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Abstract The study of spin-spin coupling constants across
hydrogen bond provides useful information about configura-
tion of complexes. The interesting case of such interactions
was observed as a coupling across an intramolecular hydrogen
bond in 8-bromo-2',3'-O-isopropylidencadenosine between
the -CH,OH (at 5" proton) group and the nitrogen atom of
adenine. In this paper we report theoretical investigations on
the *"Jyy coupling across the H"-C-O-H-N hydrogen bond
in adenosine derivatives in various solvent models.
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Introduction

NMR spectroscopy has become a valuable tool to study the
variety of cases of hydrogen bonding [1]. The analysis of
NMR spectra allows us to observe coupling constants
across hydrogen bonds ("Jxy) and dihydrogen bonds
(ndey,). The designation nhyy indicates the number of
bonds (n) present between coupled atoms (X,Y) across
hydrogen (h) or dihydrogen bonds (d) [2]. The analysis
allows us to detect inter- and intramolecular interactions and
conformational changes in synthetic and natural compounds
of variable structures [1]. Nucleotide derivatives are interest-
ing because, apart from their biological function, their small
modifications provide compounds which can be applied to
anticancer, antibacterial, and antiviral therapies [3].

Majority of measured and described examples of com-
pounds revealing couplings across hydrogen bond involve
interactions between purine bases and amino acids [1, 4].
An important development of this scientific area has been
done by Dingley and Grzesiek [5] who in 1998 detected a
coupling across a hydrogen bond between adenine and
uracyl (A:U) and guanine and cytosine (G:C) pairs [5].
The couplings such as: *"Jans, s > (N-H--N)
[5-91, s e (N-H--0=C) [10], *Vee, "rn
(F-H---N) have been detected and well characterized in
nucleic acids, nucleotides, and their derivatives [11].

One of the most interesting interactions observed so far
was a coupling across an intramolecular hydrogen bond in
8-bromo-2',3'-O-isopropylideneadenosine (BrOA) between
the -CH,OH (at 5” proton) group and nitrogen atom of
adenine. This coupling was detected in 1986 by Koole et
al. (*"Jyn) in the H"-C-O-H--N fragment of molecule [12]
and was found to be considerably dependent on the
solvent used. In non-polar solvents, such as chloroform
and benzene, the conformation with intramolecular hydro-
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Fig. 1 Molecular structures
of BrOA (8-bromo-2',3'-O-
isopropylideneadenosine),

OA (2',3"-O-isopropylideneade
nosine), and HA

(2' —hydroadenosine)

|
SN

gen bond O-H--N dominates, and this allows to observe
the 4hJNH5n coupling. In polar solvents this intramolecular
hydrogen bond does not exist [12].

In this study correlation of calculated geometry of
structure and spin-spin coupling across H-bond in the 8-
bromo-2',3'-O-isopropylideneadenosine with experimental
values has been done. Since measured NMR parameters are
influenced by solvent, we have focused theoretical model-
ing on intramolecular hydrogen bond in various solvents.

Computational details

The structures of adenosine derivatives were optimized
using the density functional theory (DFT) [13] with the
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B3LYP functional [14] and the standard 6-31G(d,p) basis of
atomic orbitals [15]. The geometry was modeled taking into
account the influence of solvent (chloroform) within the
polarized continuum model [16]. Additionally, for the 8-
bromo-2',3'-O-isopropylideneadenosine -BrOA (Fig. 1la)
the calculations were performed in benzene, acetonitrile,
and dimethyl sulfoxide (DMSO) as solvents. Vibrational
frequencies and thermodynamic properties were calculated
by applying the ideal gas, rigid rotor, and harmonic
oscillator approximations [17]. For all conformers energy
minima were confirmed by frequency calculations. The
initial structure of BrOA was adopted from the Cambridge
Structural Database [18] (refcode BRADOM [19]). Other
conformers of BrOA were designed by a modification of
glycosyl torsion angle and rotation of a -CH,OH. The

Fig. 2 The structures of low energy conformers of BrOA
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Table 1 Values of selected distances (/) in Angstroms, angles (cc), and dihedral angles () in degree for BrOA, OA, HAy, HAg of conformers I

Structure/solvent* Geometrical parameters
Inn Ivo o ANHO Incs INar) TNOCSH(R) Inugs) TNOCSH(S) TC@3)CHCG)0G)
BrOA-I
Gas-B3LYP 1.885 2.862 0.983 172.1 3.639 3.750 62.3 4.649 -179.7 —42.8
Gas-B3PW91 1.854 2.832 0.983 172.8 3.601 3.706 61.5 4.614 179.5 —43.2
CHCl; 1.853 2.833 0.985 173.2 3.608 3.715 62.2 4.620 -179.9 —44.1
CH;CN 1.850 2.828 0.986 173.1 3.614 3.725 62.4 4.624 -179.6 —44.5
DMSO 1.848 2.828 0.985 172.4 3.619 3.737 62.7 4.627 -179.3 —44.5
OA-I
Gas-B3LYP 1.868 2.847 0.984 172.4 3.618 3.700 59.6 4.630 177.6 —42.3
CHCl; 1.849 2.830 0.986 172.9 3.613 3.711 61.0 4.622 179.0 —43.6
HAg -I
Gas-B3LYP 1.878 2.856 0.984 172.3 3.609 4.625 -177.4 3.671 -58.9 442
CHCl; 1.858 2.839 0.986 173.2 3.604 4.617 -177.3 3.678 —60.0 45.8
HAy -1
Gas-B3LYP 1.930 2.888 0.981 164.8 3.689 4.642 156.1 4.083 —86.6 41.2
CHCl; 1.003 2.865 0.983 165.4 3.695 4.632 153.8 4.116 —89.0 44.4

*Gas-B3LYP (B3LYP/6-31G(d,p)); Gas-B3PW91(B3PW91/6-31G(d,p)); Solvent: CHCls, CH;CN, DMSO (B3LYP-(PCM)/6-31G(d,p)).

structure of BrOA was additionally optimized applying the
B3PWO1 [14] potential.

The NMR parameters were calculated using the coupled
perturbed density functional theory (CP-DFT) method by
including the diamagnetic spin-orbit, paramagnetic spin-
orbit, Fermi-contact, and spin-dipolar terms [20]. The
applied B3LYP functional has usually been found to lead
to reasonable agreement with experimental data [21]. The
calculations were performed within NMR dedicated IGLOII
[22] basis set for H, C, N, O atoms and standard atomic
basis set cc-pVTZ [23] (without f orbitals) for bromide
atom. The same solvent models which were employed for
the geometry optimization were also adopted for calculations
of scalar couplings [24]. The additional procedure B3PW91/
6-31G(d,p)//B3PW91/6-311G(d,p) applied by Barfield for
calculations of *"Jyc couplings in selected regions of
peptides [25] was used to verify the applied methods.

The chemical proton shifts were defined in relation to
TMS standard. The shift values for protons in TMS were
computed as a mean value of methyl protons. The proton
shift calculated within B3LYP/6-31G(d,p)//B3LYP/IGLO-II
approach amounts to 31.98 ppm, and agree with 31.97 ppm
determined within the B3LYP-PCM(CHCI3)/6-31G(d,p)//
B3LYP-PCM(CHCI3)/IGLOII scheme. The computations
were carried out using the Gaussian 03 suite of codes [26].

Results and discussion

The investigations of coupling constant *"Jy in 8-bromo-
2'.3'-0-isopropylideneadenosine -BrOA (Fig. la) were

inspired by the experimental study Koole et al. [12], who
indicated the predominant existence of molecular conforma-
tion characterized by intramolecular hydrogen bond, which is
accompanied with the coupling across a hydrogen bond with a
H5(S) proton. This coupling was estimated to be in a range
of 0.2-0.6 Hz. The compound above, was the first moiety
analyzed in this work, the further molecules included
adenine derivatives: OA and HA (Fig. 1b, c) are studied.
The OA (2',3'-O-isopropylideneadenosine) molecule differs
from the parent molecule in that it contains proton in the
place of bromine atom, whereas HA (3’-hydroadenosine)
lacks an isopropylidene bridge. The latter modification
makes the sugar ring more flexible. The structure of HA
also differs from other compounds in chirality, however, this
fact should not influence general conclusions.

Conformational analysis

Since in spectroscopic investigations the distribution of
conformers plays the crucial role, the detailed conforma-
tional analysis was performed for BrOA. Thus, six lowest
energy conformations were determined (Fig. 2). First three
conformers (I-1II) have syn-base conformation, whereas the

OH OH

Base Base

HO
H HO
North sugar (C3-endo-C2-ex0) South sugar (C2-endo-C3-ex0)

Fig. 3 The dynamic two-state equilibrium of N + S pseudorotamers [27]
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Table 2 Values of couplings constants across the hydrogen bond [Hz]

Structure and conformers Solvent*® Coupling across hydrogen bond**
iy (14NH) 217 (14NO) 3hyI4NCS) 4 J14NHSR) 4 JI4NHSS)
BrOA-I Gas-B3LYP —2.76 -3.99 —0.05 —0.04 0.33
Gas-B3PW91 -2.53 -3.60 —0.06 —0.03 0.30
CHCly —2.77 -4.60 —0.06 —0.05 0.33
CH;CN —2.74 —4.75 —0.05 —0.05 0.34
DMSO —2.75 —4.81 —0.05 —0.05 0.34
OA-1 Gas -2.79 -4.20 —0.05 —-0.07 0.33
CHCl -2.76 —4.81 —0.06 —0.06 0.34
HAg-1 Gas —2.77 —4.06 —-0.07 0.32 —-0.05
CHCl; -2.75 —4.54 —0.06 0.33 —0.05
HAN-I Gas -2.59 -3.47 0.04 0.29 —0.01
CHCly -2.59 —4.08 0.06 0.31 —0.08

*Gas-B3LYP (B3LYP/6-31G(d,p)); Gas-B3PW91(B3PW91/6-31G(d,p));

Solvent: CHCl;, CH;CN, DMSO (B3LYP-(PCM)/6-31G(d,p)).

** The calculated value of coupling constant was on '* N isotope. The isotope '* N (spin 1/2) is more useful nuclei in NMR measure than isotope
N (spin 1). The couplings J('* NX) constant is smaller value than J('> NX). The dependence is described by the equation: J('* NX)/J(** NX)=
Y14n/Y158=0.713 (where y means gyromagnetic coefficients of appropriate nucleus).

Table 3 AE (kcal mol™!) and
AG (kcal mol™") for conformers
of BrOA, OA, and HA

*measured values ref. [12].
Boltzman distributions (%) for
BrOA and OA were determined
assuming six structures, while
for HA assuming the existence
of two pseudoconformers

@ Springer

Compound Solvent I I I v v VI
BrOA gas AE 0.00 4.82 6.94 3.42 5.69 7.34
AG 0.00 425 6.24 2.72 4.68 6.13

% 98.9 0.1 0.0 1.0 0.0 0.0
chloroform AE 0.00 423 5.01 2.71 3.35 4.52
AG 0.00 3.23 3.76 1.82 2.08 3.34

% 92.1 (100)* 0.4 0.2 4.2 2.8 0.3
CH;CN E 0.00 3.13 3.92 1.99 2.06 2.82
G 0.00 1.18 1.89 0.87 0.02 1.48

% 40.7(82)* 5.5 1.7 9.3 39.5 33
DMSO E 0.00 3.79 3.90 1.91 2.01 2.83
G 0.37 1.79 2.16 1.48 0.00 1.46

% 30.2(22)* 2.7 1.5 4.6 56.1 4.8
OA gas AE 0.00 5.35 7.4 5.68 7.65 9.44
AG 0.00 5.22 6.67 4.98 5.33 7.39

% 100.0 0.0 0.0 0.0 0.0 0.0
chloroform AE 0.00 4.00 5.09 4.14 5.13 7.11
AG 0.00 3.17 3.89 2.34 2.78 3.81

% 96.5 0.5 0.1 1.9 0.9 0.2

HAg gas AE 0.00 5.55 6.63 6.92 7.38 8.2
AG 0.00 434 5.23 5.04 5.26 5.94

% 97.5 0.1 0.0 0.0 0.0 0.0
HAN AE 2.81 6.41 5.81 5.69 8.05 7.45
AG 2.26 4.69 4.45 425 5.06 6.11

% 22 0.0 0.1 0.1 0.0 0.0
HAg chloroform AE 0.00 4.42 5.09 3.92 5.45 5.41
AG 0.00 3.55 3.76 2.87 3.44 3.34

% 94.9 0.2 0.2 0.8 0.3 0.3
HAN AE 291 5.38 5.94 4.56 5.74 6.77
AG 2.67 3.86 2.54 3.32 3.18 5.33

% 1.0 0.1 1.3 0.4 0.5 0.0
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remaining (IV-VI) are anti-base. They also differ from each
other regarding the position of -CH,OH group, mainly g+
I, 1IV), g- A1, V), ap (I, VI). The conformer I exhibits
single intramolecular hydrogen bond of O-H:--N type
(Table 1). Conformers II and IV posses an intramolecular
hydrogen bonds of O-H:*-O type, in which oxygen atom of
the sugar ring acts as an acceptor of proton. In conformers
I, V, and VI the hydroxyl group does not form any
intramolecular hydrogen bond.

Similar conformers were observed in the case of OA. In
both BrOA and OA the sugar ring is almost planar as a
result of the presence of bridging isopropylidene group.
The structure of HA exhibits an additional effect, which
results in the presence of two major conformers: north (C3'-
endo-C2'-exo0) and south (C2'-endo-C3'exo) (Fig. 3) [27].

The structure of conformers of the HA were computed
for pseudorotamers north HAy and south HAg analogously
to BrOA. The images of conformers OA, HAy and HA; are
shown in the supplementary materials.

4h J coupling constants

In BrOA, coupling constants across the hydrogen bond
were observed in 'H NMR and 'H{'*N} NMR spectra.
Thus, two multiplets resulting from the presence of
diastereotopic protons H5' and H5” were observed in 'H
NMR spectrum by Koole et al. [12]. The doubled doublets
result from spin interactions between H5' and H5" protons
(*Jusms=9.4 Hz) and spin interaction between H4', HS',
and H5" protons (Jaans=1.5 Hz and *Jiups=1.8 Hz).
Additionally, in "H NMR spectrum the broadening of signals
for H5" protons was caused by the coupling with '“N
nitrogen across a hydrogen bond. With regard to the
significant signal broadening caused by the quadrupol
relaxation of *N nucleus, the low resolution of detection
(the frequency of apparatus being 200 MHz) and signal
overlap, it was impossible to determine this coupling constant

and thus it was estimated to lay in the range of 0.2 to 0.6 Hz.

For all the compounds studied *Jxy; coupling constant
across a hydrogen bond was calculated for the conformer I
(Table 2). Theoretical values, which took into account various
solvent models (gas phase, chloroform), are similar to each
other and differ by 0.04 Hz. Calculated values for BrOA fit
well to the experimentally estimated range of 0.2-0.6 Hz.

Coupling constants calculated for BrOA, OA, and HA
are similar to each other and thus indicate that the
substitution has no meaningful effect. The pseudoconfor-
mation of the ring also has little influence on the coupling.
The similarity is therefore due to small structural differ-

ences in geometry of the hydrogen bond O-H---N (Table 1).

The comparison of computed coupling constants found
for H5(S) and H5(R) protons indicates that only one proton
leads to the measurable effect. Koole et al. deduced that

only for N---H-O-C-H atoms lying in the same plane such a
coupling may occur. Theory nicely supports this finding.

1h 2h h .
i o and 2MUne coupling constants

The "™Juu coupling for OH proton was not described,
however, similar "y was detected by Giedroc et al. [28]

H
Iy 1,(CNOC)
H,;C
3o~ N
N N 1
7,(NOCH’)
0—H N\ / NH,
/ N
a) a—=C -
1
a2 3
4h 2
Jyw [Hz] 0.19
0.17 N
0.151 ¢ ¢ ¢ H
* - *
0.13 . . o |1
* *
0.11 * . .
* * .
0.09 . . .
. - -
0.07
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0.06 eogum & " Emg 3
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Fig. 4 The molecular complex of 9-N-methyloadenine and methanol
(). The coupling constants *"ygy as functions: of the T;(CNOC) - b,
T,(NOCH),) -¢, and of the distance /i (B3LYP/IGLOII)
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as an example of couplings across intramolecular hydrogen
bond (O-H---N) between sugar hydroxyl and nitrogen '°N
atom in adenosine of pseudoknot mRNA structure motif
stimulating the frameshifting in ribosome. Determined
coupling constant values 1.7+0.1 Hz, while computed
value for adenosine derivatives was found to be ca.
2.7 Hz. Other possible couplings are 2hJNO and 3hJNC, with
theoretical constants *"Jyo and *"Jyc being in the range
of =3.60 to —4.81 and 0.06 to —0.07 Hz, respectively. The
2h o should be observable although oxygen may cause
difficulties (abundance 0.037%, spin 5/2). The calculated
3h Juc constant possesses very low value, and therefore was
not observed by NMR techniques.

Solvent effect

The analysis of coupling constants determined in various
solvents relates to the conformation of molecule. It was
indicated that the existence of intramolecular O-H--*N
bond formation is more probable in non-polar solvents.
Therefore, calculations were carried out for gas phase
and in chloroform, acetonitrile, benzene, and DMSO
(Table 3).

The data presented in Table 3 show that conformation I
dominates in gas phase and in non-polar solvents. Polar
solvents ensure the existence of higher population of other
structures, with lack of hydrogen bonding. Calculations
confirm the experimental findings. Although, the agree-
ment is not perfect the theory well reproduces the main
trends.

Structural effect

The coupling constant *"Jy; reflects the position of
hydrogen atoms of methyl group with regard to the adenine
ring. The problem was studied using simplified structure as
a model (Fig. 4a).

The rotation of methoxy group involving the T;(C1NOC)
angle indicates that the planar arrangement of N---H-O-C-
H' atoms results in the highest value of *"Jyy; (Fig. 4b). For
H? and H? atoms this correlation is more complex because
hydrogens are out-of-plane of the ring. The conclusion is
additionally confirmed by the analysis of the coupling
variation upon the rotation of methyl group (T,(NOCH")
(Fig. 4c). The coupling constant is the highest for T, equal
to 180 or 0°. Obviously the coupling constant depends on
the distance between proton and acceptor of hydrogen
bond. For H' proton the coupling constant initially
increases and then subsequently decreases. The maximum
lies in the range similar to a typical length of hydrogen
bond (Fig. 4d).

Scalar coupling constants

Couplings across covalent bonds provide valuable infor-
mation about conformation of the molecules. The
investigation was based on experimental coupling con-
stants measured in various solvents. The comparison of
experimental and theoretical values found for vicinal
. 2 2 3 3 .
couplings constants “Juansw), “JH4ns(s)> JH3H4 JHIH2 1S
reported in a Table 4.

Table 4 Values of selected cou-
plings constants [Hz] measured
[12] and calculated by means of

Solvent /Structure

Vicinal coupling constants

various methods 2J H4H5(R) 2] H4H5(S) 3] H3H4 3] H1H2
CHCl,
1 1.24 2.30 0.49 5.21
I 3.26 10.19 2.01 0.94
111 2.29 1.49 6.11 2.48
v 2.17 8.76 6.29 1.94
\ 9.99 457 5.02 2.17
\% 11.0 461 1.18 0.91
Exp** 1.50 1.80 1.20 5.40
DMSO
I 1.32 225 0.44 5.35
I 2.84 10.01 2.02 0.89
111 245 1.38 6.25 2.38
*gglLV;gt(I%l\g/sé ]3311\3;3 y v 1.79 8.54 6.27 201
533LYP-(PCM)/IGLOH),£‘ ref. v 10.02 480 >04 221
[12], *** weighted-average VI 11.07 4.57 1.24 0.82
coupling is quotient coupling Exp** 5.80 5.80 3.00 2.60
(/xy) and Boltzman distribution weighted-average*** 6.75 408 3.46 3.05

of conformers (Table 3).
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In non-polar solvents, such as chloroform, experimental
values of coupling constants ZJH4H5(R), 2JH4H5(S), S Jsnas
3 Juimo are best reproduced for that calculated for structures
I. On the other hand, in the case of polar solvent (e.g.,
DMSO) the best agreement was found for structure V. The
best agreement was observed in the case of the coupling
constant 3JH]H2. This result may be a consequence of
rigidity of the system imposed by the isopropylidene group.
The comparison of experimental and theoretical values of
coupling constants in various solvents indicates that
preferred conformations in polar and non-polar solvents
are different. The values determined within B3PW91/6-31G
(d,p)//B3PW91/6-311G(d,p) approach for the first conform-
€r arc: 2JH4H5(R):1-015 2JH4H5(S):2'145 3JH3H4:0.29,
3JH]H2:4.67 Hz and are similar to results provided by
B3LYP/6-31G(d,p)//B3LYP/IGLOII calculation.

Location of diastereotopic protons — correlation
with experimental results

The analysis of location of diastereotopic protons— H5(R)
and H5(S) was carried out in order to assess the correctness
of the determination of signals and to verify the ability of
theory to predict the chemical shift for this type of protons
[29]. The chemical shifts were determined for structures of
molecules in their global minimum in the gas phase and
chloroform. The calculated values in gas phase were found
to be: dyysry=3.90 and dy5(5y=3.54, whereas in solvent: dys
®=3.96, and by5(5)=3.66 ppm. Corresponding experimen-
tal values are Opsg)=3.95 and Oysi5=3.76 ppm [1]. A
difference between theoretical and experimental values for
structure I and proton H5(R) is equal to 0.01 whereas for
HS5(S) - 0.10 ppm. The results obtained from computations
for conformer A-II are different. H5(R) proton exhibits
smaller shift compared to H5(S) (in gas phase dys(z)=3.36
and Oys)=3.72, in chloroform dys5z)y=3.47 and Oys(s)=
3.73 ppm). The findings above indicate that it is possible to
distinguish between diastereotopic protons only when the
conformation is in the global minimum.

Conclusions

The theoretical studies indicated the possibility to observe
the coupling constants *"Jyy; in adenine derivatives char-
acterized by the (H-C-O-H--N) hydrogen bond. This
coupling can be even detected in systems possessing
sufficient number of possible stable conformations charac-
terized by intramolecular hydrogen bond.

The *"Juy coupling constant was detected in BrOA and
it can be detected in systems appearing in conformations
characterized by intramolecular hydrogen bond of the H-C-
O-H-*N type. Such conditions exist in gas phase and in

non-polar solvents. As expected, the *"Jyy coupling
constant depends on the structural arrangement of H-C-O-
H-N fragment of the molecule. The constant has the
highest value when atoms lay in the same plane and
additionally in the plane of aromatic ring, or at least the
relevant C-H bonds are parallel to the ring. Additionally,
this study has shown that applied solvent models and
Boltzman distribution of conformers allow reliable predic-
tions of coupling constants in solutions.
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