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The rapid oxidation of cyclopentene, l-methyl- and 1,2-dimethylcyclopentene, cyclohexene, 1-, 3-, and 4-
methyleyclohexene, 1,3- and 1,4-dimethyleyclohexene, 1-acetylcyclohexene, cycloheptene, 1-methyleycloheptene,
cyclooctene, cyclododecene, and bicyclo[2.2.1]hept-2-ene by chromyl chloride has been studied kinetically by
means of a spectrophotometric stopped-flow system. The kinetics, which measure the rate of formation of the
1:1 chromyl chloride-cycloalkene adduet, follow the second-order rate law: » = k[CrQ;Cl,] [cycloalkene], The
rate of oxidation increases with the increasing number of methyl groups at the carbon-carbon double bond.
The relative rate of oxidation of 1-methylcyclohexene in carbon tetrachloride, chloroform, and methylene chloride
is 1.00:4.05:17.4. Large negative entropies of activation (A8F = —23.5 to —42.7 eu) and low enthalpies of
activation (AH* = 3.21-10.6 kcal/mol) are observed. A consideration of the effects of strain energies, stereo-
chemistry, and ionization potentials on the rates is presented. Comparisons of the relative reactivities of
chromyl chloride oxidations with other reactions involving symmetrical and unsymmetrical cyclic activated com-
plexes suggest that the rate-limiting step involves a partially positively charged unsymmetrical three-membered

cyelic activated complex.

The proposed mechanisms and observed products
for the chromyl chloride oxidation of earbon—carbon
single and double bonds have generated considerable
controversy for many years.*~? Styrenes have been
postulated as intermediates in the chromyl chloride
oxidation of arylalkanes (Etard reaction),”=% and
cycloalkenes have been suggested as intermediates in the
oxidation of cycloalkanes.!»* Chromyl chloride reacts
rapidly with alkenes,*~!* ¢ycloalkenes,'1—152¢ and sty-
renesl 58121623 {5 give 1:1 chromyl chloride—unsatu-
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This conclusion does not necessarily hold for bicyclic systems.

rate adducts 1 which can be converted to aldehydes
and/or ketones in good to excellent yields by reduc-

R; R
CH.Cla
C==C + Cr0OyCly ————>
\ or CCls
R R
R. O
H0* [ g
[RR1CCR2R301‘02012] —_ Rx—[c-—' —"Ra (1)
1 R

tive hydrolysis with finely powdered zinc dust or with
nascent sulfur dioxide.”®2 For example, 2,4 4-tri-
methyl-1-pentene and 4,4-dimethyl-2-neopentyl-1-pen-
tene are oxidized to 2,4,4-trimethylpentanal and 44-
dimethyl-2-neopentyipentanal in 75.8 and 80.8%,
vields, respectively.”®6 Table I shows the products
from the chromyl chloride oxidation of some endo-
cyclic and exocyelic cycloalkenes.?

Structure 2 has been suggested for the adduct 1,511 -14

R, R
R—C—C—Rs

\s/

ocC1™

CrOCl
2

and structures 3 and 4 have been proposed as possible
cyclic activated complexes for the rate-determining
step in the chromyl chloride oxidation of styrenes.*
Kinetic data from the oxidation of alkenes favor the
unsymmetrical three-membered cyclic activated com-
plex 4.° Also, preliminary oxidation studies with
cyclopentene, cyclohexene, and bicyclo[2.2.2 ]hept-2-ene
suggested that the activated complex could resemble
structure 3, 4, or 5.1

In an attempt to further elucidate the mechanism
of the chromyl chloride oxidation of cycloalkenes, we
have examined the kinetics of chromy! chloride addition

(28) Isclation and/or nonreductive hydrolysis of the hygroscopic and
amorphous organometallic complex 1 give(s) rise to a variety of side re-
actions including chlorination, isomerization, oxidation of the initial produect,
and carbon-carbon double bond cleavage.” #
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Tasie 1
Propucts OF THE CHROMYL CHLORIDE OXIDATION OF CYCLOALKENES

Overall
vield, %

Endocyelic
cycloalkene

CH,
562

(% Yield) Products (% Yield)
(84.6) 2-Methyleyclopentanone (72.0) CH,
(1.4) Cyclopentanecarboxaldehyde (17.5)
(4.2) 2-Chloro-2-methylcyclopentanone (4.7)

Overall
vield, %

Exocyelic
cycloalkene

404

(9.9) 2-Methyleyclopentan-3-one (5.8)

CH, (52.5) 2-Methylcyclohexanone (29.1)e CH,

68°

Cyclohexanecarboxaldehyde (47.1)®
(38.5) 1-Methyleyclopentanecarboxaldehyde (23.8)°

(9.3) 2-Chloro-2-methylcyclohexanone

(52.8) 2-Methylcycloheptanone (31.5)

CH,

(3.9) Cycloheptanecarboxaldehyde (28.3)
(26.4) 1-Methyleyclohexanecarboxaldehyde (25.3) CH,

609 (11.1) 2-Methyleyclohepten-3-one 682
(5.7) 2-Chloro-2-methylcycloheptanone

Cycloheptanone (12.4)
Cyeclooctanone (2.5)

= Reference 12. * Reference 11.

+
R, R
O R
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a” Y CrOCl,
3 4
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R—Ce===C—R,
NS R—Ca===C—R,
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~
CrOCl, a’ a
5 6

to (oxidation of) carbon-carbon double bonds in a
variety of cycloalkenes. The kinetics, which measure
the rate of formation of the chromyl chloride-cyclo-
alkene adduct 1, were determined in a spectrophoto-
metric stopped-flow system owing to the very fast rates
of oxidation, 82028

Experimental Section

Solutions of cycloalkene and chromyl chloride, in specially
purified solvents,® were prepared immediately prior to use.

Cycloalkenes.—The cycloalkenes were obtained commercially:
cyclopentene,® 1l-methylcyclopentene,® 1,2-dimethylcyclopen-
tene,* cyclohexene,?? 1-methylcyclohexene,®® 3-methyleyclo-
hexene,® 4-methyleyclohexene,® 1,3-dimethyleyclohexene,?! 1,4-
dimethylcyclohexene,® 1-acetyleyclohexene,® cycloheptene,® 1-
methyleycloheptene,® cyclooctene,® cyclododecene (mixture of
c¢is and irans isomers),** and bicyclo[2.2.1]hept-2-ene.®® The
cycloalkenes were refluxed for at least 2 hr with LiAlH,,® in order
to remove any peroxides, before distillation.

Solvent Purification.—Carbon tetrachloride,® chloroform,
and methylene chloride® were purified as previously described.?

(29) K. B. Wiberg and R. D. Geer, J. Amer. Chem. Soc., 87, 5202 (1965);
88, 5827 (1966).

(30) Aldrich Chemical Co., Inc.

(31) Chemical Samples Co.

(32) Matheson Coleman and Bell,

(33) K & K Laboratories, Inc.

(34) Sample from Columbian Carbon Co., Ine.

(35) Metal Hydrides Ino.

(36) Mallinckrodt Chemical Works.

Chromyl chloride (Alfa Inorganics, Inc.) was distilled and the
middle fraction, bp 114.5-115.5°, was used.

Kinetic Measurements.—The rapid rate of oxidation was
followed by observing the disappearance of chromyl chloride in &
stopped flow reactor!:5:11:2,28 gt 415 and 440 mu® % under pseudo-
first-order conditions (large excess of cycloalkene). Some runs
with bicyelo[2.2.1]hept-2-ene were also performed under second-
order conditions owing to the extremely fast rate of reaction.
The pseudo-first~order rate constants (ky) were obtained from
the slopes of plots of —In [log (7«/T)] vs. time. To is the per
cent transmission at a point just before the chromyl chloride~
cycloalkene adduct 1 begins to precipitate. All rate constants
given in the tables are the average of two or more determinations,
and were calculated on a CDC 3300 computer.?® A Forma Model
2095-2 refrigerated and heated bath circulator was used to main-
tain constant temperature (£=0.02°).

Results

Table 1T summarizes the kinetic data for the chromyl

TasLe IT

Kineric Dara For THE CHROMYL CHLORIDE
Ox1pATION oF CYCLOHEXENE AT 10.0° @

[Cyclohexene], [CrO:ClL], kgD k2t M1
X 103M X 106 M sec~1 sec~?
4.9 4.5 0.006 1.20
9.9 4.5 0.011 1.10
14.8 4.5 0.016 1.09
24.7 4.5 0.020 1.05
29.6 4.5 0.031 1.02
34.6 4.5 0.037 1.20
39.5 4.5 0.048 1.21
39,54 3.9 0.041 1.05
39.54 5.9 0.041 1.02
39,54 7.9 0.046 1.18
39.5¢ 9.9 0.052 1.31
39.5¢ 11.8 0.053 1.35

@ Carbon tetrachloride solvent, A = 415 mu. ¢ Pseudo-first-
order rate constant. ¢ Second-order rate constant = ky/[eyclo-
hexene]. 4\ = 440 mu.

chloride addition to (oxidation of) cyclohexene to give
the ecycloalkene—chromyl chloride adduct 1. The

(37) O. H. Wheeler, Can. J. Chem., 88, 2137 (1960).

(38) A, Bartecki, Rocz. Chem., 88, 1455 (1964).

(39) K. B, Wiberg, “Computer Programming for Chemists,”” W. A, Ben-
jamin, New York, N, Y., 1865, p 165.
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Figure i.—First-order plot for the reaction of I-methyleyclo-
hexene with chromyl chloride in carbon tetrachloride; [CrO,Cls)
= 4.5 X 10-* M, [l-methylcyclohexene] = 4.2 X 10-3 M, \ =
415 my, T = 0°.

0.05 -

1 1 1
00 100 200 300 400
(Cyclohexene) x 10¥ M

Figure 2.—Effect of cyclohexene concentration on the pseudo-
first-order rate constants (ky) for the chromyl chloride oxidation
of cyclohexene in CCl, at 10.0°.

constancy of the value of the second-order rate con-
stant (ks = k,/[cyclohexene]), at constant chromyl
chloride concentration, over an eightfold range of
cyclohexene concentration suggests a first-order de-
pendence on the cycloalkene. It is also seen from Table
IT that at constant cyclohexene concentration, the
pseudo-first-order rate constant (k,) does not alter
appreciably over a threefold range of chromyl chloride
concentration at 440 mu. With a tenfold excess of
1-methyleyclohexene good first-order plots were obtained
(Figure 1). Thus, further support is given for the first-
order dependence on chromyl chloride. Additional
support for the first-order dependence on cycloalkene
is seen in a plot of ky against cyclohexene concentra-
tion (Figure 2) or l-methyleyclohexene concentration
(Figure 3) which gives a straight line that passes
through the origin. These data suggest the following
rate law,

—_ d[CI‘OQClz]

T = k[cycloalkene] [CrO.Cly] (2)

Effect of Solvents on Rates.—Table III shows the
effects of carbon tetrachloride, chloroform, and meth-
ylene chloride on the rate of chromyl chloride oxidation
of l-methyleyclohexene at 10.0°. Several empirical
parameters for estimating solvent polarity are also
presented.

Effect of Strain Energies on Rates.—The effects of
strain energy on the chromyl chloride oxidation of the
lower cycloalkenes are presented in Table IV.
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Figure 3.—The linear dependence of the pseudo-first-order rate
constants on increasing concentration of 1-methyleyclohexene at
constant chromyl chloride eoncentration in CCl, at 10.0°,

(CH3
25 CHz

Figure 4.—Relations between rate constants and substitution of
methyl groups at carbon-carbon double bonds of cyclopentene
and cyclohexene.

TasLE ITT

ErrecT oF SOLVENTS ON THE RATE oF CHROMYL CHLORIDE
OXIDATION OF 1-MBETHYLCYCLOHEXENE®

%

M=1  Relative
Solvent  sec~i rate uiid  ehe gl zv Sh
CCly 12.1 1.00 0.00 2.24 32.5 52.4 —0.245
CHCl,/ 49.1 4.05 1.15 4.81 39.2 63.2 -—0.200
CH,CL+ 211 17.4 1.55 9.08 41.1 64.2 -—0.189

o [CrOWCly] = 4.05 X 10~4 M, A = 415 my, T = 10.0°.
b Second-order rate constant = ky/[l-methylcyclohexene].
¢ Dipole moment. <J. A. Riddick and E. Toops, Jr., “Organic
Solvents,” Vol. VII of ‘“Techniques of Organic Chemistry,”
A. Weissberger, Ed., Interscience, New York, N. Y., 1963.
¢ Dielectric constant. /K. Dimroth, C. Reichardt, T. Siepman,
and F. Bohlmann, Justus Liebigs Ann. Chem., 661, 1 (1963).
¢E. M. Kosower, J. Amer. Chem. Soc., 80, 3253 (1958). *8.
Brownstein, Can. J. Chem., 38, 1590 (1960). ¢ [1-Methylcyclo-
hexene] = 42.1 X 10~* M. 7 [1-Methyleyclohexene] = 93.0 X
104 M. * [1-Methyleyclohexene] = 21,9 X 107% M,

Thermodynamic Parameters and Relative Rates.—
The rates of the chromyl chloride oxidation of 15 ¢yclo-
alkenes were determined at several temperatures.
Table V summarizes the data for the activation param-
eters and the relative rates (to cyclohexene) of oxidation,
and Figure 4 shows the relation between rates and sub-
stitution of methyl groups at the carbon-carbon double
bonds of eyclopentene and cyclohexene.

Relation between Rates of Oxidation and Ionization
Potentials.—A correlation between ionization potentials
and logarithm of relative rates (to l-hexene) for the
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TasLe IV
Errecr oF STRAIN ENErGIEs oN THE CHROMYL CHLORIDE OXIDATION OF CYCLOALKENES
Totald
~AH* strain, - AH,C k@

Cycloalkane keal /mol keal/mol keal/mol M1 gec™1 Cyecloalkene
Cyclopentane 793.52¢ 6.5 25.7/ 4.51 Cyclopentene
Cyclohexane 944 ,48¢ 0.0 27.104 1.10 Cyclohexene
Cycloheptane 1108.2¢ 6.3 25.857 4.72 Cycloheptene
Cyclooctane 1269.2¢ 9.6 23.62/ 4.84 cis-Cyclooctene
Cyclododecane 1884 .2¢0 3.44 20,67/ 1.25¢ cis-Cyclododecene

e Heat of corabustion for gaseous hydrocarbons to give liquid water at 25.0°. ? Calculated by subtracting (number of CH; groups X
157.4) from the observed heat of formation. °Heat of hydrogenation in acetic acid solution at 25.0°. ¢ Second-order rate constant
for chromyl chloride oxidation at 10.0° ¢ 8. Kaarsemaker, and J. Coops, Recl. Trav. Chim. Pays-Bas, 71, 261 (1952); J. Coops, H.
van Kamp, W. A. Lambgrets, B. J. Visser, and H. Dekker, tbid., 79, 1226 (1960). 7 R. B. Turner and W. R. Meador, J. Amer. Chem.
Soc., 79, 4133 (1957). ¢ Solid state. * K. B. Wiberg, J. Amer. Chem. Soc., 87, 1070 (1965). ¢ Mixture of cis and trans isomers.

TaBLe V

ReLATIVE RATES AND THERMODYNAMIC PARAMETERS FOR THE CHROMYL CHLORIDE
OXIDATION OF SoME CYCLOALKENES?

Registry Ta,b Relative AHF, — ASF, AGF,
no. Cycloalkene M-1gec™1 rate keal/mol eu keal/mol
110-83-8 Cyclohexene 1.10 1.0 10.1 23.6 16.5
591-49-1 1-Methylcyclohexene 12.1 11 3.21 42.2 14.9
591-48-0 3-Methylcyclohexene 3.95 3.6 9.90 20,7 15.7
591-47-9 4-Methyleyclohexene 1.35 1.2
2808-76-6 1,3-Dimethyleyclohexene 36.1 32.8 10.6 14.0 14.5
2808-79-9 1,4-Dimethylcyclohexene 15.1 13.7 7.80 25.5 14.9
932-66-1 1-Acetyleyclohexene 0.15 0.14 8.50 32.1 17.4
142-29-0 Cyclopentene 4.51 4.1 8.904 23.5¢
693-89-0 1-Methyleyclopentene 48.6 44.2 5.07 32.8 14.2
765-47-9 1,2-Dimethylcyclopentene 299 273 4.39 31.5 13.2
628-92-2 Cycloheptene 4.72 4.3 6.69 31.7 15.5
1453-25-4 1-Methylcycloheptene 182 165
931-88-4 Cyclooctene 4,84 4.4 3.55 42.7 15.4
1501-82-2¢ Cyclododecene 1.25¢ 1.1 8.26 28.8 16.3
498-66-8 Bicyclo[2.2, 1]hept-2-ene 562 511

¢ Carbon tetrachloride solvent, T = 10.0° N\ = 415 my.
and 15.0° = 4.9 and 4.5, respectively. ¢ Reference 11.

b Second-order rate constant = ky/[cycloalkene]. °Relative rates at 5.0°

¢ Mixture of cis and trans isomers.

TasLe VI

TontzaTion PorEnTIALS AND Liog RELATIVE RATES (TO 1-HEXENE) FOR THE CHROMYL CHLORIDE OXIDATION
oF SoME UNSATURATED HYDROCARBONS

k2% o/ log

Unsaturate M-1gec—t ko(1-hexene)® k2 rel® Ionization potential, eV
2,3-Dimethyl-2-butene 287.5 4107 3.613 8.30,28.4,7 >8.5¢
Bieyclo[2.2.1]hept-2-ene 562~ 8028.6 3.904 8.83, 8.95,7 9.20*
Styrene 26.9¢ 384.3 2.584 8.43,! 8.47™
Cyclopentene 4.51* 64.4h 1.809 9.01,m 9,00,: 9.3/
Cyclohexene 1.22% 17.43% 1.241 8.72,7 9,27
1-Pentene 0.09¢ 1.29 0.110 9. 50"
ci8-2-Pentene 1,118 15.86 1.200 9.110
trans-2-Pentene 1.014 14.43 1.159 9.06°
1-Hexene 0.074 1.00 0.000 9.45¢

¢ Second-order rate constant = ky/[>C=C<] at 10.0°. ? Second-order rate constant for oxidation of 1-hexene ¢ Relative to
1-hexene. 9 References 3 and 9. ¢ R. Bralsford, P. V. Harris, and W. C. Price, Proc. Roy. Soc. Ser. A, 258, 459 (1960).
/J. L. Chariton, C. C, Liao, and P. de Mayo, J. Amer. Chem. Soc., 93, 2463 (1971). ¢R. J. Cvetanovie, J. Chem. Phys., 30,

19 (1959). *This work.

53, 4536 (1970).
J. Quant. Spectrosc. Radiat. Transfer, 2, 369 (1962).
and F. P. Lossing, J. Amer. Chem. Soc., 81, 2064 (1959).

chromyl chloride oxidation of nine unsaturated hydro-
carbons is shown in Table VI and Figure 5.

Comparison of the Ratio of Relative Reactivities,—
Table VII shows a comparison of the ratio of relative
reactivities for reactions proceeding via three-membered
and five-membered cyclic activated complexes.

iN. Bodor, M. J. 8. Dewar, and 8. D. Worley, J. Amer. Chem. Soc., 92, 19 (1970).
B. H. Jennings, G. L. Botyos, and G. O. Dudek, J. Org. Chem., 30, 2886 (1965).
! M. J. 8. Dewar and S. D. Worley, J. Chem. Phys., 50, 654 (1969).
» M. 1. Al-Joboury and D. W. Turner, J. Chem. Soc., 4434 (1964).

iW. C. Steele,
ED. A. Demeo and A. J. Yencha, J. Chem. Phys.,
= K. Watanabe, T. Nakayama, and J. Mottl,
° J. Collin

Discussion

The kinetic data above clearly show that the chromyl
chloride oxidation of eycloalkenes is first order with re-
spect toreductant and to oxidant. This alsois consistent
with the observed second-order rate law for the chromyl
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CrroMYL CHLORIDE OXIDATIONS
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V shows that 1-methyleyelohexene is oxidized 12 times
as fast as cyclohexene. In contrast, the electron-
attracting acetyl group on the cyclohexene ring slows
the rate by a factor of approximately seven. It is
also seen that I-methyleyeclopentene and 1,2-dimethyl-
cyclopentene are approximately 11 and 66 times as
reactive as cyclopentene. In these respects the
chromyl chloride oxidation closely resembles electro-
philic reactions (e.g., bromine addition, chromic acid
oxidation, epoxidation) which involve three-membered
cyclic activated complexes.

It is of interest to note that 3-methyl- and 4-methyl-
cyclohexene (10, 11) are oxidized slightly faster than
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n
cyclohexene. In contrast, remote alkyl substituents
retard the rates of epoxidation with m-chloroperben-
zoic acid# and the addition of 2,4-dinitrobenzenesul-
fenyl chloride¥ to various cyclohexene derivatives.
The similarity in the rates of oxidation among cyclo-
hexene, 10, and 11 precludes an evaluation of the con-
tribution of conformation, inductive, and steric effects.
Inductive effects at the carbon-carbon double bond are
indeed important, as is shown in the linear free energy
oflogkvs. Zo (Figure 4),4° and the steric and conforma-
tion factors in 10 and 11 could be small, since the methyl
groups are probably in the equatorial positions.®*® The
lesser enhancing effect of the methyl group in the four
position is also seen when the rates of oxidation for 1,3-
dimethyl- and 1,4-dimethylcyclohexene are compared.

(48) B, Rickborn and 8. Y, Lwo, J. Org. Chem., 80, 2212 (1965).

(47) H. Kwart and L. J. Miller, J. Amer. Chem. Soc., 83, 4552 (1961).

(48) R. W. Taft, Jr., in “Steric Effects in Organic Chemistry,” M. 8.
Newman, Ed., Wiley, New York, N. Y., 1858, p 556.

(49) The Zo* for the cycloalkenes was calculated as follows: in cyclo-
hexene the C=C was considered as having two n-butyl groups (—0.26) and
two hydrogens (0.98) = Ze* = 0.72, In this manner Zo* values of 0.23,
0.75, 0.26, and — 0.23 were calculated for 1~-methyleyclohexene, cyclopentene,
and l-methyl- and 1,2-dimethyleyclopentene, respectively. Perchance
treating cycloalkenes as substituted ethenes is an oversimplication, since
chromy!l chloride oxidations presumbably proceed viz a highly ordered
activated complex and there may be small but significant variations in
activation parameters owing to steric effects and I strain. However, it is
also recognized that chromyl chloride oxidations are not particularly suscep-
tible to steric effects.?

(50) A.I Scottand A. D. Wrixon, Tetrahedron, 87, 4787 (1971).
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The relations between rate constants and substitu-
tion of methyl groups at the carbon-carbon double
bonds of eyclopentene and cyclohexene are shown in
Figure 4. A p* of —2.04 is obtained from the two-
point line for cyclohexene and 1l-methylcyclohexene,
and a p* of —1.88 ( = 0.997, s = 0.093) is obtained
for 1-methyl- and 1,2-dimethylcyclopentene.4?+% These
values are comparable to those reported for the chromyl
chloride oxidation of alkenes (p* = —2.63)° and sty-
renes (p+ = —1.99),%® and are compatible with ac-
tivated complexes with a small degree of carbonium ion
character.?5! Consequently, the observed p* values
for the chromyl chloride oxidation of eycloalkenes are
not inconsistent with the formulation of unsymmetrical
3 or 4 as the activated complex.

A plot of ionization potential, which is a measure of
electron availability, vs. 1og Freignexansy (Figure 5
and Table VI) is also compatible with an electrophilic
attack of chromyl chloride at the carbon-carbon double
bond. Inqualitative terms, cyclopentene, cyclohexene,
and bicyeclo[2.2.1lhept-2-ene might not be expected
to give an excellent fit to the line owing to torsional
strain, bond angle bending strain, and nonbonding
interactions. However, it is seen that only the bicyclic
system shows a large deviation from the line. Conse-
quently, the possibility of & change in mechanism for the
oxidation of bicyclo[2.2.1}hept-2-ene must also be
considered.

In Table IIT it is noted that solvents which are em-
pirically regarded as having higher polarity cause an
increase in the rate of oxidation. This result is con-
sistent with the development of a partially charged
eyelic activated complex (3 or 4) in the transition state
region from initially neutral cycloalkene and chromyl
chloride.

Table IV shows the complex relation between strain
energies and rate constants in the chromyl chloride
oxidation of cycloalkenes. Since the heat of hydrogena-
tion reflect strain energies in both the unsaturated and
saturated compounds, interpretation of these data
must be done with care. Garbisch and coworkers®®
have calculated that cyclopentene and bicyclo[2.2.1}-
hept-2-ene are more strained than cyclohexene by ap-
proximately 3.7 and 9.7 kcal/mol, respectively. A
considerable amount of this strain is relieved in reac-
tions involving cyclic four-, five-, or six-membered
activated complexes.®® Therefore, the comparable rate
constants for oxidation of cyclopentene and cyclohex-
ene suggest that there is not a significant relief of strain
and that the activated eomplex probably shows a close
resemblanceto4. Alternatively, the very small rate dif-
ference may be due to an activated complex which
closely resembles the reactants.?45

An examination of the relative rates and the ratios
of reactivities in Table VII reveals that the chromyl
chloride oxidation of cyclopentene and cyclohexene is
remarkably similar to other reactions leading to cyeclic
three-membered activated complexes. In contrast,
the bicyclo[2.2.1 Jhept-2-ene-cyclohexene ratio appears

(51) p* values larger than — 3 are generally observed in reactions with a
large degree of carbonium ion character in the activated complex.

(52) E. W. Garbisch, Jr., 8. M. Schilderout, D. B. Peterson, and C. M.
Sprecher, J. Amer. Chem. Soc., 87, 2032 (1965).

(53) Table VII, ref e.

(54) G. 8. Hammond, J. Amer. Chem. Soc., 77, 334 (1955).

(565) R. E. Erickson and R. L. Clark, Tetrakedron Lett., 3997 (1969).
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to suggest a five-membered cyclic activated complex
(3 or 6) for the bicyclic system.5?

3,4, 5, or 6 would require the large negative entropies
of activation (—23.5 to —42.7 eu) tabulated in Table
V. A8 values of this magnitude have been observed
for reactions, e.g., epoxidation, 1,3-dipolar cycload-
ditions, with rigid orientation requirements in the
activated complex.

We conclude from the kinetic studies and the com-
parative rate data that the activated complex for the
chromyl chloride oxidation of cycloalkenes can be rep-
resented by the partiaily charged unsymmetrical
structure 4.% 4 is consistent with the rapid rate of
oxidation in solvents of low polarity and with the p*
of approximately —2.0. In this postulated mech-
anism, which is similar to the one proposed by Bart-
lett%~% for epoxidation, oxygen transfer from chromyl

(58) The symmetrical species § and 6 could have sufficient carbonium ion
character to satisfy p* & —2.0. It is also recognized that the oxidationis a
proeess in which there is 8 net flow of eleectrons from the substrate through
the oxidant. This results in the inevitable development of & partial positive
charge either on the carbon ators of the double bond or on the oxygen atom,
and of a partial negative charge on the chromium atom undergoing & valeney
change or on its ligands.

(67) P. D. Barteltt, Ree. Chem. Progr., 11, 47 (1950),

(58) A p = —1.20 has been obtained for the epoxidation of stilbenes with
peroxybenzoic acidi B. M. Lynch and K. H. Pausacker, J. Chem. Soc.,
1525 (1955); Y. Ogata and 1. Tabushi, J. Amer, Chem. Soc., 83, 3440 (1961).

(59) D. Swern, “Organic Peroxides,” Vol. II, Wiley, New York, N. Y.,
1971, p 355.
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chloride occurs by a concerted process. That is, as
the two new o bonds are being formed, the oxygen-—
chromium bond is being broken.® After the rate-
determining step, this mechanism could lead to a prod-
uct-determining epoxide intermediate (Scheme II).
Activated complexes similar to 4 and 5 have also been
proposed for the chromic acidt and chromyl acetatet
oxidation of carbon—carbon double bonds. 4%

The limited comparative rate data suggest that the
activated complex for the chromyl chloride oxidation
of bicyclo[2.2.1Thept-2-ene probably has a close re-
semblance to 3 or 6. Additional studies on more bi-
cyclic systems are in process in order to fully elucidate
the mechanism.

Registry No.—Chromyl chloride, 7791-14-2,

Acknowledgment.—We express our thanks to the
donors of the Petroleum Research Fund administered
by the American Chemical Society and the Long Beach
California State College Foundation for support of this
work.

(60) Concerted closure of the two incipient o bonds does not necessarily
mean that the development of the bonds has proceeded to the same degree
in the activated complex. Any difference between the bond-making rates
during the activation process would lead to a partial charge at the more
substituted carbon atom.

Silation of Dichloromethyllithium in the Presence of Excess n-Butyllithium
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Recetved May 10, 1971

The silation of a — 100° solution of 2 equiv of n-butyllithium and 1 equiv of methylene chloride in THF-hexane
with trimethylchlorosilane leads to a complex product mixture of butyltrimethylsilane (3), dichloro(trimethyl-
silyl)methane (1), bis(trimethylsilyl)chloromethane (4), bis(trimethylsilyl)dichloromethane (2), tris(trimethyl-

silyl)methane (5), 1,1-di(trimethylsilyl)-1-chloropentane (6), and tris(trimethylsilyl)chlorosilane (7).

Experi-

mental evidence is presented that indicates that successive silation of monolithio intermediates is occurring rather

than production of dilithiodichloromethane,

It has been reported! that additions of n~butyllith-
ium to cold (—100°) solutions of methylene chloride
and trimethylchlorosilane. in tetrahydrofuran (THF)
give respectable yields of dichloro(trimethylsilyl)-
methane (1) and bis(trimethylsilyl)dichloromethane
(2), depending on the quantity of reagents used (eq 1
and 2). In repeating this second reaction, we found it

THF, ~100°
1Me;SiCl 4+ 1CHCl: + 1Buli ———— Me;SiCHCl: (1)
51
0 1
THF, —100°
2Me;8iCl + 1CH.Cl; + 2BuLi

MESSiCChSiMEs (2)
° 2
to be quite complex, regardless of whether the reaction
was done i situ as Bamford and Pant describe or if the
intermediate, dichloromethyllithium (LiCHCL), was
preformed prior to addition of trimethylchlorosilane.
When trimethylehlorosilane was added last to a cold
solution of 2 equiv of n-butyllithium to 1 equiv of meth-
ylene chloride in THF as the solvent, compound 2 was
formed in approximately 509 yield (based on vpe).

(1) W.R.Bamford and B. C, Pant, J. Chem. Soc. C, 1470 (1967).

The other 509, of the reaction produets was composed
of compounds 1 and 3-7. The silated products were
isolated by preparative gas chromatography and char-
acterized by infrared, nmr, and mass speetra,? elemental
analysis, and comparisons to previously reported
properties!*—7 (see Experimental Section for details
and relative amounts). Additional structure proof of
compound 2 was provided by its hydride reduction to a
mixture of 4 and bis(trimethylsilyl)methane (8).3
(Compound 4, unlike 2, reduces only very slowly with
lithium aluminum hydride.)

Me;SiBu (Me;81)CHCI (Me;Si);CH (Me;81):CClBu
3 4 5 6
(Me;Si);CCl (Me;8i).CH, (MesS8i),C
7 8 9

(2) D. R. Dimmel, C. A. Wilkie, and ¥. Ramon, J. Org. Chem., 87, 2665
(1972).

(3) R.L.Merkerand M. J. Scott, J. Organometal. Chem., 4, 98 (1965).

(4) R.Muller and G. Seitz, Chem. Ber., 91, 22 (19858).

(3) R.Mueller and S. Reichel, 7bid., 99, 793 (1966).

(6) G.Fritz and J. Grobe, Z. Anorg. Allg. Chem., 8309, 77 (1961).

(7) V. F. Mironov and N. A, Pogonkina, Iow. Adkad. Nauk SSSE, Otd.
Khim. Nawk, 182 (1955); Chem. Abstr., 80, 1574d (1956).



