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Heteroorganic betaines 
5.* A DVI" study of the structure and reactivity of 6,6-dimethyi-6-silafuh'ene 
and silicon-containing organophosphorus betaine -CsH4SiMezCHzPMe3 + 
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The <,truciurc', of b,6-dJnlcthyl-b-,,ilafulvcilc C,H4SiMc- (3). its dollOl-at:cc~ptor COll"lplcx 
with ammonia. C4H,SiMc2"NH > dirncthylful,,crm, a number of cyclopcniadicnylidcs. 
nacthylcrzcirimcthylphosphoranc 161. and ~,ilicon-con[aining org:mophosplmru,~ bet:line 
-C.,;H;SiMc2CH2PMc 3" (13), lhc product of iluclcophilic addition ot'6 tO 3. were calculated 
using the density ftii]ctional approach. I--or Ctil~lpouild 13. /he poicll l ial energy mhlimuM 
corl'cSpollds It'; Ihc colll'orrll~/liOll with gg.lt1ch(,-ilrrilll,~1211112llt el'the cyclopcnladicnyl allionic '.llld 
t r imc lhy l I lho~phot l i t l n l  ca t io l l i c  CCllit21-s alld :1 C - S i - - C - - P  ditacdr:lt :/t/glL, o (  30.5 ~ which is 
duc Io  tilt.' (. :otl lol l lb a l l r : ic t i t l r l  bc'l,,~et.,ll thc-,c .21:tilers. / \ccortJ i l lg to calcul : i t io l ls ,  hr.,taint 13 is 
rather slabh: toward dccompnsitiou into 3 mid 6 I A H  <' : :  42 kcal reel - t ,  A t ;  <' = 31) kcat ill,,d-I L 
"[hc liNiill ch;lilllCl o1" thermal dc'con/posilioli of comr)ollild 13 in\,ol,,c,s iill illh'amolccular 
nuclcophilic ,,ubslilllliOll. which pl'OCC~ds ~,ith clin]ination of trimcthylpho~phinc alld it?stills 
ill t , l-dimclh)l-I-sitaspJrol2.4ihcpla-4.6-dicnc, which then t l l /dcrgot. "~, :1 fetid).' aild Jl'rcvcr:4- 
iblc ib, onlcrrz,iliotl t it le 6.6-din~cll'lyl-6-sil,ibicychq3.2.0ihcpla-l,3-dit,'nc owin 7 il l lhc 
II .51-signlatropic sl~iR nf tile C--Si bond 

Key words; silaolcl]ns, silafuh'cnc. ,,i}icon-containing organopl'iosphoru <, hclail]c's, noll- 
c.'mpiricat qtlatlltull-chcllliccll c',,l[,culaliOll~,, dcllsily tttllClioiial lhcorv. 

Thc chemis t ry  o f  ct)l ' l lpotinds wi th  mu l t i p le  carbon- 
silicon hoilds has becll progrcssillg rapidly ill the last 
decades, z.3 There  arc i,,vo major lhctors responsible Ibr 
the kinetic instabili ty of  silaolefins, namely,  the tower 
cllergy of  the 3pr:--2prt-bonding i l l the S i=C fragment as 
con]pared It) that o f  the 2pr,--2pr-bonding in tile C'=C 
olelhl fr:.lgnlcnts and the high polttrity of  the ,s"Si--Cd- 
bond, which is due to the large difference between the 
electronegativit ies o f  carbon and silicon. The latter ell'cot 
is even more p ronounced  i'or contpounds w i th  the Si=X 
(X = O, S. N R )  double bonds. Because o f  this, the 
simNcst silaolefins,  silgmones, and si laneihiones can bc 
detected and s tudied spectroscopically only in solid noble 
gas matrices at low tenlperatures. "l In order  to increase 
the kinclic stability o f  such compounds,  bulky  substitu- 
ents are usually a t tached to both atoms of  the Si=X 
dyad, thus p roduc ing  stcric hindrances, z,3,5,6 Dclocal-  
ization of  the posit ive charge on the Si atom owing to 
the coordinat ion  o f  donor  groups, as well as delocaliza- 
tion of the negative charge on the C atom or hetcroatom 
X in the dyad, also have a stabilizing effect. In particu- 

* For Part 4, so,.: Roll 1. 

lar. this approach h:ls been Ibicd lo t  iso la t ion o f  a COll}- 
plex bctwecil I, I-bis(trimeth)lsilyl)-2-meth.~l-2-silalm~p- 
t-mac, which is unstable under standard condit ions,  and 
t r imcthylamine  (I) .  7,8 The authors o f  the lasi-lzamcd 
two studies also sticcceded in character izat ion of  the 
structure of  complex  I. Si lancthione (2), stabilized b.v 
the strong in t ramo lccu la r  N + S i  coo rd ina t i on  hol ld,  has 
also been isolated and characterized.  9 

Me SiMe 3 \ / 
Si~--.~-C 

MZ t \SiMe 3 
N M e  3 

1 

Previously, 
ization of  the 

Ph 

s 

H2NMe:_ , 

2 

t0 we ha,,.e first hypothesized that delocal- 
negative charge on the carborl cenler  in 

tile O'f'Si--C &'- fragment must stabilize the structures o f  
6.6-dimcth_~l-6-si laful '~cnc (3) and related compounds.  
This hypothesis ,xas conf i rmed cxperimenlal ly .  It ires 
bcell showla ll '12 that lhe gas-phase pyrolysis of  silyl- 
cyclopcntadienes  does resuh in a highly reactive corn- 
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pound 3, which can e i the r  be tr;Ippcd by bcnzophcmmc 
(or Mc3SiOMc) or undergo dimcrizat ion (Scheme I). 

We succccdcd in gene ra t i ng  c o m p o u n d  3 and its 
dibcnzo analogs in s(ilutJollS in reac t ions  of  dialkyl- 
chh)rosil.x, lc~clopcnladicnos and d ia l ky l ch lo ros i l y l -  
l ]uorcncs  with phosphorus  ylides ( S c h e m e  2). The for- 
rnatioll o f  silaful,,cncs and  d ibenzos ik l fu lvcncs  was rc!i- 
abl.,,, c o n f i r m e d  both by car ry ing  out the react ions  in the 
presence of  trapping agents  and  by spec t roscop ic  mc th -  
t)ds. 13-17 Coll'~pOulld 3 GAll also bc t r i p p e d  by excess 
alkylidcncphosphoranc. The rc:.tctioils result in silicon- 
contai i l ing organophosphortls betaines 4, which were 
isolated as solids and cha rac t e r i zed  spectroscopical ly .  

Scheme 2 

tivit.,,' of  bctaincs  4 and 5 requi res  knowledge o f  the  
factors  responsible for the i r  s t ruc tu re  and propert ies .  To 
this  end ,  6 ,6-dimcthyl - -b-s i la fu lvenc  (3) and bc ta incs  4 
and  5 wcrc studied theore t ica l ly  in the f ramework o f  the  
dens i ty  l \mct ionat  theory f D F T )  approach .  The  a im of  
this  work was to study c o m p o u n d  3 and o11,2 r ep resen ta -  
tive of  bc ta incs  4 (P, = H. R '  = Me). 
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Recent ly ,18-24 we have also synthes ized  a large group 
of s i l i con-con ta in i l lg  o r g a n o p i m s p h o r u s  be ta incs  5 with 
phosphonium cationic a n d  thiolate anionic centers 
( S c h e m e  3) and carr icd out  de ta i lcd  s tudies  of  the i r  
s t ruc tures  and  reactivities. Beta ines  4 and  5 were tbund  
to possess  some unusual  proper t ies .  T h e y  cart undergo 
,,arious and rather complex chemical trarmlbrmrttions. 
This, in principle, allows the use of  these compounds in 
syntheses  of  ofganosi l icon ccmlpounds  with the sil icon 
a toms in tinuSl.lal ox ida t ion  states. C 'on t ro l lmg the reac- 

Calculation Proced u re  

Currcnlly. dac I)FT approach is finding increasing use in 
MLIdis o f  Colnplcx lllOleCLIIclr gy~;tt.>rllS and IllcChLIIlJMllN of 
chcllliCal reactions. "[he rc',ults of IJF|" calculalions arc r 
rablr in accuracy with ihosc obtained by mldilional ah ini/ io 
method,, with iI1CIuy.H.H1 t)l corrclati,.)n cffi.'cb,, hal tllClr compu- 
tational co-',! i,; lov~c'r. In thi'; work, all calculations wcrc carried 
out u.-.ing an original soliwaro, z$ 

The exchmtge-corrclation energy wa~, calculated using the 
generalized gradien! ;ipproxhnation and tile Perdew--Burke-- 
Ernzcrhof (PBE) h)brid fhnctional, z6 One-electron wave func- 
tions were expanded using extended basis sets of contracted 
Gaussian liulclJons of size 131 I / t }  Ior H, /6111 I 1/411/1 I} for 
C and N, and 1611 I I I1111/511 I 11 I/11} for Si and P (figures in 
braces illdJCatr the colHractJon patterns of the Gaussian func- 
tions lbr the s-. p-, and d-AOs, respecti',cl)). According to the 
algorithm propo>,ed earlier, z5 the matrix elements of tile Cou- 
lomb alld Cx.chz.lll~C-COITCl:.ltiOll pt)tellti:.lls wcrc catctilaled usJllg 
electron densily expand, ion in an auxiliary basis set. In this 
work, the auxiliary basis set comprised uncoutracted sets of 
atom-centered (;auhsiall functions e l  dimensions (Sslp) for H. 
(10s3p3dl |)  tot (2 and N, and (14s7pTdltlg) for Si and P. 
Stationary points oil the potential energy ,:udaces (PES) of the 
syslClllS t.lnder sttldy (lablc I) were }ocalcd by :.lnalyzillg lhc 
Hesse matrices. The ',econd derivatJ'~es of energy with respect to 
coordinates were calculated analytically. Atomic charges were 
calculated usip, g the Hir,,cbl)ld method. Previously. we used 
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Table I. I o t a l  Clltngics (/ :)  t}l" lhc ,Srnclurcs ui]d,:r stud~ and 
zcr{ i-poinl "dhrai ioual energy corrccl io l is {ZP#-t 

Strut -  A ZPI: '  

|LIfC ALl 

3 -561.8(/977 0.14037 
- 5{}f}.{14 v 18 0.13364 

7 -31(}.44136 0 14425 
8 -67{}45623 - -  

9 - 6 5 3  54 13 1 - -  

10 -- 618.35{)73 0.17X55 
13a -1061  93313 0.27,~47 
13b --1061.91(272 - -  
14 -6{2t.(28897 I). 10957 
t'.,Xle ~ -460 .82468  0.1{)957 
15 - 1(261.876')0 (}.27583 
16 -61) I {)8642 I}. 16,'408 
17 - o 0  1.1 {)326 {). 16N4,'4 

thi~ coi l ] l }ulal iOi lal procedure ;.llld xoftwart: in %tudies o f  the 
wi~t:halii,sl+~ o f  I lapt t i l ropic rt.:3rranT{..lllc'ills in t ian+i l iOi l - inc la l  
~-conq+lc\c,, !{} al ld alkal i0 ac[ ivai ion by cat ionic comploxc,~ o( + 
zlrcOlllt i l ] i .- ] o  ,_'hock the d{.]cqliucy o| ' tho :ll}l]lO:lch +mph}yed. 
pR' lhnin: t ry ca lcuhl t i { ins  o f  the MitlCtLIrck {it" Mclhylc i lC+ 
t lhnclhylpho,,phtir :ui l :  {6) i l l/d cl sci'it.'~ o l  cyc lopenladiu l iy l idcs 
wcrc carl'icd out. 

Mclhy lcnctr in~clh) lpho~phor:uK'  16) is the ~implcst phos- 
phoru~ ylidc. ' the SlfuCltuc o l  this r  (f:iT. I) II;l~ bcmll 
lhc ~Ilbir o l  ?,c',cral cxperi lTlcnlal alld Ihc{>rclic;il stu(Jit.m. 
:\cCt}ldillg It} the dsl;i o i  Io~-lcinpcr: l lLlrc X-eel+,. ditTracl ion 
sltidy, tht. PMt: I lT:igill{_'ilI II,is :ill a,.yillli]r MrLlt;turid, whi le 
h)droTt'n nlonl,; at the C(2}  4Ionl  de:; hi l t  I'rolYi ll+lc �9 pkiIw p:i';~,h17 
lhrmigh ihc C__'(2)~P hoi l tL I}\'l 'snlidM slructuR" of" th~ P = C H ;  
fragnll.'ni 'a.;is also oi)kct-vcd- for C F I , = P P h l  I-Iowc~cr, these 
t:l'ioct,, c{.}tlld be {luc io p;Ickhi 7 filclors. [ h c  .sJ/ls} CtlD.,r 
oblalllCd in the g;is-phtl$c olcclrt}n d i ( i racl ion shldy 30 o f  com-  
i-iOlllld (i ~ClC h l lcrprc lcd tlSSttiilill 7 ;.i CIu Syllll l lOIl] Of fi le PMc 3 
[rsb'lllcill 4lid ;I p!~il~a.ir I}CFI~ ul:it. Floweret, MP2t6-31  IO ~ 

.- I'~ 

* ~  C'{ 2) 

i 
P{ I ~ilt__ "LC! 132 

. . . .  > 

,i id 

Fig. I. Calcui: l tcd i I ]olecuhlr gcomelry o(  n]ethxlci ictrmimihyl-  
pho~q~hor:.nlc I h). 

calculations 2{I c)l lhe eqLiil ibriurn geometry o f  n-u}tr 6 si~mwd 
ihcll IlK' global pOlr C'lh'rgy 111illi11111111 corrcspOllds to lhc 
MrticluR" wi lh C -;)'111IilC'lO'. I lk' ptiranlc'l~r,~ o l  which :lrL' Ii,,tcd 
m Table 2. Rc-'-;ll~itlly~,is o f  till." cxper in lc l l ta l  ~'J/lq cuiwc<43ll 
Lllldc[- HqMIrllplioI1 O(" (', ">)vllll!clry has led 1o stibMasli;lil). 
i inprowd |it Of the {_'\p{.'l'JlllCllt:il illiL.'llxilic,, I'elati~c Io the old 
I'C(]IICIllClll The new set o f  gcorilolrJl_' pctr[trllc'tt'l"; W:l,; l(ttlltd [o 
bc in c.\ccl lcnt agrccnlCt/ l  bo lh  wi th Ihr ic,~ull,; o f  Ihc 
M P 2 i 6 - B I I G *  ca lcu la l ions z<} :.llld wRh Otlr ie,ul i~ obtained 
Ih)rn DFT c: i lcuhl l ions (see foible 2). 

It is signil]C:tllt that both COlnpCilStil}nal r l lcthods icproducr 
;~cll Mlch 4 d i 'q inc l ivr  l'caluic o f  flit' I l lolectihir gc{}mmll'~ ;ix lho 
nol iplsl lar Mrtir o f  the PCI 2 } t t {3 )H{ - I }  ui i i !  '~ith the "p.t rci- 
Illid:ll" C( 21 atOPil. TBc ~ll'l[Ik.' bet WCCII the C{ 2 ) = P bollct 4Rd the 
Dim)c" paSSillg d l rough the C{22. t I (3L  alld t l44i  aloi}ls is 33 I ~ 
which is in ct.grccmcnl with ihc vctluL'-~ rcporlt~d csrl icr z'} for 
(_'H21}Mc~ {27.4% ;li ld CII~I}Ph~ f ] 6 ' } .  The UliCl,~g 7 o l  ~hc 
lian,~ilion sl.:llc { I S )  o f  illvmDq{, ! ;he C(21 4lOITi {with (", 
~,yllilllCtQ,} i'~ 1.2 kcal i l lol I 12;:, -. also in good :lgrUClll{.'lil 
with il vahlc o f  1.3 kcal rllol -1 ohlai l lCd 0"(}ill IX|P2/(~*31 I{'] ' 
c:llcuhitions. !9 

Yct a l lo thcr  grot ip  o r  i l lt ldel conlpot l l lds Mtidied in this 
;~ork compr i ,cd d in lc lhy l fu lvcnc ( ' 7 )and  :~ull'ur (8i  alld phos- 
ptlorus (9) cyclopcil iadicnylidc'~,. "Phc calcuhl led gt:olnclric pa- 
rameter <, arc l isiud in Tabk: 3, v, hich also includes experimental  
d:lla given tor Ctiillr}tlliSt)ll. *ks Call b,2 ~t_'711. the C'OlllptitdliOil:ll 

Table 2. ,Xlolccular geomet ry  paramctcr,~ Ibr mcthylcnctr imcthylpho, ,phoranc {5) 

Parameter I._xpcrimenI Calcu lat ions 

ED'; X-.ray :msI.vsifl' M P2/6-31 I(} ~ PBI], ,TZ2P c 

Bond tcngth/A 
P( I )-- (2'( 2 } 1.656( 2 ) 1.678( 2 } 1.667 I. 694 
P! I ) - C I S )  1.837(6~ t .791{2} 1.840 1.87f} 
P( I } - -C(9)  I .,~09(3) ] .~(JS(1) 1.817 t.83:, 

Bond angle/dog 
C(2)--Pt  I ) - -Cf3)  122.4(7) I 10.7(I) 123,9 124.2 
C(2)--PI  I ) - -C(9)  II 1,4(13) 115 69((}) 10t,4 I }0.3. 
C{S}--P(I) - -C{9)  I{i1.{}(202 I05.4{}{7t 101,7 101.62 
C{9i-- P( I i - -C(  13 } 107.4t ? ) 1005 107.46 
I ' ( I ) - - C ( 2 ) - - t t ( 3 L  118.2{18) 111{2) 117 116 I 
PI I )--C(22--F1(4) I I 18(3)1 
IIf3)-C{2}--I- l i4} !15 7(20} 118(32 116,1 115.3 

Dihedral angle/dog 
C(5) - I>{I ) - -C(2) - -1 t (3} .  739(30) I~0 72.2 72.5 
C( 5)--P{ I1 -C12}- -1 t (4 )  409  

a The rc~utts o f  gas-phase electron di f f ract ion xludy 3~ 
,s Sr Rr 29. 
C l h i s  ~ork.  
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Table 3. Calculated and expcr imcn la l  (i igurcs in parenlhescs) borld h:nglhs ill lhC cyclopentadicnyl ring and lilt: dipole I]lOlllClllS Q.i) 
ol 'd imcthyl l ' t l lvcnc  i7)  alld xtilliir II~i) ;.lild p h o s p h o r u s  19) cych~pcnladici lyl idc, ;  

i 1 

4. 4 

X = CMe 2 (7) X = SMe 2 (8), PPh 3 (9) 

X Boud le ugt h..".:', la./D 14,r rc ncc 

C( I )--(.'(2). C(2)--C(3)  C(I)--C(4), C(5)---X 
C(31-C(4) C(. l ! -C ($ i  

CMc, 

SMc~ 

PPII-, 

�9 36,1 
( .346)  

.394 
( .366)  

.394 
( .3S5)  

1 465 
I1.435) 
1.432 

I 1.3641 
1.425 

(I .402) 

1.46,g I 366 1.94 
1.44!1) (I.344i 32 
1.434 1.71t 6.1 
1.394j (1.709) 33 
1.437 1.S45 7.1 I 
1.423i ( 1.71,';) 34 

Fl:cihod ~c emph)yc:d rcproducc~, l i l ir iy well the resull <, ul" tile 
X-lil'v sfudy. The dis i inct i ' ,c  li2attirc:, of  co1111pOulld~ 7 - -9  are 
t:qualizalioll o f  the fi l l L.' C-.-(_' bt'uld ]ellTillS alld tin incrc:lsc ill 
lhc dipole iilOlllClllS with illcrelt,,ill 7 (tcgi'cc Of chillgl2 sCp;ll:tliOll 
Ill lhc ylide. 

~ == .ble ~ . , M e  ~ , t P h  

Ph 
7 8 9 

l h r  rc,;ultx of  our icxl t.alcut;llion:, <,how that file il!clhotl 
cll iploycd FCpIOdLICL'S ~.~,C{l [ht' MrucILIFCS o f  {/lIVI211q 7 tllld } lidos 
~1. 9. ll ~>hould be uo lcd  lhtll tilt." lclrz-.'e d i f f e r ence  [)t-,lWCCll lhc 
calcukilcd aild r  P--C bond lungths ill ylidr 9 C'tllt 
bc' duo tO packi l lg I':.lclor>,. whici l  could IlOI hi2 taken inlo 
:lcCOtllll. For other cOtllpotiild,,, the c;llCtlltlted bolltJ lengths 
differed from the expcrlmcl~lal v:lhlcs by fcss than 0.04 A. ,Mille 
lilt.' bond ;ulglcs di l l ' trod by al IllOM 3 c. This accuracy i~ lypic;ll 
o( DFT cMctilaliOll5, of  the .~conlcl D. of" ill 'galliC illolt.'ctlles. 

Results and Discussion 

S t r u c t u r e  of 6 ,6 -d imethy l -6 - s i la fu lvene  (3) .  Accord- 
ing m our DFT calcul:tlions with the PBE fllnciiona! 
and I ' Z 2 P  basis set, tile global po t en t i a l  encrg.~ mini-  
mum oil the PES of molecule 3 (Fig. 2) corresponds, to 
planar s t ruc ture  3a. 1"he energy o f  the  "or thogonat"  
coniormcr 3b is 27.4 kcal mol - I  higher, which makes it 
possible to assess the contribution o f  re-bonding to the 
formally double C(5)=Si bond in molecule 3. According 
to Ihcorc t ica l  es t imates  and t h e r m o d y n a m i c  data, 31 this 
etlergy in the  si laolefin C H 2 = S i M e  2 is 39+5  kcat r e e l  I: 
our ca lcu la t ions  give 39.0 kcat reel - I .  

St--Me <-<// ]'Me / 
3a 3b 

The geomelric parameters, charge distributions, and 
lllc ca lcu la ted  dipole  m o m e u t s  i~r b o t h  conformers  of  

molecule 3 arc listed is', Table 4. The bond length 
distr ihul ion over tim cyclopentadicnyl ring of molectdc 3 
is Close to l l lat  fouP, d for t r iphcny lphosphonhm~ 
cyclopcntadienyl ide 9. This is also irl agreement with 
s imi lar i ly  in the chemical behavior of  these compounds. 
in particular, wil l ]  l l lcir abil i ty to react with bcnzophe- 
none "according [o Wil[iB. ''13 Molecule 3 Cxolhcrmicaliy 
adds an amll lOl l i ; . l  molecule to give the donor-acccpior 
complex lO (see FiE. 21 A,zP = -13 kcal reel - j .  A G  ~ = 

- 5  kcal reel- I ) .  The geometry o f  ll]e temple• differ~ 
appreciably front [hal of molecule 3 (see Tablc 4). The 
bond arrarigcmcnt of the Si atoll] attains a configuration 
of  a distorted tctrallcdron. The C(5,1--Si bond is some- 
what lengthcrled, the dipole moment of  eonlplc\  10 
iRcreases, and a tendency toward equalization of the rii]g 
C - - C  bond lengtl]s is observed. According to calcula- 
liOllS, tile barrier to rot:ttion about the Si--C(5) bond in 
complex 10 equals 6 kcal tool- 1, which indicates appre- 
ciable weakening of  the 3p.,--2p.~-bonding in the Si--C 
fragment. Tile results of calculations for complex 10 tire 
in agrecmcm wHh a number o f  cxpcrinlemal findings. 

Me R 
Si Si 
A Me R 
NH 3 

10 

Ph 

C )  ~"~ NMe 2 

11 

12 

For instance, we have previously found that the 
dibcnzo derivatives ,,,,ill] alkyl groups at the sil icon atom 
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a b 

..r "~,i c(71 c(2) c(1)(.ts ) c171 / ,  

't /~C(8) ,~ % 

Fig. 2. Calculated moh.'cular gcornch'\. {)f dinlcthy!xilafulvcnc 
{3) (o) and i[:,complcx with 8mn~onia I : I) (10){b). 

(o f  type I I }  are highly react ive  on the o the r  b a n d .  
c o m p o u n d  12, ~vMch we have obtained and  spec t ro -  
scopical ly  charac ter ized  ear l ier ,  p) exhibit.,, a suff ic ient  
k inet ic  stabitily owing to the  ~brmat ion of an i n t r a m o -  
lccular  d o n o r - a c c c p t o r  b o n d .  Most  likely, it is the  s tabi -  
l izat ion duc to the f o r m a t i o n  of  a d o n o r - a c c e p t o r  c o n >  
plcx wilh pyridinc that  is responsible  for tim possibi l i ty 
fo r  the equi l ibr ium we l b t m d  earl ier  to occur  in pyr id inc  
so lu t ion  b~b (Scheme 4}. 

~ N 

S c h e m e  4 

~ i-CliP- -'[~R :3 

T he  s t ruc ture  and p r o p e r t i e s  o f  beta ine  13. A c c o r d -  
ing to our  DFT c: f lcula t ions  with the PBE l imc t iona l  
and  T Z 2 P  basis set. the  gas -phase  react ion bc twecn  
6 ,6 -d imc thy l -6 - s ik f fu lvcne  3 and  6 proceeds barr ier lcssly 
with a s trong cxo thc rmic  effect  (,',H ~ = --42 kcal tool -~). 

Table 4. Geonlctric paramclcrs alld atomic ch;lrgcs for 
b.{}-dimclhyl-6-silafulvcnc (3) and ils complcx wi)h ammonia 
(1 : I ) (10) oblail)cd from D F ]  ( PI3E/"-I'Z2t }} caicul;~tion.,, 

Parameter 3a 3h I0 

Bond Icnglll/A 
('( 5 )--C( 1 }. 1.457 1.446 1.443 
C(51-C(41 
C( I)-- C(2). 1.370 1.395 1.395 
C~41-C(3) 
C(21-C(31 1.453 1.421 1.426 
Ci5)--.Si(6) 1.752 I 758 1.78 
SiIO)--C(7). 1.883 1.871 I.N87 
Si(O)-C(S} 
Si{6)-- N(g) -- -- 2.036 

Bond anglc/'dcg 
C'~l )--Ci5~ --Ct4) 106.8 1073 106.8 
Si( 6)--C( 5 l--C( I ) 12ft.() 12b.3 125.0 
Si(0)--C(5 )--C{4) 12(}.6 126.2 125.4 
C(5) -S i{6}-C(7)  121.9 125.o 119.8 
C(51-Si(61--C(81 121.9 123(> I 19.9 
C(71---Si(61--C(8} 116.3 t 11.4 112.5 

Dihedral angle/dog 
(7( I )..-C( 5 ) -  C(41--C(3) 0.0 0D 1.2 
C( I } - -C(5) -S i (B) -C(  7} (}.(} 9().(} 27.3 
C( I ~--C(5}--Si(61-- C(~) 1800 -90.(} 174.7 
C( I l--C( 5) - -5 i{6)I  N{9) -- -- -78.(} 

A[Ol l l i c  C hil I '~k'/3 tl 
Ctl)  - 0 1 5  -0.19 --t} 19 
C{2) --fi I() --0.12 - {L IB  
C(3) - ' -(}.11 -(}.11 
C(41 . . . . .  (} II -0 II 

C{5) -0 .  iO -().12 - 0  13 

Si{6) (}.41 0.57 0.39 
C(7) --0.19 - 0  19 -0.2(} 
C( 8 ) -0.19 -- 0.19 -0.20 
N(91 -- -- -(}. I I 

l.)ipolc tll{}lncllt/D 4.35 7.20 8.73 

The calculated s t ruc tu re  of  the simplcsl  bc la inc  (131 is 
shown in Fig. 3 and  the  geomet r i c  paramclcrs  arc lis)cd 
in ] a b l e  5. Some sal ient  features  of  lift'< s l ruc ture  should  
bc po in l ed  out A m o n g  these is the acct, mu la t ion  of  a 
ra ther  large negative charge  in the cyc lopcn tad ieny l  ring, 
which leads to fur ther  equa l iza t ion  of  the C - - C  bond  

LI 

\ i" 
C(3 ) / ~  C(2} 
�9 ~i ,! C( ) / 

~'~, .'~. ,. C{ I I 
' i,is . : /  ~ i ~ ' ~1 

CIS)~ %.. ..~,- C(  I_) 
',", P( J 0 ) ~ . ~  ../ 
)~ Z -- " . . .  

S i ( 6 ) ~ _ . _ , _ _ , ~ ' ~  '{ ~ C{ I..,, 
', ' ,  

c(s)', v . ,  

C ( . 3 ' ) ~  C{ 2) b 

C ( 4 ~ C (  I } 

Lksi, ,) a '  
= ~ C ( 9 1  

- " - %  I P ( l ~  

, / ~ ' ( I I )  

131" c ' ( I - ' )  

 L@.cI'I 
C I 5 ~ \ :  " 

Si( 6)a(~ "-'&..~ 

~ C ( 9 1  

C{ 131'~, . . . .  % t 
11 

Fig. 3. C.alcukltcd molccul',lr geomclry of bclainc 13 (gauche-conf'ormcr 13a (u) and "rotated" conformer lJh  (h)! and geomctS, of 
tranMtion slate 15 (ok 
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Table 5. Geometric pai-anlelCls o1 belt.lilac 13a aild transition 
stale' 15 according to I) I :T ( I} I IEt-IZ2P} calculations 

Paramdcr 13a 15 

l}c, nd lcngill:'.\ 
(_(5 }--C{ I ), 1.434 1.454 
C15)--C141 
C( I )--C(21. 1.4o(~ 1.3~8 

CI2)--C(3} 1.421 1.456 
C45)--Si(6) 1.822 1.843 
Si{6}--( ' (7),  I .,~',)9 1.893 
Sit6)--C{81 
Sil 0 } -Cl  9 ) 1.9Sg 1.866 
C{9)--P{ I,}} 1.802 2.531 
PII Ib - - ({ I I}  I $34 I..$76 
Pf 10j--C1121. 1.813 1.7,54 
t}t I O)-C{  13) 

Bond angle/dog 
C{ I }--C{5}--C(4) 11)6.5 106.5 
C15)--Si{6i--C(9) l{k}.4 77D 
C(5}--SiIN--C{ 7 ) 115. I -- 
S i{fq-c ig) - -P{  10) 115.9 117.6 
Cc9}-- P( 10}--C{ I I) 112.9 - 
CIOI--P( I(})--C(12) 1 I(}0 - -  

Dihcdr;ll  ;nlglcidt_'g 
C( 5)--5i{r 10) 30.5 185.t} 

Ait~MiC eh, l r ,gc la[ i  

C( I ) - 0 .  I g -.- 
(7121 -0.21 -- 
C( 3~ -0.12 -- 
C{ 4) -it. t 2 - -  
C'i5) - I )  21 - -  
Si{6~ 035 -- 
C{7i - 0  14 -- 

C'~8) -0.14 -- 

C{gl - 0  19 -- 
P ( I 0 )  043 -- 
C(I I )  -0.12 -- 
C(12i -0.12 -- 
C( 13 ) --0.14 -- 

D i p o k "  I]IOMCIII/D 11).45 -- 

lCllgths as c o m p a r e d  to those in illOtccule 3 and  {o an 
increase in the d ipole  mOnlCt:t. Tile potent ia l  energb 
m i n i m u m  co r r e sponds  to lhr gazmhe-col~former { 13a) of  
tile molecule  with respect  to the CClltral C(9)-.-Si bond  
(tile C ( 5 ) - - S i - - C ( 9 ) - - P  d ihedra l  angle: is 30.5~ The less 

a b 
%,.C(9i~ 

Sit(  l.ka-.'.~'C f 9 ~ 
% .  CI I ) ..... I t  " U "  " 

Fig. 4. Calculated rnolccular gt.'omd~' of l . l-dirneihyl-I-sila- 
:,pirol2.4lh~:pia-4.0-dienc (14} h'i~ and Irarl,;ition si;lic 16 (hi. 

siericatty h i n d e r e d  conformat ion  (13b)  co r r e sponds  to a 
shal low local  mir l inmnl  on Iilc PES (see Fig. 3). which 
tics 15 kcal  reel - I  h igher than t i le .global lllininltl111 13a 
Ol1 the eneri,v.., scale. Stah i l iza l io l l  o [  t he  ,,c, auc/Te-colltbr- 
ntat ion 13a is likely due Io strong e lec t ros ta t i c  : t t t rac l iou 
hcT*eon the ca t ion ic  ;uld an ion ic  ccr l lors.  

Thcrlllr_tt ac t iva t ion  of" mo lecu le  13 invol,<cs all in-  
t r a M o l o c u l a r  nuc lcop l / i l i c  subs t i tu t ion ,  wh i ch  proceeds  
with e l i m i n a t i o n  of  t r i m c t h y l p h o s p h i n e  (Schei l le  51 
and  rcs t l l t s  in I . I - d i r r m t h y l - l - s i l a s p i r o l 2 . 4 l h e p t a -  
4 .6 -d iene  (14).  

Scheme 5 

~ Me Me ~ ]I 
P ~ M e  '- . " 

M e " ~  s t - - /  M~ :'/S I--~1~ , , ,Me 

M e  / 
M e  M e  

1 3 a  1 3 b  

: P - , . M e  i 
: / 

M e  M e  

15 

P M e  

" + Me / '~Me 
Me"' 

Me 

1 4  

First.  the intcrconvcrs ioH 13a ~ 1 3 b  occurs. Tl-aliSi- 
t ion state 15 is c i laractcr izcd by l eng thened  s imple and 
shor tened doub le  bonds between the cyc lopen tad ieny t  
r ing a toms.  The  energy d iagram o f  t h c r n m l  decompos i -  
l ion o f  bc t a inc  13a is silo,,vn in Fig. 6. Analysis  of  the 
bond leng th  rat io and energy p a r a m e t e r s  sttggcsts til;tt 
TS 15 is "c loser"  to the react ion p roduc ts ,  i.e., this is a 
" late" TS (see Table 5}. So lva t ion  w i l l  undoubted l$ ,  favor  

/ !  / ~l t [ )  t 

c:;%-{o 7, 
Fig. f Calculated molcc;ut;u geometry o f  6.f>dimcthyl-6- 
silabiq,clo[ 3.2.0]hcpta- t ,3-dicne { 171. 
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E 15 
( 3 4 0  

I5  1} ~ ," ,-=-. j a_gb_,b, 
,,' (14.8) 

/ 
,, 

13a ,' 
(0.0) 

Fig. 6. ]l'lc cncrg,v diagram of" thermal decomposition of bclLlillc 
13a (ligurc.,, in parcllthosc~, ;ire Iht, > relatiw Cllergic:, given in 
Real m{}l -I 1. 

16 + PMe., 
(13.8)  

4 + PMe 3 
(12.21 17  + P M e ;  

(4.8) 

a decrease  in the energy d i f ference  betwceil coi l formcrs  
13a a n d  13b. In th is c o n n e c t i o n ,  the he igh t  o f  the 
ac t iva t ion  barr ier  134 kcal r e a l - t )  ca lcula ted for the gas 
phase  should  bc regarded as the upper  bound  Ibr this 
reac t ion  i l t polar sol,,ents. 

It should  bc noted thai  c o m p o u n d  14 (see above) is 
lie/ the end reactioll product .  A ready ]1 ,5I -s igmairopic  
shift of  the S i - C  bond  in 14 througtl  TS 16 results iri 
6 , 0 - d i m e t h y i - 6 - s i t a b i c y c t o l 3 . 2 . l } i h c p t a -  t , 3 - d i c n c  ~ 17) 
{Scheme (~). This  lypc of  i somcr iza t ion  is l )pical  of" 
i l '< ,vc lopc i l iad ie l ly l  der ivat ives  o[  both no l> t rans i l ion  
and  t rans i t ion  c!ements ,  lab A m o n g  character is t ic  fca,- 
t u f t s  o f  TS 16 are the penlacoordina t io l~  o f / h e  Si a tom 
and  r ea r r angemen t  {}f double  and  single bonds  i l l  the 
cyclopcnl ; ld ienyl  ring. Tlic calcut.:itcd :icliv:ltioll cllerg.v 
is 1.6 kcal real  - i  (Ats = - 9  kcal I r i o I - i ) .  The geometr ic  
pa rame te r s  o f  s t ruc tures  14. 16. and 17 are listed hi 
Table  6. 

S c h e m e  6 

i -Me 

i - 

14  16 

H Me 

t~Me I i  

17 

Stemming tip. men t i on  may be made that  the results 
o f  otir  Iheoret ical  s tudy of  c o m p o u n d s  3, 6. lO, and  13 
ushlg the  DFT  approach  with the PBE furlciional and 
T Z 2 P  basis set are in good agreement  with the known 
expe r imen ta l  data on the i r  s t ruc tures  and reactivities. 
They colfl]rm the hypothes is  we proposed earl ier  I~ thai 
de loca l iza t ion  of  the negat ive  charge  on the ca rbon  
c e n t e r  in siIaoiefins increases  the i r  relative kinet ic  stabil-  

Table 6. Geometric pa ramete r s  of t . t - d i m e i h y t - l - s i l a -  
spirol2.41hepia-4,6-dicnc (14).  Irallsilion slate 16, arid 
6.6-dimr 1,3-dicnc 117) 

Paramclc r 14 I (I 17 

Bond Icngth/..\ 
C( t }-C{ 2) 
O 2 } - - Q 3 )  
C13}--C(4} 
C(4}--Q5) 
C(I )--C(5) 
C(I}--Si{6~ 
C(51--Sit6} 
C ( S b  Ct7) 
Si161--C(71 
Si{6}-C{,~} 
Si(6)--C{9} 

BOlld angle/dog 
C~ I )--C(5}-C(41 
C(I i --C(51-C(7) 
C ( 4 > - C { 5 ) - Q 7 }  
S i f6 ) -C(S i -C lT i  
C( 5 ).-Si(6}--(.7{7} 
C{5 )--Si{())-C{8) 
C ( 7 ) - s i i g } - c ( s )  
Si{6)--k.( I }--Q 5) 
C12}--C( I )--C(5) 
C{51--O7)--Si(61 
C( I > .Si lb) -C~7)  
C( I I -  S i r  

CI l )--Sil6}--C(9} 
Dihedral aIlglc./dcg 

C( I )--C(4}--C(51--C171 
C( I )-C{4}--C{5}--Si{{;I 
C(7)--C(5I-Si(6)--C{S}, 
C(7) -C(5}-S i{N-- ( ' {9 )  
O I }--Sii6)--C{5)--C{7i 
C12}--C{I)--CI5}--C{4} 

1.463 t .3% 1.47,~ 
1.451 1.421 1.375 
1.463 1.394 1456 
1463 I 434 1.381 
1463 1467 1.513 

-- 2.511 1.972 
1.904 1.966 -- 
1.553 t.526 1.5t I 
1.853 1862 1.91S 
1.882 1877 1.889 
1.882 1.886 I.,'-;92 

106t) II),'q.0 I07.3 
125.8 1246 111.2 
125.,~ - - 
62.8 -- -- 
47.<~ -- - -  

18 .1  - -- 
20.4 -- -- 

- -  10g.0 77.5 
- -  1116.(~ 1 i18.4 
- -  71.4 79.4 
-- 72.8 798 
. . . .  114.!} 
. . . .  1129 

17,0 
- 5 5  I 
73.1 .-- 

.... b;2,1 
- -  1.0 

40.7 

ity. According to ca l cu la t ions ,  there arc two main  de-  
compos i t ion  chamte t s  o f  b e t a i n e s  4 (and,  in par t icular ,  
compoul~d 13). They  involve  (a) hemolys is  of  the  centra l  
S i - - C  bond followed by f o r m a t i o n  of a s i lafulvcne and  
phosphoranc  and (b) i n t r an lo l ccu l a r  nucleopil i l ic  stlbsti- 
tu t ion ,  which proceeds  wi th  e l imina t ion  of  a p h o s p h i n e  
(sec Schc'mc 5). C h m m e l  (b)  is more energet ical ly  favor- 
able lor a gas phase and  p h o t o c h e m i c a l l y  ac t ivated  solu- 
l ions ,  as was obsewed  for  bc t a ine s  5. 22-24 However ,  the 
results of  our ca lcu la t ions  also suggest that in solvents  o f  
h igh polarity and in the p r e s e n c e  of  d o n o r  molecules  the 
probabi l i ty  ratio of  the  d i f fe ren t  decompos i t ion  d m n n e l s  
o f  betaines 4 can be c h a n g e d  in favor of  c h a n n e l  {a). 
Th i s  allows m sire g e n e r a t i o n  of  silalkflvencs m solu t ion  
f rom betaincs followed by in t roduc t ion  of  these  mol-  
ecules  into various c h e m i c a l  react ions.  In this c o n n e c -  
t ion ,  the equilibria s h o w n  in S c h e m e  4 u b  descB, e de- 
tai led considera t ion.  It is also believed th:tt the the rmal  
decompos i t ion  c h a n n e l s  (a) and  (b) should bc c o m m o n  
to con ipounds  4 and the i r  c a r b o n  analogs genera ted  from 
fulvcnes  and p h o s p h o r a n e s .  Th i s  allows d e v e l o p m e n t  of  
s i m p l e  and  easy p r o c e d u r e s  for  the  s y n t h e s i s  o f  
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s p i r o c y c l o p c n t a d i c n c s  f r o m  fulvcncs  and  p h o s p h o r a n c s .  
We arc goillg tO c h e c k  t h e s e  a s s u m p l i o n s  e x p e r i m e n t a l l y  
in the i m m e d i a t e  I t t turc.  

This work  was I i n a n c i a l l y  supportcd bv the  Ru:,;sian 
F o u n d a t i o n  lo t  Basic Res;carch (Pro  cct  No .  0 0 - 0 3 -  

32S,W). 
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