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(kn/kD) observed is the same as that reported for simpler al-
kylbenzenium ions.8,25 

The overall course of the reaction is illustrated in Scheme IV. 
Besides interannular proton transfer, which according to our 
previous studies should operate in [5 + H]+ as WeIl,6,26 a degenerate 
interannular transalkylation equilibrium may occur between the 
primarily formed ir complex 6 and its "tautomer", 6'. In addition, 
however, an ion-neutral complex (7) appears to be involved as 
the central intermediate since the aliphatic chain of [5 + H]+ does 
not allow for a "direct" tert-butyl ion transfer via a geometry akin 
to an SN2 transition state, viz., [arene—C(CH3)3—arene]+.6 Such 
a transition state has been suggested by Kebarle et al.27 for the 
/nfennolecular transalkylation between tert-butylbenzene and 
toluene under high-pressure CI conditions.27'28 We therefore 
believe that complex 7, rather than 6 and 6', is the actual in
termediate in which the hydride abstraction step takes place. 
Hence, the results presented here corroborate the possibility that 
intermolecular gas-phase transalkylation reactions may take place 
via ternary complexes,29 viz., [arene C4H9

+ arene'], as truly 
"disolvated ions".6'9"'11"'18 

We hope that further investigations into complex-mediated alkyl 
ion migrations at the "backbone" of larger aryl-substituted alkanes 
will add further interesting facets to our understanding of the 
behavior of gas-phase ir and ion-molecule complexes. 
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(25) With [a] and [y] representing the fractional attack of the ferf-butyl 
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1JZ[C4H9D'] (i = a or 7), the observed abundance ratios expressed 
as [C4H9H

1']/[C4H9D-] = {[y]/[a])(k„/kD) for [5a + H]+ and as 
[C4H9H«]/[C4H9D>] = ([a]/[y])(kH/k0) for [5b + H]+, [a] = 0.52, [y] = 
0.48, and kH/kD = 1.57. 
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Reagents that cleave RNA by promoting transesterification 
of the phosphate diester linkage of RNA have been the subject 
of several recent studies.1"10 Cleavage of RNA by trans
esterification has many advantages over oxidative cleavage, in
cluding the possibility of religation of fragments, the high degree 
of selectivity for cleavage of RNA over DNA," and the elimi
nation of diffusible oxygen radicals that are often produced in 
metal-ion-promoted oxidative cleavage of nucleic acids. The latter 
two are important advantages because the use of metal complexes 
that promote oxidative cleavage of nucleic acids may result in 
destruction of the ligand or tethered recognition molecule.12 One 
of the most tantalizing applications of RNA transesterification 
catalysts is the possibility of forming more potent antisense oli
gonucleotides by attachment of a catalytic cleaving group.13 An 
antisense oligonucleotide with an attached cleaving group able 
to participate in the catalytic destruction (several copies of mRNA 
per antisense oligonucleotide) of selected sequences of RNA might 
truly be effective in the inhibition of gene expression. To date, 
however, many reagents used to cleave RNA are employed in large 
excess1"5 and catalytic turnover has not been demonstrated. We 
report here the first example of a metal complex (Eu(L')3+) that 
shows catalytic behavior in RNA transesterification at 37 0C and 
neutral pH. In addition, several lanthanide(III) complexes of L1 

(1) Barbier, B.; Brack, A. J. Am. Chem. Soc. 1988, UO, 6880-6882. 
(2) Breslow, R.; Huang, D.-L.; Anslyn, E. Proc. Natl. Acad. Sci. U.S.A. 

1989, 86, 1746-1750. 
(3) (a) Breslow, R.; Huang, D.-L. J. Am. Chem. Soc. 1990, 112, 

9621-9623. (b) Anslyn, E.; Breslow, R. / . Am. Chem. Soc. 1989, / / ; , 
4473-4482. (c) Breslow, R.; LaBeIIe, M. J. Am. Chem. Soc. 1986, 108, 
2655-2659. 

(4) Matsumoto, Y.; Komiyama, M. J. Chem. Soc., Chem. Commun. 1990, 
1050-1051. 

(5) Yoshinari, K.; Yamazaki, K.; Komiyama, M. J. Am. Chem. Soc. 1991, 
113, 5899-5901. 

(6) Stern, M. K.; Bashkin, J. K.; Sail, E. D. / . Am. Chem. Soc. 1990,112, 
5357-5359. 

(7) Modak, A. S.; Gard, J. K.; Merriman, M. C; Winkeler, K. A.; Bash-
kin, J. K.; Stern, M. K. / . Am. Chem. Soc. 1991, 113, 283-291. 

(8) Shelton, V. M.; Morrow, J. R. Inorg. Chem. 1991, 30, 4295-4299. 
(9) Less recent literature contains reports of metal salts that cleave RNA: 

(a) Butzow, J. J.; Eichhorn, G. L. Biopolymers 1965, 3,95-107. (b) Ikenaga, 
H.; Inoue, Y. Biochemistry 1974,13, 577-582. (c) Eichhorn, G. L.; Tarien, 
E.; Butzow, J. J. Biochemistry 1971, 10, 2014-2019. (d) Butzow, J. J.; 
Eichhorn, G. L. Ibid. 1971, 10, 2019-2024. (e) Farkas, W. R. Biochim. 
Biophys. Acta 1967,155, 401-409. (0 Eichhorn, G. L.; Butzow, J. J. Bio
polymers 1965, 3, 79-94. (g) Baumann, E.; Trapman, H.; Fischler, F. Bio-
chem. Z. 1954, 328, 89-96. (h) Dimroth, K.; Witzel, H.; Hulsen, W.; Mir-
bach, H. Ann. Chem. 1959, 620, 94-108. 

(10) Several transfer RNAs as well as self-cleaving RNAs cleave readily 
in the presence of metal ions at 37 0C; a metal-ion-binding pocket probably 
facilitates this process: (a) Brown, R. S.; Hingerty, B. E.; Dewan, J. C; Klug, 
A. Nature 1983, 303, 543-546. (b) Brown, R. S.; Dewan, J. C; Klug, A. 
Biochemistry 1985, 24, 4785-4801. (c) Werner, C; Krebs, B.; Keith, G.; 
Dirheimer, G. Biochim. Biophys. Acta 1976, 432, 161-175. (d) Prody, G. 
A.; Bakos, J. T.; Buzayan, J. M.; Schneider, I. R.; Bruening, G. Science 1986, 
231, 1577-1580. (e) Behlen, L. S.; Sampson, J. R.; DiRenzo, A. B.; Uhlen-
beck, O. C. Biochemistry 1990, 29, 2515-2523. (f) Uhlenbeck, O. C. Nature 
1987, 328, 595-600. (g) Rordorf, B. F.; Kearns, D. R. Biopolymers 1976, 
1491-1504. (h) Dange, V.; Van Atta, R. B.; Hecht, S. M. Science 1990, 248, 
585—588 

(11) Butzow, J. J.; Eichhorn, G. L. Nature 1975, 254, 358-359. 
(12) (a) Chu, B. C. F.; Orgel, L. E. Proc. Natl. Acad. Sci. U.S.A. 1985, 

82, 963-967. (b) Le Doan, T.; Perrouault, L.; Helene, C. Biochemistry 1986, 
25, 6736-6739. 
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Table I. RNA Cleavage by Lanthanide(III) Complexes and Their 
Decomposition in Water at 37 °C 

complex" 

La(L')3+ 

Eu(U)3 + 

Gd(L1)3+ 
Tb(U)3 + 

Lu(L')3+ 

pH 
2.5» (%) 

0.0 
8.0 

18 
23 

100 

DTPAC 

(%) 
100 
20 
36 
63 

100 

ApUp 
cleavage'' (%) 

20 
41 
27 
57 

An A18 

cleavage' (%) 

70 
89 
93 
81 

"Nitrate, or mixed acetate chloride salts; refs 16 and 17. 'Percent 
decomposition after 20.5 h, 0.01 M Ln(L')3+. cpH 7.0, percent de
composition after 20.5 h, 0.01 M Ln(L')3+, 0.02 M DTPA (DTPA = 
diethylenetriaminepentaacetic acid). ''Percent cleavage after 4.0 h, 
490 MM Ln(L')3+, 20 ixM ApUp, pH = 7.15, 0.01 M HEPES buffer, 
0.1 M NaNO3. In the absence of Ln(L')3+, no cleavage was observed. 
'Percent cleavage after 4.0 h, 200 tiM Ln(L')3+, 190 nM A12-A18 

(adenosine concentration), pH = 7.00, 0.01 M HEPES buffer. In the 
absence of Ln(L')3+, observed cleavage was less than 2%. 

that promote transesterification of RNA oligomers are relatively 
robust toward metal release in solution, a property crucial to in 
vivo applications. 

Ln(L1)3* 

Ln = La, Eu, Gd, Tb, Lu 

Several metal complexes have been shown to promote the 
transesterification of simple oligomers of RNA at 37 0C.6,7 

However, in order for a metal complex attached to an oligo
nucleotide to function in vivo, the complex must be inert to release 
of the metal ion if the synthetic nuclease is to arrive intact to 
interact with mRNA. Accordingly, we have searched for metal 
complexes that promote transesterification of RNA at 37 0C and 
that may be inert with respect to metal release. We have chosen 
lanthanide complexes because lanthanide(III) salts are effective 
in promoting phosphate ester hydrolysis14 and transesterification 
of RNA.15 The hexadentate ligand L1 forms complexes with all 
lanthanide(III) ions;16,17 we have examined five of these for their 
resistance to decomposition under a variety of conditions.18,19 

After 3 days at 37 0C and pH 7.0, Lu(L1)3+ had completely 
decomposed, Gd(L1)3* and Tb(L1)3"1" had undergone a moderate 
degree of decomposition (26% and 36%, respectively), and La-
(L1Y+ and Eu(L1)3"1" had undergone little decomposition (8% and 
less than 5%, respectively). Experiments performed under more 
rigorous conditions (see Table I) suggested that Eu(L1)3"1" was 
overall the most inert to metal loss. 

Extensive cleavage of the dinucleotide adenylyl-3',5'-uridine 
3'-monophosphate (ApUp) or of oligomers of adenylic acid 
(A12-A18) was promoted at 37 0C after 4 h by several lanthanide 
complexes (Table I).20 These results are remarkable in view of 

(14) (a) Butcher, W. W.; Westheimer, F. H. J. Am. Chem. Soc. 1955, 77, 
2420-2424. (b) Hay, R. W.; Govan, N. J. Chem. Soc, Chem. Commun. 
1990, 714-715. 

(15) See refs 9f,g and lOg. 
(16) DeCoIa, L.; Smailes, D. L.; Vallarino, L. M. Inorg. Chem. 1986, 25, 

1729-1732. 
(17) Arif, A. M.; Backer-Dirks, J. D. J.; Gray, C. J.; Hart, F. A.; 

Hursthouse, M. B. / . Chem. Soc, Dalton Trans. 1987, 1665-1673. 
(18) Similar studies on Eu(L')3+ were reported at 25 0C: Smith, P. H.; 

Brainard, J. R.; Morris, D. E.; Jarvinen, G. D.; Ryan, R. R. J. Am. Chem. 
Soc. 1989, Ul, 7437-7443. 

(19) Percent decomposition was determined by the use of 1H NMR for 
Eu(L1J3+, La(L1)3*, and Lu(L1)3"1" or by the use of UV-vis spectroscopy for 
Tb(L')3+ and Gd(L')3+. 

Time (hr) 

Figure 1. Plot of catalytic turnovers versus time for the cleavage of ApUp 
by Eu(L1)3+: initial [ApUp] = 2.66 X 10"3 M, [Eu(L1)3+] = 1.20 X ICr4 

M, 3.0 X 10"2 M HEPES buffer, pH 7.10, 37 0C. O, based on [ApUp]; 
• , based on sum of [2',3'-cAMP] and [3'-AMP] products. 

the fact that other hexadentate ligands such as EDTA form 
lanthanide(III) complexes that are completely inactive in RNA 
cleavage under similar conditions. Studies suggest that an overall 
positive charge on the lanthanide complex may be necessary for 
the complex to be active.21 Pseudo-first-order rate constants for 
cleavage of ApUp by 490 nM EU(L1)3+ or OfA12-A18 by 160 uM 
Eu(L1J3+ are 0.14 h"1 and 1.5 h"1, respectively. This rate data 
establishes that Eu(L')3+ is one of the most efficient metal com
plexes to promote transesterification of RNA oligomers at 37 0C 
and neutral pH. Most lanthanide(IH), zinc(II), and lead(II) 
complexes are less efficient in promoting ApUp cleavage,8,21 as 
are several copper(II), nickel(II), and zinc(II) complexes in 
promoting the cleavage of A12-A18 under similar conditions.6,7 

While many organic and inorganic reagents cleave RNA when 
present in excess, cleavage at 37 0C with catalytic amounts of 
compound has not been demonstrated. Catalytic turnover was 
studied with ApUp as substrate because all products are easily 
identified.8 With catalytic amounts of Eu(L1)3+ (120 nM), the 
major products were initially adenosine cyclic 2',3'-monophosphate 
(2',3'-cAMP) and uridine '̂-monophosphate. Small amounts of 
the hydrolysis product adenosine 3'-monophosphate (3'-AMP) 
were observed after several turnovers. At 10-fold or greater excess 
of ApUp to Eu(L')3+, a further increase in dinucleotide concen
tration resulted in no further increase in the rate of trans
esterification. Figure 1 shows data for turnovers per hour versus 
time for the disappearance of dinucleotide or appearance of 
products 2',3'-cAMP and 3'-AMP; the straight line that is observed 
for several turnovers suggests that Eu(L1)3"1" shows good catalytic 
behavior. 

In conclusion, macrocyclic lanthanide complexes (Ln(L1 )3+) 
efficiently promote the transesterification of RNA, and the eu-
ropium(III) complex exhibits true catalytic behavior. Inertness 
of the macrocyclic complex to metal release changes dramatically 
throughout the lanthanide series, and studies are underway to 
better understand the mechanism of dissociation of the lanthanide 
ion and to inhibit this process. Attachment of these complexes 
to oligodeoxynucleotides is in progress. 
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The mechanism of glycoside cleavage is of fundamental im
portance for the chemical manipulation of sugars3 and for an 
understanding of biochemical processes which involve glycosyl 
transfer.4'5 This manuscript describes experiments designed (a) 
to elucidate the preferred site of activation in cleavage of a- and 
i8-glucopyranosides by trapping the oxo-carbenium intermediate(s) 
arising thereby and (b) to determine the final products arising 
from the alternate pathways. 

The site of anomeric activation in glycoside cleavage is a 
contentious issue of long standing.3'6 Early key experiments7 

(appeared to!) establish that activation occurs at the exocyclic 
oxygen, thereby leading to a cyclic oxo-carbenium ion 1 rather 
than to the acyclic counterpart, 4; however, the latter has continued 
to resurface in a wide range of circumstances.8 

Central to the question of the activation site is the issue of the 
relative basicities of the exo and endo oxygens, which is related, 
in turn, to the anomeric effect(s).9,10 The FMO rationalization 
for the latter phenomenon invokes n<r* donation from the oxy-
gen(s) to the Cl-O bond.11 That oxygens which are involved 
in no* donation should be less basic than those not so engaged 
is a seminal intuitive contribution by Deslongchamps.12 An ab 
initio study of dimethoxymethane, carried out in this laboratory, 

(1) We are grateful to the National Science Foundation (CHE 8920033) 
and the National Institutes of Health (GM 41071) for financial support for 
this work. 

(2) Taken from the M.S. Thesis of Donald R. McPhail, Duke University, 
Durham, NC, 1990. 

(3) (a) Lemieux, R. U. Adv. Carbohydr. Chem. 1954, 9, 1. (b) Capon, 
B. Chem. Rev. 1969, 69, 407. 

(4) (a) Sinnott, M. L. In The Chemistry of Enzyme Action; Elsevier: New 
York, 1984; p 389. (b) Sinnott, M. L. In Enzyme Mechanisms; Royal Society 
of Chemistry: London, 1987; p 259. (c) Kirby, A. J. In CRC CHt. Rev. 
Biochem. 1987, 22, 283. (d) Sinnott, M. J. Chem. Rev. 1990, 90, 117. 

(5) Legler, G. Adv. Carbohydr. Chem. Biochem. 1990, 48, 319. 
(6) Lindberg, B. Acta Chem. Scand. 1949, 3, 1154. Asp, L.; Lindberg, 

B. Acta Chem. Scand. 1950, 4, 1446. Lonnberg, H.; Kankaanpera, A.; 
Haapakka, K. Carbohydr. Res. 1977, 56, 111. Lonnberg, H.; Kulonpaa, A. 
Acta Chem. Scand. 1977, 31, 306. 

(7) Banks, B. E. C; Meinwald, Y.; Rhind-Tutt, A. J.; Sheft, I.; Vernon, 
C. A. J. Chem. Soc. 1961, 3240. See also ref b(a) at p 410 for a convenient 
summary of various pieces of evidence in support of exocyclic activation. 

(8) See, for example: Guindon, Y.; Bernstein, M. A.; Anderson, P. C. 
Tetrahedron Lett. 1987, 28, 2225. Guindon, Y.; Anderson, P. C. Tetrahedron 
Lett. 1987, 28, 2485. Gupta, R. B.; Franck, P. W. J. Am. Chem. Soc. 1987, 
109, 655. Post, C. B.; Karplus, M. / . Am. Chem. Soc. 1986,108, 1317. Post, 
C. B.; Dobson, C. M.; Karplus, M. Computer Modeling of Carbohydrate 
Molecules; ACS Symposium Series No. 430; French, A. D., Brady, J. W., 
Eds.; American Chemical Society: Washington D.C., 1990; Chapter 23; this 
is a thorough discussion of the earlier communication. Fleet, G. W. J. Tet
rahedron Lett. 1985, 26, 5073. 

(9) Lemieux, R. U. In Molecular Rearrangements Part Two; de Mayo, 
P., Ed.; Interscience: New York, 1964; p 709. 

(10) Kirby, A. J. In The Anomeric Effect and Related Stereoelectronic 
Effects at Oxygen; Springer-Verlag: New York, 1983. 

(11) Altona, C. Ph.D. Thesis, University of London, London, England, 
1964. 

(12) Deslongchamps, P. In Stereoelectronic Effects in Organic Chemistry; 
Pergamon Press: New York, 1983; p 30. Sinnott, M. L. Adv. Phys. Org. 
Chem. 1988, 24, 113. 
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Table I. Percent Distribution of Products in Acetolysis Reaction 
Mixtures^ 

entry 

i 
U 

Ul 
IV 

v 
Vl 

starting material 

methyl a-D-glucopyranoside 
methyl 0-D-glucopyranoside 
acyl acetal Ua (epimeric) 
acyl acetal 11a (IS) 
acyl acetal Ua (IR) 
dimethyl acetal l ib 

7 

73 
19 
2 
2 
2 

products*' 

8 

18 
5 
tr 
tr 
tr 

9 

8 
48 
46 
46 
47 
66 

10 

tr 
23 
52 
52 
51 
34 

" A 0.1 M solution of anhydrous ferric chloride in acetic anhydride 
was prepared. The "starting material" was dissolved in this solution to 
obtain 0.1 M concentration. It was found that addition of one drop of 
concentrated sulfuric acid reduced the reaction time from 3 to 1.5 h 
without altering the product composition, and this was done routinely. 
'The composition remained unchanged after standing for 7 days. 'The 
composition of each reaction mixture was determined by GLC. 
''Compounds 7-10 were synthesized by known procedures. 7: Wol
fram, M. L.; Thompson, A. Methods in Carbohydrate Chemistry, II; 
Academic Press; New York, 1963; Vol. 2, p 212. 8: Moore, J. A.; 
Dalrymple, D. L.; Rodig, O. R. In Experimental Methods in Organic 
Chemistry; Saunders College Publishing: New York, 1982; p 32. 9: 
Backinowsky, L. V.; Nepogod'ev, S. A.; Shashkov, A. S.; Kochetkov. 
N. K. Carbohydr. Res. 1985, 135, 144. 10 was isolated by column 
chromatography of the product from acetolysis of the /3-glucoside and 
identified by spectral (1H NMR, MS) data. 'The 1H NMR signals for 
H-I of the compounds 7-9 are clearly resolved at 300 MHz: 7 S 6.30 
(d, J1 2 = 3.6 Hz), 8 5.68 (d, J12 = SA Hz), 9a 6.42 (d, Jx 2 = 3.6 Hz), 
9/3 6.09 (s), 10 6.85 (d, J,a = 5.0 Hz). 

has provided support for that postulate by determining the proton 
affinities for oxygens in the GG and GA rotamers to be as shown 
in 5 and 6 (Chart I).13 As indicated by the broken lines, these 
rotamers correspond to axial and equatorial glycosides, respec
tively, and as noted by Lemieux,14 the n<r* donations in 5 are in 
competition. Accordingly, Praly and Lemieux found that for 
/3-glycosides (i.e., 6) the exo anomeric effect was stronger than 
in a-glycosides.15 

In view of these differences in oxygen basicities, a /3-glycoside 
might be expected to be activated on the ring oxygen and react 

(13) Andrews, C. W.; Bowen, J. P.; Fraser-Reid, B. J. Chem. Soc., Chem. 
Commun. 1989, 1913. 

(14) Lemieux, R. U., as quoted in footnote 13 of Booth, H.; Khadhair, A. 
K. J. Chem. Soc, Chem. Commun. 1985, 467. 

(15) Praly, J. P.; Lemieux, R. U. Can. J. Chem. 1987, 65, 213. 
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