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ABSTRACT

The results of pyro]xzing both butadiene monoepoxide and cyclo-
propane carboxaldehyde are presented. The pyrolysis temperature
range was 341°C to 395°C. Rate data obtained from the pyrolysis of
cyclopropane carboxaldehyde indicates that the rearrangement of
cyclopropane carboxaldehyde to 2,3-dihydrofuran is first order.
Arrhenius parameters for this rearrangement, containing large errors,.
are E, = 45 t 4 Kcal/mole, Log A =12 £ 1.

~ Lanthanide-induced chemical shift experiments were performed

on butadiene moncepoxide, cyclopropane carboxaldehyde and crotonal-
dehyde in solution using tris(dipivalomethanato)europium(III). The
resuits of these experiments were interpreted to indicate the pre-
ferred ground state éonformations of the molecules studied. The con-
formation assigned to butadiene monoepoxide is that in which the vinyl
group is anti to the oxide ring. The conformation assigned for cyclopro-
pane carboxaldehyde is with the carbonyl anti to the cyclopropyl ring.
In a similar manner the conformation assigned to crotonaldehyde is .
anti. The assignments were based on correlations of AEu to 1/r3, where
AEu-is the slope of a Tine for a particular proton obtained by plotting
the chemical shifts of that proton vs. the molar ratio of metal com-
plex [Eu(DPM)3] to substrate, and r is the vector distance from the
estimated position of the europium to that proton.

Some of the products formed in the pyrolysis of cyclopropane

carboxaldehyde are generated via a biradical intermediate. This



contention is supported by the thermodynamics of the system under inves-
tigation, and by careful comparison with other three membered ring

systems, such as vinylcyclopropane.
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CHAPTER I
THE CHEMISTRY OF CYCLOPROPANES AND ETHYLENE OXIDES



THE CHEMISTRY OF CYCLOPROPANES AND ETHYLENE OXIDES

The isomerizations and the conditions under which certain small
ring systems isomerize have been of interest to scientists for many
years. Cyclopropane is probably the most studied member of this group
of compounds. It has unique phygical and chemical properties that have
challenged the imagination of scientists. For instance, these inter-
esting molecules have some properties which resemble those of the
double bond, while other properties are more like those of alicyclic
compounds. Infra-red studies indicate that for those cyclopropanes
with a methylene group, the carbon-hydrogen bond is more similar to
those in ethylenes than to those of alkanes. Since small three-
membered rings are quite reactive as compared to other cycloalkanes,
the concept of steric strain was introduced. This strain contributes
to their most characteristic property--the ease with which the ring
is opened. A considerable amount of effort has been expended in
studying the results of ring opening by thermolysis of cyclopropane
starting with the initial investigations of Trautz and W1'nk1er,1 who

reported data for the thermal isomerization of cyclopropane to

/N

(1] [2]

propylene.



A. ISOMERIZATIONS OF CYCLOPROPANES

1. Structural Isomerizations

The conversion of cyclopropane to propylene is an example of
structural isemerization. Parameters from the Arrhenius equation
together with a large number of chemical facts give considerable
insight into the mechanistic possibilities for the isomerizations
that occur. An informative discussion of the ring openings of cyclo-
propane would be most inadequate without these parameters, which are
the energy of activation, Ea and Log A. For the jsomerization of
cyclopropane to propylene these values are 65 Kcal/mole and 15.17,
respectively. One form of the Arrhenius equation from which these
parameters may be obtained is K = A exp(-Ea/RT).

Although cyclopropane-propylene type rearrangements have been
known for some time, it has only been in the last ten years that
the real beauty of this type rearrangement has been realized. An
important feature of any unimolecular rearrangement is that it must
be clean, that is, it must have clearly discernible measurable products
along with good material balance and some remaining starting com-
pound.2 This feature is observed in the cyclopropane-propylene rear-
rangement. This is not to say that other cyclopropane systems are
not of interest, but only that the cyclopropane-propylene rearrangement
is a good model for a unimolecular rearrangement.

Once the hydrogen atoms of cyclopropane are replaced by other

substituents, the chance for a more intricate reaction description



increases. These substituents include alkyl, allyl, aromatic, halo-

3b Table I contains

gens, deuterium,3a tritium or carbon-13 isotopes.
some selected structural isomerizations of cyclopropanes along with

their recorded Arrhenius parameters.

2. Geometrical Isomerizations
When two substituents on the same ring change positions, rela-
tive to each other, the molecules are said to be geometrical isomers of
each other, and the interconversion is called a geometrical isomeriza-
tion.

In the course of observing many unimolecular rearrangements it is
difficult to explain the reaction as proceeding through a single tran-
sition state.4 An example of this difficulty is that of the concurrent
geometrical and structural isomerization of cis-1,2-dideuteriocyclopro-
pane as reported by Rabinovitch, Schlag and bﬁberg.5 Their results
showed that the cis-dideuteriocyclopropane was isomerized to the trans
geometrical isomer faster (12 times faster) than to the structural
isomer propylene. In 1961, Benson explained the results of Rabino-
vitch, Schlag and Wiberg by proposing a mechanism which involved a

common intermediate biradica],6 as shown in [3] » [4] » [5] and

(7] » [6] - [4] and [5].
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Furthermore, Benson notes that the rotation occurs at a rate such
4,6

that the biradical reaches rotational equilibrium.

The concept of intermediate biradicals has received considerable
attention in the last decade or more and is still used quite frequently
to explain some reaction pathways. |

The nature of the isomerization of cyclopropane might be con-
sidered the starting point of the biradical concept. Two different
models, in terms of reaction coordinate diagrams have been used to
explain the geometrical and structural isomerization in cyclopropane.
Such diagrams contain three points of interest. Two of these points,
the reactant and the product, may be obtained from thermodynamic data.
The third point required is the energy of the activation which is an
Arrhenius parameter that is calculated from kinetic data.

The structural isomerization of cyclopropane has been discussed
from two different standpoints. On the one hand the experimental

data has been interpreted as having no intermediate. In such a case



a reaction coordinate diagram for the isomerization would be a smooth
curve and the reaction is said to be concerted. However, another
interpretation of the experimental data is that there exists, along
the reaction sequence, a high energy intermediate in an energy well
at the top of the reaction coordinate diagram. This intermediate is
termed trimethylene. At this point we do not wish to discuss the
detailed electronic properties of trimethylene.

Chambers and Kistiakowsky7

observed the cyclopropane-propylene
isomerization and proposed two possibilities for the reaction pathway.
One pathway involves rupture of a C-C bond in cyclopropane to yield
trimethylene followed by hydrogen migration to form propylene. The
second pathway is that of concurrent C-C bond rupture and hydrogen
atom migration to form propylene.

A further attempt at elucidation of the mechanism of the cyclo-
propane-propylene isomerization may be seen in the isomerization
of 1,2-cyc1opropane-d2, mentioned earlier, by Rabinovitch, Schlag
and Wiberg.5 They proposed from their results that there are three
possible mechanistic routes to geometrically isomerized product:
(1) ring rupture and reversible recyclization, trans-v-d2 e Q-g-g e
cis-v-dy; (2) intermolecular exchange reaction, radical or nonradicalj
(3) an intramolecular hydrogen migration process. The authors state
that from their observations mechanism (1) “appears established as
the effective process for gis-trans isomerization, and formation of

trimethylene thus occurs as, at least, a simultaneous process accom-

panying structural isomerization to propylene."



With the aid of certain thermodynamic estimates, and existing
data for the cyclopropane-propylene isomerization, Benson6 concludes
that both reactions have trimethylene as a common intermediate. From
calculations obtained using estimates,Benson proposes that trimethylene
is an intermediate biradical requiring an activation energy of 8.2 Kcal/
mole to reclose thg,cyc]opropane and 9.5 Kcal/mole to form propylene.
The 1ifetime of this biradical intermediate is estimated to be about

-11.3

10 sec; however, no direct observation of its existence has been

made.
The mechanics of observable geometric cyclopropane rearrangements
can be classified as three 1imiting sets of molecular motions and

8

can be illustrated using a report by Berson and Balquist™ on the race-

mization and geometrical isomerization of tetramethy]cyc]opropane-ds.
The first of these molecular motions one can imagine synchronous
. conrotatory motions of the terminal methylene groups (epimerization at

two centers).

Ve
< f—o N -
CD CcD cD CH -

CH CH

CHy
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This suggests from theory9 and indirectly supporting expem’ment]0

that the proposed intermediate biradiéa] may be a planar species with
an antisymmetric nonbonding molecular orbital (4) resulting from
the simultaneous conrotatory motions of the two methylene groups.

The second possibility is that bond rotations in the trimethylene
biradical are fast relative to recyclization. This produces an inter-
mediate of randomized stereochemistry which may recyclize to cis (3)

or racemic trans.

CD3 ' —_— C(CD3)(CH3)-CH2-C(CD3)(CH3)
CH3
CH3 CD3 —_— racemic trans
l_ +
cis

In the third mechanism, rotation of one of the substituted
carbons through 180° is involved. This converts trans (1) to
cis (3). The conversion of (1) to (2) requires two alternating con-

secutive rotations passing through the cis compound (3) first.

- — o, > CH :
3 CH cD D
CDg CH CH ’ cD CHg
3 3 3
-3 2

CH

l_.n



The results of this work, according to the authors, showed that neither
a randomized intermediate nor an in-place rotation of one group can be
the only process, but that the third of the three processes mentioned
is the best for most of the time. It should be pointed out that no
other geometrical isomerization is anything but random.

1 studied the rates of racemization and

Bergman and Carter
cis-trans isomerization of optically active cis- and trans-l1-ethyl-2-
methylcyclopropane in the gas phase. The rate constants obtained
were similar in magnitude and were analyzed as an indication that an
electrocyclic process proceeding through w-cyclopropane intermediates

is energetically less favorable than a pathway involving stereoiso-

meric diradicals.

di t7
These authors found it difficult to find precise values for the ratio

of the rate of cyclization to rotation but were able to show that the



values of these rates are small, probably less than 0.3. From this it
is seen that each time a diradical is formed it undergoes rotation to
the isomeric diradical at least four or five times for each time it
recyclizes to cyclopropane. Many of the questions concerning the
structure of the diradicals produced on pyrolysis of cyclopropane
cannot be completely determined on the basis of this work alone.
However, in addition to the work of Bergman and Carter, the study of

the geometrical isomerization of (cis and trans-2-deuteriovinyl)-trans,

trans-2,3-dideuterio-cyclopropane [8] by Cargle offers almost unequi-

vocal proof for the intermediate <Jh'r'ad1'ca1..12

I:»D
NV
” (8] \D

The resuits of the pyrolysis of this dideuteriocyclopropane are shown

in the following reaction scheme.
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Analog computer plots of both the concerted and biradical model Jor
the isomerizations showed some interesting results. The ratios

of (B+C)/D for the two mechanisms show a large difference early in

the reaction. The concerted model shows a (B+C)/D ratio of as much

as 5:1 at about one half-l1ife and remains larger than 2:1 for several
half-lives. This same ratio in the diradical mechanism rapidly
approaches 2:1 and remains constant. The experimental results showed
that the ratio of B+C/D was 2:1 throughout the reaction. These results
were interpreted as a randomization of stereochemistry at two of the
three carbons in the ring occurring by way of an intermediate diradical
along the reaction coordinate.

Similar evidence for biradical intermediates is found in the
thermolysis of cyclobutanes. Gerberich and Walters showed that the
geometrical isomerization of cis-1,2-dimethylcyclobutane takes place
at a rate that is four times slower than the formation of the major

products, two molecules of propﬂene.]3

—= 2 ::::://

b-.-- """'."'""' - —> —_— +/____.J/+\\_. /

A L

L— =~ trans




TABLE 1

STRUCTURAL ISOMERIZATIONS OF CERTAIN CYCLOPROPANES

Arrhenius Parameters

Cyclopropane Olefin Reference
Log, ~A E. (Kcal/mole)
107 a
4::::>> ;7 15.17 65 7
14.32 64.4 14
4ifii>y/’ //1:::://
\ —— 13.97 61.9
e 14.06 64.3
=
4 14.14 62
/
N\ Y 13.93 61.9 15(a)
| N\
N
14.08 62.3
/ N\ .
/S 13.92 61.4
— 7
13.96 61.2
—

LL



TABLE I CONTINUED

STRUCTURAL ISOMERIZATIONS OF CERTAIN CYCLOPROPANES

Arrhenius Parameters

Cyclopropane Olefin Reference
Log]OA E, (Kcal/mole)
— 13.93 61.9 15(b)
TN
N—— 14.08 62.3
7\
p— 13.92 63.9
/TN
— 13.96 62.9
e
AN /___< 15.05 62.6 15(c)
S
N 15.78 60.9 16
P —

cis + trans

cl
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It can be seen that cleavage at a will give the two molecules of
propylene, while cleavage at b will yield the minor products, a

molecule of ethylene and a molecule of cis or trans-2-butene. The

third of three simultaneous reactions is the geometrical isomeriza-
tion of cis-1,2-dimethylcyclobutane to trans-1,2-dimethylcyclobutane.

The formation of the products are explained by way of the biradical

mechanism.
;;:fi > \\\_T__J// pr—
cis
£ L .]
10 11 12
o] [11] [12]
| .
— < — \Y:::::\\ o
trans ¢ [15] [16]
[13] [14]

The literature also contains interesting accounts of geometrical

jsomerizations of substituted cyclopropanes, such as that of trans-1-
!

deuterio-2-vinylcyclopropane. This work has been well documented by
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Cargle who concluded that his observation of gecmetrical isomerization

of T-deuterio-2-vinylcyclopropanes is consistent with a diradical

mecham’sm.]2

AN
>

[16] [17]

[18]
B. GENERAL FEATURES OF OXIRANES
1. Structure of Ethylene Oxide-

The simplest member of the class of compounds called oxiranes
is ethylene oxide. It is a three-membered ring, which differs from
cyclopropane in that an oxygen atom has been substituted for a
methylene group. Figure 1 shows the structure of ethylene oxide as

determined by Ackerman and Mayelr‘.]7
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FIGURE 1
STRUCTURE OF ETHYLENE OXIDE
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The plane formed by the carbon and hydrogen atoms is perpendicular
to that of the ring. The hydrogens 1ie above and below the ring, while
the two carbons are raised above the plane that is formed by the four
hydrogens. Ackerman and Mayer note that the C-C bond length (1.47 )
is intermediate between that of a normal C-C single bond (1.54 R), a
normal C-C double bond (1.33 ﬁ), and that the H-C-H bond angle (116°13')
1ies between tetrahedral (109°28') and trigonal (120°).

2. Structural Isomerization of Ethylene Oxides

Several products have been observed from the thermolysis of
ethylene ox1'de,]8 including methyl radicals, carbon monoxide, methane,
ethylene and ketene. By passing ethylene oxide over alumina at 200°C-
300°C or at 500°C in the absence of catalyst, Ipatieff and Leontovitch

19 Table II T1ists some

showed that the main product was acetaldehyde.
of the known thermal isomerizations of ethylene oxides.

As is evidenced by Tables I and II, both cyclopropanes and ethylene
oxides undergo structural isomerizations though they differ in the
kinds of atmos contained in their structures.
C. SE?BEIONS OF SUBSTITUTED VINYLCYCLOPROPANES AND A VINYL ETHYLENE

Potentially interesting observations concerning three-membered

rings can be found by comparing vinylcyclopropane with vinyloxirane
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TABLE II
STRUCTURAL ISOMERIZATIONS OF CERTAIN ETHYLENE OXIDES

Ethylene Oxide Products Formed Reference

CH3-CH2-CHO
CH3—CO—CH3 20

CH2=CH-CH20H

s

CHg— C—CHO 21
|
CH3

CH3CH2?H-CHO - 2]
CHg

22

VAN
Vo
A
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(butadiene monoepoxide).* Structurally, these two molecules differ

in the same way as do cyclopropane and ethylene oxide. Further, since
the thermolysis of vinylcyclopropane had been studied in tnhis Tabora-
tory,12 it seemed appropriate to investigate butadiene monoepoxide.
The Titerature does not contain many accounts of butadiene
monoepoxide and its isomerixations. There are, however, reports
of free radical chemistry involving this mo}ecu]e among other reac-
tants. Huyser and Munson,24 for example, found that the 1ight-induced
addition of bromotrichloromethane to vinylcyclopropane produced a
mixture of cis- and trans-1,1,1-trichloro-6-bromohex-3-ene, [22] and
[23].
Huyser and Munson invesfigated another method of g-elimination,

to study the stereochemistry of the B-e]fmination and at the same time

avoid the presence of free radicals capable of rapid addition and

*This molecule may have several names including vinyl ethylene oxide,
1,2-epoxy-3-butene, vinyl oxirane and butadiene monoepoxide. In
this dissertation we shall use the name butadiene monoepoxide.
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C14C- + zfiijfs\::: SN C15CCH,CH

[20] [21]
C14CCH, H o Cl5CCH, CH,CH,,
. \ / + \\ J/
C14CCH,,CH —> e o
H CH,CH5 H H
[21] [21A] [21B]

C15CCHR H C14CCH, H

/___\‘—_". + BrCC]3 _— Y aa + C13C'
H CHZCHZ CHZCHZBY‘
[21A] [22]

C1,CCH, CHoCH, C15CCH,  CH,CHoBr
u \____/ .
/= +BreCl; —> + ClgC

H H H H



elimination from the double bond that could cause isomerization.

The method was that of di-t-butyl peroxide induced additions of cyclo-
alkanes to butadiene monoepoxide. This system, according to the
authors, "proved to be a system that not only involved a g-elimina-
‘tion essentially identical to that encountered in the vinyl cyclopro-
pane reactions, but was also free of any radicals that could cause
isomerization of the products." The addition of cyclopropane, cyclo-
hexane and cyclooctane to butadiene monoepoxide gave the correspon-
ding trans-4-cycloalkyl-but-2-en-1-01 as the major one to one addition
product. The following is an example of the proposed sequence of

reactions for the formation of the unsaturated alcohols.

. 2 i;;
[24] -_“\‘§;;7 [25]
L19]

[25] — CHp

;H Hoo
[26] + O > N +Q
H CHZOH

[27] [28] [24]




TABLE TII

DI-T-BUTYL PEROXIDE INDUCED FREE-RADICAL ADDITIONS

CYCLOALKANES TO BUTADIENE MONOEPOXIDE24

Adding reagent m moles of m moles Product % Yield
(m moles) butadiene of (m moles)
monoepoxide peroxide

Cyclopentane (2280) 143 15 trans-4-cyclo- 5.8
pentylbut-2-en-
1-01 (8.2)

Cyclohexane (4000) 71.5 15 trans-4-cyclo- 13
hexylbut-2-en-
1-01 (6.5)

Cyclooctane (2460) 143 18 trans-4-cyclo- 43
octylbut-2-en-
1-01 (25.7)

e
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The Tow yield of the radical chemistry of butadiene monoepoxide is
necessary as an aid in explaining the products and yields seen in our
investigation of the same molecule.

Earlier, Kadesch investigated the ring opening of butadiene mono-

epoxide with methano].25

Butadiene monoepoxide is said to react
"abnormally" with hydrogen chloride and hydrogen bromide to give the
corresponding 2-halo-3-buten-1-o01s [29].26 However, it is said to
react "normally" with respect to most epoxides, with alcohols in the

presence of sodium to give 1-alkoxy-3-buten-2-ols [30].27

==°\§;;7 + HX —> CH2=CH-fH-CHZOH

X

[18] [29]
(Normal)

:=\§5;7 + ROH —> CH2=CH-?H—CH2-0R

OH

[18] [30]
(Abnormal)
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Kadesch found in his investigation that the reaction proceeded

normally or abnormally depending upon the catalyst. The reaction

scheme is shown below.

The normal reaction, according to

in the presence of a small amount

CH2=CH-%HCH20H
OCH

3
[31]
[32]
OH
CH,=CHCHCH,,-OCH,

Kadesch, that occurs with methanol

of sodium is due to a bimolecular

nucleophilic displacement by methpxide ion which is then regenerated.

::\YE;7 + gOCH3 —

(18]

CH

2=CH-fH-CH2-OCH3

0o

CH30H
CH2=CHEHCH20CH3
OH

+ CH3d3
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The acid-catalyzed reaction may also be expected to lead to the

(AN
+ CH,OH
P 3

|
H

normal product.

However, if unimolecular ring opening occurs in the acid-catalyzed -
reaction instead, the formation of the abnormal product may be

accounted for.

k
R N _
:\v S CHZ-CH-gH-CHZOH
9 -1
]

(331 y [34]
Ky 6
CH,=CHCHCH,OH + CHyOH ~ —2  CH,=CHCHCH,OH + H
¢ |
OCH

3

This unimolecular ring opening is said to be assisted by the reso-
nance stabilization of the intermediate carbonium ion.

¢ ®
[CH2=CH-CH-CH20H &~ CHZ-CH=CH-CH20H]
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In these simple illustrations we have pointed out that the C-0
bond in butadiene monoepoxide confers special reactivﬂty to the mole-
cule. It is not an ordinary ether. This is further evidenced by
some more complicated systems which contain the C-0 bond.

Sondheimer and Shani have shown that the C-C bond in an epoxide
ma& be severed leaving the C-0 bonds intact.28 They found that
1,6-oxido [10] annulene [38] could be prepared from 9,10-oxido-
1,4,5,8,9,10-hexahydronaphthalene [35], in good yield. Two products
were formed, one via C-0 cleavage [37], and the other through C-C

bond cleavage [38].

[36]
[35]
KOH

(AIC)
50-55°C
Vv

2 — O

[38] [37]
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Molecules [37] and [38] were formed in yields of 20% and 50%, respec-
tively.

Cockroft and Rhoads irradiated 4,5-dihydrooxepin [39]28 and
found three major photoproducts, [40], [41], and [42].

CHO
hy
= O
CHO
[39] [40] [41]
+
Tf’i,)CHO

[42]

The yields of the products varied depending upon reaction conditions.
In 0.15 M ether at room temperature and at 253.7 nm light, the yields
for [40], [41] and [42] were 34.2%, 17.0%, and 40.8%, respectively.
Cockroft and Rhoads proposed that formation of the cyclic aldehyde
was due to a [1,3] shift in the enoyl system of [39], which occurs
through a diradical intermediate. According to these authors, the
transformations and geometrical requirements are most easily met by
the diradical intermediate.

In a similar manner, Boykin and Lutz have demonstrated that

. . . . . 15
ring contractions and formation of cyclic carbonyl isomers occur



[40]

HO
I N\

QHC ‘\—>

[42] [41]

in the photolysis of the substituted 2,5- and 2,3-dihydrofurans,

[43] and [45].

CeHsg .
,
LN
Ceh CHe
CgHs

[43]
CoHs )
Y~
A or
Cot Cefls  acoH
Cos
[45]

Cehls H G
X Cgts
CH :
6''s ’
[44]
CH
6 / Cehs
Cofis CeMls

[46]

27
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D. THERMAL INTERCONVERSIONS OF STRUCTURAL ISOMERS OF BUTADIENE
MONOEPCXIDES

Two structural isomers of butadiene monoepoxide are 2,3-djhydro-

furan [47] and cyclopropane carboxaldehyde [48].

H
[47] [48]

Wilson found that both cyclopropane carboxaldehyde and 2,3-dihydro-
furan were formed in the pyrolytic decomposition of tetrahydrofuran

30

derivatives. He proposed that the aldehyde [48] was formed through

a rearrangement of 2,3-dihydrofuran, and performed the control experi-

Q) ' lliH

[47] [48]

ment

\V,

by passing the dihydrofuran vapor through a tube heated to 375°C and
detecting crotonaldehyde [49], carbon monoxide [50], and propylene
[517.51

CH3-CH=CH—CHO - €0 CH2=CH—CH3

[49] [50] [51]
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At higher temperatures (550°C) the entire product consisted mainly of
carbon monoxide and propylene. His results-were explained by supposing

three consecutive reactions.

[47]

|
zfiijizix,j{\H . {;425{] +00 Ly —— — + 00

[48] [51]

His attempts at establishing this sequence by further experiments
with [48] and [49] proved fruitless. The aldehyde [48], when heated,
gave a little 2,3-dihydrofuran and crotonaldehyde. The formation of
these products gave credence to the reversibility of the first step.
However, an analysis of the carbon monoxide and propylene which were
formed when crotonaldehyde was pyrolyzed showed the ratio of these

to be nearly two to one. These complicated facts presented a problem
which WiTlson and other investigators could not solve with the inves-
tigative tools available at that time. Since then, the methods for
studying the structure of molecules and mechanisms of reactions have
improved and are considered more advanced. However, the need for
still more techniques will become evident as a description of our

experience unfolds.
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A recent method of determining the structure of molecules in
solution has received considerable attention by scientists. This
new method involves the use of lanthanide complexes to produce para-
magnetic shifts in the nuclear magnetic resonance spectra of most
compounds which contain unpaired electrons and are reasonably strong

Lewis bases.

E. HISTORICAL BACKGROUND OF PARAMAGNETIC SHIFT REAGENTS

|
32 took NMR spectra of solutions of

In 1969, C. C. Hinckley
cholesterol and the dipyridine adduct of tris{dipivalomethanato)
europium(III).* A comparison of the spectrum of cholesterol in.
carbon tetrachloride with no Eu(DPM)3-2py, with that of a solution
containing the Tanthanide showed 1ittle broadening of the Tine in
the spectrum and interesting shifts of resonance peaks. The
addition of the paramagnetic shift reagent dispersed two resonances
that were at first unresolved and showed them clearly resolved at
a distance down field that depended upon both the concentration of
the metal complex and the distance of the shifted hydrogen atom from
the complexation site. The Tlargest changes in chemical shifts were
observed for the hydrogen atoms closer to the hydroxyl group and were

taken as an indication of association of the shift reagent through the

hydroxyl group.

*Tris(dipivalomethanato)europium(III) is Eu(2,2,6,6-tetramethylhep-
_tane-3,5-dione),, usually abbreviated Eu(DPM),. The dipyridine
adduct then 1in Eu(DPM «2py. In this thesis we shall use the above -—
abbreviated form.
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In a subsequent report by Demarco, Elzey, Lewis and Wenkert, it
was shown that the use of a high frequency spectrometer (220 MHz) and
the pyridine-free complex Eu(DPM)B, permitted much better resolved

spectra of steroids to be obtained.33

With spectra of the quality
obtained by Demarco and his coworkers, it was possible to make assign-
ments to every proton in androstan-2-ol. These same workers studied

3% 1In this in-

the effect of paramagnetic shift reagents on alcohols.
vestigation it was found that at a molar ratio of Eu(DPM)3 to 4-tert-
butylcyclohexanol of 0.7 the spectrum was first order.

A plot of chemical shift vs. moles of Eu(DPM)3 added showed that
the relationship of chemical shift and the concentration of complex
is linear. The approximate resonance positions in the solvent containing
no complex was obtained by extrapolation. Then, by using the expres-
sion Aey = S<olvent - GE:EDPM)3 where n = 1 is the point where the
molar ratio of complex to solute is one, the paramagnetic induced
shifts for each proton were determined. AEu can be defined as a
function of 1/R3 where R is the distance from the metal atom to the
proton. However, the Demarco group found that for their system, a plot
of AEu vs. R (R is the vector distance between the hydroxyl oxygen
atom and the proton in question) gave a straight 1ine with a slope of
-2.2 (1/R2‘2) rather than 1/R3.

These results, and many others, have been interpreted as being

pseudo-contact shifts. Eaton has already pointed out that these

paramagnetic shifts in the NMR can arise from contact interactions,
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pseudo-contact interactions, or from a combination of both.35

The
difference between the two types of interactions can be seen from

a mathematical relation. ‘According to Eaton, two different equations
can be used to describe these two effects. The contact interaction

contribution is given by

AH. Av. Y
i i _ e _28S{5+]
A " 4 Y, "7§§$KT'L

and the pseudo-contact contribution is given by

AH; Av, 2 .
i . i =1 gfs(s+l) 24 -
. - 3 S (3 cos®e-1)X(gy+29 )(gy1-9 )

The symbolisms used in the equation afe as follows:

Hi and vy = differences in resonance field or frequency of the
nucleus i at applied field H or frequency v, respec-
tively.

Yo and ' magnetogyric ratio of the electron and nucleus.

y = distance from the metal atoms to the nucleus n.

0 = angle between a line drawn joining the metal atom
and the nucleus n and the principal magnetic axis
of the molecule.

S = total spin of electrons involved in delocalization.

A convenient way of expressing the shifts caused by paramagnetic
reagents is,36

= - ' 2 3
A(S.i = Gi,[EU#O] - (S_i[Euzo] = K(3 CcOS @_i"])(]/R i)



where
as, = change in shift in ppm of proton i.
§. = chemical shift of proton i in ppm from TMS.
K= a collection of constants.
€; = the angle describing the position of proton i relative
to the assumed effective symmetry axis of the europium

complex.

aiEu#O = chemical shift of proton i in ppm from TMS in presence
of europium shift reagent.

R; = distance from proton to europium.

With the use of this modified version of the McConnel-Robertson

équation and molecular models, the distance from metal to the site

of complexation may be estimated.37
It is necessary to point out that the complexation takes place

with atoms which contain a Tone electron pair. The approximate order

of functional groups which give characteristic paramagnetic shifts 1538

-NHZ > =0H > -C=0 > -0- > C02R > =CN

Eaton pointed out also that when the paramagnetic center is a
rare earth ion the pseudo-contact shift should dominate the effect,
especially where there is Tittle conjugation in the substrate. Indeed
the cholesterol observations of Demarco, et al. show that the pseudo-
contact interaction appears to be the major contributor to the paramag-
netic shift phenomenon.

Paramagnetic shift reagents are not 1imited to chelated europium.

A11 of the rare earths have been used to induce paramagnetic shifts.
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39 and ytterbium40 are said to be especially useful. It

Praseodymium
is interesting that in the use of praseodymium, the observed shifts

are upfield rather than downfield as in europium, and the magnitude

of shifts is larger than those of europium.

The application of paramagnetic shift reagents is a rapidly expanding
field. The first published report by Hinckley in August, 1969, has been
followed by at least 57 more publications before July 15, 1971. Since
reports are fragmentary and confusing, we will not discuss each of -
these. However, an annotated bibliography in the appendix contains
all of the reports on paramagnetic shfft reagents known to us at the
time of this writing.

One paper we would 1ike to discuss is that of the use of Eu(DPM)é
in the structure elucidation of epoxides.4] The molecule was inves-
tigated by Willcott, Oth, Thio, Plinke and Schroder, in an attempt to

determine whether or not the epoxide ring of [52] is syn or anti to

the proton at carbon atom 2.

10 1

[52]

The results of the investigation showed that the epoxide ring is

situated unsymmetrically on the cyclooctatetraene dimer. This was



35

explained after the spectrum containing no europium complex showed
signals of a ratio of five to one for the six aliphatic protons.
-The other protons which underwent paramagnetic shifts were 2, 6, 1,
.10, 7, 17, 9, 8, 11, 12, 13 and 14, decreasing in that order. Pro-
tons 3 and 5 had the largest shifts. The shifts of all of the protons
correlated with 0 . . . Hi distance Y5 for the syn isomer of [52].
Protons 15 and 16 showed diamagnetic shifts. This is explained by
2y -1)ds
where di is the europium and the ith proton and vy is the 0 . . . Eu
42

reference to the pseudo-contact shift equation Avia(3 cos 3

. « . H angle. The ang]és for 15 ahd 16 are said to be greater
than 54.7° and the shifts are thus diamagnetic. This illustration
alone points out the great utility of paramagnetic shift reagents

in the elucidation of the structure of molecules bearing a lone-pair

- of electrons in solution.



CHAPTER II
STATEMENT OF THE PROBLEM



STATEMENT OF THE PROBLEM

Butadiene monoepoxide undergoes thermal rearrangement to several
products which include propylene, 2,3-dihydrofuran, cyclopropane
carboxaldehyde, and crotonaldehyde. Cyclopropane carboxaldehyde forms
the same products under thermal rearrangement.

The problem, then, was to investigate the thermal rearrangement
of these two molecules and to characterize the products, set the
analytical system, and, if feasible, perform the kinetics. This
data would be useful in gaining insight into the mechanistic route(s)
which Tead to the several products formed, and would help to determine
whether or not butadiene monoepoxide is an intermediate in the pyrolysis

of cyclopropane carboxaldehyde.
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DISCUSSION -

The results of the pyrolysis, kinetics and lanthanide induced
shift studies on butadiene monoepoxide, cyclopropane carboxaldehyde
and crotonaldehyde will be presented in this section. The pyrolyses
were carried out in a gas-phase stirred flow reactor. The results
represent a method for a qualitative analysis of this chemical
system. This data, along with the shift reagent data, comprises a
reasonable picture of the molecules presented.

A. PYROLYSIS AND KINETIC STUDY OF BUTADIENE MONOEPOXIDE AND
CYCLOPROPANE CARBOXALDEHYDE
The pyrolysis of butadiene monoepoxide and cyclopropane carbox-
aldehyde weredone in a stirred flow reactor that was a modified
version of the one introduced by Lewis and Herndon.40 Figures 2
and 3 show the system and illustrate the various parts. The system
and the technique used in sampling were the same as those used by

43

Boriack in his pyrolysis of bornadiene. ™ - The pyrolysis of each of

the two molecules was done at five different temperatures ranging from

341.5°C to 395°C. At each temperature, eleven samplings were done
at five different flow rates.

The results of pyrolysis of butadiene monoepoxide and cyclopro-
pane carboxaldehyde at each of fhe five temperatures indicate that
thermal rearrangement of these molecules in a stirred flow reactor is?

to say the least, nontrivial.



38

APPARATUS USED IN GAS PHASE STIRRED FLOW REACTOR

—
.

o P W

10.
11.
12.
13.

w00 N O

FIGURE 2

Matheson Automatic Regulator #8
Hoke 2403H Regulator

Magnesium sulfate drying tube
Sulfuric acid bath

Sodium hydroxide drying column
Magnesium sulfate drying column
Five-turn calibrated needle valve
Manometer

Water jacketed vaporizer
Reactor

Cold trap

Soap-bubble flow meter

Powerstat






FIGURE 3
CUT-AWAY VIEW OF REACTOR QVEN

Asbestos insulation

Heating wire for temperature controlier
Aluminum bath block

Pyrex glass reactor

Cartridge heaters
Chromel-alumel-thermocouple
Temperature probe for controller
Sampling port

Electric heating tape
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Our original aim was to observe the rearrangements, and using
equations similar to those presented by Herndon and Lowry in their
study of the kinetics of 'the isomerization of bicyclo[2.2.1]heptadiene
to toluene and tropilidene, establish rate constants and energies

44 However, after éonsideration of

of activation for both molecules.
our results, it was decidedly evident that the most that could be
obtained from our pyrolysis study of butadiene monoepoxide was a simple
qualitative discussion of our findings. Similar difficulties have been
encountered with the same molecules by cther investigators. Crawford,
using a batch reactor technique for the pyrolysis of butadiene mono-
epoxide, gathered data which were similarly erratic.45
The VPC traces (VPC = vapor phase chromatography) of both buta-
diene monoepoxide and cyclopropane carboxaldehyde were similar with
the identified peaks (see Experimental section) having the same reten-

tion time. The epoxide chromatogram showed the presence of several

small peaks which were not identified (See Figures 4 and 5).

1. Pyrolysis of Butadiene Monoepoxide

The pyrolysis of butadiene monoepoxide was done at four
different temperatures. It was soon apparent that the component of
shortest retention time comprised 75 to 80 percent of the total pro-
ducts. When the exit gas from the oven was allowed to pass into a
solution of bromine in carbon tetrach]oride; the solution was decolor-

ized. Removal of solute and excess bromine gave a compound whose
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FIGURE 4
TYPICAL CHROMATOGRAM OF BUTADIENE MONOEPOXIDE

Peak 1 = propylene

Peak 2 = acetaldehyde

Peak 3 = 2,3-dihydrofuran

Peak 4 = crotonaldehyde

Peak 5 = cyclopropane carboxaldehyde
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FIGURE 5
TYPICAL CHROMATOGRAM OF CYCLOPROPANE CARBOXALDEHYDE

Peak 1 = propylene

Peak 2 = acetaldehyde
Peak 3 = 2,3-dihydrofuran
Peak 4 = crotonaldehyde
Peak 5 = cyclopropane
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NMR spectrum was identical with that of the richly detailed 1,2-
dibromopropane. For positive identification passage of propylene
into a solution of bromine in carbon tetrachloride gave the same
result which led us to believe that either there was something wrong
with the previous description of the chemical system or that the route
to formation of the product was very much more comp]icated than supposed.
Several attempts at isolating the cause of thé difficulty were made.
For instance, the reaction vessel was cleaned by annealing in an oveh
at 535°C followed by NH40H washings. The data obtained after this
surface treatment was essentially unchanged. Since it appeared that
the reaction was surface catalyzed, the vessel was silanized with dichloro-
dimethylsilane. The data was still unchanged. After this, a periodic
check of thé reactivity of the epoxide at different temperatures was
made between pyrolysis of other compounds. The results showed similar
but scattered overall rates. The product d%stribution showed that the
amount of butadiene monoepoxide remaining was, in nearly each instance,
less than one percent making the system inadequate for quantitative
study. Table IV shows the percentage of products formed, and epoxide

remaining at the given temperatures and corresponding flow rates (average).

2. Pyrolysis of Cyclopropane Carboxaldehyde

Cyclopropane carboxaldehyde, a strucfura] isomer formed
when butadiene monoepoxide is pyrolyzed, proved to be not quite as

troublesome as the epoxide. Still, the kjnetic data obtained from



TABLE IV
PERCENT PYROLYSIS PRODUCTS OF BUTADIENE MONOEPOXIDE

_-CHO -4
Temperature CHZ CH..~CHO u/v x 10
3 3 —r sec”!

353.75°C 0.5 0.1 2.6 2.8 - 83.3 6.4 2.7
353.75°C 0.5 0.5 1.7 2.4 82.3 9.7 4.9
353.75°C 0.5 0.8 1.8 2.1 81.2 10.9 6.3
353.75°C 0.6 0.8 1.3 2.5 é].1 | 10.7 6.6
353.75°C 0.6 1.3 1.7 1.8 79.8 12.0 9.0
368.8°C 2.4 1.1 3.3 3.0 74.0 13.9 15.8
383.75°C 1.4 0.1 3.9 2.8 81.0 10.9 15.7
395.0°C 1.6 0.1 3.1 4.4 84.1 4.1 5.3

14
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the stirred flow reactor system had large error 1imits (estimated to
be +10%).

The amounts of product formed and cyclopropane carboxaldehyde
remaining at different temperatures and flow rates are shown in
Tables V through IX. The product distribution indicates that although
propylene was a component, it did not comprise the major portion of
product as was the case with butadiene monoepoxide.

After evaluating the data from the pyrolysis of the aldehyde
we observed that the most useful data was that obtained by following
the rate of formation of 2,3-dihydrofuran.

Using equations 1 and 2 as a model for the cyclopropane carboxal-
dehyde - 2,3-dihydrofuran rearrangement we were able to obtain reason-
able rate constants at the different temperatures which allowed calcu-

Tation of the energy of activation and the "A" factor.

K V(CCA) = U(dHF) (1)

u_ ., (CcA
T (2)

The equations show the relation, in a stirred flow reactor, of the

vo]ume.of the reactor V, the flow rate of the exit gas U (corrected),

the first order rate constant K1, the concentration of reactants

(CCA = cyclopropane carboxaldehyde) and product 2,3-dihydrofuran (dHF).
Equation 1 is derived by remembering that at a steady state in

a stirred flow reactor the rate of disappearance of any molecule is



TABLE V
PRODUCT DISTRIBUTION FROM PYROLYSIS OF CYCLOPROPANE CARBOXALDEHYDE AT 341.5°C

CCA/DHF CHO = - » u/v x 1074
/ JAN G HyCZy [& 7 U
i Cil,
5.35 69.13 0 2.84 12.93 10.77 2.43
7.37 79.51 0 1.91 10.79 7.77 6.36
7.67 80.15 0 1.89 10.93 7.03 7.24
9.42 87.69 0 .37 9.31 2.61 9.13
10.87 89.99 0 .27 8.28 1.46 11.49

ot



TABLE VI

PRODUCT DISTRIBUTION FROM PYROLYSIS OF CYCLOPROPANE CARBOXALDEHYDE AT 353.75°C

CHO -4
CCA/DHF =
/ Z{E§V51 S Ch G0 ( § o UVx10
H CHy H
1.78 34.50 2.69 9.72 19.42 31.03 2.73
3.08 58.96 1.57 5,32 19.14 14.78 5.33
3.75 68.24 1.28 3.48 18.21 8.67 7.1
4.54 74.29 1.26 2.53 16.36 5.48 8.86
4.79 76.66 1.05 1.40 16.01 4.83 10.10

LY



TABLE VII

PRODUCT DISTRIBUTION FROM PYROLYSIS OF CYCLOPROPANE CARBOXALDEHYDE AT 376.43°C

CCA/DHF MH CHB/::/CHO CH3€0 Q U/ x 107
2.58 43.84 4.83 6.53 16.27 12.82 8.13
2.45 56.62 4.45 4.64 20.36 13.92 11.34
2.64 60.77 5.51 2.26 23.07 8.94 13.84
3.05 64.42 3.37 2.25 21.06 8.64 18.03
3.38 67.25 1.03 21.65 5.82 21.97

2.90

517



TABLE VIII
PRODUCT DISTRIBUTION FROM PYROLYSIS OF CYCLOPROPANE CARBOXALDEHYDE AT 383.75°C

CHO -
CCA/DHF M CH,C=0 U/v x 10
—— 3C‘H Q Y

H CH3
1.99 40.27 6.85 4.53 20.22 26.31 6.58
2.03 45.43 7.68 3.76 22.36 19.86 10.88
2.32 45.34 3.44 2.29 23.41 15.39 13.38
2.84 60.31 4.47 1.74 21.26 12.62 16.01
2.86 60.82 5.60 1.01 21.26 10.91 17.48

6t



TABLE IX
PRODUCT DISTRIBUTION FROM PYROLYSIS OF CYCLOPROPANE CARBOXALDEHYDE AT 395.0°C

CHO ) -4
CCA/DHF MH %: _ CHSCﬂO Q o /v x 10
1.40 14.05 3.65 3.52 5.81 68.01 2.52
1.63 28.89 9.09 4.98 17.71 37.74 7.74
1.69 313 11.08 4.17 18.35 33.94 8.82
1.79 37.00 10.52 2.36 21.51 26.65 10.50

1.98 42.62 10.94 3.53 20.74 22.23 13.4

0s
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equal to its rate of appearance. By sampling the reactor at various
flow rates at the same temperature, one obtains straight-line data
from which the slope K] can be determined. A plot of log k vs 1/T

for the formation of 2,3-dihydrofuran from cyclopropane carboxaldehyde
is shown in Figure 6. The activation energy ascertafned from this
data was 45.3 (+4) kcal/mole with a log A value of 12.2 (+1). The
rate data for this reaction is contained in Table X.

From our investigatfon of the conversion of cyclopropane carbox-
aldehyde to 2,3-dihydrofuran, it would appear that this reaction is
first order. To test this, the temperature of the sample vaporizer
was altered from 20°C to 40°C, changing the vapor pressurerf the
aldehyde. The results showed no significant change in the rate of
formation of the dihydrofuran from the aldehyde. From equation 2, one
can see that if the concentration of cyclopropane carboxaldehyde is
increased while the concentration of 2,3-dihydrofuran remains the same, .
a different value for K] would be obtained. Since thiswas not observed,
then the conversion must be first order.

B. LANTHANIDE INDUCED SHIFTS IN SOLUTIONS OF BUTADIENE MONOEPOXIDE,
CYCLOPROPANE CARBOXALDEHYDE AND CROTONALDEHYDE
As we have pointed out earlier in this thesis, the use of paramag-
netic shift reagents has received tremendous attention in the last
eight months. Further, the use of these reagents is limited to mole-
cules bearing iong pairs of electrons. Since the molecules we have
studied in the pyrolysis procedure met these requirements we decided

to investigate the influence of paramagnetic shift reagents on them.
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FIGURE 6
PLOT OF LOG K VS. 1/T FOR FORMATION OF 2,3-DIHYDROFURAN
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TABLE X
RATE AND TEMPERATURE DATA FOR CYCLOPROPANE CARBOXALDEHYDE ISOMERIZATION

T °C T °K %x 1073 K x 107 Log K
341.5 614.66 1.625 1.47 -3.832
353.75 626.91 _ 1.595 2.14 -3.670
376.43 649.59 1.541 11.22 -2.95
383.75 656.91 1.523 13.8 -2.910
395.0 668.16 1.495 20.1 -2.697

Ea Kcal/mole Log A

45.3 + 5 12.17 = 1

AVESS
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The usual method for treating a molecule bearing a lone-pair of
electrons with a paramagnetic shift reagent is to dissolve a known
amount of substrate in a suitable solvent, take an NMR spectrum, then
dissolve small weighed amounts of shift reagent in the same substrate
solution. After each addition, an NMR spectrum is taken and .the chemi-
cal shifts are plotted. Our method was different, but similar results
were obtained. The method we used involved adding a large amount of
shift reagent to a known concentration of substrate in solvent. After
the spectrum of the solution containing the substrate and large
amounts of shift reagent w;s obtained; then a small amount of stock
solution of known concentration of substrate was added. In the
method of adding Eu(DPM)3, the effect is to observe incremental shifté
of protons from their original (no complex added) positions to some
distance downfield, usually depending upon the amount of Eu(DPM)3
added. In our method, the chemical shifts were observed first
downfield. The gradual addition of stock'substrate solution, which
dilutes the concentration of Eu(DPM)3, while S is unchanged (S = sub-
strate) caused the chemical shifts of each proton to move in an upfield
direction toward the position each proton would occupy in a‘so1ution.
containing no shift reagent. Although fhe methods differ in technique,
the results observed are the same. A plot of chemical shift ys.
molar ratio of shift reagent to concentration of butadiene monoepoxide,
cyclopropane carboxaldehyde and crotonaldehyde gives the same infor- '

mation using either method.
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For the region of molar ratio (.2 - .7) of shift reagent to
substrate which we investigated, a plot of chemical shift (Hz from
TMS) vs. mole ratio gave straight lines for each of the protons (see
Figures 7, 8, and 9). In each instance the amount of shift reagent
used was 50 milligrams of Eu(DPM)3, the solvent used was carbon tetra-
chloride, and the substrate concentration was about .2M. The chemical
shift behavior of the protons in butadiene monoepoxide were the first
investigated by substrate addition method. A Teast squares analysis
input data assumes x (chemical shift) to be errorless, calculates y
(mole ratio), gives the slope, and the standard deviation of the s1ope.46
From the data obtained, it was possible to qua]itativq]y make assign-
ments for each proton in the molecule. The slope (1/slope x frequency
in MHz) 1is given as an output in the least squares program. In
general, the closer a proton is to the site of complexation, the
larger should be the slope number and this value is related to the
distance of the proton from the metal comp1ex.47

In our procedure we relate the slope of the 1line to the change
in chemical shifts. By relating the slope of the 1ine for each proton
to r, where r is the measured distance from the metal compiex to the
proton, we were able to show that our assignments for each proton
were correct and the preferred ground state conformation of the mole-
cule in carbon tetrachloride at 30°C is anti. For instance, in buta-

diene monoepoxide, the vinyl group may be either anti or syn to the

epoxide. However, with the approximate distance of proton to europium,
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FIGURE 7
PLOT OF CHEMICAL SHIFT IN Hz FROM TMS VS. MOLAR RATIO
OF EU(DPM)3 TO BUTADIENE MONOEPOXIDE

Extrapolation 1ndica£es intercepts of
protons as obtained from least squares

analysis.
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FIGURE 8
PLOT OF CHEMICAL SHIFT VS. MOLAR RATIO OF Eu(DPM)3 TO
CYCLOPROPANE CARBOXALDEHYDE

Extrapolation indicates intercepts of protons

as obtained from least squares analysis.
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FIGURE 9
PLOT OF CHEMICAL SHIFT VS. MOLAR RATIO OF Eu(DPM)3 T0
CROTONALDEHYDE

Extrapolation indicates intercepts of
protons as obtained from least squares

analysis.
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it can be shown that the preferred conformation is with the epoxide
ring anti to the vinyl group. In the cases used the approximate
distance was 2.5 R. The ‘correlation of AFu values and 1/R3 is good
for all of the protons in the égzi conformer. This is not the case
for measured distances in the syn conformer. Table XI shows.the
correlations obtained for each conformation in butadiene monoepoxide.
Although it is more clearly seen from models, the correlation tables
point out that for each molecule the intermediate protons are the ones
most sensitive in changing the conformations from anti to syn.

Using the same proced;re, it can‘be shown that the preferred con-
formation of cyclopropane carboxaldehyde is that in which the carbonyl
is anti to the cyciopropane ring rather than syn. In the same manner
crotonaldehyde is shown to prefer the carbonyl anti to the double bond
and not syn.

Tables XII and XIII show the correlation of AEu to r in the syn
and anti forms of cyclopropane carboxa]dehyde and crotonaldehyde.

Another interesting question about Eu(DPM)3 is its behavior in solu-
tion. Does it act as a unit or does it dissociate? This question is still
unanswered, but our preliminary observations of the mo]ecu]ér weight of
this complex, determined by the cryoscoﬁic method, were from .5 to 2
times the molecular weight calculated from the formula (701). The most
common values were those between 320 and 450. This may have been caused
by precipitation of some of the complex during the determination or sev-
eral other factors. But the fact remains that the calculated value is

never obtained. This is a very good point to be investigated.
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TABLE XI
CORRELATIONS* FOR SYN AND ANTI CONFORMATIONS OF BUTADIENE MONOEPGXIDE

Eu rA° -lZQ%ZEE;- Eu rA° 113{2535
4.2 5.13 1.2 4,2 4.88 1.2
7.0 4,63 1.1 7.0 4.00 1.2
11.8 3.75 1.1 11.8 4.25 .95
19.4 3.44 1.0 19.4 3.44 1.0
21.5 3.38 1.0 21.5 3.38 1.0
21.5 3.38 1.0 a 21.5 3.38 1.0
Anti Syn

*The /3f——ﬁEu

values are norma]ized




TABLE XII -

~CORRELATIONS*FOR SYN AND ANTI CONFORMATICONS OF

-~ =+CYCLOPROPANE CARBOXALDEHYDE

7.40 5.63 .91 7.40 4.88 1.1
11.5 5.13 .90 11.5 3.13 1.4
15.12 3.75 1.1 15.12 4,75 .88
23.5 3.38 1.0 23.5 3.38 1.0

Anti Syn

*The l-4-3'—Y,—A--F=E~.va]ues are normalized




TABLE XIII
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- "CORRELATIONS*FOR SYN AND ANTI CONFORMATIONS OF CROTONALDEHYDE

sEu rAe L3R sEa rae 1AAHE
4.5 6.2 0.97 4.5 5.8 1.13
7.9 5.38 0.94 7.9 3.25 1.55
15.2 3.8 1.04 15.2  4.75 0,85
22.7 3.5 1.00 22.7 3.5 1.00

The 1/3&AEU

values are normalized
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C. INTERPRETATION OF RESULTS

-In the investigation of butadiene monoepoxide, cyclopropane

--carboxaldehyde, and crotonaldehyde -we have shown, through the use of

-Eu(DPM)3, their preferred ground state. conformations .in.solution at

room temperature. The conclusions drawn about the réspective confor-
mations of the molecules are based on acceptable correlations of AEu
(i.e., slope) and 1/r3, where r is the vector distance from the approxi-
mate position of Eu(DPM)3 to the proton in question. These correla-
tions determined using models indicate that the conformations of buta-
diene monoepoxide, cyclopropane carboxaldehyde, and crotonaldehyde are
those shown in Figures 10, 11, and 12, respectively. Figufe 10 shows

the AEu values in butadiene monoepoxide obtained from the least

squares data in Tables XIV through XIX: The AEu values in Figure 11

for cyclopropane carboxaldehyde were obtained from the least équares
data-in -Tables XX through XXIII. Tables XXIV through XXVII contain

data for crotonaldehyde. While the use of paramagnetic shift rea-

gents has expanded rapidly, there are still many unanswered questions
concerning their utility. For example, typical molecular weights ob-
tained for Eu(DPM)3 determined cryoscopically were 327, 347, 500, 427 and
380. As a result of these values many speculative explanations exist.
One such explanation is that formation of precipitate during the cryoscopic
determination causes the observed values to be less than the expected

value. Another explanation and probably the best for the moment is
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FIGURE 10
AEu ASSIGNMENTS IN BUTADIENE MONOEPOXIDE

Ha = 21.5
Hy = 19.4
HC = 11.8
Hd = 7.0
H = 4.2






TABLE XIV ~

LEAST SQUARES DATA FOR PROTON WITH SLOPE 4.2 IN

BUTADIENE MONOEPOXIDE

65

Input Data
X Y
530 .789
471 564
454 .494
441 .438
429 .394
03 .328
407 .303
401 .282
398 .263

Number of Point Pairs = 9

Slope = 4.190 ¥ 0.007

X
Y

]

(1]

Chemical Shift from TMS in Hz

Molar ratio of Eu(DPM)3 to butadiene monoepoxide




TABLE XV

LEAST SQUARES DATA FOR PROTON WITH SLOPE 7.0 IN

BUTADIENE MONOEPOXIDE

66

Input Data

X Y

619 .657
575 .564
546 .494
529 .438
506 .394
495 .359
468 .303
457 .282
452 .263

Number of Point Pairs = 9

Slope = 7.03 T .0202

X
Y

Chemical Shift from TMS in Hz

Molar ratio of Eu(DPM)3 to butadiene monoepoxide




TABLE XVI

LEAST SQUARES DATA FOR PROTON WITH SLOPE 11.8 IN

- --~BUTADIENE MONOEPOXIDE

67

Input Data
X Y
898 .789
816 .657
748 .564
700 .494
660 .438
624 .394
613 .358
580 .328
.554 .303
535 .263

Number of Point Pairs = 10
Slope = 11.84 t 051
X = Chemical Shift from TMS in Hz

Y = Molar ratio of Eu(DPM)3 to butadiene monoepoxide




TABLE XVII

LEAST SQUARES DATA FOR PROTON WITH SLOPE 19.4 IN

BUTADIENE MONOEPOXIDE

68

Input Data .

X Y
1075 .789
817 .564
725 .494
656 .438
617 .395
. 580 .358
504 .303
487 .282
466 263

Number of Point Pairs = 9

Stope = 19.38 * .096

X
Y

Chemical Shift from TMS in Hz

‘Molar ratio of Eu(DPM)3 to butadiene monoepoxide




TABLE XVIII -
LEAST SQUARES DATA FOR PROTON WITH SLOPE 21.5 IN
BUTADIENE MONOEPOXIDE

Input Data

X Y
1220 .789
1065 .657
940 . . .564
840 .494
760 .438
707 .394
655 .358
561 .282
‘538 .263

Number of Point Pairs =9
Slope = 21.54 T .046

X
Y

Chemical Shift from TMS in Hz

Molar ratio of Eu(DPM)3 to butadiene monoepoxide




TABLE XIX -
LEAST SQUARES DATA FOR PROTON WITH SLOPE 21.5 IN
BUTADIENE MONOEPOXIDE

Input Data
X Y
1190 .789
909 .564
720 . . .438
580 .328
-560 .303
547 .282
523 .263

Number of Point Pairs =7
Slope = 21.503 ¥ .210

X = Chemical Shift from TMS in Hz

Y = Molar ratio of Eu(DPM)3 to butadiene monoepoxide
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FIGURE 11
AEu ASSIGNMENTS IN CYCLOPROPANE CARBOXALDEHYDE

: Ha = 23.5
Hb = 15.12
H, = 11.50
H -

d° 7.40






TABLE XX
LEAST SQUARES DATA FOR PROTON WITH SLOPE 7.4 1IN
—~~CYCLOPROPANE CARBOXALDEHYDE

-Input Data

X Y
334 J17
294 .598
250 .512
200 .398
181 .358
167 .326
153 B , .299
143 .279
137 .256
126 o .239

Number of Point Pairs = 10
Slope = 7.403 ¥ o7
X = Chemical Shift from TMS in Hz

Y = Molar ratio of Eu(DPM)3 to cyclopropane carboxaldehyde




TABLE XXI
LEAST SQUARES DATA FOR PROTON WITH SLOPE 11.5 IN
CYCLOPROPANE CARBOXALDEHYDE

Input Data
X Y
498 17
364 512
286 .398
254 .358
230 .326
209 .299
196 . 276
181 256
178 .239

Number of Pcint Pairs = 9
Slope = 21.503 T .210 .
X = Chemical Shift from TMS in Hz

Y = Molar ratio of Eu(DPM)3 to cyclopropane carboxaldehyde




LEAST SQUARES DATA FOR PROTON WITH SLCPE 15.12 IN

TABLE XXII

CYCLOPROPANE CARBOXALDEHYDE

74

Input Data

X Y
622 J17
566 .598
483 .512
385 .398
348 .358
316 .326
298 .299
256 .256
237 .239

Number of Point Pairs

Slope = 15.126 £ .071

X
Y

=9

Chemical Shift from TMS in Hz

Molar ratio of Eu(DPM)3 to cyclopropane carboxaldehyde




TABLE XXIII
LEAST SQUARES DATA FOR PROTON WITH SLOPE 23.5 IN
CYCLOPROPANE CARBOXALDEHYDE

Input Data .

X Y
1454 17
1015 .398

954 .358
905 .326
862 .299
- 840 .279
807 | . .256
777 ' .239

Number of Point Pairs = 8
Slope = 23.503 T .088
X = Chemical Shift from TMS in Hz

Y

Molar ratio of Eu(DPM)3 to cyclopropane carboxaldehyde




76

FIGURE 12

AEu ASSIGNMENTS

IN CROTONALDEHYDE

22.7

15.2

7.9

4.5






TABLE XXIV -
LEAST SQUARES DATA FOR PROTON WITH SLOPE 4.5 IN
" CROTONALDEHYDE

Input Data

X Y
299 713
263 .594
238 . . .509
213 .396
197 .357
191 .324
185 .297
166 274
175 . 255
168 ' .237

10

Number of Point Pairs
Slope = 4.504 T .0355
X = Chemical Shift from TMS in Hz

Y

Molar ratio of Eu(DPM)3 to crotonaldehyde




TABLE XXV

LEAST SQUARES DATA FOR PROTON WITH SLOPE 7.9 IN

78

CROTONALDEHYDE
Input Data
X Y
647 .594
596 .509
564 445
550 .396
522 .367
511 .324
. 502 .297
489 274
487 .255
471 237

Number of Point Pairs = 10

Slope = 7.933 t .0644

X = Chemical Shift from TMS in Hz

~Y = Molar ratio of Eu(DPM)3 to crotonaldehyde




TABLE XXVI
LEAST SQUARES DATA FOR PROTON WITH SLOPE 15.2 IN

CROTONAL DEHYDE
Input Data
X Y

839 .594
764 .509
700 .445
664 .396
611 .357
591 .324
574 ' .294
453 .274 |
538 .255
507 : .237

Number of Point Pairs = 10

STope = 15.22 £ .123

X = Chemical Shift from TMS in HZ

Y = Molar ratio of Eu(DPM)3 to Crotonaldehyde




TABLE XXVII
LEAST SQUARES DATA FOR PROTON WITH SLOPE 22.7 IN

CROTONALDEHYDE
Input Data
X Y
1268 .594
1153 .509
1064 .445
1015 .396
945. .357
908 .324
831 .274
782 .237
Number of Point Pairs = 8
Slope = 22.680 % .131
X—= Chemical Shift from TMS™in Hz —

Y + Molar ratio of Eu(DPM)3 to crotonaldehyde
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that the complex dissociates somewhat, perhaps according to the

equation
Eu(DPM)3 < Eu(DPM)2 + (DPM)

If dissociation does occur then this would increase the number of
species in solution and thereby cause a lowering of the molecular
weight value.

Before making any decisions concerning the mechanism for the
cyclopropane carboxaldehyde-2,3-dihydrofuran isomerization even with
the gound state conformational data at hand, one must ultimately
consider the kinetics involved. The kinetics studies of these
molecules proved to be interesting. For example, the energy of
activation for the formation of 2,3-dihydrofuran from cyclopropane
carboxaldehyde obtained in this study was 45 Kcal/mole, as shown in
Figure 6. This is not the same but similar to that observed for the
vinylcyclopropane-cyclopentene rearrangement (50 Kcal/mole). The
vinylchclopropane-cyclopentene isomerization has been shown to proceed

12 The precursor to all of the

by way of a biradical intermediate.
isomerizations is that of the cyclopropane-propylene rearrangement.

The energy of activation for the cyclopropane-propylene rearrangement

————

is known to be about 65 Kcal. Indeed, this is Ehe case in our inves-—"
tigation of the cyclopropane carboxaldehyde-2,3-dihydrofuran isomeri-
zation. Tables XXVIII through XXX 1ist the estimated heats of forma-
tion for all of the compounds identified in the pyrolysis of cyclo-

propane carboxaldehyde.



TABLE XXVIII
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I APPROXIMATION OF AH® OF CYCLOPROPANE..CARBOXALDEHYDE

AND 2,3-DIHYDROFURAN
Group AH f° Reference
CH -1.09 49
ZCH2 <9.86 49
~e=0 -33.9 49
H
A (correction) 24.4 49
A -17.25 Kcal/mole total
f } /=0
O~ -27.2 49
2CH2 -9.86 49
— 18.88 49
H H
-18.88 Kcal/mole total




TABLE XXIX

APPROXIMATION OF AHf° OF BUTADIENE MONOEPOXIDE
AND CROTONALDEHYDE

83

Group AHf° Reference
N : -27.2 49
TTH, - D 49
CH - 1.09 49
\C=CH2 15.00 49
H
&F 17.13 19
Hf—\“H 17.83 49
CH, -10.12 49
>c=o =33.90 49
H
CH5CH=CH-CHO -26.19
CH4CH=CH, 4.9% 48
CH4CHO -39.7* 48

*These values were taken directly from the literature.




TABLE XXX
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GROUP ADDITIVES USED IN CALCULATING ENERGY WELL FOR

CYCLOPROPANE CARBOXALDEHYDE DIRADICAL

Group AHf° Reference
[-C-(c)(HZ)] 35.82 Kcal/mole 48
['C'(Cd)(Hz)] 35.82 Kcal/mole 48
[-C-(Cc0)(C)(H)] 36.35 Kcal/mole 48
[-C-(Cz)(H)] 37.45 Kcal/mole 48
Correction for A 24.4 Kcal/mole 49
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With this information in mind we shall now turn our attention
to a discussion of the kinetics of the isomerizations of cyclopropane,
vinylcyclopropane and cyclopropane carboxaldehyde.

The existence of a biradical intermediate in the cyclopropane-

a8

propylene isomerization is proposed and explained by‘Benson. The

reaction mechanism is proposed to be

A reaction cocrdinate diagram for the isomerization is shown

below.
) 4%
Y Sl e
: \V4 ¢10.8 Kcal/mole
N Kcal ¢ \ o
E e Sy .00 T
N —
zfi& V2N

Reaction Coordinate
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From the reaction coordinate diagram it may be seen that the energy
required for reclosing of the biradical is given as 9.3 Kcal/mole
while the energy for hydrogen atom migration is 10.8 Kcal/mole. This
then makes the depth of the energy well about 10 Kcal for the cyclo-
propane-propylene isomerization. It should be pointed out, however,
that the estimate of 10 Kcal for the energy well for this isomerization
is based on other estimates to which Benson fixed the value of 54 Kcal
for the energy from ground state cyclopropane to biradical. It should
be further noted that as has been pointed out earlier recyclization
takes place at a faster rate than does the formation of propylene, thus
the highest point of the diagram is on the back side. The difference
in the energy required to recyclize and that to form propylene accor-
ding to Benson is 1.5 Kcal.

In the vinylcyclopropane-cyclopentene isomerization a somewhat‘
similar sijtuation exists except in this case one has to account for
the resonance energy of the vinyl group which is estimated, according
to Benson, at 12.6 Kcal/mole. The reaction coordinate diagram for this
isomerization is shown on the next page. For this reaction the energy
of activation has been found to be about 50 Kca]/mo'le.12 Benson cal-
culates the energy difference from ground state vinylcyclopropane to
the biradical to be about 41 Kcal which means that the energy for
cyclizing to cyclopentene is about 9 Kcal. Benson's method of calcu-
lating the thermodynamic path from the reactant to the transition

state involves estimates in at least five steps. The first step is
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Reaction Coordinate

the estimation of ring opening to the corresponding biradical at room
temperature through the use of group additives of hydrocarbons and free
radicals. Step 2 incorporates resonance (if any exists) in the bi-
radical. The third step is a correction of the thermodynamics of

the ring-opening reaction from 298°K to the reaction %emperature

using estimated heat capacities of this range. Step 4 is the formation
of the transition state from the biradical and step 5 incorporates
estimates of the total symmetry change between the reactant and the
transition state. Thus, upon considering all of the estimates, Benson
indicates as shown on the reaction coordinate diagram that the total
energy difference between ground state vinylcyclopropane and the bi-

radical is about 41 Kcal.
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_ Using Benson's method of calculations we should now like to
turn our attention to energy estimates for the cyclopropane carbox-
aldehyde-2,3-dihydrofuran isomerization. Our observed value for

the energy of activation for this isomerization is 45 Kcal. Using
Benson's estimates of group additivity of radicals, hydrocarbons and
nonhydrocarbons, the calculated difference between the energy of
ground state cyclopropane carboxaldehyde and the biradical is about

42 Kcal. This value is obtained by use of Benson's group additives,

correcting for the cyclopropyl ring and the resonance energy of the
carbonyl group (8.7 Kcal/mole). Thus, the reaction coordinate dia-

- gram for the reaction would be as shown below.

i’
-§(Kca1/mo1e

Reaction Coordinate
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From the estimates it appears that the energy well for the biradical
is only about 3 Kcal deep. However, several factors should be kept
in mind in looking at the 3 Kcal energy well. One of these, and
probably foremost, is that the 45 Kcal value is only an approximate
value and contains some error. The estimates also contain errors.
Further, with few exceptions, reactions of the type just described
all have been proposed to proceed by way of a biradical intermediate.
We feel, even though a 3 Kcal energy well is not conclusive evidence,
that when one considers the possible errors that may exist, and the
close analogy of this system to vinylcyclopropane, this isomerization
may also proceed via a biradical. As indicated by thelheats of
formation for the broducts in the pyrolysis of cyclopropane carboxal-
dehyde, once crotonaldehyde and acetaldehyde are formed there is 1ittle
possibility of their re-entering the reaction. A reaction pathway

to all of the products produced in the pyrolysis may be that of

INSYSSINe

The formation of crotonaldehyde via the intermediate biradical is

also possible.

AN /—/EOH /_/ﬁ*/:/=O
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The production of carbon monoxide and propylene from the intermediate
has several possibilities. One is a bond cleavage and hydrogen atom

transfer to form the products.
H

__AH?@% [ Pl N

A possibility for the formation of acetaldehyde may be through
vinylacetaldehyde with acetylene and acetaldehyde as products.
Although neither acetylene nor vinylacetaldehyde were detected as
products, vinylacetaldehyde is reported to be a product in the

pyrolysis of butadiene monoepoxide.

H

H
H .
A}oe [/ _J=° — \_© — H,+CH3CHO

On observing the behavior of butadiene monoepoxide in the pyrolysis
it seems evident that there is present a surface catalyzed or radical
chain process. This is indicated by the erratic product distribution
and the complete destruction of the molecule during the pyrolysis.
In each instance the products showed a range of reactant remaining of
Tess than one percent to zero percent.

The original reason for attempting the pyrolysis of butadiene
was to determine whether or not it is an intermediate in the isomeri-

zation of cyclopropane carboxaldehyde to 2,3-dihydrofuran. It is
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apparent from the thermochemical data bresented that it is not an

intermediate.

Summar

The use of shift reagents in conformational studies of mole-
cules containing sites for complexation has shown to be a valuable
and useful tool. Although there is still much to be learned about
the way the shift reagents really work, their use as a qualitative
tool for ground state conformational studies is invaluable.

Qur studies show that the preferred ground state conformation
of cyclopropane carboxaldehyde is anti. However, it is evident that
for the major product, 2,3-dihydrofuran, to be formed the molecule
must assume the syn conformation. Another worthwhile observation is
that most of the good thermal isomerizations involve pure hydrocarbons.
Qur system is not in this category and it appears that non-pure
hydrocarbon systems lend themselves to many difficulties as we have
shown. Another difficulty is seen in the fact that our isomerization
of cyclopropane carboxaldehyde to 2,3-dihydrofuran is an equilibrium
type isomerization since the product upon thermolysis produces the
reactant. Butadiene monoepoxide, contrary to our original thought,
is not an intermediate in the isomerization and upon pyrolysis pro-
duces radicals and fragments to form primarily propylene and carbon

monoxide.
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The shallow energy well seen in the reaction coordinate diagram
for the cyclopropane carboxaldehyde-2,3-dihydrofuran isomerization
must be observed while keeping in mind that the value for the energy
of activation is a good estimate that contains some error..

Although we have discussed the isomerization of cyclopropane
carboxaldehyde as proceeding by was of an intermediate biradical we
cannot totally disregard the fact that the reaction may be occurring

through a concerted pathway.



CHAPTER IV
EXPERIMENTAL



EXPERIMENTAL

Butadiene Monoepoxide [19] was purchased from Columbia Organic

Chemicals, Inc., Columbia, South Carolina.

Pyrolysis of Butadiene Monoepoxide. The procedure used for the

pyrolysis was the same as that used by Boriack in the pyrolysis of bor-
nadiene. The apparatus is shown in Figures 2 and 3 and the data from

the pyrolysis may be found in Table IV.

Cyclopropane Carboxaldehyde [49]. The method used in the prep-

aration of cyclopropane carboxaldehyde was a modified form of that

50

used by Rogier and Smith. The aldehyde was synthesized from cyclo-

propy1 cyanide.

_Pyrolysis of Cyclopropane Carboxaldehyde. The pyrolysis pro-

cedure was the same as that for butadiene monoepoxide. The kinetic
data obtained from the pyrolysis if cyclopropane carboxaldehyde is

contained in Tables V through IX.

Lanthanide Shift Reagent. Tris{dipivalomethanato)europium(III)

was obtained from Diaprep, Inc., Houston, Texas.

Preparation of the Stock Substrate Solution. To a weighed 10 m]

volumetric flask was added the required weight of aldehyde or epoxide
to give the desired concentration (13 mg/ml). The flask was then

filled to the mark with carbon tetrachloride.
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Procedure for Lanthanide Induced Shift Experiment. To an NMR

tube was added .5 ml of stock solution from a 1 ml syringe. To the
solution in the NMR tube 50 mg of Eu(DPM)3 was added. The tube was
warmed with a heat gun and thoroughly mixed until all of the shift

reagent was dissolved. An NMR spectrum was then taken. Upon com-

pleting the spectrum, the tube was removed from the instrument and

100 microliters of stock solution were added. The tube was then

shaken to assure mixing and a second spectrum-was taken. This same

—_

procedure of aliquot addition of stock solution was repeated until the

total number of mls of stock solution contained in the NMR tube was
1.5 ml.
The NMR instrument used in the lanthanide shift reagent experi-

ment was the T-60 Nuclear Magnetic Resonance Spectrometer by Varian.

Identification of Pyrolysis Products. Individually sealed

pyrex tubes of butadiene monoepoxide and cyclopropane carboxaldehyde
were pyrolyzed for 10 minutes at about 380°C. The components were
separated on a Varian Aerograph A-90P3 chromatograph with a thermal
conductivity detector and helium as the carrier gas. The columns
used were .25 inch diameter carbowax packed columns. The NMR spec-
tra of the components were identified by comparison with authentic
spectra of crotonaldehyde and 2,3-dihydrofuran. A sample of these
mixed with exit gas from the reactor oven and injected into the
Aerograph Hy-Fi Model 600 flame jonization chromatograph showed an

increase in the size of those two individual peaks. Tables XXXI
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through XXXV show the ratio of percentage of cyclopropane carboxal-
dehyde to acetaldehyde at various flow rates. Tables XXXVI through
XXXIX show the ratio of percent cyclopropane carboxaldehyde to cro-

tonaldehyde. No crotonaldehyde was observed at 341°C.
Propylene was identified by the method mentioned in Chapter III.

Acetaldehyde was identified by retention time on the Aerograph

Hi-Fy Chromatograph, and by identification from an NMR of trapped

pyrolysate from the stirred flow reactor.
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TABLE XXXI
THE PYROLYSIS OF Aj?\ AT 395°C
H

Percent CCA Percent ACT CCA/ACT uv x 1074
37.0 3.53 10.5 10.5
14.05 3.52 3.99 2.52
28.89 4.98 5.8 7.74
31.13 4.17 7.48 8.2
42.62 2.36 18.1 13.4

Percent and ratio of cyclopropane carboxaldehyde to acetaldehyde at
various flow rates.

-395°C an

CCA
ACT

d

—_—

cyclopropane carboxaldehyde

acetaldehyde




TABLE XXXII

THE PYROLYSIS OF ZfzijiH AT 383.75°C
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Percent CCA Percent ACT CCA/ACT /v x 107%
41.66 4.41 9.45 6.58
47.02 3.45 13.65 10.88
54.34 2.29 23.7 13.38
60.31 1.74 34.6 16.01
60.82 1.01 60.3 17.48

Percent and ratio of cyclopropane carboxaldehyde to acetaldehyde at

383.75°C and various flow rates.

CCA
ACT

cyclopropane carboxaldehyde
acetaldehyde
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TABLE XXXIII

THE PYROLYSIS OF AT 376.43°C
H

Percent CCA Percent ACT CCA/ACT u/v x 1074
67.25 1.03 65.2 21.97
64.42 2.35 8.6 18.03
60.77 2.26 26.9 13.84
43.84 6.94 6.32 8.13
56.62 4.64 12.2 11.34

Percent and ratio of cyclopropane carboxaldehyde to acetaldehyde at

~ 376.43°C and various flow rates.

CCA
ACT

cyclopropane carboxaldehyde
acetaldehyde




TABLE XXXIV

THE PYROLYSIS OF Z{j}yj{ﬂ AT 353.75°C
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Percent CCA Percent ACT CCA/ACT u/v x 107
34.50 9.72 3.55 2.73
58.96 5.32 1.1 5.33
68.24 3.48 19.6 7.1
74.29 2.53 29.3 8.86
76.6 1.4 54,8 10.1

Percent and ratio of cyclopropane carboxaldehyde to acetaldehyde at

353.75°C and various flow rates.

CCA
ACT

cyclopropane carboxaldehyde
acetaldehyde




TABLE XXXV

THE PYROLYSIS OF fi S{ AT 341°C
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Percent CCA Percent ACT CCA/ACT u/v x 107
69.13 4.30 16.1 2.43
79.51 1.91 41.7 6.36
87.69 .37 237.0 9.13
89.99 .27 333.0 11.49
80.15 1.89 42.4 7.24

Percent and ratio of cyclopropane carboxaldehyde to acetaldehyde at

341°C and

CCA
ACT

various flow rates.

cyclopropane carboxaldehyde
acetaldehyde
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TABLE XXXVI
THE PYROLYSIS OF szﬁ»ﬁz\ AT 395°C
H

Percent CROT Percent CCA CCA7CROT u/v x 1072
10.94 37.0 3.38 10.5
3.95 14.05 3.56 2.52
9.09 28.89 3.56 7.74
11.08 31.13 2.8 8.2
10.52 42.62 4.05 13.4

Percent and ratio of cyclopropane carboxaldehyde to crotonaldehyde

at 395°C and various flow rates.

CROT
CCA

crotonaldehyde
cyclopropane carboxaldehyde
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TABLE XXXVII

THE PYROLYSIS OF zf:ﬁ»j{\ AT 383.75°C

H

Percent CROT Percent CCA CCA/CROT uv x 1074
6.85 41.66 6.1 6.58
7.68 629 6.03 10.88
3.60 54.34 15.1 13.38
4.47 60.31 13.5 16.01
5.60 60.82 10.8 17.48

Percent and ratio of cyclopropane carboxaldehyde to crotonaldehyde
at 383.75°C and various flow rates.

CROT
CCA

crotonaldehyde
cyclopropane carboxaldehyde
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TABLE XXXVIII

THE PYROLYSIS OF foﬁ&szji AT 376.43°C

Percent CROT Percent CCA CCA/CROT u/v x 1074
4.45 56.62 12.7 11.34
4.83 43.84 9.1 8.13
5.51 60.77 1.0 13.84
3.37 64.42 19.1 18.03
2.90 67.25 23.2 21.97

Percent and ratio of cyclopropane carboxaldehyde to crotonaldehyde
at 376.43°C and various flow rates.

CROT
CCA

crotonaldehyde
cyclopropane carboxaldehyde




TABLE XXXIX

THE PYROLYSIS OF M AT 353.50°C
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H
Percent CROT | Percent CCA CCA/CROT u/v x 107
2.69 34.50 12.9 2.73
1.57 | 58.96 37.5 5.33
1.28 68.24 53.3 7.1
1.26 74.29 58.9 8.86
1.05 76.66 73.0 10.1

Percent and ratio of cyclopropane carboxaldehyde to crotonaldehyde

at 353.50°C and various flow rates.

CROT
CCA

crotonaldehyde
cyclopropane carboxaldehyde




BIBLIOGRAPHY



BIBLIOGRAPHY

1. Trautz, M. and K. Winkler, J. Prakt. Chem., 104, 539 (1922).

2. Falconer, W. E., T. F. Hunter, et. al., J. Chem. Soc., 609
(1961).

3. Blades, A. T., Can. J. Chem., 39, 1401 (1961).

Weston, R. E., J. Chem. Phys., 26, 975 (1957).

b
4, Benson, S. W., Thermochemical Kinetics, John Wiley and Sons,
Inc., New York (1968).

5. Rabinovitch, B. S., E. Schlag, and K. Wiberg, J. Chem.
Phys., 28, 504 (1958)

6. Benson, S. W., J. Chem. Phys., 34, 521 (1961).

7. Chambers, T. S. and G. B. Kistiakowsky, J. Amer. Chem. Soc.,
56, 399 (1934)

8. Berson, J. A. and J. M. Balquist, J. Amer. Chem. Soc., 90,
7343 (]968) '

9. Hoffman, R., J. Amer. Chem. Soc., 90, 1475 (1968).

10. Crawford, R. J. and A. Mishoa, J. Amer. Chem. Soc., 87,
3768 (1965); 88, 3963 (1966).

11. Bergman, R. G. and W. L. Carten, J. Amer. Chem. Soc., 90,
7343 (1968).

12. Cargle, V. H., Ph.D. Dissertation, University of Houston, 1969.

13.. Gerberich, R. and W. D. Walters, J. Amer. Chem Soc., 83,
3935; 84, 4884 (1961).

14. Corner, E. S. and R. N. Pease, J. Amer. Chem Soc., 67,
2067 (1945) :

15a. Flowers, M. C. and H. M. Frey, Proc. Roy. Soc., (London)
A 260, 424 (1961).

b. Flowers, M. C. and H. M. Frey, ibid., A 257, 121 (1960).

c. Flowers, M. C. and H. M. Frey, J. Chem. Soc., 3953 (1959).



16.
17.

18.

19.
20.

21a.

22.

23.

24.

25.
26.
27.
28

29.

30.
31.
32.
33.

106

Frey, H. M. and D. C. Marchall, J. Chem. Soc., 5717 (1963).

Ackerman, P. G. and J. E. Mayer, J. Chem. Phys., 4, 377
(1936).

Mueller, K. H., and W. D. Walters, J. Amer. Chem. Soc., 73,
1458 (1951).

Ipatieff, V. and V. Leontovitch, Ber., 36, 2016 (1903).

Robeson, M. 0. and R. A. Springer, U. S. Pat. 2, 660, 609,
cited from Chem. Abstr., 48, 12792 (1954). -

Fourneau, E., and M. Tiffeneau, Bull. Soc. Chim. France, 33
(3), 741 (1923).

. Buchi, G., and E. M. Burgess, J. Amer. Chem. Soc., 84,

3104 (1962).

Meerwein, H., in "Methoden der Organichen Chemie" (Houben)
(3rd ed.), Vol. IIT, Thieme, Stuttgart (19307).

House, H. 0., and R. L. Wasson, J. Amer. Chem. Soc., 78,
4394 (1956).

Huyser, E. S., and L. R. Munson, J. Org. Chem., 30, 1436
(1965). ' .

Kadesch, R. G., J. Amer. Chem. Soc., 68, 41 (1946).

Petrov, A. A., J. Gen. Chem., (U.S.S.R.), 11, 991 (1941).
Petrov. A. A., J. Gen. Chem., (U.S.S.R.), 8, 131 (1938).

Cockroft, R. D., Waali, E. E. and S. J. Rhoads, Tetrahedron
Lett., 3539 (1970).

Boykin, D. W. and Lutz, R. E., J. Amer. Chem..Soc., 86, 5046
(1964).

Wilson, C. L., J

Chem. Soc., 58 (1945). -
Wilson, C. L., J

Chem. Soc., 69 (1947).
Hinckley, C. C., J. Amer. Chem. Soc., 91, 5160 (1969).

Demarco, P. V., Elzey, T. K., Lewis, R. B. and E. Wenkert,
J. Amer. Chem. Soc., 92, 5739 (1970). '




34.

35.
36.

37.
38.
39.
40.
41.
42.

43.
a4,

45.
6.
47.
a8,

49.
50.

107

Demarco, P. V. Elzey, T. K., Lewis, R. B. and E. Wenkert,
J. Amer. Chem. Soc., 92, 5734 (1970).

Eaton, D. R., J. Amer. Chem. Soc., 87, 3097 (1965).

Shapiro, B. L., Lhubucek, J. R., Sullivan, G. R. and L. F.
Johnson, J. Amer. Chem. Soc., 93, 3281 (1971).

McConnel, H. M. and R. E. Robertson, J. Chem. Phys., 29,
1361 (1958).

Williams, D. H., Sanders, J. K. M., J. Amer. Chem. Soc., 93
(1971).

Moss, G. P., Briggs, J., Hart, F. A., J. Chem. Soc. 1506
(1970).

Lewis, E. S. and W. C. Herndon, J. Amer. Chem. Soc., 93
(1971).

Willcott, M. R., Oth, J. F. M., Thio, J., Plinke, G. and
G. Schroder, Tetrahedron Lett. 1579 (1970).

Briggs, J., Hart, F. A., and G. P. Moss, J. Chem. Soc.,
1506 (1970).

Boriack, C. J., Ph.D. Dissertation, University of Houston (1970).

Herndon, W. C. and L. L. Lowry, J. Amaer. Chem. Soc. 86
1922 (1964).

Crawford, R. J., University of Alberta, Edmunton, Dept.
of Chemistry, Alberta, Canada. Private Communication.

Wiberg, K. B., "Computer Programming for Chemists," W. A.
Benjamin, Inc. New York (1965). )

Hart, H. and G. M. Love, Tetrahedron Lett., 625 (1951).

Benson, S. W. and H. E. 0'Neal, J. Phys. Chem., 72, 1866
(1968). .

Franklin, J. L., Ind. Eng. Chem., 41, 1070 (1949).

Rogier, E. R., and L. I. Smith, J. Amer. Chem. Soc. 73,
4047 (1971). ,



APPENDIX



- APPLICATIONS OF LANTHANIDE SHIFT REAGENTS
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