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Abatraet: La(III) 18 a good catalyst for the add~bon of hydroxyl compounds to unsaturated carboxyhc 
actds, yteldmg ethqolycarboxylates The La(M) can be apphed BS the chloride. the alkoxlde, or the 
ox& In the latter case m ntu convermon to the La(IJl) salt of the unsahlrpted carboxyhc actd u 
rcqmted Lanthanum alkoxtdes, which annblne the actwatron of the reactants by La(III) with a high 
bastctty of the solutin. give the highest add:tlon rcsctlon rates ‘l%f3 add~ho~, of ethylene glycol to 
acetyla~ed~arboxylatc yields the dloxolsne 12 upon removal of La(III) C aud 0 NMR prove that the 
timon of Uus ketakd oxaloacctate pmceeds VI(I two unenncd~ates, namely the monoadduct 10 and the 
dladduct 11, of which the latkz only exlsts as a La@I&complex ‘Ihe addrtron of glycerol to 8 yields a 
mtxtore of two droxolaoes 15 and 16 m a molar rat10 of about 2 5, whuzh mdicates that the cychsauon IS 
thezmodytlamlcally umtrolled 

INTRODUCTION 

Etherpolycarboxylates are pronusmg compounds for use as metal sequestrants They have excellent 

complexmg abthhes1V3 and are m general readily bmdegradable,’ whereas the toxlclty 1s low 4 

Specfic use can be m detergent formulations ‘-’ 

It has been shown that multivalent metal Ions are useful catalysts m aqueous and alcohohc med~ 

for the synthesis of etherpolycarboxylates ‘lo Thus these compounds can be obtamed by a Ca(II)- 

catalysed Mchael-type ad&non2 of alcohols to unsaturated carboxyhc acids However, Ca(II) has a 

relatively low charge density so deprotonatton of the hydroxyl group, which IS necessary for the 

addttton reactton, only occurs at high pH (above 10) We have found that these reactions can be 

perform4 under much nulder conditions under the mfluence of Ln(III) Ions, which have tUgh 

coordmatlon numbers (8 to 9 m aqueous medmm11-‘3) an a relatively large charge density Therefore, d 

deprotonauon of coordmated hydroxyl groups occurs at neutral pH *J~J~ 

In the addition reaction the Ln(III) cation accelerates the reaction m two ways It funcuons as 

a template,8’1a but more unportantly, It activates both reactants Fustly, the electromc repulsion of 

the hydroxyl proton of the alcohol by the- Ln(III) cat10n14’1s enhances its acidity Secondly, the 

coordma~on of the carboxylate group of the unsaturated carboxylate causes an mcrease of the 

electrophdiclty of the P-carbon atom Further advantages of Ln(III) ions are the fast 

exchangeablhty” of hgands and the almost purely electrostatic bmdmg type” of the metal hgand 
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bonds whrch provrdes great flexrbrhty to complex geometnes Addmonal advantages of the use of 

Ln(III) ions are rheir paramagneuc propertres.” which allow study of the complexes mvolved by 

spectroscoprc methods, such as multmuclear NMR 

Complexmg molecules that have been synthesrsed wrth Ln(III) as template have usually also good 

sequestenng abrhtres for Ca(II), because of the great chermcal smulantres between Ln(III) and 

Ca(II). romc radu are comparable.t9 bondmg of organic hgands IS largely electrostatrc,‘* and the 

molecular structures of smgle crystals are srmrlar to a large extent.20 

In the present paper we report the results of a study on the addlhon of ethylene glycol (EG), 

ethylene glycol monomethyl ether (RGMMR), and glycerol (GL) to acrylic acid and acetylene mono- and 

dt-carboxyhc acid, catalysed by Ln(III) under nnld reacuon condrtions Model reactrons were studied, 

mechamsuc aspects are drscussed, and a comparison 1s made of some. lanthamde catalyst systems 

RESULTS AND DISCUSSION 

Alkoxykabons of Acrylute 

When sodmm acrylate (1) was drssolved (1 3 mol dm-‘) m EG and heated to 90 “C only 7 % of the 

addmon product 3-(2-hydroxy-ethoxy)propromc acid (Za) was formed after 48 h (Scheme la, R=H) This 

reacuon was accelerated substanually by addluon of La(III)- m the presence of an eqmmolar amount 

of LaCla.3HaO the conversron towards 2a was 60 % after 24 and almost complete after 48 h A small 

amount (less than 5 %) of the mtermoleculsr estenficauon product of 2a was obtamed as a 

srde-product 

Prevrously rt has been shown that LaC13 m EG IS solvated by EG and that chlonde ions are not m 

the fist coordmatron sphere of La(III) lo Coordmanon of EG by La(III) results m a substanual 

decrease of the PK. of its hydroxy group~,*“~*‘~ and consequently an acidic envrronment 1s’ reached 

under the condruons described above. Obvrously, the concentrauon of the rcactrve species, 

deprotonated EG coordinated to La@), can be further mcreased by an mcrease of the basrctty of the 

reacuon rmxurre. When one equivalent (La with respect to 1) L+a203 was used mstead of LaC13 almost no 

catalytrc effect was observed It appeared that the Laa03 drd not dissolve, whrch suggests that no 

heterogeneous catalysts by La,O, occurs However, when 1 1s partly or completely added as the free 

acrd, then mdeed catalysts 1s observed, whtch can be explamed by solubthsatton of L.a20,, after which 
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Table 1. Relative Actrvrty of Some Lanthanum Catalyst Systems 

Acrylate at 90 ‘C 

m the Addruon Reacuon of BG to 

catalyst 
acrylic sodium relative 

La(II1) 
acid acrylate initial 

no1 dm-3 mol dm 
-3 

moldm 
-3 

rate' 

10 1 

1 0 M LaC13 10 10 17 2 

0 5 M Laz03 10 10 20 

0 05 M Laz03 01 01 09 23 8 

0 25 M Laz03 05 05 05 54 0 

0 5 M Laz03 10 10 68 3 

1 5 M KOCHzCHzOH 10 186 

0 5 M La(OMe)(OiPr)l 0 5 10 276 

absolute mlull rats for the nmaldy8cd nxctm 000167 mol dm 
3 1 

1 h 

b wntammgO5moldm 
-3 

THP 

a shghtly basrc or neutral envrronment is reached Gptmusanon showed that the hrghest rates are 

obtamed when an equtmolar amount of acid IS added relatrve to the amount of La(III) Selected 

condruons with their catalyttc effects are described m Table 1 

Small amounts (up to 20 %) of water did not mterfere m these reactrons LaC13 can be added m a 

hydrated form Larger reaction rates as m the reacttons with LarO, could be obtamed with the 

potassmm salt of deprotonated EG as the base m the absence of La(II1) (see Table l), but then 

strtctly anhydrous condmons were reqmred. analogous to hterature reports 2’ Wtth lanthanum 

alkoxrdes an accelerauon with a factor of 1 5 compared to the latter case was observed, whrch may be 

ascribed to the template effect and the actrvahon of the termmal vmyhc carbon atom of acrylate by 

La(II1) However, rt should be noted that these effects are partly counteracted by the decrease m 

nucleophtlrc strength of the deprotonated EG-molecules. due to coordmation to La(II1) 

When the addmon was performed wtth ethylene glycol monomethyl ether (EGMME) as the hydroxyhc 

reagent (Scheme lb, R=Me), only about 50 % conversron to 2b was reached after 48 h at 90 “C m the 

presence of an eqmmolar amount of LaClr 3H20 Tlus may be due to the low tilubthty of the La(III) 

compounds m the relatively apolar EGMME compared to EG, and to the fact that EGMME has only one 

hydroxyl group per molecule Better results were obtamed when 0 5 equivalent La(OMe)(ChPr), was used 

Then complete conversron was reached m about 20 h 

Alkoxylatrons of Proprolate and Acetylenedrcarboxylate 

Proplohc acrd (3) and acetylenedlcarboxyhc acrd (8) are known to undergo decarboxylauon raprdly 

both m aqueous and m alcohohc soluttons 22 27 However, heating of a 1 mol dm 3 aqueous soluuon of 3 

m the presence of LaC13 (1 mol dm”) or HCl (2 mol dm”) resulted m rapid addmon of HCl grvmg crs- 

(4) and trans-3- chloroacryhc acid (5, Scheme 2). m a molar ratro of about 9 1 The addihon of HCl 
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to acetylemc acids has been reported m hterature to 

unb-adducts z83o In contrast wtth these hterature data.2s 

thermodynamtcally more stable compound 5 under strongly 

J HUSKWS er al 

be kmettcally deter-muted yteldmg the 

we observed tsomensatron of 4 to the 

actdtc condrtrons durmg the reactron (see 

Figure 1) It should be noted that coordmatton to La(III) plays a mmor role under actdtc condrtrons 

Proptoltc actd and an equtmolar amount of LaC13 m EC yielded a mrxture of the chlorides 4 and 5, 

and the EC-ester of 4 (molar ratio. 7 1:2) after heating at 90 ‘C for 24 h Almost no decarboxylatton 

was observed (less than 3 4b3’) and only traces of the EG-ester of 5 were detected Upon drssolutron of 

3 m EG m the absence of LaC13 or any other chloride-contaumtg reagent, decarboxylatton appeared to 

be the maJor reactton path However, m the present case three products were obtamed m small amounts 

besrdes the dommant product, the EC-ester of 3, 2-carboxymethoxy-1,3-dtoxolane (7. see Scheme 3). 

together wrth tts EC-ester, were detected. 

The menhoned estertficatton could be prevented by the use of the sodium sah of 3 mstead of the 

free acid. Drssolutron m EG (1 mol dmS3) and heatmg at 90 ‘C gave 95 % converston of 3 to yield 

COOH + HCI J 
COOH COOH 

J 

Ill 
3 

60 

b 4 + 
Cl H Cl P 

4 5 

scheme 2 

20 

time (h) 

Ftgure 1. Product dtstnbutton of the hydrochlormatton of 3 (1 mol dmm3) and the consecuuve 

rsomensahon m strongly acrdtc (15 % w/w HCl) aqueous medium at 90 “C (+ 3, l 4, o 5) 
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about 10 % 7 m 24 h. The remamder of 3 was decarboxylated A sumlar wtuatron was observed when 0 1 

mol ti3 LaCl, was apphed, however, m the presence of an eqmmolar amount of I.&I, complete 

conversron of 3 occurred m about 15 h. yreldmg 7 (55 %) and 4 (45 %) Apparently, m the presence of 

La(III) alkoxylauon 1s favored over decarboxylauon The productron of 4 ts probably due tc a hrgher 

actdny of the solutron caused by the large amount of La(III) ” 

The for-matron of the chlonde 4 could be prohtbtted by usmg LarO, as the catalyst and addmg 3 as 

the free acid Hardly any decarboxylahon was observed and the only product obtamed was 7 The 

reactron was already complete after 6 h So, the use of La203 has two advantages over LaC13 the 

reactton rate IS hrgher and no chlortde addmon takes place 

On the basrs of a kmeuc study Bowden and Pnceas have proposed a mecharusm for the 

hydrochlormauon of 3 m aqueous medmm m whrch the carboxyhc acid group 1s protonated after which 

chlonde 1s added m a rate determmmg step gtvmg a carbamon mtermedtate The fmal product 1s then 

formed by proton abstractton from the solvent Complexatron of the carboxylate group of proptolate m 

EC wrth the La(III) canon has the same effect as protonatron of the carboxybc acrd group ur the 

aqueous hydrochlonnatron the triple bond 1s acttvated for addmon So we assume that the fllst step 

m the formatton of 7 under neutral La(M)-catalysed condruons 1s m fact a Mtchael type 

untl-addthon, yteldmg 6 (see Scheme 3) This mtermedtate product IS then converted m a fast second 

step to the final product 7 The here described unrr-addition 1s m correspondence with general views 

concemmg addmons to mple bonds 3233 

Wnh acetylenedrcarboxybc acid (8) as the unsaturated carboxylrc acrd. either as the free acid or 

as the drsodmm salt m water, stepwtse decarboxylauon to 3 and acetylene was observed, whrch IS ut 

agreement with literature reports 22z Usmg a 1 mol dms3 soluuon of 8 as the free acid m EG wrth 1 

mol dm” LaC13 or 3 mol drnb3 NaCl rapid formatron of chlorofumanc acrd (9, Scheme 4) was observed 

Here, too, arm-addmon takes place now yteldmg dtrectly the tbermodynamtcally more stable isomer, 
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which reactton IS already descrtbed m the early hterahue 29343s The hydrochlonnatlon was fast 

with respect to decarboxylafion and water addition, so that only traces of 4, which IS the 

hydrochlonnation product of 3, and oxalacetlc acid, which IS the water addltton product of 8, were 

detected (together less than 1 %) Heatmg the free acid of 8 m EG m the absence of LaC$ resulted III 

pti es&&cation of the carboxylate. groups and m decarboxylanon (> 85 %) 

Upon heatmg of the &sodium salt of 8 m EG (1 mol dm-‘) agam the cychc adduct 7 was obtamed. 

so the same product as was obtamed from a smnlar reaction of the sodmm salt of 3 and EG Apparently, 

8 decarboxylates fiit to 3 which then forms the addition product 7 Smular results were obtamed m 

the presence of small amounts of LaC13 However, with an equunolar amount of LaC13 a high yield (90 %) 

of 2-carboxy-2-carboxymethoxy-1.3-d1oxolane (12. see Scheme 5) was formed after 10 h Side products, 

resultmg from decarboxylahon and hydrochlormation of 8, were 7 (10 %) and traces of 9, 4 and 

oxalacetic acid (together less than 1 %) By HPLC the mtermediates (2-hydroxyethoxy)-fumanc acid (10) 

and 3 could be observed. The maxllllllm amount of 10 (15 %) was present after 30 mmutes (see Figure 2) 

By termmatmg the reaction at dns tune and work-up thus mtermedlate could be Isolated and Identied 

by “C NMR. The mte.rmedlate 10 most hkely IS the fumarate denvatlve m lme with the already 

described preferred antr-ad&hon 

When the ad&tion of EGMME to 8 was perfornted with the use of LaC17 as the catalyst (see Scheme 

6), a nuxture was obtamed of mono- (13) and dadduct (14) From the prese&e of the latter we conclude 

that also the ad&bon of EG to 8 proceeds na the dladduct 11 (see Scheme 5) A further argument m 

EG 

- La3*\ 
Y 

[ “s@oH] 
11 

1 - La3+ - EG 

Scheme 5 

+ EGMME + EGMME 

8- 
La3+ L.3' 7CH, 

Scheme 6 
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Figure 2. Product dlstnbuhon of the addthon of EG to 8 (1 mol dm ‘) with use of an equimolar amount 

of LaCI, at 90 “C, analyses performed by HPLC after La-removal (+ 8, o 10, l 12, A 7) 

favor of this m&mediate 11 IS that it 1s a better complexmg agent than the cychc endproduct 12, 

because of a larger number of coordmatton sites and greater flexlblhty So, the concerning translhon 

state probably has a lower free enthalpy than that of the direct nng closure to 12 

Compound 11 could he exammed with 13C NMR m the crude reaction mixture of an addltlon reaction 

of EG to 8 m the presence of an equlmolar amount of LaC$, which was diluted with 20 % (v/v) DzO after 

24 h Part of the spectrum 1s reproduced m Rgure 3a showmg signals belonging to the EG-umts at 67 

and at 61 ppm (EG 64 ppm (solvent)), which are assigned to C5 and C6 of compound 11, respectively 

After removal of La(III), either by means of DOWEX-H+ (Figure 3b) or by preclpttatlon with sodium 

carbonate (Figure 3c), the large peak at 67 ppm was predommant, whereas the peak at 61 ppm was greatly 

reduced, which demonstrates that the dladduct 11 IS converted Into the cychc adduct 12 

Further support for the occurrence of mtermedlate 11 was obtamed by I70 NMR of the reaction 

mixture of a Dy(II1) catalysed reactlon Figure 4 shows the I70 NMR spectra of pure EG (Figure 4a), of 

0 1 mol dmw3 DyCIJ m EG (Figure 4b), and of a reaction mixture obtained from 0 1 mol dm3 anhydrous 

DyCl,, and 0 1 mol dme3 dlhthmm salt of 8 m EG after 24 h (Rgure 4c) Only one averaged “0 signal 

1s obtamed m each case, showing that the exchange of ethylene glycol molecules between the complex 

and the bulk IS fast on the NMR tnne scale Previously, It has been shown that by measurement of 

Dy(III)-mduced I70 shifts 11 IS posstble to determine the number of coordinated oxygen atoms of the 

solvent (here EG) per Dy(II1) ion Jo20M Followutg this procedure It can be concluded from the I70 

NMR shift for EG m the reaction mixture (Figure &) that 22 % of the coordination sites of the Dy(III) 

ion are occupuA by EG, and consequently 78 % by the reaction product The coordmatlon number of 



3156 J. HUSKENS et al. 

a b 

68 66 64 62 60 68 66 64 62 60 68 66 64 62 60 

6 bpm 1 

Figure 3. “C NMR spectra (100 MHz, 30 “C) of the reaction mtxture after 24 h at 90 “C of the addltlon 

of EC to 8 (1 mol dmm3) catalysed by an eqmmolar amount of LaC13 before (a) and after La-removal by 

DOWEX-H+ (b) or Na2C03 (c), showing the cychsatlon of 11 to 12 

1 I 1 I I I 1 I 

40 20 0 -20 -40 -60 -60 -100 

6 Mm) 

Figure 4. “0 NMR spectra of pure EG (a), 0 1 mol dm3 DyC13 m EG (b), and the reactlon mixture after 

24 h at 90 “C of the addttton of EG to 8 (0 1 mol dme3) catalysed by 0 1 mol drnm3 DyCi3 (c) 
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Dy(II1) 1s assumed to be 8.” so the product occupres six sites Thus, before removal of the Ln(III) 

ion the product 1s obtamed as the duulduct 11, which has six donor sites, rather than the three donor 

sates, whrch should be expected for 12 In this way convmcmg evrdence IS obtamed that the addmon 

of EG to 8 proceeds vra two mtermedrates, namely 10 and 11, followmg the reactron path depicted m 

Rgure 5 

When the dradduct 11 1s dissociated from the La(III)-canon by actdrficatron or by prectprtatton 

of La(III) wrth carbonate, apparently an EG-molecule is expelled from the dtadduct, formmg the cychc 

adduct 12 Acrdficatron causes protonauon of one of the ether oxygen atoms.37 followed by departure 

of an EG-urut and resultmg m an mtramolecular rmg closure In the case of work-up with carbonate a 

deprotonated hydroxyl group of an EG-unit attacks at the ketal carbon atom, resulting m an 

mtramolecular concerted nucleophrhc substttutton, also leadmg to the cychc endproduct 12 

Fmally, an eqmmolar amount of 8 was added to a 1 mol dmm3 solutron of LaC13 m glycerol (GL), 

followed by heatmg at 90 “C HPLC showed complete converston of 8 after 10 h A mtxture was obtamed 

after work-up with Na2C03, which connsted. according to NMR, of the two cychc dtastereomers 15 and 16 

(see Scheme 7) of which one, further called A, was 2 5 times more abundant than the other (B) 3* 

Complete assignment of the proton signals was posstble after a HETCOR-expertment NOESY and 

NOE-difference expenments gave no addmortal mformatron Measurement of Gd(III)-mduced 13C 

relaxation rate enhancements showed two aspects (Table 2) Firstly, m both compounds A and B 

0 

< 

- La 

Figure 5. Mechamsm of the Ln(III)-catalysed addmon of EG to 8 proceedmg vra the two mtermedtates 

10 and 11 and finally yreldmg the cychc endproduct 12 
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Table 2. Gd(III)-Induced 13C Relaxauon Rate Enhancements (100 MHz, 30 ‘C) of 15 and 16 

(2 mol dmm3) 

carbon 
l/TI' (lo4 s-l) 

atom 
A (161 B (15) 

c2 1 565 1 588 

C4 0 627 0 910 

c5 0 515 0 804 

C6 5 286 5 310 

c7 0 885 0 940 

C8 2 499 2 450 

c9 0 223 0 646 

Gd(II1) 1s preferably coordmated by the carboxylate group of C6 together with one of the dloxolane 

oxygens. as shown by a twice as high relaxation rate enhancement for C6 as for C8 Secondly, a three 

tunes higher relaxation rate enhancement was observed for C9 of compound B than for c9 of A So, m B 

both c9 and C6 are at the same side of the five-membered ring, which leads to the conclusion that B IS 

15, while A 1s 16 

Compound 16 1s the more abundant Isomer, which can be explamed thermodynarmcally the C8 

carboxylate group m 16 can be turned away from the C’H*OH group and therefore gives less stenc 

hmdrance than the C6 carboxylate group with the C9HzOH group III 15 The question remams how the 

obtamed relative amounts can be explamed In Scheme 8 all possible dladducts are depicted It 1s 

assumed for stenc and reactlvlty reasons that only pnmary hydroxyl groups of GL react’ to form the 

mono- and dladducts Analogous to the reactlon of 8 with EG, rmg closure of the decomplexed dladduct 

gives the final cychc endproducts 15 and 16 Also 1s assumed that no preference 1s made UI the 

stereochenustry of the second attached GL-unit Then we can expect the formation of the dladducts 17 

and 18, whtch have both an mtemal plane of symmetry, and 19, which IS a pair of two enantiomers, m a 
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molar ratlo of 1 1 2 (Scheme 8) Exammation of the stereochenustry of these dladducts shows that 

cychsahon of 17 can only yield 15, while 18 only yields 16 However, the racenuc dladduct 19 can give 

both 15 and 16 So. from the molar ratlo of the cychc products 15 and 16, which 1s 29 to 71, It can be 

deduced that 15 1s almost excluavely formed by the cychsatlon of 17. whde the dmdduct 19 gwes for 

more than 90 % cyclwahon to 16 Therefore it 1s concluded that after decomplexatlon from Ln(ll1) the 

dladduct 19 forms the thermodynamtcally stable wxner 16 

H+pyJ< 
coo- 

,>* 

boo- 

17 (2s) 

H>J< 

18 (2R) 

! 

coo- 

19 (6R, 6'R) (*I 

I I 

15 < I B 16 

Scheme 8 

CONCLUSIONS 

Ln(lII) tons effectively promote the synthesis of etherpolycarboxylates from hydroxyl compounds 

and unsaturated carboxyl~~ acids Different types of lanthamde catalyst systems have been compared, of 

whtch the oxides seem very promlsmg for aqueous systems m which high reactlon rates are required 

because of lablhty of the reactants Ln(III)-catalysed reactlons are also attractive because the 

catalyst can be easily recovered by preclpltatlon as the carbonate salt and subsequent conversion to 

chlonde or oxide 

Acetylene denvatlves are shown to give dladducts. which are converted Into cychc ketals upon 

removal of the Ln(ll1) catalyst These compounds may find further use in organic synthesis For 

example, oxaloacetate IS rapidly decarboxylatmg, especially m the presence of metal ions and 

therefore the protected oxaloacetate 12. which seems very stable, may be a more attractive buddmg 

block The dloxolanes 12. 15, and 16 can also be seen as model compounds for the addition product of 

dl-tartrate and g, which 1s a promlsmg compound for use m mouth washes’g40 
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EXPERIMENTAL SECTION 

General Procedures 

Ethylene glycol (EG) was dlsnlled in vacw and dned over zeohte KA Ethylene glycol monomethyl 

ether (EGMME) was dned over zeohte KA The acids 1, 3. and 8 were obtained from Janssen Chlmlca The 

dlsodmm and dlhthmm salts of 8 and the sodium salts of 3 and 1 were prepared by addition of the acid 

to the appropnate amount of dilute aqueous NaOH or LlOH while cooling with Ice, followed by 

evaporation of the water in vacua After drying in vacua at 40 ‘C the anhydrous sodium salt of 1, the 

dlhthmm salt of 8, the sodium salt of 3, and the dehydrated dlsodmm salt of 8 were obtained The 

amounts of hydrated water were calculated from weight changes HPLC and 13C NMR showed that no 

decarboxylation of 3 and 8 had occurred durmg this preparation 

LaCl, was obtamed from Janssen Chtmlca as the heptahydrate Drymg m an oven at 40 ‘C m vacua 

resulted m LaC$ 3HZ0, as calculated by the decrease of the weight Dry La,O, was obtained from 

Janssen Chlmlca YbC$ was obtained from Ventron as the hexahydrate Anhydrous solutions of lanthanum 

and ytterbium chlonde In EG and GL were obtained by adding an equlmolar amount of tnmethyl 

orthoformate (obtamed from Janssen Chlmlca) with respect to water to the alcoholic solution, followed 

by refluxmg durmg 4 h Methanol and methyl formate were removed by evaporation at 75 ‘C / 20 mm 

Completeness of removal was checked by HPLC The lanthamde concentration was then determined by 

complexometnc titration as described m the literature 41 La(OMe)(OIPr)z was synthesised accordmg to 

a known procedure,42 leaving a salt contaminated with LlCl Punflcatlon was achieved by 

recrystalhsatlon from THF (freshly dlstllled from LlAlH4), to yield La(OMe)(OIPr)z THF The relative 

amounts of methoxlde, lsopropoxlde, and THF were determined by ‘H NMR The lanthanum concentration 

was determined by complexometnc tttratlon,4’ while the overall baslctty was checked by reverse 

acid-base-titration with methyl orange as the indicator The results were m excellent agreement with 

the formula given 

HPLC-analyses were performed using a Waters Assoc 590 pump, a Perkm-Elmer ISS- 100 autosampler, a 

7 8 mm / 300 mm Axnmex ion excluston HPX87H column, a Shodex RI SE-5 1 detector, a Shlmadzu UV SPD- 

6A detector, and a Spectra-Physics SP4270 computmg integrator 13C NMR spectra were recorded at 50 3 

MHz with a Nlcolet NT-200 WB NMR spectrometer with DZO/l-120 (20/80) as the solvent and t-butanol as 

mtemal standard (6 (ppm) 31 2 (methyl)) The multlpllcltles of the 13C signals were established by 

Attached Proton Tests ‘H NMR spectra were recorded using a Vanan VXR-400 S NMR spectrometer with 

DZO as the solvent and t-butanol as internal standard (6 (ppm) 1 20 (methyl)) “0 NMR spectra were 

recorded usmg a Vanan VXR-400 S NMR spectrometer without using an internal standard Therefore, a 

correction for the change m the bulk magnetic susceptlbtltty was applied to the chemical shifts as 

described m literature lo Expenmental data of the HETCOR expenment and the Gd(III)-induced 13C 

relaxation rate enhancement measurements will be published elsewhere 43 

Reaction products were punfied by amon exchange column chromatography eluted with aqueous formic 

acid or ammomum formate as eluents, applied as a gradient from 0 to 1 mol dm 3 Formic acid was 

obtamed from Merck and ammomum formate from BDH The amon exchange column material AGlX8 

(chlonde form) was obtamed from BtoRad and converted to the formate form by treatment with I mol dm 3 

ammomum formate, m total applymg 20 equivalents DOWEX-H+ was obtained from Janssen Chimica 
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DOWEX-q was obtamed by treatment of DOWEX-H+ with 1 mol dmS3 aqueous ammomum chloride, m 

total applymg 10 equivalents 

Standard Reactton Procedure 

Unless stated otherwise LaCl, 3H20 was added to 15 ml solvent, which 1s generally also the 

hydroxyl reactant, after which the reaction nuxture was heated to 90 “C Then the unsaturated 

carboxyhc acid (as the free acid or as the sodium salt) was added and the reaction nuxture was stn~ed 

dunng several hours The reaction was monitored by HPLC 

Hereafter the reachon nuxture was cooled to room temperature and 25 ml demmerahsed water was 

added La(II1) was removed by either a twofold use of a large excess of DOWEX-H+ or DOWEX-NH: 

followed by filtn+on. or by preclpltatlon as Its carbonate with Na,CO, followed by centnfugatlon If 

necessary the solution was neutrahsed with aqueous NaOH Punficahon of the reacnon product was 

achieved by amon exchange column chromatography with aqueous ammomum formate or sodmm hydrogen 

carbonate as eluent after which the appropnate fractions were concentrated and lyophlhsed Then the 

obtamed ammomum salt was converted to the sodmm or potassmm salt by consecutive treatment with 

DOWEX-H+ and neutrahsatlon with aqueous NaOH or KOH, respectively, followed by lyophlhsanon 

3-(Z-Hydroxyethoxy)proplonrc acrd (2a) The standard procedure was followed usmg 20 rnL 1 mol dm 3 

LaC$ m EC (dned with tnmethyl orthoformate) and 1 88 g of 1 (20 mmol, sodium salt) The reaction 

nuxture was a white suspension The reachon was stopped after 47 h, after which HPLC showed complete 

conversion of 1 to 2a. Traces of a second product were detected La(III) was removed by DOWEX-H+ 

PunficationM gave 1 24 g (36 %) of the potassium salt of 2a 13C NMR (2a. pH=l) 6 (ppm) 177 9 (s, 

Cl), 73 1 (t. C4), 67 6 (t. C3), 61 9 (t. C5). 360 (t. C2) 13C NMR (pH=lO) 6 (ppm) 181 9 (s, Cl), 

72 9 (t. C4), 69 3 (t. C3), 62 0 (t. CS), 39 2 (t. C2) 

3-(2-Methoxyethoxy)proplonrc acrd (2b) The standard procedure was followed usmg 6 1 mmol (1 76 

g) La(OMe)(OSr)z THF, 15 mL EGMME, and 1 15 g of 1(12 2 mmol, sodmm salt) The mixture was a yellow 

suspension, which turned brown dunng reachon The reactlon was stopped after 24 h, HPLC showing 

complete conversion to 2b Punticatlon44 gave 1 78 g (52 %) sodmm salt of 2b 13C NMR (pH=l) 6 (ppm) 

177 4 (s, Cl), 72 3, 70 7 (t, C4, t. C5), 67 5 (t. C3), 59 4 (q, C6). 35 8 (t, C2) 

2-Curboxymethyl-l3-droxolane (7) The standard procedure was followed usmg 10 0 mmol (3 26 g) 

La203, 20 mL EC and 20 mmol (1 40 g) of 3 (free acid) The reactlon mixture was a suspension, which 

slowly turned brown HPLC showed complete conversion to 7 m 6 h, after which the reaction was stopped 

La(II1) was removed by precipltatlon with Na,C03 After punficatlon44 0 70 g (23 %) sodium salt of 7 

was obtamed ‘H NMR 6 (ppm) 5 24 (t. 1 H, H2), 4 01, 3 93 (m, m, 4 H, H4, H5), 2 76 (d, 2 H, H6), 

J%= 4 8 Hz 13C Nh4R (pH=2) S (ppm) 175 1 (s, C7), 101 9 (d, C2), 66 3 (t, C4, C5), 40 4 (t. C6) 13C 

NMR (pH=7) S (ppm) 178 5 (s, 0). 103 2 (d, C2), 66 0 (t, C4, C5), 43 2 (t, C6) 

(2-Hydroxyethoxy)fimanc acid (10) The standard procedure was followed using 20 mmol (6 0 g) 

LaC$ 3Hz0. 15 mL EC and 20 mmol (3 24 g) ddlthmm salt of 8 The LaC13 3Hz0 was dissolved before 

addmg 8, after which a suspension was obtamed HPLC showed that the maximum amount of 10 was reached 

after 30 mm At that time 15 % of 10, accompanied by 45 % of 8 and 40 % of 12 was present Then the 

reaction was stopped by cooling and removal of La(III) usmg DOWEX-NH: The DOWEX was filtered off and 

the clear solution was concentrated zn wcuo to 15 mL Isolation of 10 was achieved by amon exchange 
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column chromatography wtth aqueous forrmc acid as the eluent After removal of water and fornuc acid by 

lyophlhsation 0.38 g 10 (as the free acid), contammated with 20 % of 12 was obtamed Further 

punficahon was not attempted ‘H NMR (pH=8) 6 (ppm) 6.07 (s, 1 H, H3), 4 64, 4 39 (m, m, 4 H, H5, 

H6). 13C NMR (pH=8) 6 (ppm) 175.7, 172 3 (s, s, Cl, C4), 155 0 (s, C2), 114 4 (d, C3), 73 9 (t. C5), 

61 9 (t. C6). 

2-Carbo~-2-carboxymethyl-~,3-droxokzne (12) The standard procedure was followed usmg 20 mL 1 

mol dmS3 LaC$ m EG and 20 mmol(3 88 g) dehydrated dtsodmm salt of 8 After 6 h HPLC showed complete 

conversion of 8 and 10 to the dloxolanes 12 and 7 (90 and 10 % respecuvely) and traces of 9, 4, and 

oxalacettc acid La@) was removed by prectpttahon wtth NazCGS and the preclpltated La2(CG& was 

filtered off. The clear filtrate was concentrated m vucuo to 15 mL and added to 50 mL ethanol upon 

whch the crude product precipitated The preclpltate was dissolved m 10 ml. water and the 

precipitation procedure was repeated me product was further punfied by anton exchange column 

chromatography and lyophlhsatton,” resultmg m 0 55 g (13 %) of dlsodmm salt of 12 ‘H NMR 6 @pm) 

4 07 (m, 4 H, H4, H5). 3 03 (s, 2 H, H7) ‘k NMR (pH=l) 6 (ppm) 174 0, 173 7 (s, s, C6, C8), 105 4 

(s, C2), 67 4 (t, C4, C5), 42 2 (t. C7) 13C NMR (pH=8) 6 (ppm) 178 6, 178 1 (s, s, C6, C8), 108 1 (s, 

C2), 66 5 (t; c4, C5), 45 2 (t. C7) 

(2-Uethoxyethoxylfumarrc acrd (13) and 2.2-bts(2-methoxyethoxy)succm~c aced (14) The standard 

procedure was followed usmg 20 mm01 (6 0 g) LaCl, 3Hz0, 15 mL EGMME and 20 mmol(3 16 g) dtsodmm 

salt of 8 LaC13 3H20 was completely dtssolved before 8 was added, after which a suspension was 

obtatned which turned brown dunng the reactton After 26 h HPLC showed 80 % converston of 8 to 13, 

14, and 9 (8, 80 and 12 % respectively) and traces of 3 and 4 The reactton was stopped and La(II1) 

was removed by DOWEX-H+ Punficatton44 gave a fraction of 0 47 g 14 (dlammontum salt, 1 6 mmol, 9 %) 

and a fraction of 140 g contauung a mixture of about equal amounts of the dlammomum salts of 13 and 

9 Compound 13 was not further punfied, while 14 was converted to its sodium form 13C NMR (13, pH=9) 

6 @pm) 174 5, 171 9 (s, s, Cl, C4). 156 5 (s, C2). 110 7 (d, C3). 72 5, 71 3 (t. t, C5, C6), 59 5 (q, 

C7) ‘H NMR (14) 6 (ppm) 3 69, 3 48 (t. t, 8 H, H5. H6), 3 34 (s, 6 H, H7), 2 82 (s, 2 H. H3) 13C NMR 

(14, pH=9) 6 (ppm) 177 3, 175 9 (s, s, Cl, C4), 102 6 (s, C2), 72 7 (t. C6), 62 2 (t. C5), 59 5 (q, 

C7), 44 0 (t, C3) 

2-Carboxy-2-carboxymethyl-4-hydroxymethyl-I ,3-dtoxolane ((2R,4S)(2S,4R)) 15, ((2R,4R)(2$4S)) 

16) The standard procedure was followed usmg 20 mL 1 mol dm” LaC13 m glycerol (GL) and 20 mm01 

(3 88 g) dehydrated dlsodlum salt of 8 After 10 h HPLC showed complete converslon of 8 The reactlon 

mixture was cooled, 30 mL water was added and La(II1) was removed by preclpltatlon as the carbonate 

salt The product, which NMR showed to be a mixture of 15 and 16 m a molar ratio of 2 5, was 

preclpkltcd In 200 mL ethanol The preclpltate was centnfuged off and dissolved m 10 mL water 

Further punficatlon44 was performed as described m the standard reachon procedure yielding 1 10 g 

(23 %) of a mixture of the dlsodlum salts of 15 and 16, still m a molar ratio of 2 5 ‘H NMR (15) S 

(ppm) 4 56 (m, 1 H, H4), 4 43, (dd, 1 H, H5, $, =-8 54 Hz, J4,=6 44 Hz), 3 97 (dd, 1 H, HY, 

JSS =-8 54 Hz, J4, =3 90 Hz), 3 93 (dd, 1 H, H9. Jg9 =-12 08 Hz, J4,=8 16 Hz), 3 85 (dd, 1 H, H9’, 

Jg,,=-1208 Hz, J49,=5 69 Hz), 3 00 (AB, 2 H, H7, A&148 Hz, J,,=-142 Hz) ‘k NMR (15, pH=8) 6 

(ppm) 178 3 (s, C6). 178 0 (s, C8), 108 5 (s, C2), 78 9 (d, C4), 67 9 (t, C5). 62 2 (I, C9), 45 1 0. 

‘27) ‘H NMR (16) 6 (ppm) 4 55 (m, 1 H, H4), 4 23, (dd, 1 H, H5, Js5 =-8 38 Hz, J45=7 08 HZ), 4 09 (dd, 
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1 H. I-W, Js3. =-8 38 Hz, &=5 37 Hz), 3.97 (dd, 1 H. H9, &. =-12 24 Hz, J4,=3 43 Hz), 3 81 (dd, 1 H, 

H9’. J,,=-12 24 a. $,.=S 16 Hz), 3.03 (AI% 2 H, H7, A&l5 9 Hz, J,,,=-14 4 Hz) “C NMR (16, pH=8) 

6 (ppm) 178 2 (s. C6). 178.0 (s, C8), 108 5 (s. C2), 77 9 (d. C4), 67 5 (t. ~5). 63 4 (t, ~q, 45 1 (t, 

0 
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