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Abstract: The methanolysis of hydroxypropyl-p-nitrophenyl phosphate (HPNPP, 1) promoted by La(OTf);
under buffered conditions was studied in methanol as a function of JpH at 25 °C. 3P NMR studies at —90
°C indicate that there are at least three La/l complexes formed at JpH ~ 5.3 of 1:1, 2:2, and 1:2
stoichiometry. Kinetic studies of the observed pseudo-first-order rate constants for the methanolysis of 1
as a function of [La%*] at 4.5 < $pH < 10.5 indicate there are two general JpH regimes. In the low pH
regime between 4.5 and 7.6, the plots of ko versus [La®"] exhibit saturation behavior with very strong 1:1
binding, with a plateau rate constant that depends on [OCH5~]. The catalytically productive species is shown
to be a 2:2 complex of La®" and 1, where the phosphate is proposed to be doubly activated, thereby
promoting the methoxide reaction by some 4.6 x 10%°-fold. In the high $pH regime from 7.9 to 10.5, 1:1,
2:2, and 2:1 La®"/1 complexes are formed with the La®t coordinated in the form of [La®"(OCHz;)]12.
Throughout this $pH regime at high [La®*], a saturation complex, (La®*OCHsz"),/1, is formed that
spontaneously decomposes with a rate constant of (5—10) x 1073 s, leading to an acceleration of 10°%-
fold at pH 8.0.

Introduction micelles?¢ but even so, homogeneity problems usually make it
) difficult to study the reaction under highly basic conditions.
Many enzymes that promote the hydrolysis of phosphate Recently, we have shown that Yfais soluble in methanol

ers1ters_ha|ve active S|tesI contalnlﬂg tvr\:o or mor(;E met?I ons. i roughout thépH region where ionization of the E&(CHs-
These include enzymes cleaving phosphate monotéaline o1y “oecurs, thus making it possible to study the metal-ion-

phosphatase, in_ositol phosphatgse, and purple acid phosphatas?))mmoted methanolysis of acetylimidazole and its ligand
and those cleaving phosphate diestetgh as the RNAse from exchange inert complex (NJ4Cd" —Aclm,® various unactivated

HIV reverse Ftt)ranscrlptas’é, 3'_35%;5 exonuclease from DNA  oqi0rg and three aryl phosphate diestéPsBecause of the
polymerase F? and P1 nucleasé€.Because of the obvious o pility characteristics of these metal ions in methanol, it is

biological relevance pertaining to the storage of genetic
information in DNA and RNA, much attention has been focused

(4) (a) Blasko, A.; Bruice, T. CAcc. Chem. Re4999 32, 475 and references
therein. (b) Williams, N. H.; Tasaki, B.; Wall, M.; Chin, Acc. Chem.

on the hydrolysis of phosphate diesters mediated by metafions.
Among the metal ions, lanthanides exhibit some of the most
dramatic accelerations, particularly under basic conditions as
their metal-hydroxo forms. As impressive as some of the rate
accelerations are, in the cases of studies with metal ions alone
in aqueous solution, complete mechanistic evaluation is pre-
cluded by the fact that, above theKgs of metal-aquo
complexes, formation of precipitates or gels of poor definition
occurs® In some cases, the problem has been ameliorated by
complexing the metal ions to stabilizing ligartisincluding
cyclodextrinst and macrocycled)k or by inserting them into

(1) (a) Lipscomb, W.; Stitar, N.Chem. Re. 1996 96, 2375. (b) Coleman, J.
E. Curr. Opin. Chem. Biol1998 2, 222. (c) Cowan, J. AChem. Re.
1998 98, 1067.

(2) Gani, D.; Wilke, J.Chem. Soc. Re 1995 24, 55.

(3) (a) Davies, J. F.; Hostomska, Z.; Hostomsky, Z.; Jordan, S. R;
Mathews, D. ASciencel99], 252, 88. (b) Beese, L. S.; Steitz, T. EMBO
J. 1991 10, 25. (c) Lahm, A.; Volbeda, S.; Suck, D. Mol. Biol. 199Q
215 207.
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Res 1999 32, 485 and references therein. (c) Moss, R. A.; Park, B. D.;
Scrimin, P.; Ghirlanda, GJ. Chem. Soc., Chem. Comi®95 1627. (d)
Moss, R. A.; Zhang, J.; Bracken, K. Chem. Soc., Chem. Comi®97,
1639. (e) Sumaoka, J.; Miyama, S.; Komiyama, MChem. Soc., Chem.
Comm 1994 1755. (f) Morrow, J. R.; Buttrey, L. A.; Berback, K. Anorg.
Chem.1992 31, 16. (g) Morrow, J. R.; Buttrey, L. A.; Shelton, V. M,;
Berback, K. A.J. Am. Chem. S0d992 114, 1903. (h) Breslow, R. Zhang,
B. J. Am. Chem. Socl994 116, 7893. (i) Takeda, N.; Irisawa, M.;
Komiyama, M.J. Chem. Soc., Chem. Comb994 2773. (j) Hay, R. W.;
Govan, N.J. Chem. Soc., Chem. Comi®9Q 714. (k) Schneider, H.-J.;
Rammo, J.; Hettich, RAngew. Chem., Int. Ed. Endl993 32, 1716. (I)
Ragunathan, K. G.; Schneider, H.Ahgew. Chem., Int. Ed. Engl996
35, 1219. (m) Ganez-Tagle, P.; Yatsimirsky, A. KI. Chem. Soc., Dalton
Trans.1998 2957. (n) Roigk, A.; Hettich, R.; Schneider, H.hJorg. Chem.
1998 37, 751 and references therein. (of iBez-Tagle, P.; Yatsimirski,
A. K. J. Chem. Soc., Dalton Trang8001, 2663. (p) Jurek, P. E.; Jurek, A.
M.; Martell, A. E. Inorg. Chem.200Q 39, 1016.

(5) (a) Rustad, J. R.; Dixon, D. A.; Rosso, K. M.; Felmy, A.RAm. Chem.

Soc.1999 121, 324. (b) Baes, C. F.; Mesmer, R. iHydrolysis of Cations

R. E. Krieger Publishing Co.: Malabar, FL, 1976. (c) Smith, R. M.; Martell,
A. E. Critical Stability Constants. Vol 4: Inorganic Complexédenum
Press: New York, 1976. (d) Richens, D. The Chemistry of Aquo lons
John Wiley and Sons: New York, 1997.

(6) (a) Neverov, A. A.; Brown, R. SCan. J. Chem200Q 78, 1247. (b)

Neverov, A. A.; Montoya-Pelaez, P.; Brown, R.JSAm. Chem. So2001,
123 210.
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possible to greatly expand the concentration duid range
under which the kinetics can be studied, thus solving some of

calomel) electrode calibrated with Fisher certified standard aqueous
buffers (pH= 4.00 and 10.00) as described in our recent papérs.

the problems inherent in analogous water studies. In the presen/alues of pH'® were calculated by adding a correction constant of

study, we have investigated the 3fgopromoted methanolysis
of an RNA model, hydroxypropyp-nitrophenyl phosphatel(
HPNPP)! As the reaction proceeds by intramolecular cycliza-
tion to form the cyclic intermediate?), the actual process is a

2.24 to the experimental meter reading as reported by Bosch'et al.
The oK, values of buffers used for the present kinetic studies were
obtained from the literatutéor measured at half neutralization of the
bases with 70% HCIQin MeOH.

Synthesis of the Sodium Salt of 2-Hydroxylpropyl-4-nitrophenyl

transesterification and thus serves as an interesting counterparg,hosphate (1).The corresponding barium salt was prepared in 44%

to the reaction that occurs in aqueous solution, for which
numerous studies of its one- or two-metal-ion-catalyzed trans-
esterification have been reportéd!12

\/ o o
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As will be shown, the methanolysis of HPNPP can be studied
as a function of [L&"] from ~4.5 < pH < 10.5 and proceeds
through two main pathways involving (B&1), that reacts with
external methoxide and, at highH, a species formulated as
(La®"OCH;z™)2/1 which spontaneously decomposes with a rate
constant of~(5—20) x 1073 s~ L. For these two pathways, the
metal ions promote the methanolysis reactionsdy6 x 10%0-
fold and 1 x 10°-fold relative to the uncatalyzed reactions.

Experimental Section

Materials. Methanol (99.8% anhydrous), sodium methoxide (0.5 M
solution in methanol), La(GSGs);, and disodium p-nitrophenyl

phosphate hexahydrate were purchased from Aldrich and used without2,6-lutidine {pK, = 6.70), N-methylimidazole JKa

any further purification. HCIQ(70% aqueous solution) was purchased
from BDH.

Methods. 'H NMR and3P NMR spectra were determined at 400
and 161.97 MHz using a Bruker Avance-400 NMR spectrométer.
NMR spectra were referenced to an external standard of 70%
phosphoric acid in water, and upfield chemical shifts are negative.

The CHOH," concentration was determined using a radiometer Vit
90 autotitrator, equipped with a radiometer GK2322 combination (glass/

(7) Neverov, A. A,; McDonald, T.; Gibson, G.; Brown, R. San. J. Chem.
2001, 79, 1704.
(8) Neverov, A. A.; Brown, R. Slnorg. Chem.2001, 40, 3588.
(9) Brown, R. S.; Neverov, A. AJ. Chem. Soc., Perkin Trans2902 1039.
(10) Brown, D. M.; Usher, D. AJ. Chem. Socl965 6558.
(11) (a) Baykal, U.; Akkaya, E. UTetrahedron Lett1998 39, 5861. (b) Baykal,
U.; Akkaya, M. S.; Akkaya, E. UJ. Inclusion Phenom. Macrocyclic Chem.
1999 35, 311. (c) Molenveld, P.; Kapsabelis, S.; Engbersen, J. F. J,;
Reinhoudt, D. NJ. Am. Chem. S0d.997, 119 2948. (d) Molenveld, P.;
Engbersen, J. F. J.; Reinhoudt, D. N.Org. Chem1999 64, 6337. (e)
Moss, R. A.; Ragunathan, K. @angmuir1999 15, 107. (f) Moss, R. A,;
Jiang, W.Langmuir200Q 16, 49. (g) Williams, N. H.; Cheung, W.; Chin,
J.J. Am. Chem. S0d998 120, 8079. (h) Wang, C.; Choudhary, S.; Vink,
C. B.; Secord, E. A.; Morrow, J. Rl. Chem. Soc., Chem. Comm@n0Q
2509. (i) Amin, S.; Voss, D. A.; Horrocks, W. D., Jr.; Morrow, J.IRorg.
Chem.1996 35, 7466. (j) Rossi, P.; Felluga, F.; Tecilla, P.; Formaggio,
F.; Crisma, M.; Toniolo, C.; Scrimin, FBiopolymers (Peptide Science)
200Q 55, 496. (k) Leivers, M.; Breslow, RBioorg. Chem2001, 29, 345.
() Gajda, T.; Kramer, R.; JancsdA. Eur. J. Inorg. Chem200Q 1635. (m)
Suh, J.; Hong, S. HJ. Am. Chem. Sod.998 120, 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.; Chin,J.Chem. Soc.,
Chem. Commuril994 1441. (p) Breslow, R.; Huang, D.-IProc. Natl.
Acad. Sci. U.S.A1991 88, 4080.
(12) Interesting studies of this reaction showing dramatic effects of metal ion
in nonaqueous media have also been reported: (a) Kondo, S.-I.; Yoshida,
K.; Yano, Y.J. Chem. Res., Synop999 106. (b) Stulz, E.; Leuman, C.
J. Chem. Soc., Chem. Comt999 239.
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yield by a slight modification of the reported proceddreand
subsequently converted into the sodium salt with all water being doubly
distilled (see Supporting Information}4 NMR (400 MHz, CB;0OD)

0 8.19 (2H, d, AH, J = 8 Hz), 7.40 (2H, d, AH, J = 8 Hz), 3.89 (H,

m, CH), 3.81 (2H, m, ®l,), 1.13 (3H, d, Gi5, J = 6 Hz). 3P NMR
(161.97 MHz, CQOD, 25°C) 6 —4.27.

Kinetics. The rates of methanolyses @fin buffered anhydrous
methanol solutions were followed by monitoring the appearance of
p-nitrophenol at 328 nm or the complex hitrophenolate with L&
at 350 nm at varying [La(OT#$) with an OLIS modified Cary 17 UV
vis spectrophotometer at 25 0.1 °C for pH values lower than
8.60. Reactions were monitored ax810°% M < [La®"] < 4 x 1073
M and were initiated by the addition of an aliquot ofx2 103 M
stock solution ofl in anhydrous MeOH to 2.5 mL of the buffered
reaction mixture. Final substrate concentration in the UV cell was 2
1075 M, unless otherwise specified. In general, the reactions followed
good first-order kinetics up to about-3 half-times of methanolysis,
and the pseudo-first-order rate constaktsy for the methanolysis of
1 were determined by an NLLSQ fitting of the absorbance versus time
traces to a standard exponential model.

Kinetic measurements of the methanolysid @i buffered solutions
with JpH values higher than 8.60 were determined using an Applied
Photophysics SX-17MV stopped-flow reaction analyzer at 25@1
°C. A4 x 1075 M stock solution ofl in buffer was prepared for one
drive syringe, while the other contained the same buffer with>1.6
105M < [La3*] < 8 x 103 M.

Buffers were prepared fron\,N-dimethylaniline {pK. = 5.00),
7.60), N-
ethylmorpholine K. = 8.60), trimethylamine K. = 9.80), and
triethylamine {pK. = 10.78) in anhydrous methanol neutralized with
70% HCIQ to set the finalJpH. Because of the fact that added
counterions can ion pair with Ba ions and affect its speciation in
solution, ionic strength was controlled through neutralization of the
buffer. The total [buffer] varied betweenx 102 M and 1.4x 1072
M, and the buffers were partially neutralized with HGI® keep the
[ClO47] at a low but constant value of 36 102 M which leads to a
reasonably constant ionic strength in solution. With®[ila> 5 x 1074
M at pH values between 7.0 and 8.6, the3Lawas partially
neutralized by the addition of an appropriate amount of NaOMe to
help control thelpH at the desired valu€pH measurements were
performed before and after each experiment, and in all cases, the values
were consistent to within 0.1 units.

Tables 1S16S, Supporting Information, contain the observed
pseudo-first-order rate constants as a function off{lat the various
JpH values.

(13) For the designation of pH in nonaqueous solvents, we use the forms
described by Bosch and co-work¥rsn the basis of the recommendations
of the IUPAC.Compendium of Analytical Nomenclature. DefimitiRules
1997 3rd ed.; Blackwell: Oxford, U.K., 1998. If one calibrates the
measuring electrode with aqueous buffers and then measures the pH of

an agueous buffer solution, the terpH is used; if the electrode is
calibrated in water and the “pH” of the neat buffered methanol solution

is then measured, the teffpH is used; and if the electrode is calibrated

in the same solvent and the “pH” reading is made, then the fpkinis
used.

(14) (a) Bosch, E.; Rived, F.; Roses, M.; Sales]. Zhem. Soc., Perkin Trans.
21999 1953. (b) Rived, F.; RdseM.; Bosch, EAnal. Chim. Actal998
374, 309. (c) Bosch, E.; Bou, P.; Allemann, H.; Roses, Ahal. Chem
1996 3651.
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NMR Studies of 1 in the Presence of La(OT# in ds-Methanol. The 3P NMR spectrum of 5x 103 M 1 in CD;OD was
The methanolysis of 5¢ 1073 M 1 in unbufferedd,-MeOH was obtained as a function of added La(O3#t —90 °C, the ratios
investigated byH NMR at 25°C in the presence of & 102 M La- of [La®*]/[1] being 0.1, 0.25, 0.5, and 1.0. The addition of 0.1

(OTf)s which generates a solutiofpH ~ 5.3. The reaction was  gquiy of La(OTf); produces little change in the spectrum, but
followed by monitoring the disappearance of the starting material as 4: ' >g equiv of L& four peaks are observed at about4.6
well as the appearance of the signals ascribed to the five-membered_9 1 —13.5, and—15.5 ppm, the most prominent beiné 'Ehat

cyclic intermediateZ) andp-nitrophenol to obtaitk; and the hydroxy- .
propyl methyl phosphate produdaandsb to obtaink, and monitoring ato —4.6 for unbound.. The three latter peaks are considerably

the relative product concentrations. The integrated intensities for theseProadened such that exact peak location and integration are not

species as a function of time are given in Table 17S, Supporting POSsible. At 0.5 equiv of L¥, the —4.6 peak is nearly gone

Information. Thek, and k. values were calculated by fitting the ~— and replaced by three broadened signals at abet@, —13.5,

integrated NMR intensities to anA B — C model to obtain average ~ and —15.5 ppm. At a [L&"]/[1] ratio of 1.0, two signals are

values fork, andk, of (6.8 + 1.3) x 10*s*and (1.44+ 0.3) x 10 observed ab —8.9 ppm and-15.9 ppm, the intensities of which

s™1, respectively. Product3a and3b were formed in a ratio of 75:25, are 2:1 at—-90 °C and 1:1 at—68 °C.

and thek, value is the sum of the pseudo-first-order rate constants for  On the basis of the above, we can propose that there are at

the formation of both which equals the rate constant for the depletion least three L& /1 complexes in solution, the relative amounts

of 2. of which are dependent on the 41 ratios, similar to what is
The=P NMR spectra of the two fully reacted hydroxypropyl methyl  ohserved in our earlier study of the effect ofdtavinding to

phosphate product3a and3b prepared in the presence of equimolar diphenyl phosphate in metharfaSince all freel is eliminated

3+ °C,—68°C, —
IJ it above were recorded at temperaturesa °c, ~687C, —25 ata L&"/1ratio of 0.5, the three observed signals are attributed
C, 25°C, and 55°C and show tow broadened signalsiat-2.0 ppm . . o
to complexesi—6, which are in slow exchange at90 °C.

and 0 —8.8 ppm at lower temperatures which gradually change
intensities as the temperature is increased. The chemical shifts of the

. - . S ArO___O
3ab isomers are very simildf® and the signals for the individual * 0" OAr HO OZF_’\O
isomers cannot be resolved; the observed peaks must contain the signalgro_ilp\ /La/ \ﬁ/_ o La3*  AO___O wl o g OH
for both complexed isomers. The peak height intensity ratios othe o o. o = o0 = (')\. o
—2.0 ppm andd —8.8 ppm peaks are approximately 3:1-820 °C, oH HO * 4 A0~ OH
3:2 at —68 °C, and ~1:3 at —25 °C with the peaks at the latter \_<
temperature being considerably broadened. AP@5no discernible 4 5 6

signal is seen. . .

Finally, to gain some idea of the nature of the complexatio® loy . Ata 11 ratio, where there are only two promlné%f.t NMR .
La3", 31P NMR spectra of 5x 103 M 1 in CD;OD were obtained as signals at _8'9 and—15._5, we §ug_gest that the 1:1 and 2'_2
a function of added La(OT#)at —90 °C, the ratios of [L&"]/[1] being complexes dominate. While at this time we are not sure which
0.1, 0.25, 0.5, and 1.0. complex is assigned to a given chemical shift, the approximate
6.5 ppm separation for th&P signals is consistent with the
known chemical shift differences of bridging phosphates
relative to monodentate-coordinated phosphates in related
. La®* Binding to 1 Determined by 3P and H NMR Co" complexes?915 At room temperature, all species are in

Spectra. When no L&" is added, thé'P NMR spectrum ofl dynamic equilibrium on the NMR time scale. ,

at 25°C shows major{95) and minor £5) peaks attributable Il. Preliminary *H NMR Kinetics of Methanolysis of 1
to 2-hydroxy-1-phosphate and 1-hydroxy-2-phosphate isomers Catalyzed by L&*" at pH ~ 5.3. The methanolysis of 5
of 1 at —4.27 and—4.74 ppm which, when cooled t690 °C, .10_3 M 1 and equimolar La(OT#)in unbufferedd,-MeOH was
appear at-4.6 and—5.0 ppm. The methanolysis of 50103 investigated byH NMR at 25°C, pH ~ 5.3. Shown in Figure
and 8.1x 1073 M 1 and equimolar La(OT§)in anhydrous 1is a plot of the integrated intensities of signals attributet] to

MeOH containing 12% (by volume),-MeOH was studied by 2 P-nitrophenol, an@aas a function of time. (See Table 17S,
31p NMR at—90 °C. —68 °C. —25 °C. 0°C. and 25°C. The Supporting Information, for tabulation of the original integrated

spectrum with 1 equiv of added #aat —90 °C exhibits intensity data). Analysis of the intensity versus time data
prominent peaks ab —8.9 ppm and—15.9 ppm, the peak according to a model appropriate far— 2 — 3ab gives
heights of which vary with temperature: the ratios were 2:1 at Pseudo-first-order rate constarks= (6.8 + 1.3) x 107 s
—90°C and 1:1 at-68°C, but at—25 °C the signal ab —8.9 andk, = (1.44 0.3) x 104s™L Analysis of the product mixture
ppm is essentially absent. With further increases in temperature,indicates that the ratio of producga and 3b is about 75:25.
the signal at —15.9 ppm progressively broadens until there is Il Kinetic Studies. a. Methanolysis of 1 in the Absence

no prominent signal at 25C. The L&*/1 mixture was allowed of La%". Stulz and Leumaii® have investigated the solvolytic
to react overnight at room temperature, after which the spectrumactivity of HPNPP promoted by a zirconium complex in a 1:1
of the Laé*-complexed product8a and3b at —90 °C depicts benzene-methanol solution at 28C and reported rate constants
peaks ap —2.0 and—8.8 ppm with intensities about 2:1. The ©f2.93x 10°°M~*s*and 1.97x 10"°*M~* s * for the attack
intensity ratio varies as temperature increase®:2 at—68 of CH3;O~ on1 and2 in the absence of metal ion. In our studies,
°C and 1:3 at—25 °C, suggestive of a shift in equilibrium the methoxide reaction df in pure methanol was monitored
concentration for the product species as a function of temper- Py UV-visible kinetics by observing the rate of appearance of
ature. Above—25 °C, the peak ab —2.0 ppm is no longer p-nitrophenoxide at methoxide concentrations of 9.8.0°3
visible, and the peak ai —8.8 ppm becomes progressively and 2.0x 1072 M, the second-order rate constant being (2.56

wider at 0 and 230’ SqueStlve of some eXChange phenom- (15) Wahnon, D.; Lebuis, A.-M.; Chin, Angew. Chem., Int. Ed. Endl995
enon. 34, 2412.

Results and Discussion
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Figure 1. Plot of the progress of a reaction 0861073 M 1 with equimolar
La(OTf); in ds-methanol at 25°C monitored by!H NMR at JpH ~ 5.3
showing the disappearance df (O0) and the appearance d (@),
p-nitrophenol @), and3a (O).

+ 0.16) x 103 M~1 s71. The second-order rate constant for
the initial transesterification step is some 3000-fold larger than
that for the attack of methoxide on methyitrophenyl
phosphate ((7.% 0.6) x 107" M~1s 1 at 25°C) 8 attesting to
the effectiveness of the intramolecular displacement in HPNPP
to form the cyclic este”. From the known autoprotolysis
constant of methan¥! K = 1071677 pseudo-first-order rate
constants fol — 2 and2 — 3ab of 8.7 x 107 5st and 6.7
x 10715571 can be computed §H = 5.3 assuming that the
methoxide reaction dominates. By way of comparison, tiéLa
catalyzed conversion df — 2 at JpH = 5.3 determined byH
NMR above gives an acceleration of about %810%-fold,
while the L& -catalyzed conversion &— 3ab is accelerated
by 2 x 10'%fold.

b. La%"-Promoted Transesterification of 1. The data
presented to this point do not give an indication of the

mechanism by which the rate enhancements are achieved, but

it is noteworthy that these are among the highest reported
accelerations for any metal-ion-promoted transesterification of
HPNPP. To gain more information about the mechanistic details,
we conducted extensive studies of the effect offfllan Kops

for the transesterification df at 4.5< JpH < 10.6. Individual
rate constants for these are deposited as Tablesl@s,
Supporting Information.

The general appearance of tkgs versus [L&"] plots falls
into two categories, depending upon fp¢l. In the lowZpH
regime between 4.5 and 7.6, the plots, as typified in Figure 2,
show a steep rise with increasing fithfollowed by a plateau
region indicative of a saturation phenomenon. In the second,
or high pH regime from 7.9 to 10, the plots, as typified in
Figure 3, show a linear rise with increasing fithand then a
decrease asymptotically approaching a limiting value of about
(5—10) x 102 s™L The overall behavior is reminiscent of what
we have seen before with Eapromoted methanolysis of
diphenyl phosphate (DPP) and metipyhitrophenyl phosphate

(16) The value 6.% 1015 s71is computed on the basis of the methoxide rate
constant 1.97x 10-3 M~ s~ for the opening of2 in a 1:1 benzene
methanol solution at 28C presented by Stulz and Leum&h.

1562 J. AM. CHEM. SOC. = VOL. 125, NO. 6, 2003

Figure 2. Plots ofkopsvs [La(OTf)] for the transesterification af (2.02

x 1075 M) in the low JpH regime at three value§, = 25 °C. pH = 5.0
(O), 5.6 @), and 6.4 @). Lines through the data computed from fits to eq
5.

150 T T T

10° Kops, S

O 1 1 1 1

30

10* [La(OT)3], M

Figure 3. Plots ofkopsVvs [La3"] for the transesterification df in the high
H regime,T = 25°C, [1] = 2.02x 105> M. JpH = 8.6 (0), 8.9 @), and
9.8 (). Lines are calculated from fits of the data to eq 7.

40 50

and is consistent with the change in the speciation &f las a
function of pH,” both of which are briefly reviewed below
prior to discussing the HPNPP situation.

Titration of La(OTf} in methanol reveals an apparépKa
of 7.4—7.8 consuming 1 equiv of G}~ per L&", depending
on the initial concentration, which is tied to the formation of
(La®")x(OCHs™)2 (7), as in eq 2. In the presence of one-half an

GHs

3+ /0\ 3+

2La3+(HOCH3)x + 20CH3- =——= (CH3OH)yLa\O/La(CH30H)y @

CHy 7
equiv of (PhO)PO:H, the titration reveals two events, the first
consuming 0.5 equiv of C$0~ with an appareripK, of 3.0+
0.1 corresponding to the deprotonation of &t-aound DPP,
and the second consuming 1 equiv of LH with an apparent
K, of 7.8 tied to the formation of a DPP-bridged3‘adimer
with two associated methoxide8)( as shown in eq 3. These



Methanolysis of Hydroxypropyl-p-nitrophenyl Phosphate

Table 1. Rate Constants (kcar) for the Reaction of La3*/1
Computed by Fits of the kops vs [La3t] Data (Table 1S—10S,

Supporting Information) in the Low pH Regime to Eq 5

<PH Keat (71)

4.6 3.10x 10°°
5.0 5.03x 1075
5.6 1.17x 104
6.4 8.01x 104
7.0 5.20x 1073
7.6 1.90x 1072

observations are directly relevant to the situation vith both
the low and higt{pH regimes.

o : o
CH,O no.
(PhO),P—OH + 2La3*+(CH3OH)x =—== (PhO),P—O--La3*+(CH30H)y +La3*(CH30H)x

u 2CH30"
(3)
PhO.__OPh
P
3+| T Y 3+ 8
(CH3OH)nLa._ _.La(HOCHs)n
g

HC - CHs
b. La®"-Promoted Transesterification of 1 in the Low
pH Regime. The plots shown in Figure 2 indicate the
saturation binding of by La®" throughout the lowjpH regime
and suggest the mechanism shown in €d #he substrate is

> \ ﬁ) K > \ 9 kcat 4
HO OPOAr + Lad* == g DPOAr —2 » 5.3+ @
o O:-- a3+ [OCHs]

1

very tightly bound, so much so that tke,sversus [L&"] data
cannot be treated by simple Michaetislenton kinetics, but
rather as a tight binding process (e4%5)

Kops = Keaf 1 + K[1] + [La*" TKX)/[1](2K) (5)

whereK refers to the association constant to form thé'lla
complex, [l] and [L&"] refer to total concentrations, antlis
given as

X ={1+ 2K[1] + 2[La>]K + K1]2 —
2KALaS[1] + [La®]2KE 05

Listed in Table 1 are the computed values Kggin the pH
regime between 4.5 and 7.6. Because of the tightMzinding,

exact values for the association constant cannot be reliably

calculated from our data, other than to set a lower limitKor
of 10® M~1. Since the association constant offtawith 1 is
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Figure 4. Plot of the computed logdca: values listed in Table 1 for the
methoxide induced-cyclization dflLa3" as a function ofpH at 25°C,
slope= 0.96 £ 0.07,k.aPMe = 2.65 x 107/ M~1s71, Also shown a® are
two data points determined gH 5.0 and 6.7 representing the methoxide-
induced cyclization of the (1%/1), dimer under conditions identified in
the caption for Figure 5.

consequence of the reduced dielectric constant of the alcoholic
medium (31.5 at 25C)!® which strongly favors ion association.
Given in Figure 4 is a linear plot (slope 0.96 £ 0.07) of
the keat Values betweedpH 4.5 andpH 7.6 which yields a
value ofk.,PMe = 2.65 x 10’ Mt s71 for the second-order
rate constant for the OGH-promoted cyclization of L#-
coordinated1. However, the mechanism is actually more
complicated and proceeds predominantly through dimers for-
mulated simply as (LH)2/(1),, and at the I] of 2.02 x 10°°
M used to collect the data fropH 4.5-7, we show below
that only about 20% of the bound material is in the form of
dimers. Shown in Figure 5 are plots of the observed pseudo-
first-order rate constants for the reaction as a function of equal
concentrations of L% and 1 at JpH 5.0 and 6.7. These are
conditions where substrate is completely bound by metal, and
the fact that the rate constants increase with*{Lz 1] and
eventually reach a plateau requires a saturation binding process
of two La**/1 monomers to give a reactive dimer as given in
eq 6.

K L max
La®'/1 + La®T /1 == (La*'/1), g (6)
[CH:0]

Fitting of thekyps versus [L&™/1] data in Table 2 to a standard

markedly larger than that with diphenyl phosphate or methyl- one-site binding modél gives values for the dimerization

p-nitrophenyl phosphateit is likely that the intramolecular OH
group of1 aids in the binding, although we do not explicitly

constants Kg) and maximum catalytic rate constankga{"®)
(9.14 0.5) x 10 Mt and (3.304 0.07) x 104 s at pH

show this in any proposed structure. The binding in methanol 5.0 and (7.1+ 0.9) x 10° M~* and (1.02+ 0.06) x 102 s™!

is at least 16fold larger than the reported value of 73 #for
La’" and 1 in aqueous solution at pH 6.85,a probable

at pH 6.7, the rate constants being placed in Figure @as
Interestingly, the calculated saturation curves for the dimer

(17) The lowZpH data are treated through the range §La3*] 5 x 1074 M.
Further increases in the [Bg produce slight increases in tligys values,

as can be seen in the tables in the Supporting Information, suggesting

involvement of some additional Ba derived process, but we have not
included this in the discussion because it is not a prominent effect.

(18) Equation 3 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, Ontario,
Canada.

(19) Harned, H. S.; Owen, B. Bhe Physical Chemistry of Electrolytic Solutions,
3rd ed.; ACS Monograph Series 137; Reinhold Publishing: New York,
1957; p 161.

At first glance, the process described in eq 6 is bimolecular if*[Lh

but the kinetics strictly adhere to a first-order process for the loss of starting
material. However, the subsequent observation that the products of the
reaction actually catalyze the decomposition of the starting material allows

us to treat the kinetics at eadbH according to a simple one-site binding
model: kobs= kcatmaﬁLaS'*'/l]inn/(Kd + [La3+/1]imt).

(20

~
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Table 3. Observed Pseudo-First-Order Rate Constants for the

10* (INaHPNPP] = [La(OTf)3]), M La3*-Catalyzed Methanolysis Obtained for Four Separate
) ’ Additions of [1] (2.02 x 1075M) to a Single Cell at 25 °C, %+ 5.0,
Figure 5. Plot of the observed pseudo-first-order rate constant for the [Dimethylaniline Buffer] = 7 x 1073 M

methanolysis of equimolar [4] = [1] at 25 °C at gpH 5.0 (\,N-
dimethylaniline buffer, right axis) andpH 6.7 (2,6-lutidine bufferm,

cycle Kops, 712 Kops, S0 Kobs, S71€

left axis). Lines through the data are computed from fits to a standard one- 1 6.04x 1075 5.19x 10> 6.20x 10°°
site binding mode#? 2 7.39x 1075 7.90x 1075 7.88x 1075

3 9.38x 1075 1.11x 104 1.07x 104
Table 2. Pseudo-First-Order Rate Constants for the 4 1.04x 104 1.39x 104 1.30x 104

La3*-Catalyzed Methanolysis of 1 at pH 5.0 and 6.7 under
Conditions of Varying [La3t = 1], T= 25 °C a|nitial added [L&"] = 0 M and each cycle initiated by the addition of
2.02 x 1075 M each ofl and La(OT). P In the presence of X 104 M

[La® = 1] (M) Kops (7). §pH = 5.0 Kots (577, pH = 67 La(OTf)s. Kinetics determined on sample containing four separate additions
2.0x 10° 4.97x 10°° 1.03x 1078 of 2.02x 1075 M 1. ¢In the presence of X 10~3 M La(OTf)s. Kinetics
6.0x 1075 1.20x 104 3.14x 10°8 determined on sample containing four separate additions of 2.2~
1.0x 104 1.56x 1074 412x 1073 M1

3.0x 104 2.43x 104 6.85x 1073

Other phosphates, including the products of the reaction
(3ab), can also act to stabilize the formation of dinuclear dimers.
indicate that at very low concentrations of 3t&l, the rate A repetitive kinetic experiment was performed @H 5.0
constant becomes negligible which indicates that the monomericwhere 2.02x 1075 M in each of1 and L& were allowed to
form is far less reactive (at least 100-fold) than the dimer. The react to completion, followed by subsequent additions of the

fact that the binding constant does not change wjhi same amounts of starting reagents over the course of 4 days
indicates the dimerization does not require a methoxide, but and the determination of thepsvalue for each cycle (see Table
since theks,f"* value increases linearly witipH, the cycliza- 3). Interestingly, thég,svalue for each step in the cycle is larger

tion of the phosphate within the dimer requires an external than the preceding one, indicating that the product complexes

methoxide. We can calculate the second-order rate constant foctually promote the transesterification of*LA undoubtedly

the methoxide-induced cyclization within the dimigg™2* OMe through the formation of (L#/3a,b)(La®*/1) mixed complexes.

= 1.18 x 10®* M1 s, Relative to the simple methoxide- This is not an effect attributable to increasing Jtpalone, as

promoted cyclization ofl (2.6 + 0.2) x 102 M-t s°1), the is confirmed by repeating the cycling experiment at two higher

. . ) 4 —3

dimer provides an acceleration of 4:6 101%-fold in the low _tl’_zt corgst\;;\nt [Il_ér]rlofé Xml(:: trart]d 1an?nt '\:' (St?ne Ta)t()lemS)l. .

JpH regime. It is interesting that the acceleration in methanol is ed above Iceg yf emons ais a 265 g exa FIJS °

3 million-fold larger than that for the I2a-promoted cyclization product cgtqyss oa react|on' t. at exten S Over several days
f bound i ter f hich ' h t of 14 000 and also indicates that the activity of the3tds preserved in

1?ol d(:)lc;r tr:z ‘;‘;Elré t?;r/c;/:o:((i: deaprgr?]gtr; daé];rjir;]aetri]or? has bee-n methanol for a significant time, contrary to the situation in water.

i While the catalytic mechanism in the IgH regime can be
reported, but in the latter case, dimers are probably not y g

. . . o explained by the presence of 1:1 and 2:2"/4& species, we
involved?f This points to a significant solvent effect of methanol have some kinetic evidence that 1:2 complexes are also present

favoring the formation of reactive dimers with two metal ions, Given in Table 4 are pseudo-first-order rate constants for the
the dinuclear metal ion core being a known motif employed by methanolysis ofl at three different [L&] as a function of
nature in promoting such reactions in the active sites of eNZymes.increasing 1] at SpH 5.0. When thekops versus J] data are
The likely mode of the interaction within the dimers is through plotted (not shown), there is a saturation decrease in the rate
double activatioff-1d9knoof the phosphates as B) Scheme  constant atf] > [La®'], indicative of the formation of a 1:2

1, where the actual catalytic role of the second phosphate ina3/1 complex formulated a$0in Scheme 1. The exact reason
the dimer is to act as a template in stabilizing the dinuclear for the decrease ikons When the 1:2 complex is formed could
La™ core. Each dimer releases 2 equiv mhitrophenol in be attributed to a complex mixture of effects having to do with
sequential steps, but the kinetics adhere to a first-order processdecreasing the net) charge on the 1:2 complex and inhibiting
so the second methanolysis must be at least as fast as the firsthe formation of bis-L&"-coordinated doubly activated phos-
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Table 4. Pseudo-First-Order Rate Constants for the Methanolysis

of 1 at Fixed [La(OTf)s] and Varying [1], $pH 5.0,
N,N-dimethylaniline Buffer, T = 25 °C

Table 5. Calculated Apparent Second-Order Rate Constants (ki1
+ k) for the Bimolecular Reaction of 1 with La3* in the High SpH
Regime Obtained from the Slope of the Initial Straight Line
Portions of the kobs Vs [La3t] Plots in Figure 4 and the Data in

[ Kabs (57) (x107°) Kabs (57) (x107°) 7 (x107) Tables 11S—14S, Supporting Information
(x1079) [La**]=5x10"M [La**]=1x10"5M [La**]=2x10"5M
PH kit koo (M71s7Y)
1.2 3.36 4.88 5.31
2.0 2.22 3.71 4.96 7.9 228
8.0 1.89 3.20 4.41 8.6 537
8.9 800
9.8 3500
Scheme 2 2 10.5 3000
,3/\0\ JOAr
o Kass 34 9’-\9 ae  koat3 where k; refers to a composite second-order rate constant
1+ QTpCH0), — "la S La = ———— incorporating all the kinetic and equilibrium terms leading from
an | -‘CHSL 1 + La3*(CHzO") to product, namelyKy, Ky, Keat1, andKeat 2
Kd « N Even though these fits are reasonable, as evidenced by the lines
o through the data in Figure 3, most of the computed constants
1 + La3*(CH30") Wl oo iy are heav_lly correlgted and the only one which can be defl_ned
o’P\\o OCHy (La3+:2)x uniquely iskear3 Which refers to the spontaneous decomposition
(5:0Me) sté—ocm of the (L&")2(OCHs")2/1 complex formulated a$lin Scheme
2. The computedkq 3 terms all approach the same value of
K2 ] (5:0Me) about 5x 10°3to 1 x 102 st irrespective ofpH.
HO O OAr The composite rate constar from eq 7) for the reaction
o keat,2 of the e) an e) species e an
o f the (L&#*/1/0OMe) and (L&"/1/OM /OMe and
(CH;O)La I La(OCHa) OCHs 6/0OMe,) in Scheme 2 can be graphically evaluated at €peh
(6:0Me2) o\\P,o as the slope of the initial straight line part of the plots in Figure
oA’

o ©H 3 (data in Tables 11S to 14S, Supporting Information) and are
\/& compiled in Table 5. Thi&g composite rate constant determined
in this way is an apparent second-order rate constant that
incorporates the binding constants and rate constants listed
phates, but this was not investigated. Nevertheless, all the aboveyreviously. Although the actual processes for binding must be
kinetic data provide confirmatory evidence for thi® NMR closely related to what is observed in the IGaH regime,
studies that demonstrate the existence of thrée tamplexes saturation binding for the monomeric ¥#1/OMe form is not
of 1 in solution at lowgpH. observed because of the intervention of the3{)gOCH;)./1

c. La®"-Promoted Transesterification of 1 in the High complex (L1in Scheme 2). Interestingly, the composite rate
&PH Regime. At pH values higher than 7.9, a different constant does increase wipH up to 9.8, but not in a first-
behavior is observed in the plots kf,s versus [L&"], three order way. This probably reflects a situation similar to what
such plots afpH 8.6, 8.9, and 9.8 being shown in Figure 3. In we observed earlier with methphnitrophenyl phosphateand
the highJpH regime, the L&" is associated with methoxide in  explained in terms of a counterbalancing effect attributable to
a La#"(OCHs ™) monomer= (La3"(OCHs")), dimer equilibrium the four individual rate and equilibrium constants that respond
and these species are likely to be the ones responsible for then different ways to L&"™-associated OCH.
binding of 1. The appearance of the plot clearly requires at least More interesting is fact that the reaction of the dita
two pathways that are, respectively, first and second first-order complex11 is independent ofpH throughout the region from
in La®" as well as a limiting saturation behavior of the difta 7.9 to 10.5,keat3 being (5-10) x 1072 s71. This complex
coordinated form. This behavior is very reminiscent of what probably employs double activation of the phosphate bridged
we observed before with the Eacatalyzed methanolysis of  between two L& ions which are also bridged by two meth-
methylp-nitrophenyl phosphate.Shown in Scheme 2 is a  oxides. The purpose of the methoxides is twofold: first to
simplified process which contains both monomer and dimer stabilize the dinuclear 1% core and second to act as internal
pathways, as well as a pathway involving the 2:2 complex general bases to deprotonate the intramolecular OH group of
discussed previously, but this time with all the3tabeing bound HPNPP.
associated with methoxide. There are too many rate and A kinetically equivalent possibility would involve a depro-
equilibrium constants to be independently derived by fits to the tonated HO group of the HPNPP stabilized by virtue of its
limited number of data at any givelpH value. We have,  coordination to the metal ion, but if this were bridging the two
however, treated the data according to the simplified processLa3" ions, it is unlikely that it would be sufficiently nucleophilic
given previously for the L#-catalyzed methanolysis of methyl-  to attack the phosphate. The spontaneous decompositibh of
p-nitrophenyl phosphateas in eq 7 is quite effective, being some {R) x 10°-fold accelerated
relative to the methoxide-promoted cyclization bt pH 8.

aSolvation of L&" omitted for clarity.

Kops = (2Kq Kass((l +8[La’"T/K)*° — 1) +
Keara(4La® T/Ky — (1 + 8[La>] /Kd)0 *+ 1)
(8K JKy + 4[La% /K, — (1 + 8[La®)/K)*°+ 1) (7)

Conclusions

In the previously mentioned, we have shown that the use of
buffered methanol allows for the investigation of the kinetics
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of the La&"-promoted cyclization ol over an extended range the hydroxyl of coordinated HPNPP which then cyclizes to
of [La®"] and [OCH] such that two main catalytic pathways La®"-bound?2.
can be discerned. Several species have been identified for which (i) The catalyzed methanolysis of HPNPP is most effective
the L&*/1 ratio is 1:2, 1:1, 2:2, and 2:1. The kinetic behavior when the phosphate is doubly activated by twé'Lans. It is
as a function ofpH shows there are two genegaH regimes. apparent that anions such as OfHnd (RO)PO, can act as
(i) In the low JpH regime from 4.6 to 7.6, the plots &fps bridges to coordinate 124 and act as templates to hold the
versus [L&"] exhibit saturation kinetics with a very strong 1:1 catalytic ensemble together. Potentially, it might be possible to
binding of L&" and 1. Most of the catalysis is shown to arise  design other bridges which are nonionic to stabilize the dinuclear
from the formation of a 2:2 complex, formulated asvith a La®" core, but this is not an absolute necessity, since these
phosphate proposed to be doubly activated by virtue of its dimers spontaneously form in methanol solution above the first
coordination with two L&" ions, which is then attacked by sza 7.8.
external methoxide to form cyclize®. Throughout the low
JpH regime, the methoxide-promoted cyclization of the phos-
phates in the (L#7/1), has a large rate constant of 1.%810°
M~1 sl and is accelerated by 4% 10'-fold relative to the
simple methoxide reaction dhwhich is not bound to a metal Supporting Information Available: Synthesis of HPNPP,
ion. Tables 1S-16S. Observed pseudo-first-order rate constants
(i) In the high JpH regime from 7.9 to 10.5, the reaction for La3*-catalyzed methanolysis dfunder various conditions
becomes more complicated and involves 1:1, 2:2, and Zf/la  of PH and Table 17S!H NMR study of transesterifica-
complexes associated with metal-bound methoxide. The 2:1tion of 5 x 1073 M each of La(OTf} and NaHPNPP in
complex, formulated akl, spontaneously reacts throughout this  ¢,-MeOH at 25 °C, PH ~ 5.3 (9 pages, print/PDF). This
&H regime with akea3 rate constant of (510) x 103 s7%, material is available free of charge via the Internet at http:/
providing an acceleration of {12) x 10°-fold at pH 8.0. It pubs.acs.org.
is proposed that one of the two methoxides associated with
11 acts as a general base to intramolecularly deprotonateJA021176Z
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