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Figure 1. B shows regions of the normal 1H FT spectrum (270 MHz) of 
1 (0.1 M in benzene-rf6): A shows the corresponding skew projections of 
the 2-D J spectrum (plotted in the power mode with sine bell and expo­
nential multiplication of the time-domain signals in the r2 and t\ dimen­
sions, respectively) in which each proton appears to be completely proton 
decoupled and only the chemical shifts and 1H-19F couplings are observed. 
Each partial J spectrum shown in C is only a function of the appropriate 
1H-1H coupling constants; since instrumental line broadening in the t\ 
dimension is now minimized, the 1H-1H coupling constants can be accu­
rately measured. 
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Figure 2. The high-field region of the conventional 1H FT spectrum (270 
MHz) of 2 (0.1 M in benzene-^) >s shown in B. The corresponding skew 
projection, A, shows the 1HB-31P coupling, while all 1H-1H couplings are 
suppressed; note that the lines show broad "tails" owing to use of the ab­
solute-mode display. The partial J spectra of the protons shown in C give 
the 1H-1H couplings. 

heteronuclear couplings still remaining. 
The spectra of the difluoro sugar 1 shown in Figure 1 serve 

to illustrate the distinction between 1H-19F and 1H-1H cou­
plings. Regions of the conventional 1H FT spectrum are shown 
in Figure IB; although the large geminal 1H-19F couplings 
(~50 Hz) are obvious, distinction between the other couplings 
is less clear. In the skew projections of the corresponding re­
gions shown in Figure IA, all of the homonculear (1H-1H) 
couplings have been suppressed, leaving only the 1H-19F 
splittings, which can easily be measured. Although the mag­
nitudes of the ' H- ' H couplings could now have been interpo­
lated from the normal spectrum, more convenient and accurate 
measurements were obtained from the partial J spectra (Figure 
IC). Owing to the refocussing of the magnetic field inhomo-
geneity effects at the end of the evolution period, the line widths 
in the partial J spectra are mainly determined by spin-spin 

relaxation times rather than instrumental effects;1' as a typical 
example of the resultant resolution enhancement, the small 
difference between the two vicinal couplings for H-3 (73,2 = 

9.02, /3,4 = 9.45 Hz) is clearly resolved in Figure IC. 
Figure 2 illustrates similar studies of 2, which exhibits 

1H-1H and 1H-31P couplings. Although the coupling of 
phosphorus to the equatorial proton (J = 22.8 Hz) can be 
measured from the skew projection (Figure 2A), coupling to 
the axial proton (1.4 Hz) is not resolved; this loss of resolution 
is mainly due to both the instrumental line broadening and poor 
digital resolution in the/2 dimension.3-12 

It is clear that the methods summarized here have the merit 
that scalar couplings from any number of different heteronuclei 
may be simultaneously suppressed, regardless of their chemical 
shift separation, without the need for any modification of the 
spectrometer or probe; thus for example, simultaneous de­
coupling of both 19F and 31P could be effectively achieved. We 
believe that this will lead to a number of important chemical 
applications. 
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Reaction of Aromatic Diazonium Salts with 
Carrier-Free Radioiodine and Astatine. 
Evidence for Complex Formation 

Sir: 

The understanding of the dediazoniation process is com­
plicated by the fact that its mechanism is not unique but quite 
dependent on the reaction conditions.1'2 Dediazoniation can 
occur by both ionic and free-radical paths. In particular, in the 
case of iododediazoniation, which may be carried out in acidic 
aqueous solutions without major hydrolysis even in the absence 
of a catalyst, several mechanisms have been discussed.3"6 All 
of them, however, draw an analogy to the Sandmeyer type by 
assuming a redox step with radical intermediates. 

Tracer experiments with radiohalogens in the picomole re­
gion can provide new information on the question of complex 
formation, which should be particularly favorable in the case 
of the heaviest halogen astatine. Since this is a radioelement 
with rather short-lived isotopes (211At, T\/2 = 7.2 h), only 

(7) 

(8) 

(9) 
(10) 

(11) 

0002-7863/79/1501-3121S01.00/0 © 1979 American Chemical Society 



3122 Journal of the American Chemical Society / 101:11 / May 23, 1979 

Table I. Radiochemical Yields (Percent) of Astato- and 
lododediazoniation of Benzene Derivatives (0.3 M Solutions 
Heated for 5 Min at 80 0C) 

substrate 

o-, m-.p-fluoroaniline 
o-chloroaniline 
m-chloroaniline 
p-chloroaniline 
o-, m-, p-chloroaniline 
m-bromoaniline 
o-, m-, />-bromoaniline 
o-, m-,p-iodoaniline 
o-methylaniline 
m-methylaniline 
p-methylaniline 
o-, m-, p-methylaniline 
aniline 

V 

2 

2 
2 

2 

211At 

40 ±20 
16±4 
12±2 
10± 3 
16±4 
26 ± 10 
19±4 
14±4 
12 
16 
17 
20 ± 7 
18.7 ±4.5 
\2±la 

1 3 l [ 

2 6.4 ±2.5 
7 
7 
6 

2 5.1 ±0.9 
8 

2 17.0± 1.5 
3.9 ± 1.9 
6 
6 
8 

2 6.3 ±2.2 
6 ± 3 
5 ± 3 " 

" Competition experiment with a mixture of211At and practically 
carrier-free 131I-. 

1O-13-1O-12 mol are available in a typical experiment. 
Dediazoniation followed by incorporation of astatine was 

reported by Hughes et al.7 and Samson and Aten.8 Systematic 
studies of the astatodediazoniation reaction and a comparison 
with iododediazoniation under comparable conditions have 
been carried out in this laboratory.9,10 Despite the extremely 
low halide concentration the reaction is quite selective in 
aqueous solutions and occurs with reasonable yields. 

211 At was produced at the isocronous cyclotron of the KfK 
Karlsruhe as described previously."'12 A 0.1-mmol quantity 
of aromatic amine (o-, m-, and/?-XC6H4NH2 (X = H, F, Cl, 
Br, I, CH3)) purified by vacuum distillation was diazonized 
in 0.2 mL of 6 N HCl at - 5 0C by addition of 40 ̂ L of 2.5 M 
NaNC>2 solution. Any excess of NaNC>2 was destroyed by 3 
mg of urea. After the addition of211At - (300 nCi in 50 /uL 
of 0.1 M Na2SC»3 solution), the reaction mixture was heated 
in ~5-6 min to 80 0C. The solution was cooled and extracted 
twice with 1 mL of ether. The ether layers were washed with 
2 M NaOH solutions, dried over CaC^, and analyzed by gas 
chromatography. The astatohalobenzenes were analyzed on 
1-m glass columns packed with Chromosorb W-AW-DMCS, 
loaded with 6% Bentone 38 and 20% silicon oil DC 200, at 120 
0C, and the astatotoluenes were analyzed on 4-m glass columns 
packed with 5% azoxidianisol on Chromosorb W-AW-DMCS, 
at 100 0C. The carrier gas was He at a flow rate of 100 mL/ 
min. For the retentions of 0-, m-, and p-chloro-, -bromo-, and 
-iodoastatobenzenes, cf. ref 9; for those of 0-, m-, and p-fluo-
roastatobenzenes and astatotoluenes, cf. ref. 13. Dediazonia­
tion experiments were carried out either with the individual 
ortho, meta, and para isomers or with equimolar amounts of 
ortho, meta, and para isomer mixtures under competitive 
conditions. For a comparison, experiments were carried out 
with 30 fiL of 131I- solutions (10 mCi mL"1 = 1O-7 mol of 
NaI mL -1). Furthermore, competition experiments with si­
multaneous addition of 211At - and 1 3 1I - were also con­
ducted. 

The thermal decomposition of the diazonium salts led to an 
80% fraction of labeled organic products, which could be ex­

tracted with ether. Half of this activity could, however, be 
washed out with aqueous NaOH and may be attributed to 
products formed in a side reaction between inorganic At species 
and phenol derivatives. About 40% of the remaining organic 
activity (16% of total) consisted of the astatohalobenzenes. The 
greater fraction (24% of total) was not eluted from the gas 
chromatographic column, thus indicating an oligomer or 
polymer fraction. Reinjection of the separated products gave 
recovered yields of >90%, indicating that the astatohaloben­
zenes and astatotoluenes were stable under the separation 
conditions. The overall yields of astato- and iododediazoniation 
reactions at carrier-free concentration levels are given in Table 
I. 

The yield for all astatohalobenzenes and -toluenes was rather 
constant and unaffected by the nature of the diazonium com­
pound, its isomeric form, and the number of isomers used at 
a time. Only astatofluorobenzenes were obtained at higher 
yields, however, with quite a large variation over several ex­
periments. Generally the yields were significantly higher with 
211At -than with 1 3 1I - . 

The isomer distribution of 0-, m-, and /^-astatohalobenzenes 
and -toluenes obtained in competition experiments is listed in 
Table II. Although the experiments with single compounds 
gave quite similar yields with each isomer, the competition 
experiments exhibited a very selective isomer distribution. At -

reacts preferentially with ortho isomers of fluoro-, chloro-, and 
bromoanilines. The iodo compounds were, however, statisti­
cally substituted and in the case of diazonized toluidines a para 
selectivity was observed. This allows the conclusion that the 
ortho substitution is dependent on the electronegativity of the 
substituent. A similar trend was also found with 1 3 1I - . All 
diazonized aniline derivatives investigated exhibited an ortho 
selectivity which again became smaller with decreasing elec­
tronegativity of the substituent. 

Considering the extremely low concentration of At - and I -

in the above experiments (<10~12 and 1O-8 mol/L, respec­
tively), it is surprising to find 10-20% astato- and 6-10% io­
dodediazoniation, since hydrolysis of the diazonium compound 
is a competing process under these reaction conditions. Even 
higher yields have been obtained in the synthesis of 5-asta-
touracil (up to 35%)14 and in the synthesis of/5-astatobenzoic 
acid.15 The currently proposed mechanisms for iododediazo­
niation, however, do not adequately explain the present results 
since the formation of trihalide ions3,4 is impossible at these 
halide concentrations, as is any mechanism that includes 
chain-type reaction steps.5 

In the series of halogenodediazoniations from fluorine to 
iodine, the reaction becomes constantly smoother with less 
interference of hydroxydediazoniation. Our competition ex­
periment utilizing a mixture of astatide and iodide supports 
and extends this sequential character of halogenodediazon­
iations. Therefore it seems reasonable to interpret this type of 
reaction by considering the sequentially changing properties 
of the halogens. The factors which might cause the different 
reactivity of the halogen ions in the series from fluoride to as­
tatide are the decreasing electronegativity and strength of 
hydrate shell as well as the increasing polarizability and 
nucleophilicity. Olah and Tolgyesi16 mentioned that the in-
termediacy of phenyl cations may be a special feature of the 

Table FI. Relative Isomer Distribution (Percent) of Astato- and lodobenzene Derivatives from Dediazoniation of an Equimolar Mixture of 
Ortho-, Meta-, and Para-Diazonium Salts (0.3 M Solutions Heated for 5 Min at 80 0C) 

0-

O-

0-. 

O-

0-, 

substrates 

, m-,/5-fluoroaniline 
, m-,/>-chloroaniline 
, m-, p-bromoaniline 
, w-,/)-iodoaniline 
, m-,/7-methylaniline 

ortho 

65 ± 3 
50 ± 3 
44 ± 3 
34 ± 4 
13 ± 7 

astatohalobenzenes 
meta 

25 ± 3 
22 ± 3 
26 ± 3 
34 ± 4 
22 ± 5 

para 

10±3 
28 ± 3 
30 ± 3 
32 ± 4 
64 ± 10 

ortho 

82 ± 3 
79 ± 2 
59 ± 3 
64 ± 6 
50 ± 6 

iodohalobenzenes 
meta 

Il ± 3 
3 ± I 

24 ± 1 
27 ± 6 
35 ± 5 

para 

7 ± 4 
18 ± I 
17 ± 1 
9 ± 1 

15 ± 4 
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dediazoniation of diazonium tetrahalogenoborates, as simple 
halide counterions (Cl - and Br-) seem to favor a decomposi­
tion of the diazonium compound via a radical mechanism. A 
possible explanation for this observation can be based on the 
different electronegativity of the simple halide ions and their 
tetrahaloborate derivatives. The diazonium compound is quite 
stable in the presence of the highly electronegative tetrahalo-
borates and spontaneously decomposes at a certain excitation 
level, leading to phenyl cation intermediates. In the presence 
of simple halide ions, especially Br-, I - , and At -, which exhibit 
smaller electronegativities than Cl - and F - , an electron-
transfer reaction may proceed at quite lower excitation levels, 
thus leading to radical intermediates. Hey et al.6 for example, 
have shown that diazonium tetrafluoroborates can be de­
composed yielding radical intermediates in the presence of 
iodide. If the radical pair finds itself in a solvent cage, it may 
readily recombine to yield the halogenation product. It can be 
assumed that the lower the electronegativity of the halogen, 
the easier the electron transfer will be, and thus the smaller the 
interference with hydroxydediazoniation. In line with this 
explanation is the finding that an easy hydroxydediazoniation 
can be achieved in the presence of Cu catalysts.17 The reaction 
is assumed to proceed via radical intermediates formed by 
electron transfer from copper-hexaaquo complexes and leads 
to fewer side products than the uncatalyzed reaction via phenyl 
cations. 

According to these recent results a similar electron-transfer 
mechanism is proposed for iodo- and astatodediazoniation at 
low halide concentration levels. 

PhN2
+ + At - — (PhN2

+At -) > (Ph • N2At •) 
transfer 

-* PhAt + N2 

The heavier halides seem to have a tendency for complex 
formation with the diazonium group. At a sufficient thermal 
excitation level the electron transfer leads to the dissociation 
of nitrogen, while the phenyl and halogen radicals recom­
bine. 

This mechanism is similar to that proposed by Hodgson.3 

It is, however, concluded that the formation of trihalide ions 
is not necessary to yield halogenodediazonation. On the other 
hand, it is not questioned that additional processes may con­
tribute to product formation at higher halide concentrations. 
The mechanism is in line with the observation of higher reac­
tion yields with astatine than with iodine, since astatine has the 
smaller electronegativity. Furthermore, the intermediate 
formation of halide-diazonium complexes is also more fa­
vorable with astatine, as its polarizability is considerably 
greater. The few experiments which have been carried out to 
investigate the complex-forming ability indicate that it is quite 
similar to that of its lighter homologue iodine.18,19 On the basis 
of atomic beam experiments it has been assumed that the 
polyvalency of astatine is more pronounced than that of io­
dine.20 By comparison of the reactivity of AtCl and ICl with 
halobenzenes, we have recently shown10'13 that the astato-
monochloride tends to form complexes with the substrate more 
readily than ICl. 

According to these results, the isomer distribution obtained 
in competition experiments with ortho, meta, and para isomers 
of diazonium salts may also be explained by complex forma­
tion. The stability of such complexes depends on the extent of 
covalency of the participating bonds. Thus an astatide-di-
azonium complex could be stabilized by additional polariza­
tion of the astatide ion. Such additional charge derealization 
can be accomplished by substituents in ortho position to the 
diazonium group and should be dependent on their electro­
negativity. In contrast to the competition experiments (Table 
II), the results obtained with the individual substrates (Table 

I) cannot reflect differences in selectivity since the only com­
peting anion OH - is not expected to form stable complexes as 
is postulated for I - and At - . In the competition experiment 
the differences in isomer distribution can be attributed to 
different rate constants of complex formation for the individual 
competing substrates. 

The somewhat lower ortho selectivity, observed with astatide 
relative to iodide, may be due to steric effects, which, in the case 
of a primary iodo substituent, allow ortho selectivity for at­
tacking iodide, but lead to a statistical isomer distribution with 
astatide. In the case of toluene diazonium salts this tendency 
is continued, leading to para selectivity with astatide but a 
small ortho selectivity with iodide. However, different de­
composition rates of the diazonium salt isomers may contribute 
to the observed isomer distribution. It has been shown that 
among chlorobenzenediazonium salts the ortho isomer is the 
most stable, while among the toluene derivatives the para 
isomer is the most stable one.21 The different results obtained 
with astatine and iodine indicate, however, that the decom­
position rates are not solely responsible for the observed dis­
tribution patterns. 
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Flash Photolysis in the Adsorbed State: 
Pyrene on Porous Glass 

Sir: 

Although the absorption spectra'"4 and photolysis5-9 of 
molecules in the adsorbed state have been studied extensively 
by steady-state methods, no fast kinetic technique has been 
applied to such a system. In this communication, we report on 
the photochemistry of adsorbed pyrene using the flash pho-
tolytic technique. In particular, we describe the absorption 
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