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photosensitized reactions,10 but our results define the 
scope and the limitation of such a mechanism in energy 
transfer to olefins; i.e., this mechanism operates ef
ficiently only with donors possessing a low-lying n,7r* 
triplet state. 

Alternatively, the partially vacant n orbital of the 
n,7r* triplet state of the donor may polarize the ir system 
of the olefin sufficiently during the energy transfer so 
that the olefin moiety in the transition state (III) is no 
longer planar. The dissociation follows to give back 
the carbonyl compound and the olefin triplet state in a 
nonplanar configuration. This point of view, which is 
favored by Hammond,8 will also account for all of our 
current results. Our work suggests that such an energy 
transfer may occur efficiently only with a highly polariz
ing donor and a polarizable acceptor. Work is being 
continued with the hope of clarifying these points. 
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Conformational Changes of the Ribose Group in 
Dinucleoside Mono- and Diphosphates. 
Temperature Dependence1 

Sir: 

A knowledge of the structure and interactions of 
simple, model oligo- and polyribonucleotides is essential 
if an understanding is to be achieved of the factors 
governing the conformational stability of nucleic acids 
in solution. Recent studies,2-15 employing a variety of 
spectroscopic techniques, have shown that adjacent 
bases of purine oligo- and polyribonucleotides are 
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capable of forming intramolecular stacks in aqueous 
solution under appropriate conditions of temperature 
and pH. Although it is reasonable to expect that the 
base-stacking interaction will be accompanied by a 
conformational change of the ribose phosphate back
bone, evidence for such a change is lacking at present. 
In order to obtain information regarding this point we 
have studied the temperature dependence of the ribose 
proton spectra for a variety of mono- and dinucleotides. 
Since the magnitude of a vicinal proton-proton coupling 
constant is closely related to the dihedral angle between 
the protons,16 a study of the temperature dependence of 
the ribose proton spectra should provide direct evidence 
for any conformational change of the ribose ring in the 
stacking process. 

The ribose spectra17 of the dimers15 consist of two dou
blets in the range 365-410 cps (downfield from external 
TMS) and a complex group of signals located in the 
region of the residual HDO signal. The doublets can 
be assigned to the H1' protons of the nonequivalent 
ribose groups and are due to spin coupling with the 
respective H2' protons. 

A summary of the ^H1-H2' values for a number of 
mono- and dinucleotides, over a range of temperatures, 
is given in Table I. For mononucleotides the magni-

Table I. Jsv-av
a of Several Mononucleotides and 

Dinucleoside Mono- and Diphosphates 

Temp, 
0C 

4 
7 

15 
20 
28 
35 
55 
62 
67 
71 
80 

ApA" 
Ap pA 

2.3 2.1 

2.5 2.2 

3.1 2.8 

4.5 4.1 

4.7 4.5 

ApA-c-p 
Ap pA-c-p 

2.8 2.9 
3.7 3.0 

4.0 3.2 

4.6 3.2 

3.1 

GpA 
Gp pA 

2.1 3.0 

4.0 4.0 
4.5 4.2 

5.4 4.3 

AMP-3' 

6.1 

5.6 

5.2 

5.3 

5.1 

AMP-5' 

5.5 

5.1 

5.2 
5.1 

5.3 

" Errors in the J values are ±0.10 cps. b AMP-3' = adenosine 
3'-monophosphate, ApA = adenylyl-(3'-»-5')-adenosine; ApA-
c-p = adenylyl-(3'-*5')-adenosine cyclic 2',3'-monophosphate, 
etc. 

tudes of ZH1ZH2' lie between 5.0 and 5.5 cps and are in 
agreement with values reported in the literature.19-21 

No significant temperature dependence is noted for 
these couplings in the range studied. In contrast the 
ZHI'HJ' couplings for the dimers are all less than the 
values for corresponding 3' and 5' monomeric nucleo
tides. Furthermore, all dimer coupling constants, 
except that of the pA-c-p moiety of ApA-c-p, are 
markedly temperature dependent. In ApA, for ex
ample, there is approximately a twofold decrease in 
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going from 71 to 4°. The most reasonable explanation 
of the results is a change in conformation of both ribose 
rings in the dimer.22-23 Moreover, the lack of any 
significant 7Hl/Hy changes in the monomers also suggests 
that the conformational changes in the dimers are 
related to the base-stacking interactions. This is 
strongly supported by the linear correlation25 between 
the Hi- chemical shifts and the corresponding /Hl,H!, 
coupling constants (see Figure 1). Earlier work13-16 

has shown that the downfield shift of the base ring and 
Hi' proton signals with increasing temperature can be 
associated with a progressive intramolecular destacking 
of the base rings in the dimer. 

A qualitative picture of the conformational changes 
can be deduced from a consideration of known ribose 
structures and the dependence of vicinal couplings upon 
dihedral angle, <t>. X-Ray diffraction studies of the 
crystal structures of purine nucleosides and nucleo
tides,26-28 the dinucleoside monophosphate ApU (2'-* 
5'),29 and a variety of polyribonucleotides30 have shown 
that the ribose ring is in a puckered conformation with 
either the C2- or the C3' atom displaced out of the plane 
defined by the d<, C4', Or, and C3' (or C2') atoms. 
In general the out-of-plane atom is in an endo position, 
i.e., located on the same side of the plane as the C5' 
atom. In only one known case, deoxyadenosine, does 
the out-of-plane atom (C3-) lie in an exo position. A 
rough estimate of the /HVHV coupling constants ex
pected for the 2'-endo (out-of plane) and 3 '-endo (out-of-
plane) conformations can be made from Karplus' equa
tion for vicinal couplings.31 Thus, for C2' endo, <f> is 
approximately 150°33 and 7Hl'H2/ is estimated to be 
6.9 cps, while, for C3' endo, <j> » 115° and /HKH,/ is 
estimated to be 1.7 cps. Accordingly at low tempera
ture where the bases are predominantly stacked (<25-
30°), the ribose groups of the dimers favor a conforma
tion in which the C3' is in an endo orientation, while at 
elevated temperatures, where the bases are unstacked, 
the preferred conformation is one in which C2' is endo.Zi 
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A = 8.5 for 0° < <t> < 90°and^ = 9.5for90° < <j> < 180°. Although 
the magnitudes of the coupling constants estimated by this equation 
may be subject to considerable error, the essential form and predicted 
trends have been confirmed by a number of experimental Stud
ies.20' 21,24, 32 

(32) R. U. Lemieux, Can. J. Chem.,39, 116(1961). 
(33) The dihedral angles were estimated from Koltun molecular 

models. 
(34) A C3' endo conformation is supported in the crystalline state by 

X-ray diffraction studies on AMP-5'28 and poly A35 while the Ci' endo 
conformation is indicated from nmr studies on a number of purine 
mononucleosides and nucleotides.20'21 One can consider the stacked 
form of the dimer as approximating the structure of the polynucleotide 
in the solid state. 

Figure 1. Plot of/HI 'HI ' VS. the respective H1 ', chemical shifts of the 
Ap (•) and pA (•) moieties of ApA (the shifts are relative to the 
values for the corresponding mononucleotides). 

The temperature dependence of 7Hl'H2' for the dimers 
therefore indicates a conformational change of the ribose 
group from the Qy-endo form at low temperatures to a 
d'-endo form at high temperatures. The similarity in 
magnitude of JHI,H»

 m the monomers and dimers at 
higher temperatures also suggests that the ribose con
formations in the unstacked dimers are not significantly 
different from the monomers. 
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Electron Spin Resonance of Nitrogen Dioxide (NO2) 
Adsorbed on Zinc Oxide 

Sir: 

In the course of an investigation of the interaction of 
oxides of nitrogen with nonstoichiometric surfaces of 
metallic oxides, the electron spin resonance spectra of 
NO2 adsorbed on zinc oxide has been investigated. 
High-purity ZnO samples supplied by the New Jersey 
Zinc Co. with surface areas of ~ 3 m2/g were employed. 
Prior to treatment with NO2, samples were outgassed for 
2 hr at 500° at lO"6 torr. The NO2 employed was of 
ultrahigh purity and was supplied by Cryogenic Rare 
Gas Laboratories Inc., Newark, N. J. Experiments 
were done with an X-band Varian spectrometer (Model 
V-4502) provided with a TEm mode dual cavity. A 
wave meter was used to measure the correct frequency 
and 1,1-diphenylpicrylhydrazyl (DPPH) was used in the 
reference cavity as a standard for g measurements. 

The esr spectrum of vacuum-outgassed ZnO at 
— 195°, shown in Figure IA, primarily consists of a 
signal, a t g ^ 1.96 (AH = 7.6 G) which is variously 
assigned to Zn+ ions,1,2 oxide ion vacancies,3 or to con
duction electrons.4 Following treatment with excess 
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