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<" empirical approach based on the chemjcal envxroﬁment of
- 48 .

Some new inoxrganic and organometallxc de;::;%1ves of -
. ¢
methylcyc1051loxane§ haVe been prepared and characterlzed :

L

Ll

by IR, MS and lH NMR. /C/mpounds, [CH (Br)810]3

?{CH (Br)SmO] were prepared“by cleavage of silicon-phenyl ey

< bond with bromine at low temperature, The reaction of . S
[CH,(Br)SiO], with Né(sec—butyL)aBH at’ low temperature .

produced thehighly reactive trimer, [CH (H)SLD]3.,: Compouynds . -1

‘g

[CH, (Fe(CO) n -gc

[CH, (€0 (CO) ,)8i0] 5)Si0],, and

[CH kCokGO) )SiO] were prepared ﬁy-ﬁhe hydrogen ellminatlon
n'=4and5 with'cos (c0)8 and P
1 [w'e ) .

[Fe(ddyzn CSHSlZ" It Was also possxble to lsolate the .

redctlon of [CH (H)SLOJ

compounq [cHy (Co (0) ) $i0] [QH (Fe (c0Yyn? -/5 Hy) 5101 4

N -
)81013 w1th a; & PRI B
A detalled.etudy of " oo

.reactlng [CH (H)SlO] [CH (Fe(CO)2n5 C

st01chlometr1c‘amount of Co: (CO)B;

-pass spectra of [CH3(R)SiQ] , wheré R = H, (n —~4 5, and 6). . u;{

CH (n=.3and4)‘,R=Er,( '3and4),R—Co(CO)4, S
4 ayd_S) and R = Fe(CO{gn C5 5 (n = 4) was achieved.

R =
n =

Compounds R = Co(CO)4 show" s;epw1sé loss of all.co groutps';w ‘T' N
fiom ions. (M}"", [M-Co(CO0),]", and also [M] VA simple

%, -
e N , R .
E4 ¥

hd =




-k > R - -

. -, .
" ORI N5~ . * L IR SV e ) ‘ L
o ) Ty 5, et o : y
k3 . LA o v
] ' i ] [N ¥ - v F0 ' w
- - ¢ N G % . N . »
) . % P i . - . ‘ i~ .
M . . - v - . . k
£ £, ! . - . f 5 )
AU * . . fow B
. AN % T ' f o
. . . " \ bl a4, / &
* o
- . - - » e\? . o . %
" . . .
] . ¥ -

. R
b i oo ek e . .

&
'!f . & > methyl protons was used to assign Ly nvr pectra of geometric,ﬁ‘ . -

. . R . ‘ir \ i X -
- isomers of substituted methylcyclosiloxanes. ‘> The total ‘ ‘ol

1 - \ 1..° .« . . . ’ -
oL ) g‘\ assignment, of "H NMR spectra allowed the determination of s
¥ - ) Y- » [ » v ) * . -

o o ., the isomeric ‘composition of most new compqunds mentioned : R
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.y ns-C )SlO]3 en réagxssant [CH (H)S.‘LO] [CH, (Fe(CO)zn C5H5

s ’“=C6H?,(
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SYNTHESE ET CARACTERISATION D' UNE NOUVELLE CLASSE.DE «

COMPOSES SILICIUM-METAL DE TRANSITION
: : l

s ‘ Plusieurs nouveaux d8rivés ‘inorganiques et Organo-

. . ' ‘ &

. -métalliques du méthylcyclosiloxane ont &té préparés et-.
. 3 ¥ -

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

v " COmposés [CH (Br)810] et [CH (Br)SJ.O] furent obtenus '‘par
clivage du lien 5111c1um-phényle avec le brome ‘3 basse °’ -

temperatgre.\%La réactioh du [CH (Br) 810]3 en pré&sence de
. Na(sec-bptyle)BBH. basse température prodm.s:.t le trJ.mer e

‘ -

N hautement réactif [CH (H)SlO] Les composés [CH {Co(CO) 510]4,

5_c
[CH (Fe (CO) ,n

.

5) 810]4, et [CH3‘(C0(CO)4S:LG]5‘ furent pré- .
- T ; parés pour éliminati_gn d'hydrogéne entre [CH3(H)SiO]n,
— ' S— ‘ ) 2 .théxs i
n =4 et 5, et Co,(CO)g et [Fe(CO),n C5Hp§]2.‘ Il fut _a.ussz;- **
"possible d'isoler le compdsé [CH3(C0(CO) )SiO] [CH (Fe(CO) E

SJ'.O]3 avec une quantité sto:.chxométr:.que de .Coz(CO)a. Les _

Y

spectres de masse de [Cﬂ3(R)SiO]n oi R=H,(n =4, 5 et 6), -

- "R n=3etd4), R=Br (n=3et4), R=Col(CO),,

“(n = 4 et 5) et R = Fe(CO)2n5 -CgHg (n = 4) <£furent étudi_és

o - en détail. Les composés R = Co(CO)4 ’décomp‘os\‘ent par Ia

perte successive de tous’ le):rs groupes CO & partiir des ions

-

{ ‘M1*7, [M-co(co),1T, et aussi (M1 pne’ approche_ empirigte
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s:.mple basée sur 1' env1ronnement chlmque des protons
méthyliques fut utilis&e pour assigner les spectres r.m.n.
des isom&res géometrlques des méthylcyclos:do?tanes ' L N
v ) substituées. L ass:.gnatlon comp.lete des spe?tres r.m.n. ! .
a permis la détermxnatwn de la composxtlon isomérique de .
f ! ‘ N
la plupart des nouveaux composés men{clon.nés ci-dessus. * -
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The aim of fhe’presen% project is the preparation and

¢ v

the full characterlzatlon of a new class Qf 91lyl tran51t10n

»

metal compounds w1th potentlal for multlfunctlonal catalytlc

N
L

.
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4

»

' reportedl.

The exﬁraordlnary act1v1t1es and selectivities Df many

enzymes depend on the precise placement of several different
/

>

4 “

"actlve functlons on the catalyst, with respecf to active

centers of the substrate. Ver§ fsw‘sxamples«df simple’

N . .
metal-ﬁgsed synthetic catalytic systenfs, where the rate
5 . S

depends strongly on the spacfal'disposition £ substratef~

with respect to active centre(s), are known |in the literature.

A few years\a&o,é homogeneous platinum(II) catslyZed

,hydrdgen—deuferium exchange at a saturated carbon atom was

The proposed mechanism involved a five metallo-

gycle intermediate (1l). The H<D éxchange ¢écurs in a highly

regiospecific manner at carbon .5 because that carboen is in a

-
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" ion is eftremely—sensitive to the'distaﬁce of the Li+" on

Cami b

part cularly favorable posltlon to bond to the platlnum

13

’-nuc Leus. Powell at al.% recently reported a system (2) where

-a coordlnated carbon monoxlde is activated,w1th respect to

, - Phy o“ P O
- / ‘
(OClsM | . (F)
T ’J1ﬁ;?3\\v"// .
nﬂ==(;r,ﬁﬁd,VVi | ': - N L

'll= Me, Ph, ¢-Bu Ei,u

nucleophlllc addition by coordlnation to a transxtion metal
through carbqn agé\to a Lewxs acld (L1 ) through oxygen.
The reacfivify of the C07w1th respect to attaok_by hydride
from the ©. These two 'academic' examples of relatlvely
.slmple homogeneoussystemscontrast strongly with the ‘magic’

»heterogeneous systems currently used in industrial catalytic -

13

‘,proeesses. Jo§eph’Haggin3 recently pointed out:.?The advances

in computer software and surface science are enabling .

scientists to design industrial catalysts using highly

" - prganized procedures, such as combining specific chemical

and physical functlons [ One of the examples cited by
Hagéln shows a’ new catalyst (3) designed for producing
-e;hyl hexaqol {Aldox process) using a golid polymer

containing a metal function -(rhodium) and a base function

o R b ey
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. functions are identifiable, it is, in principle, possible

‘“““to combine them into a prescribed multifunctional datalyst”a.

- sysﬁémb(chemicalsimplicity and selectivity) and hetero- )

0
e

- B
’ ”

(amine). Bruce C. Gates, a desiéner of new catalysts (Director

of the Center for Caialytic Science. and Technology at the

University of Delaware) states: "Assuming that the catalyst \

-
- - o

H—N 2— CH, CH
- o |
< z l ,a
: | c CH, )
B N .
(3)
--CH;—P Rh p — CH, CH
cl _CH,

o - )

Y

[l
i

The present project deals with the design of new

potential catalysts combining advantages of homogeneous

-,genéaus‘systenm (efficiency and low cost). One aVenue for
" such designed catalysts could be to attach several «
catalytic functions (transition metal moieties, organic ~

.bases or atids, redox pairs) to a single framework small . [

-
.
,f/\ . J
s ,
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enough and flexible enough to get cenvenient spacial °* -
’ ¥ * - T - . o i
‘pPlacement of

»

homdgeneous system. The present work explores a new family o

of polyfunctional molecﬁlesﬁwhere small r?ng.methylcyglc— ?
[ H ' " "
siloxanes (e.g. 4) serve as a supporting frameyofg for -

organometaliic functions'of potential catalytic interest.

-

The synthesis of some malecules of the'ggne;al formula,

R : ; o
s S
+Si-0+ﬁ, will be described together with their charadteri- -
CH, . : R

-

R ' R. . R .
W B
H3C——S|\ow 4“{"& i /S'j_'CHa " (4)

o//\o )

1 CH,

zation by infrared and mass spectrometry. The methyl
substituents in these molecules provide a useful probe f6r

estimating the various possible geometric isomers by i

H NMR
spectroscopy. The assignments of NMR spectra for all of
the reactant and product methylcyclosiloxanes will be

discussed. " - «
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' 1. GENERAL INTRODUCTION ” , ,

il

-~ % "

1.1 ﬁis;ory'oforganosiliebn compounds

The first organosilicon compound, getraefhylsilanef-waé

discovered by the famous French-American team of cheﬁists,‘

-

Charles Friedel and James Crafts4 in 1863. A few years later,

R

the samnte authors5 reported the preparation of tetramethyl-
silane by the action of dimethylzinc on tetrachlorosilane.
From the preparation of tetramethoxysilane, the authors5

fmentioned a seconddry product called disilicate hexa-

méthyligue having thé‘empirical formula: IZSi,GCH3,7O}. It
was probably the first isolation of a disiloxane which we
would formulate today as [(CH30)351320. In two subsequent
papers6’7, hexaethyl- and ﬁexachlorodis%loxane were -isolated
and properly identified. $tudyin§ proﬁerties of ethyl-
phenyldichlorosilane, Kipping8 observed the formation of

"a viscous, cdlourlessloil when phenyl ethyl silicon

\

dichloride is decomposed with water. " Kipping did not

[RSRRP

identify’thiiﬂproduct but a few'years later, he prepared
and formulatled very accurately, and for the first time, some ' .
polyphenylcyclosiloxanes9 from the hydrolysis of (CGHSlZSiél2 |
and also from the condensation of (CeHe) 81 (OH) 5. . - !

Fundamental progress in the chemisﬁ%& of silicoq came
40 years after the first report of Friedel ;ﬁd Crgfts by -
the application of the newly-discovered Grignarafrgagentg,

1

to the synthesis of &iwide variety of alkyl, dryi and -’

- 1




-

14

" the Second World War, Rochow™ ™ reported that vapors of many

-

' tion metal centers but the physical and chemical features of

1

. By the end of -

~ ~

halegeno substituted silanes (eq. 1.1)%1
12 '

i

3 ’l ] : + '
Rn81x4_n + R'MgBr ——s R R /SlX3_n MgBrX ] (egq. 1.1)
/ ) i - i

-

" alkyl and aryl halides react directly with heated solid ;

silicon producing a mixture of organosilicon halides. 'The
) 3
direct method' is still today the main industrial route for

b v D R e wa e

commercial scale synthesis of organosilicon compounds. The

N

/

most’efficien% application is the production of methyl-
chlorosilanes in ton quantitiesg by the direct reaction of
méthylchloride with silicon at;higﬁ temperature in the
’piesenpe of copperl3 (eé. 1.2). Hydrolysis of organo-
dichlorosilane leads to a .variety of'cyclosiloxénes used in

! !

the manufacturing of silicones.

[ VORI

) ' p . ' Cu t Hu B 0 3 )
_CH301 + Si -j;-—4>(C§3)251C12 + CH48iCl, + (CH,) ,5iCl
teq. 1.2)
1.2 Chemistry of siloxanes \ ) -

To date, cyclosiloxanes have not been investigated as

multidenﬁéte~ligands, able to coordinate one or many transi- -

~ v

. i . )
linear and cyclic siloxanes have been extensively studied in

‘the. lagst two decades mosfly by workers in the Soviet Unionl4.

d LY
\ ’
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1.2.1 Some 'pgysibalkanc’l structural features:'

" . In valence bond terms, the S$i-0 bond in tetravalent
silicon compounds is described as a o bond from the overldp
' of hybri’dized s and p orbitals of oxygen with sp3 hybrids

1

of'ysi.-v An additiodnal (p+d)m interaction of the unshared p
velec{:rons— of oxygen with the empty 3d orbitals of Si is (often ‘
postulated‘to e-xplain the, extra stability of the siloxane

bond and the g\reat variabilit‘y of S§i-0-Si and Si-0-C anglesl?’-l‘tl
In most organosilicon compounds the lengths of Si-O bonds are

‘in t'.lie_~ range 1.61 # 0.03‘;‘ ccmp;alred to 1.83 ZO\ calculated from
covalent radii of Si and O atoms. The Si-0-Si angle varies

.from 105° in very strained rings like 5 to 150-180° in halo-

genodisiloxanes, such %as (C1;81) ,0. Siloxane angles in

A

/ ) AN
’H3C\ ' ’
/Si\ /Si\ } (3)
'Hac S 0 ’ CH3 ‘
D. (n=3, 4 and 5) are respectively 131.6°, 144.8°, and
' 14

146.5° which correspond to' relatively unstrained structures .
The siloxane bond is one of the more stable bonds formed by

silicon. The energy of the Si-O bond, estimated from heat

A

of combustion, ranges from 420 to 500 kJ/mole. The-value

AN

3 Rty

e RE LI A .. :

Tkl o et 4
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of 451 kJ/mole for D, accords with the relatively unstrained
ring of the cyclotetrasiloxane. Furthermore it may be

assumed that the energy of the Si-O 'bond is the same in all
re.

isomers of a given cyclosiloxane since the equilibrium ratio
*

of cyclosiloxane stéreoisomers is always, close to the

statistical ratiols'ls.

The intensities of Si-0-Si vibrational bands in infrared
¢ -

and Raman spectra are several times greater than those of

C-0-C bands but their absorption regions practically coin-

cidel7. The fundamental vibration frequencies of the

siloxane grouping lie in the regions 455—630 cmm1 (vsym) and '

-1

For silicon atoms bondeq to only one oxygen, the 298i

NMR chemical shifts (8) are downfield relative to tetra-

methylsilane (TMS), but for silicon attached to more than

one oxygen atom the 29

series, 295i é values are -9.2 ppm for n = 3, -20.0 for

Si § values are upfield. 1In the Dn

L

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

/

a substantial difference exists between the bonding state of

'

silicon atoms in the near planar D3 and large distorted

D, n > 414,18.
n -

2

1.2.2 Chemical reactivity of siléxanes

The h;gh energy and the 1on;c1ty of-the 51loxane bond
are respon51b1e for the"high thermal stablllty of,sllo— -

xanesl4. For example, tHe thermal degradation’ of D4 occurs

o ¥

b e aden e e -
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. giving another siloxane bond and regenerating HC1™~.

ke .

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

decomposition productlg. The fediséribution,lor equilibra-~

~

tion of siloxane linkages is catalyzed by acids and bases.
Under these conditions a continuous cleavage and reformation

of siloxane bonds occurs until the system reaches an
equilibriuml3.

Strong bases cleave the siioxane bond. Alkali metal
hydroxides react readily to form silanolates by successive

nucleophilic attacks at silicon (egs. 1.3 and 1.4) followed
r . .
\

- * * N
OH = + 8i-0-S8i ——— 5i-0 ¥ + Si-oH (eq. 1.3)
2
- Lk . T R
$i-0  + Si-0-8i —= Si-0-Si + Si-0 (eg. 1.4)
* * * *
si-oH + Si-8h === §i-0-5i + H,0 (eq. 1.5)

. ‘ B-
by condensation of silanols (eq. 1.5) formed in equation 1.3.

The final composition of the mixture of siloxanes is thus a
13,14

-

true thermodynamic equilibrium

'Anhydrqus HCl is known as an effective reagent for either

‘the cleavage, or the redistribution of siloxane linkages. As

in the alkali-catalyzed process, the silanols producea in the
figst reaction (eq. i.6) can condgnse together giving a new
siloxane linkage and water (eq. 1.5). The organosilicon

chloride from eq.‘l.6 is‘thps easily hydrolyzed (eqf,l;7)
13

“

N

[ S
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8i-0~-8i + HCl == Si-OH + SiCl | (eq. 1.6)
§i-Cl + H,0 T——> Si-OH + HCl ‘ (eg. 1.7).

2 €

Cleavage of the siloxane bond by othex covalent halides

aiso occurs under mild conditions and is sometimes useful

in the preparation of organohalogen0511anes (eq. 1. 8)20

2Et

SiBr + AlOBr (eg. 1.8)

(Et3$1) o+ AlBr3 3

J

Finally, siloxane linkagés can also be cleaved by Grignard

reagents anfi, more readily, by organolithium Comp‘otmd314 ;21.

1.3 Synthesis of transition metal silyl complexes

Silyl-transition metal chemistry is‘of relapivefy
recent vintage beginning in 1956 with the preparation of
the first organosilyl derivative of 1roncyclopentadienyl-—
dicarbonyl, (CH3)3S:|.Fe(CO) 5 -CcHg, by Wllklnson et 61‘22'.“
Interest in this new field grew explosively -in the seg:ond

half of the 1960's. The main lines of research derived

from: (i) comparativq studies. witl‘ the corresponding

. complexes of alkyl- and other giroup IV B e]:emenis , patkicu-

larly with respect to the role of m-back-bonding from filled-

d" orbitals of tfansition metals into empty d orbitals of

B silicon; (ii) expectation of useful catalytlc prbpertles

from such heteronuclear derivatives. A nunber of relevant

N B L B

)
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R;Si .+ . SiR, R,Si SiR, R

X

\ ’ N

o 23-28 L . : ‘
reviews on the topic haye been published up to 1974

but only one general review has been published very

g
recentlyzg‘. Some other surveys of certain aspects have ap-

30-33

5

peared in the last four years

Most silyl-transition metal complexes reported up ‘to now

. can beé classified according to the following schematic struc-

tural types where M stands for the transition metal atom

Y

monosilyl ligands:

Si R, Si R

‘ /N /\\

M—tS$iR,) , M M M M.

e - (1) s

\M/ » \ \ ‘ | CH, '.cﬁ,,
) M——M \ /

9) , 10) o ay

N * . A .
‘‘‘‘‘‘ - . .
N . L4 @ * ~ -
, J
. .
“ '
. - 7 4
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and R for substituent, at silicon, other ligands at the tran-
sition metal atom are omitted for simplicity. In the category
of monosilyl ligand, types 6 and l,fagfesent about 90 to 95%

of all silyl-complexes reported whereas compounds of the typey

8 are still a r&rity36’?7. ' Some complexes with-polysilyl

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

38,39 34,35

and Greene « The. category 1l is also very recent

All three majdr synthetic routes to silyl-transition metal
complexes were discovered before 1970.

c, h] »
%,

1.3.1 Salt elimination (metathesis)

The reaction of a transition metal anion with an organo-
silicon halide provided the first compound with a Si-M bond

(eq. l;9Y22. ~ The same procedure has been used to prepare many

H Fe(CO),] + (CH

SiCl ==

Natns-c 3)3

5

+ NacCl (eq. i.9)

) (] 5
(CH3)351Fe(CO)2n C5H5

- + -

silyl deriyatives from anions like [Co(¢0)4]-, [n5~C5H5Mo(CO)3]:

[Mn(CO)s]‘, and [nsécSHSCr(CO)3]‘,23'40'41, The reaction of an

alkali metal silyl with a.transition metal halide has also

been used with some success (gq} 1.10)42’43 but some inherent,

limitations have been pointed put23’28

for both types of salt
éliminapion reéactions: (i) the expected sily;-tfansition

metal complex may be difficult -to separate from the alkali




1.3.2 Hydrogen elimination

'
.

H,SiK [n>-c H Fe(CO) ,]Bf ~(43)~ e

3 5

* - - 4

- 4 ‘ 3

1

5

4 3
. s

- !

metal halide, (ii) difficulties may arise through metal-h‘aioqen
exc;hangé“, (iii) problems have been found in the "pi:ep'arat.iqﬁ '
of some readtants, ‘especiélly alkali metal silyls, and (iv)

carbonylate anions have a tendency to,attack the ',sil,ic,'on‘vfli

'the oxygen of the carbonyl group45. ] o

46,47 reported that the hi'gh;'y,rea,ctive,

Chalk and Harrod
dicobalt octacarbonyl, is rapidly cleaved at room te‘mper.'aj\;ur‘e
by a variety of silicon hydrides to give hydroéen and new
silyl-cobalt complexes. They described a two-—step mechanlsm

(egs.1.11 and 1.12) where R is an organic subst:.tuent and in

3

R3S'1H + Coz(CC\}8 e R3SiCo(CO)‘4x+ HCo(CO)‘4 | (eq. 'l.ll')’
4 , \
R381H + H(‘:o(CO)4 —t R351C0(CO)4 + HZ(g) (eq. 1‘.12)

\

which the production of HCo(CO), in the first step (eq. 1.11) - -

is thought to be responsible for the catalytic ac:ti\(“itf,of
Co, (CO).g in ‘the hirdrosilation of olefins48.' .This now clas-.
sical approach has been used extens:.vely for the preparatlon

of silyl-metal complexes by cleav’age of a variety of metal»-

v

4

»

- 4
[RYSNRV STy
N

A

H SlFé(CO) n5 =C H KBr "~ (egq. 1.10) 3
| | o

1

{
i
{
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- study is the recent rpr.eparation

" complexes have many features ip common with the cyclosiloxane

"IV A

d

ATy o

metal bonded dimers23

‘ 38,39

4

. Of particular interest

‘to the present

transition metal derivatives. The linear disiloxane,

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

three groups of products weére isolated (e.g.. 12, 13, 14): '

0 , o
/" "\ (CH,), / \\_(CHy),
(CH,lzTi SII (CH,), ||, ' Sll
M M M—M
(12) (13)

where M stands for the transition metal moiety. Such

compounds to be described in this thesis and ‘their properties

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

1.3.3 Oxidative addition and elimination

Oxidative addition with or without elimination of a -
neutral ligand has been extensively used for the foni@tion

of transition metal bonds to all of the elements of groub' . o >

49-52

coordinate d8 complexes, or three and four .coordinate

10
6

t

complexes with silanes (eq. 1.13). Although

Typical reactions.involve five and four
Ve 4 .

-«

of some siloxanyi-— )

3

d --d4 reactions are rare, there are examples. .,An unusual-

b e & e g b

i




Y
-
3

-

" was recently prepared58 by the addition of (C

rhodium(vl) co;nple?c, I(~n5—C‘-(CH )s)v’RhLH)'(Si (C‘ 5)3)‘2]. A
)3SiH to the
Rh(xn)dmer [(n° ~Cg (CHy ) )2Rh €1, 1. ° T s

t

.((c )3) Ir(cocl + Rysin 22 o -

-

RySilr(COJ (H) (R(CGHL),), (eq. '1.13)

3

s '
> .
\
. 4
- ’ ‘ .
~ ' >

~ .
\

va oo~

Attempts to extend the. application of the oxidative

<«

addition route to some light metals (Fe, Co, Mn, or Ni) were

only partially successful due to the generally hJ.gh reactivity

of silyl-transition metal hyd;:lde553 56. The best results

have been obtained with metal carbenyls (eq. 1.14)53 which
react photochemlcally with 511anes to form 51ly1 metal

hydrides and eliminate one: carbon monoxide:

» .
! ‘ \

5_ . hv S s
N -CoH Rh(CO), + (CCH.) Sil ———m - _

. 5 4 o
_(CBHS)}SLRh’(CO) (H)n ,-CSHS + CO '.(eq: -1'14)-

These oxidative addition reactions are often reversible
and Si-M addugts (where M = Rh, Pt, Ir) tend to be more _
stable when there are electron-withdrawing .groups on N

. , . \ . o, -

silicon48’58. Oiidativej addit‘ioﬁs‘_of- Si-H. are normally
assumed to be concerted reactioné?g. ‘ . -

o

Y

f ’
% o A b e AL 0 e AN, 3t P Mt S 4 &

bR bt v

v
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+ 1.4 Chemistry of transition metal silyl complexes

-+ 1.4,1 General reactivity . - : -

1

In addition to classical routes of synthesis mentioned
above, many silyl‘-:transitio“n metal complexes have been
prepared by substitution reactions both at silicon and at

the transition meta123. For example, the progressive chlo-

4

rination at the silicon center of H SiMn (CO); by HCl has

3
been rk&orted by Aylett and Campbellﬁo. Many substitution

reactions at the transition metal involving diéplacément of

.a neutral l,igand—such as CO by another neutral ligand (eq. 1.15),

*

with or withoui; UV irradiation, have been reported for many

o~ —~
. -~

hv :

R;SiMn(€0); + (CH) ;P

6573

“ ' -

3
- ' R3SiMn(CO)4((C6H5)3P) + CO (eq. 1.15).

~

-

J28

metals (Mr;, Fe, Re, ...)"" . Sometimes cyclometalai:ion

.ocpurs"when phosphorus ligands, such as bhos;:lﬁ.nes or

-phosphites, are reacted with silyl-transition metal complexes

under UV irradiationsl.

" Silyl-transition metal hydrides can show remarkably

high acidities, which makes possible the -formation-‘of ionic
*
species and adducts. Thus the complex C13SiFe€CO) (H) (nS-CSHS)

- is a strong acid in.acetonitrile (pK‘;1 = 2.6) and gives the

tetraphenylarseniu;n salt’ of the corresponding anion in \

62

acetone by loss of a proton (eq. 1.16).




e ot

‘“:'\—7;:‘;_‘_’

. *

) # ‘ . Isg ' T
[(CgHg) ABICL + C]:3S-lFe('CO) (B)N"=CHy e

[(CgH) (As] [CL,SiFe (co') “s‘fsﬂsl (eq. 1.16)

B B -
<

>

. _Analogous hydrides of Mn, Co; and €r have also been found to

1 ¥
i

" be deprotonated with amines

55,60,62

63

1

Recently, Gladysz and coworkers reinvestigated syn-

-

theti‘g* xroutes to, and reactivity of, trimethylsilyl-iron
tetracarnglaylsh.’l ',Somg syntheses and interconversions of such
trimethylsilyl derivatives are shown in Scheme 1.l1. This is
one of the best exam}pl‘es of the rict; chemistry involving ‘
trialkylsi-lyl—transitién metal complexes. Anlearlier compara-’

tive study of the reactions of some analogous (CH,) ySi-metal

carbonyl complexes was published by MacDiarmid et al.64°66.

The complexes (CH3)3SiCo (CO)4 and (CH3)3SiMn(C05‘5 are cleaved
by“feagents, such as:H,0, MeOH, and amines, whereas

‘4#CH SiFe(CO)an-C is much more resistant to nucleophilic

3) 3 SHS

attack. Nevertheless,-a rdpid reaction occu;rs in the presence
L 21 >

-of anhydrous hydrogen chloride (eq. 1.17) even at very low

temper:ature64 . It was suggested tl}at the high rate of

-

-

~ M h . &
\ . [ A ".c'

N

w5 o
(cn3)3swe ggc)zn ~CeHg + HCl(g) et
5 .
e (CH3)3SiCI. + HFe(CO)zn - Hs (eg. 1.17)

5

W

i
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Syntheses and interconversions of trimethylsiltyl-

iron defi\}ati\{es (‘fx"om ref. 63)

’

2- S
(co)] ;:;f;rs ~—> (RS ), Fe (CO),

5
)
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reaction with HCl indicates that the rate-controlling step in
the ctleavage might involve an electrophilic attack at the

iron center analogous to the silicon-phenyl bond which under-

goes electrophilic attack Gby' HClmé.1 It was also observed that

the silicon-cobalt bond is easily cleaved by covalent halides

. _..__B5 . .
and iodine ~. Few attempts to insoert carbon monoxide into

67b

1} 3 a [l !
the silicon-metal bond , as M-’C“SlRB, were successful even

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

atom can be due to the loss of (d~+d) T bonding energy between

the transition metal and the silicon which would result6 . .
The chemistry of group IV B elements (Si, Ge and Sn) - ' .

with platinum and iridium has been investigatecil by Glockling

et al.69 and many inte'resting features have been shown.

Among those, the hyarogenolysis of the (CH3)~3Si-Pt bond ‘was ' !

shown to procéed readily at 1 atm. H2~and ambient temperature

(eg. 1.18). Furthermfe, the second (CH3)3Si-—Pt bond is

hydrogenated -at 70°C and 1 atm. H, giving the second (CH3)3SiH

and’ a. platinum cluster®’.  The reversibility of the oxidative

69

SiH to (R3P)2PtHCl has also been demonstrated .

. addition. of R3

»
~

. . Hy (1 atm)
(R3P)5PE(S1(CH;) 3), —

¢

v \(R3P)2f’t(H)Si (C,I-,Ia_)‘3 + (C%B)3SiH\ (eq. 1.18)

¥
'

P
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'; . 1.4.2 Silyl-transition metal .complexes in catalysis

One of the more interesting fields of silyl-transition
metal chemistry is the use of these complexes in catalysis.
]

Hydrosilation, the addition of a silicon hydride to an olefin

»

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

R,SiH + CH, = CHR' catalyst R,SiCH,CH,R" " (eg. 1.19)

formation of silicon-carbon bonds with the discovery of the

exceptional catalytic activities of chloroplatinic acid by

24,70

Speiér et al. A general comprehensive mechanism has

been proposed for the catalysis of hydrosilation By group VIII

47,48,52

complexes The mechanism proposed for platinum is a

- - ]
‘* . reversible oxidative addition of Si-H to the platinum-olefin

complex followed by insertion of olefin into Pt-H and ’ )

réductive elimination of hydrosilated olefin48. In addition

to platinum complexes some other group VIII metal complexes

have been found to be effective catalysts for hydrosilation

and other reactions thh'silanes48.

71

Receritly, Haszeldine and
coworkers '~ reported homogeneous catalysis of deuteriation

2fs 4fg
. 1
and O-silylation of simple alcohols by silyl-cobalt (III)

of<R38iH (R==OC2H5,C CH3F), hydrosilation of C,H CH=CH2,

¥

.complexes. The proposed mechanism for the catalytic
O-silylation (écheme .2) shows that the reaction can be

inhibited by the presence of molecular hydrogen and nitrogen.

-

(‘, ' \ The polymerization of silacyclobutane is another example. of

-

ro. S : A S

Byl

, .
b et e St PR oMl it b wh e Pt A ks
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‘Scheme 1.2: Catalysis of o-silyllation of ethanol

/ (from ref. 71). '

1

' R,SiH =
CO.H:;‘L;,' +ROH Co H{N,) L,
¢ . o8,
) -R,SiOR’
‘ J 7\( ’
, [CoH.{si R, (HOR )} L,]
, R= OC,H, /! R'= CH, , CaH, -

vr s

v e A e Hdt e
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the partiéipation of silyl-metal compounds in a catalytic 2.

cycle70’72.

1.4.3 Siloxanyl-metal, complexes

Monomeric metal complexes with siloxanyl-metal honds

1

have been very rarely mentioned in the literature. Although

Harrod and Chalk47 reported the infrared spectrum of tetrakis-
. ' 4
(tetracarbonylcobalt)tetramethylcyclotet;asiloxane, no other

property of the compound was described. Eaborn73'reported,

in a short communication, the formation of a poorly character-
ised 4-membered ring metallocycle, (C6H5)3P)2?t(512(CH3)40),
from the reaction of the disiloxane [(CH3)2HSi]20 with

((C6H5)3P)2Pt(C2H4) in benzene.’

3

The regctivity of some 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 ofg

some small metallocycles (9 and 10) by the reaction of "
tetramethyldisiloxane (TMDS) with Fe(CO)S, Ru3(CO)12,

(C6H5)3P)2PdC12, and (C6H5)3P)2Ir(CO)C1. The geactlon of TMDS

with CQZ(CO)B gave the complex (Lg)withdut metal-métal linkage.

¥

" H
(c,H,)aP‘“\’ " Si(CH,),
, ./"\ o | (15)
cone” | s

b e S AR R IO S ¢ B Wi e
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1

All,df these siloxane-metal complexes were reported to be of

low étébility38. . -

\ v . -76 |
The most interesting metallodisiloxane-prepared74 76 (15)

was the 4-membered rinq‘(C6H5)3P)2(60)(H)Irtsi2(¢33)40] which
was found to bg active innthe catalytic oligomerization of 4
linear siloxanes. Thekstrain/presenﬁ,in this metallocycle
compresses the Si—Ir-gifanéles by 25° from the ideal
octahedral 90°, whilst the $i-0-Si angle of 59.8° repre-
sents a 30-50° compression from the normal 130-150° found in
cycliQ»siioxanesl4. Similar redistribution reactions of a
variety of hydrogen-substituted siloxanes were also reported
to be éatalyzed by varigus transition metal cbmplexes of'

iridium and rhodium76.

z

-

1.5 Geometric isomers and ring conformation of cyclo- -

. siloxanes
One of the most interesting fedtures of cyélosiloianes
is the presence of many geometrical isomers in -each ring size.

. \
Figure 1.2 shows the schematic representation of these

isomers and their statistical abundance at equilibrium. In

*

“all figures (triangle, lozenge and pentagon), each straight

line joining two cormers represents a siloxane bond and each
corner stands for a silicon atom bonded to one methfi gfoup
and one other substituent R (fig. 1. la). ‘The subsequent R

can be an organic, 1norgan1c or organometalllc group.\ The

notatlon of one 1somer of a glven cyclos1LOXane is done tw

S s it il

%

[P
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; . , 4 .
Figure l.la: The triangular representation of one geometric:

igomer of 1,3,5-trimethylc¢yclotrisiloxane

R R

C“?*s‘i\\o/:gﬁk—cHa R R
o . .

C)’—"””S<:\‘\
R

Figure 1.lb: Two classical conformers of the geometric

isomer D?(I)

N
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Figure 1.2: Schematic representation of geometric isomers of

D: (n = 3, 4, and 5) and their statistical

abundances
R R R
R
of 1 'V I V
25% Co7s%
R R R
R R R R R R R
B ! I
D, I L | I
) J C R R
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R ' R . R R ¢ -
. R . B NGB_=n R R R R |
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mentioning the ring symbol'Dﬁ' followed by the Roman number

in brackets, assigned to that isomer in Figure 1.2. Thus

the notation DE(III) refers to the third isomer ffrom left

to right in Figure 1.2) of the tetrameihylcyclotetraéiloxang.

R

h (n=1 to 3) will be used to describe

The notation Dﬁ_nD
methylcyclgtetrasiboxanes 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 éonformations of the cyclotetrasiloxane ring have been
discussed by Andrianov and coworkers77. Conformers are
probably in fast fluxional equilibrium and have never been

observed. by ‘NMR spectroscopyl4. Two recent studies of the
i N .

Dn series (n= 3 to 6) usié%'vibrational spectroscopy78’79
indicate that these rings have a fairly flat geometry in
the gas phase and in solution. A planar structure using Dnh

symmetry was found to be a good approximation for qﬁsignment

of vibrational spectra of all members of Dn series. 1In the

solid state, recent crystal structure studies80 of both

isomers Dgh(I) and (II) confirm the nearly flat structure
of this trimer with Si-0-Si angle at 132°. Many cyclo-
tetrasiloxanes have also a flat ring in the solid state81 E
wi£h Si-0-8i angle ranging from 142° to 168° contrasting
with,analogous éyclotetrasilaiane; which show distorted

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

ey
A

o en e by ot s kS

LY
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from 120° to l30°82.

In contrast With_theusil;zané'bond, that of the siloxane
is ektremely flexibie ahd the siloxane ring accommodates
conformational and sterié étrains. The conformaticn of a‘Efclo-
siloxane can be totally modified by changing the nature and
the relative position of substituentsa3. That unique property
is illustrated by the conformations of four analogous molecules
(Fig. 1.3). The octaphenylcyclotetrasiloxane~(lé)ris almos;
planar with Si-0-S5i angles ranging from 153° to 168° and a.
ma ximum déviation of 0.1 R from the average ﬁlane of- the '
ringal. By contrast the compound 17 has the boat confbrmatiqh
with the bow and stern bent at angiés“b 27.5° and 31.0° to
the bottom. The deviation over the aferage plane of the
bottom is as much a; 0.45 £77.“ The compounds 18 and 12 are two.
geometric isomers of the same, mo'lecule. The cis i;onmr'ig adqpﬁs
a boat conformation with a maximum deviation of 0.4 X krom

84

- the average plane” whereas the. trans isomer 19 shows a chair

. - -] ‘
conformation with a deviation of 0.3 A from the average plane

of Si and O atoms®>. The interest and the importance of

.

these two isomeric structures (ié and_19) have 'been noted

86

by biologists who found a very marked estrogen-1like .

activity for the cis form (18) but no prénounced bioclogical

activity for the trans form (}2). , .

From these few examples, it becomes-evident that the

conformation of the cyclosiloxane molecules must be regarded

as the result of a compromise between the repulsion of the

v

- / ‘ r
:
! B
.
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Figure 1.3:

1

Conformations of some cyclotetrasiloxanes
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* transition from the sp3'hybridization~of the oxygen atom to
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nonbonded groups'(adjacent groups) and the requirement.for

. . ] -
maximum orbital inte;actiénl4'77. Oxygen when. it is bonded

wifh two silicon atoms has a hybridization that is an average
between sp3k sp? and sp hybridization. In the limiting case,
y an increase in the Si-0-Si angle,. associated with the

sp2 and to sp, probably favors the formation 6f common ' .

mutually perpendicular (p+d)n orbitalé of both unshared

pairs of the oxygen wi;h\ﬁhé d orbitals of both of the - .

silicon atoms bonded to iel4, Thus the loss of sigma ‘ 1

contribution (sigma bonding is maximum at 109.4°) is B
compensated by gain of (p»d)T contributioﬁ (Fig; 1.4). - SR

This feature explains the.eXtrap;dihary‘sﬁability’qf the -

siloxane bond in various orgaposilicon compounds where the - -

si~0-Si angle rénges from 105° to 18h°%4,

8,

~

L.6° Metﬁylcyclosiioxane as framework . -

~

The major requiréhent in the building of multifunc-

tipqél qatglysts mentioned in the preface, is to get some

control éve# the spacial relationship of substitdents.' Small - 0

: methylcycloﬁiquénes offer some of the sought-for propertigs: .

~

1) The ring sizes are variable (n = 3 to =).
’ - 4

2) - Many geometric isomers are present in all ;ing sizes.

[ 4 ! ~ - AR -

3) The Si-0-Si bond is highly flexible., . - . . -

¥ 4). By steric effects on. substituénts, it becomes possible ’ .

to modify strongly the conformation of ‘the ring. )

o
9 (g §

,

! . o
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< ]




R . .

, u C ot 26 !
N
& kS - ’ . |~
A - N ¢ * i * / - >
oo n , e
PN T . . . . -
. v . [N Ty °, . .
‘ B .. e, _
* ! « i “ ~
. & -
s —
o

Figure 1.4:, Overlagplng of electromc orbitals of oxygen

”
A

. 3 atom in sp 5a), sp (b), a,nd sp (e) hybndi-
s p zat,lon w1th orbltals of sillcon atzms in
e 'dlsiloxane grouplng (from rgf. 14)
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6)

1)

8)

9)

190)

.onto the rimj besides the organometallic miéty

‘ )

All known meth"yl“cy“cic;silexanes'are‘ readily so}‘uble in .
protic and aprot}c so{vehts (except wéﬁqr), a desirébLé
sit;.uation in hc‘n:mgeneous catalysis. ’ i

The methyl groub a}:t?c'he‘q to the silicon providesfan

excellent lH NMR probe for characterization of geometric
\ . ) v . .

isomers. S

¢

Many silicon-transition ‘metal’ bonds are stable, strong
agnd ‘nonreactive which reduces the likelihood of loés of :

the catalytic functions from, the frame. . ;

13,14

Silicon-carbon bond is also strong " which offers

opportunity to attaqh other different Qrgarfic" functions
&

/ ~

<

!

(e.g. 3).

Dichlorgsilanes, RR'SiCLz, from which all cyt.::losiloxa.nes
can be prepared, are cheap and commercially -available.
The Si-H boﬁ(tiﬂ, e.g. in Df,
reaction site for the H, elimination reaction with

offers® an interesting

organometallic complexes. ™

-
}

After that\bxhaustive list of ad?rantages‘ we should mention .

-

.at least two disadvantages:

1)

4

[

5 . .
The Si-0 bond is very sensitive to égrong bases and quite
sengitive to stron§ acids. ; N
¥ ﬁ l "m' o
A major problem of separation of multiple products-can

’

arise from substitution reactions where the reactants

have been only partially reacted.

A

\

-

A

.
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‘ y Finally, it should be noted that some other known cyclic

gempounds present major disadvantages: N

1) Carbocycles (including cyclic ethers) are expected.to be

much less flexible than ‘cyclosiloxanes due to the absence‘

! '
.

: o of (p>d)T bonding.

"2) The sigma caibon-transition metal bond is reactive and’
easily cleaved®’. ) ’ |
.- oo 3) Heterocycles containing phosphorus or mtrogén atoms
(i.e. cyclophosphanes, cyclos:Llazanes) present little
interest due to the strong chelating properties of N and P.

; 4) Cyclosilanes could present some interest but they are

* much less known than cyclosilo:ranes and np't readily
(:_ available. ‘ ' | /

| 5) Cyclocarbosilanes recently used by’ Honle and hSchnverinYBSl*V\/

have extremely complex 1y mr spectra and are difficult

-

to characterize.

L

o
.
-

~

1
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. methylcyclotrisiloxane (DI;) has been prepared by ‘a new roﬁte

® 4 / , '
2, SYNTHESIS AND PROPERTIES OF SOME NEW METHYL .

P

, . N
SUBSTITUTED CYCLOSILOXANES

-

A

Fa -

As mentioned in the preface, the goal of this work was

to synthesize and characterize some new large organometallic(

. complexes involving methylcyclosiloxanes as frameworks, In. AN

thé P ent chapter, thg %ynthesis, ‘some physico-~ ‘
. } ( N, o

chemical p rties,’' and the infrared spectra of this new -

J N <

class of-polynuclear ‘organometalii? complexes are described '

in detail. In the course of this vork,- compound’ 1,3,5-tri-  *

i

‘and two new methylbromocyclosiloxanes have. been isola'te‘d.,

The preparations and cha;actérizatiohs of these ‘compounds are
) J ' .
also included. . ) - - :

Some 1H NMR and'MS data are briefly preséni:ed to support
the correct formulation of the isolated products. The full-

\ PR

characterization of complexes by MS and 1y mmr will be

-

separately presented and discussed in Ch‘apters‘fi and 4.

2.1 Materials and methods

s . . ‘s ' ‘
All procedures inwvolving air-sensitive compounds were .

’

performed in .Schlenk~type glaséware interfaced to a moderate

" vacuum (10"2 torr) line using narmal bench-top Schlenk

4

techniqgessa.- Nitrogen (Matheson, prepurified) was passed’ s

£

through a Drierite R column (1 x 20 cm) prior to use. T

X

Petroleum ether, n-hexane, hexanes, cyclohexane, pentane and -

e




-and triiron dodecacarbonyl were purcﬁased fro?h Strem

. procedure of Gladysz et al.

2.2 , Physical-and aha.nlytica\l measurements

decahydronaphthalene were .deoxygénated, by bubbling N2 for a
few minutes before use. Toluene, benzehe, and tetrahydro-

furan were dried over Na/K/benzophenone and freshly distilled

before each experiment. All alkali trialkylborchydride/THF
solutions were purchased from Aldrich and used as received.

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

‘under moderate vacpum (],0.'2 torri and replaced volume by

volume w1th. anhydrous diethyl ether, syringed through a

rubber septum from the commercial container. -All halogeno- '

~

silanes were p,urchésed from Silar, Petrarch, and Aldrich and

used without further purification. Dicobalt octacarbonyl

Chemicals and Alfa-Ventron. Air sensitive compounds were

transferred to Schlenk tubes: and kept under N, at ~20% untjil
used. The salt NaFe(CO)2 ns C5H5 was prepared from

[n —CSH Fe (CO) and sodlum amalgam by the standard procedure

2]2
89

<

using dry THF Lithium tetracarbonylcobaltate was prepared

by reacting Coz (CO)8 with Li (CH3CH2)SBH/THF following the
i 90 ’ ' -

~ ) {

\ ‘Most reactions were routinely ‘monitored-by infrared

spectroscopy u51ng a Perkin Elmer 297 spectrop!iotometer

o

with a pair of liquid cells *(N'aCl windows, 0.1 mm path length)

callbrated/),th a polgstyrene fl.lm at 1601 gcm “1.. Many

mfrared measurements were also measured on a Nlcolet 6000 FTIR

'
D M ot kit e
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instrument using a liguid cell (KBr windows, 0.1 mm path
length), or a gas cell for samples in gas bhase (NaC

windows, 10 cm path length). ' The resolution is 4 cm"l for

all spectra except those specifically mentioned. Since xr;ost
of the prepared compounds were amorphous\ solids or viscous
liquids at ambient temperature, KBr pellets for infrared
measurements were found to be very difficult to prepare and in
most cases gave poor spectra;.

lH NMR spectra were recorded on a Varian 'XL 200 (200-MHZ,
FT mode) spectrometer and all chemital shifts are reported .
in ppm relatiye to internal (CH3)4Si. Full descriptions
of instrumentél specifications and procedures for mass
spectroscopy measurements and NMR spectroscopy are.given
in Chapte;:s 3 and 4.

Gas chromatographic separations were \performed on a
Hewlett—Packafd 5730A gas chromatograph equipped with a
flame ionization detector and a p'rogrammable teémperature
oven. A two-meter Chrom WHP (OV-101 5%) packiad column was ag
used with argon as’the carn‘fﬁr .gas. Chromatographic se”paratic;ns
by gravity were pfocessed'ué”‘ing air-free glass colﬁmns
eéuippéd with a nitrogen inlet at the top and a stopcock
with a 19/26‘ outér member joi/nt at the bottom. Columns
were filled with a slurry of Florisil N (60-100 mesh), or
silica gel (60-200 mesh) or activated alumina (80-200 mesh)

prepared with deoxygenated hexanes. TLC separations were

performed on precoatéd aluminum oxide 15 F 254 neutral on

P

e
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was dralned off by the bottoﬁ stopcock and a fresh 500 mL
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aluminum sheets (Type T fram Merck) or on s;lica gel pre-’
coated on flexible sheets (Kodak Chromagram #13179) DU

Elemental analyses were carried cut.by Guelph Cheﬁ;cal—

2

Laboratories Ltd, Guelph, Ontario. Melting points were

measured with a Thomas Hoover capillary melting .point '

- -

apparatus, and are Ghnorrccfed. : ' ‘ A

1y

2.3 Synthetic procedures : \
. . {
Preparation of DE (n » 4, 5, and 6) - The hydrolysis of

CH3,SiHCl2 and isolation of methylcyclosiloxanes have already’

been reported, and the following pcocedure is adapted from~
literature proceduresl3’gl. 4% three—necked,‘Z-L flask with
a Teflon stopcock on ‘the bottoh was equipped with a 500 mL
dropping funnel and a large magnetic stirring bar. The fléqk
was filled with 500 mL of a water-ice slurry and 250 mL of’
diethyl ether. A mixture of 500-¢ of CH3S:'LHCI2 and)an]equal
amount of diethyl ether Qas added dropwise to the water-ice-
eé%er mixture with moderate stirring. When hals - the silane-
ether solution had been added, the hydroiysi medium was

vigorously stirred for a few mlnutes and then 15 minutes were

‘allowed for a good phase separatlon to occur. The lower phase

’

water-ice slurry-was added to the flask " The second half . of

the silane-ether solution was hydrolyzed by the same pro¢edure.

" The ether layer was transferred to a.2-L separatory funnel,

. - :
* '

washed with 5 x 1-L distilled®water and carefully dried over

~

r
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~
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MgSO,. The solvent was distilled off en a rp‘t‘z‘ary\ evepefatby, .
leaving 220 g of a transparent and yiscous mixture of mgt‘h?l—
eyclosiloxanes. A fractional distillation ‘at ,at:.mospheric,
pressure was carried out using standard di,stilla:tion ep'-

paratus with a 30 cm Vigreux column. The first fraction -

H
4

second fraction, 33 g of DS (97.58) giving a y;eld of 134.

afforded 49 g of D, (99.7%) giving a ya.eld of 19% and the

Percentages of purity were calculated from GC traces and )

the retention time of o was checked against an authentic

4 )
sample purchased from Petrarch Systems. The Dg sample was

only contaminated by DI; as shown by GC-MSAanalys}ie and -

was used in chemical reactions without further purification.

~,

\

H.
4°
2955 (m), 2179 (s), 1267 (s), 1105 (vs, br), 890 (s), 781 -*

1,3,5,7-tetramethyleyclotetrasiloxane (m.w. 240). ‘IR (gas)’

(m). cm‘l. Boz.lmg point observed: 134- 135"C, lit.: 133. 0°C91

1

H NMR (C ) § 0.11 to 0. 17 (3, m), 4.98 to 5.04.(1H, m).

6
Mass Spectrum, selected m/e (rel. intensity %), 239 (M-H7, 65) ,

: + . .
225 (M—CH3 ,190). Anal, calcd for C4H16 4511.4: C, l9.£98:

H, 6.71. Found: C, 1|9.31; H, 6.68. Compound 20.
L ) ’ ' ) B
g‘: 1,3,5,7, 9-pentamethylcyclopentasmloxane (mw 300). IR (gas)

2950 (m), 2175 .(s), 1367 (m). 1105 (vs, br), 883-(5)‘, 774

D

(m) cm L Boiling point observed: 167-169°C, lit.: '168. 7"'091
5 NMR (C D) 6 0.12 to £.20 (3H, m), 4.97 to 5.05 (1, m).

Mass spectrum, selected m/e (rel. intensity %), 299 (‘M-H+, 25) .-

’ bd -
/) ¢ !
il -
» .
. - , \
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( . + . . ) -
, 285 (M—CH3 , 91). Anal.' caled for C5H2005§15: C, 19.98, H. 6.68.

Found_: C, 19063[ H’ 6'0 50. compound Q-

\

DH 1,3,5,7.9, 1l-hexamethylcycldhexasiloxane (m.w. 360). This

6:
" compound was.identified in the second fraction hy the gas

-

chromatography-mass spectrometry analysis. Mass spectrum,

* 38,

selected m/e (rel. intensity ‘%), 359 (M-H', 9), 345 (M=CH

Compound 22.

Ph

n (n = 3 and 4) The synthesis of methyl-

Preparation of D

phenylcyclosiloxanes was performed as described in the
(/\ literaturel’’92/93 Methylphenyldichlorosila!(e (500 g) was
t &: hydro}yzed following the procedure described above for Dﬁ.
| The fractional distillation was perf}ormed at low pressure
(2 x 10'-2 torr) with an insulated 30 cm Vigreux column. The
first fraction afforded 100 g (28%) of Dgh, as a transparent
viscous liquid whi_ch crysta;lized after a few hours into a

white solid at ambient temperature. The second fraction

] . afforded 75 g (21%) of Dzh, as a transparent viscou$ liquid-
which became cloudy on standing at ambié’xalt temperature for

Ph
3

- estimated from their lH NMR spectra and both were used without

-

many weeks. The purities of D (99.5%) and Df;h (98%) were

*further purification. Attempts to distill a higher boiling-
point fraction (assumed to e Dgh) by slowly increasing the
témperature of the distillatdpn flask were unsuccessful and

( led to tTal decbmposition of the residue (white fumes and

N
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darkening residue). The isolation of Dgh has not been reported

in the literature.

Dgh: 1,3,5-trimethyltriphenylcyclotrisiloxane (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},

416 (m) cm '. Boiling point observed: 147°C/8 x 1072 torr, i
lit.: 149°c/10°1 torrt’. Melting point observed: 97.5°C,
171

lit.s 99.5°C"". "H NMR (C,Dg) 6 0.41 to 0.57 (3H, m), 7.0

to 7.6 {5H, br, m). Mass spectrum, selectéd m/e (rel.

+
intensity %), 408 (M', 10), 393 (M-CHy , 78). Anal. caled

for C21H24O3Si3: C, 61.72, H, 5.92. Found: C, 61.76,

H, 5.82. Compound 23.

\

DPh: 1,3,5, 7-tetramethyltetraphenyicyclotetrasiloxane

4
(m.w. 544). IR (hexanes) 1261 (m), 1127 (s), 1081 (vs)

1025 (s), 995 (m), 730 (m), 699 (m), 487 (m), 435 (m) cm-l.

2

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

1.5 torr’?. g wr (CgDg) § 0.26 to 0.55 (3H, m), 7.12 to

7.69 (5H, br, m). Mass spectrum, selected m/e (rel. )
+
intensity %), 544 (4", 8), 529 (M-CH,100). Anal. calcd

for C, H,,0,8i,: C, 61.72, H, 5.92. Found: C, 61.77,

281320451,
H, 5.98. Compound 24. /
Preparation of Dﬁ‘* (n= 3and 4) . A 100-mL three-necked

round-bottom flask equipped with av' nitrogen inlgt and a
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50-mL dropping funnel was charged with 2.0' g (4.8 mol) of
Dgh, purged with N2 and cooled to’-50°¢ in an acetone-dry ice
bath, Bromine (20 mmol) 'waé then added’aro'pwise to the solid
with vigorous stirring over a perjod of 1 h. The reaction
mixture was stirred for a furtl;\/e;: -30 mln at -50°C and then

allowed to warm slowly to zero. Aft,i'er 3 h, all volatiles

were siowly pumped offl‘(lO-?' torr) leaving a light yellow

viscous slurry. Pe_ntane,~(lQ mL) was syrix{ged into the flask,
the solution was filte‘red under N.2 an‘d transferred into a
dry Schlenk tube (50-mL). .The product was then recrystal-
lized twice from a minimum amount o‘f pentane at -78°C
affording 0.92 ¢ (4'5%) of DBr, as a white crystalline solid.

'Br 1

Purity of D~ was estimated to be 99% from "H NMR data.

The analogous Dlzr was prepared following the same procedure,

using 2.0 g (3.7 mmol) of~Di’h and 3.2 g (20 mmol) of bromine.

Recrystallization from.cold pentane afforded a white ‘amorphous

solid. The yield was 1.47 g (72%). Purity of Dl:r was

estimated to be 95-:-97% from the lH NMR sp?ctrum. As both
compounds ;are qﬁite voiatile, ft’z‘rther purification can be
achieved by sublimation '_i__x_x_ vacuo under rigorously dry
conditions.

Dgr: l,3,5-tnrimethyitribromocy’clotrisiloxane (m.w. 417). IR
‘CSZ) '1264 (m), 1031 (vs), 846 (w), 795 (m), '755 {w), 455 (s)

-1 1

cm ~, Melting point observed: 68-70°C. H NMR (C6D6) §:0.31

to 0.43 (m). Mass spectrum, se;ectéd m/e (rel. intensity %),

j:

it B
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402 (M--CH4 , 21), 400 (M"CH4 r19). ‘Anal. caled for C3H903SLBBI:3

C, 8.64, H, 2.17. Found: C, 10.70,-H, 2,52. -

1

Compound 25.

5
Dlzr: 1,3,5,7-tetramethyltetrabromocyclotetrasiloxane (rr‘x.w. 556).
IR (csz) 1266 (m), 1103 (vs), 795 (m), 765 (w), 439 (w) cm-;".

1

Melting point observed: 40°C. H NMR (C6D6) § 0.29 to 0.48 (m).

Mass spectrum, selected m/e (rel. intensity %), 542  (13),

540 (19), and 538 (11) are the largest peaks of M-CH,' patch.
Anal. calcd for C4H1204SJ.4B1‘4: C, 8.64, H, 2.17. Found;

C, 11.96, H, 2.56. Compound 26.

Preparation of Dg A 200-mL three-necked round-bottom

'
flask with a nitrogen inlet and a rubber septum was charged

with 2.0 g (4.8 mmol) of Dgr dissolved in 20-mL of dry
diethyl ether and the solution was cooled to -78°C. Then,
sodium tri-gsec-butyl borohydride/diethyl ether solution

(20.0 mmol) was introduced ciropwise with a syringe through
the ;:ubbér _septkum. Following the addition, the solution was
allowed to react at =-78°C i:"or 0;.5 h, ;ﬂith vigorous stirring. -
The progres's of the reaction was monitored qby IR (the growth

of Si-H peak at 2170 cm *

). - Many successive trap-to-trap ¢ .
transfers at Io)ﬁemperature (between & and‘-20°C)' .and under
_moderate vacuum (10 2 torr) afforded 0.55 %4 (63%) of a
-transparept volatile liquid. This product, Q};., was only

contaminated with a small amount (< 5% from IR spectrum) of
(?, »

HA

F . va
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~diethyl ether. -An attempt to purify ti’ie product |

by a microdi‘stillation‘g‘t atmospheric pr’essu‘re led to a

rapid decomposition of the material. The reduction of Dl;r to

Dg was -repeai:ed four times and crude yields range "from 10 to
80% depending on reaction co;ditio;'xs (temperature ana time)

and isolation techniques. DI; was found to be too sen51t1ve to
thermal rearrangement and was not submltted to mass spectral
analysis. Reagents such as lithium tri-ethyl borohydrlde and
lithium tri- butyl borohydride were also found tO be efficmnt in
the reductlon of Dlgr at -78°C but both borane residues were

too v01;1tile to be separated from the final produ’ct.

I

DI;: 1,3,5-trimethylcyclotrisi,ldxane {m.w. 180). IR (hexanes)
2170 (s), 1255 (5), 1025 (vs), 888 '(vs), 772 (s) cm I B0111ng

point obsexrved: 94-96°c, lit.: 93:8°¢%. Tm mmr (cgD) & 0.13
to 0.17 (3H, m), 4.99 to 5.04' (1H, m). Compound 27.

P . " . . . I
r ‘, ) {

-t N
e " !

Preparation of DSO A single;nebked,_ 100-mL, round-bottom

flask with a Teflon stopcock gide—~arm was flushed with

nitrogen and charged with 30 mL of deoxygenated pentane.

_Dicobalt octacarbonyl (7.0 g, 2.00 mmol) was dissolved in

the pentane and the solution was cooled to O°C in a water-ice
bath. U51ng a small syringe, 2.0 g (0.83 mmol) of DH were
added dropw1.se through a rubber septum to the solutJ.on with
vigorous stirring. After ‘0.5 h, the solution was allowed

¥y

L] f
to warm to ambient temperature and the reaction was continued

¥
t
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for an additional 4 h. The bomple‘tidn of the reaction was

verified by following the disappearance of the Si-H peak at

-1

22470 cm ~. - The solution was stored for 48 h at -20°C and

th_en cogled to -78°C for 4 h to complete the precipitation
of excess Co (CO)‘8 and black by-products, presumed to be

Co4(CO) . The supernatant red %plutlon was syr:.nged into

12
a dry Schlenk round-bottom flask and evaporated to 10-12 mL

+
{

under suction. The flask was slowly cooled to -78°C and
pink crystals\were precipitated. The crude yield gives 6.3 g
(82%) . Many successive recrystallizations in a minimum
amount of dry pentane at -78°C afforded 2.72 g (35%) of pure

Dccf, as a white amorphous solid at ambient temperature.
4 ; P

DEO: 1,3,5,7-tetrakis [tetracarbonyl cobalt(I)] >tetr_amethy‘1-
0 .

cyclotetrasiloxane (m.w. 920). IR (hexanes) 2100 (s),

2040 (s), 2027 (sh), 2011 (vs), 1968 (w), 1263 (m)

1061 (s) cm‘l.f Melting point observed: 95°C “(:iecomposition).
'H NMR (C,D,) & 0.69 to 1.04 (6 sharp peaks). Mass spectrunm,
selected m/;a (rel. iﬁtensity %), 920 ‘(M+, <l), 905 ‘

(M-cH,®, <1), 892 (M=CO’, <l'). Anal. calcd for

3 l
C20H12020514Co4: €, 26.10, H, 1.31. ’Fotmd:‘c‘, 26.14,” H, 1.45.,
Compound 28. ~

'Preparation of Dgo A single*necked, loo-nm*‘round-bottom

flask with a Teflon stopcock s;,da-arm was flushed with nitroqen

and charged with 30 mI. of deoxygenated petroleum ethe.r.

. oP

e




LA

shyel

T

Y

[es ] P
e v 4
¥

5or
_Dicobalt octacarbonyl (9.0 g, 2.60 mmol) was dissolved in

b3

the petroleum ether, the solution was cooled to 0°C,.and
H .

3.0 g (1.0 mmol) of D, was added dropwise to the sQlution.

After Wa‘rming to ambient temperature, the solution was
stirred for 4 h under a nitrogen atmOSphe're. A further 12 g
(3.47 mmol) of C02 (CO) g vas added and the mixture ‘was

stirred for an additional period of 48 h at room tempera-~

Ja

ture to completé,the reaction. The solution was warmed

to 40°C for 2 h 'to convert excess Coz(co)8 into Co4 (CO)12

for easier precipitation. The solution was&xﬁhen'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 flgs’k and evaporated by suction, leaving a sticky

red solid. The }esidue was redissolved in a small amount

of n-hexane and the sclution was cooled slowly to -78¢5C.

After 10 h, a red amorphous solid was isolated by

decantation and dried in vacuo. Crude yield: 4.6 g (40%),

Due to the extreme soiubility of the product in all oxrganic

solvén_ts (including cold petroleun ether), it was impossible

‘to isolate a pure product'(expected to be white) by successive

fractional recrystallization. Nevertheless, 1.5 g of .the

crude red product was partially purified by passing it through
a 30 cm Florisil® column with hexanes. No decomposition

was observed but we got very poor separation of red by- .

Co

products from the expected ’Ds . A reddish fraction (~ 25 mL)

* was collected before the elution of the more intense red band.

s
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12039 (s), 2023 (sh), 2006 (vs), 1966 (w), 1263 (m), 1073 (s), cm

The sticky residue (0.54 g) from this fraction was redissolved
in 7 mL of hexanes and stored under nitrogen at -20°C for
5 days A white amorphous solid (0 10 g, <1%) was precipi-

tated, isolated and drled in vacuo (Eompound 29). The mother

‘llquor was evaporated to dryness Affordlng 0. 4 g (3.5%) of

/

Pt

" a red ,viscous re81due (compound 30) Total yleld of 30 = 10.2%. -

i

-

Dgo fcompound 29) 1,3,5,7,érpeﬁtakis[tetracarbonyl cobalt(I)]

\pentamethylcyclopentasi1oxane (m.w. 1150). IR (hexanes) 2101 (s),

-1

1

Melting point observed: 55°C (decomposition). ~H NMR (CgDg)

§ 0.80 to 1.25 (m). Mess spectrum, selected m/e (rel. 'inten-

sity §), 1094 (#-2c07, '<1), 1066 (M-3c0", <1), 1038 (M=4cO’, 1).

Anal. calcd for C25 15 25SLSCO5 C, 26.10, H, 1.31. Found:

C, 26.20, H,q1l.46. Total yield of 29 = 2.6%.

L]
-

Compound 30 exhibits an lnfrared spectrum very similar to that of

compound 29, but also shows gsome extra peaks in the CO stretching

<

region (2100 to 1850 cm ) attributed to 'a contamination by

CoZ(CO)8 and Co4(CO)12. Some differences in leNhR spectra

£
-

are reported and discussed in Chapter 4.

é

Preparation of DFp A 200-mL three—necked round-hottom flask

" equipped w1th a condenser, a nltrogen inlet at the cdpdenser

top, and a nitrogen outlet on the flask.was charged with 25 mL

of deoxygenated‘decehydronaphthalene. The epparatus ﬁés\ [

J
4 . -
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[3

purged with N, prior to the addition of 5.0 g (14.1 mmol) of

[ns-CSHSFe(CO) and 3.0 g (12.5 mmol) aof DH outlet

212 4. 2
was closed and the slurry was hedted to 160°C with a wax

The N

bath for 70 h with vigorous sti:riné and a slight positive
pressure of N2. At the end of this ti?e, 3.0 g.(8:4 mmoi) of

[n -C;H Fe (CO) were added and the bath temperature was

2}z
increased to 170°C for the next 50 h in order ;o complete

the reaction. The solution was tooled to ambient témperature
and filtered over a layer .of CeliteI{ The sélutioﬁ was
column chromatographed on silica gel (3 x 40 cm) using pure
hexanes as first eluent. The solvent decaﬁydrogéphthalene ﬁas
eluted first and was immediately followed by a yleow-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 leaving 7.2 g bf
yellow crude product. An intense red band w&é Also eluted
with a mixture of héxanes/benzene (1:1) and wéé characterized
as the pure starting material, ins-CSHsFe(COf ]2 (0.40 g).

The fllow crude product was ‘redissolved in benzene (12 mL)

\

vand a whlte—belge solid was precipitated from this benzene
solution by adding a large volume (ca. 100 mL) of co6ld
hexanes. The Qroduct was washed with. hexanes and dried

in vacuo.  Yield: 3.54 g (30%). An appreciable amount

(v 3 g) of partially substltuted product was 1sola;ed from the

mother llquor as a v1scous yellow residue. The product DFp

s v

b b
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is a white-beige amorphous solid, air stable at ambient

temperature.

%

4
tetramethylcyclotetrasiloxane (m.w. 944). IR (CCl4) -
3125 (vw), 2961 (w), 2899 (vw), 2000 (vs), 1943 (vs),

1250 (m), 1064 (sh), 1030 (vs) cm-l. Melting pdint observed:

191°C" (decomposition). 'H NMR (C,D,) 6§ 0.89 to 0.96 (3, m),

4.42 to 4.48 (5H, m). Anal. calcd for C32H3201;SL4Fe41
C, 40.70, H, 3.42. Found: G, 40.68, H, 3.45.- Compound 31l.

1

Preparatjon of Di_nngp " Following the above procedure
described for Dip, 3.0 g (12.5 mmol) of Dg weré ﬁeated at

145°C in decahydronaphthalene with 6.0 g (8.4 mmol) of

»

[ns—CSHSFe(CO)Z]2 for 22 h. The cooled solution was filtered

and chromatographed on silica gel (2 x 42 cm). Decalin,
ferrocene and unreacted Df (traces) were eluted with 300 mL

N . ‘ ~ .
of pure hexanes. Partially jubstituted compounds, Dﬁ_nnﬁp,

were slowly &luted with 250 of hexanes/benzeqe (5:2),

followed by 200 mL with the ratif\ 3:2. The long taiiing
yellow band was collectéd as three fractions (ca. 150 mL each)
and solvents were evaporated to dryness. Each residue was
redissolved in 10 mL of hexanes; filtered through celite } s
and dried in vacuo. Only the third fraction waé not entirely
soluble in hexanes and afforded 0.27 g (2.3%) of the com-

1
pletely substituted DEP.(QQ). The first fraction afforded

v

D sz 1,3,5,7—tetrakis[cyélopentadienyl dicarbonyliron(II)]—‘
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1.35 g of a very;vispous’yellow M§quid (compound 33). Thg
second fractioﬁ‘gave 3.04‘g of a & llow viscous prodtct
(campound 34) and the third fraction, 1.32 g of a yellow -
v1scous solld (compound 35). all’ products are very solubie
in hexanes and attempts to separate some of them by frac-

t10nal recrystallxzatlon at low temperature were unsuccessful.
&

‘All fractlons are air stable when dry but decompose slowly.

)
4

in solutiop.
H ~ Fp _ :' ,oo . i \
Dy_npD,  n = 1.4: IR (hexanes) 2150 (s), 2006 (vs), 1950 (sh),
1944 (vs), 1254 (sh), 1249 (m), 1065 (vs, br) cm Y. In wMR

. ’ : ™~
(CDg) 6 0:30 £0.0.42 (1.7H, m), 0.77 to 0.92 (2.3H, m),

4.19 tb 4.41 (3.8H, m), 5.2 (0.5H, m). Compound 33. .

pH DFP n=2.¢ IR (hexanes)\ 2146 (m), 2006 (vs),’ 1950 (sh),

4-n
1946 (vs), 1254 (sh), }!;8 (m), 1065 (sh), 1060 (vs, br) cm 1.

Ly vz (CgDg) §0.39 o 0.43 (L.1H, m),*0.79 to 0. 9% (2.9H, m),

~

4.29 to 4.48 (4.84, m), 5.2 (0.3H, m). Compound gi, g

DH DFP n = 3.1: IR (hexanes\2140 (m), 2005 (vs), 1950 (sh), -’

4-n"n
1946 (vs); 1254 (sh), 1249 (s), 1p65 (sp), 1049 (vs, br) cmfl.

' NMR (€Dg) 6 0.39 to 0.43 (1.QH, m), 0.84 to 0.98. (.18, m),

4,29 to 4.48 (6.7H, mJ, 5.2 (0.15H, m). Anal. caled for

2528 lO 4
Compound 35.

C,sHyg0; oSisFey: C, 39.73, H, 3.57. Found: C, 40.79, H, 3.64.

o

e gy " '_ﬁ
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Preggratlon of Dgonp

was redlssolved in dry de0xygenated.hexanés (25 mL) and
filtered. This solution was transferred by syringe into a

100-mL round-bottom flask with a nitrogen inlet and cogled to

.0°C:. With vigorous stirxring, 0.4 g (1.2 mmol) of Co, (€CO) g wa

added in portions of a few mg and the reaction was monitored

’

by IR. When the reaction was almost complete, the solution
was warmed to 30°C for 1 h to convert most excess Co, (CO) ¢
into Co4(CO)12. The sélution was stored at -20°C. The black

precipitate formed overnight was filtered off. The red

solution was partially evaporated to ca. 10 mL and re-cooled

to -20°C for 48-h. The red solutioﬁ was decanted and the

i

yellow solid formed overnight was dried in géggg Crude '
yield: "0. 57'q (39%). The yellow re31due was purified by

pa531ng through a 25*cm sillca gel column eluted with pure
hexanes. The fract}op qollected just before the red band

(Co, (CO),,) afforded 0.21 g (14%) of a light yellow vigcous

e L

solid, air stable when dry. N

N -

v N

coDFp l-[tetracarbénylcobaltll)] 3,5, 7Atris[cybiobenta—f

173
dlenyldlcarbonyllronJII)}tetranethylcyclotetrasxloxane .

D

(m w, 938). IR (hexanes) 2092 W), 2031 (m), 2006 (vs),

1944 (vs), 1260 (m), 1252 (shy’, 1063 (sh), 1035 (s, br) cm 1.\
1 H MR (CgBg) 4 0. 78 to 1.4 (3.88, m), 4.32 to 4. 48 (5H, m)
' Anal, calcd for c29 z7014514%1 3% .°C, 37. 12 H 2.90.

Found: C, 34.7; H, 2.7 (Co4(CO)12 contamlnatlon) Compqund 36.

- LY
- . 4 . . e <«
. . . v ’

Compound 35, prepared above (1.2 g),

o
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Reactlon of DFp w1th Coz(CO) A lOO-mL three-necked round-

bottom flask equlPPed with a nltrogen Lnlet was charged with
. 0.10 g (0.11 mmol) of’DFp‘dlssolved in 20 mL of dry benzene.
chobaltoctacarbonyl (0.20 g, 0.59 mmol) was added slowly at
<amb1ent temperature and the solutlon was stirred for 4 h.
Infrared monltorlng of the carbonyl stretchlng region did not
show any ev1denee for the formatlon of new Sl-CO(CO)4 bonds,
The penzene @gguevap?rated ip dryness. The black resrdae
was extracted with 30 mL of hexanes. The iﬁsolub;e yellow'
material was filtered, ﬂdried and weighed (0.08 é). The
infrared spectrum of this product was found to ae identical

| . to pure Dip.

2.4f Results and discussion . ' .

2.4.1 The classical route to DH and DPh

The hydrolysis of organodlchlorosilanes, known for many
13, 92 93, 95 -97

%

decades , leads to the formatlon of a complex

mixture of small and med1um-51zed cyclosiloxanes' ' '
H. 0/(CH3CH2)éO R

“caa'(_n) SiCl, 2 —— - D

for n .» 3 (eq. 2.1)

4

’ The'{solation of the-smaller ringe (n = 3 to 6) has usually

been performed by fracticnal dlstxllatlon under reduced

17,91

pressure .'\The,hypothetlcal dimer, Dg, has never been

obsefved'regardless of. the nature of the organic éroups N
- attached to 31llcon13 79 ~ 4
% - -

-
Q - r
v
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The composition of the‘rea¢tioﬁ products'from the ﬁydrol—

r
N 1

ysis of RR'SiCl2 has been discussed*by Andrianov and

98-100

coworkers”, . Some determining factors. were pointed out:

a)

b)

C

)

the nature of the solvent used. In general, a low

f . -

s

When the reaction is run with an excess of water, the size
of the rings formed is governed by the size of the organic
substituent at silicon. The hydrolyéis of (CH3)281C12 '

gives D, (3%), D, (82%), and D (12%), wheréés the

hydrolyzate of CGHS(CH )SJ'.'CJ.2 contains D (16%), Ph

(56%), and Dih 98 .

-

r
(28%) forn > 4

The composition is also dependent on Eﬁe’concegtration and

’
‘

s

concentration of the -silane in ether favours the forma-

tion of small rings and decreases the yield of leng chain

8

products.
High temperature and a hlghly acidic aqueous solutlon (due

to the formation of HCl durlng the hydrolysls) are both

]

responsxble for 1nternn1ecu1ar rearrangements 1nqreaslng

-

the molecular welght of products.' -

Keeping in mind all of these:féctdrsf'attempts were @ede\ta

improve upon published methods in ordef to maximiie'the yield

of the small rings to be used in the present pro]ect. The

\
3

mqthod described in the experimental sectlon was’ partlcularly

'

successful with the hydrolys;s of- C (CH )81Cl2 where the

Ph" Ph

composition of the hydrolyzate was D3 (29%), DI (52%), and

,Dn

Ph

v !

(19%) for n > 4. The actual yield of—pure D3h is greater

[ N -
N
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than that of~D§h because a significant portion of Dzh

' ‘o .
by thermal rearrangement (or decomposition)’ during the

was lost

distillation. The hydrolyzate from CH3(H)SiC12 gave the

ﬁ (20%), Dg (44%), and Dg (15%). Unfortu-

nately, no trace of Dg was*found\and all attempts to prepare

|

that compeund by hydrolysis were unsuccessful.

distribution: D

The isolation of the trimer, Dg, was claimed by Brewer94

who prepared ca. 79 o{aA"higbly unstable light product”

(b.p. 93.8°C) from the thermal cracking of 1.2 kg of a

polymeric material obtained from hydrolysis of CHB(H)SiClZ101

Examining hydrolyzates fram CH3(H)SiClz, (CH3)ZSiC12, and

91,102

CH3CH2(H)SiCL2, Okawara and coworkers found no evidence

. i H H _ H
foréﬁ imers, such as szl, DlDZ’ and~D3. Nevertheless, they
%gblated a small amount of unstable triethylcyclotrisiloxane.

The infrared spectrum showed two medium peaks at 1260 and

1240 em™! (both attributed to the CH,~CH,-SiZ group) and a
very characteristic absorption band ét 1023 cm-l associated
102

with the siloxane stretching vibration . From these

. examples, it seems that the stability and obviously the yield

3
of the six-membered ring increase with the size of the

Ph is obtained in 29% yield, and

3
sometimes the trimer becomes the major productloo, e.g.

organic substituent. The D

[CH3(n—C8Hl7)SLO]3 (38%), and [CH3(n—C8Hl7§SLO]4 (18%), when
the substituent is very large.
Infrared data listed in the experimental section for

products Dg, Dg, Dgh, and Dih are in accordance with

R S

Sl b SR,




. using the photochlorination (CIé“gas)gof~D§; This chlorinated

49

literature values!’’103-107

In the series\Dg, lH NMR spectra always  show two

multiplets in the ratio 3:1 confirming the presence of CH3

(0.2 ppm) close to TMS, and the hydrogen atom at low field

(ca. 5 ppm). Similarly, the series Dih

—

always shows two
groups of multiplets 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¥?ts at 'low field (ca. 7.3 ppm). In mass spectrometry,

Ph Ph
3 and D4

+ ] N
[M~1] and [M-—lS]+ are observed for all Dg products (detailed

molecular ions are observed for D whereas’ ions

study in Chapter 3).

%

2.4.2 The synthesis of two new bromocyclosiloxanes
In the course of this project, it became important to

ohtain halogenocyclosiloxanes as starting materials to carry

U

out the salt elimination reaction (egq. 1.9) with transition
¢
metal anions. Surprisingly, it seems that little attention has

been paid to methylhalocyclosiloxanes before the present work.

The synthesis of Dgl was mentioned by Sokolov et a1.108:

cyciosiloxane was subsequently mentioned twice in the

literaturelog’llo. In 1965, Sakiyama and cowarkerslll

reported the preparation of some linear and cyclic halo- ¥
siloxanes, including Dzr, by the bromination of methylhydro-

polysiloxanes in the presence of pyridine (eqg. 2.2):




s ¢

\ B ‘ . 6. pBr o !
7 : CgHgN \ / . -
51 + BI:2 - — + CSHSNH Br
/- \ ccl, reflux / \ o
uo - Gy : ., (eq. 2.2)

The prbdqcts were very poorly characterized and only the
m.p. (97-98°C), the b.p. (112°C/4 torr) and the analysis %
Br—Si'(56.8%) are cited for D?rj The aﬁthgntidity of these

products is doubtful since in the present study it was found

that neither Dgr nor Dzr.exhihii any boiling point when
heated under low pressure, but sublime quite easily and form

whlte crystals As the methods of Sokalov108 and Sakiyamalll

4

were not promlslng, we decided to extend the well-known

bromination reaction of aryl s:r.lanes12 112 (eq. 2.3) to the

hethylphenylchlosiloxanes (eq. 2.4):

- ) . - w
C6H581§CH3)3 + §r2 i——— (CH3)3SLBI + CGHSBr (eq. 2:3)
DF® 4 nBr. e———w DB 4 nC_H_Br (eq. 2.4)
Py 2 o Pn gH5BT |

Other bromination agents, such ‘as AlBr; and HBr, have been

avoided because they are all known to cleave the siloxane

bond under mild conditions (eq. 1.8)20. When a slight excess

_of-bromine is added’dropwise to Dgh or DPh at -50°C in the
absence of solvéht the product D (é%? or D (26) is

~ formed in essentially quantltatlve yleld. The bromobenzene
’ Tty v -

I S

Che BN
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" formed in the reaction prevents'the precipitation of prbducts
from cold pentane ana must be evaporated in vacuo before
recrystallization. Unfortunately, Dgr ;a quite volatile and
an appreqiable amount is lést witﬁ the Eromobenzene decreasiﬁé
the yield of the‘isolated pure product. Dgr is less volatile’
and therefore much easier to isori}e in good yield. 1In
addition, both products can be purified by slow sublimation

(ca. 50°C at 10—3 Eorr).

When the same-lyromination is run at ambient temperature

)
P : {
,//A%37<;L additional reaction occurs: 1 \

Br, - “ .
pth 2 pBT & C_H.Br + p-C.H,Br, + PBM + HBr f

)3 H
g > ' (eq. 2.5)

)

- where PBM = ﬁolymerib brominated material. The presence of
para-dibromobenzene was eési;y%detectéd by infrared and 1y nvR
(one sharp singlet'Agt 6.80 ppm). The’yellow PBM (over 60%
yield in some cases) was very viscous and exhibited an
extremely complex pattern of some dozen peaks in the methyl .
region (0.3 to 0.8 ppm) of the 1y nMr spectrum. This
undesiyed behavior is attributed to a bromination at the para
pogi;ion of the phenyl before the expected cleavagé at the

_ " silicon center (Scheme é.l). The HBr produced in the reaction
- could be responsible for the siloxane bond gleavage and re-g
arrangement (egs. 1.6 and 1.7) observed in the PBM. At low

temperature, the attack. at the para position of the phenyl

PR
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Scheme 2.1l: Two possible reactions of:Br with.nmthfl-

2
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a) Peaks at 455 cm

4

Tgrouélis completely suppresseduand onlyvthe cleavagé at

silicon takes place selectively” ’

" The’ comparatlve study of Lnfrared spectra (reglon T

400-1400"cm 1) of Dph

two . characterlstlc features of sxlicon hallde compounds and

supports the formulation of the new'bromos;loxanes¥03 1113,

and D presented in Figure 2.1 shows

"l"

~l .na 439 cm Br

for Dy and Dfr respecs
tively, are tentatively assigned .to the vibration of a’

direct Si-Br bond. The valence Si-Br stretching fre-

[

. : : ' . ¢ .
quencies in methylbromosilanes are observed in the range

360-430 cm-l 113. The Sf-Br stretching observed in

s?loxanes should be hiqher than in silanes .due to the
presence-of two oxygens bonded to the silicon, which in-
crease the vibrational frequency of attached substituents
by..an electronegativity'effectlIB. ‘ " - )
b). fimilarly, the seblacement~of the phehyl group by the

, bromine 1pduces an upward Shlft of 'stretching frequen01es

of the SJ.-CH3 bond (from 1259 el im o Ph s about 1265 em™
in D ¥} and of the siloxane (from 1016 to 1031 cm t in
-1

the-trlmer and from 1083 to 1103 cm in thé tetramer)

¢

W‘Thls effect seens tc be caused by a withdrawal df

s

-1

electrons from the151lscon by the new, mo;e electronegative

S~

substituent. 'This redistribution of electrons presumably

<

- induces a shortening of thelsi-o aﬁd‘éi-CH3,bonds and

-increases the vibrational freqﬁenqglos. It shauld be

’A

g
1a -

e R
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" 2.4.3 A new rbute to DO

__for the preparation of many organosilicon hydrides™~:

55

noted that the frequency 1103 cn b oin Dir is probably
the highest value reported up "%Q now for a cyclotetra-
) 103

siloxane stretching frequency measured in solution .

3

Our great interest in pg as a precursor for organo-
i
metallic synthesis was f8T practical reasons. Only three

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 Dgr opened up a new route to the synthesis of

the elusive Dj. A
The reduction of organosilicon halidgs by{classical

reducing agents such as LiAlH 4 and NaBH4, is a known process
13

H

4R.,SiBr + LiAlH

3 4 3

In most cases, reactions are fast and ckean, and the organo-
e

silicon hydrides are Jeasy to separate from inorga}lic salt
by-productsl3. However, the reduction of halogenos%i/oxanes
has never been i‘eported because the réac‘:tioh (eq. 2,6a) produces
‘highly acidic inorganic salts which are able \to cleave rapidly
the siloxane bond (eq. 1.8). These geatureged us to
explore the reactivity toward siloxanes of r&cently available

A

trialkyl borohydride salts as powerful and sometimes selective

-

L

«

- 4R3Siﬁ .+ AlBr + LiBr (eqo Z-Ga).

fransss
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reducing agentslu. A successful reaction (eq. 2.6b) was
carried out at -78°C using an ethereal solution of sodium
(C,H.) ,O0
p% + 3(R.B/Nafl] —2>>2 — D! 4 3RB + 3NaBr (eq. 2.6b)
3 3 goC 3 3

tri-sec-butyl borohydride. The reaction (monitored by IR) is
fast, quantitative and selective toward Si-Br red}xction as
long as no excess of reducing agent is presént and the
temperature is kept at less than -50°C. When the same reaction
is run at ambient temperature a destructive reaction toward
the siloxane linkage takes plaée leaving no trace of siloxane
material in solution (complete disappearance of the siloxane
stretching peak in infrared). Major problems were encountered
with the isolation and purification of 'tl_le new product, 27, It
was £ound to be very- sensit;ive to .t-.hennai.rearrangement |
and attempts at a distillation at atmospheric press_ure'

(b.p. 94-96°C) led to a total decomposition giving only a
viscous, transparent material. (lH NMR monitoring of the
thermal decomposition will be presented in C»haptei: 4). This
behavior confirms the observations of BreWer94 about the insta-
bility »Of the same product as well as the obsgservations of

91

Okawara et al. about the ifstability of the analogous tri-

s
ethylcyclotrisiloxane. It sho,yl& be noted that another

trimer, [(CcHo) (H)SiO], was claimed‘ to bg a stable compound
and was distilled at 168°C/2 x 107 korr'!®. Nevertheless,

this preparation has never been successfully repe'ated, “even

o7
5

<
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though the tetramer, [(C/H ) (H)SiO], is stable and often cited
in the liferature. The hexame;hyllcy'élot‘risii?xane; D3, is
known as a stable compound but is, however, much more easily
polymerized than D4l4. The relative ins‘tabilit}:)of trimers
seer‘ns to be related to the ring strain" but the very high
reactivity of Dgi (the ring strain is probably less than for D3)
could be due to the low steric effect of Si~-H which exposes

the siloxane bond to . facile electro- and nucleophilic

attack and easy initiation of polymerization.

2.4.4 Hydrogen elimination reactions

- The hydrogen elimination reaction, already known to

46,47 38,39

.occur with silanes (egq. 1.11) and linear disi],oxanes ==,

was applied successfully to methylhydrogencyelosiloxanes

(eq. 2.7) :

Dn + n/ZCo:,_(u::O)8 s o Dn -+ n/2&2 . (eq. 2.7)

where n = 4 and 5'/

2

The reaction was fast and near quantitativé with DI: but was

" much more difficult to push to complei:ién w:.th Dg. As both'
products, Di° (28) and Dgo (29), were very soluble in hydro-

&g
carbons (even in pentane at -78°C) and decomposed on

chromatographic material, it was fairly difficult to isolate .

th'e' pure white solids in reasonable yields. Both comf:ounés

were found to be 'stable under nitrogen at ambient temperature

A g g e,
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" in the solid state and also in solution with dry and oxygen-

' free: solvents. They have been preserved as solids or in
solution at -20°C for months without decomposition. The -

~

analogous complexes; 1,3-bis(cobalttetracarbonyl)tetramethyl~
disiloxane and dlgemo7rane , reported by Greene and Cm:t:is38
were described as "exceedingly thermolabile, decomposing
slowly at -78°C, under nitrogen atmosphere". The authors
.suggested that the decreased stability compared’ to mononuclear
silylcobalt carbonyie47 may lee due to "the proximity of the
twio metallic cenq:ers". Surprisingly, the Dﬁo‘ compounds have
ieSpeetivelg four and five metallic céntersl very close
‘together and ap:e?ar to be as stable as the simple R3Si-Co (CO) 4 ‘
(R=H, C1, ‘F, C!_13, C6H5). Dg'o was exposed to air and Amoisture
at ambient temperature 'witho'ut.e‘.:ridence of deoomposition

but it turned blue-gree.n when heated at 109°C in .an,.open

.capillary tube. - The great stabllity of silylcobalt carbonyls

An Qontrast,to the analogous alkylcobalt carbonyls has been

attributed to the (d+ d)n pa\rtial double bond between the

silicon and the meta147 116, 117. Furthermore, it has been

suggested that the presence o\‘f strong electronegatlve

substituents at silicon increases the r bonding character of

the Si~-M bond and improves the stability of the complexlls.

Each s}alcon atom in the cyclic, siloxane framework can be

9§

cons:.ﬁered to'be in a moderately electmnegative environment,

being bonded to a CH, group and two oxygens (shared with

3
another silicon). It was therel\fore not surprising to find

L.
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eagil;}* prepared and stable cobalt éa}rbonyl derivatives.

The infrared spectra of Dio (530

stretching region .are’ consispént with the C,, Symmetry usually

and DZ° in the carbonyl

observed for con;plexes with the general formula ’B—CO(CO) 4

(Table 2.1) ‘ fymmetry rules predict three infrared-

active l'ZCO Streﬁching modes (Al + Al +-E) -as observed in
. '

}(C6H5-)3‘Si-Co (QQ)4. In th\e| case gf (CH3) (H)ZSJ.CQ L(COJ4 as well as

of ng and ﬁgo,'ﬂle' degeneracy of fhe E band has been remove&,

presumably because Of the unsymmetrical nature of ‘the silyl

116

, group The geometry at the cobalt center of silylcobalt

tet;‘acar.bonyls has been shown to bé trigonal bipyramildal

(substituent S§ lying 'in' ;che‘C'3V a':'cis)— and the equatorial -
¥'carbonyl'gro{.lps are sl;‘.ghtii -digplaceﬁ‘toward the siiicon?‘la.
The similarity of Dgo\‘ infrarecli. spectra with analogous silyl~
cobalt carbonyl co'n'lplexes,("rgble 2.1) confirmls' the trigonal’
bipyramidal geometry at thé/cdbalt céﬁter and excludes any
possibilities of adjacent metal-metal bonds and bridging
carb&nyls over the ’siloxanet ring.

The cdmparative study' of infrared spectra (region

400-1400 cm ') of DY and DSC (Fig. 2.2) highlights two

characteristic features of the new siloxanyl-cobalt complexes:

-1 Co

4
and 552 (s) and 511 (w) cm-l‘ for Dg-o are assigned to the

a) The new ‘pair of peaks at 552 (s) and 515 (w) cm™* for D

_valence vibration of Co-CO. The position and the relative
intensities of this pair of peaks are characteristic and
.- constant in all R-k-Co(CO)'4 cbmﬁlexesll7’118.

1

~
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TABle 2.1: I.nfrared absorptions of some cobalt carbonyl'derivatives in the
' v(coh'egion ) - ; ’
Products \ ‘ < Frequencies (cm™1) .
- Y . -M = co(co), Ajleq) 4 A (ax) E 5 v(*3co)
(CH,) (H) ,8i-M" | 12102 (s)  -2043. (s) 2021 (vs) 2015 (vs) 1981 (w)€.
' * - / ‘ »
e (céH5°)3si'-Mb‘ ‘ 2095 (s) 2031, (s) 2003 (vg) - - 1975 (w)
* [{cH,), (M) 8101, S 2080 2020 2000 -- . 1960 (ww)
o e @ 2100 (s) 2040 (s) 2027 (vs) 2011 (ve) 1968 (w)
p§°- (299 % . 2101 (s) 2039 (s) 2023 (ve) 2006 (va) 1966 (w)
.. | -®Ref. 116 (gas phase). < ¢ )
. 1/ b_Ref. 117 (n-hexadecane solution). ! ] ’ i
) CRef. 38 (solvent and intensities omitted by authors).
d'rilis work (hexanes solution).
®The assignment of v(13co) has been discussed by ref. 60, ‘
’ B ) o
o
. 3 -
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Figure' 2.2:

3

Infrared spectra ofi a) D, (20), b) Dj (21),
2

c) Dfo go (29) me:sured in

hexanes solution (ca. 5%) in the region
1 ,

(28), and d) D

4001400 cm
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b) The stretching frequency of Si-CH3 has not been signifi-

cantly changed from D;I to Dgo which could be an indication

[

of only a ’vefy small change in the electronegativity of the

subgtituent from Hydrogen to the Co(CO) 4 group. However,
the siloxane stretching frequency- has been shifted down-
ward by 25 to 35 em L which may be due to the large
steric requirement 6f the new substituent. The presence
of a single siloxane band in both cases is a good
indication of the monomeric nature of the compound. A
polymeric material or a series of rearranged rings would
give rise to more than one band in the siloxane stretching

region. The monomeric nature of Dgo

1

is also supported by

H NMR spectra detailed in Chapter 4.

The hydfogen elimination reaction is also known with

5 62,119

the dimer [Fe(CO)Zn -—CS}IS]2 and was successfully

applied to Dil (eq. 2.8):

H 5_, Fp )

D4 + 2[Fe(C0)2n Cﬂl’ls]2 e D4 -I-ZH2 (eq. 2.8)
The dimer [Fe (CO) 2n5-CSH5]2, being much less reactive than

Co‘2 (CO)B' required more severe conditions  (160-180°C) to com-

plete the reaction and to get fully substituted Df?. Attempts

to prepare the analogous Dgp were unguccessful even upon heating

the reactants in a sealed tube at 180°C for several days. The

latter conditions gave only partially substituted compounds,
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B

DH DFp

5-nPn * 5>11>]4.folloﬁing wérkup by column chromatbgraphy.

Any increase in the temperature and the time of the reaction
did mot increase the yield of Dip but seemed only to increase

the thermal decomposition of reactants (the dmount of ferrocene

increased). The compound sz: was found to be very stable in

air at ambient temperature but decomposed slowly when heated

4

above 190°C in an open capillary tube. DFp is also stable in
solution with dry and deoxygenated solvents.

For silyl (also germyl'and stannyl) complexes containing'

ﬁ~cyclopentad;enyl metal carboﬁyl substituents, structural

assidnments from infrared are difficult?’. 1In general, the

number of carbonyl stretching frequéncies can be used to
e .

deduce the number of carbonyl groups present in the complexes.

Complexes of the formulae [M(CO)3n5-C5H5], [M(CO)ZnS-CSHS}

and [M(CO)n°-C.H] (M = transition metal moiety) exhibit
three, two and one béndsz7, respectively, in the region
1

1800-2100 cm ~. However, some exceptional cases have been

reported. The cqmpounds [(CH3)2ClSiFe(CO)ZnS-CSHS]119 and’
-
[(CH&)ClZSiFe(CO)ZnSfCSHSJIZO have two pairs of CO absorptions.

The extra bands have been rationalized in terms of the presence

of two conformational isomers (Scheme 2.2, structures I and II}).

Rapid interconversion could account for the simple lH NMR ‘

62,119
\ ' '

A very similar structdre can be drawn for the compound

signal

f

Dfp, where both chlorine atoms are replaced with oxygen atoms

E )

(schemelz.z, structures III and IV). The high resclution
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:; . ) Lo and D, Fp (31) (structures III and IV)
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Scheme 2.2: Newman projections along the Si-Fe axis of

64

5
[(CH )cl S:LFe(CO) 2n —Csllsl (structures I a.nd II)
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i}xfrared spectrum of Dfp in the carl;onyl stretching “reg'ion is

h;ﬁgwn in Figure 2.3. The sample 31 used for this“mea'sureme/nt,

was a mixture of all geometric isomers (as determined. by

lH NMR) . Si:»ectra measured with samples contairiing different .

isoper distributions (e.g. 32) show the same general pattern

1

but the relative intensities of the shoulder at left (2003.0 cm )

#

and the first peak (1946.6 cm™!) in the group at right vary

significantly. The spectrum of Dip (Fig.” 2,3) is quite '

different from those observed for [ (CH,) C1,5iFe (C0) an-CSH 1

120,121

and analogous compounds and could be due not only to

conformers as expected but also to geometric isomers of the

1

cyclotet}'asiloxa‘ne. As will be detailed by "H NMR studies,"

each Fp_group bonded “to a' siloxane ring can have three dif—
ferent combina;tiqzis of nearest neighbors. These three
environments gould be responsible for the three peaks (1946.6,
1942.8 and 1938.7 cm L) in the lower frequency band but they
are not complétely resolved in the higher frequency band
(Pig. 2.3). Ijt is also possible that the rotation of the

Fp §roup along the Fe-Si bond axis (Scheme 2.2) oould be
strongly affected by steric hindra.ncg and one of t?e twa, ‘

-
conformers (III or IV) could be present in considerable

" excess. This hypothesis is supported by the observation/ ‘

of only two 'normal' peeks for compounds (CG'HS)ZClSi-Fp and

(Csﬂg)c;ZSi-Fplzz where the rotation could be locked by the

phenyl groups. Much remains to be learned of the structurai

-

behavior of silyl-Fe (CO)2r15—C5H=5 complexes in soiutionﬁ.
. i . .,,‘

v

P —




Figure 2,3: Infra@ed spectrum of the carbonyl stretcfxing

- region of ‘Di‘p (31) measured in cyclohexane

solution (ca. 1%). The resolution is 0.12 em 1
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Figure 2.4 shows the infrared médification when all

N Pl .

single hydrogens of DE;@re replaced by Fé groups with

perfect preservation of the cyclotetrasiloxane fr%mework:
5 " '

a) Si-H bending at 885 cm"l in D? disappears completely
‘in Di‘p. v
b) Si—CH3 bands at 1257 and 775 cm—’l and SiFO—Si"stretching
at 1089 cm"l in Dg are all strongly shifted to lower

frequency in the, new compound due to the preggnce of a
large substituent which tends to lengthen the Si-0-Si

bond and eveh the.,Si—CH3 bond. Note that the sharp

peak at 1063 cm_l belongs to the cyclopentadienyl ringgo.

17 7

"¢) Following analogous assignments by Kahn and Bigorgne T

the new and strong peak at 597 cm—l.hl the Dgp 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 usually independent

of the nature of the substituent at the metal centerl_]"7
The proposed formulation of Dip is supported by the

presence of only one peak at 1245 cm"l for Si-CHS and. at

1040 em T for Si-0-Si. As for tHe case of DEO, polymeric
and/or rearrangeq siloxanes should give a broader and more
complex siloxane stretching band. ‘

Elemental analysis is also perfectly consistent with

»

the formula: C32H32012814Fe4.

P i
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measured in CS, solution (ca. 5%) in the

Figure 2.4: Infrareé spectra of: a) D4= (g_o_) and b) Dfp (g_];)

region 400-1400 cm *
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2.4.5 A new serie$ of heteronuclear complexes

C%;E& few heteronuclear silyl ;onmlexes are known123.

Some recent. examples were published by Malish and coworkerslz4.

The complexes [n5~C5H5(CO)2Fe—SiCl -Co(CO)4], [n5~c HS(CO) -

2
Fe—Sl-Co3(CO)9]

2,

. p3 3
P (CH W-Sl(CH3)—C02(C9)7], and [n -CSHS(CO)

3)3 2
were prepared by hydrogen elimination reactions and charac-
terized by infrared and 2°Si NMR. ° .

As the preparation of Di ip

acceptable yields, it was decided to try to synthesize and

~
o .
and D were successful, with

isolate at least one cyclosiloxane complex containing

and —Fe[CO)an-C H5 groups. The

4 5

synthetic approach to heterorfuclear derivatives, D

Simultaneously -Co (CO)
Co DFp :
4-n"n
where n = 1, 2, 3), was divided into two steps. °
Q

1) The preparation of partially substituted compounds:

" o pfP;

4-n"n

H 5
When D4 A —FSHSIZ

under mild conditions, a very complex mixture of‘partially

was reéacted with a deficiency of [Fe(CO)

“substituted cyclotetrasiloxanes was formed (eq. 2.9):

“ 5 " N

[Fe (CO) ,n~=C_.H_.] ' - , - '

D, 2 23 % Di;anp + n/2H, ‘(eq. 2.9)
145°C/23 h , ) >

v

v

THe mixture can contain as much as ‘31 different geometric

e

isomers (Scheme 2.3) which makes very difficult the complete \\

separation and isolation of the products. Nevertheless, a

-simple workup can simplify greatly a portion of the mixture.
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o
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The unreacted isomers of Dg can be eagily sepa§€ted by an
elution on a silica gel column with pure hexanes. ﬁartiaily
substituteggcompounds begin to migrate oely when eenzene is
gradually mixed with hexanes for the elution. It was not §os—
sible to get a clean separation gf some specific isoqers. A
large yellow mixture migrated as a long ta%linglgghiLand was
collected into three\equal fractions (150 mL). The fully
substituted D4p was easily removed by Washlng each fraction

" with pure hexanes. A small amount of the 1esoluble Dgp

(0.23 g, 2% yield) was found only¢in the last fraction. The

particular isomeric composition of compound 32 is discussed

in Chapter 4. The isomeric composition of each fraction can

A4

be estimated from lH NMR spectra because a CH3 group attached

v *

to a substituted silicon resonates at a.lower field (ca. 0.85 ppm)

than a CH, attached to an_unsubstituted silicon (ca, 0.40 ppm)

and they can be integrated separately. ’ The first and second
F=

fractions (33 and:34) had relatlvely low values for n (1.4

and 2.6) but the thlrd fractlon (35), with a “calculated value

of n = 3.1, appeared to.be a much more simple mixture. “

'Assuming that DEP ig virtually absent, the sample is a m;xtureﬂ

4
of six geometric®isomers-of the same compound D?Dgp. These

N ’

‘isomers are identified in Scheme 2.3. Theé sample 35 was used

‘as startlng materlal for the preparatlon of Dgo gp.
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v 2) -Preparation of:the heteronueléér complex D1 D3p ‘ .

-

. The reaction of Dngp with* Coz(co)8 in "hexanes %eq.‘Z.iO)

under conditions&simllar to the preparation .of Di? was rapid

Al v
N

[}

Co Fp
1 D3

hexanes
25°C

2(90)

DID-F + 1/2Co

173

o + 1/2H, (eg. 2.10)

-~

e, ‘

~

e

and quantitative. Several purification steps by preéipitétion
£ & * . ;4
ind column chromatography afforded a light yellow grease.
The ¢ompound was air ‘stable but decomposed slowly in'solution.

The lH NMR spectrum shows the comglete disappearance of the

~"multiplet at ca. 0.4 ppm and thé formation of a large and

N " s

. compléx multiplet at ca. 0.9 ppm corresponding to thé
, ;

resohance of a CH, attached to =Si-M where M =‘Fp’or'Co(CO)J.

e
3 ! k )
Y
. V. %
)
s ~ X
. <

A detailed study of the\lh NMR spectrum of the cyclopenta-
dienyl region 1is given in Chapter 4 and helps to support -

the proposed fbrmulatlon of the compound. Indeed the

¢

ebemental analy51s alsp supports this formulatlon. - .

The high resolution infrared spectrum in the cafbonyl v

stretching reglon for Dngge (Fig. 2.5@),conflrms the -

rpreEence of both organemetallic groups. The'Co(CO)4)grbﬁping

shows peaks at 2092.7, 2028.6 and probably 2007.4 cm © but

’ v
the expected fourth peak is hidden by absorptions .from the R

o N ™ £ . v
Fp grpup. The Fe(CO)ZnS-CSH5 moiety shows strong peaks at

N

2002.7 and 1944.0 cm 1. The smallvpeaké at 1987.8 and-

1953.4 cm_l are also attributed to Fe (CO) n5 CSI—I5 ena are

p0551bly related to the presence of geometrlc isomers as
i )

- - o v
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o solution (ca. 1%) 'with a resolution of 0.12'cm-l,
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proposed in the case of pure bip. —

Co. Fp
1 D3 2

(Fig. 2.5b) is quite similar to the spectrup of Dig shown in -
o > -

The lower frequency part of the D spectrum in CS

Figure 2.4. ‘However, two major and significant differences
~ ) .
are evident: -

-

a) Tﬁe peak' at 1247 cm—l in thé Dip spectrum (assigned to &
Si-CH, éﬁretchihg) is split (1254 and 1247 en™l) in the
spectrum of D§°D§e due to the preéghce of two different

* substituents on the silicon atoms. S : ” ' ~

b) The presence of, ; new peak at 550 cm_l in the spectrum

: olefnge, compared to that of Dfp confirms the presence
. =

of a cobalt garbon ﬁtretchiqé¥mode as 6bservéd in UEO'
AN "

¢

(Fig. 2.2). .
L s F
The similarity of the siloxane regions of D4p and
DCODFp“supports the formulation of the new product. ‘The new ,L

3
heteronuclear complex consists of a cyclosiloxane molecule -

bontaining three Fe(CO)an—CSH5 groups but only one Co(CO)4
4‘ .
. group, giving a siloxane ring stretching frequency very close

to that of Dﬁp iactually the same in C82 solution).

The absence of reactivity of Coz(CO)8 toward sz éonfirms
the extraordinary stagility of the Si—Fe(CO)ZnS—CSH5 bond64
and above all makgs sure. that the product from the reaction
of Dg_anp with Coz(
lfrom a Si-H reaction cenﬁer and né% due to a metal substitution
‘at a Si-Fe center. R
N

CO)8 is only due to hydrogen elimination
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2y
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' The Appendix 1 describes a small $cdle preparation of
\ °
the analogous pentamer, - p<° DFe. Infrared and 1H NMR A

5-nn

evidence for the formation of the mixture of heteronuclear
complexes are given. The mixture becomes so complex with

the pentamer that it seems unrealistic tO*tfy to isolate

‘some compounds wlith the usual sevaration methods. ' :

P

with some metal

e

2.4.6 Anomalous reactions of Dg

cafbonzls

Hydrogen elimination is a fairly general reaction and

many reports have mentioned the thermal reactivity of simple
40,66,119,125-127

. -ag;, ’
and even with the trimer, Fe3KKn12

silanes with the dimers, an(CO)10

[nS—CSHSMo (co>2]2119

Reactions of Dg will all of these’ compounds gave poor résults
(see Appendix 1). T'The reaction of Dg with an(CO)10 was

performed in a sealed tube under rigorously dry anﬁ’anaerqbic

40,119

conditions . The infrared of the crude solution after

the reaction showed that ca. 95% of the Si-H had reacted.
In spite of this, only traces (< 1% yield) of ﬁresumably

DMn(CO)S were isolated. The infrared of this compound in

4
the v(CO) region is in good %ccordance with the C4v symmetry

60,66

Si—lvl'n((f())5 5. In the reaction

40

generally observed for R4

of Mn2(CO)10 with polysilanes, Nicholson and Simpson
observed a low yield (10 to 40%) of 9xéected polynuclear

complexes and mentioned the production of siloxane species.

1

The ofygen for the siloxane form?tion must be presumed as

$

o

"

117,128-130

[LAVCRE DN g R




C

r

Ne ijthe result of the attack on silicon by oxygen of coordinated

U N

29,40 . )

carbonyl groups Very similar behdvior seefis to be

present in the reaction with Dg where a silicone grease-like
material was isolated by chromatography (se; Appendix I).’
In addition, the strong tendency of (CHy) 45i-Mn(CO) ¢ to
homolyéic cleavage and the subseqﬁent fofmation of si&yloxy—
alkyl complexes by attacking the oxygen of many aldehydes

and ketones has recently been studied and a mechanism was

proposedl3l. i

rThé formation of Ci?SiMo(CO)2n5~C5H5 from the reaction
of C13SiH with [nS—CSHSMo(CO)Z]2 Kas been reported by Jetz
and Graﬁamllg. A similar reaction with Dﬁ led to a complex

mixture from which it was impossible to extract any recog-
nizable products. The presence of_a complex pattern of
carbonyi peaks and a very broad band in the Si-0-5i region
of the Iﬁ spectrum of "the crude solution indicated tﬁat
polymerization of the siloxane and formagioﬁ of some unknown
molybdenum carbonyl derivatives had taken piéce.

The thermal reaction of Fe"?’(CO)l2 with Cl.SiH has been

3
119 to give a di-silyl derivative: (Cl3si)2Fe(C0)4n

H,

reported

- When FeB(CO)12 was slowly added to D4 solution under

rigorously anaerobic conditions, all Si-H was reacted aftér

a few hours in hexanes undér reflux. The product was a

LY

mixture of extremely air-sensitive compounds showing a
complex pattern ih the v (CO) region. A small amount of one

of the products, isolated by chromatography, had an infrared

v
it v s o s =

[EPRTRp
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spectrum consistent with a silyl—Fe(COX4derivative3%62’12&132.

The compound was found to be very unstable. A recent feport by
“ y')
Carré and Moreau >3 mentioned the good stability of a chelating

di-silyl complex (37) compared to the high reactivity.of a

/) \

5i(CeHs). R si (Cots)
9//‘
o/
/(c0), Fe .(CO),Fe Fe(C0).
S C H5)2 R S'(CeHs)z
(37) (38)
non-chelating analog (38). The apparent instability of the
expected complex with DE where Fe(CO)4 is coordinated to two

adjacent {or trans-annular} silicons on the same cyclo-

siloxane molecule can be due to an unfavorable strain as

observed in 38. It was also reportedl34 that the complex cis-

(CO)4Fe[Si(CH attacks the oxygen of a variety of acyclic

30312
ethers to form new siloxane bonds (eqg. 2.11). A similar

H
reaction at the oxygen of a siloxane bond of D4 would cpen

the ring and give a new siloxane product.



/ . : .
\CO)4FQ[SL(CH3)3]2 + CH30Si(CH,) 3 =
(CH3),Si + [(CH5),8i1,0 + ... (eq. 2.11)
\ 4\$\
~ . H_ R
2,4.7 The low reactivity of DDy

It was previously mentioned in this chapter that the
reactivity of the pentamer, Dg, toward COZ(CO} 3 and

[nSmCS‘,HSFe (CO)2}2 was guch lower than expected from analo-

"
pS
«

4 It was impossiple to prepare the

gous reactions with D
»

o s p ’ . . nCo

fully substituted D5 and very difficult to gex Dq in even

verv low vield. This behavior could be related to the

conformation of the molecule when four .sites hrave beeon

substituted and only cne hydrogen 1s-st1ll unreacted. Schenme

2.4 (top) shows two examples of Df’ f: isomers where the unreacted

hydrogen is surrounded by two dadjacent bulky groups\k},(R = Fp

or CQ(CO)4) or by one bulky group and one CII3. Scheme 2,4
(bottom) shows the representation of a hypothetical "double
chair" conformation adopted by the pentamer. The motion of
Si(l; toward the inside of the ring (as indicated by the axrow)
induces an outward motion of Si(2) and Si(3) but has little
effect on 5i(4) and Si‘5). Such & motion is favoured by

the large size of subs*ituents at 5i(2) and Si:3) and by

the wvery smallﬂ sizeb’ of the hydrogen atom which becomes
"hidden" inside the ring between tiie two adjacent groups.

3

Some large attackding mclecules, such as HCo(CO;4 and above

nS-—C He, would have major cifficulties :in

‘all, HFe(CO) sHer

2

"\i



[N
7

Scheme 2.4 :

22

)
Two possible geometric isomers cf partially

substituted D? g‘ The "double chtair" confor-

mation of isomer IIIWJ'JS shown (bottom)

iISOMER 1I. ISOMER. |II

ISOMER 1i1i
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reaching the last reaction site. It should be noted that the
analogous "hidden conformation" for the unreacted hydrogen is
not possible in the tetramer D?Dﬁ. The molecule would
probably tend td adopt a "chair conformation", (e.g. Fig. 1.3,
bottom) to get the bulky groups away from each other. This
conformation is still favorable to the reaction of the last
hydrogen.
In addition, the statistical effect should be mentioned

as an important factor in the substitution of the last hydrogen.
‘As five reaction sites are present on the same molecule,
which is not a common 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. R

2.4.8 Salt elimination reactions

N

The salt elimination reaction was the original route

used by Piper and Wili{inson22 to prepare silyl-Fe(CO)z-n-s-CSH5

complexes. The major interest in thé;present work for this

.approach was the possibility of preparing DCo and DFp from

3 3
Dgr and the appropriate alkali-transition metal salts. -

The reqction of Dg

temperature gave an unexpected but already known methinyl-

tricobalt enneaéarbonyllBs, identified by 1

T with LiCo(CO)4 in THF even at low

H NMR and mass
spectrometry (Appendix 1) as»HO(CH2)4CCo3(CO)9. Tricobalt
carbonyls are common in reactions with Co(CO)4: and the

[}
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present product is formed by the cleavage of the THFL 33,

The expected Dgo was not isolated. Many anomalous reactions
between silicon compounds and coﬁalt carbonyl dnions have
45,135,136

been reported . The electrophilic attack by the

silicon compound on oxygen atoms of coordinated carbonyl

“groups was observed?> (eq. 2.11) to give siloxane products.

-~
K

“u

- . - THF : . "
(CGHS? SiCl + CO(CO)4 e (C6H5)81]20 + .'.‘f
(eq. 2.11)
, - Br Br .., 5 . .
Reactions of both D3 and D4 with NaFe(CO)zn --CSH5 in

THF were also unsuccessful. The reaction was also carried

-

out in dry tQluene but the unknown products decomposed on the

e

column (Appendix 1). Many reactions of halogenated silanés, ~

polysilanes and cyclic carbosilanes, with [Fe(CO)2n5-C5H5]-

were successfulzg. Réactions were run in THF and stable

products were isolated by column chromatography in reasonable

40,120

yields (30 to 75%) Silicon chlorides are'usually

used for the reaction but at least.one series of successful

reactions has been reported with bromosilanesl37.‘

it should be noted that no successful reaction was reported

LN

with , halogenated siloxane. It seems that the siloxane . ring
does not resist to the reaction conditions and pdlymerization

probably occurs.

Nevertheless,

N'J
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The reactions of pt with MnéfCO)io;
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Conclusion . {

The following conclusions can be.drawn from the synthetic.
reported 'abové: ) ‘ _

The yields of small rings, Dgh

(-

and Dg, can be improved

by hydrolyzing the coxresponding dichlorosilane slowly

at 0°C in a large volume of etﬁer/icé.
. Y

. o \
The new compounds, Dgr and Dgrv have been prepared by

the cleavage of the phenyl group by Br2 in the cor-
résponding methylphenylcyclosiloxanes.
The reduction of Dgr at low temperature with trialkylboro-

hydride salts led to the formation of the elusive Dg. This

compound was found to be very unstable toward polymerization.

H

The reaction of Dn

. X 5
with Coz(CQ)8 and [Fe(C?)zn »CSHS}Z

Co Co

led to,the formation of the new compounds, D, D;~, and

Dgp: These heavy organometallic complexes were charac-

terized by infrared. ‘It was also possible to synthesize

CODFp'

the héberonuclear complex, Dl 3 by reacting‘the partially

. H.Fp _.

substituted D1D3 with COZ(CO)S'
i 5

‘ 4 [MO(CO)ZD -CSHS]2

and Fe,(CO),, did not lead to the formation of isolable

and recognizable products.

The salt 'elimination reactions of Dgr’and Dzr with "’

alkali;transition metal salts were: also unsuccessful.

Va0 Fard o IR
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will be presented and interpreted. Despite the fact that’

« ’: ' ‘ ! . { . »
3. MASS SPECTRA OF SOME METHYL SUBSTITUTED CYCLOSILOXANES

L

4

] ¢
) . . \ L) :
3.1 Introduction C ' ,

., In this chapter the results of a systematic investigation

of the mass spectra of some methyl substituted cyclosiloxaﬁes
?

:

'methyl siloxanes have been and are .still of prime interest
_in the silicone industry, very little has’' been published on

' the characterization by méés spectrometry of small and -

. , . 8 , : ' .
monomeric methylcyclosmloxanes13 . Linear as(well,as cyclic

methylsiloxanes are characterized by an intense_[M--lS]+ ion

- and, like most organosilicon compounds, exhibit no molecular

ion. Two important contributions to the mass spectrometry of

methylcyclosiloxanes were published in recent yearsl39'l40.

»
1

These authors proposed an elegant transannular methyl

3
3 ' Gs

migrétion/ring cont;aption‘mechanism to account for the
observed spegtra of dimethylcyclosiloxanes (Dn n>5). To
our knowledge;this mechani8h has not been investigated with
an analogous. series of compounds where one methyi on each
siliéon is replaced by another substiﬁuent.\ In the present
chapter, a detailed discussion of fragmentation patterns of
most of the gubstituted\methylcyclos}loxanes described in .
Chapter II will be presented. -

¢

Some results presented in this chapter have been published
in Can* J. Chem. (The Leo Yaffe Issue), Apnii, 1983,

*
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. 3.2 Experimental and instrumentation

[

The spectra of Di (n = 4, 5, and %) ana p° (n =4 and 5)

were measured at the McGill Univefsity Mass Spectrometry
.Unit (Dr. O.A. Mamer) on a LKB 9000 instrument (electron
energy 70 eV, source temperature 270°C). D4 was intrpduced
directly as a pure compound at an inlet temperature of 100°C
ﬁhereaé Dg and Dg together iﬁ a mixture were separated‘on a

coupled GLC using a two meter glass column of 6% 0V-101 at

Co Co

and D

135°C. Samplés of D, 5 Were introduced directly at

probe temperatures of 46° and 50°C respectively. .

Ph

The spectra of Dn and Dﬁr (n = 3 and 4) were measured

on a Dupont 21-492B instrument (electron energy 70 .eV, source

temperature 250°C) at the Department of Chemistry (Dr. John

Finkenbine). Compounds Dgh and Dzh were introduced directly .

~ &

at probe temperatures of 55° and 80°C respectively. Both

D2Y ana DB compounds were sufficiently volatile to be

3 4
.introduced directly at ambient temperature.

The high resolution spectrum of Dg was measured on an

. AEI MS 902 spectrometer (at 70 eV ionizing energy .and

source temperature 250°) at the Laboratoire de spectrométrie

3

,de masse, Université de Montréal (Dr. Michel Bertrand).
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3.3  Results | ' E ©

: 3.3.1 The methylhydrogencyclosiloanéé "

In ‘each spectrum of Dg (n =4, 5, 6) the heaviest ions’
“are [M~117 and [M-15]7 and the relative intensities of these

jions diminish with increasing ring size (Fig. 3.1). The
_absence of)[M}+' is a common feature of methylsiloxane

P
fragmentation due to the facile loss of CH3 from the parent

;139,140
10Ns

’

. . Another evident feature of the speétra'is the
" ] -

H
6

and D

\

high ;ﬁtenéity of the peakg,h/e 73, 59 and 45 in Dg

compared to'Dg., /;
+The spectra of DE are considerably richer in lines

, than those of D,- 'Fqr example, the spectrum of Dgh(Figm 3.1)

shows eleven peaks of relative intensity > 10 per cent, whilst
i

b’ shows bnly three major peaks at [M~15]+, [M-lO3]+ and

5
138~140

m/e 73 -The two groupinés of lines at 1M«47]+,

M-611" and [M-751%, and at [M-1071%, -1211% and [(M-13517,-

consistently present in’Di, are separated by a characteristic’
}

H ,

5 r

show this increment to be in fact due to two processes: loss

>

mass increment of 60 amu. Exact mass measurements on D

of SiO2 and also of (CH3)HSiO (Table 3.1b). The separaéion
L}

3

betw?en the lfnqs of these two groups, as well as that

between the light ions at m/e 73, 59 and‘45, all correspond "

7

to a mass increment of- 14 amu. ' Contrary to the case of D,

_no evidence for signifiéant currents of doubly charged
i H

ions was observed, except in Dy where ion m/e 179 can bé W
. - ++ i e T
attributed to .[M-2] . L
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Some metastable .ions observed in 'spectra of

e s
n

v

eéries

"

"

Calculated

Metastable-ions Observed
, H -2 '
in + D, v 142 (179)°/225 = 142.4
H 2
Dg » 201 (239)°/285 = 200.4 -
H ¢ 2 .
D¢ 259 (299)“/345 = 259.1

-~

Table 3.lb: High resolution mass meagurements on Dg
. 2 A N
] + ‘,
Ions m/e Observed Calculated
+ ' .
[M-47] 253 252.988 252.984 (C,H, ;51 ,0;)
o + .
[M=61] d 239 238.965 2;8.96? (C3H11814O§)
mM~751" - 225 224.951 224.953 (C.H,Si,0.)
. 279°14%s
M-10717 193 192.958 192.981 (C,HySi,0,)
(178.999 179.002 (C.H..Si.0.)
M-1211" 179 . - 7371177373
%178.964 178.965 (C,H,Si,0,)
f164.984 164.986 (C.H.Si.O.),
M-135]" 165 A 29733
l164.947 164.949 (C,H.Si,0,)
»
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3.3.2 The pethylphenyl- and methylbromocyclosiloxanes

The.mass spectra of Dih (n = 3°and 4) are shown in

g

Figure 3.2. Both compounds show the molecular ion at low
intensity on the oscilléazams. The major peaké in both
spectra occur at [M—-lS]+ and [M—93]+$ It is clear that the
distribution of peaks in these two compounds is quité dif-
ferent from thaﬁ in Dn and Dg and reflects a very different .

fragmentation mechanism.

The spectra of Dgr and Dgr are notable for their

simplicity (Fig. 3.3). 1In néither case is {M]ffobserved,

and the strongest peaks are dpe to [M—CH4]+. and [M—HBr]+..
Apart from these peaks, the only others with relative

abundance > 10 per cent are those at m/e 128 and 129 (Dgr)-and
at m/e 197, 198 and 199 (Dﬁr) attribu?ed to Houbly'charged
[M—ZBr]++. As expected, HBr+ (m/e'80,-85) and Br+'(m/e 79; 81);

are present in both spectra. :

'3.3.3 The tetracarbonylcobalt (I)methylcyclosiloxanes

The expanded spectra of DSO and Dgo are shown in

Figﬁres 3.4 and 3.5. The presence of geminate séries of

lines is -highlighted. The first series (noted aj, a,, a3,...);
beginning at the highest mass corresponds to the stepwise |
lqsé of all CO ligands from M ', The second sexies

(noted bl' b2' b ’ starting at [M—l71]+, corresponds to the

3!""
stepwise loss of a 1 €O ligands from IM—Co(CO)4]+. Also

quite important in terms of total ion current are the series

i

\
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Figure 3.3: Mass spectra of the methylbromocyclo-

siloxanes, Dgr (n = 3 and 4)
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Figure 3.4: Mass specﬁrum,bf the tetracarbonylcobalt(I)-
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méthylcjclotegrasiloxane, DEO. Peak noted b

’étqnds for the ion (417117 m/e 749
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of CO dissociations from doubly charged ions, evidenced by.
the large number of peaks separated by 14 amu in the

m/e 200 to 500 region'of +the spectrum of Dgo (Fig. 3.5).

\

3.3.4 The cyclopentadienyldicarbonyliron (iI) methylcyclotetra-

siloxane
- The details of the mass spectrum of Dz‘p are reported
in Figure 3.6. In contrast to the analogous DSO, this complex
does not show the successive loss of carbonyl groups from

the parent ion as the dominant pathway. The major fraqmenl—

tation route seems to be the facile loss of the whole group

- Fp from the molecular ion giving rise to the ion [M—177]+

m/e 767. The multiple loss of CO and cyglopentadienyl groups

.are ohserved from ion [M—177]+, [M—-353]+~, and [M~531]+. The

presence of unexpected fragments such as ‘(CSHS)ZFe+ (m/e 186),

C,H,' (m/e 91) and CyH," (m/e 39) will be discussed below.

. i

4 Y

3.4 Discussion

3.4.1 The methylhydrogencyclosiloxanes

- Previous studies of mixed methylhydrogensiloxanes have

. 138 ‘o
been ‘summarized by Coutant and Robinson™™". The fragmentation

n 5-n

« pathway of the cyélopentasilcxanes, D p - (n = 1 to 5} shows

that the initial cleavage happens at either substituent H or

-

i
.

3
or (CH3)3SiH. " In the fragmentation of the linear siloxane,

and is followed by the loss of a neutral fragment (CH3)4Si

(CH3)2HSiO{Si(FJH3)2—O+2SI (CH3)3, the domnapj: process is

*
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Figure 3.6: Mass spectrum of the cycl—opentadienyld‘;carbonyl—
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the formation of the ion [M-89]" by loss of (CH,),SiH from the

3)3
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 the ion [M--103]+ is much

less important138.

Mass spectra of polymethylcyclosiloxanes (Dn) have been

studied by Vah den Heuvel et al.l39 and a fragmentation

’

mechanism has been proposed for the spectra of D5 and larger
ringsl4o. The key step of this mechanism is the formation

of the bicyclized ion {M—15]+. Such tpansannular interaqtioﬁs
have been proposed to account for the mass spectra of tri-
methylsilylethersl4l and also for &edium-sized organosilicon
hetérocyclesl42. A similar Mcheme for Di, where it is

assumed that either CH; or H can be lost to form the initial
cation fragment, and either CHé or H can participate in the
subsequent migrations accompanying ring contraction, is shown
in Scheme 3.1. The ring contraction is followed by elimi-

nation of light fragments, (CH3)n81H , as exemplified by tae

4-n
ion [M—lS]+ in Scheme 3.2. This pathway is supported by
the observation of metastable ions corresponding to [M—lS]+ >

[M—Gl]+ + MeSiH, in all spectra of Dg (Table 3.1). After

3
their first fragmentation, heavy ions [M—47]+, [M—6l]+, and
[M-75]+ are charged cyclosiloxanone species which can easily
eliminate a neutral frégment as SiO2 or (CH3)HSi=O (both

corresponding to 60 amu) and give rise to the series of

ions [M-107]%, [M-121]F, and [M-135]7. Scheme 3.3 shows.
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two possible fragmentations’of ion [M—t’?l]+ giving two very
similar [M—lZl]+ ions. ' This part of the mechanism is supported

by the determination of a high resolution mass spectrum on a

Dg sample. Obifrved and calculated results reported in
Table 3.1 (bottom) show unequivocally the presence of a pair

of peaks fully resolved at m/e 179 and 165 due to the elimi-

nation of $i0, and/or (CH,)HSi=0 from both M=61]" and (M-7517

ions. The identity of lighter ions m/e = 73, 59 and 45 is’

x

also confirmed by the high resolution. spectrum and corresponds

351+, (CH,) sin®, and cu.sin.t. .

to expected fragments (CH 3 5

3) 2
In the case of Dn, the smaller rings D, and D, do not

3 4
underqgo the ring contraction as easily as 05 and D6139.

most intense peaks in their mass spectra are ions [M-15]

The
+

14
whilst the m/e 73 peak is unimportant. In the cases of D5
and D6’ the m/e 73 peak 1s the most important. A similar

trend is observed with Dg where the features associated with

Al

ring contraction are much more evident in Dg and Dg than in
H o
Dy- . \ ) .

)

3.4.2 The mgtgylphenylqycloéiloxaneé

The fragmeﬁtation of some lineaf and éyclié methylphén&l—
siloxanés was first studied by Cherﬁysﬂev et al.143'145. The
formation of a bridged benzenonium ion was proposed but no
complete fragmentation mechanism was presented. A recent
study of mass spectra of methylarylpolysilo:tanes146 proposgd

the formation of the same benzenonium.ion followed byAIOSS of

+ ik
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benzene and methane as the main fragmentation pathway for the
linear siloxane [CGHS(CH3)ZSiJ20. All pathways were suppotrted

by observation of numerous metastable peaks. The same essen-

h

. tidl features are evident in the spectra of Di (Fig. 3.2.),

where siliconium 1ions [M—15]+, [M—93]+, and [M—-155]+ are quite
abundant in both cases. A fragmentation pathway is prOpose&
in Scheme 3.4 involving the formation of an intramolecularly

. binding benzenonium ion from [M—]S]+ followed by eitﬁer 1osé
of benzene, or to a much lesser degree methane. The same
mechanism is also consistent with the nresence of the ions
m-71711%, m-921%, (M-9317, (M-1551%, and (M-170]". The initial
loss of the phenyl group seems much less favorable probably

,because the fragmentation of an aryl group attached to a
group IV metal requires a larger amount of energy than the

fraéﬁentation of an aikyl group147. The second major aspect,

of the mechanism (Scheme 3.4) 1s the possible eliminatibn of the

phenylmethyl silanone from ions [M—15]+, [M—77]+, [M—l7l]+,
[M—93]+ and [M—229]+ These hypotheses account for most
of the importapt observed heavier 1ons in Dﬁh. The presence,

in both spectra, of C1H7+

insertion of a methyl group into a silicon-phenyl bond,

(m/e 91) probably results from the

followed by a B-elimination of the tropylium ion, C7H7+, as

is commonly observed in aryl compoundsl48.

: +
' The rather intense [M-lSS]+ {m/e 253) and [M%213]
(m/e 195) peaks in the Dgh spectrum (weakgr in Dih) suggest a
- { .
relatively important initial fragmenta&ion by loss of C6H5

r
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el e ©




L T

s

.

Fragmentation pattern of.the_ﬁeth

Scheme 3.4:

ylphenyl-

cyclosiloxanes,

.- N g o ) | L o
\ S
o o an) . o
o ' "M®> d S
| Jrewl o oo
vIU/ oIoU\ .
. [ mu““ﬁ— h . . %T@ﬂizﬁ |
‘ \
. ﬁo.m_...s_“_ s s \o/_m Lo, Ho_,mazumzowun
| %2-& |
) !Ile




— oo ALy

102 $

i

. Lo - .
followed by losses of either benzene, g%ithe elements of
phgpylmethylsilanone, analogous to the reactions of [M—CH3]+.
On the other hand, the formation of the ion [M-151]7
from [M—-lS]+ followed by loss of benzene giving ion [M-—229]+
Ph Ph

seems to be a more favorable procéss in D4 than in D3 .

behavior could be related to the ring size stability because

>

This

it would be easy for the siliconium jon [M-151]% from Dih\to . \J;) [

rearrange into a stable charged cyclic trimer, whereas it

would be difficult to form the hypothetical cyclic dimer ion,

. . + Ph . ' .
[(CH3)2(C6H5)251202] , from D3 . Finally, doubly charged ions
are not important in either spectrum, in contrast to those

observed for most aryl substituted linear siloxanesl46. The

total absence of peaks at [M—-237]+ and [M~289Jf indicates

that ring contraction of ion [M-—CH3]+ by loss of (CGHS)ZSi(CH3)2

and (C6H5)3SLCH3, such as occurs with Dn and Dn’ does not

occur with Dih. The more likely transannular migration of

methyl group from [M~C6g5]+ leading to the formation of ions
[M—-165]+ and [M—227]+ is also not observed. It is possible
that decreased flexibility of the ring due to'increased
steric demands of the phenyl gfoupl49‘contribuﬁes directly to

fhis effect. The phenyl migration from.oxygenlso, or

carbon151

, Or nitrogenl52 to the adjacent silicon has been
described, but a migration through a siloxane ring would be
a .function of the flexibility of the ring and has never been

demonstrated for a phenyl ‘group. ' . . s

i
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Even if such a process is not favorablel49, we should

point out that a ring opening at the beginning of the frag-

Bt T ol ot w4,

mentation is not impossible and can be an alternative way to
explain the major fragmentation pathway of cyclic siloxanes
which is so similar o the one of linear siloxanes,

specificailly that of the phenylmethylderivatives.

3.4.3 Mye methylbromocyclosiloxanes p

,
oA F A BN, RIS e Lo 3

The behavior of halogenoéilanes under electron impact is

138,149-154

relatively well-known and qudite simple but very

138,155

- little has been published on halogenosiloxanes In

most cases the molecular ion shows a very low intensity in

contrast to polyhalogenated aromatic compounds which give

. + , . .
an intense M 1,56a' The migration of a chlorine atom has been N

observed in (CHB)3Si—o-€Si(CH3)Cl+2O-Si(CH3)3, where the loss

of (CH3) SicCl from [M-—lS]+ 1s the main pathway. Nevertheless,

3
‘'nd0 migration of fluorine or methyl group was observed in’

fragmentation of | (CH3) 3SiO} 2S‘1((2H13)F156b.

study, no ring contraction, either by transannular migdgration

Br
n°

In the present

or by loss of silanone fragment, was observed with D The

, + + .

major ions 1in both spectra, [M—CH4] and [M~HBr] , are

formed by the abstraction either by a CH3 group or a bromine
s

atom of a hydrogen atom from an adjacent or transannular

methyl group. The elimination of HX from organosilicon

halides is quite commonlw’157 and is sometimes the. major “
158

.process of fragméntation - The elimination of-CH, is much
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less favorable but has been observed in the fragmentation of

159 160

many cyclosiloxanes and some cyclocarbosilanes . In the

case of Dgr, the elirpination of CH4 and HBr seems to bhe

favoured by the spatial dispcsition of substituents on the
siloxane rings. The loss of substituents to form doubly

charged ions is particularly evident in Dn and Dgr (n = 3

h

and 4) compared to Ds and Dg. Apparently the absence of

alternative facile fragmentation pathways is responsible for

P

such behavior in these cases.

3.4.4 The tetracarbonylcobalt(I)methylcyclosiloxanes
Metal carbonyls and their dellivatives undergo stepwise
loss of CO ligands under mass spectrometry conditions .
It is usual for such compounds to shovw a stepwise loss of all
CO groups to produce the base metai ion, or the metal ion
plus original substituents other than C0. The low ionization
potentials of transition metal atoms alsc result in the common
appearance of multiply-charged ions in carbonyl mass spectra.
To our knowledge, one of the heaviest clusters for whach a
complete mass spectrometric analysis has been reported is
RuGC(CO)”. This compound shows a stepwise loss of seventeen
CO groups from both the singly and doubly charged ionslﬂ.
The mass spectra of several simple cilylecbalttetra-
carbonyls have been repcrted and they show the =ypical step-
162

wise loss of CO . The spectra of the compounds repcrted in

the present study have a number of novel features. The most
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loss of 4nCO molecules from [M]++ (Fig. 3.5). As well, [M-15]

105

‘striking aspect of the spectra is the fact that one can

observe the stepwise loss of such a large number of CO groups.

. Unlike the fragmentation of carbonyl clusters, where breakup

of the metal ckuster does not usually occur under mass spectro-
meter operating conditions, the DSO compounds do show loss of
metal fragments. Thus, the most obvious feature of the spectra
is the presence of the two series corresponding to stepwise
loss of 4nCO molecules from [M]}' and 4(n-1)CO molecules from
[M—Co(CO)4]+.* A more careful scrutiny of the spectra also
shows the presence of a series corresponding to stepwise

+
was detected at low abundance for both n = 4 and 5, and CO

loss series was detected for this ion.

»

v

3.4.5 The cyclopentadienyldicarbonyliron(II)methylcyclosiloxane

Earlier work on mass spectra of the simple mononuclear
163,164

.

cyclopentadienyl m@tal carbonyls shows that the suc-

cessive loss of CO before the cleavage of CSHS is observed
in most cases. Ions of the type (C5H5)2M+ have been observed

in the spectra of many complexes which contain only one cyclo-

. 165,166 166

pentadienyl ring bonded t&ga metal atom has

King

in the spectra of a number of mono-

5
COFe(CO)Zn C5H5

observed the ion (CSHS)ZFe
nuclgar derivatives. The spectrum of CH,
was recorded in two instruments having source'temperatures of

70° and 200°C, respectively, and the large differences

observed in épectra were attributed to the production of

R S o

RPN e WA
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ferrocene by pyrolysis within the instrumentsls7. In a

subsequent paper, King and coworkers120 reported the mass

spectra of some (permethylpolysilanyl)iron cyclopentadienyl

derivatives. The molecular ion, always evident in the spectra,

undergoes the usual steﬁ%ise loss of the two carbonyl groups.

However, loss of methyl groups by cleavage of Si—CH3 bonds
competed effectively with the stepwise carbonyl loss.

Most features reported in the previously cited studies
are also observed in the mass spectrum of sz (F1g. 3.6).
Tabie 3.2 lists and assigns all ions clearly discernible

from the background. The major pathway appears to be the

cleavage of a whole Fp group from the parent ion to give the

, +
ion {(CSHS)3Fe3(CO)6sl4O4(CH3)4] (m/e 767). The apparently
facile Fe-Si cleavage observed in this spectrum was not

observed by King et al.lzo and 1is suspicious. Physical and

chemical propertieg of Dip 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 m/e 767.
presence of thermal degradation is also supported by the

presence of a large peak for ion (C5H5)2Fe+ (m/e 186) as

previously mentionedl66.

The molecule seems also to break down via successive

losses of carbonyl groups to give the monocarbonyl ien

I

. + s .
[(CSH Fe4C081404(CH3)41 (m/e 748). No competitive side

5)4
pathway is observed for this minor process.

The

n
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Table 3.2: Assignments of ions observed in the Dipspectrum

< m/e Assignments m/e Assigﬁm?nts

929 * [(CgHg) 4Fe, (CO) g1 ,0, (CH3) 517 655 ((C5H5)3Fe3(CO)ZSi4O4(683)4]+
916* [(CGH,) ,Fe, (CO) 81,0, (CHy) 17 627 [ (CgHg) yFe {co)si, o0, (chy) 17
888* [(CSHS)4Fe4(c0)ssi4o4(cn3)41*’ 591 [(CSHS)ZFez(CO)4HSi4O4(CH3)4]+
860* [(CSH5)4Fe4(CO)SSi4O4(CH3)4]+ 562 [(CgH) yFe, (CO) 481,0, (CHy) 417 .
g32=% [(C5H5)4Fe4(CO)4Sl4O4(CH3)4]+ 534 [(CSHS)ZFez(CO)2S:L4C)4(CH3)4]+

" go4 [(CgHg) Fe, (CO) 4Si,0, (CHy) 417 507 [(CgHg) ,Fe, (CO)HSi, O, (CHy) 417

. 776 [(C5H5)4Fe4(CO)ZSi4O4(CH3)4]+ 479 {(CSHS)2Fe2H514O4(CH3)4]+
o + . +
767 [{C.H,) ;Fe, (CO) Si,0, (CHy) ] 475 [(CgHg) ,Fe, (CO) 58i 50, (CH,) 5]
748 [(C Hg) Fe, (CO)Si, 0, (CHy) 417 441 [(CHg) Fe, (CO)Si, 0, (CH) 417 ]
711 [(CgHg) yFe,(CO) 51,0, (CHy) 417 419 [(C4Hg) ,Fe 8150, (CHy) 517
683 [ (CgH) yFe; (CO) 481 ,0, (CHy) 17 413 [(CgHg) Fe (CO) ,5i,0, (CHy) 417 Sf
~J
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Table 3.2: (cont'd)’ .
. ~
m/e Assignments m/e ‘§\;§§;,A§§;aanents
405 [(CgHg) ,FeHSi 0, (CH,)  + 121 [(CSHS)FeT+‘& @
385 [(CSHS)Fe(CO)Si404(CH5):;:\f7 115 [cgi 1"
357 [(CgHg) Fesi, o, (CHy) 1% 91 [C 1" /
355 [(CgHg) Fe (60) 81,40, (CHy) 1" £ 63 [cHgl?
295 [(CSHS)Fe(éc;)ZSizéz(CH3)2]+ ° 39 R
267 [(CSH;)Fe(CO)SiZOZ(CH3)2]+
241 - [(CgHg) ,Fe, 1™
186 [(C_f’ris);,Fe]+ y
177 [(CHg)Fe(CO), 1™
165 [c13591+
149 [(CgHg) Fe(co)]? 4 =
[2¢]

* »
Small peaks observed on the oscillogram only.
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The most iﬁteresting feature of the Dip spectrum is the
formation of what appears to be [(CSHS)ZFeZ(CO)4HSi4O4(CH3)4]+
(m/e 591). An analogous ion [CSHSFe(CO)zﬂsi(CH3)2]+ was
observed in the spectrum of (CH3)SS'12Fe(CO)2n5—CSH5 but was
not explainedlzo. It seems the origin of the extra hydrogen
can be rationalized by a hydride migration from a nS-CSH5
group to an adjacent or transannular silicénium ion. The
proposed rearrangement is shown in Scheme 3.5.°

The ion C3H3+ (m/e 39) present in most spectra of cyclo-
pentadienyl iron carbonyl derivatives163 has been attributed
to the extru;ion of the elements of acetylene (C2H2) from

. . + .
C_H M+ 166. The formation of ion C_.H is less often observed

575 71
and can be formed by the coupling of a C5H5 ring with the

acetylene elements.

3.5 Conclusion : ) 9

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 Dg series show all the features
associated with the fing contraction mechanism pre-
viously proposed for Dn' The characteristi attern
‘of peaks m/e 45, 59 and 73 could be useful for idantifi-
cation of methyl hydrogen siloxane units in complex

mixtures 6©f methyl(oligo)cyclosiloxanes.
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mass spectra of the Dih 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 much more severe strain in the siloxane ring
than in the analogous linear methylphenylsiloxanes.

mass spectra of the Dgr series show the loss of CH4 and

HBr from the molecular ion instead of CH; and Br as

" observed for most halogenosiloxanes. This unexpected

&

behavior is attributed to favorable spatial disposition
of substituents on the siloxane rings.

Co . o
mass spectra of the Dn series show successive losses of

carbonyl ligands from the ions [M]+: [M—CO(CO)4]+, and

**.  since the Dg rings of n > 5 are easily obtainable

[M]
(Chapter 2), and there is no reason to believe that they
cannot be converted to the appropriéte Dgo analogues, one

could envisage moleculey with many more than the reported
Co
5 -
of these compounds, together with their high molecular

twenty CO ligands for D

weights, suggests that they may have some value as mass
markers.

the mass spectrum of sz shows ,» in addition to the
usual stepwise loss of CO and cleavage of the Fe-CSH5
bond, an interesting hydrogen migration from a cyclo-
pentadienyl ring to an. adjacent siliconium ion. Such

a rearrangement is highly favoured by thé ring

structure of the Dip molecule.

~
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4. lH NMR SPECTRA OF SOME METHYL SUBSTITUTED CYCLOSILOXANES

i

L4

4.1 Introduction

This chapter describes the characterization by nuclear

@

~magnetic resonance of the methylcyclosiloxanes prepared and

isolated as described in Chapter 2. While infrared spectroscopy

gives important information about the nature of substituents
and the mode of bonding, and mass spectrometry provides
criticgl insight into the molecular weight and the mode of
decomposition of the whole molecule under electron impact,
proton magnetic resonance spectroscopy was found to be the
most useful tool for the investigation of 1someric structure
and composition. The lH NMR method provides new information
about the natures and the distributions of geometric i1somers
of most methylcyclosiloxanes reported here.

The first successful separation of geometric lsomers'of
methylphenylcy01051loxanes (Dﬁh) by distillatioh and frac-
tional crystallization, and their characterization by infrared

93

spectroscopy, were reported by Lew1592 and by Young et al.” ~.

In the early 60's, the advent of NMR spectroscopy allowed

lH NMR spectrum of a natural

mixture {(close to the statistical distribution) of Dih

the complé?e assignment of the

isomerslG. Later, it was shown that the methyl group attached
to the silicon atom in linear and cyclic siloxanes is an
excellent NMR probelsa. The methyl chemical shift was found

to depend on the ring size and upon the nature and orientation
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of neighboring group5169’170. Silicon-29 NMR, with proton

noise decoupling has recently been used for structural studies

of oligo- and polymeric siloxanest 17172,

(7

¢

4.2 Experimental and instrumentation

£
4.2.1 NMR measurements

29 . .
All lH and Si NMR spectra were recorded on a Varian

XL-200 (200-MHz, FT) spectrometer. Deuterated solvents were
used as received. All chemical shifts are reported relative
Principal instrumental parameters used

3)4'
.. . 29.. 172
are given 1in Table 4.1. The special Si-INEPTR sequence ™ |

to internal Si (CH

is described in Appendix II.

*

4.2.2 separation of isomersw of D};r

Crude, freshly prepared D?r (1L.02 g) was dissolved 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-bottom ﬁﬁask under
a stream of nitrogen and the white crystalline residue was
washed, filtered and dried (compound 39). The solution was
cooled to -78°C in an acetone-dry ice bath for 8 h. More
crystals were formed (compound 40). The mother liquor was .
syringed i1nto a third flask and evaporated to dryness
leaving a light yellow solid residue (0.26 g). The crystal-
line fractions 39 and 40 were dried under moderate vacuum,

weighed and analyzed by 1H NMR. Data are reported in

TR R
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Table 4.1: Instrumental parame%sys for NMR measurements

T e L T Lo e

anmg

B T T

Parameters lH coupled 1H decoupled 29Si-INEPTR
Transmitter nucleus 1.700 1.700 29,000
Spectral width (Hz) 2000.0 2000.0 2000.0
Acquisition time (sec) 4.0 ) 4.0 4.0
" Number of points 1600 1600 1600
Pulse width (u sec) 5.0 5.0 50.0
~~ Number of transients from 16 to 400 from 16 to 400 . 600
Transmitter offset (Hz) 0 0 = =700
Presequence delay DI (sec) . - 5.0
Exc1tati‘on transfer delay D2 (sec) - - - 3.84 ).:10_3
Refocusing delay D3 (sec) ‘ - 3.84 x1073
Coupling constant J(Si-H) (Hz) i?\\\\\ " - 130.0
Proton 90° pulse (u sec) - - 50.0
Decoupler nucleus - 1.700 1.700
! Decoupler power level - low (0 to 60 dB) high
Decoupler mode - YYY NY
Probe temperature {(°C) 19.5 19.5 20.0
Resolution {(ppm) - 0.001 0.001 0.001
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Table 4.5. The yellowish residue contained hydrolyzed

siloxanes and some Dgr. h

4.2.3 Separation of isomers of Dip

A sample of compound 31 (0.159 g) was dissolved in 1.5 mL
of dry benzene and charged onto a silica gel chromatographic
column (1 x 60 g@). The column was slowly eluted with
ca. 200 mL of 4:1 hexanes/benzene mixture. A transparent
fraction (ca. 100 mL) containing only the solvent was first
collected. A yellow band (10 cm long) migrated slowly and
was collected as eight small fractions (7 to 12 mL each). The
fmactions were evaporated to dryness and the residues were

lH NMR. Data are reported in

Table 4.6, Attempts to separate Dip isomers by TLC and

weighed and analyzed by

flash chromatography are reported in Appendix III.

4.3 Results
4.3.1 The methylhydrogencyclosiloxanes

The lH NMR spectra of methylhydrogencyclosiloxanes

3

exhibit resonances in the region ¢ 4.3-5.1 for Si-H protons
and § 0.1-0.2 for the methyl groups. In coupled spectra, the

Si-H region appears as an unresolved, compiicated cluster

Ve

of overlapping peaks in all spectra, whereas the Si-CH3 region

shows the superposition of many’doﬁblets for Dg and Di and a

complicated cluster of overlapping peaks for Dg (Fig. 4.1).

The complexity of the Dﬁ spectra is partially due to the
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three~-bond-coupling between the hydrogen bonded to the silicon

and the protons of the geminal methyl group:

-q\\\ H e gives a quartet (ca. 5 ppm)
"~ si

. -0 CH - gives a doublet (ca. 0.15 ppm)

H

The coupling constant ranges from 1.45 Hz in D3 to k55 Hz in

H
4

spectral data for the methyl region are given in Table 4.2

D, as determined in spectra shown in Figure 4.1. Decoupled

for D§ and D? and in Table 4.3 for Dg. Decoupled spectra

appear as three independent singlets for Dg, two pseudo-

. doublets and one singlet for Dz and a cluster of nine poorly

resolved singlets for Dg. The decoupled spectrum for the

hydrogen region of Df also gives five peaks: 4.986, 5.010,

5.014, 5.031, and 5.037 ppm. The decoupled spectrum in the

Si~H region is the mirror image of that of the methyl region.

4.3.2 The methylphenylcyclosiloxanes
Ph Ph

The 'H NMR spectra of D, and D, in the methyl region

have been reported and assigned previouslyl70f The results

of the present work listed in Table 4.2, do not differ
significantly from published results. -The spectrum of pgh
shows three independent singlets whereas Dzh looks like two

L4

pseudo—~doublets and two singlets. The coupling between

TR k34
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able 4.2: ll—l NMR data for CH3 resonances of D: (n = 3 and 4) recorded in C6D6 at ambient temperature.’
_ The relative intensities are given in parentheses.
&, J,f" «
- . & §(ppm)
R ) 5
Isomer - Notation H C6H5 _ Br CO(CO)A Fe (aee)‘zn -CSHS
-
v Dg (1) 0.136 (8.5) 0.572 (4.1) 0.299 (4.4) - - - -
( ) 1 0.154 (10.0) 0.489 (10.0) 70.376 (10.0) - - \ - -
11

0.161 (5.0) 0.420 (5.0) 0.426 (5.0) - - - -
O Dz (1) 0.113 (4.1) 0.553 (6.8) 0.289 (7.7) 0.693 (5.7) 0.885 (3.9)
/ 0.120 (4.8) 0.487 (5.0) 0.330 (2.8) 0.763 (5.2) O.9lé (3.2)
1: (I1) 2 0.143 (10.0) 0.475 (10.0) 0.412 (6.0) 0.858 (10.0) _ 0.936 (6.0)
0.170 (8.8} 0.264 (4.9) 0.483 (3.0) 1.040 (5.2) 0.945 (3.2)
Q D4R (I1I) 0.146 (10.0) 0.390 (8.0) 0.427 (10.0) 0.918 (8.8) 0.957 (10.0)
Q (IV) "0.170 (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: lH NMR data for CHB- resonances of Dg recorded in CGD6 at

ambient temperature. The relative intensities are given
i‘ in parentheses.
f 1
;
; S (ppm)
¥
; Isomer Notation H Co(CO)4 (29) Co(CO)4 (30)
1
§ R
5 DS (1) 0.123 (2.5) - - - -
§
§ .
% 1 0.131  (5.2) - - 0.804 (3.0)
: o? (II) 2 0.149 (5.2) - - 0.953 (10.0)
i 3 0.195 7 (2.7) -- 1.097 (4.5)
¥

",,“F

0.141 (3.2) 0.843 (4.7)  0.851 (2.3)
Y

¥

(II1) 0.159 (10.0)  0.953 (10.0)  0.953 (10.0)

0.169 (5.9) 0.997 (9.0) 0.998 (4.0)

1 0.159 (10.0) 0.953 (10.0) 0.953 (10.0)

WG B¢, B TR

(Iv) 2 0.176  (2.7) 1.067 (0.8)  1.063 (1.0)

v o

. 3 0.186 (5.2) 1.100 (1.4) 1.097 (4.5)
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“ methyl and phenyl protons is too weak to be observed. As
" [ 4 -
eﬁpected, the phenyl regions (from 7.0 to 7.6 ppm) of both
compounds are too complicated to be interpreted and will

not be mentioned in the discussion. .

4.3.3 The methylbromocyclosiloxanes
1

H NMR spectra of the two new products, Dgr and Dfr,

o ,
arghfai{fzw:imple (listed in Table 4.2). The spectrum of Dgr
appears as series of three independent singlets and that

' of DBr consists of three groups of two peaks each. The

The

4
chemical shifts of Dﬁr are in a region between those of Dg
and Dgh. The several peaks are spread over ranges of 25.4

and 30.4 Hz for D°F and LD

(} 3 3

very small 5.0 Hz range for D

respectively, compared to the
H
3

~

4.3.4 The tetracarbonylcobalt(I)methylcyclosiloxanes

The lH'NMR spectra of the two new compounds DSO and Dgo

- are shown in Figure 4.2 and chemical shifts are listed in

Tables 4.2 and 4.3 respectively. The spectrum of DSO shows

three groups of well-resolved peaks as expected from

analogous Dzr and Dih. Surprisingly, the spectrum of Dgo (29)

was much simpler than expected from the decoupled spectrum of

H

5 (Table 4.3). Furthermore, data from two different samples

D

(29 and 30) show that slightly different purification techniques

may lead to a variation in the isomeric composition of the

(}‘ product, probably as a result of fractionation during the

R ns‘.gﬂ_ﬂ\
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Co Co

ly amr spectra of D,” and D;~ in the methyl

region, measured in C6D6 (ca. 5%) at 20°C
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[]

crystallization. Assignments given in Figure 4.2 will be

discussed in the next section. Methyl proton shifts observed

for Dgo are the highest of any of the cyclosiloxanes discussed
in this work. The lH NMR spectrum of the previously reported

compound, [(CH3)ZSiCo(CO)4]20, gives a single peak at 0.6 ppm38

4.3,5 The tetrakis(cyclopentadieqyldicarbonyliron(EI))tétra—

methylcyclotetrasiloxane

The lH NMR spectrum of sz (31) in the methyl .region is

listed in Table 4.2. The cyclopentadienyl resonances appeér

as a group of peaks in the region, 4.4 to 4.5 ppm.
The range covered by methyl proton shifts in Dip (15 Hz) is '

about 5 times smaller than in Dgo which results in problems

with the resolution of all of the peaks. In somewhat similar
compounds (methyl polysilane derivatives) reported by Kinglle,
the nS—CSH5 proton shifts ranged from 4.4 to 4.8 ppm and

CH,-SiFe proton shifts were observed in the region 0.5 to  _

3
0.9 ppm.

4.3.6 Decomposition of DI;

As mentioned in Chapter 2, the slow decomposition of

1

Dg (ca. 1% in C.D_) was monitored by "H NMR over a 20 h

6 6
period. The spectra (Fig. 4.3) show the disappearance of
Dg characteristic peaks and the formation of a symmetg}cal

cluster possibly due to the formation of polymeric material.
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~

Monitoring of the decomposition of Dg (27) in

CcDg (ca. 1%) at 20°C. '

H NMR spectra in the
methyl 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

4.4.1 Assignment of lH 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 methyl
shifts were found to be dependent upon the ring size of the
siloxane and chiefly upon the position and the spacial
orientation of all other methyl and phenyl groups in the
molecule. Application of this approach allowed the complete
éssignment of methyl lH NMR spectra of cyclopolysiloxanes,
[(CH3),510]  [(CeHg)CH S10]
The study of analogous methylhydrogencyclosiloxanes
(Dg) is slightly complicated by the proton-proton coupling
occurring between the methyl group and the hydrogen bonded
sto the same silicon. Some methylhydrogencyclotetrasiloxanes,
H 169

D4-nDn for n = 0 to 4, have been studied . The best
H

4
seemed to consist of three poorly resolved doublets at 0.22,

reported coupled spectrum for D, at 100-MHz (20% in CC14)
0.23 and 0.25 ppm for methyl protons and one guartet at*
§ 4.8 for the Si-H hydrogenlsg. The assignments presented for

169 are based on

the coupled spectrum in the methyl region
the presence in the molecule o?}three di fferent environments
for each methyl group. " The presence of two peaks for each

environment was curiously attributed to the flipping of

the observed groups (cis ++ trans) rather than to the

)CH.S1i0] wheren = 0 to 5 and ¢ = 3 to 51’0,

kAt Brdhdfam d e 0 M
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‘ /

simple coupling with the geminal hydroéén! Furthermore, Fhese
authors totally neglected the through—Space-shieidiﬁé—effect
due to geometric isomers discussed below. To our knowledge,
no detailed proton decoupled spectrum has yet been publisheﬁ
for Dg (n = 3, 4, and 5). All other compounds (except Dih)
reported in the present work are new and thus have never
been studied by lH NMR spectroscopy.

An analysis of the lH chenical shif;s given in
Tables 4.2 and 4.3 reveals.a c%ear.depéndence of the shifts
upon the nature and the spacial position of the substituent R.

The methyl proton shifts seem to be mainly correlated to the

simultaneous interplay of two factors:

1) The through-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 of neighbors (geometric

isomerfsm).

An examination of 1H shift ranges in decoupled Dﬁ spectra

(Tables 4.2 and 4.3) does not reveal a clear relationship

A i WLt
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between the ring size and the chemical shift:
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o.xppm 0.1

This observation is also true for all other series reported

here. Thus, it seems that the shielding effect due to the

PR S

ring is roughly constant whatever the size. This lack of
gimple correlation is also observed in the Dn series where D3,

[
give, respectively, one singlet at 0.12, 0.07 and

D and D5

4’
0.06 ppm93. The D system is free of isomeric population
effects (all CH3 have a similar environment in the same
ring) and should give a true picture of the ring effect.
The effect seems to be relatively small and not directly ' Ay

- 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 don6;7qcceptor ability of the substituent. A good

electron~donor (an electron-rich substituent) will increase

the electron density around the silicon atom and thus

increase the shielding of methyl protons. Highly shielded

ki
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protons will resonate ue—field and the chemical shift expressed

in ppm from TMS will tend toward zero and eventuélly become
negative for strongly shielded protons. On the other hand, a
good electron withdrawing substituent will decrease the

shielding of methyl protons. Such protons will resonate

down-field and the shift (8) will tend to increase. It is -«

difficult to estimate the electronegativities of complex
substituents, but organic chemists have developed sets of
substituenp constants174 from kinetic data and structural
considerations which allow empirical calculations of the
electronegativityl75. Such calculations give the following

electronegativity trend: ,

C,H, = Br > CH, = H

2 i
Transition metal atoms, suchras iron and cobalt, could be

regarded as electron-rich substituents due to their electro-

positive character, but when the cobalt(I) atom is coordinated

Eo four carbonyl groups, and the iron(II) to one nS—CSH5 and
two carbonyls, they become strongly electronegative substi-
tuents toward silicon because®CO is a strong ©m acceptor
ligand and there is a net withdrawal of electrons away from
the metal. The cyclopentadienyl ligand is amphoteéric
(acceptor and donor) and can become a good acceptor when

87

competing with carbonyls A strong electrophilic character
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has been attributed to .the ion -[Fe(CO)zns—CSHSJ- by Kingl76.

Available data from some trimethylsilyl derivatives (Table 4.4)

ghows that organometallic substituents have a deshielding
effect comparable to and even greater than Br and the phenyl‘
group. If a similar trend persists in the cyclosiloxane
derivatives, the through-bond-sh}elding—effect of the

substituent R should be
’é' )
\ 5 ,
Co(CO), > Br == Fe(CO)TCH, == C,Hs > CH, == H

where Co(C'D)4 should have the strongest deshielding effect
(methyl protons observed down-field) and CH3 should have the
weakesE effect (CH3 protons up-field). The observed values
for Df (Table 4.4) are 4n reasonable agreement with thig

hypothesis. The observed trend clearly shows three groups
’ 5
Co(CO), == Fe(CO)TCsHs > CoHs =X Br > CH; = H

of substituents. Both organometallic groups have thel

strongest deshielding effect, CGHS and Br have the inter-
mediate position, and \C‘:H3 and H have a relative shielding
effect. Nevertheless, the Fe(CO)ZﬁS—CSH5 group seems to

have a stronger deshielding effect in cyclic siloxanes than

in simple trimethylsilanes. This supplementary effect seems

~
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Table 4.4: 1H NMR data for CH3 resonances of sdme
. trimethylsilyl and cyclotetrasiloxanyl
derivatives
Substituent § (ppm)
2 ¢ . R
~ R (CH3)3SJ.-R D4
1] &-"
H 0.02177 0.14 2
CH, 0.00° 0.07°3
- 177 a
CeHe , 0.24 0.41
Br 0.52177 0.39 2
co (Co), 0.59 32 0.8 2 ,
Fe (CO) ,n’-C,H 0.36°7 0.922

575

3The median value of the cluster of peaks has been cal-

culated from the data of Table 4.2.

b

™S is taken as reference.

1
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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 is
due to the nature of the substituent but is above all related
to its spacial position toward the methyl group. On the
initial assumption that the isomers have similar conformations
(or fast interconversion of different aanformersl, it has been
,proposedl6 that methyl group shift assignments can be made on
the basis of a comparison of their environments and on the
'assunption that the adjacent substituents have the greatest
influence. The environments of the different methyl groups
ih Dﬁ'(n = 3 to 5) are shown in Scheme 4.1. All three methyl
groups in D?(I) are equivalent and all protons should resonate
at the same frequency. Two different enyironments are possible
for the isomer D?(II) and two peaks should be observed in the
ratio 2:1. Six different envirqnments are possible for all
isomers of pi, and ten for those of D?.
environments in Di (noted a and b in Scheme 4.1) will give

Two very similar

only one peak if the average conformation of tze ring in each
isomer D?(III) and D%(IV), is not 'changed by the size of the

suhstituent. Scheme 4.1 gives also the statistical abundance
“of each environment calculated from the statistical abundance

of each isomer given in Figure 1.2. Using information given

[}

N

in Scheme 4.1, three theoretical spectra can be drawn, as

shown in Figure 4.4, where the through-space-shielding-effect

3

of the substituent R on neighboring CHy protons is dssumed to

ﬁ,/’

-
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Chemical environments of methyl groups and
their statistical abundances in Dg (n = 3, 4,

and 5). The symbol_@ stands for the

observed CH
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Figure 4.4: Theoretical lH NMR spectra for CH3

resonances

of Dﬁ (n = 3, 4 and 5) where the through-

otzss Y ot ool B e

space-shielding~effect of R group is smaller
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é than the effect of CH3 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 isomers are unambiguous and provide basic
information about chemical shift effects of adjacent sub-
stituents. In the decoupled spectrum of Dg (Table 4.2), the
methyl protons in a cis-relation to two adjacent méthyls
resonate agfhigher field (0.136 ppm) than methyl protons that
are cis to two hydrogens(%.l6l ppm).l Methyl protons adjacent
to one cis-methyl and one cis-hydrogen resonate at an inter-

mediate frequency (0.154 ppm). Hydrogen has a net through-

space-deshielding+effect when compared to the methyl group

Br
3

the phenyl group has the reverse effect. It seems reasonable

itself. Similarly, bromine in D)~ has a deshielding effect but
to attribute this unexpected effect to the ring current
induced in the 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

inducedl78. The small magnetic field produced by the ring

e b -

current adds to the applied field B (down-field shift) when ‘
protons are held in the blane of the ring but opposes the
field B (up-field shift) when protons are held above the E
plane of the ring. Such effects are illustrated for the

case of a methylphenylsiloxane in Figure 4.5a. The CH3 in a
cis-position toward the adjacent p@enyl group experiences ¥y

A

an upfield chemical shift. | ;

~
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Figure 4.5a: Illustration of the ring current effect of the’

phenyl group upon the shift of methyl protons
in a methylphenylsiloxane unit. B is the

applied magnetic field

UP-FIELD SHIFT

Hac——Q-Si

<\
‘ 0

Figure 4.5b: Illustration of the anisotropic effect of

carbonyls upon the shift of adjacent cis-methyl

protons

\, 7
\ 4 S
. \‘ / 4
\ v/ ‘ 4 .
~ow Lt
.

B (CO),Co—C¥0 CHy
" /A - DOWN-FIELD
SHIFT

R e S G

Bl €% it L7 Y bma At o inh s,

.




o

i

L
f
B
4

. n 135

0
o]

.,
O i A%,

R TP

Assuming that the effects observed in D? (R = H, CGHS’
and Br) are also present in larger rings, it is possible, by

using the chemical environment arguments discussed above and

©

in Scheme 4.1, to assign the observed peaks of the tetramers

Dy (R = H, CH,, and Br) (see Table 4.2) and Dy (see Table 4.3). |
Peak #3 of isomer Df(II) and the lone peak of isomer D?(IV) :
overlap, but this is not prejudicial to the total assignment ;

of the spectrum since the integration value of peak #1 (equal

A}

to peak #3) can be subtracted to get the value for isomer

D4(IV) alone.

Since Dgo has not been synthesized, the assignment of

DCo has to be established directly froﬁ the tetramer. The

4
spectyum of a mixture of isomers of DSO, 28, (Figure 4.2
AV

i A R IR A ) 2 o 8 0, D 0

Teft) shows six well-resolved peaks and strongly suggests 3

#n assignment, similar to the theoretical spectrum of

Figure 4.4 (center). The second peak at the extreme right
of theospectrum (Fig. 4.2), the largest one in the center
and the lqét one at the extreme left are in perfect cor-
relation 1:2:1 and are attributed to isomer DSO(II). Other
peaks are then assigned following the hypothesis of chemical
environments as used for DZ and Dgr, Thus peak #3 of isomer
DEO(II), the lowest shift observed, corresponds to the
methyl protons completely surrounded by c%?alt carbonyl
groups whereas the peak at the extreme right, the highest

shifted, is due to the methyl protons of isomer DEO(I)

because they are all surrounded by methyl groups only (Fig. 1.2).
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as RCZCH and MCZ0 gives rise to diamagnetic effects when the
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The spectrum gf Dgo (23) shown in Figure 4.2 can be

tentatively assigned following the same basic hypothesis.
The isomer Dgo(I) is probably absent due to the low natural
abundance (5.8%) of the corresponding D?(I) in the stérting
material and the very low final yield of the product (2.6%).
The isomer Dgo(II), if present, should show the peak pattern
1:2:2 according to the theoretical spectrum of Figure 4.4.
This pattern does not seem to be present in the spectrum of

compound 29 but a pattern 2:2:1 is clearly observed and is

Co
5

A !

the mixture. The pattern 2:1:2, due to isomer Dgo(IV), is

assigned to the isomer DS (III), the most abundant isomer in

also present in a small amount, but is partially hidden by the

Co
5

reported in Table 4.3, shows one extra peak at 0.804 ppm which

largs peaks of D. (III), The spectrum of compound 30, also

. could belong to 1somer Dgo(II) but the poor quality of the

sample (contgpinated with Co (CO)8) resulted in a spectrum of

2

poorer quality, with respect to resolution, than that

L}

obtained from compound 29.

4 5
exceptionally strong deshielding effect for the Co(CO)4 group

The above assignments for Dco and DCo suggest an

on adjacent and transannular methyl protons. This special
effect is attributed to the anisotropic effect of carbgnyl
groups lying in the plane of neighboring methyl protons

(Fig. 4.5b). - In a manner similar to that of aromatic rings,b

the free circulation of electrons in linear molecules such

s oo rgh e

e
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‘axis of the molecule is parallel to an applied field .

In the case of carbonyl groups, the anisotropy causes de-

shielding of protons lying inside a cone whose axis is along

the C=0 bond and shielding outside this conel’®+(Fig. 4.5b).

Furthermore, the rotation of the three equatorial carbonyls
about the C3 axis (Si-Co(CO)4 has near perfect C3V sym-
metryll7) and perpendicular to B induces a déshielding,
doughnut shaped area, around the cobalt center. Thus,

methyl protons lying in this deshielding area resonate at

“J

very low field. For this reason, the peak observed at

lowest field for DSO (1.040 ppm) is assigned to the methyl

43 of isomer D§°<11) (Table 4.2).

The spectrum of sz in the methyl region shows only

five peaks, relatively close together (Table 4.2) and cannot

be assigned directly by using a strategy similar to Dgo. An

alternative strategy is to get-a separation (even pértial) S

of some isomers and compare spectra from different isomeric

compositions.

4.4.2 Separation of geometric isomers of DEr and Dip

The separation of Dgh isomers by recrystallization‘}rom

N
methanol is relatively easy and gives a good yield of both
isomerslG. The separation of Dih isomers was achieved
previously by a crude chromatography on silica gel, followed

by successive recrystallizations on eluted fractionsl6. The

method is laborious, requires a large amount of crude mixture

At mmew,g BT

e g
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"‘ and gives .poor yields. The separation of isomers of Dg has

never been reported.

The data in Table 4.5 show the relatively good separation
of one D?r isomer by recrystallizatio:-from a non-polar : ,
solvent. The iéomer Dgr(II) can be isolated at near 95%
purity (by NMR) after one recrystallization from the reaction
mixture. Nevertheless, the less abundant isomer, D?r(I),

probably the most interesting one from the point of view of

catalyst design, seems to be much more difficult to isolate
b

;//é%afi] from its companion. i
Fp )

The partial separation of D4 isomers was achieved by
column chromatography on silica gel (Table 4.6). Many
attempts at selective recrystallizatian of some isomers \ i

“from the normal mixture using polar solvents at low tempera-
" were ussuccessful. In most cases, sz decomposed slowly in . N

solution. Unsuccessful attempts at separation of these ;

isomers by TLC and flash chromatography are described in

Appendix III. Although separation on a silica gel column

with benzene/hexanes is poor, it was possible, by

comparing successive fractions, to assign all observed peaks.-
The8e assignments (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 migrate faster than
polar isomers. The isomer (III) is a centrosymmetric

molecule and should have a near zero dipole-moment.
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Table 4.5:

)

E

*

Data from the separition of isomers of Dgr by

; recrystallization
{
Comoound Weight 1y NMR shifts Cofp%“;ei‘iicon
P (mg) §(ppm) (intensity) (%)
g 0.300 (1.0) D?r (I) = 6
39 470 I
- 0.375 (10.0)
¢ , . ‘ Dg‘r (1I) = 94
@ 0.424 (5.1)
A
0.298 (10.0) Dgr (I) = 56
~40 210
) : 0.375 (5.3) Y =
‘ Dgr (II) = 44
: 0.426 (2.6)

Total = 680 mg; D

Br
3

(I), 140 mg (20%); D

3

Br

(I1), 540 mg (80%).

A
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Tabl';e 4.6: Data from the separation of isomers of‘ Dip by column '
: chromatography
' 4 MR shifts
. 8(ppm) (intensity) Isomeric
. Weight : 3 composition
Fraction (mg) CH3 protons n -CSH5 protons (%)
: 0.95 (10.0) 4.442 (3.2) (IV) = 24
' 8 0.96 (10.0) 4.453 (10.0) (III) = 76
s u
0.918 (0.3) 4.426 (0.7) (11) = 16
, , 0.936 (0.7) 4.442 (4.6) (Iv) = 29
0.942 (0.4) 4.453 (10.0) (III) = 55
0.957 (10.0) 4.477 ((1.3)
0.960 (10.0)"
0.917 (0.8) 4426 (1.1) (II) = 26
0.935 (1.9) 4.443 (3.5) (Iv) = 22
3 14 0.943 (0.9) 4.454 (10.0) (III) = 53
, ‘ 0.956 (10.09 4.478  (2.2)
0.958 (10.0)
0.915 (1.8)  4.4265 (1.7) (II) = 43
0.932 (3.9) 4.442 (2.5) (IV) = 16
4 29 0.941 (1.9) 4.453 (10.0) (ITI) = 41
‘ 0.952 (10.0) 4.477 ' (3.4)
" 0.955 (10.0)
0.918 (4.3) 4.426 (3.3) (TI) = 64
- 2 0.936 (7.8) 4.443 (2.0) (IV) = 13
0.945 (4.2) 4.454 (10.0) (111 = 23
. 0.959 (10.0) 4.479 (6.7 :
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Table 4.6: {cont'd)
1 .
H NMR shifts
§ (ppm) (intensity) Isomeric
Weight 3 composition
Fraction (mg) CH3 protons n -CSH5 protons (%)
0.916 (3.6) 4.426 (3.6) (I1) = 60
0.935 (7.6) 4.443 (2.9) (Iv) =13
6 26 0.943 (3.%) 4.453 (10.0) (IIT) = 27
0.956 (10.0) 4.479 (8.0)
. 0.958 (10.0) *
0.914 (5.0) 4.425 (4.8) (I1) = 74
0.932 (10.0) 4.443 (1.7) (IV) = 6
7’ - 19 0.941 (4.9) 4.452 (10.0) (III) = 20
0.953 (7.1) 4.478 (9.0) ’
0.956 (7.1)
¢
0.885 (4.2) 4.426 (3.7) {I) = 15
0.917 (5.1) 4,442 (1.4) (I1) =71
2 0.935 (10.0) 4.452 (5.1) (I1I) = 7
8
- 0.944 (4.7) 4.478 (10.0) (Iv) = 7.
0.956 (4.1) ’
0.959 (4.1)
L ¢
Total: 154 mg; Dip (1) 4.3 mg (3%), Dip (II) 81.7 mg (53%),
Dip (IT1) 81.7 mg (30%), sz (IV) 21.2 mg (14%).
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Figure 4.67 lH NMR spectra of CH3 and 7\5-C5H5 groups of
selected fractions from the chromatograpﬁic

separation of geometric isomers of.D4 '
measured in CgD. (ca. 5%) at 20°C
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The isomer (IV) is the most symmetrical and should have

a smaller dipole moment than the isomers (II) and
(1)82

tion 1 are attributed to isomer&.gfp(lll) and Dip(IV).

. The two peaks observed in the spectrum of frac-

As the theoretical abundance of isomer (1II) is twice

the abundance of isomer (IV), the largest peak has been
assigned to isomer DZP(III) and the smallest to Di‘p(I\V).
The separate integration of peaks is possible in the
cyclopentadienyl region and allows the calculation of
isomexic composition (Table 4.6).

The isomer (II) should be eluted third and should be
easily distinguishable by virtue of its very characteristicl
peak pattern 1:2:1. The fraction 3, illustrated in
Figure 4.6, clearly shows the presence of isomer DEP(II)
which makes the assignment easy. The fractions 4, 5, and
6 show only a relative increase in the abundance of the
isomexr (II). The fraction 7 (Fig. 4.6) is 75% isomer
D,P (11).

The most polar isomer, Dz‘p(I), is well separated and
appears only in the last fraction. The fraction 8

(Fig. 4.6) is the tail of the yellow band. It contains
very little Dfp(III) and (IV) but a large percentage of
DEP(II) is still present. @As a su“pplementary support

for the proposed assignmgnts, calculations of total

L]

"
composition of unfractionatged'%zp, (shown at the bottom

of Table 4.6) agree well with tkeoretical statistically

-

4
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determined abundances. The exceptionally low abundance
of DEP(I) is probably an experimental artifact. This
isomer seems to migrate much more slowly than other

isomers and was probably not completely collected in

fraction 8.

The assignment proposed for the DFp spectrum (methyl

region of fraction 8 in Fig. 4.6) is significantly dif-

ferent from the assignment proposed for the analogous DSO
(Fig. 4.2). Methyl protons of DEP(III) and (IV) resonate

at lower field than expected from analogous Dgo(

III) and -(1v).
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
spectrum (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 result. =

2) In this chapter, it was noted that methyl protons of

Dfp resonate at abnormally low field when compared to

analogous monosilyl-Fp (Table 4.4).

-

3) Finally, the assignment of methyl proton resonances c",

cannot be rationalized by the usual chemical environment

approach.

i




- effect from the nS—CSH5 ring. whatever the geometry of the
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In the absence of more sophisticated studies (i.e.
X—rﬁy structure), the following hypothesis is proposed: if
the rotation of the Fp group is not free, as suggested by
observation (1) above, the cyclopentadienyl group, the
largest substituent at Fe, will tend to spend most of its time

{
as far away as possible from the siloxane ring and thus will

A

lie in the vicinity of the methyl group attached to the same

sjlicon (Fig. 4.7). Just as for the phenyl group, a ring current

can also be induced in the cyclopentadienyl ring. Figure 4.7

shows how the methyl protons experience a down-field shift

.
ol £ b 0 B A e R IR A A S e IR

isomer, this ?ﬁfect is always present. For this reason, the

methyl protons of all isomers of Dip are observed at lower

field than expected from analogous (CH3)3Si—Fp where

RN .

rotation along the Si-~Fe axis is probably free.

A basic assumption for all peak assignments made above
was the averaging of individual conformers of a same geo=-
netric isomer (lH NMR signal is averaged by fast flipping
of conformers, or the rings are esséntially planar and give
simple NMR signals). Thisv§ypothesis seems to be gquestionable «
in the specific case of sz as suggested by observation
(3) above. An attempt to "observe" the individual conformers

by means of a lH NMR variable temperature experiment on

N
compound 31 was unsuccessful (Appendix IV). Spectra at -70°C :

and +20°C are virtually the same. This observation may

have three interpretations:
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Pigure 4.7: Illustration of the ring current effect of !
the cyclopentadienyl gﬁroup upon the shift
of vicinal methyl protons . ;
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l) The interconversion energy of conformers is very low and
the flipping cannot be stopped in the range of tempera-
tures studied.

2) All rings are flat a;d have no conformers.

3) The conformers are frozen even at +40°C.due to .

the very bulky substituent Fp.

5

Unfortunately, the available data does not allow us to go

any further into the structure elucidation of Dip in solution.

The abundance of E;"eometric isomers of DE (listed in

Table 4.7) was calculated from the assignment and the relative

i

1

intensity of all "H NMR spectra reported in Tables 4.2 and

4.3. The accuracy of these calculations is variable and is

a function of t{'he quality of the spectpum obtained for the
individual compo:md. For example,- the ‘spectrum of Di:o

(Fig. 4.2) is\$asi1y integrated and gives very accurate
results whereas the speci:ra of Dﬁ‘p (Fig. 4.6) gave serious

difficulties in resolution and integration. All compounds

have an isdmeric composition not significantly different

from the statistical composition, except for Dgo (29) and

D,~, as previously mentioned in the discussion.
¢

Finally, it should be mentioned that the compound 32,

isolated from the partial substitution of Df;, has the

isomeric composition (by lH NME) : DZP(III) and Dip(IV) 70%

Dfp(II) 30%. As expected, the dimer [Fe(CO)2n5—€5H5]2 shows
o
good selectivity toward the less hindered isomers (III)

~
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Table 4.7: Abundance of geometric isomers of Di (n = 3,

Statis-

Substituents

; 5
Isomejg;/ tlcal‘ H C6H5 Br Co(CO)4 Fe(CO)2n -CSH5

(I)

(I1) -

(III)

(IV)

25.0

75.0

12.5
50.0
25.0
12.5
* <
6.25
31.25
31.25
31.25

36
64

11
52
27

10

- 6

31
35
28

qpata from Table 4.6.

b

F

Data from compound 29. -

21

79

17
50
20

13

23

77

24
36
31

- -

15 < 32
54 53
23 30
8 14
-:4’ = v
86> - .
14 -
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.and (IV) in a Fp deficient reaction.

2

4.4.3 An approach to the interpretation of lH NMR spectra of

heteronuclear compounds

The chemical environment approach used above for the
éssignment of 1H NM& spectra of isomers of most homonuclear
substituted compounds can be' extended to the spectra of some
heteronuclear compounds already described in Chaéter 2. The
discussion will be later restricted to substituted methylcyclo-
tetrasiloxanes of the type Di_nDﬁ (n = 0 to 4). All possible
Qeometric isomers of the later compound for n ranging from
zero to four have been drawn in Scheme 2.3. Surprisingly,
only 18 chemical environments are generated by the 31 geo-
cnetric isomers of Di_nDﬁ (Scheme 4.2). It is evident that
many environments are common to nﬁﬁy iéomers and thus it
seems virtually impossible to assign all igomers possibly

A

present in a crude mixture of 4~nD§ (n =0 to 4). In order

to predict 1H NMR spectra and assign some isomers, it is

necessary to know:

a) The relative through-bond-shielding-effect of the

R
substituents A and R. =

b)— The relative through-space-shielding-effect of A and R,

and of CH3.

Some hypothetical cases can be proposed:

- [ P N caa. B ms o wat s s
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1) If the through-bond-shielding-effect is the same for A
and R (i.e. same electronegativity) but the through-space-
shielding-effect of A is different from R, one cluster of a
maximum of 36 ngks is 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 maximum of 18 peaks each are expected.

3) If both through~bond and through;space-effects are

different for A and R, two unsymmetrical clusters of

18 peaks each are expected.

To illustrate these general considerations, it is inter-
esting to look at the spectra of compounds 35 and 36. The
spectrum of 35, a partially-substituted Dz_nDip (n';/3.l)

shows the presence of two clusters of peaks in the ethyl

region in the ratio 3:1 (Fig. 4.8). The spectrum i&lustrates
the ﬁypothetical case (3) above, where the through-bond-
shielding-effect of the hydrogen (at right) is clearly dif-
ferent from the effect of the Fp group (at left). The cyclo-
pentadienyl region is very complex and cannot be assigned
but the total number of peakg does not exceed eighteen as
expected. The spectrum of D%ODgp (36) (Fig. 4.9) shows

only one group of peaks in the methyl region illustrating
the first hypothetical case above where the through-bond-
effects of Fp and Co(CO)4 are roughly the same, but their

through-space-effects are different. The model prediét5'14

R g v
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Figure 4.8: H spectrum of compound 35, measured in
! ° 13 »
, . CGDG at 20°C. The C5H5 region is enlarged.
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Figure 4.9:

Q

1H NMR spectrum of compound D

Co
1

Fp
D3P (36),

meagued in C&DG at 20°C. The CH3 and

\

C.H.

sHg regions are enlaréed
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peaks fo{r CH3—Si-—R groups and 6 peaks for CH3-SJ'.—A when onhi’y__
the compound D}]\:!S? is present. The observed spectrum of

Dfonge shows 20 peaks in the methyl region. 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 region

(Scheme 4.3). The spectrum shows only 1l peaks but it seems

reasonable to assume that the large central peak results
1

from the overlap of two peaks. The assignments of the “H NMR

spectrum of isomers of D(;:ODgp could be possible by means of
a partial separation of these isomers as used successfully
for Di‘p. Compound 36 was only prepared on a small scale
and such a separation was not éampted. 5

¢

4.5 Conclusion

A simple empirical.approach based on the chemical envi-

ronment of the resonating protons was used to assign most

L g AR

1H NMR spectra of isomers of substituted methylcyclosiloxanes.:

The CH3 group attached to the silicon served as a NMR probe.
The chemical shifts of the methyl protons are correlated to -
the through—bond-si'lielding-—effect governed by the nature of
the substituent R at the silicon and to the through-space-=
shielding-effect controlled mainly by the nature and the
spacial orientation of neighbors. The assignment and the
integration of lH NMR spectra allowed for the first time

(except Dﬁh) the determination of the isomeric composition of

o
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all reported fully-sub'stituted ~compounds..' A partial sepa-
ia.tion of Dfp isomers was carried out and the assignment was
\ done by comparing spectra from different .isomeric comppﬁitiohs\. T
Tile chemical environment approach is also valuable for't-:ile

interpretation of the ?oiﬁblébc spectra of heteronuclear

—
4

compounds. (

%
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show the characteristic Si-Br valence stretching frequency v

/
" carbonylcobalt (I)]pentamethylcyclopentasiloxane,
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Some new inorganic and organometallic derivatives of
/
methylcyclosiloxanes have been prepared, isolated and

1

characterized by IR, MS, and "H NMR. The 1,3,5~tribromo-

’ -

“trimethylcyclotrisiloxane, [CHBBrSiO]a, and the 1,3,5,7-

tetrab”fomotetramethylcyclotetrasiloxane, [CH3BrSiO] 4’ were
L4

prepared by the cleavage of the phenyl group by Br,-at low

temperature in the corres‘ponding methylphenylcyclosiloxanes. ¢

The infrared spectrasof these new halogenocyclosiloxanes

1 Br and DBr

3 4 7
with sodium tri-sec-butyl boro-

for D respectfvely.

Br
3
hydride at low temperature was selective toward Si-Br

reduction and produced the elusive DI;.

at 455 and 439 cm

érhe reaction of D

This compound,
previously prepared by a different route, was confirmed
to be very sensitive to thermal rearrangement.
The hydrogen elimination reaction of DI; with Co, (co) g’
and [F«s:(CO)2715-C5Hs]2 led to the ‘formation and the isolation
of three new homonuclear compounds: 1,3,5,7-tetrakis~
[tetracarbonylcobalt (I)] tetramethylcyclotetrasi]:oxane ’
[CH4(Co(CO) 4)8i0] , 1,3,5,7-tetrakis[cyclopentadienyl- . :
dicarbonyliron(II) }Jtetramethylcyclotetrasiloxane,

[CH3(Fe(éO)2n5-05H5)810]4, and 1,3,5,7,9-pentakis[tetra-

: [CH3(Co(CO) 4)81015. The infr:red spectra//of these compounds
/

/




B AR, e < 4 4

. ‘ in the v(co) reéion show the characteristic pattern of peaks

i

- : é 7 already observed for monosilyl derivatives. It was also

L e

- possible to prepare and isolate the new héteronugle’ar
"’ ' . 5 :
é\ compound, [CHB(CO(CO)481O]]_[CH3(Fe(CO)2n CSHS)S_lo]3 byJ ‘ ,
" reacting the partially substituted compound D;ID? with Co2 (C0)8. §

As very little was previously published on the mass #

SEoad SRR %&'f?{&’:s“‘wﬂy MM
e aa

spectrometry of substituted methylcyclosiloxanes, a detailed /

* 9

T

&

, study of mass spectra of DS, where R =H (n = 4, \§ and 6),

WG an
b

R=CGH5 (n =3 and 4), R=Br {(n= 3 and 4), R=C0(CO)4

T (n =4 and 5), and R = Fe(CO)ZnS-C

it b ST

sHg (n = 4) was garried out,

The compounds R = H fragment by transannular migration and

’

“ dan,

ring contraction mechanisms as previously reported for the »

L . . compounds R = CH3 but also by the losses of, Sio2 and methyl-— p
| hydrogensilanone. The cémpounds R = C6H§ fragment by loss of
of benzene and methane f_rom an Intra-molecularly bridging
benzenonium ion, and also by losses of the phenylmethyl-

silanone fragments. The compounds R = Br only ,undergo HBr ;

R AT iyt

and CH3 losses without evi:dence for a ring frabmeptation.
The compounds R = Co (C0)4?how stepwise loss of all CO
groups from [M]+., [M—Co(CO)4]+, and also [M]+T. The

fragments by.loss of one whole

W RTINS,

-compound R = Fe (CO)2n Cs 5

Fe(CO)ZnS-C H5 group followed by losses of CO groups.

5
A simple empirical approach based on the chemical

~.__ environment of the resonating protons was used to assign

1

the "H NMR spectra of isomers of substituted methylcyclo-

~ ( siloxanes. The chemical shifts of the methyl protons have -




BRI %,

T
FPCA PO R R

& - . . - T I et

. . L ‘ . 159

been correlated to the nature of the substituent R at the
silicon and to the nature and the spacial orientation .of all !

neighbois. The total assignment gnd the integration of

b -
1y smm spectra of Df:, where R = H (n = 4 and 5), R = CH, '

(n=3and 4), R=Br (n=3and4), R= Co(CO), (n= 4 and 5),
and R = Fe(C:O)ZnS—CSH5 (n = 4) were achieved. These.results -
. *

allowed- for the first time (except for the previously reported

Dih) the determination of the isomeric composition of all

of the above compounds. The chemical environment approach

L

was also forund to be suitable for the general interpretation

>

of the complex spectra of heteronuclear compounds, such as
Co Fp ~
1 P37 -

/ &
All of these results point to the possibility of using

D

methylcyclosiloxanes as a framei{\&:rk for organometallic functions
of potential catalytic intérest. Compounds with more than one
function, such as DSC_?an_;p, can also be prepared and isolated.
Nevertheless, two limitations should be mentioned: 1) problems
in the separation of products and 2) undesired reactivity of

the siloxane toward ionic reagents. The former problem could
be partially resolved by using a ter-butyl group instead of a
methyl gréup attached at silicon. The bulky C(CH?’)3 will

reduce the flexibility of ther ring (i.e. reduce the solu-

bility) but .it will retain its characteristic as an NMR

probe as with the CH, group. %

. — m»wwﬂ“‘
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APPENDIX T

C
»

Reaction of DH with [Fe(Ct:))_,_ns—'C,‘_.’H_,S]2 - Following the proce- ,

5
dure described for the preparation of Dﬁlp, 1.5 g (5 mmol) ‘of
. pH was reacted with 12.9 g (37.7 mmol) df [Fe(CO)ZnS—CSHS]Z.

5
NAfter ,3 days at 160°C, the mixture was chromatographed on
silica gel. Examination of all fractions eluted with a hexanes/
benzene mixture did not reveal the presence of fully substi- *
tuted Dgp. The yellow viscous product present in all fractions 1
(overall yield: 2.9 g) was identified as a complex mixture of)

partially substituted products. The last fraction (30 mL)

eluted with hexanes/benzene (2:1}, cé‘rlegted before the usual

( red band afforded 0.2 g of a yellow product showing infrared
and lH NMR properties of a highly substituted product
described hereafter. B
.
: DI;_nDip (hhere n is mainly 3 and 4): IR (hexanes) 2138 (m)
1995 (vs), 1936 (vs), 1255 (m), 1248 (sh), 1045 (vs, br) emt.

557

1y wMr (CgDg) & 0.30 to 0.53 (3H, m), 0.70 tq 1.02 (9H, m),

i '4.16 to 4.68 (14H, m), 5.3 (1H, m). -

by
Reaction of DI;_an;p with Co, (CO) 8 The above sample of
Dg_nngp (n = 3 and 4) (0.2 g) was treated with 0.15 g (0.44 mmol)

of COZ(CO)S at 0°C in hexanes. Following the procedure de-
scribed for the preparation of D(llong'p, a pink-red very viscous
(" ’ oil (0.2 g) was isolafﬁ. This crude product (impossible to
’ S
) .
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rd 4 ’
recrystallize at low temperature) shows gpectroscopic prop=
erties of a Dgthf;e mixture slightly cén‘taminatgd by the usual

C°4(c°)12 by-product.

i

D(S:Snbip (where n is mainly 3 and 4): IR (hexanes) 2095 (m),

2060 (w), 2080 (m), 2040 (w), 2028 (m), 2000 (vs), 1950 (vs),

1865 (w), 1855 (sh, w), 1258 (m),-1246 (w), 1040 (vs, br) cm L.

1

Underlined wave-nunbers belong to Co4(CO) 12° H NMR (06D6—)

§ 0.76 to 1.08 (3H, m), 4.20 to 4.71 (5H, m). X

Reaction of I/DI; with an,(co)l0 - A toluene slurry (ca. 3 mL)

containing 0.88 g (4.50 mmol) of Mn,(CO),, and 0.30 g (1.25 mmo1l)

}41 was introduced into a heavy-walled tube (15 mm I.D,x

3

of.D
,250 mm length) and sealed under vacuum (10 ° torr). The tube
was heated in an oil bath at 140°C for 48 h and then at

160°C for a further 30 h. After cooling in liquid nitrogen, |
the tube was opened and the black slurry was extracted with

10 mL 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 ﬁnz (CO)10 was still present. The toluene |
solution was evaporated to drynefs and the black viscous

residue was column chromatographed on Florisil R. The

first yellow band eluted by 120‘mL of hexanes was due to
MDZ(SO')IO (ca. 0.4 9). The second fraction eluted with 150 nlL

of h;xanes/benzene (1:1) was 0’.7 g of a silicone~grease like

siloxane species showing no absorption band in the v (C0O) region
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of IR spectrum. Finally, ca. 200- mL of pure benzene afforded

a trace amount of a white solid which exhibited IR peaksl

characteristic of an ESi-—Mn(CO)5 compound. Most of the

material left at the head of the column was not displaced

<

by benzene, toluene or ethyl acetate. o
<

~

Mn (CO) 5

Dy (uncertain): IR (hexanes) 2100 (m), 2030 (sh)

2015 (vs), 2005 (vs), 1970 (w), 1946 (m), 1270 (sh), 1260 (),

- 3
1050 (s, br), 665 (s) cm TI. .
Y ¢ ,

Reaction of DL with Fe,(CO) ), A 200-mL three-necked

4
round-bottom flask equipped with a Soxhlet extractor and a

@

nitrogen inlet was charged with 150 mL of n-hexane and 0.96 g
(4.0 mmol) of Dz. The apparatus was purged wiéh nitrogen,
1.7 g (3.3 mmol) of Fe3(CO)12 was placed .in the extractor
thimble and the hexane solution was brought to reflux over

an oil bath at 85°C. 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 Celite R on a fritted glass filter. ‘The greenish
solution was cooled to -78°C for 2 h and then filtered cold
over Celite R. The last filtration left a brown-yellow
solution free of Fe3(CO)12. A brown-biack solid was

slowly precipitated from this solution upon standing under

nitrogen atmosphere at ambient temperature. The solution was

concentrated to ca. 5 mL in vacuo, and filtered again (more

~
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Q

insoluble brown material present) and chromatographed on o

. silica gel, eluted with n-hexane. Despite evidence for -

1

decompc;sition on thex column, (color changes, bubble formation),

\
~, traces of a viscous yellow solid were isolated from one of

3

the fractions collected. The compound was unstable in

n-hexane at ambient temperature. IR (hexanes) 2055 (w),

72030 (s), 2000 (vs), 1968 (vw), 1268 (m), 1260 (m), 1105 to |

1

1020 ‘(vs, br) cm . The compound decomposedtrapidly in CGDG"Q
.

in the NMR tube.

Reaction of D Wij:h.,ﬁ[Mo(CO)Zns-CsHs]yz Following thé

procedure described for the preparati.on of sz, 0.51 g

¢ (2.12 mmol) of D, and 3.81 g (8.8 mmol) of [Mo(CO),n°-CeH,l,
were heated together in decahydronaphthalene solution (25 mL)
at 175°C for 5 h. The IR examination of the crude solution
showed the complete disappearance of the Si-H p/elaak, _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 t;le siloxane stretching region (1150 to 990 cm_l).
The bla“ck solution was filtered and column chyromatqgraphed
on silica gel using successively hexanes, benzene, toluene,
tetrahydrofuran and acetonitrile as eluents. A red band
correspondh'ing to starting material [Mo(CO)ZnS—C;‘HSIZ was
eluted but no molybdenum-siloxane compound was four;d in

successive fractions.

[Py P e
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B e '
Reaction of D3r with L:'L_C<§(CO)4 A 200-mL three-necked N
round-bottom flask fitted with a nitrogen inlet and a rubber

septum was charged with 2.0%g (4.8 mmol) of Dlgr dissolved in

25 mL of dry THF and the solution was cooled to -50°C. A

r

solution of 3 g (16,8 mmol) of ﬂiCo(CO)4 in 25 mL of dry THF
was added ?iropwise 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
solution was filtered over Celite R and the solvent was
\‘pumped off slowly to dryness. The black residue was redis-

solved in 25 mL of hexanes and the solution filtered again.

The solution was cooled to -78°C for 3 h without formation .

of any precipitate. The solution was warmed up, evaporated to

ca. 10 mL and column chromatographed on Florisil R using
successively hexanes, hexanes/toluene, and toluene as eluents

LY ]

Small amounts of Co, (CO)8 and C94(C0)12 were first eluted
with 150 mL{'bf hexanes, followed by a fraction (ca. 200 mL)
containin%‘300 mg of a transparent viscous material having
infrared peaks characteristic of "silicone grease" but no
signal in the v (CO) region. The last fraction (420 mL)
eluted witlfl toluene contained a dark violet solid which was
redissolved in a minimum amount of hexanes (15 mL). The .
sollution was stored at -20°C for two weeks and afforded 12 mg
Iof red-black needles. The product was filtered and dried
under vacuum. The air stable compound was identified as a

L
methinyitlj;',zéﬁalt enneacarbonyl complex (see \piscussion,
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Section 2.4.8). Proposed formula: HO(CH2)4CCO3(CO)9 (m.w. 514),
f

IR (cyclohexane) v{(CO) €100 (s), 2050 (s), 2030 (s), and

2016 (w). Melting point observed: 92°C. 1

H NMR (C6D6) )

0.89 (1H, 4), 1.35 (2H, m), 1.84 (2H, m), 3.22 (2H, m),

3.48 (2H, m). Mass spectrum, selected m/e (rel. intensity %),
514 (1.0), 486 (10.9), 458 (88.5), 430 (99.0), 402 (100.0),
374 (B4.6), 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 (8.1).

Reaction of Dzr with NaFe(CO)z’nS—CSH5 A 200-mL three-
necked round-bottom flask fitted with a nitrogen inlet and a
Br

rubber septum was charged with 1.50 g (2.7 mmol) of D4
dissolved in 30 mL of dry THF and the solution was copled to

5

-78°C. A solution (11.3 mmol) of NéFe(CO)Zn -C in )THF

sis 11
(75 mL; 0.151 M) was slowly added to the reaction solution
by syringe. The solution was stirred at -78°C for 30 min

and then warmed slowly to ambient temperature (ca. 1 h) and
stirred overnight. After evaporation of solvent in vacuo,

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 small amount
of ferrocene (5-7 mg) was first eluted with 150 mL hexanes

and ca. 10 mg of [Fe(CO)zns-C was also eluted with the

551
benzene/hexanes (1:1) (150 mL). A golden band was slowly

eluted with pure benzene and collected into one fraction

v

" et AR
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P
(300 mL). The evaporation of the solvent left a viscous
yellow-brown residue (0.5 g). Attempts to recrystallize the
product from a hexanes/benzene mixture led to a slow decom-
position of the material. IR (hexanes) 2000 (vs), 1955 (vs),
™20 (w), 1265 (m), 1245 (w), 1010 (sh), 1068 (s, br),

820 (w), 780 (m), 645 (w), 630 (w), 597 (s). lH NMR (C6D6)

0.25 to 0.50 (2H, m), 0.75 to 0.95 (1.7H, m), 4.10 to 4.45

(4H, m). 3

¥

Reaction of D?r with NaFe(CO)ZnS-Csﬂ5 The reaction was

run under conditions éimilar to that of Dzr, using
1.5 g (3.6 mmol) of D?r dissolved in 30 mL of dry THF. A
solution of 11.3 mmol of NaFe(CO),n°-CcHg in THF (75 ml,
0.{?1 M) was slowly added. The work up afforded a viscous
yellow-brown residque (0.27 g) very similar to the product
obtained with Dir which was also very unstable.

The reaction was also repeated under the same conditions
as previously, using 1.5g (3.6 mmol) of Dgr dissoived in 30 mL
of dry toluene instead of THF. The THF from the preparation
of NaFe(CO)zns—CSH5 was pumped off to dryness and replaced
by an equal volume of dry toluene before the addition to Dgr
solution. The heterogeneous mixture was stirred an addi-
tional 24 h at ambient temperature. The solution was filtered
over Celite ¥ and the volume was reduced to ca. 10 mL. The

sélution was filtered over glass wool (viscous black material

present) and chromatograpied on silica gel. Attempts to

o e s
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elute producﬁs with hexanes under nitrogen were unsuccessful
due to strong decomposition at the head of the column

{bubbles and color changes).

S s e

Do e s et e

ke a N gt iy = sy




T

e

m’w?’*{ F]

AR g

It o ot A =
168
APPENDIX II
29Si-NMR measurements of DE and Dg The 29Si--NM.R spectra
of Dﬁ and Dg were obtained using a Varian XL-200 NMR

spectrometer operating in the special INEPTR*,sequencel72.

This sequence can be described as follows:

OoN 90° 180° 90° 180° 180°
pz |. D2 D3 '|p3 | Proton
2 2 Tran tter
OFF 2 \2 ransmi
S
ON s
, . by 29 ... .
D1 D2 D3 D3 SiéBignal
. \
OFF 2 2 ' 2 Acquigition
Il % L+ ’
Decoupler Mode OFF | ON
Sampling.
time = —>

*Insensitive Nucleus Enhance by Polarization Transfer
with' Refocusing. .

el x

PR
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Delay times (D1, D2, and D3) are given in Table 4.1. The
,298i chemical shifts measured by this method are listed

in Table A-II. The results are in accoxdance with previously

—~

published results and do not show a significant improvement

29

toward the classical Si NMR proton noise decoupling

experiment used by Harris et 31.172.
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Table A-II: 2981 chemical shifts for Dzeand Dg
- Dy . g
5(si) (ppm) o 5(5i) (ppm)
Reference 1722 This woJrkb Reference 1722 This workb
-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 -32.88 ~34.68 -33.84
‘ - -33.02 -33,23 -34.73 -33.90
-34.75 -33.92
~34.83 -33.94
-34.88 -34.00
-34.02

aObtained from a mixture of DH

TMS at ambient temperature.

b
4

TMS at ambient temperature.

4

~34.03

and Dg in CGDG with internal

Obtained from isolated DH and DH, 20% in C6D6 with internal
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Separation of Dfp isomers ?ﬂ(

1) by Thin Layer Chromatography

Many attempts to separate the geometric isomers of )
Qip (31) were made by means of Thin Layer Chromatography
on silica gei.plates (described in the Experimental Section
of Chapter 2). Many combinations of polar and non-polar
solvents were unsuccessful in*achieving an acceptable
separation of one or more of these isomers. Some of the
chromatograms are reproduced in Figure A-IIIa. No clean

separation was achieved but the "best results" were obtained

with the solwvent system: benzene/hexanes.

2) by Flash Chromatography

Following the method ‘developed by Still et al.lso, the

compound 31 was chromatographed on silica gel using a low
viscosity solvent system. The solvent system (hexanes/ethyl
acetate, ;P:l) was adjusted to put the midpoint of the spot
at Rf = 0.35 on analytical TIC (Fig. A-IIIa, béttom)'in
accordance with author specifications to get maximum
ef%iciency’of the column. A glass column (2 x 80 cm) fitted
with a nitrogen inlet at the top, was filled with ca. 17 cm

of dry 40-63 uym silica gel (E. Merck no. 9385). The )

- éolumnuwas filled completely with the solvent mixture chosen

y
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." ‘ above and nitrogen gas (2 to 5 psi) was used to rapidly

-

push all the air from the silica gel. The sample (231 mg

¢

of 31) was dissolved in 2 mL of solvent*and carefully applied

-on the columnnyith a syringe. The column was refilled with

P s S

.:g. -

solvent and eluted at a flow rate of 5 cm/min by applying

a nitrogen pressure (2 to 10 psi). The light yellow band

o

4L a1 siapmeigs %m_-;;\f*.wygféwm BT,

was collected as 10 small fractions (1 to 3 mL each). The
solvent was pumped off and the residues weighed. The

1y NMR revealed a’ very poor separation of

analysis by
isomers (Fig. A-IIIb). The spectra in the cyclopentadienyl
region of fractions 1 and 10 show little change in their
isomeric compositions. The method was found to be less

(v - efficient than-the standard gravity method reported in

. Section 4.4.2, possibly due to the use of a too polar »

\ gt gy, [ AT G p R B S

solvent (ethyl acetate). . -
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Figure A-IIla: Thin Layer Chromatograms of DEP (31)

. Solvent systems and Rf are indicated
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Figure A-IIIb: 1

H NMR spectra of fractions one and/;en

from the separation of Dfp igsomers by

Flash Chromatography in the cyclopenta-

dienyl regibn (CGDG at 20°C)
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‘ “ / ‘ APPENDIX IV .

-lH NMR variable temperature experiment Omupodhd 31

(ca.- 10 mg) was dissolved in 2 mL of dry toluene-—d8 and
syringed into a SCmm NMR tube with TMS. The Varian XL-200
Spectrometer Qas set on the‘Variable Temperature Mode,
using liquid nitrogen as cold source, and spectra were
recorded in the usual way at +20°C, 0°C, -20°C, -40°C, and

-70°C successively. The sample was then warmed to ambient

temperatﬁre and a last .spectrum was measured at +20°C and
was found to be identical to the first one. Speétra of the '
methyl region recorded at +20°C, -40°C and -70°C, are shown
.. in figure Ajiv. Spectra show very little changes and only
the peak at left (in spectrum a) is slightly é;splacéd up~,
field in the low temperature spectra b and c. It should
be noted that the general pattern of the spectra is differeﬂt
from the usual pgtfern found in CGDG (Fig. 4.6) due to the

use of a more polar solvent,,toluene-ds.
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T

1y nMr spectra of the methyl region of Dip

(31) in C solution recorded at 20°C,

7Pg
~-40°C, and -70°C
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