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30. The Nitration of Pentarnethyl benzene with Nitronium 
Hexafluorophosphate and Water in Nitromethane 
by Erich Hunziker, Philip C. Myhrel), John R. Penton 

and Heinrich Zollinger 
Department of Industrial and Enginecring Chcmistry. ETH, 8006 Ziirich 

(5. XJ. 74) 

Summary. The nitration of pentamethylbenxcne in nitromethane has bccn studied undcr 
conditions that allow two mechanisms of nitration to be distinguished. One has bmn identified as 
nitration via the nitronium ion; the other nitration involves an oxidation of the molecular complex 
ArII-NO@PF,e by nitrogen dioxide followed by rcitction o f  the aromatic substrate with the 
jncipicnt nitronium ion and loss of nitric oxide. Eithcr reaction can be madc predominant by an 
appropriate change in the proportions of the rcactants in thc system. 

A coneidcration of thc a-complexes formed by attack of the elcctrophilc at  aromatic carbon 
bearing a methyl substitucnt can providc x satisfactory explanation for Chc featurcs observctl in 
this and in other nitrations of pentarnethylbenrcne. 

1. Introduction, - . The process of elcctrophilic substitution in polyrnethylated 
benzenes arid thcir derivatives has rcceived considerable attention [l-q. Fully sub- 
stituted compounds such as hexamethylbenzcne undergo substitution in a side-chain 
mcthyl group 1'41 15 I [G b]. It has bccn suggested that these reactions proceed via the 

1) Guest Professor ETH 1971-72. Pcrmancnt address: Department of Chcmistry, Harvey Mudd 
College, Claremont, California 9171 1. 

- ~ .- 
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formation of cyclohexadiene intermediates followed by a migration of the substituent 
group from the nucleus to the side-chain [4] [5] .  Similar reactions occur in the corre- 
sponding nitrations of compounds which possess unsubstituted positions, e. g. durenc 
and pentamethylbenzene, but the naturc and proportions of the products formed 
depend on the reaction conditions. Thus, the nitration of durcnc with mixed acid 
(HN0,/H2S04) in acetonitrile gives 90%, by-product, but when the solvent is changed 
to nitromethane mononitrodurene is the main product LZ 1. 

Nitration of pentamethylbenzene with fuming nitric acid in chloroform or nitrnmcthanc 
produces some pntamcthylnitrobenzene together with by-products (GO-T)O%) ; the nature of the 
by-products can hc accounted for if 2,3,4,5-tetramcthylbcnxyl nitrate is formed initially in the 
rcaction [6cl [71. A mechanism suggested involved attack of thc nitronium ion at the position 
bearing hydrogen, followcd by proton loss from an or-mcth yl group. An intramolecular rearrange- 
mcnt of the nitro group thcn loads to the formation of a nitritc ion which would be oxidized 
rapidly by nitric acid to thc corresponding nitratc: [7J. Thc role played by steric effects wa$ cm- 
phasized, and it was considered that proton bas from a methyl group can compctc cffcctivcly 
with proton loss from the nucleus in thc 'crowded' pentarricthylt)c!nxcnc molecule. 

Evidence for the nitronium ion as the effcctivc clcctrophilz, and for thc cxistcncc of a conirnon 
intermediate along thc rcaction path was adduccd from the effccts of addcd species (NO,-, 
H,SO,, NO,-) on thc rate of reaction and on the nature o f  the products formed 171. The sdclition 
of nitrate ion (4.4%)*) anticatalyzcd thc rcaction without altcring the side-chain nitrooxylation/ 
nuclear nitration ratio to a large extent: and sulfuric acid (2%)e) catalyzcd the reaction, producing 
at the same time, however, an increase of aIrnost 1000/, (14 -* 24%) in thc amount of pentaInethy1- 
nitrobenzcne formed. 

The effects of these d d c d  species on the ratc of reaction are consistent with nitration via  thc 
nitronium ion, but the magnitudcs of these effects wcrc far snialler than thosc normally observed 
in nitrations with nitric acid in nitromethane [8]. Furthermore, the obscrvatjon that durene and 
pentamethylbenzene underwcnt a much faster rcaction than rnesitylcnc is in direct conflict with 
earlier work [a] in which the nitrations of benzene and its homologs with nitric acid in nitromethanc 
were shown to  be zeroth-ordcr with respect to thc aromatic compound. Finally, the enhanccmcnt 
in rate brought about by thc addition of nitritc ion (0.9%)*) strongly suggests that oxides of 
nitrogcn are involved in thcse reactions. 

Under conditions where thc effective electrophilc is the nitronium ion, i . ~ .  in nitrations 
with nitronium salts in aprotic solvents, the naturc and proportions of the products formcd in 
the nitrations of durcne and pentamethylbenzenr: dcpcnd on tho proccss of mixing. LittIc, if any 
by-products arisc from attack by the nitronium ion on the parent compound [Z] [3]. By-products 
are formed in tho nitration of pcntamethylbenzcnc with nitronium hexafluorophosphntc in 
acctonitrile; their naturc is. however, consistent with an attack by thc nitronium ion on pcnta- 
methylnitrobcnzene which is formed initially [3]. These rcsiilts suggest that undcr certain con- 
ditions of nitration both durene and pentarnethylbcnzene arc capable of undergoing a 'normal' 
nitration with the nitronium ion, and that protoa loss from a Inethyl group does not occur, to any 
Iargc extent, in thc dinitration of the former compound and in thc  mononitration of thc lrtttcr 
compound. 

To investigate the factors that influence the course of thc nitration of pcnta- 
methylbenzene, we have studied the nitration of this hydrocarbon in nitromethanc 
with the nitrating system, nitronium hexafluorophosphatc and water. This work 
represents an extension of earlier studies of thc nitration of durene with thc same 
nitrating system [Z]. Those studies indicated autocatalysis, and it is that feature 
that represents a focw of much of the experimcntal work rcported here. 

,) With rcspect to the concentration of fuming nitric acid (0.514. 
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2. Reeults. - 2.1. G s w d  Characteristics Exhibihd by $he Reactiott. The standard 
reaction in this study consisted of a mixture of pentamethylbenzene ( 0 . 0 2 5 ~ ) ,  
nitronium hexafluorophosphatc (0.025 M) and water (0.05 M) in nitromethane at 
Zoos). Reactions were initiated by rapid mixing of equal volumes of a nitromethanc 
solution of pcntamethylbenzcne and a nitromethane solution containing both the 
nitroniurn salt and water to givc a rcaction solution of the desired concentration and 
stoichiometry. It should be noted that the nitronium salt used in this study con- 
tained about 12% nitrosonium hexsfluorophosphtlte. Thc actual composition of the 
nitromethane stock solution containing the nitronium plus nitrosonium salt and 
water will be a subject of discussion in later sections*). 

F'rclirninary studies showed that t h e  formation of I'"r1tarntrthylnitro~nzene with time fol- 
lowed an S-shaped curve analogous to that observcd in the nitration of rlurene under similar 
conditions (see Fig. 2 in [Z]). However, rcpctitive runs showed that composition ws. tirnc profiles, 
obtained by rcrnoving aliquots from a stoppcrcd reaction vcsscl, were not rcprotlucible. Thc time 
of onsct of autocatdysis varied; in some cases no indudion pcriod was observed. The causc of 
these variations was traced to adventitious water, above the amount added dcliberately. Sub- 
sequent studies were carried out with thc use of V-tubcs which were charged in a dry box. Details 
of the method are describcd in the experimental part. 

The usc of these more rigorous conditions irnprovcd tho reproducibility of the rwction vs. 
time profiles. Neverthclcss, the sensitivity o f  the reactinn t r )  adventitious water made it necessary 
to conduct a parallel standard reaction when testing t h c  effects of added spccics or variations in 
reactant concentrations. 

Under these carefully controlled reaction conditions, the standard reaction 
profile (Fig. 1) exhibited two distinct stages. 

x PmtamMhylbmzonn 

bn@ncthyhltmbewma 

o By-product 

Fig. 1. Tke Nitvation of .Pe?ztamefhy&emere (0 .025~)  with Nifvonirm Hexafluorophosphale (0.025~) 
(contailzinfi 77.8% Nitrosonium Hexaflttorophosphate) and Water (0.05~) in Nitromethane at 20" 

a) Determined by gas chromatography. -- 
8) 

4)  

Concentrations shown in thc text are after mixing. 
The nitroniurn saIt conccntrations givcn in this account include impurity nitrosonium salt. 
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During the first stage, pentamethylnitrobenzene is formcd with no more than a 
trace amount of by-product. In the second stage, pentdmethylnitrobenzenc and 
by-products are formed in approximately equal amounts. It will be convenient to 
discuss separately the experimental studies designed to characterize the underlying 
reactions in these two stages of reaction. 

2.2. Expevim~tul  S td i e s  of Stage I. Information concerning the first stage of 
the reaction profile was obtained by a study of thc cffects of added species and vari- 
ations in reactant concentration. 

The marked effect of water on the reaction profiles is shown in Fig. 2. 
In this study the profile of a standard reaction was compared with the profiles 

of three related reactions differing only in the numbcr of equivalents of water added. 
When slightly less than two equivalents of water was added, thc initial rate of for- 
mation of pentamethylnitrobenzene was accelerated. A deceleration of the initial 
rate of nitration was observed with slightly more than two equivalents of water. 
However, when the water concentration was increased to about three equivalents, 
the onset of stage I1 was immediate, as judged by the rapid increase in both penta- 
methylnitrobenzene and by-products. 

Tlmc (min) 
- ,  I 

1 2 3 4 5 6 7  

Fig. 2. The Efject of Water on the CharacterisCic.5 shown by the SCmadavd System 

Variations in the concentration of the aromatic reactant vr changes in the nature 
of the aromatic reactant produced essentially no change in the initial rate of nitration. 
Thus, when thc reference reaction was varied by increasing the pentamethylbenzenc 
concentration by a factor of five the initial rate of nitration remained essentially 
unchanged (see Fig. 3). Furthennore, both mesitylcnc and benzene undcnvent nitra- 
tion under the standard reaction conditions at the same initial rate. It must be 
concluded that nitration during stage I of thc rextion is zcrotli-order with rcspect 
to the aromatic reactant. 
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It was also observed that addition of dinitrogen tetroxide (0.006~)~) to the 
system reduced the initial rate of reaction by a factor of about two and brought 
forward the onset of stage I1 of the reaction profile. 

Molarlty of pmtsmethylnittubenzene 

With 0.125 M pentamothylbenzem 

am 

a005 

f: 
Standad system 

Tlmo (mln) 

2 4 6 8 10 12 14 
I 

Fig. 3 .  The Effect of a% Iacvease i n  the Coacentration of Pentamethylbewme on the Characteristics 
shown by the Standard System 

The most surprising result was the observation that sulfuric acid was catalytically 
ineffectivc. Addition of 99.2% sulfuric acid (0.025~) to the standard reaction had 
no effect on the initial rate of nitration. By contrast, addition of %% sulfuric acid 
depressed the initial rate and altered the character of the reaction profile (see Fig. 4 
& 5) .  

%pwltamothylnitrobanzom 

loo i 

Y . . . . ' . . "  Tlme (mid 

1 2 3 4 5 6 7 8 8  

Fig, 4. The Effect of the Addilior of 99.20/, .HsSO, (0.025~) to the Stalzdard Reaction 
-. . 
") The conccntrations of the reactants used jn this reaction and in the reaction used for com- 

parison purposcs were double thosc of the standard reaction. 
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ao 

60 

235 

- 

- 

%Pentamethylnitmbenz~ 

loo i 

Fig. 5. The Effecf ofthe Addition of !ISYO H,SO, ( 0 . 0 2 5 ~ )  to Ihe Standard Reactivlt 

2.3. Experimental Studies of Stage 11. Studics of thc clmngc in nitrous acid con- 
centration during the course of reaction indicated that the onset of Stage 11 could 
be correlated with an increase in the concentration of lower oxides of nitrogen. As 
shown by representative data in Table 1, Stage I of the reaction proceeds with only 
a small increase in nitrous acid concentration (11.8 -> 13.4%), but after onset of 
Stage I1 the nitrous acid concentration increased sharply (3  3.4 +- 3 8.2%). 

Table 1. The concentration of &row acid at vavious times duriwg #he standard reaction') 

Timc [s] "/o Pentamethyl- yo Pentamethyl- "/o Nitrous scidb) 
benzene nitrobcnxene 

40 
60 
135 
265 
725 
1087 
1510 

84.5 
83.3 
69.7 
70.3 
53.6 
47.5 
21.6 

14.7 
19.4 
27.4 
31 .O 
45.2 
50.8 
69.4 

12.1 

12.5 
12.6 
13.4 
18.2 

a) 

b) 

See Fig. 1 for thc concentrations and conditions cniployecl. 
11.8% before reaction. Estimated error: :I: 1% of thc value shown. 

Not all aromatic hydrocarbons exhibit the autocatalytic stage 11. For example, whcn rhesi- 
tylene was nitrated under conditions identical to those listed in 'l'ablc l., 47% of the rcnctant 
was converted to nitromesitylene after 1500 s and the nitrous acid conccntration had increased 
only slightly (11.8+ 13.8%). 
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Earlier observations showcd that pentamethylbenzene reacts reversibly with 
nitrosonium ion in anhydrous nitromethane to form a n-complex, but reaction does 
not proceed to substitution product [ 31. Additional cxperimcnts demonstrated that 
no reaction products are formed even when a threefold excess of nitrosonium salt is 
uscd. However, a reaction does occur between pentamethylbenzene, nitrosonium 
hexafluorophosphate and water in nitromethanc solution. Results of studies are 
shown in Table 2 (rows 1 and 2). 

After 170 s, pentamethylnitrobenzcne (5.3%) and by-products (23.1%) are 
formed, one of the latter having thc same retention time on the gas-chromatograph 
as an authentic sample of 2,3,4,5-tetramethylbenzaldchyde, a compound which is 
formed in stage 11, The reaction slows down after this time and only 12% of the 
pentamethylbenzene remaining undergoes rcaction in the next 27 min. 

An increase in the rate of reaction and a marked changc in product distribution 
was observed (Table 2, rows 3 and 4) whcn the reaction conditions wcre altered by 
allowing a preformed nitromethane solution of the pentamethylbenzene-nitrosonium 
hexafluorophosphate complex to react with a nitromethane solution of the nitro- 
sonium salt and water. 

Table 2. The reuctioR hetween pewtawzstkylbewesrze, nitrosonawn hexajluorophosphate a& watev 
in nitromethane a l Z O o n )  

Reactants Time [s] % Pentamethyl- "/o Ycntamethyl- "/u Alclehydca) % Unidentified 
benzene nitrobcnzcne By-Products 

ArH ( 0 . 0 5 ~ )  170 71.6 5.3 8.0 15.1 
NO@PF6e (0.05 M) 
HsO (0.10M) 1800 62.8 7.0 9.3 20.9 

ArH (0 .05~)  170 63.8 20.4 I 15.8 
NWPFp (0.1 M) 
H,O ( 0 . l M )  1800 49.1 30.8 - 20.1 

a) For details of the method, see experimental part. 
b) 2,3,4,5-Tetramethylbenzaldehyde. 

Table 3 .  The reactions of pentamethylbe+axene, and of the complex AvH-NO@Pf;,e with dinitrogen 
tefvoxide in nitvomethaHe at 20" 

Time [s] '-$, Pentamethylnitrobcnzenc % By-Products 

ArH (0 .05~)  
YO, (0 .05~)  

120 
360 
300 

1800 

0.8 
2.1. 
3.7 
4.9 

18.2 
29.5 
45.4 
63.1 

-~ 

11 17.1 
30 25.7 

NO@Pr',* (0.WZM) 90 44.2 

207 57.2 
360 72.0 

ArH (0.042~) 50 35.0 

NaO, (0.042r) 122 47.4 

11.5 
20.4 
15.2 
15.3 
18.0 
16.0 
19.1 
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These results indicated possible dinitrogen tetroxide catalysis of aromatic nitra- 
tion by the nitrosonium ion (see discussion), and to explore this question in more 
detail the reaction of nitromethane solutions of pentamethylbenzene and dinitrogen 
tetroxide in thc presence and absence of added nitrosoniunl salt were studied. It is 
immediately apparent from the data (Tablc 3) 6, that reaction occurs at a much faster 
rate when nitrosonium hexafluorophosphate is prcscnt in the reaction solution. In 
addition, the reaction solution containing ni trosonium salt yields a much higher 
ratio of nitration product to by-products. Thus dinitrogen tetroxide reacts with 
pentamethylbenzene at a moderate rate to yicld mainly by-products which include 
tetramethylbenzaldchyde and tetrarnethylbenzyl alcohol. Addition of a stoichio- 
metric equivalent of nitrosonium hexafluorophasphatc to the reaction mixture 
results in a greatly increased reaction rate, apparcntly by accelerating the rate of 
formation of pentamethylnitrobenzene. 

Another set of studies involving the reaction of  dinitrogen tetroxide and pcntn- 
methylbenzene together with varying amounts 01 nitrosoniurn salt or nitric acid 
were carried out to investigate whether by-product formation and nitration were 
independent or connected paths. The results (Tahlc 4) indicated small but increased 

Table 4. The affect of hcveasiag the concenttalion of the complex tn lhe reaction between the complex and 
dinityogem tetroxide an nitrometham ~ 1 2 0 "  

Reactants Time Is] "/o Pentamethyl- % By-product 
nitrobenzene 

120 44.5 13.3 
ArH (0.025~) 300 57.7 19.0 
NO@PF,e (0.025~) 600 68.1. 22.0 
NaOd (0.025~) 1800 72.9 24.4 

ArH (0.025M) 
NOePF,e (0.025 M) 120 13 23.3 

HNO, (0.025 aa) 

NO@PF,@ (0.050~) 300 65.7 13.7 
NsO, (0 .025~)  GOO 75.6 17.0 

1800 81.0 17.9 

NaO, (0.025~) 

ArH (0 .025~)  120 48.5 9.3 

rates and yields of nitration product when thc reaction conditions favored an in- 
creased concentration of the molecular complex formed from the aromatic. and nitro- 
sonium ion. 
The rates of nitration of pentarncthylbenzenc! and rriesitylene by nitrosonium 

hexafluorophosphate/dinitrogen tetroxidc 1 : 1 were investigated. Thc profiles for 
these reactions (Fig. 6) clearly demonstrate that under these reaction crtnditions the 
rate of formation of pentamethylnitrobenzene is much Faster than the rate of fnrma- 
tion of nitromesitylene. The increase in the concentration of pentamethylnitro- 
benzene with time was paralleled by a decrcase in the concentration of the molecular 
complex. 
E, In thc reaction of the complex with dinitrogen tetroxidc yields of up to 86% pentamethyl- 

nitrobenzene were obtained in game experiments with solvent distilled thrce times from Ps06. 

- 
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Nitromasltylane L*.--.-.- 0 Time(s) 

40 80 120 I60  200 240 280 320 360 

Pig. 6. The Reactions of Didragen l'etroxide will the Malecular Comfikxss fornzed between Penta- 
rnethyZbemene, Mesityhms, a d  Nitrvsonium Hsxufluorophosphate in Nitromethane at 20". Reactant 

Yroportions: ArH/NO@PF,e/N,O, A 0 . 0 4 2 ~  : 0.042m: 0.042~. 

Further information concerning the mechanism of this reaction was obtained 
from kinetic studies. At  a constant dinitrogen tctroxide concentration, the initial 
ratc of formation of pentamethylnitrobenzcne was doubled when the concentration 
of the complex was increased twofold; the reaction is thus first-order with respect 
to the complex. A determination of the order with respect to dinitrogen tetroxide 
requires a knowledge of its dissociation constant in nitromethane. This has not been 
measured, but in acetonitrile K, = 0.3 -l 0.1 x 10-4 mol 1-1 1.91. All subsequent 
kinetic studies were therefore carried out in this solvent. 

At  20" and a dinitrogen tctroxidc concentration of 0 . 0 2 5 ~  the reaction was too 
fast for convenicnt study, but a product distribution similar to that observed in 
nitromethane was found (see Table 3). E'urther cxperirnents showed that the kinetics 
of the reaction could be studied at 5", and at this temperature the product distribu- 
tion was essentially unchanged from that found at 20". 

Table 5. Rates of veaction of the psntameth~~&~naene-nitrosLllz/um salt corn#ex [0.0025 M] with diiferent 
stoichinmetvic concentrations of diwitrogen tetroxide in  acetonitrile ot 5" 

7.13 
4.75 
2.38 
1.43 
0.95 

5.53 8.68 1.22 1.57 
4.52 7.99 1.69 1.77 
3.19 4.56 1.93 1.43 
2.47 4.13 2.90 1.67 
2.01 3.67 3;90 1.82 
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The results of a series of experiments with a constant concentration of complex 
and various concentrations of dinitrogen tetroxide arc shown in Table 5. 

The reactions were followed by recording thc decrease in thc complex concentra- 
tion spectrophotometricaly at 500 nm. Under the conditions shown in the table, 
pseudo first-order kinetics were observed. A typical example is shown in Fig. 7; a 
plot of log(OD, - ODt) against time is lincar for over 90% reaction. The pseudo 
first-order rate constants were calculated from the slopes of such plots. Division of 
these rate constants by the equilibrium conccntration of dinitrogen tetroxide or 
nitrogen dioxide allows a distinction to be made between the rate equations: ratc = 
K, [complex] [N,04]x and rate = li, [complex] [NO&’. 

The vahe of the dissociation constant of dinitrogcn tetroxide in acetonitrile at 
So, K6 = 0.043 f 0.01.4 x rnol 1-l, was calculated from the vadt Hoff equation 
using the previously determined value of Kzs and A H = 16 kcal mol-1 Ip]. The con- 
centration of nitrogen dioxide at equilibrium was obtained from [NOJ = {KB/16 t- 
KIN,OJst)l/s - K/4. The last two columns of ‘Cable 5 show quitc clearly that the 
reaction is represented by the rate equation, rate = K, [complex] [NO,,]. 

i -I” [ log(OD,-ODt) 
-1.0 

100 ZOO 300 400 500 600 

Fig. 7. Farst-Order Pkd /or the Reoclion of the Compex (0.0025 M) with Danitrogen Tetroxide (0.071 MJ 
i% Acelonil& at 5” 

Finally, the kinetic isotope effect in the reaction was investigated by the compctitivc rnsttiud. 
The reaction of dinitrogcn tetroxidc (0.005 M) with thc co~nplexes formed betwccn nitrosoniuin 
hexafluorophosphate (0.1 M), pentsmcthylt.nzene (0.05 M) and ~ntamcthylbenecnc-1-tfl (0.05 M )  

in nitromethane at ZOO gave 85% pentamethylnitrobenzenc and 15% by-product on completion. 
Examination of the unreacted aromatics by mass spectroscopy showed k ~ / k n  = 1 & 0.2. 

2.4. The Products formed in Stage I I .  An attempt was made to determine the 
nature and proportions of the by-products formcd under the conditions of the stan- 
dard reaction. 2,3,4,5-Tetramethylbenzyl nitrate, a product found in fuming nitric 
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acid nitration of pentamethylbenzene [7], was not found in the IR. spectrum of the 
products. Test mixtures subjected to the work up procedure showed that this com- 
pound could be identified by its 0-N-0 infrared stretching frequency (1635 cm-1) 
in concentrations of cu. 5% in the standard reaction. 

Gas-chromatography of the product mixture showed the presence of penta- 
methylnitrobenzene (61%) and a compound with the Same retcntion time as 2,3,4,5- 
tetramethylbenzaldehyde (1.5%). By contrast, thin layer chromatography showed 
that at least ten by-products were present. Of these it was found possiblc to isolate 
and identify unambiguously only one: 2,2', 3,5',4,4',5,5',6-nonamethyldiphenyl- 
methane (1.7%). The compound previously identified as 2,3.4,5-tetramethylbe'nz- 
aldehyde by gas-chromatography was isolated and its IR. spectrum was identical 
with that of an authentic sampb. One other product was isolated whose IR. spectrum 
resemblcd that of 6-nitro-2,3,4,5-tetramethylbcnzyl nitrate, but too little materid1 
was obtained to enable a positive identification to be made. 

Attempts wcrc made to obkain compounds which rescmblcd the unidentificd by-products 
formed in stagc II from other nitration systems. However, thc: nitrations of pentamcthylbenzene 
with fuming nitric acid and with mixcd acicl (HNOs/HeSO4) in nitromethane produccd so many 
by-products that their isolation was impracticaldc. 

One by-product which was formed in the standard reaction decomposed on 
quenching the solution. It had a deep red-purple color and its rate of formation in 
most cases (but not all) increased rapidly during stage 11. This was seen by an cx- 
amination of the VIS. spectrum of the reaction. The optical density expected for 
the molecular complcx formed between the aromatic reactant and nitrosoniurn ion 
in the standard rcaction is 0.25 (650 nm, 1 cm cell) if no water were present. How- 
ever, in this reaction the initial optical density was 0.33 (650 nm, l cm cell) rising to 
0.4 at thc cnd of stage I, and then further increasing to 0.7 on completion of stage 11. 
I t  is possible that the formation of a diaryloxidoarnrnonium ion [lo] can account for 
this increase in optical dcnsity. If this is the case use of data [lo] for the extinction 
cocfficient of dianisyloxidoamrnonium perchloratc cnnbles an estimate to be made 
of the concentration of thc colored by-product formed in the standard reaction. This 
turns out to be <0.5% at the end of stage I, increasing to ca. l.yo on completion oi 

2.5. Related Nitration Systems. For compariscin, the nitrations of pcntamethylknzene in 
rclatcd nitration systcms wcre studied. Nitrations were carried out with fuming nitric acid in 
nitromethano and acetonitrile with and without the addition of sulfuric acid. The results are 
shown in Tablc 6. 

In nitrornethanc. nitration with fuming nitric acid gives a large number of by-products, some 
of which had similar retention times on the gas-chromatograph to thc by-products formed in thc 
reaction between pentamethylbenzene and clinitrogerl tetroxidc; thcir naturc was, however, not 
investigated further. Addition of sulfuric acid results in an incrcasc in thc rate of nitration and 
an increase in the proportion o f  pcntamcthylnit iobcnz~~~ farmed. 

The situation in acetonitrile is somewhat diffcrcnt. IIcrc sulfuric acid catalyses the reaction, 
but cvcn with two cquivalcnts of acid, a relatively low yield of pentamethyl~itrobcnzene is found. 
l%e IlZ. spectrum of the products of this reaction had principal bands at 3400 cm-t, 2920 cm-1 
and 1660 cm-1 closely resemhling the spectrum of N-acctyl-2,3,4,5-tetramethylbenzylaminc, a 
compound which could bc forrncd by attack 01 the solvent on the aromatic [a]. 

The unusual fcaturcs of thcse nitrations in acetonitrile prompted a more dctailcd investiga- 
tion. The results of kinetic and partition isotopc studics arc shown in Table 7. Competitive nitra- 

stage 11. 
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tion of pcntamethylbenzcnc and pentamethylbcnzc.nc-1-d. showcd that no kinctic isotope cifcct 
occurred in the reaction. 

In the studies of the partition isotope cffect, a rnixturc of ~'"ntarnethyI~nzcnc-l-d, and penta- 
methylbenzcne-l-a-da was rcactctl with a mixture of nitric nntl sulfuric acid; and the nitro-com- 
pounds WCT~: cxartiinctl by gas-chromatography ant1 niass.spectrt,scopy. Thc partition isotope 
effect was calculatcd from thc relation: 

The signifjmcc of thcse rcsults is discussctl later. 

Table 6. The efject of the addition of sulfuvic acid (98%) on tha nitrution uf fientaMethylbenzene with 
./ummg nitric w i d  in nitvolrtethane and acclonitvile a1 20" 

Reactant concentrat. [moll -11 Conditions Proclucts 

Pentamethyl- HNO, IIBSO, Pcntamcthyl- "/o Pentamethyl- '$$ By-product 
benzene bcnzent: nitrobenzenc 

0.1 0.1 - CH,NO, 40.0 7.6 52.4 
0.1 0.1 0.1 3 h  28.6 42.8 28.6 
0.1 0.1 0.2 8.3 613.8 22.9 

0.1 0.1 - CH,CN 87.4 0.5 12.1 
0.1 0.1 0.1 3 h  27.5 4.8 67.7 
0.1 0.1 0.2 17.2 13.5 69.3 

Table 7 .  Kinetic and paytition isotope ejjeects in the nitrution of pentarvrethyylbenzelte wilh mixed ucid 
in acetunifvile at 2 P a )  

Reactants [mol l.-lJ Products 
Aromatic HNO, H,SO, "/o Pentamethyl- l/b Hy-product k H / k u  ( R D / R ~ I )  nitro 

nitrobe n zenc by-praduct 
~ ~ 

0.2 0.02 0.04 15.0b) 85.0") 1.0 & 0.2 - 
0.09 0.11 0.22 9.1 90.9 - 3.8 t 1.20) 

8) 

") 
") 

Full details arc given in the expcrimcntal part. 
With respect to the Concentration of fuming nitric acid. 
For proton loss from thc a-mcthyl groups. 

3. Diecussion of the Experimental Results. - The reaction of pentamethyl- 
benzene with nitronium plus nitrosonium salts and water is complex. However, a 
number of features have been establishcd by kinctic study, and these results permit 
mechanistic discussion. Part of the reaction complexity arises from the fact that the 
system under study is closely related to a preprativc reaction; it differs significantly 
from systems normally used to study mechanistic lcatures of arormtic. nitration. 
For example, nearly all of the reactant species undergo largc concentration changes 
as the reaction progresses. However, thc reaction system does allow a fairly clear 
separation of at least two distinct paths of nitration. Additionally, it is possible that 
the results obtained in studies of this type may be more casily connectcd to the 
general behavior observed when certain polyalkylbenzenes are subjected to pre- 
parative nitration reactions. 
16 
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In the discussion to follow we shall first consider the state of the system at the 
start of reaction. Next, a mechanistic discussion of the rcgions identified as stage I 
and stagc 11 of the reaction profile will be prescnted, and areas of mechanistic 
uncertainty will be identified. Finally, we shall consider these results together with 
data collectcd for xelatcd nitration systems, 

3.1. Equilibria ilc the Reactiolz System. First, some discussion concerning the kind 
and concentration of species present in thc reaction system must be made. The 
possible species can be organized into four groups of equilibria that can obtain at 
the start of reaction. 

The first group of equilibria represent possible species formed by reaction of 
water with nitronium hexafluorophosphate. 

(1 4 
(Ib) 

N0,@PF6e -I- H,O a H,N03@PF6e -& HNO, $. €I@PF,e 

H,NO,ePFEe + H,O + HNO, + lI,C)~Pl.',e 

It is assumed that equations l a  and lb lic far to the right when OIIC equivalent of nitronium 
salt and two equivalents of watcr are mixed in nitromcthsnc. Thc cxistcnce of significant conccn- 
trationsof H@PF,O is considered improbable [Ill. Thus we shall treat thc standard system at the 
start of the reaction as if it contained nearly one equivalent of nitric acid and one equivalent of 
the ion pair. hydroniurn hcxafluorophosghate. 

The fact that thc nitronium salt used in this study contained about 10-12% 
nitrosoniurn hexafluorophosphate complicates the situation considerably. We must 
also consider the analogous equilibria (eq. 2a and 2b) involving nitrosoniurn ion 
and water. These equilibria do not lie as far to the right as do the equilibria shown 
in equations l a  and lb. This is consistent with the relative ~ K R  values of nitric and 
nitrous acids in strong aqueous acid media. 

NO@PF6@ f H,O + H,NO,@PF,D + HNO, + 'H@PF,e (24 

13,NO,Q'PF,e H,O HNO, + HSO@'PFee (2b) 

A third equilibrium involving molecular cornplcx formation between polyalkyl- 
aromatics and nitrosonium ion has been recently demonstrated [3]. The equilibrium 
constant for such complex formation betwcen pentarnethylbenzene and nitrosonium 

ArEI + NO@PFEo ArH ?u'CPPF,O (3) 

ion is uncertain, but it is presumably unity or larger. Also it is known that the forma- 
tion constant is larger for pentamethylbcnzene than for mesitylene. 

Finally, a variety of equilibria exist between the various nitrogen oxides and 
water, Some of the more important equilibria are shown in cq. 4 a - 4 ~ .  

In the ensuing discussion it will be necessary to refer to these four sets of equi- 
libria and to emphasize their changing importance as the reaction progresses. 

3.2. Mechalzistic Descriptiolz of Stage I. l2ie first stage of the reaction has the 
characteristics of nitration by the nitronium ion with the condition that nitronium 
ion formation is rate-limiting. Thus the observations that benzene, mesitylene and 
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pentamethylbenzene have the same initial ratc of nitration under reference reaction 
conditions and the observation that changing the concentration of pentamethyl- 
benzene by a factor of five does not change the rate of reaction indicate that the 
initial rate is zeroth-order in aromatic reactant. 

Adopting the assumption that in nitromcthane onc cquivalent of nitronium hexafluoro- 
phosphate and two equivalents of watcr yield nitric acid and b ydronium hexafluorophosphatc 
(eq. la and lb), onc can derive a rate expression that secms consistcnt with the first stage of the 
reference reaction profile. Following the conventional scheme, 

One may write 

where both H,NO,@ and NO,@ are assumed to bc steady-state intermediatcs and proton transfer 
from the c-complex is assumed to be fast with respcct to the revcrsc of step 3. Equation 5 rcduces 
to the zeroth-order rate cxpression (eq. 6) i f  it is assumed that R-,k,LArH] [H,O] $ [L,k,[ArH] + 

The major charactcristic of the reaction profilc during stage I is thc rapid fall-off in nitration 
rate. Equation G requircs such a fall-off due to diminishing concentration terms in the numerator 
and a concentration term in the denominator that increases with cxtent of reaction. 

In an effort to compare predictions with observations onc can treat the more 
general rate equation (eq. 5 )  in a more detailed way. Howcver, it must be recognized 
that this necessitates a number of serious assumptions. First, it is implicitly assumed 
that concentrations represent activities. Second, it is recognized that tlic term 
K-& [HaO]s in equation 5 cannot be neglected as thc water concentration increases. 
This implies a gradual change from zeroth-order dependencc in aromatic to a mixed 
order'). Third, it is assumed that step 3 and step 2 are controlled by encounter so 
that the rate constants R, and R-, are approximately equal. Finally, we assume 
complete conversion of nitronium hexafluorophosphatc and water to nitric acid and 
hydronium hexafluorophosphate, and also assume that cquations 2a and 2 b, gov- 
erning the nitrosonium ion-nitrous acid equilibria, lie completely to the side of 
nitrosonium ion and water. 

Application of the second and third assumptions leads to equation 7. 

') There is some experimental evidence to support this. Fig. 3 shows that the fall-off in the rate 
of nitration with time is  less when the concentration of the aromatic reactant is increased. 
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By virtue of thc known stoichiometry. thc concentration of nitrosoniurn salt impurity (takcn 
its 10% in thc following treatmcnt), and the assumplions conccrning equilibria in equations 1 and 
2, we may cxpress the conccntrations of equation 7 in terms of one vdriabk. 

I.ctting [ArHj, - a, rArHIt - : x, [lI,OWF,e] '7 0.Ya 

[HNO& = (x - D.la), and Lll,Olt - 1.2~ - x, we obtain cquation 8 upon substitution 

03 

0.2- 

-cix/dt = k' (x) (0.9a) (x -. O h )  
X (1.2a - X) i- (1.2d - X)$ 

= kf -. (0 9) (x) (x - .- &la) 
1.2 (a-x) 

- 

flmo (units of I/k') 

Integration yiclds equation 9: 

0.9 k't + log 1.11 [(x/a) - o.ij - - 12 log (O.') 
[(x/a) - 0.1J 1.2 

A plot of thc fraction of reactant rcmaining. xla, vs. time (in units of 1 / R )  is shown in Fig. 8.  
The effect of advenlitious watcr on this rate profilc can also be estimatcd by appropriate changes 
in constant terms in equation 9. Kesults of similar calculations involving increased amount of 
watcr arc included in Fig. 8. 

I:or comparison purposes, experimcntal values of xlrt from the standard reaction (Fig. 1) 
are alsa incladcd. 

Thc cxperimental curvc was constructed by satting the experimcntal value o f  the time for 
x/a = 0.6 equal to the prcdictcd value and adjusting thc time axis of thc other experimental x/a 
values accordingly. (This value was chosen for th.c basis as the expcrimcntal error in the time 
for 10% reaction (x/a -- 0.9) is fairly large). 

In view of the assumptions made in deriving cquation 7, the agreement between 
the predicted and experimental curves for stage I of the reaction' is good. The ob- 
served rapid fall-off in nitration rate during stagc I can be adequately described by 
the proposed mechanism. 

The ef€ect of water on stage I seems consistent with ratc-limiting formation of 
the nitronium ion. The effects of other species on the zeroth-order nitration rate can 
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bc predicted from equations l a  and 1 b. Thus a decrcase or increasc in thc concen- 
tration of the nitronium ion or its precursor, the nitric acidium ion, would be ex- 
pected to decrease or incrcase the initial ratc of nitration, respectively. At first sight, 
the situation would appear to be similar to that iourld for zeroth-ordcr nitrations 
with nitric acid in nitrornethane. Here, nitration is anticatalyzed by dinitrogen te- 
troxide and catalyzed by sulfuric acid. 'Thc anticatalytic cffect of dinitrogen tetrox- 
ide has been attributed to deprotonation of the nitric acidium ion by the nitratc ion, 
or in the presence of water, the nitrite ion r81. The addition of dinitrogen tetroxide 
to the standard reaction of this study results in a decrease in the initial ratc, prc- 
sumably for the reasons mentioned above, but a quantitativc cvaluatisn of thc anti- 
catalysis is precluded by the changes which occur in cquilibria 1 4  when dinitrogen 
tetroxidc is addcd to the system. 

In contrast to cxpcctation, howcvcr, thc addition of 99.2% sulfuric acid did not alter the 
initial rate of nitration. Furthormorc, tho addition of 90% siilluric acid depresscd thc initial ratc 
and initiated a reaction with characteristics similar to thosc: shown by stagc II of thc standard 
systcm (Vig. 5).  These results are disturbing. A numhor of possiblc cxplanations havc bccn cam 
fully considcred. Many cannot be. discounted, but in our judgcmont none is sufficicntly convincing. 
w e  m c h d c  that more detailed experimental work mnst h: done before the cffccts of sulfuric 
acid can bc adcquately discussed, 

The effects of adding sulfuric acid to the stantlard reaction systcm forcc iis to  bc rcscrvcd 
about mechanistic assignment to  stage 1. The weight of cvitlcnca indicatcs scroth-ordcr nitration 
by the nitronium ion, but the sulfuric acid aIlorrialy pr(:vcrits adoption of a dogmatic position. 

3.3. Mechanistic Description of Stage I I ' .  The observation that the onset of this 
reaction is favored hy the addition of water or dinitrogcn tctroxide provides clear 
evidence for the involvement of oxides of nitrogen. Production of nitrous acid during 
the reaction leads to autocatalysis, and the catalytic role played by nitric acid is 
supported by the observation that at the end of the rcaction l.O-ZO% pentarnethyl- 
benzene and ca. 20% nitrous acid are present in solution and the subsequent reaction 
is very slow. 

The incursion of an autocatalytic reaction in the standard system can bc ac- 
counted for by the changes which occur in the concentrations of the various species 
as reaction proceeds. With progression of stage I, thc concentrations of the nitroniurri 
ion and pentarnethylbenzene decrcase, thereby increasing the availability of water 
(equilibrium 1 a) and nitrosonium ion (equilibriurn 3), respectively. The resulting 
shift in equilibrium 2a enhances thc possiblity of formation of dinitrogen tetroxidc. 
A time is thus reached where another nitration pathway, stage 11, becomes important. 
With the onset of this reaction more nitrous acid is produced and nitric acid, releascd 
from equilibria l a  and l b ,  acts as a catalyst. 

The problem is to find a suitable mechanism or mechanisms, involving penta- 
methylbenzene and some form of nitrous acid, which will account satisfactorily for 
the characteristics shown by this reaction. 

It is well known that reactive aromatic hydrocarbons are capablc of undergoing 
conversion to nitro-compounds via nitrosation, and a number of species arc capable 
of effecting both the nitrssation [12] and oxidation 11131 stages of the reaction, 
depending on thc conditions employed. In thc system under discussion, the most 
reactive nitrosating agent is almost certainly thc nitrosonium ion, but the lack of 
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any reaction between this ion and pentamet hylbenzene under anhydrous conditions 
necessitates the search for an alternative reaction path. 

The preliminary experiments (Table 2) confirmcd that pentamethylbenzene 
undergoes reaction to give pentamethylnitrobenzene and by-products in a system 
containing oxides of nitrogen. The data show clearly that the nitro-compound is 
formed principally from reaction of some species with the molecular complex formed 
between the aromatic reactant and the nitrosonium ion. The rapid decline in the 
rate of this reaction can be attributed to the attainment of a balance between equi- 
librium 3 and equilibria 2a, 2b, 4a, and 4b. I t  might be noted that the absence of 
an aldehyde is to be expected: the increascd amount of nitrosoniurn salt decreases 
the amount of free water available for its formation. 

More quantitative experiments involved an examination of the reactions of 
pentamethylbenzene and the molecular complex with dinitrogen tctroxide in nitro- 
methane and acetonitrile. I t  is apparent from the results (Tables 3 and 4) that the 
reaction of the molecular complex with dinitrogen tetroxide shows similarities to 
stage I1 of the standard system. Both rcactions are catalyzed by nitric acid and both 
produce a relatively high yield of pentamethylnitrobenzene. In contrast , the reac- 
tion without added nitrosonium salt is relatively slow and produces only a small 
amount of thc nitro-compound. Since dinitrogen tetroxide can undergo heterolytic 
as well as homolytic decomposition, the formation of the molecular complex and its 
subsequent decomposition might participate in this reaction. For this reason it is 
difficult to estimate the contribution of the reaction of dinitrogen tetroxide (or 
nitrogen dioxide) with pentamethylbenzene to stage I1 of the standard reaction. 
This contribution is, in our opinion, likely to be small in view of the slow rate of 
reaction and the large amount of by-product formed. 
We have not investigated the possibility that other oxides of nitrogen participate 

in stage 11, but nitrogen trioxide is 80% dissociated into nitric oxide and nitrogen 
dioxide at 25" and atmospheric pressure [14], and the low reactivity of nitric oxide 
argues against its involvement in such a reaction. 

Assuming, then, that the reaction between pentamethylbenzene, nitrosonium 
hexafluorophosphate and dinitrogen tetroxide provides a basis from which a plausible 
reaction scheme for stage I1 can be derivcd, we shall now consider the mechanism ol 
this reaction in more detail. The reacting species have been identified as the molec- 
ular complex and nitrogen dioxide (Table 5 and Fig. 7). I t  is possible that the radical 
and the nitrosonium ion first react to form a species which then attacks penta- 
methylbenzene in a step which may be fast or slow compared to its rate of formation. 
Ruman spectra of nitric acid solutions indicate the formation of a molecular com- 
pound between the nitrosonium ion and nitrogen dioxide [15], but of the two possible 
resonance structures, NOaNOi and NO,@.NO, the greater contribution comes from 
the nitrosonium-nitrogen dioxide ion [15] 

The hypothesis that some species can be formed which attacks the aromatic in a 
separate step does not, however, find support from studies of the reactions of nitrogcn 
dioxide with the complexes formed bctween the nitrosonium ion, pentamethyl- 
benzene and mesitylene (Fig. 6). In the mesitylene case, the concentration of the 
molecular complex at equilibrium is smaller 133 thus affording the opportunity for 
the production of a larger amount of the attacking spccies. If the reaction were 
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zeroth-order in aromatic reactant, mesitylene should react faster than pentamethyl- 
benzene; in fact it reacts much slower. 

This result also argues against a first-order nitration of the aromatic hydrocarbon. 
Previous work 1161 has shown that mesitylene acts at or ncar the encounter rate in 
nitrations with the nitronium ion in various media at 25". The large difference 
observed in the rates of nitration of pentamcthylbenzene and mesitylene under the 
present conditions does not therefore support the view that thesc compounds undergo 
a first-order nitration by a species formed between nitrogen dioxide and the nitro- 
sonium ion. In our opinion this large difference in nitration rates is a direct conse- 
quence of the lower concentration and reactivity of the mesitylcne complex towards 
nitrogen dioxide. 

Alternatively, the reaction may be considered as a nitrosation-oxidation if one 
allows the possibility that a small amount of the cr-complex formed betwecn the 
aromatic hydrocarbon and the nitrosonium ion is present in equilibrium with the 
molecular complex. Nitrosation by the nitrosonium ion is considered to be an A-S& 
process in which proton loss from the WlZeZamd intermcdiate is rate-limiting except 
for basic (pK, -3.5) compounds [17]. Thus in the present case nitrogen dioxide 
could catalyze the reaction by assisting proton removal from the a-complex, but 
the absence of a kinetic isotope effect in the reaction effectively rules out this idea. 

We must conclude that the rate equation, rate = k,[complex] [NO, *I, describes a 
direct attack of nitrogen dioxide on the complex, and it is  necessary to justify our 
earlier view that such a reaction can account satisfactorily for the characteristics 
shown by stage I1 of the standard system. 

The reaction between the complex and nitrogen dioxide can be represented by 
the following scheme. 

Schems 1 

t 

NO. + 

"20, + 

t 

I t  is a step-wise process in which donation of the lone pair of electrons from thc 
nitrogen atom of the nitrosonium ion to an oxygen atom of a nitrogen dioxide 
molecule is followed by a reaction of thc aromatic compound with the incipjent 
nitronium ion and simultaneous release of nitric oxide. Undoubtedly the driving 
force of this reaction is the presence of the aromatic rcactant, for in its absence thc 
nitronium ion is not formed (see above). A possible alternative to the above scheme 
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could involve a 1,3-cycloaddition of nitrogen dioxide to the nitrosonium ion of the 
complex followed by elimination of nitric oxide (compare [13]), but from the present 
results it is not possible to distinguish these two mechanisms. 

The observation (Table 4) that nitric acid catalyses the reaction without ap- 
preciably altering the pentamethylnitrohenzcnelby-product ratio is consistent with 
the idea that under these conditions the acid is not involved in the product-dcter- 
mining step of the reaction. 

In stage I1 of the standard reaction, the initial concentration of nitrogen dioxide 
is small and catalysis by nitric acid is responsible for the fast rate of reaction. As 
the reaction progresses, the equilibrium concentration of the molecular complcx is 
maintaincd by an appropriate shift in equilibrium (3). When no more nitric acid is 
present in the system, thc reaction virtually stops with 10 -20% pentamethylbenzene 
and ca. 20% nitrous acid unreacted. 

A consideration of the reaction between the molecular complex and nitrogen 
dioxide can, thcrefure, lead to an adequate description of stage 11, but there is an 
important difference betwecn the two reactions, namely in the proportions of prod- 
ucts formed. The former reaction givcs ca. 80% pentamethylnitrobenzene on com- 
pletion whereas in stage I1 ca. 50% of thc nitrocompound and cu. 50% by-products 
are formed. Two explanations can be considered to account for thc relatively low 
yield of njtro-compound in thc second reaction. First, the proportion of by-product 
in the total yield may bc increased by participation of a reaction between the aro- 
matic reactant and nitrogen dioxide. Second, the reaction between the molecular 
complex and nitrogen dioxide may proceed via a mechanism which allows two 
distinct paths, one of which produccs by-products and is accelerated under the con- 
ditions of stage 11. 

In view of the slow rate of the reaction betwcen pentamethylbenzene and di- 
nitrogen tetroxidc (nitrogen dioxide) it is unlikely that this reaction can account for 
more than a small proportion of thc by-products formed in stage 11. Thcre is, how- 
ever, limited evidencc to support the alternative vicw that the amount of by-product 
formed in the reaction of nitrogen dioxide with tlic molecular complex depends on 
the reaction conditions. Thus an increase in the concentration of complex at eyui- 
librium by addition of two equivalents of nitrosonium salt increases the proportion 
of pentamethylnitrobeneene formed but only by a relatively small amount (Table 4). 
With five equivalents of nitrosonium salt (not shown in Table 4) the yield of nitro- 
compound decrcased to its original value. This implies that some of the by-products 
are formed from reaction of the molecular complex. Furthermore, the observation 
that the yield of pentamethylnitrobenzene depended on the method used to dry the 
solvent, reaching a maximum with anhydrous material6), suggests that the pro- 
portion of by-product formed from the reaction of the molccular complex depends 
on the reaction conditions. 

A mechanism to account satisfactorily for these observations can be derived if 
the possibility that the nitronium ion can attack aromatic carbon bearing a methyl 
group is considered (hereaftcr referrcd to as +SO positjons [JS]). 

Earlier work [13] has shown that a consideration of these @SO complexes js necessary to 
explain certain aspccts of aromatic nitration, particularly in thc nitration 01 o-xylene. It could 
be shown that in thc nitration of this cornpound with nitric acid in sulfuric acid ca. 40% rcaction 
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proceeded via the ;#so-rr-complex, and this complox could undcrgo two modcs of decomposition, 
At low sulfuric acid concentrations, a nucleophilic attack by water lcads to the formation of 
3,44imethylphenol, but at high aciditics the prcdominant pathway involves a 1,2 shift of thc 
nitro group to givc thc 3-nitro isomer. The observcd [ZO] jncrcasc in thc: isomer ratio 3-/4-nitro-o- 
xylene with increasing acidity of thc medium could thus be accounted €or By thc increasing 
predominance of the lattcr pathway. 

In nitrations of pentamethylbenzenc it must be iissumcd that reactioq. proceeds 
primarily via attack of the nitronium ion at the ;$so positions. This considcratiori 
leads to the following mechanistic scheme for rcactiun of pcntamethylbenzene with 
the nitronium ion and hence for reaction of the molccular complex with nitrogcrl 
dioxide. 

The relative proportions of the a-complexes formed will not be in the statistical 
order. Of the factors which govern their formation, two are expected to he of prime 
importance, namely the amount of steric strain released on formation of the complex 
and stabilization of the positive charge. In the case of thc latter factor, the grreatcst 
stability is achieved when an electron-releasing group is present at the para-position ; 
this position carries a larger proportion of the positive charge than an ortho- or msta- 
position 1211. Such considerations coupled with tlic statistical distribution Iead to 
the conclusion that the i@so complexes will he formed in the proportion 3 > 2 > 1 > 4. 

In the proposed scheme, ik is envisaged t h t  a-complex 1 loses a proton from the 
position of substitution in a step which is fast camyarcd to the rate of attack of the 
nitronium ion. The absence of a kinetic isotope cffect in thc reaction of the molecuhr 
complex ArH-NO@PF,@ with nitrogen dioxide confirms this. Evidcnce from other 
work [6c] indicates that complex 1 does not undergo noticeable proton loss from a 
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para-methyl group; such a process would lead to the formation of 2,3,4,6-tetra- 
methyl compounds. For the other a-complexes, two modes of decomposition, both 
fast compared to the initial attack of thc nitronium ion. can be considered. First 1,2 
shifts of the nitro group can occur to give 1 which then loscs a proton to form penta- 
methylnitrobenzene. Second, ioss of a proton from a methyl group gara to the point 
of attack can lead to the formation of cyclohexadiene intermediates. In the case of 
4 this process would, in all probability, give intermediate 5. The formation of these 
conjugate bases would be base catalyzed, and their further reaction would lead to 
by-product formation. 

It is immediately apparent from the present data that in stage I of the standard 
reaction the principal mode of decomposition of the a-complexes involves 1,Z-shifts 
of the nitro group. The small amounts of by-product and nitrous acid formed are 
consistent with the view that decomposition to give 5 and 6 occurs to a very small 
extent. 

A similar situation obviously occurs in thc reaction of the molccular complex and nitrogen 
dioxide in anhydrous nitromethane and acetonitrile. However, in stage I1 of thc standard reaction, 
and in the reaction of the complex with nitrosonium salt and water, the increased availability 
of basic specics (H,O, Nose, Nose) increascs the possibility that the a-cornplexcs decompose via 
intermediates 5 ant1 6. The consequences of this situation arc an increase in the concentration of 
nitrous acid in the systcm and an increase in the proportion of by-product formed. 

A possible altcrnativc to thc above schemc could involvc the formation of addition compounds 
by attack of a nucleophilc (I39 on 2 and 3. 'Ihese addition compounds may then lose HE? to givc 
5 and 6 or eliminate nitrous acid to givc products capable of undergoing rcarrsngcrnent [5].  Othcr 
possible paths of decompositjon could involve interrnediatc benryl cations. Thcse may be formed 
either from 2 and 3 by a conccrted elimination of nitrous acid or from 5 and 6 by loss of nitritc ion. 

In our opinion, however, scham 2 provides a reasonable explanation for the 
observations reported here and can account satisfactorily for the changes in product 
proportions which occur under the various reaction conditions. 

With regard to the nature of the species which react with 5 and 6 to form the 
by-products in stage 11, the present results do not allow a distinction between a 
radical or ionic process. The relatively large amount of by-product formed in this 
reaction com.pared to the amount of nitrous acid produced is suggestive of a reaction 
involving nitrogen dioxide, but it is clear that the by-products can be formed in a 
number of ways and are capable of furtlicr reaction in the system. Their nature is of 
relative unimportance to the general themc of this account. 

, To summarize, the general mechanistic characteristics of the standard reaction 
have been established. Both stage I and stage I1 involve nitration by the nitronium 
ion. In stage I, the nitronium ion is released from equilibrium la  whereas in stage I1 
it is formed from the interaction of nitrogen dioxide with the molecular complex 
formed between pentamethylbenzene and the nitrosonium ion. Both reactions 
proceed via zfiso-n-complexes, and pentamcthylnitrobenzcne is formed by 1 , %shifts 
of the nitro group followed by proton loss from the conventional a-complex. In 
stage 11, however, a base catalyzed proton loss lrom a methyl group pura to the 
point of attack can compete with the shift of the nitro group owing to  the increased 
availability of basic species. Further reaction of the cyclohexadiene intermediates 
leads to  by-products, Finally, some of the by-products in stage I1 may be formed 
by an attack of dinitrogen tetroxide (nitrogen dioxide) on pentamethylbenzene. 
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In the final section we shall consid? the reactions of peatamethylbenzene in 
various nitration systems and investigate the possibility of the emergence of a clear 
pattern of behavior. 

3.4. Related Nitratim Systems. The results obtaincd in the prcscnt work for the nitrations of 
pentamcthylbcnzenc with fuming nitric acid in nitromethane and acetonitrile (Table 6) are sug- 
geative of a radical reaction. Thus the product distributions arc! similar to that in the reaction 
of the aromatic hydrocarbon with dinitrogen tctroxidc in nitrolncthanc (Table 2) and furthcrmorc, 
gas-chromatography shows qualitatively that similar by-products arc formed. However, othcr 
workers who have studied the nitration of pentamethylbenzene with fuming nitric acid in nitro- 
methane have claimcd that the purported high positional selcctivity of the reaction which forms 
the by-products, i. e. side-chain nitrooxylation argues against thc participation of a radical 
rcaction [7]. In view of the fact that fuming nitric acid contains ca. 1% dinitrogen tctroxidc which 
can undergo hetcrolytic and homoIytic dissociation, a reaction betwccn tho molccular complcx 
and nitrogen dioxide is possible under these conditions. Thc reaction would bc catalyzed by nitric 
acid and, fur thc reasons outlined in the previous section, the rclativcly high concentration of 
basic species compared to that of the molccular complcx would favor by-product formation. 
Thus nitration via  the nitronium ion could occur in this system, but it is clcar that the rcaction 
does not involve nitration via nitronium ion produced from thc dissociation of nitric acid (SCC 

Introduction) 8) .  

Xn nitromethanc, addition of sulfuric acid to the systcni results in :m incrcase in the rcaction 
rate and .in the proportion of pentamethylnitrobcnzeno formcd on completion (Table 6). Thesc 
obscrvations are consistent with thc view that sulfuric ?&id increases the concentration of thc 
nitronium ion in the system by protonating nitric acid, and also decreases the basicity of the 
medium. Under thesc conditions nitration via the nitronium ion formed from nitric acid occurs, 
and the decreased basicity of the medium favors decomposition of the ipso-u-complexes via 
1,Z-&if& of the nitro group. 

The situation is, however, not found whcn the solvent is changed to acetonitrile. The rate 
of the reaction is increased by addition of sulfuric acid, but this increwe in rate is not accompanied 
by a large increesc in the proportion of pentamethylnitrobcnzenc formed; a similar situation has 
been found with durene [3]. If  it is aasumcd that, in thc presencc of two equivalents of sulfuric 
acid, nitration via the nitronium ion formed from nitric acid occurs, thc high proportion of by- 
product formed in the nitration must be a consequence of the predominance of the corresponding 
mode of decomposition of thc ipso-cr-complexcs. The existence nf an inverse partition isotopc cffect 
in the reaction (Table 7) supports this interpretation; substitution of deuterium for hydrngcn in 
an a-methyl group of pentamethylbenzene decreascs the possibility that the  ipso-o-complcx will 
decompose via proton loss to form a cyclohexadicnc intcrmediatc. 

The differences observed between the mixed acid nitrations in nitromethane and acctonitrilc 
must be due to the ability of acetonitrile to act as a nuclcophilc towards the small equilibrium 
concentration of the cyclohexadiene intermediates, and hencc accelerate thc decomposition 
pathway of the i$so-cT-cornplexes which leads to by-products. 

Nucleophilic attack by the solvent occurs in thc nitration o f  pentamethylbcnzenc with nitro- 
nium salts in acetonitrile [3] and there is  somc evidence to suggcst that it occurs in thc nitration 
with mixed acid. In this system, attack by thc solvent on interinetliates 5 and 6 (scheme 2) would 
form N-acetyltetramethylbenEylamines whose presencc is indicatcd by the infrared spectrum of 
the products. 

It is quite clear therefore that the conditions used to study the nitration of penta- 
methylbenzene can have a large effect on the proportions of the products formed. 
It is also clear that many of the factors which influcnce the nitration of this com- 

8, Less reactive hydrocarbons k.g. benzene which do not form a significant amount of the coinplex 
ArH-NWPF,e under these conditions undergo nitration Viu the nitronium ion produced from 
the dissociation of nitric acid. With fuming nitric acid (1.0~) in nitromethane, thc reaction 
is zeroth-order with respect to benzene, k,, = ca. 3 .Ox 104 mu1 1-I s-1, 
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pound are effective in the nitrations of other alkylbenzenes. Thus the observation 
[22] of red-brown colors in nitrations of aromatic hydrocarbons in acetic acid is 
indicative of the molecular complexes formed between these compounds and the 
nitrosonium ion, and in view of the possibility of reaction of these complexes with 
nitrogen dioxide care must be exercised in experiments designed to measure relative 
reactivities of these aromatic hydrocarbons. The reaction of these molecular com- 
plexes with nitrogen dioxide can also account satisfactorily for the surprising 
observation [23] that dinitrogen tetroxide nitrates aromatic hydrocarbons cleanly 
and in high yield. The rcsults are explainable if it is the complex and not the 
aromatic hydrocarbon which undergoes reaction with nitrogen dioxide under the 
conditions employed. 

In this account we have attcrnpted to elucidate the general principles which 
govern the nitration of pentamethylhcnzene and other polyalkylbeneenes, and 
hence to establish why the nature and proportions of the products formed in these 
nitrations which arc not affccted by the mixing process vary so much with thc naturc 
of the system used to study nitration. The mechanistic schemes 7 and 2 providc irk 
our opinion, a basis from which a plausible explanation of these observations can be 
made. Thus in media in which the concentration of the nitronium ion relative to 
that of nitrous acid is high enough to cnsure that nitration via the nitronium ion 
occurs exclusively, pentamethylbenzene undergoes reaction to give only pentamethyl- 
nitrobenzene, e.g. stage I of the standard reaction of this study. However, in such 
nitrations the formation of by-products can occur if conditions are such to increase 
the probability of the formation and further reaction of methylene cyclohexadiene 
intermediates, e.g. mixed acid in acetonitrile. In systems which havc a relatively 
high concentration of nitrous acid, an oxidation-nitration reaction can occur which 
appears to involve attack by nitrogen dioxide on the molecular complex 
ArH-NO@PF,e and reaction of the incipient nitroriium ion with the aromatic suh- 
strate. This reaction can give up to 85% pentamethylnitrobenzene, but usually thc 
very nature of the nitration systcms in which it takes place ensures that considerable 
decomposition of the ifiso-cr-complexcs occurs via methylene cyclohcxadiene inter- 
mediates, e .g .  stage I1 of the standard reaction of this study;and possibly nitration 
with fuming nitric acid in organic solvents. Finally, reaction between pcntamethyl- 
benzene and nitrogen dioxide may occur under certain conditions, e.g. nitration 
with fuming nitric acid in organic solvents. 

We thank the Schweizerischer Nutiopalfonds 2 ~ l v  Fiirdevung der wissenschafttlicherr Forschzdlrg 
for financial support (projcct No. 2.245.69). 

4. Experimental Part. Material and Analytical Methods. Commercial pentamethyl- 
bcnxcne was fractionatcd live timcs ( 6 Y / O . O S  Tow) and recrystallized from cthanol, m.p. 54'. 
Gas-chromatography, showed Icss than 0.01 %, dutene and hcxatnethylhcnzene. Benzcne and 
mesitylene (Merck, purr;) werc distilled. 2,3,4,5-Tctrarnathylbcnryl chloridc was preparcd by 
chloroniethylation of prchnitene 1241. The corrcsponcling tlitratc and aldchyde were prepared 
from this cumpound by standard methods [G cJ. 2,3,4,5-Totramethylt)cnryl alcohol was isolated 
from thc nitration of  pcntamethyll~enzcnc ( 2 ~ )  with. fuming nitric acid ( 7 4  in chloroform by 
colunin-chromatography (silica gel ; dicthylether) and recrystidlizcd twice from 60--80° petrolcum 
cther. The physical properties and spectml-charactcristic~ of thcse compounds agreed with those 
rcportcd in the literaturc. 
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Acetonitrile (Fluku, pure) was fractionally distilled tlirec times from P3O6 in a dry nitrogen 
atmosphere. Thc final sample was incrt to Fischer rcagcnt. Uimcthylforrnamidc (DMF) (Pluka, 
spcctroscopic gradc) was shaken for 12 h with 4.4 molecular sieves and fractionally distilled Irom 
P,O,. Fuming nitric acid (d =: 1.52) containing 1% nitrous acid, and sulfuric acid (d 7 ca. 1.84, 
95.7%) wcre from Merck. Dinitrogen tctroxide was a corninorcia1 product and was  dricd t)y 
passagc over P,O,. Thc purification 01 othcr materials and the cletermination of nitrous acid 
havc bwn described [3]. 

An Aerografih series 1400 (flame ionisation detector; ZOOo; 30 ml/min N2) was uscd for the 
GLC. analyscs. The column has bcen clescribccl [ZJ, Naphthalene was the inicrnal standard. 
'H-NMR. spuctra were recorded on a Varian A60 or HA100 spcctroaieter. 1K. spectra werc 
obtaincd with a Perkin-Elmer 21 spectrophotomotcr. A Hilachi-.Perkin Elmer RMTF6A mass 
spectromctcr was used to obtain thc mass spectral data. Kinetic mcasiircments wcrc carried out 
with a Urricam SP 800 spectrophotometer fittcd with a therinostatcd ccll block ancl equipped to 
record four kinetic runs simultancously. 

Pentavrcethylben~ene-l-d. Thc principle of thc mcthotl has been dcscribecl [251. D,O (6 nil) was 
added dropwise from a separating funnel to phosphorous trit)romidc (27 g) containcd in a 50 rnl 
two-necked, round-tmttomed flaskequipped witti a magnctic stirrer. The gas cvolvcd was collcctcd 
as a solid at - 180" in a flask containing pentamet~iylbcnzcnc (3 9). The ilask was ccmnectcd wia 
a three way tap to a CaCl, drying tube. Whcn the evolution of I>Hr had ceased, thc licluicl nitrogen 
bath was exchanged for a dry ice/isopropyl alcohol bath whcroiipon DBr melted and dissolved 
the aromatic. After a reaction time of 30 min. the cooling bath was removed and the: gas pumped 
off. The procedure was carried out twicc more. Chromatography of the crude product (silica gel; 
benzene) showed the presence of a minor impurity, possibly pc:ntarriethylbromobcnzene. Penta- 
mcthylbenzene-1-d, was purificd by column-chroniatographv and was recrystallizcd from ethanol ; 
2.5 g, m.p. 54". lII-NMK. and mass spectrum showed 100~4, rcplacemcnt of thc aromatic proton. 
An unlabelled samplc was prcpared from pentamcthyIbcnzc:nt: and HI3r. 

Pentametky~benz~ne-l-a-d~. Sodium borodcutcridc (0.61 g) was addcd to 2,3,4, J-tetratncthyl- 
benzyl chloride (1.5 g) in dry DMF (30 ml) containcd in :t 100 1x11 conical flask fitted with a drying 
tube. After a rcaction time o f  1 €1, the solution was cxtractcd with 30-5D"petrolcurn cther (4 x 50 nil) 
and the extract concerkfratcd to a volume of ca. 30 ml. This c;lust:tl separation of most o f  the UMP 
which was solublc in thc original extract. The 1)Mli Iaycr was soparatetl and rc-cxtractcd with 
petroleum ether (2 x 10 ml). Chromatography showcd that this was sufficient to cxtract the: 
aromatic compound complctdy. The petroleum ether extracts wcro combined and conccntratod 
to a small volurnc. Isolation and purification of pcntanicthvlbcnrcne-a-~~ was ach icvcd hy 
column-chromatography (silica gel; petroleum ether) and rccrystnllization from ethanol ; 1.15 g, 
m.p. 53'. MS. showcd 90 f 2% deuteration. An unlabcllcd samplc was prepared from sodium 
borohydride and thc chloride. Gas-chromatograph y showcrl the saniples to contain hcxamcthyl- 
bcnzene (4.5%) impurity. Both samples wcrc dcutcrated in the 1-position by thc mcthoti tlcscriberl 
above. 

P e v t a r n e l ~ ~ l n i t r o b e n ~ e ~ e - a - ~ ~ .  This was isolated from the reaction of pentamcthylbcnzene-~-d, 
(0.2~). nitrosonium hcxafluorophosphate ( 0 . 2 ~ )  and dinitrogcn tctroxidc (ea. 0 .54 in nitro- 
methanc (scc bclow). It was purified by chromatography (silica gcl : pctrolcum ether/benzcnc 2 : 1 ) 
and recrystallization from methanol, m.p. 156'. An unlabelled samplc was prcpared in an analogous 
manner. 

Nitradon of Pentamethylbenzene with Nitronium Hexafluorophosphate and Water 
in Nitromethane. - A. Kinetic S t d i e s .  The method used was essentially that described yre- 
viously for nitrations without watcr [3J. Solutions of the aromatic and of tho nitroniuni salt 
werc preparcd in a dry box. The lattcr solution was romovecl from the box, thc rcquirocl 
amount of water was added with a syringe and the solution rclurncd to the box. Equal volumes 
(usually 3 ml) of the two solutions were pipetted into the side arms of V-tubes; these were stop- 
pered and removed from the dry box. Aftcr cquilibration a t  thc rcquired temperature, tho tubcs 
were invcrtcd and thc solutions thoroughly mixcd. 'I'hc contcnts o f  each tube were qucnchcd with 
ammonia gas a t  various timcs from thc start of the reaction and the solutions filtcrcd. Samples 
of each solution were added to samples of a naphthalene solution of known conccntration and the 
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cxtcnt of nitration was determined by gas-chromatography using the experimentally determined 
response factors. Exactly thc samc proccdurc was used to study the nitrations of benzene and 
mesitylene, but solutions of the aromatic in nitromethane were prepared by adding an appro- 
priate amount of the hydrocarbon to the solvent by means of a syringc. 

B. Products. The experimental proccdurc has bccn dcscribcd above. A solution (100 ml) of the 
nitronium salt (0.05~) and water ( O h )  was addcd to a solution (100 ml) of pentamethylbenzenc 
( 0 . 0 5 ~ )  contained in a 500 ml conical flask in a dry box at 20.5'. Thc oxtcnt of reaction was fol- 
lowed by gas-chromatography, and it w a ~  established that the course. of thc reaction was similar 
to those studied previously, see Fig. 1. After a reaction time of 25 min, the solution was quenched 
with ammonia gas and filtered. Gas-chromatograph y showed the presence of pentamethylnitro- 
benzene (61%). pcntamethylbenzene (23%) and 2,3,4,5tetramethylbenzaldehyde (1.5%). The 
solution was concentrated and the residue dissolved in ch:hloroform (20 ml). The IR, spectrum 
showed bands at 2930 cm-l (C-H str.), 1690 cm-l (C=O str.), 1520 cm-l (N-0 str.), 1460 cm-1 
(C=C str.). and 1375 cm-* (N-0 str.). A number of other bands were observed, but no dofinitc 
assignments could be made. Part (5 ml) of the solution was evaporated to dryness and the residuc 
dissolved in thc minimum of deuterochloroform. The IH-NMIZ spectrum showed peaks at 2.1, 
2.16, 3.87, 6.2 and 6.8 ppm. The rcmainder of the solution was concentrated and TLC. (silica gel; 
several solvent systems) showed the presence of at least ten by-products. Of these, two were 
isolated and purified by Chromatography (silica gel; petroleum ether/benzene 2: 1) : 

2,2', 3,3',4,4', 5,5',6-nonamethyldiphenylmcthanc : m.p. 180". IR, (CHC1,) : 2930 em-1 (CH,. 
C H  str.), 1470 and 1450 cm-I (benrcnc ring overtoncs and aromatic C=C str.). 1390 ctn-' 
(C&, C-H bend), and 1070 cm-l. lH-NMR9) (CDCI,) : all singlets, 2.12 (9, arom. CH,) ; 2.2 (3, 
arom. CH,); 2.28 (12, arom. CH,); 2.36 (3, arom. CH,): 3.92 (2, CH,); and 6.24 ppm (1, CH). 
MS. 1 M+ at mle 294. 

2,3,4,54etramethylbenzaldehyde: IR. (CHCl,) : 2930, 2860 and 2720 (-CHO), 1690 (C-O), 
1600,1450,1390,1280,1220, and 1080 cm-1. Unfortunately too little of this compound was isolated 
to  obtain the IH-NMK. spectrum. 

Reaction of Pentamethylbenzene with Nitrosonium Hexafluorophosphate and 
Water in Nitromethane. - The reactions were carricd out in the manner described above 
for rcactions with nitronium salts. In the case of the reaction of the complex ArH-NC)@PIT6Q with 
nitrosonium salt and watcr, the solution of the complcx wits prepared in a dry box by mixing 
equal volumes of nitromcthane solutions 01 the aromatic (0.2M) and the salt ( O . ~ M ) ,  and an aliquot 
wag reacted with an equal volume of a nitromethane solution of the salt (0.1~) and water ( 0 . 2 ~ )  
jn a stoppered V-tube at 20". The reaction was stoppcd with ammonia gas and analysecl by gas 
chromatography. 

Reaction between Pentamethylbenzene, Nitroaonium Hexdluorophosphate and 
Dinitroden Tetroxide. - A. Kinetic Studies ilz Nitvomethane. A quantity of the solvent 
was pipetted into a three-necked, round-bottomed flask in a dry box, Two of the necks were 
capped with rubber septums and the third was fitted with a tap attached to a balloon fillcd with 
dry nitrogcn. A hollow. stainless steel needle was inscrtcd through each septum and a short 
length of polythcne tube. fitted with a scrcw clip, was lixed to onc of the needles. The apparatus 
was removed from the box and dinitrogen tetroxide was bubblcd through the solvent for a short 
time. Samples of the solution were removed by inserting a pipette into the tube attached to one 
of the nccdles and applying a little nitrogen pressurc. In t h i s  way losses of the gas from the solution 
were minimized. The concentrations of dinitrogen tctroxide solutions prepared in this 'manner 
were determined as follows: An aliquot of the solution was added to excess of a standard solution 
of acidified potassium pcrrnanganate, the solution was stirred for 5 min and the permanganate 
remaining was determincd iodornetrically. The reactions between the aromatic;, rdrosonium salt, 
and dinitrogen tetroxide were carried out in a separating funnel (3.5 X 17 cm) contahing a magnctic 
stirrer. A nitromcthane solution of thc complex was preparcd (see above) and added to the separat- 
ing funnel in a dry box, The funncl was sealed with a rubber septum through which were inserted 
two stainless stcel needles. One was connected via a three way tap to a drying tube and a balloon 

9) The number in brackets refers to the number of protons. 
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filled with dry nitrogen ; the other had attachcd to it a short length of tubc sealed by a screw clip. 
The complete apparaturs was mmovcd from thc box and thcrrnostattcd by means of a hollow lead 
pipe around the funnel and connectcd to a thermostat. A pipettc containing the required volumc 
of a solution of dinitrogcn tetroxide in nitromethane was inxrtcd into the tube cquippcd with thc 
screw clip. The clip was opencd and the contents of thc apparatus wcrc exposed to dry air. After 
addition of the dinitrogcn tetroxide solution, thc reaction mixture was subjccted to a slight pres- 
sure of dry nitrogen to facilitate the running out of samplcs. Tlicse were taken a t  various times 
from the start of the reaction and run into tubes contairiing ammonia gas. After filtration, the 
samples were cxamined by gas chromatography. 

The reaction of dinitrogen tetroxide with pcntarncthy1br:nzenc w m  carried out in rz similar 
manner. 

H. Ki#dic Isalofie Effect in NiluomeUarre. Pentamethylbcnzenc (0.148 g) and pcntamcthyl- 
benzene-l-dl (0.149 g) were weighed out in a 25 ml tubc. The stoppcrcd tube was put in a dry box 
and nitromethane (10 ml) was added. A solution of nitrosoilium hexafluorophosphatc (8 ml, 0.2~) 
was addcd to part (8 ml) of the solution of aromatics to form the molecular complexcs. Thc 
complex solution was removed from the box and reacted with a nitromethanc solution of dinitro- 
gen tetroxide (0.42 ml, 0 . 2 ~ )  for 12 min. After being quenched with ammonia gas, the solution 
was filtered and part was exatnincd by gas-chromatography whjlc the rcrnainder was evaporated 
to dryncss. l'hc unreacted hydrocarbons were separated from thc products by Chromatography 
(silica gel ; 30-50" petrolcum ether) and recrystallized from ethanol. 

The remainder (2 ml) of the solution of aromatics not rcacted with the nitrosonium salt was 
subjected to thc same work up procedure and both samples wcre examined by mass spectroscopy. 

C. Kasetic Studies ifi Accfof l i tds.  Preliminary work showcd that a kinetic study ol thc reaction 
of the cornplcx with dinitrogen tetroridc could possibly bc complicated by thc reaction of the 
complex with atmospheric moisture unless such conditions wcrc employed to eliminate or 
compensate for this side reaction. Thus when a solution of the complex (0.0025 M) in dry (e,' 4.0 x 
104n H,O) acetonitrile was prepared in a 1 cm cell i R  a dry box and then exposed to the at- 
mosphere at  room temperature for 30 s, decomposition of thc complex set in (t = ca. 40 min). 
Under the strictly anhydrous conditions of the dry box, the complex was complctcly stable. 
Further experiments showed that at  5" this decomposition would not interferc with measurement 
of the reaction with dinitrogen tetroxide if the following proccdure wcre employed. A typical run 
is described: A solution of the complex (0.005~) in dry acetonitrile was prepared in a dry box and 
aliquots (1.5 ml) were pipetted into two 1 cm matchcd quartz cells. The stoppcrcd cells were 
transferred to the reference and sample compartments of the spectrophotomcter and equilibrated 
at  So for 10 min. A solution of dinitrogen tetroxide (0.342~) in acetonitrilc was prcpared (see 
above) and was equilibrated at  5" together with a quantity of the solvent contained in a similar 
apparatus. After equilibration, a 1.5 ml aliquot of thc solvent was added to the complex solution 
in the sample cell using the method described above for dinitrogen tctroxidc solutions. Similarly, 
a 1.5 ml aliquot of the dinitrogea tetroxide solution was addcd to Chc reference cell. The solutioiis 
were quickly mixed and the decrease in the concentration of the complex was recordcd at  500 nm. 

The same two stock solutions of the complex and dinitrogcn tetroxide were used in all kinetic 
runs. Different concentrations of &nitrogen tctroxidc were achieved by the addition of aljquots 
of solvent to the initial 1.5 ml. aliquots of thc complcx solutions contained in the two 1 cm cells; 
the total volume of the complex plus dinitrogen tetroxidc solutions was always 3 ml. Hc, *tween 
kinetic runs, the apparatus containing the dinitrogen tetroxide solution and that containing thc 
solvent were kept in a dry box. 

Nitration of Pentamethylbenzene with Nitric Acid and Sulfuric Acid in Nitro- 
methsne and Acetonitrile. - A. General Method. Solutions of pentamcthylbenzene, fuming 
nitric acid and sulfuric acid were prcpared by wcight. Thc required amounts of matcrial 
were weighed out in separate tubes. These were put in a dry box and the appropriate amount of 
dry solvent was added to the tubes containing the aromatic and nitric acid; an aliquot of thc nitric 
acid solution was then added to  the tubc containing sulfuric acid. The tubes were thcn removed 
from the box and after equilibration at the required tempcrature part of the nitric acid/sulfuric 
acid solution was added to the solution of the aromatic reactant to give the required concentration 
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and stoichiornctry of reactants (SCC Table 6). 'The rcactions were stoppcd with ammonia gas anti 
cxaiiiincd by gas-chromatography. 

R. Kinetic Isotope Eflect in  Acetonitrile. An acetonitrile solution (4 ml) of fuming nitric acid 
(n.02M) and sulfuric acid (0.04~) was atlrlcd to a solution (4 ml) of pentarnethylbenzenc ( 0 . 1 ~ )  
and pentamethylberizcne-1-dl (O.~M), ant1 the reaction was left for 6 h at 20". After being quenchcd 
with ammonia gas, part of the solution was examined by gas-chrumatography and the remainder 
was cvaporatcd t o  dryncss. Thc: unreactetl h ydrocztrbons were .scparatcd by chromatography 
(silica gel; 30-50" petroleum ethcr) and examined by mass spectroscopy together with a sample 
which had not liccn reactcd with the nitrating agcnt. 

C .  Partition lsotope lijfect in Acelonitrile. To a solution (2 ml) of pentamethylbenzene-1-dl 
( 0 . 0 9 ~ )  and pentamethylbenzene-1-a-d, (0 .09~)  was addcd a sohition (2 ml) of fuming nitric acid 
( 0 . 2 2 ~ )  and sulfuric acid (0.44~). Aftor 10 h at 20" the reaction was stopped with ammonia and 
part of thc solution was cxamincd by gas-chromatography. Pentdmcthyhitrobenzene and penta- 
rnethylnitrobenzcnc-a-dl were isolated hy chromatography of the remainder (silica gel; petroleum 
ethcr/benzcno 3 : 1) and thcir ratio determined by mass-spectroscopy. A sample (1 : 1) of the  nitro- 
compounde was put through thc samc work up prr~ccdurc and used lor comparison purposes. 
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