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The mechanism of the P-ketosilane to silosyalkene rearrangement has been 
investigated. The reaction followed first order kinetics for a wide variety of com- 
pounds. Activation parameters have been determmed for six compounds. For a 
series of p-substituted triphenylsilylacetophenones log k vs. aP gave a Hammett 
p value of -0.78. The data are consistent with an intramolecular concerted rear- 
rangement involving a four-centre transition state where silicon-oxygen bond 
formation cannot significantly precede silicon-carbon bond breaking. Molec- 
ular orbital calculations were consistent with this view. 

Several years ago we reported that a number of P-ketosilanes I were +her- 
mally isomer&d at 100-180” to the corresponding silosyalkenes II [ 11. 

Y FH2 
R3SiCH2dR’ 3 R$3OCR 

(I) (11) 
(R or R’ = Me, Ph) 

Our preliminary studies indicated that the rearrangement followed first 
order kinetics, that it occurred with a wide variety of types of P-lietosilane and 
that when a compound asymmetric at silicon was employed the rearrangement 
occurred with high stereospecificity involving retention of configuration at silicon. 

We have now broadened the scope of this investigation and wish to report 
kinetic data for a number of examples of this thermal rearrangement. 

l The expedmental part of this paper IS derived largely from the Ph. D. Thesis of D.M. MacRae. 

Unix.exsity of Toronto. 1972. 
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TABLE 1 

TEE lSOMERIZATION OF SOblE f3-KETOSILANES 

f3-Ketosilane CondItiona (“c/-h) Yield (‘5) 

Fh3SrCH2COPb 

Pli~SiCH$!OMe 

MeghCH2COPh 

MegSlCH2COhfe 

Me Me 
\0 

Me Ph 

cyclohexane. El/18 100 

toluene. 110118 100 

toluene. 11 Of24 ==0 

xylene. 175/18 100 

neat. 100/2-t 16” 
neat. 150136 100 
neat. 140136 100 

neat. 170120 IOOb 

q ea t. 170120 IOO b 
GLPC at 2751~ 100 

melt. 150/l 8 50= 

melt. 150/92 100 
toluene. 110152 100 

= U-cted srcrtrng male& s-as recovered UI good yield. b The product conlamed some isomeric endo- 

cyclic alkene. 

TABLZ 2 

MNETIC PARAAlETERS FOR THE I.SO!sfERIZATICN OF SOME $KETOSILANES 

Temp. 

(OC) 

k (ruin-‘) &act bS* 

(X lcr3) 
k (150°) k,el 

(kcallmol) (cal/mol. K) (X 10s3) 

F ,3SICH~COPh = 

Ph 3SiCHzCOPh b 

Me3SICH2COPh C. d 

Ph3SICH2COFJe cm e 

Ne$iiCH~COMe c. f 

Me, ,Me c.g 
51 

c-l+ 0 

Ph-&SiCH2CHO c 150 0.723 0.723 1.00 

100.1 1.25 28.1 * 0.4 -7.3 f 1 126 (E) 
125.0 13.5 
105 2.06 28.4 I 0.8 -6.4 - 2 
125 13.5 
133 2.61 26.1 z 0.7 -16.9 f 1.6 10.0 (I) 
152.7 11.5 
I-18 7.03 31.7 t 0.9 -4.2 i 2 8.12 (I) 
173 56.4 
159 7.03 30.1 * 0.3 -9.8 ? 0.8 3.27 (E) 
180 34.8 

175 6.41 33.0 f 1.2 -6.4 f 0.4 0.733 (E) 

195 27.2 

17-l 

13.8 

11.2 

4.5 

1.Oi 

a In toluene. Older k(T°C) were: 200 X 10-3(105.10): 3.84 X 10-3(1110): 5.38 X IO-3(1x5.5). b lndeca- 

Lie Other k(TOC) we-: 3.65 X low3 (llO.l”); 5.10 X l(r3(115O). C Neat or melt. d Other k(TOC) were: 

4-31 X iG3(13So): 7.45 X 10-3(145.80). e Other k(TOC) were: 1.00 X 10_?(153~): 1.57 X lo-Z(15g”): 
276 X 10”(164°). f Other k(T°C) were: 1.03 X 10-2(1640); 1.65 X IO-2(16g”): 2.49 X 10+(175”). 
g OUxr k(TJC) were: 8.12 X 1Cr3(180.1”); 1.06 X l(r*(l86”): 1.67 X l(r2(,99”). 
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TABLE 3 

RATES OF REARRANGEMENT OFp-SUBSTITUTED TRIPHENYLSILYLACETOPHENONES XT 
120” IN TOLUENE 

k(mb-‘) 

(X ld3) 
% 

Rr 8.57 0.232 

Cl 8.69 0.227 

F 10.1 0.062 
H 13.5 0.000 
t-Bu 18.6 -0.197 

Ohle a 27.1 -0.268 

o As a melt. k = 2.72 X lo-*: m dimethslformamide as solvent k = 2.08 X lo-‘. Dielectric constant of 
tolueoe is approx. 2.39; of DMF about 36.7. 

Results 

The data consist of two sorts. On the one hand a series of preparative ex- 
periments, summarized in Table 1, were run to determine approximate condi- 
tions required to effect essentially complete conversion of a f3-ketosilane to the 
isomeric siloxyaikene. The second type of data come from rearrangements 
carried out under controlled conditions in sealed tubes, whereby the reactions 
were foUowed using NMR techniques in order to determine the first order rate 
constants. in most cases the rates were measured at several temperatures over 
a twenty to twenty-five degree range in order that E,,,and A8’ could be deter- 
mined. These data are given in Table 2 together with the standard deviations 
for E,,,and AS*. The rates were calculated for each compound at 150”, by inter- 
polation or e-utmpolation and relative rates of rearrangement were thereby estab- 
lished. 

Finally, Table 3 contains rate data for a series of p-substituted triphenyl- 
silylacetophenones. A plot of these data vs. up gives a good straight line through 
the points for the p-Br, Cl, H and t-Bu compounds and a value for p of -0.78. 
The points for p-fluoro and p-methoxy fell somewhat off this line. 

It is clear from the data in Tables 1 and 2 that the rearrangement of P-keto- 
silanes can be effected relatively readily and cleanly regardless of structural fea- 
tures (acyclic or cyclic) or substitution (acyl or alkyl substituents). The kinetic 
data showed in every case good first order kinetics over several half lives. Great 
care was taken to ensure the absence of catalysts in the system, since Lutsenko, 
Raukov and Litvinova [2] had reported catalysis (and hence bimolecular kinetics) 
of comparable rearrangements by mercuric iodide or silyl i&ides. Subsequently 
the authors also observed [3] thermal uncatalyzed rearrangements similar to 
those reported by us. 

The kinetic data in Table 2 reveal some variation in ease of rearrangement 
depending on structural features. Thus benzoyl compounds [PhC(O)-_I rearrange 
rather more readily than their acetyl [CH&(O)-_I analogs, substitution of phe- 
nyl by methyl raising EacL by 3.5 to 4 kcalimol for the two comparable pairs of 
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compounds, On the other hand, changing the suhstituents on silicon has the op- 
posite effect, and trimethylsilyl compounds have E,,,about Z kcal/mol lower 
than their triphenylsilyl analogs_ This latter effect might reasonably be associ- 
ated with increased steric requirements of a triphenylsilyl group compared to a 

trimethylsilyi grocp; the former effect may be associated with increased stabili- 
zation of a partially polarized carbonyl group by an adjacent aromatic ring (but 
see later). Cyclic j3-ketosilanes have the largest E,,., and rearrange most slowly of 
the @-ketosilanes studied, presumably because of unfavourable steric interactions 
in the transition state, attributable to non-bonded interactions of eclipsed hy- 
drogens or bond angle strain. 

7’he values of LIP, believed to be accurate to about, 1-2 eV (see Table 2) 
are all negative, and of a magnitude consistent with the previously proposed 
four-centre transition state [l]. Within the possible limits of comparisons, tri- 
methylsilyl compounds have significantly larger AS’ (-16.9, -9.8 cal/mol - K 
for benzoyl and acetyl species respectively) than do the corresponding triphenyl- 
silyl compounds (-7.3, -4.2 cal/mol - K respectively). This may simply reflect 
that a somewhat, sterically crowded and ordered situation already exists in the 
triphenylsilyl species, compared to the trimethylsilyl analogs where more order- 
ing takes place in achieving the transition state geometry required. 

The effect of solvent on the rate of rearrangement was briefly investigated. 
Tkiphenykilyiacetophenone rearranged at the same rates in toluene or in decalin, 
solvents having a small difference h dielectric constant, and the p-methouy de- 
rivative rearranged at virtually identical rates in toluene or as a melt, and at a 
slightly slower rate in the very polar solvent. dimethyl formamide. This apparent 
insensitivity of the reaction to the polarity of the solvent indicates that there 
is lime solvation of the transition state and little development of charge separa- 
tion in going from reactants to transition state. 

This conclusion is confiied by the rate data in Table 3 for a series of p- 
substituted triphenylsilylacetophenones where a log k vs. csp plot gives a Ham- 
mett p value of -0.78. While the sign of p is consistent with some development 
of positive charge on the carbonyi carbon during the formation of the transi- 
tion state, (which can be stabilized better by adjacent phenyl groups than methyl 
groups, thus lowering the A?$,,) the very small magnitude of p indicates relative 
insensitivity of the reaction to electronic effects. 

AU of the preceding data are fully consistent with, and indicative of, an 
infxamolecular concerted rearrangement involving a four-centre transition st&e: 

RXSI -R’ - R$I 
_=“->c _-R’ _ .i;- R S./O\ -. 3 ’ 

'C-I, //C-’ 
Ck’, 

where silicon-oxygen bond formation cannot significantly precede silicon-car- 
bon bond breaking +a be consistent with the observed p. 

That the rearrangement occurs with exclusive retention of configuration 
at silicon is of some theoretical importance since a 1,3 suprafacial migration 
should take place with inversion of configuration, according to the Woodward- 
Hoffmann rules [ 4 1. Accordingly, a molecular orbital study of the rearrange- 
ment of the model compounds silylacetaldehyde to vingloxysilane was carried 



out in the hope of providing further information about the rearran gement of 
P-ketosilanes. Calculations using CNDO/B were made for the aldehyde, alkene 
and several intermediate species with geomeh-ies appropriatr to both retention 
and inversion of configuration at silicon. The data suggested that retention 
of configuration at silicon was the preferred pathway, when a d function was 
included in the basis set for silicon. Zimmerman [5], in analyzing the 1,3 sigma- 
tropic shift of a hydrogen atom (equivalent to migration with retention of con- 
figuration), by MO following, showed that if subjacent orbital overlap was in- 
cluded, a correlation diagram could be constructed in which the MO’s of ground 
state reactants and products correlated directly. The reaction remains forbidden, 
however, since the HOMO of the reactant (n) is transformed into a non-bond- 
ing MO at half reaction (an orbital equivalent to the HOM3 of an ally1 anion) 
thus creating an energy barrier to reaction. The orbital correlation scheme ob- 
tained from our calculations for retention of configuration at silicon was almost 
identical to the following MO scheme for hydrogen migration, with the eucep- 
tion that the barrier to reaction was dramatically lowered by overlap of the ter- 
mini of the ally1 NBMO with the d, and d,, orbit& on siiicon, as shown below. 

/?- ketosilane 
HOMO 

half reactlon sdoxyalkene 
HOMO HOMO 

Thus the least-motion pathway is favoured over the formally allowed route. 
The calculations aiso confirm that there is very little change in charge dis- 

tribution over the molecule at various geometries along the reaction profile, 
up to half-reaction. The electron density on the carbony carbon at half-reaction 
is slightly lower than in the aldehyde and is unchanged on the silicon atom. The 
dipole moment is very slightly lower at half-reaction. This is consistent with a 
negligible solvent effect on the rate and a small positive value for p when there 
is substitution at the carbonyl carbon atom. The electronic effect of substitu- 
tion at the silicon atom is predicted to be negligible. A full account of the 
theory of sigmatropic reactions of organosilicon compounds will be presented 
in a forthcoming paper*. 

* Mamiscnpt m pz~paratioa A paper oo the orbital symmetry connderataoos OS orgenosilicon com- 
pounds mm presented by one of us (A.R.B.) to the Symposium on Recent Advances in Orb&d 
Symmetry Relationships at the 67th Candim Chemical Conferense. CIC. Regina, SasL Cenada. 
June 2-5th. 1974. 
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Experimental 

General 
AU solvents were carefully dried before use in the kinetic studies. The p- 

ketosilanes were purified immediately prior to use, by recrystallization or distal- 
iaEon where appropriate. 

Temperatures were measured to the nearest O.l’C!. 

Procedure 
The general procedure used for obtaining the rate data for the thermal re- 

arrangement of P-ketosilanes to their isomeric siloxyalkenes was as follows: 
A solution of approximately 1 g of the ketone was prepared in about lo- 

12 ml of dry soIvent. Aliquots of 1 ml were sealed in glass vials. For those com- 
pounds which were rearranged in the absence of a solvent, approximately 100 
mg of material was sealed in each glass vial. Usually ten to twelve samples 
were prepared. At t = 0 all but one of the samples were placed together in the 
oil bath and the clock started. At specified time intervals, a vial was withdrawn 
from the bath and chilled in ice-water to stop the reaction. The products were 
analysed by rWR spectroscopy as follows. 

At least 5 or 6 scans were made of each peak to obtain an average value 
for the peak height. In those cases where a solvent such as toluene was used, 
the peak height of the solvent could be used to calibrate the instrument response. 
One, or in some cases two, of three methods were used for following the prog- 
ress of the rearrangement. 

(i) Use of the heights of peaks characterisHc of the starting fl-ketosiianes. 

This method was used for all of the substituted triphenylsilylacetcphenones 
whose peak positions are listed in Table 4 . 

In all compounds except the p-methoxy-substituted silylacetophenone, 
the metbylene singlet was used as a measure of the concentration of the P-keto- 
s&me. 

In the latter case the peak position of the methoxy group in the isomeric sil- 
oxyalkene coincided with that of the methylene protons when toluene was used 
as the solvent. Thus the methoxy peak of the P-ketosilane was used to follow 
the r-e arrangement of this compound in toluene. 

The logarithms of the peak heights were plotted against time to obtain 
the first order rate constant. 

TABLE 4 

NMR DATA FOR Ph$3CH2CO(C&4)_P-~ (6 ppm FRObY TMS) 

P-X CDClj T0heIW 

-a+- D-X -C.H2- R-X 

Br 3.45 3.20 
Cl 3.42 3.22 
F 3.46 3.20 
H 3.48 3.30 

L-BU 3.52 1.27 3.38 1.16 
OMe 3.40 3.72 3.35 3.24 
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(ii) Use of the heights of peaks characteristic of both ketone and siloxy- 
alkene. In some cases both the starting material and product gave rise to sharp 
singlet NMR signals which enabled the course of the reaction to be followed 
in terms of the ketone and siioxyalkene simultaneously. The compounds for 
which this was the case are listed below. 

Ph,SKH,COC6H,-p-t-63 - Ph,SiOC(C,H,-p_r-~~)=CH2 

M_z-,SiCH$IOPh --c M>,SiOC(Ph)=CH, 

Me3S1CH2COMe - Me3SIOC(Me) = CH, 

Me Me 
-\ /- 

SI 

CA 0 

As an example, the rearrangement of the t-Bu-substituted siiylacetophenone 
in addition to being followed by method (i) couid also be followed by observing 
the t-Bu signals. The t-Bus&,@ for the siloxyalkene was observed at a position 
4.5 Hz downfield (6 1.22 ppm) from that of the t-Bu in the P-ketosilane. 

Similarly the compounds containing silicon-methyl groups gave rise to sharp 
singlets in the 60.0 ppm region which were separated by 4-12 Hz and therefore 
were useful for following the reaction. 

The logarithms of the percentages of ketone in the mixtures were plotted to 
obtain the first order rate constants. 

(iii) Integration of peak areas. When P-ketosilanes mere rearranged as a melt, 
and the product mistures were subsequently dissoIved in deuterochloroform for 
the purpose of following the reaction by NMR, it was difficult to assure that the 
total concentration of material was the same for each sample. Therefore it was 
imperative that the ratio of ketone and siloxyalkene be measured in each case. 
In the compounds listed in Table 5 the peaks characteristic of either the ketone 
or siloxyelkene were not sharp singlets and therefore not suitable for use by 
m_ethod (ii). In these cases the peak areas were integrated. 

Compounds and syntheses 
All the fl-ketosilanes employed were obtained by treatment of appropnate 

TABLE 5 

SKETOSILANES USED IN METHOD (Lii) 

Compound h(rwrn) (CDC13) 

PhaSiCH~D(C6H4)-~-0h~e 
Ph3SiOC(C6Hs)p-Ohle)=CH2 - 
Flx~SiCH~COW~ 
W3S1OCXM~) = CH2 
Pb$iCH$HO 
Ph$iOC(H)=C_H? 

3.40 s (ZH): 3.72 s (3H) 
4.30. 4.71. 2d.J = 2.0 Hz; 3.67 s (3H) 

1.65 s 
1.80 s (s.lishUy broadened) 
298dJ= 4.2? 

4.15. 4.58 m 
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acylsilanes with diaxomethane in the presence of light [ 61. Full synthetic details, 
spectroscopic data etc., w-ill be reported in a paper now in preparation. 

Silosyalkenes obtained from the thermolyses were identified by compari- 
son with authentic samples synthesized by the general method of Kruger and 
Rocbow 171. 

Triphenylsilylacetaldehyde 
Since difficulty was experienced in reproducing the published yields of 

this compound [8], the conditions were modified as follows. A 50 ml benzene 
solution of 3.0 g (0.01 mol) of epoxyethyltriphenylsilane was treated with 
approximately 1 ml of magnesium bromide diethyl ether-ate [S]. After reflux 
for 5 h, an equal volume of ether was added to the cooled mixture, and this 
was quickly shaken with cold saturated ammonium chloride solution. The 
benzene--ether layer was dried (MgS04) and removal of the solvents under re- 
duced pressure gave an oil which yielded 1.87 g (60%) of triphenylsilylacetalde- 
hyde, m-p. 116116”,1it.[8] 115-116”, on recrystallization from hexane. The 
IR and NMR spectra were identical with the published data. 
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