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mmol) of palladium(l1) chloride, and 13.44 g (100.0 mmol) of cu- 
pric chloride in 75 ml of methanol was allowed to react with car- 
bon monoxide (3 atm) for 72  h a t  room temperature. Before 
depressurization, the reaction vessel was cooled to --IO O C  by 
immersion in an ice-salt bath. The  pressure was then released 
slowly and the cold mixture was transferred immediately to a frac- 
tional distillation apparatus. The  temperature of the reaction mix- 
ture was raised slowly to 60° and the low-boiling distillate collect- 
ed in a tared t rap surrounded by a dry ice-2-propanol bath. This 
procedure afforded 0.82 g of a liquid which was shown by VPC 
analysis on the FFAP column to contain two components. The  
components, in order of elution, were identified a s  methyl formate 
(50% of the peak area)  and methanol (50%). These results were 
confirmed by ' H  NMR analysis and suggest that  a minimum yield 
of 14% (7 mmol) of methyl formate based on copper(I1) was 
formed. The usual work-up which followed provided a 60% yield 
based on copper(I1) of 0-methoxy ester as  determined by VPC 
analysis. 
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Abstract: The gas-phase alkylation of xylenes by t-C4H9+ ions from the radiolysis of neopentane has been investigated in the 
pressure range from 20 to 771 Torr. The  gaseous cation is entirely unreactive toward p-xylene and alkylates o-xylene, yield- 
ing exclusively 1,2-dimethyl-4-tert-butylbenzene. Reaction with m-xylene yields a mixture of 1,3-dimethyl-4-tert-butylben- 
zene and 1,3-dimethyl-5-tert-butylbenzene, whose isomeric ratio depends on the experimental conditions, ranging from the 
8:92 value observed a t  20 Torr in the absence of added bases to the 89: I 1  value measured a t  770 Torr in the presence of 
NH3. The  substrate selectivity of the gaseous electrophile has been studied by competition experiments with respect to tolu- 
ene. The  observed ko.xylene:ktoluene ratio of 2.0 & 0.2 appears fairly independent of the experimental conditions, while the ap- 
parent km-xylene:ktoluene ratio is considerably affected by the nature and the concentration of gaseous bases, ranging from 
0.65 & 0.1 in the absence of NH3 to 1.9 f 0.2 in the presence of excess NH3. These results a re  interpreted assuming the re- 
versible tert-butylation a t  the  ring positions ortho to one methyl group of m-xylene in order to explain both the effect of the 
pressure and of NH3 on the isomeric composition of products and the apparent changes of the reactivity of m-xylene with re- 
spect to that  of toluene. The reaction provides an example of an aromatic alkylation by a gaseous, unsolvated carbenium ion 
and allows the direct evaluation of the reactivity and the steric requirements of the electrophile, unaffected by the complicat- 
ing effects of the solvent and the counterion invariably present in solution. The unusual substrate and positional selectivity 
of the gaseous t-C4H9+ reagent, in particular the remarkable extent of the substitution ortho to one methyl group of m-xy- 
lene, a re  discussed in comparison with the conventional Friedel-Crafts alkylation. 

The extension of t h e  classical  k ine t ic  methods of so lu t ion  
c h e m i s t r y  t o  t h e  gas-phase ionic  reac t ions  has been recently 
undertaken by new e x p e r i m e n t a l  approaches'-3 t h a t  a l low 

t h e  a c t u a l  isolat ion of the reac t ion  p r o d u c t s  a n d  t h e  de te r -  
mina t ion  of the i r  s t r u c t u r e  a n d  i somer ic  composi t ion.  

Previous  invest igat ions o n  t h e  react ivi ty  of gaseous  c a t -  
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ions toward aromatic substrates4-10 led to the demonstra- 
tion of a remarkable substrate and positional selectivity of 
the gaseous t-C4H9+ ion in its electrophilic attack on ben- 
zene and toluene.” 

The considerable interest attached to directive effects in 
the aromatic substitutions occurring in the gas phase, i.e., in 
the absence of solvation, ion pairing, etc., has stimulated 
further work, especially in the direction of assessing the in- 
trinsic steric requirements of the t-C4H9+ cation, tradition- 
ally regarded as a “bulky” electrophile, in the absence of 
solvation. This paper describes the extension of the investi- 
gation to the gas-phase alkylation of the xylenes by radioly- 
tically formed t-C4H9+ ions in order to evaluate the general 
reactivity of the electrophile and, in particular, its substrate 
and positional selectivity. 

Experimental Section 
Materials. Toluene and 0-, m, and p-xylene were gas chromato- 

graphic standards from C .  Erba Co., and their analysis, carried out 
by G L C  on the same columns used for the separation of the reac- 
tion products, showed an impurities content below 0.2% and the 
absence of the corresponding tert-butylated products. The samples 
of xylenes used in competition experiments revealed a content of 
undesired isomeric dimethylbenzenes below 0.1% and ca. 20 ppm 
of toluene. The authentic samples of the alkylation products from 
toluene were the same as  in a previous work,” a s  well a s  the neo- 
pentane (Research Grade from Matheson Co., with a purity ex- 
ceeding 99 mol %), the methane, and the oxygen (from Caracciol- 
ossigeno Co.). 1,2-DimethyI-4-tert-butylbenzene and I ,3-di- 
methyl-5-tert-butylbenzene were prepared from the reaction of the 
appropriate xylene with tert-butyl chloride on AICI3 a t  room tem- 
perature and were purified by preparative G L C  with a 4-m E-301 
Silicone oil column. 1,3-Dimethyl-4-tert-b~tylbenzene’~ and 1,4- 
dimethyl-2-tert-b~tyIbenzene’~ were prepared from the appropri- 
a te  xylene isomer and tert-butyl alcohol in 80% HzS04 at  room 
temperature. All compounds used were Research Grade reagents 
from Merck Co. The samples were further purified by G L C  on a 
4-m E-301 Silicone oil column and/or on a 8-m Apiezon “L” 
grease column. The identity of all standards was further confirmed 
by N M R  spectroscopy. The preparation of 1.2-dimethyl-3-tert- 
butylbenzene and I ,3-dimethyl-2-tert-butylbenzene standards was 
not attempted, as their formation in the alkylation experiments 
was.deemed unlikely. In  any case, their boiling points a re  presum- 
ably higher than those of the less crowded isomers (for a compari- 
son, see the corresponding trimethylbenzene isomers) and their re- 
tention times on a Apiezon “L” grease column correspondingly 
higher. 

Other peaks, but those unequivocally identified, were not detect- 
ed during the analyses within the range of retention volumes com- 
parable with that expected for the two last isomers quoted. 

Procedure. The gaseous samples were prepared by conventional 
techniques using a greaseless vacuum line. Reaction vessels were 
break-seal tipped Pyrex bulbs of 500- 1000-ml volume or cylindri- 
cal containers having a capacity from 20 to 150 ml. After sealing 
to the vacuum line and careful degassing, they were filled to the 
desired pressure with reagents previously dried over SO-cm col- 
umns containing activated 5 8, molecular sieves, then cooled to the 
liquid nitrogen temperature and sealed off. Irradiations were car- 
ried out in a cobalt-60 220 G A M M A C E L L  from Nuclear Canada 
Ltd. a t  a dose rate of 5.8 X I O 5  rad h-’ as  determined by a Fricke 
dosimeter a t  a temperature of ca. 37.5 OC. 

Products analyses were performed with a C. Erba Model 2400 T 
or a Hewlett-Packard 5700 A gas chromatograph, equipped with 
flame ionization detectors, by injecting known aliquots of the ho- 
mogeneous gas phase contained in the reaction bulbs. Analytical g 
in. 0.d. stainless steel columns were used at  temperatures from 80 
to 150 “C, and the identity of the alkylation products was estab- 
lished by comparison of their retention volumes on at  least two dif- 
ferent columns with those of authentic samples. The yields were 
measured by integration of the peak areas using individual calibra- 
tion curves for each product. The following columns were used: 
4-m 25% Apiezon “L” grease, 4-m 15% tricresyl phosphate, 4-m 
10% poly(propy1ene glycol) (UCON-LB 550). 2.5-m 20% Bentone 
34/diisodecyl phthalate (8:lO). All the liquid phases were ad- 

sorbed on 60-80 mesh Chromosorb W. 
The alkylation has been carried out by irradiating a homoge- 

neous gaseous system containing neopentane as the bulk constitu- 
ent in the presence of traces of the aromatic substrate(s), of a radi- 
cal scavenger (Ol), and of a gaseous base (ethanol, tert-butyl alco- 
hol, or NH3), with the 6oCo y radiation a t  doses ranging from 0.7 
to 12 Mrad. 

The  gas-phase proto-de-tert-butylation of 1,3-dimethyl-4-rert- 
butylbenzene was studied with an analogous technique by irradiat- 
ing a gaseous system containing a few torr of the substrate and a 
large excess of CH4, in the presence of 0 2 ,  used as  a radical scav- 
enger. The irradiations were performed in Pyrex bulbs a t  doses of 
2-9 Mrad, and the analysis of the reaction products was carried 
out on the same columns described above. 

Relative yields from the analysis of different samples from the 
same reaction vessel were reproduced with an accuracy of 1%. Re- 
ported deviations of ca. 5% refer to the scattering of data from the 
mean of several experiments and are  mainly due to difficulties in 
reproducing the composition of the system. 

Results 
The composition of the systems irradiated and the rela- 

tioe yields of the products formed from 0-, p- ,  and m-xy- 
lene are  given respectively in Tables I to 111. 

The absolute yields, Le., the ratio of the alkylated prod- 
ucts to the total t-C4H9+ ions formed from the radiolysis of 
neopentane, are  largely variable (3 to  60%) and of limited 
significance, since the aromatic substrate, contained in 
traces in the gas, represents only one of the nucleophiles 
competing for the t-C4H9+ reagent. In general, yields in- 
crease with the molar fraction of the substrate and decrease 
with the concentration of any added bases or with the radia- 
tion dose, i.e., with the concentration of radiolytically 
formed nucleophiles. Nevertheless, the results of the compe- 
tition experiments indicate that, for any given initial com- 
position of the system, the ratio of the apparent k values of 
the substrates is reasonably constant, suggesting that par- 
asitic reactions of t-C4H9+ ions with nucleophiles other 
than arenes, either deliberately added to the system or 
formed during the radiolysis, while decreasing the absolute 
yields do not interfere to a different extent with the compet- 
ing alkylation processes of the two aromatic substrates. 

In addition, it should be noted that the absolute yields, 
measured in separated irradiations carried out under com- 
parable conditions, of systems having the same composition 
are  reasonably constant. Thus, irradiation of three equal 
samples, containing neopentane (720 Torr), o-xylene ( 1  .O 
Torr), and ethanol (0.34 Torr) with a dose of 8.7 Mrad, 
gave absolute yield values of 2.0, 2.6, and 3.2%, respective- 

From Table I it is apparent that alkylation of o-xylene 
yields exclusively 1,2-dimethyl-4-tert- butylbenzene and 
that the apparent ko-xylene:ktoluene ratio is fairly independent 
of the experimental conditions, ranging from 1.7 to 2.3. NO 
alkylated products from p-xylene could be detected, as  
shown in Table 11. The isomeric composition of the prod- 
ucts from m-xylene depends markedly on the nature and 
the concentration of the bases added to the gas, as  illus- 
trated in Table 111, and on the pressure of the gaseous sys- 
tem, as  shown in Table IV and Figure 1,  which refer to ex- 
periments carried out without added bases. The apparent 
km-xylene:ktoluene ratio is also significantly affected by the 
concentration of bases ranging from 0.5 to 1.9, the highest 
value being measured in systems containing the largest ex- 
cess of NH3. Direct competition experiments carried out in 
the absence of NH3 led to  an apparent ko-xylene:km-xylene 
ratio ranging from 2.5 a t  720 Torr to 2.0 a t  43 Torr. 

Discussion 
The gaseous electrophile used in the present work is the 

relatively stableI5 t-C4H9+ cation, generated in the gas 

ly. 
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Table I. Gas-Phase tert-Butylation of o-Xylene and Toluene 

Isomeric composition of products,b X - 
tert- Composition of gaseous system,a Torr tert- 

Substrates ko-xylene Butylxylene Butyltoluenes 

Neopentane 0-x T 0 2  Added base ktoluene 1 ~ 4  1,3 1,4 

765 1.27 5 100 
720 1.00 10 EtOH, 0.34 100 
761 0.54 5 EtOH, 1.01 100 
204 0.74 3 100 

48 0.46 2 100 
73s 1.09 1.40 6 1.8 100 6 94 

97 0.24 0.20 3 1.7 100 2s 7s 
732 0.69 1.12 7 1.7 100 9 91 
732 0.69 1.12 7 1.8 100 8 92 
732 0.69 1.12 7 1.8 100 7 93 
732 0.69 1.12 7 1.7 100 8 92 
748 1.06 0.76 5 EtOH, 2.03 2.1 100 6 94 
750 1.76 0.61 5 EtOH, 0.41 2.3 100 7 93 
750 0.037 0.55 5 EtOH, 0.5 1 2.0 100 7 93 
708 1.50 1.80 10 NH,, 45 2.2 100 5 95 

a 0-X for o-xylene, T for toluene. b Standard deviation of data ca. 5%. Position of tert-butyl group italicized. 

Table 11. Gas-Phase tert-Butylation of p-Xylene and Toluene 

Isomeric composition of products,b % 
Composition of gaseous systemp Torr 

tert- 
Substrates kp-xylene Bu tyltoluenes 

Neopentane p-X T 0, Added base ktoluene tert-Butylxylenes 1,3 1 4  

725 1.40 2 
75 0 3.07 7 
756 1.65 1.03 7 EtOH, 4.1 
680 1.70 1.40 10 NH,, 45 

Below detection limit 

4 96 
5 95 

u p - X  for p-xylene, T for toluene. b Detection limit, ca. 0.01% of the starting arene. Standard deviation of data ca. 5%. Position of tert-butyl 
group italicized. 

Table 111. Competitive Gas-Phase tert-Butylation of m-Xylene and Toluene 

Isomeric composition of products,b % 

Substrates km.xylene rert-Butylxylenes Butyltoluenes 

Neopentane m-X T 02 Added base ktoluene 1,3,4 1 , 3 S  1,3 1,4 

Composition of gaseous system,a Torr 
tert- 

725 1.2s 
734 0.90 
734 0.9s 
750 0.61 
74s 1.00 
750 0.06 
720 0.72 
720 1.00 
720 0.87 
690 1.20 

1 
7 EtOH, 1.10 

1. 12 7 EtOH, 1.10 
2.14 5 EtOH, 1.14 
2.1 7 EtOH, 22.3 
0.6 5 EtOH, 1.12 
1.21 7 t-BuOH, 0.36 
1.30 7 NH,, 0.07 
1.56 7 NH,, 7.6 
1.50 7 NH,. 70 

65 
65 

0.7 65 
0.7 54  
0.8 69 
0.6 53  
0.6 63  
0.5 76 
1.6 87 
1.9 89 

3s  
3s 
3s 6 
46 9 
31 5 
47 6 
37 7 
24 7 
13  6 
11 4 

94 
91 
95 
94 
93 
93 
94 
96 

a m-X for m-xylene, T for toluene. b Standard deviation of  data ca 5%. Position of terf-butyl group italicized. 

Table IV. Pressure Dependence of the Isomeric Composition 
of Products from the tert-Butylation of m-Xylene 

Re1 yieldsa of 
dimethyl-tert- 

System composition, Torr butylbenzenes, % 

Neopentane m-Xylene 0, 1,3,4 1 , 3 S  
20 
40 

100 
200 
300 
400 
500 
725 

0.63 1 8 
0.55 5 8 
0.64 2 9 
0.71 2 28 
0.64 2 40 
0.69 2 so 
0.39 3 56 
1.2s 1 65 

92 
92 
91 
72 
60 
so 
44 
35 

a Position of tert-butyl group italicized. 

phase from the radiolysis of neopentane 
neo-C5Hl2 --t C,H,+ + CH, + e (1) 

and thermolyzed by a large number of unreactive16 colli- 
sions with the neopentane molecules, according to a tech- 
nique first developed by Ausloos and coworkers" and sub- 
sequently applied to the study of gas-phase aromatic substi- 
t u t i o n ~ . ~ - ' *  The basic features of this technique and the 
choice of the experimental conditions necessary to ensure a 
unique path for the formation of the alkylated products 
have been discussed in detail elsewhere.' I The conditions 
typical of the present experiments, in particular the low 
concentrations of aromatic substrate(s), the high concentra- 
tions of an effective radical scavanger, the observed con- 
stancy of the relative yields over an extended dose range, 
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Figure 1. Dependence of the relative yields of 1,3-dimethyl-5-rerr-bu- 
tylbenzene (I) and of m-tert-butyltoluene (3) on neopentane pressure. 

ensure that the electrophilic attack of thermal tert-butyl 
ions on the aromatic substrate represents the only signifi- 
cant route to the alkylated xylenes and that parasitic pro- 
cesses, including radical reactions and direct radiolysis of 
the aromatics, can be safely disregarded. 

In analogy with earlier conclusions,Ig it is suggested that 
the alkylation proceeds in the gas phase via a two-step 
mechanism involving the attack of the carbenium ion on the 

aromatic substrate, leading to the formation of a substitut- 
ed arenium ion, excited by the exothermicity of the reac- 
tion. Lack of thermochemical data on the AHfO values of 
the isomeric dimethyl-tert-butylarenium ions prevents pre- 
cise calculations of the enthalpy changes associated with re- 
action 2. However, taking into account the thermoneutral 
or slightly endothermic character of the attack of t-C4H9+ 
on benzene” and the stabilizing effect of the two methyl 
groups in the arenium ions ( I )  reflected, inter alia, by the 
higher PA of xylenes with respect to b e n ~ e n e ’ ~ ~ * ~  (ca. 188 
vs. 178 kcal mol-’), the A H o  value of process 2 and conse- 
quently the excitation energy of intermediates I can be 
roughly estimated to be between 10 and 15 kcal mol-I. 

The arenium ions, stabilized by collisions with neopen- 
tane molecules, can subsequently undergo deprotonation by 
an appropriate gaseous base, either deliberately added to 
the system or formed from its r a d i o l y ~ i s , ~ ~  leading to the 
formation of the observed alkylated products (eq 3 ) .  

The formation of the arenium ions in an excited state is 
significant in connection with their possible isomerization 
before quenching by reaction 3 .  

Indeed, a t  least in the alkylation of m-xylene, the simple 
mechanism outlined in eq 2 and 3 is complicated by the oc- 
currence of extensive isomerization of 1,3-dimethyl-4-tert- 
butylbenzene, that represents the major product under kine- 
tically controlled conditions, to  the thermodynamically 
more stable 1,3-dimethyl-5-tert-butyl isomer. Isomerization 
can conceivably occur via two different channels, involving, 
respectively, the intramolecular shift of the t-CdH9 group 
(eq 4) and/or its reversible dealkylation to m-xylene (eq 5 ) .  

I1 

I11 

(5) 

The observed dependence of the isomeric composition of 
products on the pressure and on the concentration of bases 
does not allow one, per se, to  discriminate between mecha- 
nisms 4 and 5 ,  since both intra- and intermolecular isomer- 
ization can be expected to be reduced by collisional stabili- 
zation and to increase with the lifetime of I1 before its 
quenching by reaction 3 .  

However, the observed increase of the apparent km-xylene:  

kloluene ratio a t  high concentrations of N H 3  is only consis- 
tent with mechanism 5 ,  where fast deprotonation of I1 can 
be expected to prevent dealkylation, thus increasing the 
yields of tert-butylated arenes. 

The simultaneous change of product composition and of 
apparent reactivity of m-xylene provides quantitative sup- 
port to the “intermolecular isomerization” pathway, in 
fact; assuming that the decrease of the km-xy~ene :k to luene  
ratio from the 1.9 value measured at  high N H 3  concentra- 
tions to the 0.6 value measured in the absence of NH3 is 
due exclusively to de-tert-butylation of 11, one can calculate 
that the percentage of 1,3-dimethyl-4-tert-butylbenzene 
should concurrently drop from 89%, observed a t  high NH3 
concentrations, to 65%, in excellent agreement with the ex- 
perimental 62  f 6% value. 

In any event, in order to assess the relative rate of the two 
possible isomerization pathways, 1,3-dimethyl-4-tert-butyl- 
benzene was protonated in the gas phase with CHs+ ions 
from the radiolysis of methane,22 measuring the relative 
yields of 1,3-dimethyI-S-tert-butylbenzene, formed in this 
case exclusively via intramolecular isomerization of 11, and 
of m-xylene from proto-dealkylation (eq 6). 

The results indicate that, over the extended range of pres- 
sure investigated (90 to 750 Torr), the yield of m-xylene ex- 
ceeds that of 1,3-dimethyl-5-tert-butylbenzene by a factor 
of over 25: 1, suggesting a much greater rate of proto-deal- 
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kylation with respect to intramolecular isomerization. In 
this connection, it should be noted that extensive proto-de- 
tert-butylation of methyl-tert-butylbenzene has been ob- 
served by Munson and Field in their study on chemical ion- 
ization of arenes by CH5+ and C2H5+ ions.23,24 

Owing to the different reaction environment and espe- 
cially to the higher exothermicity of ( 6 ) ,  exceeding that of 
( 2 )  by some 50 kcal mol-’,25 considerable caution is re- 
quired when applying the results obtained in the protona- 
tion with CH5+ to the alkylation with t-C4H9+. However, 
since the higher excitation of the arenium ion I1 obtained 
from protonation should, in fact, make the competition be- 
tween intramolecular isomerization and dealkylation less 
unfavorable to the process characterized by the higher acti- 
vation energy, the evidence from CH5+ protonation strong- 
ly suggests that, as long as ortho tert-butylation of m-xy- 
lene is concerned, dealkylation of the substituted arenium 
ion is the predominant pathway and determines to a signifi- 
cant extent both the apparent reactivity of the substrate and 
the isomeric composition of products. 

Accordingly, it appears that kinetically significant rela- 
tive k values can be measured only in the presence of high 
concentrations of NH3, which prevents reversible dealkyla- 
tion (and possibly transalkylation) processes. 

The lack of ortho-substituted products from toluene and 
0- and p-xylene is to be traced to the comparatively low rate 
of the electrophilic attack to their insufficiently activated 
(vide infra) ortho positions rather than to  secondary deal- 
kylation, as shown by the failure to detect ortho-substituted 
products from these substrates, even under the conditions 
(high neopentane pressures and ammonia concentrations) 
that  d o  effectively prevent reversible dealkylation in the 
case of m-xylene. 

Neopentane pressure has a different effect on the isomer- 
ic composition of products from m-xylene and from the 
other substrates, e.g., toluene, as  illustrated in Figure 1 .  
The yield of 1,3-dimethyl-5-tert-butylbenzene, the thermo- 
dynamically most stable product from m-xylene, becomes 
constant and practically quantitative a t  pressures below 100 
Torr, while the proportion of 3-tert-butyltoluene monotoni- 
cally increases as the pressure is reduced to the lowest value 
investigated (8.7 Torr).” 

The  different effects of pressures can be rationalized tak- 
ing into account the higher exothermicity (and consequent- 
ly  the higher excitation energy of the arenium ions formed) 
in the t-CjHg+ attack on m-xylene, the different isomeriza- 
tion mechanism, and the different effects of radiolytically 
formed bases (H20,  alcohols, etc.) on the rate of deprotona- 
tion of the arenium ions from m-xylene and, respectively, 
from toluene. 

As a whole, the above considerations suggest that the ste- 
ric requirements of the “bulky” t-C4H9+ reagent can affect 
the isomeric composition of products a t  two distinct stages, 
Le., in the electrophilic attack (2) for all substrates and in 
the subsequent deprotonation step (3) for the particular 
case of m-xylene. Concerning the positional selectivity of 
the attack, the results can be summarized as  follows. (i) 19c- 

tivation of a ring position by one ortho methyl group is in- 
sufficient to balance steric hindrance. Thus, no appreciable 
attack does occur to the ortho positions of toluene. (ii) Acti- 
vation by one ortho and one meta methyl groups is also in- 
sufficient, preventing appreciable attack of t-C4H9+ to the 
ortho positions of 0- and p-xylene. (iii) The  combined acti- 
vating effects of two methyl groups, respectively ortho and 
para to a given ring position, overcome the steric require- 
ments of the reagent, conferring to  the position a reactivity 
comparable, if somewhat lower, to that of the para position 
of toluene. 

While meaningful calculations of partial ra te  factors and 
construction of gas-phase free energy correlations must 
await additional data, it appears that the reactivity of the 
individual methylbenzenes investigated toward the gaseous 
electrophile is essentially determined, under kinetically con- 
trolled conditions, by the number of free ring positions para 
to  a methyl group. Thus, the reactivity of 0- and m-xylene 
is approximately twice that of toluene, while benzene and 
p-xylene a re  less reactive than toluene by a factor of ca. 50 
and, respectively, greater than 100. 

The data so far available indicate that gas-phase tert- 
butylation is a “normal” aromatic substitution, in the sense 
that overall reactivity of each substrate is determined by the 
combined reactivities of its different ring positions. 

Conclusions 
A comparison of the gas-phase results with those ob- 

tained in solution is of interest, as  the present investigation 
provides the first experimental determination of the intrin- 
sic steric hindrance of the tert-butyl cation, and any differ- 
ence in the positional selectivity measured in solution must 
be traced to solvation and/or ion pairing of the reagent. 

The investigations of Brown and Smoot,26 Schlatter and 
Clark,*’ and Olah and co-workers** have conclusively 
shown that tert-butylation cannot occur in solution ortho to  
a methyl group of toluene and polymethylbenzenes, irre- 
spective of the nature of the reagent(s), the catalyst, and 
the solvent. In particular, alkylation of m-xylene with tert- 
butyl halides or isobutene, carried out with a variety of 
acidic catalysts in nitromethane, was found to yield exclu- 
sively 1,3-dimethyI-S-tert- b u t y l b e n ~ e n e . ~ ~  

In  all cases, the lack of ortho substitution was traced to 
the steric hindrance offered by the methyl substituent to the 
bulky tert-butyl electrophile attacking the ortho position. 

Our data  show now that, in general, the steric require- 
ments of the tert-butyl ion proper have been considerably 
overrated, as  indicated by the fact that the free, unsolvated 
carbenium ion is actually capable of attacking a sufficiently 
activated ring position of polymethylbenzenes, even ortho to 
a methyl group. Our  data provide conclusive support to the 
view that the alkylating agent in the liquid-phase tert-bu- 
tylation is not a free carbenium ion and that the steric hin- 
drance observed in solution studies is due to  solvation and 
especially to the bulk of the counterion closely bound to the 
electrophile, as suggested by Olah on purely inductive 
grounds.28 

A close correspondence does exist between the essentially 
intermolecular isomerization mechanism of the gaseous 
tert-butylarenium ions and the intermolecular isomeriza- 
tion mechanism of the same intermediates prevailing in so- 
lution,28 while the kinetic demonstration of the particularly 
fast dealkylation of o-methyl-tert-butylarenium ions in 
strong acids, with respect to their meta and para  isomer^,^' 
provides a strict analogy to the conclusions reached in the 
present study on the special significance of reversible de- 
tert-butylation of the gaseous ion 11. 

Finally, the extensive proto-de-tert-butylation of di- 
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methyl-tert-butylbenzenes by CH5+ represents a gas-phase 
counterpart of the fast dealkylation of similar substrates 
promoted by strong acids and acidic  catalyst^.^^,^^ 
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Abstract: The products and mechanisms of the reaction of OOP) atoms with toluene and 1-methylcyclohexene have been in- 
vestigated at 50-400 Torr total pressure over the temperature range 296-423 K. With toluene the volatile addition products 
observed were phenol, 0 - ,  m-, and p-cresol, along with CO, CH4, C2H6, and a large amount of nonvolatile polymeric tar, The 
reaction of O(3P) atoms with I-methylcyclohexene produced C O  and the C7H120 addition product isomers l-methyl-l,2- 
epoxycyclohexane, 2-methylcyclohexanone, 1-methylcyclopentenecarboxaIdehyde, methyl cyclopentyl ketone, 2-methyl-5- 
hexenal, 1 -hepten-6-oneq and 2-methyl-2-hexenal. These products are discussed in terms of a general mechanism for the gas- 
phase addition of O(jP) atoms to aromatic and cyclic unsaturated hydrocarbons. 

Introduction 
While much work has been carried out on the products 

and mechanisms of the gas-phase reactions of O(3P) atoms 
with simple olefins,'-13 mainly by Cvetanovic and cowork- 
ers,l-? there are  less data available for the reaction of O(3P) 
atoms with aromatic h y d r o c a r b ~ n s ~ ~ ~ ~ - l ~  and with cyclic 
0Iefins.2,5~~~l3 

The product studies on the reaction of O(3P) atoms with 
aromatic hydrocarbonsl4-I8 have shown that tar or polymer 
formation is extensive with the major volatile addition prod- 
ucts being phenolic. In the case of the cyclic olefins, Cveta- 
novic and c o ~ o r k e r s ~ 3 ~ * '  have reported the products ob- 
tained from the reaction of O(3P) atoms with cyclohexene 
and cyclopentene, the latter system being studied in detail.? 
The major products for these compounds are  the cyclic ep- 
oxide and ketone, together with ring-contracted and ring- 
opened isomers. 

In this work, as  part of an investigation into the rates and 
products of the reactions of O(3P) atoms with a variety of 
unsaturated organic  compound^,^^^^^ we have studied the 
products obtained from the reaction of O(3P) atoms with 
toluene and 1-methylcyclohexene to determine the effect of 
aromaticity on the reaction mechanism. These compounds 
are  not only of interest from the fundamental grounds of 
structure and reactivity, but also because of their possible 
significance in polluted atmospheres. 

Experimental Section 
The experimental system has been described in detail previous- 

ly, '9-20 and only the essential details will be given here. Ground- 
state oxygen atoms were produced by the mercury photosensitiza- 
tion of N 2 0  in a closed circulating reaction system. The volumes of 
the reaction and circulating systems were 4000 and 1043 cm3 for 
the studies on toluene and 1 methylcyclohexene, respectively. The 
reaction system was enclosed by a furnace whose temperature 
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