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Alkenyloxy(diphenyl)silanes that contain a terminal double bond undergo radical-chain cyclisation

at 60-65 °C, in the presence of di-zert-butyl hyponitrite as initiator and a thiol as a catalyst. The thiol
acts as a polarity-reversal catalyst and promotes the overall abstraction of hydrogen from the Si—-H group
in the alkenyloxysilane by the cyclic carbon-centred radical, formed by intramolecular addition of

the corresponding silyl radical to the C=CH, group. Allyloxysilanes give five-membered-ring products
via 5-endo-trig cyclisation of the intermediate allyloxysilyl radical. Homoallyloxysilanes give mixtures
of five- and six-membered heterocycles, but the intermediate silyl radicals undergo predominantly
6-endo cyclisation, in contrast to the corresponding carbon-centred radicals which cyclise preferentially
in the 5-exo mode. An analogous pentenyloxysilane gives only the seven-membered-ring product via a
7-endo radical cyclisation. Steric effects play an important part in influencing the final-product
stereochemistry when this is determined in the hydrogen-atom transfer reaction between the cyclic
adduct radical and the thiol catalyst. Complementary EPR spectroscopic studies of the short-lived
intermediate cyclic adduct radicals have been carried out in the absence of thiol and the structures

and conformations of these species have been determined. It is emphasised that, for thiol catalysis

of the overall cyclisation of alkenyloxysilanes to be successful, it is necessary for the addition

of the chain-carrying thiyl radical to the C=CH, group to be reversible under the

reaction conditions.

Radical-chain addition of simple triorganosilanes to alkenes
[eqn. (1)] is inefficient at moderate temperatures and is of little
use in synthesis. Although silyl radicals add rapidly to alkenes,
the resulting nucleophilic B-silylalkyl radical 1 abstracts hydro-
gen only slowly from the silane [eqn. (2)].2
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We have reported ** that reaction (2) is subject to polarity-
reversal catalysis by thiols, when the direct abstraction of
hydrogen from the silane is replaced by the cycle of more rapid
reactions (3) and (4), both of which benefit from favourable
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polar effects.>"f As a consequence, intermolecular thiol-
catalysed radical-chain hydrosilylation of alkenes represents a

+ Reaction (4) is endothermic when X is an alkyl group and thus the
activation energy for the reverse process must be less than for the for-
ward reaction. However, the silyl radical is trapped irreversibly by add-
ition to the alkene, whilst addition of XS" is generally readily reversible.
1 Hydrosilylation of alkenes using tris(trimethylsilyl)silane’ is effective
in the absence of thiol, because the Si—H bond is significantly weaker
than that in a trialkylsilane.

viable synthetic route to organosilanes,*® which complements
the well-established transition-metal catalysed pathway.’
Cyclisation of allyloxysilanes of the type 2 under the influ-
ence of transition-metal catalysts (usually rhodium- or
platinum-based) occurs in a 5-endo fashion, as shown in eqn.
(5).1*"" Under the same conditions, homoallyloxysilanes (but-
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minor product

3-enyloxysilanes) of the type 3 give mainly the product of
5-exo cyclisation 4 and this becomes the exclusive cyclisation
pathway when the double bond carries one or two terminal
substituents.'®'? Such transition-metal catalysed intramolecular
hydrosilylation has been developed into a useful synthetic
method by Tamao and co-workers '*'>'* and by Bosnich and
co-workers ''* and highly enantioselective cyclisations of alke-
nyloxysilanes onto prochiral alkene functions have been
achieved by using as catalysts rhodium(1) complexes containing
homochiral diphosphine ligands. Oxidative cleavage of the
Si—C bond by hydrogen peroxide, which occurs with retention
of configuration at carbon, provides a route to 1,3-diols of
defined stereochemistry.'®**

In the present paper we report an investigation of the appli-
cation of thiol catalysis to promote radical-chain cyclisation of
alkenyloxysilanes.
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Results and discussion

Allyloxysilanes

Diphenyl(2-methylbut-3-en-2-yloxy)silane 5 was recovered
unchanged when the silane (ca. 0.3 mol dm*) was heated at 60
or 65 °C in hexane under argon for 3 h, in the presence of 5
mol% di-tert-butyl hyponitrite'® (TBHN) as a thermal source
of tert-butoxyl radicals [eqn. (7)]. Half the TBHN was present
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initially and the remainder was added after 1 h.§ However, when
experiment was repeated at 60 °C in the presence of 5 mol%
tert-dodecanethioly (TDT), added in two equal portions
together with the TBHN, the cyclic silane 8 was formed in 95%
yield as determined by '"H NMR spectroscopy (isolated yield
88%). In the presence of TDT, but without TBHN, no cyclis-
ation was observed and the allyloxysilane 5 was recovered
unchanged. Evidently the silane 5 cyclises by a radical-chain
mechanism which involves thiol catalysis, as shown in
Scheme 1. The radical 11 undergoes rapid 5-endo-trig cyclis-
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ation and similar endo cyclisation of allyloxysilyl radicals, gener-
ated by a different route, has recently been reported independ-
ently by Clive and his co-workers.'® Thiol-catalysed cyclisations
of the allyloxysilanes 6 and 7 were carried out under similar
conditions and the results are summarised in Table 1.

1,4-Dioxane was equally suitable as solvent for the TBHN-
initiated cyclisation of 5 (entry 2), but neither azoisobutyro-
nitrile (AIBN) nor dilauroyl peroxide (DLP) were satisfactory
as initiators (entries 3 and 4), possibly because silyl radicals
react rapidly with these compounds by addition to the diazo
function (AIBN), to give a chain-terminating hydrazyl radical,
or by Sy2 attack at the peroxide linkage (DLP).

With TDT as catalyst, the yield of cyclised product 9 from
the allyloxysilane 6 was only moderate (entry 5). It was thought
at first that this was the result of slow cyclisation of the inter-

§ The half-life of TBHN is ca. 55 min at 60 °C and ca. 29 min at
65 oC‘lsa

q This is the isomeric mixture of thiols tert-C,,H,;SH as obtained from
the Aldrich Chemical Company.
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Fig. 1 Nuclear Overhauser enhancements observed in the '"H NMR
spectra of the cis- and trans-isomers of 10

mediate silyl radical, possibly because of a steric interaction
between vicinal methyl groups in the transition state. However,
EPR studies of this elementary step in isolation (see later)
showed that the cyclisation is actually a rapid process (k > ca.
10% s7* at 60 °C). When alternative thiol catalysts were investi-
gated it was found that triphenylsilanethiol or triisopropyl-
silanethiol ' afforded almost quantitative yields of 9 (entries 6
and 7). It is possible that the silanethiyl radicals R;SiS" abstract
hydrogen more rapidly and/or selectively from the Si-H group
in the silane 5,* while the alkanethiyl radical derived from TDT
may abstract hydrogen competitively from the allylic methyl
group to give a chain-terminating allylic radical. Loss of thiol
by addition to the C=C group® does not seem to be a complicat-
ing factor here, because the yield of 9 obtained with TDT as
catalyst was not increased significantly by slow addition of the
thiol over 3 h using a motor-driven syringe.

Similarly, the low yield of cyclised product 10 obtained from
the silane 7 with TDT as catalyst is attributed to abstraction of
hydrogen by RS’ from the allylic C—-H groups in 7, in particular
that group adjacent to oxygen,|| and a greatly improved yield was
obtained by using a silanethiol as catalyst (entries 8—10). The
cis- and trans-isomers of 10 were separated by HPLC and iden-
tified by NOE studies on the basis of the enhancements shown
in Fig. 1; the cis:trans ratio was 67:33 using Ph;SiSH and
77:23 using Pr',SiSH. With both thiols, the (presumably) less
stable cis-product predominates, probably because steric inter-
action between the thiol and the methyl group B to the radical
centre is the most important factor determining the energies of
the two diastereoisomeric transition states for hydrogen-atom
transfer.**

The preference for endo-trig cyclisation of silyl radicals bear-
ing alkenyl side chains has been reported and discussed
previously.”®2® For example, all of the radicals 12-14 cyclise in
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an endo fashion'®' to give the thermodynamically more stable
product and there appears to be no example of a silyl-radical
cyclisation that occurs preferentially in the contra-thermo-
dynamic exo mode. The corresponding unsaturated germanium-
centred radicals behave similarly.*! In contrast, cyclisation of
the carbon-centred analogues takes place preferentially in an

|| Cyclisation of the allyloxysilane 5, under the conditions specified for
entry 1, was completely inhibited in the presence of 10 mol% allyl-
oxytrimethylsilane or allyl butyl ether.

** The cis: trans product ratio probably does not reflect quantitatively
the selectivity of hydrogen-atom transfer from the silanethiol, because
it is likely that this process is reversible to some extent under the reac-
tion conditions (see later where reversibility is proven for the formation
of 26 and 27, when the relevant secondary C—H group is also activated
by an adjacent oxygen atom).



Table 1 Thiol-catalysed cyclisation of allyloxysilanes to give tetrahydro-2-silafurans

Yield (%)

Entry Silane” Solvent T*°C Thiol® Initiator Product NMR (isolated)

1 5 Hexane 60 TDT TBHN 8 95 (88)

2 5 Dioxane 60 TDT TBHN 8 94 (89)

3 5 Dioxane 80 TDT AIBN 8 10

4 5 Dioxane 80 TDT DLP 8 24

5 6 Hexane 60 TDT TBHN 9 47

6 6 Dioxane 65 Pr',SiSH TBHN 9 95 (85)

7 6 Dioxane 65 Ph,SiSH TBHN 9 95 (88)

8 7 Hexane 65 TDT TBHN 10 25

9 7 Dioxane 65 Pr',SiSH TBHN 10 74 (67)
10 7 Dioxane 65 Ph,SiSH TBHN 10 75 (70)

“ Concentration ca. 0.3 mol dm™3. ® The total reaction time was 3 h. ¢ Added in two equal portions; 2.5 mol% initially and a further 2.5 mol% after
1 h. “ AIBN = azoisobutyronitrile; DLP = dilauroyl peroxide (didodecanoyl peroxide).

Table 2 Thiol-catalysed cyclisation of homoallyloxysilanes at 65 °C in the presence of TBHN initiator ¢

Total yield (%)

Entry Silane® Solvent Thiol“ Products (ratio) NMR (isolated)
1 17 Hexane TDT 22 + 24 (72:28) 95 (87)
2 18 Hexane TDT 23 + 25(82:18) 90
3 19 Dioxane  TDT 26 + 27 (16:84) 75 (68)
4 19 Dioxane ~ MeO,CCH,SH 26 + 27 (14:86) 71 (63)
5 19 Dioxane  PrSiSH 26 +27(26:74)¢ 90 (83)
6 19 Dioxane  Ph,SiSH 26 +27(42:58)¢ 93 (85)
7 20 Hexane TDT 28 + 29 (79:21) 51 (46)
8 20 Dioxane ~ MeO,CCH,SH 28 +29(69:31) 74 (70)
9 20 Dioxane Pr',SiSH 28 + 29 (70:30) 95 (90)

10 20 Dioxane  Ph,SiSH 28 +29(72:28)  95(85)

11 21 Dioxane Pr',SiSH 33 90 (82)

“The initiator and the thiol were each added in two equal portions: 2.5 mol% initially and a further 2.5 mol% after 1 h. The total reaction time
was 3 h. ® Concentration was ca. 0.3 mol dm>. ¢ Determined by '"H NMR spectroscopy. ¢ Control experiments showed that the trans-isomer 27
is converted partially to the cis-isomer 26 under the reaction conditions (see text).

exo fashion to yield the less stable product radicals, as a result
of the interplay of stereoelectronic demands and ring-strain
effects.??

Attempted thiol-catalysed tandem cyclisation of the silane
15 at 60 °C was unsuccessful; the expected bicyclic product 16
could not be identified with certainty (yield <5%) and almost
all the starting material was recovered unchanged. EPR
experiments (see later) show that the silyl radical derived from
15 does indeed undergo rapid sequential cyclisation and the
low yield of 16 evidently arises because addition of thiyl rad-
icals to the C=C bonds of 15 is rendered effectively irreversible
by rapid 5-exo cyclisation of the carbon-centred adduct rad-
icals, resulting in removal of the thiol catalyst from the
system. A similar problem appears to account for the failure of
the intermolecular thiol-catalysed hydrosilylation of dimethyl
diallylmalonate with Et;SiH, whilst the corresponding reaction
of dimethyl allylmalonate gives the silane adduct in good
yield.® Ready reversibility?* of the addition of thiyl radicals
to C=C groups is clearly of crucial importance for the success
of thiol-catalysed inter- or intra-molecular hydrosilylation
reactions.

Homoallyloxysilanes

Thiol-catalysed radical-chain cyclisation of the homoallyloxy-
silanes 17-21 was investigated under the conditions used for the
allyloxysilanes; mixtures of isomeric products were separated
by reversed-phase HPLC and the results are summarised in
Table 2.11 Cyclisation of either homoallyloxysilane 17 or 18
(entries 1 and 2) gives mainly the six-membered heterocycle 22
or 23, respectively, in preference to the five-membered ring
products 24 and 25, which are formed by 5-exo cyclisation of
the intermediate silyl radicals. Previously, when but-3-

11 The cyclic products 23 and 25 were not isolated and the yields and
isomer ratio were determined using "H NMR spectroscopy.
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enyloxy(dimethyl)silane and di-fert-butyl peroxide were heated
together at 145 °C, the 2-silatetrahydropyran (presumably also
formed via 6-endo cyclisation of the corresponding silyl radical)
was isolated in low yield.” In contrast, the non-radical cyclis-
ation of similarly-substituted homoallyloxysilanes catalysed by
chloroplatinic acid gives mainly the five-membered hetero-
cycles.!® Analogous carbon-centred radicals of the hex-5-enyl
type show a strong kinetic preference for 5-exo ring closure and
the different behaviour of the silicon-centred species can be
rationalised in terms of the greater length of the Si—O and Si-C
bonds, as compared with a C—C bond, and the strongly pyram-
idal configuration at the silicon radical centre.”” Cyclisation of
the unsaturated silyl radicals occurs preferentially in the 6-endo
mode to give the more stable product radical. However, this
preference for intramolecular addition to the unsubstituted end
of the double bond is much smaller than would be observed
for an analogous intermolecular addition. Clearly the type of
stereoelectronic and ring-strain effects responsible for the
preferential 5-exo cyclisation of hex-5-enyl radicals,”** though
not now predominant, are still operative for the cyclisation of
the unsaturated silyl radicals.

As expected, because of the steric and radical-stabilising
effects of the methyl group on the double bond, cyclisation of
19-21 gives only six-membered heterocycles. In common with
the cyclisation of allyloxysilanes, silanethiols are more effective
catalysts than alkanethiols. Cyclisation of 19 gives mainly the
trans-dimethyl product 27 (entries 3-6), while 20 gives pre-
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dominantly the cis-product 28 (entries 7-10).ff In both
cases, these results imply that hydrogen-atom transfer from the
thiol takes place preferentially at the equatorial face of the
quasi-planar radical centre in the intermediate 4-oxa-3-
silacyclohexyl radical (see structure 30; R'=Me, R*?=H or
R'=H, R*=Me).”® The secondary SiOC(Me)-H groups in
26 and 27 should be especially vulnerable to abstraction of
hydrogen by electrophilic radicals and the possibility arises
that thiol-catalysed radical-chain conversion of the trans-
isomer 27 to the more stable cis-isomer 26 could take place
under the reaction conditions. To examine this, the pure
trans-isomer was heated for a total of 3 h in dioxane at 65 °C in
the presence of TBHN and thiol (each 2 X 2.5 mol%) under
conditions similar to those used for the cyclisation reactions.
With methyl thioglycolate only a trace (ca. 2%) of the cis-
isomer 26 was detected by 'H NMR spectroscopy after reac-
tion, but with triphenylsilanethiol extensive isomerisation took
place such that the final ratio 26:27 was 79:21. Thus, presum-
ably because silanethiyl radicals are more potent hydrogen-
atom abstractors than alkanethiyl radicals,* hydrogen transfer
from the silanethiol is reversible under the reaction conditions
and the isomer ratio 26:27 obtained from the cyclisation will
not reflect quantitatively the selectivity of hydrogen-atom trans-
fer to 30 from a silanethiol catalyst. However, the less stable
trans-isomer 27 is still the major product from all the cyclisation
reactions.

At 80°C, hydrogen-atom transfer from (Me,;Si);SiH to
cyclohexyl radicals of the type 31 [X = (Me;Si);SiO, R=H or
Me] takes place preferentially at the axial face of the radical
centre,” as does deuterium-atom transfer from Bu,SnD to 31

H
R SiPh,
H o
X Me H

31 32 33

11 The '"H NMR spectra of 27 and 28 are as expected if the two
energetically-similar chair conformations a and b are exchanging rap-
idly on the NMR timescale at ambient temperature.
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(X =H or Me, R = H).>?* Hydroxyl-group transfer (Sy2 reac-
tion at oxygen) from a peroxy acid to 31 (X = H, R = H or Me)
takes place with similar stereoselectivity mainly at the axial
face.”’” However, corresponding hydroxyl-group transfer to 32
takes place predominantly (75:25) at the equatorial face* and
the transition state for transfer to the axial face of 32 is evi-
dently destabilised by steric interaction between the reagent and
the axial methyl group at C-3.%>*" The preference for equatorial
attack of the thiol on the 4-oxa-3-silacyclohexyl radicals 30 is
probably attributable to a similar cause, namely a 1,3-steric
interaction between the incoming thiol and the axial phenyl
group attached to silicon.

Enantioselective hydrogen-atom transfer

Cyclisation of the homoallyloxysilane 21 catalysed by Pr';SiSH
gave the racemic product 33 in excellent yield (Table 2, entry
11). The chiral centre in 33 is created in the hydrogen-atom
transfer step and this process should become enantioselective if
the thiol is optically active.® The cyclisation of 21 was repeated
using the homochiral thiols 34-37 as catalysts, under the condi-
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OAc
34 35
X X
O o o le)
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36 37
T
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38 39

tions specified in Table 2, and the enantiomeric excess (ee) of
the product was determined by chiral-stationary-phase HPLC
analysis. However, the ee of 33 was small (<5%) for all four
thiol catalysts. Guindon et al.®® have shown that diastereo-
selectivity in atom-transfer reactions can be enhanced if a
geminal pair of substituents § to an acyclic radical centre are
replaced by an equivalent ring system (termed the ‘cycle
effect’),”® presumably because of conformational restrictions
imposed on the transition state, and hence the cyclisation of the
homoallyloxysilane 38 was investigated. However, the ee of the
product 39 was still small (ca. 5%) with the thiols 34-37 as
catalysts. Assuming that 33 and 39 are configurationally stable
under the reaction conditions, the small enantiomeric excesses
observed imply that the steric and electronic chirality® in the
vicinity of the radical centre does not result in sufficient face
selectivity in the reaction with the thiol.

Pent-4-enyloxysilanes

Radical-chain cyclisation of the higher homologue 40 under the
usual conditions (65°C, 3 h, 2 x 2.5 mol% TBHN initiator,
2 x 2.5 mol% thiol) gave excellent yields (=95%) of the seven-

SiPh, SiPh,

o
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40 41



Table 3 EPR parameters for cyclic radicals 42-49 in cyclopropane solvent

Radical T/I°C g-Factor Hyperfine splittings /G

42 —58 2.0027 21.3(1H,), 34.2 (2Hy), 1.26 (6H,)

43 —58 2.0027 22.4 (3Hy), 35.0 (2Hy), 0.80 (6H,)

44° —58 2.0026 15.2 (1H), 14.6 (1H), 12.1 (1H)

45 -85 2.0027 21.8 (2H,). 208 (1Hy), 1.05 (3H,)

46 —111 2.0027 20.3 (1H,), 30.6 (1H%;,,), 4.10 (1H?;,,), 18.4 (1H"y,,), 5.08 (1H'y,,)
46°¢ -83 — 20.4 (1H,), 17.5 (<2H%>), 11.9 (<2H';>)

47 —122 2.0028 20.5 (1H,), 31.3 (1H?%;,,), 3.60 (1H%;,,), 18.5 (1H"y,,), 5.00 (1H'y,,)
474 -53 — 20.6 (1H,), 18.0 (<2H2>), 12.2 (<2H';>)

48°¢ —-83 2.0026 20.8 (2H,), 14.5 (1Hp)®

494 -53 2.0026 20.5 (2H,), 15.6 (1Hj), ca. 0.6 (1H,)

“Numbers of nuclei coupling shown in parentheses. ® Tentative assignment of secondary-product radical detected alongside 43. < Concentration
ratio [46] : [48] = ca. 80:20.  Concentration ratio [47]:[49] = ca. 90: 10. ¢ y-Proton splittings not resolved.

membered heterocycle 41 with either TDT or Ph;SiSH as cata-
lyst: no six-membered ring isomer was detectable by NMR
spectroscopy. The intermediate silyl radical evidently undergoes
7-endo cyclisation rapidly and with high regioselectivity.

EPR studies
EPR spectra were recorded during continuous UV irradiation
of cyclopropane solutions containing di-ferz-butyl peroxide
(DTBP) (ca. 20% v/v) and an alkenyloxysilane (ca. 15% v/v),
while the sample was in the microwave cavity of the spectro-
meter, as described previously.?® Photolysis of the DTBP
yields tert-butoxyl radicals which go on to abstract hydrogen
rapidly from the silane to give ultimately the radicals detected in
steady-state concentration by EPR spectroscopy: experiments
were usually carried out at in the temperature range —40 to
—110 °C. Hydrogen-atom abstraction by terz-butoxyl radicals
would be expected to be more exothermic and less selective than
the corresponding reactions of thiyl radicals. When the alkenyl-
oxysilane contains C—H groups attached to oxygen, especially
when these are also allylic, hydrogen-atom abstraction by Bu’O’
appeared to take place from these groups as well as from the
Si-H group, resulting in complex EPR spectra that proved
difficult to interpret.

The alkenyloxysilanes 5 and 6 afforded EPR spectra of the
radical products of S5-endo cyclisation 42 and 43, respectively;

42R=H
43 R=Me

Hax
OMe H5
N
R-g
| Me HZ2
R

46 R=Ph
47 R=Me

48 R=Ph
49 R=Me

the spectrum of the former is shown in Fig. 2(a) and the spec-
troscopic parameters for all the radicals are collected in Table 3.
The central components of the B-proton triplet for 42 are rela-
tively broad as a result of unresolved second-order splittings, an
effect reproduced in the computer-simulated spectrum [Fig.
2(b)]; second-order splittings were resolved in the spectrum of
43. The proton hyperfine coupling constants are in accord with
the assignments and no spectra attributable to the uncyclised
silyl radicals could be detected, although these spectra would be
complex and therefore difficult to observe. However, the detec-
tion of strong spectra from the cyclised radicals implies that the
rate constants for cyclisation are =10 s™' at ca. —100°C.3' If a
reasonable Arrhenius 4-factor of 10" s™! (that for cyclisation

(@)

20G

)

Fig. 2 (a) EPR spectrum of the radical 42 in cyclopropane at —58 °C.
(b) Computer simulation of the spectrum based on the parameters
given in Table 3 and including second-order effects.

of the hex-5-enyl radical®?) is assumed, the rate constant
extrapolated to 60 °C would be =10° s!. The spectrum of a
secondary-product radical, which increases in intensity with the
duration of UV irradiation, was apparent alongside the spec-
trum of 43 and is tentatively ascribed to the allylic radical 44.

The EPR spectrum obtained from the silane 15 is as expected
for the tandem-cyclisation product 45; a cis ring junction is
assumed. Although the isomeric composition of 45 could not
be determined, the CH, group is expected * to be mainly cis to
the silicon-containing ring.

From the homoallyloxysilanes 17 and 18, the products of
both 6-endo cyclisation (46 and 47, respectively) and of 5-exo
cyclisation (48 and 49, respectively) were detected (see Fig. 3).§§
For both silanes, the 6-endo product predominated and the
steady-state concentration ratios [46]:[48] and [47]:[49] were
ca. 80:20 (at —83 °C) and 90: 10 (at —53 °C) respectively. These
ratios parallel those of the final-product silanes at +65°C
(see above) and their magnitudes are as expected if the regio-
selectivity of ring closure is determined principally by a differ-
ence in the activation energies of the competing processes.?’
In the chair conformations of 46 and 47 the pairs of axial and
equatorial protons H' and H? are instantaneously non-
equivalent, but are evidently exchanging on the EPR timescale,
as a result of chair—chair inversion of the ring, giving rise
to pronounced selective line broadening. Only the eight lines

§§ The EPR spectra of 42, 43 and 45-49 are not centrosymmetric (see
Figs. 2 and 3) and show emission/enhanced absorption (E/A)
chemically-induced dynamic electron polarisation (CIDEP) effects.®
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Fig.3 (a) EPR spectra of the radicals 46 and 48, formed by cyclisation
of the silyl radical derived from 17, in cyclopropane at —85 °C; the lines
from 48 are indicated with asterisks. The spectrum of 46 shows pro-
nounced selective line-broadening and both spectra exhibit E/A polar-
isation (see text), the effects of which are reduced to some extent as a
result of sample depletion during the scan. The bracketed low-field
wing region of (a) is shown recorded at —113 °C in (b) and at —69 °C in

(o).

for which my(H',)) = m(H',,) and m(H?,) = m(H?,) remain
sharp at all temperatures and the other lines are so broadened
as to be barely detectable above —75 °C [see Fig. 3(¢)]; the fast-
exchange spectra were not observed because the radicals could
not be detected at sufficiently high temperatures. Below
—100 °C, the splittings from the individual axial and equatorial
B-protons could be measured [see Fig. 3(b) and Table 3].
Although a detailed lineshape analysis** was not carried out,
computer simulation of the spectrum of 46 obtained at —85 °C
indicated that the rate constant for chair—chair interconversion
is ca. 4 x 107 s7! at this temperature, about 3—4 times larger than
the corresponding rate constant for inversion of the cyclohexyl
radical.®* The assignments of the B-proton splittings are sup-
ported by semi-empirical UHF molecular orbital calculations
at the AMI1 level* which predict hyperfine splittings> of
—21.85 (H,), 25.50 (H',)), 3.04 (H',,), 43.28 (H?,)) and 2.45
(H?,) for 47.99 The magnitude of the B-proton hyperfine split-
ting for a fragment of the type HyC;C, in an alkyl radical is
given by the Heller—McConnell eqn. (10),** in which 6 is the

a(Hy) = (A4 + Bcos® O)pc, (10)

dihedral angle between the f-C-H bond and the axis of the
C,-2p, orbital, p"¢, is the unpaired-electron population in this
orbital and 4 and B are constants, the former of which is
small and often neglected. The smaller value of a(<2H'>) com-
pared to a(<2H?>) arises because of conformational differences
such that (cos® 0y,, + cos® 0y.) is less than (cos® 0,,, + cos” Oy,)
and because the value of B appropriate for the CyH,Si group
is larger than that for the C;H,C group, as a consequence of

99 A chair conformation is predicted for 47 (AH’; = —380.8 kJ mol ") in
which the geometry at the radical centre is almost exactly planar: the
calculated dihedral angles between the B-C—H bonds and the axis of the
C,-2p, orbital (taken to be perpendicular to the C;C,C; plane) are 37.8°
(H',,), 80.3° (H',,), 27.0° (H?,,) and 89.0° (H?,,). If H, is constrained to
be 15° out of the C;C,C; plane in the axial direction, the otherwise-
optimised structure is less stable by only 2.9 kJ mol ! and the predicted
coupling constants become —20.7 (H,), 17.67 (H',,), 4.38 (H',,), 35.53
(H?,,) and 3.16 (H?,,), closer to the experimental values.
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the lower electronegativity of silicon compared with carbon.®®

The pent-4-enyloxysilane 40 afforded an EPR spectrum that
was generally consistent with that expected for the product of
7-endo ring closure of the intermediate silyl radical but, as
anticipated, the spectrum was very complex (and therefore
weak) and definitive analysis was not possible.

Conclusion

Intramolecular radical-chain hydrosilylation catalysed by thiols
provides a potentially useful alternative to transition-metal
catalysis for the cyclisation of alkenyloxysilanes. The thiol-
catalysed radical process, like its intermolecular analogue® and
the related thiol-catalysed hydroacylation reactions,*® has two
significant limitations; (i) addition of the thiyl radical to C=C
groups must be readily reversible under the reaction conditions
and, (ii) the presence of C—H bonds in the substrate which are
appreciably weaker than the S—H bond can cause inhibition of
the chain process.

Experimental

NMR spectra were recorded using a Varian VXR-400 instru-
ment (400 MHz for 'H). The solvent was CDCl; and chemical
shifts are reported relative to Me,Si; J values are quoted in Hz.
Mass spectra were obtained with VG 7070H or VG ZAB-2F
instruments using electron impact ionisation. Column chroma-
tography and TLC were carried out using Merck Kieselgel 60
(230400 mesh) and Kieselgel 60 F,s, aluminium-backed pre-
coated plates, respectively. HPLC was carried out on Kromasil
C18 (10 um particle size) for reversed-phase work, Nucleosil
(5 pm particle size) for normal-phase work and Chiralcel-OD for
the determination of enantiomeric excesses. All manipulations
and reactions of air-sensitive compounds were carried out
under an atmosphere of dry argon or nitrogen and all extracts
were dried over anhydrous MgSO,. Petroleum refers to the
fraction of bp 40-60 °C.

Materials
TBHN was prepared by the reaction of sodium hyponitrite
with tert-butyl bromide in diethyl ether, in the presence of zinc
chloride, using the method described by Mendenhall and co-
workers.'3" ¢

Triisopropylsilanethiol,' the thiols 35,* 36*' and 37*' were
prepared by published methods; other thiols were obtained
commercially (Aldrich or Lancaster) and were used without
further purification, as was chlorodimethylsilane (Aldrich).

Chlorodiphenylsilane was prepared by a slightly-modified
published procedure.** A solution of diphenylsilane (24.3 g,
0.13 mol) and chlorotriphenylmethane (36.2 g, 0.13 mol) in
dry benzene (120 cm®) was heated under reflux for 48 h. Most
of the benzene was removed by rotary evaporation and the
white solid (triphenylmethane) precipitated was removed by
filtration. The filtrate was distilled under reduced pressure to
give a colourless oil (26.1 g, 92%); bp 90-92 °C/0.5 Torr (lit.,*
bp 99-101 °C/1 Torr); oy 5.74 (1H, s, SiH), 7.34-7.73 (10H,
m, Ph).

Preparation of alcohols
2-Methylbut-3-en-2-ol (Aldrich) and 2,3-dimethylbut-3-en-2-ol
(Wiley Organics) were obtained commercially and were used
without further purification.

2-Methylpent-4-en-2-01*** was prepared from allylmag-
nesium bromide and acetone, following a published general
procedure;* bp 26-31 °C/17 Torr (lit.,*** bp 115 °C/760 Torr).
oy 1.22 (6H, s, 2Me), 2.10 (1H, br s, OH), 2.20 (2H, d, J 8.4,
3-H), 4.90 (1H, br s, 5-H), 5.17 (1H, br s, 5-H), 5.85 (1H, m,
4-H). 2-Methylhex-5-en-2-01** was prepared in a similar way
from methylmagnesium iodide and hex-5-en-2-one; bp 52—
54°C/12 Torr (lit.,*** bp 58-59 °C/17 Torr); dy 1.21 (6H, s,



2Me), 1.56 (2H, m, 3-H), 1.70 (1H, br s, OH), 2.12 (2H, m,
4-H), 5.00 (2H, m, 6-H), 5.84 (1H, m, 5-H).

The following alcohols were prepared by methods described
in the literature.

3-Methylbut-3-en-2-ol:¥* bp 115-117°C (lit.,* bp 113-
114°C); 04 1.28 (3H, d, J 6.5, 1-H), 1.58 (1H, s, OH), 1.75 (3H,
br s, 3-Me), 4.25 (1H, q, J 6.5, 2-H), 4.80 (1H, m, 4-H), 4.96
(1H, m, 4-H).

4-Methylpent-4-en-2-ol:* bp 126-129 °C; 6 1.21 (3H, d, J
6.1, 1-H), 1.74 (1H, s, OH), 1.76 (3H, br s, 4-Me), 2.15 (2H, m,
CH,), 3.94 (1H, m, 2-H), 4.80 (1H, m, 5-H), 4.88 (1H, m, 5-H).

2,3-Dimethylbut-3-en-1-0l:* bp 130-133 °C (lit.,* bp 132-
133°C); Jy 1.02 (3H, d, J 7.0, 2-Me), 1.50 (1H, s, OH), 1.72
(3H, s, 3-Me), 2.38 (1H, m, 2-H), 3.50 (2H, d, J 6.9, CH,), 4.81
(1H, m, 4-H), 4.88 (1H, m, 4-H).

2,2,3-Trimethylbut-3-ene-1-01*’ was prepared as described in
the literature, except that the required 2,2,3-trimethylbutane-
1,3-diol was obtained by treatment of 4-hydroxy-3,3-
dimethylbutan-2-one*® with methylmagnesium iodide; bp 93—
95 °C/100 Torr (lit.,*” bp 65-67 °C/35 Torr); 5 1.06 (6H, s, 2-
Me), 1.48 (1H, br s, OH), 1.74 (3H, br s, 3-Me), 3.39 (2H, br s,
CH,), 4.83 (1H, br s, 4-H), 4.93 (1H, br s, 4-H); . 19.5, 23.8,
41.2,69.7, 111.9, 149.5.

1-(Hydroxymethyl)-1-isopropenylcyclohexane was prepared
by a procedure similar to that used for 2,2,3-trimethylbut-3-en-
1-ol, starting from cyclohexyl methyl ketone; bp 104 °C/8 Torr;
oy 1.29-1.79 (10H, m, 5 x CH,), 1.72 (3H, br s, Me), 3.31 (2H,
d, J6.4, CH,), 4.90 (1H, brs, 4-H), 5.15 (1H, br s, 4-H); . 19.5,
22.1,26.5,31.7,45.1, 68.0, 114.8, 133.1; m/z 154 (M, 1%), 123
(41), 81 (100) (Found: C, 77.6; H, 11.8. C,,H,sO requires C,
77.9; H, 11.8%).

3-Methylhepta-1,6-dien-3-ol was prepared from vinylmag-
nesium bromide and hex-5-en-2-one following a general pro-
cedure,* as a colourless oil; bp 69—71 °C/26 Torr; oy 1.27 (3H, s,
Me), 1.57 (1H, s, OH), 1.62 (2H, m, 4-H), 2.09 (2H, m, 5-H),
4.95 (2H, m, 7-H), 5.04 (1H, dd, J 10.7 and 1.3, 1-H), 5.19 (1H,
dd, J17.3 and 1.3, 1-H), 5.81 (1H, m, 6-H), 5.88 (1H, dd, J 17.3
and 10.7, 2-H); Jc 27.9, 28.4, 41.1, 73.2, 111.8, 114.5, 138.8,
144.9; m/z 126 (M*, 2%), 71 (100), 55 (28) (Found: C, 76.4; H,
11.5. CgH,0 requires C, 76.1; H, 11.2%)).

Preparation of alkenyloxysilanes
A solution of the alcohol (20 mmol), triethylamine (3.1 cm?, 22
mmol) and 4-(dimethylamino)pyridine (0.09 g, ca. 4 mol%) in
dry diethyl ether (50 cm®) was cooled in an ice-water bath and
stirred mechanically during dropwise addition of chlorodiphe-
nylsilane or chlorodimethylsilane (20 mmol). Voluminous
amounts of triethylamine hydrochloride were precipitated. The
mixture was stirred for 0.5 h after the addition was complete,
the cooling bath was removed, and stirring was continued for
5 h at room temperature. The precipitate was removed by filtra-
tion, the solvent was removed from the filtrate using a rotary
evaporator and the residue was distilled under reduced pressure
to yield the product as an oil. The yields ranged from 40 to 90%
and the characteristics of the products are given below.
Diphenyl(2-methylbut-3-en-2-yloxy)silane 5. Bp 92-95°C/
0.05 Torr; oy 1.42 (6H, s, Me,C), 5.01 (1H, dd, J 10.6 and 1.3,
4-H), 5.23 (1H, dd, J 17.3 and 1.3, 4-H), 5.56 (1H, s, SiH), 6.00
(1H, dd, J 17.3 and 10.6, 3-H), 7.36-7.66 (10H, m, Ph); 6. 29.7,
75.2, 111.5, 127.9, 130.0, 134.6, 135.9, 145.5; m/z 268 (M™,
30%), 253 (30), 199 (73), 183 (100) (Found: C, 75.9; H, 7.4.
C,,H,,OS:i requires C, 76.1; H, 7.5%).
Diphenyl(2,3-dimethylbut-3-en-2-yloxy)silane 6. Bp 93-95 °C/
0.05 Torr; oy 1.45 (6H, s, Me,C), 1.83 (3H, s, 3-Me), 4.80 (1H, s,
4-H), 5.04 (1H, s, 4-H), 5.55 (1H, s, SiH), 7.38-7.66 (10H, m,
Ph); oc 19.1, 29.1, 77.1, 109.3, 127.8, 129.9, 134.5, 135.9, 150.9;
mfz 282 (M*, 12%), 267 (14), 199 (100), 183 (81) (Found: C,
76.6; H, 7.9. C4H,,0S:i requires C, 76.5; H, 7.9%).
Diphenyl(3-methylbut-3-en-2-yloxy)silane 7. Bp 93-96 °C/
0.05 Torr; 04 1.32 (3H, d, J 6.4, MeCH), 1.74 (3H, s, 3-Me), 4.38

(1H, q, J 6.4, 2-H), 4.79 (1H, m, 4-H), 4.94 (1H, m, 4-H), 5.44
(1H, s, SiH), 7.36-7.67 (10H, m, Ph); 6. 17.7, 22.6, 74.3, 110.3,
128.0, 130.3, 134.4, 134.7, 147.7, m/z 268 (M, 11%), 199 (100),
183 (86) (Found: C, 75.8; H, 7.4. C{;H,,0OS:i requires C, 76.1; H,
7.5%).

Diphenyl(3-methylhepta-1,6-dien-3-yloxy)silane 15. Bp 119-
121 °C/0.05 Torr; 64 1.39 (3H, s, Me), 1.70 (2H, m, 4-H), 2.14
(2H, m, 5-H), 4.94 (2H, m, 7-H), 5.06 (1H, dd, J 10.7 and 1.4,
1-H), 5.25 (1H, dd, J 17.3 and 1.4, 1-H), 5.56 (1H, s, SiH), 5.78
(1H, m, 6-H), 5.89 (1H, dd, J 17.3 and 10.7, 2-H), 7.35-7.65
(10H, m, Ph); 6. 27.2, 28.4, 42.0, 77.2, 112.8, 114.1, 127.8,
129.9, 134.5, 135.8, 138.8, 144.0; m/z 308 (M*, 1%), 253 (91),
183 (100) (Found: C, 78.2; H, 7.7. C,,H,,0Si requires 77.9; H,
7.8%).

Diphenyl(2-methylpent-4-en-2-yloxy)silane 17. Bp 100-
104 °C/0.05 Torr; o4 1.31 (6H, s, Me,C), 2.36 (2H, d, J 7.3,
CH,), 5.08 (2H, m, 5-H), 5.60 (1H, s, SiH), 5.94 (1H, m, 4-H),
7.36-7.66 (10H, m, Ph); o 29.3, 49.0, 75.3, 117.5, 127.9, 130.0,
134.5, 134.9, 136.0; m/z 282 (M™*, 30%), 241 (81), 183 (100)
(Found: C, 76.5; H, 7.9. C,4H,,0Si requires C, 76.5; H, 7.9%).

Dimethyl(2-methylpent-4-en-2-yloxy)silane 18. Bp 46 °C/78
Torr; 0y 0.18 (6H, d, J 2.8, Me,Si), 1.24 (6H, s, Me,C), 2.25 (2H,
d, J 7.3, CH,), 4.76 (1H, m, SiH), 5.05 (2H, m, 4-H), 5.88 (1H,
m, 4-H); 0 0.8,29.1,48.8, 74.1, 117.2, 135.1; m/z 158 (M, 1%),
117 (70), 75 (100) (Found: C, 60.5; H, 11.6. CgH;40Si requires
C, 60.7; H, 11.5%).

Diphenyl(4-methylpent-4-en-2-yloxy)silane 19. Bp 98-100 °C/
0.05 Torr; 04 1.22 (3H, d, J 6.1, MeCH), 1.67 (3H, s, 4-Me), 2.16
(1H, dd, J13.1 and 6.8, 3-H), 2.36 (1H, dd, J 13.1 and 6.1, 3-H),
4.15 (1H, m, 2-H), 4.76 (2H, m, 5-H), 5.47 (1H, s, SiH), 7.35-
7.67 (10H, m, Ph); 6. 22.8, 23.1, 47.8, 69.3, 113.0, 127.9, 130.2,
134.6, 134.7, 142.7, m/z 282 (M*, 5%), 227 (77), 183 (100)
(Found: C, 76.3; H, 7.7. C,;4H,,0Si requires C, 76.5; H, 7.9%).

Diphenyl(2,3-dimethylbut-3-en-1-yloxy)silane 20. Bp 100-
104 °C/0.05 Torr; 04 1.07 (3H, d, J 6.9, 2-Me), 1.70 (3H, br s,
3-Me), 2.45 (1H, m, 2-H), 3.64 (1H, dd, J 10.0 and 7.1, 1-H),
3.79 (1H, dd, J 10.0 and 6.4, 1-H), 4.76 (1H, d, J 1.2, 4-H), 4.80
(1H, d, J 1.2, 4-H), 5.44 (1H, s, SiH), 7.38-7.68 (10H, m, Ph);
0c 16.1,20.4,43.1, 68.4, 110.7, 128.0, 130.3, 134.7, 135.0, 147.3;
mfz 282 (M™, 7%), 199 (35), 183 (100) (Found: C, 76.6; H, 7.8.
C,3H,,0S:i requires C, 76.5; H, 7.9%).

Diphenyl(2,2,3-trimethylbut-3-en-1-yloxy)silane 21. Bp 116—
118 °C/0.05 Torr; oy 1.09 (6H, s, 2-Me), 1.74 (3H, s, 3-Me), 3.61
(2H, s, 1-H), 4.81 (2H, m, 4-H), 5.41 (1H, s, SiH), 7.39-7.64
(10H, m, Ph); éc 19.9, 24.0, 41.1, 72.2, 110.4, 127.9, 130.2,
134.2, 134.7, 150.4; m/z 296 (M™, 1%), 213 (50), 183 (100)
(Found: C, 76.9; H, 8.1. C,,H,,0Si requires C, 77.0; H, 8.2%).

Diphenyl[(1-isopropenylcyclohexyl)methoxylsilane 38. Bp
158 °C/0.03 Torr; 0y 1.70 (3H, s, Me), 1.78-1.42 (10H, m,
5 x CH,), 3.55 (2H, s, OCH,), 4.89 (1H, br s, C=CH), 5.04 (1H,
brs, C=CH), 5.39 (1H, s, SiH), 7.38-7.65 (10H, m, Ph); 6 20.2,
22.2, 26.4, 31.3, 44.7, 71.6, 113.6, 127.9, 130.2, 134.3, 134.7,
152.3; m/z 336 (M, 1%), 123 (95), 81 (100) (Found: C, 78.2; H,
8.1. C,,H,40Si requires C, 78.5; H, 8.4%).

Diphenyl(2-methylhex-5-en-2-yloxy)silane 40. Bp 108-110 °C/
0.05 Torr; oy 1.30 (6H, s, Me,C), 1.63 (2H, m, 3-H), 2.16 (2H,
m, 4-H), 4.95 (2H, m, 6-H), 5.55 (1H, s, SiH), 5.82 (1H, m,
5-H), 7.34-7.62 (10H, m, Ph); . 28.8, 29.5, 43.5, 75.4, 114.1,
127.9, 130.0, 134.6, 136.1, 139.2; m/z 296 (M*, 1%), 241 (49),
183 (100) (Found: C, 77.1; H, 8.1. C,,H,,0Si requires C, 77.0;
H, 8.2%).

Typical procedure for radical-chain cyclisation

Diphenyl(2-methylbut-3-en-2-yloxy)silane 5 (0.30 g, 1.1 mmol)
and hexane (4 cm®) were introduced into a dry, argon-filled 25
cm® two-necked conical flask containing a magnetic stirrer bar
and fitted with a condenser, with argon flowing slowly down-
wards through it. zert-Dodecanethiol (TDT, 6.5 pl, 2.5 mol%,
based on 5) and TBHN (4.8 mg, 2.5 mol%, based on 5) were
added to the mixture through the side arm, which was then
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closed with a stopper, and the flask was immersed in an oil bath
pre-heated to 60 °C. The mixture was stirred under argon for
1 h and further amounts of TDT (2.5 mol%) and TBHN (2.5
mol%) were then added, before stirring was continued for a
further 2 h. The reaction mixture was allowed to cool to room
temperature, the solvent was removed using a rotary evaporator
and the residue was purified by chromatography on silica gel,
using petroleum—diethyl ether (98:2) as eluent, to give 2,2-
diphenyl-5,5-dimethyl-1-oxa-2-silacyclopentane 8 (0.97 mmol,
88%) as a clear oil; oy 1.34 (2H, t, J 7.7, 3-H), 1.39 (6H, s,
Me,C), 1.97 2H, t, J 7.7, 4-H), 7.37-7.64 (10H, m, Ph); J. 9.9,
29.8, 38.0, 80.7, 127.8, 129.9, 134.5, 135.4; m/z 268 (M, 22%),
253 (100), 199 (44) (Found: C, 76.3; H, 7.4. C,;H,,0Si requires
C, 76.1; H, 7.5%).

Other cyclisation reactions were carried out in a similar way
and the characteristics of the products are given below; all were
oils and the yields are given in Tables 1 and 2.

2,2-Diphenyl-4,5,5-trimethyl-1-oxa-2-silacyclopentane 9. Jy
1.10 (3H, d, J 6.9, 4-Me), 1.11 (1H, dd, J 14.8 and 12.7, 3-H),
1.17 (3H, s, 5-Me), 1.39 (1H, dd, J 14.8 and 6.5, 3-H), 1.44 (3H,
s, 5-Me), 2.14 (1H, m, 4-H), 7.36-7.65 (10H, m, Ph); J. 18.8,
23.7,29.3, 43.3, 82.8, 127.8, 129.9, 134.5, 134.6, 135.4, 135.7,
mfz 282 (M*, 8%), 239 (100), 105 (86) (Found: C, 76.3; H, 7.7.
C,3H,,0si requires C, 76.5; H, 7.9%).

cis-2,2-Diphenyl-4,5-dimethyl-1-oxa-2-silacyclopentane ~ 10-
cis. This compound (7, 4.2 min) and its trans isomer (¢, 7.1 min)
were isolated by HPLC on the reversed-phase column using
methanol-water (75:25) as eluent; oy 1.03 (3H, d, J 6.9, 4-Me),
1.06 (1H, dd, J 14.8 and 9.6, 3-H), 1.20 (3H, d, J 6.5, 5-Me),
1.40 (1H, dd, J 14.8 and 6.8, 3-H), 2.46 (1H, m, 4-H), 4.42 (1H,
qd, J 6.5 and 6.2, 5-H), 7.34-7.66 (10H, m, Ph); o 17.4, 17.5,
18.1, 36.8, 78.1, 127.8, 130.0, 134.4, 134.5, 135.3, 135.6 (Found:
C, 76.4; H, 7.4. C,;H,,08i requires C, 76.1; H, 7.5%).

trans-2,2-Diphenyl-4,5-dimethyl-1-oxa-2-silacyclopentane 10-
trans. 6y 1.01 (1H, dd, J 14.8 and 11.9, 3-H), 1.12 (3H, d, J 6.5,
4-Me), 1.39 (3H, d, J 6.0, 5-Me), 1.48 (1 H, dd, J 14.8 and 6.5,
3-H), 1.90 (1H, m, 4-H), 3.77 (1H, m, 5-H), 7.36-7.64 (10H, m,
Ph); oc 19.8, 20.5, 21.5, 41.2, 81.4, 127.8, 127.9, 130.0, 130.1,
134.5, 134.6, 135.1, 135.2 (Found: C, 76.4; H, 7.4. C;;H,,0Si
requires C, 76.1; H, 7.5%).

2,2-Diphenyl-6,6-dimethyl-1-oxa-2-silacyclohexane 22. This
compound (¢, 7.8 min) and the five-membered-ring isomer 24
(t, 4.5 min) were isolated by normal-phase HPLC, using hexane
as eluent; oy 1.16 (2H, t, J 6.9, 3-H), 1.32 (6H, s, 6-Me), 1.67
(2H, m, 4-H), 1.94 (2H, m, 5-H), 7.31-7.62 (10H, m, Ph);
oc 10.5, 18.0, 30.8, 41.2, 74.4, 127.7, 129.5, 134.2, 137.5; m/z
282 (M*, 20%), 267 (100), 199 (62) (Found: C, 76.5; H, 7.8.
C,5H,,0S:i requires C, 76.5; H, 7.9%).

2,2-Dimethyl-6,6-dimethyl-1-oxa-2-silacyclohexane 23. Jy
0.13 (6H, s, 2-Me), 0.58 (2H, t, J 6.9, 3-H), 1.24 (6H, s, 6-Me),
1.50 (2H, m, 4-H), 1.81 (2H, m, 5-H); . 1.4, 12.7, 17.8, 30.7,
41.0, 73.3.

2,2-Diphenyl-3,5,5-trimethyl-1-o0xa-2-silacyclopentane 24. Jy
1.08 3H, d, J 7.2, 3-Me), 1.32 (3H, s, 5-Me), 1.52 (3H, s, 5-Me),
1.62 (1H, apparent t, J 12.7,4-H), 1.92 (1H, m, 3-H), 2.16 (1H,
dd, J 12.7 and 7.7, 4-H), 7.39-7.67 (10H, m, Ph); d 14.6, 18.0,
29.4, 31.2, 47.9, 79.7, 127.7, 127.9, 129.8, 130.0, 133.4, 134.5,
134.9, 135.2; m/z 282 (M*, 18%)), 240 (100), 199 (54) (Found: C,
76.5; H, 7.9. C4H,,0S:i requires C, 76.5; H, 7.9%).

2,2-Dimethyl-3,5,5-trimethyl-1-oxa-2-silacyclopentane 25. dy
0.08 (3H, s, 2-Me), 0.21 (3H, s, 2-Me), 1.05 (3H, d, J 7.0, 3-Me),
1.17 (3H, s, 5-Me), 1.28 (1H, m, 3-H), 1.30 (3H, s, 5-Me), 1.39
(1H, apparent t, J 12.0,4-H), 1.99 (1H, dd, J 12.0 and 7.1, 4-H);
Jc 1.4(20), 14.1, 18.3,29.4, 31.5,47.8, 78.7.

cis-2,2-Diphenyl-4,6-dimethyl-1-oxa-2-silacyclohexane 26.
This compound (¢, 10.5 min) and its trans isomer 27 (¢, 6.9 min)
were isolated by reversed-phase HPLC, using methanol-water
(80:20) as eluent; 0y 0.76 (1H, dd, J 14.6 and 12.9, 3-H,,), 1.08
(3H, d, J 6.5, 4-Me), 1.21 (1H, ddd, J 13.7, 11.6 and 11.2,
5-H,,), 1.31 (1H, dd, J 14.6 and 2.2, 3-H,), 1.32 (3H, d, J 6.2,
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6-Me), 1.64 (1H, ddd, J 13.7, 2.2 and 2.1, 5-H,,), 1.91 (1H, m,
4-H), 4.10 (1H, m, 6-H), 7.32-7.70 (10H, m, Ph); 6 19.6, 24.9,
27.1, 29.5, 46.0, 71.1, 127.8, 128.0, 129.7, 129.9, 134.3, 135.2,
135.9; m/z 282 (M™, 22%), 225 (48), 204 (100) (Found: C, 76.7;
H, 8.0. C;3H,,0S:i requires C, 76.5; H, 7.9%).
trans-2,2-Diphenyl-4,6-dimethyl-1-oxa-2-silacyclohexane 27.
Oy 0.94 (1H, dd, J 14.7 and 8.9, 3-H equatorial 27a, axial in
27b), 1.06 (3H, d, J 6.8, 4-Me), 1.28 (3H, d, J 6.5, 6-Me), 1.38
(1H, dd, J 14.7 and 4.9, 3-H axial in 27a, equatorial in 27b),
1.63 (2H, apparent t, J 5.4, 5-H), 2.29 (1H, m, 4-H), 4.48 (1H,
m, 6-H), 7.36-7.65 (10H, m, Ph); 4 18.9, 23.8, 24.6, 24.7, 43.0,
68.4, 127.7, 127.8, 129.6, 134.1, 134.2, 137.1; m/z 282 (M",
22%), 225 (57), 204 (100) (Found: C, 76.7; H, 8.0. C,gH,,0Si
requires C, 76.5; H, 7.9%).
cis-2,2-Diphenyl-4,5-dimethyl-1-oxa-2-silacyclohexane 28.
This compound (¢, 10.8 min) and its trans isomer 29 (¢, 13.2
min) were isolated by reversed-phase HPLC, using methanol—-
water (75:25) as eluent; oy 1.03 (3H, d, J 7.0, 4-Me), 1.05 (3H,
d, J 7.3, 5-Me), 1.07 (1H, dd, J 14.9 and 11.4, 3-H), 1.18 (1H,
dd, J 14.9 and 4.3, 3-H), 1.74 (1H, m, 4-H), 2.14 (1H, m, 5-H),
3.96 (1H, dd, J 11.1 and 3.8, 6-H), 4.05 (1H, dd, J 11.1 and 2.6,
6-H), 7.35-7.67 (10H, m, Ph); J. 10.7, 15.3, 22.6, 32.5, 37.5,
70.3, 127.9, 128.0, 129.9, 130.0, 134.1, 134.3, 135.2, 1359
(Found: C, 76.8; H, 7.7. C;4H,,0Si requires C, 76.5; H, 7.9%).
trans-2,2-Diphenyl-4,5-dimethyl-1-oxa-2-silacyclohexane 29.
oy 0.82 (3H, d, J 6.2, 4-Me), 0.94 (1H, dd, J 14.8 and 12.1,
3-H,,), 1.09 3H, d, J 5.9, 5-Me), 1.32 (1H, dd, J 14.8 and 3.0,
3-H,,), 1.57 (2H, m, 4- and 5-H), 3.59 (1H, dd, J 11.5 and 10.5,
6-H,,), 4.00 (1H, dd, J 11.5 and 3.1, 6-H,,), 7.33-7.69 (10H, m,
Ph); dc 15.1, 20.1, 24.4, 35.3, 40.9, 71.3, 127.8, 128.0, 129.9,
130.0, 134.1, 134.2, 134.8, 135.6 (Found: C, 76.8; H, 7.7.
C,5H,,0S:i requires C, 76.5; H, 7.9%).
2,2-Diphenyl-4,5,5-trimethyl-1-o0xa-2-silacyclohexane 33. Jy
0.83 (3H, s, 5-Me), 1.02 (3H, d, J 6.7, 4-Me), 1.04 (3H, s, 5-Me),
1.05(1H, dd, J15.1 and 13.2, 3-H), 1.18 (1H, dd, J 15.1 and 4.1,
3-H), 1.78 (1H, m, 4-H), 3.66 (2H, br s, 6-H), 7.35-7.69 (10H,
m, Ph); o 16.5, 17.2, 20.6, 24.8, 36.4, 37.8, 75.9, 127.9, 128.0,
129.9, 130.0, 134.2, 134.4, 134.8, 135.7; m/z 296 (M ", 4%), 254
(19), 211 (49), 199 (100), 181 (77) (Found: C, 77.3; H, 8.1.
C,4H,,0S:i requires C, 77.0; H, 8.3%).
2-Oxa-3-silaspiro[5.5]undecane 39. J5 0.95 (3H, d, J 6.9,
5-Me), 1.05 (1H, dd, J 15.2 and 8.6, 4-H), 1.30 (1H, dd, J 15.2
and 5.1, 4-H), 1.65-1.20 (10H, m, 5 X CH,), 1.96 (1H, m, 5-H),
3.59 (1H, d, J 11.6, 1-H), 4.19 (1H, d, J 11.6, 1-H), 7.34-7.61
(10H, m, Ph); Jc 15.3, 18.6, 21.2, 21.6, 26.4, 27.2, 32.4, 36.8,
37.9, 68.9, 127.8, 127.9, 129.7, 129.8, 134.0, 134.2, 135.6, 136.3;
mlz 336 (M*, 1%), 294 (9), 199 (100), 181 (65) (Found: C, 78.6;
H, 8.4. C,,H,3OS:i requires C, 78.5; H, 8.4%).
2,2-Diphenyl-7,7-dimethyl-1-oxa-2-silacycloheptane 41. Jy
1.14 2H, m, 3-H), 1.44 (6H, s, 7-Me), 1.78 (6H, m, 3 x CH,),
7.27-7.61 (10H, m, Ph); éc 15.1, 23.6, 25.8, 31.0, 43.1, 75.4,
127.6,129.3, 134.2, 137.9; m/z 296 (M, 2%), 199 (94), 123 (100)
(Found: C, 76.7; H, 8.2. C,,H,,0Si requires C, 77.0; H, 8.3%).

EPR spectroscopy
EPR spectra were recorded during continuous UV irradiation
of samples positioned in a standard variable temperature insert
in the microwave cavity of a Varian E-109 or a Bruker ESP-300
spectrometer operating at 9.1-9.4 GHz, as described previ-
ously.*® Samples were prepared using a vacuum line and were
sealed in evacuated Suprasil quartz tubes (3 mm id, 0.5 mm
wall). The temperature of the sample during photolysis was
determined, using the method described previously;** the heat-
ing effect at full light intensity varied between 5 and 7°C
depending on conditions. Di-terz-butyl peroxide (98%, Aldrich)
was passed down a column of basic alumina (activity 1) and
distilled (bp 46-47 °C/76 Torr); cyclopropane (Union Carbide)
was used as received.

Computer simulations of spectra were obtained using a
modified version of ESRSPEC2,* extended to handle com-



posite spectra from up to four radicals with different centres,
second-order shifts for coupling to single nuclei with 7> %, and
lineshapes continuously variable between 100% Gaussian and
100% Lorentzian.
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