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ABSTRACT

Seven alkyl substituted methyl cyclopropanecarboxylates
having an alkyl group om C-2 cis to the ester grou? have been
found to rearrange thermally to their corresponding {,§~wﬁsatu-
rated esters attemperatures ranging from 240° to 300°. The cor-
responding trans isomers are unaffected under identical reaction
conditions. It is proposed that the rearrangement takes place by
an intramolecular 1,5-hydrogen transfer via a six-membered cyclic
transition state. The kinetics for these reactions have been studied
and show firshorder plots which are linear to 70% reaction. The
heat of activation (AHEF) was found to be between 25 to 38 kcal/
mole and the entropy of activation (ASEE) was found to be between
-8 and ~37 eu. from measurements made over a 20° range. This
and other information fully support a cyeclic hydrogen transfer

mechanism.

Four methyl cig-2-pentenoates have been found to undergo
both geometric and positional thermal isomerizations to yield equi~-
librium mixtures of 2~ and 3.-pentenocates at témperatures ranging
from 240° to 300°. The 3-pentenocates produced from the corres-
ponding trans-Z-pentenoates were found to be formed via the cis~
Z-pentenoates. Studies using [yisopropyl acrylate and methacry-

late showed that the rate of positional isomerization was much
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fagter than that of geometric isomerization. For these systems

it wag therefbre possible to study the kinetics of the positional
isomerism in the absence of competing geometric isomerization.
The kinetic data pro.vided firat-order plots. The heat of activation
(AHﬁ) was found to be between 18 and 38 kcal/mole and the
entropy of activation (L\Sqa) was found to be between -8 to -5U
eu. An intramolecular 1,5-hydrogen transfer mechanism involving
a six-membered cyclic transition state similar to that for the
cyclopropane series is indicated and is suggested to be the gener-
al mechanism for conversion of X,}@-msa‘cura’ced esters to (_6,14-

ungaturated esters.

The series of Z-alkylcyclopropanes have been prepared by
the decomposition of the corresponding pyrazolines. Some of these
pyrazolines have been newly synthesized for this work and include
methyl 3,5,5-trimethyl~3-carbomethoxy- Al-pyrazoline, methyl 5,5+
dimethyl~3-carbomethoxy-~ Al ~pyrazoline and 3,5-dimethyl-3-cyano-
Al_pyrazoline. The decomposition of pyrazolines also yielded some
of the O(,(e-unsaturated esters required for this research. Several,

however, have also been synthesized by the modified Wittig react-

ion.
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I, INTRODUCTION

Recently a considerable amount of work has been done in this
laboratory concerning the pyrolysis of Al-pyrazolines (1-7). This re-
action has long been considered as a convenient synthetic method
for the preparafion of cyclopropane derivatives, and‘of o(,,B- and ﬁ,X-

unsaturated olefins (8). However, our main interest in the pyrolysis of

b4
% A .
R—tN —————m cyclopropanes + olefins
) N,

R=H, alkyl

Y=CO,R, COR, CN
Al-pyrazolines has been to investigate the mechanism of ring opening -
and product formation. In order to accomplish this, the exact stereo-
chemistry of not only Al-pyra.zolines but also the products of pyrolysis
has had to be determined. During the course of this investigation,
difficulties were encountered in the assignment of stereochemistry to
the cyclopropane derivatives and o(,ﬁ-unsaturated olefins. For example,
nuclear magnetic resonance and infrared data indicate the presence of

a cyclopropane ring in both cis- and trans-1, 2-dimethyl-l-acetylcyclo-

propane (1 and 2)* but their stereochemistry cannot be determined with

~

certainty (9). Most methods that have successfully identified the stereo-

% All the drawn structures show carbon-carbon bonds; each corner re-
presenting a carbon and the required hydrogen or hydrogens attached
to it. are implied.



chemistry of isomeric pairs make use of comparisions of the properties
of the two isomers. It is thus more difficult if only one of the two isomers

is available; for example, the exact stereochemistry of one isomer of

" methyl 2, 3-dimethyl-2-pentencate (3) obtained from the pyrolysis of

3,4,5-trimethyl-3 -carbomethoxy- Al-pyrazoline (4) could not be deter-

mined on the basis of the data available (6) but was determined by com-

parison when the second isomer was later obtained (7).

A
CO,M
2M® ———=- C,H.(CH;)C=C(CH;)CO,Me + etc.

N7

|
| w

Various chemical and physical methods have been reported
for the determination of the stereochemistry of cyclopropanes and o(,[g-
unsaturated olefins. These methods will be discussed first, for the

cyclopropanes and later for the o(,gg-unsatura‘ted olefins.

In 1890, Buchner (10) assigned the stereochemistry to the two



cyclopropane-1-2-dicarboxylic acids on the basis that on heating or by

| treatment with acetyl chloride, the cis isomer (5) gave cyclopropane-

| anhydride (Z_) whereas the trans isomer {(6) remained unchanged.

/COZE-I
‘|

b
CH,COCI 5 \
— 3 i /o
~CO,H \\5
5 7

This method was also used for the assignment of structure for the

trans .isomer (8) of 3-methylcyclopropane-1,2-dicarboxylic acid

{11-13). The two cis isomers (_9_ and 10) with melting points of 1320

and 108" both formed anhydrides. Only one of these two cis acids, the

O

-

HOZC -

8

|~o
ot
(&)

o
one melting at 108 , was formed together with the trans isomer (8) in

the reaction of ethyl 2, 3-dibromobutanoate with diethyl malonate fol-
lowed by complete hydrolysis (11). With the assumptions that the di-
bromide was formed by trans addition to methyl iail_s_-crotonate and
that Sy;2 displacement of both bromines ta‘ices place on ring closure,

then 11 would be the intermediate (14) and only acids with trans and




O,Et
CH,(CO,Et), 2
+ ‘ ~NaQBEt oo
CHBCHBrCHBrCOZEt )
: EtO,C7 CO,Et
2 2
1
hydrolysis
O,H
+ ﬁ acid: = ~ee——
) (m.p. 108°)
HOZC”
8

(cis)-cis-configuration would result (11). Thus the cis isomer with

melting point 108° was assigned the structure (cis)-cis-3-methylcyclo-

propane-1, 2-dicarboxylic acid (9) and the other with melting point 132°

was assigned the structure (trans)-cis-3-methylcyclopropane-1,2-di-

carboﬁcylic acid (10).

Structural distinction between the two methyl cis-2, 3-dimethyl-
cyclopropane-l-carboxylates (12 and 13) obtained by stereospecific ad-
dition of carbomethoxycarbene to cis-butehe (15) was accomplished by
the application of the principle of surface hindrance in catalytic hydro-
genation (16). Addition of hydrogen being from the catalyst surface to
tile underside of the absorbed olefin in cis addition, the geometry of
adsorption controls the stereochemistry of the product. In the case of
methyl 1, 2-dimethylcyclopropene-3-carboﬁxylate (_l_:L_), the favored con-
figuration of adsorption leaves the methyl carboxylate group trans to

the catalyst surface and leads to an all cis product, ie., methyl cis-



N/ tCHCO, Me

HZ/Pt

CC,Me O,Me

2, 3-dimethylcyclopropane-cis-l-carboxylate (12), thus _13 was differ-

entiated from 13.

Another way to distinguish isomeric cyclopropanecarboxylic

acids is to apply certain chemical reactions to convert the cis isomer

to the more stable trans isomer. There are two methods for the in-

version, one is by treating the cis acid with thionyl chloride (17) and the

other is to hydrolyze the nitrile or amide of the cis acid with ethanolic

potassium hydroxide (18), For example, cis-2-methylcyclopropanecarbox-

amide (15) was converted by hydrolysis to the trans-2-methylcyclopropane-

hydrolysis

CONHZ . HOZ C’/



carboxylic acid (16) (19). Under the base conditions the anion at the A-C

is presumably formed permitting inversion which on equilibration gives

the more stable trans form.

Competitive saponification of isomeric esters of cyclopropane-
carboxylic acids has also been useful for structural distinction. The rate
of saponification of methyl c¢is-1, 2-dimethylcyclopropane-l-carboxylate

(17) is found to be faster than its trans isomer (18) presumably due

to the fact that the ester moiety of cis isomer (17) is less hindered

sterically (20).

N\
~

- -

P COZMe - COZMe

17 18

The use of spectroscopic methods for the determination of
stereochemistry of cyclopropane derivatives has been limited to‘
nuclear magnetic resonance. This is mainly due to the lack of useful
information from infrared and ultraviolet adsorptions of cyclopropane
derivatives. Recently, a considerable attention has been devoted to
the infrared study of cyclopropane compounds (21 and references
therein) but the purpose was limited to the detection of the cyclopro-
pane ring in molecules. Farkas and coworkers (22) and Veldstra (23)

attempted to assign geometric configuration to 2-phenylcyclopropane-



carboxylic acids and their 3-alkyl substituted analogues with little suc-
cess. The differences in ultraviolet curves for these isomeric pairs of
acids have been found to be relatively small, e.g., E_z‘ir_xi-z-phenylcyclo-
~ propanecarboxylic acid (19) absorbs.at .longer wavelength (by 6.5 wmu)

then its cis isomer (20). These spectral measurement may be regarded

O~
0,H COLH
C | 20
log &€ =2.56 log € =2.33
Aemmax =266.5 mpk Aumax =260 mu

as useful only if spectra of both isomers are available.

Nuclear magnetic resonance spectroscopy has. been used widely
in recent years for the structural determination o'f substituted cyclopro-
panes. The coupling constants and chemical shifts of a large numbers of
substituted cyclopropanes have been determined recently (24-27). There
are several important findings which can be used to determine the
geometry of substituted cyclopropanes. The first of these is that the

cis vicinal proton-proton coupling constant is greater than the trans in

cyclopropanes (23-24). The second is that both cis and trans coupling
constants are relatively insensitive to the nature of substituents, their
values are between +8.0 to +11.2 c.p.s.” and +5.2 to +8.0 c.p.s. for

cis and trans protons respectively. And the third is that the chemical




shifts are strongly influenced by the nature of the substituents on
the ring, especially, magnetically anisotropic species, such as a
phenyl or a carbonyl group. The spectrum of cyclopropane-1,1,2-

tricarboxylic acid (21) showed a large cis (H ) coupling

-H
A X
constant of 9.33 c¢.p.s. and a smaller trans (I—IB-HX) of 6.55 c.p.s.

The chemical shifts of H, and Hy are 7.70 T and 7.58 ‘¢ respec-

HO .C .\

/‘r«»coza

tively. The reason that HB appears at lower field than I—IA is because
there are two carboxvylic group cis to I—IB whereas there is only one

cisg to HA and consequently, H_ is more deshielded by the anisotropy

B

of the carboxyl group. Recently, McGreer and coworkers (6) assigned
configuration to methyl cis,cis- and cis,trans-1,2,3-trimethyl-1-cyclo-
propanecarboxvylate (22 and 23) based on symmetry consideration and

the anisotropic influence on chemical shifts. In 22, there is a plane of

7 ==CO,Me . ~CO,Me



symmetry with respect to C-2 and C-3, taus the C-2 and C -3 methyls
are equivalent and appear as a doublet at 9.07 T which is split by a ring
proton at 8.59 . On the other hand, the C-2 and C-3 methyls in 23

are non-equivalent because the former is cis to the carbomethoxy group

———

whereas the latter is trans to the same and as a result, the C-2 methyl

shows a doublet at 8.91 T and the C-3 methyl shows a doublet at 8.94 T.
The 8.91 ‘U peak is split by a ring hydrogen trans to the carbomethoxy
group at 9.37 T. The 8.94 T peak is split by the hydrogen ¢cis to the

carbomethoxy group at 8.61 T. Clearly this chemical shift is markedly

affected by the anisotropy of the carbomethoxy group but that of the cis
ring methyl is not. This is in contrast to observations on the o{,/_’;-

" unsaturdted carbonyl derivatives described below.
Methods for the structural determination of 0(,{6~unsaturated
olefing have rarely been stiidied. Sudborough and Davies (28) studied

the rates of esterification of angelic (24) and tiglic (25) acids and

CO,H O, H
\ 2 /C.Z
= /\

24 25

found that the former is esterified slower due to the steric effect of the
‘ methyl cis to the carboxylic group.
Infrarcd spectroscopy is very useful for configurational

analysis of X,{@-unsaturated olefins. For the isomeric disubstituted
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olefins (29), _2__63_ shows two bands, one at 1415 cm"l due to CzH in-
| plane bending and the other at 730-675 cm"l due to C-H out-of-plane
bending, On the other hand 27 shows only one band at 965 cm™ ! due to

C-H out-of-plane bending. For systems that are tri- or tetra-substi-

R Y , Y
\::::/ / R == alkyl, aryl
/z::: Yy Y
' R Y =COpH, COZR
26 : 27 COR, CN

tuted, the use of infrared spectroscopy is limited because there are no

infrared bands which can be reliably correlated with configurations.

During the past few years the application of nuclear magnetic
resonance spectrdscopy to the assignment of configurations of o(,‘g-un-
saturated olefins has. proven very successful. This method can determine
the configuration of not only mono~ and di- but also tri- and tetra-
substituted olefins. The most important information is that anygi_'s_ﬁ-vinyl
proton or proton on the first carbon of an alkyl group attached to the

f-carbon cis to a diamagnetic anisotropic group, such as a carbonyl

group, will be deshielded with respectto theMarrangement {30). The
proton-proton coupling constants for vinyl protons across the double
bond are especially valuable for the isomeric vicinal disubstituted
olefins because the cis coupling constant has been found to be smaller
than the trans coupling constant {31-33). For example, the coupling

constants (HC=CH) for methyl cis- and trans-crotonate (28 and 29)
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\__,COzMe e
— =

28 29

are 11.4 c.p.s. and 15.5 c.p.s. respectively, as determined by the ABX3
treatment of Waugh and Fess'enden (33) and by first-order perturbation
theory analysis (31). The C-3 methyl appears at lower field by 0.26 T
units for the cis isomer whereas its C-3 hydrogen appears at higher

field by 0.62 < units than those of the trans isomer. These effects are

due to the anisotropic effect of the carbomethoxy group.

Judging from the example described above, it is possible but
sometimes risky to determine the structure with certainty if only one of
the isomers is present. Both isomers are required for comparison pur-
poses. The presence of both isomers will then render it possible for the
determination of the structure with certainty. However, it is of value to
search for another method which can serve the same purpose when only

one of the isomers is present.

Recently, we have observed (34) a novel reaction in which a
cis-2-alkylcyclopropanecarboxylate, e.g. 18, rearranges thermally to

give exclusively a \(, 5-unsaturated ester (31) whereas the trans isomer

(17) remains unchanged under identical reaction conditions. A mechanism

proposed for this thermal rearrangement was that it involves an allylic



—CH
[ — o — e
c< ‘

CO,Me OMe

enol intermediate 30. This proposed intermediate is analogous to the
allylic enol intermediate proposed for the photoisomerization of croton-
aldehyde to 3-buten-l-al (35) and of o(,t@-unsaturated ketones to lg’},bj-
unsaturated ketones (36).. During the course of this research, other
lab-oratories have investigated variations of this reaction and these are

presented in the discussion.

This thermal rearrangement of cis-2-alkylcyclopropane-
carboxylates is potentially valuable for structural determination not
only of cyclopropane derivatives but also of o(,r@-unsaturated olefins.

It is the purpose of this research to investigate the stereochemical

~aspect of this rearrangement reaction and to extend it to the o(,/?;-un-

saturated esters in the hope that a convenient and accurate method of

configurational analysis can be found for these compounds.
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II. DISCUSSION

II.I PREPARATION WORK

Compounds synthesized

For the present study, a series of 2-alkylcyclopropanes with
an electron withdrawing group such as carbomethoxy, acetyl or cyano

at C-1 and a series of substituted cis- and :trans-unsaturated esters

were required. These cyclopropanes can be prepared by the decomposi-
tion of the corresponding pyrazolines. The unsatur;,ted estefs can also
be prepared by this method, however, the yields of some of them are
low and another synthetic method was found necessary. We have adapted
the modified Wittig reaction for this purpose. These gy‘nthetic,,methods
will be discussed below. In Table I and Table II are listed the 2-alkyl-
cyclopropanes and ok,;ﬁ-unsaturated esters respectively, prepared for

the present study.

Pyrazoline method

The use of pyrazolines as the starting material for the pre-
paration of 2-alkylcyclopropanes and o(,ﬁ-unsaturated esters was
based on the experience encountered in our laboratory with such com-
pounds. It has been shown (37-39) ﬂflat pyrazolines can easily be pre-
pared by the addition of a diazoalkane to an olefin which is activated by
an electron withdrawing group such as carbomethoxy, acetyl or cyano.

The addition product is a Al-pyrazoline which usually rearranges to
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TARBLE I
2 -Alkylcyclopropanes

Cvyclopropane X R Reference
‘32 : CO,Me H this work
33 CO,Me H 7
34 COZMe H 7
35 CO,Me H this work
18 CO,Me H 3
17 CO,Me H 3
36 COZMe H 3
31 COZMe H 2
16 CO,Me H 2
38 CO2 Me H 6
39 COZMe H 6

2 CCMe H 5
40 CN H this work
41 CN H this work
TABLE II
d, -Unsaturated esters
sz :COZMe
R3 R1
Y ,ﬁ-Unsaturated ester r! RZ R3 metbod* or reference
42 Me i-Pr H W.
43 Me H i-Pr W. and P.
44 H i-Pr H W.
A5 H H i-Pr W. and P.
46 Me Et H W.
47 Me H Et W.
48 H Et H P. (2)
49. H H Et w.

sk

W = modified Wittig reaction, P =pyrazoline method.
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5 X X
152 N — ’Mﬁ(
R'R4CN, + /7 —= - )\H oy R—i— |
R4 R3 SN ' \N/N
H

R =H, alkyl

X =CO,R, COR, CN

the more stable form, AZ -pyrazoline if R>is a hydrogen. These
pyrazolines, when decomposed, give a product mixture consisting
of cyclopropanes and olefins following the loss of nitrogen (1-7, 40-46).

X A

R.-—( N _:NT:) cyclopropanes + olefins
N//

All of the 2-alkylcyclopropanes listed in Table I have been
prepared from their corresponding Al - or Az_pyrazoline by either
thermal or photochemical decomposition. All of the required pyrazolines
have been prepared previously in this laboratory except the following,
3,5, 5-trimethyl-3-carbomethoxy — Al-pyrazoline (_5_9), 5,5 -dimethyl-
3-carbometboxy—Al_ and ;‘_\2 -pyrazoline (_5__3_ and_S_%) and 3, 5-dimethyl-
3—cyano—~A1_pyrazoline (?_5_), and their preparation and decomposition

are discussed below.

1
3,5,5-Trimethyl-3-carbomethoxy— A" -pyrazoline (50) was

prepared by the addition of methyl methacrylate to an ethereal solution

of diazo-isopropane at -25° which was prepared, in situ, by oxidizing
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acetone hydrazone with silver oxide (47). The pyrazoline structure was

_/ _250 CO,Me
<CH3) ZCNZ * A\ ether - %N
CO,Me N
50

readily characterized by N. M. R. which shows the ester methyl at 6.27 ¢
and the non-equivalent C-5 methyls at8.60 ¢ and 8.64 T. The two hydro-
gens at C-4 show an AB system (48) with a pair of doublets at 8.03 T and
8.79 T, Jgemz 13.1 c.p.s. This Al-pyrazoline when decomposed by
heating on a steam bath gave a product mixture consisting of methyl

1,2, 2-trimethylcyclopropane-~1l-carboxylate (3_2_) and methyl m-z, 4.
dimethyl-2-pentencate (43) in the ratio of 84:16. The exclusive forma-

tion of the trans olefin (43) suggests that only one hydrogen on C-4 is in

a position to migrate and by analogy with the mechanism suggested by
McGreer, et. al. (6, 7) it would be the hydrogen trans to the ester group
as in the conformation 51. It is not clear at this time why that hydrogen

should be in the preferred position for migration since a methyl group

would be expected to be larger than a carbomethoxy group and thus the
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alternative conformation 52 would be expected to be favored.

I—{ CO ZMe H
w N o N\
|y Y
/ . /. co Me

51 52

The structure of methyl 1, 2, 2-trimethylcyclopropane-1l-car-
boxvylate (_?E) was determined by its N. M. R. spectrum which shows
three singlets at 9.01 T, 8.87 <{ and 8.74 « for the ring methyls. The
two geminal hydrogens on C-3 form an AB system (48) and show a pair .

S

of doublet’at 9.74 { and 8.58 T with T yem 4.6 c.P-5.

The stereochemistry of methyl trans-2, 4-dimethyl-2 -pentenoate

(43) can be distinguished from its cis isomer (42) prepared by the

method of modified Wittig reaction (discussed later) on the basis of their
N.M.R. spectra. The C-3 hydrogen of the cis isomer appears at higher

field (0.87 -¥) than that of trans isomer because the latter is deshielded

(49) by the anisotropic carbomethoxy group, which is cis to it. On the

other hand, the C-4 methine hydrogen of the cis isomer is at lower field

(0.61 ) than that of the trans isomer as it is deshielded by the carbo-

methoxy group.
5,5-Dimethyl-3-carbomethoxY-Al-pyrazo'line (53) ‘was prepared
by reacting methyl acrylate with diazo'-isopropane , in situ, at -25°. This

Al-pyrazoline is capable of rearranging to the more stable conjugated
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OzMe

Az-pyrazoline (5_5_43) as stated earlier and it was found that rearrangement
occurred partially before the product was isolated from the reaction
mixture. Attempted separation of these isomers by distillation gave a
lower boiling fraction consisting of both isomers énd a higher boiling
fraction of pure Az-pyrazoline (5_4) as indicated by N. M. R. analyses.
The N.M. R, spectra of the two isomers are quite digferent because the
22 isomer is symmetric with respecf to the plane of the ring while the
L\_l isomer is not. The preferred conformation of the Al isomer is an
envelope with the cérbometboxy group at C-3 in a pseudo equatorial
position (6). As a result the methyls on C-5 and the hydrogens on C-4
are non-equivalent, the former appear at 8.15 T and 8.33 T and the
latter at 6.71 ‘T and 7.49 T. On the other hand, the C-5 methyls as well
as the C-4 hydrogens on the [32 isomer are equivalent due to symmetry
and as a result, the methyls show a singlet at 8.72 ¢ and the hydrogens
show a singlet at 7.36 “{. Furthermore, the Az isomer has a hydrogen
attached to the N-1 which appears at 3.16 (. A mixture consisting of
both _,g‘;l and AZ isomers (53 and 54) was pyrol;yzed at 100-170° and

gave a product mixtue of methyl 2, 2 -dimethylcyclopropane-l-carboxy-
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O,Me
} 1 — CO,Me
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I /COZMe
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late (35), methyl cis- and trans-4-methyl-2-pentenoate (44 and 45) in

a ratio of 26:4:70.

The structure of methyl 2, 2-dimethylcyclopropane-1l-carboxy-
late (35) is indicated partly by its N.lM. R. spectrum and partly due to
the fact that it is the only logical cyclopropane product derived from the
pyrazoline. Its N. M. R. spectrum shows two singlets at 8.81 7 and 8.86 %
| for the methyls on C-2. The three hydrogens on C-1 and C-2 form an

ABX system (48) and show three pairs of doublets at 8.50 T (I—IX),

9.0 T (Hp, resolved at 100 Mc in benzene) and 9.21 T (I—IB). The

proton-proton coupling constants are Jgemu 4.0 c.p.s., J.jg=28.1 c.p.s.

and J ~~5.1 c.p.s. These values are in good agreement with that

trans
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of 2, 2-dimethylcyclopropane-1l-carboxylic acid (the acid form of 35)

as determined by Patel, et. al. (24).

The stereochemistry of methyl cis- and trans-4-methyl-2=-
pentenoate (44 and 45) are assigned on the basis of N.M,R. and L R.

analyses. The trans isomer shows an IL.R. band at 990 em-! typical of -

trans vicinal vinylic hydrogens whereas the cis isomer shows a vinyl

C-H in-plane bending band at 1417 cm~! (29). The cis isomer shows a
smaller proton-proton coupling constant for the vinyl protons across the

double bond than the trans isomer (31,32), e.g., 11.4 c.p.s. for the

cis isomer and 15.8 c.p.s. for the trans isomer. Nuclear magnetic

resonance analyses also show that the C-3 hydrogen of the trans isomer

is at lower field (3.14 () than that of the cis isomer (4.03 ) due to

deshielding by the anisotropy of the ester group (49).

3, 5—Dimethyl—?)—cyano-Al-pyra.zoline (55) was prepared by the
addition of methacrylonitrile to diazoethane in ether at 0° The N.M.R.

spectrum (Figure 1) of the product shows it has the same general fea-

/\CN

f
/[-—'1 ?\COZMe
K B

55 56

tures as that of the analogous 3,5 -dimethyl~-3-carbo:methoxy-_&,l-pyrazo_

line (56) (3) and that it is a mixture of cis and trans isomers (C-3 and
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C-5 methyls) in the ratio of 6:7 as estimated by the integrals of the
C-3 methyl at 8.21 { and 8.51 “{ respectively. No attempt was made
to separate these two isomers and the mixture was decomposed at 100°

to give cis-.and trans-1,2-dimethyl-l-cyanocyclopropane (41 and 40)

and 2-methyl-2-pentenonitrile (57) in the ratio of 44:53:3.

y e
{ |
r—“L \g\

~CcN 7 =N . N

-N,, 41 (43%) 40 (53%)

EtCH=C(Me)CN

57 (3%)

The presence of a cyclopropane ring in both cis- and trans -

1, 2-dimethyl-1-cyenocyclopropane (41 and 40) is indicated by their
N.M.R. spectra which show no absorptions below 8.0 7. The geome-
trical assignment to 41 and 40 were made by comparison of their

N.M. R. spectra with those of the analogous cis and trans isomers of

methyl 1, 2 -dimethylcyclopropane -1 -carboxylate (17 and 18) (3).

Modified Wittig reaction

A new method has been developed during the past 15 years for
the syntheses of olefins which involves a condensation~elimination
between a phosphonium ylid (58) and an aldehyde or ketone to form an

olefin and a phosphine oxide. This reaction has been named the Wittig
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— t 1t i —_— it
R.3P—-CR2 + RZCO - RZC———CR2 + R3PO

58
reaction (50-62) after Professor G. Wittig for his observation that
methylene triphenyl phosphorane reactediwith benzophenone to give di-
phenyl ethylene (59) and triphenyl phosphine oxide, and his subsequent

contributions to this olefin synthesis (51;52). Recently, a modified

. ' ether
§D3P=CH2 + ®2CO —— (DZC=CH2 + (D3PO

59

Wittig reaction has been developed in which a carbonyl compound is re-
acted with a phosphinoxy carbanion (60, Z=R) (63-65) or a phosphonate
carbanion (61, Z=OR) (40) instead of a phosptonium ylid to afford an

olefin.

S) O
I . . . T
ZZP—CRZ + RZCO RZC =CR, + ZZI£~O

60 (Z=R)

61 (Z =OR)

The reaction of phosphorous ylids with carbonyl compounds can

give rise to cis and trans olefins and usually the trans olefins pre-

dominate. The first observation of this possibility was the formation of

stilbenes from the reaction of benzylidene triphenyl phosphorane (62)

and benzaldehyde which gave a cis:trans ratio of 3:7 (51). Occasionally,

®,
@3'P=CH(Z) + @CHO = Ef + ®\=\®

62
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the cis isomers predominate (67-69), e.g., the reaction of triethyl (-

phosphonopropionate carbanion (63) and o - ethylbutyraldehyde gave

ethyl cis- and trans-2-methyl-4-ethyl-2-hexenoate (64 and 65) in the

ratio of 75:25 (69). In general, the olefin formation by the Wittig reaction

M_e
I —

O-,Et LCO5Et
(EtO)ZP—C(CH3)COZEt \ £O2 ) 2

or its modified reaction is intrinsically a stereo-nonselective reaction.
There are various factors such as the structure of the reactants, the
effects of the salts present, nature of solvent, temperature of reaction
and the solubility of the ylid and reactioh intermediate, which could

affect the steric course of the reaction and thus the ratio of cis and trans

olefins. These factors will not be discussed here since they have been

reviewed recently (60-62,70) and they are out of the scope of this thesis.

Recently Kinstle (69) prepared a series of (,f-unsatarated
esters by the reaction of aldehydes with phosphonate carbanions and the
results showed predominantly the cis isomers. This led us to apply
this modified Wittig reaction to S}mthésize a series of methyl 2-pent-
enoates (listed in Table II, p. 14) that are requir;d for the present
research. The results (Table III) differ frém that of Kinstle (69) in

two aspects, firstly, the olefins obtained under similar reaction con-



- 25 -

TABLE III

Product compositions for the modified Wittig reaction

O
<Ro>2}§>gR'Cone + RCHO —————=— R'CH=CR'cO,Me
66
R R R o B-unsaturated esters
cls trans
CHj, i-C3H, C,Hg 72 28
CH, i-C5H, CH, 70 30 %
H i-C,Ho C,Hg 4 96
H i-C3Hy CHj 31 69
CH 3 CyHy C,Hg 13 87
CH, C,Hg ' CH, 38 62
H C,H, C,He 4 96

* Kinstle's result, see ref. 69.

ditions to those used by Kinstle were predominantly trans isomers
except for methyl 2, 4-dimethyl-2-penténoate in which case the cis
isomer (42) predominanted. Secondly, when dimethyl phosphonate (66,
R = Me) was used instead of diethylphosphonate anion (Qé, R =Et), the
yield of cis olefins increased greatly. For example, the yield of methyl
cis -4 -methyl -2 -pentenoate (4_fl_) increased from 4% to 31%. Further

study of this reaction might find an interesting relation between the

structure of the phosphonate and the sterecchemistry of the product.
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71I-2 THERMAL REARRANGEMENT OF CYCLOPROPANES

Thermal rearrangement of cyclopropanes and identification of products

A series of cycleprepanes with a C-1 carbomethoxy, acetyl or
cyano group and a C-2 alkyl group had been prepared as described earlier
and are listed in Table I (p.14). Some of these are geometrical isomers
having the C-2 alkyl group and the C-1 functional group in either the cis

or trans relationship. All of these cyclopropanes were subjected to

thermal rearrangement reaction conditions at temperatures ranging from
24® to 30(°. A half gram sample of the cyclopropanes in a standard

N. M. R. sample tube was sealed at a pressure of 1 mm. Hg. or less and
heated in a tube furnace at the desired temperature. The thermal re-
arrangement reactions were followed by N. M. R. analyses to observe any
changes as they occurred. The producﬁ mixture was then analysed by
vapor phase chromatography and the components separated and identified

as discussed later.

Two facts were observed from the thermal rearrangement re-
actions of the cyclopropanes, The first is that cyclopropanes with a C-2
alkyl group _cE_to the C-1 carbonyl group rearranged to \{,cg—unsa.turated
esters or ketones exclusively whereas their corresponding trans isomers
remained unchanged under identical reaction conditions. The second is
that if the C-1 carbonyl group in the cyclopropanes was replaced by a
cyano group, no change was observed to the molecule even where it was

cis to the C-2 alkyl group.
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The K,é-msaturated esters and ketone obtained from the
thermal rearrangement of cyclopropanes (Figure 2) bave been identi-
fied and their physical data determined. The identifications are based on
clemental micro-analyses and spectroscopic analyses (N.M.R, and L.R.).

The latter will be discussed as follows.

Thermal rearrangement of methyl 1,2, 2-trimethyleyclopropane -
l-carboxylate (32) at 280° for 10 hours yielded methyl 2, 4-dimethyl-4-
pentenoate (é;?) with less than 2% _3_2: remaining. The N, M. R. spectrum
of 67 shows twa singlets at 8.31 T and 6.41 4 due to the methyl on C-4
and the estér methyl respectively. The C-2 methyl showed a doublet at
8.91 ¥ (J=£ 6.5 c.p.s.) since it was split by the hydrogen on C-2 which
appeared, together with the C-2 methylene hydrogens, as a set of multi-
pletsat the region 7.20 “{ to 8.10 1. The terminal methylene hydrogens

showed a broad singlet at 5.31 .

Two ¥,4-unsaturated esters together with trace amount of methyl.

trans-1-methyl-2-ethylcyclopropane-1 -carboxvylate (?_Zu) (methyl and ethyl

groups trans) were obtained when 33 was heated at 280° for 18 hours.

They are methyl cis- and trans-2-methyl-4-hexenoate (68 and 69).

Vapor phase chromatographic analysis shows that _6§ and 9_9_ were formed
in the ratio of 1:4.7. Their N, M. R. spectra (60 Mc and 100 Mc) show
the skeletal structure of methyl 2-methyl-4-hexenoate but cannot deter-
mine their cis-trans geometry due to the similarity and complexity of

the multiplets for the vinyl hydrogens (Table IV). However, the geometry
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FIGURE .2 -- Products of the thermal rearrangement of cig-2-alkylcyclopropanes
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TABLE IV

N. M. R. data of methyl cis- and trans-2-methyl-4-hexenoate {68 and 69)

cis (é__8) trans (_6_2)
ester methyl 6.40 “T, singlet 6.41 T, singlet
. C-2 methyl 8.88 {, doublet 8.96 T, doublet
It 6.3 c.p.s. J=~6.5 c.p.s.
vinyl methyl 8.39 T, doublet 8.36 “T, doublet
J 5.7 c.p.s. T 4.7 cop.s.
C-2and C-3 7.35 - 8.05 ¢ 7.50-8.10 ¢
hydrogens multiplet multiplet
vinyl hydrogens 4.25 - 4.95 T 4.50-5.007
multiplet multiplet

of 68 and 69 can be distinguished by LR. analyses on the basis that

the trans isomer (69) showed a C-H out-of- plane bending band at

973 cm~1 (29). Furthermore, a consideration of the stereochemistry of
the thermal rearrangement reaction indicates that the trans isomer

would be formed predominantly (this will be discussed later).

Methyl 2, 2 -dimethylcyelopropane -1-carboxylate (35) rearranged
on heating at 258° for 50 hours (95% completed) to methyl 4-methyl-4-
pentenoate (Z_(l) which was readily identified by its N. M. R. spectrum. It
shows four peaks, all singlets, at 8.25 <[, 7.64 7, 6.35 “T and 5.26 T
with integrals corresponding to 3, 4, 3 and 2 hydrogens respectively.

The peaks at 8.25 X and 6.35 ¢ are due to the vinyl methyl and ester

methyl respectively. The low field singlet at 5.26 7 is due to the termi-

nal methylene hydrogens. The C-2 and C -3 methylene hydrogens showed
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a singlet at 7.64 ‘T which indicates that these hydrogens are equivalent.

Methyl 2-methyl-4-pentenoate (31) was obtained in 99% vyield
when methyl trans-1, 2-dimethylcyclopropane -1-carboxylate (18) was
heated at 300° for 18 hours. Its N. M.R. spectrum shows a singlet at
6.49 % due to the ester methyl. The C-2 methyl showed a doublet at
8.97 4 (J = 6.5 c.p.s.) as it was split by the C-2 methine hydrogen
which appeared with the C-3 methylene hydrogens as a set of multiplets
in the region of 7.35 T to 8.10 %X. The terminal methylene hydrogens

showed two sets of multiplets centred at 5.05 U and 5.26 7 whereas the

C-4 vinyl hydrogen showed another multiplet at 4.15 7T to 4.85 T.

Methyl trans-2, 3-dimethylcyclopropane-1-carboxylate (3_6_)
rearranged thermaliy to methyl 3-methyl-4-pentenoate (71). After
heating 36 at 258° for 50 hours, the reaction mixture contained 10%
of unchanged Eé and 90% of Q The N. M. R. spectrum of _7_1_ shows a
singlet at 6.41 ¢ due to the ester methyl, a doublet at 8.79 T (J26.3
c.p.s.) due to the C-3 methyl which was split by the C-3 methine hydro-
gen at 7.35 U (complex multiplet). The two non-equivalent C-2 methyl-
ene hydrogens were both split by the C-3 methine hydrogen into dou-
blets at 7.79 T (J = 8.6 c.p.s. ) and 7.76 T (J=25.8 c.p.s. ), the lower
field line of each doublet coincide and thus a total of three lines result-
ed. There were also three sets of multiplets centred at 5.18 ¢, 4.95 ¢

and 4.22 ¥ due to the two terminal methylene hydrogens and the C-4

vinyl hydrogen respectively.
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Methyl 4 -pentenoate (72) was obtained from the thermal re-

arrangement of methyl S_i_s-Z—-‘methylcyclopropane-l—carboleate (37).
Its N, M. R. spectrum shows three singlets at 7.67 <, 7.62 ¢ and 6.45 T
attributed to the C-2 methylene hydrogens, the C-3 methylene hydrogens
and the ester methyl. The two terminal hydrogens showed two sets of

multiplets at 5.08 7 and 4.84 ¥ whereas the vinyl hydrogen at C-4

showed a multiplet at 4.09 “T.

Methyl cis,trans-1, 2, 3-trimethylcyclopropane -1-carboxylate

(38) rearranged thermally to methyl 2, 3-dimethyl-4-pentenoate (73).

The reaction mixture contained 95% of 7_3_ and 5% of _?_>§_ after 12 hours at
280° Its N; M. R. spectrum shows a singlet at 6.38 U due to the ester
methyl. The C-2 and C-3 methine hydrogens showed a multiplet centred
at 7.64 “{. The C-2 methyl which Wasvsplit by the C-2 hydrogen showed
a doublet at 9.01 ¥ (J=£ 6.6 c.p.s.) and the C-3 methyl which was split
by the C-3 hydrogen also showed a doublet at 8.94 T (J= 6.7 c.p.s. ).

5.14 T,

Three sets of multiplets at%4.92 7 and 4.31 7 were assigned to the two

terminal hydrogens and the C-4 vinyl hydrogens respectively.

3-Methyl-5-hexen-2-one (74) was obtained from the thermal

rearrangement of trans-1, 2 -dimethyl-l-acetylcyclopropane (3} . The

structure of 74 had been reported earlier (5).
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Kinetic studies

The rates of thermal rearrangement of the cyclopropanes to
their corresponding {3’,5-unsaturated compounds have;been studied. The
general method of rate determination was to prepare a number of samples
sealed in 4 mm x120 mm tubes. These were placed in the furnace and
came to thermal equilibrium in less than 15 minutes. The temperature

of the furnace was maintained to +0.5°C. Samples were removed at

varying intervals cooled and analysed by V.P.C. for the ¥,5-unsaturated -

product in relation to the unreacted cyclopropane compound. Thare was no
evidence for polymerization or decomposition of the reactants or products
and thus the mole fraction as determined by integration of the peak areas
could be used in the r'a.‘ce equation. The accuracy of these measurements
depends on the accuracy of the integration (disc integration was used)

and the relative response by the detector to the isomeric samples. These
results gave excellent first order kinetics with no induction period. The
rate expression used was the following,

2.303 a
k = log
t. ag - X

0]

where a, is the initial mole fraction of the starting cyclopropane, and
% 1is the mole fraction of the X,(j—unsaturated compound formed in time
interval t. A plot of the quantity log (a,/ag-x) versus t will resultin
a straight line for a first-order reaction. ;l“he slo‘pe m of the line

obtained multiplied by 2.303 will be equal to the rate constant Kk,
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k = 2.303 X m

The half-life tl/2 of the reaction was calculated by the following -

equation (71),

. _ 2.303log2 _ log2
12  m

The results of the kinetic studies are tabulated in Table V, and some

typical first-order rate plots are shown in Figures 3, 4 and 5.

e
The heats of activation AH and the entropies of activation

AST were calculated by the following formula (72),

kpT AHT/RT . as¥/r
h

where kB is the Boltzmann constant, and h is Planck's constant. The

logarithm form of this equation is

Lk 1
log — = 10.319 —— (W;
T T 14.574

and a plot of log (k/T) wvs. 1/T gave a straight line whose slope mul-
s = . . . ®

tiplied by 4.574 gave AH . Substituting this AH’ back to the above
equation gave AS*. Some of these plots (log k/T wvs. 1/T) are shown

in Figures 6, 7 and 8.

A word should be said concerning the accuracy of the rate
constants obtained. The errors of measurement of time, the mole

fraction of the starting cyclopropane and of the ¥,é-unsaturated olefin
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TABLE V

Kinetic reesults of the

run  temp kx 10'5 tl/Z AH$1 A S’?l
Cyclopropane no (OC) (gpp-l) o (keal) .
46 240.4 2.21 8.72
29 252.0 5.35 3.60 37.5 - 1.8
18 259.4 8.53 2.26
16 259.4 1.53 12.627%
44 272.2 3.25 5.3  33.9 - 18.1
37  283.7 6.50 2.96 -
13 259.4  1.27  15.16 -
43 272.2 2.95 6.53 36.1 - 14,2
e TSCOMe__ 38 2837  5.92  3.25 .
17 259.4 1.18 16.30
{ 18 45 272.2 2.41 8.00 30.2 - 25.4
SNCOMe 39 2837 431 44T
P 14 259.4 0.68 28.45
} 36 52 272.2 1.37 14.11 325 2.0
AN 48 283.7 2.68 7.19
COMe Ly 297.4 5.46 3.53
19 259.4  0.61  31.39 )
37 20 272.2 1.45 13.24
<[ 47 283.7 2.98 6.25 359 -16.0
_ TCOpMe 41 297.4 629 3.06
15 259.4  0.43  45.00 ) o
s 22 2Tz 0. 85 22.68
_ | — 28 283.7 1.35 14.31  25.2 - 36,7
| /< 49  283.7 1.26 15.33
‘ CO,Me .
| 42 297.4 2.23 8.65

3R

half-life were 1.26 and 15.31 respectively.

i The estimated maximum errors in AH and AS

" For the formation of the trans olefin (69), the rate constant and the

*
are +10%.
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FIGURE 3 -First-order rate plots for the thermal rearrangement of 32
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TIGURE 4 - First-order rate plots for the thermal rearrangement of
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are very small ( < 1%). The biggest error is the temperature of the re-
action. The temperature of the reaction furnace was kept to within +0.5°
or better. From the Arrhenius equation this temperature variation cor-

responds to an error of approximately x5 % in the rate constant (100}.

Discussion of results

The results of the thermal rearrangement reactions on the series
of Zb_alkyl-l-cyano-, l-acetyl- and l-carbomethoxycyclopropanes show
two significant facts. Firstly, all cis-2-alkyl-l-acetyl and l-carbometh-
oxycyclopropanes rearranged exclusively to their corresponding ?,/,5-

unsaturated ketones and esters (Figure 2) in quantitative yield, whereas

their trans isomers remained unchanged under identical reaction con-

ditions. For example, methyl cis-2-methyl-1l-cyclopropanecarboxylate

(37) yielded methyl 4-pentenoate (72) when heated at 270° while the

trans isomer (16) showed no sign of change. Secondly, when the C-1

/’ 210° _ __ A_CO,Me
\%COZMe
72
37
™
! » o
—270 .. no change
ii
COZMe
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carbonyl group in. the cyclopropane molecule was replaced by a cyano
group, no observable change occurred even if it was cis to the C-2

alkyl group. Thus both cis- and trans-1, 2-dimethyl-l-cyanocyclopro-

pane (41 and 40) remained unchanged after being heated at 260° for 17

L N
CN

The mechanism for the thermal rearrangement of cis-2-alkyl-

hours.

fQO
2 =

no change

I W
i
bt

l-acetyl and l-carbomethoxy::yclovpropaneS to the ¥,d-unsaturated ketones
and esters had been proposed by McGreer, et al. (34) to involve an

allyic enol intermediate 76. The results of the present studies of the

<OH
X

R =H, alkyl
5 a6 X =R, OR

% o <‘ R X’,Cg\ olefin
\ /9 L
| .

% .

thermal rearrangement reactions suggest that this intermediate
arises via a six-membered cyclic transition state 77 by an intramolecular

1,5-hydrogen transfer of a hydrogen from the C-2 alkyl to the oxygen

in the C-1 carbonyl concerted with opening of the cyclopropane ring at



- 43 -

C-1 and C-2. This is possible only if the C-2 alkyl and the C-1 carbonyl

~CR2 e
- N -—CRZ
. ., —CR
H © H < 2
: ; OH
! O /
TS) \vl/ \X
X
5 77 76

— ——

are cis to each other; whereas it would not be possible with the two

groups in trans geometry. The cyclic transition state is also suggested
by the fact that the nitriles do not react. The C—~C=N group is linear
and not able to bring the nucleophilic nitrogen into close proximity to the

hydrogen of the C-2 methyl.

ARR2
H

C§\N

78

During the course of this research, Roberts, et al. (73-75)
have reported a four-ét_ep reversible thermal isomerization of one
homoallylic carbonyl compound 79 to another 83 via the allylic enols
80 and 82 and the cyclopropyl carbonyl compound 8l. They also demon-
strated the whole reversible sequence, 79 == 83, .by deuterium tracer
experiments and thus showed that reversible intramolecular hydrogen

transfers are thermally induced between aliphatic allylic ends and the
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O CH.R OH CH,R HaR
i A /O
A/\2 = AN 4 = A N /
B B B
79 80 o
/fCHR f/(CHR
Aj\ - — AN
B = 3
A=H, R, Ar, CR 83 82
B=H, R, AR, COR,
COAr, CO,R

cyclopropyl carbonyl system. There are several other reactions that
probably occur via similar intramolecular 1,5-hydrogen shifts that have
been reported in the recent literature. The thermal rearrangement of

2, 2-dimethylcyclopropanealdehyde (5_3_%) to 4-methyl-4-pentenal (86) has ‘

been reported by Ohloff (77) to occur via transition state g, Fanta and

AN

84 85 86

co-workers reported the transition state 88 for the thermal isomeriza-

tion of acylaziridines (87) to give unsaturated amides (89) Another

closely related reactidn is the thermal rearrangement of cis-l-methyl-
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87 88 89

2-vinylcyclopropane (90) to cis-l,4-hexadiene (91) for which an intra-

molecular 1,5-hydrogen transfer has also been proposed (80). This

differs from the others in that a carbon-carbon double bond is involved

in the hydrogen transfer instead of a carbon-oxygen double bond. The
proposed transition states for these reactions are similar to the six-
membered cyclic transition state 77 suggested earlier for the thermal

rearraﬂgement of cyclopropanes.
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A cyclic transition state, such as 77, would have gsignificantly
less freedom of motion t}}an the initial state. A reaction which involvgs
such a cyclic transition state would be expected to show a very large
negative entropy- of activation (76). This is indeed the case for our
kingtic studieés of the tl';ermal rearrangement reactions of cis-2-alkyl-
cyclopropane-1-carboxylates (Table V) gave very large negative
entropies of activatioh, e.g., -8 e.u. to -37 e.u. These values are
-in good agreement with those reported by Ellis and Frey (80) for the
: the'r'm‘al rearrangement of 90 Vto 91 (~-11.6 e.u) where:a cyclic transi-
tionlétate is proposed, and by Roberts et al. (75) for the thermal rear=
rangement of 2, 2-dimethyl-l-acetylcyclopropane (95) to 5-methyl-5-

hexen-2-one (96) (~ -10 e.u.) where an allylic enol intermediate is in-

9
PN
— = A

OMe

95 : 96

dicated. Ellis and Frey also suggested that there is considerable contri-
bution to the stabiliéation of the transition state by allylic delocalisation
energy. This is indicated by the low activation energy, i.e., 31 kcal/mole,
obtained for the reaction 90-=91. In comparison,  the activation energy
for the thermal rearrangement of vinylcYclgpropane to cyclopentene,

where a cyclic transition state is probably not involved, was found to be

about 50 keal/mole (97). In the present work we have found heats of
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activation for the thermal rearrangement of cis-2-alkylcyclopropane-1-
carboxylates to be 25 to 38 kcal/mole as anticipated if the rearrange-

ment proceeds via a cyclic transition state.

An additional observation is apparent from the kinetic studies
of the thermal rearrangement of the cis-Z-alkylcyclopropanes to their
corresponding X,é‘-unsaturated olefins. The rates of rearrangement
have been found to be affected by the‘number of substituents on the three
ring carbon atoms. Since the bond breakage always occured on the C(l)-
C(2) bond, hence, it is possible to explain the differences in rates of re-
arrangement in terms of steric effect upon the bond dissociation energy.
It is known that the dissociation of the carbon-carbon single bond in |
ethane decreases with the addition of aliphatic as well as aryl substi-
tuents {95, 96). Suppose we consider the unsubstituted cyclopropane as a
1, 2-disubstituted ethane, then the addition of substituents to the C-1 and
C-2 of the cyclopropane would reduce the bond dissociation energy of the
C{1)-C{2) bond and thus increase the rate of rearrangement. For exam-=-
ple, the rate of thermal rearrangement increases in the order of 1, 2-di-
substituted (37), 1,1,2- and 1,2, 2-trisubstituted (}_é, 3_33.nd _33) and

the 1, 1,2, 2-tetrasubstituted (32) cyclopropanes.

o /‘r” -

37 18 35

COZMe . COZMe
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.7 CO,Me .~ O, Me

33 32

On the other hand, when substituent is then added to C-3, itis
possible that the effect of substituents on C-1 and C-2 in reducing the
bond strength is reduced due to bond weakening in the C(1)-C(3) and
C(2)-C{3) bonds. This would account for the slower‘ rates of thermal re-
arrangement for the 1,2, 3-trisubstituted (36) and 1, 1,2, 3-tetrasubsti-

tuted (38) cyclopropanes. Alternatively, the substituent on C-3 might

affect the ease with which the carbonyl group on C-1 and the methyl

group on C-2 approach the transition state. geometry.

-~
-
~

CO,Me ’ ~=CO;Me

One of the cis-2-alkylcyclopropanes studied has a C-2 ethyl cis
to the C-1 carbonyl, and this is methyl trans-l-methyl-2-ethylcyclopro-
pane-l-carboxylate (33). There are two hydrogen; which can transfer to
the carbonyl oxygen to form two isomeric \(,()’K-unsaturated olefins,

namely, methyl cis-2-methyl-4-pentenoate (68) and methyl trans-2-

methyl-4-pentenoate (69). However, they are not formed in equal amounts
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but in the ratio of 1:4.7 in favor of 69.

A consideration of Dreiding

models of the transition states 92 and 93 shows that 93 is favored,

since 92 requires eclipsing of the methyl group (on the C-2 ethyl) and

the C-3 ring hydrogens whereas 93 does not,.

. . /CO Me
—= =Y

It is of interest to compare the rate of formation of the trans

- product (69) from 33 with that for the formation of 31 from 18. The

,/,CE{Z

7

stereochemistry of 33 is quite similar to that of 18 except that the hy-
drogen for migration is secondary in the case of 33, and is primary in

the case of 18. The rate of formation of 69

(ty/, at 259.4° is15.31 hrs.)



- 50-

is about three times faster than the rate of formation of _'?‘_l (t1/2 at
259.4% is 48.9 urs. per hydrogen);< ). Thus a faster rate of reaction is
obtained for migration of a secondary hydrogen than a primary hydrogen
as would be expected if bond breaking of the C-H bond were important in

the transition state, such as 77, as proposed.

To sum up, a series of 2-alkylcyclopropanes have been prepared.
Thosewith a C-1 carbonyl group cis to a C-2 alkyl group were found to
rearrang.e to their corresponding }{, §-unsaturated olefins when heated
at temperatures ranging from 240° to 300°. All others were found
thermally stable. The thermal rearrangement reactions were clearly
unimolecular. These results suggest that the rearrangement reactions
proceed by an intramolecular 1,5-hydrogen transfer via a six-membered
transition state 77. This .is supported by the large negative entropies of

activation and low heats of activation obtained from the kinetic studies.

By way of conclusion, thisthermal rearrangement reaction of a
cis-Z-alkylcyclopropane to a ¥, d-unsaturated olefin should be of value
in solving the stereochemistry of isomeric cyclopropanes. In contrast to
those methods described in the introduction section of this thesis, . the .,
above method does not require the presence of both isomers. McGreer
et al., has employed this method successfully in distinguishing the

stereochemistrv of 2 number of cyclopropanes. One example is that the

Corrected for the statistically faster rate due to the three available

hydrogens.
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stereochemical assignment to cis- and trans-1, Z-dimethyl‘—l-a.cetyl-

cyclopropane (i and _) is made on the basis that 2 rearranges thermal-

ly to 3-methyl-5-hexen-2-one (74) whereas 1 does not (5). Similarly,

R, ——

Lo

the structure of methyl trans-1, 2-dimethylcyclopropane-1l-carboxylate

(18) is confirmeéd by the fact that it rearranges thermally to give methyl

2 -methyl-4-hexenoate (31)(34).
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[}

-3 THERMAL ISOMERIZATION OF OLEFINS

|

Thermal isomerization of olefins and identification of products

The isomerization of unsaturated acids, esters, ketones and

nitriles to yield equilibrium mixtures has been studied under a variety of

conditions. Rinehart et al. (69, 81) have used sodium glycolate in ethylene

glycol as catalyst, and Linstead et al. (98) simply heated the acids in
"pure'' state at their boiling points. This isomerization is also pogsible
thermally at temperatures near 300° with or without iodine catalyst,

. . ; i 7 .
and yields a mixture of o’\,f@— and (@,}5 ~unsaturated esters. McQGreer et
t

al. (2) reported the thermal isomerization of methyl cis-2Z-pentenoate

(48) in a sealed tube at 250° for two weeks to give a mixture consisting

of T% of 48, 48% of methyl trans-2-pentencate (49) and 45% of methyl

trans-3-pentencate (94). Having demonstrated a six-membered cyclic

CO, Me C,Me ~CO_Me
\_FOMe p50 T\ _fO2Me | FOMe 2
= T S -
14 days —
4 48 (7%) 49 (48%) 94 (45%)

transition state for the intramolecular 1,5-hydrogen transfer in the
thermal rearrangement of the cyclopropane series, we now wished to
test whether the formation of 5’%,{}/ products might be a result of a similar
cyclic hydrogen transfer possible from the ¢is ;\i,;: -~unsaturated ester but

not from the trans. There is some precedent for there are many re-

actions which have analogies in the cyclopropane and clefin series where
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the cyclopropane ring is placed in a position equivalent to the double
bons, Sarel and Breuer (82) showed that o(-cyclopropylstyrene (_‘2_7__) un -
dergoes Diels Alder reaction with maleic anhvdride to give 4-phenylcy-

clohept-4-ene-1, 2-dicarboxvlic anhydride (98). This is an illustration of

Q)\/// sﬁ\ /\\/ﬁ\
X —
> o @'M\‘f
97 98

the type of behavior which suggests that cyclopropanes have some simi-
larity to double bond in their chemistry. Similarly, the reaction of
acetylcyclopropane (99) and phosphorous pentachloride to yield 2,5-di~

chloro-2-pentene (100) in dicates that the cyclopropane ring acts like a

D-COMe + pci,

99 100

Gl
= AN
a1

double bond in a straight chain compound so that a normal dichloride is

initially formed which then rearranges to give 100 (83).

A clocely related isomerization reaction is the thermal inter-

conversion of ¢ig-4-methyl-1, 3-pentadiene (104) to ¢cis-2-methyl-1, 3~

pentadiene (106) (99). The reaction involves the overall 1,5-hydrogen

transfer with concomitant migration of both carbon-~carbon double bonds

via a six-membered cyclic transition state, 105. This shows that 1,5~
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ét/\‘/ e :/ \1/
[ = i

104 105 106

hydrogen trancfer is possible in analogous compounds such as a(,ﬁ-
unsaturated esters providel that they have the correct geometry. Butler

et al. (94) in a study of the thermal is‘omerization of methvyl Siid_-crotonate
to methyl trans-crotonate has already noted no evideﬁce that the small
amout of /5,3( isomer formed was formed preferentially from the cis
than the trans. This system is not however ideal due to the low equili-
brium value of the /5,?,{ isomer and studies were therefore directed
towards the esters with ethyl and isopropyl groups on the ﬁ-carbon

‘ N
which at equilibria. give more of the /E,b isomer (2,69, 81).

From the previous study four isomeric pairs of é\',]@_unsaturat-
{

ed esters were available as has been described earlier and these are
listed in Table II (p.14 ). These esters were isomerized thermally at

) . o
temperatures ranging from 240° to 300° Results show that after each
of these d,S-unsaturated esters was isomerized, the product mixture

i

uzually consisted of, the initial ester, its geometric isomer and the cor-

oo . / ) )
responding ;‘),c/ isomer. These F,\Q-unsaturated esters were prepared
i

and isolated from the thermal isomerization of their cis isomers.(Figure

9). They were characterized by elemental microanalyses and spectral

(N. M. R. and L. R.) analyses and the latter are discussed below.
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éfii 45 102

- SCO2Me SCO2Me _.  £O,Me
== —-—-—-—-——‘:,.ri}ié -+ -/"__':\ + \\ /\
%é 47 103

CO_Me
2 — CO,Me
— e = 48 4 _J:/ + \_/ ?

£ 29 9

FIGURE 9 -~ Products from the thermal isomerization of ¢ig-2-~

pentenocates

Methyl 2, 4-dimethyl-3-pentenoate (_1_9__};) wag characterized by
its N. M. R. spectrum. It shows a singlet at 6.38 ¢ due to the ester
methyl, a doublet at 8.84 { (J=7.1 c.p.s.) due to the C-2 methyl which
being split by the C-2 methine hydrogen which in turn; appeared as a
multiplet at 6.76 . The C-4 methyls showed two doublets at 8.34 T and
8.28 T (Jo£1.4 c.p.s. for both) probably split by the C-3 olefinic hydro-

gen which appeared as a multiplet at 4.89 .

Methyl 4-methyl-3-pentenoate (102) showed a N.M, R. peak at

6.40 T due to the ester methyl. Two slightly broadened singlets at 8.26 T



and 8.37 7 are assigned to the C-4 methyls. The C-2 methylene hydro-
gens showed a broad doublet at 7.08 U (J2£ 7.2 c.p.s.) and the C-3 olefinic

hydrogen chowed a multiplet at 4.75 “T.

Méthyl trans -2 -methyl-3-pentencate (103) was assigned the

trans geometry on the basis that it showed an I.R. band at 971 <:m'l due

to the two olefinic hydrogens vibrate in opposite direction (29). The N. M.
R. spectrum of 103 shows two doublets one at 8.81 T (J27.1 c.p.s.) due
to the C-2 methyl which was split by the C-2 methine hydrogen at 7.0 ‘¥
(multiplet), the other at 8.31 T (Jaf4.6 c.p.s.) due to the C-4 methyl
which was split by the C-4 vinyl hydrogen. The latter and the C-3 vinyl

hydrogen showed a multiplet centred at 4.51 T.

The compound methyl 3-pentenocate (94) had been characterized

previously (2).

The data for the thermal isomerization reactions of the methyl
2~ and 3-pentenoates at various temperatures and durations are listed in
Tables VI, VII, VIII and IX. In these tables, the data for the equilibrium
studies are also included. They show the following results which are

common to all esters studied.

The cis ¢, igomers thermally isomerized to give the trang
I

. . ! . - . . .
C{,‘S isomers and the 5,5 isomers. The relative rates of formation were

/

N
fagter for the 13,0

isomers than the trans ,3 isomers. As a reault,
et 4

the relative amounts of the ‘L’;),L,( isomers built up to maxium values



TABLE VI

Thermal rearrangement of methyl 2, 4-dimethyl-2- and 3-pentencates

—~_ cOMe ,COpMe /‘\c
= /N >—— O, Me
\
42 43 101
run time temp. .
Initial olefin : is-¢,8 t -4, 3, 8
1 e no. (hr.) (oc) _C_.l_.._ \/3 __I_'_a._rl__s_ A< {) //\) a:/
cis-4,8 35 30 283.7° 28.3 2.0 69.7
SERPN 51 17 297.4° 17.3 1.5 81.2
cis-o,f 59 83 297.4° 5.6 4.2 86.2
cis-d,p 59 151 297.4° 8.6 6.7 84.7
7% cis-~o,§ & 64 290  297.4° 7.7 28.7 63.6
23% trans-,0 g4 353%  297.4° 7.9 28.6 63.5
trans- /3 59 83 297.4° 2.8 74.8 22.4
trans- y,f 59 151 297.4° 2.4 69.6 27.0
trans-d, 3 59 174 297.4° 3.7 68.0 28.3
(/3,( 36 36  283.7° 2.3 - 97.7
4 36 86  283.7 5.1 - 94. 9
p¥ 36 155  283.7 6.5 - 93.5
A% 59 83 297.4° 6.7 -- 93.3
!
h'e 59 151  297.4° 7.7 0.5 91.8
4‘) i

% epn . L. ' . FS " 7oA ‘i'
Equilibrium attained -- 7.9% cis-a,/, 28.6% frans-o,5 and 63.5% 7, 5.
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TABLE VII

Thermal rearrangement of methyl 4-methyl-2- and 3-pentenoates

M O->M
-_<:/C02Me :/C 2 >:/\COZI\/Ie

_.<

44 45 102
run  tim t . ) y

Initial olefin no. (lhr.e) <%I2§) 9_}_&3_-9(,(& trans -d,/ﬁ 2y
cis -, f 56 7 259.4°%  15.7 4.8 79.5
cis o, f 63 4 297.4° 1.9 2.3 95.8
cis a3 63 6 297.4° 1.7 4.0 94.3
cis-gf 63 24 297.4° 1.8 4.7 93.5
cis-4A 63 40 297.4° 1.7 7.3 91. 4
75% cis-dp & 65  211%  297.4° 1.5 17.9 80.6
25% trans-¥,5 65 290  297.4° 1.5 17.7 80.8
cis-d,f3 66 259 297.4° 1.5 17.7 80.8
cis-,3 66 336" 297.4° 1.5 17.6 80.9
trans -of, 3 66 259%  297.4° 1.5 17.8  80.7
trans -, 3 66 336%  297.4° 1.5 17.8 80.7
trans -4,/ 63 4 297.4° —- 91.6 8.4
trans -4 63 6 297.4° - 90.0 10.0

- f

trans-4,5 63 24 297.4° - 82.1 17.9
trans-4, 3 63 40 297.4°  trace 78.1 21.9
5% 63 4 297.4° 1.8 2,1 96.1
) 63 40 297.4° 1.5 9.3 89.2
58 (10% )y 63 4 297.4° 1.7 2.6 95.7

o ~
Equilibrium attained -~ 1.5% c¢is-o,2 , 17.7% trans-g,3 and
~ !

80.8% =,¢ .
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TABLE VIII

Thermal rearrangement of methyl 2-methyl-2- and 3-pentenocates

—\_/’COZMG ~<COZMe —
--—\ I / CO,Me
46 47 103
run time temp.

Initial olefi 18- A -3 4
itial olefin no. (br.) °c) cis «{,(j trans-¢,3 (J:d/

cig-o, B 50 4 297.4° 81.9 7.7 10.4
'_c_i_s_-d,‘/s ' 50 6 297.4° 73.1 10.5 16.4
cis-4,A 50 10 297.4° 62.0 14.8 23.2
gi_g-og,}5 50 21 297.4° 41.8 21.7 36.5
_g;g_&,{g 58 83 297.4°. 18.5 39.7 41.8
cis-4,6 58 174 297.4°  16.2 459 37.9
cis-d ,/3 58  200% 297.4° 16.3 45.8 37.9
trans- o3 58 83 297.4°  10.3 67.4 22.3
trans-J), /3 58 151  297.4°  1L.6 61.8 26.6
trans- A 58 174 297.4°  12.6 58.8 28.6

Equilibrium attained -- 16.2% gﬁ-o{,}/p, 45.9% trans-«,5 and 37.9%
{

Ay,
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TABLE X

Thermal rearrangement of methyl 2- and 3-pentenocates

‘_\__'/C_OZMe __/COZMe — A
- /T / CO,Me
48 49 94

o o Tun time temp. ) R Ve
Initial olefin o hr. ) (OC)‘ cis- 0{7(3 ’cra;as-o.{,{g {3’b
cis -4, 8 5 259.4° 86.4 1.8 11.8
cig—¢,f3 8 22 259.4° 46.4 6.0 47.4
_<;_;_g~.g(,@ 8 61 259.4° 12.7 12.4 73.9
g_s__?{,ﬁ * 336 250° 7 48 45
trans-c{,ﬁ ok 336  250° 7 47 46
trans -y ,3 10 17 259.4° 1.5 89.5 9.0
trans-o, B 10 26  259.4° 2.2 81.1 16.7
trans-g,lfz 10 64  259.4° 3. 61.3 34.8
/3,@’ 10 17 259.4° 9.2 11.7 79.0
f/g,g’ 10 26  259.4° 8.6 16.0 75.4
By 10 41  259.4° 8.0 26.8 65.2
Ay 10 64 259.4° 7.7 311 61.2
{
* See reference 2, equilibrium attained -- 7% gii-o(,/fi, 4.8% trans_o(,é%

and 45% /SJ
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FIGURE 10 ~ Equilibration of methyl 2- and 3-pentenoates
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{Figure 10) which were above their equilibrium values whereas the
relative amounts of the trans 4,5 isomers were always below their
equilibrium values. After reaching a maxium, the /'),2{ isomers would
decrease and the trans 0{,{5 izomers would increase toward the equili-
brium. For example, methyl cis-4-methyl-2-pentencate (44) yielded
(run no. 63, Table VII), after heating at 297.4° for 4 hours, 2.3% of the
trans ;i,j§ isomer (45) and 95.8% of the fs,{i{ isomer (102) compared

— i —
<

to their equilibrium values of 17.8% and 80.7% respectively.

)
N
) iu

The trans (){,F isomers isomerized to give the cis «f
N

. Y . . ,
isomers and the {:},0 isomezrs, such that in most cases these two

isomers were formed in a ratio close to their equilibrium ratic. For

example, the methyl trans-2-methyl-2-pentenoate (4_1;7_) yielded - mix-

tures: of. the jg,ig igsomer (103) and the cis }ﬂ,fg isomer (46) in the

ratio {run 58, Table VIII) of 2.16, 2.30 and 2.27 at 83, 151 and 174

hours respectively.

. . . . . £
The [jﬁ,& isomers isomerized to give the cis «f 4> and trans

Y

WA

{5 isomers in unpredictable proportion initially. As the heating was

. 3] - N . .
prolonged, the cis d\,b isomers reached the equilibrium proportion
—— i

;
NS

relative to the ;’3,3 isomersg first. In the case of methyl 2, 4-dimethyl~

)

3-pentencate (101), only the cis 3{,(3 isomer (fi&) was formed in the
initial stages of the reaction (run no.36 & 59, Table VI) and the ratio of

42/101 had aimost reached its equilibrium value before traces of the

trans X, isomer (43) began to form.
—_
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From the data shown in the tables, it can be seen that the rela-

tive rates of isomerization reactions of the cis {,4 isomers were much

faster than the trans O(,{@ isomers and the ,'9,?( isomers. For example,

after 4 hours at 297.4° (run no. 63, Table VII) over 99% of methyl cis-

4_-methyl-2-pentenoate (44) had isomerized, whereas only 10% and 20%

of the trans O(’,(f; isomer (45) and the /_%,X isomer (102) respectively

had isomerized (the figures of percentage quoted here had been correct-

ed after taking into account the equilibrium values of the three isomers).

Studies were carried out to determine the distribution of the
three isdners at equilibrium. For each olefin system, all three isomers
had been used individually asg the initial olefin from which the point of
equilibrium was reached. In some cases when either the trans o(,l@
isomer or the ﬁ,{ igsomer was uSed, equilibrium could not be reached
due to the slow rate of isomerization. Higher temperatures could not . be
uged to overcome this as extensive pyi‘olysis of the compounds into lower
fragments took place at temperatures above 325°. To overcome this
difficulty, mixtures of the isomers 2t close to equilibrium composition
were used and equilibrium was considered reached w“hen two or more
runs of different time intervals gave es sentia.liy the same proportion of

isomers.
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Kinetic gtudies

Results of the thermal isomerization reactions discussed in the
previous.section indicate that the cis of,8 isomers isomerized to the
SIE _

1/’3,,{}' isomers faster than to the trans \X,% isomers. In the case of

methyl cis-2, 4-dimethyl-2-pentenoate (42), the relative rates of fox¥ma-
tion for the [3,‘6/ isomer was so much faster than that for the trans c\f,‘;\ﬁ )
isomer that the ratio of {3,\5 /trans Q),{E& was 54:1 aiter 90070>:<ao£ 42 had

isomerized: (run no. 51, Table VI). This is also true for methyl cis -4~

4
methyl-2-pentenoate (44) which isomerized to the ﬁ,h isomer and the

trans 0(,{?) isomer in the ratio of 41:1 after 99"70;:< of 44 had isomerized
- . data
(run no. 63, Table VII). Theseiindicate in a qualitative way that the

. . . . . DY . . .
isomerization of the cis « ,/5 igomer to the is,g isomer might be

followed kinetically independent of the‘f_i_s_ A ,(5 to trans ‘)(,{% or trans
OK,‘B to (3,6/ isomeriZatic;n paths. Consequently, the kinetics of thermal -
isomerization reactions of these two cis-Z-pentenoates (42 and 44) to
their corresponding 3-pentenoates (}_Q_}_ and E%) were studied at various

temperatures. The kinetic data obtained gave good straight lines when

plotted using the first-order rate law.

The rate constants (k) and half-lives (tllz) of these thermal
isomerization reactions were calculated from first-order rate plots of

log ay/{ag-x) versus time t (Figures 11 and 12). Their heat of activa-

,
)I

<
Corrected after taking into account the equilibrium value of the cis

0(,{5 isomer.
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FIGURE 11 -First-order rate plots for the therrnal isomerization of 42
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TABLE X
Kinetic data of the thermal isomerization of methyl cis-2, 4-dimethyl-

2 -pentencate (42)

—-<::<COZMe

42
temP- » kX 10—5 tl/z . £ 1 o
Run no. AHT (l(—c%—) AST (e.u.)
- mo
°c) (sec™)  (r D) © at 272.2°
32 272.2°  0.91 21.1
33 272.2° 0.90 21.3 ' \
34 283.7° 1.26. 15.3 17.9 -49.9
35 283.7° 1:28 o 15.1
51 297.4°  2.98 * 6.5

* Aftex taking into account the equilibrium values of the three isomers,
this k becomes 3.021 (1.4% diff.). See Appendix for calculation.

TABLE XI

Kinetic data of the thermal isomerization of methyl cis-4-methyl=
2-pentenocate (44

f<:/cogMe

44
~ 1n-5
Run no. o/@P: kx 10 ) t1/2 NI (____)kcall Hs® (e.u.)
(°c) (sec™l)  (ar-h mole ‘at 259.4°
55 240,4° 1.86 10.4 . y
. 57 252.0° 4.28 4.5 37.5 -.8.2
X
56 259,4° 7.06. 2.7

LS
After taking into account the equilibrivm values of the three isomers,

this k becomes 7.222 (2.2% diff.). See Appendix for calculation.

1

The estimated maximuy errors in _AHiF and Asﬁ’i are +10%.
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e o
tion (AH') and entropies of activation (AS™ ) were calculated from
plots of log k/T versus 1/T (Figures 13 and 14). These kinetic

reaults are listed in Tables X and XI.

Discussion of results

Let us now consider the mechanism for the thermal isomeriza-
tion of the unsaturated esters. There are six different steps to be con-

gidered ag shown below. Results of the thermal isomerization and kinetic

. 1
& =1 = 4 7oA
Cis #,f3 n trans q,{’;
R -1 T
ko k /
k N\ /3' 3
A {3’5’ : _-'

. . . - N . - . o, v
studies indicate that the cis g(,ﬁ isomers isomerized to the /f‘),?)
isomers (kz) faster than to the trans &,5 isomers <k1) for the systems

with a ~igsooronvl group and that all other steps are very slow.
Py LY Y

. . . . . P N
We can consider three mechanisms in which a cis &, -unsata-

rated ester can isomerize to its corresponding /3,?{ isomexr. Thece are
the base catalysed isomerization, the free radical rearrangement and tre
intramolecular 1,5-hydrogen transfer via a six-membered cyclic transi-
tion state.

The base catalysed isomerization (84) involves the formation

. T2l
of an enclate ion of the cis O’\,;D-unsaturated ester, 108, by proton abs-

traction by the base. This enolate ion {108} would then rearrange to give
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0 SN ome = RyQ ?;/—OMe — B

107 108

the /é,\é/ isomer. Since a base is directly involved in the isomerization,
its presence would be expected to strongly affect the rate of isomeriza-'
tion. This was not observed on our kinetic studies for with the addition

of 10% pyridine into a sample, th.ere wag no significant change in the
rate of isomerization of the ﬁ,g isomer (Table VII; run no. 63). We
further note that Kinstle reported (69) a 5,5 isomer, 113, as a major
product at equilibrium for the base catalysed isomerization of ethyl cis-
2,4 -dimethyl-2 -pentencate using sodium glycolate in ethylene glycol at

195° and suggested that 113 is formed from the /5,8 isomer (109). The

8 I—I% JH
{  CO,Et < N 2 Et
—i {\2 I \__JOEt ___ /&//\
L
109 120 ;oL
OH
GO, Et > :
)l\/'i\z — /  j—OEt
5N\
113 112

/
. . 1 ot B . ~
mechanism proposed involves the formation of an enolate ion of the ,@,u

igsomer, 110, followed by proton abstraction by oxygen to form an allylic

NSe ‘
carbanion 111, which then gives the {,G isomer (113). There is no in-



~
: : L ] . . .

dication of the formation of \/,( isomers in the present studies although

these were looked for even at long reaction times. We thus conclude that

base catalysis mechanism is not important in our system.

If the isomerization took place by a free radical mechanism, one
would expect the following results. Firctly, the rate of isomerization
would be affected by the presence of oxygen since it is a free radical inhi-
bitor (93). Secondly, both the cis and the trans o\’,‘S isomers would give

the !@,{ igsomer at comparable rates and the 74 igomer would give both

S
kA

the cis and the trans |} isomers at comparable rates since the mechax-
—
nism to either would be expected to require similar activation energies.
All these points are in constrast with our observations which have found
the rate independenk of the presence of oxygen, the conversion of the cis
@{,(ﬂ igomer to the {3,\{; isomer fagter than that of the trans Oﬁ,{@ to the
o ' - , N
ﬂ,h/ isomer (runs 35 and 59, Table VI) and the conversion of the /J,‘u
isomer to the cis o(,(g isomer faster than the {%,\’ igomer to the trans

Q\,i\b isomer (run 36, Table VI). We thergfore: conclude that a free radical

mechanigm is not important.

A cyclic mechanism similar to that discussed earlier for the
thermal rearrangement of methyl cis-2-alkylcyclopropane-~l-carboxy-

lates does seem to satisfactorily explain the results of the thermal

.

turated esters. The six-membered cyclic

,_4
w
i
o
+
-
N
o)
g
o
(8]
B
o
¥

S

i
A

transition state, 114, is shown below, and would lead to the enol 115.

such a hydrogen transfer can only take place if the alkyl group bearing



107 o114
N H
116 115

the hydrogen to be transferred and the carboxylate group are cis to each

other. Therefore, only tae cis gs’\,i:,—unsaturated esters can isomerize to
sy . . .

the ,6,?} isomers, and vice versa. The enolene type intermediate

although not expected to be stable would be expected to be accessable in

R . \f . N . - . ~
a pre-equilibzium steps for the 16,0 to cis  o,L isomerization (75). In
_ {

.

our data the cis orientation is clearly necessary for the z@-isopropyl
acrylates and is indicated in the ff’;—e’cbyl acrylates. This data is, illus-
trated graphically in Figure 10 (p. 61) to show the fast built up of !L,f{

igcomer from the cis ,5 isomer. No such distinction was found for
— 3

the ;Q—methyl series (94) in the gas phase. It is significanthowever that
N A . . N . R .
for all of these systems ©D,& isomers appear in the final equilibrium
{

. - . . B y . 4 o) .
mixture. Isomerization of a ¢,0 olefin at 297 shows cisg to trans

interconversion but no chain isomerization. Finally the large negative

LV

i

entropies of activation in the [SHsopropyl series is fully in line with the

{ ;

proposal of a cyclic transition state for tae isornerization reactions.

The 1.5-hvdrocen transfer mechanism discussed above provides
’ f o
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for the formation of ‘[5,2{ isomers but not for \15,,(5 isomers. In at least
one case noted above if a path for formation of the X’,(j isomer were
available then it should appear in appreciable quantities at equilibrium.

This was not observed.

It has been discussed above that the 1, 5-hydrogen transfer re- .
action in the C{,@ -unsaturated esters requires a cis relationship between
the 6-—alkyl substituent and the ester carbonyl group. The nature of the
{)-alkyl substituent affects the relative importance of the 1,5-hydrogen

transfer reaction, i.e., the isomerization§of cis o{,[ﬁ to 5’3,{3 and the

cis g ,({3 to trang O{,i@. The rate of the isomerization of the cis o{,B to
- {

A% appears to increase with the change in ﬁ-alkyl substituent from

%

methyl to ethyl to isopropyl. For the cyclic 1,5-hydrogen transfer, a
tertiary hydrogen might be expected to be most readily transferred since
a secondary hydrogen has been observed in the first section of this thesis

to be more readily transferred than a primary hydrogen.

At the same time the cis (};’,(7) 1o trans 0(,{3 isomerization

appears to become slower as the !g-alkyl substituent is changed from

methyl to ethyl to isopropyl. It is possible that in the cis d\,ﬁ to trans

ol,3 isomerization the hybridization of the carbons changed from sp
L

to sp3, and as the size of @—alkyl is increased, this reaction is sterically

inhibited. Thus the rate of the cis |, to trans o’;,{g isomerization is

i

. N : : 5N i) .
reduced and as a result, the isomerization of cis q,f; to 1/;,6/ is
4

observed as an isolated step.
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To conclude, it has been shown that cis f,3-unsaturated esters
o {
can be isomerized thermally to their () ,\b/ isomers. The isomerization
reaction proceeds by an intramolecular 1,5-hydrogen transfer via a six-

membered cyclic transition state, 114. Although this step has been

114

demo~ strated in detail only for compounds with a ﬁ-isopropyl group,
it is anticipated to be important for the thermal equilibration of unsatu-

rated esters, ketones and aldehydes.
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III. EXPERIMENTAL

General statement

All boiling points are uncorrected and most of them were de-
termined by the micro inverted capillary method. Refractive indices
were determined at temperatures ranging from 20° to 27° using an

Abbe Refractometer.

Infrared spectra were measured with a Perkin-Elmer Model
21DB spectrometer fitted with sodium chloride optics. Samples were
dissolved in carbon tetrachloride in 5 - 10% solution. Most infrared
bands are calibrated using the 1603 cm"l band of the polyethylene film

‘as standard.

Nuclear magnétic resonance spectra were recorded on a Varian
Associates A~60 spectrometer and/or on a Varian Associates HA-100
spectrometer by Mrs. A. Brewster, Miss C. Burfitt and Mr. R. Burton
of this department. The double resonance spectra were measured on the
I—IA-IOO. Samples were dissolved in carbon tetrachloride to 20% solution
by volume unless otherwise stated. Tetramethyl silane was used as in-

ternal standard.

The vapor phase chromatography unit used was an Aerograph

Model A-90-P equipped with a thermal conductivity detector.

The elemental microanalyses were performed by Dr. A. Bern-

hardt and by Mrs. C.Jenkins and Mr. P. Borda of this department.
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Preparation of methyl 1,2, 2-trimethyl-1-cyclopropanecarboxylate (32)

Acetone azine: 75 g (1.5 moles) of hydrazine hydrate {99-100%)
wae added slowly to 176 g (3 moles) of acetone at 0°. The mixture was
then heated in a steam bath for 5 hrs, cooled to room temperature, 50
g of anhydrous potassium carbonate was added to aid separation of
water. This treatment was repeated with 20 g portions until the product

was dry. The organic. fraction was fractionally distilled to give 135 g

25

(80%) of a colorless liquid, b.p. 132-3°, n

1.4514 (1it. (85), b.p.

i o 20 .
129-32", nD 1.4533).

Acetone hydrazone: a mixture of 135 g (1.2 moles) of acetone
azine and 60 g (1.2 moles) of hydrazine hydrate was heated at 110° for
17 hrs. It was then fepeatedly treated with 20 g portions of anhydrous
potassium carbonate tntil dry. Fracti.onal distillation gave 145 g (84%)

of a colorless liquid, b.p. 120-2° (lit. (86), b.p. 115-20°).

3,5, 5-Trimethyl-3-carquethoxy-—&l -pyrazoline (50): a mix~
ture of 58 g (0.25 mole) of silver oxidg and 300 ml of anhydrous ether
was cooled to -60°, to this were added simultaneously 18 g (0.25 mole)
of acetone hydrazone and 15 g (0.15 mole) of methyl methacrylate with
stirring over a period of 10 minutes (2-diazopropane prepared in situ
(47)). . The resulting mixture was first allowed to warm up to -25° and
was kept stirring at that temperature for 60 minutes, then warmed to
room temperature. The black precipitate was filtered, the ether flash

evaporated. The residue was fractionally distilled to give 15 g of 50

3
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b.p. 55-6° at 0.1 mm.
Anal, Caled, for C8H14OZN: C, 56.47; H, 8.23; N, 16.47. Found:
C, 56.30; H, 8.13; N, 16.35.

The N, M.R. spectrum of 50 shows the following peaks, the C-5
methyls at 8.64 U and 8.60 C (both singlet), the C-4 hydrogens at 8.79 "C
and 8.03 7T (both doublet, Ja~~13.1 c.p.s.), the C-3 methyl at 8.46 T
(singlet) and the ester methyl at 6.27 T (singlet).

Liquid phase pyrolysis of 12.5 g of 3,5, 5 ~trimethyl-3-carbo-
methoxy- Al -pyrazoline (50) at 90-100° gave 9.5 g (91%) of a colorless
liguid boiling up to 165°. Vapor phase chromatographic separation using
a2 20' x 3/8'" dinonylphthalate column at 15 8° with helium flow rate of
85 ml per min gave two components, A and B in the ratio of 83.8% to

16.2%, retention time of 14.6 and 22.3 min respectively.

25

Component At b. p. 148.5°, .

1.4280, was assigned the struc-
ture of methyl 1,2, 2-trimethyl-1-cyclopropanecarboxylate (32) on the
basis of its N, M. R. spectrum (20% by volume in benzene) which shows
three singlets at 9.01 “(, 8.87 " and 8.74 U for the three ring methyls,
another singlet at 6.57 {° for the ester methyl, two doublets at 9.74 T
and 8.58 (J’gem‘-’i 4.6 c.p.s8.) for the AB system for the C-3 hydrogens.
When carbon tetrachloride was used as solvent for the N, M, R. spectrum,
the low field doublet appeared hidden under the low field singlet which
now anpeared at 8.71 1,

Anal. Calcd. for C8H14OZ: C, 67.57; H, 9.93. Found: C, 67.69;

H, 9.88.



- 79 -

A. splittings of methyls on C-4 and hydrogen on C-4

B. the raultiplet due to the hydrogen on C-4 is reduced to a
doublet with some further long ran

methyls on C-4 are irradiated

ge splitting when the

- C -4 methyls

FIGURE 15 - Double resonance N, M, R, spectrum of 43
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25

L 1.4366 (lit. (90), b.p. 49.50°

Component B: b. p. 164.5°, n
at 10 mm, nd230 1.4384), it showed I.R. and N, M. R. bands characteris-
tic of methyl trans-~2, 4-dimethyl-2-pentenoate (43). The I.R. spectrum

L and 1649 cm™t for the conjugated carbonyl

shows bands at 1714 cm”™
and double bond stretching vibrations respectively. The N, M.R. spec-
trum shows peaks at 8.98 “U (doublet, J2£6.7 c.p.s.) for the C~4
methyls, 8.20 T (doublet, ‘Tl, 3'21.4: c.p.s.) for the C-2 methyl, 6.33°C
(singlet) for the ester methyl, 3.51 T (2 quartets, Jl, 522 9.6 c.p.s.,
Iy 3= 1.4 é.p.s.) for the olefinic hydrogen and 7.36 ¥ (multiplet) for
the C-4 hydrogen. The multiplicity of the 7.36 ‘U multiplet was reduced
when the 8.98 “U doublet was irradiated employing the double resonance
technique (87) at 100 Mc (Figure 15).

Anal. Calcd. for C8Hl402: C, 67.57; H, 9.93. Found: C, 67.85;

H, 9.71.

Preparation of methyl 2, 2-dimethyl-1-cyclopropanecarboxylate (35)

5,5~Dirhet11yl-3-cafb§methoxy— Al—pyrazcbline (53) and A%
pyrazoline (54): 116 g (0.5 mole) of silver oxide in 500 ml of anhydrous
ether was reacted with 36 g (0.5 mole) of acetone hydrazone and 43 g
(0.5 mole) of methyl acrylate as described in the preparation of 50
abéve except that the mixture was kept at -25%0r 30 min. Fractional
distillation gave 31 g of a colorless liguid, b.p. 85--97o at 0.1 mm,
which was shown by N. M. R. to be a mixture of the Al.. and AZ..

’ o
pyrazolines. Subsequent distillation gave a fraction, b.p. 96-7 at 0.1 mm,
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of pure Zl\z-pyrazoline (54). The N.M.R. spectrum of 54 shows the C-5
methyls at 8.72 “{ (singlet), the C-4 hydrogens at 7.36 T (singlet), the
ester methyl at 6.27 { (singlet) and the N1 hydrogen at 3.16 T (broad).
Through a comparison of the spectrum of the pure Az-pyrazoline (5_4_)
and that of the A and AZ-pyrazol'me mixture, the following peaks
were agsigned to the ‘Al-pyrazoline (53), the C-5 methyls at 8.33 T
and 8.15 T (both singlet), the C-4 hydrogens at 7.49 “T and 6.71“C (both
multiplets), the ester methyl at 6.37 U (singlet) and the C-3 hydrogen at ‘
5.41 T (broad). Pyrolysis of 31 g of the mixed : pyrazolines (5_3_ and 54)
at 100-170" vielded 24 g (94%) of a colorless liquid boiling up to 150°.
This was separated by V.P.C. using a 20'x 3/8'" dinonylphthalate column
at 165° with helium flow rate of 85 ml per min to give  components C and
D in the ratio of 3:7 with retention time of 11.0 and 16.2 min respectively.

Component C: this was found to Ee a mixture of methyl 2, 2-di-
methyl-1-cyclopropanecarboxylate (35) and methyl cig~4-methyl-2-pen-
tenoate (44) in the ratio of approximately 85:15 (or 23% and 4% respec-
tively of the total product from pyrolysis) as indicated by N. M, R. analy-
sis. 35 showed N. M R. peaks at 8.86 ‘T and 8.81 “T (both singlet) for
the methyls on C-2, 6.37 U (singlet) for the ester methyl, 8.50 T (pair
of doublet) for the C-1 hydrogen, 9.0 T (pair of doublet, 100 Mc in ben-
zene) for the C-3 hydrogen trans to the C-1 hydrogen and 9.21 T (pair
of. doublet) for the C-3 hydrogen cis to the C-1 hydrogen. The C-1 and

C-2 hydrogens form an ABX coupling system with J 4.0 c.p.s.,
, gem .
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J ., ~28.1c.p.s. and J &4 5.1 c.p.s. Methyl cis~-4-methyl-2-pen~-
cig trans :

tenoate (44) showed N, M., R, peaks at 8.99 U (doublet, J=£6.6 c.p.s.)

for the C-4 methyls, 6.36 T (singlet) for the ester methyl, 4.43°T

(doublet, J_, £211.4 c.p.s.) for the C-2 olefinic hydrogen and 4.03 7

(2 doublets, ‘Tcis =11.4 ¢c.p.8., Jl 29-“’ 9.2 c.p.s. ) for the C-3 olefinic

hydrogen. Attempts to separate 35 and 44 were unsuccessful.*

Component D: b. p. 1500, ngz 1.4298, was characterized by

N. M. R. and L. R. spectral anaylses to be methyl trans-4-methyl-2-

1

pentenoate (45). Three L R. bands at 1723 cma™, 1657 cm™! and 990

-1

crn are consistent with the structure assigned. Its N. M. R. spectrum
shows peaks at 8.91 ‘U (doublet, J=6.7 c.p.s.) for the C-4 methyls,

6.34 7 (singlet) for the ester methyl, 4.32 T (2 doublets, J = 15.8

¢.p.s., Iy 3*;\-}— 1.4 c.p.s.) for the C~2 olefinic hydrogen, 3.14 T (2 dou-

blets, J ~15.8 c.p.s., J, ,=26.5 c.p.s.) for the C-3 olefinic hydro-

trans 1,2

gen and 7.54 /¥ (multiplet) for the C-4 hydrogen.

Anal, Caled. for C7H1202: C, 65.49; H, 9.45. Found: C, 65.39;

H, 9.44.

Preparation of cis- and trans-1, 2-dimethyl-1-cyanocyclopropane (41&40)

1
3,5-Dimethyl-3-cyano- /\ -pyrazoline (55): 12 g of methacry-
lonitrile was added in 5 min to an ethereal solution of diazoethane (from
40 g of N-nitrosoethylurea) (88) at 0° and the resulting solution was leit

stirring for 30 min. Flash evaporation of the ether gave 20 g of crude 55.

K Anal., Calcd. for C7H1202(mix_ture of gf)_and ﬁ% C, 65.49' H, 9.45.
Found: C, 65.37; H, 9.62.
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The N.M.R. spectrum (Figure 1, p.21) of the crude 55 showed it to be

a mixture of thecis and trans isomers (the C-3 methyl and the C-5 methyvl)

with peaks similar to those of an analogous mixture of cis~ and trans-

3,5 -dimethyl-3-carbomethoxy- L";L\-pyrazoline (3). Ten grams of the
érude ?_5_ was pyrolysed at a temperature of 100° and separation by
vV.P.C. uéing a 20'x 3/8" dinonylphthalate column at 145° with helium
flow rate of 85 mil per min gave three components, E, F and G in the
ratio of 52.6%, 44.4% and 3.0% with retention times of 13.6, 17.5 and
20.0 min respectively.

26

Component E: b. p. 137.50, nD 1.4179, it was assigned the

structure of trans-1, 2-dimethyl-1l-cyanocyclopropane (f:_g_). It showed
an I. R, {Perkin-Elmer Model 137) band at 2242 c:rn"l characteristic of
the C=N stretching vibration. The N. M. R, spectrum of 40 showed
the C-1 methyl at 8.65 ‘T (singlet), the C-2 methyl at 8.70 ‘T (doublet,
Joi5.6 c.p.s.) and the three ring hydrogens in the region 8.80 T to 9.30
7 (multiplet).

Anal. Calcd. for C6H9N: C, 75.74; H, 9.54; N, 14.72. Found:
C, 75.82; H, 9.67; N, 14.92.

Compomnent F: b. p. 1490, np 1.4238, it was assigned the
structure g-l, 2 -dimethyl-l-cyanocyclopropane (41). Its N. M. R. spec-
trumm shows the C-1 methyl at 8.69 T (singlet), the C-2 methyl at §.75 T
(doublet, J /8.5 c.p.s.), one of the ring hydrogens at 9.60 7T (multiplet)

e
A

and the remaining hydrogens at the region 8.50 I to 9.00 T (multiplet)

which is under the 8.69 T and 8.75 ‘T signals and thus not resolved.
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Anal. Calcd. for CéH N: C, 75.74; H, 9.54; N, 14.72. Found:

9
C, 75.72; H, 9.80; N, 14.82,

26

- Component G: b.p. 1559, np 1.4326, it was assigned the

strueture of 2-methyl-2-pentenonitrile (57).. Its I R. spectrum {(Perkin
Elmer Model 137) shows C=N stretching vibration at 2208 cm—l. The

. N.M.R. spectrum of 57 shows peaks at 8.95 ‘U (triplet, Jo47.4 c.p.s.)
for the C-4 methyl, 8.14 ‘T (broad) for the C -2 methyl, 7.80 T (quintet)
for the C-4 methylene hydrogens and 3.74 ‘U (multiplet) for the C-3
olefinic hydrogen.

Anal. Calcd. for C6E-I9N: C, 75.74; H, 9.54; N, 14.72. Found:

- C, 75.56; H, 9.71; N, 14.58.

Preparation of methyl cis- and trans-2,4-dimethyl -2-pentenoate (42 &43)

(C)-methyl-(P)-diethyl- ui--ph‘osphono)_:>ro-pionate: a mixture of
66 g (0.4 mole) of triethylphosphite and 34 g (0.2 mole) of methyl of-
bromopropionate was heated in a 500 ml two necked round bottom flask
equipped with a thermometer and a condenser which was connected to a
dry ice-acetone trap. Ethyl bromide began to form and condensed at the
trap when the reaction temperature reached 120° and ceased at l?OO. The
resulting solution was distilled to give 42 g (93%) of a colorless liquid,
b. p. 62-5° at 0.15 mm. Its N.M,R. spectrum shpws the C-2  methyl
at 8.68 “ (pair of doublets, J27.2 c.p.8., JH_P.’}J_17.8 c.p.s.) , the C-2

hydrogen at 6.94 T (pair of quartets, Jnd 7,2 c.p.s., JH PQ". 23.5 c.p.s. ),

the (C)-ester methyl at 6.31 T (singlet), the methyl on the (P)-ethyl at
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8.72 = (triplet, J227.1 c.p.s.) and the methylene hydrogens of the (P)-
ethyl at 5.89 “T (pair of quartets, J247.1 c.p.s., IH_P::L 8.5 c.p.s.)

Two hundred millilitres of glyme (distilled from sodium hydride)
in a l-liter three necked round bottom flask equipped with a dropping -
funnel, a stirrer and a thermometer was cooled to OO, 11 g'(O.Vl‘? mole)
. of sodium hydride (49% dispersion in oil) was added and stirred. To
thig suspension maintained at 15 -20° was added dropwise with stirring
in one hr 42.5 g (0.19 mole) of (C)-methyl-(P)-diethyl-y~phosphonopro-
pionate, after the addition, it was kept stirring for I hr at 15° followed
by 5 min at 350, then it was cooled to 15°. To this was added in 15 min
14.5 g (0.19 mole) of isobutyraldehyde with vigorous stirring. The re-
sulting mixture was heated to reflux for 20 min, cooled to room temper -
ature, diluted with 300 g of ice, extracted with 5 portions of 100 ml of
ether. The combined ethereal solution was washed three times with 250
ml of water, dried with anhydrous sodium sulfate. Flash evaporation of
ether gave 23 g (83%) of a colorless liquid which when analyzed by V. P.
C. using a 10'x 1/4" dinonylphthalate column at 166° with helium flow
of 35 ml per min gave 55.8% methyl cis-2, 4-dimethyl -2 -pentenoate (42),
1‘6.2% ethyl ester of 42, Zi.6% of methyl trans-2, 4-dimethyl -2 -penteno -
ate (4£3) and 6.4% ethyl ester of 43 with retention times 15.5, 21.2, 24.2
and 32.6 min respectively. The ethyl esters can be converted to their
respective methyl esters by the following procedure. Three and a half

grams of the above product in 18 ml of 30% potassium hydroxide solution
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was heated with constant stirring until only one layer was resulted (1 hr),
evaporated to dryness on a steam bath, diluted with 20 ml of water, cool-
o .
ed to 0, acidified with concentrated hydrochloric acid on Congo Red. Ex-
tracted 3 times with 25 ml portions of ether, the combined extract was
dried with anaydrous sodium sulfate, and treated with diazomethane in
ether, flash evaporation gave 3.4 g (99%) of a colorless liquid which
consisted of 71.2% of 42 and 28.8% of 43,
) . . e 25
Methyl cis -2, 4-dimethyl-2-pentencate (42): b.p. 149.5, al
20
1.4328). It showed L. R.

'1.4308 {lit. (90), b.p. 58-9° at 23 mm, np
for the conjugated carbonyl and dou-

bands at 1772 cm"l and 1646 cm"1
ble bond stretching vibrations respectively. The N. M.R. spectrum

shows peaks at 9.04 U (doublet, J™6.7 c.p.s.) for the C-4 methyls, 8.18

NG

1.4 c.p.s.) for the C-2 methyl, 6.32 T (singlet) for

v (doubleﬁ, ‘Tl, 3
theester methyl, 4.38 “U (pair of quartets, Jl 2:.'\_{ 9.6 c.p.s., ‘Tl 3

1.4 c.p.s. ) for the C -3 olefinic hydrogen and 6.75 “T (multiplet) for the

C -4 hydrogen.
Anal. Calcd for C8H140: C, 67.57; H, 9.93. Found: C, 67.38;

H, 10.00.
‘Methyl trans -2, 4~dimethyl-2-pentenoate (fL_B_) the physical data,
elemental analysis and spectral assignments hawe been given earlier (p. 80)

Preparztion of methyl cis~ and trans -4 -methyl -2 -pentenoate (44 and 45)

Trimethyl phosphonoacetate: a mixture of 77 g (0.5 mole) of

bromoacetate and 87 g (0.7 mole) of trimethyl phosphite was heated from
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o o 3 b o] < 3 h
&0 to 160  as described earlier for the preparation of (C)-methyl-(P)-~

diethyl- i~phosphonopropionate. Fractional distillation yielded 73 g (80%)

of a colorless liquid, b. p. 85-6° at 0.08 mm.

Anal., Calcd for C O P: C, 32.97; H, 6.09. Found: C, 32.63;

5By
H, 6.37.

The N. M. R. spectrum of trimethyl phosphonoacetate shows the

(P)-ester methyls at 6.25 U (doublet, J;; poxll.l c.p.s.), the methyl-

N

ene nydrogens at 7.07 "U (doublet, JLI P::; 21.7 c.p.s. ) and the (C)-ester

lo-

methyl at 6.28 T (singlet). The latter showed a doublet (J’H 5= 0.6

c.p.s. ) on expanded 100 Mc N. M, R, spectrum.

Twenty-two grams (0.3 mole) of isobutyraldehyde was reacted
with 54.6 g (0.3 mole) of trimethyl phosphonoacetate, 14.4 g (0.3 mole)
of sodium hydride ‘in 300 ml of glyme according to the procedure described
above for the preparation of 42 and 43 with minor change. After the ad-
dition of isobutyraldehyde, the mixture was kept stirring for 20 min at
20° instead of under reflux. The yield was 17.6 g (46%) consisting of
30.8% of methyl E_i_s_-‘i-—methyl-Z-pentenoate (44) and 69.2% of methyl

trans-4-methyl-2-pentenocate (45) as shown by V.P.C. The mixture

o
was distilled with a spinning band column to give 5.2 g 44, b.p. 138-40

and 9.2 g 45, b.p. #48-50",

. 22
Methyl cis-4-methyl-2-pentenoate (44): b. p. 1400, By 1.4225.

-1

I+ showed I. R. bands at 1723 cm™" and 1650 cm~t and 1417 cm"l. The

N.M.R. spectral datateve been reperted earlier in this thesis (p. 82).
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Anal. Cacld. for C7H1202: C, 65.59; H, 9.44. Found: C, 65.60;

H, 9.56.

Methyl trans -4 -methyl-2-pentenoate (45): all physical data,

elemental analysis and spectral data hawe been presented earlier in this
thegis. (p. 82).

A similar reaction using (C)-methyl-(P)-diethylphosphonoacetate,
whose preparation is. given below, in 0.1 mole scale yielded 7 g (53%) of a
mixture consisting of 4% of cis isomers (44 and ethyl ester of 44) and

96% of trans isomers (45 and ethyl ester of 45). The ratio of methyl

esters to ethyl esters was approximately 32:68. (C)-methyl-(P)-di-
ethylphospﬁonoacetate was prepared according to the method used for the
preparation of trimethyl phosphonoacetate. A mixture of 51 g (0.33 mole)
of methyl bromoacetate and 85 g (0.5 mole) of triethyl phosphite was heat-
ed from 95-170° and worked up, to yield 61 g (88%) of (C)-methyl-(P)~
diethylphosphonoacetate, b. p. 71-3% at 0.1 mm (89). Its N.M.R. spectrum
shows peaks at 6.30 ‘U (singlet) for the (C)-ester methyl, 6.96 T (dou-

~:21.9 c.p.s. ) for the C-2 methylene hydrogens, 5.88 " (pair .

blet, J
H

of quartets, J2=7.1 c.p.s., ‘TH PL\_" 8.4 c.p.s.) for the methylene hydrogens

of the ester ethyl and 8.71 T (triplet, J=7.1 c.p.s.) for the methyl of the

ester ethyl.
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d trans-2-methyl-2-pentenoate (46 and 47)

this was
Trimethyl ;/'\-p"nosphonopropionate:/prepared according to the
i

method for the preparation of trimethyl phosphoncacetate. Thus, from
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75 g (0.6 mole) of trimethyl phosphite and 67 g (0.4 mole) of methyl -
bromopropionate at reaction temperature 95.150°, 25 g (53% based on
the methyl " -bromopropionate used) of trimethvyl. ci-phosphonopropionate,
b. . 82-4° at 0.1 mm, was obtained. It showed N. M, R. peaks at 8.65"C
{pair of doublets, J=T7.2 c.p.=s., JH_P'—‘:il7.9 c.p.s.) for the C-3 methyl,
7.02 T (multiplet) for the C-2 hydrogen, 6.29 C (singlet) for the (C)-

ester methyl and 6.28 { (doublet, J = 11.0 ¢c.p.s.) for the (P)-ester

H-P
methyls.
According to the procedure described above for the preparation

7.5 g (0.125 mole) of propionaldehyde and
of 44 and 45, 24.5 g (0.125 mole) of trimethyl {-phosphonopropionate ‘

g
6 g (0.125 mole) of sodium hydride in 150 ml of glyme. gave 5 g (56%) of
colorless ligquid, b. p. 13O~55O. It was analysed by V.P.C, usging 2 10’

by 1/4" dinonylphthalate column at 17'00, with helium flow of 35 ml per

min to give 38% of methyl cis-2-methyl-2-pentencate (46) and 62% of

methyl m~2—methyl—2-pentenoate (47) . Both fc_(_)_ and 47 had been
characterized by their N M. R. and I.R. spectral analyses. They were
identical to those reported earlier (3).

A second preparation using (C)-methyl-(P)~diethyl{-phosphono-
propionate vyielded 12 g (73%) of a mixture consisting of 13% cis esters
(46 and ethyl ester of 46) and 87% of trans esters (47 and ethyl ester of

47). The ratic of methyl esters to ethyl estexrs was 72:28.

recaration of cis- and_trans-Z-pentenoate (48 and 49)

g

According to the procedure described above for the preparation
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of 44 and 45, 8.7 g (0.15 mole) of propionaldehyde, 31.5 g (0.15 mole)

lux

of (C)~methyl-(P)-diethyl-phosphonoacetate and 7.2 g (0.15 mole) of
sodium hydride in 150 ml of glyme gave 6.5 g (43%) liquid. Vapor phase
chromatographic analysis (10'x 1/4" dinonylphthalate column at 1680 ,
Zelium flow of 35 ml per min) of the product gave 4% of cis esters

\£8 and ethyl ester of 48) and 96% of trans esters (49 and ethyl eater of
49). The ratio of methyl esters to ethyl esters was 79:21. Both 48 and

29

9 had been characterized by comparing their I, R, and N, M. R. spectra

to those reported previously (2).

Thermal rearrangement of methyl 1,2,2-trimethyl-1l-cyclopropane-

carboxylate (32) at 280"

A sample of 500 41 of 32 in a sealed N. M. R. tube was heated
at 285)O for 10 hr. The product was analyzed by V.P.C. (10'x 1/4" di-
decylphthalate column at 15 0° with helium flow rate of 40 ml per min) to

give the starting material (less than 2%) and methyl 2, 4-dimethyl-4-

pentenoate (67) at 12.2 and 13.8 min respectively.

24 .
Methyl 2,4-dimethyl-4-pentenoate (67): b.p. 1557, n 14228
o - 20

(lit. {91), b.p. 51 at 12 mm, nD 1.4270). It showed N, M. R. peaks at
8.91 U (doublet, J=£ 6.5 c.p.s.) for the C-2 methyl, 8.31 U (broad) for
the C-4 methyl, 6.41 T (singlet) for the ester methyl, 5.31 77 (broad)
for the C-5 terminal methylene hydrogens and at the region of 7.20 U to
8.10 “C (multiplet) for the C-2 and C-3 hydrogens.

Anzal., Caled. for CSHL’&OZ: C, 67.57; H, 9.93. Found: C, 67.42;

H, 10.14.
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Thermal rearrangement of methyl trans-1-methyl-2-ethyl-1-cyclopro-

panecarboxylate (33) at 280°

>

sample of 0.5 ml of 33 in a scaled N. M. R. tube was heated
at 280% for 18 hr. Analyszis by V.P,C, using a2 20'x1/4" diethylene
glycol succinate column at 153° with helium flow rate of 35 ml per min
gave a trace amount of 33, 17.5% of methyl c_is_—Z-me.thyl—é ~hexenoate (68)
and 82.5% of methyl trans-2-methyl-4-hexenoate (69) with retention

times of 18.5, 23.1 and 26.1 min respectively.

Methyl cis-2-methyl-4-hexenoate (68): b.p. 164.5°, néé 1.4261.
It showed a carbonyl band at 1737 cm~l. The N, M. R. spectrum shows
the C-2 methyl at 8.88 % (doublet, J2£6.3 c.p.s.), the C-5 methyl at
8.39 T (doublet, J2£5.7 c.p.s.), the ester methyl at 6.40 T (singlet),
the C-2 and C-3 hydrogens at 7.35 T to 8.05 T (multiplet) and the
olefinic hydrogens at 4.25 ‘T to 4.95 T (multiplet).

Anal. Calcd. for C8H1202: C, 67.57; H, 9.93. Found: C, 67.33;
H, 9.97.

Methyl trans-2-methyl-4-hexenoate (69): b.p. 161°, n2® 1.4225.
It ehowed two L. R. ba.nds at 1736 cm““1 and 973 cm™F due to the carbonyl
and C-H out-of-plane stretching vibrations respectively. The N. M. R.
spectrum shows the C-2 methyl at 8,96 U (doublet, J226.5 c.p.s.), the
C-5 methyl at 8.36 U (doublet, Jii4.7 c.p.s.) the ester methyl at 6.41 7

(singlet), the C-2 and C-3 hydrogens at 7.50 T to 8.10 T (multiplet) and

the olefinic hydrogens at 4.50 T to 5.00 T (multiplet).
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Anal. Calecd. for CSHIZOZ C, 67.57; H, 9.93., Found: C, 67.36;

e, 10.00.

Thermal rearrangement of methyl 2, 2-dimethyl-1l-cyclopropane -

cerboxylate (35) at 258°

o=y

sample (0.5 ml) consisting of 85% of 35 and 15% of methyl

cig -4 -methyl-2-pentenoate (44) in a sealed N. M.R. tube wes heated at

258° for 50 hr . Product analysis by V. P.C. using a 20'x3/8'" dinonyl-
phthalate colﬁmn at 1556 with helium flow of 85 ml per min showed
three peaks at 14.7, 18.9 and 23.3 min respectively. The first peak was
the gtarting material (<I5%), the second and the third peaks with a
ratio of ~v 85:15 were characterized to be methyl ;lf-me’chyl -4 -pentenoat

(70} and methyl 4-methyl-3-pentencate (102).

Methyl 4-methyl-4-pentenoate (Z_Q_); b. p. 1490, n2D3 1.4230.

Its N. M.R. spectrum shows four singlets at 8.25 U (broad) for the C-4
methyl, 7.64 T for the C-2 and C-3 methylene hydrogens, 6.35 T for
the ester methyl and 5.20 U (broad) for the C-5 terminal methylene
hydrogens.
Anal. Calcd. for C7r11202 C, 65.49; H, 9.45. Found: C, 65.67;
Methyl 4-methyl-3-pentencate (102): its N. M, R. spectrum i3
identical to that isolated from the thermal isomerization of methyl cis~

4_methyl-2-pentenoate (44) as discussed later (p.100).

g
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Thermal rearrangement of methyl trans-1, 2-dimethyl-1-cyclopropane -

carboxvlate (18) at 300°

A sample of 0.5 ml of 18 in a sealed N. M. R. tube was heated
at 300° for 18 hr. Product analysis by V.P.C. using 2 10'x 1/4«"' di-
nonylpa thalete column at 146° with helium flow of 35 ml per min showed
that 18 had rearranged almost quanti itatively to methyl 2-methyl-4-pen-
tenoate (31) (95%).

Methyl 2-methyl-4-pentenoate (31): b.p. 137.5°, nZDZ 1.4156.
It showed N, M. R, peaks at.6.49 ‘U (singlet) for the ester methyl, 8.97 7T

doublet, Jr26.5 c.p.s.) for the C-2 methyl, 7.35 T to 8.10 U (multiplet)

for the C-2 and C-3 hydrogens, 5.05 U and 5.26 U (both multiplet) for
the terminal hydrogens and 4.15 T to 4.85 T (multiplet) for the C-4
clefinic hydrogen.

Anal. Calcd. for C7H1202 C, 65.49; H, 9.45. Found: C, 65.68;
H, 9.57.

Thermeal rezrrangement of methyl frans-2,3- dlmethyl l~cyclopropane~

carboxvylate (36) at 258°

Three hundred microliters of 36 was heated at 258° for 50 hr

in a sealed N, M.R. tube. Vapor phase chromatography of product using

a 10'x1/4" dinonylphthalate column at 15 0° with helium flow of 35 ml

per min gave methyl 3-methyl-4-pentenocate (71) and unchanged 36 ina

ratio of 90:10 with retention times of 12.5 and 14.4 min respectively.
24

Methyl 3-methyl-4-pentenoate (71} b.p. 537.5°, nl 14152,
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sectrum shows the C-3 methyl at 8.97 T (doublet, J—5.3

ot
i
1G]
oot
i
‘
.
{0
e}

c.p.s.), the ester methyl at 6.41 U (singlet), the C-2 methylene hydrogens
one 2t 7.79 T (doublet, J=£8.6 ¢.p.s.) and the other at 7.76 T (doublet,

5.}, the C-3 hydrogen at 7.35 U (multiplet) and the three

Cq
;
o
o
(s}
o

olefinic hydrogens 2t 5.18 T, 4.95 T and 4.22 ' (all multiplets).

—~

Anzal.Calcd. for C7H1202: C, 65.49; H, 9.45. Found: C, 65.58;

Thermal rearrangement of methyl cis-2~-methyl-l-cyclopropane -

carboxylate (37) at 294 °

A sample (2 ml) containing 28.2% of 37 and 71.8% of methyl

;-2 -methyl-l-cyclopropanecarboxylate (16) (100 Mc N. M. R. spec-

ﬁ.
H
3]
B
F)

trum of the high field region of this mixture is gshown in Figure 16A) in

; , 1% .
sealed tube was heated at 294 for 18 hr to give two components H and

a
I in the ratio of ~1:3. They were separated by V.P.C. using 2 10tx1/4"

- o . . . . )
Ucon polar column at 92~ with helium flow at 50 ml per min with reten-

tion times of 16.8 and 19.7 min respectively.

Component H: b. p. 125.5°, néz 1.4148. It was assigned the

structure of methyl 4-pentenoate (72) on the basis of ite N, M. R, gpec-

trum which shows three singlets at 7.67 7, 7.62 U and 6.45 " and

three sels of multiplets at 5.08 7, 4.84 O and 4.09 1.

©
©

Anzal. Calcd. for CéHlOOZ: C, 63.11; H, 8.84. Found: C, 62.90;

1.

rp
[
w
GO

25

Cornponent J: b. p. 130.5°, D 1.4195. It was assigned tae
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rans~2-methyl-l-cyclopropanecarboxylate (10) on

P
o
-

e s . o
the basgis th t did not rearrange on heating (5 hr at 2947). The 100 Mc

N.M.R. spectrum of the high field region of 16 is shown in Figure 16B.

nal. Caled. £ ! : 63.11; ¥, 8.84. ¥ 1 .40,
Anal, Caled. for Céi—lo%'c’ 63.11; H, 8.84 ound: C, 63.40;

o, 8.62.

Thermal rearranyement of methvl c¢is, trans-1,2,3~trimethyl-1-cyclo~
g yL ClB, trans-1,4, ¥ Y

propanecarboxylate (38) at 250°

Six hundred microliters of 38 in a sealed N. M. R. tube was
50600 : . S
heated at 280° for 12 hr. Product analysis by V.P.C. using a 20" % 3/8"
: o . - , .
didecylphthalate colummn at 168~ with helium flow at 85 ml per min gave

5% unchanged 38 and 95% of methyl 2,3-dimethyl-4-pentenocate (73)

with retention times of 25,7 and 24.0 min respectively.

- . ~ O -]
Methyl 2,3~dimethyl-4-pentenocate (73): b.p. 151.57, n_~ 1.4z 12.

£

~Z . D

The N. M. R. spectrum shows peaks at 9.01 “T (doublet, J=. 6.6 c.p.5.)
for the C-2 methyl, 8.94 T (doublet, J 6.7 c.p.s.) for the C-3 methvl,
7.64 7 (multiplet) for the C-2 and C-3 methine hydrogens, 6.38 ' (siagl
for the ester methyl, 5.14 T, 4.92 T &nd 4.31 ‘T (all multiplets) for the
three olefinic hydrogens.

Anal. Calced. for C,H, O

panecarboxylates
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Sarmples of several methyl trans-2-alkyl-l-cyclopropanecarb-
oxylates, in sealed N. M, R, tubes, were heated at temperatures above

2507 and V.2.C, and N. M, R. analyzes showed no rearrangement

O
[

curred. Thece methyl trans ~2-alkyl-l-cyclopropanecarboxylates are

listed below with temperature of reaction and the length of heating in

brackeis: metayl cis-l-methyl-2-ethyl-l-cyclopropanecarboxylate (34)

(2807, 18 kr), methyl cis-1,2-dimethyl-1l-cyclopropanecarboxylate (17)
{3007, 18 hr), methyl trans—..-mcwyl-l-cyclopropanecarboxylate (}__fi}

, 23 hr) and methyl cis,cis-1,2,3trimethyl-1l-cyclopropanecarb-

oxylate (39) (280°, 12 hr).

Atternnted thermal rearrangement of ¢is~ and trang-1,2-dimethyl-

-l-cyanccyclopropane (41 and 40) at 258"

Samples of 41 and 40 in sealed N. M. R. tubes were heated at

o) . , .
2587 for 17 hr. No rearrangement occurred to either compound as in-

dicated by both V.P.C. and N. M. R, analyses.

Kinetic studies of the thermal rearrangement of cyclopropanes

The kinetics of the thermal rearrangement of methyl cis-2-

Xl

5

J-unsaturaisa

zlkyl-l-cyclopropanecarboxylates to their corresponding i
b 301 s . ] e d o - - . . . . p e} - O
ecsters had been studied at various temperatures ranging from 240 to 300]

For each kinetic run, 10 to 15 samples were heated at a desired tem-

-

rature in sealed tubes. The samples, 7 ol each were placed in pyrei

P
<

tubes, 120 mm x 4 mm O.D. {the volume of each tube was approximately
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C.5 ml) and sealed at atmospheric pressure. They were removed at
various time intervals and gquenched by cooling with ice water and
analysed by V. P.C. All -kinetic runs were followed to at least 70% cora-
pletion. They gave good first-order kinetics and rate constants were ob-
taired from first-order plots. The heats of activation and entropies of
activation were obtained by graphical presentation of the temperature
dependence of rate constant (see text). The results are summarized in
Table V (p.34).

The furnace used for the heating of the samples was a vertical

cylindrical induction furnace. Sample tubes were placed inside the metal

§t

cylinder which was heated to the desired tempeArature by the heating coi
around it. The electrical input to the heating coil was controlled by an
input controller (Temcometer, trade name of the thermo Electric Co. ).
The temperature inside the furnace was maintained to £.0.5° of the desired
temaperature which was observed by a thermomter placed in the same

o
level ag the sample tubes. The thermometer, 400 mm length, -10 to

O

+4.00° range with 1° subdivigion, had been corrected, from 240° to 340 ,
against a standard thermometer (Fisher 2C4131, National Bureau of
Standard Calibrated).
The chromatographic unit used was an Aerograph Model A-90-F
with thermal conductivity detector. The columns and analysiz conditions
v €

were different for each of the cyclopropane~ j y~olefin system as has

been noted earlier under the thermal rearrangement of cyclopropanes.
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Chromatograms were recorded on a Honeywell Model Zlectronik 15
graphic recorder and were converted to digital data by peak area deter-
mination ucing a dicc chart integrator. The response of the detector to
5 " . -~ b
the cyclopropanes and their 7, ¢-olefins had been determined by analyz-
ing 1:1 zad/or 2:1 mixtures of the two species and was found to be
accurate (0 less than +£1%.
. v <
411 samples of cyclopropanes and ¥,<-olefins used for the

kinetic gtudies and the determination of the response of the detector had

been purified by V. P.C. to better than 99.9% purity.

Preparation of methyl 2,4-dimethyl-3-pentenoate (101)

\

A sample of 2 ml of methyl cis-2,4-dimethyl-2-pentenoate (£2)

-

, . o
in a gesled tube (220 mm x 6 mam L. D. ) was heated at 281" for 5 days.
{ ) Y

Vapor phase chromatography (10" x 1/4" dinonylphthalate column 2t 160°
with heliura flow of 35 ml per min) analysis gshowed that §0% of 42
isomerized to _1_9}_

Methyl 2,4-dimethyl-3-pentenoate (101): b.p. 159.5°, n2D7 1.4280.
The N. M, R. spectrum shows the C-2 methyl at 8.84 T (doublet, J2.7.1

c.p.s.), the C-4 methyls at 8.34 U and 3.28 7 (both doublet, Jiz 1.4 ¢c.p.c.),

Y

the ester methyl at 6.38 (singlet), the C-2 methine hydrogen at 6.7

o~

(rultiplet) and the C-3 olefin hydrogen at 4.89 ¢ (multiplet).

nal. Caled. for CSI", O.: C, 67.57; H, 9.93. Found: C, 67.74;
1472
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Preparation of methyl 4-methyl-3-pentencate (102)

A sample of 1 ml of methyl iz -4-~-methyl-2-pentenocate (44) in

o -
a sealed tube was heated at 294~ for 3 hr. Vapor phase chromatography

(10' x 1/4" dinonylphthalate column at 1600, helium flow of 35 ml per

min) of the product showed more than 97% of 44 isomerized to 102.

Methyl 4-methyl-3-pentenoate (102): b. p. 153.5°, nZDZ 1.4298

25
D

at 8.37 T and 8.26 T (both broad) for the C~4 methyls, 6.40 U (singlet)

(lit. (91), b.p. 145-8° at 640 mm, nZ> 1.4302). It showed N.M.R. peaks

for the ester methyl, 7.08 U (doublet, J27.2 c.p.s.) for the C-2 methyl-

-

ene hydrogens'and 4.75 ¢ (multiplet) for the C-3 olefin hydrogen.
Anal, Caled. for C7H1202: C, 65.59; H, 9.44. Found: C, 65.49;

H, 9.55.

Preparation of methyl trans-2-methyl-3-pentenoate, (103)

One rmilliliter of methyl cis-2-methyl-2-pentenocate (46) in a

sealed tube wag heated at 294° for 85 hr. Product analysis by V. P.C.

using a 10' x 1/4" dinonylpﬁthalate column at 152° with helium flow at

35 ml per min gave 18% of the starting olefin_4_(_>, , 40% of methyl trans-
2-methyl-pentenocate (f:l) and 42% of 103.

Methyl trans-2-methyl-3-pentenoate (103): b. p. 140°, n?j

14217 (Lt (3), b.p. 139, 5 1.4229). The LR. bands at 1734 em ™

-1 ‘
znd 971 ¢m are congistent with the strueture of 103. The N, M. R.

spectrum showed the C-2 methyl at 8.31 “T (doublet with fine splitting),

5
(0]

ester methyl at 6.39 7 (singlet), the C-2 methine hydrogen at 7.00 ¥
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(raultiplet) and the olefinic hydrogens at 4.51 T (multiplet).

m
-1
.\’

Anal. Calcd, for C7H1202: C, 65.59; H, 9.44. Found: C, 6

Preparation of methyl trans-3-pentencate (94)

A sarmaple 0f 500 1l of methyl cig-2-pentenoate (48) in a sezled

»

(M)
~
e}

tube weas heated at 270° for 50 hr. Analysis by V.P.C. us a 20
dinonylphthalate ‘column at 150° with helium flow of 50 ml per min gave
48, rethyl trans- 2-pentenocate (49)and 94 in the ratio of 8:40:52,
AN 4 ‘A‘ © 24: A1 N Lo
Methyl trans ~-3-pentenoate (94): b.p. 131, Dy 1.4196 (lit. (2},
b. p. 134°, nZDl 1.4220). The N. M, R. spectrum of 94 is identical to that

reprted by McGreer et.al. (2).

Thermal isomerization, equilibration and kinetic studies of olefing

The apparatus, general procedure and composition analysis were
gsimilar to those employed for the cyclopropanes as described ecarlier in
this thesis. Equilibration was conzidered reached when the percent com-
position remained congtant for a considerable length of time. Firstorder

%7

kinetics was obgerved for the isomerization of methyl cis-4-methyl-2~

pentenoate (4£) and methyl cig-2, 4-dimethyl-2-pentenoate (42) to

:
AN

o

. ~methyl-3-pentenoate (102) and methyl 2,4~dimethyl-3-pentencate
(101) respectively. Their rate constants, heats of activation and entropies

of activation wez=e determined as discussed in the text.
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The rate constants reported in Table X an

- 2 3 . . : DA
igsomerization of c1° o{,[:,-unaaturatea ecters to their !SC somers were

jan

o

o

determined by disregarding all other slow steps (see text). Such a me

shows slight deviation from the value obtained through calculation by tak-

ing into account all the possible steps. The thermal isomerization can be

represented as follows;

ky ko n
T = C = i :;’:)
e —— I3
- -
, P . . e 2 \j .
where &, »isomer, C=c¢cis [,,> igsomer and (= I, isomer.
The rate equation. for the formation of i isomer is
4
d«//ul‘t,——-kzc —k__z;
- . 7 iy R 3 1{2 [ Q s
or, letting C——l—i;)—T——:I-;;':, (T is 2mall) and =53.9 (ratio of /=,
1 1 \
N Faly

for the system 44 and 102)

< w

d JQ‘ )
\ “
On intcgration it gives
53. ] :
ko = -2.303% 23:2_ iog :
2 =3
54.9
Thereicre for t‘lb thermal isomerization of 44 to 10z, 1:2 i found o s
VAL “’J,.
-5 - 5 . =D -l
l ‘2 to 101, K. eguals to 3.021:210 = sec .

7.222%= 10 sec™, and for

tions are oaly 2.2% and 1.4% respectively,

experimental errors.



