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The oxidation of  tertiary amines Et,N and p-MeOC,H,NMe, (DMPA) by (L)CrO(O,), (1") and by  
(OPN,Me,)MoO(O,), (1') in CHCI, has been investigated. Although the amines are converted into 
the corresponding N-oxides in good (70-95%) yields in  2 : l  stoicheiometry with respect to  the 
peroxide, the oxidation of D M P A  by  (I")  also produces p-MeOC,H,NHMe. The rate law observed 
and the inhibitory effect of  added OPN,Me, (hexamethylphosphoric triamide) suggest a mechanism 
involving preliminary co-ordination of the amine t o  the metal; this is also supported by ,'P n.m.r. 
experiments. Comparison of  the oxidation rates of  the amines with those of  organic sulphides, e.s.r. 
experiments, and the observed appreciable competitive dealkylation of DMPA, all point to a mechanism 
having some single-electron-transfer (SET) character. 

In metal peroxide chemistry, few systems are as interesting and 
significant as those involving co-ordination of dioxygen to 
transition-metal ions. ' 7 '  Transition-metal peroxocomplexes of 
Groups Ivb, vb, and vIb are well known for their ability to 
afford selective oxidations of a variety of organic  substrate^.'-^ 
Indeed, high-valent d transition-metal peroxocomplexes (1)  
('side-on') are believed to be involved as intermediates in many 
important processes of organic synthesis as well as in biological 
 oxidation^.'-^ Although in recent years several careful 
investigations have tried to establish the oxidation mechanism 
by these species, some aspects of the peroxide oxygen-transfer 
step remain the object of debate.'--3*6.7 

L HMPT L 

( L  = Me6NjP0, 

Ph3PO) 

In fact, akin to the mechanism well established for acyclic 
peroxides,' as well as for dioxiranes (2) (the three-membered 
ring carbon analogues of 'side-on' metal  peroxide^),^ the most 
straightforward mechanism of oxidation by (1) would involve 
an SN2-type displacement by the nucleophilic substrate at the 
peroxide 0-0 bond [Scheme 1, equation (l)].'72*73' Nucleo- 
philic attack at the oxygen of the 0-N bond has also been 
invoked for oxygen transfer to organic substrates from 
sulphonyloxaziridines.' As an alternative to this view, 
Mimoun was the first to propose a peroxymetallation 
mechanism that would involve first the co-ordination of 
substrate to the metal, then its insertion into the metal-oxygen 
bond to form a pseudocyclic intermediate (lc) [Scheme 1, 
equation (2)]., 

In a previous paper, we reported on the oxidation of 
organic sulphides by the chromium(v1) and by molybdenum(v1) 
diperoxides (1") and (1'), presenting stringent kinetic and 
spectroscopic evidence that militates against the Mimoun's 
mechanism.' On the road to explore the reactivity of chromium 
peroxides, we then turned our attention to the oxidation of 
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tertiary amines by (l"), and, in comparison, by its 
molybdenum(v1) analogue (1'). The subject is of general interest 
since amine oxidation is a ubiquitous process which can be 
effected by a variety of chemical oxidants,' '*'' including 
peroxides,' as well as electr~chemically,'~ photochemically,' 
and enzymatically.' To establish the mechanism of amine 
oxidation by metal peroxides was also challenging, since it 
represents one case where the Mimoun mechanism cannot hold. 
This, in fact, would involve formation of a pseudocycle (lc) 
encompassing a pentacovalent nitrogen (Nu = R'R2R3N in 
Scheme 1). We believe the kinetic, spectroscopic, and 
stoicheiometry data presented herein for the oxidation of 
tertiary amines are helpful in shedding further light into 
significant details of peroxidic oxygen transfer from metal 
peroxides to organic substrates. 

Results and Discussion 
Triethylamine and N,N-dimethyl-p-anisidine (DMPA) were 
chosen as model tertiary amine substrates to probe the 
reactivity of metal peroxocomplexes (1') and (1"); the structure 
of these 'side-on' metal peroxides in solution has been the 
subject of several spectroscopic investigations,'S3,' including 
"0 n.m.r. spectroscopy.'8 

Stoicheiometry experiments that were run in CHCI, or 
CH,CI, at 0-5 "C (to minimize peroxide decomposition) ' 
demonstrated that (1') and (1") can convert the tertiary 
amines into the corresponding N-oxide in good (70-9579 
yields according to the 1 : 2 stoicheiometry shown in equation (3). 



418 J. CHEM. SOC. PERKIN TRANS. II 1989 

Table 1. Representative rate constants for the oxidation of two tertiary amines by (HMPT)CrO(O,), in chloroform. 

[peroxide],/ [aminel,/ CHMPTI,"/ 
lo-, mol dm-3 mol dm-3 mol dm-3 k'b110-3 s-1 Substrate T/OC 

None + 25 0.350 0.06' 

Et3N + 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 
+ 25 

DMPA -5 
-5 
-5 
-5 
-5 
-5 
-5 

+ 10 
+ 10 
+ 10 
+ 10 

+ 25 

0.175 
0.175 
0.175 
0.175 

(0.180) 
0.175 
0.175 
0.175 
0.520 
0.105 
0.175 
0.175 
0.175 
0.175 
0.175 
0.175 
0.175 

1.90 
1.90 
3.80 
1.90 
1.90 
1.80 
1.80 
1.60 
1.60 
1.60 
1.60 

0.32 
0.48 
0.75 
2.20 
2.20 

11.0 
11.0 
91.1 
91.1 
91.1 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 

27.5 
80 
80 

100 
150 
48 
48 
19.5 
27.0 
88.0 

120 

42 
50 
65 

116 
223 
468 

50.5 

1.12 d,e 

1.60' 
2.20 ' 
4.30 

(5.20) 
8.30 

( 12.5) 
13.7 
13.9 
13.5 
5.40 
5.00 
4.75 
4.50 
4.20 
3.35 
1.98 

1.42 
1.95 
2.05 
2.10 
2.15 
1.80 
0.60 
3.92 
4.10 
5.00 
5.10 

(11.0 k 0.6)' 

a Initial concentration of added free ligand. As estimated from pseudo-first order integrated plots, unless noted otherwise. From first-order 
integrated plots.' ' Estimated as k ,  = (R,/[peroxide],), with R, = initial rate as obtained from [peroxidel--time plots. ' Assuming first order in the 
amine, this value allows one to estimate k ,  = (kl/[Et3N],) r 3.5 dm3 mol-' s-'. The peroxide complex (Ph,PO)CrO(O,), was used as the oxidant 
instead than (HMPT)CrO(O,),. In the presence of 6 x mol dm-, DABCO (cJ ref. 1). Run carried out under dry N,. ' Estimated from data 
at - 5 and + 10 "C of k,,,,, yielding E, r 8.7 kcal mol-'. 

10' [aminelo/rnol 

Figure 1. Variation of the pseudo-first-order rate constant of 
oxidation of Et,N (curve A, left ordinate scale, T 250°C) and of 
DMPA (curve B, right ordinate scale, T 10.O°C) by (HMPT)- 
CrO(O,), in CHCI, with increasing initial substate concentration. 

(L)MO(O,), + 2 R'R2R3N - 
MO, + 2R1R2R3N+-0-  + L ( 3 )  

In the case of the chromium peroxocomplexes (1"), we find 
the reaction stoicheiometry ( 3 )  can be verified if the reaction is 
run with a six- to ten-fold excess of the amine over the peroxide 

and analysing the reaction mixtures at 6 5 4 0 %  conversion of 
peroxide. And this to avoid overlap with the incursion of side- 
reactions such as deoxygenation of the N-oxide at the expense of 
the meta1.I9 Under these conditions, part of the N-oxide is 
formed as a (R'R2R3NO)M03 complex, and the overall N- 
oxide produced is better determined by using h.p.1.c. 

The yields in N-oxide were considerably higher (85-95%) for 
the conversion of Et,N into Et,N+-O- than for the oxidation 
of DMPA; in the case of the aromatic amine, in fact, the N-oxide 
produced (yield 7040%) was almost invariably accompanied 
by some N-methyl-p-anisidine by-product, in 18-5% yield. 
Thus, competitive with N-oxidation, oxidative dealkylation of 
the aromatic tertiary amine also takes place. No effort was made 
to optimize the yield of the dealkylation product. 

Kinetics.-In the majority of cases reaction rates were 
determined under pseudo-first-order conditions, with the amine 
being in large excess over the metal peroxide. In the reaction of 
blue chromium(v1) oxide diperoxide (1") with Et,N, the 
disappearance of the peroxide was followed at 580 nm, 
according to a spectrophotometric technique already de- 
scribed.' In the reaction of (1") with DMPA, formation of 
DMPA N-oxide (which is scarcely soluble in CHCI,) prevented 
the spectrophotometric determination of the rate constants, so 
that the change of peroxide concentration with time was 
followed titrimetrically (iodometry).' Due to interference by the 
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Table 2. Representative rate constants for the oxidation of two tertiary amines by (HMPT)MoO(O,), in chloroform at 25.0 “C. 

[peroxide],/ [aminel,/ CHM PTI o“/ k2Cl 
Substrate rnol dm-3 10 -3 mol dm-3 rnol dm-3 k I b/ 10-3 s- 1 lo-’ dm3 mol-’ s-l 

None 1.50 < 0.005 

Et3N 1.10 
1.10 
1.10 
1.10 
3.50 
1.10 
1.10 
1.10 
1.10 
1.10 

3.05 
DMPA 4.05 

4.05 
4.05 

15.0 
30.0 

114 
210 
210 
76 
76 
76 
76 
76 

53 
53 

210 
300 

180 
365 
545 
725 

1.38 
3 .oo 
9.10 

10.8 
10.6 
6.40 
3.05 
1.95 
1.40 
1.02 

0.5 1 
0.53 
3.00 
3.20 

9.2 
10 
(8.0)d 
(5.1)d 
(5.0)d 
(8.4)d 

a.b See footnotes on Table 1. Estimated as k ,  = (k,/[Et,N],). log k ,  versus log [Et,N], plots indicate a pronounced negative deviation from first 
order in the amine after [Et3N], z 110 x rnol dm-3. 
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Figure 2. Variation of the pseudo-first-order rate of oxidation of Et3N 
(curve A, left ordinate scale) and of DMPA (curve B, right ordinate 
scale) by (HMPT)MoO(O,), in CHCI, at 25 “C with increasing initial 
substrate concentration. 

N-oxide produced, pseudo-first-order integrated plots were 
observed to be linear over the first 3MO% reaction only. 
Owing to the higher initial concentrations of reactants de- 
manded by the titrimetric technique, DMPA oxidation by (1”) is 
a trifle too fast to be followed conveniently at 25 O C ,  so 
that kinetic runs were performed at - 5 and + 10 “C. The 
reaction of the molybdenum diperoxide (1’) with both amine 
substrates were also monitored titrimetrically.’ Some rate data 
are collected in Tables 1 and 2, while a larger set of kinetic 
constants is reported in Figure 1 and 2; the Figures also serve to 
illustrate the particular trend of variation in rate constants with 
increasing initial concentration of the substrate. 

Inspection of the rate data reveals that, in all of the cases 
examined, the order in peroxide is close to unity; the k ,  values in 
fact are practically independent of initial peroxide concentration. 
The kinetic order in amine, instead, appears to be less than 
unity, approaching zero at high substrate concentrations 
(Figures 1 and 2). For instance, in the case of oxidation of Et,N 
by (l”), a plot of log k against log [amine], gives an initial slope 
of ca. 0.8 that decreases steadily as the initial concentration of 
the substrate is increased, and becomes practically zero for 
Et,N concentrations higher than ca. 5 x lop2 rnol drn-,. The 
same trend is observed in the oxidation of Et,N by the 
molybdenum peroxocomplex (l’), although in this case 

deviations from first order in the substrate become pronounced 
at higher amine concentrations, i.e. 0.2-0.4 rnol dm-,. The 
kinetic order in DMPA appears to be fractional and less than 
unity in the reaction with both metal peroxocomplexes (1”) and 
(1’) over the range of concentrations explored (Figure 1 and 2). 

On the basis of a steady-state treatment of rates already 
discussed for the oxidation of sulphides by metal peroxides,’ the 
kinetic behaviour observed in the present case (i.e., kinetic order 
in the substrate changing from about one to zero, yielding a 
limiting k,,,. value at sufficiently high substrate concentrations), 
might be accommodated by a scheme involving co-ordination 
of the amine to the metal prior to peroxide oxygen transfer. Then, 
the rate law (4) should hold where HMPT is hexamethyl- 
phosphoric triamide. 

R = -  - d [peroxide], (k,,/2) [amine], [peroxide] 
(4) - 

dt ( l/Ke) [HMPT], + [amine], 

In equation (4), K,  relates to the equilibrium constant for 
ligand displacement by the amine and (k,,/2) is the limiting rate 
attained at sufficiently high substrate concentration, so that 
[amine], % (l/K,)[HMPT],. 

The rate law (4) predicts inhibition of rates by excess of 
HMPT, which was indeed observed (Tables 1 and 2). The 
observed pseudo-first-order rate constant values kqbs. should 
be related to the concentration of excess of ligand HMPT as in 
equation (5).l 

For the oxidation of Et,N by (1”) at 25OC, at constant 
[Et,N], 4.4 x lo-, rnol dm-,, but varying the excess of HMPT 
from 0.04 toD.47 mol dm-, (Table l), a linear plot of ( l /k l )  us. 
[HMPT], could be obtained; this allows one to calculate, from 
the values of intercept and slope, (k, , /2) (6 & 2) x lo-, s-’ and 
K,  (1.4 k 0.4) x lo-,. For the oxidation of Et,N by the 
molybdenum peroxocomplex (1’) at 25 O C ,  a similar treatment 
of the kinetic data collected at constant amine initial 
concentration with varying excess HMPT (Table 2) yields 
(k, , /2) r (1.1 If: 0.2) x 1C2 s-’ and K,  r 1.05 

In order to compare the reactivity of the metal peroxides at 
hand with that of non-metal peroxides in the same solvent, we 
have also measured the oxidation rates of Et,N by bis- 

0.2. 



420 J. CHEM. SOC. PERKIN TRANS. II 1989 

A 

Figure 3. E.s.r. spectrum of the transient radical species arising in the 
reaction of ca. 0.1 mol dm-3 DMPA with ca. 0.035 mol dm-3 
(HMPT)CrO(O,), in CHC1,-MeCN, after mixing under vacuum at 
263 K (microwave frequency 9.50 GHz); the dot marks the centre of the 
spectrum. 

(trimethylsily1)peroxide 2o and by m-chloroperbenzoic acid 
(MCPBA). These organic peroxides were chosen because they 
yield an uncomplicated rate law in CHC13,8,20 an overall 
second-order (first-order each in the peroxide and Et3N) rate 
law was found to hold, yielding k, 7.3 x lo4 dm3 mol-' s-' for 
the reaction of Et,N with Me,SiOOSiMe, at 25°C. The 
reaction of the amine with MCPBA was too fast to follow 
titrimetrically at 25 "C; thus, kinetic runs had to be performed at 
low temperatures by taking just a few points, which led to a 
rough estimate of rate constants as k ,  2.4 x 10, dm3 mol-' 
s-' at -23.5 "C and 3.2 x 10, dm3 mol-' s-' at -10.1 "C. 
Based on these values, the rate constant for Et,N oxidation by 
MCPBA in CHCI, at 25 "C should be roughly of the order of 
6 x 10, dm3 mol-'s-*. 

Spectroscopy Experiments.-By using a combination of 
spectroscopic techniques, useful hints were obtained concerning 
reaction mechanisms. We have already reported that equilibria 
such as (HMPT)CrO(O,), CrO(02)2 + HMPT can be 
conveniently monitored by P n.m.r. spectroscopy since 
distinct ,'P signals are found for both bound and free ligand 
HMPT, respectively, at 6 36.9 and 26.8 p.p.m.' At - 13 "C, with 
cu. 0.6 x lo-, rnol dm-3 (HMPT)CrO(O,), initial concentra- 
tion, these integrate roughly in the ratio 1S: l ;  addition of 
0.4 x mol dm-3 Et,N results in considerable enhancement 
of the signal for free HMPT, with an integration ratio close to 
ca. 0.3: 1 after 60-90 s. This strongly suggests co-ordination of 
the amine to the metal by displacement of HMPT.' Attempts to 
run similar n.m.r. experiments by using DMPA instead of Et,N 
gave poor results due to significant broadening of ,'P signals 
upon addition of the aromatic amine to solutions of (1") in 
chloroform. 

Electronic spectra also suggest preliminary co-ordination of 
the amine to the metal. As an example, the well defined 
maximum of (1") (L = HMPT) at 580 nm (0.2 x lo-, mol dm-, 
in CHCI,) can be observed to undergo a rapid blue-shift to ca. 
568 nm upon addition of DMPA in moderate excess (1 x lo-, 
mol dm-3), and this before any significant amine oxidation 
occurs. 

That organic radicals are generated in the reaction is 
supported by e.s.r. experiments. In fact, addition of DMPA to 
(l"), in degassed solvent at low temperatures, allows the 
spectrum in Figure 3 to be observed; * under the given conditions 
the e.s.r. signals (a 6.7 G) vanish 10-15 min after mixing. 

* In monitoring the reaction between DMPA and (HMPT)CrO(O,),, 
in addition to the signal at ( 8 )  2.0027 (Figure 3), another signal centred 
at ( g )  1.972 (with splitting a 20.5 G) could also be detected; this can 
be tentatively attributed to CrV (cfi, I 3 / 2  for 53Cr in 9.55% natural 
abundance)., * 

Although the observed e.s.r. spectrum is poorly resolved, it 
bears much resemblance to that of NNN'-trimethyl-N'-(4- 
methoxypheny1)- 1,4-phenylendiarnine radical cation arising 
from single-electron-transfer (SET) oxidation of DMPA with 
TI(OAC),.~~ The radical species might be envisaged to result 
from nucleophilic attack on DMPA" by p-MeOC,H,NHMe 
(the primary dealkylation p r o d u ~ t ) . ' ~ , ~ ' , ~ ~  

Reaction Mechanism-Table 3 collects a summary of rate 
data to focus on the relevant features of a tertiary amine 
oxidation by metal peroxides by comparison with oxidation of 
sulphides. 

In order to propose a reasonable mechanism, the following 
points need to be taken into account. 

(i) In oxidations by Me,SiOOSiMe, (an organic peroxide 
serving as a convenient reference) 2o  the reactivity order 
observed is that expected on the basis of straightforward 
nucleophilic attack by the substrate at the peroxide 0-0 bond,8 
i.e. DMPA + Et,N < sulphide; this is in line with the higher 
reactivity of sulphur with respect to nitrogen nucleophiles. We 
have also estimated that the ratio k,(Bu",S)/k,(Et,N) should 
be close to 2.5 for oxidation by MCPBA (a reactive, rather 
unselective, electrophilic oxidant).' 

(ii) For molybdenum(v1) oxide diperoxide (1'), sulphide 
oxidation is considerably faster than amine oxidation, e.g. 
k2(Bun2S)/k2(Et3N) E lo-,. 

(iii) In the case of oxidations by the chromium diperoxide 
complex (1'0, contrary to predictions based on substrate 
nucleophilicity, one finds Et,N > Bu",S. 

(iu) Based on k, values listed in Table 3, oxidation of Et,N by 
the chromium peroxide is more effective than by MoO(O,),, 
which is the exact opposite to Bu",S oxidation. 

(u )  At variance with observations for the oxidation of organic 
sulphides by (1") and (l'), in this case there is ample kinetic, as 
well as spectroscopic, evidence that tertiary amines yield rapid 
co-ordination at the metal centre of (1") and of (1') by 
displacement of HMPT ligand, although with different equili- 
brium constants (i.e., K,  r lo3 and z 1, respectively); the klmax, 
values should be related to the reactivity of the (amine)MO(O,), 
complexes which evolve into the observed oxidation products. 
Inspection of the data in Table 3 reveals that the limiting rate 
values for Et,N and DMPA oxidation by the chromium 
peroxocomplex are quite close. 

Our observations cannot be accommodated within a single 
reaction mechanism. It is obvious that more than one path 
should be available for metal peroxocomplexes and electron- 
donor substrates to evolve into the observed products. This is 
also suggested by the observation of oxidative dealkylation of 
DMPA in competition with N-oxidation in the reaction with 
(1") (see above). In this case, radical species deriving from 
DMPA" could also be revealed by e.s.r. spectroscopy. 

In recent years, a number of peroxide reactions once thought 
to occur via purely ionic paths have been shown to involve, at 
least in part, SET processes13,24*25 and new, clear-cut cases 
are being continuously presented.26 Factors governing SET 
versus polar pathways have been reviewed by and, 
largely due to the investigations by Kochi and his co- 
workers,2,26 the impact of SET mechanism in organometallic 
chemistry has been extensive. We have already pointed out that 
transition-metal peroxides are obvious candidates for SET 
processes with suitable electron-donor partners,6 and systems 
envisaging such a mechanistic approach have been reported.28 

A somewhat simplified outline of oxidative pathways avail- 
able for the reaction of simple electron-donor substrates with 
'side-on' transition-metal peroxocomplexes is presented in 
Scheme 2. Here, just one of the two peroxide moieties is drawn, 
for clarity; this, however, would involve the questionable 
assumption that, with effective electron-donors, there is no 
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Table 3. Rates of oxidation of some nucleophilic organic substrates by chromium(v1) and molybdenum(v1) oxide diperoxide as compared to a 
reference organic peroxide in chloroform at 25.0 '. 

(L)CrO(O,)," (L)MoO(O,)," Me3SiOOSiMe3 

Et3N k,/lO-, dm3 mol-' s-' 
13.9 

3 50 . -. 
Bu",S k,/10-, dm3 mol-ls-' 50 

3.2 
b 0.034 x lo-,' 

10.8 
10 7.3 x 

1150' 24.0 x 

" In all cases, L = HMPT in the metal peroxide complexes which are precursors of the reactive species. ' Second-order rate constants could not be 
estimated in this case owing to a kinetic order < 1 in the substrate (see text). ' Data from ref. 20. Rate constant value refers to substrate thioxane. 

The oxidation rate of Bu",S by MCPBA in CHC1, at 25.0 "C was roughly estimated as k, z 1 500 1 mol-' s-'. Data from ref. 1. 

0 0 - 
-,I I 

+ HMPT (6). 
-..I I ,o 
/M, I + :NU 4- 

0 HM 6~ 
(la) ( lb )  

0 0 n 

(lb) ( lc )  

Scheme 2. 

significant difference in reactivity of diperoxide species (1) with 
respect to that of their first-reduction product MO,(O),. '-3*6,7 

Neglecting apical co-ordination or formation of (Nu)(HMPT)- 
MO(O,), complexes, in equation (6) amine co-ordination to 
the metal is envisaged to occur in the equatorial plane 
containing the 0-0 bond in order to meet the stereoelectronic 
requirements for subsequent 0-0 oxygen t r a n ~ f e r . ~ ~ . ~ '  The 
latter is schematized in equation (7) and amounts to nucleo- 
philic attack at the 0-0 bond, as in the electrophilic oxidation 
of donor substrates by a variety of simple and complex 
peroxides; 1 * 2 * 7 9 8  reaction products are shown in parentheses 
since both the amine and the N-oxide formed might be involved 
in complexation equilibria with the reduced metal peroxide, i.e. 
MO,. Competitive s.e.t. pathways can be summarized as in 
equation (8). 

Here, a key feature is the formation of a distinct pair of 
oppositely charged radical ions (lc); in essence, the pattern is 
similar to a general one envisaging preliminary formation of an 
'encounter complex' between an acceptor A and a given donor 
D, i.e. D + A;----,D---At=tD+'-*- - ' A s p r o -  
d u ~ t s . ~ ~ , , ~  Based on gas-phase ionization potentials, the 
formation of a pair of radical ions should be more favoured for 
amines than for sulphides (cf: Z8.43, 7.50, and 7.12 eV for Et,S, 
Et2N, and PhNMe,, re~pectively).~' Then, in order to estimate 
the free-energy change associated with the net electron-transfer 
in the present case, one would need electron-affinities or 
solution-phase reduction potentials of the metal peroxide 
complexes; to our knowledge, these data are not available for 
(1") and (1'). However, a value of E+ - 0.09 V. has been reported 
by Kadish et al. for the reversible first reduction potential of 

(TmTP)Mo(O,), in CH,C1,.32 By coupling this value with E+ 
+0.42 V. for DMPA + DMPA" (in MeOH-water),'" and 
arbitrarily neglecting solvent change and the Coulombic 
attraction term in the Weller equation,33 one comes out with an 
estimate of AGO ca. 7.5 kcal mol-' for the reversible SET 
DMPA + MoO(O,), DMPA+' + MOO(O,)~-*. Thus, 
the process is only modestly endergonic; however, for both 
the molybdenum and the chromium peroxocomplex, the group 
transfer required to yield products from (lc) should make the 
process in equation (8) exergonic as a  hole.^^,,^ 

One might even speculate that some major reorganization of 
the pair (lc) should occur during its evolution into products. 
One possibility involves the rupture of the metal-oxygen bond, 
as in Scheme 3. 

It is interesting that with the aromatic amine DMPA, radical 
delocalization should provide extra stabilization and an in- 
creased lifetime of the radical-cation-radical-anion pair; then, 
some leakage from (lc or d) might be expected to occur, giving 
rise to radical pathways such as amine oxidative dealkylation.' 3c 

This was indeed observed in one case. 
It was pointed out that the detection of e.s.r.-active inter- 

mediates and the observation of radical pathway products 
cannot be taken per se as proof of an SET mechanism; 13' in 
fact, this may not reflect the transition state (t.s.) for the given 
reaction. On the other hand, the t.s. for direct nucleophilic 
attack at the 0-0 bond of the metal peroxide [(Z)', 
equation (7)] might itself assume significant SET char- 
acter,' 3c,266 and the possibility of having a polar-SET 
mechanistic spectrum is r e c o g n i ~ e d . ~ ~  In oxidations by metal 
peroxides borderline cases are expected because, with easily 
reducible transition-metal complexes and with more electron- 
donating substrates, the mechanism could shift from SN2-like 
[equation (7)]  to marked S.E.T. character [equation (S)]. Since 
the dichotomy here advanced might have a number of 
significant implications in the rationalization of the reactivity of 
'side-on' metal peroxocomplexes,* further work is warranted to 
test its general applicability. 

Experimental 
B.p.s and m.p.s are not corrected. The n.m.r. spectra were run 

* We have remarked that Mimoun's peroxometallacycle mechanism 
cannot apply to the oxidation of tertiary amines. In a possible 
generalization of the process outlined in Scheme 3, however, during 
oxidation of suitable alkenes or ketones with ( I )  the reorganized 
pair (lc) may also collapse to yield peroxometallacycles; 2 . 3  here, the 
case of formation of radical ions pairs should be a key factor (for the 
occurrence of SET processes in the reaction of alkenes with 
transition-metal oxides, see, e.g. ref. 35). The breaking of the peroxide 

(M' I )-' ( M < I i  bond on the other hand, might open the path to 

the formation of insertion products.' 

0 

'0 
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\+. -Ha\ +- H O  \** 
,N-cH*R-+ N-CHRL N-H+RCH=O+ H+ 

/ / 

Scheme 3. 

on a Varian XL-200 (‘H, 200 MHz; ,‘P, 80.96 MHz) 
instrument; e.s.r. experiments were performed on a Varian El09 
instrument. The u.v.-visible and i.r. spectra were taken on a 
Varian DMS (or Perkin-Elmer 555) spectrophotometer and 
on a Perkin-Elmer 68 1 instrument, respectively. The g.1.c. 
analyses were performed on a capillary-column Dani 3800 
chromatograph; analytical h.p.1.c. was carried out by using a 
Perkin-Elmer 3B instrument, with LC-85B detector and auto- 
control. 

Materials.-The synthesis and characterization of (HMPT)- 
C T O ( O ~ ) ~  (1”) and of (HMPT)Mo0(02), (1’) have been 
described: (Ph3PO)Cr0(02)2 was obtained as reported by 
Mimoun et al.’ The syntheses of bis(trimethylsilyl)peroxide, 
N,N-dimethyl-p-anisidine (DMPA), and of dimethyl-(p-meth- 
oxypheny1)amine oxide have been described.” Triethylamine 
oxide was obtained by following a literature procedure as a 
deliquescent, highly hygroscopic material: 36 v,,,.(Nujol) 1 270 
and 952 (N-0) ~ m - ’ ; ~ ~  it was characterized by its picrate 
adduct, m.p. 164 “C (lit.,,* 165 “C). Bis(triethy1amine oxido)- 
chromium trioxide was prepared by reaction of CrO, (5 mmol) 
with excess of Et,NO (25 mmol) in dry chloroform at 0-5 “C, 
with stirring (30 min); removal of the solvent in U ~ C U O  and 
washing of the brown-red residue with dry E t 2 0  afforded a 
microcrystalline solid, m.p. 101-103 “C; v,,,.(Nujol) 1 200 
and 945 cm-’ (N-0 Cr); G(CDCI,, Me&) 3.30 (2 H, br q, 
J 7 Hz) and 1.40 (3 H, br t, J 7 Hz). Commercial (Aldrich) 
N-meth yl-p-anisidine, m-chloroperbenzoic acid, and other 
materials and solvents were purified by following standard 
procedures. 

Stoicheiometry.-The stoicheiometry in equation (3) was 
determined by reacting (1”) or (1’) (0.2-0.4 mmol; iodometric 
titre) with excess (2.4-8.0 mmol) Et,N or DMPA in CHCl, or 
CH2C12 (15-30 cm3) at 0-5”C. After 60-90% reaction 
(iodometric titre), the residual amine was determined by g.1.c. 
(0.25 pm SE-30, 30 m x 0.25 mm id.  capillary column) by the 
internal standard method; the amount of N-oxide produced was 
estimated by using reverse-phase h.p.lc. (10 pm C-18, 25 
cm x 4.6 mm i.d. analytical column, MeCN-water 3:2 
mobile phase). The yields of triethylamine N-oxide were 
obtained from the concentrations of free Et3N0 and 
bonded (Et,NO),CrO,. In the case of DMPA oxidations, the 
amount of N-methyl-p-anisidine by-product was determined by 
g.1.c. 

Kinetics.-The spectrophotometric and titrimetric techniques 
adopted, as well as details concerning kinetic runs using metal 
peroxocomplexes (1’) and (l’’), have been described previously.’ 
Due to the general difficulties met with amine oxidation, the rate 

constants appearing in Tables 1 and 2 might be affected, in some 
instance, by an error as large as f30%. The rate constants for 
amine oxidation by MCPBA should be taken as very rough 
estimates since the titrimetric technique adopted is not best 
suited to follow these fast reactions. 
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