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ABSTRACT

The crystalland molecularistructures of
Re (CO) [Sl(C H5)2]° and Re (CO) [SL(C2H5)2]2 t?

have been determlned The central Re2812 clusters

‘are similar in both molecules and form a rhombus w1th

a Re-Re bond across the shorter dlagonal The Re—Sl

bond lengths in both compounds are all 51m11ar, and

/Jare therefore consistent with the hydrogen llgands
( .

,@lpelng termlnally bound to the rheqlum atoms rather

: than bridging the rhenlum—51llcon bonds -The mode
'f of bondlng of thé hydride llgands is dlscussed 1n

w”",relatlon to other 51m11ar systems.

The crystal and molecular striﬁtures of three“
?nzs (benzene 1,2~ dlthlolato) complexes,"

4)3, [As(C6H ) ][Nb(S CgHy) 5l and
[(CH3)4NI [Zr(s 6 4 3]) have been determlned in an
attempt ‘to explalh the stablllty of the trigonal prlsm
with respect to the octahedron. In the molybdenum
and niobium complexes the metals are surrounded by

six sulfur atoms in trlgonal prlsmatlibcoordlnatlon
The zirconium complex, however, has a coordination.

&
gplch 1s best descrlbed as a dlstorted octahedron.

- Theqlncrease in S-C distances, observed through this

serles, 1ndlcates an 1ncreasrng tendency of the lmgands

towards the reduced 52C6H§ formulatlon. "This ten-

[, -



~enes

~and thermal parameters.™.

dency is dlscussed in relatlon to a molecular -orbital

/
scheme for trlgonal prlsmatlc dlthlolenes (by Gray J

«

et. aZ.);and is correlated to the destabilization of

¢

-the prism-. whlch is observed progre551ng through thls'“

series.
A disorder in Re, (CO) g [si(C ¢Hs) o] 27 1nvolv1ng a
small translatlon of the complete molecule along

the crystallographlc b axis, was lnvestlgated in
\
order to ascertaiQ\the effect&ongmolecular geometry -

- v

vi



The flrst sectlon deals with

A

of‘a partlcular class of

\oql

Y

The second section is

i
‘4

i L : ‘;w
concernedJW1bh thé(
: -y o K

complexest

~la

of ¢ llganﬁs coordlnated through sulfur

S : \"f d
a&oms. The sém

. namely 51ngle crystal-

-ray dlffractiﬁy, w?% us ed for both problems. The
T g '

theoretlcal”and:experlmental

'details of X-ray

several standard
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CHAPTER I: -‘TRANSITION METAL HYDRIDE

INTRODUCTION

The. discovery %f the first transition metal

hydridé pomplexes75'6 FeHZ(CO)A-and CQH(CO)4} in
the 1930's farked the beginning of app?gkimately
twenty yearé of conﬂroveréy conberning.the strué—
tufgs_éf'hgdride complexés and the mode of bOndingﬂ
of the hydrogenfétoms in_these complexes;4

The first eléctrop difffactioh st‘:udy-7 on gaseous
vCoH(CO)4 andbfeﬂé(c9)4 led to the cqncluSiOn that)
~the metals were surrounded tetfahedrally by the
carbonyl grbupé. Tﬁe‘hydrogen atoms were assumed

Y K -

_t?.be:boﬁnd £o the oxygeh atbms of ﬁbe‘carbonyl"
g#oups. ‘Hieber later suggested8 that the hydrogens
ﬁere actuaily bondéd té the.metals, but were buried
in'the)electron density of the metal and thus had
nq-gtereochemical infidence."_“ : ‘.  ¥

The infraréd»épectrum'vaCoH(CO)A Qas initially-
interpréted9 as'beihg conSistent‘with the hydrogen
atom being priha ily bonded to the ‘carbon p_ orbitals
at appfoximately 2;0 ;bfrém‘the cobalt atdm.~'In o
this ﬁodel thevhydroéen wasiﬁgiieVed to'bé bridging

three'carbonylbgroups. However the findings of‘u

_Cotton 'and Wilkinéon,10 based on nuclear magnetic



J

resonance and acid dlSSOClatlon constants for CoH(CO)4
and FeH (CO)4, agreed with Hleber,8 suggestlng that
the hydrogens were close to and prlmarily bonded

to the metal atoms. Subsequent L.C.A.0O. calculatzonsll
on CoH(CO)4 ylelded the greatest total overlap

1ntegral of Co- H and C-H for a Co- H dlstance of. ,
l 2 A ThlS distance was again consmstent ‘with the
hydrogen being burled in the Co orbltals, 51nce a
covalént dlstance of l 593 A had been obtalnedlz,

,. in CoH. . < , %' _
Slnce HMn(CO) /{ad phy51cal propertlesl%
similar to Fe(CO)S, its_ 1nfrared soectrum was 1nter—
preted assumlng it, like Fe(CO)S, had trlgonal b1—
14,15

pyramldal coordlnatlo w1th_the hydrogen burled

1ntﬂuamanganese orbltals and exerting no stereo-

'//ghemical influence. In addition the identificationls.’
e ’ S

of the Co-H stretching frequency at'1934 c':m_"l added’
further proof that thé hydrogen was bound tof the'
metal. The large shifts to hlgh fleld of the
proton resonance’ that were: observed in tran51tloﬁ
metal hydrldes were also 1n1t1ally 1nterpreted as

’ ev1dence for "buried™ hydrogens. However subsequent

17,18 showed that these ShlftS were due to. ¢+

studles
more subtle electronic effects and could be explalned

assumlng normal metal- hydrogen covalent dlstances



s S

G-

.

In addition it was shown19 that the neglect of
‘ quadrupole effects which resulted20 21 in short;M-H
Yﬁlstances, was not justified.
= ~ Thus until 1959 the experlmental ev1dence was
interpreted as indicating that the hydrogen atom
exerted no stereochemical influence and was buried
in the transition metal orbitals.

Discovery of the true coordination in the. metal
hydride complexesrhad to await the avallablllty of
goodﬁquallty X- ray and neutron dlffractlon data
and also the discovery of stable crystals of these
.hydrldes [CoH(CO) and FeH (CO) were ‘unstable gases]
_In X-ray dlffractlon studles, since the X- rays are
,scattered by electrons, hydrogen atoms contrlbute
llttle to the total scatterlng.' Therefore locatlon1‘
of the hydrogen atom requlres extremely hlgh quallty
data, and the dlfflculty of .direct observatlon of
»hydrogen atoms increases’ w1th 1ncrea51ng atomlc
: umber of the atoms present. wever, ?ven when the-
hydrogen atom is not located 1ts approx1mate
vp051tlon can be deduced fro@ the coordlnatlon of
vthe other llgands.7'In neutron dlffractlon the

scatterlng of thermal neutrons is by the nucleus'

»and varleSZ? approx1mately as Al/3 (where Allshthe

~

SIye
. atomic mass»number). Thus the scattering amplitudes



of all atoms are of the same order of magnitude,
allowing the hydrogen atoms to be located with a

precision comparable'to that of heavier atoms.

The X-ray structural determ1nat10nsz3’24 of

PtHBr[P(CZI:S)3]2 and OSHBr (co) 93 (Ce 5)3]3\ nd

later2 'QfaedMn(CO) failed to locate-the hydrogen

‘atoms but showed the empty coordination sites where.

the hydrogens were probably located In the X-ray

crystallographic_study26 of RhH(CO)[P(C 5)3]3,'

however, the hydrogen atom was located, at 1. 72(15) A

from the rhodium atom, a dlstance conSLStent with the o

sum of the rhodlum and hydrogen covalent radii.27

(The reliability of this hydrogen identification has

recently been'challenged.28 However the Original

paper26 ciearly outlined‘the conditions that ;ould?_
. / . .

- favour the direct obServation of hydrogen atoms

in heavy atom structures and proﬁided the impetus

‘forAcqystallographers tovattempt hydrogen atom

locatlon ) | | | |

29,30

Neutron dlffractlon experlments on K,ReH

2 9
“and alsoB-HMn(CO)5 proved unequ1voca11y that the

LS

hydrogens acted as typical llgands and were not
_burled in the metal orbltals.- The Re-H dlstances
' average 1. 68(1) A and the Mn H dlstance is l 601(16) A @

in these compounds. B ’

: .



It was a fortunate sequence of events that.

s

the molecular structure'31 of RhH[P(C ], was not

6,5 3°4
determlned prior to those mentloned above. Other-
wise the hypothesis that the hydrogen was buried in
the metal orbitals might have had a longer lifetime.

-

In this compound the phosphorus atoms form, within

experimental error,'a regular tetrahedron about the

Rh atom. Although 1t seems that the hydrogen is

" exerting no stereotfthemical’ 1nfluence, its 1nfluence

- is Just mlnlmlzed by the bulky P(C6H5)3 groups.

32,33,34

Comparlng for example the volume ey - of a o :'f
; : \ . o A
P(C(H )y group at - 370 A> to thak of CO (- 45 A%)3° &
o - . v\fr
and H (- 7 A3) 36 it becomes obvious that this dis- A

tortion is reasonable.

Y

Of the many subsequent tran51t10n metal hydrldwl'.V'
Yy

complexes to be | studled35 37,38 some of the most

atoms; Two main categorles of brldglng hydrogeng

exist, the most common being between two_transitionv

metals, and the second involving bridging between a o

transition metal and a non-transition metal. In
the former category two types have been observed,
involving either a bent or a. linear M-H-M bond.

. A linear M-H-M bon d39 a0 .was deduced‘in the -



structd?é of Cr H(CO)lo.~ Although the hydrogen atom
p991t10n.was not located, stereoehemlcal/and bonding
arguments suggest that it is collinear with the two
chrOmium-atomsfand equidistant from each. [It is’
to be noted however, that the X-ray data cannot
’dlfferentlate between two p0551b111t1es ‘ elther the
hydro/en is bonded symmetrlcally ‘to both chromium
atoms (51ngle-m1n1mum potentlal well),’or 1t is
preferentlally bonded to one chromium atom (double-
minlmum botential well) and'is "tunnelling" between

" the two sites.] The observed Cr -Cr dlstance of

3»41(1) A is con51derably longer than the Cr-Cr

bond length39 of 2. 97(1) A in Cr (CO) 0 and\ylelds_

a Cr-H dlstance of 1.70 A whlch is in good agreement
with the other known metal- hydrogen dlstances The .
hydrogen llgand then occupies the sixth coordlnatlon
s;tejof each Cr(CO)5 fragmé;:~giving the anion D4h
symmetry. The insertion of the hydrogen ligand

‘causing the two Cr(CO)' moieties to be further apart
also results 1n the carbonyl grons belng ecllpsed

-compared w1th the staggered carbonyls in Cr (CO)

- More recentlv a, égnear Re-H-Cr bond has also been
ini;erred41 in (oc) ReHCr(CO)5 Although the hydrogen -

was’%ot located it was considered to be colllnear

with the Re and Cr atoms, since agaln the two metal-
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|
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" pentacarbonyl gronps are eclipsed_and'sinCe’the least
squares planes containing the equatorlal Cco groups |
- are within 2.5° of_being parallel. 'The;Re—Cr‘distancejj
_is‘3.435(l) R which is again consistent with hydrogen
1nsertlon between the two metals.‘v |
Bent M-H- -M bonds have been de§;\¢d in seVerali'

complexes. In Re H(CO)\ and Re H'(CO)_ the tri-

angular spec1es42 43 contaln an 1sosceles trlangle
of rhenium atoms with Re-Re dlstances of - 3.04 A

andf3.l7 g, with the longer distances presumably

being bridged by‘the hYdrogen ligands. These bent
hydrogen bridges were conflrmed recently a4 in the’
analogous H3Mn (CO)12 complex, in which the hydrogen
atgms were located; The manganese atoms form an |

' equ1lateral trlangle wlth the hydrogen ligands
symmetrically brldglng the trlangle edges. »fhe
average Mn-Mn dlstance is’ 3.111 A compared‘withh‘
2.923 gﬁin an(CO)loés and thus-again_shows.the o
,lengthening‘of'the bridged metal—metal bond, a.feature

whlch has been used as eVidencebfor:hydrogen_bridging~

~in e rheninm clus'ters.qz-'43 . The average Mn-H
,,_v 4 .:,\ : R . ;
discance is 1.72 A.- » : _ N
{ In RezMnH(Cd)_'46’47 and ReAH(CO) 48.the

hydrogen llgands are located between the rhenlum

atoms 1n a p051tlon whlch is almost colllnear w1th

~



Tn 4 : . .
. these atoms. However the estimated Re-H-Re ‘angles,

’ . N

calculated assuming octahedral coordinations, are

164° in Re,MnH (CO),, and 159° in Re H(co$

o 49
Thesséructure . of Mo H(CO)4(n C 5)2[P(CH3)zl

consists of two: (n- CSHS)MO(CO)2 fragments ]01ned at

%% the Mo atoms by a symmetrically brldged P(CH3)2’

%w* group and presumably by a hydrogen atom. The

.‘_ structure50 of MnZH(CO)S[P(CGH ) ] closely resembles'
that of Mo‘H(CO) (n;C Hg [P(CH )2]Aw1th two carbonyl
groups on each metal replac1ng a’ (n cSHS) group.
However, ‘in the ‘manganese - compound the hydrogen

"atom was located,ln the p051tlon equlvalent to that

postulated in the molybdenum complex, with a Mn H

distance of [L.86(6) A and a’ Mn-H-Mn angle of 19415)°v
. a4
Hydrogen brldglng three metal atoms has been

cHy (co> °l .nd mh H(n—CSH PREEES

. %ﬁThe Duthenlum structune consists of an octahedron
@l .

postulated in Ru

; ‘of Ru. &toms each bound to three termlnal carbonyl

; oups.L The hydrogen llgands appear to occupy two

dppb51te faces of the octahedron. In Rh H(n C5H5)4
éﬁ

the equllateral trlangle of Rh atoms has one- cyclo—,
pentadlenyl rlng bonded to each Rh w1th the fourth

vrlng parallel to the rhodlum trlangle.\ The hydrogen
llgand is then postulated as belng equldlstant from.

'each Rh on the opp651te 51de of the trlangle from

. ; . . \
. -



the fourth CSH5 group.

Hydrogen brldglng between a transition metal and

“\

ca non tran51tlon metal has been observed in boron.f
. : 4 :
complexes w1th the hydrogen brldglng the boron and

the tran51tlon metal " Three basic types ex1st;

ey,

H~ / < .H . _Ho
B ZNYe P L N

. ‘/ , . . . ’ . ) . .

Structures of type.I were observed in Mn H(BH3)2

Cu(B,H 8) [P (CgHg) ) °% ana cr (s H g) (CO); .36:57,58
6 5372

In the manganese compound all hydrogen atoms of the
BH3 group are_coordlnated tova Mn atom»and in

addition a bent Mn-H-Mn bond exists between the two

Mn (CO) ; moeities. ,'In‘C.u-(B g) [P(CgHS) ], the -

. 65 372 "/
. coordlnatlon of the copper ag%m is a dlstorted tetra-
1

hedron w1th two - of the coordlnatlon sites occupled
by bridging hydrogens._ The P~ Cu P and. H Cu-H- angles
of 120° and 103° respectlvely, reflect thls dlstortlon.
Cr(B H )(CO)- has an octahedrally hybrldlzed chromlum

atOm w1th two 51tes again belng occupled by brldglng

hydrogens.

.54
(CO)lO' ‘-.
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R L 59,60 .
Coordination of type I. is exhibited™ "’ by
Cu(BH')[P(C H5)3] The copper geometry again is-

.distorted tetrahedral with two hydrogen atoms of the

'borohydrlde group brldglng ‘the copper and ‘boron -

\

atoms.‘ The short Cu-B dlstfnce of 2. 184(9) A and - \
long Cu—H dlstance of 2 02 (5) A suggests delocallzed
'bondlng between the copper atom and the borohydrﬂge

.g p in whlch dlrect Cu-B overlap mlght be 51gn1f1cant

61
4 4

_required to possess T SYmmetry. The'zirconium atom

- In Zr(BH

is tetrahedrally surrounded by the - four boron atoms,

8

' and gne termlnal hydrogen atom is- located on each

C3 axis. So it appear:(that M-H—B bonding of type III

A

1

is present withjthe Zr atom surrounded‘by twelbe ‘ -gv?
H atoms. - - S - ‘“Qq
The reactlons oﬁ.dlsubstltuted 511anes w1th

“dlrhenlum decacarbonyl and w1th both tungsten and

LAy

(o

: molybdenum hexacarbonyls produced an’ 1nterest1ng ‘}ﬁl‘
serles ‘of 5111con—br1dged metal—metal bonded spec es

. wh1ch were also postulated as contalnlng hydrogen <ijh
brldged metal—5111con bonds.62 63 Since this was
fﬁonly the second class of compounds in whlch hydrogen

was postulated as brldglng a tran51tlon metal-

gnon tran51t10n metal bond a systematlc study of the

S /

representative molecules from this ser;es was therefore"

L

the molecule is,crystallographically :

; B



'undertaken to elucida#e the major structura} charac-
"teristics of the systemé. *

’ Viewing‘only(the oentral cluster aﬁﬁ ignorino
the cérbonyl groups, the molecules fall into five

major classes:

S . 64 ' .

I. no hydrogen ligands, e.qg. Re2‘¢0)§JSl(C6H5)2]2'V

II. two hydrogens, each on different transition
Ametals but adjacent to the same slllcon atom62'65
e.g. Re, (CO) gH Sl(%G 5)2,

ITI. two hydrogens, each on.different transition
metals and adjacent”to two differentisilicon
atoms,66 e;g;‘wg(CO) [Sl(C2H5 2]2,

Iv. two hydrogens, both on the same tran51tlon metal

)

Ry

,but adjacent to dlfferent SlllCOhS, e. g

),)

s)pl,r and

Reﬁ\po) {Sl(CZH |
V. four hydrogens, two attached to each transition

metal »each‘silioonvhaving two adjacent hydrogens,

‘e .g. Re (CO) [Sl(C2H5)2]2

.

The structural fragments are shown in Fig. vl‘u51ng
valence bond descrlptlon and normal termlnal tran51tlon
metal hydrlde formulatlon, with the exceptlons of :
III(b) where brldglng hydrogens are indicated and
III(c) where the rermlnal hydrogens,lnteraot weakly

. #
. o v,
with the silicon atoms. The main interest in this

series centred around the central cluster of transition

P
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"Fig;;1= CENTRAL FRAMEWORKS OF THE SILICON-BRIDGED

o

TRANSITION METAL SERIES.

12



13

metal and silicon atoms,<especially when hydrogen
" ligands were presenty to obtaln 1nformatlon concernlng
the nature of the bondlng of the hydrogen ligands.

It had been suggested on the basis of spectro- -

4
scopic ev1dence that in these compounds the hydrogen

ligands bridged the metal-silicon bonds rather than
being bonded terminally to-the metals.sz'63 Tﬁgr

' basis of this argument was the spectroscopic studies

by . Kaesz and coworker567'68 on the trimeric rhenium

4

[

hydride [HRe ( 0)4]3 and its deuteride {DRe(CO)4]3;

-in which the absence of a dlStlnCt metalf ydrogen.
stretching frequency in the 1nfrared waiklnterpreted
'as evidence that the hydrogens were brldglng. ~Since
the term1na1 metal hydrogen stretch should be v151ble
1nrthe infrared, its 511ence was postulated as a
_characterlstlc f?ature of M-H- M‘brldges ThlS was

extended to the serles”of tran51tlon metal 5111con
‘ ’ R
hydrldes where the metal hydrogen stretch was agaln

absent in the 1nfrared 63 and consequently a Si-H-M

' brldge was. pos#ulated. In addltlon, 1n Re (CO) Sl(CH )

8 2
the methyl resoRance appeared as a 1:2:1 trlplet
J

at 1 = 8. 87 w1th a coupllng constant h = 1.5 H2.63

The magnltude of this coupling constant also suggested

- .

. that the hlgh fleld protons, whlch are spllttlng

e . .0

Wthe methyl resonance, were close to the dlmethyl—

~x

‘v78miicon mblety since J(CH -Si- H),= 4.2 Hz- for dlmethyl—'
) | ) . _ .
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s >

silane alone. a ' : ~
™ . a v ‘

The first member of this series to have its
molecular;structure solved by’x-ray techniques was
Re, (COl H‘Si(C H ) .62’65 Unfortunately, due to the
domlnance of the rhenlum scattering, locatlon of
" the hydrogen llgands was not p0551ble However, the
coordlnatlon Sites adjacent to the metalfsilicon
honds were-conSpiCuously vaoant so the approximate
locations of the hydrogens were apparent.v Elder
‘po- ulated65 that the hydrogens were located in. the
Rez.l‘plane suchjthat the Re-Re-H angle‘was %giygﬁ'
Thus for a rhenium—hydrogen bond length29 Of/,,
1.68 g, a-sllicon—hydrogen bond length of 1.59 A -
would result.  This p051tlon he sald would glve the
proper orlentatlon for a three centre Si- H Re bond.

However, the subsequent structure‘determlnatlon
of the non- hydrldlc spec1es Re (CO) [Sl(C6H5)2]264
showed a remarkable 51m11ar1ty in Re-Si bond lengths
[2. 542(3) A] w1th Re (CO) Sl(C»HS)z,-[Z 544 (9) A],'
whlch was not expected f% a three centre two electron'
Sl -H-Re bondﬂls 1nvolved in the latter. An un- |
.. ambiguous comparlson of the two‘structures was
hlndered however, by the reallzatlon that a dlsorder.

'problem was present in Rez(CO)8[Sl(C 5,1, (see

| Appendlx l) . Although it was not belleved that thls



5t

would affect the bond lengths in the central Rggsiz

- cluster, it did cast” some doubt on accurate comparisons
. a . . .

of the two compounds.

. - . <@

Further evidenoe favouring_the three centre
Si-H-M bond arose from the structural determination

66

of W, (CO) g [Sl(C [type IIT (b) vin‘Fig. 1],

2 5’2]2'
in whlch two dlfferlng tungsten- sxllcon bonds were
found [2. 586(5) A and 2.703(4) A] This was 1nter—
‘pretedgeswgelng dueﬁto hydrogen 1n$ertion'in_the

;tungsten silicon bond thus,forming a»éhree oentre
' W-H-Si bgﬁdi-zTherefore'the'crystalyand molecnlar

vstructure determlnatlons of members Iv and v
(R, (CO) JH, [Si(C,

and Re (CO) [Sl(C H

Hs)el 674
were Lndertaken to’ obtaln further 1nformatlon con—
cerning the bonding of.the hydrogen'ligand in this

series. These structure determinations are described

in Chapters II and TII.

9217 "N\
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CHAPTER II: THE.CRYSTAL‘AND MOLECULAR STRUCTURE OF

DIHYDRIDO'@RIQ&FBONYL RHENIUM BIS
*  (u—-DIETHYLSILICON) DIHYDRIDO TRICARBONYL‘RHENIUM,

'[Re2(CO?6H4(Si(C2H5)2) 1.

EXPERIMENTAL -

R

The sample of‘Rez(CO)6H4[Si(C2H5)2]2 which -

was kindly supplied by Dr. Graham . and Mr.'HOyano63 was
rgcrYstalliééa from normal hexane,'yielding coléurleés
crystals'with the shépe 6f.a éenerai pa;allelepipéd;
.‘Preliminary photography'indicateé’énly'Léué symmetry

T indicative of a triclinic spaée Qroup. The syste-

£

matic absences for the working cell, as determined

- By Weissenberg (0kZ2,  1lk¢%, 2k2:_CuK; Xfradiatidn), and

Precession methods (h0g, hlg, h22, hkO, hkl, hk2:
» Mok; X-radiation), are hki: h + k ='2n-+ i;wh +:z
2n + 1, k + ¢ = 2n + 1, and are consisgentdwiﬁh the

‘non-standard space groups Fl and fi. The non-

standard‘célllwas retained&as thé working cell for B

its conVenience with respect to the crystal morphology

vand'unit'cell arigles. - Precise lattice parameters

: . < ‘ : - , ‘
. were obtained at 23°C from an analysis of the setting

AES

‘angles for 18 feflectionS'thch had been’carefully

centred on a Picker manual four circle diffractbmeter"

. ' ) : - o
using“CuKui radiation of wavelength 1.54051 A.

g
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parameters are: a

Y

A Delaunay reduction was pe,rformed69 and failed to -,/-:

Fhow'the presence of higher symmetry. The F.cedtred
‘ ’ ) ) . o ! [
cell parameters are : a = B8.357(3) A, b = 16.228(6) A,
o o : : ' v
¢ = 18.184(6) A, a = 118.98(2)°, B = 92.62(3)°

and'y = 95.44(3)°, and the reduced'brimitiVe cell

8.357(3) A, b = 8.767.(3) A,

8.776(3) A, a

e = =_lO9.07(3)° B = 97.76(3)°, and
= 112.88(3)°. .The reduced prlmltlve Qell is related'
to the F centred cell by: ap = - \F ééi— l/2(b +‘?F)’.
:?P = —1/2(?F,+‘eF)} The observed: den81ty [2.23(2)
g cm—3] obtained by floatation in aqqeOUS’CLericifS
solution (Thallous formate—malorate, o =“4.3.g-m1f1),

max

- is in satisfactbry agreement with that calculated on

the_baéis_of four molecules in the F centred cell

L (2.25 g cmTB); For space group Fi the.imposed

P~
symmetry on the molecule is 1, while no restrictions .

are p0551b1e for space group F 1. Slnce
2(CQ)6H [Sl(C Hg 2]2 can have }ﬂsymmetry, Fl mas’

chosen and was 1ater verified by successful refinement

Y -

y.'of the model. _ The General Equ1va1ent Positions for.

the space group F1l are : Y(x, y, z; 1/2 + x, 1/2 + vy,
z; 1/2 +:x, vy, 1/2~-+*z;' L 1/2 + y, 1/2 + z).
Inten51ty data were’ colleeted on the Plcker manual

diffractometer u51ng Cd%a radlatlon‘monochromated by

- the (002).refleeting’plane of an oriented graphite

17
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- crystal using a take—éff angle of 2‘1 Two Crystals Jwtfi f ;
\ . g\. : e - ;;:.'
were used during data collectlon and - 1n éath case

DA

Ay ol “ e
they were allgned w1th thelr a* axis: ééﬁgdl &nt, L V“H

-

dw1th the 3 axis of the dlffractometer. ;ﬁ
faces wére identified and the perpendlcular dﬁ%tanoes
between parallel faces of the same Torm were measured .

as: crystal 1 - {1,0,0}, 0.095 mm; {0,1,0}, 0.065 mm;

{O;l,l},.0.084 mm; and cfystal 2 -{1,0,0}, 0.077 mm;

{0,0;1}, 0.065_mm7 and {O;l,l}, 0.036 mm. Data were ‘Jh
collected for reflections WithA28 values;between 05
'and.125° using the coupled w/26 scanning technique with-
a 28 scan speed of 2°/min and.scan width of three
.degrees (to'allowwfor_increaSe in mosaic spread as.
crystal decdypositioh occurred) . Stationaryvback—
ground counts'were‘measured;at‘the 1imits of_each’
scan for 20 secohds. Assuming ai)proximate’lineatity°
" of backerund, the intensity of the peak (I) is given
by:‘ : . , . .
I=P - t(Bl-+ B, , . ()
'.where P =‘§gak cohnt, t =htp/té‘or the fatio.eﬁa
peak scan time to the‘sumdof the backgrouﬁd.times,
and Bl and Bz are the backgiound eohnts.'vStandatd
 deviations of the ihtenSities wete cemputed f:oﬁ the- : ) -

2,172 ° B @

(2)

.relationship:

o (1) = (P + tZ'B +qp21



\
p /

b

where B = Bl + B2' an 1gnorance factor (p) of 0.03

was used to account for nAéhlne errors and to prevent

23

unreasonably hlgh weighting belng applled to

reflectlons of hlgh 1ntens,1ty.70 The detector was
so1nt111atlon counter and was used in conjunctlon
ég pulse helght analyzer which was tuned to

&
accept 95%. of the CuK peak.

'Elght well distributed standard reflections were -

monltored at approxlmately 10 hour 1ntervals to
"

1nvestlgate possible decomp051tlon. The decomp051tlon

.,J‘was found to be approx1mately linear w1th time and

was essentlally free of 5in G/X dependence. The .

_total decomp051tlon for the data collectlon was about

10%. The 1690 unlque reflectlons collected were

reduced to 1510 u51ng the crlterlon that a peak 1s

_ 51gn1f1cantly above’ background when I/o (1) 2 3 0.

The’ 51gn1f1cant data were reduced to structure factor
amplltudes by correctlon for Lorentz, polarlzatlon,

decomp051t10n, and absorptlon effects. Standard

dev1atrons in the structure factors, o (F), were. obtained

i

from the expre551on~21*

o (I)

_ _1.[D
A T

(3)

' where D A L and p are the decomp051tlon, absorptlon,?z

' Lorentz, and polarlzatlon correctlon factors res- -

- ,\ . . ‘

L ,&;f\.“

TG o sk om VRN

19

.
BPad




N

N
pectively. The high linear absorption coefficient86
for Rez(ce)*a [Si(C,Hg),0, using Cuk- X-radiation

(226.07'cm ) gave rise to a wide.range of trans—
m1551on factors (O 138 to 0.382) whlch made an

absorption correction imperative. The absorption

: S (g L
correction was verified by observation "Ff the varia-

.tion in IhOO (x = 90°) as'é was'varied The final
corrected 1nten51t1es of thlS ¢ scan data showed
variation from the mean of less than 10% and thus

‘were judged to be internally cgnsistént.

s

) STRUCTURE SOLUTION AND REFINEMENT

73,74 -

A Patterson map ‘ was cpmputed between the

Limits 0 £ u £0:5, 0 S.v < 0.5 and 0 < w < 0.5.

" The Re-Re, Re-Si, and Si—Si:véctors are derived

- for space groupbpi in Tableil. The/vectors for

space group F1 are ‘'generated by addlng (0 0 0).,

(1/2,1/2,0), (1/2 0,1/2) ‘and (0, 1/2,1/2). Ao those

derlved for Pl In addltlon all vector’ multlpll-
'

c1t1es 1ncrease by a factor of 4 The - orlgln peak

is due to the sum of the vectors between every :

atom and 1tself thus the magnltude of the origin

vector is roughly glven by: (2 x 752 + 2 x 142 +

6 X 82 + 14 x 62 ¥ 24 x 12 ) = 12554, In the fogrier

g A
A
¢ v

O

2]

20



program-used to calculate the vector map, however,

'the origin peak 1is normalized to 1000. 'Therefore )

it S,

~taking account of the largest negative peak'(t -40), i
o ' 1 ' o :

‘and assuming the Eemperature‘factors are comparable,‘
one expects the Re~Re vectors to have epproxiMate'
magnitude 466, the-ReeSi vectors ~ 174 and the Si?Si
vectors : l7iabove background. View?ng the Patterson
map (summarized in Table 2) it 1is obvious that the
first two vectors corresoond to Re~Re vectors. On
1nspectlon of theémap the flrst vector is 1dent1f1ed

.~

as associated with the 0, 1/2, 1/2 origin therefore

,//ﬁv>is attributed as’(2xp, 1/2 + 2yp, 1/2 + 2z_). ' The

coordinates of the rhenium atom are then calculated
as (0.120, -6;010, -0.061). The?second.peak then‘ ot
corresponds to the edge of the vector (1/2 l/2 O),—'l
(2xR,2yR, ).

The next most }ntense peak hav1ng a magnltude
approx1mately ~comparable to that expected for a Re- Sl,h
-vector, was situated at approx1mately 2.44 A from the

origin (a dlstance whlch is 51m11ar to the Re- Sl

62 65
6 S 2

i
reason 1t was chosen as the (x—"

dlstance in Re (CO) Sl(C ). For thiS‘

Xgr Vg - Ysr Zp 7 Zg)

vector- and from this the SIchon coordlnates were

calculated'as-(~0.08 -O.l .*0 61) ,The-next_two

. vectors were then 1dent1f1ed as (1/2,1/2,0) - (x - 'x

R s’

21
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) 1 ’ ' ’ (/'\”/
"TABLE 2: ASSIGNMENT OF MOST INTEN%&\
| PATTERSON VECTORS
RELATIVE
| ’ PEAK , R |
u v. . w HEIGHT . ASSIGNMENT ,
. \ SR ;
( .
0:240°  0.480 0,378 = 487 (0,1/2,1/2) + W -
0.240 -0.500 0.126 370°  (1/2,1/2,0) - b o
SR T 2x.,2y.,22) - |
| (2xpr2ype2z) =
':Q.200 0.120 0.0v : 131 fx'R’—xS'-"yR_y_S' ZR—_Z_S) ‘
1 0.280  0.380 0.0 123  (1/2,1/2,0) - |
| - o Xr™*s+ YR7¥gr 2p7%g)
0.040  0.360 0.360 119  (0,1/2,1/2).+
T e f}LI v XptXge Yptyg. ZptZs)
_O,'>240 : 0'v040‘ 0-396 : 98% ~ Re-C.and Re-0 vector
0.480 0.460  0.234 91 build-up. N
. , : . : b
0.0 . .0.140 (‘ 0.126 o 90_ | -‘(XR+xS, YRt¥s: ZR+ZS.) _
' ‘ - R - -
b o : , o .
shoulder ‘'of the peak. - N

‘ .
. f . . ° . A . . “a
. . . -



| YR —EYS"ZR‘;‘ZS) and (0,1/2,1/2) ;(xR +'xs, fR + Yoo
"ZR + 25); Image seekihg around the Re-Re vectors

then identified three othhe'next-feurAVectors as
being gue te build-ups of Re-C ahd.Re-O'vectors from
“the molecules at (1/2,1/2,0) and (0,1/2,1/2). The /
peak observed at - (0.00, 0.140, 0.126) was identified’

as the edge.of the vector --(XR *t Xgr Yp t Ygo

.At this point it was obvious that theLReZSi2

P ] - . 4
core had an .inversion centre or at least was very

oy
1) . . .
close to having one, otherwise a more complex vector

'pattern-would have been eipected corresponding to
independent Re (1), Re(2), Si(1l), and Si(2) positions.
A least squares refinement phaéed on the

rhenium and silicon positions converged in two cycles

yieldihg a'discrepancyVindex, R, = 0.132, and a weighted
re51dua1 R2 = 0. 186; These *R factor%" as“c%@eulated _ 

4

in the least squares program are deflned as?,

zllF -'r" /Tir,

{ZW(IF r D /ZwIF l&z}l/z (5‘)‘.‘

R

‘where JFOI'and'ch[are-the_obSeryeg calculated

structure factor amplitudes respedifvely, and w

the weighting factor isvdefined; Viw = l/oz(F).



]

v ¢

Structure .factors were calculated using the atomie

scattering factors 7§-£or rhenium and silicon atoms
' | 76

¢

1to;Which the anomalous dispersion-corrections,

both real and imaginary were ‘applied 77M:(Af' = -5.58,

Af" = 5.37 ‘Afé. = 0.23, Af". = 0.36 ). The function

whlch was minimized durlng the least squares reflnement
twas Zw(IF | — JFCIvZ. k
An electron density difference map, phased on the v.

rhenium and 5111c0n atom positions, - ylelded the locatlon'
of all other non- hydrogen atoms. A least_squares
calculation perfonmed‘on_all non—h?drogen atoms
convergediin'tho cycies to R, ='0.061 and R2,=.Q.074.
Decompositioh:and absorptioh correotions were-appliede
to the data ‘and one further cycle of refinement gave

R, = 0. 055 and R2 = 0.073. Comparlson of" ]F | and.

IFCI showed no 1nd1cat10n of extinction problems so -

no correct;on was applled. ThlS was reasonable
Consfdering the width of‘the peaﬁs k" 29)‘indicating'.
'high mosaicy of the‘crystals.

| -Refihement of the model with'rhenidm-ahdusilieog
atoms havrdg anisotropic.temperature faCtOrs_gaQe,

Rl = 0;039 and‘R = 0. 053 after two cycles. An eiectron

‘den51ty dlfference map phased on thls model showed

s

features 1n the regions of the other atoms whlch sug—

';gested‘that they too be glven anlsotropic temperature

@
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. of La Placa and Ibers

26 °

factors. This gave R, = 0.034 and R, = 0.045 after
a further two cycles of refinement. The form of the
temperature factors used was:

2 2 2

exp [—(Bllh - 522}; + 8332 + 28..hk + 28._.ht 28 kz)].‘

12 13 23

The validity of the anisotropic refinement was veri-
fied by a‘Hanilton's R test at the O.OOSVsignificance
level.

An electron den51ty dlfference map  was calculated
in an attempt to locate the hydrogen atoms in the

structure, especially those attached.to,the rhenluml

atoms. It was encouraglng that the hlghest peaks in

the electron density dlfference map (1. 75 -1.14 e A 3)

v o

- were located 1n the space between the rhenium and silicon

vatoms in the approximate p051tlon expected for a

hydrogen bound to rhenium. For thls~reason the methodn
33 was used in an attempt to
dlscern'whether‘these peaks were hydrogen atoms or

just artifacts arising from the“improper treatment

of the rhenium scattering ‘or vibratiaqs}/flbers

_reasoned that if the peak is'not due to hydrogen

scattering, then as the number of terms in the Fourler
serles 1s varled the peak should dlsappear or Shlft
markedly A peak due to a hydrogen atom, howeverhz
should remain appréximately in the same position and

the peak height would be expected to varyhin accordance .

5.

~



| 27
. e,
with the equation
. f s |
DH = 12 j[ (1 +‘3252/4)<2 exp (—Bsz/IGHZ)szds {6)
, 27 SR 3 . I
: 0 ;

where Py is the electron deu51ty of the hydrogenvatom,.

a is the Bohr radlus O 5292 A, é = 4nA-151n &-and
7&,15 the hydrogen temperature factor. Usfng‘a: ‘iwv- ?
temperature'factor of 3. 6 electron den31ty dlffereuce
'maps were calculated for sin 8/) cut-offs of 0 2, |

0.25,-0.3, 0.19, 0.4, o 58 (Complege Data).  The re-

sults are- summarlzed 1n Table 3.

K}

TABLE 3: OBSERVED AND CALCULATED ELECTRON DENSITIES
FOR VARYING SIN B/X CUT OFFS

NUMBER OF os3 oy

"SIN e(x LIMIT‘{ TERMS© . oéAL_(eA l,l 'OBS (eA o)
© 0.20 74 T o0.16 0.49 -fo.42'l;_? N
0.25 143 " 025 0.78-"0.6 .
0.30 - 243 - 0.33 . 1.07-0.87
0.35 © 31 0.4l 1.25 2 0,97 -
0.40 556 L. 0.47 - - 1.44 - 1.02 \
0.58 . 1509 .. o.€3 ©1.75 - 1.140 .

(Complete Data) -

The electron den51ty observed i1s in all cases o
much greater than that calculated by Ibers formula. '

A representation of the'electrohvdensity differencef RIS

\
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factors. This gave R, = 0.034 and R, = 0.045 after
agfprther two Cycles of refinement.» The form of the

temperature factors used was~‘

2 , 2 ,Qﬁwé v
exp,[-(ﬁ_ll + B,k 4 80l 23 hk + ’28

b Byl hy + 28 kfl)]

13"

The validity of the anisotropic refinement was veri-

79
fied by a Hamilton's R test at the 0.005 significance
level. S S - -

'An electron 8ensity difference map was calculated

. in an attempt'tow10cate the hydrogen’atoms in the

LS
[

L o
should remaln approx1mately 1n the same p051tlon and

structure,’especially those attached to the rhenium
atoms. It was encouraging that the highest peaks.in

thevelectroqbdensity difference‘map (1. 75 - 1.14 e A—3)

§

were located in the space between the rhenlum and 5111con

atoms in the approx1mate p051t10n expected‘for a

hydrogen bound to rhenlum For this reason the method
33

-of La Placa and Ibers was used in an attempt to

discern’whether,these peaks were hydrogen atome'or

"Just artlfacts arising from the 1moroper treatment

“of the rhenlum scatterlng or v1bratlons. -Ibers

reasoned that if the peak is not'due_tthydrOgen'
- o L . - o= v
‘scattering,’ then as the number of terms.in the Fourier

series is_varied the peak should dlsappear or Shlft
PR

‘markedly{ A peak due to a hydrogen atom, however,

s>

-4
¥

the peak he;ghi\fould be;expected'to vary in accordance

- \
v |



with the equation

‘K;:‘n‘ s.o * s ! A . : B
Py = 12 j[ (1 o+ a252/4)f2 exp (-352/16“2)§2d5 (6)
~:Y.0 o | ‘ |

where'pH is the electron density Qf theuhydrogen‘atbm,

. o : D ) ) - - .
a is the Bohr radius = 0.5292 A7TS = 42 ;sin 3, and
B is the hydrogen temperature factor. - Using a

oo

temperature factor of 3.6, electy

»dénsipy difference
maps Qefe calculated for¢$in é/k' ,tQOffsiof 0.2,
0.25, 0.3, 0.35, 0,4, 0;58’(cOmp17¢e Data). The re-
sults are Summérized in Tabie 3. LT
TABLE 3: OBSERVED AND CALCULATED ELECTRON DENSITIESi

FOR VARYING SIN 6/) CUT-OFFS

SIN'B/}';iMIT ‘Ngggﬁg'opv DCAL;(EX-3) QOBS_(e§"3)
0.20 ";. 74 ,‘ 0.16   :1°°49 - 0.42
0.25 143 025 0.78 - 0.69
0.30 . . 2e3 0.33 v - *1;07”— 0.87
0.35 RO T R 0.41  1.25 - 0.97
0.40 = | 556» -  ‘ 0.47 ,: 1.44 - 1.02
10.58 1509 - 0.63 11175‘— 1.14+

"~ (Complete Data). -

The électroﬁ'density observed is in all cases

much greatet'thén-that calculated'by'Ibers'?formula,

. % _ S .
A representagion of the electron density difference !
o g ’ : C o

:» .



_FPig. 2: _ELECTRON DENSITY DIFFERENCE MAP THROUGH

' THE Re,Si, PLANE [(SIN 8/x) %% = 0.35].

28



mapycalculated through the plane of the rheniun ?nd
5111c0n atoms for a sin 68/X limit of O. 35 is shown

in Flgure 2. The hydrogen, ‘which could be 51tuated ' a
anywhere'withln the 0.4e A3 contour on thlS dlagram,
-therefore cannot be located with certalnty. This
1mp11ed that the peak height, although being con-
tributed to by the hydrogen, _could be rece1vrng ‘a
strong contrlbutlon due to the inadequacy in des-
crlptfcn_of-the rhenium scattering For this reason
several least ‘squares reflnements and correspondlng
electron den51ty-d1fference“maps were calculated
making changes of ¥ 0.5 e to each of the real and
nlmaglnary parts of the anoma{gus dispersion. correctlons
in turn. Thls produced no changes in the reflnements
or in the difference maps. It was therefore‘concluded
"~ that the peaks, although;possibly conteining‘COntri;
butions due to the hydrogen.atoms,‘are due mainlf.to
inadequacies of_the hodel or.systematic'errorS»in the
data.. Among these are 1nadequate descrlptlon of the.
scatterlng due to the rhenlum atoms and re51dual
absorption effects. In addltlon, doubt concernlng the
;degree of contribution of the hydrogen 11gands to
 these peaks existed because~of ‘the failure to locate
.the.methylene hydrogen atoms of the ethyi groups;

The computer programmes used in solution and



. [} .
refinement of structure and presentation of Data are

listed and briefly described in Appendix 2.

S o 5

RESULTS
yoo | | S - 5
.The observed and calculated structure\factdr
amplifudes lFb] and‘[Fc]; are shown in Table 4. The
L) . 1 .

flnal fractlonal coordinates of all atoms except hydro—

,.

‘gens are shown in Table 5, thelr standard dev1atlons
i . Gadsd e

belng obtalned from the 1nverse matrlx of the flnal
[ \ .v‘_. ,

least_squares.analysis. :The anisotropic U'580 and

the equlvalent 1sotropic B of all atoms are shown

in Table 6. Relevaht bond lengths and bond angles‘
-)
are shown in Table 7. The bond lengths and angles

alonq w1th thelr standard dev ations were obtalned

ofromfofoF Y?A packlng dlagrar for tae face centred
'viewed:onto’the 1) §% plane iS'shown in Figure 4lf
'Theyopen bondsvindicate molecules in the 6k2.plane
whereas SOlld bonds 1nd1cate molecules in the 1/2 kl

plane.

30



TABLE 4: OBSERVED AND CALCULATED STRUCTURE:- .~
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‘Table 4 (continued)
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TABLE 5: ATOMIC POSITIONAL PARAMETERSa

ATOM ' X

Re . 0.11870(7) S

si - --0.0875(3)
c1 - 0.271(1)
c2 ~0.041(1) :
C3 . 0.278(1)
c4 -Q.4o9(é)
s ~0.261(1)
c6  -0.006(1)
.féj '» ., 0.075(2)
o1 ' o;3§4(1)
02 - ,;0.1291;)g
03 10.377k1)

YStandard deviations in

digit quoted.

y z
~0.01029(3)  : -0.06551(2)

-0.1386(2)  -0.0709(2)
-0.0259(7) -~—o,€2§7(7)
©0.0202(7) ~0.1282(7)
,—0;0423(8)' 50;0045(1)
~0.240(1) 20.1392(8)
-0.1901(8) ~0.1570(6) .
-0.2389(8) - -0.0638(6)
-0.3048(9) 40.1401(8)
-0.0351(7) - —0.1945 (6)
‘o.ogif(7)_ . ;—0.169115)'

~0.0623(8) 0.0298(6)

%4
NG

parentheses refer to last e
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TABLE 7: INTRAMOLECULAR DIS".NCES AND ANGLES

o
[99]

Re-Re'b

Re-~Si .
‘-Ré;si'
Re-Cl1
Re-CZ
.Re—C3l

Si-c4

Re-Re‘-Cl
Re—Rei-CZ
Re-Re'-C3
Ré—Re'—Si

RefRe'-Si'

Cl-Re-C3
Cl-Re-C2

Cl-Re-Si

Cl-Re-Si'

4

3.084 (1)

2.533(2)

2.535(3)
1.94(1)
1.96(1)

1.97(1)

1.885(8)-

~ INTRAMOLECULAR ANGLES?

178.5(3)
9 _6(3)
89.3(3)
52.6(1)

52.5(1)

'89.4(4)

190.3(4)

1126.6(3)

128.3(3)

a.Si:amdard dév

quoted.

b
™~

Primed a

; ‘ . .
INTRAMOLECULAR DISTANCESa (A)

Si-Cé6 .

- Cl-01

C2-02
C3f03
Cc4-C5

c6-C7

 (DEGREES)
C3-Re-C2
C4-Si-C6 -

. Re—-Si-Re'

Re—-Cl1l-01

Re-C2-02

Re-C3203

' G§1-C4-CS

Si- 6-C7

5

toms related ¥y an inversibn centre.

ld

1.88(1)
1.14(2)
1.17(1)

1.17(1)

©1.54(1)

1.52(2)

179.1(5)

108.5(5)

74091

178.0(9).

175.7(9)
1177.5(9)

114.5(8)

115.0(10)

iations in parentheseg refer to Jlast digit
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/3-121(2)" A.in Re, (CO) gH Si(c6H

N

DESCRTFTION OF STRUCTURE

+

ReZ(CO)Gl [S;(CZHS)Z]é has approx1mate C2h

molecular symmetry' Its molecular structure is shown
in Figure 3. The molecule is composed of a central
cluster of two rhenlum and two 5111con atoms in the

shape of a rhombus,_W1th llke atoms at opp051ng corners,

and a bond jolnlng the two rhenlums across the . shorter

dlagonal.' One carbonyl group on each rhenlum lles

' approx1mately along the Re Re axis, whlle the other

_four lle above and below ‘the plane of the rhombus,

,two on each rhenium. , The ethyl groups are bonded

two to -each silicon, one above and one below thel

.'rhombusvplani, glv1ng the 51lléon atoms a dlstorted

v"

tetrahedral env1ronment.

" The Re-Re distance is 3.084 (1) A, compared with_ e

62,65 |
§)yi 3. 001(1) A

-1n Re (CO) [Sl(C Hg 64 and 3.02 A in Re (CO)10'45£2 83

2]2'

“and thus is again con51stent with a Re Re S1ngle bond.

This is further substantlated by the acute Re Si-Re

B angle [74 9(1)°] . The average Re C (carbonyl)

" distance is 1.96 A and the average'C—O dlstance is

- o
1.16 A. These agree well with the carbonyl dlstances
. 62, 64,65

- in other rhenlum carbonyl derlvatlves. 3 The'

- & .

Re-C and C O bonds along the Re-Re bond are not

51gn1f1cantly:d1fferent from the two tnazs carbonvl

39



groups perpendicular to the Re_Si

A‘and.Rez(CO)B[S;KC H

- analogous to that‘Observed'in WZ(CO) H [Si(C. H_.),]

251, pPlane. 1In addition

., the average Si-C (ethyl) distance (1.88 A) and

; C-C distance ° (l 53 A) both agree with the sunms of the

Si-C (sp ) and C(sp ) C(sp ) covalent rad112_7'84

(1.91 A and l 54 A respectively). |

The Re Si bond lengths (2 534 A) are in close

agreement with those “found . in Re (CO)BHZSl(CGHS)ZGZ,GS

64 °
6 5)2]-2, (2,544 A and 2.542 A

respectively).  This was not expected if bridging

hydrogens were present in the twolhydrides. Rather.

. R _ ) .
a difference in bridged andAunbridged-Re—Si bonds,

66
2757242

was expected. A complete'discussion of this phenomenon

 follows in”Chapter Iv; with'emphasis on the existence

,of_bridging hydrogens and their'relation‘to the

transition metal4silicon~bonds.///
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CHAPTER IX{ : THE‘CRYSTA%ﬁﬁND MOLECULAR
STRUCTURE OF DIHYDRIDO TﬁICARBONYL RHENTUM

«

.é@; BIS (u- DIETHYLSILICON) TETRACARBONYL RHENIUM

e« [Rey(CO) 5 (81 (C,H He) ) ol
EXPERIMENTAL
The sample of Rez(CO)7H2[Sl(c 5)2]2, supplied

’ 63
by Dr. Graham and Mr. Hoyano, was subllmed in a

sealed tube to give crystals that were suitable for

a 51ng1e crystal dlffraction study. The crystals
produced were - clear colourless plates. Prellmlnary
-photographs showed 1 Laué symmetry and no systematlc

'absences, consistent. w1thfthe trlcllnlc Space grouos
OJ i

Pl and P1. Prec1se lattloéfparameters were obtaiued
o

. at 22°C from the 296 angles of 17 reflectlons centred

' /

oneaPlcker manuak\four circle dlffractometer u51ng

CuKa, x—rad;atlon (X = 1.54051 A) The parameters
1 f WA . ’

are: a = 8.664(1) A, b = 14.066(2) A, ¢ = 9.343(1)'A}.

a = 96.57(2)°, 8 = 93. 86(1)°, v = 91. 63T1)° ‘A

-Delaunay reduction69 showed no hlgher symmetry
3

- The experlmental den51ty [2.21(2) g em~ ] determlned»

byfloatatlon in aqueous Cler1c1 s solutlon, 1s in

'1acceptable agreement w1th that calculated (2 23 g cm 3)

assumlng two molecules of molecular welght 742 9

41,
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. X . : e .‘:: :3:&5 %{)
4 | g Ca ‘
| ' -4 )
ia unit cell of volume 1107 A

a.m.u.
tensity data'were collected on the Picker
anual diffractoneter using~CuKa X—radiationvmono;
chromated using the (002) reflecting plane of an
oriented graphite.crystai and using?a 2° take-off
angle. The crystal was alignedeith its a* axis
coincident with the. ¢ axis of thekdiffractoﬁeter,

- The crystal faces were identified and the perpen-

dicular distances between parallel faces of the sdme

form measured ag: {1,0,0}, 7.7 x 107% mm; (0,1,0),
5.3 x 10—2'mm; {0,0,1}, 1.9 x 10 =2 mm. 'A coupled
" w/26 scan technlque was used w1th a 26 scan speed
of 2°/min to collect all'reflections with 28 1'125°.
In1t1a1ly a peak scan of 90 secs. (3 deg‘) and a
' statlonary background count of 20 secs. at the llmltS
of the scan were used however as the crystal
decomposed and the mosalc spread 1ncreased this

was changed to 99A59¢- peak scans_and 19 sec. back-
igrounds.as .A éﬁinbillation'counter in conjunCtion
with a pulse height analyser, tunedbtogaccebt

95% of the.CuKaApeak; uas.used'to:detect the scat-
terednx—rays.u Nine‘well distrihuted'standard
-reflections were monltored at approx1mately 10 hr..

1ntervals to assess decomp051tlon effects The

' 2836 _unique reflectlons collected were reduced to.

42
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2020 51§n1f1cant observatlons using thedcrlterlon

that a peak was 31gn1f1cantly above background for \f "
AI/o(I) 2 3.0, where o(1) was computed ‘as descrlbed°~ %%g
in Chapter ITI. The data were then reduced to - ‘ ‘s v
structuggifactor amplitudes b& correctiOn for LOrehtz,
polarization, decompos1tlon, and absorption effects.
The decomp051tlon was approx1mately linear with

‘time and no 51gn1f1canc sin Q/A'dependence wggg,'
observed. fTotal decompositionefor the data collectionh
was about 13%. Standard dev1atlons, o(F), in the
'structure factors were computed as described in the
prev1ous chapter u51ng a p factor of 0. 03 .

The.hlgh linear absorption coefficient86 of 216. 78

for CuK— X-radlatlon, and the platey habit of

5‘axismissiondfactors (0.14 - 0.47). The absorptlon
correctlon was verified experlmentally by 1nvest1—

gatlon of the behav1or of IhOO as a functlon of ¢. -

o
The 1nternal con51stency of the- corrected 1ntens1t1es

showed maximum dev1atlons of less than 10% from the

mean and was considered acceptable. IR

a



<
<

99T 'TS-9 fzzz ‘ez ‘yyy ‘Cou-loy

*II x33deyp ur se @mumasoﬂmo s3ybiay xmwm‘nmuowmxmo
2 4 , : o -
"AT9AT303dsBa swo3e TS pue 1TS ‘Z3y ‘T9y

JO. §83BUTPIOOD BY3 BI® (Y24 V& Vy) pue smm&wmw~mxv.«ﬁmnkmx~mxv ~AﬂnsH>@dxvn,

WMM. u w. "P93ISTT 30U 8Ie 5103094 vmumamw xﬂﬂwowuumsshmmpucmum
Q- .s« H - - . . - N , ‘ C g
P (- la) (FR-TRy o (ExoTyy 69T oz SYT 0 050°0 Sz "0
ﬂmmwsw ("z=Tz)m o (V2-TH) -0 (P2 Tx) - - p8T z 0L0°0 ~ 0ST°0- 0600
E ¢zz %Rz Cxz - €z 1 CpTvCo SZ€°0 9€0°0
e : , o | .
- T Tzz vTag Txg 882 1 €090  00€"0 bE"0-
(Tz+%2) ¢+ (TR4TR) ¢ (TxesOx) o oozs Z . 00S'0 00§50  0TZz%0
o (CFamlz) o (BaTRy ¢ (BxTx €z z 080°0 ‘00270 L91°0
- ucmEcmﬂmm<; : . . .3ybtey muﬂoﬂﬂawuﬂsz oM >  n
R q’= . o) : . o
X .. . xmwnm P . -
. saAT3eRTOY
o S N o
: NﬁmAmmmovﬂm_Nmonuvmmm 404 ,S9010IA NOS¥ALLIVd ~ :8 HIAVY

o



» ’E’ : v

STRUCTURE SOLUTION AND REFINEMENT

L N
. 73,74 . '
A Patterson ‘' map was computed between the
. _ i

limits -0.5 < u < 0.5, -0.5 < v < 0.5, and 0.0 < w z 0.5.

The rheniﬁmfrhenium vectors were-readily'identified

in the‘PatterSOn map and a consistent solution for the
coordina%es of the two independent rheniim atoms was
found to be: Rel, (0.185, 0.363, 0.287) and Re?2,

(0.018, 0.163, 0.207). Image seekiffg around the

origin and Re-Re vectors provided consistent solutiéns

vfor'the eilicon'atom coordinates as: Sil,. (—0.669,

0.313, 0.142), and Si2, (0.275, 0.?13, 0.357).. The
mj?fr vectors and their assignments are shown in Table
8.

' Arresumé of the refinement is shown 1in Table 9.
“TABLE 9: REFINEMENT OUTLINE

S

'MODEL =~ : R

1 2
1) Rhenlum and Slllcon atoms ‘ ‘ '
1sotrop1c S -~ 0.166 0.238
2) ,All non- hydrogen atoms 1sotr0p1c 0.106 ©0.131 -
3) Decomposition and Absorption T
Correctlons - : e 0.061 ©0.078
4) "Re ‘and Si anlsotroplc tem- _ v :
perature factors 0.047 0.064

5) -All non- hydrogen atoms with”

anlsotroplc temperature factors 0.040 , 0.057 .

Ky

45



o

,tions76 were applled to the rhenlum and 5111con

exp [-(8ll | ,+ By k™ + 3331_ + 28,

Structure factors were calculated using the
Q .
atomic scattefing factors?5 for the neutral atoms
: \ ) .
for rhenium, silicon, carbon, and oxygen. The real

and'imaginary parts of anomalous dispersion correc-
&

scattering factors.77 Al? non- hydrogen atoms were

located from an electron density dlfference map

phased on model 1 . Réfinement of the model w1th all
temperature factors anlsotroplc was suggested by
features on an elect?pn den51ty dlféerence map phased
on model 4, and was verified by a HamlltonssR Test7?i
at the 0.005 s1gn1f1cance level. Anisotropic tem- ';é
perature factors were of’ the form: ~

2 2 2

hk + 28 he

12 13"
+ 2623k2)].

In an attempt'to locate thé hydrogen‘atoms’an

ele::ron den51ty dlfference map was calculated phased"

cn rodel 5 .. The highest features were of the

‘ap“:ox1mate magnitude 1. le’ A -3 and were located ‘in the

,1n1ty of the rhenium atoms, but could not be .

nterpreted as hydrogen atom peaks Slmilarly'no peaks - .
"were observed in the’ p031tlons predlcted for the

methylene hydrogens of the ethyl groups.' The 1nab111ty

to locate: hydrogens in this st{&cture is due to similar

problems as encountered‘fOr ReleO)6H4[Sl(C2H5)2]2.
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3]

‘mission factors.

- «}_‘ |
. -

S : B . ()

J

'fThefsCattering is dominated. too much by the heavy

r m atoms and hampers location of the hYdrogens.

Al it is probable that residual absorption effects

‘severely limit the data. This is especially true

in this structure due to the wide range of  trans-

| .
S p—
RESULTS : 3 '

The observed and ealculatedfstructure factor

B ’

“amplitudes, ]FOI and ]F }; are shown in Table 10.

Table 11 contalnSnthe flnal fractlonal coordlnates of .7

all atoms ex@ept hydrogen, their standard dev1atlons
ﬁ:
belng obtalned from the ;&ﬁegse matrix of the. flnal

..

least squares analys;s The anlsotroplcathermal

.- Y
parameters 80.- (U s) and equ1valent 1s@trop1c B! S8l

A‘t

3
of -all atoms»are shown in Table 12 and bond lengths

‘n l.

and angle&eare glven in Taples 13 and 14 respectlvely.

The bond lengths and angles along with their standard

0
uh%

dev1awfons were obtalned from ORFFE. Fig. 5 shows ‘a

'thgge dlmen51onal representatlon of the molecule

Léast squares plane calculatlons are shown for the

Re2512 plane (Table 15) show1ng the dev1at10ns of the

Re and Si atoms from the Dlane and also the dlstances

of the carbonyl groups, C202 C303 and‘C606, from

~



”

»

this Plane. Also the pla%e through the four carbonyl

groups perpendicular to the Re28i2 pléné is calcu-

lated and abﬁb selected atom distances$ from this' plane.
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4;7 | . TABLE ll;-.FRACTIONAL COORDINATES ,
‘ | .
~ Atom o x ‘ - Y .z

‘Rel 0.02212(8) - 0.16212(5)  0.20948(7)
~Re2 - 0.19138(8) . 0.35578(5) . 0.29300(7) .
Tsil 0.2768(5) 0.1950(3) 0.3623(5)

si2 ~ -0.0608(5) 0.3230(3) - . 0.1359(5)

c1 0.143(2) . '~ 0.141(1) = 0.040(2)

c2 . -0.166(2) | 0.123(1) . 0.093(2)

c3 0.054(2) . 0.037(1) . 0.266(2)

ca ~0.092(2) . 0.187(1) . 0.381(2) .

cs . 0.309(2) 0.342(1)  ~ " 0.117(2)

C6 . 0.303(2), . . 0T®R9(2)  0.351(2)

c7 0.078(2) . 0.378 (1) - 0.470(2)

o T 0.460(2) ~0.147(1) 1 -0.284(2)

€S . 0.273(2) 0.172(1)  0.560(2)

c10  + 0.479(2)  0.040(1) 0.287(2)

Cll 0.426(2) © . 0.216 (2) ©0.650(2)r

cl12’ . -0.057(2) 0.342(1). /- -0.061(2)

c13 ~0.242(2) (/ 0.369(1), - 0.208(2)

c14 -0.198(2) 0.292(2) " -0.157(2) .

C15  -0.288(2) - 0.469(2) 0.169(2)

o1 10.212(25 ~0.130(1. - -0.059(1) '

02 -0.281(2) °  0.097(1) 0.027 (1)

03 0.081(2) S =0.041(1) 0.293(2)

04 - -0.164(2) 0.199(1)  , 0.482(1)
05 - 0.378(1) ©0.336(1) 0.019 (1)

06  0.362(2) . 0.550(1) 0.393(2)

07 0.015(2) . 0.394(1) . 0.574{1)
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TABLE 13: INTRAMOLECULAR DISTANCES? (A)\r)

' Atoms
Rel-Re?2
Rel-Sil
' Rel-Si2
Rel-C2
Rel-C4 .
 Ré25c6
ci-ol
c3¥oj
C5-05
c7-07
Sil—CQ?
si2-c13
C8-C10

' Cl13-C15

4standard

gquoted.

‘Pistance

3.052(1)

o

Atoms -

ReZ—Sil

2.547(5) _Be2-si2
1 T AN— :

 2.548(5)

1:93(2)

1.94(2)

1.97(2)
1.13(2)

1.18(2)

1.12(2)

1;1?(2)‘

1 1.91(2)

’i.85(2)

1.53(2) .

1.54(2)

Rel-Cl

Rel-C3

Re2-C5™,

Re2-C7

C2-02

C4-04

' C6-06

'sil-cs

Si2-Cl12
C9-C11

C12-C14

A

Distance
2.539(4)
© 2.549 (3)

'1.96(2)

1;92(2)

1.98(2)

1.98(2)

1.15(2)

l.16(2)

1.12(2)
1.90(2)
1.89(2)'f
bl.5§(2)

1.56(2) -

@

deviations .in parentheses rdfer to last d@éit_
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. TABLE 14: INTRAMOLECULAR ANGLES (DEGREES) ' &

Atoms -

Sil-Re2-Rel

Si2-Re2-Rel -

~ Re2-Sil-Rel

Sil-Rel-C3

Re2-Rel-C1l

Rel-Re2-C5
Rel—Re2~C7
'Rel-C2-02
- Rel-C4-04
' Re2-C6-06
- CB-Si1-C9

C10-C8-Sil

C14-Cl2-si2

Sil-Re2-C6

Angle

©53.3(Q1)

53.2(1)

'73.7(1)

’80.4(5)

82 7(5)

;3?@344(5)

91.1(5)

'V178(2)

N

178 (2)

175(2)
\

110.4(8)

115(1)

114 (1)

~125.5(5)

Atoms'

Si143e1éRé2v

Si2~Re1?R§2 .
‘RerSi24Rel
Siszélfcz-_‘vf
Réz;kelfcq'
' Rel-Re2-C6
.Rel-C1-01

~ "Rel-C3-03

Re2-C5-05

. Re2-C7-07

£

. C€12-8i2-C13
' C11-C9-Sil
Cl15-C13-Si2"

Si2-Re2-C6

56

N

A
. e

i
AT -

_ Angle* ' ¢ r .

5'3- 0 (l) i e ' ; X, R

Ly G W
R

53.2(1)
73.5(1) ..

ZRTOT

- 88.2(5)
178.6(5)

'i79(2) \"

175(2)
178(2)
178 (2)
109.e(ér
110(1)

116 (1)

128.0(5) o
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' EQUATION OF PLANE:

57

. IS a
TABLE 15: ,LEAST SQUARES PLANE CALCULATIONS

FOR Re, (CO) ;H 2(SlEt2)2

.ATOMS DEFINING PLANE: Rel, Re2, Sil, Si2 . :

~0.5693X + 0.0653Y + 0.8195Z - 1.6898 = 0.0

" DISTANCES . OF ATOMS FROM PLANE: Rel 0.0029

" (B)

L cL 0.049 . T.ca

osils ez;oél

X Yy,

a- ax1s, Y in the (a,b) plane, and Z along the c*—axls

sil .. =020  si2 -0.020
. LU0 N ' :

. ATOMS DEFINING PLANE 'Reg;ARQZ;_Cl, G4, C5, C7.

05, - '20.077 4 07 " .0.038

c6 . 0.043 . " 06 - _..0.089 .

Re2 0.0031

- ee | 0‘026“ 06 . 0.127
%;czig\\ - -0, 017 02 . o0.002

SN
<

ey o 179 03 0.184

cs =1.980 {f;“‘

:'EQUATION oF PLANE

0 6782X - O 5229Y + 0 51630 + 0. 0354 =.0.0

ﬂDISTANCES OF ATOMS FROM PLANE

Rel_i, AFNN0;OQO41:“;fﬂyR¢2;L'k; g 0 o004 -
0B

e -0.048 - c1. /7 Tolete

o1, 0.065 o4, T -0.055

@ T e T :%}f: if'

e

and 'z ‘are orthogonal coordlnates (A) w1th X along the S

BN
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DESCRIPTION OF STRUCTURE -

ReZ(CO) H [Si(C2H5)2]2 has approximate C o Symmetry.

A perspective view of the molecule is ‘shown 1n Fig. 5.

"

"The central cluster is 51m11ar tonthat of Re (CO)6H4—

[SJ_(CZPS)z]2 shown in Chapter II. The two rhenlum

atoms and two 5111con atoms are planar and located

59

at the corners of‘a rhombus, with 11ke atoms at ooposing‘_’

corners, and a rhenlum—rhenlum bond across the shorter
dlagonal. TwoO carbonyl groups (C30§ aﬂd C202) on
‘Rel are'also»approximately in this plane and ¢trans
to the Rel-Sil and Rel—SiZ bonds, while" one carbonvl.
group (CGOG), also in this plane and bonded to Re2, E
lies along the Re-Re bond. The'two‘remaining carbon?ls.
on each rhenlum are oerpendlcular to the Re2512 plane
above and below the- rhenlam aLoms |
" The rhenlumecarbOn (carbonyl)'and carboneoxygen
distances arerregularvand similar to those observed‘in
Re2(CO) [Sl(C H5)2]2 and other rhenium carbonvl
compounds 64 €>.82,83,87,88, 89 The coordlnatlon
‘around the 5111con atoos is a dlstorted tetrahedron
. due to the small Rel-Si-Re2 angles. There are no
unusual dlstances in the 5111con carbon (ethyl) or
,carbon carbon (ethvl) bonds (compare Chaoter I11).

The rhenlum—rhenlum dlstance [3. 052(1) A] 1is con51stent

vw1th a_rhenium- rhenlum 51ngle bond, and thlS ‘is . further



substantiated by the acute Rel-Sil-Re2 and Rel-Si2-Re
anglesfof 73.7(1)° and~73.5(l)°; It is also interesti. g

that there is a pProgression in Re-Re bond lengths

. s 64
through the series Rez(CO)sxs}(CsHs)zlz,
Rez(c0)7H2[51ﬁt2H5)2]2, Re, (CO) (H, [8i (C,H ), ],

. 65 - .
ReZ(CO)BHZSl(CGHS)Z’ whereas the Re-Si bondsvare

and

approximately constant (Table 16).
& |
)

& The longer Re-Re bond in ReZ(CO)BHZSl(CGHSLQ

ffleflects the, fact that only one Si bridge is con-

k&raining thé rhenium atoms- together and also that
ﬁfﬁétwo extfa eclipsed cgrﬁgnyls»ére present causing
added repulsion of the th_ée(CO)4 moieties. It is.
believed howeyer that the Re-Re bond length differéhces
in the other "three compounds ihdicate‘that there
is si%nificant n bonding present invﬁhebke-Re bonds
whé§é$s~§he Re~-Si bOnds are primariiy o. gThus'varying 
‘theinﬁmber of-n;withdréwing carbonyl groupé.in;the |
moleculés would be expected to affect the Reé-Re
bonds if n banin§ is impértaht,vbut ha&e iittlé
effect on‘the_Ré—Si.bonds if the = bonding con;ribution
here is notlgreat. | “
Using the covalent radii of Paulingz7 for Si
'(1.17;2) and Re (1;283 A) a single bonded Re-Si
distance of 2:45h£ is predicted, which.is less than

the observed value of'approximately 2.54 A‘in these QE

60



: 61
compeunds (Table 16). Although the radius used for

rhenium may not be suitable, the larger obseryed

Re-Si bond length does not weaken the‘argument that
. rhenium-silicon n bonding is of little significance
in these compounds. A similar trend was observed90

in Cl(nC ) Zr81(C6H5)3 where the observed Zr Si

dlstance [2 813(2) A] exceeded the value calculated
with Pauling radll (2.62 A) Here Zr(IV) is formally
d° so no back- donatlon 1nto empty silicon 4 orbltals

_can occur. Thus it was postulated that only o -

bondinq was important. This.contraste with - <\..¢
Co(SiCl3)lCO)49;‘and RhHCl('SiClB)(PPhé)Z,92 where

" the Co-5i [2.254(3) A] and Rh-Si [2.303(4) A distance’s
Iare both less than the values predicted usiﬁg

¥

X o o s
covalent radii (2.33: A and 2.42 A respectively).

uling's

seems ‘therefore ‘that metal-silicon = bcnding is.present
in‘these t@o compoundé,‘whereas'it is minimal in the

’ zirconiumvaad‘rhenium'compounds. _Any explanation

"of bond ehortening as due to =« bohding‘in‘these
ttransition hetalisilyl compqunds sﬁopld bedapproached
cautiously, howeQer,“since ltvis difficult to separate
these effecte from a o-inddctive effect. Thus the
changes in metal 5111con dlstances in the series

“(1-CgHlg) (€O) HMnSi (Cgh S5 23 [2.424(2) A);

94

N ° ) B
(n C H )(CO) HMnSlCl (CGHS)' [2.310(2) A]; and also



\ :

the series Co(SiH,) (CO), 23, [2.381(7) Al;

Co(sicly) (CO), »91 [2.25413) Al; and Co (SiF,) (co) ,,”®

[2 226(5) A],'can ‘be attrlbuted to shrlnkage of the

silicon orbltals by the more electronegatlve sub~

stltuents,fthereby shortenlng the" metal- silicon bonds.
| However. uncertaln the mode of bondlng between

the rhenlum and 51llcon atoms, it is still poss;ble

to compare the f'
in Chapter IT s'nce all @ubstltuents are SLmllar

'Thus the most 1nterest1ng feature of _
,Rez(CO) [Sl(C H )2]2 is the 51m11ar1ty in the Re-Si
bond lengths and their 51m11ar1ty to the other members
of the serles.' The Re2- Sll and Re2<$12 bonds arev e
adjacent to the hydrogen 11gands whereas, the Rel- Sll
and Rel- 312 bonds are "hydrogen -free". As was
explalned ;n Chapter II, the similarity of these

bonds in the: two dlfferlng environments 1s not

expected in v1ew of the proposed hydrogen brldglng 62, 63_

Again, complete dlscu551on '0of this phenomenon is

'deferred until Chapter IV.,

PR I
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CHAPTER IV: MODE OF BOKDING OF THE HYDRIDE
LIGANDS IN Re, (CO)¢H, [Si(CoH ) 1,
AND Rez(CO) [Sl(C 115)2]2

Although location of the hydrogen atoms. in ‘this

[§

series of hydrldes was not p0531b1e due to high dom—

1nance of the rhenlum .and tuf 1ter1ng and

also large absorptlon effect.f T ;atlon of the
central framework - 1in partlcui~ JtranSJ.tlon metal—h
silicon bond, .has proved exceedlngly valuable in
f,§%ta1n1ng 1nformat10n about the bondlng exhrblted by
the hydrogens attached to the metals.66 Three pos-
51b111t1es exist for the hydrogen bondlng'in these
" compounds as shown for WZ(CO)SHz[Sl(CZ )2 2 in
Fig. 6: (l) the h}drogen is termlnally bonded to
the transition metal with no 1nteract10n with the :
51llcon, (2) the hydrogen brldges thettran51t10n
‘metal 51llcon bond thus formlng a three centre two‘L'
electron bond and (3) the hydrogen is’ termlnally
\bonded to the tran51t10n metal but w1th weak attrac—
t1ve 1nteract10n w1th the 5111con. A hydrogen
'bridge_of type.(2)?was post'ulated66 for _
wz(coi‘ [Sl(C H5)2]2 in which the W-Si dlstances
differed 51gn1flcant1y (Table 16), wlth the hydrogen

presumably bfldglng the 1onger dlstance. However,

63
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aft
Fig. '6: Poeéible'Bonding Schemes for the’s

H

Hydro en Lr?and in' W (CO)8H2[81(C2 5)2]2

in Re, (CO) H [Sl(C2H5)2 he Re—Sl bond 1engths

are not con51stent w1th a three centre Sl -H-Re bond
‘but rather ‘seem con51stent with a termlnally bound

‘ hydrogen Algand.

It was expected that if the hydrogen was 1nvolved
in a three centre Sl -H- Re bond a 51gn1f1cant length—

'enlng of thls Sl—Re dlstance would be- obServed

analogous to W (CO)8 Z[SL(C 5)2 o There is no

51gn1f1cant dlfference in Re-Si bond lengths, however,

between the two hydrldes Re (CO)8 2Sl(C H ) 65 and

L 64
5)2]2, and,Rez(CO) [Sl(CGHS)zl2 .

‘which contains no hydrogen'lrgand.v Moreover these

Rez‘CQ)6_4[Sl(C2H

\

Re-Si'distences are similar to the shoéter (unbridged)

W-Si distance in N2(CO) [Sl(CZHS)Z]Z, and therefore

64
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- are more consistent with termlnal hydrides.

K The amblgulty 1n comparison of-: the Re-Si bond lengths

in the hydrldes and Re (co) [Sl(C in which the

He) o) oo
disorder problem ex1sted (Appendlx 1), was overcome w1th
the structural determlnatlon of Re2(C0)7H2LSl(c2 5,2]2,
which, -like the tungsten complex, was an -internal standard
containing metalfsilicon bonds both adjacent to hydrogen i
ligands and'"hydrogen4free"l The similarity:ofithe

Re-Si bonds in this structure wasnadded proof that’

the hydrogen llgands were not bonded in a fashlon
'ianalogous to W (CO) [Sl(C H5)2]2 and were therefore
probably bound termlnally to. the rhenlum'atom. Thls
relnforced the prev1ous argument that _the other"'b-' !
‘rhenlum hydrldes in thls Serles were also termlnal.

' Fig. 7 shows Re (co) [Sl(C H, g) Rez(CO) [Sl(C H.)

2]2" 25 2]2

S\gnd Re, (CO) [Sl(CzH 9

v1ewed perpendlcular to.

N

5 2]2

the Re2512 planes and 1nclud1ng only those atoms lylng

approxlmately in this plane. Included are relevant.

"
R

bond lengﬂhs and angles for ready compar;Son of’the

A

'three

e - ‘ r'g

To explaln why the - hydrOgen llgands seem. to be
termlnally bound. for the rhenlum compounds, but brldglng K
in the case of the tungsten compound At is useful v |
to conslder-the coordination about the‘metal atoms,
~as shown in Fig. .8. In each compound there are

two mutually trans carbonyl groups -on each metal

'vwhlch‘are not shown. These are perpend;tular to the

L
3
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TABLE 16: - RELEVANT BOND LENGTHS (A)

IN SOME TRANSITION METAL SI;i;?§-BRIDGED'COMPLEXES

3 ° S
l COMPOUND . M=Ssi  M-M  REFERENCE
"W, (CO) H. [Si(C.H.).] 2.586(5), 3.183(1) 66
,2 2T 5030 - |
(co>8 ,Si(CeHy), 2.544(9) . 3.121(2) 65
gez(co)gjsl(c H5)2]2 2.542(3)  3.001(1), 61
Re. (CO) _H [s1(C,H ),1, -2.533(2),  3.084(1l) = THIS WORK .
A 5 4TI TGy T T

iRez(co)_ [Sl( 5)2]2 2.547(5),  3.052(1) THIS WORK
B 2.548(5) : . !
LT . 2.539(4),
. 2.549(4)

ETAELE 17: RELEVANT ANGLES (DEGREES) IN SOME

TRANSITION METAL SILICON- BRIDGED COMPLEXES ' | f
R T, ¥
' COMPOUND '-“ - si-M-M M-Si-M  Si-M-C

v Vv . ; . . . . P

(col [Sl(C2 5 alz. '53;92}10) . 73.97112) 109.1&5)7Q-. ”hf*

. Re. ccogsn sucsns)2 S s309) ,*?zfzci).“fv124t§(i3)

52.203) - 75.7(3) 0 . 18.7(2)7
Re;(CO> fSl(C Hedpl, | 52.212) . 75.7(3) 7 TR TR
vReZ(CO)V [si(cz 5)212 52. 6(1) - 74.9(1) »._127h§(3)
Re, (CO) ,H [Sl(C S)Z]Zt_sf 21(1) - -73.6(1) . 126.8(5) . -

-

b



"plane of the central\cluster and are a constant

feature of.all the structures. Hydrogen atoms,

;'ated experlmentally, are p051t10ned

'1n M

. although]

R‘: .

' L L '9 &
ahydride (C); the hydrogen is more crowded,‘ﬁg

“the rhenium hydrides. The Si—W—C (Carbonyl) angle,_;ﬂ

whi%h encloses the hydrogen llgand 1s 109. l(5)°‘in,
the tungsten hydrlde, compared to §he analogous angles

of 124. 8(13)°' .126. 8(5)°, and 127. 5?3)°.1n the

‘rhenlum hydrides: (B), (D), and (E) respectlvely. It

.93,94,97 _ " TR

has been shown E that a normal non- bonded'

s

',H -C. (carbonyl) d@@fact can. “be as - -low as 2, 0 A. For,

y

i dlstance29 of 1. 68 A calculatlons show that

lfw—

a kot
in the rhenium hydrides, maintaining the minimum #
C-H contact, a H Sl contact of greater than 2.2 A

jafisésﬁd However the 51tuat10n ;s much dlfferent for:

' vZ(CQ?B [Sl(C2H5)212. If no hydrogen brldglng

a,

concept i" utlllzed then usrng the unbrldged W- Sl“
; dlstance of 2. 586 A ‘and malntalnrng the mlnlmum C H

contact, a very short Si-H contact of 1.72 A occurs

(this calculated assumlng a W-H dlstanceg,8 of 1 70 A)
3Even u51ng the larger W 81 dlstance, ‘a* short Si H

-contacﬁ of 1.81 A arrses., Therefore the hydrogen

69
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ligands are constrained to be.considerably closer to

the silicon atoms in the tungsten compound It is

03

belleved that the crowdlng of the hydrogen by the

carbonyl group is then respons1ble.for the appearance
of the three centre W-H-Si bond, since it is possible

that the three.centre'bond is favoured energetically
over a terminal hydride involving the high repulsfon

energy which must be associated with the very short

bed ' . . .

Si-H non-bonded contacts mentioned.
) S _

The non—bonded*Si—H contact of 2.2 A calculated

.for the rhenium hydrides is believed tO“be~reasonable;

In (n C H )(CO)HFe(SlF ) ‘the hydrogen‘was not believed
bonded to elther 5111con atom and was located at
2. 06(7) A from both SlllCODS. Althougp seemlngly short

these - non bonded contacts can occur because 1n these ‘

systems the hydrogensﬂapproach the 31llcon atoms

a4

_in electron:density nodes, for example . between “the

o Sl“F covalent bonds 1n (n C H )(CO)HFe(S;F3)2 gpr :
between the C- Sl C bonds ln the rhenium hydr1des’§
dlscussed.“ The repu151on ‘is. mlnlmlzed 1n these" bondlng
nodes thus fac111tat1ng the approach of the hydrogen,.
llgand to the)s111con atom.

There sed@b therefore to be no . lnherent Stablllty

:of the hydrogen brldged metal 5111con bond. Rather,

99

ff the three centre bond is the result of sterlc crowdlng

70
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by an adjacent carbonyl gronp and only appears, as

for W (CO) [Sl(C H5)2]2, when the hydrogen llgand

“is restrlcted to be close to the silicon atom.
-kAlthOugh ev1dence obtained from the structural

1nvest1gatlons of Re (CO) [Sl(C

Hg),1, and
(CO) [Sl(CZHS)Z]Z comblned with that obtained
Ll 64, 66 .
from-"* w (CO) [sl(c H ),1, and Re (CO) g[Si(C }15)2]2

exclude the p0551b111ty 'f a three centre Re-H-Si

>

bond it does not exclud the existence of. weak attrac—
tive interaction of thé hydrogen ligand glt%&the‘
s111c0n atom An 1n51ght into this possﬁblllty is
gained from‘the structural 1nvest1gat10n593”94’97 of.

(n— C )(CO) HMnSl(CGH ) (n-C H )(CO) HMn 1C1 (C, HS)A:

573"
and (CO)vFeHSi(C H ) 1n whlch the hydrcoen llgands
were. located experlmentally * In both manganese E
compounds ‘the hydrogens were located at Z 55(4) A and
1.49(6) g respectlvely from the manganese atoms and
ltl;76(4) gkand 1. 79(6) A respectlvely from the 5111conv.u
‘.atoms.vvhowever, 1n,the iron compound,the~hydrogen il'
atom was 1.64(10) A from the iron atom aRd 2.73(10) A
from'the silicon-atom In the two manganese hydrldes
the hydrogen llgands are constralned to ne close to

the 5111con atoms due to sterlc crowdlng, the hydrogen

belng only 2. 08(4) A from: the carbonyl in:

(n -C.H_) (CO) HMn81(C H_ ) and 1.98(6) A from the carbonyl’

S 5

“i"7l»7;’
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in (T}—CSHS) (CO) HMnSiCl?_(é‘feﬁ ). There is no pos-

’1ncrea51ng the hydrogen contact with

N

Slblllty of: 1ncrea31ng the H-Si distance without

4‘%‘ » .
“h‘e carbonyl

groups. However in (CO) FeH81(C H ?he hydrogen is

)
53, 4

not constralned to be close ‘to the 5111con atom,vslnce

it 1s‘1n-a sterlcally less crowded env1ronment than

the manganese hydrides. Thus the long Si-H Confa%t

with no attraction ‘to.the silicon atom}' This !
4 N K

interpreted as meaning that thére is no inherenE

stablllty of the weakly brldged hydrogen in this

series in preference to" a 51mple termlnal hydrogen.,

K ",n\‘
- Thus in conclu51on, 1n thlS serles of tran51tlon

metal hydrldes, the hydrogen atoms are bound termlnally
to the transition metals in all the rhenium complexes.
The hydrogens only approach the silicon atoms, as in

the tnngsten.and manganese complexes, asta'reSuit,ofa'

. w -
sterlc crowdlng and ‘not: as a result’ of, any unhsual

. ’
L

attractlon to the s1llcon atoms.

. N . ' b . : -
» A8 7 N - ! .



~in the mid 1930's when R. E. D. Clark discovered

: perfect square about the metal. And secondly,'thev

_'detected u51n

. . .- . o ‘,’: ) a.‘.'v"
CHAPTER V: DITHIOLENE100 INTRODUCTIO& .

-
(34

Interest in the bidentate dithiolene ligands began
’ | 101,102

"that toluene-3,4- dlthlol and l-chlorobenzene 3,4- dlthlol

reacted with- 21nc, Cadmlum mercury and tin halides to

form complexes of the type [M(dlthlol) ]. Thls~reactlon

was found to be espec1ally effectlve in the analytlcal

determination of tin 103,104 and of molybdenum»and

tungstenlos’IOG'lo7 and most attention was directed

towards this end. By the early 1960's several dlthlolene‘
108, 109 llO

"hcomplexesfhad been characterlzed nd were

found'to“be of the form M(dithiol)é involving a Variety
of dithiclene ligands combined with nickel, cobalt}
palladium, and molybdenumu ?TheSe b7s dithiol complexes -

pwere found to possess two unusual propertles.. Firstly,

they €xhibited the' unusual square planar geoQ:
Lo oT1,112,113,114.)

"metry f%h the sulfur atoms in an almost.

»

.....

v g

underwent fac1le rever51ble ox1dat10p reductlon'

reactlons115 w1thout changes in. coordlnatlon geometry.

< «

;‘lhThe ox1dlzed and reduced spec1es were found to be

ply by one electron transfers and could be -

olarographyqand'vqltammetry.
\\ ) . ] o [

X Attempts /to produce the big cqﬁplexesvof SZC2Ph2
' 16 . . :

~with Vv, Cr, Mo, JRe, W, Ru,and'Qs_1 _instead_yielded

-~
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“the six coordinate tris complexesll7’118 119 which were

<

51mllar to the b7s complexes in that they also under-

went the facile oxidation=reduction reactions.llg"lzo’121

The discovery122 that‘Co[q (CN)Zl; revers1bly

added one mole of llgand to form the complex

Co[S (CN) ] " led to the 1nterest1ng suggestlon that

- the six coordlnate cobalt complex and possibly even

¢
»

the other t¢ris complexes couyld be trlgonal prlsmatlc.

In addltloy doubt about the octahedral coordlnatlon

of these complexes was raised because of the inability
3~ ,

to separate Co(s,C 2(CN)2]3 and Mo[S (CF3)2]3

into their optical enantiomers 123 The pOSSlbillty

of trlgonal prismatic coordlnatlon was, extremely

"unusual since no six coordlnate molecular complexes had

<L

-t g ﬁb

1923 in the compounds MoS

“been. observed with non- octahedral coordlnatlon '~Trigonal

v »

prlsmatlc coordination had been observed125 as early as

9. and W82 and 1ater126 in NlAS.

dHoWever these were 1nf1n1tely extended lattlces &gd

<

‘molecular packlng was - belleved respon51ble for thelr

> 124

‘,unusual coordlnatlon ‘It is noteworthy that on

' «vthe baSlS of'"dlrected valence"” ‘calculatlons, it had

x}'

f'even been predlcted by Hultgrenl.z7 in 1932 that the

_ only stable six coordlnate complexes were trigonal

prlsmatlc and octahedral the former belng preferred

for low lyrhg.d.orbltals and the latter being preferred -



>

AT,
5 U

‘when fhe X-ray. structure determlnatlon128 129 af -

was 1nvolve

\

forkhigher'energy d orbitals._ In addition octahedral .

coordination would be favoured by increasing ionic

character<in the metal —-ligand bonds and by the bulli

-{f
ness of large llgandb
3

. The ex1stence of trigonal prismatic.: coordlnatlon

in a mOlecular compleﬁ'was not observed until 1965

9
Re[Szcz(C He Y was completed' The subsequent

structural determlnatlons of Mo(S 139

] 131,132

CoHy) 5

vis, c, (C also showed trigonal ‘prismatic

6 5 2

geometry and verified‘that the rhenium compound

vwas not an isolated example but only one of a p0551ble

(o4

(serles of . trlgonaJ prismatic’ structures In all

three compounds ‘the metals were surrounded by_si#
sulfurvatoms at the corners of'a trigonal prism,

with the dithiqlene;llgands radlatlng from the metals
in a *paddle~wheel"Aarrangement There was also a

striking similarity in the prlsm dlmen51ons of the

'three compounds (Table 48) The intra- and interligand

sulfur—sulfur dlstances are similar in all cases with

. the approxlmate values 3. 06 A and 3.08 A respectlvely.

The ShorthSSrof these Fnon—bonded" contacts led'to

the speculatlon that some sulfur-sulfur bondlng

d12 ‘in stablllzlng the trlgonal prlsm

Another remarkable feature of - the three complexes was

1
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‘approximates D3hjsymmetry.v

: \\\\b 76

the similarity in the metal-sul fur bond lengths,

\

o PN .
averaging 2.33 A, despite the fact that the covalent

and ionic radii133 of vanadlum differed from those

7

'of molybdenum and rhenlum by 0. 07 A. This similarity R

was viewed as an added consequence of the 1nter11gand

S— S bondlng,lng In addition the S c. dlstances,f ‘

v A,,

" averaging 1.69 A were found to be con51stent w1th

c0n51derable double bond character as seen from a

compﬂrlsoh w1th the s=c double bond in thlourea 34

[SC(NH ] and'lts derlvatlves,135 measurlng 1. 720 A
Sllght dlfferences are, however, present in the.

three compounds which lead to dlstortlons from the

vldeallzed Dy . symmetry. Re[S 5(C Ho) 1. nd
)

6 5°2 3
MOIS ~(CN) ] both have approx1mate C3h symmetry

'caused by tw1st1ng of the phenyl ‘groups out of the

llgand planes in the former and by a’ dev1at10n of

wthe Szc2 planes from the M52 planes by 18° in tﬂé

latter. ln VLSz" 6H5)2]3 the unlque llgand on the -

crystallographic two-fold differs sllghtly from the

-

‘other two, howevex\::e molecule still~closely

Comparison of the electron spin resonance and
electronlc spectra 1n the SOlld state and in solutlonl36'

conflrmed that the trlgonal prismatic coordlnatlon - /
\ . C
was also present in'solution and therefore was a

—



consequence of intramolecular phenomena rather than
o N i ‘

" intermolecular effects. It was also apparent in all

the electronlc spectra that the domlnant feature was -
’an 1ntense two- band pattern inh the v1sr&le reglon,137
Athe first at about 15,000 cm -1 (¢ ~ 25000) and'the
second at about 24,060 cm-;)':1 (eh~ 150005. This was

'believed to be characteristic of all trigonal prismatic

i |
mpt’to explaln the stablllty of the

_-ce‘calculatlons performed on a hypothetlcal

-octahedral complex MSGCGRG yielded the same orb{tal

orderlng as the trigonal prismatic calculatibns.v -

8

Also objections based on electron Spin'resonance,}
spectra have been faiSédl3? COncerning'the ordering

of the highest occupied and lowest unoccupiedtlevels
for this scheme. The scheme by Gray et. al., 137

4
whlch seems more con51stent w1th electron spln resonance

spectra, electronic spectra and polarographlc work is
therefore favoured in thls work. - Both schemes are

dlscussed further in Chapter IX where a detalled

-explanatlon-of.the trlgonal'prism is given based on

77
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Gray's molecular'brbltal'calculations.

Althoﬁgh"the neutral tPLS dlthlolenes were found

to be. trlgonal prlsmdtlc, subsequent structural deter-

-mlnatlons onAV[S~ (QN)ZI3 o Mo[SZC2(CN)

142 -], - 141
2°3 ¢

and Fe[s,C, (CN) ] -%J -showed coordinations which varied

from hlghly dlstorted octahedrons for the vanadlum and

-molybdenum dlanlons to an almost regular octahedral co-

‘ ordlnatlon for. the 1ron dlanlon. Interllgand sulfur—

| /Z
I
.

'breakdown in' the sulfur sulfur bdﬁdlng which had been

sulfur dlstances in the three were greater than forrthe

neutral trlgonal prisms and thus were con51stent w1th a

propos'ed124 asla stabilizing factoriln the prism. 1In

"addition the extra electrons in the molybdenum dianion‘

as compared to the neutral molybdenum complex were.‘

located in an orbltal whlch was sa1d to be anti-

' bondlng in the trlgonal prlsm141 thus'offering an

~
explanatlon of the deV1atlon from the trlgonal pris-

-

;matlc/coordlnatlon The trend therefore emerged that'”

‘the neutral tris 1, 2~d1thlolenes were trigonal.
prlsmatlc whereas the dlanlons werefwcéahedral or \\
dlstorted,octahedral.’ The reasons fo;)the trigonal
prrsmatlc and octahedral coordlnatlon/ln these'
dithiolenes was not. obv1ous however and P%ttle was

publlshed correlating the observed structures to the
L\J K ' N

.molecular orbltal descrlptlons of e}ther Gray or

e,

78
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- Schrauzer.

The compounds Mo(S )3, [(C H ) As][ﬂb(s C6H

64 a3l

and [(CH3)4NbIZr(S2 H )3], which form the sub]ect

v
matter for the rema;nder of this thesis, therefore

constltu%e an 1nterest1ng and potentlally 1nformat1ve

ser}es. , E‘lrstlyr the M(§ C6H4)3 ﬁ\ = 0, 1, 2 for

M ; Mo, Nb, Zr,'respectively), mqeltles*form;an
isoelectronic series'so that the only differedg;;
are in the central metal. From a molecular orbital
viewpoint, this means. only the'd‘orbital energies
vary throuéhOut;the series. ’Hence,nthe—effect‘that.
varying the Central'metal and thns the metal d

1“-_.-"

orbltals, 'will have on the coordin tlon of the’metals

can be ‘observed, and hopeful’y correlated to Gray s
molecular orbital description for trlg nal prismatic

geometry. rAlsoﬁsince‘identical ligand (SZC6H42 ) are.
invblved subtle geometry changes 1nvolv1ng angles

and bond lengths can be more readlly compared “than +

if dlfferlng llgands are used.

From a comparison of their electronlc s ectra

in”Table 18 it is obvious that gross differences » /

exist within the three compounds. }For the molyb- ./
den 137 144 and niobiuml4$hc0mple'es the spectra
. were smilar, both ha\}@ng absorptions which were %

‘believed characteristic of trigonal)prismaéﬁc
: e , ' o v

~

137 143.

79



w
R \ -

coordination.léi The_spectrum143

of Zr(S )2

however, was: found to be vastly dlfferent and was

-

not 1nd§cat1ve of a trlgonal prlsm. Thus on the g

*

-~ - ~

basis of the electronlc spectral results 1t seems

Athat varylng the central metal from Mo to Nb to Zr R

causes. changes in-the coordlnatlon, presumably
destablllzlng khe trlgonal prism and favourlng a -

tendency towards octahedral coordination as was -

,observed in Mo[S C (CN) ] and
It was believed that a complete
mination of this series of ‘tris

complexes w9uld prove useful in

’

v[_szcz(cN)zl3 -

structural deter-

1

,2-dithiolene

understanding.further“

@

the factors .which stablllze tr1gonal prlsmatlc co-

ordlnatlon. It was also of 1nterest to discover-

whether the electronlc spectra were reliable 1nd1—

4
cators of the coordlnatlon geometry in thése compounds.

-

' The common-1, 2-dithiol ligands and thelr normal

) abbrev1§tlons, whlch w111 be used in this the51s,A

i
are shown below.

.xk v

U

il

~

\ | 5 ,;

H'rdighioglpoal

CN maleonitrile—'

dithiol (nfnt)

[

80
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C6H5_cis l}2-diphehyl—‘

ethene-1,2-dithiol

(sdt)



X‘

(bdt)

=CH3 toluehe—3,4—dithiol

(tdt)

-

._ /

' ' -«v_'f_.":.g:'é:

& &
IR

s

-

TABLE 18: ELECTRONIC SPECTRA FOR MOLYBDENUM

- NIOBIUM, AND ZIRCONTUM BENZENE prrironst37?s 143

COMPLEX . . COLOUR

Mo(S 6H ) 144 o Dark Green ll 500
- o B 14,463
A 22,990

: N '

, - Dark 1. ,
[(C6H5)4As][Nb(SZC6H4)3] Purple _%;,Zgg

’
30,700

. [(C2H N]IZr(s C H4)3] Re?
' 2

20,000
35,800

BAND MAXIMA, cm
(e in parentheses)

-1 .

shl(loQO);'
(20,900);
(17,400), - -

(10,700);
(13,800);
sh (9,120),.

sh- (2,030) ;.
sh (25,200).

= H benzene-1,2-dithiol %"



CHAPTER VI: THE CRYSTAL AND MOLECULAR STRUCTURE
OF TRIS (BENZENE-1,2-DITHIOLATO) o ¢
MOLYBDENUM, (Mo (s,C H,) 41,

: “
.

I8

" EXPERIMENTAL

Dark green crystals of Mo(bdt) sultable for X-ray
dlffractlon study, prepared by the reactlon,of

molybdenum pentachloride with benzene dithiol,137

. were kindly supp;ied by Dr. Takats and Mr. Martln 143
o Prellmlnary photography revealed mmm Laue symmetry,

1nd1cat1ng an orthorhomblc space group. }he-systematic

o

.absences as ﬁetermlned from We senberg (Okl, ke -
;CuK X= radlatlon) and Prece551on (hoz, hli,»hkb?khkl;
;Moxu X—radration) photographs are Ok&: k % e = 2n+ 1
and hb&?rh’; 2n + l cOnsistent wrth the space groups
Pnam and Pna21‘ Prec1se lattlce parameters were ob-
tained at 22°C from a least squares reflnement of
~ the settlng angles of 12 reflectlons Wthh were
accurately centred on -a Plcker\automatlc four—c1rcle
‘dlffractometer, usxng CuK - X—radiation (x = 1. 54051 A)’
The cell parameters and thelr standard dev1at10ns‘hre
'a;= 16. 093(3) A b:= 10.177(1) A and ¢ = 11.906(2) A.
s - .

The'observed density, obtalned by floatatlon in

aqueous zinc bromlde solutlon, is 1.74(2) g cm -3 and



is in good'agreement with'the calculated'Value of

1.75 g cm—3, obtained assﬁmlng four molecules of ©
moleoular weight 516.60 a. m.u. per unit cell of volume -
'.1952 84 A3 For space group Pna2l there are 4 general
equivalent p051t10ns and no restrictions are p0551ble
However for Pnam there are 8 general equlvalent a
posi S so the molecules are restrlcted to lie elther
on t::fzgrror planes or inversion centres. The tris
chelate sg&ucture cannot have an 1nver51on centre,

-

hence for sSpace group Pnam, the molecule must possess

*
Symmetry m.

automatic¢* four’ c1rcle dlffractometer us1ng CuK

{X—radlatlon, flltered w1th 0. 0005" thlck nlckel ‘foil

\Jn preference to a graphlte monochro‘ator1 ) and

-_u91ng a 2° take off angle. The crystal was’ aligned 1n

a general orientation ‘but w1th its a*'ax1s approx1mately
rc01nc1dent with the dlffractometer ¢ ax1s. The crystal
u-faces were identified :nd the perpendlcular dlstances
"between parallel faces of ‘the same form were measured
‘as: {1,0,0}, 0.206 mm; 10,1,0}, 0.055 mm; {0,0,1),

0.077 mm. A coupled 26/w scan was used ,with a 28
. Scan speed of 1°/m1n to- collect all reflectlons with

.26 X 125°. The peak scan was approx1mately two

mlnutes (2°), increasing as the @jay resolution ¥



t onary background counts of 40 secs. R

v

a}:&» ::. 1 _d'on exther side of the peak. Assuming

anearaty 0 f background the 1nten51t1es

c%unten‘and was' used in conjunctlon with a

f'_'pif,loo da‘ta’ reflections. In addition
R :

data collectltn'wasE1nﬁérrup€ed perlodically to collect

s
G o

;tandard reflections to investigate
om‘ds@tionp No significant decomposition

XAy ol . i‘t')\?-’
t?‘h ,é (h the duratlon of the data collectlon.
. r‘)";:'(“r;‘; . J\A \,,_4\ r\
Ofg%ﬁé*&%O@ re%lectlon; collected 1050'werersignifi—

cantly above background with I/o(I) 2 3.0. ‘The data

. were. reduced to structure factor amplltudes by

¢

correctlon for Lorentz, polarlzatlon, and absorptlon
Y "

effects. Terms used in the Zﬁcharlasen extinction

\\.

correctlon were calculated at this stage. Standard
dev1at10ns, o(F), in the structure factors were again

computed u51ng a "p factor 70 of 0.03.

.

The llnear absorptlon coeff1c1ent86 using . CuK ~
L

radlatlon is 110.67 cm 1; glv1ng rise to a range ‘of *\

'transm1s51on factors between 0.5768" ‘and 0. 3099. - e ;}



' STRUCTURE SOLUTION'AND REFINEMENT

A sharpened 3-dimensional Pattersouwmap146 was
O\j w < 0.5. The Mo-Mo vectors for both Pna2; and

‘mirror) are shown in Table 19. It is obvious that

'\Patterson on the basits of the Mo Mo vectors alone.

S L

ﬁ?':' S However the molybdenum p051t10n was obtalned as
follows.' The most 1ntense peak was 51tuated\at

;%ﬁ @:.iAJO.SOO, O 0, 0 0) and was attrlbuted to the Gector

4
C} B " as i“O 25. The accidentally special y coordinate

'”leads to an amblgulty in the a551gnment of the next
S

and (0.182, 0.500, 0.500), as vectors of the form-

(172-2x, 1/2, 1/2)’ahd (2x, 2y, 1/2). Because of this
‘_fallure to 1dent1fy the true Harker line vector, two
p0551ble solutlons for: molybdenum coordinates had to

be tested by subsequent structure factor calculatlons

‘and least squares reflnement_ The solutions to be
"tested were (a) x = 0.09, y = 0.25,. 3 = 0.25,

and (b) x = 0.16, y = 0.25 and 'z = 0.25.

The fourth largest peak on the map, at (0.0, O.

= ]

R . N

;COmputedvbetween the limits 0 < u < 0.5, O < v < 0.5,
Pnam (with the molybdenum atom on the crystallographic

“the}two space groups cannot be distinguisﬁed in the’

(l/2 ~1/2- 2y, 0); thus the y coordlnate was obtalned

“most intense peaks, observed at,(0.325, 0. 500 0.500)

(‘:\
O

N



TABLE 19:

PnéZl'

.

HARKER VECTORS FOR MO(bdt)3

86 °

Pnam (z=1/4), SPECIAL

POSITION *C"

VECTOR FORM

1/2-2x,1/2,1/2

1/2+2x,1/2,1/2

1/2,1/2-2y,0
1/2,1/2+2y,0
2x,2y,1/2
—2x,—2y,1/2“
2x,-2y,1/2.

-2x, ZYIl/z

£

. WEIGHT

VECTOR FORM
1/2-2x,1/2,1/2

1/2+2x,1/72,1/2

1/2,1/2-2v,0
1/2,1/2+2y,0

- 2x,2y,1/2

-2x,-2y,1/2

2x;-2y,1/2_,

-2x,2y,1/2

oW

WEIGHT

-2

2,

2



. %

istent with a buildrup of'S—S'vectors betyeen

v atoms related by a mirror perpendicular to z.

Sidce this was “the largest S S vector, the pOSSlblllty ‘ .

of the mirror bisecting the triangular faces was
excluded and the space group ‘was probably Pnam with
the mirror relating the two triangular faces of theb
trigonal prism. 1f this'were the case, then MQ‘_S
vectors should be observed at w coordinates of_about
1/21. 255)x= 0.13. Three vectors at 2.3 - 2.4 A

from the origin were located with w coordinat&s 0.136

~and were consistent with the trigonal prismatic

geometry. In addition three‘vectors-wereilocatedlin
the w.= 0 plane at 3. 04 - 3.17 A from the origin and
these were conSistent With vectors betWeen the sulfur
atoms w1th1n the triangular faces. From the Mo-S

and S- S vectors the sulfuf/pC'wtions were calculated

‘as either: S1(0.11, 0.14, 0.3s,, S2(0.16, 0.42,. 0.38)

and S3(0.29, 0.21, 0.38) correspondirng to Mo position

(b) or S1(0.04, 0.14, 0.38), S2(0.09, 0.42, 0.38)

* and 83(0.22, 0.21,‘6,38) COrresponding to Mo_position

(a).. . : L Lo

To abtain the proper x coordinateSna'least squares

refinement was performed with the model based on Mo

positions (b) . This model showed no signs of successful



N

BN

ok ’ : & | ’;
A ‘

’

Y S

on;Fo coordlnates (a) reflnEd to Rl

2

= 0.349 and

\efinement and converged after two cycles to-give

/R

"

= 0.424 and R, = 0.516. However the model based

82/— 0.435 in two cyclesr Temperature'facters were

fixed in these cycles, so further reflnement of’ the

4

R1.= 0.209 and

second model, VZ?yang ‘the temperature factbrs ylelded

ﬁ~04294 after the three @ycle"bﬂ

thus the model was assumed to be correc¢ An GUtllne

TABLE 20:

Model

(i) Mo and S ‘atoms based on Mo .

* . coordinates (0.16,0.25,0.25)

(2) Mo and S atoms based on Mo .
coordinates (0.09,0.2!,0.25)

(3) no-and S atoms of mbdel (2) -
varying temperature factors

(4). Mo, S, and C atomsfiisotropic

- (5) Absorption Correction

16) Mo and S atoms anlsotroplc

{7}

'(8)'Jﬁjf 147

(9) Carbon’atoms anlsotroplc

Structure factors were calculated using the atomic

- 9;

scattering factors of the neutral atoms for,molybdenum}

i/%x

i W
Iz

N
R

REFINEMENT OUTLINE

B;s

“0.349

£ 0.209

0.079

0.065

0.046

0.042

1 0:424 -

0.050

of the solutlon and reflnement is shown 1n/Table 20. _k%

0.435

0.294
0.086

- 0.075

0.062

0.051

-0.035

00034

/

10.516.

0.042
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,A*‘ A - ) ' .
. . i / .
sul fur and carbon complled Hyrgromer and Mann.jf The

scatterlqg factors for hydrogen were thosé of- Stewart

Davidson and Slmpson.}49 In addltlon anomalous dis-

76 ' ' . .
per31on‘correctlons,- both real and 1mag1narx, were

applled to the molybdenum and sulfur scatterlng factors

( f' = o 54 f" = 2.89, f"= .31, f" = 0.58).

c ]

The carbon atoms were located from an electron

den51ty difference map prhased on model (3) Aniso-

troplc temperature factors for the dlfferent groups of

atoms were 1ntroduced as 1nd1cated by features in

g

:calculatlons, thelr parameters were not refined

electron densrty dlfference maps, and can be justlfled
. \

at the 0. 005 51gn1f1cance level, by the subSequent
appllcat1on of Hamllton s R factor ratlo test 79 ‘In,’

the dlfference map, phased on model (6), the hydrogen
®

atoms were v151ble so they were 1ncluded in subsequent'Q
@ .

. W
' refinements, thelr p051tlons calculated from the known

geometry and orlentatlon of the benzene rlngs, and
u51ng a C-H distance of. l 0 A "The hydrogen atoms

Were a551gned thermalégarameters approx1mately 15%

}

: hlgher than those of the attached carbon atoms.'

(O

Although they were 1ncluded in the structure fa;ﬁor

~

' Extinctlon correctlonsl.';7 were applied since

S

comparisonAOf [Fol and |F C] for . 10w angle reflectlons

suggested the problem may ex1st., Verification of the_L'

LT

P



R . '

i

lmportance Of the extlnctlon correctién is ev1dent/1n"g
&' o
the resufﬁs of the reflnements before and after thls,

correctlon. Before the correctlon, all reflectlons

i 8

except one with sin %/) < 0.084 were re]edted_/rom the-

reflnement on the ba51s that ]»F/c(F)] > S 0, and in all3

caigs\}-Fo,l was less thdﬁ | Fcll for these reflectlons.'

S o

After the extinction correction, only one of these
. ' . . : A . '
reflecpions-prev1ously rejected was still re]ected

from the reflhement. The final reflned value of \

-

the extlnctlon scale factor, C, is 2.371 x lO 6 ' g

Anomalous featuvés in- the thermal parameters
@

.(vid@fznfra)'suggested}that the scattering factors -

could be lnadequate. Several‘refihements were attempted

.using various alternatlve scatterlng factors [Mo(IV),150

A 150 _- 75

Mo(VI),- . S -] but no better agreement in R factor
\ ( ?

and ;no more reisonable thermal panameters were obtalned.

L

. Thus the results from the orlglnai“refrnement’are
’ B o . L . L .

reported. 5

@

Programmes used in solution, reflnement and S

presentatlon of data are llsted in Appendlx 2.

T,

It

O



RESULTS . o .
2 ' = . o ,

-The -observed and calculated structure factor
amplitudes,'lFol and IFCI:"are shown in ;able 21. The
final fractional‘coordinates of all atoms and their
isotropictempef;ture factors are shown in Table 22,
their standard deVlations heing;obtained from the
inverse matrix of the flnal least squares analy51s.'
The anlsotroplc thermal parameters 8p (U ij s) of all
- anisotropic atoms are shown in. Table 23. Relevant

Inter—

intramolecular bond lengths are shown in Table 24
and\the @ntramolecular angles in Table 25{%

molecular contacts which are close to the predlcted
van der Waals separatlons151 are llsted in Table-26.
B These bond lengths,’lntermolecular contacts and
bond ‘angles, ‘along- w1th thelr standard dev1atlons
were obtalned from ORFFE (See Appendlx 2). Several
least squares plane calculatlons are‘shown 1n Table
27, along with the dev1atlons of the'atoms_from the
planes. zIn'addition, Table 28 shows (i dihecralﬁ
angles between "selected planes;‘

- In the'three dlmen51onal draw’ ngs of the molecule,
. 50% probablllty thermal elllpSOldS are shown for -

molybdenum and sulfur,atoms;_ For the carbon atoms

artificially low,iSotropic thermal parameters_were used\



| - |
for clarity of the diagram. Similarly the hydrogen

[N

atoms were excluded fromhthe“plot for clarity. The

-

hydrogen S are numbered from Hl to HGJand are

bonded sequ ”élly to the second and third carbon

atoms in the rings. In the packing diagram in Fié. 13,
/ : ) : ‘ .
the open bond represent . molecules at z = 0.25 whereas

¥

0.75.

.. the dapk=Bonds represent’ molecules at z

o
i

92



FACTOR
E
X L FOBS FGCAL x
"8 = Oswes 2
[ 2 3512 3132 2
[ 4 2258 2359 . 2
o 6 620 (YY) 3
[ 8 2010 196§ 3
0 12 acCae 428 3
1 1 2346 2a2) 3
1 3 278 258 3
1 S aap 459 3
1 T 2098 2000 3
1 9 1115 3098 3
1. 13 2as 276 3
27,0 s20 s1s . 3
2 gz 36 852 3
2 4 f147 1168 a
2 6 1371 1333 a
2. 8 1089 1067 -
2 10 o8 60a a
2 12 a20 429 a
3 i1 798 823 a
2 73 tese 185S -
3 S 1397 1365 .
3 ‘T a21 a16 4
3. "9 .A7a a77 LY
3 11 742 7a0 a
3 13 460 TYYY a
4 0 656 679 s
. 2 902 900 s
4 4 1148 1168 -5
a 6 779 765 ]
a 8 640 63 5
4 10 790 793 [
.4 12 550 539 s
% 1 97a 992 s
s 3 e23 a3s ' s
s s e11 803 -
s T 761 766 6
s 9o 617 627 6
s 11 456 a3s [
€ 0 1262 1263 3
[ 2 1248 1228 [
6 4 .923 891 " &
6 6 ‘ze8 Saa 7
6 s 331 303 7
6 10 % 233 7
k4 1 9p2 sae 7
7 3 785 7868 7
7 -5 611 600 7
k4 7 aao0 430 7
<7 9 383 3ss [}
[} 2 a11 392 ®
[} A 749 76% .8
[} 6 %565 585 8
[} 8 aca as? 9
8 1C soa 5158 9
9 1 se3 se2 9
9 3 656 cag 9
9 5 acl 452 10
9 7 260 267 10
10 o 227 256 10
10 2 3er 38cC 10
1 4 aps 479 11
1 6(/3¢e 391 11
%, 1/”395 427, 11
11 3 263 297 11
soH = jeese 13
10 1ge 157
2 [ 1 570
2 1,721 741
2 3 400 a1¢
2 4 335 33

?

TABLE 21: OBSERVED AND CALCULATED STRUCTURE

AMPLITUDES (ELECTRONS X 10)

oo =

\

T
L}iOBS FCAL

5 aSs aa2
6 1a8 1ce
11 240 2e1
0 8se 8s0
1 6el 62
2 126 143
3 370 383
‘4 912 s11
'S 390 395
T 205 1=7
s 3 37s
10 2;3 2ee
3 286
12 373 347
o s7 5567
1 16a 1as
‘2 a72 as7
3 1447 1417
- 996 966
s 651 €71
7 “rie 7P
8 Sa9 a1
9 M2 33>
10 190 182
11 as2 413
12 - 319 307
o 230 213
1 .28t 290
3 e=s 652
4 389 402
S 400 402
6 172 131
7 340 | 335
10 238, 2<=
11 358 331
12 16a 165
o 230 242
1. .5%1 557
2 196 23s
4 =553 535
7 S19 £3.2%
9 295 3o
‘0 1080 111C
2 206 192
3 229 268
A 52% S0t
s 207  19%
[ 2a7 314
8 o687 een
1 370 3¢
" a 259 304
7 acse a3a
9 132 21
2 2 279
3 2e 2e2
4 533 525
s 264 299
3 sse 6ci
a 320 360
5 3ae 397
7 168 172
0 1ea 76
[ & 41 177
2 24C 241
3 1eo0 193
T4 aa3  as?
20 %se
"o 1fhe 1329
1T 21ze  202¢C
2 ALY ‘ade
3 198 14s

.

OGUUUVI‘UQI'{I“(ID.DDD'OlhDb.bD(JUU“'JU'JUNUIJUUNNNMNNMNNNNNN-.—-o’uu.-‘--.-—--—qnnnoa’.

-

~

.i—ﬁb-
OWNOO

1 2428

a9a
2%Q
7¢3

421
3e7
371s
247
708
s86
107%
157¢
126¢C
1119

- e e .
AUN=OJINOVLSUN

-
-4
o

L - LI SV Y

-
N=O0O

-

. -
OOI\DUNMQN.:&ODNO}J.UN'-Q(J

-
ON - O

696

FoaL X L FOBS FCAL
‘262 . 6 2 338 294
‘ee3 ® 3 an 232
1585 6 5 and asae

8c3 6 - 6 Y0 339
Bes 6 T B.S 8o
360 6 9 639 30
17e1 6. 10 220 zo1
(91 6 11, 3ca 270
9re 7T o' 7vee. 777
33 7 1 a51  aoe
aac 7T 2720 7ia
ass 7 4 627 e1s
11eC 7T 6 s2 ase -
561 7 T ase .72,
11S0 , 7 . & 335 383
379 7 9 32 . nm7
a22 7 .10 327 338
2ce s o~tmo> 323
1ee 8 3 935 920
4:0 8. S TaAS 765
2520 8 & 321 322
79, 8. 8 351 338
8co 8 9 174 ST
9c0 9° © 3i1a . 323
520 9 .1 .Sa6- 532
. 226 9 2 ses  s=a7
7eC 9 a4 ¢ea &8}
65 9 6 246 233
3$3 9. 7 2a 33
330 10 O eaC . &%a
3ea 10. 1 271 27
2e4 10 2 201 197
ese 10 3 397 ais
573 10 & 17a 1
1055 10 5 31 3%e
1579 19 . 6 1ea 191
12¢¢ 10 7 265 268
1112 11 .0 357 383
782 11 1 eS8 aa2
3ee 11 2 -395  z29%
a79 11 « 218 219
4ce s w 2esme
osec 1 1 14066 1493
az7 1 3 €23 . 619
296 1 5 822 =518
6c¢ 7 325 320
874 1 9 21e p 126
ete 1l 1 301 a8
1175 29 0 1679 1671
1476 2 1 258 2%s
9z2 2 2 628 ¢za
1€8 4 3es  a01
87 2 8 188 225
3e2 3 0 276 7%
443 3 4 2977 17y
azs 3 s 2% 2a1
az2 3y 7 2blﬂ“ 211
uEe « o snl =ss

1228 « 2 17 17e

V3 a4 &4 852, 670

C k27 & e 285 z1a
‘6sr & 10 290 200
aTe a4 12 225 21a
aE7 ‘g o 7. 7re2
RS PR TY 532
778 s 7 a2e} .eac3
.z2 5 o 29 2e)y
259 E4 9 40% | .ade
228 5 11 . 192 1e0
a1 S 12 .232  20a
8eo 6 0 bce say

’

x L FOBS FCAL
[ 1 s7e 579
[ 2 las 33s
¢’ 3 &ce 76
e 5 S5C% a83
[ 6 83 273
'y 7 617 . ses
8 8 arT2 as2
[ 9 2= 268
e 11 des 3e3
4 c o1 91a
7 1 eed 933
7 4 es2 fs3
14 7 =32 sce
27 e 50 560
7 o 2aa 25
] 0 . 62a e7:
] 1 2e3 2eo
] z »2<5a n7r
[ 3 39 ala
] s  26% 281
] 8. 2¢6 272
® T 29z 299
a 8 2 Ny
° 1 2¢9 29s
< 3 »0 339
9 s 273 3c%
10 2. Zza 23a
10 3 1m 180
10 ‘a  a3s aze
10 6 1€0C 193
1 0 2e3 2ae
11 1 165 132
1 3 3> 329
11 A 162 18¢
seM = aAneSe
c o e7: 672
c 1} 22C2 2%ae
c 2 1C7a. 1063
c 3 ree . 719
S 4 12585 1262
° s 387 372
[} 6 319 3
[) 7 s=¢ ers
e % =91 61¢C
c 10 =ce sCa
o 11 3ee 33a -
c 12 sco ste
c .13 227 239
1 o0 275 242
P ase a3
1 2\393 637
1.. 3 1dz4a’ 1.40
1 .e 1321 167
] s 11 a2
"1 e esy eme
1 T 231, 235
‘1 e =a2 2%
1 G 242 270
B V- I £ Lo
1 11 %<9 (sex
A 12 a2 am1
T 1Y 2% "7
2 0 4ac aal
2 2 %2 798
2 3 1552 19Cs
2 4 <ao 237
"2 s Jaaas e
H 6 <=0 s
> e 270 267
2 9 2a7 210

93



. e

Table 21. (continued)

/ -
[

. X L FCPS FCAL x L FCBS FCAL x L FDES FCAL X L FOBS FCAL &k L

“ esen x. acese 9 & 37 zec e & 247 le3 & 2 79 \,703 e 3
2. 10 39 330 9 s dos 327 s 9 2c7 212 6 3 245 261 ‘e s
2 11 rTT 78D 9 6 239 230 ¢ 0 219 242 6 & 201 16t T o
2 12 329 3ac "9 8 22m\ 223 9 2 216 22 e 'S 223 19 r 3
2 13 al6 a2a 10 1 .Y 420 9 2 1e€s 1% ‘6 6 S80 573 ?  a
3 11205 1190 1c 2 29 2%7 § S 216 2a8 s 701 666, 7 &

3 2 1€ 1472 10 & . 380 358 9 & 157 223 6\ IC 195  21a e 3
3 3 e1a  ece 1c 5 17% 163 13 1 a12 422 7Y 0 284  z67 e s
3 & 2093  20a0 10 e 177 176 10 & 330 s ? J1 'sos _ec3 e ®
3 s 39 383 11 0. %8s ST 1 0 437  ae0 7§ 3 se9 =8s s 1

3 & 398 291 1 1 224 2:8 11 2 2e2 232 5 %26 =CO e 2
3 7 aez ars 'n 2 159 177 e = eeess 7 7 S0  4a2 o a
3 8 391 395 11 3 179 187 0 0 13t 13%9 ? 9 324 31a 9 .7
3 9 e 3N e x . Seses ¢ 1 sa2 “ca 8 o 219 167 10 ¢
3 10 s19 aBs 1 0 1106 1070 0 2 17<2 1683 8 1 238 231 10 3
3 12 er3  ee2 1 1 670 . o713 2 3 12e5 127a a8 2 ao01 409 ean =
4 0 1483 1ass 1 2 12¢ 132 0 4 1%¢6 1%e0 8 & %02 910 o o
a4 1 3590 59a 1 3 176 21 2 s Tim 753 8 6 496 a8 ) 1
a4 2 er1e. _60S 1 a4 e2a  82¢ 3 €& - sn 533 8 7 293 .27¢ ° 2
a 3 990 100C 1 s 228 223 c 7 €es  e59 9 0 356 3ac c 3
a s 781 783 1. e 20e 12 ~ 0 9 227 263 s 1 260 57 e e
e« ¢ ag0  ass 1 7 169 20 0 10 aT9  a70 9 3 636 eao 4 s

. &4 7 306 298 1 8 a35  ale 0 11 as8. =C6 o ‘a 2cs 180 e &
a 8 719 T3a 1 11 210 188 0, 12 Sai sca 9 s s08 =21 o 7
a4 9. aa6  asm) 1 12 156 223 1 € 49  Sla 10 0 308 305 o s
4 .10 234 232 2 1 =81 e02 1 1 aTa  ave 10 2 324 239 ° <
4 11 S8 sSeB 2 2 2B% 293 12 2% 268 10 & 359 358 3 1,
s o 723 730 2 '3 om °70 j 1. 31719 1733 11 1 s13 =23 1 1
s 1 s28 921 2 & 285 291 1 a4 1€5% 1C57 seH = Tsees 12
s 2 a2a aa}™ 2 s . 3e1 . 3ea 1 s 1322 1216 1 0,1099 1Ce9 3
s & .329 353 2 & 273 253 1 7 320 ic9 1 .2 252  2e8 1 -
s 5 265 236 2. 7 <65 951 1 8 a8 27 1 3 310 282 ? 6
s 6 75¢ TS6 2 & 309 a9 1 9 el Jas 1 a 995 978 1 7
s 7 7ve2 733 2 9 €33  aa9 1 1e @fa 2z6 1 e 212 154 1 s
s e 824 807 .20 11 22z 33 111 707 €93 1 7. 210 2320 1 9

'8 . 9 a13 aap 3 0 1563 1%61 1 12 %2 62 1 8 ee9 698 1 10
s 10 a09 dia 3 4 108% 1C7a 2 0 eed 617 12 287 ' 2ea 12
S 12 1% 200 3 6 291 07 2z 1cC9 1242 g € 3sa 339 2 1
¢ ©0 SIS ST? 3 & eve a7a 2 2 ms 228 k 1 ‘678 77 2 3
6 1 1S 937 3 12 m2 32 2 4 1231 1296 iz 3 ATT. aTe z a
S € aes a o 237 217 2 s 273 252 2 ' 280 .- 262 2 <
e /: 398 a 1 1108 107e 2 6 e uk_jz 7 s20 s2% 2 P
[ EY) 321 a 2 Ms 292 2 .8 a3a 31’ 2 8 25 240 2 7
e S 400 a1l a 3 206 170 2 10 719 Tal 2 9 221 218 2 e
6 6 ad1 - aay . 4 ssC 3% 2 12 %sa4 . 6B 2 11 274 zed 2 s
e 7 €65 ers a ¥ 20c¢ 17 s ¢ 1737 ae2 3 1 262 293 2 11
6 © 421 a02 a 87 31T W2a 3 1 a2 2ae 3. 3 296 31C. 2 0 1296 124C
6 © 352 - 360 a 12 183 1ee -3 P acla 172 3 A e 140 2 1 &30 ate
7. o0 sse se: < © 206 173 -3 . % 1C5a 1060 3 7 aco. a13 3 2 -e8e s80
T 1 33 33 s 3 183 ‘18§ 3 6. z2z9 220 4 ¢ sos 701 23 267 zas
T 2 Se3 %6 s s 17T 176 3 7 esa eSa - 1 295 302 . 3 a4 €20 60a
‘r 3 3ee 396 s 6 2e8 2% 3. 8 243 a0 a 2 180 191 3 5 181 12
7T & 208 205 s ® 2e1 . 2e8 3 9. eda  e13 « 3 T07 Ti1a > e 15 s5%5%
2 4 3 J39¢ 391, S 11 16% ce 3 n 72 %89 . a 323 326 ,3 e S3% 53a
7 6 a83 ase 5 0 s2¢  %aa « 0 <ar 98 a4 S a6 ata r 10 221 342
¥ T 32% 300 o 1 213 190 . v 27 220 a6 :209. 1TSS a0 ¥ml 893
T 8 asS3 - a9 a. & 22 222 a 2 .77 _T9% a 7T 3ST 3S a . 1 s%0 973
T .9 277  27a 6: S 2137 237 a & 25 oM a B 33T a5 s 2 229 IS4
7 10 220 223 o r 226  27a a4 e eds. T3 . & 11, 202 283 a 3 05  2as
s 3 35&  3a0 e 8 26 253 a & 81 7T S € 9% - 276 . a % 200  28¢
e 2 2%4 206% 7 L] e 602, L 1c a4 aal S 1 602 ses “ € 463 ase
s 3 W5 a3s 7 1 ev0  coa a 1z zziv 270 'S 2 =216 22 A ¢ 217 108
. 4 %6d . %Sa 7 2 261 274 k] 1 1480 1e%0 S 2 301 el a T T2 69T
@ S aega a38 ¥ 3 282 290 s 2 e 17s s a4 €0r  e0s a & 428 aa3
e & 311 @9s TS5 287 2ae s 3 08 273 s 5 . 188 153 a 9 Tac  sO7
e 7 380 37S 14 T 3% 3a1 s & 217 e 5 7 3as 278 a 11 ive 277
e © 205 33 7. -8 22 aee s s M0 ave s 8 262 240 s o s1e &%
e ©. mo 122 e’ o 200 ' [xr0 S .Y %88 90 5 9180 e s 1 1 728
* 1 2% 208 ° 1 2e41 277 s 9 €01 s« 5 10 23¢ . 2v7 ‘s 2 e02 St
® 2 =32 S38 e 6 189 20 s 0o 1?7 " 87 , 6 .0 J38% . 3ee s 3 422 a1}
‘e 3 ave 1% 8 1 29 288 6 € 1456 Janvo 6 2 239 . 32 .




VVOOVOOBDIBONAINNNNINOOONROOOOONAANNMAN

NP B BPIULULRNNNRNRNNS SN -~

- SR L]

™o

Table 21 (continued)

L FOBS FCAL

N =

.
s
P

-

ONNPWSOBOCAPUMNOOBNONDWUNOOOD N

t]
[
8
0

Beesse
435 aas
21a 223
¢s0 . 619
cae 632
. 653 637
3ce  36¢C
327 3%1
667 683
571 . sa1
z07 187
se3 569
216 218
574 536
201 205
‘460 466
382 345
3a® 350
a4a 477
519  Ss19
271 2as
556 534
241 259
als  al16
288 327
628 665
261 268
s¥s  s75
697  71ia
537  s19
253 247
259 - 257
460 a7
251 23;
520 st2
567 568
455 | as2

16 3as
239 221
211 170
177 174
369 371
296 32a

Qe
812 809
572 574
332 29a
68s 673
187 172
aa2 430
222 2432
e 336
696 718
37s 374
535 S49
256 27)
251 282
270 25¢
251 2ae
3ze. 292
361 330
71¢ 705
227 238
309 300
178 143
377 364
624 6a7
507 s
302 306
523 sa2
224 14C
.36 290
369 359

3 . FOBS FCAL
[ 1 201 210
s 2 21% 204
[ 4 620 640
7 1. 390 %0
7 3 a11 410
7 s 201 1s2
R 2 11 207
8 4 f2e 3a9
8 6 /118 142
9 21a 203
9 200 332
9 g\\JAé 339
0 22 23= 2z
*ep z 108900
[ 0 1334 1351
[ 1 9es 965
(] 2 =08 Sa7
0:. 3 295 - 266
¢ s 288 282
[ 6 %50 552
0 7 s89 570
4] 8 801 792
-] 9  3as 3aa
o 10 189 213
1 0 479 a2
1 ‘;/’11; 795
1 391 403
1 4. 39 393
1 s 27¢C 2%1
1 6 S52% 531
1 7 Bae Bas
1 g A6S 449
1 9 S36 s36
1 10 255 238
2 0 1338 1329
2 1 ase 470
2 .. 2 seC 5¢0
2 3 526 sSte
2 5 .a72 460
2 6 as7 ave
2 T 37= 332
2 e 695 72¢
2 9 265 2es
2 10 182 212
eY 11 257 273
3 o e10 (Y2
3 1 859 840
3 2 661 " eay
3 3 322 36
3 4 s2= LY
3 s N0 285
ta 6 262 - 297
3 7 tas =2a
3 9 310 330
3. .10 203 20%
. 0 ags 517
a 1277 57%
a2 =98 557
a 2 30s 279
a 4 528 55
e 5 27¢ 270
a 6 . J2e
4 k4 ATy 449
. 8 202 212
a 9 a7 3<a
4. 10 200 244
s Y Y L¥3
5 2 223 2e7
K 3 729 71?
s 5 £92 597
- 6 487, as3
s 8 5353 603

[3 L
s 9
IS 1
6 .2
[ 3
[ 4
‘e .
6 [
6 7
6 9
7 0
7 ]
7 2
7 3
7 a
T s
7 6
7 7
[ o
a 2
.8 3
8 s
® [
s . 1
9 2
9 4
2SH =
1 o
1 1
¥ 3
1 4
1 s
1 k4
1 1c
2 [}
2 1
2 3
2 .
2 s
2 7
2 8
2 [
3 3
3 a
3 [}
I S
U 5
(éJ. 7
s o
[ 0
6 3
7'
7 a
[ 3
8 5
9 c
ey T
0 [
0 1
° 2
0 -
[ 3
(4 7
[ [}
¢ 10
1 [}
1 1
V2
1 3
1 3
11 e
H 7
1 e

FOBS FCAL
195 177
s:ze 532
350 3¢
293 2:9
707 716
249 241
283 219
262 3es
I3r 2139
319 315
3¢s 347
369 3s7
are ars
3a7 353
282 298
154 219
25a 228
ac2 3rs
202 2ze
522 820
a22 a21
2¢7 291
are ac9
32s azy
az6, acC

119ses
362 24
ars a62
480 s02
271 2¢0
2%0 3a1
403 3are
179 166
669 (1Y)
358 379
Sa8 €59
sa6 sz8
as7 287
318 317
az7 als
as7 £z2,
221 1és
566. 578
229" - 2as
415 - ac7
219 218
216 126
375 248
272 312
241 1e3
233 z18
23¢ 21%
169 2¢7
170 187
213 208
128090

1012 1017
sc3 526
750 72
ag2 a2
4zl az9
213 22s
323 3
189 20a
576 37
o1e e23
208 194
sSte Tia
vc9 5is
220 223
azo0 azs
235 236

. ) -
BBOONNNNOCOOCDOOCPNUNALNDL P I PUNWWUWWUWUNNRNNNNNNRNN =X

B NNDOBOAUNS BNN - = =

NNN= == 00000

-

Lo o

BN = OV BP UM PUNOVNIWLUN=-~VOOPNIODNOWILUDOOBNGMWUN=IY

M =

~POWRONRO=~OsO W™

e =

WU=O0 s WOSW~

L ros8s

_9f~—v1;332
’ ) o1

=cku
291 303
80~ Sea
(X0 592
520 539
197 208
549 82a
452 an?
459 498
407 411
27> 27>
346 263
52a 303
649 663
239 176
633 €51
2¢8 298
ans 313
467 445
328 313
453 454
798 798
ade 409
175 128
370 385
288 242
65a caa
aco 470
524  S06
465 arT
AQa 50%
38 391
463 449
239 263
270 25%
Aay asa
307 267
221 153
22¢ 270
34 387
210 2’0
277 266
166 209
138800 .
300 346
329 297
27 254
ars a8
37 ace
2392 aca
355 3ce
231 203
249 260
23 2106
221 224
29% 284
253 249
656 (X1
342 sz
198 229
l4onee
610
499
628 ! tasn
282 298
ase apa
218 2:2
al9 alo
691 [1.1°]
372 a19
225 299
arn 3¢0
s4e

57

AUV S PP IUWWWWWWNNNN®S~~OOCOO

< L
2 3
2 7
3 [
3 2
3 3
3 A
3 ]
3 7
- [+]
4 1
L] 3
4 a
a5
a 7
-] 2
s LY
5 )
§ b
& 3
] -]
7 [
7 2
e =
1 3
2 1
3 o
3 .
4 1
LY h]
S o
S 1
< 4
6 4]
sS4 =
[}
1
2
a
o
3
s
-]
1
2
a
(4
H
2
T
a
S
[+]
2
3
-
-]
H
3
SeH =
2 9
3 o]
3 3
. [+]
"eH =
-] ]
0. 2
] b ]
1 ]
P .2
1 3
2 <]
2 )

FCaSs

FCAL
ags 402
271 272
as? YT
562 . 571
Jde2 3%
379 s7S
21 30%
218 237
2cs 185
386 .. 386
‘ea 2 s2e
272 227
ava 432
226. 202
hTY.Y 32e
614 £92
383 3a9

‘220 229
st 500
a3 a27
Tave LY
32 320

15eses
22% 12¢
220. 199
353 361
247 302
203 284
309 279
223 23a
243 237
L2168 1es
23¢ 273
1690we
290 263
327 328
3%0 337
LTY 014
487 LX 14

104 601
491.  aoa
a1 395
3%¢ 404
345 363
284 28%
227 174
423 a3y
210 186
202 22¢
208 178
2% 199
403 a0C
3o0s 30%
2es 26a
218 ° 20¢
238 2ae
I ;aa
ns 67

1 7000
2ac¢ 272.
210 20"
199 182
27> 21a

1Reees
827 Séa
37 [Y-1%
337 323
241 249
201 199
229 212
2?7 an
221 2006

95



' TABLE 22: . ATOM COORDINATES AND

'ISOTROPIC TEMPERATURE FACTORS

ATOM X B Y ‘ : z | - B
Mo 0.08815(5) 0.25886 (7) 0.25 - - 2.46%
S1 ¢ 0.0077(1) - 0.1371(1) 0.3802(1)  3.28%

s2 0.0632(1) 0.4286 (1) hg?3808(12_ 3.48%
s3 0.1939(1) 0,2047(1)' 0.3808(1) 3.36% -

" c1 =0.0757(4) - -0.0681(5) 0.3096 (5) 3.19%
€2 © -0.1390(5)  0.0016(7) 0.3648(7) 4.Si*_
€3 -0.1989(4) ~0.0638(7) ' 0.3087(7) 4.94+

4 0.0787(4) 10.5741(5) 0.3091(5)  3.32+

'c5 . 0.0872(5) '(.‘0}6936(6) 1 0.3659(6) 4.55%
ce ,9,6?59}5)  0.8080(6) '.‘0.3088(7)“_ 6.00%

o7 '0.2557(q)  0.0951(6)  0.3091(5)  3.26%
(o] 0.3073k4),‘ 0;0067(7) © 0 0.3677(7) - 4Q30*ﬂ"
Co9  0.3565(4) . -0.0801(7) 0.3096(7)  5.30%
HL  -0.1389 | " 0.0016 0.4488 5.2
H2  -0.2438 -0.1121 - 0.3518 6.0
H3  0.087 0.6937 0.4499 5.2

H4 0.102 0.8921 0.3514 6.0
H5 0.3074 § 0.0066 " 0.4516 5.2
HE o.'_3?25‘tL -0.1429 ©0.3523 6.0
. / |

. | R - S .
These values are equivalent l1sotropic temperature factorsal

correSponding_QQ;Lhe anisotropic, thermal parameters shown .

— A

in Table 23.
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TABLE 24: INTRAMOLECULAR CONTACTS (A)

J

ATOMS D1 TANCE () ~ ATOMS DISTANCE (A).
Mo-S1 2.370(2) Mé—sz 2.360(2)
Mo-S3 2.371(2) S1-S1° 13.100(3)
s52-52'2 3.115(3) $3-s3'  3.114(3)
s1-s2 3.099 (2) s1-s3. 3.074(2)
$2-53 3.101(2) s1-c1 1.731(6)
s2-c4 , 1.728(6), S$3-C7 1.721(6)
c1-c1 1.419(11) c1-c2 1.388(8)
c2-c3 1.349(10) c3-C3" 1.394(16)
ca-c4! '1.408(12) c4-C5 1.398(8)
c5-Cé6 1.355(8) C6-C6* 1.400(16)
£7-C7" 1.408(12)  c7-c8 1.410(8)
'cs-csi 1.373(10) c9-co' . 1.418(16)
aPrimeq atoms‘a.r’e related by h&rror é/;: z 1/4.



lSl—SZ-S3
: . :

3primed atoms are related by a mirror at z

TABLE 25:
ATOMS ANGLES
S1-Mo-51'2 81.70(8)
S3—Mo-s33\@f .82.09(8)
S1-Mo-S3 ©  80.85(6)
S1-Mo-S2° 136.17(7)
S2-Mo-S3" 136.51 (7}
~ Mo-S2-C4 106.1(2)
_sl-cl-cl' ~ 119.0(2)
534C7fC7'% 119.7(2)
c1—c2—c37 122.1(8)
c5-c4-ca’ 118.9(4)
. C5-C6-C6' 120.1(4)
.C7-C8-C9 120.0(7)
$3-51-52 60.30(5)

59.46(5)

P

ATOMS

S2-Mo-S§2"

S1-Mo-S2

S2-Mo-S3

- S1-Mo-S3'

Mo-S1-Cl

Mo-S3-C7

S2-c4-C4'

- c2-ci-c1’

c2-Cc3-Cc3!

C4-C5-C6

c8-c7-Cc7'
C8-C9-C9'

S1-S3-S2

INTRAMOLECULAR ANGLES (DEGREES)

ANGLES -

82.57(8)

81.85(5)

81.89(6)
134.43(6)
108.5(2)
103ﬂ9(2)
119.6(2)
118.2(4)
119.7(5)
120.9(7)

119.7(4)

1120.3(5)

60.24(5)

1/4.

99
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ATOM 1
s1
S1

s2

s3

s1

s1

s2

S2

S3

Sz /:

3
c3
c3
c4
ca
c4
cs
c4

C5

100

o
TABLE 26: INTERMOLECULAR CONTACTS (A)

SYMMETRY OPERATION ON ATOM 2

H3

- C8

ATOM 2 - DISTANCE
H4 ... X, yvy=1, =z 2.941
X, y+1, z+1 | 3.065 .
HS 1/2-x, 1/2+y, z+1 $2.992
H1 X, ¥, 741 3.051
c6 X, y-1, z 3.736{1)
c5 X, y+1, z+1 1)3-800(75
1/2-x, 1/2+y, 3+1 3.734(8)
co 1/2+x=1, 1/2-y, z 3.763(7)
C2 X, ¥, 241 3,791‘(..;;;”
S2. X, y+1, z+1 3.7?%%3)
ca 1/2+x~1, 1/2—y,.z  3.?§3(9)
co 1/2+x-1, 1/2-y-1, z 3. 33(10)
C5 1/2+x-1, 1/2-y, 2 - &§§%49(10)
c9 1/24x-1, 1/2-y, 2 & 48 5979,
ch . 1/2+x, 1/2-y, z | “gﬁg%?f3;ssl(9)
'H6 ’l/2+x;l,'1/2-y; zA‘ :iﬁfL_3.120
H6 1/2+x-1, 1/2-y, z ﬂﬁ:3.180
_Hzi 1/2+x, 1/2-y, z 2.927
CH2 1/2+x, 1/2-y, = 2.848 VE&

<

N
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TABLE 27: LE%ﬁE:SQUARES‘PLANE CALCULATIONS?
(A) ATOMS DEFINING PLANE: S1l, Mo, sS1'

'EQUATION OF PLANE: -0.6913X + 0.7225Y - 0.9227 = 0.0

(B) ATOMS DEFINING PLANE: S2, Mo, S22

EQUATION OF PLANE: -0.9740X - 0.2266Y + 1.9797 = 0.0

/ . . ; " ' . . Q

(C) ATOMS DEFINING BLANE: S3, Mo, S3'
EQUATION OF PLANE: ~0.3080X - 0.9514Y + 2.9444 = 0.0
(D) ATOMS DEFINING PLANE: - S1, 52, §3 |
-*EQUATION OF PLANE: -0.0016X - o. 0019y + 1.0z - 4. 5264

v = 0.0%

' ‘ . o
DISTANCE OF Mo FROM PLANE (A): -1.556 .

(E) ATOMS DEFINING PLANE:  S1', §2', S3°

- EQUATION OF PLANE: 0.0016X - 0.0019Y + 1.0Z ~ 1.4298

2 o C~ 0.0 . . //~“\

-

o .
'DISTANCE OF Mo FROM PLANE (A): 1.556

(F) ATOMS DEFINING PLANE: s1, si', ci, c1', c2, c2',

€3, c3' -

I

_ EQUATION OF PLANE: 0.5094X - 0.8605y + 1. 1429 = 0.0

L DISTANCES OGEATOMS FROM PLANE (A)

s1 0.005(2) st' 0.005(2)
c1 - -0.074(6) - c1' . -0.074(6)
c2 . -0.011(7)  c2° -0.011(7)
c3  0.071(8) c3' ©0.071(8)

Mo , -0.4017(7)
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TABLE 26 (Continued), e \
(G) ATOMS DEFINING PLANE:.  S2, S2', C4, C4', C5, C5',
C6, Cé6'
EQUATION OF PLANE: -0.9899X + 0.1420Y + 0.3898 = 0.0

-]

‘DISTANCES OF ATOMS FROM PLANE_ (A):

-s2 ' <?\h

0.002(2)

0.002(2) s2°
c4 , -0.035(6) . c4: -0.035(6)
Ccs 1 0.001(7) cs’ 0.001(7)
cé6 ~0.028(8) c6’ ~0.028(8)
Mo - -0.6412(7) - o
A S . 3 o ' - e
AH) ATOMS DEFINING PLANE: - 83, s83', C7, C7f, c8, c8', "’
| €9, c9'

EQUATION OF PLANE: 0.7424X + 0.6700Y - 3.7136 = 0.0

| . R .
. DISTANCES ,OF ATOMS FROM PLANE (A):
. - .‘- ) - . ‘r:’ T . I , .
s3° : 0.000(2) A "s3°* 0.000(2)
c7 - .-0.008(6) = cC7' - - -0.008(6)
c8 0.006(7) cg' 0.006(7)
co . 0.001(7) co' . 0.001(7)
Mo . - -0.8942(7) ’ | -
-a

X, 'Y; and Z are in A and refer to the orthogonal
.t ¢ 1 .

coordinates along a, b, and c*. ‘ S
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. TABLz 28: - DIHEDRAL ANGLES BETWEEN SELECTED PLANES .
i oS .

H

ATOMS

.

S1,Mo,
S1,Mo,
S2,Mo,
'§1,Mo,
‘SQ'MGL

S3,Mo,

R NS . y
IN PLANE 1 ATOMS IN PLANE 2  ANGLE :
sY! sz,Mo,32rﬁ o 120.7° iﬂ
s1' - S3,Mo,S3"" | 11820
s2' S3,Mo,S3' R 121.1°
s1* s1,s1',c1,c1',C2,C2',C3,C3" 13.1°
s2'. . " sz,sz',c4,c4',CSLCS;,CG;C6{ 21.1°
s3t 53,53',C7,€77,C8,C8',C9,C9°  30.0°

)
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Fig. 9: A PERSPECTIVE VIEW OF Mo (S,C.H,) ;.
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‘not achleved due to the three dlfferlng (S 4)/MOS

_trigonal-prismatic structures, Re(S C,Ph

Mo(82

‘ff” 105

Ll

DEéCRlPTION OF STRUCTURE

A 3 dlmen51onal view of Mo(bdt)3 is shown in
Fig. 9:] The sulfur: atoms surround the molybdenum in an
\
almost perfect trlgonal\prismatic_coordination wit‘

the dithiolene»l}gands radiating from the molybdenum

\Q\Ziom in a'"paddle-wheel" arrangement. The mo¥ecule

viates'from approximate D3h:symmetry due to the

bendlng of the (S2 6H ) planes from the Mosz.planes

| by an average of 21.4°. In addition C3h symmetry 1sl

T2

.’dihedral angles (qu. 12) The molybdenum atom is

located on the crystallographic mirror at zZ = l/4,,‘
w1th the two trlangular faces of the prlsm belng ‘7?
related by the mlrror. .. X
Again, as waS the case for the three,previous
: , g 129
273’ '

130 ' 32. the 1ntra—‘ a

22?3' -and V(S,C,P 2)3'

1nterllgand sulfur sulfur dlstances are approx1mately

Mo(S C

equal (3 110 A and 3. 091 A respectlvely(ln the @iesent

study).. These agree favourably w1th those observed
in other prlsms and’ are espec1ally close to those in
2_2)3 (Table 48) ; It is 1nterest1ng that the

relative_magnitudes of these 1ntra—.and 1nterllgandg

- 8-8 distances;are reversed to those in the-otherathree/

<~ A
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A oo - re
dlthlolene trlgonal prisms, with the 1nt/allgand S- S
pxt
dlstances being greater in the present study. This
§ :

".can be attrlbuted to the constralnt of the flxed llgand .

bite holding -the 1ntra11gand sulfurs apart. "That the

h

-

llgand bite should be greater in the benzene dlthlols
than in the ethylene dlthlols is apparent Since the

c-C dlstances in the former. are longer, thereby ensurlng
a larger bite. This was also observed in the trlgonal

prlsmatlc molecule152 Mo[Se2 Z(CF ) ]3, wh1ch also

has intraligand Se-Se distances which exceed the interf -
ligand values [3.317(5b'£ and %4222(3) R respectively]
The mean Mo- S dlstance (2.367 A), although similar

to the metal sulfur distance in other trigonal prlsms,.
is 51gn1f1cantly ldnger than thelr average of approx1—
mately 2. 33‘A In. fact they are more- closely matched a4
‘,by the metal-sulfur dlstances in tHe Tman- trlgonal
prlsmatlc species V(mnt) '; ;49 and Mo(mnt)3 141

(Table 48). This dlfference is again probably due

to the difference in 11gands, all prevrous examples

,being substituted ethylene dithiol llgands.. For this
reason a r1g1d comparison of 1ntramolecu1ar dlstances
and\angles will prove more worthwhllelglthtn the‘serles
of;compounds which are the topic of:part.of this
/thesis, i;e.,‘Mo(bth3;

[Ph ,As] b[Nb(bdt)-,3] , and
+[(CH3) ,N] [Zr(bdt)3],v in addition the“molybdenumF L

3’4
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Fig. 10: »DiMENSIONS WITHIN THE DITHIOLENE LIGANDS.
'DITHIOLATO ~~ DITHIOKETONIC

Fig. 11: DITHIOLATO ANDDITHIOKETONIC LIMITING

FORMULATIONS FOR ‘THE "bdt" LIGAND.
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sulfur distances are again shorter than those observed

in the 1;l-dithioﬂato complexes, Tel[S CN(n C 9)2]3,153
Ru [S,CN (C,H.) ,] ,l54 Cr[S,P (CH,) 1‘3 155 and
vis, P(OC )2]3,156 although the molybdenum covalent

radius is greater than any of these metal rad11.l33

Thus a difference in the metal-sulfur bonding between the

4

1,1-dithiolato and llZfdithiolene complexes is obvious

‘ with. the latter'havingta greater amount of M-S bonding.

This is «dn agreement with the proposed metal-sul fur
multlple/ﬁéndlng in the trzs(l 2 dlthlolenes) 157
The sulfur—carbon dlstances (mean 1.727 A) are..

51m11ar to those in "the other trlgonqg prlsms and

are once again con51stent with a great deal of S C

double bond character, as w1tnessed by their. 51m11ar1ty

w1th the double bonded S C- distance of 1. 72 P in

thlburea r%C(NH )2] and,lts derlvatlves._35 he .
.4mean carbon carbon dlstance (1. 393 A) 1s similar to
vthat‘observed_ln benzenelsg (l 398 A) and in several,

rw,

di;substituted benzene compounds.159 However in the
benzene dit&iol.ligends in this'structure there is

a significant range~of C—C;aistances (Figf 10). In-
addltlon, the 2 dlstances are con7lstent w1th a.

tendency towards the ai thloketonlc limit (Flg. 11)

"Howeger caution must,ba used s;nce_the=d1thloketonlc MA‘?

i
L

© S limit will not be attained due to other resonance -

¥



structures, so onlyya trend towards this limit is
il o :
, N : .

noted. Also due to increasing thermai motion of the
carbonfatoms as the distance fron the central atom;fMo)
increases,vthe bonds will‘appear shorterodue to libratron
of the rings. Thus the shortening.of CB - C |

C
(Fig. 10) could be partly attributed to thermal motion.

© _ However thermal motlon of this type cannot cause bond

.lengthenlng, so the longer CA - CA bond remains as

- good ev1dence of the tendency of the liganq towards
.S okidizedvforgplation. At this point it is con-
venient tolnote tnat<the'thermal,paranetens/fﬁ>this.
and similar‘structures:all'show an'anomaious feature.
*In.ﬁolecules of this type it would appear“reasonable
to expect that the general trend of thermal amplltudes

increases steadlly as one progresses outward from the

centre of grav1ty of the molecule. This assumes tﬁat

-~

109

the thermal motion iS‘dominated}by'rigid body motion. ﬂy

R

However the sulfur atoms have larger thermal parameters
than their attached garbon,atoms.- Thisuobservationﬁ
.thch appears.to be very genera] for sulfﬁr donor
ligands; suggests either the,unsuitabiiity»of'the
scattering factors used, or large vibration of the.
core of the molecule; -This featnre precludes any .
attempt at correctlon of these bond 1engths for thermal

motion and hence severely restrlcts the dlscu551on
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Fig. 12: VIEW OF Mo(S,C.H,); DOWN THE CRYSTAI;LOERAQ?
’ . r‘, = . L . .

¢ AXIS.



of the ligand geometry withirespect"to the pattern
of carbon carbon bond lengthst\\\more complete view
of the llgand in its reduced and ox1d12ed formulatlon

is presented in Chapter IX, based on molecular orbital

o K
calculations performed by Birss and Das Gupta.160

The'mean S-M-S angle involving +rans sulfur atoms
is 136 ¥ 1° in the known trlgonal prlsmatlc struc-

tures,129 » 130,132 and assumlnghthe constralnt of ligand

bite, has been calculat dlﬁl as:apprOximately 173°

k4

in octahedral coordination. The mean.value”of 135.70°
observed in Mo (bdt) 3 is clearlyconsistent'witﬁ
trigonal prismatic coordlnation} jTne7intra— and
interligand S-Mo-S angles (82.12° and 81‘536)'are
<.sim11ar,‘as expected, and agaln agree with those )
found in other trlgonal prismatic structuxes.
As mentloned the molecule dev1ates from D3h
- symmetry due to the bend of the llgand planes from
the.respective S—ﬁo—s planes, as shown in Fiqg. 12;
.in whichvthe molecule is vieued directly down the.

crystallographlc e ax1s and approx1mate molecular

‘\

Ehree fold axis. Slmllar bending of the llgand planeS'

‘was observed in Mo (s CZH2)3130 and also in
15

Mo(SeZCZ(CF3)2)3, 2 where the llgand planes dev1ate .

from the MoSi and MoSe,, planes by 18° and 18.6°

respectively.v Although‘these deviations are uniform.

v

\g‘

129 130,132

111
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in these previdus two examples, the molecules both
having 3/m symmetty, they are irregular.fOr Mo(bdt)3
with'thé ligand/M082 dihedral angles being 13.1°, T
"21.1°, and .30.0° (mean 21.4°). ,Schfauzer130 has
‘attributéd this as béing duéAtq.intramolecular.effects,
éaying.that the sulfur méy-bé'in a state between

sp2 and sp3 hybridization, with possibié added

- stabilization from packing forces.. However from the
. . . . 3 L(‘}:;«‘

structure of Mokbdt)3 it.isAobvéqugfthatupacking forces
contribute éignificahtlyf as wifnessed by the wide |
range in dihedra1 aA§les obserQed. Table 26 shows

that several ihtgrmolecﬁiar contacis are compa;able

151 pbredicted

to the prediCted van’der Waals'contacts
" values: S-.-C, 3.70 A; S-S, 3.70 A; S---H, 3.05 A;
c---c, 3.70 A; C---H 3.05 A; H---u;~2,4o ). Thus
packing is very‘eﬁfiéient and wiil probably be =
~important in the bending of the l}génd pianés. A
xpackiﬁg diagram,.viewed down the‘é axis is shown in
Fig.;13. The efficient pécking is obvi§u5'from this

- diagram with ﬁhe~ﬁolecu1esjpacking ihvé'géar¥whee1
arrangehent. | |

‘ Asféhowh_ih Tab1e 28, a further indication of the
 regulérity‘of fﬁe prism is;giveﬁ by the similarify of
.thé qhgléé bethenﬁthe thrge MoS2 plahes, ail being

é%oéé to the expected value of 120°. The two tri-



Fig. 13: PACKING DIAGRAM FOR Mo (S,C H,) 5, PROJECTED,
‘ON THE ab PLANE. o L o
, . o
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/
angular faces of the prlsm are also almost exactly

4

parallel. .
, N
The Mo—S—C angles (mean 106. 2°) are similar to
the values of 109(1)° and 109. 9(4)° observed in
Re(S (o 2Phy) 5 and V(s C3Ph2)3, however they are signifi-

iw cantly smaller, agaln probably due to differences in the

ligapds. The S-C-C' angles (mean 119.4°) are in
good agreement with the value of 120°. Similarly all
CfC—C'angles within the benzene rings are close ‘to

their expected Galue of 120°.
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- CHAPTER VII: THE CRYSTAL AND MOLECULAR STRUCTURE:

OF TETRAPHENYLARSONIUM TRIS (BENZENE-

~

;,2-DITHIOLATQ) NIOBIUM, ([(C6H5)4As][Nb(SZC6H4)])

«

EXPERIMENTAL

Dark purple crystals suitableﬁﬁgr single cfystal
X-ray diff;actioh study, prepared by the reacéion of
: sqdium cyclopéntadienide with benzene dithiol ahd
.spbsequentvreactibﬁ with NB[N(CH3)2]5:and'cryStalliza—
' 143

‘ were\Kindly

P

tion wiﬁh tetraphenylarsonium chloride,
sgp?lied by Dr. Takétsland Mr. Martin. Preliminaryb ]
photog%aphyxlndicated 2/m paué symmetry cOnsistentv

with a monoclihic space grg%p. Systematié absences,

-as determihed'ﬁy We{ssgnberg/(hOQ, hli; CuK_ XFradiatioﬁ)
and Precession photographs (0k%, lki, hk0, hkl;

MoKa X-fadiatidn), are OkOE k ='25 + ; and hbl:

h + 2 = 2n + 1 .indicating the'néh—standard>space
grouprZl/n,_Which'was retained beéausg of the con-
venient B8 angle. The cell pafamefef?%}obtained at

22°C from a-1ea§t squares'analysis of the Setting

aﬁgles 6f l2 reflections, which were centred aécurately
ohva Picker_aﬁﬁoméfic four circlg»diffractométgr,

. . . o
using Cu}(ml X-radiation (X = 1.54051 A), are:

o : ° N T n o
a = 22.983(7) A, b = 12.747(4) A, ¢ = 13.150(3) .A,

92.09(2)°fk>The observed density, obtained by
¥ %?4 ‘ _ }
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floatatlon in aqueous zrgg_promlde solutlon, is l 52(2)
g cm -3 and 'is in reasonable agreement with the

theoretical value of 1.54 g cm -3 calculated assumlng

- four molecules w1th formula weight 896. 94 a.m.u. per

unlt cell of volume 3867.12 a3,

Intensity data were collected on the Picker autoﬂ(
matic diffractometer, using'CUKa X-raﬁiation; filtered

using a 0.0005" thick Ni foil, and using a 2° take-off

‘angle. The'crystal was aligned in a general’ orien-

tation but w1th its b* ax1s approx1mately 001nc1dent

"with the ¢éﬁ%15 of the 1nstrument. Crystaltfaces

: were identified and perpendicular distances between

faces of the same form were measured'as: {1,0,0},

10.206 mm; (2,1,0}, 0.206.mm; (2,1,0), 0.206 mm:

" {1,0,1}, 0.155 mm; {1,0,1}, 0.175 mm.

In the data collection a coupled 26/w~scan.wasb
used with a 26 .scan speed of 1°/m1n to collect all
reflectlons with 26 < 115° The peak scan was 2°.

(2 mln) for low angle reflections but 1ncreased w1th

'1ncrea51ng 26 due to compensatlon for a,a separatlon

2172
Background counts were measured for 20 seconds at the‘

llmltS of the two ‘theta scan. The scattered X-rays

- were detected by a scintillation counter used in

' con]unct1on w1th a pulse helght analyzer tuned to

accept 95% of the CuK peak. Three staddard reflectlons

|
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“n

4 ‘ .
. ,were collected automatically every 100 data reflections.

Another five standard reflections were collﬁcted manu-

fw ally every 10 hours to detect more pre01sely decom—

p051t10n«and crystal centerlng errors. No 51gn1f1cant
decomp051t10n was observed but small. fluctuatlons
(+ll%), due to an 1nstab111ty of "the gonlometer head,
were detected.b Thése fluctuatlons were not regular
'ﬂand corrections were not made.

Of the 5862 unique refleftions collgcted, 3604
Werevconsidered as significantly above background
using the criterion I/c (I) > 3.0, *The-data were‘redueéd
to structure factor'amplitudes by correction for‘Lorentz;
polarlzatlon and absorption effects.‘\For Cuk_ X?,
radiation, thesilnear.absorptlon coeff1c1ent86 ls
68.42 cn—l whlchﬁylelded a range of transmission factq;s
of 0. 4359 to 0. 3128. Standard deviations were o f-\
estlmated,using a "p facter" of 0.03 as‘outlined in

| | 148

Chapter II. Terms used in.the Zachariasen

correction. were calculated at this stage.

117
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"STRUCTURE SOLUTION AND REFINEMENT

A sharpened146 Patterson was ealculated-between'
the limits 0 = u £ 0.5, 0O ixv 0.5, 0 < w i‘l.O.

’ The‘general positions for space groups-P2l/n are:

x, 'y, ?; X, Y, z; 1/2 + x, 1/2 -y, 1/2 + z; and

- 1/2 -x, 1/2 + vy, 1/2 - z. For one nloblum [coordlnates

(xl, yl, z )] and one arsenic atom [coordlnates (xz,'

YZ?’ZZ)] per general p051t10n, the major peaks.in
the map can be assigned}as shown in Table 29.

."'q

A brlef outline of the reflnement is shown 1n
Table 30.
TABLE 30: 'REFINEMENT OUTLINE

MODEL . _ . Ry Rg
(1) Nb and As positions;'B's‘fixedb 0.421_0‘0.507'
i2) Nb, As, and S p051t10ns, iso- ,-~%%, : . ‘
o troplc B's : _ - 70:270 0,359

(3) Nb As, S w1th 1sotrop1c B's, fia— T
' benzene rings as r1g1d bodies X ®’) 0.076 0.087

(4) Absorptlon and Extlnctlonl_47

4P 0,064 0.072-
(5) Nb; S, and As anisofropic‘_ DA 0.056 - 0.065

(6)  Nb, S, and As anlsotroplc,~',
‘ carbons 1nd1v1dual 1sotrop1c

0.049  0.051

o ~ f'fT‘ .

(7) Model (6) but with anlsgj opic .
- ’ 1 0.047  0.048
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Structure’factors were caiculated using the
atomio scattering factors for‘the'neutral atoms for
niobium; arsenic, sulfur, and carbon as tabulated by
.Cromer-and Mann.7s The-scattering'factors for

hydrogen were those of-Stewart; Davidson and Simpson.149

In addition, anomalods dispersion COrreetions76 were

'applied to the niobium, arsenic_and sulfur_scat; )

terlng factors ( be =.-0;58, fﬁb % 2;68,"ATAS = ;1.17,

ben = 1.17, Afg = 0.31, Af" = 0.58).  Features

'surroundlng the Nb, As and S atoms in the electron

den51ty dlfference'map suggested the anlsotroplc' |

refinement' and the Valldlty was ver1f1ed by a

Hamllton s R Test79'at the 0.005 51gn1f1cance level.
.;Initially‘the benzene rings were refined.as'fe" hv\

rigid bodiesqoonstrained to their well known geometry.‘

In model (6) the.oarbon atoms ofgthe~henzene dithiol

ligands_were:réfined,indiVidually with isotropic

temperature_factors; and thé phenyl groups on the .

arsenic atoms were,refinedias'rigid‘bodies. The

hydrogen positionsvwere calculatéd from the geometry

and orlentatlon of the benzene ‘rings and were also‘

,added as rlgld bodles, using a C-H dlstance of 1: 0 A

The hydrogen rlgld bodies were not reflned however.'

The final model was reflned W1th anlsotroplc tem—i

'perature factors on the_carbon atoms of the‘dlthlolene



<ligands.‘ This was again justified by.a Hamilton's
R Test79 at the 0.005 significancev1eve1;

In *"e final ieéstigquares refinemeht, 284
parameters were varied, and the sfandard deviation
iﬂian Qbservation oflunit weight was 1.641. The final
value of the refined extinction'barametér, C, was

8.74 x 10 .

_ RESULTS

- Observed and calculated Structure faétor-ampli—
tudes, IFO| and IFci, are shown in. Table 31.”1The
final'ffacfional‘ééordinates»and isétfopic B's of
ail atoms are shown in Table 32. Standard deviations
were'théihed frqﬁ the inverse matrix of the final
least squares anélysis.>'Table 33 shows the_ahiso—

80 '

tropic thermal parameters;(UiTFs). Intra-ionic

contacts-ahd angles, shown ih Tagiﬁ§)$4 and 35, were
:bbfained'with their.standard_deViatibns'ffovaRF?E.
'intér—iohic éontacﬁs (also obtaihed from ORFFE) are
-showﬁ iﬁ,Table .

_given i@ Table 37.  In Table 38, the dihedral angles ‘

between sdme‘selected’plaqes,ﬁte‘showh.

In Fig. 14 a:threé—dimensional’view‘of the Nb(bdt);

_aﬂion is shgg?. Fig.-16'shows-theaanion'and the

J. -

36. Selected least squaréS'plahes are

121
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,(C6H5)4As+ cation together, viewed down the cr?stal—

lographic‘b axis. The numbering scheme is shown

, . oA ' ; o -
in both diagrams. For the carbon atoms in the phenyl
groups, the first number‘designates the ring number

and the second number ,is the sequence of the atom in

'the ring. The carbon atoms are numbered sequentlally‘

and sfor the phenyl groups:xxthe cation thevflrst'

atom in the numbering scheme is ‘always bonded to the.

~arsenic atom.d The hydrogen atoms are not shown but

are numbered’ from Hl to H32 and are bonded four on

each dithiolene llgand and five ‘on each phenyl group,a

'sequentlally from C12 to C76.n"

In the three dlmen51ona1 representatlons the

nioblum, sulfur and arsenlc atoms are shown Wlth 50%

probabillty thermal;e111p501ds;‘ The carbon.atoms-are
. . P ) ' » LR

shown, however, with artificially‘low*isotroﬁic

thermal parameters, for’clarityt

122 -
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TABLE 31: OBSERVED AND CALCULATED STRUCTURE

FACTOR AMPLITUDES (ELECTRONS X 10) o

H L FOBS FQAL H L FOBS ECAL ° m FOOS  FCAL
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ATOM
Nb

As

Sl

- 82

S3

sS4

S5

S6

c11

Cl2

C1l3

AV

C15

C16 .

c21

c22

c23

C24

C25

- C26

'+ C36

'y

TABLE 32: ATOM COORDINATES

AND ISOTROPIC TEMPERATURE FACTORS

X

0.58136 (2).
0.20939(3)
0.52186 (8)
0.57210 (8)
0.51630(8)
0.56193(8)
0.63390(8)
0.68163(7)

0.4876(3)

0.4412(3)

0.4164(3)

0.4364(3)

0.4824 (3)

1 0.5091 (3)

0.5210(3)

0.4989 (4)

0.4971(4)

0.5165(4)
" 0.5395(3)
0.5405 (3)

0.7256(3)

y

0.21418(5) 0.19528(4)

0.15780(7)

0.1130(1)
0.3413(2)
0.1329(2)

0.3659 (1)

0.0503 (1)

0:2798(2)
0.2027(6)

0.1741 (6)

0.2420(7)

0.3455(7)

0.3765(6)

0.3074(6)

"0.2120(7)

0.1770(7)

0.2458(9)

0.3452(9)

-0.3818(7)"
1 0.3143(6)

© 0.1716(6)

z

0.26735(6)

0.07467%(1)

0.0567(1)

0.3169(1)

0.3010(1)

0.2242(1)

0.1989 (1)

~0.0067(5)
~0.0731(5)
eo.i4li(6)'
-0.1445(6)
-0.0820(6)
—0.0L32(5)

0.4254(5) -

0.5182(7)
0.6005(7)
0.5921(7)
‘ ;f
_0.5?39(7)

0.4180(6)

0.1733(5)

T2.47%*

3.31%

3.26%

- 3.60%

3.75*

3.54%*

3.54%

3.51*

2.82%
3.43%
. 4.21%

4.09*

3.69%
3.06%
3,81*

4.93%

. 6.19%*

' 6.09*

4.70*

3.41*

ERELS



Tabl

e

ATOM .

c35
34
c33
c32

C31

(a)

32v(¢ontinhed)
,;_x
0.7837(3)
0;81?8(3f

'0.7983(4) '

" 6.7418(4)

~ 0.7040(3)

Phenyl Carbon Atoms

C41

- C42

43

- C44
. C45

"C46

- Cs51
c52
C53 -

cs4

C55

. C56

i

-o.1q§§(2f

0.1656(3)

0. 13&9(3)~’;
’-

091%531
0.084743
0.1184 (3%
3.710(3) 2

0.982(4)
4.924(4)
0.1686(25
0.1118(2)
0.0845 (1)
'0.1140(2)
;0.1710(2)6.

0.1984 (1)

(>

i 4

0.1875(6)
10.1032(8)

0.0024(7)

7.0137(6)

0.0717(6)

RIGID BODIES

0.0435(3)

. -0.0184 (4)

;—0.1087(4)A

*'0.0151(4) .

0.2697(3}

0.2914.(4)

0.3833(4)

0.4533(3)

0.4315(4)

10.3397(4)

z
0.1505(6)

0.1328(6)

1 0.1415(6)

- 0.1648(6)

0.1835(5)

0.2397(4)

10.1533(3)

0.1387(4)

0.2105 (4)

10.2968(3)

0.3114(4)

0.3259(4)

0.2916(4)
0.3226(3)
0.3877(4)

0.4220(4)

-

© 0.3910(3)

3.86%
4.97*
5.04*
4.66*

3.17*

3.4(2)
4.4(2)

4.9(2)

'4.7(2)

4.0(2)

132
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‘Table: 32 (continued)

ATOM o x

D 5.779(3)
" E 2.731(4)

F - 4.418(3)

ce1 0.2679 (4)

c62 0.3211(5)

C63 - 0.3613(3)

C64 = 0.3482(4)
c65 0.2950(5)
66 0.2548(3) -

D 2.023(3)
E l-??7(8)

F 5.084(8)

- c71 1 0.2370(5)

72 0.1963(5)
€73 0.2126(7)
jcy4 . 0.2696(5)

€75 - 0.3103(5)
c76 0.2940(7)

D 1.109(4)

E  2.521(8).

F N 4,425(8) |

0.1098(4)
0.0725(4)

0.0279(4)

'0.0207(4)

0.0580(4)

0.1026 (4)

0.2Q98(4)

0.2212(4)
- 0.2680(5)
0.3034 4)

'0.29204<

0.2452¢(

¥ .

0.3600(10) 
0.3265(5)
' 0.3961(7)
0.4990(10)

0.5318(5)

0.4622(7)

0.1429(8)

0.0622(4)
-0.0285(7) "
~0.0. 54(8)
0.0423(4)

0.1330(7)

13.6(2)

5.1(2)
5.7(2)

5.1(2)

4.9(2)

4.3(2)
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3;3(1)

4.4(2)

5.5(2)

5.4(2)
. 6.3(2)

- 5.2(2)
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‘/,/"V%able 32 | (continued) '
- ATOM x - y. ( ' lz B
'(b) Phenyl Hydrogen Atoms’ |
H1 0.7990 0.2619 . 0.1446 4.5
‘H2 0.8613 0.1152 o 0.1151 ° 5.0
"H3 0.8243 -0.0598 0.1281 5.0
H4  0.7250  -0.0880 S o.1705 a5 -
D 3159 | | o ' 6
l”E' 6;277
F 5.085 o, o -
us 0.4840 - 0.1029 0?5229 - 5.4
"H6 . 0.4809  .o0.2184 0.6663 6.0
‘w7 0.5158 ©0.3948 'lbfesjo' . 6.0
H8 0.5537 0.4557 ' 0.4962 . 5.4
D 3.448 | R ,
E 1.285 | 4:.‘>5’;""  |
F 1.748 R . : o
HY' 0.4267 0.0982  -0,0685 4.1
.'Hlo | 0.3826  0.2199 ~ -0.1869 4.7
"H11 0.4182 ,0,3963  -0.1949 ff4;7
H12  0.4978 - 0.4509 -0.0846 s
D o.281 ‘ -
E. 2.406
P 4-929" | |
H13 . 0 '945 - 0.0016  0.1020 . 4.6 ;]



H14 . 0.1369 .

'Tabie 32 (continued)

'ATQM' X

H15 ' . .0.0674

HI6 S/ 0.0556

H17  0.1132

D . 3.707

E . 0.981 -

F 5.973

"H18 0.0905

H19 0.0436

3

H20 . 0.0944.

H21 - 0.1922

~ H22 . 0.2391

. H24'° 0.3994

H25 . 0.37704 -
S ' R_‘{L

‘D - 5.779.

EC . 2.732

H23 - 0.3305

S UH26 ' 0.2856

H27 . 0.2166

D 2.020

E 4 1.219

F " 67134

N

Y

. <0.1535
. =0.2020

- -0.0953

0.0597

0.2414

0.3989

0.4816 -

0.3241

<7 0.0773

0.0013

-0.0107 -

70.0531

0.1290

©0.5191

i

z

L

0.0773

0.2004

0.3482

" 0.3730"

©0.2452

0.2983

0.4100
0.4685

0.4154

0.2529

0.3725

G\5286

0.6052

0.4856

Y

5.1
AN
6.1

. 5.8

5.3
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Tak i

 ATOM
H28
H29
H30
H31

H32

32 (continued)

. x
~ 0.1555
0.1836

0.281%4 -

0.3511"

0.3230
1.111°
'2.515

5.467.

Y

50.1957‘

'0.2756p

.0.3364
p;o.3173.\

0.2374 .

136¢

B N

o e
Co.0e91 . 8.1
0.0864 5.6
~0.1034 . 6.2
‘0.0352 . g.g
0.1909 < 5.6

*These values are equlvalent 1sotroplc temperature factorssl

N,

r?““

f‘correspondlng to the an;sotr001c thermal oarameters shown

‘1n Table 33.

4, E,

and F are the angles by whlch the coordlnates of

the rlgld body are rotated with respect to a set of axes

X, Y,
centre of the ring with the X ax1s parallel to a*,

the 2 axis parallel to e, and the Y axis parallel to the_"

Z. The orlgln of these axes s placed at the

5§.A

11ne deflned by the 1ntersect10n of the plane contalnlng

a* and b‘ w1th the plane contalnlng b and c. f&n

“t
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Afous
Nb-S1 -
Nb-S2
 Nb-S3
Nb-54
Nb-S5
Nb-S6
bAst4l
As—éS%
As—-C61
As-C71
- 51-82
S3-s4
$5-56
S1-S3
S1-85
$3-55

'52-54

C24-C25

7
C25-C26

 c26-C21

c31-c32°

- €32-C33

¢

L0 ! 1;

STANCE

2.428(2).'

2.442(2)

2.458(2)

2.433(2)

" 2.436(2)

2.451(2)

1.891(4)

1.883(4),

| 1.880(4)_

'1.896 (4)

3.143(3)
3.160(3)
3.147(3)

3.204 (3)

13.282.(3)

3.184(3)
3.245¢(3)

1.374(12)

S 1.422(20)
1.385(10)
1.419(1dy{,
1.363(11)

[E T
Sy
R :
LI

e
A
ey .p\ﬁ ‘5{»

. o‘
INTRA-IONIC CONTACTS (A)

ATOMS
 S2-56
S4-S6
s1-cl1
' $2-C16
g Sﬁ—czl
~ s4-C26
 s5-c31
S6-C36
Cl1-C12
cl2-c13
cl3-Ccl4’
Cl4-C15
c15—c16 |
“cle-cio
czi¥c22
C22-C23
' c23-c24
c33-c31
c34-c35
'C35-C36

C36-C31

S

" DISTANCE

3.178(3)

3.294(3)

1.736(7)

1.740(7)
1.747(7)

1.760(8)

1.739(7)
1.750(7)

1.402(9).

'1.356(10)

1.374(10)
1.392(9)

1;424(9)
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1.398(10)

1.410.(10)

1.396(12)
1.349(13)

1.383(12)

1.395(9)
1.375(10)

1.382(11)
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e ' TABLE 35: INTRA-IONIC ANGLES - (DEGREES)

ATOMS ANGLES ) ATOMS'/ *
S1-Nb-S2 ' 80.40(7) ,  Nb-s3-c21 > 105.5(3)
'S3-Nb-54 80.47(7) Nb-sd-c26 ¥ 105.4(3)
'S5-Nb-S6 80.18(7) Nb-S5-C31 1106.1(3)
S1-Nb-s5 84.87(7) Nb-S6-36 ‘106.0(3)
S1-Nb-53 181.94 (%) 120.2 (6)
$3-Nb-55 81.18(7) 119.0(5) -
S2-Nb-$4 83.46(7) $3-C21-C26  119.7(6)
S2-Nb-S6 81.03(7) - S4-C26-C21 121.1(6)
S4-Nb-56 84.81(7) - §5-C31-C36 121.1(6)
S1-Nb-s4 133.25(7) S6-C36-C31 119.9¢6) =
| 31—q<:§6 134.51(7) C41-As-c51 110.6 (2)
S3-Nb<82 1 136.61(7) - C41-as-cé61 _105,1kzi

4 S3-NB-S6 136.50(7) 'Cél—Ast71 l‘ 109.0(2)
§5-Nb-52 135.63(7) C51-As-C61 109.6(2)
S5-Nb-SZ - - 133.86(7) C51-As-c71 105.9(2)
Nb-S1-C11 106.5(2) C61-As-C71 114.6@)
vnb-sz-c16_ 106.1(3) Cl11-C12-¢13 122.4(7)
c12-é13:c14- 119.5(7) C25-C26-C21 v_1zo.d(s)-‘
Hc13fc14-c1$ 120.0(7)  c26fc2i;c22 7~'.bi9.1(8)7

3‘c14-c154c16' '121.2@7)'  ©31-C32-C33 .121.1(s)
c1s~cis—c11; 126.0(7) c32-c33-c34' 120.3(8)
cle-cli-c12 117.8(6) - 119.5(8)

© €33-C34-C35
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fable 3é,(con£ing§dr‘ & @?kﬁf_.‘ -

aToMS AN?;LES'_[ ) Ay ATOD}.% b
c21-c22-c23  119.6(8)  c3d-c3s-c3e  120.4(8)
'C22—c23;c24 - 120.5(9) - “;Qgé—CBG—C31; 120.5(7). -
C23-C24-C25  121.8(10) _ﬁégé-c31-c32 U 118.0(7)
€24-C25-C26°  119.9(9) | §3-51-55 58.80(6)
s6-s52-54 61.69(6) ° S§5-53-51 61.83(6)
S2-54-S6  58.16(6) . §3-S5-S1  59.37(6)

S2-S6-S4 60.15(6)



afoM 1 -ATOM 2

s1
Sl
sl
s1
sl
S2
53,
54

54
!
35 ‘
56
S6
S6

. S6°

C35"

» €35 .

Cc34

c32

C32
C31

c31

HY9

H20

.. C54

s1
cs3
H17

H15

H3
- C44

C45

H25

H29

- C33

C32

c73

Cé65

ce6”
. Hla
H21
-css
H21

C55-

#

By,

x+l, ¥, z

1/2-x, 1/2+y-

l/2+x; 1/2-y,
X+1, v, =
l/2+x,_1/2—y(

1/2+x, 1/2~-y,

1/2-x, 1/2+y,

1, 1/2~-2

. -4 o
P ( TABLE 36: - ;NTER-¥%NIC CONTACTS (A)

. : L I
SYMMETRY OPERATION ON ATOM 2

1/2}2-1 B

1/2+2-1

' "5
1/2+2%1

1/2-2

1/2+x+1, 1/2+y, 1/2-2

1/2-x, 1/2+y,

x+1, y, z+1

1/2+x, 1/2-y,

1(2—ﬁ+1;>1/2+y,nl/2—z

1/2-x%1,'£/2+y, 1/2-z
S 1/2+x, 1/2-y,
L>2+x, 1/2-y,

C1/2+x,; 1/2-y,

x+1, y, z

1/2+%, '1/2-y,

1/2+x, 1/2-y,

1/24x, 1/2-y,

1/2-2

1/2-2

1/2+z

1/24z2
1/2+z-1

1/2+2z-1
1/2+z-1
1/2+2-1

1/2+2z-1

1/2+z-1

142

DISTANCE

2.942
2.942
§.4o§(6).

13.607(4)

3.661(6)

20913

2.855
2.901
3.523(5)
3.640(5)
3.048
2.908
3.549(9)
3.606(8)
©3.680(5) -
3.612/(10)
3.688(9)
3.038{,

2.811

.’3.682(9)v

2,909

3.495(8)
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Tablé 36 (cohtinued)
* Q

ATOM 1- ATOM 2 SYMMETRY OPERATION ON ATOM 2‘ - ' DiSTANCE
c21 ~  c44 1/2-x, 1/2+y, 1/2~z ' 3.638(9)
c23 mI8  1/2+x, /27y, 12+z 2.2
c23 - cs2 © 1/2+x, 1/2-y, 1/2+z . 3.606(11)
c25 H28 1/2+x, > 2-y, 1/2+z o 2.942
c25 H8 x+1, y+1, z+1 . ’ 2.980
C25 C25 . x+1, y+1, E+1;" : | A : 3.517(17)
Cc26 - HIS5 1/22%, 1/2+y, 1/2-z o 2.886
C26 c44 - 1/2-x, l/2fy, 1/2—2 '_' - "3.472(8)
€11 53 1/2+x, 1/2-y, 1/2+z-1 S ©3.400(9)
c12_”; H20 = 1/2-x, 1/2+y-1, 1/2~z ‘ 43.049
c1z cs3 1/2+x, 1/2-y, 1/2+z-1 S 3.685(9)
c13  H6.  x,y, z-1 S , 2.996 _
¢13 N st' X, Y, z2 : S 3.549(10) ~

3 :' H31  x, yt 2 . o 2.966 a
ciz ' HI6  1/2-x, 1/2+y, 1/2-z D 2:947 .
cia s 1/2-x, 1/2+y-1, 1/2-z - 3.676(7)
C a4 H3é 1/2-x, 1/2+y-1, 1/2-z ,‘ - 2.811
44 c76 1/2—x,:1/2+y—1,_1/2—z . 3.609(7)
c45 . H3] 1/2-x, 1/2+y-1, 1/2-z s 2.947 °
cas HI2  1/2+x-1, 1/2—y{ }/2+z - - | 3,623 s
cas - c75 1/2-x, 1/2+97;;?1/2—z_' o ‘-%; i 3;577(3)
cas v e l/2—x¢_i/é;yéi;&l/2—z‘ 0 3.699(7)

c53 €63 1/2-x, 1/2+y, 1/2-z , 13.672(7)
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{Tab,lé 36 (continued)

}; ° ATOM 2 SYMMETRY OPERATION ON ATOM 2 - DI STANCE
: T
cs4  H23  1/2-x, 1/2+y, 1/2-z : 2.778
c54 c62  1/2-x, 1/2+y, 1/2-z 3.574(7) -
c55 | H23-  1/2-x, 1/2+y, 1/2-z | ‘.2.956w
64 . €13 1/2-x, 1/2+y-1, 1/2-z 3.937(8)
C65 | HL 1/24x—1; i/:-yﬁ”r(2+z - 2.731
c65 €74 1/2-x, 1/2+y-1, 1/2-2 - 3.571(8)
Cc66 H1 1/2+x;1; 1/2-y, 1/2+2 o . 3.095
H9 H20  1/2-x, 1/2+y-1, 1/2-z o 2.380 0
A




_ TABLE 37: LEAST EQUARES PLANE CALCULATIONS

(A) ATOMS FORMING PLANE: Nb, S1, S2
' EQUATION OF PLANE: -0.8413X + 0.3686Y + 0.39537

+9.1444 = 0.0 2

(B) 'ATOMS FORMING PLANE: Nb, s3, 54

145

EQUATION OF PLANE: . 0.7683X - 0.2315Y + 0.59672 4
—~ " | = 11.0967 = 0.0.
1C) ATOMS FORMING PLANE: Nb, S5, S6 ‘
EQUAT&QN;oi'PLANE- =0.0706X + 0.1393Y + 0.9877z -
S - 1.9792' = 0.0 .
(pkﬁ?ﬁ%pms FORMING PLANE: ' SI, $2, cll, C12, Cl13, Cl4
R & o L - :

v :;',";‘:.,-‘»' #9 I : . Cl5, cCle6

aw) : S ' '

fgfh?QUﬂmION-OE PLANE: -0.6239X + 0.3044Y + 0.71982

A M 4 6.3172°= 0.0

P :

v DIS?}NCES OF ATOMS’ FROM PLANE (A) :

f, s1( O -00001(2) 52  0.009(2)
C1I% -0.048(7) - c12 0.041(7)
c13 10.078(8) - cl4 . 0.010(8)
c15 » (8)F cle . ~0.086(7).
‘Nb

(E) ATOMS FORMING‘PLAﬁE£QS3;:s4f{c2I,Vc22, c23, c24,
| ‘ €25, c26 .-

[t WL
-



146

Tabie 37 (continued) *(/
. | 4 - .
'~ EQUATION OF PLANE:‘Q;ﬁ19lX - 0.3096Y + 0.24382z °
-~ 11.2653 = 0.0 . |
DISTANCES OF ATOMS FROM PLANE (A): e
. . o e
s3 0.004(2) sa . 0.004(2)
c21 , -0.090(7) c22 . 7 -0.aTp+o
c23 -0.067(9) . ° c24 7 0.06D(9)
c25 - -0.023(8) C26 ' -0.06A(7) 3
Nb ~0.7099 (6) : | )
(F) ATOMS FORMING PLANE: S5, S6, C31, €32, €33, c34,
- Pe3s, c3s. o
EQUATION OF PLANE:. 0.2788X % .0.0011Y + 0.96032
. - . L b. ' &' .'/ ’ ‘ “‘ R
-.6.8577 = 0.0 | N
. : . .\ s o ) v ) . . >
SR DISTANCES OF ATOMS FROM PLANE (A): . .
ss  -0.006(2) .  se¢ - 0.001 (2)
C31 . .0.036(7) - c32 -0.042(8)
c33 - =0.052(9) . C34.  ° -0.004(9)
c35 - ~ 0.057(8) 'C36 © 0.055(7)
4 Nb . 0.6869(6) ' -

™y

¢ “ ) on,

a

G) ATOMSYFQRMING‘PLANEi s1, s3, S5
 EQUATION OF PLANE: -0.3396X — 0.9393y + 0:04842
o + 5.3688 = 0.0
DISTANCES OF AToms Fnbﬁ PLANE - (A) :

Nb. . 1.5787(6). 3

(H) ATOMS FORMING PLANE: S2, S4, S6 - - . - A

Y
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Table 37 (continued) -

——

" EQUATION OF PLANE: -0.3423X - 0.9380Y + 0.0545%

+ 8.5348 = 0.0

. N ’ °
DISTANCES- OF ATOMS FROM PLANE (A): -
.NB - Y -1.5699(6)
/ .
s
: . Qg\
- v o 5 . - ’ .
'aX; Y and Z are in A and refer to \the orthogona;ECOor—

-

N

(

s

\

\
\

/s

-

TABLE 38: DIHEDRAL ANGLES BETWEEN SELECTED PLANES 

ATOMS "IN PLANE 1 XTOMS IN PLANE 2 | ‘ANGLE-
- Nb, S1, S2 - Nb, S3, S4- | o 119.7°
'Nb, S1, S2 -  Nb, S5, S6 ' © . 120.1°
Nb, 53, S4 . Nb, S5, S6 120.2°
_ Nb, S1, s2 s1l, s2, cl1, cl2, c13,
c14, c15,/£i6 o 22.8°
Nb, S3, .s4 ' S3, s4, ¢21, c22, c23,
) . c24, 5, c26 22.6°
L ee or e N3l c1o . i
b, S5, S6 - 's5, s6, &31, €32, €33,

» C34, 35, c36 - .. 21.8°
| : \ N > ‘
s1, s3, S5 . . s2, s4, s6 S - 0.6°

SN
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DESCRIPTION OF STRUCTURE

The portlon of the molecule of major 1nterest,
i.e. the Ng(bdt)3 anlon, is shown in the three
dlmen81onal representatlon 1n Flg 14. The metal
is surrounded approxlmately equldlstantly by six
sulfur étoms in the form of a trlgonal prism, thus 1t.
has approx1mate C3h symmetry. The dithiolene lﬁ@ands
‘ radlate from the metal 1n a "paddle—wheelﬁ arrange-
ment as was the case for Mo(bdt) and}the other tri—;
‘ gonal prlsmatlc drthlolenes.129’130'l32 The prlsm ,~‘
is not however as. regular as that in Mo(bdt)
with a 51gn1f1cant range in niobium-sulfur distanoes
from_2.428(2) gxto.2.458(2) A. ~The mean Nb-s
distance (2.441 R) is.also significantly longer than

the Mo-S dlstance (2. 367 p.) “in N'o(bdt) and thus is

~ the longest metal- sulfuradlstance observed in any. of '

&
the trlgonal prlsmatlc molecules (Table 48). .

It is 1nterest1ng that in the prev1ous trigonal
prlsmatlc structures the metal-sulfur bond 1engths

-

had beea ama21ngly constant con51der1ng,that the
covalen;:and ionic radlll 3 of vanadium dlffered
fby apgiox1mately 0.07 A from those of molybdenum and.
rhenium. Nb(bdt) is therefore ‘the" flrst example of |

T a prism in whlch thlS is no longer true, the Nb-S

dlstance belng approximately 0.11 A longer than

&




A PERSPECTIVE VIEW OF THE Nb(SéC6~H4),3 ANION.

14:

' Pig.

f
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the7metalésulfur distances ln the‘three other prisms

and also 0.074 A longer than in Mo(bdt)3 (to which

this comparlson 1s most useful) The increase 1n'
metal sulfur dlstances progre551ng from the molyb—

denum to the. nloblum complexﬂls aporox1mately con-
51stént with the corresoondlng 1ncrease in the metal
covalent radll.133 Although the values for the metal _f’
covalent rad11 are amblguous (espec1ally for Nb(bdt)
’51nce the extra electron will expand the nloblum *"T'l"

orbltals 1ncrea51ng its" radlus from that of thewneutralff_f"
. i S

spec1es), a very rou h "omparlson 1s dbtalned uSLng .*f~

’

Paullng s values. T

ylelds a predlcted 1ncrease

v

in metal- sulfur bonds ofﬂabout 0. OS A when palculated

.o

u51na the neutral atom radll. hxt LI -‘fﬁ;“ L“ T

The constanc1es of the metalesulTur dLStances_A

K] Lo, 4

. in the prev1ous tr1gonal pr1sms lp splte of differlng Y

-

metal radii, ‘had been attrlbuted as a; consequence
of prop;sed 1nterllgand S-S bondlng.lééf Thus'thev
A dlfference in Nb—S'dlstances compared Qith Mo—S
distances tends to 1nd1cate a p0551ble breakdown
in S-S bondlng and an. expected 1ncrease in S- S.
;distances; Because of the relatlvely flxed llgand
blte thls should manlfest 1tse1f in 1onger inter-

llgand S- S dlstances compared to 1ntra11gand S-S

dlstances.‘ Thls is 1n fact what 1s observed with the.
2
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Rl . ‘
. (-]
mean interligand S-S distance (3.231 A) being sig-
nificantly longer than the 1ntra11gand 5-8 dlstance‘
(3.150 A) ;: er gain slight dlstortlons are obv1ous
e £ 7

7

Ehn&nterllgand S-S dlstances from 3. 178(3) A

) ~€' o
to 3,294(3)'A. j
The sulfur—carbon distances (1.745 A), although>

51mllar to the other trzs dlthlolenes, are long%é$

\

'than any observed prev1ously and more SLgnlflcantly
are longer than those in Mo(bdt)3 (1.727 A) where the
same ligard is involved. Thus the sulfur—carbon
bonds have. less double bond character in‘the ‘niobium

complex and the llgands are therefore more dlthlolate

hand less dlthﬁokeﬁpnlc 1n character than for Mo(bdt) .
The mean carbon—carbon dlstance W1th1n the ligands

"is again con51stent~wlth those observed in benz‘enel58

159

and in several disubstituted\benzene derivatives,
as mentionedrih Chaoter VI. 3Again, as ‘was the case
for'Mo(bdﬁ)3;.there is a Qlde range-ih C-C»disgances,
(Fig.v15).S_Fromitheldiagram showing‘thevaverage c-Cc
bond_lengths one °sees that the C25C3, C3—C4,:and
C4EC5 distances_are sighificantly shorter than the
h other threeg Thls may be 1nterpreted as 1nd1cat1ng
~some contrlbutlon from the dlthloketonlc formulatlon
but this slmple_1Qterpretatlon‘should not be_made

-

in the.absehce of a fﬁlleanalysis of the thermal
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' parameters and anxassessment of the1r effect on the

to. the expected "120°. The Nb- S C angles average

>
2
e
.~

observed uncorrected bond dlstances.t 'f“ %“9f %‘~' ¥

et
. -'0.5 et

- 5 i
L - A K @
[ 4‘” . s"

The intra- and 1nter11gand S Nb S angles average

80. 35° and 82. 88° respectlvely and are therefore an

indication of the sllght dlstortlon from trlgonal

prismatic coordlnatlon. P0551bly a more srgnlflcantf

1nd1cat10n of the dlstortlon, however, is ‘the raﬁge

in theg%?ﬁerllgand S- Nb S angles, from 84 87(7)°
W o SO
to 81. 0§Y35° ‘The S-Nb-S- angles,'lnvolv1ng sulfur RN

. atoms approxj_mately tr_ans tO eachv oth‘er, ~'avera‘ge\

135.06° and is 7ga1n 51m11ar to the vaiue of . 136(l)°1

I3
il

found in the ther prisms.

' The two . langular faces of the prism dev1ate

sllghtly from belng parallel ‘the angle between thelr

.normals belng 0 6°. - In addltlon the angles betweenr

the NbS2 planes, as shown in Table 38, are all close

105.9° and are all in close agreement w1th each other,'

.The.S.C-C angles (SA C1 C6 and Q C6 Cl in

-

'vFlg. 15) average 120 l° and are close to the expected

-

value-of 120° ' ThlS good 1nternal agreement . of
the Nb—S C and s-C- C angles adds further oroof‘
that the dev1at10ns 1n the 1nterllgand S- Nb S
angles are 1ndeed 51gn1f1cant., |

,As\was observed.ln Mo(bdt)3, Mo(SzciH;l3.l30.

/



- planes. These deviations are more regular in

154

152

~and Mo{Se (CF )2]3, .the ligand planes again

"wdevlate'considerably‘from the corresponding MSé
| Nb(bdt);'than‘ in Mo (bdt); (see Table 49). Their’
mean'values;-22.4° and 21. 4°‘ respectively are however
in good agreement and both are larger than the

values of 18°'and 18.6° observed in Mo (S,C, 2)3 nd
'Mo[Se (CF3 % 3 respectlvely. That these dihedral -
angles are 1rregular in Mo(bdt)3 vet regular 1n
Nb(bdt)3 1srprob;\ly a. consequence of packlng forces.
The flex1b111ty, afforded by the rotatlonal freedom
of ‘the phenyl groups of the tetraphenylarsonlum
.cation, allows effectlve packlng w1thout major
”deformatlon of the llgand planes. 'It is probablek/
v;then thatvthe structure, observed in the crystal,

'closely approx1mates the structure 1n solutlon. vIt

is 1nterest1ng that thlS bend of the llgand plane

: ,from the MS plane has been observed 1n the trlgonal

yprlsmatlc molybdenum dlthlobenes and“also in the
“bmolybdenum dlselenato complex, and now . has been

-observed in Nb(bdt)3, whlch 1s 1soe1ectron1c w1th
. , R

7fthe molybdenum analogue.. In contrast the llgand

,planes were found to be coplanar W1th the M52 planes
') 132 S
- A three dlmen31ona1 representatlon of ther'

hﬂln both . Re(S Ph ) 29and V(S
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Nb(bdt); anion and the*\?tzaphenylarsonium cation,

viewed doyn the crystaliootaphic b axis, is shown in
Fig..lﬁ; ‘Thebgeometry of the cation is quite normai
with no unusual features. " The arsen}c‘atom is sur-
rounded in almost perfect tetrahedral coordinetion
'with the C-As-C angles being close to the predicted
109.5°, and‘all deviations from this value ate easily
explained by ihtermolecular:interactions. The a:senic—
_carboh bonds are eimilar and the.mean (1. 888 g) |
approx1mates the value predlcted “Pom the sums of the
covalent rad11133 162(l 94 A), assumlng an arsenlc—
;carbon 31ngle bond involving sp2 hybrldlzed carbon
atoms. These observed bond lengths agree favourably
' 163,164

w1th other determlnatlons where the tetra-

phenylarsonlum catlon was involved.

156



CHAPTER VIII: THE CRYSTAL AND MOLECULAR STRUCTL RE
OF BIS (TETRAMETHYLAMMONIUM) TRIS

(BENZENE-1, 2-DITHIOLATO) ZIRCONIUM,

([(CH3)4N]2[Zr(s2 eHq) 31) -
Bt
EXPERIMENTAL
e : Bright red crystals of [(CH3)4N]2[Zr(bdt)3],

suitable for single crystal x—ray diffraction»studies,

were klndly supplled by Dr. Takats and Mr. Martin.

These crystals were prepared143 by the reaction of

sodium cyclopentad;enlde and benzene;dithiol‘and the
subsequent reaction‘with’Zr[N(CzHS)ZJ;, and crystal-
lization with tetramethylammonium chloride. Pre-
11m1nary photography showed mmm Laue symmetry 1nd1cat1ng
an orthorhomb1C\space group. Systematlc absences
fdetermlned by\Welssenberg (Oki lkl;VCuK& x—radlation)
and Precession photography (hOl, hle, hk0, hklf
MoK X-radiation) aref hdo~ h ='2n + 1, and.0kO:
k =2n + 1 con51stent w1th the space group P2l l
Precise lattice parameters were obtalned at 22° from
a. least squares ana1y51s performed on the setting
' angles ofil2‘hlgh angle reflections, accurately
centred on a Picker automatic four circle diffrac-

P

tometer, usingTCuK;n X-radiation. The resulting@

* .‘ - ) \~
{/ - o .

%
157
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cell parameters and ‘estimated standard deviatiohs

are: a = 9.931(2) A, b = 14.368(2) A, ¢ = 11.098(2) &
The observed density [1.38(2) g.cm—3jL obtained . e
by floatation in a mixture of chloro— and bromo~ ‘
benzene is consistent with the theoretical value of
1.381 g cm—3, calculated assﬁhing two‘molecules with
fOrmula:weight 660.19 a.m.u. occuoy the unit cell of
volume 1587.9 33._ Since the space gfoup P2,2,2

‘has four- general equivalent p051t10ns, the Zr(bdt)
dlanlon is therefore restrlcted to having 2-fold
symmetry and must 51t on. the crystallographlc 2-fold

It
axis. The two tetramethylammonlum cations can elther

" be related by the two-fold or sit on the’two—foldh,
axis.

Inten51ty data were collected on the Plcker‘v n
»automatlc dlffractometer using CuK X- radlatlon fil- | \#\\f
tered with a 0.0QOS"'thlck nickel f01l and u51hg a |
2°. take-off angle. The crystal Qas mounted in a
general orlentation»but with the'a* akis approximately'
c01nc1dent with the ¢ axis of the dlffractometer
A qoupled 26/w scan technlque, with a scan speed of
1l° m1n l, was employed for data collectlon w1th all
‘unique reflectlons with 26 < 125° belng collected.

aThe two theta scan range for each reflectlon was

2° 4 20 where 28 correqunded to [28(Kal) - Ze(Ké ) 1.
2N » 2
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\
Yomme 3L

“ff3.09 x 1077 em; (1,1,0), 0.0.cm; (1,1,0), 0.0 cm;

Forty second'stationary‘background counts on each siaef
of the peak were recorded and assuming'linearity'of

background, intensities and standard deviations in

.the intensities were calculated as shown in Chapter'

II’using a "p factor" of 0.03. A scintillation -
7

counter was uSed in'cohjunction with a pulse ‘height

fanalyzer, tuned to accept 95% of' the CuK = peak.

-

Three standard reflectlons were collected automatlcally

-every 100 data reflections. a/fh addltlon several

|

addltlonal reflectlons werefcollected manually to
assess decomposition. No 31gn1f1cant decompos1tlon
L

wds observed so no correctlon was necessary.

Of the 1403 unlque reflectlons.collected» 1054

were 51gn1f1cant1y above background u51ng the criterion

I/o(I) i 3.0. The significant data were then'reduced

. ' . : :
to structure factor amplitudes by correction for

- .

Lorentz, polarization and absorption effects. Standardl

deviations in the‘structure facters were again cal-
culated as in Chapter II.

The crystal faces were 1dent1f1ed and ‘their

'perpendlcular dlstances to an arbltrarlly chosen

orlgin measured as: (0,1,0), 3.268 x 1073 cm; (O,I,OQ;

10.836 x 1073 cm; (1,0,0), 20.640 x 1073 ¢m; (0,0,1),

3

s

and (1,0,12), 0.0 cm. The face (1,0,12) is acknow-

159



ledged as a very unusual ch01ce, but its p051t10n is

"most consistent with the 1nd1ces chosen, 51nce

it is opposite to the (0,0,1) face but inclined to

'ularﬁties were observed.
R (. .

S

86

it by about 5°.¢ The abSorption coefficient - for

CuKa X~-radiation is 66.63'cm_1,'1eading”to a rangé

in transmission factors from 0.756 to'0:423.

In the original data colys jon several irreg-.

R / ' - . e
in the counter andvthelr exy

but was probably due to some_electronlc dev1ce con-
nected to the dlffractometer power llne. The reflec—
tlons where this was actually observed weregrejected
However it was belleved (on the ‘basis that several

lF l values were extremely high) that these pulses

had occurred throughout the data collectlon. For

this reason the hkx data were ﬁecollected along w1th'

ﬂtne hkz data so all three data sets could be compared

and faulty reflect1ons could be excluded. The second
hk? data set was merged with the hkﬁ data to obtain

1mproved standard dev1at10ns., In this merged data

h,set the numbe} of statlstlcally rellable reflectlons

1ncreased to 1126. The same data collectlon tech-

nlques were used for. the second hk?t data and the hkt

data as was used for the orlglnal hkz data. Terms

used in the Zacharlasen extlnctlon correptlon were

calculated at this stage.
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"_1nsoectlon of the. plac

s

i

" the limits 0 < u < 0.5, 0 5lv'< 0.5, 0 < w < 0.5.

161
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Afsharpened Patterson.map was computed between

N

Slnce thé zirconium atom is restrlcted to lie on

the two fold axls, the Harker vectors are located

vl

at 1/2 1/2,22, and 1/2 1/2, -2z, so the solutlon

'-1s tr1v1al yleldlng the coordlnates\for the 21rcon1um »

‘as . (0 0, o. ﬁ ‘0. 189) from the largest vector at

(0.5 0;5 0 378). The next six most 1ntense vectors

could be 1nterpreted as Zr-S vectors aboutﬂelther

the qugln or theéﬁ

—Zr %7rker vector. From 1n1t1a1

~

ent of - these vectors, it was

ev1dent that the 21rcon1ﬁm coordination was close to

l\_
octahedral and was deflnltely not trlgonal prlsmatlc.

Due to the extra symmetry of the Patterson, care had.
to- be taken in ch0051ng the vectors to represent the

three 1ndependent sulfur atoms,}1n order for thev"
model to phasefcorrectly.' Several-arbltrarywchoices R
can he made 1n1t1a11y. The Sl p051tlon was cal-

r

culated from the vector at (0.05, 0,1@8,:0u0) yielding_”

the coordinates (0. 05 0 168 0. 189). From the

~vector at (0.16, 0.0, 0.18) the SZ p051t10n was’

calculated as (0.16, 0.0, 10.009) . The position of I
» :
however, must be chosen in such a way to be con-

.

51stent wlth the ch01ce of S1 and S2: .There(are two -



~

»

-~

possible choices for the S3 positien yielding the

p051t10ns (0.185,. -0.048, 0.315) or (0. 185 0.048,

0. 315)

ba51s of sulfur—sulfur.vectors which showed the’fifst,—

A ch01ce between the two was made on th

position was correct.

In the first fefinements,uinvolving‘only the

zirconium and sulfur positions,'the Y coordinate 6f-

o
N A,

®,
SZ was not reflned since 1t was p0551b1e that 1t

could reflne in the wrong dlrectlon and hamper the

pha51ng

A.brlef resumé of the reflnement is shown

in Table 39.

'3‘15) ﬂnlsotroplc Zr, S, N and c atoms , oo oo
o of tetramethyl ammonium ) Lo 0.069 - 0.088

(12)° Methyl Hydfegens included asupotors 0.029 0.035

 TABLE 39: REFINEMENT OUTLINE

MODEL o o R Ry
(1) 2r and'S atoms - S © 0.297, 0.384
- (2) ccm=1éte_anion‘(isqtfopic BFS) o 0 152 0.243
(3) “Anio and Cation (1sotrop1c B's) ”0 088 0.106"

() Anlsotroplc Zr ‘and S _f ! T ] 0¢074, 0.097. °.

(6)> Absorptlon,Correctlon,\, ,;ﬁ_w.i H 0{650 0:063'
‘(7)‘fChan§é of Hand o "“' -q;057. 0.073
(8f Carbon atoms of dlthlolene llgaﬁd5<
' anlsotrdplc ) _ 0.042 0.061
(9)>,Hydrogen atomsvof dithiplehe’ligands 0.039
o) Extinction cogrectib§47'“‘;ff-- 7 0.039 0.059
'111; Mergéd Déta~, . - ;‘ 0.034 0.053

4

0.059

162
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Structure factors were calculated using the -

,Jatqmib scattering factors for the neutral atoms for

‘zirconium, sulfur, carbon and nitrogen by Cromer

and Mann.75 The scattering factors for hydrOgen

were those of Stewart, Davidson and Simpson.149

, T . : 76 =
Anomalous dispersion corrections by Cromer were

applled to the 21rcon1um and sulfur scatterlng

Af' = 20.62, . %" = 2 42, %! = 0.31,

Zr ! Zr 7S
Af" = 0.58 ), =~ '

factors  (

A reflnement was performed w1th a change of hand

_hfor model:(6) and the orlglnal model was judged

51gn1f1cant1y better on the basis of a Hamllton s,

. y -
& (at_ the 0. 005 51gn1f1cance level). Hydrogen

positions on the‘dithiolene ligands Were calculated

_from the known geometry and orlentatlon of the benzene.

o

rlﬁgs, usxng a C H dlstance of 1 0’ A ; The hydrogen
-parameters were not ref;ned. The hydrogen atoms were

-dgiven'thermal.parameters*apbroxlmately\10.— 15% f;,?" ’fﬁ-'vn;:~

s
- .f“

‘~greater than thelr attached carbon atom. An electron "

:den51ty dlfference_map, phased on model (11), failed

to locate any of'the_methyl hydrogen atoms, ;nstead _ d .‘f

..

only smears of electron density were observed in the

- - - - < . .
. predicted regions. 1In addition the tetramethylammonium = -

carbon atoms. had anomalous thermal parameters, so the -

difference map was inspected for obvious signs of
7

U

De

T, B
¥
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disorder involving these carbon atoms. No signs
‘of disorder, however, were obvious. Although the
methyl hydrogens were not located, they were added

, to the structure factor calculations in the form of

v , .
free rotating rigid bodies.165 The ideal tetrahedral

coordlnatlon of the carbon atoms was assumed and : b

»
v

the centres of grav1ty‘and angles‘deflnlng-the R

v -

cosines of the nitrogen-carbon bonds. .

v Model (11), which is the refinement of the
e : . _ R ,
merged data.vcohtains.agl the- corrections v

performed on the previous models. - o ‘ .

kL s R

RESULTS . =~ - . e 'w‘
‘ Observed and calculated structure factor ampll— .
tudes,‘l?ol and | é[, are- ShOWn in Table 40 '"‘The e

o v s

flnal fractlonal coordlnates and 1sotrop1c temperature

L g

*”ihctors of adll atoms are shown in Table 41 fStandard _

“3K~dev1atlons were obtalned from the inverse matrlx of
LA
-m the flnal least squares analy51s. ~Table 42 shows the

: nlsotroplc thermal parameters (U’J )80 of all‘:,),g-;;,.'.~

®

1:f§%nlsotrop1c atoms. Relevant ‘bond lengths and angles

"are shown in Tables 43 and 44, and,were obtalned.with~

- (ﬂ)‘ . . ’ ; - Lo . BN
“ e - . . B e
K : o . . N - N
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»

their standard deviations from ORFFE. Several inter-

!

: . Ay . . .- ’
ionic contacts which anzy%dmparable to the predicted
van der Waals contacts1 '

Pere shown in Table 45.
Selected least squares planes are shown in Table 46.

In" addltlon Table 47 lists the dihedral angles between
':selected planes. |

The numberlng scheme for all non- hydrogen atoms

1s“shown in Flgures 17 and l8. The hydrogen atoms o
H1 - through H6 are attached sequentlally to thé carbord
;atoms (C2 through C9) which are not bonded to sulfur_
‘atoms. Thefhydrogen atoms,H? thtoughAH18 are'bonded
se@uentially’in groupé of three'to eatbon:étome“elo

" through C13.° Since the hydrogen atoms qf-the methyl

groups were .included as hlnderedbrotors, individual -
< o ' A A
temperature factors are given, rather emperature“ f

factorsffer<thé grougs'are shown 1in Tab
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TABLE 41: ATdeCdORDINATES AND ISOTROPIC
TEMPE#ATURE fACTQRS
, ‘ e
~Atom x . Sy " 2 z B
zr 0.0 0.0 ED -0.18983(6) 3.01*
s1 © -0.1645(2)  -0.0080(2)  -0.0132(1) 4.56%
s2 0.0535(2)  0.1716(1)  -0.2142¢2) 4,15+
$3.  -0.1851(2) 0.0474(1) -0.3350 4.33%
c1 ~0.0697(7)  -0.0046(7) . 4.55%
cz‘ ~ {0.1364(10) 50.0100(8), | b 7.08*
3 -0.0686(11) °eo.oo36(ip),“ 0.3391 (5) 8.76%
ca ~0.0580(7) . :0.2186(4) 40;3220(5) 3.71%
_lcs, ‘(—0.04BOT§Q§L; 10.3120/(5) ~0.3527(6) = - 5.13%
C6  -0.1351(10)  0.3523(6) -0.4355(7)  6.07*
c7  -0.233010) 0.2999(8)  -0.4869(8) 6.57%
8 © -0.2475(8)r.  0.2068(6)  -0.4570(6) - 5.08%
c%;“ - —0.;597(7éhﬁ_.ﬂ0.}658(5) ' —0.373265)“‘ 3.93% |
N -0.4980(8)  -0.2008(3) . -0.¥384(5)  4.45% .
€10 '-—0;3933(9) ' feo.szZ(s)n' ‘-0~ll§étl4)w 10.92*
el ,49}5023(15); -0.1388(7) ;;—Bﬁdéé4(ay o 10.01%
€12 \—9.4761(11)5 -0,1372(7) -0.2393(8) . 9.07*
c13 -—6.6332(9) ‘-0.2452(6y  ":0.1408(10)./ 7.08"

RIGID BODIES

CHL -0.2398 ~ -0.0170. . 0.2308 - 7.90
oH2 ~ 7-0.1198 °  -0.0085 - :0.4177 - . 9.60
'l ] . . o ' i . .

o -



Table 41 (continued)

Atom

H3
H4
H5

H6

H7
’7

H8

H9

. BARRIER -~ 0.02" .

; RADIUS:
.1D ,°

E
__F.;
 HlO
H11

“H12 -

BARRIER

0.946 7 ¢

X

4.610°
1.571
1.571
0.0269
-0.1241
-0.2981
-0.3209
3.391
2.447

3.747

HINDERED ROTORS

0.3512.
0.4203

0.3283

0.1671

y

' -0.3503
-0.3250

-0.4316

b

0.721

.~ ~0.5980
~0.4537
-0.4571

1 0.02

- -0.2810
-0.2381

- —-0.3238

P

~ -0.1260

~0.0797 -

®

~0.1722

-0.3143
-0.4566
-0.5469

-0.4949

-0.1985

-0.0636

-0.0827

-y

-0.0060
-0.0446

§.0416

170

- 11.00.

11.00
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Table 41 (continued) ,

ATOM X Yy : oz B
RADIUS  0.946

D 0.625 . )

E | 3.106

F 0.0 ’
H13 -0." 75 ~0.1230 ~0.2447-

H14 -0.5275 ' -0.0785 -0.2238 9.5
HIS  -0.5078 -0.1674 ~0.3144

BARRIER  0.02

RADIUS 0.946
D  0.676
E 6.091
Fo 0.0 '
H16 - -0.6652 ~0.2550 -0.0568
H17 ~0.6972 -0.2034 -0.1853
H18 -0.6265 . -0.3065 -0.1838
-BARRIERl_ 0.02 - o -
o S ' : = ) o g _ . %& .
_“RADIUS  0.946 o T
‘0 .f'.. 0.444
E - 4.689 ;-
 ;i%¢ F 0.0

S
o,
N

Alequivalent isoffopic temperéturé‘faétors~corre5pond1ng to
f{ﬁhez&nisotIOpic thermal parameters shown in Table 42.

éD,VEj-andvF are as deétribed»for Table 32.

: bBARRiER‘(Bd) is the relative barrier to rotation of the
‘hindered rotor group. Bd- = V5/2KkT, where Vo = potential
barrier 'to rotation (kcal mol-1l). o v
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€

o o
TABLE 43: INTRA-IONIC CONTACTS (A)

ATOMS _ DISTANCE (A) ATOMS DISTANCE (A)
Cozr-sy ). 2.s55(2) - zr-s2 20537(2)
z2r-53 | 2.538(2) s24s3 3.255(2)
q S1-s1' 3.275(3) - S1-S52° ©3.424(3)
'52-53" 3.662(R) 51-53 3.665(2)
1.759(6) . s2-ca | 1.764(6)
‘1,572(7) ‘ cl-c1' . 1.391(14)  *
- 1.410(8) ~  c2-c3 1.364(11)
:?f7 iﬁ366(22)_ ca-cs ~1.388(9)
_?f;1.389(10). G C64C7: 1.355(13)
T L3sealy csco - 1.400(9)
71.388(9)¢ +  N-clO  1.416010)°
1.530(10) N-Cl2   1.462(§)
1.3487(16) e . | /;
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“TABLE 44: - INTRA-IONIC ANGLES (DEGREES)

ATOMS “ ANGLE _ATOMS . ANGLE"‘
S1-2r-s1' .. 79.74(8) - “ 32;2§753 79,80 (6",
S1-2r-s3 92.0616){2. 'gl:ér~séf 84.51(7)
S3-2r-s2' \52,40(§5 3 éB-Zr—s3!' '101.19(8)
S1-2r-S2. 105.03(7) ]szzzr;SZ} ‘ 167;76(8)
 S1-2r-S3' . 159.80(7) irf51-C1 107.7(2).
Zr-S2-C4°°  108.2(2) 2r-53-c9 108..0(2)
sl-cl-cl'  122.4(2) $2-C4-C9  131.9(5)
$3=c9-C4  121.8(5) .C1'-c1-c2- '\115.5(5)
¢1“cg—é3 121;é(9) »cz}csﬁca' 119.9(6)
€9-C4-C5 " 118.6(6) Ca-C5-c6 121.4(7)
C5-C6-C7 119.6(8) C6-C7-C8 - 130.7(8)"
c7-c8-co _119;5(8) C8-C9-C4 119.8(6)
Cl0-N-C11 . 106.8(10) | Cl0-N-C12  114.7(8)
C10-N-C13  112.4(4} CLI-N-C12  105.1(6)
C11-N-C13 . 103-8(8) C12-N-C13  112.9(7)
$2'-51-53 162.10(5) S2'-53-51 55;§i(5)t
S1'-52-53" 62.19(5) . : \\\



‘82
s3
53
c1
c1
cl -
c2
c2
c3
' C4
Cc4
_csr
c5”

C8

- TABLE 45:

\
y -

N

INTER~-IONIC CONTACTS (A) ..

.

ATOM 2 SYMMETRY OPERATIbN ON ATOMvZ
H5 1/24x, 1/2-y, z-1
c1q ¢ i,\;;oz‘
H2 ‘ x,‘?, z-1.
cl2. x-1, ¥, z-1 ,
C10 1/2-x-1, 1/2+y,
S C13 1/2+x, 1/2-y-1, Z
. ci0 1/2+x, 1/2-y-1, %
Cc13 i/2+x, 1/2-y-1, z
C10 1/2-x-1, 1/2+y, 'z
cé 1/2-x-1, 1/2+y-1, -
H5 1/24x, 1/2-y, 7-1
C13. x-1, y, z | t
H6 1/2+x, 1/2-y, z-1
c8 1/24x, 1/2-y, -1
Z'c13:' x-1, ¥, z & .
Cl12 x-1, y, z
c13 x-1, ¥y, z

~

176

. °
DISTANCE (A)

.3.031

'3.786 (9)

2.930
3.756(£17
.446(15)

3.657(13)

'3.730(15)

 3.662(14)

’ Ci%.792(13)3'
L.3.494(12)

3.73317)
,34754(12)
3.036
3.687(12)

2.832

3.666(10)

3.745(13) +

)q



(A)

(B}

(C)

(D)

(E)

P

TABLE 46: LEAST'SQPARES PLANE CALCULATIONS

~ - r o
ATOMS FORMING PLANE: ZE, S1l, s3

EQUATION OF PLANE: 0. 3?85X - 0. 2147Y - O 77182

'~1.6254 2

, i : _ .
ATOMS FORMING PLANE: 2r, S1, sl

. ' ' o A
EQUATION OF P%ANE: -0.0622X -+ 0.9978Y = 0.0

W
A}

ATOMS FORMING PLANE: S2, §3, C4, C5, C6, C7,
c8, c9.

EQUATION OF PLANE: 0.6201X - 0.2685Y - 0.73722

L
L4

-1.4221

. L . o
DISTANCES OF ATOMS 'FROM PLANE  (A);

s2 0.000(3)° €6  0.014(12)

'S3 ' 0.002(3) c7 . - =0.013(14)
.C4 -0.032(10) Cc8 -0.016(15) ~
CS5 =0.015(11) c9 0.044(15)

3

2r ~ -0.1303(8)

ATOMS FORMING PLANE: S2, S2', Ccl, .Cl', c2, C2',
. i .
e E

EdUATION OF PLANE: -0.0717X + 0.9%974y = o.d

‘=DISTANCES OF ATOMS FROM PLANE (A)

SI  0.003(3) .oc2 -@?046(13)
Sy’ -0.003(3) © c2' 0L046(13)
c1 | -0.016(10) c3 0.044(15)

Cl'. . 0.016(10) c3! - - =0.044(15)

i

ATOMS FORMING PLANE: S1, S3', S2°

EQUATEON OF PLANEt:0.9176X + 0.3961Y - 0.033722

_\' - -1.5424 ¢

| {
E

177
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Table 46 (continued)-

a

A
(1)
A2)
(3)

4) .

/

Y.

RO

X, ¥, and 2

o

.re in'A'and refer to the_ortﬁogonal

coordinates along a, b-apd c*.

TOMS

Zr,
Zr,

Zr,

Zx,

s2,

CF,

cs8,

TABLE 47: DIHEDRAL ANGLES BETWEEN

Y

- SELECTED PLANES

IN PLANE 1

s2,

53,

ceo,

Cc9 .

(5)+~s2, s3,

c6~c7,

S3

S3

S3

Cc4,

. C7,

.C'4,

cs,

C5,-

C9

ATOMS IN PLANE 2

Zr, 82,/ 33'

2r, .s1, s1° -

s2, s3, ca, c5, Cs,

c7, c8, c9
s1, s1', c1, c1', c2,
c2', c3, c3'

s2', s3,', c4', c5',

cé6', c7', c8', C9°

s1, s1', c1, c1', c2,

c2', C3;:Q3'
o

ANGLE
(DEGREES)

1 101.1°

104.7.

i

95.0




— . A | 179

’

. - - . ) . . . ) . . ) . 2—
- Figy 17: A Perspective View of ;he Zr(82C6H4)3

- Dianion, Viewed Down the Approximate

-Moiegular.3-861§ Axis. - ’ ' , ' P
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A.?erspe¢t;ve V;ew‘of [N(CH3)4]2[2r(52C6H4)3]'

18:

Fig.
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.,"‘;Eh ’ . [ S
. - . ) o . . * . v N
n, . viewed down its approximate .

17, and the dianion

e ~'~' : i .«
catlons s;t 1négenerai p051tlons.g

& ,\r

! . . Q,In the dlanlon, .the six sulfur atoms are
' A W : .

i,x\/' ik e

form a coordlnatﬁon é%lyhﬁarop whlch is 1ntermed1ate

-

, between ‘an octahedrogaand a trlgonal prlsm.v Since
. o “ J‘} “i. )

SYE

iagme ﬁ$ are approx1mately planar, the

33
‘J

3°

i .?AA _ . )
-‘@'“? approx1mates D ‘The dithiolene.
N g \ . ’

gaﬁﬁnfidﬁe ffom thémzrrconlum at in a "pro-

peller llke arrangement as dpposea to the "paddle-

wheel? arrangemenr in, the trigonal prisms. . .

-

L

In descrlblng the degree of dlstortlﬁn of the

%

metal coordlnatlon from elther oﬁ the trlgonal

prlsmatlc or octahedral llmltS, two parameters are : -

espec1ally useful; the S M S angles involving sulfur
atoms which'are almost trans to each otherf and the

pro;ectlon angle between the two trlangular faces of

the prlsm (trlgonal thst angle) N

o

In a regular trlgonal prlsm the S M -S angle

between pseudo ftrans' sulfur: atoms is approx1mately
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136°. In an octahedron this angle is 180°. These -
two extremes are shown in Fig..lQ, the S2-M-S4 angle .

‘being‘the angle of interest. However, for an

5 TRIGONAL PRISM  OCTAHEDRON

v

Fng.l9. "Trans S-M-S Angles in the Trigonal

Prism and the Octahedron. S

v

rd

intraligéndls-ers éngle of - 80°, considering only
the geometric constrdints of the ligand, a trans
S-Zr-S angle of 170° is obtained as the corrected e '3

161. The values observed for the .

- octahedral limit. ]
Zf(bdtjg_ dianioni[i67.76(8)° ahd.159.80(7)?] are Fhos

- closer to the octahedral limit aod on‘this baSis the
zi:coniﬁm coordination can bé desoribed as distorted
octahedral. The non-equivalence of tﬁese_two indepen-_
dent values indicates that the distortion is not regular

" and that one ligahd_(contaihing S1 and S1') is |



rotated more towards the trigonal prismatic* structure

than the other two ligands.

The other indication of the degree
from fhe‘pri;matic or ectahedrelvlimits
twist orlprojection angle shown in Fig.
trigonal pfism Qhere'the two triangular

ecllpsed ‘this angle equals 0°, whereés

of'distortioﬂ

"is the trigonal
i

4 «
20™ In the’
faces are

in the ideal

g_octahedron this angle is 60°. Aqaln however, because!

of the cgnstralnt of llgana blte in these bldentate

ligands, the octahedral limit is not attalned. Rather,

this angle will be limited by the ratio

<

Fig. 20. Trigonal,Twist‘Angle Projected

of intra-

L

Perpendiculqr to the Molecular 3-Fold Axis.

183 -
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ligand S-S distances to the M-S distances: For the

' )g- dlanlon, this ratio (1.284) predlcts166

ﬁbas}s of mlnlmlzlng 1nter11gand repu151ons)
‘W@St angle of approximately 48° for the- corrected v

octahedral llmlt. An average thSt angle in’ thls

structure is calculated at 37° u51ng equllateral

trlangles that correspond to a best flt w1th the
observed individual atom coordlnates Thus the twist
angle dlffers from the corrected octahedral limit py -

only 11°. By comparlson, in the structure167 of

Bd

Al(O C7H5)3, the observed trigonal twist angle(&48 1°)

. . T . .
“is essentlally that calculated using the constraints

of ligand bite and-this appears‘typical'of»structUres

where the only factor favourlng the prlsm 1s mlnlmlzatlon

.

of the 1nter11gand repuls1ons Thus the deviation

Cof 11° from the corrected octahedral limit 1s ‘sig-

nlflcant and 1nd1cates a gegﬁlne tendency towards

trlgonal prlsmatlc coordlnatlo 1 this structure.

: ° ‘ .
The ersbdistances (av. 2.543 A) are longer

than those obse:ved 1n the molybdenum and niobium

"frzs (benzene dlthlol) comolexes (see Table 48) and

thus complete a trend through thlS series w1th the

Jmetal -sulfur distances 1ncrea51ng approxlmately

as predlcted by thelr covalent,radli.133 As w1thrthé

‘niobium complex, the metal-sulfur distances again

184
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contain 1rregular1t1es of statistical 51gn1f1cance.'
Y
The 2r-S dlstance w1th1n the ligand blsected by the.

two-fold axis [2.555(2)-A] is longer than the.other

two 1ndependent 2r-S dlstances [2. 537(2) A and

2 o . T
2. 538(2) A] : S

9"

.Although this(i:fplex is of'considerable”interesté?

in relation to the‘ather tris dithiolenes, itcis.:

interesting in its own right. - The number of struc=
. : o
,turally characterlzed six coordlnate 21rcon1um‘ o

168

_complexes is small and 1ndeed [N (CH [Zr(bdt)3]

30412
is belleved to be the first exanole of a . six coord}nate
.zirconium-sulfur complex., The observed VA ol S dlstances
lie mldway between the values 2.49 A and 2. 58 A
correspondlng to the sums of the covalent and'ionic‘
(Zr4+ and S2 ) radlll33 163 rcspcctlvely. 4
The\lntrallgand S-2r- S angles (av. 79.77°)
are'sllghtly less than those observed.in Mo(bdt)3
Yiénd Nh(bdt); (82.12° and 80.35° tespectively) and

““complete a trend through-the series; Thls trend is

due to the relatlvely fixed llgand blte whlch does not

1nd1cat10n of the tendency of _the l}gand towards‘

elther .the oxidized or reduced formulatlons. In Zr(bdt)
NN 24

'thevaverage_S-C dﬁstance (1.765 A) 1swvery close to



-

/;;

A~ s ,
*that pred: ~ted for a 51ngle ‘bonded sulfur carbon /
dlstance (1.77 A)84 133- Thus the llgand geometry

aporox1mates that corredpondlng to the dlthlolato

formulatlon and the formal ox1datlon state of, (IV) A

appears to be a reasonable descrlptlon for the
21rcon1um atom in thls structure. This structure is
1mportant in demonstratlng that the llgand can attaln
the dlthloLato limit. ‘The carbon-carbon distances
within the,llgands.(av. 1. 384 A) are Close to those

obsenved inbenzene.158 However, as 1n the molybdenum

4

and nloblum complexes, shorteningiof the C C bond

“is observed (see Fig. 21), probably due to thermal

motion of the rings. In addltlon, in llgand 1,

whlch is blsected by the crgstallographlc two-— fold

"aX1s, the bond lengt%s vary 51gn1f1cantly throughout

the ring. One worrylng feature of thlS rlng is the
presence of anomalously high thermal parameters

(Ull s) of the carbon atoms ThlS seems to 1nd1cate»

jﬁelther a dlsorder or a sﬁstematlc error is present

The dlsorder could correspond to: the non- equ1valence

of 2r-sil and Zr-S1' dlstances for. \a partlcular modep

R .,-J.,

conclu51ons of this study. The C- -C and lengths
within the rings are therefore unrellable and no

chemlcal 51gn1f1cance//hould be placed on thelr

. } o = . ' R . y
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1.765 C T
| c S
Vi 1_.390 1,361 B
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’ AVERAGE
: 2 { -
+Fig. 21: en51ons Wlthln the Dlthlolene
A ngands g . |
.;_";' : ‘ . ",
differences. . - ' o , i e, Lo
. The 1nterllgand S S dlstances are, : ]

as expected
D

much longer than the 1ntrallgand dlstances, thls due

amax1mlzes the 1nterllgand separatlons.-

'the 1ntrallgand S- Stdlstances in Zr(bdg§3

_than those 1n Mo(bdt) and Nb(bdt)

merely to’ the dlstortlon towards the octahedron which.

In addltlon b o ~
are longer-

3 and are due to

1ncrea51ng S -C dlstances through the" serles. ‘The -

.
-

4



N ) - . S e o
~~-  TABLE 48: SELECTEQ DISTANCES (A) FOR

7
COMPOUND
Re (5,C,Ph,) 4
Mo (S,C

V(52C2Ph2)3

VIS,C, (CN) ,) 5

Mo[SZC2 (e))]

R 2__
WIS, G @yl

o .
FelS5@D,]5

InlS,Cp (@) ,15

MO(SZC6H4)3

Nb (S,CcH,)
2-
614) 3

6
 Zr(S2C

-

i) 5 -

2—
2]3

'M-S N

2.325(4)

S 2.3301
'3,33841)
2.36(1)
2.373(4)

12.371(5)

2.261(2)"

X

2.604(8)

2.367(2) .

2.441(2)

2.543(2)

FOR -TRIS (1,2-DITHIOLENE) COMPLEXES -

S-S

- (INTRA)

3.032(10)

3.10
3.960(6) 
3.13(2)
3,113’
3.112
3.147(2)
3.40(1)
37110 (3)
3.150(3)

3.265(3)

,»
. 8-S

({NTER) ' F‘C REFERENCE

3.050(8) '1.692

3.11  1.70(3)
3.065 1.69(1) "
C 11;;2(2)
1.74 (1)
1.73(2).

1 1.731(4).

- 3.89(1) 1.q§(3) ,
3.091(2) 1.727(6)
3.232(3) 1.744(7)

3.584(2) 1.765 (6)

- 129

130
1132
140

141,170

- 170

142
171
‘THIS
WORK

"

'éWhere standard'deviations are not shown, they were not

; o ‘ A : . . '
~given in the original pPaper. In Ré(SZC Phg)B-thebstandard -

4

deviations are not shown due to a wide ra:n -~ n S-C

distances. -

!



189

A ‘ : ~'8p °81qel uy czozm nmocouwuomv

*EIXE vHOu £ ucﬂsuoﬂos 03 unﬂsoﬂvcmmuom nwuomﬁoum e1bue umﬂzu anomﬂue

. , : .cm>ﬂm otbue umﬂzu 1@ 883RUTPIOOD ozn

: - *xaded Hq:ﬁmﬂuo usy :m>uv mwuc:avuoou OoTwo3w EOuu 2LY ‘3012 cﬁ kucﬁ:uﬁcu

NOYQIHVLDO - : : ,,m
aaINOISIA  §'0'6°C ©0°LE . (8)BLEST, (L)LL*6L YT 25) 1y
\ WSINd ) . . ) : Ty
TYNOOT¥L ;b 2z S L0 (L)90°SET (L)sE*08 C"%%s)an
WSI¥d 0°0€ - L o ; . C ebo.z
TYNODINL  ‘T°1Z'T €1 0 (L)OL"SET ~ (8)8T°28 (i)
‘2. NOWQFHVLOO o T . o I T 4
2 Gauvolsia - (€)E°69T (6)6°18 _g [T (N2) 7o%s)u
5 . B . -
.77 NOYQIHYLDO -- _ 09- - ‘1y0°88 -MHNAzUVNUmwumm
B z- 82 ST S (2)1°28 S tolsia T
“ Sz 8z 9sT S (Devee «MHN«quNUNm.oz
*  NO¥QEHVLDO o _  eoen o 2 2 .
| Q91¥01S1a q ALSINL 9°8ST . RN s14
" -- o 58 , 9€T- A (Z2)L°18 mﬁwzm~o~mv>
" B o eeT- . sze Etitolsron
WSTHd 5oy
TUNOSTHL -- o 9eT- (v)b°18 € (Cua®ols)ou
- atoNy, S Ve | JdHOD
NOILY anvoI1/%su igdTONY (SNYYL) §-W-S (VHINI) 6-H-S : voz:omzou
-NIQ¥00D L NGTLOdrOUd : I

. TV¥Q3HIA
- \ . r. . N i N ) oL
(5334930) SAXITWOD (INITOIHLIA-ZT) SI4L ¥OJ SITONV ‘AALOITAS 6% FTAYL X



L 190 /

S5-C-C and c-C-C angles w1th1n the llgands are all

close to the expected value of 120°. / T
An interesting feature observed in Mo(bdt)3 and

isoelectronic Nbgbdt);' is the‘large,bend of the

Msé planes from the ligand SZCC planes~(2l,4° and

22.4-° respectively). "This had also been observed in

S0 : 152 5

| 2)3 and Mo[Se c (CF3)2]3 ‘but was not

'?observed in Re (S C %h ) 1 9 V(S,C.Phy) . 132

. 273 0&' 27271203

- In ér(bdt) these. Alanes are ‘approximately coplanar, \

‘Mo (S,C,H

the: dlhedral angles between ZrS2 and'SZCGQElanes
belng 3.9° and 0.5°. ; Although Schrauzer had attri-
buted138 the bend observed in Mo(s C2H2)3 as due to
,hybrldlzatlon of the sulfur atoms between spz'and
sp3,\1t is then dlfflcult to account for the near
planarlty of- the llgands in the 21rcon1um, rheanm
~and vanadlum complexes. | |

Comparlson of the angular parameters ln Table 49
'allows ﬁhe complexes to- be placed in order of 1ncrea51ngv
tendency toward the trigonal prlsmatlc tructﬁre; ” |
Con31derat10n must be glven ,to the ge al cr1tlc1sm‘~\j"
offX—ray»crystallogr h1c studles, that one cannot = “
guarantee that the observed geometry correspo&ds to the
'ground state. Thus the dlfferences between V(mnt)3

anrd Mo%mnt)gT [oxr W(mnt)3 ] may not be 51gn1f1cant

" The order for the dzanionic spec1es is then: -

§
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corrected

tahedral =~ Fe(mht)g_ < Zr(bdt)g_ <

limit - C —

k V(mnt)g '
} oo << trigonal
Mo(mnt) . prlsmatnp
- llmlt
W (mrit )) %

J

The corresponding order for the isoele tronic series,

‘as described in this thesis is:

corrected o 2 o o , '
octahedral - < Zr(bdt)3 << Nb(bdt)3 < Mo(bdﬁ)3
- limit ' :

Chapter IX presents a general rationalization for

these trends. _ - ’ i ’ .

rspective view of the dlanigg éhd the tetra-
‘metg§:;::onlum catlens 1s shown‘ln Fig. 18. 'As
expected the catlons Pre close to tetrahedrel with
the small dlstortlons present belng due to packlng
: effects. The average N-C dlstance (l 474 A) agrees ;
,qulte well w1th _that predlcted (1.47 A) assumlng'
51ngle bonded coval rad11.l33 Thle‘value is also‘
"1n good agreement ;th\prev1ous structural determ1na—<
tiOns in which thev}etﬁamethylammqnium caﬁion»was’

',1nvolved 173,174 R - o



CHAPTER IX:  TRIGONAL PRISMATlC vs. OCTAHEDRAh
COORDINATION IN TRIS (1,~2—D1?1‘H10LAT6) 'COMPLEXES
The isoelectronic series of tris (‘,Z—dithiolato)
'CompleXes; describedvin the latter part nf this thesis,
show dramatlc ohanges in the coordination polyhedron
These chﬁéges, from an almost perfect'trlgonal prism
in the heutral molybdenum complex, to a very sllghtly
-dlstorted trigonal prism 1n the niobium complex anlon,
to a dlstorted octahedron in the 21rcon1um complex
‘dlanlon, are accompanled by smooth 1ncreases in metal-r
sul fur dlstances,,sulfur—carbon‘distances, and inter-
ligand gulrur—sulfur diStances (see Table-48). These
changes correspond to the.increasing importanCe of
.the dithiolato'formulatioh for the'ligahd, that'is,
SZCGEQr' The 1ncrease in 1nterllgand sulfur sulfurv
distances would lead to a reductlon in dlrect sulfur-
sulfux bondlng, which has been postulated as a factor
in stablllzkng the prlsm.lB? 138 170 ln this chapter
‘the structural trends are correlated w1th molecular
‘orbltal energy level dlagrams.
| Two energy level sohemes have‘beenrpresented to
account’ for the stab111ty of the prlsm in certaln‘m
tris (l 2- dlthlolato/ complexes. One of these schemesy
‘dug” to Schrauzeraand Méywegl33t(which will be referred

t soheme 1) is presented for an unspecified first

192
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transitiJ{'series element. The imporz?nt levels of

this scheme are shown in Fig. 22. The alternative
scheme, due to Gray et. al.137 (which will be referred
'to as scheme 2), is SEownvin Fig. 23. The‘differencesu

between the two schemes arise, in part, from the
relative.positions of the metal and ligand orbitals.
Both schemes agree on the- 1mportance of the 1nteract10n

of the metal d z2- y2 and 4 zy orbltals ‘with approprlatek

icomblnatlons oﬁ llgand n orbltals (symmetry b, for

1
an 1solatedwllgand) to~g1&e,bond1ng 4e' and anti-

honding'ﬁe' levels. Scheme 2, however, propoSes an»'
additional'significant intetaction between the“metal
d 2(3,\ltal and ligand non-bondlng sigma orbitals,
giving one bondlng (2a ) and one antlbondlng (3a )

level.’ Scheme 1 has also been challenged on the basis
' 132,175

'of electron séln resonance studies, and can

- be shown to be inconsistent with the»electtonic'spectra
‘in this'series.of componndsw Spe01f1cally it predlcts
an increase in . the frequency that would correspond to

the tran51tlons 3a! - S5e” and 3a! -+ 2a '-when comparlng 7

1 1 a2
the nloblum complex w1th the molybdenum complex,vwhlch

is the-opp051te of the experlmental results (Table 18).

S . [ . .
Scheme 2 correctly predicts the experimental obser-

vations, as Gray et. alil37 attribute the transitions

“as due to:2a5(nh); 3ef(nhr‘+ 3aild22).

B

132

194
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Slnce scheme 2 seems more con31stent with the
experlmental results, it is favoured over scheme 1,
and therefore w1ll be used in all subsequent dlscu551ons.
In thlS M.O. descrlptlonadFlg 23), the levels 2a2,'
3e' and 3e" ﬂcon51st malnly of sulfur sp2 hybrld -
orbitals (# ) at 120° to the o orbitals p01nt1ng at
the metal. The 2a ‘orbital is non-bonding -and the

'3ai is pr1nc1pally metal in character, hav1ng symmetry

d_. The 4e' and 5e'.are both metal (d_- 5>+d_ ). and
z : . o=y xy

ligand (}nv) in character and .both are strongly de-
locallzed over the metal and ligands. Stablllty of
Uthe ‘pPrism was postulated by Gray et. al. as due to
interaction of the sulfur T orbltals with the metal
' :d 2 orbltal produc1ng the stable bondlng orbltal 2al,
which is always filled; also.the 1nter§ction of ‘the
‘metal dz2_y2 and d orbitals with the 3r_ ligand
orbltals produces the stable 4e' orbitals which
are.also fllled in these complexes.

| In order.t0~use'the M.O. scheme by’ Gray et. al.
it must be shown that it will apply to the series of
.interest in this thesls, Considering the ligand and
- metal orbltals separately, it canffﬁrst be shown that : P
the energy 1evels of the molybdenum 44 and rhenlum 54
176 N

orbltals are similar.: Therefore use of the molyb- : & S

denum atom 1nstead of rhenlum in scheme 2 1s Justlfled

>
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The energy levels of the ligands S

55 2 and SZC6H4
can be compatred using the calculations of Birss and
Das Gupta 160 The = orbitals for,these ligands, the

calculated orbital energies and geometries are presen-

ted in Figs. 24; 25 and 26. Each ‘ligand is shown in ,f
the reduced. form (corresponding to the dithiolato'
llmlt) and in the neutral or oxidized form (2«
’electrons less). The © orbitals of particular interest “.,
?re the 2bl for SZCZH2 and 3bl for s.,C_H Comparing‘

276°4°
the oxidized forms of the ligands, the energies of <g
" the _ \
~the Zbl‘(SZCGHZ) and 3bl (S 2% H, ) levels are -16.4 e.v.
and -15.3 e.v. respectively. A comparison of the
- reduced forms of the ligands shows the energies are Coaw

-10.2 e.v. .and -10.0 e.v. for the same levels " The. - .é%“

probab]e error 1n those energy levels is of the order

of 0.3 e.v.. Thus" lt is clear that the molecular
orbital scheme oroposed for Re(S C H2)3 should :

. approximate that used‘for MO(S 6H4)3' because oé%;ﬁﬁ?

energies ‘ L
; ' 137 R
As-postulated by Gray et. al., the stability
of the prism is due, in part to the interaction of SN
the ligand 3n and metal dx2—y2 and dxy orbitals, &

producing the de" orbital. The series, Mo(bdt)3,_

«

Nb(bdt);‘and Zr(bdt)g-, permits examination of this
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poStulate,»51nce in thlS 1soelectron1c series no
change in the geometry of the coordination polyhedra ' L8
can be attrlbuted to the occupatlonﬂof the antlbondlng
141,170 e

orbltals, as has been postulated for the de-
{

stabilization of the prisms in Mo(mnt)g- and W(mnt)g_.'

" The 4e' level should be extremely sensitive to

) . . [
il . ©orbital energies due to. the rnear- equlvalence

in energpibf the d Orbitals and the ‘4e’ level. Th
3y € J ]

- Zai.level will«also be affected but not as much, due
to ‘the greater energy separatlon of 1t<from the metal
d orbltals. _.As the d orbital energles increase, the
4e' level should bé destablllzed and. should become

- more llgand (3n )" in character This 1ncrease in the
llgand character of the 4e' level shoufd be paralleled

by a structural change, correspondlng to an 1ncrease

in the contrlbutlon of the reduced form structure

The molecular orb1tal descrlptlon of the llgands

is used in preference to the over51mp11f1ed valence

bond descrlptlons, that 1s,,the dlthlolato and di—?/
Uthloketonlc structures, shownéln Fig. 11, since the
‘discussion concerns energy‘levele;and not'just‘geometric’
changesi ) | | | >
-« The ligand undergoes. extensive geometric changes
.upon;thebreduction:- B

[N

- o _ . ' _._ . )
§2¢6H4‘ (B:W electrons) +v2e:+l52C6H§' (lO_n electrone)
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.as/ds shown in Fig. 26. 1In principle, both sulfur-
carbon.and carbon-carbon distances could be used in
assessinglthe relative importance of. the reduced and
oxidized Structures in a particular case.. In practice,
‘the‘high'uncertainty in’th% carbon-carbon bond'lengtﬁ B
(due'to naturally higher stand rd deuiations and largel
effects due’ to theréal mot;on) makes ‘them unsu1t§ple

fora/ semi- quantltatlve dlscusslon and the more re-
liable sulfur*carbon dlstances prov1de the only useful,
lgulde. Sulfur carbon bond lengths for the tris,
(benzene—l{2~d1thlolato) complexes,‘descrlbed in~this
thes;s,‘and the theoretical?geometries of'the oxrdlzed

and reduced formulatlons can be ordered as follows
1 .

c2 6 4’ (1. 648 A) < Mo(bdt)B, (1.727'A) < | ‘7?
Nb(bdt) (1. 744 A) < Zr(bdt)zf, (1. 765 Rm 52C6H§ '
.(l 763 A) Thls series 1nd1cates that the,llgand

tends toward the reduced geometry as. the energy of the

d orbital 1ncreases, v ‘ 'Eﬂv o
. [ ’ : ‘
In asse551ng the ligand and metal &rbltal cha ac—

-ter of the 4e' level 1t should be noted that apprgf?late

‘extremes do not correspond to [86 18 12] and

= 6- . L
.[36 18 12] (equ1valent to three llgandslln the
oxidized and reduced forms), since the ligand 3ﬁv

. orbitals. glve rise to the 2a2 1eve1 -as’ Yell as the 4e

'leveli (see Fig. 23). This 2a2 level is non-bondlng,
/ . 2 o



e

A9
A

entirely located on the ligand and is alWays occliipied
by two electrons. Hence the discussion of the 4e’'
levels must utlllze llmltlng geometrlesq%eflned by

2- :
[S 18 12] and [S6 18 12] , that 15, allow1ng‘for

the 2a' occupancy.

i Flg‘ 27 shows the plots of s-C bondkiength vs.

s-C n“bond order fFor the ethylene and benzene. dlthlol

11gands, as-calculated by Blrss and Das Gupta.160

’ The limiting extremes,

S

, 2 )
§2C2H2 and SZCZHZ , also

52C6H4 and SZC6H4 ., are shown on the respective plots.»

For the llgand system S6C18 12 , the_n bond order

and bond length can be calcglated assuming, one con-’

‘trlbutlon of S.C H2 for two contrlbutlons eof S C_H

2 6 4 727674
Thls ylelds a S -C bond .order of 0.50 and a

correspondlng S-C bond length of 1\69 A.; If the 4e'
levels are completely ligand in character,'thevligand
3nv orbitals WOuld contain 6 electrons and\w0uld be *

descrlbed as .S_.C H 6-

6C 18 12 - The S Co bond order and

S-C bond length for thlS extreme are 0.17 and 1. 76 A

'4ef orbital is completely metal and completely llgand ;

. 'in character, respectively.

2-
respect;vely; These two lrmlts, SGC18H12 and

SGCIBngp,then correspondbto‘the extremes thatﬁthe

¢
In,Mo(bdt) the average S C-. bond length (l 727 A)

_corresponds to a n bond order of 0 32 and thus lies

S

.

5%
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©'$-C BOND LENGTH {A)
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approximateiy midway between the'SGCleng and 56C18 12
extremes. The 4de' leyel therefore has approximately
equal contributions from the metal and ligand orbltals.
~Ir Nb (bdt); the S-C bona length of 1.%4/4 A and n
bond order of 0.24 corresponds to three quarters of
the electron densitydof 4e' being on the ligand and
‘only one quarter,of the electron density’beingiéﬁ’the ’
,metall The S-C bondilength of 1.765:3 in erbdt)g
indicates tbat thenligand haslreached the 1imiting
reduced formplation.: It is to be noted, hoWever, that
~there 1is a tendency in the zirconium coordination
toward the trigonal_prism, indicating nogsibly that

the 4e' level Stlll has a small-amount of metal-
contributlon It is also p0551b1e that the tendency
toward the prlsm is favoured by the overlap of fthe

‘.llgand .and meﬁad a 22 orbltals, which may still be

VR

operatlve. q' '_
In Chapter V it was mentioned that any. comparison-

4

E

in bond lengths‘between ethjlene?and bénzene dithiol
ligands shouldkbe made'with extreme care. This can
- now be demonstrated w1th the aid of the calculatlons by

‘Blrss and Das Gupta,160 shown in Flg\\27 - In the

’ethylene d1th101 llgands, employing similar arguments *“'

- e

;_as used for the benzene drthlol llgands, the'S—C'

E AN .
,r‘ \-a .

» .

2~
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the SGCGHE and S _C H6 extremes  These bond lengths

6 6 6
'and R bond orders are l 66 A and 0. 54 for 86C6H§
\
6
and lalé A and 0 17 for S 6 6 Thus although

Mo(52 9 :)g\has S-C distances (av. 1.70 A) which are
shorter than in Mo(hdt)3, a comparisohfon Fig. 27 *
shows that in the two cémplexes the 4e'! levei‘has a‘
similar make-up. It is therefore apparent that for
‘dlfferent 1lgands,.even ‘in similar bondlng 51tuat10ns,
-dlfferences in bond lengths are to be expected.

The series of complexes, Mo(bdt) 37 Nb(bdt)_ and
ZL(}dt)3_ theieforeshowsthe 1mportance of the inter-
action of the metal‘d 2 y2~and d xy with the Tigand
w? orbltals in stabilizing the trlgonal prism. In
addltlon, ‘the prism stablllty in this series is maxi-
mized in Mo(bdt)3,-where the 4e orbital contalns
approximately equallcontributiens from metai and ligandv
and thus'the electfons are completeiy,deIOCaiized over
the metal—ligand;framework. In the 1,1-dithiolato | <
complexesl??—IBA the'ligénds do not: have orbitals;of 
the proper Symmeﬁry.andéenergyhto'overlap with3the
d. 2*y2 and d yeorbitals,of-the metgl.l$7 Therefore
this delocalization is not possible and allbl.l-
dlthlolato complexes have dlstorted octahedral co-

ordlnatlons.

Interligand sulfur-sulfur bonding.has'éiso been
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presented as'avreason for prism stabilltyfl37'}38'l70
and the trends obSeEVed in the benzene dithiolgseries
can alsoabe expla%ned.by assuming that a breakdown
lin 5-S bonding occurs;‘progresslng'from the molybdenum
complex through to the zirconium complex.v Asvthe

d energies increase, so also do the metal radii..
Therefore, as the metal radii increase from Mo to Nb
to'Zr;‘the 1nter£{gand S-S distances 1ncrease and
 the sﬁﬁght dlstortlbn observed in Nb(bdt) can be
:explalneg as a partial breakdown in this S-S bondlng
At Zr(bdt)3 p&esumably the sulfur atoms have been
forced far enough apart to result in a dlstorted
ot#lahedral coordlnat$on, due to. an almost complete
breakdown in S-S bonding. A significant argument
however, agalnst sulfur- sulfur bondlng as a major.

- stabilizing force in the prlsn can be seen in a
comparlson of Mo(mnt)g_and,ﬂw(mnt),3 with Nb(bdt);.
In the niobium'compleX‘the interligand sulfur—sulfur‘
dlstances are greater than those in the molybdenum or
the tungsten d1an10ns (see Table 48), yet the nloblum
complex 1s trlgonal prlsmatlc, whereas the dlanlons
are dlstorted octahedrons.

The major argument for sulfur sulfur bondlng has
.4@9 :
~ been the short sulfur—sulfur contacts observed 1n\thé”ﬁ\\v

prlsms, as compared with the predlcted van der Waals-

oo o . o y
S T e

Ln . 2



cOntacts151 (3.70 A). However these contacts probably:

.arise as a consequencesoé other factors which stablllze
?ithe prlsm, and are probably not themselves the reason
for this geometry.- It is belleved that the forces
between the sulfur atoms are repulsive in nature-
rather than attractlvej as proposed 137 138,170 This
can offer a p0531ble explanatlon for the geometry ob~
served132 in V(S C2Ph2)3, whlch.ls dlstorted slightly
from the prism/by a trigonal twist of 8.5°, If, as
.Suspected, the prism dlmen51ons in the rhenlum and
molybdenum complexes129 130 have reached their minimum,.
" due to 1ncrea51ng S-S repu151ons, then in the vanadlum
complex the smaller 51ze of the metal could result in
_poor overlap of the metal and 11gand orbltals (poss1blyg—
;llgand ™ with metal 4 2)._ It is then p0551b1e that

in order to attain the max1mum stablllty, the prlsm

: dlstorts sllghtly by. the observed trlgonal twlst " In
this respect a complete structural determlnatlon of

Cr (s C2Ph ) is de51rable, since X-ray power.photoe
graphs 1nd1cated128'1?9‘it is isomorphous with

V(s C2Ph2)3 _ However, since the‘chromidm radlus is
smaller thandthat of vanadlum,133 if the above arguments
.apply, the coordlnatlon of the chromlum complex should

be more dlstorted from the prism than the vanadlum

‘complex.

208
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Any proposed sulfur—sulfur bonding can occur by
two mechanisms: overlap of the sulfur P orbltals
. perpendlcular to the ligand plane (n vorbltals), or
overlap of the non- bondlng sulfur lone pair (nh orbitals).
It is not belleved however, that elther mechanlsm
has a 51gn1f1cant effect in stablllzlng the prlsm,
since both types of overlap are p0551b1e in the 1,1-
‘dithiolato systenms, yet these systems‘lnvariably
‘have geometrles which are close to the "corrected"”
octahedral limit.

-

’In-couclusion, the importauce of the 4e" molecular

orbital in stabilizing'the trigonal prism is evidenced

in the series: Mo(bdt)y, Nb(bdt)] and zr(bdt)2™. fhe

37
increasing energies of the metal d. orbitals, progre531ng
from the molybdenum to thé zirconium complex;‘de—‘
stabilizes the‘4e level which in turn results in
destablllzatlon of the prism. Interllgand sulfur—'

‘sulfur bonding is not belleved to be a 51gn1f1cant

.factor in stablllzlng the prlsm
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ABPENDIX 1: MOLECULAR DISORDER IN TETRACARBON?(L
+ RHENIUM BIS (u-DIPHENYLSILICON) |

RHENIUM TETRACARBONYL [Rez(CO) [si(C HS)Z]

21
The crystal and molecular structure of ‘
Re (CO)8[Sl(C6H5)2]2 was solved by X-ray diffraction

techniques by Bennett and Haas.64v The'compound

-

crYstallizeS'in the monoclinic space group C2/m -
With‘two discrete molecules per unit cell, thus
_‘imposing sitefsymmetryﬁZ/m onlthe molecule. The unlt
cell .dime'nsions aret a = 13.976 (3) A, b = 10. 549 (1) A,
‘c = 12 025 (3) A g = 117 57(6)°,'g1vmg an observed
.denSLty 1.98(2) g cm 3, which agrees well w1th the
calculated value of 2.03 g,cm,3. A three dimensional
repreSentatiOn of the mblecole isbshown in Fig. 28.
The molecule bears a strong resemblance to ‘the related
hydrldes Re, (Co) ¢ [SJ.(CZHS)ZJ2 and /{ | |
ez(CO)7!2[$1(CcHS)2]2, hav1ng an almost 1dentlcal
4Re2§i2 framework. .As in the hydrldes, two mutually
trans carhonyl groups oh each rhenium atom are'perpen£‘7
diCular to the Rezsiz plane.  The other carbonyl
groups are approx1mate1y trans to the Re-Si bonds.
The crystals contain discrete. and dlsordered,
molecules;'the disorder involving;the phenfl‘groups
attached ‘to. each- 51llcon atom-‘ hOne-phenyl rihg

'1s located approx1mately 1n the crystallographlc

mlrror_and the other lies approx1mately perpendlcular

223
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FIG. 28: -;VA.VPE_RSPECTIVE VIEW OF Re, (CO»)8[SJ.(C6’HS)'2]‘2



‘to 1it. Final refinement of this disordered model

1 2

dent reflections refinlng 52 parameters in the least

yielded R, = 0.036 and R, = 0.057 for 1153 indepen-

'squares refinement.

The final anisotropic thermal parameters (Uij's)
_for.Relahd Si are shown in Table 50, and the final
.positional'parameters and. the isotropic B's are

shown in Table 51. Bond'lehgths and”anélesfaloﬁg |
with their standard.deviations are shown in Table
52. - Inlthe representation of the molecule (Fig. -
28) only .one pair of'disordered4phehyl grogps'are.
shown for clarity. In addition the_ring carbon
ztoms‘are qiven‘artificially‘low thermal paramFters,
» also for clarity of the drawlng.. |

'.The anomalously large values of U for both

22

Re and 81 ‘were 1n1t1ally 1nterpreted as due to
residual absorptlon effects or other poss1ble_

systematic errors in the data.’ However the structural

vdetermlnatlonlss of the 1somorphous Mn (CO) [Sl(C6H5)2]2

' shed new llght on thls problem. The manganese

compound crystalllzes in. the space group A2/m with

~

cell d1mensxons, a = ll.788(2) A, b = 10.480(2)‘A,
[ ] } ‘ N
to C2/m with the a and ¢ axes interchanged). Here

. -again the phenyl rings are disordered in the same

~

225

. o v . )
c =13.744(2) A and 8 = 117.367(6)°. (This is identical

Ce . s
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k%

‘TABLE 50: ANISOTROPIC THERMAL PARAMETERS
FOR ORDERED MODEL

U

U ' : .
Atom U U U 53

“11 22 -Us3 v

12 Uss
Re-  0.0291(3) 0.0534(3)  0.0357(3) 0. 0.0167(2) 0
'Si 0.0314(13) 0.0660(17) 0.0364(13) 0 0.0157(11) 0
TABLE 51: ' POSITIONAL PARAMETERS AND ISOTROPISJ B'.S

FOR ORDERED MODEL

Atom | x | : Yy : z ‘ _ B
Re . 0 C 0.14224(3) o 3.06%
si 0.1388(2) o0 © . 0.1678(2),  3.53% e
; N | | Wi
Cl  .0.0724(8)  0.1448(6)  ~0.1054(9) ° - 4.04(15)
c2 0,1641(5) 0.2649(7)  0.1069(6)  3.99(12)
Ol 0.1162(7)  0.1518(5)  -0.1686(8)  6.09(16)
02 0.1682(7)  0.3414(6) 0.1658(7}' 6.03(15)
c11 0.1424(s) 0.0146(13)  0.3289(6)  3.1(2)
€12 0.1265(10)  0.1262(10)  0.3807(10) 3.903)
ci3 o.1351(10)_ 0.1237(10) - 0.4987¢10) 4.9(4) . —
_c14‘ 4 0.1496(8)°  0,0097(13)  0.5649(6)  5.2(3)
c1s 0:1655(10),_4071018(10) Ao.5139(10)3; 5.1(3)
€16 0.1620(10) -0.0994(10)  0.3850(10)  4.5(3) 5
21, '0.2854(15)  0.0165(13) -:‘0.2008(34)' .3.5(2) |
c22 0;3172(22)’.—0.5106(15)‘ ©0.1090(19) 3.9(2)
C23  0.4261(29) 40.0043(14), 0.1382(21)  4.7(2)

€24 0.5033(15)  0.0292(13)  0.2591(34)  4.5(3)
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Table 51 (con't) .
: )

_ Atom x y oz R B
c2s 0.4715(22) . 0.0563(15) | 0.3509 (19) 6.9(4)
C26 0.3626(29) .. 0.0500(14) 0.3218(21) 4.6(3) e

*Equivalent 1sotroolc temperature factor correspondlng

to the anlsotroplc thermal parameters shown in Table 50

TABLE 52: SELECTED BOND LENGTHS AND ANGLES

(A) BOND LENGTHS (A)

Re-Re ©3.000(1) - Re-si 12.542(3)

Re-C1 1.95(1) - - Re-C2° =~ 1.93(1)
Si-Cl11- S L.92) ¢ si-c2l . 1.91(1)
c1-o1 1.48(1) c2-02 1.17(1)

(B) ANGLES (DEGREES)

Re-Si-Re'® 72.3(1) SiZRe-Si' 107.7(1)

‘c1—Ref¢1'  178.4(4) _ C2-Re-C2' 95.6 (4)
'}cl;ﬁé—cz | .”88{0(3) . Cl-Re-Si 95.1(2)
f'C2-ﬁefSi S 78.7(2) Cll-si-c21 . 105.0 (4)

Cll-Si-Re - 114.1(3) Cll-Si-Re 117.6(4)

' Re-C1-01 _  177.2(6) . Re—C2-02 . 176.0(7).

‘ ' ‘ ' &

»?Primed'atoms are related by elther the mlrror plane or
; e ‘

the two ‘fold ax1s, whlchever is appllcable
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‘ 'y , ,
way as the rhenium analogue. 1In addition the aniso-

tropic thermal parameters for the metals and the : o

-silicon atoms are similar in the two compounds. It

therefore seems unllkely that the anomalous thermal

'parameters in both compounds are due. to systematlc

errors in the data.

It was believed possible that the dgsorder,

~observed in the- phenyl groups, where the. data permit

resolutlon of the: dlsorder, could reflect a dlsorder

of the whole molecule. a proper assessment of: this

-pOSSlble dlsorder becomes 1mportant then, in order to

obtaln unamblguous bond lengths and angles

| The high anlsotropy 1n the heavy atom v1bratlonal
ell1p301ds observed in both the rhenium and manganese'
compounds provided the clue to the mode of dlsorder.
Since the major.axes of the thermal,ellipsoids in

both compounds-Were much 'larger than the other axes,

,1t/was believed that the dlsorder 1nvolved sllght

dlsplacements of the molecule along the crystallo—

graphlc b axis, as shown in F1g 29. The v1bratlonal
,k‘

-e111p501ds are. certalnly large enough to contain two

distinct rhenlum and 5111con populatlons, separated

L

'from their dlsorder averaged p051t10ns by approx1-

' mately 0. 15 A

Thus the completely disordered model was refined
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' ORDERED DISORDERED

Mode of Disorder in Rez(CQ)g[Si(C H

Fig. 5)2]2
,,.3\ .5l vfp; ‘ ) ‘ ’ . o
to test wheth.r;;t We any better fit to the experi-

7 .

!-i‘ﬁ qs )

mental‘data.tﬁév model 1nvolv1ng an ordered

' Re2512‘cluster._%ﬂ ae least squares refinement .
the parameters for the rhenlum and silicon atoms
'were reflned thhout restrlctlon, other than that/
,1mposed by symmetry. However all the parameters
for the carbon and oxygen ateoms e carbonyl groups”
were,not refineqd due to correlatioms betdeen the x
and z coordlnates of the two dlsorderco molecules
r

~Thus for one of the dlsordered forms all coordlnates
were reflned whlloafor the other molecule only the

y coordlnate was; reflned After a cycle of refinement

229



the ordere

"R, = 0.035 and R
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A

the x and z coordinates of :L2 $econd molecule were
. ”
set equal to those of its disorder-related mate and

a further cycle was repeated with the same restrictions

on the parameters. This was repeated until further

"iteration produced no significant shifts.

-The final model had all atoms located’at
approximately 0.3 A from their disorder-related

partners. Thus the data were of good enough quality

to differentiate the two disorderéd_molecules although
‘only 0.3 & apart. The validity of the completely

disordered model was verified by a Hamilton's R

Test’® at the 0.005 significance level, showing that

the disord:;jd model was significantly better than
model. In the final least squares cYcie

, = 0.056 for 68 refined parameters. .

baait

1
The anisgtropi¢ thermal bar&metéré are shown in Table
53. The finai positionai parameters for'all 4'toms
in the completely disorderéd model are Shown iﬁ»
Table 54 alongIWith the'iSotréyié B's of all atoms.

| Electfon.density differenc: aps were algo-
calculated.fof‘each quei anc - e égainlfoundlﬁo be
better for'thé.completely disgrdéred model with iéss

residualvelecfron density in its map. The highest

‘ ’ o ' . o_ .
”peaks on each mapere 1.3% A 3 and 1l.1lle A 3 for

" “the ordered and disordered models respectively, this
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' TABLE 54: ‘POSI;TIONAL PARAMETER_S AND
ISOTROPIC B'S FOR DISORDERED MODEL
Atom @ Ly oz B
Re o;q?‘__‘ 0.1578(4) 0.0 . 2.18
Re' ,'d;b 7 ”:?5 ’0.1266(3)v.' 0.0_/ff Aw2;24*
si . 0.1387(2) = 0.0178(11) 0.1678(3)  2.37% |
c1 0{9743(11)-f 0.1594(19)  -0.1030(13) = 3.3(4)
c1' . 0.0743  0.1303(20) -0.1030  3.5(5)
c2 :.0.1037(10) 0.2773(20) 0;1056(11). 2.9(5)
c2'  0.1037  0.2486(20)  0.1056  3.8(5)
o1 -;»fo.1169({q)Q-“o.1§97(16) 20.1672(11)  5.0(4) -
01" 0.1169 &0.1349(16);f -0.1672  _ 5.1(4)

02 0.1674(13) © 0.3450(17) ,™0.1639(13)  4.0(4)

02" 0.1674 0.3308(25)¢ { 0.1639  8.7(6)
Cl} . '0.1423(8)  0.0146(13) - 0.3295(6) - 3.1(2)
C12 0.1268 (10) 10.1254710) 0.3817(10)  .4.1(3)

: 7 BRI . . o
€13 0.1301(10) -0.2224(10)  0.4990(10).  4.9(4)
. Cl4" 0.1488(8) 50,0086 (13) ° 0.5641(6) . 5.2(2)

€15 7 0.1643(10)7°7-0.1022(10)  0.5119(10)  5.3(3)

€16 - 0.1610(18) -0.0992(10)  0.3946(10)  4.7(3)
S c2l 0.2861(26)  0.0167(12)  0.2009(33)  3.5(2)

©.c22 0.3175{22) ~-0.0094(15)  0.1092(19)  3.9(2)
c23 Q:§259(29) -0.0036(14) 0.1382(21) 4.6(2)
c24°  0.5029(16)  0.0283(12)  0.2589(33)  4.6(3)

BN ‘ N
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Tabl: 54 (con't)

Atom x o ‘. y z B
C25  0.4715(22) ° 0.0544(15) . 0.3505(19) 6.5 (4)
C26 0.3631(29) ﬂ-o.0486(14)' 0.3215(21)  4.4(3)

IR

Equ1valent 1sotroplc temperature factors correspondlng

to the anlsotroplc thermal parameters shown 1n Table 53

&

Where standard dev1at10ns are not glven, the parameters"

were not reflned
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den51ty being located in the v1c1n1ty of the rhenlum
atoms in each map.
Thus although it seems that the data are best

fitted using the disordered model, the initial ordered

model (involving only disordered phenyl groups) is

believed to provide'a good description of the average
geometry, and therefore bond lengths and angles ob-

tained from this model are suitable. This is due to .

‘the mode of disorder which involves only a”small trans-

' .
1atlon of the whole molecule colllnear w1th the Re-Re

bond.- The thermal parameters in this model cannot ’

however, be glven any chemlcal 51gn1flcance 51nce

they (espec1ally the U22 s) reflect the dlsorder

present That the ordered model prov1des a good

description of the average geometry of the molecule

is also seen from the‘bond leggths and angles, which

are all reasonable and in good agreement with the re—-'

lated molecules, Re (CO) Sl(CGHS)z,65

2°5°2°2°
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APPENDMX 2: PROGRAMM@ USED IN CRYSTAL

, STRUCTURE SOLUTION REFINEMENT AND ANALYSIS

AUTHOR | - PROGRAMME ' DESCRIPTION

D. P. %hoémaker -MIXG2 ' Calculates Picker. diffrac-
tometer settings from unit
cell dimensions and cell

type.
M. J. Bennett - PMMO ' Transforms raw . data to
' o : intensities, applying Lp
correctlons '
M. Elder and D-REFINE " Refines cell parameters
K. A. Simpson o : for all space groups..
A. ZaIkin'_ . FORDAP ~ Fourier summation for
‘ ‘ - Patterson or Fourier maps.
W. C. Hamilton GONOQja 'Absorptlon corrections for
' ' : Plcker data.
P.'Cbppﬁns _ - DATAP b;f' }b Absorption and Extlnctlon_
' - R - corrections.
o . . . af‘zf’) B ’ : -
c. T. gxewitt SFLSS - Structure factor calcula-

tion and least- squares
o , refinement of parameters.
/. , 2 R Modified by B. M. Foxman
o . ’ and M. J. Bennett for
e : - rigid body routine, and
GO S ; by W. L. Hutcheon and
' M. J. Bennett for the

€ o . hindered }ftor.
J. 5. Woods MGEQM a _ | Calculates bond 1engths,
' — .'.‘; -angles and best planesr Y
M. E. Pippy and NRC-22 b : Calculates least squares

F. R. Ahmed = . planes.

W. Busing and . B
H."A. Levy . ORFFE ‘ Calculates bond 1engths,‘

J angles, and associated
standard deviations; mod-
ified by B. Penfold .for -
I.B.M. 360 and W. L. Brooks
and M. Elder for hindered
rotors and rigid bodies.

t
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AUTHOR - PROGRAMME DESCRIPTION

C. Johnson ' ORTEP . Writes Plot Command for
: Calcomp plotter, for
plotting three dimensional
-molecular representa- ‘
tions. Calculates bond
"lengths and principal
axes of anisotropic thermal
motion.

M. J. Bennett MMMR  Calculates starting para-
and B. M. Foxman : - meters for rigid bodies
‘ o ‘ and hindered rotors.

M. Cowie - PUBE . .. . Sorts data according to
l : ‘ " any desired segufnce of
h, k, or L.

R. C. Elder - PUBTAB - Prints Structure Factor
' ' Amplitude Tables; modified
by M. Cowie to work in
- conjunction with PUBE.

G. J. B. Williams c  Converts continuous paper
- - FRAME a tape output from automatic .
: . diffractometer, in ASCII
code to "framed" output
~on cards in EBCDIC coding,
’ suitable for PMMO input.

Thls programme was used for the two rhenlum hydrldes.

\

.bThls programme was used for the three tris dlthlolene

' complexes.-v |

L

ThlS programme was used only for [Ph As][Nb(bdt) ] - In

4

the other'two struceures collected by automatic dif-
fractometer, magnet;c tape»output was used. This

was translated frem ASCII,by afsubroutine addedito’PMMO

by mYself.“'



