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Abstract: The kinetic, stereochemistry, and molecular association factors for the addition of diisobutylaluminum hydride to 
trimethyl(phenylethynyl)silane were studied in the temperature range of - 1 0 to 38°. By means of the differential method 
applied to initial rates, the hydralumination was found to have a kinetic true order of essentially one in the alkyne and one-
third in the hydride. Although the trans adduct is the predominating product (~99%) after completion of the hydralumina
tion, the variation of the proportion of cis adduct and the initial rate law are consistent with a kinetically controlled cis hy
dralumination by monomeric R/2AIH, followed by a rapid isomerization to the trans adduct. The Arrhenius relationship, k 
= (1.1 ± 0 . 4 ) X 1010 g-n.330*220/^771/3 m o l - ' / 3 sec"1 , and the apparent activation entropy, - 13 .4 ± 0 . 1 eu a t - 5 . 2 ° , were 
determined; the kinetic deuterium isotope effect is & H M D = 1-71 (—5.2°); and the equilibrium constant for the trans:cis ad-
ducts is 120 at —5.2° and has an enthalpy of isomerization of —2.1 ± 0.3 kcal/mol. Bishydralumination was a minor side 
reaction under these conditions and was shown not to be responsible for the facile cis.trans isomerization. The trans adduct 
formed a complex with 1 equiv of the hydride, but only to an extent of ca. 30% at - 1 0 ° . However, this complexation had to 
be taken into account, in order to explain the observed rate retardation and to obtain satisfactory integrated rate expressions 
for hydraluminations monitored to high conversion. Since in hydralumination this silylacetylene shows a stereospecificity 
and regiospecificity exactly opposite that of rerr-butyl(phenyl)acetylene, as well as a heightened reactivity, a critical consid
eration of possible p^-d*. electronic effects was undertaken. Although such an effect can be invoked in explaining these dif
ferences, this conclusion is not compelling. The unusually facile isomerization of the resulting silyl-substituted vinylalanes, 
however, does seem more persuasive evidence for a p^-d , effect, which promotes isomerization by electrophilic attack of 
R'2A1H on the carbon a to the Me3Si group. 

The cis hydra luminat ion of alkyl- and aryl-subst i tuted 
acetylenes, leading to vinylalanes, const i tutes a versatile 
method for the stereospecific synthesis of c« -a lkenes , 2 

acrylic acids, 3 vinylic halides,4 or vinylic carbinols . 3 a ' 4 a Al
though the mechanism and stereochemistry of such cis 
A l - H bond addit ions a re now reasonably well under
stood,5 '6 the behavior of germyl- and silylacetylenes upon 
hydra luminat ion is not. The contras t ing results with tert-
butyl(phenyl)acetylene, 7 on the one hand, and the analo
gous ge rman ium or silicon derivative,8 on the other, a re 
shown in eq 1. Thus , both hydra luminat ions a re regiospeci-

C6H5. ^EMe3 

2 
C6H5 AW-Bu, 

H EMe;i 

3 

fie, but with opposite orientations. In addition, the reaction 
of fert-butyl(phenyl)acetylene is stereospecifically cis, 
while that of the silyl- or germylacetylene (1 , E = Ge, Si) 
occurs in a highly stereoselective (>99%) trans fashion. 
When, however, the hydraluminations of these silyl- or 
germylacetylenes are conducted with an amine complex, i-
BU2A1H-NR.3, essentially only cis hydralumination is ob
served (>98%)8 (eq 2). Abstraction of the amine from 4 
with a stronger Lewis acid leads to rapid isomerization to 
the trans hydralumination adduct 3. The similar orientation 
and stereochemistry observed for the hydralumination of 

C6H5. yEMe3 

,-Bu2AlH-NR1 \ / ,.Bu .AlCl-
1 E = Ge. Si ' / \ * 

H AW-Bu2 

/ 
R3N 

4 

C6H5 Al-J-Bu2 

C = C ^ + 1-Bu2AlCl-NRj (2) 

H EMe1 

3 

other 1-alkynylsilanes8 show that this behavior is not re
stricted to phenylethynylsilanes. 

Therefore, a detailed kinetic and thermodynamic investi
gation of the hydralumination of trimethyl(phenylethyn-
yl)silane (5) was undertaken, in order to understand: (a) 
this unusual trans addition (1 —• 3, eq 1); (b) the unexpect
ed regiospecificity (cf. 2 and 3); and (c) the extraordinarily 
ready cis.trans isomerization of the vinylic aluminum ad-
ducts (4 —• 3, eq 2). In addition to determining the rate 
laws, it was considered equally important to learn about the 
role of molecular complexes6 in the rate of formation and 
the equilibration of such vinylic aluminum compounds. Fur
thermore, since the presence of a silyl (or germyl) substitu-
ent seemed responsible for the unusual behavior of these 
alkynes (1, E = Si, Ge) and the derived alkenes (3 and 4), 
these studies looked promising in learning more about the 
importance of p^-d* conjugation in chemical reactivity.9 

The relative weights of canonical structures (e.g., 6), based 
on a Pjr-d*. effect, should be different for the ground state 
and the transition state of a reaction: 
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Figure 1. Percentage of conversion of trimethyl(phenylethynyl)silane 
into the respective trimethyl(/3-styryl)silanes by hydralumination vs. 
reaction time at —5.2°. 

R - C = C - S i R ' , 

6a 

R — C - ^ C - S i R ' , 

6b 

R - C - C = S i R ' , , 

6c 

Hence, the relative reactivity, stereochemistry, and isomeri-
zability of a,/3-unsaturated silanes were expected to reflect 
such electronic effects. 

Results 
Stoichiometry and Stereochemistry of Hydralumination. 

The complete conversion of trimethyl(phenylethynyl)silane 
(5) into exclusively the regioisomer 7 by 1.4 equiv of diiso-
butylaluminum hydride at 15° was accompanied by only 
1.4% of the bisalumino adduct 8 (eq 3). There was no trace 
of any bimolecular reduction involving 2 equiv of the alkyne 
with 1 equiv of the hydride 9.2c,6_s Hence, by studying the 
kinetics with a 1:1 ratio of silylacetyleneihydride at temper
atures below 15°, a clean formation of 7 was obtained, with 
negligible interference from the diadduct 8. 

Under these conditions, the resultant ratio of cis-la and 
trans-lb adducts was 1.0:98.6. But this cis:trans ratio was 
found to be subject to both kinetic and thermodynamic con
trol. Thus, a study of this ratio vs. time for the first 10% of 
conversion at —5.2° showed that the cis isomer is the major 
product (maximum of 1.0%) during the first 8 min of reac
tion (Figure 1); this then dropped rapidly to ca. 0.4% and 
thereafter slowly increased to a final value of ca. 0.8% (Fig
ure 2). On the other hand, the final composition of 7a and 
7b was temperature dependent (Table V); over the temper
ature range of —5.0 to +15.0°, equilibration of the isomers 
7a and 7b could be achieved and the equilibrium constant, 
*3 = [7b]/[7a], measured. From a plot OfZ(T3 vs. XjT (Fig
ure 3, slope = 0.45 ± 0.06), the enthalpy change for the 
isomerization was calculated to be —2.1 ± 0.3 kcal/mol. 

The small amounts of the bisalumino adduct 8 formed 
during the trans monohydralumination (eq 3) raised the 
possibility that the equilibration of 7a and 7b took place via 
the bisalumino adduct 8. Accordingly, a mixture of 7a and 

S o 

04 -

Figure 2. Percentage of conversion of trimethyl(phenylethynyl)silane 
into trimethyl(c/s-/3-styryl)silane by hydralumination vs. reaction time 
a t - 5 . 2 ° . 

3.50 3.60 3.70 
l/T x 1000 

Figure 3. Plot of the equilibrium constant, K^ = [7b]/[7a], vs. the re
ciprocal of the absolute temperature. 

C6H5C=CSiMe3 ' ' 8 ^ " » 

5 

C6H5 SiMe3 C6H5 AH-Bu, 

C=C + C = C ( 

H AH-Bu2 H SiMe3 

7a 

H AH-Bu, 

C 6 H 5 — C — C - S i M e 3 

H Al-I-Bu2 

8 

7b 

C6H5 

no H - H - C = C ) 2 - A H - B u : 

SiMe3 

(3) 

7b was allowed to be in contact with an excess of diisobu-
tylaluminum deuteride for 25 hr at 8°. If eq 4 were the 

C6H5 Al-I-Bu2 

H BiMe3 

7a + 7b 

D Al-j'-Bu, 

C 6 H 5 —C—C—SiMe 3 ^ 

H Al-I-Bu2 

10 

C6H5 Al-J-Bu2 

D SiMe3 

11a + l ib 
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Table I. Initial Rates for the Hydralumination of Trimethyl(phenylethynyl)silane at Various Temperatures 

/ [cis] + [trans] / \ 
Run no. T / C (1/71 X IQ3 > [PhC^SiMe3] J '/av Rate (v), mol/1. sec" Log v + 6 

1 -10.30 3.8036 1.41X10"3 3.19 X 10"6 0.5038 
3,4,5 -5.20 3.7319 2.44 5.54 0.7435 

6 -1.00 3.6743 4.03 9.13 0.9605 
7 2.10 3.6329 5.73 1.30 X 10"5 1.1139 
8 8.00 3.5567 1.14 X 10"2 2.58 1.4116 
9 15.00 3.4703 2.55 5.78 1.7619 

"Rate (v), mol/1. = [|([cis] + [trans] V[PhCs=CSiMe3] 0j/f] av X (0.136 mol/l.)/60. 

route of isomerization, then the vinyl adducts should incor
porate deuterium during this treatment (eq 4). However, 
subsequent treatment of the vinylic aluminum compounds 
with H2O showed that no deuterium was present in the re
sulting trimethyl(/3-styryl)silanes. Conversely, when the ad
ducts 11a and l i b formed from S and diisobutylaluminum 
deuteride were equilibrated in the presence of diisobutylalu
minum hydride, subsequent hydrolysis with H2O yielded 
only the trimethyl(a-deuterio-/3-styryl)silanes. 

Therefore, intermediates 8 and 10 play no role in the 
equilibration of either 7a and 7b or 11a and l i b . 

Initial Rates of Reaction in Hexane. As in the previous 
study,6 the method of initial rates could be used to avoid the 
complexities of mixed hydride association equilibria, which 
became prominent as the hydralumination went to comple
tion. Although plots of concentration vs. time for the cis or 
trans adduct did not give straight lines, a plot of the sum of 
their concentrations was linear during the early stages of 
the reaction (Figure 1). 

In Table I, the effect of temperatures between —10.2 and 
+ 15.2° upon the initial rate (v) is tabulated for runs where 
initial concentrations of 5 and hydride were 0.136 ml/1. A 
plot of log v vs. 1/T and a computed least-squares analysis 
of the slope yielded: slope = -(3 .788 ± 0.047) X 103 = 
A£*a p p/(2.303)(1.987); and A£* a p p = 17.33 ± 0.22 kcal/ 
mol. 

The kinetic true order dependences of the silylacetylene S 
and the hydride were obtained from double-logarithmic 
plots of the initial rates (Tables II and III) against the ini
tial concentrations of the varying reagents; the intercepts 
and the kinetic true orders were given as the slopes m and n 
(eq 5). The kinetic true orders (m and n) and the empirical 

log v = m log [5I0 + C1 

log v = n log [hydride]0 + Cn 

C1 = log k + n log [hydride] 

C n = log k + m log [5] (5) 

reaction rate constants, (A:emp) for this hydralumination at 
—5.2° are given in eq 6. From the Arrhenius equation, /cemp 

m for C 6 H 5 C=CSiMe 3 = 0.991 ± 0.011 

n for diisobutylaluminum hydride = 0.380 ± 0.007 

k.mc (average from C1 and C n ) = (8.12 ± 0.74) x 

10"5 1 .1 / 3 mol"1 7 3 s e c ' 1 (6) 

= A e x p E - A ^ * ^ / - / ? / ' ] , the frequency factor A was calcu
lated as (1.1 ± 0.4) X 1010 l.'/3 mo l - ' / 3 sec" ' and, from 
the relationship AS ,*app/4.576 = log A - 10.573 - log T 
AS* a p p = -13 .4 ± 1.0 eu. Thus: 

* . n p = (1.1 ± 0.4) x 

1010 exp[-17,330 ± 220/,RT]I.1/3 m o f 1 / 3 sec"1 (7) 

Table II. Kinetic Order Dependence on Trimethyl(phenylefhynyl)-
silane Based upon Initial Hydralumination Rates at -5.2° 

Run no. 

10 
11 
12 

3 ,4 ,5 

[PETS]0, 
mol/1. 

0.0468 
0.0675 
0.0989 
0.1360 

Log 
[PETS]0, 

+ 2 

0.6702 
0.8293 
0.9952 
1.1335 

1([STS]/ 
[PETS]0Vf | a v 

2.50X 10-3 

2.45 
2.48 
2.44 

Rate (v), 
mol/1. sec2 

1.95 X 10-6 

2.76 
4.09 
5.53 

Log i' 
+ 6 

0.2900 
0.4409 
0.6117 
0.7427 

"Rate (v) (mol/1. sec) = !([STS]/[PETS]0) •*- t j a v X [PETS]0/60. 
Slope (m) = 0.99 ± 0.01. Intercept (Ci) = -4.395 ± 0.031. 

Table III. Kinetic Order Dependence on Diisobutylaluminum 
Hydride Based upon Initial Rates of Addition to 
Trimethyl(phenylethynyl)silane at -5.2° 

Run 
no. 

13 
14 
15 
16 
17 
18 
19 
20 

3 
4 
5 

['-
Bu3AlH]0, 

mol/1. 

0.0345 
0.0345 
0.0690 
0.0690 
0.0690 
0.1035 
0.1035 
0.1035 
0.1380 
0.1380 
0.1380 

Log [;-
Bu2AlH]0 

+ 2 

0.5378 
0.5378 
0.8388 
0.8388 
0.8388 
1.0149 
1.0149 
1.0149 
1.1399 
1.1399 
1.1399 

1([STS]/ 
[PETS]0)Zf I a v 

1.42 X 10-3 

1.44 
1.87 
1.83 
1.89 
2.13 
2.15 
2.15 
2.43 
2.44 
2.44 

Rate (v), 
mol/1. seca 

3.22 X 10-6 

3.27 
4.24 
4.15 
4.29 
4.83 
4.94 
4.87 
5.50 
5.53 
5.53 

Logy 
+ 6 

0.5079 
0.5145 
0.6274 
0.6180 
0.6325 
0.6839 
0.6937 
0.6875 
0.7404 
0.7427 
0.7427 

"Rate 00 (mol/1. sec) = |([STS]/[PETS]0)/f ( av X [?ETS)J60. 
Slope (n) = 0.380 ± 0.007. Intercept (Cn) = -4.394 ± 0.021. 

In an analogous manner to the foregoing, the initial rates 
for the interaction of equimolar concentrations of the silyla
cetylene 5 and diisobutylaluminum hydride or deuteride 
were determined at - 5 . 2 ° (Table IV). The average values 
of VAI-H and VAI-D yielded a kinetic isotope effect of / C H / ^ D 
= 1.71. 

Complexation between Diisobutylaluminum Hydride and 
Diisobutyl((Z)-/S-trimethylsilyl-/S-styryl)aluminum (7b). 
Complexation of unreacted hydride with the vinylic alumi
num product has been shown to be the cause of the pro
nounced rate retardation encountered as the hydralumina
tion of ordinary alkynes proceeds to completion.610"12 At 
room temperature, such complexation occurs with a 1:1 
stoichiometry and, in the case of adducts from disubstituted 
acetylenes, the equilibrium strongly favors the complexed 
hydride 12, R C H = C H A I R Z 2 - I V 2 A I H . 1 0 ' 1 1 The formulation 
of this 1:1 complexation as 12 intentionally leaves its exact 
structure unspecified since recent N M R and chemical stud
ies12 '13 have shown such complexes to possess more struc
tural variety than had been initially supposed.10 

In the case of the trans adduct of 5, namely diiso-
butyl((Z)-/3-trimethylsilyl-f3-styryl)aluminum (7b), (Figure 
4) complexation with diisobutylaluminum hydride in a 1:1 
ratio did occur, but the reaction went to an extent of ca. 
30% at - 1 0 ° and ca. 20% at 38°. The hydride-alkenylalu-
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Table IV.a Hydrogen-Deuterium Kinetic Isotope Effect for the Hydralumination of Trimethyl(phenylethynyl)silane at -5 .2° 

Run no. 

21 (D) 
22(D) 

3(H) 
4(H) 
5(H) 

[PETS]0, mol/1. 

0.135 
0.136 
0.136 
0.136 
0.136 

[/-Bu2AlH]0 or 
[/-Bu2AlD]0 

0.137 
0.137 
0.138 
0.138 
0.138 

l([ STS]/[PETS]0)//la v 

1.44 X 10-3 

1.40 
2.43 X 10-3 

2.44 
2.44 

Rate (v), mol/1. sec 

3.26 X 10-6 

3.17 
5.50 X 10-6 

5.53 
5.53 

Rateav, mol/1. sec 

3.22 X 10-6 

5.52 x 10-6 

«d[PhCH=CHSiMe3]/df = v = Ar[Z-Bu2AlH(D)] '/3[PhC=CSiMe3 

[0.136]1-° = (5.52 x 10"6)/(3.22x 10"6); fcA1_H/A:Al-D = 1.71. 
VAl-H^Al-D = *A!-H[0.138]'/3[0.136]'-'VfcAl-D[0.137]y3 [0.136] 

minum complex 13 displayed its hydride signal at <5 3.90 
ppm and the methyl protons of its isobutyl groups at 0.98 
ppm (eq 8; Figure 5). 

C11H- AW-Bu, 

H SiMe,: _ 

7b 

+ [/-Bu2AlH]., — 

C6H5 Al-J-Bu, 

C=C 
/ \ 

H SiMe3 

13 

Z-Bu-AlH (8) 

Kinetics of Hydralumination Reactions Monitored to 
High Conversion. As with the hydralumination of 4-octyne, 
this reaction also showed rate retardation, but to a lesser ex
tent. The aforementioned N M R study revealed that 7b does 
not complex with the hydride quantitatively in a 1:1 man
ner, as do other vinylaluminum systems (eq 8). 

Thus, in applying the method of integration to such reac
tions displaying rate inhibition, it was assumed that m 
would have fractional values in eq 9, where dx/dt is the 

^ 1 = £m(«o X)(CIQ - mx) 
1/3 (9) 

rate of forming 7b, OQ are the initial, equal concentrations 
of 5 and hydride, and m is >1.0 but <2.0. Where m = 1.0, 
no inhibition of rate would be found and, where m = 2.0, 
the equilibrium shown in eq 8 would have to lie far to the 
right. 

The integrated forms of eq 9,6 where m = 1.0-2.0, were 
used to test for the constancy of km for runs followed to 
high conversion (Tables VI-VIII) . For all three tempera
tures, - 5 . 2 , 8.0, and 15.0°, the value of km, where m = 
1.0, decreased with time. On the other hand, the values of 
A:in, where m = 1.4, 1.6, or 2.0, increased with time. It is 
difficult to choose between km (m = 1.2) and km (m = 
1.3), for both were essentially constant. At —5.2°, km (w = 

1.2) showed a slight decrease in value with time, compared 
with km {m = 1.3). Thus, at this temperature, A:m (m = 
1.3) seems to be the best choice. This value of m also agrees 
well with the NMR analysis of equilibrated 13 at - 5 . 2 ° , 
which shows that ca. 30% of the hydride reactant was con
sumed by complexation with 7b. 

Discussion 

Mechanism for the Hydralumination of Trimethyl(phen-
ylethynyDsilane (5). Because of the preponderantly trans 
stereochemistry of this reaction, the most immediate ques
tion is whether the rate law is the same as that observed for 
the cis hydralumination of ordinary alkynes.6 Now, al
though the trans adduct is present to the extent of >99% 
after complete consumption of the silylacetylene, the rela
tive amount of the cis adduct predominates early in the 
reaction (Figure 1). Furthermore, only a plot of the sum of 

the cis and trans adduct concentrations against time gives a 
straight line for this early stage of reaction; the concentra
tion of either adduct alone against time yields a curved plot 
(Figure 1). Such a finding is consistent with a kinetically 
controlled cis hydralumination, whose product (7a) then 
isomerizes to the more stable trans adduct 7b (Table V; 
Figure 2). 

By the method of initial rates, then, the observed rate law 
at —5.2° has essentially a first-order dependence on the sil
ylacetylene 5 and a 0.38-order dependence on diisobutylalu-
minum hydride. These values are comparable to the first-
order dependence on alkyne and a 0.37-order dependence 
on the hydride observed for the cis hydralumination of 4-
octyne at 30.0°.6 The A£*app for the silylacetylene 5, 
namely 17.33 kcal/mol, is considerably lower than the 
20.84 kcal/mol measured for 4-octyne. It follows that the 
reaction scheme most consistent with the initial fluctuation 
in the cis:trans adduct ratio (Figures 1-3) and the kinetic 
true order dependences would be: 

[R'oAlHl . - 1 ^ 3R'2A1H K1 = kjk. (10) 

C6H5 S iMe 3 

R'.AIH + C 6H 5 -C=SC-SiMe 3 - ^ - , C = C ; 
slow / \ 

5 H A1R'2 

7a 

C6H5 A1R'2 

H SiMe3 

7b 

CeH5 . .oii»ic3 ,SiMe3 

/ C = C \ 
H A1R'2 

7a 

* - i 

With the assumption of a relatively rapid trimer-monomer 
hydride equilibrium and a cis,trans equilibration of 7a and 
7b, the steady-state approximation, applied to the monomer 
as the reactive intermediate, gives eq 11. Although K3 was 

v = d[7b]/dZ; = 

^ ( ^ ) 1 / 3 ( ^ 3 ) [ ( R ' 2 A 1 H ) 3 ] 1 / 3 [ R - C = C - R ] ( H ) 

found to be 120 at - 5 . 0 ° (Table V), no direct measure of 
K\ has been possible. Since the monomeric, unsolvated hy
dride has never been detected by various spectral measure
ments, it is reasonable to assume that #1 is very small (e.g., 
0.33% dissociation would correspond to K\ = 10~6). 

As a competing or alternative pathway from 5 to 7b, the 
direct trans hydralumination of 5 should be considered. 
First of all, the observed rate law argues against more than 
one R'2A1H unit being involved in the rate-determining 
step. If then direct trans hydralumination is to be signifi
cant, a maximum of one R^AlH must be active in the slow 
step. With this restriction, such addition could result only 
via a rectangular approach of 5 and monomeric hydride (eq 
12). Such a perpendicular approach, as in 14a and 14b, has 
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rr'^yi^^***^^^ 

Figure 4. The NMR spectrum of a neat sample of diisobutyl((Z)-/3-trimethylsilyl-0-styryl)aluminum (7b). 

^LJL. 
Figure 5. The NMR spectrum of a neat, 1:1 mixture of diisobutyl((Z)-/3-trimethylsilyl-/3-styryl)aluminum and diisobutylaluminum hydride at 
- 1 0 ° . 

H 

C6H=Cs=CSiMe3 

CZ 

, A I N 

14 a 

C6H5C--CSiMe2 

Table V. Equilibrium between Diisobutyl((Z)-0-trimethylsilyl-(3-
styryl)aluminum (7a) and Diisobutyl((£>(Mrimethylsilyl-/3-
styryl)aluminum (7b) at Various Temperatures 

R' R' 

7b (12) 

R' XR' 
14b 

H N 

C6H6CWcSiMe3 • 

W XR' 

15 

a certain appeal in rationalizing, by means of orbital sym
metry rules, how a ir complex can collapse smoothly to the 
cis adduct.6 However, in attaining the trans adduct via 14, 
the aluminum-hydrogen bond must eventually undergo 
much stretching (15). Accordingly, a pronounced kinetic 
isotope effect would be expected if diisobutylaluminum deu-
teride were used. Actually, however, the &H/&D ratio at 
- 5 . 2 ° was found to be 1.71. As previously argued,6 this iso
tope effect should be considered as modest since the overall 
rate embraces a preequilibrium of trimeric and monomeric 
hydrides (eq 10), whose AH = 45 kcal/trimer. Hence, it is 
probable that the actual k2(H)/k2(D) in eq 10 is even small
er. All these considerations lead to the conclusion that the 

Run 
no. 

23 
23 
23 
23 
23 
23 
23 
24 
25 
24 
24 
25 
25 
25 
25 
24 
24 
23 
23 
25 
25 
24 
25 
25 
23 
23 
25 

Temp, 0C 

-5 .0 

0.0 

1.0 

3.0 

5.0 

10.0 

15.0 

(1/71 X 103 

3.731 

3.663 

3.650 

3.623 

3.597 

3.534 

3.472 

[7b]/ 
[7a], A: 

118 
119 
121 
122 
110 
113 
115 
109 
112 
114 
115 
116 
117 
108 
109 
100 
101 
106 
107 

94 
98 

102 
86 
92 
92 
97 

101 

Kav 

120 

113 

113 

109 

104 

98 

94 

Log Kav 

2.0792 

2.0531 

2.0531 

2.0374 

2.0170 

1.9912 

1.9731 
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Table VI. Kinetic Data for Hydraluminations of Trimethyl(phenylethynyl)silane at • 
Constants Calculated from Integrated Forms of Equation 11 (Runs 3,4,- and 5) 

5.2° Monitored to High Conversions and Rate 

Time, min 

5.66 
7.20 

16.33 
16.45 
21.22 
21.37 
37.97 
42.14 
53.52 
83.37 

113.96 
149.14 
248.68 
249.70 
337.40 
401.57 
523.85 
585.32 
654.20 
Average 

X, mol/1. 

0.0019 
0.0025 
0.0054 
0.0055 
0.0068 
0.0069 
0.0117 
0.0127 
0.0158 
0.0231 
0.0303 
0.0374 
0.0540 
0.0540 
0.0653 
0.0722 
0.0817 
0.0873 
0.0910 

with standard 
deviation: 

adx/dt = 'fclIl(«o-- X)(aa - mX) has 

km (m = 1.2) 

4.3 X 10-3 

4.4 
4.3 
4.3 
4.2 
4.2 
4.2 
4.1 
4.1 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
3.9 
4.0 
4.0 

4.1 ± 0.12 

km (m = 1.3) 

4.4 X 10-3 

4.6 
4.4 
4.5 
4.3 
4.4 
4.3 
4.2 
4.2 
4.1 
4.2 
4.2 
4.2 
4.1 
4.2 
4.2 
4.2 
4.4 
4.4 

4.3 ± 0.11 

no meaning when mX > a0. km, 1. " 3 mol' 

km (m = 1.4) 

4.5 X 10-3 

4.7 
4.5 
4.6 
4.4 
4.5 
4.4 
4.3 
4.3 
4.2 
4.3 
4.3 
4.3 
4.3 
4.4 
4.4 
4.5 
4.8 
4.9 

4.5 ±0.15 

- " 3 m i n - ' . 

km (m 

4.6 X 
4.8 
4.7 
4.7 
4.6 
4.6 
4.6 
4.5 
4.5 
4.4 
4.5 
4.5 
4.6 
4.6 
4.8 
5.0 
5.6 
5.3 
a 

4.7 ± 

= 1.6) 

io-3 

0.20 

^ m (m = 2-0) 

4.9 X 10-3 

5.1 
4.9 
5.0 
4.8 
4.8 
4.8 
4.7 
4.7 
4.7 
4.9 
4.9 
5.4 
5.4 
6.4 
a 
a 
a 
a 

5.0 ± 0.28 

Table VII. Kinetic Data for Hydraluminations of Trimethyl(phenylethynyl)silane at 8° Monitored to High Conversions and Rate Constants 
Calculated from Integrated Forms of Equation 11 (Run 8) 

Time, min 

4.34 
10.23 
17.82 
31.60 
52.83 

104.00 
184.55 

Average 

X, mol/1. 

0.0066 
0.0144 
0.0235 
0.0373 
0.0539 
0.0804 
0.101 

with standard deviation: 

*ni (m = 1.2) 

2.0X 10"2 

1.9 
1.9 
1.9 
1.9 
1.9 
1.9 

1.9 ± 0.01 

km (m 

2.1 X 
2.0 
2.0 
2.0 
1.9 
2.0 
2.0 

2.0 ± 

= 1.3) 

io-2 

0.03 

*III (»i = 1.4) 

2.1 X 10"2 

2.0 
2.0 
2.0 
2.0 
2.2 
2.3 

2.1 ± 0.1 

km (m = 1.6) 

2.2 XlO-2 

2.1 
2.1 
2.1 
2.2 
2.6 
a 

2.2 ± 0.12 

km (m = 2.0) 

2.3 X IO"2 

2.2 
2.3 
2.3 
2.5 
a 
a 

2.3 ± 0.06 
adX/dt = kiu(a0 - X)(a0 - mX) has no meaning whenmA">fl0. km, i. "3mol-"3min-' . 

Table VIII. Kinetic Data for Hydraluminations of Trimethyl (phenylethynyl)silane at 15° Monitored to High Conversions and Rate 
Constants Calculated from Integrated Forms of Equation 11 (Run 9) 

Time, 
min 

1.96 
6.07 

10.91 
18.44 
33.88 
61.26 

Average 

X, mol/1. 

0.0067 
0.0186 
0.0303 
0.0453 
0.0675 
0.0906 

with standard 
deviation: 

*III ( m = !-2) 

4.5 X 10"» 
4.3 
4.2 
4.2 
4.2 
4.2 

4.3 ± 0.28 

fclll ("? = 1-3) 

4.6 X 10 - 2 

4.4 
4.4 
4.3 
4.4 
4.6 

4.5 ± 0.14 

km (m = 1.4) 

4.7 X 1O-2 

4.6 
4.5 
4.5 
4.6 
5.3 

4.7 ± 0.24 

km (m = 1.6) 

4.9 X 10"* 
4.7 
4.7 
4.8 
5.1 
a 

4.8 ±0.12 

Ar111 (m = 2.0) 

5.1 X 10 - 2 

5.0 
5.1 
5.3 
7.5 
a 

5.6 ± 0.76 

"dx/dt = km(a0 - X)(a0- mX) has no meaning when mX>a0. km, I."3 mol ' min" 

observed isotope effect is too small to be in accord with the 
pathway illustrated in eq 12. On the other hand, this isotope 
effect is essentially the same as that of the cis hydralumina-
tion of 4-octyne, namely 1.68. 

Therefore, there is no reasonable doubt that the hydralu-
mination of trimethyl(phenylethynyl)silane occurs predomi
nantly in a kinetically controlled cis manner, and that the 
trans adduct results from a subsequent isomerization of the 
cis adduct. 

Thermodynamic Parameters. The observed activation pa
rameters, A£'*app and A£*app , are actually apparent values 
which embrace both kinetic and thermodynamic contribu
tions (cf. preequilibrium in eq 10). Up to now, no direct ex
perimental value was available for AH\. But it is obvious 
that V3A//1 must be less than 16.8 kcal/mol (eq 13). Since 

AE* = RT + V3AA4 + AH2 

17.33 = 0.5 + V3AZZ1 + AH2* 

ATZ1 = enthalpy of hydride t r i m e r — - monomer 

AZZ2* = enthalpy of activation for eq 12 

RT = ca. 0.5 kcal at -5° (13) 

kinetic estimates of 1IiAH) have ranged from 15 to 20 
kcal,14 the minimum value of 1^AHi = 15 kcal /Al-H 
bridge seems reasonable. Then, AH2* = 2 kcal/mol. 

In a similar fashion, AS2* for eq 12 can be estimated as 
- 6 0 eu at - 5 . 2 ° if K\ is assumed to be ca. 10"~6. 

The equilibration of the cis and trans adducts, 7a and 7b, 
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permitted the determination of K3 (eq 10) as equaling 120 
at —5.2°. This value corresponds to a Gibbs free energy 
change, AG = —2.55 kcal/mol. The variation of A^ with 
temperature led to AH = - 2 . 1 kcal/mol. The greater sta
bility of the trans adduct 7b' can be ascribed to the steric 
anisotropy of the diisobutylalumino group, compared with 
the grossly spherical, isotropic trimethylsilyl group (cf. eq 
14); in this way, nonbonded atom repulsions are minimized 
for the syn groups. 

Table IX. 

CfiH: 

Me 
M e . : 

v ^ S i - M e 

/ = C \ 
H Al-R' 

R' 
7a' 

R l .R' 

H SiMe3 

7b' 

Role of Complexation between Diisobutylaluminum Hy
dride and Diisobutyl ((Z)-jS-trimethylsilyl-/S-styryl)aluminum 
(7b). The 1:1 interaction of R'2A1H with vinylalanes can be 
viewed in several ways: (a) mixed alkenyl-hydride bridg
ing10 (16); (b) it complexation of R'2A1H with the vinylic 
bond15 (17; n.b., asymmetry of the R'2A1 group with re
spect to Al centers; cf. 16, where the R'2A1 group is sym
metrically bridged); and (c) isobutyl-hydride exchange, ac
companied by association of the resulting R'3A1 with the 
vinylic aluminum hydride 18:12 

,a 
•'ks 

R 

V 
16 

. AlR', R',A1 

R 

T 

" AlR' 

-H' 

17 

R x / R 
C = C H L V 

R'3
 V -H 

16 

VR' 

There is a structural precedent for the IT interaction in 17 
that has been revealed in the crystallographic structure de
termination of the diphenylphenylethynylaluminum 
dimer.15 Also, heating the system, R C H = C R A l R'2 / 
R'2A1H, causes the evolution of R'3A1, which observation 
supports the possible presence of structure 18.12 

The initially formed cis adduct 7a should be able to inter
act with R'2A1H more readily than the trans adduct, and 
rapidly isomerize to the trans adduct. Especially for the 
silyl-substituted vinylalane, 7b', it is readily apparent that 
the requisite 3pz orbital on aluminum, necessary for com
plexation of the type shown in 16 and 17, is less accessible 
than in 7a'. The incomplete complexation of 7b was readily 
evident from the N M R spectrum of a mixture of 7b' and 
R2AlH, from which an equilibrium constant of K4 =* 0.2 at 
- 1 0 ° was determined (eq 15). This equilibrium should then 

7b + Z-Bu2AlH = P = (7b )0' -Bu2AlH) (15) 

K, = 
[7b»(i:-Bu2Al-H)] 

17b ]U-Bu2AlHj 
Concentrations are considered for formulas as written, disre
garding molecular association. 

be included with those equations defining the kinetic behav
ior of this hydralumination, namely eq 10. The kinetic ne
cessity of eq 15 is seen from those kinetic measurements 
made on hydraluminations conducted to high conversion. 
The integrated forms of the rate expression shown in eq 10 
gave empirical rate constants (kimp) that showed the least 
drift when m was set equal to 0.30. A comparison of this 

-0.5° 8.0° 15° 
fcemp(integration)a 7.2 X 10"s 3.3 X 10-4 7.5 X 10" 
fcemp(intercept)a 8.1 X ICT5 3.7 X 10 -4 7.9 X 10" 
fcemp(initial rate)" 7.9 X 10"5 3.7 X 10 -4 8.3X10" 

alnmol -" 3! .+ 1 / 3sec" 

^emp(integration) with the fcemp(intercept), obtained from 
initial rates by eq 5, or with the Aremp(initial rate), obtained 
from the equation, initial rate = &:(0.136)4/3, gives a very 
satisfactory agreement (Table IX). 

Electronic Factors in the Reactivity, Stereochemistry, and 
Isomerizability of a,fi-Unsaturated Silanes. These results 
show that trimethyl(phenylethynyl)silane (5) actually 
undergoes an initial cis hydralumination, just like its carbon 
analog, ter/-butyl(phenyl)acetylene. But the relative reac
tion rate5 of the silyl compound is 16 times faster at 35°. 
Furthermore, the relative rates for typical aryl- and alkyl-
substituted acetylenes ( C 6 H 5 C s C C 6 H 5 , 1.0; 
C 6 H 5 C = C C H 3 , 1.2; H - C 3 H 7 C = C n - C 3 H 7 , 6.3; 
C 6 H 5 C = C H , 12; C 6 H 5 C=C-J -C 4 H 9 , 28; 5, 431) clearly 
demonstrate that the trimethylsilyl group enhances the re
activity of the C = C linkage toward attack by the electro-
philic R'2A1H monomer.5 '6-u Now several studies of the 
electronic character of the Me3Si group have concluded 
that it is modestly electron withdrawing when attached to 
acetylenic carbon centers.9 '16 Toward saturated carbon cen
ters, where only an inductive effect could be operative, the 
Me3Si group seems to be electron donating (e.g., a* of 
Me3Si = —0.73).17 The reactivity of 5 and other alkynes 
toward hydralumination seems to require that the Me3Si 
group be electron donating. But a further aspect of such rel
ative reactivities is unusual; those alkynes having branched 
groups adjacent to the C = C site are actually more reactive, 
even though such branching might cause some F or B strain 
during hydralumination.5 Thus, consider the relative rates: 
H-C4H9C=C-H-C4H9 , 6.9, vs. t - C 4 H 9 C = C - t - C 4 H 9 , 151; 
C 6 H 5 C = C C H 3 , 1.2, vs. C 6 H 5 C = C - N C 4 H 9 , 28. The argu
ment has been advanced that the transition state must occur 
early in the configurational change involved, namely near a 
structure resembling a TT complex (19), so as to avoid the F 
and B strains involved in later transition states (e.g., 20 or 
21).5 

R - C = C — R 
(AT) 

\ S+ 

C = C -

R'' R' H 

19 

R ' ^ / 

20 

C = C - R 

21 

Applying these views to the silylacetylene 5, we would as
cribe its heightened reactivity to ground-state electron 
donation by the Me3Si group, which fosters the formation 
of the ir-complex-like transition state 22a. 
Any actual ir-complex intermediate (22b) would presum
ably occur after transition state 22a and would lie in a high-
energy trough (AE\* > AE2 < AE3*). Collapse of 22b 
would ensue via a second transition state (23), which is not 
rate determining (AEi* > AEi*) but is product determin
ing (regiospecific). Collapse of the transition state to yield 
product 7a, however, involves rapid transfer of the hydride 
to unsaturated carbon. Again, by virtue of electron release 
by the Me3Si group, the carbon a to it should be less recep-
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tive to hydride attack. Hence, the carbon 0 to it is attacked 
(23) and 7a results: 

i* 

C6Hr-C=C-O-SiMe3 

# - * 
H R' 

22a (AE*) 

7T complex -

22b (AE2) 

C6H5 SiMe3 

\ = C X 
7a 

.R' 

O 

23 (AS3*) 

In this way, the high reactivity, the lack of steric hindrance, 
and the regiospecificity of this silylacetylene are explained 
by means of the recognized electron release of the Me3Si 
group, without recourse to controversial pT-dT effects. In 
fairness, however, it should be noted that an alternative ex
planation could be developed based upon the latter view. 
Resonance structure 6b could be made an important con
tributor by such pT-dT interactions, whereby the silicon 
does not so much withdraw electron density, as it does po
larize the 7r bond. From this argument would follow an 
equally satisfactory accounting for the ease of attaining 22a 
and for its specific collapse via 23. 

On the other hand, a more persuasive case for the role of 
a pT-dT effect can be made in explaining the ready cis,trans 
equilibration of 7a and 7b. That such rapid equilibration at 
temperatures as low as —5.0° is extraordinary is shown by 
the configurational stability of ordinary vinylalanes to long 
heating at 50°. Attempted exchange experiments (eq 4) 
permit us to dismiss diadduct formation, such as 8, as a sig
nificant pathway in this isomerization. But three other 
pathways remain to be considered: (a) a lowered barrier to 
C = C bond rupture because of synergistic p^-Sid^ (24) and 
P1T-AIp,. (25) effects in 7a; (b) a lowered barrier at the 

H5 SiMe3 

> ~ C \ 
H A1R'2 

:H5 SiMe3 

V rr 
C C 

H AlR', 
24 

C 6H 6 x + / SiMe3 

H 
c—c: 

' \TR<, 
25 

C = C bond, as in a, but with the isomerization proceeding 
via the dimer of 7a (25); and (c) the Lewis acid catalyzed 
attack of R'2A1H on 7a, leading to lowered C = C character 
(26). Regardless of which pathways are actually responsible 

C6H5 

-A-" 
R',Ai: .AlR', 

H - ( A 'SiMe3 \ ^ _ c / . . . . A - A l ^ R ' 
+C6H5 H AlR', R' C6H5 

25 

AlR', 

26 

for this facile isomerization, in all three, the buildup of neg
ative charge a to the MesSi group in the transition state 

must be invoked. For this situation, a pT-dT polarization, 
expressed by 6b and 6c, forms the most suitable interpreta
tion. Also, coordination of the tertiary amine at the alumi
num center should stabilize the cis isomer 7a by hindering 
such buildup of negative charge on the a carbon. As to 
which pathway is the most important under our experimen
tal conditions, we conclude that pathway c (26) is the most 
likely for several reasons. First of all, the observed isomer
ization and equilibration always occur in the presence of ex
cess R^AlH. Such hydride is well recognized as able to 
break up homodimers, such as 25, and form more stable 
heterocomplexes (cf. 16-18). Secondly, vinylalanes have a 
strong dimerizing tendency2b so there is little likelihood 
that monomeric 7a (or 24) is even present is solution. 
Thirdly, when actual bishydralumination is forced to occur, 
the adduct has geminal dialumino groups (cf. 8). This find
ing supports the formulation of 26, where the cr-complex in
termediate has the R^AlH electrophile attached a to the 
MeaSi group. 

Experimental Section 

General Techniques. Techniques for the purification and han
dling of organoaluminum compounds, especially in kinetics and 
measurements, have already been described.6'18 

Gas-liquid chromatographic analyses of mixtures containing the 
trimethyl(cw- and ?/-a«.s-/3-styryl)silanes and trimethyl(phenyleth-
ynyl)silane were performed with the highly sensitive (1O-10 g) 
Varian-Aerograph unit, Model 1200, which was equipped with a 
flame-ionization detector. The chromatograph was connected to a 
Honeywell recorder, Model Electronik 15, which in turn was pro
vided with a disk-chart integrator, Model 201-B. The chromato
graphic column was of 9 ft X 0.125 in. size, packed with 10% sili
con SF-96 on Chromosorb P of 100-120 mesh (the Chromosorb P 
having previously been acid-washed and siliconized to reduce tail
ing). Several repeated GLC analyses, using known concentrations 
of the starting alkynylsilane and the products under the conditions 
of the kinetic analysis (flow rate of He 30 ml/min; detector 205°; 
injector 180°; column 120°), showed all three compounds to have 
the same response factor (1.00 ± 0.01). 

Preparation and Purification of Reagents. Silanes. Trimethyl-
(phenylethynyl)silane, trimethyl(cw-^-styryl)silane, trimethyl-
(fran.s-/3-styryl)silane, and trimethyl(0-phenylethyl)silane were all 
prepared according to published procedures.8 Just before use, frac
tional distillation of trimethyl(phenylethynyl)silane was carried 
out under dry nitrogen through a 30 X 0.75 cm column packed 
with glass helices. Since this silane had a GLC retention time iden
tical with that of trimethyl(/?-phenylethyl)silane, the characteristic 
NMR spectrum of the latter was used, together with its mass spec
tral detection, to measure the amount of the saturated silane 
formed: (neat) 6 -0.04 (s, 9 H); 0.65-0.94 (sextet, 2 H); 2.41-2.70 
(sextet, 2 H); 7.ll(s, 5 H). 

Aluminum Alkyls. The purification and analysis of diisobutylalu-
minum hydride, suitable for kinetic investigations, have already 
been described in detail, as has a reliable synthesis of diisobutyla-
luminum deuteride.6 

Solvents. The principal reaction medium, hexane, was of the 
highest commercially available grade, which was then dried by 
prolonged reflux over sodium metal in the presence of benzophe-
none. The drying was conducted under nitrogen in an apparatus 
especially designed to avoid contaminating the solvent with grease. 
Thereupon, the purified hexane was distilled into the previously 
described stock-solution vessels or dispensing buret.6 

Kinetics of the Addition of Diisobutylaluminum Hydride to Tri-
methyl(phenylethynyl)silane. General Procedure. The same proce
dures described for the kinetics of the hydralumination of 4-octyne 
were used here, except that the hydrolysis method had to be 
changed. Because of the rapidity with which the hydride reacts 
with the alkynylsilane, most of the kinetic runs were conducted at 
lower temperatures. Although it took only ca. 2 sec to withdraw a 
reaction mixture aliquot (0.3 ml) and to inject it into the hydroly
sis solution, thu time lag for quenching was long enough to change 
the relative amounts of the alkynylsilane and the alkenylsilane, as 
well as the cis,trans ratio of the latter. To avoid these errors, a 1 -ml 
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hypodermic syringe was fused with a glass jacket, which covered 
two-thirds of the syringe tube starting from the needle exit. A cur
rent of ethanol, chilled to constant temperature by a circulating 
cooling bath, was passed through the jacket of the vertically 
mounted syringe during a transfer of an organoaluminum aliquot. 
The piston and the upper part of the syringe barrel were main
tained uner dry nitrogen by a removable cap, in order to prevent 
condensation of moisture and freezing of the barrel. The rapid hy
drolysis of each organoaluminum sample was achieved by injecting 
the sample (collected into the jacketed syringe at a constant low 
temperature), through a septum, into 1 ml of deoxygenated, dilute 
HCl in 10% v/v mixture of ethanol-water. The aqueous, ethanolic 
HCl samples were contained in broad-bore test tubes (to increase 
contact of the organic and aqueous phases) and maintained at a 
constant, low temperature by a cooling bath. After hydrolysis, 
more water was added, and the supernatant organic phase could be 
removed, dried, and subjected to GLC analysis. 

Possible Effect of Experimental Variables on Analytical Results. 
To investigate the possible isomerization of the cis olefin to the 
trans isomer during hydrolysis, 10 ml of 0.5 TV HCl solution was 
added to a hexane solution containing 0.30 g (1.7 mmol) of tri-
methyl(c/j--/3-styryl)silane. After 5 hr at 25°, a GLC analysis indi
cated essentially no cis.trans isomerization. 

In determining the initial rate of hydralumination for trimethyl-
(phenylethynyl)silane at -10.2° [/-Bu2AlH]0 = [PhC=CSiMe3Jo 
= 0.136 mol/1., three different hydrolysis procedures were com
pared: (a) the reaction mixture was collected into a jacketed sy
ringe cooled to —10.2° (vide supra) and thereupon hydrolyzed by 
injection into the cold 0.5 HCl (10% EtOH); (b) the same condi
tions as in procedure a, except that no acid was employed; and (c) 
the reaction mixture was withdrawn with a syringe that was at 
room temperature, but the rest of the procedure was that used in a. 
The average values for the initial rates obtained by these three pro
cedures were: (a) 3.19 X 10-6; (b) 3.22 X 1O-6; and (c) 3.64 X 
1O-6 mol/1. sec. Thus, little variation in the observed values results 
when water-ethano! replaces dilute HCl as the hydrolyzing medi
um, but the apparent reaction rate can increase by 15% when the 
sampling syringe is at room temperature. 

Effect of Temperature on the Initial Rate. The stock solutions 
were prepared by diluting 5.0 ml of diisobutylaluminum hydride 
with hexane to a total volume of 200.0 ml (apparatus previously 
described).6 To 20.0 ml of such a stock solution was added 0.473 g 
(0.40 ml) of trimethyl(phenylethynyl)silane, giving a concentra
tion of [(-Bu2AlH]0 = [PhC=CSiMe3Io = 0.136 mol/1. The hy
dralumination rate was measured at six different temperatures: 
-10.3 (run 1); -5.2 (runs 2, 3, 4, and 5); -1.0 (run 6); 2.1 (run 
7); 8.0 (run 8); and 15.0° (run 9) (Table I). For runs 1-7 the ini
tial rates were calculated from the average values of the analytical 
results before 7% conversion. At 8.0 and 15.0° (runs 8 and 9), the 
addition reaction was too fast to permit the analysis of 3-4 samples 
before 7% conversion. Consequently, the initial rates were obtained 
by a graphical extrapolation of the first four values to t = 0. Thus, 
for run 8, 

/[cis olefin] + [trans olefin 1 \ , , . , . , . 
I [PhC^CSiMe3]/ J^ = I - " x 1O-2 ^ n ' 1 

and for run 9, 2.55 X 10 -2 min-1, by intercept. 
Kinetic Order Dependence of the Reactants. For the kinetic true 

order in the silylacetylene, 20.0 ml of the aforementioned hydride 
solution in hexane were mixed with varying amounts of the silyla
cetylene (0.163 g in run 10, 0.235 g in run 11, and 0.344 g in run 
12) a t -5 .2° (Table H). 

For the kinetic true order in the hydride (runs 13-20), the con
centration of diisobutylaluminum hydride was varied by using dif
ferent amounts of the same stock solution (x = 5.0, 10.0, or 15.0 
ml) and then distilling hexane into the hydride aliquot, via a nee
dle-tipped buret,6 up to a final volume of 20.0 ml. After the hy
dride solutions had been equilibrated at -5.2°, 0.473 g of the sily
lacetylene was added to each solution (Table III). 

Kinetrc Hydrogen-Deuterium Isotope Effect. The reactivity of 
diisobutylaluminum deuteride in hydraluminating trimethyl(phen-
ylethynyl)silane (runs 21 and 22) at -5.2° was compared with 
that of diisobutylaluminum hydride (runs 3, 4, and 5). A stock so
lution of the deuteride in hexane, containing 2.50 ml of deuteride 

in a total volume of 100.0 ml, was first prepared. Then a 20.0-ml 
aliquot of this solution was equilibrated at -5.2°, after which 
0.473 g of the silylacetylene was introduced (Table IV). 

Study of the Equilibrium between the Cis and Trans Hydralumi
nation Adducts, Diisobutyl((Z)-/0-trimethylsilyl-/0-styryl)aluminum 
and Diisobutyl((£)-(8-trimethylsilyl-jS-styryl)aluminum. Not only the 
apparent extent of hydralumination, but also the ratio of the tri-
methyl(m-0-styryl)silane to the trimethyl(/ra«^-/3-styryl)silane, 
obtained by the hydrolysis of the hydralumination adducts, is very 
sensitive to the method of hydrolytic work-up. Accordingly, the 
method of using a jacketed syringe and a cooled hydrolysis medi
um, both of which were held at constant temperature with a cool
ing bath (procedure a) under the aforementioned kinetic measure
ments, was used in the present equilibrium measurements. By 
means of this reliable hydrolysis method, any observed variations 
in the cis:trans ratio of the styrylsilanes obtained could then be as
cribed to a change in the cis:trans ratio of the hydralumination ad
ducts themselves. By means of triplicate analyses of organoalum
inum samples and by random selection of the temperature (by rais
ing or lowering), the determination of the cis:trans ratio sought to 
eliminate errors inherent in a single hydrolytic analysis. 

To 25.0 ml of the previously described stock solution of diiso
butylaluminum hydride in hexane was added 0.473 g of the silyla
cetylene, giving [!-Bu2AlH] =0.138 mol/1. and [PhC=CSiMe3Jo 
= 0.107 mol/1. For runs 23, 24, and 25, the hydralumination of the 
silylacetylene was complete when the temperature was held at 0 to 
+ 1° for 18-25 hr. When a similar sample was allowed to react for 
12 hr at 15°, hydrolysis yielded 98.87% of the Oww-/3-styrylsilane, 
0.92% of the cis isomer, and 0.21% of the residual silylacetylene. 
After a total of 43.5 hr, hydrolysis revealed a composition of 
97.62% trans- and 0.99% c/i-(3-styrylsilanes; little silylacetylene 
was left, but the remaining 1.39% was now trimethyl(^-phenyleth-
yl)silane (MS: P (m/e) 178). 

After one or two samples were withdrawn from runs 23, 24, and 
25 at one temperature and then analyzed, the temperature was 
raised or lowered, in a random fashion, to a new temperature. The 
solutions were allowed to equilibrate for 2-3 hr and samples again 
withdrawn for the special hydrolytic analysis (Table V). 

Study of the Bisalumino Adduct Formation in the Reaction of Di
isobutylaluminum Hydride with Trimethyl(phenylethynyl)silane. As 
mentioned in the previous section, a 1.4:1.0 ratio of hydride and 
silylacetylene (run 23) gave ca. 1% of trimethyl((3-phenylethyl)sil-
ane after 43.5 hr at 15°. When 1.5 g of the silylacetylene (8.6 
mmol) was allowed to react with 4.5 ml (25.0 mmol) of the hy
dride in 100 ml of hexane for 40 hr at 25°, hydrolysis yielded only 
2.7% of the phenylethylsilane. Further heating for 15 hr at 40° 
now gave 12.4% of the phenylethylsilane and 82.5% of the trans-
and 5.1% of the m-j3-styrylsilanes, as determined both by GLC 
and NMR analyses. In the latter analysis, the integration of the 
distinct Me3Si peaks (trans, b 0.14; cis, 0.03; and PhCH2CH2, 
—0.04 ppm) served as the criterion. 

Treatment of the remaining organoaluminum solution with D2O 
and GLC separation (13 ft X 0.25 in. 15% silicone SF-96 on Chro-
mosorb W at a column temperature of 140°) provided a sample 
shown to be essentially pure trimethyl(a,a-dideuterio-3-phenyl)sil-
ane by NMR (vanishing small absorption in the 0.65-0.94 ppm re
gion) and mass spectral (P, m/e 180) analyses. 

Attempted Exchange of Hydrogen (Deuterium) for Deuterium 
(Hydrogen) in the Trans Hydralumination Adduct of Trimethyl-
(phenylethynyDsilane. In the first case, 0.783 g (4.5 mmol) of the 
silylacetylene was allowed to react with a 22% excess (1.0 ml, 5.5 
mmol) of diisobutylaluminum deuteride in 30 ml of hexane for 20 
hr at 25-30°. Hydrolysis of a 13-ml aliquot gave a composition of 
98.7% of trans- and 1.2% of m-styrylsilane with 0.1% of starting 
material. NMR spectrum of the crude trans-PhCD=CHSiMe3 
(neat) showed: 0.14 (Me3Si), 6.40 (t, 1-CH, J = 3.0 Hz), and 
7.10-7.45 (m, 5 H) ppm. 

To the remaining reaction mixture (ca. 17 ml) was added 0.7 ml 
(3.9 mmol) of diisobutylaluminum hydride and the resulting solu
tion allowed to stir for 36 hr at 25-30°. Hydrolytic work-up yield
ed a crude product, whose NMR spectrum was identical with that 
obtained before the (/'-Bu2AlH)3 had been added, namely, that of 
/ra«s-PhCD=CHSiMe3. 

In the second attempt, 0.473 g (2.7 mmol) of the silylacetylene 
was allowed to react first with diisobutylaluminum hydride (0.63 
ml, 3.4 mmol) for 15 hr at 8° (hydrolysis giving 98.8% of the 
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//•a/w-styrylsilane) and then with diisobutylaluminum deuteride 
(1.0 ml, 5.4 mmol) for 25 hr at 8°. However, in the final hydrolysis 
product (>98% of //-an.s-0-styrylsilane), no deuterium was incor
porated [NMR (neat) 6 0.14 (s, Me3Si); 6.38 (d, CH=, J = 19 
Hz), 6.88 (d, CH=, J = 19 Hz), 7.07-7.41 (m, 5 H)]. 

Infrared and NMR Spectral Study of Mixtures of Diisobutylalu
minum Hydride and Trimethyl(phenylethynyl)silane. In 1:1 Ratio. 
By means of a gas-tight syringe, the silylacetylene (1.90 g, 10.9 
mmol) was added dropwise to the neat hydride (1.50 g, 10.5 
mmol) at 0°. After ca. 5 min of reaction, the C = C stretch at 1530 
cm-1, characteristic of the trans hydralumination adduct, was al
ready prominent. As the reaction progressed, the Al-H and C = C 
bands at 1760 and 2160 cm-1, respectively, slowly disappeared, 
but these bands did not appear to be shifted from their usual posi
tions in the pure components. 

The NMR spectrum of the neat trans adduct displayed peaks at 
(5, ppm): 0.17 (d, 4 H, J = 6.5 Hz), 0.18 (s, 9 H), 0.88 (d, 12 H, J 
= 6.5 Hz), 1.70 (m, 2 H), 7.23 (s, 5 H), and 7.84 (s, 1 H) (Figure 
4). 

In 2:1 Ratio. Admixture of 0.515 g (3.0 mmol) of the silylacetyl
ene with 0.80 g (5.6 mmol) of the hydride was performed slowly 
and carefully in an NMR tube (Caution: exothermic reaction). 
The progress of the hydralumination was then monitored by NMR 
spectroscopy at a probe temperature of 0°. After ca. 15 min, new 
sharp singlets appeared at 6 7.84 and 0.18 ppm because of the 
vinylic proton and the Me3Si group, respectively, of the trans ad
duct. Also, a new, broad singlet centered at 3.90 ppm developed 
because of a mixed 1:1 complex of the trans adduct with diiso
butylaluminum hydride. When the starting acetylene was con
sumed, the peak at 7.84 bore a 1:5 ratio to the now sharp singlet at 
7.23 ppm (QHs). The methyl protons of the isobutyl groups gave 
rise to a triplet, which seemed to be due to the overlap of two dif
ferent doublets centered at 0.98 and 0.88 ppm, respectively. The 
ratio of broad peaks at 3.90 and 2.93 ppm, arising from the hetero-
and homohydride complexes of ('-Bu2AlH, varied with tempera-

Several in-depth studies from these laboratories have 
demonstrated that arylazirines undergo photocycloaddition 
with electron-deficient olefins to give A'-pyrroline deriva
tives.2"4 The formation of the adducts was interpreted as 
proceeding by way of irreversible ring opening of the azirine 
ring to form a nitrile ylide intermediate. As a 1,3-dipole, 
this species can be intercepted with a variety of dipolaro-
philes to form five-membered heterocyclic rings.5-9 The 
cleavage of the C-C bond of the azirine ring was shown to 
proceed from the n-7r* singlet state2 and was rationalized in 

ture. At —10°, the ratio of the heterocomplex absorption 
[PhCH=C(SiMe3)Al(Z-Bu2) with 1-Bu2AlH] to that of the homo-
complex, (1-Bu2AlH)3, was 29:71 and became 19:81 at 38° (Fig
ure 5). 
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terms of an electrocyclic transformation10-12 analogous to 
the cyclopropyl -* allyl cation rearrangement.13 That the 
photocycloadditions proceed via the excited singlet state of 
the azirine was indicated by our inability to quench or sen
sitize the cycloaddition with a variety of triplet quenchers 
and sensitizers.2'6 In the cases reported previously, the ni
trile ylide intermediate generated from the azirine was 
trapped by an external dipolarophile. As a continuation of 
our investigations in this area, we were particularly inter
ested in determining whether the cycloaddition reaction 
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Abstract: The scope of the thermal and photochemical ring expansion reactions of a number of 2-vinyl-substituted 2//-azir-
ines has been examined. The azirine derivatives undergo photochemical rearrangement to 2,3-disubstituted pyrroles via tran
sient nitrile ylide intermediates which can be trapped with external dipolarophiles. The thermal reactions proceed by a differ
ent pathway involving rupture of the azirine C-N single bond giving a butadienyl nitrene which cyclizes to a 2,5-disubsti-
tuted pyrrole. That the photocycloadditions proceed via the excited singlet state of the azirine is indicated by the failure of 
triplet sensitizers and quenchers to sensitize or quench the reaction. Photolysis of 3-phenyl-2-styryl-2//-azirine proceeds by a 
seven-membered transition state and gives l-phenyl-3H-2-benzazepine as the major product. A study of the quantum yield 
for product formation as a function of added dipolarophile shows that the photocyclization to give a seven-membered azepine 
is significantly faster than cyclization to the five-membered pyrrole ring. 
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