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are short-lived species and react chemically with DNA. ESR 
methods clearly indicate that OH radicals can attack at both 
the C-5 and C-6 sites of the thymine ring. Hydrated electrons 
react with pyrimidine to form ions which may then undergo 
protonation. H atoms seem to add preferentially at C-6 and 
there is a difference between the H atom adduct and the 
electron adduct spectra indicating a different site of attack for 
the two short-lived species.19 The pyrimidine radicals obtained 
are then able to undergo electron transfer through a dismu-
tation reaction. Solvolytic substitution of the pyrimidic ions 
and H atom exchange give rise to the final radiation products 
II to VII. 

We believe that the method described herein may be ex­
tended to the other DNA bases.19'20 

Acknowledgments. The authors gratefully acknowledge F. 
Odin, F. Daldal, and P. Gauci for their help in this work. 

References and Notes 

(1) T. Alper in "Biophysical Aspects of Radiation Quality", IAEA, Vienna, 1971, 
p 171; T. Alper, Mutat. Res., 4, 15 (1967). 

(2) C. D. Town, K. C. Smith, and H. S. Kaplan, Radiat. Res., 55, 334 (1973). 
(3) D. Ewing and E. L. Powers, Science, 194, 1049 (1976). 
(4) The terms N and O types of DNA damage should not in the future be used 

because, as shown below for deaerated solutions and previously for aerated 
solutions (R. Teoule, C. Bert, and A. Bonicel, Radiat. Res., 72,190 (1977)), 
some products are identical in the presence and absence of oxygen. 

(5) For example, in aerated aqueous solutions, the radiolysis of thymine 
fragment in the DNA chain gave rise to an N-formamidodeoxyribose de­
rivative as the major component. A formamide derivative is not formed 
in the radiolysis of free thymine under the same experimental conditions. 
It is concluded that the simple extrapolation, frequently admitted, of the 
results obtained with free thymine to thymine in the DNA chain is thus in­
correct (see ref 6 and 7). 

(6) R. Teoule, A. Bonicel, C. Bert, J. Cadet, and M. Polverelli, Radiat. Res., 57, 
46(1974). 

(7) (a) R. Teoule and J. Cadet, J. Chem. Soc, Chem. Commun., 20, 1269 
(1971); (b) J. Cadet and R. Teoule, Z. Naturforsch. C, 29, 645 (1974); (c) 
B. Ekert and R. Monier, Nature {London), 184, BA 58 (1959). 

(8) (a) M. Dizdaroglu, C. von Sonntag, and D. Schulte-Frohlinde, J. Am. Chem. 
Soc, 97, 2277 (1975); (b) M. Dizdaroglu, D. Schulte-Frohlinde, and C. von 
Sonntag, Int. J. Radiat. Biol., 32, 481 (1977). 

(9) The solution was evaporated to dryness and the residue extracted with 
methanol. The combined extracts were applied to TLC silica gel plates and 
the products separated as described in ref 6. The spots were eluted and 
the products submitted to microreactions. 

(10) I. Blagoeva, D. J. Kurtev, and I. G. Pojarlieff, J. Chem. Soc. B, 232 
(1970). 

(11) R. Latarjet, B. Ekert, S. Apeigot, and N. Rebeyrotte, J. Chim. Phys., 58 1046 
(1961). 

(12) The pyrimidine ring of thymine glycols III and IV was opened between C-5 
and C-6 to give /VMormyl-A^-pyruvylurea. However, 1lSC NMR spectra and 
1H NMR spectra in Me2SO show that the cyclic formula should be preferred 
to the linear structure. This observation does not rule out the possibility 
of a chain-cycle tautomerism. (R. Ducolomb et al., unpublished work.) Mass 
spectrometric analysis is in favor of the linear structure. (A. Cornu et al., 
unpublished work.) 

(13) R. M. Fink, R. E. Cline, C. MacGhaughey, and F. Fink, Anal. Chem., 28, 4 
(1956). 

(14) (a) C. Nofre, A. Cier, R. Chapurlat, and J. P. Mareschi, Bull. Soc. Chim. Fr., 
332 (1965); (b) C. Nofre and M. H. Ogier, C. R. Hebd. Seances Acad. ScL, 
263, 1401 (1966). 

(15) Escherichia coll cells in logarithmic phase of growth are harvested and 
washed with a KCI solution (0.15 M). They are then suspended again in KCI 
(0.15 M) before being sonicated (30 s, 20 KHz). The cellular concentration 
is then 40-50 times greater than the departure cellular concentration. This 
solution is centrif uged (5000 rpm, 1 h, 4 0C) and the supernatant is the crude 
enzymatic extract. 

(16) J. Cadet and R. Teoule, Int. J. Appl. Radiat. !sot., 22, 273 (1971). 
(17) J. Ulrich and R. Teoule, Org. Mass Spectrom., 2, 1183 (1969). 
(18) J. Cadet, J. Ulrich, and R. Teoule, Tetrahedron, 31, 2057 (1975). 
(19) "Effects of Ionizing Radiation on DNA. Physical, Chemical and Biological 

Aspects", Bertinchamps, Hiitterman, Kohnlein, and Teoule, Ed., 
Springer-Verlag, Berlin Heidelberg, New York, 1978. 

(20) Other types of DNA defects induced by various agents have been deter­
mined. E.g., (a) the cross links produced by nitrous acid, R. Shapiro, S. 
Dubelman, A. M. Feinberg, P. F. Crain, and J. MacCloskey, J. Am. Chem. 
Soc, 99, 302 (1977); (b) the thymine dimers formed in DNA by UV irra­
diation, S. Y. Wang, Nature (London), 188, 843 (1960). 

Robert Teoule,* Andre Bonicel 
Christian Bert, Brigitte Fouque 

CEA/CEN-G, Departement de Recherche Fondamentale 
laboratoire de Radiobiologie, 85 X 

38041 Grenoble, Cedex, France 
Received September 19, 1977 

On the Configuration of the ferf-Butyl Radical1 

Sir: 

The configuration2 of the rert-butyl radical has been the 
subject of considerable debate.3-15 The controversy has focused 
on the magnitude of the EPR 13C hyperfine splitting of the 
central atom (al3c),2~8'10 the interpretation of photoelectron 
spectroscopic data,9-15 and the results of ab initio calcula-
tions.4-13'16 

Most recently the debate has rested on the temperature 
dependence of al3c.3,4,7,11,12,14 This parameter provides the 
best available measure of the Ca hybridization and hence of 
the configuration of the radical. If rert-butyl has 0min = 0°, 
where 018 is the angle between the plane of the methyl carbon 
atoms and a C-C bond, then a l3c should increase monotoni-
cally with increasing temperature. However, a13c has been 
found to decrease with increasing temperature, possibly 
reaching a minimum at ~275 K.34'7 Two independent theo­
retical studies1 ''12 accounted for these results in terms of rapid 
pyramidal inversion of the radical, governed by a double-
minimum potential. It was concluded that f?min« 19° and that 
there is a small barrier (~600 cal/mol) to inversion. Since this 
theoretical work was made to fit EPR data in matrices and 
since it was suggested that medium effects could have caused 
the observed anomalies,6-1314 we decided to measure au<z in 
solution over the widest possible range of temperatures. Under 
these conditions the spectral lines are sharp, isotropic, and free 
from influence by a crystalline lattice. 

The radical was generated from (CH3)3
13CBr (90 atom % 

13C) by standard methods19 in either propane or isooctane as 
solvent. The spectral parameters were the same in both solvents 
(at the same temperature) and were not influenced by the 
method of radical generation. At each temperature the field 
positions and microwave frequency were recorded for 10 to 15 
of the "second-order" 20 lines. The spectral parameters were 
computed using an exact solution of the isotropic Hamiltonian. 
An iterative least-squares procedure21 was then applied which 
adjusted the parameters so as to obtain the best fit to all of the 
measured lines. Standard deviations were approximately ±0.04 
G (anc), ±0.02 G (aH), and ±0.00001 (g).22 The 13C splitt­
ings are plotted in Figure 1 and all of the data are available as 
supplementary material. 

Our data are substantially different from those obtained in 
the solid state,3'4'7 although we confirm the basic trend ob­
served. Most notably the change in a13c is almost an order of 
magnitude smaller in solution and there is a well-defined 
minimum at 220 K. The latter suggests that there is a small 
energy barrier (Fo) for the inversion of the radical. A "clas­
sical" analysis12 gives VQ = 2.330 Tm\„ = 510 cal/mol. 
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Figure 1. Change with temperature of 13C0 hfs for (CH3)3l3C-in hydro­
carbon solution. 
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Table I. Least-Squares Fitting of a'3c(r) to Eq 2 

V0, 
cal 

350 
400 
450 
475 
500 
550 
650 

A0, 
G 

998 
904 
659 
727 
779 
874 

1004 

"min> 

deg 

4.1 
6.2 

11.5 
10.0 
8.9 
6.9 
3.9 

root-mean-square 
deviation 

0.16 
0.14 
0.06 
0.07 
0.09 
0.14 
0.18 

It is possible to develop further conclusions using a combi­
nation of "classical" theory and INDO molecular orbital 
calculations. The latter provides a relationship between a13c 

and 6. However, we caution that the inherent weakness of 
INDO in accommodating vibrational behavior24 is necessarily 
introduced by this approach. 

We treated the data23 using a simple double-minimum po­
tential function25 to represent the vibrational energy (V) (eq 
1), where £ is equal to 6/0mm. 

ViO = W - 2?) (1) 

According to the "classical" theory of the double-minimum 
potential12 the temperature dependence of auc is given by 

fl,3c(T) 
= A0[P0 + P2Km2F2(Ty0) + PAdmin*F4(T, V0)] (2) 

where 

rVexp[-K 0 a 4 -2S 2 ) / /? r ]d$ 
Fn{T,V0) = - (3) 

J^exp[-F0(£4-2|2)//?r]d£ 

and 

P(8) = Po + P2O
2 + P^ (4) 

A0 is the atomic scale factor which relates the spin density 
at the central carbon, p(d), to anc. The INDO method24 was 
used to compute p(0), and for 8 < 30° an excellent fit was ob­
tained for eq 4 when p0 = 0.04151, p2 = 0.84552, and P4 = 
-1.16246 (fore in radians). 

We choose to fit eq 2 to the experimental data using different 
values of V0 in the range 250 < V0 < 1000 cal/mol. For each 
value of V0 both A0 and 0min were treated as independent 
variables and were adjusted so as to obtain the best least-
squares fit to the experimental data. The best solutions for 
several values of V0 are shown in Table I. The smallest rms 
deviation (0.06 G) was obtained for V0 — 450 cal/mol,2^ $rnin 
= 11.5°, and A0 = 659 G. The computed curve and the ex­
perimental data are shown in Figure 1. 

In view of the limitations of the INDO technique and the 
experimental error, it is impossible to place precise limits of 
reliability on these numbers. However, the solution for V0 
shows reasonably good convergence and is the most reliable 
quantity derived in this work. The well-defined minimum in 
the an<~ vs. T curve implies that there must be at least three 
vibrational levels below the barrier.12 Since the first two will 
be nearly degenerate (even-odd doubling), this places an upper 
limit of ~150 cm -1 for the vibrational frequency of the um­
brella inversion mode. This value is not entirely inconsistent 
with the trend observed by infrared27 for the out-of-plane 
bending frequency of CH3- (612), CH3CH2- (541), and 
(CHj)2CH-(SVSCm-1). 

The solution for A0 and 0min was rather soft. The value of 
659 G for A0 (or ~800 G based on the "classical" barrier 
height of 510 cal/mol) is smaller than the theoretically cal-
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culated values of 113028 and 1191 G.29 However, it is in rea­
sonable agreement with the value of 820 G normally used in 
the INDO parameterization.30 Apparent inconsistencies in the 
relationships between A0, p, and a" c are often observed and 
have been explained in terms of "lack of orbital fol­
lowing".31 

While our data strongly suggest that a barrier exists for the 
inversion of fert-butyl, it is possible that such a barrier may 
have been induced by the solvent.3233 As the radical undergoes 
out-of-plane vibrations, it acquires a dipole moment which will 
interact with permanent or induced dipoles on the solvent 
molecules. This will stabilize bent structures. For any given 
solvent, the interaction energy will be proportional to 62 and 
will increase with increasing solvent density. This could result 
in a double-minimum potential for a radical which otherwise 
would not show a barrier to inversion. However, preliminary 
calculations indicate that the magnitude of the induced V0 is 
only of the order of 20-80 cal/mol. 

The frequency for the umbrella inversion motion of tert-
butyl is undoubtedly quite low and it may well be similar to the 
methyl torsion frequency, in which case these two motions will 
be coupled. We are unable to evaluate whether such a motional 
coupling could be responsible for the unusual temperature 
dependence of a13c. 

Studies of the effects of solvents on the hydrogen hyperfine 
interaction23 are in progress and will be reported in a full 
paper. 
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Peptide Formation in the Presence 
of a Metal Ion Protecting Group. 
Pentaammine Cobalt(III)-Peptide Complexes 

Sir: 

The use of metal ions to activate and/or protect amino acid 
derivatives for peptide formation has been demonstrated in a 
number of studies using cobalt(lll), copper(Il), and plati-
num(II) complexes.18 The work on cobalt(III) which showed 

the most promise centered around the use of cobalt(III) to 
protect the N terminal of an amino acid ester by coordination 
and to activate the ester carbonyl toward nucleophilic attack 
by coordination to the same tripositive cobalt(III) center This 
dual function of the metal ion (i.e., to protect and to activate) 
appeared promising at first, but has found little application in 
peptide synthesis presumably because the other methods used 
for the activation of amino acid derivatives (especially the 
C-terminal activation using carbodiimides and other active 
esters) are easier to carry out. 

In this communication we present the first example of a 
synthetic scheme where a kinetically inert metal ion, 
[(NH3)5Com-] , functions as a carboxylate protecting group 
and directs peptide formation. The type of synthesis reported 
herein is an example where a designed peptide ligand is syn­
thesized in a stepwise fashion in the vicinity of a metal cen­
ter. 

The kinetic inertness of the [(NH3)SCo1"-] moiety and its 
resistance to hydrolysis in strong acids9 makes it one of the few 
classes of coordination compounds that can remain in tact 
under the conditions used in peptide synthesis.'° Furthermore, 
the [(NH3)SCo"1-] moiety selectively binds to the C terminal 
of an amino acid (acting like an inorganic ester), thus allowing 
one to employ the known stepwise peptide synthetic tech­
niques.10 Herein we report our results on the aforementioned 
scheme for the synthesis of cobalt(III) dipeptide complexes 
and the progress of our work on the extension of the same 
methods for the synthesis of cobatt(III) complexes with longer 
peptide chains. 

Cobalt(lII) pentaammine-amino acid complexes have been 
synthesized by a number of investigators.1 '~13 The synthesis 
of these complexes usually required heating [(NH3)5-
Co(OH2)]

3"*" with an amino acid at >60 0 C for a number of 
hours. A dipeptide, under the conditions required to prepare 
the cobalt(III)-amino acid complexes, is prone to undergo 
hydrolysis and therefore cobalt(III)-peptide complexes could 
not be prepared by the above methods. 

A versatile synthetic route for the preparation of cobalt-
(III) peptide complexes can only be achieved using mild 
conditions (ca. room temperature). We have succeeded in using 
two procedures for the synthesis of cobalt(III)-amino acid 
derivatives and -peptide complexes under ambient conditions. 
The first procedure involves the reaction of [(NH3)sCo-
(OH)] 2 + 1 4 with a /er?-butoxycarbonyl-(Boc-) amino acid (or 
Boc peptide) active ester. This procedure can be used to in­
troduce cobalt(III) at the C terminal of a N-protected amino 
acid or peptide. In this work this method was used to prepare 
only the compound [Boc-Gly-Co(NH3)5](C104)2 (Table I). 

The second method which involves peptide formation in the 
presence of cobalt(III) is the subject of the remaining part of 
this communication. This procedure involves stepwise peptide 
formation starting with the [amino acid-Co'"(NH3)5] corn-

Table I 

anal.,% 

complex 

IR, 
''peptide C = O . 

cm - 1 

1740" 
1698 

1685 

1728 

UV-visible, 

nm ( M - 1 cm - 1 ) 

502(64) 
350(5) 
499 
505 
503(77) 
348(65) 
503 (70) 
348 (sh) (58) 
502(77) 
348 (70) 

C 
calcd 

5.01 

11.56 
16.26 
8.95 

21.08 

17.93 

found 

5.47 

12.03 
16.86 
9.30 

20.17 

17.93 

calcd 

4.20 

4.66 
5.26 
4.32 

4.66 

5.42 

H 
found 

4.21 

4.64 
5.51 
4.25 

4.74 

4.68 

N 
calcd 

17.52 

16.17 
16.25 
16.27 

15.64 

14.64 

found 

17.68 

15.34 
16.81 
18.10 

14.84 

14.43 

[Gly-Co(NH3)5](BF4)3 

[Pro-Co(NH3)5](BF4)3 
[(Boc-Gly)Co(NH3)5](BF4)2 

[Gly-Gly-Co(NH3)5](BF4)3 

[Phe-Gly-Co(NH3)5](BF4)3* 

[Pro-PrO-Co(N H3)S](BF4)^H2O 

' "c :=o- * Reference 16. 
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