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The decomposition of dialkyl peroxydicarbonates in the presence of a two-molar excess of ceric ammonium ni- 
trate (CAN) in toluene led to tolyl alkyl carbonates in yields of 75-90% based on two carbonate moieties from 
each peroxide molecule. Unlike the previously reported catalytic effect of cupric chloride, where the chain-in- 
duced peroxide breakdown by cuprous limited the aryl ester yield to 1 mol/mol of peroxide, the CAN involvement 
was stoichiometric as both halves of the peroxide substituted onto the aromatic. No peroxide-cerous ion interac- 
tion seemed to occur; indeed the overall peroxide decomposition rate was actually retarded relative to that in the 
absence of metal salts and all the cerium was recovered as cerous nitrate. Based on isomer distributions and rela- 
tive rates the substituting entity possessed more selectivity than the free carbonate radicals. No polymer produc- 
tion was noted in reactions performed with acrylonitrile, suggesting low oxy radical concentrations. The impor- 
tance of the hexanitrato cerium(1V) complex as an oxidant in the overall aromatic substitution process was estab- 
lished by studying a variety of other ceric and cerous salts in this reaction. 

The decomposition of peroxydicarbonates and diacyl 
peroxides in the presence of toluene can be modified by the 
inclusion of suitable redox agents (e .g . ,  CuC12,2 FeC13,3 I z , ~  
02,5 and various other metal salts3s6) which oxidize oxy rad- 
ical-aromatic adducts to form aryl esters. With most of the 
metal salts a lower valence inorganic species is produced 
which then reduces the peroxide, leading to a chain reac- 
tion.2r3 The net stoichiometry is indicated in eq 1 for cupric 
chloride, which proved to be the most effective metal salt, 

cuc12 
(RCO2k + A r H  RC02Ar  + RCOzH (1) 

R = i - P r o  o r  C,H, 

forming nearly 1 mol of aryl ester/mol of peroxide.2 With 
molecular oxygen as a promoter the reaction went by a 
nonchain mechanism and aryl ester yields somewhat in ex- 
cess of 1 mol/mol of peroxide were realized.5 In the absence 
of added oxidant less than 1% nuclear oxygenation re- 
sulted, as the oxy radicals reacted by other pathways. 

Recently we found that use of sufficient quantities of 
ceric ammonium nitrate (CAN) with the same peroxides 
and toluene led to nearly doubled aromatic oxygenation 
yields, and we wish to report on the details of this reaction. 

Results and Discussion 
Reaction Products. The optimum general procedure in- 

volved adding a solution of known concentration of diiso- 
propyl peroxydicarbonate (IPP) in toluene to a 2.25 molar 
excess of CAN, and a 25- to 50-fold molar excess of toluene 
in acetonitrile a t  60°, and allowing the reaction to go for 24 
hr. Table I summarizes the organic reaction products. 

Apparently, both oxy fragments formed from peroxide 
homolysis were capable of reacting with the aromatic, as 
1.6 mol of oxygenation products (tolyl isopropyl carbon- 
ates) were formed from 1 mol of peroxide. This meant that 
80% of the potential alkoxycarboxy moieties (2 mol/mol of 
peroxide) added to the ring, while the remaining 20% de- 
composed to form carbon dioxide, acetone, and isopropyl 

Table I 
Organic Reaction Products from Diisopropyl 
Peroxydicarbonate-Toluene-Ceric Ammonium 

Nitrate Systema 

Product Yield,* % 

Tolyl isopropyl carbonates' 160 
Isopropyl alcohol 26 
Acetone 16 
Carbon dioxide 47 
Benzaldehyde 4 
Benzyl alcohol 2 
Nitrotoluenes 1 
aco,)d 103 
C(i -pr)e 101 

a To1uene:CAN:peroxide = 25:2.25:1, acetonitrile solvent, 60", 
24 hr (see general procedure). * Based on 1 mol of product/mol of 
peroxide. c Isomer distribution, 0rtho:meta:para = 56.2: 11.8:32.0. 

Material balance based on two COz groups/mol of peroxide. 
e Material balance based on two isopropyl groups/mol of peroxide. 

alcohol. The material balance based on starting peroxide 
was excellent in all cases. 

As the reaction proceeded, crystals of cerous nitrate 
gradually precipitated from the reaction mixture. This and 
all the other inorganic reaction products were isolated and 
quantitatively determined (Table 11) utilizing total acid, 
ammonium ion, nitrate ion, and cerium analyses. On the 
basis of these product studies (Tables I and 11), the fol- 
lowing stoichiometry was proposed for the reaction (eq 2). 

(i-PrOCO,), + 2(NH4),Ce(NO,), + 2C,HsCH3 - 
2i - PrOCO2CsH,CH3 + 2Ce (NOB)J + 

4NH,NO, + 2HN0, (2) 
Normally, cerous nitrate is soluble in acetonitrile, but 

apparently it is salted out by ammonium nitrate and nitric 
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Table I1 
Inorganic Products from Diisopropyl 

Peroxydicarbonate-Toluene-Ceric Ammonium 
Nitrate Systema 

7 Yield, molb  7 
Product Exptl Theor Yield, % 

"03" 2.10 2.00 105 
Ce(In)d 2.09 2.00 104 
NO3- (nonvolatile)e 9.60 10.00 96.0 
~ 0 ~ -  (total)f 11.8 12.00 98.3 
NH,' ' 3.44 4.00 85.8 

a To1uene:CAN:peroxide = 25:2: 1, acetonitrile solvent, 60", 
24 hr; see Experimental Section. * Based on the stoichiometry indi- 
cated in eq 6. c Determined by potentiometric titration. d Deter- 
mined by ultraviolet spectrophotometry.* Determined by phenol- 
disulfonic acid method.9 f Calculated from "03 and NOS- (non- 
volatile). g Distilled as NH3 and determined by titration. The low 
yield is probably the result of sublimation of some ammonium 
nitrate during vacuum drying of isolated salts. 

acid.7 We were able to verify this common ion effect by 
adding ammonium nitrate and nitric acid to solutions of 
cerous nitrate in acetonitrile in the relative quantities pres- 
ent in eq 2, and observing precipitation. 

Further checks on the proposed stoichiometry were de- 
rived from pH measurements and the analysis of salts from 
aqueous extracts of the reaction mixture. Aqueous extracts 
possessed a pH of 1.8, suggesting the presence of a strong 
acid, and this value agreed closely with the pH 1.7 calculat- 
ed from the expected yield for nitric acid. The salt yields 
from duplicate experiments were 100.50 and 99.14% of the 
value calculated on the basis of the stoichiometry given in 
eq 2. Failure of this salt to liberate iodine from potassium 
iodide solutionlo was taken as evidence for the absence of 
ceric ion in the final mixture. All of these findings lend sup- 
port to the stoichiometry proposed in eq 2. 

The theoretical production of 2 mol of product/mol of 
peroxide (eq 2) affords a distinct advantage for synthetic 
purposes over the copper-catalyzed reaction (eq l), where 
the theoretical yield is just 1 mol of aryl ester/mol of perox- 
ide. 

Reaction Variables. To maximize the efficiency of the 
CAN-controlled oxygenation reaction and to learn more 
about the mechanism, a number of reaction variables were 
studied. Table I11 summarizes the effect of modifying the 
cata1yst:peroxide ratio on the oxygenation yield for reac- 
tions containing to1uene:peroxide ratios of 50:l. Unlike the 
cupric chloride catalyzed system,* for which a maximum 
yield of nuclear oxygenation was obtained using a catalyst: 
peroxide ratio of just 0.3:1, the amount of ester formed 
closely paralleled the molar amount of CAN used (Table 

111). This lends further support to the proposed stoichiom- 
etry (eq 2). Although the oxygenation yield leveled off once 
the stoichiometric amount of CAN was present, a slight im- 
provement in yield was realized when a small excess of the 
stoichiometric requirement of CAN was used, perhaps be- 
cause some of the CAN is consumed in side reactions (e .g . ,  
benzyl alcohol oxidation"). 

Under experimental conditions favoring optimum yield, 
20-25% of the peroxide was degraded to isopropyl alcohol, 
acetone, and carbon dioxide. At lower CAN:peroxide ratios, 
the lesser oxygenation yields were accompanied by corre- 
spondingly increased amounts of these by-products, which 
are the usual products from the thermolytic decomposition 
of the isopropoxycarboxy radical.*JZ In like manner benzal- 
dehyde, benzyl alcohol, and bibenzyl, resulting from side- 
chain abstraction by an alkoxy radical,* were found. 

Small amounts of nitrotoluenes were also formed in the 
CAN-promoted systems (Table 111), and the yield of these 
by-products decreased as the concentration of CAN was in- 
creased to the stoichiometric amount (eq 2). I t  is surprising 
that the greatest nitrotoluene formation occurred with a 
CAN:peroxide ratio of only 0.5 (Table 111), because of those 
systems containing CAN this one would be expected to 
contain the lowest concentration of nitric acid (eq 2). It is 
noteworthy that qualitatively, the meta isomer was the 
major nitrotoluene product, whereas for straightforward 
electrophilic substitution by nitric acid, the meta propor- 
tion is normally quite small (4%).13 

With insufficient CAN, considerable intact peroxide 
would remain to decompose after all of the limited CAN 
had been consumed in product formation (eq 2). Under 
these conditions, nitric acid can promote concurrent nitra- 
tion-oxygenation which results in this unusual isomeric ni- 
trotoluene product pattern.14 With sufficient CAN present 
to promote oxygenation little involvement of HNO:3 with 
the peroxide is noted. 

Further evidence for nitric acid involvement can be 
gleaned from Table 111. As the CAN:peroxide ratio was 
lowered the percentage of p-tolyl isopropyl carbonate sys- 
tematically became larger a t  the expense of the meta iso- 
mer. Extrapolation of each isomer back to zero CAN con- 
tent leads to an all-around isomer composition of ortho: 
meta:para = 58:6:36, which is very similar to that found 
using just nitric acid as the promoter.l* This value is quite 
different from that obtained (0rtho:meta:para = 57:15:28) 
with CuClz as a catalyst where free oxy radicals are be- 
lieved to be the substituting entity.* 

Little effect of temperature on the CAN-promoted oxy- 
genation was noted in the range of 50-70'. Slightly more 
tolyl isopropyl carbonates with a more selective isomer dis- 
tribution (0rtho:meta:para = 59:10:31) were obtained a t  
50" but the reaction required more time (48 hr). 

Table I11 
Products as a Function of Ceric Ammonium Nitrate:Peroxide Ratioa 

r Products, % b  7 
Tolyl isopropyl carbonates 

CAN:peroxide Carbon lsoprop 1 Benzal- Benzyl Nitro-  
molar ratio Yield Ortho Meta Para dioxide alcoho? Acetone dehyde alcohol toluenes Bibenzyl E (I-Pr)' E ( C O Z ) ~  

0 1 212 119 55 0 0 0 18 87 106 
0.5 38 58.5 7 . 1  34.4 174 101 44 3 13 3.6e 0.05 91  106 
1.0 84 58.0 8.3 33.7 116 84 32 1 6 2.5f Og 100 100 
1.5 121 58.3 9.4 32.3 104 39 17 1 3 1.5 og 90 112 
2.0 143 59.1 10.4 30.5 80 28 13 1 1 0.5 0 99 112 
2.5 152 58.6 12.3 29.1 66 28 14 2 0.5 0.5 0 97 109 

a To1uene:diisopropyl peroxydicarbonate = 50: 1, 24 hr, 60°, acetonitrile solvent (see general procedure). b Yields based on mol 
product/mol peroxide. L Material balance based on two isopropyl groups/mol peroxide. d Material balance based on two COz groups/mol 
peroxide. Ortho: meta:para = 13: 78:9. Predominantly meta; not quantitatively determined. R Trace of bibenzyl present. 
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Table IV 
Decomposition Rates for Diisopropyl Peroxydicarbonate 

in Acetonitrile as a Function of Metal Salta 

b 
Salt  Temp, " C  h X lo3, rnin-' tl12' min 

None' 50 6.45 108 
cuc l ,c  50 66 10.4 
None 60 13.6 48 
 CAN^ 60 4.9 140 
CKNe 60 5.6 127 

a Average of duplicates in good agreement. * *lo%. C Reference 2 
(toluene: peroxide: catalyst = 17.3: 1: 0.3). d Toluene: peroxide: CAN 
= 25:1:2. eTo1uene:peroxide:CKN = 25:1:2, single determina- 
tion. 

Peroxide Decomposition Rates. The rates of peroxide 
decomposition in the presence of a number of cerium salts 
were followed iodometrically. The rate curves plotted nice- 
ly as first-order reactions in peroxide with the exception of 
cerous nitrate ( d e  infra). Previously, first-order kinetics 
for the thermolysis of diisopropyl peroxydicarbonate in ac- 
etonitrile2 and other solvents15 had been reported. The rate 
of formation of aryl carbonate esters was also followed at  
50' by glpc, and agreed well with the rate of peroxide de- 
composition. 

Inspection of Table IV shows that the rates of peroxide 
breakdown a t  60° with the ceric salts were slowed in com- 
parison to the rate in the absence of these promoters. The 
similarity of rates in the presence of ceric ammonium ni- 
trate and ceric potassium nitrate (CKN) indicates both the 
apparent importance of the hexanitratocerate ion and un- 
importance of the cationic species in the rate-retarding ef- 
fect of the ceric salts. This rate-slowing effect stands in 
marked contrast to the accelerating effect of cupric chlo- 
ride on the decomposition (50') of the same peroxide 
(Table IV). Whereas cupric chloride accelerates the rate of 
peroxide decomposition by a factor of 10 in relation to the 
thermolysis rate, CAN and CKN retard the decomposition 
by a factor of about 3. 

With cupric chloride, rate acceleration is attributed to 
the ability of cuprous ion formed in the radical oxidation 
step (eq 4) to induce peroxide decomposition (eq 5), lead- 

(i-PrOC02)z -+ 2i-PrOC02* (3) 
i-PrOCOz* + A r H  + CuC1, + 

ArOC0,Pr-i + CuCl + HC1 (4) 

CuCl + (i-PrOCOz)z + HC1 --+ 

i-PrOCO,. + CuC1, -I i-PrOH + COz (5) 

ing to a redox chain mechanism. Unlike cuprous ion, cerous 
ion is oxidized only with very strong oxidizing agents,l6 and 
is not effective in breaking down the peroxide, explaining 
the lack of rate enhancement shown by the cerium salts. 

To determine if the rate-retarding effect depends on the 
relative CAN concentration, additional kinetic studies of 
peroxide decomposition were made on systems containing 
CAN:peroxide ratios of 0.5, 1.0, 1.5, and 2.5. The rates in all 
cases were identical within experimental error, indicating 
perhaps a medium effect rather than a stoichiometric per- 
oxide-CAN complex. 

The actual decrease in the peroxide breakdown rate is 
not understood a t  this point, but has been noticed in other 
peroxide decompositions using metal salts of strong acids.6 

Other  Cerium Salts. Several additional cerium salts 
were tested for their effectiveness as oxygenation promot- 
ers. Table V summarizes the results. Ceric potassium ni- 

Table V 
Reaction of Toluene and  Diisopropyl Peroxydicarbonate 

with Other Cerium Promotersa 
Tolyl isopropyl carbonates, O/. *- 

R a t 8  X IO3, 
Promoting salt Yield Ortho Meta Paca rn1n-l 

KzCe(N03)~ 130 60 10 30 5.6 

Ce (N03),*2HzOe 44 60 6 34 
Ce(N03)4e'8 14 61 6 33 12.0 
HNO, 11 58 6 36 6.4 
Ce(OH),i 1 31.0 

Ce(N0,),*6H,0d9 e 33 59 7 34 7.5f 

Ce(C104), 1 11.0 
CeCl,, Ce(NH4)z(S04)3, ' 
Ce(acac),, HzCe(S04)2 i 
a To1uene:peroxide:promoter = 25: 1:2,  unless otherwise stated; 

acetonitrile solvent, 60", 24 hr. Yields based on mol product/mol 
peroxide. c *lo%. d Other products included acetone (26%), iso- 
propyl alcohol (120%), COz (97%), bibenzyl (2.1%), and small 
quantities of benzyl alcohol, benzaldehyde, and two unidentified 
compounds. e Initially homogeneous; gradually became hetero- 
genous. f Nonlinear curve, approximate value 2~15%. g Toluene: 
peroxide: ceric nitrate = 25: 1:0.38. Nitrotoluenes (about lo%, 
mainly meta) were present. h HN03:peroxide = 6: 1. Other prod- 
ucts: acetone (28%), isopropyl alcohol (97%), COz (103%), nitro- 
toluenes (lo%, 0rtho:meta:para = 17:78:5), bibenzyl(2%), benzyl 
alcohol, benzaldehyde, and an unidentified component; see ref 14. 
1 Heterogeneous throughout. 

trate proved to be nearly as effective as CAN. Of the other 
salts tested only cerous nitrate and ceric nitrate showed 
any indication of promoting oxygenation. 

In view of the sluggishness of cerous toward oxidation 
one might predict that cerous nitrate would not affect the 
decomposition of the peroxide or promote the oxygenation 
of aromatics. Experimental results fail to support either 
prediction. As shown in Table V, cerous nitrate causes a 
rate-inhibiting effect intermediate between the uncata- 
lyzed and the CAN-promoted reactions, although the curve 
is more eccentric. This behavior is attributable to precipi- 
tation of a ceric oxide hydrate formed as the cerous nitrate 
hydrolyzed during the reaction. During the stages of ceric 
oxide precipitation, the rate actually increased owing to 
Ce(OH)4's ability to accelerate peroxide decomposition 
(Table V). 

The formation of an appreciable amount of tolyl isopro- 
pyl carbonates with Ce(NO& remains a puzzle. Cerous ion 
itself is not expected to be a good oxidant, and other poten- 
tial promoters formed during the reaction can be ruled out, 
i .e. ,  Ce(OH14 and nitric acid. The former does not appear 
to be capable of promoting oxygenation (Table V). Al- 
though nitric acid is known to promote oxygenation14 and 
does form in appreciable amounts from cerous nitrate dur- 
ing the reaction, the conspicuous absence of nitrotoluenes 
among the reaction products suggest that it is not involved 
in promoting aromatic substitution by an oxy species.14 

The involvement of nitric acid as a promoter seems more 
plausible (Table V) for the ceric nitrate reactions, since 
both tolyl ester and nitrotoluene yields and isomer distri- 
butions resemble each other. Considering the experimental 
details, this conclusion can be-easily rationalized. Because 
of unavoidable hydrolysis ceric nitrate does not exist in 
solid form;17 rather, it was used as supplied commercially 
(0.95 M )  in nitric acid). Very early in the reaction the deep 
red color of the ceric solution turned yellow and significant 
amounts of hydrated ceric oxide precipitated. Significant 
amounts of nitric acid remained in solution to promote ox- 
~ g e n a t i 0 n . l ~  

Ceric hydroxide, even though only partially soluble in ac- 
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Table VI 
Toluene Reaction with Peroxide-Ceric 

Ammonium Nitrate 

Temp "C  Aromatic substitution Yield, 
Peroxidea tirne, 'hr product % b k t / $  

( i-PrOC02)2 60 (24) i-PrOC02CGH,CH, 161 6.35 

(sec-BuOC02)2 50 (24) see -BuOCO2CGH4CH, 181 7 .1  
(58: 11:3 l)d 

(59:12:29)d 

(56:14:30)d 
(C,H,CO2)2 80 (96) C8HjC02CgH4CHSC 53 

a Toluene: CAN:peroxide = 19-25: 2: 1, acetonitrile solvent. 
Based on 1 mol of product/mol of peroxide. c Other aromatic 

substitution products were methylbiphenyls (ortho: meta:para = 
68:23:9), 38%, and nitrotoluenes (0rtho:meta:para = 60:5:35), 
59%. d 0rtho:meta:para ratio, 

etonitrile, caused the greatest acceleration of peroxide de- 
composition of the cerium salts tested (Table V), even 
though it did not promote oxygenation. 

Of the other cerium salts studied only minor modifying 
effects on peroxide decomposition were noted, and no can- 
didate was significantly efficient in promoting oxygenation. 
With cerous chloride, ceric sulfate, and ceric ammonium 
sulfate very little of the salt appeared to dissolve in aceto- 
nitrile, while cerous acetonylacetone was about half in solu- 
tion. Only with cerous perchlorate was the desired amount 
of salt able to be utilized. 

This work points up the apparent importance of the in- 
tact hexanitrato cerium(1V) complex for the efficient pro- 
motion of this oxygenation reaction. This complex possess- 
es considerable solvolytic stability,l8 and yet is a vigorous 
oxidizing agent as expected for a tetrapositive metal.lg Pre- 
viously oxygenation had been promoted by another anionic 
complex, the hexachloroiridate ion ( I rCl~~-) .3  

Na tu re  of the Substituting Species. To  learn more 
about the nature of the substituting entity subsequently in- 
volved in aromatic substitution, relative rate reactions were 
carried out. Equimolar quantities of toluene and benzene 
a t  a tenfold and again a t  a 20-fold molar excess relative to 
peroxide were subjected to the peroxide-CAN mixture, 
yielding a relative rate value, ~ c ~ H ~ c H ~ / ~ c ~ H ~  = 6.35. This 
value is about twice that attributed to a free isqpropoxycar- 
boxy radical (h&b = 3.77),20 which itself is somewhat elec- 
trophilic. The increased selectivity observed in this system 
is not understood, but may be due to a medium effect or to 
nitric acid intervention. Other metal salts containing ni- 
trate ligands have given quite similar isomer distributions 
and relative rates.6 

Other  Peroxides. CAN-promoted reactions of toluene 
with di-see-butyl peroxydicarbonate and benzoyl peroxide 
were also looked at. The results are summarized in Table 
VI along with the diisopropyl peroxydicarbonate reaction. 
The di-see-butyl peroxydicarbonate reaction gave an even 
better yield of aryl ester with an isomer distribution and 
relative rate very much like that from IPP. The aromatic 
substitution became less effective with benzoyl peroxide, 
owing largely to the wasting of CAN in nitrating toluene, 
which occurred at  the higher temperature required (80') 
for the benzoyl peroxide to undergo thermolysis (Table 
VI). 

Radical Trapping Studies. Radical trapping experi- 
ments were performed with acrylamide and acryloni- 
trile21r22 in an effort to determine the extent of involvement 
of free oxy radicals (Table VII). In a control system con- 
taining toluene, acrylonitrile, and peroxydicarbonate, con- 
siderable polyacrylonitrile precipitated from the reaction 
mixture. In a further control, CAN in the absence of perox- 

Table VI1 
Radical Trapping Studiesa 

Molar 

Catalyst ratiob 

None' 
None 
CAN 2.25  
CAN 2.25 
CAN 2.25  
CuC12c 0.3 
CuClz 0.3 

Molar CH3C6H40C02Pr- i 

Trapping agent ratiob yield 

None Id 
CH~ZCHCN 9 le 
None 149 
CHz=CHCN 15 127f 
CH2=CHCONHzg 15 132 
None 85 
CHz=CHCN 9 83f 

a To1uene:peroxide = 20: 1, acetonitrile solvent, 60". b Based on 
mol/mol of peroxide. From ref 2. d Bibenzyl, 38770, was the major 
aromatic product. e Solution became heterogeneous as polyacryl- 
onitrile (identified by ir) precipitated; only 1% bibenzyl was 
formed. r No polymer precipitate formed although the solution did 
darken. g Heterogeneous; no polymer precipitate formed, and solu- 
tion ended up light yellow as was usual for CAN oxygenations. 

ide was found to be ineffective as an initiator for polyacry- 
lonitrile formation. When the CAN-promoted oxygenation 
of toluene was performed with a 15-fold molar excess of ac- 
rylonitrile or acrylamide no insoluble polymer was formed 
nor was the alkyl tolyl carbonate yield lowered appreciably 
(Table VII). These results suggest either the absence of or a 
very low concentration of free oxy radicals in the CAN-pro- 
moted oxygenation. However, a similar lack of polymeriza- 
tion was noted when the cupric chloride catalyzed oxygen- 
ation was subjected to acrylonitrile trapping (Table VII). I t  
appears that in both the CAN and CuCl2-peroxide reac- 
tions that oxy radicals are rapidly scavenged by toluene 
and oxidized to aryl esters, thus keeping the free oxy radi- 
cal concentration too low to promote polymerization. 

Mechanism. Based on the experimental results the fol- 
lowing mechanism (eq 6) is proposed for the tolyl ester for- 
mation following an initial homolytic breakdown of the 
peroxide (eq 3). 

R = i-Pro, sec-Bu0, C,H; I 

I + - 
0 

R!!O--(@""; + HNO, + Ce(NO& + 2N0; (7) 
I 

A fast reversible attack on the aromatic by oxy radical or 
a complexed oxy radical (eq 6) is followed by oxidation of 
the cyclohexadienyl radical intermediate by CeIV. The 
greater selectivity of the attacking entity compared to the 
free oxy radica12t20 as indicated by the relative rate and iso- 
mer distribution patterns is not understood, but may be 
due to the increased polarity of the solvent system (nitric 
acid formation, eq 2),6 or to complexing of the oxy radical 
by the cerium species. Alternatively the strong ceric oxi- 
dant may be capable of effecting an electron transfer from 
the oxy radical itself to produce an oxy cation which can 
then attack the ring. Although such electron transfers are 
well known for alkyl radicals with ferric,23 cupric,24 and 
ceric25 ions, the analogous process with oxy radicals is un- 
precedented and would be expected to be energetically un- 
favorable.26 An analogous situation (complexed oxy radical 
or oxy cation) was considered for the ferric chloride pro- 
moted oxygenation of toluene with diisopropyl peroxydi- 
~ a r b o n a t e . ~  
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The oxidation step (eq 7) involves CeIV in a less familiar 
role of radical  oxidant rather than in  its well-known func- 
t ion as oxidant of various organic compounds  (e.g. ,  alco- 
h o l ~ ~ ~ , ~ ~  and arenes28). 

Experimental Section 

Reagent grade chemicals and metal salts were used directly. The 
peroxydicarb~nates~~ were found to possess >85% theoretical oxy- 
gen by i~domet ry ,~"  and were used directly except in those cases 
involving the study of isopropyl alcohol and acetone yields. Here 
the peroxide in toluene was thoroughly irrigated with ice water, 
dried over sodium sulfate, and analyzed iodometrically before 
usage. 

Aryl Alkyl Carbonate  Syntheses. Carbonate esters were syn- 
thesized using a modification of a literature procedure.31 Chloro- 
form rather than ethyl ether was used as the solvent for the pyri- 
dine-promoted condensation to avoid precipitating the pyridine 
hydrochloride by-product. The tolyl isopropyl carbonates were 
shown to be >99.5% pure by gc after work-up and their ir spectra 
were identical with reference spectra.32 

Phenyl and the isomeric tolyl sec-butyl carbonates were pre- 
pared from sec-butyl chloroformate (synthesized by a literature 
method3") and phenol or the appropriate cresols in the same man- 
ner, and were shown to be greater than 99% pure by gc after work- 
up and distillation. All gave similar characteristic ir signals a t  1750 
(C=O) and 1270-1260 and 1230-1210 cm-l (C-0), and the tolyl 
sec-butyl carbonates had nearly identical nmr spectra: 0.95 (3 H,  
t), 1.25 (3 H,  d) ,  1.50 (2 H,  quintet), 2.2 (3 H, s), 4.6 (1 H, sextet), 
and 6.95 ppm (4 H,  broad singlet). 

General  Procedure for  Aromatic Oxygenation. Reactions for 
the system toluene-peroxide-CAN (25-50:1:2.25) were carried out 
as follows. CAN (0.0094 mol) was transferred with 80 ml of aceto- 
nitrile and 16 ml of toluene to a three-neck flask (250 ml) equipped 
with stirrer, condenser, and gas-inlet fitting. The assembled flask 
was immersed in a 60° constant-temperature oil bath, the salt was 
allowed to dissolve as the mixture was stirred, and the system was 
allowed to equilibrate for 5 min while being flushed with nitrogen 
(about 75 ml/min). After the system had been thoroughly purged, 
a gas train consisting of a Drierite trap leading into an Ascarite 
trap was attached to the top of the condenser. By momentarily re- 
moving the gas-inlet fitting, a toluene solution (4.00 ml) of diiso- 
propyl peroxydicarbonate (1.04 M )  was quickly pipetted into the 
stirred flask, and a nitrogen sweep of 10 ml/min was then estab- 
lished using a soap-bubble flow meter temporarily attached to the 
outlet end of the Ascarite trap. After 24 hr, the flask assembly was 
removed from the bath and allowed to cool to ambient, and the so- 
lution was carefully decanted into a volumetric flask (100 ml). The 
3-4 g of salted-out cerous nitrate which remained was rinsed with 
sufficient 1-ml portions of acetonitrile to bring the volume to the 
mark. 

Separate aliquots were then taken and analyzed directly by gc 
for product yield and light boilers. In some cases an aliquot was 
worked up to remove salts and the organic phase was titrated io- 
dometrically to verify the absence of residual peroxide. In still 
other cases the tolyl isopropyl products were isolated by a proce- 
dure given elsewhere,32 and qualitatively identified by infrared 
analysis.32 Although most reactions were stirred and slowly purged 
with nitrogen, no decrease in product yield was noted when these 
steps were omitted, but the side-product ratios appeared to be al- 
tered somewhat. 

Radical trapping studies were made using the general procedure 
and adding a 9-15 molar excess (to peroxide) of freshly distilled 
acrylonitrile or solid acrylamide to the system. All reacted solu- 
tions were visually examined for ifisoluble polymer, and after di- 
luting to 100 ml with acetonitrile the solutions were analyzed by gc 
for aryl esters and by-products. 

A slight alteration of the general procedure was employed for 
relative rate studies. The appropriate amounts of toluene and ben- 
zene (10-20 molar excess) were stirred in the assembled flask with 
the CAN-acetonitrile. A solution of peroxide in acetonitrile was 
then added, and the reaction was carried out as usual. 

The oxygenation reaction was tried in a few other solvents (eth- 
anol, 4-methyl-2-pentanone, and acetone) with discouraging re- 
sults attributed to the oxidation of these by CAN.Ig Some 3-4% ox- 
ygenation was found in ethanol as the solvent, only a trace with ac- 
etone, and none with 4-methyl-2-pentanone. 

Product yields are the average of duplicate experiments in good 
agreement, and these yields are based on a stoichiometry of 1 mol 

of aryl ester products/mol of peroxide. This permits a direct com- 
parison to those from diisopropyl peroxydicarbonate-cupric chlo- 
ride.2 Aryl ester and side-product yields were determined by gc. 

Identification of Organic  Products. Comparisons between the 
retention times for product components and authentic materials 
on two or more dissimilar gc columns and noting peak enhance- 
ments upon adding authentic compounds to reaction product 
mixtures comprised the basic approach for product identification. 
In this way benzaldehyde, benzyl alcohol, isomeric tolyl isopropyl 
carbonates, tolyl sec-butyl carbonates, tolyl benzoates, methyl bi- 
phenyls, and nitrobenzenes and bibenzyl were identified (gc col- 
umns 1 and 3). Using a similar approach, light-boiling products 
(acetone and isopropyl alcohol) were characterized (gc column 2). 

Identification of Inorganic Products. The inorganic compo- 
nents were extracted from the reaction mixture with water as fol- 
lows. The solution and precipitate were transferred with acetoni- 
trile and water rinses to a separatory funnel (500 ml) containing 
toluene (25 ml). This solution was extracted with water (200 ml, 2 
x 100 ml, 50 ml), and the combined aqueous phase was then 
washed once with toluene (10 ml) and made up to 500 ml. The 
combined toluene phase was diluted to 50 ml and saved for gc 
analysis. Using suitable aliquots from the aqueous extract (usually 
50 ml), appropriate analytical tests were carried out to characterize 
the various inorganic components. Nitric acid was determined po- 
tentiometrically with standard alkali (0.100 N NaOH) by titrating 
duplicate 50-ml aliquots of the aqueous extract. The end points 
were estimated graphically from the titration curves. 

Nonvolatile nitrate was determined spectrophotometrically by 
modifying a literature p r o ~ e d u r e . ~  From the 500-ml aqueous ex- 
tract a 2-ml aliquot was transferred to a 50-ml beaker, and the con- 
tents were evaporated to dryness on the steam table. To the dried 
residue was added 1.0 ml of the phenoldisulfonic acid reagent, and 
after the salt was dissolved by gentle heating and stirring, the mix- 
ture was diluted to 250 ml with water and the absorption of this 
solution was measured a t  407 nm in a 1-cm cell. The nitrate con- 
tent of this solution was determined by reference to a similarly 
prepared nitrate calibration curve (0,0.5,1.0, and 1.5 pg N/ml). 

The nitric acid nitrate and the nonvolatile nitrate were added to 
obtain the total nitrate in the inorganic reaction products. 

Ammonium ion was determined on the vacuum-dried salt (2 hr, 
80°) from a 50-ml aliquot of the aqueous extract by dissolving the 
salt in 0.5 M NaOH, distilling the liberated ammonia into standard 
sulfuric acid (0.050 N ) ,  and back titrating with standard base. 

Cerium was determined on a 5-ml aliquot of the aqueous extract 
by measuring its ultraviolet absorption peak a t  253.6 nm in 1 N 
sulfuric acid following a procedure given in the literature.8 

Carbon Dioxide Analysis. This analysis was made by flushing 
the reaction gasses through preweighed Ascarite traps and noting 
the weight gain.2 Because of the long reaction times (usually 24 hr) 
the nitrogen flow had to be restricted to 10-15 ml/min and the 
condenser temperature maintained below 5' to obtain satisfactory 
results. The material balance calculations for carbon dioxide yields 
by this method were 100-112%. 

Kinetic Studies. All studies were made a t  60° on solutions pre- 
pared, sometimes with modifications, as described in the general 
procedure. In studying the effects of various promoters on the per- 
oxide decomposition rate, an initial toluene/peroxide ratio of 25 
was provided in all cases. Aliquots (10 ml) were withdrawn by 
pipet a t  predetermined intervals and quickly delivered into separ- 
atory funnels (125 ml) containing ice-cold 1.0 N sulfuric acid (50 
ml). Chilled toluene (10 ml) was added; the solution was gently 
mixed for 30 sec. After the phases were allowed to separate for 1 
min, the aqueous lower phase was discarded and toluene layer was 
then washed with 10% sodium carbonate (25 ml, 2 X 15 ml) and 
water (2 X 15 ml). The toluene layer was then delivered with ace- 
tone rinses into a titrating flask containing potassium iodide 
(about 3 g) in acetone (50 ml), and titrated with standard 0.1 N so- 
dium thiosulfate. In some cases 5-ml aliquots were withdrawn, in 
which case 0.05 N sodium thiosulfate titrant was used. Reactions 
without any interfering metal salts were also worked up in this 
manner before iodometry. 

Gas Chromatography Procedures. Gc analyses were made on 
the following instruments: Hewlett-Packard Models 700 and 5750 
B and Varian Models 1400 and 600 D, all equipped with flame ion- 
ization detectors and the following columns (all 0.125 in. o.d. stain- 
less steel): column 1, 15 f t  10% Bentone 34-diisodecyl phthalate 
(5050) on Diatoport S; column 2, 8 f t  20% Carbowax 400 on Chro- 
mosorb W; column 3, 10 ft 20% SE-30 on Chromosorb W; column 
4,12 f t  10% OV-225 on Chromosorb W; column 5 ,6  f t  Poropak Q. 

Product yields for the diisopropyl peroxydicarbonate runs were 
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determined from duplicate analyses on columns 1 and 3 a t  160° 
after adding an external standard, phenyl isopropyl carbonate, to a 
reaction aliquot. Isomer distributions were also studied on column 
4 in addition to columns 1 and 3. Relative rates were analyzed on 
column 1 directly using a predetermined response factor. Light- 
boiling materials (acetone, isopropyl alcohol) were determined on 
columns 2 and 5 using methyl ethyl ketone in acetonitrile as an ex- 
ternal standard. 

Products from both benzoyl peroxide and di-sec-butyl peroxydi- 
carbonate systems were determined on column 3 using phenyl ben- 
zoate and phenyl isopropyl carbonate, respectively, as external 
standards. 

In all cases appropriate detector response factors were deter- 
mined for the products relative to the marker by running a series 
of standards. 
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Treatment of toluene with peroxydicarbonates or benzoyl peroxide in the presence of nitric acid led to the con- 
current production of aryl esters and nitrotoluenes in 10-20% yields. More selectivity was noted in the aryl ester 
product formation than was previously reported for the free carbonate radical from diisopropyl peroxydicarbon- 
ate. Most striking, though, was the nitrotoluene isomer distribution (0rtho:meta:para: = 18:77:5) and relative rate 
(2.66), which contrasted markedly with that for the nitronium ion (0rtho:meta:para = 60535; htoiuene/hbenzene = 
20-30). Other aromatics (e.g., chloro- and fluorobenzene) behaved similarly with nitric acid-peroxydicarbonates. 
Analogous reactians of toluene-nitric acid with a variety of other peroxides indicated that only those capable of 
forming oxy radicals a t  a reasonable rate gave rise to the unusual nitration pattern. Nitric acid was shown to in- 
hibit the peroxydicarbonate decomposition rate by a factor of 2. Nz04 and N205 functioned effectively in promot- 
ing this concurrent nitration-oxygenation when used instead of nitric acid, indicating the importance of nitrogen 
dioxide in the reaction scheme. Reactions run with the stable free radical, galvinoxyl, as a trapping agent elimi- 
nated the nitration, further implicating nitrogen dioxide as the nitrating species. No evidence for the intermedia- 
cy of peroxyacyl nitrates or acyl nitrates was obtained even from peracids treated with various nitrating agents. A 
mechanism is proposed which involves attack by oxy radicals (or complexed oxy radical) onto the aromatic to 
form a cyclohexadienyl radical which is trapped by nitrogen dioxide. Under the reaction conditions the resulting 
dihydroaromatic can either lose "02 to form an aryl ester, or lose RCOzH to form a nitro aromatic. The result 
of a p a  plot using composite partial rate factors tends to support the mechanism proposed. 

Previously it had been reported that significant amounts 
of aryl esters could be produced when peroxydicarbonates 
and aroyl peroxides were decomposed in toluene in the 
presence of a variety of promoters.2 Among the effective 

promoting species were the metal salts C U C ~ ~ , ~  ceric ammo- 
nium nitrate,4 FeC13,5 and others,5,6 molecular oxidants 02 
and I z , ~  and even radicals such as t r i t ~ l . ~  In most of these 
cases an oxy radical was felt to be the substituting entity, 


