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Solvents as phase transfer catalysts. Reaction of trimethylsulfonium
iodide and solid potassium hydroxide in acetonitrile leading to an
epoxide of benzophenone
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The kinetics of reactions of benzophenone with trimethylsulfonium iodide in acetonitrile in the presence
of excess solid potassium hydroxide (KOH) are reported, and the kinetics of formation of products,
2,2-diphenyloxirane, 2,2-diphenylacrylonitrile, and N-(2-hydroxy-2,2-diphenyl)acetamide are also
monitored. The effects of water, other cosolvents and quaternary ammonium salts are investigated.
Initial rates are lower than rates of comparable reactions involving nitrile formation in the absence of
sulfonium salts, and the epoxide reaches a concentration maximum before any nitrile forms. The results
can be explained by initial formation of the anion [CH2CN]2, which reacts with the sulfonium salt to
give Me2S

1CH2
2 (ylide, leading to epoxide) before direct reaction of [CH2CN]2 with benzophenone

(leading to nitrile) can occur. Consequently, acetonitrile is acting as a phase transfer catalyst, aiding the
transport of base (in a modified form) from the surface of the KOH to form the ylide.

Phase transfer catalysis (PTC), involving quaternary salts
(Q1X2), has a well-established and important role in many
reactions involving strong bases.1a,2 Cocatalysis by simple pri-
mary, secondary and tertiary alcohols often aids PTC involving
hydroxide ions, because base can be transported to the
organic phase as Q1/alkoxide.3 Polyethylene glycols (PEGs) can
act similarly as cocatalysts,4–7 and in some cases PEGs can also
act as catalysts in the absence of Q1X2.8 Hence non-ionic mole-
cules such as PEGs, like crown ethers,1b,9 can act as catalysts
rather than just cocatalysts in PTC. We now report evidence
that the non-protic solvent, acetonitrile, acts as a phase transfer
catalyst in the reaction of trimethylsulfonium iodide (Me3SI)
with solid potassium hydroxide (KOH).10

Recently, we reported the kinetics of condensations of
benzophenone with acetonitrile initiated by solid KOH, to give
diphenylacrylonitrile (1).11 In the presence of Me3SI, the

epoxide (2) is formed preferentially via a sulfur ylide,12 and
in the later stages of the reaction acetamide (formed by
hydrolysis of acetonitrile) may react with the epoxide to give
N-(2-hydroxy-2,2-diphenyl)acetamide (3). Although these
reactions are occurring in a complex, heterogeneous reaction
mixture, the timing of the onset of formation of the side
products (1 and 3), and the rate of formation of the nitrile side
product, 1, provide important insights into the reaction
mechanism.

Results
A set of standard reaction conditions for kinetic studies, ana-
logous to those used in our investigation of the formation of
nitrile (1) from benzophenone,11 was defined. As before,11 benzo-

Ph2CO
CH3CN/KOH H

CN

Ph

Ph

Ph2C CH2

O
C CH2NHCOCH3

OH

Ph

Ph

KOH/CH3CONH2

CH3CN/KOH
Me3S+

1

2
3

phenone (typically 0.5  in acetonitrile) was reacted in the pres-
ence of KOH pellets (two equivs.), water was added to activate
the KOH,12 and reactions were heated at 82–83 8C (usually
under reflux) with magnetic stirring at 400 rpm; in addition
Me3SI (1.1 equivs.–only partially soluble) and naphthalene
(internal standard) were present in the studies of epoxide
formation. A sufficiently large volume of acetonitrile (usually
40 ml at reflux temperatures) was present, so that the with-
drawal of small aliquots (ca. 20 × 50 µl) of homogeneous solu-
tion during sampling did not significantly affect the com-
position of the heterogeneous reaction mixture. Although
reliable analytical data for the epoxide (2) could be obtained
using liquid chromatography (LC),13 the availability of equip-
ment was such that almost all of the results were obtained by
monitoring the progress of the reactions by gas chrom-
atography (GC). It was established that the GC method gave
the expected (based on HPLC 11) zero order rate constant for
nitrile formation in the absence of sulfonium salt.13

Although the effects of varying the reaction conditions are
emphasised below, experiments under standard conditions were
repeated periodically throughout the progress of this work.
Under the closely-defined reaction conditions we employed,
kinetic results for epoxide formation (determined from changes
in the benzophenone concentration) were reproducible within
±10%, but formation of the epoxide is kinetically complex,
and ‘minor’ changes in reaction conditions (e.g. rate of mag-
netic stirring, type of KOH pellets, crushing the KOH) had
small but significant effects, in contrast to kinetic results for the
nitrile (1).11

A typical reaction profile under standard epoxidation condi-
tions (Fig. 1) shows a slow initial reaction for about 10 000 s
(2.8 h), followed by a faster reaction, producing a maximum
yield of ca. 40% of epoxide (2) after ca. 15 000 s; later the
epoxide decomposes to the amide (3), and the nitrile (1) forms.
The appearance and disappearance of the four compounds of
interest was monitored in all of our kinetic runs, and reliable
mass balances of 100 ± 5% were usually obtained.

Additional detailed Figures will be presented selectively to
amplify the discussion. To provide comparisons with other
results and to simplify the tabulation of data, the complex
shape of the decay curve for benzophenone was approximated
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by two straight lines; the first part corresponds to the initial rate
under the relatively well-defined reaction conditions at the start
of the reaction, and the second part gives the faster rate of
epoxide formation just prior to the onset of nitrile formation.
The initial rates of nitrile formation and the maximum yields of
epoxide (based on benzophenone) are also tabulated; usually,
but not always, the epoxide was unstable after a few hours
under the reaction conditions, and substantial decomposition
to the amide (3) could be seen during the later hours of the
reaction (as in Fig. 1).

Varying the standard reaction conditions, the effects of
changes in concentrations of benzophenone are shown in Table
1 and of Me3SI are shown in Table 2. Additional details are
shown for high benzophenone concentrations (Fig. 2) and low
Me3SI concentrations (Fig. 3). The effects of varying the
amounts of added water are shown in Table 3, and the effects of
addition of quaternary ammonium salts as cocatalysts are
shown in Table 4.

The effect of replacing the added water by alternative protic
solvents such as tert-butyl alcohol or polyethylene glycol (PEG)
200 is shown in Table 5—for these experiments, a different
grade of KOH pellets was used; although the faster rate of
epoxide formation and the rate of nitrile formation agreed satis-

Fig. 1 Reaction profile for epoxide formation from benzophenone
[benzophenone (s), nitrile 1 (m), epoxide 2 (j), amide 3 (d)] under
standard conditions—benzophenone (0.02 mol), solid KOH (0.04 mol)
and trimethylsulfonium iodide (Me3SI, 0.022 mol) in acetonitrile
(40 ml) containing added water (0.1 ml) at 82.5 ± 0.5 8C

Table 1 Effect of amount of benzophenone on the maximum yield of
epoxide and on rates (k/1025  s21) for epoxide and nitrile formation a

Benzo
phenone/

Epoxide Nitrile
Maximum

mol

0.01
0.02 f

0.04
0.1 g

Initial k b

0.32
0.71
0.95
2.2

Faster k c

2.1
4.2
4.8
0.0 h, i

k d

0.6
1.6
1.5
9.1

yield (%) e

>82
41
16
7

a Standard conditions were benzophenone (as tabulated), Me3SI (0.022
mol), HPLC grade acetonitrile (40 ml) containing 0.03 ml of water,
added water (0.1 ml) and pelleted KOH (0.04 mol) containing 0.29 ml
of water, heated at 82.5 ± 0.5 8C (usually under reflux) and stirred at
400 rpm; rates with typical errors of 10% were determined from plots of
concentration vs. time, which were approximately linear over at least 7%
of the relevant part of the reaction. b From the decrease in benzo-
phenone concentration at the start of the reaction. c From the decrease
in benzophenone concentration prior to the formation of the maximum
yield of epoxide. d From the change in concentration of nitrile, which
begins to form close to the time when the epoxide yield is at a maxi-
mum. e Maximum yield of epoxide, based on benzophenone. f Average
of three experiments carried out throughout the time period of
the whole investigation; details of one of the kinetic runs are given in
Fig. 1. g This result is less directly comparable with the others because
the large amount of benzophenone (18.5 g) will affect the reaction
medium much more than for the other experiments at lower concen-
trations, and the reaction temperature was 84 ± 1 8C. h Nitrile forms in
the faster stage. i See Fig. 2.

factorily with those reported in Tables 1–4 under the standard
reaction conditions, the initial rates of epoxide formation (in
four experiments under standard conditions) were about double
those expected. Initial rates refer to the first 10–20% reaction,
when the reactivity of the KOH surface is changing; 11 con-
sequently, the initial rates in Table 5 are not directly comparable
with those in Tables 1–4. In contrast, rates for nitrile formation
in the absence of sulfonium salt were not dependent on the type
of KOH pellets.

Discussion

Initial rates
Detailed inspection of Figs. 1–3, and the similar plots (not
shown) from all of the other kinetic runs,13 shows that the reac-
tion profiles are complex; even allowing for random errors in
sampling and analysing the compositions of the reaction mix-
tures, the plots are clearly not linear and can only be approxi-
mated by the two straight lines used to estimate the initial and
faster rates of formation of epoxide shown in Tables 1–5.
Hence, the rates shown are approximate, but useful compar-

Fig. 2 As for Fig. 1, except that five-fold more benzophenone
(0.1 mol) was added and the reaction temperature was 84 ± 1 8C

Fig. 3 As for Fig. 1, except that Me3SI (0.01 mol) was added (half the
required amount)

Table 2 Effect of amount of trimethylsulfonium iodide (Me3SI) on the
maximum yield of epoxide and on rates (k/1025  s21) for epoxide and
nitrile formation a

Me3SI/
Epoxide Nitrile

Maximum 
equivs.

0.5
1.1 f

1.5
2.0

Initial k b

0.61
0.71
0.54
0.44

Faster k c

0.0 g,h

4.2
5.3
2.8

k d

4.0
1.6
0.1
0.03

yield (%) e

15
41
54 i

45 i

a–f As for Table 1, except that the standard amount (0.02 mol) of
benzophenone was added, and the amount of Me3SI was varied.
g Nitrile forms in the faster stage. h See Fig. 3. i The epoxide was stable
under the reaction conditions up to 25 000 s (7 h), and only traces of
amide 3 were detected.
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isons can be made between the initial rates of epoxide form-
ation (Tables 1–4) and the rates of nitrile formation reported
previously.11

Although the rates (Tables 1–5) are quoted as if the reactions
were of zero kinetic order, the observed rates were found to be
approximately proportional to the initial concentration of
benzophenone (Table 1). Hence, the kinetic order in benzo-
phenone is approximately 1, as observed for nitrile formation.11

Also, the decrease in benzophenone concentration during the
faster stage of epoxide formation and the later stages of
the reactions, when taken together, fits approximate first order
kinetics.13 The complexity of the kinetics is due in part to
changes in the reactivity of the KOH, caused by absorbtion of
water produced during the reaction.11

The small dependence of initial rates for a four-fold variation
in the amount of sulfonium salt is explained by its low solubil-
ity in acetonitrile. The rates (Table 2) refer to reactions in which
not all of the Me3SI dissolves initially, and at the start of the
reaction there is probably a saturated solution of Me3SI in
acetonitrile in all four cases.

Table 3 Effect of varying amounts of water on the maximum yield of
epoxide and on rates (k/1025  s21) for epoxide and nitrile formation a

Epoxide Nitrile
Maximum 

Water/ml

0.0
0.1 f

0.2
0.3
0.5

Initial k b

0.8
0.71
0.76 g

0.64 g

0.48 g

Faster k c

2.3
4.2
4.3
5.1
2.7

k d

3.0
1.6
0.67
0.15
0.0

yield (%) e

51
41
40
40 h

17 i

a–f As for Table 1, except that the amount of added water was varied,
and benzophenone (0.02 mol) was used. g Based on only 2–5% reaction.
h The epoxide was stable under the reaction conditions up to 25 000 s
(7 h), and only 1% of amide 3 was detected. i No epoxide decomposition
product 3 was detected even after 7 h.

Table 4 Effect of quaternary ammonium salts (10 mol%) on the maxi-
mum yield of epoxide and on rates (k/1025  s21) for epoxide and nitrile
formation a

Epoxide Nitrile
Maximum 

Catalyst

None f

Me4NBr
(Bun)4NBr
(Bun)4NF
(Bun)4NHSO4

Initial k b

0.71
1.0
0.52
1.2
3.3

Faster k c

4.2
3.8
3.7
5.3
9.0

k d

1.6
1.5
2.4
1.1
0.6

yield (%) e

41 g

52 g

41 g

48 g

53 g

a–f As for Table 1, using benzophenone (0.02 mol). g The epoxide was
unstable under the reaction conditions decomposing to give 20–50% of
amide 3 after 7 h.

Table 5 Effect of small amounts of cosolvents on the maximum yield
of epoxide and on rates (k/1025  s21) for epoxide and nitrile formation a

Epoxide Nitrile
Maximum 

Cosolvent

Water f

ButOH
PEG 200

Initial k b

1.6 g

0.9 g

5.3 g

Faster k c

4.5
2.8

(5.3)

k d

1.5
1.3
1.5

yield (%) e

43 h

46 h

31 h

a–e As for Table 1, using benzophenone (0.02 mol), except that the added
water (0.1 ml) was replaced by an equimolar amount (0.0055 mol) of
cosolvent, and the KOH pellets contained 15% water (0.34 ml), as in
our previous work (ref. 11). f Average of four experiments carried out
towards the end of the investigation. g Rate constants (compared with
the corresponding reaction in the absence of sulfonium salt leading
to nitrile 1 see ref. 11) are as follows: k/105  s21; water, 1.6 (3.1); ButOH,
0.9 (1.9); PEG 200, 5.3 (ca. 10). h The epoxide was unstable under the
reaction conditions, decomposing to give 20–40% of amide 3 after 7 h

The effect of added water on initial rates is also small (Table
3), and the decreasing trend is the opposite of that reported 11

for nitrile formation in the absence of sulfonium salt. The faster
rates of epoxide formation (Table 3) reach a maximum at ca. 0.3
ml of added water, as observed previously for the nitrile reac-
tion.11 As more water is added, the yield of epoxide decreases,
and when 0.5 ml of water is added, only 17% epoxide is formed
and there is no decomposition to the amide (3) and no nitrile is
formed. It appears that the added water accelerates decom-
position of the Me3SI and so formation of the epoxide ceases
prematurely. An independent experiment showed that even
under standard conditions (0.1 ml water), 5% of the Me3SI was
destroyed in only 3 h at 60 8C, supporting published data on the
base hydrolysis of sulfonium salts.14

Quaternary ammonium salts (Q1X2), acting as phase trans-
fer catalyts, should help to increase the transport of base away
from the KOH surface, and so increase the rates (Table 4).11

However, lipophilic counteranions are known to interfere
with phase transfer catalysis of less lipophilic anions (e.g. HO2,
[CH2CN]2) and the expected order of efficiencies of the
catalysts is F2 > Cl2 > Br2 > I2.15–17 Iodide is present in the
reaction (initially as Me3SI), and it may suppress catalysis by
tetrabutylammonium bromide (TBAB); however tetramethyl-
ammonium bromide is not retarded (Table 4). The less
lipophilic fluoride and hydrogen sulfate catalysts are effective
(Table 4), although the rate enhancements are less than those
observed previously for nitrile formation.11 Hence, suppression
of rates by iodide is not a major effect; it also seems likely that
the cation in Me3SI, the trimethylsulfonium ion, is an adequate
alternative to a quaternary ammonium salt,17–19 and so the
addition of extra catalysts (Q1X2) usually exerts a smaller
additional effect on rates.

The rate of the standard reaction was slightly suppressed if
the added water was replaced by tert-butyl alcohol but PEG 200
accelerated the reaction (Table 5); for comparison tert-butyl
alcohol had no effect on the rate of nitrile formation, but PEG
200 was an effective cosolvent/cocatalyst.11

Mechanistic implications
For the results discussed above, trends in initial rates of epoxide
formation were not unexpected in comparison with previous
studies of nitrile formation in the absence of Me3SI.11 The
presence of Me3SI could accelerate epoxide formation because
Me3SI could act as a PT catalyst and hydrolysis of Me3SI would
give methanol, which may also be catalytic.11 In agreement with
the expected rate enhancements when Me3SI is present, only
epoxide forms in the initial and faster stages of these reactions
(Tables 1–5, Figs. 1–3)—the nitrile (1) is undetectable.

Surprisingly however, the initial rate of epoxide formation is
two-fold slower than the rate of nitrile formation (under the
same conditions, but in the absence of Me3SI 11—see Table 5,
footnote g). Potassium iodide is formed as a by-product of
epoxide formation, but parallel studies of furfural have shown
that added KI does not affect the rate of epoxide formation.10

If formation of epoxide and nitrile were parallel independent
reactions, and the presence of Me3SI (acting as a PT catalyst)
accelerated formation of the nitrile (or even if Me3SI had no
kinetic effect), then the rate of nitrile formation in the presence
of Me3SI should be much greater than the rate of epoxide
formation (i.e. the nitrile should form preferentially). To explain
the exclusive formation of epoxide in the early stages of the
reactions, we propose that there is a crossover between the
two reactions (Scheme 1); instead of proceeding to nitrile (1),
the acetonitrile anion [CH2CN]2 reacts with the trimethyl-
sulfonium ion to give the sulfur ylide.

The above evidence about relative rates of formation of
epoxide and nitrile can be supported by the following more
direct comparisons. When, after an hour or more, reactions
reach the stage corresponding to the faster rates of epoxid-
ations (Tables 1–5), the exact reaction conditions are less well
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defined than at the start of the reaction. In addition to the
reactions of benzophenone, some of the sulfonium salt will
have been hydrolysed to methanol and dimethyl sulfide,14

and some of the acetonitrile will have been hydrolysed to
acetamide; 11 also the condition and reactivity of the KOH will
have been altered by the water generated during the reaction.11

However, the rates tabulated for the faster epoxidation stage are
obtained from data immediately before the nitrile begins to
form in the same reaction mixture.

Consequently, the reaction conditions during the faster stage
of epoxide formation and the stage for nitrile formation are
expected to be similar, and meaningful comparisons can be
made between these two rates. Results (Tables 1–5) show that
the rates of nitrile formation are typically about half of the
faster rates for epoxide formation, probably because of the
approximately first order dependence of the rate on the concen-
tration of benzophenone in the later part of the reaction (as in
Figs. 1–3). However, when the benzophenone is in excess, either
because more has been added (Fig. 2, entry row 4 in Table 1) or
because less Me3SI has been added (Fig. 3, first entry in Table
2), the rates of nitrile formation are four- to seven-fold higher
than the corresponding rates of formation of epoxide, yet
formation of nitrile is delayed for about 2 h (presumably until
almost all the Me3SI has reacted).

An alternative explanation of the unexpectedly low rates of
nitrile formation in the presence of Me3SI is that formation of
nitrile is inhibited because the ylide forms on the surface of the
KOH; 12 this proposal is supported by spectroscopic evidence in
the case of highly-stablised S-ylides (e.g. by a CO2Et group 12),
but it is not clear whether the presence of an ylide could prevent
formation of [CH2CN]2. Also Me2S

1CH2
2 is highly reactive,20

and could form and react very differently from a stabilised
ylide. Furthermore, rates of formation of both epoxide and
nitrile respond almost identically to changes in the solid base,10

suggesting a link between the two reactions (formation of
[CH2CN]2). As discussed above for examples when KOH is the
base, the two reactions respond similarly to changes in reaction
conditions, and it would not be expected that Q1 salts (e.g.
NBu4

1HSO4
2, Table 4) would catalyse a reaction involving

formation of a neutral ylide on the surface of a solid. Also, a
surface reaction does not readily explain the small dependence
of the reaction rate on the surface area of the KOH or the
approximately linear dependence of the reaction rate on the
concentration of benzophenone (Table 1).

Reversibility of ylide formation (as in Scheme 1) has been
proposed previously for aqueous media,21 and for ylides formed
from KOH in DMSO; 22 protonation of Me2S

1CH2
2 would

reduce its concentration, and so reduce the occurrence of
dimerisation to ethylene observed in DMSO.20 Attack by
iodide on Me3SI1 could produce MeI in equilibrium,23 but no
products of methylation were observed.

Applications to syntheses
Liquid–liquid PTC is well established for the base-induced reac-
tions of sulfonium salts with aldehydes to give epoxides; 21,24,25

reactions are particularly favourable for aldehydes such as
p-nitrobenzaldehyde, which reacts relatively rapidly to give a
stable epoxide.12,26 As would be expected, lipophilic sulfonium
salts such as lauryldimethylsulfonium are more effective
catalysts than trimethylsulfonium,27 and reactions are also

Scheme 1 Possible routes to the S-ylide (the reverse reactions with
water form either CH3CN or Me3S

1)

OH –(s)

Ph2CCHCN
Ph2CO

Me2S+CH2
–

Me3S+

Ph2C CH2

O

H2O

H2O

CH3CN

Me3S+
Ph2CO

[CH2CN] –

1

2

favoured by the presence of less lipophilic (‘hard’) counter-
anions.25,28 The selection of an effective catalyst is more import-
ant for ketones, which react more slowly than aldehydes.11,28

Additional catalytic cycles involving sulfides are being
developed as routes to chiral epoxides.29,30 One of these involves
solid–liquid PTC using solid KOH in acetonitrile at room tem-
perature, with benzyl bromide and camphoryl sulfide leading to
addition of ‘PhCH’ to benzaldehyde or p-chlorobenzaldehyde;
no additional PTC was required and acetonitrile was found to
be a much more effective ‘solvent’ than THF,30 consistent with
our proposal that acetonitrile also acts as a catalyst.

For epoxidation of benzophenone, the mechanistically-
informative side reactions leading to 1 and 3, when acetonitrile
is used as solvent, are a major drawback in synthetic applica-
tions. Also, reactions are usually slower under heterogeneous
conditions, and the relatively high temperatures required for
acceptable rates led to decomposition of sulfonium salt 14 and
possibly of the ylide. A convenient synthesis of epoxide 2 in
good yield was carried out using tert-butyl alcohol as solvent to
improve the phase transfer from solid KOH to Me3SI; we did
not observe any major side products, so there does not appear
to be a strong tendency for hydroxide or butoxide ion to attack
the epoxide.

Conventional reaction conditions, via sulfur ylides for the
synthesis of 2, utilise sodium hydride in dry DMSO.20 Other
workers have used hydroxide bases (including solid KOH 12,22)
to obtain S-ylides under reaction conditions which are not
anhydrous, and may even include water as solvent.21,24 The sulf-
oxonium ylide (Me2SOCH2) is more stable than Me2S

1CH2
2.

In preparative experiments monitored by NMR spectroscopy,
we observed the formation of 2 in very good yields after only
1.5 h using the more reactive trimethylsulfoxonium iodide at
60 8C in dry NaH–DMSO (as reported 20); yields were lower
(70%) using NaOH–DMSO or NaOH–acetonitrile at 50 8C
for 90 min, rising to over 80% after 18 h. Reactions in NaOH–
DMSO gave similar yields when 0.3 or 2.8% water was added
to the reaction mixture.31 Epoxide 2 has also been synthesised
via a sulfonium ylide on an insoluble resin—the ylide was gener-
ated from the sulfonium fluorosulfate using tert-butoxide in
DMSO.32

Conclusions
For the heterogeneous reaction conditions used in our kinetic
studies, we propose that the initial formation of epoxide (2)
from benzophenone proceeds without competition from the
formation of the nitrile 1 because the available base/nucleophile
reacts preferentially with Me3SI (Scheme 1). When the Me3SI
has almost all reacted (e.g. by epoxide formation or by
hydrolysis), the concentrations of the two anions, [CH2CN]2

(leading to nitrile 1) and [CH3CONH]2 (leading to amide 3),
increase (Figs. 1–3). In the absence of Me3SI, the rate of nitrile
formation is faster than that for epoxide, so the major route to
the sulfur ylide (leading to epoxide 2) is via [CH2CN]2. The
Me3S

1 ion probably also acts as a PT catalyst to enhance the
transport of [CH2CN]2 away from the surface of the KOH, but
the rate of epoxide formation is lower because formation of the
ylide, Me2S

1CH2
2, is reversible (Scheme 1). According to this

mechanism (Scheme 1), acetonitrile is deprotonated by the solid
KOH to give [CH2CN]2, which reacts in solution with Me3S

1 to
give the sulfur ylide Me2S

1CH2
2, regenerating acetonitrile.

Hence, the acetonitrile solvent is acting as a phase transfer
catalyst, and DMSO may behave similarly.10,11

Experimental

Materials
Benzophenone, the nitrile (1), pelleted KOH for data in Table 5,
solvents and catalysts were available from earlier work,11 except
that the HPLC grade acetonitrile was from Rathburn and the
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pelleted KOH (Fluka) for data in Tables 1–4 contained 13 wt%
water; trimethylsulfonium iodide (Me3SI) was obtained from
Aldrich and the internal standard was naphthalene (scintill-
ation grade, Aldrich).

2,2-Diphenyloxirane (2) was obtained by reacting Me3SI (5.7
g, 0.028 mol) and benzophenone (4.6 g, 0.025 mol) in tert-butyl
alcohol (25 ml) at 40 8C with KOH (4.2 g, 0.075 mol) in a
magnetically-stirred three-necked flask, fitted with a condenser
and an exit tube to a gas scrubber (a Dreschel bottle containing
bleach to oxidise Me2S). After 11 h, when 80% reaction had
occurred, the reaction mixture was cooled, and the tert-butyl
alcohol was removed by rotary evaporation at 25 8C; the residue
was treated with a solution of water (90 ml) and sodium hypo-
chlorite or bleach (12 ml), and the product 2 was isolated by
diethyl ether extraction to give an off-white solid, which was
recrystallised from ethanol; mp 55–56 8C, lit.33 55.5–56 8C.

N-(2-Hydroxy-2,2-diphenylethyl)amide 3 was isolated from a
reaction of the epoxide 2 (3.92 g, 0.02 mol) and KOH (2.244 g,
0.02 mol) in refluxing acetonitrile (40 ml) containing water (0.1
ml) for 7 h. A crude product (1.0 g), isolated by extraction with
dichloromethane (DCM), was purified by column chrom-
atography on silica eluted with 1 :1 DCM:petroleum spirit (30–
40 8C) to give 3 (0.29 g); mp 140.6–142 8C, lit.34 143 8C. Another
sample of 3 was prepared by repeating the above preparation
adding acetamide (1.1 equivs.); 35 3 could then be isolated in
80% yield without chromatography as white crystals, mp 142.5–
143.5 8C; δH(CDCl3) 1.78 (3H, s), 4.01 (2H, s), 4.34 (1H, s,
exchanged in D2O–TFA), 6.17 (1H, br s, exchanged in D2O–
TFA), 7.20–7.41 (10H, m); δC 23.1, 49.5, 78.4, 126.1, 127.3,
128.4, 144.7 and 171.7.

Analytical methods
HPLC analyses were carried out as described earlier.11 GC
analyses were made on HP5880 or 5890 (series II) chromato-
graphs, with FID detection at 275 8C; the column was a WCOT
fused silica 25 m × 0.25 mm capillary column, coated with
CP-SIL 19CB (Chrompack), further treated with pyridine to
remove acidic sites, and it was eluted with helium carrier gas.
Small (1–2 µl) volumes of samples were injected via a split injec-
tion system into the injection port at 250 8C. The oven program
began at 100 8C for 1 min, followed by a 20 8C min21 ramp to
180 8C, then held for 5 min before a second 20 8C min21 ramp to
250 8C, and finally held for 5 min; retention times (in min) were:
DCM (1.00), the internal standard naphthalene (2.41), benzo-
phenone (5.62), epoxide (2, 5.98), nitrile (1, 9.08) and amide (3,
13.96). Response calibrations were made by analysing ca. 1023

 mixtures of the internal standard and one of the compounds
of interest; the average of five injections was used to obtain
response factors and agreement was within ±5%.

Kinetic methods
Standard reaction conditions. To a 100 ml three-necked flask,

fitted with a Liebig condenser and an exit tube to a gas scrubber
as above, was added benzophenone (3.69 g, 0.020 mol),
acetonitrile (40 ml), water (usually 0.1 ml), and naphthalene
(1.00 g, 0.008 mol). The mixture was warmed and stirred mag-
netically (usually at a speed of 400 rpm) until homogeneous;
Me3SI (4.57 g, 0.022 mol) was then added, and the hetero-
geneous mixture was heated to reflux, using an oil bath thermo-
statted to 84 ± 1 8C (temperatures inside the flask were typically
82.5 ± 0.5 8C). The first sample of the reaction mixture was
removed (see below) before KOH pellets (2.24 g, 0.04 mol) were
added, and the reaction was then sampled at regular intervals
whilst heating and stirring continued. Sampling, usually over a
period of 7 h, involved using a 1 ml syringe with a 30 needle to
transfer 2 or 3 drops of reaction mixture into a sample bottle;
the reaction mixture was washed with water (2 ml), extracted
with DCM (3 ml), dried over MgSO4 and filtered through
cotton wool. Samples were analysed at least in duplicate con-
secutively by GC within a few hours. After 4 h, the reaction

solution became yellow, corresponding to the onset of nitrile
formation (Fig. 1).

For other kinetic runs, one of the reaction variables was
altered to the reaction conditions described in Tables 1–5, and
the rate of formation of 2 in the absence of Me3SI was moni-
tored similarly by GC.
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