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The mechanism by which thiols promote the radical-chain reduction of alkyl halides by a variety of simple silanes,
such as Et3SiH and Ph3SiH, has been investigated in detail. Kinetic studies of the thiol-catalysed reduction of
1-bromooctane and of 1-chlorooctane by Et3SiH in cyclohexane at 60 �C are consistent with a mechanism that
involves reversible abstraction of hydrogen by the thiyl radical from the silane, followed by abstraction of halogen
from the octyl halide by the resulting triethylsilyl radical and quenching of the derived octyl radical by the thiol
to give octane. On the basis of this mechanism, rate constants for abstraction of hydrogen from Et3SiH by the
adamantane-1-thiyl radical (kXSH) and for transfer of hydrogen in the reverse direction (kSiH) were determined as
3.2 × 104 M�1 s�1 and 5.2 × 107 M�1 s�1, respectively, at 60 �C. The equilibrium constant kXSH/kSiH is thus 6.2 × 10�4 at
60 �C and corresponds to ∆rH ≈ ∆rG = �20.4 kJ mol�1 for abstraction of hydrogen from Et3SiH by 1-AdS�, implying
that the Si–H bond in the silane is stronger by ca. 20 kJ mol�1 than the S-H bond in the alkanethiol. The silanethiol
(ButO)3SiSH was found to be a more effective catalyst than 1-AdSH, because kXSH is greater (1.3 × 105 M�1 s�1) while
kSiH is very similar (5.1 × 107 M�1 s�1). The value of kXSH/kSiH is now 2.6 × 10�3 at 60 �C and thus the S–H bond in this
silanethiol is stronger by ca. 4 kJ mol�1 than that in 1-AdSH. The proposed mechanism for alkyl halide reduction is
strongly supported by kinetic studies of the thiol-catalysed H/D-exchange between R3SiH/D and XSH/D and the
thiol-catalysed racemisation of (S )-ButMePhSiH, radical-chain processes that provide independent confirmation
of the values of kXSH derived from octyl bromide reduction. The value of ∆rH determined in this work indicates
that abstraction of hydrogen from Et3SiH by an alkanethiyl radical in cyclohexane solvent is ca. 11 kJ mol�1 less
endothermic than implied by the difference in the currently-favoured experimental gas-phase dissociation enthalpies
for the Et3Si–H and MeS–H bonds.

In 1989, we reported that thiols efficiently catalyse the radical-
chain reduction of alkyl halides at 60–80 �C to give the corre-
sponding alkanes, using triethylsilane or triphenylsilane as the
stoichiometric reductant [e.g. eqn. (1)].1 This preliminary work
was subsequently extended and described in detail in a full
paper 2 which appeared in 1991 and, over the succeeding 10
years, we demonstrated that simple silanes in combination with
a thiol catalyst can often be used as an effective replacement for
tributyltin hydride in several types of radical-chain reaction
that are of importance in organic synthesis.3 The thiol was
viewed as fulfilling the role of a protic polarity-reversal
catalyst,1–3 that acts to promote the overall transfer of an
electron-rich hydrogen atom from the silane to the nucleophilic
chain-carrying alkyl radical [e.g. eqn. (2)], a reaction that is
relatively slow in the absence of a catalyst.4 The proposed
mechanism for the thiol-catalysed process is illustrated in
Scheme 1 for the reduction of a 1-halogenooctane, in the pres-
ence of di-tert-butyl hyponitrite 5 (TBHN 1) as a thermal source
of initiating tert-butoxyl radicals. † Under such conditions, it is
likely that the predominant chain-terminating reaction will
be that between pairs of thiyl radicals to give mainly disulfide
[eqn. (5)] and the propagation cycle is shown in eqns. (6–8),
Scheme 1.  

At the time of our initial work,1,2 the available experimental
values for the Et3Si–H and MeS–H bond dissociation

† It is possible that overall abstraction of hydrogen by ButO� from the
thiol [eqn. (4), Scheme 1] could take place in part, or even in whole, by
an addition elimination pathway involving initial formation of an
intermediate sulfanyl radical adduct XS�(H)OBut.6,7

enthalpies (BDEs) were 377 and 384 kJ mol�1, respectively,
implying that the reversible hydrogen-atom transfer reaction (6)
will be exothermic by 7 kJ mol�1 in the forward direction when
X = Me and R = Et. However, since that time these values have
been revised and the currently favoured 8,9 experimental BDEs
are 397 ± 2 kJ mol�1 for Et3Si–H (assumed to be the same as
that 10 for Me3Si–H) and 366 ± 2 kJ mol�1 for MeS–H.11 The
abstraction of hydrogen from triethylsilane by the methanethiyl
radical would then become endothermic by 31 ± 4 kJ mol�1.
This more recent value of ∆rH for hydrogen-atom transfer from
Et3SiH to MeS� is in accord with the calculations of Schiesser

RHal � Et3SiH  RH � Et3SiHal (1)

R� � Et3SiH  RH � Et3Si� (2)

Scheme 1
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Table 1 Reduction of 1-bromooctane by silanes catalysed by thiols in cyclohexane solvent at 60 �C a; determination of kXSH

Entry Silane Thiol [OctBr]0/M [R3SiH]0/M [XSH]0/M [TBHN]0/M kXSH
b/M�1 s�1

1 Et3SiH 1-AdSH 0.38 0.50 0.025 0.025 3.5 × 104

2 Et3SiH 1-AdSH 0.38 0.25 0.025 0.025 3.3 × 104

3 Et3SiH 1-AdSH 0.19 0.50 0.025 0.025 3.0 × 104

4 Et3SiH 1-AdSH 0.38 0.50 0.0125 0.025 3.3 × 104

5 Et3SiH 1-AdSH 0.38 0.50 0.025 0.0125 3.0 × 104

6 Et3SiH t-C12H25SH 0.38 0.50 0.025 0.0125 3.5 × 104

7 Et3SiH Ph3SiSH 0.38 0.50 0.025 0.0125 4.3 × 104

8 Et3SiH ButMePhSiSH c 0.38 0.50 0.025 0.0125 4.1 × 104

9 Et3SiH (ButO)3SiSH 0.19 0.125 0.0125 0.0125 1.3 × 105

10 Et3SiH Pri
3SiSH 0.19 0.125 0.0125 0.0125 1.6 × 105

11 ButMePhSiH c 1-AdSH 0.27 0.54 0.0135 0.0135 3.4 × 104

12 Ph3SiH 1-AdSH 0.38 0.50 0.025 0.0125 7.5 × 104

13 Ph3SiH Ph3SiSH 0.38 0.50 0.025 0.0125 8.8 × 104

a A subscript 0 indicates a value at t = 0. b Evaluated using eqn. (15). c Racemic compound. 

and Skidmore 12,13 who reported that, at the highest level of
theory they applied, abstraction of hydrogen by MeS� from the
Si–H group of trimethylsilane is endothermic by 30.8 kJ mol�1.
The energy barrier associated with this H-atom transfer, which
was believed to take place in a single step via a transition state
of the type [MeS. . .H. . .SiMe3]�, was calculated to be 41.9 kJ
mol�1. Schiesser and Skidmore concluded 13 that the “equi-
librium constant” (i.e. kXSH/kSiH) for reaction (6) would be “in
all likelihood too small to sustain the radical chain” depicted in
Scheme 1, at least when both X and R are simple alkyl groups.
Furthermore, these authors stated that their “computational
data have distinct significance and may require that the syn-
thetically useful chemistry developed by Roberts be mech-
anistically re-examined”. Although Schiesser and Skidmore
believed that the equilibrium constant for reaction (6) was of
critical importance in determining the efficiency of thiol cata-
lysis, they omitted to compare their computed value of ∆rH
with the difference in the contemporary experimental values of
the MeS–H and Me3Si–H BDEs. Both we 3 and Zavitsas 14 have
highlighted the mechanistic problem that arises if the Si–H
bond in a simple trialkylsilane is indeed stronger by >30 kJ
mol�1 than the S–H bond in an alkanethiol, but we have also
stressed that if this difference were to be 10–20 kJ mol�1 there
would then be no difficulty in accepting the mechanism shown
in Scheme 1. We have also noted that mechanistic compli-
cations might arise if conversion of an alkanethiol to a
silanethiol were to take place under the reaction conditions.3

In the present paper we re-examine the use of thiols to
promote the reduction of alkyl halides by simple silanes
and explore the detailed mechanism of thiol catalysis. In order
to probe reaction (6) in isolation, thiol-catalysed hydrogen-
deuterium exchange in the systems R3SiH � XSD and R3SiD �
XSH has been investigated and the thiol-catalysed radical-
chain racemisation of enantiomerically-pure (S )-ButMePhSiH
has also been examined. The related racemisation of (R)-tetra-
hydrofurfuryl acetate, where a thiol catalyst likewise mediates
the transfer of hydrogen between two nucleophilic radicals, has
been reported previously.15

Results and discussion

Reduction of alkyl halides

Thiol-catalysed reduction of 1-halogenooctanes (Hal = Br, Cl,
I) by triorganosilanes in cyclohexane at 60 �C was monitored as
a function of time by GLC analysis of the reaction mixtures,
using nonane as an internal concentration standard; TBHN
was used as initiator throughout. All experiments were con-
ducted under an atmosphere of dry argon, using freshly dried
solvents and purified reagents, and these precautions proved to
be essential in order to obtain reproducible results. The reduc-
tion of 1-bromooctane by Et3SiH or Ph3SiH was carried out

using different thiol catalysts and the results are summarised
in Table 1. Adamantane-1-thiol (1-AdSH) was chosen as the
principal alkanethiol catalyst, although tert-dodecanethiol‡
and dodecane-1-thiol were also examined. A number of
silanethiols were also quantitatively evaluated as promoters of
alkyl halide reduction, because we have previously found quali-
tative evidence that these compounds are more effective protic
polarity-reversal catalysts than the alkanethiols.3 A represen-
tative reduction of 1-bromooctane in the presence and absence
of thiol is illustrated in Fig. 1 and the experimental evidence
for the effectiveness of thiol catalysis is unequivocal. In this
experiment at 60 �C, the initial rate of reduction of 1-bromo-
ctane by Et3SiH was about 50 times greater in the presence of
5 mol% 1-AdSH (based on silane) than in its absence.

The primary alkanethiol dodecane-1-thiol was a less effective
catalyst for alkyl halide reduction than adamantane-1-thiol or
tert-dodecanethiol. With the primary thiol, reaction rates were
often irreproducible and the reduction sometimes stopped well
short of completion. We believe that this behaviour may be
associated with the higher heterolytic reactivity of the less
hindered primary thiol, in conjunction with the ease of
nucleophilic substitution at silicon in the halogenosilanes
formed as reaction products. The influence of adventitious
moisture on the success of reductions catalysed by primary

Fig. 1 The reduction of octyl halides by triethylsilane at 60 �C in
cyclohexane. The initial reagent concentrations were: (a) [OctBr] 0.38
M, [Et3SiH] 0.50 M, [TBHN] 0.025 M and [1-AdSH] 0.025 M; (b) as (a)
but without thiol; (c) [OctCl] 0.19 M, [Et3SiH] 1.00 M, [TBHN] 0.025
M and [1-AdSH] 0.050 M. Data points are joined with straight lines.

‡ This compound is an isomeric mixture of tertiary alkanethiols
C12H25SH, as obtained from the Aldrich Chemical Company, and is
thus less well defined chemically than 1-AdSH. However, tert-
dodecanethiol serves as a readily available, relatively malodorous,
tertiary alkanethiol for use in preparative work.

J. Chem. Soc., Perkin Trans. 2, 2002, 1858–1868 1859
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Table 2 Reduction of 1-chlorooctane by triethylsilane catalysed by thiols in cyclohexane solvent at 60 �C a; determination of kSiH

Entry Thiol [XSH]0/M {d[OctH]/dt}0/M s�1 kSiH
b/M�1 s�1

1 1-AdSH 0.050 7.65 × 10�5 4.9 × 107 c

2 1-AdSH 0.060 6.06 × 10�5 5.2 × 107 c

3 1-AdSH 0.075 4.84 × 10�5 5.3 × 107 c

4 1-AdSH 0.100 3.51 × 10�5 5.5 × 107 c

5 (ButO)3SiSH 0.050 2.20 × 10�4 7.1 × 107 d

6 (ButO)3SiSH 0.100 1.49 × 10�4 5.3 × 107 d

7 (ButO)3SiSH 0.200 1.03 × 10�4 3.8 × 107 d

8 (ButO)3SiSH 0.300 6.11 × 10�5 4.4 × 107 d

a In all reactions [OctCl]0 = 0.19 M, [Et3SiH]0 = 1.00 M and [TBHN]0 = 0.025 M; Riwas taken to be 1.75 × 10�5 M s�1 in all experiments. b Calculated
using eqn. (11), taking 2kt = 9.0 × 109 M�1 s�1 and kSiHal = 7.4 × 105 M�1 s�1. c Taking kXSH = 3.2 × 104 M�1 s�1. d Taking kXSH = 1.3 × 105 M�1 s�1. 

thiols also appeared to be much more deleterious than when the
reduction was promoted by a more bulky tertiary alkanethiol.
However, even using a tertiary alkanethiol as catalyst, the
reduction of 1-iodooctane by triethylsilane in cyclohexane at
60 �C was irreproducible, often unexpectedly slow and did
not proceed to completion. In addition to the high heterolytic
reactivity of iodosilanes, we ascribe these problems to the
formation of small amounts of hydrogen iodide and iodine,
arising from traces of moisture and oxygen entering the reac-
tion mixture (especially during the sampling procedure), lead-
ing to inhibition of the chain process. In support of this explan-
ation, the samples usually developed a very pale yellow–brown
coloration soon after the start of the reaction. However, in
agreement with our previous report,2 we have confirmed that
1-iodooctane is rapidly and completely reduced by triethyl-
silane in the presence of TBHN and adamantane-1-thiol when
the reaction is carried out in refluxing hexane (bp 69 �C)
and without the removal of samples to monitor the progress of
the reduction. We suggest that this difference arises not only
because of the greater rate of initiation at the higher reaction
temperature, but also because the refluxing solvent effectively
protects the reaction mixture from traces of moisture and
oxygen and also drives any iodine out of solution. Because of
these difficulties, our quantitative kinetic studies were restricted
to the reduction of 1-bromooctane and 1-chlorooctane. In
general, alkyl chlorides are reduced less readily than bromides
by the silane–thiol couple (see Fig. 1).2 The rate of reduction of
1-chlorooctane by triethylsilane, catalysed by 1-AdSH or tri-
tert-butoxysilanethiol, was followed at 60 �C as a function of
thiol concentration and these results are summarised in Table 2.

Kinetic analysis based on Scheme 1

The self- and cross-termination reactions between the various
reactive radicals present in the system would be expected to
have similar (diffusion-controlled) rate constants.16 Since kSiH is
undoubtedly significantly greater than kXSH (see later), and silyl
radicals are also exchanged irreversibly for octyl radicals by
their reaction with the alkyl halide [eqn. (7), Scheme 1], it
follows that the steady-state concentration of XS� will be much
greater than that of R3Si�. Because the octyl radical reacts
rapidly and irreversibly with XSH, its steady-state concentra-
tion will also be very low in relation to [XS�] and thus it is safe
to conclude that the dominant termination reaction will take
place between pairs of thiyl radicals [eqn. (5), Scheme 1]. At the
steady state, eqn. (9) will hold and the concentration of XS� will
be given by eqn. (10), where Ri is the rate of production of tert-
butoxyl radicals (taken as equal to the rate of production of
thiyl radicals). The rate of formation of octane will then be
given by eqn. (11).

(9)

[XS�] = (Ri/2kt)
½ (10)

For the rate of octane production to depend in a straight-
forward way on the magnitude of the equilibrium constant
(kXSH/kSiH) for reaction (6), as suggested by Schiesser and
Skidmore,12,13 it would be necessary for equilibrium to be estab-
lished between R3Si� and XS�. In fact, if kSiHal[OctHal] is much
greater than kSiH[XSH] then the only fate of the silyl radical
will be to abstract halogen from OctHal. Eqn. (11) then reduces
to eqn. (12) and the rate of reduction becomes effectively
independent of kSiH. Rate constants for abstraction of halogen
by triethylsilyl radicals from primary alkyl halides are available
from the literature 17 and at 60 �C are approximately 7.4 × 105,
6.8 × 108 and 5.5 × 109 M�1 s�1 for chlorides, bromides and
iodides, respectively. § Rate constants for abstraction of hydro-
gen from thiols by silyl radicals have not been reported in the
literature, but the rate constant for hydrogen-atom transfer
from ButSH to a primary alkyl radical is reported to be ca. 1.1 ×
107 M�1 s�1 at 60 �C.19 Although the corresponding transfer of
hydrogen to a triethylsilyl radical will be somewhat less exo-
thermic, polar effects will be more favourable,3 and thus it
seems likely that kSiH should be in the range 107–108 M�1 s�1 at
60 �C, as confirmed by the present work (see later). The calcu-
lations of Schiesser and Skidmore 13 suggest that the activation
energy for hydrogen-atom transfer from MeSH to Me3Si� is
about 11 kJ mol�1, which would imply that kSiH is ca. 2 × 107

M�1 s�1 at 60 �C, if an A-factor of 109.0 M�1 s�1 is assumed. In
our experiments, at the start of the reaction, the value of
[OctHal]/[XSH] was 8–30 for OctBr and 0.6–4 for OctCl and
thus the condition that kSiHal[OctHal] � kSiH[XSH] will be met
for the reduction of the bromide, but not for reduction of the
chloride. It would be met for iodide reduction under most
experimental conditions.

Only when kSiHal[OctHal] can be neglected in relation to
kSiH[XSH] does eqn. (11) reduce to eqn. (13) and the rate of
octane formation then becomes directly proportional to (kXSH/
kSiH), as implied by Schiesser and Skidmore in the analysis of
their computational data.12,13 Thus, when kSiHal[OctHal] is less
than or comparable to kSiH[XSH], as will be the situation for the
reduction of 1-chlorooctane under our conditions, the value of

(11)

(12)

(13)

§ The rate constants reported in ref. 18 for halogen abstraction from
1-chlorobutane and from 1-bromobutane are remarkably consistent
with the results obtained by Chatgilialoglu et al.17 for halogen
abstraction from other primary alkyl halides.

1860 J. Chem. Soc., Perkin Trans. 2, 2002, 1858–1868
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kXSH derived from the reduction of 1-bromooctane can be used
in conjunction with eqn. (11) to obtain an estimate of kSiH.

The rate constants kTBHN for unimolecular decomposition of
TBHN [eqn. (3), Scheme 1] have been measured by Kiefer and
Traylor 5a over a range of temperatures in isooctane and values
of 1.3 × 10�5, 5.4 × 10�5 and 2.1 × 10�4 s�1 at 40, 50 and 60 �C,
respectively, can be calculated from their data. This decom-
position yields mainly free tert-butoxyl radicals, although there
is reportedly a small amount of geminate cage combination to
give ButOOBut.5a The operational values of kTBHN adopted here
(which refer to the rate of production of initiating tert-butoxyl
radicals) are those determined by direct NMR spectroscopic
measurement of the rate of formation of ButOH during the
decomposition of TBHN in the presence of a thiol and a silane,
as described below, using eqn. (14). ¶ The average values of kTBHN

determined in this way were 1.6 × 10�5, 7.8 × 10�5 and 3.5 ×
10�4 s�1 at 40, 50 and 60 �C, respectively, in very satisfactory
agreement with the values obtained from the data of Kiefer and
Traylor, considering the different conditions and the widely
differing experimental methods employed.

Treatment of kinetic data

By considering only the initial stages of the reductions, it may
be assumed that the rate of initiation is effectively constant.
With the further assumption that [R3SiH] = [R3SiH]0 � [OctH],
where [R3SiH]0 is the initial concentration of silane, integration
of eqn. (12) gives eqn. (15). Thus, kXSH may be determined from
the initial slope of a plot of ln{1 � [OctH]/[R3SiH]0} against
time. In order to apply eqn. (11) to the reduction of 1-chloro-
octane, initial reaction rates obtained by manually drawing tan-
gents to concentration versus time curves (e.g. Fig. 1c) at t = 0
were used in order to simplify the kinetic treatment. In some
experiments, short induction periods were observed and the
‘initial’ rate measurements then refer to those made immedi-
ately after the onset of uninhibited reduction.

The absolute values of the rate constants kXSH and kSiH

determined using eqns. (11) and (15) obviously depend on the
choice of 2kt for the self-reaction of the relevant thiyl radical.
This type of radical–radical reaction is expected to occur at
close-to the diffusion-controlled rate in solution,16,23–25 with a
rate constant that is essentially independent of the nature of the
radical, and thus it is reasonable to assume that 2kt is the same
for all the thiyl radicals studied. Furthermore, the absolute
values of kXSH and kSiH depend only on the square root of 2kt

and are thus relatively insensitive to changes in the value of this
termination rate constant. The value of 2kt for PhS� in cyclo-
hexane has been recently determined to be 5.9 × 109 M�1 s�1 at

(14)

ln{1 � [OctH]/[R3SiH]0} = �(Ri/2kt)
½kXSHt (15)

¶ It is possible that tert-butoxyl radicals will abstract hydrogen com-
petitively from the silane 20,21 and the thiol, rather than exclusively from
the latter. The rate constant for hydrogen-atom transfer to ButO� from
triethylsilane (extrapolated to 60 �C) is 9.1 × 106 M�1 s�1 and abstrac-
tion takes place mainly (ca. 80%) from the Si–H group.21 The rate con-
stant for hydrogen abstraction from triphenylsilane 21 is similar (ca. 1.4
× 107 M�1 s�1 at 60 �C) and presumably reaction now takes place
exclusively at the Si–H group. Rate constants for the abstraction of
hydrogen from thiols by ButO� have not been determined. Although, as
noted previously, this reaction could proceed via an intermediate sul-
furanyl radical adduct, overall H-atom transfer is likely to be extremely
rapid. The rate constant for overall transfer of hydrogen from ButSH to
a dialkylaminyl radical is reported to be ca. 107 M�1 s�1 at 60 �C,22 and
abstraction by ButO� will be much more exothermic. In any case, pro-
vided termination takes place essentially only by self-reaction of thiyl
radicals, any competing reaction of ButO� with the silane is not kinetic-
ally significant and eqn. (10) remains valid, since radicals derived from
the silane will be subsequently converted to XS� in the presence of thiol.

25 �C.24 Scaling this to 60 �C, using an Arrhenius A-factor of
1011.69 M�1 s�1 as determined by Schuh and Fischer 25 for
the diffusion-controlled self-reaction of tert-butyl radicals in
heptane, gives 2kt(PhS�) = 9.4 × 109 M�1 s�1. The Arrhenius
function for the self-reaction of tert-butyl radicals gives
2kt(But�) = 1.3 × 1010 M�1 s�1 at 60 �C in heptane and thus it is
reasonable to assume a termination rate constant of 9.0 × 109

M�1 s�1 at 60 �C for all the thiyl radicals studied in the present
work; the corresponding rate constants at 40 and 50 �C are
taken to be 7.0 × 109 and 8.0 × 109 M�1 s�1, respectively.

For the adamantanethiol-catalysed reduction of 1-bromo-
octane by Et3SiH, the five values of kXSH (Table 1, entries 1–5)
obtained using eqn. (15) are all in close agreement, supporting
the kinetic treatment used. The average values of kXSH for this
and other reducing silane-thiol couples are gathered in Table 3.
At 60 �C, the rate constant for abstraction of hydrogen from
Et3SiH by a tertiary alkanethiyl radical is ca. 3.3 × 104 M�1 s�1

which would correspond to an activation energy of ca. 29 kJ
mol�1 if an Arrhenius A-factor of 109.0 M�1 s�1 is assumed. The
silanethiyl radicals Ph3SiS� and ButMePhSiS� abstract hydrogen
from Et3SiH slightly more rapidly than the alkanethiyl radicals
(Table 3, entries 1–5), but (ButO)3SiS� and Pri

3SiS� are signifi-
cantly more reactive in this regard (entries 6 and 7), with kXSH in
the region of 1.5 × 105 M�1 s�1. The latter rate constant trans-
lates into an activation energy of ca. 25 kJ mol�1. The presence
of one or more phenyl substituents at silicon appears to
decrease the H-abstracting ability of a silanethiyl radical,
although the results obtained with Ph3SiSH and ButMePhSiSH
as catalysts may be rather less reliable than those obtained with
(ButO)3SiSH and Pri

3SiSH, because of the greater heterolytic
reactivity of the former silanethiols by way of nucleophilic
attack at silicon. As expected in view of the weakening of the
Si–H bond caused by the Si-phenyl substituents,8 Ph3SiH is a
more reactive hydrogen-atom donor than Et3SiH towards both
alkane- and silanethiyl radicals (Table 3, entries 16 and 17).

The results obtained for the reduction of 1-chlorooctane by
Et3SiH catalysed by 1-AdSH or (ButO)3SiSH (Table 2) allow
kSiH to be extracted by applying eqn. (11). As required by this
relationship, when other variables are kept constant, the initial
rate of reduction decreases as the thiol concentration increases
and the close similarity of the values of kSiH obtained for a
particular thiol gives confidence in the approach adopted. The
mean values of kSiH obtained (Table 3), 5.2 × 107 M�1 s�1 for
abstraction of hydrogen by Et3Si� from 1-AdSH and 5.1 × 107

M�1 s�1 for abstraction from (ButO)3SiSH, are very reasonable
when compared with the rate constant for abstraction of
hydrogen from ButSH by a primary alkyl radical (1.1 × 107 M�1

s�1 at 60 �C),19 bearing in mind the favourable kinetic polar
effects that arise from charge transfer in the transition state for
abstraction of electron-deficient hydrogen from the thiol by a
strongly nucleophilic silyl radical.3

Assuming that the entropy change associated with the revers-
ible reaction (6) is zero, the equilibrium constants (kXSH/kSiH)
translate into ∆rH = �20.4 kJ mol�1 for abstraction of hydrogen
from Et3SiH by 1-AdS� and �16.5 kJ mol�1 for abstraction
by (ButO)3SiS�. These results imply that the S–H bond in
(ButO)3SiSH is ca. 4 kJ mol�1 stronger than that in 1-AdSH and
we have proposed previously that the generally greater
effectiveness of silanethiols, compared to alkanethiols, as protic
polarity-reversal catalysts is partly a result of the greater
strength of the S–H bonds in the silanethiols, || although polar
effects are probably also important.2,3

|| Ab initio molecular orbital calculations were carried out at the G2
level 26 to estimate the difference in strengths of the S–H bonds in
H3CS–H and H3SiS–H. The G2 enthalpies at 298 K for H3CSH, H3CS�,
H3SiSH and H3SiS� are �438.143896, �437.507108, �689.193211 and
�688.522408 hartree, respectively. These results indicate that the S–H
bond in silanethiol is stronger by 10.5 kJ mol�1 than that in meth-
anethiol, identical with our previous estimate at a different level of
theory.2
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Table 3 Averaged scaled values of kXSH and kSiH at 60 �C obtained using different experimental methods

Entry Silane Thiol

Octyl halide reduction H/D exchange
Racemisation of
(S )-ButMePhSiH

kXSH/M�1 s�1 kSiH/M�1 s�1 (kXSH/kSiH) (kXSH/kXSD) at 50 �C a kXSH
b/M�1 s�1 kXSH/M�1 s�1

1 Et3SiH 1-AdSH 3.2 × 104 5.2 × 107 6.2 × 10�4 (4.0) 1.5 × 104 —
2 Et3SiH tert-C12H25SH 3.5 × 104 — — — — —
3 Et3SiH n-C12H25SH — — — 4.4 1.3 × 104 —
4 Et3SiH Ph3SiSH 4.3 × 104 — — (3.5) 1.6 × 104 —
5 Et3SiH ButMePhSiSH c 4.1 × 104 — — (3.5) 1.8 × 104 —
6 Et3SiH (ButO)3SiSH 1.3 × 105 5.1 × 107 2.6 × 10�3 3.0 1.9 × 105 —
7 Et3SiH Pri

3SiSH 1.6 × 105 — — 2.5 2.2 × 105 —
8 Me2PhSiH Ph3SiSH — — — (3.5) 1.9 × 104 —
9 ButMePhSiH 1-AdSH 3.4 × 104 — — (4.0) 2.2 × 104 3.5 × 104

10 ButMePhSiH n-C12H25SH — — — (4.0) 1.3 × 104 1.6 × 104

11 ButMePhSiH Ph3SiSH — — — (3.5) 2.2 × 104 5.6 × 104

12 ButMePhSiH ButMePhSiSH c — — — (3.5) 2.3 × 104 5.5 × 104

13 ButMePhSiH (ButO)3SiSH — — — (3.0) 1.5 × 105 2.6 × 105

14 ButMePhSiH Pri
3SiSH — — — (2.5) 1.5 × 105 2.5 × 105

15 MePh2SiH Ph3SiSH — — — (3.5) 3.4 × 104 —
16 Ph3SiH 1-AdSH 7.5 × 104 — — — — —
17 Ph3SiH Ph3SiSH 8.8 × 104 — — (3.5) 5.3 × 104 —
a Values in parentheses are estimated by comparison with experimentally-determined values for related thiols. Values are assumed to be the same at
40 �C. b Assuming AXSH = 109.0 M�1 s�1. c Racemic thiol. 

H/D exchange between R3SiH/D and XSH/D

It might be argued that the presence of Lewis-acidic silyl
halides or Brønsted-acidic hydrogen halides (produced by
hydrolysis of the former) could increase the reactivity of a thiyl
radical by protonation or by attachment of the Lewis-acidic
silicon to the sulfur atom. Therefore, in order to estimate rate
constants for the abstraction of hydrogen from silanes by thiyl
radicals in the absence of alkyl halides or of any products
derived from them, the radical-chain isotopic exchange between
R3SiH and XSD and between R3SiD and XSH was examined.
We consider first the exchange of H for D in the Si-deuteriated
silane R3SiD (≥ 98 atom% D) upon treatment with an isotopic-
ally normal thiol XSH in the presence of TBHN as initiator.
The solvent was perdeuteriocyclohexane and hexamethyl-
disiloxane (Me3SiOSiMe3) was present as an internal concen-
tration standard. Reactions were carried out under argon at 40
or 50 �C in the thermostatted probe of an 1H NMR spectro-
meter, operating at 400 MHz, and spectra were monitored at
1 minute intervals after raising the probe temperature. The con-
centrations of ButOH, TBHN, R3SiH and (where possible) of
XSH and XSD were determined as a function of time, by inte-
gration of appropriate peaks in the spectra (see Fig. 2). The SiH
resonances of the silanes and the tert-butyl singlets for TBHN
(δ 1.29) and ButOH/D (δ 1.17) were used to monitor concentra-
tions; the rate of production of tert-butyl alcohol was always
essentially twice the rate of removal of TBHN. Silanethiols
were monitored via the SiSH resonances but, because of
peak overlap, the concentration of dodecane-1-thiol could be
followed only via the C11H23CH2SH/D resonances.

Following its generation from TBHN [eqn. (3), Scheme 1],
the tert-butoxyl radical is assumed to abstract hydrogen rapidly
from the protiated thiol to give tert-butyl alcohol [eqn. (4),
Scheme 1]. Competitive abstraction of deuterium from silicon
or from the solvent, if it occurs at all, is assumed to be kinetic-
ally insignificant. As discussed above, the rate of production of
thiyl radicals XS� (Ri) is taken as equal to the rate of production
of ButOH as measured by 1H NMR spectroscopy [eqn. (14)].
Since the only significant termination reaction will take place
between pairs of thiyl radicals [eqn. (5), Scheme 1], the
stationary-state concentration of thiyl radicals is again given by
eqn. (10).

The general mechanism for H/D exchange between R3SiH/D
and XSH/D is shown in Scheme 2. However, for exchange
between completely deuteriated R3SiD and XSH, the only

reaction of consequence open to the thiyl radical at t = 0 is to
abstract deuterium from R3SiD [eqn. (17), Scheme 2]. If
abstraction of hydrogen from the Si-alkyl group or of deuter-
ium from the solvent were to take place, the fate of the derived
carbon radicals would be to abstract hydrogen rapidly from
XSH, leading to regeneration of R3SiD and to the formation of
C6D11H, respectively. Both these reactions also regenerate XS�

and their occurrence should not complicate the determination
of the rate constant kXSD for the forward reaction (17). At t = 0, the
fate of the silyl radical R3Si� formed in the latter reaction will

Fig. 2 Isotopic exchange between Et3SiD and Ph3SiSH at 50 �C in
perdeuteriocyclohexane. The initial reagent concentrations were:
[Et3SiD] 0.48 M, [Ph3SiSH] 0.065 M and [TBHN] 0.013 M; (a)
[Ph3SiSH], (b) [Et3SiH], (c) [ButOH]. Curve (d) shows [Ph3SiSH] for a
similar experiment in the absence of Et3SiD. The dashed lines (tangents
at t = 0) indicate the estimated initial rates of H/D exchange.

Scheme 2
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Table 4 Isotopic exchange between R3SiH/D and XSH/D in perdeuteriocyclohexane solvent

Entry Silane Thiol
Temp./
�C

[R3SiD/H]0
a/

M
[XSH/D]0

a/
M [TBHN]0

a/M Ri/M s�1
{d[R3SiH]/dt}0/
M s�1

kXSD/H
b c/

M�1 s�1

1 Et3SiD Ph3SiSH 50 0.48 0.065 0.013 2.06 × 10�6 2.66 × 10�5 3.5 × 103

2 Et3SiD Ph3SiSH 50 0.21 0.051 0.010 1.73 × 10�6 9.01 × 10�6 2.9 × 103

3 Et3SiD Ph3SiSH 50 0.48 0.065 0.020 3.13 × 10�6 2.79 × 10�5 2.9 × 103

4 Et3SiD Ph3SiSH 50 0.48 0.035 0.012 2.01 × 10�6 2.89 × 10�5 3.7 × 103

5 Et3SiD ButMePhSiSH d 50 0.42 0.052 0.013 2.00 × 10�6 2.41 × 10�5 3.7 × 103

6 Et3SiD (ButO)3SiSH 40 0.58 0.061 0.0095 2.92 × 10�7 1.39 × 10�4 3.7 × 104

7 Et3SiH (ButO)3SiSD 40 0.385 0.073 0.0092 3.17 × 10�7 2.39 × 10�4 e f 1.1 × 105

8 Et3SiD 1-AdSH 50 0.55 0.057 0.015 2.33 × 10�6 2.37 × 10�5 2.5 × 103

9 Et3SiD n-C12H25SH 50 1.15 0.120 0.016 2.40 × 10�6 3.89 × 10�5 2.0 × 103

10 Et3SiH n-C12H25SD 50 0.94 0.092 0.011 1.87 × 10�6 1.03 × 10�4 e g 8.8 × 103

11 Et3SiD Pri
3SiSH 40 0.51 0.062 0.0097 3.10 × 10�7 1.67 × 10�4 5.0 × 104

12 Et3SiH Pri
3SiSD 40 0.275 0.069 0.0085 2.71 × 10�7 1.82 × 10�4 e g 1.3 × 105

13 Me2PhSiD Ph3SiSH 50 0.48 0.055 0.012 1.89 × 10�6 2.81 × 10�5 3.8 × 103

14 ButMePhSiD d Ph3SiSH 50 0.48 0.059 0.010 1.70 × 10�6 3.23 × 10�5 4.6 × 103

15 ButMePhSiD d ButMePhSiSH d 50 0.48 0.061 0.011 1.70 × 10�6 3.28 × 10�5 4.7 × 103

16 ButMePhSiD d (ButO)3SiSH 40 0.41 0.063 0.0096 3.06 × 10�7 7.52 × 10�5 2.8 × 104

17 ButMePhSiD d Pri
3SiSH 40 0.43 0.055 0.0091 2.92 × 10�7 9.26 × 10�5 3.4 × 104

18 ButMePhSiD d 1-AdSH 50 0.53 0.044 0.019 3.20 × 10�6 4.20 × 10�5 4.0 × 103

19 ButMePhSiD d n-C12H25SH 50 0.54 0.067 0.018 2.62 × 10�6 2.17 × 10�5 2.2 × 103

20 MePh2SiD Ph3SiSH 50 0.48 0.058 0.0091 1.29 × 10�6 4.33 × 10�5 7.1 × 103

21 Ph3SiD Ph3SiSH 50 0.51 0.060 0.0095 1.29 × 10�6 6.67 × 10�5 1.1 × 104

a Concentrations in the reaction mixture were determined by integration of the 1H NMR spectrum using hexamethyldisiloxane as an internal
reference. b The value of kXSD was calculated using eqn. (18). c The value of kXSH was calculated using eqn. (19) taking I1 = 1.5 and I2 = 3.0. d Racemic
compound. e {d[XSH]/dt}0 is given. f Taking r = 0.064. g Taking r = 0.075. 

also be to abstract hydrogen from XSH [eqn. (6), Scheme 2],
leading to the production of R3SiH with a rate constant kSiH

such that the initial rate of production of Si-protiated silane
will be given by eqn. (18). Values of {d[R3SiH]/dt}0 were
obtained by drawing tangents to concentration versus time
curves at t = 0, when the concentrations of R3SiH and XSD are
effectively zero and the concentrations of R3SiD and XSH are
known exactly. The results are summarised in Table 4 and the
course of a representative exchange experiment involving
Et3SiD and Ph3SiSH is shown in Fig. 2. No exchange of pro-
tium into the deuteriated silane took place if the TBHN was
omitted from the reaction mixture. In the presence of TBHN
but without any silane, H/D exchange between Ph3SiSH and the
solvent C6D12 was very slow (see Fig. 2). No exchange of
deuterium into the ethyl groups of Et3SiD was detectable by 1H
NMR spectroscopy.

In principle, the rate constant kXSH can be obtained directly
from the kinetics of isotopic exchange between R3SiH and
XSD. However, in practice these experiments proved to be more
difficult and less accurate for technical reasons. First, it was
difficult to achieve very high levels of S-deuteriation of the
thiols, which undergo rapid exchange with protic compounds,
especially atmospheric moisture, and these problems are com-
pounded by the relatively low concentrations of XSD used in
the exchange experiments. Second, using 1H NMR spectro-
scopy, the rate of production of R3SiD could not be determined
satisfactorily in the presence of excess R3SiH and the exchange
had to be followed by measuring the rate of production of
XSH. This could be accomplished for three of the thiols, by
monitoring the C11H23CH2SH resonance of dodecane-1-thiol
and the SiSH resonances of (ButO)3SiSH and Pri

3SiSH.
Experiments were carried out using S-deuteriated dodecane-

1-thiol, tri-tert-butoxysilanethiol and triisopropylsilanethiol
containing ca. 96, 98 and 96 atom% D, respectively, in bulk,
figures that reduced to ca. 93%, 94% and 93% in reaction mix-
tures immediately after preparation. Because the thiols were
not completely deuteriated and XSH will be a more reactive

(18)

hydrogen-atom donor than XSD, the H/D exchange kinetics
become more complex than for the R3SiD/XSH system, even
when initial rates of exchange are considered. Since both XSD
and XSH are present at t = 0, reactions of both thiols must be
included, leading to eqn. (19) for the rate of formation of XSH.
In this equation, the derivation of which assumes that ButO�

reacts only with XSH/D, r = [XSH]/[XSD], I1 = kBOH/kBOD and I2

= kSiH/kSiD. The term Ri{rI1/(rI1 � 1)} represents the loss of
XSH as XSSX and it seems likely that the ButOH formed as a
result of this process will exchange reversibly with XSD to par-
tially regenerate XSH. However, because the kinetic chains are
relatively long under the extant conditions, this term proved to
be very small with respect to d[XSH]/dt and its effect on the
determination of kXSH was fortunately negligible.

As discussed before, the abstraction of hydrogen from XSH/
D by ButO� is undoubtedly a very fast reaction and, irrespective
of its detailed mechanism,6,7 the kinetic isotope effect I1 would
be expected to small and, rather arbitrarily, it was taken to be
1.5 at 50 �C. However, again because of the relatively small size
of the term in I1 in eqn. (19), the value of this isotope effect is
unimportant. The rate constants kSiH obtained in this work for
the abstraction of hydrogen from alkane- and silanethiols by
Et3Si� are similar to those for the analogous abstraction by alkyl
radicals (see above) and thus it is reasonable to assume that the
kinetic isotope effects will be similar for the two types of reac-
tion. On this basis, we estimate I2 = 3.0 at 50 �C, by comparison
with the values reported 27a for the reactions of a variety of
simple alkyl radicals with ButSH.

The results of the H/D exchange experiments are gathered in
Table 4 and the first four entries refer to the abstraction of
deuterium from Et3SiD by Ph3SiS� when the concentrations of
silane, thiol and TBHN were varied in turn. The closely similar
values of kXSD obtained by applying eqn. (18) lend confidence
to the approach adopted. Several other combinations of silane
and thiol were investigated at 50 �C, but exchanges catalysed by
(ButO)3SiSH/D or Pri

3SiSH/D proved to be very rapid at this
temperature and were more accurately monitored at 40 �C

(19)
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Table 5 Thiol-catalysed racemisation of (S )-ButMePhSiH in cyclohexane solvent at 60 �C

Entry Thiol [XSH]/M [Silane]/M [TBHN]0/M d{[(R)-ButMePhSiH]/dt}0/M s�1 kXSH
a/M�1 s�1

1 n-C12H25SH 0.010 0.40 0.020 1.20 × 10�4 1.5 × 104

2 n-C12H25SH 0.020 0.40 0.020 1.31 × 10�4 1.7 × 104

3 n-C12H25SH 0.040 0.40 0.020 1.25 × 10�4 1.6 × 104

4 1-AdSH 0.020 0.40 0.020 2.79 × 10�4 3.5 × 104

5 1-AdSH b 0.020 0.40 0.020 2.81 × 10�4 3.6 × 104

6 Ph3SiSH 0.010 0.20 0.010 1.57 × 10�4 5.6 × 104

7 ButMePhSiSH c 0.010 0.20 0.010 1.53 × 10�4 5.5 × 104

8 Pri
3SiSH 0.0050 0.10 0.0050 2.78 × 10�4 2.8 × 105

9 Pri
3SiSH 0.010 0.20 0.010 5.75 × 10�4 2.1 × 105

10 (ButO)3SiSH 0.0050 0.10 0.0050 2.53 × 10�4 2.6 × 105

a Obtained using eqn. (21). b Et3SiBr (0.020 M) was also present at the start of the reaction. c Racemic thiol. 

(entries 6, 7, 11 and 12). The average rate constants kXSH, either
measured directly or those derived from kXSD and estimated
values of the kinetic isotope effect (kXSH/kXSD), are included in
Table 3, after scaling to 60 �C by assuming an A-factor of 109.0

M�1 s�1. Although the accuracy of the three directly measured
isotope effects (4.4, 3.0 and 2.5 at 50 �C) is probably not high,
their magnitudes are very reasonable.27 In our view, the gener-
ally good agreement between the values of kXSH derived from
the reduction of 1-bromooctane and from the H/D exchange
experiments in the absence of alkyl halide, despite the very
different approaches used, provides very strong support for the
mechanism shown in Scheme 1 for the thiol-catalysed reduction
of such halides.

In accord with the conclusions reached from the reduction of
1-bromooctane by the silane-thiol couple, the alkanethiyl
radicals and the silanethiyl radicals Ph3SiS� and ButMePhSiS�

abstract hydrogen from a given silane at fairly similar rates.
Again, the thiyl radicals (ButO)3SiS� and Pri

3SiS� were found to
be more reactive in this sense. On the other hand, for abstrac-
tion from silanes by a given thiyl radical, kXSH shows a moder-
ate increase with the number of phenyl groups present at silicon
in the silane, again in accord with the results obtained from the
reduction of 1-bromooctane.

Racemisation of (S )-ButMePhSiH

In order to gain further insight into the reversible abstraction of
hydrogen from silanes by thiyl radicals and to increase our
confidence in the mechanism shown in Scheme 1, we also
investigated the thiol-catalysed radical-chain racemisation
of (S )-tert-butyl(methyl)phenylsilane.28 The course of the
racemisation was followed by chiral-stationary-phase GLC
analysis using a β-cyclodextrin-coated capillary column. The
(R)-enantiomer was eluted first and its relative concentration
could be accurately determined by peak integration. However,
it was not feasible to follow the racemisation starting from the
(R)-enantiomer, because of poor accuracy in determining the
enantiomeric excess (ee) when the (S )-product eluted in the tail
of the excess remaining (R)-enantiomer.

The racemisation of (S )-ButMePhSiH was carried out in
cyclohexane solvent at 60 �C, in the presence of a thiol catalyst
and TBHN as initiator. In the absence of a thiol no racemis-
ation was observed. Under the reaction conditions used, it is
again safe to conclude that the main termination reaction will
be that between pairs of thiyl radicals and that the steady-state
concentration of these radicals will be equal to (Ri/2kt)

½. The
mechanism of the propagation stage of the radical-chain
racemisation is shown in Scheme 3 and the results are presented
in Table 5.

For racemisation of enantiomerically-pure (S )-ButMe-
PhSiH, a steady-state kinetic treatment leads to eqn. (20) for the
initial rate of formation of the (R)-enantiomer and this reduces
to eqn. (21) when kSiH[XSH] can be neglected in relation to
2kinv. Configurational inversion of pyramidal silyl radicals is a
rapid process and data in the literature for comparable silyl

radicals suggest that kinv for ButMePhSi� will be in the region of
109 s�1 at 60 �C.17 Our own density functional calculations at
the UB3LYP/6–311�(2df,p)//UB3LYP/6–311�(2df,p) level,26

assuming inversion of ButMePhSi� takes place through a transi-
tion state of Cs symmetry that is planar at silicon, predict an
Arrhenius activation energy of 31.2 kJ mol�1 and a pre-
exponential factor of 1013.2 s�1, corresponding to kinv = 1.9 × 108

s�1 at 60 �C.** Hence, kSiH[XSH] will be much smaller than
kinv under our conditions and eqn. (21) should hold.

When the concentration of dodecane-1-thiol catalyst was
varied over a factor of 4, the initial rate of racemisation did not
vary outside the estimated experimental error (Table 5, entries
1–3), confirming that kSiH[XSH] can be neglected in comparison
with 2kinv and that eqn. (21) may be applied. The average value
of kXSH for abstraction of hydrogen from the silane by
n-C12H25S� (1.6 × 104 M�1 s�1) is in good agreement with the
value obtained from the H/D exchange experiments (Table 3,
entry 10). The rate constant for hydrogen abstraction by 1-AdS�

is a little greater and again agrees well with the value deter-
mined by H/D exchange and with the value obtained using the
ButMePhSiH–adamantanethiol couple to reduce 1-bromoctane
(Table 3, entry 9). When the racemisation reaction was repeated

Scheme 3

(20)

(21)

** Provided that a single transition state is traversed en route from one
enantiomer of the silyl radical ButMePhSi� to the other, this transition
state must have Cs symmetry. The benzene ring would be expected to be
orientated in the SiC3 plane, so as to maximise conjugative delocalis-
ation of the unpaired electron from silicon, and this was confirmed by
computation. For the pyramidal C1 minimum energy structure of the
radical, E(0 K) = �718.795561, H(298 K) = �718.780421 and G(298 K)
= �718.837046 hartree; vibrational frequencies were also computed at
the UB3LYP/6–311 � G(2df,p) level. For the Cs transition state, E(0 K)
= �718.784325, H(298 K) = �718.769474 and G(298 K) = �718.826004
hartree; the single imaginary vibrational mode (�249.3 cm�1) was
associated mainly with an out-of-plane motion of the SiC3 unit, as
required. The calculations were carried out using the Gaussian 98
package.26

1864 J. Chem. Soc., Perkin Trans. 2, 2002, 1858–1868
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under the same conditions except that bromotriethylsilane was
also present initially in the same concentration as the thiol, the
rate of racemisation was unchanged (Table 5, entry 5). This
result confirms that in the reduction of alkyl halides by the
silane–thiol couple, the halogenosilane product (or hydrogen
halide formed by its adventitious hydrolysis) does not influence
the reactivity of XS� or XSH. In agreement with the results
obtained using the other two methods for determining kXSH, the
silanethiyl radicals (ButO)3SiS� and Pri

3SiS� abstract hydrogen
more rapidly from ButMePhSiH than do alkanethiyl radicals.

A possible complicating factor with all these experiments is
the extent to which an alkanethiol catalyst XSH is subject to
SH2 attack at sulfur by the silyl radical R3Si�, leading to dis-
placement of X� and to the formation of XH together with
R3SiSH, which could then also function as a catalyst.29,30 In the
racemisation experiments, this reaction would result in the
formation of ButMePhSiSH. However, by making quantitative
measurements only during the initial stages of the racemisation
any possible interference from silanethiol formation will be
eliminated. Furthermore, ButMePhSiSH was one of the thiols
investigated as a catalyst for the racemisation (Table 5, entry
7) and it turns out to be only about as effective as 1-AdSH.
Furthermore, for the reduction of 1-bromooctane by several
silane–adamantanethiol couples, it was confirmed by GLC
analysis that negligible amounts of adamantane were formed
until all the alkyl bromide had been reduced, concordant with
the known greater reactivity of 1-bromobutane compared
with dibutyl sulfide towards attack by triethylsilyl radicals.18 It
was also shown by GLC that most of the 1-AdSH catalyst
survived until the end of the reduction. Evidently, silanethiol
formation does not complicate the mechanistic interpretation
of the alkanethiol-catalysed reduction of alkyl bromides by
silanes.

The values of kXSH for hydrogen abstraction from ButMePh-
SiH by Ph3SiS� or ButMePhSiS� obtained from the racemis-
ation studies were about 2.5 times larger than those determined
by H/D exchange (Table 3, entries 11 and 12). However, agree-
ment between the two methods was better when the more
heterolytically stable silanethiols (ButO)3SiSH and Pri

3SiSH
were used as catalysts (Table 3, entries 13 and 14) and, in com-
mon with their reactions with other silanes, the radicals
(ButO)3SiS� and Pri

3SiS� abstract hydrogen particularly rapidly
from ButMePhSiH. Considering the very different experimental
techniques employed and the various approximations involved,
the general level of agreement between the various methods is
considered to be satisfactory.††

Summarising remarks and conclusion

Both alkane- and silane-thiols efficiently catalyse the reduction
of alkyl halides by simple silanes, such as Et3SiH and Ph3SiH.
The kinetic studies described in this paper for the reduction of
octyl bromide and octyl chloride are entirely consistent with the
radical-chain mechanism depicted in Scheme 1 and originally
proposed in 1989.1 The kinetic analysis indicates that, for reduc-
tion by Et3SiH catalysed by 1-AdSH at 60 �C, kXSH = 3.2 × 104

M�1 s�1 and kSiH = 5.2 × 107 M�1 s�1 for the reversible reaction
(6), corresponding to an equilibrium constant of 6.2 × 10�4 and
∆rH ≈ ∆rG = �20.4 kJ mol�1 for abstraction of hydrogen

†† The discussion in ref. 29 concerning the enanatioselectivity of
the reaction between (S )-ButMePhSiH and tert-dodecanethiol or tri-
phenylphosphine sulfide to give ButMePhSiSH is confused by an
unfortunate error at the end of the relevant paragraph on page 4583.
The last sentence of this paragraph should conclude with ‘and abstrac-
tion of hydrogen from the silane by the thiyl radical is also likely to be
reversible under the reaction conditions (Scheme 2)’. The point being
made is that if (S )-ButMePhSi� abstracts hydrogen from the thiol in
competition with its reaction at sulfur in the thiol to displace a tert-
dodecyl radical, then the starting silane will be subject to racemisation,
as described in the present paper, in competition with its conversion
to (S )-ButMePhSiSH.

from Et3SiH by 1-AdS�. The H/D exchange and racemisation
experiments provide strong supporting evidence for the mech-
anism shown in Scheme 1 and for the values of kXSH and kSiH

obtained from the kinetic analysis that assumes its validity.
We conclude that the enthalpy change associated with

abstraction of hydrogen from Et3SiH by an alkanethiyl radical
is smaller by ca. 11 kJ mol�1 than the value computed by
Schiesser and Skidmore 13 for the reaction between MeS� and
Me3SiH, which is the same as that implied by the currently
favoured values of DH(MeS–H) and DH(Me3Si–H). If an
A-factor of 109.0 M�1 s�1 is assumed, the value of kXSH at 60 �C
determined in the present work for abstraction of hydrogen
from Et3SiH by an alkanethiyl radical corresponds to an acti-
vation energy of ca. 29 kJ mol�1, some 13 kJ mol�1 less than
that computed by Schiesser and Skidmore for the abstraction
of hydrogen from Me3SiH by MeS�.13 Admittedly, both the
computations and the experimental BDEs refer to the gas
phase, while our experiments were conducted in cyclohexane
solution. However, solvent effects seem unlikely to be entirely
responsible for the differences observed. It is tempting to sug-
gest that the more recent experimental determinations of
DH(Me3Si–H) may be too high and/or perhaps DH(MeS–H) is
too low. For example, if DH(Me3Si–H) were to be ca. 391 kJ
mol�1 and DH(MeS–H) were ca. 371 kJ mol�1, the consequent
value of ∆rH for the abstraction of hydrogen from Me3SiH
by MeS� would fall into line with our results in solution.
It is important not to lose sight of the fact that, because of the
logarithmic dependence of rate and equilibrium constants on
free-energy differences, relatively small changes in the latter can
have large and mechanistically significant effects on the former.

In the present context, we note that the determination of
DH(Me3Si–H) involved a kinetic study of the abstraction of
hydrogen from HBr by Me3Si�, a process for which the rate
constant was found to decrease as the temperature increased.10

The negative apparent activation energies for this and related
halogen-atom transfer processes have been the subject of con-
troversy 31 and other problems associated with the quantitative
thermochemistry of Me3Si� have been discussed by Walsh.32

We note that bromine and sulfur are diagonally related in the
Periodic Table and, if the negative apparent activation energy
for the Me3Si� � HBr reaction were to be a consequence of the
initial formation of a loosely bound hypervalent 9-Br-2 adduct
Me3SiBr�H, this could suggest the formation of a similar 9-S-3
sulfuranyl radical adduct Me3SiS�(H)X en route to the overall
abstraction of hydrogen from a thiol by a silyl radical.

The reduction of 1-bromooctane by Et3SiH is about 50 times
faster at 60 �C in the presence of 5 mol% 1-AdSH than in its
absence (compare Fig. 1a and b). In the absence of a thiol, the
silane itself can function as the effective hydrogen-atom donor
towards the octyl radical [eqn. (22)], although abstraction of
hydrogen from the cyclohexane solvent will also take place.
Although the chain length is very short, if we assume that
termination now takes place between two octyl radicals, the rate
of reduction will be given approximately by eqn. (23). For two
experiments with and without thiol under otherwise similar
conditions (Fig. 1), comparison of eqns. (12) and (23) indicates
that kOctH ≈ kXSH/50, i.e. ca. 7 × 102 M�1 s�1 at 60 �C. The rate
constant for abstraction of hydrogen from Et3SiH by PhC-
Me2CH2

� is reported to be ca. 2.7 × 103 M�1 s�1 at 60 �C,4

although this abstraction takes place from both the ethyl and
SiH groups. Nevertheless, the order-of-magnitude agreement
between this rate constant and the estimate of kOctH based on
the mechanism shown in Scheme 1 is further confirmation of
this pathway for the reduction of alkyl halides by the silane-
thiol couple.

(22)

(23)
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Table 6 Computational modelling of the thiol-catalysed reduction of 1-chlorooctane by triethylsilane a

Entry b Thiol
[XSH]0/
M

kXSH/
M�1 s�1

kSiH/
M�1 s�1

{d[OctH]/
dt}0/M s�1

Computed values c

{d[OctH]/dt}0/
M s�1 [XS�]ss

d/M [Et3Si�]ss/M
[Oct�]ss/
M

[ButO�]ss/
M

1 1-AdSH 0.050 3.2 × 104 4.9 × 107 7.7 × 10�5 7.5 × 10�5 4.3 × 10�8 5.4 × 10�10 1.4 × 10�10 3.5 × 10�12

2 1-AdSH 0.060 3.2 × 104 5.2 × 107 6.1 × 10�5 6.0 × 10�5 4.4 × 10�8 4.3 × 10�10 9.1 × 10�11 2.9 × 10�12

3 1-AdSH 0.075 3.2 × 104 5.3 × 107 4.8 × 10�5 4.7 × 10�5 4.4 × 10�8 3.4 × 10�10 5.8 × 10�11 2.3 × 10�12

4 1-AdSH 0.100 3.2 × 104 5.5 × 107 3.5 × 10�5 3.5 × 10�5 4.4 × 10�8 2.5 × 10�10 3.2 × 10�11 1.8 × 10�12

5 (ButO)3SiSH 0.050 1.3 × 105 7.1 × 107 2.2 × 10�4 2.0 × 10�4 4.2 × 10�8 1.5 × 10�9 3.8 × 10�10 3.5 × 10�12

6 (ButO)3SiSH 0.100 1.3 × 105 5.3 × 107 1.5 × 10�4 1.4 × 10�4 4.3 × 10�8 1.0 × 10�9 1.3 × 10�10 1.8 × 10�12

7 (ButO)3SiSH 0.200 1.3 × 105 3.8 × 107 1.0 × 10�4 1.0 × 10�4 4.3 × 10�8 7.3 × 10�10 4.6 × 10�11 8.7 × 10�13

8 (ButO)3SiSH 0.300 1.3 × 105 4.4 × 107 6.1 × 10�5 5.9 × 10�4 4.4 × 10�8 4.2 × 10�10 1.8 × 10�11 5.8 × 10�13

a Concentrations [OctCl]0 = 0.19 M, [Et3SiH]0 = 1.00 M and [TBHN]0 = 0.025 M, as in Table 2. All possible termination reactions between XS�, Et3Si�

and Oct� are included, all with the same rate constant of 9.0 × 109 M�1 s�1. The values of kTBHN, kSiCl, the rate constant for abstraction of hydrogen
from the thiol by Oct� and that for transfer of hydrogen from the thiol to ButO� were taken to be 3.5 × 10�4 s�1, 7.4 × 105 M�1 s�1, 1.1 × 107 M�1 s�1

and (somewhat arbitrarily) 1.0 × 108 M�1 s�1, respectively. b The entries correspond to those in Table 2. c The steady-state radical concentrations are
those present after the first 10 s of reaction. The rate of octane formation is the effectively-linear rate over the first minute of reaction. d (Ri/2kt)

½ =
4.4 × 10�8 M�1 s�1. 

In order to support the kinetic approximations used to
determine kXSH and kSiH, the composition of each of the
Et3SiH–OctCl–XSH–TBHN reaction mixtures listed in Table 2
was modelled as a function of time using a numerical inte-
gration computer program written by Professor J. H. Ridd of
this department.33 This program is based on the modified Euler
method 34 and the use of numerical integration means that it is
unnecessary to make explicitly the steady-state approximation
or make any simplifying assumptions regarding the relative
magnitudes of terms in the differential equations; the reaction
mechanism, the starting reagent concentrations and the rate
constants are the only input data required to model the time
evolution of the system. A time interval starting at 2 × 10�10 s,
but increasing rapidly to 5 – 20 × 10�8 s, was used in conjunc-
tion with 12 – 3 × 108 steps, so as to correspond to the first
minute of each reduction; the results are summarised in Table 6.
The close agreement between the observed and computed initial
reduction rates gives us confidence in the approach used to
determine kXSH and kSiH and provides further justification for
the assumptions made. In particular, the ‘stationary-state’ con-
centrations of the thiyl radicals [XS�]ss are close to (Ri/2kt)

½

and are far greater than those of both the silyl radical and
the octyl radical, confirming the conclusion that the only
significant termination reaction will be that between two thiyl
radicals. These steady-state radical concentrations are estab-
lished within the first 10�2 s and do not vary by more than 1%
over the first minute of reaction.

Finally, since 1989, we have described several other types of
reaction in which the overall transfer of hydrogen from an
electron-rich Si–H or C–H group to a nucleophilic carbon- or
silicon-centred radical is mediated by a thiol acting as a
protic polarity-reversal catalyst.3,35,36 We note in particular the
thiol-catalysed radical-chain hydrosilylation of electron-rich
alkenes,30,37 where no halogen-containing compounds are pres-
ent and where modification of the reactivity of XS� or XSH by
complexation seems very unlikely. Nevertheless, thiol catalysis
of the addition of the Si–H group across the double bond is
extremely efficient and independent evidence for the thiol as the
hydrogen-atom donor towards the chain-carrying β-silylalkyl
radical is provided by the fact that high degrees of asymmetric
induction (up to 96% ee in the product) can result if an
enantiomerically-pure thiol is used to promote the hydrosilyl-
ation of a prochiral alkene.30,38

Experimental
NMR spectra were recorded using a Bruker AMX400
instrument (400 MHz for 1H). Quoted NMR data refer
to cyclohexane-d12 solvent and chemical shifts are reported
relative to internal Me4Si; J values are given in Hz.

GLC analysis to monitor octyl halide reduction was carried
out using an HP 6890 Series instrument (Agilent Technologies)
in conjunction with a flame-ionisation detector and a capillary
column (25 m × 0.32 mm id) coated with BPX5 (non-polar, 0.32
µm film) and obtained from SGE International Ltd. The
enantiomeric composition of ButMePhSiH was determined
using a beta-DEX 120 column (Supelco Inc.). The carrier gas
was helium for both applications.

All kinetic runs and manipulations reagents were carried
out using oven-dried apparatus and under an atmosphere of
dry argon. Syringes, stirrer bars and septa were all stored in a
desiccator over P2O5.

Materials
Cyclohexane and cyclohexane-d12 (Aldrich 99.6 atom% D) were
distilled from NaH and LiAlD4, respectively, and stored under
argon. All the isotopically normal silanes and hexamethyldisil-
oxane were commercial products (Aldrich) which were distilled
from CaH2 and stored under argon. Nonane was stored over
activated 4A molecular sieves. 1-Bromooctane, 1-chlorooctane
and 1-iodooctane (all Aldrich) were dried over P2O5, then
distilled under reduced pressure (ca. 10 mmHg) and stored (for
short periods only) under argon. Si-Deuteriated silanes were
prepared by reduction of the corresponding chlorosilanes with
LiAlD4 (nominally 98 atom% D) in diethyl ether according to
standard procedures 39 and were shown by 1H NMR analysis to
contain ≥ 98 atom%D after final distillation from a small
amount of LiAlD4. Di-tert-butyl hyponitrite was prepared from
sodium hyponitrite and tert-butyl bromide in the presence of
ZnCl2, following the method of Mendenhall.5b (S )-tert-Butyl-
(methyl)phenylsilane,28 adamantane-1-thiol,40 tert-butyl-
(methyl)phenylsilanethiol,29 tri-tert-butoxysilanethiol 35,41 and
triisopropylsilanethiol 42 were prepared by published methods.
Other thiols were commercial materials (Aldrich) and were used
as received.

Preparation of S-deuteriated thiols

Dodecane-1-thiol (10 cm3), dry benzene (25 cm3) and deuter-
ium oxide (99.9 atom% D; 5 cm3) were introduced into a dry,
argon-filled 50 cm3 two-necked round-bottomed flask contain-
ing a magnetic stirrer bar and fitted with a Dean–Stark water
trap filled with dry benzene and carrying a condenser, through
which a slow downward flow of argon was maintained. After
addition of the reagents, the side neck was closed with a stopper
and the mixture was stirred and heated under reflux. After all
the water had been removed by azeotropic distillation, the
exchange was repeated five more times with fresh D2O (5 ×
5 cm3). Finally, the benzene was removed by distillation at
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atmospheric pressure and the residual thiol was distilled under
reduced pressure from a small amount of LiAlD4 to give a
colourless oil (bp 134–136 �C, 10 mmHg). 1H-NMR spectro-
scopic analysis showed that the S-deuteriated dodecane-1-thiol
contained ca. 96 atom% D by comparison of the C11H23CH2SD
resonance (δH 2.41, tt, 3JHH 7.1, 3JHD 1.1) with the C11H23-
CH2SH resonance (δH 2.42, apparent q, <3JHH> 7.3).

S-Deuteriated tri-tert-butoxysilanethiol and triisopropyl-
silanethiol were prepared by the same method and were shown
to contain ca. 98% and 96% atom% D, respectively, by inte-
gration of the residual SiSH singlets at δ �0.01 and δ �0.77,
respectively, against other peaks in the spectra. Bearing in mind
the sensitivity to hydrolysis of Ph3SiSH, the relative stability of
(ButO)3SiSH/D and Pri

3SiSH/D towards D2O at ca. 80 �C is
remarkable.

Representative procedure for reduction of octyl halides

The response of the flame-ionisation detector was calibrated
using mixtures of known amounts of authentic compounds
and nonane as reference.

Admantane-1-thiol (8.4 mg, 0.05 mmol), triethylsilane
(116 mg, 1.0 mmol), bromo-1-octane (147 mg, 0.76 mmol),
nonane (90 µl, added using a calibrated microsyringe) were suc-
cessively introduced into an argon-filled 10 cm3 two-necked
round-bottomed flask, containing a dry magnetic stirrer bar,
and fitted with a condenser through which a very slow down-
ward flow of argon was maintained. Cyclohexane (1.42 cm3)
was then added so that, after addition of the initiator, the total
volume of the reaction mixture would be 2.00 cm3 (assuming
ideal mixing and neglecting thermal expansion of the solution).
The side arm was closed with a self-sealing silicone rubber sep-
tum (Aldrich) and the flask was immersed in a thermostatically-
controlled oil bath pre-heated to 60 �C. The mixture was stirred
for 5 min to allow thermal equilibration to take place, before a
0.25 M solution of TBHN in cyclohexane (200 µl, 0.05 mmol)
was added to the mixture via the septum; this addition defined
t = 0. Samples of the reaction mixture (10 µl) were removed at
3–5 min intervals and quenched by dilution with ice-cold dry
hexane (100 µl) in a small sample tube closed with a septum.
These solutions were then analysed by GLC to give the results
listed in Table 1.

Representative procedure for H/D exchange experiments

Triphenylsilanethiol (ca. 12.3 mg, 0.042 mmol), Et3SiD
(ca. 36.6 mg, 0.312 mmol), hexamethyldisiloxane (ca. 5 µl) and
TBHN (ca. 42.5 µl of a 0.20 M solution in cyclohexane-d12,
0.0085 mmol) were successively introduced at room tempera-
ture into a dry, argon-filled NMR tube closed with a self-sealing
rubber cap. Cyclohexane-d12 (ca. 550 µl) was then added to
make the total volume up to a 650 µl calibration mark on the
NMR tube. The rubber cap was replaced with a dry standard
polypropylene cap, the solution was mixed thoroughly by shak-
ing and an NMR spectrum was recorded at 25 �C, allowing the
initial concentrations of the reagents to be determined accur-
ately by integration of appropriate peaks using the silane as the
primary standard. The probe temperature was then increased to
50 �C, without removing the sample from the spectrometer in
order to reduce the time needed for re-shimming; we estimate
that the sample temperature would reach 50 �C within 2–3 min.
The progress of the reaction was then monitored every minute
and the results are given in Table 4. Similar experiments at 40–
60 �C were also used to determine the effective rate of initiation
by thermal decomposition of TBHN (see Results section).

Representative procedure for racemisation of (S )-ButMePhSiH

Admantane-1-thiol (6.7 mg, 0.040 mmol), (S )-ButMePhSiH
(142 mg, 167 µl, 0.80 mmol) and cyclohexane (1.67 cm3) were
successively introduced into an argon-filled 10 cm3 two-necked
round-bottomed flask, containing a dry magnetic stirrer bar,

and fitted with a condenser through which a very slow down-
ward flow of argon was maintained. The side arm was closed
with a self-sealing silicone rubber septum and the flask was
immersed in a thermostatically-controlled oil bath pre-heated
to 60 �C. The mixture was stirred for 5 min to allow thermal
equilibration to take place, before a 0.25 M solution of TBHN
in cyclohexane (160 µl, 0.04 mmol) was added to the mixture via
the septum; this addition defined t = 0. Samples of the reaction
mixture (10 µl) were removed at 3 min intervals and quenched
by dilution with ice-cold dry hexane (100 µl) in a small sample
tube closed with a septum. These solutions were then analysed
by GLC to give the results listed in Table 5.
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