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Abstrsct
B 'l\:' . ‘. )

silicon bond requires extensive lnvesttgution of syst ffé"

the type LH-SiXX x" where L is k group of ligands. ¥ is a

transition metal ‘and X, x' and x" are the silicon substitusnts.‘;;_if

THe structures described in this thesis uere chosen to~contribute

to a comprehensive study of the effects of vsrying L, H x X and ;
x". S "
| The crystal structure of- (h-csﬂs)Re(CO) HSi( 5) wss
undertaken to investigate the effect of chang{hg the trsnsition
metal while maintaining all other factors éonstamt. The compound
ﬁcrystalliaes in the.monoclinic system with spacegroup P2 /n,unit
cell dimensions a-13.16102) R b-17 502(17) & ,c=9. 579¢4) R '
P-92 12(8) and four molecules per unit cell. ‘The rhepium

cbmpound is isomorphous with the manganese analogue but certain
‘idifferences in molecular structure are appareht. The rheniun—sil—

icon: bond. is conslderably shorter than the manganese-ailicon

~ bond when the_different sizes of the metal atoms 1s taken into

EEP

account. ":.. . T : -

The compound (h S)re(qg (31F ) crystsllises 1n the

' _orthorhombic spacegroup Pns- (# 62) with qpit cell dimensions

.a=11. 821(2)" &, b=7.157(2) 8,¢-14 640(2) R and four molecules in
‘the unit cell. The molecular structure is compared with the
structures of (h CSHS)Fe(CO)H(SICl ), and (h CSHS)Fe(CO)H(Sl(CH3)

6 5)2 Ehe geometry of the CSHSFe structural fragment 1s ‘constant

[5d

D



B 4 '. ,v...~_‘g,_, St

fot 311 three moleculed while the 1ron-silicon bond lansths '

vary §? a manner that reilects the differehcen\in(electroqegativity
i* the silicon aubstituants. “The general trends 1n cis contacts

betveen hydridc ligands and eilyl 1igands appear consistent ;

’
L

~-. with repulsion rather than,weak bond formation. m: e

o

Two ctmpoﬁndé whichlwere beiiéved.to have'empirtc&lsfornula' .
, Fe(co) (Si(Cﬂa) ) wére studied. The first which had been proposed
aa the dimeric apecies crystallines in the triclinic spacegroup
Pl with unit cell dime;sions a=11.535(12) 3 ,b=12, 288(12) ﬂ
" c=12.543(12) X y’=72. 01(6) P-87ﬁ31(8)° ,*-88.08(8)_ and two
molecul&s in the unit cell. The true ftrmdlation of the compound =,
' was found to be (CO) Fe(COSi(CHB)S)I‘Fe(CO):,‘ . Tht:s the nolecul'e. ~
‘ conttins o 1ron-silicon bornds. The éecond compound -was ehown to -‘:
be the aut ntic cia 1somer of Fe(CO) (Si(CH ) ) which cryatallises
in_ the, orthothombic apacegroup Pnam (# 62) with unit ce11 dimension;x» :

a-13 360(1(4) R b-6 640(12) R ,c-17 590(8) & and four nolecules

' pet unit cell “The precision of the structure" 13 limited by the

”disorder of approximately 61 of the molecules in the crystal
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. Chapter One

. 4
 Introduction to Tramsition Metal to Silicon Bonding

S

v

The stereochemistry of silicon in most of its compounds 1is based on
the tetrahedron and the b;nding to silicon in most of these cases can be
explained in terms of interaction of ligand orbitals with silicon 3s and
3p orbitals only. ' However, in many’moleeules”the bonding to silicon
geems to involve an interaction’between tbe empty 3d orbitals of‘silicon
and the o and 7 orbitals of adjacent etoms. - Thus, the existenee of
penta-¢oordinated (as well as hexa-coordinated) silicon atoms, together
with the partial double bond character of Si-O Si-N, or Si-S bonds in
siloxanes, silazanes or qilthiazanes1 and photoelectron spectra of
methylchlorosilanes and related compoundsz’a, have suggested the parti-
cipation of silicon 3d orbitals - in the bonding of these compounds.
| Crystal structures of several molecules containing penta—coordinated
silicon havé been reported showing that in these cases the favoured

s

coordination geometry around silicon is that of a trigoﬁal bipyramid.
.This particular geometry requires the participation of the silicon 3d 2,
orbitala. The detection of five coordination per se does hot provide
sufficient evidence to invoke the participation of the silicon 3d
orbitals. For example, in 1 brome u—trimethylsilyl pentaborane(9) the

' silicon atom has five close contacts, three to carbon ‘atoms of methyl
grOups and two to boron atomss, and in this case the bonding in the Si—B2

fragment is described in terms of a three centre two .electron bond fron

a single ‘silicon sp3 hybrid and two boron orbitals.



The penta-coordination of silicon has been claimed to exist in the
in the silatranes6-9. The crystal structures of several silatranes show
silicon with foui’neétest heighﬁouréfin a distorted fecrahedrii“htréy”m'w'
and with one relatively close conégct to a nitrogen at a distance of tﬁe

. o -
order of 2.12-2.34 A. Major structural features of the molecules are

shown in“Figure (I) overleaf.



Figure(l)

The major structural features of the silatranes




o

i

“4
‘The fifth and long contact has been considered to be- bonding {n nature .
but as ‘the figure indicates a close approach to silicon by nitiogen is’

\
dictated by the fused ring structure. _The silicon to nitrogen .contacts

“in this series of compounds shouldnh;—comparedmvitthhe_averageﬁSi—ﬁﬁw_“__
distance of 1.98 X which wae found for ((CH3) NSiH3)5 (reference 10).

In the latter structure the coordination about silicon appears to be a
trigonal bipyramid :ith the nitrogen atoms in the apical poaitiona. »

Assignment of hydrogen atoms in. the- equatorial positions, while reason—

able from a structural point of view, could not be confirmed with

certainty since the residual peaks in the eleotron density map were '

’-~comparab1e to the noise level. Also the authors indicate that their

. * N ﬁ
data suffers from a systematic error since ‘one silicon—nitrogen distance~

at 2.09 A differs from th® mean by more than five stsndard deviations.
Nevertheless it can be seen that some of the silicon-nitrogeh\distances
in the silatranes approach the values observed ﬂpr similar distances\ig
((CH ) NSiHals, (reference 10).- In these two cases (I and III in o
Figure (I)) the arguments for penta-coordination of silicon are more
persuasive than for Ilﬂand v. The difference between silicon—nitrogen .
distances'in l (2 19 X) and \III (2.12 A) i.e. a response to~a change in |
the trans ligand is particula ly important to the deduction of the Q
‘existence: of a silicon—nitrogen bond. The changes in the ring structure
in I and v preclude any simple deduction of electronic effeots in ‘
these cases. Nevertheless it seems ) sonable to state that the weah
nitrogen-silicon bond is enhanced by electro withdrawing groups on sili—
con if the ligand ring structure promotes (or, perhaps, allows) this -

bond formation. 2'. : d' ,i;j. L '¥‘_~ f_: e}



i

. ] . . .
In compounds in which a transition metal is bonded directl to silidx

con the coordination of silicon is best described as tetrahedral. In
-

the few transition metal hydride species a cloae approach-by-the—hydride——*

ligand to the silicon atom léﬁds to consideration of incipient five

' coordination, i.e. the caee is somewhat similar to the silatrane species

-

'discussed previously. Bowever, structurel studies of these hydridic :

»

* species were conducted concurrently vith the work described in this
&

theaia ‘and discussion ‘of these. particular speciea is deﬁerred to

%

chapter three.

The major point: of concern in discussing transition: metal to silicon

' bonding ‘has been the estimation of the extent to which. the 3d orbitals -

. of silicon interact with\the d‘orbitals of- the metal to give mt,ll‘t:iple&,'ix

bond character to the metal-silicon bond
The simple approach of detecting n bonding via a comparison of -

_observed bondlengths with values calculated from covalent radii encountersf;]”

‘the following major obstacles

(a) estimation of ‘a radius that is appropriate for the metal in

organometallic molecules11

(b) estimstion of bond contraction due to inductive effedts uhena) .

:rw‘

groups attached to silicon are highly electronegative12

=v(é), éstimation of the: variations 1n the s and p characters, and ‘;

°

concomitant rhanges in effective radit, in H—Si and’ Si-x bonds (M-metil,,' -

/

X=H, F, CL alkyl or aryl) due to significant deviations from an ideal
tetrahedral geometry for silicon. Some structural data on n—u'x3 J"iu

systems (M-transition metal M'-main group IV element) have been

.In.this_zi )‘:thniatnidff}"

examined for evidence of multiple bonding13

-



. _ )
;calcuratipns—on CO(CO) Siel3 and Co(CO) Sil-‘3 ' These calcul'tio
e

'suggeet ‘that_the ,contr%but’( tb metal-silicon bonding 1 sma' 1' but

significant, and that it results ?rom two contributfng effeets (1) ‘metal

d with silicon d overlap, (d +=d)n and (II) metal d\overlap wpth silicon"

'sigma antibonding orbitals (d + 0 )ﬂ- The back donation to sigma anti-

‘4_’ . - -~ i

'bonding orbitals~has found considerable favour in explaining trends in

d. spectroscopic and structural parameters when comparing transition metalr
alkyl and transition metal fluoro alkyl derivatives.. A final proposal‘
by MacDiarmid et al., was concerned with the nature of the secondary ’
,interactions with cis carbonyl groups. The suggestion that these inter-
iactions were attractive was qualified by the admission that extended

Huckel theory-does not account for-interligand repulsions. Yet the

ol effect was proposed to explain the general distortion found in structures

containing'Mn(CO) Y or Co(CO) Y fragments in which the equatorial car-
bonyl groups bend away fron ‘the’ axial carbonyl group. _ .
. The low. vilqa of the qpntribution (approximately 81) of metal to

silicon dr -+ dn bonding»‘

E

 cules Co(CO) SiF3 and (

who. believe in metal-silicdi d% " bpnding and<to,thosevwh0'deny the

’n~e1 metal-silicon overlap in the mole-‘

8 probably acceptable to both those~‘."

importance of T bonding and: Lo tﬂ!uctivv”effects dominate

. transition metal to siljcon bo
ive. However,p:-f:

M8 atd it must be

iFQEtter;energy»

T ‘




: ,' thia reapect. . S Qi»(
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A syatenatic atudy of transition letal to silicon bonding would then '

appear to require careful evaluation of related moleculea of the typo
.msu:x'x" (where L ia aj / group of ligands, M the transition metal and ’

* X,X' and X'' are the silicon eubstituenta) Thetétructural trenda ahonld )

bo .
be examined for effects of (I) changing M,vith L. X, x' “and x'f constant

and (II) chnnging X, x' and X'’ with.M and L constant. In certain T

eyatm changing the conponente of L could prove uaeful in that a con-

parison of netal-ailicon and metal-ligand bond Jiatancea night allov . F

deductidns concerning the ¢is and trans influencels15 of the variono

\

These structural studies were perfomed using single crystal x-ray

are. to be: found in otandard roference textsu-l? pecific detailo of

" equipment and crfatallographic structure analyaio programes ‘are given :

~

Anpendix (II) containa the description of - the deternination of tho

’nolecular and cryotal structure of 3 4-benzocyclodeca-1 S-vdiyne which

m undertaten to gain cryatallographic e:perience 1n light-aton otruc-,

s

i

s

'rhia theois is concerned wm: the atructural deternination of four ,\g

: ‘compounds which were believed to contain tranaition metal-ailicon bonds. ‘3

“'b

_ diffraction techniques.‘ The theory an& general . exper:lmental background o ’
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Appendix(III) contains- th conpdter programme kpecif:lcally writtcu

~ for the solution of the str‘re of 3, 4-benzocyclodeca-1 5-diyne.



Chagter Two

‘The crystal and molecular strué@%re of gigrﬁydtido—tciphenylsilyl_;

. (t—cyclopentadienyi) dicarbonyl rhenium.

~ Introduction

o

The structure determination of_(gécsﬂsjne(co)ZHSi(C6H5)3 was under~

taken to investigate the effects of changing‘the transition metal in a -

related series of compounds,- The structure of the compsrsble mangdudﬁe

L]

compound (h§csus)nn(c0) HSi(C Ho), - 1s described elsewhere2’, The

rhenium and manganese compounds exhibit marked differences in- stabiliuy
in solution. The manganese compound dissociates readily (at room

temperature) to give: the highly reactive electron deficient (h C )Hn
(CO)2 species and triphenyl silane while the thenium'compound requires

elevated tempetatures ('\:150 C) to give tlg equivalent reaction. For- the »

' rhenium system both 'cig' and 'trans! isomers appear to existZI. Figure

-(11) . overleaf, clarifies the definition of 'cis' and 'trans used

for the study compound.



Figure(II) o
PRI

b

. T ‘ % B » - .
The ‘cis' and ‘trans' Ysomers of (gécsﬁs)Re(CO)2H51(CGHS)3

si

e

Re / 81 o
. )
. & A o
T teis!' S ‘trans'
. m— - —

-~

Although only the cis isomer is isolated ln a form suitable for X-

-

ray diffraction studies, for the manganese compound there is no evidence

for the ftrams' isomer. .

Experimental
—_ . . . .
" A sample of the compOund was’ supplied by Dr. W. A.G. Graham ano
J. Hoyano and was recrystallised from a solvent mtxture (methylene '
‘chloride and cyclohexane in approximately equal volumes) The symmetry
of the diffraction pattern obtained from Weissenberg and ptecession‘ 3
photographs was fonnd to be 2/m and the systematic absences A
hofforh+f-2n+1 '

and -

okoforks= 2n;+ 1
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‘ _".1nd1cat:ed tue space 3toup to be P: In, a non-smdard utq.ng ot P2 Ic :
(no. 14). ‘l'he senonl poe:lt:l.oho of p2 /n were. derived u:- '
e Ry Yy B3 x,Lz,_ILZ 1/2—1. 1/2+:. 1/2-:. 1/24:, 1/2-:: '

. The facial development of the cryatah, needed for eubnquent corree=

'~ " tions were deternined to be f

~ o b 12,0,-13; (-1,0,1%; (o 1,00 {o,-1 o} {1, 0,1} f
K A ftesh cryatal of extemal dinensions 0. mo.soxo 35 om vas c1uv.¢
from a large cryatel and munted with the face’ {-1 0.1} normal to the o
gon:lometer hend nx:h..’ The gon:lonetet was pleced on the diffrecto-eter
and the :kntenuties of 2403 reflectione with 0< 20 < 42° were neuund. ', '

uolybdenun K x-rad:lation was used for these - mtensity neuut-enn.

,’f

The x-ray bm ﬁu gade Amonochrmtie by init:l.al reflection from the 002
plane of a graph:lte rxatfal end the dau were co].lected usi.ns the .
coupled 0/20 scan ub&’e. A acan width of 2 in 29 m enployed with 'y
scan rate of 2 per n:l.nut:e. : 'rhe bscksrm -euuﬂ'd fot 20 eeeond.
~on either side ‘of the peak with the counter“‘sutioury The inteu:lty
data were reduced to give structure npli.tudes (|l'|) efter con'ectionl |
for Lorentz, poler:bltion and absorption effecn vere apylied "
assun:l.ng a linear mterpohtion of the becksround counts.. The uti- B
uted standard deviatione (axlrl)) were. calcuhted fro- t:he exptmiml
of Doedenn and Ibersz‘ us:lng a value of p-O .03 for p in the’ teu tlnt
_ ’ | ’is nmot bued on counting st&htics. Only thoee date (1559 oburvatiou)
‘ T‘"- -which vere con-:ldered eignif:lcent by t.he cr:lterlon I 3 36(1) veth
‘corrected for ebaorption effecte and ueed dn the aubeequent celcuhtiou .
- such as’ strncture ref:l.ne-ent. The ttann:uuon factoto fot the .tudy |

crystal tmed fro- 0. 646 to O 735 for uolybdmlu rldhtion (M
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abaorption coefficient'cgihﬁf ~6o cn-l) - ‘1.:‘j‘ o - j&:

Eleven 1ntense non-axial refleetions were carefully centrod 1n ‘20

~on the Picker Four circle ‘hanual diffractonetet (no nonoohronator,

CuKd radiation. A= 1 56051 A)“tnd theee measurenents used to6- refine
1 -
the cell parameters aﬁk their acanda‘l devidtions (1n parenthesia)
se

a=13160002 R o
b-17.502¢0) & N E

‘( , o . o N R ° }
c-/579(4)-A" o P o

‘ B = 92 12(8) S, Lo
The observed density. 1 69, was in aéceﬁ/;ble qgreement with che
ellculated density of 1. 71. based on £our formula weights per unit
AcelI. Examination of the cell parameters and the 1ntenaities of the

5!
, bulk of the reflections 1nd1cated that fhe rheniun compound wvas iso-

mqrphous with the manganese anaﬂogue.- | - R fé

’Sdiutien‘end Refineﬁenr of the Structure
* ‘ : ‘ ‘“ o , o ~
The structure 18 isomorphous with the mangangse analogzo‘an the-
final coerdinates e//the Manganese qxructure, wigh the exceptior of
those of . the proton of 1nteTest, were used as a trial structure for the
rhenium conpound This solution proved adequate and the: structuxc~ S
refined smoethly to Rl = 3, 62 and R2 - 4.7%. The final/standard devia-f .
tion of an observd;ion of unit weight was ‘1. 25.‘ The model anp refine- |

~
v

ment details are briefly eunmarieéd, ‘The ‘function minimieed/ .

Zm(IFol 1m|) 5 IR P
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- The scattering factore for Re, Si, 0 and c were obtsined from o o
23

Cromer 8 coefficients . The: -ncsttering fsctors for the hydrogen were w’_ 5

e - . 3 1 i 3T

those of Mason and Robertsonzl'. The real end imaginnry terms of anonel- .

ous dispersion for Re and Si were included 10 strncture factor . celcﬂia- w
i - .

tionszs. ‘rhe model patameters ‘were as follows- rhenium end silicon m.*&

‘treated as independent atoms and were allowed anistropic thermsl para- R

. oy
meters, ‘the carbon and oxygen atoms of the cerhonyl groups were trented
v : L

as individud. atoms but, were constrained to isotropic thermal psremeters s 'a

S

the phenpyl ‘groups were treated as rigid bodies‘\z»6~ vith a carbon-csrbon , N o

“distance get-at’ 1.39 A and the carbon atoms of the cyclopentedienyl
o . ’
27

| g,goup were treated as a hindered ro@r . 'rhe hydrogen aton[s associsted

e &
were the phenyl and cyclopentsdienyl rings vere: indluded at the caleu]:at‘eﬂ _
R
‘positions (assuming that they were coplanar with the carbon rings and

N

thet the c-H distance was 1 0 A). .

An electron density difference map computed uin&all of the dntn

contained features of the magnitude i 0 6 e/&3 (0.6 electrons per cubic . 4

&

Angstrom) in the vicinity of the rhenium etom. Elsew’here in the map .

the features were of the order of £0.3 elA . The second hrgest ' .

— .

feature of this map was. in e reasenable position for the -one hydrogen '.' o
atom omitted from the model (i e. the’ hydiﬂIL gen bound directly to the

&
rhenium), but this aloneé: does not provide sufficient evidence for the

assignment of hydrogen to the peak, particulsrly vhen the ‘peak . 1- so

4‘ ' Sl

_c}.gse to a third trensition series element and the 1ergesf-residual - o

[ ,
. ‘,
<* e N

peak 1s ign.oredl. - L o .- R &
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A more rigorous assessment .of the nature of the peak® 1involves the

calculation of several.electron density maps and changing the upfer

sine/A 1limit of the contributing data. Peék posit*ons were determined

using the method of Bdoth29 and the results of this study are shown

‘in Table (I) below. | .
Tabie ¢9)
A table of data from a series of elecﬁrpn density difference maps in
5 ] . - . 14
cis, (h*C Hs)Re(Co)ZHSL(CoHS)3
sing/, .  x y |z Re-H Si-H = C-H . Observed
_ ‘ . K Electron
cut-off - ) ' ) dist. dist. dist. Density
. . | , - _ X3v '
e/
0.20 0.014 | 0.255 0.031 = 1.73: 2.17 - 2.17 0.16
0,25°°  0.005 0.258 0.036  1.62 2.200  2.05  0.26
_0.30 - - 70.005 0.265- 0.028- . 1.66 2.29  1.99  0.35
0.35 0.005 0.260 0.011  1.68 202 212 " 0.38
" all data =0.001 '0.272 -0.010  1.75  1.97 2.05  0.54
oA - -

o

The.peak'that is,mosfﬂreaspnably assigned to the hydride is found
- to be the largest feature in all maps with a maximum sin8/A limit
< 0.355 The largest peak of the all data map appéh:s to arise from the

\high angle data and is more likely due to errors in the thermal para- “

£.r

lmeters of the model. The inclusion of this hydrogennatom in the model

e e X



'decreased Rl and R2 to 0.035 and 0.046 respectively. When the para-
meters of this hydrogen atom were-allowed to vary-in least squares. . _.

refinement they stayed within one standard deviation of the coordinates
30 '

obtained from the electron density maps” . The hydrogen can be assigned,

i

tentatively, to a location approgimately»l.7 R from rhenium, and witur

non-bonded contacts to silicon and carbon of approximately 2.2 and 2.1 '
respectively.

*
¢

~ Results

b

The observed and calculated structure amplitudes as obtained fron
the final cycle of least squares refinement are listed in Table (II),
'Eberleagr Table (I1I) conteins the finel atomic parameters and their .
etandard‘deviations for the independent atoms. The group parameters
are collected in_Table'(IV) end the atomic coordinates'derivedifrbn
these group parameters are given.in Table’(Y)." Intermoleeular contacts
"are normal for a moiecular crystal and:nnne,are listed. Tables (VI) and
(VII) Iist pertinent intramolecular anélesrand distanees respectively.
Tables (II) - (VII) follow, in order, after Table (II)

Following Table (VII) Figure (III) depicts a skeletal view of the

'core of the study compound seen down the vector from the rhenium atom

to the centre of the cyclopentadienyl ring. Fignre (1Iv) on the page

thereaffér shows the packing of several moleculea seen perpendicular tp

Lo

the bc plane.

15



Table (II)

"Structure'Amplitddes (leL_

hd —

A comparison of Observed énd Calculated Structure Amplitudes (x10)

. R . 5 . .
for the molecule | g;g (h CSHS)Re(CO)ZHSi(C6H5)3

vTable (II)_coqtains seven.péées;
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Table (IIT)
L»:-f- Iﬁd§pendént‘Atém»Parametersjfor—gig~(gécgus)ne(co)2HSi(CgH§)S4T~~—-~~¥¥ww}fiif;f
AniQOtroPiéAAtoms T “’. ‘
Atom | ~x ' & ' : 'z
" ge - ~0.11317(3) 0.24026(2) = 0.06814(5)
S8 . -0.0600(9) 0.20190(9) -~ -0.1600(3)
- U Uy, Uy, Uy Y13 Ups
Re_’ 0.035  0.045°  0.041 o..'ooos- 'p.odzs -~ 0.0001 -
S1  0.038  0.038  0.040 -0.0004 0.0013 b.poié_
Isqtrépic Atoms
atow Cox y oz U
cw -0.082(1) 0.343(1) 0.113(1) 0.067(4)
o - . -0.058(1) 0.408(1) ©0.138(1) - 0.081(5)
@ ~0.209(1) 0.287(1) ' -0.058(1)  *0:054(4) -
0(2) -0.273(1) 0.311(1) -0.136(1)  0.050(4)

'The standard deviationslof the above parameters are given in pérenthesis

and refer to the last digit reported.

"~



able IV . .
Group Parameters for cis (h-c H )Re(co) HSi(C6H5) )
.. . . "é 5 tL ‘ L i ! ' “ . Lo
- Rigid Bodies T Poaitional.?arametdrgbj R
Ring No. x o oz 'p . B F

1 -0. 2189(4) 6_6925(3) 20.3226(5)  3.33(1), 2.46(1) 4.81(1)

2 0.0126(3) O. 3405(3) -0.3760(5) 3.2000) L.24Q) 3.39Q) -
3 . 0.1721(4) O. 1059(2) -0.1380(6)  2.27(1)  2.65(1) 3.39(1) . .
Hydrogen Rings \ | | | N o
4 . all parameters as ‘for ring 1
5  all parame:ers as for ring 2 xS

6  all parameters as for r1n3’3:, ' .‘” o . . ' &

o

Thermal. Parameters

Ring No. m B2 B3¢ - r4‘~gf— B85 - B6 |
140 5.9() 6.4 6.1(3) ‘\:Engs) 3@ .‘f B
2. 4.0 470). 43 450) 3.8  2.8()
3 483 - 5.30) - ,5.6(3; 553 5.503) b;1(3)7'
P Y X X L e o=
5 4.4 . s0 4.7}, - - 4.9" N A ;,Q‘ N
6- 5.6 5.8 6.1 §.g;~' Coad o

Hindered Rotors

Rotor mo. X ¥ .z B . Bd  Radius. .

’

1 -0.1404(4)  0.1607(3) - of2029(6)-~.-4;3(2):’x5.o(5)u1m1.22646)3A-.":{54;

N2 - -0.1392(33) 0.1675(26) 0.1996(45) 2.5(14). 3.5(20)| 2.16(4) ' - -
o '. ‘D . B F ; S -
1. | 12.32(1) 2.87Q1) . ;2;49(1) EER

2 . E constrained to be as above. e - i' ‘ :M?:“J: b

‘ _ The standard deviations of the above parameter. arg given in-parenthests -

\\\ and refer -£o. the last digit reportad.
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o . : ) . ‘,rable L B B i . . .')‘." v
Parameters: éerived from ,.groupa in : (h"..c st 5) Rg %HS:L (C§H 5) 3
o AﬁOﬂ . .\__,."__'xf‘_'_ @ - _j_,,:__,,_V,.y,/bj—f;——-‘—-*.*-—~»——».— - . Si c
L.ocqa) | =0.2139(7) 10.1702(3) . ' -0.3524(9)
€(22) - =0.2884(6) 0.1250(5) . -0.4185(7) -
v e(23) -0.2934(6)" 0.0473(4) . -0.3884(7)

- c(24) -0.2239(7) 10,0148(3) + =0.2928(9)
c(25) - -0.1494(6) - ' © 0.0599(5) . =0.2270(7)
c(26) | =0.1444(6) 0:1376(5) -0.2568(7)
c31) ' -0.0197(6) - ©0.3596(4) -0.2437(5)

C(32) 0.0085(6) © 0.4167(3) - <0.3357(7)
Cc(33) 0.0409(6). 0.3975(4) -0.4679(7)
€(34) 0.0451(6) 0.3213(4) :=0.5081(6).

- ¢(35) 0.0168(6) 0.2641(3) -~0.4161(7)
 c(36) 7 =0.0155(6) 0.2833(4) ~0.2839(6)

ey . 0.1041(9) 0.0946(5) -0.2509(9)
C(42) 0.1975(9) - 0.0571(4) © ~0.2509(9)
C(43) 0.2654(9) 0.0684(5) . | -0.1330(8)
C(44) 0.2400(9) 0.1172(5) -0.0249(9) -
C(45)  0.1467(9) 0.1574(4) =0.0299(9)
C(46) 0.0787(9) - 0.1434(5) ~0.1429(8)
B2 ~0.2103. 0.2263 053741
H(22) -0.3385 . 0.1484 -0.4874
H(23) =0.3471 .- 0.0146 -0.2710 -

7 H(26) -0.2275 "=0.0413 __ -0.2710

£ H(25) -0.0993 0.0365 ,-0.1578
B(31) - -0.0431 0.3734 . #0.1482
H(32) ~ 0.0054- 0.4718 -0.3065 - '

H(33) ~0.0611 . 0.4388 - =0.5341

H(34) . 0.0683 0 0.3076 - - -0.6035
H(35) 0.0197 : 0.2090 . -0.4452

= Ehohe o 4 HEE e
H(41) ©0.0581 ~ 00,0864 L0.3325 .
. H(42) - 0.2158 - 0.0218 -0.3238

- H(43) . 0.3327 " T 0.0413 -0.1292

H(45) 0.1282 ~..0.1900 - 0.0479
- c(11) 2\ =0.1382(9) 1 0.2072¢%) . 0.2981(9)
. €Q2) -0.2266(9) 0.1853(6) - - 0.2151(9)
T ey -0.1959(9) - _ 0.1294(5) 0.1152(9) ..,

" c(14)  -0.0886(9) 0.1167(5) 0.1365(8) . -
c(15) . ~0.0529(9) o 0.1649(6) 10.2496(9) -

ol sew
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- ) Table V) -Continued

»

Atom . x/a - - y/b _ . z/c

H(11) -0.135(3) . 0.164(5) - - 10.368(4) , . <l
 H(12) - . =0.291(3) - 0.211(2) Co0.221(4) . i
H(13) ©£0.237(3) . . 0.112(2) o 0.065¢5) . T "
H(14) <0.048(3) 0.090(2) . . " 0.082(4) . . T
H(15) | 0.015(3) 0.175(2) 7 0.282(4)

Y . / vl.
) . g . S
' . e S
,;l \
‘The standard deviations for the above parameters, a:e given 4a - el

parenthesis and refer to the laet digit quoted. .Tbe hydrogen,‘f s "'.
‘atoms are labellednwi:h the same number‘asythe_ca}beﬁ.acemsito“ |

which they areeattachea;
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. [N , . <
R Table (VI) ’
o 4 ’ .
o 4 . ) ‘ § . o
| Iqtramcrlecular Dist.ances in (h CSHS)Re(CO)ZHSi(CGH5)3

a) bbnd'ﬂ" ' ; R
a

“Atom 1. . | - Atom 2 o Diktance. .« .-

Re S st 2.49(1)

~

s

Re : cQ) - T 1.87(D),
Re B e o - 1.89(1)
Re - cin) L : 2.32(1)
Re S - © €(12) o L 2.31QD
Re L ca3) - | | 2.30(1)
Re - ocas) - 2.31(1)
Re | T easy : 2.32(2)
s1 - C(26) | ~' c 1.93(1)
s1 | c(36) C1L.e1q)
s1 | T L(46) | . 1.94q1)
can - cad S 1.44(1)
c pm oo . | ‘ ©1.19(1)
f) c T 0(2) ax L6
Re - . ﬁ(l). T n1.66

C e

e C , . .
b) t_xon-béhdkd_' ~ S . : - ——

. CAtemd, ., I Atm 2. - . Distance
ey Yo et e@ o auseq)
| oL@ T 2,82

n1,99 .
2,19



Atom- 1

c(1)
cQ) -
c(2)
Re
Re .

Re

. cpd

Cpd )

" Re

'Re

Table (VII)

- . 2 . ’ A~S . - N
Intefatomic Aygles in (h-CSHS)Re(Co)ZHSi(CGHS)3

Atom 2

Re

Re ¢

St

Si
Re

Re

c(1)

@

-

Atom

()

.81

Si

C(26)

3

C(36)

C(46)

. 81
cQ)

0(L)

o)

Angle subtended by

.atoms 1 and 3 about

atom 2

83.5(5)
112.9(4).

78.8(4)
109.5(3)
115;1(3),'
113.8(3)
116.7(5)
125.4(3)
177.6(9‘)
175.8(9)

29
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. Figure(III)

A skeletal view of the core of the gggfhydridotriphenyl :

<
'

~ silyl(cyclopentadienyl) dicarbonyl rhenium 'mole,_ct'x_lé_feeen down .

. the vector from the rhenium atom to the centre of the C. ring.

5

o .

o)

cm)

).

| cfis) |

o
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' Figure(IV)

N

- A pac_king.dia'grém '6f cis-hydriddtriphenilsilj’l*(éyclopeﬁta‘é ‘
dienyl) dicarbonyl rhenium seen projected onto the’ ab plane




K

Discussion = " : R N

A perspective'view of the moleeule is shown ianigure (V) oVerleaf,

" From the diagram little difference is apparent between the structures

of'the Revana Mn 20 COmpounds. However, while the structures are iso—

morphous they are not quite isostructural.. The differences are”small,,

‘but they. are consistent with the significant differences in the

‘ positioning of the hydrogen bonded to the transition metal as will be

discussed later._ S I 't“ -



‘_’? Figure(V)

A perspective wview of the cis-hydridotriphenylsilyl '

‘ '(cyclopentadienyl) dicarbonyl rhenium molecule _“ o




"comparison with data from structures with similar stquctural components

'1m§s(see Table (VIII) overleai) A The distances frdm the rhenium atoms to

' range is (n~ )Re(CH3)2 6H4CH3 (i.e, a non—carbon{z compound) and

mean square angular libration of approximately 7 5 which is indicative SR

, of a relatively sharp potential well for a cyclopentadienyl derivative.f

¥

The b°“d 1engths i“ the (h C S)Re(CO)Z ff88m2nt are normal by Y

"-the centres of gravity of the cyclopentadienyl rings efhibit a- renark-

- able consistency at ‘1. 95 = 0 Ol R for the carbonyl derivatives indicating

‘the relative insensitivity of the rhenium-cyclopentadienyl ring geometry '
'to small changes in the trans ligand array. The only rhenium-cyclopenta— .
dienyi t,group 33 that ‘shows a Yubdtantial deviatiﬁn from the narrow

3even in- this case. the difference might not be considered significant

) using conservative crystallographic statistical cr{teria.h:;he rhenium

to carbonyl distances in Table (VIII) range from 1/85 to. 1 96 X and

the average velue of 1. 88 X that is observed for this structure is to= o

‘wards the lower end of the range. The average carb?n-oxygen distance ,f.?fiﬁh
: is 1.17 g which is at the higher end of the range o served in terminal

:carbonyl groups._ The carbon-carbon bond lengths of thelcyciopentadienylf“’_va

_ring are 1. ‘b4 A a value which appears to be in good agreement with the '_,lif*‘

"f{equivalent values obtained in other structures where either (1) the fi”iu:"
> . rotor model has been usedzo, ‘or (2) libration corrections have Been

B made3§ or (3) librational effects are negligibleag. The refined

“Barrier height (3 0) for the . C5 hindered rotor corresponds to a root

The rhenium-silicon bond at. 2 49(1) A is. considerably shorter than
the’ rhenium silicon bridge bonds of . 2 54 X as observed in Re (CO) H Si I
(c6 5)2, Rez(CO) (Si( 5) )2, Re (CO)7H2(Si(C / ) ) snd Re (CO) (Si ;*,7 BN

.



‘ A table of Re-cna, Re-c(cyclopentadienyl) and Re-c(carbonyl) distances 37"§5f;;f

.. 4n X (standard deviations in parenthesi_l

'”Cémpound ST " Re=cp Re—C(c H s) Re C(co)~,"Refetence T
' ‘ . distance distance 'distance number <
| /1\ N ..
et A » y Py : ' B -thisfnork."
S eme as)une(cO)zagmc fidy LI 231D 1.88() - chiswork
(TCgHy). Rez(CO)S S, 952 0 2.29(1) 0 1.85(2)° 31
30551031, )Re(C0) 5. 1952 2.30(3) - 1.86(A). 32
(mC “5)Re(°“3)2°6“4°“3 CoLeN) 2.2 -0 33
8H9Re(00)3 ST L.94(2). 2.28(3) 1.90(4) 34

d((cn

'_(c.ﬂ‘) s 'fRez(CQ)B B R ) 'f.',~.a-»'_ . 1tgiéfj" 35

HReMn(CO) , : - = Les) 36

| ggzcc0) [51(c R P L Lw@ 37
Reé(CO) [Si(c 5)2] T R -4 1 CO N

3i:?f,i:d'AilFx

)

ks

}~'cpn " centroid of éynlobentadienyirring.
'7C5H5 ' cyclopentadienyl ligand o
=T - . AU
- €O : carbonyl

The.standé;d;deviAtiOns quoted référ'tb!éheilasttdigit"quotedg ‘



‘ i (c 5)2) (references 35, 37. 37 end 37 respectively). In contrest, .

Y :
:vw" "

o reasonable agreement to similer distsnces v observed in diphenyl

all of these distances are 10nser thsn observed in sinple‘ary

for%e nsngenese derivatives the nsnganese-eilicon bond in- (h--(:s s)un

(00)2331(0635) (reference no.. 20) 152 424(2) which is longer thsn the

bridging mengsnese-silicon bond length 2. 401(3) 3. m Mn, (oo) (Si(cslls) )

(reference no. 41).. The difference in effective covalent redii betveen |

msngsnese and rhenium csn be estimsted to be 0. 17 A from the dif?‘etent
netsl to cyclopentsdienyld-cerbon ajtom distences"z.“ This enpiricsl
method is subject to criticism when used for the celculst;lon of
absolute values’ of covalent rsdii, but is useful for the evaluation of
trends based on differences. The difference ‘between nsngsnese—eilicon"
and rhenium-silicon bonds in the M (CO)B(Si(C 5) 2) species is 0. 14 A :

{
(i e. only 0 03 A different from the covalent: radius di ference) where-

~as the eorresponding difference in the (h-c BS)H(CO) HSi(C6 5) species '

is only 0 99 A. It is tempting to sscribe this difference in netel-

siliton bonds to an ‘enhanced ¥ contribution to the metsl—silicon ‘bond " '4

e

for rhenium where the less steble d orhftels should be more effective

in bonding to silicon 3d or o sntibonding orbitA‘ls. novever, a nerked '

difference in the sppsrent hydride &stion comPlicates the inter- :

pretation (vide fre).‘ i

l‘he silicon to phenyl carbon bonds sversge l 92 X snd are. in a
20 35, 43

silyl and triphenyl silyl derivetives of the trsnsition lletalt?. However

(aversging 1 84 X) . Indeed, when silicon is stteched to a trensition

mstal, silicon to- csrbon(sp ) bonds ‘are 1ong‘thsn silicon to cerbon

(sp ) bonds which is totelly unexpected on the besis of the covﬂlent



s

o

| (C ) would be a general reduction in interligand'non-bonded repulsions .

_;hydride ligand were. examined from the standpoint of minimising ‘intra-

37

radii of carbon for the two hybridisation states (0 73 X for sp2 and .
0 77 X for sp ) .' ln CSH Si(CH )§Re(C0)3 (reference ne. 32) where the
utrimethyl silicon As aesubstituent of a.cyelopentadienyl ringi:he_i,imiiiﬂijgi__
rexpected trend in ailicon—carbon distances 1s observed viz. Si-C(sp
1.88 X -Si-C(sp ) 1.83»A. These. values are the averages of tde “
distances for the'two independent.molecules per assymetric-unit and

~should ‘be more reliable than 1ndicated by the individual standard -

v deviations of a. single silicon-carbon bond (~0. 04 A) !

One expected effect of changing the transition metal (M) frqm

rhenium to manganese "in the compounds of the type (h (] HS)M(CO)2HSii ‘
o o

A

-/

due simply to the increase in size of the central metal atom and a con—
ncommitant increaLe in~meta1~1igand bond lengths. While this 18 generally

true the non—bonded carbon-carbon contacts between the two carbonyl

'groups in each molecule are remarkably similar (2.50 A for rhenium and

-~

2,48 X.for_manganese). .This constancy of,carbon—carbon contactocoupled

;Teith'the difference in metal-carbon'distances results in a marked diﬁ-’ .

N :
ference in (O)C-h-C(O) angles (83 5 for rhenium and 89 7 for manganese)
The net effect of ‘the angular and bond length -changes in going from

manganese to rh nium is to produce more space for the hydride ligand.;

"The extremely short silicon-hydrogen contact (Nl 8 X) in (g- s)un(CO)z

.HSi(c ) ‘and (h-c BS)Mn(CO) HSiCl2 6 5 (references 20 and 43 respec-

B

ftively) does not appear to be present in the rhenium compound
Since the direct location of the hydride ligand is lea;;certain in
the case of (h c Hs)Re(CO) HSi(c ) the possible pOsitiona for . the =

K '7":,;"'_
I



1.he repulsiodslvhen the observed non—bonded contacts C....H

—~

moleculsr nonsbonded contacts. Three repulsive non-bonded cdhtacts 4

*

(C(l)....ﬂ, si....H and H(éS)....H) appesr to be sensitive to the A

,;"hydride 1ocation.' Table (IX) overlesf contains these contacts csl-

'culated for a range of hydride positions using ansular parameters. The
angles (6, ) in this table are the conventional polar coordinates. :lhe
positive 2z direction (i e. 0 = 0) ‘was defined by the vector from the
rhenium atom’to the centre of the cyclopentadienyl ring, the Re=C(1)
vector was defined as having $ = 0. 0, ‘and the Re-H distance was -assumed
»to be 1.68 A, i.e. the distance found in structures containing rhenium-

hydrogen bonds36 44.‘ The data in Table (IX) show the definite trends;-

-

(l) for 6 constant the c(I)....H contact increases with increasing

§ while Si....H and H(45)....H contacts bbth decrease, ‘
~ ]

and (2) for 0 constant the C(I)....H and\Si....H contacts increase with

increasing 8 while ‘the H(AS)....H contact decreases._‘

Since all contacts in this table can be judged to be repulsiveAs,fan.j

-

increase in the contsct distance corresponds to a decrease in the
repulsion. The position of the hydride ligand determined from the
difference maps corresponds to ¢ = 85 and 6 = 115° » 88 predicted from

Table (IX) This position seems to represent a reasonable mininum of

20 nd

-

H... .H"6 are tak& into consideration. A quantitative theoretical
trestment is not feasible at this time since it would require a very
accurate calculation of moleculsr energies. -: - . - f»

The importent structural differences between (h c5 5)H(CO) HSE

(C6HS)3 (H”- Mn and Re) are concerned with the silicon to. metsl\bond.i



- _Hydride - ,other aton ‘contacts for'_a ‘series of: hydride a_tdn‘ loca;iéni .

C(1)-H

Si-H

" H(45)-H -

C(1)<H

Si-H

| H(45)-H

¢
C(1)-4

Si~-B

B(4S)-H

75

2.45
2.16

75
178
R 2.50 
.

75

©1.85
2,55
1.99°

 Tabfe (IX) |

o em120”
80 .85

.82 1.93

234 .2.23

2.10 '.z,os

6 =115
80 . 85 -
T2.38 . 2.2

200 . 1.94

. e 110°

80 85

1.95  2.06
22437 0 2.3

% 95 . 100
2.03 . . 2.12 2,21

210 . 1.98  1.85
2,01 . 199  1.99.

1.9: . 1.8 © 1.8

T

218 . 205 0 1093
2182 - 1800 - 1.80

A
0 = 115 :\50

Id

B The favoured position fb_ﬁ\ th’e_'? hydrogen atom is -

C24 2.0 1.88

90 95 | 100
2.16 2.25 ©  2.34 -

ai.lo ' 2‘;18 '. 2.28 '



»
* - ot .

. and the silicon-hydrogen contact. -The manganese-silicon bond appears to f‘

be cqnsiderably weaker than the rhenium—silioon bon@band 1t is difficnlt’ K

B

(if 0t impossible) to separate the contributins_fsctorsl__Eactorsiuorthyl__ul._

of qnsideration would sppear to be ,4}' ‘rir o - fiﬁv’; L
(1) enhanced metal-silicon L bonding for rhenium.-;, - ‘1: o .'J'f
(2) weakening of the msnganese-silicon bond to offset a very e .

. . - ‘ < -

o : repulsive Si....H interaction. . = -', A
j ;;7 | (3) weakening of the manganese—silicon bond by incipient five
| cooiﬁQnation i. e the/short Si....H contact CMI.B A) | |
represents a.weak bond.in»the manganese . derivative.
Evidence for (1) requires further structural studies ‘and it would appesr .
‘ wﬁthat -a study, of the conjugate base species [(h CSHS)M(CO) Si(c 5)3 ]
M= Mn, Re) should provide the‘answer.: However, .the manganese anionic

N

species is hypothetical and’ no synthesis is known at this time. Factors

(2) and (3) are mutually exclusive and fnvolve the nature of the siliéon
-ihydrogen interaction. Unfortuﬁately, all steric arguments that can be -
'-used to distinguish these possibilities are based on comparison which
tv would hqu an unssund statistical baais. For example. the near equivs-'w
’..lence of silicon-hydrogen contacts in (h 05 5)Mn(co) BSiCl2 GHS and
l’* (h c HS)Mn(CO) HSi(C 5) (references 43'snd 20—respectively) would tend
" to fstur the idea of a repulsive silicon-hydrogen contact since the ;_1}{::}4737.
" more electronegative substituents of the dichlorophenylsilyl ligand i
i\\ > might be expected to promote a silicon-gydrogen bond and hence shorten |

AN i~

\tgg sili n-hydrogen contact if it were,sttractive._ However, the hydro~ i{_f;f

LI Lo e
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. q&;”. o Chapter Three S ’
The crystal and molecular structure of trans-hydrido—bis (difluoromethyl-‘

PR SRS S SH NI S
silyD (ﬂ‘tydopentadienyn nonocarbonyl iren S N
Introduction LT Ao; . " :Z o ”'-.“, *frff
.' “y .- '- ) ,,. '. EL".. :l

, . '- .
4

The comparative study of the molecules (h-C HS)M(CO) HSl(C )3 “;

M = .Re," Mn) and’ (h-C Hs)Mn(CO) HSiCl2 6 5 (thia work and refarences 20. 1‘2
and 43 respect&vely) clearly expresses the ptoblems associated With x“-h}'
E

ray diffraction studies when relatively precise information concerning

_ hydrogen atom locations is required. While this type of problem is more f‘ ::;
properly tackled by neutron’ diffraction, x-ray diffraction can yiedd e
useful data if the study molecule is carefully chosen.- The previous
chhpter indicates two complimentary approaches to the location of the v'jbn '

. hydride ligand (1) direct observation and - (2) by inference, using ’ |

arguments based on non-bonded contacts. Arguments based on non—bonded

'contacts are optimised by increasing the symmetry of the hydride ligand

N

: environment and assuming a single welI potential. Direct obaervation ;'f"
' should be optimised by choosing a metal in the first transition series.‘

1C103e silicon-hydrogen contacts ‘are promoted by high coordination of

? . .
v the metal and highly eiectronegative substituenta on.the silicon atom,;r{'*
T e EERRRRI - &

cOnsideration of all of these factors suggest:that the molecules con— 3

taining the structural fragment (h C )Fe(CO)H(Sixx'x") (x, x and 3' i

—

- xvv = Various sdbstituengs) should be particuiarly suitable. Dsta on pf
two molecules,(xx X" = 01343 and xx x" = ( )2 6s ) of this class

'of compounds are available for comparison, In neither of these mole-
o cules was the hydrogen located directly.‘ The structure of the bis(di-»

Lol L




N, _ o N2

I
.
B

fluoromethy!silyl) derivative was undertaken in an attempt to 881“%

furthef information on this particular series‘ff hydrido metal—silyL
r. . . .
compounds. ~ . . o R G e

'

o

Experimental

@ ' . o : S
.
-

: The_pale yellow prismatic crystals of (h “CeH )Fe(CO)H(SiFZC!%)2 as

"supplied by Dr. W.A.G. Graham and E. WOod were suitable, in terms of

n

.size and quality, for an X~ray diffraction study Since the compound is
-extremely air—sensitive, individual study crystals were sealed in .
Lindemann glass capillaries. ~We11 formed crystals showed mmm symmetry
~with all faces of the forms flOO} {001} and {011} being developed. .-

. .Preiiminah photographic studies using Weissenberg and precession cameras t;
o, ) ' o .

. "« showed the crystais to be prthorhombic and the systematic.absences -

- - . ’ )
(okf for k+f 2n+1 hof for h = 2n+1) were consistent'with two space

ra

groups, Pnam (non-standard setiing of Pama (#62)) and Pna2 (#33) Pre-

' i cise ‘unit cell dimensions were tained as a' = 11 821(2) A b= 7. 157(2) A, .

o ’
= 14.640(2) A on the ‘manual Picker Four Circle Diffractometer. Twéive }

1y intense non-axial reflections were carefully centred in 26 (no mono-.

A

- - ) o TR . a . o ) . ) .
chromator, Cuk7~ radiat£3n~.l ==1-54051 A) and these measurements were

\ ) |
o used to refine the rough cell parameters obtained from the photographs

mentioned above. The cell parameters were also determined by least
squares refinement using, as data the. setting angles (x,w, ¢ and 26) of
twelve reflections which were Carefully centred cn the (then recently

acquired) Picker FACS1 diffractometer (MoK radiation, A= O 71069 A)

The parameters obtained from the FACS programme48 vere as followsz



S

- o o N o . Ty ' RN
a % 11.858(12) &, b2 7.17314) X apd ¢ = 14.682(28) &. These parameters

average 1.003 times greater than those obtained from the meaaurements on

the manual instrumentland probably indicate that the maehine

entered on the unreaolved K_ 1 peak (l =0.70926 R Y. For

four molecules in. each unit cell the density ‘was calculated to be 1.64

' grms./cm3. Precise experimental meaaurement of the density was not

RE -
possible in view of the reactive nature of the compound, but when a few

crystals were introduced into a mixture of organics liquids of approxi-
mately this density (within 12) and introduced into the bulk of this .

liquid they showed no_marked tendency to rige or fall during the minute

- or so in which no overt change in their appearance occurred.

A fresh: crystal of external dimensions 0 le le 1l mm was taken andu

mounted on ‘the Picker -FACS l diffractometer in an arbitrary otientation

and the inted\ities of 1309 reflections were measured using the coupled

w/29 scanning mode of ‘the Picker diffractometer. A scan width of 3°

in 26 was chosen and a. scannipg rate of 1 /minute employed. Background
was measured for 40 .8econds on either side of the peak with the detector
; stationary. Data (limited by 0 < 28 < s0° ) were collected uaing be

’radiation monochromated by an oriented graphite crystal (reflecting

plane 002), and a take off angle of 3°, The acattered X-rays were de-

Atect’hya scintillation counter used in conjunction with a pulse

[ -

’ height analyser tuned to dcagpt 95% of the be peak Of the measured

' intensities 981 were judgea to be significant (I/oI > 3 0) and were

( R f‘ ’( v

used in 4he subsequ-t elucidation and fefinanent of the structura. No

intensitiezb\\\Eeded the linear counting range of the detector and the

périodic monitoring of three standard reflectioﬁs dndicated the absenca
oy . Co

°
- /

43




a

of decomposition of the study crystal during the data collection pro- ,

cedure.

The significsnt data were reduced to structure smplitudss by "

.44

R

o

- correction for Lorentz, polarisstion and absorption effects (u = 15 cn !Hi‘fwrg

transmission factors range from 0.90 to. 0.95)."

~

" Structure Solution and Refinement

for-space group PnaZi each molecule must occqpy a-genersl'position -

whereas for space group Pnam which has eight géneral positions a mole—_~;3' .

"_cular symmetry element must be coincident with a crystallographiC“

symmetry element if there sre only four molecules in each unit cell.

-The specisl positions of space group Pnam correspond to point groups ]

or 1 of which only the former is possible for (h-c5 5)Fe(CO)H(SiP Cﬂ;)

in the sbsence of disorder.

'D

twq poasibilities,are given below.

APnsZ

_Pna2, |
Fe. X303 RpYektegs
fSi(f) xz,jz,rg;"'Ez,iz,tfzzk
$1(2) nsryj,z3; ‘Eé,is;g+z3;.

e

T "1'5'1"“ lf‘l”i"‘.’" h

sL xz,yz, | 'xz‘.y.z,*m :

81(2) xz.Yzﬁ- zz' leYz’zz’

ety ","'&1‘

g By Ry

Lt'xa ’ %-+Y3 ’ t"’z3 H

:xéﬁ?qu,'

'L - ". . ‘
\ 3 ‘1 Oiﬂlt ws f.

t;xé’w.Z'zZ;

A AT
A=, ff'yé' 3

- .
-

The iron and silicon coordinstes for the '

b aTpty

t #2 01‘72 kfzz
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For space group Pna21 the z cootdinate of one atom must be assigned to
detérmine the origin in the .z direction._ The choice of z = 1/4 for the
'iron atom is convenient and the coordinates for a Pnam model correspond
: then &o the special case for the PnaZ model ‘when x3 = xz, 75 = Yi snd

= 1/2 - A three dimensional Patterson49 map was calculated and

% %2
o the major peaks were identified with vectors for a Pnam solution as -

~ ghown below.

» ‘Peak Position ’ Peak Height _VEcgor Assignment

u .v a w : ' _'T..,‘ ; e dl
0 _3'0 i ‘999 o “ "Orlgin vectOt’-
| ' 0.28 1/2 12 %0 '. 'Fe—Fe,1/2+2x 1/2,1/2
1/2 '0.76. 0 = o me Fe-,-Fe,l/lel_“Z\A‘f'ZY'lo‘ o
12 100 0 . 175 : 511s1,1/2,i/2%g125, 0
0.40 1/2 1/2 © 118 | | '51-,& 1/2+2x-‘1/2,_1/2 .
S 0.06 0.12 "-'0.125“\ : ‘ioo o Fe—Si,xz %)Yy V1% 1/4
0 °o 14 100 o " . si-st, o;o(ilz+2z2

This assignment gave approximate coordinates for the heavy a;o-l as
iron x=0. 39, y = 0. l3 z = 0. 25

. "?silicon x= 0 45, y = 0.25, z = 0 375 )
" The: carbon, oxygen “and fluorine atoms wete located in an electron
density map phased by the iron snd silicon atoms (R1 = 261, R2 - 352)
1_L_The successful identificaﬁ;on of ‘a single imege in the electron density 1f

. uptends to support the choiee ‘of space..g:oup ss“Pm, but cannoc :




K

.

superimpose within approximately 0.5 A for all atoma.

The structure was refined successfully in space group Pnam which

provides«feasonable evidence for this choice. of.space group. An out- ,l._mm;ww

,line of the refinement is;given in Table (X) below:

. [
\

' S 1 able © l"-' ;- RN

- An outline of the refinement for (h (] HS)Fe(CO)H(Si(F CHB))Z e
Model: — - - _RL(®) _R2(%
(1) Fe, Si isotropic ~1 o - 26 | »35 )n s
"(2) Fe, Si, F, O, C isotropic. B ;3 ' '7l; ‘ 4
H's of CSH at calculated positions A; ) 8.6" o l4.7

&) ,Fe, si, F, 0, c anisotropic

5 5
(4) as (3), but with H's of CH3 included :

- H's of C.H, at calculated positions L - bt - T 1.5

v [}

i calculated structure factors using l‘.E" : o

°a hindered rotor model27 s - l o ‘3.5'_ o .-.'5;0,
(5) as (4). with extinction correctionso' ' .-4'31l . "“4;9_;_ “;1>13
(6) as (5) with addition of H ligand '3ﬂ ,,‘?.8 _7'.; "'4;; '

(7)' as (6) except C5 ring as a hindered

rotor?’.. T s ss

Structure factors were. calculated using the atomic scattering factors.

‘of Cromer and Mann?3 for all atoms except hydrogen where the values of

.v\

_ Mason and RobertsonZA were used. The real and imaginary terms for

anomalous scattering were included for iron. and silicon25 -The positions .
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& Sy

‘ of the hydrogen atoms of the cyclopentadienyl ring were calculated fromf_l
the following assumptions (1) H atoms were coplanar with the C5 ring :'
(2) C-H distances of 1.0 X (3) C-H vector bisecting the apprOpriate S
) external C—C-C angle.‘ The hydrogens of the methyl group were located“ -
in an electron density difference map calculated when Rl =4, 1z. In this_ o
difference map a peak/consistent with the hydride ligand was also i,
apparent but was ‘not accepted at this stage since the data appeared to |

c et

suffer from extinction, although not excessively (maximum correction of

the order of 20% of F’ ale ). An extinction correction50 reduced Rl to

»

3 1z and the refined/value of the extinction parameter was 1. 4 x 10 7

K -
At this stage of refinement the positive identifieation of the -
: hydride ligand was~attempted " The general procedure was that of Iberazsd’
1. e. using a series of electron density difference maps with varying
maximum limits of sine/A for the: contributing data._ While the details ".v.'?:
of this treatment have been criticisedBo, the technique does ensure‘j- s
that any observed peak recelves appropriate contributions to its elec-‘%i'
- tron density from the various shells (ranges of sine/A) of the data setf'rf
The tesults of this study are collected in Table (XI) overleaf.r For allT o
maps with a sine/l limit > 0. 25 the largest peak was found’at X = 0 50, h
y = O 25 and z.= 0.20 corresppnding to an iron-hydrogen distance of o
l 44 X (the data having been tra\\formed to. the standard setting for thef v-s~dd
centrosymmetric space group ana) 'The x, z and isotropic temperature |
factors of" this hydrogen were refined 4An two final cycles of least squares '
' refinement. ‘The. parameters refined sensibly to give x =0, 497(3), |
z = 0 191(5) and B = 3. 5(8) (y was constrained by symmetry to 0. 25)

The refined coordinates correspond to‘iron—Hydrogen distances of 1. 39(6)2



. Table (XI)

Lo

o 'A_table of data ex;faéted from a series of eiectron density diffé;ence S
"+ maps for the molecule (gécsas)Fe(CO)H(siyzuejz} Lt

. -

Cut off No. of Observed ' ,Erroﬁ'inf' - Ratio Calcul- . Fe=H

1limit in terms in,K electron g ‘Efo(B) ated .distance v

'SinB/A calcula<' density o (® A " eTectrorn in Angs~ " -

B tions WE (at y=0.25) -~ - . demsity: troms .
A o B 7 L '~ B=3.0 '

/ .
. ../'/(' ) :

0.0 51 - 0.20  0.027 0 7.4 . 016 1.5
0.25 95 031 7 0.036 8.6  0.25 . 1.44 -
‘0.30 156 0.4 . 0.042  10.5  0.34 1.4

“ o35 241 050 0.045 1Ll (0.2 1.4k
all data 979 -  0.64 - 0.053  12.1  not cal- 1.4
S ' ' S . culated” -

“




| o . &’,,,.f“"‘“*w i
The true iron-hydrogen distance 1is probably bet:eqﬂfgfggmand O;lS;R.,V '
| longer because of honding effects51 produce a pronounced deviation from p‘.
-—a-spherical electron density distribution for hydrogen atoms . ]'
Twp cautions are appropriate when discussing the validity of the
hydride location. In this case.the unit cell is rather small and thus
the number of independent terms in the electron density,calculations are.
small and errors in a few observations can produce substantial effects,
\ The d ta set also suffers from extinction and this increases the concern

‘@133
with this problem.. However, the peak assigned to the hydride 1igand i% L

-

1oca sd in the same: place regardless of the applicatioq of the extinction
corr ction and it seems that the known errors in the data are not con—’

trib ting significantly to this peak..

A final model in which the C5 ring was treated as a hindered‘rotor

refined tp give R1=3 32, R2=5 5% and was. discarded5 in favour of the

previous model.

Results

' The observed and calculated structure amplitudes of the preferred

model (Rl=2 8%) are compared in Table (le; overleaf. The atomié co—;v
. ordinates thermal parameters and rotor model: parameters are’ collected

: in Table (XIII) thereafter.} Symmetry restrictions prevent some para-:

meters from being refined and these are marked with an asterisk and no

tandard deviations are reported for them.: Following Table (XIII) the .

dntramolecular distances and sngles areii'po ted‘in Tables (xIV) and
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- Table (51112

/’ N ' o
e . D A <ty

r
L]

Independent atom and groyg.parameters.
. A _ s . o o
. v _ foF,(h CSHS)Fe(CQ)HFSi(F29H3))2'
8

- 'Positional Parameters

i% _— )

L

R \ -
. f o ’F
PR
. L e o
. “.v“ I J

Atom S . . y.

~ . Fe . . © 1 0.3856(1) 0.2500° . . 0.1266(1).

ey, - 0.2997(3) . - © - 0.2500" . A, - 073228(5) -

[N

o - . 0.2406(8)

CF() . .. '0.5625(2) - %2 F 0 0.4190(1) 0.

. .ﬁ

- LA

o -/:i‘ ] ) .

- . B o N . 4 “ o
o # Y f‘ﬁiﬁ
P b TEE
'©4 - constrained .by symmetsy - =

51 . 0.4529(1) "¢ 0.3787(1) - o.

: ’ .. N ) 0 v P ‘
F(l) . 0,4979(2) - - 0.3627(1) - . 0.

e - i 043547(3),- o | '0;4756(21&'"',' o
| .6;4472(ﬁ5§ o | 0.2500 -0
0.3788(3)'7-'q5 | : '0.3281(2) ;**;*<\ -o0.
"9%%76i(8) |  0.2082(2) ° -o.

.'-.::'ll e . * . "
L0.497(3) ¥ 0.2500° - o

-

z

2570¢1) = -

§654(2)

‘1577(5)

2725(5)

1475(5) -,
1175¢4)

oppiiar’

A

8
191(5)

7

o L2y T )
0.2500" B vo.b513(411‘.‘ S




Table (XIII) ' 0

A}

,'Ihetmai.Parame;ers

a .
’ . \ . v -
U, v, . Ty -t g,
ISUE e 1 I 33 . 12 . Yis Uss e
0.0323 0. 0329}) 0.@318 ‘g?i)ooo . =0.0008 ' 0.0000
0.0386 0. oﬂs”; g9, " 1.0000 -ngae - 0.0000
©0.0553 ‘osag”. fososi ‘0.0000 - 0%184 . 0.0000
d’fmm 90 ﬁ s _o ozm -0.0068" * =0.0031 -0.0056
ﬁ '''' . . . . - v
= \%(1) ¥ o. og;?# o.‘bft.a L:'.co 0589 /-0.0143 . 0.0289 -0:0093
(3(2) r"d“ 0486 aq.oeoa 70.1087. -ol0192 1 -0.0136 " /20,0033
C®K2) 0. oszx ""“(,n 0446 0. 0953 .gonn 0. 0010' £0.0203
Lo ot - P ) w N
C /'_;, (3) ,/c,a.oa_éh 5 0.0877 - 0.0329 Y oooo 0.0107  0.0000
] c(4)  0.0888 _ . 0.0515  0.0371 - <0.0045 K -0.0063  0.0121 - . .
. 6(5)"; 0.0625  0.0651  0.0455 /.o.,o117. -0.0185  0.0049 < -
: . : oy . . . )
H(1) 0.0439 - isotropic . : > / S ’ e .
;o -, i _- .;%‘_’“ . 0 » . . PR e . ) e
) Grodp Parameters for Methyllﬁydrogen Atoms o 2
X sy " z .| B.. ° B Radius.
: NSNS . T . . _ ?f

0.338(D)  0.494(2)  0.274(8) | 5.6 (notiy. 0.8(2) ‘,-p»*-osu(z) N
o A }/varied)q" e f
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a) bond Eths between heavy atoms, standard deviations in parenthesis.

-

Intramolecular distances in (gécsﬂs)Fe(CO

Atom 1

/

~ Fe .
Fe
Fe

Fe

Fe

- ) .

Y

S

- b) from a»héévysatomxtp the hy&rogéni .
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op
si

c3)
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c4)
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Tables (XIV)
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Atom 2

si
c(1)
€3
e .

- €(5)

Qo

F(1)
R
.C(2)

c(4)

".:C(S) | T

P

C'(Sl:)‘.‘- )

P

Atgn 1 - Atom 2

L |

.

- Fe -

RPN Te3)

W

R

L

F2) . =] HQ)

.
. T
-

) |

Fi o=
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*

LR .

it

.

e

- A

}3(81(F ga3))2 - o .’&

1.836(3) . AR

. 1.398(5) -
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Distance S . .

2.249(1) ) - _
1.733¢4) -
2.092(4) -
3.089(;3 o - -
2.086(3)

1.156(4)

1.59?(2)/

1.601(2) . o Y
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™
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Y e g

PR A vé

4" . -t
3>

1.411(6) & . -

;,.; @ o . - . 4~
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- '" - 4: o Y
,Distancg . . :
1.4916) (bondifg)

2.57(P) .

2.56(7) @ *
%5 .06(7) R
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c) important noanondingjintfamdlecular
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st
F(1)
c(5)

CF(Y)

. At:om'lT :

: %% rable (XIV)

Atom 2‘

Si'.
c(1)
o
écza

FQ)'

-~

/ .
. -,‘

distances between heavy -atoms.

Distance :

3.662{2).

» o
©2.654(3)
3.042(3)
3.380(3)
3.300(3)

P .
- pi

LE

- =

,( |
!Fy
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Table of significant angles between bonds.

_tended about'2, by 1'

_parenthesis;
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Atom 1

si-

o
—
\

Lea

N ' ’ v' Y S . - . '
.o Ve / e ' . ' o
. .

>

8/ : : BTy P ) : e
FEERT . . . S . ; Y et
NI N -

Ahie Teported i thirdab . 1)
: T ety

!

and 31 aﬁgles-in.degrees, scandard deviations 1n
‘\ . v_ 6} ' T
| M | |
Atom 2 “Atom 3 } T~ Angle | o
Fe S 'gi' N ... -11§:9(1)'2 Lo
Fe o \'~c(1) B : '/"82:6(1)
 Fe _ o ‘:'H(l) o . | 63
o Fé' ; | ~HQ) . "‘Tl -~ 109  '-’ : l,é
'si - - rgz) I 105.5(1) -
st ST 6@ T 1055
| @ L 106.8QD) :
o - e | 178.6(3). , %
cawy . 107.6(4)" -
sy "—1gs;og3) |
ey ;10855(2)5
;(1); s 12.4Q)
B 1144 ¢
- c(2) ~'~f : '_ . 116;6(1)_
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X -,':A"‘:-‘ '5'?~.Diaoussion of .the ‘Structure.

A .».1,
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A view of‘ the molecule as']ﬁ?ojected onto the plane of m ' ring is
, ‘shown in Figure (VI) " The molecular symmetry is as required by the siteﬂiirum
symmetry.‘ Equivalent views of’ (h-C )Fe(CO)H(SiCl3)2 and (h~C )Fe(CO) '

H(Si(CH ) are shown in Figures (VII) ‘and (VIII) reepectively. ]

2652
Fig.ures _(VI),, (VII) and (VIII) fol~low', in -orde_r, on the next three pagee.
All th‘ree s'tructuree show - the same 'gros? stereochmietrv'with regard .;to
the orientation of the ligands although minor angu?ar differl'ences ‘are
apparent from these diagrams. To a good approximation, the carbonyl :
group bd.nects a carbon—-carbon bond of the cyclopentadi(enyl ring in a11

" three. structures. The 1argest deviation from this 1igand arrangement

" is shown by the bis(trichlorosilyl) derivative. |
Structural data on’ the (H-C }? )Fe(CO)Si frag s of the study .

t”}\

"mo’leéule and of those discussed above are campared !'n Table (XVI) and -

) follows Figure (VIII) : S~ o S
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Figure gvxg
/ K :

-

A skelafal view of trans-hydride bis(difluoromethylsilyl)
l

(cyclopentadienyl) monocarbonyl iron seen down the vector. joining"

p 4

--the iron atom tg thg centre of the cyclopentaq¢enyl group.— .
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~ :Figure(VII) .
. , _

A similar view of the trichlorosilyl analog o . RS
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Figure (VIII) .

' A simila‘r view of the diméthylphenylsilyl analgg
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A cdﬁparison of the repéftgdqsyfuctufes of the form

;Q¥-"(ﬂ-qu)HFeCO(SiRa)én-"A. B
~ A | e R .i\v _

Molecule and ' Individual Fe - cp Fe-C(CO) _ Fe-Si

" Reference Nq.*i\ . Fe=C - Distance - Distance -  Distance S

Distances’ ' T ‘ : s

(3 - v

(g-cbd)HFeCO, - 2.08688),  1.72(D) 1.73(1) 2.249(1) -
I SEE v p 2.0$9 )’ ‘ . . ) R . e ) : ) .
(S1F Me ),  2.089(3) \
| , 2.092(4), ~ | o SN
..2.092(4) . . A Ce

s | R
(t—cpd)HFeCO - ~ .-2.19(1), Ll g L76() . 2.25209) -
. 3 2 ¢ 2 09(‘1) I . ‘é;:’ ‘ o )# -
B 20 ) i 2 09 d) s - , o ' “‘;."’i_. ) o , N "n : . ‘ B A {-_ h 4
1 T A S
6 ' T S o
v : AR 5 R

(7-cpd)HFeCO . ‘all 2.10Q1) ~ 1.72(2) ¢ 1.71(1) . . 2.336(3) ' 7 W
R

A ‘Simpson63

¥Ea

cp = . centre of cyclopentadiene ring

. cpd = cyclopentadiene
s - E | - . 3
%

N . B .
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The iron to carbon (cyclopentadienyl) distances exhibit remarkable ‘con-
sistency within each molecule and are

independent of the silyl substi—
© _tuents. Ihis prog;des more,evidence t

at highly electronegative subsei-
tuents on 'silicon do not cause a contraction qof the metal d orbitals in
carbbnyl defivatives.

The equality-of ﬁhe 1ron;silicon"boﬁds in the
difluoromethylsilyl and tricthrosilyl derivatives at 2.25 X would

sggiest an equality in the electron withdrawing ability of thése groupa.

Table (XVII) contains values for the sums of the electronegativities of

tﬁe silicon-substituents (excluding the metal) for SiF

¥
2CH3 and s&r3 for
Ehtee'diffe;enqtscales of electronegativity. -
. Taple'(XVIf)l' ‘
Electronegativity sums.for silicon,subetigutents (ekclﬁding the meta;)
: SiF,€H ( : Ref PRI L
g | B 81013 : B SiF3 Refe@enceﬁ e
: 10.70 .- 8.49 S 1230 0 s30T T
" a L ‘ ' Lo N S . y' ’ N )
10.51 . - 9.48 - . 11.94 . S -_/" 54 L e ]
S 1045 T U900 . 173 ss oo T
T , L L S ,' B S
SO e , . A e R e
For 511 three‘scales-%he?ligand“ordering would: be SiF3>SiFéCH3>SiCIé. S
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The structural studies of Co(CO) SiF3 and Co(CO) SiCl3 show 3

| . small difference 1.{ cobalt—silicon bond lengths of only 0. 02 X Sincn

’SiFZCHa is judged to be intermediate between SiF3 and SiCl3 one‘might

. expect a difference of approximately 0.01 X in iron—silicon bond Iengths
in the trichlorosilyl and difluoromethylsilyl derivatives. Given the
'errors associated with the iron silicon bond lengths a difference of .

.;this magnitude cquld nbt be" de!ected with reasonable ce:éginty. The
..considerably longet iron-silicon bond length observed in v ,{., . o |
(h C )Fe(CO)H(Si(CH )2 6 5) is in accord with the relatively low o

:electronegdtivity of ‘the substituent carbon atoms._ The . iron carbonyl

linkage§ 11 the structures fall in the range’ I 71 R to 1. 76 A with g

errors that preclude a statisticqgly sound comparison.- 4

‘The silicon—carbon (1 836(3) X) and silicon fluorine (1. 591(2),

'Y .

1. 601(2) X distances of the difluoromethylsilyl substituents are ' T S
essentially identical with those observed in difluoromethyl silanes6 '

s (si-C = 1. 833(2) X $1-F = 1 583(2) 8). ' The hydride ligand is 2.1 &,
e hydric LA

e,

_from each of the two silicon atoms.~ T e
Any discussion of geometric parameters associated with hydrogen

‘ atomsbounddirectly to transition metals must be considered somewhat -

- “speculative whenever the experimental method is X—ray diffraction. Even oo

-a perfect x-ray diffraction study would give metal-hydrogen distances : ;t‘ "iik7;

- AL -

that would be systematically short due to the perturbation of electron IR o
. ' " S
Y density by boud formationSIt If the magnitud@ of this shortening is o S

_,gpatimated to be 0 l X the iron hydrogen distance can be cOrrected to ;Jﬁ_f» -
fS X which is reasonable when compared with the)value of 1.60 A l‘ S

- . o . - R .,-“ .
: .8

; 2# observed for a manganese-hydrogen bond length in the neutron diffrac ion @ v~;fg]




: 'th& iron hydrogen distance from l 4 to 1.6. X while maintaining SieFe-H ~%

-direction of -the’ iron—hydrogen vector’ and only one variable angular

parameter is required to define the vector orientation. The convenieﬁk

) . :

) v . " ’ _,,. . B ' ) o . _ o
" J i ) ' . . ) ~ . . ] ‘ . . o . !
-sp;udyfl“of:-a!n(CO) g 37 and considering the nortal trend in covalent radiy .,

4 - " . -
4

i'OeO‘Fe <‘.Mn‘ | '. " 7 \ 40 . R : ‘- ' .~\. ‘.
an -error. in. the iron-hydrogen vector Iength makes remarkably little

difference to the silicon—hydrogen contact provided the angular paraQ

meters are constant. In the'ﬁase of (h— )Fe(CO)H(SiF 3)2 changing

angle at 63 produces relatiVely small. change in. silicon hydrogen cont\ ;?4

)

tacts from 2.04 to 2. 09 A. ,Provided that the hydrogen bccupies a single

T

minimum potential the molecular mirror plane places a constraint on the

1 - 9 4.,.

[2

Q'."’ - .

angular parameter is that formed betWeen the iron. to’centroid (of ther N
o, .

cyclopengadi&nyl ring) vector and : hhe iron—hydrogen vector. corresponding
o B & o 3

to the angle © in'the equivalent tréeatme’of CSHSKe(CO) HSiKC 5) “”

thé previous chapter. The consequences of allowing this angle to vary_ﬁa .

5 from the observed 6 value of h22 5% are shown below.

Ly .
) .

o ""‘181---—11 -F(l)-_--,-H




using spherical potentials these contaccs would conatitute li‘ttle to

L
" a. T

o che overall energy of the system However, ™ any &pphisticated treat- ra&u
3 L menr, tl{mt attempte:i a correction Eor t:he perturbation of the spherical 4 “Yi
‘v’; - elé’c.t;ron dens'ity due to ‘bonding effects, ‘an’ equality of the hy rogeni: o T
A \'\é ~f'luqo:'“ine! contacts ivouig as;;;me greater significance since it‘, 1d co;-« '“ ;
S respond to moving . the hydrogen atom frnom*a position near an electron' o i a
; - d’eficient antﬂ)onding region of a silicon atom tqwards .an electron richz ‘ ef:{:
bonding ri?;ion wher;a reonision won&d be~expected to be greater for a > 4‘ '
given internuclear separation. ) _ _" I v E )
B . ) N ¢
s; . The co ormation of one SiFZC group‘ telative to Ehe struct&aln;?frag‘-
: ' ment Fe.H(CO) as viewed down thel iron—silicon bond is shov;n* in Figure (i)i)c - "
T e pc L
& h ,. o ‘%, iguré gI}Q - ﬂ; o N e
: o g.‘,,a ; . v ‘.«,‘

T e



B
Ve

SRR fﬁgigyieeu és’ th c qg)se(c0)3(51c1 ), and (hsC )Fe(CO)H(Si(CH3)
. A

‘ sil*l 1igand- Only in Ee(pO)zﬂsuc wher"
'aﬁg 2 -‘8 X~does ‘the%silyl gmup £ 3 to adop_

"'respect to t:he hydride ligand

v ' » & o

9" It is cle from :this diagraur@hat both the carbonyl and hydride 1igan s
b3

&tion with respec‘t to” the substituents of .the

.9 ‘Q R .

\

AI\

5) do nqiih ; adrror: symmetry in the crystalline state‘d’hd ‘a com-'. '

parison of the’

. ,-xmate}y equidistant from two of the/substiﬁuents on each si].g; ‘,hi

EE R ‘ a ' o
Tgi? cmfoﬁnational feature is cbnsi.stent\ly dbsé_fved in' all transition

- metal comp,lexe.s where a hydride ligand fo%s ﬂ clqée qqm.act with a cis ’

2 ‘ial (orierbtation with

t+ - a"-@ v 43 A

4t ?-\

@
structural fragment,vthe silicon ,,hydrogen co'htacf:s are estimated to be
greater than or equal}b 2. l A and have been treated as repu&ive in

43

_nature. For the CSHSMn(CO) ‘HSi(C ) : and CSH Mn(CO) ﬂSiCl2 6 5.

'derivatives containing the CS 5Mn(CO) HSia fragments the siucon-‘hydrogen

cis contacts are estimated to ‘be L8 X and 2 0 A respectivelfy Q’he "
s ) L . ."‘ :

R B N

vhygrogen apparently prefers to be closer to. the siliéon atom than to

%r R }Q s
the carbon af which is t-otally unexpected i?/view “of the

: sizes.r The original déduction that this indicated a bonding ‘interaction .

. e .

between silicon land: hydrogen atous (i e. the onset of the penta coordi-
- h_g’ . . . 3 )

' ) . e . R
. . v v L - L LT B T C .
N . . N v . . - . -
had ‘ N Al . a ¢ AL . - c

es* (VI), (VII) and (VIIIL s'hows that some variation '

S 4 4
v Inﬁe, seripes of iron derivatives »containing the C Fe((“?)Si ,

S,

R

in -the orientation of the silyl groups’% possible au@ t:o mi&\!&mper{ur— .
bations sgch as intermdﬁcnlaf fordes. «Nevertihel\ Ee di e enég; in ‘g, :
; -rotati&s about the&rom-siiico:‘bonds are. small’ ax:d ] '. 9 epo ) 9 .le |
.. to conclpdeﬂthat in ai], thre‘eh mol:culeo'the ogens wil’ m 9 r;xi:r9
- [P .

e, iron-silicon tontb& 4 sk

S
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C s

.contacts with cis ligandSw: A si'l.icon atom in an sp3 hydridised state J‘ s
M o N DR Dy

_.and with ‘an appréptiate odentatih appears to ’be capable of - contacts

(at 2 55 and(é .51 A respective],y) :{p w— (CO‘)
fgood evidence for thism TH% the relati

- _and carbon~hydro_gen Eantacts im“ he manoanesm compouncfs *mayhot be

»

3

‘would be expected to ‘he unifo‘rm,}y 'hard,'i’"with ‘respect tg non-bonded ': o .

«'(

e d ‘
. whieh are of the same ma'g,palxu e aé comj:acts (%P carbon atoms of catbonyl e

3

I T

..'groups. The near equality pilicon—carbo .' cerbon*parbon conta%ts R

43
2.

4‘ silicon-hydrogen

n@rovides

" w . d‘_

e B

?. '
signifﬂaﬂé‘“ Hgso!utfon o£ ‘this proBlem.&i'eqmes precise hydrogen coah A

X U R L

“ O'rdinates ‘aﬂd" nept:rok aiffraction s‘tudi‘gs are dear‘@"required._ L Q e
< L RS AN . H'P: . . ' - N ‘ ) -. ",‘— .
L . "&E VRN o gn Lo

D . . s . . Ca , ) L el
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: Chapter Four ' & .
e ( L 9 .
‘ R o R S
- ,Introduct:lon., . o ‘.
- - L . ‘. ' .
' An unusual product assigned the dimeric formufs ((He Si) Fe(CO) 4 -
I n . . . . )l h‘
resulted ffom the reaction of MeasiI ‘with Ns Fe(CO) 4 in tetrahydro- ‘,

) . ’_: -
f\uran58 59. .An 1nteresting structure based on an Fe2C2 tetrahedron was .

-
proposed and it *emed that ;he react:l.on provided ‘a further example of

",, the sometimes unexpected course’ of reactions -between organosilicon ¥

g halides and metsl ?fbonyl anions. The Stmcmrs,proposed by / - P
s ' LY AU
: .~ mcDiarmid contsine@l the core shOwn belw in mg‘rm) e, "‘(P. oo
. . . ° . . . ' , PRI & 51 j‘J ‘ ' ’ 8
. * N - - . . ‘B".« ' . 0" - o
L o . " ‘ v ‘ s ' v & ' N o ! * -
’Lal Y " o . {'; o - - . [} ‘
I . . “ A S " ) B a ] . Lo - <.‘*
'l", ‘ S The c e», of the molecule as proposed bj MacDiarmid. i . .,
. » . — .
R rv S L b e .
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¥
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An anomalous feature ot’ the data reported was the appearance in the
N x

mass spectra of the 1ons {(Me Si) Fez(CO)g) and ((Me Si) Fe(CO) ) in

P

: * v
using photographic methods indicated Laue symmetry 1 and suggésted a °

greater abundance than those of the presumed molecular ion. ., The

ot

preylgu_s assignment of these kinds of peak as (P+C0) -and (P+ZCO) seemed

improbabl’e60'. Inﬁaﬁ attempt to vindicatf the useful principle that the -'

peak of. l'aiigest {3 in. the mass spectrum of a metah carbonyl der‘ivative _

£ v
’ normally gives t'ef'm.inimum number of ca bcbi\groups presentbl, the. s
_ { .cryxal structure of the compound was undertaken. R ‘ -
T g o . Experimental “ S LT

e

: 2 ' -. ol : o

§ X ' {‘ ¢ : ' o
Yeld: px;ismatic air-setgsv‘ﬁrysta“of .,ﬁhe compound were léindly N
ST S *

' . ‘ » B
,supplitd by Drs: R;P Stewart, Jr. and W.A. G. VGr&aan ofgthe University n .
of Albenga. The crystals were growh in a mannet suitable for diffrac—

_ e v B .
tion work by sublimation in vacuo. A preliminary diffrac%BCudy - o

triclinic space group. A fresh crys,tal of ext.ernal dimen‘sions 0 03 x

0. 025 X 0 WCm was taken and sealed in a Lindemann glass capilliary i v g
) : .
under an arg%n atmosphere.‘ This Erystal was: then mounted at a random : : ‘

N
orientatiod upon a Picker Four Circle fully automated -(FACS). diffqa/_

d 1

:qt)rome‘ter : Thre low 28 axial reflect’ions wererlocated and used 'to :
R obtain a rough orientation matrh; ~ 'l‘his matrix was .thenAused té locate . N
lZ in‘t“‘ : nm!gfleétions ang: ;hequmefully centered in f | ‘ '
i".w, 26, x and ¢ (‘Graphit’e Monochromator, MoK. , -0 710‘69 X) and these . :
vv‘aluesvu»sed’ to obtain precise cell parameters by least square procedure._'_
L The lattice parameters of ‘the“ reduced cell are: -~ '_ S o T ' "L

. ’ . - ' * ' T f - -
: . a n . : o . B . . - '!f@ ‘ . Lo~ R
" 1 ’ E N ' . M ‘ .‘ e . v i
B . . . L . RS



T
- up. totclose to- this density (1 32. glec).

".

. .

_ AV e 1153512) ot | .

R S 6-12.23_%1‘2)_1 o

S T ¢ = 12.543012) . . ¢ R ﬁ 9
. Lol T [ a.,= 72.61(-6) . A e . - ‘ . — v' . - [ S

. Lo _ 3 . o

g =87.31 » | . I -

: B a tsQ>\\\; '3?%%”' . ,
0 . . s ' ERC YR
| .y = 8.08(8) - v

- ) ,“ o : . e - “‘.‘ L ' 3 A oWt *iv v <o
« - R : S ey

giving a calculated density of 1. 34 g/cc on the bq‘sf's of two formula ) ,{,‘ .

~units of ((MeBSi) Fe (CO) )"%@r» unit celi A,darge, badl} fd&med wel z&f
- & '

W

J;J;ystal wa :’fdund and’ introduced. into potjssium iodi.de solution made - .

o 7

The crystal “decgmpoqed in :

.A’.‘ ‘&"‘ ',' "} . 1] - . ,.‘,‘\. . : ._‘b' " .
less tﬂan o, nrinute but was oﬁ @ behave as &;f i‘t were gﬁ, similar T <.

. . n '“’ R

: density to the amﬁ.t liquid : The reflections w amched onto pgper )
tape and these were interp,reted and punched onto 'cards with ‘the aid of »"} - 1
3 N

a programme written and kindly supplied by G. Williams of the Bio-

chemistry Department of the ’aliversity d'f Al]ge~rta. A 26 scan method

* " through 2 with a ac,an rate of 2 pex’ minute was employed for the in- ;o

M

o\

y

Al

tensity measurement (Graphite monochromator, MoK £069 X)

. B
-
Backgr:ound was courtted for ten seconds on either side of the peak With ’ 1

. the stationary counter.

‘The teflection data were then t,ransformed ‘to: o :

MIXGZ format and’ reduced to [Fi and oF in ‘the usual mnnerzf. O‘f ‘the
* .

.3108. intensities measured 1486 ‘were: grea»ter than 30‘1 and were used in A ‘ .'
subseque.nt calceélat’i fn..a;C:ry‘stal‘ decaompositiln ;as monitored by measur-- .> .
) 'ing the ﬁxtensity of ‘three ré’flections eyery hour. Absoi'ption correc-. :

tions were applied with the ai:d of the programe G,0N09. _ . l" :
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B Sofqtion and Refinement of the Structure . :

';.\.'. " ‘.. . ) . .l . i
- . . ' ™ '@"‘g' . A /‘"r

v " . ;'\‘.' o S . /
¢ T T . - » ——//‘ * . v o
. - 0. .

‘ v N The space group Pl was inﬂicatied by t:he statigticah. éistribution of S
' had - ?', ’ . - ..;\.

r

|E| -'s.and- ‘was assdmed f&r su!;sequenb calculations.- A Pattersen map s
IR R S ZENEN e
‘was comput.”ed and. the positionS" of - th% two&iron atm’s#ouqd.w The expected
vx . . P ; .
vect{rs and £ eir weights are derivecf below. ' T e

. Iy . f&» " . )
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. Twelve of the peaks’ were readily assigned“to’terminal carbonyl groups

1

: _ L , »
‘'The four silicon'atoms were loca

Y

T

' peaks which appeared suitable for assignment as’ carbon or oxygen atoms..

~ and another twelve peaks{seemed consistent W

Peakslof appropriate size.were

.

R N
¥y

l(‘ .
lea;

map”éalculated from structure faé ; v
. None of the silicon atoms were located’&iﬁhin bonding distance of the
"iron atoms; a feé&ure cliar
A second electron density difference map, which was phased on the

quel of two iron atoms and fout silicon atoms (R = 35%) contained 32-

-l

A

/

the silicon atoms.'

1 0.22

" 0.08

-.0.30

2

',Fe(i)

Fe(2)

v

“

0.14,

©0.07

e .
3’ SRS
. ' '
%
f’%hnd at v
b n
0.18 .- 0.86 :
0.56  *0.48 -
0.74 - 0.34
0.38 0. 62 IR
-»g. / Ce
2 ns as,

&

0.37

e

ﬁg to an assignment of iron po

0.19

/

3 e,

-
o

-Otl?

0.31:

-

M&'

i?h meﬂ?y% suéitituents of*

e

he 0

ly at variance with the proposed structre.

e remaining eight peaks a definite assignmentd'

4
as_narbon or oxygen atoms was not ciear.

‘apsigned as carbon atoms for. the initial stages of refinement of the -

structure.

0

Thesefuncertaih peaks were

°

< ¢

During the least squares refinement of the model parameters :

. the- isotropid temperature factors of four of the uncertaiﬂ“atoms refined

to very low values (V1. 5) compared with’ typlcal values of 3 5 fo;_the o

AN

four atoms in the central core of the molecule.

-

ra

..

PRI

This is\the effectl .

AN
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‘,’

.atages 6ff refinement. Contributions of the methyl group hydr?gens to

o refinement (R = 127) indicated substantial anisotropy of vibrations and

. establish the structure of the molecule. ~ ; - S */ L .

1

expected when an ‘atom is assigned a scattering factor with too few

electrons. Reassignment of these four ‘peaks as oxygen atoms completed

L3
-

the identificati,onwof the material. Neutral atomic scattering factors23

wEre used for all ‘atoms. and the real and imagina ,coijlponent.s- for

anomalous scattering were' included for the iren and silicon 'atomsz
o, 4

An elec&on density di,fference map computed at the end of. isotropic R #.

- R . a o

- .
failed £0 detect the hydroge.n atoms of the methyl grOups. ,The small N

datq set precludes ‘extensive ‘use of anisotropic ‘thermal parameters.

L &
* Only thec heavy atoms (iron and silicon) }nd the fOur oxygen»atoms of the

Qil%;y groups were allowed anisotropic thermal paramtaters in the final

e ., .’ . ks
t e struct»ure factors were calculated using the hindered rot:otmodel27

v . .. q‘\'( ; /
in a free rot?r approximat,ion (Bd set at 0. 05), but no refinement of
LR
the rotor par;met s was attempted The refinement of this model con~
’ »
vélrged at R'= 8 5 - The ‘rather high R value reflects difficulty with

' crystal decomposition and inad*lacy of the }h@?ma}-,models of the peri— ' \

~ “-,..,,

phera,l "atoms. Nevertheless the results are sufficient “to confirq_the
' e / R
correct chem’ical composition'as gi"ven by the mass spectrum, and to - )

o "

® o
C e . . . . . t Ty
v . ' .
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‘Results and Discussion - T s

s v ll..
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The moleglar structure; shown in Figure (XI) o(rerleaf' confirms the '

1
riformulation adee si

951,y 8 36 10

The molecule contaihs a. subatituted . ‘
butadiene. ‘frag‘:ngbonded tO one .Fe(CO)3 grOup with two. sigma/tioﬁdl }zo . S
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. ’ T . ’ .Q \"7' .
,‘A orm. & an iron~containing heterocyclic ‘diene. Th,e 'f:lve membered ring is
0.', ‘_
P
Pog 1, bonded to a second Fe(CO), group and an iron-ir6n bond (g 49 A) com- -
. : N

A pletes the linkage between the two non—equivalent Fe(CO)3 groups..‘ Each
3 s .

" carbon atom of the l"eC4 ring has a trimethylsiloxy substituent ‘and

u .|. :"h"

appears to have been derived from a carbonyl group Thgt ‘all four tti-—

by "»; - . M,_v .o
methyl eilyl groups are. attached to oxygen is unexpected, in that only D a,,%
s R R

,‘ ‘two are cleaved by anhydrous HCl59 The compound is- aMaalogue of T

%

"’.‘ O (CO) C (OH) (CH3)2 whose synthesisf’_z and - .‘El’tructure63 have begn res ‘ P

: ported but in this case. only two of- the carbon atDms of i

are derived from carbonyl groups

v v

initial‘ formation of an iron silicon bond.

'ﬁ. R o' E t _ ‘ " 5‘ .

_f@ The geometry ‘of the Fe(CO) Fe(GO) 3% portion of ‘the: molecule shows o L
Y s -
g excellent agreeuieht wit‘?ﬁ those reported By ‘Hoch and Mills ﬁ'effrey . »
” » . s > MR

F' and Willis and by Van l{eersche, Piret and Meunier-Piret Thess L TR
. y 4 ’ [N

three structureg are treated in detail after Figure (XI) in conjunction '." -v

L,

~ .
B h ) vu“
with Figure (X113 and ‘Table” (XVIII) Wt body of the bext. The aton
- 9 N .
numbering schege used by these authorsJ63 64 675 shows little c0nsistency - “, ‘
. ; Y T g £ .
- R
g?, 9and in conSequence thein distances are reported in terms of the atom c
numbering scheme of the fragment shown ovqueaf (Figure (XII)) ')'
.‘g Q'\ \::@’ R ' . . :.ir . . .. '- . - e 4 ;\}
v 4 ot . > . e . o ,
S e N ) 8 .
s " /
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. - . Figure (XLF)
‘A schematic fragment of Reppe-type compounds.
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A Compouixa Bn’a- v 1,1 l-trflcarbonyl-z E-dmethoxy-S—(d'Lphenyl— P
w N . " methyl) ferracyclopentadiene] iront trieérbonyl e
L _‘ Compound 065 (C6H5 C CH. C H4)Fe (CO) v o ’
» . Conpound D PR | - T?is work 1, e) [Me351OC] (CO) S
e e . .- - L R A - 0 -
"(‘J R The bonds 'lengt:h& raported are. reproduced in qhe fgllowing i
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Table (XVIED)a¥:"

0y

> Compound -
‘A

T
*‘A L

be Y-

o . . . . Lo “'- ‘ ’ '.‘__ . .
: ‘ A table comparing dimensions in various Reppe-type compounds. -

& B
wy
o N
Sl

Y

'Compouhd¥—00mpeund-
<« B C

“D

(etandard deviatione not reported)

< .

Av. Fe(Z) C(terminal CO)

‘lj;*Av.-Fe(i)-C(tel

'a¥3‘5;Aw. Fe(ZQ’C(l)’=f~

A Fe(lf-cg) J0) “

. . Fell)-c(2), OR

) »A\;ere Fe(l) C(7)-0(7)

- ]b'

7. 493(2) -'554 '

‘T nut fe-.

2 48(1)

hl
LI

.’f , 1 4zcz> R

s‘g

1.43(1)

17 78(1)

: / l 76(1)

1 94(1)
Ly
212Q1)

f 2,151,

193

2. 529(3)

z 47(1)
pbrted .
v --*
iao S 1,.42(2)-~
g e

1.39 ¢,1 39¢2)

f1.76;4 ¢=1 76(1)

173 L7sq)

2“!4”’,

2 14

';zgléﬁl)
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3. 494(4)
2.52(3)

l 72(3)

1. 92(4)
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In the simplest bond.ing desc»tiption of this structure Fe(l) ,pwh ch ‘-“; '»\.‘;‘.i:-

{
¢ achieves “an inert gas configuration by ,the’ donation of six electrons
' “N .,‘ . v..‘ ~

from its carbonyl groups and afou'r electrons from the fefr.acyclopenta-‘ .

W __Js T P UL

dieno fragment, acts as a dor{or to \F;(Z), i e’ both electrorrs of‘ the :‘

o iron—-i@on bond a‘he supplied by Fe(lﬁ. This description while convenie't -

¥, -
for electron counting, is clearly oversimplified,‘ since the large devi~ = . ’

R ation from 180 of the angle ev-C(7)-0(7) in all four structures indi- ) ~:. s ét’s"
. FYE. AP ' R
'::T?' ] ca%es some participation by < }‘)’in the bridge.,_ The iron—iron box%

\

, o v length at 2 1494(4) X apPea@ typical for this class &’f coinpounds, but

: 'y - -
is relatively ShOl‘t‘a ‘in. terms of the total range of/{listanges 2.48 X to 4. B

" 3 0 A which have been treated as indicative of iron-iron bond,s66-69, i " :" .':.(

N - - o . R
Thishort metal-met'al 7lgnd is’ promoted by bridging (aﬁ‘fus C(l) and C(4)) :

aBd the staggered drrangenent of the bond Fe(ll-CU) With l'eSpect '50 ‘ @,&
- the andS\FE(Z)rC(S) and Fe(Z)rC(lo) coy L . , n ;( g
- . C gy, 2 R RRE K o
' ' Since the 1ight atoms in‘th\ts structure ane determined wfith lbw !

. .

N

v‘_.

) precisiton discus‘Sion of bond lengths involving 1ight atoms w’!ll be re-

s, >; ‘_} .
¥ strict’ed to trehds that are \evident in all fOur compoux?ds. ~-Th‘e geometry

oy . : ;.
' 9\ ' of the butadiene fragment of the’f’er jcyclqpentadiene ring..is simil& to
T iy A s

o.4

09

contributlon from the fd.rst excited state for I:Ltadiene7 v While thi .’-i
. . N

pattern of carbog-carbon bonds in ferracyclopentadiene iron /tricarb nyl " . o

I

. derivatives is similar to that found in. normal butadiene iron& tri*“_bonxl ‘-: T
e fragments a marked differ'ence \is obsenved in’ the pattern of ir%,;.carbon SRS
.' Ce . ¢ T e
Y distances.  Inm ‘typical butadiene-iro‘n tricarbonyl systems, Fhe iron atom . j{:j‘;fﬁ"ﬁf'flf
st ;" - . R . ] : I ) ‘- o S L ol .!" . “ -y : " \‘w",.v ‘




-~

) ‘\-‘ g ' ’
is closer to the atoms C§2) and C(3) than:to the atoms C(1) and C(4) by

approximately 0.1 )Y 70,72-79 whereas in the metal-metal bonded ferra-

cyclopentadienyl systems lhe iron-carbon distances are observed to be

equal or the boﬁds Fg-p(li and Fe—C(A)';re shorter than‘the‘Londg Fe—C(Z)‘
.and Fe-C(3). . _ { ! o * . . .
fhe siloxy'sidéchaina exhibit a marked Qariation'iﬁ‘géometr)\ :Tb;;g
substituent groups-are afranged in a manper that minimise in;rahblecular
repulsions,Jwith each C?in8—0481 plane (deviations 3°, 3%, 17° and 3%
and with sificon atoms élternately up’ and &own with respect to the FeC4‘-
plane. The large range of Cring—o-sg gngles (123041470) as a result of
these rather weak forcesvis in agcor& yith the concept -of alﬁsbft"
aﬁgie at oxygen 45 suggested by s ectrgscopiceo and structuralsl.studies.
This result strongly suggests that solid state structures of ;iloxy
.Vderivatives are of little utility /in attempts to correlate tﬁe angles
at oxygen with such effects as_dtrpﬂ bondiﬁg. Such attempts should be.
based oﬁ ga382 or liquid phase studies. .The silicoﬁ~carbbn distances
average 1.86 X which is close to the value 1.88 X which is observed in
alkyl silaness3.
A 1list of heavy atom parameters is given in Table (XIX) o;erleaf.
Hydrogen atom positions, derived from hindered rotors, structure ampli-
tudes, bond lengths, bond angles gpd the results of least squares cal-

.culations on the Feca plane and the four Si-0-C planes appear in

Tables‘(XX)-(XXIVf.

-
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x .
N Table (XIX)
Atomic Parameters for ((CH3) si0C) Fe2(€6)6
;8- Pbsitional parameters - kK
. Anisotropic Atoms ,
Atom // . x ' | y 2z
Fe(l) \0-1518(2) 0.3676(2) 0.1687(2)
Fe(2) -~ 000698(2) . ' 0:1929(2) 0.3088(2) . ™
51(1) * 0.2327(5) 0.0994(5) 0.0345(4) .
s1(2) | 0.5181(5) 0.1606 (6) . 0:2550(5)
s13) 0.4154(5) . 0.5128(5) . 0.2770(5)"
S1(4) 0.310(4) 0.3243(5) . 0.5585(4) v
0(1) T 0.2342(9) 0.1187(9) 0.1559(9)
0(2)- 0.4227(9) 0.2520(9) - .  0.1917()
0(3) o 0.3695(9) 0.3894(9) - 0.3346(9)
0(4) _0.1200(8) \ 0&3670(8) © 0.4187(8)

’ |
Isotropic Atoms \ '

¢ Atom : _.‘ | x ' \ y L z
0(5) ;0{253(1) BT BT
0(6) _0j094(1) [ 0.5%4() - - . .0.179(1)
_o(7) -01077(1) O 0.350Q) . 0.091(1)
0(8) “0.056(1) 0.043(L) 0.214(1)
0(9) . 0.116(1) 0.012Q1) . 0.496(1)
00y | ~0.153(1) 0.263(1) 0.399(1)
c) 0.2111)  © 0.194(D) 0.220(1)
c(2) ‘03001 .0.256(1) 0.239(1)
c@3) - 0.270(2) 0.324(1) 0.307(1)

’




t

Isotropic Atoms

€(22) 0.

Table (XIX)-Contigued

Atom x
¢4 | 0.153(1)
c(5) 0.211(1) -
c(6) 0.119(2)
c(7) 0.013(2)
o . ;-o.oos(g)
¢ . 0.126(2)
c(10) | -+ -0.071(2)
cany 7 o.don(2)
cQa2) - ¢ 0,367.2)
caay  0.229(2)
c(14) s 1 0.653(2)
c(15) . 0.530(2)
c(16) 0.4872)
c17) T 0am
cas) 4@
c(19) 0.561(2)
—oc) 0.001(2)
c(21) 0.261(2)
134(2)

- ™

n

o o ©

%,

oy

©0.307(2)
0.411(1)

£0.504(2) R

0.345(2)

- oies)

 0.078(2)

t

. 0.238(2)

0.169(2)
0.158(2)
-6.062(2)
0.221(2)

o

.157(2)

o

.016(2)

.550(2)
.494(2)
0.237(2)

0.232(2)

0,455(2)

.623(2)

0.

347(1)_

0.035(2)

.173(2)
.133(2)
.249(2)
427(2),
.366(1)
.045(2)
.046(2)
.073(2)
.170(2)
.407(2)
.259(2)
.328(2)
.122(2)
.336(2)
.626(2)
.601(2)

.600(2)
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Table (XIX)-Continued

b) Thermal Parameters

" Aniptropic Atoms

-~

Fe(l)  0.0378. -
Fe(2)  0.0434
.'s1(1)  0.0720
s1¢2)  0.0513
s1(3)  0.0631
S1(4)  0.0537
o5y  0.0869
0(6)  0.1340
07)  0.0565
0(8) - 0.0996
a(9) 0.1334
ogloj . 0.0427
Isotropic.Atoms
At:én - "'U
T o(1) 10.0600
o) 0.0583
0(3) 0.0583
o(4) 0.0438
vp(iﬁ_':-- 0.0523
c(2) '’ 0.0414

_ u _ f‘.* N
Uy U3 . U2 13 .
0.0643 = 0.0391  0.0121  -0.0127
0.0585: °0.0510  0.0030  ~0.0120
0.0820 ' 0.0560  0.0124  -0.0174
0.1125 . 0.0625 - 0.0300  -0.0179
0.0819  0.0704 -0.0251 ~0.0047
"0.972i~ .o.oiiz © 0.0150 -0.0087
o.ii11 10.0631 . 0.0194 0.0110
9.0636 6]0@83 0.0371  -0.0147
0.1210 . 0.093 =-0.0058  =-0.0343
0.1070 ; 0.1002 -0.0099.  -0.0218
' 916815 0.0914  0.0210  -0.0611
0.0952 - 0.0973  0.0191 - +0.0006
,Atom’ '—.. U R Atom
cd - pfb£§§~ H(l;
IO ,'9.0386 utas)
c(s) - 0.0532 ,
c(6) 0.0582 ?
c(7) 0.0730
- c(®) 0.0703

U3
~0.0027
~0.0064
~0.0288

© -0.0185
~0.0155
00.0002
~0.0050

~0.0126,

0.0144 °
‘°:9511:' °
0.0230 i

-0.0309

T

~ codstrained

tg have a
value of

0.1 -
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Table (XIX)-Contimued. RN
. : Lt . - s "\.
- . N N
. ~P
Isotropic Atoms .« ! : : ‘ e T
) : . ‘. ' N ° ~. . ’
-Atom - ] u Atom " =~ .M & U
; o . . ; . L .

c(9) “ 0.0579 | cae) ..« " o.1187
caoy 0.0566 . can b.m9
c(11) ‘ 0.0904 . * . “o(8).. -  ,0.1083

. e(12) 0025 c@9). 1 0:1095 .

" ca3) "7 0.1026. o © 0.0810,
€(14) © T 0.1244 c(2)  :. - 0.0883
cis) - - 0.0909 C ez . 0.0745°




S O 0.491 ©0.229 047 o

. /A \‘ : o
- . . Table (XX) . -7 o

- Hydrogen Atoms Positions (not refined) IR o

N "A;‘o‘d": . :‘__ .._._,A,x; - _.,_y.,_,_._,,,_;,_ TR S .4,:.7_,. L R S s

H(L) Soas 0.181. - -0.126 - -
H(2) : 40.084 10.246 - ' '“.-?.052 '
Wy - 001 0.119 ~0.016
H(4) . 0355 0.167 - . -0.127 ]
Hs)  0.432 0.101 - -0.018" ‘
HE) - 0.382 .,~"”'6;232- ' ~‘-o.034£;
o 0.301 ©20.092 o4 -
H(8) 0.219 ~0.096 . 0157 =
H9) - 0.159 -0.083 . 0.037

mQo) - 0.644  0.235 0.085 )
H(11) 0.720 - . 0.169 . 0195
H(12) ®.667 " 0.298 0.179 -

B(13) |, 0.614 0.156 - - _ 0.425

AR LE L e -

H(1S) - . 0.491 - 0.088 0459, . w
Ras o547 - -0kt ;o bz o % ‘

B(17) - 0.484 -0.035 200337,
H(18) 0.408 *-0.016 o 0i224
0.259 0.645 . -, 0.286

B9 ——
.H(ZO)‘ ¢ 0.382 - 0.694. 0.3%1 .
H(21) o316 0.592  0.410 R
B2 oosa ! ﬁ’ ;é61',f. . g,io;%;g"

s . L . - @ . ) s
< = ‘ & a . e
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Atpm
" H(23)

H(24)
H(25)

H(26).

H(27)
H(28)
H(29)

H(30)

(D)
H(32)
H(33) -
H(34)

H(35)
H(36)

<_
-~

e

\
L
X
\V 0.465
) \ 0.463
| \\0.619
0.576

0.562

0.027
-0.049

 0.297

0.316
0.236
0.218
-0.097'
' 0.092

Table (XX)-Continued

© 0.490
0.626
0.490

- 0.561
0.421

0.221

0.161

0.280
,0.216

0.273
© 0.159

[ 4

0.478

_/ 0.442

" .0.519

0.097

0.087
0.275

0.363

0.400

0.566

' 0.679

0.668

- 0.532

0.632

0.657

0.598
0.674

0.542

SPT




N ‘ Table gxiiz'

~,Sci't;ct:ure Amplitudes.(xlb)

. A comparison of Observed and Calculated Structure Amplitudes (x10) -

s
]

%n ((CH3)3SiOC)4Fe2(CO)6

Table (xkl) contains seven pagesl‘
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K - FOBS FCAL

M
seL = osees
S ~-10 164 89
2 -9 190 o17a
8 N 179. 168
1 -8 277. M7
2 -6 398 393
4 -8 150 (7%
6 ‘-8 306 31
7 -8 281 231
1 =7 394 412
2 -7 3 asa
3 -7 269 231
4 -7 560 se1
1 =6 169 185
2 -6 720 663
4 -6 298 294
8 -6 407 398
.2 =85 362 317
3 -5 289 268
7 -85 320 207
8 -3 ‘olo' " 438
9 -8 '311 288
1 -4 a2a 3ss
2 ~4 149 133
3 -4 291 . 287
& -4 827 ass
5 -4 172 174
6 -4 766 716
6 -4 214 188
9 -& 228 209
0 -4 297 281
1 -3 1019 1096
2 =3 1a7 148
3 -3 799 ™
4 -3 938 917
8 =3 485 AT
6 -3 499 488 .
7 -3 S17 a98
8 -3 209 230
$ <3 283 201
1 -2 864 o351
2 =2 387 36e
3 -2 280
4 -2 656 598
s -2 31087 1010
6 -2 AT4 a3s
? -2 171 160
8 -2 200 251
9 -2. 260 241t
1 ~1-1572 1442
2 -1 1109 971
3 -1 .181. 162
4 -1 948. 9S8
s -1 13 121
é6 -1 126 7
7 -1 806 802
8 -t 164 147
1 0 1085 1180

204 .

- e .
e ONPN=OHOORAIPUWUNT

O

(3

NUN—OOUNO40’“”‘0”00UN—DOOOiOuUN-OOO_QOGOU”'-O
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Table (XXII)
’ =

Bond Lengths and their Standard Deviations 1n,((CH3)3SIOC)4Fe2(CO)6

Atom 1

Atom 2 . Distance
. Fe(2) 2.494(4)
C(5) ' 1.70(3)
e 17202
c(7) 1.73(2)
c(1) , 2.12(3)
c(2) 2.20(5)
c(3) 2.18(5)
c(4) - - ‘2.13(2)'-
VORI 1.77(3)
¢ 1.838)
c(10) : 1.87(4)
el | 1.9304) el
c(4) 1.91(3)
o) | 1.19(3)
; *0(6) CoLeey -
on 1192 ;
"o® 1.15(2)
0(9) | 1.09(3) N
0(10) . " 1.09(2).
0(1) U 1.41(2)
0(2) 1.40(2) ¥
03) L 1.362)

0(4) 136D




S (1)
§1(2)
.51(3)
51(4)
s1(1)
s1(1)
Si(1)
$1(2)

51(2)

- §1(2)

s1(3)
$1(3)
51(3)
S1(4)
S1(4)
. S4(4)
| He))
c(2)
5(3) |
c(1)
c(2)

c(3)

Table (XXII)-Continued
Atoﬁ 2

0(1)

0e2)

v 0(3)
o) .-

can

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

- C(17),
c(18)
c(19)
c(20)
c(21) -
c(22)

‘C(2) '

e
C(4)

- C@
c(3)

O]

1.

1

.61(2)

.68(4)
.67(2)
.88(4)

.84(4)

.89(5)

90(1)

.80(1)

1.88(3)

1.
ll

1.

85(2)
85(3)
88(5)

.85(4)
84()
.38(2)
.39(2)
.42(2)

.38(2)

.42(2)

‘ Distance \\\

.65(4) -

.89(1)

-39(2)

A\

100 -




Table (XXTII) -

Important Bond Angles and their Standard Deviations
. \_\
‘ | n *((CHy) ;§100) P (CO) o

¢

"Angle reported is that subtended about atom (2) by atoms (1) and (3). .

Atom (1) © Atom (2). Atom (3) Angle in degrees
Fe() TONE 0(5) L 177Q))
Fe() © . C(6) IO .

- Fe(l) ¢ o7y 166Q1)
Fe(l) Fg(Z)‘. e O 135Q0)
c) | . Fe(2) L e : 8001)

. Fe( ¢ @ e . 16 -
F}a(z)‘"" ) | TE 117(2)

e 5  c(8) @ - )

§e<ép ) o) Twewy
Fe(2) - c(10) - . 0(10) ., o i‘iéh)g\
c(1) ‘ c(2) )N 114(1) )
c@ c® cwr - - e

Cs1) o ew 1@
si(2) - \ o e 1)
s1(3) \ 03) c®» - : . 139(1)
oy . - $1(1) Coean . . . 112(2)
401(1)' “ - si(1) 1) | “'1‘08(2l)>
01 - . - 81(Q1) | ey S 1022‘2)

0(2) s \0(145 T 103(1) -
0(2) st cas 111(2) *
0(2) 51(3) A cas) - W

Es

.

~.

=

~
~~



Atom (1)

0(3)
0(3)
0(3)
0(4)
04 -
0(4)

y
- Table (XXII1I)~Continued -

Atom €2)

$1(3)
51(3)
- §1(3)

si(4).
§1(4)
Si(4)

|

|
_J(17)
- c(18).

€(19)
C(20)
c(21)-

c2y

< il

“ AY:om (3)
\

o

- Angle in degrees '

"107 (1)
111(2)
© 106(2)
109 (2
111(2)
106(2)




. ~\ ~(.C(1)=0(1)-$1(1) . 93% -
» ¢ . . , L
. K. 4 (- C(2)-0€2)-51(2) 87°
Fef2)- (C(1)-gM) | (o C
"-*2? SR &< (3)4K3)-51(3) " 107°
¢ .
t - ( C(4)-0(4)-51(4) . 93°

- e — - o
. B \ g4
; | AL .
R - Tablp (WKIV) o .
: “ - . E » S . “- 9. .
. Least Squares Planes  through’selected Atoms’ .
in ((CH,),510C) 4"‘22‘_"” 6.
. ‘ . . 4 “\ .
v Lt _ . ! Lo e
S M- Centre of plane (orthogonal coordinates) =
Atoms forming plane‘ o ox y I e e R
* Fe-(C(1)-C(4))  1.8165 4.0076 327
CC(L-0(1)-si() T 2.6906 2.0442 1:2980 " .
C(2)-0(2)-51(2) °  5.2043 3.6236 2.783% .
€(3)-0(3)-51(3) . 4.3619 . 6.6698 " 3.5770 -
C(4)-0(4)~51(4) \ 1.7459 5.9779 © 5.6419
34 | .
"Best Plane Parameters ,
Atoms forming plane. Dir. Cos L -~ -Dir. Cos M *.Dir. Cos N
Fe=(C(1)-C(4)) 10,3834 ~0.4912 0.7821
- N . - . ‘. . ‘
" €(1)-0(1)-S1(1) . =0.9319 ~0.3058" 0.1948°
. .C(2)-0(2)-51(2) ©0.3136 0.8460 ©0.4314 ¢ \ g
& C()-003)-S1(3) . -0.729 - 0.5866  0.3518
C(")’O(Qw V—o.s«ng ., -0.4252 .0.1141
St Angles made by C~0-Si plame to FeC, plane
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- Introduction - f?

shoWs five. carbonylxstretching banda in addition to a shoulder ‘, For

’ Conformstional splitting'of’the orderoof magnitude of 6—7 cm l hss Been o fgg-«]

. ) .
, \
. ‘

- Chapter Five

The Crystal and Holecular Structure of cis-bis(trimethylsilyl)

o

tetracarbonyl iron..

.
- L

- " The previous chapter desctibes the characteristics\gf a compound-/

formulated as a dimer of big(trimethylsilyl) t tracarbonyl iron. The ~

original objective of the MacDiarmid reaction58 59, i.e. the synthesis_ o

of- bis(trimethylsilyl) tetracarbonyl iron was achieved by reaétion of

excess Fe(CO) with bis(trimethylsilyl) mercury in sunlightsb The R ‘?’ ¢

compound Fe(CO) (81(083)3) is of interest in. that theoretically it

could exist invcis or trans forms. It was hoped that the bulky>tr£-° -

methylsilyl substituents would enhance the stability of the’ cie isomer. “ T

. « e~

A comparative study of the structures of the bype cis and tr&ns- N A

e .

Fe(CO) (SiX ) ystems should éLovide useful data on the ois and . trans , .'/
influence of: silyl ligands and hopefully give information towsrds

assessing the importance of dn-dm bonding iﬁ transition metal to silicon

«

bonds. The spectroscopic properties of Fe(CO) (Si(CH3)3) in'solution -

(as outlined below) indicate that the.msjor solution species is’a cis A -
isomer84 93 g ' . ° . - "*." . - i

\'_ ) . : : ” '

The infrared spectrum of bis(trimethylsilyl) iron tétrsearbonyl

‘
a cis isomer of idealised C2 symmetry, only four bands are expet:tetls's

N -~

observed in other - cases and may sccount for the separation of the two~'s

pairs of bsnd% at higher frequency86, .On‘the pther hsnd sqle

of'the

f) 104
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trans isome'y be present inequilibrium"as has been observed for

(Oc)aos(SiMe3)2 . . _ ‘

The Canmr spectrum of Fe(c0)4(51(cu3)3)2 determined at 540°C, in
in CDZClz, showed only one. 13¢ signsl in the carbonyl-regiOn. at 207.96
ppm. The spectra at -50°Cvand -60°C showed en excessive’broadening of
the above peak and at -70 C two separate signals were observed (at

' 13
©1208.34 and‘207:53 ppm) . Nd‘further change in the 3C spectra were . T

observed down to 90° 93

At the present. stage, it is difficult to decide whether the non-

- rigid behaviour of Fe(CO)b(SiMe:,)2 is due to a cis-trans isomerism, or ; R
to a different process whieh averages out the carbonyls while main- |
taining the trimethylsilyl groups cis to each’ other. however, the

chemical shift difference between the two 13C signais of the studi_com- .

pouflid, O. 81 ppm, is close to the value found in the very similar mole-

cule shown below, in Figure "(XIII). i

‘F'iguré gxnlz

A schematic drawing of a cis-(CO) Fex2 compound wheee NMR spectra has

\

been studied.

co_ .

eo/ '\‘szcc{"‘t _

T e

s
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The value for the shift difference in this molecule was 1.03 ppm93

-

‘This indicates‘that the two 13C resonances in the low temperature

. spectrum of Fe(CO) (SiMes) are due to the cis compound and do not.

:represent the bands of a cis-trans mixture, which would be accidentally

degenerate. / ' : . . ..

In an attempt to investigate the possible conformers of the com-

~

pound and hence to elucidate factors involved in the relative stability

<

of cis and trans isomers. a single crystal structure determination vas

undertaken.
Experipental ‘ o
Pale yellow prismatic crystals. of a size suitable for a single ' ;s

o 'S

structure determination £Zre kindly supplied by Dr. W.A.G. Graham.'
Investigation showed the crystals to: be unstable in atr and of a highly
reactive nature. Lindemann glass capilliary tubes (0 3 mm diameter)
were : taken and the small ends broken off, the broken tube then being

!
immersed in molten candie wax whereupon capilliary action drew a

column of wax about 1 cm high into the tube. The tube was withdrawn
from the pbol of wax and the‘wax column allowed to solidify. Crystals )
were then taken from their’ containers in which, in’ view of th;ir reac-
tivity, they were stored under nitrogen, and quickly placed into the

big ends of the capilliaries and‘shaken down to the wax seal. A source

of localised heat (the tip of-a soldering iron) was then applied to the . -

. wax column. about O.S.cm from the crystal and a small fraction of the

wax melted. Surface tension forces drew a thin layer of molten wax

<

v
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1 )

over the crystals. %The wax solidified within seconds of the removal of N
the heat source, trapping snd'sealing:the.crystal in a solid wax coating.

A preliminary diffraction.stndy using a Weissenberg camera led to

lithe-sssignment.of the-cryatai'elsss as;orthorhonbict fhemsystenstiov 7
N : : : q/‘,

absences

Ok{  k+.f=2n4

hot - " “h=2na .
~ )
rO0O h= Znol
| - ‘oko 'k = 2nel
,00¢ ¢ = 2n+l

are consist%nt with space groups Pna21 (No. 33) or Pnam.gL non—standard

'

setting -of Pnma, No. 62). ¥he observed density cduld not be measured
by flotation because of the reactive nature of the substanCe, but, the \
value of 1.32 g/cc calculated on the basis of four formula weights per
unit cell seems reasonable for a substance of this. type.

Space group Pna21 has four general positions and the molecule nust
occupy a general position whereas for Pnam which has eight general

positions the moleCule wbuld haVe to occupysa special position of site

symmet 1 or m. Site symmetry 1 is consistent with a trans isomer _
ry 1

only, and site symmetry m, although: possible for’ both the cis and trans

.isomers would,require very speclal constraints placed on the mutual
orientation of the trimethylsilyl ligands.. Consequently'the space group
" was initialiy assumed to be the non-centrosymmetric and more general_
A‘Pna21. j : : | oo ’ o - , L
A careful study oflsome large, well formed cr&stals showed that the

facial denelopment was limited to faces of the following three forns,
. . - ' { -




‘ (2,0,1} . {1,1,00 (0,0,1} |

’ and to a good approximation reaemb](ed he:iagonal plates vith thei c axis

perpendicular to the plane of the plate. A freah crystal of diFensiona '
0 15|nn across the plate and 0 07 mm perpendicular to the planJ of the
“ I '
-plate was taken and mounted on a, Picker Four Circle Autodated (FACS)

diffractometer and ten reflections were carefulﬂy centred in m{ 20, x

t
and ¢ using HoK radiation, A=0. 71069 2 monochromated by ref ection .‘
from the sz plane of a graphite«crystal and theae values were usedwto

' obtain precise cell parameters by least squares methodsaa. These cell

parameters were a = 13. 360(12), b.= 6.640(12) and & = 17. 590(18) L.
A preliminary set of -data were co}lected using the coupled‘w/Zﬁ
scan mode with a 28 scan range of 2° plus the aja, dispersion and a 20
scan speed of 2° -per ninute. Background was counted for~26 ae onds at o .
- both 1limits of the acan”with counter stationary. Three standard re- .
flections were measured evary two hours to monitorvdecompos:ti n effects.
_Data were collected for all reflections of the type hkl (h, k 1.all
positive) for which 26 < 45°, noK radiation was chosen in or*er to
reduce absorption effects;= During’ the collection of a symmetrﬂ related o =
_ octant (h,k 1) of data rapid and total decomposition of the. cryatal
occurred. The data of the original octant (lZl?‘reflections) were
chrected for Lorentz;polarisation‘and'decomposition‘and the 673 sig?
nificant observations (I/cI > 3.0) used for‘solution.of the-structurer
A second‘data:set was collected for a'new crystal of dimensions
- 0.20 mm'x 0.10'mm. ~For this crystal reflections in the octants hkl ;nd : Vk_‘
V;hkl were meaaured auccessfully with only mild monotonic decomposition

using the same experimental conditione as for. crystal 1. zhe data from
Rt e

/
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these two Octents of dats were nerged to give a data set. of 710 signifi- .

cant observstions. The data from the individual octants were. processed

separately and a significsnt observstion of the merged data set was

“defined in terns of‘I;kl > 361hkl and’Ihki > 3oIhkl This extreme defi-f-

2

nition of significaaie which corresponds approiihntely to I erged g

"4, 201 was’ considered necessary in.view of spurious pulses that
. : : | .

merged
were heing d tected»by the counter at this particular tine( Previous = -

. . , . . . R N (.
observstions of similar random pulses have heen traced to‘the operation

Y

of Tezler colls using the ,same power ‘line. In: this case the source of

the pulses m y have been the newly installed paging system in a nearby

94

" building” . The gross non—equivalence of IF | and |F hkll‘was used

in detecting six reflections which appeared to suffer from spurious'.
qulses. Da from the two crystsls were not merged because the»decOmpo-Q . '

A L.

) . s8ition correction for cnystal 1 were excessive. Also, since the space
group was possibly Pnazl, data from: the two crystals need not have been
equivalent due to.the;effects of'anozglous scsttering,_i,e. one data
sét could correspond tolhhlfsndgtheiother data set t hkl and this

2, aVeragingjis»not'valiajshenuthe diffrsctionespnmetry‘is:rnZ. This
. . ~ . . - 6 / - .

second data set was used for refinement of the strUctur
. - : . CEE R “~

/f«/ . £ oS

:Solutiog and Refinement of‘the‘Structu;e_i’

A three dimensionsl Patterson ﬁap“g was calculated snd the peaks

-

compared with the vector distribution expected for tﬁe two space groups..

l

The observed ‘vector distribution corresponded to a Pnam solution with

¢

the two silicon atoms related by the mirror plane as. inuthe cdte of ~—«-l»;

y ‘ » o, ',' o - R
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(R = 25%) showed the four carbonyl peaks.' Theuremaining carbon.atoms

were 1°C3ted in a[subsequent electron density difference map. Refine— T

! o

ment of the iron, silicon, carbon and oxygen atoms wss carried out in

space group ‘Pham with expectation that anomalous thermq} paramefgrs

!-wou1d<indicate any-deviations frOm exact mirror.symmetry. The least
Qh

o squares refinement of ‘all atoms with anisotropic thermal parameters con-

~verged to Rl = . 7.5% and no anomalous thermal parameters materialissdﬁ‘ =

%

! ""' ..

L

, An electron density difference map was calculated and nine of Fhe © :fﬁ f;,'"

highest fifteen ‘peaks appeared to correspond to reasonable positions

fbr the methyl hydrogen atoms. However, the two . largest peaks at . ‘ﬁ .

_x = -0, 18 y=0.10 @z -'0.25 .
' " amd T
A : . _ |
;.,x--oos ~y = 0.00 zw 036

were unexplained and alarmingly close to. the iron and silicon positions.

The recognition'that these two . peaks were separated by-a distance cor-"”

responding to an iron—silicon bond (2 4 to 2.5 g) promoted an extremely

Y

careful examination of the difference map‘ 'The remaining four unassigned

peaks of the 15 largest and other peaks among the top thirty peaks D

G

appeared to co?:EE;ond to:a.ghost molecuie related by a. two-fold axis P -

(corresponding o the line x - -0 l?, y - 0 05, z) to the molecule
previously locatedx This particular ghost image would not be expected

to arise from a slight deviation of mirror symmetry i e. the true space :

_ ._group beiqsklnazlg.but approximately Pnam This disorder was apsumed

X
te occur in about five percent of the molecules and vas: allowed for in

- . R a
_ . i , R . ;
'Y - e : LT . °
» o o - 1 .
- - . 1

e, e

R
F
e Z
*

1o

=

.




.structure factor éaiculations in which the predominant molecule was , ‘ 4

given as an occupancy factor of 95%. The term pEgdominant molecule
| .
follows from Hansongs. Hydrogen atoms were included as hindered rotors

and one cycle of least squares refinement reduced R1 to 3.3% from the

previous value of 7.5%. Two more cycles of rqfinemént were computgd

ta . A

and the positiona; parameters of the iron and ;ilicon'atgms in the
alternate molecule allowed to vary. An elect:on”fdénSity difference
ﬁap phased on theientiréwpredominant molécuie and‘the‘heavy atoms in
.the dlternate molecule led to a peak corresponding to 0.3 e/x3 for the -
position ascribed to the 5% alterngte iron atom. Thebpeak in the elec-
tron density difference map origiﬁhlly com;uCed wasyl.§.8/23; A value
of 6% was thérefo:; taken for the measuréuof the disorder and two more‘
cycles of full matrix léast sqﬁares comﬁuted, reducing R1 to its final
value of 2}92. The 6% alternate atoms were all relocated by assuming
ftﬁé ﬁew'péth of the two-fold disorder which best ffitéé the réfined..'

z'ﬁ5sit16ns of the heavy atoms, iébn“and 1licon,‘in bbth moiecules. Thi§
axis passed throhgh thé point-0.1208, 0.0552 in x.and y respectively.

. At éhis.point ;he data we?e transfqrmeq to the standgrd space grOt-xp,a

th'this space

Pnpa (ﬁb. 62) and all data in tables are consistent

g;oup.-:The néw unic-cellbbeCOmes a= 13.36Q(iﬁ), b = 590(18),1

// [+ . B . . . *
© = 6.640(12) A. , : B

4

Results and Concluéions

-

T3

The structural determination shows that the molecule is a cis isomer

A Y

and that it is grossly distorted from ideal octahedral géometry. A pér-

€
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" spective view of the molecule is shown in Figure (XIV) overieaf. Table
(XXV),_fqllowing Figure (XIV) 1is£s atomic parameters for the predomi-
nant m§lecu1e. Thé-ne#t table (XXVI) lists those for the alternate
_molecule. Following this, Tables (XXVII) and (XXVIII) list the bond
distances and angles and their sqandard deviation, respectively, for the
p;édominant molecule. Table (xx1xj lists non-bonding intramolecular dis-
tances gnd 'fable (XXX) lists structure ainplit:udes. Thf: packing diagram,
Figure (XV) viewed down the y axis, shows.no oévious cause for the
severe distortion from octahedral geometry in terms of "paciing forces".
Figufe (XVI) shows a view down the y.axis of a sinéle molecuie, with |
bther atoms drawn to the s¢a1e of their van der Waals radii. The feason
for the disorder is appare;t'from tﬁis figure, and Figure (XVII),'obcain--

LY

ed by rotating Figurev(XVI) by 90° ‘about the projection of the iron sili-

con bond onto the mirror plane.



Figure (XIV) -

A perspective view of the cis-bis(trimethylsilyl) iron
A tetracarbonyl molecule ‘
U) rﬂb)
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Table (XXV)

Atomic and group parameters for the predominant molecule (C0)4Fe(Si
; ) \

(CH3)3)2 with standard deviatiéns'in parenthesis. ‘
a) HeaQy At&mé Positional.Paramete;s )
Atom ' . .. ' x‘ ' . y i_'.- . R PR 2 -
Fe ~0.0611(1) 0.2500™* o -Q.0170(1)
si . -0.1488(1) . 0.3656(1) . 0.0920(2)
c(1) ~ 0.0193(3) . 0.3218(3) -0.120(1)
0(1) ' 0.0713(2) ' 0.3654(2) -0.191(1)
c(3) -0.1650(5) 0.2500™* . =0.179(1)

~0(3) ~0.2333(4) 0.2500% ~0.287(1)
c4) ~0.0302(4) 0.2500% T 0.243(D) | :
o) -0:0119(4) 0.2500°% 0.012(1) |
c(5) . -0.0676(4) " o223 10.263(1)
c(6)  -0.1779(4). 042043 . - ~0.126(1)
cn v '-0.2699(3) 0.3478(3) * +

' 0.222(1)

*X constrained by symmetry considerations.

b) Hydrogen Coordinates derived from hiﬁderednrbtof'

"

Atom - x ey _ o z
u(i) 0100 0.474 . t0.283
H(2) -0.000 . 0432 . 0.19%
_u(a)" ©-0.062 o 0.3% - 0.385 )
H(4) -0.224 0.401 . -0.222 o
O N ~0.1126 | B T I -0.202
CH(6) . -0.208 o 0,477 'j | _l -0.080
_EHDY -0.303 . 0396 . . 0.251
CH@® - -0.255 - 0.319 o0.352

H(9) - -0.314 - 0314 .35



) Thermal parame

Atom Uy

re 0005
s§ . 0.0405
c@ 0.0385

o(1) 0.0615
C(3)  0.057%,
0(3) o.o7§7 "
c(4) .  0.0380
o(4)  0.0855
.C(55 0.0838
c(6)  0.0753
c(n - 0.0629

vTaSle (XXV)-Continugd

ters qu

the Predominant Molecule
Us2 Usz U1z Uy
0.0385  0.0565  0.0000 ' 0.0026
0.0359  0.0808 . '0.0036.  0.0046
0.0575  0,0715  0.0005  0.0079
0.0751  0.1274. -0.0137  0.0297
0.0501 . 0.0674 o.:;Eo -0.0016
J.o;osgsglJ 0.1051 . 0.0000  —0.0457
" 0.0410 0.0719 © 0.0000 - 0.0042
0.0779 (- 0.0582 . 0.0000 ~ -0.0110
b,.10534§ 0.1378  0.0015  -0.0094
/6.0582é' 0.1204,  0.0126  -0.0015
0.0548 0.009  0.0387

0.1336

d) “Hindered Rotor Parameters for the Methyl Hydrogens

Ring No. ' x
2 -0.1
. o \ Y
1 -
2
3

y

Zz
54 0.4337 . 0.288
82 0.4390 ~  -0.168
91 0.3430 0.2457
2.596 i-! 0.715
0.627 0.9 ‘
6.115 2.081

i

U3

L4

0.0000 X

0.0004

10.0064
0.0246

0.0000

'~ 0.0000
0.0000 .

0.0000

-0.0293
0.0194

-0.0062

Radius
'0.95
0.95

0.95

B Bd’
| 10 a

o

0 Q; 3
F
4.225
4192
1.157



Positional Parameters for- the Alternate Molecule, 'CO)'Fe(Si(CH )3 .
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#

'-‘Table'(xxvi)

~ Parameters not refined. - w . o D:
IAfom-'._' ,\t-"- SR S . - . _ .
Fe - -0.180 - 0.250 .. 0.128 o
st ; -0.094  0.13 ' . 0.015
cw ~ -0.261 0.178 | 0.231
oy -0.313 - o 0ass © 0.302
c(3) 0.077  0.250 . | 0,290
o ~0.008 - 0.250 "A 0.398%%
cwy . . -0l . - 0.250 T 0132 |
o) -+ -0.229 0.250 - ~p.30r™ ’
¢ -0.174 - eom ~0.153™
c(6) -o.gsan - ,;' 0.03 . 0.237°%

c() . o.028 o eas2 . loau .

xxdenotes near cdincidence‘yith-an atom in the predominant drieﬁtation.-
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Table (XXVII) | |
: . |
“Bond Distances and their Standard Deviation for the Predominant Moiecule
. \ : ' ) ‘ . -
(©0)Fe(s1(CHy)5),
v :
Atom 1 Atom A2' ) \Disthhcg in _Ahg‘stromé "
Fe cy 793 .
Fe - -c@) . LI58(D) o
Fe - ey Lt T
. Fe ~  S1 - 2.456(2) |
st . ¢y ©1.853(6) - [ .
51 c(6) . . 1.852(6)
st~ c( . 1.866(5) °
| e . o - " Traswe) :
@ 0(3) 11609,
Tes) . o) . 1.143(9)
./ :
- © \
N .
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Table (XXVIID) .

Bond'Apglea and their Standard Deviations for the Predominant Molecule

L . j ‘(CO}aFe(SIQCH3)3)2' :

_HAngle‘reportedAis that subtended about Atom 2 by\ﬁtom 1 and Atom 3.

!

°
'Ato;fl Atom 2 (Atom 3 . Angle
c®  re oo 181.21) -
£ CFe cah 89.5(4)
<D P . C(3) 103.93) -,
: cay  Fe ONE 103.4(2)
. ¢y . - Pe 4 51  79.32)
s1° .. Fe e . 18.2(2)
. s1 Fe cw . 79:9(2)
———st e 51’ o 111.8¢1)
S s e 0 110.3(2)
o Fe st 6@ " 110.82)
Fe st e #ia.q(z)A
o s BTG './5_166;4(2),-
. C(S)‘ﬁ s BT T ;108,3(3)
e v st o flos.z_(a)..-
Fe cw o amae
e €(3) oy f 179.6(4) B

Fe w0 178.8(4)
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‘Table (XXIX)

!

. : S, . PR
-Non-Bonding Intramolecular Distances in (CO)-“Fe(Sﬁl(CH3)3)_2 ;

aom1 Atom ?. - Distance
s - cw  2.75()
si - 3 e = 2(124(5)
51 L o- ew .' 2;766(3)'
YR R S  4.06703)
cy - w¥,:c(}f)" . ;_ 2.53(1)
C T - C@ L 2.795(D)
ew . - c(4) o | '_;;7§%k7§"
- He - - E@) _ o 2.43 T
| (-1 AT 1) SRR ¥ - | -
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~Table (XXX) g 4
L

Structure Amplifudes ,

A Comparison of the'Observed and Calculated StrﬁcturelAmplitudes (x10)
| for (CO) 4Fe($i(CH3)3)2 .
R ;
LN
Table (XXX) contains four pages. -
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Figure (XV) . |
Y packing diagram of cis-bis(trimethy}silyl) iroti tetra-

_carbonyl seen down the b axis.
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_ Figure (XVII) '
Showing a sim;lar,\;iéw from in the mirror plane y;-l/l;_;




Any discussion of the molecular geometry must be prefaced by a

'~ “caution concerning the effects of QEe disorder., Although the predomi-
_nate and alternate images interpenetrate and produce a similar van der
Waals. surface, the atomic’ centres of the two images are in general_yell
separated (see Table (XXVI)) The coordinates of the methylﬂhydrogens
also may be influenced by the alternate component. However,‘the in;
'ternal consistency of bond lengths suggests that the disorder does not
seriously effect the geometry of the predominate molecule, although this

might be expected

‘The ‘iron silicon bond length is observed at 2 455(2) A which is sur-

prisingly close to a value of 2.45 A that can be estimated using the sum_'

. .. : : .o oY j : S . . ) .
of covalent radii (1. 34 for-iron96 and l 11 & for silicon). The latter.
value of covalent radius for silicon seems to be consistent with the
observed silicon—carbon bond lengths in alkyl and aryl silanes and is-

considerably shorter than the value 1.17 A which is normally used45

AV

This latter value is based on filicon-silicon bond lengths in homo-
nuclear bonds and known to give poor values for average covalent radii

',in many cases.- This iron—silicon;distance-is longer than those observed

(2. 415 L and 2.334 A) in Pe(CO) us1(c6as) ratid Fe(CO) (siC1,); Fe(co)4 |

respectively (references 43 and 97 respectively) The shortening of ¢ _'

/

the metal-silicon bond in the latter two compounds is expected on the )

basis of . the inereased electronegativity of the substituents. ' The . iron— .

: silicon bond length of 2. 456(2) ' can be compared hith the ruthenium-
”i‘silicon bond- lengths observed in 31(cu3) (co) Ru(Si(CH3)2) Rn(CO) 51

(CH )3 (reference 98) shown in Figure (XVIII) overleaf.‘

LRI



+ ' A schematic diagram of a molecule containing three independent
. . . ) ) . . <p °

Ru-Si bonds.

100.. While the )



1coordination of ruthenium-in the clustervcompound is not identical with
the coordination of iron in this compound it seems reasonable to- suggest;
”that the bond length dabiliupport fhe view that transition metal-silicon e
bonds are shorter (id a. relative sense) when the metal is a second or
4'Vthird row transition series element, . |
The average of the three independent iron—carbon distances is l 775 &
‘%hich can be.compared with average values of 1.785 & and 1. 816 A in
hFe(CO) HSi(C ) and (CO) Fe(SiClz) Fe(CO) (references 43 and 97 ‘res~
pectively) The iron carbon bonds in the latter compound are gignifi-
cantly longer than the equivalent distances in Fe(CO) (Si(CH3)3) -and
Fe(CO) HSi(C 5) . This-is simply explained in terms of the.enhanCed‘
electron withdrawal by halosilyl groups~ﬂhy comparison with alkyl and
aryl silyl groups) and a concommitant reduction in 7. electron withdrawal
by the carlbnyl groups. The presence of disorder in FE(CO) (Si(CH3)3)

‘makes . it unwise to attempt to differentiate the dron carboq.ponds and

correlate iron carbon distances with the nature of the trans ligand




" gilicon-carbon angles of 112° should be compared with 1.88(3) X and'
C11401Y° , o ' SN e g '
© 114(1) " for the equivalent parameters in Ruz(CO)6(Si(CH3)2)2(Si(CH3)3)2

'.(reference no. 98). The orientation'of the two trimethylsilyl groups

with respect to each other is totally unexpected in that two methyl groups

(C(7) and C(7 )) point almost directly at one another. HOWever, this

contact at 3. 437(7) X would be considered attractive;- The hydrogen~-

hydrogen contacts between these methyl groups correspond to repulsion46

\

‘and the Si~-Fe-§1' angle of 112° is consistent with net repulsion between .

‘the trimethylsilyl’groups&\

Large deviations from the angles of an idealised octahedral struc-
ture as exemplified by ‘the Si-Fe-Si',angle are common in this structure.
"Only the C(l)—Fe-C(l ) angle at 89.5° is within 1° of its ideslised

- yalue. The sum of the angles Si—Fe-Si' C(l)-Fe-C(l PR Si—Fe—C(l) and
Si'-Fe—C(l') is 359.9 indicating the coplanarity of the atoms Fe si,si',
C(l) and C(1'), which is perhaps better shown by the least squares plane

(o}

calculation in Table (XXXI) below. . \
. "
i

Table (XXXIL

C
- wﬂ/

Equation of Plane 0. 5268x + 0 8500z + 0.5295 = 0

Atom | Deviation from plane (X)
Cre . 0.004 |
s R 0'.41002' %
st -‘ L ©0.002

cw o -omz

-C(l') , | ’ . | . ___0"@‘12'

133
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The angle Si-Fe-C(l) (and.by-symmetry the angle Si'-Fe-C(1')) isv79;3°.

This angle which is smaller than the idealised value corresponds to the d

» very'favourable cis ligand interaction in that C(l) approaches the

silicon atom so that it is equidistant from ¢(1), C(6) and C(7) This
is the "bisecting" geometry associated with the close hydrogen—silicon

contacts and in this case dictates the unuSUal»arrangement of methyl

-groups centred-on C(7) and C(7'). The remaining angle of interest, C(3)-

Fe-C(4) ‘is 141.3° and shows a magssive distortion from the idealised

value of 1800. The magnitude of this distortion is unprecedented in gis

Fe(CO,X derivatives. Distortions to angles of 156 and 165 have been

472
claimed for the two independent molecules in the structure of ((CO) FeSn

(CcH 2 (reference no. 106) but the reliability of this data is 1ow

3)2)

. due to severe disorder problems. Distortions of ‘these trans C-Fe-C

angles would normally be less than 10° (references 10lh- 105 inclusive).

In the present structure the distortion relieves the intramolecular.
repulsions C(4)-C(6) ‘and C(3)-C(5)
The' magnitude and sense of the distortion in cis—Fe(CO) (Si(CH3)3)

leads to an interesting description of the structure. The four carbonyls

can. be considered to form a distorted tetrahedron and the silicon atoms

‘can be treated as occupying the centres of faces of the tetrahedron.

. While the description may seem artificial it is particularly pertinent

when discussing possible ‘modes of stereochemical non—rigidity in octa—

studies of the system.H Fe(P(OC )3) by Muetterties et al.109 110

Muetterties introduced a new possible mechaniiL of polytopal rearrange-

'ment ior éhe hydride systems. Therefore mechanisms which have been’ pro- -

N

1_hedral complexes especially in the light of structural and spectroscopiC»' '
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posed for non-dissociative rearrangement of&octahedral complexes are
shown overleaf in Figure (XVIII). The first three mechanisms all in~

- -volve- interconversion of cis and trans isomers.u The Muetterties A
_‘mechanism which involves hydrides tunnelling through edges of a tetra--
hedral array of phosphorus atoms leads to interconversion of cis and.
trans isomers and allows permutation of the phosphite ligands.. However,
it has a transition state when both hydrogen atoms are simultaneously
at an edge and this.species corresponds to a highly distorted 'trans’
;isomer which could have a‘significant lifetime.

The particnlar distortions observed for cis—Fe(CO) iSi(CH3)3)2
suggest that the Huetterties mechanism which was proposed for hydridic
species may well be relevant for much heavier groups. The quasi tetra- -
, hedral arrangement of carbonyl groups in the solid state structure does
not prove that the mechanism of stereochemical non—rigidity is that of

Muetterties, but it does indicate that Muetterties type transition states -

AN

may be accessible.
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: Figure(XIX) -
) Non-dissociative mechani-ams' for the réar'rangement of
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Appendix 1

Programme

MIXG2

PMMO

D-REFINE

FACS CELL

Y

FORDAP

" GONO9

DATAB

- MGEOM

ORFFE

_ORTEP

143,

h rections.

Programmes used in Crystal Structure Solution, refinement and

Deaeription,

'Calculates picker diffractometer
settings from unit cell dimensions
and type. ‘

?>Transforms raw data to intensities

applying Lp corrections.

" Refines cell parameters for all
space groups, used on the manual
instrument. .

Refines cell parameters for a1l
space groups, used on the FACS
automated instrument.

Fourier summation. for Patterson"d
or. Fourier maps.

Absorption corrections for Picker
Data '

Absorption and extinction cor-‘ \

: Structure factor calculations and
least squares refinement of para--
meters, modified by B:.M. Foxman
and M.J. Bennett for rigid body
routine, and by M.J. Bennett and
W.L: Hutcheon for the hindered '
rotor. 5

Calculates bond lengths, angles

‘and best planes. g o

Calculates bond,lengths;.angles .
and dssociated. standard deviations
‘modified by B. Penfold for I.B.M.
360 and W.L. Brooks & M. Elder for
hindered rotors and rigid bodies.

i’”- “

Writes Plot Command for Calcomp
plotter, for plotting. three di-'if
mensional molecular representations)



~ Author

M.J. Bennett and

B.M. Foxman

M. Cowie

R.C. Elder

G.J.B. Williams

cable to all diffrac

" Symbol

Programme.

MOMR

PUBE =

PUBTAB - -

FRAME

Deseriptioh

" Calculates starting parameters for

rigid bodies and hindered rotors.

Sorts data according to any desired
sequence of h, k snd 1 :

Prints Structure Factor Amplitude

- " tables; modified by M. Cowie to
~ work in conjunction with PUBE.

“).
Converts continuous paper tspe out-
put from automatic diffractometer,
in ASCII code to "framed" .output

on ‘cgrds in EBCDIC coding, suitable‘

for PMMO input.'

“!

u'Néﬁe
L i} Lorentz Factor
. 1
L -
Sinehk1
f Polarisation
Correction
pv=t(cosz(26 . )
: ‘ B monochromator)
BN
1 Residual.or'Relia-

+ cos2(26hk1) : ‘ oy o

bility Indéx

_ 2 [rol-{re] )

£|Fo|

Residiial or Relia-

bility Index

R\\\/zw((]pol'_lpcl)2) 11/? :
2. t\\¥ Em(lelz) }.

raphic definitions used in this work but not appli—
meters on data collection methods.

‘ Descrﬁption ,
A factor which corrects for the .
varying rate with which reflections
pass through the sphere of reflec-
tion during a scah ‘

'r

A polarisation coﬂrection allowing

for the effects of" the polarisation"

of an X-ray upon Bragg reflectioﬁ."

4 ‘\

S
o~

X
Measure of the goodness of‘the fit
of the model to the obserVed in-
tensities, but some other’ authors
use different definitions'of an
"R" factor. :




piffractometers used for data collection'and settings:used.-

A,

N o -
2 . - -
Two diffractometers were used in data collection,‘hoth were,Picker

“‘Four Circle Diffractometers. The dat; sets for the first and last sub-
-stances whose crystal and molecular structure are reported in. this
,‘thesis were collected on a manual instrument and the data sets for the

| other three compounds were collected on ‘an instrument automated by the

FACS system._ S : -

A graphite monochromator (002 reflection) was used with ‘both o]

copper and molybdenum radiations in order to give a monochromatic beam,

- o~

free of‘kB radiationf and wi 1 reduced white radiation.

The intensities of the diffracted beam were. measured on a scintil-
_lation counter in conjunction ‘with a pulse: height analyser, tuned to :
accept 95Z of the.K peak. Measured intensities which were’in.excess of
.104 counts/sec overwhelmed the counter and these reflections'were there-
fore recollected with a less intense beam and appropriaiely scaled to ;
: merge with the remaining data. - 5

' The target—crystal distance was 20 cm, the crvstal-counter distancefi
was set at 20 cm. A variety of COllimator radii were employed, depend-

-ing on the size of the crystal under investigation. v



_ Introduction

‘ et

 Appendix (I1)

Huckel s 4n + 2 rule implies the possibility of an aromatic 10

.membered ring. Elegant work by Vogel114 et wal. lent’ support to the
validity of this rule, but 1, 6-Methano [10] annulene is not planarlls;
and therefore, not rigourously demonstrative of the properties of the

‘planar 10" n—system.- A regular planar 10 sided figure would have C-C-C

angles of 144°, a severe distortion from the "ideal" 120 . Ring systems
1

with two carbon—carbon triple bonds would however, be expected to con-
 tain four 180 angles and six 120 angles and compounds of this kind

shduld be especially suited for the investigation of planar 10-n

electron systemsllﬁ.

‘b

Recently a novel attempt to prepare a. new lO—ﬂ electron aromatic

hydrocarbon was. described117. The final step of the reaction scheme

produced 1,2, 3 4 tetrahydroanthracene and in 302" yield a new hydro—"
‘carbon with molecular formula C14 12 The spectroscopic properties of
.the compound were consistent with two possible structures I(a), ‘con- f

taining the desired 10 electron system, and I(b) a rearrangement product‘n* .

shown in Figure‘(XX) overleaf. . "‘ | ' ..

sk
-
-
b=

”



Figure (XX)

The two pooeible moleoules, under considereeion, and- having theﬂformule o

et

1)

Lo

" The, X-ray diffraction study was undertaken to resolve the question of

gross stereochqnistry and, -to provide precise bond lengths for the new

i:ZBromatic species, if the structure was found to. be I(a)

147
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Experimental -
.Colourless tetragonal;bipyramidal“crystals,of the substance were . o
-kindly supplied by Dr. S. ﬁasamune."Investigation showed the crystals
to be unstable in air and samples were sealed in Lindemann glass capil-
‘ liaries with a nitrogen atmosphere. The crystals supplied "had crystal
. faces of the form*{l,l 3} but were too large for diffraction studies and
repeated attempts to grow. smaller ones failed. The é%ystal did not

cleave cleanly, but shattered to give irregular fragments, hOWever, some

fragments were found to be suitable in size and shape for a.diffraction

study.

.

x-ray photographs taken with a Weissenberg Camera led to the assign— R
_ment of the" crystal glass as tetragonal ‘and the diffraction conditions -
0oof " {= 4n -
hoo  h=2n
are consistent with space‘group.P41212.(no. éZ)~or:the enantiomorphous
P43212 (no. 96) Since the anomalous dispersion effects are too small 1 4§&‘\
_ to distinguish between these an arbitrary assignment of the latter was w
made for the study of the crystal. A fresh crystal of external dimen-,-
" sions 10.025 x 0 02 x 0. 025 cm was mounted with the a axis parallel to
the goniometer head axis. A least squares refinement of 29 values for
13 reflections, which were carefully centred on.a Picker Four Circle
-manual diffractometer (Esing Cuk a radiation X.- 1.54051 X * and noi
monochromator) gave precise lattice parameters a=17, 891(1) X c =

-17.108(1) X at 27° c with standard deviations given in brackets, The ,.'

standard deviations of the unit cell dimensions provide an overoptimis-

——
L oE s . .
. 1} ) -



tic estimate of the true.errors. Consideration of likely errors in
temperature (approximately ch) and typical coefficients of linear‘
expansion for molecular crystals (approximately 10-4) would lead-to

more realistic estimates of the cell dimensions and their errors as

a=7. 891(3)‘*" BRaL08 (5) 2. | | T /

cell,,andf'gqi“ : he moleq‘leecto possess an internal 2—fold axis of

"_‘rotation. The 'uer?tgood agreement between the observed and calculated

densities is probably somewhat fortuitous as the density was measured

by flotation in potassium iodide solution and the crystals decomposed in

o

less than ten minutes under these conditions. The X~-ray diffraction

-patterns show a rapid‘decrease in observable intensities with sin8 /A,
‘”This behaViour is typical of poorly ordered crystals and indicates that

| the structural determination would yield results of low precission. The

. Id
non-centrosymmetric space. group decreases the'number of independent

o observations that'can be made16. Despite the poor prognosis, the room ;1

¥

Jtemperature structure determinationnwas pursued to provide immediate \s

information'on the gross stereochemistry of the molecule.

The data were collected using CuK radiation and the intensities of

519 independent reflections, limited.by 0 < 29 < 120 s were measured in

all. A -graphite monochromator (002 plane) w 9'used in conjunction -with

a take off angle of 3 - One minute scans through 2° were employed in the

intensity measurenent, the area. under the peak being integrated. The -
backgrOund on. either side of . the peaks. Bl and B2, was measured for 20

seconds in the ststionaf?zgositions. Making the assumption that the
R '5\: ‘
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€%

¢

.background was a linear function in 26 the data were reduced to struc-
A -

ture amplitudes (IFI) and their standard deviations (oF) following the
22

AT,

procedure of Doedens and Ibers _1; A valu f p = 0 03 was used to cal- o

culate gF where ] is a term not related to pure counting statistics.

The intensities of 250 reflections were found to be significant using

'ilkhe~criterion I/o1> 3, These 250 reflections were used in further cal- .

Y
culations.

- Six standard reflections were measured every three hours to monitor

‘ crystal decomposition and to check on _crystal alignment. No significant .

decrease in the intensities of the standards were observed during data ,

r

collection. No' absorption corrections were applied as the linear absorp-

-1

tion coefficient (u) was only 5 cm ~ for CuK radiation and variatious

in the transmission factors would be less than 52 for the study crystal.

s

- Solution and Refinement of the Structure

The structure was solved by trial and ‘error methods. The reflections'

004 and 113 had very large structure amplitudes and whilst that ‘of 004
~was larger it was quadrupally weighted Since the molecule, regatdless

of whether it adopts structure I(a) or I(b) was thought to be approxi—.
J mately planar, and required by symmetry considerations to sit. along . the

two—fold axis the unusual magnitude of the 113 reflection wg:’consistent

with a coincidence of one of the mo ecular planes. with the crystal 113

plane.,~Since only faces of the form {113} are deve10ped on the crystals
- the habit added weight to this consideration. These initial deductions

-

. suggested a model with t 'molecules bisected by the two—fold axis. with
. : A -

-
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J

the molecular planes inclinéd at about 45 ‘to the. two~f01d axis. struce:

A
ture-fac r calculations for the 00& reflection were also conaistent

-

 with’ thi% angular orientation.»“t”“* ST T{Qj "‘”*““'17“'“-“a“ e

The models under serious consideration have very similar shape as
estimated by molecular models and are approximately planar with® only 2

out of the 14 carbon atoms in the _structure likely to show any large

. deviatioh from the mean molecular plane. Five. models of varying shape ;

 for the ten-membered. ring were constructed and placed on graph paper and .

Ty o

}the fractvlnal ceordfnates ‘found in an arbitrary position along the

diagonal;'“

A

A short programme which was devised to treat this particular problamd’

is given in Appendix .(III) The struc‘lre amplitudea of a limited oum- -

| ber of reflections and associated R values were éalculated on the basis

of the input model. Structure factors for the carbon atoma were obtained

from the International Tableslgr’ The fractional coordinates in x and y

were then increased by 0.01 and the calculations repeated until theL\

odel had travelled half the 1ength of the diagonal. On reaching this»

point the model ‘was return:z to the starting position, tiled through :
ax

5° with respect to the ¢ s and the calculations repeated as outlined

v_above; One of these models gave rise to a clearly defined minimum with ,;,'

<. a tilt of 50 with respect to\the e axis‘ Examination of the structure

. e
PSS

-factor expressions showed that reflection with £ odd were affected in
both sign anﬂfgggnitude by ﬂhe sensé of: ‘the tilt, whereas those with 1
-even werd unaffected. Two structure amplitude calculations on the full

. data set were made, one with each of the two senses of tilt. One model -

\»-

. ~f :was much better than the other giving 40% and SOZ for Rl and R2 respec- =~

L

v : . . s ) 4’ .
A - S v
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£Easonably large and id an attempt to find out why five more cycles of

. . ol v“
lv‘
tively as opposed.ko 502 and 60%;: fqr Rl and R2 for the pdbrer model.

‘l.

, "
. The. model giving the better fit was then subjected to least squares re-

”

-vfinement procedures, the.function.being minimised was’ -Zw([F | IF l)

Eleven cycles of - least squares refinement with all -atoms. isotrogtc

-

reduced Rl to a constant 132 and an examination of the bond angles and

distances of the refined model showed I(b) to be correct.' The positions c

o

of the hydtogen atams vere then calculated assuming a C-H distance of

1 X and the usual ideal geometry for the carbon atom hybridisation _;;

1
schemes-sp2 andvsp3. The inclusion ‘of these hydrogen,atoma in structure

’ A ,.J

amplituqe calculations reduced Rl to 122. At this.stage of refinement L

most boﬂﬁi}engths were in reasonable agreement with expected values24
PR

but two bond lengths C(l)-C(l ) (1. 40 X) and C(l)-C(Z) (1 67 R)“deviated

considerably from their expected value of approximately % 54 R The

o

'"thermal parameters of both independent'atcms C(l) and C(2) wer? un—

("’ '4

.deast.squares refinement with all atomsaanisotropie were calculated

‘reducingJRl to lOZ | The large thermal amplitude of atoms C(l) in the z

;:shown in Figure (XXI) ;verleaf . ', ;{'

£

: direction indicated the need for further investigation. Electron density :

- Y2

maps, that contaimed atoms C(l) and C(l )_1 in’ the s.me section, were cal- -

‘%

'culated. This objective was achieved hy using the~‘ ’7tred tetragonal
.cell as . the working cell instead of the standardﬁptimitive cell. .A L

. o contour of the section containing at s C(l) and‘ced ) indiCated a dis—

_order prqblem,and the ertinent s!ition»of the electron density-map is ;7 3




e

& o 153 -

Figure(XXI)® S .
Q

\ - e "\l‘ ) N ' s [’ »
‘ An electron density contour of the plane contafhing

both symmetry related carbon atoms C(1) and c1')
. ate , ‘ .

., P
R ‘ .
: 1]

.



The nature of the disorder arises from the conformation'.bf the atom
N\

sequence C(Z) C(l)-C(l )—C(2 ), approximately 252 of the molecules have

the appos:l.te confomation as.in F_;l.gure (XXII) be;ow. . '
FN L A ‘ | D
S DS

R L ““Figure (MRLL
. A SN ) -
.8 Q{,ﬂ“' 4
’.; AT EU

ure showing the diaordeteﬁnvolving aton c(1).

-

. .,“ . |

4

. . ‘:.v“‘ & . ‘. N . 'v "_A: -‘ ‘ Y ’:y X .
v Apprdh‘nately 25% of ihe carbon atoms C(I) adopt the conformation

0 shown by the unshade% atoﬁs labelled C(ld) Since c(1d)- and C(ld ) are

approximately equidistant from C(l) then C(l) would be a(pected to shiftf

o -

i
along the 9(1)-C(l ) ‘bond- vector, accounting for anomalous bond lengths ,

- nvolwgdn&‘atom C(l) S o o Q‘ LI .
* L4 ) . N T . 3 Co e » g;,—: ) '
s . K . . ’ 5 . \p " s ‘ H

.-

K ] .
0 0



| suggested that any deviations were small and would be impossible to rQ-

“the mid-point ef CQ-Cldl The atoms'

-relatdons make it difficult 'to refine the disorder model using tbe‘

least squares ptogramme directly The disorder was assumed to involve

»

and c(1d'). The arrows in Figure (XXII)T indicate the &h
by atom ClI) accounting for the increase in the (Xl.l-dZ) bond length and the

shortening of the (m-dl') bond length. Lack of data and parameter cor- -~ y

e IR .

-

only atoms o11] and Cll" and, subsequently, the associated hydrogen atoms.
RV

Clearly CQ) and 02" might be expected to be affected but th‘eamore reason- \

able temgature factors of CQ) in the previous stages of refinement \

.

solve. The disordered atom Clld was fixed such that the distances az-did

and Cm-(ﬂ.d),were 1. 54 X and the mid—point of dl.cﬁ-c(ld') was coincident with

and CO.d) were constrained to have

' fixed occupancy factors and only th temperature fa,ctors of C(U ‘and Cﬂ.d)

4 : N »»\’—' Y‘" .

’ ‘4
'were allowed to vary. Isotropic refinem 1t of the structure was then

.......

y reSuJ!ti_ng -values.; p

'attempted using 10, 20, 25, 30 ang 40% eccupancy for the atom ’Cﬁ.d). After )

-.'

>

,each refinement C(ld) ‘was shifted manually such that tpe geometrical re- . v

-

_straints outlined above keld. ™ Table (XXXII) overleaf lists some cf the



- % occupancy ’,;

.atoms to which they were attached but their parameters were not refined.v

Table (XKKIT)

A comparison ofluﬁ{ious.occupancy values for the disorder in C14H12.

for Cfd) 20 . 25 0 <30 L 40
RL .. o 134 T 10,90 107 10, L

R2 . ‘ pol68 18 137 |

Bforall. . 9.2L 8.78 7.20,

B for dld)

justified using Hamilton s statistical test of residualssz.- Hydrogen
Y

"atom positions were- re-calculated and were, ind'ﬁaed in subsequent struc-

ture factor'calculations. The hydrogen atoms w‘llb were attached to dan

were labelled H1(1) and Hl(2), those attached to Cadﬁwere labelled

' Hld(l) and Hld(2) and the 25% and 75% Occupied hydrogens on C2.were

.labelled H2d(1)-H2d(2) and H2(1)-H2(2) respectively. The hydrogens ’ S

attached to OF) and CD%Were labelled Hbland chrespectively. Thermal

]

141
parameters for these hydrogens were set'atfloz greater than ‘the’ carbon

o -

Refinement qf anisotropical thermal parameters for the carbon atoms
w , . +

was considered unwise in view of ¢&he p&ncity of data and the model was
constrained to isotropic thermal parameters in the final stages of re-

\_‘ L -
finement. Three cycles of least squares refinement then reduced Rl to

8.6%.and R2 to 10.4Z. Refinément was.considered complete when the max- .



A

v 83

.imum shift/atandatd deviation of the parameter was less than 0.1 for all

/ ' i

The final qoord@ﬁatea are listed in Table- (XXXIII)
AN v“‘,.\ o :
oterleaf and the final obaerved and calculated strd@%ure amplitudﬁq:;p

' parameters var;ed

Table (XXXIV); after Table (XXXILI). T )

N

£y
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Table (OXXIIT)

Carbon Atom Parameters e R,

B
3
L.

Atom  x oy I

.

Ffaétional qurdinateg'x_ioal ‘v, _ o oo L

cad 1174 , 915 " -442 ~ 0.053 -
@ 167415 . ° 23017)  -33(9) . 0.080 - S
@) . 2953(15) 31715y . -665(6) 0.8 -
(3 - 4079(13) . 1811(13) - -601(5) o 0.074- \
Ce4) - - 4902(12) 3018(13)  -498(S) . 0.075 =
c(5) - 5578(11) 4609(11) ~267(4)  0.065 |
o) 714313) ¢ 522083) - -516(5) . 0.084

c(?) - 7708(13) -, 6812(13) . -262(6) . 0.098

Hydrogen Atom Parameters |

© Fractional Coordinates x 104

Hld(1) 2908 . 10& . -e30. - .02 -
HLA2)  930.. o 2070 7200 0120 -
CH2d(1) 3380 - -670 ]

. H2d(2) .. . 2950 -110 -1z70 -4 7, 50.120
HLQ), ooaed T a0 . ¢ s 0.106 . ,

P R

-330 .5 o."lz_o"fw

HL(D)u- 1120 L 9%0 - T 60 . 0.104

CH21) 3699 . =790 - ¢ =700 - 0.104 o :
H2(2) - > 2260 . 400 . -12100 - 0.104' R

HO) 7880 , - 4450 - -870 0.087 '
HJ) - .80 . - 7270 0 500 - -0.111 &
T . <
v S o .

¥ "y - ! -



;. Iable (xiXrv) - F

Structufé'_'@plitudes (x10)

A c0mparison of Observed ‘and Ca-lc“ila‘ted Sttucture -‘Amplitudes  (x10)

e B . ’T'able ,(}DD{W)cantains only one p‘gﬁ
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.

Results and Conclusions -

The structural determination shows that the molecular structure is.
‘that corresponding to I(b), and the molecule is correctly named 3 4- |
benzocyclodeca—l S—diyne rﬂhe disorder described earlier limits the
' precision of the determination and one cannot exclude . the Bpssibility
that the disorder is even more complicated than assumed and that the

‘crystals contain, for example, a -small percentage of I(a). T carbon

skeleton is shown in Figure (XXIII), overleaf with pertinent distances

~and angles on- %he diagram. Figure (XXIV) shows thevpacking of the

molecules with the disordered and ordered molecules together, and

;follows Figure CRIID). T o a t

N\



" ‘to the best molecular plane.

Figure (XXIII)

- A skeletal drawing of 3,4~benzocycl

7'
)

odeca-i,S.diyne seen ybrmal S

re
e
T ‘
S
3
e



A rya: - - n T
B o © 163 ..
\- | . N e . “ .
Figure (XXIV) - . y B
A packing diagram of 3,6fbeﬁz6cyclbdeca-l,5_di%ne seen in

. ' ) o , “?f
projection onto the ac plane e

el



ES

A detailed discussion of the intramolecular geometry‘is limitedfby :
the systematic errors which must be present in this case. The observed ‘ ;

5 bond lengths are in agreement with the usual literature values for .
LA AN
hydrocarhonszay The atoms C(2) through C(7) inclusive and their two-

_fold reldted carbon atoms are planar within the limits of experimental

error as determined in Table (XXXV), overleaf.

Strain within the ten membered ring leads to significant deviations~‘ e
_from the normal values for the bond angles. The pa ‘i‘ular pattern of < ” H
deviations of the bond angles is somewhat unexpect in that one. angle
'C3—CQ—CS, involving the acetylinic 1ink, is conside ably more distorted
“from 180° than the other (166 7° for C3-CA-CS coméa ed to 174.8° for |
:4C2-C3-C4) This is 7urprising since moving atom C3‘}urther from the
- two-fold axis would make these'two angles more similar and the angle.
-.C1-C2-C3 vould.increasF towards 109 5 ; the tetrahedral angle. No
'obvious explanation fo this featnre of the struct;re can be advanced
a Table (XXXVI) over eaf, shows important intermolecular‘contacts with
those dependent onlthe conformation grouped together.. The 0 25—0 25 .
occupied distances are not reported as.there are no.unusually~short dis-_
tances, other than those between 0 25 occupied positions and positions
o unchanged by the conformation, i.e. not involved in the disorder. Theqp.~/
7:; ® pOSitions are reported for the’ 0 75-0. 25 case.v An examination of’ these
intermolecular contacts. shows only one disruptive feature associated L m
N

‘ with,the disorder, the C6—HZd(l) contact of 2.68 X which is considerably

less than the van der Waals contact sum of 2. 9 g. THis is presumably

L\
N

the major ontributor to the- ef ce for a Cl~cld bond approximately -
3 i |

v

pendicular to the four-fold screv. axis.
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Table ~(XXJfV)_ |

" Plane defined by atoms C(2) - C(7) and their two-ferd =~
relaﬁed»,atoms'with feapect to a cartesian coordiﬂateﬂ system. .
 0.445x - 0.445y + 0.777z -’—,‘73.5111"‘- 0

o
S

o Atom ‘ Deviation fr'o%;rplang in Angstrome - o ‘

o

.

Y o | © 0.044

b* e i =0.006 i

S i ' -c(s;)'m/' co © -0.016'
10 T

e o -0.034 A
e . . ~0.4%6 o Ly

ey T 0.533



0.75-0.75

Atom 1
H1(2)
nw
oni(i)A

c4
cs -

-0;75-6;25 T

Atom 1
Lo
¢ oE2y ()
| 2 B2,(2).
8 4(2)

. c*ﬁ
cs°
% -
o6
c1
-

c1 -

H?

f :/ ! o " -
Table "(XXXVI) _ -
 Intermoleculap Distances , § '
. . . . L ' '

. All distances in R « L ‘ .

N .

Atom 2

H6

H21)
o H2(2)

 "32(2?

Ba

' ‘Atom 2

7

R

Symmetry Position \ - b.is't.anée,’__v " )
| i’ls y-1, 2 L . "2'.1’8 |
Y X"l, '2 o o ,‘*7 A. 2-65 '. ' . '-1,
g dex, ez a o 26k
S N\ DR
h-x; Mty, %z T .87
',;,-x, 3s+y, -k-z T X S
',147; z 0 2.90

W - .';. 3 ..,v O .
Symnetry Positiohu ,“_"'  Distance

, x-l, y—l,,z S ey  2.46
T . Xy ,-.1-: S 2490 LT -

o , - 260 - ir
[ ls-y.!m: -1 .'93 . 26 |

v.‘g . R
!s-x. y-*s. -k-& : 3 52 Uy




’ PN .
. . LA . - . - 0 NS
N » . . Y »” NI TR
. . ' s . @ o X

1] i . RS }
> The Programme used to locate the 3, A-benzocyclodeca-l S-diyne nolecule
with:Ln the unit cell. e . . , L

RAEYT S

g REAL x410) Y(10), scar(so,,ﬂkeo, FO(6), FC(6), TOBY(GQQE '.éik;‘
. b

e . : 1EGX(10) ’ .W!'ll(l()) ’ Z(lO) ".'- ' ‘-' - s $
w oo " PmS.1416 . ‘ : L R
- SMIWO 0 - Sh, . - ’ . . ; . . ’ ’@ : - h

.i’h. .. Tm'o 0 : . Loee T ", L ‘-.‘°_~,'!;. e e ) :‘_"S/

7 ROOT2=SQRT.(2.0) - | ~ - . .
“ 4 DO I=RT . SN T
" @ READ?, x(1) Y(1) Y ek PR

. 2 _ FORMAT(2F10.5) ' ” T ' L ,
- EGX(1)=X(1): "~ - 7 T - - - . .ufhxa

. WML (1)=Y (1) L . e
- Z(1)=0.0 - | & o S
'1 . CONTINUE - K - . . ’. _A; :'G:“..'
'DO 4 1-1,5 - oy we 3 ; L T
- READ3,SCAT (1) , T s i
"3 | FORMAT(F10.5) - " . e
(T4 conrmuE o> S R
“fRO 5 J=L,5 ., , SR
- " READ6,F0(J) SRR Ve e T
’ 6 ' FORMAT(FIO, 5) e N . L

. 'S5 CONTINUE . LR, s o .
¢ - SUMFO=0.0 e T L g
o N S K Y
b \\BO 8 K=1,5. ., 3 . e

;o SUMrQ=SUMFo#F0(x) et

: 8- CONTINUE - S T o . At T

?Q.'»'v 59  PRINT61, THET L'.» e e , ,.'}A | ;;{,

61 °

. 63 FORMAT (15X X' 2ox 'Y’ 2bx 'z g S e
e DO 65 1=1, S
L . PRINT64;1 X(I) Y1,z ay’ ‘6 ‘. T .
.64 FORMAT(SX,'C',IZ 2X,3(F10.5,10%) - T
65 . CONTINUE’ A 5
PRINT 62 ., ' '
. 62 FORMAT (5X, 'R, lOX,'TRANStATION' 80X,'COMMENT )
. 60 . ROY=0.0 . , . R
S DO 20 1-1‘5 : _'., SR e T L
T - “A(1y=0.0 . ' T A o
T '_ 20 " CONTINUE L e o VR ’
;- ° 7 DO 30 1=1,5 g T ;_
-, . DO 40 J=1,7 ~ ) - : :
© 7 SuM=8. 0*(COS(2 O‘Q*l*X(J))*COS(Z O*P*l*Y(J))) S o
SOM=SCAT,.(1)*SUM e Feem ‘
AQD=AC¥SOM b o -

40 . CONTINUE - e

30 CONTINVE. ~  Ca . . S .
‘DO ZQ J-l ,5 . | -L‘...,‘J" . . . .. o L B

. ‘,

[

v N 7 2

.hﬁ;x i' ) ; Appendix . R

.
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. y Appeudix 111 continued L /

o
S e FC(J)=ABs&) (J)) - B .
k . 7q ’ L T A *
. s - ' .
4 w’-fw R 7 T !
M IR ST >
u’ l -P . ’

. " 3

L Lt

) -‘fb.' .qw <
,'-’ : T ..

B« T sCAjgesmFO/SUMFC o 0 LT

€.

<
R E
o
, v
.
bd
. s
he

R

r_t';(s CONTINUE - N T ]
90 _CONTINUE . %

s
100" -$EONTINUE =t

| 287200 SMITM=SMITMHO.025

DO 80 1=1,5 : e .
FC(1)=FC(1)*SCALE e RO

DO. 90" K=1,5 “Ca
TOBY (K)=ABS (FO (K)~FC (K) ) v

. ROBBER=Q, O% -
. DOWJ-l 5. Y
o R0BBER¢ROBB%R+TOBY(3)

R=ROBBER*100%9/SUMFQ e
- IF(R.LT.15)GOT0100Q s
© * PRINT35,R, SMLTM,‘Fb(l) FC m(a) Fc(z.) 5) SeALE

35 . FORMAT(IX§F10.5,' 2 ™, 5,6 (F19. 5.2 mrs NOT -
. .<% .1, PERFORMANCE. ') o 2 .. . :‘ ' o

0 0 .\w

G0F0200, . . :

".1000 " PRINT99,R, SMITM FC(l) FC(Z)}TC(B) FC(4) FC CALE.. .
99  PFQRMAT(IK,F10.5,' .% % Fm 5 s(mo*s 2x),' oW 'PHATS .

1 PERFORMANCE******')

5T .t - TF(SMITM.GT.O. 5)GOT0300, SRR
;. -~ as DO 45 J=1,7+.. - 8 2 - o
. ;‘;;@} X3 =K(I)HED 25 v KD ¢ Ve,

" 7 .. CONPINUE- - J A

Y (3)<Y (J)+0. 02!

45 . CONTINUE . .. .. 7 o g)‘ R

300 DO 301 1=1, 7' . Y

X()=EGR(1) =~ =~

Y(1)=WH1(1) : s L AR U

‘Z( '=0.0" » T N % :
301 . INNE . T o S y
THE‘I-THEHS o' . e ‘

. THET=THET/57.3 ', " = "

DO 7K=l,7 -} o e |

b=((X(K)-Y K)))*7.890/R00T2 Lo "

- Z(RY=2 (k) +T(D*SIN(THET))) /17.1 . e AN
. 4wEHANGE= (D* (1.0-COS (THET)) ) / (7. sb*Room),,' :

+X(K)=X(K)-CHANGE~

Y(K)=Y(K)-}-CHANGE h:-:"g"}{ N . L:g : .

o THETsTHE‘I:*57 3 L F
IF(THET.GT. 9Q. O)STOP S

‘.. 'GOTO59 Lo

‘ P )
. END - co et
" 4

. ~ . v ., N
a ® o Y .




