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The origin of the different reactivities of carbenes and silylenes has been discussed. 
Molecular orbital calculations have been carried out in order to estimate the effects of 
substituents on the singlet-triplet splittings AEsT in these molecules. The data of ab initio 
calculations have been used to establish the linear correlation between AEsT values for 
carbenes and silylenes. Both qualitative and quantitative appraisals of the applicability of the 
semiempirical MNDO method to calculations of AEsT values for carbenes and silylenes have 
been derived. AEsT values for a large number of substituted carbenes and silylenes have been 
computed by the PM3 method, one of the latest versions of the MNDO approach (Ref. 14). 
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Theoret ical  investigations of  organosi l icon systems 
were ini t iated in the seventies, l Being devoted to the 
individual propert ies  of  organosi l icon compounds ,  these 
early studies were mainly  carried out within the com-  
mon framework of  investigations of  the structure and 
reactivity of  typical  organic molecules.  F rom the early 
eighties, increasing at tent ion was given to the specific 
features of  si l icon compounds ,  accounting,  in particular,  
for the fact that  the  major i ty  of  the synthet ic  processes 
of organosi l icon compounds  are h igh- tempera ture  gas- 
phase reactions in which silylenes play the role of  active 
particles,  z -6  According  to the  data presented in Table 1, 
this pecul iar i ty  arises from the fact that  in the decompo-  
sition o f  paraffins the format ion of  radicals is energeti-  
cally favorable, whereas for organosi l icon molecules  the 
"silylene pathway" is preferable.  7 

Silylenes are the closest analogs of  carbenes.  The 
results of  exper imental  studies of  the structure and 
reactivity of  the  lat ter  have been reviewed and discussed 
in detai l ,  z - 6  Poss ible  e l ec t ron i c  con f igu ra t i ons  of  
carbenes and silylenes are shown schemat ical ly  in Fig. 1. 
The reactivity of  these compounds  depends  pr imar i ly  on 

Table 1. Enthalpies (AH/ kJ tool - l )  of radical, 
carbene, and silylene decomposition pathways 

Process AH 

Sill 4 ~ Sill 3 + H" 380 

Sill 4 ~ Si l l2:  + H 2 205 

CH 4 ~ CH 3 + H" 439 

OH 4 ~ CH2: + H 2 493 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 6, pp. 1006--1008, June, 1994. 

1066-5285/94/4306-0941 $12.50 �9 1995 Plenum Publishing Corporation 



942 Russ. Chem.Bull., Vol. 43, No. 6, June, 1994 Abronin  et al. 

P 

X 1 

/ '1" 
-4-- -- t -  +M 

H -4-- -4 
lcr2 3o p l~r p ]p2 

Fig. 1. Possible electronic configurations of carbene-like sys- 
tems. 6 

the e lect ronic  configurat ion and spin mult ipl ic i ty  of  
their  ground states, which,  in turn,  are determined by 
the difference in energies of  the  s and p orbitals of  the 
sil icon or carbon a tom,  the  values of  the one-cen te r  
e x c h a n g e  in tegra l ,  and  the  cha r ac t e r i s t i c s  of  the  
substi tuent  at the  carbene or silylene center  that  affect 
the de loca l iza t ion  o f  e lec t ron density in the  system. As is 
evident  from Fig. 1, the  most  impor tant  factor is the 
energy gap between the 1~2 and 3op states, so the 
relative stabil i ty may  be es t imated by the singlet- tr iplet  
splitting AEsT. For  a large number  of  substituted carbenes 
a l inear  dependence  between z~EsT and the resonant 
constants  of  subst i tuent  e~ R has been established. 8 These 
constants  reflect the  electronegat ivi ty of  the  substituents, 
so the  stabil i ty of  the singlet ground state and the 
absolute value of  AEsT increase with electronegativi ty in 
ag reemen t  wi th  the  resul ts  of  previous  theore t i ca l  
studies. 9 

Less is known exper imenta l ly  about silylenes, and 
the corresponding data  are less accurate  than those on 
carbenes.  Hence ,  the  appl ica t ion  of  quan tum-chemica l  
approaches  for est imating AEsT of silylenes is of  special 

Table 2. Singlet-triplet splittings (AEsT/ kJ mol - l )  calculated 
ab initio for silylenes and carbenes 10-12 

Silylene AEsT Carbene AEsT 

Sill  2 -74.6 CH 2 53.5 
SiHF -140.0 CHF -38.5 
SiF 2 -309.3 CF? -186.0 
SiHC1 (-122.9)* CHC1 -6.7 
SiCI 2 (-170.5) CCI 2 -56.4 
SiLi 2 43.1 CLi 2 (166.4) 

* Estimated by relation (1). 

interest. The AEsT values for several silylenes calculated 
by ab initio methods  in extended basis sets with the 
inclusion of  correlat ion effects 10,11 are listed in Table 2 
together  with the same data for analogous carbenes. 12 

The methylene  (as well as, probably,  o ther  alkylcar-  
benes) and the hypothet ical  d i l i th ium carbene have the 
tr iplet  ground states (positive AEST), see Table 2. At the 
same t ime,  almost  all silylenes (except the  hypothet ical  
di l i thiated species) have the singlet ground states since 
the electroposit ivi ty of  the sil icon a tom is remarkably  
higher than that  of  the carbon atom. The data compi led  
in Table 2 make it possible to establish a l inear  correla-  
t ion between the zx~SiST for silylenes and A~-CST of  
carbenes: 

AESisT = 4.0" AU;ST -- 116.5 (r = 0.995). (1) 

The est imation of  AEsT by Eq.(1) given in Table 2 in 
parentheses coincides with the calcula ted and the rmo-  
chemical ly  measured values 11 within 4 - -6  kJ tool - l  ac-  
curacy, whereas the deviation in pract ical  measurements  
of  this quanti ty is much higher. 

Ab initio calculat ions of sufficiently complex  systems 
are t ime-consuming  and, in some cases, even techni-  
cally impossible. The only al ternative is to resort to 
semiempir ica l  quan tum-chemica l  approaches.  Table 3 
contains AEST values for carbenes and silylenes com-  
puted by the M N D O  method.  Compar ing  the entries of  
Tables 2 and 3, one can easily see that  al though the 
M N D O  approach correct ly reproduces the  t rends in 
AEsT variat ion along the rows of  carbenes and silylenes, 

Table 3. Singlet-triplet splittings (AEsT / kJ tool -1) 
calculated by the MNDO method for silylenes and 
carbenes 

Silylene AEsT Carbene AEsT 

Sill 2 -8.8 CH 2 139.5 
SiHF -85.4 CHF 41.5 
SiF 2 -227.4 CF 2 - 129.0 
SiHC1 -62.3 CHCI 87.2 
SiCI 2 - 125.4 CC12 30.8 
SiLi 2 104.6 CLi 2 79.0 

Table 4. Heats formation of RI--Si- -R ? silylenes calculated by 
the PM3 method (kJ mo1-1) 

R l R 2 Singlet Triplet 

RHF CI(2x2) CI(4• RHF UHF 

H H 213 148 135 127 114 
H Li 340 241 240 240 206 
H F -362 -379 -405 -398 -408 
F F -941 -955 -968 -923 -930 
H CH 3 49 -33 -35  -34  -51 
H SiH 3 177 68 55 66 38 
H NH 2 32 -47  -51 -53 -70  
NH 2 NH 2 -160 -238 -237 -241 -257 
CH 3 CH 3 -111 -195 -198 -193 -214 
SiH 3 SiH 3 84 -12  -14  -13  -53  
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Table 5. Singlet-triplet splittings (AEsT / kJ mol - l )  of R1--Si--R 2 silylenes calculated by the 
PM3 method (kJ mol - l )  and correlation coefficients r for the y = ax + b dependence 

X * X * *  R I R 2 RHF* CI(2 2) C1(4x4)* RHF** CI(2 2) CI(4x4)** AEsT 15 

H H 86 20 8 100 34 21 -69  
H Li 100 l 0 134 36 34 41 
H F 35 19 - 7  46 29 3 -158 
F F -18  -32  -44  -11 -25 -37  -309 
H CH 3 84 1 0 101 18 17 -83 
H Sill 3 112 3 - 9  139 30 16 -43 
H NH 2 85 6 - 2  102 23 19 -169 
CH 3 CH 3 82 - 2  - 5  103 19 16 -92  
Sill  3 Sill 3 97 1 -1  137 41 39 -24  
NH 2 NH 2 81 3 4 97 19 20 --  
a 2.222 3.43l 5.295 1.893 4.438 4.188 
b -264.6 -107.1 -65.4 -279.7 -201.8 -160.2 
r 0.8842 0.5089 0.7756 0.9120 0.8549 0.9059 

* Calculated by the RHF method. ** Calculated by the UHF method. 

it overest imates  the stabili ty of  tr iplet  states by 50--  
80 kJ mol -l .  

For  this reason we a t tempted  to investigate some 
substi tuted silylenes using one of  the most recent modif i-  
cat ions of  the M N D O  scheme,  namely,  the PM3 ver- 
sion, 14 for calculat ions  of  their  heats of  formation and 
s inglet- t r iplet  splitt ings (see Table 4). The singlet states 
were ca lcu la ted  within the  res t r ic ted H a r t r e e - F o c k  
method  ( R H F )  with the l imited 2x2 or 4x4  configura- 
t ion interact ion (CI) ,  while the tr iplet  states were stud- 
ied within the  "half-electron" approximat ion  (a version 
of  the R H F  approach)  and the unrestr icted Hart ree-  
Fock method  ( U H F ) .  The AEsT values (x) obtained 
using these methods  were correlated with those deter-  
mined ab initio for analogous systems is in order  to find 
the correlat ion coefficients r for the y = ax + b depend-  
ence,  see Table 5. Obviously,  the quali tat ively best re- 
sults were reached when AEsT was evaluated as Es RHF 
- -  ET UHF or  Es Cl(4x4) - -  ET UHF (Table 5, columns 4 
and 6, respectively),  al though quanti tat ively these re- 
sults are still not satisfactory. This is likely a conse-  
quence of  deficiencies in the PM3 parameter iza t ion  
which prevent the opt imiza t ion  of  geometr ic  parameters  
with desirable accuracy (the opt imizat ion  rout ine was 
te rminated  at relatively high gradient  norms).  

Fur thermore ,  our data reveal that  the use of  the 
U H F  scheme for the tr iplet  states results in a not iceably 
bet ter  corre la t ion between the nonempir ica l  and empir i -  
cal data, whereas the inclusion of  the CI procedure  for 
singlet states makes it even worse. The PM3 method  
markedly  overest imates  the AEsT values with respect to 
ab initio approaches .  This is pr imar i ly  the consequence 
of  the lowering of  the tr iplet  state energy per t inent  to 
the semiempir ica l  U H F  schemes (see, for example,  
Ref. 16). At  the  same t ime,  this me thod  is l ikely to be 
acceptab le  for qual i ta t ive  theore t ica l  studies of  the 
mechanisms  o f  react ions between organic compounds  
and silylenes. 
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