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Table 111. Contributions to Steric Energy of 
Benzcycloalkenyl Cations 

24a 5 5.9 0.5 7.0 3.6 
24b 6 0.6 0.5 6.0 7.5 
24c 7 3.8 0.9 9.0 11.0 
24d 8 7.2 I .2 9.1 12.6 

a kcal/mol. 

(especially the CZ-c'3 bond) are slightly shorter than the cor- 
responding lengths in 22 because of contractions induced by 
the  additional resonance and positive charge in 24. Bond 
lengths and stretching constants were arbitrarily assigned to 
correspond to these assumptions.16 Torsional constants about 
such bonds were those for sp2-sp3 double bonds. The  effect 
of the  approximations is to render absolute values of the  
computed carbonium ion energies and of AAHfo meaningless, 
but, as noted previously, the  various errors should largely 
cancel when the hoinologous series 24a-d is examined. The  
computed values of IMf0 (Table 11) support the impression 
from model building that cations 24 (and 21) should form with 
difficulty in the  medium ring systems. The  molecular me- 
chanics calculations show further tha t  the largest single con- 
tributor t o  the increased AAHfo in the  seven- and eight- 
membered ring systems is, as expected, van der Waals' (non- 
bonded) repulsions (Table 111). 

Exper imen ta l  Sec t ion  
General. NMR spectra were recorded on a Varian A60-A spec- 

trometer. Gas chromatographic analyses and preparative separations 
were carried out using a Varian 90-P chromatograph. Products were 
collected by preparative VPC for identification by NMR and mass 
spectroscopy. Most cycloalkanones were commercial samples, except 
for cyclodecanone, which was prepared from sebacoin (obtained from 
P. S. Wharton) by the method of Reusch and Le Mahieu," and cy- 
cloundecanone, which was prepared by the method of Garbisch and 
Wohllebe.ls Dibromo ketones were prepared by literature proce- 
d u r e ~ . ~ ~  

Mercury reductions were carried out by a standard p r~cedure .~ ,~  
Analysis of mixtures was by integration of peak areas;20 products were 
collected by preparative VPC and identified by NMR and mass 
spectroscopy. The a-acetoxycycloalkanones obtained in this work are 
practically all known compounds22 whose spectral properties agreed 
with literature values ,where available or expectation where not. 
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Oxidation of N,N-dimethylaniline (la) and methyldiphenylamine ( lb)  with peroxymonophosphoric acid in 
aqueous acetonitrile at 30 "C gives the corresponding N-oxides. The oxidation obeys the rate equation: L) = kz- 
[amine]t[peracid]t. The effect of the acidity of solution shows that neutral amine alone can react with peracid, the 
rate being determined by a nucleophilic attack of amine on peracid oxygen. The reactivity of H3P05 to amine is 
-100 times higher than that of HzP05-, and the reactivity of la  to peracid is -100 times higher than that of lb.  
These results are discussed on the basis of both a plot of rate constant vs. pH and acidity constants of H3POj and 
conjugate acids of amines. 

As a promising substitute oxidant for percarboxylic acid, 
peroxymonophosphoric acid was successfully applied to aro- 
matic hydroxylation2 and Baeyer-Villiger reaction3 and they 
were kinetically studied. It has been reported tha t  aniline is 

0022-3263/79/1944-0352$01.00/0 

oxidized by peroxymonophosphoric acid to  p-aminophenol 
and p-aminophenyldihydrogen phosphate, and 2-naphthyl- 
amine is oxidized to  2-amino-1-naphthol, etc., while N,N- 
dimethyl-2-naphthylamine is oxidized to  its N - ~ x i d e . ~  
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Figure 1. Plot of log k 2  vs. pH for the reaction of amines with H3P05 
in 50% aqueous acetonitrile at  30 "C. ( 0 )  The value of log k l  for the 
reaction of dimethylaniline ( la)  with H3P05. (0) The value of log K z  
for the reaction of methyldiphenylamine ( lb)  with H3P05. The solid 
line represents a theoretical plot (log kcalcd) calculated by eq 19 and 
the broken line represents a theoretical plot (log kcalcd)  calculated by 
eq 26. 

Various peroxides were used for the conversion of tertiary 
aromatic amines to their N-oxides, e.g., hydrogen peroxide 
for N , N - d i m e t h ~ l a n i l i n e ~  and perhydrol for methyldiphen- 
ylamine.6 But the kinetics and mechanism of oxidation of the 
tertiary amine were reported only on the Caro's acid oxida- 
tion7 and on the selenium dioxide catalyzed hydrogen per- 
oxide oxidation.* 

The present paper describes principally the kinetics and 
mechanism of the oxidation of tertiary aromatic amines with 
peroxymonophosphoric acid in aqueous acetonitrile to  give 
N -oxides. 

Results 
Oxidation of tertiary aromatic amines, N,N-dimethylani- 

line ( la) and methyldiphenylamine ( lb ) ,  with peroxymono- 
phosphoric acid in aqueous acetonitrile a t  30 "C afforded the 
corresponding N-oxides (2a, 82.3%; 2b, 63.5%) but triphen- 
ylamine ( I C )  was not oxidized under these conditions (eq 1). 

R' R' 

I 

R? 
l a ,  R '  = R2 = Me 
b, R 1  = Me; R2 = Ph 
e ,  R 1  = R2 = Ph 

2a, R 1  = R2 = Me 
b, R '  = Me; RZ = Ph 

The products were determined by NMR, IR, UV, and high- 
pressure liquid-phase chromatography (LC). The rate was 
followed iodometrically by the consumption of peracid and 
it was consistent with the rate estimated by following amines 
by LC. 

The rate data show that the second-order kinetics (eq 2) are 
satisfied, where the subscript t denotes total concentration. 

L' = h2[amineIt[peracid], (2) 

Tables I and I1 list the effect of initial concentration on the 
rate with la and with lb ,  respectively. 

Effect of Acidity. To examine the effect of the protonation 
of amines and of the dissociation of peracid on the rate, the 
rate was measured in a region of pH 1.25-7.90 for the reaction 
of la and a region of pH 0.20-4.70 for l b  (Tables I11 and IV). 
Figure 1 shows a plot of log hp vs. p H  and the following rate 
equations (eq 3 and 4) are derived from the figure for l a :  

[la] [peracid] a t  p H  3-5 (3) 

u = kp[la][peracid] a t  pH 6-8 (4) 

h 2 /  

[H + I  
u = -  

J .  Org. Chem., Vol. 44, No. 3, 1979 353 

Table I. Second-Order Rate Constant kz at Various Initial 
Concentrations for the H3P05 Oxidation of la in 50% 

Aqueous Acetonitrile a t  30 "C and pH 4.46 

initial concn of la initial concn of H3P05 kp  (M-l s-l) 
X 102 M x 1 0 3 ~  x 102 

1.08 
2.16 
2.16 
4.31 
4.31 

1.25 
1.25 
2.49 
2.49 
3.74 

6.42 
6.65 
6.18 
6.94 
6.72 

Table 11. Second-Order Rate  Constant kz at Various 
Initial Concentrations for the H3P05 Oxidation of l b  in 

50% Aqueous Acetonitrile a t  30 "C and pH 1.90 

initial concn of l b  initial concn of H3P05 k z  (M-I s-l) 
X 102M x 103 M x 102 

0.748 
1.49 
2.99 
2.24 
2.24 

1.26 
1.26 
1.89 
2.53 
3.78 

3.59 
3.42 
3.20 
3.19 
3.34 

The plot of log k z  vs. pH a t  pH 3-5 (Figure 1) shows a good 
linearity with a slope of +1, whereas the plot of log hp vs. p H  
a t  pH 1-4 for l b  gave a curve with a slope of -0.6 to -0.8 (eq 
5 ) .  

u = hp'[H+]0.6-o.S[lb] [peracid] ( 5 )  

This fact suggests that  both H3P05  and H2P05- take part  
in this oxidation on account of pK1(=  -log K1) = 1.37, which 
will be discussed below. 

Phosphoric acid, present originally or added to  the H3P05, 
did not affect the rate and product, because the acidity of 
solution was controlled with the buffer. 

Discussion 
In view of the p H  profile of hp (Figure l),  the effects of the 

protonation of amine and dissociation of peracid on the rate 
should be considered (eq 6-81, where B is an amine. 

KH 
B H + + B  + H+ (6) 

H3POj HpP05- + H +  ( 7 )  
K i  

The quantity of KH indicates the dissociation constant of 
conjugate acid of amine and the quantities of K1 and Kp in- 
dicate first and second dissociation constants of peracid, re- 
spectively. 

The value of ~ K H  (= -log KH)  in 50% aqueous acetonitrile 
a t  30 "C was found to be 4.60 f 0.2 for la,9 0.50 f 0.2 for lb,9 
and 0.0 for lc.l0 This suggests tha t  the amine la exists as its 
conjugate acid (BH+) a t  p H  below 3 and the ratio of [B]/[BH+] 
increases with increasing pH, and practically all of amine la 
exists as a neutral base (B) a t  pH over 6, while most of l b  ex- 
ists as free base a t  pH over 1. Since the oxidation involves an 
electron transfer from amine nitrogen to peracid, only neutral 
amine can react with peracid. 

pK1(=  -log K1) of peroxymonophosphoric acid was found 
to be 1-37 f 0.2 and pK2 (= -log K2) was found to be 7.60 & 
0.2.9 Therefore, peracid exists in a neutral form (H3P05) a t  
pH below 1 and the ratio of [HzP05-]/[H3POj] increases with 
increasing pH and virtually all of peracid exists in a form of 
H2P05- a t  p H  3-7. By a further increase of pH over 8 the 
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Table 111. Second-Order Rate Constant k2 for the &PO5 
Oxidation of la  at Various pH in 50% Aqueous 

Acetonitrile at 30 "C 

PH k:!  (M-' 9-l)  X lo2 log k2 

1.25 
2.10 
2.77 
3.15 
3.33 
3.54 
3.65 
3.82 
4.10 
4.39 
4.46 
4.70 
4.85 
4.99 
5.14 
5.57 
5.99 
7.01 
7.90 

0.310 
0.234 
0.324 
0.832 
0.912 
1.35 
1.74 
2.09 
5.37 
6.18 
6.61 

12.5 
15.8 
18.8 
18.1 
22.0 
19.3 
19.5 
10.6 

-2.51 
-2.63 
-2.49 
-2.08 
-2.04 
-1.87 
-1.76 
-1.68 
-1.27 
-1.21 
-1.18 
-0.902 
-0.800 
-0.726 
-0.742 
-0.658 
-0.700 
-0.711 
-0.975 

Table IV. Second-Order Rate Constant k2 for the H3P05 
Oxidation of lb at Various pH in 50% Aqueous 

Acetonitrile at 30 "C 

PH ks, (M-' s-') X lo2 log k2 

0.20 7.71 -1.13 
0.60 15.6 -0.807 
0.85 15.8 -0.802 
1.02 12.5 -0.903 
1.30 8.71 - 1.06 
1.52 5.92 -1.23 
1.73 4.87 -1.31 
1.90 3.31 -1.48 
2.01 2.88 -1.54 
2.11 2.36 -1.63 
9 I.- '39 1.29 -1.89 
2.75 0.631 -2.20 
2.94 0.331 -2.48 
3.25 0.282 -2.55 
3.72 0.196 -2.71 
4.46 0.146 -2.84 
4.70 0.186 -2.73 

second dissociation affording HP05'- becomes appreciable. 
Taking into account that  peracid is a cationoid reagent 
(-0-06+-H), the reactivity of peracid should decrease in the 
order: H3P05 > HzP05- > HPOj2-. 

Kinetics. As stated above, this oxidation is a nucleophilic 
reaction of neutral amine with peracid, where the rate-de- 
termining step may be the electron transfer from amine ni- 
trogen to  peracid resulting in the addition of OH+ to amine 
nitrogen. 

KH 
H H + + B + H +  (6) 

H3PO5 HzP05- + H+ ( 7 )  

HzPOj- & HP0.5'- + H+ (8) 

KI  

K2 

K3 
HPOj2- +PO& + H +  (9) 

(10) 

B + H2PO:j- B-OH+ + HP04'- (11) 

B + H3PCl5 hn_ B-OH+ + H2P04-  
slow 

k4 

slow, 

B-OH+ --+ B - 0  + H+ 

The total concentration of amine, [B],, is expressed as: 

[BIt = [BI + [BH+l 

(12) 
fast 

(13) 

From eq 6 and 13 

where 

(14) 

(15) 

Also the total concentration of peracid, [H3P0&, is expressed 
as 

[H3POdt = [HBPO~I  + IH2P05-1 
+ [HP05'-] + [P053-] (16) 

In this oxidation, P0s3- (K3 = 2 X in H2O a t  30 O C ) l l  

is negligible because pH is 0.2-8 under these experimental 
conditions. 

Dimethylaniline ( la) .  In view of the value of pK1 (1.37) 
and pK2 (7.60) of peracid, the most part of peracid exists as 
first dissociated peracid (H2P05-) a t  pH 3-7, Le., [H3P05It 
= [H~POS-] .  On the other hand, in view of the ~ K H  value of 
4.60 for la, virtually all of l a  is protonated a t  pH below 3, the 
concentration of neutral amine increases with increasing pH, 
and virtually all of the amine exists as a neutral form a t  pH 
over 5 .  Therefore, the concentration of neutral amine is rep- 
resented by 

Hence 

While 

u = h4[B]t[H3P05It a t  pH 6-8 (18) 

From the plateau in the pH profile in Figure 1, log h4 = 
-0.711 or h4 = 0.195 M-ls-l. 

The plot of log k&d vs. pH (3 < pH < 5 )  gave an excellent 
agreement with the observed curve as shown in Figure 1. 

Methyldiphenylamine (lb).  The rate constant (k2) for l b  
decreases with increasing pH (Figure 1). The plot suggests 
that  the difference of oxidation activities between H3P05 and 
H2PO5- is fairly large and also that  the distribution of these 
active species in solution is affected by pH especially a t  pH 
1-3, because pK1 is 1.37, whereas lb exists mostly as a neutral 
form a t  pH > 1; Le., [B] =[Bit. 

B + kS_ B-OH+ + H ~ P O ~ -  (10) 

B + HzP05- 5 B-OH+ + HP04'- 

slow 

(11) 
slow 

Therefore, the rate a t  pH 1-3 is expressed as: 

u = [B]t(k3[H3P05] + k4[H$Oj-]) (20) 

Equations 7 and 16 lead to  

a t  pH 1-3 (21) 
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At  pH >4, practically all peracid exists as HzPOs-, hence 
eq 11 alone operates for this oxidation. 

L' = k4[B][HzP05-] (22) 

u = k4[BIt[H3P0& a t  pH >4 (23) 

M-' s-l. 
While a t  pH 0.5-1 most parts of amine l b  and peracid exist 
as their neutral form, so that  the rate is represented by 

c = k3[B] [H3P05] (24) 

i,e., 

From Figure 1, k4 is calculated to be 1.74 X 

i.e., 

u = h3[BIt[H3P05]t a t  pH 0.5-1 (25) 
From Figure 1, h3  is calculated to  be 1.58 X 10-1 M-l s-l. 

The decrease of h2 with decreasing pH a t  pH 0.2 may be due 
to a decrease of the concentration of neutral amine because 
~ K H  is 0.50. 

The above results give elementary rate constants k3  and kq 

for reactions 10 and 11, respectively: 

at  pH 1-2, from k:, >> hqK1/[Hf] 

(27) 

The second term, ~ Q J ( ~ / [ H + ] ,  contributes also to kc&d a t  
pH over 2.5. Therefore, the theoretical plot of log hcalcd vs. pH 
is a curve a t  pH 2.5-3.5 (Figure 1). This plot gave an excellent 
agreement with the observed value (k2)  as shown in Figure 
1. 

Reactivity of Amine a n d  Peracid.  The rate constants for 
the reaction of methyldiphenylamine (1 b )  with H3P05 and 
HzPOs- are 1.58 X 10-1 M-l s-l (k3(lb)) and 1.74 X M-' 
s--l 2k4( lb ) ) ,  respectively. Hence, the reactivity of H3P05  is 
about 100 times higher than that of HzP05-. This may be due 
to the decrease of the positive charge on peracid oxygen 
(-O-O*+-H) or to the repulsion between peracid anion and 
nonbonding electron on the nitrogen of amine. 

On the other hand, by comparison of the rate constant of 
the reaction of HzP05- with la and l b  (k4(la)  = 1.95 X 10-l 
h4-I s-l, k4(lb) = 1.74 X h4-l s-l), the reactivity of la to 
peracid is about 100 times higher than that  of lb .  This may 
be due to  the fact that  the electron density on nitrogen of la 
is raised by the electron releasing two methyl groups but the 
electron density of l b  is lowered by electron attracting two 
phenyl groups and also by the delocalization of the electron 
to  the phenyl group. Therefore, the marked stability of tri- 
phenylamine ( I C )  for peracid oxidation is attributable to  an 
electron-attracting effect of three phenyl groups and to steric 
hindrance. 

Exper imenta l  Section 
IR and UV spectra were recorded on a Perkin-Elmer 337 spectro- 

photometer and a Hitachi 124 spectrophotometer, respectively. NMR 
spectra were recorded on a Hitachi R-24B NMR spectrometer using 
Me4Si or Me3Si(CH&303Na as an internal standard. LC analysis 
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was performed with a Yanagimoto L-1030 liquid chromatograph using 
Yanapak DMS column (2 X 250 mm). The pH measurement was 
carried out with a Hitachi-Horiba M-7 pH meter. 

Materials. Acetonitrile was distilled over P2Oj (bp, 81-82 "C). 
Peroxymonophosphoric acid (2-2.5 M) was prepared by the method 
described in our previous paper.3 Dimethylaniline (la) was distilled 
under N2 atmosphere before use: bp 89-91 "C (25 mm); UV log tzjlnm 

(MeOH) 4.12, log € 2 9 ~ ~ ~  (MeOH) 3.26; NMR (CC14) 6 2.80 (s, 6 H, Me), 
6.85 (m, 5 H, Ph). Methyldiphenylamine ( lb)  was prepared by the 
reaction of diphenylamine (16.9 g) with dimethyl sulfate (18.9 g):12J3 
bp 121-122 "C (1.5 mm); yield 9.39 g (51.3%); UV log t244,,,,, (MeOH) 
3.97, log t2glnm (MeOH) 3.90; NMR (CC4) 6 3.20 (s, 3 H, Me), 7.0 (m, 
10 H, Ph). Triphenylamine (IC) was obtained by the reaction of di- 
phenylamine (21.6 g) with iodobenzene (25.0 g):I4 mp 127-128 "C; 
yield 17.0 g (56.6%); UV log t290nm (MeOH) 4.32; NMR (CC14) 6 7.0 
(m, Ph). Dimethylaniline N-oxide (2a) was obtained from the reaction 
of la (8.82 g) with 30% aqueous H202 (12.1 g):5 mp 150.5-151.5 "C 
(recrystallized from petroleum ether); yield 6.49 g (65.0%); UV log 
t254nm (MeOH) 2.4, log ~ 2 8 8 ~ ~  (MeOH) 0.9; NMR (D20) 6 3.60 (s, 6 H, 
Me), 7.40 (m, 5 H, Ph); IR 950 cm-' (N-0). Methyldiphenylamine 
N-oxide (2b) was synthesized as follows: l b  (0.20 g) was added to an 
acetone solution (4 mL) of 25% peracetic acid at room temperature 
in 1 day, the peracid remaining in the solution was decomposed by 
aq NazS203 and condensed to ca. 1 mL in vacuo. The condensate was 
chromatographed on Florisil(lo0-Zo0 mesh) with benzene-methanol. 
The first eluent was l b  unreacted, and the second eluent was N-oxide 
(2b): yield 0.128 g (59.0%); UV A,,, (MeOH) 284 nm, t = 370; mp 
125-126 "C (recrystallized from benzene); NMR (CDC13) 6 3.95 (s. 
3 H, Me), 7.5 (m, 10 H, Ph); IR 1015 cm-' (N-0). 

pH in the solution was controlled by the use of the following buffer 
solutions: HCl(0 < pH < l), 0.2 N HC1+ 0.2 N KC1 (1 < pH < 21, 1 
N HC1 t 1 N AcONa (2  < pH < 4.5), and l / l ~ N  KHzP04 + '/lsN 
Na2HP04 (4.5 < pH < 8). 

Rates and Products. To a 50% aqueous buffered MeCN solution 
of la or l b  was added a MeCN solution of HBPOR! the total volume 
being 50 mL. Aliquots (5  mL) were taken out at appropriate time in- 
tervals, and the remaining peroxymonophosphoric acid was titrated 
iodometrically. The second-order rate constant. k z ,  was calculated 
according to eq 2, and the reproducibility was within &5% for most 
runs. The concentration of remaining amine was measured by LC 
using a Yanapak DMS column, 80% aqueous MeOH as a developer, 
and phenol as an internal standard. 

Products were identified and determined by IR, UV, NMR spectra, 
and LC analysis in comparison with authentic samples. 

Registry No.-la, 121-69-7; lb, 552-82-9; IC, 603-34-9; 2a, 874- 
52-2; 2b, 68258-04-8; peroxymonophosphoric acid, 13598-52-2. 

References  a n d  Notes 
(1) Contribution No. 252. 
(2) Y. Ogata, I. Urasaki, K. Nagura, and N .  Satomi, Tetrahedron, 30, 3021 

(3) Y. Ogata, K. Tomizawa, and T. Ikeda, J. Org. Chem., 43, 2417 (1978). 
(4) E. Boyland and D. Manson, J. Chem. Soc., 4689 (1957). 
(5) J. P. Ferris, R. D. Gerwe, and G. R. Gapski, J. Org. Chem., 33, 3493 

(6) V. N. Belov and K. K. Savich, J. Gen. Chem. USSR, (Engl. Trans/.), 17, 257 

(7) Y. Ogata and I .  Tabushi, Bull. Chem. SOC. Jpn., 31, 969 (1958). 
(8) Y. Ogata and I .  Tabushi, Bull. Chem. SOC. Jpn., 32, 215 (1959). 
(9) The pK value of H3P05 and pKn of amine were measured by the method 

of S. Nakamura (Yuki Gosei Kagaku Kyokai Shi, 23, 923 (1966)). The value 
of pKH for triphenylamine (IC) was cited from ref 10. 

(10) N. F. Hall and M. R .  Sprinkle, J. Am. Chem. Soc., 54, 3469 (1932). 
(1 1) This value was cited from C. J. Battaglia and J. 0. Edwards, lnorg. Chem., 

(12) C. S. Gibson and D. C. Vining, J. Chem. SOC., 123, 831 (1923). 
(13) J. Forrest, D. A .  Liddel, and S. H. Tucker, J. Chem. SOC., 454 (1946). 
(14) F. D. Hager, "Organic Syntheses", Collect. Vol. I ,  Wiley, New York, 1956, 

(1974). 

(1968). 

(1947); Chem. Abstr., 5309 (1948). 

4, 552 (1965). 

p 544. 


