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AbsL~act 

The far-UV ( 193 nm) laser flash photolysis of nitrogen-saturated isooctane solutions of 1,t-dinxthylsilctanc allows the direct dc*~cti@nof 
l, l-dimethylsilene as a transient species, which (at low laser intensities) decays with pseudo-first-order kinetics ( -r~ l0 Vs) and exMbi~s a 
UV absorption spectrum with A~~7..55 rim. Characteristic rapid quenching is observed for the si|ene with meLtmn~ 
(k~4ooH = (4,9 + 0.2) X 109M - ' s - t ) ,  tea-butanol (kn,ou = (1,8_+ 0.1) × 109M -z s - ' )  andoxygen (koz= 12.0 +0.5} x 10gM - i s -  ;).The 
Arrhenius activation parameters for the reaction with methanol have been determined to be E~ = - 2.6 + 0.6 kcal reel - ~ and log g ~ 7.7 + 0.3. 
© 1997 Elsevier Science S.A. 
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I. Introduction 

We have recently found that, with only minor modifica- 
tions to the experimental design, it is possible to employ a 
193 nm (ArF) excimer laser as an excitation source for laser 
flash photolysis experiments in non-aqueous solvents [ 1 ], 
thus considerably broadening the scope of  this already pow- 
erful method for the study of photochemieally generated reac- 
tive intermediates in solution. With the far-UV technique, it 
is possible to gencram and detect transient species from pre- 
cursors which do not absorb at the more conventional pulsed 
laser wavelengths, and to determine absolute rate constants 
for their reactions with alcohols and oxygen. 

Them have been numerous reports over the past 15 years 
of the direct detection of silent reactive intermediates in solid 
matrices at low temperature [2-10],  in solution [ I 1-17 ] and 
in the gas phase [I8,19], and there is now a reasonable 
amount of kinetic data for several of their more common 
reactions, such as dimedzation and nuelcophilic addition of 
alcohols, carboxylic acids and ketonas. Studies of silenereac- 
tivity in the gas phase have concentrated on simple alkyl- 
substituted derivatives, because of precursor volatility 
considerations, whereas those in solution have been confined 
to more highly conjugated derivatives whose precursors 
absorb significantly at wavelengths in the mid-UV. There 
have been no tirae-resoived studies of  simple alkyl-subsd- 
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tuted silencs in solution, which may allow correlaticms with 
gas phase data or with solution phase data for more highly 
substituted derivatives. 

In this work, we have employed these methods to st~g:ly 
the chemistry of l,l-dimethylsilene (2) in hydrocarbon solu- 
tion, using l,l-dimethylsiletane (1) as the precursor (Eq. 
( 1 ) ). Compound I is a well-known thermal and photochem- 
ical precursor to 2 [ 18,20], and its pyrolysis or photoiysis 
has been employed previously for kinetic and spectroscop~ 
studies o f l  in the gas pha.se [ 18,21-23] and in solidmatrices 
at low temperature [5,10]. In addition, Steinmetz and Bai 
[24] have shown that far-LrV ( 185 rim) irradiation of  I,I- 
dinmthytsiletane derivatives in solution leads to the formation 
of the corresponding silenes in high yield, on the basis of 
steady state trapping studies. 

We report the OV absorption specmtm of 2 in hydrocm'bon 
solution at room temperature, together with the absolute rn~ 
constants for reaction with aliphatic alcohols and oxygen. 
The deuterium kinetio isotope effects on tl~ reaction with 
alcohols and the Arrbenius parameters for the addition of 
methanol (MeOH) have also been determined. These dam 
allow a comparison of the reactivity of  2 with that of more 
highly substituted transient silencs under similar conditions. 
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2. Results and  discussion 

Direct irradiation of deoxygenated 0.01 M solutions of 1 
in isooctane-containing MeOH or tert-butanol (t-BaOH) 
(0_l M) leads to the formation of ethylene and the corre- 
sponding alkoxysilane (3; see Eq. ( ! ) ) as the onIy detectable 
products betwecn 5% and 20% conversion. The alkoxysilanes 
were identified by gas chromatography (GC) co-injections 
with authentic samples. 

Laser flash photolysis of continuously flowing, deoxygen- 
ated 0.0025 M isooctane solutions of I (el93 = 800 + 30 M 
cm - ~) with pulses from an ArF excimer laser ( 193 nm, 12 
ns, approximately 20 m J) produces a transient species which 
exhibits an absorption maximum at 255 nm, and decays with 
mixed pseudo-first-order and second-order kinetics. The 
decay kinetics change to clean first order when the laser 
intensity is reduced with neutral density filters or when small 
amounts of  MeOH are added to the solution (e.g. r ~  1.7 Its 
when [MeOH] = i . t  × t0 -4 M). Fig. I shows a typical 
decay trace and time-resolved absorption spectrum, obtained 
from a solution of I containing 3.8::< 10 -~ M MeOH. The 
spectrum was recorded over a 150 ns time window starting 
about 120 ns after the laser pulse, and did not change signif- 
icantly (e xcep! ;n intensity ) throughout the decay. The appar- 
ent shoulder in the spectrum represents normal noise and is 
not significant. 

Plots of the pseudo-first-order rate constant for the decay 
of the transient (k~,..~, r ) vs. the MeOH concentration accord- 
ing to Eq. (2)  are linear. The slope of th0 plot affords k a, the 
bimolecular rate constant for quenching of the transient by 
the added quencher. Quenching by MeOD, t-BuOH and t- 
BuOD is slower than that by MeOH, but the plots of k~ vs. 
[ Q I show similar degrees of linearity over the concentration 
ranges studied. Fig. 2 shows typical plots of this type for 
quenching of the transient by MeOH and MeOD. On the basis 
of the high reactivity of the transient towards alcohols, the 
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Fig. 2. Plots of k~.., vs. IMeOLI (L~- H (e~ or D (©)) for thcquenching 
of t. I-dimclhylsilune { 2) in deoxygenated isooctane solution at 23 ~C. 

Table I 
Bimolecular rate constants for the ~nczion of I A-dimethylsilenc (2) with 
McOH(D), t-BuOHtD) and oxygen in isooctaae solution at 23 *C a 

Quenclgr k~ ( l0 'a M- ' s -  ' ) 

MeOH 4.9 + 0 2 
MeOD 3.3 + 0.l 
t-BuOl,! I ,B 5: O, I 
t-BnOD I.I I + 0.05 

0., 0.20±0.05 

"Errors ~e l isted as twice the slanda['d devi.~lie n f rom leasl-squards analysis 

or k,x.,:~ vs. concentration data according to Eq. (2). 

comparison of the UV absorption spectrum (Fig. 1) with 
literature data [5j and the products of the steady state irra- 
diation of I in the presence of MeOH and t-BuOH, we assign 
the transient species observed in these experiments as l , I-  
dimethylsilene (2). Table l lists the absolute rate constants 
for the reaction of 2 with MeOH, t-BuOH, oxygen (see 
below) and the deuterated isotopomers of the two alcohols 
in isooctane solution at 23 °C. 

k ~ = r = k . + k . [ Q ]  (2) 

Silent 2 is the most reactive silene studied by us so far in 
solution, reacting at nearly the diffusion-controlled rate with 
MeOH in isooctane. It exhibits a typical reduction in reactiv- 
ity towards the more stericalty hindered alcohol t-BnOH, and 
deuterium isotope effects are observed which can conclu- 
sively be identified as primary for both alcohols. Th~;s¢ trends 
in reactivity with alkyi and isotopic substitution on the alco- 
hol are similar to those reported previously for a number of 
other reactive silenes in solution [ I. 15.17,25]. 

The reaction of silenes with alcohols is thought to proceed 
by a mechanism involving reversible nucleophilic attack at 
silicon to form an alcohol-silene complex, which collapses 
to the product by proton transfer by competing unimolecutar 
and bimolecu[ar mechanisms (Eq. (3 ) ) .  Th~ intmcomplux 
proton transfer results in a first-order dependence Ofkd=,y on 
[ ROH], while the extracomplex pathway involves a second 
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molecule of alcohol and results in a quadratic [ROH] 
dependence [ 15,17] and variations in the stereochemistry or 
regiochemistry of addition at higher alcohol concentrations 
[ 15,25-27]. The excellent linearity in the plots of k~.,ay vs. 
[ROH] observed here for 2 indicate that the inuacomplex 
proton transfer is too fast for the extracomplex pathway to 
compete at the low alcohol concentrations employed in our 
experiments. The reaction is also sufficiently rapid such that 
kinetic studies can be carried out using MuCH concentrations 
below that at which oligomerization of the alcohol becomes 
significant [28,291. 

k, r R i H  l k2 RO 
MeaSi-'CHz + ROH ~ " M%S~4 s 

(3) 
Another ¢~,,:~.ouence of pre-equilibrium complexation in 

the reaction of particularly r~active silenus with MuCH is the 
observation of apparent negative activation energies [ 1,161, 
and 2 also exhibits this behaviour. The bimolecular rate con- 
slants for the reaction of 2 with MuCH were determined at 
several temperatures between - 10 and 44 °C, and found to 
decrease with increasing temperature over this range. Fig. 3 
shows the Arrhenius plot, from which the values of 
E~ffi-2.6+0.6 kcal tool - t  and 1ogA=7.7+0.3 were 
obtained. The Arrhenius parameters are similar to those 
Teported previously for the reaction of MuCH with I,l- 
diphenylsilene (4) in acetoniuile [ 16] and 1.i-dimethyl-1,3- 
(l-sila)butadiene (5) in hexane solution [ I]. These two 
siienes are only slighdy less reactive than 2 towards alcohols 
in hydrocarbon solution, and exhibit similar deuterium 
kinetic isotope effects [ 1,16,25]. 

ph2$i:Cl. ~ M e ~ S i ~  

4 $ 

Saturation of isooctane solutions of 1 with oxygen causes 
a substantial redaction in the lifetime of the abseri~ion 
assigned to 2 (~-~ 330 ns) and the appearance of a new, long- 
lived transient species (¢>_ 10 p.s) which exhibits a similar 
UV absorption spectrum (A..~,~~ 260 nm) to that of the 
silene. The lifetime of the short-lived transient is shortened 
further on addition of MeOH to the solution, and so it can 
conclusively be identified as the silene. The lifetime of 2 
under these conditions affords an estimate of ken ~ 2 × IO s 
M- ~ s - ~ for the rate constant of reaction with oxygen. Laser 
flash photolysis of oxygen-saturated samples of pure isooc- 
tame or n-hexane leads to the formation of the same long- 
lived transient species as found in solutions containing 1, 
indicating that it is a product of oxygen photolysis (probably 
peroxyl radical formed by hydn~gen abstraction from the 
solvent) [30]. Steady state irradiation ofan oxygen-saturated 
isooctane solution of I ( 185 nm) leads to the formation of at 
least a dozen products in comparable yields; the photolysis 
mixture is indistinguishable from that obtained when an oxy- 
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Fig. 3. ~ n i ~  plo~ for the quenching of t, l-dimcthyIsiIce¢ (2) by tomb 
one[ in deo~yg~d isoocla,c saltwort. 

gun-saturated isooctane solution without added 1 is p b o ~  
lysed under similar conditions. 

3. Conc lus ions  

1,l-Dimethylsilene (2), which has been detected hct¢ in 
solution for the first time, reacts with MuCH a¢ neatly ~ffu- 
sion-controlled rates in isoocume solution at room tempera- 
turn. The reaction exhibits a primary isotope effect 
negative Anhenius activation energy, consistentw/thamech- 
anism !evolving the formation of a silene-alcoho! c~mpiex 
in a fast pre-cquilib~ium step, followed by proton ~,ansf~ 
within the complex. Reaction with oxygen is also rapkk 
although the product (s) could not be determined, and kinetk: 
studies are complicated by the formation of transient species 
due to oxygen photolysis. 

The use of a 193 nm excimer laser for flash pl~olysis 
studies of reactive intermediates in solution is ideally suited 
to cases in which the required precursor has a low absorpfio~ 
above 240 nm. Studies of this type arc restricted to a fatty 
limited range of solvents (water [31], hydrocarbons and 
fluorocarbons) and Wansient quenchers, because of the need 
to be transparent at the excitation wavelcnph. In spite of 
these limitations, the technique allows the study of a manor  
of small reactive molecules wh~,=h, so fax. have been enm'¢ 
commonly studied in the gas or solid p "hose. A number of 
examples of such systems in carbene, froc radical and orga- 
nosilicon chemistry a~ under investigation in oar laborelory. 

4, Experimental details 

UV absorption spectra were recorded on a Perkin--Elmer 
Lambda9 spectrometer with At-saturated solutions. GCana~- 
yses were carried out using a Hewlett-Packard 589011 gas 
chromatograph equipped with a conventional heated injects, 
a flame ionization detector, a Hewlett-Packaxd 3396A inte- 
grator and a DBI megabore capillary column ( 15 r eX0 .53  
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ram; Chromatographic Specialties, Inc,). GC/MS analyses 
were carried out on a Hewlett-Packard 5890II gas chromat- 
ograph equipped with an HP-597 IA mass selective detector 
and a DB5 fused silica capillary column (30 m X0.25 mm; 
Chromatographic Specialties, Inc.). Semi-preparative GC 
separations were carried out using a Varian 3300 gas chro- 
matograph equipped with a thermal conductivity detector and 
a 3.8% UCW982 on 80/100 Supelcoport (24 f t×0.25 in 
sminlass steel) column. 

2,2A-Trimelhylpentanc (isooctanc; BDH Omnisolv) 
exhibited an absorbaoce of  less than 0.2 at 193 nm in a 3 mm 
cell, and was used without further purification. MeOH, 
MeOD, t-BuOH and t-BuOD were of the highest purity avail- 
able and were used as received from Aldrich Chemical Co. 
Extra-dry oxygen was obtained from Vi~!aire, Inc. 

l , l - D i n ~ t h y l s i l e t a n e  ( ! )  was prepared by the method of  
Auner and Grebe [ 32 ], and exhibited spectroscopic data and 
a boiling point (80 °C) similar to those reported. After dis- 
titlation, it was isolated in better than 99% purity (as esti- 
mated by capillary GC analysis) after semi-preparative GC. 
Methoxyu'imethylsilane and tert-bumxytrimethylsilanc were 
prepared by the literature procedures [ 33]. 

Analytical-scale phomlyses were carried out using a low 
pressure mercury lamp (185 +254  nm; Osram i-INS lOW/ 
UOZ) ,  with solutions contained in 5 mm quartz tubes. The 
solutions were bubbled prior to photolysis with a stream of  
dry argon (for alcohol trapping experiments) or oxygen, a~d 
sealed with rubber sepia. In each case. the course ofphotolysis 
was monitored periodically by GC and/or GC/MS analysis. 

Nanosecond laser flash photolysis experiments employed 
pulses ( 193 nm, approximately 15 as, 20 nd)  from aLumon- 
ics 510 excimer laser filled with an F2-Ar-He mixture, and 
a microcomputer-controlled detection system [34]. Solu- 
tions were prepared at concentration', such that the absorb- 
ance at the excitation wavelength (193 nm) was 
approximately 0.6 ( approximately 2.5 × ! 0 - J M ), and were 
flowed continuously through a 3 mmx 7 mm Suprasil flow 
cell connected to a calibrated 100 ml reservoir. Dry nitrogen 
or oxygen was bubbled continuously through the reservoir 
throughout the experiments. Solution temperatures were con- 
tro!led to within 0.1 oC with a constant-temperature circulat- 
ing bath plumbed to a brass sample holder, and measured 
with a Teflon-coated copper/eonstantan thermocouple 
inserted directly iron the flow cel l  Quenchers were added 
directly to the reservoir by microlitre syringe as aliquots of 
standard solutions. Rate constants were calculated by linear 
least-squares analysis of  decay rule--concentration data (six 
or more points) which spanned at least one order of  magni- 
tude in the transient decay rate. Errors are quoted as twice the 
standard deviation obtained from the least-squares analysis 
in each case. 
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