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Abstract: The cooperative action of multiple Cu(ll) nuclear centers is shown to be effective and selective
in the hydrolysis of 2'—5" and 3'—5' ribonucleotides. Reported herein is the specific catalysis by two trinuclear
Cu(ll) complexes of L3A and L3B. Pseudo first-order kinetic studies reveal that the L3A trinuclear Cu(ll)
complex effects hydrolysis of Up(2'—5")U with a rate constant of 28 x 10™* min~* and Up(3'—5')U with a
rate constant of 0.5 x 10™* min~1. The hydrolyses of Ap(3'—5')A and Ap(2'—5')A proceed with rate constants
of 24 x 107* min~* and 0.5 x 10~* min~! respectively. The L3A trinuclear Cu(ll) complex demonstrates
high specificity for Up(2'—5")U and Ap(3'—5')A. Similar studies with the more rigid L3B trinuclear Cu(ll)
complex shows no selectivity and yields lower rate constants for hydrolysis. The selectivity observed with
the L3A ligand is attributed to the geometry of the ligand-bound diribonucleotide which ultimately dictates
the proximity of the attacking hydroxyl and the phosphoester to a Cu(ll) center for activation and subsequent
hydrolysis.

Introduction complexes showing sufficiently high substrate-specificity in
Interest in the hydrolysis of RNA has been rapidly increasing, RNA hydrolysis have been scarce, with only one reported base-

and notable catalysis using lanthanide ions and their complexesS€/ective cleavage of 35 diribonucleotides by HamiltohSuch
has been documentédEurthermore, a number of dinuclédr complexes likely require many sites for substrate recognition.

and trinuclea® metal complexes have been reported, thereby Her'elr), ,\fve”rﬁport that t(;wi trmrl:cllear Cu(!l) co.mplex hOf

demonstrating that the hydrolysis of RNA can be promoted by NIIEN NN?,N- er>1<a[(2-pyr| yk)”E)Tt y]E)l,S,S-tns(arr.}l.n'om.et h

cooperation between multiple metallic centékowever, metal ) enze_nel(3A) shows remarkable substrate-speci |c_|ty In the
hydrolysis of Up(2—5")U compared to Up(3-5)U and in the

* To whom correspondence should be addressed. E-mail: komiyama@ hydrolysis of Ap(3—5)A compared to Ap(2-5)A.8 The
kaOGI-rcast-_;/-tO:j)_/FO-EC-Jp- catalytic activity is not only strongly dependent on the kind of
p Uﬂ:&:g:g gf Tgxgg: phosphodiester linkage, but also on the sequence. The catalysis
(1) (a) Komiyama, M.; Sumaoka, J.; Kuzuya, A.; Yamamoto, Methods by trinuclear Cu(ll) complex ofN,N,N',N',N",N"-hexa[(2-
Enzymol.2001, 341, 455; (b) Komiyama, M.; Sumaoka, @Curr. Opin. ; _ i B _ g
Chem. Biol1998 2, 751; (c) Oivanen, M.; Kuusela, S.;'boberg, HChem. pyndyl)me_thyl] 135 tr_|s(am|nomethyl) 2’4’6 _trlethylbenzene
Eﬁ). 199Ra gfégglééd%?ga\zvi;:kﬁ B. N.l; [éaniger, Ad T, JBas',\nkin,q. KE.’ (L3B), which has restricted molecular flexibility compared to
em. Re. ) ; (€) Pratviel, G.; Bernadou, J.; Meunier, B. ; .
Advances in Inorganic Chemistrgykes, A. G., Ed.; Academic Press: San that of the L3A complex, is also reported. The orgin of
Diego, 1998, Vol. 45, p 251; (e) Williams, N. H.; Takasaki, B.; Wall, M.;  substrate-specificity is discussed in terms of kinetic and
Chin, J.Acc. Chem. Red999 32, 485.

(2) (a) Komiyama, M.; Matsumura, K.; Matsumoto, €hem. Commuri992 spectroscoplc results.
640; (b) Morrow, J. R.; Buttrey, L. A.; Shelton, V. M.; Berback, K. A. . )
Am. Chem. Sod992 114, 1903. Results and Discussion

(3) (a) Young, M. J.; Chin, J. Am. Chem. So&995 117, 10 577; (b) Yashiro, . .
M.; Ishikubo, A.; Komiyama, MChem. Commuri995 1793; (c) Yashiro, Synthesis of the Ligands L3A and L3B.The structures of
Y606 3 Ishikubo, A.; Komiyama, MNucleic Acids, Symp. Ser. tha ligands used in this study are presented in Scheme 1.

(4) (a) Koike, T.; Inoue, M.; Kimura, E.; Shiro, MIl. Am. Chem. Soc1996
118 3091; (b) Ragunathan, K. G.; Schneider, H.Angew. Chem., Int. (7) Liu, S.; Hamilton, A.Chem. Commurl999 587.
Ed. Engl.1996 35, 1219; (c) Molenveld, P.; Kapsabelis, S.; Engbersen, F.  (8) Hydrolysis of phosphoesters by Cu(ll) ion and its complexes were
J.; Reinhoudt, D. NJ. Am. Chem. S0d.997 119 2948; (d) the papers reported: (a) Morrow, J. R.; Trogler, W. Ghorg. Chem1988 27, 3387;
cited in ref 1. (b) Stern, M. K.; Bashkin, J. K.; Sall, E. 0. Am. Chem. S0d.99Q 112

(5) (a) Yashiro, M.; Ishikubo, A.; Komiyama, MChem. Commuril997, 83; 5357; (c) Modak, A. S.; Gard, J. K.; Merriman, M. C.; Winkeler, K. A.;
(b) Molenveld, P.; Engbersen, F. J.; Reinhoudt, DARgew. Chem., Int. Bashkin, J. K.; Stern, M. KJ. Am. Chem. S04991, 113 283; (d) Bashkin,
Ed. Engl.1999 38, 3189; (c) Fritsky, I. O.; Ott, R.; Pritzkow, H.; Kramer. J. K.; Jenkins, L. AJ. Chem. Soc., Dalton Tran993 3631; (e) Burstyn,
R. Chem. Eur. J2001, 1221. J. N.; Deal, K. A.lnorg. Chem.1993 32, 3585; (f) Wall, M.; Hynes, R.

(6) Many enzymes involved in the hydrolysis of phosphoesters possess two or C.; Chin, J. Angew. Chem., Int. Ed. En@993 32, 1633; (g) Deal, K. A;;
more metal ions in their active sites: Seg N.; Lipscomb, W. N.; Hengge, A. C.; Burstyn, J. NJ. Am. Chem. S0d.996 118, 1713; (h) ref
Klabunde, T.; Krebs, BAngew, Chem. Int. Ed. Engl996 35, 2024. 3a.
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Scheme 1. Ligands Used in the Present Study
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Trinuclear ligandL3A was prepared from 1,3,5-tris(bromo-
methyl)benzene and 2;8ipicolylamine. Tris(bromomethyl)-
benzene was prepared by irradiating UV light on a mixture of
1,3,5-trimethylbenzene, N-bromosuccinimide, and benzoyl per-
oxide in carbon tetrachloriceSubsequently, tris(bromomethyl)-
benzene was treated with 2@ipicolylamine, and\,N-diiso-
propylamine in acetonitrile. This yielded the desite3A ligand.
Dinuclear ligandL2 was synthesized in a fashion similar to
L3A, using 1,3-di(bromomethyl)benzene and'Zibicolyl-
amine. TheL3B was prepared by combining 1,3,5-tris(chlo-
romethyl)-2,4,6-triethylbenzeri8 2,2 -dipicolylamine and po-
tassium carbonate in dry acetonitrile.

Formation of Trinuclear Cu(ll) Complexes of L3A and
L3B. WhenL3A was added to an aqueous solution of Cu(ll)
at pH 7.0, a new absorption band appeared between 550 an
800 nm. The absorption maximuimnax was 662 nm. As the
concentration ofL3A was increased, ([Cu(llh] was kept
constant at 1.2 mM), the absorbance for this band linearly
increased until [Cu(INJ[L3A]o = 3, at which point a plateau

/

Q@Q@

was attained. A clear break was observed at the mole ratio 3.

Virtually the same results were obtained for the Cu(BB
system {max = 674 nm). The trinuclear Cu(ll) complexes, of
both the L3A and thelL3B ligands, were formed almost
guantitatively in aqueous solutions. According to a potentio-
metric titration, the [, values of the metal-bound water ligands
in the Cu(IL3A complex are 6.9, 7.4, and 7.8, respectively.
These values are close to each other, and comparable with th
corresponding values for analogous Cu(ll) compleieap-
parently all of the three Cu(ll) ions in this complex are in similar
environments, and the metals act independently in the pH
titrations.

The X-ray structure of a trinuclear Cu(l) complex b3B
has previously been reportétiThe result of the X-ray crystal-

(9) Vogtle, F.; Zuber, M.; Lichtenthaler, R.&hem. Ber1973 106, 717.

(10) Fuson, R. C.; House, H. O.; Melby, L. B. Am. Chem. Sod.953 75,
5954; Kilway, K. V.; Siegel, J. STetrahedror2001, 57, 3615; Hanes, R.;
Anslyn, E.; Kilway, K.; Siegel, J. Submitted to Organic Synthesis.

(11) The K, of the water bound to the Cu(ll) ion in the bipyridine and
terpyridine complexes are 7.0 and 8.08, respectively (ref 8a,d). The water
bound to free Cu(ll) ion has thekp 5.4—6.8: Burgess, JMetal lons in
Solution Horwood, Chichester, 1978.

13732 J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002

Figure 1. View of L3B showing the atom labeling scheme. Displacement
ellipsoids are scaled to the 30% probability level. Hydrogen atoms have
been removed for clarity.

Table 1. Pseudo-first-order Rate Constants (in 10~4 min~1) for the
Hydrolysis of (2'—5")- and (3'—5')-diribonucleotides by the
Trinuclear Cu(I1)/L3A Complex at pH 7.0 and 50°Ca?

linkage
ribonucleotide 2-5 3-5 specificity ¢
UpU 28 (0.6) 0.5(0.7) 56
GpG 0.3(0.2) 0.3(0.4) 1
ApA 0.5(2.0) 24 (6.0) 0.021
CpC 7.0(2.0)

a[Cu(l)]o= 6 and L3A]o = 2 mM. bThe values for the dinuclear Cu(ll)/
L2 complex are presented in parentheses ([Cy(H]6 and L2]o = 3
mM). °The ratio of rate constant for the hydrolysis of3')-diribonucle-
otide to the corresponding value for thé{3')-isomer.

lography on the trinuclear Cu(ID8B complex is presented in
Figure 1. Each of the three 2;@ipicolylamine moieties of 3B
binds one Cu(ll) ion. The angles for N(pyridireCu—
O|\|(aI|phat|c) and N(pyridine} Cu—N(pyridine) are 81.9-83.C°
and 163.5-166.0, respectively. The CuN(aliphatic) distance

is 2.2026-2.034 A, and the CuN(pyridine) distance is 1.967
1.982 A. The structure reveals that each of the threé 3,3
dipicolylamine moieties complexes to one Cu(ll) ion and they
reside on one face of the triethylbenzene scaffold. However,
each of the Cu(ll) binding moieties points away from the interior
of the cavity. This would indicate that there is little flexibility
available in the receptor for the binding of ribonucleotide
substrates.

Hydrolysis of Diribonucleotides by Trinuclear Cu(ll)/L3A
Complex. Table 1 lists the results of diribonucleotide hydrolysis
y the trinuclear Cu(l1)/3A complex at pH 7.0 (50 mM HEPES

uffer) and 50°C. This complex rapidly hydrolyzes Up{2
5)U to a 1:1 mixture of uridine and uridine monophosphate.
Alternatively, Up(3—5)U is hydrolyzed at a significantly slower
rate by this trinuclear Cu(ll) comple®®.The pseudo-first-order
rate constant of the hydrolysis of thé&-%' isomer is 56-fold
larger than that of the'35' isomer. It is interesting to note
that the substrate specificity is reversed in the case of the ApA

(12) Walsdorf, C.; Park, S.; Kim, J.; Heo, J.; Park, K.; Oh, J.; KimJKChem.
Soc., Dalton Trans1999 923.

(13) The intrinsic activities of the'25' diribonucleotides and the-35' isomers
are comparable with each other. Consistently, Up®)U and Up(3—
5')U are hydrolyzed at comparable rates under alkaline conditions and also
in the presence of Mg(ll), Mn(ll), Co(ll), Ni(ll), and Zn(ll): Kuusela, S.;
Lénnberg, H.J. Phys. Org. Chenil993 6, 347.
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hydrolysis. Ap(3—5')A is hydrolyzed with a rate constant that
is 48-fold larger than that of the Ap(25)A substrate.
Therefore, the catalysis is selective with respect to both the type

of phosphodiester linkage and the base sequence. Further, Gp-

(3—-5)G and Gp(2-5)G are not hydrolyzed to a significant
extent, and the '25'/3'—5' specificity is negligible, yet Cp-

(3—5)Cis hydrolyzed at a reasonable rate. Each of the reactions

described proceeds via an intramolecular attack by tHer3
(or 2-OH) of the ribose. This is further confirmed by the fact
that the 2-deoxyribonucleotides are not hydrolyzed to a
measurable extent by this complex. However, the intermediate
2',3-cyclic monophosphates do not accumulate, but are rapidly
hydrolyzed to the final product ribonucleoside monophosphate.
For the purposes of comparison, the results with the dinuclear
Cu(ll) complex of N,N,N',N'-tetra[(2-pyridyl)methyl]-1,3-
bisaminoethylbenzené.2) are also reported in Table 1. In the
hydrolysis of Up(2—5')U, the trinucleal.3A complex is 47-
fold more active than the dinucled2 complex. For Ap(3—
5A hydrolysis, theL3A complex is 4-fold more active than
that of theL2 complex. Both the mononuclear Cu(ll) complex
of N,N-bis[(2-pyridyl)methyl]-(aminoethyl)benzend.1) and
Cu(ll) ion are still less active than the dinuclézr complex415
In the case of the other diribonucleotides, the differences in the
activity between the trinuclear complex and the dinuclear
complex are smaller. This indicates that the presence of the third
Cu(ll) ion in the trinuclear Cu(Il}/3A complex significantly
accelerates the hydrolysis of Up(5')U and Ap(3—5)A.
Catalysis by Trinuclear Cu(ll)/L3B Complex. In contrast
to the efficient and substrate-specific catalyses by trinuclear Cu-
(IN/L3A complex, the trinuclear Cu(ll3B complex demon-
strates lower catalytic activity in the hydrolysis of the diribo-

nucleotide substrates investigated. The pseudo-first-order rate

constants are 0.k 10~ min—! for Up(2—-5)U, 0.1 x 104
min~—! for Up(3—5')U, 0.02x 10~* min~1for Ap(2—5)A, 0.1

x 1074 min~! for Ap(3'—5)A, and 0.1x 1074 min~! for Cp-
(3—5)C. As observed in the catalysis by th8A complex,
Ap(3'—5)A is more susceptible to hydrolysis than is Ap{2
5)A. However, no specificity was observed between Up(2
5U and Up(3—5)U. The ligandL3B is similar in structure to
L3A, the only difference being the restricted motions of the
dipicolylamine moieties that result from the presence of the
alternating ethyl groups on the benzene scaffold. Apparently,
the molecular flexibility inherent in the3A ligand is essential
for the trinuclear Cu(Il)L3A complex to effect efficient and
substrate-specific catalysis.

Kinetic Studies on the Catalysis by Trinuclear Cu(ll)/L3A
Complex. When the [Cu(ll)] is kept constant and the [Cu(#))]
[L3A]o ratio is varied, the rate of Up(25')U hydrolysis results
in a maximum value at a ratio of 3 (open circles in Figure 2).
A similar result is obtained for Ap(3-5')A hydrolysis (closed
circles). At [Cu(I)]/[L3A]o ratios greater than three, the
trinuclear Cu(ll) complex is quantitatively formed in proportion
to the added ligand3A, and the hydrolysis rate monotonically
increases. On further addition 6BA, the fractions of mono-
nuclear and dinuclear Cu(ll) complexes gradually increase,
diminishing the catalytic activity. These results confirm that the

(14) The rate constants for the hydrolysis of Up(3)A and Ap(3—5)U by
the Cu(ll)L1 complex are 3.0< 104 and 1.0x 10-* min~1, respectively.
(15) Hydrolysis of bis(2,4-dinitrophenyl)phosphate by the Cu(ll) complex of
bis(2-pyridyl)methylamine was reported: Young, M. J.; Wahnon, D.;
Hynes, R. C.; Chin, J. Am. Chem. Sod.995 117, 9441.

[Cu(l), / [L3A],
3

2 15

0.5
[L3A], / [Cu(ID]

Figure 2. Plots of the hydrolysis rates of Ug(25')U (open circles) and

Ap(3'—5')A (closed circles) vs the [Cu(llp][L3A], ratio at 56C and pH

7.0: [Cu(ID]o is kept constant at 0.6 mM for Up(25')U and 6 mM for

Ap(3—5)A.

0.006

i
Kps/Min

[Complex] / mM

Figure 3. Dependencies of the hydrolysis rates of Up(@)U (open
circles) and Ap(3-5)A (closed circles) on the concentration of the
trinuclear Cu(Il)L3A complex ([Cu(ll)h: [L3A]o = 3:1) at 50C and pH

7.0: The solid and the dotted lines are theoretical ones calculated by using
the parameters in Table 2.

Table 2. Kinetic parameters for the trinuclear Cu(Il)/L3A
complex-induced hydrolysis of Up(2'—5')U and Ap(3'—5')A at pH
7.0 and 50°Ca

substrate Kear (1074 min~1) K (MM)
Up(2-5)U 27 0.21
Ap(3—-5)A 210 17

a Experimental error is estimated to be around 20%.

catalytic activity is primarily due to the Cu(IDBA complex.
The contributions to the catalysis by the dinuclear Cu(ll)
complex, the mononuclear Cu(ll) complex, and the Cu(ll) ion
are marginal.

As shown in Figure 3, the rate of hydrolysis increases with
increasing concentration of the Cu(UPA complex with
eventual saturatiotf. The values ok.arandKy,, determined from
Lineweaver-Burk plots, are presented in Table 2. Significantly,
the Kiy value for Up(2—5")U hydrolysis is much smaller than
the corresponding value for Ap(35')A hydrolysis, but thek.,
is significantly smaller. Thus, the efficient hydrolysis of Up-
(2—5)U by the trinuclear Cu(II}3A is primarily attributed

(16) Here, thel[3A]o/[Cu(ll)]o ratio is kept constant at 1/3. Note that the complex
formation is almost quantitative, as described in the text.

J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002 13733
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A o HO bonds, these structures are rather rigid because of their ring-
HO OH ci forms. TheL.3A ligand is flexible enough to allow the formation
O~ﬁ’o\ of this substrate-catalyst adduct and the conformational change
f\ N~ O o) required for the catalys®&.By contrast, the rigidity of th&3B
o N/LO OYN\l ligand resulting from the alternating ethyl groups likely gives a
iu N less tightly held substrate-catalyst adduct and reduces the
I\T N—Cu N-CY S efficiency of hydrolysis for both Up(2-5)U and Up(3—5')U.
/J ThelL3B complex is a poor catalyst for promoting the hydrolysis

of all other diribonucleotides.

2',5-UpU/L3A/3Cu(ll . . Lo .
P {h The dinuclealL2 complex is less active in the hydrolysis of

B o Up(2—5)U because only one Cu(ll) ion is available for
HO OH /}3._0 OH complex formation with the uracil moieties. For efficient
/m/o \é é/?,\OH transformation, at least one Cu(ll) ion must bind the phosphodi-
f\N 0 © ester linkage to activate it. These arguments are supported based
o N/Lo OYN\ on the following experiments using Zn(ll) ions which are known
c’u c N | to strongly bind uracif? In the hydrolysis of Up(2-5')U, the
hil N N trinuclear Zn(Il) complex oL.3A is 14 times more active than
AN _J that of the dinuclear Zn(ll) complex df2. For Ap(3—5)A
3 5'-UpU/L3A/3Cu(ll) hydrolysis, hovx{ever, the trinuclear Zn(Il) complex is almost as
] Schemat;c drawings of the adducts between the trinuclear Cu active as the dinuclear Zn(ll) complex.
gllg);/ul_rg,:.complex and variousgdinucleotides: (A) UptB)U and (B) Up- In the case of the hydl’0|y5|_S of Alj_(‘3'.5')A by the trlnuclez.ir
(3-5)U. Cu(Il)/L3A complex, the adenine moieties may hydrophobically

stack with the aromatic groups in th8A ligand, because direct

coordination of adenine to Cu(ll) ion is inefficietk. To
to the strong binding of this substrate to this complex, whereas jaximize the overlap between these apolar moieties and
the largekea value is responsible for the rapid hydrolysis of = giapilize the substrate-catalyst adduct, the trinuclear Cu(ll)
Ap(3—S)A. complex is pulled toward the phosphodiester linkage. This

Possible Mechanisms for Substrate-Specific Hydrolysis.  enables coordination of the third Cu(ll) ion to the phosphodi-

The hydrolysis of Up(2-5)U by the trinuclear Cu(II}/3A ester, activating it for hydrolysis. The hydrolysis of the{3)
complex is characterized by a very smiéjh value (0.21 mM:  isomer is less efficient due to unfavorable steric factéiEhe
Table 2). This value is far smaller than the value (47 mM) for proposed importance of steric factors is supported by the fact
the coordination of 4-nitrophenyl ethyl phosphate to thé-2,2  that the trinuclear Cu(ll)3A complex is less active than the
bipyridine/Cu(ll) complexX®*”Furthermore, it is even smaller  ginuclear Cu(ll)L.2 complex only in this substrate (see Table
than the value (0.63 mN# for the coordination of HPQ?2 to 1). Consistently, both Gp(35)G and Gp(2-5)G are not
Cu(ll) ion, although this dianionic ligand should be more hydrolyzed by this complex despite the f&étthat guanine
favorable for the coordination than is UpU, from the viewpoint  coordinates Cu(ll) ions at N7. The coordination of the guanine

of electrostatic interactions. For the hydrolysis of Ap{8)A, moieties to two of the Cu(ll) ions in the3A complex orient
however, substrate-binding is not promotét, (= 17 mM). the phosphodiester linkage away from the third Cu(ll) ion,
These results indicate that the two uridine residues of UpU are thereby impeding catalytic hydrolysis. Similar recognition of
coordinated to the Cu(ll) ions in the3A complex*® In fact, nucleic bases by dinuclear Cu(ll) complexes was previously
literature precedent substantiates coordination of uracil to Cu- proposed for the hydrolysis of 3 -cyclic monophosphates of
(I1) ion at its N3 aton®? ribonucleosided? The base-selectivities were ascribed to the

The proposed structures of the adducts between UpU andgifference in the strength of hydrogen-bonding and/or stacking
the Cu(ll)L3A complex are schematically depicted in Figure interaction between the complex and the substrate.
4. The third Cu(ll) ion of this trinuclear complex is the catalytic

center. In the adduct of Up(25)U (A), the scissile phosphodi-  (21) This argument does not imply that the conformation in which all the three

ester linkage is located nearer to this Cu(ll) ion than in the dipicolylamine-Cu moieties exist in the same plane with respect to the
, . . central benzene is the most stable one. Rather, the flexible nature of this

adduct of Up(3-5')U (B), simply because the uracil is bound complex allows it to take this conformation for the cooperative catalysis.
- i i According to the molecular modeling, the distance between the phosphorus

to the I-carbon atom of the ribose. Despite many rotatable atom and the third Gu(ll fon in 25 UpUis 8.2 &, which 1s by 0.6

smaller than that in its'3-5' counterpart. For the chemical transformation

(17) TheK,, for the coordination of bis(2,4-nitrophenyl)phosphate to the Cu- in the catalysis, the system should show conformational change to place
(I1) complex of a modified bipyridine-ligand is 13 mM in 19/1 ethanol/ the third Cu(ll) ion closer to the scissile phosphodiester linkage. In this
water mixture; Keéri, E.; Kramer, R.J. Am. Chem. So2996 118 12 704. calculation, the structure of the adduct between the trinuclear Cu complex

(18) Sigel, H.; Decker, K.; McCormick, D. BBiochim. Biophys. Actal 967, and UpU was first optimized under the assumptions that (1) both the two
89, 1987. uracil residues and the phosphate are coordinated to the three Cu(ll) ions,

(19) With regards to these results, the possibility that the third picolylamine- and (2) the coordination modes of these Cu(ll) complexes are square-planar.
Cu moiety in the Cu(ll)/L3A complex simply forces the other two moieties Then, the phosphate was removed from the corresponding Cu(ll), to which
to the same side of the central benzene ring is unlikely. If this were the a water molecule was bound instead. Finally, the whole system was
case, and only one of the three picolylamine-Cu moieties were binding optimized.

UpU (another moiety must function as the catalyst), then the UpU binding (22) The binding constant of uridine(at the N3 atom) to Zn(ll) i$-¥Qdata
by this complex could never be so unusually efficient. from ref 20).

(20) The binding constants for the coordination of uridine (N3) and guanosine (23) According to the molecular modeling study, the distances between the P
(N7) are 16° and 1068, respectively: Biocoordination Chemistry: Co- atom and the third Cu(ll) ion are 4.6 A for Ap35)A and 5.8 A for
ordination Equilibria in Biologically Actie Systemsaman Burger,199Q Ap(2'—5')A, respectively.

Ellis Harwood: New York. The value for adenine is?2®(the coordination (24) Liu, S.; Luo, Z.; Hamilton, A. DAngew. Chem., Int. Ed. Endl997, 36,
site is unclear). 2678.

13734 J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002
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Conclusion filtrated, and recrystallized from chloroform/petroleum ether to needle-
shaped crystals (2.5 g).

To a stirred solution of 1,3,5-tris(boromomethyl)benzene (100 mg,
0.28 mol) in acetonitrile (18 mL), was added 2d2picolylamine (167

A . \ mg, 0.84 mmol) and\,N-diisopropylethylamine (116 mg, 0.90 mmol).
but Ap(3—5)A is overwhelmingly preferred to Ap(Z5)A. The resulting solution was stirred at room temperature overnight, and

Neither Gp(2-5)G nor Gp(3—5)G is hydrolyzed to any  yne solvent was removed to yield a brown product which was purified
extent. This complex is, to the best of our knowledge, the first py silica gel chromatography (acetonitrile/triethylaminea/1 (viv)).
multinuclear metal complex that clearly distinguishes between 14 NMR (500 MHz, CDC} / TMS) 6 8.50 (d,J = 5.0 Hz, 6H, Py-
2'—5' phosphodiester linkages ant-%' phosphodiester link- He), 7.54-7.59 (m, 12H, Py- H,), 7.36 (3H, BzH), 7.11 (m, 6H,
ages. The corresponding dinuclear Cu(ll) complek@&hows Py-Hs), 3.81 (12H, NGi;Py), 3.68 (6H, NE&i;Bz); 3C NMR (125.6
little substrate-specificity, indicating that three Cu(ll) ions are MHz, CDCL/TMS) 6 159.9, 149.0, 139.2, 136.3, 128.0, 122.7, 121.9,
necessary. The data reported herein demonstrates that th&0.2, 58.7.

cooperation of several metal ions in multinuclear metal com-  (2) N,N,N’',N',N",N"-Hexa[(2-pyridyl)methyl]-1,3,5-tris(amino-
plexes can give rise to notable substrate-specificity in addition methyl)-2,4,6-triethylbenzene (L3B).1,3,5-Tris(chloromethyl)-2,4,6-
to large accelerations of hydrolysis. A design criteria for triethyloenzene?® (640 mg, 2.1 mmol) was dissolved in acetonitrile
catalysis of RNA dinucleotide hydrolysis in a sequence de- (25 ML), and to this solution 33lipicolylamine (1.65 g, 8.3 mmol)

Trinuclear Cu(ll) complex oE:3A hydrolyzes 2-5" and 3—
5' ribonucleotides with remarkable substrate specificity. Up-
(2—5)U is hydrolyzed more efficiently than is Up(35)U,

pendent manner has emerged and then potassium carbonate (862 mg, 6.3 mmol) were added. The
reaction mixture was refluxed for 72 h and filtered through a bed of
Experimental Section diatomaceous earth using dichloromethane. By removing the solvent,

a brown solid was obtained. The crude mixture was triturated with
cold ethyl acetate and decanted. The light brown solid was recrystallized
using ethyl acetate/hexane to yield white crystals (148 mg, 60%
yield): 'H NMR (300 MHz, CBOD/TMS) 6 8.33 (d,J = 4.8, 6H),

7.51 (dt,J = 1.5,J = 7.8, 6H), 7.22 (d,) = 8.1, 6H), 7.11 (m, 6H),
3.65 (s, 12H), 3.63 (s, 6H). 2.92 (@= 7.5, 6H) 0.65 (t) = 7.2, 9H);

13C NMR (CD;0D, 300 MHz)6 160.5, 149.1, 146.6, 138.4, 125.1,

Materials. Diribonucleotides were purchased from Seikagaku Ko-
gyo. Highly purified water (the specific resistanee18.3 ohmcm)
was sterilized at 120C immediately before use. Other chemicals were
commercially obtained. Throughout the present study, great care was
taken to avoid contamination by natural enzymes and other metal ions.
The dinuclear ligand\,N,N',N',-tetra[(2-pyridyl)methyl]-1,3-bisami-
noethylbenzenel) was synthesized and purified according to the

literature method? 123.6, 60.5, 51.9, 23.2, 16.0; HRMS (Gty2) calcd for GiHs7/Ng
Preparation of the Ligands L3A, L3B, and L2. (1) N,N,N',N' - 796.48, fouhd 796'4_8' _ _ _
N N"-Hexa[(2-pyridyl)methyl]-1,3,5-tris(@@minomethyl)benzene (L3A). Hydrolysis of Diribonucleotides. The reaction mixtures were

The starting material 1,3,5-tris(bromomethyl)benzene was synthesizedprepared by adding an acetonitrile solution of the ligand to 50 mM
as follows? Mesitylene (35 mL, 0.25 mol) and N-bromosuccinimide HEPES buffer containing Cu(Clf2. The pH was adjusted to 7.0 using
(1.42 g, 0.80 mol) were dissolved in 600 mL of carbon tetrachloride, aliquots of NaOH. A stock solution of the substrate in water (10 mM)
and benzoyl peroxide (10 mg) was added with a bamboo spoon. After was added, and the reaction was carried out af@0 The initial

the solution was refluxed for 96 h under irradiation from a UV lamp, concentration of the substrate was 0.1 mM. At appropriate intervals, a
the precipitates were removed by suction filtration and the filtrate was small portion of the reaction mixture was taken and combined with an
evaporated. The solid material was dissolved in 200 mL of chloroform aqueous EDTA (100 mM) solution. The specimen was treated with a
and washed with sodium bicarbonate solution (150 mL) and then with pretreatment filter (Tosoh, W-32) and analyzed by reverse-phase
distilled water (450 mL). The organic layer was dried with sodium HPLC (Merck LiChrospher RP-18(e) ODS column; water/acetonitrile
sulfate and evaporated. The product was dissolved in petroleum ether,= 92/8 (v/v)). The HPLC peaks were assigned by co-injection with

Table 3. Crystal Data and Structure Refinement for L3B

empirical formula C113 H158 ClI12 Cu6 N18 O11

formula weight 2751.22

temperature 153(2) K

wavelength 0.71073 A

crystal system monoclinic

space group P21

unit cell dimensions & 12.1429(3) A o= 90°.
b= 33.2454(8) A f=94.494(1).
¢=15.7008(4) A y =90°.

volume 6318.9(3) A

z 2

density (calculated) 1.446 Mghn

absorption coefficient 1.308 mmh

F(000) 2856

crystal size 0.2% 0.10x 0.04 mm

theta range for data collection 2.97 t0 26.55

index ranges —15<=h<=14,-40<=k<=33,—-18<=|<=18

reflections collected 18056

independent reflections 18056

refinement method Full-matrix-block least-squares &n F

data/restraints/parameters 18056/967/1455

goodness-of-fit orfr2 1.867

final Rindices [I>2sigma(l)] R1=0.116,wR2 = 0.164

Rindices (all data) R1=0.195wR2 =0.180

absolute structure parameter 0.11(2)

largest diff. peak and hole 1.024 an®.933 e A3
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authentic samples. All reactions satisfactorily showed pseudo-first-order Ueq of the attached atom (1.6 Ueq for methyl hydrogen atoms).

kinetics, and the pH change during the reactions was less than 0.1 pHHydrogen atom positions in the vicinity of the oxygen atoms of the

unit. methanol molecules were not located iAE map. As a result, these
UV —Visible Absorption Spectra and Potentiometric Titration. hydrogen atoms were not included in the refinement model. The

The spectra were measured on a JASCO U-520 spectrometer equippedbsolute structure was determined by the method of PRitke Flack

with a temperature-controller. The cell path length was 1.0 cm. All of x parameter refined to 0.11(2). The functidw(|Fo|2 — |F¢?)? was

the potentiometric titration for the Cu(ll) complexes was carried out at minimized, wherew = 1/[(c(Fo))? + (0.02*P)?] and P = (|Fo|2 +

25°C. 2|F¢[9)/3. Ry(F?) refined to 0180, with R(F) equal to 0.116 and a
X-ray Crystallography. The ligandL3B and 3 equiv of CuGlwere goodness of fit,§ = 1.87. Definitions used for calculating(F),-
dissolved in methanol and allowed to evaporate slowly afQ50 R«(F?) and the goodness of fi§, are given below?
yield a blue crystal.
X-ray Experimental for [§Hs/NgCuCls],—2Cl-— 11CHOH: Crys- Acknowledgment. The authors thank Professors Masanobu
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on P2 with anisotropic displacement parameters for the non-H atoms data (CIF). This material is available free of charge via the
using SHELXL-972% The hydrogen atoms on carbon were calculated 'Nternet at http://pubs.acs.org.
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(27) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A. SIR92. A each reflectionR(F) = Z(|Fo| — |Fc|)/Z|FO\2} for reflections withF, >

Program for Crystal Structure Solutioh Appl. Crystallogri993 26, 343— 4(0(Fo)). S= [ZW(|Fo|2 — |Fe/d(n — p)]Y2, wheren is the number of

350. reflections and p is the number of refined parameters.
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