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A General Scheme Based on Empirical Increments for the Prediction 
of Hydrogen-Bond Associations of Nucleobases and 
of Synthetic Host - Guest Complexes 
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Abstract: Association energies AG, in 
chloroform, in part also in carbon tetra- 
chloride, were determined by NMR titra- 
tions of suitably substituted nucleosides 
and several synthetic analogues. Based on 
these and on many literature data, two 
simple free energy increments were 
derived describing the AG, values of 58 
complexes within 1.8 kJmol-'. With 
chloroform as solvent the increment for 
the primary interaction between donor 
and acceptor is 7.9 kJmol-', for the sec- 
ondary one 2.9 kJ mol- I ,  irrespective of 

whether the latter is attractive or repul- 
sive. Addition of only 1 % methanol to 
CCI, led to a decrease in association con- 
stants by a factor of 25. Calorimetric titra- 
tions of G-C nucleoside derivatives in 
CCI, showed substantial contributions 
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Introduction 

Many natural and synthetic supramolecular complexes owe 
their organization to the presence of neighbouring hydrogen- 
bond donor and acceptor functionalities at complementary 
sites."] The central role of base pairing in nucleic acidsl2] has led 
to countless the~retical '~] and, to a lesser degree, experimental 
studies[41 of the association energies involved. It is known that 
exchange of nucleobases can drastically alter double-helical 
structure~.[~1 The ability to understand and predict stability and 
preferred conformations of such complexes is also important for 
the rational development of exciting new chemical technologies, 
such as antisenset6] and triple-heli~[~' methods, modification of 
nucleic acids by new bases,"] design of antibiotics and peptide 
nucleic acids,t91 and construction of new materials such as 
hydrogen-bonded networks leading to thin films,[101 tubular 
structures[' ' 1  or liquid crystals.['21 Zim1nerman,['~1 Rebek,[l4] 
Hamilton.'L51 Bell.[*61 Anslyn,t'71 and others have demonstrated 
elegant applications of synthetic host compounds with suitably 
arranged hydrogen-bond functionalities for selective complexa- 
tion of a large range of substrates. We wanted to examine experi- 
mental association constants and modes, particularly for nucleo- 
base derivatives, and to explore the possibility of predicting 
stabilities and conformations of such complexes from straight- 
forward, empirically derived increments in the free complexa- 
tion energy AGHB. The extraction of increments for hydrogen 
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from G dimers, in line with NMR titra- 
tions. and surprisingly small decreases in 
entropy. Preliminary NOE measurements 
allowed us to single out some of the pos- 
sible association modes; they are also in 
line with expected self- and triple-associa- 
tion modes of the nucleobases. These 
modes are generally in accord with nucleo- 
base associations predicted by M M  calcu- 
lations in the literature. which in turn 
agree with predictions based solely on the 
increments derived in the present work. 

bonds from sufficiently large experimental data sets has been 
quite successful with simple associations held together by single 
interactions.'"] However, this is the first serious attempt to 
analyse the association of nucleobase and related systems in 
terms of linear free energy relationships. 

Results and Discussion 

Synthetic host -guest complexes and nucleobase analogues: Our 
earlier analyses[lg1 of host -guest complexes containing amide- 
type fragments led to a value of AGHB = 5 1 kJ mol- '' for each 
individual hydrogen bond, that is, a single increment was as- 
signed to each of these bonds, independent of the neighbour- 
hood of other donors or acceptors. Jorgensen et al. showed in a 
series of seminal papers,t3a* b1 based on MM calculations on base 
pairs, that secondary interactions S between neighbouring het- 
eroatoms can provide additional stabilization provided that 
hydrogen-bond donor functions D with their positive partial 
charges are present in one molecule and acceptor functions A in 
the other. Repulsion between diagonally placed functions A and 
D will destabilize the primary hydrogen bond P if both mole- 
cules contain alternating sequences (e.g., AD, DA etc.). 
Scheme 1 illustrates the possible arrangements with the predict- 
ed stabilities in complexes containing an increasing number of 
hydrogen bonds. 

Several host complexes synthesized by Zimmerrr~an,"~] 
A n ~ l y n ~ ' ~ ~  and others have shown that particularly high 

association constants are indeed attainable with nonalternating 
DDD/AAA sequences. We set out to analyze these and new data 
on the basis of as few AG,, increments as possible. Since reports 
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Scheme 1 .  Possible arrangements in hydrogen bonded associations with predicted 
values for AG, (kJmol-') and K (M-') in chloroform. P: primary interaction 
(AG, =7.9 kJmol-I); S: secondary interaction. repulsive or attractive (AG. = 
2.9 kJmol-I). 

of simple AA/DD sequences are scarce, we synthesized the 2- 
methyl-I ,8-naphthyridine (1) as an AA acceptor by literature 
procedures.'201 Complexation constants K of 1 with N,N'- 
dimethylurea (2) in CDCI, to give 3 were measured by NMR 
titrations following established The correspond- 
ing total free energy AG, is shown in Scheme 2 together with 
selected available literature data on related associations. 

- 9.4 

- 10.0 

- 19.8 

- 21.6 

- 20.2 
- 20.0 

Scheme 2. Overview of representative synthetic host -guest complexes used for the 
analyses. with experimental (top numbers) and calculated (bottom numbers) AG, 
values in chloroform. 

Analysis of 64 association constants for 58 different complex- 
es led to the surprising result that only one increment for the 
primary interaction and one for the secondary is needed in order 
to reproduce the correct AG, values. The difference between the 
calculated and the experimental total free complexation energies 
is only k1.8 kJmol-' on average (see Scheme 2). A plot of 
observed versus calculated AGl (Fig. 1) shows a linear correla- 

0 5 10 1 5  2 0  2 5  30 35 40 
AG(ca1c.) [kJ /mol]  

Fig. 1. Experimental vs. calculated free association energies (kJmol-I) for 58 com- 
plexes: correlation coefficient r = 0.913. slope rn = 0.84. 

tion (coefficient r = 0.913) with a slope of m = 0.84. The value 
for the primary interaction (AGp = 7.9 kJ mol- I )  is larger than 
that derived earlier (AG = 5 kJ mol - ') .I191 The earlier analysis 
neglected the repulsive secondary interactions, which were 
more frequent in the smaller data set used there. The fact 
that the increments for the secondary interactions are AGs = 
2.9 kJmol-I, irrespective of whether they are attractive or re- 
pulsive, is in line with their purely electrostatic nature; the Cou- 
lomb energies is then constant, as long as the geometry is similar 
within the limits of these "soft" potentials. The underlying ge- 
ometries are indeed expected to stay within these limits as they 
are essentially determined by at least two stronger primary inter- 
actions in all complexes. We note that absolute values of these 
free energies in solution, which include-obviously close to con- 
stant-solvation contributions, were not obtained in the calcu- 
lations of Jorgensen et al.13a. b1 The increments are expected to be 
almost twice as large if, for instance, carbon tetrachloride is used 
as solvent instead of the hydrogen-bond donor chloroform. 

Bell, Zimmerman et a1.[221 have recently emphasized the im- 
portance of preorganization for effective binding with receptors, 
leading to remarkable affinities even in DMSO-containing chlo- 
roform solutions. The DMSO content makes it difficult to com- 
pare the absolute AG values with our increments; however, 
AG = 30.1 kJ mol-' in CDCI,/ZO% DMSOrZ2] for the best re- 
ceptor with five primary hydrogen bonds and eight secondary 
interactions is not very far from the predicted value of 
AG = 39.5 kJmol-' in pure CDCI,. More importantly, the ef- 
fectiveness of two similar receptors, one with and the other 
without two flexible bonds!221 differs only by the amount pre- 
dicted based on the difference in the number of interactions in 
the two complexes. This indicates significant compensation ef- 
fects are operating, namely, better matching between flexible 
ligand moieties occurs at the expense of higher loss of entropy 
on complex formation. The fact that only two increments are 
sufficient to predict AGl for different functionalities, such as 
O=C-NHR or N=C-NHR (see Scheme 2). must be the result 
of other compensation effects. Most of the complexes contain 
alternating AD/DA sequences; for the more polar amide func- 
tion there is a stronger primary contribution, which is, however, 
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weakened by a larger secondary repulsion. Other compensation 
effects may be due to changes of bond orders that cancel each 
other out. Systematic X-ray or, preferably, neutron diffraction 
studies can be expected to shed light on the different hydrogen- 
bonding modes in such complexes, as might MO calculations 
with large basis sets on the different fragments. The merit of an 
empirical analysis such as the present one is that it provides an 
experimental basis for predictions in solution independent of 
mechanistic reasoning. 

Natural nucleobases: Association constants with natural base 
pairs have previously been measured in chloroformi41 or other 
hydrophobic media,I2* 231 with lipophilic derivatives containing 
mostly aliphatic or cyclic alkyl chains at the heterocycle. As 
noted by Jorgensen et al.,13r* b1 some of these data are probably 
not very accurate in view of the methods available at the time, 
which also often neglected the occurrence of complexes other 
than simple 1 :1  adducts of the Watson-Crick type. We have 
used high-field NMR titrations with modern accumulation 
techniques and nonlinear curve-fitting methods, which over- 
come some of the earlier restrictions. Furthermore, some equi- 
libria were also checked by calorimetric titrations, in collabora- 
tion with the group of Professor Blandamer in Leicester (UK) 
and of Professor Raevsky and Dr. Solov'ev in Chernogolovka 
(Russia). 

As chloroform-soluble substrates we used alkyl-substituted 
nucleobases like 4 and 5 and, for the first time, ribonucleosides 
6-8, which are lipophilic owing to the rerf-butyldimethylsilyl 
(TBDMS) or butanoyl substituents at all sugar OH positions 
(Scheme 3). The syntheses of these compounds, which were also 

4 R E  -(CH2)5-CH3 5 

R=SlMe,tBu(TBDMS) B =  G 7 
O 9 C 8  

d R 
Scheme 3. Structures of the derivatives of natural nucleobases considered in this 
study. 

found to be remarkably stable towards traces of water, are de- 
scribed in the Experimental Section. Such ribonucleoside 
derivatives have, to the best of our knowledge, not previously 
been used, although they have the advantage 1) being closer to 
the natural systems, 2) preventing some of the many different 
association modes,['. '1 and 3) providing additional signals for 
NMR analyses. Additional sfrucfuraf studies by NOE methods 
were found to be necessary for the nucleobases, beyond those 
performed on the synthetic systems dealt with above, as only the 
latter are designed to give only one complex conformation in 
solution. 

NMR t i t r a t i o n ~ ~ ~ ~ l  of A-T base-pair derivatives 4 and 5 in 
CDCI, yielded K values that are close to literature values,"' 
although, in view of the perfect curve fit to a 1 : 1 model, self-as- 

sociation of the single nucleobases (see below) was neglected; 
the AC is essentially in line with the prediction for an AD-DA 
pair (Scheme 4). Titrations with the G and C derivatives 7 and 
8 were carried out with various concentration ranges and sol- 
vents (Table 1). As usual the NH signals of both bases were 

H 

AT4 CCI 
- 8.1 - 24.0 

- 10.0 - 23.7 

Scheme 4. Observed (bold) and calculated (italics) AG, values for the Watson- 
Crick base pairs A - T  and G-C. 

affected most by association; they could, however, be followed 
only within concentration ranges too small for a nonlinear curve 
fit. The reason for this is a substantial broadening for both the 
C and G NH, signals, owing to association and exchange with 
residual water as well as to the known restriction of free rotation 
around the C-NH, bond upon c o m p l e x a t i ~ n . ~ ~ ~ ~  The only sig- 
nal that could be observed over the desirable concentration 
ranges of between about 20 and 80% complexation was H-8 of 
the G derivative (Fig. 2). The AG, derived from curve fitting to 
a 1 : 1 association model is again similar to literature 
with other derivatives, and is again close to the predicted value 
for a DDA-AAD pair (Scheme 4). The limiting CIS (complexa- 
tion induced shift) values for the NH protons (Table l), calcu- 
lated from the equilibrium constant K ,  which are derived from 
the titration with the G H-8 signal. show deshielding of up 
to + 1.6 ppm at the end of the titration, which is typical for the 
involvement of such protons in hydrogen bonding. Measure- 

Table 1 .  NMR titrations [a] with the G-C derivatives 7 and 8 and the A-Tderiva- 
tives 4 and 5: equilibrium constants KIM-']. AG, [kJmol-'1 and CIS values [ppm]. 

Complex Solvent Proton K (u) [k] c i s  AG 

A, 
Tl 
GC 

CDCI, 
CDCI, 

[b.e] CDCI, 

GC [c.e] CDCI, 

c, CDCI, 
G, CDCI, 

GC CCI. 
GC CCI, 

+ 1 ~ 0 1 %  MeOH 

NH, 
NH 
NH 
H8 
H8 
NH 
H8 
H8 
H6 

NH 
H8 
H8 
H 8  

NH, 

2.4 (0.2) 
3.5 (1.2) 
~ [dl 
4 .7xIO4(~(1.6xlO4) 

- [dl 
1.6 x 104 [gi 

3.5 x 104 Iq (8.9 x 103) 
1.6x104[~1 
40 irl(12) 

~ lhl 
2.9x 102 [q (120) 
5 x lo4 [i] 
Z x 10' [i] 

3 x 10' [fl  (130) 

(+ 1 .O) IJl 
( + 1.4) IJ l  
f1.61 

-0.13 
f1 .4  
-0.11 
- 0.23 
-0.15 
+1.5 
< 0.06 
-0.04 
-0.21 
-0.14 

-0.25 

-2.2 
-3.1 

- 26.1 
- 24.0 

-25.9 
- 24.0 
-9.1 
- 14.1 

~ 

- 

- 
- 14.0 
- 26.9 
-18.8 

[a] TMS in CDCI, as external reference: T = 29850.1 K ;  water content 5 to 
7.5 mM in CDCL,, 5 mM in CCI, (against internal standard CH,CN). [b] [Gl. 
= 9 . 5 x i 0 - 5 ~ ,  [C]. = 9 . 4 x 1 0 - 6 ~ ,  [GI,,,~ = 3 x 1 0 - 5 ~ ,  [clend = ~ . I ~ ~ I O - + M .  
[c] [GI. = 1 mM, [GI,., = 0.56 mM, [C].., = 4.4 mM. [d] Only observed with excess 
G ;  CIS value determined with 1.2 x loJ scans. [el G NH2 broadened. only observed 
with excess G. [ fJ  Fitting for 1 : 1 model. [g] Fitting for 3 coupled equilibria (GI ,  C,, 
GC). no standard deviation given by the used program. [h] Fitting not convergent. 
[i] Estimated for 290% complexation. [j] Maximum of measured shift change; 
fitted values out of reasonable range. [k] u: standard deviation. 
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ments in CCI, showed an increase in association (Table 1) that 
is smaller than the one observed earlier with related systems,1t91 
perhaps because of the presence of water traces. The extreme 
effect of competiting protic solvents is obvious from one titra- 
tion in which the presence of only 1 vol YO of methanol leads to 
a decrease of the equilibrium constant by an order of magnitude 
(Table 1). 

CaIorirnetric tifrations with nucleobase derivatives in lipophilic 
solvents like carbon tetrachloride have until now rarely been 
carried out. They suffer from the small heat capacity of solvent 
and other technical problems requiring. for example, long mea- 
suring and equilibration times. Microcalorimetric titrations 
with 7 and 8 under the conditions described in the Experimental 
Section yielded a AG, value of 27 1 .O kJ mol- ', which com- 
pares well with the NMR-derived value of 26.9 kJmol-' 
(Table 1). The free enthalpy value A H  = 26 f 1 .O kJ mol- ' was 
almost the same as AC (similar results were obtained in indepen- 
dent titrations with different equipment by Dr. 0. Solov'ev, 
with AC = 26.5f0.5 kJmol-' and A H  = 30f1.0 kJmol-', 
evaluated on the basis of models taking into account the forma- 
tion of G and C dimers, as discussed below). The fact that 
the corresponding entropy contributions are below TAS = 
1 kJ K -  mol- ' is surprising for complex formation in view of 
the absence of substantial solvation effects of the inert carbon 
tetrachloride. A possible explanation is the occurrence of self- 
aggregates before base-pair formation, as well as of many addi- 
tional aggregates between the nucleobases (see below). 

Self-associations and higher aggregates: The fit of the H 8 NMR 
shifts (Fig. 2) already shows a systematic deviation, which is the 
result of neglecting self-associations of the monomers. Using the 

7.92 

7.88  - 
E 
- 7.84 
a 
a 
'a 

7.80 

\ 

\ G-H8 

0 0 0 0 0  0.0001 0 .0002  

[C ]  Mol/l 

Fig. 2. NMR titration with least-squares fit for the G H-8 signal ofthecomplex GC 
(GC derivatives see Scheme 3); in CDCI,, 298 K.  

program CHEMEQUIIz6] a nonlinear least-squares fit based on 
a model involving the dimers GG and CC, in addition to the 
G-C base pair, yielded an equilibrium constant for the G-C 
association (Table 1) which, although somewhat lower than the 
one obtained based on the 1 : 1 model, is in excellent agreement 
with the prediction for the DDA-AAD combination. Self-asso- 
ciation studied by dilution shifts yielded in the case of 8 (CC), 
after a suitable curve fit (Fig. 3). values close to the one obtained 
fonn the G + C titration. Dilution experiments with 4 (A) and 5 
(T) were less conclusive as the simple 1 : 1 model used did not 
sufficiently describe the complex aggregation behaviour under 
the necessary experimental conditions (Fig. 4, Table 1). Esti- 
mates of K, however, based on the measured shift changes and 
simulated nomograms for self-association, were again in line 

8 2 5  1 1 

I %  
I h I 

';;;;H6 

8.10 1 ' 

0.00 0.02 0.04 0 06 
[ C ]  Mol/l 

Fig. 3. NMR titration for the self-association of C (CC) followed by means of the 
C H-6 signal; other conditions see Fig. 2. 

I I 

6.2 I 
g 6.0 
n 
Y - t  

[A]  Mol/l 

Fig. 4. NMR titration for the self-association of A (AA) followed by means of the 
A NH, signal; other conditions see Fig. 2. 

with the predicted values. The available AG values obtained for 
the CC dimer (9.0 kJ) are also in accord with the predicted 
aftinities (10 kJ) for an AD-DA combination. The value for the 
dimer of 7 (GG) and the measured shift change (especially for 
the NH proton, < + 0.06 ppm) does not agree with the struc- 
ture for the postulated most stable dimer with an AA-DD pat- 
tern (Fig. 5). 

0.00 0.02 0.04 0.06 

[C ]  Mol/l 

Fig. 5. NMR titration for the self-association of G (GG) followed by means of the 
G NH2 signal; other conditions see Fig. 2. 

The question of which structures correspond to the G, and C, 
dimers, and to higher aggregates must be discussed against the 
background of all possible nucleobase di- and oligomer struc- 
tures. The expected aggregates with the predicted AG, values are 
listed in Scheme 5. It should be noted that they are essentially 
the same as obtained from MM ~alculations.~~'- '~ Experi- 
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Scheme 5. Important association modes [1,3] of natural nucleobase derivatives. 

mental evidence for the different association modes was until 
now largely restricted to X-ray studies"] in the solid state, 
where extended hydrogen-bond networks containing many 
single bases are of course much more likely than in solution, 
where they are disfavoured for statistical reasons. For this rea- 
son and in view of some obvious deviations between experimen- 
tal and predicted AG, for the natural nucleobase derivatives, 

/ 
R H 

CGI 

GG3 
R 

cG4 

i H 

P 

CCI 0 Gc2 

N 
I 

I ; t  

! I  
I I  

R 

c c 3  

some preliminary NOE measurements were carried out in the 
present study. Large relaxation times 7Y and saturation transfer 
effects, also to the solvent, led us to apply only steady-state 
NOEDIFF  technique^,'"^ which do, however, already allow 
some of the association modes to be singled out. Most of the 
observed intermolcular NOES were either very small or negative 
as consequence of the molecular weight of the aggregates and 
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their slow tumbling time. It is possible that the size of the NOE 
does not reflect the populations of the different possible aggre- 
gates; in particular, those with short intermolecular distances 
may be overemphasized. 

The NOE spectrum of the GC base pair showed clear evi- 
dence not only for the expected strong Watson-Crick base pair- 
ing, but also for the presence of a trimer. This is the consequence 
of Hoogsteen pairing with another G (Scheme 6), and is visible 

.. 
I H1‘ 

0 

Gc4 

R . N 4 N  

d 
+++  ( C N W N H )  

CG2 
CCI 

Scheme 6. Examples of NO€ in the aggregates GG4 and the triplex G.GC involv- 
ing the Watson-Crick GC base pair. 

in the effects of irradiating G NH, on the G H 8  proton. The 
observed NOES for the GG dimer (Scheme 6) unexpectedly gave 
no evidence for a predominating GG 1 structure (Scheme 5), but 
rather for GG4. Thus, irradiation at G NH, leads to a strong 
negative effect on H 1’. In line with this. the NH protons in 7, 
which would be part of the hydrogen-bond system in GG 1. were 
barely shifted (c + 0.06 ppm). For A and T associations the 
observed NOES were all consistent with the expected[’* 31 Wat- 
son-Crick (ATI, AT2) and/or Hoogsteen (AT3, AT4) pairs. 
Additional intermolecular NOES indicate formation of triplex- 
es,17’ such as A.AT or T.AT. depending on the corresponding 
concentrations. 

Conclusions 

The synthetic host compounds have been designed to give 
unique complex structures with high and selective binding. 
Complexation mode and strength can be predicted in a straight- 
forward manner by using only two increments. The nucleobases 
selected by nature allow many more binding modes including 
self-association. Even so, the same increments derived from the 
synthetic complexes also describe Watson -Crick base pairs 
with high accuracy, and, to a lesser degree, the Hoogsteen-type 
of self-associations and of higher aggregates that are predicted 
to be energetically similar“. 31 in lipophilic media. Interaction 

modes of natural nucleobases are unambiguous only in the 
double helix, as a consequence of the chelate effect with the 
many simultaneously interacting bases and stacking forces. This 
also protects the hydrogen bonds from competition by water. 
which-as the experiment with only 1 %  methanol in CCI, 
shows-would totally disrupt recognition. Groove binding of 
the Hoogsteen-type is therefore much weaker, but the results 
indicate that our empirical increments after suitable factoriza- 
tion may apply here too. The preference of triplex formation 
particularly with G.GC components in purine-rich parts of nu- 
cleic acidst7] is also predicted from the secondary interaction 
terms; the same holds for the melting point increase found on 
replacing natural nucleobases by synthetic analogues.[” 

Experimental Section 
General: NMR titrations were performed with Bruker DRX 500 and AM400 sys- 
tems. Solvents were CDCI, (W% D content) or CCI, at 298k0.1 K; external 
reference: TMS in CDCI,. Least-squares fit of the titration curves were performed 
for the 1 : 1 complexes with suitable equations within the program Sigmaplot 5.0 
(Jandel Scientific) using Levenberg- Marquardt algorithms. for other complexes 
with the program Chem-Equi (Dr. V. Solovev. IPAC) using Simplex or MonteCarlo 
routines. 
7‘1 measurements were carried out with degassed samples (freeze- thaw cycle with 
nitrogen) by using published inversion - recovery routines (Bruker programs). NOE 
measurements were performed with the steady-state NOEDIF protocol on degassed 
samples. Integrals. where measurable, were corrected following literature recom- 
mendations [27]. 
Calorimetric measurements were carried out (in Leicester. laboratory of Prof. M. 
Blandamer) with a microcalorimeter system and the program Origin 3.18 from 
Microcal; the solutions (CCI,) were degassed by operation under vacuum. 

Materials: Compounds were either commercially available or prepared according to 
literature procedures,adapted asdescribed below: 1 [ZO], 5[28],4[29],6[30],7[31]. 
8 1311. Preparative TLC (CHClJmethanol 9: 1 ; Macherey-Nagel SIL-G-25 
UVzI.+J66. R, = 0.54) was used to purify 7. The workup procedure for 10 was 
modified according to KBhler 1321. 

2-Metbyl-l,b~phthyridi1~ (1): ‘HNMR (CDCI,. TMS): 6 = 9.06-9.04 (m. 1 H. 
H7),7.42(dd,lH,H6),8.13(dd,lH,H4),7.37(d.J=8.3Hz,H3),8.06(d, 
J = 8.3 Hz. 1 H. H5). 2.80 (s, 3H. CH,). 

%Hexyladenioe(l): 1HNMR([D,]DMS0.TMS):6 = 8.13(s. 1 H.H8), 1.83-1.77 
(m. 2H.B-CH2).8.l2(s. 1H.H2), 1.35-1.18(m.6H). 7.12(brs,2H. NH,),0.83 
( t . J =  6.8Hz. 3H.CH3).4.12(t. J=7.1 Hz,2H,a-CH2);C,,H,,N,(2l9.3):calcd 
C 60.25, H 7.81. N 31.94; found C 60.32. H 7.83, N 31.57. 

1-Hexylthymine(5): ‘H NMR ([D,]DMSO. TMS): 6 =11.16(brs, 1 H, NH), 1.58- 
1.53 (m.2H,B-CH2).7.52(s, 1 H, H6). 1.30-1.15(m,6H).3.60(t,J=7.2 Hz.2H. 
a-CH,). 0.85 (1. J =  6.6H2, 3H. CH,). 1.75 (s. 3H. CH,); C,,H,,N,O, (210.3): 
calcd C 62.83, H 8.63, N 13.32, found C 63.48. H 8.58, N 12.57. 

~ ’ J ’ ~ ’ - T ~ ~ - Q B I I I E o D ~ ~ ~ O ~  6:  ‘H NMR ([DJDMSO. TMS): 6 = 5.52-5.34 
(m,lH,H2).10.73(brs,1H,NH).4.40-4.26(m,3H,H4,HS’/5“),7.91(s,lH, 
H8). 2.37-2.27 (m. 6H. 3-CH,-CO-), 6.52 (brs. 2H. NH,). 1.58-1.48 (m, 6H. 
3-CHz-1. 5.97 (d. I =  6.0 Hz, 1 H. H 1‘). 0.92-0.80 (m, 9H. 3-CH3). 0.81 (I, 
J = 6.0 Hz. H3’); C,,H,.N,O, (490.5): calcd C 53.87, H 5.75. N 14.28, found C 
56.18. H 6.89. N 12.94. 

2’,3’,5’-T+GSilylgO~0~i1~ 7: ‘H NMR (CDCI,, TMS): 6 = 12.0 (brs. 1 H. NH), 
4.5-3.83(m.5H,H2’.H3’,H4‘,H5‘/5”),7.96(s,1H.H8).1.02.0.99.0.92(s,27H, 
9CH3 of fBu), 6.23 (brs, 2H. NH,), 0.23,0.22,0.20.0.19 (s, 12H. 4CH,), 5.89 (d, 
J = 4.2 Hz. 1 H, H 1‘). 0.06 (s. 6H. 2CH,); I3C NMR (CDCI,, TMS): CEO not 
observed. 6 =70.9 (CZ’), 158.7. 152.8, 151.1 (quart guanine-C). 61.7 (CS’), 135.7 
(C8).29.2.18.0,17.6(3quartrBu).87.6(C1‘).25.5.25.3,25.2(9CH3offBu),84.2 
(C4). -3.4. -4.0, -4.2, -4.8, -5.1, -5.5 (6CH,). 75.6 (C3’); C,,H,,N,O,Si, 
(590.0): calcd C 50.89, H 9.40, N 11.87. found C 53.21. H 8.52, N 11.17. 

2‘,3’,5’-Tri-OSiylcytidine 8: ‘H NMR (CDCI,, TMS): 6 = 8.13 (d. J = 9.3 Hz, 
1H,H6),0.93,0.86,0.84(s,27H,9CH,ofrBu),7.10(brs,2H.NH,),0.18,0.11. 
0.09. 0.07 (s. 12H. 4CH,), 5.77 (d, J=1.8Hz. 1H. Hl‘), 0.033. 0.027 (s. 6H, 
ZCH,), 5.64 (d, I =  9.3 Hz. 1 H. H5). 4.08-4.01, 3.77-3.73 (m, SH, H2’ to HS’/ 
5”); ‘’C NMR (CDCI,. TMS): 6 = 165.2 (C6), 83.1 (C4). 25.6. 18.5, 18.0 (3quart 

141.7(C4).69.6(C2’). 93.8(C5). 61.1 (CS’),90.1 (Cl‘), 26.1. 25.9(9CH3 offBu); 
C,.H,,N,O,Si, (550.0): calcd C 52.41. H 10.08. N 7.64, found C 54.40. H 9.15. N 
7.54. 

fBuC), 155.6 (CZ), 76.3 (C3’),-3.6,-4.1,-4.2, -5.0, -53-5.6 (6CH,). 
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