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ABSTRACT

Part I: Decomposition of Isomeric Cis-6, 7-dimethyl-2, 3-
diazabicyclo[ 3. 2. 0] hept-2~enes in the Gas Phase
The thermal decomposition of the isomeric cis 6, 7T-dimethyl-
2, 3-diazabicyclo[ 3. 2. 0] hept-2-enes was studied. In order to account
for the products observed, dual pathways for the decomposition are
proposed. The formation of isomeric cis 2, 3-dimethyl-bicyclo[2.1.0]
pentanes is explained by a mechanism involving a diradical inter-
mediafe. The formation of 2, 3-dimethylpenta-1, 4-dienes is best
explained by a stereospecific retro-1, 3-dipolar cleavage to an acyclic
diazo compound which loses nitrogen to form a carbene. The absence

of a thermal "Di-m-methane’" pathway is indicated from the products.

4 Part II: The Wall-less Reactor

A wall-less reactor was constructed based on one designed
previously at Kent State. The reactor was modified and used to study
the unimolecular decomposiﬁon of strained hydrocarbons. Cyclo-
propane was found to isomerize to propylene with a rate law of log k =
14.6 - 65.1 kecal per mole/6 over the temperature range of 936 to

1026°K. The wall-less reactor was also used to study the isomeri-
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zation of 3, 3~dimethylcyclopropene (see abstract of Part III).

Part III: Thermal Isomerization of Cyclopropenes

The fhermal rearrangement of 3, 3-dimethylcyclopropene (6)
was studied in the wall-less reactor over a temperature range of
608 to 668°K. The rate law for the isomerization was found to be
log k = 12.6 - 36.2 kcal per mole/¢. 6 isomerized to 86.2% 3-methyl-
1-butyne, 12.9% 1-methyl-1,3-butadiene and 0.9% 3-methyl-1, 2-
butadiene. The daté were in accord with published results of the
isomerization of 6 in a static thermal reactor.

The thermal rearrangement of 1-methylcyclopropene (14) was
investigated by entering the energy surface for the reaction by two
roﬁtes: thermal isomerization of the cyclopropene and pyrolysis of
a vinylcarbene precursor, 3-methyl-3-vinyldiazirine (12). The
acyclic C ,H; products from both reactions are identical, however the
proportions vafs;éreatly. Greater than 999% of the product from the
diazirine is the cyclopropene, and the remainder of the products is
1, 3-butadiene, 2-butyne anc{ 1, 2-butadiene in the ratio of 1:0.6:0. 2,
respectively. The products from the isomerization of 1-methyl-

cyclopropene are the same but in the ratio of 5:93:2, respectively.



From the data it is concluded that two intermediates exist for the
isomerization, a planar vinylcarbene and a 90° rotamer, designated

a diradical.
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INTRODUCTION

History of Pyrazoline Decompositions

The first report of a pyrazoline decomposing to give cyclo-
propane products dates back to 1888. 1 From 1932 2 to 1960, % it was
generally accepted that the stereochemistry of the pyrazoline was
retained in the major cyclopropane decomposition product. All
experimental studies were in accord with this postulate. Then in
1962, van Auken and Rinehart found an isomeric pair of pyrazolines

(1C) and (1T), which gave cyclopropane products exhibiting only a

slight preference for retaining the stereochemistry of the pyrazoline

precursor.
CH, H
g 3 g CO.CH
CH3 3 CH3 3 2 3
N—nN COy,CHg €O,CH CH
4C 2778 47 3
1C A =
43. 5% 56. 5%

1T (1)



From 1962 to the present, the stereochemistry of the thermal
decompositions of pyrazolines have received a great deal of study.
Much of this interest was prompted by the results of experiments
conducted by Crawford's research group starting in 1965. : It was
found that pyrazolines alkylated on the C-3 and C-5 carbon atoms
decomposéd thermally to give cyclopropane products with inverted

stereochemistry at the two labeled carbons. o, 6

CH H.C CH, H
H,C 3 3 e ~J 4 AN
\\\‘ 4 ,,:,[_I —-—-—> \\\c l," § ” 2,
H _— H H CH, H
2¢ 5 5T
33. 49 66. 6%
HsC H ,
H\\ "w,,CI;I———> 74.0% 26.0%
b N 3
N N
27
4l (2)

The cis 1-pyrazoline (2C) gave mainly trans cyclopropane (5T),
while the trans 1-pyrazoline gave predominately cis cyclopropane

(5C). See_ Equation 2.



A list of 1-pyrazolines and their cyclopropane thermal decom-
position products is shown in Table I. The cyclopropane products are
divided into two categories, Those in which the stereochemistry of the
precursor is retained at the C-3 and C-5 carbon atoms and those in
which it is inverted. A large number of thermal gas phase pyrazoline
decompositions give as the major product the cyclopropane with the
inverted stereochemistry at C-3 and C-5. It is clear from this data,
that stereochemical results are dependent upon degree and types of
substitution.

This phenomenon of forming cyclopropanes with a net inversion
of stereochemistry is not limited to pyrazolines. Other compounds
which extrude stable molecules such as N, or SO, give similar results,

for example, the sulfone 3. 1 The results of studies of this general

CH3 n3C /\ \ CH

0/%0 9 cis and trans (3)

class of reactions are given in Table II. Selectivity shows a general
decrease with increasing temperature.

Several possible theories were advanced to explain these
results. These are discussed below in light of experimental evidence

and recent theoreticai calculations.



Table I: Stereochemistry of Pyrazoline Thermolyses in Gas Phase

Cyclopropane products®

Compound 1.
. Retained Inverted e
CH3WCH3 trans 26 ¢ 74 5b, ¢, h
L S cis 33 67 5b, c, h
CH, CH, ci$ methyls 26 74
N=N C02CH3 trans: 17 83
CH, CH, cis methyls 36 64 6
COCH, trans 22 78 6
N=N
CH,
Cl\/< N B 38 62 5
Vi
N
CH,
exo 10 90 8a
Pl sntle 24 76 8a
N
CH,
exo 21 79 8c
//N endo 317 63 8c
N N
Ph Ph
W trans € 91 9 9



Table I (Cont'd)

CH,
2 COCH ¢
Ph / 3 trans 99
VN-—--N /ICHs cis © 55
D
N
D i exo 25
N

/}\I endo 43
N

exo 63

endo 6

CH,
o\ﬁﬁ
/}\I endo 41
" N

29,16 P

75 P

o1

37
94 P

59

10

11a

11a

12b
12b

13

% Normalized to 100%.

2 Doubly inverted.

¥ Injection port pyrolysis may not be occurring in the gas
phase. ~

. 62% doubly inverted.
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A w-Cyclopropane Intermediate in the Decomposition of Pyrazolines

1. wm-Cyclopropane. In 1968, Hoffmann carried out extended

Hiickel calculations on the trimethylene diradical, the suspected
intermediate in cyclopropane isomerizations. 16 He investigated the
total energy of this system with respect to the three most important
degrees of freedom of the molecule; the central C—C~C bond angle
and the rotations of the terminal methylene groups out of the plane
defined by the three carbon atoms. These calculations led to the
prediction that there exists an energy minimum for the trimethylene
diradical at what Hoffmann called the 0,0 w-cyclopropane. The central
bond angle is calculated to be 125°; the diradical lobes are predicted
to be perpendicular to the plane defined by the three carbon atoms.

Furthermore, Hoffmann stated that the 0, 0 conformer was at least

8 kcal per mole more stable than the 90,90 conformer.




It was also found from the calculations that the easiest passage
to and from the ground-state cyclopropane is via a conrotatory motion
of the terminal carbons. L The electrocyclic rule (disrotatory for a
4n + 2 electron system) predicts disrotatory closure if the system is
treated as a simple two-electron problem. However, the C-H
orbitals of the C-2 carbon atom are strongly mixed into the symmetric
orbital of the pseudo-7 system, and the mixing results in an increase
in energy of the symm-etric orbital, leaving the non-interacting anti-
symmetric orbital as the highest occupied molecular orbital of the

system.

\
“ \ A
v /\(-) N
0 \ '
\
- A‘J—L "H—
‘1—‘7‘ S
e <
e b pseudo-7_

° e b " orbital

trimethylene

diradical \\ l l
S

7 -cyclopropane



Because of this effect, the m-cyclopropane resembles an
allylic anion (4 7 electrons). The ground state of the cyclopropane
and the m-cyclopropane now correlate in the C, mode. Therefore, a
conrotatory ring closure is predicted.

The pyrazoline precursor of m-cyclopropane has a C-C-C
carbon bond angle of 109°, making thé predicted intermediate readily
accessible. The one net inversion of the cyclopropane products
formed on the pyrazoline decompositions is explained by conrotatory
closure. Using 2T as an example, it was proposed that loss of nitro-
gen from the configuration of the pyrazoline shown in Scheme I,
leads directly to the m-cyclopropane which closes as predicted to give

cis-1, 2-dimethylcyclopropane.

2T N
Hg
a— _
. CH3 CH3 :
= N
H ‘\‘
Hs 5c CHg 5C 3

Scheme I
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It should be pointed oﬁt, that the loss of nitrogen can be
cbhcerted or else involve fast sequential C-=N bond breaking without
bond rotations to give the intermediate shown. Note also that the 7-
cyclopropane has a plane of symmetry.

Although the cis c ycloprdpane is the major product fr_'om the
trans pyrazoline, some trans cyclopropane is also formed. This is
either because the tendency for conrotatory rotation to form the ring
is not absolute and the minor product arises from a disrotatory
closure, or else a second mechanism, which is only slightly less
favored, is competing with m-cyclopropane formation and giw‘res the
products in a random ratio (a freely rotating 1,3 diradical, for
example).

2. Evidence for m-cyclopropane. The extrusion reactions

listed in Table II, all of which give the singly inverted cyclopropane

as the major cyclopropane product, have been postulated as proceeding
through a m-cyclopropane intermediate. It seems unlikely thé.t this
data can beA, explained by a mechanism involving sequential’carbon-
heteroatom bond cleavage vfollowed by the necessary rotations, given
the varied nature of the extruded molecules. A common intermediate

free of nitrogen or sulfur dioxide can best explain these data.
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The observation that both cis and trans 4-~deuterio-3-methyl-

1-pyrazoline (38C and 38T) decompose thermally to an equimolar

mixture of cis and trans 1-deuterio-2-methylcyclopropane seems to

imply the intermediacy of a m-cyclopropane which has the required

plane of symmetry.

H cis_ CCH3 trans
1 1
1 : 1

A freely rotating trimethylene diradical could explain these
results, but not the single inversion observed in C-3 and C~5 alkyl

labeled pyrazolines.
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3. Evidence against m-cyclopropane. If m-cyclopropane

closes in a conrotatory fashion to give a cyclopropane then, by the
principle of microscopic reversibility, a cyclopropane should open in
a conrotatory manner. Therefore an optically active cyclopropane
should open to m-cyclopropane (which has a plane of symmetry) which
can close in eitﬁer of two directions; it can give back the starting
cyclopropane or its mirror image. Geometrical isomerization can
only occur through a disrotatory ring closure, a less favored process.
Thus, it is predicted that racemization will be much faster than the

geometrical isomerization of an optically active cyclopropane.

R

il
/ geometrical isomer

- il R4 R,
/\\ > H s
R R, R, R enantiomer

1

2
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This type of experiment has been carried out by Bergman
(compound 39) 2 and Berson (compound 40). . In both cases isomer-
ization was competitive with racemization. No evidence for a 7-

cyclopropane was found.

CH CH

CH

49 39T 39C

NN

Hoffmann had predicted that the conrotation from the 7-cyclo-
propane to the cyclopropane should proceed over a barrier of at most
1 kcal per mole, whereas interconversion of m-cyclopropane structures

(41 — 42), a process which leads to geometrical isomerization by

—_—
—
Rl R2 Rg R4 Ry R2 Ry Rg
41 42

rotation of a single methylene group through the destabilized 0,90
conformer, should require 10 kcal per mole. His predictions are

clearly not borne out by the results of Bergman 20 and Berson. e
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Recent, more sophisticated calculations by Salem 3l and
Goddard aa have cast further doubt on the m-cyclopropane intermediate.
These calculations predict there is no such barrier and no energy well
for the diradical.

The most convincing argument against the m-cyclopropane
mechanism comes from the study of the pyrolyses of fused bicyclic

pyrazolines carried out in the Bergman research group. ga-¢

White,
Condit and Bergman synthesized several bicyclic pyrazolines;
2, 3-diazabicyclo[ 3. 2.0]hept-2-ene (lﬁ), the isomeric 4-methyl-2, 3~
diazabicyclo[ 3. 2.0]hept-2-enes (7A and 7S) and isomeric 4-methyl-
2, 3-diazabicyclo[ 3. 3.0]oct-2-enes (8X and 8N), and looked at their
photochemical and thermal decompositions.
The rational for studying these molecules was to provide
evidence for or against the m-cyclopropane intermediate mechanism.
The m-cyclopropane has a rigidly specified geometry. They
hoped to altér this geometry by constructing an azo compound in which
the possible m-cyclopropane intermediate would be highly strained.
In this way thé careful balance between a mechanism which gave
products of only one stereochemistry (the m-cyclopropane) and another

mechanism which gave products of random stereochemistry would be

tipped toward the randomizing process.
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In the unstrained m-cyclopropane substituents on the C-1 and

unstrained 7 — A2\ strained 5« — 2\

C-2 carbon atoms are pointing in opposite directions. If these carbon
atoms were tied together by a two or three carbon atom bridge, a
great deal of strain would be necessary to attain the m-cyclopropane
conformation. Thus this mechanism would predict that upon such
substitution, the energy of the m-cyclopropane would be greatly
increased and the randomizing inechanism would take over. However,
if one observes the same amount or more of the singly inverted

cyclopropanes from these strained pyrazolines, then this would be

Decomposition of 8X and 8N was carried out thermally and
photochemically. The results of these studies are shown in Table III.

In all cases only four products were found.

The thermal decomposition of the two isomers gave predomi-
nant inversion of configuration at the methyl substituted carbon, but
with greater inversion in the exo case (8X) than was observed in the

thermal decomposition of cis 3, 5-dimethyl pyrazoline. ol (See TableT)
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2, 3-Diazabicyclo[ 3. 2. 0]hept-2-ene 18 (14) which does not have
a label on one of the carbon adjacent to the nitrogens gave rise to 6

products (88%), (15-20) in the proportions listed in Table IV, page 18.

H
3 CH2
+ CHyN,, e———— N
H
14
\ A
—_— ‘ l + D——\ + + +
/
15 16 17 18 19 20

A P e Paas P A~ A

The formation of the diene as the major product (69-75%) was

totally unexpected. The bicyclopentane accounted for only 15% of the

reaction mixture.

Anti and Syn 4-methyl-2, 3-diazabicyclo[3. 2. 0]hept-2-enes L

(7A and TS, respectively) were decomposed thermally in the heated
injector port of a vapor phase chromatograph. The products are
listed in Table V and were found in the percentages shown. Again, a

large amount of diene was found in the product mixture.
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+ CH,CHN, —*

CHg
7S TA

The syn isomer (7S) gave only a single diéne, cis 1, 5-hexa-
diene and predominantly the anti bicyclopentane at tempe ratures low
enough to prevent the equilibration of the syn and anti bicyclopentanes
(equilibrium ratio of anti:syn equals 2.1:1).

The anti isomer (7A) gave a single diene also, trans 1, 5-
hexadiene and mostly the syn bicyclopentane at low temperature.
Again, the thermal decomposition of the two isoxhers gave predomi-
nantly inversion of configuration at the methyl substituted carbon.

Connecting C-3 and C-4 of a 1-pyrazoline with even a two

carbon atom brggige changed the preference for single inversion very

~

little in 7A and 7S compared with that of 3, 5-dialkyl substituted mono-
cyclic pyrazolines (see Tables I and V).
An alternative mechanism to the one involving a m-cyclopropane

must be sought to explain these results.
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Sequential Carbon-Nitrogen Bond Cleavage Mechanism

A second possibility, which accounts for the singly inverted
stereochemistry of the product cyclopropanes, is the assumption that
only one carbon nitrogen bond breaks in the initial transition state to
give a diradical (or a zwitterion). This is followed by a rotation of
the carbon containing the nitrogen fragment ( C-5) about its carbon-
carbon bond axis. After a single 180° rotation about this axis, the
radical center at C-3 carries out a backside displacement of N,, now
in a good position to be a leaving group, at C-5 to give a product of
the correct stereochemistry (see Scheme II). This mechanism was
postulated by Roth and Martin to explain the double inversion of
stereochemistry observed in the thermal decomposition of bicyclic
azo compounds £l (see Table I). This mechanism is illustrated for the

bicyclic and the monocyclic cases.

Scheme 11
H
N
‘H—,N
CH,q
N2 CH =
CH3— f " R i i
H =l CH
= CH 28 3
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1. Evidence for this mechanism. A good deal of the evidence

for this mechanism comes from recent studies of the thermal decompo-
sition of straight chain azo compounds.

Pryor and Smith 9% have found that the pyrolysis of 43 was
dependent on the solvent viscosity in contrast to the pyrolysis of
azocumene which showed no solvent dependence. In azocumene both
possible radical fragments are benzylic, where as in 43 one possible
radical is much more stable than the other. The viscosity effect was
attributed to a cage recombination of radicals from breaking only a

single C-N bond. —

pNO,p=N=N-Co¢, solvent separated radicals

43 /

pNO,¢p~N=N- -C¢p, —> pNO,¢p- +N, + -Co,
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Porter, Landis and Marnett °° have found that the rate of
racemization of optically active 44 on photolysis as well as the
quantum yield depends on the viscosity of the solvent .

CH,
qi)-NzN-(ll-CHz—CH3
:

A mechanism similar to one proposed for 43 is involved. The free
benzylic radical inverts in the solvent cage and recombir\les with the
nitrogen lcontaining fragment to give racemized starting material.

| Crawford and Takagi have studied the decomposition of azo
compounds 45, 46 aﬁd 47, and have come up with substantial support
for the sequential bond cleavage mechanism for acyclic azo compounds

in the gas phase. 43, 21

CH~N=N-CH,-CH=CH,. CH20H2CH2—N=N—CH27iJH2
CH,

45 46

CH CD,-CH
CHZ = CD,-N=N" * |  CH,=CH-CH,-N=N-CH,-CH=CH,
| CH,

47-D, 47

. A
ANAAAA
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The compounds 45 and 46 both decompose with an activation
energy of 35-36 kcal per mole which is 12 kcal per mole less than for
azoethane (E act = 48.5 kcal per mole). 53 The 12 kcal per mole
represent the greater stability ofanallyl radical compared to an ethyl
radical, Compound fll decomposes with an activationenergy of 36. 1
kcal/mole, the same activation energy as for flé and qu This
suggests that the mechanism of decomposition is by single bond
cleavage as the rate determining step because the replacement by a
second allyl group in f_lv'z should decrease the activation energy by at
most 12 kcal per mole compared to 45 or 46, if both bonds were
breaking simultaneously.

When 47-D, was partially decomposed and the starting
material was recovered, an increase was found in the amount of
deuterium in the vinylidene positions. S8 This can best be accounted
for by single bond cleavage followed by rearrangement of the free
allyl radical in the solvent cage and then recombination with the
nitrogen containing radical.

Seltzer and co-workers have reported solution phase deuterium
isotope effects for azo compounds which suggest that if one possible
radical is very much more stable than the other possible radical,
sequential cleavage occurs. i However, if the radicals are identical,

hence of equal stability, simultaneous cleavage occurs. A mechanism
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intermediate between the two occurs for radicals which are more

closely matched in their stability.

(I:H3 (I:H3 (]Z‘H3 <I:H3 CH,
¢>—CIJ—N=N—CY3 qb—ClJ-NzN—CII-d) gb-C—NzN-(l}Y
|

X X X X CH,
54, X=Y=H 55, X=Y=H 56, Y=X=H
54-D,, X=D, Y=H  55-D,, X=Y=D  56-Dy, X=D, Y=H
54-D,, X=H, Y=D 56-Dy, X=H, Y=D
kH k 54 k 55 ¢
H ) =X g3 Wt SO
k, =) E54-D, K 55-D,
k ¥
k5 _ 0.97 k—H - 1.13 per D)
k 54-D, D
K
= = 0.99\
r )

1.15

k k 56
<—H— =) e = 1.04

IW
o
\”_/
=
| =
TS
v

1
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Compound 54 is an example of sequential bond cleavage, 2

95 an example of simultaneous cleavage, ST and Eﬁ an example of the
mechanism intermediate between the other two. aite

CH,

| N=N-¢

¢)—N=N—CI:-CH2—CH3 ><_ /_.\/‘—-NzN-dD
é ]
58 59 60

A~ A A

Porter et al. have used CIDNP to show that the initial reaction
step involves a reversible formation of R, and -N=NR, from azo
compounds 58, 59 and 60 in which R, is more stable than R,. e

The sequential bond cleavage mechanism also finds support in
the study of radical displacement reaction. The only examples of
radical displacement reactions found in the literature in which the
sterecchemistry of the attacked cei“;ter is known, involve the atiack
of chlorine or bromine radicals on substituted cyclopropane. e
The displacement centér always has its stereochemistry inverted.
While these examples are not exactly similar to the pyrazoline case,
the results do make the assumption of inversion of stereochemistry

at the attacked carbon in this mechanism for the decomposition of

pyrazoline a reasonable one.



27

An important assumption in this mechanism is that in the
intermediate 48 of Scheme II the nitrogen containing carbon must
rotate about the C,-C, bond axis faster than the methylene radical

center rotates about the C,~C, bond axis.

C
(‘:1/ Z\fs

*N—N

48

Free rotation about C,-C, would give the same product distribution from

both cis énd trans 3, 5-disubstituted-1-pyrazolines. No experimental
evideﬁce exists to support this contention, however Salem has performed
calculations that suggest that the most stable conformation of the n-
propyl primary radical is as shown in figure 49. The radical lobes are

perpendicular to the plane of the three carbon atoms.5

-

* H

H

49
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The sequential bond cleavage mechanism can be expanded to
explain Crawford's observation on the thermal behavior of trans 3, 5-
dimethyl-1-pyrazoline (see below). Predominance of doubly inverted
over noninverted trans cyclopropane in the product can be explained
by a single 180° rotation about the C,-C, bond axis in 48 in the time
it takes for a single 180° rotation to occur about the C,~C, axis,
putting the nitrogen fragment in a good position to be a leaving group.
Rotation about C,~C, must still be faster than rotation about C,~C, in
order for the singly inverted product to predominate.

2. Evidence against sequential bond cleavage. All of the

pyrazoline decomposition data cannot be accommodated in the sequen-
tial carbon-nitrogen bond cleavage mechanism.
For example, the effect on the decomposition rate of increasing

deuterium substitution in 50 has been looked at by Crawford. °g

H D

H N—N H N—N D
30 50- D2 50 D4

k = 1 - 1/1.19 . 1/1.40
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The data areconsistent either with the simultaneous cleavage
mechanism assuming a kH/kD of 1.1 per deuterium or with sequential
cleavage mechanism if a larger kH/kD of 1.2 per deuterium is assumed
in 50-D,. o0

Crawford has studied the effects of increasing vinyl substitution

on C-3 and C-5 positions of l-pyrazoline;s1 the deuterium isotope

effect in the decomposition of 51 has also been studied. %8

0 XY IR

50 52C and T 51 : -Dz

AN AN AN

The activation energy for the decomposition of 51 was found to
be 32. 2 kcal per mole, 10. 2 kcal per mole less than that found for 50.
The activation energy for decomposition of 52C and 52T was found to be
22.2 and 25.1 kcal per mole, respectively. Increasing Viqyl substi-
tution on ,5\9\ resulted in a lowering of the activation energy by 10 kcal
per mole per vinyl group. The data aredifferent from that obtained in
acyclic azocompounds, where substitution of a second vinyl group did
not lower the activation energy further. 51-D, exhibited a total

Pavasa e aN

secondary deuterium isotope effect of 1. 21 (kH/kD = 1.1 per D).
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The data on 50, 51 and 52 can best be explained by a simul-
taneous cleavage of the two carbon-nitrogen bonds.

The observation that both cis and trans 4-deuterio-3-methyl-1-

pyrazoline (38C and T) o gave identical ratio of cis and trans 1-
deuterio-2-methyl cyclopropanes (53C and T) (see above) is taken as
evidence against the sequential bond breaking mechanism. Assuming
a preference for initial cleavage at the carbon containing the methyl
group (to give the most stable radical), the‘ sequential cleavage mecha-
nism predicts a predominance of 53C from 38C, and 53T from 38T.
The sequential bond cleavage mechanism cannot explain the
cases -,in' which the pyrazolines decompose to give cyclopropanes which

have the same stereochemistry of the precursors (non-inversion). 63, 64

The Recoil Mechanism

The third mechanism specifically proposed to explain the
double inversion occurring in the bicyclo[2.2.1] azo compounds is the
recoil mechanism of Allred and Smith. 12 These authors invoke
Newton's Third Law which states that for every action there is an
opposite and equal reaction. As the nitrogen molecule moves away
from the monocycle (the action), the two carbons to which the nitrogens

were attached move in the opposite direction (the reaction) and invert

(see Scheme III).
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The mechanism is illustrated for exo-5, 6-dideuterio-2, 3~
diazabicyclo[ 2. 2. 1 ]heptene. e There must be some crossover
between the two diradical conformations which explains the presence
of the non-inverted isomer.

The recoil mechanism has been used to eXplain the double
inversion of bicyclof 2. 2. 1] pyrazolines, and as such it was not
intended to explain single inversion at the carbons adjacent to the
nitrogens. However, ‘evidence that it does intervene in monocyclic
systems comes from Crawford's study of optically active trans 3, 5-
dimethyl--1-pyrazoline. ah This pyrazoline decomposed to give a
trans 1, 2-dimethylcyclopropane which was 24% optically pure; the

isomer with the doubly inverted carbon atoms was in excess. Exactly
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the same results were obtained by Clarke who studied the decompo-
sition of optically active trans 3-ethyl-5-methyl-1-pyrazoline. =il
However, these results can be explained in an extension of the
sequential carbon-nitrogen bond breaking mechanism, as was
discussed previously.

Furthermore, the recoil mechanism has been attacked on

theoretical grounds by Collins et al. 48

Concerted Formation of Cyclopropanes from Pyrazolines

A concerted mechanism was proposed to explain the single
inversion of stereochemistry in cyclopropanes coming from the
decomposition of pyrazolines.

Assuming hyperconjugation is a relatively weak phenomenon
and the central methylene group does not interact significantly with
the breaking bonds, then the nitrogen extrusion is the microscopic
reverse of a hypothetical 2 + 2 cycloaddition of N, to a cyclopropane.
Such a reaction is predicted by the Woodward-Hoffmann rules o to be
a "o®s + o%a" process; i.e., to proceed in a suprafacial sense with
respect to one of the developing fragments and an antarafacial sense
with respect to the other. The transition state is visualized as depicted

in Scheme IV.
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the same results were obtained by Clarke who studied the decompo-
sition of optically active trans 3-ethyl-5-methyl-1-pyrazoline. =l
However, these results can be explained in an extension of the
sequential carbon-nitrogen bond breaking mechanism, as was
discussed previously.

Furthermore, the recoil mechanism has been attacked on

theoretical grounds by Collins et al. 4B

Concerted Formation of Cyclopropanes from Pyrazolines

A concerted mechanism was proposed to explain the single
inversion of stereochemistry in cyclopropanes coming from the
decomposition of pyrazolines.

Assuming hyperconjugation is a relatively weak phenomenon
and the central methylene group does not interact significantly with
the breaking bonds, then the nitrogen extrusion is the microscopic
reverse of a hypothetical 2 +2 cycloaddition of N, to a cyclopropane.
Such a reaction is predicted by the Woodward-Hoffmann rules e to be
a "o%s + o%a'" process; i.e., to proceed in a suprafacial sense with
respect to one of the developing fragments and an antarafacial sense
with respect to the other. The transition state is visualized as depicted

in Scheme IV.
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Scheme IV

The concerted mechanism has been rejected by most workers
for two reasons. 45 First, Crawford has provided evidence for the
existence of at least one intermediate after the rate-determining step
in the pyrolysis of 4-deuterio-4-methyl-1-pyrazoline. 2t Here
Crawford finds a large isotope effect on the cyclopropane to propylene
ratio, but little effect on the“overall decomposition rate of the pyra-
zoline. This result indicates that the rate-determining step is the
formation of an intermediate common to both the propylene and cyclo-
propane reaction pathways. If the cyclopropane formation was
concerted (and thus distinct from the formation of propylene), the

overall rate constant for the disappearance of pyrazoline would be
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the sum of the two rate constants for the competing reaction pathways.
If one of these individual rate constants decreases (decrease in
propylene formation), while the other stays the same, the overall rate
constant for the disappearance of pyrazoline must decrease. This was
not observed, therefore cyclopropane formation appears not to be
concerted.

The other evidence is from inspection of molecular models.
To attain the 02s + 0%a transition state for the decomposition of a

pyrazoline is very difficult due to geometric restraints.

Summary of the Mechanisms Proposed to Explain Pyrazoline

Decomposition Data

No one of the mechanisms which havebeen discussed will
adequately explain all of the 1-pyrazoline decomposition data. The
best mechanism for the formation of singly inverted cyclopropanes is

probably the sequential carbon-nitrogen bond cleavage mechanism.

—

In its expanded foﬁn it can also explain doubly inverted cyclopropanes.
The non-inverted cyclopropanes arise from simultaneous cleavage of
the carbon-nitrogen bonds. Seltzer and others have shown that in azo
compounds albeit in solution the whole spectrum of sequential to
simultaneous bond cleavages can occur, which is in agreement with

the proposed mechanism for gas phase decompositions.
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Still there are problems. Simultaneous cleavage appears to
occur when the potential radicals are of equal stability (i.e., they are
identical); sequential cleavage occurs when radicals are greatly
different in stability. Three important exceptions to this (and to the
mechanism suggested) are found in Table VI. However, until a new
theory is proposed which is in better agreement with experimental
data, the mixed mechanism of sequential C~N bond cleavage with a
component of simultaneous cleavage appears to be the best alternative

to m-cyclopropane.

Purpose of This Study

The presence of 1, 4-dienes as the major products from 14 and
and its 4-methyl derivatives, TA and 7S (see Tables IV and V), was
unexpected and indicates that the decomposition of bicyclic pyrazolines
is somewhat more complex than for‘ simple monocyclic pyrazolines.

One of several possible mechanisms for the formation of these
dienes involves a 1-diazo-4-hexene (EZ) coming from Z by several
possible routes. 57 can lose nitrogen to give a carbene which, in
addition to insertion into the carbon-hydrogen bond of the adjacent
carbon atom, can also insert into the remote double bond to give

bicyclopentane products (see Scheme V).
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Table VI: Exceptions to Proposed Mechanism

Mode of decomposition based on

Pyrazoline experimental evidence and Stabilities of
stereochem. of major cyclo- R, versus R,
propane product (if known)

D
simultaneous
CH; singly = non-inverted R, > R,
N==N
38C
38T simultaneous

singly = non-inverted

H 3C—(\"”CH3 sequential

R, =
singly inverted . B

N simultaneous . | R, > R,
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3
H Hy
P several / C-H
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N _— — ?
~_/ P A
= N H
H
z double bond
insertion
Scheme V
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If a fair amount of the bicyclopentanes derived from 7A or 7S

are formed in this manner, grave doubts arise about the significance

of the stereochemistry of the major 5-methylbicyclopentane observed.

In order to assess how much of the bicyclopentanes arises

from the hypothetical carbene and to understand how the dienes are

formed in 14 and its 4-methyl analog (Z), I synthesized two isomeric

dimethyl derivatives of 14, namely syn and anti 6, 7-dimethyl-2, 3-

diazobicyclo[3. 2. 0]hept-2-ene (28 and 27, respectively), and looked

at the products of their thermal decomposition reactions.

Evidence indicating the mechanism of the formation of 1, 4-

dienes and the bicyclopentane products can be derived from the
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decomposition of 27 and 28 as will be discussed later.

Studies of Reactions of Compounds Related to the Thermal

Decomposition of 14, 7, 27 and 28

Several substituted derivatives of 14 have been synthesized and
were used in theﬂnal and photochemical studies.

For the bicyclic pyrazolines which were used in thermal or
photolytic studies, no stereochemical information as to the nature of
the intermediate, if any, or the mode of decomposition is available
(see Table VII). de-28 Also, many of the products are unidentified
and both means of decomposition, thermochemical and photochemical,
were not always explored in many cases.

Many of the products are similar to those of monocyclic
pyrazolines; bicyclopentanes from closure of a hypothetical diradical
intermediate , methylenecyclobutenes and 1-methylcyclobutenes from
a hydrogen shift in the intermediate. The presence of 1, 4-dienes and
_unidentified pro;{ucts in some bicyclic pyrazolines shown in Table VII
again suggests that the decomposition pathways are more complex
than with the monocyclic pyrazolines and that additional processes
must be occurring.

In this general area of chemistry, the addition of carbenes and

carbenoids to substituted cyclobutenes, which might generate diradical
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Table VII
CH, R R R
h o
CH, N 4 300
Y/ acetone
N 80% 3 1
R plgs complex
R= -CO,CH, mixture
R R R
: N\
largest
component
R
R R R
N v j@ m Ref 25
R R R
R
R= -CO,CH, 4% 88%
Cl
N
, Y <¢>zco m \z E;
Cr N
anti 97% ant
syn 80% syn  Ref 25
e R
A
N + 5 others
7/
N 30%
R R
hv
1 —_—
; | + 2others o .o
R= -CO,CH (7 and 12%) .
a 2~3 43% 19% o
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intermediates similar to those generated in pyrazoline decompositions,
has been reported to give dienes, bicyclopentanes, and vinyl carbenes

as well as others 27-29

(see Table VIII).

Photolysis of diazomethane in the presence of cyclobutene gave
products consistent with the direct formation of bicyclopentane via a
concerted reaction between the singlet carbene and the cyclobutene.27'28
However, the mercury sensitized photolysis of diazomethahe in the

presence of cyclobutene gave vinylcyclopropane as the major product
(88%) and no bicyclopentane. 27 If this reaction is presumed to go
through the triplet diradical, it is very difficult to reconcile the data .
with the observation that benzophenone-sensitized photolyses of a
bicyclic pyrazoline in Table VII resulted in predominant formation of
bicyclopentanes, since this reaction is also presumed to proceed via
a triplet intermediate. Furthermore, while Frey maintains that
singlet carbene addition to cyclobutenes gives bicyclopentanes and
triplet addition gives vinylc;:‘clopropanes, &y 20 other workers have
found that the singlet addition of "CHX" (X = I, Cl) to 1, 2-dimethyl-
cyclobutene gives yields of up to 36% vinylcyclopropane. 29 A dipolar

" intermediate was postulated in the addition, but a 1, 3 diradical was

not ruled out.
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Table VIII
} H X
| .CHX . CHX N/
""'singlet" r
f T
HCICL, CHI
. 3 =1 12% 12%  Ref 29
X=Cl 18% 18%

hv mainly cis-cyclopropane but
N/ 7 CH,CO always some trans postulated
I to arise from triplet carbene

hv  grastic reduction in the

-—\_/— + CH,CO 0,  amount of trans-cyclopropane
, Ref 28

- —,-b — o+ + + dienes
CH,CO™ + | || 5o0torr { ED Q

1 11 25%btriplet 53%
carbene ;
20% 12% 15% Refs 27, 28
hv
CH,CO + ' _——%O no vinylcyclopropane Ref 28
- 2
£ 22 900 torr
L
hy
CH,CO + | Semrores” | | Q
sensitized

2
‘ 88% 2% 8% %
e O , products, no
. — A
Ref 27

It CH,N, is substituted for CH,CO, the same results are obtained.
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RESULTS

Pyrazoline Synthesis

The isomeric syn and anti cis 6, 7-dimethyl-2, 3-diazabicyclo-

[3.2.0]hept-2-enes (28 and 27) were prepared by the route outlined in

Scheme VI.

CH3
CH CH CH3

3 3 Cu(l) salts
\ / + R, CHOOEE ——> co,Et

1) KOH/MeOH ,

1) NH, NHSO -CH

2) SOC1 ! 2) n-Bu Li
2 CH, o
3)aziridine CH, 3 DD
4) LiAlH 4/ether
l CHzNz/pentane
A
/,
10 days in the dark
N CHg N
/ CH /
' [
. H
28 27\ 8
30% 70% CHs

Scheme VI



43

2, 3-Dimethyl-1-carbethoxy cyclopropane was formed in 29%
yield by the catalyzed [ (triphenyl phosphite) copper(I) chloride 30]
decomposition of diazoacetate 20 in the presence of cis-2-butene
(J. T. Baker Chemicals) at 0°. Attempted conversion of the product
directly to the cis 2, 3-dimethyl-1-formyl-cyclopropane by the use of

the reducing agent, Red-A132

(NaAlH,-(OCH,CH,0CH,),) failed (vpc
and nmr evidence). The ester group was therefore hydrolyzed to the
acid by KOH in methanol and water in 82% yield. The recrystallized
acid was converted to cis 2, 3-dimethyl-1-chloroformyl cyclopropane
by refluxing in SOCI, (1:1 mole ratio). The yield was nearly quanti-
tative. The acid chloride was converted to the amide by stirring with
aziridine in triethyl amine and ether at -60°. The amide was reduced
to the aldehyde with LiAlH, at -50° without isolation of the amide or
aldehyde. Cis 2,3-dimethyl-1-formyl-cyclopropane was converted to
the corresponding tosylhydrazone by reiluxing the ethereal soiution of
the aldehyde with a 1:1 mole ratio of p-toluenesulfonhydrazide. Cis
2, 3-dimethylcyclopropane-1-carboxaldehyde p-toluenesulfonyl hydra-
zone was purified by recrystallization from methanol and water.
Yield from cis 2, 3-dimethyl-1-carboxyl cyclopropane was 19%.
Overall yield from diazoacetate was 4. 5%.

Later work on aldehyde syntheses led to the discovery of an

improved pathway to cis 2, 3-dimethyl-1-formylcyclopropane.
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The ester, cis 2, 3-dimethyl-1-carbethoxy cyclopropane was reduced
directly to the corresponding alcohol. The alcohol was then oxidized
to the aldehyde with ceric ammonium nitrate in water and distilled to
give a 60% yield based on the alcohol. &

The tosylhydrazone was converted to its lithium salt with n-
butyllithium and decomposed at 150° in diethyl carbitol to cis 2, 3-
dimethyl-1-cyclobutene-2, 4-hexadiene, and acetylene and cis 2-butene.
The cyclobutene, unseparated from the other products, was condensed
into an ethereal soiution of diazomethane. The 1, 3-dipolar addition
was slow; after 13 days at room temperature, 87% of the cyclobutene
was consumed and two products (7:3) ratio were observable gas-liquid

chromatography (glc).

Identification of pyrazoline isomers. The major product was

identified as the anti 1, 3 dipolar cycloadduct (ZZ) and the minor product
as the syn isomer (28). Identification was made by the incremeital
addition of a Eu(fod), 38 solution in CCl, to a mixture of the two

isomers in an nmr solution of CCl,. It was observed that as increments
of the nmr shift reagent were added, the methyl doublets of one isomer
shifted further than those of the other isomer. Since Eu(fod), complexes
with the heteroatoms present in the molecule and the amount of shift of

a group is a function of the distance from that group to the point of

complexation (closer groups shift further), it was deduced that the
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isomer with the faster shifting methyl groups was the syn isomer.
See Figure 1.

Further proof of the assignment of the stereochemistry was
provided by their gas-phase thermolysis. The syn isomer 28 at 254°C
gave only the endo 2, 3-dimethylbicyclo[ 2.1.0]pentane (34), whereas,
the anti pyrazoline (EZ) decomposed to give only the exo 2, 3-dimethyl-
bicyclo[ 2. 1. 0]pentane (32).

Isomers (27) and (28) were separated in greater than 95%
purity by preparative vpc on a glass column to prevent decomposition.
A second purification on the same column gave samples of syn and anti
bicyclopyrazolines of greater than 99% purity. Total overall yield was

2.5%.

CH

anti 27

M

Identification of Flow Tube Pyrolysis Products

Decompositions were carried out in two different systems.
The first one used was a flow reactor. It was used primarily for
preparative work and consisted of a 0.5" O.D. quartz tube heated to

280-320°. Nitrogen gas carried the volatized pyrazolines through the
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’
Figure 1: Chemical Shifts (in Cycles per Sec) of the Methyl Groups

of syn and anti cis-7, 6-dimethyl-2, 3-diazabicyclo-

Syn isomer

E [3.2.0]hept-2-enes Relative to Tetramethylsilane vs.
150; Microliters of Eu(fod), NMR Shift Reagent Added
- ———
140="
bRl e e s s e S e e e e e e e s P B e s e e e e o
120==
110
10
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20 Eéfrom
80
.;,fi = =
o : =R a
= : * = plof Eu Anti isomer
e E e reagent added CH;5 CH,p CH,¢
60 &= SRR “; 0 73 59 50.5
= 7 76.5 60.5 53.5
= 14 79.5 65.0 50
e = 21 83 67.5  65.5
50 s : 28 88 73 72.5
=t SHES S : 35 93 7 82
42 99 82 91
49 106 87.5 102
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to NMR Solution 75 128.5 107.5 144
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12" tube; residence time in the tube was around 70 sec.

The second system, which was used primarily for quantitative
work, consisted of the heated injection port, into which the pyrazoline
was introduced via a syringe, of a Hewlett-Packard gas chromatog-
raphy instrument equipped with an electronic digital integrator. The
temperature range utilized was from 280° to 380°. Contact time was
2-5 seconds.

Products of the decomposition were isolated by prepé.rative gas
chromatography. %t As in the parent case (lg), thermal decomposition
of each gave rise predominantly to diene, but also to cyclopropane and
bicyclopentane products (Table IX). With regard to the latter, both

dimethylbicyclopentanes 24 32 and 34 (Scheme VII) were formed at 300°,

CH3 CH3 CH3
CH | Acﬁ)\ CH3
o P akis

CH3 N
27 and2g 3 31 32
CH3 CH3 CH\3
CH3\ CH \ 7
+ s + ‘ l
34 suspected C§i3 36
~ unknown

Scheme VII
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but control experiments showed that the two isomers interconvert
thermally at this temperature. At 27.8°, where only very slow inter-
conversion occurs, 27 gaverise to <1% 34 and 28 produced <1% 32.
The diene product proved to be 35; less than 0. 1% of 36 42 was
detectable in the reaction mixture. Spectral data obtained on 35 were
identical upon comparison with that of an independently synthesized
sample. 4l 37 was prepared independently by the addition of methylene
to 3-methyl-1, 4-pentadiene. 4 36 was prepared by the Rh(C1),(H,0),
catalyzed addition of ethylene to 1, 3-pentadiene. ok 32 and 34 were
characterized by comparison with nmr and ir of samples synthesized
independently by Berson and co-workers. 42 The unknown is believed
to be mainly cis 2, 3-dimethyl-1-methylene-cyclobutane (nmr evidence).

From inspection of Table IV, there appear to be two types of
products: those whose relative abundance increases with increasing
decomposition temperature (the bicyclopentanes (32) and (34), and the
methylenecyclobutane), and Ehose whose relative abundance decreases
with increasing temperature (the allylcyclopropane (37) an;I the 1, 4-
pentadiene (35)). e This is indicative of a dual pathway decomposition
which will be discussed later.

Although when 27 and 28 are decomposed under identical
conditions in a quartz tube (first four experiments | in Table IX)

they both give 35 and 37 as major products, the ratio of 35:37 is
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slightly different depending on the stereochemistry of the starting
pyrazoline. The syn pyrazoline (28) gives 35 and 37 in the ratio of
2.1:1 while the anti isomer (27) decomposes to give 35 and 37 in the

ratio of 2.5:1. This observation will be discussed later.
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DISCUSSION

Mechanism for the Formation of Bicyclopentanes from 14

The various mechanisms~ for the formation of bicyclopentanes
from 14 and 7 are presented in Scheme VIII. In light of the results
obtained in the decomposition of 27 and 28, the bicyclopentanes
probably could not arise by the addition of a carbene to a remote
d;)uble bond (see Figure 2). The bicyclopentanes from 2T and 28
retain the stereochemistry of their precursors. This would not be
expected if they were coming from a carbene. Several ways are
presented in Scheme VIII for the formation of the carbene. These will

be discussed in the next section.

Formation of Diene Products

The formation of 1, 4-dienes as a major product in the thermal
decompositions was unexpected. See Tables IV, V and IX. Three
mechanisms can be proposed. One possibility, which could explain
their presence and that of vinyleyclopropane, is that the diradical (21),
a potential initial intermediate, is in equilibrium with an isomeric

"di-m-methane' intermediate s formally written as the diradical (22) .
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Scheme VIII : Mechanisms for the Formation of Bicyclopentanes
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N
CH N// CH3

CH,
- s CH3s
28 syn only
H
CH, CH3
CHy CH,
—_——
N—N anti only
27

—>  anti and syn

Figure 2 : Bicyclopentanes from Isomeric Cis 6, 7-dimethyl-
2, 3-diazabicyclo [3.2.0 | hept-2-ene
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Di-m-methane intermediates were postulated to occur in the following

. . . . 65
irradiation reactions.
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A second possibility is that 14 may undergo a reverse 1,3

dipolar addition to the diazo compound (24), which decomposes via

carbene (25) to 15 and 17.

CHZ
e
N—> —
/ o GHly
14 24

A

A

— 7

——> products

CH:

25

AN

Similar retro-1, 3-dipolar reactions have been reported in systems

where the diazo compounds have been isolated. e
N R
/ hv R R
—
Ny
N

(CH,),CN
I\;_O e

-
— N R —
R'N, Ny
—_— —_—
_ R 1 R'N

R = "CH3
Ref. 66
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The third mechanistic alternative is the direct formation of EE

from 21 by scission of the cyclobutane carbon-carbon bond.

—F

L - CH?

e 7

21 25

Py A~

The study of the products from the thermal decomposition of
ZZ and EQ strongly suggests that the second mechanism is operating
(see Scheme IX). The diene expected from the di-m-methane pathway
37 was not found to be a product.

The diene 35 expected by insertion of the carbene 30 into the
carbon-hydrogen bond of the adjacent carbon atom is found to be the
major product both from 27 and 28. The cyclopropylbutene fi'/’i\can be
formed by insertion in the g carbon-hydrogen bond.

The dual pathway (carbene and diradical) seems to be further
supported by the appreciable temperature dependence of the azo
compound prdduct distribution (Table IX); as the temperature was
raised, the percentage of ''carbene-derived' products 35 and 37
decreased with respect to the 'diradical-derived' products 32, 34
and unknown. A plot of the yield ratio [(32, 34 and unknown/35 + 37)]

versus 1/T was linear and gave AEac = 5.2 keal/mole, and a AAS =

t
3.4 e.u. Thus the third possibility is eliminated.



Scheme IX
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Further evidence for the preference of the second mechanism
over the third was obtained in the study of the isomeric 4-methyl-2, 3-

diazabicyclo[3,2.0]hept-2-enes. See Scheme X.

CH,
N \
1 syn cis only

— 1\ = 0

N
/I trans only
CHg
7 anti / ‘
. y e e =S
/ = L

Scheme X
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The concerted retro-dipolar addition would be expected to give
only a single diene isomer, whereas the diradical intermediate should
lead to isomeric dienes. Since anti 7A gave only trans 1, 4-hexa-
diene, and syn Z§ gave only cis 1, 4-hexadiené, a retro-dipolar
addition is strongly implied.

The ratio of 35 to 37 is slightly lower coming from 28 than from
27 (see Table IX). This probably has to do with the conformation in
which the carbene is generated. However, examination of Fischer
projections of the carbenes derived from pyrazolines 27 and 28

predicts the opposite trend .

CHj CH,
. CH
CH, | ° \ |
o I i
. . 35 31
2.1 - 1

carbene from 28 (syn)

CHg |

CH,
N — 2.5 : 1

H
H

carbene from 27 (anti)
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The increased steric hindrance caused by the newly formed
double bond pointing toward the a-CH, group in the carbene derived
from 28 should cause a greater preference for insertion into the
carbon-hydrogen bond of the carbon adjacent to the carbene (giving
rise to 35).

The steric hindrance is less in the carbene derived from 27
and hence more of 37 should be seen from insertion into the carbon-
hydrogen bond of the a-methyl group.

The effect may be caused by some non-obvious steric hindrance

leading to the observed results.
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EXPERIMENTAL

General

Infrared spectra were obtained on a Perkin-Elmer 257 Grating
Infrared Spectrophotometer in 0.‘2 mm solution cells with solvent as
reference. Nuclear magnetic resonance spectra were obtained on a
Varian A-60A, except where not_ed in the text. Ultraviolet spectra
were obtained on a Cary 14 Spectrophotometer. Melting points were
determined on a Thomas Hoover capillary apparatus and are un-
corrected.

. Preparative vapor phase chromatography (VPC) and all
analytical VPC on 1/4 inch columns were accomplished on a Varian
Aerograph Model 90P. Analytical VPC on 1/8 inch columns was
performed on a Hewlett-Packard Model 5750 Research Chromato-
graph with flame ionization detector. The signal was aufomatically
integrated by a Hewlett-Pacljard 3370A digital integrator and recorded
on a Hewlett-Packard 7127A Strip-Chart recorder. All 3/ 8 inch and
1/4 inch columns were opérated with a He carrier flow rate of
60 ml/min. All 1/8 inch columns were made of stainless steel tubing.

30

Preparation of diazoacetate. Ethyl diazoacetate was

prepared by the method of Moser, except the diazoacetate was not
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distilled. The pentane was stripped on a rotary evaporator until the
weight of the remaining solution approximated the theoretical yield

(228 g on Moser's scale) or until the condensing pentane took on a
yellowish tinge. NMR (CCl,/pentane): 6 1.75 (t, J = 7 cps, CH,—CH,-),
54.15 (q, J = 7cps, CH,~CH,-CO), 6 4.60 (s, N,=CH=-CO,).

IR (CCl,/pentane: 3115 (m), 2960 (s), 2920 (s), 2880 (s), 2105 (s),

1700 (s). Yield was 70% of theoretical based on NMR evidence.

Preparation of 2, 3-dimethyl-1-carbethoxy cyclopropane. This

compound Wwas prepared by the method of Doering and Mole.

One-half ¢ of cis 2-butene (J. T. Baker Chemical Co.) was condensed
into a 2 £ 3-neck round bottom boiling flask cooled in a dry ice acetone
bath. The flask was equipped with a 500 ml pressure equalizing
dropping funnel, magnetic stirrer, and dry ice acetone condenser to
which was attached another condenser cooled by a Forma Bath to -15°C.
The last condenser was veinted to the atmosphere through a Drierite-
filled drying tube and an oil-type bubbler.

After the cis butene was condensed in, a water-ice-salt bath
was substituted for the dry ice acetone bath and 4 g (0.01 m) of catalyst
(triphenyl phosphite)-copper(I) chloride 16 (see below) was added to the
cis 2-butene. 70 g (0.6 m) ethyl diazoacetate in pentane solution

(~50 m per cent) was added dropwise to the stirred butene solution.
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The reaction was followed by the use of infrared spectroscopy.
The diazo band at 2100 cm”™ slowly disappeared. The time needed for
completion of the reaction varied between 44 hr and 23 hr from run to
run.

The cis-butene was distilled off by heating the reaction flask in
warm tap water and condensing the butene in a dry ice-acetone cooled
flask. The remaining material was stripped of residual butene on a
rotary evaporator at 1/3 atmosphere. The product was distilled at
5 torr to give 5 fractions. The first three fractions, collected
between 35° and 51°C, were combined to give 25 g of 95. 7% pure
product. The yield from ethyl diazoacetate was 29%. The major side
reactions are the formation of diethyl maleate and fumarate, which
are higher boiling than the desired product. IR (CCl,): 3000-2880,
1720, 1315, 1165, 1090, 1045, em™ in agreement with literature values.

The NMR of 2, 3-dimethyl-1-carbethoxy cycloprcgane revealed
a 2 H quartet at 4.02 6 (J = 7 Hz) and a complex of 12 H between 1.83 6
and 2.55 6. The major product and the side reaction products were
also analyzed by GLC using a 15' X 1/8" column containing UCW98 as
the liquid phase and 100-120 mesh chromosorb P as a solid support.
The cyclopropane ester elutes before the diethyl maleate and fumarate.

30

Preparation of (triphenyl phosphite)copper(I) halide. 15.5 ¢

(0.05 m) of triphenyl phosphine were mixed with 9.5 g (0.05 m) of Cu(I)
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in benzene. The mixture was allowed to stir for 48 hr or until all
solids dissolved.

The solution was filtered by gravity and stripped to ~100 ml.
Addition of 60°-90° ligroin caused the oiling out of the catalyst. This
oil can be refrigerated to give crystals or used as is after decanting
the benzene and ligroin.

Preparation of 2, 3-dimethyl-1-carboxyl cyclopropane. 13.2 g

(0.093 m) of the ester were dissolved in 140 ml of methanol (1 m of
ester per 1.5 £ of methanol) in a 500 ml one-neck round-bottom boiling
flask equipped with a pressure equalizing 250 ml dropping funnel.

The flask was cooled in a water ice and salt bath. 26 g of KOH

(0.465 m) (molar ratio of ester to KOH is 1:5) was dissolved in enough
water to give a 10 M solution. This solution was cooled in ice and
then added slowly over the period of 0.5 hr.

The dropping funnel was replaced by a water cocled condenser
and the solution was refluxed for 3 hr using a steam bath as heat
source.

The reaction was followed by IR; each aliquot was washed with
CH,C1, and the organic layer washed with brine, dried, and stripped
on a rotary evaporator. The reaction was complete when no carbonyl

absorption could be detected in the IR.
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The reaction was worked up as follows. The solution was
wéshed twice with ethyl ether. The ethyl ether washings were com-
bined and extracted with saturated NaCl solution. The brine solution
was then combined with the water solution. The water solution was
slightly acidiﬁed with aqueous HCI; it was then extracted twice more
with ethyl ether. The ethyl ether was separated from the water phase
and washed once with brine. The combined ethyl ether solutions were
d;'ied overnight with anhydrous Na,SO,.

The ether solution was evaporated to dryness on a rotary
evaporator to give either crystals or an oil. The o0il was cooled in a
refrigerator overnight to give crystals which were then recrystallized
from hot ligroin. Yield on the basis of ester was 82%.

NMR (CDCl,): 6 12.64 (s, -CO,H), 6 0.85-1.58 (m, 3 H),
61.08 (d, J=5cps, C~CH,). IR (CHCIL): 2500-3400, 1690, 1462,

1

1450, 1320, 1200, 1090 cm .

Preparation of cis 2, 3-dimethyl-1-chloroformyl cyclopropane.

-

33 g of the acid (0.293 m) were mixed with 38.4 g of thionyl chloride
(0.323m) (molar ratio of acid to thionyl chloride is 1:1.10) in 2 100 ml
one-neck round-bottom flask equipped with a reflux condenser and
magnetically stirred. The reaction was end o thermic. The mixture
~was stirred for 1 hr at room temperature and then heated to reflux for

1 hr. The reaction was followed by IR. The C=O0 stretchofthe acid at
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1690 cm ~ was gradually replaced by C=0 stretch of the acid chloride

at 1780 em ™. After cooling, excess SOCI, was removed in vacuo.

The yield of crude product was nearly quantitative. NMR (neat):
61.1-1.8 (m, 3 ring H), 6§ 1.0(d, J =5.5 cps, —CH,)

Preparation of cis 2, 3~dimethyl-1-formyl-cyclopropane via the

; : . . Ok s : g
intermediacy of an aziridine amide. Triethylamine and aziridine

were stirred in dried ethyl ether cooled to -50° to -60°C. The molar
ratio of triethyl amine to aziridine to acid chloride is 1:1:1. The
amount of ether used was in the ratio of 1.5 £ of ether per mole of
acid chloride. The largest reaction run was on 38.4 g of the acid
chloride reacting with 12. 8 g of aziridine in 425 ml of ether. The acid
chloride, in a solution of ethyl ether, was added over the period of 1
hr. The reaction was run under a nitrogen atmosphere using ether
distilled from LiAlH,. After addition of the acid chloride the solution
was stiried for 1 hr at -56°C and tiien aliowed to silowly warm to room
temperature. The ethereal solution was separated from the precipi-
tated triethylammonium chloride by means of diatomaceous earth and
a sintered glass funnel (fine pores). The precipitate was washed with
ethyl ether to recover all the amide.

The ethereal solution of the amide was transferred to a new
vessel and cooled under a nitrogen atmosphere to -50°C in a dry ice-

acetone bath. A slurry of LiAlH, in ethyl ether was added through an
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addition funnel over the period of 0.5 hr. The solution was stirred
15 min at -50°, 30 min at 0° and 30 min at room temperature. Solid
Na,SO, and saturated Na,SO, solution were added to hydrolyze the
LiAlH, and the intermediate. The ethereal solution of the aldehyde
was decanted and the precipitate washed three times with ether.
The combined washings and the ether solution were dried overnight
over anhydrous Na,SO,.

An NMR spectrum of the aldehyde in ethereal solution showed
doublets at § 9.1 (J = 4 Hz) and 9. 7 ppm (J = 4 Hz) corresponding to

anti and syn aldehydes (ca. 4:1 ratio). The doublet at 9.1 § is the

larger peak and is presumably the anti isomer. Normally the aldehyde
was not isolated; the ether solution produced in the LiAlH, reduction

was used directly in the tosylhydrazone preparation (vide infra).

(cis 2, 3-dimethylcyclopropyl)-carbinol. 54.6 g (0.38 moles)

of cis Z, 3-dimethyl-1-carbethoxy cyciopropane were dissolved in

200 ml of anhydrous ethyl ether. A 500 ml 3-neck round bottom
boiling flask equipped with a mechanical stirrer and reflux condenser
was charged with 10.6 g (0.28 moles) of lithium aluminum hydride
(LAH) in 100 mi of anhydrous ether. The solution of the ester in ether
was added through the dropping funnel to the stirred suspension of

LAH in ether, which was cooled to 0°C, under an inerf nitrogen

atmosphere over a period of 4 hr. After the addition was complete,
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the reduction was carefully quenched by adding a saturated aqueous
solution of sodium sulfate until the suspension was light gray in color.
After a few hours stirring, the mixture had turned completely white,
at which time the ethereal solution was suction filtered and the

residue on the filter was washed with more ether. Removal of the
solvent (ethyl ether and ethanol) at atmospheric pressure left a
residue that was 96% by weight the desired alcohol, (cis 2, 3-dimethyl-
cyclopropyl)-carbinol. NMR (D,0): 6 4.58 (s, CH,~OH), & 3.59-3.20
(m, CH,OH), 6 0.77-6 0.13 (m, 3 ring H), 6 0.85-1.15 (m, —(CH,),).

Improved synthesis of cyclopropylcarboxaldehyde from

cyclopropylcarbinol. 30 To 8.07 g (0.112 mole) of cyclopropylcarbinol

was added a solution of 136.5 g (0. 241 mole) of ceric ammonium
nitrate (G. Frederick Smith Chemical Co.) in 250 ml of water. The
cloudy, deep red solution was heated on a steam bath until colorless
(15 iminj. The solution was cooled, saturated with sodium chioride,
and transferred to a separatory funnel. Water (400 ml) was added,

and the solution was extracted four times with 50 ml portions of
dichloromethane. The combined dichloromethane layers were dried
overnight over a mixture of magnesium sulfate and sodium bicarbonate.
The volume of the solution was reduced to 50 ml by distillation through
a 30 cm Vigreux distillation column. 4 ml of bromobenzene were

added to the residue and this solution was distilled through a 20 cm
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Vigreux column into é receiver flask cooled in an ice-acetone bath.

A .quantity of 5.8 g of material was obtained, boiling point 97-99°

(760 mm) which was 84.0% (by weight) (0.03 mole) the desired
aldehyde, and 16% dichloromethane. The yield was 61.3%. Analysis
of product was by NMR and va.po‘r phase chromatography on a 6' X 1/8"
column maintained at 35°C and packed with 10% UCW98 on chromo-
sorb W. NMR (CCL,): 6 1.0 (d_first order, J ~ 6 cps, 4H), 61.3-1.8
(m, 1H), 68.93 (d, J =5.5cps, C-CHO).

Cis 2, 3-dimethylcyclopropane-anti-1-carboxaldehyde p-

toluene-sulforiyl hydrazone. To the dried ethereal solution of the

aldehyde was added tosylhydrazide and the solution was refluxed for
6 hr. Tosylhydrazide was added in the mole ratio of 1:1 on the basis
of maximum aldehyde obtainable from the acid chloride. The reaction
was followed by disappearance of the carbonyl band in the IR. Aiter
the reaction had gone to completion, the ether was stripped and a
viscous yellow solution obtained. This crystallized upon standing in

<
the refrigerator. The tosylhydrazone was recrystallized éwice by
dissolving in the minimum amount of methanol necessary and then
adding water until crystallization began. The overall yield of tosyl-
hydrazone (based on starting carboxylic acid) was 19%. NMR (acetone-
Dg): 67.8(d, J=8cps, 2Hy,), 5 7.3(d, T=8cps, 2H,,), 56.8

(d, J =6.5cps, anti ~CH-CH=N), § 6.1 (d, J = 6.5 cps, syn
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-CH-CH=N), 6 2.32 (s, -=CH,), 6 1.15-0.80 (m, 3 ring H), 6 9.0
(s, =(CH,),). Ratio of anti to syn by NMR is 5:3.

Preparation of cis 3, 4-dimethyl-1-cyclobutene. One gram of

the tosylhydrazone was dissolved in 30 ml of diethyl carbitol (dried
over LiAlH, and distilled) contained in a 50 ml three neck round bottom
flask equipped with a magnetic stirring bar, a reflux condenser, a
rubber septum and a nitrogen flush inlet. N-butyllithium (Alpha
Inorganics) in hexane was added in a 25% mole excess through the
septum into the stirred solution under a nitrogen atmosphere, with
cooling by an ice-salt bath. Sufficient n-butyllithium was added to
cause the solution to assume a yellow tinge, the color of the n-butyl-
lithium in hexane. A salt precipitate formed.

The nitrogen flow was discontinued and the system was
evacuated at low pressure (high vacuum pump), carefully at first, to
remove the volatiles, mainly butane and hexane. Next, a trap and
drierite filled drying tube was introduced between the condenser and
a water aspirator. The trap was cooled to -78° in a dry ice-acetone
bath and the diethyl carbitol solution was heated to the boiling point
(approximately 160°) at a reduced pressure of 100 torr for one hr.
Decomposition of the lithium salt of cis 2, 3-dimethylcyclopropane-
anti-1-carboxaldehyde p-toluenesulfonylhydrazone took place and the

product, cis 3, 4-dimethyl-1-cyclobutene, was condensed in the cooled
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trap.

The material in the trap was vacuum transferred to a gas bulb
after two freeze-thaw cycles using liquid nitrogen as the cold source
and dry ice-acetone as the hot source. Material in the trap was
warmed gradually to 50° to effect total transfer.

The product was vacuum transferred to gas bulb equipped with
a serum cap. A gas tight syringe was used to sample products by
withdrawal through the cap. The products were analyzed on a 22' by
1/4" O.D. dibutyltetrachlorophthalate (DBTCP) column at 100° and a
helium flow rate of 1 ml per second. The order of elution of products
and impurities is; air (1.7 min), cis 2-butene (3.6 min), hexane
(8.2 min), cis 3, 4-dimethyl-1-cyclobutene (8.7 min), and 2, 4~
hexadiene (19.3 min). Percentage of carbene intermediate going to
acetylene and cis 2-butene was 18. 7%, to the cyclobutene was 67%,
to the hexadiene was 14.3%. NMR of cis 3, 4-dimethyl-1-cyclobutene
(CCl,): 60.98(d, Jay,=7cps, 6 Hy), 62.98 (m, 2 Hy), & 6.07
(s, 2 Hp).

Preparation of nitrosomethylurea. Prepared by the method of

F. Arndt. Into a tared one-liter one-neck round bottom flask equipped
with a reflux condenser was placed 200 grams of 24% methylamine
(1.55 mole), 155 ml of concentrated HC1 (until solution was acid to

methyl red) and water to bring the total weight to 500 grams. To this
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was added 300 grams of urea (5 moles). The solution was boiled
gently for 2. 75 hr and vigorously for 0.5 hr. The solution was cooled
to room temperature, 110 grams of 95% NaNO, (1.51 mole) were
dissolved in, and the whole was cooled to 0° in an ice-salt bath.

A mixture of 600 grams of ice and 100 grams (1 mole) of
concentrated H,SO, was placed into a three-liter beaker which was
surrounded by an efficient freezing mixture of ice, salt and water.
The cold methylurea-nitrite solution was run in slowly with mechanical
stirring at such a rate that the temperature did not exceed 0°.

The nitrosomethylurea rose to the surface as a crystalline,
foamy precipitate which was filtered out at once with suction and
pressed well on the filter. The crystals were stirred to a paste with
50 ml of water, sucked as dry as possible on suction filter and dried )
in a vacuum desiccator to a constant weight in a freezer. Crystals
can bc stored indefinitely in the freezer. The yieid was 115 gramus or
65% of the maximum. NMR (acetone-D;): & 3.15 (s, CH;), 6 3.52
(broad s, NH,).

Preparation of diazomethane from nitrosomethylurea. The

procedure of P. Condit was used. Fifty-six grams of KOH were
dissolved in 30 ml of water contained in a 200 ml unscratched flask
which were cooled in an ice-salt bath. Thirty ml of diethyl ether were

added to the magnetically stirred solution of KOH. Eight grams of
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nitrosomethylurea were added cautiously; rapid addition caused
excessive frothing. The generation of diazomethane was run in the
hood because of its toxicity. During the course of the reaction a
yellow gas, diazomethane, formed above the yellow colored ether
layer. A polyethylene cap was placed lightly over the mouth of the
flask. The solution was stirred for 0.5 hr in an ice-salt bath and then
cooled in a dry ice-acetone bath. If the aqueous layer froze, the
decantation of the ether layer into another unscratched 200 ml conical
flask containing pellets of KOH for drying the ether was easily facili-
tated. If the aqueous layer did not freeze, as was more often the case,
care was taken to prevent the transfer of the aqueous layer. The
aqueous layer was washed twice with 20 ml portions of ether. The
ether solutions were combined.

Preparation of 6, 7-dimethyl-2, 3-diazabicyclo[ 3. 2. 0]hept-2-ene.

The 3, 4-dimethyl-1-cyclobutene was vacuum transferred irom the gas
bulb into a 50 ml 3-neck round bottom flask equipped with a rubber
septum and a stopcock; the middle neck was connected to the vacuum
line via a stopcock.

The 200 ml flask containing the diazomethane was fitted with a
two-hole rubber stopper containing a drying tube and a glass tube
extending below the surface of the liquid. The glass tube was connected

by rubber tubing to the stopcock of the flask containing the cyclobutene.
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The flask of diazomethane was cooled in a dry ice-acetone bath to -78°.

The flask of cyclobutene was close& off and removed from the
vacuum line. A dry ice-acetone bath was substituted for the liquid
nitrogen bath. The flask was pressurized slightly by the introduction
of nitrogen through the septum via a syringe. The flask containing
cyclobutene was connected to the flask of diazomethane in ether. The
stopcock was cracked. Care was taken to make sure that no ether
s;ﬂution was sucked back into the flask of cyclobutene. The cyclobutene
was allowed to warm up gradually and the volatile material was bubbled
slowly into the ether solution of CH,N,. Finally, when no more
material transferred in this fashion, a stream of dry N, was introduced
to waft the remaining material into the ether solution. If this failed to
effect total transfer, ether was introduced and the remaining material
was pipetted into the ether solution of CH,N,.

The solution was transferred to a darkened pressure bottle
which had previously been cgoled gradually to -78° in a dry ice-acelone
bath. The pressure bottle was stoppered and placed in the dark.

Every three days, the bottle was opened with care and the reaction
was monitored. If a peak corresponding to 3, 4-dimethyl-1-cyclo-

butene appeared on a 22' DBTCP column, another portion of CH,N, was

prepared as before and added to the pressure bottle.
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After 13 days at room temperature, more than 87% of the
cyclobutene had reacted. The resulting pyrazolines could be made
quite pure by prolonged stripping on a rotary évaporator because of
their low volatility. The pyrazolines could be stored at low tempera-
tures in darkened vessels indefihitely.

Analysis of the pyrazolines was carried out on a 15% UC-W 98
glass column, 10' by 1/4". A glass column was used because the
pyrazolines decomposed on a st;a.inless steel one. This column was
suitable for preparative gas chromatography of the syn and anti
isomers which were formed, in greater than 95% isomeric purity.

Determination of the stereochemistry of syn and anti 6, 7-

dimethyl-2, 3-diazabicyclo[ 3. 2.0]hept-2-ene. The reaction of cis

3, 4-dimethyl-1-cyclobutene and diazomethane yielded two isomers
in a 7:3 ratio. The major product was identified as the anti 1, 3 dipolar
cyclo adduct and the nﬁnor product as the syn dipolar adduct.

The identification was made by observing»the larger shifts of
the methyl _grdups in the gy_r; isomer than the anti isoﬁler when both are
complexed with Eu(fod), in CCl, (fod is the abbreviation for tris
1,1,1, 2, 2, 3, 3-heptafluoro-7, 7-dimethyl-4, 6-oct.anedione). The
complexation was done on a mixture of the two isomers by adding

increments of a standard solution of Eu(fod), in CCl, and taking an

NMR after each addition. It was found that thé resonance of the
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methyls of the syn isomer shifted farther down field than those of the
anti isomer; in all cases the methyl groups closer to the nitrogen-
nitrogen double bond shifted farthest.

Also, at tlte temperature where the interconversion of the syn
and anti 2, 3-dimethyl-bicyclo[2.1.0]pentanes is slow, the anti
pyrazoline gave rise to anti bicyclopentane, and the syn pyrazoline
gave rise to syn bicyclopentane, exclusively in both —cases. NMR of
anti isomer (CCl,): 5 0.95(d, J="7cps, 3H), 61.22 (d, J = 7 cps,
3H), 6§1.8-2.5 (m, 3 H), 64.36 (m, 2 H), 564.66 (m, 1 H). Partial
NMR of syn isomer (CCL,): 6 0.56 (d, 3H, J="Tcps), 60.85(d, J =
7 cps, 3 H). IR of anti isomer (CCl,): 2860-2960, 1715, 1450, 1360,
1220 cm ™, |

Flow pyrolysis of 6, T-dimethyl~2, 3-diazabicyclo[3.2.0]hep-

2-ene. The first pyrolysis system used was a 12" by 0.5" O.D.
quartz tube heated in the temperature range of 270° to 320° in a tube
oven. A U-shaped glass tube was connected to the quartz tube at one
end and equipped with a rubber septum at the other. This served as a
vaporization chamber for the pyrazoline. Vaporization was accom-
plished by directing a flow (10 ml per 12-14 sec) of dry N, through the
septum via a syringe across the pyrazoline. The U-shaped tube was
‘heated by immersion in an oil bath heated to 100° when runs were

undertaken for quantitative results and by a heat gun when large
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amounts of pyrazoline were pyrolyzed only for the sake of product
analyses. In all runs, the joint connecting the U tube and the quartz
tube was heated intermittently with a heat gun to prevent condensation
of the pyrazoline.

The pyrazoline, which was introduced via a syringe through the
septum, was pyrolyzed neat or as a 5-10% solution in pentane (pentane
did not interfere with the products on the gas chromatographic column
used for the analysis).

The products (32-37) were collected in a trap cooled in liquid
N, and then vacuum transferred to a more suitable container. Analysis
and preparative gas chromatography were conducted on a 10' by 1/4"
0.D. UC-W 98 stainless steel column at 65° and é. helium flow rate of
10 ml per 12.5 sec. Characterization was by NMR and IR spectros-
copy (see below).

After the identification of most (88%) of the products had keen
accomplished, later pyrolyses were carried out in the heated injector
port (270°-380° range) of a Hewlett-Packard gas chromatograph
instrument equipped with an electronic digital integrator and analyzed
ona 10' by 1/8" O.D. 20% SE-30 column. The advantage gained here
was the smaller amount of material required (1/2 microliter versus
'5 microliters in the quartz system) and the elimination of the product

collection before analysis, not to mention the increased accuracy of the
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integrations. For spectral data on 3-cyclopropyl-1-butene and 3-
methyl-1, 4-hexadiene, see following procedures. NMR of 2, 3-
=6.9, J

dimethyl-1, 4-pentadiene (CCl,): 6 5.78 (d,d,d, Jo 9.5,

g eg =
Jgf =17.5, 1 Hg), 6 5.08 (sym m, 1 vinyl H), 6 4.83 (sym m, 1 vinyl
H), 6 4.70 (q, Jpq = 0.7 cps, C(CH,) = CH,), 0 2. 79 (first-order pentet,
Jeg = 6.5 cps, Jy, = 7cps, 1 doubly allylic H), 6 1.68 (d, Jpq =0.7
cps, allylic, CHy), 6 1.12 (d, J,, = 7 cps, —CH-CH,). IR (CCl):
3060, 2960, 2900, 2850, 1625, 1445, 1360, 985, 905, 885 cm .

NMR of endo cis 2, 3-dimethylbicyclopentane (CCl,): 0.65 (d, J =6
cps, —(CH,),), 60.1-0.4 (m, 2 H), 6 1.35-1.83 (m, 2 H), 6 2.30-2. 70
(m, 2 H). NMR of exo cis 2, 3-dimethylbicyclopentane (CCl,): 5 1.64
(m, 2H), 6 1.03 (d, J =6 cps, —(CH,),), 6 1.55 (m, 2 H), 61.72

(m, 2 H). NMR's of isomeric bicyclopentanes agree with those

published. il

NMR of 2, 3-dimethyl-1, 4-pentadiene agrees with a
comiercial sample (Chemical Sampies Co.).

Preparation of 3~-methyl-1, 4-hexadiene. 42 Into a test tube,

the mouth of which had been joined to a 7 mm O.D. glass tube was
placed 190 ml of absolute ethanol, 0.407 grams of RhC1,(H,0), and

5.7 grams of mixed geometric isomers of 1, 3-pentadiene. Ethylene
was condensed into the glass tube, which was cooled in liquid nitrogen,
directly from the lecture bottle. Approximately 5 ml of ethylene at

that temperature were introduced. The tube was placed into a nitrogen
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cooled stainless steel cylindrical bomb; the bomb was sealed and
placed in an oil bath, and heated to 60°-70° for 20 hr without agitation.
Prior to opening, the bomb was cooled in liquid nitrogen.

The product solution was filtered to remove the catalyst. The
product, 3-methyl-1, 4-hexadiene, was easily separated from unreacted
1, 3-pentadiene by preparative gas chromatography on a 10' by 1/4"

20% SE-30 stainless steel column at 65° and a helium flow rate of 10

{

ml/12.5 sec. The NMR was identical with that of 3-methyl-1, 4-hexa-

41

diene synthesized by N. F. Cywinski. The 3-methyl-1, 4-hexadiene

was shown to be stable under the pyrazoline pyrolysis conditions.
NMR (CCL,): 6 1.03 (d, dop = 7 cps, 2 Ha)’ 61.62 (m, 3 Hp), 6 2.73
(broad sextet, J = 6 cps, 1 Hc), 64.87 (m, 1Hy), 64.95 (m, 1Hy),

55.37 (m, 2 Hy), 65.62(d,d,d, J o =17.5, Jpq = 9.5, Jg = 6.5 cps,

ge gc
1Hy). IR (CHCL): 3080, 3019-2850, 1638, 1455, 1415, 1379, 1310,

1250 cm™'. NMR in agreement with literature. &1

41,43

Preparation of 3-cyclopropyl-1-butene. To a hot rapidly

stirred solution of 0.6 grams of cupric acetate monohydrate in 20 ml
of glacial acetic acid was added 10.5 grams (0. 15 mole) of zinc dust.
After about 30 sec all of the copper had deposited on the zinc. The
couple was allowed to settle for 30 to 60 sec and then as much of the
acetic acid as possible was decanted, taking care not to loose the silt-

like couple. The dark reddish gray couple was then washed with one
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20 ml portion of glacial acetic acid, followed by four 35 ml portions of
absolute ether. The last washing was itself extracted with water and
the pH of the water was found to be 6-7 pH units as indicated by pH
paper.

The 100 ml round-bottom boiling flask used for the preparation
of the zinc-copper couple was equipped with a reflux condenser, a
dropping funnel, and a magnetic stirring bar. The solvent, 35 ml of
ether, was added followed by a few ml of diiodomethane. The reaction
started immediately as indicated by bubbles rising from the couple.
While the stirred solution was kept at reflux by the heat of the reaction
or by slight warming, a mixture of 6 grams (0.075 mole) of 3-methyl-
1, 5-hexadiene and the remainder of the 28 grams of diiodomethane
(0.105 mole total) in ten ml of ether was added dropwise over a period
of 1.5 hr. The reaction mixture was stirred at reflux for 20-30 hr.
To prevent the loss of solvent during this period a Formabath set at
-10° was used to cool the reflux condenser. Reaction was monitored
by gas chromatography.

At the end of the reaction, the mixture was a dark brown-purple
in color. The ether solution was separated from the zinc by suction
filtration first through a coarse then a fine pored sintered glass funnel.
The zinc was washed on the filter with ether to remove as much of the

product as possible.
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The combined ether solutions were washed in a separatory
funnel containing ice and 1 N HC1. The ethereal solution was separated,
~ washed a second time with ice-HC1 acid, washed three times with
water, and dried over K,CO,.

The water washings greatly reduced the volume of the organic
layer by virtue of the large amounts of water used (200 ml per wash),
and the solubility of ether in water (7.5 grams per 100 ml). This
greatly concentrated the product in the organic phase. The organic
phase, after drying, was vacuum transferred to separate the product
from polymeric material. The yield was 1.2 grams of which 43% was
the desired product (0.5 grams); the rest was ether and unreacted
starting material. The overall yield was only 7%. This was ample
amount to, after preparative gas chromatography on a 10' by 1/4" O.D.
20% SE-30 column at 65° and a helium flow rate of 10 ml per 12.5 sec,
take an WMR and do a stabiiity study of the productunder the reaction
conditions used to decompose the pyrazolines. NMR (CCl,): & 0.06
(m, 2 Ha)’ 5 0.40 (m, 3 Hb), 5 1.05 (d, J4e = 5-9 cps, 1H:), 61.40
(m, 1 Hy), 64.90 (m, 1 Hg), 65.02 (m, 1Hy), 65.82(d,d,d, Jgf =
17,5, ch = 10, Jgd =6 cps, 1 Hg). IR (CHCL,): 3080, 3000, 2985,

1

2935, 2885, 1640, 1455, 1369 cm .
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Part II

INTRODUCTION

The Wall-less Reactor Concept

"The extent to which the surface of the vessel enters into the
reaction mechanism of thermal decompositions is one of the most
prominent and puzzling questions which cannot yet be satisfactorily
a;lswered even after thirty years of rather intensive research. n28
This quotation by Rice and Herzfeld appeared in a review article
published in 1951, but it could very well apply to the present state of
knowledge concerning the role of the surface in gas-phase reactions.

In recent years, new techniques have been developed for
studying various aspects of gas-phase reactions under completely
homogeneous conditions. Some of these involve mass spectroscobic
techniques, 1 molecular beam interactions ,2 flash photolysis, . and
shock tube investigations. # _(However, the most widely used method
for determining the effect‘of heterogeneity on gas-phase tl;ermal
reactions still remains the study of the effect on the rate and product
distribution of a reaction by varying the surface to volume ratio or by
changing the surface material of the reactor.

Because of surface effects it is almost impossible to define a

set of conditions under which a pyrolysis reaction has been carried out.
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The nature and area of the surface remains a variable.

In 1968, D. A. Hutchings . designed, constructed and tested a
homogeneous (wall-less) reactor for the pyrolysis of hydrocarbons.
In principle, the wall-less reaction encompasses a flowing stream of
hydrocarbon inside a protective cylinder of inert flowing gas. No
contact of the hydrocarbon to.be pyrolyzed is permitted with the contain-
ing surface. The hydrocarbon, maintained at a low temperature,
enters the reactor through a tube. By mixing with a zone of super-
heated gas, it quickly heats up to the temperature of the gas.
Laminar flow is maintained throughout except in the zone of mixing.
The flow is downward to avoid turbulence due to gravity effects. A
cooled sampling tube, mounted on a three dimensional microscope
stage permitting movement in any part of the reaction zone, is used to
collect samples of the pyrolysate before lateral diffusion can move any
of the hydrocarbon to the wall. Plug flow is maintained over the
significant range since the length of movement on the gas is only one to

three times that of the diameter of the tube.

Reactions Suitable to the Wall-less Reactor

Hutchings first used the reactor in the study of the pyrolysis of
neopentane. He found G that the decomposition of neopentane was

first-order from 650°-850° with an activation energy of 80.5 kcal/mole
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and an A factor of 10"°°. This was in contrast to earlier results at
lower temperatures which indicated reaction order of 3/2 and an

7,8,9 which was

energy of activation of between 51.5 and 60 kcal/mole
well below the C-C bond’energy in neopentane which is approximately
80 kcal/mole.

Since that time, the reactor has been used by Professor J. E.
Taylor's research group to stud_y the isomerization of cyclopropanes,25
and the pyrolysis of ethane. 26

Many other reactions are suitable for study in the wall-less
reactor. Compounds which exhibit a surface dependence in their
decomposition or isomerization could be studied in the wall-less
reactor where conditions are homogeneous. For example, the effect
of the surface is especially great in the thermal decomposition of
t-buyl and t-amyl chlorides as was found out by Bearley, Kistiakowsky
and Stauffer. 12 Similar effects were found in the pyrolysis of 1,1,1-
trichloroethane by Barton arbd Onyon. I8 The decomposition of dimethyl-
triazine gave a 12% higher rate value in the first run than 'in succeeding
runs. 18 |

The thermal decomposition of acetaldehyde at 380-400° in a
silica vessel appears to be a purely surface reaction yielding several

products in addition to methane and CO. If the decomposition is carried

out at 500° or higher only methane and CO are formed and the rate of
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reaction is almost independent of the surface to volume ratio. 24 14 22
The reaction order at lower temperatures is 3/2 while at higher tem-
peratures it is first order which presents evidence for a héterogeneous
and homogeneous mechanism in ’;he decomposition.

Any gaseous decomposition reaction which has a '"long"
induction period is conceivably surface dependent. To initiate reaction
the gas has to be brought up to temperature and then the steady-state
concentration of radicals must be attained. On the basis of the original
Rice-Herzfeld theory 1 the steady-state concentration would take only
a fraction of a second to attain. However, if the steady-state concen-
tration is dependent on a diffusion process from the wall, the time for
induction will be much longer. The decomposition of ethylene oxide,

a free radical process, has been carefully studied and shows a well-
marked induction period L& and a surface dependence.

Some gaseous decomposition reactions show a marked depen-
dence on the influence of theJinert gas. The wall-less reactor can be
used to exclude all other surface effects except that of the carrier gas
which can be varied. Hydrogen has a pronounced effect of increasing
the rate of thermal decomposition of ethylene oxide, H dimethyl
ether, &l methyl ethyl ether, 15 methyl propyl ether 15 and diethyl
ether 17 in surface reactions. While CO,, CO, He, N,, CH,, Ar and Ne

have noeffect at all.



92

A large effect on the rates of the thermal decompositions of

11,23 and sulfuryl chloride e is exhibited when the surface

phosphine
to volume ratio is changed, making these two compounds likely candi-
dates for further study using a wall-less reactor.

Many cis = trans isomerizations of olefins appear to be surface
dependent. - Examples are the interconversion of cis and trans 1, 2-

difluoroethene and cis and trans 1, 2-dichloroethene. &1y 95

Limitations of the Wall-less Reactor

The wall-less reactor is restricted to the study of reactions
which exhibit first-order rate equations. This encompasses a wide
variety of reactions including reversible and irreversible isomeriza-
tions, and irreversible decompositions. A second restraint is that the
measurements must be made in the temperature range where first-
order rate constants are greater than 1 X 107° per sec. The first
restraint arises from that fact that absolute concentrations of reactant
or products cannot be known. Only the relative ratio of reactant
concentration to product concentrations is available to the experi-
menter. The second restraint arises out of the inherent residence

time limitation for a molecule in the wall-less reactor.
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DESIGN OF ORIGINAL APPARATUS

General
‘The wall-less reactor, which I constructed for use in the

Bergman group, was originally based on one designed by D. A.
Hutchings and J. E. Taylor of Kent State University. The reactor
underwent some modification during the course of my research.

I will begi’n;- by f1rst eﬁéplainiﬁg, in detail, the original wall-less

reactor I const‘ruéil:'e.d, and then discuss the subsequent modifications.
| A drawing of area surrounding the reaction zone of the wall-less
reactor is presented ip Figure 1. In principle, the reactor consists of
a stream of hydrocarbon (1A) entering the reactor through a cooled
tubé (called the nozzle, 1Q), that is kept at a low enough temperature
to prevent any reaction prior to the point of heat up (1T). Upon
entrance into the reaction zone {(1U), tiie hydrocarbon is very quickiy
heated up to reaction temperature by mixing with the preheated blanket
gas flowing through tube (1W) in a vertically downward direction. All
gas streams are assumed to be laminar. This outer stream of gas is
of sufficient thickness that a significant concentration of neither
reactant or product contacts the reactor wall within the chosen reaction
time. Quenching of the reaction and collection of a sample is brought

about by means of the probe (1X), also a cooled tube, through which a



94

400 O

- JKLM_
N

1]
—‘ J/_.LIV;\/MAQ =1 .4
,, 1 ke % BN P ,/ - ] 1
3 /,%JW NIBNASNNN AN RN
s u@m? e <E

5 —e— — nk//_/////////// NN
= SN AN “ M ' ; _

A g // 7//_ L

> A

Figure 1: Original Wall-less Reactor



95

sample of the reaction mixture can be withdrawn by a syringe for
analysis on a vapor-phase chromatograph. The whole apparatus
shown in Figure 1 is contained in a three-zone Lindberg-Hevi-Duty
furnace, model number 54847-A, 10,000 watts (2D of Figure 2).

All materials shown in Figure 1 are constructed of stainless
steel unless otherwise specified. The nitrogen used for the blanket
gas, which comes from 5 foot cylinders, is metered by rotameters and
enters the oven via tube 1Y (3/8 in O.D.). From there it flows to a
mixing chamber 1M formed by pieces 1IN and 1P (which are bolted
together), and then into tube 1W, the actual reaction tube. Tube 1W
has an inner diameter (ID) of 1.5 in (3.81 cm), an outer diameter of
2.375 inches, and a length of 12.5 inches.

Tube 1Z is the exhaust tube and leads to the open air (2.375 in
O.D., 2.060 in I.D., length 18 in). Exhaust hydrocarbons are sucked
out of the room or intc a hood by means of an exhaust fan, the suction
tube of which is placed about 3 inches from the end of the exhaust tube
{(17).

1V is a chromel-alumel thermocouple encased in a stainless
steel sheath (1/16 in O.D.) filled with a ceramic insulator to prevent
short circuits between sheathing and wires (trade name of thermo-

couple is Conax SS6K).
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The nozzle (1Q), which has an O.D. of 3/8", is fitted through
swagelock fittings (1B and 11, stainless steel, 3/8 in swagelock and
3/8 in pipe fitting, Crawford part number 600-1-6-316) which have
been bored out to accept the nozzle. These swagelocks are screwed
into plates (1D and 1 J-K-L). 1 J-K-L is now a single piece of |
metal. Pieces 1D, 1 J-K-L, 1I, 1B and 1Q can be removed (after
loosening bolts holding plate 1D to piece 1 G-F) as a single unit for
nozzle repair or modification. The section of the nozzle (1Q) between
plate 1D and 1 J-K-L is wrapped with layers of pyrex glass wool and
asbestos tape to provide better insulation between the cool nozzle and
the rest of the reactor. Piece 1 G-F is bolted to piece 1N.

The reactor shown in Figure 1 is mounted on a heavy duty
aluminum table (2G) by means of three stainless steel rods (2F).
Attached to the underside of the table is a three-way microscope stage
(2H) to which the probe assembly (iX) is fixed for manipulation. See
Figure 3. The probe, when it is detached from the microscope stage,
can be removed from inside the reactor for cleaning and repair work.

The sampling probe. The sampling probe consists of three

tubes. See Figures 4 and 5. The inner tube (4B, 0.022 in OD, 4 ft
in length) through which the sample is withdrawn, is cooled by air (4E)
blown into the divider tube 4D. The air exits through tube 4F. The

inner tube 4B is press-fitted (or welded) into stainless steel cone (4A),
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Figure 4: Tip of Prob2 (above)

Figure 5: Design of Probe Outside
of Oven (right)
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which is in turn press-fitted (or welded) over a 32 inch piece of 1/4
O.D. stainless steel tubing (4F) to form a cooling jacket (all junctures
must be air tight). A 1/8 in O.D. tube (4D) with a 0. 01 in wall thick-
ness serves as a divider to permit air flow over the entire length of
the cooling jacket.

The temperature at the tip of the probe is monitored by a
0.040 in O.D. chromel-alumel stainless steel sheathed thermocouple
(4C, Conax SS4K) which is placed inside the cooling jacket. Entry into
the probe for the thermocouple is gainéd by cutting out a hole in the
base of tube 5H (tube 4F of Figure 4), close to where it is attached to
5K (Figure 5). Temperatures 500°C below the reaction zone tempera-
ture can be maintained at the tip of the probe.

The other end of tube 4B is attached to a Conax 1/16 in thermo-
couple fitting (5D). Samples are withdrawn from the thermocouple
fitting by using a gas tight syringe (5G).

A minor modification made was to wrap the sampling probe
with asbestos paper in order to provide better insulation between the
cold probe and hot reactor.

Original nozzle design. The nozzle consists of four concentric

tubes (see Figures 6 and 7). A hydrocarbon stream enters the reactor

through a 1/16 in O.D. hydrocarbon inlet tube (6E). A cooled nitrogen
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stream, called the diluent, enters the reaction zone through tube (6 F)
(1/16 in O.D.). A piece of 3/8 inch O.D. tubing (6G), that has had
three inches of its length turned down to an outside diameter of 0.325
inches is joined to the 1/8 inch tube (6F) by means of a donut shaped
plug (6H) to form a cooling jacket for the diluent and hydrocarbon
streams. A divider tube (6C), which allows the cooling air (in 6A,
out 6B) to flow through the entire length of the nozzle, is formed from
a 3/16 inch O.D. piece of tubing.

The other end of the nozzle is outside of the furnace (see
Figure 7). The diluent nitrogen stream enters via 7C. The cooling
air stream enters via 7G and exits at 7J. 7D and 7TH are Crawford
fittings number 400-3-4TFT-316; 7E and 7I are Crawford fittings
number 400-R-6-316. A chromel-alumel, stainless steel sheathed
thermocouple (6F, Conax SS4-K) is inserted into tube (7J) all the way
down tu ihe tip of the nozzie in order to monitor the temperature inside
the nozzle. By loosening the swagelock fitting on 7A, it is possible to
remove only the hydrocarbon delivery tﬁbe (7B) for replacement or

cleaning without opening the oven.
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MODIFICATION

Sample delivery system. The sample delivery system is of

two types. The one used depends on whether the material to be
pyrolyzed is a liquid at room temperature and pressure or a gas.
Discussion of the liquid delivery system will be first.

The original wall-less reactor designed by D. A. Hutchings,
utilized a complicated motor driven syringe for the delivery of liquids
and gases. The sample was drawn up by the syringe and injected into
a stream of nitrogen gas. The rate of flow of the nitrogen gas was
dependent on how often the syringe was discharged into the stream.

To achieve a desired total velocity, both the rates of nitrogen gas flow
and syringe discharge must be taken into consideration. Another
problem is noncontinuous input of material into the sample delivery
sysiem, since a syringe must be refiiied before it can be discharged.

A simple bubbler type delivery system was designed to improve
Hutchings' methods (see Figure 8). Nitrogen gas (Linde-High Purity

-Dry Grade), which was passed through air purifying filters (Koby Jr.
air purifier and flow equalizer) and a flow equalizer, and then metered

~onan appropriate rotometer, is directed through a glass frit (84,

coarse porosity) into a pure sample of the liquid hydrocarbon (8B) to

be pyrolyzed and then to the reactor. In this manner, hydrocarbon
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delivery is continuous, and its concentration in the stream is uniform
over the period of a pyrolysis run.

The method for the introduction of gases was also simplified.
A lecture bottle containing the hydrocarbon to be pyrolyzed is plugged
into the nozzle gas line before metering. The hydrocarbon and nitrogen
both contribute to the total back pressure (back pressure is defined as
the pressure on the upstream side of the rotameter). Thus the fraction

of hydrocarbon in the center stream can be varied from 0-100%.

Nozzle design modifications. The most troublesome problem

that had to be solved in the wall-less reactor before it could be used
for kinetic studies was the control of the temperature in the reaction
zone. The problem arises because there are two cold fingers, one 3
feet long (the probe) and the other 1 foot long (the nozzle), placed inside
another larger tube, through which hot gases are flowing. At times
these cold fingers are a single cm apart, at other time 15 cm apart.
The goal was to control temperature in the reaction zone, over its 14
cm length, to +1°C. Many variations, mostly involving nozzle modifi-
cations, were tried. These are discussed below.

A. The first nozzle n.modiﬁcation was directed toward solvihg
another problem, but did assist in temperature control (see Figure 9).
Four stainless steel screens (9H) (two 100 mesh and two 25 mesh) were

placed around the nozzle extending to the inner walls of the reaction
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tube. 19 The first was placed at the tip of the nozzle with the hydro-

carbon tube extending through a hole in its center. The others were
set 1 cm apart further up the nozzle. The portion of the nozzle above
the screens was packed with quartz wool (9C, Arthur H. Thomas Co.).
The purpose of the screens and quartz wool was to even out pressure
variations in the blanket gas, thus ensuring plug flow. The increase
in temperature control probably occurred because steel, being a better
conductor of heat than nitrogen, decreased the temperature gradient
between the cool nozzle and the hot wall of the reaction tube.

B. Next, it was decided to increase the temperature in the
two cold fingers. If the internal temperature of the probe and nozzle
were raised from 300° to only 100°C below the temperature of the
reactor, temperature variations in the reaction zone should be
moderated, hopefully without undue reaction in the probe or nozzle.
This modification helped with temperature control, but resulted in
actual physical harm to the reactor. More frequent replacement or
cleaning of the probe and nozzle was required. This probably was
caused by surface catalyzed reactions, which did not require the higher
temperatures of the homogeneous reaction, taking place on the metal

surfaces inside the nozzle or probe. This modification was abandoned.
C. The diluent stream of cool nitrogen (6D of Figure 6) was

eliminated as suggested by Professor Taylor. The nozzle was
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redesigned (see Figure 10) aiong the lines of the probe. The hydro-
carbon delivery tube (10C, still 1/16 in O.D.) extended 3 mm beyond
the stream lined cooling jacket (10A, now with a 0.3125 in O.D. with
the last three inches turned down to a 0.2865 in O.D.). The central

hydrocarbon tube was welded to the nozzle assembly which necessi-

tated cooling down the oven and disassembling the reactor everytime
the nozzle clogged (a very ffequent occurrence). The screens and the
qpartz wool were retained from the old nozzle. Unfortunately, the
new nozzle design did not markedly increase temperature control.

In order to provide better insulation between the nozzle and
the hot blanket gases, a quartz sleeve was designed to fit over the
nozzle. This design was unsuccessful. The coefficient of expansion
with heat is not similar for quartz and stainless steel. Upon heating
up the reactor after the placement of the sleeve, it was observed that
the sleeve cracked and broke.

This nozzle design was also ultimately abandoned. First,
it was inconvenient to constantly cool down and heat up the reactor
every time the nozzle had t be cléaned or repaired. Second, the
nozzle began to direct the stream of hydrocarbon away from the
center of the reaction zone towards the wall. Removal of the 3 mm
of hydrocarbon tube (9C) extending beyond the cooling jacket did

not remedy the situation. The only plausible explanation was that

strains caused by temperature gradients within the nozzle when the
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reactor was heated, caused the nozzle to behave in this erratic
manner.

D. The use of the previous nozzle was resumed (see Figure 6),
but without any cool nitrogen diluent flowing into the reactor from 6D.
The hydrocarbon tube, detached from the cooling jacket except outside
of the reactor, was in a more strain-free situation in the previous
nozzle design. It was also decided to install a nozzle heater (see
Figures 11 and 12). The heater consists of 1/16 in by 0.008 in
nichrome V ribbon (Driver-Harris Company). The nozzle was first
wrapped with asbestos paper (Arthur H. Thomas Co.) to insulate it
from a lead ribbon extending to its tip. The lead ribbon was wrapped
with more asbestos paper and the nichrome ribbon was wound about
the asbestos covered nozzle at a 1/16 inch spacing. Leads, which
extend to the nozzle heater from outside the oven through holes in
plates (12D and 12 J-K-L) consist cf £ or 6§ folded lengths of rcsis-
tance ribbon. Leads and heater are fashioned from one continuous
ribbon of nichrome V. The leads are insulated from plates (10D and
10 J-K-L) by ceramic thermocouple insulators, which are covered.
with a cement capable of with standing high temperatures (Briskeat,
Briscoe Mfg. Co.) in order to make the feed through air tight.

Electricity to operate heater is provided by a variac (0-135

volt range, 5 amps). Best temperature control with the current .
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apparatus is obtained with variac settings from 20 to 35 volts.

Temperature control with this system proved to be very good,
however an unexplained difficulty arose. In studying the isomerization
of cyclopropane to propylene, a series of parallel Arrhenius rate plots
were obtained when only a single variable was changed. That variable
was change in the voltage supplied to the heater from the variac.

In other words, if a series of rate constant determinations at various
temperatures with a variac setting of 20 volts was carried out, and
results were plotted in an Arrhenius rate plot (logarithm of rate
constant versus inverse of the temperature) a straight line was
obtained, which paralleled a similar line obtained by doing another
series of rate constant determinations but at a variac setting of 35
volts, for example. The differences in the intercepts are slight.

E. The problem of parallel Arrhenius plots disappeared after
the last nczzle modification. Ten scieens, pﬁcked tightiy togetier,
ranging in mesh from 25 to 100, were placed at the tip of the nozzle
extending to the reactor wall.

Temperature control in the reaction zone is now to +1°C.

(The first cm after the hydrocarbon enters the reaction zone is

discarded in rate determinations.) All rate constants, regardless of

variac settings, lie on the same Arrhenius rate plot.
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Probe modifications. The probe remained relatively unchanged

in its physical appearance, except for the wrapping with asbestos
paper, already mentioned.

It was found to be beneficial to keep the internal temperature
of the probe constant to +5°C over a pyrolysis run. This was done by
gradually decreasing the flow of cooling air to the probe as more and
more of the probe was withdrawn from the oven, i.e., as résidence
time of the hydrocarbon was increased.

Placement of the exterior probe thermocouple. It is difficult

to know the exact temperature that the hydrocarbon experiences as it
flows from nozzle to probe the problem arises out of the design of the
probe. At present the thefmocouple is attached to the probe for
support. The tip of thermocouple is located at séme distance from the
tip of the probe and its movement is coupled to that of the probe.
Ideally one would like to know tile temperature with the nrobe nogitioned
in the center of the hydrocarbon stream at all points along the stream.
One can place the thermocouple in the center of the stream equidistant
from nozzle and probe and read a temperature. This will probably be
the highest temperature reading, since upstream or downstream the
thermocouple is getting closer to either of the two cold fingers. If
one moves the probe vertically in the stream, the thermocouple is no

longer equidistant from the cold sources and the influence of one is
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felt more strongly than the other. Furthermore, if the thermocouple
resides in the stream during sampling, it acts as a hot surface, and
data can not longer be said to have been obtained under homogeneous
conditions. Therefore if the movement of the thermocouple remains
coupled to that of the probe, it must lie off to one side of probe at a
fixed distance above or alongside the probe tip. This position is not
without problems. First,the thermocouple continues to feel the effect
of the cool probe. Second, one can not take both the temperature in
central gas stream and sample the gas streanﬁ without a horizontal
movement of the probe. Thus the conditions under which temperatures
are taken (thermocouple in the center of the hydrocarbon stream,
probe to one side) are different than when a sample is taken (probe in
the center of the hydrocarbon stream). Also, thé change in the
temperature gradient in the region between probe and nozzle, caused
by gradually withdrawing more of the length of the probe from the
reactor (to increase residence time of hydrocarbon) cannot be gauged.
At present the tip of the thermocouple is located 13 mm to one
side of and 10 mm above the tip of the probe. This arrangement is to
decrease the effect of the cold probe on the readings bf the thermo-
couple. However, the disparity between conditions for temperature
reading (probe at wall) and sampling is at a maximum. After experi-

menting with the thermocouple positioned 2 mm, 3.5 mm, 7.0 mm
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and 12.0 mm from, and 12.0 mm from and 10 mm above the tip of the
probe, it was concluded that correcting for the first effect is more
important than the second. Even so, the fundamental problem has not
been solved.

The answer lies in decoupling the movement of the thermo-
couple and probe. So that with the probe in position for sampling, the
thermocouple tip can range over the whole length of the central hydro-
carbon stream from nozzle to probe, recording the temperature at all
points, and then be removed before the sample is withdrawn. The

actual mechanics of the solution will be rather complex.
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TECHNIQUES

Preparation for Sampling

Before a successful kinetic run can be carried out, constancy
of temperature in the reaction zone must be attained. The two end
zone heaters of the Lindbergh Hevi-Duty furnace provide little control
over the small 17 cm reaction.zone deep inside the central heater.

(It is suggested the end heaters be set at 5.00 and left.) The most
delicate control is provided by the nozzle heater. A voltage between
25 and 35 supplied to the heater provides the most uniform tempera-
ture in the reaction zone. All testing for uniformity of temperature
must be done with the blanket gas and the central hydrocarbon stream
flow rates at the settings to be used for the kinetic run. (If the sample
to be pyrolyzed is in limited supply, pure nitrogen can be used for
temnerature control studies.)

The volume flow rates of the central hydrocarbon stream and
the blanket gas must be set so that their linear velocity is matched.
This is determined by comparing the cross sectional area of hydro-
carbon delivery tube to that of the blanket gas tube. The ratio of these
two numbers determines the ratio of the setting for the volume flow

rate of the two streams.
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D inner diameter of reaction tube

Ay

D outer diameter of hydrocarbon tube

Il

O.S.

DI. S.

inner diameter of hydrocarbon tube

Therefore, if the volume flow rate of the blanket gas is 124.6
cm?®/sec, the flow rate of the hydrocarbon stream must be 0.1 cm®/
sec, and the total volume flow rate is 124.7 cm?®/sec.

It has been found experimentally that the central hydrocarbon's
linear velocity can be set less than that of the blanket gas, without any
bad effects. However, if the linear velocity of the hydrocarbon stream
is faster than that of the blanket gas, the hydrocarbons shoot out of
the nozzle in a jet, causing turbuleunce and decreasing the actuai
residence time of the hydrocarbon. See Table 1.

Sampling. When good temperature control has been achieved,
and the blanket gas and central gas stream flow rates have been
appropriately set, sampling can begin. When determining a rate,
several samplings are taken along the center of the hydrocarbon
stream at intervals of about 1 ecm. When studying decompositions it

is also necessary to sample along a horizontal line intersecting the
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Table 1: 9 Cyclopropane in the Reaction Mixture as a
Function of the Volume Flow Rate of the Central
Hydrocarbon Stream. Temp = 723°C. Exactly
Matched Flow Rates are 0.1 cc/sec for Central
Hydrocarbon Stream to 124.6 cc/sec for Blanket Gas.

Flow rate of Flow rate of % A in Distance from
blanket gas central stream reaction nozzle
(cm3/sec) (cm3/sec) mixture
124.6 0.089 81.03 5.0 cm
124.6 0.122 82.42 5.0 cm
124.6 0.165 85.48 5.0 cm

124.6 0.197 87.27 5.0 cm
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hydrocarbon stream. This is because the rates of diffusion out of the
central stream for the decomposition products are greater than those
for the reactant. This will be discussed more fully later. In order
to get the most accurate results, the probe must be recentered each
time it is moved vertically. The tip of the probe is aligned by sight
with the center of the hydrocarbon inlet tube. This visual sighting
represents a starting point and several samples are taken about this

point until the region of greatest concentration of hydrocarbon is found.
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TREATMENT OF DATA

Fundamental Equations

Only unimolecular reactions can be studied in the wall-less
reactor. These include irreversible isomerizations, reversible
isomerizations, and irreversible decompositions. The fundamental
rate laws for each reaction are given below:

1. Irreversible isomerizations (2)

In Ap/A = Kt A, = initial concentration of A
Kt = Kb + Kc + Kd A = concentration of A at time t
B:C:D = Kb:KC:Kd
A = As- B- C-D

if By =Cy =D, =0

2. Reversible isomerizations (3)
Kp
Ka
A, = Ag
In %k = (Kb +Ka)t
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A=A, -B Ac = equilibrium conc of A
Bc = equilibrium conc of B
KbAc = Kch
3. Irreversible decompositions (4)
K

A —> B+ C
In A,/A = Kt

Ao = A + (reacted A)

It is apparent that only the time and the ratio of the concen-
tration of unreacted A to reacted A + unreacted A must be known.
No knowledge of absolute concentrations is necessary. No other

information is necessary except  the values A e and B " in case 2.

Determination of Residence Time

‘Determination of the residence time of a species inside of the
reaction zone follows from the ideal gas law, and two observable
facts; the volume rate of flow of gas at room temperature into the
reaction zone (see Tables 2-4 for calibration data for all rotameters
used) and the temperature irlside of this zone. The ideal gas law

states:

PV = nRT (5)
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If a gas at room temperature T. undergoes a heating to a new

L

temperature TH without an increase in pressure, the volume increases.

TL - nPR - TH = constant (6)
L H
or
T
H
Votig— =2 ¥V
L TL H
Taking the derivative with respect to time (to obtain a volume
flow rate):

Vg Ty ¥y o
3t~ Ty ot

Thus if an amount of gas metered at T, is heated to T

= XTL,

L H

then the volume flow rate at TH = X0 VL/at.

The time it values for a specics to travel from point A i

point B in the reactor is equal to:

2
time to travel m(D/2)". dAB

from point A Ty 9Vy,
to point B T. "ot
L
D = diameter of reactor tube

d AB * distance between point A and point B
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Table 2: Calibration Data on Rotameter A (Chem No. 1355)

Used in Connection with the Wall-less Reactor.

Back pressure on rotameter is 10 psi of nitrogen at 26°C

Position of light Position of heavy Flow rate (26°C)

ball ball in cm?3®/sec
.20 . 0845
10 . 0851
.50 .0940
.70 .103
.90 .105
.98 .109
1.35 125
1.42 .127
1.60 .134
1.78 .143
1.95 . 148
2.30 .167
2.35 .170
213 .188
2 19 - .193
2.95 .198
2.98 .204
3.26 BT
3.45 . 222
2.56b 233
3.88 - 297
3.90 . 259
4.30 0.4 . 282
4.50 . 290
5.15 1.0 .337
5.65 = . 366
b.85 1.50 .391
6.30 1.65 .419
6.90 .473
7.50 .518
8.15 2. 19 . 580
8.60 3.10 . 622
8.95 3.30 .656
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Table 3: Calibration of Rotameter B (Chem No.

Used in Connection with the Wall-less Reactor.

Back pressure on rotameter is 12 psi at 26°C

Position of light Position of heavy Flow rate (26°C)

ball ball in ecm?®/sec
0.60 .156
0.80 .175
1.00 .179
1.45 . 242
2.00 . 291
2.70 . 348
3.35 .406
3.95 .462
4.45 . 533
4.85 . 598
5.45 .685
5.85 0.05 .37
6.15 . .792
6.55 0.1 .850
7.05 0.25 .945
7.50 0.80 1.026
8.15 1.10 1.162




Table 4: Calibration Data for Rotameter C (Chem No.

125

17812)

Used in Connection with the Wall-less Reactor.

Back pressure on rotameter is 25 psi (26 °C) of nitrogen

Position of light

Position of heavy

Flow rate (26°C)

ball ball in cm?®/sec
1.00 1.13
2.10 % 00 3.46
2. 20 « DD 3.79
3.10 .90 6.17
4,05 1.25 9.28
4.10 1.30 9.48
5.00 1.60 12.3
5.00 1.60 12.2
6.00 1.95 15.2
6.00 1.95 14.9
7.05 2.30 18.2
7.10 2.99 18.0
8.10 2.70 20.9
8.15 2.1 20.8
8.60 2.90 22.7
9.45 3.20 25.1
10.10 3.40 27.4
10.70 3:869 28.%
11.20 3.80 30.4
11.50 3.9& 31.%
11.80 4.05 32.1
12. 70 4.35 34.17
12.95 4.45 35.4
13.60 4.70 37.3
14.00 4.85 38.8
14.50 5.00 40.3
14.95 5.1 41. 2
15.80 5.45 43.1
16.15 9. 69 44.6
16. 50 5.70 44.6
16.95 5.90 47.3
17.75 6.10 49.3
6 .8

.00

.20



Table 4 (Cont'd):

18.
20.
2l
21.
22.
22.
23.
23.
23.
24.
24.
25.

95
10
00
25
10
30
20
20
95
00
95
05
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Determination of the Ratio of Product Concentration to Reactant

Concentration

The accuracy of the micromanipulator is +0.1 mm with some
reduction in accuracy due to length of the probe. It is possible to
make a concentration map of both reactant and product(s) at any level
in the reactor. In order to prepare such a map, a series of samplings
is taken at equal increments along a line which lies in a plane that is
perpendicular to the hydrocarbon stream and at a fixed distance from
the nozzle tip. From these maps, information regarding the diffusion
and symmetry properties of the hydrocarbon stream can be deter-
mined. Figures 13 to 21 are cross-sectional maps of the type
described above taken during the isomerization of cyclopropane.
(Because the thermocouple is located 13.5 mm away from the tip of
the probe, it is only possible to sample slightly more than half of a
diamecter of the reaction tube. Siice these distributions are
symmetrical the half not sampled is simply the mirror image of the
half sampled.) These data are proof that laminar flow of the hydro-
carbon stream with minimal diffusion through the inert blanket gas
stream is taking place. Figures 13,16 and 19 are of cyclopropane
pyrolysis data taken with the nozzle 4 cm away from the probe, but

at different temperatures; 989°K, 993°K and 1004 °K, respectively.
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Most of the material is located in a stream with roughly a diameter of
1.2 cm. (Had a sample been taken at the exit of the nozzle, all of the
hydrocarbon would be located in a stream of diameter 0.12 cm, the
I.D. of hydrocarbon tube.) This is evidence for some lateral diffusion.
Figures 14, 17 and 20 are of data taken at 70 cm from the nozzle.

The data show that the central stream has widened further to about
1.6 cm. The last series of data (Figures 15, 18 and 21) were taken
at a distance of 10.3 cm away from the nozzle. The central stream
is roughly 2.2 cm in diameter, but there is a considerable amount of
material located 1.6 to 1.8 cm from the center of the stream. This
represents the upper limit of the permissible residence time of the
reactor for the pyrolysis of cyclopropanes, since the radius of ’Ehe
reactor tube is only 1.905 cm. In other words, any data for the
pyrolysis of cyclopropanes taken at a vertical distance representing
less than 0, 30 sec of residence time, can be assumed tc have bcen
taken under completely wall-less conditions. (The vertical distance
traveled by cyclopropane can be altered by increasing or decreasing
the rate of flow of the blanket gas. The 0.30 sec represents the
extreme upper limit for the residence time.) This is the reason that
all reactions studied must have relatively fast unimolecular rate

constants on the order of 10° to 10~ per sec.
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Figure 14: Cross-Sectional Analysis of Reactant
and Product Distribution
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While 0.30 seconds represents the upper limit of residence
time for the cyclopropane isomerization to propylene, it does not
represent the upper limit for other reactions. Graham's Law states
that the rate of diffusion of a gas through a small orifice is inversely
proportional to its density (and to its molecular weight assuming ideal

gas behavior).

rate of diffusion of molecule B M.W. (A)

rate of diffusion of molecule A =~ M.W. (B) (9)

M.W. = molecular weight

Thus a molecule heavier than cyclopropane will diffuse to the
wall slower than cyclopropane, whereas a molecule lighter than
cyclopropane will diffuse faster. Total permissible residence time
will be dependent on the diffusion of the lightest product to the wall.
For example, in the pyrolysis of neopentane, the major products are
isobutylene }a.nd methane. Since methane is lighter than cyclopropane,
total residence time is detef"mine& by methane's diffdsion to the wall
énd will bé less than 0.3 sec. On the other hand, the pyrolysis of
3, 3-dimethylcyclopropene gives only C.H; hydrocarbons, which makes
the allowable time for study of the reaction some number greater than

0.30 sec (that number is found experimentally);
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From inspection of Figures 13 to 21, it is observed that the
ratio of cyclopropane to propylene decreases as one moves away from
the center of the stream. This is because a cyclopropane molecule,
which diffuses out of the central stream, has traveled a longer distance
than a molecule remaining in the central stream, and has had a
greater probability of reacting.

From these cross-sectional maps of reactant and product
distributions, the ratio of reactant to product is calculated by rotating
the map along its central axis of symmetry (the center of the hydro-
carbon stream) and generating a volume. Mathematically, this is
achieved by using the following equation for each reactant and product

at each vertical sampling distance from the nozzle.

integration

Total count _
- at R

2 2
volume (R R T X

x+2 X (10)

b i
Il Jm

0
RX = radius at X mm from center of stream
Ry.o= radius at X + 2 mm from center of stream

X increases by increments of 2 mm

For example using the data found in Figure 13, the first three numbers

in this series are:



140

[(.2)% - (0)%)]7 553,000 +
[(.4)° - (.2)°]7 546,090 +

[(.6)° - (.4)°]7 344,510 +, etc.

The equation breaks down the geﬁerated volume into a series
of concenfric cylinders (of wall thickness 0.2 cm) each with decreasing
heights. The outer cylinders, due to their larger circumference,
count more heavilj.z in proportion to their radii than do the internal
cylinders. Therefore the two dimensional figures are not always
proportionately representative of concentrations.

This sampling procedure and mathematical treatment must be
followed for all decompositions studied. But when products and
reactant have the same molecular weight and, hence, the same rates
of diffusion out of the stream, it is only necessary to sample at the
point of highest concentration in the central hydrocarbon stream at any
vertical distance from the nozzle. Data for the cyclopropane isomer-
ization and the cyclopropene isomerization (see below), were taken

using the latter method.
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RESULTS

Cyclopropane Isomerization

The first reaction studied in our version of the wall-less
reactor was the irreversible isomerization of cyclopropane to
propylene. The reason this system was selected, beside the fact
that the reaction is fairly non-complicated having only a single
product, is that it is known to have a very small or no surface effect. %
This was important in that data obtained on the wall-less reactor could

be checked against published data on this system.

1. Pyrolysis conditions. Undiluted cyclopropane (Matheson

Company Inc.), 99.92% pure, made up the central hydrocarbon stream.
One cc samples of the reactant and product mixture were analyzed on

a 20 ft by 1/8 in copper column which was packed with 2% Silicon Oil
as the liguid phase on Chromoscrk D, and maintained at room temper-
ature. Retention times of cyclopropane and propylene were 3.12 min
and 4. 31 min, respectively. Nine rate constants were found spanning
a temperature range of 936°K to 1025°K. See Figures 22 to 30.
Voltages supplied by the variac to the nozzle heater were in the range

of 25-35 volts.
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Figure 28: Disappearance of Cyclopropane as a
Function of Time. Run 7
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2.0

Figure 31: Arrhenius Plot of the Rate of Disappearance
of Cyclopropane with Temperature

1.2 S A 1/RT x 10* fnk
£ 0.4909 1.552
&= . 0.4959 1.
1.0 e SHES SR e 0.4987 1.
) : et 0.5063 0.640
‘ 0. 5200 -0.246
0.5218 0.
0.8 : 0.5231 0.
0.5355 =1,
EEEESE 0.5372 -1.441
0.4 = : ‘ ’ “\‘ == e e
: = log,, A = 14.6

\ Ej = 65.14 kcal/mole




152

2. Results of cyclopropane pyrolysis. From the nine rate

constants was calculated the following rate law governing the cyclo-
propane isomerization; log k = log 10*° - 65.1/6. (For a partial

discussion of the suspected 1,3 diradical intermediate, see Part I of

this thesis.) This compares favorably with the results of other

investigators who used more conventional reactors, and with the

results of a similar, recently published study by Taylor's group.

See Table 5.
Table 5:
log A E Conditions System References
15.17 65 772+ 29 °K Static 29
14.89 65.2 753 +40°K Static 30
15.45 65.6 750+ 57°K Static 31
14.8 65.1 981 +45°K Wall-less This work
14.3 64.0 966+ 36°K Wall-less 25

With the data obtained for cyclopropane isomerization, a

degree of confidence in the results of the wall-less reactor was

established.
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Reversible isomerization of 1, 2-dichloroethene. The

reversible isomerization of cis and trans 1, 2-dichloroethene is a very
27,32

surface dependent reaction, making it an ideal reaction to study
under completely homogeneous conditions (See Table 6). As late as

1941, an activation energy of 16 kcal/mole was reported for this

Table 6: Experimentally Derived Rate Data on the Thermal

Isomerization of 1, 2 Dichloroethene

Cl H Cl Cl
N/ _ S W 4
20 N S\
H Cl H H
Path log A E Conditions System Reference
a 12.69 41.9  560-608°K Static 35
200-270 mm Hg
b 2.32 16.0 473-523 °K Static 27
40 mm of Hg
a 12.68 95.3 806-846 °K Flow 32
39 mm of Hg

b 12.76  56.0

a 12. 26 52.7 1050-1350°K Shock 33
tube
b 12.35 53.4
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isomerization. An activation energy of approximately 55 kecal/mole
would be more in keeping with the energy necessary to break one bond
of a carbon-carbon double bond with electron withdrawing substituents

in order for the isomerization to take place,

cl1 A o o cl a  ala H
e D & W I I S
ﬂ Lé H | o cl 4 \ a1

The best numbers obtained to date, o were found by extra-
polating' data, which showed a surface effect, to a zero surface to
volume ratio. Because this common procedure for reactions exhibiting
a surface effect was used, the data are suspect. We felt a reinvesti-
gation of this system under homogeneous conditions was warranted.

1. Conditions for this study. Aldritch cis and trans dichloro-

ethenes were subjected to twp fractional distillations. The middle
portion in each case was used in the second distillation. ’l;he middle
portions of the subsequent distillations were used in the pyrolyses.
The cis isomer was analyzed on a 15 ft by 1/8 in stainless steel

column packed with 15% DEGS on Chromosorb WAW maintained at

70°C and was found to be 99. 7% pure (retention time was 6. 2 min).
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The trans isomer analyzed under the same conditions was found to be

99.6% pure (retention time was 3.3 min). The purified isomers were
stored in the dark over a small amount of pyro-catechol. Pyrolyses
were carried out over the temperature range of 885°K to 950°K. The
temperatures at the tips of the probe and nozzle were maintained
350° and 320°, respectively, below the temperature in the reaction
zone. Introduction of the isomers was by bubbling pure, dry nitrogen
through a sample of each.

2. Results of the study of the isomerization of 1, 2-dichloro-

ethenes. The data obtained from the study of the isomerization of
1, 2-dichloroethene were puzzling. The equilibrium ratio of the cis

isomer to the trans isomer is approximately 54:46. From the rate

equations for this type of reaction are drawn the following conclusions.

Ke
€18 === 1rans

K

t
dlcis] |
—5 = -Kc[g_s_] 3 Kt[trans]
d[trans] . ,
—=— = -Ki[trans] - K [cis]
P d[ cis] d[trans]

at equilibrium T = m =0

K

c [trans]e _ 48 _ 1
Kt [.(_:E]e 54 117

and therefore
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This means that the rate of approach to the equilibrium

concentrations of cis and trans starting with the all cis isomer should

be slightly slower than the rate of approach to equilibrium starting

with the all trans isomer. However, this was not found to be the case.

The cis isomer reached its equilibrium concentration much faster than

did the trans isomer. Typical raw data are found in Table 7.

After 0. 26 seconds the cis isomer had equilibrated, whereas
fc;r the same residence time only 10% of the trans isomer had become
cis. The s.ame trend was observed at 942°, 928°, 899° and 885°K.
Calculation of (Kc + Kt) at 941. 6 °K starting from the pure cis isomer
gives a value of 20.5 per second. Calculation of (K, + Kt) at 942.4°K
starting from the pure trans isomer gives 3.15 per second.

‘The data can best be explained in following way. The cis
dichloroethene must be undergoing a side reaction. This side reaction
most likely is the trans elimination of HCI to give chloroacetylene.
The trans isomer does not e}iminate because it has the wrong orien-
tation of leaving groups. The side reaction probably occu;'s in the
relatively warm reactor nozzle (515°-600°K). The large amounts of

acid formed then undergo a bimolecular reaction with the remaining

cis dichloroethene in the reactor catalyzing the cis = trans isomeri-

zation.
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Table 7: Raw Data for the Isomerization of Cis and Trans
Dichloroethene at 910°K.

% Cis in reaction % Trans in reaction

R mixture Trme mixture
0.000 99.5 0.000 899.9
0.080 94.2 0.075 97.17
0.095 92.1 0.090 97.4
0.110 89.2 0.105 95.6
0.125 86.1

0.140 80.4 0.135 96.1
0.155 76.4 0.150

0.170 72.1 0.165 94.5
0.185 67.8

0. 200 65.0 0.196 92.3
0.229 58.17 0.225 90.8
0.259 57.5 0. 255 89.9
0. 289 55.5 0.285 88.1
0.319 56.0 0.314 84.1
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H H
\—/',-—-\ —> HCl + Cl-=-H (11)
Cl Cl
H H HO HH\ /_1;1 ge Cl H
I\ [N = \
Cl Cl Cl Cl d Cl
% _H@
H H
\ N/
VR
Cl Cl

The pyrolysis starting from pure trans has very little acid
present and therefore, undergoes a slower, unimolecular conversion
to the cis isomer. Preferential polymerization of the cis isomer in
the nozzle or equally warm probe is ruled out as a possible mechanism,
because the cis isomer does approach and hold its equilibrium concen-
tration.

There is evidence for this hypothesis. Early investigators

have noticed the production of HC1 in kinetic studies of the cis = trans
27,, 3 5

isomerization of this compoynd. A new peak in the VPC was
observed (retention time of 1.35 min) which could be chloroacetylene.
The nozzle probe and probe thermocouple underwent accelerated

corrosion during this study probably due to the effect of the eliminated

HCI.
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Attempts to neutralize the HC1 by adding ammonia gas or
triethylamine to the central hydrocarbon stream did not improve the
results.

Finally, the study was abandoned. This fascinating, highly
surface catalyzed reaction is worthy of further investigation.
Improved cooling of the nozzle and probe or replacement of these
stainless steel parts with parts fashioned out of quartz glass may
provide a solution to this problem.

The pyrolysis of 3, 3-dimethylcyclopropene. A discussion of

the results of this study is found in Part III of this thesis.
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PART III

INTRODUCTION

In 1960 Wiberg and Bartley L found that cyclopropene (1) on
passage through a heated quartz tube was converted almost quantita-
tively to methylacetylene (z). In 1968 Srinivasan reinvestigated this
system and looked at the kinetics of the reaction. 2 He found that
allene was also produced in the thermolysis of 1. From the kinetics
of the reaction he found an activation energy of 35. 2 kcal per mole and

a frequency factor of 10'*"**

A similar rate law (log k = 11.4 - 34.7/
9) was found for the pyrolysis of 1-methylcyclopropene. .

The simplest mechanism which can be postulated to explain
these results is that one of the carbon-carbon single bonds of cyclo-
propene is stretched to the breaking point to give a diradical (ﬁ), from

which the observed products arise by 1, 2 hydrogen shifts in either of

two directions.

CH,

CH, CH
CH—CH

Y=t
yw
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This mechanism is analogous to that proposed for the thermal
isomerization of cyclopropane; the single product, propylene, comes
about by a 1, 2 hydrogen shift from the 1, 3 trimethylene diradical
intermediate. (See Part I of this thesis for a discussion of the inter-

mediate in cyclopropane isomerizations.)

Thermochemical Analysis and Its Implications

The mechanistic picture does not remain simple for cyclo-
propene isomerizations when a thermochemaical analysis is carried
out on the possible conformers of 3. The methods of Benson and
O'Neal were used to estimate AH% for 1 and 3 (cf. the simple thermo-
chemical cycle illustrated in Scheme I).} The heat of formation of
propylene is +4. 88 kcal per mole. - The heat of formation of the
diradical 3 can be estimated as that of propylene plus the energy
necessary to remove one vinyl and one allylic C-~H bond and reform

-

hydrogen from the atoms. ® The assumption was made that the energy
necessary to remove the last hydrogen from the monoradicals shown
in Scheme I was the same as the energy required if that were the first
hydrogen removed.

The AH% of cyclopropene l is 66.6 kcal/mole 2 and that of the
diradical § is calculated to be 96.4 kcal/mole. The difference

(AH® = AH}(3) - AHp(1) = 29.8 kcal/mole) represents an estimate of
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AH{ (3) = AH}(7) - AH} (H,) + vinyl C—H bond energy
+ allylic C-H bond energy

AH;(3) = 4.9 - 104 + 108 + 87.5 = 96.4 kcal/mole

Scheme I

the cyclopropene thermodynamic C-C bond energy. The energy of
activation for the ring opening to a diradical intermediate can be
estimated from the energy for 1- 2 isomerization. This number 2
(35 keal/mole) suggests that the barrier to reclosure of 3is <5

kcal/mole (Figure 1).
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96.4

H (kcal/mole)

66. 2

Figure 1: Possible Reaction Coordiflate Diagram for
Cyclopropene Ring Opening

This value of 5 kcal is interesting when one considers that
Benson's parallel calculations on the cyclopropane isomerization gave
a ring closure of 8-9 kcal/mole from a diradical'intérmediate to a
molecule which contains 27 kcal/mole less strain energy (S.E.) than
cyclopropene. (The S.E. of cyclopropene is 55 kcal/mole, 5 while
that of cyclopropane is 28 kcal/ mo‘le .6) Of course, all the strain
ehergy of the 3-membered ring may not be present in the transition
state. Nevertheless, the smaller barrier to ring closure in cyclo-
propene is perplexing.

The question as to whether the assumption that the C-H bond
energy at C-1 in 3 is truly allylic g in the calculation of AH; (3) casts

some doubt on the reliability of this exercise.
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If the reaction proceeds as depicted below, allylic stabilization

is present only in 3b and not in 3a.

9 =t
o
o
w
o3

Intermediate 3a can be formed by simply stretching the C-1,
C-3 single bond in cyclopropene. 3b can be formed by a 90° rotation
of C-3 following, or during, ring opening. On the basis of allylic
stabilization one would predict 3b to be more stable than 3a, although
it is more geometrically distant from 1 (in that it requires a rotation
as well as C-C bond cleavage), unless there is a large unanticipated
stabilization of 3a by 1,3 overlap of the orbitals which formed tie
C-C single bond. By assuming an allylic resonance energy of 12
kecal/mole 7 in 3b, the heat of formation of 3a (which does not have
allylic resonance) is calculated to be 108 kcal/mole (96 + 12 kcal/mole),
which makes AH® for the ring opening (108-67 = 39 kcal/mole) larger
‘than AHi (35 kcal/mole). Therefore 3a cannot be an intermediate by

this analysis.
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Assumptions in the thermochemical analysis restrict its value.
These include the structure of the intermediate, the accuracy with
which the activation barrier to ring opening of 1 is known, the magni-
tude of the allylic resonance energy in the diradical 3, and the ability
of the 3a = 3b rotation to compete with other processes (such as H-
shift) which may occur. It is possible that ring cleavage and rotation
are synchronous, in which case the low activation barrier is explained
by partial allylic stabilization. On the other hand, if ring opening and

H-shift are concerted then the model used is inapplicable.

Hartree-Fock Calculations of Transients Found in Cyclopropene

Isomerizations

More sophisticated calculations on possible intermediates in
cyclopropene isomerizations were recently carried out by Salem and
Stohrer using the Hartree-Fock Hamiltonian. 2 Several low lying
states with the geometries of 3a and 3b were found with only a 15 kcal
per mole spread in their energies. These are given below in Table I.

The energy difference between the 4D ahd 5Z singlets (iden-
tical to 3a and 3b, respectively) was found to be 6 kcal per mole which
is in fair agreement with the fralue estimated from the simple thermo-
dynamic analysis (see below). It was found that the geometry of the

ground state in conformation 5 was the triplet state as was
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Table I: Energies of Possible Intermediates in
the Isomerization of Cyclopropenes

Geometry Energy (kcalper mole) Electronic state

\(R( -7.0 triplet
5D .

W 1.5 triplet

\(\( : 0 singlet
’5E

4D 5.8 singlet
oD 8.4 singlet

® b >80 singlet
47

AN

first predicted by Hoffmann. 10 The other conformation in which all
substituents are not in the plane of the cyclopropenyl carbons (fgg)
was also predicted to have a triplet electronic ground state.

Salem also has looked at the energies necessary to transform
the geometries of é and 5 into one another by a rotation of the methy-
lene. He has charted the energies of the various states as a function of

the degrees of rotation of the methylene and the amount of double bond
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character in one bond (which' changes with respect to the other bond in
thé three-carbon fragment).

Salem concludes from his calculations that "if 5Z is created
(from a vinyl carbene precursor) any additional energy which can push
it over to cyclopropene via 4D cén also make it leak onto the excited
surface(at a pointwhere vertical separation is only 6 kcal per mole).
If such a passage does occur, the reactivity of the vinyl carbene should
be particularly sensitive.to témi)erature, mode of generation, isotopic

substitution, etc. Dual chemistry from two different states should be

observed, but may be difficult to distinguish from dual chemistry due

to two different exits on the ground surface. Thus, the ground path-

way 5Z to 4D should ultimately lead to reclosure to cyclopropene or
intramolecular hydrogen shift to methylacetylene. On the other hand,
the transformation of 5Z to 5D could be responsible for the hydrogen
shift leading to allenes (or 1, 3 dienes if the cyclopropene has a
3-methyl group). " .

Salem’é calculations, in short, predict that more than one
intermediate is possible ih the cyclopropene isomerizations and that
one can enter the energy surface at points other than that at which the
cyclopropene enters. Furthermore, product distributions should vary

if one enters the system at these different points.
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Concerted Mechanisms

Distinct concerted pathways which are allowed by the Woodward-
Hoffmann rules il can be postulated for the formation of 1,3 dienes and
acetylene and for the racemization of optically active cyclopropenes
(see below).

1. Formation of acetylenes. Acetylenes can be formed by an

allowed 02a + 0%s process which transfers the hydrogen at C-2 to the
opposite face of the C-3 carbon atom. This allowed process is clearly
sterically less feasible than its electronically forbidden suprafacial

alternative, o%a + o2a.

Scheme II
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2. Racemization of optically active cyclopropenes. A

02a + n°s transition state can be envisioned to explain the racemiza-
tion of optically active cyclopropanes. The racemization scheme
shown below is that for a 1,3 hydrogen shift; a similar transition

state can be envisioned if an alkyl group instead of hydrogen is shifted.

Seheme TIT

3. Formation of dienes. The only allowed transition state is

the o’s + 025 + n°s shown for a 3-methyl substituted cyclopropene.
This concerted reaction predicts that the former vinyl substituents will

end up in a trans orientation on the new double bond.
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Scheme IV

Purpose of Study

In addition to some doubts about the validity of the activation
energies found for the isomerization of cyclopropenes by Srinivasan,
the low values found for log A factors also caused a good deal of
concern. These values, 12.13 and 11. 4 for cyclopropene and 1-
methylcyclopropene, 2 respectively, are much less than were antici-
pated for a reaction of a cycle going to non-cyclic products. 12
Normally, a positive entropy of activation (log,, A > 13) is expected

which reflects the increased flexibility of transition state over the
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starting cycle.

Srinivasan reported a surface dependence in the rates of
isomerization of 1 and 1-methylcyclopropene. Low A factors and
activation energies are often the result of surface catalyzed reactions
(see Table 6 of Section II of this thesis for an Example). It was
decided to reinvestigate the kinetics of a cyclopropene isomerization
under completely homogeneous conditions, i.e., pyrolyses were
carried out in the wall-less reactor. 3,3-Dimethylcyclopropene (6)
was the cyclopropene selected for this study. 6 was reported to have
a surface dependence in its isomerization. 13

The second part of this study is concerned with the generation
of a vinylcarbene from a source other than a cyclopropene. The
decomposition products from the vinylcarbene precursor were to be
compared with the isomerization products from the corresponding
cyclopropene. It was neccosary that the carbene precursor be anmienable
to reaction in the gas phase and have a AG:t less than that of the
cyclopropene. 3-Vinyl-3-methyl diazirine 14 was found to meet these
criteria and the thermal gas phase decomposition was studied. It was
predicted that if the vinylcarbene from the diazirine was identical to
the intermediate or the first intermediate generated from the cyclo-
propene, then the products and their relativé ratios from both carbene

precursors should be identical. If the vinylcarbene from the diazirine
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is a secondary intermediate in the cyclopropene isomerization, it is
predicted that the products may be similar in structure but not in their
relative ratios. If the decomposition products from the diazirine do
not resemble the cyclopropene isomerization products, it is concluded
that the diazirine derived vinylcarbene is not an intermediate and some
other mechanism (possibly a concerted one) is operating in the cyclo-

propene thermolysis.
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BACKGROUND

Generation of Potential Intermediates in Cyclopropene Isomerizations

by Alternative Reactions

Potential vinylcarbenes have been generated in several ways.
In most cases the only products isolated are cyclopropenes.
Cyclopropenes result from the reaction of allylchloride (or

alkyl substituted allyl chlorides) with strong bases such as organo-

8,15-18

lithiums , sodium amide £5 20 or potassium tertiary

butoxide. 21

CH,

H _H
CH2=C< + LI —>
CH,Li H
CH,

Cl Cl
_CH-Cl, H,O
CLC =C\ + t-BuOK —> RCORy .

— \
¢ | o cl ¢ OH
The base-induced pyrolysis of tosyl hydrozones of «, 3~
~unsaturated aldehydes and ketones is a convenient route to alkyl

13,17, 22

cyclopropenes. The alkenylcarbenes are likely intermediates

generated from the transient diazoalkenes.
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' ) | R R
R base "/ NI
\ > S
R, C=N-NHTS 2 R4/—R>= = Q:
1
R, / 1
R,,R, = Hor alkyl R, R,
alkyl ' | /X\

If R, or R, is hydrogen, pyrazole formation becomes the major

reaction path. e

1l

R3’ R4

One case of a thermally generated vinylcarbene not forming a
cyclopropene is reported by Kirmse and Ruetz. = This is probably

because the expected cyclopropene weculd be highly strained.

RONa A\
=N-NH-Ts Diglyme -
A . ’
OR Ref. 23

A photochemically generated vinylcarbene has been found which

preferentially adds to a remote double bond; ad the hydrazones from
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- N-NH,
X X
HgO H
‘\ L hv k\ N-NH,

both double bond isomers give the same product. This presumably
means that the intermediate can rotate about its bonds without being

converted to the cyclopropene.
\/K% ¥ | !

Other intramolecular additions of the vinylcarbene to a remote
double bond have been reported by Corey and Achiwa in the transition
metal catalyzed decompositions of o, B-unsaturated diazo compounds.

25, 26
a

Catalysts include cupric fluoroborate, e cuprous iodide nd

e e . 26
mercuric iodide.

Ref. 25
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Efforts to prepare the 1,3 diradical intermediate directly from

pyrazolenines (26) have been unsuccessful, because pyrazolenines are

thermally more stable than the corresponding vinyl diazo compounds. o2

Diazo intermediates have been observed in the photolysis of pyrazo-

lenines. AT Again, further reaction of the diazo intermediates

leads only to cyclopropenes.

CH, CH,
26 |

Pl

The flash vacuum pyrolyses of pyrazoles which give cyclopropene

products probably also involve a diazo intermediate as well as a
pyrazolenine. 8

Although the fate of most vinylearbenes (generated from
precursors othexj than cyclopropenes) is ring closure to give cyclo-
propenes, Closs has observed small amounts of diene products in his

preparation of cyclopropenes from pyrolysis of the sodium salts of

a, B~unsaturated tosylhydrazones which he ascribes to a vinylcarbene.22

Prompted by this report, T. H. Morton has synthesized and
studied the pyrolysis of precursor to the vinylcarbene expected from

3, 3~dimethyl-cyclopropene (ﬁ). The relative ratio of the products

N & . =
N// \ om ((N _hi_>\_/f>><£
R R’ &

1
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found in this study are shown in Table II.

C 3
Ct A H, o . CH,
.S C/ \ + = H + D<
N H, .CH, ,
2 . CH,

CH
/I.I—s} 3
217 10 2 6
Table II: Product Distribution from Pyrolysis of
- Isobutenyldiazomethane
Temperature Isopropene Isopropyl- 6
of flow tube 10 acetylene 9
, 447°K 2.6 1 125
449°K 2.3 1 45

Again, a cyclopropene was the main product of the vinyl
diazo compound. The ratio of acyclic products to one another were
.greatly different from that observed in the pyrolysis of 6 (see below).
If the product ratio accurafe‘iy refiects the true course of the decompo-
Sition of isobutenyldiazomethane, then the singlet vinylcarbene cannot
be the primafy intermediate in the decomposition of 3, 3-dimethyl-
cyclopropene (6).

Hendrick, Baron and Jones i have observed chemistry indi-

cative of a vinylcarbene analgous to Salem's 9D upon the addition of
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triplet diphenyl carbene to 1-butyne. No cyclopropene products were
found; instead only phenyl indenes were produced. This is in keeping
with Salem's predictions for oD. Neither the direct nor the sensitized
irradiation of the corresponding cyclopropenes produced any indene
products. The authors conclude that the cyclopropenes are not inter-

mediates and that the indenes arise as shown in the scheme below.

P
ACN, + IC|:|

¢

R'
R = alkyl

H

X
P

Curiously the irradiation of diphenyldiazomethane in the presence of
2-butyne produced a cyclopropene as the major product (75%). A
methyl-phenyl hydrogen steric interaction which is lacking in the

intermediate from 1-butyne causes a rotation in the planar carbene to
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give a species analogous to 4D which closes up, as predicted by
Salem, to a cyclopropene.

In 1967, Schmitz reporte