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Summary 

The thermodynamic cycle consisting of thermal decomposition and dissocia- 
tive ionization processes for l,l-dimethyl-1-silacyclobutane is calculated_ The 
heat of formation and the ionization potential (1%‘) for l,l-dimethyl-l-sila- 
ethylene (DMSE) have been obtained: A@(DMSE) = 15.5 f 5 kcal/mol; 
P(DMSE) = 7.5 2 0.3 eV. The silicon-carbon n-bond energy in DMSE is esti- 
mated: D,(Si=C) = 28 + 8 kcal/mol. 

Introduction 

In the last few years considerable interest has been shown in the chemistry 
of the unstable compounds R,Si=X (X = CR2 , NR, 0, S, SiR,) [1,2], the struc- 
ture and the reactivity of which are explained in terms of a (p-p)-rr bonding 
concept. Calculations on the H2Si=CH2 molecule by ab initio methods using 
extended basis and electron correlation [3] have shown that the energy of its 
singlet state is less by 28 kcal/mol than that of its low energy triplet. This result 
as well as the data of other quantum chemical c&ulations [4,5] shows that 
silaalkenes in their ground state can be represented by structures with a polar- 
ized silicon-arbon double bond (Si”=C-). Attempts have been made to study 
by low temperature infrared spectroscopy the intermediates Me$i= CHMe 
[6,7] and MeaSi=CH2 [SJ isolated in an argon matrix. However in order to 
classify the absorption bands observed, additional data will apparently be 
needed. The value of the silicon-carbon r-bond energy calculated by quantum 
chemical [3-5,9,10] and thermochemical [ll-141 methods shows that in all 
cases such bonds are weaker than the z-bond in olefins. Unfortunately, the 

* Author to whom correspondence should be addressed. 
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values obtained by the various authors differ so much that it is difficult to 
accept any one of them as being the most reliable. 

Results and discussion 

The main aim of the present paper is to find the heat of formation, the ioni- 
zation potential and the silicon--carbon r-bond energy for a molecule of l,l-di- 
methyl-1-silaethylene (DMSE) from a kinetic study [ 15,161 of pyrolysis (Scheme 
1, A, B and C) of l,l-dimethyl-l-silacyclobutane (DMSCB), from a thermo- 
chemical determination of the heat of formation of silacyclobutanes [ 173, and 
from the study of processes D and E in Scheme 1 by photoionization mass- 
spectroscopy [IS]. - 

SCHEME 1 

Me2Si 

LJ 

(A) 
v [Me,Si =CH,I + C2H4 

(6, 

(C)i 

(D) -e 

F Me,?_ 

StMe2 

t 
-I-- 

(E) 
c [Me,Si =CH,]+’ + C2H4 

Calculations were made using eq, l-9: 

AH:,B = A@(DMSE) + A@(C,H,) - A@(DMSCB) (1) 

N:,s = AP(DMSE)&cB - IP(DMSE) (2) 

AH&=D(C-C) +D(Si-C) -&(Si=C) -DD,(C=C) -Es 

where AIY& is the enthalpy of decomposition of DMSCB at 298 K; w- 
(DMSE), A@‘(C2H4) and A_@(DMSCB) are the standard values of heat of 
formation of DMSE, C2H4 and DMSCB respectively in gaseous phase; AP- 
(DMS%-i-a,, is the potential at which the ion ]Me$Si=CH,]” appears during 
the dissociative ionization of DMSCB; _ZI(C-C), D(Si-fZ), D,(Si=C) and 
D,(C=C) .are the bond dissociation energies and Es is the strain energy of the 
monosilacyclobutane ring. 

Equations of types 1 and 2 are generally used in kinetic and mass spectral 
methods for determining the heat of formation of free radicals [ 191, and 
eq. 3, which was used for the first time by Walsh [ 123, results from applying 
a structure-additive principle of thermochemical calculations to processes A 
and B. As is seen from these equatibns all unknown thermochemical values 
(underlined) are expressed in terms of enthalpy of the decomposition process 
of DMSCB, which when allowances are made for different assumptions [ 201, is 
equal to the difference in the activation energies of reactions A and B: 
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AHxmB = EA - E, (4) 

The activation energy of direct reaction E, (62.3 f 0.8 kcal/mol [15]) has 
been determined with sufficient accuracy from the rate constants for the 
decomposition of DMSCB at nine different temperatures in one series of 
experiments (from pressure change measurements) and for five temperatures in 
another series of experiments (analysis of reaction mixture by GLC) over the 
temperature range 394-451°C. The study of the kinetics of pyrolysis of 
DMSCB under similar conditions in the presence of ethylene [15] also gave 
eq. 5 linking EB and Ec: 

EB - f E, = 14.5 t 4.0 kcal/mol (5) 

Using eq. 5 and by assuming that [DMSE] 60.1 [DMSCB] Walsh [ 121 esti- 
mated lower and upper limits of MA,, as follows: 

35 < m& < 52 kcal/mol 

Recently it was established [ 161 that reaction C is a non-activated process * 
(EC = 0) and, therefore, EB = 14.5 f 4.0 kcal/mol. Substituting the values of 
E, and EB in eq. 4, we find: 

AI?‘& = (62.3 ? 0.8) - (14.5 f 4) = 47.8 + 4.8 kcaljmol. 

Heat of formation of Me,Si=CH, 
The heat of formation of DMSE was found from eq. 1, which is an applica- 

tion of Hess’ law to reactions A and B, in which the value calculated above, 

_.B> the heat of formation of ethylene (12.5 kcal/mol [21]) and the heat of 
formation of DMSCB all appear_ Hajiev and coworkers 1221 by studying the 
combustion of this compound in a rotating bomb calorimeter found A@- 
(DMSCB) = 43.6 kcal/mol. According to Dewar et al. [ll], who calculated this 
value by the quantum chemical method MIND0/3, w (DMSCB) = -40.1 
kcal/mol; while Genchel et al. [ 173, using data on combustion of DMSCB in 
the presence of benzotrifluoride, calculated m (DMSCB) = -19.8 + 1.4 kcal/ 
mol. The last value of m (DMSCB) was used in our calculation of w - 
(DMSE), since it is apparently free from errors arising from incomplete com- 
bustion of the organosilicon compound: 

(47.8 ? 4.8) = A@(DMSE) + 12.5 - (-19.8 t 1.4) 
@(DMSE) = 15.5 f 6.2 kcal/mol. 

The heat of formation of DMSE obtained by us proved to be much higher 
than the same parameter calculated by the MIND0/3 method (-19.9 kcal/mol 
[ll]). We compared both the values of w (DMSE) by calculating from them, 
using eq. 1 and the values given above for Aa (DMSCB), the enthalpy of 
thermal decomposition of DMSCB (Table 1). In doing so the plausibility of the 

* It might be as well to point out that theoretical consideration of the cyclodimerization reaction 
HzSI=CH2 by quantum chemical. abinitio 13.103 and MIND0/3 Cl01 methods gives, respectively. 
much higher (14 kcal/mol) and even exaggeratedvalue of activation energy (64 kcallmol). 
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TABLE 1 

ENTHALPY OF THERMAL DECOMPOSITION OF DMSCB (AH: B. kcWmo0 DETERMINED FROM 

EQ. 1 FOR DIFFERENT VALUES OF AH%DMSCB) AND A&(DiISE, 

A&DMSCB) (kcal/mol) A&DMSE) (kcal/mol) 

15.5 = -19.9 b 
-______ -.-... _--_______ __.--- 

43-6 c -15.6 -51.0 
-19.8 d 47.8 12.4 
40.1 h 68.0 32.6 

- .-_ __~_.______ ___- 

o Value obtained in the present work. b Calculated by MIND0/3 [ll] method. c Combustion in oxYgen 

1223. d Combustion in the presence of PhCF3 Cl’i]. 

value Of ~A,B obtained was considered as a criterion of the authenticity of 
values of thermochemical parameters used in the calculation. 

As may be seen from Table 1 calculation of the heat of formation of 
DMSCB, determined by Hajiev and coworkers [ 221, and w (DMSE), obtained 
either in the present work or by MIND0/3 methods, gives negative values for 
&?& (-15.6 kcall mol, -51.0 kcal/mol). These values do not agree with the 
observed instability of the intermediate MezSi=CHz (the energy of activation of 
reaction B is 77.9 or 113.3 kcal/mol, respectively) and, apparently, stem 
mainly from the error in determining w (DMSCB). Similar calculation of 
MA., from the data obtained by MIND0/3 method (32.6 kcal/mol) gives a 
value that lies at the level of lower limit of this parameter (after Walsh 1121). 
Values of mA,s deviate beyond probable limits, if mixed thermochemical data 
(12.4 kcal/mol or 68 kcal/mol), the incompatibility of which is evident, are 
used. 

Thus, in the set of values for the heat of formation given in Table 1 s- 
(DMSCB) = -19.8 kcal/mol and AZ$ (DMSE) = 15.5 kcal/mol show a satis- 
factory fit with the expected value of UA,s. 

Ionization potential of Me,Si= CH, 
Although direct observation of Me,Si=CH2 by mass spectrometry has been 

made recently [ 161, experimental determination of the ionization potential of 
this unstable molecule P(DMSE) is yet to be made. This value may however be 
found by quantum chemical methods and thermochemical calculations_ Dewar 
and coworkers [ 111 through the use of MINDO/S programme, estimated the 
ionization potential of DMSE, and found it to be 9.0 eV. The present authors 
calculated P(DMSE) using eq. 2, which is generally employed for the deter- 

SCHEME 2 

A W,O(DMSCBI - Aif;(DMSE) + A HfoK2H,> 

A Hf”(DMSCE9*’ - A H;(DMSE)+- + A H1” (C>H,) 
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TABLE 2 

ENTHALPHY OF THERMAL DECOMPOSITION OF DMSCB (AH’ A,B kcaI/mol) FOUND FROM EQ. 2 
FOR DIFFERENT VALUES OF IP<DMSE) 

~- _.__________--_--..------~ 

ZP(DMSE) (eV) AP(DMSE)+D’MScB (eV) 

9.61 = 
--__-__.- _.______--- - -__- 

7.5 = 47.8 
9.0 = 14.1 

__--_-.._ .__ . - ..__----.--_-_---. _.__- 
a Value determined by photoionization mass spectrometry [183. b Values obtained in the present work. 
c CJcuIated by tbe MINDOIB method [Ill _ 

mination of heats of formation and bond dissociation energies according to the 
thermodynamic cycle suggested by Born-Haber [24]. This can be presented as 
in Scheme 2 for reactions A, B, D and E. In these calculations the value given 
above for s*,, and the appearance potential of the [lMe$Si=CHJ” ion in the 
dissociative ionization of DMSCB (9.61 2 0.05 eV) found by photoionization 
mass spectroscopy [ 181 were also used. 

(47.8 f 4.8)/23.06 = (9.61 + 0.05) -P(DMSE) 
IP(DMSE) = 7.5 * 0.3 * eV 

As is seen, the ionization potential obtained for DMSE is lower by 1.5 eV 
than the value calculated by the MIND0/3 method [ 111. As for @ (DMSE), 
we estimated the accuracy of values of P(DMSE) obtained by us and by Dewar 
and coworkers [ 111 after calculating from this value and the known value of 
AP(DMSE)&sca the enthalpy of thermal decomposition of DMSCB (Table 2). 

As may be seen, the calculation based on IP(DMSE) = 9.0 eV gives a very 
low value for DH”A&, which corresponds to EB = 48.2 kcal/mol. 

Thereafter, we verified the whole set of thermochemical values: @ - 
(DMSCB), w.(DMSE) and IP(DMSE) obtained by.MINDO/S [ll] methods. 
Equation 6 was used for this purpose. It was obtained by comparing the right 
hand terms of eqs. 1 and 2: 

w (DMSE) + G (c,H,) - A2$ (DMSCB) = - IP(DMSE) 
+ 125 (-40.1) : 23.06 = AP(DMSE)&sca - 9.0 

(6) 
whence 

AP(DMSE)&,,a = 10.4 eV 

Thus, the appearance potential of DMSE ion calculated from MIND0/3 data is 
0.8 eV higher than the experimentally found value of AP(DMSli;)&lso [ 181. 
Apparently, this disagreement is associated with the errors in d&ermining 
thermochemical data, which appear to be due to limitations of the MIND0/3 
method regarding the above listed molecules [lo] _ 

* Since IP<DMSE) < IP<CZH~) it is assumed that ion [MqSi=CHZl+ and uncharged C2H4 are 
formed in process E without additional energy 1231. 
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TABLE 4 

SILICON-CARBON z-BOND ENERGIES. D,(Si=C) (kcd/moI). CALCULATED FROM EQ. 3 (n&B = 
47.8 kcaI/mol: D(C-C) = 82 kcal/mol [12]: D(Si--C) = 76.0 kcal/m~l[30.413). THE VALUES OB- 

TAINED USING D(Si-C) = 85.0 kcal/mol ARE GIVEN IN PARENTHESIS 

ES (kcaI/mol) D,<C=C) <kcaI/mol) 

59 = 63.1 b 
____I____- --_I_ .____--- 

18.9 = 
20.0 d 

32.3 (41.3) 28.2 (37.2) 
31.2 (40.2) 27.1 (36.1) 

25.9 c 25.3 (34.3) 21.2 (30.2) 
----__ .- 

u Thermochemical calculation [Zll. b See ref. [5I. c Strain energy 6f triethane ring 1421. d Heat of POSY- 

m&s&ion of DMSCB [48]. e Thermochemical data C151. 

Energy of the silicon--carbon n-bond 
The energy of the silicon-carbon r-bond was estimated by the methods pro- 

posed by Walsh and Dewar. According to Walsh [12] the enthalpy of thermal 
decomposition of DMSCB is written as the difference of the energies of rup- 
turing o-bonds and forming r-bonds minus the strain energy of the monosila- 
cyclobutane ring (eq. 3). In this calculation we used the following values of 
carbon--carbon o- and r-bond dissociation energies: D(C-C) = 82.0 kcal/mol 
[13], D,(C=C) = 59 kcal/mol 112,211 and 63.1 kcal/mol [5]. More difficult 
was the selection of a proper value for the Si-C bond energy.(Table 3). For a 
long time D(Si-C) = 76 kcal/mol was an established value, which complied 
with the results obtained by kinetic [ 301, thermochemical [ 38,39,47] and mass 
spectral methods [29]. However, much higher values of this parameter have 
been reported in the last few years (85-92 kcal/mol) [ 31,331. Using kinetic 
methods, for example, such an increase is due to account not being taken of 
the contribution of the chain mechanism of thermal decomposition mentioned 
in earlier papers [ 30,41 J. For this reason we used two values of G-C cleavage 
energy in the calculation according to Walsh (76 kcal/mol and 85 kcal/mol) 
1311. 

-4nother uncertainty appears when estimating the strain energy of the mono- 
silacyclobutane ring (Es). On the assumption that heterocycles of a given size 
which contain heteroatoms belonging to the same period have almost the same 
strain energies, Walsh used in his calculation a value for the strain energy of the 
thiethane ring of 18.9 kcal/mol [ 421. The strain energy of the monosilacyclo- 
butane ring estimated from thermochemical data [ 153 is 25.9 kcal/mol, and 
from polymerization enthalpy 20 kcal/mol. Using these three values of Es we 
calculated D,(Si=C). The results are given in Table 4. 

According to Dewar [ll] the energy of the silicon-carbon n-bond is 
expressed in terms of hydrogenation enthalpy of DMSE (eq. 7), which in turn 
may be determined as the difference of the heats of formation of trimethylsilane 
and DMSE (eq. 8): 

Me,Si=CH, + HZ -+ Me&H 

m&d=,, = D,(Si=C) + D(H-H) -D(Si-H) -D(C-H) (7) 

AHo hydra = ARf(Me$iH) - AHF(DMSE) (8) 
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TABLE 5 

SILICON-CARBON X-BOND ENERGY. D,(Si=C) (kcaIlmoI) CALCULATED FROM EQ. 9: D(H-H) = 
104.2 kcal/mol [21.27]. D(ZSiCHZ-H) = 97.0 kcallmol 1431. D(Si-H) = 80.3 kcaI/mol 129.351 THE 

VALUES OBTAINED FOR D(Si-H) = 89.9 kcaI/mol[37] ARE IN PARENTHESIS 

4$(Me3SiH)g, (kcalfmol) A&DMSE)g, (kcaI/mol) 

15.5 = -19.9 b 
- - ___-__ 

-37.3 c 20.3 (29.9) 55.7 (65.3) 
44.5 b 13.1 (22.7) 48.5 (58.1) 
-55.0d 2.6 :12.2) 38.0 (47.6) 
-60.0 = -2.4 (7.2) 33.0 (42.6) 

- -- -~--. 

a Values obtained in this work. b Data of MINDO/B [ll]. c Thermochemical calculation [44]. d C&XlIa- 

tion from mass spectral data C29] _ e Calculation from calorimetric data [38] _ 

which gives: 

&(Si=C) f D(H-H) - D(Si-H) - D(C--H) = A@(Me3SiH) - A@(DMSE) (9) 

Using eq. 9 the silicon-carbon r-bond energy was found from the known 
values of heat of formation and binding energies. The values of H-H and 
%YiCH2-H bond energies are 104.2 kcal/mol 121,271 and 97.0 kcal/mol 1431, 
respectively_ From the values of D(Si-H) listed in Table 3 we selected two 
values, 80.3 and 89-9 kcal/mol. The former was taken from kinetic data for the 
pyrolysis of trimethylsilane [ 30,411 ( contribution from the chain process is 
ignored) and is in agreement with the values obtained by mass spectrometry 
129 1, and also with the data from kinetic studies of the abstraction of an H 
atom from Si in Me&H by a methyl radical 1351. The latter was found when 
studying Me,SiH iodination kinetics [373 and agrees with D(Si-H) = 88.0 kcal/ 
mol (361, a value derived from the kinetic data on pyrolysis of this compound 
in the presence of m-xylene. In this calculation known values for the heat of 
formation of trimethylsilane, A@ (Me,SiH): -37.5 kcal/mol 1441, -44.5 kcal/ 
mol [ll], -55 kcal/mol [ 291, -60 kcal/mol [ 381 were also verified. The 
results are presented in Table 5. 

It is seen from Tables 4 and 5 that the m-bond energy in DMSE found by 
different methods depends upon the data selected for calculation. The follow- 
ing values of bond energies, strain energy of the monosilacyclobutane ring and 
heats of formation (kcal/mol) were used in the calculation: D(H-H) = 104.2; 
D(zSiCH,-H) = 97_O;D(C-C) = 82.0; D(C=C) = 59-61.3; D(Si-C) = 76-85.0; 
D(Si-H) = 80.3-89.9; Es = 18.9-25.9; AJ$ (Me,SiH) = -( 37.3-44.5); m - 
(DMSCB) = -19.8; A# (DMSE) = 15.5. Consideration of the values of 
D,(Si=C) in Tables 4 and 5, which are in accord with this set of thermochemi- 
cal data, leads to the following value for the n-bond energy in DMSE: 

D,(Si=C) = 28.8 2 8 * kcal/mol 

It is of interest to compare the value of D,(Si=C) obtained in the present 
work with other estimates of this value (Table 6). 

* Standard deviation. 
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TABLE 6 

SILICON-CARBON s-BOND ENERGY. D,(Si=C) (kcallmol) 
__--_-__-____ 

Value obtained 
in this work 

28?8= 

Calculation by quantum 
mechanical methods 

2.63 b 
9.0 d 
9.54 f 

19.8 h 
22.3 i 

46.0 I 

Thermochemical 
caIculations 

_~___i_~_____~ 

17 c 
2646 ’ 

286 
37.8 ’ 

42.3 k 

a Me2 Si=CHZ. calculation based on kinetic [15.16] and thermochemical [ 171 data. b H2Si=CH2. EHMO 
using spd basis 14). c AMeZSi=CH2. from kinetic data [143. d 

’ Me2Si=CH2. calculation 1123 from kinetic data 1151. f 

H2Si=CH2, EHMO using sp basis ]4]. 

HlSi=CHl. CNDO 14). g Calculation ]131 based 

on the dissociation energy of C-Si. h CH=CHCH=CHC=SiMe2. CNDO/% 197. ’ MeHSi=CH2. calculation 

1121 from kinetic data [30].’ H2Si=CHZ. FSGO 151. i’ Calculation from the heats of formation obtained 

by MINDO/B 1111 method. ’ HZSi=CHZ. ab initio method using extended basis and electron correlation 
E3.101. 

As is seen, our value of D,(Si=C) is in good agreement with the data of 
quantum chemical calculations [ 5,9], in which the barrier of rotation about the 
Si= C bond was determined. This also agrees with thermochemical calculations 
112,141, kinetic data [14,15,30], and with the calculation based on the dis- 
sociation energy of Si-C [13]. But in other cases the quantum chemical 
methods either underestimate [4] or overestimate 13,101 D,(Si=C). An over- 
estimated value for Si=C x-bond energy was also obtained from the heats of 
formation found by a semi-empirical calculation method, MIND0/3 [ 111. 
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