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 Abstract: The products and stereochemistry resulting from radicals generated by the interaction of tritium atoms with 1-isoleucine and L-alloisoleucine in the solid phase were determined. Among the four possible tritiated stereoisomers for each amino acid the major product was the parent L-amino acid (approximately 70% in each case) with the major fraction of the labeling being in positions other than the a position. Approximately 30% of the labeling resulted in the diastereomeric product by reaction at either the a or p position, with the major pathway being @-inversion.The yield of products from a-carbon attack of Lisoleucine was minor (7.9%) and occurred with net retention. Labeling at the a-carbon of alloisoleucine was < I % . Tritiated glycine was formed from both amino acids by cleavage of the alkyl side chain. This may result from the excitation decomposition of the intermediates formed from recombination of a (or 13) amino acid radicals with tritium. Determination of the stereochemical and chemical consequences of radical formation at chiral centers provides a sensitive probe for studying the consequences of tritium (hydrogen or deuterium) atom reactions.
 
 The nature (structure) and fate (Le., chemistry and stereochemistry) of the highly reactive radicals formed by the reaction of hydrogen atoms with biologically important molecules is not well understood. Its delineation is necessary for understanding solid state atom replacement reactions and in the development of a model for in vivo radiation effect^.^-^ Previous studies on the interaction of hydrogen atoms generated by microwave discharge or y irradiation with amino acids,8-" polyamino a c i d ~ , l and ~ - ~p ~r o t e i n ~ l ~ .have ~ ~ ?used '~ electron spin resonance (ESR) as a qualitative measure mainly of the chemically stable radicals produced in the solid phase by such bombardment. However, the fate of the intermediate radicals, i.e., those important in terms of product formation and stereochemistry, cannot be determined under these conditions. Likewise, in solution Neta et a1.18-21have measured (by ESR) the kinetics of such reactions by following the disappearance of hydrogen atoms, and Volkert22 by competition of H-atom donor (amino acids) and scavenger species (allyl alcohol) for radiolytic hydrogen atoms. However, in no case, either in solution or solid phase, has a detailed product analysis been performed or the stereochemistry investigated. In this study the reaction of hydrogen atoms, by the use of tritium atom reactions with L-isoleucine and L-alloisoleucine, is described. The diastereomeric relationship of these two amino acids gives one a sensitive probe, both as to the position of tritium (hydrogen or deuterium) atom attack as well as the stereochemical consequences of intermediate radicals. The dynamic reaction conditions employed make it probable that the observed products result predominantly from the highly reactive radicals formed, and not from the chemically stable species previously investigated by ESR.8-17 The formation of glycine by side chain cleavage of the parent amino acid was also investigated.
 
 Results A. Stereochemical Result. The major product among the four possible stereoisomers in the tritium labeling of L-isoWolf et al.
 
 leucine and L-alloisoleucine using the microwave discharge activation of tritium gas was the production of the labeled parent amino acid with little tritium on the a position. The labeled diastereomeric amino acids were formed predominantly by inversion of the C(3) carbon at the p (tertiary) position and not by inversion at the a-amino carbon (Tables I and 11). The labeling of L-isoleucine produced 26.7% alloisoleucine, 87.2% of which resulted from inversion at the /3 carbon. Similarly the labeling of L-alloisoleucine resulted in the formation of 29.4% of its diastereomer (isoleucine), 99% coming from inversion at the /3 carbon. The amount of each diastereomer was determined directly by isolation of the pure material using Dowex 50W-X8 chromatography. The enantiomeric composition of each diastereomer was determined by GLC of the N-(t-2-chloropropiony1)amino acid methyl ester (Table 11). Base exchange of each member of the diastereomeric pair (isoleucine, alloisoleucine) which resulted from the labeling of L-isoleucine resulted in a 7.9% loss of the total activity in the sum of the two diastereomers. Most of the loss (5.4%) was from the parent L-isoleucine, indicating that labeling at the a-amino carbon favors retention of configuration by more than a factor of 2. However, base exchange of alloisoleucine and isoleucine generated from t-alloisoleucine resulted in little or no loss of tritium from either diastereomer. In both cases labeling at the C(2) a-amino carbon was shown to be a minor process. The amount of exchangeable tritium (a-amino carbon tritium) was determined as the percent of decrease in specific activity after base exchange with 4 N Ba(OH)* at 110 O C (Table 111). These data can also be used as a check on the GLC determination of the amount of D-amino acid formed in the carrier-free diastereomer. The decrease in specific activity in each enantiomeric pair should be equal to the percent D-amino acid formed. Although there is some variation (Table IV), the agreement is good. B. Glycine Formation. The fragmentation of the alkyl side
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 Table I. Diastereomer Formation by Tritium Labeling of Isoleucine and Alloisoleucinea Amino acid labeled
 
 L-Alloisoleucine(2S,3Rj
 
 Figure 1. Diastereomeric relationship and interconversion of isoleucine and alloisoleucine by epimerization at the (Y or fl carbon. Absolute configurations are given in parentheses.
 
 % labeled
 
 L-Isoleucine L- Alloisoleucine
 
 parent
 
 % labeled
 
 diastereomer 26.7 29.4
 
 73.3 70.6
 
 Determined by Dowex 50W-X8 chromatography as (pCi of tritium in peak of interest/Z tritium in the two diastereomeric peaks) x 100.
 
 chains from the a-amino carbons of L-isoleucine and L-alloisoleucine was observed by formation of carrier-free, triTable 11. Percent L, D Formed for Each Enantiomeric Pair" tium-labeled glycine. The glycine was identified both by Dowex SOW-X8 chromatography as well as by G L C with added Parent Diastereomer [ I4C]glycine, as the N - (2-chloropropionyl)glycine methyl ester Amino acid labeled %L %D % L(p) % D(a) derivative. The amount of glycine (as well as the carrier-free diaste98.5 1.5 87.2 12.8 L-Isoleucine reomers produced) was determined by reverse isotope dilution. 95.8 4.2 99.0 1 .o L- Alloisoleucine A known amount of unlabeled glycine carrier was added to the crude labeled product prior to Dowex chromatography. Determined by GLC. The purity of the glycine was further tested after isolation by Dowex chromatography by adding [14C]glycineand comScheme I. Reaction of L-Isoleucine [( 2S, 3S)-2-amino-3-methylparing the T/I4C ratio before and after G L C analysis of its pentanoic acid] with Tritium Atoms N-(2-~h~oropropionyl)g~ycine methyl ester. In each case there was a drop in the T/I4C ratio after G L C analysis, indicating some impurity remained in the glycine after Dowex chromatography. The amount of glycine formed listed in Tables V and VI was determined from the T/I4C ratio after the above G L C analysis. Production of glycine and the amounts of each identified product are listed in Tables V and VI. It should also be noted that small amounts of [ 3 H ] - ~ - i s o leucine (from L-isoleucine) and [3H]-D-alloisoleucine (from L-alloisoleucine) were detected by G L C analysis of the parent amino acids after labeling (Tables V and VI). This could result from double labeling events a t both chiral centers in the starting L-amino acid (Figure 1). Statistically, however, this is a highly unlikely process under our labeling conditions, since a t most one molecule in lo4 is labeled either as parent amino acid, diastereomer, or glycine. This may result from radiation H2N-C-H +HT+CO, (3) induced inversion, inversion of highly excited intermediates, H,C-C-HI or incomplete resolution of the peaks on G L C (see ExperiI mental Section and ref 35). CZH5
 
 Discussion The reactions of thermal hydrogen atoms with amino polyamino acids,I2-l5and protein^^^,^^,^^ in the solid phase has been extensively studied by electron spin resonance (ESR). The major processes proposed in the generation of amino acid and peptide radicals are: ( 1 ) hydrogen abstraction at a-amino carbon; (2) hydrogen abstraction a t a /3 or y tertiary carbon; (3) carbon-carbon cleavage of the alkyl side chain; (4) functional group cleavage, Le., amino (-NH2) or carboxyl (-C02H). It should be noted, however, that these long-lived stable radicals observed in the ESR spectra may not be responsible for the tritium-labeled products in a dynamic reaction system. Radicals that are initially formed may be short lived compared to the ESR time scale. These radicals in an isolated ESR system may be rapidly converted to stable radicals, whereas under the dynamic conditions of the labeling process may lead instead to the observed labeled products. Using L-leucine as a model, a proposed reaction scheme for the reaction of L-isoleucine with tritium atoms is shown in Scheme I.8-'2,14 Stereochemical Result. One can see in Figure 1 that abstraction of hydrogen at the a carbon of L-isoleucine (eq 1) and subsequent recombination with tritium can produce a-labeled parent L-isoleucine by retention and the diastereomer D-alJournal of the American Chemical Society
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 Ioisoleucine by inversion of configuration. Likewise, reaction at the /3 carbon (eq 2) with retention will give the /3-labeled L-isoleucine or by inversion will produce L-alloisoleucine. An analogous reaction pathway is available for L-alloisoleucine. The results (Tables I1 and 111) show clearly a very large preference for 3( attack over a attack in the formation of the diastereomeric amino acids. W e have also observed similar specificity in the labeling of the tripeptide L-isoleucyl-L-isokUCyl-D-Valine, where 75% of the alloisoleucine produced resulted from p attack.23 This preference can be explained, a t least in part, by thermodynamic considerations. Both bond dissociation energies24,2sas well as the energy of activation ( E , ) of hydrogen atom abstraction by H atoms in the gas phase decrease as one goes from primary, secondary, to tertiary carbon,26 with a resulting increase in the rate constants27 (Table VII). If no other factors were involved, it is clear that abstraction of hydrogen from a tertiary carbon is energetically favored over
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 5007 Table 111. Distribution of Base Exchangeable Tritium between Labeled Diastereomeric Pair
 
 Amino acid exposed
 
 Total activity in diastereomeric pair, pCi
 
 L- Isoleucine L- Alloisoleucine
 
 19.58 75.02
 
 " Determined as (pCi lost from parent exchange) X 100.
 
 Base exchangeable tritium, pCi Isoleucine Alloisoleucine 1.06 0.40
 
 %total activity base exchangeable"
 
 0.49 0.00
 
 7.9 0.4
 
 + pCi lost from diastereomer during base exchange/pCi parent + pCi diastereomer prior to base
 
 Table IV. Percent Tritium Lost During Base Exchange Compared to Percent D-Amino Acid Present by GLC Determination %D
 
 Amino acid exposed
 
 Isoleucine
 
 by base exchange" Alloisoleucine 9.4
 
 L-Isoleucine L- Alloisoleucine
 
 %D
 
 Isoleucine
 
 by GLC Alloisoleucine 12.8
 
 1.o
 
 1.3
 
 Determined by the decrease in specific activity after base exchange.
 
 Table V. Amount of Each Identified Product Formed From the Labeling of L-Isoleucine (Ile) ComDd
 
 pCi Droduced
 
 % each isomer
 
 pCi formed/mg Ile labeled
 
 L-Isoleucine D-Isoleucine L- Alloisoleucine D- Alloisoleucine Glycine
 
 14.13 0.22 4.56 0.67 4.41
 
 72.2 1.1 23.3 3.4
 
 3.62" 0.06 1.17 0.17 1.13
 
 Table VI. Amount of Each Identified Product Formed from the Labeling of L-Alloisoleucine (Alloile) Comud L- Alloisoleucine D- Alloisoleucine
 
 L-Isoleucine D-ISOkUCine Glycine
 
 (pCi in a Also represents specific activity of parent L-isoleucine. isomer/Z pCi in each of the four possible stereoisomers) X 100.
 
 a abstraction or abstraction from the rest of alkyl side chain. This specificity for p attack is also consistent with the rates of H-atom reactions with aliphatic amino acids in solution.18,22 Amino acids with a tertiary carbon reacted most rapidly, with the rate falling off as one goes to amino acids with secondary or only primary carbon atoms in the alkyl side chain (Val, ile, leu > norval > ala). There are, however, other factors to be considered which cannot be quantitated, the main factor being the effect of the crystal structure, since these reactions take place on a solid crystalline surface of the amino acid. These factors may influence both the availability of various hydrogens in the amino acid to attack by H atoms (or tritium atoms) as well as the fate of the radical once formed; Le., its disposition toward recombination (radical stability) as well as the ability of the recombined excited amino acid to redistribute the exothermicity, leading to a stable labeled product. The effect of charge and the influence of the functional groups may also play an unknown role, since this is certainly the case in solution.22 One result which may be a manifestation of crystal structure differences is the difference in specific activity between isoleucine and alloisoleucine, in which alloisoleucine is favored by nearly a factor of 4 (Tables V and VI). I n this case other effects are probably unimportant in the actual amount of tritium incorporation due to the structural similarity of the diastereomers. This is borne out since the relative labeling patterns and diastereomer formation are very similar, and are significantly different only in absolute yields. Although labeling a t the a carbon is small in both cases (
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