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SILYL-TRANSITION MET~ COMPOUNDS 
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• J A" 

Some new inoiçanic and or!!anometalli~~ de~ve'; Of' 
~~ - , 1 t''' 

methylcyclosiloxaneps have béen prepare"d and charact-erized' 
, l" / \>,.' ~ 

by IR, MS and H NMR: /'{;omp9unds, rCH,l:(Br) S~OJ 3' and 
, , 

'''~''l>L r .. 

::'tCH3 (Br) SiO] 4 were prepa,red Dy clee.vage of silicoh-phenyl 

bond with bromine at low temperature~ 
~ . "" ".' , The reactiarl of ' 

1 .f 
,-r " 
r 'é 

'f " 
1 , , 
~ 

• --! 

. , 

[CH 3 (Br) Si,O] 3 with Ni{~-butyl) 3BH at' low tempeiature l 

p~~dUCE;!d the hi~hly reacti'~e 't~ilner, [CH3 (Hj Si.O] 3.' ~ CompolU1ds ~ 
1.. "lot • i!ta .. ~ 

, 0 , 5 t 

[CH 3 tCo (CO) 4) SiO] 4" [CH3 ~Fe (C~) 2 n "'CSHS ) SiO] 4' and l' 

[CH
3 

'(Co (C~) 4) SiO] 5 were pr~t?ared :êy.. tbe hym-og:n .elimina;ti'O~' 0: -", 

r~~ction of [CH3 (H) Si~O~'~, Ii' = 4 and·.5 ~i th,: C.o2 (CO) 8 .~à : ,; '0 ,1 ~ 
v~ ~,. ~ l .. ,l....... ~ i 

[Fe (c;<5l' 2 n -CSH S12 -l, l t, lias also pos .ib le' ,to i so.la te the"" '1 
comp~~~ [C~3 (Co {C.?) 4,) $~O] 1 [~H3'{Fe (C<?f2~~-)H5)"S~O] 3 ,b,! 

... reacting '[CH3 (H)SiO]1[CH3 (F,e(Co) 2n5-CsHs)SiO]3 with a't 
, .. ' ~ , ....... ) . 
$~OiChiometrlc .aménutt' of COi, (CO) 8," A detailed ,study of 

. \ , . ~ , , 

.tJl.ass spectra ~f [CH3 (R) ~iQ]n' whe~e R ,;. H, (n = .4',5; and 6), . 
R = C6HS '. (n = 3 ~nd 4) 0, R =' gr,· (n =. '3 and 4~, R = Co(~O)4' , . 
'. t • 

'(n -= 4 a~d sr ând R = Fe(COT3nS.:-CsHs' (n =,,'4) was achieved. 

com~ounds. R = Co (CO) 4ç show' s1;epwi:;s loss 9 f ~11-~, CO .g;d~I?S -' .. 

ft?m ~on~, [M} +: ." [M-Co (CO) 4 i +, and 'aiso (~j'+-+. · ... A simpl!3 
, ' 

,el'llpirical approach b'ased on. ~~ cheIU.:i.cal enviroritVent of 
) . ( 
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methyl 1>rotons was 
~l ~". 1 \ r:-"'~ 

used to assign ~H NMi spectra of geometri~ , 

isçmers of substituted methylcyclosiloxanes~ , The total 
i 

l .. .. ~.: 
\ assiqnment. of H NMR spectra allowed the deterrnination of 

" 

~e isoz'iieric "composition' of mo~,~ new cornp~unds mentioned 
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, above. 
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SYNTHÉSE ET CARACT~RISATION O'UNE'NOUVELLE CLAS~E.DE 

, " COMPOSÉs SILICIUM-MtTAL DE TRANSITION 

Plusieurs nouveaux dérivés 'inorganiques et 6rgano-
. M 

_mé.talliques du méthylcyclosiloxane ont été )?r~par6s et .. 
. , 

caractérisés par i. r., ;s.m. et r.m.n. de-proton. Les 

& composés, [CH
3 
(~r) SiO] 3 et [CH 3 (B'r) SiO] 4 furent obtenus :par 

} -; • ,.t'il • 

cli vage' 4u l~e:h sl"iliciûm-ph~nYle élvec' le brome -à basse 

ternpérature.,-iio- La ..réactioh du (CH 3 (Br) SiOJ 3 en prêsence d~ 
... 

Na (~-b~tyle) 3BH .à basse têmpérature produisit'le trimer . , 
hautement réact~f '[CH 3(H)SiOJ)" Les co~pos~s [CH3.(CO(ÇO),4SiO'}4" 

, , 

> , 

(CH3(Fe(CO)2,1l5_CsHs)SiO]4' et [CH3.'Co(CO)4SiG]S fur,ent pré-

p~rés pour élirninat~~n' d'hydrogène entre [CH3(H)SiO]n~ 
5 . . ,"\;\ 

n = 4 et 5, et cO2 (CO) 8 et [Fe (CO) 2n -C5~SJ i. Il fut auss~ 

t'possible d' isoler le comp6~é [CH
3 

(Co (cq) 4) SiO'J l [CH 3 (F'e (CO) 2 ": 

~5_C5H5) SiO] 3 e!:} réagissa~t [CH 3 (H) Si~] l (CH~ (Fe (CO) 2~5_C.sH5 
SiO] 3 avec une quant.ité stoichiom~t"rique de ,co2 (CO) 8. Les 

spectres de masse de [,CH
3 

(R) SiO] n où R" = H, (n .i 4, --5 et 6), 

,.R = C6H9'"1 (n ,= 3 et 4), R = Co(CO)4' . 
:, (n = 4 et 5) et (n = 4) -f'9I'ent étudiés 

èn détail. Les composés R = Co (CO) 4 'dé~omgos[tmt par, ,la 

fJerte successive de tous'. lerrs group~s CO c!, par\ir de~ ion~ " 

, [~] +., [M-Co (CO) 4'] +, et aussi [M] ++.. uné· approehe empiriqtle. 
'ft l , .t 'f" 4 ... ~ 
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simple bas~e sur l' environnement c~imique des protons 
~ , 

1 

mAthyliques fut utilisêe pour assigner les spectres r.m. n. 

des isomères gêometriq~es. des mêthylcycl.osilotanes ' 

substituées. {rassign~tion comp.lèté- des spe~tr~.s ·r.m.n.-
, .1 • 

a." permis la déterminatioi!' de la com~~siti'on iS9~rique- de . , 
l, 

la p~upart des nouVeaux aomposês mentionn~s ci-dessus. 

~ . -

1 

1 
~ 

,. 

. '\ 

iv 

.;; 

''" :" 

... ' ç 

,. , 
l 

. ... 

... !t\-

.. 

, 
,0 

" . 

"-

:fI , 

, , 

• 

0, 



1 
J 
! 
i 
1 
( 

, , , , 

\ 
.. 

... 

, . 

>,' 

("., \. . , 

( 
,,' 

,,' 

" ',' 

/ 
'.,"'t 

" 

>', 
.' 

, 
" 

'1 

". 1.' 
.J 1 

1 
,\ r-

I 

• 

\ 

J 

,0 

~ We-tte et SMah 

l . 
J , 

, ' 
~~ 

~ 

.r 

." 
'; 

.. i 

.. 



, , 
~.~ _, __ ~_M"«, _~ ....... -*- ___ .... _____ . _______ ~ 

;, '-,. ) 

... . ,~: 
Cl: . '~ 

, 

"" r <> 

, 

01 

.. , 

\ '. 
".' 

. ' 

" .'. 
~,:.. 

"..-:::::-. 

j . , Le\ "a.V~'''~ ~:~: "CO: • Ii 
oU lU"'- u.u.. .,>;(. VOU6, haVA.€.Z •• 

f 
, .. 

S.i. VOUO .6a.v..i.ez mon -égrwlUlnc.e. 

, 
, J 

. 
; 

ff,t,.t m:tt ~tHtu e.t jOWt.na..UVl." . , . . , 
; 1 

'1Ii 0 
. 

t () ';:lI. 

~ ~ .... ( 
," 

Lu be.a.u.x me.:tÜJL6 
) 
r r:" 

'f 

... cuiJ.u V.i.gne.auU 
!, " 

9 '. 

\ 
.~ ' ... 

, p 

,-, 

.... 
~ 

-' .... 

" 

'r 

(1 
.. 

• 

. .. :; 

"'--'-"-~-

.' 

' .. 
"', ' 

... 00 

1 

" ' 

.' 

\ 

l', 

"" ... - Î. ' 

~l 

~ o~o 

' . 

" 

, 
1. 

i; 

o "., .... ('r' 

" 

0' 

" 

" 

,-



( 

, -, 

, - ( 

" 

t ,~ 

, 

, " 

" 

ACKNOWLEDGEMENTS' 

The authpr wishes ta acknowledge his sincere 

a~prec~ation and gratitude t~: 

his 

,his 

J, 

rese 

conti 
~ , 

ch director, Doctor John F. Harrod, for 

uous intereS't and çonsi5tent enthu~iasm 
,1 

and encou His long exper:i,ence in ,synthesi; agement. 
\ ( 

o( 

and his excellent teaching were partic.ulal!'ly 

appreciated. 

Doctors A~an Shaver, lan Butler, q:~. R. 'Gilson and 

T. H. Chan' for helpful' di'scussiori5 and guidance. 

, " 

'. 

poctor F. Sauriol for help in operating tHe Varian XL.,..200 .. 

.' 

. . 

NMR spectrometer artd interpretat1ion of sp~ctra. .. -

-, Doctors O.A. Marner and J. Finkenbine fbr the rneasure" 

ment of mass spectra. Doctor M. Bertrand 

"Labora,:t0ire dé spectrométrie de masse à l'Universit~ 

'de Montréal) for measurement of high re,solu-t:ion -ma"!5~ 
1 

spectra. 

cOlieagues of room 435. Special thanks to Hichel DIiouin, 

'. 

, " 

qabriela Marmolejo, Jim McCall and Miguel Cos tas for 
, , 

he~pful suggestions and dis8ussions. A very special 

acknowledg~ment ta Anna Tucka' for her vary helpful . 

PFoof-read~ng. 

,.' 

/ 
". 

" 

... 

\ , 

• 

..... 

" . , 

1 _ 

1 
, . 

( 

. . 

---~ 



. ' 

{ .' \ 

\ 
" , 

..-

, 
00 

r-
, . 

<? 

\ 

(' 
'" 

• i 

\ 
, \ 

" 

... 
~ ." " 

'r 

Renée Charron and Aline. Charade for. the eft,;i.cient 

and acc!l-rate typing of the manusèript • 

!!'he Natural Sciences' and Engineering Research Council 

of Canada for a postgradu~te scholarship (1979-19'82) 

as weIl as the Chemistry Departmént of McGill 

University for prpviding laboratory and·equipmertt 
" 

facilfties. 

-

..;. AJri..e:tte. pouJr.: -60~ indé6e.ctib.te. J.>u.ppolL-t e;t .6a. pa.ti.enc.e. d'azU/l.. 
1 

dwtant c.u .e. !1gu.u anrzéu d' itude.ô. 

i ' 

, ". .' 

~'.' v-i 

, . 

• 



'-

ABSTRACT 

RESUME 

ACKNOWLEDGEMENTS 

TABLE OF CONTENTS 

LIST OF TABLES" 

LIST OF SCHEMES 
c 

LIST OF FIGURES 
, . 

( 

o TABLE OF CQb1TENTS 

LIST OF ABBREVIATIONS 
.. J 

PREFACE 

1 • GENERAL INTRODUCTION 

1.1 aistory of organosilièon compounds 
1. 2 Chemistry of siloxanes 

. " 

,. 

1. 2.1 
1. 2.2 

Sorne physical and ~structural features 
Chemi cal reacti vi ty of siloxanès 

" 

],., 3 Synthesis of transition metal silyl complexes 

1.4 

1.5 

1.6 

1. 3.1 
,,1.3.2 

1. 3.3 

SaI t elilflnatiofl (meta thesis) 
Hydrogen e 1irnina tion ' 
Oxidative addition and elimination 

Chémistry of transition metal silyl complexes 

1. 4.1 General reactivi ty J 

1. 4. 2 Silyl-transition metal complexes in 
catalysis 

1. 4.3 Siloxanyl-metal complexes 

,Geometrie isomers and ring conformation of 
cyclos iloxanes 

Methylcyclosiloxane as framework 
~ 

vii 

\ 
\ 

i· -

iii 

v 

vii 

x' ' 

xii 

xiv 

xviii 

xix 

... 
1 
2 

.. 
3 
4 

6 

8 
9 .' 10 

12 .-
12 

16 
l~ 

19 

25 

, ' 

1 

1 

l' 
1 

! ' 
j 

! 

j 

1 



", 

... 

·1 'c 
~'\. 

'. 

, . 

. ... 

: , 

. ~ , 

.. 

'.-

.' 

',. 

2. ~ ,SYNTHESIS AND ~~OPERTIES OF SOMB NEW NETHYL 

,2.1 
2'.2 

.... 2.3 
'.2.4 

~" 

SUBSTITUTED CYCLOSlLOXANES 

Ma~~rials and 'methods 
Physiqal and ana1ytical measurements 
Synthe tic procedures 
Results and discussion . , 
2.4.L rhe classical route to D~ and D~h 
.2.4.2 ; The synthesis of two new bromocyclo­

i. 4.3' 
2. 4.-Ji 
~.4.5 

.,2.4.6 

siloxanea H 
A new route to D3 
Hydrogen elimination reactions 

, A n~w. series of heteronuclear complexes 
'Ahomalous reactions of D~ with'some 
.~metal carbonyls. . H R '. 

" .2.4. 7~ ~e low reacti vi·ty of Dl D 4 
.,.2.4.8 .salt eliminatioI1, reactions 

2",5 ConclüSi,on 

29 
30 
32 
46 

46 

49 
55 
57 . ..., 
~' 

82 

3. MASS' SPECTRA OF SOME METHYL SUBSTITUTED CYCl.OSlLOXANES 

3.1 Iri~roduction 
3.2 Exp~rimental and instrumentation 
3."3" Res u1 ts 

, ' 
3.3.1 The methylhydrogencyclosiloxanes 
)/3.2.", The methy1pheny],.- an.à methylbromo-

cyclosilcixanes .~-
3.3.3 The tetracarbonylcobalt(I)me~~-

, .. ;' • cyclosilox~nes 'J " ;' ~ ~~ 
:. - 3;" 3,. 4 tThé cYclopentadienyJ..dicar~enyliron ct~) - .. 

methYlcy~}ot~tra~i19~~~ ~ ~ 

3.4' ) Ùiscussion "- "~ ~ 

;. . . , .. 
3.4.1 The methylhydrogencyç"l;~iloxanes '" 
3.'4. ~ The ~thylp'henyl~closiloxan~s 
3.4.3 .The mèthy+bromoçyçlosiloxanes' . 
3; 4.'4. The tetrg.c~rbony~cobal t (I) metlill-

C1closilox~nes .. , ... , 
3.4. 5 ~ The ctc;:~opentadienyldicarbonylironJ.II) - ' 

. . lnet.hyl~closiloxàne .. " .:.. 
.. l.i,.-.....; 

jdn~i ~sion .;., .... ;, 
.. '~ 

'oJ 

" 

., ,," viii· 
.:i-

.. ' 

83 
84 
85 

as 

93 
99 .. 

103 
' .. 

IDA 

" 1.05 

. 109 . 

.. 

' .. 

. 
" ~ 

, 
! 
.~ 

j 

~ 
1 



, 
, ... ..... 

L. 

4. la NMR SPECTRA OF SOME METHtL SUBSTITUTED 

CYCLOSILOXANES· 

4.1 Introduction 
4.2 Experimental and instrumentation 

4.3 

4.2.1 NMR measurements 0 

4.2.2 Sep~ration of isomers of 

4.2.~: Sepa,ration of isomers of 

Resu1ts 

112 
113 

113 
ll3 

115 

115 

4.3.1 
4.3.2 
4.3.3 
4.3.4 

The methylhydrogencyclosiloxanes '115 
The methylphenylcyc~osi1oxanes 117 
The methylbromocyc1osiloxanes 120 
The tetracarbonylcooalt(I)methy1-
cyclosiloxanes . 120 

"'. 4 

4.3.5 

4.3.6 

The tetrakis(cyc1opentadienyldicarb9nyl­
iron(II))tetr amethylcyclotetrasiloxanes 

. H . 
Decomposition of D3 

Discussion: . 
; , 
4.4.1 Assignment of 1H NMR spectraJ.of isomers 
4.4.2 Separation of geometric isomers of 

DBr and OFp 
3 4 

4.4.3 An approach ta the interpretation of 
la NMR spectra of heteronuc1ear 
compounds 

.. 
4.5 Conclusion" 

CONTRIBUTIONS TO KNOWLEDGE 

APPENOIX l 

APPENDIX II 

" 
~PENDIX III 

APPENDIX IV 

~FERENCES 

j ---

ix 

122 

122 

124 

124 

137 

149 

155 

157 

160 

168 
. 

'l. 71 

175 

177 

, 
1 
j 

l ; 



J 

t -

l' 

. , 

Table' 

2.1 

3.ia 

-
3",lb 

3.2 

4.1 

4.2 

4.3 
~ 

4.4 

, 4.6 

. , 

.\ 

" , ' LIST OF TABLES' . 

Inf_~";~ a6 .. ~~ti~n,~O~ 's~e cç>balt carbonyl 

derivatlves in the v(CO) region 
" 

c "'- ..... 

Sorne metastablè ions observed 'in spectra, 
of OH 'series; 

n. 

High resolution'mass ~asurements on o~ 

Assighments of ions observed in the ~Fp 
4 

. spectrum, 

, 
Instrumental parameters for NMR measurements 

IH NMR data for CH 3 resonances of o~ 
(n\= 3 and 4) reeorded in C606 at ambient 

.. tempe rature 

'I~ NMR d~ta for CH3 
. recorded in C

6
0

6 
at 

resonances of'OR 
5 

ambient tempera~ur~ 

1H NMR data for C~3 r~sonances of sorne l 

trirnethylsilyl,and cyclotetrasiloxanyl 

deri va ti ves 

,Data from the separation of isomers of D~r 
, by fractional, recrystal1iza~ion 

Data from the separation of isomers of 

o? by c~'1wÎtn chromatography 

• 

x 

, . 

60 

87 

87 

107 

114 

118 

119 j 

• 4 

129 1 
l .. 

139 

140 

/ 



, 
.' . 

, , 
1 Page 

\ Abundances tif geàmetric isomers of DR 
n 

~(n~ = 3, ,,4,, and 5) 'given in % 148 

A-II 2~Si 
.~ , . 

sIlifte che,mical for ID~ and oH 
5 170 

.' 

,.., 
, . 

, . 

" 

c , 

<J '. J 

',- ... 

, ' .. ( . . 

, . 
... ",JJ .. 

1 • 

. .., 

'. , , 
\. 

, . 
," 

) 

1-



'. 

( 

( 

t 
l 

Scheme 

1.1 

1.2 
If 

Syntheses 

. silyliron 

-1_ , 

LIST OF SCHEMES 

• 
, 

and .interconverSiOn~i~~Yl­
deri va ti ves 

Catalysis of O-silylation of ethanol 

2.1 Two possible reactions of Br2 with metnyl-

2.2 

2.3 

2.4 

3.1 ~ 

3.2 

3.3 

3.4 

phenylcyclosiloxane 

Newman projections along the Si-Fe axis of 

[(CH3)C12Fe(CO)2nS-CsHs] (structures 1 and 

II) and o!p (31) (structures III and IV) 

Geometrie isomers of OA4 DR (where n = 0 . -n n 
t~ 4) formed by the partial substitution of 

D~ isomers by the substituent A 

Two possible geometric isorners of partially 

substi tuted O~O~. The "double chair" 

conformation of isomer III is shown at 

bot tom 

" Transannular migration an'd ring contraction 
, H 

of 05 

Fragmentation of IM-lS]+ ion 

Fragmentation of [~~61]+ ion 

Fragmentation pattern ,of met~Ytphenylcycld-

DPh \ 
siloxanes, n 

xii 

.. 

, 
1:4 

17 

52 

64 

70 

79 ~ 

96 

97 , 

\ 

98 

101 
" 

·1 

~, ... .. l ' 

. r 



. . 
. , 

. . 
_ J.' 

"! . . 
1 
1 , 

"/ " .. ' .. 
' .. 

.' ' ' . 
l, . " 

, 
• 1 .. .. ..,. !,,. 

Scheme 
1 .' ~ . ' <-

Hydride migration during. the fJ::Çl9!JlèJltati'on 
of oFp ~' 

. 4 " -
110 

xiii 



/ (, 

, '. 

" 

, , 

, 

f. , 

, 
.. 

c 

• , ! 

, ' 

.: 

" 

" 

- . 

, FigUré' 
~ , 

, 1.1~ , . 

l.lb 

1.2 

-
1.03 

\. 

, 2.1 

2.3 

l ' 

.' 

~ 
, , ,-

" --"-- ~A 1 

'~ 
} e 

f . , "'''-
'" 

, ,. 
'< .' 

' . 
1 • , 

-, 

" 
'\ .7 

, 
'l. ' 

-..... LIS'1' OF FIGUR,ES , , . 
1 \ 

-'fhe trià~gular ';eprese~-tation of one geomet.ric 

. !soÎner of \1,3, 5-t;ïmethylcyc10trisiloxane 
) , 

--,Two classicétl confôrmers of ,the geometric ,-... : 

,20 

. R • isomer D
3

(1) ~ . 20 

Schematic representation" of geometric iSOlne~rs 
R -' - ' 

of ° (n = 3, 4, and 5) and their statistical n 
abundances 2J. 

l, 

Cbnformations of sorne cyc1otetrasi1oxanes 

6v~i1apping of eleçtronic orbitaIs of oxygen 
. 3 2 ' ' 

,atom in -s~ (a) 1 sp (h), and sp (c). hybridi-

zaÙ.on wi th' orbi taIs of silicon ato~ ~n 
disi'loxane gro~ping 

- Ph Ph 
Infrared spectra of: a) D3 ,(23), b) 04 

. Br -~ Br . 
c) D3 (~), and d) 04 (~) measu~e.d in 

solution (ca'. 5%) .in the region 400-1400 

\ 

(24) , 

CS~r 
cm 

lrifrared spectra of: a} D~ (20), - b) J;>~ (!.!),'" 

. c) D~o (28), and d)'DCo {29) measured in 
, 't" 5t ....,..-

hexanes solution (~: 5%) in the region .' 
400-1400 crn- l 

Infrared spectrum of the carbonyl st~etching 

24 

26 

, 
54 

61 

r~gion of D~ (~1) measured in cyclohexane " ( 

solution (ca. 1%). T~e resolution i8·0.12 cm- l 66 

.. ' 
xiv 

" ( 

, 

'1 '"' 
.. 

.: 

/. 

'f 

\ " . 



" ~ 
1 

~ 

~ 

1 

t' 
, 

ft 

( , 
,!, 

" .' 
.' 

~-~----...... ---_ ... -_ ..... -~,-~.:t. - ---- "\ " .. ~ .,' . 

t 
1 

,. 

, " 

, -., 

" 

• 

Figuré " .. . ~ 

2.4 

2.5 

3.1 

.. 

, ' 

0' 

H ' 
D4 '(20) and. b) 

solution (ca. 5%) 
-1 -

CIP 

Infrared:spéctra of: a) 
, ,.f;;I 

(~) measured~~n CS2 
,the region 400-1400 .' 

'0. 

, . 
-' , . 

'- 1> 

Infrared 5pectr~ of nroo;P, (lf) , '- a), carbonyl 

stretching region measur~d'in ,qyc1o~exané 
~ ~ " (, 

solution (ca. li) ~ith a .res(Hu~ion of ' 
:-1. -, 0 " , , - ,,-1 

0.12,ctn. , b) th~ regiqn 4QO-1400 cm". 

Jpeaàured in. C,S2 ~,!,lution i) (ca. ?%)'" 
~ ... • 1-

Mass spectra of t.l,)e methylhY'droge~cycio- l 

• H ". ,. ".-
siloxanes, 0 (n = 4, 5~~ and 6). n , . ~ . , 

Mass spectra, of,the methylphenylcyclo­

silox~e$~ oPh (n = 3 and 4) 
n . 

.? 

" L~ 

", 

3.3 ,~' 'Mass spectra ol·'the rnethYl.bromocyc1o- 0'( 

. 

3.4 

3. S' 

3.6 J 

'. 

, ,Y Br ,r 
si1oxanes, On (n:; 3 arid 4) , 

Mass spectrum of thè'tetracarbonylcobalt~ 

(I) rnethylcyc1otetrasi-l,oxane, D~?" Peak 
, '. + ;. + , noted b' stands for the ion [M-171j 

mie 749 

Mass spectrUlb. of the tètracarbohylcobalt-
, ' Co 

(IJmethy-1cyclopentasi1~xane, 05 

, 

Mass spectrum of the cyc1ope~tadienyl~i-

carhonyliron(II)methylcyclotetrasiloxane, 
"DFp , , 

4 

, , 

xv .. 

f 
g' , . 

... 1 
.J 

" 
f' '). l ' 

J *': 

., ' 

,-
{ ,: , 
" . 

\'... 
1,..~_ 

73 

,,8'6 

89;1 } 
i 

9<0 

.. ' 
1 " 

00 , ., 

91 

92 

94 

o J' 

: 



." 

Figure 
• 

4.1 

4.2 
, . 

4.3 

4.4 
.. , 

, 
; 

, . 4.5a 
;. " , 

, '" ': -

6' 4.5b 
-, , 

\ 

( El' 
~ , 
~ 

i 4.6 

r 
}.~ 

\ 

~ . 
'. 
'. 

C 
f, 

1 
t 

. , 

1 ·H H Coup1ed H NMR speetra of Dj' 04' 
in the rnethy1 region', measured in 

(ca. 5%) at 20°C 
'-1 

" 
, , 

IH NMR sp.sctr~ of D~o and D~o in the rnethy1 

region, measured in C6~ (~.5%) at 20°C 

, Monitoring' of the d~cornpositiofn of D~ (2'7) 

,in C
6
D

6 
(ca 1%) at 20°C. 1H NMR spectr~ 

in the rnethyl region were recordèd: 

a) 15 min, b) 2 h and c) 20 h after the, 

isolation of the product 

Theoretical IH NMR spectra f01 CH 3 resonance$ 
R ' 

of D. (n = 3, 4, ang. 5) where the through": 

"spa~Shielding-èffeet of R 'group is <,. 

sma11er than the e-ffect of CH3 itserif 

Il1ust~ation of the' ring current effect of 

the phenyl group upon the shift of methyl 
.. ' pro'tons ,in a methylpheny1s~loxan'e unit, 

1/1 ' 

11-1 us·tration of the anisptro~iic effect 'of 

earbonyls upom the shift of adjacent cis.... . ' " 

, 116 

121 

123 

132, 

134 

'-

\ f ~~ 

m~thy1 pro'tons ~"'. ," 134 ' 

'1 

là NMR spectra of CH3 and nS-èsHs gro~ps 
of se1ected fractions fro~ the chroma­

tographie separ~tion of seometric i~~rs 
. Fp • 
of D4 ' measured in C6D6 (~. 5%) at 20°C 

/ 

xvi 

.l, , 

• J 

1 
'J 
l 
i 

r 



.. 

, 
-

" 

l,~ 

f: 
~ 

, 
l 
i 

( 

-

(, 

Figure 

4.7 

4.8 

, 4.9 . 

A-IlIa 

A-Illb 

A-J,V 

.. 

-. 

, , 

./', " . , 
< ' 

, ' 

.~. .' 
'. -. 

-, 

" , 

tllustrati~n'of the j±ng cur~ent effect of 

the èyc1opentadi,eny'i group upO{l the shïft 

of 'vicïnal methyl protonS 
" 

1H NMR spectz:um ,of compound 

in 5=6D6 at' 20°C •. T_he CSH5 

35, rneas ured 

reglon is 

enl.Çirged . e • 

-
~ 1 'C F H NMR spectrum ~f compound Dl oo 3

P (~), 
,- " 

measured in C6D6 at 20 0 Ç. The CH3 and 

C~H5 regions are enlarged 

Thin Layer Chrornatograrns of D!P (.~) 

la NMR speotra of fractions one'and ten 

fr~~ the separation o~' D? isomers by 
Flash Chromatography ~n the cyc1_openta~ 

dienyl region ,(C606 at 20 OC) ~' 

la NMR spectra of 

o? (31) in C7,Da 
20°C, -40°C, and 

• Jo ) 

the rne~yl region of 
, ! 

solution recorded at 

-70°C ... ' 

~vii 
. J 

146 

151 

152 

173 

l7~ 

• 
176, 

. .. , 

.. ' 

1 • 

.. 

i 
1 
j' 
.~: 

t 



, 
" 
f· 

" 

.( 

-------------._-.....:.~ -- ,,' 
.. , 
_ ~ _. _ _ r ~ 

,0 

.,-;" 

• 

", 

. ' 
,./, 

--­A'or R 

co 

'" Cp 

" , 
"', Et 

,/ 

Fp 

,t M ;, (' 

-{ v 

.Me 
... 

1 

n >!)P. , 

- ... 

Ph ,l, 

Rf 

sec-bu 
1-

t-bu 
'1 

TH,F 

" 

LIST OF ABBREVIATIORS 

,1 
organic, inorganic or organo~tallic'substi­
t\1ent '.,a t silicon .. ,. 
cobal t t~tracarbonyl. group, Co (CO') 4 in ~;o 

cyclopentadienyl, CSHS . 

meth\~bYCIOsiloxane unit, 
~~ 

-:. ' 

o R. 

, ( 1) R' such as -O-Si- :; On 
1 n ' CH . . 

3 

cyciope~tadien'yl i.ron dicarbonyl group, F~(CO) ~ 
...... 5 JI" Fp n -CS 5 ,~n Dn 

transition metal -' q . 

methyl 'group 
, . ;4b 

' . 

~ 

number of silaxane units in the ring, ,~ueh '~~. ,n!. 
'" . j . 

1- . . 
• 0 

in "Chromatography, distance .fram center of spot 

ta origin over distance of solvent front from 

origin 

~-buql, 

\ 
CH (CH3)C2HS 

~-butyl, C(C~)3 
--------

tetrahydrofuran, C4HaO 

xviii 

, . 

, , 
• 

J 

...... . <' • 

,.: --~,~ '" , 
, 

t 

, . .. 

.... ...' 

. , , 

" 

1 •• 



, , 

, 
, . 

" 

" 

", 

. -
( 

,. 

, , 

' .. 
" 

.... f • .1 # 

, ;~ • I? 

.- \ . 

" \. \ 

'" \\ 

The aim of the 'present project is t~e.~p~ep~ra~~~n and 

the full characterization Qf à new cl'àS$ af silyl-tr,ansi ti.on 
, J , 

me~al <?ompounds ~i-t:h pàt&~tial- for muitïfu~ctt6nal.catalYti'c 

ac:tivity., 

T?e extraordinary ,activities and selectivities of many 

e~zymes ~epend. on the' 'p~eci~e' placement of se~eral dif,fèrËmt 
<' " • 1 

~ctive f~ctièm.s on t~e Jcai:~~y@t. with respecrto, activ.e 

cen1:~r,S of t~ substrate. Very t~w .)!xamples· of ,simple' 

, . meta1-~ased synthetic cataÎytic systenft;, where ',the rate 
1 

depends strongly on the spac1al'disposition f substrate . 

; 
, . , ,', 

. 
" [' 

l • 
" . 
, \ 
1 , ' 

l 
1. • 

with respect to 'active centre(s) ,'are known in the literature~ l 
. " 

" . 
A few years,ago,a homogeneous platinum(~I) catalyzed 

... , 

'. ,hyôrogen-deuterium exchange a~ a $aturat~d arbon atom was 

, 1 

reported'l The proposed mechanism,involve a five 'metal1o-
, ' 

çycle in termedia te \~J. The H .... O'exchange écurs ,in a highly 

regiospecific manner at' carbon ,5 because 

.. 
. . 

. , 

xix 
• 

" 

at ~arbon is in a 
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-' , 
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pàrt dùIarly favoraple,position tG ~nd ~~ the'pIati~um 
, '2 l ', , ' 

"quc eus. poWeii et al. , rèCentIy rePorted, a ~ystem (2), where 
" -. -

, a c6.ordinated carbo~ monoxidè 18 activated with re.pec~ ta 

'," 

M=Cr, MO w' 
, " 

, ' 

~= Me, Ph, t-B,u " Et2N 

nùclepph~lic addition by coordination ,te a transition metal 

. th.rouqn ~ar~n ~'~o a Lewis acid ('Li + ~ throuqh oxyge~. ' ) " .. 
The rea,ctivity of, the 'CO<with ~espect 'ta attac]c, by hy~ride 

, ,. + " 
ion is extremeLy~sensitive to the' distance of the Li 'ion 

> ~ ...... ,.. ~ 

fro~ the û. : These two 'academic' exa~ples of relatively 

," 

, simple homogeneous systems contrast strongly with .the 'magic' 

heterog~neous systems 'currently~uS~d in industriài catalytic, 
1 

1 • . 3 
. " processes. Jo~eph Haggin recently poi,nted out: ,~rThe advances 

i~ computer,software and surface science are enabli~g 

sc,ie~t.j.sts, to design indust·rial catalysts using highly 
, . 

"" .organized procedures, such as combining specifie chexni,aal 
, 1 

- 1 

'. a~~ .P~,Y~iCallfuncti~ns.r One df the examples cited by 

Haggin ~hows a'new catalyst <1> desig~ed for producing 
, 0 

2l..etb,yl hexa~ol "(Aldox prooess) using a S'olid polymer 

co~taining a metai function'(rhodium)" and ~ base function 

0' 

" ,-- xx 
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" 
-, 

1 , , -

" , " . , 
, 
1. 
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(amine). Bruce c. Gates, a designer of new catalysts (Director' 

, " ) 

of the Center for Catalytic Science-and Technolagy' at the 
, 

university of Delaware) states: "Assuming that the eatalyst 

functions are identifiable, it is~ in principlè, posslbl~ 

:"':', to combine them into a prescribed multifunctionél éJatalyst" 3 
• 

JI~ ' .. t 

R ~: H-:-N ~ CH2-O~t 
0 
III 

\ C . 
c:, 

CH 2 

.~--èH2--P--Rh ----,,--p _CH2~JH 
1 

, 

CI - CH2 
, l 

• • 

The present project deals with the-design of new 

(3) 

potential catalysts combining advantages of homogeneous 

, '-. sys~s (chemical simplicity and selectivity..). and hetero-
,~ -

, geneous systems (efficiency and low cost). One aVenue for 

, such d~sign~d ~ataiysts could be to attach severaI 
, 

c~~alytic functtons (transition metal moieties, organic 

,bases or aè~ds, redox pairs) 'to a single frarnework small 
, ., 
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enough and flexible enough to get -cenvenierit: spacial ' . . 
.. ~ ~ ..( ~ # " ~ ; \..- - ;~ 

'pl.acement of acti '\Te furictions an.g. to 'r.eniain pra.çticable a'S a ] 
, • ~ ., • .. .... 0" 

, homôqeneous .system. The'present' work ~xplores a n~w family 
, .. , ' 

of POlyfunctional rnolecules"<where srnai,i r~ng. methylcY91~-

siloxanes (e! g. 4) s,erve as a supporting fram~w(;)rk for ~ - '.... . . '" 
"-

or~nometallïc functions" of poten tial s:at.;àlytic int~re!Jt. 

The synthesis of sorne mçlecules of the 'g~ne~ar formula, 
/R 

~Si-O~n' will be described together with' their chara~teri-
. l, 

'CH 3 

') 

(~) 

, 

L 
.~ 

( 

zation by infrared and mass ~pectrometry. The methyl 

substituents in these molecules provi~ a useful probe for 

estimating the various possible geometric isomers by lH N~ 
'\ " ... 

spectroscopy" The assignments' of "NMR spectra for aIl of 
') , 

the reactant and product methylcyclosiloxanes wil~ be 

discussed. 
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1. GENERAL INTRODUCTION 

1.1 Hisj:ory of organosilieon èompounds 

The first organosilïcon compound, t;etraethylsilane,' ·was 

discovered by the fambus Fr~nch-American team of chemists,' 

Charl~s Friedel' and James Crafts 4 in 1863. A few yea~s later, 

the sante authorsS reported the preparation of tetramethyl­

silane by the actiort of dimethylzinc on tet~~chlorosilane. 

Frçnn the prepa,ration of tetramethoxysilane, ,the authorsS 

..mentionea a secondàry product called dis,iYicate hexa­

méthyliq~e having the 'empirical formula, I2Si,6CH3,70}. It 
'-

was probably the first isolation of a disiloxane which we 

would formulate today as [(CH30)3SiJ20. In two subsequent 

papers6,7, hexaethyl- and hexachlorodisiloxane were-isolated 

and properly identified. Studying properties of ethyl-
1 

phenyldichlorosîlane, KipPing8 observeù the formation of 

"a visaous, colourless .oil when phenyl ethyl silicon 

dichloride is decotnposed with water." Kipping did not 

identify this protluct but a few years later, he 'prepared 
~ . , 

and formulaeed very accurately, and for the first ti~, sorne' 

pOlyphenylcyclosiloxanes
9 

from the hydrolysis of (C6HSt2siCl2 

and also from the condénsation of (C6~5)2Si(OH)2' 

Funda~ental progress in the chemist~y of silicon came 

4,0 years after the ~irst report of Friedel and Crafts by '_ 

the application of the newly-discovered GrignQrd'reagent~ . 
. 

to the synthesis of a,. wide varièt;y of alkyl, aryl and' 

.. -

\ ' 
• 

, . 

l 

, j, 

• 1 
.' 
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halQgeno substituted silanes (eq. 1.1)9-11. By the end of 
, 

12 the Second Wôrld War.l R~chOW' reported that vapors of many 

R SiX4 + R" MgBr -"-""1." R R ',SiX) + MgBrX n -n 'n-n (eq. 1.1) 

t 

alkyl apd aryl halides react directly with heated solid 

silicon produéing a mixture' of organosilicon halides. 'The 
) 

direct metnod' is still today the main industrial route for 

commercial scale synthesis of orqanosilicon compounds. The 

roost efficient application i6 the production of methyl-

chlorosilanes in ton quantitieS by the direct reaction o~ 

methylchloride .wi th ,silicon at' high temperature in the " 
> • 13 
presence of copper (eq. 1.2). Hydrolysis of organo-

dich1orosi1ane leads to a ,variety of' cyclosi10xan~s used in 
1 

the manu~acturing of siiicones. 

(eq. 1..2) 

1.2' Chemistry-'of siloxanes 

To date, cyclpsilQxanes have not been investigated as 

mul1;idéntate 'ligands, abl'e to coordinat~ one or many transi:--
.. ' 

tion ~tal cep~ers bu~ the physical and chemical features of 
f _. 

linear ~d cyclic siloxanes have been extensively studied in 

,the- last two decades mostly by workers in the Soviet Onion14 • 

\ 

l , 

~ 

1 
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1.2.1 Sorne physical and structural features' 

; 

,~ . ~In valence bond terms, the Si-O bond in tetravalent 

silicon compounds 1s described as a a bond from the over14p 

J 'of hybridized s and p orbitaIs of oxygen with sp3 hybrids 
" , 

of Si.· , An additional (p-+d) TT interaction of the unsha.red p 

electrons- of Qxygen with the empty 3d orbitaIs of Si is ~ften ., . 

postulated to ixplain the,extra stabilityof the siloxane 

3 

• 13-14' bond and the great variability of Si-O-Si and Si-O-C angles _ 

In most organosilicon cornpounds the lengths of Si-O bonds are 

• 0 ° 
'in thct range 1.61 ± O.03.A compared to 1.83 A calculated flrom 

coval~nt radii of Si and ° atoms. The Si-O-S~ angle varies 

" from i05° in very strained rings like ~ to 150-180 0 in halo­

genodisiloxanes, such \la' (Cl 3Si} :z0. Siloxane angles in 

Dn (n .. : l, ~ and 5) are respectively 131.6°, 144.8°, and 

146.5° which co~respond to' relatively Unstrained structures14 . 
. i 

. . 
The siloxane', bond is one of th~ morf:! st,able bonds formed ~Y , 

silicon. The energy of t,he Si-o bond, estirnated from neat 

of combustion# ranges from 420 to S'OO kJjmole. The'va-"lue 

. 'j 

' . 
. < 

'i -
) 
~ , 
1 

1. 
j 
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of 451·kJ/mo1e for D4 àccords with the relatively unstrained 

'\ ring of the cyclot~etrasi1o~ane. Furthermore i t may be 

assumed that .the energy pf th~ Si-O'bond is' the same in aIl 

isomers of a given cyclos11oxane sinee the equilibrium ratio 
~ 

{ 

of cyclosiloxane stéreoisomers is always, close to ~e 

statistical ratio15 ,16. 

The intensit ies of Si-o-Si vibrational bands in infrared 

and Raman, spectra are several times greater than those of 

c-o-c bands but their absorption regions practica11y coin-

'd 17 C1 e • The fundamental vibra tion frequencies of the 

siloxane grbuping lie in the regions 

-1 
930-1170 cm (vas)' 

L -1 . 450-630 cm (v ) sym 
and ' 

For silicon atoms bonde~ to only one oxygen, the 29S1 

NMR chernical shifts (ô) are downfield relative to tetra-

methylsilane (TMS), but for silicon attached te more th an 

one oxygen atom the 29Si ô values -are upfieldL In the Dn 

series, 29si, 6 values are -9.2 ppm for n = 3, -20.0 for 
\ 

n = 4, and about -23.0 for n > 6. This trend suggests that 

a substantial dlfference existe between the bon ding stàte of 

silicon atoms in the near pl anar D3 and' large distorted 

D , n > 414 ,18. 
n ' 

" 1.2.2 Chemical :reactLvity of siloxanes 

The hj.gh energy an4 the ioni,ci ty .of ~ the silo.xane bop.d 
_ 1 1 1 , 

are ,responsible ~er the~ high thermal stability of jiilo-
\ ~ . \ -

xanes14 For exampYe, tHe thermal degradation' of D4 occura 

, . 

, , 
l 
1 
\ 

·1 
L-
" 

-\ 
, 

1 
1 
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L 
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in the gas phase only at 450°C and gives on1y D3 as a thermal 

d - 't' d 19 ecomposl lon pro uct . The ~edÎ'stribution, 'or equilibra-

tion of siloxane linkages is catalyzed by acids and bases . 
. 

Under these conditions a continuous cleavage and reformation 
,>1 

of siloxane bonds occurs until the system reaches an ' 

'l'b' 13 equl 1 rlum . 

Strong bases c1eave the si10xane bond. Alka1i meta1 

J hydroxides react readily to forro silano1ates by successive 

nuc1eophi1ic attacks at silicon (eqs. 1.3 and 1.4) followed 
r 

- OH 

Si-O 

* + Si-O-Si 
-a 

'* ----~.~ 5i-0 J + Si-OH 

- .** + Si-Q-Si ** - ......... ~ Si-O-Si + Si-O 

\ 

(eq. 1.3) 

(eq. 1.4) 

(eq. 1.5) 

~f 

Py condensation of si1ano1s (eq. 1.5) formed in eq~ation 1.3. 

rr:he fi~a1 composition of the mixture of siloxanes is thus a 

h d ' 'l'b' 13,14 true t erno ynanuc equl 1. rlUIn 

Anhydrqus Hel is known as an effective reagent for either 

'the cleavage, or the_redistribut'ion of siloxane linkages. As 

in the a1kali'-catalyzed process, the .si1anols produced in the 

fi~st reaction (eq. 1.6) can cond~nse toqether giving a new 

siJ,oxane l~nkage and water· (eq. 1. 5). The organosi1icon 
, , , 

chlo-ride from eq. 1.6 is th!ls eas~ly hydrol-yzed (eq'. ,1'.7) 
. 13 

giving ànother siloxanè bond and regenerating Hel • 

r 

.. 

1 , 
1 
1 
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Si-0-5i + HCI.. ,... Si-OH + SiCl (eq. 1.6) 

Si:"Cl + H20 ;,~='~' ,Si-OH + HCl (eq. 1. 7J . 

C1eavage of the siloxane bopd by 'other covalent halides 

also occurs under mild conditions and is sometimes useful 

20 in the preparation of organohalogenosiUmes (eq. 1.8) • 
\ 

(eq. 1.8) 

FinaIly, siloxane linkagës can also be cleaved by Grignarc:i 

reagen'ts anp, lOOre r.eAdily, by organoÙ.thium compoundsl4'i21. 

1. 3 5yn'Shesis of transition metal silyL complexes 

5i1yl-transition metal chemistry ia of relatJ.vely 

recent vinta~e' beginning in 1956 with the preparàtion of 
( 

the first organosi1yl derivative of irpnayclo~entadienyl­

,dicarbonyl, (CH3)35_iFe(CO}2U5_CslJSI by Wi1ki~son et"al. 22 •. 

Interest in this ne~ field grew explosi,v'ely ,in the se~o~d 

ha1-f of the 1960' s. The main lines of :research
23 

derived 

from: (i) comparative. studies, wi t\ the corrE;!spondinq 
, , 

complexes of,alkyl~ and other 9±ou~ IV-B e~eme~ts,' pa~icu-

larly wi th respect to the role, of lr-back-pondinq from filled' 

d1l' orbitaIs of t~ansition. mataIs into empty dlr orbitaIs Qf 

- silicon; (ii) ,expectation of us~fùl ca-talytic prbpért~es - -

from such heteronucleaT derivatives. ~ number of ~elevant 

, . 

! ' 
, ' 
j 
l 
( 

1 
l 

.1 
1 

! 
J 

1 

~.1 

1 
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• 

reviews23- 28 on the topic h~~è been ~ublished up to 1974 

put only Qne yeneral review has been published very 
l' 29 

recent1y '. Some other surveys of certain aspects have ap-
, 

peared in the last four years30~33. 
, 

7 

Most silyl-trans'i tian meta1 complexes reported ùp ta now 

can bè classified according to the following schema tic struc-
, 

tural types ,where M stands for the 'transition meta1 atom 

IOOnosi1y1 ligands: 

P91ys11y1. ligands: . 
i , 

• 

~ 
R2ii T R2 
'M M 

(~) {1.0 ) 

, 

SiR 

I~M "'" / M 

(8 ), 

1 > 

(11 ) 
\ 



r 

-

( 

, , 

and R for sub$tituen~ at silicon, other ligands at the tran-\ 

8 

, 
sition ,rnetal atom are omitted for simplicity. In the category 

of monosilyl ligand, types 6 and 7 represent about 90 to 95% 
- ~I ~ j 

of aIl silyl-complexes reported whereas compounds of the typel 

8 are still ~ r_rity"36', ~>7 , SornE! complexes with· polysilyl 
-

ligands, types 9 and 10, have been reported recently by Curtis 

and Greene 38,39. Th t 11· 1 t 34 ,3S . e, ca egory _ ~S' a so very r.::cen • 

AlI three major synthetic routès t~ silyl-transition metal 

complexes were 'discovered pefore 1970. -
" 

1.3.1 Salt elimination (metathesis) 

The l';eacj::ion of a transiti011- metal anion with an organo­

silicon h~lide proyided the firs1: compound with a Si-M bond 

(eq. l>~ 9),22. The sarne procedure has been used to prepare many 

t 

(eq. 1.9) 

- 5 -silyl deriya~ives from anions 1ike [co~ÇO)4] , [n -C5HSMO(CO) 3] , 

[Mn(CO)']- and [nS.;.e H >~r(Co-) J- 23,40,41 The reaction of an 
5" 55 3, . 

, , 

a1kali m~tal silyl with a,transition meta1 halide has aiso - , 
• < 

• - 42' 43 
be~n used w~th sorne succe~s (~q. 1.10) , bu~ sorne inherent, 

. 23 28 -
limitations have been pOl.I'ltEld out' for both types 0f salt 

~1imina:tion reactions: (i) 'the expec1:ed sily~-transition 

metal comple~ May be difficuit ·to separate' from the alkali 

1 , . 
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( 

, , 

.' 
H3S~K of [TJ5_C5H5F~(CO) 2]Br - (43) -.. • 

- '­. . 9 

. 5-
H3S1FS(CO)4~ ~C5H5'+ tBr (e9. 1.--10) 

, ' , ) 

-,' 

meta1 halide, (i1) d1fficulties may arise thr<;lugh metal-ha~og'en 

exçhangè
44

, (ii:!:) proo1ems hàve been found in't'he"preparatiQn 

of sorne- reaétants, especüil1y alkalI hlet!il sily15, ~nd (i v) 
, ' , 

carbonylate anions have a: tenden'cy to, attack ~he 'sil,icon v~a 
, 45 

the oxygen of the carbç)nyl group , . 

, ' 

1. 3.2 Hydrogen elimination 

Chalk and Harrod46 ,47 reported that th~ highly,reactive, 
, , ' 

dicobalt octaéarbony1, i5 rapidly cleaved at l'oom tèmpera~uré , 

by a variety of silicon hydrides to give hydrogen and new 
\ 

5ilyl-cobalt complexes. They descrîbed a two·step mechanism' 

(eqs. 1. Il and 1.12) whe're R is an organic supsti tuent and in 

" 

(eq. '1.11) 

1 
R3SiH + HCo (CO) 4 (eq. 1.l2) 

" 

which the production of H~O (CO) 4 in the first -step (eq. ~ .11'>. . 
, " 

ls thought to he responsib1e for' the cata1ytic acti~lty, of' __ 

CO 2 (COLa in thEl! hy:drosi1ation of 01efin6'48 , T~is now
t 

cl:as-, 

sicai approach has been used e~ten~ively for the preparation, 

'of silyl-metal complexes by c1eavage of a va'rJ:ety, of metal" 
, ! 1 ~. ." ,. 

" . 

, r 

" 

< J 

! 
'/ 
J . 
-\ 

1 , 

, ' 
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1 
1 
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metal bonded dimers2 3 • Of particùl~r iriterest 'to ~e present 
-. '. 38,39 study 1& the recent.preparat10n of some siloxanyl-

A • 

transition metal deriva,tives'. The linear disilÇ>xane, 
"-

[(CH3)2HSi]20, was used in reaction with metal,comp~exes and 

three groups of products were isolated (e.g., 12, !!' l.)t 

, 

'0 0 'C) '. ' 

/ " (CH3 .2 . / '" (CHS)2 ./,".-
(CHJ2'Si Si (CH) SI, Si (CH )SI . SI(CH3 )2 

1 1 
32

1 , 32,\ / 

M M M M 'M 

(14) 

where M stanes for the transition metal ~iety. Such 

. complexes have many features i~ common'with the cyclosilôxane 

compounds to be described in this tqesis'and 't~~ir proper~ies 

will be discussed in more detail in the following chapter. ------

1.3.3 Oxidative addition and elimination .. 0' 

Oxidative addition with or without elimination of ,il . - , 

neutral ligand has been extensi vely used for the for.mation 
-

of transition metal bonds to aIl of the'elements of grOUp , ' 

'IV A49- 52 . Typical reactions.involve five and, four 
" 

coordinate dS complexes, or three and four .coordin~t~ 

4' dlO complexes with silanes (eq. 1.13). 'Althougn 

d6_d4 reactions are rare; there are. ,èxamples. .An unusual-

" 

\ ' 

.. 1 
. 

! : 
. !. ' , 

1. , 

l" ï 

1 
1 -

1 

. 

f . 
,t 

1 
! 
l 

1 
l' 

, . 
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, 

rhodiwn(V} coirtple?" 1 ('n5-C~'~C~)-5)(Rh(H)2 ~Si (C2H5 ) 3'-2]' • ') 

~4S recently preparedS8 b~ ,.the addit,ion ot (C2HS
) 35iH to the 

• '5' 
Rh (~II ),dimer: [ (1) -~5 (CH3 ) 5) ~Rh2Gl-4]. . 

, . 
, . 

" so .. .. 
, , ,C(C6~5)3P)2Ir(CO)Cl. + R3SiH t 

1. 
, 1 

(ëq: :1.1~) -1 
, " >/1 

, ' 

Attempts to' extend the. apP1,icati<>Jl' of the oxldative _ l 
addition route to some light metais (Fé, Co, Mn, or Ni) were 

, 

only partially successfui due to .the genera;ly h~gh reactivity 
. 53-56 of siIyl-transition metai hyd;rl.des· , • The best resul.ts' 

, 

"" havé be,en obtained with me1;:-al Carb?nyis (eq. 1.14)53 which ~ 

(, react photoc,hemically with silanes to forni sily1 metal 

( 

, , 
hydrides and eliminate one- carbon ·monoxide: 

, , 1 

hv , , .. 

, '. " -
, ' 

These oxidative addition reactions' are often reversible 

and Si .... :M adCiuçts (where M -= Rh, Pt, Ir) tend to be more 

stable when there a~e electron-withdraw~g ,groups o~ 
• f ~' ~ 1 ... 1 

silicon48 ,58. O~idative' add!tlons_of' Si-H.~re' norma~~y 

assumed to be concerj::ed reactions?9. 

. - , 

1 

1 

i 

J 

l ' 
1 1 

, , 
, , 

1 
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1.4' Chemistry of transition metal silYl complexes , 
• 

1.4.1 General reaotivity 
, 

In add-ition ta classica1 routes of synthesis 'Ihentioned 
, 

abOVè, many silyl-transition metal complexes have been 

prepared by SubS:ti~ution re~ctionlJ bath' at silicon and at 

the transition mèta1 23
• For example, the progre,ssî.:ve chlo-

, 

rination at :the silicon CEmter o~ H3 SiMn (CO) 5 by Hel has 

, LT'\r 60 ' been r~rted by Aylett and Campbell Many substitution 

reactions at the tr~sition metal involving displacêment of 

. ~ neutral l;igand such as CO by another neu-t:-ral ligand (ego 1.15), 

with or wi thout UV irradiation, have been reported for Many 

. 
J 28 

Re, ... } . 
~ 

metals (Mn, Fe, 
• 

Sometimes cyclometalation 
-, 

oceurs "when phospl).orus ligands, auch as pl)osplti.nes or 

-phosphites, are reaet-'ed w~th silyl-transition metai complexes 

under UV irradiation 61. 

Silyl-transition metal hydrides can show remarkably 
~ 

high acidities, which makes possible the ;formation :of ionic .. 
species and adducts. T.hus t~e complex C1 3SiFe(CO) (H) (n5-CsHs) 

is a strong acid in ,acetonitri1e (pK. = 2. 6f and gives the , ' , a 

tetrapheny1arseniuÏn ,saltO of the corresponding anion in 

acetone by loss o~f a proto~62 (eg. 1.16). 
\.-

l ' 
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[ (C6HS ) 4A8 ] [CJ:3SiFe (CO) n -CSHS] (eq. 1.16) 
,0 

.;)."" .... 
'" 

AnalofIous hydr'ides of Mn, Co~ and Cr have a1so been found to 
'''.,. 
'~ he. deprotona ted wi th amines 55,60 ,6~ • 

.. ....,;:.. .... 

. Recentlr~ Gladysz· and coworke'rs 6 3 reinvesti.gated syn­

thetic F?utes to, and reactivity of, trimethylsi.1yl-lron 
""'- .... ~ 

,~ .. <'1' .. ~ ~ 1 

tetracarbonyls. '.Seme syntheses and interconversions of such 
, . 

trimethylsily.l_"der~yà.tives are shown in Scheme 1.1. This is 

one of ~he best examples of the rich chem stry invol ving 

trialkylsi'lyl-transition metal complexes. An earlier cornpara-' 
1 

tive study s;2,f the ·re.ctions of sorne analogous (CH3) 3Si-metal 

carbonyl complexes was pu,bl~'8hed by MacDiarmid et al. 64-66. 
, .... 

The comple~es (CH3 ) 3SiCo (CO) 4 and ~CH3) 3SiMn (coj-5 are cle'aved 
~ . 

by""reagents, such a..~ H
2
0, MeOH, and amines, whe.reas 

'fCH3) 3SiFe(CO) JnS.CsHs -i.s much more resist.~:- to nucleophilic 
~ 

attack. Nevertheless( "'a r.apid reaction~ occure in the presence 
" • 

'of anhydrous hydrogen chlorige _~~~. L,.l7) even at very low 

64 ternperature 

~I 

It was suggested that the high rate of 
,,; . 

.; 

.... (eq .. 1.17), 

jt' 

. , 

, '1 . J.. ! ~ 
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Schema 1.1: Synthes'es ànd. inte~convèrsions of t r1lllethylsilyl-

iron derivatî~es (from r:ef'. 63), 

+ 2- exe.as 
2 K [Fè{CO)J 

R'3SI Br 
:> 

RsS i Br 

1':1 

K+[R~Si F~(CO)4]-
' + -C7 H,. PFe 

> , 

Kfo{ 
. . 

. c, 

.Y 

-NaH 

.' 

-' 

~ , . . 
, , 

P PH ~'i[(Cé~,~ 3PJ2'N·~ 
..l.. ! ; 

" , 

1 • 

',.J t r. 
, ( 

, . 
, . 

" '. 

.. . 

(R 3 S i) 2 Fe (CO)4 

(R3S.fc~'4 Fe}2 

, 

" 

, Ft(èo) , + 

" 

1 -

l' , 
l " 

1 .. 
\. 
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reaction with Hel indicates ~hat the rate-controlling atep in 

the cleavage rnight involve an electrophilic attack at the 

iron center anaiogous to the silicon-phenyl bond which under­

gO'es electrophilic attack by' HC167~ It was aiso observed that 
'" 

the silicon-cobalt bond is easily cleaved by covalent halides 

d . d· 65 , an 10 1ne . Few attempts<to insert ca~bon monoxide into 
o 

67b ~ 
the silicon-metai bond 1 as M-C-SiR3 , were succe~sful even' 

at high pressure. The lack of easy insertion of a carbon 

atom can be due to the loss of (d -+ d) 7r bonding energy between 

the transition metal and the silicon which wouid result
68 . 

The chemistry of C!jroup IV B elements (Si, Ge' and Sn) . 

with platinurn and iridium has been investigated by Glocklipg 

et al. 69 and many interesting features have been shawn. 

Among those, the hydrogenolysis of the (CH3)~Si-Pt bond'was 

shown to proc'!3ed readily at 1 atm. H~and ambient tempèr'ature 

(eg. 1.18). F~rthermore, the second (CH3 l 3Si-Pt bo~d is 
, , 

hydrogenated ,at 70 oC and l atm. H
2 

gi ving the second (CH3) 3SiH 
, 69 - ' ) 

and'a.platinum ~luster/. ~he reversibillty of the'oxidatlve 

addition, of R3Si~, to (R3P)2PtHCI has also been demonstrated
69

• 

(eg. 1.18) 

, f 

1 \ 
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1.4.2 SilyJ.-transition metal, complexes in catalxsis 

One' o'f the more interesting' fields of silyl-transition 

Metal chemistry is the use of these complexes in ca talysis. 
1 

Hydrosilation, the addition of a silicon hydride to ~n olefin 

(eq. 1.19), became an important industrial route for the 

R
3

S;H + CH - CHR' catalyst R S iCH CH R' ... 2- 3'" 2 2 (eq.1.19) 

formation of silicon-carbon bonds with the d1scovery of the 

exceptional catalytic activities of chloroplatinic acid by 

Speier et al. 24,70. A general comprehensive mechanism has 

been proposed for the catalysis of hydrosilat~on tly group VIII 

comple~es 4 7,48,52. The mechanism proposed for platinum is a 

reversible oxidative addition of Si-H to the plat'inurn-olefin 

complex followed by insertion of olefin into Pt-H and 

r~duct,i.ve elirnination of hydrosilated olefin 48. In addition 

to platinum complexes some other group VIII metal complexes 

have been found to be effective, catalysts for hydrosilation 

d th . . h . 1 4 8 R Ii tl fi * Id . d an 0 er reactl.ons W1;t S~ anes . ece y, as.ze lne an 

coworkers ?l report,ed hOp1ogeneous cataly~is of .deuteriation 

of R 3SiH (R=OC
2

HS,G2ijS,CH3F), hydrosilation of.C4H9CH=CH2 , 
- '" 

and O-silylation of simple alcohols by silyl-cobalt(III) . ' 
, 

Qcomplex~s. The proposed mechanism for the catalytic 
. 

~-Bilylation (scherne 1.2) shows tnat the reaction can be 

inhibited by th~ presence of molecul~r hydrogen ànd.nitrogen . . ' 
The ~lymerization of silacyclobutane is another example. of 

(J' , 

, . 

. , . 

t 
;. 

" . 
). 
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Schema 1.2: Cata1ysis of O-sily1ation of ethanol 

-. , 
.' (fram ref. 71). 
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the pÂrticipation of silyl-metal compounds in a catalytic 

cl 
70,72 cy e 

1.4.3 Silox,anyl-metab. complexes 

Monomeri~ metal'complexes with siloxanyl-metal bonds 

18 

have been very !arely mentioned in the l!terat~re. Although 

47 ' Harrod and Chalk reported the infrared spectrum of tetrakis-

(tetracarbonylcobalt)tetramethylcyclotetrasiloxane, no other 
/ 

,pro pert y of the compound ~as described: 
73 

Eaborn 'reported, 

in a short communication, the formation of a poorly chara~ter-

ised 4-membered ring metallocycle, (C6H5)3P)2~t(Si2(CH3)40), 

from the reaction of the disiloxane [(CH3)2HSi]20 with 

«C6HS)3P}2Pt(C2H4~ in benzene.· 

The re~ctivity of som~ linear siloxanes toward metal 

complexes has been clearly shown in a recent study of Curtis 

38 39 74 75 and coworkers ' " . They reported the formation o~ 

sorne small metallocycles (~and 10) by"the reaction of 

tetramethyldisiloxane (TMDS) with Fe(CO)S' Ru3 (CO)12' 

(C6HS) 3P)2PdC12' and (C6HS)3P)2Ir(CO)Cl. The reaction of TMDS 

with C92 (CO)a gave the complex (12) without metal-metal link~. 

(15 ) 

ï 
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·All.of these 8ilc;>xane-metal 

low Stàbility38. 

complexes were reported to be of 

Th \, \, Il d' '1 ' J d 74 - 76 (lS) a Most 1nterest1~g meta 0 181 oxan~ prepare __ 

, 

was fOUnd to be active iQ the c~talytic ol~gomerization of 
> 

linear siloxanes. The ,strain,present, in this metallocyc1e 

c~mpresses the Si-Ir-Si ,angles by 25° from the ideal 

octa4edral 90°, whilst the Si-O-Si angl~ Of 99.8° r~pre­

sents a 30-sdo compression from the normal 130-150° found in 

cycli~ ,siloxanes14 . Similar redistribution reactions of a 

variety of hydrogen-substituted siloxanes were also reported 

to be ~ata~yzed by vari~us transition metal complexes O~' 

iridium and rhodium76 • 

. ' 

1. S Geometrie isomers and png conformation o't cyclo-' 
, , 

siloxanes 

One ,of the most interesting feàtures of cy~lo8i1oxanes 

.is the presence of many geo~tF'ical ~somers in 'each ring size • 
. -r 

Figure 1.7 shows theschema~ie 'repres~ntation of these, ' 

isorners an~ their statistical abundanée at equilibrium. ln 
. . . 

aIl figures (triangle, lozerige and pen'tag0r:t), ea~h straight 

Ij.ne joining two corners re'pres'ents a 'siloxane 'bond aftd each . , 
• , !. -

corner stands for a si~icon atom ,bondeè to one mèthyl group, 

and one other substituent 'R (fig'., l.la). ,The subsequent R 
r. 1 • 

can be an organic, inorganic' or organometa11ic g:r:oup'.. The 
\ .,' , 

,J \ l '",.. 

notation of one isomer of a given cy.e1o~floxane is don'e by 

, ' 

.' 

", .. , 
, , 

1 

1 
1 

l' 
1 

" 
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• c . Il Th . 1 . f -.:, . Flgure . a: e trlangu ar re~resentat10n 0 one geomet~lC' 

iS'o,mer of 1,3, S-trimethylcyclotrisiloxane 

R R 

---
, 

R 

( 
Figure l.lb: TWo classical conformers of the geometric 

isomer O:l I) .. 
• , 

R R 

J '\ 1 R 
s· ~sl"" -Si 1// ,/'~ \ ~o \:-.s~-o St ZR 

'fi' 
0 \ ~ 

chai'r bOrLa't 
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Figure 1.2: S~hematic representation of geometric isomers of 

DR (n = '3, 4, and 5) and their statistica1 n 

D~' 1 

R R 
12.5" 50.0 " 25.0'1. 12·5" 

R ft 
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8 DR 1 1 

R R 
'.Z! " 31.25~- 31.25" , 31·25" • ....... 
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R mentioning the ring syrnbol-0rt ' followed qy the Roman number 

in brackets, assigned 'ta that isomer in~tgure 1.2. Thus 

the notation D! (III) refers to the third, isomer '(from left 
.' 

tQ right in F~gure 1.,2) of the tetramethylcyclotetrasiloxan~. 
, 

The notation ~ _nD! (n = 1 to 3) will be used to describe 

methylcy~lrtetrasiloxanes bearing two different substituents, 

A and R , on the same molecule. 

By analogy with carbocycles, one can draw many different 

conformations for cyclosiloxanes. The simplest example is 

illustrated in Figure l.lb. Point groups and the correspond-

ing conformations of the cyclotetrasiloxane ring have been . -
77 discussed by Andrianov and coworkers • Conformers are 

probably i.n fast fluxional equilibrium and have never been 

14 observèd,by ~MR spectroscopy Two recent studies of the 
1 

D . ( 3 6) ~ ,. 'b t' 1 78,79 n ser1es n= to uS1ng' V1 ra 10na spectroscopy 

indicate that these rings have a fairly fIat geometry in 

the gas phase and in solution. A planar structure using 0nh 

symmetry wa,s found to be a good approximation for +,signm~t 
.of vibrational spectra of aIl members of On series. in the 

solid state, recent crystal st~ucture studies 80 of both 

isomers DPh (1) 
3 and (II) confirm the'nearly fIat structure 

of th,is trimer with Si-O-si angle at 132°. Many cyclo-

tetrasiloxanes have alSD a ~lat ring in the l'd 81 50 1 state 

with 5i-0-5i angle ranQing from l42°'to 168° contrasting 

wi th ana,logous cyclotetrasilaz~nes which show distorted 

structures in the solid state with a Si-N-Si angle ranging 

~ 
). 
~. 
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ln contrast with the ailazarie'bond, that of the siloxane 
, ' 

" , , 

ia extremely fle~ib1e ahd tne siloxane ring accammodates 
~ 

canformational and steric strains. The conformatidn of a cyclo-

si.l.oxane can be totaJ"ly modified. by changing the nature and 

h l , " f .' 83 t e re at1ve pos1t1on 0 Subst1tuents • That unique ,property 

is il1ustrateà. by the conformat'ions, of four analogous mo1ecules 

(Rig. 1. 3). The octaphenylcyc1otetràsi1oxane' (16) is almost 

planar with Si-O-Si an91es ranging from 153 0 to 168 0 and a 
• 0 

maximum deviation or 0.1 A from' the average plane of· the' 
, 81 rl.ng By contrast the compound 17 has the boat conformation 

1 

with the baw and stern bent ~t anC]les 727.50 and 31.,00 tq , 

the bottom. The deviation ove~,tne ~erage plane of the 

bottom is as muah a~ 0.45 A71., The c~mpounds ~8 and ~ are two, 

geometric isomer~ of tpe same, mo~ecule. The cis isomer l~ ad~pts 
o 

a boat conformation with a maxi_murn deviation' of 0 .. 4 A from 

- the average plane 84 whereas the. trans isorner 19 shows a cha,ir 
f\ ,- 0 

cGmforrnation wi th a devi-ation o'f 0.3 A ef-roI,t\ t_he av~râ.ge pl.~ne-

of Si and 0 atôms
8S

. The int~rest and the importanc~of 
these two i(omeric structures (18 and. 19) have'been noted 

.....- -
by biologists 86 who'found a very marked estrogen-like 

activity for the cis forro (18) but no pronounced bio1ogical 

activity for the trans form (19). • 

From these few exa~ples, it, becomes' evident that the 

conformation of the cyclosilox~né~molecules must be regarded 

as the result of a compromise between the repulsion of the 

l' 
! 
) 
1 
1 

1 

1 

1 
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Figure 1.3: Conformations of some cyclotetrasiloxanes 
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. 
nonbonded groups (adjacent groups) and the ~equirement for .. 
maximum orbitàl int~ractiènI4,77. Oxygen when,it is bonded 

. 
with two silicon atoms'has a hybridization that is an average 

between sp3~ sp~ and sp hybrïdization. In the limiting case, 

an increase in the Si-O-Si angle,. associated w1th the 

~ transition from' the sp3-hybridizatio~ of the oxygen atom to 

sp2 and to sp, probably favors the formation of common 

mutually perpendieular (p+d)rr orbitaIs of bath unshared 

pairs of the oxy~ert with,the d orbitals of bath of the , , 

, 1 . b~ d d '. 14 
S~ ~eon atoms on e to ~t • T~US the 108s of' sigma 

contribution (sigma bond~ng i5 maximum at I09.4~) i5 
, , 

compensated by gain of (p+d)rr contribution (Fig. l.~!. 

This teature explains the extraprdinary' stability' of the' , 
, - .. ' 

siloxane bond in variQus orgaoosilieon compoun~$ where the 

Si-O-Si angle ranges from ,1.05° ta 180°
14

• 

'; 

I.6' MethXleye1osiloxane a~ framework 
. 

The major requirement in the builLding of_mul~ifurie~ 

tional -qata'Iysts men,tioned tn the preface, is to gè't soma . ' 
~ J ~ , • 

control over the .sp~eial re1ationship of substi tûen~s. Small " 
< • 

methf~eye+o~sil.o,xànes ,o-ffer some .of the sought-for properti~9': . '. 

1) The ring sizes are variable (n = 3 to 00). 
f ' -

2) - Many geometrtc isomers are present in aIL ~ing sizes. , , 

3) The Si-O~Si bond is :highlY' f~exible. 
, 

, , 

.. 4). ~y sterie effects on- substituènts, 'it ,beco.mes possible f 

./ 

ta roodify s'trongl:r the s~noformation of 'the ring. 
\ T 

, , 

" l'-
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/ 
5) AlI known meth~icyëi~sil@xanes'are readi1y soluble in 

8) 

" 
protic and aprotic sotvehts (except water), a desirab~é 

D s 1. .. .. 

, ( 

si~uation ~n h6moge~eous cata1ysis., 

. 
and 'nqnreactive which reduces the 1ike1ihood of 109's of: 

the catalytic functions from.the frame. 
13 14 .. Silicon-carbon bond is also strong , , which offers 

, 
J , 

opportunity to at;tar. other different orga~ic" functions 
4 J ~ 

.onto the ring' besid s the organometallic moi';ty 

(e.g. ~). 

9) Dichlorosilanes, RR'SiC~2' from which aIl cyc10siloxanes 

can be prepared, are cheap and commercially ~vai1able. 
'. 

10) 
f,< • H 

The Si-H botid, e. g. ~n D4' off,ers~ an intere,sting 

reaction site for th~ H2 elimination reac~ion with 

organometa11ic complexes." 

After that~~austive list of advantages' we s~Uld mention 

.at 1east two disadvantages: 

';~ 

1) The Si-O bond is very sensitive to ~ro~g bases and quite 

sensit~ve to strong acids. 
, ~ , ..... 

2) A .major problem.?f separation of ~1tiple products..can 
" , . 

arise from substitution re~ctions'where the reactants 

~ave been only partially reacted • 

.. ' 

.' -' 

" i 

1 

1 . 
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Finally, it should be noted that &ame'other known cyelic 

iPmpounds present maj'Or disadvantaqes: 

.~~ Carbocyc+es (including cyclic ethers) are expeèted,to be 

much less flexible than -çyclosiloxanes due' tQ ~e absence' 

. of (p-+d) 1T bonding. 

.. -, 

c 

( y 

: 

" 

. 2) The sigma carbon-transition -metal bond ia reactive ud -'87 f easily cleaved . 

3} Heterocycles containing phosphorus or nitrogen atoms 

(i.e. cyclophosphanes, cyclosilazanes) present little 

interest due to the strong chelating properties of,~ and P. 

4) Cyclosilanes could present some interést but the~ a~e 

much less known t'han cyclosiloxanes .and n,ot J;eadiIy 

avail~ble. 

5) Cyclocarbosilanes recenëly used by'BOple 'an~ SC~eriny3~\(V 
have extremely complex IH NMR spèc~a and are' difficult: 

ta characterize. 

l' 
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SYNTHESIS AND PROPERTIES OF SOME NEW ME'l'HYli 
! " 1 H 

, .., 
SUBSTlœuTED CYC~SILOxANES 

As ment.ioned in the p~e face, the goal of ,this work ~as 

té synthesize and characterize sorne new large organometallic \ 

co~le~es involving metpyl~yclosiloxanes as frameworks. In_ 
'" , , 1 

~e p~t c?apter, th~ vntheSiS, ,some ~hysico~ 

çhemical P~rti~s,' and the infrared spectra of th1s new ' 
) , 

class' of'polynuclear organometall~ complexe~ are described 

in detai!. In the course ru this work, - compounq( 1,3,1 S':'tri-, \ ~ 

. methylcyclotrisiloxane (D~) has ,been p,repared .by "a new ro~te . 

'and two new methylbromocyclosiloxanes have, bee,n isolated., 

The preparations and charactérizations of ~hese 'c6mpounds are 

also includQd. 

So~e lH NMR and' MS da-ta are briefly presêntetd to sUP'Po,rt 

the correct formulation of the 'isolated prG)ducts. Tl;le full~ 
, 

cbaracterization of complexes by MS and IH NMR wit~ ~e 
separately ,presented and discussed in èhapters 3 ~nd 4. 

, 

2.1 Ma teria1s and methods 
.r 

AlI procedures involving air-sens,itive compotn:lds wece' 

perfotmed in ~Schlenk-type g,las~w~re înterfaced ta a moderat~ 

. vacuum (10-2 torr) line using normal hench-top Schlenk , 

techniq~es88.. Nitrogen (Mathesoil, prepurified) ·was p~ssed' , 
, ~ . 

through a Drierite R column (1 x 20 'cm) p+i.or' to use. 
, ~ ~ 

Pet:r:oleum ether 1 n-hexane " hexanes, cyclohexane ~~'~ntaI!e and - < 

. " 

't 

l ' 

! ' 

! 

-.- . 
1 

{ , . 
1 
j 

f " 
1 

, 1: 



(" 

~ 

30 1 

deèahydrqnap,hthalene were .deoxygénated, by bubbling N2 for a . 
few minutes before use. Toluene, benzene, and tetrahydro­

furan were dried over Na/k/benzophenone and freshly distilled 
, . ' 

before each experirnent., 'AlI alkali triéilkylbordhydride/THF 

solutions were purchase'd from Aldrich and u~ed as recei ved. 
-

In experiments where THF was not desired, it was ptlmped off 

under mode"rate vacpum (lO-~ torr) andr 'replaced volume by 

VOlume with., anhydrous diethyl ether', syringed through a 

rubber septum from the commercial container. . AlI halogeno- j 

silanes were p,urchassd from Silar, 'Petrarch, and Aldrich and 

~sed without furth~r purification. picobalt octacarbonyl 
, , i 

- and triiron dodecacarbonyl were purchased from Strem 

Chemicals and Alfa-Ventron. A'ir sensitive compounds were 

transferred to Schlenk tubes· and k~Pt .~qer ,N2 at -20~1; ~Jk~ 
........ ' 5 -' l"'V" 

used. T~e salt NaFeC,CO)2 -n -CSHS Wà:S prepared from 

5 [n -CSHSFe(CO)2]2 and sodium amalgam by'the standarà procedure 

- 69 
using dry THF • Lithium tetracarbonylcobé11tâte was prepared 

by reactfng Coz {CO)S with Li (CH3CH2)3BH/THF f?llow~ng the 
, ,90 

proce~ure of Glà.dysz et al. • 

, ' 

2.2 ,-Phlsdcal. and anal)'tical measurements 

'-Most reac·ti"ons were ro'utinely -monitored-by infrared 
, - ," 

, ' , 

spectroscoJ;>y using a Perkin Elmer 297 spectrophotometer 

with a pair of +iquid ce11s ~(~aCl windows, O._i mm path length) 

.calib~ated~h ~'p,ol~st~rené :iJ.m at 1601 ~m-l. - Many 

i~f~ared Ineasu~eme~ts were also measured on â Nicolet 6000 FTJR 

? 
1 

{ , 

i . 
! 

" 
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instrument ~sing a liquid cell (KEr windows, 0.1 mm path ' 

length), or agas cell for 'samples in g:"s phase (Na~ 
}V'indows, 10 cm path length). 'The resolution is 4 cm -1 fO,r 

all spectra except those spe,cifically menti"oned. Since most 

of the prepared compounds were amorphous solids or vi'scous 

1iquids at ambient temperature, ,KBr pellets for iJ:lfrar~d 

measurements were found to be very difficult to prepare' and in 

rnost cases gave poor spectra. 

lH NMR spectra were recorded on a Varian XL 200 (200-MHz, 

FT mode) spectrometer and ali chemitâl shifts are reported 

in ppm relative to internaI (CH 3) 451. Full descriptions 

of instrumental specifications and procedures for mass 

sp"ectroscopy measurements and NMR spectroScopy are .. ~Yen 
. 

-' in Chapters 3 and 4. 

Gas chromatographie separations were performed on a 

Hewlett-Pa~kard 5730A gas chromatograph equipped with a 

.­, 

flame ionization detector and a programmable tèmperature 

oven. A t'Wo-meter Chrom WHP (OV-101 5%) pack~d col!umn was l 
~ - . 

used with argon as the car~~r.gas. Chromatograph~c separations 

by gravit y were p~ocessed 'us'\ng air-free glass col~s 

~quipped with a nitrogen inlet at the top and a stop~ock 

with a 19/26 outer membèr joint at the bottom. Columns 

• It. R h) were filled with a ~lurry of Floris11 (60-100 mes , or 

silica ge1 (6Q-200 mesh) or acti vated -alumina (80-200 mesh) 

prepared with deoxyg~nated hexanes. ~LC separations were 

performed on precoatéd a1uminum oxide 15 F 254 neutral on 

.. " 

f 
" 

1 
l 



, 
.., . 

\ 

( 

aluminum sheets (Type T from Merck) ·or on sili~a gel pre­

coated on flexible sheets (Koda:\C Chromagram #13179) •. 
, ,., . 

Elementa1 analyses were carried out.by Gijelph'Chê~cal-

Laboratories Ltd, Guelph~ Ontario. Me1ting poi,~t~ were • 

measured with a Thomas aoover capi1lary rne+ting.poi~t 

apparat us , ap~, are ~o'rrected. 
, ' 

2.,3 SYl'lthet.i,c procedures 

H -
~reparation 9f Dn (n • 4, 5, and 6) 

\ 
- The hydrolysis of 

32 

CH 3.siHC12 and isolation of methy1cyclosiloxanes hav~ already' 

been reported, and the fo11owing procedure i8 adapted fro~ 

literature procedures13 ,91, " A three-necked, 2-L flask with 
1 

a Teflon stopcock on ,the botto~ was equipped with a 500 mL 

dropping funnel and a large magnetic stirring bar~ The flask 

was filled with 500 mL of a water-ice slur~ and 250 l1lL of 

diethyl ether. A mixture of 500·g of CH 3SiHC12 and ,an ,equal 
o 

azoount of diethyl ether was adaed dropwise, to the water-ice-

e~r mixture wi th moderate stirring~ ~e~ha ',the silane-

ether solution had been addeÇi, the hydrolysi medium was " 
" . 

vigorously stirred for a few minutes and.~".15, minutes wer~ 

allowed for a good phase sep~ration to pccur: The lO~~ phase 

was, drained off by ~e botto~ stoPCQqk and a fresh 500 mL' 

water-ice sluriy.'was addeq to 
, .' 

the fl.ask. - The sècond hal!, of ", 
. 

the silane-ether solution was hydrolyzed b~ tne,same procedure. 
. ' • _ .: J 4IIIl .. 

. The ether layer was transferred to a.2-L separatdry funnel:, 

washed wi th 5 x l-.~ 'qistilledt.water and carefully dtied over - \ 

, . , 

• 

1 
j , 
, 

: , ) 

" , 
• J 

• 1 

i 
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" , 

MgSO 4. The sol vent was distilled off on a r,ot~ry eV~P9ratoz:, , ' 

leaving 220 9 of a transparent and yisqous mixture of me~hyl--
cyclosi10xanes. A .fractional distillation 'at ,at;.mospheric 

pres~ure was ca~ried out usitlg standard di,stillation ap'­

paratus with a 30, cm Vigreux co1~. The first fr~ctlon 

afforded 49 9 of O~ (99.7%) giving a yield of 19% and the 

H second fraction, 33g afOS (97.5%) giving a y.ie1d of 130%. 

Percentages of purity were ca1culGlted fra,m GC traoès and . .. 
H ' " 

the retention time of D4 was cn,ecked against an authentic 
, , H -

sample purchased from Petrai"ch Systems. ;The 05 sample was 
H ,-

on1y contamina ted by 06 as shawn by GC-MS· ana1yns and . 

1 

was used in chemical reactions \\Ti tl}.aut further p'urification. 

'-\ 

. . , 
. / 
, 1 

, " 

!' . 
1 

! 
f , 

, 1 

H Ir °4 : 1,3,5, 7-tetr~ethylcyclotetrasilpxane (m:w. 240). :IR (gas)' i 

2955 (m), 2179 (s) r 12'67 (s), 1105 tv~, br), 890 (s), 781 '., 

-1 (m), cm • 
, ~ ~ ~ 

Boiling point obs,erved: 134-13S..oC,' lit.: 133.0 oC91 • 

1 .' H NMR (C606 ) <5 0.11 to 0.1'7, (3H, m), 4.98 ta 5.04,(lH, rn). 

• Ma.'ss spectrum, ~elected mie (rel. intensi ty %), 2'39' (M-H+ 1 ~5), 
, + - ... 

2'25 (M-CH 3 , 100). An~ll. ca1cd for 'è4H16~4S;i4: ~, 19.98; 
, 

H, 6.71. Found: 'C, 19.81; H, 6.68. Compound 20. 
1 

1 

H " '-' 
OS: 1,3,5,7,9-pentam~thylcyclopentasiloxane (m.w. 30~). tR (gas) 

1 ,,r , 

2950 (m), 2175 , (s), 1~7 (m), 1'105 '-vs, br) 1 883· (s)', q74 . , 

(m) cm -1 Boi1ing point obs.erved; 1~7-l69°C', lit.:' 168. 7bC~1'.: . . 

ll;l'NMEt (~6D6) ô 0.12 ton.20'(3H, ,m), 4.97 \to 5.05 (lH;' m). 

+ ' Mass spectr\llIl, seleèted mie (rel., intensity il, -~99 (M-H 1.25),' 
. ' 

" ' 

, . , 

\ , 

1 
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285' (M-CH 3+,91). Arial. calcd for CSH200S~i5: C, 19.9"6, H. 6.68. 
< 

Found,: C, 19. Q 3, H, 6.50. Compound 21. 

H 
D6 : 1/3,5,7,9,11-hexamethylcyclohe.xasi10x-ane (rn.w. 360). This 

compound was. identified in the second fraction q.y the gas 

chromatography-mass spectrometry analysis. t-lass spectruni~ 

selected mie (rel. intensity'%), 359 (M-H+, 9), ,345 (M"'CH
3
+,38). 

Compound 22. 

, Ph 
Preparation of On (n = ~ and 4) 'rhe synthesis of methyl-

phenylcyc1osi1o~anes was performed aS described in the 

literature17 ,92,93. HethY1PhenYldichlOrQSila(e (500 ~) was 

hydro1yzed following the procedure described above for oH. n 
-" 

The fractional distillation was performed at low pressure 

(2 x 10-2 torr) wH.h an insulated 30 cm Vigreux. colunui. The 

Ph 
first fraction afford~d 100 9 (28%) of D3 ' as a transparent 

viscous liquid which crystallized after a few hours into a 

white solid at ambient temperature. l'he second fraction 

afforded 75 9 (21%) of o!h, as a transparent viscous liquid~ 

which became cloudy on standing at ambiè"~t temperature for 

many ~eeks. The puritie~ of D~h (99.5%) and o!h (98%) were 

estimated from their lH NMR spec.tra and bath' were used ,without 

·fttrther purification. Attempts to disti11 a higher boiling-

point fraction (asswned to D~n) by 'SloWl~, incxeasing the 
, 

teIttperature of were unsuccessful and 

led to tTa1 decomposition 0 the 'res~due (wh:ite furnes and 

, 
1 . 

J 

, . 

1 . 

1 

1 

J. , 
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darkening residue). Ph 
The isolation of 05 has not been reported 

in the literature. 

O~h: 1,3,5-trimethyl~riphenylcyclotrisiloxane (m'.w. 408). IR 

(hexanes) 1261 (m), 1126 (m), 1034 (s), 1018 (vs), 997 (s), 

795 (s), 782 (m), 730 (m), 698 (m), 486 (m), 436 {--m}, 

1 -2 ' 
416 (m) cm -. Boil.ing point observed: l47°C/8 x 10 torr, 

lit.: 149°C/lO-l torr17 • Melting point observed: 97.5°C, 

l 't 99.5°Cl7. l .: 

to 7.6 {SH, br,m). Mass spectrum, selectèd mie (rel. 

intensity %),408 (M+, 10), 393 (M-CH
3
+, 78). Anal. calèd 

for C21H2403Si3: C, 61.72, H, 5.92. Found: C, 61.76, 

H, S. 82 . Compound 23. 

O!h: 1,3,S,7-tetramethyltetraphenylcyclotetrasiloxane 

\m.w. 544). IR, (hexanes) 1261 (m), 1127 (s), 108+ (vs) 

-1 
1025 (s), 995 (m), 730 (m), 699 (m), 487 (m), 435 (m) cm • 

Boiling point observed: 168°C/8 x 10-2 torr, lit.: 190°C/ 

92 1 
1.5 torr. H NMR (C6 D6 ) 0 0.26 to 0.55 (3H, mL, 7.12 ;0 
7.69 (SH, br,m). Mass spectrurn, ~elected rn/e (rel. 

+ + intensity i), 544 (M , 8), 529 (M-CH 3 1 100).. Anal. calcd 

J 

Fcund: C, ,61. 71 , 

H, S. 98. Compound~. 

J 

Preeara·tion of D:t (n -= 3 and 4) ~ 100-mL three-necked 

round-bottom flask equipped with a' ni trogen inlet and a 
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~. , . 
" 

50-mL dropping funnel was ch~rged with 2.0\ 9 (4.8 rnmol) of 

njh, purged ~ith N2 and cooled to, -50 oÇ in ,an acetone-dry ice 

bath, Bromine (20 jOl) w~s then added' dropwise to the 8ol.i,d 

wi th vigorous stirring ovér a per~od of l h. The reaction 
'. ' -

mixture wa~ stirred for a furt1ler -30 ~in. at -50'oC and then 

allowed to warIn slQwly to ze~o. After 3.h, aIl voIat.îl:es , 
, " -2 

were slowly pumped off (10 ,torr) leaving a light ye'llow 

visaous slurry. Pe!ltane; (IO mL) was syringed ïnto the flàsk, 
. 

the solution .was filtered under N2 and transferred into a 
j 

dry Schlenk tube (50-mL). ,The product was then recrystal-

lized twice from a minimum amount of pentane at -78°C 
, 

affording Br 
0.92 g (45%) of DJ ' as a white crystalline solide 
" , 

Purity of D~r was estimated' to be 99 % from lH NMR data. 

The analogous D:r wa~, prepared Îollowing the same prGcedure, 

using 2.0 g (3.7 nunol) of ~D!h and 3.2 9 (20 nuool) of bromine. 

Rèdrystalliza tion from- cold pentane afforded a white, arnorphous 

solide The yield was 1. 47 g (72 %) • Puri ty of D!r wai 

estimated to be 95-97% from the lH NMR spectrum. As both 

compounds are quite volatile, further purification can be 

~ achieved by sublimation 'in vacuo under rigorously dry 

"'-. ' 

candi tians . 

D~r: l,3/5-Qrimethy1tribromoc~clotrisiloxane (m.w. 417). IR 

(CS
2

) '1264 (m), 1031 (vs), 846 (w), 795 (m), 755 (w), 455 (s) 

-1 l cm . Melting point observed: 68-70 0 C. H NMR (C6D6) ô ~O.3l 

ta 0.43 (m). Mass spectI;'um, selected mie (rel. intensity %), 

of 
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+ + J' , 

402 (M-CH4 , 21), 400 (M-CH4 , 19>.. Anal. calCi:d for C3H903SiaBr3n 

C, 8.64, H, 2.17. Found: C, IO.70,/H, 2.52. 

Compound 25. 

o!r: 1,3,5,7-te~r~ethyltetrabr9~ocyclotetrasiloxane (~.w. 556). 

IR (CS
2

) 1266 (m)', 1103 (vs), 795 (m), 765 (w), 439 (wr crn-f.. 

Melting point' observed: 40°C. lH NMR (C6D
6

) ô 0.29 to 0.48 (m). 

Maas spectrum, se1ected mie (rel. intensity %); '542' (13) 1 

540 (19), and 538 (11) are 
, + 

the largest peaks of M-CH4 patch. 

Anal. calcd for C4H1204Si4Br4: C, 8.64, H, 2.17. Found; 

C, 11. 9'6, H, 2.56. Compound 26. 

H Preparation of 0
3 , 

A 200-mL three-necked round-bottom 

" 
f1ask,with p nitxogen in1et and a rubber septum was ch~~ged 

witl) 2.0 9 (4.9 mmol) of D~r disso1ved in 20-mL of dry 

diethy1 ether and the solution was cooled to -78°C. Then, 

sodium tri-~-butyl borohydride/diethyl ether solution 

(29.0 mmo1) was introduced dropwise wi th a syt'~nge through 
>-

the rubber septum. FOllowing the' addi-tion, the soluti.on was 

a110wed to react at -78.oC for 0.5 h, with vigorous stirring.: 
q 

The progress of the reaction was monitored by IR (the growth 

of Si-H peak at 2170 Cm -1) • - Many successive trap-to-trap fi 

transfers at ~temperature (between 1) and --20 0 e) and Wlder 
- ,0( " 

~ ,. 

-2 .... ' 
,~derate vacuum {l0 torr) afforded 0 .. 55 g (63%) of a ' ._~_ 

-transparent volatile iiquid. H This product, Q)., was only 

contaminated with a s'malI amount « 5% from IR spectrum) of 
'9> 

, , 

. 
f . 
,~ 

i 
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diethyl ether. -An attempt to purify the product 

by a mic;odi,~-t.illatian 1t atmospheric pressure led ta a 
1 

38 -

rapid decomposi tion oÏ the material. The reduction of D~r to 
H ' -

03 was repeated four times and crude yields r,ange' 'from 10, ~~ . 
r 

90\ depending on reaction conditions (temperature and t~me) . 

H ' ' 
and isolàtion techniques. D3 was f~und to be too sensitive to, 

thermal rearrangement and was not' submitt~d to" mass spectr~l 

analysis. Reagents such as lithium tri-e,thyl barohydride and 

li.thium tri-butyl borohydride were also fo~d to b~ 'efficient-in 
, ... r' 

the red~ction aÏ D~r at -78°C but bo,th borane residues were 

too volatile to be separated from the final product. 

, ' 

H 03: 1,3,5-trimethylcyclotris~10xane (m.w. 180). I~ (hexanes) 

2170 (S)" 1~55 (s,, ,1025" (vs), 888 '(vs), 772 (s) cm-l. BOiiing 
.' , 

point observed: 94-96°C; lit.: 93~-à°é9,4~. IH NMR, (C&D
6

) 6 0.13 

te 0.17 (3H, m), 4.9,9" to 5.04' (lH, m). Comp~una 27. 
" . r . -- ' 

Preparation of D~o A single:ne~ed" lOO-mL,round-bottom 

flask with a Teflon step~ock side-arm was flushed with .' 
nitrogen and charged with 30 mL of deoxygenated pentane. 

wDicobalt octaQarbonyl (7.0 g, 2.00 mmol)was disso1ved in 
" 

the pentane and the solution was cooled to O°C in ~ water~ice 

bath. using;r:: small syringe, 2.0 9 (0.83 mmol) of ~!. were ... ,1 

, 
added dropwise through a 1tubber septum to the solution wi tb' 

vigoreus stirring. A-fter . 0.5 n, the solution was âllowed 

to warm,to ambient te~perature and the reaction was continued 

" 

> 
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1 

1 
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·ror an' additional' 4 h. 
..:y. , 

The completion of the· reaction was 
, 

verified by fOl1owing the disappearance of the Si-II peak at 

2i 70 cm -1. - The solution was -stored for 48 ~ a t' -20 oc and 

then coo1ed to ,-78 Oc for 4 h ta complete the precipi tation < ., 

of' excess CO2 (CO)'8 and blaék by-products 1 presumed to b~ 

C04 (CO)U' The supernatant :~d ~lutïon ~~~ . SY~inge~ into 

a dry Schlenk round-botlom flask and evaporated ta 10-12 mL 
,) 

1 

under suction. The flask was slowly cooled to -78°C and 

J9' 

pink crystal~Y'ere precipitated. The crude yield gives,6. 3 9 

(82%). Many successive recrystaHizations in a rninim\lIll 

amount af dry pentane at -78°C afforded 2.72 9 (35%) of pure 

DCo as a white alOOrphous solid at ambient temperature. 4 ,1 

D~O: 1,3,5, 7-tetrakis [tetracarbanyl cobalt (I)] tetramethY'l-
o 

cyclotetrasi1oxane· (m. w .. 920)" IR (hexanes) 2100 (s), 

2Q40 (s), 2027' (sh), 2011 (vs), 1968 (w), 1263 (m) 

1061 (s) cm -1. - Me1ting point observeq: 95°C o( decomposition) • 

lH NMR (C6 D6 ) .0 0.69 ~o 1.04 C6 sl1arp peaks). Maas spectrwn, 
_. + 

se1ected rp./e (rel. intensity %) 1 920 (M , < 1), 905 
• 

(M-CH,3 + ~ < l), 89 2, (M~CO +" ~ l', ). Anal. calcd for 

C~OH12020Sjfi=o4: 'C, 26.10~ H, l.JI. Found: C, 26.14/ H, 1.-45., 

Compound 28. , . ,~ 
'. 

" 'Co ., .. J~ 

,Preparation ~~ DS . A S~,ngIe"ne~ed,. ~O~-~"f'rôun~~b'?t:tom 

iias~ with a Téflon 'stopéock' Sl,de.-arm w~~ fiushed with nitrogen 
. 

'and· charged with 30 mL .of de0J?'genated pe.troleum ether •. 
• .p 

'. 
r ,.' ~() 

, .. 
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Dicobalt octacarbonyl (~.O g, 2.60 nuool) wàs dis~o.lved in .. 
the petroleum ether, the solution was cooled, to 0 oC, . and 

~ 

3.0 9 (1.'00 mmol) of D~ was adde.d dropwise to the BQl utiori. 
t 

After warming to ambient temperature, the solution w-as 

stirrj!d for 4 h under a nitrog-en atmosphere. A furtper, 12 . 9 
,l.. , 

(3.47 nuncl) of CO2 (CO) 8 was added and the mixture 'was 

stirred for an addition al period of 48 h at roorn tempera':' 
J. 

ture to complete _ the reaction. The' solution was warmed 

to 40°C for 2 h ~to convert excess CO2 (CO)a into C04 (CO)12 

for easier precipitation. The solution wa~en' cooled 

to -20°C for 48 h followed by 4 h at -78°C. The super-

natant red solution was transferred into a Schlenk round-
,.. 

bottom flask and evaporated by suction, l~avin,g a sticky 
'1 

, 
red solid. The residue was redissolved in a smail amount 

of n-hexane and the solution was cooled slowly to -78°aC. 

After 10 h, a red amorphous solid was isolated by 

decantation and dried in vacuo. Crude yield: 4.6 9 (40%) • 

Due to the extreme sol ubili ty of the prod uct in aIl organic 

solvants (incluëling cold petroleurb. ether), it was impossible 
~ ~ ,J , ~ 

~ , 

to' isolate a pure product (ex~ected to be white) by successive 

fractional recrystallization. Nevertheless, 1. 5 9 of .the 
" ' 

crude red product was partially pur.ified 6y passing it through 

a 30 CID Florisil R column with hexanés. No decomposi tion 
, ~ 

~as obserVed but we got very poor separation of red by- " 

products from the expected J DS Co A reddish fraction ('\, 25 mL) 

.w~s collected before the ~lution of the more intense red ,l;land . . 

.,1 
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The sticky residue (Q.~4 g) from this fraction was redissolved 

in 7 '.mL of hexanes and stored under ni trogen at -20 oC for 

- 5 days. A white ~rphous solid :(0.10 g, < 1%) was precipi-
. 

tated, isolâ'ted and dried in VqcUO (èompound 29). The mother - , -
,liq'uor 'Was evaporated:to drYness àffo~dlng 0.4 g (3.5%) of 

1 .J .. .. " ;. 

1 ~ ., , ~, • 

a red
1
viscoùs resi4~e (compound 30). Total yield of 30 = 10.2%. 

" 

.. - . Co ' . ' 
~S < tçompound. 29) : 1,3,S,7,9~pentakis[tetracarbonyl cobalt(I)J , 

.pèntamethylcyclo~ntasiloxane (m.w. 1~?0). IR (hexanes) 2101 (s) , 

2 0 39 (s), 2 0 23 (sh), 2 0 0 6 ( vs) , 1966 (w), 1263 (m), 1073 (s), cm 
-1 

" 
1 H NMR (C6Db) Melting point observed: 55 QC (decomposition)~ , , 

i • 

o 0.80 to 1. 25 (m). Maas spectrum, selecteçi mie (rel. ïnten-

sity %), 1094 (M-2CO+, :< 1), 1066 (M-3~O:f-', < 1), 1038 (W'4CO+, 1) . 
.7 

Anal. calcd for C2SHlSQ2SSiSCoS: Ci 26.10, H, 1.31. Found: 

C,. 26.20, H,c 1.46. Total yield of 29 -= 2.6%. -, 

,"" 
Compound 30 exhibits an infrared spectrum very sirnilar to that of 

-c:--
, 

compound 29, but aiso shows sorne extra peaks '-.in the CO stretching 

region (2100 to 1&50 cm-1 ) attri~uted to'a cont~nation by 

1 .. 
Sorne differences in H'NMR spectra 

are repotted and discussed in Chapter 4. 

J 

Prepa~ation of D~ A 200-mL three-necked rounà-~ottom flask 

~ eqUdpped wit~ a co~denser, a nîtrogen inlet at thé c~denser 
top, and a nitrogen outlet on the flask.;was charged with 2S .mL 

of deoxygenated dec~ydronaphthalene. 
, 

The apparatus was \ 

1 
1 1 

.. 
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purged with N2 prior t:o the addition of 5.0 9 (14.'1 mmol) of 

Cn5
-CsHsFe(CO)2]2 and 3.0 9 (12.5 rnfuo1) of D~., Th~ N2 outlet 

,was closed and the s1urry was heated to 160 oc wi th a ,wax 

bath for 70 h with vigorous stirring and a s1igh't positive 
. 

pres'sure of N
2

• At the end of this ti~e, 3.0 9 ,(8ô4 nuncl) o.f. 

5 
[n -CSHSFe(CO)2]2 were added and the .b~th temperature wa~ 

" 

increased to 170°C for the next 50 h in order te complete 

the reaction. The solution was coo1ed to ambient temperature 

and filtered over a layer ,of Celite R. The solution was 

column chromatographed on silica gel (3 x 40 cm) using pure 

hexanes as first eluent. 
",' -

The solvent decahydronaphthalene was 
',..-

eluted first and was immediately followed by a yellow-orange 

band. The yellow solid (0.075 g) was isolated and identified 

as pure ferrocene. The expected product was then eluted 

with 500 mL of a mixture of hexanes and benzene (3: 1) • The' 

yellow solution was evaporated to dryness leaV~2 9 of 
yellow crude product. An' intense reç! band was also e1uted 

with a mixture of hexanes/benzene (1:1) and was cqaracterized 

as the pure starting mate-rial, "[ns-CSH5Fe<CO)'2 J2, (O.4~ g). 

The ~ellow crudè produc,t was' redissolved in benzene '(12, mL) 
{/7 , ' 

and a white-beige solid was pred:icpi ta ted from" thi s benzene 

solution by adding a large volume (~. 100 mL) of cold 

hexanes. The product was washed with,hexanes and dried 

in vacuo. Yield: 3.54 9 (30%). An appreciable ~ount' 

(ru 3 g) of partially substituted product was isola~ed from the 
, " -, 

mother liquor as a viscous yellow residue. The product D? 

, 
1 
l, 
l 
1 
1 
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is a white-beige amorphous solid, air stablé at ambiënt 

temperature. 

D 4 Fp: 1,3,5, 7-tetrakis [cyclopentadienyl dicarbonyliro~ àrr J - . 

tetrarnethylcyclotetrasl:loxane (m.w. 944). IR '(CC14) 

3125 (vw), 2961 (w), ~899 (vw), 2000 (vs), 1943 (vs), 

1250 (m), 1064 (sh), 10.30 (vs) cm-l Melting pOint observe,d: 

191°C' (decomposition). lH NMR (C6D6 ) ê 0.89 to 0.96.(38.1 m), 

. , 

4.42 to 4.48 (5H, m). Anal. calcd for C32H3201fsi4Fe4~ JI 

C, 40.70, H, 3.42. FOWld: C, 40.68, H, 3.45.,· Compound ~. 

Preparat~on of D4H DFp 'Following the above proc~dure -n n 
F H . 

descr~bed for D4
P ,. 3~0 9 (12.S nuncl) of D4 weré heated at 

l4soÇ in decahydrgnaphthalene with 6.0 9 (8.4 mmol) of 

5 [n -CSHSFe(CO)2J2 for 22 h. The cooled solution was filtered 

and chromatographed on silica gel (2 x 42 cm). Decalin, 

ferrocene and unreacted 

of pure hexanes. 

were slowly êluted with 

H . 
D4 (traces) were eluted with 300 mL 

~ 'H F -
ubstituted compounds, D4 D P, -n n 

hexanes/benzene (5: 2), 

followed by 200 mL with the The long tailing 

yellow band was collected as thre~ fractions (~. 150 mL each) 

and solvents were evaporated"to dryness. Each residue was 

redissoI'ved in 10 mL of hexanes, filtered through Celite R 

and dried in vacuo. Only the third'fraction was not entirely 

soluble in hexanes and afforded O.~7 9 (2.3%) of the èom-
't 

pletely substituted D!P (~). The first fraction afforded 
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L35 q o~ a very, Vi~COUS' :y~üow \quid -(compoun:, 33). 'i'h~ 
.secon,d ~ractio~' gave 3.04' g of 'a 'x'Q.lO~ v!scous P;I'04~ct 
(compound 34} and the third fraction, I. 32 g of a yel10w 

viséoûs solid (éompound 35). All/products are very f;Joluble 
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in h~xanes and atte~pts t9 sep~rate $ome of 'them by frac- , 

tio,na~ .,recrystallization at low ternperature were unsuccessful. .. 
AlI fractions are air,stabie when dry but decompose slowly 

:l.n solu'tion. 

D
H . nFp' = -, .' " ,." f 

4-n n, 11 1. 4: IR (nexanes) 2150 (s), 20<J6 (vs), 1950' (sh), 

1.944 . (vs~, 1254 (sh·), 1249 (m), 1065 (vs, br) cm -1. lH NMR 

'" (~6D6)_ô 0 .. 30. t~,O.42 (L7H, mL 0.77 to"O.92 (2.3H, ml, 

4.19,tb 4.41 . .,(3.8H, m), 5.2· (0.5H, m). Com?,und 33. 

. 
. ~4 nrp· n ;:: 2.6: IR (hexanes)\ 2146 (m), -n n 2006 (vs) " 1950 (sh), 

1946 (vs), 1254 (sh), !48 (m), 1065 (sh), 
, " 

, -1 
1060 (vs, br) pm • 

1 . ' 
H NHR ~C6D6.) 6 0.39 ,to 0.43 (1.1H, m),' 0 .. 79 to 0.96 (2. 9H, m), 

4.29 to 4.48 (4.8H, m), 5.2 (0.3H, ml. Compound 34. 
.... 

n = 3.1: IR (hexanes) ,(m)', 2005 (vs), ,1950- (sh) , . ' . 
1946 (vs), 1254 (sh), 1249 (s), 1 '65 (Sh,-,' 104~ (vs, brf cm-J. , 

:lH NMR CC6D6 ) ô 0".39 to m), 0 .. 84 70' 0.98· (3 .• Ill, ~i ~ 

4.29 to 4.48 (6.7H, m', 5.2 fO.ISH, ml. Ânal. ca1cd for 

C2SH2S010Si4Fe3: C, 39.73, H, 3.57. Pound: C, 4Q.19,_ H-, 3.64. 

Compound 35. 
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Compound 35, prepared above' (1. 2 g), 

was redissolved in dry deoxygenated hexanés' (25 mL) and 

filtered .. This solution was transferred by syringe in~o a 

lOO-mL round-bôttom'flask with a nitrogen inlet and cooled to 

,O°,C, with vigorous stirJ;'ing, 0.4 ci (1.2 mmol) of Co
2

(CO)a was 

added in portions of a few mg and the reaction was monitored 
" 

by IR. WRen the reaction was almost complete, the solution 
, 1 

, , , 

was w~rmed to 30°C for l h, to convert rnost excess Co2 (CO)a 

into Co4 (CO)12' The solution was stored at -20°C. The black 

precipitate fOrmfid-evernight was filtered off. The red 

solution was partial1y evaporateô'to c~. 10 mL and re~cooled 
. 

to -20°C fo+ 48/h. The red solution was èlecanted and the, 

yellow so-lid f9,rmed overnight ~as dri'ed in vacuo. Cnide 
, 

yield: '0.57 ri (39%). The yellow residue was purified by -. ,.. .. ~ 

- " ~ , . 
passing through a 25-~m sil~ca gel co~umn elu~ed with pur~ 

hexanes. The frac~ion çol1ected just ,before the ~e~ ~~d 
, 1 

solid; air stable when dry. 
" 

1 DCoDFp~ 
13· 

, ' 

1- [tetracarb<?ntylc09-al t;"~I) .1, 3,5" 7,-t;is [cy'ciopenta- " 
, -

dienyldicarbonyliro~(II)}tetramethylcyclotetrasiloxane 
\ r t _ 

Cm.w'. 938). ' IR (he~anes) ~092 'lw); 203i (~), 2'006' ,(~s),. 
.. - ). " 1'" • , ... 

,r94~'(VS), 1260' {ml, 'l~.52 (shf, 1,063 (sh),'1035' (s, br) 'cm-1 

1 ' ' , '1 
,H,NMR (C

6
B6) Ô. 0.78 to 1.,14, (3.8H, ml, 4.32 to 4.48 {SH, m).' 

Anal,. ~alcd for C~9HZi)~4Si4colFe3: .-C, 37.1_2:'H, 2 .. :90 •. . , 

FounCl: C, 34.7, H, 2.7," (Co~'(COY 12 con~é!IlÙna1:~on). 'C9m~und~. 

" 

1 
1 
! 
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A 10~-mL 'three-necked, round-

bottom flask equi~ped with a ni,trbgen ,i~let wa~ cqarged with 
\ , .. r 

0.10 9 (0.11 nuno~) of 07, di.s~olved 'in 20, mL of 'dI1 .ben;z~ne.· 

Oicobaltoctac~rbonyl CO. 20 g, 0.59 mmol)' w~s ~dded slowly at 
, '. 

ambient temperatllre and th~ solution was stirred fOI -4 h .• 

Infrared monitoring of ~he carb?nyl stretching region did not 
, 

sqow any ev~dence for the ~ormation of new Si-Co_(CO)~ b~nds. 

The ~enzene ~. ~vap?rated -;0 dry~ess. The black resLdue 

was extra~ted witb 30 mL àf hexanes. The insoluble yellow' 
'. ' .. 
material was f,iltered, "dr~ed and weighed (O. 08 g). 'l'he 

-
infrar~d spe~trum of this product wa~ found to be identical 

to pure 07. 

2.4 Results ànd discussion 
i i 

2.4.1 The classical route to o~ and o!h 

The ~ydrol.ysis. of organodichlorosilaneà, known .for many 
. , , 

decades13,,92:9~,~5-9:, .l~ads t~ the f~rmatio~, oF ~ cO~p'lex 

mi?Cture of s.màll and me di um-sized cyclosiloxanes:-, 

(eq. ,2.1) 

~ 

The' isolation of tpe ,s~ller rings (n • 3 to 6) has usually 

• been perfor.med by fraction al distillation under reducéd 

.' 1. 7 ,91 'Th li th . "1 di DR ' , 'h . b 
,pre~sure . . e ypo etl.ca , mer, 2 ' a~ neyer een 

èbse~"{e-d' regar.dles.s of. ~e nature of th~ organic groups 

. attached to silic~n13',?9., 

. ! 
~, , 

f 
f 
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The composition of the'rea9tion produèts' from th~ hydroI-
, ' 

ysis o~ RR'SiC12 has beeQ discussed'by Andrianov and " , 

coworke~s9~-lOO. Sorne aetermining facto~s, weré point,ed'out: 

a) 

b) 

c) 

When the reaction, ie run wi th an exces$ of wate:r;, tq.e size 
( 

of the rings formèd \i.s governed by the s'ize of the organic 

substituent at silicon. The ~ydrolysis of (CH3)iSiC12 

gives D3 (3%), D4 (82%)/ ~d ,05 (J..2%,), where~s the 

hydrolyzate' of C6HS (CH
3

) si'C1
2 

contains DPh (16%), oPh 
3 4 

Ph l' 98 
(56%), and 0 (2B%) for n > 4 '. 

n ,. ' , 

The composition is aIso de,pendent on eru; concentration ~d 

the nature of the solvent used. In gén~ral, a low 

cçmcentratiQn of the -silane in ether fa vo urs' th~ for.mà-

tion of small rings and decreases the yield'of l~ng chain 

products. 
- , , ' 

High tempera ture and a highly acidic aqueous' solution, (due .. . - , 

to the formation o,f HCI 'd.uring ~h'e h~drolys,i~) a~~ DOth 

responsible for inte~lecu~ar rearr~gemènts inqreasing 
~ ~. (1 

the moleculàr weight .of pr.oduq~s. ' " ' 

Keepi'ng Ü) mind aIl of these ;factors' ,: att~ts wère ~de' ta 

improve upon published méthods in orde~ to maximiie the yield 
, , " , # ,t' _ \ \ j _ 

of the small rings to be used in the pr~sent project: '; The 1 

~thod de~èribed in the experimental secti~n was' partièularly . , " ' ( , ,J. , 

successful with the hydrolys).$ of, C6HS ~Cg3)SiC12 where t.he 
. Ph-' Ph 

composition of the hydr~lyzaté w~s 0 3 (29~), 0:4, (52%), and 
~" , ~. Il , 

Ph (19 ) f 4 h' l' l'd f'" Ph. o ' ~ Or n ~ • T e, acçua yle 0 pure 03 1S greater n , . 

.' 

., 
! 

J 
! 

,j i 
\ 
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t h th t of _DPh b . . f' . f Ph 1 t an ,a 4 ecause a s1gn1 l.cant port10n 0 D 4 was os 

by thermal rearrangJme~t (or decomp~sition)' during the 

distillation. The hydrolyzate from CH3 (H)SiCI2 gave the 

H H H distribution: D4 {20%), DS (44%), and D6 (15%). Unfortu-
H .., 

nately, no trace of D3 was.found and aIl attempts to prepare 
i 

that compeund by hydrolysis were unsuccessful. 

The isolation of the trimer, D~, was claimed by Brewer94 

wh~ prepared ca. 7 9 of a' "higOly Unstable Iight product" 
, -- \ 

(b.p. 93.8°C) from the thermal cracking of 1.2 kg of a 

~ polymerie materia1 obtained from hydro1ysis of CH3(H)SiC12101 

Examining hydrolyzates fram CH 3 (H)SiCI t , (CH3)2SiCI2' and 

CH3C~2(H)SiC~, Okawara and coworkers 91 ,102 found no evidence 

for ~fimers, sueh as' D2I?~, DID~, ahd-D~. Néverth~less, they 

.J 

; 

isolated a smaii amount of uns~able triethylcyciotrisiloxane. 
/fV 

The infrared spectrum showe'd two medium peaks at 1260 and , 

1240 cm- l (both attributed to the CH 3-CH2-Si: group) and a 
" -1 

very characteristic absorption band at 1023 cm associated 

. th th . 1 t th' . b . 10 2 W1 e ~1 oxane s re c 1ng V1 rat10n From these 

,examp1es, it seems that the stability and obviously the yie1d . , 
of the six-membered ring increase with the size of the 

organic substituent. The D;h is obtained in 29% yie1d, and 

sometimes the trimer becomes the major prod~ctIOO, e.g. 

[CH3(n-CSH17)Si013 (38~), and [CH3(n-CaH17'sio14 (18%), when 

the substituent is very large. 

Infrared gata listed in the experimentai section for 

products D~, 0;, D~h~ and D!h are in accordance wiPh 

f 
l 

\ 
l~ 



( 

literature values17 ,103-107. 

'H 1 1 

In the series D, H NMR spectra ~lways" show two 
n 

multiplets in th~ ratio 3:1 confirming the presence of C~3 

(Ô.2 ppm) close to TMS, and tne hydrogen atom at low field 

(~. 5 ppm). S , '1 l h ' Ph l \.. 1~ ar y, t e ser1es D a ways snows two n 

49 

groups of mult~plets in the ratio 5:3 .. The methyl groups are 

close to TMS (0.5 ppm) and the phenyl protons appear as a group 

of multip(ets at 'low field (~. 7.3 ppm). In mass spectrometry, 

molecular ions are observed for D~h and D~h whereas' ions 
+ ,+ H CM-Il and CM-15) are observed for aIl D products (detailed 

~ . n 

study in Chapter 3). 

li! 

J 
2.4.2 The synthesis of two new bromocyclosiloxanes 

In the course of this project, it became important to 

oQtain halogenocyclosiloxanes as starting materials to carry 

out the salt e}imination reaction (eq. 1.9) with transition 
( 

metai anions. Surprisingly, it seems that Iittle attention has 

been paid to methylhalocyclosiloxanes before the present work, 

The synthesis of D~l was mentioned by Sokolov et al. IOa ~ 

using the photochlorina tion (C12 "=gag h of· D.~ ." ';!'his chlorina ted 

cyclosiloxane was subsequently mentloneâ twice in the, 

, 109 110 . III I1terature ' • In 1965, Sak1yama a~d coworkers 

reported the preparation of sorne linear and cyclic ha1o­

si1oxanes, inc1uding D:r , by the bromination of methylhydro­

polysiloxanes in the presence of pyridine (eg. 2.2), 

.' 

j , 

, . " 

i 
l' 

• 
I~ 

1 
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(eq. ?. 2) 

, 
The products w~re ve,ry poorly characterized and oniy the 

m.p. (97-98°e), the b.p. (112,oC/4 torr) and the- analysis % 
< , 

" , Br" Br-Si (56.8%) are cited for 04 • The authentici,ty of these . , 

products ie doUbtful since in the present study it was found 
" 

that neither D~r nor D!r. exhi~it any boiling point when 

heated under low pressure, but sublime quite easily and form 

white crystals. As the methods of Sokalo~Q8 an~ sakiyamalll 

were not prorni~ing, we decided,to extend the well-known 
~.' ,,~ 

bromination reacti,on of aryl Silanes12 ,112 (eq. 2.j) to the ,., 

methy+phenylcyclosiloxanes (eq. 2.4): 

. ' , 

• (eq. 2.3) 

(eq. 2.4) 

Other brominat~on' a.gents.; such' 'as Al.13rJ and HBr, have been 

avoided because they are aIl known te cleave the siloxdne 

bond under mild'conditions (eq. 1.8)20. When a slight excess 
, Ph . J?h 

.of·bromine is added' dropwise te D3 or D4 at -sooe in the 

absence of solvént, the product o~r (~ or o:r (~) i,~ 
. - ... 

fo+med in essentially quantitative yiel'd. The bromobenzene 
\,'1 

, 

~ 

, 
j 
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formed in the reaction preveats' the precipitation of products 

trom cold pentane and must be evaporated in vacuo before 

recrystallization. Unfortunately, D~r ~s quite volatile and 
~ , 

an appr~ciable àmount is lost with the bromobenzene decreasing 

the yi~ld of the isolated pure prodùct. D: r ls less volatile 

and there~ore much easier to isoraJe in good yield. In 

addition, both pro~ucts can be purified by slow sublimation 
-'3 < 

(~. sooe at 10 torr). 

When the sarne'bromination is run at ambient temperature 

~n additional reaction occurs: r , 

'. 
D~r + C6HSar + p-C6 H4Br 2 + PBM + HBr 

(eq.2.5) 

c where PBM = polymerie brominated mate rial. The presence of 

para-dibromooenzene was easiJY"" detected by infrared and IH NMR 

(one sharp singlet' at 6.80'ppm). The yello~ PBM (over 60% 

yield ~n some cases) was very viscous and exhibited an 

extremely complex pattern of sorne dozen peaks in the methyl 

region (0.3 to 0.8 ppm) of the IH NMR spectrum. This 

undes~d behavior i8 attributed to a bromination at the para 
f~ 

ff 

position of the phenyl before the expected cleavage at the 

silicon center (Scheme 2.1). The HBr produced in the reaction 

c~uld be responsib1e for the'siloxane bond c1eavage and re-' 

arranq~ent (eqs. 1.6 and 1.7) observed in the PBM. At low 

temperatùre, the attack.at the para position of the phenyI 
~.~~ 

~ ... ' 
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! Scheme 2.1: '!'Wo J)Ossib1e reactions of~r2 with,methy1-

phenylcyclçsi10xane 
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~ , 
~ 9ro~P ,is completely suppres~êd,. and only the cleavag~ at 

slliFon takes place ~electi vely'. . 
~~ "', The' comparat~ve study of infraréd spect;.r:a (regi'on' '. 

400~1400" cm-I) Of'.O!~' and D~r pres:ented' in F.igur~' 2,.1 Sh~WIl!' 
two· character:istic fea~ure's of silicon hal~de compounds' and '.' . 

\ 
supports the 'foJ:Illu1atiô~ of the new. bro'mos~+ox~ne-sl,03, 113: ' 

a) Peaks ' at 455 cm-l and 439 cm-l'for D~~ and o:r respe~-
" - , 

tive1y, are tentati vely assigned ~to the. vibrat'ipn of a 
" 

direct Si-Br bantl. The valence Si-Br stretch~ng fre­

quencies in methy1bromosil~es are obs~rved in the'range 
1 . 

360-430 cm- l 113 ~he Si-Br stretching opserved in 
, 
si10xanes should be hi~her than in silanes.d~e ta the 

presence:of two oxygens bonded t'o the sil~con, which in­

cre~se the vib~ational frequency of attached substiiuents 

b l , t .. - ff 113 y:'an e ec ronegatl.vl.ty e ect . 
, , 

b), F~mil.ar1y" the replacement-of,the phenyl group by the 

, bro~ne ipduce's an 'upward s'h,l.ft of" stretching frequenoies 
, " 

o~ the' S,~-CH3 .bO~d 

in OBr) ~d of the 

(fro~ 1259 c~~i, i~ OPh to about '1265 cm~l 
- .' ,n .' 

1) ' • 
si.loxane (fro~ 1016 to 1031 cm -1 in 

the -trimer and from 108J to 1103 cm-1 in the tétr~er). 
l ' 

'Thil;! effect sesms to be câused by a wi'thdrawal of 

électrons from'the silicon by the new, more electronega~ive . . , 
~ ." "-

, ~~ 

substitu~nt. This redistribution of electrons ~~esumably 
... 

inducas a shortenlng of the,~i-O and 'Si~CH3 .~onds and 

·increases the vib'rational fr~~en~105. It sSQuJ,g be . . 
() ~ 

. . , . 
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. . . 

. , 

, . 
,~ i ~ 

1 ,. 

1 • 

,­,-
1 

1 
1 

1 

t . , , , 
! 
1 

.1 
1 , 



0 
. .. ~ 

. ' 
'" 

1 
! 
1. 
1 • .. 

," 
'j 
j 

1 /. 

e t 
, ' 

" " 

• i 

.. 

. 

"\ .... 

,-

, . 
0~" < .. 

J .. , . -. 
X 

"', . 
... 

'" 
\ . 

Pigure 2.1: 

• 0 

" 

-/ 

" 
.. 

-~-_ . 
~ 

\ 
( 

_._---------------~--

• 54 

,-

.' 
" 

. , 

tnfrart.d apectra of: ~) DPh (23) b) oPh (2',), 
3 -' 4 ~ 

- i, 

c? D~;l' (ll), and d! D:r (26) measured in CS2 

aèlùtion\ (~. ·5%) in the reg~?~ 400-1400 'ç~-l 
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noted that the frequency 11103 cm -1 in o:r is probably 

the highest value repotted up l~ now for a cyclotetra­

siloxane stretching frequency ~asured in solutionl03 . 

2.4.3 A new rbute to D~ 

Our great interest in P~ as a precursor for organo­
i 

rnetallic synthesis was ftrr practical reason$. Only three 
1 

reactive sites are available for hydrogen elimination 

reactions (eq. 1.11) and only two geometric isomers exist 

for the trisiloxane system (Fig. 1.2). The preparation and 

isolation of o~r opened up a new route t,o the synthesis of 

the elusive D~. ' f\ 
The reduction of organosilicon halide: bY! c1assical 

reducing agents such as, LiA1H4 and NaBH4 , is a known process 

for the preparation of many organosilicon hyd~ides13: 

55 

(eq.2.6a). 

In most cases, reactions are fast and c~an, and the organo-
" --"~ 1 ~~ 

silicon hydrides are easy to separate from inorganic salt 

by-products l3 However, the' reduction'of halogenosiloxanes 
1 

has pever been reported because the reactioh (eq. 2,6a) produc::es 

highly acidic inorganic salts which are able to cleave rapidly 

the siJ.oxane bond (eg. 1.8). These featur~ed us to' 

explore the reactivity toward siloxanes of ~centlY available 
'f' 

trialk.yl b6rohydride saI ts as powerful and sometimes selecti ve 

J 
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1 
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reducing agents l14 A successful reaction (eq. 2. 6b) was 

carried out at -7SoC using an ethereal solution 0% sodium 

• (eq. 2.6b) 

tri-~-butyl borohydride. The reaction (monitored by IR) is 

fast, quantitative and seleoti ve toward Si-Br reduction as 
( 

long as no excess 'of reducing agent i5 present and the 

temperature is kept at less than -SO°C. When the sarne reaction 

is run at aÎnbient temperature a destructive reaction toward 

the siloxane linkage takes place leaving no trace of siloxane 

material in solution (complete disapptiarance of the siloxane 

stretching peak in infrared). Major problems were encountered 

wi th the isolation and purification of t!le new product, 27. It 
, , 

was found to be very sensitive to thermal rearrangement .. 
and attempts at a distillation at atrnospheric pressure 

(b.p. 94-96Ô C) led to a total decomposition .giving only a 

vi scous, trans paren t material. (lH NMR monitoring of the 

thermal decomposi tion will be presented in Chapter 4). This 

behavior confirms the observations of Brewer94 about the insta-

bility of the same product as weIl as the observations of 
~ 

Okawara et al. 91 about the i'stability of the analogous tri~ 
~ 

ethylcyclotrisiloxane. It sho~lft be noëed that another 

trimer, [(C6H
S

) (H) SiO] 3 was claimed ta' ~ a stable compound 

and was distilled at l68°C/2 x lo-3'laorr1l5 • Nevertheless, 
.. 

this preparation has never been successfully repeated, 'e'Yell 
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~ouqh tlle tetramer, [(C
6
H

S
) (H) 5iO] 4 is stab~e and often c:i.tep 

in the 1iferature. The hexame~Y,leY~lotriSii?xane ~ 03' is 

known as a stable c.ompound but 15, however, much more easi1y 

14 po1ymerized than D4 • Th~ relative instability~of trimers 

seems to be related to the ring strain- but the very high 

reactivity of D~ (the ring strain is probably Iess than fo.r 0 3 ) 

could be due to the' low sterie effect of Si-H which exposes 

the siloxane bond to, facile electro- and nucieop'hi~ic 

attack and easy initiation of polyme+ization. 

2.4.4 Hydrogen elirnination reaetions 

The hydrogen elimination reaction, &.lready known tG 

,oecur with sil~es46,47 (eq. 1.11) and line'ar disil;0~anes38,,39', 

was applied successfully to methy~hydrogencye·losiloxanes 

{eq.' 2.7) : 

H' ,-
Dn + n/2Co2 (CO) 8 • 

wherè n == 4 and 5/ 

À 
The reactïon was fast and near quantitative with 0: but was 

much more difficult to puàh te completion wi_th D~. As both' 

produc,ts, D~o (28) and 0;0 (2'9) 1 were very soluble in hydro-
~2i ' 

carbons (~ven in pentane at -78°C) and deco~sed on 

chromato9r~phic malerial, it was fair1y difficult to isolate . 
the' pure white soUda in reasonable yields. Both cOmPowuia . 

vere found to' be 'stable under' nitro~n at ambient· temperatur&' -
'. 
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\ 

in the solid state and also in solution vith dry and oxygen-

t free' solvents. They have been preserved as solids or in 

solution at -20°C for months without decompositJ.ton. The 

analogous complexes; l, 3-bis (cobalttetracarbonyl)"tetramethy~""" 

disiloxane and di~e~ofane, reported by Greene and Curtis3~ 

~ were described as It-exceedingly thermolabile 1 decomposing 

slowly at -78°C, under nitrogen atmosphere". The authors 

,suggested that the decreased stability compared 'to mononuclear 
, "47 ' 

silylcobalt carbonyls .may be due to wthe proximity ~f the 
. ~ Co' 

two metallic centers". Surprising~YI .~e Dn compounds have 

respectively four and five metallic ~énters very close 

, "' 'together and appear to be as stable as the simple R3Si-Co (CO) 4 

,CR = H, Cl, F, CJ:i3' C6 HS). D~ was exposed ta air and moisture 

,~~ ,él!Dbi~~~ tem~erat:u~e ·~it~o"u~. ë.:i~ence: Qf cieoampos~tion 
, 

but it turned .blue-green whèn heated at 100°C in ,an.-open 
l ' 

.capillary tube. -The great stability o! silylcobalt carbonyls 

,in çontrast" to the analogous alkylcobalt carbonyls bas been 
'1 

attri.~uted to the ld -+ d) 11 partial double bond between the 

silicon and the meta14 7 ,116,1,17. Furthermore, i t has beèn 
~, l, 

suggested that the preVnce o~ strong elec:tronegati ve 

sUbstituents at,silicon increases the w bonding èharacter of 

the Si-M bond and improves the stability of ~e c0mplexl18• 

Each sj-icon atom in the cycli-c, siloxane "framework can be 

cdnstAered to~be in a ~deràt~ly electro~~gative environment~ 
., ' .. 

beinq bonded to a CH3 qr~up a,nd two oxyqens (shared with 

another silicon) • lt vas therefore not sUrPr!sinq to find , , 
J' 

f . 
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eaAlly prepa.red a,fiel stable cobal'j:. . , 

, "' Co 
The infrared ·spectr~ of 04 

, " 

carbonyl. de ri vatives. 

a:îd 0;0 in the, carbonyl 
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stretching ~egiop .a;e'consist~nt wi th_ the C3v symmetry usually 

o~serv~d for co~lexes with the gerÏeral formula ;~-co (CO) 4 

(Table 2.~), ~ymmetry' rules predict three in-frared-

aéti ve, 1-2co stretching' modes (Al + Al + -~) 'as, observed in 
.1, 

,(C6H5)3Si-Co(~q)4' In th,e, c~se of (CH 3) (H)2SiCoJCOI4 as weIl as 
éo - 'Co ..' , ' 

of D4 . and DS l' the- degeneracy of the E band has been removed, 
, .~ 

presumably beèause 'Of -the unsytnmetrical nature of ,the s1ly1 

. , graupl16. The geometry at ,the cobalt- center of silylcobalt 

tet~acarbony~s has been shown to be trigonal bipyramidal 
- ,-

(sub~ti-t;uent Si, lying in the. C3v axis) and the equatorial' . 

~CarbonYI,grOÛps are Sligh~lY·disp1aced'toward th~ siiiconll8 . 
'- . 

1 • 

The similarity of DCo. infrared spectra with analogous silyl-n , . 

cobalu carbonyl complexes, (Table 2.'1) confirma the trigonal' 
~/ , 

., • / 1 

bipyramidal geometry at the cobalt center and excludèS any 

possibilities of adjacent .metal-mataI bonds and bridging 

carbonyls over the siloxane\ ring. 

The comparative 

400-1400 cm-l) of o~ 

study of in~rared spectra (region 

and DCa (Fig. 2.2) highlights two 
n 

characteristic features of the new siloxanyl-cobalt ~omplexes: 

a) The new"pair of peaks at 552 (s) and 515 (w) cm -1' for 0;0 
and 552 (s) and 511, (w) cm-l, for Co assigned to the DS' are 

valence Vil?ration of Co-CO. The position and the relative 

intensities of this pair of peaks are chaX::qcteristic and 

- constant in all R7"'Co(CO)4 complexesl l'7,118. 
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• M "" C?(CO) 4 ,Al (eq) " .1 _ Al (ax) E ~~--;(l'3cO} 

/ . 

(CH
l

) ,(H) ~i-Ma .. -2102 (8) . 204~~"(S) 2021 (vs") 2015 (vs) 19'91 (w}e~ 
! 

2095 (s) 2031, (s) 2003 (v,.> -- 1975, (w) 
• 'b 

(C6HS)3Si-M 
, " 2080 2020 2600 - .... 1960 (vw) 

~, " c 
I{CH3 )2(M)Si01 2 -. 

2100 (s)' 2040 'Cs) 2027 (vs) 2011 (v.s) 1968 (v) 

- \ ' -
/ 

2101 (s) '2039- (s) . 2023 '(vs) 2006 (vs) 1966, (v) 

. D~~d 
09-0

" (2-9) d 
5 -' . . . . , l -a Ref • '116 (988 phase). 

. Il ·b~f. 117 (n-hexadecane solution). 

-cRef • 38 (solvent and intens1tiea omitted by authors). 

~is WQrk (~exanes solution). 

-The assiqnment ~f v(13CO) has been discu~sed by ref. 60 • 
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400~1400 cm-1 
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b) The' ~tretchin9' ,frequency of' Si-CH3 has not been ~iqnifi­

eantly chanqed from ÔH ta DCo which could be an indication 
n~ n 

of only a 'very smaii changè in' the electroneqativity of the' 

substituent from JYdro~en to the Co (CO) 4 group. However, 

the siloxane stretehing frequency' has been shifted down­

ward by 25 to 35 em-l which may be due to the large 

sterie requirement of the new sUbsti,tuent. The presence 

<lf a single siloxane band in both èases i s a good 
\ 

indication of the monomeric nature of the compound. A 
, - . 

" p,oly.meric material or a series of rearrangèd rings would, 

give rise to more than one band in the siloxane stretèhing 

reglon. The monomeri-c nature of DCo is aiso supported' by . n 
'1 ' H NMR spectra detailed in Chapter 4. 

The hydrogen elimiJla tian reaction ::Là .also known With) 
the dimer [Fe(CO)2nS-CsHs1262,119 and vas successfully 

r H 
applied to,' D4 (eq. 2.8): 

(eq. 2.8) 

The dimer [Fe (CO) 2n5-CSHS]2' be+1)9 much less reactive than 

C0
2

(CO)S' required more severe conditions' (160-l80 0 C) to com­

plete the reaction 'and to qet fully substituted o? Attempts 

to prepare the analogous D~ were unsuccessful even 'upon heating 

the reactants in a sealed tube at 180 oC for several days. Thé 

latter conditions gave only partially substituted compounds, .. 
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D~_nD;P, 5> n ~ 1,. fOllowing workup by colwnn chromatography • 

Any increase in the temperature and the tiJre of the reactio.n 
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. Fp , ' 
did l1'Ot incr~e the yield of On but seemed only to increase 

the thermal decomposit~on of reactants (the ~unt of ferrocene 

increas-ed) • The compound o?, was found to be very stable in 

air at ambient temperature but deçomposed slowly when heated 

above 1900C in an ~pen capillary tube. o!p is also stable in 

solution with dry and deoxygenated sol vents. 

For silyl (also germyl an~ stann~l) complexes containing 

i-cyclopentadienyl mataI carbo~yl sÙbstituents, structural 
, 'f ' 

ass~4nments from infrared ar~ difficult27 • In general, the 
, 

number of carbonyl stretching frequencies can be used to 
'" 

deduce the number of carbonyl groups present in the complexes. 

comPl~xes of ~ formulae [M(CO)3~S-CSHS]' [M(COJ 2nS-CsHs J 

and [M(C~)ns-CsHs] (M = transition metal rnoiety) exhibit 

three, two and une b~ds~7, respectively, in the region 

1800-2100 cm -1 However, sorne excepti,onal cases have been 

- . 5 119 f repQrted. The c~mpounds {(CM
3

) 2C1Sl.Fe (CO) 2n -CSHS] ana 
'4 

[(CIi.J1C12 SiFe (CO) 2ns-CsHsJl20 .have tw~ pairs of CO absorptions. 

The extra bands have been rationalized in terms of the presence 

of'two conformational isomers (Scheme 2.2, structures 1 and II). 

Rapid interconversion éould account for the simple IH NMR 

- Bignal62, 119 • 
\ , 

A very s~milar str~cture can be drawn for the compound 

D~, where both chlorine atoms are replaced with oxygen ato~ 

(Scheme 2.~, structur~s tII and IV). 'The high resolution 
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1nfrared spectrmn of I>? 'in t.be carbonyl stretching "re~ion i8 
.' 

shawn in Figure 2.3. The sample 31 used for this 'meâsurement 

was a mi~t ure df a11 geometric' isomers (as detemined. by 

1 lH NMR). Spectra measured with samples contaifling different 

isolDer distributions (e.g. 32} show the same gene.ral pattern 

but the relative intensities of the shoulder at left (2003.0 cm-l) . ~ . 
and the first peak (1946.6 cm -1) in the group a:t right vary . 
significantly .. The spectr~ of D!P (Fig.' 2.3) i8-' qui te 

different from those ob~erved for [(CH3)C12SiF~(Co')2nS-C5H5] ( 

and analogo~s compounds l20 ,12l and could be due not only to 

conformers as expect~d but a18.9 to geometr:i:.c isomers of the 

cyclotetrasiloxa:ne. Às will be detailed by IH ~ studies,' . 
• 

each Fp",group bonded to a silexane ,ring can have three dif- . 

ferent combinations of nearest neighbors. Theae three 

environmen ts could be responsible for the three peaks (1946.6, , 

1942.8 and 1938., 7 cm-I) in ~he lover frequency band but 'they 

are n,ot completely rèsolved in the higher frequency band 

(Fig. 2.3). It ls also possible that the rotation of the 

Fp group Along the Fe-Si bond axis (Scheme 2. 2} oouid be 

strongly affected by steric hindrance and one of the twQ.. 
, \ 

/ 
. conformers (III or IV) could be presènt in considerable 

or 

,,j 

el<eess. This hypothesis iB supported by the Obaer"latio~ 
of only tw~ - '~O~l' peaks for compounds (C6HS) 2C1Si-Fp and 

(C H.l)CI Sl_Fp122 where 'the rotation could be locked by the 
6, '2 

phenyl groups. Much remains to be learned of the structural 

behavior of .silyl-~(CO) 2Tl S-CSHS complexes in solution._ .. , . 
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Infr~d s-pectrum of the ca:i:bonyl stretching 

region of -D!P (31) mea,sured in cYclohexamr 

solution (.2!. 1%). The' mso1ùtion la 0.12 cm-1 .' 
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Figure 2.4 snows the i~irared mèdification ~hen aIl 
, 

single hydrogens 'of D~!,are replaced by Fp groups with 

perfect prese~ation of the cyciotetrasiloxane fr~~ework: 
J 

a) Si-H bending at 885 cm-1 in D~ disappears completely 

b) 

" Fp 
~n D4 . 

Si-CH3 bands 

-1 at 1089 cm 

:'/ r , 

at 1257 and 775 cm-,l and Sf-Q-Si '~tretching 
H in D4 are aIl strongly shifted to Iower 

frequency in the, new compound due to ,the presence of a 
<Y 

large substituent which tends to lengthen the' Si-O-Si 
< 

J 

bond and even the., Si-C~3 bond. Note that the sharp ~ 

, c) 

peak at 1063 cm- l belongs to the cyclopentadienyl ring90 

, 117 . 
Following analogous assignrnents by Kahn and,B1gorgne , 

-1 Fp the new and strong peak at 597 cm in the D4 spectrum 

has been assigned to a Fe-CO bending vibration. This 

vibration is a function of the transition metal (ranges 

from 550 to 630 cm- l for iron) and is usua11y independent 

117 of the nature of the substituent at the metal center . ,. 

The proposed formulation of D!P is supported by the 

-1 presence of only one peak aJ: 1245 cm for Si-CH
3 

ana..,at 

1040 cm-l for Si-O-Si. As for the case of D~o, polymerie 

and/or rearranged siloxanes should give a broader and more 

complex siloxane stretching band. 

. Elemental analysis is aiso perfèétly consistent with 

. . 

1 

1 
i 
': , 
''-

' . 
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2.4.5 A new series of, heteronuclear complexes' 

~ few heteronucloo.r ~ilyl ~omplexes are known 123 . 

Sorne recent, examples were published by Malish and coworkers 124 • 
, . 

The complexes [nS-CsHs (CO) 2Fe-SiClZ,-Co (CO) 4]' [n5_~sHs(CO) 2-
v ...... 3 d "-

P (CH 3 »)W-Si (CH 3) -co2 (CO) 7]' and [n -CSHS (CO) 2!e-Si-Co 3 (CO) 9'] 

were prepared by hydrogen elimination reactions and charac-

terized by infrared and 29Si NMR. ~ 1 

As the preparation of D~o and D!P were succe~ful, with 

acceptable yields, it was decided to try to synthesize and 

isolate at least one cyclosiloxane complex containing . . 
simultane~usly -C;(CO) 4 and -FeJcO)2n5-CsHs groups. The 

synthetic approach to heterorfuclear derivatives, D
Co 

D
Fp 

4-n n, 

where n = l, 2, 3), was' divided into two steps. 
, , 

1) The preparation of partially substitQted compounds: 

• DH DFp: 
4-n n 

H 
When D4 

unde~ mild èonditions, ~a very complex mixture of partially 

substituted cyclotetrasiloxanes wa~ fotmed (eq. 2.9): 

,-

'( eq. 4.9) 

The mixture can contaiFl as much as "31 different geometric 
... 

1 

isomers ~Scheme 2.3) whi~h ~kes very diffic~lt the complete 

separation and' isolation of the products. Nevertheless, a ' 

- simple workup can .simplify -greatly a portion of ·the mixture. . ~-\ 

" 

' ... 

\ 

J 
f~ 

1 . : 

. 
1 

i 
1 
1 
1, 
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S.ch~me 2.3: ~mëtric isomers of D~ DR (where n = 0 to 4) . 
,$ ..J -n n ' . " ' 1 < 

DR formed by the partial substitution of 
4 

isorners by the substituent A 
,.. Itf'l 

'-4/.1';",' 
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The unreacted isomers of D 4 can be ea,sily sepa~a ted by an 
• 0 

elution on a silica gel colurnn with pure hexanes. Partially 
<.., 

'llJ 
substituted compounds begin to migrate only when benzene ls 

gradually mixed with hexanes fo! the elution. It was not pos-

sible to get a clean separation 9f some specifie iso~ers. A 

large yellow roixtqre migrated as a long tailing ~ and was 
~ ~ 

collected into three equal fractions (15Q mL). The fully 

substituted o!p Was easily removed by wa~hing each fraction 
,.. . ,~ \ ' F 

wl.th pure hexanes. A small amount of the insoluble D
4

P 

(0.23 g, 2% yield) was found onlytin the last fraction. The 

,particular isomeric composition of compo~d 32 is discussed 

in' Chapter 4. The' isomeric composition of each fraction can 
9 

be estimated frem lH NMR spectr~ b~cause a CH3 group attached 
" . 

... 

to a sub&tituted silicon re?onates At a.lower field (ca. 0.85 ppm) 
" ' - , 

\ 
~, 

than a CH3 attached to an, unsubstituted s.i:li'con (ca" 0.40 'ppm) 

and they cà~ be integrated separately. The rirst aad second 
pd':' ct Il. 

fractions (33 andd4) had re,latively low values for n (1. 4 
~ ~ l' 

and 2.6) .'but the third fraction (35), with a "éalc!ulated value 

of ,n ;::; >. l ~ appeared' 

'Àssumj:ng that o? i5 

to.'be a ~uch more ,simple mixture. 

virt?ally absent, the sample is a mixture 

of si,~ georoetric' isomers "of the sarne compound D~D~P. These 

'isÇ>mers are identifl .. ed in Scheme 2.3. The sample 35 was used , 

as starting roaterial,for the p.teparati9n of DIoD~P. 
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. 2) ,Preparation of· the heteronu~lé~r complex DioD;P: ' (.{ 

,\ The 'reaction of ~~?~p with'CoZ(CO)s in "hexanes t(eg. '2.10) 

under conditions isimilar ta the p'reparatiorr .of D~~ was rapid 

,ç.~~ 

hexanes 

25°C 
.. 

Cl. 

(eg. ~2,lO) 

~ " 

and ql.l,antitati ite. Several purificc;ttion steps by preéipl.tation 

lnd colunm chromatography af;orded ~ light yel.low grease. ," _. 

The compound was air 's~able but decomposed slowly in solution. 

l The H NMR spectrum shows the com~lete disappearance of the 
1 

ca: 0.4 ppm and thè formation of a ,large and 
~ 1 

:.' complex mUf-tiplet at ~, 0.9 Prm corresponding to thé 

resohance of q CH 3 attached ,to o=,Si-M whef;' M =, Fp' or ,co (CO) 4"' 
A detailed study of the,lR NMR spectrum 01 the cyèlopenta-, 

dienyl region i s gi ven fn C hapter ,4 and helps to support 
,f 

the 'proposed formulatio~ of the compoÙTId. -Indeèd, " the, 
'1 

o , ' 

eremental analysis alsp supports this formulation. " , 
" ~ > 

- 1 

The high resolution infrared' spectrum in tbè carbony1" 
~ , 

1 ' ..! , 

stretching' re'gion for D~~D~e (fig., 2, Sê!) ~cdr:firms tpe, 
, , 

presence of both orgànometal~ic groups,. The' Co (CO) 4 grpuping 
l , 

, -1 ' 
shows peaks at 2092.7, 2028.6 and probably 200Y'.4 cm 'but 

, 1 

bhe expected fourth, peak is hidden by absorpt~o'ns .from the 
l' ~\ 5/ , . 
Fp gr9up. The Fe(CO)2 n -CSHS moiety shows s~ro~g p~ak~ at 1 

• -1 . '" ' 
2002.7 and 1944.0 cm . The small peaks at 1987.8 and· 

, 1 • 

".' " 

I-
l 

, ' 

" 

, ' 

j. 

,-
f r 

~ " 

-1 5 ' 
1953.4 cm "are 9-1so attributed to Fe(CO)~n -CSHS and are .>, .' .' 1 
possibly related to' the presence oj geometric isome~s as 

. .\ .t1 

l ' . , 
", 

, . 
,\ ' .. 

1" 
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Lnfrared spectra of oCoDFp (J~): a) carbonyl 
l 3 

stretching region meas~ed in cyclohexane 
r' • 

73 

solutiçm (ca. 1%) 'wit.h'a reso1ution 'of 0.12 cm-l, 

b) the region 400-1400 cm- l measured "in CS
2 

sol ution (ca. _ 5 %) 

• J. 

.. 
, 

b , , . , 
• . , 

2002.7 ~ -. " 
~ 1040 2007.4 , - '. . , 

. . , 
-1944.0 ; . 597 , , . , 

~ 

1063 -
J...9,53.4 

771 , 
l' 

-, 

" 

- 1987.8 550 
2028.6 / 

1 

~254 ~ 
" 1247 

~ , 
2092.7 1\, ,\v , ~U V 

V 
~ . 

-

.. ' 2200 1870 ,1410 890 cm 
) , '. \.' '-t 370 

\ . 
" 

'. 

, 
1 . , 
1 

f 
." • , 
li 
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-Pp 
,proposed in tl1e case of pure 0

4 
. 

Co Fp The lower frequency part of the Dl 0
3 

spectrum in CS
2 

F . 
(Fig. 2.Sb) is quite si~lar to the

d 

spect~~ of D4e show~ in 

Figüre 2.4. lIowever, two major and ~igni ficant differenèes 
J 

are' evident: 

a) 

b) 

The peak' at 1247 cm- l in the o~ spectrum (assigned to 

Si-CH
3 

s,tretching) is split (1254 and 1247 cm -1) in the 

Co Fe ~tf' 
spectrum of Dl 0:

3 
due to the presence of two different 

subs~ituents on the silicon, atoms. 

r -1 
The presence of a new peak at ·550 cm in the spectrum 

.~ O,f p~oDJe, compared ta that of D~P confirms the presen-ce 
, Co . 

of a cobalt fra~bon ..stretchi~g,mode as observèd in 04 
... , 

(Fig. 2.2). 

l , 
The sirnilarity of the siloxane regions of D!P and 

Co Fp - . 
~l D3 support"S the formulation of the new product. 'The new 

heteronuclear cornplex consists of acyclosiloxane molecule 

containing three Fe (CO) 2 nS-CsHs g~oups but only one Co (CO) 4 
.;# 

group, giving a sil9xane ring stretching frequency very close 

Pp . 
to that of 0 4 ,(actucllly the saroe in CS

2 
solution). 

The absence of reactivity of Co2 (CO) a toward o!P confirms 

the extraordina.ry sta~ility of the Si-Fe(CO)2n5-CsHS bond
64 

and above aIl makes sure.that the product frbm the reaction 

of D~_nD~P with CO 2 (CO)S is only due to hydro~en elimination ' 

from a Si-H reaction ,center and no'Ç due to a metal substitution' 

at a Si-Fe center. " 
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. The Appendix 1 describes a small' soa'l.e preparation of "". 
~~ \ 

,the analogous pentamer, , OCso DFe Infrared and lH NMR -n no'" ., ~-

evidence for the form~tion of the mixture of heteronuclear 

complexes are given. The mixture becomes so com~ex wi~h 

the pentamer that it seems unrealistic to-try to isolate 

sorne comp~unds wtith 'the usuai separation methods. 

2.4.6 Anomalous ,reactions of D~ with sorne metal 
, 

carbonyls 

Hydrogen eli~ination is a fairly general reaction and 

many reports have mentioned the thermal reactivity of simple 

silanes with the dimers, Mn
2 

(CO) 10 40,66, ll~ , l2~~12 7 , 

v . 

5 119 . . 117 128-130 ln -C5H~O (CO)2]2 and even wlth tne tnmer, Fe 3(CO)12' • 

Reactions of D~ will aIl of these'?omp~unds gave poor r~sults 

(see Appendix l). The reaction of D~ wi~h Mn2 (CO)lO was 

performed in a sealed tube under rigorously dry an~anaerobic 
\ 

conditions40 ,119. the infrared of the crude solution after 

the reaction showed that ca. 95% of the Si-H had reacted. 
t --

In spite of this, only traces « 1% yield) of presumably 

OMn(Cb)5 were isolated. 
4 

1 the v(CO) regionis in 

generally observed for 

, . 
The infrared of this compound in 

l ' 
good accordance with the C4v ,symn:et.ry 

R3Si-~(èO)560,6~. In the reaction 

) . hl' . h 1 d S' 40 of Mn2 (CO 10 Wlt po ySllanes, N1C 0 son an lrnpson 

observed a low yield (10 to 4,O%) of 'expected polynuclear 

complexes and mentioned the production of siloxane species. 
\ " 

The oxygen for the siloxane fo~ion must be presumed as 

" 

\ ' 

t • 

1 
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~ t the result of the attack on silicon by oxygen .... of coordinated 

carbonyl groups29 ,40.\ Very sirnilar behëlVior seems to be 

H present in the reaction with D4 where a silicone grease-like 

ma terial was isolated by chromatography (see Appendix 1) .. 

In add~tion, the strong tendency of (CH3 )?Si-Mn(CO) 5 to 

hornolrtic clea,vage and the subsequent formation of s~ly1oxy-
~ 

a1kyl complexes by attacking the oxygen of many a1dehydes 

and ketones hps recently been studied and a mechanism was 

131 proposed 

(1 

Th~ formation of Cl)SiMo (CO) 2 TJ5 -CSHS from the re'action 

of Cl
3
SiH with 5 ~ ln -CSHSMo(CO)2J2 has been reported by Jetz 

d G 1-1 119 an rapam . A similar reaction with D~ led to a complex 

mixture from which it was impossible to extract any recog-

~ nizable products. The presence of a complex pattern of 

1 carbonyl peaks and a very broad band in the Si-O-Si region 

of th~ I~ spectrum of 'the cr'ude solution indicated that 

po1ymerization of the siloxane ,_and forma~ion of sorne ,unknown 
, r 

mo1ybdenum carbonyl deri vati ves h'ad taken place. 
) 

The thermal reaction of Fe;{co)12 with 

. 119 
reported to give a di-silyJ derivative: 

Cl 3SiH has been 

(Cl)Si) 2Fe (CO) 4 .... 

. When Fe 3 (CO) 12 was slowly added to D~~ solution under 

,rigorously anaerobic conditions, aIl Si-H was reacted after 

a few hours in hexanes undèr reflux. The product was a 

mixture of extreme,ly, air-sensitiye compounds showing a 

complex pattern in the \) (eO) region. A smal1 amount of one 

of thè produc'!=-s, isolated by ch roma tography, had an infrared 

... li 

@ , i 

~l i 

1 \ 

! 
J 
1 

" ,- -~----- .~ -
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spectrum consistent with cl silyl-Fe (CO)4 derivative 37,62,128,132. 

The compound was found to be very unstab1e. A recent report by 
.) 

Carré and MoreauI33 mentioned the good stabillty of a che'lating 

di-silyl complex <lD compared to the high reactivity, of a 

(' . 

R 

R 

(~) 

non-chelating analog (38). The apparent instability of the 

expected cornplex wi th D~ where Fe (CO) 4 i5 coordina teà ~o two 

adJacent (or trans-annuIar) silicons on the same cycIo-

siloxane molecule can be due to an unfavorable strain as 

observed in 38. 134 rt was aiso reported that the complex cis-

(CO)4Fe(Si(CH3)3J2 attacks the oxygen of a varlet y of acyclic 

ethers to form new siloxane bonds (eg. 2.11). A sir:u.lar 

H 
reaction at the oxygen of a siloxane bond of D 4 

the ring and gi ve a new siloxane product. 

would open 

.. 
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.. 
(eq. 2.11) 

. . 
f 

2.4.7 The low reactivi ty of D~D~ 

It was previously mentioned ln this chapter that the 

H reactivity of the pentamer, DS' t.oward Co
2

(CO,l g and 

[Tl
5 -;,C~,Hr: Fe (CO) 2 J 2 was -1luch lower than expected from analo­

_ ::J :.J 

~. \ . h H 
gOUE' reaC,--lons Wlt D4. 

J) -

It was ililpossiDle to prepare the 

~ F C 
fully subs ti tuted DS p and very ch ffieul t. ta CJe.~ DSO ln even 

ver::' low yield. This behavior c0l.11d be rûlateù to the 

conformation of the rnolccule when four .site!:> bave bE::cn 

" substituted and only one hyélrogen 13- stl.ll unreactec;1. Scheme 

24( ) h t 1 f BR. h h . top S ows wo examp es 0 Dl D 4 lsomers w ere t e unrcacted 

\ 
hydrogen 15 surrounded by two adj 20cent bulky groups~( R =. Fp 

or Co (CO) 4) or by one bulky. group and one CH 3' Scheme 2;.-1 

('bot.tom) shows the representation of a hypothetlcal "double 

chal;::" eonformatlon adGpted by the pentamer. ':'he motion of 

Si (1) toward the inside of the nng (as lndica ted by the arrow) 

ind\lces 3n outwa rd motion of Si (2) and Si (3) b '..:t has li ttle 

effect on Si (4) and Si i 5). Such a motion is fa voured by 

the large 5J_Ze of subs::ituents at si (2) and Si " 3) and by 

the 7ery small size of the hydrogen atom which becomes 

'" 
"hièden" inside the ring between tr.:.e two adjacent gr:::)up~/ 

Sorne large attacking mclecules, such as RCo (CO; 4 and above 

aU, HFe(CO)2nS-CSHs, -..,,;'oul~ have maJor G1fficu'::'ties :.n 
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1 '1.. 

Scheme 2.4: Tw"o possible geometrl-:':: isorœrs c:: partlally .... , 

subst,ituted D~D~. The "double d~3.ir" confor-

mation of isomer III"'~i:s ~hown (bottom) 

R 

ISOMER II. ISOME R~. III 
é, 

ISOMER III 

( 
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reaching the last reaction site. It should be noted that the 

analogous "hidden conformation Il for the unreacted hydrogen is 

not possible in the tetramer D~D~. The molecule would 

probably tend tq adopt a "chair conformation" , (e. g. Fig. 1.3, 

bottom) to get the nulky groups away from each other. This 

conforma tion is still favorable to the reaction of the last 

hydrogen. 

In addition, the statistical effect should be rnentioned 

as an important factor in the substitution of the last hydroget,l. 

'As five reaction sites are present on the same molecule, 

which is not a cornrnon feature in synthesis, the attacking 

reagent finds it more and more difficult to be in the right 
\ 

place at the right time as the level of substitution 

increases up to five. 

2.4.8 Salt elimination reacti-ons 

The salt elirnination reaction was the original route 

used by Piper and Willdnson22 to prepare silyl-Fe'(CO) in-5-CSH5 

complexes. The major interest in th~ p;esent work for this 

,approach was the possibility of preparing D;o and D~P from 

D~r and the appropriate alkall-transition metal salts .. 

The re~ction of D~r with LiCo(CO) 4 in THF even at low 

temperature gave an unexpected but already known methinyl-

135 l tricobalt enneaéarbonyl , identified by H NMR and mass 

spectrometty (Appendi~ 1) as .HO(CH2)4CC03(CO)9' Tricobalt 

carbony l sare common in react.lons wi th Co (CO) 4'- and the 
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present product is fot.med by the cleavage of the THpI35. 

~he expected 0;0 was not isolated. Many anomalous reactions . . 
, 

between silicon compounds and cobalt carbony~ anions have 

been reported45 ,135,136. The electrophilic attack by the 

silicon compound on oxygen atoms of coordinated carbonyl 

- "r •• b d 4S ( 2 ' l) , , l d groups was 0 serve eq..l to g~ v~ S1. oxane pro ucts. -..,.. 

". 

" (eq. 2.11) 

. Br Br· 5 . 
Reactions of both D3 and D4 with NaFe(CO)2n -CSHS in 

THF were also unsuccessful. The reaction was also carried 

out in dry ~9~uene but th~ unknown products decomposed on the 

co,luron (Appendix 1). Many reactions of ha10genated silanés, -

polysilanes and cyclic carbosilanes with [Fe(CO)2ns-CSHs]­

were successful 29 . Reactions were run in THF and stable 

products were isolated by column chromatography ~n reasonable 

yields (30 to 75%)40,120. Silicon chlorides are'usual1y 

used for the reaction but at least\one series of successful 

. bd' h b '1 137 h 1 react~ons has een reporte w~t romOSl anes .' N~vert,e ess, 

~t shou1d be noted that no successful reaction was reported 

wi th t. halogena ted siloxane. l t seems tha t the si loxane , ring 

does not resist to the reaction conditions and p61ymeriza~ion 

probably occurs. 
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2.5 Conclusion 
, 

The f?llowing conclusioris caR be·Arawn from the synthetic~ 
'. 

'work repQrted' abov~: 

" 

pn ,,' H ' 
~he yi'eldp ,of small rings, Dl and D4 , can'- be improved 

. - , 
by h~drolyzing the co~responding dichlorosilane slowly 

. 
at 0 oC in - a large vol ume of ether/id~ o. 

<il , J" 

The new compounds, D~r and D!rv have b~en prêpared by 

the cleavage of the phenyle group by Br2 in the cor­

responding roethylphenylcyclosiloxanes. 

The reduction of D~r at low temperature with trialkylboro­

hydride salts led to, the formation of the elusive D~o This 

- compound was found to be very unstable towarà polymerizationo 
. 5 ' 

The reaction of D~ with CO2 (CP) 8 and [Fe(C?)2D -CSHS12 

led tQ,the formation,of the new compqunds, D~o, D;o, and 

D~P~ These heavy organometallic complexes were charac­

t5erized by infrared. 'I:t was also possible te synthesi:ze , ' 

, Co Fp' 
th~ h~teronuclear complex, Dl D3 by reacting the partially 

substituted D~D~P with Co2 (CO) 8 0 • 

fi " - 5 The reactions of D4 with ,Mn2 (CO)lO' [Mo(CO)2n -CSHS]2 

and Fe 3 (C?) 12 did not lead to the formation of isol'ablé 

and recognizable products. 

The s~It 'eliniinati~m reacti~ns' of D~r 'and D~r ~ith' -
. - , 
alkali-transition metal salts were'also unsuccessfub. 
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3. MASS S~"l'RA OF S0ME METHYL SUBSTlTUTED CYCLOSILOXANES 

~ . 

'3.1 Introduction' 

lri this chapte'r the resul ts of a systematic investigation 

o'f the mass spectra of sorne methyl substi tuted cyclosiloxanes 
p 

will be presented and !nterprèted. Despite the fact that' 

'~ethyl si~oxanes ,have been and' are,still'of prime interest 

. irt the silicone industr~, very little has' been published on 

. the characterization by ~ss spectrornetry of sma).l 'and ' 
~ ~ , \ 

. th 1 1 ' l 138 L' (' Il 'l' monomer1C me y cyc os~ oxanes ... lnea~ as we ,as cyc lC 
l ,1 "" 

methylsiloxanes are characterized by an intense ,(M-15]+ ion 

~nd, like most organosilicon compounds, exhibit no molecular 

ion. Two important contributions ta the rnass spectrometry of ...... 

139,140 
methy~cyclosiloxanes were publish~d i~ reçent years 

, 1 

These authors proposed an elegant transannu1ar methyl 
'\ , 

migr~tion/ring contra~tion 'rnechanism to acèount for the 

observed spectra of dim.ethylcyclosiloxanes (D n> 5). Ta 
n 

our knowledge, this roechani~k has not been investigated with 

an analogous series of compounds where one methyl on each 

silicon is replaced by anoth~r substituent. In the present 

chapter, a detailed discussion pf fragmentation patterns of 

most of the subs~itute~ methylcyclosiloxanes described in 
ft 

Cha~ter II will be presented. 

* Some results presented in this chapter have been published 
in Can, J. Chem. (The Leo Yaffe Issue), AP~' 19.83.· 
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3.2 Experimental and instrumentation 

The spectra of oH (n' = 4, 5-, and \) and DCo (n == 4 and 5) 
n n 

were measured at the McGill University Mass Spectrometry 

Un~t (Dr. D.A. Marner) on il LKB 9000 i~nt (electron 

ene.rgy 70 eV, source te.mperature 270°C). 04 was introduced 

directly as a pure compound at an inle.t temperature of 1000e 
'" 

, H H 
wherea~ 05 anq 06 together in a mixture were separated on a 

coupled GLC using a two meter glass colunm of 6,~ aV-lOI at 

13~oC. Samples of D~o and O~o were introduce~ dfrectly at 

probe temperatures of 46° and SooC respectively. 

The spectra of DPh and DBr (n = 3 and 4) were measured 
n n 

on a Dupont 21-492B instrument (electron energy 70 ~V, source 

temperature 250°C) at the Departrnent of Chemistry (Dr. John 

Finkenbine) . Ph Ph eompounds DJ and D4 were introduced directly 

at probe temperat.ures of 55° and sooe respectively. Both 

Br Br D3 and D4 cornpounds we~e su~ficiently volatile to be 

.introduced directly at ambient temperature: 

The high resolution spect+um of D~ waè measured on an 

AEI MS 902 spectrometer (at 70 eV ionizing energy,and 

sourèe temperature 250°) qt the"Laboratoire de spectrométrie 

de masse, Université de Montréal (Dr •. Michel Bertrand). 
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3.3 
1 

Results 

r 

9.3.1 The ~ethylhydrogencyclosilox<tné~ "~ 

In ~eàèh spectrum of OH (n 
n = 4,.5, 6) tne heayiest ions 

are 
+ ' + ' 

[~~1] and (M-15] and the relative intensities Qf tHese 

ions diminish with increasing ring s~ze (Fig. 3.1). The 
1 

. +. • 
absence of [M} is a common feature of methylsiloxane 

) 
) . . 

1 fragmentation due to the facile 10ss o'f CH3 from ,the parent 
'~ '139,140 ~ , 
~ons Another evident feature of the speétra is the 

1 

high ,inten~ity of the peak,~/ mie 73, 59 and .45 in D~ ,and O~ 
ri 'OH compare...,.. to 4. lit 

IThe s~ectra of O~ 'are conside~ably ~iéhrr in lines 
• , l, H-

. Ithan those of On. Fqr example" the spectrum. of Ds. (F~g., 3.1) 

shows e1even peaks of relative intensity > ~O per cent, wh,i'lst 
. , 

~5 shows on1y three major peaks at [M-15]+, IM-103]+ and , . 

mie 73138-140. ,The ~ 1 r + 
two groupings of lines at ~M-47] , 

+ + + + + [M-6l] and [M-75L 1 and at [M-IQ7] , [M-12l] and [M-135] ,', 
f 

cçmsi~tently pr,esen t in .;~, are 1 separa ted by a c:haracteristic' 

mass increment of .60 amu. , Exact mass measurements on O~ 

show this increment to be in fact due tQ two processes: 10ss 

of Si02 and also of (CH
3

)HSiO (Table 3.lb). The separation 
~ 

l , 

between the line,s of these two groups, as weIl as that 

between the light ions at mie 73~ 59 and 45, aIl correspond 
, 

to a mass ~ncrement of· 14 aptu. ' Contra,ry to the case. of On 1 

, ' . 
no evidence for significa~t currents of doubly charged 

ions was observed, except in O~ where ion' mie 179 can be ,,- \ 

++ attributed to .[M-2] . 
f ' 
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or:able 3,.la: 'SOmé metastab1e .ions observed in 'spect.I;a of 
, H 
On séries 

'y 

M~~astab1~,' io~s 
.. Observed Ca1cu1ated 

", 

, OH ln ... 4 142 (179)2/225 = 142.4 

OH 201 (239) 2/285 = 200.4 5 ., 
oH 

( 

(299)2/345 259 = ~59.1 6 
< 

Table 3.lb: High resolution mass meaJurements on oH 
5 

"- • 
ObserveÇl Calculated 

\ '6 
Ions + mie 

[M-47]+ 253 252.988 252.984 (C4H13Si40S) 

238.965 238.968 (C 3Hll Si 40~) 

• i , " 

224.951 224.953 (C2H
9
Si

4
O

S
) 

[M":'61] + 239 

[M-75] + 225 

[M-I07]+ 193 192.958 192.981 (C3H9Si304~ 
> 

i178.999 179.002 ,(C
3

H
1l 

Si
3

0 3) 

178.964 178.965 (C
2

H
7
Si

3
0

4
) 

[M-121]+ 179 

{164.984 164.986 (C2H9Si3~3) , 

.', 164.947 164.949 (C
1

H
5

S'ï
3

0 4 ) 
[M-135]+ 165 

/ 

81 ' 

, , 

-" 

,< , 
l. 

l ' , 
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3.3.2 The ~ethylphenyl- and meth~lbrornosyclosiloxanes 

Ph The...mass spectra of Dn (n = 3 'and 4) are shown in 

Figure 3.2. . ' Bath compounds show the molecular 10n at low 

intensity on the oscill~ams. The major peaks in both 

spectra occur, at [M-lS]+ and [M-93]+: It i5 clear that the 

8B 

distribution of peaks in these two compounds is quite dif­

ferent from that in D and nH and reflects a very different ,P 

n n 

fragmentation mechanism. 

~e spectra of D~r and D:r are notable for their 

simplicity (Fig. 3.3). 
+. 

In neither case is LM] observed , 

and the strongest peaks aYe due to IM-CH41+' and IM-HBrj+·. 

Apa1;'t from these peaks, the onely others with relative 

Br abundance> 10 per cent are those at mie 128 and 129 (D3 )-and 

at mie 197, 198 and 199 (D~r) attributed ta doublY'charged 

lM-2Br] ++. As expected, HBr + (mie' 80, '82} and Br + (mie 79, 81) 

. are present in both spectra. 

3.3.3 The tetracarbonylcobalt(Ilmethylcyclosiloxanes 

Co Ca . The expanded spectra of D4 and D5 are ShOW~ Ln 

Figures 3.4 and 3.5. The presence of gerninate series of 

lines is ~ighlighted. The first series (nated al' a 2 , a 3 , ••. ), 

beginning at the highest mass corresppnds to the stepwise 
, +. 

10ss of aIl CO ligands from [M] . The second series 
) 

(noted b
l

, b 2 , b 3 , .. )., starting at [M-171] +, corresponds to the 
, ,+ 

stepwise 1055 ~f ~1 CO ligands from [M-Co(CO)4] • Also 

quite import~nt in terms' of total, ion current are the series 
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Mass spectra of the methylphenylcyclo-. 
siloxanes, DPh (n = 3 and 4) 
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Figure 3.3: Mass spectra of ,the rnethylbrornocyclo­

siloxanes, OBr (n = 3 and 4) 
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Figure 3.4: 
, 

,Mass spectrum of the tetracarbonylcoba1t(I)-

" th 1 ' 1 . Co d b+ me y cY,c ote~rasl.l,oxane, D4' Peak note' 

. ~tands for th~ ifln [1-1-1711+ mie 749 
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of CO dissociations from doubly charged ions, evidenced by, 

the large number of peaks separa ted by 14 amu in the , , 

mie 290 to 500 region'of 1:he'spectrum -of D;o (Fig. 3.5). 

, 

93 

3.3.4 The cx;clopentadienyldicarbonyliron (II) methylcyclotetra-

siloxane 

The âetails of the mess spectrum of D!P are reported 

ïn Fi~re 3.6. In contrast to the anal~gous D~o, this comp1ex 

\ does not show the successive' 105S ôf carbony1 groups ,from 
, 

the parent ion qS th~ dominant pathway. The major fragrnen-

tation route seems to be the facile 10s,8 of' the who1e group 

Fp from the mo1ecular ion giving rise to the ion [M-177]+ 

mie 767. The multiple loss of CO and cyçlope~tadienyl groups 

,areobserved fromion [M-l77]+, [M-)S3]+, and [M-531]+. The 

. . + 
presence of unexpected fragments sllch as (CSHS)2Fe (mie 186), 

+ + C7H
7 

(mie 91) and C)H) (mie 39) will be discussed be10w. 

, 1 

3...4 Discuss ion 

3.4.1 The methy1hydrogenc::yc1osiloxaners , ,.. 

.. Previous studies of .IIlLxed methylhydrogensiloxanes have 

been 'surnmarized by Coutan,t and b " 138 Ro l.nson • The fragmentation 

" H pathway of the cyclopentasiloxanes, DnD5~n (n = 1 to 5) shows 
.. 

that the initial cleava,ge happens at either substituent H' or 

- CH)' an,d is ~011owed' by the ~oss of a neutral fragment (CH
3

) 4 Si 

or (CH3)3SiH. In the fragmentation of the linear si10xane, 

(CH3)2HSiO-f5i (~H3) 2:"'ot25i (CH3 ) 3' the dominant process is 

;Ï 

1 
1 , 
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Figure 3.6: Mass spe'ctrum of, thé cy~lopentadienyld~carbonyl-

iron(II)methylcyclosiloxane, OF4P 
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the formation of the ion [M-89j+ by 1085 of (CH3)3Si~ from the 

initial [M-CH3]+ ion. Either hydrogen, or methyl migration 

could give rise to these products but methyl migration giving 

the neutral fragment (CH3)4Si and th,e ion [M-I03]+ is much 

1 . t 138 e8S ~mpor ant 

Mass spectra of polymethylcyclosi1oxanes (D ) have been _ n 

8tudied by Van den Heuve1 et al.139 and a fragmentation 

mechanism has been proposed for the spectra of DS and larger 
140 

rings The key step of this mechanism i5 the formation 

of the bicyclized ion fM-15] +. Sueh tJ:jansannular interac,tions 

have been proposed to account for the mass spectra of tri­

methy1silylethers
141 

and also for ~edlum-sized organosilicon 

142 
het'erocycles A S l.milar ~cherne for DH, where i t i9 

n . 
assumed that either CH 3 or H can be lost to form the initial 

cation fragment f and ei ther CH; or H can particl.pate in the 

subsequent migrations accompany~ng ring contr~ction, i5 shown 

in Scheme 3.1. The ring contraction is followed by elimi-

nation of light fragments, (CH 3) S1H4 ' as exemplified by tne n -n 
ion [M-lS]+ in Scheme 3.2. This pathway is supported by 

the observation of metastable ions corresponding to [M-lS]+ + 

[M-6I]+ + MeSiH3 in aIL spec~ra of D~ (Table 3.1). After 

their first fragmentation, heavy ions [M-47]+, + [M-61] , and 

+ [M-7S] are charged cyclos~loxanone spec1es which can easily 

eliminate a neutral fragment as 8i02 or (CH 3)HSi=O (bath 

corresponding to 60 arou) and gi ve rise to the series of 

ions [M-I07J+, [M-121]+, and (M-135]+. Scheme 3.3 shows, 

1 . 

, 
\ 
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Scheme 3.1: 
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Small arrows show differ~nt po~sible mechanisms, 

for elimination of silanes ' 
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Scheme 3.~:' Fr~~p.tation of LM-6l] + ion 
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two possible fragme~'tations)Of ion [M-~l]+ <gi,~ing two very 

s~lar IM-121]+ ions. 'This part of the mechanisrn is supported 

by the determination of a high resolution mass spectrum on a 

DH sample. 5 Observed and calculated results reported in 
"-II 

Table 3.1 (bottorn) show unequivocally the presence of a pair 

of peaks fully resolved at mie 179 and 165 due to the elirni-

, 

+ + nation of 5i02 and/or (CH 3)HSi=0 from b?th [M-61j and [M-7S] 

ions. The identlty of 1ighter ions mie = 73, 59 and 45 is' 
-, 

aiso confirmed by the hig~ reso1ution.spectrum and corresponds 

to expected fragments (CH3)3 Si+, ( CH 3 ) 2 S i H + , and C . + H 3S1H2 . 

In the case of D n' the smaller rings D3 and D4 do not 

undergo the ring contraction as easily as DS and D 139 
6 • The 

most intense peaks in their rnass spectra are ions (M-15]+, 

whi1st the mie 73 peak is unlmportant. In the cases of 05 

and °6, the mie 73 peak l s the most important. A similar 

trend i5 observed wi th oH where the fea tures associ ated wi th 
n 

ring contraction are much more evident in D~ and D~ than in 

H 
D4' 

3.4.2 Th~ methylphenylcyclosil?xanes 
• 

1 

The fragmentation of somé linear and cyclic methylphEmyl-
, 

siloxanes was first studied by Cher~~shev et al.143-14~. The 

formatlon of a bridged benzenonium ion was proposed but no 

compl'ete fragmentation mechanism was presented. A recent 

study of rnass spectra of methy1arylpolysiloxanes
146 propo~ed 

the formation of the sarne benzenonium,ion followed by Ioss of 

, 1 Il ~ , 

Il 
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ben%ene and methane as the main fragmentation pathway-for the 

AlI pathways were supported 

by observation of numerous metastab1e peaks. The same essen-

. ti~l features are " Ph (' . 2 ) eVldent ln the spectra of D Flg. 3 .. , 
n 

where siliconium lons [M-15]+, [M-93]+, and [M-155]+ are quite 

abund~nt in both cases. 
1 

A fragmentation pathway lS proposed 

in Scheme 3.4 involving the formatlon of an intramolecularly 
, + 

• binding benzenoll1.um ion from [M-15] followed by either 1055 

of Qenzene, or to a much lesser degree methane. The same 

mechanlsm is aiso conSIstent wlth the presence of the lons 

IM-77]+, [M-92]+, [M-93]+, [H-lS5']+, and [11-170J+. The initial 

10ss of the phenyl group seems mueh less favorable probably 

,because the fragmentation of an aryl group attached to a 

, <' 

group TV metal requlres a 1arger amount of energy than the 

j 147 
fragmentation of an alkyl group The second major aspect, 

. 
of the mechanism (Scheme 3.4) IS the possible elimination of the 

pheny1methy1 si1anone from ions [M-15j+, [M-77J+, [M-171]+, 

+ + [M-93] and [M-229] . These hypotheses account for most 

f h" ,Jj b ct h' . oPh ote lmportaut 0 serve eaVler lons ln . 
n The presence, 

+ in both spectr~, of C1H7 (mie 91) probaply results from the 

insertion of a methy1 group into a sllïcon-phenyl bond, 

+ followed by a S-ellminatlon of the tropylium ion, C7H7 ' as 

is commonly observed in ary1 compounds 148 

The rather intense [M-155]+ (mie 253) and (M~13J+ 

(m!e 195) peaks in the D~~ spectrum (w;aker in D!h) suggest a 
( 

relative1y important i~ltial fragmenta~jon by loss of C6H; 
r 

.. \ 

\ 
\ 
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followed by los ses of ei ther henzene, or the elements of 

phenylmethylsilanone, analogous to the reactions + of [M-CH) ) • 

On the other hand, the formation of the ion [M-lSl] + 

+ from [M-lS] followed by loss of benzene giving ion 

t ' b f bl c. DPh h "" . seems 0 e a more avora e process 1.n 4 t an 1.n 

[M-229j+ 

o~h. This 

behavior could be re1ated to the ring size stability because 

it would be easy for the siliconium ion [M-lSl]+ from n!h, to ~-.? 

rearrange into a, stable charged cyclic trimer, whereas i t 

wou1d be difficult to form the hypothetica1 cyclic dimer ion, 

. + Ph 
l(CH3 )2 (C6HS)2Si202] , frorn 0 3 • Finally, doub1y charged ions 

are not important in either spectrum, in contrast to those 

b d f 1 ub "t d 1" . l 146 o serve or m05t ary s stl ute lnear 51 oxanes • The 

total absence of peaks at [M-237]+ and (M-289J+ indicates 

that ring contraction of ion fM-CH3]+ by loss of {C6HS)2Si(CH3)2 

occurs with '0 and nH
, does not n . n 

occur with DPh • The more likely transannular migration of 
n 

methyl group from rM-C6~S]+ leading to the formation of ions 

[M-16S] + and [M- 227] + is also not observed. It is p,ossible 

that decreased flexibility of the ring due to'increased 

", 149 . b' À~ 1 steric demands of the phenyl group . contrl utes W-Lrec't ... y te 

this effect. 
150 The phenyl migration from oxygen , or 

carbonl51 , or nitrogen152 to the adjacent silicon has been 

described, but a migration through a siloxane ring woùld be 

a ,function of the flexibility of the ring and has never been 

demonstrated for a phenyl 'group. / 

, ' 

., .' '1 
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Even if such a process is not fa.vorable149 , we should .. 
point out ~hat a ring opening a t the beginnin 9 of the frag-

, 
mentatioR i's not impossible and can be an al ternati ve way te 

explain the maJor fragmentation pathway of cyclic siloxanes 

which is 50 sirmlar 1:0 t:1e one of linear siloxanes 1 

specifically that of the phenylmethylderivati ves'. 

3.4.3 ke methylbromocyclosiloxanes 

The behavior of halogenosilanes under electron impact is 

relativeüy well-knawn and qu'ite simple138 ,,l49-l54 but very 

- lit tle has been pub li shed on halogenosiloxanes 138,155. In 
. 

most cases the roolecular ion shows a very low intensity in 

contrast to polyhalogenated atomatic compounds which give 

.' M+ 156a Th ' t . f hl' h b an lntense . e ml gra lon 0 a c orlne atom as een 
, 

observed in (CH3)3Si-O-tSi(CH3)Clt2o-Si(CH3)3' where the 10ss 

of (CH
3

) 35iC1 from [M-15j+ 1S the ~in pathway. Nevertheless, 

'nO :migration of fluorlne or methyl group was observed in' 

fragmentatl0n of [(CH
3

) 3SiO] 2Si(CH3)F156b. In the present 

study, no ring contraction, either by transannular migration 

or "by 10ss of S 11anone fragment, was observed wi th DBr . The 
n 

major ions ln bath spectra, [M-CH 4] +. and [M-HBr] +., are 

forÎned by the abstraction ei ther by a CH 3 group or a bromine 
II! 

atom of a hydrogen atom from an adjacent or transannul'ar 

methyl group. The elimination of HX from organosilicon 

. 149 157 
halides i5 qUlte common ' and is sometimes the- major 

, . 158 
. process of fragmentatl.on The elimination of., CH 4 is much 

,", 

; f 
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less favorable but has been observed in the fragmentation of 

l °1 159 d 1 b '1 160 many cyc OSl oxanes an sorne cyc ocar OS1 anes * In the 

case of oBr, the elimination of CH
4 

and HBr see~s to be n , 

favoured bl' the sp~tial dispc sition of substi tuents on the 

siloxane rings. The 1055' of substi tuents to form doubly 

Br 
charged ions is particularJy evident in D ëlnd;J (n == 3 n n 

and 4) compared to oPh and DH • Apparently the absence of 
n n 

alternati ve facile fragmenta tion pa thwayB i5 responsible for 

such behavior in these cases. 

3.4.4 The tetracarbonylcobal t (1) methylcyclosiloxanes 

é]Metal carbonyls and their deri vatives undergo stepwise 

l f l d d ·' 157 oss 0 CO ~gan s under mass spectrornetry con ].. tlons . 

It i8 usudl for ~~uch co~pounds to show a Btepwi se 105S of aIl 

CO groups t0 produce the base metal ion, or the metal ion 

plus original substituents other than CO. 'l'he low ionization 

potentials of transition metal atoms aiso resul t in the common 

appearance of mul tiply-charged ions in carbonyl mass spectra. 

To our knowledge, one of the heavie~>t clusters for WhiCh Cl 

complete rnass spectrometrie analysis has bean reported is 

This compound sl:::;ws a stepwi se 105S of spventeen 

CO groups from both the singly and doubly char<jEd ions
161

• 

The rnass spectra 0': seve :::-a] S l ::nple [, ilylcoba 1 tte"!::-ra-

carbonyls have been repé:.rted and t'Ley sho''''' the --::ypica j step­

wise 10ss of co162 . The spectra of the compoun-is reported in 

the present study have a number of novel features. The most 

• ( 
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• striking aspect of the, spectra is the fact that one can 

observe the stepwise loss of sueh a large number of CO groups. 

Unlike the fragmentation of carbonyl clusters, where breakup 

of the meta1 cJ..uster does not usually oecur under mass spectro­

meter operating conditions, the DCo compo'unds do show 1055 of 
n 

metai fragments. Thus, the rnost obvious feature of the spectra 

is the presence of the two ser1es corresponding to stepwise 

loss of 4nCO mo1ecules from [M]+' and 4(n-l)CO mo1ecules from 

+ [M-CO(CO)4] . ,A more carefu1 serutiny of the spectra aiso 

shows the presence of a series eorresponding to stepwise 

++ + 10ss of 4nCO molecules from [Ml (Fig. 3.5). As weIl, [M-15] 

was deteeted at low abundanee for both n = 4 and S, and CO 

10ss series was detected for this ion. 

3.4.5 The cyclopentadienyldicarbonyliron(II)methylcyclosiloxane 

Earlier work on mass spectra of the simple mononuclear 

. 163 164 cyclopentadl,enyl rnkal carbonyls ' shows that the suc-

cessive 1055 of 'CO before the cleavage of CSHS is observed 

+ ih oost cases. Ions o,f the type (CSHS)2M have been observed 

in the spectra of many complexes which contain only one cyclo-
\ 

.pentadienyl ring bonded to '\ a metal 

obse~ved the ion (CSHS)2Fei in the 

atorn16S ,166. King166 has 

spectra of a number of rnono-

nucl#ar deri vati ves. 

was recorded in two instrumen~s having source temperatures of 

70° and 20QoC, respectively, and the large differences 

observed in spectra were- attributed to the prOduction of 

! 

1 
,1 
1 , 
i 

, 

1 

1 ) 
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ferrocene by pyrolysis within the instrurnents167 . In a 

120 subsequent paper, King and coworkers reported the mass 

spectra of sorne (perrnethylpolysilanyl)iron cyclopentadienyl 

106 

derivatives. The molecular ion, always evident in the spectra, 

0; • 

undergoes the usual stepwlse loss of the two carbonyl groups. 

However, loss of rnethyl groups by cleavage of Si-CH3 bonds 

cornpeted effectively with the stepwise carbonyl loss. 

Most features reported in the previously cited studies 

are also observed ln the rnass spectrum of D~P (Flg. 3.6), 

Table 3.2 lists and asslgns aIl ions clearly discernible 

from the background. The major pathway appears ta be the 

cleavage of a whole Fp group tram the parent ion to give the 

ion [(CsHS)3Fe3(co)6S1404(CH3)41+ (mie 767). The apparent1y 

facile Fe-Si cleavage observed in this spectrum was not 

observed by Klng et al,l20 and is suspicious. Physical and 

chernical properties of D~P show the great stability of that 

bond (Chapter 2) and one can suspect a contribution of thermal 

decomposition to the total intensity of the peak mie 767. The 

presence of thermal degradation is also supported by the 

presence of a large peak for ion (CSHS) 2Fe +_ (mie 186) as 

. l . d l66 prevlous y mentlone 

The molecule seems also ta break down via successive 

losses of carbonyl groups to give the rnonocarbonyl ion 
"'1' 

[(CSHS)4Fe4coSi404(CH3)41+ (mie 748). No competitive side 

pathway is observed for this minor procèss . 

. ' 
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Table 3.2: Assignments of ions observed in the o!Pspectrum 

'" mie Assignments mie Assigriments 
( 

929* [(CsHS)4Fe4(CO)aSi404(CH3)3]+ 655 [(CsHS)3Fe3(CO)2Si404(GB3)4]+ 

916* [(CSHS)4Fe4(Co)7Si404(CH3)4]+ 627 [(CSH S) 3Fe3kco)Si404(CH3)4]+ 

888* [(CSHS)4Fe4(co)6Si404(CH3)4]~ 591 {(CsHS)2Fe2(co)4HSi404(CH3)4]+ 

860* [(CsHS)4Fe4(co)SSi404(CH3)4]+ 562 [(CSHS)2Fe2(co)3Si404(CH3)4]+ 

832 *. [(CSHS)4Fe4(CO)4S~404(CH3)4] 
+ 534 [(C5H5)2Fe2(CO)2S~404(CH3)4] 

+ 

804 [(CSHS)4Fe4(CO)3Si404(CH3)4]+ 507 [(CsHS)2Fe2(CO)HSi404(CH3)4]+ 

776 [(CSHS)4Fe4(CO)2Si404(CH3)4]+ 479 [(CSHS)2Fe2HS1404(CH3)4] 
+ 

... 
[jC5Hs'3Fe3(co)6Si404(CH3)4]+ [(CsHS)2Fe2(co)iSi303(CH3)3]+ 767 47S 

748 [(CsHS)4Fe4(co)Si404(CH3)4]+ 441 [(CsHs)Fe2(co)Si404(CH3)4]+ 

711 [(CSHS)3Fe3(CO)4Si404(CH3)4]+ 419 [(CSHS)2Fe2Si303(CH3)3]+ 

[(C5HS)3Fe3(CO)3Si404(C~3)4]+ I(CsHS)Fe(CO)2Si404(CH3)4]+ 
t 

683 413 ...... 
0 
~ 
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Table 3.2: (cont 1 d)'U 

~ 

rn/e Assign_~nts m/e~ments 

40S 

38S 

357 

3SS 

295 

267 

241 

186 

177 

16S 

149 

* 

I(CSHS)2FeHSi3Û3(CH3)]+ 

[(CSHs)Fe(CÛ)Si4Û4(CHS)~ 
[(CSHS)FeSi404(CH3)4]+ 

[{CSRS)Fe(eo)Si~04(CH3)2]+ 
. { 7 

[(CSHS)Fe(CÛ)2Si202(CH3)2]+ 

[{CSH~)Fe(CO}Si202{CH3)2]+ 

[ (CSHS ~ 2Fe 2] 
+ 

[(CSH S ) 2Fe ] 
+ b-

[ (C S H S ) Fe (CO) 2 J + 

[C13H9 ) + 

[ (C S H 5 ) Fe (CO) 1 + 

-=--- \ 

+ 

0 

121 [(CSHS)Fe] 

115 

91 

1 6S 

39 

-

+ [C
9

H
7

1 

[C
7

H7 ] + 

[CSH S] 
+ 

[C3H3 1 + 

Smal1 peaks observed on the oscil1ogram only. 

7 
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The most i~teresting feature of the O:P spectrum is thé 

formation of what appears to be [(C5H5)2Fe2(CO)4HSi404(CH3)4]+ 

(mie 591). An ana1ogous ion [CSHsFe(CO)2HSi(CH3)2]+ was 

observed in the spectrum of (CH3)SSi2Fe(CO)2ns-CsHs but was 

not explained
120

. It seems the origin of the extra hydrogen, 

5 can be rationa1ized by a hydride migration from a n -CSH
S 

group to an adjacent or transannu1ar siliconium ion. The 

proposed rearrangernent is shawn in Scheme 3.5. 

The ion C
3

H3+ (mie 39) prèsent in most spectra of cyclo-

. . b 1 . . 163 h . pentadlenyl Iron car ony derlvatlves as been attrlbuted 

to the extrusion of the elements of acetylene (C
2

H
2

) from ' 

+ 166 + CSHSM The formation of ion C7H7 is less often observed 

and can be formed by the coupling of a CSHS ring with the 

ac~tylene elements. 

3.S Conclusion 

In conclusion, it is evident that the different series 

of methyl(oligo)cyclosiloxanes studied have very little in 

common and it is possible to draw out characteristic behaviors 

for each of them: 

mass spectra of the DH series show aIl the features n 

associated with the ring contraction mechanism pre-

viously proposed for Dn. The characteristi~ern 

of peaks mie 45, 59 and 73 could be useful for id~tifi-

cation of methyl hydrogen siloxane units in complex 

mixtures of methyl{oligo)cyc1osiloxanes. 
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Scheme 3.5: HYdri~ migration duri~fragmentation of D~ 

OC, 
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• 
mass spectra of the n!h series show the formatiOn of a 

bridged benzenonium ion as the major pathway, even though 

the formation of such an intermediate ion probably 

introduces a mueh more severe strain in the siloxane ring 

than in the analogous linear methylphenylsiloxanes. 

mass spectra of the n!r series show the loss of CH4 and 
. . 

HBr from the molecular ion instead of CH
3 

and Br as 

observed for most halogenosiloxanes. This unexpected 

behavior is attributed to favorable spatial disposition 

of substituents on the siloxane rings. 

mass spectra of the DCo series show,successive los ses of 
n 

+. + earbonyl ligands from the ions [M] , [M-CO(CO)4] , and 

[M]++. S , h H. f 5 '1 b . ab Ince t e D rIngs 0 n > are eaS1 y 0 ta1n le 
n 

(Chapter 2), and there is no reason to believe that they 

Co cannot be converted ta the appropr.iate D analogues, one 
n 

could envisag~ molecule~ with rnany more than the reported 

twenty CO ligands for D~o. The relatively high volatility 

of these compounds, together with their high molecular 

weights, suggests that they may have sorne value as mass 

markers. 

the mass spectrum of n!P shows r in addition to the 

usual stepwise 10ss of CO and cleavage of the Fe-CSHS 

bond, an interesting hydrogen migration from a cyclo-

pentadienyl ring to an, adjacent siliconium ion. Such 

a rearrangement is highly favoured by the ring 

structure of the OFp molecule. 
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4. la NMR SPECTRA OF SOME METHYL SUBSTITUTED CYCLOSILOXANES 

.. 
4.1 Introduction 

This chapter describes the characterization by nuclear 

" magnetic resonance of the methylcyclosiloxanes prepared and 

isolated as deseribed in Chapter 2. Whi1e infrared speetroscopy 

gives important information about the nature of substituents 

and the mode of bondlng 1 and mass spectrometry provides 

cri tical insight into the molecular weight and the mode of 

decomposition of the whole mo1ecule under electron Impact, 

proton magnetic resonance spectroscopy was found to be the 
, 
most useful tool for the InvestIgatIon of Isomerie structure 

and composition. The lH NMR method provides new Information 

about the natures and the dIstrIbutions of geometric lsomers 

of most methylcyclosiloxanes reported here. 

The first successful separation of geometrlc ISOmer& of 
<. 

methylphenylcycloslloxanes (D
Ph ) by distillatioh and frac-, n 

tional crystallization, and their eharacterization by infrared 

spectroseopy, were reported by Lewis 92 and by Young et al. 93 

In the early 60's, the advent of NMR speetroscopy allowed 

the compl~e assignment of the IH NMR speetrum of a natural 

mixture (close to the statlstical distribution) of D!h 

. 16 l.somers Later, it was shown that the methyl group attached 

t~ the silicon atorn in linear and cyclic siloxanes is an 

168 excellent NMR probe The methyl chemlcal shift was found 

to depend on the ring size and upon the nature and orientation 

, , 
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of neighboring groups169,170. Si1icon-29 NMR, with proton 

noise decoupling has recently been used for structural studies 

of oligo- and po1ym~rlc siloxanes171 , 172. (' 

4.2 Experimental and instrumentation 
il 

4.2.1 NMR measurements 

AlI 1H and 29 Si NMR spectra were recorded on a Varian 

XL-200 (200-MH~, FT) spectrometer. Deuterated solvents were 

used as received. AlI chemical shifts are reported relative 

Principal instrumental parameters used 

are given ln Table 4.1. 29 172 The special Si-INEPTR sequence . 

is described in Appendix II. 

4.2.2 Separation of 

erude, fresh1y 

.' l.f . Br 
lsome:r;~? D3 

Br ptepared D3 (1.02 g) was disso1ved in 

6 mL of dry pentane, filtered and cooled to -20°C for 24 h. 

The supernatant solution was then carefully decanted by 
~ 

syringe and transferred to a second round-bot tom ~ask under 

a stream of ni trogen and the white crystalline residue was 

washed, flltered and dried (compound ~). The solution was 

cooled ta -78°C in an acetone-dry ice bath for 8 h. More 

crystals were formed (compound 40). The rnother liquor was < 

syringed lnto a third flask and evaporated to dryness 

leaving a light yellow solid residue (0.26 g). The crystal-

line fractions 39 and 40 were drled under rnoderate vacuum, 

weighed and analyzed by IH NMR. Data are reported in 
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Table 4.1: Instrumental parame~rs for NMR measurements f' 

Parameters r~ coupled lH decoupled 29Si-INEPTR 

Transmitter nucleus 

Spectral widtp (Hz) 

Acquisition time (sec) 

Number of points 

Pulse width (~ sec) 

~ Number of transients 

Transmitter offset (Hz) 

Presequence delay DI (sec) 
• 

Exclta~ion transfer delay 02 (sec) 

Refocusing delay D3 (sec) 

Coup1ing constant J(Si-H) (Hz) 

Proton 90° pulse (~ sec) 

Decoupler nucleus 

Qecoupler power leve1 

Decoupler mode 

Probe temperature (OC) 

Resolution E-ppm) 

1.700 

2000.0 

.4.0-

1600 

5.0 

from 16 to 400 

0 

.. 

?'\ 

19.5 

0.001 
, '. 
.' 

1.700 29.000 

2000.0 2000.0 

4.0 4.0 

1600 1600 

5.0 50.0 
-

from 16 to 400 60"0 

0 " -700 

5.0 
3.84 x 1Q.-3 

3.84 x 10- 3 

130.0 

50.0 

1. 700 1.700 
low (0 to 60 dB) high 

yyy NY 

19.5 20.0 

0.001 0.001 
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Table 4.5. The yellowish residue eontained hydrolyzed 

siloxanes and sorne o~r. 

4.2.3 Separation of isomers of o!P 

115 
.r 

A samp1e of compound II (0.159 g) was dissolved in 1.5 mL 

of dry benzene and charged onto a silica gel chromatographie 

colurnn (1 x 60 cm). The column was slowly e1uted with 
.~ 

ca. 200 mL of 4:1 hexanesjbenzene mixture. A transparent 

fraction (ca. 100 mL) containing only the solvent was first 

collected. A ye110w band (10 cm long) migrated slowly and 

was collected as eight small fractions (7 to 12 mL each). The 

f~actions were evaporated to dryness and the residues were 

weighed and analyzed by lu NMR. Data are reported in 

Table 4.6~ Attempts to separate o!p isomers by TLC and 

flash chromatography are reported in Appendix III. 
" 

4.3 Results 

4.3.1 The methylhydrogencyclosiloxanes 

1 The H NMR spectra of methylhydrogencyclosiloxanes 

exhibit resonances in the region <5 4.9-5.1 for Si-H protons 

and 6 0.1-0.2 for the methyl groups. In coupled spectra, the 

Si-H region appears as an unresolved, complicated cluster 

of overlapping peaks in aIl spectra, whereas the Si-CH3 region 

H H shows the superpos1tion of many' doublets for 03 and 04 and a 

complicateà cluster of overlapping peaks for o~ (Fig. 4.1). 

The complexity of the OH speetra is partially due to the 
n 
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1 
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Fig~e 4.1: 

6 

? ' 

-
Coupled 1H NMR spectra of D~, D:, and D~ in 

the methyl region, measured in C6D6 (ca. 5%) 

at 20°C 
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three-bond-coupling between the hydrogen bonded to the silicon 

and the protons of the geminal methyl group: 

-0 H • gives a quartei (ca. S ppm) 

"" / 
Si 

/ " -0 CH3 •• give s a doublet (/ca. 0.15 ppm) 

The coupling constant ranges from 1.45 Hz in D~ to ~55 Hz in 

'D~ as determined in spectra shown in Figure 4.1. Decoupled 

spectral data for the methyl region are given in Table 4.2 

H H H for D3 and D4 and in Table 4.3 for DS. Decoup1ed spectra 

appear as three independent singlets for D~, two pseudo­

doublets and one singlet for D~ an,d a çluster of nine poorly 

resalved singlets for D~. The decoupled spectrum for the 

hydragen regian of D~ also gives five peaks: 4.986, 5.010, 

5.014, 5.031, and 5.037 ppm. The decaupled spectrum in the 

Si-H regian is the rnirror image of that af the methyl region • 

4.3.2 The methylphenylcyclasiloxanes 
1 Ph Ph -

The H NMR spectra af D3 and D4 in the methyl reglan 

have been reported and assigned previously170 The results 

of the present work listed in Table 4.2, do not dlffer 

significantly from published results. ~The spectrum af pFh 
.3 

shows three independent singlets whereas o!h looks like two 

pseudo-doublets and two singlets. The coupling between 

, 
i 

\ 



'" 
~ ~ ,.. .. 

:;-Î 
" .. 

Table 4.2: la NMR data for CH
3 

resonances of 0: (n = 3 and 4) recorded in C
6
0

6 
a~ ~ient temperature.' 

The relative intensities are given in parentheses. 

,r" t. 

-- -' , .. 0 (ppm) 
• 

Isomer - Notation H C
6

H
5 

Br Co (CO)..,a 
5 

Fe (~) '2n -CSHS 
-.:: 

'V 
~ 

o~ (1) 0.136 (8.5) 0.572 (4.1) 0.299 (4.4) 

~ 
'--R 1 0.154 (10.0) 0.489 (l0.0) 0.376 (l0.0) 

0
3 

(II) 
2 0.161 (5.0) 0.420 {S.Ü) 0.426 (5.0) 

<>~ o~ (1) 0.113 (4.1) 0.553 (6.8) 0.289 (7. 7) 0.693 (5.7) 0.885 (3.9) 

. 
/.::-_' 1 0.120 (4.8) 0.487 (5.0) 0.330 (2.8) 0.763 (5.2) 0.918 (3;2) 

~: (II) 2 0.143 (l0.0) 0.475 (la. 0) 0.412 (6.0) 0.858 (l0.0) 0.936 (6.0) 

~ 0.170 (8.8) 0.264 (4.9) 0.483 (3.0) 1.040 (5.2) 0.945 (3.2) 

0: (III) 0.146 (10.0) 0.390 (8.0) 0.427 (10.0) 0.918 (8.8) 0.957 (l0.0) 

<> 0: (IV) -fi. 170 (8.8) 0.358 (4.9) 0.471 (2.6) 1.002 (3.0) . 0.957 (10. 0) 
........... 
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Table 4.3: 
1 

H NMR data for CH3.resonances 
R 

of DS recorded in C
6

D6 
at 

ambient temperature. The relative intensities are given 

in parentheses. 

Ô (ppm) 

Isomer Notation H Co (CO) 4 (29) Co (CO) 4 (30) 

0 DR 
5 

(I) 0.123 (2.5) 

1 
l 0.131 (5.2) 0.804 (3.0) 

Ù 
'1 
J 

DR (II) 2 0.149 (5.2) 0.953 (10.0) \ 

5 

3 0.195 ' (2.7) 1. 097 (4.5) 3 

2 
0.141 (3.2) 0.843 (4.7) 0.851 (2. 3"'~>lrV 

0 
1 

DR 
..;. 

(III) 2 0.159 (l0.0) 0.953 (10.0) 0.953 (10.0) 
5 

3 0.169 (5.9) 0.997 (9.0) 0.998 (4.0) 3 

1 1 0.159 <l0.0) 0.953 (10.0) 0.953 (10.0) 

0 o~ (IV) 2 0.176 (2.7) 1.067 (O. B) 1.063 (1.0) 

3- 0.186 (5.2) 1.100 (1. 4) <1.097 (4.5) 
3 

" 
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methyl and phenyl protons is too weak to be observed. AS 

e~ected, the phenyl regions (from 7.0 to 7.6 ppm) of both 

compounds are too complicated to De interpreted and will 

not be men'tioned in the discussion. 

4.3.3 The methylbromocyclosiloxanes 

120 

1 Br Br The H NMR spectra. of the two new products, D3 and D 4 ' 
J- , 

, rly simple (listed in Table 4.2). The spectrum of o~r 

series of three independent singlets and that 

Br ' of 04 consists of three groups of two peaks each. The 

chemical shifts of DEr are in a region between those of OH 
n n 

and oPh. The several peaks are spread over ranges of 25.4 
n 

and 30.4 Hz for D~r and u~h respectively, compared to the 

H very small '5.0 Hz range for D3. 

4.3.4 The tetracarbonylcobalt (I) methylcyclosiloxanes 

The IH NMR spectra of the two new compounds D~o and 0;0 

are shown in Figure 4.2 and chemical shifts are listed in 

Tables 4.2 and 4.3 respecti vely. The spectrum of o~o shows 

.three groups of well-resolved peaks as expected from 

Br Ph Co 
analogous D4 and °4 . Surprisingly, the spectrum of 05 (29) 

was much simpler than expected from the decoupled spectrum of 

H 
Os (Table 4.,3). Furthermore, data from two different samples 

(29 and 30) show that slightly different purification techniques 

may lead ta a variation in the isomeric composition of the 

product, probably as a result of fractionation during the 
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Figure 4. 2 : 
1 Co Co 

H NMR spectia of D4 and 05 in the rnethyl 

region, measured in C6D6 (~.' 5%) at 20 0 e 
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erystallization. Assignments given in Figure 4.2 will be 

discussed in the next section. Methyl proton shifts observed 

for DCo are the highest of any of the cyclosiloxanes discussed n 

in this work. The IH NMR spectrum of the previous1y reported 

compound, [(CH3)2SiCo(CO)4]20, gives a single peak at 0.6 ppm38 • 

4.3.5 The tetrakis (cyclopentadienyldiearbonyliron (II) ) tetra­

methylcyclotetrasiloxane 

The IH NMR spectrum of D!P (31) in the methyl .region is 

1isted in Table 4.2. The cyclopentadienyl resonances appear 

as a group of peaks in the region, 4.4 to 4.5 ppm. 

The range covered by methyl proton shifts in o!p (15 Hz) is 

about 5 times smaller than in D~o which results in problems 

with the resolution of aIl of the peaks. In somewhat similar 

compounds (methyl polysilane derivatives) reported by Kingl16 , 

the n5-CsHs proton shifts ranged from 4.4 to 4.8 ppm and 

CH3-SiFe' proton shi fts were observed in the region 0.5 to 

0.9 ppm. 

4.3.6 Decomposition of D~ 

As rnentioned in Chapter 2, the slow decomposition of 

D~ (~. 1% in C6D6 ) was monitored by lH NMR over a 20 h ' 

periode The spectra (Fig. 4.3) show the disappearance of 

D~ characteristic peaks and the formation of a symmet\ical 

cluster possibly due to the formation of polymerie material. . -
1 
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Figure 4.3: Monitoring of the decomposit~on of D~ (27) in 

C
6

D
6 

(~. 1%) at 20°C. la NMR spectra' in the 

methy1 region were recorded: a) 15 min, 

b) 2 h and c) 20 h after the isolation of 

the product 
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4.4 Discussion 
d 

4.4.1 Assignment of 1H NMR spectra of isomers 
. 

The problem of methyl NMR shift-structure correlations 

in methylphenylcyclosiloxanes has been studiedl70 and a simple 

empirical equation was used to predict accurately the methyl 

proton shifts in different geometric isomers. The rnethyl 

shifts were found to be dependent upon the ring size of the 

siloxane and chiefly upon the posltion and the spacial 

orientation of all other methyl and phenyl groups ~n the 

molecule. Appllcatlon of this approach allowed the complete 
. 1 
assignment of rnethyl H NMR spectra of cyclopolysiloxanes, 

[' (CH3 ) 2Si01 n [(C6HS)CH 3SiO] R,-n where n = a to 5 and Q, = 3 to 5
170

• 

The study of analogous methylhydrogencyclosiloxanes 

(OH) is slightly complicated by the proton-proton coupling 
n 

occurring between the rnethyl group and the hydrogen bonded 

to the same silicon. Sorne rnethylhydrogencyclotetrasiloxanes, 

o OH 
4-n n for n = 0 ta 4, have been studied169 . The best 

reported coupled spectrum for o~ at lOO-MHz (20% in 

seemed to consist of three poorly resolved doublets at 0.22, 

~ 0.23 and 0.25 pprn for methyl protons and one quartet at 

169 6 4.8 for the S~-H hydrogen The assignments presented for 

the . h 1 . 169 b d coupled spectrum ~n the met y reg~on are ase on 

tpe presence in the molecu1e o? three different environments 

for each methyl group .. The presence of two peaks for each 

environment was curiously attributed ta the flipping of 

the observed groups (cis ++ trans) rather than to the 

1 
t 

1 
j 



" 7ft 
r~~ ~ 

'~i . 
~ 

: 

i 

" 1 

Ir 

, 

( 

- ......,.,~~~~"'~l-4 .. "' ...... ~ ... " ~~ ........ __ . 
) 

J 

; 

125 

\ 

.\ 

fi' / 
simple coupling 'with the geminai hydrogen ~ Furthermore, ~ese 

authors totally neglected the through-space-shieÎding-effect 

due to.geornetric isomers discussed below. To our knowledge, 

no detailed proton decoupled spectrum has yet been published 
H ph 

for Dn (n ::::: 3, 4, and 5). AlI other compounds (except Dn ) 

reported in ,the present work are new and thus have never 

1 been studied by H NMR spectroscopy. 

An analysis of the lH chemical shifts given in 

Tables 4.2 and 4.3 reveals a c~ear dependence of the shifts 

upon the nature and the spacial position of the substituent R. 

The methyl proton shifts seern to be mainly correlated to the 

simul taneous interplay of two factors: 

1) The throu9h-bond-shielding-effect controlled by the ring 

size and the nature of the substituent R on each silicon. 

2) The through-space-shielding-effect controlled by the 

nature and the spacial orientation OI neighbors (geometric 

isomer! sm) . 

An eXanUnation of IH shift ranges in decoupled 0: spectra 

(Tables 4.2 and 4.3) does not reveal a clear relationship 
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between the ring size and the chemical shift: 

/ H 
,On 

J n=5 

4 
~ , 

, t 3 
\ 

TMS 

1 
0.1 

This observation is also true for aIl other series reported 

here. Thus, it seems that the shielding effect due to the 

ring is roughly constant whatever the size. This lack of 

simple correlation is also observed in the D series where D3, 
, n 

p 

D 4' and DS gi ve, respecti vely, cme singlet at 0.12, 0.07 and 

93 0.06 ppm . The D system is free of isomeric population 
n 

effects (aIl CH 3 have a similar environment in the sarne 

ring) and should give a true picture'of the ring effect. 

The effect seems to be relatively small and not directly 

correlated to the number of siloxane units in the ring. 

The nature of the substituent R is clearly much more 
-

important in the variation of the chemical shift. The 

through-bond-shielding-effect should be related to the 

electron donor~cceptor ability of the substituent. A good 

electron-donor (an electron-rich substituent) will increase 

the electron density aro~d the silicon atom and thus 

increase the shielding of methyl protons. Highly shielded 

'j>' 
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protons will resonate ~-field and the chemical shift expressed 

in ppm from TMS will tend toward zero and eventually becornè 

negati v:e for strong.+y shielded protons. On the other hand, a 

good electron withdrawing substituent will decrease the 
" 

shielding of methyl protons. Such protons will resonate 

dawn-field and the shi ft (0) will tend to increase. It is 

difficult to estirnate the electronegativities of complex 

substi tuents, but organic chemists have developed sets of 

substituent constants l74 frorn kinetic data and structural 

con~iderations which allow empirical calculations of the 

electronegativity17S Such calculations give the following 

electronegativity trend: 

f . 
Transition metal atoms, suchr,as iron and cobalt, could be 

regarded as electron-rich substituents due to their electro-

positive character, but,when the cobalt(I) atomis coordinated 

to four carbonyl groups 1 and the iron (II) to one n 5 -CSHS and 

~wo carbonyls, they become strongly electronegative substi­

tue"nts toward silicon becauseélCO is a strong TI acceptor 

ligand and th~re is a net withdrawal of electrons away from 

the metal. The cyclopentadienyl ligand is amphotéric 

(acceptor and donor) and can becorne a good acceptor when 

competing with carbonyls87. A strong electrophilic character 

'f 

i 

f' , 
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1 
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has been attributed to ,the ion .[Fe (CO) 2 n -CSHSJ by Kingl76 
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Available data from sorne trimethylsilyl deri vatives (Table 4.4) 

S'Flows that organometallic substituents have a deshielding 

effect comparable to and even greater than Br and the phenyl 

group. If a simîlar trend persists in the cyclosiloxane 

deri vati ves, the through-bond-shlelding-effect of the 

substituent R should be 

\ > Br 
5 

. Fe( C O)2'7( C5t-:1S --- ::::t..H 

where Co(CO)4 should have the strongest deshielding effect 

(methyl protons observed down-field) and CH3 should have the 

weakes~ effect (CH 3 protons up-field). The observed values 

for D~ (Table 4.4) are cin reasonable agreement with thiR 

hypothesis. The observed trend clearly shows three groups 

1 

of substituents. Both organometallic groups have the 

s~rongest, deshielding effect, C6HS and Br have the intet-

media te 

effect. 

position, and CH3 and H have a relative 8hielding 

'5 Nevertheless, the Fe(CO)2 n -CSHS ~roup 8eems to 

have a stronger deshielding effect in cyclic siloxanes than 

in simple trimethylsilanes. This supplementary effect seems . . 
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Table 4.4: l 

H NMR data for CH
3 
resonance~ of sdme 

trimethylsilyl and cyclotetrasiloxanyl 

derivatives 

Substi tuent o (ppm) 

~], ~ R (CH3) 3Si - R DR 
4 

0.02 177 ~v 
0.14 a H 

CH
3 

0.00 b 0.07 93 

C6 HS 0.24 177 0.41 a 

Br 0.52 177 0.39 a 

Co (CO) 4 0.59 32 0.89 a 
~ 

5 
Fe (CO) 2n -CSHS 

0.36 57 0.92 a 

a The median value of the cluster of peaks has been cal-

cula ted from the data of Table 4.2. 

b TMS is taken as reference. 
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related to the structure of the cyclosiloxane itself and will 

be discussed later in this chapter. 

, The through-space-shielding-effect on methyl protons i6 

due to the nature of the substituent but is above aIl related 

to its spacial position toward the methyl group. On the 

initial assumption that the isomers have similar conformations 

(or fast interconversion of different conformers), it has been 

16 ,proposed that methyl group shift assignments can be made on 

the basis of a cornparison of their environments and on the 

assumption that the adjacent substituents have the greatest 

influence. The environrnents of the different rnethyl groups 

· R in D (n = 3 ta 5) are shawn in Sc~eme 4.1. AlI three rnethyl 
n 

groups in D~(I) are equivalent and aIl protons should resonate 

at cne sarne frequency. Tw~ differ~nt environments are possible 

for bhe isomer D~(II} and two peaks should be observed in the 

ratio 2:1. Six different environments are possible for aIl 

R R isomers of P4' and ten for those of DS" TWo very similar 

enviro~ents in D~ (noted a and b in Scherne 4.1) will give 

only one peak if the average conformation of the ring in each 

isomer D~(III) and D~(IV), is not'changed by the size of the 

suqstituent. ScheIDe 4.1 gives also the statistical abundance 

~of each environment ca1culated from the statistical abundance 

of each isomer given in Figure 1.2. Using information given 
", , 

in Scheme 4.1, three theoretica1 spectra can be drawn, as 

shown in Figure 4.4, where the through-space-shielding-effect 
, ' 

of the substituent R on neigpboring CH3 protons is assumed'to 
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Scheme 4.1: Chemiéa1 envirorunents of methyl groups and 

DR ( . their statistical abundances in n n = 3, 4, 

and 5). The SYmbO~@ stands ter the 

obsèrved CH 3 

j. 
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Theoretical IH NMR spe'ctra for CH
3 

resonances 

R of On (n = 3, 4 and 5) where the through-

space-shielding-effect of R group is smaller 

than the effect of CH 3 itself 
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~be smaller than the effect of the methyl group itself. If 

the opposite case is considered, the mirror image spectrum 

results. Assignments of methyl resonances for the cyclo-

trisiloxane isorners are unambiguous and provide basic 

in~ormation about chemical shift effects of adjacent sub­

stituents. In the decoupled spectrum of D~ (Table 4.2), the 
j 

methyl protons in a cis-relation to two adjacent methyls 

resonate a~thigher field (0.136 ppm) than rnethyl protons that 
./' 

are cis to two hydragens (0.161 ppm). Methyl protons adjacent 

to one cis-rnethyl and one cis-hydrogen resonate at an inter-

mediate frequency (0.154 ppm). Hydragen has a net through-

space-deshielding4 effect when compared to the methyl group 

itself. Similarly, brornine in D~r has a deshielding effect but 

the phenyl group has the reverse effect. It seems reasonable 

to attribute this unexpected effect to the ring current 

induced in th~ phenyl ring by an applied field. When the 

plane of an aromatic ring is oriented perpendicularly to an 

applied field, B, a molecular circulation of electrons is 

induced178 . The small magnetic field produced by the ring 

current adds ta the applied field B (down-field shi ft) when 

protons are held in the plane of the ring but opposes the 

field B (up-field shi ft) when protons are held above the 

plane of the ring. Such ef~ects are illustrated for the 

case of a rnethylphenylsiloxane in Figure 4. Sa. ,The CH 3 in a 

cis-position toward the adjacent phenyl group experiences 

an upfield chemical shift. 

,; 
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Figure 4.5a: Illustrati'on of the ring eurrent effeet of the' 

phenyl group upon the shift of rnethyl protons 

in a methylphenylsiloxane unit. B is the 

B 

Figure 4.5b: 
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R Assuming that the effects observed in D3 (R = H, C6HS ' 

and Br) are also present in larger rings, it is possible, by 

using the chemieal environment arguments diseussed above and 

in Scheme 4.1, to assi~n the observed peaks of the tetramers 

DR (R = H, C6 HS ' and Br) (see Table 4.2) and o~ (see Table 4. 3) . 4 r, 

Peak #3 of isomer D~ (II) and the lone peak of isomer D~ (IV) 

over1ap, but this is not prejudieial to the total assignment 

of the spectrum sinee the integration value of peak #1 (equal 
, 

to peak #3) can be subtracted to get the value for isomer 

04 (IV) alone. 

Since D~o has not been synthesized, the assignment of 

0;0 has to be established directly fro~ the tetramer. The 

spec~um of a mixture of isomers of D~o, 28, (Figure 4.2 
"'</ 

Veft) shows six well-resolved peaks and strongly suggests 

M.h assignmen~, similar to thè theoretica1 spectrum of 

Figure 4.4 (center). The second peak at the extreme right 
. 

of the spectrum (Fig. 4.2), the largest one in the center 

and thè Iast one at the extrerne left are in perfect cor-, ~ 

relation 1:2:1 and are attributed to isomer D~o(II). Other 

peaks are then assigned following the hypothesis of chemical 

environments as used for D~ and D!r. Thus peak #3 of isomer 

O;o(I1), the lowest shift observed, corresponds to the 

rnethyl protons completely surrounded by co~alt carbonyl 

groups whereas the peak at the extreme right, the highest 

shifted, is due to the methyl prdtons of isorner D~o(I) 

because they are aIl surrounded by rnethyl groups only (Fig. 1.,2) • 
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The spectrum ~f D;o (29) shown in Figure 4.2 can be 

tentatively assigned following the same basic hypothesis. 

The isomer D~o(I) is probably absent due to the low natura1 

abundance (S.8%) of the corresponding D~(I) in the starting 

material and the very low final yield of the product (2.6%). 

The isomer D~o(II), if present, should show the peak pattern 

1:2:2 according to the theoretical spectrum of Figure 4.4. 

This pattern does not seern to be present in the spectrum of 

compound 29 but a pattern 2:2:1 is clearly observed and is 

assigned to the isorner D;o(III), the most abundant isorner in 
f 

the mixture. the pattern 2:1:2, due ta isomer D~o(IV), is 

also present in a smal1 amount, but is partial1y hidden by the 

Co 
lar~e peaks of DS (III), The spectrum of compound 30, also 

reported in Table 4.3, shows one extra peak at 0.804 pprn which 

Co could belang to ~somer DS (Ill but the poar quality of the 

sample (con~~rninated with Co2 (CO)8) resu1ted in a spectrum of 

poorer qua1ity, with respect ta reso1ution, than that 

obtained from compound 29. 

Co Co The above assignments fo~ D4 and DS suggest an 

exceptionally strong deshielding effect for the Co(CO}4 group 

on ~djacent and transannular methyl protons. This special 

effect is attributed ta the anisotropie effect of carb~nyl 

groups lying in the plane of neighboring rnethyl protons 

(Fig. 4.Sb). . In a manner similar ta that of aromatic rings, 

the free circulation of electrons in linear molecules such 
, 

as RC=CH and MC=O gives rise to diamagnetic effects when the 

. .. 
1 
i , 
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axis of the molecule is parallel to an applied fieldl79 . 

ln the case of carbonyl groups, the anisotropy causes de-

shielding of protons lying inside a cone whose axis is along 

the C=O bond and shielding outside this coneI79 .(Fig. 4.5b). 

Furthermore, the rotation of the three equatorial carbonyls 

about the C3 axis (Si-Co (CO) 4 has near perfect C3v sym­

metryl17) and perpendicular to B induces a d~shielding, 

doughnut shaped area, around the cobalt center. Thus, 

methyl protons lying in this deshielding area resonate at 
,," 

very low field. For this reason, the peak observed at 

lowest field for D~o (1.040 ppm) is assigned ta the rnethyl 

#3 of isorner D~o(II) (Table 4.2). 

The spectrum of D!P in the methyl region shows only 

five peaks, relatively close together (Table 4.2) and cannot 

b 'd d' 1 b ' , '1 Co e ass~gne ~rect y y us~ng a strategy s~~' ar to D4. An 

alternative strategy is to get'a separation (even partial) 

of sorne isorners and compare spectra from different isomeric 

compositions. 

4.4.2 Separation of geometric isomers o,f D~r and D!P 

The separation of D~h isomers by recrystallization from 
'\.. 

methanol is relatively easy and gives a good yield of both 

isomers l6 . The separation of D!h isomers was achieved 

• previously by a crude chromatography on silica gel, followed 

by successive recrystallizations on el~ted fractions 16 . The , . , 

method is laborious, requires a large ~ount of crude mixture 

,.J 
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and gives.poor yields. 

nèver been reported • 

The separation of isomers of DH has 
n 

The data in Table 4.5 show the relatively good separation 

f DBr . b o one 3 ~som~r y 

solvent. The isomer 

i 
recrystallization-from a non-polar 

D~r(II) can be isolated ,at near 95% 

purity (by NMR) after one recrystallization from the reaction 

mixture. Nev~rtheless, the less abundant isomer, D~r(I), 

probably the most interesting one from the point of view of 

catalyst design, se~ms to be much more difficult to iso1ate 
1 

from its companion. 

The partial separation of D!P isomers was achieved by 

column chrornatography on silica gel (Table 4.6). Many 

attempts at selective recrystallization of sorne isomers 

, 

from the normal mixture using polar sol vents at low tempera- ~ 

were unsuccessful. In most cases, D~P decomposed slowly in 
1 

solution. Unsuccessful attempts at separation of these 

isomers by TLC and flash chrornatography ,are described in 

Appendix III. Although separation on a silica gel colurnn 

with benzene/hexanes is poor, it was possible, by 

cornparing successive fractions, to assign aIl observed peaks." 

The~e assignrnents (Table 4.6 and Fig. 4.6) are based on the 

following considerations: 

a) Isomers having low polarity should have a weaker inter-

action with the column and should rnigrate faster than 

polar isorners. The isomer (III) is a centrosymmetric 

molecule and should have a near zero dipol~moment. 



-l~-'Jl!h""!i!!IlIiMZlIll.,,,,;SIi§!'II;.~ •• IW"' •• IifI_'".ta.cfllJ&iJ .. ,,""'iJ .... 1 & .... ;:L,_ .. J._Ml ___ ~~ __ "" ........ ~_~ _ .. __ ~_~_~ _~ _~ 

1 

0'\ 

.. 

Tab16 4.5: 

--Compound 

39 

""40 

139 

\\ 

Oata fram the separation of isomers of OBr by, 
~ " 3 

recrystallizat~on 

Weight 
(mg) 

470 

210 

IH NHR shifts 
6 (ppm) (intensity) 

0.300 (1. 0) 

0.375 (10.0) 

0.424 (5.1) 

0.298 (10.0) 

0.375 (5.3) 

0.426 (2.6) . 

Isomerie 
composition 

(%) 

oBr 
3 

(1) == 6 

OBr 
3 

(II) = 94 

OBr (1) == 56 3 

OBr (II) == 44 
3 

'rotaI = 680 mg; oBr 
3 

(1) , 140 mg (20%); oBr 
3 (!I), 540 mg (80%) . 

o 
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Tabre 4.6: Data from the separation of isomers Of' Di by eolumn ' 

chromatography 

• 1H NMR shi fts 
, 0 (ppm) (intensity) Isomerie 

Weight 
5 

composition 
Fra.'ction (mg) CH

3 
'protons n -C H prot;ons (%) 

5 5 

0.95 (10.0) 4.442 (3.2) (IV) = 24 
1 e 

0.96 (10.0) 4.453 (10.0) (III) '" 76 

\ 

0.918 (0.3) 4.426 (0.7) (Il) ::; 16 

0.936 (0.7} 4.442 (4.6) (IV) • 29 2 7 
0.942 (0.4) 4.453 (10.0) (IH) - 55 

0.957 (10.0) 4.477 «1.3) 

0.960 C10.0) , 

0.917 (0.8) 4:426 (1.1) (II) '"' 26 

0.935 (1. 9) 4.443 (3.5) (IV) .. 22 

3 . ~4 0.943 (0'.9) 4.454 no.O) (III) = 53 

0.956 (10.0<) 4.478 (2.2) 

0.958 (10.0) 

" 0.915 (1. 8) 4.426-:. (1. 7) (II) = 43 

0.932 (3.9) 4.442 (2.5) (IV) .. 16 

4 29 0.941 (1.9) 4.453 (10.0) (III) = 41 

0.952 (10.0) 4.477 (3.4) 

0.955 (10.0) 

0.918 (4.3) 4.426 (3.3) (TI) = 64 

0.936 (7.8) 4.443 (2.0) (IV) = 13 
5 22 

0.945 (4.2) 4.454 (10.0) (III) = 23 
~ 

0.959 (10.0) 4.479 (6.7) 
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a Table 4.6: (cont'd) , 
( 

1 . f :~ H NMR shl. ts 
o (ppm) (intensity) Isomerie , 

Weight 
5 

composition 
Fraction (mg) CH

3 
protons n -CSH

S 
protons (%) t' 

0.916 (3.6) 4.426 (3.6) (II) = 60 

1) 0.935 (7.6) 4.443 (2.9) (IV) = 13 

6 26 0.9'43 (3.5) 4.453 (10.0) (III) = 27 

0.956 (10.0) 4.479 (8.0) 

0.958 (10.0) 

0.914 (5.0) 4.425 (~. 8) (II) "" 74 

0.932 (10.0) 4.443 (1. 7) (IV) = 6 

7 ~- 19 0.941 (4.9) 4.452 (10.0) (III) = 20 

G 
0.953 (7.1) 4.478 (9.0) 

0.956 (7.1) 

0.885 (4.2) 4.426 (3.7) (1) .. 15 

0.917 (5.1) 4.442 (1. 4) (II) = U 
" 0.935 (l0.0) 4.452 (5.1) (III) = 7 

8 29 
0.944 (4.7) 4.478 (10.0) (IV) :0 7, 

0.956 (4.1) 

0.959 (4.1) 

Total: 154 mg; D~ (1) 4.3 mg (3%), D~ (II) 81.7 mg (53%), 

D~ (III) 81.7 mg (30%), D~ (IV) 21.2 mg (14\). 
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Figure 4.6f IH NMR spectra of eH3 and n5-csH5 groups of 

1 -. 

selected fractions from the chromatographie 

separation of geometric isomers of.O!P, 

measured in C6D6 (ca'. 5%) 'at 20°C 
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The isomer (IV) is the most symrnetrical and should have 

a srnaller dipole moment than the isomE;!rs (II) and 

(I) 82. The two peaks observed in the spectrum of frac-

tion 1 are attributed to isomers.....u? (III) and D!P (IV). 

As the theoretica1 abundance of isomer (III) is twice 

the abundance of isomer (IV), the largest peak has been 

assigned to isomer O!P(III) and the smal1est ta D~(IV). 

The separate integration of peaks is ppssible in the 

cyclopentadienyl region and allows the calculation of 

isomelftic composition (Table 4.6). 

b) The isomer (II) should be eluted third and should be 

easily distinguishable by virtue of its very characteristic 

peak pattern 1:2:1. The fraction 3, illustrated in 

Figure 4.6, clearly shows the ~res~nce of isomer D~P(II) 

which makes the assignment easy. The fractions 4, 5 i and 

6 show only a relative increase in the abundance of the 

isome~ (II). The fraction 7 (Fig. 4.6) is 75% isorner 

07 (II) . 

c) The most polar isomer, o?, (I), is weIl separated and 

appears only in the la st fraction. The fraction 8 
li 

(Fig. 4.6) is the tail of the yellow band. It contains 

very little D!P(III) and (IV) 
'\ 07 (11) is still 

but a large percentage of 

present. As a supplementary support 
III " 

for the proposed assignm~nts, ca~culations of total 
" ") 

composition of unfractionat~d'i~P< (shown at the bottom 

of Table 4.6)' agree weIl with tlteoretical statistically 
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det;e~ned ab un dan ces • The e.xceptionally low abundance 

of D!P(I) is probab1y an experimental artifact. This 

isomer 'seems to migrate much more slowly than other 

isomers and was probably not completely collected in 

fraction B. 

The assignment proposed for the D
Fp spectrum (methyl 

\ 

region of fraction 8 in Fig. 4.6) is signiflcantly dif­

ferent from the assignment proposed for the analogous D~o 

(Fig. 4.2). Methyl protons of D!P(III) and (IV) resonate 

Co at lower field than expected from analogous D4 (III) and "(IV). 

The hypothesis of chemical environments (Scheme 4.1), used 

up to now, fails to explain this behavior. 

At this point, three relevant experimental observations 

should be recalled and summarized: 

1) As noted in Chapter II, the high resolution infrared 

spectrurn (Fig. 2.3) in the carbonyl stretching region 

showed an unexpectedly large number of peaks and a 

restricted rotation of the Fp group along the Si-Fe axis 

was proposed to explain the re sul t. 
)--

2) In this chapter, it was noted that methyl protons of 

D~ resonate at abnormally low field when compared to 

analogous monosllyl-Fp (Table 4.4). 

3) FinaIIy, the assignment of me thyl proton resonances 
:: 

t ' 

cannot be rationalized by the usuai chemical environment 

approach. 
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In the absence of more sophisticated studies (Le. 

X-ray structure), the following hypothesis is proposed: if 

the rotation of the Pp group is not free, as suggested by 

observation (1) above, the cyclopentadienyl group, the 

largest substituent at Fe, will tend to spend rnost of its tirne 
( 

as far away as possible from the siloxane ring and thus will 

lie in the vic1nity of the methyl group attached to the sarne 

/' 

s~licon (Fig. 4.7). Just as for the phenyl group, a ring current 

c~ also be induced in the cyclopentadienyl ring. Figure 4.7 

t 

shows how the methyl protons experience a dawn-field shift 

effect from the ~5_C5H5 ring. Whate~er the geometry of the 

isomer, this '~ect is always present. For this reason, the 

methyl protons of aIl isorners of D!P are observed at lower 

field than expected from analogous (CH 3 ) 3Si-Fp where 

rotation along the Si-Fe axis is probably free. 

A basic assumption for aIl peak assignments made above 

was the averaging of individual conformers of a sarne geo­

metric isomer (lH NMR signàl is averaged by fast flipping 

of conformers, or the rings are essentially planar and give 
r*, 

simple NMR signaIs). This 'Qypothesis seetns to he questionable III 

in the specific case of o? a~ suggested by observation 

(3) above. An attempt to "observe" the individual conformers 

by means of a IH NMR variable temperature experiment on 
\1 

compound 31 was unsuccessful (Appendix IV). Spectra at -70°C 

and +20°C are virtually the sarne~ This observation may 

have three interpretations: 

1 
j 
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1) The interconversion energy of confonners is very 10w and 

the flipping cannot 'be stopped in the range of tempera-

tures studied. 
.t 

2) AlI rings are fIat and have no conformers. 

3) The conformers are .frozen even at +40 oC, due to , 

the very bulky substituent Fp. 

Unfortunately, the available data does not allow us to go 

any .further into the structure elucidatiôn of D!P in solution. 

The abundance of ~eornetric isomers of DR (listed in n 

Table 4.7) was calculated from the assignment and the relative 

intensity of all lH NMR spectra reported in Tables 4.2 and 

4.3. The accuracy of these calculations is variable and i5 

a function of t,he quali ty of the spectnum obtained for the 
'. 

individual compound. For exatnple" the 'spectrum of D~ 

(Fig. 4.2) iS"easily integrated and gives very accurate 
~ 

results whereas the spectra of n!p (Fig. 4.6) gave serious 

difficulties in resolution and integration. AlI compounds 

have an iSGmeric composition not sig;~ificantly different 

from the statistical composition, except for 0;° 

D?, as previously menti.oned in the discussion. 

(29) and 

Finally, it should be mentioned that the compound 32, 

isolated from the partial substitution of D~, has the 

fsomeric composition (~Y lH NM~ O!P(IIIl and O!P(IVl 70% 

D!P(II) 30%. ~s expected, the dimer [Fe{CO)2nS-eSHS]2 shows 
• 

good selecti vit Y toward the less hindered isomers (III) 

- - ------------"". ~, -
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1 Table 4.7: Abundance of geometric isomers of DR (n = 3, n 

4, arfd 5) given in % 

Jo 

Substituents 
Statis- 5 Isomer tica1 H C6HS Br Co (CO) 4 Fe (CO) 2n -CSH5 

, , 
DR 

3 (1) 25.0 3'6 21 23 

(II) 75. Cl 64 79 77 

1< 

DR ct) 12.5 Il 17 24 15 .... 3a ., 
4 

(II) SO.O 52 50 36 54 53 

( III) 25.0 27 20 31 23 30 

Cr 
(IV) 12.5 10 13 9 8 14 

., 
o~ (1) . 

, 
6.25 -6 -J' 

( II) u 31.25 31 

(III) 31. 25 35 - - 86
b 

(IV) 31. 25- 28 14 

aOata from l'able 4.6. 

boata '" from compound 29. 

~ 

"'-

Cl 
1 

.,J. 
~ 

" 
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, and (IV) in a Fp deficient reaction. 

4.4.3 An approach to the interpretation of IH NMR spectra of 

heteronuclear compounds 

The chemical envi ronment approach used above for the 
, l ,b 

assignment of H NMR spectra of isomers of most homonuclear 

substituted compounds can be'extended to the spectra of sorne 
, 

heteronuclear" cornpounds already described in Chapter 2. The 

discussion will be Later restricted to substituted methylcyclo­

tetrasiloxanes of the type D!_nD~ (n = 0 ta 4). AlI possible 

geometric isomers of the later compound for n ranging from 

zero to four have been drawn in Scheme 2.3. Suiprisingly, 

only 18 chemieal environments are generated by the 31 geo­

metrie isomers of DA4 DR (Scheme 4.2). It is evident that -n n 

many environments are eornrnon to rnany isomers and thus it ' 

8eems virtually impossible to assign aIl i~omers possibly 

present in a erude mixture of DA4 DR (n = 0 to 4). In order -n n \ 
l to prediet H NMR speetra and as si'gn some i somers , i t i s 

necessary ta know: 

a) The relative through-bond-shielding-effect of the 

substituents A and R. 
r-..-J 

b) The relative through-space-shielding-effeet of A and R, 

Sorne hypotheticaI cases can be proposed: 

( 
\" 

\ 
--.~ ---~ --_.-----------~-----~ 
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, , 

1) If the through-bond-shielding-effect i8 the same for A 

and R (i.e. same electrone9ativity) but the through-space­

Shielding-effec1 of A is different from R, one cluster of a 

maximum of 36 p~aks i5 expected in the methyl region. 

2) If the through-space-effect is the same for A and R 

but the through-bond-effect is different, two symmetrical 

clusters of a ma~imurn of 18 peaks each are expected. 

3} If both through-bond and through-space-effects a~e 

different for A anq R, two unsyrnmetrical clusters of 

18 peaks each are expected. 

To i11ustrate these genera1 considerations, it is inter-

esting to look at the spectra of cornpounds 35 and~. The 

spectrum of 35, a partially-substituted D~_nD~P (n 1- 3.1) 

shows the presence of two c1usters of peaks in the ethy1 
." "\ 

region in the ratio 3:1 (Fig. 4.8). The spectrum i1lustrates 

the hypothetical case (3) above, where the through-bond­

~hielding-effect of the hydrogen fat right) is clearly dif­

ferent from the effect of the Fp group (at left). The cyclo-

pentadienyl region i8 very complex and cannat be assigned 

but the total number of peaks does not exceed eighteen as 

expected. The spectrum of DCoOFp (36) (Fig. 4.9) shows 
1 3 -

only one group of peaks in the methyl region illustrating 

the first hypothetical case above where the through-bond-

effects of Fp and Ca(CO)4 are roughly the same, but their 

through-space-effects are different. The model predicts'l4 

!' , 

r 

-
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1 

\ 
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Figure 4.8: IH ~ spectrum of compound 35, measured in 

f C6D6 at 20°C. The CSHS region is enlarged. 
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Figure 4.9: IH NMR spectrurn of compound DîoD~ (36), 

mea~ured in C6,D6 at 20°c. The CH 3 and 

CSHS regions are enlarged 
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Scherne 4. 2: ChmOical envirorunents 

A R 
D4-nDn (n = 0 to 4). 

for the observed CH 3 
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Scheme 4 •. 3: Che.mical envirorunents of the cyclopentadieny l 
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~roups in the compound Dl D3 (36). The 

SymbolQ. stands for the observed CSHS 
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j. 

peaks fo_r: CH 3-Si-R groups and 6 peaks for CH
3
-Si-A when oniy 

the compound ~~ is present. The abserved spectrum of 

'Co Fe 
Dl D3 shows 20 peaks in the metpyl regian. Nevertheless, the 

assignment of these peaks is impossible because the precise 

shielding effects of each substituent are unknown. The model 

also predicts 12 peaks in the'cyclopentadienyl regian 

(Scheme 4.3). The spectrum shows only Il peaks but it seems 

reasonable to assume that the l~rge central peak results 

from the overlap of two peaks. The assignments of the IH NMR 

spectrum of isomers of OioD~P could be possible by means of 

a partial separation of these isomers as used successfully 

for n!p. Compound ~ was only prepared on a small scale 
,~ 

and such a separation was not atteII\pted. 

.. 
4.5 Concl usion 

A simple empirical approach based on the chemical envi-

ronment of the resonating protons was used to assign oost 

lH NMR spectra of ±somers of substituted methylcyclosiloxanes., 

The CH
3 

group attached to the silicon served as a NMR probe. 

The chemical shifts of the methyl protons are correlated to _ 
<il 

the through-bond-shielding-effect governed by the nature of 

the substituent R at the silicon and to the through-space­

shielding-effect contralled rnainly by the nature and the 

\ spacial orientation cl nei-ghbo-rs. The assignment and the 

integration of IH NMR spectra al10wed for the first time 

(except DP~) the determination of the isomeric composition of 
n 

.' 

1 

l' 
1 
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aIl reporte~ fuIIy-substituted -compounds •. A partial sepa-
• 

,; 

r 
iation of D!P isomers was carried out and the assignment was 

-
~ 

~-
L 
~ .,. 
5 

i 

\done by comparing spectra from differ~nt ~someric compp~ition~ 
. " 

The chemical environment approach ia also valuable for the 
$." " 

interprétation of the coinpl~x apectra of heteronuclear 

\ 
1: 
t. 

~ompounds. é 
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1 
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. r-\ 
--CON'PRIBUTIONS TD QRIGINAL KNOWLEDGE 

1 

Some new inorganic and organometallic derivatives of 
l ,\. • 

methylcyclosiloxanes have been prepared, isolated and ' - (' 

1 characterized by IR, MS, and H NMR. The 1,3, S.-tribroIOO-

"trimethylcyclotrisi1oxane, [CH 3BrSiO]3' and the 1,3,5,7-

tetrabromotetramethylcyclotetrasiloxane, [CH3BrSiO]4' were 
~ 

prepared by the cleavage of the phenyl group by Br2 ..... at low 

tempe rat ure in the corresponding methylphenylcyclosi1oxanes. 

The infrared spectra~of these new halogenocyclosiloxanes 

sho~ the characteristic Si-Br valence stretching frequency 
-1 Br Br ~ at 455 and 439 c:rn for D3 and D4 ' respect~ve1y. 

(he reac1;.ion of D~r w~th sodium tri-~-butyl boro­

hydride ~t low temperature was selective toward Si-Br 
H reduction and produced the elusive D3" This compound, 

previously prepared by a different route" was canfirmed 

ta be very sensi tï ve ta thermal rearrangement. 

The hydrogen elimination reactian of D~ with CO2 (CO)&J 

and [Fe(CO}21)5-CsHS]2 led ta the 'formation and the isolation 

of three new homonuclear compounds: 1,3,5,7-tetraki~ 

[tetracarbonylcobalt(I)]tetramethy1cyc1atetrasiloxane, 

ICH3 (CO(CO)4)SiO]4' 1,3,5,7-tetrakis[cyc1opentadieny1-

dicarbony1iron(II»)tetramethylcyc1otetrasiloxane, 
. 5 . 

[CH3 (Fe (CO) 21) -CSHS) S1.0] 4' and 1.,3,5,7, 9-pel)takis [tetra-
1 

carbony1cobalt (IH pentamethy1cyc1opEmtasi1<ixane, 
" , , 

The infrared spectra/ of the se' compounds 
, .. ; / 

/ 
/ 

/ 
/ 
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in the v(coj region show the characteristic pattern of peaks 

already observed for IOOnosilyLderivatives. It was also 
, 

possible to prepare anq. iscltjite the new hétercnuclear 

cc~pound, [CH3(CO(CO)4SiOJl[CH3(Fe{Co)2ns-CsHS)Si013 by 
. " 

L H Fp reacting the partially substitu1:ed compound 010 3 , with CC2 (CO)S. 

As very li ttle was previously published cn the mass ;# 

spectrometry of substituted methylcyclosiloxanee, a detailed j 
. R It)", 

study. of mass spectra of D , where R. = H (-n = 4, ~ and 6), 
, n ,. . 

R = C6 HS (n =' 3 and 4), R = Br (n = 3 and '4), R = Cc (CO) 4 

(n = 4 and ~), and R = Fe (CO) 2 TJ5_CSHS (n = 4) was çarried out. 

The compounds R = H fragment QY transannular. migration and 
, • 1 

ring contraction mechanism~ as previously reported for the 

compounds R = CH3 but also by the losses of, Si0
2 

and methyl­

hydrogensilanone. The c6mpounds R = C~H§ fragment by 10.BS of 

of benzene and methane from an intra-m6léëularly bridging 

benzenonium ion, and also by losses of the phenylmethy1-

silanone fragments. The compounds R = Br only/undergo HBr 

and CH3 l'osses wi thout evidence fo~ a ring fra9me~tation. 

The compounds R = Cc (CO) 4 -shcw stepwise 10ss of aIl CO 

+. + ++ groups frcm [M] , [M-Co (CO) 4 J , and also [M] j. The 
• 

5 
-compoun~ R = Fe(CO)2 n -CSHS fragments by,loss of one whole 

5 Fe (CO) 2 n -CSHS group followed ~Y losses of CO groups. 

A simple empirical approach based cn the chemical 

_~ ___ environment of the resonating protons was used to assign 

the lH NMR spectra of isomers of substituted methylcyclo­

siloxanes. The chemica1 shifts of the methyl protons have 

, 
'" 
" 
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been correlat~d to the nature of the substituent' R at the 

silic-~~ and to the nature and. the spacial o;:ientation ,of. aIl 

neighbors. The. total assignment tind the integr-ation of 

lH ~MR spectra of o~, where R ::r H (n • 4 and 5), R = C6 HS 

(n := 3 an~ 4), R = Br (n :: 3 and 4), R = Co (CO) 4 (n:= 4 anq 5) , 

and R == Fe(CO)2n5-CsHs ,en = 4) were achieved. These ,results 
-fi 

al"lowed· for the first time (except for the previously reported 

D~h) the d~terrnin~tion of th3r isorneric composition of aIL 

of the above compounds. The chernical environment approach 
. 
was also fo'(und to be sui table for the general interpretation 

• 
of the cornplex spectra of heteronuc1ear compounds, such as 

" 

OCooFp '. 
1 3 . 

/'11. • 

AlI of these results poin-t to the possibility of using 
, 

methylcyclosi loxaneS' as a framew:ork .for organometailic functions 

of potential catalytic in~e-rest. Compounds with more than one 

function, such as, oc
4

Q OFP, can aiso be prepared and isolated. 
-n n 

Nevertheless, two limitations should be mentioned: 1) problems 

in the separation of products and 2) undesired reacti vi ty of 

the silo~ane toward ionic reagents. The forme~ problem could 

be partial1y resol ved by using a ter-but yI group instead of a 

methyl group attached at silicon. The bulky C(CH3) 3 will 

reduce the-flexibility of the- ring (i.e. reduce the so1u­

bility) but,it will retain its characteristic as an NMR 

p robe as wi th the CH 3 group. 
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APPENDIX l 

.... 
'. 

H 5-
Reaction of DS with [Fe (CO) 2n -'?SHS] 2 

dure described for the preparatioI).- of 

H 05 was reacted wi th 12.9 g (37.7 rnmol) 
t 

After 3 days at ~60°C, the mixture was 

r, 

• .J 
160 

FOllowing the proce- • 

o!p, 1.5 9 (5 mmol) bf 

5 
df [Fe(CO)2 n -CS"S]2' 

chromatographed on, 

silica gel. Exarnination of aIl fractions eluted with a hexanesl 

benzene ~xture did not reveal the presence of fully substi­

tuted D~P. The yellow ~iscous product present in aIl fractions 

(overall yield: 2.9 g) was identified as a complex mixture Of) 

partially substituted products. The last fraction (30 mL) 

eluted w-ith hexanes/benzene (2:1), cO'!lected before the usual 
'" 

red band afforded 0.2 9 Of a yellow product sho~ing infrared 

d l MR . f an H N propert~es 0 a highly substituted product 

described hereafter. 

D;_nO~P ~~here n is mainly 3 and 4): IR (hexanes) 2138 (m) 

199:; (vs), 1936 (vs), 1255 (m), 1248 (sh), 1045 (vs, br) cm-l. 
sJ" 

.~a NMR (C
6

D6 ) ô 0.30 to 0.53 (3H, ml, 0.7".0 tq 1.02. (9H, m), 

'4.16 to 4.68 (14H, m), 5.3 (lH, m). 

'. 

Reaction of oHS oFP with CO 2 (CO) 8 The above sample of 
-n n -

D:_nO~ (n = 3 and 4) (0.2 g) was tr~ated with 0.15 9 (O.~4 mmol) 

of CO~ (CO) 8 at ooe in hexanes. Following the procedure de­

scribed for the preparation of DiOD? 1 a pink-red ,very viseous 

oi1 (0.2 g) was isola~. This crude product (impossible to 

" 

...... ' ' .. J ). ù' 

J 

1 
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recrystal1ize at 10w temperature) shows @Pectroscopic prop· 

erties of a oCSo. OFe mixture s1ight1y cém'taminated by the usual -n n ' 
'~ . 

Co 4 (CO) i2 by-product. 

O;~nO!P (where n is main1y 3 and 4): IR (hexanes) 2095 (m) 1 

2060 (w), 2dfO (m), 2040 (w), 2028 (m), 2000 (vs), 1950 (vs), 

1965 (w), 1855 (sh, w), 1258 (m), - 1246 (w), 1040 (vs, br) cm -1. 

Under1ined wave-nurnbers belong te C04 (CO}12. 1H NMR (C
6

D6 ) 

t5 0.76 te 1.08 (jH, m), 4.20 ta 4.71 (SH, m). ". 

Reaction of I~ with Mn2 (CO) 10 A-taluene slurry (ca. 3 mL) 

eent~1ning 0.88 9 (4.50 mmo1) of Mn2 (CO)10 and 0.30 9 (1.25 ~l) 

of' D: was intreduced into a heavy-wa11ed tube (15 mm 1.0. x 

250 mm 1ength) and sea1ed under vacuum (10-3 torr). The tube 

was heated in an ail bath at 140°C far 48 h and then at 

160°C for a further 30 h. After ceoling in liquid nitrogen, 

the tube was opened and the black slurry was e.x;.tracted with 

10'-niL of toluene. An infrared examination of the'crude 

material showed that ca. 95% of the Si-H had been reacted but a--
. . 

large amount of ~2(CO)lO was still present. The taluene 
, 

solution was evaporated ta dryness and the black viscous 
Q 

residue was col umn chromatographed on Florisil R. The 

first yellow band eluted by 120 mL of heXanes was due to 

Mn2(C~)10 (~. 0.4 g). The second fraction e1uted with ISO mL 
o 

of h~xanes/benzene (1: 1) was 0'. 7 9 of a silicone-grease Iike 

.' siloxane species showing no absorption band in the v (CO) region 
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of IR spectrum. Finaliy, ca. 200" mL of pure benzene afforded 

~ a trace amount of a white solid which exhibited IR peaks 

characteristic of an ~Si-Mn(CO)5 compound. Most of the 

material left at the head of the colunm was not displqced 

by benzene, toluene or ethyl acetate. 

--
D Mn (CO) 5 

4 (uncertain) : IR (hexanes) ,2100 (m) '" 2030 (sh) 
, 

2015 (vs) , -2005 (vs) , 1970 (w) , 1946 (m) , 1270 (sh) , 1260 

-1 ~ 

1050 (s, br), 665 (s) cm 

Reaction of D~ with Fe3 (CO)12 A 200-mL three-necked 

(ib) , 

round-bottbm flask equipped wi th a Soxhlet extractor and a 

nitrogen inlet was charged wi th 150 mL of n-hexane and 0.96 9 

H (4.0 mmol) of D4. The apparatus was purged with nitrogen, 

1.7 9 (3.3 mmol) of Fe 3 (CO)l2 was placed ,in the extractor 

thimble and the hexane solution was brought to reflux over 

an oil bath at 85 oC. The extraction was continued for '19 h 

until the complete disappearance of the Si-H band in IR. ~The 

solution was filtered at ambient temperaturé over a thick 

layer of Ce li te R on a frit ted glas 5' fil ter. 'The greeni sh 

solution was cDoled to -78°C for 2 h and then filtered cold 

over Celi te R. The last filtration left a brown-yellow 

solution free of Fe 3 (CO) 12. 'A brown-black solid was 

slowly precipitated from this solution upon standing under 

nitrogen atmosphere at ambient tempe rature. The solution was 

concentrated to ca. 5 mL in vacuo, and flltered again (more 

/ 
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inso1 uble brown ma terial present) and chromatographed on 

silica gel, e1uted with n-hexane. Despite evidence for 

163 

. \ 
decornposition on the col.urnn, (color changes, bubble formation), 

\ 

traces of a viscous yellow solid were isolated from one of ~ 

the fractions collected. The compound was unstable in 

n-hexané at ambient 'temperature. IR (hexanes) 2055 (w), 

2030 (s), 20"0 (vs), 1968 (vw),,", 1268 (m), 1260 (m), 1105 to 

1020 '(vs, br) "cm -1 The compound decomposed 'rapidly in C6D6~ 
"-

in the Nh. tube. 

procedure described for the preparation of 

H (2.12 mmol ) of D 4 and 3. 81 g (8. 8 nunol) 0 f 

Following thé 

were heated together in decahydronaphthalene solution (25 mL) 

at 175 oC for 5 h. The IR examination of the crude solution 
1 

showed the complete disappearance of the Si-H peak, -the 

presence of a complex pattern in the carbonyl stretching 

region (2010 to 1850 cm-l) and the formation of a very broad 

band in the siloxane stretching region (1150 to 990 cm -1) . 

The black solution was filtered and column chrornatographed 
l , 

on silica gel using successively hexanes, benzene, toluene, 

tetrahydrofuran and acetonitrile as eluents. A red band 

correspond'ïng to starting material [,M:)(CO)2n5-CSHS]2 was 
.-7 

eluted but no molybdenum-si1oxane compound was found in 

successi ve fractions. 

r 

, 
• 
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Reaction of D~r with Lifd(CO) 4 A 200-mL three-necked 

round-bottom flask-fit~d with a nitrogen inlet and a rubber 
, , " Br 

'septum was charged with 2. O~.g (4. 8 ~ol) of D3 dissolved in 
, 

25 mL of dry THF and the solution was cooled to -50 oC. A 

solution of 3 g (16.8 nunol) of :Li Co (CO) 4 in 25 mL of dry THF 
.. 

was added dropwise by syringe through the rubber septum_ The 

solution was slowly warmed to ambient temperature with vigorous 

stirring and allowed to react for a total period of 2 h. The 

s'olution was filtered over Celite R and the solvent was 

"pumped pff slowly to drynefft:;. The, black residue was redis­

sol ved in 25 mL of hexanes and the solution fil tered again. 

1 

The solution was cooled to -'78 Q C f~r 3 h wi;thout fonnation " 

~ 
of any precipitate. The t;olution was warmed up, evaporated 'to 

ca. 10 mL and column chromatographeà o~~Florisil R using 

successively hexanes, hexanesjtoluene, and toluene as eluents 
" 

Small amounts of cO2 (CO) 8 and ce4 (CO) 12 were first eluted 

with 150 mL'pf hexanes, followed by a fraction (~. 200 mL) 

containing 300 m~ of a tfansparent viscous material having 
41. 

infrared peaks characteristic of "silicone grease" but no 

signal in the v(CO) region. The last fraction (420 mL) 

-\ 

el uted wi th toI uene contained a dark violet soUd which was 

redissolved in a minimum amount of hexanes (15 mL). The, 

solbtion was stored a t -20 oc for two weeks and afforded 12 mg 

of ..red-black needles. The product was fil tered and dried 

under vacuum. The air stable compound was ictentified as a 
4, 

methinyltIj .. e6balt enneacarbonyl complex {see piscussion, 

, , 

1 
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1 

section 2 :14.8) • Proposed fonnula: HO (CH2 ) 4CC03 (CO) 9 (Il}. w. 514), 

IR (cyclohexane) v(CO) ~100 (s), 2050 (s), 2030 (s), and 

2016 (w). Melting point observed: 92°C. 

0.89 (lH, d), 1.35 (2H, ml, 1.84 (2H, m), 3.22 (2H, m), 

3.48 (2H, ml. Mass spectrum, selected mie (rel. intensity %), 

514 (1.0), 486 (10.9), 458 (88.5), 430 (99.0), 402 (100.0), 

374 (84.6), 346 (82.7),318 (80.6), 290 (33.1),262 (34.8), 
.., 

258 (27.9), 229 (7.6), 193 (13.5), 176 (7.9), 142 {B.1}. 

A 200-mL three-

necked round-bottom flask fitted with a nitrogen inlet and a 

rubber septum was charged with 1.50 9 (2.7 mmol) of o!r 

, 5 
A solution (11.3 mmo1) of NaFe(CO)2n -CSH5 

cO~led to 

ix0THF 
~ 

disso1ved in 30 mL of dry THF and the solution was 

(75 mL; 0.15~ M) was slowly added to the reaction solution 

by syringe. The solution was stirred at -78°C for 30 min 

and then waf,ffied slowly to ambient temperature (~. l h) and 

stirred overnight. After evaporation of solvent in vacuo p 

the residue was extracted with 50 mL of benzene. The extract 

was filtered through Celite R and the volume of the solution 

reduced to ·5 mL. The concentrated solution was chromatographed 

on a silica gel column prepared with hexanes. A sma1l amount 

of ferrocene (5-7 mg) was first eluted with 150 mL hexanes 

5 and ca. 10 mg of [Fe(CO}2 n -CSHS]2 was also eluted with the 

benze~e/hexanes (1:1) (150 mL). A golden band was slowly 

èluted with pure benzene and collected into one fraction 

\ 

, 
1 
î 
1 
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(300 mL). The evaporation of the solvent left a viscous 

yellow-brown~esidue (0.5 g). Attempts to rec;ysta1lize the 

product from a hexanes/benzene mixture led to a slow decom-

position of the rnaterial. IR (hexanes) 2000 (vs), 1955 (vs), 

1It20 (w), 1265 (m), 1245 (w), 1010 (sh), 1068 (s, br), 

820 (w), 780 (m), 645 (w), 630 (w), 597 (s). 

0.25 to 0.50 (2H, m), 0.75 to 0.95 (1.7H, m), 4.10 to 4.45 

(4H, m). 

Reaction of D~r with NaFe(CO)2n5-CSH5 The reaction was 

d d " 1.. l tl f 0 3 r . run un er con ltlons Slffil ar to ~at 0 4' us~ng 

1.5 9 (3.6 mmol) of o~r dissolved in 30 mL of dry THF. A 

solution of 11.3 mmo1 of NaFe(CO)2n5-C5H5 in THF (75 ml, 

O.tSl M) was slowly added. The work up afforded a viscous 
-~ 

yellow-brown residue (0.27 g) very similar to the product 

obtained with D!r which was also very unstable. 

The reaction was also repeated under the sarne conditions 
, 

as previously, using 1.5 9 (3.6 mmol) of D~r dissoi ved in 30 mL 1 
of dry toluene instead of THF. The THF from the preparation 

5 -
of NaFe(CO}2n -CSHS was pumped off to dryness and rep1aced 

by an equal volume of dry toluene before the addition to o~r 

solution. The heterogeneous mixture was stirred an addi-

tional 24 h at ambient temperature. The solution was filtered 

over Celite R and the volume was reduced to ca. 10 mL. The 

solution was filtered over glass wool (viscous black material 

present) and chromatographed on silica gel. Attempts ta 

.. _. - ...... -~- .. -~ .. ~~ . - ~ 
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elute products with hexanes un~er nitrogen were unsuccessfu1 

due to strong decomposition at the head of the column 

(bubbles and color changes). 
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APPENDIX II 

2 9S • NMR f H d DH 
1- measurements 0 D4 an 5 The 29Si - NMR spectra 

t. H H 
Ot D4 and Ds were obtained using a Varian XL-200 NMR 

spectrometer operating in the special INEPTR* ,sequence172 
• 

This sequence can be described as follows: 

ON 9'0 0 180 0 90 0 180 0 1800 

D2 02 03 
, 

03 Proton . 
2 2 2 2 Transmitter 

OFF \ -
<; 

ON ~ 

. 
29Si~ignal , 

Dl 02 03 ~ -
OFF 

2 2 2 Acquisition 

----~ • \ ~ 

Decoupler l\obde OFF 
1 

ON 
-

l Sampling . 

. 

time ~ 

*Insensitive Nucleus Enhance by Polarization Transfer 
vi t.K lœfocus ing • 

. , ' 
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••• _$X1I!!l{n'il &lb L 'b J *,. .... 

(, 

Delay times (Dl, 02, and 03) are give~ in Table 4.1. The 

.29Si chemical shifts measured hy, this method are listed 

169 

in Table A-II. The res~lts are in acco~dance with previously 

pub1ished resu1ts and do not show a. significant tmprovement 

toward the classica1 29 Si NMR proton noise decoup1ing 

172 experiment used by Harris et al. • 
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Table A-II: 29Si chemical shifts for 0:. and o~ 

OH ... OH 
4 5 :t 

6 (Si) (ppm) 6(Si) (ppm) 

Reference 172a This 
' \ b 

Reference 172a This workb work 

-32.39 -32.53 -34.45 -33.61 

-32.41 -32.57 -34.55 -33.71 

":32.68 -32.87 -34.61 -33.78 

-32.69 -32.8.8 -34.68 -33.84 

-33.02 -33.23 -34.73 -33.90 
( 

-

-34.75 -33.92 .. 
:'34.83 -33.94 

-34.85 -34.00 

-34.02 

-34.03 

H ' H 
aObtained from a,mixture of 04 and 05 in C606 with internaI l 

TMS at ambient temperature. 

bObtained from isolated o~ and O~, 20% in C606 with interna! 

TMS at ambient temperature. 
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APPJ:;NDIX III , 

Separation of DFp isomers - 4, 

1) by Thin Layer Chromatography 

Many attempts to separate the geometric isomers of 

DFP (31) were made by means of Thin Laye r Chromatography 
.4 

171 

,-

on silica geiplates (described in the Experimental Section 

of Chap~er 2). Many combinat ions Qf polar and non-polar , 

sol vents were unsuccessful in" achieving an acceptable 

separation ~f one or more of chese iso~ers. Sorne of the 

chromatograms are reproduced in Figure A-IlIa. No clean 
, , 

separation was achiev~d but the "best results" were obtained 

with the sol~nt system: benzene/he~anes. 

2) br Flash Chromatography 

Following the method 'developed by.Still et al. IBO, the 

compound 3i was chromatographed on silica gel using a low 

viscosity solvent system,. The solvent system (hexanes/ethyl 

acetate, 10:1) was adjusted to put the midpoint of the spot 
') 

at Rf = 0.35 on analytica1 TLC (Fig. A-IlIa, bottom) in 

accordance with author specifications to get maximum 
, 

efticiency of the column. A glass column (2 x 80 cm) fitted 

with a nitrogen inlet at the top, ~as fil1ed with~. 17 cm 

of dry 40-63 ~ silica gel (E. Merck no. 9385). The ) 
. 

column.was filled completely with the solvent mixture chosen 

, ... ,..', .1 ... ~ , 
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abOYé and nitrogen'gas (2 to 5 psi~ was used to rapidly 

push aIl the air from the silica gel. The sam~le (231 mg 

of 31) was dissolved in 2 mL of solvent-and carefully applied 

. on the columncwith a syringe. The column was refilled with 

solvent and eluted at a flow rate of 5 cm/min by applying 

a ni:trogen pressure (2 to 10 psi),~ The ~light yellow band 
t !_ 

was collected as 10 small fractions (1 to 3 mL each). The 

solvent was pumped off and the residues weighed. The 

analysis by lH NMR revealed a' very poor separation of 

isomers (Fig. A-Illb). The spectra in the cyclopentadienyl 

region of f~actions 1 and 10 show little change in their 

isomeric compositions. The method was found to be less 

efficient than-~the standard gravit y method reported in 

Section 4.4.2,~possibly due to the use of a too polar 

solvent (ethyl a~etate). , 
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Figure A-IlIa: Thin Layer Chromatograms of o!p (11:.). 

Solvent systems and Rf are indicated 

below each plate (actual size) 
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Figure A-IIIb: la NMR spect,ra of fractions one and;ç.en 

from the separation of o!p isomers by 
Flash Chromatography in th~ cyclopenta­

di~nyl region (C6D6 at 20~C) 
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APPENDIX IV 

. IH mm variable te:m,perature experiment , .. 
Compound .li 

(E!'- 10 mg) was dissolved inl\ mL of dry toluene ... d
S 

and 

sy:ringed into a 5 mm NMR tube .ith TMS. The Varian XL-200 

Spectrometer was set on the Variable Temperature Mode, 

using liquid nitrogen as co1d source, and spectra·-were 

recorded in the usual way at +20 DC, oDe, -20 DC, -40 oC, and 

175 

-70 o e successively. The sample was then warmed to ambient 

temperature and a last .. spectrum was measured at +20 0
(: and 

was found ta be identical to the first one. Spectra of the 
1 

methyl region recorded at +20°C, -40 DC and -70°C. are shown 

in Figure A~~. SPectra show very little changes ,and on1y, 
... 

the peak at left (in spectrum a) is sligqtly disp1aced up-, 

field in the low temperature spectra b and c. It shou1d , 

be noted that the general pattern of the spectra ia different 

froln tl1e usual p~t;eI11 fa und in C6D6 (Fig. 4.6) due ta the 

use of a more polar solvent! ;toluene-dS' 
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1H NMR spectra of the m~thy1 region of o? 
(31) in C7DS solution recorded at 20·C; 

-40°C, and -70°C 

t -

, . , . 

1 ... 

:176 

1 
1 

1 
! 

1 
j , 



f--. 

" 

i 

a b c 

(, 

, -

1 1 1. 1 
1.08 1.05 ppm ta8' 1.04 

.1 
/ 

, 
_~ ~ ____ :~:~J--- li' • m ~ 

,.: ,,\ 



( 

( 

REFERENCES 

1. P.A. KRAMER and C. MASTERS. J. Chem. Soc., Dalton 
Trans., 849 (1975). 

2. J. POWELL, A. KUKSIS, C.J. MAY, S.C. NYBURG, and 
S.J. SMITH. J. Am. Chern. Soc., 103, 5941 (1981). 

~ 

3. J. HAGGIN. Chem. Eng. News, §.Q, Il (1982). 

4. C. ERIEDEL and J .M. CRAFTS. C.R. Acad. Sci.~ Paris, 
~, 590 (1863) . 

5. C. FRIEDEL and J .M. CRAFTS. Bull. Soc. Chim. Paris, 
l, 356 (1865) . 

6. C. FRIEDEL and J.M. CRAFTS. Ann. Chim. (Phys.), 19, 
334 (1870) . 

7. C. FRIEDEL and A. LADENBURG. Ann. Chim. (Phys.) , 19, =-=-390 (1880) . 

8. F.S. KIPPING. J. Chem. Soc., 91, 209 (1907). 

9. F.S. KIPPING. J. Chem. Soc., 101-, "2108 (1912). == 

177 

10. F.S. KIPPING. Proc. Chern. Soc. London, 1Q, 15 (1904). 

Il. W. DlLTHEYand F. EDUARDOFF. Ber. dtsch. chem. Ges., 
ll, 1139 (1904). 

, 

12. E.G. ROCHOW. J. Am. Chem. Soc., il, 963 (1945). 

13. C. EABORN. Organosilicon Compounds, Butterworths 
« Scientific Publ., London (1960). 

'il 

14. M.G. VORONKOV, V.P. MlLESHKEVlCH, and Yu.A. YUZHELEVSKI. 
The Si10xane Bond, Physica1 Properties and Chemical 
TranSformations, Consultants Bureau, Plenum Pub1. Corp., 
New York (1978). " 

15. C.B. MORE and H.A. DEWHURST. J •. Org. Chem., 27, 693 
(1962) . 

16. B.J. HlCKTQN, A. BOLT, J. HOMER, and A.W. JARVIE. 
J. Chem. Soc., C149 (1966). J 

~7. R.E. RICHARDS and B.W. THOMPSON. J. Chem. Soc., 124 
(1949) . 

. . 

,~ 

1 



1 

( 

( 

18. G. EN'GELHARDT and H. JANEKE. J. Organomet. Chem., 
28, 293 (1971). -

19. J.M.T. DAVIDSON and J.F. THOMPSON. J. Chem. Soc., 
Chem . Commun., 2 51 ( 1 9 71) . 

20. M.G. VORONKOV, B.N. DOLGOV, and N.A. DMITRIEVA. 
Ookl. Mad. Nauk SSSR, !i, 959 (1952). 

21. W.C. SCHUMB and C.M. SAFFER. J. Am. Chem. Soc., 
61, 363 (1969). 
= 

22. T.S. PIPER, D. LEMAL, and G. WILKINSON. Natur­
wissensehaften, 43,129 (1956). 

23. C.S. CUNDY, B.M. KINGSTON, and M.F. LAPPERT. In: 
Advances in Or anometal1ic Chemistr , (F.G.A. Stone 
an R. West, es, Vo . II, p. 25 , Academie Press, 
New York (1973). 

24. C. EABORN. In: Organometal1ic compounds of Group 
IV Elements (A.G. MacDiarmid, ed.), Vol. l, Part 1, 
p. 213, Marcel Dekker, New York (1968). 

178 

25. F.G.A. STONE. In: New Pathways in Inor~anic Chem­
~ (E.A.V. Ebsworth, A.G. Maddock, an A.G. Sharpe, 
easJ~ Cambridge Univ. Press, London and New York (1968). 

26. 

27. 

28. 

29. 

30. 

A.G. MacDIARMID, Y.L. BAAY, S.F. BALD, Jr., A.D. BERRY, 
S.K. GONDAL, A.P. HAGEN, M.A. NASTA, F.E. SAALFELD, and 
M.V. McOOWELL. Pure Appl. Chem., li, 431 (1969). 

H.G. ANG and P.T. LAU. 'Organometal. Chem. Rev., Seet.. 
A8, 2 35 (1972). 
-= 

F. HOFLER. In: Topics in Current Chemistry, Vol. 50, 
p. 129, Springer-Verlag, New York (1974). 

B.J. AYLETT. Adv. Inorg. Chem. Radioehem., ll, pp. 1-
133 (1982) (over 450 references ci ted) . 

• • 
B.J. AYLETT. Organometallic com~ounds, 4th ed., Vol. 
l, Part 2, Chapman and Hall, Lon on (1979). 

31. B.J. AYLETT. J. Organomet. Chern. Libr., 9, 327 (1980). 

32. ~. COLOMER and R.J.P. CORRIU. Tapies in Current 
Chernistry, (F.L. Bosehke ed.), Vol. 96, p. 79, Springer­
Verlag, Berlin (1981). 

33. P.G. HARRISON. Coord. Chem. Revs., 40, 179 (1982). = 

1 



1 

( 

34. G. FRITZ and K. HOHENBERGER. Z. Anorg. Al1g. Chem., 
464,107 (1980). 
-~ 

35. W. HONLE and H.G. SCHNERING. Z. Anorg. Allg. Chem., 
464, 139 (1080). 
=--= 

36. G. SCHMID, V. BATZEL, and G. ETZROOT. J. Organomet. 
Chem., 112,345 (1976). 
-- =-== 

37. D.J. PATMORE and W.A.G. GRAHAM. Inorg. Chem., 1, 2222 
(1966). 

, 
38. J. GREENE and M.D. CURTIS. Inorg. Chern., !l, 2324 

(1978) • 

39. M.D. CURTIS and J. GREENE. J. Am. Chem. Soc., lQQ, 
6362 (1978). 

40. B.K. NICHOLSON'and-J. SIMPSON. J. Organomet. Chem., 
72, 211 (1974). 
= 

41. A.P. HAGEN, C.R. HIGGINS, and P.S. RUSSO. Inorg. 
Chem., 10, 1657 ( 19 71) • 
-- = 

42. M.C. BAIRD. J. Inorg. Nuc!. Chem., ll, 367 (1967). 

179 

43. E. AMBERGER, E. MÜHLOFER, and H. STERN. 
Chem., 1 7, P 5 ( 196 9 ) . 

J. Organomet. 

-- = 

44. H.R.H. PATIL and W.A.G. GRAHAM. Inorg. Chern., ~, 
14 0 1 (19-6.6-). 

45. M.D. CURTIS. Inors· Chem. , li, 802 (1972) • 

4-6-. A.J. CHALK and J.F. HARROO. J. Am. Chem. Soc. , 87, 
=-

1133 (1965) • 

47. A.J. CHALK and J.F. BARROO. J. Am. Chem. Soc. , ll, 
1640 (1967) • 

48. J.F. HARROD and A. J . CHALK. In: Organic S~nthesis 
via Metal Ca1bon~1s, Vol. II, p. 673 (I. Wender and 
P. Pino, eds) , John Wi1ey and Sons, New York (1973). 

49. J.P. COLLMAN and W.R. ROPER. Adv. Organomet. Chem., 
l,54 (1968). 

50. A.J. CHALK and J.F. HARROO. 
16 (1965). 

J. Am. Chem. Soc., 87, -
51. R.N. HASZELDINE, R.V. PARISH, and D.J. PARRY. 

J. Chem: Soc., A683 (1971). 

1 "Q 
l 

i' 
'i: , 
l 
c 
,; 
[ 

J 
1 



( 

( 

180 

52. J .E. BENTHAM, S. CRADOCK, and E.A.V. EBSWORTH. 
J. Chem. Soc., A5a7 (1971). 

• .t 

53. A.J. OLIVER and W.A.G. GRAHAM, lnorg. Cham., JJt, 1 {1971). 
"" 

54. A.M. CARDOSO, R.J.H. CLARK, and S. MOORHOUSE. Cano J. 
Chem., 48, 870 (1970). 
- = 

55. W. JETZ and A.G. GRAHAM. Inorg. Chem., !Q, 1647 (1971). 

56. D.F. DONG, J.K. HAYANO, and W.A.G. GRAHAM. Cano J. 
Chem., 59, 1455 (1~81). -- = 

57. J.F. HARROD, D.F.R. GILSON, and R. CHARLES. Cano J. 
Chem.; 48, 870 (1970). 
-- = 

58. M.J. FERNANDEZ and P.M. MAITLIS. J. Chem. Soc., Chem. 
Commun., 310 (1982). 

59. J.F. HARROD and C.A. SMITH. J. Am. Chem. Soc., 2l, 
2699 (1970). 

60. B.J. AYLETT and J.M. CAMPBELL. J. Çhem. Soc., A1910 
and A1916 (1969). 

61. G. CERVEAU, G. CHAVIERE, E. COLOMER, and R.J.P. CORRIU. 
J. Organomet. Chem., 210, 343 (1~81). 

62. W. JETZ and W.A.G. GRAHAM. Inorg. Chem., .!.2., 1159 
(1971) . 

. 
63. A.J. BLAKENEY, D.L. JOHNSON, P.D. DONOVAN, and J.A. 

64. 

65. 

66. 

'7. 

GLADYSZ. Inorg. Chem., l2, 4415 (1981). 

M.A. NASTA and A.G. MacDIARMID. 
.!Ji, p. Il (1969). 

Y.L. BAAY and A.G. MacDIARMID. 
(1969) • 

A.D. BERRY and A.G. MacDIARMID. 
Letters, ~, 601 (1969). 

J. Organomet. Chem., 

Inorg. Chem.,!, 986 

Inorg. Nuc!. Chem. 
i 

a) G. FRITZ and D. KUMER. Z. Anarg. A11g. Chem., ~, 105 
(1961): b) S. MURAI and N. SONO~. Angew. Chem. Int. 
Ed. Engl., il, 837 (1979). 

'\ 

68. B.J. AYLETT and J.M. CAMPBELL. ~nor9. Nue1. Chem. 
Letters, l, 137 (1967). 

69. A.F. CLEMMIT and F. GLOCKLING. J. Chem. Soc., A1164 
(1971) and references therein. 

' .... - . 

,~ 

1 ., 
~ 
~ 
~ 
i 
l 
t 
~ 
{ 
~ 
\ 

i 
\ 1 

l 
t 
t 
~ 

~ 

f 



1 

( 

l 

, 181 

70. J.L. SPEIER. Adv. Organomet. Chem., 11, 407 (1979). 

71. N.S. ARCHER, R.N. HASZELDINE, and R.V. PARISH. 
J. Chem. Soc., Dalton Trans., 695 (1979). 

72. C.S. CUNDY, C. EABORN, and M.F. LAPPERT. J. Organomet. 
Chem., 44, 291 (1972). 
-- '=-' 

73. C. EABORN, T.N. METHAM, and A. PIDCOCK. J. Organomet. 

74. 

75. 

76. 

77. 

Chem., 54, C3 (1973). 
-- =-=-

M.D. CURTIS, J. GREENE, and W.M. BUTLER. J. Organomet. 
Chem., 164, 371 (1979). -- = 
J. GREENE and M.D. CURTIS. 
5176 (1977). 

J. Am. Chem. Soc., 99, -
W.A. GUSTAVSON, P.S. EPSTEIN, and M.D. CURTIS. 
J. Organomet. Chem., ~, 87 (1982). 

, 

V.E. SHKLOVER, A.E. KALININ,et al. Zh. Strukt.'Khim.'; 
li, 692 (1973). ----

78. G. FOGARASI, H. HACKER, V. HOFFMANN, and S. DOBOS. 
Spectrochim. Acta, ~, 69Z (1974). 

79. D.M. ADAMS and W.S. FERNANDO. J. Chem. Soc., Dalton 
Trans., 410 (1973). 

80. V.E. SHKLOVER, N.G. BOKII, et al. Zh. Strukt. Khim., 
15, pp. 90-98 and pp. 841-~9-(1974). === 

81. D. BRAGA and G. ZANOTTI. Acta Cryst., ~, 950 (1980) 
and references therein. 

82. V.E. SHKLOVER, Yu.T. STRUCHKOV, B.A. AS TAPOV, and 
K.A. ANDRIANOV. Zh. Strukt. Khim., 20, 102 (1979). -

83. V.A. PALYULIN, N.S. ZEFIROV. V.E. SHKLOVER, and Yu.T. 
STRUCHLOV. J. Mol. Struct., 70, 65 (1981). ,-

84. D. CARLSTROM and G. FALKENBERG. Acta Chem. Scand., 
27, 1203 (1973). -

85. M. SODERHOLM and D. CARLSTROM. Acta Chem. Scand. 1 

m, 193 (1977). 

86. D.R. BENNET and B. ABERG. Acta Pharmacol. Toxicol., 
l[ (1975), Suppl. III. 

87. F.A. COTTON and G. -WILKINSON. Advanced Inorganic ~ 
Chemistry, third ed., Intersicence PubL, New York' (1972). 



1 

<" 

( 

88. D.F. SHRIVER. The Manipulation of Air-sensitive 
Compounds, McGraw-Hill Book Co., New York (1969). 

182 

89. R.B. KING •. Organometallic S~nthesis. V. 1. Transition­
Metal Compounds (J.J. Eisch and R.B. King, eds), 
Academic Press, New York (1965). 

90. J.A. GLADYSZ, G.M. WILLIAMS, W. TAN, D.L. JOHNSON, 
D.W. PARKER, and J.C. SELOVER. Inorg. Chem., l!, 
553 (1979). 

91. R. OKAWARA, V. TAKAHASHI, and M. SAKIYAMA. Bull'. 
Chem. Soc. Jpn, lQ" 6 0 8 ( 19 5 7) • 

92. R.N. LEWIS. J. Am. Chem. Soc., 70,1115 (1948). = 
93. C.W. YOUNG, P.C. SERVAIS, C.C. CURRIE, and J. HUNTER. 

J. Am. Chem. Soc., 70, 3758 (1948). 
=-= 

94 . S . D . BREWER. J. Am. Chem. Soc., JJl, 3962 ( 19 4 8) . 

95. R.O. SAUER. J. Am. Chem. Soc., 66, 170~ (1944). - ' 

96. W. PATNODE and D.F. WILCOCK. 
358 (1946). 

J. Am. Chem. Soc. 1 68, -= 

97. E.G. ROCHOW. Introduction ta the Chemistr of the 
Silicones, John Wiley and Sons, New York, NY 

98. K.A. ANDRIANOV. Metalorganic Po1ymers, in: Polymer 
Reviews, Vol. 8 (H.F. Mark and E.H. Immergut, eds), 
John Wi1ey and Sons, New York (1965). 

99. K.A. ANDRIANOV and L.M. KHANANASHVILI. Organomet. 
Chem. Re v., ~, 141 ( 19 6 7) • 

100. K.A. ANDRIANOV and B.A. IZMAYLOV. J. Organomet. Chem., 
,ê" 443 (1967). 

101. R.O. SAUER, W.J. SCHEIBER, and S.D. BREWER. J. Am. 
CheM. Soc., 68, 962 (1946). 

==-= 

102. R. OKAWARA, E. ASADA, and T. WATASE. B'll. Chem. Soc. 
Jpn, 1f, 141 ( 1953) • 

103. D.A. ANDERSON. In: Analysis of Silicones, (A.L. Smith, 
ed. ), John Wiley and Sons., New York (1974), Chap. l(}. 

104. E. WIBERG and E. AMBERGER. Hydrides of the Elements 
of Main Group I-IV, Elsevier Publ. Amsterdam (1971). 

.. -- li •• 1 1 '.'1 - i 



( 

( 

183 

( 

105. A.L. SMITH and N.C. ANGELOTTI. Spectrochim. Acta, 
15,412 (1959). -

106. T. ALVIK and J. DALE. Acta Scand., 25, 2124 (1971)'. 

107. H. KRIEGSMANN. Pure Appl. Chern., 11, 203 (1966). 

108. N.N. SOKOLOV, -K.A. ANDRIANOV, and S.M. AKIMOVA. 
Zh. Obshch. Khim., li, 933 (1956). 

109. ~. LEBEDEV, A.D. FE DO ROV, V.O. REIKHFEL' D, and 
L.~ZAKIROVA. Zh. Obshch. KhiIll., !.?:, 2645 (1975). 

110. A.V. TOMADZE, V.A. YABLOKOV, N.V. YABLOKOVA, and 
YU.A. ALEKSANDROV. ,Zh. Obshch. Khim., !Z, 2549, (1977). 

Ill. M. SAKIYAMA, ·Y. NISHIZAWA, and R. OKAWARA. Bull. Chem. 
Soc. Jpn, ~, 2182, (1965). 

112. B.O. PRAY, L.H. SOMMER, G.M. GOLDBERGER, G.T. KERR, 
P.O. GEORGE, and F.C. WHITMORE. J. Am. CheIlle Soc., 
lQ, 433 (1948). 

113. A.L. SMITH. Spectrochim. Acta, 11, 849 (1963). 

114. H.C. BROWN and S. KRISHWAMURTHY. J. Am. Chern. Soc., 
99, 1669 (1973). 
=== 

115. M.C. HARVEY, W.H. NEBERCALL, and J.S. PEAKE. J. Am. 
Chern. Soc., 79, 1437 (1957).' 

"",... 

116. A.P. HAGEN and A.G. MacDIARMID. Inorg. CheIll., §., 
686 and 1941 (1967). 

117. O. KAHN and M. BIGORG~E. 
137 (19i7). ~ 

J. Organomet. CheIll., U, 

118. A.D. BERRY, E.R. COREY, A.P. HAGEN, A.G. MacDIARMID, 
F • E. SAALFELD, and B. B. WAYLAND. J. Am. CheIlle Soc., 
92, 1940 (1970); 
==:0= • 

119. W. JETZ and W .A. G. GRAHAM. J. Am. CheIlle Soc., ~, 
2773 (1967). 

120. R.B. KING r K.H. PANNELL, C.R. BENNETT, and M. ISHAQ. 
J. Organornet. Chem., li, 327 (1969). 

12L T. SAWAI. Ph.D. thesis, --.McGill University, Quebec, 
Canada (1972). 

122. A.N. NESMEYANOV, K.M. ANISIMbV, N.E. KOLOBOVA, and 
V.V. SKRIPKIN. Akad. Nauk SSSR Sere Khim., 23f?4 (1967). 

\~ 
~ 

,~~--"-_.~--~~ .. _,~"~_.~~~-~-.,.,--_._ ..... ' 'HW,.' _ .... t, ... 'i--



1 

-
• 

123. S.A.R. KNOX and F.G.A. STONE. J. Chem. Soc., A3147 
(1970) • 

124. W. MALISCH, H.U. WEKEL, I. GROB, and F.H. KOHLER. 
Z. Naturforsch, 37b, 601 (1982). . 

== 
125. B.K. NICHOLSON and J. SIMPSON. J. Organomet,' Chem., 

32, C29 (1971). -
126. G.D. DOBSON, R.T. JERNIGEN, and E.P. ROSS. J. Inorg. 

Nuc1. Chem., 11, 3375 (1971). 

127. W. JETZ, P.B. SIMONS, J.A.J. THOMPSON, and W.A.G. 
GRAHAM. Inorg. Chem., ~, 2217 (1966). 

128. R.K. POMEROY and K.S. WIJESEKERA. Inorg. Chem., 11, 
3729 (1980). 

129. E.H. BROOKS, M. ELDER. W.A.G. GRAHAM, and D.J. HALL. 
J. Arn. Chem. Soc., 90, 3587 (1966). --

130. W. FINK. Helv. Chim. Acta, ~, 1464 (1975) and ~, 
606 (1976). 

131. 

132. 

133. 

134. 

135. 

D.L. JOHNSON and J.A. GLADYSZ. Inorg. Chem., ~, 
2508 (1981). 

L. VANCEA and W.A.G. GRAHAM. 
(1974) • 

F .H. CARRE and J.J .E. MOREAU. 
3099 (1982). 

, 
Inorg. Chem., U, SU 

Inorg. Chem., ll, 

A.J. BLAKENEY and J.A. GLADYSZ. J. Organomet. Chem., 
210, 303 (1981). 

1 

B.R. NICHOLSON, B.H. ROBINSON, and J. SIMPSON. 
J. Organomet. Chem., §.§., C3 (1974). 

13fi-. B.K. NICHOLSON and J. SIMPSON. J. Organomet. Chem., 
155, 237 (1978). =-=-

137. W. MALISCH and M. KUHN. Chem. Ber., 107, 979 (1974). -
138. J.E. COUTANT and R.J. RO~INSON. In: Analysis of 

Silicones (A. L. ,..Smith, ed.), J. Wi~-and Sons, New 
York (1974), -Chap. 12, pp. 338-375. 

139. W.J.A. VAN DEN HEUVEL, J.L. SMITH, R.A. FlRESTONE, 
arld J .L. BECK. Anal. Letters, ,a, 285 (1972) • 

184 

1 
f 

j 
'j 

1 

- 1 
i 
~ 

...... -- -_ ..... '! .... , --.-......-- ._._,._ ...... - .......... ~ ......... ~_ ... ~-~ -----_ .... , .... , _v. 



1 

( 

( 

140. G. R. PICKEltING, C.J. OLLIFF, and K 4J. RUTT. Oret. 
Mass Spectrom.,!Q, 1035 (1975). 

141. E. WHITE, V.S. TSUBOYAMA, and J.A. McCLOSK~Y. 
J. Arn. Chem. Soc.,_ 21, 6340 (1971). 

142. W.P. WEBER, R.A. FELIX, A.K. WILLARD, and H.G. 
BOETTGER. J. Orge Chern., li, 4060 (1971). 

143. V.N. BOCHKAREV, A.N. POLIVANOV, N.P. TELEGINA, and 
E.A. CHERNYSHEV. J. Gen. Chem. USSR, 44, 920 (1974). 

==-a 

144. V.N. BOCHKAREV, A.N. POLIVANOV, N.P. TELEGINA, A.G. 
KUZNETSOVA, and E.A. CHERNYSHEV. J. Gen. Chem. USSR, 

( 44, 1021 (1974). 
=-- , 

145. V.N. BOCHKAREV, A.N. POLIVANOV. L.V. SOBOLEVSKAYA, 
L.M. BLEKH, M.V. SOBOLEVSKII, and E.A. CHERNYSHEV. 
J. Gen. Chem. USSR, !i, 1174 (1974). 

146. 

147. 

\ 

148. 

149. 

150. 

R.E. SWAIM, W.P. WEBER, H.G. BOETTGER, M. EVANS, and 
F.M. BOCKHOFF. Orge Mass Spectrom., 11, 304 (1980). 

M. GIELEN and G. MAYENCE. J. Organomet.,. Chem., 11, 
1759 (1967). 

H.C. HILL. Introduction te Mass S ectrosco ,in 
Spectroscopy ~n E ucat1on, V. 3 T. Ca~rns, ed.), 
Heyde~ and Son Ltd., London (1966). 

B.Y.K. HO, L. SPIALTER, and L.D. SMITHSON. Orge Mass 
Spectrom., lQ" 361 (1975). 

J. DIEKMAN, J. B. THOMPSON, ,and C. 'DJERASSI. J. Org. 
Chem., 34, 3147 (1969). 
- =-

185 

151. W.P. WEBER, R.A. FELIX, ~d A.K. WILLARD. Tetrahedron 
Lett., 907 (1970),' 

152. 

153. 

B.Y.K. HO, L. SPIALTER, and L.D. SMITaSON. Inorg. 
Nue!. Chem. Letters, 10, 79'5 (1974). 

=--

R. R. SCHRIEKE and B.D. WEST. 
49 (1969). 

Aust. J. Chem., 22 , -
154. C.R. BETTER, J .C. SEWDRA, and G. URRY. Inorg. Chem., 

9, 1060 (1969). -
155. C.H. MIDDLECAMP. W. WOJNOWSKI, and R. WEST. J. 

Organomet. Chem., !!Q., 133 (19..:77). 

-~-~--- -- --~--- ----<------:----, _.---_· ...... ·_--.... ,_ .... _t.' ... , _-lf!IIiJI •••••• 



1 

( 

""_._~ • ____ ' .. "..,. .. "' .. ___ • ....., .. *'i'iI4l_Ui!'M..".,.""'" • 

156. a) J.Y.K. HSIEH and C.'M. BOESS. Orge Mass Spectrom'., 
16, 189 (1981). -

b) A.D. BRITT and W.B. MONIZ. J. Arn. Chem. Soc.,!!, 
6204 (1969). 

186 

157. M.R. LITZOW and T.R. SPALDING. Mass Spectrornetry in 
Inor ani~ and Or anornetal1ic Corn ounds, (M.F. Lappert, 
ed. , E1sev1er SC1ent1 c, Amsterdam 1973), chap. 7. 

158. G.V. VAN MOURIK and F. BICKELHAU'PT. Rec. Trav. Chim., 
rut, 868 ( 1969) . 

159. V. Yu. ORLOV. J. Gen. Chem. USSR, 37, '2188 (1967). 
=-oc 

160. V. Yu. ORLOV, N.S. NAMETKIN, L.E. GUSEL'NIKOV, and 
T. H. ISALAMOV. Org. Mass Spectrom., i, 195 (1970), 

161. B.F.G. JOHNSON, R.D. JOHNSTON, and J. LEWIS. J. Chem. 
Soc., A2865 (1968). 

162. F.E. SAALFELD, M.V. McDOWELL, A.G. MacDIARMID, and 
R. E . HIGHSMITH. Int. J. Mas s seectrom. Ion Phys., 2." 
197 (1972) and referencês there1n. 

163. R.E. WINTERS and R.W. KISER. J. Organomet. Chem., i, 
190 (1965). 

164. S. PIGNATARO and F.P. LOSSING. J. Organomet. Chem., 
U' 571 (1968). 

165. E. SCHUMACHER and R. TAUBENEST. He1v. Chim. Acta, 
~, 1447 (1966). 

166. R.B. KING. J. Arn. Chem. Soc., 2Q" 1417 (1968). 

167. B.F. HALLAM and P.L. PAUSON. J. Chem. Soc., 3030 
(1956) • 

168. J. HOMER, A.W. JARVIE, A. HOLT, H.J. HICKTON. J. Chem. 
Soc., B67 (1967). 

169. H. JANCKE, G. ENGELHARDT, R. RADEGLIA, and H. KRIEGSMANN. 
Spectrochim. Acta, ~, 85 (1969). 

170. D.E. WILLIAMS, G.M. RONK, and D.E. SPIELVOGEL. 
J. Organomet. Chem., §.2., 69 (1974). 

171. R.K. HARRIS and B.J. KIMBER. J. Qrganomet. Chem., 
lQ" 43 (1974). 



( 

, 'lllIt&!!l'1\I!I!lSIllJtIJSIIS lit aIJllJQlI!lI!d •• iIl!III!IlI!I!L __ ••• ·.l.''' ... ,IIIIIIIP\IIIIj:dl __ te .... """t -_'~"""i __ " ____ ~_~~-~ ______ _ 

181 

172. R.K. HARRIS, B.3. KIMBER, M.D. WOOD, and A. HOLT. 
J. Organomet. Chém., m, 291 (1976). 

173. G.A. MORRIS and R. FREEMAN. J. Am. Chem. Soc., ,W,,-
760 (1979) and 102, 428 (1980) • ............ 

, 
174. C.G. SWAIN and E.C. LUPTON. 

4328 (1968). 
J ~ Am. Chem. Soc., iQ., 

175. J.E. HUHEEY. Inor anic Chemistr , Princi 
Structure and React v~ty. Harper an Row 
New York ( 1.972), Chaps. 4 and 6. 

176. R.B. KING. Acc. Chem. Res., 3, 417 (1970) • .... 

• 

of 
~shers-t-

177. D.E. WILLIAMS. In: Analysis of Silicones (A. Smith, 
ed.), 3. Wi1ey and Sons, New York (1974), Chap. 11. 

178. E.D. BECKER. High Resolution NMR, Theor1 and Chemica1 
l\?Jplication·s. ACÇidemic Press, New York 1980) t' ' 

G11ap. 4. 

179. R.J. ABRAHAM and P. LOFTUS. Proton and Carbon-13 NMR' 
s~ectroscopy, Heyden and Son, Great Britain (1978), 
Cap. 2. 

180. W.C. STILL, M. KHAN, and A. MITRA. J. Orge Chem., 
43, 2923 (1978) . .--

, 
J 

~~ 


