,S), [CH (CeH P] ,It has two platinum atoms joined by two ‘

bridging benzylthlolate {igands The remaining benzylthiélate

. ”» 1] '
. and diphenylmethylphosphine ligands, one, each on the two plaﬁ{ium

atoms, are in a ecis configuration, Each platinum atom 18 surrounded

s

in an approximately' square planar fashion, The mercaptide bridge

is a folded ring with the two benzyl groups in an anti orientation,

‘

»

The second is-an iroq comple:;, [Fe (CO) ] (SC H CSZ) it

" has twé Fe ((1())6 units joined by a novel o- mercaptobenzenedithiocarboxy-

late ligand acting as a tetradentate system, possessing a qnique

iron-carbon "bond. 0
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The third is a titanium complex, Ti[n'?.CS(CH3).5]ZS3, It

has two n bonded pentamethylg:}"clopentadienyl ligands and a nox?a\

four membered metallacycle containing three sulphur atoms. The
.
ligands are arranged in a distorted tetrahedron around the titanium,

- ~—

3 13

,X\The last; a ruthenium complex, (”2'H4)R“4(Cp)g"

{[(béﬁs)zl’hcn}: is a tétr\ahed'ral tetranuclear cluster, The tripod

-

(trisaiphenyi}ihosphen;:me‘thane) ligand is bonded to three ruthenium

) ¢ ’

- atoms in one face of the tetrahedron, Certain longer Ru-Ru bond

! ‘ v
lengths and the displacement .of certain _carbonyl groups suggested

1
the position of hydrogen atoms bridging along f;:%e
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of single crystal X-ray cryEtallographlc structure determinations on

" erystal X-ray crystaliographic deternination are-ﬂlscussed in the

¥

SEGTION I.  GENERAL INTRODUCTION

L

The objectibe of this thesis is to present the results

!

S AR st e e el S

i

N } » - ﬁ

four transition metal complexes. The four complexes are: %
- o 4
) ‘ }

- , ;

A) (pz C6H5CHZS)ZPtz(CGHSCHZS)Z[CHS(CGHS)ZP]2’ named UNIQQF. ;

B) [Fe2(00)6]2(8C6H4C52?, named FESCO,

LD PR FA S

15 .
,C) Tiln CS(CH3)5]S3, named TICEP,

5)

S

) . \
D) (,~H,)Ru,(C0) o [(C,HL) BT,

1

_P],CH}, named RUSH,
- ¢ I

. . ‘ . s

,The first three compounds were prepared by Dr. A,

Shaver et al; at the McGill University, Montreal, Canada and the

v

last compound at Université Louis Pasteur de Strasbourg, Frénée,‘,

»
p
i
X
3
:
A
A
Py
<3
}

by Dr. J.A. Osborn et al, ‘ : <

~

\ -

The theoretical and inécrumegfal aspects of'single

[

section II of the thesis, The experimenté! work carried out for

¢ . . ‘
all four structures described in this thesis is presented in section

1II. A common feature of the first three compounds is that they

"

all contain sulphur ligands, ﬁ theme of Dr: Shavet's research,.
However, all four compounds are structyrally different, thus the

results and discussion are segregated as four separate parts in
section IV of the thesis, Each part of the section IV consists
I3 -~ ¢ j .

.
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L ‘ ' SECTION II. CRY§qé;£©GRAPH1c <y ‘ i
Y

1) DIFFRACTION OF X-RAYS BY CRYSTALS [1-3].

A crystal is built from regularly fepeating‘ unit ‘ .
° V. . ’ L a2
- structures, which are stacked side by side to form a three-dimensional

lattice, e

. A unit cell can be defined in the lattice usthg three »

' ~

edges named a, b and c. The angles between them are o, 8 and vy, with’\

v

a between b and c, B between a and ¢, and Y between a and b.

~
v v . " The X-rays diffracted from the “planes' through the. ) .
thi‘»ee-dimen»sional lattice obey the Bragg law given by equation:
. ’ ’ ) .
© ’ N .
, 2dhk1 s:.n 6 =nl . - 1II-1-1 | '
R ,
. ~ » A ) . . £ i -
Here, A ?tl}e wavelength of ‘the X-rfay radiation and d ., is the‘ .
- spacing Between the planes which are defined by the Miller indices ;
(hkl), 6 is the angle bétween the incident beam and the diffracting . .
) plane., Rearranging the equation II-1-1 gives: \
m 1
. - sin@ = — — . s I1-1-2
2 dya
L i
‘ . \.
-3-
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. . . i y : \‘
It is seen that sin © is inversely proportional to-

the spacing of the planes. The interpretation of diffraction

patt@rns will be easier if the sin ©-d relationship could be replaced ' .
Lo ’
:by a direct one, This can be achieved by constructing a reciprocal .

lattice based on 1/d

hk Which varies directly with sin @,

PR e 5 3

l Figure II-1-1 illustrates the constructiph of a -
reciprocal cell belonging to a triclinit crystal system. The normals

to the planes (100), (010) and (001) drawn' from the origin.gf‘the ?nit e
o . ‘ :
cell of lengths 1/a, 1/b and 1/c will be the reciprocal axes a', b" /

ok " %
and ¢ , respectively., By construction a8 must be perpendicular to o
e Y . a . ‘

B B % % B
the bc plane; -similarly the b ¢ plane of Ehe reciprocal lattice

nust be perpendicular to a direct axis, . S ‘

<

]

- ' . 4
A graphical representation of the Bragg law can be . . 3

L4 ¢

. . N
visualized if a circle is drawn whose diameter is equal to 2/A.,

1f a rigﬁﬁ triangle having I/dhkl‘

* in this circle, the directions of incident and diffracted beams = - .

as one of its legs is inscribed N

will be as shown in Figure II-1-2, The.angle between these two

beams is 20 as given by the Bragg law, L

/

B ' X BV o
perpendicular to a X-ray beam the a ¢ plane of the crystal will \

: o

If a crystal is mounted with the direct axis b

be parallel Eo the X-ray beam, Applying the Bragg law to this

situation,a graphical representation 1llustrated in Figure II-1-3 is

LY ‘
;éqptained. Whenever  a reciprocal lattice point coincides with the -
, h*: ~ . . .

. B [ \
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circle of reflections the Bragg;;?ndibion is satisfied and reflection

occurs, The orfgin of the reciprocal lattice is at the point 0, The

’,

Thus the direction of the diffracted beam can be taken as either CP
or OD, This construction can be exten®ed to a three-dimensional
lattice: a sphere of reflections is obtained, Any point or the

i

surface of the sphere will satisfy the Bragg cpndition,

, .
The concept of the reciprocal lattice and the sphere

of 'reflection is very useful in describing the rotation, Wéissenberg
and precession photographs, Q;. .
f

2) _SPACE GROUP DETERMINATION‘[4-61,A

u

The first step of the X~ray structure inveétigation is the
determination of the space group and the dimensions of the reciprocal
alattice, often using phogographic methods, The photographs that are
normally uséﬁ.for‘this purpose are taken using Eotation,AWeissenberg

-

and precession methods, .

L4

Rotation Photographs

n

Rotation photographs are useful in aligning a crystal
. , Py
on a goniometer head so that it rotates é%out one of its principal

axes, This is necessary prior to taking Weissenberg photographs,
: ' \

.

reflecting plane is perpendicular to OP and makes an angle 6 with A0, '

A e
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‘ . Tﬁe rotation photographs also‘yield-preLiminary.informatiog aboﬁt AE
the crystal symmetry. &hese‘photographs*are usually taken on a 5.
. Weisﬁenber& camera without moving the cassette holding the £ilm,
' " The crystal is mounted so'that the i-ray beam will be perpendicular | ) -
' "1:17 " to a direct axis, thus parallei to Ehe reciprocal lattice nets ////
pgrpendic?}ar to this direct axis._'If the crystal is rotated through‘
a small angle, some reciprocal lattice pointsﬁwill cut the sphere
of reflections. The Bragg condition is satisfied and the diffracted -
r;ys will pass from the origin forming cones. Each cone repfesents"
a raciprocal lattice plane, These cones meet the cylindrical film
and each two-dimensional plane is recorded as a layer line, Figure
II-2-1, The length of the celf edges parallel‘to the axis of rotation
,l can be calculated from the distance between the layer lines. The
presence of mirror symmetry in the photograph indicates the presence

of a mirror plane inxthe reciprocal lattice perpendicular to the,
. . \ a \:v:b

* "
B T T S

rotation axis. 4
-

/

«  Weissenberg.Photographs [4] : - k
L Y 3

- “.

In a rotation photograph, all reflectiond from a

two-dimensional lattice plane are condensed into a one-Yimensional
! ‘ N ‘

layer line, This disadvantage is overcome by using the Weissenberg
moving film technique to obtain a photograph, where data from a

reciprocal lattice plane is spread onto a entire sheet of film,
* . f

> " Thus, a Weissenberg pSotograph is a rotation photograph taken dsing
&

- .

T ® « « id st s

1\
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a cylindrical metal screen that allows only one layer line at a

1]
ﬂ;vv:a-rl-‘.;cif

time to reach the moving film, The film is shaped into a\cylinder

°
B

T e o LRI e

around the sphere of reflections and is translated parallel to the

’

.axis of rotation, The distance of a spot from the central line of

. . g
the film is proportional to the angle 208 of the diffradted beam,

The camera’is designed so that 1 mm in 28 direction on the unrolled

(s} .
film is equal to 2 in 26 and 1 mm’in sideways meWjion corresponds to a

20

2 rotation of 4, Fi§ure 11-2-2, The limitations of the Weissenberg .

photographs are that they only provide a distorted record of the

3 «

' reciprocal lattice nets perpendicular to the rotation axis. The

cry8tal has to be remounted on different axes to.obtain full 2

° , -
information. - :
N [

Precession Photographs [3] ; .
|

:

Precession phptographs provide an undistorted record of

\

the reciprocal lattice from which the angles and distanbﬁj/iﬁ/the

reciprocal lattice can be measured directly., \

-

s
N

: The crystal is oriented on the precession camera such

e,

4

-

that a direct lattice axis is parallel to the X-ray beam, The zero-

level éeciprocal lattice plane perpendicular to this axis will thus

be tangent to the sphere of reflections., The reciprocal lattice plane

will cut the sphere of reflggtions if the crystal is rotated tHtough

» i O 13‘ % 14‘:*M»;~mr iy

a small angle p about an axis perpendicular to the ‘X-ray beam,
\
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The int‘brc'epteci circle will revolve abaut the ofigin 0 1f the - |

crystal preces_%as about the direction of the X-ray beam so as to

- ) paintain the angle u , Figure II-2-3, This'motion is coupled to

) . the‘.f\:'hm holder such that the reciprocal lattice will always be
ap%rallel to the: film hold\ez'. ‘A metal screen is used to sele'ct' a
‘ particular layer while elimnit;a_t':itng others, Thus th;a information. o

»
.

on axes perpendicular to Weissenberg rotation axis can be obtained

o

without re.mount%ing ;:he crystal.i -
P .
. ~ .
The choice of space group can be reduced to a few
, ) ) . .
' poss?bilities )l;y carefully examining the .s;ymmet:i:y information anq ‘ )
;' U tsyst;zmatig: absences of refl’ections' on the complementary Weissenb,erg ' i
{' " and pre(:essign .photographs ) |
;o 3) DATA COLLECTION
.w;. : . S o N B : )
' o N ‘ This section deals with the collection :;f relative ? .'
’ \ ‘.ihtensit‘ie“s of reflections which are used subsequently. f!o‘r the "
) . deduction of the\ie}_ectror.z densit}; and finally the arrangement of
the molecules in the unit cell.
- Lrhe Ct‘nten.si'.ty 6f a’rpflection is a meaiaﬁré‘of the total © | . —~—

R4

.. number of photons of the characteristic wavelength diffracted in the ' _ v

4k proper directlon as a reciprocal lattice point passes from outside
4 . » ' ' -~

" to the inside of the sphere of reflection or vice v‘ersa,‘ .

-
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Difficulties are éncountered [7] in measuring

intensities since they are usually accompanied by certain amount
=
of other backgrousd radiation arising from the diffuse
+ . A .
- >
,scattering of X-rays by all atoms in the c

non-monochromaticity of the X-ray beam due t

B

white radiation (cofdtinuum), L}

A four circle diffractome;er,5§] with a suitagle
counter to measure the intensitjes of the reflections is used in
the data collection. Any crystal pléne/Zan se brought into the
reflecting position by changing the ang}es of the four circles

26, w; X and.¢ s Figu 11-3-1. A zero-level Weissenberg photograph
is used to guide the alignment of the crystal on the diffractomé@er.
A reflecéion, chosgn from the zero-level, can be brought into~ the
reflecting position by changing ¢ while keeping 20 constant at the angle
calculateé from the Weiséenberg pﬁotograph {the angles y and ¥ are

set to zero), An initial orientation martix I's calculated using the

angular values of two indexed reflections along with the unit cell

[ ‘ ') .
dimensions calculated from the photographs, //‘

A sét of angular values obtaiped using the initial,

orientation matrix is optimized and used in a least squares refinement

program to ensure that the crystal is oriented properly on the

-

diffractometer and the final orientation matrix thus obtained .is used
7 a

to coﬁpute’the positions of all reflections during the intensity data

-

‘collection,
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\ J T -
Three standifﬁ reflections are measured before the
data collection and the stability of the system (ie,the crystal and

eléctronics) is checked by remeasuring these standard reflections

“ , -
_after every batch of fifty reflections, , , : ?

- BV o

.

J The 20 scanning method 1s norxmally used to record the

integrated intensities of the reflections. }The-values ‘of maximum

'

and minimum 20, scan width, scan rate and the time for background

measurements are specified depending on the size ‘and the shape of the

a

diffraction peaks based on a few trial scans, In this method the 28
angIEAtf ; reflection is calcula;ed using the least squares orienga-~
tion matrix ?nd the reflection is scanned: for t seconds, as a function
of the scan width and the dispersion factors, The backgrounds are

measured at each end of the peak for t, seconds, The NRC data

b

collection package [9] uses, whenever possible, 'a special

type of scan analysis called profile analysis, 1In this'method, the

retlection profile is examined to determine at whigh poinF the
background is significantly‘fiat. This point is taken to be the éoint
at which the peak ends and the Eackground begins., (higignificant‘
amount of time otherwise required for counting backgrounds is saved

)

by this procedure, The correction for backgrounds is done at the N

same time as the data is collected. In the Spse of reflections having

very high intensities, Ni foils with known attenuator factors are used

to reduce the intensity of radiation reaching the counter

o4
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4) ' DATA REDUCTION ‘ .

i B ARG i b -~

THe conversion of the raw data into a more generally

" usable form is called data reduction. The subsequent develépment of ‘
the crystal structure solution depends on the skilled extraction of é
‘ \ ) i
" information contained within the observed data, ;
. A
i s . ' ’\
Removal of Background Intensity ' ‘
. | : ;
The intensities corrected for backgrounds are calculated {
¢

wsing the equation: )
: ’ . 1
. . , ;
- o ' ~. 'i
=N - + -l “
I =N-( Bl BZ) ts/ ty ‘ 11 ? 1 g
L]

where, N.is the peak count in the scan time te seconds, B1 and BZ are
‘ 4 8 . .
the background counts on either side of the peak, each measured for

-

tb seconds. In the NRC data collection Package this step is done at

the same time data is collected, - .

—

Scaling of Intensities ¢ . ¥

»  After the application of attenuator factors, if . . . P
necessary, the intensities are scaled in accordance with the variation
of the three standard reflectiops during the data collection. -A

reflection fs considered absent if the intedéity computed is less than

0,0. The standard deviatiano (1Y of the intensity I is computed using .
- l ’ . ‘ .

18-
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the equation®

A , 172
B + B
. (Q_[N 2)(t/t)+PN] C11-4-2
¢
where, P is the instrumental constant (also called the "ignorance" *
factor) for ‘which a value is chosen (uspally 0.0l or 0.02) before

the least squares refinement of atomic baramefers. The reflection

intensities less than 30(I) are usually rejected and along with the

-

reflections whichiare systematically absent are omitted from the

"
structure solution and refinement, . :

“

\

\ Lorentz~Polarization Correction

The intensities processed as described indthe preceding

sections are used to compute the relative structure factors, Frel’

Psing the equation:

_ ¢ Ihkl : ~lim
Frel = [T] 11 4 3

v

N °

. ' 4 N, vy .
Here, LP represents the combined cbrrection factots for the polariza-

a

tion of the X-ray beam, and for the spe&if;c geometry of' the method

]

used in the data collection. The correction for the polarization P
of the X-ray beam is given separately by the equationi
2
os” 26 + 1

1/ P =, 5 : II-4~4
osJ 20, ;& cos” 28g '
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" where 8g and 6, are the diffracting angles at the crystal and the

monochromator, respectively. The Loreéntz correction, L, arises from

the differences in velocities with which reciprocal lattice points
pass through the sphere of reflection, L fér(a reflection obtained
using the Weissenberg geometry is given by the equationy

, sin 6

L = : II-4-5
sin 2 /sin? g - gin’ u . -

s s .
Here, M is the eqdii-inclination angle, In the case of ‘a reflection

on the zero-level, equation II-4~5 reduces to:

1 .

. = §in 28 11-476‘ "

" 7The combined correction for L and P for Weissenberg

zero-level or diffractometer geometry is given by the equation:
1

T ./
S A c032 29m+ cos2 28s ;
LP = " 1I-4-7

4
sin 26X c052 20, +1)

Absorption Correction [10-12]

“:
%

'The absorption of the incident and ‘the diffracted

\ ; .
X-ray beam by the crystal depends on the path length of the beam
through the crystal. The in:ensij}gs should be corrected for

differential absorption if Epe path length is different for the beam

°
[

4

* -
-
" / Al \
s . L . , .
P <
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a3

¥ .
through various directions of the crystal, Absorption corrections

are made by calculating the absorption for actual path lengths within
? ) )

.

the crystal to warlous summation points on a grid and integrating

these results over the entire volume of the erystal., Precise

measurement of crystal dimensions under a microscope is necessary for
-4

making a sulcessful correction, The absorption can be minim}zed by
N .

v

selecting a crystal with fairly uniform thickness in afI directioﬁs.

‘
y

Alternatively, it is possible to use crystals ground to a spherical

7’

shape, 1In this case an absorption correction can be computed

;\\\\ analytically, . .

5) INTENSITY STATISTICS ’

-

Several useful pieces of information can be obtained

by the statistical comparison of the corrected data with structure

ibution

~

factors estimated theoretically, assuming a random distr

of atoms, ) . g

-
u

The observed average intensity, T;el,‘corrected for

Lorentz-Polarbzation effects is givén by the equation:

- ! J

=< E > — . 11-5-1
rel rel” av .

i

The theoretical average intensity, Iabs’ for a unit .-

cell containing N atoms is given by the éqhation: ‘

N
)

L4
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— ‘N 2
Iabs = g foi

¢ | | ° .

4

where, foi'is the scattering power [13] of the {0 atom, Yabs depencs

only on the type and the numbér of atomns assumed distributed randooly
in-the unit cell, The value.of f for a ;stationary atom decreases
)

with increasing sin 6/ M. The vibration of the electron cloud of

- &

an atom depends on the temperature [14,15], the mass of the atoms, and

also the firmness with which it is held in place by covalent or other

-~

forces, The effect of thermal motion is to spread the electron cloud

. _ ; over a larger volume,reducing the scattering power of the real aton

//”'“\\\\) qompared to a stationary atom, The atomic scattering factor corrected
for thermal vibrations is given by the equation: ) ‘

L2 2
. . g e B(sin” 6/ 7) I1-5-3

<

a

where, B is the thermal parameter which is relﬁted to the mean—squéfe
.amplitude of atomic vibf&tion,as given by the equation:

. . '\‘. . + B = 8)1 Tj‘ 11'5'4

. 3 ) : .

Thus the Iabs corrected for thermal vibrations is given

* by the equation:

) N 2 2.
L ‘ - - 2 - 2B(sin"-8A 7) el
Iabs 2:: foi ¢ ! ’ 11-5-3
' i=l
) 3
1Y ’ ’
* i ¢
" .
R \_./ ~ [}
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a if Lie1=C Tabs - e 0
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rel Co Ai- ol

y »

9

‘Where, C.is a scale term, The equation 1I-5-6 is rearranged to: ‘ ’

2

— . ~ .
I . 2 2. . ? .
rel - Ce 2B(sin” 6/)\") 11-5-7 \\
2 X
i‘=1 L K i
b , i~

Taking natural logrithms:

In ————- =1nC - (2B si:'xf on?y "11-5-8

Irel 5 2
The plot, 1n ———— v8 sin” /)" is cglleda
. N (
C 2 C l
o z foi . /
=1 |

° ]

Wilson plot {16], where the extrapolated 1ntercept at (sin le )=0

isIn ¢ and the slope is =~ 2B, The C thus obtained is related to '

the scale constant K needed to correct lF ll to 'F h'.

»

\
4

BTGP = = B



3

_is given by the efuation:

If K=1/ C,then lFabs

|F = K'IF 11-5-9

absl rel

g

in the least squares refinement of atomic parameters.

P

6) 'STRUCTURE FACTOR CALCULATIONS AND FOURIER SYNTHESIS

Structure Factor Calculdtions [17-19]
s - 1

.

s

The scale term, K, thus obtaired, is used subsequently.

Y

«

The structure factors can be considered as the resultant

of j waves scattered in the direction of reflection hkl by j atoms in

the unit cell, The. superposition of waves apd the magnitude of the

’

resultant amplitude, F is given by the basic| equation: *

: .

. ‘FI% = (Z;r fj cos 6j)2 + ( ;g:' fj sié. 6j)

II~6~1

. . .. '
& ;

o

'where, f. is the magnitude of the rotation vector and §, is the' phase
3 A

]

difference. The phase angle, ¢ is given by the equation:

14
1

’ ’ }E: f, sin g, | . ?
- ) J
-1 ] I1-6-2
R f cos.G ’

§ ’ ' ' .
.

$ = tan

1
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»

The amplitude of each reflection (hkl) is proportional

L

to the scattering factors, fj 'of the atoms in the unit cell and the :
p ‘
phase differences can be expressed in terms of the posftions of the ?

atoms}nd the indices of the reflections by the equation:
¢ .

'

- , . § =2 (hx + ky + 1z) 1I-6-3

Substituting § 'values in equation’ II-6-1, the

following equation is obtained:
> . : .

3

Com : o

. 5 ,
£, sin 2 (bhx,+ ky + 1z, ' 11-6-4
g : [JZ j o3 ( Xj ky] ZJ) ] .

iFthlz = g £, cos 2t (hxj+ kyj+‘ lzj)’]2 v,

A S

. ‘Z structure factor can be given as’a compley number

»
I
"

by the equation:

. ‘where, ‘A =‘§ fj cos 2x (h)‘tj:b- kyj+ 1zj) I1-6-6

5 - ‘ > {
" x . . N

: B = Z fr 8in 2x (hx,+ ky,+ lz,) I1-6-7

\ 2 +— A M »

i . v
' 4 : ,

* t

é;

éi - .
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]

The phase angle Pril i;'br a reflectlon {hkl) is given

by the equation:

s ) El

¢ .y Phki ; ] .
¢hk1 = tan . . 11-6-8 . > ,

. A

S\ ‘ hkl . . b -

‘The equation II-6-5 can also be expressed/in an ) .

- [

3

[
exponential form: - "~

¢
IS

4 ' N '
v ) \'__ . ° :
_ 2ni (hx,+ ky .+ 1z.) o e T

Flig = Z fj e J i i I1-6-9

J :
L s
’ 18 : ; '3

Since, fe = f (cos § + 1 sind ) o

3

The fj in the equatign II-6-9 is the scattering factor

- ! t / N N
© of the j & atom corrected for the thermal vibrations and related to © ~/

-the free atomic scattering factors given by the equation: / -
& r - ' t 4
2 2, -
£y= £ e 28 (sin” 8/} ) 11-6-10

3 o {

Substituting £, in II-6-10 to the equation II-6-9,

3
the equafon I1-6-11 is obtained. ) ‘

: . 2,2 S e ,
S P ) g e 2B (sinm o) 2l (hxy+lyr 1z,).,
P oj ~ \

1I-6-11 ‘

: L0 B

— . : 5 - S
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\ of all the wavelets scattered by the el\ectrons in the unit cell is’

"given by the equation:

~where, V 18 the unit &11‘\70111111&..

Structure Factors in terms of Electxon Density 4

¢ o <

1}

~

-

'The structure factors can alsc be calculated considering )

the sum of the wavelets scattered from.all infinitesimal elementg of

- L

electron density in a unit cell. I1f the number of electrons in any ’
R

volume element dV is equal to p{( ,y,z) dV, where p is the electron '

‘s

density at the point with coordinates x,y,x, the resultant amplitude

R .. 2 L] ' . .
Fhg™ v'/ p(x,y,2) e b (Xt b 120 0 1yi6e12

o

k]

- o v !
. . s

’ <&
Fourier Synthesie [20]

The electron density of a crystal is a periodic function

'
- )
< »

which can be expressed, by means of a fourier series; as a sum of sine’ '

and cosine terms with apliropriate qoefficients. - The electron density.

g L "
d:l.stribut:[on thus calculated is the fourier transform of the structure

factors and related to Fhkl by the equat!.on. ' C L .

C . C A ]
< °r

- 2L (hxtky+1 o
P(XJY:Z) = 1/v ZZZ Fhkl ¢ ky 2 11-6- 13 C o~

»

-
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" An electron den51ty distribution in the unit cell

~ °31CU1%eﬁd by fourier synthes1s using observed structure factors
A3

is called an '"observed" fourier map. A "dlfference" fourier map
. »r . &

which-ig very useful in locating atoms in the unit cell in a,

partially solved structure, is calculated using the difference

betsieen the observed and ealculated structure factors,

c
. . [
~ 4 .

7) THE PHASE JROBLE}I [21] A . . ~

N

~

' The\:$ectron density distribution in the unit cell
can be calculated using structure amplitudes,l Fhkll’ and‘their
phases using a fourier synthesis, Unfortunately, the intensity

. . ‘ 2 '
data is proportional to Fruie The complex Fhkl can not bg used

to calculate the electron density distribution until the phases are

knovm,

¢

In the case of a centrosymmetric crystal, an atom at

w0t

— e — * N ~ A )
X,¥,2, is related to a another at x,y,z, and the equation II-6-5

7 t

reduce$ to the eduation:

) . L8 N !

Frg = Bpgq * 30 , © II-7-1

where Ahkl 2 z:jfj co8 2x (hxj+ kyjf 125) II—igﬁ

1

.
~

The phase ahglé ¢hk1 is either 0 or x.for

.
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centrosymmetric structures and the structure factors need only a

»

sign (+ or =) to ’lfe determined,
/ .

- \

The phase angle can have any valuer from 0 to 2x in the

cases of noncentrosymmetric structures, However, for somé ¥

L]

bkl the

phase may have special restricted values depending on the space group.

The ﬁproblem of as(signing values to the phases is known as the "phase

problenm",

Patterson Synthesis [Z2-24] 4 ' \

A

Lo ‘The’fom:‘ierkseries using |Fhkl|2 as coefficients

-

: "o B ' .
instead of Fhkl ;ﬁ in the e%.\ation II-6-13 is called the Patterson -
function, equation II-7-3. This function is very useful in finding
the position of heavy atoms and allows the calculation of approximate

phases for each Fhkl based on the location of heavy atoms, The

‘position of other atoms in the unit cell can be located from the

(

difference fourier map phésed by these heavy atoms,

€ N L4

8 . ’ .
. 2 .
P (u,v,}w)(- 2/ Vv g;; thkl cos 2 (ﬁu+1fv+1w) II-7-I?
The peaks P (u,v,w) in the Patterson map dorrespond to
each 1ntératomic vector between a pair of atoms in the ux}it'cellj. A
/ ¥ .

unit cell containing N atoms will have Nz— N/2 independent Patterson

peaks excluding the intence pei‘k at the origin, There 18 oconsiderable
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overlap between the peaks due to the diffuse nature of the atoms in

space, This can be minimized using "'sharpened structure factors", B

3 .

" . 3 -
where the atoms are considered as point scatterers calculated using

Y
the equation:

.

- . ) 2 2
- \ 10,1667 + sin” 8/ “1 [ ¥ bs)hkl
(F ) = , — II=7~4
sharp”hld N - B(sin® 0/ %) | .
' oLy f g e N )
S ° Co
' ' th o
where, £ j is the mean atomic scattewing factor of the j  atom.
o L

' f
- The positions of "heavy" atoms can be deduced from the location of

DN U TUR BRI o e R o e

the major peaks on the Patterson map since the peak heights- are

proportional to.the product of the scatteri power of the atoms

defining the vector, If a?f asymetric unit of ,the unit tell contains

. few heavy atoms their location is straightforward, Howéver, if the ’

structure is more complex with or without heavy atoms it will be

=

difficult to assign peaks to specific vectors,

~ .

.

Direct Methods’ )

3

Direct methods, where phases for the observed structure
factors are assigned direc;ly, have been particularly successful in
the case of centrbt;;nmetric crystals. However, the phase solution of X
moncentrosymuetric crystals by direct methods is now becomming quite
common, The basis for the direct methods has been extensively .

developed [25—26]( since the appearance of the orijinal papers by

. 8ayre [27].

~ .
K -:.-;’7&?%‘{'; r————— i =
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wlhe basis of this method is given if the equation II-7-5, yhich
states that the phase angle ¢hk1 of a strong reflection hkl is
L) .
apptoximately equal to the sum of the phase angles ¢h'k'1’ and

of strong reflections whose indices add to give
Pt k-k', 117 © g s wh give

bkl, - ' ' ' ‘ et S
& &
, , : ]
. o S ’ I1-7-5
il 4 LNINEE ®h-n', k-k',1-1"
]
The three reflections involved in this relationship are called a - .
* .
triple. \ ‘ ' 5. "
. | |

‘

. In the first stdge of phdse solution by direct methoas,

normalized structure factors, Ehkl , are calculated using the equation: '

>

Bl = ——— — . I-7-6
: c £ : . ) .o
> '
j:

where, N is the total number of atoms in the unit cell ‘and f I8 the

1

atomic scattering fa‘ct'olr for the jth atom' at 20 value of the reflec-
‘tion hkl, € is a integer whichlis ‘us;ad to adjust the data at a |
symmetrical 1ocat‘1'.on in reciprocal space, for exaﬁple in the sbace
group P 21/c , €=2 for hOL and OO reflections and € =1 for the
rest, E's are scaled such that < EZ > =1, ™@he strong reflections,
with E's greater than a specified minimum (usdall}; 1.8), are selected

along with the wea}kest reflections, ~which ‘are to be used for the

~ . B
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- value of aﬁ K ié given by the equation:
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PSI ZERO.test described later, All the triples, h,6k,1 ;~h',k',l’ H
h-h' k-k',1-1' (called ‘erélationships) are sorted out, including o
those where hkl ig fa' weak  PSI ZERO reflection and the other two

are stronger réflections:. All strong reflections among the Zz

reflections are tested for their usefulness in the phase solution ’

L N ‘ .
_ using a quantity " < ozi >" defined by the equation: _ ‘ L
A ' . ‘ ?
<d> =) ® +Z: E K, o X . II-7-7 ‘;
~ O - o Swh o Ly Bl S S ‘
. A
N :
I1( Kypr ) I1 C Rpprr )
where, X =° ——

To( Kt ) T CKppor )

, o 2 \ ! - e
I0 and I],a are Bessel functions and < ah > means the expectation

- 3/2
'Khh' = ‘2 03 02 | Eh Eh' R Eh-h' 11-7-8 |
where, o 2 and © 3 axe given by t;he equation§i— = - oo .1’9
N M \
. ' 2 ’ ’ ’ o
. 9, = Z”ni I1-7-9
AN . i . ) ‘
. ' X ;
03 = Z n, ’ . - II-7-10 o
1 3 ¢ ' vvf
. -fi .. | ,
and n = I1-7-11 - :




o
th th
where, £ i and fJ are scattering powers of 1~ and j  atom,

PN

. ' ‘ fespect ively.

The next stage ‘oAf the phase determination uses the
special case of triples where,
Y ' ;
h' = h-h'
k' = k-k!

B . . 1'.=1-1*

£

-

o

In the case of centrosymmetric crystals and for special reﬁiections v

|
1

of noncentrc;syuqnetric‘crystals where, the phase is.either =« or +

+ e e A

A . ‘ R
(0 or ), the sign of Ezh, 2k, 21 is pos:_l.tive regardless of hthe phase

i . of the Eh,k,l’ prov:t:ded bottll Eh,k,l and ‘E2h, 2, 21 are strong:

2

o : S{Byp g, ;n) = S{Bpq - 1} 1I-7-12

Lol

\ ' where, S means the¥sign of the Es involved, The relationships which

®
3 . ¢ o

: - . 1 :
are otlatained by equation II-7-12 are called Z relationships,’

-

The fg]_];ewj:}\g' steps lead -to the definition 'of the oriéin .
and the construction of the most suitable path for phase determination
for the whole data set, As an example, three reflections are necessary
for' a crystal i:n tht; space grot;p i’T. i‘hey art® selected such ‘that
none have even,even,even indices, euch belong to a different parity )\

' .
r ' N




R . . group and the parity of the vector sun of any two is different from
] ‘ / '

the third. In the case of more symmetric space groups fewer

reflections are required for the origin definition and the parity

groups may be different, : . ]

' ' The reflection with smallest ah is eliminated from

[RERSIE ) B

o

. _ _ the starting set, together wit:h all the phase relationships in which

P

the reflection is involved.. This process is repeated and the,

fpa . o

remaining reflectiops form a ‘group with stronger’phase relationships,
L : ,
" This process is called convergence mapping. The phases of up to three
" . reflections (depending on the space group) can be arbitarily assigned

in order to specify the origin position, This procedurecontinues

until the origin can no longer be defined\ by the remaining reflec- : B

tions, Then, the one just eliminated becomes one of the origin '

: . A1
fixing reflections., Thus all the reflections necessary for the origin

. o
N A Y
L et

. o definit:ion are select-ed at the end of convergence, - o

. 34
L]

N

The starting set of‘t,:he reflections for the tangent

[ S P IOT VN B

formula ,calculationsocomprises t-he origin fixing refle;:tions whi;h are
assigned qrbit‘ary p&ses, reﬂect,ions from Zl rglationships whc;se -
o p};ases have been determined and a'i'efléction to fix the enantiomorph
| if the crystal is npncen;:rosymetric. In addition souwe more ,Z:eflec- h
t:lons‘ an be includ‘ed~ in the starting set, J;ut f:heiz: starting phases ‘ )

are givey several values depending on tghe,space group, As.an example,

4 ¢ . M
, for g crystal beltlmging to le Jc ; three reflections ‘”%\\

et e e et o =
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. ' LT ‘
are.'necessary for th;e origin definition, but there 'yill be eight
starting sets if three additional reflections are included in
the'starting set ( in this case add\itieonal reflections can have eit;.her

0 or x as phases since 'the space group 1s centrosymmetric),

% In the tangent formula calculations, new \phases are
p ,

.

L\phalses. The phases are refined using a weighted tangent formula [28]:

~

. m ; wh'wh-h‘(\‘gh‘ By | 812 @yt p o)

tan¢ = = -
s ' h Z . . )
By = “ 1t pent szh' Byopt ] o8 €.+ ¢y pr)
i 11-7-13
where, w h is the weight associated with the phaﬁe ¢h.
W, = tanh ( 1/2 ah) , s 11-7-14 .
and o= |E| ( Tf‘ » B2) 11-7-15 7

)

The weights are increased as the number of further phase

-

determinations involvingu them increases. .At.‘/the end of the tangent -

7

fo:i‘mula calculations, phasing information {s summerjzed for each .03

N

.
%
i

| :‘é?
;
3
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= o

starting set in terms of three figures of merits called ABS FoM,

PST ZERO and RESID. ' .

3

-

The first figure of merit, ABS FOM is a measure of
the interhal consistancy of the phases of the starting set and it

is related to the ah defined in the equation II-7-15. ABS FOM is.

usually maximum for a correct phase solution,

P

/. : ‘
The second figure of merit, PSI ZERO is related to the

approximate E's calculated for the weakest reflections using the

phase information of strong reflections by thé eduapion: E

Yo =Z|Z Epd o+ By 11-7-16
h ! h' Co .
by

The terms in the inner .summation are all those for which phases are

the PSI ZERO test ie. weakest reflections. wo is usually minimum

for a correct phase solution.

°

©

The third figure of merit, RESID is the residual for

the equations:

3 . ‘ . °

B, = k <E ,E ,,>,, 11-7-17,

here, k is a scale factor, RESID is usually‘minimum'for a correct

’ knbwﬁ.-‘%h§>outer summation is over all the réflections,selected for

Al

¥
B
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phase solution, The best solution set is selected using ABS FOM,
PSI ZERO and RESID. This set is used to calculate an E-map from

which some or all atoms of the structure are located,

8) LEAST SQUARES REFINEMENT OF ATOMIC PARAMETERS [29-32]

4
&
Structure factors can be calculated for a particular
R N ~,

—

reflection hkl using the equation:

i : 2,42 h
Fc foj e ~ ZBj (sin' 6/1%) e Zwi@(hnfj+kyj+lzj)
b . ,

! eer. o TI-8-1

where,~Fc, f 3 Bj @\nd x,y,2 are calculated structure factor, free
° )

atom scattering factor, thermal parameter and three positional coordi-

nates, respectively, The thermal parameter Bj is called the iosther-

[ 4

[y AY !
mal parsméter since the vibration is considered spherical, In the

anisotroplic case tf_he thermal parameter is ;eplacéd by six parameters

Al °

which take into account the amplitude and directions of vibratiom as

an ellipsoid, Thus thé atomic scattering factor corrected for

) - .

anisotropic thermal vibration is given by the equation:

0

2 2 .2 .
£ = fye” (Byyh"+B,y k" 48317428, i+ 2D, J1+28,k1) 1185

«
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The mean squaré amplitude of atomic vibration, 'ﬁ2='U
s 2 o { .~'
is more useful than B, therefore, theAexponent in the equation II-8-2

takes the following form if the i2 are used,

3

¥ . 2 27'\‘
S [ -2x%(U  h%a sy

2% .0 % * % % K » % %
22k b +U331 c +2U12h#a b +2U12k1a c +2U23k1b c )l

vees LI-8-3

»

. . Free electron scattering factors are corrected for

* “relativistic effects before using in the stucture factor calculations,
: ' . \
Thus; due to the fast moveme?t"of core electrons, the scattered X-ray

4

photons are out of phase with the incident photons, ie. the scatter-

SR R T .

ing is inelastic to a significaht degree, These corrections are
. ) N Y

e A T Ty T 27

significant in the case of 'heavy atoms', and take the form of a real

{ , Af' and imaginary part Af". ' .
? 4 ' , . ’ . /\ £
The) positional and thermal parameters are refined -
. using conventional non-linear least squares methods to minimize

3o yaes

“Fol and the calcuiéted, chl

the differénce, D between the observed

: ) structure factors, <i:::i\
P .
% . ' P

\
1

: ©D= ) apy ,'I:‘ol;_ |er, | )*  11-8-4
hkl . .

\
~
L . ! .
where, k is a scale factor for Fd~and 0l is given by the equa;io@;




R

' . - . .
-
CoL | L = 1742 - . 1I-8-5 ’
hkl : r .
c L]
o where, O is the standard deviation of F,
. * \ 4
. \ “
| . The derivative of the expression in the equation
_ II-8-4 with respect to each parameter is set to zero, The ;ESulting .
r,) ” 3 \
13 equations are expanded as a Taylor dseries neglecting terms higher than /-
E : o . . - -
E 3 first power, The new equations are dolved: for shifts xj in the para- :
14 meters p, according to the matrix equation: ' .
f. . 3 Py /o ;
0 11 %12 e %fp 1 1. o .
§ . .
: A 1 %22 veerr Xy V2
i . » - . = . IﬂI"E"ﬁ‘. i
% \ anl l...l'l' ” ann xn Ry vn ° -
5 L -
i ) R,
T
! o~ -
& where, \ i
¥ . ) L
. ® . Sy
v ¢ < A v '3,3
. : ) : 9 chall bl ® llelm 3
aij = E Y pil . 11-8-7 5
h 3Py 3Py W

O amitr 2
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meters, }espectively.'\h ‘ ' . X X

" ted from the equations: S,
Z|F0b8'1 bkt " |Fest | b S
Ryweightea Rp) = : . II-8-11
> | Fobe | mad
. W 9
4 ‘ N ‘ {
" . L. - ,JJ\M

T )

Qa '-40- -
xi\'= A pj ’ © -1I~-8-8 .
I' ) : N Y :u
y frafm
= % i r - . A
. Vi .'whkl (AFhld) ) II 8 90
hkl - 3Py ' ' / .

), ‘

The estimated standard deviation of pafaméter

coo S \.

——

(Gpj) is célcuiateé usihg the equation?
. " 4 . N J »
- - * . ‘ 3. B
. > ' g . .
= (] A = -8
o (Pj) J/> §jj { E hkl Fhkl ‘] / (m=n) I1-8-10 .
: , hkl S _ . .
‘ LA . . ' N

W

;here, Bjj is the jth diagonal element of the 'inverse matrix from

equation I1I-8-6, m.and n are the numbers of observations and para-
@ ’

-

K
"

-
o SURSAT .

~ o ~
~
. . @ . . M
- . N v . - o B

The correctness of the atomic positions “and hence

[

. LY
the degree of correctness-of the structure at any stage of the

s

&

refinement is related to R factors (also calléd the.the descrepancy

indices, residual factors or relidbility factqrs) which can be cémpu-

‘.?;’;“;‘anfn— P
~
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A} ‘_—/h ) ’
. ; . e
A’ ! , i
, [ ]
“ : 2
. 3 1 ; .- .
SRR bt (| Foba | g |Fea | hia 2 \
TR . hkl .
. \1 , g R ( ) = - \ 11-8'12
- i\ ‘ weighted %F B IR Sog ST
o T F e e , Z“’hkl lFobsl hki E
. . . . . . ,' . o hkl - . . . .
. \ )
o . . ™ ¢ The goodness of fit index (GOF) is defined by the '
R . a e ) t. ’

. : . equation: . , :

' , o L s R .
A Z whkt.- ¢ lFobsl call ha ) S

.| hkl-

The COF represents the déviation. in an-observation of unit weight, - :

°
4 .
.

w -
PRSIRERT S i e o S ol T E S At SR
- )
M .

) . ‘/ This index s‘hgul}d a;;proach Lp,@ weights are chosen 'correetly, ! J
. o o ~ ' . ‘ ;
i L ) = . The least'squares procedures for thes-refinement of atomic

-
A
o
<

paramet&rs use either full—matrix or block diagonal methods depending

. , }

The number of variables are ’

Bk e, e .,

on the number of variables used,

ﬁsually determined by adding four variables for each atom treated i

i
W%
{

/ A .
as vibrating isotropically, nine variables for each atom treated as ~ . .E

~

. vibrating anisdl:topically, plus one variablifor the scale factor,

. ‘ ¢
r .. /. . \
"~ on the PDP8/A ' minicomputer, the full matrix method is

- used 1f the mngb'g; of variables is less than eighty. In SFLS and
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4'“ .
! \

. . A~ . .
. ' \ ) .
' NUCLS, least squares programs which are used on the CDC.172 computer, N
R . - O . \
‘< .

" close to, 20Q hundrec} variables can be accomodated.

RS - — ) T !
v (T , The least squares program NUCLS is a special -program

-\ .‘.7_ '

which cap treat phenyl groups as rigid idealized phenyl rin,gs with

C-C distances, 1.398. This reduces the number of variables required

“ for the refinement ofva ring to twelve, including thtee coordinate /'“
: 1S

parameters defining the ring centrpids (i{c,yc, zc) s three angles

(0,0,6) to fix the orientation of the ring and six isothermal -

.

e : parameters, If the rings are refined using SFLS, trﬂeating each atom

a

separately, twenty four variables are required. Several least squares

—
g

"cycles are usually Arequired to complete t‘he refinement starting
with'approxima,te, values derived from the preceding calculation,
- ' The refipement is considered complete when t;here is no signi‘ficént
chax;ge in the parameters between two 's;xccesasive cycles, .
Broadly speaking structures havi'ngyR less than 10.0%
are said to be adequate to be S;.l]’.'e that the gross st.ructl:ure 118 correct

\\; ‘ ané R less than 5,0% is considered fairly accurate; the atomic para-
BN A

-

7’
meters can be used to calculate the bond ang}_es and lengths, S

o

&
b

Y




already identified and the remaining reciprocal axis The 1?;&3
TN

} 5 » & .
. .
SECTION II1- EXPERIMENTAL . .

A siﬁglg crystal of suitable dimensions, chosen unaer

»

a Bausch and Lomb stereo-zoom microscope, was mounted og a b‘orpsili-

cate capillary tube so that it would rotate about one of the principal

crystal axes, This tube was in turn. fixed to a goniometer,

v

RotatMeissenherg photographs were taken using

a Charles Supper Co, Weissenberg camera, Precession photographs
vere taken using a precession camera made by the same ﬁxanufaéturer.
. ) ’ M

\.
A Dunlee Mo target tube was used as X-ray source: it was operated at

40 ¥y and' 20 mA, powered by a Picker Nuclear X-ray geg:erator and

" control (model 8093), Most¢uof the photographs we:xg i:Zicen using

Kodak "No -Screen" film, Polaroiod films (type 57, high speed) were
[

used tp ta}c so/me of the precession photographs 4 7 .

b

v -

[

. . L8 .
The crystals were first aligned using rotation photo~

graphg tb‘detern{ine the changes to be made on the goniometer arcs,
Two unit cell axes were identified using the WeLssenbe;rg photographs, -
and the reciprocal angle between these axes was measured,

Precession photographs x;ere taken, each including one of Ehe axes .

>

o

of all three reciprocal ce11 edges, and the at:wo remaining ‘reciprocpl

. . a
-~ - . '
j *
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from the s'cintillation counter, Af serles of nickel foll attenuators,

i
® &

angles were measured, All the measurements of ar'ng.le.s and distances
; oo the plxotographs were carried out using a Charles Supper Co, film . / ‘.
measoring device, Angles and distances thus obtained were subsequent- .
1y used in computing the approximate direct unit cell dimensions.
\ )'
The space groyp of the crystal was deduced using the

symmetry and the systematic aWnces appearing o? the We:.ssenberg

and precession photograph . . -

25 DATA ACOLLEQ&.'ION, STRUCTURE SOLUTION AND REFXNEMENT.

/ i

The goniometer head,'with arcs set to Welssenberg

positions, was ‘fixed to a' Picker Nuclear FACS-1 four circle diffracto-
meter having an Elliot Mo target tube as the X-ray source; The- power

to the X-ray tube was supplied by a, Picker Noclear' constant potential I .
diffraction genexator‘(model 6238[& stable within 0.1;9 kVJ and 0,029 -
mA, The X-ray tube was operated at 20 mA and 40 kv, in the case of
the first structure (UIQIQUE) and 30 mA and 40 kV for the other three
structures (FESCO,TICEP,RUSH)., The take-off angle for the direct . o
beam was 3, 0o and the / K. 42 ‘peak was isolated with a graphite R
"cryStal" (reflection from the 002 face), A 1 mm pihhole collimator .

I\‘as used for the incident beam, A receiving apperture with vertical

and horizontal slits was located 23 cm from the crystal and 20 mm

- fixed to a rotating disc, was placed between the aperture and the




—evean s yeie aa \

L4 ’ / ) . * '
' . A

detector “to attenuate reflections having intensity greater than
. ) ,
10,000 cps. The detector was operated at 1,000 volts and the pulse ¢ - N

height anaiyser was set to receive 100% of the Ka‘X-ray radiation,

~ +

. : ' ' ' .
¢ ~
' ' The crystals were'visually centered using a microscope
N »
attached to the diffractometer. Iwo reflections selected from a zero-

- 1ével Weissenberg photograph were manually bfopght fnto their reflec-

ting positions,
a -

; /fﬁ ‘ From this point the procedures used in the data

-v-
‘ collection,’ structure solution and refinement were different for the
first structure (UNIQUE) and the other three structures (FESCO,TICEP,
: N .Q

- < ' RUSH) sincé the data collection and the Subsaquént Eﬁeps were carried

3

out using different computers ﬁ?d programs, The description will be

Ed

continued for two cases separately, The numerical data related to the

cfystal, structure solution and refinement for the fourpstructures'arg

~

-

- , <, collected in)Table ITI-1l ,at the end of this section, .

-

b - ' . Two reflections identified on the Weissenberg zero~

level were centeéred, and the angular values thus obtained were used, :
-, ‘ 4 ‘ v

along with the unit cell dimensions from the photographs, to calculate

. the initial orientation matrix, The Picker Nuclear crystal alignment

Ld

program was\ifed in centering the reflections and other computations

. .
.~ * - -

. .
. B . ot . ’ B @

R SRR




involvéd. Twelve reflections, evenly distributed over the reciprocal
. ‘ ' = . °
T lattice, having fairly high intensities and 28220 - 30, were chosen

¢

and centered at both +206 and -20 (hkl and -h-k-1). The two seta of
angular values (20, , X,¢* ) thus obtained were averaged, and used as

observations in the least-squares optimization of the six approximate
o .

. ~ cell constants and the initial orientation matrix and based on W, X ,Q

o

for primary and secondary reflections, (These were c'hosen such that

their x angles were closesto 0° and their 4) angles were separ‘ated by

about 900). The least-équares program used was supplied by Picker

. Nuclear Co, as a part of-their alignment package. <
~ - - \‘
. - {

I’

The data collection was carried out using ‘the Picker

A}

@ " . o
 Nuclear data’ collaction package, The 6-20 scan method was used to

’
N

' . record the integrated intensity lof the \reflectiqns. The attenuation,
“fa:‘c.tors usad in the collection of intensities great:ef than 10,000 CI;S,
+ were 2,781, ‘7.959 and 38,190, Minimum and maximum values of 26 and
' the limits for h, k and 1 were givenl to specify the portion of ‘the

o sphere of reflections to be collected.. The time specified for the-.

13

background measurements on eithe; side of the reflection was 20

setonds, The data were recorded on a punched tape and a print out.
. ' . ~ A

S of hkl, scan time, intensity and the two background intensities for

4

each reflection hkl was also available, All the steps from the
“ «

computation of the iigitial orientation matrix to the end of the data
collection were carriéd out using & PDP8/S minicomputer interfaced
]

to the four circle diffractometer. This computer has a 4K memory

-
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{ « o @ , ' -
and programs were loaded from paper tapes. The data on the punched;

tape was transferred to a magnetic tape using a/Hewlett Peckard

‘ /
2114 A computer,

After this point‘all the computations necessary for
the structure soluti;n and refinemeﬁ&”were carried out on a CDC
Cybet 172 computer Qsing the data transfefréd via the magnetic tape,
Data reduction and absorpt;on’cqrrections were carried out using
programs PREP [33] and GNABS [34], respecti;ely. An instrumental
constant of 0,02 was used (see éection I1-4, equation I1I-4-2),

The observed structure factors thus obtained were used to caléuiate

a 'sharpened' Patterson function using the fourier program FORDAP
: b N ' .
[35]. The two platinum atoms located using a Patterson-map were

‘.

assigned arbitary isothermal pafameters (3.0). Their pgsitional

s ey

and thermal paraméters were used, along with the absolute scale

factor obtained from the Wilson plot section of PREP, as input to the

. S

least-squares program SFLS [36], whicﬂ calculated the partial ‘
fabto;s, The structu%e fac;ors thus obtained were used to calculate
a‘difference fqurier nap using FORDAf; Some more non-hydrogen atoms
were locatdd from this map, After seyeral cycles of SFLS:including
the new atoms, followed byvthe calculation of aﬁ improved diffééencé
fourier map, ali the hon-hydrogen atoms had been 1ocqggd. From this
point the phenyl groups of the M9lgcu1e were treated as idea}izgd rigi®
bodiés:frﬂree coordinate parameters, three orientation angles

N .
and an isothermal parameter for each phenyl group’'were thus

~

©
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a

‘calculated using a program RIGID [37], ana the refinement was

completed using the program NUCLS [38].

FESCO, TICEP AND RUSH

The NRC crystallographic pro%rams [9] running ona
L new PDP8/A minicomputer interfaced to the four ci;cle diffractometer

™ 1{ were used in éhe cfystal alignment, structure solution; and refinement,

This comp&%éf has 32K of memory énd a floating point processor,

It is equipped with 4,8 million words of disc storage and a 120

character/sec, printer, |

°

. ' | Y

°

AN . L

~ . ;;;be—saiculation of the initial orientation matrix
)
‘ was similar fto that fescribed for UNIQUE, A set of angular values

v

>

PP

) 26, ¢, w and x for-twenty five reflections obtained using the

¢ . »

oy

initial orientation matrix, were optimized by centering these

W
>
5

‘-\\reflections. The&final angular values thus obtained were used-in’

.

p Lo .
'ja least-squares program to calculate the accurate direct cell

v

dimensions, A line profile analysis was carried out for certain

?xrgflectiops to ensure that the refined matrix is properly defined,

&

?ﬂ&u@e reflections were measured and specified as standard reflections, -
\

The 20 limits and space group'were input to -specify the portion of . }

\The total intensity of each reflection was collected using the

profile analysis mode and the background corrections were made

., N
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simultaneiousiy; The intensity data collected was recorded (the DA
- \ file) on a magnetic disc, "It was also available as a print out,
- 1 : >

B

A crystal aata file (the CD file) was created to prbvide

y the information (cell parameters, symmetry, scattering factors etc.)

i necessary for the subsequent steps in the structire solution and '
refinement, The data reduction step was carried out using the NRC -

[y

data reduction program which geduces the intensity data from the i o

[ . .

DA file, The attenuator factors 1,00, 2,85, 8,94 and 38,03 Yere

applied and the data from the DA file was scaled according to the

B LR N

variation of the three stardard reflections during the data collection

<

e b St o B . <dmmmn e m b m

Finally the observed structure factors (Fobs) were recorded onto a

— -

fundamental reflection file (the RE file), In a last step alllF bsl

3

s o ., on the RE file were normalizea and an overall thermal parameter

was calculaéed using a Wilson plot,

i AT Rt P B VT (RS SRR - e

The phase problem was solved by direct methods using
the program MULTAN [39] adapted for PDP8/A minicomputer, Eight o
solution sets were obfhined“for each structure and the best set

was selected using the three figures of merit, The phase information

¥
4
A
4
i
i
{
&
5
.
£
H

thus obtained was used to calculate an E~map from“which most of the ' l )

'heavy' atoms were located. The atoms thus located were assigned , =

. . - . "

- - arbitary isothermal parameters (U) and refined using the NRC least- . ”
'squares program’ LSTSQ. Remaining non-hydrogen atoms were located

. from the difference fourier maps drawn using the NRC fourier program

I . ' ‘
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FOURR, The positional and thermal  parameters of all the atomé were '

refined using LSTSQ, . .

The NRC program DISPOW was 'used to%calculate the .

. \,, L3 *
distances and angles quoted for the refined structures, The diagrams

of structures UNIQUE, FESCO, TICEP and RUSH were drawn on a Bausch

and Lomb DP-1, X-Y plotter interfaced to a Hewlett Packard 2114 A .

computer using the program ORTEP [40],\run on the CDC Cyber 172

- -

'3
computer,
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PART A THE CRYSTAL AND MOLECULAR SRUCTURE 6F CIS-(H -

5~ CgHsCH,S) yPE )~

(C6H5CH28)2[CH3(C6H5)P]2.

Q4'

1) INTRODUCTION
. . . . '

~

Sulphur bonding to transition metal organometallic

complexes can be described in terms of a g bonding inté;;:E;;;‘inxeij

ving s and p valeunce glectrons with metal orbitals of appropriate

symaetry . e v

+ . f

Monoalkyl and aryl mercaptans (SR, R= alkyl and aryl)

9

are found bonded to one, two or three metal atoms using pne, three or
[y > ] .
five electrons, respectiveiy. Complexes with‘two mercaptide bridges

can havé either a planar or a fdlded M,S, ring. Two isomers{i are .

272
possible [4]1] in the planar case owing to the pyramidal'stereochemié-

try of the sulphur atom,
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In the folded M282 gings three geometrical isomers 2 are conceivable
although the syn-exo form has not been observed,
& \ - . 4
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"In the past few yearsdmany binuclear transition metal
complexes with S or SR (R= H, alkyl or aryl) as bridging'grou s have
been prepared and investigated [41-72], The thio-bridged bingclear
complexes are interesting [68] since they exist'as cis—’; or transé \

isomers if there are two ‘differént 1dgaﬁds, X and Y, attached to each

platinum atom, - ' °
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) . In the case of thio-bridgeéd binuclear platinum complexes the cis

configuration gseems to be more stable, despite the large amount of

¥

associated eIZZE;:§f§iic energy (indipatedrby the hjgh dipole moment

, . ) of the solutions contaiking these: complexes),
. - -

y * platinum complexes bridged by differerit bridging groups such as

Among binuclear

5 iehloro-Cl [71], thiocyanato~-CNS [71],\»phos"phido-'-PR2
5

S [691, cis isomers .are not known. The stability of cis isomers of

and arseno-AsR2
. . - :
thio-bri@ge§ platinum complexes are explained in terms of the trans

. influence of the ligands involved, 1In cis-(u, -SEt) Cl (PPr3) [72] .

the platinum atoms are bridged by SEt groups and the remalning C1 : -

‘and PPr3 groups are arranged in the cis configuration 5, (/h‘\‘

.

‘. . '
. " , y e ' ' - - . .
. . : Et - ( ' ‘\! “;
- ' PPr , . . : , ;
. ~ \ * .

- 3 . S5 o ~ o 3
) 2,267(7) 2,281(6) ‘}5 2.267(6) 2,257(7) )
«F ) \ / ) \ / .
’ 1 P2 \
- / . X o ) * ‘6/) \ 8( ) hY
hC ; 2,339(6) .378(6 .363(5 2.338(6
. LT \\‘\\54///2 ‘ . \\\\\
cl : 2° . cl
i N Et .

0

" . ‘ The stronger, hence shorter, Pt-sl bonds are formed trans
\ . \\ . o,
to C1 grgups due to lesser trans weakening influence of Cl. 1In the

-‘ . 3 0 ’ . Y
cis configuration two platinum atoms are held together by two stronger

bonds involving the SEt group and the binuclear species is étabilized

- T g * as shown by the predominance of this/ configuration in. .




: ¢

A

aqueous :solutions, If the molecule adopts the'trans configuration

'the t.vo platinum atoms;re held by .a weaker. and a stronger bond such
that the molecule easily dissociates into the mononuclear species. .
. . / \
There is considerable crowding of grouPs on the two
‘ phospﬁorus atoms and the suipﬁur atom S1 ii-fﬁown by.éeveral short
non-bonded distancé; in the molecule, It seems that the stabilization
due to the electronic éffects in the cis configurationtis large enough
U to overcom$* the destabilization “resulting from this steric érawd-
‘ o ing; However, the steric effects might overcome the electronic F4.
effects if the molecule contains significantly bﬂlkéer groups en both .

ﬁ” - the sulphur and phpspﬁorus atoms, * ) '

° N ' A -
o

&

The binuclear p}atinum complex,)(uz—CéHSCst)thz(CGHS-
’CH2$)2[CH3(CGH5)2P]Q was prepared [73] by vacuum distillation of

R . molten cis-(C6H5CHZS)2Pt[CH3(Q6§5)2P]2. The X-ray crystallographic a

. : . . S
studies were undertaken to determine which configuration thefcomplex

adopts with thesq bulky grou’s. . ® :
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2) RESULTS AND DISCUSSION ) N ' : e
' The molecular ’::onfiguraf:ion and the numbering scheme

for UNIQUE is shown in Figure IV-A-2-1, The principal molecular

distances and angles are listed in Table IV-A-2-1, The positiona
h ., and thermal pa;:ameters of the atoms are listed in Table A-1 of the

%?nflix A. A packing diagram of the triclinic unit ‘cell. containif\g

~

two molecules of UNIQUE is showyn in Figure IV-A-2-2.

'

[

The complex is dimeric with two square
planar platinum units joined by two mercaptide brldges, Figure *

IV-A—2 ‘3. .The dihedral angle between the two square planes is 138. 83°

T s T e

" The deviations of the atoms of the two square planes from the least-
\ ! . \

\ squares planes through them are listed in IV-A-2-2, Two benzyl '

- , N groups, aqne on each bridging sulphur atom, are arranged in an anti

e e o TS
7

"~ configuration, The most significant feature is the arrangement

-‘*of the remaining two benzylthiolate and 'diphenylmethylphosphine groups

4

around the folded Ptzs2 ring: this was found to be cis. Thys, in spite

of, the bulky ligands in UNIQUE, the cis configuration seems tg remain

stable, The\\structure of the molecule is similalu: to cis- (pZ-SEt)thz-

NSRS T DR e s e g
-

N\
(PPr,) CL, [721‘.\ ' |

Y . ‘ N\'

o
g

4
e
3

In other\known planar complexes, [Pd(SPr)2]6 [61],

OH) ]6 [62] and" [Ni(SEt)2]6 the ~

[?d(sgznaou)'ZJG [62], [NL¥SCH,

&

s s e n
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~ The molecular configuration and the numbering

scheme for UNIQUE,

i

Figure TV=-A-2~1,




. Table IV-A-2-1.

g

. R ,
Principal Bond Lengths(A) and' Angles(deg) for UNIQUE

- > !

Bond Lengths

—

1.84(2)

Pt -P,  2,250(4) P,-CPy SB,-CB, 1.82(2)
Pt,-P,  2.245(4) _ P,-CP, {.88(2) §B,-€B, 1.85(2)
PeytSy 23200 BC, LB gp o 1.53(2)
Pt,-S,  2.317(5) P)-Cqy 1.82(1) CB.-C, . 1.48(2)
Pt.-SB.  2,380(4) 26 B B
‘1oL PyCe1 183 og o 1.48(2)
Pt,-SB 2.380(4) . 2771
Pt,-SB, 2.322(4) $17C5; 1;88(2) :
g pe-sp, 2.323(4) 2708 L84
{ 4
;
gv Bond Angles .. '
%'  Pty-SB-Pt, 89,3(1) Pt,-5B,-CB;  106,5(6)
? ) . Pt)-SB,-Pt, 92,2(1) Pt,-SB;-CB;,  109.9(5) 4
; o | Pt, ~SB,~CB, 98.7(5) :
‘ o P, -Pt,-SB, 91,3¢2) Pt,~SB,~CB, . 106.9¢5) 3
Pz-,Pt:Z--SB2 97.0(1) ' ' :
Pl-Ptl—SBl‘ 170.8(2) ssl-cnl-c81 . 1}3(1) ) ;
. P,-Pt,-8B; * '177,3(2) §B,-CB,-C,;  111.8(1) j
.8, -Pt;=5B; 94,5(2), . Pt,-B/-CR 117.9(5)
‘g . - - P ~
‘ . '8,~Pt =SB, 96.5(2) , PR -C 11078 (4)
T S,-Pe, =SB, 173.1(2) P, P, -Cyy 112.2(4)
s,-Pt,-SB, %74.4(2) ,;PtZ-Pz-CPz 112.8(5) P
L L EE,RCy 115,2(4) o
| R 94,1(2) : Pt2~’2~ 61 114,1(4) ’ ,
. Py-Pt,-s, . 86.2(2) .
' SB-Pt -SB . 80,4(1). S -CS§ -C 111(1) *
sB -Bt -SB ) 80.7(1) , s-cs-c L3

<

« . a
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" Pigure 1V-A-2-2. An {1lustration of the \m\t cell packing diagram
\ containing two moleculés of UNIQUE as viewed .

down the b axis,

. ’ . \ g
e ' .
. .
N . \ .
Lo~ N




hamabad et dil ol Xl
-

Jrpees e

s gt

e

N L T U BLme
R o A A TR 2

N

¥

*s8urx 1Luayd wcwmaﬁuxm.,macb,s O uorzean8iyuco ayyr,

P

"€~C-Y-AT 5In31g




O T

[ .

s wep o

e

v ..
. . ;
.. .
|
govso" | osseo’~ | €8ceo’~ | 918250’ | 998€0" -], 2gs <Igs % %5 g
Cas Tgs ¢z s i .- .
: A
. <L
8€680° | 96080°~ | L04L0°~ | 199£0° | $6100°- gs. ‘Tas ‘Ta T Tag
Sqs Tgs T Ig Taa )
oueTd 9yl woxy 8WO3T 3o AMV SUOTIBTAD(Q . ‘souvtd 9yl Sutujgop swoy
o ' *wayy y3noxyl )
-soupd mmkwswnluwwm.n mnu woxg HDUHZD uf moaq.nm
\ounsvm os3 Jutwxoy _msouu oy3 jo BUOTIVTAID OUYL Z=Z -<..>H m.ﬂ H i )

o vl

e D

EEEBENEONT, . P12

’

(VLS 20 N T SO

[

et

Jha% §.§§Ee .

v




. )
dihedral angle is constrained to be 120 by the cyclic *hexameric

_ structures and in [Ru(SC6H5)00 P(CH3)3]2“[64], Pt(SEt) (PPr3) C,]:]Z

v

[72], [RhC1(CO)(RMe,Ph)], [64] and (,«08H12Rh2012[7 (0Ph) ] [65], the

o] 0

dihedral angles are 113° 130°, 123°, and 122°, respectively, The

large value of the dihedral angle, 138.380, in UNIQUE can be “
attributed to the steric hindrance due to the bulkier phenyl gr.(;ups
on phosphine and thiolate ligands,
« : o)
? | i . In additon, angles in the two squaz.:e planes Pl-Ptl-SBz”l

o

"P-Pt _-SB,, S.-Pt.-SB, and S —PtZ-SB are increased to 910, 92,

27727722 171 71 2 2
'94° and -960, respectively, to accomodate the bulky phenyl groﬁps.

TR MR e Er 3 0

The adoption of the anti configuration in the distribu-

:
é ‘tion of two bridging benzylthiola%e ligands minimizes the crowding,
% The angles at:the bridging ° sulphur atoms, Pt1~SB1-Pt2hand t
h . , o o . _
]t Ptl SB2 Pt2 are 89  and 927, respectively, In cis(u2 SEt)z?tz- | .
; (PPr,),Cl, similar angles were .85% and 89%, respectively, The *
4 A :
. ' ; increase in these angles again shows the results of steric effects,’
L ]
¥ o .
W Two stronger hence shorter Pt-S bonds,.Pl:l-SB2 (2.3222)
i‘.\‘;k 4 ’ O - '
§ and Pt2-8B2 (2.3238 are formed compared to two longer Pt-~S bonds,
, o )
Pt:l-sBl (2.380A) and Pt2-831 (2.380R), ' This is expected since the

(3

trans influenée of I’R3 ligands is weaker than that from sulphur ligands y
[66]. Similar observations have been made in the ‘complex, cia(uz—SEt)i
Ptz(PPr3)2012, where the average ‘shorter and longer Pt-S 'bonds are |,

found to be 2.274% and 2_.371%, respectively,

) “
. t ‘ )
- . . . . ! 4 w
a
- .
£ - )




ot 4 5 o

% . - A
(: . : . ¢ : f -65“' . ’ . : .
iy ~ ‘ ' ' Q .
s The‘Pt-P distances, 2.250(4) and 2. 245(4)A were
e :
"f\ .
similar to the Pt P bond distances found in cis- (“2 SEt) PtZ(PPr3)201
" but were longer than those observed for complexes with bridging
chlorine -atoms [71].
i : ] \
M [
' The P-C, S-C and C-C single ‘bond distances, 1,82-1,88,
o v
1.82-1,88 and 1.48-1,53A, respectively, found in phosphine and
benzylthiolate iigands are all in the range’ rébortéd [67] for similar
1 S ’ . ' ‘ .

. ligands, N
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PART B THE CRYSTA}'AND MOLECULER STRUCTURE Oﬁ Feé(co)12[s(06H4)C82]

1) INTRODUCTION

The complex, FeA(Co)lz[S(C6HZ)CSZ] - FESCO, is a cluster

of four iron atoms which are held by iromn-iron bonding and bridging

sulphur and carbon atoms, The bonding mode édapted by thé'dithiocapboxy-

:

B

late part of the S(C6H4)CS2 ligénd in the molecule is unusual and it

\

. seems to be the first dithiocarboxylate complex to have such a bonding

@ode. In this molecule sulphur exemplifies its varied [74] ability to
coordinate‘with transition metals giving rise to clustered species.
The interest in these cluster species has been increased during the
paét feQ years due to the presence'of similar species in biolbgica%

systems [75], A great deal of attention has been focused recently

~on the synthesis and structural characterization of metdl cluster

conpounds ‘because of their potential application §S'models forxr the\
active sites menon-heme iron proteins such as ferrodoxins. 1In this
section, brief introductions to the sulphur ligands, and the nature
of the transition metal-carbon bond are presented to define the teFms

v

involved in the discussion of the molecule.

Dithiofates

“~ o .
; X
The bidentate unsaturated sulphur donor chelating
- . ‘q .
ligands such as 1,1 dithiols 6 and 1,2 dithiols 7 are found to

form complexes with transition metals, More emphasis will be given K

\
=66~ )
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g to the former since the title compound FESCO has o-mercaptodithio-
benzoate 8 as one of the ligands.
-’ 1 "
’ - ' ) ) ‘;‘
. . [ . ‘ -7 o ’ B g
f §. - )
- ' ' . . \
' o ‘The formation of four membered rings 9 are common in
trangition metal 1,1 dithiolate complexes, -
. . . . . ' 3
J S .
. ) : : / .‘\ﬁ ) .
. N M ~}C X,
Rt . . \ / .
.a‘ . S o ) .
. ‘ | 2 //’)
. X may be SCMR,- dithiocarbamate, S,COR-.xanthate and .
- ‘ ' D {
SZ'CCGI«I5 _di\thiobenzoate. . . '
L) . . s . . . . N e ° \‘ )




) dlthfglate system is found to be less important than in analogous

2 ) ) »
. -68- v
Af The x molecular orbitals of the 1,1 dithiolate-ligand

I
-~
-

are perpendicular to the plane containing C-CS, unit 10,

O Q/
ER

a
N - v o

\

1

These molecular orbitals are delocalized over the
chelating part of the lfgand and they could_overlap with the metal dn

orbitals of appropriate symmetry,., Nevertheless, x bonding in 1,1

1y2 dithiolate systems [76] and the metal- sulphur distances are longer

c

than those in 1,2 dithiolates ' . o

The lithratufe ;::;;rning the chemistry of transition
metal 1,1 dithiolate complexes has been reéiewed-uh to 1968 by ' i °
Coucohvanis [761 and rec;ntly (up to 1979) by McCullogh [77]). 1wo
iron complexes with,diﬁhiocarboxyléte complgxes df iron (III) are
Fe(C6H5C82)3, the dithiobenzoate,and Fe(p-MeC_H, CS the dithio-

6 4 2)3’ :
(PhCS ) and Fe(p-MeC_H, CS )-

3)2 6 4 3
(p-MeO6H4CSZ)2 11 have alsgo been prepared [79}, The crystal struc- .

toluate. "Sulphur rich" Fe(PhCS

ture of the latter shows that the coordination around the iron atom is

4 -

a distorted octahedron with six sulphur atoms,. -
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Usually 1,1 dithiolate ligands are bidentate. However),
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some tridenpateqbridginé CS2 units of the typéjlg [éo] aéﬁ 13 [81] have ' .
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also been reported,- e S
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L

T

\'[84], respectively,’ In doubly bridged -complexes the Fe
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T , c opedy iy wepely
_iron atoms in .(uz spa3)2Fe2(c?)4FmQ3]2 [82])and Fe3('C0“)9(}13 SPr )(u2 ,SPr )
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Three conformations 15, . axial equatorial (ae), axial
- axial (aa) and equatorial equatorial (ee) are possible[9%] for two
R groups of the bridging mercaptide”ligands in the core Fe,S,.
. ¢ ’,
. N :

. v 8
i ‘r ' ¢ k ! . ' T )
: : e : ) (o) - (CO)
, (C0)3 ) . 3 RS, 3

| A |
a ' R"'S.:;ge ‘ C Q\\\F . !”S‘;ES Do

(co) ~ e
. . s B (q3 . ‘ (€o)3- C
» . oo I X ) e, ¢ ’
. . (ae.) {\_» .(‘)» . (aa) (EE) ‘ '
B “ P ! * ' " _1_-_5_ R ’ .'

N » " .
The tfiply bridging spri _group has been 1dentified [8+1n~
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Metal~Carbon 0 Bonding

5 N ‘ ., v
Transition metal-carbonno bonds are less stable than

L]

Q? metal~carbcn bonds of analogous main group elements., One reason

given for this behaviour is the low ionic resonance energy ave,ilablé .
for the stabilization compared to main group organometallic compounds,
This instability may also be due to the availability [85]Jof several

L3 .
low energy pathways for the decomposition of transition metal-carbon

o bonds, One of the important decomposition pathways is the B

elimination glving olefins and the metal ‘hydrides, e
r g
. ’ ' i [ )
. . e . RS . !
: . \ . .
@ The stabilization of the metal-carbon bond in alkyl and
, N - iy
. ‘aryl containing compounds is foung to be different: the greater

13

’ ‘ -', ' ) *
" ’ stability of ‘the aryl metal-carbon bond is explained in terms of x

-

interaction of vacant orbitals of the aryl groups with the d '

7 N .

electrons of the metal " The involvement of n backbonding makes the

: métal-carbon bond stranger The 1mportance of this effect is clearly

L}

shqwn in the ‘case of transition metal carbonyls whicﬁ are more stableﬂ ’

with respect to oxidation,and thermal decomposition .

L
<4 . .,

. " T < i ' o F o : ' (o] ' ‘ .

L An iron-carbon bond (2-lIA) is found in the complex ‘
o (n~ CSEB)Fe(CO)Z i He [89], where one -of the cyclopentadienyl ligands
s arve bonded q the Fe atom through a single carbon atom, Thejhron-.

-~

nd lengths reported in the literature vary [89) from

Lo ® 1,89 t0%? 2. giving a average yalue of 2. oref, -t
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The complex Feanp?lz[S(C6H4)CSZ] FESCO was prepared| 7} .

\
~

as a part of the synthetic investigations directed towards the 'develop-

ment of catanated polysulphur ligands, using the reaction:

g

‘ - F(00)3
- " /TN
o /S)VS“’Fe(co)
] o © (CO),Fe_ \ -3
} S T J
i . S | Fe (o)
: : : * - - - o

. The X-ray cryétallégrphic studies.on FESCO was undertaken °

since the structure of the molecule seemed to be too difficult to deduce

by conventional spectral techniques, , v
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' : 2) RESULTS AND DISCUSSION . - '

P . —

o

The molecular configuration and the numbering scheme

for complex, Fe4(CO)12(806H4CSZ)- FESCO, is shown in Figure

IV-B-2-1, The prlnc1pa1 molecular distances and angles are llsted in

- Table IV-B-2- -1, The deviations of atoms Fe,, Fez, Feg, Fe4, 515 SZ’ S3

cm\ah@ C1 from the least squares plane through the phenyl ring are listed

in Table IV-B~2-2, ' The positional and‘therhal parametets for the non-

) ' % ', ) hydr?gen atoms of the molecule are listed in Table A-2 of the Appendix
A, A pgcking’diagram of the'triclinic unif cell conEaining two FESCO

- 1] ' !
molecules as viewed down a axis is shq« in Figure IV-B=«2-2, The

e gmA  ETAITTT :/ N

molecule consists of two FeZ(CO)6 sub un 1d together by the

. Scaf{4CS2 ligand: the centraL skeleton is shown {n Figure 1V-B-2-3,

N _ Sulphur Bridging : ) . .

O e e TR T
’

- . \
Tﬁe sulphur atom 82 acts as a triply bridging'mercaptide
\ = \ sulphur with Fe-5 distances 2.2119), 2. 216(3) and 2, 289(3)A for
Yoo . Fel 2, e, §2 and Fe4 SZ’ respectively, It connects the two Fe (CO)
:a S S units, The thﬂee iron atoms Fel, Fe,, Fe, and carbon ¢y form a
tetrahedral arfay around the Sl. The Ee3 82 dlstance of approximately»
v L ) 3.02 i;\sssenfially non-bonding. X '

AN \
oo o\ | | -

‘ v ' \\‘ Thé other two sulphur atoms S1 and,83 pehave as doubly

bridgéd merceptide groups across Fe,~Fe,  and - Fe -Feq, respectively,
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Table' IV-B-2-1 The principal bond dlstances(A) and

s " . + : angles(deg) for FESCO,

Bond Distances

.
.
, ,
~ ! . :
)
. 3 ,

v FepFe,  2,510(4)  FesCp L763(5) G0, L.IS(L). o
Fe,Fey  2.632(5)  Fej-Cp, 1.807(9) Cyp05, 1.12(1)
Fe;~C)4 1.790(8) ,  C,qy=0,, 1.11(1)
; ' Fe,-S, 2.250(5) ~ ‘
; Fe,-S,  '2.211(3) Fez-CZI 1.769(9) Cyy=05  L.14(L)
f Fe,~S, 2,262(5)  Fe,~C,, 1.814(9) 032—032 1.17(1)
~ Fe,-S,: 2.216(3) Fe,~C,, i1.804(9) ’c33-o33 1,15(1) .
Fe,-C,  2.055(7)  Fey-C  1.802(8)  G,-0,, Li13(L) A
Fe,-S, 2,183(4)  Fe<C Q\\fx L, 740(10) Cup04, L.11(1L)
_ .. FeymCGyy . 1.772(9) €430, 1.16(1) o
‘ Fe,-S, ©2.289(3)
. Fe,-S, 2.266(6)  Fe,~C,; 1.816(9) cz-c3 1.38(1)
‘Fe4 c42 1.811(8) ¢,~C, 1.40(1)
, €S, = 1.766(8)  Fe,=C,, 1,765(10)  C,-C, 1.42(1)
C,-S, 1.791¢7) ©CCs . B36(L)
. €3-S, 1.780(8) €)10py 1,15 (1) Ce-C,  L.3(1)
- C,-S,’ 1.47 (1)  €,-0;, . 1.12(1) Ce-Cy - 1.38(1)
‘ €;3-0;5 1.14 (1) ,
) | / .
Bond Angles
. Fey-C;-S, 103.0 (4) C4-C,~C, 89.7 (5) )
Fey-C,-C, L126,1 (5) €,~C,-C, 120.7 (7) , -
Fey~C S, 68.8 (3) C4-C,- c5 119.2 (8) ‘
$,-€;-C, 122.5 (5) C,-Cs~Cq 121.4 (8)
8,7C,-Cy ", 104.6 (4) C-Ce-C, 1189 (8)
, . C4-C,~C, 118.6 (5) €,~C;Ce 121.4 (8) N
. ,
? ' q '
3 . ' >
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IV-B~2-1 Cont'd, '

- Bond Anples -}
&£, .
§ / N L : 2
o di1 e Fez . 99.0 (3) Cyy~Fe,-Fe, }04,0 (3)
o Cyq-Fey-Cy, 100.5 (4) C4;-Fey=Cy, 94.0 (4)
’ C;1-Fer-S, | 90.9 (3) C31-Fey-5, 103,0 (3)
) C;17Fe;-Cqq | 92,7 (4) Cy-Fey=C, . 99.1 (4)
Cy,~Fe;-S, 99,5 (3). © Cy,~Fe,-Fe, 87.3 (3) -
CypFey-8) 105.0 (3) . CyyFey=Coy 96,1 (5)
Cy,"Fe =Gy 99.% (4) - C4,-Fey-Cy 167,3 (4) )
CL3—Fe1-Fe2 : 103.6 (3) Cyy-Fey=S, 115.9 (4) _
6, 4-Fe; -8, 86.6 (3) Cqyq=Fey-C; = '93.0 ) A
S, Fé1‘?ez 56,4 (7) " €y -Fey-S, 49.9 (2) .
SFets, "81.,32(1) S3-Fey-Fe, 55.2 (1) '
' Czl-Fez-Fe; 103.5 (3) C,1-Fe,mS, 95,4 ;3)
CZl-gez-qzz 90.7 (4) d& -Fe4~53 99.9 (3)
021-I3e2-82 93.0 (3) C,17Fe,~Cyp 95.4 (ff) '
C,1-Fe,~Cy . 98.8 (5) Chr Fe4 Cpay 102,64(4)
C,,~Fe,=5; 85.5 (3) C42-Fe4-Fe 91,9 (3)
Cyp=Fe,-Fey 96.9 (3) C,pFe, -5, 93,7 (3) | ;
Cyp=Fey=Coy 99.9 (4) «C,,~Fe,=C, 4 89.5 (4) ' \
C,3-Fe,-5; \ '%02:9 (4) c43~Fe4-Fe 104,7 (3) :
’C23-Fe2-sz 106.9 (3) c43 e4~5, 96,3 (3) | .
S, -Fe,~Fe; 56.0 (1) Fea—Fe4 3 52,3 (2) .
S1 Fe2-82 81.(3 ¢)) Fe3--Fe4 9 74,8 (1) b2 )
- )
‘ g |
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. Figure IV-B-2-2, The triclinic unit cell packing diagram

containing two FESCO , molecules ®s viewed ‘
" .+ “down a axis,
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Tl\ue Fel-Sl} (2,250), Fez-s1 (2.262) and Fé,-S, (2.266,A' bond

lengths are within normal range [82]; however, the Fe,-8, distance is

a little shhrter than expected,

Fe+Fe Bonding 1 o K

1

\ ' o The Fel-Fp2 bond distance, Z.SLO(Q)Xe is within tﬁe
normal range [83] of 2148§-Z.SSZZ for similar Fe-F; distances found
in the butterfly.Fe252<core. ,The FeB-Fe4 bond distance (2.623(5)3)

. ¥ sliéhtly longer perhaps due to the unusual bonding shown by Ehe

cgrﬁon atom C, described'below.i i

Coordination Around C1 - , S

i

The most intéresting f;ature of the éoleéule is the
nattachment of C1 to Fe3 étom, Figure IV-B-2-4-a and Figufe
1V-B~2~4~b. The Fe3-C1 fdiétance (2.055(f)3) is withinléhe“éangg'
(1,89-2,133) of a single Fe-C bond [97], Thg;Cl-S bond dista;ces
are somewhat shgrter than expectéd (1.82-1.85%) for C-S single |
bond distances and yet longer than those measured (1.69-i.71%) ‘
in dithiocarboxylate complexes [88], where a delqéalized T systeﬁ

over the three atoms of the Csziunit has been postulated,

i

, . / | The Q(CGH4)082 ligand is not planar as expected, BUt .
N K . , ) ) .| D o '
8, and 5, are displaced (Table IV-B~2-1) by 0.91 and 0,274
’ 5 - .
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: — respectively, frqm ‘the plane formed by " the phenyl ring. . The S-C L //
A # e distance. (1 780(8)A) and the phenyl C -C distances (1 36 -1. 42A) ‘ ‘//
4 ' y of the phenyl mercaptide part of 'the ligand is in the same range ‘ //.
g ' .“ - .. observed, 1,745-1.790 and 1.35-1;46A distances, respectively, fo‘r a /
‘ ) - similar-1ligand in the complex [Rh(SCGHS)(CO)EMe:B]? [64],

v

. v ~ N S
, . The carbon atom Cl can be regarded as an alkyl gr,oup \

-

with respect to Fe3- cdmpféting its.coordination sphere with three

2
late part of the S(C6114)CS2 is tetradentate and attached to 'fouf

other bonds to S,, C, and S, , ‘Figure TV-B-2-4. The dithiocarboxy-

\* . . ' metal atoms whereas this type of ligand 1is usually bidentate. . ’
‘ \\\ ) " This novel form of bondingjeems to have affected the Fe3--Fe4 bond = " T
1 . : )

) i \\ »~ . Wwhich is slightly  longer than expected; 1?:33-83 which is a little ey
;f ’ " . shorter and Fe4-82 which 18 a little 1onger; than usual.;
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PART C THE CRYSTAL AND MOLECULAR STRUCTURE OF [nSGlS(CHB)S]ZTiS
; ~ -
X -

1) INTRODUCTION ' ' o :

e A

i . B . ' ‘4 - ‘ {’\

\ ‘ 5 .
’rhg comp%ex, [n QS(CH3)5]2‘T153 TICEP belongs to a
, .

. class of compounjs which have bent metal bis—cyclopenéadienyl frag-
ment as a common feature, The trisulphide lig?ﬁd of the molecule o - .
acts as ; bidentate ligand forming a four meﬁbered metdilacycle” ~
- . with the titénium, a fragment previously undescribed, Thi} section,
therefo;e, consists of a'general introduction to the natﬁre of bonding !
‘ in bent bis-cyclopentadiengs and the stereochemistfy‘of both sulphur
homocycles and heterocycles. Sulphur homocyéles are included becaggg//,

,of their close remsemblance to the heterocyclesscontaining a transi-

Nt tion metal,

-
W

-,

Sulphur R;ggs'
«£

&

/

' - Although éiemenggl sulphur has been extensively studied,

the factors that determine chain length and ring size are poorly under-

I

-
[,
et

stood [90~91]. Pure sulphur rings with n= 6,7,8,10,12,18 and 20 are

kngwﬁ [90]. They are fairly unstable compounds and readily form

2,
i

vt

“d

equilibrium mixtures of various chain lengths, The sulphuf rings

N N

and chains are in a zig-zag arrangement since each sulphur atom has

5
el

[
T
"
B

two pairs of e1ectrons~preVEntipg the free rgtation around the

~

1 72374

~

1 ‘ ‘ Iy ‘ - )
o S-S bond, ' The torsion angle Y of a §,-S,-5.,-S, fragment is defined
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as the angle between two planes 17 containing §,5.S, and S_S.S5 :
. | ‘ = 17273 2374
- / . '
Sl S4
. ) 17 2
C In disulphane HZSZ’ there is practically no steric
hindrance between the two hydrogen atoms. The torsion angle Y is ' \

about 100°, In Sg [90] which is the most stable of the sulphur

. - : o Y, :
homocyples, Y is about 98 and the eight sulphur atoms are “arranged ’

L]

in a crown shaped molecule 18,

.

L)

The.relative stability of 88 compared to other sulphur
omocycles can be attributed to the favourable torsion angles and S-5-5
bond angles. Similar y and S-5-S angles are found in 81, (91]

which is comparable to 88 in stability. -

A few transition, metal compiexes containing a poly-

sulphur metallacycle MSn, where n = 4 or 5 have been reported,
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Surprisingly these sulphur heterocycles contaiqing a’'transition metal
are stabilized relative the‘éhlphur homocycles., The relative stability

%

i

of these sulphur/heterocycles by contrast with the instability of pure

sulphur rings such as SG still requires a convincing explanatioﬁ,
. ) B o

Sulphur Heterbcycles ' \\'

-~ ‘ S
Polysulphide ions acting as bidentate ligands have
been' structurally characterized in complexes such as szMoS4 [93]
-9 s
15 [951, (PPhy) Pes, [96], Cp,TiS. [97], CpCo(PMe,)s, .

{98] . and szvs5 [97]. Thus only MS4 and MSS rings have been reported,

-

-

A
Cp NS, [94], BS

) §
The complex [nSC'S(CH3)5]TiS3 - TICEP was prepared [99] ¢

B

The variable temperature 1H MWMR of

S~

3-
TICEP:at room temparature in C 13 solution has one.sharp peak for . \

methyl protons on cyclopentadienyl rings indicating the fluxional

. from [:CS(CH3)5]2T1012 and LiS

behaviour of the molécule. 'The broadening of the hydrogen peak and the -
appearence of the double peak of the ratio 1:1 and finally the resolution '
of the double peak into different methyl resonance frequencies have

N been observed at -750, -90° and -130°C, respectively,

. ' \ .
. . Several polymeric structures were proposed for TICEP

*
p* -
&

X > using the results from elemental analysis, A monomeric structure .

with four membered "metallacycle was the least expected due to the’

non—exsistance of such species An'the literature. The X-ray crystallo-
jl X ’

. -~

‘ . o, . 'y

‘

- ‘= T S STT

T 7 ... e oS
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"graphic studies were undertaken on TICEP to assign a unique structure, K
. . ! : \

Y ‘
‘Bent Bis-Cyclopentadienes

I

4

The bonding in bis-cyclopentadienyl t)ansitlon metal
L complexes has been described [100] in terms of the wvafiation of the

energy levels of normal or parallel bis-cyclopentadienyl complexes as

the angle between two cyclopentadiene rings departs from 180%1:0 form
¢
; & bent structure 19. ‘ ‘ T

Q

o S ey g el S s sy i B St NV

The bonding in normal bis-cylopentadienes is well
. . Y

-

understood [100], Ix(a D5

atfaggered ’cohforma'tion, the x orbitals of the ligands interact ‘to

d geometry where the two CSH; ligands are in a

form three sets of degenerate orbitals which in turn interact with the

| d orbitals of a transition metal, ‘A. schematic interaction diagram of -*

. a normal Cp,M (C_H " abbreviated as Cp) complex is shown in Figure IV~ (™
2 5t , <

2

C-1-1, Ferrocene (Fe+ - d6) is by far the most stable D_, metallocene

5d
since it has the ideal number of eighteen electrons filling the bonding‘

'
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Figure 1V-C~1-1, A schematic interaction diagram for a \

. - D5d metal lolcene . ,
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anti-bonding as 8 departs from 180, , The orbitals 1laj, bp and

a5’
H

B S 1 e
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s
e
“
?

frontier orbitals (alg‘and e, ). Cobaltécéneﬁand nikelaéeﬁe are

2g

*

- -
e padia® Bty il a0

nineteen and twenty electron complexes, respectively, adding %

‘ . ' Tk ‘ S
electrons to the anti-bonding elg orbital, Addition of extra e%ectrons

3

to the anti-bonding orbita}s in these complexes is réflected in

their readiness to undergo oxidation. On the other extreme,

complexes such as vﬁqadacene'(dB- 15 electrons) and chromocene

‘(dh— 16 electrons) are electron deficient,

4
! ™~

¥

Electron deficient normal bis-cyclopentadienyl

4

complexeg can achieve the more stable eighteen electron configura-

tion by combining With additional ligands, The normal Cp_M unit

2
s «
bends back to accomodate extra ligands, Thefamg%é\@ between the

normals to the sz unit is less than 180° and the symmetry of the unit

changes from D

5q to lower symmetry depending on the positions of rings,

to C2V

if thz}rings‘arq eclipsed and to‘Cs if they are staggered, The .
variation of energy of the TiCp2 orbitals as a function of O can be .
computed using the extended Huckle procedure [102]., The basic trend
noted as 8 departs from 180° ‘is shown in Figure I1V-C-1-2, The

orbitals a and b descended from‘e’f8 get are stabilized because of

a decreasé in the overlap of the metal d orbitals with the filled’,

ligand orbitals, and more importantly, in the Cs symmeltry,thé‘dxy and ‘\\\\\\;\\\\\\

dxz orbitals are now of proper symMtry to interact with two of the

empty anti-bonding orbitalstof the ligand, and

2

are destabilized as a result of increased ,

The orbitals lal, b

k™

2a. descended from a

1g and e

1 2g
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The contour diagram of 2a
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231 will play a prime role since the electron deficient CPZM

¢

gystems such a# TiCpQ,ZGC2 and VCp2 have four or fewer electrons,

i

1 b2 and lal orbitalé and the interaction
diagram of bent szM orbitals with two donor Lligands are shown in
l .

.
the figure IV-CTl-3.
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2) RESULTS AND DISCUSSION

”

\

The configuration of the molecule, TICEP and the

numbering scheme is shown in Figure IV-C-2-1, The principal

molecular distances and angles are listed in Table IV~C~2-1,

A packing diagram of the monoclinic unit cell containing four TICEP

molecules is shown in Figure IV-C-2-2,

Appendix A,

Ti Tetrahedron

The positional and thermal

<

parameters of all non-hydrogen atoms are listed in Table A-3 of the

The molecule has a four membered héterocyclic ring

in a bent conformation with the bis-nspentamethylcyclopentadiepyl

metal moeity as the hete;bspec;es. The arrangement of the two

terminal sulphur étoms (S1 and S3) from the trisulphide ligand, and

the two centroids (D1 and DZ) of the cyclopentadienyl rings is a

distorted tetrahedron around the titanium atom, Figure IV-C-2-3,

The molacule does not have C

v

or C8 symmetries since the S,, S, and

1’ 72

S3 atoms are not symmettically disposed with respect to a mirror

\ plane passing through the mid paints .of two cyclopentadieriyl rings

and the metal
squéres plane
réspectively.

metal atom is

atom, The deviations of §

1

containing Ti; D 2

and D

The angle between the mid:points D.D

o
173.82 , Figure IV-C-2-4,

, =93~

1)

52

1]

énd S3

172

from the least-

o
are 1,46, 0,22 and 1,794,

and 8183 at the

43 F
I Lee 2
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The molecular configuration and the nunbering

scheme: for TICEP,
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. Table IV~C-2~1 The principal bond distanc?’s (X) and . . ‘/"_
' angles(deg) for TICEP, ) l‘
. o 1 e '
\
" “Bond Distances
| Ti-S) 2.491(9) €111yt 1.46 (4)
Ti-S, .2.492(10) C15C1a9 1.60 (3)
TGy, 2,56 (3) Ci3Cray 1150 (0
Ti-cy, 2.44°(3) C14Cray 155 (3)
Ti-C,,4 . 2,46 (2) €;57C1ss 1.68 (3)
Ti-C,, 2,43 (z)*‘f A Cup 1B @
Ti-C; ! 2.37 (2) 022 Cyrp 1.50 (3)
Ti-Cy ' T 251 (2) 023 Cys3 1,50 (4) |
Ti-Cy, L 2.51 () s4~Cosy  1.62 (3) ‘
Ti-C,, . 2,58 (2) 025-0255 1.71 (3) ‘ : {
Ti-~ .~Cy) 2,38 (2) o ; \.‘
Tf"czs 2.36 (2) 5,75, 2.04 (1) 4
Ti-D; 2.125(1) 82_31, 2.06 (1) ’ '
Ti-D, 2,150(1) ’
- Bond Angles .
C14=Cy, T - 1.42 (3) SRR \ ;
Cii_ci:' 1.50 (3) . STL~S, 8479 ()T .
¢, 57y, 1.50 (3) 5)-T1 ~D, 101.87 (5) -
¢147C1s 1.40 (4) . 5p°T-Dy 103.86 (6) . ’ %
TR 1.39 (4) $4-Ti =D, 106,78 (4) : : g
¢;1-C,, 1.49 (3) $3-T1 =D, 104.92 (6)
c, c23 1.38 (&) D,-Ti -D, 139.86 (6)
c23-.c24 | 1.43 (3) o 3 5
C47Cp5 1400 Ti-sz , 26.0 () ¥
©57Cn A9 Q) 172 ‘ =
: : Ti-8,-S, 75.8 (3), ~ b
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+ In contrast to t'hese observations, in CpZ’I.‘iS5 [37] and CPZMOSS [93] W
v 4

the six and five membered rings, respectively, have CS symmetry with ;g?f\
. - e

T

& v

&

a mirror plane passing through the mid point between the'two terminal

3 =~ \8&., ot

sulphur atoms bonded to the metal.

The Four Membered Metallacycle

/

. ' 1
The Ti-S distances 2.491(9) and 2.492(10)& of the

SO et
TR Vit e WD .

four membered metallacycle in TICEP are comparable‘\t;j 2,441(2) and

3
S

o . . .
2.410(3)A found in the six membered metallacycle in the complex

'szTiS The,S-S distance in the rings Ti6,, MoS, and TiS, are in
‘-

50 T° p 32 7% 5

the range 2.03 to 2.09A. The torsion angles' and the bond angles . o
-\ o

are shown fin Figure. IV-C-2~5.," The following features are noteworthy:
the SsM-S angle deceases as the ring become smaller and the tortion :?:

angles of the ring 'l‘iSS

3 and MoSl’, It was not possible to compare the angular £
-

strain in '.[‘iS3 and Mosa since the tortion angles along M-S bonds

were smaller whereas the tortion angles along S-8 bonds

indicate smaller ring strain compared to

rings TiS

-

in MoS
n .04

in Tis3 were smaller. It is possible that both rings ~ have similar : .

angle strain, However, all the rings have more angle strain and

inte@olecular int‘eractions compare:i to the 58 homocycle, where the -,
tortion angles and the bond angles [90] were 98° and 1050, respec-
tively, Firm conclx'zsions on the abSolAute or relative stabilities of
33 MSA and MSS could not be drawn sihcé the rings compéred B | :
had different trgnsitiag}metéls_‘in them,

-

the rings MS

\d

¢

P Y SO P L - R ad Riaia o ” PR



z - ~100- .
: N -
- , o (107 9°) ;
. . 59.0° (106 9°%) *
o 'T{/ \
(95.5) 61,9 (109 3\
\\ o
(103,1 °) :
» 99.9% :
3 S2 E
. 49.3° : \ ' (
< " 0.2 81 58.4° :
. (88,7% Mo T ‘ : 4
: 1577 S :
’ 7. (108.8%) 4
' ’ 47.1 ;
. : ' 83 v©
€100,8%)
; ‘ L ]
- N .
, ( 75.9% .
S1 i J v ‘ S
N | o 27,30 - B
N o . 34,9°
, . ] ( 108.8°\, " : .
: - ( 84,8%) Ti B : .
S “27.0° .
a 2 (106.3% -
‘é‘ Ve
: - . ‘
5 Figure IV-C-2-5, 4n 111lustration of torsion angles -and bond angles
: ) (wit:h in brackets) in Tiss, "MoS 4 and Tiss.
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. : MCpé Fragment ’ - ~ , b

T

v

The two n bonded pentamethylcyclopen&adiényl rings
a;e staggered with centroid-Ti distanceé*Z.lZS(l) and 2,150(1)2 . 1
The average Ti~cyclopentadienyl cargon di%tances of 2,462 is’

,: comparable to those found for similar'complexes [95-98] of the type

), TiX

) .
[#
J),TiX, (X=Cl, §). The Cp-M-Co angle in TICEP is 137.85 .

5
(n -CSH
In previous structvre determinations-these angles were found to be
. 1} L
132.7%, 134.0%, 134.1°, 135.1° and 137.4° in Cp,TiS,, Cp,
5 . e
and [n -CS(CH3)S]2TLCI2 [103], respectively.

Cp, MoS, ,
4

50 CPMS,

R The increase in the Cp-M-Cp angle in TICEP and [nS'CS(Cﬂa)S]ZTicl

i

szvs
2 .
can be attributed to the methyl-methyl contacts of Cp rings in the r
bent structure, The cyclopentadienyl carbon atoms of each ring
are coplanar as shown by the small deviations within 0,02-0,042
from the léa%t-squares plane through each ring;\Tayle %V-C-2~2.
The methyl groups on two cyclopentadienyl rings deviate between
0.07;0.58A°, from the least-squares plane through five carbon

\ atoms of the rings, The largest deviations (see Table IV-C-2-2) are

»

144 155 255

)
since the non-bonded distances between ﬁﬂese atoms are about 3,33A

i

)
which is smaller “than the methyl-methyl Van der Walls contact of 3,5A,

i (o}
, shown by C (0.39), ¢ (0.28) and C (0,58A), as expected,

Similar obsérvations have been made in the complex [nS-CS(CH3)5]2-
T1C12u

oy
I

lSeve;al C-S distances (1e.S3:Cl3 (2.91), SBwC12 (3.18),

’ f
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51-Cpp (.09, 8,70y, (BL17), 5,761 (3.26), §;-Cy (3.39),

S1 233 (3.18), § (}; (3.11), 8 P 23 (3. 38), 9" 222_(3.28) .
and 52 c223 (E;z:A) a}e smaller than carbon sulphur Van der Waals
A ‘ .

0
contacts of 3.4 indicating a steric crowding in this part of the

A

molecule, - However fiév conclusions could not be drawn since the

" positions of the carbon atoms of the two cyclopentadienyl rings

\

were not well refined, '

A
< The dispositio% of two cyclopentadienyl rings relative

-

to the four membered;metallacycle inh TICEP is of particular interest

in the light of the two sets of_nonequivalent methyl protons on the two

4 A
\ -

cyclopentadienyl rings ags shown by two peaks in the variable tempera-

1
ture H MR spedtrum below 75 C The coalescencence of these peaks

can be attributed to the fluxional behaviour of the molecule involving

a conformational averaging in solutiﬁn between two folded TiS

3 ring
conformations: . A
‘\
\ .

-
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.PAilT D THE CRYSTAL ANDiMOLECULA_R STRUCTURE OF (Nz'.Hz;)RuA(CO)g-

N

{[ (ch) Pl cH).

1) INTRODUCTION

The cotflplex, (1y-H,)Ru, (CO)q {[ (C,H,),P] CH}- RUSH -
is a transition metal carbodl cluster hydride, with a tripod -
1ligand linked to a fa'ce of a tetrahedron formed by four ruthenium
atoms, 1In this section brief introductions t.o catalysis, go the X
nature of the bonding in phosphine ligands, .and. to hydrides involving

polynuclear clusters are, presented, to explain the terms and the
A ]

-
structural patterns encountered,

+

Catélxsi's - \, -
The structural investigations of transition r;xetal
clgster hydride complexes are important .since théy seem to be the
closest rt;odel [104] of a metal's surface involved in heferogeneous
catalysis. 1In'several instances guch comivlexes themselves are found
to be catalytically active [105], for example in reactioﬁs,such as
igomerisation, and hydrogenation of l,alllcenes to internal alkenes, .

Some intermediates in these reactions have been isolated [105]

which mgy provide insight into the mechanism, Unlike most of the

heterogeneous catalytic systems that have been used in industry,

transition metal cluster catalytic reactions are carried out

1

=104~

ey
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.Phosphine Ligands - . o+

~105-

homogeneouly, Homogeneous catalysts are more specific with respect

to products formed and are in direct contact with the substxates in

one phase. However, heterogeneous systems present significant

advantages in an engineéring and economiic context since the costly

separation of the catalyst and products ‘\ is not involved, Recently,

studies [f06] have been carried out to combine the best features' of

'homogeneous and heterogeneous catalysts, The homogeneous catalyst

-

organometallic complexes are chemically bondéd to specific groups

~on a solid support, The most common method that has been used is to

attach the homogeneous catalyst to a solid organic or inorganic
Bﬂ’pport containing group VB domors such as P, As and Sb by covalent

or ionic bonding, The commonest supports that have been used are

polystyrene and silica which have been modified to contain phosphine

gfoups. In this context, phosphine complexes of transition metals
T
showt potent catalytic activity,

[3

) +
Transition metal complexes contalning phosphorus ligands

are stable since phosphorué can act as a g donor and a g acceptor,
\ .

The bonding capability cf phosphorus res&u‘e/from the vacant 3d

orbitals which can interact with filled non-bonding d orbitals of

a transition metal, The strength of the M-P bond depends on the

b
-

3
negative groups increase the strength of the bond by increasing the&

N

other groups X attached to the phosphorus unit/PX . More electro-

i
l
1

/

. bonding cqntribdt ion,

A




~106~-

A series of alkyl and aryl phosphines can be\prepared
by changing X 1in the Px3 unit with appropriate alkyl or aryl groups.

Some of the most commonly used alkyl and aryl groups are methyl,; ethyl,

L 4 .
isopropyl, normgl butyl, isobutyl and phenyl, The PX3 unit is monoden~ |

tate in binding with transition metals., Bidentate and tridentate

a

phosphine ligands have been prepared [107-109] where two and three
phoéphine groups, respectively, are attached to the same ligand.
Examples of bidentate and tridentate ligands of the gemeral formula

RZP(CHZ)nPRZ 20 and RC(CHZ)nPRZ 21 are thPCPIiPPh2 (bisdiphenyl-

phosphinomethane) and (Ph 2P) 3CH (trisdiphenylphosphinomethane-tripod)

[110], respectively.

P P/R : P S
\M/ \R ~_|_+~ }.

P
N T
yd

R

The tride;ltaté ligand may bond to one, tyb or three
metals, Their chelating power depends on the size of the ring formed
with the metal, The tripod ligand belongs to an unusual class of
ligands which will bind three metals simultaneouly in a triangular’
array, JA Osbourp's group in France has .been trying to construct

trinuclear clustet‘é from mononuclear atar.ting maferials [110]

“using the tripod ligand,

-
s

.
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. Tetradentate and hexadentate phosphines have been

T e ST S R

synthesized [111] and the reactions of these multidentate systems {
with transition metals have resulted in a vari():ty of no%a)l transition |
: i
metal complexes [111]. \“i
FEIRN
i

~

Transition Metal Hydrides - 4

In simple t;rminal hydrides, the hydrogen occupies a
distinct coordination site and the M-H distance is a‘pproximately ‘ ’ .
the sum of the co‘;;—l—ent radii, The early attempts to locate'hydrogens »
by X-ray data were ipdirect. The missing hydrogen positions were
deduced by éxamining the geometry of the rest of the molecule,
'Fm: example, X-ray anal‘ysis of HMn(CO)5 [112] revealed a square
pyramidal geometry, indicating octahedral coordinatidn with a "wacant"
site presumably occupied by a t;arminally bonded hydrogen atom, The

‘bonding “in mononuclear hydrides are fairly well understood, being more

straightforward than the bonding involved in bridging hydrogen atoms'

sl 2 o P PR TRV SR WA 3 O v TR

in binuclear and polynuclear cluster complexes, The location of

fes wow o ot

hydrogen bositions in complex structures by X-ray analysis is difficult
since the X-ray cross section of hydrogen is small compared to other
'heavy atoms' in the structure, This problem becomes more severe in

the cases where hydrogens are found embedded among the metal nuclei .

in clusteré.

In the past few years an increased accuracy has been

achieved [113-114] in locating hydrogen positions on the difference » /
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fourier maps by eliminating high angle data. However, even when direct

1

location 1is possible, their positions are of low precision,

Moreover, metal-hydrogen distances measured by X-ray diffraction

: 0
methods, are often 0.1-0,2A shorter than their true values,
because the hydrogen - electron density is somewhat perturbed from

the hyarogen nucleus towards metal-hydrogen ¢ bond,

e W et el 1 N RSt oo dpe el v o T Bt -
L SR S PSR Yenl

+

Neutron diffraction has been successfully used [115] to

Lt s e

locate the position of hydrogen atoms with more accuracy., Hydrogen

atoms scatter with about the same frequency as do most  odther

-
»

elements, eliminating the distinction between heavy and lighter atoms,
. However, two major drawbacks to the neutron diffraction are the
necessity of large single crystals and the relative inaccessibility of

the facilities required ie. a nuclear reactor,

TR PRSI, .. S ]

Tetranuclear Cluster’ Hydrides

~r

a 2% Dyg 3

have been postulated [116] for a transition metal cluster cogplex‘of

A

_Structures with local T 23and C,. 24 symmetries

the typeﬂnqﬂé. .
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At ‘least four types of bonding modes [117], terminal

i Sl e T

(M-H), doubly bridged (H-M-H), triply bridged (M H) and hydrogen

atoms embedded in the center of the polynuclear cluster have been ?
- s 'i

established. The M-H-M bridge can be considered to be a. electron g
" deficient three center bond 26 “similar to the hydrogen bridge found é
in boron hydride systems. %
3 £

» . '}‘

@ i §

he “’ K §

i ' ' ' ?
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3
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| 25
In thf case of tetraauciear cluster complexes the -

metg}-metal distances along a bridged edge of the terahedron formed

by four metal atoms are found to be longer than similar non- bridged
metal-metal distances.. This criterion has been used [118-119] to . - B
locate the edge bridged hydroggn atoms ih'(uz-H)Rua(Co)lé and 'g
similar complexes, %
The variable temparature 13c and 1H solution NMR studies %
) %

of transition metal carbonyl éluster hydride complexes have shown

[120]) that the structures are not' static with respect to the position

t . ) _ -
of ligands at various temperatures, The ligand migrations are explained

/ v N\ L.
in terms of the low energy bonding modes that can readily interconvert ‘L

{
[
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-fluxir_fmal behaviour of the, cluster complexes also indicates the

-110-

- \ ) ’ . 4

Thus it seems that the metal cluster compiexes have

-

eaéily available active sites for various substrates and low acti-

vation energies for the breaking up of the products formed, The ‘

possib'ility of structuralJ isomers, >
&

o The 1iterature concerning. the chemistry of transition

'. metal hydrides including transition metal cluster hydrides has

. A

. been reviewed up to 1971 by Saillant et al, [121] and up to 1979

by Bau et al, [122]. A number of polynuclear metal carbonyl hydrides -

have been reported in the literature and the hydrogen pdsitiong found

~\
in \c}uscers such as (u2—H4)R:14(co)9(cEme)3 [1231, ,j“ -H )os ,gcmm

241, (4 -H)Pe, (COYgLR(OMe) 15 11251, [0, H)Coy(G0) (17 [(PhyP) N1

3]3

;1[6'] and [(11’25112)1‘1112’)(‘0())[21]‘_‘2[(Ph3P)2N]+ [L27 ] by neutron diffraction,
e hydrogen positions.in complexes such as (11‘,2-}14)‘Ru4(00)12 [1‘17‘],

(u2 4)R“4(C0)10(Ph P)2 [117], ("Z—Hl;)Ru (CO) (diphog) [128]

(u2 Ha)Rel‘(CO)lz[lZE)] and (M H&Ru (CO)u[P(OMe) ] [130] have been

determisd by indirect and direct methods usi.ng X-ray diffraction

/.
Two structural isomers have been fougd [131] for the complex

[(IJ'Z- 3)Rul’_(‘CO)u] with M, Hy geéometries ¢, and cSv' "In complexea,
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(”Z-HA)REA(CO)IZ’ (uz'Ha)R“A(CO)lz[H” and (H2-H4)Ru4(CO)1o(diphqs)
the geometries®of t}me M“H4 core were Td, D2d and Cs’ respective?ly, -
MPnodentate' phosphines such as_PPh3 in -(Nz-H(’)Rul‘(CO)10(1’Ph3)2

2
and bide;tate phosphines such as PhZP(CHZ)Z Pth(diphos)‘ in :3
(“2-H4)Ru4(co)10(dizphos)’are found at',tached tq the metal atoms of év
tetranuclear clusters, - ¥ |
v A
The complex, (uz-Hl})Rul*ﬁ(CO)g(tripod) - RUSH, was
prepared ‘ﬁ.’fz] by the reaction between (HZ-HA)RPQ(CO)M’ anfl
(thP)3CH, The variable teinperat,ure 1H NMR of the compound sﬁowed - .
a sin;gle hydrogen peaa at room temperature which si)lit into a° '
doublet and finally ionto four distinct péaks at low tempérafure
indicating fluxional behaviour of the molecyle, The X-r.a;v crystallo- o
T graphic studies were undertaken to determine the nature of i:hé bonding '
avadopt:ed“ by the tripod ligand and the approximate hydrogen positjons
on the tetrahedron. formé¥ by f«:)ur ruthenipm atoms to support the

- ' implications of the 1}1 N, 311’ NMR and IR spectra.
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2) RESULTS AND DISCUSSION

H * Al
&

The moiecular configuration dnd the numbering scheme e

4
of RUSH is shown in Figure IV-D-2~1, The principal molecular
LT 2 ‘ :
distances and angles are listed in Table IV-D-2-1. A packing

7

diagram of the monclinic unit cell containing four RUSH molecules

and :f’our methylene chloride molecules are shown in Fipure iV-D-Z‘-Z.

TR o A O SRR e, T

The positional and thermal parameters of the non-~hydrogen atoms are

listed in Table A-4 of the Appendix A, _ /
¢ . ‘ :
3 . ,

' The molecule contains a tetrahedral cluster of four
. §ruthenium atoms with four hydrogen atoms bridged to the R“}R}y.

Rul-Ru3, Ruz-Rua and Ru3-Ru4‘ edges of the ruthenium tetrahedron,

Figure IV-D-2-3, Each Ru,, Ri.tz and Ru, atoms are linkéd to two

carbonyl groups and a phosphine group of the tripod ligand, Thus,
the tridentate tripod ligand is linked to the face formed by the

Rul, Ru2 and Ru, atoms of the tetrahedron, The ruthenium atom Ru

3
is bonded to three carbonyl groups, Figure IV~D-2-4,

4 =

BBt wioat SERT e PN R S s € e e 2587w TP o3

Ruthenium. Tetrahedron

b
Al

. .. The coordination around each ruthenium atom of the
Eetrahedron is a distortéd octahedron, Two types of Ru-Ru distances
are observed in the tetrahedron with average longer and shorter

. o
distances 2,942 and 2.804A , respectively& These Ru~Ru distances are

L

~112~ -
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Figure IV-D-2~1, The molecular configuratioﬁ and the numberiﬁg

’l

scheme for RUSH.
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Table IV-D-2-1  The principal bond distances (A) and - ' Cy

angles(deg) in  RUSH,

. ' N .
Bond Distances , °
P " TRypRu, 2.960(2)  P=Gyyy 1.84 (2) ﬁ Cpy~Crps  1-39,(2)
Rup-Rug  2.947(2)  B;=0;,, 1.88 (2) © Cpy5Cppe  1.42 (2)
Rul-nu4 ‘2.768(2) P2-0211 1.62 (L) C1267C1a1 1.42 (2)
Ru,~Ruy 2.821(2)  B,~C,,; " 1.86 (2)  Cpyy=Cyy, 1.41(2)
, ‘Rup-Ru, 2.908(2)  Py=Cay 1.87 (1) Cpy,=Cpyy  L.41 (2)
Ruj-Ru, 2.958(2)  By=Cy,p 1.86 (2)  Cy4-Cyy, 1.37 (2)
) Cp14-Cazs  1+39 ()
a Ru;-Py 2.335(5)  €;;-0, 1.21 (2) Cp15 Corg  L-45 (2)
Ru,-P, 2,314(5)  C€;,-0;; 1.20 (2)  CpgCyyy 140 (2), .
Ru,~P, 2.343(5)  Cpy=0,, 1.16(2)  Cppy*Chy, L.4L (2) | j
. €, o 2 1.20 () Cpyp=Choy | 1.42 (2) .
Ru;=C;y 1.80 (2) Gy -0y 1.18 (2)  Cy,q-Cpy, ~ 1.40 (2) :
Ry =Cy, - 1.82 (2) c 27039 1.15 (2) C5247C995 1.37 (2) :
Bu,~Cy; 1.90 (2) c 1704 L9 (2 CpseChpp  1.45 gz) §
Ru,Cy, 1.804(1) 042 042 L7 (2) CpgrCyyy 1,42 (g). , !
RugvCyy 1.78°(1)  ©,53-0,, {<20 (2) - Cyy=Cyyy 1AL (D) !
Ru =Cy, 1.90 (2) S C3y,7Caq  1.36 (2) |
RuCy LB e, 1382 3Gy PO i
R“a Caz 186 (2 ¢ _c.. . 1.45(2)  %147C3s 139 ) !
1.80 (2) 112 113 © 1.40 (2) '
Rug~Ch3 ' PG, .-C.,, 11.35(2) . C315C316 1-40 (
: 11377114 o e 1.4l ()
C147Cpys 137, CaeTCanr 1AL
CP-P1 ] //;.92 (1) ¢y 5-Cp6 1.43 (2) C317C399 1.43 (2)
{ . CF-P 1.91 (2) Cpe-Cpqy  1.41 () C3227C3p3  1:45 (1)
. - Ce-Py 192 (1) 7, 1.41 (2) Cyp3-C3,, 1.39 (2).
; ‘ 0121 2@ Gawtas 14 @)
=$ c,-Cl 1.72 (2) 122 :123 : ~
3 | ‘ C,nenC 1.41 (2)
. c 1238 (2)- 325 ~326
e . : 326 321 _
\ .
. \ ! & v
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Table IV-D-2-1 Cont'd, i
. . :3
,- \ . - , 1
Bond Angles : : %
1
| . @ RuRupgRug. 5706 (5) " Ruy~Ruy-Ru, 61.71 (5)
‘ Ru,~Ru,~Ru, 60.92 (5) . Rul-Ru3‘-Ru4 . 55,92 (5) .':
S Ru,-Ru;~P; . 94.4 1) Ru, -Ru,-Py 92.6 . (1)
| Ru?_-Rul-Cl2 104,11 (5) Ru;-Ruz-Cy, 111.5 (5) .
| RuB-Rul--Ru[+ 62.25 (5) Ru'z-Ru3-Ru4 ¢ 60,4 (5) ' ,
Ru3—Ru1-I_’1 91.2 (1) Ruz-Rua-P3 83.2 (1)~ )
Rug=Ru;~Cy; 105.7  (5) Ru,-Ru,-Cyy 9{.7 (5)
: Rul;—Rul-Cll 10L.4° (5) Rual-Ru3—C31 103,2 (5)
| ’ Ru,-Ru;-C,, 9'9.3 ¢s) Ru,-Rug-Cy, 107..2 (5) )
| X P;~Ru;-Cyy 98.3 ‘(5) | Py-Rug=Cyy 98,3 (5) ‘ - j
: _Pj-Ru;-C;, 102,91 (5). Py-Ru;-Cy, 102.9 (5) !
Cll-RUI-CIZ 95.8 () C31-Ru3-C32 90.3 (7)~
Ruj-Ru,-Ru, | 61,23 (5) Raj-Ru,sRu, 62,79 (5) |
Rul--Ruz--Ru4 $6.29 (5) . Rul--Rua-Ru3 61.83 (5)
Ru]_--Ruz-P2 88,6 (1) Rul-Rqu-CA41 £ 85,5 (5) ‘
| Rul-Ruz-Czl . 112.3 3) Rul-Rua-C“ ) | 89.1 (5) $
| Ru3—Ru2-Ru4 62,15 (5) Ru24Ru4-Ru3 57.48 (5)
Ru3-Ru2-.P2 .95.6 ) Ru,-Ru,-C,, 112,37 (35)
Ru3--Ru2--C22 i 88.8 (5) Ruz-Ru4-C43 95.2 (6) o
Ru4-Ru2-;u 104.6 (6) Ru3-Ru4—C41 102,7 (7) 3
‘ Ru,-Ru,<C,, 106.4 (5) Ruz-Ru,-C,, 1'10.9 (5) .
'  Py~Ru, -C,, 95.8  (6) Gy ~Ru,~Cp 984 (])
_ : 1’2-1'1112 '-022 100.6 (5) C417RYu,-Cyy ?0,9 (8) ]
Cyy~Ru,=C,y 95.8 (7) C,y-Ru,-C, s 97.2 (8) P

- andk
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i . :
s TableIV-D-2-1  Cont!d. R
~
s
N 4
~
‘ ﬁond A?gles
| Ruj-P-CP 1087 (4) Ru,-P,-CP . 110.6  (5)
X : Rup-P)=Cp 119.4 (5) Ruy-Py-Copy 117.9 (5)
oo Rup =P -Cp oy 116.1 (5) Rug=P,-Cqpy 118,0 (5)
% CP-P,-Cyyq 105.8 (6) \ CP ~Py-Chry 108,2 (6)
i R P - =P - ’
3 % CP-P;~C 107.4  (7) CP ~Py~Cy, 104.1 (7)
: ¢117P1 % 98.3 (7) - C3117FyCy 96,3 (7)
4 ' P .
Ruj-P,-CP - 1099 (5) .  Bj~CP-P, 110.6 (7) ' !
; Fuz'szczll 120.2  (5) P,-CP-P, ©  108.4 (7)
i Ru,~P,~Cop 114.7  (5) P,~CP-P, . 102.6 (6)
' CP-P,-Copy 105.2 (7).
CP-P,-C)y 106.6 (7) . el-g-cl, 108, (1)
: Co117 P2 Co11 98.9 (7)
i
) J !
4 . )\\\ .
\' // ‘
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' The unit cell packing diagram containing

e
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(3]
1
[}
4
=
H
=
gl
- el
=

four molecules of RUSH and four methylene

chloride molecules as viewed down the ¢

axis,
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Figure IV-D-2-3, An illustration of ruthenium t;etrahedron .- i
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2

comparable to those observed in (u2~Ha)Ru4(QO)12, (v HA)Ruﬁ(CO)IO-
10(“2'd}ph°3)’

P - -

[-(OMe)3], (uy H4)Ru4(CQ)IO(PPh3)2 and (uz,Ha)Rua(CO)

Table IV-D-2-2, The average Ru-Ru-Ru angle of 56.9° formed by the
: 0

longer Ru-Ru edges was smaller than the average angle of 61,66 formed

bf shorter Ru-RU edges. These ampgles were comparable o those found

/ " in similar complexes, Table IV-D-2-2,
‘i 1

Ruthenijum Tetrahedron and Carbonyl Groups

»

'

) .
! .

.

/ ' : The ruthenium-carbonyl carbon distances and carbonyl c-0
distances were comparable to those observed in ruthenium tetranuclear
complexes of the type (u2-H4)Ru4(CO)12_nLn, Table IV-D-2-3, Two types

of principal Ru-Ru-carbonyl carbon angles formed by Ru-Ru digEances
The a?/erage

involved in longer and shorter edges were observed,

Ru-(long)«Ru-carbonyl carbon ard Ru-(short)-Ru-carbonyl carbon angles,

106,.35° and 92,959, respectively, were similar to those found n

similar complexes as shown in Table IV-D-2-3,

Positions of Hydrogens on the Tetrahedroh
»

Ru,~Ru

The presence of .unequal Ru-~Ru distances indicates the
1

presence of four bridging hydrogen atoms (along the Ru1 Ruz,

Ru -Rua‘and Ru3-Ru4

S

3;

edges of the ruthenium tetrahedron), The larger

2
Ru—(long)-Ru~carbony1 carbon angles support this assumption since the

larger angles indicate the displacement of the carbonyl groups\from

o o

A e
Seua,
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the bridged edges to reduce the non~bonded interactions between

bridged hydrogens and carbonyl groups, Figure 1V-D-2-5, The angle
between the planes through C41’ 42 43 and Rul, Ru3 was

165 ( deviation from the ideal 180° ) showing the distortion of the
molecule to accomodate the hydrogens H

and H,,, Figure IV-D-2-6.

24 34°

located from a difference fourier map calculated using low angle
data, The bond distances of the hydrogens thus located bonded ;q
ruthenium atoms are listed in Table 1V-~D-2-4 along with their
positional parémeters,

Ol‘]

Ruthenium Tetrahédron ana the Tripod Ligand

[

. o] %o N
istances (av. 2,327A ) are witli{n-the range
o) .
(2.359-2ﬂ335A ) observed i a£\complexes as shown in Table
IV-D~2-5, Two monodentate PPh3, bidentate diphos and tridentate
tripod ligands are found in complexes (uz-H4)Ru4(CO)10(PPh3)2,

(HZ-H4)Ru(CO)10(vz-diphos) and RUSH, respectively, Fiéure IV=D~2-7,

The Ru-Ru-P angle decreased with the increasing chelation of the

phosphine ligand as shown in Table IV-D-2-~5, ;t is seen that th;
steric requirements for attachment of the mujtidentate phosphine
ligands to the tetrahedron increase with thgihelar,ion. The strength
of the link between triﬁod and the tetrahedron ahoﬁld be a'balance

between  electronic BtabilizationzeSulting from the overlapping of

the orbitals involved and the destabilization due to steric repulsion

| between the ligand and the carbonyl groups on the tetrahedron,

\ ¢ ‘

‘ The positions of the four hydrogens le, H13, }12[4 and H34 were directly

N R AR O i Gt Ssidiahd e T

o e st e b e —_ e

. ;
' ' ' RN N o e




P R

.
s
v
?
H
~
R4
“
4
f
1
L
f
2
K
*
.
1
~
-
°
Ve .
A Y
-
- [ -
.
*
Y
1
L4 -
¢ &
4 - . S
~ ca .
~
v

v

0°

105.7(5) 103.2(5)

o
93.7(5)’

o 31
. 96.3(7)
‘o
‘~ - |
\ co,,
- . - %

' Figure IV-D-2-5, An illustration of Ru-Ru-carbonyl carbon angles

>

in the ruthenium tetrahedron. ] .
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Table 1y-p-2-4. Ru-H bond distances (g) and the positional

parameters of the hydroéens bridged to

Q .
- ruthenium tetrahedron,
. T
i" ‘ Ru-H distances !
E T Ru, -H, , 1.609(1) 1 Ru,-H,, 1.836(1)
; . i 4 ) ,
| Ru,-H,, 1.445(1) Ru,-H ,, 1.%e8(1)
! p ' ' ' ! ‘
~ Ru -H 5 ©1.707(1) n ug-Hy, 1,585(1) - :
Ru3-l'{13 . \_ 1.593(1) RuQ-H34 1.846(_1) ‘ o, ‘
° ' ¥ . . . ’Jf“" ;
- .+ Positional parameters of the hydrogens - ‘ ) ?
X Y z S ,
' ’
- . H, .2294 .1531 824 ! A\
H,, : .2031 .2948 L1117 \
H,, .1292 .1019 . 1611 Lo
H,, .0971 .2341 .1873
34 / »
!
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A comparison of these two factors was not possible. since the

ligands involved in the monodentate, bidentate and tridentate cases .
§

were sterically different, .

Tripod Ligand ) ' »

gl
' The phosphorus-carbon distagces (see Table IV-D-2-6)

e e w e e

“ of the ¢ tripod ligand found in Fe(b0)4(tripod) [133], Fe(CO)B(tripod)
. B )

f134] and RUSH, Figure IV-D-2-8, were similar,| The first complex

nly one phosphorus. The angles
|
are within the ligand unconstrained, In the second case the tripod

cﬁntains a tripod ligand bound through o

is bidentate and g¢helating the iron atom, '.'ine strain in the latter

case is clearly shown by the relatively small Fe~-P-Cp and Pl--Cp°-P3

R T R A CTE S PSSV

angles in this complex (98.9°(av) and 89.20, respectively),

B )

. On this basis, the angles oberved in the third complex (ROSH) where ‘

the ligand is tridentate but not chelating, look relatively

unstrained, Py The idea of using the ligand tripod to support triangular
N .

'\me'tal clusters is probably reasonable since the ligand is less strained "

-

. in this si‘tuat‘ion than if it acts as a chelating group.
The tripod bonding to ruthenium tetrahedron in RUSH

is interesting in the light of the recent efforts made [115] . / ;

‘ towards heterogenising the homogeneous catalysts. The ruthenium
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o ~ tetrahédron will be in a position to participate in reactions with

suitable substrates simulatiné a portion of the metal's surface of -

a heterogeneous .catalyst, if the methane carbon of the tnipod 1igand

b

in RUSH is bonded to a suitable polymer, ‘ |

The variable temperaturre_ 1H solution NMR sgpectra ..

-

of RUSH is in contradiction with its solid state structure due to

the appearence of four distinct peaks at very low temperature,
N ~N

8! ' According to the solid state structure the ]'H MMR should show only

» ‘ two*peaks. at very low temperature since there are only two sets of
4 : non-equivlilent hydrogens, The molecule 26 has a mirroer plane
- ' passing througl% H and H, ,H_ , are equivalent with respect

132934 12ty

* to this ‘plane,

)

o However, four peaks .in IH solution NMR can be explained in terms of

Ay

the mirror plane in the solid state structure, The exchange between

%{, two bése and edge bridged protons gives rise to two pea}cs at

)

MY

unsymmetrical bridging of hydrogens 27 in the solution state destroying

ST e o . A B, et 282 e ¢
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' intermediate temperatures and finally, Scrambling of all four

:protons at the room temperature willlresult: only one peak for

) protons,
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APPENDIX A, *

Table A-1. " The positional and thermal parameters for UNIQUE,,

Table A-2. The positional and thermal parameters for FESCO,
Table A-3. The positional and thermal parameters for TICEP, °

Table A-4., The positional and thermal parameters for RUSH,
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