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The direct and triplet-sensitized photochemistry of diphenylchloronium, diphenylbromonium, bis(4- 
methylphenyl)chloronium, and bis(4-methylpheny1)bromonium salts was studied. Direct photolysis of the 
diarylhalonium salts gave haloarene 2-, 3-, and 4-halobiaryls, and acetanilide, predominantly from a heterolytic 
cleavage mechanism via the aryl cation-haloarene pair, via in-cage recombination and cage-escape reactions. 
However, triplet-sensitized photolysis gave haloarene, 2-, 3-, and 4-halobiaryl, and reduced arene mainly from 
homolytic cleavage to the arene radical-haloarene radical cation pair, which also gave in-cage recombination and 
cage-escape products. There is evidence for singlet-triplet interconversion of the excited states by spin-orbit 
coupling and interconversion of the singlet-triplet radical pairs by spin-spin coupling. In addition, electron transfer 
between the singlet arene cation-haloarene and arene radical-haloarene radical cation pairs is also possible. The 
effect of halogen and arene substituent on these interconversions is discussed. 

Introduction 
Onium salts, especially triarylsulfonium and diaryl- 

iodonium salts, have found wide technological use in in- 
dustry as photoinitiators for cationic polymerization'$ and 
as "photoacid" generators to catalyze deprotection and 
depolymerization reactions for imaging sy~tems.~  We 
recently discovered that triarylsulfonium salts, upon direct 
irradiation, produce mainly in-cage recombination products 
similar to those of the photo-Fries reaction: in addition 
to the cage-escape pr~ducts."~ In contrast to the pho- 
to-Fries reaction, which occurs by homolytic cleavage, the 
direct photolysis of triarylsulfonium salts occurred mostly 
by heterolysis of the singlet excited sulfonium salt, with 
homolysis occurring to a minor e ~ t e n t . ~  Triplet sensiti- 
zation of the sulfonium salts gave no recombination 
produd and gave exclusively escape products arising from 
homolysis of the sulfonium salt! whereas sensitization with 
naphthalene occurs by electron transfer from the singlet 
excited state of the sensitizer and gives recombination 
products by an in-cage back-electron-transfer mechanism? 
The formation of recombination products from onium salt 
photolysis is not unique to triarylsulfonium salts. Alkyl- 
arylsulfonium salts, alkylarylarsonium salts, and diaryl- 
iodonium salts have been reported to give recombination 
products.leZ1 However, diaryliodonium salts produce 
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recombination products upon both direct and sensitized 
irradiationl8lz1 and produce products from both heterolytic 
and homolytic cleavage of the iodonium salt under both 
conditions.20*21 To account for the different photochem- 
istry of the sulfonium and iodonium systems, it is proposed 
that the initially formed intermediates in the iodonium 
photolysis, the phenyl cation-iodobenzene pair, could in- 
terconvert with the singlet phenyl radical-iodobenzene 
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Scheme 11. Products from Irradiation of 
Bis( 4-met hylpheny 1) halonium Salts 
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radical cation pa@ and that the singlet and triplet phenyl 
radical-iodobenzene radical cation pairs could also inter- 
convert.183z1 The triarylsulfonium salt system does not 
undergo this interconversion. A study of the photochem- 
istry of other diarylhalonium salts should provide further 
insight into the factors that affect the ability of onium salts 
to produce recombination products and to relate these 
factors to the overall efficiency of the photoreaction. To 
date only two studies on the photochemistry of diaryl- 
chloronium or diarylbromonium salts have been reported. 
Crivello evaluated these salts as photoinitiators in epoxy 
resins and detected bromobenzene, benzene, biphenyl, and 
acid from direct photolysis of diphenylbromonium hexa- 
fluorophosphate.zz In a preliminary study, we have de- 
tected recombination products from direct irradiation of 
these salts.23 We report here the direct and triplet-sen- 
sitized photolysis of diarylchloronium and diaryl- 
bromonium salts. 

Results 
Two series of salts were prepared, the diphenyl- and the 

bis(Cmethylpheny1)halonium salts. The bromonium and 
chloronium salts were prepared by the decomposition of 
the appropriate diazonium salt with the haloarene and 
trifluoroacetic acid, followed by precipitation of the desired 
hexafluorophosphate salt from waterz4 (Chart I). The 
direct photolysis of the diphenylhalonium salts was first 
qualitatively investigated. Photolysis of all of the salts 
resulted in formation of arene (either benzene or toluene), 
haloarene, and recombination products (Scheme I). In 
the case of diphenylchloronium hexafluorophosphate, the 
recombination products produced were 2-, 3-, and 4- 
chlorobiphenyl, which correspond formally to migration 
of a phenyl from chlorine to the other aromatic ring, fol- 
lowed by loss of HPFB. The chlorobiphenyls and bromo- 
biphenyls were identified by comparison with authentic 
commercial materials. Acetanilide, a product that indi- 
cates the intermediacy of phenyl cation, was also produced. 
Biphenyl was not a significant photoproduct. 

In the case of the (4-methylpheny1)halonium series, 
analogous recombination products, 5-halo-2,4’-dimethyl- 
biphenyl and 2-halo-4’,5-dimethylbiphenyl, were obtained 
upon direct irradiation (Scheme 11). The formation of 
these compounds was confirmed by comparison with iso- 
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Table I. Product Quantum Yields upon Direct Irradiation 
of 0.01 M Salt Solutions in Acetonitrile, X = 248 nma 

(ArPX+ salt) total ArX 2-XBP 3-XBP 4-XBP 
compd 

P&Cl+PFs- 0.79 0.663 0.0595 0.0392 0.0258 
Ph2Br+PFc 0.82 0.670 0.0762 0.0454 0.0290 
PhzI’Tf 0.54 0.400 0.104 0.018 0.021 

4-To12Br+PFc 0.74 0.606 0.082 0.047 - 
4-TolZI+PFc 0.45 0.320 0.104 0.028 - 
‘Ph = phenyl; 4-Tol = 4-methylphenyl, XBP = halobiphenyl. 

4-To12CltPFc 0.73 0.623 0.036 0.070 - 

Table 11. Stability of Phenyl Cation-ArX Pair PS Phenyl 
Radical-ArX Radical Cation Pair 

ArXEi,z,” AG, 
V kcal ArHArX‘ ArHArXd spin 

compd (vs SCE) mol-’ singlet triplet density’ 
Ph2Cl+ 2.37 -6.7 0.034 0.93 0.23 
PhzBrt 2.28 -4.6 0.09 0.93 0.30 
PhzI+ 2.07 0.2 0.20 0.50 ca. 0.46 
4-T01&1+ 2.07 0.2 0.064 0.50 
4-TolzBr+ 2.02 1.4 0.11 0.83 0.27 
4-To1zIt 1.83/ 5.8 0.38 0.87 ca. 0.41 

a For oxidation of ArX in CH,CN, from ref 34. For electron transfer 
between the aryl cation-haloarene pair and the aryl radical-haloarene 
radical cation pair. AG < 0, aryl cation pair more stable; AG > 0, aryl 
radical pair more stable (see text). ‘By direct irradiation (CHSCN). 
dBy triplet energy transfer (acetone). eSpin density on halogen, from 
ref 33. /Calculated from vertical IP, from ref 35. 

lated samples of these compounds prepared by a Gom- 
berg-Bachmann reaction. The identity of the two isomers 
was apparent by ‘H NMR. For all of the 5-halo-2,4’-di- 
methylbiphenyls compared with the 2-halo-4’,5-di- 
methylbiphenyls, the 2-methyl group appears at  higher 
field than the 5-methyl group due to the deshielding by 
the adjacent aromatic ring. The 4’-methyl group appears 
at  lowest field (see Experimental Section). 

Quantum yields were then determined for these com- 
pounds upon direct irradiation (A = 248 nm) in acetonitrile. 
The results are shown in Table I, along with previously 
reported data for diaryliodonium salts.z1 For the di- 
phenylhalonium series, the total halogen-containing- 
product quantum yield, which is assumed to be the 
quantum yield of disappearance, is about the same for the 
chloronium and bromonium compounds, 0.79 and 0.82, 
respectively. Diphenyliodonium is less efficient, at  0.54. 
The fraction of the halobenzene escape product relative 
to total halogen-containing products decreases from 84% 
for the chloronium to 82% for the bromonium and down 
to 14% for the iodonium. The distribution of the recom- 
bination products also varies down the series (Table IV). 
The ratios of 2- to 3- to 4-halobiphenyl for the chloronium 
salt are 4831:21; for the bromonium, there is a similar ratio 
of 51:30:19; and for the iodonium, there is a different 
distribution of 73:13:14. Thus, the diphenyliodonium 
photolysis produces relatively more 2-halobiphenyl and less 
3-halobiphenyl than the chloronium and bromonium salts. 

The fate of the aryl moiety cleaved from the aryl- 
halonium salt was examined for the set of salts. Since the 
quantum yields of formation of the aryl radical product 
were weakly dependent on the concentration of the halo- 
nium salt, comparisons are made for 0.01 M solutions and 
are expressed as ratios to aryl halide, the corresponding 
cage-escape product (Table 11). In direct photolysis of 
halonium salts, the relative yield of benzene increases from 
only 3.4% for the diphenylchloronium salt to 9% for the 
diphenylbromonium salt and to 20% for the diphenyl- 
iodonium salt. Similarly, in the bis(4-methylpheny1)- 
halonium series, the relative toluene yield increased from 
6.4% for the chloronium to 11% for the bromonium and 
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Table 111. Limiting Quantum Yields of Diarylhalonium Photolysis in Acetone, X = 300 nmo 

Ph&l+PF{ 0.67 0.614 0.029 0.008 0.019 221 f 17 
P h2Br+PFB- 0.55 0.454 0.074 0.012 0.0098 339 * 23 

0.50 0.393 0.076 0.0051 0.026 994 * 15 
884 & 92 4-Tol2CPPFc 0.69 0.648 0.023 0.023 

4-To12Br+PF6- 0.60 0.528 0.046 0.021 724 f 70 
4-TolJ+PFe- 0.42 0.314 0.086 0.019 700 f 130 

compd (Ar2X+ salt) total ArX 2-XBP 3-XBP 4-XBP k,r 

- PhzITf  

- 
- 

'4-Tol = 4-methylphenyl; Ph = phenyl; XBP = halobiphenyl. 

Table IV. Product Distribution of Halonium Salts, Irradiation at X = 248 nm in Acetonitrile (Direct Photolysis) or A = 300 
nm in Acetone (Sensitized Photolysis)' . ratio of halogen products ratio of recomb products 

compd method ArX 2-XBP 3-XBP 4-XBP 2-XBP 3-XBP 4-XBP 
Ph,Cl+PFa- direct a4 8 5 3 48 31 21 

sens 
Ph2Br+PF6- direct 

sens 

sens 
PhpI'PFC direct 

4-Tol2Cl+PF{ direct 
sen8 

4-To12Br+PF6- direct 
sen8 

sen8 
4-T0121+PF~- direct 

92 
81 
83 
74 
79 
85 
93 
82 
89 
71 
75 

4 
9 

13 
19 
15 
5 
3 

11 
8 

23 
21 

XBP = halobiphenyl. 

to 38% for the iodonium. Acetanilide was also found to 
be formed in these photolyses. The quantification of 
acetanilide was less precise than the quantification of the 
other volatile compounds, leading to relative errors of 
around 20% .2s For diphenylchloronium hexafluoro- 
phosphate, the yield of acetanilide relative to chloro- 
benzene was 110%; for the diphenylbromonium salt, the 
ratio was 91%; and for iodobenzene, the ratio was 78%. 
Thus, within experimental error, the formation of benzene 
and acetanilide accounts for the fate of the escape phenyl 
moiety in the direct photolysis of the diphenylhalonium 
salts in acetonitrile. 

The sensitized decomposition of the diarylhalonium salts 
by acetone was also examined (Table 111). Limiting 
quantum yields were obtained by a double reciprocal plot 
of the quantum yields at  four concentrations of halonium 
salt (Figure 1). The Stem-Volmer slope k T was obtained 
by taking the ratio of the intercept of &e plot to the 
slope.2s The limiting quantum yields upon triplet exci- 
tation were of the same order of magnitude as the direct 
photolysis quantum yields, although about 1&20% lower. 
The quantum yields decreased in the series chloronium, 
bromonium, and iodonium, by amounts similar to those 
of the direct photolysis. For diphenyliodonium t&te and 
the three bis(4methylphenyl)halonium salts, the kq7 values 
are roughly the same, from 700 to 1OOO. If the lifetime of 
the acetone triplet state is taken to be 0.9 X 10" s, a 
quenching rate constant of about lo9 s-l is ~btained.~'  
This is about 10 times smaller than the diffusion-controlled 
rate constant and may be the result of competitive 
quenching by impurities such as residual oxygen or mesityl 
oxide. For diphenylchloronium and diphenylbromonium, 
however, the kq7 value is significantly lower. This could 
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cation trap. 
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Figure 1. Double reciprocal plots, l/+ versus 1/[Ar2X+Y-], for 
triplet-sensitized photodecomposition of diarylchloronium and 
diarylbromonium salts, in acetone. 

be due to the possible higher triplet energy of these com- 
pounds relative to diphenyliodonium and the ditolyl- 
halonium salts, which would result in triplet energy 
transfer occurring a t  a rate somewhat less than that of 
diffusion. 

The product distribution upon sensitized photolysis is 
shown in Table IV. The 2-halobiaryl is the major isomer 
in almost all photolyses. Going from chloronium to bro- 
monium to iodonium, the amount of 2-halobiaryl isomer 
increases, and the amount of the 3-halobiaryl isomer de- 
creases. The relative amount of the 4-halobiaryl isomer 
shows no clear trend. Benzene and toluene were also 
quantified for the 0.01 M solutions upon acetone sensiti- 
zation (Table 11). Relative to the other escape product, 
the haloarene, diphenylchloronium and diphenyl- 
bromonium salts gave a ratio of 93%, where in the case 
of the diphenyliodonium salt, the ratio was only 50%. The 
amount of toluene produced upon sensitization of the 
bis(4-methylpheny1)honium salts increased from 50% for 
the chloronium to 83% for the bromonium and to 87% for 
the iodonium. These results show that the escape products 
upon sensitized photolysis are predominantly derived from 
a homolytic process. 
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Discussion 
The results of our investigation show that arylhalonium 

salts undergo efficient photochemistry to yield haloarenes, 
arene, and acetanilide as the major products in acetonitrile, 
along with recombination products. In our investigation, 
biphenyl was not found to be a significant primary pho- 
toproduct and formation of reduced arene is a minor 
process. Thus, for direct photolysis of the halonium salt, 
cleavage to give phenyl radical represents a relatively minor 
decomposition pathway. In contrast, acetanilide was found 
to be a significant product from direct photolysis of all the 
halonium salts. The presence of acetanilide usually implies 
the formation of phenyl cation by heterolysis of the excited 
onium salt and requires that the heterolysis mechanism 
be operating in competition with the previously postulated 
homolytic mechanism.' 

Previous studies on the reactions of phenyl cation with 
chlorobenzene include B decay of tritioarenem and thermal 
decomposition of phenyldiazonium tetrafluoroborate and 
phenylazo p-tolyl sulfone.29a In each case chlorobiphenyl 
isomers were obtained. The product distribution of the 
isomeric chlorobiphenyls from the direct photolysis of 
diphenylchloronium salts also supports the intermediacy 
of phenyl cation. The product ratio of 2-, 3-, and 4- 
chloro(tritio)biphenyls occurring from 4-tritiophenyl cat- 
ion, formed by ,R decay of 1,Cditritiobenzene in pure 
chlorobenzene, is 502921.28 This agrees well with our 
result of 48:31:21, for chlorobiphenyls (Table IV), obtained 
from the photochemical decomposition of diphenyl- 
chloronium salt. However, the distribution obtained for 
decomposition of the diazonium salt in acetonitrile/chlo- 
robenzene solutions was found to be 61:15:24,29 whereas 
thermolysis of the sulfone in neat chlorobenzene gave the 
ratio 71:821 and thermolysis of the sulfone in aceto- 
nitrile/chlorobenzene gave 51:19:30.30 Zollinger has shown 
that the decomposition of diazonium salts in trifluoro- 
ethanol is a second-order reaction, depending on substrate 
concentration, and concluded that solvent or nucleophile 
participated in the loss of N2 from the diazonium salt.31932 
Hence free phenyl cations were not an intermediate in the 
diazonium salt reactions. Our data is consistent with this 
view. We propose the formation of phenyl cation from the 
chloronium excited state in a rapid process, which should 
lead to a phenyl cation in a solvent cage, without nucleo- 
philic assistance. The B decay experiment also produced 
a phenyl cation, without nucleophile involvement. The 
similarity of product distributions obtained from both the 
,R decay reaction and photolysis of the chloronium salt 
implies a common intermediate, phenyl cation. 

In contrast to the direct irradiation, the acetone-sensi- 
tized photolysis of arylhalonium salts apparently occurs 
by a homolytic cleavage. In almost all of the salts exam- 
ined, the major aryl escape product appears as benzene or 
toluene. The distribution of the isomers of the recombi- 
nation products, the halobiaryls, is also consistent with a 
radical process. While the direct irradiation of di- 
phenylchloronium hexafluorophosphate gave a product 
ratio consistent with phenyl cation in chlorobenzene,= the 
sensitized reaction gave less of the 3-isomer and relatively 
more of the 4-isomer of chlorobiphenyl (Table IV). If 
phenyl radical were to attack chlorobenzene radical cation, 

(28) Angelini, G.; Keheyan, Y.; Speranza, M. Helu. Chim. Acta 1988, 
71. 107. . - , - - . . 
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as we propose for the sensitized decomposition, the 2- and 
4-positions should be preferentially attacked, as odd- 
electron density might be expected to be highest at these 
positions, due to the ability of the odd electron in these 
positions to delocalize onto chlorine. A similar trend is 
observed for the bromonium and iodonium salts. 

It is noteworthy that recombination products (the ha- 
lobiaryls) are obtained for both the direct and sensitized 
reactions. In our studies of triarylsulfonium salt photo- 
chemistry, we found that recombination products were 
only obtained upon direct irradiation, and not with sen- 
sitization by and in a later paper, we suggested 
that this difference in product formation between the 
sulfonium and iodonium salts might be related to enhanced 
intersystem crossing in the phenyl radical pair by either 
spin-orbit coupling ("heavy-atom effect") or spin-spin 
coupling of the odd-electron spin with the nuclear spin of 
the heteroatom.21 The spin-spin coupling mechanism has 
been previously proposed to account for trends seen in the 
photochemistry of benzylammonium, -phosphonium, and 
-arsonium salts.13 In the current study, the fraction of 
rearrangement products in the triplet-sensitized photolyses 
ranges from 7% in the case of bis(4-methylpheny1)- 
chloronium hexafluorophosphate to 25 96 for bis(4- 
methylpheny1)iodonium hexafluorophosphate. The di- 
phenylhalonium salts show a similar trend. To form re- 
combination products, the initially formed triplet geminate 
radical pair must undergo intersystem crossing to form the 
singlet radical pair. It is unlikely that spin-orbit coupling 
is involved in this mechanism, as the relative amount of 
escape to recombination processes varies only by a factor 
of 4 for the three halogens investigated. However, the 
results of this study support the role of spin-spin coupling 
as a factor in the formation of the recombination products. 
The spin density on the halogen in the halobenzene radical 
cation, which is derived from the magnitude of the hy- 
perfine coupling, increases in the series chlorine, bromine, 
and iodine.% Since the rate of intersystem crossing (isc) 
should be proportional to the magnitude of the hyperfine 
coupling,2e this mechanism predicts that the highest isc 
rate should occur for the iodonium salts. In fact, the 
highest proportion of recombination products occurs upon 
triplet sensitization of the iodonium salts. However, since 
the hyperfine coupling constants do not vary greatly, the 
intersystem crossing rates should not vary greatly, leading 
to the formation of the singlet radical pair and thus re- 
combination products for all of the halonium salts. How- 
ever, for sulfur, for which the major natural isotope has 
no nuclear spin, this mechanism cannot occur. 

A factor that might account for the amount of hetero- 
lytic cleavage versus homolytic cleavage upon direct irra- 
diation of arylhalonium salts is the rate of intersystem 
crossing of the halonium singlet excited state to the triplet 
excited state. Spin-orbit coupling is the mechanism for 
this singlet-triplet conversion,2s which means that the rate 
should be highest for the heaviest atom. One factor that 
might slow the rate of isc is that because the halonium salt 
is dicoordinate, one less lone-pair orbital is available over 
other halogen compounds (such as iodobenzene). For the 
rate of intersystem crossing to affect the products observed, 
a heterolytic cleavage from the singlet state and a homo- 
lytic cleavage from the triplet state would be necessary. 
Such state specificity of cleavage for a u bond has been 
proposed, in general.2s Thus, a heterolytic cleavage that 
forms an aryl cation would occur from the initial singlet 
excited state. In competition with this process, intersystem 

(33) Mej, P.; Haaegawa, A.; Symone, M. C. R. J. Chem. Soc., Faraday 
Trans. 1 1983, 79, 1931. 
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crossing would occur to form the halonium triplet excited 
state. This state would then cleave to produce the aryl 
radical-haloarene radical cation pair. Thus, for the io- 
donium salt compared with the chloronium salt, more 
radical products are expected] as is observed, due to the 
heavy atom accelerated rate of intersystem crossing. 

We had previously concluded that a possible factor in- 
fluencing the amount of heterolytic versus homolytic 
cleavage of the diaryliodonium and triarylsulfonium salts 
was thermodynamic stability of the initially formed pairs 
of  intermediate^.^^^^ In Table 11, the relevant data is 
presented for the halonium salts studied in this investi- 
gation. The half-wave oxidation potential for the aryl 
halides was obtained from the l i t e r a t ~ r e . ~ ? ~ ~  Combined 
with an estimate of the oxidation potential of phenyl 
radical of 2.08 V,= an estimate can be made of the stability 
of the aryl cation-haloarene pair relative to the stability 
of the aryl radical-haloarene radical cation pair. It can 
be seen that, for the diphenyl series, the phenyl cation pair 
should be more stable for the diphenylchloronium and the 
diphenylbromonium salts and should be of comparable 
stability for the iodonium salt. In the bis(4-methyl- 
pheny1)halonium series, the comparison is not as facile, 
as the value for the ionization potential of the 4-methyl- 
phenyl radical does not appear to be known. The value 
for phenyl radical wa8 used as an approximation to the 
4-methylphenyl radical.37 The values in Table I1 show 
that the intermediates in the photolysis of the tolyl- 
chloronium salt are predicted to be of comparable stability, 
as in the diphenyliodonium salt. The tolyl radical- 
bromotoluene radical cation pair is predicted to be 
somewhat more stable than the tolyl cation pair, and for 
the case of the tolyliodonium, the radical pair should 
certainly be more stable. 

The predicted order of stability of the phenyl radical 
pair relative to the phenyl cation pair may rationalize the 
relative yields of homolytic and heterolytic products ob- 
tained in the direct photolysis. For the diphenylhalonium 
series, the chloronium and bromonium salts are predicted 
to have the intermediate phenyl cation pair be more stable, 
and only small amounts of benzene, the radical product, 
are obtained. The phenyl radical and phenyl cation pairs 
derived from the diphenyliodonium salt are predicted to 
be of comparable stability, and 20% of the phenyl moieties 
appear as benzene. A similar trend is apparent in the 
ditolylhalonium series. The diphenyl- and ditolylhalonium 
results do not compare well with each other. Since the 
diphenyliodonium and the bis(4-methylpheny1)chloronium 
salts are predicted to yield intermediate pairs of compa- 
rable stability, they might be expected to give similar 
relative yields of reduced arene. However, the ditolyl- 
chloronium ratio of 6.4% falls in between the diphenyl- 
chloronium and the diphenylbromonium values. Thus, the 
ditolylhalonium data would be more consistent with the 
diphenylhalonium data if the calculated AG were lower by 
about 5 kcal mol-'. This discrepancy might arise from the 
assumed equivalence of the 4-methylphenyl and phenyl 
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radical oxidation potentials and suggests that the 4- 
methylphenyl radical might be easier to oxidize by about 
0.2 v. 

The order of stability of the proposed intermediates may 
also be reflected in the product distributions and quantum 
yields. The diphenylchloronium and diphenylbromonium 
salts, upon direct irradiation, show a similar ratio of escape 
to recombination processes and similar quantum yields of 
decomposition. However, the diphenyliodonium shows a 
much lower ratio of escape to recombination, and a de- 
composition quantum yield 30% lower than those of the 
bromonium and chloronium salts. In addition, the dis- 
tribution of the recombination products is similar for both 
the chloronium and bromonium salts. Relative to these 
salts, the recombination product distribution for the io- 
donium salt favors the ortho product at the expense pri- 
marily of the meta product, although the para product is 
formed in somewhat lower relative yield. These trends are 
consistent with the proposeqorder of stability of the in- 
termediates. The diphenylchloronium and diphenyl- 
bromonium salts, in which the phenyl cation pair should 
have greater stability, show very similar chemistry. The 
"internal conversion" quantum yield, which is the differ- 
ence between the decomposition quantum yield and unity, 
can be partially attributed to back-recombination of the 
phenyl cation and the halobenzene occurring at the halo- 
gen, to re-form starting halonium salt. The high ratios of 
escape to recombination can be explained, in that phenyl 
cation should react very rapidly with the solvent molecules 
in the solvent cage walls. In contrast, the diphenyl- 
iodonium salt shows different behavior. The internal 
conversion quamtum yield increases by 230% relative to 
the values for bromonium and chloronium salts. The es- 
cape to recombination ratio decreases, and the position 
preference of the recombination products changes. These 
effects are best explained in that this reaction occurs a t  
least partly through the phenyl radical pair. Phenyl radical 
is much less reactive than phenyl cation. The hydrogen 
abstraction rate constant would be expected to be of the 
order of los s-l,= implying that the cage lifetime of the 
phenyl radical pair might be longer than that of the phenyl 
cation pair. This results in more recombination relative 
to escape, primarily to re-form diphenyliodonium. The 
different recombination product distribution can be ex- 
plained in that the phenyl radical and the iodobenzene 
radical cation should show a preference for recombination 
at the ortho and para positions and the iodine atom. The 
spin density on iodine for the iodobenzene radical cation 
has been estimated to be about 0.46 from ESR measure- 
ments of the hyperfine coupling.33 The iodine can also 
stabilize the spin on the ortho and para positions, but not 
the meta position. It is unlikely that phenyl cation would 
show similar selectivity for the bromonium and chloronium 
salts, but not for the iodonium salt. 

Intersystem crossing of the excited halonium salt and 
interconversion by electron transfer of the intermediate 
pairs are both feasible mechanistic pathways to explain 
the relative amounts of homolytic and heterolytic cleavage 
in the direct photolysis of arylhalonium salts. Each 
pathway accounts for the formation of heterolytic and 
homolytic products and for the trends observed with 
variation in halonium salt. Arguments can be made to 
support both alternatives. The intersystem crossing of the 
excited halonium salt would have to be very fast to com- 
pete with the cleavage reaction. The high quantum yield 
for this process can be interpreted as implying a fast rate 

(34) Miller, L. L.; Nordblom, 0. D.; Mayeda, E. A. J. Org. Chem. 1972, 
37. 916. 

(36) Baidin, V. N.; Mieharev, A. D.; Takhistov, V. V. J.  Org. Chem. 

(36) Butcher, V.; Costa, M.; Dyke, J. M.; Ellis, A. R.; Mome, A. Chem. 
USSR (Engl. "rand.) 1986,21,741. 

Phw. 1987.116. 261. 
137) This ehodd-give a reasonable estimate for the stability of the 

intarmediita pain because the methyl group might be expected to have 
a larger effect on the haloarene oxidation potential, where the methyl 
group can directly lrtabilize the positive charge, than in the aryl radi- 
cal-aryl cation couple where a stabilizing influence would be limited to 
inductive effecta. Regardlm of thio approximation, the order of stability 
for the seriee should be internally consistent. (38) Galli, C. Chem. Reo. 1988,88,766. 
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of cleavage, to compete with other processes deactivating 
the excited state. Intersystem crossing in aromatic iodine 
derivatives is known to be very fast, so at least for the 
iodonium salt, the formation of the triplet state is a feasible 
reaction. The intersystem crossing would be slower for the 
bromonium and slower still for the chloronium, which 
would be consistent with the experimental evidence, as- 
suming the specific hetero- or homolytic cleavage of the 
singlet and triplet states. The second possibility is that 
the trends observed upon direct irradiation are a result of 
the interconversion by electron transfer of the phenyl 
cation pair and the phenyl radical pair of intermediates. 
This possibility is somewhat less likely than the inter- 
system crossing explanation. Phenyl cation is known to 
be highly reactive with nucleophiles, as evidenced in this 
study by the formation of acetanilide, from attack of 
phenyl cation on the poor nucleophile acetonitrile. This 
implies that the corresponding aryl cation-haloarene pair 
would have a short lifetime, which might not permit the 
proposed electron transfer to kinetically compete with the 
cage-escape and recombination reactions. Although elec- 
tron-transfer reactions can be very fast, sever4 factors in 
the present case might retard this rate. There is a sig- 
nificant change in the calculated geometry between phenyl 
radical and singlet phenyl cation,% in that the carbon 
bearing the empty p orbital in phenyl cation attempts to 
attain the preferred linear geometry associated with vinyl 
cations. This would result in a low Franck-Condon factor 
for the ionization of phenyl radical. The lowest energy 
transition in the photoelectron spectrum of phenyl radical 
has thus been attributed to ionization to triplet phenyl 
cation, the first excited state, which would presumably 
have a geometry more similar to that of phenyl radical. 
The other factor that would retard the rate of electron 
transfer would be the low thermodynamic driving force, 
which would, in the Marcus treatment, result in a lower 
rate of electron transfer.% It would be difficult to assess 
the solvent reorganization energy, as in this case no large 
dipole is being created in the electron transfer, only a 
reorientation of a preexisting dipole. Thus, for the elec- 
tron-transfer interconversion to be a workable mechanism 
in the direct photolysis of the arylhalonium salts, the 
electron-transfer rate would have to be competitive with 
the reaction rate of the aryl cation. 

Upon triplet sensitization, the ratio of the radical escape 
product (benzene or toluene) to the total escape product 
as quantified as haloarene shows interesting behavior. For 
the bis(4-methylpheny1)halonium series, the fraction of 
radical escape products correlates with the trend in the 
relative stability of the aryl cation-haloarene pair against 
that of the aryl radical-haloarene radical cation pair. 
However, the diphenylhalonium series shows no such 
correlation. An explanation for this behavior may lie in 
the reactivity of the first formed radical pair with solvent 
or species outside of the radical cage. Within the diphenyl 
or ditolyl aeries, the same aryl radical is present in the cage, 
and no change in reactivity within the halonium series can 
be attributed to this fragment. Thus, the difference in 
reactivity of the radical pair can be attributed to the 
haloarene radical cation fragment. Since the precise re- 
actions of the haloarene radical cation with solvent are not 
known, a rigorous measure of reactivity is not possible. 
However, the ability of these radical cations to function 
in one type of reaction, oxidation, is indicated by the redox 
potentials of the haloarene-haloarene radical cation cou- 
ples. The data in Table I1 show that the chlorobenzene 
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Scheme 111. Mechanism for Product Formation from 
Direct Photolyris of Diarylhalonium Sake 

A r 2 X t Y - k  [ArzXtY-] - [ArzXtY-l ' 
isc 

[Ar2XtY-] 1 C [ArZXtY-] Spin-orbit coupling 

/ 1 \ 3 
ArX Art ~- - e- transfer ArX"Ar' y- ArX" Ar' Y- Spin-Spin 

coupling 

1 '\ 1 k lRH 
ArArX t HY ArX t HY t A r ' t  R' ArX t Art t Y- 

Cage-escape In-cage recombination Cage-escape 

IRH 
ArH t R-R 

lRH 
ArR t HY 

ORH = solvent. 

and bromobenzene radical cations are the strongest oxi- 
dants and thus potentially more reactive than the other 
radical cations, if this decrease in stability is correlated 
with greater reactivity for these species. This may explain 
why, even though the chlorobenzene-phenyl cation pair 
is calculated to be more stable, and singlet chlorobenzene 
radical cation-phenyl radical pair is formed from the 
evidence of recombination products, almost all products 
in the triplet-sensitized photolysis are radical derived. This 
stands in contrast to the bis(4-methylpheny1)chloronium 
salt, in which only 50% of the tolyl escape moieties are 
radical derived. This difference is thus explained in that 
the chlorobenzene radical cation-phenyl radical pair has 
too short a lifetime for the electron transfer to form the 
phenyl cation pair to compete with other reactions leading 
to escape products. If the 4-chlorotoluene radical cation- 
4-tolyl radical pair has a longer lifetime (is less reactive), 
then the electron transfer to form the 4-tolyl cation pair 
might compete. This accounts for the correlation between 
the stability of the intermediate pairs and the fraction of 
radical products for the tolyl series and for the lack of 
correlation in the diphenyl series. 

Conclusions 
This investigation into the direct and sensitized pho- 

tochemistry of arylhalonium salts has resulted in a clearer 
picture of how these salts decompose photochemically. As 
shown in Scheme 111, upon direct irradiation of an aryl- 
halonium salt, the singlet excited state is formed. This 
may undergo heterolytic cleavage to form the aryl cat- 
ion-halwene pair, or it may undergo intersystem crossing 
to form the triplet excited state. The triplet excited state 
would undergo either internal conversion to the ground 
state or homolysis to the triplet aryl radical-haloarene pair. 
The triplet excited state can also be formed by triplet 
sensitization using high-energy sensitizers (Scheme IV). 
The intermediate pairs may then undergo reactions. The 
triplet aryl radical pair undergoes cage-escape reactions 
or intersystem crossing to the singlet radical pair, a process 
mediated by the spin-spin coupling between the haloarene 
radical cation odd electron and the nuclear spin of the 
halogen. The singlet radical pair then might undergo 
electron transfer to form the aryl cation pair of interme- 
diates, and it is possible that the aryl cation pair might 
undergo the reverse process. The products observed are 
then derived from the intermediate pairs, Solvent addition 
products like acetanilide are formed from the aryl cation 
and produce haloarene as the corresponding product. Aryl 
radical can abstract hydrogen from the environment and 
produce reduced arene as product. The corresponding 
haloarene radical cation would then be reduced by the 
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portion of 60% heduorophoephoric acid, upon addition of which 
a precipitate developed. After 0.5 h of stirring, the precipitate 
became more crystalline and was collected by suction filtration. 
The solid was dissolved in the minimum amount of acetone and 
filtered, and ether was added to the filtrate. The bis(4- 
methylpheny1)bromonium hexafluorophosphate salt precipitated, 
the crystals were collected by filtration, and the solvent was 
removed in a vacuum oven a t  ambient temperature overnight, 
to give 1.28 g of salt, 3.2%: UV X, 234 nm (17400 M-' cm-'1; 
IR (KBr pellet) 845, 558,804, 993, 1479, 697, 1188, 1492, 1453, 
1005,780,1210 cm-'; 'H NMR (acetone-d6) 6 8.14 (d, 4 H), 7.53 
(d,4 H),2.42 (s,6 H) ppm;W NMR (acetone-de)6 145.8,134.2, 
131.8, 131.0, 21.2 ppm. 

In a similar fashion, the following salts were prepared. 
Diphenylchloronium hexafluorophosphate: UV 1,222 

(13300 M-' cm-I), 264 nm (2000). 
Bis(4-methylpheny1)chloronium hexafluorophosphate: 

UV A, 232 nm (16500 M-' cm-'). 
Diphenylbromonium hexafluorophosphate: UV A- 224 

nm (14800 M-' cm-'1. 
Preparation of the Halobiaryls. The organic extracts from 

the onium salt formation reaction were extracted with 50 mL of 
5% sodium hydroxide solution and with 50 mL of brine. The 
organic layer was dried with magnesium sulfate, the solvents were 
removed by using a rotary evaporator, and the residue was distilled 
under vacuum (about 1 Torr) to remove all of the lower boiling 
material. The pot residue was then separated by preparative GLC; 
Shimadzu GC-8, temperature program 230-260 OC at 3 deg/min. 
The column used was 0.25 in. X 10 ft 5% SE-30 on Chromosorb 
G, AW-DMCS, 6+80 mesh. 
2-Bromo-4',5-dimethylbiphenyl: 'H NMR (chloroform-d) 

6 7.53-6.97 (m, 7 H), 2.40 (8, 3 H), 2.33 (8, 3 H) ppm. 
5-Bromo-2,4'-dimethylbiphenyl: 'H NMR (chloroform-d) 

6 7.52-6.96 (m, 7 H), 2.40 (s, 3 H), 2.20 (s, 3 HI ppm. 
2-Chloro-4',5-dimethylbiphenyl: 'H NMR (chloroform-d) 

6 7.35-7.05 (m, 7 H), 2.41 (8,  3 H), 2.35 (8, 3 H). 
5-Chloro-2,4'-dimethylbiphenyl: 'H NMR (chloroform-d) 

6 7.35-7.19 (m, 7 H), 2.40 (8,  3 H), 2.22 (s, 3 H). 
Quantum Yields. Samples were irradiated in a PTI Quan- 

tacount apparatus, which was calibrated by using potassium 
ferrioxalate actinometry.'" The photoproducts were then analyzed 
by GLC?sZ1 Because of the thermal lability of the chloronium 
and bromonium salts, two unirradiated aliquots were analyzed 
by GLC to account for any partial decomposition (usually found 
to be less than 0.5%). 

[Sensl + Ar2X+Y- - Sens + [Ar2X+Y-] 

[Ar2XtY-] e [A r2 X'Y-1 

I 1 
Products Products 

environment to form the haloarene, although the mecha- 
nism of this  process is not clear. The halobiaryls are 
formed either by  electrophilic attack of aryl cation on the 
cage-partner haloarene or by radical recombination of the 
aryl radical on its  cage partner, the  haloarene radical 
cation. The intermediate cyclohexadienyl cations then lose 
a proton to the environment. This  s tudy  has also dem- 
onstrated that the trends observed in the efficiencies and 
product distributions can be related to stabilities of the 
proposed intermediates and to interaction of the halogen 
nuclear spin with the  free-radical intermediates. 

Experimental Section 
For general information, see ref 7. 2-Bromobiphenyl and 3- 

bromobiphenyl were obtained from Columbia Organics; 2-, 3-, and 
4-chlorobiphenyl were obtained from Lancaster Synthesis. All 
other chemicals were obtained from Aldrich Chemical Co. For 
preparation of the iodonium salts and sources for iodide photo- 
products, see ref 21. 

General Procedure for Halonium Salt Synthesis. A 
modification of the procedure of Olah et al. was used, and all 13C 
NMR chemical shifts agreed well with those previously reported.u 
The structures of the salts were also confirmed by 'H NMR and 
IR spectroscopy. The preparation of bis(4-methylphenyl). 
bromonium hexafluorophosphate is a representative procedure. 
A 26-g portion of dry 4-methylbenzenediazonium hexafluoro- 
phosphate was mixed with a 60-mL portion of 4-bromotoluene 
and a 30-mL portion of trifluoroacetic acid. The mixture was 
heated slowly with a water bath to 70 OC, and the reaction mixture 
evolved copious fumes (Nz and PFd. After 2 h of stirring a t  70 
"C, the mixture was cooled, 100 mL of 1:l hexan-ther was added, 
and the mixture was extracted with three 150-mL portions of 
water. The combined water extracts were treated with a 7-mL 

(40) (a) Parker, C. A. R o c .  Roy. SOC. (London) 1963, A220,104. (b) 
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(c) Bowman, W. D.; Demaa, J. N. J. Phys. Chem. 1976,80, 2434. (d) 
Nicodem, D. E.; Cabral, M. L. P. F.; Ferreira, J. C. N. Molecular Pho- 
tochem. 1977,8,213. 


