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Abstract: A methoxide-bridged dinuclear Zn(Il) complex of 1,3-[N,N'-bis(1,5,9-triazacyclododecane)]propane
(1-Zn(I)2:("OCHj3)) was prepared, and its catalysis of the cyclization of a series of 2-hydroxypropyl aryl
phosphates (4a—g) was investigated in methanol at {pH 9.8, T = 25 °C by stopped-flow spectrophotom-
etry. An X-ray diffraction structure of the hydroxide analogue of 1-Zn(Il),:("OCHs), namely 1-Zn(l1),:("OH),
reveals that each of the Zn(ll) ions is coordinated by the three N’s of the triazacyclododecane units and a
bridging hydroxide. The cyclizations of substrates 4a—g reveal a progressive change in the observed kinetics
from Michaelis—Menten saturation kinetics for the poorer substrates (4-OCHjs (49); 4-H (4f); 3-OCHj5 (4e);
4-Cl (4d); 3-NOg, (4c)) to second-order kinetics (linear in 1-Zn(ll),:("OCHs)) for the better substrates (4-
NO,,3-CHjs (4b); 4-NO, (4a)). The data are analyzed in terms of a multistep process whereby a first formed
complex rearranges to a reactive complex with a doubly activated phosphate coordinated to both metal
ions. The kinetic behavior of the series is analyzed in terms of change in rate-limiting step for the catalyzed
reaction whereby the rate-limiting step for the poorer substrates (4g—c) is the chemical step of cyclization
of the substrate, while for the better substrates (4b,a) the rate-limiting step is binding. The catalysis of the
cyclization of these substrates is extremely efficient. The k.a/Ku values for the catalyzed reactions range
from 2.75 x 10°% to 2.3 x 10* M~ s71, providing an acceleration of 1 x 108 to 4 x 10° relative to the
methoxide reaction (k.°¢"3, which ranges from 2.6 x 10-3t0 5.9 x 10~® M~! s for 4a—g). Ata $pH of 9.8
where the catalyst is maximally active, the acceleration for the substrates ranges from (1 — 4) x 10%?
relative to the background reaction at the same {pH. Detailed energetics calculations show that the
transition state for the catalyzed reaction comprising 1-Zn(ll),, methoxide, and 4 is stabilized by about —21
to —23 kcal/mol relative to the transition state for the methoxide reaction. The pronounced catalytic activity
is attributed to a synergism between a positively charged catalyst that has high affinity for the substrate
and for the transition state for cyclization, and a medium effect involving a reduced polarity/dielectric constant
that complements a reaction where an oppositely charged reactant and catalyst experience charge dispersal
in the transition state.

1. Introduction systems comprising mono- and dinuclear Zn(ll)- and Cu(ll)-

Intense effort has been devoted to the study of model systemscomalmng complexes of 1,5,9-triazacyclododecane and 1,3-bis-

for the cleavage of phosphodiesters mediated by simple mono_Nl-(l,5,9-tr|azacyclododecyl)propand)(|n methangi and

and dinuclear metal ion complexéduch of this work has Zn(ll) in ethanot where the reduced. polarity media. help to
been driven by the fact that phosphodiesters are extremely stabl@'0mote the cleavage of a well-studied RNA model, namely
entities well suited for the storage of genetic information in RNA 2-hydroxypropyip-nitrophenyl phosphate. The most notable
and DNA, and yet Nature has provided Zrcontaining aspect of this work relates to the very effective catalysis achieved

enzymes that accelerate their cleavage by impressive factors of©r the cleavage o2 promoted byl-Zn(ll)2 in the presence of
up to 1G%fold.2 Our own work involved investigation of  one equivalent of methoxide in methanol (which produces the

T Present address: Beijing Normal University, College of Chemistry,  (2) (a) Cowan, J. AChem. Re. 1998 98, 1067. (b) Wilcox D. EChem. Re.

Beijing, China 100875. E-mail: luzil@bnu.edu.cn. 1996 96, 2435. (c) Stiter, N.; Lipscomb, W. N.; Klabunde, T.; Krebs, B.
(1) (a) Mancin, F.; Tecillia, PNew J. Chem.2007, 31, 800. (b) Weston, J. Angew. Chem., Int. Ed. Engl996 35, 2024.
Chem. Re. 2005 105 2151. (c) Molenveld, P.; Engbertsen, J. F. J,; (3) (a) Neverov, A. A.; Lu, Z.-L.; Maxwell, C. I.; Mohamed, M. F.; White, C.
Reinhoudt, D. N.Chem. Soc. Re 200Q 29, 75. (d) Williams, N. H.; J.; Tsang. J. S. W.; Brown, R. $. Am. Chem. So006 128 16398. (b)
Takasaki, B.; Wall, M.; Chin, JAcc. Chem. Re4999 32, 485. (e) Mancin, Lu, Z.-L.; Liu, C. T.; Neverov, A. A.; Brown, R. SJ. Am. Chem. Soc.
F.; Scrimin, P.; Tecilla, P.; Tonellato, @hem. Commur2005 2540. (f) 2007 129 11642.
Morrow, J. R.; Iranzo, OCurr. Opin. Chem. Biol2004 8, 192. (4) Liu, C. T.; Neverov, A. A.; Brown, R. Sinorg. Chem.2007, 46, 1778.

16238 = J. AM. CHEM. SOC. 2007, 129, 16238—16248 10.1021/ja076847d CCC: $37.00 © 2007 American Chemical Society



Dinuclear Zn(ll) Complex-Catalyzed Cyclization

ARTICLES

Scheme 1 @
Zn k1 Zn__ ko ,,.Zn\1 Keat  Product
S+ 1 S, 1 e s AT +
7 ki (Ky) Zn k.o “Zn CH30 Zny:1

a S = phosphodiester substrate, charges omitted for simplicity.

complex1-Zn(Il):("OCHs) and sets thelpH® of the medium

at 9.4-9.8) where the second-order rate constkstPg of 275,-
000 M1 s tis several orders of magnitude larger than anything
reported to date for related catalysts in wé&6et8 This result
demands further investigation when viewed in the light of the
1-Zn(Il):("OCHg)-promoted catalysis of cleavage of a DNA
model, methylp-nitrophenyl phosphate3), where the plot of
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1-Zn(ll, HPNPP, 2
Q
H3c0—1|’—04<i>7N02
o

3

Kobs VS [1-Zn(I1)2:(TOCHg)]tee €xhibited Michaelis-Menten
behavior withKy andknyax values of 0.3A- 0.07 mM and (4.1
+ 0.3) x 1072 s, respectively?? That two closely related
substrates exhibited such different kinetic behavior led us to

we report a detailed analysis that shows the energies associated
with the various steps of methoxide binding to the catalyst,
subsequent substrate binding, and activation energies for the
catalytic steps with substratda—g which are compared with

the methoxide promoted reactions.

o 4a (2). X = 4-NO,
_’,_\ \\ /—'( b. X =4-NO,, 3-CHj3
X _ /F(‘O OH c.X= 3-N02
07y d. X =4-Cl
. e. X = 3-OCHj
4 Na f.X=H,
g. X= 4-OCH3

2. Experimental

2.1. Materials. Methanol (99.8% anhydrous), sodium methoxide
(0.50 M solution in methanol, titrated against N/50 certified standard
aqueous HCI solution and found to be 0.49 M), tetrabutylammonium
hydroxide in methanol (1 M, titrated against N/50 certified standard
aqueous HCI solution and found to be 1.087 M), Zn{8Bs),,
p-nitrophenol (98%), 4-chlorophenol (396), 3-nitrophenol (99%),
3-methyl-4-nitrophenol (98%), phenol (99%), 4-methoxyphenol (99%),
3-methoxyphenol (96%), triethylamine=99.5%), propylene oxide
(ReagentPlus, 99%), phosphorus oxychloride (99%), and Ba(@étk
purchased from Aldrich and used without further purification. HCIO
(70% aqueous solution, titrated to be 11.40 M) was purchased from
Acros Organics and used as supplied. The sodium salts of all the
2-hydroxylpropyl aryl phosphates were prepared by a modificatbn
a prior proceduré? The corresponding disodium salts of the aryl
monophosphates required for the preparatiofieefg were synthesized
according to a literature procedufeEach of4a—g had*H NMR, 3P
NMR, and exact MS spectra consistent with those of the structure (see
the Supporting Information). 1,3-BiN:-(1,5,9-triazacyclododecyl)-

propose the mechanism given in Scheme 1 where the rate-propane {) was prepared as describ&dThe dinuclearl-zn(Il):(—-

limiting step with2 was its binding K; or k), whereas in the
case of the slower-reactirgjt was the chemical step of cleavage
of the bound substratddy) to releasep-nitrophenol.

We recently reported that the cleavage® aihd3 promoted
by the corresponding Cu(l)complex, 1-Cu(ll),:("OCHg),3°
follow a pathway similar to the mechanism given in Scheme 1.
However, there are sufficient differences in the chemical,
physical, and coordination properties of the two metal ions that
one might wonder about the general similarity of their catalytic

OCH;) complex was prepared as a 2.5 mM stock solution in anhydrous
methanol at 25C by sequential addition of aliquots of stock solutions
of sodium methoxide, 1,3-bis:-(1,5,9-triazacyclododecyl)propane, and
Zn(CRKSG;); such that the relative ratios were 1:1:2. This order of
addition is essential for the formation of the catalyst complex which
takes~40 min in methanol (as monitored by the change in catalytic
activity over time).

2.2. Methods.*H NMR and®'P NMR spectra were determined at
400 and 162.04 MHz. The GH," concentrations were determined
potentiometrically using a combination glass electrode (Radiometer

processes. A better test for the proposed scheme requires studyodel no. XC100-111-120-161) calibrated with certified standard
of the 1-Zn(ll)2:("OCHs)-catalyzed cleavage of a series of aqueous buffers (pH= 4.00 and 10.00) as described in previous
hydroxypropy! aryl phosphates where the rate of the chemical papers? The JpH values in methanol were determined by subtracting
cleavage stepk{s) can be altered by changing the nature of the the correction constant of2.24% from the readings obtained from

departing aryloxy group. In the following we report a kinetic
study of the cleavage of such a series of substratasd)

promoted byl-Zn(ll),:("OCHg) where there is a gradual change
from Michaelis-Menten kinetics to second-order kinetics as
the JpK, of the leaving phenol group is decreased. In addition,

(5) For the designation of pH in nonaqueous solvents we use the forms
recommended by the IUPACompendium of Analytical Nomenclature:
Definitive Rules 19973rd ed.; Blackwell: Oxford, U.K. 1998. If one

calibrates the measuring electrode with aqueous buffers and then measure

the pH of an aqueous buffer solution, the terfjpH is used; if the
electrode is calibrated in water and the pH of the neat buffered methanol

solution is then measured, the terjpH is used; and if the electrode is

calibrated in the same solvent an

PH is used. Since the autoprotolysis constant of methanol 74610

neutral JpH is 8.4.
(6) Feng, G.; Mareque-Rivas, J. C.; Williams, N. Bhem. Commur2006
184

(@) Feng, G.; Natale, D.; Prabaharan, R.; Mareque-Rivas, J. C.; Williams, N.
H. Angew Chem Int E®006 45, 7056

(8) Iranzo, O; Kovalevsky, A.Y.; Morrow, J. R.; Richard, J.J?Am. Chem.
Soc.2003 125, 1988.

the pH reading is made, then the term

the electrode, and the autoprotolysis constant for methanol was taken
to be 10677 M2 The PpH values for the kinetic experiments were
simply measured from solutions containing the complex and generally
found to be in the range of 9& 0.2 at the concentrations of catalyst
employed. We have found that the addition of buffers to control the
spH inhibits the catalytic reaction, probably due to the associated
counterions that bind to the catalyst, and thus, all the kinetic studies
were done under buffer-free conditions. The first and second macro-
scopic pK, values for1:Zn,:(HOCHs) and 1:Zn,:(HOCH;)(TOCH;)

S(O 4 mM) were determined to be 9.410.02" and 10.11+ 0.01 from

duplicate measurements of tijeH at half neutralization, whereby the
[2-Zn(11)2:("OCHg)]/[1-Zn(11) 2:(HOCHg)] or [1-Zn(ll),:("OCHg).)/

(9) Tsang, J. S.; Neverov, A. A,; Brown, R. $.Am. Chem. So2003 125
1559.

(20) Brown D. M.; Usher, D. AJ. Chem. Socl965 6558.

(11) Wllllams A Naylor R. AJ. Chem. Soc. (B1971, 10, 1973.

(12) Kim, J.; Lim, H.Bull. Korean Chem. S0d.999 20, 491.

(13) (a) Gibson, G.; Neverov, A. A.; Brown, R. €an. J. Chem2003 81,
495. (b) Gibson, G. T. T.; Mohamed, M. F.; Neverov, A. A.; Brown, R. S.
Inorg. Chem.2006 45, 7891.
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[1-Zn(Il)2:("OCHg)] ratios were 1.0. The half neutralization involved
treating a 0.4 mM methanol solution &Zn(ll),:("OCHs), prepared

Table 1. Crystal Data and Structural Refinement Details for
1-Zn(I1)2:(OH)(CF3S037)3(HOCH3)

as described in the Materials section above, with 0.5 equiv of HCIO
or NaOCH (diluted to a 0.05 M stock solution in anhydrous methanol)
and measuring thépH.

2.3. Stopped-Flow Kinetics in Methanol A 2.5 mM stock solution
of 1-Zn(l1),:("OCHg) in methanol was prepared in an oven-dried vial,
stoppered with a needle-permitting lid, and then sealed with Parafilm
under nitrogen gas. This solution was used to prepare stock catalyst
solutions of concentrations ranging from 0.4 miM 1-Zn(l1),:("OCHg)]
< 2.5 mM, which were loaded into one syringe of the stopped-flow
reaction analyzer. Substrate stock solutions at concentrationsxof 8

empirical formula
formula weight
temperature
wavelength

crystal system
space group

unit cell dimensions

GsHa7F9N6O11S3Zn,

1005.61

180(2) K

0.71073 A

monoclinic
P2(1)lc
a=10.9062(10) A
b=22.998(2) A
c=16.7888(14) A
a=90°
S =102.656(2)

=90°

105 M (for 4b—e) and 1.6x 104 M (for 4f,g) were prepared and volume

Y
_ _ _ \ 4108.7(6) A
loaded into the second syringe. The final respective substrate concentra- 7 4

tions were 4x 10°° M (4b—e) and 8x 10°° M (4f,g). At each density (calculated) 1.626 MgAn
concentration five kinetic runs were recorded, and the average values absorption coefficient 1.419 mrh
were used for thdps for appearance of phenol product vs [catalyst] F(000) 2064
lots. The production of the phenol was monitored at the followin crystal size : 0.40¢ 010 0.08 mnf

P p p 9 6 range for data collection 1.53 to 25700
wavelengths:4b, 323 nm;4c, 340 nm;4d, 284 nm;4e, 282 nm;4f, index ranges —12<h=<12,
280 nm;4g, 292 nm. —27< k<27,

The K. values in methanol of the corresponding phenol leaving -19<1 <17
group for4a, 4c, 4d, 4f, and 4g were obtained from previous wafk _rGSECtiOES Co”eﬂCteq 23896
and were plotted against the knowjpK, values in water and fit by Lnoniglzr;eﬁggieeg?g_so o 997.5533(!”0 0.0303]

linear regression to the relationshifpK e = (1.09+ 0.06) K.
+ (3.40+ 0.50). This relationship was used to interpolate s
values in methanol for thdb and4e phenols.

The base-dependence of th&n(ll),-catalyzed cyclization off was
studied through “pH jump” experiments. The concentration of the
initially prepared catalystléZn(l1),:("OCHs)) was held constant at 0.8
mM, and the initial concentration @f was 8 x 10°°> M. To the solution
containing4f, a required amount of perchloric acid or sodium methoxide
was added such that when mixed in the stopped-flow reaction analyzer
for rapid monitoring of the change in absorbance at 280 nm, the Table 2. Second-Order Rate Constants for the Methoxide
[CH507)/[1:Zny] ratio was varied from 0 through 2. Promoted Cleavage of 4a—g, and ;pK Values for the

Base-catalyzed reactions were also conducted for eact-of. Corresponding Phenols in Methanol, 7= 25 °C

absorption correction

max. and min. transmission
refinement method
data/restraints/parameters
goodness-of-fit orfi 2

final Rindices | > 20(1)]
Rindices (all data)

largest diff. peak and hole

empirical (Bruker SADABS)
1.0000 and 0.8649
full-matrix least-squaresrn
7225/7/529
1.000
R1=0.0373, wR2= 0.0940
R* 0.0573, wR2= 0.1005
0.648 an@.509 eA 3

Tetrabutylammonium hydroxide (1.087 M in methanol) was used as substrate phenolspK, k=M (M~1s77)
the base, and it was assumed to be completely converted to tetrabu- 4a(2) 11.30 (2.6£0.2) x 1073
tylammonium methoxide in methanol. For each substrate, the reaction 4b 11.50 (5.3:0.2)x 104
media were prepared in duplicate with at least three concentrations in 4c 12.49 (6.740.2)x 10
the range of 0.020.3 M (tetrabutylammonium hydroxide) along with 4d 13.59 (5.2£0.2) x 1055
0.4 mM of substrate in a methanol solvent. The reactions were 3? 11239?? ((ll_'zﬁi 8ggg§ igs
monitored using a Cary 100 UWisible spectrophotometer with the 4g 14.77 (5.9+ 0.2) x 10°6

cell compartment thermostatted at 254 0.1 °C. Second-order
methoxide rate constants were evaluated from the gradients of the
observed first-order rate constark,, v s[methoxide] plots. (The
concentration of water at 0.02 M of tetrabutylammonium hydroxide in - determined at 25C under pseudo-first-order conditions of
methanol was titrated (Karl Fisher) to be 462 mM, and at 0.3 M it excess [CHO] (0.02—0.3 M in methanol). In Table 2 are the
was found to b_e 48& 4 mM. Anhydrous methanol as received was second-order rate constants ©M®) for each substrate along
found to contain 16t 1 mM of water.) with the $pK, values for the corresponding phenols in metha-

2.4. X-ray Diffraction. A crystal of 1-Zn(Il)2:("OH)(CRSOs7)s- oM s .
(HOCH) suitable for X-ray diffraction was grown from a methanol Nl- A Bransted plot of the log; "¢ vs pK; (not shosvvn) fits
a linear regression of log, ©Me = (—0.72 + 0.08) K, +

solution containing ligand, Zn(CRSQ0s),, and NaOCH in a 1:2:1
ratio. The solution was allowed to evaporate exposed to the atmosphere(5-36 + 1.08).

at ambient temperature over 4 days. Structural details are givenin Table  3.2. Cyclization Reaction of 4a-g Promoted by 1-Zn(ll)2:

1 below and the ORTEP diagram fdrZn,:("OH) at the 50% ("OCH3) in Methanol. The plots of thekps for cyclization of
probabilit_y level ig givgn in Figure 6: Full structqral parameters and 4b, 4c, and4f vs [1-Zn(11)2:("OCHs)]xee ShOwn in Figures 1,

the CIF file are given in the Supporting Information. 2, and 3 demonstrate progressive differences in passing from
good aryloxy leaving groups to poorer ones with higiieKa
values. Previously we have established that triflate ion is an

3.1. Met_hoxide-Promoted Reaf:tionsln order to compare inhibitor of the catalysis afforded bg:zn(I1)»:("OCHs) with
the catalysis afforded byZn(I1).:("OCHg) for cleavage of the an inhibition constant oK; = 14.9 mM@ from which one can

substratesda—g) to the packground reactions, the second-order determine the free catalyst concentration at any [triflate]. All
rate constants for their methoxide-promoted cleavages weréy,q qatalyst concentrations reported in the figures and used for
computation of the kinetic parameters refer to the free concen-
trations corrected for triflate inhibition fZn(I1) 2:(TOCHg)]sree)-

a8 Rate constant from ref 9.

3. Results

(14) Liu, T.; Neverov, A. A.; Tsang, J. S. W.; Brown, R.Grg. Biomol. Chem.
2005 3, 1525.

16240 J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007



Dinuclear Zn(ll) Complex-Catalyzed Cyclization

ARTICLES

100+
75+
= (]
)
2 50-
[=]
X
25+
c L] L] L] L] L] L] L
00 01 02 03 04 05 06 07
[1:Zn,:("OCH3)] (mM)
Figure 1. Plot of kops Vs [1-Zn(ll)2:("OCHs)]ee for the catalyzed

methanolysis oftb (4 x 10-°> M) determined from the rate of appearance
of product phenol at 323 nnipH 9.8+ 0.1, and 25.@ 0.1°C. The linear
regression givek,°?s= (1.944 0.03) x 10° M~ s 1 with an intercept of

A = 0.190+ 0.013 mM.

125+

1004

T T T 1
0.25 0.50 0.75 1.00

[1:Zn5:("OCH3)] (mM)
Figure 2. Plot of kys vs [1-Zn(I1)2:("OCHg)]see for the catalyzed
methanolysis ofic (4 x 10~ M) determined from the rate of appearance
of product phenol at 340 nnipH 9.8+ 0.2, and 25.@: 0.1 °C. Fitting of

the data to the expression given in eq 1 gikgs= (6.3+ 0.9) x 1074 M,
Keaf™® = 1904 16 s1 and an intercepf = 0.128+ 0.005 mM.

0.00

3

el

3

3

°

4 1
c L] L] L] L] L] L] L]
00 01 02 03 04 05 06 0.7

[1:Zn,:("OCH3)] (mM)
Figure 3. Plot of kops Vs [11-Zn(1l)2:("OCHg)lsee for the catalyzed
methanolysis ofif (4 x 107%) M determined from the rate of appearance
of phenol at 280 nmZpH 9.8+ 0.1, and 25.@t 0.1°C. Fitting of the data
to the expression given in eq 1 giviég = (1.00+ 0.08) x 1074 M, kcafm@*
= 3.10% 0.06 s and intercepA = 0.1714 0.001 mM.

Substratesta and4b do not show saturation kinetics at the

catalyst concentrations used, and the linear regressions of the

respective plots give second-order rate constants for the ap-
pearance of phenol product of 275,808nd 194,000 M s™1,

The plot for substratélc shows apparent saturation over the
same range of1FZn(ll),:("OCH)]sree from which nonlinear
least-squares (NLLSQ) fitting of the data to the expression given
in eq 1, vide infra, give&y = (6.34 0.9) x 1074 M and k™

= 1904+ 16 s'*. A more pronounced saturation is seen in Figure

3 for the less reactivéf, and fitting of these data to eq 1 gives
Km = (1.004 0.08) x 104 M andke"™> = 3.10+ 0.06 s
Original data for all substrates and plots @bdws [1-Zn(ll)2:
(TOCHg)]see are given as Supporting Information.

There are several points of note required to understand the
fitted data. First, inspection of all the plots reveals that there is
a significantX-intercept which results from incomplete forma-
tion of the catalyst at low concentrations. Equation 1 is a
universal binding equation that is applicable to both strong and
weak binding situatiori8

Kobs = Keaf 1 + Kg[S] + [Cat]Kg — X)/(2Kp)/[S] (1)
where:
= (1+ 2Kg[S] + 2[CatKs + KgIS]* —
2K ?[Cat][S] + [Cat]’K?)*°

andKg refers to the Cat- Sub binding constant (units of M),

the reciprocal of which is defined here as the Michadlitenten
constantKy with units of M. The [Cat] term in eq 1 used for
the fitting corresponds to the actual concentrationviaible
catalyst, free from triflate inhibition, which is derived according
to the expression [CatF ([1:Zn(11)2:("OCH)]free — A), Where

Alis an independently fitted parameter generally having the value
around 0.2 mM, corresponding to the observable intercept.
While we acknowledge this approach is not rigorous, it is the
same as what we have used previously to model th&-La
catalyzed methanolysis of carboxylate esters and neutral phos-
phate triestef$% ¢ where only the concentration of a catalytically
active L&"-containing dimer was taken into account. We have
also demonstrated the validity of this approach in the case of
the Zr¢™-catalyzed cyclization of HPNPP in etharfdkiven in
Table 3 are the best-fy andk."®* constants for substrates
4c—g, along with the experimentally observed second-order rate
constants for substratda (or 223 and4b. The k" values

for substrategla and4b were computed under the assumption
that values for all the substrates adhere to a Brgnsted relationship
kea™® = 10y PK+C). Nonlinear least-squares fitting of the
availablekc,™® vs SpKa data givessig = —0.97+ 0.05 andC

= 14.36+ 0.57 from which values of 230& 800 and 147Gt

450 s'1 can be extrapolated for substrates and4b.l” These

are used to provide thKy values from the expressidfy =
Keaf"®/k2PS. Given in Figure 4 is a plot of th&y vs phenol
K, values that shows an upward curvature commencing at
the more acidic phenols corresponding to substrétesb, and

4a. Also included on the figure are two complex constants, the
components of which refer to various rate and equilibrium
binding constants given in Scheme 1 which will be discussed
later.

(15) Equation 1 was obtained from the equations for equilibrium binding and
for conservation of mass by using the commercially available MAPLE
software Maple 9.00 June 13, 2003, Build ID 13164, Maplesoft, a division
of Waterloo Maple Inc. 19812003, Waterloo, Ontario, Canada.

(16) (a) Brown, R. S.; Neverov, A. A.; Tsang, J. S. W.; Gibson, G. T. T;
Montoya—Pe1az P. J.Can. J. Chem2004 82, 1791. (b) Brown, R. S.;
Neverov, A.J. Chem. Soc., Perkin Trans.2002 1039. (c) Tsang, J. S.;
Neverov, A. A.; Brown, R. SJ. Am. Chem. SoQ003 125, 7602.

(17) The linear regression of ldga"vs K, fits the expression 08" =

(—0.89+ 0.13) K, + (13.204 1.78). Although the nonlinear and linear

fittings give Brgnsted,y values that are within experimental error, the
nonlinear fit gives non-log-weighted error limits which reduce the
uncertainty in the extrapolatdd,™® terms for4a and4b.
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Table 3. Kinetic Constants (Maximum Rate Constant, k..M, Michaelis—Menten Constants (Ky), and Second-Order Rate Constants (k°bs
or keaM@/Ky) for the Cleavage of 4a—g Mediated by 1-Zn(ll):("OCHg) at $pH 9.8 and 25.0 £ 0.1 °C

phenoISSpKa in Ko™ Ky kyobs acceleration by
substrate methanol (s™) (] (M~tsh catalyst at SpH 9.8°
4a (27 11.30 2300+ 800 (8.3£2.9)x 1073 (2.75+ 0.04) x 10° 1.0x 101
4?2 11.50 1470+ 450 (7.2+2.3)x 1073 (1.944 0.03) x 1C° 3.4x 1014
4c 12.49 190t 16 (6.3+0.9)x 104 (3.04£0.5) x 10 2.6 x 102
4d 13.59 15.6:c04 (8.0+£0.8) x 10°° (1.940.2) x 10 2.7 x 1012
4e 13.93 3.32£ 0.09 (1.0£0.1)x 104 (2.640.3) x 10% 1.8x 1012
4f 14.33 3.10+ 0.07 (7.9£0.8) x 10°° (3.94 0.4) x 10% 2.4 x 102
4q 14.77 2.3H# 0.07 (1.0£0.1)x 104 (2.34+0.3) x 10% 3.8 x 1012

aKy values in italics computed as described in text. Ksfgsvalues for4a®2 and4b are the experimentally observed values from the slopes di;the
vs [1-Zn(l1)2:("OCHg)]iree plots. P ks values computed fromkea®/Ky. ¢ Acceleration in terms ok relative to the methoxide reaction gH 9.8
where [OCHg] =1.07 x 107 M. 9 Acceleration in terms of 1 mM catalyst reacting with observed second-order rate consfaht at8.

10+

K-1 kcatmax/ k2

K.1K.2/ka

Ky (mM)

11.5 12.5 13.5 14.5

spKa of Phenol Leaving Group
s

Figure 4. Plot of Ky vs K, values for the phenols of substrates—g.

Kwm values for the substrates with the two lowepKa's (4a,b) computed

as described in texKy values fordc—g are experimentally determined
from fits of the saturation kinetic plots. Line through the data computed on
the basis of NLLSQ fit toKy = C + 106y PKstconst) where Bq has a
computed value of-1.02+ 0.13, constant is 12.% 1.5 andC = K_1k-»/

ko is set as a constant of 9 10-5 M (the average&Ky value for substrates

- L
Figure 6. Molecular structure ofl-Zn(Il)2:("OH) (CRSO;™)3(HOCH;)
shown as an ORTEP diagram at the 50% probability level, counterions
and methanol of solvation omitted for clarity. Structural details given in

4d—0g). Supporting Information.
207 for the product appearance contains one methoxide lefre
] (12 complex, and one substrate, or their kinetic equivalents.
159 " A crystal of 1-Zn(I1)2:(~OH) (CRsSOs~)s(HOCHs) suitable
. L] ] for X-ray diffraction was grown from a methanol solution where
"o 1.0 the components, Zn(CRSQ0;™),, and NaOCHwere introduced
2 " "n ina 1:2:1 ratio. Surprisingly, the structure of the core unit shown
£ 0.5+ in Figure 6 (devoid of the three triflate counterions and the
methanol of solvation) shows a hydroxide ion bridging between
0.0 . the two Zn(ll) ions, the source of which must be adventitious

L] L] L) L]
0.0 0.5 1.0 1.5 2.0 25 water that was present in the methanol solution or in the
Equivalents of NaOCH; per 1-Zn(ll), atmosphere to which the solution was exposed during its
Figure 5. Plot of the observed first-order rate constants for the methanolysis €vaporation.

of 0.04 mM4f catalyzed by 0.4 mM-Zn(ll), as a function of the [CEO~)/

[L:Zn(11)7] ratio at 25.04 0.1 °C. 4. Discussion

4.1. X-ray Diffraction Structure. Despite having been grown

Shown in Figure 5 is a plot of the first-order rate constant from a methanol solution with added methoxide, the only
for the appearance of phenol product fromx4107> M 4f crystallized complex we obtained contains a bridging hydroxide
promoted by 0.4 mML-Zn(ll), containing catalyst where the as1-Zn(ll),:("OH). Its molecular structure, shown in Figure 6
[methoxide]/fLl-Zn(Il),] ratio varies from 0 to 2. A 0.8 mM stock  devoid of counterions and methanol of solvation, shows that
solution of the1-Zn(ll),:("OCHs) catalyst was prepared as each metal ion is coordinated to a single bridging Hidd the
described in the Experimental Section and then mixed in a three N's of the opposing triazacyclododecane units that are
stopped-flow reaction analyzer with equal volumes of a second joined by a 1,3-propano linker in a fashion that is reminiscent
solution containing 0.08 mM oflf and varying amounts of  of “earmuffs”. The Zn(ll}-coordinated hydroxide is hydrogen
added HCIQ or NaOCH after which the rate of appearance of bonded to a triflate ion in the adjacent unit cell which may be
product phenol was determined. As the figure shows, the a stabilizing force for HO in the solid state, although it is
maximum rate constant is observed when the [methoxitle]/[ possible that there is some other subtle preference for hydroxide
Zn(Il)] ratio is unity, consistent with a process where the TS that is retained in solution, but this cannot be ascertained from
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the studies we have at present. Each of the Zn(ll) ions methanol) as in eq 2. The methanol solvent actually reduces
experiences a distorted tetrahedral coordination with the HO  the base-catalyzed reaction rates relative to the situation in water.
Zn—N angles varying between 10&nd 117. The Zn-~OH For example withla, thek, OMeis 2.6 x 103 M~1s™1, ® while
bond lengths are 1.912(2) and 1.915(2) A, while the-Z@- that for the hydroxide-promoted cyclization is reported as 9.9
(H)—Zn angle is 147.19(14) The Zn-Zn separation is 3.670 x 102M1s120r6.5x 102M1s124

A which can be compared with Cu(tiCu(ll) separations of

3.26 and 3.68 A in two relatet+Cu(ll),:("OH)(OH,) and1-Cu- 0 k,OR 0
(1) 2:("OH)((ArCH,0),PO,~) complexes previously reportéd. HO, O—P=0,, ——= O 0=P=0,,
We have repeatedly tried, without success, to obtain a dibenzyl o ‘OR > o
phosphate complex dfZn(ll),:(“OH), but the only crystalline 4 4
products are those containing polymeri¢Z(ArCH,0),PO, "), o0 O @)
with no ligand present. t ‘P’< + (H)O~Ar
4.2. Methoxide-Promoted Cyclization of 4a-g. The Brgn- o o
sted plot of the log,~°™¢ vs phenol pK, data (Table 2) has a oyclic

Pig value of —0.72+ 0.08. This value can be compared with phosphate
Pig values of —0.62 and—0.58 for the hydroxide-promoted
cleavage of 2-hydroxypropyl aryl phosphates and for the This rate reduction is probably a consequence of the reduced
hydroxide-promoted hydrolysis of methyl aryl phosphate di- polarity/dielectric constant of methanol vs water=f 31.5 vs
ester$® and values of-0.54 for the hydroxide reaction of aryl 7825 which opposes the required pre-equilibrium formation of
uridine-3-phosphated?® and —0.64 for the attack of aryloxy  the dianionic form 4°). Nevertheless, as will be shown later,
anions on aryl methyl phosphate diest&swilliams!®20 has this same reduced dielectric constant/polarity effect considerably
argued that nucleophilic displacement of good leaving groups enhances the reactions between the substéatmsd the net
from neutral or monoanionic phosphates by oxyanions is positively charged-Zn(Il),:("OCHg) catalyst.
concerted or involves an intermediate in a very shallow energy  4.3. Cyclization Reactions of 4ag Catalyzed by 1-Zn-
well at the top of a barrier. The more recent sttidpdicated (1) 2:("OCHg). 4.3.1. Stepwise or Concertedca Process?
the base-catalyzed ring closure of a series of uridifgh8sphate Inspection of theékopsvs [1-ZNn(I1)2:(TOCH)]tree plots provided
esters with leaving groups spanning a range-e1B pK, units in Figures 1-3 for 4b,c,f, as well as those figures in the
proceeded through an intermediate, the formation and break-Supporting Information fodd,e,g, indicates that all substrates
down of which was rate limiting for good and poor leaving but 4a%@ and 4b exhibit Michaelis-Menten behavior over the
groups respectivelyfly = —0.52 and—1.34, respectively). In range of 0.2 mM< [1-Zn(Il)2:("OCHg)]iree < 1 mMM. TheKy
the latter repoft it was argued that the original Brown and andkf"® constants in Table 3 fatc—g are derived from fitting
Usher data for the base-promoted cyclization of 2-hydroxypropyl the kyps vs [1-Zn(I1)2:("OCHg)]wee data to the expression in eq
aryloxy and alkoxy phosphat®scould be reasonably reinter- 1. Since thekopsplots for4a,b are linear over the concentration
preted as being consistent with a stepwise process proceedingange investigated, only second-order rate constants for the
through a five-membered phosphorane intermediate. appearance of the corresponding phenol products are experi-
The data we have with the methoxide reactioatg are mentally accessible. However, under the assumption that the
consistent with a single rate-limiting step for these substrates k.,{"® for 4a and4b should lie on the same Brgnsted plot that
having a limited K, range for the various aryloxy-leaving is defined by the other members of serégsespective values
groups. This includes a two-step process where formation of of 2300 and 1470 $ can be determined for these. This
the phosphorane intermediate is rate limiting with fast loss of assumption might be questioned since it requires that the
the good leaving groups. At the transition state, the change in mechanism for th&:,"®*term involving cleavage of the bound
bonding of ArO-P bond has progressed some-4%% from phosphate should be a common one throughout this series of
starting material to product phenol&fThe observed reaction  closely related aryloxy derivatives. In our opinion it is likely
with substrates4 in both water and methanol does not that the present-Zn(ll),:("OCH;s)-catalyzed cyclization reac-
incorporate lyoxide, but rather involves specific base-promoted tions of 4a—g all comprise two steps since the strong electro-
cyclization with the expulsion of the substituted phenoxide static interaction of the dinuclear core of the catalyst should
(which immediately produces phenol at the§eH values in stabilize greatly the dianionic phosphorane intermediate and the
transition state leading to it, thereby deflecting the reaction away

(18) ggi"‘ilasrg& N. H.; Takasaki, B.; Wall, M.; Chin, &cc. Chem. Res.999 from a concerted pathway. Since we are dealing with good
(19) (a) Davis, A. M.; Hall, A. D.; Williams, A.J. Am. Chem. Sod.998 110, aryloxy-leaving groups, the probable rate-limiting step is the
2105, (b) Ba-Saif, S. A Davis, A. M.; Williams, Al Org. Chem1989 formation of the intermediate, but the slightly more negative
(20) (a) Bourne, N.; Williams, AJ. Am. Chem. So4984 106, 7591. (b) Bourne, Branstedyy value for the catalyzekt;reaction (-0.974 0.05)
'I‘ibcgggt_'“k’ E.; Davis, A. M.; Williams, AJ. Am. Chem. Sod.988 relative to that of the second-order methoxide-promoted reaction
(21) |2_'fggberg, H.; Stimberg, R.; Williams, AOrg. Biomol. Chem2004 2, (—0.724 0.08) weakly suggests that there is more@Ar bond

(22) The extent of breaking of the-fDAr bond in the TS can be measured by cleavage at the TS in the former.

the Leffler parametera, which measures the change in the Brongigd
for the TS relative to the dg for equilibrium transfers of the phosphoryl (23) O’Donoghue, A. M.; Pyun, S.Y; Yang, M.-Y.; Morrow, J. R.; Richard, J.

group between oxyanion nucleophiles. In the case of the transfer of the P.J. Am. Chem. So2006 128 1615.

(RO)PEO)O™ group® the feq value is—1.74 with theO—Ar oxygen in (24) Bonfa L.; Gatos, M.; Mancin, F.; Tecilla, P.; Tonellato, Uhorg. Chem.
the starting material having a net effective charge-dd.74. When 2003 42, 3943.

methoxide is the nucleophile, the Leffler parameterfgffeq = 0.43 (25) Harned, H. S.; Owen, B. Bhe Physical Chemistry of Electrolytic Solutipns
suggests that the-FOAr cleavage is 43% of the way from starting material 3rd ed.; ACS Monograph Series 137; Reinhold Publishing: New York,
to product. 1957; p 161.
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4.3.2. Break in theKy vs K, Plot. From the extrapolated  a first-formed complex that evolves into reactive form where
keof"® values forda and4b can be derive®y constants of 8.3 ~ we suggest that the phosphate is doubly coordinated by the Cu-
x 1073 and 7.2x 1073 M respectively, with errors of about  (Il)2 moiety3°
+30%. All the Ky values are plotted in Figure 4 against the Among all the terms present in Scheme 1, khg"® constant
phenol JpK, values and NLLSQ fitting of the data #y = C should be most sensitive to the nature of the aryloxy group,
106" Kt const) provides By value of —1.02+ 0.13. This and the binding termi_1, ko, andk—, are expected to be much
value is largely defined by thes™®term which starts to come  less so. For the analysis, these will be assumed to be invariant
into play for the substrates where the leaving phenols have constants for the serigssubstrates. The form of eq 4 breaks

K, values of less than-13. the Ky term into two components, the first of whicK (1k_»/
The Michaelis-Menten expression given in eq 3 can be ko) should be insensitive to the nature of the leaving group, and
derived for the process given in Scheme 1, thus largely defines th&y values for the poorer substrates.
Accordingly, for substrate4d—g, all the experimenta{y values
maxpq _ . are very close, lying in the range of 8 10°Mto 1 x 104
rate= 9P — Kear  [1 = 20(105( OCH]ed] ©) M, and this is shown graphically in Figure 4 as a dotted
dt Ky + [4] horizontal line. For the substrates with the better leaving groups,
K, ko, KT K ax the second term in eq &-1kea"®fkz, comes into play, causing
K, =-—fe—2 G _y 724 & increases in thiy to 6.3x 10~ M for 4c and calculated values
Mook k; Yk Yk of 7.2 x 1073 and 8.3x 103 M for 4b and4a as a result of an

(4) increasing<.a™ (190 to 1470 and then 2300%respectively).

The upward curvature seen in Figure 4 largely depends on how
the electronic changes in the substrate affects the ratik-of (

+ keai™/k, and provides evidence for a change in the rate-
limiting step from chemical cleavage for poor substrates

with the Ky constant being defined in eq 4. In our model, the
k_1/k; term refers to an equilibrium dissociation constant of a
first-formed complex where the substrate is bound to one of

the Zn(ll) ions (herein termek— for simplicity). Thf—:-kz term leaving-group Ka values are>13) to binding for good
refers to a subsequent step proposed to be an intramolecula . .

ubstrates (leaving-groupK, values are<12.5) for which
rearrangement where the substrate becomes bound to both of -, K

the Zn(ll) ions, experiencing a double activation as shown in <% . .
Scheme 1, and tHe.* term corresponds to the chemical step Some information about the values of the complex constants
of intramolecular cyclization which produces the observed COMes from analysis of the relationship given in Figure 4 where
. . . —qai 5 i
phenol product. We note that it is not mathematically required the @verag&y for substratedd—gis 9x 107> M and is equal
that we include the first equilibrium constakity/k; or K_1 in to K-ik-okz in Scheme 1. This numI:‘)ler is very close to the
the analysis but suggest it is necessary for a more completeObservefd inhibition constant of 1:6 10~* M for the essent!ally
description based on two considerations. First, it is difficult to Unreactive, but structL.Jr_aIIy ana3|aogogs, complex of dibenzyl
envision that a productive substrate association involving Phosphate ancl-Zn(II)n%E( OCHg).* Using thf expenmentallly
phosphate coordination to both metal ions can occur in a single d€terminediu andkea{" values of 6.3« 107*M and 190 s
step with the highly congestetiZn(Il)»:("OCHg) as it would for 4c (Table 3), orée calculates fro_m eq 4 vall_Jes of_32f9r
involve formation of two P-O—Zn(ll) bonds along with the ~ K-2 @nd 2.84x 107 M-s for the ratioK/k; or its reciprocal
cleavage of at least one Zn(HyOCH; linkage in a very of 352,000 M1 s71 for kiko/k_;. This latter r!umber is the
sterically restricted complex. This explains the rather small, computed second-order rate constant for the binding of substrate
second-order rate constants of 275.000 and 194.000 dvi to form the Michaelis complex, and can be compared with the
observed for catalyzed reactions4zf and4b?s that seem low experimental values of 275,000 and 194,000 found for
for a binding event involving a facile ligand exchange on Zn- substrateda and4b?®. G'V?” the assumptions, the closeness of
(I1) which, in favorable cases, can be as high a-1m? M1 the computed and experimental numbers for a substrate, where
5127 The rates of binding to M(Il) complexes in general are saturation kinetics are observed, and two others, where only

knowr?® to be highly sensitive to crowding effects such as is Second-order kinetics are observed, gives support for the
expected withl-Zn(l),:(“OCHs) (see structure in Figure 6). qugl_ltanve correctness _of the proposed change in thg rate-
Second, for the analogodsCu(ll),:(~OCHs) complex, stopped- limiting step from chemical cleavage to substrate binding as
flow spectrophotometry reveals that the kinetics of changes of W€ Progress from poor to good substrates.
the Cu(ll) absorbance bands in the presence of some phosphate 4.4. Catalysis and Mechanistic QuestionsPresented in
substrates includinga and3 are consistent with two events; a Scheme 2 is a more detailed version of Scheme 1 that gives
bimolecular binding of substrate aridCu(ll),:("OCHy) fol- the possible candidates involved in theZn(ll)2:("OCHy)-
lowed by a unimolecular rearrangement of what appears to becatalyzed cleavage of substratds Inspection of Figure 5
indicates that for substra#é where Michaelis-Menten kinetics
(26) According to our proposed mechanism, the chemical step for catalyzed gre observed and the concentration of catalyst is great enough
cleavage offa anddb is not rate limiting, but the binding steps are. Steady- . . . .
state analysis of the binding with being rate limiting giveskos = kiko/ that the Michaelis complex is stentlally Completgly. formed,
(27) g(ﬁétﬁelr(ngssibility for the rather slow binding of the substrate to the catalyst the l.(cat rate ConStant for production Of. pI’Odl.JCt maximizes at 1
could be an unfavourable pre-equilibrium opening of one of the za(ll)’  €quiv of methoxide perl:Zn(ll)z> unit. This stopped-flow

OCH; linkages, followed by a rapid attack of the substrate, which then experiment is conducted starting with the fuIIy formed&n-
undergoes double activation and subsequent reaction. This process is

kineticlrz\lly equivalent to what we have ;Lroposed. X (I 2:("OCHg) catalyst which is mixed rapidly witdf and an

28) (a) Dukes, G. R.; Margerum, D. Whorg. Chem1972 11, 2952. Pitteri, ; +(—

©8) é) Marangoni, G.; V?seutin, F. V., %attalini, L.; Bobbo, P.o(ly)hedron appmp”ate amount of HCLOOI’ BU4N ( OCH3)'_ Under the .
1998 17, 475. assumptions that the substrate binding and acid/base reactions
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Scheme 2. Simplified Proposed Scheme for Binding and Catalyzed Cyclization of 2-Hydroxypropyl Aryl Phosphates Promoted by
1:Zn,:("OCHj3)

“OCH,

_.-Zn

Zn
Zn ArO_ //
k k NSO +-OCH
ArO-B. / e o ped — on A ’
0 H;CO B / K N
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are fast and the metal ion does not dissociate from the complexactual substrate-binding step may involve the deprotonated 2-OH
within this time scale, the results suggest that the TS for the form of the substrated() and the protonated form of the catalyst
catalytic formation of the phenol product contains one each of (5-zn(I1),:(OH,)), rather than the alternative 2-OH form of the
methoxide, substrate, aridZn(ll)z, or the kinetic equivalent.  substrate with the deprotonated form of the catalyst (see Scheme
Substrateda exhibits a linear dependence on [catalyst] for the 3) \while this mechanism cannot be ruled out in general for
production ofp-nitrophenol product and shows a quite different  the processes in water, it can be excludedLi@n(ll),:("OCHs)
dependence for the plot &f/s the [ OCHg]/[ 1:Zn(ll)7] ratio. in methanol. The K, for deprotonation of the 2-HO group of
This plot maximizes at-0.1-0.2 at which point thésis about 5o nic 43 in methanol should be at least as large or greater

flls cramacaly ot lower ratos, Tis s consistont wit arae.. a0 (hatof methanok(,MeOH] = (10°57130)M) o ks
y : > 18.2. At a pH of 9.8 where thel-Zn(ll), catalyst is

limiting step where there is preferentid binding to al-Zn- ) he dianioni d b in S
()2 complex without an associated methoxide. The drop in rate operative, the dianionic4] would be one part in 10" Since

at [[OCHsJ/[1-Zn(Il)] ratio of ~0.1—0.2 is then consistent with the second-order rate constants for binding of substdatesd

a reduction in the free JOCH] to the point that the production 40, in whatever form, by th&-Zn(ll) catalyst are observed to

of the product, which requires a deprotonation of the bound Pe 275,000 and 194,000 Ms™* respectively, these reactions
substrate, now becomes rate limiting. would have to exceed the diffusion limit of 10V ~1 s71 by at

There are two other aspects for which information is now least 10 if the dianionic form of the substrate was the requisite
available to rule out some of the mechanistic alternatives. The form for binding. This factor must be even larger if one
first is the state of ionization of the catalyst and substrate for acknowledges that ajpH 9.8 essentially all of the catalyst is
the binding steps. It has been suggest&don the basis of present ag-Zn(ll),:("OCHg) and only a small proportion exists
studies of the cleavages of some RNA models including uridine in the form required to bind the anionic substrate, nameln-
3'-p-nitrophenyl phosphate ad by the dinuclear Zn(Il)catalyst ~ (Il),:(HOCH;z). Note this does not preclude a kinetically
5 and some other metal ion-containing cataly8#§,that the equivalent situation where there is transient bindingl:@n-

(I1) 2:(TOCHg) and4 with a subsequent fast formation of a bound

(29) Farquhar, E. R.; Richard, J. P.; Morrow, Jlfarg. Chem2007, 46, 7169. . AN ; P
(30) Mathews, R. A.; Rossiter, C. S.; Morrow, J. R.; Richard, D&lton Trans. 1.Z_n(||).2.4 form alc_.ng Wlth simultaneous or SUbsequem double
2007, 3804. activation and cyclization.
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Our favored mechanism shown in Scheme 2 thus involves
the binding of1-Zn(ll),:(TOCHg) to the aryloxy hydroxypropyl
phosphate4) first through one of the metal ions, followed by
a rearrangement to doubly activate the phospghata binding
to the second Zn(ll) ion. In accordance with the X-ray structure
shown in Figure 6, we believe the resting staté:@h,:("OCHs)
in solution has the methoxy group bridging the two Zn(ll) ions.
In Scheme 2 the first formed comple€g¢mp 1) is formulated
as having the phosphate bound to one of the Zn(ll) ions so that
its binding to the bridging methoxy group is loosened or lost
completely. The process by which the double activation occurs
is not clear from the present data, but could involve: (1)
phosphate closure on the second Zn(ll) to yielmmp 1" which
retains the methoxy coordinated to the second zZn(ll); (2)
complete loss of the methoxide during the phosphate closure
to give Comp 0 plus liberated methoxide; or (3) formation of
Comp 2where the departing methoxide has removed the 2-OH
proton of the bound substrate during the process of double
activation. If this process is reversible, it is equivalent to specific
base removal of the 2-OH proton by an external methoxide
followed by subsequent ring closure. The available kinetic
evidence indicates the specific base role for external methoxide
is possible, but only if deprotonation occurs at rates approaching
the diffusion limit. For the fastest substrate where Michaelis
Menten behavior is observed in the concentration range
investigated here4f), the experimentaky; value for the
completely bound substrate is 190tsAssuming that external
methoxide is the base, its concentratiorfatt! 9.8 would be 1
x 1077 M. Thus, if proton removal occurs at the diffusion limit
of ~109 M~ s71, the k.ot would have an upper limit-1000
s~1 which encompasses the observed valuedigrand those
values predicted foda and4b.

4.5. Catalytic Acceleration of the Cyclization of 4 and
Energetic Considerations.Presented in Table 3 are accelera-
tions provided byl-Zn(Il),:("OCHg) for the cyclization reaction
of 4a—g relative to the rates contributed by the methoxide
reactions (Table 2) afpH 9.8. Interestingly, all accelerations
lie in the range of 1 4 x 10'%fold. An alternative assessment
compares the second-order rate constants for reactidZof
(1) 2:("OCHg) with 4a—g (defined askeafKm) with the k,~OMe
values for the methoxide reactions (Table 2). These fit into a
domain of (:4.5) x 10-fold acceleration foda—d, and a
second domain of (1:54) x 10°-fold for the less reactive
substrategle—g.

A convenient wa$ to quantify the catalytic efficiency is to
calculate the difference in energy of a transition state containing
only [CH3O™:4], and one where the latter is bound to the
catalys#? (1-zn(ll);) to form a hypothetical transition state
[1-Zn(1)2:("OCHs):4]*. Presented in Scheme 4 is a thermody-
namic cycle involving both the methoxide reaction andlifsn-

(1) 2:(“OCHg)-promoted (or kinetically equivalent) reactions of
4c—qg, for which eq 5 provides the free energy difference
(AAGHsap) between L:Zn(11)2:("OCHg):4]* relative to [CHO™:

4)*. In Scheme 4AGping, AG*car and AG¥yon are the respective
free energies for: (1) methoxide binding 1eZn(ll),, (2) the
free energy of activation for unimolecular reaction of fhén-

(31) Double Lewis, activation of phosphates is a well-known motif of the binding
of a phosphate mono or dianion to a dinuclear core. See refs 1, 7, 8, 18,
and Kinoshita, E.; Takahashi, M.; Takada, H.; Shiro, M. KoikeD&lton
Trans.2004 8, 1189.

(32) Wolfenden, RNature1969 223 704.
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1-Zn(ll),:(OCH,):4

AGgjng

1-Zn(I1)y:(OCHy)
M

(1) 2:("OCHg):4 complex or its kinetic equivalent, and (3) the
free energy of activation for the reaction of methoxide with
AGy is the free energy for association dfand 1-Zn(ll),:
(TOCHg) computed from the Michaelis constal{, for each
substrate. In eq 6 the free energy calculation is specific for the
reactions withda,b that show only a first-order dependence on
[2-Zn(11)2:(TOCHg)]iree throughout the concentration range
investigated.

AAGp= (AGgypg — AGy + AGry) —

(Kead Knn) (K/K,)]
AGilonz — RTIn % (5)
AAG;aF (AGBind+ Aecatl:Zn(ll)Z:(OCHS _
(S")(K/K,)
AG;,,,=—RTIn k_TMeW (6)
2 -

The various terms in egs 5,6 are: (1) the/Ku values given

in Table 3. The observed second-order rate conskatfe)(for

the reaction ofl-Zn(Il),:("OCHg) with 4a,b is equivalent to this

and is also found in Table 3; (X4/K, which can be readily

shown to be formally equivalent to the binding constant of

methoxide to the dinuclear complexZn(ll), to form 1-Zn-

(I 2:(TOCHg). K, refers to the first acid dissociation constant

of 1-Zn(Il),:(HOCH), determined from half-neutralizati#fhas

107°4% and K,, is the autoprotolysis constant for methanol

(107167%); and (3)k,©Me is the second-order rate constant for

the methoxide reaction of each substrate given in Table 2.
Listed in Table 4 are thek{/Kw)/ko~Meand KealKm)(Kd/

Kw) constants and computedAG¥pvalues which are-21 to

—23 kcal/mol. The first ratio provides the acceleration in second-

order rate constant for the complex-catalyzed reaction relative

to the methoxide reaction, while the second, when inserted into

egs 5,6, provides the free energy of stabilizatid G*say) of

the complex-catalyzed reaction relative to the methoxide reac-

tion. Of these constants, th&/K,, term contributes-10.0 kcal/

mol to theAAGHgpfor the series, and thédy/Ky)/k:~OMe term

contributes—11.0 to—13.2 kcal/mol with the slowest-reacting

substrates having the more negative values.

It instructive to look at the graphical representation of the
activation energy diagram shown in Figure 7 for the reaction
of one example of the substrate, with methoxide and the
catalyst (represented dsZn(I1),:("OCHsz)),®3 all species at a
standard state of 1 M, where the ground state comprise®CH
1-Zn(ll)2, and substratedc partners. TheAG*,, for the
methoxide reaction in the absence of catalyst is 21.7 kcal/mol
above the ground state. Figure 7 shows that binding of the three
components to form the Michaelis complex, formulated:@s-

(I 2:("OCHg):4c, is exothermic by—14.4 kcal/mol, which is
almost exactly offset by the activation energy of 14.3 kcal/mol



Dinuclear Zn(ll) Complex-Catalyzed Cyclization ARTICLES

Table 4. (Kea Ku)(Ka/Kw) and (kca/ Km)/k2~OMe Constants and Computed Free Energies of Formation of Michaelis Complex (AGging — AGw),
the Free Energies of Activation for keat (AG*car), and the Free Energies of Stabilization of the Methoxide Transition State through Binding to
1-Zn(ll)2 (AAG'siap)? for the Reaction of 1-Zn(ll)2:("OCHz) with Substrates 4a—g at 25 °C in Methanol

(kcat/KM)(Ka/Kw) AGBmd —AGy AG*o:an( AA G‘stab

substrate (Kea Kk~ OMe (M—2s71)be (kcal/mol)? (kcal/mol)® (kcal/mol)
4a 1.15x 10° 6.3 x 10%2 —12.9 12.8 —21.0
4b 3.7x 10° 4.5x 102 —13.0 13.1 —21.7
4c 45x% 10° 6.9 x 1012 —14.4 14.3 —21.8
4d 3.6x 10° 4.4 x 1012 —15.6 15.8 —23.1
4e 1.5x 10° 6.0 x 10 —15.5 16.7 —22.6
4f 3.2 x 10° 9.0 x 10 —15.6 16.8 —23.0
49 3.9x 10° 5.3x 101 —15.5 16.9 —23.1

a AG*sapcomputed from application of kinetic and equilibrium constants to eqsks; 8Me constants from Table 2.ksafKu from Table 3 ¢ K, determined
from half-neutralizatiof to be 10°94% K,, = 1071677 K/K,, = 2.3 x 10". 4 Computed asAGgind — AGn) = —RTIN((K/Kw)/Kn). € Computed fromAG* s
= —RT In(keaf(kT/h)) from the Eyring equation wher&T/h) = 6 x 102 s™1 at 298 K.

25— 1:Zn(11), . components¥-Zn(ll),, CHzO~, and4)33 into a ternary complex
+[CH;07:4c] that is stabilized by-13 to —15.5 kcal/mol relative to the free
20— T — energies of the noncomplexed partners. Placing the ternary
: complex (or its kinetic equivalent, for exampleZn(ll):47)
into a deep thermodynamic well does little for promoting the
15- 91 7 cyclization of 4 unless the transition state for the catalyzed
o > 218 reaction is stabilized to a greater extent. As shown in column 5
10- 5 koM of the Table, theAG*., values for the cylcization of the bound
] substrates are endothermic #13—17 kcal/mol such that the
% 5 - b transition-state energy for the catalyzed reaction is23 kcal/
g P mol lower than the transition-state energy for the methoxide-
0]
<

v . o7 . t
07 1?(11;‘ """ 1 ','-{— [1:Zn(Il):(COCH,): 4] catalyzed cyclization. Put another way, the stabilization energy
. : ’ associated with the binding df:Zn(ll), to the [CHO™:4]*

+CH;0 100 I o . . .
S 44 ; " keat/Ky ! transition state is-21 to —23 kcal/mol. This brings the free
R (X0 i 143 energy of the transition state for the catalyzed reactions for all
-10- —- - - ! the substrates to within 0 to 1.4 kcal/mol of the free energy of
1:Zn(11),:(COCH3) 144 H h d
e ; : the ground-state components.
15 - - - - -
1:Zn(11),:COCHj3): 4c 5. Conclusions
20~ The remarkable catalysis of the cleavage of the RNA models
Figure 7. Activation energy diagram for the reaction of @b and1:Zn- 4a—g that is exhibited by a simple system comprisihgn-

(1):(~OCHsa) with substratedc at standard statefd M and T = 25 °C o . .
showing the calculated energies of binding the methoxidé:Bp(ll),, of (I1)2:("OCHg) and a medium effect imbued by the methanol

binding of the substrate tiZn(ll),:("OCHg), and the calculated activation ~ solvent stands out among all known catalytic systems for the
energies associated wikga andky~OMe. cleavage of 2-hydroxypropyl aryl phosphates. The available data
permit a detailed analysis of the change in mechanism from

associated with th&:,M2* term34 Even for the substrates that . .
do not show saturation kineticéd,b), the diagram shows that substrate binding to chemical cleavage of the caFaIyst-bound
the computed energy of activation for the second-order rate §ubstrate as thipKa vaIueg of the substrates’ Ieavmg groups
constant for reaction afa,b with1:Zn(ll):(TOCHg) is 10.0 and Increase. It has t_)een pomt_ed uthat enzyme agnve sites
10.2 kcal/mol, respectively, again essentially offsetting exactly comprise a domal_n of effectively reducgd d|ele_cFr|c cons_tants,
the energy of binding of methoxide thZn(Il),. It seems an but at the same time are decorated with specifically oriented
important consequence that the catalyzed process of cyclizationf“m:t'_Onal groups to cregte a specific medium tailored for a given
reaction. Sincel-Zn(ll), is a poor catalyst for the cleavage of

of the good substrates is energy neutral in passing from the
g gy P g phosphate diesters in waterbut is an exceptional one in

ground state to the transition state of the activated complex, hanol ; h itively ch q |
and that the overall rate of the reaction should be controlled by met anol, we view the net positively chargec c_ata yst as one
important component that further requires an intimately associ-

the rate of association of the components. : ) . X i
As presented in column 4 of Table 4, the catalyzed cyclization ated low dielectric constant/polarity environment in order to
exert its maximum catalytic efficiency. The dinuclear complex

of all substrates4 involves an assembly of the essential : -
1:Zn(Il), concentrates considerable positive net charge for

(33) There is a kinetic ambiguity as to whether the active form of the catalyst binding, orienting, and promoting the cleavage of anionic
is 1-Zn(ll), which binds substrate that subsequently undergoes deprotonation
by external methoxide, or whether the active formli&n(Il):("OCH)
which binds substrate that undergoes a spontaneous decomposition to(35) Richard, J. P.; Ames, T. IBioorg. Chem2004 32, 354.
cyclized product mediated by the “internal” methoxide. Although these (36) Kim and Lim (ref 12) have reported that the cleavage of (Bjd-

routes are kinetically equivalent and thus thermodynamically equivalent, dinitrophenyl)phosphate promoted tyZn(ll), in water as a function of

we prefer thel-Zn(ll),:("OCH;z) formulation due to its simplicity in pH is not markedly different from the catalysis afforded by the mono-Zn-

recruiting the required catalytic components into one entity and the fact (II) complex of 1,5,9-triazacyclododecane, the rate constant for the former

that the reaction conditions where there is optimal reactivity require a being 7x 103M~ts1at pH 7. In contrast, we have found that the second-

1:Zn?*:~OCH; ratio of 1:2:1. order rate constant for methanolysis of the far less reactive substrate bis-
(34) Energies of activation calculated from the Eyring equation@$= —RT (p-nitrophenyl)phosphate promoted ByZn(ll),:("OCHg) is 20 Mt s71.

IN(kead (KT/H)). Brown, R. S.; Lu, Z.-L. Unpublished results.
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phosphate substrates. A synergistic medium effect in methanolefficient enzymes, bearing in mind that the two catalysts operate
obviously enhances the catalysis in a number of possible waysin different media. The present model system suggests that a
including desolvation of the ionic components, increasing the considerable enhancement in efficiency can be realized by a
energy of interaction of the oppositely charged reaction partners, synergistic tailoring of the catalyst and medium in which the
and stabilizing charged dispersed transition states relative toreaction occurs, and that this may be a general and exploitable
charge localized reactants, but more work is required to delineatephenomenon in the creation of man-made catalysts for the
these and other modes of action. cleavage of phosphoesters and related materials.
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