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Abstract - Rates and rate-laws have been determined for the oxidation of 

l-this-4-oxacyclohexane 5 by bis(trimethylsilyl)peroxide 1 and tert-butyl- 

(trimethylsilyljperoxide 2 in CHCls at 25.0°; these are compared to the 

rates of oxidation of the same substrate by the more common oxidants, 

tert-butyl hydroperoxide 3 and di-tert-butyl peroxide 4 in the same sol- 

vent. The two silylperoxides give similar oxidations rates, which are 

over 50 times higher than that measured for t-BuOOH. while t-Bu202 is al- 

most unreactive under the conditions adopted. Oxidation of N,N-dimethyl-p- 

anisidine 6, a nitrogen nucleophile, by silylperoxide 1 in CHCL3 is ca. 

1000 times slower than that of the sulphur nucleophile 5. The results 

are discussed in terms of a mechanism involving nucleophilic attack by 

the substrate on the peroxide, with the heterolysis of the O-O bond being 

assisted by the migration of the Me3Si- group. 

Selective oxidations of organic substrates by peroxoacid canpounds is one of the most lqxrtant 

transfonmticXls inorgEmic synthesis. 
1.2 

In fact, imrgenic andorganic peKLxomAds, aswell as 

hydrogen peroxide and alkylhydroperoxides, are widley employed to achieve selective, ME-E&- 

cal oxidations, either In catalytic or~~atalysedprocesses. 
1-4 

In mecly lnstsnces, it was show 

the rest plausible mechanisn implies r~~leo@illc attwk by the substrate at the weak 0-O bond 

of the peroxide, Xcordlng to a sequence mting to electl-ophillc transfer of peroxide oxygen 

to the substrate (In SchenE 1 : S = substrate, So = oxldlzed s&&rate, and 2 = alkyl, acyl, 

or immc resibe).1-4 
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Scheme I 

Several pieces of evidence have indicated that a key feati In these prwesses Is that ths 

energetically unfavm charge separaticn, that is incipient In the t.s., be minimized by means 

of facile mgen atan transfers fmn the peroxide oxygen reeaction centre to the -0Zleaving 

~.'Ihus,peroxoacidsreachanint~~lecular~ ccnfiguratlm (as, e.g., in the well 
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lvmm %9rtlett~s butterfly88 t. 8. for olefin epoxidatim); end sinple ~drope~xi~s 

the intervention of pmtic mlecule species. 
1-5 

AlUmughthe potentiality of orgmosillcm reagentahasbeenwalldsveloped inorganic syn- 

thesis w the last few decades, the reactivity of orgxnxilyl derivatives of pemxoacids 

and of hydmpenxides appears to have been little explonzd. 68 It was pointed out bis(trimethyl- 

silyl)pemxide I might be calsidered malogcus to hydmgen peroxide in that oxidizes organic 

mlphides to SulpPKxides wd sulks, phosphites to Ftrosphates, mxl tertiaryphBpimstCl 

@losphirk? ox.i&.s; tert-butyl(trimethylsllyl)pe~~& 2 also oxldlzes tertiary phosph.ines to 

phosphine oxides.g Transition n&als-catalysed epoxidaticms end oxidatlm of alcohols by silyl- 
10,ll 

peroxides 1 and 2, respectively, have been &scribed. 

xo/o\si/ 
I’ 

x0 0’ x 

12 
It was also reported that the bis(trlm?thylsllyl)derivative of Cam's acid %SiO-SQ-UEXMq, 

or 1 with Me$KYlY "catalyst, 
13 

can convert ketones Into esters, inaE&ye~Villigertype oxi- 

dation; thisislikely to prmxed viathe preliminaryadditimofthe sllylpemxideto the car- 

bonyl. These pieces of infomatlm cmtaln the hint that substitutim of the proton by the sllyl 

group does not diminish either the electmphilicity or the nucleophilic character of the pep 

oxide oxygen in silylpemxideswith respect to theirparentpmtm species. 

With a view toward defining their reactivity, organosiliccn peroxides such as land 2pose 

Interesting questicns as for the mchanisn of their reduction by mleophilic substrates. In 

f;ust, tile the Me3Si gxup might - at fist sight - res.eAle the t-tutyl gmup in hindering the 

attack at the O-O bccad, the steric hindrmze presented by the trimeQ@silyl gmup should 

be considerably redmed cLe to the f&A that the Si-0 bend is simficantly lwer that the 

C-O bond (i. e., 1.63 A vs. 1.43 Aj.6-8 Also relevant to a mechmisn of nucleopNlic attack at 

the peroxide bond, the Me$iO- gmup should behave as a better leaving group with respect to 
the I@$O- or to the m group, since silmols seens to be mre acidic thfm alcohols having 

14 
malogcusstIuctalnz. It is also relevantthatthe Me3Slgmup mightactas the "organicpmtcn" 

6-8 
also in these reactims; in feet,, the avallabllity ofeqty d-otiitals on siliccn,and their 

possible interactim with filled m* o~ltals of the O-Obcnd, rnl@teffectively redme charge 

separation in tt-mz t.s.. thus favmringthe oxidationprocess. 

With this inmindwe~rtook~presents~,thatisaimedtodetermlnethereactivity 

ofsilylpemCides1xKi 2,incaqarisalto the ar!alo@alsorgenlc pero~&s 3md4. 
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RESULTS AND DISCUSSION 

To nwsure the ressetivity of silylpemxides lad 2, thiox~~ 5 WEI chosen as a am 

nucleopNlic substrate. Previcus studies, in fact, have Wtrated U&organic sulphides 

can serve as useful ~IXM substrates to detennlne the general featumsofrucleqhilic attwk 

lG5 at the O-Obond of peroxides. Also. a good cmp of kinetic data hsf3 teen already collected 

concerning the oxidation of 
2.5,!5 

5 by a variety of peroxide species in a rxx&er of solvents. 

Orgsnosiicof1pemxides1snd2were synthesizedby follwingre~rt&pmcedums.?JefirKl 

that the oxidaticn of the sul#lide 5by silylperoxides land 2 occurs Eamothly In cHq,dry 

e-1, or dioxane at 25.0°. lhe 1:l stil- 

W, 
o 

chsianstry in ecp (1) was defnmstrabd 
gc”z 

'CH. 
by the nearly qwmtitative fonmtlcn of 

yses and pmduct isolaticnj. aily trsces, 

ifargr,ofsul~cculdbe detected. 

?he nitrogennuzleopNleN,N-dimzthyl-p-anlsldine 6wss enployed inordsr to carpare N+xidatlon 

with sulphoxldation by silylpemxide 1; HPLC malyses showed that N,N-dime~l(pmetho~hoxyphenyl)- 

mine oxide is famed (yield 8%92%) in the mactirn of 6 tith 1 In CXIlaat 25.0°, again accord- 

ing to acme tocne stoicheianetry. The 0xFdatiat ratesofthe subatratesby peroxides I-4were 

followed by rrmitoring the disappearance of the per~tide (iodanetric titre) in reactions Mere 

the substrate wss in large excess (fmn 20 to xx) fold) overpemxickt. Integrated pseudo-first- 

Table 1. Rates of oxidation of thioxane 
by bis(trimethylsilyl)peroxide in CHCl3 
at 25.OOf0.05Q 

[Thioxane], 102[(Me3Sif202], 103kl 103k; 

M M s-1 H-1s-l 

0.205 1.15 0.48 2.34 

0.230 1.42 0.56 2.43 

0.460 1.36 1.15 2.40 

0.480 1.38 1.18 2.46 
u.510 1.12 1.17 2.29 

0.960 1.15 2.30 2.40 
0.960 3.05 2.20 2.34 

1.18 1.40 2.95 2.50 

QObtained as k2= kl/[Thioxane],. 

order plots were usually linear over two 

half-lives; mudo-first-order rate con- 

stents were a linear titicn of excess 

substrate cawntraticbl sndindependentof 

the Initial cCTxX?ntraticn of the pemxide 

(Table 1). FWtbernwe, a log kl ~8. log 

rRztoxEwj,plot is linear, with UIit slope; 

as expected, therefore, the rate obeys 

a seca~-o*xwverall kinetic law, order 

me in e&-h of the reagents. For 1 snd 

2, peroxide decmps1tial is to3 slow tc 

canpete with s&Mm&e oxidaticn under 

megivmcaditiaas. 

III Table 2 kinetic data are collected 

that allow cm? to carpare the rfmctivity 

of sylylpemxl& land ewith that of the 
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rmrecammpemxi& species 3and4.In CXl3, ectually, thioxane oxldaticnby tert-NVlhy- 

droperoxi& 3 fits better a pseudo-secaxhxder kinetic law chrlng the lnit1a.l stages of the 

reeectim. In fact, l/(a-x) V&3. time plotswerelinearup to the first3IWO%reactlm, allowing 

cme to obtain k2 = (0.27'0.02)~ 10-5M-1s-1, and %= k2/['Ihioxane], = (O.~~~.O~)X~O-~M-~S-~ 

unsistent timthe viewthat - in the case ofhydmpemxldes - pmtic co-solventmlecules cm 

partecipate to the t.s. involving nuclec#~.Ilic attack at the O-O bcnd,2'5 in the oxidation of 

iwe findmat, with [t-mO$$ = 0.01 M, dditian of as little as 0.005 M methanol to dry 

CK13 allows me to c&serve againclempseudo-first-orderkineticsq to 60-7016reactlcn. 'Ihen, 

additim of trifluomacetic acid (TFA) to pum QX13 has the effectofyielding born amrked 

increase Inrates mdmqiiarpseudo-fir3t~rderklmticsup to overEK%~~~~tim. Chbasisofa 

rate-law for acid catalysis of the type: kzb*= 
2P.5 

k; ['Itdo== [t--l + k3[mo=l [t-&(&HI [m%, 

zd performing kinetic nms at varying ccglcentratim of TFA catalyst, the value for the "Lptcat.+ 

lyzed" secmdarder rate ca-&mt for ‘thioxme oxidatim by t-EuCKX in CIX13 cmld be esti- 

mted (see footnote cm Table 2). Oxidation of thloxane 5 by bis(trlm%hylsllyl)pemxide 1 in 

ml3 occurs about 7CXLfold faster l&m the oxidation of the arylmlne 6 (Table 2); as this 

reflects well the order of mleqhilicityofsulph~andnitrogen substrates inattacklng the 

peroxide O-O bmd,2'5 there can& no dcubt ttkatsilylpemxides act as electropNlic partners 

in the reaction studied. For silylpemxlde 1, the thioxane oxidation rate increases on going 

fmn dioxane, to ethanol, to (31c13, * this is also the solvent-effecttrendobserved in the oxi- 

datialoforg.anic sJlphidesbypemxoaclds.2'~ 

Table 2. Oxidation rates of thioxane and N,N-dimethyl-p-anisidine by 

silylperoxide 1 and 2 as compared to analogous peroxide species, rn 

chloroform at 25.0M0.05°.a 

Substrate Peroxide Solvent 

Thioxane (5) t-BuOOBu-t CHCl 0.005 
3 

II t-BuOOH 1, 0.27 f 0.02' 

d I, 0 ,I 0.30 kO.05 

(9 t-BuOOSiM~ 0, 14.7 ? 0.6 

(0 Me3SiOOSiMe3 9, 24.0 t 0.6 

II ,# EtOH 0.80 f 0.05 

.I 0 Dioxane 0.15 to.03 

p-Me0.C6H4.NMe2(6) It CHC13 0.034?: 0.002 

=The initial concentration of the peroxide was kept in the range 

(0.95 - 1.8) x 1O-2 M and that of the excess substrate in the range from 

0.35bto 1.0 M in the great majority of runs. 

Unless noted otherwise k2 values were obtained as kl/[substrate],, 

with pseudo-first-order rate constant values kl calculated from fist- 

order rate-law integrated plots. 
c 
Extrapolated at zero trifluoroacetic acid (TFA) initial concentra- 

tion from runs carried out in CHC13 containing TFA catalyst; with thio- 

xane initial concentration 0.598 M, and 102[TFA],= 0.029, 0.233, and 

2.08 M. pseudo-first-order rate constants were,.respectively, 

0.22$ 0.215, and 6.65 s-l. 

104k, = 

Estimated from initial rates over the first 8-10% reaction. 
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Inspectiarl of data in Table 2 reveals that - intheoxidation of thioxme - bis(trin&hylsilyl)_ 

peroxide is rrpre effective then t-EUOCH snd t-W 
3 

t by fectors of CQ. lo2 end of over 5 x 10 , 

respectively. Redwed effective steric shieldlngbythe-Si%withPwpecttc the tul@ -(J&J 

gmup Inie)ltbe invoked as one of the factors ccfltrituting to the drastic rate -tot- 

selved on going ~IUII 4 to 1 (see above). kkwver, the finding that bls(trinWhylsilyl)peroxide 

1.3 almost 103 times tmnz reactive thw t-W suggests thattheleavinggrwpeffectshoulbe 
16 

a nrajor factor. In feet, based cn the acidities of the pr'oton species that- parent of the 

leaving groups (i.e., Me3SiCH pM, * 10; l7 %aX #a = 17Y5 ), a B&&&d-type relaticnship 

predicts &$iO- should be a leaving ~rcup ITLXE effective m %CO-. lhis effect should be 

maximrm if carplete heterolysis occurs in the rate-cktexmining step, end then transferofeither 

the proton or the Mz3Si- group takes place in a rapid, subsequent step (as InSctwne 2). 

It Is significant. however, that bis(trin&hylsilyl)peroxide 1 reacts only 1.6 times faster 

Uw tert-butyl(tri~thylsilyl)pe~~& 2 ; the rates of the tw species, in fact, would be 

c.s/ rlow y\ 8 
@I 

I 

“‘P 
,s- 

Y 
~o~“~“(orsiq 

fast y\. ,+ o”s- 
* ’ Ii (or SE) A (or se) 

Scheme 2 

quite closeifone divides the rat8 ccnsWkof1byastatistlcal factorof two. lhis, in turn,, 

suggests that a yet mre relevant feature might consist in the ability of the Me.$i- group to 

effectively minimize the charge separation in the transition state, by giving rise -e.g.- to 

bridged configurations ELS in Sckmz 3. lhen, silyl ~KII+S in silylperoxides might be able to 

assist the O-O haul cleavage, U~X pmwting the tmfer of electxwphilic per‘oxide oxygen to 

the substrate. 

l D 
Y, a- 

“;______,p_____ :“;= 
1 

+ 

“si/ 

‘\’ 

HOMO LUMO 

Scheme 3 

Siliccn bridging inorgers~silyl pe.roxicks has been pmposecl 
18 

End other 1,2-tnigrations of 

silyl gXqx3 are lcwkm (e.g- fmncarba~ to caxix~~and fmne to oxygen) thatmsy proceed 

6.7 via bridged transitian states akin to that &picted In Scktw 3. In orgenosilical peroxides, 

the availability of empty d otiitals on siliccn ed their lnteracticnwith filled V* orbitals 
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ofth3o-obcndmightbe 

attack, then, the proper 

bridged pervxicie specie, 

(Scheme 3).19 

R. CURCI et cl. 

such as to favrur silica+btid@ t.s. structures; for nuclecqhillc 

lnterectim of‘the nwlec+.lle FKMI stmld be with a UMD of the 

having tfre featuxw of a r*x&., or better of a @+M OrtIital 

In ccmlusicm, we believe the rate data pxwented Illustrate well the potential of silyl- 

permides inoxldatlcf~ reactlam Wlthrespectto thenme cummlyenployedsinple alblhydm- 

peroxides or hydmgen ~mxl&, they bear the obvious Bdvantage.5 of amxh higher solubillty 

In apmtic solvents, yielding easily separable reductim pmduzts, e.q. (Mz~SI)~O or RosIMe3. 

FWthemre, silylpemxldes appear to be fmn 50 to 100 times mre effective that mslogcus 

alkyl hyml*oxide species In performing electrophilic peroxide oxygen transfer to su.lphur 

substrates in CWl3 at 25"; ad this eccordlng to 8p1 uncomplicated rate-law, ach does not 

require acid catalysis. 
295 

ltn_is,flu‘therstudiesirthisareaarewarrented. 

EXPERIMENTAL 

Boiling and melting points are not corrected. The NMR spectra were obtained by using a Varian 

E360A or XL200 instrument. IR spectra were run on a Perkin-Elmer 681 spectrophotometer. GLC 

analyses were performed employng a capillary column DAN1 3800 equipped with a C-RIA Shimadsu 

integrator; analytical HPLC was executed by using a Perkin-Elmer 3B chromatograph and LC-85B, 

detector and autocontrol. 

MateriaZe. Bis(trimethylsilyl)peroxide 1 was prepared on reaction of trimet;S;lsilyl chloride 

(Aldrich) with the complex DABC0.(H202)22G according to a reported procedure: b.p. 42O/30 mm,. 

NMR (CHCl3, Me4Si.j: 60.16 (8). Starting with 98% t-butyl hydroperoxide 3, t-butyl(trimethylsilyl)- 

peroxide 2 was obtained by following the method given by Bounce1 and Davies:22 b.p. 44O/35 mm 
(lit.22: b.p. 30°/25 mm); NMR (CHC13, MeqSi): 6 0.12(9H,s,SiCH3), 1.16(9H,s.CCH3). Commercial 

(Schuchardt) t-butyl hydroperoxide 3 (b.p. 39O/20 mm) and di-t-butyl peroxide 4 (b.p. 5G-520/90 

mm) were purified by careful fractional distillationsin vacua. Thioxane (1-this-4-oxacyclo- 

heXam) 5 and thioxane oxide 7 were obtained as previously described.5 N,N-dimethyl-p-anisidi;; 

6 was prepared on reacting commercial (Aldrich) p-2Fi;;dine with He2S04: b.p. 124-126"/21 mm; 

an oxidation method described in the literature ’ was adopted to convert 6 into dimeth- 
yl(p-methoxyphenyljamine oxide: m.p. 131°(dec); NMR(CD30D, MeSi4): 6 3.53(6H,s.CH3-I$z), 3.77(3H,. 

s,OCH3), 6.7-8.3(4H,m,AA'XX' system, ArH); IR v,,(nujol) cm-l: 1;60 (A-0 strech). Other mate- 

rials and solvents were purified by following standard procedures. 

StoicheicPnetry. Reaction stoicheiometries were determined on reacting equimolar amounts (e.g., 

2.5 mm01 in 10 ml of CHC13) of the substrate (5 or 6)with the silylperoxide(1 or 2). The nearly 

quantitative yield of sulphoxide 7 was established by GLC analyses (0.25 PM SE-30. 30M x0.25 nM 

i.d. capillary column, temp program); the formation of N,N-dimethyl-p-anisidine N-oxide (in 

88-97X yield) was monitored by HPLC (10 PM C18, 25 CM x 4.6 mJl i.d. analytical column, MeCN/H20 

60:40 mobile phase, 1 ml/min flow rate). 

Kinetics; Oxidation rates were determined by following the disappearance of the peroxide 

(iodometric titrelwith time according to tecniques already described in detail.5 Rate constants 

listed on Table 2 are averages of values from at least three independent runs. 
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