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Abfrta-The AI otd h akonfus Al(O&f ) I and ZI(OH) a wac cotnplaed by aIIyI acdoacade (AAA) near'
ly conpbely h molu raios I:I otd l:2, protä ry n ata trC wUn spcaoscqy. T'hc hy&olysls raion of
thac cottElaa nleasa ruas*ahb q1,l///','5 of AAA al molo taios H pnR ; l. Th. AUAAA ampla are
accsibk to .dd;tiyc rezaioas with ESi troups conlainhg dliLic scids tnd polysiloxans l2ading to a rcodive AI
dL#)c Pranlt or plytu rüdtcd o a :n&cb citl ot po$floxote badcboiz Thc hybosilybtbn raion of
the h/AAA ct rplaa sß sidc rcaAions of the silbic acü! onponcnt A palnxy is tlxilted to ocrame this
dilfict Uy.

I. INTRODUCNON

Sol'gcl derivcd inorganic organic polymcrs arc playing an inoeasilg rolc in thc prcpararion of nerv materials with tai-
lo_r-made profErtics ü-31. Starting conpounds for srch polymcn includc not only thc commonly used functiooat
silioon alkoxides hn also Eactive AI" Ti, aad Zr alkoxides or their complexes wilh organic acids and dikaones [4{].
Thc_organic conplcx tigands idlucncc rhc rtactivig atrd the condcnsatio! da?rce ofrhe meul alkoxides duc !o the
dininishcd ratio of alkoxidc !o o€tal- Itr casc of a rcactirrc orgadc liqaod rpilh ftrnctional gow6 (c.9. double bonds,
@xidc gottps) the ligerd can t ke pen in b{rilding up a po}pncric inorganic organic nctport. From the litcraorre [51
a scries of funcrional organic lieapds wilh unsaüatcd double bonds arc Lnown for the complcxarion of Al-, Ti- or Zr-
alkoxidG e.g.: mahacylic ecid, cinnamic acid or accto acctoxy ctlrylncthacrytalc. For the \ast majority ofthcsc meal
alkoxidc complcxes a renra*able lack ofloowlcdp exisß about thc dcgree oicomplexation, sr:bility oflhe complex
ligÄnd againn hydrctysis, hydrolFis and condensation reactions ofthc netal alkoxide complores and the rcactivity of
the double bond in täe complor rqainst polyncdzation and additive reaoions.

The aim of rhir Eork is o obtain morc insight in thcse areas for allyl acdoacetatc complexcd AI- and Zr- alkoxi-
des. The reqrlls ofrhic s6{1' 56"1*ntr;6on to ncw routes ia lhe pi€paratio! of precursors aüti to imprwe the control
of thcir reactions.

tr, EXPERIMENTAL

A. Synthesis and Hydrolysis of Aluminium- and Zirconium-Alkoxides Complexed by AAA

AIyl acctoacetat (AAA ALDRICID qEs slowly added to Al(OBush GLLJKA) or Z(OPro)4 (ABCR 75-3o/o tt t'
proPanol) under dry nitrogco atmosphcre a) wirhout solvenl and b) in dioxane or toluene in the molar ratios
AqJvmetd = l, 1.5 and 2. The nixnre was stirred for lh at room temperature. The solved sas removed in vacuo
(room tempeiature, I mbar) giving compounds of oily consistence. The hydrolysis of the dioxane solved complexes
(1.5 mtvVg, fuqJvmctal = t) werc performed by dioxane, coutaining 3.6 6/oH)O, in molar ratios H2O/OR = 0.5, l. 1.5
and 2 at room temperatue. Tbc tr;nsparent Iiquid products are stable in closa boflles orrer morc tf,an lO däys, except
the Zr-hydrllzare (H2O|OR = 2), which gels affer 4 hours.

B. Additive Reaction

The additive reactions of the AI,/ÄAA and lhe ZrlAAA complexes werc carried out with a silicic acid derivative
(CH3)2HSi lsSisO2g (Q3M6H) [7] and the pol]rmerlrylhydroimethylsiloxane (MD19DH11M) (AI]CR) in ratros
double bond to HSi =,1:1. The same procedure uas ahays carried oul, alrd is described as follows:

QgMgH {0.:O: mlY0 vEs dissolved in 3 nl of dded t;luene followed by the adötion of A](OBuS)2AAA (2.91 mlvO
solved in3 ml toluene containing lxl04 mol Pt /mol double boncl. After stirring the mixure for 4 h at 90-950 C the
soh'enl qas rcmoved (50oC, I mbar), giving a transparcnt resi& soluble in toluene.

C. ]tlethods

The NMR spectra were obtained on BRUKER AC200 (bquid srare) and MSL2Oo (solid state) spectromerers opera-
ting at a field of 4.7 Tesla. Aquisition parameteß: Liquid snte: IrCl lg; expcriment: inversc gated, standard (n.):
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SiMe4' pulsc width (p.w-):6.4ps (609, rcpetition time (r.L): Ios,200-3000 sca4g 29si{tHy: irr"ersc gate4 st s&{e.or D4 (19'07ppm): p:*. I t-zps (oög, i.u ior *tl c<.äIl!ü-3ino ;*J'AJ, äg. purse, extqnar sr. r M 
-$

iry:^rycr3'6H2o, P-w. 22.6ps (009, r.L 200ms, 5&5döo r*. soriaä,"i2rs(rH): single ptrls+ldAS-cx-penmeat (rotation freguency: : kltzl external * QrMa, p.*. I jro ioo9, r.r 6os, 400-looo scrns.IR spcctra ercre recoroca on BRUKER IFs25 "iin t[" rn**t toul reflectalcc (ATR) lgchnique (45o, Znsc-cr)'stal)'tbe Pater conteat in tbe hydrolpatcs was determiuted by är-rioher-titrarion method (KyoTo Fr FqTR,N,[IG2l0).

m RESULTS AI.ID DTSCIJSSTON

A' Chqacterization ofAllyt Acetoacetate (AA,4) complaed AI Alkoxides

The readion of A(oBu)3 and allyl acaoacetatc crl2=cH{I{2€qorc{2{(o){I{3 (AAA) in a molar ratioAI:44'{ = l:l *"d.lt?3t t*ä temPsraftrc leads to transparent liquids, tbe constinrdon of which F€re ctraraaerizedbv n" l3c *d" /llnnn #iäpy. In tbe rR srycta of both compounds the qpical c=o vibration bands of r1euncomplexed fuL{ fteto ry?€) at l7a0 and I7l5 .s,:l disappo* -Jnerr bands of the c{ and c=o ubrations oc-cl[ at lower wat/e numbers (tgto and 1520 crr-l;, .t"r.a.rirtic for metal acetoaceate compler6[gJ. The l3e ]rMRspeclla of both comFlexes do not show resonance signals of c-uoms rn clo ad 0l.6='9 goups of the AAA ßao ty-Pe) at ö = 200'7 and 167 ppm but higb and low fielJshi-ft-ed sipals ar ö = l74.4and lE6.g ppnq ry?ical of the eaolicform of AÄA b+#.t:jl*;tom- Both mahods-confirm a complae cooptexation for the molar Etio Al.tu{,'/{=I : I enrl I:2' The 27et tw'tR tp"*t of the scries Al(oBus), : eröä";bAAA - AI(oBusxAAAb arc showu in Fig. r,r-m.
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Fig. 1. T761NMR_spccrra of I: AI(OB,I%,
tr: A](OBu%AAÄ Itr: AI(OBo1ia",,qJ6\)"
enrl f\'r' addi_tive product of MD 1 ff ,, üand AI(OBu)2AAA

Thc Al'atoms itr Al(oBu): are rnainly coordina-tcd by four orygcr atolxs (ö =54 ppm) according to the r6ults ofqrcvious studiG [91. I-o thc t: tLo. rhc l:2 cooplo<cs thc coorarujin nu-u., sr* (ö =5 ppm) pre,rails. The ocrahc-dral Al coordi'oation car be formed by sotvation *it! acorroi*-oäo, by Mo(R>M bridges of metal ajkoxjdegTT1d ry qdgrng thrcugh AAA-ligaaas. A sipificanr s-tiäi-r-t ayo "ooraio"tion numbsr from 4 ronarüs 6
#ä.tfiXflt^o"Y:.of 

co^mplcxation is obscrvcd; LhetÄat{in specrra. More dcraitcd studi* of trc complg{ty-' *' 'u'vvi ('olnpounds arc ur Drogr6s, so liat Fig. 2 shows only a simplified saucturdl scbcmc of the monomericcomplcxc i-n theü nain coord.inaoon ,ur.-

B. Allyl Acetoacetare (AAA) Conplexed Zr Alkondes

fl"11ic-grtagPfl)4 wir.h Ä,'\.A in molar ratios ZrlAAA = r:1, l:1.5 a.od l:2 at room rcmpcräture, uzrlspar€nt
;,H"fi:T:l"rS:T,:* *"T"d 

rnc n and l3C Nr,m. #.oscopic c*a.trlisation coofrmed a complgrc com_ure r:r product ancr lh reäctio! timc. Tbc sma.ll sielars at 6 = 50 ppm ({(o)_cH2{(o)G, kcro rypc)
ä11"]1,5ry:::mr"hc l:1.5 g9-r:. '.""*, pJu"äägs6t trIat approrirurcly 5% orüc Ar!{ rc--w .*<Lrqr ^ comDarablc amoull of AÄA was detcctcd in both rcaction'proauas ancr tongcr rcactioo timcs (2

ffi;li"ä"*r-" 
rtur rie unreactcd AA codd;;;u ibi,ätooo*",ioo from highcr comp tcxo' .-,AAA
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fig 2. Stnrcttral scücorc of I: AI(OBu%AAA
and tr: AI(OBu)(AAA)2
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C. Additive Rcactions ofAf (OBtf) 2AAA and Al(OBtf)(A.4A) 2

Gcocrally, the doubtc boads ia thc Al ald ZrlAAA coEplcxcs shodd bc nritablc for additivc rractioos wirh HSi
flouq.co.üaitilg coqoulds" For thc hydrosilytation of th. coEplqcs nio cotr Do|mds Elre l,scd: tlc EonoEole-curzl H@cthylsrivlarcd doublc four-riag.süicic acrd t(CH/2HSi1sShq' (qMsq of a cage-likc smrctrrc r!i&4)
ia"SlY*-Xplo-*r-oxancwiüaltcrnatiag tcüilrsii"c'cürisl gfo; aodüo rouwing forouraqErrvEd rtoE z'si NMR @Tf: (Cl)3Si O -tSi(Cn;b-Oh9JSilr-O{3ö1,;_S(CHilr 6tDrgü{1 1}0. Theabbrwiadons lrl, D.ad Q arc adoptco eoa ür Utcrauüe [lOJ. qMsh rePrcscols a! eiglr-fotd tuncri"j ,ifi J;;
:l^YYYYYYYY�"f 1y. thc polpilonne: oorc flabrc chaidik Äoj.are * h at avetaee n.orq'.dar -os of i2N g Fr
ä::..t*lyqTyrPoaofN(OBu%AAAwirh_rhc.silicicaqddcriyadEesM8ltüamolarratioofdoublcbondto
H,:*g^: 

l:l l'-ds to a Eälspareniresia, soluble ia orgnic sotrans. Ttc-adÄtirrc reactioa of rhc complerAiluöu"XAAAh' coateiDilg t*o unsanrarcd orgaaic gtonp6 pfi molcqule, in a oolar ratio of doublc bond m t{Si
ff:T_] 1 

, 
1 

yields a gel -ircolublc in orgaaic solvens. Thc liquid ald soüd sraa 29Si Nt"fi. spccrra crf the surungsurcrc acrd drriEtiv! qMtä ald of thc rcaction poörcts arc showl ia Fig3.

Fig. 3. 29Si mrm. specrra of I: e&!v{sH,
additirrc products of egtvttli äna
AI(OBuS)2AAA (IIt and
AI(OBu)(AAAb(E) (. standardy

2 0 0 -t0. -120 PPM

- 
The rcsonancc sipal ofthc HSi-groups (ö = -r.5 ppm) causcd by egMgH ( rig.:,r) is not dcrccrablc in tic specoz

gfthe additive Products, rathcr a nes sigoal at 6 = ti iprr appcars .rseo"d ,o OS(CHrhClIr Fogps. From r.hc ab-
scncc of c'atoos in doublc bonds (ö = r n aoa r:z pplny präca b.v ric lr1,Ä äü"#',h" 

-;ä;; 
oc 2ssi Nr"ß.

iffioj:Yll* 
reaction occurs. The syrnnericar'shgic sigurs ar o =_--toi.e pp- - tr. iO} Mvß. spccna (Fic.3.

l'.ur,, :low as ldenücrl cbcoiqrl shiftconpar,ed wfth rhc naning esMgH provüi a prescwed doublc foL-ring si,,"'c acid strucnrrc in both "rditive producrs. A sruciral scucnc orüc aaaitiw pmducts is showtr in Fig.4.
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Fig- '1' structural scbeme of add.itive rcactions of e3MgH and Al(oBu), e,iq,t G) and Ar(oBu)(A AA)2(lr)

," "T::*-y: 
*:turated groups per Al atom \e complex Al(OBu)1e..,Vr5 is able to ltuk Lbc silicic acrd umtsto a rnree d,-eLsion,l network structruE (Fig.r, tr). Thc additive reaction of theijloBulAAA aldÄIoBu)(A"a\r{)2 with tbc pollsiloxan" rtol noH" r"r i" rnorrrram. oraouble bond : HSi -- l:t leads to srmrlar re-

)urr' cornpared *'ltx tne QgMgn reaction: the additivc reaction of Al(OBus;r6,g oiaS ,1e polysiloxane yietds r so-

Hr-C&-CHr-O-C

Ft C.r O
'O-
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luble transparcnr rcsinous product of high elasticity, the Al(OBu)(Ä,./qA), complex rc.:rcts ro an unsoluble.gel. This gcl
shows a considerably high€r elasticity than the gcl derived from the siliciö acid cage. The 29Si Nltß. and I rC NMR
specra ofthe additivc prodüsß do not rcveal ulreacted HSi groups (ö = -35 to -37 ppm) frolt the $aning pobEiloxare
ot doublc bonds (6 = I l7.l pm) Aom thc AI/AAA compler The NMR mrdies confirm a complete additive reactiorl
thc Pl6avatios ofthe polysilorqrc structule, as well as the AAA co!rylcl Thc 27Al NMR specrum ofthe soluble
rcacton product @ig I, IV) shows two overlappitrg bnoad sign'l" with maxima at 5l ppm atrd 6 p'pm corrcsponding rc
a tetrahedral a.d octalcdral AVO coordioation- A rcugh qua:rtitative estiDation of the tctrahednl to octah€dral
cmrdilatcd Al atoms lcads to a ratio of2:l in the additive product Fig.5 giv€s a stntctural scheme ofboth additive
products:
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Fig. 5. Stmcnral scheme of add.itirre products of MD1eDH11M and AI(OBu)2AAA (I) and AI(OBuS)(AAA)2OD

.. The NMR sludies suggcl the bridged ladder structurc for the unsoluble polymer in Fig. 5, II carrying one rcactive
alkoxide group per AI aon"

D. Additive Reactions ofZr(Optt) IAA *a eN{

^ . Thc_addiwe rcaction of rhe Z(ORnbAAA complex wirh the silicic acid derivalile Q8M3H in the molar ratro
eA4 : ttsi = l:l iclds a üansparent prüua of oUyconsisance. Surpdsilgly, the 29Si l6d spectrun of tlrc rcaaion
pro(ruct do nol sho*'tlrc c!:rzctcristical singlc signal ofthe Qf Si atoms iD thc doublc four-ring structurc. Rc?cated
synrhcscs confirmed an oacosivc dcgndation ofttc siticic acia struaurc during thc additive rcaction with rtrc
zrlAAA coryle:L To avo_id such c><trsmc sidc rcactiors, a difrercnt rcaction pän"4v wgs followcd. ln the 6rst srep the
:ili9" |SJ 389of qsMgH *as protect€d by additivc reaction ,"itl lAÄ, n" t* signats at a = 12.4 and -109.? ppm
ln rne "Si NMR specüum of the Eaction product rw€als a complete additiotr wirh prccnation of the silicic acid
stlucürc according the formula tCHrC(O)-CHrC(O)OCHr)rS(iHrbhSi"Or., (e"MoM'). ln rhc second srep the
c€lt"fgtocsta goups conr'ining silicic acid dirivativc nä-rcactd;ith äö!F; in'a nolar ruio ligand : zr = l:1.
I ne "si NMR sp€ctrum shows a signal gorp in thc M rcgion of Si atoms at : 9 rö 13 ppm and tbe typical single si-
8!al at ö = - 108.? ppm assign€d to thc Si atorDs qf thc silicic acid cage. Beside these sieoals only two unknowl minor
siSuals at ö = -5 arrd -l I ppn with an btcnsity < 5% appean. Fmm thc NMR specüum it can be conclude4 rtrat using
the -d€scn'bed r€action pathway a successfrrl synthesis of a Zr-alkoxide precursoi attached to a double four-ring silicic
acid baclüone is rossible.

E Hvdrotysis ond Condensdtion Reactions of At(OBd) 2LL.1 and Zr(Optn) jL,l,4

. . The objective of thes€ everiments $as to obtain more information on the stabitih. of the AJAA ligand in l}le
Al-ZrlAAA complexes agairs hvdrolysis. The rcsults of the h!'drclysis exleriments äre summarized in Table l. From
uese resulls it follows that for the fulll\ ligand in the Al(OBus)2AAA ccmplex a reasonable slabilit-v agains bdroly-
sis at low H2O/OR ratios occurs. Higher ralos ( 1.5 and 2; reteai about t sjg% of ü," eeA from the complex airead;-
aner a shon dme. This amount of AAA remains praaically unchanged over a fe$ days. The ZrlAAA complex releases
uP to 30 % of üe A,q'A already at low H1O/OR ratios of 0.5 and l. At ratios > 1.5 t]le amounl of uncomplexed AAA
prevai.ls in the hydro\zate. A fas gelati-on appears ro be due to the extensil'e degradation of the ZrlAAA complcx in
connedion with the higher firnaionality of the Zr. The lorv amount of water used in üe earl]' stage of Al(OBus)2AAA
trydrollsls and the increasing consumption of water with time points to a slow hydroll'sis rate. The Zr complex
lrnmediately Deeds a higher amounl ofwater. Possibly, tlrc fast degndadon of the complex is resporsible for the
nrg.ner Eater cotrsunmtion
Funher work rcgarding the hydrolltic stability of Al and Zr /AAA complexes atlached to silisic acids and polysiloxane
ls unoer progress.
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Tab' I Results of hydrolysu reactioru of the Al(OBu)2 tuAü{ and Zr(OH)3AAA complexes

Molar Ratio
Degrce of Complexation

AAA : ZrlN
Consunption of Water

H2O/OR
H2O/OR Z(OPr)3AAA Al(OBu)2tuqJd\ z(OPTbAAA AI(OBu)2tuL{

0.5 0.E5:l  (4h)
0.E5:l (96h)

l:  I  (2h)
l : l  (72h)

0.30 (0.5h)
0.40 (24h)

0.15 (0.4h)
0.20 (0.6h)
0.40 (%h)

1 . 0 0.70:I (22b)
0,70:l  (120h)

0.95: I (5h)
0.95: I  (36h)

0.40 (0.2h)
0.50 (0.5h)
0.55 (22h\

0.40 (0.5h)
0.65 (27b)

1 . 5 0.40: l  ( lOh) 0 .E5 : l  (1 .5h )
0.85:l  (24h)

0.7s (0.5h)
0.80 (20h)
gel (44h)

0.50 (1h)
0.80 (24h)

2.0 gelation 0.60:l  ( l8h) ^0.60 ( lh)
gel (4h)

0.eo (22h)
o.eo ( 26h)

IV. CONCLUSIONS AND SUMMÄRY

,-r1-ll1-l?, 
and Z(OPttr)4 were complcxed by AAA nearly conplet€ly in molar ratios metaVAAA = I : I and I : 2rcaotng lo precursors with rcaAirc alkoxide artd ",,<aturatcd goups. 

'

**3$ry.oroc.e(o!us)2e,le -a z<-öpelielÄä-.ploc in motar ratio H2o/oR = 0.5 a.od I yields
trYtTiTl: ""blc agairst Selatirtr otcr erccks, bigbd ratios of 1.5 ad 2 ut *is" ptoa,i" sols from rhc Al mm-prex ou_r rne Zr complcx rcacts to gels aftcr a short time.

J .under ttrr described oaditions of hydrolysis an inceasing amoutt of AAA (60 yo) is tcteascd from the comple-*o,o*.IP, 
f llo/oRratios. me et comptcx sno*s " nigläs"u rty "g.i""t degradation tban tbe Zr complex.

.,^l-lI^YtlA.conplexc are acccssible to addirive Ections wiü Äsigroups öaraiaing silicic acid an<l poty-$roxane' As a rcsull trovcl Al alkoxide prccursors and polynreric compounos wio a silicic äd or polysiloxane back-bonc wetE synlh*iz€d
. 5' Thc additive lcaction or ui z;aeit conptex *ith IISi grorrys p6ar-;niat silicic acid dcrirativ€ causcs a songdegradation of the silicic acid structure. ny cnarigirg ttc orG-in G rcaaion srcp6, the sfühcsis of a zr alkoxideptccüsor wftt a dcfiÄal silicic acid baclöonc is ffitle.6-. The -novcl silicic acid or polysilo:onc auacircd Al or zr alkoxide prccgrsos can be used as a souce for tbe pre-paration of homogencous aaa riigily stoichionctric avsi "oa ansi *or,o'og inoryanic organic porymers.
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