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Effect in Throxine and its Analogues". 

In the X-irradiation of an organic compound containing a heavy 
atom besides H,C,N and 0, most of the energy imparted to the system 
will be absorbed by the heavy atom. In the photoelectric region, i.e. 
with soft x-rays, the primary process of the interaction of an x-ray 
photon and an atom is the ejection of an inner-shell electron. The 
resulting vacancy can be filled by the capture of outer shell electrons. 
The x-rays resulting from this process will cause ejection of further 
outer shell electrons. At the end of such a vacancy cascade, (the 
"Auger Effect"), the affected atom has acquired a high positive charge. 
In the gas phase, rapid intramolecular electron redistribution occurs 
which leads to explosive disintegration of the affected molecules be
cause of mutual coulomb repulsion of the constituent atoms. As of 
the start of our project, no information was available about the 
subsequent fate of Auger-activated atoms, or about the chemical con
sequences, if any, of the Auger effect in the liquid and solid phases. 
This is all the more surprising since these phases are of paramount 
importance in biological systems, and since x-irradiation has been 
widely used for the suppression of malignant failure of biochemical 
regulation mechanisms, e.g. in hyperthyroidism. For this reason, the 
thyroid hormones and their analogues were chosen for our studies. Many 
of the results of our work are reported in the two appended publications. 
They will be referred to where appropriate in order to avoid duplication, 
in th-is report, of information already summarized. These.papers also 
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contain additional background information. Moreover, Mr. Lothar 
Stelter's dissertation, when completed, will be submitted as an 
addendum to this report. 

The work to be reported on has been mainly concerned with the 
following compounds in their condensed phases: 

a. The thyroid hormones proper, b. The iodotyrosines, and 
c. Iodobenzene as a model, compound for (a) and (b). 

. (a) IODOTHYRONINES 
_ _ _ _ _ _ _ _ t 

Samples of D,L3,5diiodothyronine O ^ ) , D,L3,5,3tri
iodothyronine (T3) and D,L3,5,3,5tetraiodothyronine (thyroxine, T.) 
were xirradiated at room temperature at selected doses (.53 MRad) 
and energies. Experimental details are given in Appendix A. 

The irradiated samples were analyzed by paper, thin layer and gas
liquid chromatography, using different stationary and mobile phases for 
separation and different methods for identification. The GLC analyses 
were done with the trimethylsilyl derivatives of the irradiated products. 
Spectrophotometry and mass spectrometric determinations were carried 
out with our Cary14 and mass spectrometer. ESR studies were also 
carried out, and the xray diffraction spectra of polycrystalline 
thyronine, T 2, T and T. obtained. 

In all three compounds the most significant radiationinduced 
process is deiodination as evidenced by the formation of iodine and io
dide on dissolution. In the energy dependence studies we found a distinct 
and discontinuous increase of this yield, by a factor of about 8, at the 
iodine K absorption edge (Appendix A ) . This shows that there is indeed 
a chemical consequence of resonance absorption in condensed phases. 
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The deiodination product of T. is T . Little thyronine (T) is 
formed, its amount increasing slightly with increasing dose. T-
yields T 2 and its isomer 3,3 -T-O* ') in the ratio(of .54/46. The 
separation and identification of the isomers was possible by 6LC. 
Correspondingly, irradiation of T leads to T 3 (0.73 mole %) and T-
(0.27%). From statistical considerations one would expect a ratio of 
2:1 for the formation of T 2 /Tp from T.. In fact, T 2 and T- are 
formed in almost equal amounts. This preponderance of T 2 is best 
explained by the fact that the C-I bond is significantly weaker in the 

• 2 outer ring ( position). One must conclude from this bond strength 
effect that much of the original excitation energy is equilibrated over 
the molecule before C-I bond breakage occurs. In the case of T., one 
should expect that T- and T- are formed in a 1:1 ratio. Again, the 
preponderance of T- suggests that the iodine atoms produced are not very 
energetic. Products resulting from hydrogen substitution of more than 
one iodine atom per molecule were negligible in T- and T-, while the 
irradiation of T 2, at the highest dose of 2.28 Mrad, 15% of the T. 
formed in the primary reaction was further degraded to thyronine. 

I? and I" are the two stable forms of iodine found after dissolution 
of the irradiated samples. While some will have been present in the in
activated solid, part will most likely have formed on dissolution. Their 
earliest precursors resulting from Auger-interaction must be positively 
charged iodine ions which quickly pick up electrons to form the neutral 
atoms which are metastahle in the solid matrix at RT, or iodide ions. 
In glassy alkyliodides, I2~ species have been detected spectrophoto-
metrically„ 
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.After ejection of the iodine atom from the molecule, the remaining 
molecular fragment may abstract hydrogen from another molecule. At this 
stage, the fragment involved could either be a positive ion or a radical. 

t 
All three iodoaminoacids also yield polymeric products which can 

be eluted from the GLC column as single peaks by means of backflush at 
elevated temperatures. Further characterization was not attempted. 
Thyronine which does not contain any iodine, did not give any detectable 
amounts of polymeric (and other) products at all. 

Besides the deiodination products described above, the GLC chromato-
grams showed some \iery minor peaks which were not identified. These 
chromatograms were taken using temperature programming from 80 to 300°C. 

Radiolysis of the simpler a-aminoacids, like glycine and alanine, 
in the solid state, with subsequent dissolution in water, leads to 
deamination and decarboxylation with formation of fatty acids or ketoacids 
and amines, respectively. There is no indication that such compounds 
form in any appreciable amounts in the iodothyronines. C -C„ cleavage 
does, in contrast to the idotyrosine system [see O J ] also not occur. In 
ordinary radiolysis where the substrate molecules are generally assumed to 
he singly ionized, this would not be surprising because of the protective 
properties of the iodine atoms and the two aromatic rings in the molecules. 
But in the present case, the iodine atoms will undergo multiple ionization, 
as in methyl iodide and ethyl iodide, and subsequent electron redistribution 
and Coulombic repulsion between the resulting positive centers within the 
molecules should lead to such or other fragmentation products. Clearly, 
in the solids, rapid derealization (and stabilization! of the positive 
charges over the whole matrix occurs instead of bond rupture. A smiliar 
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phenomenon has recently been observed in vitamin B.? crystals, where 
Auger ionization was initiated in the central cobalt atoms of the 

5 molecules. No change in the chemical environment was found. However, 
when non-conjugated ligands were substituted for the corrin ring, the 
molecules were disrupted. If the iodine atoms were expelled with 
appreciable kinetic energies, as in gaseous methyl- and ethyl- iodide 
Cwhere they acquire energies of 10-100 eV) they should cause more damage, 
or undergo "hot" reactions for which there is no indication. An iodine 
atom ejected from 3,5,3 -T, does, for example, in no event enter the ' 

i 
5 -position of a neighboring undamaged molecule. 

We have noted (Appendix A) that the radiation resistance of the 
iodothyronines increases with increasing number of iodine atoms per 
molecule. The iodine atoms apparently protect the molecule from bond 
rupture by facilitating other ways of deexcitation.- An alternative 
explanation would be that reentry of the ejected iodine atom into the 
molecule (geminate recombination) is favored in T. over that in T,, and 
in T over that in T_. Apparently, the cage effect is enhanced by the 
bulky iodine atoms. The relatively large difference in sensitivity 
between T- and T~ may reflect the fact that the structural difference 
between T- and T 2 is larger than that between T. and T- (T2 bears no 
iodine atom on the outer ring at all). This applies to the molecular 
structure as well as to the crystal structure: the x-ray diffraction 
spectra (which were not analyzed, but only compared) are similar for T. 
and T3, whereas the one for T 2 differs significantly. As a consequence, 
the difference in both degree of deexcitation and cage effect is larger 
between T- and T 2 than between T^ and T-. 
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The decrease in G(-parent) and G(iodine) (Appendix A) with in
creasing x-ray dose may be explained in terms of a competition of the 
increasing amounts of free iodine with the bound iodine for the x-ray 
photons, and by radiation annealing. 

The enhancement of radiation sensitivity in the presence of oxygen 
is a phenomenon often observed in solid organic compounds. 

(b) IODOTYROSINES 
In the two iodotyrosines 3-MIT and 3,5-DIT, the principal 

radiation induced process is also deiodination, followed by either 
recombination or hydrogen abstraction and polymerization of the remaining 
fragments. 

Irradiation of MIT again yields iodine and iodide. Part of the 
remaining fragments appear as tyrosine. The paper and thin layer chroma-
tograms show two bright fluorescing spots, indicating polymer formation. 
In these spots, the aminoacid and phenolic hydroxy! functions are retained. 

From the GLC column, two peaks could be eluted with retention times 
similar to those of tyrosyltyrosine and the iodothyronines under the same 
conditions. The UV spectra taken after dissolution of the irradiated samples 
in ethanol-aqu.HCl, show two new absorption bands at longer wavelength, 
245 and 300 pm. This indicates that the polymers formed are dimers of 
biphenyl character. 

In contrast to the iodothyronines where C-I bond rupture was the only 
detectable primary process, MIT also ruptures its C Q-C bond, though to a 
smaller degree. Using a thin layer of activated silica gel and benzene-ether 
as the mobile phase, three phenolic compounds could be isolated. The one 
with the largest Rf was identified as p-cresol, H0-<5>CH3, and the one with 
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the smallest Rf as p-hydroxybenzyl iodide or a p-cresol which retained 

i t s iodine in ortho position to the hydroxyl group. The p-hydroxybenzyl 

alcohol (and possibly the iodine containing cresol) formed only after 

dissolution of the irradiated samples in aqueous media. Under GLC conditions 

where acetonitr i le and bis-silylacetamide were used as solvents, they were 

not observed. 

The simplest corresponding fragmentation product would be glycine. 

But no indication for glycine was found. The fate of this fragment is not 

known. Mass spectra of tyrosine obtained by us indicate a relat ive 
H 

ins tab i l i t y of the ion (+) C - C02H, with a peak height of only about 
NH2 H 

10% of the base peak. A cation corresponding to ( C-C02H-H20 ) , is formed 

to about 40%. NH2 

Similar results were obtained for DIT. But in analogy to the idothy-
ronines, this compound is more radiation resistant than MIT. 

Iodine substitution which makes multiple ionization possible is required 
for the C-C bond rupture to take place in the solid tyrosines. Tyrosine, 
under the same conditions, does not break this bond, although the p-hydroxy
benzyl cation forms the base peak in the mass spectrum of gaseous tyrosine. 
Introduction of a lighter halogen atom, for which Auger ionization plays a 
minor role, such as chlorine, does not lead to C -C cleavage either: 
irradiation of monochlorotyrosine results in dechlorination only. 

Multiple ionization of the iodine atom creates sec. electrons (photo 
and Auger electrons) with energies of up to about 25 KeV. These electrons 
will cause further ionizations and excitations, until they finally slow 
down to thermal energies and become trapped in the solid matrix, or undergo 
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neutralization or attachment reactions. Part of the dehalogenation of 
the molecules may be a consequence of this. 

In order to see whether these secondary electrons might be a cause 
for the C-C bond rupture in the tyrosine system, the hydrogen iodide of 
tyrosine was irradiated under the same conditions as MIT. If secondary 
electrons were responsible for the bond rupture in MIT, they should also 
cause breakage of the corresponding bond in TYR'HI. No such fragmentation 
products were detected. Instead, the C-N bond is broken, reductive 
deamination being the major process. 

ESR spectra of irradiated MIT show a broad singlet with some indication 
of fine structure which cannot be resolved. After one day of storage in 
the dark, the fine structure disappears, while the intensity of the signal 
remains practically the same. After another day, the intensity drops to 
about one half its original value. This indicates that during the first 
"period of time radical transformations predominate which is then followed 
by radical decay processes (e. g. R* + I_ R-I + *I I 2). Similar re
sults were found for T.. Tyrosine gave no fine structure. More detailed 
studies would require low temperature equipment, and the use of good 
single crystals which could not be grown as yet. 

For direct spectrophotometric studies of the irradiated solids, single 
crystals seem to be required as well. Thin layers of polycrystalline 
material cannot be used because of low transparency and light scattering 
especially at shorter wavelengths. Acceptable and reproducible UV spectra 
could be obtained from very dilute and thin KC1 pellets of the aminoacids. 
Irradiation of MIT containing pellets, for example, leads to the formation 
of two new absorption bands similar to those obtained from the ethanol/HCl 
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solution of the irradiated pure substance. However, usable pellets 
were obtained only at iodoamino acid/KCl mole ratios at or below 
5 x 10~4. At this dilution, x-ray quanta no longer interact pre
dominantly with the iodine atoms in preference to the potassium and 
chlorine atoms of the matrix. 

To round out his Ph.D. work, Mr. Stelter is now investigating the 
consequences of Auger effect multiple ionization in the radiolysis of 
scavenged aqueous solutions of the iodotyrosines and iodothyrosines. 
When completed, his dissertation will be submitted as an addendum to 
this report. 

(c) IQDOBENZENE 

The absence of any significant chemical reactions following 
Auger-induced C-I bond breakage in the solid iodoamino acids led us to 
the tentative conclusion that in these systems rapid inter- and intra
molecular energy equilibration takes place. Intermolecular effects could 
be minimized by working in the gas phase, but our compounds, as most 
iodine-containing substances of high molecular weight, have a very low vapor 
pressure at the temperatures at which they are thermally stable. Because 
of these experimental difficulties, and since one of the major objectives 
of our studies was to gain an understanding of what happens during in vivo 
x-irradiation of the thyroid, no gas-phase work was undertaken. 

If rapid intramolecular deexcitation were of significant importance 
for the absence of fragmentation in the irradiated compounds, then the 
reason for this could be the buffering effect of the pi-electron cloud of 
the aromatic rings to which the iodine atoms are attached. To investigate 
this hypothesis in a more easily handled model system, we studied the Auger 
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chemistry of iodobenzene vs that of i t s nonresonancestabilized analog 

iodocyclohexane. We found that in the x irradiat ion of iodobenzene, no 

fragmentation of the ring occurs. Energetic iodine atoms are generated 

in the primary event, and react further to form a variety of hot and 

thermal products. In contrast to t h i s , the iodocyclohexane ring is 

fragmented upon i r rad iat ion. This work is described in detail in 

appendix B. Resonance stabi l izat ion is thus clearly implicated as one 

of the factors responsible for the resistance of the thyroid hormones 

toward disintegration as a consequence of the Auger Effect. This re

luctance of the iodothyronines to undergo secondary reactions following 

xray resonance absorption is doubtlessly of great importance for in vivo 

i r radiat ions, but has unfortunately made our work less exciting than we 

had hoped for. 
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