
AN ABSTRACT OF THE THESIS OF

James Earl Billigmeier for the Doctor of Philosophy
(Name) (Degree)

in Chemistry (Organic) presented on tq
(Major) (Date)

Title: Part I SILOXY-COPE AND OXY-COPE REARRANGE-

MENTS OF THE CIS- AND TRANS-1-VINYLCY-

CLODEC- 3- EN -1 -OL SYSTEMS

Part II ACID-CATALYZED REARRANGEMENT OF CIS---
BICYCLO [6.1. 0] -NONANE-TRANS- AND CIS -9-

METHANOLS. AN EFFECTIVE TWO-CARBON

RING-EXPANSION

Abstract approved:

Part I

Redacted for privacy
Dr. Richard W. Thies

The thermal rearrangements of trans-l-vinylcyclodec-3-en-l-ol

(V) and cis-1-vinylcyclodec-3-en-l-ol (X) lead mainly to the formation

of four products: trans-cyclodec-5-en-l-one (XI), cis-cyclodec-5-en-

1-one (XII), 4-vinylcyclodecanone (XIII) and 1, 11-dodecadien- 3 -one

(XIV). The major product from trans-alcohol (V) is the trans-ketone

(XI) which represents a [1,3] sigmatropic ql-iift resulting in a two-

carbon ring expansion. Similarly, cis-alcohol (X) gives as a major

product cis-ketone (XII). The minor products in each case result



from loss of stereochemistry about the double bond, a [3,3] sigma-

tropic shift, p-hydroxyolefin cleavage and elimination.

The "siloxy-Cope rearrangement" of the trimethylsilyl ethers

of the above alcohols (V-TMS and X-TMS) gives the same products

after hydrolysis with the exception of p-hydroxyolefin formation. The

siloxy variation gives a much higher yield (ca. 80-90%) than for the

alcohols (ca. 30%).

The rates of reaction and activation parameters have been deter-

mined. These data along with the loss of stereochemistry are most

consistent with a biradical intermediate.
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SILOXY-COPE AND OXY-COPE REARRANGEMENTS OF THE
CIS- AND TRANS-1-VINYLCYCLODEC-3-EN-1-0L SYSTEMS

INTRODUCTION

Thermal rearrangements of 1, 5-hexadiene systems are re-

ferred to as "Cope rearrangements", the simplest version of which

is shown below.

*

and/or
*

In recent years this type of reaction has been grouped with a

general type of transformations referred to as electrocyclic reactions

(1). In general 1, 5-hexadienes can rearrange thermally in two differ-

ent ways: a [ 3, 3] sigmatropic shift (eq. 1) or a [ 1, 3] sigmatropic

shift (eq. 2). (Both [ 3, 3] and [ 1, 3] sigmatropic shifts in these sys-

tems will be classified as Cope rearrangements in this thesis. ) Both

(1)

(2)

reactions can be symmetry-allowed rearrangements (e, g. , [ Tr 2s +

2s + Tr 2s] and [ Tr 2s + 0- 23,] but nonconcerted versions are



possible also. While there are numerous examples of the [ 3, 3] shift,

few thermal uncatalyzed [ 1, 31 shifts are known.

A. C. Cope and coworkers reported the thermal isomerization

of some substituted biallyl systems in 1941 (2, 3). The authors found

X = C6H5, Ct-N, CO2CH3

that conjugating substituents aided the reaction. They also reported

that the reaction is intramolecular, follows a first-order rate expres-

sion and results in inversion of the structure of the migrating allylic

moiety. On the basis of this evidence they postulated that the reaction

is synchronous and proceeds through a four-centered transition state.

Cope and Whyte examined the rearrangement of a molecule in

which the vinyl group was incorporated into a ring (4). The reaction

170°

CN

Et

failed when the vinyl group was part of an aromatic ring.

X

X

X, Y = CO2 E t, C6H5

Doering and Roth found that the Cope rearrangement of

d, 1-3, 4- dimethyl -1, 5-hexadiene is stereospecific and gives trans,



3

trans-2, 6-octadiene (5). The rearrangement of meso-3, 4-dimethyl-

H

CH3
H 'I"

CH3

o13
f:

CH3
H

1, 5-hexadiene was found to give only cis, trans-2, 6-octadiene.

CH3"
CH3""

H

These workers postulate that the reaction of the meso-isomer pro-

ceeds in a concerted fashion through a chair-like ("normal") transition

state. The d, 1-mixture was thought to proceed through a chair-like_

transition state, also. Other workers have fo'und that when the chair-type

transition state cannot be formed the reaction can still proceed in a

concerted fashion (i. e., a boat conformation does not impose too high

of an energy barrier for reaction to proceed in a concerted manner)(6).

Cope rearrangements have not only been confined to open-chain

or monocyclic structures. R. B. Woodward and T. V. Katz have

reported the rearrangement shown on the following page (7).



140°,

4

OH
J. A. Berson and E. J. Walsh studied the thermal isomerization

of exo- and endo-2-vinylbicyclo [2.2.2] oct-5-enes in order to

325°
>

3250

estimate the allylic resonance energy effect on the "strength" of

adjacent carbon-carbon bonds (8). The rearrangement was found to

proceed via a biradical mechanism. From the activation parameters

determined for the endo-isomer and literature data Berson and Walsh

estimate the allylic resonance available to lower the bond dissociation

energy for thermolyses at 14 kcal/allyl group.

Numerous examples of the rearrangement of 3-hydroxy-1,5-

hexadiene systems have been reported. These types of thermal re-

arrangements have been termed "oxy-Cope rearrangements" by J. A.

Berson and coworkers (11). In general these systems can rearrange
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thermally in four ways: a [ 3, 3] sigmatropic shift leading to an enol

(eq. 3), a [ 1, 3] sigmatropic shift leading to an enol (eq. 4), a [ 1, 3]

sigmatropic shift not leading to an enol (eq. 5) and what has been

termed " -hydroxyolefin cleavage" (eq. 6). All four can be symme-

try-allowed rearrangements (e.g., [ Tr 2s +
o-

[ Tr 2s+ 0- 2 a ] [

Zs + Tr 2s],

Tr 2s + o 2a] and [ Tr 2s + cr 2s + Tr 2s],

respectively. Nonconcerted reactions are also possible.

( 3 )

(4)

(5)

(6)

HO

HO

HO

O

A. Viola and coworkers have studied the simplest version of the

oxy-Cope rearrangement (9). They found that higher temperatures

lead to less 5-hexenal formation suggesting that the (3 -hydroxyolefin

cleavage pathway is of higher energy.



HO

380°7

6

Viola and coworkers conducted further studies on methyl-substi-

tuted acylic 1, 5-hexadien-3-ol systems (10). They found no [1,31

shift products and concluded that the reaction proceeds through a four-

centered chair-like transition state.

In 1964 Berson and Jones reported the rearrangement of 2 -endo-

vinyl-2-exo-hydroxybicyclo [ 2. 2.21 oct-5-ene leads to ring-expanded

ketone as the major product via a [ 3, 3] sigmatropic shift (11). The

OH
+ 2 others

90% 10%

exo-isomer was found to undergo 8-hydroxyolefin cleavage. These

authors proposed that the reactions proceed via a 1, 4-biradical inter-

mediate.

OH

O

or + 2 others

85% 15%

Berson and Walsh studied the thermal rearrangement of the

epimeric 7-vinylbicyclo [ 2. 2. 11 hept-2-en-7-ols (11, 12). They

found that the epirners rearrange at almost the same rate and con-

cluded the reactions proceed through biradical intermediates. They
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calculated that the energy barrier to recombination of allylic biradicals

is not gr'eate'r than 2-4 kcal/mol.

OH

HO OH

In recent years R. Thies has shown that the 13-hydroxyolefin

cleavage may be eliminated by utilizing the trimethylsilyl ethers of the

alcohol, a procedure which results in higher yields (13, 14, 15). The

pyrolysis d l-trimethylsiloxy-l-vinylcyclonon-3-ene was studied.

Three products were found after hydrolysis as shown below. The re-

arrangement is thought to proceed via a biradical intermediate.

240-300o H2O

pyridine
HC1
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J. A. Berson and G. L. Nelson have provided the only proven

example of a concerted [1, 3] sigmatropic shift, a reaction related to

the Cope rearrangement (16). These workers found that the acetate

shown below rearranges via a symmetry-allowed suprafacial [1,3]

shift with inversion of the migrating center.

307°

Recently, Berson and Nelson reported the effect of alkyl-substi-

tution on the thermal rearrangement of the bicyclo [3. 2. 0] hept-2-

enyl system (17, 18). These workers found that the exo-methyl

reactant underwent concerted rearrangement. However, the endo-

methyl reactant was found to rearrange via a biradical. The authors

concluded that the transition state of the endo-methyl isomer for the

electronically allowed concerted reaction is sterically too strained

for the process to occur. They also found that the activation energy','

measured for the concerted reaction was nearly the same as the energy

of actiVation found for the biradical process.

OAC

H CH3

endo
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J. I. Brauman. and W. C. Archie have postulated that the allowed

transition state for an electrocyclic reaction has> 15 kcal more elec-

tronic stabilization than the nonallowed transition state (19). The

reaction studied is shown below.

280o
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RESULTS AND DISCUSSION

Results

In a continuation of previous studies of oxy-Cope and siloxy-

Cope rearrangements of medium-size ring derivatives we proposed to

study the thermal rearrangements of trans- and cis-1-vin.ylcyclodec-

3-en-l-ols (V and X) and the corresponding trimethylsilyl ethers

(15,27,29). The synthetic route is shown in Scheme I. Alcohol I was

prepared according to the procedure of Sante lli and coworkers (20).

Reaction of cis-cyclonon-3-en-l-ol (I) with methylene iodide and zinc-

copper couple led to anti-alcohol (II) as reported previously by Poulter

and Winstein (21). At this point two pathways were followed. The

anti-alcohol (II) was rearranged under acid-catalyzed conditions to

generate trans-cyclodec-3-en-l-ol (III) stereospecifically (21). Oxida-

tion of III using a modified Jones procedure led to the trans-ketone

(IV). Reaction of IV with vinyl lithium resulted in incomplete reaction

even upon using an excess of alkylating agent. Use of vinylmagnesium

chloride as the alkylating agent led to the formation of an unidentified

compound as the major component. Satisfactory reaction was finally

obtained using vinylmagnesium bromide, resulting in a 66% yield of

V after column chromatography on SilicAR. The trimethyl silyl ether

(V-TMS) was prepared by reaction with Tri-sil (Pierce Chemical

Company) in dimethyl sulfoxide and was purified by preparative gc on



Cr03, H+i

OH

CH2I2, Zn-Cu

C3
0

VI

LiA1H41

VII OH
H +,

aqueous dioxane

OH
VIII

Cr03, H+

IX 0
CH2 -=CHMgBr

Tri-Sil

OTMS
X-TMS

OH

OH

II

11

aqueous dioxane

OH
III

Cr03, H+

IV
O

H7 = CHMgBr

OH
V

Tri-Sil

OTMS

V-TMS

Scheme I. Synthesis of trans- and cis-l-vinylcyclodec-3-en-l-ol (V'
and X) and cis-. and trans,-1-trimethylsiloxy-l-vinylcyclo-
dec-3-enes (V-TMS and X-TMS).
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column H. A portion of the anti-alcohol (II) was oxidized to the

bicyclic ketone (VI). Reduction using lithium aluminum hydride gave

the syn-alcohol (VII) with no observable formation of the epimer (II).

Acid-catalyzed ring-opening led stereospecifically to cis-alcohol VIII

(21). Oxidation followed by reaction with vinylmagnesium bromide

gave X. The trimethylsilyl ether (X-TMS) was prepared and purified

as above.

The cis- and trans-alcohols were heated in sealed, evacuated

ampoules at about 350°, resulting in the formation of four isomeric

compounds along with several alkenes. The isomeric compounds were

subsequently identified as trans- and cis-cyclodocec-5-en-l-one (XI

and XII), 4-vinylcyclodecanone (XIII) and dodeca -1, 11- dien -3 -one

(XIV) as shown in Figure 1. The assignment of structure was based

upon the spectral properties and by analogy with the products from the

next lower homolog, cis-l-vinylcyclonon-3-en-l-ol (15). The infra-

red spectra of XI and XII showed bands at 980 cm -1 and 690 cm -1

V

O
XI XII

11

O
XIII XIV

Figure 1. Products from the thermal rearrangement of trans- and
cis - ,l7vinyl-cyclodec-3-eb.e- -ols' (V and X).
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indicating the double bonds are trans and cis, respectively. The vinyl

ketone (XIII) showed a band at 1690 cm-1 in the infra-red spectrum

and the characteristic pattern for a vinyl group in the nmr spectrum.

The oxy-Cope rearrangements of both alcohols (V and X) were

found to give as the major product the ring-expanded ketones (XI and

XII) with the stereochemistry of the double bond in each case retained.

Rearrangement under conditions in which 80-100% of the starting ma-

terial had disappeared resulted on the average in a 30% yield of the

four isomers as measured by an internal standard (see Table 1). The

formation of olefins and (3-hydroxy olefin cleavage product (XIV) was

variable. The 13-hydroxyolefin was found to polymerize readily, even

at room temperature, as has been observed previously for compounds

of this type (22).

Table 1. Products of the thermolyses of trans- and cis-l-vinylcyclo-__
dec-3-en-l-ols (V and X).

Temp, Rel. % of Isomeric Products
Compound Time, hr 0C XI XII XIII XIV % Yield

V 1 295 1-- 1 3099 ----
1 345 62 11 10 17 22

X 1 350 13 65 13 9 32
1 330 18 59 16 7 59a, b

aThe result is suspect since the internal standard used is somewhat
volatile.

bThe conversion was 80%. All others were 100%.
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The yields of olefins and 13-hydroxyolefin cleavage product (XIV)

were found to be erratic. Treatment of the ampoules with ammonium

hydroxide followed by careful drying lessened the amount of olefin

formation. However, due to the irreproducible side reactions, the

reaction was not further investigated.

Thermal rearrangement of the trimethylsilyl ethers (V-TMS

and X-TMS) led to the formation of at least six isomeric products

from both (Figure 2). The isolation of these products proved to be

extremely difficult, since the reactants and the isomeric products

could only be separated by capillary bc. Hydrolysis of the mixture

led to formation of trans- and cis-cyclododec-5-en-l-ones (XI and

XII) and 4-vinylcyclodecanone (XIII) as shown in Tables 2 and 3. The

yields of these isomers were found to be ca. 80% and ca. 90% from

V-TMS and X-TMS, respectively.

Kinetic runs were conducted using 10 ml ampoules (previously

treated as mentioned earlier) loaded with ca. 10 mg of sample. The

rate of disappearance of both V-TMS and X-TMS showed first order

behavior. Table 4 presents the variation of rate with temperature

and the resulting activation parameters.



V-TMS

OTMS

OTMS

XI

OTMS

OTMS

pyridine,
HC1, H2O

XII

X.TMS

OTMS

15

OTMS

XIII

0

Figure 2. Products from the thermal rearrangement of V-TMS and
X-TMS,
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Table 2. Thermal rearrangement of trans- 1 -trimethylsiloxy-l-
vinylcyclodec-3-ene (V-TMS), a, b, c

T °C Time, min.

Relative Product Percentages
Percent (after hydrolysis)

Conversion XI & XII XIII

243.5 65 7.6 88 12
243.5 260 25.5 89 11

243.5 625 47.5 88 12
243.5 635 51.0 87 13
243.5 1440 77.7 89 11

243.8 120 12.7 92 8
243.8 300 24.8 90 10
243.8 660 47.8 91 9

243.8 900 62.6 90 10
243.8 913 62.2 90 10

257.0 60 12.2 91 9

257.0 120 23.0 90 10
257.0 180 27.0 89 11

257.0 300 49.8 90 10
257.0 420 61.6 91 9

280.0 10 18.6 90 10
280.0 30 42.9 90 10
280.0 40 51.0 89 11

280.0 50 62.7 90 10
280.0 60 68.8 90 10

aSamples run at 243.50 and 257. 0° were pyrolyzed in an aluminum
block oven. The others were pyrolyzed in a NaNO2 -KNO3 fused
salt bath.

bSamples were pyrolyzed at 280. 0° in the fused salt bath and the
aluminum block oven, Both gave the same rate constant.

cThe results at each time represent an average of 1-3 points.
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Table 3. Thermal rearrangement of cis-1 -trimethylsiloxy-l-vinyl-
cyclodec-3-ene (X-TMS).

T °C Time, min.
Percent

Conversion

Relative Product Percentages
(after hydrolysis)

XI 'XII XIII

262.4 154 12.3 14 75 11
262.4 660 39.2 10 85 5
262.4 906 48.1 6 83 10
262.4 1140 59.3 6 84 10
262.4 1680 70.8 6 84 10

275.5 60 12.7 12 76 12
275.5 120 24.4 10 79 11
275.5 180 34.6 9 79 12
275.5 240 43.4 7 82 12
275.5 300 49.2 6 84 10
275.5 360 56.7 7 80 11

275.5 420 63.4 7 82 11

295.2 30 28.2 9 81 11

295.2 60 46.5 7 82 11

295.2 64 49.4 6 85 9
295.2 88 61.5 8 82 10
295.2 90 61.1 6 84 10
295.2 120 67.8 6 84 10
295.2 140 78.8 6 85 9

303.3 10 19.5 11 77 12
303.3 20 33.7 8 81 11

303.3 24 40.2 6 82 12
303.3 30 46.9 8 81 11

303.3 40 54.4 6 83 10
303.3 60 71.3 6 83 11

aAll samples were pyrolyzed in a NaNO2-KNO3 fused salt bath.
bThe results at each time represent an average of 1-3 points.
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Table 4. First order rate of disappearance of trans- and cis-1 -tri-
methylsiloxy-1 -vinylcyclode c-3-ene s (V- TMS and X-TMS).

Compound Temp °Ca

V-TMS 243.5

243. 8

257. 0

280. 0

Ea = 45. 1 kcal/mol

1014. 28

X- TMS 262.4

275. 5

295. 2

303. 3

Ea = 50. 4 kcal/mol

A 1015. 64

k x 105 (sec-1)1D

1. 72 + 0. 03

1.81 + 0. 02

3.85 + 0. 01

32. 1 + 0. 3

1. 17 + 0. 01

3. 56 + 0. 02

18.6 + 0, 1

34. 2 +0.1

Correlation
Coefficient

0. 997

0. 997

0. 997

0. 997

0. 993

0. 996

0. 994

0. 998

0. 997

0. 9998

aDetermined by ASTM thermometer in the NaNO2 -KNO3 fused salt
bath or in an aluminum block oven.

bThe rate constant is that obtained by least-squares of 5-15 data
points for each temperature. The error is the average deviation of
those points from the corresponding line.

cThe material balance was > 80% as measured by internal gc standard
experiments.
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In order to qualitatively check the rate of interconversion of

products from the thermal rearrangement of V-TMS, samples were

pyrolyzed for several times at 310°. Analysis by gc was conducted

using two columns (column B and 1/8" x 13' 5% SF-96) to analyze all

the components.

Table 5. Thermal rearrangement of trans -1-trimethylsiloxy-l-vinyl-
cyclodec-3-ene at 310°,

Percent Relative Product Percentages
Time, min. Conversion XI XII XIII Others-

10 85.8 85.7 4.8 9. 5 0

20 98.4 86.5 3.2 10. 5 0

30 99.5 8.2.9 5.9 11.3 0

40 100 82.8 4. 6 12.6 4.9

60 100 82.6 6.6 10.9 4.2

180 100 78.0 17.0 5.0 16.3

1440 100 73.9 20.6 5.6 5.6
aLong retention-time unidentified products.

In order to see if the doubly allylic system is necessary for the

thermal rearrangement to proceed, li,vinylcyclodecanol (XV) and

1-trimethylsiloxy-l-vinylcyclodecane (XV-TMS) were prepared

(Scheme II). Pyrolysis of XV at 365° for one hour led to the formation

of two olefins. When the pyrolysis was conducted at 320° for 20 min-

utes, the same two olefins along with unreacted XV were detected by
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gc. Pyrolysis of XV-TMS at 320° for one hour gave back unchanged

starting material. Pyrolysis at 4200 for one hour gave four peaks of

short retention time. Hydrolysis of the reaction mixture showed no

change in the retention times of the four peaks.

0
II Mg 13 r OH

Tri-Sil

XV

OTMS

XV-TMS

ti

Scheme II. Preparation of 1-vinylcyclodecanol (XV) and 1-trimethyl-
siloxy-1-.vinylcyclodecane'(XV-TMS).
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DISCUSSION

The three ketones (XI, XII and XIII) formed in the thermal re-

arrangement of cis- or trans-l-trimethylsiloxy-1 vinylcyclodec-3-ene

(V-TMS or X-TMS) after hydrolysis result from a [1, 3], [ 1, 3] and

[3, 3] sigmatropic shift, respectively. The loss of trans stereo-

chemistry from the trans isomer and cis stereochemistry from the

cis isomer clearly requires the process to occur by more than one

concerted step.

One possible pathway that would lead to the stereochemical

crossover would be the formation of a biradical intermediate (Scheme

III). Once formed, XVII could undergo ring-closure to form XI-TMS

V-TMS

X-TMS

XVII

OTMS

XVIII

XI-TMS XIII-TMS

XII- TMS XIII-TMS

Scheme III. Biradical mechanism for the thermal rearrangement of
V-TMS and X-TMS.

and XIII-TMS, or the biradical could partially lose configuration to

form XVIII. A similar process could occur for X-TMS, thus giving

the three ketone products from either isomer after hydrolysis.
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What activation energies would be expected for this type of

process to occur for V-TMS and X-TMS? Berson and Walsh have

performed this type of calculation in the 2-endo-vinylbicyclo [2.2.2]

oct-5-ene system (8). From the bond dissociation energy (BDE) of

ethane is subtracted the bond-weakening effect of any alkyl substitu-

ents, the allylic resonance energy (ARE) provided by the allyl groups,

the bond-weakening effect of any a-alkoxy groups (2.4 kcal/mol) and

the difference in strain energy (SE) between the ground state molecule

and the transition state leading to the biradical. For our purposes a

more suitable model than ethane is the BDE for cleavage of the 2,3

bond in 2-methylbutane, which Benson gives as 80 kcal/mol (23). A

troublesome problem is the estimate of the ARE. Benson and co-

workers have recently found this value to be 9. 6 3. 0 kcal/mol (24).

Other estimates have been as high as 21 ± 3 kcal/mol (25). Most

values, however, fall near 13 kcal/mol (24, 26). Benson and cowork-

ers feel that their arguments lay to rest any thoughts that ARE is

much greater than 12 kcal/mol (24). Values between 10 kcal/mol and

14 kcal/mol for the ARE were tried. The best fit for the data was

found by calculating the energies of activation for V-TMS and X-TMS

using 11 kcal/mol. The energies of activation excluding the SE are

shown in Table 6. The activation energies determined for V-TMS

and X-TMS are 45.1 and 50.4 kcal/mol, respectively. In order for

the experimental and theoretical values to agree, the release of strain
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energy for V-TMS and X-TMS would have to be 10.5 and 5.2 kcal/mol.

How reasonable are these values? Since the strain energies for cis-

and trans-cyclodecene have not been reported, these values were deter-

mined from heat of hydrogenation data. The method used is shown

in Appendix I. The calculated SE values for V-TMS and X-TMS are

10. 7 and 7.4 kcal/mol. This would mean that the trans-isomer

(V-TMS) would have to release ca. 100% of its SE on going to the

transition state (10.5 out of 10.7 kcal/mol). The cis isomer would

have to release ca. 70% (5.2 out of 7. 4 kcal/mol) of its SE on going

to the transition state for a biradical. The disparity in SE release

between the two isomers is probably in part due to differences in the

orbital overlap of the .7-system and the developing radical center for

V- TMS and X- TMS.

Table 6. Calculated "strain-free" activation energies for the
biradical process.

parameter, kcal/mol V-TMS, X-TMS

BDE 80

ARE -22

a-oxygen effect -2. 4

Ea excluding SE difference = Ea 55. 6

A more useful comparison can be made between X-TMS and

the next lower homolog cis-l-trimethylsiloxy-l-vinylcyclonon-3-ene
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(XIX-TMS), which is thought to undergo thermal rearrangement via

A hydrol.

OTMS

XIX-TMS
0

a biradical intermediate (15). Table 7 presents the experimental

activation energies and other data for V-TMS, X-TMS, XIX-TMS

and 1-trimethylsiloxy-l-vinylcyclooct-3-ene (XX), which has been

studied by Wills, Chin and Thies (27). As can be seen by the data

XIX-TMS releases ca, 75% (7.9 out of 10, 4 kcal/mol) of SE in going

to the transition state leading to the biradical intermediate. This

value is in good agreement with values obtained for X-TMS (ca. 73%

SE released). These data are consistent with the values for SE release

found by Frey and Benson and coworkers for reactions which proceed

by biradical intermediates (26, 28).

Table 7. Activation parameters, strain energies and theoretical data
for V-TMS, X-TMS, XIX-TMS and XX-TMS.

Frequency
Compound Ea Ear_Ea SE Factor A Ha, kcal/mol

V-TMS 45.1 10.5 10.7 1014.28 -14. 3

XIX-TMS 47.7 7,9 10.5 1014-75 -6.6

X-TMS 50.4 5. 2 7.4 1015.64 -11. 0

XX-TMS 53.9 1.7 6.7 1015.88 -0.9

aCalculated for the ring-expanded products as shown in Appendix II.
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Further evidence for a biradical intermediate was provided by

the failure of 1-trimethylsiloxy-l-vinylcyclodecane (XV-TMS) to

undergo rearrangement. The calculated energy of activation for re-

arrangement of XV-TMS via a biradical mechanism is ca. 65 kcal/

mole if ca. 100% of the strain energy is released in the transition

state, It might be expected that a concerted reaction would be less

sensitive to substituent effects, and the stabilizing influence of an

allyl group would not be "felt" in the transition state to the same de-

gree as in the transition state leading to a biradical. Thus, the re-

moval of one allyl group as in XV-TMS as compared to X-TMS would

only have a minor effect on a concerted pathway, but would make the

energy barrier too high for a biradical process to compete with other

pathways such as the observed elimination reaction. Further support

for the possibility that the effect of substituents is less important in

concerted reactions is the observation that 2-pheny1-1-,trimethylsiloxy-

1-virwlcyclononane (XXI-TMS) undergoes a [1, 3], shift to forin

4-phenylcycloundecanone after hydrolysis (29). It has been shown by

Ph

OTMS

XXI- TMS

hydrol.

Ph

II

O

Berson and coworkers that [ 1, 3] sigmatropic shifts are quite sensi-

tive to steric factors (17). If XXI-TMS were to rearrange by a
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concerted pathway, steric repulsion would take place between the

phenyl or the migrating carbon and the allyl moiety. Thus, XXI-TMS

probably rearranges through a biradical intermediate. Therefore,

the results observed for XV-TMS as compared to XXI-TMS again

indicate that a second allyl-type stabilizing substituent is necessary

for reaction to take place. It should be pointed out, however, that

little is known about the role of substituent electronic effects in con-

certed reactions.

What might the overall thermodynamics of a thermal rearrange-

ment have to do with the possibility of a concerted reaction or a bi-

radical process? It is reasonable to expect that the transition state

for a biradical process should have little dependence upon how exo-

ergic the reaction is, but it should only be sensitive to the allylic

resonance stabilization and the strain energy of the starting ring.

On the other hand, the transition state for a concerted reaction should

reflect somewhat the stability of the products. Also, the energies of

activation should be inversely related to the strain energies for a

biradical process, which is true as shown by the data in Table 7. If

the amount of energy released in the transition state were propor-

tionately the same for V-TMS, X-TMS, XIX-TMS and XX-TMS

(assuming no large difference in allylic resonance stabilization), then

the energies of activation for a biradical process should only reflect

the differences in strain energy. As shown by the data this is the case
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only for the comparison between X-TMS and XIX-TMS. If the reac-

tions proceeded by a concerted reaction the rearrangement of X-TMS

should be more favorable than XX-TMS, since there is a large differ-

ence in the stability of the products which should be reflected in the

transition state. As shown by the data this is also true. Within the

experimental error of this data it's impossible to exclude the concerted

mechanism as at least a partial pathway, although the activation para-

meters for V-TMS, X-TMS, XIX-TMS and XX-TMS are, however,

all consistent with a bira.dical process. Berson and co-workers

have shown in one case that the activation parameters may

indicate a biradical process when in fact the stereochemical results

indicate a concerted process (17).

Can the loss of configuration for either of the biradical inter-

mediates be justified? The trans isomer (V-TMS) gives a ratio of

trans ring-expanded product (XI-TMS) to cis ring-expanded product

(XII-TMS) of 18. 5:1. 0. From this data and the scheme shown below

the barrier to ring-closure may be calculated. For the calculation

the rate constants k2 and k4 are assumed to be fast relative to k33
kl

OTMS --(L, XI -TMS

XVII
k3 k_3

k4
OTMS

XVIII

XII- TMS
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and k_3. The free energy expressions for the formation of XI-TMS

and XVIII are shown below. The difference in zF2 and AF3 leads to

the estimate that

F2+= -2. 3RT log k2 AAF+= AF2+- AF3

AF3+= -2. 3RT log k3 AA F+= 3 kcal/mol

the barrier to reclosure of the biradical XVII must be ca. 3 kcal/mol

less than the barrier for loss of the configuration of the allyl moiety.

The measurement of Benson and coworkers of the ARE (9. 6 + 3 kcal/

mol) should be a good estimate for the barrier of rotation of the allyl

group in XVII (24). Using these data, the barrier to reclosure is ca.

4-10 kcal/mol. A similar calculation leads to approximately the same

result for X-TMS. This barrier probably reflects the entropy change

of restricting the motion of the biradical intermediates during ring-

closure, which seems reasonable for a flexible system in which the

radical centers which must be combined are separated by eight and

ten carbons. The data are also in agreement with the estimates of

Thies for XIX-TMS (15). Berson and Walsh have calculated the

barrier to combination of biradical centers for the 7-vinylbicyclo-

[ 2.2.11 hept-2-en-l-ols to be 2-4 kcal/mol (12). This system, being

more rigid than any of the medium-sized ring-systems discussed here,

probably undergoes less of an entropy change during reclosure than

do the more flexible systems (V-TMS, X-TMS, XIX-TMS and XX-TMS).



Another possible pathway would involve the sequence of con-

certed steps shown in Scheme IV. The process involves [1, 3] and

[3, 3] shifts to form XII-TMS and XIII-TMS. Another [1, 3 ] shift

[1,3]

OTMS [3, 3]

XIII-TMS
OTMS

OTMS
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Scheme IV. Concerted mechanism for the thermal rearrangement of
V-TMS and X-TMS.

would interconvert XII-TMS and XIII-TMS. The loss of cis stereo-

chemistry could result by the interconversion of XIII-TMS and XI-TMS

which requires rotation of the vinyl group. A similar scheme may be

formulated for the trans isomer (V-TMS). The only evidence contrary

to this scheme is the observation that the ratio of products remains

relatively constant up to several half-lives indicating the inter-conver-

sion of products is either very fast or very slow. The formation of XI-

TMS at low conversions requires the interconversion to be fast.

Therefore, equilibrium should be reached very quickly, a fact that is

not borne out by experimental observation (see Table 5). Also, the

[3, 3 ] shift product XIII-TMS should form and disappear. This is not

observed.

A third scheme is shown below in Scheme V. The formation of

both cis and trans ring-expanded products could occur through a ring-

contracted product (XXII-TMS) via a [1, 31 sigmatropic shift. This
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OTMS
XII- TMS

[ 3, 3]

OTMS

XXII- TMS

{ 3, 31

OTMS
XI -TMS

Scheme V. Thermal rearrangement of V-TMS or X-TMS via ring-
contraction.

product could be formed with the vinyl groups in a cis or trans rela--
tionship. A [ 3, 3] sigmatropic shift would then lead to XII-TMS and

XI-TMS. The divinyl compound has been observed in 'the Pyrolysis

of XX-TMS (1'3), As previously noted in 't Ine rearrange

ment of 2-pheny1-1-trimethylsiloxy-1-vinylcyclononan.e, however,

a concerted [1, 3] shift to form XXII-TMS would lead to steric inter-

action between the substituents and the allyl moiety and thus should

not be favorable. However, further experiments are necessary to

rule out this pathway.

The oxy-Cope rearrangements of both V and X were found to

give three ketone products (XI, XII and XIII) along with up to ca. 30%

of several alkenes and p-hydroxy olefin cleavage product (XIV), which
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was found to polymerize readily under ambient conditions. The forma-

tion of trans-cyclododec-5-en-l-one (XI) and cis-cyclododec-5-en,1-

one (XII) formally result from a [1, 3] sigmatropic shift, and the vinyl

ketone (XIII) results from a [ 3, 3] sigmatropic shift. The irrepro-

ducible formation of alkenes suggests that elimination and/or subse-

quent polymerization depends on surface conditions. Since ca. 70%

of the reaction of either isomer results in irreproducible cleavage or

elimination, kinetic studies could not be conducted.

The limited-data on alcohols V and X presented in Table 1 shows

that the rearrangement leads to preferential formation of the ring-

expanded product with the integrity of the double bond retained (i. e. ,

V forms XI as the major product and X forms XII as the major pro-

duct). It was observed that XI, XII and XIII are stable under normal

reaction conditions, so the enol products must convert to the keto

forms which do not interconvert appreciably under these reaction con-

ditions. Thies has calculated that the conversion of the enol to the

keto form is energetically favorable by ca. 10 kcal/mol (15). This

[1, 3] hydride shift is not symmetry allowed, but enol-keto intercon-

version could occur by a non-concerted, bimolecular or surface-

catalyzed reaction.

The preferential formation of XI and XII is in accord with the

findings from the thermal rearrangement of the next lower homolog

(15). It was suggested in this case that the transition states for the
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[ 3, 3] shift and fl-hydroxyolefin cleavage pathways were less favorable

since the vinyl or hydroxy group would be forced to be over the

crowded center of the medium-sized ring; the same situation exists

for the ten-membered analogs. Limited data prevent conclusive

statement of the mechanism of rearrangement of V and X. Both a

concerted or a biradical mechanism could lead to the observed pro-

ducts. The high temperature ranges necessary for rearrangement to

take place would seem to implicate a biradical intermediate.

The siloxy-Cope rearrangement offers some definite advantages

over the oxy-Cope rearrangement in terms of synthetic utility. The

yields are much higher (ca. 80-90% vs. 30%), and the serious (3-hy-

droxyolefin cleavage observed for the alcohols is eliminated. Also,

the oxy-Cope rearrangement is very sensitive to the ratio of sample

size to ampoule size, a situation not found in the siloxy variation.

Finally, the siloxy group can serve as a protecting group if the pro-

duct is sensitive to the reaction conditions. Corey and Herron have

recently reported an example of this idea (30).



33

EXPERIMENTAL

General

Infrared spectra were measured on a Beckman IR 8 infrared

spectrophotometer. Nmr spectra were measured on a Varian Asso-

ciates HA-100 instrument. Medium resolution mass spectra were ob-

tained with the Atlas CH7 Mass Spectrometer equipped with a gas

chromatograph inlet system. High resolution mass spectra were

obtained with a CEC 110B instrument at the University of Oregon.

All elemental analyses were performed by the Alfred Bernhardt Mik-

roanalytisches Laboratorium in West Germany. Analytical gas

chromatography (gc) was conducted using a Wilken. Aerograph Model

1200 instrument with flame ionization detector which was equipped for

either 1/8" packed columns or 0. 01" capillary columns. Preparative

gc was done with an Aerograph A-90-P instrument. The helium flow

through the 1/8" column was 25 ml /min. The helium flow through

the 0. 01" capillary columns was 4 ml/min. The following columns

were used:

Column A, 125' x 0. 01" UCON LB 550X capillary;

Column B, 75' x 0. 01" DEGS (diethylene glycol succinate)

capillary;

Column C, 100' x 0. 01" Apiezon N capillary;

Column D, 1/4" x 10' column packed with 5% KOH, 5%
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Carbowax 4000 on Chromosorb W;

Column E, 1/8" x 10' column packed with 10% DEGS on

Chromosorb W 60/80;

Column F, 1/4" x 10' column packed with 5% UCON LB 550X

on Chromosorb;

Column G, 1/4" x 12' column packed with 5% Carbowax 4000

on Anachrome 11-/120;

Column H, 1/4" x 171 column packed with 10% SF-96 on

Chromosorb G 70/80;

Column I, 1/4" x 7' column packed with 33% SF-96 on

Chromosorb P 60/80;

Column J, 1/4" x 4' column packed with 20% SF-96 on

Chromosorb P 60/80;

Column K, 1/4" x 6' column packed with 5% Carbowax 4000 on

Chromosorb W 60/80;

Column L, 1/8" x 10' column packed with 2. 5% KOH, 2. 5%

Carbowax 4000 on Chromosorb W 60/80;

Column. M, 75' x 0. 01" UCON Polar LB 550X capillary.

Preparation of 9, 9-Dibromobicyclo r 6. 1. 01 nonane

The compound was prepared from cyclooctene following the

procedure of Sante lli and coworkers (20) vacuum distillation provided

a fraction of pale yellow, clear liquid: by 91-94° (0. 4 mm); yield
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198. 7 g (70. 7%); nmr (CC14, 60 MHz) 61. 08-1. 85 (broad s, 12), 1. 85-

2..30 (m, 2).

Preparation of Cyolonona-1, 2-diene

The compound was prepared following the procedure of L.

Skattebol (31), Vacuum distillation provided a fraction of light-yellow

liquid: by 38-41° (0. 4 mm); yield 71. 2 g (80. 2%); ir (neat) 1950 cm-1

(C=C=C); nmr (CC14, 60 MHz) 61. 00-2. 82 (broad m, 12, H at C4-C9),

5. 00-5. 46 (m, 2, H at C1 and C3).

Preparation of cis-2-Cyclononenyl Formate

The method of L. Skattebol was used (31). The ester was not

purified but was used immediately for the next step. The yields of

light-yellow, viscous oil ranged from 87-100%; ir (neat) 1724 cm-1

(C =O), 1170 cm -1 (C-O-C).

Preparation of cis-Cyclonon-2-en-l-ol (I)

The compound was prepared following the procedure of L. Skatte-

bol (31). Vacuum distillation gave a fraction of clear liquid: by 82-

85° (0. 4 mm); yield 34. 6 g (76. 7%); ir (neat) 3340, 3020, 2940, 2860,

1430, 1025, 735 cm-1.
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Preparation of anti-Bicyclo [7.1.0] decan-2-ol (II)

To a 1-1 three-neck flask equipped with a mechanical stirrer,

West condenser, nitrogen inlet and a 125-ml pressure-equalizing drop-

ping funnel were added 43.2 g of zinc-copper couple [prepared by the

method of Le Goff (32)]' and 53.8 g (0. 202 mol) of methylene iodide dis-

solved in 135 ml of anhydrous ether. The mixture was stirred and

brought to reflux by means of an oil bath, Once the bright purple color

of the zinc-copper couple had formed, the slow addition of 34. 6g (0.25

mol) of alcohol in 155 ml of ether was begun; the alcohol solution was

added at such a rate as to maintain a gentle reflex (ca. 1-1/2 hr): The

reaction mixture was allowed to stir for an additional hour after the

addition was complete. A second portion of methylene iodide (103. 3g)

in 35 ml of anhydrous ether was added over a period of two hr. The

solution was allowed to stir overnight at room temperature. Analysis

by gc on column A at a temperature of 110° indicated the reaction

was complete. To the reaction mixture was added 250 ml of saturated

ammonium chloride. The ether and aqueous layers were separated

in a separatory funnel, and the ether layer was washed with two 50-m1

portions of saturated salt solution. The ether layer was collected

and dried over anhydrous magnesium sulfate. The magnesium

sulfate was removed by filtration, and the ether was removed

in vacuo by means of a rotary evaporator. To the dark yellow liquid
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in a 500-m1 Erlenmeyer flask was added 34. 8 g (0. 645 mol) of sodium

methoxide in 300 ml of anhydrous methanol. The mixture was allowed

to stand for two days. To the methanol solution was added 200 ml of

water. The mixture was poured into a 2-1 separatory funnel and ex-

tracted with two 100-m1 and two 50-m1 portions of pentane-ether

(50:50). The organic layer was then washed with 50 ml of saturated

salt solution and dried over anhydrous magnesium sulfate. The mag-

nesium sulfate was removed by filtration and the pentane-ether solvent

was removed in vacuo on a rotary evaporator to give essentially a

quantitative yield of yellow liquid. Vacuum distillation gave a pure

white solid: by 85-88° (0. 4 mm); mp 51-53° [ lit. (21) 54. 5-55. 5°] ;

yield 30. 0 g (79. 0%); nmr (CC14, 100 MHz)&0.4-2. 52 (m, 17, H at C1,

C 3 CI 0

3530, 3070,

847 cm-1 .

and hydroxyl H), 3.1-3, 5 (m, 1, H at C2); it (CC14) 3700,

3025, 3000, 2975, 1460, 1445, 1063, 1029, 1008, 950,

Preparation of trans -Cyclodec-3-en-l-ol (III).

To a 500-ml single' -neck round - bottom flask equipped with a

magnetic stirring bar and West condenser were added 15. 4 g (0. 10

mol) of anti-bicyclo [7. 1. 0] decan-2-ol, 200 ml of dioxane and a solu-

tion of 1. 0 g of 70% perchloric acid in 75 ml of water. The mixture

was heated and stirred for five hr at 75-78°. Analysis by gc using

column B at 100° showed the reaction was essentially complete. To
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the reaction mixture were added 1. 0 g of sodium carbonate and 100

ml of water. The layers were separated in a reparatory funnel, and

the ether layer was washed with three 50-m1 portions of water and one

50-ml portion of saturated salt solution. The ether layer was dried

over anhydrous magnesium sulfate, filtered, and the ether removed

by means of a rotary evaporator. The resulting light-yellow liquid

was used for the next step without further purification: yield 15.4 g

(100%); nmr (CC14, 100 MHz) 61.16-1, 73 (m, 10, H at C6 - C1 0),

1.73 -2. 63 (m, 4, H at C5 and H at C2), 3. 07 (s, 1, hydroxyl H), 3. 70

(m, 1, H at C1), 5. 45 (m, 2, H at C3 and C4); it (neat) 3320, 2900,

2885, 1450, 1355, 1260, 1120, 1052, 1018, 984, 870 cm-1.

Preparation of trans-Cyclodec-3-en-l-one (IV).

To a 1-1 single-neck round-bottom flask equipped with a mag-

netic stirring bar and a 250-m1 dropping funnel were added 15. 0 g

(0. 15 mol) of chromic acid, "34. 2 g (0.227 mol) of manganese sulfate

and 23 ml of concentrated sulfuric acid dissolved in 140 ml of water.

The mixture was cooled to 0° by means of an ice bath before adding

500 ml of acetone. To the mixture was slowly added 15.4 g (0.15 mol)

of trans-cyclodec-3-en-l-ol dissolved in 80 ml of acetone (ca. 1/2 hr

required for the addition). The mixture was allowed to stir four hours,

whereupon the reaction was observed to be complete by gc analysis on

column B at a column temperature of 105° (the retention times of III
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and IV were 6. 4 min and 3. 2 min, respectively). To the reaction mix-

ture was added 100 ml of water. The solution was washed into a

separatory funnel with 400 ml of ether, and the layers were allowed

to separate. The dark yellow organic layer was washed with five

100-m1 portions of water, two 50-m1 portions of 10% sodium carbonate,

50 ml of water and 50 ml of saturated sodium chloride solution. The

light-yellow ether layer was dried over anhydrous magnesium sulfate,

filtered and the ether removed on a rotary evaporator. The yield of

light-yellow liquid was 11.5 g (75. 7%); it (neat) 2945, 2870, 1695,

1450, 1435, 1340, 1250, 1163, 1100, 980 cm-1. The compound was

not further purified or characterized, but was used directly for the

next step.

Preparation of trans-1-Vinylcyclodec-3-en- ;oi

A. Reaction of trans-cyclodec-3-en-l-one (IV) with Vinyl

Lithium. To a dry 250-m1 three-neck round-bottom flask equipped

with a nitrogen inlet, condenser and pressure-equalizing dropping

funnel were added 3.13 g (0. 021 mol) of ketone IV and 50 ml of dry

THF. The mixture was cooled to 0° under a nitrogen flow using an

ice bath before slowly adding 8 ml of a 3.1 M solution of vinyl lithium

in THF (ca. ten min required for the addition). The mixture was

allowed to stir at room temperature for an additional 40 min.. The

excess vinyl lithium was destroyed by the slow addition of ca. 50 ml
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of water. The mixture was neutralized to pH 9 with saturated ammonium

chloride. The reaction solution was poured into a separatory funnel,

using 50 ml of ether to wash the flask out, The organic layer was col-

lected, dried over anhydrous magnesium sulfate, filtered and the ether

removed on a rotary evaporator. Analysis by gc on column B at 105°

showed three peaks with retention times of 5. 3 min (19. 5%), 10.2 min

(6. 2%) and 16. 1 min (74. 2%). The retention time of the first peak was

found to be the same as that of ketone IV. Column chromatography on

SilicAR using various mixtures of ether and pentane gave 2. 4 g (63. 5%)

of a clear viscous liquid: it (neat) 3420, 3020, 2940, 2870, 1470,

1445, 1055, 985 cm -1, nmr (CC14, 100 MHz) H. 06-2. 25(m, 15, H at

C2, C5 -C10 and hydroxyl H), 4. 86, 5. 09, 5. 87 (ABC pattern J = 1. 5,

10 and 17, 5 Hz, 3, vinyl H), 5.25 -5. 46 (m, 2, H at C3 and C4).

An analytical sample was collected by preparative gc using col-

umn K at 120° and a helium flow of 80 ml/min (retention time 13 min),

Anal. : Calcd. for C1211200: C, 79. 94; H, 11, 18

Found: C, 79. 85; H, 11. 04

B. Reaction of trans -Cyclodec-3-en-l-one (IV) with Vinyl

magnesium Bromide. To 4. 3 g (177 mmol) of magnesium turnings

were added 5 ml of a mixture of 26 g of vinyl bromide (freshly dis-

tilled) in 60 ml of dry THF and a crystal of iodine. The mixture was

heated gently until reflux began, The reaction mixture was diluted

with an additional 50 ml of THF before slowly adding the remaining
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solution of vinyl bromide (ca. 1. 5 hr for the addition). The mixture

was then cooled to 0° by means of an ice bath. To the cold solution

was slowly added (one hr) 8. 0 g (52. 6 mmol) of ketone IV in 80 ml of

THF. Analysis of an aliquot by gc on column B at 125° showed the

reaction to be complete. To the reaction mixture was added 100 ml

of saturated ammonium chloride. The layers were separated, and

the organic layer was washed with two 50-m1 portions of water and one

50-m1 portion of brine. After drying (MgSO4) the volatile solvent was

removed using a rotary evaporator to give 8. 8 g (93%) of light-yellow

oil. The crude product was purified by column chromatography on

Silic.AR using various ether-pentane mixtures (2% ether in pentane to

10% ether in pentane by volume). The yield of clear viscous liquid

was 6.2 g (65. 5%). The spectral properties were the same as above.

C. Reaction of trans-Cyclodec-3-en-l-one (IV) with Vinyl--
magnesium Chloride. To 6 ml of a solution of vinylmagnesium

chloride (2. 3 M, Alfa Inorganics), cooled to 00, was slowly added

(15 min) 1 g (5. 7 mmol) in 5 ml of dry THF. The mixture was allowed

to stir one hr at room temperature. After the addition of 20 ml of

saturated ammonium chloride the organic layer was separated and

washed with two 25-ml portions of water and one 25-ml portion of

saturated salt solution. The organic layer was dried over anhydrous

magnesium sulfate. Analysis by gc on column B at 110° showed two

major volatile components A (5. 9 min, 59%) and B (6. 5 min, 41%).
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Coinjection of trans-l-vinylcyclodec-3-en-1-01 with the mixture gave

peak enhancement of the longer retention-time peak (component B).

The reaction was not investigated further.

Preparation of Bicyclo [7.1. 0] decan-2-one (VI)

The oxidation was performed using the procedure previously

discussed. From 19.3 g (0.125 mol) was isolated a crude brown

liquid which was vacuum-transferred: oil bath temperature 95-100°

(0. 4 mm); yield 14.7 g (77. 5%). A sample was collected by prepara-

tive gc using column D at a helium flow of 30 ml/min and a tempera-

ture of 150° with a resulting retention time of 18 min. All spectra

were run on this sample: it (neat) 3010, 2950, 2860, 1680, 1460,

1440, 1390, 1375, 1100, 1078, 1042, 980, 950, 920, 885, 840 cm-1;

nmr (CC14, 100 MHz) 60.40 -0. 78 (m, 1), 0. 78-2. 30 (m, 14), 2. 54-

3. 10 (m, 1).

Preparation of syn-Bicyclo [7.1. 0] decan-2-ol (VII)

To 100 ml of dry ether was added 1,2 g (0. 13 eq) of lithium

aluminum hydride. The mixture was stirred at room temperature

while a mixture of 13. 0 g (0. 086 mol) of ketone VI in 50 ml of ether

was added (ca. 1/2 hr for addition), The mixture was allowed to stir

overnight. To the solution was added dropwise a Rochelle salt solution

until no more observable hydrogen evolution was apparent. The ether
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layer was decanted off and washed with two 50-ml portions of water

and one 50-m1 portion of saturated salt solution. There was no de-

tectable amount of anti-alcohol II or starting material by gc (column B,

105°). After drying (MgSO4) the ether was removed on a rotary

evaporator to give 11. 2 g (84%) of clear oil, Spectral samples were

collected using column E at 130° and a helium flow of 30 ml/min

(retention time ten min); it (neat) 3460, 3080, 2990, 2920, 2860, 1470,

1440, 1078, 1025, 1000, 845 cm-1; nmr (CC14, 100 MHz) 6 O. 17-

1. 25 (m, 4, H at C1, C9 and C10), 1. 25-2.33 (m, 13, H at C3-C8

and 0-H), 4. 33 (m, 1, H at C2).

Preparation of cis-Cyclodec-3-en-l-ol (VIII)

To 10.2 g (66 mmol) of alcohol. VII was added 135 ml of dioxane

and 50 ml of 0.12 M solution of 70% perchloric acid. The mixture was

stirred and heated at 75-80° overnight. Analysis by gc on column B

at 110° showed the reaction to be complete. To the reaction solution

was added 1 g of sodium carbonate in 150 ml of water. To the mixture

was added 100 ml of ether. The ether layer was separated, washed

with three 50-m1 portions of water and one 50-ml portion, of brine,

and dried (MgSO4). Removal of solvent on a rotary evaporator gave a

quantitative yield of clear oil which crystallized upon standing. Re-

crystallization of a 100 mg portion gave white needles: mp 54. 0-56. 0°

(lit 55.0-57. 5°(21)]; it (CC14) 3700, 3450, 3050, 2960, 2890, 1470, 1440,
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1015, 727, 710 cm-1. A sample for nmr was purified by preparative

gc off column K at 120° and a helium flow of 30 ml/min (retention time

15. 0 min); nmr (CC14, 100 MHz) S 0. 79 (m, 10, H at C6 -C10),

1. 96-2. 22 (m, 4, H at C2 and C5), 2. 24 (s, 1, hydroxyl H), 3. 87 (m,

1, H at C1), 5.19 (m, 2, H at C3 and C4).

Preparation of cis-Cyclodec-3-en-1 -one (IX)

The oxidation was performed as previously discussed. From

7. 8 g (0. 051 mol) of VIII was isolated a crude yellow liquid which was

vacuum-transferred to give 4. 8 g (62%) of clear oil. Spectra were

measured on a sample collected by preparative gc off column K at a

column temperature of 120° and a helium flow of 30 ml/min (retention

time 2. 5 min); it (neat) 3000, 2930, 2860, 1660, 1475, 1435, 1335,

1285, 1200, 1162, 1035, 848, 724 cm-1; nmr (CC14, 100 MHz) 6

1. 33 ( , 8, H at C6-C9), 1. 98-2. 56 (m, 4, H at C5 and C10), 3. 00

(d, J = 7 Hz, 2, H at C2), 5. 60 (m, 2, H at C3 and C4).

A sample for analysis was collected by preparative gc using

column K at 120° and a helium flow of 30 ml/min (retention time 2. 5

min).

Anal. calcd. for C1011160: C, 78. 89; H, 10. 59

Found: C, 78. 93; H, 10. 54
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Preparation of cis -l- Vinylcyclodec- 3- en -1 -ol (X)

The same method as above was used (method B). From 4. 8 g

(32 mmol) of ketonelX was isolated a quantitative yield of light-yellow

oil. Column chromatography as above gave 2. 5 g (54%) of clear oil.

A small sample was purified by preparative gc using column K at 120°

and a helium flow of 60 ml/min (retention time 14 min). All spectral

data were determined on this sample: it (neat) 3480, 3050, 2950,

2845, 1480, 1455, 995, 926, 885, 795, 730, 718, 700 cm-1; nrn r

(CC14, 100 MHz) 5 1. 05-1.82 (m, 15, H at C2, C5-Cl0 and, hydroxyl

H), 4. 95, 5.16, 5. 92 (ABC patt,ern J = 1. 5, 10, aid 18 Hz,} 3, vinyl H),

5.28-5.72 (m, 2, H at C3 and C4).

An analytical sample was collected by preparative gc using

column K at 120° and a helium flow of 80 ml/min (retention time 14

min).

Anal. : calcd. for C12H200: C, 79. 94; H, 11.18

Found: C, 79.76; H, 11. 17

Ampoule Pyrolysis of trans-1-Vinylcyclodec-3-en-l-ol (V),

A. Small-Ampoule Pyrolysis. Pyrex ampoules (10 ml) were

washed with acetone, water and concentrated ammonium hydroxide.

The ampoules were dried overnight at 120° in an oven. In a typical

analytical run a 10 ml ampoule was charged with 10µl of alcohol using
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ca. 30 ill of ether to wash the sample into the ampoule, evacuated at

O. 1 mm for 30 min and sealed. The ampoule was placed in an alum-

inum block oven maintained by a ProportioNul temperature controller

or in a fused salt bath maintained by a Bailey temperature controller.

The reaction led to variable amounts of elimination and poly-

merization. Too large of a sample size relative to ampoule size,

moisture in the ampoule or failure to wash the ampoule with ammonium

hydroxide all led to increasing the degree of elimination and polymeri-

zation.

The reaction mixture was analyzed on columns A, B and L

(Table 8 lists the conditions and retention times).

B. Large-Ampoule Pyrolysis. Pyrex ampoules (60 ml) were

treated in the same manner as above. In a typical run a 60-m1 ampoule

was charged with 200 p.1 of V, evacuated at 0.1 mm for 30 min and

sealed. The ampoules were heated as above.

The components of the reaction mixture were separated by

preparative gc using columns G and H at 150-165° and a helium flow

of 60-80 ml/min. The four products below were isolated.

Structural Assignment for trans-Cyclododec-5-en-l-one (XI)

The structure was assigned by analogy with the corresponding

product of the next lower homolog of V (15) and the spectral proper-

ties: it (neat) 3120, 2970, 2920, 1705, 1445, 1365, 1160, 1072,
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982 cm-1; nmr (CC14, 100 MHz) 6 1. 03-2.16 (m, 14, H at C3, C4

and C7-C11), 2. 16-2. 43 (m, 4, H at C2 and C12), 5. 07 (m, 2, H at

C5 and C6).

Anal. calcd. for C12H200: 79. 94; H, 11. 18

Found: C, 79. 74; H, 11. 06

Structural Assignment for cis-Cyclodec-5-en-1 -one (XII)

The structure was assigned by analogy with the corresponding

product of the next lower homolog of V and the spectral properties:

ir (neat) 3050, 2980, 2920, 1700, 1460, 1445, 1430, 1365, 1162, 1100,

1010, 693 cm-1; nmr (CC14, 100 MHz) 6 O. 98 -2. 20 (m, 14, H at C3,

C4 and C7-C11), 2.20-2. 55 (m, 4, H at C2 and C12), 5. 08-5. 35

(m, 2, H at C5 and C6).

Anal. calcd. for C12H200: C, 79. 94; H, 11.18

Found: C, 79. 90; H, 11.03

Structural Assignment for 4-Vinylcyclodecanone (XIII)

The structure was assigned by analogy with the corresponding

product of the next lower homolog of V and the spectral properties:

ir (neat) 3090, 2920, 2860, 1690, 1620, 1460, 1425, 1410, 1360,

1250, 905 cm-1; nmr (CC14, 100 MHz) 61. 20-2. 58 (m, 17, H at

C2-C10), 4. 86, 4. 91, 5. 57 (ABC pattern J = 3, 8 and 18 Hz, 3, vinyl

H).
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mass spec. : calcd. m/e for C1211200: 180. 151

Found: m/e, 180.151

Structural Assignment for Dodeca-1,11-dien-3-one (XIV)

The structure was assigned ft-om the nmr spectrum: (CC14,

100 MHz) 6 1. 11-1.77 (m, 10), 1. 85-2.29 (m, 2), 2.25-2, 57 (m, 2),

4. 69-5. 11 (m, 2), 5. 49-6. 37 (m, 4).

Preparation of trans-1-Trimethylsiloxy-l-vinylcyclodec-3-ene (V-
TMS)

In a typical preparation 0. 58 g (3.2 mmol) of alcohol V was

mixed with 1. 75 ml of dry DMSO and 1. 2 ml of Tri -Sil. The mixture

was shaken for ten minutes and the upper layer separated. The lower

layer was washed with one 2-ml portion of pentane and combined with

the upper layer. The combined layers were washed with one 2-ml

portion of water. The resulting peAtane solution was dried over an-

hydrous magnesium sulfate. The product was collected by preparative

gc using column H at a temperature of 185° and a helium flow of 60

ml/min. The yield of clear liquid was O. 49 g (61%): it (neat) 3030,

2970, 2890, 1450, 1410, 1245, 1055 (broad), 985, 918, 835, 752 cm-1;

nmr (CC14, 100 MHz) 6 0. 06 (s, 9, methyl H on -OTMS), 1. 32 (s, 10,

H at C6-C10), 1.28 -1, 94 (m, 4, H at C2 and C5), 4. 84, 4.93, 5. 87

(ABC pattern J = 1. 5, 10.5 and 17. 5 Hz, 3, vinyl H), 5. 24-5. 44 (m,
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2, H at C3 and C4).

Anal. : calcd. for C15H280Si: C, 71. 36; H, 11.18

Found: C, 71. 11; H, 10.97

Preparation of cis-1-Trimethylsiloxy-l-vinylcyclodec-3-ene (X-TMS)

The procedure was the same as above for V-TMS. From 0. 300

g (1. 67 mmol) of alcohol (X) was obtained 0. 256 g (61%) of clear liquid

after preparative gc on column I at 145° and a helium flow of 80 ml/min

(retention time, six min). Analysis by gc on column A at 140° showed

that X-TMS was contaminated with 3. 6% of V-TMS (retention times,

10. 3 and 9. 1 min): it (neat) 3120, 3025, 2980, 2860, 1470, 1435,

1410, 1250, 1062, 918, 835 and 750 cm-1; nmr (CC14, 100 MHz)

0. 08 (s,9, Hon -0TMS),' 1. 16-2. 96 (m, 14, H at C2 and C5-C10),

4. 99, 5. 09, 5. 85 (ABC pattern J = 1. 5, 10 and 18 H

5. 18-5. 58 (m, 2, H at C3 and C4).

Anal. : calcd. for C15H280Si: C, 71. 36; H, 11. 18

Found: C, 71.52; H, 11.06

, 3, vinyl H),

Ampoule Pyrolysis of trans-1-Trimethylsiloxy-l-vinylcyclodec-3-
ene (V-TMS)

Pyrex ampoules (10 ml) were prepared, sealed and heated as

above. The pyrolyses were relatively insensitive to ampoule prepara-

tion with the exception that the ampoules had to be dry. The products
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were analyzed before hydrolysis on columns A or B.

The crude mixture was hydrolyzed by refluxing 10 mg of sample

in 0.5 ml of a solution consisting of 10 ml pyridine, 1 ml of water and

two drops of concentrated hydrochloric acid. The sample was extrac-

ted into 5 ml of ether and washed with two 2-ml portions of 10% sul-

furic acid, one 2-ml portion of saturated sodium carbonate and one

2-nil portion of brine. The products were analyzed using columns

A or B. The products were isolated by preparative gc as above. The

same products were formed except for XIV.

Ampoule Pyrolysis of cis-1-Vinylcyclodec-3-en-l-ol (X)

The same procedure as above was followed. The products were

collected by preparative gc as above and the spectral and gc properties

compared with those from the pyrolysis of V. The same four products

were found.

Ampoule Pyrolysis of cis-1-Trimethylsiloxy-l-vinylcyclodecene
(X-TMS)

The same procedure as was followed for the pyrolysis of V-TMS

was followed except that X-TMS had to be added neat; the use of ether

to wash the sample into the ampoule led to erratic results. The pro-

ducts were analyzed and isolated as above.
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Kinetic Experiments

A series of 10-m1 ampoules were introduced into an aluminum

block oven maintained by a ProportioNul temperature controller or

into a fused salt bath maintained by a Bailey Model 124 proportional

controller. The oven and the salt bath were used in the study of the

trans-isomer (V-TMS), whereas only the fused salt bath was used in

the study of the cis-isomer (X-TMS). A zero point was removed after

10-120 min and other points were removed and quenched in the draft

of a hood. Each sample was hydrolyzed as before and analyzed on

columns A or B. The log of the ratio of the alcohol (V or X) over the

sum of alcohol (V or X), XI, XII and XIII was plotted versus time.

Preparation of 1-Vinylcyclodecan-l-ol (XV)

To 1.0 g (6.5 mmol) of cyclodecanone was added 15 ml of an-

hydrous ether. The mixture was cooled to 0° and 4 ml of 3.1 M

solution of vinyllithium was added with stirring (ca. five min for the

addition). The ice bath was removed, and the solution was allowed to

stir at room temperature for 24 hr. Analysis by gc using column H

at 110° showed a constant ratio of unreacted detone and the derived

alcohol (XV) after eight hr. To the mixture was added 10 ml of water.

The mixture was neutralized with 5% sulfuric acid. After separation

of the aqueous layer the organic layer was washed with water and
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saturated salt solution and dried over anhydrous magnesium sulfate.

The salt was removed by filtration and the solvent removed on a

rotary evaporator. Column chromatography on SilicAR using various

mixtures of ether and pentane (2-6% ether in pentane) gave 0. 34 g

(34%) of clear liquid: it (neat) 3480, 3150, 2990, 2920, 1625, 1475,

1440, 993, 918, 785 cm-1; nmr (CC14, 60 MHz) 6 1.45 (s, 18, H at

C2 -C10), 1. 97 (s, 1, hydroxyl H), 4. 87, 5.10, 5. 92 (ABC pattern,

J = 1. 5, 10 and 17 Hz, 3, vinyl H).

Preparation of 1-Trimethylsiloxy-l-vinylcyclodecane (XV-TMS)

The method of preparation and purification was the same as

above. From 0. 170 g of XV there was obtained 0. 066 g (27%) of

clear oil: nmr (CC14, 60 MHz) 6 0, 01 (9, s, methyl H on TMS),

1.44 (s, 18, H at C2-Cd, 4. 94, 5. 02, 5. 85 (ABC pattern J = 1. 5,

10 and 17. 5 Hz, 3, vinyl H).

Anal. : Calcd. for C15H300Si: C, 70. 79; H, 11.88

Found: C, 70. 81; H, 12. 04

Ampoule Pyrolysis of 1- Vinylcyclodecanol (XV)

The ampoules were prepared, loaded and sealed as before. The

ampoules were placed in an aluminum block oven as before, Analysis

was conducted using column L at 110° . The only detectable products

had very short retention times (1. 0 and 1. 6 min) indicative of olefin.
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The products were not further characterized.

Ampoule Pyrolysis of 1-Trimethylsiloxy-l-vinylcyclodecanol (XV-TMS)

The ampoules were prepared, loaded and sealed as before. The

ampoules were heated in an aluminum block oven as before. Analysis

of the reaction mixture was conducted using column B at 90°. Little

or no change was noted at lower temperatures (320 - 325°). Only short

retention time products which were not identified were observed at

425°. Hydrolysis (using the procedure described previously) gave no

change observed by gc except for the hydrolysis of remaining starting

mate rial.

Measurement of Yields for the Thermal Rearrangement of trans- and
cis-1-Vinylcyclodec=3-'enL1-ols (V and X).

In general the sample was pyrolyzed, and the relative percent of

the products measured by gc on column A or B. To the pyrolyzed

sample was then added a measured amount of alcohol V or X. The

relative percents of products were again checked by gc, and the %

yield calculated. The yields on the average were ca. 30%.

In one case 1-trimethylsiloxycycloheptane was mixed with alco-

hol X. The relative percents of each were checked by gc as above.

The mixed sample was added to an ampoule and sealed in the usual

manner and pyrolyzed. The ratio of the products plus X to the stan-

dard was calculated. The yield was 59%.
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Measurement of Yields for the Thermal Rearrangement of trans- and
cis -1-Trimethylsiloxy-1-Vinytcyclbde c-3 -ere(V-TMS and X-TMS)

To a 10 ml ampoule was added 10 p.1 of V-TMS or X-TMS and

10 ill of cyclododecene. The sample was sealed as before and pyro-

lyzed at 280°. The ratio of standard to products plus remaining

V-TMS or X-TMS was checked by gc (column A). The samples were

hydrolyzed as previously described. The ratio of standard to products

plus V or X was again measured by gc. The yields were 80% and 93%,

respectively, from V-TMS and X-TMS.

Measurement of the Yield of the Hydrolysis of trans-l-Trimethyl-
siloxy-l-vinylcyclode3-ene (X-TMS)

A sample (26 mg) of X-TMS was hydrolyzed as previously

described. To the hydrolyzed sample was added 17.5 mg of bicyclo

[7.1. 0] decan-2-one. The relative ratio was measured by gc on

column A. The yield of X was 93%.
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Table 8. Retention times of V, X, XI, XII,> XIII and XIV on various
columns.

Compound Retention time, min

Column A at 140°
17. 0

X 18. 5
XIII 13. 0
XII 15. 0
XI 14.0

XIV O.".

Column B at 140°
15.5

X 17. 0
XI 11.5
XII 13. 0
XIII 12. 5
XIV

Column L at 110°
8.0

X 8.6
XI 5. 4
XII 5. 4
XIII 5. 4
XIV 3. 0
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ACID-CATALYZED REARRANGEMENT OF CIS-BICYCLO
[6.1. 0] NONANE-TRANS- AND CIS-9-METHANOLS.
AN EFFECTIVE TWO-CARBON RING-EXPANSION

INTRODUCTION

In 1965 T. L. Bond and coworkers reported that the acid-

catalyzed rearrangement of cis-bicyclo [ 4. 1. 0] heptane-exo-7-

methanol leads exclusively to the formation of products resulting

from ring-opening (36). These workers found that the corresponding

10%HC1

CH2OH

H H

81%
H

19%
H

tosylate leads largely to ring-opened products also. J. A. Moschino

HOAc, KOAc
CH2OTs

LiA1H4

H

72%H

reported similar results for the acetolysis of the exo-tosylate as

shown below (37).
H

HOAc
/1:1174CH Ors2

H
62% 34%

4%
OAc
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K. Wiberg and G. Szeimies have studied the solvolysis of both

exo- and endo-bicyclo [2.1. 0] pentane-5-methyl tosylates (38). These

authors found that the endo-tosylate leads to products resulting from

ring-enlargement rather than ring-opening. The exo-tosylate gave no

rearrangement products. These workers also studied the acetolysis

H2°-
CZH5OH

CH2OTs

H2O_
C2H5OH

%-,Li2ki s

OH

63%

H

OH

23%

CH2OH

CH2OH
14%

of the exo- and endo-tosylates. The exo-tosylate gave unrearranged

CH2OTs HOAc

H

HOAC

CH2OTs

OTS
26%

OAc

6% OAc

38%

+ H

OAc
19%

15%

1%

Ack
28%
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acetate and acetates resulting from ring-opening, while the endo--.
tosylate gave products similar to the solvolysis in ethanol.

K. Wiberg and A. J. Asche, Jr., found that the acetolysis of

exo- and endo-bicyclo [3.1. 0] hexane-6-methyl tosylates leads to

products resulting from both ring-enlargement and ring-opening (39).

HOAc

CH2OTs
H

I

H HOAc

CH2OTs
II

CH OAc

OAc

25%
H

25%

H

CH20Ac
3%

H
45%

OTs

50%

OAc
13. 5%

OTs

19%

Ac 0

13, 5%

6%
OTS

The ring-expanded cyclopropyl acetates formed in the reaction of the

endo-isomer were found to arise from the cycloheptenyl tosylate.

Rate measurements of the acetolysis of the above tosylates were com-

pared with the rate of acetolysis of the tosylates of exo- and endo-

bicyclo [3.2, 0] heptan-6-ols, The rate differences observed were

attributed in part to the higher ground-state energies of I and II as
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OTs

OTS
IV

HOAc OAc

HOAc

H
35%

Ac0
20%

46
OAc

%

OAc

H

80%

Table 1. Rate of acetolysis of the exo- and endo-bicyclo [ 3, 1. 0)
hexane-6-methyl tosylates and the tosylates of exo- and
endo-bicyclo [ 3. 2. 01 heptan-6-ols(40).

Compound k x 103, sec-1

I 5.35 + O. 15

II 4.53 + 0.01

III 0. 000021

IV O. 0185

compared to III and IV. These workers postulate that I and III re-

arrange through a common intermediate, since the same products are

formed from these two isomers with the exception of trans-2-vinyl-

cyclopentyl tosylate. These authors reasoned that this internal return

product would not be found in the acetolysis of III, since it is more

reactive than III. The failure of I and III to form 2-norcaranyl acetates
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was attributed to the high strain energy of forming a trans-fused

2-norcaranyl-type ion.

L. E. Friedrich and F. R. Wright have studied the solvolysis

of the -bicyclo { 5.1. 0] oct-2-y1 3, 5-dinitrobenzoates in 80% aqueous

acetone buffered with lutidine (41). These workers found that the

H ODNB

ODNB

100°
80%
acetone

1000

80%
acetone

H ODNB
6%

cl>
OH H
16%

H ODNB
2%

ODNB H 11%

deutero-analog of the exo-isomer gave 87% deuterium scrambling in

the unreacted starting material. The deutero-analog of the endo-

isomer led to no scrambling. The authors feel that the deuterium-

ODNBH
21%

44%
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scrambling for the exo-isomer indicates that the rearrangement for

the exo-isomer occurs via a degenerate cyclopropylcarbinyl-cyclo-

propylcarbinyl rearrangement.

K. Wiberg and T. Nakihira have found that solvolysis in aqueous

acetone of exo-bicyclo [5. I 0] octane-8-methyl tosylate leads largely

to a product which appears to result from a cyclopropylcarbinyl-

cyclopropylcarbinyl rearrangement (42). To gain further information

H20Ts 80 0

aqueous
H acetone

13%

9%

OH

concerning the mechanism of reaction, Wiberg and coworkers studied

the rearrangement of the tosylate of exo-bicyclo [ 5. 2, 0] nonan-8-ol.

T goo
aqueous
acetone

lc>
OH

76%
12%

9% H
The same products formed from the [ 5, 1. 0] -exo-methyl tosylate were

found in the reaction, The trans-fused [ 6. 1. 0] nony1-2-dinitroben-

zoate again gave the same products as the exo-methyl tosylate.
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ODNB OH
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The epimeric derivative (VI) was also subjected to solvolysis in

OPNB
VI

1 000
aqueous
acetone

OH
96%

4%

H

aqueous acetone. In this case none of the exo-methanol was formed.
.11MMMISMN.

Also, a trans-fused cyclobutanol derivative was formed whereas V

led to a cyclobutanol derivative with a cis-ring fusion. Thus, no

crossover in products was observed between the two epimeric deriva-

tives, and the products in each case were formed by a stereo-specific,

process.

Wiberg and coworkers also synthesized the deutero-analogs of

V, VI and their epimers and examined the unrearranged products for

deuterium scrambling. Only the deuterium-substituted alcohol V-d

gave scrambling. These workers postulated that the scrambling

observed for V-d occurs by a set of equilibria in which the cation

D ODNB OTs D

V-d

'D
ODNB
VI-d
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corresponding to V is a symmetrical species. These authors feel that

the differences between the results observed for the cis-faced isomers

above and the results of L. E. Friedrich and coworkers is due to a

change in conformation.

From the studies of the various ring-systems Wiberg and co-

workers propose that the cyclopropylcarbinyl-cyclopropylcarbinyl

rearrangement occurs by either or both pathways shown below. In

path A the backside of the orbital forming the 2, 3 bond is involved

leading to an intermediate ion with a trans-fused cyclopropane. In

path B the rearrangement proceeds via a cyclobutyl ion as an inter--
mediate or activated complex. In ring-systems in which an inter-

mediate ion with a trans-ring fusion would be highly strained the

rearrangement does not occur, and the molecule may take some other

course (e. g., exo-bicyclo [ 2. 1, 0] -pentane-5-methyl tosylate gives no

rearrangement).

path A



H
path B
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R
Cly+

R
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P. G. Gassman and coworkers have reported similar products

for the solvolysis of the p-nitrobenzoate derivatives of V and VI

(V-PNB and VI-PNB) (43). These workers found that V-PNB re-

arranges 12, 400 as fast as VI-PNB. Gassman and coworkers feel that

the rate difference observed indicates that significant cyclopropyl

bond participation can only occur when the leaving group is trans to

the participating bond. Thus, the authors concluded that V-PNB

rearranges via a non-classical ion with cyclopropyl participation,

while VI-PNB rearranges initially via a classical ion.

E. Walton has found that exo-bicyclo [ 5.1. 0] octane-8-methanol

leads to ca. 20% of 2-vinylcycloheptanol along with a major component

not yet identified (44).

HC104
aqueous
dioxane

20%
H



C. D. Poulter and S. Winstein have studied the acid-catalyzed

rearrangement of endo- and exo-bicyclo [ 7, 1, 0] decan-2-ols (21)

The authors found the rearrangements proceeded stereospecifically

to give as the major products cis- and trans-cyclodec-3-en-l-ols,
OH

HC104 hydrocarbons
80% aqueous 18%

dioxane

HC104

80% aqueous
dioxane 91%

OH

OH
82%

H OH

9%
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respectively. The authors postulate that the reaction proceeds through

nonclassical intermediates like those shown below.

Jf

cis trans



66

RESULTS AND DISCUSSION

Results

With the results of T. L. Bond in mind we began the synthesis

of exo-bicyclo [ 6.1.0] nonane-9-methanol, hoping to prepare 2-vinyl-

cyclo-octanol by acid-catalyzed rearrangement (36). The scheme

envisioned is shown below (Scheme I ). The reaction of cyclooctene

with ethyldiazoacetate proceeded smoothly to form a mixture of

+ N2CHCO2CH2C1-13
CuSO4

A

CO7 CH CH3

CO2CH2CH3

1. Vitride
2, H30+

CH2OH LI

H CH2OH

VII VIII
HC1O4,
aqueous dioxane

OH

Scheme I. Proposed synthesis of 2-vinylcyclooctanol.

exo-9-carboethoxybicyclo [ 6. 1. 0] -nonane and endo-9-carboethoxy

bicyclo [ 6. 1. 0] nonane (66:34), Reduction using Vitride led to a

66:34 mixture of exo-bicyclo [ 6. 1. 0] nonane-9-methanol (VII) and

endo-bicyclo [ 6. 1. 0] nonane-9-methanol (VIII). The resulting mixture
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was subjected to acid-catalyzed rearrangement in aqueous dioxane at

80° using a catalytic amount of perchloric acid, The reaction was

followed by gc using a 100' Apiezon N capillary column. There were

three major volatile components (D, E and F) formed with time as

shown in Table 2. In other runs higher concentrations of acid were
sused to reach equilibrium in a shorter time (12 hr),

Table 2. Major products from the acid-catalyzed rearrangement of
VII and VIII.

Time, hr F VII VII

18 1. 2 18.2 3.8 45.3 28. 9

30 1. 5 29.6 5.2 32.0 27.2

42 1. 8 37.2 6.6 19.7 26.0

66 4.7 45.4 10.9 9.3 19.4

95 8.8 54.0 14.7 <1 11.0

A larger batch of alcohols VII and VIII was subjected to acid-

catalyzed rearrangement in order to identify the products. The infra-

red spectrum of the resulting mixture showed a strong band at 985

cm indicative of a trans- double bond. The nmr spectrum of the

mixture did not show the typical ABC pattern expected for a vinyl

group but gave a pattern at 65. 45 indicative of a disubstituted double

bond. The nmr spectrum of the reaction mixture was compared with

the nmr spectrum of an authentic sample of trans-cyclodec-3-en-l-ol,
ww1ONTI40

and the two were found to be quite similar except for two sets of
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doublets (53. 38 and 63.61) which could be assigned to a small amount

of starting material.

In order to achieve better separation of the reaction components

a small portion of the mixture was examined on a 125' UCON capillary

column. The resulting gc trace showed only two peaks of long-reten-

tion time (ca. 20 min). The peaks were unsymmetrical, apparently

due to product decomposition. In hopes of overcoming this obstacle

the reaction mixture was treated with Tri-Sil (Pierce Chemical Com-

pany) in anhydrous DMSO to generate the trimethylsilyl (TMS) ethers

of the alcohol components. Analysis by gc of this mixture showed four

major volatile components: A (6%), B (64%), C (16%) and D (14%) with

retention times of 5. 4, 7. 2, 7. 5 and 9. 3 minutes, respectively. Co-,

injection of the mixture of TMS ethers with an authentic sample of the

TMS ether of trans-cyclodec-3-en-l-ol TMS) on both a polar and

a nonpolar column gave peak-enhancement of the peak attributable to

component B. Similarly, coinjection of the mixture of TMS ethers

with an authentic sample of the TMS ether of cis-cyclodec-3-en-l-ol

(X-- TMS) gave enhancement of the peak attributable to component C.

Finally, coinjection of the TMS ethers of the reaction mixture with the

TMS ether of endo-alcohol (VIII-- TMS) on two columns gave enhance-

ment of the peak attributable to component D.
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IX, R = H
IX-TMS, R = Si(CH3)3

OR
X, R = H
X-TMS, R = Si(CH3)3
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A mass-spectrometer-gc combination gave convincing proof of

the structural assignments for components B, C and D; the mass

spectra of the TMS ethers of B, C and D were superimposable with

the mass spectra of IX-TMS, X-TMS and VIII-TMS, . respectively.

To check for any possible cyclobutanol products or the possibility

of a cyclobutanol intermediate, exo- and endo-bicyclo [6.2.0] decan--
9-ols were prepared (Scheme II). The reaction of cyclooctene with

9
C12CHC -Cl

L1, LiA1H4

2. H30+
XII

(CH3CH2)3N C1 Zn, HOAc

XIII

XI

XIV

Scheme II. Synthesis of exo- and endo-bicyclo [ 6. 2. 0] decan-9-ols.

dichloroacetyl chloride in pyridine led to a 31% yield of 10,10-dichloro-

bicyclo [6.2.0] decan -9 -one. Reaction using zinc in acetic acid un-

expectedly led to two products (one unsymmetrical peak by gc). The

infra-red spectrum showed a broad absorption at 1760 cm-1 (C=0)

indicative of a mixture of cyclobutanone derivatives. The ketone was

not further characterized, but was reduced with lithium aluminum
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hydride in ether. The infra-red spectrum of the reaction products

showed a strong absorption at 3430 cm-1 (0-H).

The possibility of a cyclobutanol intermediate was checked by

subjecting the alcohol mixture from above to the reaction conditions

used in the rearrangement of the exo- and endo-alcohols of the [6.1.0]

system (VII and VIII). The infra-red spectrum of the recovered ma-

terial was superimposable with the spectrum of the starting alcohol

mixture indicating no change had occurred. Analysis by gc of the TMS

ethers of the cyclobutanol starting material and the TMS ethers of the

recovered reaction material also showed no reaction had occurred,

Coinjection of the TMS ethers of the reaction products from the acid-

catalyzed rearrangement of exo- and endo-alcohols (VII and VIII) with

the TMS ethers of bicyclo [6.2.01 decan-9-ols (XIII and XIV) did not

give enhancement of the peaks attributed to A-D.

A sample of the pure exo-alcohol (VII) was collected by prepara-

tive gc. Reaction in aqueous dioxane with a catalytic amount of

perchloric acid led to the formation of a single product. The nmr

spectrum of the product was identical with the nmr spectrum of a

known sample of trans-cyclodec-3-en-l-ol (IX).

The TMS ether of endo-alcohol (VIII) was collected by prepara-

tive gc. The resulting sample after hydrolysis still contained 12% of

the exo-alcohol (VII). The alcohol mixture in aqueous dioxane contain-

ing a catalytic amount of perchloric acid was stirred at 80-85o for
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20.5 hr. The TMS ethers of the reaction mixture were prepared and

analyzed by gc. Four major products were observed (9%, 4%, 46%

and 40%). Coinjection of the TMS ethers of the reaction mixture on

two columns with an authentic sample of IX- TMS resulted in enhance-

ment of the product which comprised 46% of the volatile TMS ethers.

Similarly the volatile product which made up 40% of the mixture was

identified as X- TMS . Finally the volatile product which represented

9% of the TMS ethers was shown to be the same as product A formed

previously and which was not identified.

Discussion

The ring-expansion of the exo-alcohol (VII) to form trans-cyclo--
dec-3-en-l-ol was at first glance somewhat surprising. Examination

of molecular models shows, however, that reaction could take place by

two possible pathways. The first possible pathway is shown below.

H

XVI

//e

H
XV



H20

XVII

HO
IX

XIV
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The mechanism involves assistance by the backside of one of the

bridge-bond orbitals to generate a delocalized ion (XV). The transition

state leading to XV may resemble XVI, or XVI could be a fleeting inter-

mediate in the formation of XV. Capture by water could lead to three

possible products (IX, XVII and XIV); The alternative possible

mechanism involves participation of one of the edge bonds to generate

XX 11 1 \\4

H

H
XIX
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a delocalized ion XIX which could rearrange through a transition state

or fleeting intermediate (XX) to delocalized ion XV. Capture by water

could lead to the aforementioned products. Both paths explain the

stereospecificity observed in the rearrangement of exo-alcohol (VII)

if no long-lived classical intermediates intervene along the reaction

pathway.

What about the possible products XVII and XIV? On the basis

of the study of Wiberg and coworkers one would expect the product of

a cyclopropylcarbinyl-cyclopropylcarbinyl rearrangement (XVII) to be

formed in the reaction (38). However, this product would rearrange

rapidly and under equilibrium conditions would lead to IX. The cyclo-

butanol (XIV) once formed should only slowly rearrange as evidenced

by the rate data presented for III and Wand by our observation that XIII

and XIV lead to no detectable reaction under the reaction conditions.

No detectable XIV was formed, so apparently the pathways to XVII

and IX are of lower energy.

The endo-isomer, however, does not rearrange stereospeci-

fically. How is the stereochemical integrity lost? Inspection of

molecular models shows that the cyclopropylcarbinyl-cyclopropyl-

carbinyl rearrangement would not be favored due to steric interaction

of the endo-methylene group with the adjacent ring-methylene hydro-

gens (see XXI). Therefore, the formation of a classical cyclobutyl
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cation intermediate (XXII) could take place as shown below. Ring-

-01-12

XXIII
0

X

XXII

H20

IX
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expanded alcohols IX and X could then be formed via ions XV and XXIII.

Another possible scheme for the loss of stereochemical integrity

involves leakage to classical ion XXIV. Ion XXIV would have to be

long-lived enough for bond rotation to take place to form ion XXV.

Reclosure of XXIV and XXV and subsequent steps would lead to IX and

X.



H

XXIV

Jf

CH .+

X

H

XXV

Jf

H2O
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The rearrangement of exo- and endo-bicyclo [ 6. 1. 0] n.oneme-9-

methanols could be very synthetically useful. In the synthesis of

1-vinylcyclo-dec-3-en-l-ol, alcohol IX was prepared from cyclooctene
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in six steps in an overall yield of 18. 6 %. A mixture of IX and X was

prepared from cyclooctene in three steps in an overall yield of 34. 7%

using the acid-catalyzed rearrangement of an exo- and endo-alcohol

mixture,

Summary

The attempted synthesis of 2-vinylcyclooctanol from exo- and

endo-bicyclo [6.1,0] nonane-9-methanols by acid-catalyzed rearrange-

ment led to ring-expanded products. The products were identified as

being cis- and trans-cyclodec-3-en-l-ols.
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EXPERIMENTAL

General

See Part I.

Preparation of Ethyl Diazoacetate

The compound was prepared following the procedure of E. B.

Womack and A. G. Nelson (45). A light-yellow liquid was obtained

which was used without further purification; yield 54. 1 g (91. 4%).

Preparation of cis-Bicyclo [6. 1, 01 nonane-trans- and cis-9-
methanols (VII a.72- VIII)

To 165 g (1. 5 mol) of cyclooctene was added 4. 0 g of anhydrous

cupric sulfate. The mixture was heated and stirred at 70-80° under

nitrogen while 28, 5 g (0. 25 mol) of ethyl diazoacetate was added drop-

wise (ca. one hr for addition). The solution was heated and stirred

at 55-60° overnight. The cupric sulfate was removed by filtration.

Analysis by gc on column B at 110° showed essentially two volatile

products in a ratio of 34:66 (retention' times' 3. 8 and 4. 7 min;

respectively).

To 140 ml of Vitride in 100 ml of dry ether was slowly added

(ca. two hr) the crude reaction mixture at reflux. The mixture was

allowed to cool to room temperature and stir overnight. To the crude
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reaction solution was added dropwise 100 ml of saturated sodium car-

bonate solution. The organic and aqueous layers were separated, and

the organic layer was washed with two 50-m1 portions of saturated

sodium carbonate solution, four 50-ml portions of water and one 50-m1

portion of saturated salt solution. The organic layer was dried over

anhydrous magnesium sulfate, filtered and all the volatile solvent

removed on a rotary evaporator. The crude, dark mixture was vac-

uum-distilled to give 18. 6 g (48. 3%) of light-yellow liquid: by 96-100°

(0.6 mm); it (neat) 3325, 3000, 2920, 2870, 1470, 1440, 1300, 1218,

1140, 1103, 1075, 1030, 1020, 970, 815, 795, 765, 735 cm-1. Gc

analysis on column C at 135° showed essentially two components in a

ratio of 66:34 (retention times 6. 4 and 8. 8 min, respectively).

Preparative gc using column D at 140° and a helium flow of 85 ml/min

gave two components (retention times 21 and 27 min). The first com-

ponent (100% pure by gc) was shown to be cis-bicyclo [ 6. 1. 0] nonane-

trans-9-methanol: 6nmr (CC14, 100 MHz) 6 0. 41-0.68 (m, 3, H at C1,

C8 and C9), 0, 75-2. 23 (m, 13, ring methylenes and 0-H),,3,'35(d,

2, -CH2OH). The second component (contained 35% of the first com-

ponent) was identified as cis-bicyclo [ 6. 1. 0] nonane- cis -9- methanol:

nmr (CC14, 100 MHz) 6 0. 57-2. 30 (m, 16, H at C9 and C1-C8and 0-H),

(d; S => 7 Hz, 2, ,-C1-12 -0H).
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Anal.: Calcd. for exo-alcohol VII, C
8 18

0: C, 77. 88; H, 11.66

Found: C, 77. 72; H, 11.88

Anal.: Calcd. for endo-alcohol VIII (85% VIII, 15% VII), C81418°:
C, 77.88; H, 11.66

Found: C, 77.68; H, 11.74

Acid-Catalyzed Rearrangement of Mixture of cis-Bicyclo [6. 1. 0]-
nonane-cis- and trans-9-methanols (VII and VIII).

To 6.5 g (0. 042 mol) of a mixture (66:34) of cis-bicyclo [6. 1. 0]-

nonane-trans-9-methanol (VII) and cis-bicyclo [6.1.0] nonane-cis-9-

nethanol (VIII) was added 220 ml of dioxane, 48 ml of water and 1.6 g

of 70% perchloric acid. The mixture was heated and stirred for 12 hr

at 85-90°. Analysis by gc on column C at 138° showed a complex mix-

ture of products with the major product (9. 0 min) being 75% of the

reaction mixture. The reaction mixture was washed with three 25-m1

portions of 10% sodium carbonate, two 25-m1 portions of water and one

25-m1 portion of saturated salt solution. The organic layer was dried

over anhydrous magnesium sulfate, filtered and the ether removed on

a rotary evaporator to give 6.2 g (95%) of light-yellow liquid: ir (neat)

3380, 2030, 2860, 1460, 1445, 1350, 1295, 1250, 1110, 1009, 985,

873, 708 cm 1. The ir spectrum was very similar to that of an au-

thentic spectrum of trans-cyclodec-3-3n-l-ol. The nmr spectrum was

exactly the same as the spectrum of an authentic sample of trans-

cyclodec-3-en-l-ol except for absorptions at 63.38 (d) and 3.61) which
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could be assigned to a small amount of starting material.

To 0. 21 g of the reaction mixture was added 600 p.1 of anhydrous

dimethylsulfoxide and 400111 of Tri-sil. The mixture was shaken for

ten min and diluted with 2 ml of pentane. The pentane layer was

drawn off, and the bottom layer was washed with 2 ml of pentane. The

combined pentane layers were washed with one 3-m1 portion of 10%

sulfuric acid and one 3-ml portion of water. The organic layer was

dried over anhydrous sodium sulfate. Gc analysis on column A at

132° showed essentially four peaks: A (5. 4 min, 6%); B (7. 2 min,

64%); C (7. 5 min, 16%); and D (9, 3 min, 14%). Coinjection of the

mixture with an authentic sample of the trimethylsilyl ether of IX on

two columns gave enhancement of peak B. Likewise, coinjection on

two columns of the trimethylsilyl ethers of X and VIII with the mixture

gave peak enhancement of peaks C and D, respectively. Further evi-

dence was provided by comparison of the mass spectra of B, C and D,

respectively, with those of authentic samples of the trimethylsilyl

ethers of IX, X and VIII; they were superimposable.

Acid-Catalyzed Rearrangement of cis-Bicyclo [ 6. 1. 0] nonane-trans-
9-methanol VII. Fo-rmation of trans-cyclodec-3-en-l-ol,

To 0.11 g (0. 73 mmol) of exo-alcohol (VII) (obtained by prepara-

tive gc off column D as previously described) was added 0.84 ml of

0. 23 M per chloric acid and 4 ml of dioxane, The mixture was heated
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and stirred at 80° for 15 hr, whereupon all of the starting material

was shown to be gone by gc on column C. To the mixture was added

30 ml of ether. The ether solution was washed with two 20-m1 portions

of 10% sodium carbonate, one 20-m1 portion of water and one 20-m1

portion of saturated salt solution. The organic layer was dried over

anhydrous magnesium sulfate, filtered and the ether removed on a

rotary evaporator to yield 0.10 g (95%) of clear, viscous liquid. Gc

analysis on column C at 135° showed the product was largely one com-

ponent IX (> 95%); ir (neat) 3320, 2900, 2700, 1450, 1350, 1260, 1170,

1120, 1053, 1015, 985, 860, 705 cm-1, nmr (CC14, 100 MHz) 61. 06-

1. 83 (m, 10, H at C
6-C10),

1. 83-2. 69 (m, 4, H at C5 and C2), 3. 21

(s, 1, hydroxyl H), 3. 73 (m, 1, H at C1), 5. 45 (m, 2, H at C3 and

C4).

The structural identity was further evidenced by comparison of

the ir and nmr spectra of an authentic sample of trans-cyclodec-3-en-

1 -ol with those of the major component; they were identical.

Further gc analysis was conducted on the trimethylsilyl ether of

the reaction product which was prepared as above. Analysis by gc on

column A at 130° showed essentially one peak (> 98%, 6. 8 min) co-

injection of this major component with the trimethylsilyl derivative

of trans-cyclodec-3-en-l-ol on two different columns gave one peak.

The minor component (< 2%, 10. 0 min) was shown not to be the tri-

methylsilyl ether of cis-cyclodec-3-en-l-ol by coinjection with an
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authentic sample.

Purification of cis-Bicyclo [ 6. 1. 01 nonane-cis-9-methanol (VIII).

To 0, 156 g of the alcohol mixture (VII and VIII) was added 465 p,1

of anhydrous dimethylsulfoxide and 310 p.1 of Tri-sil, The mixture was

treated as previously described. Preparative gc on column F at 115°

and a helium flow of 55 ml /min gave two peaks (16. 5 min and 20. 5

min). The longer retention-time peak was shown to be the trimethyl-

silyl derivative of VIII (VIII- TMS): Gc analysis on column A at 130°

showed that VIII TMS was contaminated with 12% of the trimethylsilyl

ether of VII.

To 0. 011 g of VIII- TMS was added 1 ml of a mixture of 10 ml

of pyridine, 1 ml of water and two drops of concentrated hydrochloric

acid. The mixture was heated at 110-115° for 2.5 hr. The solution

was diluted with 3 ml of ether and washed with two 2-ml portions of

10% sulfuric acid, one 2-ml portion of 10% sodium carbonate and one

2-ml portion of saturated salt solution. After drying over anhydrous

magnesium sulfate and filtering the ether was removed on a rotary

evaporator. The alcohol was recovered in quantitative yield,

Acid-Catalyzed Rearrangement of cis-Bicyclo [ 6. 1. 01 nonane-cis-9-
methanol (VIII).

To 0. 011 g of endo-alcohol VIII (contained 12% of VII as

described previously) was added 2 ml of dioxane and 84 Ill of 0.23 M
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perchloric acid. The mixture was heated and stirred at 80-85° for

20. 5 hr. The reaction mixture was diluted with 30 ml of ether before

washing with two 15-m1 portions of 10% sodium carbonate, two 15-m1

portions of water and one 15-ml portion of saturated salt solution.

The organic layer was dried over anhydrous magnesium sulfate, fil-

tered and the ether removed on a rotary evaporator. To ca. 30% of

the reaction mixture was added 15 p.1 of anhydrous dimethylsulfoxide

and 10 p.1 of Tri-sil. The mixture was treated as previously described.

Analysis by gc on column A at 130° showed a small amount of early-

retention time products along with four major products: A (7. 4 min,

9%); B (8. 6 min, 4%); C (9. 3 min, 46%); and D (9. 8 min, 40%). Pro-

ducts C and D were shown to be the trimethylsilyl ethers of IX and X,

respectively, by comparison with the retention times of authentic

samples under the same conditions and by comparison to the same

products from the acid-catalyzed rearrangement of the parent alcohol

mixture previously described.

Preparation of 10, 10-Dichlorobicyclo [ 6. 2. 01 decan-9-one (XI).

To 35.2 g (0.32 mol) of cyclooctene was added 16.7 g (0.11 mol)

of 97% dichloroacetyl chloride and 60 ml of hexane. To the warm

(55°) solution of the acid chloride was added 12 g (0. 12 mol) of pyri-

dine in 15 ml of hexane over a period of 25 min. The mixture was

allowed to cool to room temperature, and the solid amine
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hydrochloride was filtered off. The hexane was removed on a rotary

evaporator. The remaining solution was distilled in vacuo to afford

7. 6 g (31%) of a light-yellow fraction: by 121-24° (0. 1 mm); ir (neat)

3100, 3000, 2920, 1800, 1460, 1440, 1330, 1195, 1105, 975, 955, 835,

795, 670 cm-1;nmr(CC14,1Q0MHz) 6 1.14-2. 47 (m, 12, H at C2-C7),

2.93 (d of t, J= 1. 5 Hz, 1, H at C8), 3.60 (d of t, J = 2. 5 Hz, 1, H

at C1)

Preparation of Bicyclo [6.2. 01 decan-9-one (XII).

To 5, 0 g (23 mmol) of dichloroketone (XI) was added 55 ml of

glacial acetic acid. The mixture was stirred while 11.7 g of 20 mesh

zinc was slowly added (ca. one hr). The mixture was allowed to stir

overnight. After the addition of 150 ml of water the zinc was filtered

off. The mixture was extracted with four 75-m1 portions of ether.

The combined ether extracts were washed with three 75-m1 portions

of water and dried over anhydrous magnesium sulfate. The solution

was filtered, and the ether was removed on a rotary evaporator. The

resulting light-yellow liquid was vacuum transferred to give 1. 9 g

(56%) of clear liquid. Analysis by gc on column C at 140° gave one

unsymmetrical peak (7. 0 min). The ir spectrum (neat) showed no

alcohol and gave a broad absorption at 1760 cm^1 = 0). The pro-

duct was not further characterized,
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Preparation of syn- and anti-Bicyclo [ 6. Z. 0] decan-9-ols (XIII and
XIV).

To 0. 8 g (5. 3 mmol) of ketone (XII) in 20 ml of ether cooled by

means of an ice bath was added 0. 2 g (5. 3 mmol) of lithium aluminum

hydride. The ice bath was removed, and the mixture was allowed to

stir at room temperature for two hr. A sample was checked by gc

on column E at 100°. No ketone was apparent (retention time of 6. 4

min under these conditions) but two new peaks appeared with retention

times of 10. 3 and 12. 2 min, Rochelle salt was added until no further

hydrogen evolution was observed. The solution was filtered and

washed with one 2-ml portion each of 5% sulfuric acid, saturated

sodium carbonate, water and saturated salt solution. The organic

layer was dried over anhydrous magnesium sulfate, filtered, and the

ether removed on a rotary evaporator. The yield of clear liquid was

0, 75 g (92%): it (neat) 3430, 2980, 2860, 1465, 1440, 1325, 1190,

1135, 1095, 1065, 870, 810 cm-1; nmr (CC14, 100 MHz)61. 07-2. 10

(m, 16, H at C10 and C1-C8), 3. 23-4. 02 (broad m, 1, H at C9),

4. 93 (broad s, 1, hydroxyl H).

A sample of the trimethylsilyl ethers of the above alcohol mix-

ture was prepared as previously described. Analysis by gc on column

A showed three peaks (there is a shoulder on the long retention time

peak) with retention times at 130° of 6.2 min (5. 8 %), 6. 6 min (48. 5%)

and 6. 8 min (45. 7%).
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An analytical sample of the mixture of alcohols was collected

using column G (temperature 150°, helium flow 40 ml/min),

Anal.: Calcd, for C
8

H
18

0: C, 77.88; H, 11.66

Found: C, 77. 78; H, 11.8 2

Reaction of syn- and anti-Bicyclo 6. 2.0] decan-9-ols (XIII and XIV
Under Acid-Catalysis Conditions.

To 0. 2 g (1. 3 mmol) of the syn- and anti-alcohols (XIII and XIV)

were added 8 ml of dioxane and 1.5 ml of 0. 23 M perchloric acid.

The mixture was heated and stirred for 10.5 hr at 90°. After cooling

to room temperature the mixture was diluted with 15 ml of ether and

washed with two 15-ml portions of 10% sodium carbonate, two 15-m1

portions of water and one 15-m1 portion of saturated salt solution.

After drying over anhydrous magnesium sulfate the mixture was fil-

tered and the solvent removed on a rotary evaporator. A quantitative

yield of light-yellow liquid was obtained. The it spectrum of the re-

covered material was identical to that of the mixture of syn - and anti-

alcohols (XIII and XIV).

Coninjection of the trimethylsilyl derivatives (prepared as

described previously) with the trimethylsilyl ethers of the rearrange-

ment products of VII and VIII on column A gave no enhancement of

peaks A, B, C and D.
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APPENDICES



cyclohexene

Appendix I

cy clohexane

(SE = 1. 4 kcal/mol) (SE = 0)

SE = -1. 4 kcal/mol

Hhydrog. (cyclohexene) = -27. 1 kcal/mol

Hhydrog. ("strain-free") = hydrog. ( cyclohexene) - ASE

=- 27. 1 kcal/mol + 1. 4 kcal/mol

zz- 25. 7 kcal/mol

trans -cyclodecene >- cyclodecane

(SE = x) (SE = 12.4 kcal/mol)

SE = (12.4 - x) kcal/mol

Hhydrog. (trans-cyclodecene) =- 24. 0 kcal/mol

90

Hhydrog. ("strain-free") = Hhydrog. (trans-cyclodecene) - ASE

-25.7 kcal/mol =- 24. 0 kcal/mol (12.4 - x) kcal/mol

SE (trans-cyclodecene) = x = 10. 7 kcal/mol
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Appendix II

Estimated changes in the enthalpy for the formation of the 1, 3

shift ring-expanded products from the thermal rearrangement of

V-TMS, X-TMS, XIX-TMS and XX-TMS.

"Skew
Conjugationb Strainc Butane"f

Bond Energya Energy Energy Energy
Compound- Changes Change Change Change Total

V-TMS -2. 2 -2. 8 _7. 7d -1. 6 -14. 3
XIX-TMS -2. 2 -2. 8 Oe -1. 6 -6. 6
X-TMS -2. 2 -2. 8 -4. 4d -1. 6 -11. 0
XX-TMS -2. 2 -2. 8 +5. 7 -1. 6 -0. 9

aEstimated by the method of Cox (33).
bBased on thermochemical data for vinyl-ethyl ether (34).
c Calculated as in Appendix I or taken from values listed by Gol'dfarb
and coworkers (35).

dNo SE value was available for cyclododecadiene, so this value was
assumed to be approximately the same as the SE of cyclododecane
(35)

e The estimate is from R. Thies (15)
f Skew butane interactions, 0. 8 kcal/mol, were used to approximate
the extra interactions introduced by the vinyl and trimethylsiloxy
groups.
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m/ e

Mass Spectra of VIII-TMS, IX- TMS, and X- TMS

Relative Abundance of

VIII- TMS IX- TMS X- TMS

59

61

65

66

10.9

8. 1

3. 9

5. 9

8.5

4. 6

11. 7

7. 9

67 26.4 12.7 12.8

68 19.4 13.6 13.8

69 7.4 3. 2 4. 7

72 3. 6

73 100 100 100

74 13.7 8.6 12.7

75 80.5 55.2 61. 2

76 8. 7 5. 2 8. 0

77 12.6 5.4 7.8

79 24.8 11.3 12.7

80 22.6 11.6 12.7

81 23.8 10.6 12. 7

82 19.7 6. 3 8.4

91 7.3 5.0 6.9

93 23.1 8.8 12.5

94 25.4 12, 0 12.8

95 21.0 9.5 11.6

99 2.8

101 57.0 12.1 12.8

102 9. 2

103 25.2 4. 4
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rn/e
Relative Abundance of

VIII- TMS IX- TMS X- TMS

107

108

24.2

25.0

12.7

4.7 6.3

110 2.8 2. 7

115 4. 7 5. 4 6. 9

116 56.7 7. 4 9. 9

117 18.7 3.5 5. 2

118 4. 7

121 22.4 9. 2 12. 2

129 26.1 61.0 62. 1

130 12.1 26.0 28.0

131 6. 3 8. 0

135 19.1 4. 6 3.8

136 20.6 10.0 6.9

142 5. 1

143 4. 9 6.4 7. 2

144 4. 7 4.5 9. 0

155 12.6 12.2 12.6

156 2.3 3.0

169 5. 2 8.1 10. 9

170 4. 7

183 10.8 17.8 12.6

184 4.0 4.5

185 4.6 6. 2

211 4.9 5.5 5.8

212 1.4 1. 3

225 1.3 4.1 4.0

226 1.1 1.1


