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Figure 12. Calculated and observed A P  values at midrange of pressure 
(100 MPa, except 70 MPa for Fe(H@)6)t/z+) for adiabatic (filled sym- 
bols) and nonadiabatic (open circles) self-exchange in couples with rigid 
ligands. Solvents: (0, 0 )  water: (N) CD3CN; (A) (CD,),CO; (V) 
CD,OD. Key: (A ,  B) Fe(~hen),~+/~'; ( C ,  D) C~(dmp),~+/+:  (E-G) 
Ru(hfac):/-: ( H )  Fe(C,H,),+/O; (I-K) M ~ ( C N - ~ - B U ) ~ ~ + ' + ;  (L) Fe- 
(Hz0)63+/2+; (M,  M') Co(en),3t/2+; ( N ,  N') Mn0,2-/-. Experimental 
data were taken from refs 4-12. The straight line represents exact 
agreement between theory and experiment. 

Figures 1-1 I and Supplementary Figures SI-S7 show that 
correspondence between calculated In ( k / k , )  vs P plots and the 
experimental data is good only in a limited number of cases. For 
nonaqueous solvents in particular, the theoretical plots tend to 
be too sharply curved at the lower end of the pressure range, 
although the slopes around the middle of the range and above 
generally match the trend of the measurements. The discrepancies 
between theory and experiment cannot be ascribed to inadequacies 

in the treatment of interactions of highly charged ions with the 
medium and with other ions, since systems involving a neutral 
redox partner are among those most poorly described. There is 
no obvious pattern of successes and failures, and it may be that 
each couple has special features, such as nonadiabatic behavior 
or possibilities for interpenetration of the ligands, that would 
preclude application of any general theory of redox rates. 

The comparison of plots of In ( k / k , )  vs P is cumbersome and 
may be too severe a test of theory; one might wish for a simpler, 
if less rigorous, criterion of the adequacy of the models. As a 
compromise, one can calculate A P  from theory for the midpoint 
of the experimental pressure range and compare it with a mean 
hV* value obtained by linearizing the experimental In k vs P plot 
(often, this is in  any case the only statistically significant way to 
represent the measurements). This is done in Figure 12 for 
self-exchange reactions of some rigid complexes in relatively polar 
solvents-reactions in solvents of low D such as chloroform have 
been omitted because of the instability of the theoretical calcu- 
lations. If the aqueous C ~ ( e n ) ~ ~ + / ~ +  and Mn0,-/2- cases are either 
excluded or, as justified above, taken as non-adiabatic (points M' 
and N'), it can be seen that there is at least qua1itatic.e agreement 
between theory and experiment-all the A P  values are negative, 
those I A P I  values predicted to be relatively small are indeed small, 
etc. The number of points falling on or close to the plotted line 
of exact correspondence, however, is disappointingly small. 
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The structures and stabilities of Ln"' complexes occurring in the reaction mixture of a Ln"'-catalyzed 0-alkylation of ethylene 
glycol (EG) with maleate (MAL)  have been investigated with the use of 'j9La, "0, and I3C N M R  shift and relaxation mea- 
surements and with potentiometry. In EG the Lnlil ion appears to be coordinated by nine oxygen atoms; chloride counterions 
are not present in the first coordination sphere. The Ln"' ions have some preference for coordination of EG over that of water. 
M A L  is able to coordinate with the Ln"' ions in EG medium. The mono-0-alkylation product of EG (EGMS) forms 1:1 and 
1:2 Ln"' complexes, in which the ligand is bound in a tetradentate fashion via the two carboxylate groups and the two oxygens 
of thc  EG residue. The Lnil '  coordination of the di-0,O'-alkylation product (EGDS) is analogous: all carboxylate groups and 
cthcr oxygens are coordinated. 

Introduction 
Polyfunctional carboxylates containing an CY-( hydr)oxy function 

are known to be good sequestering agents for metal ions.' Re- 
cently, we have reported on the synthesis of some compounds of 
this class by a metal ion catalyzed 0-alkylation reaction of di- 
and polyhydroxy compounds with maleate (MAL).2 For instance, 
0-alkylation of ethylene glycol (EG) with MAL, in the presence 
of multivalent mctal cations as catalysts, yields ethylene glycol 
monosuccinate (EGMS). I n  a consecutive step, another O-al- 

'On leave from Qinghua University, Beijing, China 

kylation with MAL can give ethylene glycol disuccinate (EGDS) 
(see Scheme I) .  The metal ion probably functions as a template, 
and it may activate a hydroxyl group of EG and EGMS via 
ionization upon coordination. 

This paper reports on the characterization of metal ion com- 
plexes in the reaction mixture of the lanthanide(II1)-catalyzed 
0-alkylation reaction of EG with MAL, using multinuclear NMR 

( 1 )  Smith, R. L. The Sequestration of Mefals; Chapman and Hall: Lon- 
don, 1959; p 105. - 

(2)  van Westrenen, J . ;  Roggen, R. M.; Hoefnagel, M. A.; Peters, J.  A,; 
Kieboom, A. P. G.; van Bekkum, H. Tefrohedron 1990, 46, 5741. 
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spectroscopy and potentiometry. 
Since LnlI1-ligand bonds are predominantly of an electrostatic 

nature,, the geometry of the complexes is determined by the steric 
requirements of the ligands. Usually, complexes of the various 
Ln"' ions with a particular ligand are isostructural and often are 
similar to the corresponding complexes with alkaline-earth-metal 
ions.4 

La"' and Lu1I1 are diamagnetic, whereas the other Ln"' ions 
are paramagnetic. The differences among these ions with regard 
to NMR spectroscopic properties are quite large, which is useful 
in the structural analysis of Ln"' complexes and which make them 
attractive probes for "NMR-silent" metal ions, such as Ca".5*6 
Experimental Sect ion 

Abbreviations. EG = ethylene glycol: H2MAL = maleic acid: 
H2EGMS = ethylene glycol monosuccinic acid (2-(hydroxyethoxy)bu- 
tancdioic acid); H,EGDS = ethylene glycol disuccinic acid ((ethylene- 
di0xy)dibutanedioic acid). 

Materials. Perchlorate solutions of the lanthanides were prepared by 
dissolution of the reagent grade oxides into perchloric acid. The lan- 
thanide content was determined by titration with EDTA using xylenol 
orange as the indicator. The lanthanide chlorides were obtained from 
Alfa Products. Na2EGMS and Na4EGDS were prepared as described 
previously.2 170-enrichment of the carboxylate groups was achieved as 
described previously for other  carboxylate^.^ 

N M R  spectra were recorded 
with a Nicolct NT-200 W B  spectrometer a t  28.3 and 19.6 MHz, re- 
spcctively, using 12-mm sample tubes. The chemical shifts were mea- 
sured with rcspcct to a 0.1 M solution of LaC1, in  D 2 0  as external 
standard. The chemical shifts and the line widths were determined by 
fitting the experimental peaks with Lorentzian curves. The 170 N M R  
spectra wcrc rccorded with a Nicolet NT-200 W B  or with a Varian 
VXR-400 S spcctrometer a t  27.3 or 54.2 MHz, respectively. The deu- 
terium signal of D 2 0  was used for internal lock, when possible. The 
Dy"'-induced shifts (DylS) of samples in EG as the single solvent were 
measured with a coaxial inner tube with acetone-& for internal lock. The 
I7O signal of acetone was then used as standard for the chemical shifts. 
Chemical shifts obtained in these measurements were corrected for bulk 
magnetic susceptibility effects.* 

All 'H and I3C N M R  measurements were obtained with the Varian 
VXR-400 S spectrometer a t  100.1 MHz. The methyl group of tert-butyl 
alcohol was used as internal standard (1.2 and 31.2 ppm for ' H  and 13C 
N M R  measurements, respectively). Longitudinal relaxation times were 
measured with the usc of a [(90°,1 80°,900,)-~-900-acq] inversion re- 
covery pulsc scqucncc. The relaxation times were calculated by using 
a thrce-parameter fit of the experimental data.9 Some of the "C N M R  
signals of EGDS almost coincided. In these cases a deconvolution pro- 
gram was used for the determination of the peak intensities. 

N M R  Measurements. The 139La and 

(3) Moeller, T. In Gmelin Handbuch der Anorganischen Chemie; Spring- 
er-Verlag: Berlin, 1980; Vol. DI. p I .  

(4 )  Martin. R. B. In Colcium in Biology; Spiro, T. G., Ed.; Wiley: New 
York. 1983; p 237. 

( 5 )  Peters. J. A.; K i e h m ,  A. P. G. Red .  Trav. Chim. Pays-Bas 1983, 102, 
381. 

( 6 )  Sherry. A. D.; Geraldes, C. F. G. C. In Lanthanide Probes in Lge, 
Medical. and Environmental Sciences; Theory and Practice; Biinzli, 
J.-C. G.. Choppin, G .  R., Eds.; Elsevier: Amsterdam, 1989; Chapter 
3. 

(7 )  Vijverberg, C. A. M.; Peters, J. A,; Kieboom, A. P. G.; van Bekkum, 
H. R e d  Trac. Chim. Puys-Bas 1980, 99, 403. 

(8) Chu,  S. C.-K.: Balschi. J .  A,; Springer, C. S., Jr. Magn. Reson. Med. 
1990, 13, 239. 

(9)  Levy, G. C.: Peat, I. R. J .  Magn. Reson. 1975, 18, 500. 
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Figure 1. Line width:viscosity ratios and chemical shifts of 139La and 35CI 
versus 5% EG (v/v) in EG-D20 solutions containing 0.1 M LaCI, a t  77 
OC. The viscosities were 0.386,0.552, 0.827, 1.240, 1.989, and 3.226 cSt 
for 0%, 2070, 40%, 60%, 8010, and 100% EG, respectively. 

pH values quoted are  direct meter readings. 
Viscosity Measurements. The viscosities of the solutions of LaCI, in 

EG-water mixtures were determined with the use of an Ubbelohde vis- 
cometer. 

Potentiometry. These measurements were performed as described 
previously.'" The pK,'s of H2EGMS ( I  = 1.0 M (NaCIO,)) were 
determined in duplicate by titrating a solution of H2EGMS (0.002 M), 
which was obtained by passing the disodium salt through a Dowex 50W 
(H+) cation-exchange column, with NaOH (0.04 M). For determination 
of the pK,'s of H,EGDS, a solution of H4EGDS (0.0036 M) and NaOH 
(0.145 M) was used. The stabilities of the 1:l and 1:2 complexes of 
EGMS were determined by titration of a Ln(C104), solution at  I = 1 .O 
M (NaC104) with a solution containing ligand (0.03 M) and 0.015 M 
H+. For determination of plol of EGDS, a ligand solution containing 
0.02 M EGDS and 0.01 M H+ was used. The computation of the 
stability constants from the titration curves obtained was performed as 
described previously.I0 

Results and Discussion 
Solvation of LnCI, in EG. The 0-alkylation reactions of EG 

with MAL were performed with the former compound as solvent 
and with the hydrated lanthanide chlorides as catalyst.* It is 
well-known that in dilute aqueous solutions of LnCI, ( < I  M) the 
Ln"' ion is completely solvated with water,"-15 whereas in organic 
solvents, such as methanol, acetonitrile, and N,N-dimethylform- 
amide, CI- forms inner-sphere complexes with Ln"' ions.I6 
Therefore, the solvation of the Ln"' ions in EG was investigated 
by 139La, 

Figure 1 shows that the 35Cl chemical shift of 0.1 M solutions 
of LaCI, in D20-EG mixtures increases slightly from D20 to EG. 
The increase is, however, much smaller than that observed upon 
replacement  of water  by methanol  (180 ppm),17 indicat ing t h a t  
in EG the inner-sphere coordination of La"' by C1- is of minor 
importance. This is confirmed by the 139La chemical shifts. For 

and I7O NMR techniques. 

van Westrenen, J.; Peters, J .  A.; Rizkalla, E. N.; Choppin, G. R.; van 
Bekkum, H. Inorg. Chim. Acta., submitted for publication. 
Mishaustin, A. 1.; Kessler, Y. M. J .  Solution Chem. 1975, 4 ,  779. 
Reuben, J .  J .  Phys. Chem. 1975, 79. 2154. 
Smith, L. S., Jr.; Wertz, D. L. J .  Am.  Chem. SOC. 1975, 97, 2365. 
Rinaldi, P. L.; Khan, S. A,; Choppin, G. R.; Levy, G. C. J .  Am.  Chem. 
Soc. 1979, 101, 1350. 
Briicher, E.; Glaser, J.; Grenthe, 1.; Puigdomhech, I .  Inorg. Chim. Acta 
1985, 109. 1 I I .  
Cossy, C.; Merbach, A.  E. Pure Appl. Chem. 1988, 60, 1785 and 
references therein. 
McCain, D. C. J .  Inorg. Nucl.  Chem. 1980, 42,  1185. 
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coordination of each CI- ion to La"' an induced shift of 100 ppm 
has to be expected.14J7 When the EG:D20 ratio is increased in 
the system, the i39La chemical shift initially shows a slight increase 
(see Figure l ) ,  but when the amount of EG becomes larger than 
70% (v/v), it declines until it reaches a value of -19 ppm for pure 
EG. This has to be ascribed to coordination of La"' by EG. The 
rather small effect on the la9La chemical shift of substitution of 
a D 2 0  oxygen in the first coordination sphere of La"' by an oxygen 
of EG indicates that under the conditions applied, the ionization 
of the hydroxy group of coordinated EG is probably negligible; 
for negatively charged oxygens a high-frequency shift of about 
30 ppm per oxygen should be e ~ p e c t e d . ~ J * + ~ ~  

The i39La and 35CI line widths (see Figure 1) confirm the 
absence of inner-sphere complexes between La"' and CI-. They 
are governed by the quadrupolar relaxation, which under extreme 
narrowing conditions (u?rC2 << 1) is given byZo 

Here e2qQ/h is the quadrupole coupling constant, 7 is the asym- 
metry parameter, and rC is the molecular reorientational correlation 
time. The latter can be estimated by the Debye-Stokes-Einstein 
equation (2),  if it is assumed that the molecules concerned are 

rC = 4rr3q, /3kT (2) 

spherical. Here qs is the solution viscosity. Formation of an 
inner-sphere La"'-CI- complex would result in an increase of both 
the asymmetry parameter, q, and 7, and thus would give rise to 
an increase of the line width (Av,,,) of both the ls9La and the S5CI 
signal. For this complex in methanol, it has been reported that 
the Avl,2/vs values are 1360 and 1780 Hz/cSt for 139La and 35Cl, 
respectively. Figure 1 shows, however, that the increase of A V ~ , ~ / ~ ,  
in  the 35Cl signal is relatively small (380 Hz/cSt) from D 2 0  to 
EG. The Is9La line width initially increases upon replacement 
of D 2 0  by EG, but when the amount of EG is more than 70%, 
it decreases again. This behavior can be attributed to substitution 
of D 2 0  by EG in the first coordination sphere of La'", yielding 
initially relatively asymmetric La"'-EG-D20 complexes and 
finally a D20-free complex Lal'l-EG that has a lower asymmetry 
parameter 7. It should be noted that the maxima in the curves 
of the Is9La line widths and chemical shifts occur at the same 
concentration of EG. 

The increase of the concentration of the La"'-EG complexes 
at high concentrations of EG (>70%), as witnessed by the 139La 
chemical shifts and line widths, is accompanied by some increase 
of the viscosity-corrected 35CI line width (see Figure I ) .  Probably 
this is caused by the presence of a solvent-separated (solvent = 
EG) ion pair of La1[' and CI-. This has a relatively large radius, 
and consequently rc and AwII2 for 35Cl of that complex are large 
in comparison to those of "unbound" CI-. 

Previously, we have observed that, for Dy"', the induced shift 
(DylS) of a bound I7O nucleus is dominated by the contact 
contribution and is almost independent of the nature of the ligand 
in question and also of the other ligands coordinated to the Dy"' 
ion.7321922 Therefore, the DylS can be utilized to establish the 
oxygen coordination sites of the ligand and to determine the 
stoichiometry of the complex. 

The exchange of the I7O nuclei of bound and free ligands was 
fast on the NMR time scale. Straight lines were obtained in plots 
of the DylS versus the Dy"I:ligand molar ratio ( p ,  p C 0.1, 
correlation coefficients > 0.999). The slopes of these lines (Table 
I )  correspond to nil, where n is the number of bound oxygens of 

Table 1. Solvation of Dy"' as Deduced from Dylll-Induced I'O 
NMR Shifts 

~ 

bound 
Dy"'-induced shift? ppm 0 atomsC temp, 

system' "C D 7 0  alcohol-0 D70 alcohol 
D20 80 -17458 9.0 
EG 80 -8 408 8.1 
DIO-EG (37:63) 80 -5814 -6581 3.0 6.8 

D20-EG (67~33)  80 -9902 -3 537 5.1 3.6 
25 -20401 9.0 
25 -12182 5.4 

8.5 1.2 

DZO-EG (44:56) 80 -6 322 -4 589 3.3 4.7 

D2O 
CDJOD 
D,O-CD,OD 25 -19248 -2636 

( 1 : I )  

( 1 : l )  
CDSOD-EG 25 -8 307 (EG) 7.3 

-973 (CD3OD) 0.4 

Molar ratios in parentheses. Extrapolated to p = I ,  where p is the 
molar ratio of Dy"' added as DyCIS.6H20 and the concerned ligand. 
CAverage number per Dy"l ion. For calculation, see text. 

the concerned ligand per Dy"' and A is the bound shift of that 
I7O nucleus. 

We assume that, for the very low Dy"' concentrations we have 
used, Dy"' is hydrated by nine D 2 0   molecule^.'^^^^ Then from 
the DyIS of D 2 0  extrapolated to p = 1 (-17 458 ppm; see Table 
I), it can be calculated that the bound shift of an I7O donor site 
is -17458/9 = -1940 ppm. 

Upon addition of Dy"' to EG, a single EG I7O signal was 
observed, which is in agreement with the fast exchange between 
the complex and the bulk. From the DyIS extrapolated to p = 
1 (-8408 ppm, Table I), the average number of bound EG oxygens 
per Dy"' can be calculated to be -8408 X 2/-1940 = 9 .  The 
multiplication by 2 is needed because each EG ligand has two 
indistinguishable oxygens. No conclusions concerning the denticity 
of EG can be made on the basis of these data; mono- and bi- 
dentately bound EG would give rise to the same DyIS extrapolated 
to p = 1, if it is assumed that the coordination number of DyIll 
for monodentately bound EG is twice that of bidentately bound 
EG and that the DyIS of a noncoordinated oxygen is negligible. 
Anyway, these data confirm that Dy"' is completely solvated by 
EG and that CI- is not able to substitute EG in the first coor- 
dination sphere of Dy"'. 

For comparison, we have also performed measurements on the 
system DyCI3-methanol. From the DyIS extrapolated to p = 1 
(Table I ) ,  it can be deduced that Dy"' is coordinated by 5.4 
methanol ligands. The first coordination sphere is then completed 
by three CI- ligands, which is in good agreement with conclusions 
in the literature, based on other te~hniques.'~.' '  Apparently the 
affinity of Ln"' ions for methanol is less than for water and EG, 
which are both able to expel CI- from the first coordination sphere 
of the Ln"' ions. This is confirmed by the results of competition 
experiments with 1 : l  mixtures of methanol with D 2 0  and EG, 
respectively (see Table I ) ,  showing that in the former experiment 
D 2 0  is bound preferentially, whereas in the latter coordination 
of EG to Dy"' is predominant. 

The strong preference of Dy"' for EG in the competition ex- 
periment with EG and methanol suggests that a t  least some bi- 
dentate coordination of the former occurs. Steric effects may 
account for the difference in stability of the Dy%t-iethanol and 
Dy"'-D20 complexes. Likewise, the average number of coor- 
dinated D 2 0  and EG oxygens per Dy"' was determined from the 
DylS in mixtures of D 2 0  and EG (see Table I ) .  It appears that 
the ratio of coordinated EG oxygens to coordinated waters is 
clways somewhat larger than the-molar ratio of EG and D20.  

From these data it may be concluded that the order of affinity 
of Ln"' is EG > D 2 0  > CI- > methanol. 

LnI'l-MAL in EC. The DylS of the ''0 nuclei of both MAL 
(5% I70-enriched) and EG were determined. In all spectra a single 

(23 )  Cossy, C.: Barnes, A. C.; Enderby, J. E.; Merbach, A. E. J .  Chem. fhys.  
1989, 90, 3254. 

(18) Vijverberg, C. A. M.; Peters, J.  A,; Kieboom, A. P. G.; van Bekkum, 
H. R e d .  Trau. Chim. fays-Bas 1980, 99, 287. 

(19) Geraldes. C. F. G. C.; Sherry, A. D. J .  Magn. Reson. 1986, 66, 274. 
(20) Abragam, A. The Principles of Nuclear Magnetism; Clarendon: Ox- 

ford, U.K., 1983: p 313. 
(21) Peters, J .  A.; Nieuwenhuizen. M. S.; Raber, D. J. J .  Magn. Reson. 1985, 

65. 417. 
(22) Nieuwenhuizen, M. S.; Peters, J .  A.; Sinnema, A,;  Kieboom, A. P. G.; 

van Bekkum, H. J .  Am. Chem. SOC. 1985, 107, 12. 
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Table 11. Dy"'-lnduced I7O Shifts of 0.35 M Solutions of MAL, 
EGMS, and EGDS in EG or D,O at 80 O C  

Dy"'-induced Dy"'- bound 
shift," ppm 0 atomsb 

carboxylate solvent carboxylate solvent carboxvlate solvent 

M A L  EG -496 -7848 1 .o 8.1 
EGMS EG C -870 0.9 
EGMS D20 -153Id -2154 3.2d 1 . 1  
EGDS D,O c -3773 2.0 

"Extrapolated to p = I .  bAverage number of Dy"'-bound 0 atoms 
per Dy"' ion. <Not observable due to excessive line broadening. dSee 
text. 

carboxylate I7O signal was observed, indicating that the exchange 
between the two carboxylate oxygens and that between the free 
and the Dy"' bound ligand are fast on the NMR time scale. From 
the plots of the DyIS versus p (Table [I) ,  where p is the molar 
ratio of Dy"' and the ligand in question (viz. EG or MAL), and 
with the procedure outlined in the previous section, the average 
number of oxygens of these ligands attached to Dy"' can then be 
calculated to be 8.1 (-7848/-1940) and 1 .O (4 X -496/-1940), 
respectively. This shows that MAL is rather weakly bound to 
Dy"', probably in a monodentate fashion. Previously, we have 
shown that MAL in D 2 0  under similar conditions forms Dy- 
(MAL) and DY(MAL)~ complexes, in which it is proposed to be 
bound in two fashions: (i) as a seven-membered chelate with two 
carboxylate groups coordinated and (ii) as a bidentate ligand via 
a single carboxylate This once again demonstrates that 
the affinity of Ln"' ions for EG is larger than for D20.  
Ln"'-EGMS in EG and in D20. From the DyIS of the I7O 

nuclei of the solvent in  a 0.35 M solution of EGMS in EG and 
in D20,  the average number of coordinated solvent oxygens ap- 
peared to be 1 in both cases (see Table 11). If it is assumed that 
the coordination numbers of Dy"' in the Dy"'-EGMS-EG and 
Dy1I'-EG MS-D20 complexes are the same, it may be concluded 
that EGMS is coordinated to Dy"' in the same fashion in these 
solvents. Apparently, the stability of the Dy"'-EGMS complex 
is large enough to preclude any competition of the solvent in the 
coordination. Since EGMS has four functional groups, and the 
coordination number of Dy"' is usually 8-9,15*23 it is inferred that 
the stoichiometry of the concerned complexes is Dy"'- 
(EGMS)2(solvent). 

Upon addition of Dy"' to a sample of EGMS, of which the 
carboxylate oxygens were 5% I70-enriched, severe line broadening 
was observed in the I7O signals for the carboxylate groups. The 
initially well-separated signals collapsed after a small addition 
to one broad signal. Further additions of Dy"' did not result in 
any separation; the signals have about the same DyIS, showing 
that both carboxylate groups of EGMS are attached to the Dy"' 
ion. A calculation, using the procedure described above, of the 
average number of coordinated carboxylate oxygens per Dy"' 
yields 3.2. This is somewhat low, considering the stoichiometry 
of the complex and the fact that no separation of the carboxylate 
signals could be observed at higher p values. Probably the ex- 
change of the carboxylate oxygens between the free and the 
Dy"'-coordinated state is not in the fast-exchange region on the 
N MR time scale. This is supported by the extreme broadening 
observed and by the smaller DyIS at higher magnetic field. 

I7O N MR spectroscopy is a very convenient technique to study 
coordination phenomena in EG solutions. This solvent causes, 
however, serious problems in I3C and 'H NMR techniques, due 
to interfering large solvent signals. Because of the similarity of 
the Dy'Il-EGMS complexes in EG and D 2 0  suggested by the 
results of the experiments described above, we decided to perform 
further investigations on the structure of these complexes in D 2 0  
or H 2 0  as the solvent. 

The stability constants of the complexes of EGMS and the 
various Ln"' ions in aqueous solution ( I  = 1.0 M (NaCIO,); 25 

Table 111. Stability Constants of the Lanthanide(ll1) Complexes of 
EGMS and EGDS in Water ( I  = 1 M (NaCIO.,); 25 "C)  

EGDSb EGMS' 
Ln"' 1% BIOI 1% @I02 1% B I O I  
La 3.94 6.79 7.10 
Pr 4.44 7.42 6.07 
Nd 4.48 7.39 6.5 I 
Sm 4.63 7:74 6.16 
Eu 4.47 7.49 6.96 
Gd 4.40 7.55 6.67 
Tb 4.29 7.45 6.45 
DY 4.20 7.34 6.09 
Ho 4.22 7.23 6.81 
Er 4.24 7.18 5.94 
Tm 5.94 
Yb  4.41 7.31 5.96 

"pK,, = 3.07: pK,, = 4.40. bpKal = 2.48: pK,, = 3.29: pK,, = 4.08; 
pK,, = 4.77. 

log 12 
P l O !  
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Figure 2. log pl0, for a series of Sm"' complexes of (hydr)oxy carbox- 
ylates versus the summed acidity constants (xpKa,,) of these ligands, 25 
"C (solid line): a = pyruvate, b = glyoxylate, c = glycolate, d = D- 
tartrate, e = malate, f = citrate, g = oxydiacetate, h = EGMS, i = 
EGDS. The broken line gives the relationship for non-hydroxylated 
mono- and dicarbo~ylates.~~~'~ 

" C )  were determined with the use of potentiometry. The overall 
stability constants are defined as 

(3) 
The values obtained (see Table 111) show the usual trend: a regular 
increase from La through Sm, then a decrease up to Ho, followed 
by another increase at the end of the series. Several explanations 
for this phenomenon, in terms of effects related to the decreasing 
ionic radii from La"' to Lull', have been proposed in the litera- 
ture.25-27 

The stability constants of the complexes of a metal ion with 
a series of related ligands is expected to be linearly correlated with 
the summed acidity constants of the donor groups involved, when 
the interaction is strongly ionic and no variations in steric effects 
occur.28 Choppin has shown that the magnitudes of of the 
Sm"' complexes of a variety of mono- and dicarboxylates and 
amino polycarboxylates conform with such a linear relation~hip.~~J(' 
I n  Figure 2, we have plotted the plOl values of a series of a- 
(hydr)oxy carboxylates, taken from the literature,)' as a function 
of the XpK, of these compounds. The line obtained appears to 
be somewhat above that for the mono- and d i c a r b o ~ y l a t e s . ~ ~ J ~  
This probably reflects an increase of stability as a result of the 
formation of a five-membered chelate of the a-(hydr)oxy car- 

Grenthe, I .  Acfa Chem. Scand. 1964, 18, 293. 
Choppin, G. R. Pure Appl. Chem. 1971, 27, 23. 
Williams, R. J .  P. Sfrucf .  Bonding (Berlin) 1982,50,79 and references 
cited therein. 

(28) Irving, H.; Rossotti, H. Acta Chem. Scand. 1956, 10, 72. 
(29) Choppin, G .  R.; Bertrand, P. A.; Hasegawa, Y . ;  Rizkalla, E. N .  Inorg. 

Chem. 1982, 21, 3722. 
(30) Choppin. G. R. J .  Less-Common Mer. 1985, 112, 193. 
( 3  I )  Martell, A. E.; Smith, R. M. Crifical Stability Comfanfs: Plenum Press: 

New York. 1977, Vol. 3; 1982, Val. 5 .  
(24) van Westrenen, J . ;  Peters, J .  A.; Kieboom, A. P. G.; van Bekkum, H. 

J .  Chem. Soc., Dalton Trans 1988. 2723 .  
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0 3 0 
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Figure 3. Comparison of the relative Gd"'-induced 13C relaxation rate 
enhanccmcnts of EGMS, malate, and CMOS. Schematic representations 
of the mode of coordination in the predominant Gd"' complexes are 
given. 

boxylate function and Sm"'. The data for EGMS fall on the line 
for the a-(hydr)oxy carboxylates, suggesting that all carboxylate 
functions of EGMS are coordinated to the Ln"' ion. If this would 
not be the case, a much lower stability should be expected. 
Obviously, conclusions about the involvement of the 6-OH function 
in the coordination are not possible, on the basis of stability 
constants. 

An unambiguous assignment of the Ln"' coordination sites of 
EGMS could be achieved with the use of Gd"'-induced I3C 
longitudinal relaxation rate enhancement measurements. Among 
the Ln"' cations, Gd"' has the longest electronic relaxation time,32 
and therefore it is very suitable for the study of the geometry of 
bound ligands. Since it can be applied in very low concentrations 
with respect to the ligand ( p  < IO-"), information will be obtained 
on complcxcs in which Gd"' is coordinated by the maximum 
number of ligands possible, the Gd"'-( EGMS)2 complex in this 
case. Assuming that the mean residence time of a ligand in its 
GdIl' complex is short with respect to the longitudinal relaxation 
time (T,(c)) and that the contribution of intermolecular inter- 
actions to the relaxation is negligible, the observed relaxation rate 
of a nucleus (I /T,(obs))  can be expressed as33,34 

(4) 
where n is the number of ligands bound in the Gd"' complex and 
I/T,(f) is the relaxation rate of that nucleus in the undoped 
sample. The relaxation rate in  the complex is related to the 
molecular structure via eq 5.35-37 Here r is the distance between 
Gd"' and the nucleus under consideration, and k is a constant. 

l/T,(obs) = np/Tl(c) + I /T , ( f )  

I /T , (c )  = k / r 6  ( 5 )  

The relaxation rates of the I3C nuclei of EGMS were measured 
at  five different Cd"' concentrations ( p  = 0-1.3 X IO-"). In 
accordance with eq 4, a linear relationship between the relaxation 
rates and p was found (correlation coefficients > 0.999). From 
the slopes of the lines the relative relaxation rate enhancements 
(RRE's) shown i n  Figure 3 were calculated. 

The RRE's of the two carboxylate I3C nuclei of EGMS are of 
the same magnitude, proving that both are coordinated to GdII', 
as was already expected on the basis of the stability constants. 
The RRE of C(2) is of the same magnitude as well; thus O(2) 
is also bound to Gd"'. Similar RRE values were previously 
determined for malate3* and (carboxymethoxy)succinate 
(CMOS),39 which both contain, like EGMS, a malate structural 
unit. It was shown, with the use of several techniques, that this 
unit in the Gd"l complexes of these ligands is also predominantly 
bound in a tridentate fashion via the two carboxylates and O(2). 
The RREs of C(5) and C(6) of EGMS are of the same magnitude 
as C(  I ) ,  C(2). and C(4), showing that O(6) is also coordinated 
to Gd"'. It can be calculated with eq 5 and distances estimated 

(32)  Dwek. R. A. Nuclear Mametic Resonance in Biochemistrv: Clarendon 
Press: Oxford. U.K. ,  1973: Section 9.4. 
Leigh, J. S., Jr.  J .  Magn. Reson. 1971, 4, 308. 
McLaughlin. A. C.; Leigh, J. S., Jr .  J .  Magn. Reson. 1973, 9, 296. 
Swift. T. J.: Connick, R.  E. J .  Chem. Phys. 1962, 37, 307. 
Luz, Z.; Meiboom. S. J .  Chem. Phys. 1964, 40, 2686. 
Lenkinski, R .  E.; Reuben. J .  J .  Magn. Reson. 1976, 21, 47. 
Vijverberg, C .  A .  M.; Peters, J. A.: Kieboom, A. P. G.; van Bekkum, 
H.  Terrahedron 1986, 42, 167. 
Vijverberg. C. A. M.; Peters, J .  A.; BovCe, W. M. M. J.; Vroon, H.; 
Kieboom. A.  P. G.: van Bekkum. H. R e d .  Trau. Chim. Pays-Bas 1983, 
102, 2 5 5 .  
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Figure 4. Vicinal coupling constants of EGMS in the presence of  La"' 
as a function of p at  pH 7 and 25 "C. 

coo- H 
l I 

R= - CHZ - CHZOH 

Figure 5 .  Conformational change of EGMS upon coordination to a Ln"' 
cation. 

Table IV. 'H Chemical Shifts (ppm) and Coupling Constants (Hz) 
of EGMS and Its La"' ComDlexes in D,O at  DH 7 and 25 OC 

free EGMS La(EGMS)+ La(EGMS)y 
6 2  4.08 4.24 4.12 
6 3  2.56 3.05 2.85 
63, 2.34 2.92 2.69 
'J2.3 2.9 5.4 4.8 
' J 2 . 3 ,  10.9 1.2 4.3 
2J3 ,3 ,  -15 .3  -18.7 -17.5 

from Dreiding models that, if O(6) were not coordinated, the RRE 
of C(6) would be 0.1. It can be concluded that, in the predominant 
complex, EGMS coordinates via the two carboxylate groups and 
O(2) and O(6). Thus, in the 1:2 Ln"'-EGMS complex, eight 
positions on the Ln"' cation are occupied by the two EGMS 
ligands, and as was shown by the Dy"'-induced water I7O shifts, 
the first coordination sphere of the cation is completed with one 
water ligand. This leads to a coordination number of 9 for Ln"'. 

For the coordination of EGMS, a drastic change of confor- 
mation is required, as is witnessed by the changes of the vicinal 
proton-proton coupling constants upon coordination of EGMS 
with the diamagnetic La"' (Figure 4). The magnitudes of 3Jz,3 
and 352,3, at pH 7 show that the free ligand is almost exclusively 
in a antiperiplanar conformation (see Figure 5). The preference 
for this conformation is higher than in the case of succinate, where, 
as has been shown by Gil et aL40 its population is about 60%. 
From the experimental coupling constants at various p values (see 
Figure 4) and the molar fractions of the various species as cal- 
culated from the stability constants in Table I l l ,  the IH chemical 
shifts and the coupling constants in the 1 : 1 and in the 1 :2 com- 
plexes could be evaluated with the use of a multiple regression 
method (Table IV). Previously, we have shown that coordination 
of a rigid ligand to a Ln"' ion has no observable influence on the 
vicinal proton-proton coupling  constant^.^' Therefore, the dra- 

(40) Nunes, M. T.: Gil, V. M. S.; Ascenso, J. Tetrahedron 1981, 37, 61 I .  
(41) Peters, J. A.; Remijnse, J .  D.: van der Wiele, A.; van Bekkum, H. 

Tetrahedron Lett. 1971. 3065. 
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Figure 6. 'H chemical shifts of EGMS in the presence of Prill as a 
function of p at  pH 7 and 25 OC. 

matic changes in 3J2,3 and 352:3, are caused by a conformational 
change of EGMS upon coordination to La'''; the magnitudes of 
these coupling constants show that in the complex the carboxylates 
groups are in the synclinal configuration, which is actually the 
conformation that is dictated by a tetradentate coordination of 
EGMS. I t  should be noted that the geminal coupling constant 
2J3,31 also changes from the free ligand to the complexes. It is 
known that geminal coupling constants, in contrast to the vicinal 
ones, are sensitive to coordination of neighboring groups by a Ln"' 
ion.42 So this is in  agreement with coordination of C00(4) .43  
The behavior of the vicinal coupling constants 3J2,3 and 3J2,3j is 
very similar to that observed previuosly for CMOS, and this 
supports the great similarity in coordination of these ligands. 

In  Figure 6 the IH shifts of EGMS in the presence of the 
paramagnetic Prill cation are shown as a function of p. The bend 
in the curves at p = 0.5 confirms the existence of 1 : l  and 1:2 
complexes. These complexes have somewhat different bound 
shifts. It should be noted that the induced shifts for nuclei in the 
succinate part and those in the -OCH2CH20H part have opposite 
signs. I f  it is assumed that these shifts are of a pseudocontact 
origin, and that internal reorientations in the complex result in  
effective axial symmetry, their magnitudes are given 

(6) 
Here A is the bound shift of a nucleus, r is its distance to Prill, 
8 is the angle between the vector r and the pseudoaxial axis, and 
C is a constant. The sign of A reverses at 9 = 54.7O. From 
previous studies we know that the sign of C is negative for Pr111.47 
Therefore, the nuclei in the succinate part of EGMS are in the 
equatorial region (55 0 < 1 2 5 O ) ,  whereas the nuclei of the EG 
part are in the axial region (0 < 0 < 55'. 125 < 0 < 180O). 

A = c(3  COS^ e - 1 ) p 3  

~~~ ~ ~~ ~ 

(42) Reuben, J. f rog .  Nucl.  Magn. Reson. Spectrosc. 1973, 9 , 1 .  
(43) The 'H NMR signals for the OCHzCHzOH protons were overlapping 

too much to allow an  analysis. 
(44) Bleaney. B. J .  Magn. Reson. 1972, 8, 91. 
(45) Briggs, J. M.: Moss, G. P.; Randall, E. W.; Sales, K .  D. J .  Chem. Soc., 

Chem. Commun 1972, I180 
(46) Horrocks, W. Dew. ,  J r .  J .  Am. Chem. Soc. 1974, 96, 3022. 
(47) Peters. J A.; Sinnema, A,; Kieboom, A. P. G.; van Bekkum, H fnorg. 

Chrm Acta 1989, 160. 7 
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Figure 7. Influence of the pH on the 'H chemical shifts of a 0.2 M 
solution of EGMS in DzO, in the presence of Prlil ( p  = 0.5) at 25 O C :  

(0) H(2); (e) H(3); (x) H(3'); (0, 4 v. and m) H(5), H(5'), H(6). 
and H(6'). 

The pK, of the Ln%oordinated O H  group of EGMS is of 
importance in relation with the mechanism of the 0-alkylation 
of EG with MAL, in which attack of the ionized O H  group to 
the olefinic bond is supposed to be a crucial step. Therefore, we 
have investigated the effect of pH on the ' H  chemical shifts of 
EGMS in the presence of Prill (see Figure 7) .  The curves ob- 
tained have a bell shape, with a plateau at pH 5-6. At lower pH's 
decomplexation occurs due to protonation of the successive car- 
boxylate groups. The steep decline of the induced shifts a t  pH 
>7 can be ascribed to a decomplexation caused by the formation 
of polynuclear Pr"'-hydroxide complexes. At pH >8 the samples 
became somewhat turbid, and at  higher pH values precipitation 
of the hydroxide occurred. Apparently, the pK, of the PrIr1-co- 
ordinated hydroxyl group of EGMS is higher than that of coor- 
dinated water. Previously, we have observed that the pK, of the 
hydroxyl group of a Ln%oordinated a-hydroxy carboxylate is 
somewhat below that of coordinated ~ a t e r . ~ O - ~ ~  Since the order 
of the pK,'s of hydroxyl groups of the uncoordinated compounds 
is a-hydroxy carboxylate < H 2 0  EG,49-5' it is reasonable that 
the order for the coordinated ligands is the same. 
Ln"'-ECDS in Water. The Ln"'-catalyzed 0-alkylation of EG 

with MAL affords the diastereomers of EGDS, the meso com- 
pound being slightly more abundant than the racemic mixture. 
No attempt was made to separate these diastereomers. 

The potentiometrically determined log fl lol  values of the 
LnIii-EGDS complexes are of the same magnitude as the log plO2 
values of the corresponding EGMS complexes. lnclusion of the 
data for EGDS in the plot of the log fl  values versus CpK, (see 
Figure 2) shows that the stability constant is lower than should 
be expected for coordination of EGDS in a hexadentate mode. 
This may point to a decreased stability due to steric strain or to 
coordination in a pentadentate fashion. 

(48) van Duin, M.; Peters, J. A.; Kieboom, A. P. G.; van Bekkum, H. Recl. 
Trav. Chim. Pays-Bas 1989, 108, 57. 

(49) Beck, M. T.: Csiszar, 8.; Szarvas, P. Nature 1960, 188, 846. 
(50) Coccioli, F.; Vicedomini, M .  J .  Inorg. Nucl.  Chem. 1978. 40, 2106. 
(51 )  Ballinger, P.; Long, F. A.  J .  Am. Chem. Soc. 1960, 82, 795. 
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Table V. Relative Gd"'-lnduced Longitudinal 13C Relaxation Rate 
Enhancements (s-l) i n  EGDS at pH 7 and 25 OC 

meso- rac- meso- rac- 

C( I ) ,  c( 1') I .OO' I .OO' c(4), c(4') 0.82 0.76 
C(2), C(2') 0.46 0.59 C(5), C(5') 0.40 0.55 
C(3), C(3') 0.25 0.54 
'The absolute relaxation rate enhancements are 10.7 x 10, and 9.9 

nuclei EGDS EGDS nuclei EGDS EGDS 

X IO3 s-I for meso-EGDS and rac-EGDS. respectively. 

The Dy"'-induced ''0 shifts (see Table 11) show that the 
Dy"'-EGDS complex contains two water ligands in the first 
coordination sphere. So if it is assumed that the coordination 
number is 8 or 9, then this suggests a hexadentate coordination 
of EGDS. 

The Gd"'-induced RRE's are very similar to those observed 
for EGMS.52 It can be inferred that ECDS is bound to Gd"' 
analogously to EGMS, thus in a hexadentate fashion with the 
carboxylates and the ether oxygens as donor sites. The small 
differences in the RRE's between the two diastereomers can be 
ascribed to small differences in the conformation of the bound 
ligands. The largest differences occur in C(3) and C(3'). With 
the use of eq 5 it can be calculated that the differences observed 
for these nuclei correspond with only a 13% difference in the 
GdlIl-C distance. These nuclei are part of six-membered chelate 
rings, and an inspection of molecular models shows that these rings 
are rather flexible. 

( 5 2 )  The assignments of the peaks in the I'C NMR spectrum were made 
previously2 with the use of a chiral shift reagent, except for the peaks 
of the carboxylate groups, which almost coincided. The relative re- 
laxation rate enhancements of the carboxylate carbons were 1 .O and 0.8, 
which is very similar to the values observed for the related nuclei in 
EGMS. On the basis of the comparison of the magnitudes of the 
relative relaxation rates the signal with a RRE of 1.0 is assigned to C( 1)  
and C( 1'). 

Conclusions 
Multinuclear NMR techniques have been proven to be very 

valuable for the establishment of the structures of species occurring 
in the reaction mixture of the lanthanide-catalyzed 0-alkylation 
of EG with MAL. Ln"' cations have a preference for the coor- 
dination of EG over that of water, which is in agreement with 
the observation made previously2 that water does not interfere 
in the 0-alkylation reaction as long as it is not present in a large 
amount. The CI- ion is not in the first coordination sphere of the 
Ln"' cation, whereas MAL is able to compete with EG for co- 
ordination. The products of the first and the second 0-alkylation 
steps (EGMS and EGDS, respectively) are strong chelators for 
the Ln"' ions. Therefore, the water addition is not an important 
side reaction in the second 0-alkylation step (EGMS - EGDS), 
and product inhibition plays a role in the 0-alkylation reactions. 

Deprotonation of the Ln%oordinated hydroxyl groups of EG 
and EGMS could not be observed, in contrast to that of the 
previously studied glycolate, for which the pK, was determined 
to be about 8.1° Mixed-ligand complexes with deprotonated 
hydroxyl groups are supposed to be the key intermediates in the 
0-alkylation of hydroxy compounds with MAL. The observations 
on EG and EGMS, suggesting a relatively high pK, of the 
Ln"'-coordinated hydroxyl group of these compounds, are therefore 
in agreement with the relatively low reaction rates in the O-al- 
kylation reaction of EG with MAL in comparison with the cor- 
responding reaction with g l y ~ o l a t e . ' ~ * ~ ~  
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The reaction of 'CHI free radicals with Cu"(NH2CH2C0C), in aqueous solutions was studied. The formation of the unstable 
intermediate (NH2CH2CO,-),Cu1I1-CH3(aq) in this reaction was observed. This intermediate decomposes into Cul"- 
(NH2CH2C0~)2+(aq) + CHI. The formation of C U " I ( N H ~ C H ~ C O C ) ~ + ( ~ ~ )  is not observed, as this complex is short-lived under 
thcse conditions and decomposes via ligand oxidation. The 'CH, free radicals react with the transient complex 
(NH2CH2C0~)2Cu11'-CH3(aq) to form ethane and Cu"(NH,CH,CO<),; the specific rate of this reaction approaches the 
dirfusion-controlled limit. The results thus point out that aliphatic free radicals can oxidize copper(l1) complexes to copper(ll1) 
complexes. The results suggest that the reactions of aliphatic free radicals with copper complexes might cause the reported 
radiosensitization by copper compounds. 

In a recent study it was reported that N-benzylglycine is formed 
quantitatively when an alkaline aqueous solution containing 
C U " ( N H ~ C H ~ C O ~ - ) ~  and CICH2C5H6 is sonolyzed.2 No plau- 
sible mechanisms for this process were proposed. 

In  previous s t ~ d i e s ~ . ~  we have shown that aliphatic free radicals, 
'R, react with Cu"(peptidate), where peptidate = tri- or tetra- 
glycinate, to form transient complexes of the type (peptidate)- 
CurI1-R. As sonochemistry in aqueous solutions stems from the 
formation of free radicals,s it seems reasonable to suggest that 

( I )  (a)  Chemistry Department, Ben-Gurion University of the Negev. (b) 
Nuclear Research Centre Negev. (c) R. Bloch Coal Research Center. 

(2)  Reddy. G. S.: Smith. G. G. Inorg. Chim. Acta 1987, 133, 1 .  
(3) Mulac, W. A,; Meyerstein, D. J .  Chem. Soc., Chem. Comm. 1979,823. 
(4) Kirschenbaum, L. J . ;  Meyerstein, D. Inorg. Chem. 1980, 19, 1373. 
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