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Abstract: A molecular model has been synthesized to determine the hydrogen-bonding strength 
between AT and T in the base triplet, T:AT. A strong preference (>95%) of Watson-Crick mode along 
with 91% hydrogen-bonded conformation is observed in the model compound. The association 
constants of the AT model with l-propyluracil and glutatimide are 15 M "1 and 5.2 M -1, respectively, in 
CDCi 3 at 296 + 0.5 K. Negative cooperativity by pre-existing hydrogen bonds might be involved in the 
intermolecular binding events. © 1997 Elsevier Science Ltd. 

Specific recognition of  double-stranded nucleic acids by the formation of base triplets such as T:AT 

and C+:GC has been extensively studied over many years, l The triple helices are formed by either 

Hoogsteen or reverse Hoogsteen hydrogen bonds in the major groove of the double helical DNA. Even 

though various molecular models have been reported to evaluate intermolecular forces of  base pair or triplet 

formations, 2 little is known the model compound 3 which can determine the strength of hydrogen bonds upon 

forming base triplets between a base pair (AT or GC) and a pyrimidine base (T, U, or C+). The strength can 

not be directly measured by merely mixing of adenine with thymine or guanine with cytosine analogue in a 

nonpolar solvent because predominantly bimolecular 1:1 complexes are formed. Moreover, in a mixture 

solution of adenine and thymine derivatives, four types of 1:1 complexes, Watson-Crick, reverse Watson- 

Crick, Hoogsteen, and reverse Hoogsteen hydrogen-bonding modes, exist in a rapid equilibrium without 

strong preference of any mode. 
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We report here a model compound of Watson-Crick AT base pair, like in DNA, to determine the 

hydrogen-bonding strength between AT and T in the base triplet, T:AT. In order to serve as an elegant A T  

base pair model  in DNA, the model compound must fulfill the following two criteria; i) It must exist in a 

completely hydrogen-bonded state between A and T moieties, ii) The Watson-Crick hydrogen bonds must 

occur. With these in mind, we designed the model system as shown below, in which a Kemp's acid 
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derivative with imide functionality 4 is intramolecularly connected with adenine. Intramolecular connection 

of two hydrogen-bonding partners reduces the translational entropic penalty and thus increases the population 

of the hydrogen-bonded state. Furthermore, preference of Watson-Crick hydrogen bonds could be controlled 

by varying the linkage and aryl surface in the model system. 

Pr O"'" H'NH ~ Pr O 

~ 0  ~Nti~"N__ / ' ~ H O  ~N'~AN 
tA__ N_ / /__/- o 

p, -o po,yo,he, 
a~d ~ linkage spacer 

AT ba,,e pair model I n :  3 

A series of podand hosts were previously prepared for studies of preorganization effects on binding of 

alkali metal cations. 5 Maximum intramolecular hydrogen bonding between imide and adenine moieties was 

found to occur in the tetraethylene glycol-linked host 1 which showed the ratio 82:18 of Watson-Crick and 

Hoogsteen mode with 86% cyclic form. 6 In order to enhance both intramolecular hydrogen bonding and 

Watson-Crick preference, we prepared a new model 2 with naphthalene spacer. Synthesis of 2 is outlined in 

Scheme 1. Commercially available 6-bromo-2-naphthol was reacted with benzyl bromide/K2CO3, then n- 

BuLi/CO2 and H + to give 6-(benzyloxy)-2-naphthoic acid (3) in 63% yield. After treatment of the acid 3 

with SOC12, Curtius rearrangement (activated NaN 3 in toluene, reflux) 7, followed by acetylation 

(Ac20/CH2CI2-1N NaOH) and hydrogenolysis (H2/Pd-C) afforded 6-(acetylamino)-2-naphthol (4) in 43% 

three-step yield. Sequential coupling of tetraethylene glycol ditosylate with 4 (K2CO3/DMF, 29%) and 

adenine (NaH/DMF, 55%) gave the compound 5. Finally, after deactylation in IN HCI/H20-MeOH, the 

resulting amine 6 was reacted with acid chloride 7 to give the desired product 2 (44%). 8 
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i) SOOl2 

Br i) n-BuLi/CO 2 HOOC ~ ~ ~'~ iii) A¢20 AcHN 
ii) H* 3 iv) H2/Pd-C 4 

i) TsO~O/-~OTs N O.,, ~.O ~CI pyridine 

ii) adenine/NaH R H N ~  (~N I ~ N  ÷ P r ~ . ~  pr CH~I, 

5 R = Ac NH 2 Pr 
6 R=H 3 H* 7 

Pr 0 
p r , , ~ / ~  NH NH2 

2 

CDCI3 

Pr H H 0'"' ~'N b 8 P r , ~  NH,,,,N ~'~ N ~" H 
~ 0  H2,,I~N I ' ' ' 'N. /_- 

pT-'o o, 

Structural features of the model compound 2 were characterized by IH NMR spectroscopy. The 

concentration-independent IH NMR signal for the imide NH in 2 was appeared 13.21 ppm at 23 °C in 

CDCI3, which are highly downfield-shifted compared to that (7.42 ppm) for hydrogen-bonding free imide 

NH in the analogous molecule. 4b, 9 In addition, H2 and H8 signals of the adenine ring in 2 are upfield-shifted 
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(AS ~ 0.3 ppm) compared with those in a reference molecule 9, indicating that stacking occurs between 

naphthalene and adenine rings. The chemical shift (13.76 ppm at -40 °C) of completely hydrogen-bonded 

imide NH was obtained by cooling a 2mM solution of 2 in CDCI 3 until no further downfield shift was 

observed. From these limiting values, % cyclic form of 2 as the result of the intramolecular hydrogen 

bonding is estimated to be 91% at 23 °C in CDCI3. The relative population of Watson-Crick v e r s u s  

Hoogsteen type hydrogen bonds was determined by homonuclear NOE difference experiments. Irradiation 

of the imide NH in 2 resulted in 10.5% and < 0.5% enhancements, respectively, in the H2 and H8 of the 

adenine ring, indicating that Watson-Crick mode is strongly predominant (>95%). 

The binding affinities in this study were determined in CDC13 at 296 + 0.5 K by at least duplicated IH 

NMR titrations, in which the host concentration was gradually increased from 0 to 50.0 mM while the guest 

concentration was kept constant (5.00 raM). During the titrations, the guest NH signals were gradually 

downfield-shifted (A~max > 2 ppm) while the imide NH, 1-I2 and H8 signals in 2 remained unchanged. 

Furthermore, the amino (-NH2) proton signal of the adenine ring in 2 is split into two broad singlets by 

cooling up to - 50 °C; one (Ha) signal appears at 6.91 ppm and the other (Hb) at 4.98 ppm. At the same 

temperature, addition of 1-propyluracil (8, - 1 equiv) causes a large downfield shift of the Hb (4.98 to 

5.51ppm) but a negligible change (A~ < 0.03 ppm) in the Ha signal. Finally, in the 1:1 mixture of the host 2 

and 1-propyluracil (8), irradiation of imide NH in 2 gave 8.6% and < 0.5% enhancements, and irradiation of 

uracil NH signal gave 0.34% and 0.73% enhancements, respectively, in H2 and H8 of adenine ring. 10 All of 

these observations indicate that intramolecular Watson-Crick hydrogen bonding is preserved and 

complexation occurs largely via intermolecular Hoogsteen or reverse Hoogsteen hydrogen bonding as shown 

below. The 1:1 complex formations of the hosts 1 and 2 with 1-propyluracil (8) was confirmed by Job's 

plots l 1 which showed maximum complexations at molar ratio 0.5. 
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The association constants (Ka + 5%) of a CDCl3-soluble guest 8 with the hosts 1 and 2 are 19 M -1 

and 17 M -l, respectively, which were obtained by nonlinear squares fitting method of saturation curves of the 

guest NH signals. Since the hosts 1 and 2 exist in 86% and 91% cyclic forms, respectively, with a strong 

preference of Watson-Crick hydrogen bond (82% in 1 and >95% in 2), the association constant, Ka(c), of 

pure cyclic hosts with guest through intermolecular Hoogsteen hydrogen bonds could be estimated by the 

following equations: 

AG°(obsd) = f(ac) x AGO(ac) + f(c) x AGO(c), and thus 

Log Ka(obsd) = f(ac) x Log Ka(ac) + f(c) x Log Ka(c) 

where f(ac) and f(c) stand for fractions of acyclic and cyclic forms of the hosts, and Ka(obsd) for observed Ka 

from titrations, Ka(ac) and Ka(c) for Kas of acyclic and cyclic forms. The value (68 M -l) of Ka(ac) is 
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obtained from titration of  1-pmpyluracil  (8) with a reference molecule 9. From equations described above, 

Ka(c) = 15 + 0.3 M "1 which is - one fourth or fifth of Ka(ac) = 68 M "1. The same trend was observed when 

glutarimide (10) was employed as a guest. The association constants of 10 with the host 2 and the reference 

9 are 6.0 M -1 and 24 M -l, respectively, and thus Ka(c) = 5.2 M "1. Previous studies 2a,12 have demonstrated 

that the strengths of  Watson-Crick and Hoogsteen hydrogen bonds are almost equal in the bimolecular  1:1 

complexes between adenine and uracil analogues. The calculated Ka(c) values (15 M -1 and 5.2 M "l) are 

smaller than the expected values (34 M -1 for 8 and 12 M -1 for 10) by statistical correction. Any of  steric 

strains between host  and  guest residues could not be noticeable from CPK molecular modelings. Therefore, 

these lower  values suggest  that pre-existing Watson-Crick hydrogen bonding might  exert  a mild negative 

cooperativity 13 on the intermolecular Hoogsteen hydrogen-bonding formations. 

In conclusion,  a model compound for AT base pair in DNA has been synthesized by intramolecular 

connection of  Kemp's  acid derivative with adenine, and the hydrogen bonding strength between AT base pair 

and T(U) nucleobase has been for the first time determined using simple molecular model. 
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