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Kinetics of Hydrogen Isotope Exchange Reactions. Part XXIP Re- 
activity Comparisons for a Series of Aromatic Substrates towards 
Radiolytically Generated Tritium Atoms in Aqueous Solution 
By Cyril L. Brett and Victor Gold," Department of Chemistry, King's College, Strand, London WCZR 2LS 

The relative reactivities of a series of aromatic compounds towards tritium atoms, generated by P-radiolysis, have 
been determined in degassed aqueous solution by a competition method, involving copper(l1) ions as common 
competitor in the radiation-induced aromatic hydrogen exchange. Under these conditions, steps subsequent to 
the formation of the cyclohexadienyl radical are not kinetically significant. It is shown that comparable doses of 
y-irradiation induce an equivalent extent of exchange. From the effect of low concentrations of copper(l1) ions 
on the P-radiation-induced exchange rate it is concluded that the reversion of the intermediate cyclohexadienyl 
radical to aromatic compound normally involves an oxidation step [reaction with residual oxygen or copper(rr)], 
and that bimolecular radical-radical reactions are unimportant. The rates of tritium atom attack relative to benzene 
are : mesitylene, 8.5 ; toluene, 2.2 ; anisole, 2.7 ; fluorobenzene, 1 *O; chlorobenzene, 1.1 ; bromobenzene. 1.1 ; 
benzonitrile, 0.9 ; trifluoromethylbenzene, 0.35 ; and t-butylbenzene, ca. 2-4. Because of an intramolecular 
kinetic isotope effect, the rate of radiation-induced tritium uptake by mesitylene is  ca. 1 * 5  f 0.2 times larger than 
that by [2,4,6-2H3] mesitylene. The extinction coefficients at the U.V. absorption maxima for these substrates in 
aqueous solution have been redetermined. The solubility of t-butylbenzene in water at 25' was found to be 
(1.9 f 0.1) x a dm-3. The rate constant for the reaction of hgdrogen (tritium) atoms with iodide ion is 
l a .  5.5 x YO7 dm3 s--l mol-l. 

THE reaction of tritium atoms, produced by the self- 
radiolysis of tritiated water, with dissolved mesitylene 
and benzene3 has previously been shown to lead to 
tritium labelling of the aromatic solute. From the 
effect of copper(I1) ion, a well-recognised competitor 
for hydrogen (tritium) atoms, on the rate of exchange 
for the two substrates it was found that mesitylene is ca. 
8 times inore reactive than benzene towards tritium 
atoms.3 The same conclusion was reached by a direct 
competition experiment between benzene and mesityl- 
ene.3 

The present work extends our earlier investigations 2*3 
in three main respects. First, the new data relate to 
experiments on de-gassed solutions, whereas partially 
aerated solutions were used before. This is relevant 
because of the known reactivity of oxygen towards 
some of the products of the radiation chemistry of 
water.* Secondly, it is now shown that brief periods 
of y-irradiation, resulting in a comparable radiation 
dose to that achieved by the self-radiolysis from tritium 
decay in the solution, bring about comparable amounts 
of aromatic hydrogen exchange. These experiments 
constitute a crucial test of our basic interpretation of 
these exchange reactions as radiation-induced processes. 
The third and chief objective of the present work is the 
measurement of substituent effects on the rate of the 
radiation-induced exchange for a range of aromatic 
compounds. This allows the conclusion about the 
relative reactivity of these compounds towards hydrogen 
(tritium) atoms, which was previously based on the single 
comparison of mesitylene with benzene, to be somewhat 
more generalised. Most of the data given are the first 
reported measurements of the reactivity of the re- 
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spective compounds towards hydrogen atoms in aqueous 
solution. Since our method relies on a different tech- 
nique and chemical reaction as a probe for this purpose, 
the reactivity pattern obtained is complementary to 
other approaches to this A preliminary 
account of the present work has been published.8 

EXPERIMENTAL 

Except as noted in the following, the inaterials and 
general methods employed were the same as in preceding 
work.2. 

Aromatic compounds other than mesitylene were purified 
by successive washings with AnalaR concentrated sulphuric 
acid (five times) and water (five times) , drying (molecular 
sieve, 4 A). This was followed by preparative-scale g.1.c. 
(F and M 770-775, with a range of stationary phases). 
Hydrochloric acid was the AristaR product. All other 
inorganic reagents were of AnalaR quality. 

[2,4,6-2H,]Mesitylene was prepared by shaking mesityl- 
ene (2 cm3) for 30 min with [2H2]sulphuric acid (3  cm3) 
(prepared from sulphur trioxide and D20) to form the 
sulphonic acid, followed by addition of deuterium oxide 
(3 cm3), standing (7 days) and heating to convert the 
sulphonic acid back to mesitylene. After isolation of the 
product the entire procedure was repeated and the product 
gas-chromatographed twice on a 5 m Carbowax column at  
165'. Protium content in aromatic positions was less 
than 5% (by n.m.r.). 

Procedure for Radiation-indwed Exchan.ge Measurmtents. 
Reactions were carried out in 30 cm3 ampoules closed by 
ungreased Rotaflo TF/18 Teflon stopcocks and fitted 
with standard cones for attachment to a vacuum line. 
Glassware (reaction vessels and syringes, with the exception 
of the gas-tight Hamilton syringe reserved for transfers 
of tritiated water) was cleaned by overnight immersion in 
a 1 : 1 (v/v) mixture of fuming nitric acid and sulphuric 
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acid a t  100" , followed by coxitinuous-flow washing in 
water for several hours, rinsing successively in distilled and 
triple-distilled water and drying (at 400" for reaction 
vessesls, 120" for volumetric ware). Teflon stopcocks 
were washed in an ultrasonic bath and dried at 60". Re- 
action mixtures were made up in the ampoules by syringe 
transfers, in order, of the following solutions, all a t  25": 
scavenger stock solution (if any), water (to bring the 
volume a t  that stage to 10 cm3), stock solution of aromatic 
substrate (14-0 cm3 in most experiments, by Cheney 
adaptor to ensure reproducibility), and tritiated water 
(1 cm* from Hamilton syringe with Cheney adaptor). 
Ampoules were then attached to the vacuum line, and the 
samples (generally in batches of four) de-gassed by three 
cycles of freezing (liquid air), pumping (0.002 mmHg, 
measured on a Pirani gauge), and melting. (Breakage of 
Pyrex ampoules due to thermal expansion of frozen solu- 
tions is avoided by sudden immersion of the liquid-air cooled 
tube in boiling water.) A similar procedure is reported to 
lead to a final oxygen concentration 0fW.z'. ~ P M .  

After a suitable reaction period (normally 6 days), in a 
thermostatted bath at  25" for self-irradiation, the tubes 
were opened by removal of the Teflon stopcock key. 
The sample from each ampoule was withdrawn through a 
Teflon needle into a 30 cm3 syringe and discharged into a 
test tube containing a weighed amount of the aromatic 
compound as carrier (normally 2 cm3) together with 
2 cm3 of n-hexane, the tip of the needle being ,below the 
surface of the organic layer. Reaction vessel and syringe 
were rinsed once with water and the washings added into 
the test tube. The test tube was then closed with a ground- 
glass stopper and shaken mechanically (30 min) for complete 
equilibration and extraction of ''labelled solute into the 
carrier phase. The lower layer of tritiated water was 
removed and the organic layer washed with distilled water 
by a continuous-flow method, the water being added 
froin above the organic phase and withdrawn through the 
centre tube of a Drechsel head from below the organic 
layer after percolating through it. The procedure is an 
improvement on the repeated batch extraction method 
formerly usedJ2p3 and permitted complete removal of tri- 
tiated water from a batch of four samples within ca. 1.25 h. 
After being dried (molecular sieve, 4 A) for a t  least 3 days, 
the samples were subjected to g.1.c. and the aromatic 
component was collected and counted. 

Except where stated otherwise, the tabulated results 
refer to P-radiolysis and a temperature of 25". Self- 
radiolysis from P-decay was considered to start after the 
second stage of de-gassing and to finish on shaking with 
carrier after admission of air. 

Concentration Measurement.-The stock solutions of 
aromatic compounds used for making up reaction mixtures 
were generally nearly saturated, and the concentration 
was determined either by spectrophotometry or (in the 
case of t-butylbenzene only) by analytical g.1.c. The 
required extinction coefficients of the aromatic compounds 
in aqueous solution were obtained (Table 1) by measure- 
ments (Unicam SP 500) either on solutions prepared from 
a stock solution in ethanol by double dilution with water 
(method A) or on solutions made up by direct injection from 
a Hamilton syringe of precise amounts (1-10 pl) into 

I ~ 

9 E. T .  Hart and E. M. Fielden. Adv.  in Chem. Sevies. 1965. 
50i0253. 
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water (100 ~111~) and shaking for 30 min (method B). In 
the case of benzene both methods were used, as well as a 
modification of method B (' method C ') in which the 
water is contained in the barrel of a larger syringe and the 
injection of aromatic compound from the Hamilton syringe 
is made through the tip of the larger syringe which is then 
capped and dissolution achieved by magnetic stirring. 

TABLE 1 
U.V. absorption maxima and extinction coefficients of 

aromatic substances in aqueous solution 
Solution 

Compound A,,,. Inm cmax./mol-l dm3 cm-1 a method 

Benzene 253-0 150 & 5 (500,a 300.e 15Of) A, B, C 
Anisole 269.5 1426 25 (1479,' 1585 c, B 

Benzonitrilc 270.0 960 & 20 (1000 e*g) 13 
Bromobenzene 260.5 168 rt: 5 (191 6) A 
Chlorobenzene 263.5 176 f 6 (191 b, A 
Fluorobenzene 259.5 610 + 15 (513 6) B 
Mesitylene 263.5 217 f 5 (-) A 
Toluene 261.5 236 & 5 (22gG) A 

a Literature values are given in parentheses. a J. \V. 
Bridges and R. T. Williams, Nature, 1962, 196, 59. C W. I;. 
Forbes, A. S. Ralph, and R. Gosine, C m a d .  J .  Ckem., 1959, 
37, 1305; cf. J. C. Dearden and W. F. Forbes, ibid., 1958, 36, 
869. d M. A. Kenonkh ancl E. M. Lapinskaya, DokEady 
Akad. Nauk, S .S .S .R. ,  1965, 125. * J. M. Vandenbelt, 
AppZ. Spectroscopy, 1963, 17, 120 (methanol solution). R. L. 
Bohon and W. F. Claussen, J .  Amer. Chern. Soc., 1951, 75, 
1571 (ethanol solution). With 2% methanol. 

The solubility of t-butylbenzene was too low for these 
procedures to be convenient. Saturated stock solutions 
were used and their concentration established by injection 
of 5 pl samples of aqueous solution into an analytical gas 
chromatograph (Varian 1200). The response of the 
instrument to t-butylbenzene was established by use of 
standard solutions of t-butylbenzene in n-hexane under the 
same operating conditions. The concentration of a satur- 
ated solution of t-butylbenzene in water a t  25" was found 
to be (1.4 -J-- 0.1) x 1 0 - 4 ~ ,  or (1.9 f 0.1) x lod2 g dm-3. 

Trifluoromethylbenzene solutions were made up by 
volume (10 pl Hamilton syringe). 

y-Irradiation Procedure and Dosimetry.-The cobalt-60 
source (ca. 9 kCi) a t  Imperial College was used in these 
experiments. * The usual sample ampoules were placed 
in the same position, ca. 20 cm from the centre, and the 
radiation dose received a t  that position was established 
with the Fricke dosimeter ([FeSO,] = 0.0014~,  [NaCl] = 
0 . 0 0 1 ~ ~  [H,SO,] = 0 . 4 ~ ) .  An extinction coefficient a t  
305 niii of 2195 dm3 mol-l cn1-l and a G value of 15-5 Fe3+ 
ions per 100 eV (16 aJ) were used in the calculation of dose 
rates," which were of the order of 8000 rad min-l (1.355 J 
kg-l s-l). The temperature of the irradiation chamber 
was ca. 22". 

Radioactivity A say.-The general procedure and equip- 
ment were described by Gold and Rolston,1°*12 except that 
a paper-tape punch attachment to the counter was used 
to record results. Averaging, background substraction, 
and quench correction by the external standards ratio 

* Rolston and Gold lo erroneously gave the intensity of the 
source as 1.7 kCi. 

11 J. J. Weiss, A. 0. Allen, and H. A. Schwarz, Proc. Int. Conf. 
Peaceful Uses Atomic Energy, United Nations, New York, 1956, 
14, 179; E. J. Fendler and J. H. Fendler, Progr. Phys. Org. 
Chem.,  1970, 7, 229. 

le 1'. Gold and J.  H. Rolston, J .  ChPm. Soc. ( B ) ,  1970, 1795. 
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method were performed by the University of London- 
King's College CDC 6600/ 1700 computer system. 

Specimen Calculation.-Exchange rates were calculated 
from measured activities as the activity (disintegrations 
inin-', d.p.m.) acquired by the solute contained in one litre 
of reaction solution per day (units: d.p.m. day-' dm-3, 
where 1 d.p.m. day-l dm-3 = 1.929 x lo-' s - ~  dm-3 = 
5.21 aCi s-l dm-3). 

In  a typical experiment 25 cm3 of a solution of anisole 
(2.743 x 1 0 - 3 ~ )  containing 7-312 Ci dm-3 of tritiated water, 
after self-irradiation for 8.108 days, was extracted with 
anisole-hexane containing 1.954 g of anisole as carrier. 
After purification, 0.9041 g of anisole were counted giving 
1041.7 f 5.2 counts min-l (c.p.m.). The background was 
26-9 c.p.m. and the counting efficiency 0485, which gives 
the total activity of anisole in 1 1 of solution as [(1041.7 - 
26*9)/0*485] x (5*108)-l X (1.954/0*9041) X 40 = 35420 
(1.p.m. day-1 dm-3. 

In  comparisons, these rates were generally corrected to 
the same activity of tritium in the solution (1 Ci dm-3) by 
dividing by the square of the activity, on the assumption 
that measured exchange rates are proportional to the square 
of the tritium concentration (see below). On this basis, 
the result becomes 35,420/(7-312)2 = 662 d.p.m. day-l 
tlm3 Ci-2 (where 1 d.p.m. day-ldm3 Ci-2 = 1.409 x 
s - ~  m3). 

Kinetic Measurements on Hydrogen Exchange in Mesityl- 
ene during p-RadioZysis.-It was established that essentially 
no exchange occurred during de-gassing and work-up ; 
that  the rate of tritium uptake in de-gassed samples was 
approximately three times that in partially aerated solu- 
tion; and that for de-gassed solutions the amount of ex- 
change was proportional to reaction time. Most measure- 
ments on this compound were performed with [1,3,5-14C]- 
mesitylene, the 1*C activity of extracts with carrier mesityl- 
ene being used to correct the tritium activities of the 
extracts for radiation damage of the sample (Table 2). 
The dependence of exchange rate on mesitylene concentra- 

TABLE 2 
Comparison of exchange rates for degassed and partially 

aerated solutions of mesitylene 
Tritium activity of water = 6.94 Ci dm-3; [mesitylenr: == 

1-92 x 1 0 - 4 ~  

Carbon-14 
activity/ 

Reaction c.p.m. 
time/day dm-3 

0 28 1 
3.9 248 

3.9 253 
8-0 206 

8.0 201 

Corrected * 
tritium 

activity/ 
c.p.m. dm-3 

0 
703 

2796 
1783 

6860 

Exchange 
rate/ 

c.p.m. 
day-' 

dm3 Ci-2 

180 

717 
223 

73 1 

Sample 

De-gassed 
Partially 

aerated 
De-gassed 
Partially 

aerated 
De-gassed 

type 

* Corrected activity = observed activity x (14C activity of 
zero-time sarnple/l4C activity of sample). 

tion (Table 3) and on tritium concentration (Table 4) 
establishes that a limiting exchange rate is reached at low 
concentrations of mesitylene for de-gassed solutions 
and that the amount of exchange at these concentrations 
is proportional to the square of the tritium concentration 
(Table 5 ) .  The dependence of exchange rate on concen- 
tration of aromatic substance was also established for 

TABLE 3 
Variation of the exchange rate with concentration of 

[W] mesitylene 
Tritium activity of water = 6.94 Ci d n P ;  reaction time = 6 days 

Exchange 
rate/ 

Carbon-14 Carbon-14 d.p.m. day-1 
104[Mesitylene]/~ (calc.)/c.p.m. (obs.)/c.p.m. dm3 Ci-' 0 

0.63 103 66 474 
1-26 205 167 544 
1.88 307 265 562 
2.61 410 37 1 552 
3.14 512 46 1 533 
3.77 616 567 593 
6.02 820 770 594 

(6.23 864 b 1 
Q These figures are observed rates corrected for damage 

v i a  a formula analogous to that given in Table 2. The values 
in column 2 represent the calculated 14C activity for a zero- 
time sample. b This is the total 14C content of 26 cm3 of the 
stock solution of mesitylene. 

TABLE 4 

Variation of exchange rate with concentration of 
[2,4, 6JH3]mesity1ene (A) 

Tritium activity of water = 6.43 Ci dm-3; reaction time = 6 days 

1 0 4 ~  ( 4 1  /hf 
0.00 
0.19 
0-38 
0.76 
1-14 
1.90 
2-66 
3-62 
4.57 

Exchange rate/ 
d.p.m. day-' dm3 Ci-? 

0.0 
232 
319 
392 
397 
480 
802 
506 
53 1 

TABLE 5 
Dependence of mesitylene exchange rate on tritium 

concentration 
[Mesitylene] = 4-63 x lo-%; reaction time = 6 days 

Tritium Corrected 
activity of Exchange rate/ exchange rate/ 

water/ Carbon-l4/ d.p.m. day-' d.p.m. day-1 
Ci dm-3 c.p.m. (26 cm7-1 * dm3 Ci-2 b 

(0.00 660 1 
6.43 646 606 584 

12.86 496 2808 680 
19-30 607 5863 624 
26.73 467 10,744 648 
Exchange rates corrected for radiation damage as in 

b Value in column 3 divided by square of tritium 
Zero time sample for carbon-14 assay. 

Table 2. 
activity. 

TABLE 6 
Variation of exchange rate with clilorobenzene 

concentration 
Tritium activity of water = 6.43 Ci d w 3  ; reaction time = 5 days 

1 03[Chlorobenzene J /If 
0-00 
0.36 
0-72 
1.08 
1.44 
1.80 
2.16 
2.88 

Exchange rate/ 
cl.p.ni. day-' dm? Ci-2 (I 

0 
349 
384 
424 
415 
41 8 
453 
425 

Radiation damage to this substrate is considered negligible : 
no correction for damage was made. 
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[2,4, 6-2H,]niesitylene (Table 4) and chlorobenzene for the 
latter of these the limiting rate appears to be reached at  a 
concentration of ca. 1 0 - 3 ~  (Table 6). 

Tests for  Formation of Cyclohexadienes in P-Radiolysis of 
Benzene Solutions (Exfierirnents by E. LEONIDOU) .-Solu- 
tions of benzene (5.3 x 10-3~)  in tritiated water were 
allowed to exchange according to the procedure described 
above. After six days each sample was added to a mixture 
of benzene, cyclohexa- 1,3-diene, and cyclohexa- lJ4-diene 
(1 ml of each), shaken for ca. 30 min and, after the layers 
had been allowed to settle, subjected to the usual 
continuous-flow washing and drying. Each sample was 
then further diluted with a mixture of 2 ml of each of the 
three carrier hydrocarbons and subjected to g.1.c. on a 
column previously shown to allow clean separation of the 
components (2,2-dihydroxypropionitrile, 35% on firebrick, 
4 m column at  SOo). An aliquot portion of each fraction 
was assayed for tritium. The activity of benzene in the 
three samples corresponded to 281 and 312 d.p.m. (per day 
per sample) for experiments in the presence of 9.3 x 10-3~- 
copper sulphatc, and 496 d.p.m. for an experiment in the 
absence of added scavengers. No activity was detectable 
above background in any of the cyclohexadiene fractions. 
The formation of these compounds cannot therefore ac- 
count for more than ca. 1% of the activity of the benzene 
samples in the main sets of experiments for which the gas- 
chromatographic separation technique used did not separate 
the substrate from possible cyclohexadiene by-products. 

Use of Re-distilled Tritiated Water.-Some exchange 
measurements on toluene were conducted both with 
unpurified tritiated water and with a sample purified by 
refluxing (3 h) and distillation from alkaline permanganate 
in a closed-circuit still similar to that described by Coats- 
worth et aZ.13 One of the solutions for the experiment 
with unpurified tritiated water contained an equal volume 
of triple-distilled water after redistillation from the same 
still. 

Eflect of Added Gases.-Admission of nitrogen to the 
reaction vessel after de-gassing appears to have no effect 
on the exchange rate, whereas oxygen (1 atm) reduces 
the rate to less than one-tenth. These findings are in line 
with the observed difference between de-gassed and partially 
aerated solutions (Table 2) and establish that oxygen is, 
as expected, the responsible component of air. 

Competition Studies.-Two types of competition experi- 
ment were performed. The first involved the effect of 
added solutes on the increase in activity of the aromatic 
substrate, without examination of the product of the 
scavenger reaction (see Tables 7-12). The second em- 
ployed two aromatic solutes in competition in the same 
solution, and the exchange rates of both substances were 
examined (see Tables 13-15). The objectives of these 
experiments were the development of a satisfactory kinetic 
model for the reactions occurring and the systematic 
measurement of relative reactivities for a series of aromatic 
compounds. 

In  the direct competition experiments between two 
solutes the carrier consisted of approximately equal volumes 
(usually 2 cm3) of each compound. The carrier extracts 
were washed, dried, and separated by temperature-pro- 
grammed preparative g.1.c. 

Results of y-RadioZysis.-Measurements on [ 1 , 3,6-14C]- 
mesitylene established the dependence of the exchange 

13 K. Coatswmth, E. Collinson, and F. S. Dainton, Trans. 
Favaduy Soc., 1960, 58, 1008. 

No significant differences were found. 
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rate on dose (Table 16), concentration of aromatic solute 
(Table 17) , and concentration of added copper(I1) sulphate 
(Table 18). 

TABLE 7 

Competition experiments with copper(I1) sulphate 
(Reaction time = 5 days) 

Substrate 
Benzene 

Toluene 

Mesitylene 5 

18H8] Mesi t y lene 

Anisole 

Fluorobenzene 

Chlorobenzene 

Bromobcnzcne 

Benzoni trile 

Trifluoromethyl- 
benzene 

t-Butylbcnzene 

10SISubstrate]/hr 
4.72 
4.72 
4.72 
4.73 
4.73 
4.73 
4-72 
4 . i3  

1.10 
1.10 
1.10 
1-10 
1.10 
1.11) 
1-10 
1.10 
0.26.5 
0.263 
0.262 
0.365 
0,279 
0.279 
0.279 
0.279 
U.279 
0.370 
0.263 
0.263 
0*?6.5 
0.365 
0.26.; 
0.265 
0.263 
0.265 
2-74 
2.74 
3-74 
2.74 
2.74 
2.74 
2.74 

2.32 
3.33 
3.32 
3-32 
s.32 
3.39 

1.13 
1-13 
1.13 
1.1:: 
1.1; 
1-75! 
1-72 
1.73 
1.72 
1.73 
1.73 
1-72 
1.72 
2.1.: 
2.1:: 
2-12 

n "1, .,.3-. 

1-62 
1.63 
1-62 
1-62 
1-63 
1.63 
1.63 
1.63 

0-078 f 0.005 
0.078 f 0.005 
0.078 * 0.005 
0.078 f 0-003 
0.078 f 0.005 
0.078 f 0405 
0.078 0.002 

Tritium 
activity of 

water/ 
Ci dm-' 

7.32 
7.32 
7.32 
7.32 
I a d 2  

I - 3 ,  
7.32 
I *dl 
5.31 
I *a1 
I .dl 
I.51 
/ * d l  
I .dl 
7-32 

6.94 
6-01 
6-94 
6-04 
6-94 
6-04 
6.94 
6-04 
6.94 
6.34 

- 'I' 
r '1 .> 
I ' l r r  r . ', 

'9 

r n  

I .> 
c "  

r n  

- n  

c 7 "  
I - I d  

I ' I J  

I ' I J  

I ' l d  
I ' I J  

I ' I J  

1 ' 1 0  

c -- 
? -- 
7.75 
c c- 

c -- 
r -- 
r c- 

7-31 
I .dl 
I *a1 
I .a1 
7.31 
7.31 
7.31 
7.32 
7-32 
i .32  
7.32 
7.32 
7.s2 

7-$2 

c n  

r n  
" "  

r "') 1 .3 -  

r?: 1.0- 

7-32 
" .1., 1 - 9 4  

( ' 1 0  
r -- 
7.75 
c -- 
1 . 1 3  
I ' I J  
- r -  

7.7.5 

7-13 
7.75 
5.21 
7-31 
5.21 
7-31 
7.31 
7-31 
5.31 
7.73 
7.7:: 

7.73 

c c- 
I . 1 . )  

c r n 
I ' l r r  

Z.?? 
4 . 1 0  
7.72 
7.73 
7.83 
7.83 
7.83 
7-83 
7-82 
7.83 
7.83 

1o"cuso,]/M 
0 

25 
50 

100 
200 
350 
500 
0 
35 

c- 
I 0  

50 
I 3  

100 
200 
350 
500 
0 

102 
205 
307 

0 
40 
81  

121 
202 
302 

0 
25 
50 

la, 
200 
300 
400 
500 

0 
a3 
50 

200 
2 50 
500 
0 

50 
100 
200 
300 
400 
500 
0 

50 
200 
no0 
400 

0 
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50 
75 

100 
200 
350 
500 
0 

25 
50 
i 5  

100 
250 
500 

0 
25 
50 
100 
200 
so0 
400 
500 

0 
25 
50 

100 
200 
250 
500 

r r  
I <I 

Exchange 
rate/ 

d.p.m. day-' 
dm' C P  

59,; 
42 3 
298 
355 
34s 
260 
20:: 
132 
537 
324 
263 
230 
2 2 i  
161 
112 
89 

50.; 
17:; 
11s 

9 i 
50:; 
246 
18.; 
160 
122 
98 

241 
21: 
176 
11" 

8'' 
76 
02? 

662 
539 
488 
441 
248 
268 
219 
743 
324 
26 1 
196 
3 59 
124 
114 

350, 360 
176 
84 

43a 

;; 
4n-i 
274 
242 
1 9 0  
1 8 i  
141 

91 
71 

A 4  
301 
2 4 .-> 
215 
193 

91 
304 
210 
143 
94 
54.5 
41 
31 
27 

4 i 6  
84 
54 

?l 
14.3 
3 3  

$8" 

n ., 4 .a 

0 Experiments with [W]mesitylene; exchange rate corrected for radiation 
damage (see Table 2). 
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TABLE 8 
Competition experiments with silver perchlorate 

Reaction time = 5 days; tritium activity of water = 7.83 Ci dm-3 
Exchange rate/ 

d.p.m. day-1 
Substrate 103[Substrate]/~ 1O4[-4gCl0,]/nf dm3 CP2 

Uenzene 3.45 0 546 
3.45 2-5 134 
3.45 5 91 
3.45 10 55 
3-45 20 35 
3.45 30 30 
3.45 40 24.5 
3-45 50 21.5 
3.1 1 0 548 
3.1 1 2.5 225 
3-11 5 145 
3.1 1 7.5 108 
3.11 20 62 
3.1 1 35 36 
3.1 1 50 32 

TABLE 12 

Competition experiment, toluene us. methanol 
[Toluene] = 1.88 x 10%; tritium activity of water = 7.73 

Ci dm-3; reaction time = 7 days 

[Methanol] /M 

0.00 
0-025 
0-05 
0.1 
0.2 
0.3 
0-4 

Exchange rate/ 
d.p.m. day-' dm3 Ci-? 

316 
317 
291 
278 
267 
259 
243 

Toluene 
TABLE 13 

Competition between benzene and mesitylene 
[Mesitylene] = 2.45 x 10-4nf; tritium activity of water = 6.04 

Ci dm-3; reaction time = 7 days 

TABLE 9 
Corn petition experiments with nickel (11) sulphate 

(Reaction time = 5 days) 
Tritium Exchange 
activity rate/ 

of water/ d.p.m. day-' 
Substrate 10s[Substrate]/~ Ci dm-' 10'[~iSo,]/bl dm' Ci-a 

Chlorohe~izcne 1-54 7.32 0 394 
1.64 7-32 100 41 2 
1-54 i.32 200 305 
1.54 5.32 300 288 

7.32 400 432 
1-54 I .a2 500 309 
1.54 

Benzene 1.95 5.83 0 534 
1.95 7-83 ?5 447 
1.95 7.83 50 458 
1.95 i.83 75 430 
1.95 i.83 100 645 
1.95 5.83 300 448 
1.95 i.83 350 455 
1.95 7.83  500 445 

0.437 6.94 100 387 
0.437 6.94 200 395 
lP43i 6.94 300 41 3 
0.437 6.94 400 369 
0.435 6-94 500 489 

r n  

blcsitylene a 0.437 6.94 0 535 

0 Experiinc iits with [14Cjrnesitylciic; escliaiigc rate corrected for radiation 
damage (see Table 2). 

TABLE 10 
Competition experiment, benzene vs. (copper + nickel) 

sulphates 
[Benzene] =: 4-94 x lo-%; tritium activity of water = 7.76 

Ci ~ l r n - ~ ;  reaction time = 5 days 
Exchange rate/ 

d.p.m. day-l 
[Copper sulphate]/~ [Nickel sulphate]/~ dm3 Ci-2 

0.00 0-05 48 7 
0.0025 0.0475 385 
0.005 0.045 368 
0.01 0.04 326 
0.02 0-03 244 
0.03 0.02 211 
0.04 0.01 187 
0.06 0.00 160 

TABLE 11 
Competition experiment, benzene us. potassium iodide 

[Benzene] = 2.98 x 1 0 - 3 ~ ;  tritium activity of water = 7.73 
Ci dm-3; reaction time = 4 days 

Exchange rate/ 
d.p.m. day-1 dm3 Ci-2 [Potassium  iodide]/^ 

0.00 504 
0.006 381 
0.01 324 
0.02 320 
0.03 303 
0-04 297 
0.05 284 

103[Benzene]/M 
0 
0.69 
1-38 
2-07 
2.76 
3.10 
3-45 

Exchange rate 
for mesitylenel 

d.p.m. day-' 
dm3 Ci-* a 

522 
356 
264 
21 1 
187 
186 
161 

134 7.5 
22 1 6.7 
266 6.7 
296 7.1 
297 8.0 
326 6-8 

Mean 7.1 
0 Experiments with [l ,3,5-14C]mesitylene ; results corrected 

for radiation damage (see Table 2). 

TABLE 14 

Competition between chlorobenzene and niesitylene 
[Mesitylene] = 2.26 x 1 0 - 4 ~ 1 ;  tritium activity of water = 6-43 

Ci ~ l m - ~ ;  reaction time = 5 days 
Exchange rate 

Exchange rate for chloro- 
for mesitylenel benzene/ 

103[Chloro- d.p.m. d a y 1  d.p.ni. day-' k ~ ~ d ~ ~ l ~ ~ ~ ,  
benzenell~ dm3 Ci-* dm3 Ci-2 kChlorobdnzene 

0 560 
0.29 480 59 10.4 
0-58 468 117 10.2 
0.86 32 1 164 7-5 
1.15 299 187 8.2 
1.44 2 73 206 8.5 
1.73 224 234 7.3 

Mean 8.7 
a Experiments with j1,3,5-14C] mesitylene ; results corrected 

for radiation damage (see Table 2). 

TABLE 15 

Competition between toluene and benzonitrile 
[Benzonitrile] = 1-95 x l o - 3 ~ ;  tritium activity of water = 7.75 

Ci dm-3; reaction time = 7 days 
Exchange rate 

for benzonitrilel 
d.p.m. day-1 

103[Toluene]/nr dm3 Ci-2 
0.00 460 
0.51 256 
1-02 185 
2.03 115 
2.54 114 
3.05 99 
3.56 84 

Exchange rate 
for toluene/ 
d.p.m. day-' kBenzonitrile/ 

dm3 Ci-2 kvroluene 

167 0.40 
359 0.38 
349 0.34 
384 0.39 
414 0.37 
415 0.37 

Mean 0 ~ 3 7 ~  
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TABLE 16 

y-Radiolysis : yield of labelled mesitylene as a function 
of dose 

[Mesitylene] = 2.81 x l o - 4 ~ ;  tritium activity of water = 7.31 
Ci dm-3; dose rate = 8-15 krad min-1 = 1.36 J kg-1 s-1 

Absorbed dose/ activity of extract/ Total 3H activity/ 
J kg-l c.p.m. d.p.m.a 

0.00 b 452 193 
203 371 6331 
406 266 11,384 
813 122 14,030 

Carbon- 14 

a Figures refer to the total activity in the 25 cm3 of reaction 
mixture and are not corrected for damage. b The tritium 
activity of this sample is due solely to P-radiolysis during the 
ca. 5 h between sample preparation and work-up. 

TABLE 17 
y-Radiolysis : yield of labelled mesitylene as a function 

of mesitylene concentration 
Tritium activity of water = 7-31 Ci dm-3; dose rate = 1.69 

J k g l  s-l; total dose = 203 J kg-1 
Carbon- 14 

lo4 x [Mesitylene]/ activity of extract/ Total 3H activity/ 

1.04 101 4302 
2.07 225 4960 
3-1 1 418 5966 
4.16 586 6046 
4.98 689 6632 

M c.p.m. d.p.m." 

a These figures refer to the total activity in the 25 cm3 of 
reaction mixture and are not corrected for damage. 

TABLE 18 
y-Riadiolysis: yield of labelled mesitylene as a function 

of copper(I1) sulphate concentration 
[Mesitylene] = 2-81 x 10-OM; tritium activity of water = 7.31 

Ci dm-3; dose rate = 1.69 J kg-l s-l; total dose = 190 J kg-l 
Carbon-14 

[Copper sulphate] / activity of extract/ Total 3H activity/ 

0.00 365 6986 
0.006 380 3296 
0.010 405 253 1 
0.025 389 1838 
0.050 328 578 
0.00 b 42 1 

M c.p.m. d.p.m.0 

These figures refer to the total activity in the 25 cm3 
of reaction mixture and are corrected for damage but not 
referred to  the standard tritium concentration 1.00 Ci dm-3. 
b Zero-time sample for carbon-14 assay. 

DISCUSSION 

Radiation Damage.-Before a discussion of mechan- 
istic and quantitative conclusions it is necessary to 
assess the complications introduced by radiation damage. 
We use this term to embrace all reactions of the solute 
under conditions which cause loss or chemical conver- 
sion of substrate into a form which is separated from 
the substrate during the isolation of a specimen for 
assay. The results of Tables 2 and 16 show that, for 
both p- and y-radiolysis, damage increases with length 
of exposure, and those of Table 3 that the amount of 
material destroyed in p-radiolysis is essentially in- 
dependent of the concentration of aromatic substrate. 
It follows from the latter result that the percentage of 
substrate lost as the result of radiation damage becomes 
less significant as the concentration of substrate in- 

creases. For mesitylene the use of 14C-labelled material 
leads to the required percentage corrections, which are 
quite small at the highest concentrations, such as those 
of the competition experiments reported in Tables 7, 
9, and 13. For other solutes, for which double-labelling 
experiments were not performed, the concentration of 
substrate was generally much higher than in the case 
of mesitylene. On the assumption that these substances 
are not intrinsically more liable to radiation damage 
than mesitylene, we conclude that radiation damage for 
aromatic compounds at higher concentrations should 
only be of the order of I-2%, and no correction for this 
slight loss of substrate was attempted. 

By contrast, large amounts of radiation damage 
attended the y-radiolyses, which related to a nearly 
6000 times larger dose rate (8150 rad min-1 = 1.355 
J kg-1 s-1; as against 2-43 x J kg-1 s-1 for typical 
p-radiolyses) . Samples of mesitylene irradiated for 
more than five minutes were markedly turbid. By 
use of [14C]mesitylene it was shown that a dose of 810 
J kg-1 gave a 75% reduction in the total carbon-14 
activity of the extracted and purified mesitylene (Table 
16). At the corresponding high concentration of 
damage-products (including phenol), these compete 
with mesitylene for tritium. Consequently the simple 
damage corrections are inapplicable in this case, and 
the ,high intensity y-radiolysis is less amenable to 
quantitative kinetic study. Semi-quantitative results 
for the effects of substrate and scavenger concentration 
were nevertheless obtainable. 

Reaction Mechanism.-On the basis of experiments 
with partially aerated solutions of mesitylene Adsetts 
and Gold proposed Scheme 1 as the main mechanism of 

Xki[Xj] 

I 

HT, RT (not ArT) 
SCHEME 1 

the radiation-induced exchange. This involves radiolytic 
formation of aqueous tritium atoms (rate v ) ,  followed 
by their attack on the aromatic compound to form cyclo- 
hexadienyl radicals, the dominant fate of which is 
conversion into labelled mesitylene. The scavenging 
of the tritium atoms by the aromatic compound is in 
competition with other reactions, involving adventitious 
or deliberately added species. 

It was concluded from previous work that scavenging 
by the aromatic compound which leads to labelled 
products other than ArT was relatively unimportant. 
More rigorously, the conclusion to be drawn from these 
experiments was that reaction products for the processes 
characterised by the rate constant k'Ar= were either 
negligible in amount or not separable from ArH. The 
present experiments, in which a wider range of chromato- 
graphic columns was used, reduces the likelihood 
of the second alternative. It has now been shown that 
the radioactivity of the ArH fraction did not include 
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a contribution from labelled cyclohexadienes. The 
scavenging processes characterised by Zki[Xi] include 
reaction with oxygen or other adventitious species as 
well as with species such as copper(I1) ions which were 
added in some experiments as a controlled competitor 
for tritium atoms. The rate equation (1) which follows 
from Scheme 1 implies that, at sufficiently high con- 
centrations of ArH, all tritium atoms would be de- 

stroyed by reaction with ArH (rate VM) so that the rate 
of exchange (VE) should reach a limiting value. Secondly, 
it implies a linear dependence of the ratio [ArH] : ZIE 

upon concentration of any one scavenger (the concen- 
trations of other scavenger species being kept constant). 
Both these consequences of equation (1) appeared to be 
consistent with the experimental observations in our 
earlier work,2 although the relatively low solubility of 
mesitylene did not permit the limiting rate to be reached 
at the highest concentrations attainable. 

Equation (1) predicts that, if oxygen is present in 
the solution, the limiting rate should be reached at  a 
higher concentration of ArH, since oxygen is very re- 
active towards hydrogen (and hence towards tritium) 
atoms (ko, - 2 x 1O1O dm3 mol-1 s-1). It is therefore 
noteworthy that in the present work, where the residual 
concentration of oxygen is estimated to be in the region 
10-7-104~, the limiting rate is already attained almost 
at the lowest concentration of mesitylene employed 
(Table 3). From the previously determined rate 
constant for the reaction of mesitylene with tritium 
atoms (%,a ca. 1O1O dm3 mol-1 s-1) we estimate that 
for de-gassed solutions and a mesitylene concentration 
([ArH]) of ca. 3 x 1 0 - 4 ~  the terms karH[ArH] and ko,[02] 
in the denominator of the right-hand side of equation 
(1) are in a ratio between 100 : 1 and 1000 : 1, implying 
almost complete suppression of scavenging by oxygen 
as a result of de-gassing. On the other hand, the 
concentration of oxygen in air-saturated water is 
cn. 2.4 x IO+M, and in such solutions the reaction with 
oxygen would be approximately as fast as the reaction 
with 3 x 10-4~-mesitylene. These relative values thus 
explain why for the partially aerated solutions the rate 
of reaction of hydrogen atoms with mesitylene (at 
saturation concentration) is not large enough to make 
all other reactions negligible : the rate with oxygen 
is still of comparable magnitude. At  lower coiicen- 
trations of the aromatic compound, the reaction of 
hydrogen atoms with oxygen becomes the main reaction 
in partially aerated solutions. 

G VaZztes.-Because a true plateau was not reached 
in the earlier experiments on mesitylene in partially 
aerated solution, the estimate of the limiting rate 
previously derived 3 is subject to some uncertainty. 
The value deduced 3 (ca. 2800 d.p.m. per day of reaction 

l4 M. Anbar and D. Meyerstein in ' The Radiation Chemistry of 
Aqueous Systems,' ed. G. Stein, Weizmann Science Press of 
Isracl, Jernsalem, 1068. 

per dm3 of solution at an activity of 3.6 Ci dm-3 corre- 
sponding to ca. 200 d.p.m. day-l dms Ci-2) is to be com- 
pared with limiting rates in the region of 500-600 
d.p.m. day-l dm3 CP2 now obtained. Part of the 
discrepancy is ascribable to the incomplete suppression 
of oxygen competition even at the highest concentration 
of aromatic substrate. However, it seems unlikely 
that this is the sole reason: improved techniques of 
sample handling and the incursion of some electron- 
initiated exchange (see below) may also in part be 
responsible. When the electron-initiated exchange is 
suppressed (by addition of nickel sulphate) the limiting 
rate of exchange (via the tritium atom reaction) is 
estimated as 450 d.p.m. dayv1 dm3 W2. From the 
accepted G value for hydrogen atoms (0.6) and the 
average energy of tritium @-particles we calculate that 
33.4 hydrogen atoms are formed per decomposition, 
or 1.07 x lo1' per day per dm3 of solution containing 
1 Ci dm-3, of which 3-31 x 1O1O are tritium atoms, if 
G(T*) = G(H*). If all these were incorporated into 
benzene, then its total activity would be 3550 d.p.m. 
day-1 dm-3. The ratio 3550 : 450 (expected activity : 
observed activity) is our estimate of the isotope effect 
on G, i.e. G(H*)/G(T*) = 8 & 2. This may be compared 
with Anbar and Meyerstein's estimate14 of 4.8 & 0.9, 
calculated from experimental data due to Dyne et aZ.I5 

y-Radiolysis of mesitylene solutions at comparatively 
low total doses (203 J kg-l) and low radiation damage 
established that here too the amount of hydrogen 
exchange in mesitylene increased with substrate con- 
centration (Table 17), seemingly towards a plateau, the 
value for 5 x 10-4M-mesitylene being ca. 90% of that 
for a corresponding p-radiation dose. 

Scavenger Efects.-Equation (1) has been used to 
deduce relative rate constants for different hydro- 
carbons ArH by observation of the rate reduction 
brought about by addition of a scavenger [e.g. copper(I1) 
ion]. The appropriately rearranged form of equation 
(1) for copper(I1) inhibition is (2), where the sum in the 
final term no longer includes the contribution of copper(r1) 

ion which has been separated as the first term of the 
right-hand side. Provided that the final term remains 
constant during a series of experiments in which the con- 
centration of copper(I1) is varied, the determination of 
the ratio Kcu: zlkka from equation (2) (for example by 
plotting [ArH]/vE against [Cuz+]) should be valid irre- 
spective of whether the last term is large or small. It 
follows that the presence or absence of oxygen should not 
affect relative reactivities evaluated by this procedure 
and the repetition, with de-gassed solutions, of Adsetts 

l5 P. J. Dyne, R. W. Fletcher, W. M. Jenkinson, and I. P. 
Ray, Castad. J .  Chem., 1061, 39, 933. 
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and Gold's measurements on copper(I1) ions and benzene 
and mesitylene should still lead to the same answers. 

For partially aerated solutions, the graph of [ArH]/vE 
against [Cu2+] was of the linear form required by equation 
(2). However, for de-gassed solutions the first point 
or points on the graph (corresponding to reaction in the 
total absence or at very low concentrations of copper salt) 
fell almost invariably off the line. The rate depression 
by low concentrations of the scavenger was much 
more marked than that at higher concentrations (see 
for example, Figure 1). After the low-concentration 
curvature the graphs were linear, with slopes in good 
agreement with those observed in earlier work with 
partially aerated solutions. These features of the 

0 0.01 0.02 0.03 OQL 0-05 
[CUSO, I / M  

FIGURE 1 Competition plot : benzene exchange in the presence 
of copper@) sulphate [equation (2)] : open circles, copper(I1) 
sulphate alone; filled circles, ([CuSO,] + [NiSO,] = 0 . 0 6 ~ )  

copper(I1) inhibition of exchange suggest that low 
concentrations of this scavenger or dissolved oxygen 
can eliminate an exchange pathway which is available 
only in the de-gassed solutions m the absence of copper(I1) 
salt. 

One possibility is that the additional exchange re- 
presents the formation of an impurity which readily 
exchanges hydrogen with the solvent and which is not 
separated from the aromatic substrate by the normal 
gas-chromatographic procedure, and that formation 
of this product is totally suppressed in the presence of 
copper(r1) or oxygen. In view of the further im- 
provement in our separation technique this hypothesis 
is unattractive. 

A more likely explanation of the ' additional ' ex- 
change route is that it represents exchange by the 
reaction sequence (3)-(5). It is known l6 that these 

e-sq + ArH- ArH- (3) 
(4) 
(5) 

ArH- + HTO ---t ArHT' + OH- 
ArHT' --t . . . + ArT 

reactions are the main exchange route in the absence 
l6 11. H. Studier and E. J. Hart, J. Awev.  Chem. SOC., 1969, 91, 

4068. 

of hydrogen atoms. This route is suppressed by oxygen 
and also by copper(r1) ions since both these species are 
much more reactive towards solvated electrons than 
benzene is. From the known rate constants for the 
reactions of copper(I1) ions and aromatic compounds with 
hydrogen atoms and electrons (KHcu = 6 x lo8 s-l 
mol-l dm3 and kecu = 4 x lolo s-l mol-l dm3) we can 
deduce that the electron-induced aromatic exchange 
will be inhibited by much lower concentrations of 
copper(x1) sulphate than the hydrogen atom-induced 
exchange. In the presence of o~olM-cU2+ the former 
is cut to 1% of its value in the absence of scavengers, 
whereas the latter is reduced by only about one half. 
We can thus account for the excessive rate in scavenger- 
free solution. It also follows that we can use equation 
(2) and practically neglect the incursion of the electron- 
induced reaction, provided attention is confined to results 
for copper(x1) sulphate concentrations greater than 0 . 0 1 ~ .  
In our earlier experiments the presence of oxygen would 
have precluded the detection of this effect since 99% 
of the available electrons would have reacted with 2 x 
lO%-oxygen instead of with 10-3~-benzene. In the 
presence of ca. lO*M-oxygen (the estimated concentra- 
tion of the present experiments), only ca. 50% of elec- 
trons are removed by oxygen, and hence their effect is 
detectable. For silver ions, the rate constants for 
reaction with electrons and with hydrogen atoms are 
nearly identical (3.2 x 1O1O and 4 x 1O1O s-l mol-1 dm3 
respectively) .17J8 This accounts for the observation 
that inhibition plots for silver ions based on equation (2) 
are curved over a wider range than those with copper(rr) 
ions. On this interpretation, linear inhibition plots 
with silver ions should be obtainable in solutions con- 
taining some dissolved oxygen to act as electron sca- 
venger. Such experiments have not so far been carried 
out. 

Support for this reaction model, involving electron- 
induced exchange as a contributory exchange route 
in de-gassed solutions, comes from the observation that 
nickel sulphate (which exerts no effect on the exchange 
in partially aerated solutions) 2 causes a slight reduction 
of the exchange rate a t  quite low concentrations (Table 
9). No further reduction in benzene exchange occurs 
at nickel concentrations above 0.0025~,  when the electron- 
induced reaction is fully suppressed. 

A series of experiments was carried out with benzene 
solutions containing varying amounts of nickel sulphate 
and copper sulphate such that their combined concen- 
tration was constant (0 .05~)  (Table 10). Copper(I1) 
and nickel@) ions have practically the same reactivity 
towards solvated electrons. Accordingly the electron- 
initiated exchange should be suppressed for all com- 
positions, and the progressive decrease of the exchange 
reaction with increasing copper( 11) concentration should 
reflect only hydrogen atom scavenging. Within the 
limits of experimental error the inhibition plot with 

17 &I. S. Matheson. W. A. Mulac, J. L. Weeks, and J. Rabani, 

I* E. Hayon and J.  Moreau, J. Chim. phys., 1965, 391. 
J .  Phys. Chem.. 1966, 70, 2092. 
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respect to copper(I1) ion (see Figure 1) is now linear, 
with a slope equal to that of the linear portion of the 
inhibition plot with copper sulphate alone. 

Because of the low rate of reaction of solvated elec- 
trons with hydrogen ion or water in neutral solution: 
one may disregard the possibility that some hydrogen 
(tritium) atoms in our system are derived from this 
process. 

;\larked copper(I1) inhibition of exchange was also 
observed for y-radiolyses, thus supporting the basic 
interpretation of the radiation-chemical mechanism 
(Table IS), but it was not examined in detail, in view 
of the importance of radiation damage in these experi- 
ment s . 

The Fate of Cyclokexadietiyl Radicals in Aqueozcs 
Solution.-The observation that labelled cyclohexa- 
dienes are not formed under conditions where hydrogen 
(tritium) atom addition is responsible for the initiation 
of the exchange, suggests that a bimolecular radical- 
radical disproportionation into equimolar amounts of 
aromatic compound and cyclohexadiene is not a sig- 
nificant route for product formation under our con- 
ditions. This contrasts with the conclusions reached 
for pulse-radiolytically generated cyclohexadienyl radi- 
cals which were found to decay according to a second- 
order rate lawlQ with a rate constant of 1.8 x 109 
s-1 mol-1 dm3. Studier and Hart thus account for the 
formation of cyclohexadiene and of biphenyl derivatives 
by disproportionation * and painvise combination of 
cyclohexadienyl radicals in the y-radiolysis of alkaline 
aqueous solutions of benzene saturated with hydrogen 
under high pressure.16 However, there is a big difference 
between these experiments and ours. First, the ir- 
radiation intensity in our P-radiolyses was of the order 
of 103 times lower than that in Studier and Hart's 
7-radiolyses, and the stationary concentration of radicals 
(a id  hence the rate of bimolecular radical-radical re- 
actions) should therefore be reduced by a similar factor. 
On the other hand, the difference in L.E.T. values between 
different forms of radiation21 and the picture that the 
energy of @-radiation is deposited in short tracks rather 
than in isolated spurs (with a consequently increased 
local concentration of radicals) could be advanced as 
possible arguments against this conclusion. A further 
difference is the presence of oxidising agents in many 
of our experiments. 

From the known or estimated rate constants of various 
reactions of the cyclohexadienyl radical it is possible 
to calculate the relative importance of alternative 
routes for its disappearance and hence to deduce the 
dominant mechanism operating under the conditions 
of our experiments, as follows. 

tionation : 
* Disproportionation may be initiated by eleclvon dispropor- 

2.\rH,' ___). ArH2- + ArH,+ 
l9 M. C. Sauer, jun., and B. Ward, J .  Phys. Chem., 1967, 71, 

3971; B. D. Michael and E. J. Hart, J .  Phys. Chem., 1970, 74, 
233723. 

?* H. R. Haysom, J. AI. Phillips, and G. Scholes, J.C.S. 
CIICHI .  Cornni., 1972, 1082. 

solvent 
-\rH3 + ArH.20 

Four modes of destruction of cyclohexadienyl radicals 
are considered. 

(i) Unimolecular decomposition, estimated from gas- 
kinetic results 22 [Kuni = 3 x 1013 exp (-31,000/1-986T)] 
to have a first-order rate constant of 6 x 10-lo s-l a t  
25". (ii) Second-order radical-radical reactions l9 

(sum of dimerisation and disproportionation) have an 
overall rate constant k b i  = 1.8 x lo9 s-1 mol-1 dm3. 
(iii) Reaction with oxygen : the second-order rate 
constant for the reaction of the hydroxycyclohexadienyl 
radical with oxygen (5 x 10s s-1 mol-l dm3) is thought 
to be a fair approximation. In de-gassed solutions the 
concentration of oxygen is ca. 1 0 - 6 ~ .  (iv) Reaction 
with copper(I1) ion is expected to have a second-order 
rate constant (K,) of at least 10s s-1 mol-1 dm3 by analogy 
with results for alkyl radicals.% 

An u$$er limit to the stationary concentration of 
cyclohexadienyl radicals can now be obtained by equat- 
ing their rate of formation with the rate of destruction 
by modes (i)-(iii). [The stationary concentration will 
evidently be lower if the route (iv) also contributes 
to  the destruction of the radicals.] An upper limit 
for the rate of formation of cyclohexadienyl 
radicals is given by the rate of radiolytic formation of 
hydrogen atoms (which would apply if every hydrogen 
atom were captured by benzene with formation of a 
cyclohexadienyl radical). If we assume that the G 
value for formation of hydrogen atoms by T o  y-radia- 
tion 25 (0.6) is applicable to  tritium p-radiolysis (cf. 
ref. 21), the rate of formation of hydrogen atoms in 
tritiated water containing 8 Ci dm-3 will be given by 
(8 x 3.7 X 1O1O X 5560 X 0*6/100 x 6-02 X lom) s - ~  
mol dm-3 = 1.64 x loeu s-l mol dm-3 where 5560 eV 
is the average energy of the tritium p-particle. Equating 
this rate of formation with the rate of loss by modes 
(i)-(iii), we obtain [ArH;]. = 3 x l O - l * ~ .  

The relative contributions to the destruction of 
cyclohexadienyl radicals in de-gassed solutions (with 
[O,] = ~O*M) in the absence of copper(I1) ions, are 
therefore as follows : (i) unimolecular decomposition : 
v = kuni [ArH,'] = 1.8 x 10-23 s-1 mol dm-3; (ii) bi- 
molecular decomposition: Vbi = k b i  [ArH,'I2 = 1.6 x 
10-18 s-l mol dm-3; and (iii) reaction with oxygen: 
vOx = k,, [ArH,'][02] = 1.5 x 10-11 s-1 rnol dm-3. 

Accordingly, reaction with oxygen far outweighs 
the alternative processes, and this should be true even 
if the oxygen concentration were further reduced 
by several powers of ten. (In Studier and Hart's 

21 A. Appleby and H,. A. Schwarz, J .  Phys. Chem., 1969, 73, 
1937; M. Anbar in Fundamental Processes in Radiation 
Chemistry,' ed. P. Ausloos, Interscience, New York, 1968; 
E. Collinson, F. S. Dainton, and J. Kroh, PVOC. Roy. SOC., 1961, 
A ,  265, 422; A. Appleby and W. I?. Gagnon, J .  Phys. Chena.. 
1971, 75, 601. 

z2 D. G. L. James and R. D. Suart, Trans. Faraduy SOL, 
1968, 64, 2752. 

23 L. M. Dorfman, I. A. Taub, and R. E. Buhler, J .  Chent. 
Phys., 1962, 36, 3051. 

24 J. K. Kochi and R. V. Subramanian, J .  Antev. Chcm. SOC., 
1965, 87, 4855. 

G. Scholes and &I. Simic, Nutzrre, 1963, 199, 276; D. C. 
Walker, Qtmvt.  Rev., 1967, 21, 79. 
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experiments, with a much higher rate of irradiation avtd 
more scrupulous measures of oxygen removal, it is quite 
understandable that the bimolecular reactions should 
be very much more important.) Of course, these 
calculations apply only to the situation at the start 
of irradiation, before oxygen has been consumed by 
reaction (iii). 
In the presence of copper(I1) ions in quite low con- 

centrations, reaction of cyclohexadienyl radicals with 
copper(I1) ions is at all stages more important than the 
reaction with oxygen. The product K,[Cu2+] in a 
10-2~  solution of Cu2+ has a value of a t  least lo6 s-l, 
whereas the product koX[OJ in our solutions is, according 
to the values given above, 5 x 102 s-l. As a result, 
the stationary concentration of ArH,* radicals in the 
presence of Cu2+ ions is ca. 1000 times lower than in 
their absence. 

The foregoing calculations of the relative importance 
of alternative reactions of the cyclohexadienyl radical 
are open to the criticism that the local concentration 
of radicals controlling their rate of bimolecular reaction 
may be higher than the bulk concentration used. If this 
is important, then we have underestimated the role of 
the bimolecular path in comparison with the other 
reactions by a factor which we cannot quantify. How- 
ever, this is unlikely to approach the factor of >lolo 
by which, according to our calculation , the reaction with 
@OlM-copper( 11) ion predominates over the bimolecular 
reaction. 

As for the reactions of aliphatic radicals with copper(I1) 
ions,24 the reaction of the cyclohexadienyl radical with 
copper(I1) ion is thought to be one of eiectron transfer 
(6), which is followed by proton loss. 

ArHT* + Cu2+ + ArHT+ + Cu+ 

In partially deoxygenated solution most of the cyclo- 
hexadienyl radicals revert to the original aromatic 
compound. This reaction may either involve a similar 
electron transfer (7) and subsequent protonation of 
0,- (8) and proton loss from the cyclohexadienyl 
cation, or direct hydrogen atom transfer (9). 

(6) 

ArHT. + 0,- ArHT+ + 0,- 
0,- + H,O _t HO,' + OH- 

ArHT. + 0,- ArT + HO,* 

(7) 
(8) 
(9) 

It is reported that the radiolysis of benzene in aerated 
aqueous solutions gives rise to phen01,~~,~' mucondi- 
aldehyde (hexa-2,4-dienedial) 26 and p-hydroxymucon- 
dialdehyde.27 The intervention of hydroperoxyl radicals 
(10) provides a reasonable route to the formation of 
mucondialdehyde. Reaction (10) can be followed either 
by ring cleavage and hydrogen loss (11) or by electron 

26 G. Stein and J. J. Weiss, J .  Chem. Soc., 1949, 3245. 
27 T. K. K. Srinivasan, I. Balakrishnan, and M. P. Reddy, 

J .  Phys. Chem., 1969, 73. 2071. 
2* I. Balakrishnan and M. P. Reddy, J .  Phys. Chem., 1970, 74, 

850. 
29 A. J. Kresge and Y .  Chiang, 1. Amer. Chem. SOC., 1967, 89, 

4411; see also B. D. Batts and V. Gold, J .  Chem. SOC., 1964, 
4284. 

transfer and subsequent ring cleavage. The formation 
of p-hydroxymucondialdehyde 527 in solutions of benzene 
with substantial radiation damage is correspondingly 

HO-0 0 + "02' - -0" 110) 

seen as the consequence of the reaction of the hydro- 
peroxyl radical at the para-position of phenol (which is 
always present in such solutions, probably as a result 
of hydroxyl radical attack on benzene). These routes 
for the formation of aldehydic radiation damage pro- 
ducts may be more plausible and simpler than other 
proposed 

Isotope E$ects.--If, as is suggested above, the final 
step of the exchange is in most cases a proton transfer 
(and not a hydrogen atom transfer), then the isotope 
effects of electrophilic hydrogen isotope exchange re- 
actions can be used to estimate the relative importance 
of the two isotopically different modes of breakdown 
of the intermediate, i.e. process (12). The difference 

A "2O 

H T  T 
I 

t HzTO' + H30+  

between the rate of formation of the intermediate 
(vM) and the rate of its breakdown (or exchange, V E )  

is accordingly given by (13). 
HL 

For lJ3,5-trimethoxybenzene the intramolecular iso- 
tope effect ~ k - l / ~ k . - l ,  favouring proton loss over triton 
loss,% is of the order of 20, which implies that ca. 95% 
of the reaction proceeds in the direction of tritium in- 
corporation. For protodedeuteriation the correspond- 
ing isotope effect is known to vary with the reactivity 
of the aromatic compound.30 For the less reactive 
aromatic compounds (such as benzene) the tritium 
isotope effect , calculated from the deuterium isotope 
effect by use of the exponent 31 1442, may be as low as 
7, corresponding to 88% tritium incorporation. For 

30 L. Melander and S. Olsson. Acta Chem. Scund., 1966, 10, 
879; B. Ostrnan and S. Olsson, Arkiv Kem.. 1960, 15, 275; 
S. Olsson, ibid., 1960, 18, 482; 1970, 32, 105; A. J. Kresge, 
Discuss. Furday  SOC., 1966, 39, 49; J. L. Longridge and I?. A. 
Long, J .  Amer. Chem. Soc.. 1967, 89, 1292. 

31 C .  G. Swain, E. C .  Stivers, J. F. Reuwer, and L. J. Schaad, 
J .  Amer. Chem. Sac., 1968, 80, 5885. 
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the compounds covered in the present study, this 
percentage is probably confined to the range between 
85 and 91%. The reactivity ratios based on tritium 
exchange therefore differ by probably not more than 
&3% from the relative reactivities for hydrogen atom 
addition. 

These estimates are based on heterolytic loss of 
cationic hydrogen from a carbonium ion. However, 
should the foregoing mechanism for the conversion of 
cyclohexadienyl radicals to aromatic compound be in 
error and the process be a direct hydrogen atom transfer, 
then these calculations would not be applicable. Even 
in that case, however, the primary isotope effect is 
expected predominantly to favour protium loss over 
tritium loss, with only a narrow range of values for the 
percentage of formation of tritium-labelled aromatic 
compound from tritium-labelled cyclohexadienyl radical. 

Comparison of the exchange inhibition by copper(I1) 
sulphate for mesitylene and [2,4,6-2H,Jmesitylene leads 
to the conclusion that the deuteriated compound is 
cn. 1.5 r f r  0.2 times less ‘ reactive ’. In  considering 
the significance of this difference it is important to note 
that our comparison of reactivities for different corn- 
pounds is based on the above conclusion that the rate 
of exchange is a fairly constant fraction (85-91y0, 
according to the preceding paragraphs) of the rate of 
tritium addition. However, this fraction will be lower 
for tritium exchange into a deuteriated compound, 
because the intramolecular primary isotope effect 
discriminates less between deuterium and tritium loss 
from the deuteriated c yclohexadienyl intermediate 
than between protium and tritium loss in the case of 
the ordinary compound. If the final step of the ex- 
change involves the competition between the two 
reactions of equation (12), then the ratio of the tritium 
exchange rates into mesitylene and [2H,]mesitylene 
(v; and v;) will, according to equation (13) be given 
by (14) [where the symbols gk-.l and gk-l are defined 

by analogy with the definitions of Fk-l and gk-l in 
equation (12)J. From the relation (15) it can then 

be calculated that the isotope effect expressed in equation 
(14) should be ca. 1-34-1.37, if the ratio Fk.-l/gk-l is 
in the region 5-10. This is in fair agreement with 
the experimental ratio v$/vg = 1.5 zt-_ 0-2. In going 
from equation (13) to (14) we assumed that there is no 
isotope effect on v M .  Whilst this may not be strictly 
correct, the error introduced would not exceed ca. 
10% of the value of the isotope effect, which is within 
the error limits for this derived quantity. 

Reactivity Comparisons by Competition with Copper(I1) 
SuZphate.-The main series of reactivity comparisons 
is based on the effectiveness of exchange inhibition by 
copper(I1) ions. Thelinear portion of a graph of [ArH]/vE 
against [Cu2+] has, according to equation (2), a slope of 

kc,/vkArg. For comparative experiments on a series 
of aromatic compounds, the ratio kcu : v is constant, 
so that the slopes should be in the inverse ratio 
of the rate constants for tritium attack. The 
evaluation of these relative reactivities is not always 
straightforward because the curved portion of the 
graph, a t  low concentrations of copper sulphate, has 
to be ignored for reasons which have already been 
discussed, and because the low activities (i.e. values of 
VE) found for solutions a t  very high copper(1r) ion concen- 
trations reduce the precision of [ArH]lvE. Hence the 
position of the ‘ best ’ straight line through the points 
is in some cases not quite free from subjective judge- 
ment, and the experimental results are therefore 
tabulated in full. In the summary of rate comparisons 
(Table 19), the value for t-butylbenzene is the least 
securely established one. It is conceivable that the true 
reactivity ratio may in fact be as low as 1-8. Even this 
value is considerably larger than the relative reactivities 
towards phenyl and trifluoromethyl radicals, as shown 
in Table 19. The difference is intelligible on steric 
grounds since attack at ortho-positions is blocked for large 
radicals but may be possible for tritium atoms. 

Aromatic Reactivity Comparisons by Direct Competi- 
tiout.-As a cross-check on the reactivity comparisons 
via copper sulphate three experiments were performed 
in which the exchange in one aromatic substrate (AH) 
was inhibited by a second aromatic substrate (BH) 
(Tables 13-15). The concentration of aromatic com- 
pounds in these experiments was high so that scavenging 
of hydrogen atoms by other species can be neglected. 
The situation is represented by Scheme 2. The com- 

I 

petition law for this Scheme, analogous to equation (2) 
and (17), and its validity is 

illustrated in Figure 2. It also follows, for example by 
dividing equation (17) by equation (16), that, in any 
one exchange experiment, equation (18) holds. Re- 
activity ratios calculated in this way from the individual 
experiments are included in Tables 13-15. Table 20 
compares these results with those deduced from the 

vgH[BH]  AH 
V B H [ A H ]  =ksn 

copper sulphate inhibition experiments. Equations 
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(18) and (19) respectively predict that on plotting either 
[AH]/vAH or [AH]/vua against [AH] the ratio of extra- 
polated intercept : slope should equal [BH](KB= + k ’ ~ = ) /  
(kAR + k’An). The final two columns of Table 20 list 

/ 

I 
1 2 3 

___- 
10 [To Lu en e I / M 

FIGURE 2 Conipetition plots : benzonitrile (A)-toluene (B) 
system [equations (16) and (17)] 

the ratios (KBH + K’aIz) deduced in this manner from the 
two graphs. As can be judged from the scatter of 

agreement of KB=/kAH by the two methods. However, 
the precise size of the electron-induced contribution 
depends, on the reasoning given before, on the concen- 
tration of residual oxygen in the solution, which is 
bound to be slightly variable. It is also thought that 
errors in substrate concentrations can be more serious 
in experiments with two volatile solutes, since evapor- 
ation of the first substrate may occur during the ad- 
dition of the second. The results obtained by the direct 
method are therefore regarded only as confirmatory 
evidence concerning the general conclusions. The 
approximate agreement between KBR/K,IH and ( k B H  -/- 
K’BH)/(KbH + IZ‘AH) in the case of the benzene-mesitylene 
comparison again supports the earlier conclusion 
regarding the relative unimportance of the rate con- 
stants k ’ A H  and The results for the chlorobenzene- 
mesitylene system suggest that k‘aR may be significant 
for chlorobenzene, as is also indicated by the formation 
of labelled benzene from chlorobenzene.32 A similar 
discrepancy in the toluene-benzonitrile experiment is 
not due to benzene formation from benzonitrile as this 
reaction is relatively unimportant .32 We tentatively 
ascribe it to formation of benzaldehyde by the routem 

PhCN + T’ + PliCT=N* _t 
H*O 

(19). 

PhCTO + NH,’ (19) 

Reactivity Comparisons of Scavengers.-The effective- 
ness of different scavengers in reducing the exchange 
in an aromatic compound can be used to determine 
their relative reactivities towards tritium atoms, and 

TABLE 19 
Relative rate constants (kArX/knenzene)  of aromatic compounds towards reactive species 

Reactive species 

Substrate 
Benzene 
Toluene 
Anisole 
Mesitylene 
Fiuorobenzene 
Chlorobenzene 
Bromobenzene 
Trifluoromethylbenzene 
t-Butylbenzene 
Benzonitrile 

T o  H *  CF, C 

1-6 2.2 (’) 2.4, 2.7 
2-7 1.5 2.8 
8-5 5-8 
1.0 0.7 0.5 
1.1 1.3 0.6 
1.1 0.8 
0.35 0.6 0.3 
3-8 0.9 
0.9 0.6, 0.4, 0-54 0.4 

(1) (1) 
Ph * 
1.2 
2.0 

1-0 
1.1 
1.3 

0.64 
3.7 

(1) 
CHC0,Et c SC0,Et 0 HeT+ f’ 

(1) 
1.5 2-06 1.06 

1-15 2-88 3.0 

0.80 0.62 1.2 
0.84 0 . 7 7  1.6 

2.0 
0.56 0.22 0.8 

0.56 2.2 

(1) (1) 
l o - o P  

1.0 
1.5 
1.9 

0-87 
0-59 
0.59 
0.29 
1.6 
0-22 

* Based on CU(II) inhibition. 
In  2,2,4trimethylpentane solution (I. M. Whittemore, A. P. Stefani, and M. Szwarc, J. Amcv. Chcm. SOC., 1962, 84, 3799). 

b Italicised values in this column refer to aqueous soluti0n,~-~9 others to gas-phase experirnenk6 
d From 

(Fpr results and references see D. H. Hey, Adv.  Free Radicat Chent., 
8 Thermolytically 

thermolysis of benzoyl peroxide in mixed aromatic medium. 
1967, 2, 47; G. H. Williams, ‘ Essays on Free Radical Chemistry, Chem. SOC. Special Publ. No. 24, 1970, p. 25). 
generated in an unreactive perfluorinated polyether.38 1 From decay of T,. Results a p p r ~ x i m a t e . ~ ~  

points in Figure 2, these values are probably uncertain 
to the extent of &10-20%. For various reasons, 
the other results given in Table 20 are less precise than 
the reactivity ratios obtained via the copper sulphate 
competition. The direct reactivity comparisons suffer 
from the drawback that the exchange values in the ab- 
sence of added electron scavengers include a contribution 
from the electron-induced exchange reaction. This ap- 
pears to be small, in view of the fair linearity of inhibi- 
tion plots, such as those in Figure 2, and the approximate 

to relate these reactivities to that of benzene and 
those of other aromatic compounds. The basis of these 
comparisons is an analogue of equation (2). Ab high 
concentrations of the aromatic compound (so that 
tritium atom scavenging by species other than by the 
aromatic substrate ArH and by the deliberately added 

32 C. L. Brett and V. Gold, Chem. Comm., 1971, 1426. 
33 Cf. M. Anbar, Adv. Phys. Ovg. Chem., 1969, 7 ,  126; P. Neta 

and R. W. Fessenden, J .  Plays. Chem., 1970, 74, 3362; J. P. 
Ferris and F. R. Antonucci, Chem. Comm.. 1971, 1294. 
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scavenger S is negligible), the inhibition equation can 
be written as (20). The ratio (extrapolated intercept) : 

[ArHI --- - kdS1 + @ArH + k'SrH"rH1 (20) 
OE Vkh= vk ArH 

slope, for a graph of [ArH]/vE against [S], should equal 
( k A r a  + k'kH)[ArH]/R, or, when K ' h H  is known to be 
negligible as in the case of benzene and methylbenzenes, 
it should equal kArH[ArH]/k,. The procedure is valid 
for those tritium atom scavengers which have a high 
reactivity towards solvated electrons, so that the 
linear portion of the inhibition graph relates solely to  
competition between ArH and S for tritium atoms. 
When this is not true equation (1) must be replaced 
by a two-term equation, the second terrn of which relates 
to  exchange by the route of equations (3)-(5). 

of rate constants for other scavengers, we are probably 
placing excessive reliance on the precision with which 
k& is known. Baxendale et aL35 have reported values 
for this rate constant which are over ten times smaller 
than the value used in Table 21. The complete neglect 
of isotope effects in these comparisons may also not be 
justified. Perfect agreement between k; and k g  values 
cannot therefore be expected. 

Aromatic Reactivity.-Table 19 lists relative rate 
constants (values of kSrH) derived from the copper(I1)- 
inhibition studies (considered to be the most reliable 
reactivity comparisons, -+20%, of the present series 
of experiments) by use of equation (2). The results 
refer to  the sum of tritium-for-hydrogen replacement 
reactions occurring for each compound. If expressed 
per exchanging position, the figures would be somewhat 

TABLE 20 
Reactivity comparisons by different competition procedures 

kmz -k k'RH 

k B H / k m   AH +  AH 
via cuso, Direct [From [From 

L l H  BH (Table 19) (Tables 13-15) equation (IS)] equation (17)] 
Benzene Mesitylene 8.5 7.1 7.5 7.0 

Toluene Benzonitrile 0.41 0.378 0.60 0.47 
Chlorobenzcne Mesitylene 7.4 8-7 5.5 6.5 

Since the corresponding complete inhibition law is 
too complex for application to our limited data, we do 
not detail this development and have based our com- 
parison of the effects of different scavengers on equation 
(20). Relative values of k,  have been evaluated [with 
reference to CuII ion as standard] as shown in Table 21. 

TABLE 21 
Rate constants for the reaction of hydrogen (tritium) 

atonis with various scavengers 
S kg/k:u 107 k g a  lo7 k: Reference 

Copper(r1) ion (1.0) 60 18, 34 
Benzene 5.0 300 110, 58 19, 20 
Silver(:) ion 68 4100 4000, 1150 4, 18 
Iodide ion 0.092 5.5 4.0, 53 C 
Methanol 0.0081 0.48 0.16 23, 34, 35,a 

0 Calculated on the assumption that the value for kg (taken 
from the literature 18934) also applies to  k& . b Literature 
values; references in final column. C 2. D. DraganiC and 
I .  G. Draganit, J .  Phys. Chem., 1972 76, 2733; R. Hentz and 
C. Johnson, J .  Chem. Phys., 1969, 51, 1236. d G. Scholes 
and ill. Simic, J .  Phys. Chem., 1964,68,1731,1738; J. Rabani, 
J .  Antev. Chenz. SOC., 1962, 84, 868. 

Where comparison with other data is possible, the 
agreement is fair and suggests that the neglect of the 
electron-induced path is justified for experiments 
corresponding to the linear portions of the inhibition 

By taking a selected literature value for the absolute 
rate for the copper(I1) ion as the basis for the calculation 

34 A. Applcby, G. Scholes, and M. Simic, J .  Amer. Chew. SOC., 
1963, 85, 3891. 

35 J .  H. Baxendale and D. Smithies, 2. Phys. Chem. (Frank- 
furt), 1956, 14, 323; J. €€. Baxendale, R. s. Dixon, and D. A. 
Stott, Tvans. Favaday SOC., 1968, 64, 2389. 

plots. 

different. For example, the reactivity ratio mesitylene : 
benzene would be doubled, since there are three positions 
in mesitylene but six in benzene. All the other com- 
pounds in the list are' monosubstituted benzenes where 
the aromatic positions are not equivalent and, without 
knowledge of the relative reactivity of ortho-, m t a - ,  
and para-positions, it is not possible to evaluate re- 
activities per position. This problem is further con- 
sidered in the following paper. 

Table 19 also gives similar relative reactivities for 
the reaction of other reactive radicals, carbene, and 
nitrene species with these aromatic compounds, as taken 
from the literature, and values of 10-"~,  i.e. relative 
reactivities based on Q~ parameters for a reaction with 
p = 1. 

It is evident that most of these reactive species display 
a similar reactivity sequence to tritium, which corre- 
sponds to  the expectation for mildly electrophilic re- 
agents. In  several of these cases it has been noted be- 
fore that there is an approximate correlation with 
oP parameters. Methyl radicals (results not tabulated) 
form an exception and give an inverse order.36 The best 
correlation with tritium atom reactivities is found for the 
trifluoromethyl radical and, surprisingly, for the photo- 
lytically generated ethoxycarbonylnitrene, for which 
the numerical values are in remarkably close agreement 
with our results. Despite qualitative trends, an inter- 
pretation in terms of polar effects alone does not appear 
promising. In  a heterolytic electrophilic reaction 
(for which cp parameters are appropriate), as a reaction 

36 W. J. Heilman, A. Rembaum, andM. Szwarc, J .  Chem. SOC., 
1957, 1127; cf. S. J. Hammond and G. H. Williams, J.C.S. 
Perkin 11, 1973, 484. 
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of HeT+ should be:' the attack of the reagent results 
in a dienyl system with a cationic charge and an even 
number of electrons. In the homolytic reactions, of 
which that of tritium atoms is typical, the product 
is a radical and the dienyl system contains an odd 
number of electrons. The effect of a substituent group 
is therefore, to  some extent, expected to reflect its 
ability to stabilise the odd spin. It could therefore 
be a concidence that ethoxycarbonylnitrene resembles 
the tritium atom in its selectivity, if this nitrene is 
indeed a singlet species 38 under the reaction conditions. 

37 I;. Cacace, R. Cipollini, and G. Ciranna, J .  Cham. SOC. (B) ,  
1971, 2089. 

It would, however, be intelligible to find similar selectivi- 
ties for tritium atoms and a trip& nitrene, and other 
evidence suggests that it may be the reaction of a triplet 
nitrene39 to which the rate data quoted in Table 19 
refer. 
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38 J. E. Baldwin and R. A. Smith, J .  Anzev. Chsin. Soc., 1967, 

39 W. Lwowski and R. L. Johnson, Telrahedvoiz Letters, 1967, 
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