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4.0 equiv of SO3 in nitromethane at 0 "C and ita dipotassium salt 
isolated after the addition of excess of water, neutralization with 
aqueous KOH, and freeze drying. Samples of 3, 10, and the 
potassium salts of 5,6, and 12 were obtained commercially from 
Merck and Fluka. The 'H NMR spectra were recorded on a 
Bruker WM-250 spectrometer. 

Sulfonation Procedures and Analysis. Procedure A. To 
a heterogeneous mixture of 2.0 or 5.0 equiv of SO3 in 0.70 mL of 
('H,)dioxane was added, while stirring under nitrogen, at 15 "C 
a solution of 0.25 mmol of the substrate in 0.70 mL of (%&dioxane 
and the temperature of the mixture subsequently adjusted. With 
the substrates 1,3, and 15 the reaction mixtures were homoge- 
neous, whereas with 2 and 10 they proved to be heterogeneous. 

Procedure B. To a heterogeneous mixture of 0.7,1.0, or 1.2 
equiv of SO3 in 0.20 mL of (2H8)dioxane was added at 15 "C 0.40 
mL of ('HJmethylene chloride and the temperature lowered to 
-70 "C. To this solution was then added at -70 "C a solution of 
0.25 mmol of the substrate in 0.60 mL of ('H,)methylene chloride 
precooled at -70 "C. 

Of the homogeneous reaction mixtures, obtained by the pro- 
cedures A and B, the progress of the reaction was monitored by 
'H NMR by recording spectra after appropriate time intervals. 
For the low-temperature experiments the temperature of the 
reaction mixture was raised by 10 "C a time and then kept con- 
stant for a chosen period of time. Ultimately, all the reaction 
mixtures were worked up by pouring them into 2-3 mL of water 
and adding dilute aqueous KOH till the pH was between 7.5 and 
8.5. The solvents of the resulting solution were removed by 
freeze-drying and their NMR spectra, using ('H2)water and/or 
('H6)MezS0 as solvent, recorded. 

Analysis. The components of the reaction mixtures resulting 
from 1 and 3 have been assigned on the basis of both the 'H and 
13C NMR signals of authentic samples of 3, 5, 6, and 8 in 
('HJwater and ('H6)Me2S0 at the same alkalinity as the worked 
up reaction mixture samples. The 13C NMR chemical shifts of 

5, 6, and 8 are listed in Table I11 (supplementary material). 
The components of the reaction mixtures of 2 and 10 were 

assigned (i) on the basis of a comparison of the 'H NMR signals 
with those of an authentic sample of 13 by application of the sulfo 
and amino substituent shifts, the relative intensities, and the 
multiplicities of the various signals. 

The presence of each of the following assigned components 3, 
5,6,8, 10, and 13 in the various worked up reaction mixtures was 
further established unequivocally by showing that addition of an 
equimolar amount of an authentic sample of the sulfonate in 
question to the soltuion to be analyzed did not lead to an en- 
hancement of the number of lH NMR signals. 

The procedures for the sulfonation in nitromethane and the 
subsequent workup and isolation of the potassium sulfonates were 
dscribed before.13 
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The metalation of 2,3-dimethyl-2-butene results in the preferential formation of cross-conjugated dianions 
which agrees with predictions from the resonance energy per atom (REPA) calculation on unsubstituted dianions. 
In addition, metalation with potassium tert-butoxideln-butyllithium results in elimination to the mono- and 
dianions of 2,3-dimethylbutadiene, the fiist elimination with this metalating system reported in an acyclic system. 
An examination of acyclic and cyclic dianions with the potential for elimination shows that for acyclic and small 
(56) ring hydrocarbons, elimination occurs to form mono- or dianions with REPA values 10.060p. For seven- 
or eight-membered rings, REPA values are not reliable in predicting elimination. 

We have been involved in an examination of factors 
affecting the stability of delocalized diani~ns. l -~ We have 
determined that cross-conjugated dianions are thermo- 
dynamically more stable than linearly conjugated dianions. 
This enhanced stability has been attributed to Y-aro- 
m a t i ~ i t y . ~ ~ ~  In systems in which multiple delocalized 
dianions are possible, the use of REPA6p7 values has ef- 
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Scheme I 
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fectively predicted the relative stabilities and therefore 
concentrations of the various dianionic species p re~en t .~B  

When 2-methyl-2-butene is dimetalated by using either 
n-butyllithium/tetramethylethylenediamine (TMEDA) or 

(6) Hess, B. A.; Schaad, L. J. Pure Appl. Chem. 1980, 52, 1471. 
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Table I. Distribution of Alkylated and Silylated Products 
products from products from 
mono anions dianions butadienes 

base/alkene days 11 12 total 7 1001 6, 8, 9 total 20 22 
Reaction with n-Butyl Bromide 

KO-t-Bu/n-BuLi 
1:l 2 16 17 33 11 26 5 42 11 14 
2:l 0.04 21 19 40 22 8 13 43 9 8 
2:l 1 12 24 36 13 18 5 36 10 18 
2:l 2 11 12 23 17 10 11 38 13 25 
2:  1 4 4 10 14 15 26 7 48 12 26 
3:l 1 4 20 24 12 15 7 34 21 21 
3: 1 3 6 11 17 7 24 4 35 12 35 
4: 1 1 7 15 22 20 14 10 44 18 17 
4: 1 3 4 9 13 13 23 6 42 12 35 

2:l 5 24 54 78 15 22 
2: 1 9 61 61 10 28 38 

n 
TMEDAln-BuLi 

Reaction with Chlorotrimethvlsilane 
products from products from 

butadiene monoanions dianions 
baselalkene days 14 15 total 17 18 total 22 

KO-t-Buln-BuLi 
2: 1 
2: 1 
2: 1 
4: 1 

See discussion in text. 

1 30 14 
2 27 11 
3 26 11 
2 19 13 

44 30 13 43 13 
38 37 4 41 20 
37 33 5 38 26 
32 24 13 37 31 

potassium tert-butoxideln-butyllithium, the major product 
is the cross-conjugated dianion 1 (REPA = 0.069p) rather 
than the linearly conjugated dianion 2 (REPA = -0.040@).' 

1 2 

Because the REPA values, which had proven to be so 
useful in predicting relative stabilities of dianions, were 
calculated for unsubstituted systems,6 we were interested 
in examining dianion formation in a more highly substi- 
tuted system, 2,3-dimethyl-2-butene (3). 

Metalation of 3 with either n-butyllithium/TMEDA"'O 
or n-butyllithiumlpotassium tert-butoxide" resulted in 
formation of dianionic products by abstraction of two 
allylic protons, as shown in Scheme I. The anionic mix- 
tures were characterized by quenching with n-butyl 
bromide or chlorotrimethylsilane followed by gas chro- 
matographic separation of the alkylated products (see 
below) and 'H NMR spectroscopic analysis. As antici- 
pated, the yield of dianions was affected by the length of 
time the starting material was in contact with the meta- 
lating system and by the nature and amount of the met- 
alating system, as shown in Table I. In general, longer 
reaction times and greater concentrations of base gave 
higher yields of dianion a t  the expense of monoanion. 
Metalation with potassium tert-butoxideln-butyllithium 
resulted in a higher yield of dianion than did metalation 
with n-butyllithiumlTMEDA. 

The dianions in the reaction mixture were quenched 
with n-butyl bromide to give four dialkylated butenes, 6-9. 

(8) Bahl, J. J.; Bates, R. B.; Beavers, W. A.; Mills, N. S. J.  Org. Chem. 
1976,41, 1620. 

Chem. 1979,44, 3800. 
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(9) Bates, R. B.; Beavers, W. A., Gordon B., 111; Mills, N. S. J .  O g .  

(10) Bates, R. B.; Gordon, B.; 111, Kelly, P. C.; Mills, N. S.; Rund, J. 

(11) Lochmann, L.; Lim, D.; Coupek, J. Collect. Czech. Chem. Com- 

Table 11. Butene Dianion Formation (n -Butyl Bromide 
Quench) 

4/(4 + 5 )  = 7 + 10/ 
base/alkene days (7 + 10 + 6, 8, 9), % 

1:l 2 88 
2: 1 0.04 70 
2: 1 1 86 
2: 1 2 74 
2: 1 4 85 
3: 1 1 79 
3: 1 3 89 
4:l 1 77 
4:l 3 86 

2: 1 5 32 
2: 1 9 26 

KO-t-Bu/n-BuLi 

TMEDA/n-BuLi 

In addition, one of the monoalkylated products, 10, could 
only have been formed from a dianion by a combination 
of protonation/alkylation with the proton source being 
adventitious water, either from the atmosphere through 
the septum capping the tubes of dianion or from moisture 
inadvertently introduced during the quench. The yields 

R '  Rx R>-(-R' RxR' 
1 2 ,  R 1 n- Bu. R'= H 1 0 .  R= n -  Bu , R'-H 1 8 ,  R = R' = SiMe3 
14, R=SiMe3 ,R ' *H  l l . R = H . R ' = n - B u  
1 7 ,  R=R'=SiMe3 1 3, Rs H. R '=  SiMrs 

15. R=Sihrk3. R'=H 
16. R= R'=SiMea 
20, R=R'=SiMes 

6 .  R=R'=n-Bu 7. R-R'mn-Bu 8 . R = R 4 = n - B u  

9, R = R'=n-Bu 
19. R = R ' = S i M r s  

of dianion reported therefore are deduced from an inclu- 
sion of 10 in the total of dialkylated products. Products 
7 and 10 unquestionably form from the cross-conjugated mun. 1970, 35, 73. 
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Table 111. Butene Dianion Formation 
(Chlorotrimethylsilane Quench) 

4 = (15 + 171 5 = (18/15 + 
base/alkene days 15 + 17 + 18) 17 + 18) 

2:l 1 77 23 
2: 1 2 92 8 
2: 1 3 90 10 
4: 1 2 73 27 

dianion. Unfortunately 60-MHz 'H NMR spectroscopy 
does not allow differentiation between 6, also formed from 
cross-conjugated dianion and 819, from linearly conjugated 
dianion. While we are currently exploring other methods 
of differentiating between these isomers, we can estimate 
the minimum fraction of cross-conjugated dianion in the 
total butene dianion milieu by summing the yields of 7 and 
10. Table I1 indicates that  in these potassium tert-but- 
oxide/ n-butyllithium reaction mixtures the percentage of 
cross-conjugated dianion is between 70% and 89% of the 
total dianion. As mentioned initially, the cross-conjugated 
dianion with REPA = 0.0696 would be predicted to be 
more stable than the linearly conjugated dianion (REPA 
= 0.0406) product. 

The products from the use of chlorotrimethylsilane as 
quenching agent are reported in the last four entries of 
Table I. As compared to  the dialkylated butenes, the 
chemical shifts of the three isomeric 2-butenes (17-19) are 
sufficiently different to allow confirmation of the cross- 
conjugated product 6. The E and Z isomers have been 
reported p rev i~us ly '~J~  to  have proton chemical shifts of 
1.53 and 1.6 ppm, respectively, for the methyl protons and 
1.48 and 1.43 ppm, respectively, for the methylene protons. 
The 2-butene product we observe formed in the largest 
concentration we identify as 17 on the basis of its methyl 
(1.54 ppm) and methylene (1.39 ppm) proton chemical 
shifts. Because of a similarity of retention times i t  was 
not possible to isolate the other 2-butene product uncon- 
taminated by 17 but the 'H NMR spectrum of the mixture 
allowed the minor isomer to be identified as 18. Once 
again, reasoning that 15 (analogous to 10) can most logi- 
cally be formed by protonation and then alkylation of 4, 
the minimum yield of 4 as a percentage of alkenyl dianion 
formation (15 + 17/15 + 17 + 18) can be evaluated. An 
examination of Table I11 shows that the cross-conjugated 
dianion forms a t  the expense of trans ( E )  linearly conju- 
gated dianion yielding an equilibrium mixture containing 
approximately 90% cross-conjugated dianion 4. This is 
in reasonable agreement with the results seen in the n- 
butyl bromide quench (Table 11). 

In summary, when the metalating system is potassium 
tert-butoxideln-butyllithium, the cross-conjugated dianion 
is formed in higher yield than linearly conjugated dianions, 
reflecting its greater stability as predicted through REPA 
calculations. Thus we have demonstrated (a) the prefer- 
ence for cross-conjugative stabilization of delocalized di- 
anions even in highly alkylated systems and (b) the con- 
tinued success of REPA  calculation^^^^ in predicting the 
relative stability of delocalized dianions. 

The minimum amount of cross-conjugated dianion as 
a fraction of the total dianion product is much lower when 
the reaction mixture is n-butyllithiumlTMEDA. We 
present no explanation for the smaller percentage of 7 in 
the dianion mixture when the metalating system was n- 
butyllithium/TMEDA as compared to  the potassium 

(12) Weyenberg, D. R.; Toporcer, L. H.; Nelson, L. E. J. Org. Chem. 

(13) Hiyama, T.; Obayaski, M.; Mori, I.; Nozake, H. J. Org. Chem. 
1968,33, 1975. 

1983, 48, 912. 

Table IV. Reaction Mixtures without Monoanion Products 
base/ dianion monoalkylated dialkylated 
alkene days products, % butadienes, % butadienes, % 

1:l 2 
2: 1 
2: 1 
2: 1 
2:l 
3: 1 
3: 1 
4: 1 
4: 1 

2:2 
2: 1 
2:l 
4: 1 

0.04 
1 
2 
4 
1 
3 
1 
3 

From Quench with n-Butvl Bromide - 
63 
72 
56 
50 
56 
45 
43 
56 
47 

15 
15 
16 
17 
14 
28 
15 
23 
13 

21 
13 
28 
33 
30 
28 
43 
22 
39 

From Quench with Chlorotrimethylsilane 
1 76 24 
2 67 
3 66 
2 54 

33 
34 
46 

Scheme I1 

24 25 

tert-butoxide metalating system except to note that a 
similar trend was observed in the metalation of 2- 
methyl-2-butene.' 

Of greater interest to us was the observation of buta- 
diene products 20-23 in the reaction mixture formed by 
metalation with potassium tert-butoxide. As shown in 
Table IV, increasing ratios of metalating system to starting 
alkene or longer periods of contact result in higher yields 
of the butadiene products a t  the expense of products from 
dianions 415. Presumably the hydride elimination nec- 

\ rR  R--/ rR  

2 R-n-Bu 
25: R = SiMQ 

20,  R n-BU 
21, R = SiMrs 

essary to form 22 and 23 (after quenching with RX) is from 
the dianion of 3 a5 shown in Scheme I1 rather than the 
monoanion because the yield of butadiene products in- 
creases with the increase in the amount of metalating 
complex. 

There has been a recent flurry of interest in metala- 
tionfelimination reactions catalyzed by potassium tert- 
but~xide/n-butyllithium,'~-~~ but the formation of 24 and 
25 represent, to the best of our knowledge, the first met- 
alation/elimination by potassium tert-butoxideln-butyl- 
lithium in an acyclic system.l* At this point, two questions 
presented themselves to us: (a) since potassium tert-bu- 
toxide/ n-butyllithium has been fairly extensively used as 
a metalating system since 1970," why has metalation/ 
elimination not been observed with other acyclic dianions, 
and (b) why, even with cyclic precursors, does metala- 
tionfelimination only occur in certain precursors and can 

(14) Wilhelm, D.; Clark, T.; Friedl, T.; Schleyer, P. v. R. Chem. Ber. 

(15) Wilhelm, D.; Clark, T.; Schleyer, P. v. R. Tetrahedron Lett. 1982, 

(16) Clark, T.; Schleyer, P. v. R. J. Chem. Soc., Chem. Commun. 1976, 

(17) Reetz, M. T., Eibach, F. Leibigs Ann. Chem. 1978, 1598. 
(18) Rusinko, A. Masters Thesis, Trinity University, 1981. 
(19) Sato, M.; Ashima, K. Chem. Lett. 1982, 157. 
(20) Carpita, A,; Benetti, M.; Rossi, R. Gazz. Chim. Ital. 1982,112,415. 
(21) Trost, B. M., Shimizu, M. J. Am. Chem. SOC. 1982, 104, 4299. 
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23, 4077. 
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Scheme I11 
a c y c l i c  compounds 

Mills and Rusinko 
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0.0268 

0 0438 

0 1338 

c y c l i c  compounds 

0 0778 

00530 0 0288 -0 035 8 

0 1338 

0 0618 

I I =  

0-Q 
0 0208 

00398 00538 

\ 

0 0688 

0 0658 

A. 
0 069P 

0 0618 

0-0 
0 0720 

0 0790 *--*- *-* 
0 06013 

0 0688 

metalation/elimination be accurately predicted for various 
precursors? 

An examination of dianion preparation in acyclic sys- 
tems by metalation with potassium tert-butoxideln-bu- 
ty l l i t h i~ml -~  reveals that  only three acyclic systems in 
addition to 2,3-dimethyl-2-butene have the potential for 
hydride elimination to yield anions or dianions. These are 
shown in Scheme 111, along with the representative cyclic 
dianions whose structural features allow them the potential 
for metalation/elimination. In addition, the REPA values 
for the final anionic product(s) are shown. From both 

acyclic and cyclic precursors, with three exceptions, met- 
alation/elimination forms anions whose REPA values are 
larger than 0.0600. The three exceptions all contain seven 
or eight-membered rings. Cycloheptene under metala- 
tionlelimination conditions gives the cycloheptadienyl 
dianion (REPA = 0.028@), methylenecycloheptene gives 
heptafulvene (REPA = 0.0200), and 1-methylcyclooctene 
gives products from linearly and cross-conjugated penta- 
diene dianions (REPA = 0.0340 and 0.0530, respectively). 
We suggest that  the REPA values, based on Huckel mo- 
lecular orbital calculations, which do not account for angle 
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Table V. Infrared and 'H NMRO Spectral Data for Compounds 6-20 
compd IR, cm-' 'H NMR chem shifts, Ab 
6, 8, 9" 2.1 (t, J = 10 Hz, 4 H), 1.62 (9, 3 H), 1.61 (8 ,  3 H), 1.35 (m, 12 H), 0.98 (t, J = 6 Hz, 6 H) 
7 4.62 (m, 2 H), 1.93 (m, 2 HI, 1.26 (m, 12 H), 1.00 (9, 6 H), 0.98 (t, 6 H) 
10 4.62 (d. J = 4 Hz. 2 H), 2.18 (m, J = 8 Hz, 1 H). 1.98 (m, 2 H), 1.53 (m, 6 H), 1.04 (d, J = 8 Hz, 6 H), 0.96 (t, J = 7 

11 
12 
14 
15 
17 

1812 
20 

2220 
2321 

Hz; 3 H) 
4.60 (m, 2 H), 1.61 (s, 3 H), 1.42 (m, 6 HI, 1.00 (t superimposed on 9, 9 H) 
2.00 (t, 2 H), 1.60 (s, 9 HI, 1.30 (m, 6 H), 0.90 (t, 3 H) 
1.60 (s, 6 H), 1.52 (s, 3 H), 1.44 (8 ,  2 €9, 0.00 (9, 9 H) 
4.31 (m, 2 H), 1.95 (septet, J = 7 Hz, 1 H), 1.40 (9, 2 H), 0.96 (d, J = 7 Hz, 6 H), 0.00 (st 9 H) 
1.54 (s, 6 H), 1.39 (s, 4 HI, 0.00 (9, 18 €3) 
1.53 (s, 6 H), 1.48 (9, 4 H), 0.00 (s, 18 H) 
4.95 (m, 4 H), 2.00 (t, 2 H), 1.60 (s, 3 H), 1.30 (m, 6 HI, 0.90 (t, 3 H) 
4.88 (m, 4 H), 2.17 (t, 4 H), 1.32 (m, 12 H), 0.90 (t, 6 H) 
4.71 (m, 2 H), 4.58 (m, 2 H), 1.62 (s, 4 H), 0.00 (9, 18 H) 

1600 
1600 
1615 

All spectra run in CDC1,. *Units relative to Me,Si. 

strain and which assume a planar conformation, are less 
reliable in predicting relative stabilities for anion systems 
containing large (greater than seven atoms) rings. As 
further evidence for this lack of reliability we note that 
the  cyclooctatetraene dianion (REPA = 0.073p) is not 
formed by metalation/ elimination from cyclooctene,14 an 
observation which Schleyer suggests is due to  ring strain, 
preventing coplanarity, or to an unexplained predilection 
for odd-numbered rings to eliminate better than their 
even-membered counterparts. It should be mentioned that 
REPA values have been examined with respect to  their 
predictive value. Huckel theory, upon which REPA values 
are based, is inherently suspect for doubly charged ions 
where electrostatic interactions play a major role. The 
success of REPA values in predicting elimination may be 
due to a combination of factors rather than an assessment 
of stability as evaluated solely by Huckel theory. 

Conclusion 
The  outcome of metalation/elimination reactions by 

potassium tert-butoxideln-butyllithium has been exam- 
ined for a variety of cyclic and acyclic alkenes. For alkenes 
containing rings of six or fewer carbons and for acyclic 
alkenes, the formation of the final anionic product can be 
predicted by its REPA value with a REPA value of 0.060p 
occurring as the minimum value observed. For alkenes 
larger than cyclohexene, the REPA values do not allow a 
reliable prediction of the final anionic product. Finally, 
the only acyclic alkene to give elimination with potassium 
tert-butoxideln-butyllithium, 2,3-dimethyl-2-butene is 
reported. 

Experimental Section 
Apparatus and Materials. NMR spectra were recorded in 

CDC1, or CCll on a Varian T-60 nuclear magnetic resonance 
spectrometer using Mel& (when appropriate) as an internal 
standard. Gas chromatographic separations were performed on 

a Perkin-Elmer Sigma 3-B gas chromatograph. Pentane was 
obtained from Aldrich Chemical Co. and washed with sulfuric 
acid and dried by distillation from phosphorus pentoxide. 
TMEDA (N&,"&'-tetramethylethylenediamine) from Aldrich 
Chemical Co. was distilled from the sodium/benzophenone ketyl. 
n-Butyllithium (2.4 M in hexane) was procured from Alfa 
Products. All other reagents were obtained from Aldrich Chemical 
Co. and used without further purification. 

General Procedure for Metalation. (A) With Lochman's 
Base. Potassium tert-butoxide (3.2 g, 28.4 mmol) in pentane and 
n-butyllithium (12.0 mL, 28.4 mmol) were combined in a sep- 
tum-capped test tube under argon to form a beige complex. To 
the metalating system at 0 "C was added 2,3-dimethyl-2-butene 
(1.69 mL, 14.2 mmol). The metalated butene was quenched with 
n-butyl bromide (3.30 mL, 31.2 mmol) or chlorotrimethylsilane 
(4.0 mL, 32.0 mmol), the solution was neutralized with aqueous 
ammonium chloride, the layer were separated and dried, and the 
organic layer was flash distilled [180 "C (0.3 torr)]. The products 
were separated by temperature-programmed GC (110-168 "C, 
2.7-m, 6% OV-17 column). 

(B) With n -Butyllithium/TMEDA. N,N,N',N'-Tetra- 
methylethylenediamine (TMEDA) (4.4 mL, 28.4 mmol) and n- 
butyllithium (12.0 mL, 28.4 mmol) were combined in a septum- 
capped test tube under argon. To the metalating system was 
added 2,3-dimethyl-2-butene (1.69 mL, 14.2 mmol). n-Butyl 
bromide (3.30 mL, 31.2 mmol) was added to the solution at 0 "C 
to quench the anions. The products were isolated as described 
above. 

Spectral data for all compounds reported is summarized in 
Table V. 

Acknowledgment. We are grateful t o  the Robert A. 
Welch Foundation (Grant W-794) and to the donors of the 
Petroleum Research Fund, administered by the American 
Chemical Society, for their support of this research. 

Registry No. 6,102261-94-9; 7, 102261-95-0; 8, 102261-96-1; 
9, 102261-97-2; 10, 102261-98-3; 11, 29772-43-8; 12, 19781-18-1; 
14,54008-73-0; 15,102261-99-4; 17, 102262-00-0; 18, 16054-38-9; 
20, 102262-01-1; 21, 83180-80-7; 22, 84652-75-5; 23, 82167-48-4; 
2,3-dimethyl-2-butene, 563-79-1; n-butyl bromide, 109-65-9; 
chlorotrimethylsilane, 75-77-4. 


