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The potentiometric titrations of Zn?*, Cu?* and 12 Ln3®* metal ions were obtained in ethanol to determine the
titration constants (defined as the pH at which the [~OEt]/[M**]; ratios are 0.5, 1.5, and 2.5) and in two cases
(La® and Zn?*) a complete speciation diagram. Several simple monobasic acids and aminium ions were also
titrated to test the validity of experimental titration measurements and to establish new ;pK, constants in this
medium that will be useful for the preparation of buffers and standard solutions. The dependence of the titration
constants on the concentration and type of metal ion and specific counterion effects is discussed. In selected
cases, the titration profiles were analyzed using a commercially available fitting program to obtain information
about the species present in solution, including La®* for which a dimer model is proposed. The fitting provides the
microscopic ;pK, values for deprotonation of one to four metal-bound ethanol molecules. Kinetics for the La%*-
catalyzed ethanolysis of paraoxon as a function of ;pH are presented and analyzed in terms of La®* speciation as
determined by the analysis of potentiometric titration curves. The stability constants for the formation of Zn?* and
Cu?* complexes with 1,5,9-triazacyclododecane as determined by potentiometric titration are presented.

Introduction Due to its low dielectric constant relative to water (31.5 vs
78.5 at 25°C)® MeOH also improves association of op-
positely charged ions which apparently enhances metal ion
catalysis of processes that involve pre-equilibrium binding
prior to the acyl or phosphoryl transfer reaction. The net
result from a reactivity perspective is that these metal-ion-
catalyzed transfer reactions to the solvent are remarkably
accelerated relative to the situation in water. Furthermore,
recent findings in these laboratories have indicated that the

seemingly subtle change from methanol to ethanol has an

In the past few years, we have studied extensively the
kinetic behavior of lanthanide and transition metal ions in
catalyzing acyland phosphoryltransfer reactions in metha-
nol. Of the organic solvents, methanol is closest to water in
terms of structure and function in solvolytic processes and
has good solubility characteristics for both hydrophobic
substrates and the active’N"OCHg), forms of the catalysts.
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additional profound rate-accelerating influence on th&'zn
catalyzed alcoholysis of a model compound for RNA, namely
hydroxypropylp-nitrophenyl phosphat®.

As itis generally accepted that the active sites of enzymes
have dielectric constants resembling organic solvents rather
than watep, studies of nonenzymatically catalyzed processes
in reduced-dielectric-constant media are of fundamental
interest, particularly those promoted by metal ions which

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

(4) (a) Liu, T.; Neverov, A. A.; Brown, R. S. to be published. (b) The
k2%bs value at 25°C for ethanolysis of paraoxon promoted by
tetrabutylammonium ethoxide (obtained from linear pldt@gfvs [Bus-
NOH] from 2.5 to 10x 1073 M) in ethanol is (5.10& 0.08) x 1073
M~1s71 while that for the methoxide reaction in methaitds (1.10
+0.01)x 102M1s1,
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might offer some clues to the high reactivity of metallo- a correction constant (denoted @swhich is related to the
enzymes promoting hydrolytic and group transfer reactions. electrode junction potential between the two solvei@$ (
To conduct meaningful mechanistic and kinetic studies, and the primary medium effect for the solvepy() by the
reliable and simple measurement and control of the solu- equationd = E; — log myn.152 The practical measurement
tion {pHS is essential. Our previous work on titration of ~ of {pH in ethanol is accomplished by subtracting this
metal ions in methanol soluti®rgave some indication of ~ constant§ = —2.91 or—2.36'°* on the molality scale for
the speciation of certain lanthanide and transition metal ions Bate$® and Grunwald?® respectively) from the measured
in solution, as well as the effects of counterions and ligands electrode reading. These constants are related to the molarity
on metal ion$pK, valueg®® which, when viewed in con-  scale by the solvent densitg)(where phholarty = PHmolaiity
junction with kinetic studies in the presence of the metal — l0g p/p° (with p° = 1 g/mL). Once a reliable correction
ions, was particularly helpful in identifying catalytically —constant is available, the routine for a practical measurement
active species. The same principles can be extended toof {pH in ethanol becomes as simplas subtracting the
titration in alcohols such as ethanol angbropanol, which correction constant from the electrode reading made in
are seen as more environmentally friendly than methanol with ethanol(ﬁva — 0) provided that this is determined under
lower dielectric constants of 24.3 and 20.1, respectively, at ‘ideal conditions®® of low ionic strength and dpH neither
25°C3 too high nor too low. Although the Bates and Grunwald

Potentiometric titration methods are relatively simple and correction factors differ substantially, there appear to be no
reliable for obtaining acid dissociation constants or metal Cfiteria to assess which is better so we have chosen for our
ion complex stability constants, and in favorable cases, the WOrk to use the mean of these numbers{—2.54). Should
speciation of mixtures of metal-ion-containing complexes in an agreed-upon factor become available at a later date, our
solution can be proposéfl.Such titrations in nonaqueous Numbers can be easily corrected.
solvents are not widely reported, particularly in cases with  In what follows, we report various acid dissociation
metal ions!'! Determination of ‘pH’ in a nonaqueous solvent constants(ﬁpKa) for some standard acids and buffering
referenced to that solvent has traditionally been difficult due agents in ethanol. The titration of metal ions in alcohol is
to the lack of a way to relate the electrode EMF readings to particularly complicated for several reasons, mainly attribut-
absolute pH? so nonaqueous solvents were generally able to changes in speciation due to dimerization and
inconvenient to use for detailed studies of reaction mech- oligomerization, and forms the majority of the present report.
anisms where pH control was required. Many years ago, We have analyzed the potentiometric data for two common
Bates et al® and Grunwald et dt independently determined ~ transition metal ions (Z, Ci#*) and 12 Li* metal ions

in two ways depending upon the level of information required

(5) (a) Cleland, W. W.; Frey, P. A.; Gerlt, J. A. Biol. Chem.1998 concerning thépH-dependent species formed in solution.

é_?& ﬁss_zsi. (Eg)gAﬁntsosns?ig\ivécz(, Slgrl]\AcCE:(mr$onMJ. A Glils\c/)\?v MH *|< In addition, we have determined qualitatively the effect of
lochemistry 3 . (C am, Y. Y.; Muegge, |.; vwarsnel, . .
A. Biophys J. 1998 74, 1744. (d) Simonson, T.; Carlsson, F.; Case, SOMe added counterions often used as supporting electrolytes

D. A. J. Am. Chem. So@004 126 4167. (e) Czerwinski, R. M, and as anionic components of buffers used for pH control

g%réﬁégi'stlrifz%isighigm A Mildvan, A.S.; Whitman, C. P. iy kinetic experiments. We show the utility of the titration/
(6) () For the designation of pH in nonaqueous solvents, we use the formsSPeciation analysis in a real kinetic analysis of thé*ta

described by Bosch and co-workétmsed on the recommendations catalyzed ethanolysis of paraoxon, a pesticide sometimes

of the IUPAC, Compendium of Analytical Nomenclature. Defirti . . L
Rules 1997 3rd ed.; Blackwell: Oxford, UK, 1998. (b) The term  US€d as a chemical weapons simulant. Last, the binding

wpH is used if one measures the pH of an aqueous solution after constants for some ligands used in our catalytic systems with
fa"bia“gg_ the rge_?ts#””? gt'asds Q'GCtVI‘?sethh aq“fous S‘Jt:e"s?:{f‘e Cwt, Zn?*, and L&' are determined along with an analysis
erm,, pH is used if the electrode is calibrated in water and the ‘p P . .
of the neat buffered methanol solution then measured; if a correction of the metal ion speciation in ethanol.
factor 0 (—2.24 in the case of methanol ane2.54 in the case of
Sthanol in this work) is subtracted from the latter reading, the term Experimental
<pH is used.

(7) (a) Bosch, E.; Rived, F.; RoseM.; Sales, JJ. Chem. Soc., Perkin
Trans. 21999 1953. (b) Rived, F.; RéseM.; Bosch, EAnal. Chim.

Materials. Benzoic acid, 2,4-dinitrobenzoic acid, 2,6-lutidine,

Acta1998 374 309. (c) Bosch, E.: Bou, P.; Allemann, H.; Res#l. 1_—methylimidazo|e, 4-ethylmorpho|ine, triethylamine, _and 2,9-

Anal. Chem1996 3651. (d) Canals, I.; Portal, J. A.; Bosch, E.; Rgse  dimethyl-1,10-phenanthroline were purchased from Aldrich. Glacial

M. Anal. Chem200Q 72, 1802. acetic acid was purchased from Fisher, 3,5-dinitrobenzoic acid from
(8) Gibson, G.; Neverov, A. A.; Brown, R. £an. J. Chem2003 81, . .

495 Eastman Kodak, and 1,10-phenanthroline from Acros; all com-

(9) (a) Montoya-Pelaez, P. J.; Gibson, G. T. T.; Neverov, A. A.; Brown, Mmercially available materials were used without further purification.
R. S.Inorg. Chem2003 42, 8624. (b) Gibson, G. T. T.; Neverov, A.  Trifluoromethanesulfonate (triflate OTf) salts of all the trivalent
A.; Teng, A. C. T.; Brown, R. SCan. J. Chem2005 83, 1268.
(10) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability

Constants VCH Publishers: New York, 1988. (13) Bates, R. G.; Paabo, M.; Robinson, R.JAPhys. Cheml1963 67,
(11) (a) Moeller, T.; Martin, D. F.; Thompson, L. C.; FéesiR.; Feistel, 1833.

G. R.; Randall, W. JChem. Re. 1965 65, 1. (b) Burgess, Metal (14) (a) Grunwald, E.; Berkowitz, B. J. Am. Chem. S0d951, 73, 4939.

lons in Solution John Wiley and Sons: New York, 1978. (b) Gutbezahl, B.; Grunwald, El. Am. Chem. Sod.953 75, 565,
(12) (a) Fritz, J. SAcid—Base Titrations in Nonagqueous Sehts Allyn 559.

and Bacon, Inc.: Boston, 1973. (b) Huber, Wtrations in Nonaque- (15) (a) Bates, R. GDetermination of pH: Theory and Practicgnd ed.;

ous Salents Academic Press: New York, 1967. (c) Gyenes, I. John Wiley and Sons: New York, 1964; p 244. (b) This value was

Titration in Non-Aqueous MedjaD. Van Nostrand Company, Inc.: calculated by Baté8? using the equatio® = E; — log myn taking

Princeton, NJ, 1967. values for logmyw andE; (termed log ) from Grunwald?
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lanthanide ions (except cerium, promethium, and lutetium) were and very similar to others reportéd.Though it may be true
purchased from Aldrich and used as received. Divalent zinc and that completely anhydrous ethanol has an autoprotolysis constant
copper triflates were purchased from Acros and used as received.(ﬁpKEtOH) closer to 19.5 as suggested by Grunwald and Berko-
Perchloric acid was purchased from Aldrich and was subsequently witz,1#2the one chosen here is probably more accurate for the more
titrated to be 11.46 M (aq). Stock solutions ¥210-2 M) of each practical solvent grade used in this work. Actually, the use of a
compound were prepared using absolute ethanol (99.9% anhydrous}lifferent constant does not affect values pK_'s in the normal
from Commercial Alcohols, Inc. sparged with anhydrous nitrogen $pH range, but formation constants involving ethoxide depend on
gas for>45 min. If the stated water content of the commercial this constant and would be different according to the expression
ethanol held true, it would be0.1% (v/v). Karl Fischer titrations  log 8, — log A1 = n(SpKgiore — sPKeor) WhereB: andp; are the
of aliquots of the EtOH used showed levels of 0.208157% corrected and original formation constarii§s o aNdsKgom are
(vIv), which is comparable to that stated and should not affect the the corrected and original autoprotolysis constants iansl the
<pH enough to alter the interpretation of data so that the correction number of ethoxides associated with the complex. Where possible,
factor of —2.54 is sufficiently precise for our purposes, especially Hyperquad fittings were also used to determine binding constants
given the inherent error in its determination. NaOEt titrant was between metal ions and ligands. The experimeigi], of the last
prepared and stored under argon and used within 5 days to avoidligand—H* dissociation was determined and set as a constant in
possible effects of “aging” which have been observed withtO  the program for the analysis of the same dissociation during titration
Bu in t-BuOH26 All other solutions were prepared and stored in  of the ligand in the presence of the metal ion.
septum-sealed volumetric flasks and used within 2 days. Tetra- Kinetics. The rate of ethanolysis of paraoxon was followed by
butylammonium perchlorate, triflate, bromide, and iodide salts were monitoring the increase in absorbance at 315 nm with a Varian
purchased from Aldrich, while the chloride was purchased from Cary 100 Bio U\-Vis spectrophotometer at 258 0.1 °C. All
Fluka; all were used as received to prepare 0.4 M stock solutions yns were repeated in duplicate. Reactions were done under pseudo-
in sparged absolute ethanol. first-order conditions of excess Baions at [L&"] =2 x 103 M

The azacrown ligand 1,5,9-triazacyclododecane (12N3) was and [paraoxon 5 x 105 M. Reactions were initiated by addition
prepared as a clear, slightly yellow oil (10.5% overall yield) of an aliquot of a 5x 103 M stock solution of paraoxon in ethanol
according to the published proceddf®y 'H NMR, its purity was o make up 2.5 mL of reaction mixture and were followed for at
>98%.'"H NMR (400 MHz, CDC}): 2.80-2.70 (t, 12H), 2.49 (s,  |east four half-lives over which they displayed good first-order
3H), 1.69-1.60 ppm (g, 6H)**C NMR (100 MHz, CDC}): 48.72, behavior. Pseudo-first-order rate constaitg were determined
27.25 ppm. by NLLSQ fitting of the absorbance vs time traces to a standard

Titrations. Potentiometric titrations were performed in triplicate  exponential model. Second-order rate constants were determined
(except where stated) using a Metrohm 798 MPT Titrino autotitrator gg kopd[La3] under the assumption thétps vs [La3'] plots are
equipped with a Radiometer pHC2501-8 double junction electrode. |inear in the concentration range used with negligible background
The outer sleeve of the electrode which was in direct contact with rates?! In most cases, solutiofpH was controlled by the 134
the ethanolic medium was filled vhita 1 M L|C|O4 solution in and the addition of some amount of NaOEt. 'EDH Correspond_
ethanol, while the inner sleeve was filled with a saturated agqueousing to the number of equivalents oOEt added was obtained from
solution of KCI. Solutions were titrated in a jacketed glass cell the potentiometric titration of 2 103 M La3" performed as

thermostated at 23C while being sparged with Ar gas. The described in this paper. Below the buffering capacity of‘La
electrode was calibrated using aqueous Fisher-certified buffers at(< SpH 6.3) pyridine was used as a buff@pKa = 5.13,

pH 4.0 and 10.0. SubsequefppH meter readings in EtOH were  determined in this work by half-neutralization method) half-
converted to thépH values by subtracting thiecorrection factor  protonated with 70% HCIQ and the [buffer] was extrapolated to
of —2.54. The sodium ethoxide titrant was standardized by titrating zero. To avoid chloride ion contamination from the glass electrode
an agueous solution of Fisher-certified HCI (N/50) at least once that might affect the metal ion reactions, theH values of the
per day. All aliquots of stock solutions were transferred into the reaction solutions were measured following their completion.
titration cell via syringe, and the total volume was brought to 20.0 Duplicate solutions hadpH values within 0.01 units, where
mL by adding sparged anhydrous ethylsalcoh_ol. The f'“?““ different [buffer] solutions hadpH values within 0.16 units. The
concentration of sample acid wasx1107° M with 5 x 107% M SpH of the stock buffer solution was taken prior to reaction and

added perchloric acid. In the case of the amines, sufficient perchloric 55 within 0.02 units of th&H measured for the highest [buffer]
acid was added to give ¥ 103 M of the aminium perchlorate  a5ction solution.

with 5 x 1074 M excess of free perchloric acid. Added tetrabutyl-
ammonium salts were used at a concentration of 0.02 M. For the
metal ion/ligand binding experiments, the concentration of metal
ion and ligand was X 1073 M.

Titration profiles were fitted using the Hyperquad 2000 NT
computer prograft to determine pK, values for each carboxylic
acid and aminium ion studied taking the autoprotolysis constant of

Mass Spectrometry.Mass spectra were determined on ethanol
solutions of the metal ions under various conditions using a Waters/
Micromass ZQ (Manchester, UK) single-quadrupole mass spec-
trometer equipped with an electrospray source operating at cone
voltages between 22 and 67 V. The solutions contained either

(20) (a) Briere, G.; Felici, N.; Piot, ECompt. Rend1962 254, 4458,

pure ethanol to be 10%! at 25.0°C, a value commonly uséd (10-1918, (b) Laitinen, H. A.Chemical AnalysisMcGraw-Hill Book
Co.: Toronto, 1960, (1099. It is of note that Gutbezahl and
(16) Bethell, D.J. Chem. Socl963 666. Grunwald“® used 1019° for their studies on the basis of literature
(17) Alder, R. W.; Mowlam, R. W.; Vachon, D.; Weisman, G.RChem. values available at that time.
Soc., Chem. Commuh992 6, 507. (21) Um, I.-H.; Jeon, S.-E.; Baek, M.-H.; Park, H. R.Chem. Soc. Chem.
(18) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739. Commun.2003 3016; report a second-order rate constant for the
(19) (a) Bates, R. GDetermination of pH: Theory and Practicnd ed.; ethoxide reaction with paraoxon of 124 10° Mt st at 25°C.
John Wiley and Sons: New York, 1964; p 183. (b) Danner, RL.S. Assuming this was the dominant term for the background reaction
Am. Chem. Sod 922 44, 2832. (c) Mertens, WV. C. V. Tijdingen with paraoxon atpH 6—8.5 where this L& -catalysis study was
1987 14, 4. (d) Jadhav, V. A.; Bhaskare, C. K. Ind. Chem. Soc. done, the background pseudo-first-order rate constant would range from
1995 72, 655. 1x10%to3 x 104s L
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Table 1. K, Values of Various Monobasic Acids and Aminium lons as Determined by Hyperquad Analysis of Titration Data Hi 2 M in 99.9

% Anhydrous EthanolT = 25.0°C

acid XKa (water) spK (methanoljn}a spK (ethanoljn}2 literature value (ethanol)

acetic acid 4.76 9.77+ 0.10{3} 10.58+ 0.08{5} 10.43+ 0.19
benzoic acid 4.9 9.12+ 0.02{4} 10.404 0.08{5} 10.244 0.1
2,4-dinitrobenzoic acid 1.42 6.48+ 0.03{3} 7.29+ 0.05{4}
3,5-dinitrobenzoic acid 2.82 7.14+ 0.02{6} 8.01+ 0.05{2} 8.07+ 0.04
4-nitrophenol 7.1% 11.30 11.79+ 0.17{4} 11.55+ 0.50
2,6-lutidine 6.72 6.86" 6.37+ 0.06{4}
1-methylimidazole 6.95 7.60¢ 7.50+ 0.14{3}
4-ethylmorpholine 7.76 8.28" 7.98+ 0.04{3}
triethylamine 11.02 10.78 10.224 0.05{4}
1,10-phenanthroline 4.88 5.63'm 5.36+ 0.23"{2}
2,9-dimethyl-1,10-phenanthroline 6'17 6.43'm 6.15+ 0.001{2}
1,5,9-triazacyclododecane 7949 14,92\ 6.32+ 0.06"{2}

12.60 12.54+ 0.05{ 2}

aValues given are averages fndividual experiments. Errors given are standard deviations of the mésaacs, NPhysical Organic Chemistry2nd
ed.; Pearson Education Ltd.: Harlow, Great Britain, 1995; pp-2Z3®. ¢ References 14a and 46References 46a,b,d and £7Gluck, S. J.; Steele, K. P.;
Benko, M. H.J. Chromatogr. A1996 745,117.f Reference 47a,8.Handbook of Chemistry and Physietsth ed.; CRC Press: Clevelarif67-68; pp
D88—89. ' Reference 7b.References 46a and 48Andon, R. J. L.; Cox, J. D.; Herington, E. F. Grans. Faraday Socl954 50, 918.% Reference 1d.
I'Schilt, A. A.; Smith, G. F.J. Phys. Chenil956 60, 1546.™ K, " Reference 3% Bell, T. W.; Choi, H.-J.; Harte, W.; Drew, M. G. B.. Am. Chem. Soc.
2003 126, 12196.P {pK,,. May be a lower limit sincépK, is close to solvent ionization.

La(OTf)z (1 x 1074 M) or Zn(OTf), (2 x 10~ M), with and without R,C(=0)OH+ HOR=R,C(0)0 + +HZOR (1)
added ByNOH (1 equiv to L&", 1.5 equiv to ZA™). Samples were
infused at a flow rate of 1QL/min; the spectrometer was externally

calibrated and run in positive-ion mode.

R,R,R,NH" + HOR=R,R,R,N: + "H,OR  (2)

tion in alcohol shown in egs 1 and 2. Carboxylic acid
dissociation creates two opposite charges, while aminium
Potentiometric Titration of Monobasic Acids. To keep ion dissociation simply relocates {ifrom the amine to the
the ionic strength as low as possible, thereby minimizing its solvent, which may or may not be better solvated in a given
effect both on the kinetic reactivity of the ionic species and solvent than the aminium ion depending on what the various
ion pairing, the concentrations of the acids, aminium ions, alkyl groups are. In less-polar solvents, stabilization of
and metal ions were held at 1 mM, and an additional 0.5 charge-separated forms through specific solvation of ions is
mM in HCIO, was added to set the initial starting pH for expected to be poorer than in water, thus accounting for the
titration to a low value. Titration curves for all the monobasic increasedpK,'s of carboxylic acids and the relative indif-
acids or aminium ions revealed no anomalies in shape, allference in thépK,'s of aminium ions. The solvation effects
consuming exactly 1 equiv of titrant per equivalent of in play comprise more than the dielectric constant and include
titratable proton. In Table 1 are presented the so-determinedspecific interactions such as hydrogen bonding and ion
<PK, values for each acid, the reported error being the pairing that can have dramatic effects on the acidity and
standard deviation in the mean of a set of individual titrations. reactivity. For example, an NMR study by Gold et?al.
The literaturepK, values in Table 1 represent the mean showed that solvation of alkoxide ions becomes weaker in
(and standard deviation) of previously reported values the order MeOH> EtOH > i-PrOH > t-BuOH, which itself
excluding extreme outliers. Where the literature values are explains the trend in basicity of the corresponding anions.
available, thelpK, values determined here deviate by no Elliot and Kilpatrick® showed that thelpK, value for
more than 0.15 units, which serves as a measure of thebenzoic acid in the presence of added salts was lowered in
reliability of the present potentiometric methods. Thi€,’s EtOH far more than in MeOH or water, indicating that ionic
for carboxylic and phenolic (neutral) acids are significantly strength and ion pairing effects stabilize the right-hand side
higher in ethanol than in water or even methaliét’ of the equilibrium of eq 1 in a way that depends on the
consistent with what is expected for the decreasing dielectricreduced polarity of the medium.
constant in passing to etharfolvith the cationic aminium Lanthanide lons. Shown in Figure 1 are titration profiles
ions thepK, does not vary greatly, at least numerically, in for three representative lanthanide ions*1.aGd**, and
passing from water to ethanol, although depending on the Tm3*. For each, the titration data show consumption of 2
structure of the base the acidity in ethanol can be higher or equiv of base in a narro@pH range of~1 unit followed by
lower than in water. Since neutrgpH in EtOH is 9.55%%2° continued consumption of another equivalent of base occur-
while that in methanol and water is 8738nd 7.0, even  ring over severalpH units.
though a species might have the same numejjtg) as in This is suggestive of the formation of one or more stable
water, it is considerably more acidic in ethanol. The trends metal/ethoxide species having arOEt]/[Ln*] ratio of 2,
in K, in passing from water to the less-polar alcohols can . - .
be explained in part by considering the left and right side of % S;’gdézv'l;s'\fg”s' K. P.; Wilcox, C. FJ. Chem. Soc., Perkin Trans.
the equilibria for carboxylic acid and aminium ion dissocia- (23) Elliott, J. H.; Kilpatrick, M.J. Phys. Chem1941, 45, 466.

Results and Discussion
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14 metal ion. Under favorable conditions, formation of dimers
13- sig et or other oligomers is confirmed by a dependence of the
12+ apparenfpK, values on metal ion concentratiétt,but for
114 La®* titration in ethanol, we observed no significant differ-
104 o ence in this value nor in the appearance of the titration curve
o over the range 5« 104 M < [La%"] < 3 x 10°% M. By
;E. o .f analogy with our previous observations of the behavior of
? L La®" in methanol, we suggest that dimeric species are more
4 “e“j’ readily formed in the less polar ethanol at these lower
& et concentrations than is the case in methanol, so the monomer
57 == dimer equilibrium is far to the right for all the concentra-
4 ,j tions employed in the titration study. Electrospray mass
3f spectrometric measurements (not shown) or 104 M
2 —— La(OTf)s/ethanol solutions (significantly lower than the
00 05 10 15 20 25 30 35 40 45 concentrations titrated above) containing equimolaiNg&H
"OEt/Ln®* indicate the presence of peaks analyzing for dimerig La

Figure 1. Titration profile for three lanthanide ions, &), Tm** (v) (OEt)(OTf)3 (m'z= 860.8), La(OEt)(OTf), (m/z= 710.8),

and Gd‘f_(A) 1 x 1¢3 M in 99.9% anhydrous ethanol. The first and La(OEt,(OTf) (mz = 607.0) in addition to three

consumption of 0.5 equiv ofOEt atpH < 4 corresponds to the titration . . _

of 5 x 10-4 M added HCIQ. monomeric species La(OE{EtOH) (mz = 482.9), La(OEt)-
(OTf) (m'z = 333.0), and La(OEf)(mz = 229.1) which
have comparable intensities.

followed by a domain consuming 1 equiv 0DEt per Li#* In view of the above, the first portions of each of thé’t.n

for which the analysis is far more difficult. titration curves consuming 2 equiv ofOEt /Lré™ were

Our prEViOUS inveStigationS of metal ion behavior in ana|yzed in terms of the dimer model given in eq§3)e|ow

methanol2829indicated that lanthanide ions SpontanEOUSIy using Hyperquad 200%. This ana|ysis gives formation

form dimeric methoxide complexes (£g2("OCHs):-s de- constants for each species in the model from which can be

pending upon the solutiodpH. The most catalytically  calculated microscopifpK,’s for individual ionizations, all

active of these for phosphofg¥ and acyl*' transfer is  the computed values for the lanthanides being given in Table

La*"2("OCHy)z, suggested to be the doubly methoxy bridged 2 From the formation constants can be computed the

form (1), the bridging nature of which is supported by speciation for the L#,("OEt),_, forms by HySS, another

program in the Hyperquagisuite, those for L% at 2 x 1073

CH
/'o< ’ M being shown in Figure 2. According to this treatment for
(HOHsc)ya‘La\o _La”(HOCH)n La*" the two dominant species have even numbers of
HC” 4 attached ethoxides, namely ¥~ OEt), betweenipH 5.9

and 8.4 (maximum concentration o0f48% relative to

previous analogous work-24indicating numerous examples  [La®]ia at spH 7.3), and L& ,("OEty above pH 7.
of dimeric metal ion species with bridging hydroxy groups. Species with odd numbers of ethoxides?'t.& OEt), and
In addition, structures determined by X-ray diffraction La®",("OEt), are also present to a lesser extent (maximum
suggest that some lanthanides are capable of formingconcentrations of~17% and 37% in each reached at
oligomers of hexameric or higher-order species in alcohol respectiv€pH values of 6.7 and 7.8). Of course, tfpH's
media under certain conditiof3. at which the species are at maximum concentration coincide

That the gradients 6{‘0Et]/6[§pH]) of the plots in with those where the OEt/La* ratio from the titration is
Figure 1 are steeper than required for two independentthe same as is present in that species.
ionizations is consistent with the intervention of cooperative
processes such as the formation of dimers or higher-order Ln®*(HOEt) = Ln®", (COEt)(HOEL), + H*  (3)
aggregated2?6 or a change in the metal ion coordination
numbef” 28 accompanying addition of the ethoxide to the  Ln*",(TOEt)(HOEt), == Ln**,("OEt),(HOEt)+ H" (4)

(24) (a) Baes, C. F., Jr.; Mesmer, R. Ehe Hydrolysis of Cationslohn 3+ - 3+ = +
Wiley and Sons: New York, 1976. (b) Hurst, P.; Takasaki, B. K; Ln 2( OEt)Z(HOEt)P Ln 2( OEtk(HOEt)q +H (5)

Chin, J.J. Am. Chem. S0d 996 118 9982. (c) Ciavatta, L.; luliano, a st .

M.; Porto, R.Polyhedron1987 6, 1283. Ln “OEt)(HOEt), = Ln>", (" OEt),(HOEt) + H™ (6
(25) (a) Andersen, R. A.; Templeton, D. H.; Zalkin, lorg. Chem1978 2( )3( )q 2( )4( )' ( )

17,1962. (b) Mehrotra, R. C.; Singh, A.; Tripathi, U. i@hem. Re.

1991 91, 1287. Also shown in Figure 2 are the observed second-order rate
(26) Porasso, R. D.; Benegas, J. C.; van den Hoop, M. A. G. Phys. constants Kzobs) for the La°’+—catalyzed ethanolysis of the
Chem.1999 103 2361. ; . :
(27) (a) Ahrland, S.; Bjtk, N.-O. Acta Chem. Scand. 2976 30, 265. (b) neutral phosphate triester paraoxon (dietpylitrophenyl
3A(r)lrléa17rlgl, S.; Bjok, N.-O.; Portanova, RActa Chem. Scand. 2976 phosphate) as a function gHH at 25°C. As was the case
] . bs
(28) (a) Doe, H.; Kitagawa, Tinorg. Chem 1982 21, 2272. (b) Doe, H.: for thelk2° Sin r_nethanol%a thg rate constants corre_late very
Shibagaki, A.; Kitagawa, Tinorg. Chem.1983 22, 1639. well with the rise and decline of the concentration of the
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Table 2. Log Formation Constants and MicroscofiK,'s for the Species LH»("OEt)—4 as Calculated by Hyperquad as the Mean of Three
Independent Potentiometric Titrations of<110-3 M Ln3*(-OTf)z2

metal ion logB 2,1 logf 2,2 log 2,3 logp 2,4 SPKa WPKas WPKaa
La3t 14.85+ 0.06 27.36+ 0.08 38.7H 0.22 49.84+ 0.16 6.604+ 0.03 7.69+0.15 8.03+ 0.22
Pt 15.894+ 0.09 29.114+0.02 40.86+ 0.03 52.514-0.08 5.88+ 0.07 7.35+ 0.05 7.45+ 0.09
Nde* 15.89+ 0.28 29.09f 0.12 41.4%+ 0.33 53.2%+ 0.42 5.90+0.17 6.74+ 0.21 7.26+ 0.09
Snét 16.21+ 0.05 29.87 0.06 42.75+0.09 54.83+ 0.20 5.45+0.11 6.224 0.09 7.02+0.12
Ewt 16.26+ 0.40 30.15+0.17 43.26+ 0.32 55.52+ 0.41 5.21+0.24 5.99+ 0.15 6.85+0.12
Gd**+ 15.81+ 0.43 29.74+0.13 43.33+0.23 55.60+ 0.37 5.17+0.41 5.51+ 0.32 6.84+ 0.14
Th3* 16.83+ 0.32 30.90+ 0.04 44 .81+ 0.44 57.58+ 0.70 5.03+ 0.29 5.18+ 0.40 6.33+ 0.26
Dys3* 17.87+0.26 31.92+0.20 46.11+ 0.36 59.314+ 0.63 5.05+ 0.06 491+ 0.17 5.90+ 0.28
Ho®* 16.96+ 0.21 31.63+0.09 45.52+ 0.09 58.424+ 0.03 4.44+0.12 5.21+0.01 6.20+ 0.06
Erdt 17.36+ 0.29 32.11£ 0.26 46.16+ 0.35 59.40+ 0.54 4.36+ 0.06 5.05+ 0.10 5.87+ 0.20
Tm3* 17.85+ 0.25 32.92+ 0.09 46.98+ 0.12 60.46+ 0.12 4.03+0.18 5.04+ 0.04 5.624+ 0.04
Yb3t 17.80+0.15 33.48+ 0.06 47.60+£ 0.10 61.26+0.10 3.42+0.16 4.97+0.10 5.44+ 0.05

aFor logA(X,Y), X andY refer to the number of L} and the number of OEt in the species values are defined as equilibrium constants for the process

X(Ln3*) + Y("OEt) = Ln3"x("OEt). $pK, values are for the processes described by e fr the production of LA »("OEt)=2a.

Figure 2. Calculated speciation diagram for¥a(-OEt), n = 1—4, total
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Figure 3. Plot of the contributions of various B&(~OEt), forms to the
k°bs for La3*-catalyzed ethanolysis of paraoxon as a functiorgifl.

[La3] =2 x 103 M, computed by Hyperquad fitting of the titration curve
shown in Figure 1 to the model given in eqs® Overlaid are the observed
second-order rate constantePd for the L&*-catalyzed ethanolysis of

paraoxon as a function gpH.

Solid line gives the combined effects of various species; {), contribution
of La3*y(~OEt); (- - -), contribution of L&"»(-OEt); (— — —), contribution
of La3*,(~OEt); included as M) are the actuak:®°s kinetic data.

Lad*,("OEt), species, implicating it as primarily responsible by eq 7 from the actual kinetic data. The"s vs JpH plot

for the catalysis of the phosphoryl transfer reaction. In fact, for the La&"-catalyzed methanolysis of paraoxon was ana-
the overall observed second-order rate constant in Figure 2lyzed previously in the same way for a very similar kinetic
at any givergpH can be calculated as a linear combination profile,??and the species rate constants were determined to
of the contributions of each species having its own second-be 18.4+ 5.4, 47.2+ 2.4, and 110.4t 11.8 M! s7! for
order rate constant associated with its own particular catalytic k2>%, k2?2, andk,?3, respectively. It was similarly found that
activity for this reaction. The kinetic data, when fit to the the L&*,("OCHs), was predominantly active with only minor
expression given in eq 7 yields the contributions of the contributions from L& »("OCH;) and L&",("OCHgs)s. The
relevantpH-dependent L dimer species, as shown in k23 value for the methanol system seems considerably higher
Figure 3. The solid line represents the sum of the speciesthan that in ethanol, but the abundance o'l OCHg)s in
contributions and is found to follow the kinetic data methanolis much lower, thus the contribution oft£ OR)s
reasonably well. As can be seen from the figure, the is similar in both methanol and ethanol. It is notable that
contributions of the L& »(—OEt) and L& (" OEt); species  the second-order rate constants for the*'Leatalyzed
are minor compared to the contribution of 3tg~OEt),. methanolysis of paraoxon are higher than those for its
From the fit to this curve, the individual species rate constants ethanolysis over thgpH range studied. The exact nature of
were determined to be 0.58 0.05, 2.24+ 0.19, and 1.11  this decrease in activity passing from methanol to ethanol is
+ 0.09 M1 st for k?1, k22, andk,?3, respectively. Note  not currently understood but may be due to a lower
that in this analysis we have not propagated all the errors nucleophilicity of a metal-bound alkoxide as a result of
from the Hyperquad fittings into the analysis of the rate increased ion pairing between the metal ion and alkoxide or
constants, so the error in these rate constants is determinedb the influence of steric effects that are more prominent in
from the average % deviation in the fitted numbers calculated the higher-order alcohols. We note that the reaction of
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ethoxide with paraoxon in ethanol at 51103 M1 s 14 M**(HOEt), — MX+(7OEt)(HOEt)/ +H* (8)
is roughly a factor of 2 lower than the reaction of methoxide

with paraoxon in methanol. Using the former value, we can MX+(_OEt)(HOEt)/~——‘ MX+(_OEt)2(HOEt)Z +H" 9)
calculate that the acceleration afforded by a solution 2 mM
in total [La®"] which thus contains 1 mM of L&" has a
maximum rate constant of ¥ 104 st at ajpH of 7.3 and
accelerates the rate of ethanolysis of paraoxon by a factor
of 4.4 x 10"-fold relative to the ethoxide reaction. By way
of comparison, the acceleration affordgdébl mMsolution

of La,®" for the methanolysis reaction @H 8.3, where
rate is maximal in methanol, is ¥old relative to its St — St LSty S

background methoxide reaction. Although theXacatalyst K =66+ G (11)
in ethanol appears to be superior to the®“amethanol
system, this stems mostly from from thpH ranges
considered for the background reactions and the far lower
[TOEt] relative to [OMe] at the ;pH values where the
comparisons are made.

M**("OEt),(HOEt), = M*"("OEt)(HOEt), + H"  (10)

The (G, values are related to the individug,, values
(defined as the dissociation constants of the polyvalent acid,
not corrected for activities) pertaining to the three stepwise
ionizations by eqs 1113:

KK =6, G+ G/ G + GG (12)

K K Ky =6, G G (13)

S S

The “Simms” method identifies the half-neutralization
points, but it cannot fit the overall appearance of a titration

k™= curve that is too steep to be explained by sequential,
k" [La’ (" OED)] + k,*qLa’" (" OE),] + k,*qLa’" (" OEt)] independent ionizations. This is because the method does
[La(OTH)4], not allow for situations where there is a cooperativity (usually
@) identified in cases wherekp.:' — pKy' < 0.6), such as is

observed where there is dimerization of the metal ions or a

Fits of the titration data for any of the lanthanides change in coordination geometry that accompaniesthe
undoubtedly can be mathematically accomplished as easilyionization which facilitates the subsequenti 1)th ioniza-
as for L&", as this is simply a matter of providing an tion.
acceptable model that accounts for the shape of the titration Baes and Mesmé&# describe the hydrolysis of cations in
over theZpH range of interest. As we have not undertaken water according to the simplified process in eq 14.
any kinetic studies at highe€ipH’s beyond those set by
addition of the first two- OEt/Lr#*, we have decided not to XM + yH,0 = M, (OH),*** + yH* (14)
speculate on the species present in this region. Further, we ] ) ] )
have not undertaken additional fits of any of the data to  1he ligand numbern, is defined by the mole ratio of
models that account for the various suspected ion pairing Meétal-ion-bound OH in the solution and is given as
Ln3*/~OTf equilibria because the inclusion of such will o (xzy)+
inevitably lead to mathematically acceptable results but does n= 2 yIM,(OH), Imy (15)
not provide reliable chemical insight because one has no
additional corroborative information (such as is provided by
electrospray MS, UVvis spectroscopy of kinetic results)

where my is the total metal ion concentration including
nonbound forms or

to substantiate the models chosen. (xz-y)+
=Y x[M (OH) 16
Simplification of the Treatment for Ln 3+ Titrations. M Z M(OH), ] (16)
An analysis such as presented above fcf lsaipplies forma- In principle, it is possible to determine the ligand number,

tion constants angbK, data for sequential ionization of the  p as a function of both the pH and metal ion concentration
metal-coordinated alcohol if some Confirmatory information and thereby determine the formula of each hydroxide
for the species present in solution can be provided. However,complex in eq 14. This is applicable to titrations performed
for many purposes, a simpler analysis suffices that is jn ethanol, although an exact treatment is not possible at
concerned with apparenipK,’ values for formation of the  present because of the ion pairing and lack of ionic strength
metal-bound ethoxides. The simplification is essentially the control. However, under the relatively low [i¥], and thus
same as we applied to the titration of metal ions in meth&nol. |ow-ionic-strength conditions as used herein, the titrations
Following Simms2® we define the titration constan{§,’, can provide conditional constants which pertain to the
<G, Gy, etc. as the half-neutralization points determined average number of Et@M**. The observedpH whenn =

for a solution containing monovalent, noninteracting acids. 0.5, 1.5, or 2.5 corresponds to the Simms’ half-neutralization
For the hypothetical metal-coordinated ethanolysis processpoints:pG,’, pG,, and;pG;’, with these values for various

shown in eqs 810, the threeipG,, :pG,, and JpG, Ln®* ions being listed in Table 3.

values are simply interpreted as the solutipi at which Over the lanthanides, the general acidity of th&(HOEt),

the [TOEt}/[M**]; ratio is 0.5, 1.5, and 2.5. increases with the smaller ions. Shown in Figure 4 is a plot
of the apparent “Simms” half-neutralization constant©t]/

(29) Simms, H. SJ. Am. Chem. Sod.926 48, 1239. [M3] = 0.5, 1.5, and 2.5) vs the ionic radii for the lanthanide
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Table 3. Observed Titration Constan(8pG,’, $pG,, pGy)

Corresponding to Ligand Numbers= 0.5, 1.5, or 2.5 for Titrations of

1 x 1073 M Ln3*(~OTf)3 or M2"(~OTf)3 in Ethanol, T = 25.0°C?

metal ion PG/’ PG, PGy

La3t 6.82+ 0.07 7.84+0.11 10.60+ 0.16
Pt 6.02+ 0.03 7.37+0.02 10.2% 0.07
Nd3* 5.97+ 0.05 7.07+0.12 10.58+ 0.08
Sn¥t 5.59+ 0.02 6.67+ 0.04 10.28+ 0.17
Ewt 5.43+0.08 6.46+ 0.05 10.15+ 0.02
Gt 5.42+ 0.05 6.30+ 0.16 10.03£ 0.16
Th3+ 4.924+0.07 5.85+ 0.22 9.75+ 0.25
Dy3* 4.58+ 0.04 5.64+ 0.12 9.474+ 0.08
Ho3* 4.61+0.02 5.62+ 0.03 9.99+ 0.07
Erst 4.46+ 0.09 5.42+ 0.12 10.02+ 0.17
Tms* 4.31+0.05 5.35+ 0.02 9.96+ 0.00
Yb3* 4.08+ 0.02 5.25+ 0.05 9.92+ 0.05
Zm?t 6.86+ 0.02 7.38+ 0.05 NA

Cuw?+ 4.944+0.10 6.59+ 0.08 NA

aError is calculated as the mean of values measured in triplicate.

11

104

PRSI .

s°pG'

Trivalent lonic Radius (A)
Figure 4. Plot of the “Simms” half-neutralization constants vs ionic radius
of the Lr* ions. In ethanol:pG,' (M), IpG,’ (¥), and ipG, (#). The
SpG,’ values in methanol®) are included for comparisdhLines are not
fitted curves but rather are included to guide the reader through the data.

ions2° A similar trend is evident in methanol (data included
in Figure 4 for comparisorf) put in that solvent, there was
a significant rise-fall—rise motif in JpG,’ for the metal
ions surrounding gadolinium (the so-called “gadolinium
break”) that is believed to be related to a change in
coordination number from nine to eight in this regidf?+a4.31
The lack of any pronounced break in the plotpfs,' or

Gibson et al.
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Figure 5. Titration profiles for 1x 1073 M Zn(OTf), (M) and Cu(OTf)
(a) in ethanol.

and gradual nature of base consumption indicates a set of
relatively undefined species present with changing morphol-
ogy, possibly the result of oligomerization. Although this
part of the titration curve can be fitted reasonably well using
the dimer model with five and six attached ethoxides, this
model is without further evidence for the existence of such
species, and we did not analyze this region since we were
not interested in kinetic studies at these higi values.
The possibility of oligomerization in alcohol receives some
literature support and a related process termed “aging” has
been described for lanthanides in water over #hvehich

may be related to the aggregation of metal ions via bridging
hydroxides, an effect amplified at tijeH values in ques-
tion.

Copper and Zinc lons. In Figure 5 are presented titration
data for 1x 103 M Cu(OTf), and Zn(OTf} in ethanol.
The two are visibly different, save for the total consumption
of two ~“OEt per M. CL¥" consumes these in two distinct
steps of 1 equiv each, and the appariht, of each step
does not depend on [€{ over the range 5< 107* M <
[Cu?] < 3 x 10° M. While these observations are
consistent with a monomeric €uundergoing two sequential
deprotonations as in eqs 8 and 9 (a model which fits the
data reasonably well), it is nevertheless clear in methanol
that an inactive dimeric Ct is in equilibrium with an active
monomer? and changing the solvent to the less-polar ethanol

S ’ H H H
sPG;' for Ln*" in ethanol in Figure 4 may suggest that ghouig favor the formation of dimers and possibly higher-
coordination number does not change throughout the seriesqer aggregates. The dimeric model is presented that
perhaps staying at eight, consistent with the larger size of jhcjydes four sequential ionizations to create the forms
ethanol relative to methanol making it too crowded to place CW?*»(“OEt), wheren = 1—4, which was fit to the titration
nine coordinated solvent molecules around 'the metal Ion. A gata with the resulting log formation constants being given
related effect was observed for the solvation of alkoxide , Taple 4.
anions in alcohol where fewer numbers of coordinating  fFqor 5% 10-4—3 x 10-3 M solutions of ZR*. the titration
solvent molecules in bulkier alcohols such tast-butanol curves show consumption of 5/3 equiv dDEt in a rather
are the primary cause of the alkoxide’s increased basitity. steep step with an appareipl( of ~7.5 (defined in this

a :

For the part of the t'itratior) curve beyond the first 2 equjv case as thépH corresponding to the midpoint of the
of base, the general inconsistency between the various ions

(32) (a) Ganez-Tagle, P.; Yatsimirsky, A. KI. Chem. Soc., Dalton Trans

(30) Moeller, T.The Chemistry of the LanthanideReinhold Publishing
Corp.: New York, 1963; p 20.
(31) Massaux, J.; Desreux, J. F.Am. Chem. S0d 982 104, 2967.
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2001, 2663. (b) Gmez-Tagle, P.; Yatsimirsky, A. Kinorg. Chem
2001, 40, 3786.
(33) Neverov, A. A.; Brown, R. SOrg. Biomol. Chem2004 2, 2245.
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Table 4. Log Formation Constants and MicroscofiK,'s for the
Species M (“OEt), as Calculated by Hyperquad from the
Potentiometric Titration of x 10-3 M M27(~OTf), in Ethanol, T = 25

oca

equilibrium

loggK

microscopicpK,°

[Cux("OEty)/[Cu]2~OE{]
[Cux("OEt))/[Cu]2[OEt?
[Cux(~OEtg)/[Cu]2~OEt?
[Cux("OEt))/[Cu]2[~OEt}#
[Zns(~OEt))/[Zn] ¥ OEtR
[Zns(-OEtk)/[Zn] i ~OE(P
[Zn4(~OEt))/[Zn]4["OEtP

16.73+0.20
31.354+0.04
43.75+ 0.09
56.21+ 0.13
30.13+0.17
66.38+ 0.12
100.85+ 0.16

$pK,p=4.48+ 0.17
*pK,5= 6.71+ 0.05
P,y = 6.63+ 0.14

[Zn?* m("OEt),] (M)

0.0004

0.0003+

0.00024

0.0001+

Zn,4(OEt)s

Zn,(OEt)

—

aValues represent the average of three independent titrations, and errors /" \ Zng(OEt), /
are calculated as the standard deviation in the meBefined as—log PN /
K, for M2t ("OEth(HOEt = M2 ("OEth+1(HOEty, + *H,OEt, 7
calculated from data in column 2 as 19-1(log K, — log £K,_,) where 0.0000 = — == '
19.1 is the—log of the autoprotolysis constant for pure ethanol.

s"PH
consumption of base), followed by an additional 1/3 equiv Figure 6. Speciation diagram for 1.& 10-3 M Zn?* in ethanol as a
corresponding to an event with an appargai, of ~11, function of $pH.
which becomes slightly lower at the higher EZh The ) ] N
peculiar 5:3 ratio suggests that a relatively stable species 1hat the apparenfpK, associated with the additional

having five ethoxides and three zinc ions (suggested @ be 1/3 equiv of "OEt is lower with increasing [ZH] sug-
gests a further aggregation of the?Ziions, possibly form-

Et /OEt _Et ing a tetrameric specie3 ([TOEt)/[Zn?*'] = 2) which is
e ”""/9’{“"'2 Eo—, /‘f\z __OEt similar to higher-order Zralkoxide aggregates suggested
e Et!L»o ~” Lokt in the literature’® The titration data for 1x 102 M
5 n—OEt g—C |/\ —g Zn?t(~OTf), was fitted remarkably well to a model compris-
2 /Z" ing Zr#+3(~OEt), Znets(~OEt), and Zit4(~OEt) and yields
BO 5 the log formation constants for these species presented in

Table 4; the corresponding speciation diagram is presented
or some higher-order species with this ratio) forms readily as Figure 6.

within the first observed event, but addition of further Metal lon—Ligand Stability Constants. Competitive
ethoxide forms a higher-energy species requiring a much pinding of a metal ion to a N-donor ligand in solution drops
greater {OE(] to form. It has been noted that zinc alkoxide the oK, values for N-H* ionization by an amount related
structures have been very difficult to elucidate due to poor tg the strength of the Kt binding, in theory allowing a
stability*** and we can only add some circumstantial convenient method to determiri€, binding constants?
corroborative evidence for the presence of Z(r OEt). A Presented in panels a, b, and ¢ of Figure 7, respectively, are
recent kinetic study in our lab on the Zncatalyzed  the titration data for the Kt + ligand titrations for C&*
ethanolysis of paraoxon ((Et@)(=0)OCGH:NO,) in the  and z#+ with 1,10-phenanthrolinetg), 2,9-dimethyl-1,10-

presence of varying Zf with a constant OEY/Zr?* ratio phenanthroline4b), and 1,5,9-triazacyclododecarfe {2N3).
of 0.25 gives a log/log plot di,ps Vs [Zr?1] having a gradient

of ~0.3 consistent with the presence of inactive trimerié¢'Zn
species in equilibrium with a monomeric active form of

Zn?* 35 Furthermore, the electrospray mass spectrum (not N N
shown) of a 2x 10* M solution of Zn(OTf} with 1.5 equiv [/NJ
of added BYNOH shows peaks corresponding to;@DEt):" R 4a Rt R |

(m/z = 417.1) and ZgOEt)," (m/z= 571.0) in addition to 4b R=CH, 2 *;

Zny(OEt)™ (m/'z= 263.0), Zn(OEt) (m/'z= 108.7), and Zn-
(OEt)" + HOEt (mz = 155.0). Although the relative In these plots, the region belowDEt/M?* = 0 represents
intensities of the former two species are lower than those ionization for the last ligand NH* ionization, where the
for the latter three, the [2f] is lower than that titrated. drop in this sza allows the calculation of the binding
Without added base, the mass spectrum showed mostlyconstant. The data corresponding to the last ligareHN
monomeric zinc species Zn(OEtand Zn(OTf) with one Sk, (“OEY/M?* < 0) is clearly seen in the plots to change
to four associated ethanols depending on cone voltage with

minor peaks consistent with the presence of dimeric com- (36) (a) Schider, D.; Schwarz, H.; Polarz, S.; Driess, Rhys. Chem.

ts Chem. Phys2005 7, 1049. (b) Boyle, T. J.; Bunge, S. D.; Andrews,
ponents. N. L.; Matzen, L. E.; Sieg, K.; Rodriguez, M. A.; Headley, TChem.
Mater. 2004 16, 3279. (c) Charette, A. B.; Molinaro, C.; Brochu, C.
J. Am. Chem. So001 123 12160. (d) Shearer, H. M. M.; Spencer,
C. B.Acta Crystallogr.198Q B36, 2046. (e) Adamson, G. W.; Shearer,
H. M. M.; Spencer, C. BActa Crystallogr. Suppl1968 21, A135.
(f) Shearer, H. M. M.; Spencer, C. BEhem. Commurl966 194.

(34) (a) Tesmer, M.; Miler, B.; Vahrenkamp, HJ. Chem. Soc. Chem.
Commun1997, 721. (b) Caulton, K. G.; Hubert-Pfalzgraf, L. Ghem.
Rev. 1990 90, 969.

(35) Dong, Y.; Neverov, A. A.; Brown, R. S. unpublished results.
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Table 5. Log Stability Constants for the Formation of Complexes of
Zn?* and C@" with 1,5,9-Triazacyclododecane in 99.9 % Ethariok
25°C

stability constant
(log <Ky, M~2)°(n}

stability constant
metal ion (log K, M~9){n} SpKE{n}
7.53+0.01{3}
8.2+ 0.1d
8.58+ 0.04{3}

Zm*  10.73+£0.05{2}  22.3+0.05{3}
cw  13.33{3} 23.93+ 0.04{3}

aFor the process ligangt M** = ligand/M?*. © For the process ligand
+ M** 4+ ~OEt = ligand/M?*/~OEt. ¢ For the process ligand/M/HOEt
== ligand/M?*/~OEt. Obtained from 19.% (log stability constant in column
3 — log stability constant in column 2¥.Determined as thépH for a
solution formulated from 1 mM of ligand, 0.5 mM NaOEt, and 1 mM
Zn(OTf),, added in the indicated ordéetStability constant fixed since it is
heavily correlated with stability constant for process ligant** + ~OEt
= ligand:M?* OEt.

molecules, and the shapes of the curves in each plot are very
similar to the theoretical ones expected for a monomeric
metal ion below OEt/M?" = 1. This is expected where there

is strong binding between the metal ion and ligand but does
not allow us to say whether there are aggregated forms
present in the absence of other information. Indeed, when
we attempted to obtain some corroborative evidence for the
speciation of phenanthroline and Zrfrom kinetics, a plot

of log kops Vs log [ZrPT= 44 gives a slope of 0.27, indicative

of a kinetically active monomeric form in equilibrium with
kinetically inactive higher-order aggregates such as trimers
and/or tetramers. This complexity precludes a detailed
analysis of the various stability constants and serves as a
warning that simplistic analysis of seemingly informative
titration curves can lead to erroneous results unless one is
certain that the speciation assumed reflects what is actually
in solution. The plot for ZA" in the presence of 2,9-dimethyl-
1,10-phenanthroline has the same general appearance as that
with 1,10-phenanthroline but with less perturbation relative
to the ligand alone due to weaker binding. With the?Cu
2,9-dimethylphenanthroline system, potentiometric tritrations
in ethanol provide no useful information about the stability
constants nor thepK, of the metal-coordinated HOEt
because there is a rapid replacement of the characteristic blue
color of C#" by a yellow color, suggesting that this ligand
facilitates the reduction of the metal ion to Cim ethanoF”
Plots for L&" with these ligands (not shown) do not show
near as strong binding, and titration data for the’'ta
coordinated ethanol region is poorly defined.

The only system for which accurate stability constant data
can be computed is with 1,5,9-triazacyclododec&hevbiere
kinetic plots ofk.ps for the ethanolysis of paraoxon Vs £
Zn?t] are linear and thus consistent with catalysis by a

Figure 7. Potentiometric titration profiles for 2 (a), C/*" (®), and
ligand (#) in ethanol, along with the combinations Zr+ ligand (v) and
CW" + ligand @), T = 25°C. The last ligandpK, is plotted below OEY/

M2+ = 0 and M*+-coordinated ethanol titrations are therefore aligned to
begin at the origin. In all cases, V] = [ligand] = 0.001 M, with 0.5-1
equiv/M?* added HCIQ to protonate the ligand. (a) ligand is 1,10-
phenanthroline; (b) ligand is 2,9-dimethyl-1,10-phenanthroline; (c) ligand
is 12N3.

monomer in ethanol solutioif. The stability constants are
collected in Table 5, based on the ligane-N* JpK, values
presented in Table 1. Both Zhand C@" bind 5 with
considerable strength, ~ 10°8 M~ for each, which is
also consistent with strong binding of Znto 5 in methanol
(SK, = 10119% and in water K, = 104, 10°4 and

drastically in the presence of metal ion and indicates strong (37) éa) Kgagbawa, Sl) Munakata, l\fl Higashie,lergl](. Shim. Actaéﬁ%
binding of the metal ion. The titration domains abo\@Et/ 4 79. (b) Paulovicova, A.; El-Ayanan, U.; Fukuda, Iorg. Chim.

L X Acta 2001, 321, 56.
M2t = 0 represent the ionizations ofa%coordinated ethanol  (38) Gibson, G. T. T., unpublished results.
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107794042 Binding to C#" is characteristically stronger, Q) 14
as evidenced by thi€, of 101>63with 5 in water#? although

this cannot be verified to be the case in ethanol due to the
fact that the lasjpK,, for the triaza ligand is near the solvent
ionization domain and may give an artificially low stability
constant since the ligarfgK, may be higher than the value

of 12.54 reported in Table 1. The strong binding for the
transition metal ions in ethanol indicates that above concen-
trations of~107° M in each of metal ion an8l the complexes

will be nearly fully formed, the amount of unbound metal
ion in any form being<5%, so that reliable kinetic studies

of the catalysis afforded by these can be performed at these

and higher concentrations. 5 05 10 15 2o 25 30 s
The fitting of the potentiometric data also indicate that -OEtLaY

the JpK, values for ionization ob:M2"(HOEt) are 8.58 for b 44

the C#" complex and 7.53 for the 2h complex, which is

1-2 units lower than the neutrdpH in ethanol (9.55).

Both are considerably more acidic in that solvent than are

their counterparts in methanob/Zn?>t(HOCH;), 9.1%° and

5/CU (HOCHg), 8.75%) which are both close to neutrality

in that solven(sz 8.4). This is a likely consequence of the

reduced polarity of ethanol which favors charge neutralization

through proton loss from the #t-coordinated HOEt. By way 8 .

of comparison, in water tfjgK, value for ionization of e et

5/Zn?t(HOH) is 7. 72 while that for5/Cu?*(HOH) is 8.36%? ”xg -t

although this constant is less certain due to the possibility of

of dimerization of the metal-bound hydroxo compféx:3 5 , , . ,
Qualitative Salt Effects. Previous kinetic studies dem- 0005 10 15 20 25

onstrate that M -catalyzed methanolyses of acetyl imidazole o "OEt/Zn*"

and fS-lactams are inhibited by the presence of certain 14

counterions such as Clt** This requires that subsequent 139

kinetic studies in alcohols must be conducted in the absence 124

of these ions, using as weakly coordinating counterions as 114

possible, namely triflate or perchlorate. The coordinating 104 et

abilities of anions can be readily judged by titrations by T o f*"‘“ :

observing the perturbation in the consumption of alkoxide HEIY

leading to an increase in apparé€pi, that is proportional e B

to the strength of the anion association. To avoid coordinating N e st

effects of added counterions and to approximate as closely 5;&’““&“ T

as possible the kinetic conditions, titrations in ethanol and M_.--"

methandl were performed using no added salts. Neverthe-

less, the association effects of added anions can be profound, 30_0 05 10 15 20 25

and a few experiments were done to show which ions were -OEt/Cu*

most likely to interfere with the solution chemistry and at Figure 8. Titration profiles for 1x 1073 M (a) L&**, (b) Zré*, and (c)

what concentrations. Cw?* in ethanol @) in the presence of 0.02 M tetrabutylammonium salts

- N . f th terions (- - - hloratex ) triflate, (—) iodide, @) bromide,
Presented in Figure 8 are titration data for 1 mM solutions gnd Z;Z‘;Toﬁ[;‘;”;(zslg,g?’c oratex] trflate, (=) iodide, @) bromide

of CW#*, Zr?*, and L&' in the absence and presence of a

20-fold excess of added anions introduced as thejNBalts. the titration curves of all three metal ions. For the halides,
The plots show that added triflate and perchlorate ions causethe order of perturbation is < Br~ < CI~, the latter causing
similar but not insignificantly weak upward perturbations in a very large increase in appar€pK, of the metal ions in

all cases. Although iodide appears to have little coordinating

(39) Desloges, W.; Neverov, A. A.; Brown, R. Borg. Chem2004 43, ability with the ‘harder’ metal ions such as tfaand zZr¥",
6752. ) L o . -
(40) Suh, J.: Son, S. J.: Suh, M. Porg. Chem.1998 37, 4872. with CU?* it produces a rapid discoloration which is due to

(41) Kimura, E.; Shiota, T.; Koike, T.; Shiro, M.; Kodana, M.Am. Chem.  the well-known reduction of Cti to Cu' by iodide?® leading

42) %:)ngigallf ‘3?23;9 Chem.1978 17, 2531. (b) DeRonde, M to a titration curve that shows no consumption of ethoxide

Driscoll, D.; Yang, R.; Zompa, L. dnorg. Nucl. Chem. Lett1975 until well into the solvent deprotonation region.
11, 521.
(43) Hegg, E. L.; Burstyn, J. NCoord. Chem. Re 1998 173 133. (44) Montoya-Pelaez, P. J.; Brown, R.I80org. Chem.2002 41, 309.
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Conclusions tions that can affect the ionizations of {NJ,(HOEt),, forms.

For other cases where more detail is required about the nature

. ) T .~ of the species present in solution, titration data can be

constants for some metal ions in ethanol solution including : . . L
computer fit to more or less complicated multi-equilibrium

the lanthanides and two transition metal ions which have . _ L
models containing M (- OEt), forms whose stoichiometry
been shown to promote acyl and phosphoryl transfer from . ; . . .
i : is suggested by information gained from spectroscopic or
various substrates to alcohol solvents. Depending on the level”. ™ . .
. . . . ' kinetic techniques. In the case of%‘an ethanol, we have
of information required, the titration data can be interpreted shown that a detailed analvsis can be diven for the metal
in terms of the half-neutralization points corresponding to y 9

the solutionpH values where the DEtJ[M**] ratios are ion-catalyzed ethanolysis of paraoxon as a function of the

0.5, 1.5, and 2.5, which in most cases are sufficient for setting solutionpH. Further work from these laboratories will be
the,soILyltionSpH ’at a desired value through the addition of aimed at further applying the titration/kinetic methodology
S

known amounts of ethoxide. However, this approach does to other mgtal—ion—catalyzed acyl and pho;phoryl transfer
not reveal the intricate details of the acid/base equilibria processes in ethanol and other reduced dielectric constant

involved and the constants are complicated composites Ofmed|a.
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The objective of this study was to determine the titration
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