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(CH2) 10CH2C#2CO), 4.34 (d, 2 H, J = 4.5 Hz, H-5ab), 5.22 (m, 1 H, 
H-4), 6.20 (dd, I H , / = 5.7, 2.0 Hz, H-3), 7.40 (dd,V = 5.7, 1.5 Hz, 
H-2); 13C NMR S 14.08 (q, - , CH3), 22.65, 24.25, 29.03, 29.16, 29.31, 
29.38, 29.59, 31.88, 33.08, and 33.89 (t, +, -CH2-) , 62.24 (t, +, C-5), 
80.83 (d, - , C-4), 123.25 (d, - , C-3), 152.32 (d, - , C-2), 172.16 (s, +, 
myristoyl C=O), 173.33 (s, +, C-I). Anal. Calcd for C19H32O4: C, 

Introduction 
Preparation of artificial nucleases has been a most challenging 

topic. Site-selective fission of deoxyribonucleic acids by oxidative 
processes was successfully accomplished.2 Furthermore, artificial 
systems for efficient hydrolysis of ribonucleic acids (RNAs) were 
reported.3"7 However, none of them (except, it is assumed, for 
the conjugates7 using natural enzymes as catalytic sites) could 
mimic the regioselective catalysis of ribonuclease. The enzyme 
selectively cleaves the P-0(2') bond of 2',3'-cyclic phosphate of 
ribonucleotide as an intermediate, providing an RNA fragment 
having the terminal phosphate at the 3'-position.8 

Breslow reported modified cyclodextrins bearing two imidazolyl 
residues as elegant models of ribonuclease.9 Cyclic phosphate 
of 1,2-dihydroxybenzene, a model compound of the intermediate 
in RNA hydrolysis, is regioselectively cleaved. Furthermore, the 
manner of cooperation of the two imidazole residues was inves­
tigated in detail by use of precisely modified cyclodextrins.10 

Recently,11 we succeeded in regioselective cleavage of 2',3'-cyclic 
phosphates of ribonucleosides and ribonucleotides by use of cy­
clodextrins (CyDs) as catalysts.12 The direction of regioselective 
catalysis depends largely on the kind of CyD: P-0(2') bonds are 
selectively cleaved by a-CyD, whereas /3- and 7-CyDs enhance 
P-0(3') cleavage. The regioselective catalysis is ascribed to the 
formation of a complex between CyD and the cyclic phosphates, 
in which the P-0(2') and the P-0(3') bonds are differentiated. 

The present work reveals that both the selectivity and the 
reaction rate for the CyD-induced regioselective cleavage of ri-
bonucleoside 2',3'-cyclic phosphates are further increased by 
cooperation with alkali-metal halides. The cooperative catalysis 
is kinetically and spectroscopically investigated, and a reaction 
mechanism is proposed. 

Experimental Section 
Kinetics. Cleavage of 2',3'-cyclic phosphates of adenosine, guanosine, 

cytidine, and uridine (A>p, G>p, O p , and U>p) was carried out at 30 
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0C and pH 9.5 unless otherwise noted. Reaction mixtures were prepared 
by addition of metal salts to aqueous carbonate buffer solutions (ionic 
strength 0.01 M), followed by adjustment of pH when necessary. The 
rate constant and regioselectivity in the absence of the metal salts were 
evaluated by extrapolation to zero buffer concentration. 

All the reaction vessels and the water were sterilized immediately 
before use, and special caution was taken throughout the experiments to 
avoid contamination of ribonuclease and other nucleases.13 Rate con­
stants of the cleavage as well as ratios (2'/3') of the 2'-phosphate of 
ribonucleoside to the 3'-phosphate in the products were determined by 
periodic analysis with HPLC, as described previously.11 All the reactions 
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showed first-order kinetics, and the 2'/3' ratios were constant irrespective 
of reaction time. 

Spectroscopy of the Reaction Mixture. 1H NMR spectra were mea­
sured in D2O at 30 0C on a Bruker AM-500 spectrometer with 3-(tri-
methylsilyl)propionic-2,2,5,5-rf4 acid (Na salt) as internal standard. 
Absorption spectroscopy on a Jasco Ubest-50 spectrometer and circular 
dichroism spectroscopy on a Jasco J-600 spectrometer were carried out, 
also at 30 "C. 

Equilibrium constant KT for the dissociation of ternary complex [/S-
CyD-Cl"-A>p], formed in the /S-CyD-KCl-A>p or the /3-CyD-LiCl-A>p 
system, was determined by use of the change in absorbance at 260 nm 
in terms of the following equilibria. 

/3-CyD + Cl" = i [/8-CyD-Q-] (1) 
"•a 

/3-CyD + A>p ^ [/3-CyD-A>p] (2) 

[/3-CyD-Cl"] + A>p ^=2 [/3-CyD-Cl--A>p] (3) 

KC\ and KB are the equilibrium constants for dissociation of the complex 
between /3-CyD and Cl" ion and of the binary complex between /S-CyD 
and A>p, respectively. 

The value of Ka was independently determined by absorption spec­
troscopy, taking advantage of the competitive inhibition by NaCl of the 
complex formation between /3-CyD and l-(4'-nitrophenylazo)-2-
hydroxy-6-naphthalenesulfonic acid according to the literature.14 The 
dye was synthesized by the usual azo coupling technique. The KB value 
was obtained previously (0.026 M at 30 0C)."" 

Under conditions where [/S-CyD]0 » [A>p]0 and [KCl or LiCl]0 » 
[A>p]0, eq 4 holds and, thus, eq 5 is obtained. The subscript 0 refers 

[/3-CyD-Cl--A>p] = [A>p]0\l/KAKa + [Cr]0)/[Cr]0 X 
1/[/8-CyD]0 + 1 + KTKa/KB[Cl-]0\ (4) 

[A>P]0/A</ = i/(£T - £A)(A:T(A:C1 + [ci-]0)/[ci-]0 x 

1/[/3-CyD]0 + 1 + KTKa/KB[C\-]0) (5) 

to the charged concentration, and Ad is the observed change in absor­
bance. cT and «A are the molar absorption coefficients of the ternary 
complex and A>p, respectively. Concentration of the binary complex 
[/3-CyD-A>p] is sufficiently small under the conditions employed here.15 

The value of KT was determined by best fitting of the experimental results 
(1/Arfvs 1/[/3-CyD]0) to eq 5. 

Kinetic Analysis of the Regioselective Cleavage of A>p by /8-CyD-KCl 
Combination. Partial rate constants k2(c) and fc3(c) for the formation 
of 2'- and 3'-phosphates of adenosine from A>p (P-O(30 and P-0(2') 
cleavage, respectively) in the ternary complex [0-CyD-Cl~-A>p] were 
evaluated by use of eq 6, which was first used by Breslow for the analysis 

Ik3(O - k2(0/R]/F = -Zr3(C) + k2(c)/R (6) 

of a-CyD-catalyzed para-oriented chlorination of anisole.16 F is equi­
librium ratio of A>p in the complexing state to that in the free state. R 
is the ratio of 2'/3' in the product. k2(0 and ZJ3(O are rate constants for 
the formation of 2'- and 3'-phosphates of adenosine from free A>p. 

Results 
Regioselective Cleavage of Ribonucleoside 2',3'-Cyclic Phos­

phates by Combination of /8- or 7-CyD and Alkali-Metal Halide. 
The 2 ' /3 ' ratio in the /3-CyD-induced cleavage of A>p increases 
sharply with increasing concentration of KCl when the concen­
tration of /3-CyD is kept constant at 0.015 M (the open circles 
in Figure 1). The 2 ' /3 ' ratio is 7.8 at [KCl]0 = 3.0 M, whereas 
the ratio without KCl is only 2.2.17 In the absence of both /3-CyD 
and KCl the cleavage is nonselective (the 2 ' /3 ' ratio is 0.8). The 
observed rate constant for the cleavage kobsi increases almost 

(14) Rohrbach, R. P.; Rodriguez, L. J.; Eyring, E. M.; Wojcik, J. F. J. 
Phys. Chem. 1977, 81, 944. 
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quite small (only 0.07 when [Cl"]0 = 3.0 M). Taking this complex into 
consideration hardly affected the resultant JCT values. 

(16) Breslow, R.; Campbell, P. Bioorg. Chem. 1971, 1, 140. 
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probably due to change in the degree of protonation of the transition state: 
the pJfa values of the transition state were estimated to be around 9 and 13. 
Kluger, R.; Covitz, F.; Dennis, E.; Williams, L. D.; Westheimer, F. H. J. Am. 
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Figure 1. Plots of the 2'/3' ratio (O) and observed rate constant feobsd 
(•) vs the concentration of KCl for /3-CyD-induced regioselective 
cleavage of A>p at pH 9.5, 30 0C. The concentration of 0-CyD is kept 
constant at 0.015 M. 

Table I. Regioselective Cleavage of A>p by the Combination of 
/3-CyD and Alkali-Metal Halide" 

metal halide 

KCl 

NaCl 
RbCl 
CsCl 
LiCl 
none 
KBr' 
KP 

rate constant,* 10"4 min"1 

3.3 (0.92) 
2.7C 

13.3 (3.2) 
2.2 (0.81) 
2.2 (0.52) 

23.6 (13.8) 
0.91 (0.28)'' 

11.0(0.91) 
10.0 (0.64) 

selectivity4 (T/ 3') 

7.8 (0.7) 
6.9C 

4.6 (0.7) 
5.8 (0.8) 
5.5 (0.9) 
1.8 (0.9) 
2.2 (0.8)* 
4.3 (0.7) 
1.4 (0.8) 

"pH 9.5, 30 0C; [0-CyD]0 = 0.015 M; [metal halide]0 = 3.0 M. 
'Numbers in parentheses refer to the result for reaction with metal 
halide alone, in the absence of ,8-CyD. c[/3-CyD]0 = 0.10 M. ''In the 
absence of both /3-CyD and metal halide. 

linearly with [KCl]0 (closed circles). Simultaneous increase of 
the regioselectivity (for the P-0(3') cleavage) and the reaction 
rate is also achieved by NaCl, RbCl, and CsCl (Table I). The 
selectivity-increasing activity is in the following order: KCl > 
RbCl > CsCl > NaCl. 

The increase in regioselectivity is ascribed to cooperation of 
the metal halide and /J-CyD, since the metal halide alone in the 
absence of /J-CyD hardly increases the selectivity (the numbers 
in parentheses in Table I). In addition, the rate of cleavage by 
/8-CyD-metal halide combination is larger than the sum of the 
rate catalyzed by /3-CyD alone and that by the metal halide alone. 

The significant effect of halide ion on the cooperative catalysis 
is evidenced by the higher activity of KCl than that of KBr. KF 
exhibited still higher activity than KCl. With KF (3.0 M) and 
/3-CyD (0.001 M), the 2 ' /3 ' ratio was 3.0 and the rate constant 
2.6 X 10"4 min"1. The corresponding values for KCl were 1.5 and 
5.0 X 1O-5 min"1. A quite large 2'/3' ratio (12) was obtained when 
0.01 mmol of /3-CyD was added to 3.0 M aqueous KF solution 
(1.0 cm3). Some /3-CyD precipitated here.18 

In contrast with the promotion of regioselective catalysis by 
all the metal halides previously described, LiCl and KI decrease 
the regioselectivity. Only accelerating effects are perceived (Table 
I). The cooperation with /3-CyD is highly dependent on the kinds 
of both metal ion and halide ion. 

Regioselective P-0(3') cleavage of A>p by 7-CyD was also 
enhanced by KCl. The 2'/ 3' ratios in the presence and the absence 
of 3.0 M KCl were 2.1 and 1.5, respectively: [7-CyD]0 = 0.015 
M. Acceleration by KCl was 1.3-fold. 

(18) Decrease of solubility of /3-CyD is probably associated with the 
salting-out effect of KF. 
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Table II. Partial Rate Constants (IO"4 min"1) for /3-CyD-Induced 
Regioselective Cleavage of A>p in the Presence and the Absence of 
KCl (3.0 M) at pH 9.5, 30 0 C 

kinetic parameter 

*j(c) 
*i(c) 
*j(0 
*3(0 

with KCl 

6.5 
0.45 
0.39 
0.52 

value' 3 

without KCl 

1.6 
0.42 
0.12 
0.16 

"Experimental error in k2(c) and k}(c) values is estimated to be 
around 5%. 

In the /?-CyD-induced cleavage of G>p, C>p, and U>p, KCl 
(3.0 M) showed only acceleration (5.7-, 3.3-, and 3.9-fold at 
[,8-CyD]0 = 0.01 M). The 2'/3' ratios (1.3, 1.0, and 0.7) were 
almost identical with the values for (S-CyD alone, without KCl. 

Effects of Alkali-Earth Metal Chlorides on the 0-CyD-Induced 
Regioselective Geavage of A>p. MgCl2 and CaCl2 remarkably 
accelerated cleavage of A>p in the presence of/3-CyD (0.015 M): 
the rate constants at pH 7.0 with the metal salts (0.5 M) were 
1.7 X 10"4 and 1.8 X 1O-4 min"1 (about 2000-fold acceleration). 
However, regioselective catalysis of /3-CyD for P-0(3') cleavage 
was totally inhibited by these alkali-earth metal chlorides: The 
2'/3' ratios were 0.50 for MgCl2 and 0.51 for CaCl2 either with 
or without /J-CyD. Only the alkali-metal salts exhibited successful 
cooperation with fi- and 7-CyDs. 

Kinetic Parameters in Regioselective Cleavage of A>p by 
Combination of /8-CyD and KCl. The plot of kobsi vs [/3-CyD]0 
in the presence of KCl shows gradual saturation at large con­
centration of 8-CyD. Clearly, a complex between /3-CyD and A>p 
(the ternary complex [/3-CyD-Cr-A>p] as shown below) is in­
volved in the catalysis. 

The plot of [&3(f) - Zc2(Q/.R]/F vs \/R according to eq 6 gave 
a fairly straight line. Partial rate constants for the regioselective 
cleavage, determined from the slope and the intercept, are shown 
in Table II (the middle column). The rate constant k2(c) for the 
formation of adenosine 2'-phosphate (P-0(3') cleavage) from the 
ternary complex is 16.7 times the k2(f) from free A>p. By 
contrast, formation of the 3'-phosphate is slightly slowed by the 
ternary complex formation (&3(c)/fc3(f) = 0.87). As a result, 
formation of the 2'-phosphate from the ternary complex is 14.4 
times as fast as formation of the 3'-phosphate. This corresponds 
to 94% selectivity for the 2'-phosphate. 

For comparison, the corresponding partial rate constants for 
the /S-CyD-induced regioselective cleavage in the absence of KCl 
are also presented in Table II. KCl accelerates the P-0(3') 
cleavage of the A>p, which is complexing with /3-CyD, by 4.1-fold 
(6.5/1.6), whereas the rate constant for the P-0(2') cleavage of 
the complexing A>p is virtually unchanged by KCl. The increase 
of regioselectivity by KCl originates from the large acceleration 
of P-0(3') cleavage of the complexing A>p, with minimal effect 
on P-0(2') cleavage. 

For the P-0(3') cleavage, multiplication of the magnitude of 
acceleration of KCl alone in the absence of /3-CyD (0.39/0.12 
= 3.3-fold) by the value of/3-CyD alone (1.6/0.12 = 13-fold) gives 
a value of 43-fold acceleration. This value, estimated for coop­
erative acceleration by (3-CyD and KCl, is close to the observed 
acceleration (6.5/0.12 = 54-fold) by the combination. For the 
P-0(2') cleavage, however, cooperation is not observed. 

Complex Formation in Regioselective Cleavage of A>p by (9-
CyD-KCl Combination. The Ka value for complex formation 
between (3-CyD and Cl" ion was determined to be 0.5 ± 0.1 M 
by absorption spectroscopy. This value is in reasonable accord 
with the literature value (0.39 M at 25 0C).14 

When A>p was added to aqueous solutions of /3-CyD in the 
presence of KCl (3.0 M), the NMR signals for both H-3 and H-5 
protons of /3-CyD shifted toward higher magnetic field; the limiting 
shifts were 0.046 and 0.091 ppm, respectively. None of the other 
protons of /3-CyD showed an appreciable shift. The upfield shifts 
for the H-3 and H-5 protons, located in the interior of the cavity 
of /3-CyD,12 are ascribed to anisotropic shielding effects of the 
adenine residue19 in the cavity. 

Under the present conditions, about 86% of the /3-CyD forms 
complex with Cl" ion, as estimated from the Ka value. Thus, the 
adenine residue is efficiently included in the cavity of (3-CyD, which 
already accommodates Cl" ion, forming a ternary complex [(3-
CyD-Cl"-A>p], 

Formation of the ternary complex was further confirmed by 
the fact that the absorption of A>p in the 240-270-nm region 
gradually weakened with increasing concentration of /3-CyD, even 
in the presence of KCl (3.0 M). By applying the absorbance 
change at 260 nm to eq 5, the value of K7 was determined to be 
0.011 M. When LiCl (3.0 M) was used in place of KCl, a similar 
change in absorption spectrum was observed and the K7 value was 
0.010 M. 

The circular dichroism spectrum of A>p in the 200-300-nm 
region was unchanged by KCl either in the presence of /3-CyD 
or in its absence. The possibility that KCl alters the distribution 
of syn/anti conformers (with respect to the C-N glycosidic bond) 
of A>p,20 rather than directly assisting the regioselective catalysis 
of 18-CyD, is unlikely. 

Cooperation of KCl with a-CyD for Regioselective P-0(2') 
Geavage of Ribonucleoside Cyclic Phosphates. The regioselective 
catalysis of a-CyD for the P-0(2') cleavage1 la was also promoted 
by KCl, although the magnitude was not remarkable. The ratio 
of the 3'-phosphate to the 2'-phosphate for the cleavage of A>p 
in the presence of KCl (3.0 M) was 2.4, whereas the ratio was 
1.9 in its absence. Note that KCl increased the regioselectivity 
for the formation of the 3'-phosphate here; the effect of KCl is 
entirely the reverse of that in the /3-CyD-catalyzed cleavage of 
A>p (promotion of the formation of the 2'-phosphate). Coop­
eration was also successful for the cleavage of U>p (the 3'/ 2' ratios 
with and without KCl were 3.1 and 2.6, respectively). In the 
cleavages of G>p and O p , however, no increase in regioselectivity 
was perceived. All the a-CyD-induced cleavages were accelerated 
by KCl (1.6-3.0-fold). 

Discussion 
Formation of Ternary Complex from /3-CyD, A>p, and Chloride 

Ion for Regioselective Cleavage. Both 1H NMR and absorption 
spectroscopy have confirmed that the adenine residue of A>p is 
accommodated in the cavity of /3-CyD, which is complexing with 
Cl" ion. This is the first finding of ternary complexing of CyD 
involving halide ion as one of the guest compounds.21 The ternary 
complex is responsible for regioselective catalysis by the /3-CyD-
metal chloride combination. 

Quite significantly, the K7 value (0.011 M with KCl and 0.010 
M with LiCl) for the dissociation of the ternary complex is smaller 
than the KB value (0.026 M)n b of the binary complex [/3-CyD-
A>p]. Interaction between A>p and 0-CyD is promoted by KCl. 

These results are in great contrast to previous findings that 
complex formation between /3-CyD and l-(4'-nitrophenylazo)-2-
hydroxy-6-naphthalenesulfonic acid14 or phenolphthalein22 is 
competitively inhibited by complex formation between 0-CyD and 
Cl" ion. The interpretation that inclusion of A>p into the /3-CyD 
cavity is stabilized by KCl simply through enhancement of apolar 
binding is unacceptable. 

The additional stability found only in the present case should 
originate from some interaction between the adenine residue and 
the Cl" ion in the cavity. The amino residue at the 6-position of 
the adenine probably forms a hydrogen bond with the Cl" ion, 
as schematically depicted in Figure 2. The amino residue serves 
as proton donor, as in the usual Watson-Crick type base pairs.8 

Consistent with this interpretation, the K7 value (0.011 M) for 
the /S-CyD-KCl-A>p system is identical with that (0.010 M) for 
the /3-CyD-LiCl-A>p system within experimental error. Alka-

(19) Giessner-Prettre, C; Pullman, B. Biochem. Biophys. Res. Commun. 
1976, 70, 578. 

(20) Guschlbauer, W.; Courtois, Y. FEBS Lett. 1968, 1, 183. 
(21) Formation of ternary complexes from /3-CyD, alcohols, and aromatic 

guests was reported: (a) Hamai, S. Bull. Chem. Soc. Jpn. 1982, 55, 2721. 
(b) Hamai, S. J. Am. Chem. Soc. 1989, 111, 3954. In addition, 7-CyD forms 
1:2 complexes with guest compounds: Ueno, A.; Moriwaki, F.; Osa, T.; Ikeda, 
T.; Hattori, K. Bull. Chem. Soc. Jpn. 1986, 59, 3109 and references therein. 

(22) Buvari, A.; Barcza, L. Inorg. Chim. Acta 1979, 33, Ll79. 
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Figure 2. Proposed structure of the [/S-CyD-Cl~-A>p] ternary complex. 

li-metal cation has no significant effect on the stability of the 
ternary complex. 

The argument is further supported by the fact that cooperative 
catalysis by the /3-CyD-KCl combination is operative only in the 
cleavage of A>p. G>p has a proton-accepting oxygen atom at 
the 6-position of the nucleic base and is unable to interact with 
the Cl ion in the cavity. O p and U>p are too polar to be 
accommodated in the cavity of (3-CyD, as shown previously." 

The limiting upfield shifts for H-3 and H-5 protons of /3-CyD 
on the formation of the ternary complex (0.046 and 0.091 ppm, 
respectively) are smaller than the values (0.118 and 0.184 ppm)llb 

on the formation of the binary complex [/3-CyD-A>p]. Pene­
tration of the adenine residue into the cavity of /3-CyD in the 
ternary complex is shallower than that in the binary complex. This 
is consistent with the proposed structure of the ternary complex. 

The poorer cooperation of KBr with /3-CyD is associated with 
the smaller electronegativity of Br" ion, which is less favorable 
for proton acceptance from the 6-NH2 group of the adenine 
residue. I" ion, with a still smaller electronegativity and a larger 
ionic radius, competitively inhibits formation of the [|S-CyD-A>p] 
complex required for the regioselective catalysis (see Table I). 

Total suppression by MgCl2 and CaCl2 of the regioselective 
catalysis of /3-CyD is ascribed to inhibition of formation of the 
/3-CyD-A>p complex, as clearly evidenced by absorption spec­
troscopy (data not shown). The divalent alkali-earth metal ions 
strongly bind to the phosphate residue,2324 decreasing the apolar 
character of A>p. The complexes between A>p and the divalent 
ions, which are free from (3-CyD, undergo rapid but nonselective 
hydrolysis. 

Reaction Mechanism of Regioselective Cleavage by CyD-Al-
kali-Metal Halide Combination. Cooperative acceleration by the 
/3-CyD-metal halide combination is ascribed to increase in rate 
constant k{ for the rate-determining formation of pentacoordinate 
phosphorus intermediate. The intermediate, formed from the 
ternary complex [/3-CyD-Cl~-A>p] by nucleophilic attack of 
hydroxide ion or water,25 is decomposed either to the 2'-phosphate 
(by P-0(3') fission) or to the 3'-phosphate (by P-0(2') fission). 

Figure 3 shows a log-log plot between the regioselectivity (2'/ 3') 
and the mean ionic activity coefficient 7±26 of the reaction medium 
(aqueous solution of metal chloride). A fairly linear relationship 
(slope -1.4) is obtained. The increase in regioselectivity by NaCl, 
KCl, CsCl, and RbCl as well as its decrease by LiCl is explainable 
in terms of stabilization of the transition states for the P-0(2') 
and the P-0(3') fission by the media. 

The P-0(3') fission to the 2'-phosphate (rate constant kd2) takes 
place far away from the /3-CyD, and thus almost in the bulk 
reaction medium itself (see Figure 2). The fission is facilitated 
in aqueous solutions of NaCl, KCl, CsCl, and RbCl (3.0 M), since 
partial charge separation (-P+—0(3')_) in the transition state is 
stabilized by media having y± values smaller than l.O.27 In 

(23) Phillips, R. Chem. Rev. 1966, 66, 501. 
(24) Martell, A. E.; Schwarzenbach, G. HeIv. Chim. Acta 1956, 39, 653. 
(25) Kluger, R.; Taylor, S. D. J. Am. Chem. Soc. 1990, 112, 6669. 
(26) Kagaku-Binran Kiso-hen II; Chemical Society of Japan, Maruzen; 

Tokyo, 1975; pp 1196-1197. 
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Figure 3. Log-log plot of the 2'/3' ratio vs mean ionic activity coefficient 
y± of reaction medium for the regioselective cleavage of A>p induced 
by the combination of/3-CyD (0.015 M) and alkali-metal chloride (3.0 
M). 

contrast, 3.0 M aqueous solution of LiCl with y± value larger than 
1.0 (1.16) renders the transition state unstable. 

On the other hand, the P-0(2') fission (rate constant kiy) near 
the apolar cavity of /3-CyD is affected by the metal salt to a lesser 
extent. Local concentration of the metal salt in the apolar case 
is smaller than the value in the bulk medium. 

This interpretation is exactly in accord with the kinetic result 
that the k2(c) value for the P-0(3') cleavage of the A>p com-
plexing with 0-CyD is selectively increased by KCl with k3 (c) 
virtually unchanged (Table II). Formation of the 2'-phosphate 
is greatly accelerated, since k2(c) = kfkdr/(kdr + kdy) and the 
term kd2'j{kd2>

 + ^y) is around 1.0 (kd2, » kdy), In the formation 
of the 3'-phosphate, however, the increase in k{ is mostly com­
pensated by the increase in kd2>: k3(c) = kfkiy/(kd2i + kdy) = 
Mto'/fcdr- I n t h e absence of /3-CyD, the P-0(2') and P-0(3') 
bonds are in similar chemical circumstances, and KCl accelerates 
the cleavages of both bonds almost equally. 

Regioselective cleavage by the /3-CyD-KF combination prob­
ably proceeds via [/3-CyD-A>p] binary complex, since complex 
formation between /3-CyD and F" ion is inefficient. Discrimination 
between the P-0(2') and the P-0(3') bonds in the binary complex 
is enhanced by KF. 

The selective P-0(2') cleavages of A>p and U>p to the 3'-
phosphates by the a-CyD-KCl combination are attributable to 
formation of binary complex between a-CyD and the phosphate. 
a-CyD does not form a complex with the Cl" ion to a measurable 
extent.14 In the complex, the P-0(3') bonds are located near the 
cavity of a-CyD and the P-0(2') bonds are far away from it."a 

The orientation of the five-membered ring of the phosphate residue 
is the reverse of that (P-0(2') bond near the cavity) in the /S-
CyD-A>p complex. KCl preferentially enhances fission of the 
P-0(2') bond, in the same way as described above for selective 
P-0(3') fission by the /3-CyD-metal halide combination. 

Conclusion 
Regioselective catalysis of CyDs for the cleavage of ribo­

nucleoside 2',3'-cyclic phosphates, the simplest form of the in­
termediate in RNA hydrolysis, is greatly enhanced by cooperation 
with certain alkali-metal halides. CyDs differentiate the reaction 
field for P-0(3') fission and that for P-0(2') fission by complex 
formation with the cyclic phosphates, and the metal salt amplifies 
the difference still more. The regioselectivity by a-CyD is in the 
same direction as the specificity (P-0(2') cleavage) exhibited by 
natural ribonuclease, whereas that by /3- and 7-CyDs is in the 

(27) According to electrolyte theory, a transition state involving total 
charge separation is stabilized, with respect to the state formed in ideal 
solution, by the amount -2V?7"ln (7±) when formed in a medium of mean ionic 
activity coefficient y±. 



1074 J. Am. Chem. Soc. 1992, 114, 1074-1080 

reverse direction. This is, to our knowledge, the first report of 
the remarkable cooperation of CyD catalysis with salt effect for 
highly selective reactions. 

The present success in simultaneous improvement of both re-
gioselectivity and reaction rate should be significant for the further 
development of artificial ribonuclease. 
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Abstract: The etheno derivatives of nucleic acid bases contain an additional ring and are of interest because of their useful 
fluorescence properties and their potential as mutagenic lesions in DNA. The mechanism of formation from 2-haloacetaldehydes 
is known to involve initial Schiff base formation at an exocyclic nitrogen; however, mechanisms of formation from the more 
relevant 1-substituted oxiranes have not been established. The reaction of M-methyladenosine (5) with 1-chlorooxirane yielded 
the stable carbinolamine 7,8-dihydro-8-hydroxy-9-methyl-3-/3-D-ribofuranosylimidazo[2,l-i']purinium species (10), consistent 
with initial attack of the N1 atom of adenine at the methylene of 1-chlorooxirane. No products indicative of initial reaction 
at the N6 atom of adenine were found. Reaction of 2,2-dibromoethanol with adenosine or cytidine at pH 9.2 yielded 
LA^-ethenoadenosine (1) or 3^V4-ethenocytidine (2), respectively, presumably via the base-catalyzed formation of 1-bromooxirane 
from the bromohydrin. When reactions were done with 2,2-dibromo[l-13C]ethanol, 1 contained label only at C-7 and 2 contained 
label only at C-3. A role for 2-bromoacetaldehyde in these reactions was ruled out by the lack of incorporation of deuterium 
from 2H2O into 1 under conditions where the exchange of the methylene protons of 2-bromoacetaldehyde with the solvent 
was relatively rapid. The collective results are most consistent with a mechanism in which the basic endocyclic nitrogen (N1 

of adenine or N3 of cytosine) reacts with the methylene carbon of the 1-halooxirane, and, after ring opening and loss of the 
leaving group, the resulting aldehyde reacts with the exocyclic nitrogen to form the additional ring. 

Introduction 

Etheno-substituted nucleosides were discovered as products of 
the reactions of nucleosides with 2-haloacetaldehydes.1 The 
l.A^-ethenoadenosine (1) and 3,iV4-ethenocytidine (2) derivatives 
have been studied the most extensively, and the fluorescence 

(1) (a) Kochetkov, N. K.; Shibaev, V. W.; Kost, A. A. Tetrahedron Lett. 
1971, 1993-1996. (b) Barrio, J. R.; Secrist, J. A., Ill; Leonard, N. J. Bio-
chem. Biophys. Res. Commun. 1972, 46, 597-604. 

properties of 1 have been of utility in studying the interactions 
of enzymes with their cofactors.2 l.A^-Ethenoguanosine (3), 
A^-ethenoguanosine (4), and a number of other derivatives of 
nucleosides containing the additional etheno ring have now been 
prepared.2,3 These nucleoside derivatives are also of biological 
interest because of their formation in nucleic acids after exposure 
of experimental animals to pro-carcinogens that may be enzy-
matically activated to reactive electrophiles capable of forming 
these derivatives (e.g., vinyl chloride, vinyl bromide, acrylonitrile, 
vinyl carbamate, and ethyl carbamate).4 These compounds have 
all been demonstrated to yield 1 in vitro (in the presence of 
adenosine) after oxidation by cytochrome P-450 enzymes.5 In 
general the A^-U-oxoethyOguanosine adducts are formed in 
considerably greater abundance,6 but the etheno adducts show 

(2) Leonard, N. J. CRC Crit. Rev. Biochem. 1984, 15, 125-199. 
(3) (a) Sattsangi, P. D.; Leonard, N. J.; Frihart, C. R. J. Org. Chem. 1977, 

42, 3292-3296. (b) Marnett, L. J.; Basu, A. K.; O'Hara, S. M.; Weller, P. 
E.; Rahman, A. F. M. M.; Oliver, J. P. J. Am. Chem. Soc. 1986, 108, 
1348-1350. (c) Czarnik, A. W.; Leonard, N. J. J. Org. Chem. 1981, 46, 
815-819. (d) Sodum, R. S.; Shapiro, R. Bioorg. Chem. 1988, 16, 272-282. 
(e) Moschel, R. C; Leonard, N. J. J. Org. Chem. 1976, 41, 294-300. 

(4) (a) Singer, B.; Bartsch, H. The Role of Cyclic Nucleic Acid Adducts 
in Carcinogenesis and Mutagenesis; IARC Scientific Publications: Lyon, 
1986. (b) Bolt, H. M. CRC Crit. Rev. Toxicol. 1988, 18, 299-309. (c) Laib, 
R. J.; Bolt, H. M. Toxicology 1977, 8, 185-195. 

(5) (a) Guengerich, F. P.; Kim, D.-H.; Iwasaki, M. Chem. Res. Toxicol. 
1991, 4, 168-179. (b) Laib, R. J.; Bolt, H. M.; Cartier, R.; Bartsch, H. 
Toxicol. Lett. 1989, 45, 231-239. (c) Eberle, G.; Barbin, A.; Laib, R. J.; 
Ciroussel, F.; Thomale, J.; Bartsch, H.; Rajewsky, M. F. Carcinogenesis 1989, 
10, 209-212. (d) Guengerich, F. P.; Geiger, L. E.; Hogy, L. L.; Wright, P. 
L. Cancer Res. 1981, 41, 4925-4933. 
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