
S0040-4020(97)00354-2

Tetrahedron,Vol,53,No.29,pp. 10133-10154,1997
@1997ElsevierScienceLtd

Allrightsreserved.Printedin GreatBritain
0040-4020/97$17,00+ 0.00

SOLUTION AND SOLID STATE STUDIES OF SOME NEW SILICON AND GERMANIUM COMPOUNDS

STABILIZED BY TRIDENTATE LIGANDS

VladimirA. Benin#,James C. Marlinand M. RobertWillcott##*
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Abstract: The preparation and studies of novel hetcmeycliccompounds, containing silicon or

germanium, is deseritcd. All of tfrem incorporate the 2,6-bis(dialkylaminomethyl)-4-(l,l-

dimcthyletJryl)phenyltridentateIigand(Structures1-2, Scheme 1)as a main substructure. The report

furnishessets of experimentaldata that furtherclarify tfreactuafsolution arsf solid state structures of

thesenew moleculeswith potcntiallyhypcrvalentsiliconorgermarriumcenters.

Cl 1997Elsevier Science Ltd.

INTRODUCTION

‘tlrcpreparationof hypcrvalcntcompoundsof the Group IVA elements with trigonal bipymmidalgeometry has Lw.?nof

considcmblcinterestto us and a numberof olhcrgroups.1 -5 ~c inwrcst stems from the fact that the expectedstructureof these

compoundsrcscmblcsin geometry the SN2 transition stale. A ktrgebcdy of theoreticalwork, done in recent years to ckuify ad

gcncralimthe lhcoryof hypervalcncy,hasconccntralcdon modelcompoundscontainingpentavalcntccntrafatoms of elements from

GroupIVA.
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Figure 1. A modified3c-4eboncfingschcmc.

The theoreticalinvestigations have Icd to the introductionof ncw modelsof hypervalcncywhich incorpcxateIlre idea of the thrw-

ccn[crfour-clec!i-onbond.6-9 The ncw elementis theparticipationof equatorialligandsin the hypxvalent bonding schemereafizcd

by Lhcoverlapof the classicalnonbodingorbitalwithin the Musher-Rundleapproachwithan antibondingorbital distributedover the

ccntrd atom and the equatorial substitucnls. Shaik zmdcoworkersrwwhcdto this conclusion after extensive valence-bond

computationsof CH5-and SiH5-arrdtheproposedby thcm mcdifkd Wle bondingdiagmmis shown in Figure 1.9, 10 Reed md

von Schleyerpropuse the same idea (which they have termednegative hypcrconjugation)after theoretical studies of hypxvaIent

molcculcswith n-electrons.ll
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We haverepatcd the symhcsisof ncw pwcntisdlyhypcrvalcntsilicon speciesby means of the tridcntateIigand1 (Scheme

1).1 Li~md I is very similar to the “pincer”lig.artdof G. van Koten12but it is better suited for extensive, variabletCmfEratuR

NMR studies. The replacementof the proton at the 4-position of the tcnzcrrc ring with a tertiary butyl group simplifies

considerablytheNMR spectrumand allows for easier, more precisemonitoring of the aromaticresonancesin the final compounds

whichhas provedimportantfor the low tcmpcratcrreNMR measurement.s.

1: 1?,= H 3: M = Si, ~ = R, =CHJ, R] =H

2: ~ .CD3 4: M = Si, R2= CH3,R~= vinyl,~ =H

5: M= Gc,R2= Rz= CH3,R, =H

v
6:M = Gc,Rz= KY= ‘-’ ,R , =H

2

7: M= Gc,R2= R, =CH3, RI = CD3

Scheme 1. A gcncmlsynthclicsequencefor theprcpamlionof compounds3-7.

The NMR propertiesof compound3, discussedpreviously,revealedthe prcscnccof the tctrawdcntasymmetricalforms3a

ad 3a’ in solutionin a processofmpid dynamicequilibriuminsteadof the cxp.xwdhypcrwdcntstrucmrc3h (Figure 2). Parallel

sludics were conductcxfon similar compoundsby Corriu ad coworkers.13 The aulhors, on the basis of room tcmfxxatureNMR

spcclrain chloroform-dand conduciivilymcasurcmcnLs,assertedoriginallythat tbc compoundsprcfmmdby thcm containeda silicon

atom in a pcntavalentstate (“siliconium” ions)13a,but morercccntworkby the samegrouphas confirmedour conclusionsabout the

structuresof the spccicsin solution.13b

Therearc in fact two gcncml,fundamentallydifferenthypolhcscsby means of which compounds3 and4, as WCIIas [hc

molcculcspreparedby Corriu and coworkers,can b dcscribcd. Accordingto hypothesis 1, Lhcmolcculcs exist in a smtc with

tctrava!cntsilicon atom. Two identical forms in a l: 1 ratio arc involved in a process of mpid equilibrium (Figure 2a). The

symmetricalpmrtavalcntstructureis a lransitiorrsta[calong the reaction ccordimucof an SN2-like idcmilyexchange. According10

hypothesis2, Lhcidentitycxchangcprocccdsthroughan intcrmcdialcwhichis the symmetricalform(Figure2b). If Lhcintermediate

is Sufficicrrl!ystabilized, it may fxcomc lower in energycomp+ucdto the opn forms in which ctLscit can kc termedas a “frozen

transitionstate”. The explanation,originally suggestedby Corriu and coworkers,obviously supports the “frormrtransition state”

hypodmsis. Our conclusionsas WCIIas their later observationsarc consistentwith hypothesis1.

Compounds5, 6 and7 containgcrnmniumatom as a potentialhypcrvalcntccntcr. The atomic propcnics of silicon and

gcrm:lnl~jm,covalentradii, e]c~tr~”~g~]tii,itics;Mdioni~alionpotentials,arc strikingly similar.14 Thus, it was Ofparlicuklrinlcrcst

[oprepareand studygermaniumcompoundsderivedon [hcbasisof the sameor simiktrtridcntmcligand.
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2. Two hypo(hcscsfor the stittcof the silicon-containing

spccics3 and4 in solution.

EXPERlhlENTAL

General Remarks. The variabletcmfxxaktrcIH and 13C NMR mcasurcmcntswere pxfomrcd on Brukcr AM400

spccwomctcr.Tttc 29SiNMR spectraweremcmuredon BrukcrAC2fMand BrokerAM4fKlspeetromctcrs. 15N NMR spectrawem

ofrtiiincdon BrukcrAM400spwtromctcr. Chcmicrdshiftsarc reportedin ppm (on the &scalc)rclmivcto TMS (Oppm) [or the IH,

13c and 2~Si.sFc~a. The 29Si spectrawere run wiLhoutthe aclualprcscnccoITMS in Lhcsuuiicdsolutions. Instead,PrcliminarY

mcasurcmcntswere done with TMS in a vurictyof solvents in ontcr to obklin the corresfmndingspectrum rcfcrcncc(SR) values

whichweresubsequentlyrsscdfor the standardizationof sfxclraof the investigatedcompounds. All silicon sfxctra wereacquiredby

usingan inverse-gatcddecouplingtechnique(INVGATE).15 The 15N spcetmwerer.icrenccdto liquidammonia (Oppm at 25”C).

The :lcWtlistandmdizationwas indirect,basedon the SR values for NH4N@ in D20 (3~03 = 376.25 ppm) and conversiontables

from the li[cramrc.16 X-ray structuralanalysis was pxformcd on AFC6S diffractometerwilh grttphilc monochromaticMo Ka

radiation. Mass spectrawereobtained on a HEWLETT-PACKARD5890 SERIES 11CC-MS instrument. High-rcsolulitmmass

spcctromctrystudiesweredoneon KRATOS 4-SECTOR DOUBLE-FGCUSINGinsl.rumcnt. Tlrc spxtm were run in d)c positive

Fast-Amm Bombwdmcnt(FAB) modewith it Cs-atoms source. ~c samples were studied in a glycerol/DMSO/3NBAmatrix.

Melting points wcm measuredon BUCHI510 recking point apparatus. The tcrmhydrduranused in the synthesis of Lhcfinal

compoundswas doublydriedoverN~tibcnzophcnorrcfollowedby LiAlH4. htcrt atmospherewas achicvcdby uscof dry nimogcngas.

Someof the silicon-and germanium-containingprecursorswerepurchasedfromALDRICHChcmicalCo.

2,6 - Bis(Dimethylxmirrom ethyl) -4-(1,1 -dim ethylethyl)p henyl Iithium (l). 2,6 -

Bis(Dimclhylaminomcthyl)4-(1,l-dimclhylcthyl)bromobcnzencl(0.39 g, 0.0012 mol) was dissolvedin dry THF (10 mL) in a 25

ML 3-rmckround-bottomedflask cquippxlwith magnciic stirrer, addition funnel and under inert atmosphere. n-BuLi (0.74 ml,

().()012mol. 1.6M solution in hcxmrc)was addeddropwiscat RT. The rcsullingsolutionwas stirred for 1 h. An aliquot qumchul

with D20 showedmorethan95Y0incorporationof dcuteriumaccordingto the IH NMR spectrum. 1H NMR (chlorofoon-d)6 7.20

(S,2H), 3.41 (S,4H), 2.23 (S, 12H), 1.32(S,9H).

C, N, N’-[2,fi-fJis(D in1ethylam inometbyl)-4-(1,1 -dimeth ylethyl)phenyl] dirnethyl s iIicon ium

chloride (3). Dichlomdimcthylsilwrc(0.15 g, 0.0012mol.0.14 mL) was dissolvedin dry THF (5 mL) in a 25 mL 3-neckrwrtd-
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bouomcdflask cqaip@ with magneticslirrcr, additionfunnel ml underinert atmosphere. The solution of 1 from the previous

cxpcrimcntwasaddcd dropwisetothc resultingmixwrcatroomtcmperature. A white solid precipitatedimmediately. The mixture

was stirred for 4 h, filteredand the white solid was crystallizedfrom DMSOto yield0.28 g (0.0008mol, 69%) of colorlesscrystals.

M,p. 240. 242”C. IH NMR (DMSOw@87.30 (S, 2H), 3.98 (S, 4H), 2.47 (S, 12H), 1.30 (S, 9H), 0.57 (s, 6H); 13C NMR

(DMSO~) 8155.8, 144.0, 125.3, 121.1,63.7,46.1, 34.9, 31.0, -4.7; 29Si NMR (DMso-@ 5 -2.61; Elcm. Analysis: Cafcd.

(C18H33ClN2Si.H20) C 60.22, H 9.83, N 7.80; Found (C18H33ClN2SLH20)C 60.02, H 9.70, N 7.53; MS C18H33ClN2Si

Calcd.:M+ = 340; Found: m/z 305 (M+ - Cl).

C, N, N’-[2,6-Bis(Dim ethylam inomethyl)-4-(l,1 -dimethylethyl) phenyl]m ethylvinyl siliconium

chloride (4). A solution of 1 in THF prcpmd from 6 (0.97 g, 0.0030 mol) and n-BuLi (1.85 mL, 0.00296 mol) was dkd

dropwiscto a solution of dichloromcthylvinylsilanc (0.42 g, 0.0030 mol. 0.39 mL) in THF at room tCMpCrNUrCondcr nitrogen

almosphcrc, A whiLesolidprecipitatedand Lhcresultingmixturewas stirredfor additional4 h. The solid materialwas scpamtcdby

vacuumfiltrationand dried to yield 0.40 g ((),00112mol, 38%). m.p. 196- 198”C. IH NMR (D20) 37.49 (s, 2H), 6.39 (m, IH),

6.15 ((id, 1H, J1 = 3.43 Hz, J2 = 14.80Hz), 5.90 ((id, IH, J1 = 3.43 Hz, J2 = 20.30 Hz), 4.28 (S,4H), 2,64 (S, 12H), 1.21 (S, 9H),

().45(s, 3H); 13CNMR (methanol-df)5 154.7, 136.8, 135.1, 133.0, 130.2, 65.1, 43.9, 35.4, 31.3, -3.6; MS C 19H33ClN2Si

Calcd.:M+ = 352; Found:ndz 317 (M+ - Cl).

l-Bromo-4-(1,1-d imethylet hyl)-2,6-benzened icarboxylic acid (9). 2,6-dimcthyl-4-(1,1-

dimcthylcthyl)bromobcnzcnc(10 g, 0.0415ad) wm pktccdin a 5(MmL 3-rrcckflaskand 300 mLof 1:1(v/v) mixture of waterad

[-butimolwasadded. The mixturewasslirrcdand heated until all the starting material dissolves. KMn04 (14 g, 0.0886 mol) was

addedand the resultingmixturehmtcd at rcllux for 1h followedby additionof Lhcrest of KMnOd (13 g, 0.0820 mol; tolal of 27 g

or ().17()6mol). The reflux was continuedfor 14 h. The mixturewas cooledto RT arxthfrr02 WIL!,separatai by vacuum filtration.

This solutionwas concentratedto halfof ils originalvolumeandacidifiedwilhcone. HCI. The precipitatewas cnllcctcd WI driedto

yield 10.20g (0.0339mol, 82%.)of white solid, m.p.237- 239”C. IH NMR (accLoniwilc-rf3)59.80 (breads, 2H), 7.76 (s, 2H),

1.30(s, 9H); 13CNMR (acctonc-d6)8 168.I, 151.8, 137.0, 129.5, 114.4, 36.3, 31.1; MS rrde (relativeintensity) 302 (14.0, (M

+ 2)+), 300 (16.0, M+), 287 (98.(),(M + 2)+ - CH3), 285 (100, M+ - CH3), 257 (20.0, M+ - CH3 - H20).

l-Bromo-4-(l,l-d imethyl ethyl) -2,6 -berrzenedicarboxy Iic acid dicblnride ( 10). l-bromo-4-(1,1-

dimcdlylcthyl)-2,6-bcnzcnedic.wtmxylicocid(!J) (5.()()g, ().0166mol) and PC15(6.92 g, 0.0332 mol) were mixed in the solid state in

a 50 mLrnund-botLomcdflaskequippedwitha condcnscrand a dryingtube. The Oaskwas immersedin oil balh heatedto 150”C. A

vigorousrcaclionKlkcsplaceand the solid mixtureturnedintoa homogcnousliquidwhichwas hcmcdfor additional0.5 h. The side

product,POC13, was removed underrcdaccdpressure at 150°C. The rcmainirrgliquid solidified upon mpid cooling to -20°C.

Pctrnlcumether was addedto dissolvethe solid materialan(idlc resultingsolutionIcftfor 12 h at -20”C. LWC nccdlc-tyfxcrysrals

fonncd. They werecollcctcdby vacuumfiltrationand driedto yield4.05 g (0.0120mol, 72%) of pure dichloride. m.p. 45- 46”C.

1H NhfR (benzcnc@j)37.53 (s, 2H), 0.83 (s, 9H); 13CNMR(bcnzcnc@j)6166.0, 151.8, 138.7, 131.1, 114.2.34.6. 30.3; MS

m/e (rckttivcintensity) 340 (1.6, (M+4)+), 338 (2.6, (M+2)+), 336 (2.1, hi+), 327 (0.5, (M+6)+ - CH3), 325 (5.1, (M+4)+ -

CH3), 323 (10.8, (M+2)+ - CH3), 321 (7.2, M+ - CH3), 305 (24.2, (M+4)+ - Cl), 303 (lWJ (M+2)+ - Cl), 301 (78.9, M+ - Cl).

l-Bromo-4-(1,1-d imethylethyl)-2,6 -benzen edicarboxylic acid, b is (N, N-dim ethyl amide),l ‘N

labeled (11). l-Bromo4-(l,l-dimcthy lctbyl)-2,6-bcnzcncdicarboxylicacid dichloride(1 ())2.10 g (().0C41mol) wm dissolvedin

50 mL of dichlorometharreand the solution tmrtsfcrrcdinto a 100 mL 3-neck round-lmllomwiflask cquifpd with a mld finger

condcnscr(dry ice/iso-propanolmixture) and additionfunnel. Dimcdrylaminchydrechloridc(1.00 g, 0.0123 mol. 9970 15N) was

.
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addedto the solutionand the systemwas immersedin an icc+watcrbath. Triethylcrmine(2.50 g, 0.0246 mol, 3.45 mL) 10 mL of

CH2C12was addeddropwiseto the mixture. A white solidprecipitateda[ter about5 min. The stirring was continuedfor 3 h while

wmmingto rcmmtemperature. The mixturewaspoured into an oquafvolume of water to dissolve the triethylaminehyrtmhloride.

Theorganicfayerwas sepated cmdthe aqueouslayer extractedwith 50 mL of ether. The organic fayerswcm combinedand dried

over Mg2S04. Removafof solvent yicfdcdproductas a white solid (2.05 g, 0.0058 mol, 94Yo) used for the next step without

furlhcrpurification. m.p. 196- 198”C. IH NMR (chloroform~ 57.28 (s, 2H), 3.14 (d, 6H, J = 1.01 Hz), 2.86 (d, 6H, J = 0.94

Hz), 1.30(s, 9H): 13CNMR (chloroform@6169.0 (d, J = 17.22Hz), 152.1, 139.1 (d, J = 7.84 Hz), 125.0, 112.5, 38.2 (d, J =

11.50 Hz), 34.8, 34.5 (~ J = 10.92 Hz); MS mle (relativeintensity) 358 (7.7, (M+2)+), 356 (8.2, M+), 313 (98.5, (M+2)+ -

15N(cH3)2),311 (100, M+ - 15N(CH3~), 277 (34.5, M+ - Br), 73 (38.7,Cf)15N(CH3)2+).

2,fi-Bis(Dimethyl aminomethy l)-4-(l,l -dime thylethyl)brom obenzene, 15N Iabe]ed (1 2). Compound

11 (1.05g, 0.0030mol) was rfissolvcdin anhydrousTHF and transfcrrcxlinto a 100 mL 3-neckilzrskequippedwith additionfunnel

curdunderinertatmosphere.BH3.THF(9.87 mL, 0.0099mol, 1 M solutionin THF) was added dropwiscat O- 5“C. ‘flrcresulting

snlutirmwas stirred for 40 h at room tcmpcraturc, 6N HC1(5 mL) was then xkkd dropwisc. The mixture was heatedto rcflux and

THF witsdisiillcd. A smallamountof walerwas addedfollowedby cxtmctionwith ether (2 x 20 mL), The Iaycrswere scpamtcd,

conccntm~cdKOHwas addedto theaqueousIaycruntilalkalinercactirrn(pH= 12- 13) md the mixmrc cxtmckd with ether (2 x 50

mL). The combinedorganic Iaycrs were{hicxiuvcr MgS04 ad the solvent was rcmovcdunderrrxkccdprcssum. The residuewas

crystallizedfromDMSOaad dried to yield 0.75 g (0.0023mol. 77%)of whitecrysmllincsolid. 15NNMR (chloroform-@C$25.95

C, N, N’-[2,6-Bis(Dim ethylam inrrmethyl)-4-( l,1-dim ethyletbyl)pheny l]dimethyl germanium

chloride (5). A solutionof 1 in THF preparedfrom 2,6-bis(dimcthylaminomctiyl)-4-(l,l-dimcthylcthyl)bromobcnzene(0.52 g,

0.0016mol) and n-BuLi (1.00 mL, 0.0016mol) was addeddropwiseto a solutionof dimcthylgcrmmriumdichloride(0.28 g, 0.0016

mol.0.18 mL) in THF at RT undernitrogenatmosphere. The mixture was stirredfor 4h arxi the white precipitationwas scpamtcd

hy vncuumfiltration. The solid materialwas furthercrystallizedfrom DMSO to yield 0.43 g (0.0011 mol, 71%) of white solid.

m.p. 286- 288”C. IHNMR (mcthanol~) 57.34 (s, 2H), 3.88 (s, 4H), 2.49 (s, 12H), 1.33 (s, 9H), 0.95 (s, ~H); 13C NMR

(D20) S 156.4, 142.3, 128.0, 122.3, 63.2, 45.3, 34.5, 30.4, -2.5; Elcm. Analysis: l.Rccrystallizcd from DMSO: Calcd.

(C18H33CIGCN2.H20) C 53.57, H 8.74, N 6.94: Fmmd: (C18H33CIGCN2.H20) C 53.33, H 8.54, N 6.87; 2.Crystallizedfrom

CH2C12: Calcd. (C18H33CIGCN2.0.60 CH2C12)C 51.18, H 7.90, 6.42; Fmmd: (C18H33CIGCN2.0.60 CH2C12)C 51.21, H

7.90, N 6.68; MS C18H33CIGCN2Calcd.: M+ = 386;Found: m/e 351 (M+ - Cl).

C, N, N’-[2,6-Bis(Dim ethylam innmethyl)-4-(l,l -dim ethylethyl)phen yl]-[4,4’ -bis (1,1-

d imethyl cthyl)-2,2’-b iphenyl]gerrnani urn chloride (6). 2,6-Bis(dimcthylaminomclhyl)-4-(1,1

dimcthylcthyl)bromobenzcne(0.30 g, 0.0009mol)was dissrrlvcdin dry THF in a 25 mL 3-neckrmmd-bouomc(iflask cquippd with

magneticstirreradditionfunneland underinertatmosphere.n-BuLi (0.06 g, 0.0009 mol. 0.57 mL of 1.6 M sohr. in hcxanc)was

dkd dropwiscto the solution ard the resulting mixture was stirredfor 1 h. Thc solution was then * dropwiscto a stirred

solution of 2,7-bis(l,l-dimctiylcthyl)-9,9-dichlorogcmafluorcne(0.37 g, 0.0009 mol) in THF at RT. White solid prcduct

precipitatedimmediately. The rcaclionmixturewas stirredfor4 h at RT. The solid was isolatedby filtration md crystallizedfrom

DMSOto yield colorlesscrystals (0.41 g, 0.0007 mol. 73%). m.p. 268- 270”C. IH NMR (am~nc~) 88.14 (d. 2H. J = 8.24

Hz), 8.07 (d, 2H, J = 2.14 Hz), 7.69 (old,2H, J1 = 8.24 Hz, J2 = 2.14 Hz), 7.60 (S,2H), 4.21 (S, 4H), 2.17 (S, 12H), 1.42 (S, 9H),

1.35(s, 18H); 13CNMR (acctonc~) 6198.5, 197.7, 158.2, 152.9, 144.5, 142.6, 132.0, 129.6, 124.0, 123.2, 63.6, 46.8, 36.0,

35.6, 31.7, 31.5; Elem. Analysis: Calcd. (C36H51C1GCN2.H20) C 67.78, H 8.37, N 4.39; Found (C36H51C1GCN2.H20) C

67.51, H 8.16, N 4.08; MS C36H51ClGeN2Csicd.: M+ = 620; Found:m/e 585 (M+ - Cl).



10138 V. A. BENfN et al.

2,6-Bis(Methylami nomethyl)-4-(1,1 -dimethyle thyl)bromobenzene (14). 2,6-bis(bromomethyl)-4-(1,1-

dimcthylctbyl)bromobenzene(3.00 g, 0.0075mol) was dissolvedin THF (25 mL). Mcthyktmirrc(9.34g, 0.3008 mol. 26.0 mL of

40% sobs. in water)was ti to the solution ,arrdthe resulting mixture heatedat reffuxfor 4 h. The layers were separated.The

organicIaycrwas washedwithwatcrmrddriedoverMgS04. THF was removedundervacuumIcavinga yellow oil (1.92 g, 0.0064

mol.84Yo)usedfor the next step without furdrcrpurification. IH NMR @mCm&) 87.45 (S, 2H), 3.78 (S, 4H)’. 2.24 (s! 6H)?

1,25(s, 9H), 0.98 (s, 2H); MS m/e (relativeintensity)300 (2.6, (M + 2)+), 299 (13.5, (M+ 1)+), 298 (3.1, M+), 297 (16.1, (M -

I)+), 271 (89.1), 269 (l(K).O),240(47.7),225 (52.3), 188 (70.0), 161 (28.0), 132(34.7). 57 (17.6).

2,6-B is[Methyl(acety ld3)aminomethyl] -4-(1,1-d imethylethyl) bromobenzene (15). Compound6 (2.20

g, 0.0074mol) was dissolvedin 30 mL of dry mcdrylencchloridein a 100mL 3-neckround-bottomedflask equippedwith magnetic

stirrer, additionfunnel id rmdcrnitrogen atmosphere. Tricthylamine(1.49 g, 0.0147 mol. 2.05 mL) was dkd to the solution.

Acctylchlrwidc-d3(1.20 g, 0.0147 mol, 1.05 mL) in 20 mL of dry mcttrylcncchlori(icwas xkkd dropwiseover 10 min. The

resultingmixusrcwas stirredfor 4 h at roomtcmpcraktrc,thenaddedto an equalvolumeof water, the organiclayerwas scprmtcdad

driedoverMgS04. The solventwas rcrnovcdundervacuum leavinga yellow oily mutcrial(2.53 g, 0.0065 mol. 89%) which was

WA directlyfrx the next step. IH NMR (bcnxc~~) 57.10 (m, 2H), 4.43 (m, 4H), 2.53 (m, 6H), 1.15 (m, 9H); MS m/e

(rckuivcirstcnsity)309 (100.0,(M - Br)+), 265 (38.3), 175(27.5),59 (38.9).

2,6-B is[Methyl(ethyl-2,2,2 -d3)ilminnmethyl]-4-(1,1 -dimethylethyl) bromobenzt!ne (16). Cumpound7

(2.53 g, 0.0065 mol) was dissolvedin anhydrousTHF and traosfcrrcdinto a 100 mL 3-neckflask cqtrippxfwith additiurrfunnel,

rcfluxcondcnscrand underinertatmosphere.BH3.THF(21.70 mL, 0.0217 mol. 1 M solution in THF) was ,xkkddropwiseat O -

5“C, The resultingsolutionwas slirrcd for 10 h at 60”Cand 12hat rmm temperature. 6N HCI (10 mL) wns dkd dropwisc. The

mixlurcwas heatedto refluxand THF dislillcdat normalpressure. A small amount of water was & followedby extractionwith

ether(2 x 20 mL). The layerswerescp.aralcdand a cmsccntmtcdsolution of KOH xkkd to the aqueouslayer until alkaline rcucliun

(PH= 12- 13).‘flc mixlurcwas cxtractcdwithether (2 x 50 mL). The combinedorganicIaycrswere driedover MgS04. Solvent

wasrcmovcdunderreducedpressureto producea heavyyellow oil (1.70 g, 0.0047 mol. 72%). IH NMR (tmzcnc@j) 57.69 (s.

2H), 3.67 (s, 4H), 2.36 (s, 4H), 2.16 (s, 6H), 1.30 (s, 9H); 13C NMR (lxmzcnc<ti)8 149.8, 139.9, 126.4, 123.7, 62.4, 51.6,

41,9, 34.6, 31.4; 2H NMR (CC14)151.08(s); MS m/e (relativeinlcnsity)361 (1,0, (M + 1)+), 359 (1.0, (M - 1)+), 344 (27.3),

’342(28,3), 302 (34,5), 301 (37,]), 300 (4I.8), 299 (33,()),241 (65,5), 239 (68.6), 162(25.8), 75 (100.0), 50 (19.6).

2,6 - Bis[Methyl(t!thyl-2,2,2-d3):jminnmethyl ]-4-(1,1-dimethylethyl) pherryllithium (2). Compound8

(().6()g, 0.0017 mol) was dissolvedin dry THF in a 25 mL 3-neckround-bnltomcdflask cquippxlwith magneticstirrer, addilion

furrncland underinert atmosphere. n-BuLi (1.04 mL, 0.0017 mol. 1.6 M solulion in hexanc)wus zskkddropwiseat RT. The

resultingsu]ulionwusstirredfor 1 h. An aliquolquenchedwilh ~0 showedmore than 95% incorpnralionof dcutcriumaccurding

to the IH NMR Swtrum. IH NMR(chloroform@57.20 (s, 2H), 3.48 (s, 4H), 2.41 (s, 4H), 2.19 (s, 6H), 1.32 (s. 9H).

C,N,N’-[2,6-Bis[Methyl(ethyl-2,2,2d3)am inomethyl]-4-(1,1 -dim ethylethyl)pheny l]dimethylgerm anium

chluride (7). A solution of 2 in THF preparedfrom 16 (0.60 g, 0.0017 mol) and n-BuLi (1.04 mL, 0.0017 mol) was txkkd

dropwiscto a solutionof dimcthylgcrmaniumdichloride(0.30g, 0.0017 mol. 0.20 mL) in THF at RT undernitrogen atmosphere.

T%cmixhsrcwas stirredfor 4h and the white precipitation was scpumtcdby vacuum filtration. The solid material wus further

crystallizedfromCH2C12to yield 0.40 g (0.0009mol. 5770)of colorlesscrystals. m.p. 258-260”C. IH NMR O?@) ~ 7.27 (s.

2H), 3.73 (S, 4H), 2.81 (S, 4H), 2.14 (S, 6H), 1.18 (S, 9H), 0.85 (S, 6H); 13c NMR (mcthmsol@)8157.6, 143.6, 128.6, 123.8,

62.5, 53.0, 41.4, 36.0, 31.7, 9.5, -0.7; 2H NMR (methanol)51.30 (s); Elcm. Analysis: Calcd. (C20H37CIGCN2.O.55CH2C12)
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C 53.63, H 8.35, N 6.09; Found (C20H37C1GCN2.O.55CH2C12)C 52.38, H 8.24, N 6.04; MS C20H31CID6GCN2

M+ = 420; Found: m/z 385 (M+ - Cl).

Calcd.:

Crystal data of 7. A ck?arprism crystaf of C21H3@]3@N2 (C20H37C1GCN2.CH2C12) having approximate

dimensionsof 0.700 x 0.300 x 0.300 mm was mountedon a glass fiber. All measurementswere rrrak on a Rigakrr AFC6S

diffmclomctcrwith graphite monochromaticMo Ka radiation.Cell constants ad orientation matrix for data collection, obtained

froma least-squaresrefinementusing the anglesof 24 carefullycenteredreflectionsin the range 34.64<213c 36.26” correspmdedto

a monocliniccell with these dimensions: a = 9.96 (6) & b = 24.47 (8) A, c = 10.71(7) A, V = 2415 (2) A, /3= 112.4(4)0.For Z =

4 and F.W. = 498.50, the calculateddensity is 1.371 g/cm3. Bad on packingconsiderations,statistical analysis of the inLcnsity

disKibutionand the successfulsolutionandrcfincmcntof tirestructure,tfsespacegroupwas dctcrmincdto ECP21/n (#14). The &s

werecollcctcdat a temperatureof -80+ 1°Cusingthe toscan techniqueLOa maximum20 value of 50.7°. Omega scans of several

intensereflections,madeprior to data collccLion,hadan averagewidthat half-heightof 0.28”witha take-offangleof 6.0°. Scans of

(1,34+ ().30tan e)” were madeat a speedof 8.0°/min(in omega). Weakrcffcctions(1c 10.0IS(I)) were rcscarmcd(up to 5 rcsc.ans)

and counts were accumukucdto assure gwd sLaLislics. Stationarybackgroundcounts were rccrsdcdon rzwhside of the reflection.

The raLinof peak countingto backgroundcuunlingtime was 2:1. The diameterof Lhcincidentbeam COllimaLOrwas 0.5 mm. Tbc

crystal to detectordistancewas 200.0 mm.

Of the 4671 reflections which were collccicd,4407 were unique (Rjnt = 0.113). Intensities of three rcprcscnLaLivc

rc[lccLionsmeasuredalter every 150reflectionsdcclincdby -3.50%. A linearcorrectionwas appliedto accountfor Lhisphcnnmcnon.

The Iincarabsorptioncoefficientfor MOKmis 16.0cm-l. An empiricalabsorptioncorrection, lxLscd on azimuLhalscans of scvcmi

rcflccLimrs,was appliedgiving transmissionfaCLOrSfrom0.85 to 1.00. Datawere correctedfor LorcnUand polarizationeffects.

Solution and refinement uf the structure uf 7. The StSUCWC was solved by directmctirrxts17,18. The non-

hydrogcnaKMSSwererefinedanisotropicaiiy.The final cycle of fuli-matrixlc.a.st-squaresrcfincmcnt19was bawd on 2564 observed

rcflcciions(I >3.00 u(I) ) and 208 variabicpositionaland thermalparametersand converged(Iargcstpmarnctcrshift was 0.35 times

is csd) withunweightcdand wcighicdagrccmcnifaciorsof: R = 0.093and Rw= 0.140. The standarddeviationof mr observationof

UIIILw,cight20was4.84. The weighiingschcmcwas basedon Courlingstatisticsand inciudcda f21CLOr(p = 0.03) io downwcighiihc

imcnscreflections. Piots of X w (IFOI- IFCI)2versusIFoI,rctkcLionorder in data coilcction, sin 13/k,and various citisscsof indices

shtrwcdno unusuaitrends. The maximuman(iminimumpeakson the finaidiffcrcnccdensityFouriermap correspondc(ito 1.16and -

1,04c-/A3,rcspcciiveiy.Ncutml aiomscalicringfaciorswere Lakcnfrom Cromcr ml Wabsr21. Anomaimrs(dispersioneffectswere

includedin Fc~c22; ihe vaiucs for AC’and Al””were Lhoscof Cromcr23. All calculationswere pwformcdusing the TEXSAN24

crysmilographicsoflwarepackageof MoiccuiarSWxXurcCorpomiion.

RESULTS

Synthesis and characterization of compounds 3, 4, 5 ad 6. Thesecompoundsarc prcp+ucdin a mrrdcmtcto

high yicidby using the syntheticsequenceoutlinedin Scheme 1. The finaimatcriais am insoluble in THF and precipitatefrom the

SOIUliOn wiih the progressof Lhereaction. Solubiiiiyicsts arc consistentwith an ionic naiurc of the compounds. Soiubilityin water

is dcpcndcnton the size of the hydrocarbonsubsLiiucntsas manifestby the significantlylower solubiiity of 6 in comparisonto 5.

Ali compoundsare well soluble in alcohols. The soiubiiiiyin polar aprotic WI halogcnatcdsolvents seems to bc dcp.mdcnton the

ccntraiatom and increasesupontrmrsitionfrom silicon to germanium. The mclLingpoints of all comfxxmdsurc high, aroundsmd

atmvc200”C. Thus, Lhemehing poinKand ihe soiubility trends,combinedwiih positive AgN03 icsts, arc indicaiivcfor .aa ionic

n:lLurCof Lhesecompounds.Corriuandcoworkersperformedconductivitymcasurcmcntson simiiar structureswhich also confirmed
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the ionic natore of the studiedcompounds.13a fn the solid stare the ionic natureof the compounds, with a chlorideanion as a

countcrfwt, is supportedby evidencefromthe X-raycrystafsmucturesof both compound3 andcompound7.

Synthesis of the 1‘N-enriched analog of compound 3 (compound 3*). Compound3 * was preparedfmm

Lhcbmmirmtedprecursor12* accordingto the previouslydiscussedsyntlreticprccedcrreof Scheme1. However,compound 12 * was

IXCX by a subsmntiallymcdifiedst%ucnccodirrcd in Scherrre2. TfSCmain requirementwas to find a more efficient way of

introducingthe dimethylrsminomoiety in tfrc molecule. The pmccrftaerrsrxlfor the synthesis of 12 utilizes a water solution of

dimctbylaminebut a kwgeexcess is ncccssmyto drivethe reactionto completion.25. 26 ‘flrcrcfomthe substitution at benzylic

carbonwasreplacedwitfra substitutionat an acycliccarbon atom in the form of the correspondingacyl chloride. The fiist step of

themodifiedsyntheticsequenceis the introductionof bromine which pmcccdsin high yield underordinaryconditionsfor aromatic

clcclrophilicsubstitutions.27 Compound8 is then oxidimdto the corrcqonding dicdmxylic xid with KMn04 in a 1:1 watcr/l-

butanol mixture. Tk conversion of the dixid 9 10 the dichloride10 is achicvcdwith PC15 in the solid phase at clcvatcd

tcmpcraLurcs.Compound10 is rmctcd with Lhcisotonicallycnrichcdammoniumsalt in the prcscnccof triethylamineaccordingto a

slightmodificationof the originalproccdurc.28 At theseconditions,the tricthyhninc acts as a base and absracts a prOtOnfrom the

ammoniumsalt liberatingdimethylnmincwhichreactswith the acid chlorideto yieldcompound1 1. The final step is a reductionof

11 w give 12* witha boranc/tctrahydrofurimcomplex.29.30

‘Q’‘1\
o t3r Ow o k o

Moj5N N’5Mc2 (cH3)J5NH;ci cl
:1 —

v

: I c’
(~115)3N

~ ~ (94%) C112C~
(72%)

1 u

Scheme 2. Preparationof an 15N-labeledprecursorfor tridentateligand1.

Synthesis of compmrnd 7. Compound7 ispreparedaccordingto the syntheticsequenceoutlinedin Scheme 1 fmm

thcncw tridcntatcIigand2. The precursorfor 2 was synthesizedaccordingto the scqucnccoutlined in Scheme 3. The synthesis

utilizesLhcrribromidc731, 32 whichis subjcctcdto a reaction of nucleophilicsubstitution with methylaminein nonhomogeneous

conditions.25 The resulting bisaminc 14 is convertedto the bisamide15 upon reactionwith acctylchloride-d3.Compound15 is

reducedwithboranc/THFcomplex to yield the brominatcdprecursor16,29 which is convcrtcd,upon reactionwiLhn-BuLi, to the

ncwtridcntatcIigand2. Ligand2 is reactedwith (CH3)2GcC12at room temperaturein THF to give the targetcompound7.



Studies of some new silicon and germanium compounds 10141
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‘1\
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Scheme 3. Syntheticsequencefor theprcparationoftbeprccursor to tricfcntateIigand2.

15N NMR data for compound 3. The variable tcmpxature IH ad 13C NMR profiles of compound3 were

dcscribcdin an earlierwork. All data am rigorouslyconsistentwidr the existenceof asymmetricalstracturcs in solution. ~c 15N

stucticsprovidefurthersupportfor this hypothesis. The 15Nspcetraat 315 K and 200 K in mcthanol~ am pmwntcdin Figure 3.

As seenfrom the figure,ctthighertcmpcraturcs,in crnr(tilionsof fast exchange,the spectrum is ,anaveragedsignal for both nitrogen

titomsat 40.35ppm. At lower temperatures,with the exchangesufficientlyslow, the two nitrogen signals am clearly distinguished

at 47.70 ppm and 35.92 ppm.

(a) 0)

Figure 3. 15NNMR spectrumof compound3

at (a) 315 K and (b) 200 K in mctianol-d#.

NMR properties of compound 4. Although very similar to compound3, compound4 providesmore structural

informationdue to the lower symmetryof the patternof substitutionaroundthe ccntrulsiliconatom. If the real state in solutionis a

pair of asymmetricalstructures, then in each of these s!nctures there wouldhe a silicon chiral centerpresent. Tire chiral silicon

environmentcauses the generationof diastercotopiccenters, the two methylene cmixm atoms m well as the quatemarynitrogen

boundto siliconas indiesttcdin structure4a. The spectral propertiesof NMR active nuclei, crmnccrcdto a particulardiastcrcotopic

ccntcr,am differentin general.
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The variabletemperature1H NMR profileof 4 in mcthanol~ is shown in Figure 4. At 298 K the spccmumcontainsa

welldclincd singletfor the two aromaticprotonsat 7.39 ppm. The vinyl protons exhibit scp.aratesignals at 6.26 ppm, 6.16 ppm

and 5.83 ppmrespectively. There arc two broadsingletsin the spectrum,one for the N-mcthylcneand one for the N-mcdrylprotons

at 3.95 and 2.44 ppm. The signals for the protons belongingto the tertiarybutyl group am3the Si-methyl groups are at 1.34 and

0.51 ppm rcspcetivcly. The substantialbroadeningof lhe signalsfor the N-methyland the N-melhylcncgroups is a good indication

fora dynamicprccess in solution. As expected,with dcercascof the temperature,these averagedsignals reacheoafescencepoims.

For the N-mcthylcneprotonsthis occursat Tc = 258 K leadingto the generationof four doubletsof equal intensily at 4.52, 4.23,

3,81and 3.15ppm, correspondingto the four differenthydrogenatoms. The doubletpaucm is dw to the gcminal spin coupling.

More interesting is the behaviorof the N-methyl resonance. The averagedsignal for all methyl groups generatesa pair of brwrd

singletsof equal intensityat 265 K. The peak at lower ticld rcxhes in its turn a coalcsccnccpoint at 253 K giving, upon further

reductionof the temperature,a pair of singlets with intensity ratio 1:1 at fi = 2.98 ppm ad 5 = 2.81 ppm. Thc changesin the

aliphaticregionare accompaniedby changesin thearomaticregionas well,wherethe singletfor the two aromaticprotons reachesa

point of caalcsccnceat 238 K ad also gcncratcsa pair of singlets at 7.50 and 7.36 ppm. At 213 K (Figure 4b) the spectrum

comainstwo singletsfor the aromaticprotons,four doubletsfor the N-mcthylcncprotonsand three singletsfor the N-methyl groups

with ralio 1:1:2 (in uptield direction). Further dccrc.ascof the tempemturccauses additionalbroadeningof the upll?ld N-methyl

rcsormnccwith doubleintensityIocatcdat 8 = 2.00 ppm.

At 203 K it is at a eoatcsccnccpoint and rurthcrIowcringof the tcmperalurcleads to the generationof another pnir of

singlcls ot_M@ intensity at 2.22 and 1.78 ppm (Figure 4c). At J,crylow tcmpemturcsW,Crrbscrvcspccics in which the second

nitmgcnamm is also a diastereotopicccrttcr,i.e. it is also coordinatedto silicon. The spscics retains its asymmetricalstructureas

cvidcnccdby the differentshapeof the two pairsof singletsin the N-methylregionof the s~ctrum in Figure4c.

~c 13c NMR sw~um at 298 K ~~hibi~av~rag~dsjngl~~for the ff.m~~ylcnc ZUXitfrcN-methyl Gltin ittOMS M 65.06

and 43.93ppm rcspcctivcly. At 193K the spectrumcontainstwo singlc&for the N-mcthylcncgroups at 65.09 ml 63.41 ppm and

rnur broad singlets for the N-methylcarbonsat 46.03,44.11,41.12 and 40.08 ppm. The numberof singlets for the aromaticcarbon

atoms incrcascsfrom four to six in accordancewitha lowersymmetryof the spccicsin solution.

Kinetic parameters from NNIR studies of compound 4. The variabletcmfwraturcNMR profile of comfxmnd

4 oft_crsseveralcoalescencetemperaturesandallowsfor tfrcconstructionof ArrhcniusrsrdEyring plots m!f elucidationof activation

14

parameters.33The results are listed in Table 1. The Eyringplot is presentedin Figure 5. The good straightIinc fit (R = 0.99) is an

cvidcnccthat the coalescencetemperaturessdlpertainto the samedynamicequilibrium.
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Figure 4. Selcctcdregionfromthe IH NMR spectrumof compound4

at (a) 298 K, (b) 213 K and (c) 193K in mcthanoldf.
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Figure 5. Eyringplot for compound4 in methanol-d.

Table 1. KincdcParameters[mm VariableTcmp.xatureNMR SMics of Compound4

solvent
AG* AH* AS* f% In A

IIc.ftmol] [kJ/moll [J/rnoLKl [kJ/nloJl

CD30D 51.0 37.2 -54 39.8 24.1

CZH50D 53.8 - - -
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Table 2. ExperimentalResultsand ActivationParametersfor the Si-N Ring Openingin

Compound4 at low temperatures

Solvent Tc [K] Av [Hz] k X 102 IS”l] AG,* [kJ/mol]

Methanoki4 203 105 2.33 39.8

Ethanol@ 210 120 2.66 41.0

lnfurmationwasextractedabouttfseseconddyrromicprocessfromthelow temfwmtumcoalescenceof the upficldN-methyl resonance.

Table2 presentsthe expximcntal resultsand lhc activationenergiesin medranoldf andethanol-~ solutionsof compound4.

NMR studies of compounds 5 and 6. The IHNMR spectraofcompmsnd5 in methanoldj at 298 K md 183 K

am shown in Figure 6. ‘fhcre is an obvious differenceLwtwemthe NMR behavior of lhis germanium containing compound,

compamdto its silicon anafog, compound2. At room temperaturethe spccmsmcontains only well &fined, sharp singlets. The

sfro.xal pattern is presaved throughout the studiedregion. The broadeningat 183 K of the N-mcthylenc and the N-methyl

rcsmranccs,at 3.94 ppm ad 2.50 ppm rcspcclively,can b partially attributedto the considcmbleincreaseof the viscosity of the

solutionand the concomitantworseningof the homogeneityof the magneticfield, leadingto an overallbroadeningof the signals. It

is impor!mt to notice that the signal for the aromaticprotonsis not affected,which means ihat the dynamicprwcss, leadingto the

brnadcnirrgof LheN-methyland the N-mcthylcncpeaks, is not identicalwith the processoccurringin Lhesilicon-containingspccics.

(a)

i J---
(0

—

(b)

LJLLLI

Figure 6. IH NMR spectrumofcompourrd5

at (a) 298 K and (b) 183K in mcthanol~.

ne 13c NMR spccr-mof 5 & not show ,anychangesof pattern over the studiedregion 298 K - 183 K M rcmain

cnnsistcnt with a symmetricalpcntawrlcntstructure. ‘fhc IH and 13C NMR spcctm of 6 arc similarly in agrecmcntwith the

pcntavalcntstructurewithinthe studiedtempulurc interval,
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NMR studies of compound 7. An IH variabletemperatureNMRprofileof compound7 is shown in Figure 7.

(a)

10145

(c)

H-L J--
r

4.00 3.00

Figure 7. Selccwdrcgirrnfrom the IH NMRspectrumof compound7 at (a) 343 K in

DMSO-@,(b) 298 K in methanol~ and (c) 223 K in methanol~.

Figure 7b is the spectrumof7 in mcthanoldj at 298 K. It containsa singlet for tic aromaticprotons at 7.40 ppm, a

broadsirglct for the bcnzylicN-methyleneprotons at 3.91 ppm, a broadsinglet for the ethyl N-mctfrylcnegroups at 2.97 ppm, a

broadsinglet for the N-methylgroupsat 2.30 ppm, a singletfor the protonsof the tertimybutyl group at 1.33ppm and a singlet for

the Gc-mctfrylgroupsat 1.00 ppm. Figure 7Cis the sfxctmm of 7 in methanol~ at 223 K. As scar from the figure, changes

occuronly in the regionof the signalsfor groupsattachedto the nitrogenatoms. It is quite evident that in this region there am two

SCISof signals,identicrdin pattcm but very differentin intensity. Each set consists of two AEtpattcm multiplcts for the bcnzylic

and clhyl N-mcthylenegroupsrcspcctivcly,mrda singlet in the N-methylregion. The intensityratio is 8:1.

The behaviorof the systcm is similar in olhcr solvents. In DMSO~ ad in methylcncchloride-@the specn at room

tcmpcmturcexhibitsimilarbroadeningof selcctcdpeaksandthe coalescencetemperaturesare 300K for methylcnechlorideand305K

fnr DMSO. Figure 7a is the spectrumof 7 in DMSO~ at 343 K. Noticeableis the considerablesharpeningof the N-methylcnc

ad N-methyl signals. NMR observationsallow quantitativeconclusions about tbc energy bmricr AG*. In mcthanol~ the

crnlcsccncctcmpratarc is 288 K with separationof the peaks Av = 54 Hz. Such separationcm’rcspnndsto un unimolccularrate

constantof 119S-l, leadingto a Gibbs free energybarrierof 58.9k.f/mol(14.1kcal/moi).33
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Figure 8. AnORTEPdrawingof the calionicpart of compound7.

Ellipsoidsdrawnwilh 30%probability.

X-ray crystal structure uf compuund 7. Figure 8 shows an ORTEP drawingof the crystal structure of the

calimricpart of compound7. The ellipsoids .amdmwrrwith 30% probability. Sclcctcdtrend Icngths and bond angles am given in

Ti!blc3. The gcomekyaroundthe centralgcrmmriumatom is a distortedtrigonal bipyramid(TBP). The germanium-carbonbonds

m withinLheexpcetedrange,all threecarbonIigandsarc hxated in the equatorialplane with proper vahrcs ftx the C - Ge - C bond

angles. The Gc - N distancesare essentiallyequal, with values of 2.31 ~ ad 2.36 ~ indicminglhat compmnrd7 possesses a

symmetricalstructurein solid state. The N - Ge - N angle is distortedfrom the perfect 180°with I real valueof 158°at LhisICVC1of

rctincmcnt. The distortion is in a directionopposite to the Berrypseudorotationcoordinatead drc immediatesurroundingof the

~crmaniumatom W* a C2V symmetry. The five.mcm~~ rings m not planar. The only flexible point in either ring is

lccatcdat the nitrogenatom, which is shiftedfrom the plane dctcrrnincdby tfseother four atoms of the ring. The distortion is in

oPPosilcdirectionfor the two niwogenatomsrclaliveto the planeof the bcnzcncring and the ovcrdl environmentaroundthe central

gcrmztniumatom resemblescloselyan SN2-liketransitionstatewith a backsideattackof the incomingnuclcophilc.

Table 3. SelectedBondDistances[~] and BondAngles[Degrees]from

X-Ray StructumfAnalysisof Compound7

C;c - c 1 1.88 (1)

cic - Clo 191(2)

Gc - cl 1 1.97(2)

Gc - N1 2.31(2)

Ge - N2 2.36(2)

Cl - Ge - N1 79.8(5)

Cl - Ge - N2 78.2(5)

N1 - Gc - N2 158.0(4)

C1O - Gc - Cll 119.0(7)
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DISCUSSION

The structure of compound 4. Therearc two differentways to accountfor the ionic structureof compounds3 ad

4. C)ncutilizes fJre irka of dynamic equilibriumMwccn tetravalent forms, the other is based on the hypothesis for a stable

hypervalcnts~cies. Observationsforcomporsnd4, in analogywith the earlier results for 3, unsrmbiguouslydemonstratea dynamic

processin solution. This is a good argumentin favorof the tetravalentstructures4a ad 4a’. However,there is an rdtemativc

explanation,whichhas been successfullyemployedin a varietyof silicon-containing,hypcrccadinated and hypervalentsystems.5d,c.

34 It is basedon the interconversionofhypervalent forms via a processnot involvingbreaking and remakingof bond.%such ~ tie

Berrypscudorofationor the turnstilerotation.35,36 Threesuchformsfor compound4 are shownin Schcmc4. In form 4b the two

nitrogenatoms occupythe axial positionsof the trigonalbipyramid,while the carbonligands arc lccatcdat the equatorialsites. fn

the form 4 c, the axiaf positions arecccupicdby the Si-methyl group md the aromaticcarbonatom. The two nitrogen atoms am

equatorialligands. In form 4d the axial sites are occupiedby the carbonatom fromthe vinylgroupand the aromaticcarbon.

4d 4b 4C

Scheme 4. Pscudorotationalformsarisingdue to a hypotheticalpentavalcnt

siliconccntcr in compound4.

All threeformspossessa highdcgrccof symmetryand withineach of thcm the wornatichydrogenatoms arc equivalent.

Ic!cally,in conditionsof stowexchange,the 1H NMR spectrumwouldbe expcctcdto showthree singletsin the aromaticregion, but

ktkingin account the similarityof forms 4Cand4d, and theremotenessof fhe aromaticsites from the centerof inversion, some of

the signalsmaycoincide.In forms 4Cand 4d, however,the natureof the groupsamchcd to silicon is different In 4C for example,

the Si-methylgroupis occupyingan axial positionwhereasin 4d tfrcsame group is at an equatorialsite. Overall, at Icast two (in

the idealcase fhrcc)signafsfor tfrcSi-methyland the vinytgroupwouldbe cxfwctcdin the NMR spectraor at Icastbroadcnirrgof Lhc

corrcspmrdingsignals. The fact is that neitherin the protonnor in the carbonspectrais this observedat any rcmpwaturcwithin the

sludicdrange, The Iowcr symmetryof 4C ad 4d wouldalso cause inequivalcncyof the N-mcthyt groups and the N-mcthylcnc

hydrugcnatoms within ~h structure, and m overall complicatedNMR pattern would ~ cxfrccmd. The actual pattern,as

dcmonstmtedin Figures 4b and 4Cis simple .a.wtWC]]resolved.Our conclusionis that the accumulatedNMR cvidcnccdm.s not

support the idea of equilibriumbetweenhypervalentforms in solution. ‘fireexfrerimcnkddata arc, however, consistent with fhc

prcscnccof the asymmetrical,tefravalcntforms.

In our previousreportwc discussedbrieflythe mcchmrismof identityexchangein compound3. The considerablesolvent

effect upontransitionfrom methanol to chloroformis indicativefor a processwith a chargedelccafizcdtransition state, lcadirrgto

incrcascof the rcacf.ionrate uponreductionof the solventpolarity,i.e. an SN2 Iikcmechanism. An associativerate-determiningstep

is alsu supportedby the considerablenegativeentropyof activationAS*= -54 J/mol.K in mcihanol-d for compound4.37, 38
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It was pointedout that at very low temperatures(below203 K in methanol~) the upfield N-methyl signal at 2.00 ppm,

in the 1H NMR spectrumof 4, generatesa pair of singlets of equalintensity. As mentioned,it is .nnevidencefor ffreprc.wnceof

another,distinct speciesin solution,structure4e, in whichthe secondnitrogenatom is also coordinatedto the siliconcenter.

4e

Form 4e is the most stable since it is the onc obscrwd at the low tCmpe~lurClimit. Tfrcrc[orc,in solution of 4 thcw am four

asymmetricforms. Two of them arc the open, tetravalentforms, the other two arc forms with a partial bonding to the sceond

niirugcnotom. The closedformsarc relatedto lhc openvia an energybarrierAGI* of about 4(I kJ/mrrl in dcutcratcdalcohols, trod

arc relatedbctwccnthcmsclvcsvia a central barrierAG*whichis slightlymore tian 50 kJ/mol.

Thc proposedenergy profile for the identity cxchangcin compound4 is shown in

chamctcristicfor SN2 reactionsat carton in the gas phase.39 The global minima arise dw to

nuclcophilc-substmteassociationcomplexes. In solution, especiallyin P&U protic solvents, the

Iwgclyrccfuccdleadingto tfretivirtualdisappcamncc.40

-“4 1+

Figure 9. Such prolilcs arc

tfrc formation of the so called

magnitudeof these minima is

Figure 9. Two-dimensionalpotentialenergysurfacefor the identity

exchangein compound4,

The structure o f compounds 5 and 6. Thesetwo germaniumcompoundsarc prcpnredby means of the mme

tridcrrtatcIigand1. Compound5 is the germanium-containinganalogof compound3. Compound6 is p.nrticularlyinteresting from

a smrcturalpointof viewsince it incorporatesa tridcntatcand a bidcntateIigandat a singleccrrlcrof hypcrcoordination.

As NMR studiesdemonstrable,the behaviorof 5 and6 in solution is significantlydiffcrcrrtin comparisonto the silicon

species. Downto 183K, rJrercis no changein the spwtml pattern. This ccmfdmean either that the identity exchangereactionis

very fast or that they exist in solutionas stable hypcrvalcntstructuresand thus tfrcirNMR sfxctra cb not changewith tcmfrmmrrc.
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P.articubuaucntion attends the fact that Urcbroadeningis restrictedonly to the N-methyl and N-mctfrylcncgroups. Tfrc aromatic

signal is not affected It must be a precess which dcea not destroythe overaflsymmetry in the moleculeand exerts only a local

effecton the groupsattachedto nitrogen. Agoodcxplarmtionwouldbe the dynamicprocess of pscudorotationof the five-mcmbercd

ring via cnvelofx-typevibrations as shown in Figure 10.41 Tbe only flexible point is the nitrogen atom and distortions at this

point,abrsvcand belowthe planedeterminedby the other four atoms, would explain the broitdcningof the N-mcthylencamt the N-

mcthylgroups.In the case of assigningstnscturcsto both5 and6, cautionmustbe excrciscd, bccauscthe availablefacts agmcwith

the prcscnccof hypervalentstmcturcsin solution,but theyneednot rigorouslyexcludeequilibriumbetweenopar, tetravalentforms.

Figure lo. Pscudorotatiomdcnvclopcvibrations

in the five-mcmberedring.

The structure of compound 7. Compound7 is derivedon thebasisof a differenttridcntatcligand,one witha lower

symmetryof substitutionat the nitrogenatoms. The mplaccmcntof one of the methyl groups wilh a 2,2,2-tridcutcrecthylgroup at

wch nitrogen eetmx has important consequences. Upon bonding with germtmiumtbc nitrogen atom bccomcs a chiml ccmcr.

Thcrcforc,presenceof drctetravalentformsin solution,w is the ease with the silicon-containingmaterials, would lead to a pair nf

crranliomcrs,indistinguishableby NMR. However,if both nitrogenatoms arc conncetedto germanium, that would Icaf to the

gcncr:lti(}noflwoch;raI centersin Lhcmolcculcand hcnccto the formationof two dh.stcrcomcrs,whoseNMRpropertiesarc different
in generaland whosedistributionis not requiredto bc 1:1.

The broad singletsat 298 K ccrminlyindicatea dynamicprmess. Iodccd,the behaviorof the systcm around‘andabove

mmn lcmpsmtureais consistent with the prcsxcc of the open tetravalentforms in equilibrium. The spectrum at 223 K is not,

however,in ab~ment with such hypothesis. The two equivalentin pattcm but differentin intensity WS of signals in the (N-

mcthylcnc+ N-mcdryl)regionarc suggcslivcfor the prcscnccof two diastcrcomers. ‘fhcrcforc,an energysurfacewith a low laying

irwmrncdiatcis proposedfor drc dynamicprocess in solution of 7 (Figure 11). Tftc intcrmcdiatcis the pentavalcnt symmcuica]

strucmrcand its energyis actually lower conrparcdm the open forms.2, 9 The energybarrieris sufficientlysmall so that above

room temperatureit is ovcrcomcand a certain amount of the open forms 7“ is gcncratcd. The open forms have onc of the

dialkylaminomcthylmoieties free ad drercforcrotation aroundsingle bonds and inversion at the nitrogenbceomcpossible. This

processIcitdsto a 10SSof stcrcoehcmistryand bmadcningofthc fxmksofgrottps attached to the nitrogenatoms. As the temperature

is dccrcascd,the rate of the transition7‘ ~ 7“ isrcducedand eventuallytfte molecule is tmpfxd inside the potential WCII.The

cullapscto 7’ leadsto the formationof two diastcrcomcrsin a ratiodependenton theirrelativecncrgics.

The X-ray studies of 7 reveala Symmclrical,pcntavalcntstructurewilh a C2V geometryaroundthe gcrmmriumatom.

Tbc distortionof LhcN - Ge - N angle is very importmrtin our opinion,as onc significantcause for the structural diffcmnccbetween

the studiedsilicon and germaniummolceulcs. It is also impmtant to rcm.arkhere that the X-ray information may k in many

inslanccsinsufficientfor correctconclusionsabout the natureof certainspeeics. Thus, for compound7 it shows a symmcuical and

hypervalcntstructure, but, as dcmonstralcd,this is lhc prevailing stmcturc in solution only at low tcmpmtures. At higher

Lcmpcmturcs.solution studies yield a more complex cxchmrgeprocess. Thcmforc h~,pcrcccmtinationand byfwvalcncy in the

condcnscdphase maynot be necessarilycxbibitedin solution.
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Figure 11.

Comparison between

l“”“L/’’J:::-.--------------\P’

G 1+
/ \ 1,.!,,

q%—

# \

7’

Two-ditmcnsioraicrrcrgysurfacefor the intramolccukwcxchangcin 7.

the si Iicon and germanium molecu Ies. A detailedinvestigation of their solution

behaviorhas shownthat the silicon-containingmtrlcculcs(Compounds3 aad 4) arc asymmetrical,with Ioosc or no bondingof the

.sccorrdnitrogenatom to the silicon center. On Lhcother hand, the germaniumcompoundsexhibit properties consistent with a

hyp’valcnt stmctare. For some of them (compounds5 and 6) the solution NMR behavior is uniform throughout the studied

tcmpcrmrrerange ml consistent with hypcrvalcntsymmckical structureinvolving an eqoafextent of bondingfrom both nitrogen

atoms. Onc of the studiedcompounds(Compound7) demonstratesan interestingNMR profile corrcsfxrndingto a differenttype of

polcntialenergysurfacewitha stable“intcrrncdialc”.The “intcrmcdiatc”is in fact the hypervalcrust.ructurcand is lower in energy

cumparcdto the open, tckavalcntforms. Solid state studies (X-rayanalysis)have also rcvcalcda hypcrvalentsymmetricalstracturc

for this compound.An importantquestionthen is: What are the reasonsfor such a considcmblcdiffcrmccbclwccnthese two classes

of compounds? Germaniumexhibitsan obvioustendencyfor hypcrvalcntbondingwhilethe siliconcompoundsrcmaintcwavalcnl.

An answer can k? found by relating tbc known cxpcrimcntalresults to the contemporarythcorccicalmodels. The

followingfactshaveto be considcrcd:

1. As rcvcalcdby the X-raydata and scmicmpiricalcalculations,the axial ligand-ccnlralatom-axialIigandangle is Icss

than 1800. Its actual valuesarc about 160°and arc prcdctcrmincdby the propercicsof the tridcntatcligand. The resultantgctrmctryis

a distortedTBP and the immediatecnvironmcnlof theccntmlatom dclcrmincsa C2V insteadof D3h symmccrypoint group. Such

gcnmctry is unachievablein the abscrtceof a tridcntateligwrd. It is in fact a distortion in a direction opposite the Berry

pscttdoro~ilirrrrcotrrdinate.

2. Scmiempiricirlcalculations(AM1,PM3)42-46 of small molcculcs: SiH5-, GCH5-,SiH3F2-, GCH3F2-,with both

D3h ad C2V symmetries, show a considerabledifferencein the arrangementof the mo]ccukworbitals on the crrcrgyscale. Thc

results for SiH5-andGeH5-with C2Vsymmetryarc shownin Figure 12. The orbitals of conccm‘am1B2, 3A1, 4A1 awl 2B2 for

the silicon-containingmolcculcand 1B2,3A1,5AI arrd2B2for the germaniummolcculc. Comparisonwith Figure 1 shows that

theB~ trrbiudsin Figure 12corrcspontfto the bondingand antibondingorbitalsin Figure 1. On nonbinding Icvcl the diagramfrom

Figarc 1displaysan interactionbclwccna classicalMusher-Rundlcnonbindingorbitalancian antitmrrdirrgorbitaldistributedoverthe

centralatom and the equatorialsubstitucnts. Such interactionIcadsto the generationof LWOorbitalsas illustratedin Figure 13.
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Figure 12. MO correlationsfor SiH5-andGeH5-with CZVsymmetry.
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Figure 13. Orbital interactionon nonbinding ICVC1

in hypervalentmolecules.

The resultant orbitals in Figure 13 am the analogs of the 3A1 ad 4A1 (or 3A1 md 5A1) orbitals for the silicon

(germanium)speciesin Figure 12. The lower energyorbital Yn always remains C1OSCto the nonbondinglevel since the effecrsof

axialandequatorialoverlapnearlycancelcxh other. The sceondorbital Y*, with strong antibondinginteractions, is significantly

higherin energy. The separationAEdependson the cfticicncyof overlapbetweenthe equatorialCragmcntantibondingorbitaland the

orbitalsof Lhcaxial Iigands. Comparison with Figure 12 lcds to the conclusionthat, for germanium,Lheoverlap is substantially

slrongcr, causing a much greater scpamtionAE. This axial-equatorialoverlap is essential for the formation and slability of
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hyperwtlcntmolecrdes. Therefore,germanium containing molecules havea higher chanceof being hypervalentbecause of the

significarrdymoreefficientoverlap.

The overlapdepictedin Figure 13 is of c type sad will ke sensitive to changesin the axial ligand-center-axicdligarrtf

angle.47 It is strongestat an angleof 180°anddecreaseswithanydistortiontowardsbiggeror smallervalues. The triderrtateligand,

however,forcesthe moleculeto adopta distortedTBP geometry. Andwith the overlapbeinginitially smafler in the Si-molecrde,it

is farther ro.ked with this transition from D3h to C2V symmetry, which eventually makes it impossible to form a stable

hyprvalcnt structure. The effeet of anglereductionis the samein Ge-moleeules,but the overlap is initially much strongerad the

formationof a hypervalentmoleculeremainsenergeticallypossible.

CONCLUSION

Tbc NMR observationsof the studiedby us silicon- and germanium-containingspecies have demonstratedimportant

diffcrcnccsin tAeirsohrtionstructures. All the studiedsystemshaveprovedto be stableisolablecompoundswith ionic nature. The

siliconmolccrdeshaveexhibitedpropertiesconsistentwith the presenceof an inkamolecularidentity exchangeprwcss. The studies

haveshown,for compound4, that unlike the S@ reactionsat carbon, in the w of silicon the nucleophile-substrarecomplex is

detectablein polar protic solvcnrsand is loeatcdat the lowestminimumalongthe reactioncoordinateof the exchangeprocess. This

phcntrmcnoncan be, at least partially, attributwi to the rcduxxfmagnitudeof the negative entropy of its formation, dw to Lhe

pmpcrticsof the tridentateIigand.

The studiesof thesesilicon-containingsystemshavevirtuallyexcludedthe presenceof fwrtavalent, symmetricalforms as

stablespeciesin solution. The idea of a pseudomtationalprccc.ssof interconversionbetweenhypervalentstructurescan, in thcrrry,

W cmploycdto explain the dynamicNMR phenomena. However,the exfxxtcdNMR patterns significantly contradict the acruaf

mcosurcmcnts.

Tbc studies of compounds5 ad 6 are incomplete. Although the NMR evidencesupports the prcwrcc of stab]c

pcntawdcntand symmetricalsycies, thereremainsa finiteprobabilityfor intramolecularidcnlity exchange. Compound7 has been

studiedthoroughly, both in solution md in Lhcsolid state. Its solution behavior is a mm.example of a profile with a skrble,

obscrvoblc‘~rozentransitionslate”.

All studied compoundscontain a tridcntateligand incoqmratcdin their structures. Tfrc usc of triderrtateIigands for

prcpamtionof hyfwvafent compoundsis beneficialbccattwit fixes to a kargeextent ccmin Iigandsites around the central atom.

Thus i( rcduccs,in magnitude,the entropyof formationof hypervalentmoleculesby decreasingthe rrcgativeentropy of association.

On the other hand, tfre tridentateIigandcausesdistonions fmm tie idealTBP geometry. Such distortions rake the e[ticicncyof

certainorbitaloverlapsresponsiblefor the formationof hypervafentstructures.
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