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The glycosidic torsion angleø defines the orientation of the
aromatic base with respect to the ribose (RNA) or 2′-deoxyribose
(DNA) moiety in purine and pyrimidine nucleotides. Its knowledge
is a prerequisite in structure determination of nucleic acids. A
number of methods have been developed to determine theø values
using NMR data, of which only the quantitative evaluation of the
interproton NOEs1 and the measurement of three-bond carbon-
proton scalar couplings across the glycosidic bond2-5 have been
widely used.3JC2/4-H1′ and 3JC6/8-H1′ constants can be employed
for quantitative determination ofø, providing the correct Karplus-
type relationship between the scalar couplings andø is known.5-8

A quantum-chemical study reported here shows that, in contrast to
the knowntransto cis ratio of couplings (3JC6/8-H1′(cis) < 3JC6/8-H1′(trans))
for purine nucleosides, the opposite ratio is to be expected for
pyrimidine nucleosides (3JC6/8-H1′(cis) > 3JC6/8-H1′(trans)).9 An analysis
of the FPT-DFT results in terms of canonical MO contributions
suggests that the unusual three-bond coupling may be attributed to
a through-space contribution to3JC6/8-H1′ in thesynorientation that
is very effective for pyrimidine nucleosides and considerably weaker
for purine nucleosides.

Previous experimental studies of the Karplus relationships for
3JC2/4-H1′ and3JC6/8-H1′

5-7 utilized the data covering only relatively
narrow regions ofø. In addition, no experimental data are available
for syn oriented pyrimidines. To overcome these limitations, we
have decided to compare the Karplus curves for purine and
pyrimidine nucleosides using a theoretical approach. While the
results reporting unusual through-space mechanism of spin-spin
scalar interactions are presented in this communication, additional
data and their analysis will be published elsewhere.10 We have
performed a series of3JC2/4-H1′ and 3JC6/8-H1′ calculations for
deoxyadenosine (A), deoxyguanosine (G), deoxycytidine (C), and
deoxythymidine (T) withø varying from-180° to +180°. These
couplings were calculated by a combined SOS-DFPT (for the PSO
and DSO terms) and DFT/FPT (for the FC term) approach as
implemented in the deMon-NMR code.11

Our DFT results show that the C2/4-H1′ interaction is, except
for T, not very sensitive to the base type. For theanti glycosidic
torsion (ø ≈ -120°), its maximal magnitude is between 2 and 2.1
Hz for A, C, G, and 2.7 Hz for T. For thesyn torsion (ø ≈ 60°),
the maximum of3JC2/4-H1′ is between 5.5 and 5.7 Hz for A, C, G
and 6.9 Hz for T. A significant difference between purine and
pyrimidine bases, however, is found for3JC6/8-H1′. While the
maximal C6/8-H1′ interaction in theanti region is only by ca. 0.5
Hz weaker for pyrimidine than for purine (4.3-4.5 Hz for A, G
Versus3.9-4.0 Hz for C, T), in thesynregion the scalar coupling

for pyrimidine is substantially, by about 2 Hz, stronger (5.7 Hz for
C, T versus 3.9 Hz for A, G). For G, this result compares well
with the experiment (cf. Figure 1). The calculated data predict a
novel trend in the case of C, T, for which no NMR results are
available in thesyn region. Although the experimental3JC6/8-H1′
for modified pyrimidine bicyclo nucleosides is close to that for
genuine purine nucleosides,5-7 the bond formation at O2 may
influence3JC6/8-H1′ to an extent that makes the comparison with
genuine pyrimidine nucleosides irrelevant (cf. below).

The most striking feature of Figure 1 is the qualitatively different
dependence of3JC6/8-H1′ on ø when comparing pyrimidine and
purine nucleosides. While3JC6/8-H1′(cis) < 3JC6/8-H1′(trans) for G, the
reversed, much less usual relation12 holds for C. To understand the
behavior of3JC6/8-H1′ in pyrimidine nucleosides, we have decom-
posed the FC term into contributions of pairs of the spin-polarized
molecular orbitals (MOs) and studied them as a function of the
base type.13 Our interest was focused mainly on thesynglycosidic
torsion (ø ) 60°), to which all of the results presented in this
paragraph refer. First, we note that the core orbitals make negligible
(<0.1 Hz) contributions to the studied coupling. Approximately in
the middle of the energy spectrum of the occupied MOs, there is
a broad band of orbitals that give large (up to tenths of Hz), mutually
compensating contributions to3JC6/8-H1′. The corresponding MOs
possess aσH1′-C1′ andσN1-C6/8 character. The compensation of the
contributions is not complete, though, and, for the purine nucleo-
sides, the difference accounts for the key fraction of the observed
coupling. For the pyrimidine nucleosides, however, there are
important additional contributions stemming from the occupied
frontier molecular orbitals (FMOs). For C, the contributions of the
HOMO (10.3 Hz) and the HOMO-1 (-6.9 Hz) add up to a coupling
of 3.4 Hz.14 Figure 2 shows the character of the two FMOs in their
simplified, EHT representation15 that highlights the covalent
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Figure 1. 3JC6/8-H1′ coupling as a function ofø for deoxycytidine (C) and
deoxyguanosine (G). Theoretical results refer to the present work, and
experimental results refer to ref 5.
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character of the bonds involved in the coupling pathway. The DFT-
counterparts of the displayed MOs have qualitatively the same
bonding characteristics; the main quantitative difference is a major
(60%) localization of the HOMO at O2 of the base with important
consequences discussed below. For T, the pair of the significantly
contributing MOs is shifted two levels down in energy, but the
four highest-occupied MOs give the same net contribution (3.4 Hz)
as discussed above for C. On the contrary, the corresponding net
contributions in purines are only 0.8 Hz for G and 0.4 Hz for A.

Note that HOMO and HOMO-1 of C clearly have aπN1-C6
/

character. The relatively small participation of C1′ in these MOs
(0.5%, DFT results) opens the question if the H1′-C6 spin-spin
coupling path mediated by the FMOs passes through C1′ or not.
The net Mulliken spin populations indicate that within the HOMO,
a net “up” spin at H1′ generates comparable amounts of net “down”
spin at N1 and net “up” spin at C6, and somewhat less net “up”
spin at C1′. The spin populations arising from HOMO-1 are of
exactly opposite signs but smaller magnitudes. Therefore, the
distribution of “up” and “down” spin within the HOMO, HOMO-1
pair is qualitatively the same as for HOMO itself. The sign of the
net spin is switched between H1′ and N1 and between N1 and C6,
but not between H1′ and C1′. Thus, the spin transfer from H1′ to
C6 does not follow a sequence of three one-bond coupling steps
H1′-C1′, C1′-N1, N1-C6, where the sign of the spin would be
switched between each of the two coupled atoms. The latter
requirement is, however, fulfilled for the H1′-N1′, N1′-C6
coupling pathway. From this and from the strong dependence of
FMO contributions onø (cf. below), we conclude that the HOMO,
HOMO-1 pair corresponds to H1′-N1-C6 contribution to3JC6/8-H1′
coupling that may have partially through-space character. This
mechanism can be related to the recently introduced NBO-based
interpretation of spin-spin coupling16 in terms of aσH1′-C1′ f

πN1-C6
/ hyperconjugation.17

As a function of ø, the HOMO contribution to3JC6/8-H1′ is
maximized for thesyn orientation displayed at Figure 2 and is
significantly smaller (1.5 Hz) for theanti orientation. However,
the magnitude of the hyperconjugative contribution to3JC6/8-H1′
depends also on the participation of C6/C8 orbitals in the HOMO,
which is for pyrimidines larger than for purines. For purines, the
electron density in the HOMO is withdrawn from C8 to its two
more electronegative neighbors, N9 and N7. This explains the small
through-space contribution and thetrans to cis ratio of 3JC6/8-H1′
for A and G.

Finally, let us estimate the consequence of the deoxycytidine
HOMO shape for the spin-spin coupling in the modified bicyclo
nucleosides (cf. above). This orbital possesses 60% of O2 lone-
pair character and is therefore expected to be involved in a major
orbital interaction upon the bond formation between O2 and a sugar
atom. It may be anticipated that such a bond formation has an
influence on3JC6/8-H1′ to which HOMO largely contributes. Indeed,
our theoretical results (cf. Supporting Information) for experimen-
tally studied uridine bicyclo compounds6 demonstrate that the
smaller3JC6/8-H1′ in the bicyclo as compared to genuine pyrimidine
nucleosides is due to the missing through-space contributions. More
detailed study and parameters of the Karplus equations for
individual nucleosides will be published elsewhere.
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Figure 2. Two highest occupied molecular orbitals of deoxycytidine.
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