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The cyclization of the RNA model 2-hydroxypropy! p-nitrophenyl phosphate (HPNPP, 1) promoted by Zn?* alone
and the 1,5,9-triazacyclododecane complex of Zn?* (Zn?*:[12]aneNs) is studied in ethanol in the presence of 0.5
equiv of —OEt/Zn?* to investigate the effect of a low polarity/dielectric medium on a metal-catalyzed reaction of
biological relevance. Ethanol exerts a medium effect that promotes strong binding of HPNPP to Zn?*, followed by
a dimerization to form a catalytically active complex (HPNPP:Zn?*), in which the phosphate undergoes cyclization
with a rate constant of ke = 2.9 st at $pH 7.1. In the presence of the triaza ligand:Zn?* complex, the change
from water to methanol and then to ethanol brings about a mechanism where two molecules of the complex,
suggested as EtOH:Zn?*:[12]aneN; and its basic form, EtO—:Zn?":[12]aneNs, bind to HPNPP and catalyze its
decomposition with a rate constant of ke 0f 0.13 s at pH 7.1. Overall, the acceleration exhibited in these two
situations is 4 x 10%-fold and 1.7 x 10'2-fold relative to the background ethoxide-promoted reactions at the respective
<pH values. The implications of these findings are discussed within the context of the idea that enzymatic catalysis
is enhanced by a reduced effective dielectric constant within the active site.

Introduction diesters such as methgdnitrophenyl phosphate that do not

contain the intramolecular OH.
Many enzymes that catalyze phosphoryl transfer from a
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substrate to water or an alcohol OH group require two or
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more metal ions for maximum activifyDue to the biological HO 0-P-0
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1

relevance of storage of genetic information in DNA and
RNA, much attention has been focused on hydrolysis of
phosphate diesters mediated by metal s actively
investigated class of phosphate diester models for RNA is 2 (@) Blasko, A Bruice. T. CAcc. Chem. Red.068 32, 475 and
Fs i H a asko, A.; bruice, |. CC. em. RrRe " an
one Contammg a'Zhydroxy g.rOUp a(_jjacenF to the phOSphate' references therein. (b) Williams, N. H.; Tasaki, B.; Wall, M.; Chin, J.
some studied examples being various dinucleotides and the  Acc. Chem. Re€999 32, 485 and references therein. (c) Moss, R.
; _ ; A.; Park, B. D.; Scrimin, P.; Ghirlanda, Gl. Chem. Soc., Chem.
Slmaple substrate 2 hydroxypropplnltrophenyl phosphate Commun1995 1627. (d) Moss, R. A.; Zhang, J.; Bracken,XChem.
(1).* Numerous studies have been reported where mono-and  soc., Chem. Commuri997 1639. (e) Sumaoka, J.; Miyama, S.;

dinuclear M(Il) complexes, particularly those of Zn(tf Komiyama, M.J. Chem. Soc., Chem. Commut994 1755. (f)
Morrow, J. R.; Buttrey, L. A.; Berback, K. Anorg. Chem1992 31,

facilitate the cleavage of these. The cleavagé pfoceeds 16. (g) Morrow, J. R.. Buttrey, L. A.; Shelton, V. M.; Berback, K. A.
via intramolecular participation of the 2-hydroxypropyl group J. Am. Chem. Sod992 114, 1903. (h) Breslow, R.; Zhang, B.

; ; _ Am. Chem. Socl1994 116 7893. (i) Takeda, N.; lrisawa, M.;
to form the cypllc phosphat&) a_nd prowde; about a 3000 Komiyama, M.J. Chem. Soc.. Chem. Comma894 5773, (j) Hay,
fold acceleration of the expulsion of tigenitrophenol(ate) R. W.; Govan, N.J. Chem. Soc., Chem. Commui9q 714. (k)

leaving group relative to the hydrolytic reactions of phosphate ~ Schneider, H.-J., Rammo, J.; Hettich,Ahgew. Chem,, Int. Ed. Engl.
1993 32, 1716. () Ragunathan, K. G.; Schneider, HAdgew. Chem.,

Int. Ed. Engl.1996 35, 1219. (m) Gnez-Tagle, P.; Yatsimirsky, A.
*To whom correspondence should be addressed. E-mail: rsbrown@ K. J. Chem. Soc., Dalton Tran£998 2957. (n) Roigk, A.; Hettich,

chem.queensu.ca. R.; Schneider, H.- Jnorg. Chem1998 37, 751 and references therein.
(1) (a) Lipscomb, W.; Stiter, N.Chem. Re. 1996 96, 2375. (b) Coleman, (o) Gamez-Tagle, P.; Yatsimirski, A. KI. Chem. Soc., Dalton Trans.
J. E.Curr. Opin. Chem. Biol199§ 2, 222. (c) Cowan, J. AChem. 2001 2663. (p) Jurek, P. E.; Jurek, A. M.; Martell, A. Borg. Chem.
Rev. 1998 98, 1067. (d) Weston, hem. Re. 2005 105, 2151. (e) 200Q 39, 1016.
Parkin, G.Chem. Re. 2004 104, 699. (3) Brown, D. M.; Usher, D. AJ. Chem. Socl965 6558.
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Metal ions alone in water can promote the cleavage of
phosphate diesters, includidg but at pH values above the
pKa of the M (H,0), = M*"("OH)(H,O)r-1 + H30O*"
ionization, the metal hydroxo species exist as gels or
precipitates which complicate mechanistic analysis. In many
cases the use of various ligands to form active compfe&es
of the metat-hydroxo forms circumvents the latter problem.
The great bulk of the reported studies employ aqueous or

largely aqueous solvents where the metal ions are complexed

by various ligands to ameliorate their precipitation at elevated
pH and, in the case of dinuclear complexes, to hold the metal
ions close enough together that they may act cooperatively.

Zn?t complex of 1,3-bis-N1,3,7-triazacyclononyl)propan-
2-ol (4)>4, react with HPNPP with second-order rate constants
of 7.3 x 102 and 0.71 M s7%, respectively, whereas the
second-order rate constant for the H@action is 6.5x
102Mtst,

Where comparison can be made, the dinuclear complexes ‘

are often more effective than a mononuclear complex,
although this is not universally $&7In some of these cases

the catalysis afforded by the models is very good relative to
the background reaction promoted by hydroxide at a

comparable pH, although very few of the complexes are seen

to have second-order rate constants for promoting the
cyclization of1 which greatly exceeds that of the hydroxide
reaction® For example, two of the most active dinuclear
metal complexes reported, namely, the d¥Zonomplex of
1,3-bis[(pyridine-2-ylmethyl)amino]propan-2-aB)¢ or di-

(4) (a) Baykal, U.; Akkaya, E. UTetrahedron Lett1998 39, 5861. (b)
Baykal, U.; Akkaya, M. S.; Akkaya, E. UJ. Inclusion Phenom.
Macrocyclic Chem1999 35, 311. (c) Molenveld, P.; Kapsabelis, S.;
Engbersen, J. F. J.; Reinhoudt, D. N.Am. Chem. S0d.997, 119,
2948. (d) Molenveld, P.; Engbersen, J. F. J.; Reinhoudt, 3. Rrg.
Chem.1999 64, 6337. (e) Moss, R. A.; Ragunathan, K. lGngmuir
1999 15, 107. (f) Moss, R. A.; Jiang, W.angmuir200Q 16, 49. (g)
Williams, N. H.; Cheung, W.; Chin, d. Am. Chem. S0d.998 120,
8079. (h) Wang, C.; Choudhary, S.; Vink, C. B.; Secord, E. A,
Morrow, J. R.J. Chem. Soc., Chem. Comm@00Q 2509. (i) Amin,

S.; Voss, D. A.; Horrocks, W. DeW., Jr.; Morrow, J. Rorg. Chem.
1996 35, 7466. (j) Rossi, P.; Felluga, F.; Tecilla, P.; Formaggio, F.;
Crisma, M.; Toniolo, C.; Scrimin, FBiopolymers200Q 55, 496. (k)
Leivers, M.; Breslow, RBioorg. Chem2001, 29, 345. (I) Gajda, T.;
Kramer, R.; JancsAA. Eur. J. Inorg. Chem200Q 1635. (m) Suh, J.;
Hong, S. H.J. Am. Chem. Socl998 120 12545 and references
therein. (n) Wall, M.; Hynes, R. C.; Chin, Angew. Chem., Int. Ed.
Engl. 1993 32, 1633. (0) Wahnon, D.; Hynes, R. C.; ChinJJChem.
Soc., Chem. Commui994 1441. (p) Breslow, R.; Huang, D.-Broc.
Natl. Acad. Sci. U.S.AL991 88, 4080. (q) Mancin, F.; Scrimin, P.;
Tecilla, P.; Tonellato, UChem. Commur2005 2540. (r) Yamada,
K.; Takahashi, Y.-i.; Yamamura, H.; Araki, A.; Saito, K.; Kawai. M.
Chem. Commur200Q 1315. (s) Mancin, F.; Rampazzo, E.; Tecilla,
P.; Tonellato, UChem—Eur. J. 2004 281. (t) Yashiro, M.; Kaneiwa,
H.; Onaka, K.; Komiyama, MJ. Chem. Soc., Dalton Tran2004
605. (u) JancsdA.; Mikkola, S.; Lannberg, H.; Hegetschweiler, K.;
Gadja, T.Chem—Eur. J. 2003 9, 5404. (v) Gadja, T.; Dpre, T.;
Torok, I.; Harmer, J.; Schweiger, A.; Sander, J.; Kuppert, D;
Hegetschweiler, Klnorg. Chem.2001, 40, 4918.

(5) (a) Iranzo, O.; Elmer, T.; Richard, J. P.; Morrow, J.IRorg. Chem.
2003 42, 7737. (b) Morrow, J.; Iranzo, GCurr. Opin. Chem. Biol.
2004 8, 192. (c) Yang, M.-Y.; Iranzo, O.; Richard, J. P.; Morrow, J.
R. J. Am. Chem. So@005 127, 1064. (d) Iranzo, O.; Kovalevsky,
A. Y.; Morrow, J. R.; Richard, J. PJ. Am. Chem. So2003 125,
1988. (e) O’'Donoghue, A.; Pyun, S. Y.; Yang, M.-Y.; Morrow, J. R.;
Richard, J. PJ. Am. Chem. So006§ 128 1615.

(6) Feng, G.; Mareque-Rivas, J. C.; Williams N.Ehem. Commur2006
1845.

(7) Kim, J.; Lim, H. Bull. Korean Chem. Socl999 20, 491. Authors
report that Zp([12]aneNy), is no more effective in promoting the
hydrolysis of bis(2,4-dinitrophenyl) phosphate than is Zn[12]aneN

(8) A criterion for a bifunctional behavior of the metal-bound hydroxide
catalyst is that the second-order rate constant for a given process
exceeds that of HOitself. Whereas there are some reports where the
dinuclear ZA* or CW** complexes can be more effective than
hydroxide in promoting the hydrolysis of phosphates diesters such as
bis(p-nitrophenyl) phosphaté or 2, 3-cyclicAMP 2 there are few
where the complexes effect the cyclizatiorlahuch better than HQ

H [\ T\ H
\N\Z"ZN/\/\N 2\
SECLERS

I;\I \/N

H 4 H

Zn it

N Qﬁ

H 5 H

Recently, we reported that the di-Zrcomplex5 exhibits
a spectacular catalysis of the cleavageloin methanol
solution? For examplea 1 mMsolution of5 in the presence
of 1 equiv of added OCH; accelerates the reaction by'20
fold relative to the methoxide background reaction at a
JPH?© of 9.5 T = 25 °C. Remarkably, the second-order
rate constant at 275 000 Ms* is 1¢*-fold larger than the
methoxide reaction (2.5& 103 M~'s™') and so is far larger
than anything seen heretofore in water, underscoring a
kinetically beneficial situation of a simple dinuclearZn
catalyst promoting the reaction of an anionic RNA model
in a medium of reduced polarity and dielectric constant. In
this report we deal with a continuation of the “reduction-
ism™2 methodology for simplifying the modeling of metal
ion catalysis of the cleavage df promoted by ZA" in
ethanol. The use of the lower polarity/dielectric constant
media is based on an attractive premise that “active sites of
enzymes are nonaqueous, and the effective dielectric con-
stants resemble those in organic solvents rather than that in

(9) Neverov, A. A.; Lu, Z. L.; Maxwell, C. |.; Mohamed, M. F.; White,
C. J,; Tsang. J. S. W.; Brown, R. 3. Am. Chem. SoQ006 128
16398-16405. .

(10) For the designation of pH in nonagqueous solvents we use the forms
recommended by the [IUPACompendium of Analytical Nomencla-
ture. Definitive Rules 19973rd ed.; Blackwell: Oxford, U.K., 1998.

If one calibrates the measuring electrode with aqueous buffers and
then measures the pH of an aqueous buffer solution, the ffirhis
used; if the electrode is calibrated in water and the pH of the neat
buffered methanol solution then measured, the t€jpi is used,;

and if the electrode is calibrated in the same solvent and the “pH”
reading is made, then the terfpH is used.

(11) In the presence of 1 equiv of added methox&lexhibits a second-

order rate constant of 2.56 10° M~ s7* for the reaction withl at

PH 9.5, this being 1Bfold larger than thek, value for the CHO-

promoted reactionkbcn,= (2.56+ 0.16) x 103 M~ s71),

Although it can be equally applied to science, reductionism is a term

coined in the art world where it is believed by some that “Most

significant painting... has been reductive, [for the artist's] analysis
breaks the original complete scene into parts or separate dimensions
of visual experience; reductionism is the concentration on or the
preoccupation with the refinement of one dimension or aspect”,
see: Vitz, P. C.; Glimcher, A. BMlodern Art and Modern Science,

The Parallel Analysis of VisignPraeger: New York, 1984,

pp 6—29.

(12)
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water"1314Zn?t alone in water accelerates the cleavage of m

1 only about 23-fold when present in excess of substfate, 'y ANl H3C_é_OON02 i
but there are reports of a dramatic increases in the catalytic G“ ' Ar0” bg
prowess of Zn(ll) and Cu(ll) in promoting the cyclization
of 1 in acetonitrilé®® as well as a Zr(IV) complex in
benzene-methanol solutior® Our own work? showed that
La’" binds 1 10* times better in methanol than it does in
watef’ and, once bound, the intramolecular cleavage reaction
of 1:La%" in methanol is 3x 1P times faster than it is in Materials. Methanol (99.8% anhydrous), sodium methoxide (0.5
water. However, L# is not a biologically relevant ion, so M solution in methanol), sodium ethoxide (21 wt % solution in

it is of interest to see whether Zhexhibits any unusual ethaljol, titrated against N/50 Fisher Certified stgndard aqueous HCI
behavior in reduced dielectric media such as methanol angSo!ution and found to be 2.68 M), 1,59-triazacyclododecane
ethanol, where the solutioﬁ)H and joKavaIues for various ([12]aneN, 98%), tetrabutylammonium hydroxide in methanol (1

catalvtically important species can be controlled and mea- M, titrated against N/50 Fisher certified standard aqueous HCI
sureéi/l; 18 y 1mp peci solution and found to be 1.087 Mp;nitrophenyl acetate6, and

) diphenyl phosphaterf and bigp-nitrophenyl) phosphates] were
Herein we report that the change from water to ethanol prchased from Aldrich and used without further purification.

increases the rate of cyclization dfwhen bound to Z#f Diphenyl phosphate was used as the acid form in kinetic studies
by an unprecedented 4 10" times relative to the back-  and when used for spectrophotometric studies was treated with 1
ground reaction at @pH of ~7.1. In view of the fact that  equiv of NaOEt to produce the salt. Anhydrous ethanol was
our earlier potentiometric titration studies indicated that the purchased from Commercial Alcohols, Inc., and was degassed by
speciation of ZA" in methanol® and ethandf® com- bubbling Ar through it fo 1 h and stored under Ar before use.
prises higher-order aggregates such as'{Z@®CHs),)?", CU(CRSOGy)2, Zn(CRSOy)2, and HCIQ (70%, titrated to be 11.46
(Zn'5(~OEtY)*, and (ZHs(OEty)* in the sz region of M) were purchased from Acros Organics and used without any

) . further purification. The sodium salt of 2-hydroxylpropy-
interest for catalysis of the cleavage hfwe compare the . . .
L . . . nitrophenyl phosphatel) was prepared according to a slight
kinetics with Zri#t alone with those for the 1,5,9-triaza- phenyl phosp ! prep g g

) . modificatiort” of the literature procedure.

cyclododecane:Zn(ll) complex, which holds the Zn(ll) ion Methods. IH NMR and 3P NMR spectra were determined at
as an equilibrium distribution of two mononuclear com- 400 and 162.04 MHz using a Bruker Avance-400 NMR spectrom-
plexes, (RO:Zn(ll):[12]aneN;) and (Zn(ll):[12]aneN)*®in eter. The CHOH," and CHCH,OH," concentrations were deter-
these two solvents. We have also looked at the methanolysismined using a Radiometer pHC4000-8 or an Accumet model 13-

7 Ar = phenyl
Zn?*:[12]aneN; 8 Ar =p-nitrophenyl

Experimental Section

and ethanolysis of a neutral carboxylate egpemifrophenyl 620-292 combination glass electrode calibrated with Fisher certified
acetateg) and determined the binding constant t?Zof standard aqueous buffers (pH 4.00 and 10.00) as described in
two other phosphate diestefsand 8. previous paper¥.’8 The pH values in methanol and in ethanol
were determined by subtracting the respective correction constants
(13) (a) Cleland, W. W.; Frey, P. A.; Gerlt, J. A. Biol. Chem.1998 of —2.24718agnd —2,54'8b, respectively, from the readings obtained
273 25529. (b) Simonson, T.; Carlsson, F.; Case, DJ.AAm. Chem. from the electrode, whereas the autoprotolysis constants at&?10

Soc.2004 126, 4167 and references therein. 10.1 .
(14) The term “effective dielectric constant” is an interesting one when and.lO_ , respectively. o

discussing the 'active site of. an en.zymeuis's a bulk macroscopic Kinetics. The rates of transesterification of substrateand 6

property resulting from an isotropic average of a large number of in anhydrous methanol and in degassed anhydrous ethanol were

solvent molecules, whereas the situation within the active site of an ¢,|1owed by observing the rate of appearancepafitrophenol at
enzyme, due to the molecular dimensions, is controlled more by

specific interactions. See: Richard, J. P.; Ames, TBioorg. Chem. 316 or 320 nm (sza of p-nitrophenol= 11.79 in ethandf’)
2004 32, 354. using either a Cary 100 Bio UWvis spectrophotometer or an

(15) (a) Breslow, R.; Berger, D.; Huang, D.-I. Am. Chem. S0d.99Q Applied Photophysics SX-17MV stopped-flow reaction analyzer,

112 3686. Authors report that 0.5 mM Zhat pH 7 in water at 37
°C produces a pseud%_ﬁrst_order rate Constgm of &710-2 h-1 both thermostatted at 2%. When the [HPNPP] was too large to

(4.75x 10°® s7%) from which a second-order rate constant of 9.5 evaluate at 320 nm, progressively higher wavelengths (up to 340
107 M~* s can be calculated at that pH. By way of comparison, nm) and shorter path cells (0.2 cm) were employed. In all cases

LZEOS,ESS%'%C‘,S;{ZE g?gzt?gﬂéﬁr(z‘)@éohﬂ,oﬁd gyc;\llz.a'\t/llg?rg& 9 except for the situation portrayed in Figure 2, the pseudo-first-order

R. Inorg. Chem.1994 33, 5036. rate constantk{,) were obtained by fitting the U¥vis absorbance
(16) Interesting studies of this reaction showing the dramatic effects of (abs.) vs time traces to a standard exponential model. All reactions

metal ion in nonaqueous media have also been reported, however,yare followed to at least three half-times and found to exhibit good
without detailed analysis or consideration of pH effects: (a) Kondo, . . .

S.-1.; Yoshida, K.; Yano, YJ. Chem. Res., Synaf999 106. Authors pseudo-first-order rate behavior, unless specified. The second-order
reported that Zn(ll) and Cu(ll) accelerate the cyclizationlofn rate constantskg®9 were determined from the slopes ks vs
acetonitrile by 16-¢-fold relative to the situation without metal ion, [active catalysthw plots.

but the addition of even a few percent of water slows down the reaction . . oL
“due to a weakening of the electrophilicity of the metal ions”. (b) Stock solutions ofl, [12]aneN, the metal ions as their triflate

Stulz, E.; Leuman, CChem. Commuril999 239 Authors describe salts, and NaOMe in methanol were prepared at 0.05 M in the
a Zr(IV) complex promoting the cyclization afin benzene-methanol.

(17) Tsang, J. S.; Neverov, A. A.; Brown, R. 5.Am. Chem. So2003 (19) (a) Kimura, E.; Shiota, T.; Kooike, T.; Shiro, M.; Kodama, 34 Am.
125 1559. e o Chem. Soc199Q 112, 5805. Authors report that the<g for the aquo
(18) (a) For measurement ojpH, definition of terms, and titration of form of [12]JaneN:Zn2*(H0) is 7.3. (b) BonfaL.; Gatos, M.; Mancin,
metal ions in methanol see: Gibson, G.; Neverov, A. A.; Brown, R. F.; Tecilla, P.; Tonellato, Ulnorg. Chem.2003 42, 3943. Authors
S. Can. J. Chem2003 81, 495. (b) For measurement ghH and report a K, of 7.44 and an apparent second-order rate constant for
titration of metal ions in ethanol see: Gibson, G. T. T.; Mohamed, the transesterification df by the deprotonated complex in water of
M. F.; Neverov, A. A.; Brown, R. Slnorg. Chem.jn press 0.018 Mt st at 25°C.
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appropriate solvent. These were added to a UV cell, diluted with
anhydrous alcohol to the desired concentrations, and placed in the
thermostatted cell holder to thermally equilibrate, and the reaction
was initiated by the addition of to achieve the desired final
concentration. The rate constants for cyclizatiot of the presence

of varying [Zr?"] (4 x 1077 to 4 x 1073 M) were determined in
the presence df, equiv of NaOR (per Z#) such that half of the
Zn?* in the solution was associated with alkoxide to help control
the solution pH, and the I] was varied from 8x 1076 to 2.5 x

103 M. For the kinetic experiment where [ZI] = 2[NaOEt]=

4 x 1074 M while varying the ] from 4 x 106t0 2.6 x 1074 M,

the abs. vs time profiles did not fit the usual pseudo-first-order
kinetic model for the entire production of product. Thus, the rates
for these reactions were determined by fitting the linear portion
within the first 10% of the abs. vs time plots by linear regression
and the data are shown in Figure 2. For the kinetics of cyclization
of 1in the presence of added diphenyl phosphaetie following

2.0x10-24

Kobs: 5-1

1.0x10-24

T T T
4.0x10* 6.0x10+ 8.0x10+

[zn**], M

T
0 2.0x10+

b. 3.5x10°

3.0x10°3
2.5x10°3

‘T‘l’h 2.0x10°3
é 1.56x10°3
1.0x103

conditions were used:1] = 8 x 1076 M, [Zn?"] = 2[NaOEt]=
8 x 1074 M, [diphenyl phosphate] (added as the acid) from 0 to
4 i i - T T T T 1

25 x 1(T_ M. For the_ _determlnatlon of the base-catalyzed 0 1.0°10° 205102 3.0010° 4.0210° 5.010%
ethanolysis ofl, the conditions were as follows1][= 8 x 10 201 M
M, 2 x 10-%t0 10 x 103 M of NaOEt, and 1x 1030 6 x 10°3 _ (20" e -
M of tetrabutylammonium hydroxide. For the base-catalyzed E'oqléf& )1_- (a)hpcliOt Ofkobﬁvs [IZf?gtEteH/{czﬁ ;lg]e deg%m'gQ%ItlonhOid(S x

. 5 3 in anhydrous ethanol at” t n<T]y = 0.5. Fitting the data to
Eth?nOIySIS of 8< 10> M 6, we used bereen 2 10,_ and 1x eq 1 gives an apparent dissociation constanof (6.2+ 0.1) x 10°°M
101 M of NaOEt and tetrabutylammonium hydroxide. and akmax 0f 1.88x 1072571 r2=0.9811. (b) A plot ofkops Vs [Zr?H]; for
the cyclization ofL (4 x 10~ M) in anhydrous methanol at DMe]/[Zn?*];

5.0x104
0

Results = 0.5. Fitting the data to eq 1 gives an apparent dissociation cort§gant
of (4.274 0.03) x 104 M and akmax of 3.52 x 1073 s7%; r2 = 0.9967.
a. Ethoxide-Promoted Ethanolysis Reactions of HPNPP 11
(1). Ethoxide-catalyzed cyclizations of-8 10® M of 1 were 104 =
conducted using 210) x 10°3 M of NaOEt or (1-6) x o

103 M of tetrabutylammonium hydroxide (1 M in methanol
diluted in ethanol solution to desired concentrations). For

7+
64

abs/min

the NaOEt-promoted reactions, the plotkeaf vs [NaOEt] i: -

(not shown) were significantly upward curving, indicative 31 .

of a higher than first-order dependence on NaOEt or its f:

constituents due to ion-pairing phenomena that have been ojms a :0;104 o o
observed before by Buncel and co-workers for the NaOEt- ' MM ’

catalyzed ethanolysis of phosphinates and phospHaits Figure 2. A plot of the rates (abs/min) vs total][for the cyclization of
upward curvature is very slight in the presence of tetra- 1in the presence of 0.4 mM [2h] at [TOEt]/[Zn?]; = 0.5 in anhydrous
butylammonium counterions, so the ethoxide-promoted rate ethanol afl = 25°C.
(Ii?nstar;tst WEI‘? ?valuateq byr? e;ermcljnlngltr;e grrlgdr:ents of thels a universal expression for both strong and weak binding
bs VS [tetrabutylammonium hydroxide] plot, whic Oglves & scenarios wher&q refers to the dissociation constant for
second-order rate constant for ethanolysid aft 25°C of 2hq o T2t
1o . ntl==27Zn" + 1

(7.5 £ 0.3) x 103 M~ s%. By way of comparison, the

i i 3n -1
;:i\tle constant for methoxide attack biriis 2.56x 1073 M ko= ko1 + K 1] + [Zn2 IK /(LK) (1)

b. Zn?* Catalysis of the Cleavage of 1 in Ethanol and  [1] and [Zr?'] are total concentrations, antlis given in eq
Methanol. Shown in Figure 1 are plots of the pseudo-first- 2.

order rate constank{,y for ethanolysis and methanolysis
of HPNPP () as a function of [Z# i When the fOR]/
[zn?T] ratio is 0.5. This ratio was chosen to buffer the system
at the half-neutralizatiorfpH of ~7 in ethano¥®® and~9.5

in methanol at [ZA"]y = ~1—2 mM,'8and in each case the
active Zritt species contains alkoxide. The data appear to
exhibit saturation behavior and can be fit by egf Which

X ={(1+ 2K[1] + 2[Zn*"]K, + K [1)* —
2K [Zn*M (1] + [Zn* K% (2)
However, the situation is more complicated than can be

assessed by the one site binding model as we need to consider
also the various equilibria of 2h association with alkoxide

(20) (a) Onyido, I.; Albright, K.; Buncel, EOrg. Biomol. Chem2005 3,
1468. (b) Buncel, E.; Albright, K. G.; Onyido, Org. Biomol. Chem.
2004 2, 610. (c) Nagelkerke, R.; Thatcher, G. R. J.; BuncelOkg.
Biomol. Chem2003 1, 163.

(21) Equation 1 was obtained from the equations for equilibrium binding
and for conservation of mass by using the commercially available
MAPLE software, Maple V, Release 5; Waterloo Maple, Inc.:
Waterloo, ON, Canada.

Inorganic Chemistry, Vol. 46, No. 5, 2007 1781



Liu et al.

24

kobs: 5-1

0.00

(') 5.0’:105 1.03:104 1.5>:104 203:10‘ 25>:104 3.0’:10“
[diphenyl phosphate], M
Figure 4. A plot of kopsVs total [diphenyl phosphat&)] for the cyclization
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[Z0%* 1bouna (M) of 1(8 x :/LO‘GZE/I) in the preﬁenbce of]c [ZI<H] = 0.53 thi)n (ejinhydrous ethanol
. . . L at [TOEt)/[Zn?"]; = 0.5. The best fit line is describe =177+
Figure 3. A plot of keps Vs increasing [Zf|nounafor the cyclization ofL 0.1[2) « }_([rz Sf]f+ (791+ 11) [7]; r2 = 0.9983 Diphen?/?);)hoéphaté)(
in anhydrous ethanol with [HPNPP]/ NaOEt = 1/1/0.5. The . ' : ) )
[Zn2+]b¢):/unddata iharol ¥ corr[ected fol {E;it;t;:oum of unbourid Zsing was a;lgeidoa; the acid, and teH values measured after the reactions
were 7. 2.

the stability constarq of (6.24- 0.1) x 10°° M given in Figure 1. Fitting
the kops VS concentration data to a dimerization model (eq 3) gives a

dissociation constariime: for the presumed (HPNPP:Zf), complex of mM concentration of complex.
(6.2 £ 0.5) x 104 M and a maximunkgf™@ of 2.924+ 0.06 s1; r2 =
0.9586. The measuretpH at 2 mM is 7.1. Kops = ZK?a?X[(HPNPP:Zﬁ+)2]/[HPNPP] (3)
Scheme 1
ok where

HPNPP:Zn?* + HPNPP:Zn2* (HPNPP:Zn?*), ——— P +

Kgimer “OEt [(HPNPP:Z/"),] =
and its oligomerization to produce dimers and higher-order (4X + Kyimer — Kaimel8X/Kgimer + 1)*9/8 (3a)

aggregates (vide infra). Nevertheless, what can be established
is that at [Z#] ot > 0.4 and 5 mM in ethanol and methanol, and X correspond to the-axis data in Figure 3 which is
respectively, essentially all the HPNPP is complexed 8Zn  corrected for the amount of unboundZn

The reaction in ethanol, but not in methanol, has a higher The process shown in Scheme 1 is predicated on the
than first-order dependence on [HPNPP]. Shown in Figure assumption that the cyclization reaction requires ethoxide,
2 is a plot of the rates of the cyclization of varying [HPNPP] either coordinated to the complex or external to it, to act as
in ethanol in the presence of 0.4 mM EZii at [T OEt)/[Zn?*]; a base to deprotonate the hydroxypropyl groups within the
= 0.5 determined within the initial 10% of the abs. vs time (HPNPP:ZA"),. However, it is not clear from the data what
plots. According to Figure la, at this concentration the the role of the second phosphate is other than to act as a
HPNPP in ethanol is largely bound as a kinetically competent template that stabilizes the dinuclear’Zcore in much the
complex, but the Figure 2 plot shows an upward curvature same way as that found in our earlier study of thé'La
suggestive of the involvement of two molecules of HPNPP. catalyzed cleavage of HPNPPIf so, it is reasonable that a
The log/log representation of Figure 2 (not shown) is linear surrogate phosphate diester, for example, diphenyl phosphate
with a gradient of 1.86t 0.05 (2 = 0.9961). (7), should catalyze the reaction bZn?" through its binding

A second set of experiments was conducted under condi-to second Z#A" and formation of a reactive dimer.gn?t)-
tions where thekqs for the cyclization of HPNPP was  (1:Zn?*). Indeed, as shown in Figure 4, when tkgs for
monitored as a function of increasing Zi[HPNPP]/ cyclization of1 in a solution containing & 10°®M 1 and
[NaOEt] values in a 1/1/0.5 ratio. Under these conditions, 8 x 10* M Zn?":0.5(NaOEt) is monitored as a function of
the HPNPP is essentially fully bound by the?Zpand if varying 7 ((0—2.5) x 10°* M), the gradient of the linear
the 1:1 complex were solely responsible for the catalysis, plot is 791+ 11 M~! s™%, indicating a marked catalysis of
the observed rate constant for the reaction should bethe reaction.
independent of concentration. However, the plokgt vs c. Binding of Zn?" to Diphenyl Phosphate and bigp-
[Zn?]pouna (referring to the amount of 2f which is bound Nitrophenyl) Phosphate. The cyclization reaction of in
to HPNPP as defined in the Figure 3 caption) between 0.4 the presence of 2 appears to require preliminary binding
and 2.5 mM shows evidence of a second saturation procesdollowed by a second equilibrium binding of twd:Zn?*)
consistent with the equilibrium binding of two HPNPP2Zn  complexes to form a reactive dimer. Althoughreacts
complexes to yield a dimer (HPNPPZ), within which too fast in the presence of Znto determine the 1:1
the cyclization of HPNPP occurs as shown in Scheme 1. equilibrium binding constant, some idea of this might be
The fit of the data to this model using the derived eq 3a determined from Z#f binding to the far less reactive
gives values for the dimerization constargife) and substrate diphenyl phosphate, the binding constant of which
maximum catalytic rate constari ") of (6.2 + 0.5) x was determined in two ways. First, the formation constant
104 M and 2.92+ 0.06 s*, measured at dpH of 7.1 at 2 between Z#A* and 7 in ethanol was calculated by fitting
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triplicate potentiometric titration data of solutions containing
1 mM of Zn(OTf), or 7 along with 1 mM HCIQ and
solutions comprising 1 mM in each of HCJOZn(OTf),,
and7 using the computer program Hyperquad 2000 (version
2.1 NTF? with the autoprotolysis constant of pure ethanol
taken to be 10'%1at 25°C.*% The K, of 7 in ethanol was
determined to be 4.22 0.20, which was set as a constant,
and the titration data for 2 with 7 were fitted to a 1:1
binding model via eq 1 to yield Ky of (5.9+ 0.6) x 10°©
M.

In the second set of experiments, the binding of 205
M 8 (treated with 1 equiv of NaOEt to make the anion) with
varying [Zr*] and separately with varying [2h:0.5-
(NaOEt)] in ethanol was determined spectrophotometrically
at 260 nm. Analysis of the abggnmVs [ZrP*] or [Zn?+:0.5-

0.15 1 1 I 1 1

0.30
-0.25

0.10+ -0.20

-

‘0

2
~
0.05-

-0.15
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S 9%

-0.10
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[(@n(W):[12]aneN3)]eota)

Figure 5. Plot of keps s total [(Zn(ll):[12]aneN)]tta for the cyclization

(NaOEt)] data using the universal eq 1 for an assumed 1:10f1 (8 x 10-5 M) in ethanol @, left y-axis) and methanol, right y-axis)

complex gave dissociation constants for 81n** com-
plexes under the two sets of conditionskas= (3.98 +
0.05)x 1078 M and (1.124 0.04) x 10°° M, respectively.

under conditions where theQR}/[Zn(11)]ota is 0.5. Dotted line corresponds
to process first order in [[12]aneN whereas curved line is the fit in
methanol to the expressidns = ki [Zn(l1):[12]aneNs] + ks°PZn(ll):
[12]aneN)2. Heavy solid line through the solid squares is the fit of the

Given the differences in the conditions used to determine data to eq 6a.

the binding constants af and8 as well as the fact that the

$pKa of 7 has an error of at least 0.2 units, we cannot say the EXPressionkons

ki [Zn(l1):[12]aneNs] + ks [Zn(ll):

binding constants are different, but we can say that each bindd12]aneNJ* givesk, = 18.9 M s™* andks™*= (1.8 + 0.4)

to the Zr¥™ strongly, which leads to the conclusion that the
1:1 HPNPP:Z#" complex must have a similarly smal
value confirming what was determined from analysis of the
data in Figure la.

d. Cyclization of 1 Promoted by Zn(Il):12 and N in
Ethanol and Methanol. Whereas the catalysis of the
cyclization of 1 by Zr*" in methanol and ethanol is
complicated by the presence of dimeric and oligomeritZn
alkoxide species, complexation to the macrocyclic ligand
[12]aneN reduces the number of species in tipH
regions of interest to the Zh-complex (Zn(ll):[12]anely)
and, by dissociation of a coordinated ROH, its alkoxy form
9asineq4.

[ )

i ZH(E;H = RO'LN\ Z@ +H (@)
i V‘,J ¥

H
(ROH:Zn(l1):[12]aneNs) 9

The K, values for the process in eq 4 are 7.5 in
ethanot® and 9.2% in methanol.

Presented in Figure 5 is a plot of thgsfor the cyclization
reaction ofl in methanol vs [(Zn(l1):[12]aneB]tw under
conditions where the OCH;s]/[Zn?*]; = 0.5 which sets the
JPH at 9.2-9.3° The plot shows upward curvature con-
sistent with a process bimolecular in [Zn(ll):([12]angN
Nonlinear least-squares (NLLSQ) fitting of the data to the

(22) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739.

(23) The Kais determined from Hyperquad fitting of the potentiometric
titration data as described in ref 18b. However, the workipbi for
a solution formulated from 1 mM of [12]aneN0.5 mM NaOEt, and
1 mM Zn(OTf), added in the indicated order, is 8.2.

(24) Desloges, W.; Neverov, A. A.; Brown, R. Blorg. Chem2004 43,
6752.

x 10° M~2 s71, where the best fit line through the data is
shown in Figure 5. In no case do we observe evidence of
saturation binding in methanol up to a [Zn(ll):([12]angN

of 5 x 1073 M, so theKy;s for dissociation of any HPNPP:
Zn(l):[12]aneNs complex must be at leastxshigher.

The situation in ethanol is similar, but the upward
curvature is manifested at lower [Zn(ll)] concentration as
illustrated in Figure 5, which shows the plot ks for the
cyclization of1 vs [(Zn(ll):[12]aneN)]ota Under conditions
where the {OEt)/[Zn?*]; = 0.5, setting the measureghH
at 8.1 +£ 0.2. This plot shows a downward curvature
suggestive of a saturation phenomenon which is not seen in
methanol or water at these concentrations. To test that the
kinetic behavior exhibited in Figure 5 does not result from
a medium-induced agglomeration ofZrspecies or inhibi-
tion by increasing [OTf counterion] in ethanol, thk,ps for
the [Zn(ll):[12]aneN]-catalyzed ethanolysis of the weak
binding substraté was studied at a OEt])/[Zn?']; = 0.5 at
[Zn?*]; between 0.1 and 6 mM, with a measurgaH = 8.3
4 0.1. The plot (not shown) is linear with a gradient of 0.81
+ 0.01 Mt s1. Additional studies indicated that the active
species is EtO:Zn(l1):[12]aneN;,?> which is consistent with
the situation in methan#l where the second-order rate
constant for CHO™:Zn(ll):[12]aneNs-promoted methanolysis
of paraoxon is 0.84 M s,

Overall the behavior exhibited for strongly bindifigvith
the Zr#* complex is consistent with a minimal process given
in eq 5 which is predicated on the mechanism being first
order in [complex}a Which accounts fok; and a more
complicated event dependent on both [Zn(11):[12]asjed
[EtO~:Zn(Il):[12]aneN;] reacting withl as it is in methanol.
For technical reasons relating to a too high variancéobf

(25) Since the active species for the ethanolysig-nitrophenyl acetate is
EtO:Zn(l):[12]aneN;, the true second-order rate constant for the
reaction would be twice the gradient of the plot, or 1.621\1.
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of binding, for a hypothetical process oM+ AY~ = M**:

whether the bimolecular behavior in ethanol depends on theAY~ where the electrostatic binding energy is, for example,

presence of both [Zn(ll):[12]angN and [EtO:Zn(ll):
[12]aneN], but on the basis of the results in methanol, there
is no reason to suggest it does not. The fitting of the Figure
5 data to the expression derived for it in eq 6 where [A] and
[B] are [zn(ll):[12]aneN] and [EtO:Zn(ll):[12]aneN]
(equal concentrations) yieldska of 3.69 M! s1, a Ky, of
2.85 x 108 M2, and akg of 0.13 s'. However, the
predicted line does not fit the data well at low concentrations
of complex due to its apparent dissociation. The actual line
shown through the data in Figure 5 is corrected for this
dissociation through the application of eq 6a.

K
1+ (Zn(ll):[12]aneN3) + (Zn(ll):"OEt:[12]aneN3) 2

(5)
k4 P
1:(Zn(l1):[12]aneN3)(Zn(Il):"OEt:[12]aneN3)
Keat
P
Kons = KeatSp[AIBI/(1 + K [AIB]) + Kj[A]  (6)
Kobs= Koap [AT /(1 + KA ) + K [A] (62)

Discussion

a. General ConsiderationsThe accepted general process

3 kcal/mol in water, all of which is expressed in the free
energy of ion binding, the calculated binding constant
according to logKp, = (—AGh,0 + AGror)/2.30RT in-
creases 1.8 10-fold and 8.9x 10%-fold in passing from
water to methanol and from water to ethanol, respectively.

Our earlier studies indicated that metal ion catalysis of
neutral carboxylate estéfsand neutral phosphate, phos-
phorothioate, phosphonate, and phosphonothioate #sters
greatly accelerated in methanol solvent relative to water, the
main accelerating effects of the solvent change being
proposed as increased preassociatidi/l@=0 or M*t/P=
O binding and a changed activity of the metal-bound
methoxide. Larger binding constants could be a prelude to
enhanced rates of the subsequent chemical reactions since
the ion-paired intermediate complexes now exist long enough
for several intracomplex collisions from which a productive
chemical reaction could occur. This will particularly be so
for a metal-ion-catalyzed reaction where there is charge
neutralization of the substrate (as in the reaction of a
negatively charged phosphate diester) in the rate-limiting
transition state for the reaction.

b. Zn?* in Methanol and Ethanol. The metal alkoxides
of Zn?" are generally considered to be oligomeric or
polymeric in solutiors® Our previous work showed that Zn
when present in methanol solution-a0.1-2 mM concen-

for metal-ion-catalyzed processes of the sort we consider herd@tions along with 0.£0.4 equiv of OCH, per Zr¥", exists

involves pre-equilibrium binding with the substrate, followe
by a reaction of the complex as shown in eq 7. Whether the
metal ion is complexed by ligands or bears an associate

lyate, or whether the substrate is neutral or anionic, these X otal
0-3 is bowed downward, fitting a square root dependence

appear to be just the sort of processes that are expected t
experience large rate

K at .
Lig:M*" + Subst== Lig:Mx+:Subst.£> Lig:M** + P
)

accelerations in media of reduced dielectric constant. Ac-
cording to the DebyeHuckel model for association of
spherical ions in a medium of dielectric constddy the
electrostatic potential energy of attraction for oppositely
charged ions is

P.E.= (z,€)(z_e)/(4nD,D,r) (8)
wherer is the distance between the centers of the ians,
and z_e are their charges in coulombs Being the proton
charge),Dy is the permittivity of a vacuum, and is the
separation of the io8.A change from water, = 78) to
methanol or ethanol O 31.5, 24.3, respectivel))
increases the potential energy of the attraction for oppositely
charged ions by respective factors of 2.5 and 3.2. Ignoring

specific changes in solvent effects and changes in the entropy

(26) Levine, I. N.Physical Chemistry4th ed.; McGraw-Hill, Inc.: New
York, 1978; pp 276-281.

(27) Harned, H. S.; Owen, B. Brhe Physical Chemistry of Electrolytic
Solutions ACS Monograph Series 137, 3rd ed.; Reinhold Publishing:
New York, 1957; p 161.
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d @s a monomeric species (@ OCHg)) which is in equi-

librium with dimers (ZiR"(TOCH)), and (Zr#H("OCHg),)2.2*

dThus, a plot ofkss for the methanolysis of the neutral and

weakly binding6 vs [Zr#"]ia at @ [OCHy)/ [Zn?H]iota =

on [Zr**]wta @s expected for a catalytically active monomer
in equilibrium with inactive dimers. The 2his not active
without some methoxide, and activity maximizes @ CHg]/
[Zn?M]tota = 0.1—0.4, but above a OCH)/ [ZN?]iota = 1
the catalytic efficacy drops significantly, probably due to
predominant formation of inactive dimers and oligomers of
stoichiometry (ZA"("OCHs)2)2.3, ..

Oligomerization also occurs with Z2hin ethanol, and the
potentiometric titration dat& at [Z*]ita = ~1 MM are

(28) (a) Brown, R. S.; Neverov, A. Al. Chem. Soc., Perkin Trans2202
1039. (b) Brown, R. S.; Neverov, A. A.; Tsang, J. S. W.; Gibson, G.
T. T.; Montoya-Pelaez, P. Xan. J. Chem2004 82, 1791. (c)
Neverov, A. A.; McDonald, T.; Gibson, G.; Brown, R. §an. J.
Chem 2001, 79, 1704. (d) Neverov, A. A.; Brown, R. $horg. Chem.
2001, 40, 3588. (e) Neverov, A. A.; Montoya-Pelaez, P. J.; Brown,
R. S.J. Am. Chem. Soc2001 123 210. (f) Neverov, A. A;
Sunderland, N. E.; Brown, R. ®rg. Biomol. Chem2005 3, 65.

(29) (a) Tsang, J. S.; Neverov, A. A.; Brown, R. .Am. Chem. Soc.

2003 125 7602. (b) Tsang, J. S. W.; Neverov, A. A.; Brown, R. S.

Org. Biomol. Chem2004 2, 3457. (c) Liu, T.; Neverov, A. A.; Tsang,

J. S. W.; Brown, R. SOrg. Biomol. Chem2005 3, 1525. (d) Lu,

Z.-L.; Neverov, A. A.; Brown, R. SOrg. Biomol. Chem2005 3,

3379. (e) Lewis, R. E.; Neverov, A. A.; Brown, R. Srg. Biomol.

Chem.2005 3, 4082. (f) Maxwell, C.; Neverov, A. A.; Brown, R. S.

Org. Biomol. Chem2005 3, 4329. (g) Melnychuk, S. A.; Neverov,

A. A.; Brown, R. S.Angew. Chem., Int. EQ00§ 45, 1767.

(30) (a) Tesmer, M.; Miler, B.; Vahrenkamp, HJ. Chem. Soc., Chem.
Commun 1997, 721. (b) Mehotra, R. C.; Singh, A.; Tripathi, U. M.
Chem. Re. 1991 91, 1287. (c) Caulton, K. G.; Hubert-Pfalzgraf, L.
G. Chem. Re. 1990 90, 969.
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satisfactorily fit by a minimal model that comprises
Zn?t3(TOCHg),, Zntt3("OCHs)s, and Zrit4("OEt). A recent
kinetic study in our lab of the Zi-catalyzed ethanolysis of
paraoxon (diethyp-nitrophenyl phosphate) in the presence
of varying Zr#* with a constant [OEt]/[Zn?'] ratio of 0.25
gives a log/log plot okqys Vs [Zr?T] having a gradient of
~0.3, consistent with the presence of inactive trimeriézn
species in equilibrium with an active monomerZ{TOEt) 3!

c. Reaction of 1 with Zr?* in the Absence of Ligands.
(i) In water, Zrt* catalysis of the cyclization of is poor

because there is evidence for a higher than first-order
dependence oft as is demonstrated by the data presented
in Figure 2. For example, if we determine thgs for the
reaction starting with an initiall] = [Zn?":0.5(NaOEt)]=

0.4 mM and then increase the concentration of each keeping
the [1]/[Zn?":0.5(NaOEt)] ratio at unity, there is additional
saturation shown in Figure 3 indicative of a process where
two (ZrPt:1) complexes come together to form a kinetically
active dimeric species (2h:1),. This behavior is not seen

in analogous experiments withand Zr#":0.5(NaOMe) in

relative to the background reaction and proceeds with an methanol, nor is it reported in watérsuggesting that the

apparent second-order rate constant of .50 M™% s71
at a pH of 7, with no evidence for the involvement of higher-

kinetic experiments in those solvents do not involve spon-
taneously formed dimers at least at the concentrations

order terms in metal ion or substrate and no evidence for employed.

substrate:metal ion binding.In water, the metal ion and
the substrate are sufficiently well solvated that binding of

The behavior in ethanol with 2Zh is reminiscent of that
seen for L&"™-bound HPNPP cyclization in methahblvhere

the sort we see in alcohol is not observed. There is evidencetwo tightly bound (L&":1) complexes associate with each

presented here that phosphate diesters inclutlisugd 7 are
completely bound to Z& in ethanol above a [Z]; of ~1

x 1074 M. Hyperquad analysis of the potentiometric titration
data from a solution containing 1 mM each®fZr?*, and
HCIO, provides a dissociation constaky for the 1:1 (Zi*:

7) complex of (5.9+ 0.6) x 10°% M. We take this value as
being an estimate of that of the 1:1 &rl) complex for
which we have a tentative kinetic binding constant of (6.2
+ 0.1) x 10°° M from the data in Figure 1a, although we

other to form a (L&":1), species. The dimer is then subject
to a methoxide-dependent cyclization reaction with a second-
order rate constant for cleavage of $£d), of k> OMe=

1.18 x 1 M1 s71. The similarity in the L& -promoted
cleavage ofl in methanol to what is observed here with?Zn

in ethanol suggests that the reactive dimers are probably
doubly activated agl:Zn?"), as shown in Scheme 2 where
the actual catalytic role of the second phosphate in the dimer
is to act as a template in stabilizing the dinucleatZcore.

cannot determine a thermodynamic binding constant sincelf the template role is operative, any phosphate monoanion
the metal-catalyzed reaction is too fast. The apparentshould be capable of performing this role which is verified
dissociation constant value determined for a complex formed by the data in Figure 4 where low concentrations of diphenyl

between bigg-nitrophenyl) phosphate aniog)(and [ZI7]

or Zr?* in the presence of 0.5 equiv of NaOEt in ethanol,
termed here as [2n:0.5(NaOEt)], was spectrophotometri-
cally determined at 260 nm & = (3.98+ 0.05) x 107
and (1.124- 0.04) x 10°° M, respectively. These values are
sufficiently close to that determined from the potentiometric
titration of (Zr¢*:7) that one can say that under the conditions
chosen for determining the kinetics of cyclization, namely,
in the presence of excess catalyst, theill be substantially

or completely bound as a 1:1 complex at{Zp > 5 x 10°°

M.

(i) Figure 1 depict plots okops Vs [Z?T:0.5(NaOR)] for
the cyclization ofl in ethanol and methanol where the
respective pH values are~7'8® and 9.8% at [Zr?*], =
~1—2 mM. Although one must be mindful that Znions

phosphate (from Xk 106to 2.5x 104 M) exert a profound
accelerating effect on the cyclization reaction of {Zf),

the second-order rate constant being 790 BT, which is
far too fast for any general base role.

There are additional considerations that cast some impor-
tant light on the chemical process proposed in Scheme 2.
First, each dimer releases 2 equiv pfitrophenol in
sequential steps, but the kinetics for the appearance of
p-nitrophenol are strictly first order, so the second ethanolysis
must be at least as fast or faster than the first, kg"F >
kea’®. We envision that the phosphate products of the
HPNPP cyclization and opening with ethoxide can also fulffill
a template role so that, in principle, the product of the
reaction actually serves to catalyze the loss of HPNPP by
maintaining the dimeric form of the catalyst. Second, the

in alcohols are aggregated and thus not fully available for obsserved pseudo-first-order rate const&gt) is 2.9 s
binding with weak substrates, for stronger binding substratesat pH 7.1 at 2 mM [Z/*:0.5(NaOEt)]. Strictly speaking,

such as the ones dealt with here, tag vs [Z? ] data
at [TOEt)/[zn*'] = 0.5 does adhere satisfactorily to a

the data do not tell whether the require@Et is an external
or internal one, but consideration of the rates excludes an

standard one-site strong binding model eq 1. Both plots are€xternal”OEt acting as a base since the observed process is

analyzed in this way to give conditionkh.x (Kq) constants
in methanol of 3.5« 103s1 (4.2 x 104 M) and in ethanol
of 1.9 x 102s1 (6.2 x 10°° M), indicating that not only

at least 10& faster than that permitted by a diffusion-limited
abstraction of the 2-hydroxypropyl hydrogen by free [ethox-
ide] at the concentrations set g§pH 7.1%? The lack of

is the binding stronger in ethanol but the rate constant whengeneral base assistance to the cyclizatiori sfas noted
fully bound is larger than is the case in methanol even though before in processes not nearly as fast as that presented here

the JpH in ethanol is over 2 units lower. However, the

on the bases of (1) an absence of general catalysis of

ethanol process is more complex than is the case in methanof ;s ittusion-limited proton abstraction would occurkas — 1010 M1

(31) Dong, Y.; Neverov, A. A.; Brown, R. S., unpublished results.

s71, so at pH 7.1 where fOEt] = 10~'2 the maximum pseudo-first-
order rate constant would Bg,"> = 1072 s 1.
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cyclization of1 in the presence of metal ions by the strong

piperidine basé,(2) the lack of a primary deuterium kinetic
isotope effect on the cyclization df when catalyzed by a
dinuclear Z@" complex3® and (3) the absence of buffer
catalysis on the cyclization df promoted by a mononuclear

dimer, an alternative apparent second-order rate constant of
4.2 x 10* M~t st can be calculated frotk,™®/Kgimer. The
latter number could be compared directly with the second-
order rate constant for the ethoxide reaction of ¥.303

M~t s, showing that the (HPNPP:Zh), dimer is at least

Zn?* complex where a specific base-catalyzed process was5.6 x 10° times more reactive than ethoxide.
proposed?® Thus, the proposed mechanism in Scheme 2 An alternative comparison looks at the accelerations

involves two relatively nonreactive HPNPPZrcomplexes

provided for the reaction relative to a background process

(one suggested to have a coordinated ethoxide or the kineticunder the experimental conditions. The, " from the
equivalent of an O-deprotonated hydroxypropyl group and Figure 3 data (2.978) computed for cyclization within the
another to have coordinated ethanols) associating to form adimeric complex can be compared with the rate constant

reactive (HPNPP:Z), dimer with a Zi"-coordinated

computed for the ethoxide reaction @rat JpH 7.1 which

ethoxide (or its kinetic equivalent) which acts as an internal is kO = 7.5 x 103M1s1 x 1012M =7.5x 1071
base to deprotonate the HPNPP. This process would bes™!, meaning the catalytic reaction is acceleratec~ay x
facilitated by the dimeric nature of the complex where the 10“fold! As far as we know, this is the greatest acceleration

large positive charge on the Zncore stabilizes the anionic
deprotonated propanolatevhich subsequently cyclizes with
the expulsion op-nitrophenolate. The latter in turn acquires
a proton to re-create the Zn-—OEt in the nascent complex.
The second equivalent pfnitrophenol is released from the
complex in a similar two-step pathway summarizet.as=.
It is evident from all the above that the Zncatalysis of

the reaction ofl exhibited in ethanol is quite spectacular,

reported for the cyclization df brought about by any simple
catalytic system and attests to the remarkable medium effect
provided by ethanol for a metal-catalyzed reaction of a
phosphate diester RNA model. In true reductiosdisrms,

this remarkable acceleration is realized without any support-
ing ligands and depends only on the a spontaneous self-
assembly of two metal ions and two substrates brought about
by a composite and perhaps complex effect of the reduced

and there are several ways to quantitate this. If one simply polarity/dielectric constant medium.
evaluates the data of Figure 1a to determine an apparent d. Zn(ll)[12]aneN; in Methanol and Ethanol. The

second-order rate constakt®?) from thek../Kq4 values, the
value is ~300 M s'1. However, from the subsequent

[12]aneN ligand binds ZA" strongly enough in methanol
and ethanol so that at the concentrations employed here

presentation it is clear that the great bulk of the reaction (0.1-6 mM) the most important species are ROH:Zn(ll):

occurs from a catalytically active (HPNPPZ, dimer

[12]aneN and its basic form9. This ligand also binds Zn

which, for the conditions of the data in Figure 1a, is present strongly in water, although there is no evidence that this

only to only a minor extent. As such, thg"?number should

complex binds phosphate diesters strongly in water. In fact,

increase with the concentration of substrate. Correspondingly,Kimura® has noted that Zn(ll) complexes in general bind
if one looks at the data of Figure 3 where the bulk of the phosphate diesters in water poorly, tevalues being<0.5

substrate is bound to Zhas the productive (HPNPP:Z1),

(33) Feng, G.; Marque-Rivas, J. C.; Torres, Made Rosales, R.; Williams,
N. H. J. Am Chem. SoQ005 127, 13470
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M~ A recent stud$p indicates the reaction of HGZn(Il):
[12]aneN with 1 in water is second-order overak,f°s =

(34) Koike, T.; Kimura, EJ. Am. Chem. S0d.991, 113 8935.
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0.018 M! s%) without evidence of saturation substrate relatively simple system comprising dinuclear metal com-
binding between 0.1 and 1 mM in catalyst and without plexes and a medium effect does give rate accelerations
evidence for higher-order terms in complex. However, in approaching those of enzymes.

methanol other aspects of the reaction witemerge as is In the above study we have shown that a very simple
evidenced by the upward curving plot &fss vs [(Zn(ll): approach of changing the medium from water to methanol
[12]aneN)] o shown in Figure 5 under conditions where and then to ethanol for the cyclization reactiorigfromoted

the [[OCHs]/[Zn?']; = 0.5, at pH = 9.5. The methanol  py Zr** ion provides the largest accelerations of the
data are analyzed in terms of an overall process comprisingcyclization of 1 reported to date without the need for a
a second-order reaction dependent on {OHZn(ll): sophisticated dinucleating ligand. Specifically, a very simple
[12]aneN] and a third-order reaction which is dependent system comprising 1, 1, and a medium effect imbued by
on both [CHOH:Zn(l):[12]aneN] and the concentration of  ethanol encourages self-aggregation of four independent
the basic form [CHO™:Zn(ll):[12]aneN;].° Although there  particles to generate a (Zn1), complex within which the

is no evidence of a saturation binding bin methanol by  cyclization of1 occurs with a rate constant of 2.9'st SpH

either component of the catalyst, there is strong evidence of7.1. This is 4x 10M-fold faster than the background reaction,
a medium-induced rate acceleration of at least 2100-fold Overproviding an acceleration within the realm of those achieved

that in water since thé;*>* value for the CHO™:Zn(ll): by enzymes. There are several features of thes&-Zn
[12]aneN-promoted cyclization of is 38 M s7* (2 x 18.9 catalyzed reactions that become evident on changing the
M~* s taccounting for the fact that only half the total EZhn~ medium from water to methanol and then to ethanol:

is in the form of the active C4O™:Zn(ll):[12]anen,). 1. Due to its heavy solvation of both the anionic substrate
A change to ethanol brings on yet another facet tddhe  and the metal ions and their complexes, water discourages
vs [EtO:Zn(l):[12]aneN] plot as shown in Figure S,  gypstrate:metal ion binding which is required for catalysis.
shiftin_g it left, to lower [complex]_valugs, clearly showing_ Dampening this heavy solvation by moving to less polar
the third-order process but now with evidence for a saturation media with lower dielectric constants confers greater binding
binding of1 as in eq 5. This behavior must be a consequence 5nq also should favor a kinetic process where thg gnd
pf stronger bind.ing of the complex to anipnic phosphhte (=) charges of the substrate and metal ion are somewhat
in ethanol than in methanol since only a linear dependencengiralized in the transition state for the phosphoryl transfer
on [EtO:Zn(ll):[12]aneNy] is observed for the ethanolysis  rocess. Whereas it is tempting to suggest that these catalysts
reaction of the weakly binding neutral carboxylate ester  gerive much of their overall acceleration in alcohol through
When fully bound as1:[EtOH:Zn(ll):[12]aneN]:[EtO™: an apparent retardation of the background lyoxide reaction
Zn(l1):[12]JaneNj] or its deprotonated kinetic equivalent §,e to the wider PH range engendered by the high
1‘:[EtOH:Zn(II_):[lZ]aneM]:[EtOH:Zn(II):[lZ]angN;] (no _autoprotolysis constants of the alcohols relative to water, in
structure implied from the data), the catalytically active o gpinion, this is not the whole situation. If the stability
ternary complex decomposes with a compukedof 0.13 ot the metal:lyoxide complexes (defined s, for dissocia-
st at pH = 8.3. The acceleration of the cyclization oy of M2+-OR = M2+ + ~OR) remains the same in
reaction of complexed in ethanol relative to the background  othanol as it is in water, thépH at which the catalysts are
estho>_<|de-promoted reaction (7.5 107° M™* s™) at this  5ctive would increase as a function of the autoprotolysis
PH is also spectacular at 17 104 constant of the medium. This means that there would be no
net increase in the relative rates unless the catalysts were in
fact more active in the lower dielectric constant medium.
In modeling the chemistry of Zn-containing enzymes  However, the observation is that the alcohol solvents provide
that promote phosphoryl transfer reactions, numerous studiesa much higher electrostatic stabilization of the?Zn"OR
have employed more or less complicated synthetic complexescomplexes than does water, so that they are able to operate
to bind one or two metal ion(s) and then investigated the at lower pH values. It should be appreciated that the
catalysis of the cyclization of simple surrogates for RNA electrostatic stabilization is an important key to providing
such as the phosphate diesferThe great bulk of these the high catalysis in alcohol relative to water. Contrary to
studies looked at the phosphoryl transfer reactions in water, the situation in alcohols, the bulk of the presently reported
or where solubility of the substrate or complex dictates, metal-containing catalystin water have catalytic rate
mixed solvents which are largely aqueous. Despite a greatconstants that are no better than hydroxide itself. In such
deal of effort which has led to an increased understanding cases, it must be stressed that all the apparent excess catalytic
of how enzymatic catalysis might occur, it is generally held activity over the background solution stems from the ability
that “none of several models so far described approachesto operate at lower pH values where the rate of the
the enormous catalytic efficiency of natural enzynies” background reaction is suppressed.
although it is our contention that our previously published

Conclusions

La%" work!” and more recent stuflyn the cyclization ofl (36) During the revision of this manuscript we became aware of a recent
i i publication (Feng, G.; Natale, D.; Prabaharan, R.; Mareque-Rivas, J.
promoted by di-Z#" complex5 in methanol show that a C.; Williams, N. H.Angew. Chem., Int. E€006 45, 7056) where a
dinuclear ZA*-containing catalyst exhibits ka/Km of 53 M1 s71
(35) Bonfa L.; Gatos, M.; Mancin, F.; Tecilla, P.; Tonellato, horg. and a Michaelis-Mentin type reaction of HPNPP providing abouf10
Chem.2003 42, 3943. fold acceleration over the background reaction at pH 7.4.
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2. In the case of Zi in the absence of any ligands, the In sum, we believe that the unprecedented acceleration of
change from water to methanol brings on a saturation bindingthe HPNPP cyclization afforded by Znin alcohols de-
of 1 and a maximal rate constant for decomposition of the scribed above is attributable to a catalytically beneficial
(Zn?*:1) complex of 3.52x 103 s at JpH 9.5. Relative  medium effect which operates in at least two important ways.
to the background methoxide reaction at tfjaH (2.56 x First, the lower dielectric constant/polarity seems to recruit
1072 M~ s7H, this amounts to an acceleration in the clear bifunctional catalysts whose activities, as judged by
decomposition ofl of 2.5 x 10’-fold. In passing to ethanol,  the second-order rate constants, exceed that of the lyate by
a (Zre*:1); complex is formed, and its maximal rate constant 5 magnitude of 18-1CF. Moreover, because of the stabiliza-

for dei:omposition Is 2.92- 0.06 s at PH 7.1, whichis 4 o, of the Zi7*:-OR forms, these catalysts operate fpH
x 10"fold greater than the background ethoxide reaction regime which is a manifestation of the greater stabilization

S S )
a.t thaF PH. .Th|s |nd|caFes that the tvyo metal lon mecha- of coordinated OR but higher kinetic reactivity in the lower
nism involving a putative doubly bridged motif for the dielectric constant/polarity medium

phosphate:Ztt binding offers a profound catalytic advantage
over the one metal ion mechanism, a fact that has been noted !t is @ general belief that the active sites of enzymes have
before2d effective dielectric constants that are lower than that of water,
3. When complexed to the simple cyclic ligand, [12JageN and it is a venerable hypothesis that this reduction in some
Zn?" in water still shows no evidence of saturation binding way is responsible in part, or in large part, for the exalted

to 1, and the second-order rate constant for the HQ(ll): catalysis seen in enzymatic systems. The present results tend
[12]andN; reaction is 0.018 M!' s™%, which is about X to support this contention at least in the cases of metal ion
slower than the hydroxide reactioky"® = 0.065 M s™* catalysis of an RNA model system. It will be of interest to

at 25°C .1 Apparently, the combination of an electrophilic - see whether other systems, including those already studied
metal ion and an internal hydrt_mde nucleophile in water is jn aqueous media, when investigated in low-polarity media
not better than free hydroxide itself, a general phenomenong,ch, as the alcohols we have employed here and previously,

which has been noted befdteput one which must be 555 exhibit catalysis which is far larger than observed in
overcome if any catalytic system is to be effective in water. |, ...

However, in methanol the G@~:Zn(ll):[12]aneN; species

is at least 2100-fold better than methoxide in promoting  Acknowledgment. The authors gratefully acknowledge
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