
6508 

progressively slower. As expected for such kinetics,8 

the reciprocal optical density is approximately linear 
with (time)1/!. Most indicative is that the lifetime does 
not depend on initial concentration. If the fraction of 
the initial optical density remaining at any time is 
plotted against time, then the resulting curves for runs 
differing 30-fold in dose can be superimposed over as 
much as 70% of the decay.9 

The rate of neutralization, moreover, depends on 
temperature. For example, (TI/,)0, the time for the 
initial optical density to decrease by 50 %, changes from 
4 msec to <2 /xsec as the temperature is raised from 
— 165 to —70°. A phenomenological activation energy 
of 2-4 kcal/mole is estimated from an observed linear 
dependence of log (ri/Jo - 1 on T-1. 

Comparison of the electron decay in squalane and in 
3-methyloctane, where this species has also been ob
served, suggests that medium viscosity is an unim
portant kinetic factor. At — 150° (ri/2)0 is the same in 
both systems even though the viscosity of the latter is 
only ~ 1 0 - 1 0 as high as that of the former.10 Further
more, the activation energy for decay in either case 
(~8 kcal/mole in 3-methyloctane) is much less than the 
respective Arrhenius term for viscosity change. 

The observation of an electron absorption at these 
temperatures implies the persistence of suitable binding 
sites, even in the thermodynamically stable liquid 
phase. These sites presumably are always present and 
do not necessarily correspond to the ultimate stabiliza
tion depth achieved following electron trapping. A 
temperature-dependent, dynamic distribution of sites 
of different depths, which conceivably widens and shifts 
to lower energies with increasing temperature, should be 
considered. 

The observation of a G for es~ that is smaller than G 
for total ion pairs11 means that, unless most of the 
es~ escape detection, only some of the thermalized elec
trons become solvated. Possibly either the concen
tration of binding sites is too low or the stabilization 
process is too slow for solvation to compete effectively 
against recombination. As a consequence of inefficient 
trapping, the mean separation distance from the positive 
ions for the es~ is most likely longer than the corre
sponding distance for the original thermalized electrons. 

The observation of an electron decay representing 
neutralization of correlated, inhomogeneously distrib
uted ion pairs in the 10_6-10~3-sec time range under 
these conditions, and apparently with negligible viscosity 
dependence, tends to rule out structural diffusion as a 
means for migration of charge. It may be that there 
are in equilibrium bound and unbound electrons, es

_ 

and em~, the latter migrating and reacting, or that charge 
migration occurs by a tunneling mechanism. 

The kinetic data obtained in this study, moreover, 
should provide a means for testing recent theoretical 

(8) (a) A. Hummel, J. Chem. Phys., 49, 4840 (1968); (b) S. J. Rzad, 
P. P. Infelta, J. M. Warman, and R. H. Schuler, ibid., 50, 5034 (1969); 
(c) cf. T. R. Waite, Phys. Rev., 107,471 (1957). 

(9) (a) D. R. Smith and J. J. Pieroni, Can. J. Chem., 43, 876 
(1965); (b) J. A. Leone and W. H. Hamill, J. Chem. Phys., 49, 5294 
(1968); (c) reference 3c. 

(10) The viscosity of squalane below —80° has been estimated from 
the data of Leone and HamillBb and T. Sawai and W. H. Hamill, private 
communication. Viscosity data for 3-methyloctane are available from 
A. C. Ling and J. E. Willard, / . Phys. Chem., 72,3349 (1968). 

(11) Preliminary chemical scavenging data for squalane at —78° ob
tained by P. P. Infelta and R. H. Schuler (private communication) indi
cate G(total ion pairs) > 1.5. 

and empirical descriptions8'12 of such neutralization 
reactions, since electron concentration-time profiles are 
directly indicated. Assessment of certain of these 
theories is in progress. 
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Observation of Phosphorescence in Pyridines1 

Sir: 

Pyridine may be considered as the prototype nitrogen 
heteroaromatic, yet its electronic properties have re
mained for many years an enigma to the spectroscopist.2 

The apparent absence of phosphorescence has been 
one of the most puzzling items. The lowest triplet 
state was observed in absorption3 under oxygen pres
sure and labeled 3Ai(7T7r*). The intersystem crossing 
yield has been measured to be 0.3 by photochemical 
studies.4 Moreover, it might be expected that the low
est 7T7r* triplet states of pyridine and benzene should 
have similar radiative capabilities. In spite of at
tempts by many researchers, using many different sam
ples, methods of purification, and deoxygenating pro
cedures, no authentic phosphorescence of pyridine has 
been reported. 

Since pyridine has several low-lying nir* singlet 
states, it is possible that the lowest triplet state is in fact 
nx* and not 7T7r*. To investigate this possibility a 
careful study was made of the luminescence properties 
of a series of substituted pyridines, especially with cyano 
and methyl groups. We have observed either strong 
TTTT* (long lifetime) or strong n^* (short lifetime) phos
phorescence with appropriate substitution. These re
sults lead to the conclusion that the lowest triplet state 
in pyridine is the orbitally5 forbidden 3A2(n7r6*) state. 
The explanation of the absence of phosphorescence in 
pyridine itself, and its presence in substituted pyridines, 
is then given in terms of specific state ordering. 

The low-lying triplet states of pyridine (Figure 1) in 
orbital classification are 3Ai(Tr2Tr^-Tr3Tr5*), 3Bi(n7r4*), 
and 3A2(n7r5*). The n-orbital electron after excitation 
is localized partly on the N atom in the 0Bi(nTr4*) state, 
and on carbon atoms 2,6 in the 3A2(n7r5*) state. 

Methyl substitution at the 2,6 positions should blue 
shift the A2 state more than the Bi state. If the A2 

(1) This work was supported by a contract between the Division of 
Biology and Medicine, U. S. Atomic Energy Commission, and the 
Florida State University. 

(2) K. K. Innes, J. P. Byrne, and I. G. Ross, J. MoI. Spectrosc., 22, 
125 (1967). 

(3) D. F. Evans, J. Chem. Soc, 3885 (1957). 
(4) R. B. Cundall, F. J. Fletcher, and D. G. Milne, Trans. Faraday 

Soc., 60, 1146(1964). 
(5) L. Goodman and V. G. Krishna, Rev. Mod. Phys., 35, 541 (1963). 

Journal of the American Chemical Society / 91:23 / November 5, 1969 



6509 

ro ro 
1O 

X 

(Tl 
CC 

§ « 
i 8 
UJ 

I 

C H 3 M CH3 

'BitnrrS) ~0 

O Li, 

1B1(HTrJ) 

\ 
\ 

\ 
\ 

Z 
III 

0 

'B1(HTrJ) ^ 
/ 

a"" 

'B,(nTr?) 

CO 
OJ 

3B1(HTrJ)3A2(HTrS) ~ 0
 3A1(TT^)1

3B1(HTrJ) 

- T p l 
3 2 ••« ° \ %,I» 

T5> 

--~M°2°^3B1(HTrJ), 3A2(HTrI) 

V) ^ 3. , ., 

*4) / ' ~1 

Tp 
Tp 0.004 sec 

Y 

3.3 sec 

1 

I 
' 

I 
' 

I ID 
CM 

Figure 1. Lowest excited electronic states of pyridines: 
estimated state positions. 

solid levels, observed triplet and singlet states; dashed levels, extrapolated 

state were 2500 cm - 1 (or less) lower in energy than the 
Ai state, then 2,6-dimethyl substitution could invert the 
state ordering (Figure 1) (assuming 500-cm-1 blue shift 
for the A2 state and 650-cm_1 red shift for the Ai state, 
per CH3 group). Experimentally 2,6-lutidine yields 
strong phosphorescence (band onset 28,160 ± 200 
cm - 1 , ethanol glass, 770K) with a lifetime of 3.2 sec. 
Fluorescence (probably 7T7T*) is observed in alcohol 
glass but not hydrocarbon glass. 

Cyano substitution red shifts benzene phosphorescence 
2400 cm -1 . The pyridine 1B^nTr4*) state is red shifted 
2500 cm - 1 by 4-cyano substitution and ca. 1000 cm - 1 

for 2- and 3-cyano. We shall assume that the corre
sponding triplet state 3Bi(n7r4*) is shifted equivalently. 
The 3A2(n7T5*) state should not be shifted significantly 
by 4-cyano substitution because of the 7T5* node, while 
a 3-cyano group should red shift this state by about 
1000 cm-1. Thus, if we assume that the 3B1(HTr4*) and 
3Ai(7r27r4*-7r37r5*) states are nearly degenerate (as 
reasonable values of S-T splits predict) and the 3A2-
(n7r5*) state is some 2000 cm - 1 lower in energy, in 4-
cyanopyridine 3Bi(n7r4*) should lie lowest, and in 3-
cyanopyridine 3Ai(7T7r*) should be the lowest triplet 
(Figure 1). Experimentally, strong phosphorescence 
(diffuse) is observed in 4-cyanopyridine with a lifetime 
of 0.004 sec (band onset 26,650 ± 200 cm"1, ethanol 
glass, 77 0K); for 3-cyanopyridine strong phosphores
cence (structured) is observed with a lifetime of 3.3 
sec (0, 0 band at 26,946 ± 200 cm"1, ethanol glass, 
77 °K). We assign the short lifetime phosphorescence 
of 4-cyanopyridine to the 3Bi(n7r4*) state, and the long-
lifetime phosphorescence of 3-cyanopyridine to the 
3Ai(7r27r4*-7r37r5*) state. 

The lowest triplet state of pyridine therefore must be 
the forbidden 3A2(n7r5*) state, and must be about 
28,000 cm-1 above the ground state. The absence of 
phosphorescence from the 3A2 state is attributable to an 
exceptionally low radiative transition probability, and 
a high rate of radiationless transition to the ground 
state. It is easily shown that only 1L1, and 1B1, irir* 
states mix with the 3A2(n7r6*) state via spin-orbital 
coupling. The out-of-phase coupling of 3A2 with this 
pair of singlet states results in a nearly vanishing bor
rowed transition moment for radiation. This is in 
marked contrast to spin-orbital coupling for the 3Bi-
(n7T4*) state. Radiationless transition rates for the 
3A2(n7r5*) state to the ground state are contrariwise ex
pected to be large owing to large expected molecular 
distortions, with expected large magnitudes for Franck-
Condon factors.6'7 The small spacing between triplet 
states would also be expected to lead to very large vi-
bronic coupling between the states.8 

Owing to the node through the nitrogen atom in the 
7T3* orbital, a small singlet-triplet splitting in the A2-
(n7T5*) state is expected. This suggests that the lowest 
singlet state of pyridine might be ^ ( n ^ * ) . We have 
looked for the possible corresponding low-energy ab
sorption but have not found a new band. The absorp
tion is predicted to be exceedingly weak, and this may 
be why none was observed in pyridine (at 1.0 M in 10 
cm of 3-methylpentane). However, the extensive 

(6) G. W. Robinson and R. P. Frosch, J. Chem. Phys., 37, 1962 
(1962). 

(7) J. P. Byrne, E. F. McCoy, and I. G. Ross, Ausl. J. Chem., 18,1589 
(1965). 

(8) R. M. Hochstrasser and C. Marzzacco, /. Chem. Phys., 49, 971 
(1968). 
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charge rearrangement in this state may give a much 
larger singlet-triplet splitting than expected (i.e., large 
electron correlation effects). 

Robert J . Hoover, Michael Kasha 
Institute of Molecular Biophysics and Department of Chemistry 

Florida State University, Tallahassee, Florida 32306 

Received July 29, 1969 

Selective Phosphorylation of the 5'-Hydroxy 
Groups of Thymidine and Uridine 

Sir: 

An obvious disadvantage in the use of protected 
nucleosides for the syntheses of nucleotides and oligo
nucleotides is that undesirable side reactions take place 
in some instances during the conditions necessary for 
phosphorylation or for the removal of the protecting 
groups.1-4 It would therefore be desirable to develop 
selective phosphorylation of unprotected nucleosides in 
connection with the specific synthesis of oligonucleo
tides. We wish to report the selective phosphorylation 
of the 5'-hydroxy groups of thymidine and uridine. 

A number of other laboratories have reported the 
direct phosphorylation of unprotected nucleosides and 
nucleotides.5-9 Thus, Tener5 has reported that the 
phosphorylation of unprotected deoxyribonucleosides 
by the use of dicyclohexylcarbodiimide and 2-cyano-
ethyl dihydrogen phosphate resulted in the formation of 
the corresponding 5'-phosphates as major products. 
Similar results have been obtained in the ribonucleotide 
series.6,7 Weimann and Khorana10 have demonstrated 
that the rate of phosphorylation of the secondary hy
droxy group of 5'-O-tritylthymidine is somewhat slower 
than that of the primary hydroxy group of 3 '-O-acetyl-
thymidine. Recently, the selective phosphorylations 
of thymidine and ribonucleosides by means of dibenzyl 
phosphorochloridate8 and pyrophosphoryl chloride,9 

respectively, have been reported. Further, the 5'-
hydroxy group of nucleoside is sulfonylated more readily 
than the 3'-hydroxy group.8,11 

We have studied the phosphorylation of alcohols with 
diethyl azodicarboxylate (I), triphenylphosphine (II), 
and dibenzyl hydrogen phosphate (III), giving corre
sponding alkyl dibenzyl phosphates. A mechanistic 
pathway for this reaction involving quaternary phos-
phonium salts (IV-VI) is presumed to be as in Scheme 
I.12 

It is well established that trityl chloride mainly at
tacks the 5'-hydroxy group of nucleosides to give corre-

(1) A. M. Michelson, "The Chemistry of Nucleosides and Nucleo
tides," Academic Press, London, 1963. 

(2) (a) D. H. Rammler and H. G. Khorana, J. Am. Chem. Soc, 84, 
3112 (1962); (b) B. E. Griffin and C. B. Reese, Tetrahedron Letters, 
2925 (1964); (c) C. B. Reese and D. R. Trentham, ibid., 2459 (1965). 

(3) D. Soil and H. G. Khorana, J. Am. Chem. Soc, 87, 360 (1965). 
(4) C. B. Reese and D. R. Trentham, Tetrahedron Letters, 2467 

(1965). 
(5) G. M. Tener, / . Am. Chem. Soc., 83, 159 (1961). 
(6) H. Follmann, Tetrahedron Letters, 2113 (1967). 
(7) M. Yoshikawa, T. Kato, and T. Takenishi, ibid., 5065 (1967). 
(8) K. L. Agarwal and M. M. Dhar, Experientia, 21, 432 (1965); 

Chem. Abstr., 63, 13379 (1965). 
(9) M. Honjo, T. Masuda, K. Imai, and S. Fujii, 7th Meeting of the 

International Congress of Biochemistry, Tokyo, Aug 1967, Abstracts, 
IV, B-16. 

(10) G. W. Weimann and H. G. Khorana, / . Am. Chem. Soc., 84, 
4329 (1962). 

(11) T. M. Jacob and H. G. Khorana, ibid., 86, 1630 (1964). 
(12) O. Mitsunobu and M. Yamada, Bull. Chem. Soc. Japan, 40, 2380 

(1967). 
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sponding 5 '-O-trityl nucleosides. The selectivity of 
the tritylation of the 5 '-hydroxy group of nucleosides 
is explained by the steric hindrance of the triphenyl-
methyl group. Since the phosphorus cation in the 
intermediate V similarly has three bulky phenyl groups, 
nucleophilic attack at the 3'-hydroxy group of the 
nucleoside would be expected to be much more hindered 
than that at the 5'-hydroxy group, the corresponding 
nucleoside 5'-phosphate being predominantly formed.13 

A mixture of thymidine (242 mg, 1 X 1O-3 mol), tri
phenylphosphine (393 mg, 1.5 X 10~3 mol), and di
benzyl hydrogen phosphate (417 mg, 1.5 X 10 - s mol) in 
dry tetrahydrofuran (THF, 1 ml) was stirred, and diethyl 
azodicarboxylate (261 mg, 1.5 X 1O-3 mol) in dry THF 
(1 ml) was added at room temperature. Stirring was con
tinued for 3 hr, and the solution was then kept standing 
overnight at room temperature. After the solution was 
concentrated, the residue was dissolved in 75% ethanol 
and hydrogenated on palladium. After absorption of 
hydrogen had ceased, the catalyst was removed by 
filtration. Paper chromatography (l-propanol-2 N 
HCl, 3:1) of the nitrate revealed two uv-absorbing 
components; one was the unreacted thymidine (R{ 0.86) 
and the other was thymidine 5'-phosphate (R{ 0.81). 
The filtrate was concentrated to a small bulk and ad
justed to pH 7.5 by adding 1 TV barium hydroxide solu
tion. After removal of a precipitate by centrifugation, 

(13) When /-menthol was treated with I, II, and III at room tempera
ture, more than 90% of the /-menthol was recovered unchanged. This 
result is best accounted for by steric hindrance to the approach of an 
attacking nucleophile by the three phenyl groups on the phosphorus 
cation of V. Because /-menthol has a bulky isopropyl group on the 
a carbon, nucleophilic attack to form VI may be virtually impossible. 
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