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(CH3)2CCH2Br — - (CH3J2C=CH2 + Br- (1) 

(CHj)2CCH2Br + O2 —* (CH3)2C(0O)CH2Br (2) 

propagation reactions. The sensitivity of an autoxidation to 
Br- is illustrated by the observation that the oxidizability of 
1 is increased by a factor of ~ 100 by the addition of 0.04 M 
HBr. 

The rate of autoxidation of 1 in the presence of 
(CH 3) 3COOH (0.5 to 2 M) does not depend on the partial 
pressure of oxygen indicating that reaction 1 is not impor
tant in this system. This is not unexpected because at such 
large hydroperoxide concentrations any bromine atoms that 
are formed should undergo chain transfer with the hydro
peroxide to regenerate peroxy radicals. 

Br- + (CHj)3COOH HBr + (CH3)3COO- (3) 

This was confirmed by the observation that catalysis of the 
oxidation of 1 by HBr was eliminated by 2 M 
(CH3)3COOH (vide Table I). 

The only rate controlling propagation reaction in this sys
tem is, therefore 

(CHg)3COO- + (CHj)2CHCH2X -^* 

(CHa)3COOH + (CHj)2CCH2X (4) 

and the propagation rate constant that is measured is kp'. 
Measurements of homopropagation rate constants at 30° 

for organic substrates with unactivated C-H's (e.g., isobu-
tane 3) and organic substrates with a-bromo and a-chloro 
substituents (e.g., isopropyl bromide 4 and isopropyl chlo
ride 5) is not possible because kinetic chain lengths are too 
short.11 A propagation rate constant of 0.003 M~x sec - 1 for 
the autoxidation of 3 has, however, been estimated11 while 
rate constants for reaction of 4 and 5 with (CH3)3COO-
have been calculated to be ~0.0006 M~l sec - 1 .1 1 

The reactivity of compounds 1 to 5 to (CH3)3COO- de
creases in the order 1 > 2 ~ 3 > 4 ~ 5 whereas on purely 
electronic grounds the reactivity order should be 3 > 1 ~ 2 
> 4 ~ 5. Thus a CH2Br group activates an adjacent C-H 
bond relative to a CH 3 group because anchimeric assistance 
from the /3-bromine overshadows the deactivating effect ex
pected from electron withdrawal by the bromine. The simi
larity between the rate constants for 3 and 2 implies that 
the deactivating effect of a /3-chloro substituent is almost 
exactly balanced by the accelerating effect from anchimeric 
assistance. 

We have previously concluded11 that rate constants for 
reaction of organic compounds with (CH3)3COO- at 30° 
correlate with the strength of the weakest bond in the mole
cule (Z)[R-H]) by the empirical equation 

log {k^'/M-1 sec"1) = 15.4 - 0.2Z)[R-H] 

with Z)[R-H] in kilocalories per mole. As values of kp' for 1 
and 2 would be expected to fit this relationship 1 must have 
a tertiary C-H bond that is ~ 7 kcal mol - 1 weaker than 4 
and ~ 4 kcal mol - 1 weaker than 3, while the tertiary C-H's 
in 2 and 3 have approximately the same strength. 

The estimated stabilizing effect of a CH2Br substituent 
relative to a CH 3 substituent of 4 kcal mol - 1 is in reason
able agreement with the estimate of 2.5 kcal mol - 1 ob
tained by Cain and Solly12 from a kinetic study of the ther
molysis of 1-bromomethyl- and l-methyl-4-chlorobicylo[2.-
2.0]hexanes and the estimate of 3 kcal mol - 1 made by Skell 
and Shea13 from a study of the brominations of 1-bromobu-
tane and propane. 

We believe that the enhanced reactivity of a H atom /3 to 
a bromine and chlorine substituent to /-ROO- provides un

equivocal support for the bridged radical postulate favored 
by Skell and coworkers.2 This means that the transition 
state for reaction 4 contains a stabilizing contribution 
from14 

^CH2 

x : I R 
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Regiospecific Synthesis of Trimethylsilyl Enol 
Ethers via Silatropic Rearrangements 

Sir: 

Trimethylsilyl enol ethers are proving to be versatile in
termediates in organic synthesis. In addition to serving as 
convenient precursors for the formation and alkylation of 
specific enolate anions,1 trimethylsilyl enol ethers undergo 
oxidative functionalization reactions with strong electro-
philes to give heterosubstituted carbonyl compounds,2 oxi
dative cleavage with ozone,3a Schmidt-type rearrangement 
with sulfonyl azides,3b cyclopropanation with iodomethyl 
zinc iodide,3c titanium tetrachloride catalyzed aldol conden
sation with acetals, aldehydes, and ketones,4 and acylation 
with acid chlorides2" and isocyanates.5 The principal meth
od for the preparation of trimethylsilyl enol ethers has been 
silylation of enolate anions, the scope of which is defined by 
the procedures for the regiospecific generation of enolate 
anions.6 We wish to report that thermal silatropic rear
rangements,7 formally analogous to known prototropic pro-
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cesses, afford new regiospecific routes to various types of 
trimethylsilyl enol ethers.8 

Trimethylsilyl /3-keto esters 1, 3, and 6 were prepared as 
described by Kuo, Yahner, and Ainsworth,8 i.e., acylation 
of the required carboxylic acid dianion followed by silyla-
tion. Pyrolysis of 1 (flow pyrolysis in a hot tube at 454°; 
contact time 4.5 min), 3, and 6 (neat liquid pyrolysis at 
240° for 4.5 hr) effected decarboxylation and the produc
tion of trimethylsilyl enol ethers 2, 4, and 7 in high 
yields.9,10 This overall transformation is, of course, analo
gous to the ready prototropic decarboxylation of /3-keto 
acids to enols.11"13 The regiospecificity of the reaction is in
dicated by the absence of any detectable (<3-5%) cross 
contamination between regioisomers 4 and 7. Enol ethers 4 
and 7 were cleaved with methyllithium and the resulting 
lithium enolate anions allowed to react with a series of alkyl 
halides (CH3I, C2H5I, allyl-Br, and /-C3H7I). High yields 
of regiospecifically pure alkylated ketones (5a, 96%; 5b, 
89%; 5c, 95%; 5d, 82%; 8a, 92%; 8b, 88%; 8c, 87%; 8d, 62%) 
were obtained in all cases except the relatively slow isoprop-
ylation of the enolate from 7 which afforded a small 
amount (11%) of the regioisomer 5d. 

454"'. 4.5 min 
* 

80% 

S(CHa)3 

+ CO2 

.CO2Si(CH3)S 
24O1-, 4.5hr 

• -

99% 

OSi(CH3), 

1. CH3Li, DME 

2. RX, 25° 
82-96* 

5a-d 
OSi(CH3), 

62-92% 

a, R = CH3; b, R=C2H5; c, R: 
8a-d 

• allyl; d, R = J-C3H7 

The thermal decarboxylation of allylic /3-keto esters to 
a-allylated ketones with allylic transposition (Carroll reac
tion)14 has proven useful in synthesis.15 We have been able 
to effect a silatropic Carroll reaction by pyrolytic decarbox
ylation of trimethylsilyl enol ethers (9, 13, and 16) l 6 of al
lylic /3-keto esters to allylated trimethylsilyl enol ethers (12 
(cis + trans), 14 and 17: ir 1660-1665 ( C = C - O ) , 1625-
1630 ( C = C ) c m - 1 ) . The three allyl /3-keto esters were pre
pared by three different methods (diketene alcoholysis, 
Dieckmann cyclization, and diallyl carbonate condensation, 
respectively) in order to demonstrate the scope of this tri
methylsilyl enol ether synthesis. The pyrolyses were carried 
out either by passage through a column of glass helices with 
nitrogen flow (~400-500°, 3-5 min contact time) or as the 
neat liquid (240°, 3 hr). 

15 

NaH-THF; L J 
(CH,),Sid(79%) — 

16 
OSi(CH3) 

A likely mechanism for these thermal rearrangements in
volves three separate steps: a presumably fast and reversible 
silatropic rearrangement to the trimethylsilyl ketene acetal 
(e.g., 9 <=• 1O),13 Claisen rearrangement to the trimethylsil
yl /3-keto ester (10 —• I I ) , 1 7 and finally silatropic decarbox
ylation (11 — 1 2 ) . n In fact, ^3-keto ester 11 could be isolat
ed in 86% yield from pyrolysis of 9 and separately decar-
boxylated to the final product (12) as indicated in the 
scheme. Although the yields in the pyrolyses are only mod
erate (45-60%), the silatropic Carroll reaction nevertheless 
provides a relatively simple, regiospecific synthesis of allyl-
substituted trimethylsilyl enol ethers. Since the lithium eno
late from silyl enol ether 17 could be methylated regiospeci
fically to give 2-allyl-2,6-dimethylcyclohexanone (18, 69%), 
the overall transformation (15 — 18) from 2-methylcyclo-
hexanone constitutes a new method for regiospecific gemi-
nal dialkylation of ketones.18 

The copper-catalyzed carbenoid addition of a-diazo ke
tones and esters to enol acetates leads to acetoxycyclopropyl 
carbonyl compounds which undergo retro-aldol ring open
ing to 1,4-dicarbonyl compounds upon hydrolysis.19 We 
have found that the reaction of diazoacetone with the tri
methylsilyl enol ether of cyclohexanone (19) in the presence 
of cupric acetylacetonate190 affords silyl enol ether 21, pre-
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(excess) "v ,* OSi(CH3)3 

21 
Si(CH3)3 

o o 

20 

sumably by way of cyclopropyl ketone 20 which then under
goes a silatropic retro-aldol reaction.20 Although the sensi
tivity of enol ether 21 hampered purification, its structure 
was established by spectral data (ir 1705 ( C = O ) , 1675 
( C = C - O ) , 850 ( S i - C ) cm-1 ; N M R 4.61 (d, J = 8 Hz, 
C = C H ) , 1.63 (s, CH3) , 0.17 (s, Si(CH3)3) and hydrolysis 
to the known 2-acetonylcyclohexanone.21 
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A New Boron Hydride. Tetradecaborane(20) 

Sir: 

We wish to report the synthesis and novel structure of a 
stable new boron hydride, tetradecaborane(20). The synthe
sis of this material in low yield was accomplished by reac
tion of excess octaborane(12)' with potassium nonahydro-
hexaborate2 in diethyl ether solution, solvent removal at 
room temperature, and treatment of the solid with liquid 
HCl at —78°. Fractional distillation of the volatile compo
nents yielded a mixture (stopping in a 0° trap) of a white 
solid (B]6H2o) and a yellow semicrystalline solid (B14H20) 
embedded in a small amount of yellow oily material. The 
mixture was placed in an oven maintained at 32°, and yel
low crystals of B14H20 slowly formed over a period of sever
al weeks. The yellow B14H20 was then manually separated 
from the colorless Bi6H2o in the open air. The yield of 
B14H20 could not be measured accurately, since only ex
tremely small quantities of this material were obtained, but 
probably does not exceed 2%. 

The mass spectrum of a sample purified in this manner 
contained a base peak at 162 amu and a parent peak at 174 
amu, corresponding to the molecular ion " B i 4 ^ o - The 
70.6-MHz " B NMR spectrum of a very dilute solution of 
B14H20 in dichloromethane suggested a high degree of mo
lecular symmetry since only five resonances were observed: 
a low field area 1 doublet at -34.6 ppm ( / B H = 150 Hz), 
two overlapping area 2 doublets at —8.8 (VBH = 160 Hz) 
and —6.0 ppm ( J B H = 160 Hz), and two upfield area 1 dou
blets at +10.6 ( / B H = 150 Hz) and +36.1 ppm (7BH = 160 
Hz).3 

A well-formed single crystal of approximately 0.7 mm di
ameter was utilized in a single-crystal structure determina
tion at - 164° . The compound is thermochromic; the crys
tals became colorless upon cooling although there was no 
indication of a phase transition. The compound crystallizes 
in space group P2\2\2\, with a = 13.119(4), A = 9,976(3), 
and c = 8.963 (3) A (at -164° ) and with pca]d = 0.971 g/ 
cm3 for Z = A. 

The structure was solved using direct methods. The ini
tial E map showed all 14 boron atoms. A difference Fourier 
located the 20 hydrogen atoms. Anisotropic least-squares 
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