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iv
ABSTRACT

Two mechanisms, Scheme A and Scheme B, have been

proposed for the thermolysis of azoalkanes.

Scheme A (Concerted cleavage of both carbon-nitrogen bonds)

R-N:N-R' —————>=R- + N, + ‘R

Scheme B (Two step process)

R-N:N-R' ———= R* + NZN-R' —-{-Es—té NZ + <R'

The unsymmetrical azo compounds, methylazo-3-propene
(36), 1-propylazo-3-propene (46) and t_t_:_r_t-butylazo-?o-propene (47)
were studicd to decide between the two schemes.

The thermolysis of methylazo-3-propene (36) exhibited
the characteristics of a radical chain induced decomposition. Nitric
oxide was found to suppress the radical chains and to eliminate
methane formation and to decrease the rate of thermolysis. The
rate incrcased slightly with the increasing pressure of nitric oxide,
but experiments with 1500 indicated that ca. 5% of the nitrogen
produced camnce from the nitric oxide. The rate constant was found
to be unchanged after correcting for the nitric oxide.

Rate studics of the thermolysis of methylazo-3-propene
(36) and 1 -propylazo-3'-propene (46) were carried out in the optimum
nitric oxide to the azo compound ratio of 0.15to 0.20 where the
total nitrogen formed can be used directly to calculate the rates
with very little loss of precision.  The activation energy and

- 14,36
frequency factors were found to be 35.5 kcal mole l, 10

scc'lfor 3¢
—~



and 35.6 kcal rnole'l . 1014‘80 tu.-.c'l for i@

Criteria were proposed to make a choice between
Scheme A and Scheme B from the known data for the symmetrical
azo compounds and taking steric factors into consideration.

The ratio of the rate constant for 46 to that for 3,3-azo-
1 -propene (52) is only 2.96, close to the statistical factor of 2, we
may conclude that both compounds are proceeding via the same
sequential mechanism. Because of the rather good Polanyi plot
observed by Al-Sader and Crawford (6) it also implies that all gas-
phase azo compounds thermolyze via the two step sequential mechanism
(Scheme B).

Comparing the activation cnergies found for methylazo-
3-propene (36), 1 -propylazo-3'-propene (46) and 3,3'-azo-1-propene
(52) with that of azoethane the decrease in activation cnergy, 12.4 -
13.0 kcal mole_l , is attributed to a contribution from the allylic
resonance energy which is comparable to the values generally
accepted.

The secondary deuterium kinetic isotope effect was
determinced for mclhylazo-S-propcnc-}__,_l;t_lz. The value obtained,
kH/kD = 1.27-1.28 at 126.00° (846G = 95 - 98 cal mole'l), is
consistent with the one bond cleavage mechanism where the transition

of the fragmentation occurs late of the reaction coordinate.
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INTRODUCTION

Azoalkanes have been used for many years as a
convenient source of alkyl radicals, and for almost as many years
chemists have pondered the details of the initial reaction (1). Two
schemes have outlasted all others, and the choice between these
has been made by many but proven by few. A review, presenting
a strong case for the simultaneous cleavage of both carbon-nitrogen
bonds in the rate determining step (Scheme A), has recently
appeared (2).

R_ Re

Z

—_—
I

Nz Scheme A

4

\R' R'o
Almost simultaneously the alternative two-step process
(Scheme B) has been supported in the literature (3) by an analysis

of the existing kinetic and thermodynamic data. Even more

R

~

H — 3= Rt rl:! _fast 5. N, + R Scheme B

NR' \R*

recently there has appeared a communication (4) wherein the authors
claim to have trapped the hitherto elusive intermediate R'-N=N- .
In the first chapter of this thesis we hope to examine critically the
more cogent arguments for both mechanisms, and to briefly review
the mechanistic relevance of some of the techniques used. While
criticism tends to be negative and eroding we attempt in later
chapters to construct systems and evidence to support a choice

between Schemes A and B.



HISTORICAL

Azomethane, the simplest of the azoalkanes, is a
relatively stable material which decomposes at elevated tempera-
tures (ca 300°) to produce nitrogen and a variety of hydrocarbons
(5). When d-substituents, capable of stabilizing the resulting
radicals, are introduced the homolytic cleavage occurs more
rapidly. This is quantitatively exemplified by a good Polanyi plot
for the thermolysis of azoalkanes (6). The activation energy, from
the thermolysis of symmetrical azoalkanes, R-N:=N-R, correlates
with the bond dissociation energy, D (R-H), of the corresponding
alkane, R-H.

E, :0.996 D(R-H) - 48.4 kcal mole™!

Although the near unity value of the slope in the afore-
mentioned Polanyi plot makes the interpretation of a single bond
cleavage reaction, Scheme B, attractive it proves nothing since
slopes varying from 0.49 to 1.1 have been observed for various
hydrogen atom abstraction processes (7.

The earliest kinetic work addrcssed directly to deciding
between Scheme A and Scheme B is that of H. C. Ramsperger (8)

who in 1929 compared the activation parameters for 1, 2 and 3, and

cu,—rﬁ (CH3)ZCH-I|T cu3—ﬂ
N-CH, N-CH(CH,), N—-CH(CHj;),
1 2 3

as seen from data in Table | was led to conclude that: "The heat

of activation of the new compound (3) is intermediate between that
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for dimethyl diimide (1) and di-isopropyl diimide (2) ..
If the reaction occurs by the simultaneous rupture of both bonds,
then we may expect an intermediate heat of activation, and this is

the experimental result ', the value 47.7 kcal mole'l , for 3,

being slightly larger than the arithmetic mean of the then accepted
values of 51.2 and 40.9 kcal mole”! for 1 and 2.

Azomethane proved to be an attractive molecule to
gas-phase kincticists and further studies upon it were undertaken
(9). The advent of gas chromatography made available detailed
product studics and with these the realization that the earlier studies
on } had a contribution from a chain induced decomposition (10).
Propylenc has been used as an inhibitor of the chain induced
dccomposition. The initially produced methyl radicals abstract an
allylic hydrogen and the much less reactive allyl radicals dimerize

1 — 2 CHjy + N,

CHy + CH}CH=(,HZ———-> CH, * -CHZ-CH=CHZ

2 CHZ=CH-CHZ' — CH2=CH»CHZCHZ-CH=CHZ

CHy ¢ C112=CH-CH2' —_— CH3CHZ-CH=CHZ
to form 1,5, -hexadiene or rcact with methyl radicals to give
] -butene (104).

Forst has recently completed a study of the uninhibited
azomethane decomposition (5) and suggests that the chain propagating
reactions arc:

CH + CH3-N=N-CH3———>CH4 + -CHZ-N=N-CH3

.CH,-N-N-CHy ————> CHp} + N+ -Cl,



The formation of methylene is a major factor compli-
cating the product mixture. Saturated and unsaturated hydro-
carbons having 1, 2 and 3 carbons are produced along with hydrazines
and higher molecular weight azo compounds. Forst and Rice (11)
have used nitric oxide gas as an inhibitor of the azomethane chain.
The nitric oxide gas traps the initially produced methyl radicals,

CH3' + ‘NO — CH3N0
and while this has the advantage that the failure to produce methane
will indicate the efficiency of the scavenger, disadvantages arise
from complications of the nitrosomethane (see subsequent discussion
on the use of nitric oxide). Inhibitor addition has shown that the
earlicr ratce studies wore in error, e.g. in Table 1 we see that the
rate constant for uninhibited azomethane decomposition is three
times larger, at 275.90, than the rate constant measurcd in the
presence of nitric oxide. The earlier reaction paramcters tended
to be too low for E_ and log A. A good value for azomethane seems
difficult to sclect since Chang and Rice have studied azomethane-dg
(12) and have repeated some of the experiments of Forst and Rice
(11) but prefer an ac livation cnergy of 50 kcal mole'l . It would
appear that most azoalkane studics suffer from chain induced
deccomposition reactions and that only a few e.g. 2 ,2' -azoisobutianc
(no «_-hydrogens) (17) and azocthane (13, 14) because it was obtained
to low conversion are likely to be reliable for further interpretation.
Systems such as azoisopropanc, which Ramsperger (16) studied

havea-hydrogens that arc tertiary in nature and would be expected



to be very sensitive to chain induced decomposition, and thus it seems
probable that Ramsperger's arguments for a simultaneous rupture

of both carbon-nitrogen bonds in azoalkane were made using faulty
data.

Substitution upon the e -carbon stabilizes the radicals
produced and brings about a decrease in activation energy. The
phenyl group is particularly significant in this regard for if we
compare azotoluene (Ea = 35,0 kcal mole'l) (18) with azoecthane
(E, = 48 kcal mole-1) we see that the activation energy decreases
13 kcal mole-l. If Scheme A is the true mechanism we have a
decrease in activation encrgy (SE,) of 6.5 kcal mole-} per phenyl.
If Scheme B is the true representation then dE is 13 kcal mole'l
per phenyl since only onc phenyl group is intimately involved.
Temperature, vapor pressure and the practical limits upon the
ease of measurement of rates have forced the majority of large
azoalkanec thermolysis rates to be measured in solution. For an
unimolecular reaction the rate constants should be about the same
in the gas and solution (25).

Overberger @nd DiGiulio (20) have argued on the basisof the
comparison of entries 14, 15 and 11 in Table I that the replacement
of a mecthyl by a phenyl rcesulted in a 4 kcal molc-l decrcasc in E,
and that subsecquent replacement of a pair of mcthyls by a pair of
phenyls (compare 11 and 15) produccd 8 kcal molc'l decrease, an
additivity cffcct, and hence Scheme A. The authors did not discuss

their value of 4 kcal molc'l relative to that obscrved above of



6.5 kcal mole™ ) for the same substitution. Cohen and Wang
(23, 24) have compared the thermolysis rates for entries 1, 11, 15
and 19. If we compare 11 with 19 we have replaced four methyls with
four phanyls and we observe a decrease in Ea of 14.3 kcal mole°lfor
an Ea value of 3.6 kcal mole.l per substitution. Since some of
the reference values e.g. for azoisopropane are suspect it is
difficult to attach real significance to these values. If we use
Al-Sader's equation (6) (see page 2) we can estimate the E_ for
azoisopropane from the bond dissociation energy. This would give
a value of 45.7 kcal mole-!, Benson (26) has estimated the same
value 47.5 kcal mole'l . Using either of these values would destroy
any of the additivities previously observed.
One of the bettcr cases for Scheme A has been put forward

by Scltzer and Dunne (19, 70) who reported the series:

Ph Ph CH; Ph Ph

/
H—C-N:N-CH; H—C-N:N-C—H H—C-N:N-GC—H

e / N\ /

CH, ch, CH, CH; CH;
4 5 I3

log A 14.0 15.36 14.88

E, (kcal mole”}) 38.6 36.5 32.6

Here we sce that the rate constant for the carbon-nitrogen bond
clcavage is dependent upon both groups attached to the azo link and
not just that group which we expect to give the most stable radical
implicd by Scheme B, Having observed the interdependence of

two alkyl groups Seltzer and Dunne attempted to define the nature



of the interdependency by carrying out deuterium kinetic isotope
effect studies. These studies support their conclusion that 6 is
cleaved by Scheme A and 4 by Scheme B (see later section secondary
deuterium kinetic isotope effects).

Cohen and coworkers (23, 27) determined the rates of

thermolysis of a series of m- and p_-substituted phenylazotriphenyl-

methanes. \

X = p-H, CH3, NO,, HO, CH,0,
N:N-C(C(Hs), E 32 3
CH,CONH

and X = _!T_I-CH3. Br and NOz

X

All substituents listed, except methyl, caused thermo-
lysis to occur more slowly than the parent compound. They con-
cluded that Scheme A was applicable and discussed the substituent
effects in terms of the resonance stabilization of the reactants and
destabilization of the phenyl radicals by electron withdrawal.
David, Hay and Williams (22) discussed the same scries in terms
of Scheme B and concluded that the formation of the phenylazo and
triphenylmcthyl radical was rate determining and discusscd the
substituent cffects in terms of resonance and solvation phenomena,
Recently Pryor and Smith (29) provided evidence that p-nitrophenyl-
azotriphenylmethane decomposes by the scission of one carbon-
nitrogen bond at a time. This they achieved by studying the rate-
viscosity rclationship of homolytic process and concluded that the

unsymmetrical azo compound displayed "internal radical return’.



Ruchardt and Oberlinger (30) studied the thermolysis of
bridgehead linked bicyclo- and tricycloalkylazo compounds. As is
shown in Table II the ring system has less influence on the thermo-
lysis of tricycloalkylazo-tert-butanes 14 to 16 than the corresponding
symmetrical azo compounds 8 to 12 in agreement with simultaneous
but non-uniform clcavage of both C-N bonds in the course of thermo-
lysis. The cleavage of the N-tert-butyl bond is certa?nly much
advanced than that of the other C-N bond in the transition state.
Further studies of series of unsymmetrical bridgeheads azoalkanes
(Table III) have indicated that the homolytic azo-fragmentation is
becoming less and less symmetrical when the two attached groups
have different C-N bond energies (31). Itis of particular interest
to note that the frec energy of activation, AG* , for the mixed azo
compound R-N:N-R' is close to the arithmetie mean of R-N=N-R
and R'-N:N-R' (Table IV). Ideally one should compare AHt values

but the rates have been reported at only one temperature.

Steric Effects Upon Azoalkanc Thermolysis

Steric factors play an important role in the thermolysis
of hindcred and cyclic azo compounds. The steric cffects on the
thermolysis ratewerc first demonstrated by Overberger and co-
workers (32, 33, 35) utilizing a series of azonitriles with the
structurc

! CN
L
k
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Table II. Rate constants for the thermolysis of bicycloalkyl and

tricycloalkyl azo compounds at 300° in benzene (30).

ﬁ e ————
R-N=N-R * R-N=N-C(CH3)3

No. kl (rel.) No. kl(rel.)

(CH3);C- (7 1 (13) 1

-6
(8) 1.98 x 10 (14) | 4.64 x 1073

9 | 3.51x10°

4
&
o7
e

(11) 5.06x 10" (15) | 2.04 x 1072

4

(12) 4.02x 10 (16) | 4.36 x 10

# While all of the acyclic azo compounds are considered to have the
trans configuration there is no cvidence for, or against, the
Tnvolvement of cis azo compound in the thermolysis reaction.
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Table III. Rate constants of thermolysis of unsymmetrical

bridgehead azoalkanes R-N=N-R' in benzene at 300° - 104 (sec'l) (31).
4

R
R (CH3)SC-
(CH3)3C- 15715 687 321 73
623 0.28
0.80 0.128
0.031




Table IV.

azoal

12

Values of AGY for the thermolysis of bridgehead

kanes compared with predicted values (kcal mole'l).

R
(CH3)3C-
Rl
(CHS):}C- 33.7 37.3 38.1 39.9
(38.2) (39.4) (41.2)
42.7 cem- 46.2
(45.7)
45.0 47.1
(46.9)
48.7

The values in brackets are those obtained as

two symmetrical azoalkanes (sece text).

an average from the
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where R and R' are alkyl substituents. When R and R' were
methyl, ethyl, isopropyl or _t_g_r_t-butyl similar rates were observed,
indicating there was probably no change in the transition state.
However, when branching was introduced on carbon ¥ - to the azo
linkage (R and/or R' are isobutyl or neopentyl), a striking rate
enhancement was observed (Table V). This effect was attributed to
frontal or ""F'" strain, since models show considerable interaction
between the two halves of the molecules in the more stable trans
configuration.
In the series
H H
I |
C6H5-C|2-N-N-(."J-C6H5

R R
where R = methyl, ethyl and isobutyl, the size of R groups had only
a small but noticcable effect on the rate of decomposition (34)
(Table VI). Some further examples of steric factors are exemplified
in Table VII. While the difference between entry 1 and 2 may be
rationalized on an electromeric basis a difference of the same
magnitude cxists between 2 and 4 and this would be difficult to
attribute to electromeric cffects (20). Further examples of steric
factors contributing to thermolysis ratcs are exemplified in Figures
] and 2 (36, 2), and are compared graphically with processcs known
to be effected by steric parameters.

Steric effects on the thermolysis rate recently have been

demonstrated in the azonorbornane system. Hinz and Ruchardt (37)
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Table VI. Thermolysis rate constants of 1-azo-bis-1-phenylalkanes

C H5CHR -N:N-CHRC(Hg in ethylbenzene at 100.4° (34).

|

R 105k (sec'l)
CH3 5.45
CZHS 2.35
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Table VII. Rate constants for the thermolysis of o-alkyl- and
dialkylazoalkanes, C6H5RR'C-N=N-CRR'C6H5 in diphenyl ether
at 120° (20).

R R' 104k (sec'l) Rel. Rate
1 CH,- H 0.132 0.125
2 CH,- CHS' 1.06 1.00
3 Csz' CZHS' o.'?a o. 73
4 CHs- (CHS)zCH'CHz' 8.51 8.03
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S
whp

Figure 1. Dependence of the rate of formation of cyclic carbonium

ions and radicals on the ring size. n: number of ring members

(2, 36).
7 N\ /CN NC\
® (CH,) |, S c/-\(cuz)n_l-—*z(mé-cu *N,
oA gn-L-
CH

/ 3 som C,H_OH TN
o (GH,) _, c\ = (c%ll/c-cuﬁ Cl

Cl
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synthesized and thermolyzed exo- and endo-2,2'-dimethyl-2-azo-
norbornane. They found that 17 thermolyzed 68 times as rapidly
as 18. They suggested that difference in the rates comes from
the torsional strain required to allow the methyl group in 18 to

swing into the planar arrangement for the thermolysis transition

state.

N =N
H
CH, CH,
17
Hj3 Hj
N=/N H

18
A subtle form of steric effects that has been observed on
these occasions is the difference in the rate of stereoisomers.
Table VI1II lists the rate comparisons observed for meso and rac-
azoalkanes.
Severn and Kosower have studied the ultraviolet spectra
of several azo compounds, Table 1X, and have attributed the different

values of the n - o * transition to steric hindrance in the ground

state (40).
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Table VIII. Comparison of rate constants for meso- and rac-

azoalkanes, R-N=N-R .

e—
————

Ratio of rates Reference

C¢H

—C- 106
C6HSCHZ (|:

ik
(CH3)3C-CHZ—(|I— 80.2

CN

H
/\( 125
CH

3

(i'.N
(CH3)3C-(|Z— 79.9

H
¢ 3

CN

-
c— 44.2
|

CH,

CN

|
(CH,),CH- cu,_—<|:— 69.9

Cl'l3

1.16 35

l'z 39

1.42 33

1.12 33

1.46 33




Table IX. Longest wavelength absorption bands for trans-

azoalkanes R-N:N-R (40).

21

H

R Solvent lmax €mn
gas 340 5
CHS-
water 343 2
gas 346 6.4
water 356 15
(CH3)3CH- gas 356 8
(CH3)3C- isooctane 367 13.5
C6H5C(CH3)(CZH5) isooctane 376 36
a
Cb“l lC(Cl—ls)(CzH.‘.’) isooctane 380 22
1-C Hb - isooctane 368 16
1015 soo

s Cyclohexyl.

1 -adamantyl.
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Polar Effects

It is well known that polar factors play an important
role in the decomposition of peroxides (41 - 44)., However, little
is known about polar effects on the decomposition of azo compounds.

In the decomposition of 1-azo-bis-1-phenylethane (34)

(i'.H3 CH3

P_-X-C6H4-CH-N=N-CH-C6H4-X-P_
the substituents methyl and methoxy led to small (ca. 8 and 30%)
increases in rate, indicating that the radicals are stabilized by
electron donation which tends toward completion of an octet. The
substituents chlorine and nitro led to a small decrease (ca. 24 and
14%) in the rates of thermolysis of azo compounds of structure

CH3
p_-X-C6H4-CHZ-?-N=N-CHZ-C6H4-X-B
CN

in agreement with the known poor transmission of electronic cffects
by methylene groups (45).

In the decomposition of phcnylazo-triphcnylmethanes (23)

B-X-C‘,H,‘-NZN-C(C‘)Hs)3

both electron-donating and clectron-attracting substitucnts led to
decreases in the rates of thermolysis. It was pointcd out that both
types of substituents could increase the resonance stabilization of
the ground state by increasing the conjugation to the phenyl and azo
groups and strengthening the phenyl-nitrogen bond. However in

view of Pryor and Smith's (29) conclusion that B-nitrophcnyl:xzolri-

phenylmecthane and phcnylazotriphcnylmcthane proved Scheme B,
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and that there is a reasonable amount of reversibility associated
with the first step we can only conclude that we are not dealing with
substituent effects on a one step process, but substituent effects
upon dissociation to a radical pair and upon the homolysis of the
arylidazine radical Ar-N=N- .

While there is no well defined information pertaining to
polar , or resonance, effects in azo thermolysis reaction we cannot
out of hand dismiss it. Just as Bartlett and Richardt (41) were
able to ascribe the Hammett p -value of -1.09 in tert-butyl phenyl-
peracetate decomposition to polar contribution to the transition

state such as 19a ==19b then the equivalent type of resonance

+ -
C_y-cn?_---(“,:o--«oqcug3 - O—LHZ----§=0"'OC(CH3)3

o)
192 19
R-----N, - » RN
\‘N ----- R' \\N----:R'
20a 20b

contribution , 30a«—=20b may be of importance in considering the
possibility of the two bond synchronous mechanism (Scheme A) of
azoalkane homolysis, particularly when the azoalkancs are

unsymmetrical.

The Inhibition R:uﬂcal Reaction with Nitric Oxide

A major turn in azoalkane chemistry occurred when

Forst and Rice (11) demonstrated that the presence of nitric oxide in
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the thermolysis of azomethane suppressed methane formation and
lead to a decreased rate of formation of nitrogen. The vast
majority of gas phase inhibitors act as hydrogen donors e.g.

R + In-H ———= R-H + In
and the same alkane is produced that one expects as a product from
chain induce‘d decomposition. By using nitric oxide one can claim
to have suppressed the usual chain induced decomposition when
alkanes, R-H, are no longer produced.

Nitric oxide has been used as an inhibitor of gaseous
free-radical chain reactions such as the decomposition of alkanes
(46), ethers (47), peroxides (48) and azoalkanes (11, 12, 17). The
general effect of the addition of inhibitors on reaction rate is shown
in Figure 3. A method of describing the figure is to refer to region
(a) as the region of inhibition, (b) the maximally inhibited region,
and (c) as the region of induced reaction. It should be noted that
region (b) may be very small (as in curve II, in Figure 3). The
basic assumptions made for inhibited decompositions are (i) the
inhibitors reduce the rate to a limit which corresponds to a mole-
cular, non-chain, decomposition of the substrate; (ii) as a
corollary to (i), different inhibitors reduce the rate to the same
minimum limiting rate, although different amounts of inhibitor may
be necessary; at any chosen temperature this will be independent
of surface condition, surface:volume ratio and reactant pressure;
(iii) there is consumption of the inhibitor in the maximally inhibited

region, such consumption being small, and the products arising
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Rate

Pressure of inhibitor

Figure 3. Characteristic inhibition curves (53).

10 .
8
6
E
£
4
E
8 po
“2}
(-1
0 10 20 30 40 nitric oxide (3)
0 100 200 300 400 propylene (2)
0 100 200 300 iso-butene (1)

Pressure of inhibitor (mm)

Figure 4. Inhibition curves for 100 mm n-pentane at 560°.

1, iso-butene; 2, propylene; 3, nitric oxide (52).
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therefrom having no effect upon the reaction rate or an effect that
can be readily measured. The Table X summarizes the evidence
for the frequent assumption that the maximally inhibited rate is the
same for propene as for nitric oxide. See also Figure 4. However
in the case of the thermolysis of azomethane (11) ethene and propene
were found unsuitable, and the addition of nitric oxide reduced the
rate to a minimum which was lower than that with adc‘led propene or
ethene. Further addition of nitric oxide increases the rate, giving
a curve similar to curve II in Figure 3.

It has been generally accepted that the primary reaction
in the nitric oxide inhibition is removal of free radicals, R- , by
reaction 1 to form a nitrosoalkane (53, 54).

R* + -NO —— RNO m
The subsequent reactions of nitrosoalkanes are complex and are not
fully understood. Generally, there are four possible reactions for
initially formed products, 1) dimerization leading to the formation
of the stable solid alkyl nitroso dimers (reaction 2), 2) isomer-
ization to the corresponding oxime (reaction 3), 3) further reaction

with nitric oxide (reaction 4), 4) further reaction with radicals

(reaction 5). ol
2RNO ——— > R-rlyka (A
S
RNO = R:N-OH 0
RNO + 2 NO —= R(NO)NO), (4
RNO + 2 R.— R,NOR. )
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Table X. Limiting rates for different inhibitors in some thermolysis

processes (53).

Temp. a iso-C4Hg
Substrate °c NO rate C3H rate rate Ref.
(C,H,),0 ss0  1.91x10°3 2.02x107 . 49
C,HCHO 550 3.96x 1073  4.44x 1073 - 49
(CH,),CO s70 1.40x10°3% 0.55x 1073 - 50
n-CgH,, 530  0.58 0.58 . 51

560 3.7 3.9 4.0 52
i’°'C5H12 560 - 5.0 4.6 4.8 52
iso-C4H;q 560 1.8 1.9 2.0 52

3 Hydrocarbon rates in mm/min, others in secl.

b Some catalysis by nitric oxide.
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Reaction 2: Dimerization

Calvert, Thomas and Hanst (55) determined the rate of
formation and decay of nitrosomethane, formed in the photolysis of
azomethane-nitric oxide mixture at 25° by infrared absorption
spectroscopy. The rate-determining step in the decay of nitroso-
mecthane monomer in the dark was found to be a homogencous gas
phase reaction which was second order in nitrosomethane. The
only measurable final product of methyl radical-nitric oxide reaction
at 250 was the dimer of nitrosomethane.

Gowenlock and Key (56) argued that the dimerization
would be of little importance at higher temperature because reactions
of this type have a low activation encrgy (6 kcal mole'l) and a large
negative entropy of activation. Christie (57) found that the nitroso-
methane formed in an irradiated mixture of methyl iodide and nitric
oxide disappecarcd in absence of excess nitric oxide at room temper -
aturc. She suggested that this second order reaction (kz = 1.2

' mi sec'l) was most likely a heterogeneous dimerization to

mole”
either the cis or trans dimer.

Chilton and Gov.cnlock (58) studied thc reaction products
of the pyrolysis of diisopropylmercury in a flow system with nitrogen
and nitric oxide as carrier gascs in the temperature range 230-280°,
Absorption spcctra and chemical tests showed that the dimer of

2-nitrosopropanc was formed along with acetone oxime. They

found that the monomer-dimcr transition took place in the region

o
85-95 .
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Gowenlock and Trotman (59) prepared dimeric nitroso-
methane by photolysis or pyrolysis in a flow system at 330-390°.
They found monomeric nitrosomethane was converted to the dimer
at room temperature in the dark and that dimer to monomer con-
version took place at 350°.

Reaction 3: Isomerization to oximes

The isomerization to the oxime was confirmed by the
work of Gowenlock and coworkers. Chilton and Gowenlock (58)
found acetone oxime in the reaction products of pyrolysis of diiso-
propylmercury in a flow system with nitrogen and nitric oxide as
carrier gases,

Gowenlock and Trotman (59) found that monomeric
nitrosomethane could undergo isomerization to formaldoxime in
various solvents at room temperature. However little formald-
oxime was obtained in the pyrolysis of tert-butyl nitrite or trans
dimeric nitrosomethane.

Batt and Gowenlock (60) found that the isomerization of
nitrosomethane to formaldoxime has an activation energy of 40 kcal
mole.l for the homogeneous gas -phasc process, but proceeds
rapidly in the presence of an active surface with an activation
energy of 10 - 14 kcal mole-l

- Pratt and Purnell (61) studied the reactions of ethyl
radicals generated by the photolysis of tetraethyllead with nitric
oxide in the temperature range 233-267%. The most important

reaction was the formation of acetaldoxime which decomposes
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heterogeneously to acetonitrile.

Reaction 4: Further reaction with nitric oxide

Reaction 4 was first shown by Bomberger (62) who
obtained phenyldiazonium nitrate from nitrosobenzene and nitric

oxide in the liquid phase.
N=N-C¢H¢

OH
NO ﬂ-naphthos OO
C6H5NO —_— C‘,()l-{sl‘l?_NO3

Brown (63) studied a number of reactions involving
isobutylene and nitric oxide. He proposed that the reaction occurs

via a diazonium nitrate, the formation of which can be visualized as:

R R R
l!l + 2NO—> IL —_— l!l -]
™ ~
o N/ No N~ o
I
Yo No
‘_-_N_.Z___ \
OZNO-R R-N=N + N03‘ o

Christie (57, 64) found that nitrosomethane reacted
with nitric oxide in the ratio of 1:2 to give a product which was
stable in the gas phase at room temperature, but decomposed on
freezing and rewarming.

Forst and Rice (11) studied the thermal decomposition
of azomethane in the presence of the isotopic nitric oxide , ISNO,
and found that nitrogen was produced from the nitric oxide. The
ratio of the nitric oxide consumed to nitrogen produced increased

with increasing the nitric oxide pressure and reached the vicinity of
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two at about the same pressurc as when the rate of formation of
nitrogen was minimum. Beyond this point the amount of nitric
oxide consumed continued to increase slowly.

Gowenlock and Healey (65) have recently studied the
pyrolysis of 2-methyl-2-nitrosopropane over the temperature
range 140 to 220°. They obtained nitrogen, nitric oxide and
isobutane as the major reaction products. They found that small

amount of nitrogen (0.05% decomposition) could be produced at

temperatures as low as 70°.

Reaction 5: Further reaction with radicals

Gingras and Waters (66) found that 2-cyano-2-propyl
radicals added to nitric oxide and aromatic nitroso compounds to
give trisubstituted hydroxyamines.

Bromberger and Phillips (67) observed the formation
of trimethylhydroxylamine via the successive addition of methyl
radicals to nitrosomethane.

Hoare (68) found that in the photolysis of acetone-nitric
oxide mixture at 200o the number of radicals scavenged per nitric
oxide molecule is between two and three, but no products were
identified.

Maschke, Shapiro and Lampe (69) studied the photolysis
of azomethane-gb-nitric oxide mixtures. In the photolysis of a
mixture of 11.8 torr of azomethane '9.6 and 0.2 torr of nitric oxide,
CD3;NO forms immediately and goes through a maximum. This

maximum occurs at about the same time that essentially complete
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depletion of nitric oxide is observed and at the same time as the
occurrence of a very marked increase in (CD3)2NOCD3 concentration,
They calculated that nitric oxide is only 15 times more effective

than nitrosomethane in scavenging methyl radicals.

Secondary Dcuterium Kinetic Isotopic Effect Studies

Secondary deuterium kinetic isotopic effect studies have
proven uscful in examining reaction mechanisms. Measureable
force constant changes are observed when the isotopically labelled
center changes hybridization.

Seltzer and a coworker (19, 70) have used secondary
kinetic isotopc cffects to evaluate the bond-breaking that occurs
in the transition state during the thermolysis of various symmetrical
and unsymmetrical azo compounds. They found, on comparing
azo-bis - x-phenylethane(21a) with azo-bis- «-phenylethane- a(,a-dz
(21b), an isotope effect, kwlkw :1.27 X 0.03. By comparison
with numerous other rcactions they formulated criteria that if a
center is changing from sp3 in the ground state to sp2 in the trans-
ition state that the chauge in force constants result inal2-14%
decrease in rate per « -deuterium substitution at the reaction site
{at 1050). Halevi has reviewed secondary isotope cffects (71) and
using equation:

log kyy/kp = D §5GY¥/2.303R T
where n is the number of deuteriums undergoing change of hydrid-

pd

jzation and d 0 G is the free encrgy change per isotopic

substitution has suggested that the s alues commonly found for



33

«-deuterium kinetic effects are in the order of 80 - 115 cal mole°l
Table XI lists some of the values presented in the literature. Thus
the value obtained by Seltzer provides good evidence for the
simultaneous rupture of both carbon-nitrogen bonds, Scheme A,

p. 1. Thermolysis of «-phenylazo-2-propane (22) presented a

somewhat different picture. The secondary effects, sz_g’a. /kZZb z

—~

1.16 and kz a / k;\Z’c = 1,04, led to khe conclusion that here too,

P

both carbon-nitrogen bonds stretch in the transition state but to

unequal degrees.

06H5-C-N=N-C-C6H5 C6H5—(|J-N=N-C-CH3 C6H5-(|:-N=N-CY3
I I
X X Y X
2la, X =H 22a, X =Y =H 23a, X =Y =H
2lb, X =D 22b, X=D,Y -H 23b, X=D,Y =H
Vo o~ ~
22c, X =H,Y =D 23c, X=H,Y:D

In a third and less symmetrical case, « -phenylethylazomethane
(Z_lfx) , d-phcnylcthyl-:‘_—_ﬁl-azomcthane (23b) and «-phenylazo-
methanc-d, (23¢c) were thermolyzed. A comparison of rate
constants , k£3a / k?.'ﬂs 21.13 and “2,13 / kzﬁ_‘k = 0.97, led to the
conclusion tl:; the sl:;l step involved rupture of only the e«-phenyl-
ethyl carbon-nitrogen bond. Rupture of the methyl-carbon bond
had to occur in a subsequent step,

Crawford and coworkers (73 - 75) have mcasure o -
deuterium kinetic effccts on the thermolysis of 1-pyrazolines 24,

5, 26, and 27.

~ e
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The observed JA(}t values of 77 - 93 cal per deuterium were
jnterpreted as suggesting that both carbon-nitrogen t?onds are
being cleaved in the rate-determining step (see Table XI).

Koenig and coworkers (76 - 78) have studied the -
deuterium secondary kinetic isotope effects on the thermal decom-
position of acetyl percxide 28, tert-butyl peracetate 29 and tert-

butyl-phenyl peracetates 30 - 33 (see Table XI1).

CD.-GC-0-0-C-CD CD.C-0-O-Bu
3 N3 38 =
o) o)
28 29
D T
C.H.-C-GC-O-O-t-B C.H.-C-G-0-O-t-B
oHs- 9) =-bu 65 ?I 2-bu
D D O
30 3]
i ;
B'Noz‘cs**r(f'ﬁ'o'o'l'ﬁ" p-McO-CgH,-G-C-0-0-t-Bu
DO DO
32 33

The very small values of the isotope effects observed

for ;_9 and ‘.’;2 were interpreted in terme of a non-concerted process,
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while the relatively large isotope effects observed for 30 - 33 were
rationalized by a concerted mechanism leading directly to decarboxy-
lated radical, carbon dioxide and tert-butoxy radical in single step
with no intervening intermediate. The lower valucs of o -effects
on the thermolysis of the peroxy esters compared with those of the
azo compounds indicate that the transition state of the fragmentation
of the peroxy esters occurs early on the reaction coordinate in
relation to carbon-carbon cleavage.

The values of §8G? obtained for the azo compounds 34
and 35, even when maximized for possible error from scrambling,

are smaller than those normally encountered (6)
DZ

AN AN AS

D,

3 35

being 65 ¥ 10 cal mole-!. If a non-maximum correction for
scrambling were applied the values would be 62 X 10 cal mole'l
when interpreted by Scheme A wherein both allylic center are being
altered . Application of Scheme B gives value of 124 ¥15cal
mole-l a value which though in the maximum range generally
encountered is not unreasonable since for azo compounds the
transition state occurs late on the reaction coordinate (see section
3.3 of reference 2). The authors were concerned about the low
value foxf the allylic resonance energy that was implied from a

mechanism following Scheme A. Whereas Scheme B gave a value

which did not seem unreasonable.
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Allylic Resonance Energy (ARE)

The allylic resonance energy is defined as the difference
in dissociation energies between a C-H bond conjugated with a
double bond and the similar bond in a saturated paraffin at the same
temperature. The most reliable value of the allylic resonance
energ)’ has been determined by Egger, Golden and Benson (82) from
a study of the jodine-catalyzed isomerization of‘l-butene. The
overall reaction is

I+ 1 -butene ——— I° 4+ 2-butene
and by a steady-state treatment of the detailed mechanism it has
been possible to obtain an activation energy for the step

. + CH,CH,CH:CH, —> CH,CHCH:CH, + HI
corresponding to E_ = 12.4 kcal mole.l . Previously the value
E, © 25.0 kcal mole~} had been reported (83) for the reaction
1 + CH,CH,CH, —> CH,CHCH, + HI

which was identificd with the activation encrgy for the analogous
reaction with n-butane, since D(i-C3H7-H) =D (scc-C4Hg-H).
It follows that the resonance ¢nergy is given by 25.0 - 12.4 = 12.6
kcal mole-). The uncertainty in the allylic resonance cnergy has
been claimed to be less than 1 kcalmole !. The value reported

previously by Benson, Bosc and Nangia (84) in a preliminary

kinetic study of the jodine-catalyzed isomerization of 1 -butene was

# Some of these values are butenyl resonance energics however it is
generally assumed that there is lhittle difference between the allylic
resonance energy value and the butenyl resonance energy value

(103).
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13.3 % 1.3 kcal mole-l. These values are in excellent agrcement
with the values obtained from the thermal rearrangement of vinyl-
substituted cyclobutanes and cyclopropanes.

Hammond and DeBoer (85) have reported an activation
enthalpy of O H ¥ : 34,0 kcal mole-l for the first-order cleavage
of the carbon bond betwcen the substituents in trans-divinylcyclo-
butane. At a mean temperature of 448°K it can be calculated |
E,: OH'+RT:34.0+0.9 = 34.9 keal mole ). This value is
to be compared with the activation energy of 61.3 kcal mole! for
the cleavage of the same bond in 1,2-dimethylcyclobutane, as
reported by Gerberich and Walters (86). This leads to an allylic
resonance energy of (61.8 - 34.9)/2 = 13.2 kcal molel,

Ellis and Frey (87), comparing the activation encrgies
for the isomerization of 1,]1-dimethylcyclopropane to methylbutene
(62.6 kcal) and 1 -methyl-1-vinylcyclopropane to 1 -methylcyclo-
pentene (49.4 kcal), deduced a value for the allylic resonance energy
of 13.2 kcal. Other values of the allylic resonance energy obtained
from the thermal rearrangement of vinyl-substituted cyclobutanes
and cyclopropanes are listed in Table XII.

The bond dissociation energy D(allyl-H) is given by the
expression

D(allyl-H) = OHg(allyl) + OH{H) - Al{?(propene)
where O H?(allyl) , AH?(H) and O H?(propene) are the heat of
formation of the allyl radical, hydrogen and propene at 298°K

respectively. From the existing thermochemical data,
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[aY H?(propene) z 4,88 kcal mole”! and AH?(H) = 51.2 kcal mole'l

(1), this leads to

D(allyl-H) = & H?(allyl) + 52.1 + 4.88
: O H{(allyl) + 47.2
and since

ARE = D(CHSCHZ CHZ-H) - D(allyl-H)
and D(CH,CH, CH,-H) = 98 kcal mole ™! (7), this leads to

ARE = 51 - O H?(allyl)
therefore ARE can be calculated knowing AH?(allyl). o H?(allyl)
was first obtained from the thermolysis of 1 -butene by the toluene-
carrier technique (97),

CH3CHZCH=CHZ — CHy + -CHZCH=CHZ
corresponding to E_ * 66.2 kcal mole !. The known thermo-
chemical data lead to & HZ(allyl) = 30.2 keal mole~ ). A reinvesti-
gation of the thermolysis of 1-butene using the aniline carrier
technique (98) showed that first-order rate constants were measured
in the pressure-sensitive region, and hence the experimental
activation energy was considerably less than the limiting pressure
value.

The very low heat of formation of allyl radical (32 kcal
mole-l) was also observed in the studies of 1 ,5-hexadienc thermo-
lysis by Homer and Lossing (99).

CHZ=CH-CH2-CH2-CH=CHZ —_— 2 CH2=CH—CHZ-
while Akers and Throssell (104) later obtained 37 kcal molc'l for

the same thermolysis. The origin of the discrepancy is not
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obvious but it is known that a major complication arises from a
radical chain decomposition of 1 ,5-hexadiene (100).

Results on the thermolysis of allyl methyl sulfone by
toluene-carrier technique can also be used to obtain OH?(allyl).
Besfield and Ivin (101) have determined Ea. = 47.7 kcal mole'l for
the thermolysis reaction

CHZ=CH-CH2-SOZ-CH3—————>CHZ-CH-CHZ° + CH3SOZ°
and thus

AH?(allyl) = D(C3H5-SOZCH3) - 0 H?(SOZCH3)

+ OHZ (C3H SOCH;)
AHJ(CH SOCH;) has been shown to be as -73.5 kcal mole~! and
AH?(SOZCH3) can be estimated as -63.2 kcal mole'l so that
AH?(allyl) is 37.4 kcal mole” ! corresponding to D(allyl-H) =
94.6 kcal mole ™",
Golden, Gac and Benson (102) have recently reported

the direct measurement of the equilibrium constant K. 4 for the
4

reaction
k
- . ___l__._) b - - - -
2 Cl-{z-Cl-l-CH2 ___‘_(_____ CHZ CH CHZ CHz CH CHz
d
and, thereby, a direct measurement of ARE. K was measured

r,d

by determining both kr and kd under exactly the same condition.
The k. and k4 was measured by observing the decomposition of
diallyl oxalate and of 1 ,5-hexadiene. Diallyl oxalate decomposes
to give 2 allyl radicals and COZ and the allyl radicals combine to
yield 1 ,5-hexadiene. The values of Kr d determined at two differ-

ent temperatures yielded the enthalpy change AH: 4° -62.2 kcal mole~ !,
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Since

AH(: d z AH?(l ,5-hexadiene) - 2 [a) H?(allyl)
and since O H?(l ,5-hexadiene) = 20.2 kcal mole'l , this leads to
AH?(allyl) 41,2 kcal mole:'l . This value is in agreement with
the value O H?(allyl) 41,4 kcal mole-l obtained by the measure-
ment of Kr .d for the reaction (103)

I, + CH3-CH=CHZ :_—__—L:-CH2=CH-CHZI + HI
The value of AH? (allyl) = 41.2 kcal mole'l yields D(allyl-H) =
99.4 kcal mole.l and ARE = 9.6 kcal mole-!. They have stated
that the value of 9.6 kcal mole'l may be uncertain by as much as
2 or 3 kcal mole'l but it must surely lay to rest any thought that
ARE is much greater than 12 kcal mole'l . Table XIII summarizes
the allylic resonance energies obtained by the studies of AH?(allyl).
We shall adopt 12 kcal mole'l as a reasonable value for the aliylic
resonance energy.

Utilizing the azoethane activation energy of 48.5 kc al
mole~! Al-Sader (6) estimated the allylic resonance energy contribu-
tion to thetransition state for a two bond homolysis (Scheme A)
mechanism to be 6.2 kcal mole-l whereas a single carbon-nitrogen
bond cleavage (Scheme B) implies an allylic resonance energy of
12.4 kcal mole'l .  The authors were reluctant to decide in favour
of Scheme B because of the possibility that the transition state is now
more like the reactant (Hammond's postulate) and consequently all
of the allylic resonance energies from both allyl groups may not be

manifested in the activation energy.
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RESEARCH OBJECTIVES

In solution there is good evidence for a concerted
cleavage of both carbon-nitrogen bonds , Scheme A (31, 70), and a
two step process, Scheme B (19, 29, 3) for unsymmetrical azo

compounds., In the gas-phase both mechanisms have been suggested,

N R’
/ \ /S —— R+ N, + R Scheme A
R N

'

/N\ /R——> R- + :N:N-R'—>=N, + :R'  Scheme B
R N
but rigorous proof has been lacking. The objective of this thesis is
to propose and examine azo compounds that will assist the choice
between Scheme A and B for the gas phase thermolysis of azo
compounds. The compounds to be utilized should have a reasonable
vapour pressure for vacuum line techniques and have a major differ-

ence between R- and R'- as predicted by the bond dissociation

energies of R-H and R'-H. The compounds that best fulfill this

need are:
N CHZ CHZ CHZ N CHZ CHz
CH;;/ \N / \CH/ Cé \CH/Z \N/ \CH/
36 46

/N\N/CH\ZCH/CHZ C{/Zcx\ /N\ /CH\Z /cuz

47 52

-~

(CH,4)4,C
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and /N\\\ /C%C{CHZ

CH3 N
43

What differences can we predict for Scheme A and
Scheme B in comparing the set 36, 46, 47, and 52? Ramsperger
(9) has suggested and Riichardt (2) has supplied supportive evidence
for the criteria for Scheme A that the activation energy for the
unsymmetrical compounds will be the mean of the activation energies
for the corresponding two symmetrical compounds. Using our know-
ledge of 52 (6) and the data from Table I we can thus predict rate
constants at 120° for 36, @é, and 47. Since some of the azoalkanes
have a multiplicity of values we have made our predictions using both
the extrapolated maximum and minimum rate constants from Table I,
e.g. for 36 the data of Forst and Rice (11) predicts the smallest
rate constant for azomethane at 120°, thus taking the mean of the
activation energies and log A values gives for 36

log A = 1(17.2 + 15.5) = 16.3
2

E_+ =(55.5 + 36.1) = 45.8 keal mole” !,
2

using these data at 120° we calculate a rate constant for 36 of

-10 -1

k 26.3x10 sec The data of Rice and Sickman (9b) gives

o
the largest extrapolated rate constant for azomethane at 120 , and

using it we get the activation parameters log A =15.7, Ea = 43,2
kcal molc°l. These data predict a rate constant for 36 of 5.0 x 1079
-1

sec at 120°. The rate constants calculated in the analogous
g

manner for ‘jg and !l are shown in Table XIV,
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Table XIV. Prediction of relative rates using mechanistic criteria.

o
kn / kSZ at 120

Scheme A Scheme B

n
min. max. min, max.

- -4 -
36 2.5x 10 5 2.0x 10 5x 10 2 5.0
o~

-4 -3 -2
46 6.4 x10 1.0x 10 5x 10 5.0
47 3.2 x 1072 5 x 1072 5.0

If Scheme B is appropriate to the mechanism of azo-
alkane thermolysis then we expect the first step to be rate deter-
mining* and for the sct of compounds 36, 4’_‘(3 and 47 we would expect
the allyl-nitrogen bond to be most readily cleaved. To a first
approximation then these compounds should be 0.5 times the rate
of 52. That steric effects may play a role in making the values
different from 0.5 times that of 52 has been documented in the
historical section (see Table VII and VIII). It seems unlikely
however that the steric effects would change the rate by more than
one power of 10. Thus we can predict that if Scheme B is repre-
sentative of thetrue mechanism then the rates of }é. ‘19 and 47 will

be in the range 5 x 10-2 kSZ to SkSZ' and that if the relief of steric
~/

o~

* Benson (3) has shown that the second step R-N —=R: + NZ
would be very exothermic and thus reasonably expected to be
very fast relative to the first step of Scheme B.
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compression is playing a role, as has been suggested (32 - 35),

then k k k,, and k } 100k,,. The criteria for
17> M4 > M6 g 3

deciding between Scheme A and B as representative of the azo-

alkane gas phase thermolysis mechanism are outlined in Table XIV

and is shown graphically in Figure 5 (including an allowance for

steric effects). .

In Figure 5 if the value of log k, - log k., falls in the

lined region then the mechanism is best represented by
Scheme A; if it falls in the dashed regionthen Scheme B.

Values above and below those areas seem very unlikely and values
in the intermediate blank and overlapping regions do not permit a

clear cut decision as to mechanism.,
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Graphical representation of the basis for making the

Figure 5.

decision between Scheme A and Scheme B.

Scheme B

Scheme A

-2

-4

-2

log kﬂ / k§3

NN

-2

-6
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EXPERIMENTAL

All boiling points and melting points are uncorrected.

The ultraviolet spectra were obtained on a Jasco Model
ORD/UV-5 spectrophotometer. The nuclear magnetic resonance
spectra were obtained using a Varian A-60 and HR-100 spectrometer.

The‘exact masses of the azo compounds were obtained
on an A.E.I. MS-9 mass spectrometer (70 eV, room temperature
inlet). Products analyses were carried out on an A.E.I. MS-12
mass spectrometer, of which the ion source was coupled by means
of a Watson-Biemann helium separator directly to an Aerograéh
Model 1200 Hy-Fi gas chromatograph. Isotope ratio measurements
of nitrogen were carried out on a C.E.C. 21-614 mass spectrometer.
Microanalyses were carried out in the Microanalytical Laboratory
of the Department of Chemistry, University of Alberta.

Gas chromatography was carried out with an F and M
Model 500 programmed temperature gas chromatograph and a
Varian Aerograph Series 1200 programmed temperature gas
chromatograph. Sample purifications and product analyses were
carried out on a gas chromatograph consisting of a Gow-Mac Model
TR -2-B,W thermal conductivity cell with a Gow-Mac Model 40-50

power supply in conjunction with a Sargent Model SR recorder.
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(A) Apparatus

A schematic diagram of the vacuum rack used for the

preparation of samples and analysis of products is shown in Figure 6.
The gas buret was calibrated by filling with mercury

and weighing. The volume of the manifold surrounded by valves
Hl - Hg, N8 and N4 and calibration mark 2 was measured by filling
with carbon dioxide which was transferred to the gas buret (Table
XV). The volume, V, of the round flask surrounded by valves N,
and N3 , calibration rnark 1 and the Bourdon gauge was measured
by filling with carbon dioxide and transferring this to the previously
calibrated manifold (Table XVI). The Bourdon gauge was calibrated
by filling with carbon dioxide , reading the pressurc and transferring
the carbon dioxide to the gas buret. The pressure in the gas buret
was divided by the ratio of the volume V to that of the gas buret

(Table XVII).
(B) Procedure

(a) Preparation of Samples

Valve N4 and mercury cut MC1 were closed. Several
break-seals were glassblown to the ends of the valves by blowing
through valve Ng and then pumped overnight for conditioning. The
volume of the manifold and the combined volumes of each of the
break-seals and the dead volumes in the valves were measured in
the following way. A carbon dioxide container was attached at

valve Nl » valves F,, NZ' F3, F4 and Na and mercury cut MCI1
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Table XV. Calibration of the volume of the manifold.

Pressure in the Pressure in 51.7 ml Volume in the
manifold buret manifold
57.6 torr 135.4 torr 121.7 ml
47.7 113.0 122.5
73.5 172.1 121.0

Av. 121.7

Table XVI. Calibration of the volume of the Bourdon gauge.

Pressure in the Pressure in the Volume of Bourdon
Bourdon gauge 121.7 ml manifold gauge

25.7 torr 165.5 torr 783 ml

33.5 214.0 178

31.4 202.1 782

Av. 1781




Table XVII.

Calibration of the pressure of the Bourdon gauge.

Gauge reading Gas buret reading Corrected Error
value
torr ml torr torr torr
19.89 51.7 287.5 19.02 -0.87
16.86 51.7 245.6 16.25 -0.61
11.40 51.7 167.1 11.06 -0.34
6.81 25.4 204.7 6.65 -0.17
4.44 25.4 135.2 4.40 -0.04
2.55 11,23 176.0 2.53 -0.02
1.00 11.23 77.2 1.10 +0.10
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were closed, then valves Nl , FZ , N4 and Hl - HS were opened.
Carbon dioxide was transferred to one of the break-seals by
frcezing at liquid nitrogen temperature. Valve N4 was closed and
the carbon dioxide was expanded to the manifold and break-seals.
The mercury in Toepler pump | was brought to calibration mark
CM2, then the pressure was read by a cathetometer. In order to
transfer the carbon dioxide in the manifold into the gas buret, the
mercury in valve F9 was brought to calibration mark CM3, valves
F4, FS, Fb and N7 were opened, valves FZ’ N5, N6' F,,, FB' N9
and NIO closed, then valve N4 was opened. The carbon dioxide
was frozen on the surface of the thermowell in Toepler pump 2
which contained liquid nitrogen, the mercury was lifted up above
the arm of Toepler pump 2, then the liquid nitrogen was blown off
by air. The mercury was brought to one of the calibration marks
of the gas buret and the pressure was read by a cathetometer. The
combined volume of each of the break-seals and the dead volume
in the Hoke valves were measured in this manner.

The azo compound was transferred from storage valve
Sl to one of thc break-seals by freezing at liquid nitrogen temper-
ature, valve N, was closed, then the azo compound was expanded
to the manifold and the break-seals. The mercury in Toepler
pump | was brought to the calibration mark CM2, then the pressure
was read. Samples attached at valves H - Hg were cooled down
to liquid nitrogen temperature and sealed one by one. The break-

seals were connected to the glass tubes for thermolysis (see
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Figure 7).

In an experiment with a foreign gas such as nitric oxide
or xenon, the azo compound was quantificd in the above mentioned
manner and frozen in one of the break-seals. A forcign gas was
transferred and frozen in one of the break-seals and expanded to
the manifold and the break-scals (the appropriate number of the
break-seals could be used depending on the ratio of the foreign gas
to the azo compound), then the gas in the manifold was taken back to
a storay bulb. The valves of the break-seals which contained
the azo compound and the foreign gas were opened and both gases
were thoroughly mixed by raising and lowering ten times the mer-
cury in Toepler pump 1. The mercury was then brought to cali-
bration mark CMI1 and the pressure was again read. This was
always found to be within an experimental error of the calculated
value. For example, methylazo-3-prupene was expanded to the
manifold and eight break-seals (total volume = 121.7 + 19.2+17.9
+18.6 +19.3 +18.9 + 18.5+19.0 +19.2 = 272.3 ml). The pressure
read 31.0 torr. Nitric oxide was measured in one of the break-
seals (71.0 torr in 19. 3 ml). Methylazo-3-propene and nitric
oxide were thoroughly mixed, then the pressure was read 36.1 torr
(calculated value, 31.0+ 215‘-’2—"—33-3( 71.0 = 31.0 + 5.0 36.0 torr).
The ratio of nitric oxide to methylazo-3-propene was calculated
5.0/31.0 =0.161. The amounts of the azo compound in the break-
seals were calculated according to Boyle's law. For cxampie , the

19.2 ml break-seal contained 31.2 /smoles of the azo compound at

27°.
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The procedure was modified in the following manner
for the azo compounds which have a low vapour pressure. Several
200 ml bulbs were glassblown to the ends of the bulbs. After
conditioning overnight, the combined volumes of each of the break-
scals and the dead volumes (the bulbs) were measured in the same
manner as described above. The azo compound was transferred
from‘ a storage cylinder connected to the end of valve Nl to the bulb
attached the Bourdon gauge. The pressure was read, then the
azo compound was frozen onto the surface of the thermowell in
Toepler pump 1 using liquid nitrogen. The mercury was then
lifted up above the side arm of Toepler pump 1, and the liquid
nitrogen was blown off. The azo compound was then expanded into
the break-seals, the dead volumes and the side arms by lifting the
mercury up to calibration mark 2. The subsequent procedure was

the same as that described for the more volatile samples.

(b) Reaction Bath

The reaction was carried out in a well insulated covered
oil bath. The temperature was controlled by a Melabs proportional
temperaturc controller, and was mecasured with a four junction iron-
constantan thermocouple, using a reference ice bath, and calibrated
with a Hewlett-Packard 2801A (NBS) quartz thermometer. Read-
ings were taken with a Leeds & Northrup Type K potentiometer.

e o o
The oil bath temperature was maintained within £0.02",
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(c) Method of Analysis of Products

i) Thermolysis products of methylazo-3-propene (36).
After the reaction the break-seals were again connected to the
manifold for analysis and then pumped overnight for conditioning.
In an experiment without any foreign gas, valves Hl - HS , NS’ F,,
F3, Ng. Ng. Fg. Fq, FB". N, Ng and N, and MC1 were closed,
the mercury in valve Fqg was brought to calibration mark CM3 and
traps 2 and 3 were cooled in liquid nitrogen. One of the break-seals
was broken by a piece of magnet covered with glass, then the valve
H  was opened. After 5 minutes F was opened. When the press-
ure was constant in Pirani gauge P3 . N.’ was opened and non-con-
densable gases (nitrogen and methane) were pumped out by means of
Toepler pump 3 until the pressure on Pirani gauge 3 remained
constant. The mercury was brought to the calibration mark of the
gas buret and the pressurc was read. The mercury in valve FlO
was brought to point A, valve F9 was opened, then the non-condens-
able gases in the gas buret were transferred to trap 4 by means of
Toepler pump 3. The mercury in Toepler pump 3 was brought to
point B and the non-condensable gases were injected onto a g¢
column by closing valve HIO and opening valves }19 and “l . After
the non-condcnsable gases were analyzed by gc, valves H9 and
H,, were closed, Hyg opened, then F g opened carefully. After
ten minutes, Fb was closed, FB and N opencd and the helium was

10

pumped out. Valves FB and I\'7 were closed and the mercury in

the Tcepler pump 3 was brought to point B. Trap 4 was cooled in
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liquid nitrogen, valve F6 was opened, then liquid nitrogen was
removed from traps 2 and 3. After the condensable gases were
transferred to trap 4, the mercury in valve FIO was brought to
point A. The liquid nitrogen was removed from trap 4, then the

condensable gases were injected onto a g¢ column (10 ft dimethyl-

sulfolane column),

ii) Thermolysis products of t_e_x{_t-butylazo-3-pr0pene (49).
The procedures were essentially the same as those for methylazo-
3-propene except that trap 2 was cooled in an n-pentane slurry
(-1300) and trap 3 in liquid nitrogen. The C4 components trapped
in trap 3 were analyzed using a 10 ft dimethylsulfolane column and
then the C6-8 components trapped in trap 2 werc analyzed by using

a 3 ft dimethylsulfolane column.

iii) Nitric oxide and xenon experiments.
When nitric oxide or xenon was present as a foreign gas, solid
nitrogen was produced in the solid nitrogen trap (-2100) and valve
Fb was opened. After the pressure caused by the non-condensable
gases was constant on Pirani gauge 3 the valve N7 was opened.
The non-condensable gases were then pumped out, measured in
the gas buret, and then injected onto a gc¢ column.

The nitric oxide trapped in the solid nitrogen trap was
pumped out, and the xenon trapped in the liquid nitrogen traps was
pumped out at liquid argon temperature (-186°). Condensable

gases were analyzed by gc in the aforementioned manner. FEthane,
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the most volatile condensable gas was not found to be pumped off
at the liquid argon temperature.

Nitric oxide and isotopic nitric oxide 15NO were
purified by sublimation from a trap immersed in liquid argon to

a trap immersed in liquid nitrogen. The NZO content was thus

reduced to 0,.05%.

For mass-spectrometric analysis of nitrogen t?e
nitrogen collected in the gas buret was transferred to a break-seal
in the following manner: a break-seal with constricted side arms
was connected on the top of Toepler pump 3 (Figure 8). (The helium
tested valve should be closed during the glass-blowing operation.)
Constriction 1 was sealed while being pumped by a low vacuum
pump. The helium tested valve, valves FB' F9 and N7 and mercury
cut MC2 were opened for conditioning overnight. After the nitrogen
was measured by the gas buret, float valve 9 was opened. The
nitrogen was then transferred to the break-scal by means of Toepler

pump 3, by lifting the mercury up to the side-arm, then constriction

2 was sealed,

iv) Gas chromatography.

The non-condensable fraction {(methane and nitrogen) was
analysed on a 5 ft, 1/4 in. glass column filled with 40-60 mesh high
activity charcoal (Burrell). The column was calibrated for nitrogen
and methane by injecting a known amount of each gas onto the column
and measuring the corresponding peak area. Peak arcas were

measured by multiplyi.7 the peal Leiglt by the width at half height.



69

Seven calibration points were obtained for nitrogen, spaced over
the range 16-67 #moles , nine calibration points werc obtained
for methane, over the range 1.4-10/¢moles. The calibration was
lincar over the entire range and calibration factors determined by
the method of least squarcs show a standard deviation of 2.6% for
nitrogen and 4.9% for methane. The ratio of calibration factors
(= ratio of sensitivity) for nitrogen and methane was 1.12, in good
agrecment with the figure 1.14 determined by Forst and Rice (11).

Condensable gases obtained in the thermolysis of methyl-
azo-3-propene were analyzed on a 10-ft, 1/4 in. glass column
filled with 20% dimethylsulfolane on 30-60 mesh Chromosorb P
(Johns -Manville). The column was calibrated for 1-butene, 1,5-
hexadiene and azomethane at room temperature. The ratios of
sensitivities of 1-butene to 1,5-hexadiene, and 1 -butene to azo-
methane were 0.83 and 1.11. This column was capable of
separating ethane, carbon dioxide, propene, cyclopropane, 1 -butene,
allene, n-pentane, azomethane, 1,5-hexadiene and methylazo-3-
propene, but not cthene- or carbon dioxide -nitrous oxide mixtures
at room temperature. The ethane-cthene mixture was scparated
using an activated aluminum column at 0°. A6 ft, 1/4in. glass
column filled with 30-60 mesh silica-gel (Hewlelt-Packard) was
capable of separating semall amounts of ethane from xenon.

The C, components (isobutane and isobutene) obtained
in the thermolysis of t_e_r_t-butylazo-3-propene were analyzed on a
10 ft, 1/4 in. glass column filled with 20% dimethylsulfolane (F and

M Scientific) on 30-60 Chromosorb P (Johns Manville). The C6
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to Cg components (] ,5-hexadiene , 4 ,4-dimethyl-1-pentene and
2,2,3 ,3-tetramethylbutane) were analyzed on a 3 ft, 1/4 in. glass
column filled with 20% dimethylsulfolane (F and M Scientific) on
30-60 mesh Chromosorb P (Johns Manville). This column was
capable of separating 1 ,5-hexadiene, 2,2'-azoisobutane and

tert-butylazo-3-propene. The relative retention times are

recorded in Table XVIIL.
(C) Syntheses

(a) Methylazo- 3-propene (16)

Prepration of diethyl N-allylbicarbamate (38).

Sodium hydride (19.0 g of a 53.8% slurry, 0.425 mole) was added to
a well stirred solution of diethyl bicarbamate (170g, 0.985
mole) in 800 ml dimethoxyethane (dried by distillation from lithium
aluminum hydride) using a protective atmosphere of nitrogen.
Upon completion of addition the reaction mixture was stirred for
an additional three hours. Allyl bromide (68 g, 0.56 mole) was
then added and the colution stirred for an additional four hours.
After standing overnight the reaction mixture was
treated with ice and water and the bicarbamate extracted with
benzenc. The benzene solution was dried over potassium carbonate
and the excess benzene removed by evaporation.
The excess ethyl bicarbamate Was removed
by filtration. The filtrate was then separated into two layers, the

upper layer (mineral oil from sodium hydride) was discarded, and
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the lower layer was vacuum distilled through a 30 cm Vigreaux column
column bp 94°, 0.2 torr. Each fraction was analyzed by gc (10 ft,

7% carbowax, 1 500) .

Fraction wt. Diallyl compound
1 7.0¢g 5%
2 5.5 1
3 71.0 0.5
4 8.8 —

The third fraction was carcfully redistilled and the fraction bp 102-
103° (0.5 torr), lit. (6) bp 99-101° (0.5 torr), was free from the
diallyl compound 43 44.5 g (49% based on sodium hydride), The
nmr spectrum (Figure 9) displayed signals at §1.25 (triplet, 6H,
ester methyls), §4.12 (overlapping doublet and quartet, 6H, allylic
and ester methylenes), ~§5.12 (multiplet, 2H, vinylidene), ~£5,86
(multiplet, 1H, methine) and & 7.45 (broad singlet, exchangable

with DZO-NaOD, 1H, NH).

The synthesis of diethyl N-methylbicarbamate (39) was

achicved in the same manner described for the preparation of diethyl
N-allyl-bicarbamate (38) except that methyl iodide was used instead
of allyl bromide. The yield was 74% based on sodium hydride,

bp 94° (0.5 torr), lit. (106) mp 131°. The nmr spectrum (Figure
10) displayed signals at §1.26 (triplet, 6H, ester CHB) , §3.16
(singlet, 3H, N-CH;3), §4.18 (quartet, 4H, ester methylenes) and

$7.66 (broad singlet, exchangable with DZO-NaOD, 1H, N-H).
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The mass spectrum (MS-9, inlet temperature 1850) gave a parent peak

at mass 190.0950 (calculated for C7H14N204 , 190,0954),

Preparation of dicthyl N-allyl-N'-methylbicarbamate (37).

Sodium hydride (9.9 g of a 53.8% slurry, 0.216 molc) was added to
a mixture of 38 (44.5 g, 0.206 mole) in 300 ml of dimethoxyethane.
The solution wal; maintained at room temperature under a blanket
of nitrogen and stirring was continued for three hours after the
addition of methyl iodide (60 g, 0.422 mole) was complete. After
stirring overnight the mixture was treated with ice-water and the
product was extracted with benzene. The benzene solution was
dried over potassium carbonate and the solvent was removed on a
rotary evaporator. The residue separated into two layers, and the
upper layer (the mineral oil from the sodium hydride) was discarded.
The lower layer was fractionally distilled through a 30 cm Vigreaux
column and each fraction was analyzed by gc (10 ft, 7% Carbowax
column at 1500). After a small forerun there was obtained a 35 g
(74%) sample, bp 72-73° (0.05 torr) free from impurities. The
nmr spectrum (Figure 11) displayed signals at §1 .25 (triplet, 6H,
ester methyls), &3.08 (singlet, 3H, N-CH,), —€4.2 (overlapping
doublet and quartet, 6H, allylic and ester methylenes), ~45.2
(multiplet, 2H, vinylidene) and ~§5.9 (multiplet, 1H, methine),
Anal. Calcd. for C10H1804N2: C, 52.16; H, 7.88; N, 12.17
Found: C,52.16; H, 7 9%: N, 12.29
Starting from 39 the compound 37 was prepared in the

analogous manner described above except that allyl bromide was
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used instead of methyl iodide. The yield was 87%.

Preparation of 1-allyl-2-methylhydrazine (42) and

methylazo-3-propene (36).

A) Methanol method

A solution of 37 (11.5 g, 0.05 mole) and potassium
hydroxide (11.2 g, 0.20 mole) in a mt?thanol (60 m1) water (10 ml)
mixture was refluxed under a nitrogen atmosphere for one hour.
The solvent was then distilled off and concentrated hydrochloric
acid was added to the distillate to give 0.9 g of 1-allyl-2-methyl-
hydrazine hydrochloride upon further evaporation.

The original reaction residue was further distilled in
vacuo and 3.5 g of the hydrazine hydrochloride was obtained by
adding concentrated hydrochloric acid and evaporating the solvent.
The residue of the last distillation was then taken up in water (50 ml)
and methanol (20 ml) and refluxed for five hours under nitrogen.

A repeated distillation, conc. hydrochloric acid treatment gave an
additional 2.0 g of the hydrazine hydrochloride.

Potassium hydroxide (6 g, 0.12 mole) was added to a
solution of the combined hydrazine hydrochloride portions in 15 ml
water. The inorganic salt was filtered off and the aqueous filtrate
was extracted with ether using a continuous extractor. The ether

layer was then concentrated to 10 ml for use in the preparation of 36.

Preparation of methylazo-3-propene(36). A solution of

1 -allyl-2-methylhydrazine (42) (1.0 g, 0.016 mole) in ether (10 ml)

was added dropwise to a well stirred slurry of red mercuric oxide
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(50 g, 0.23 mole) and anhydrous sodium sulfate (10 g) in dry ether
(35 ml). After five hours the solution was filtered, concentrated
to 3.5 ml by distillation through a Vigreaux column, and the azo
compound was separated by preparative gc using a 10%, 10 ft,
Ucon 550X on Chromasorb column at 352, The yield was 0.8 g (80%).
The nmr spectrum (Figure 12) displayed signals at §3.78 (singlet,
3H, N- methyl), § 4.46 (doublet, 2H, allylic mcthylene)‘, ~55.3
(multiplet, 2H, vinylidene) and ~4§6.1 (multiplet, 1H, methine).
The uv spectrum has a A Lax 3t 345 nm ( € = 20 in gas). The
mass spectrum (MS-9, inlet temperature 250) gave a parent peak
at mass 84.0687 (calculated for C4H8NZ' 84.0688). The following
peaks were also observed; 15, CH?‘+ . 27, CZH; . 28, N2+ and
CH,*i 39, CaHyts 4L, CyHg*: 43, CH3N,": 84, C HgN5'

parent; 99 (weak), CSH“NZ+ .

B) Ethylene glycol method

A slow stream of nitrogen was bubbled through 100 ml
of warm cthylene glycol for 20 minutes in a mechanically stirred
three necked flask. The gas inlet tube was replaced with a con-
denser and a thermometer, and potassium hydroxide (9.52 g, 0. 168
mole) was added in four portions. The ethylene glycol solution was
heated to 125° and 37 (8.5 g, 0.37 mole) was added as rapidly as
possible to the stirred solution. After the addition, the temperature
of the reaction was maintained at 125-1300 for one hour. After
being cooled, the mixture was cautiously added to 50 g cach of ice

and water and 30 ml of 12N hydrochloric acid. The ethylene glycol
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and water were distilled off at 1-2 torr. The distillation residue
was dissolved in water and extracted with ether. The ether
extract contained a small amount of brown oil. The aqueous
solution was basified with potassium hydroxide (5.0 g), then
extracted overnight with ether using a continuous extractor. The
ether was distilled off through a Vigreaux column. An aliquot of
the residue was shaken with diluted hydrochloric acid and then the
excess hydrochloric acid and water were distilled off at 900 (2.0
torr). The nmr spectrum of the hydrazine hydrochloride (Figure
13) displayed signals at §2.81 (singlet, 3H, N-CH3), §3.67
(doublet, 2H, allyl), 44.84 (singlet, 4H, -§H2-) and ~§5.6 (multi-
plet, 3H, vinyl).

A solution of the crude hydrazine 42 in cther (50 ml) was
treated with a well stirred slurry of red mercuric oxide (50 g,
0.23 mole) and anhydrous sodium sulfate (10 g). After five hours
the solution was filtered, concentrated to 3 ml by distillation through
a Vigreaux column and the azo compound was separated by prepar-

ative gc. The yield was 0.9 g (20% yield based on 37).

Allyl-1,1-d, benzenesulfonate was prepared by the

addition of allyl- 1,1-d alcohol to a mixture of benzenc sulfonyl-
chloride and 2,4 ,6-collidine at -4° using the procedure described
by Bergstrom et al.(107). The nmr analysis showed that the
compound is completely deuterated in the desired position. Allyl-
1,1-d;-alcohol was prepared from the reduction of acryl chloride

with lithium aluminum deuteride using the method of Schultz et al, {(108).
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Diethyl N-(allyl-] ll-dz)-N' -methylbicarbamate (44).

Sodium hydride (1.05 g of a 57.2% slurry, 0.025 mole) was added
to a well stirred mixture of 22 (4.75 g, 0.025 mole) in 40 ml of
dimethoxyethane. The solution was stirred at room temperature
uhder a nitrogen atmosphere for three hours, Allyl-1,1-d, benzene-
sulfonate (5 g, 0.025 mole) in 10 ml of dimethoxyethane was then
added and the solution stirred for an additional four hours. After
standing overnight the reaction mixture was treated with ice-water
and the product was extracted with benzene. The benzene solution
was dried over potassium carbonate and the solution was removed
on a rotary evaporator. The residue separated into two layers and
the upper laycr (the mineral oil from sodium hydride) was discarded.
The lower layer was fractionally distilled through a 30 cm Vigreaux
column and each fraction was analyzed by gc.

After a small forerun a 3.0 g (52%) sample bp 80° (1 torr)
free from impurities was obtained. The late fractions (1.0 g) were
contaminated with 30% of the unreacted starting material. The nmr
spectrum (Figure 14) displayecd signals at #1.27 (triplet, 6H, ester
methyls), §3.11 (singlct, 3H, N-CH3) , §4.2 (quartet, 4H, ester
methylene), ~§5.2 (multiplet, 2H, vinylidene) and ~§85.9 (multiplet,

1H, methine), and no allylic hydrogens at ~56.0,

Mcthylazo-3-propene-3 :3'd2(1§) was prepared by the

hydrolytic decarboxylation (cthylene glycol method) of 44 (2.9 g,
0.125 mole), then subsequent oxidation using the same procedure

uscd for the preparation of the afore-mentioned ncutral compound 26.
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The yield was 0.2 g (19%). The nmr spectrum (Figure 15) displayed
signals at § 3.77 (singlet, 3H, N-methyl), ~8§5.2 (multiplet, 2H,
vinylidene), ~ 6.1 (multiplet, 1H, methine) and no allylic hydrogens
at §4.46. The mass spectral analysis showed a molecular ion

which has a mass of 86.0824 (calculated for C4H6N202’ 86.0813).

(b) 1-Propylazo-3'-propene (46).

Preparation of diethyl N-allyl-N'-(1-propyl) -bicarbamate

(45). Sodium hydride (2.53 g of a 57.2% slurry, 0.0602 mole) was

added to a well stirred solution of 38 (13.0 g, 0.0602 mole) in 100

ml of dimethoxyethane. The solution was maintained at room
temperature under a protective atmosphere of nitrogen and stirring
was continued for an additional three hours. n-Propyl bromide

(10 g, 0.0813 mole) and potassium iodide (1 g, 0.006 mole) were

then added and the solution stirred for ten hours. An aliquot was
taken out from the reaction mixture and after being treated with
water , analyzed by gc (10 ft SF-96, 150°). 40% of the starting
material was found unreacted. n-Propyl iodide (5.1 g, 0.030 mole)
was added to the reaction mixture. The reaction was found to
complete after the solution was stirred for an additional 20 hours.
The mixture was treated with ice-water and the product was extracted
with ether. The ether solution was dried over potassium carbonate,
the solvent was removed on a rotary evaporator and the product was pur-
ified by distillation through a 30 cm Vigreaux column, which gave 70¢g

(45% yield) bp 94-950 (1.0 torr). The nmr spectrum (Figure 16)
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displayed signals at ~§1.25 (overlapping triplets and sextet, 11H,
CH3CH2CHZN- and %CHZO-) , &3.43 (distorted triplet, 2H,
CH3CI{ZEH_ZN-) , ~§4.19 (overlapping doublet and quartet, 6H,

allyl and CH3C_;3;-O-) , ~§5.15 (multiplet, 2H, vinylidene), ~£5.9
(multiplet, 1H, methine). The mass spectrum (MS-9, inlet temper-

ature, lOOoj‘gavc a parent peak at mass 258.1576 (calculated for

C12H22N204, 258.1580).

Preparation of 1 -propylazo-3'-propene (46).

A slow stream of nitrogen was bubbled through 70 ml of ethylene
glycol for 20 minutes in a mechanically stirred flask with mild
heating. 6.7 g(0. 118 mole) of potassium hydroxide was heated to
125° and 453(6.7 g, 0.026 mole) added as rapidly as possible to the
stirred solution. After the addition the solution was stirred at
125-1300 for one hour under a nitrogen atmosphere. The solution
was colored slightly yellow. After being cooled, the mixture was
cautiously added to 35 g each of ice and water and 21 ml of 12N
hydrochloric acid. When acidification was complete, the mixture
was warmed to about 40°. The water and ethylene glycol were
distilled off at 1-2 torr. The solid residue obtained was dissolved
in 70 ml of water and then extracted with cther. The cvaporation
of the ether gave 1 g of the starting material. The aqueous solution
was basified by solid potassium hydroxide. 1-Allyl-2-(1-propyl)
hydrazine was extracted with ether using a continuous extractor.
The ether solution was dried over anhydrous sodium sulfate and

used immediately for oxidation to 46.
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The ether solution of 1-allyl-2-(1 -propyl) hydrazine
was stirred with a slurry of red mercuric oxide (10 g, 0.104 mole)
and anhydrous sodium sulfate (20 g) for four hours. The ether was
condensed to 3 ml through a 30 ¢cm Vigreaux column. A gas
chromatographic analysis showed that the condensed solution con-
tained ca. 20% of l-propylaz\.o-f&' -propene (46) which was separated
by gc using a 20%, 6 ft, /3, ﬂ'-oxydipropionitrile on Chromosorb P.

The nmr spectrum (Figure 17) displayed signals at §0.97

(triplet, 3H, gﬁ.TCHz'CHz'N -), 41.82 (sextet, 2H, CH3-(_J_§2-CHZ-N-) ,
§3.76 (triplet, 2H, CH3-CHZ-C_2_1;12-N-) , 44,40 (doublet, 2H, allyl
methylene), ~&5.2 (multiplet, 2H, vinylidene) and ~46.2 (multiplet,
1H, methine). The uv spectrum has a Amax at 355 nm ( €= 20 in
gas). The mass spectrum gave a parent peak at 112.1008 (calculated
for Cb“[zNZ’ 112.1001). The following peaks were also observed:
27, C,H,4; 28, N,, CZH4; 39, C4H,; 41, C3H5; 43, C3H,;

69, C3H5N2; 83, C6H“; 112, C6HlZNZ parent.

(¢) tert-Butylazo- 3-propene (47).

Benzophenone hydrazone was prepared from the reaction

of benzophenone with hydrazine hydrate with acetic acid as a catalyst
using the method of Curtius and Rauterberg (109).

Diphenyl diazomethane was prepared from the oxidation

of benzophenone hydrazine with yellow oxide of mercury using the

method of Organic Syntheses (110).
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Benzophenone ic_rt-butylhydrazone was prepared from

the reaction of tert-butyl magnesium chloride with diphenyl diazo-
methane using the procedure described by Smith et al.(111).

tert-Butylhydrazine (48) was prepared from the hydro-

lysis of benzophenone tert-butylhydrazone with concentr ated hydro-
chloric acid modifying the method of Smith et al.(111).

A mixture of 24.5 g (0.097 mole)‘of benzophenone tert-
butylhydrazone, 35 ml of concentrated hydrochloric acid and 52 ml
of 98% ethanol was allowed to stand at room temper ature for 30
hours. The ethanol was evaporated and to the residue were added
ether and water. The ether layer was separated and washed with
water two times, The evaporation of the combined aqueous layer
gave 3.5 g of tert-butylhydrazine hydrochloride mp 193-1950 (1it,
(111) 1890). The nmr spectrum in DZO (Figure 18) displayed
signals at §1.39 (singlet, tert-butyl) and §4.83 (singlet, N-H).

The ether layer on evaporation left a mixture of benzo-
phenone and benzophenone tert-butylhydrazone.

The further hydrolysis of the unreacted benzophenone
tert-butylhydrazone in the same condition gave 3.5 g of tert-butyl-
hydrazine hydrochloride. The hydrolysis was not complete. The

further hydrolysis at 60o gave 3.5 g of tert-butylhydrazine hydro-

chloride,

Preparation of dimethyl N-tert-butylbicarbamate (29).

tert-Butylhydrazine hydrochloride (8.8 g, 0.0707 mole) was dissolved

in 50 ml of water. Solid sodium hydroxide (6 g, 0.15 mole) was
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then added to the solution. te_l;g-Butylhydrazine was extracted by
ether using a continuous extractor for ten hours.

The ether solution (50 ml) of tert-butylhydrazine was
placed ina 300 ml Morton flask. When the stirred mixture had
cooled to 50 methyl chloroformate (13.2 g, 0.14 mole) was added
without allowing the temperature to rise above 5°.  When almost
half of the chloroformate had been added, a cold solution of sodium
hydroxide (5.6 g, 0. 14 mole) in 10 ml of water was added gradually
along with the rest of the chloroformate at such a rate that the final
portions of the two solution were added simultaneously. After
standing for fifteen minutes the ether layer was separated and the
aqueous solution was extracted with ether. The combined ether
layers were rapidly dried by shaking for a short time with about 1 g
of sodium carbonate in two portions. On evaporation of the ether
the crude solid product (8 g) was obtained. After a small amount
(ca. 0.3 g) of benzene insoluble impurity was removed 50 was
crystallized from benzene-hexane, mp 82-830. The yield was 6.5 8
(45%).

The nmr spectrum (Figure 19) displayed signals at
§1.41 (singlet, 9H, tc_r_t-butyl) , §3.69 (singlet, 3H, ester CH3) .
§3.76 (singlet, 3H ester CH3) and &§7.40 (broad singlet, exchangable
with D,0-NaOD, 1H, NH). The mass spectrum (MS-9, inlet temper-
ature, 100°) gave a parent peak at mass 204.1106 (calculated for
C8H16N204 , 204,1110).

o
The benzene-insoluble impurity (mp 180 ) was soluble in
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chloroform and water. The structure was assigned to 1-tert-
butyl'Z-carbomethoxyhydrazine hydrochloride by nmr spectrum,
The nmr spectrum (Figure 20) displayed signals at 4§ 1.51 (singlet,
9H, tert-butyl), 4 3.88 (singlet, 3H, ester CH3) and 410.6 (broad

singlet, exchangable with D,0, 3H, N-H).

Preparation of dimethyl-N-allyl-N' -tert-butylbicarba-

mate (49). Sodium hydride (1.23 g of a 57.2% slurry, 0.03 mole)
was added to a mixture of 59 (6.0 g, 0.0294 mole) and 50 ml of dry
dimethoxyethane. The solution was maintained at room temperature
under a blanket of nitrogen and stirring was continued for three
hours. Allyl bromide (4 g, 0.033 mole) was then added and the
solution stirred for an additional four hours. After standing over-
night the reaction mixture was treated with ice and water and the
product was extracted with benzene, The benzene solution was
dried over anhydrous sodium sulfate and the solvent was removed on
a rotary evaporator.

The crude product was distilled through a Vigreaux
column. The fraction which boiled at 90° (1.8 torr) was collected.
The yield was 6.0 g (84%). The nmr spectrum (Figure 21) displayed
signals at £1.39 (singlet, 9H, tir_t_-butyl) , £3.68,3.74 and 3,78
(singlets, 6H, ester methyls), d4.04 (doublet, 2H, allylic methylene),
~§5.2 (multiplet, 2H, vinylidene) and ~§6.0 (multiplet, 1H, methine).
The two singlets at &3.78 and 43.74 were found to coalesce at the
temperature of 40 to 450 (see Figure 24). The mass spectrum

(MS-9, inlet temperature 70°) gave a parent peak at mass 244.1418
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(calculated for CHHZONZO4' 244, 1423).

Preparation of 1-allyl-2-tert-butylhydrazine (51).

A slow stream of nitrogen was bubbled through 60 ml of ethylene
glycol for 20 minutes in a mechanically stirred flask with mild
heating. Potassium hydroxide (6.07 g, 0.107 mole) and the
bicarbamate 49 (1.7 g, 0.0236 mole) were added. The mechanical
stirrer was replaced with a Liebig condenser. The hydrazine 51
was distilled under a stream of nitrogen at the bath temperature

of 150-160° along with the methanol formed. Concentrated hydro-
chloric acid was added to the distillate to give, upon further
evaporation, 1.7 g of 1 -allyl-2-tert-butylhydrazine hydrochloride
mp 165-1750. The nmr spectrum in DZO (Figure 22) displayed
signals at 61,37 (singlet, 9H, tert-butyl), 4 3.64 (doublet, 2H,
allylic methylene), §4.74 (singlet, 4H, N-H), ~45.5 (multiplet,
2H, vinylidene), and ~§5.8 (multiplet, 1H, methine). The yield
was 36%.

Preparation of tert-butylazo-3-propene (47).

Potassium hydroxide (3 g, 0.06 mole) was added to a solution of
the hydrochloride of the hydrazine 51 (1.7 g, 0.00845 mole) in 20
ml of water. The hydrazine 51 was extracted with ether and the
ether solution dried over anhydrous sodium carbonate. The dried
solution of the hydrazine 51 (0.00845 mole) in ether (50 ml) was
stirred at room temperature with a slurry of red mercuric oxide

(10 g, 0.046 mole) and anhydrous sodium sulfate (20 g). After six
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hours the solution was filtered, concentrated to two ml by distillation
through a Vigreaux column, and the azo compound 47 47 was separated
by gc using a 20%, 2 ft, dimethylsulfolane on Chromosordb P at

room temperature. The yield was 0.8 g (75%). The nmr spectrum
(Figure 23) displayed signals at 41.19 (singlet, 9H, tert-butyl),
§4.34 (doublet, 2H, allylic methylene), ~§5.2 (multiplet, 2H,
vinylidene), and ~J&.2 (multiplet, 1H, methine). The uv spectrum
has a A, at 355 nm (€= 25 in gas). The mass spectrum gave

a parent peak at mass 126.1159 (calculated for C.,H14 20 126.1157).
The following peaks were also observed: 28, NZ ’ CZH4 ; 29,
C,Hgh 41, CHgH 57, cHJ:

111, ¢, H, N ¥ 126, CqH

9’ 611 2"

142

2-Methyl-2-nitrosopropanc was prepared from the

oxidation of tert -butylhydroxylamine with bromine using the method

of Emmons (112).

The synthesis of 3,3'-azo-1-propenc (52) was achieved

by mercuric oxide oxidation of the corresponding hydrazine which
was in turn obtained from the hydrolysis of dicthyl N ,N'-diallyl-
bicarbamate (40) according to the proccdure of Al-Sader and

Crawford (6).

2,2'-Azeisobutana was preparcd from the oxidation of

tert-butyl amine with iodine pentfluoride according to the procedure

of Stevens (113},
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(D) Control Experiments

(a) Mass spectrometric analysis of nitrogen and isotopic nitric oxide

>No.

The mass spectrometric analysis of l"’NO used for the
inhibition experiments were found reproducible (entries 1-5 in
Table XIX). The mass spectrometric fnalysis of a pure nitrogen
(entry 6) and of the nitrogen produced from methylazo-3-propene (36)
and tert-butylazo-3-propene (47) (entries 8 and 9) was found consist-

ent with the natural abundance of nitrogen (14Nl 5NIMNl‘tN

151 14 14
7.4x10°3 and N 5N/ N 'N = nil) (114). The entry 7 indicates

no scrambling between 15NO and NZ under the thermolysis conditions.

(b) Reaction of 1-butene with nitric oxide

The reaction of 1-butene with NO was carried out in
order to test the inertness of the olefinic bond in the azo compounds
at the inhibited thermolysis condition. Table XX shows that the
olefinic bond is expected to be stable toward NO less than 130° which
is the highest temperature of the inhibited thermolysis of the azo

compounds studicd.

(c) Nmr analysis of the unrcacted methylazo-3-propcne-3 3-d2 (43)

P SR

Mixtures of 43 and 15NO (29.1 - 31.4 /omolcs of 43,
5
! NO/(43) - 0.161) were thermolyzed at 126.00° for 30-130 min.
The unreacted 43 was collected an analyzed by 100 Mc nmr. Figure

25 shows that the signal at §4.46 for allylic protons is completely

absent indicating no scrambling during thermolysis, less than 1%.



Table XIX. Mass spectrometric analyses of some control

experiments.

Molecule st qu P30 P3l
1 . 13n0 0.04 0.02 0.45 100
2 15nv0 0.13 0.01 0.45 100
3 15n0 0.05 0.0l 0.43 100
4 15n0 0.36 0.03 0.44 100
5 15n0 0.02 0.01 0.43 100
6 Nz 100 0.71 nil nil
7 N, from 1SN0 +N,* 100 0.72 .0.19 nil
8 N, from 36" 100 0.74 0.4 nil
9 N, from 43° 100 0.71 nil nil

2 A mixture of Nz and 15NO was heated at 129.5° for 1 hour.
b ;_(3 was heated at 129.5° for 1 hour.

o
¢ 23 was heated at 122.3 for 15 minutes.
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Table XX. Reaction of 1-butene (SO/cmole: , 50 torr) with NO

(150 umoles, 150 torr).
,‘v

e — —_——————
Temperature Time N, formed
oC hours /smole
130 - 133 10 0
140 - 145 2 0

140 - 145 10 " 6.4
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(43) recovered after the inhibited thermolysis with 15
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RESULTS AND DISCUSSION

(A) Sﬁthe ses
The synthesis of methylazo-3-propene (}3) was achieved

in the following manner:

EtO_C H
2 \ril/

1) NaH

| +
Etozc/ \H
3 LI n
’ 1) NaH
1) NaH
2) CH3 2) CHZ=CHCHZBr
EtO_C
2 \,.:/\/
/N\:
37

Cad

KOH , MeOH-HZO or

HOCHzCHZOH

H
| H HgO '
Ne— Aty TR N cH

NS ?. N

4
~

!
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The synthesis of diethyl N-allyl-N' -methylbicarbamate
(37) was accomplished by introducing methyl and allyl groups step-
wise (both by route A and B).

Special precaution was taken to minimize the formation
of the dialkylated compounds 40 and 4] during the synthesis of the
monoalkylated compounds 38 and 39. Atwo fold excess of diethyl
bicarbamate was used and the crude monoalkyl compounds 38 and
39 were subjected to a very careful fractional distillation to separate
the pure monoalkylated compounds 38 and 39 from traces of the
dialkylated compounds 40 and 41. The nmr spectrum of 37 (Figure
11) displayed signals for the ester methyl (triplet at §1.25),
N-methyl (singlet at &3.08), allyl and methylene (overlapping
doublet and quartet at ~&4.2), vinylidene (multiplet at ~§5.2) and
methine (multiplet at ~§ 5.9) protons with integration values of
6:3:6:2:1, The hydrolytic decarboxylation of 37 was achieved in
an aqueous methanol or ethylene gylcol solution, and the hydrazine
42 was oxidized to the azo compound 36 by mercuric oxide. The
structure of 36 was established in the following manner. The nmr
spectrum (Figure 12) shows signals at & 3.78 (singlet, 3H, N-methyl),
§4.46 (doublet, 2H, allylic methylene) ~§5.3 (multiplet, 2H, vinyl-
idene) and ~§86.1 (multiplet, 1H, methine). The mass spectrum
(MS-9, inlet temperature 250) gave a parent peak at mass 84.0687
(calculated for C4HgN,. 84.0688). The synthesis of methylazo-3-
;:n'opene.d_‘_}_;gZ (43) was accomplished in the same manner described

for the preparation of 36 except that allyl-1,1 -dl benzenesulfonate
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was used instead of allyl bromide.

CH, ,CO,Et
N 1) NaH CH CO, Et
| > N7 2
2) C,H_SO,0CD,CH:=CH |
CH,:=CHCD; " CO,Et
39
1) KOH,
HOCH,CH,OH
2) HgO

NN\\ /CH3
2 N

43
The nmr spectrum (Figure 14) for 44 displayed signals at 61.27
(triplet, 6H, cster methyl), J 3. 11 (singlet, 3H, N-methyl), 44.2
(quartet, 4H, methylene), ~d5.2 (multiplet, 2H, vinylidene) and
~§5.9 (multiplet, 1H, methine). The nmr spectrum of compound
43 is shown in Figure 15. The allylic proton signal at d 4.46 found
in 36 is completely absent. Mass spectral analysis (MS-9, inlet
temperature 25°) showed a molecular ion which has a mass of 86.0816
(calculated for C4“(,N?_DZ’ 86.0813).

The synthesis of ] -propylazo-3'-propene (‘if’) was
achieved by the mercuric oxide oxidation of the corresponding
hydrazine which was in turn obtained from the hydrolysis of 45 with
an ethylene glycol solution of potassium hydroxide, The compound

45 was obtained by the reaction of n-propyl iodide with the bicarbam-

ate }g
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CO,Et CO_Et
N N\n7 2 1) NaH N N\n7 2
| — |
N 2) CH.CH_CH_I N
H” NCo,Et 372 2 AN\ \coz}:c
38 45
1) KOH,

HOCH_CH_OH

2 2
2) HgO

N
NN N
N
46

The structure of 46 was confirmed by nmr and mass specfral
analysis. The nmr spectrum (Figure 17) displayed a triplet at
J§0.97 (§§3CHZCHZ-N-) , sextet at d1.82 (CH3§_E2CHZ-N-). a
triplet at d3.76 (CH3CHZQ_{Z-N-). a doublet at d'4.40 (allyl
protons), a multiplet at ~&85.2 (vinylidene) and a multiplet at ~§6.0
(methine) in the ratio of 3:2:2:2:2:1., The mass spectrum gave
a parent peak at a mass of 112.1008 (calculated for C6HIZN2.'
112.1001).

The syntlcsis of t;gr_t-butylazo-fi—propene (47) was

accomplished in the following manner:
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HgO
+ — *N- —_—
(C6H5)ZC0 NZH4 (C6H5)ZC N-NH, (C6H5)2CN2

(CHj) ,CMgCl

$

1) conc., HC1 C,H
—l[—N-NHZ - | 6 5>caNg
| 2) aq. KOH Ce¢Hs N—-l——
H |
H
48
o)
I
o]
7>\, H
CH, 0O N CH,O0.C
CICO,CH, 3 | 1) NaH 3"2\NNS
CH30 \c -Z—)-——'—" |
Br N
I PN CH,0,C”
o 2
49
50
H

N KOH
—‘—N:N-Aﬁgg- N \N—+— ‘—HOCHZCHzOH
. &
51
tert-Butylhydrazine (48) was prepared according to the method of
Smith et al.(111). The hydrazine 48 was conve rted to the dicarbo-
methoxy derivative 30 which was allylated to give the bicarbamate
49. The nmr spectrum of 50 (Figure 19) displayed signals at §1.41
(singlet, 9H, Ef_r_t-butyl) , §3.69 (singlet, 3H, ester methyl), 43.76

(singlet, 3H, ester methyl) and 4 7.40 (broad singlet, exchangable
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with DzO-NaOD , 1H, N-H). Upon introducing the allyl group into
50, the singlet peak at §3.76 was split into two singlets at d 3.74
and & 3.78 as is shown in the nmr spectrum of 43 (Figure 21).

The nmr spectrum shows signals corresponding to tert-butyl (singlet
at 4 1.39), ester methyl (three singlets at £3.68, 43.74 and
43.78), allyl (doublet at 4 4.04), vinylidenc (multiplet at ~45.0)

and methine (multiplet at ~§5.6) protons with integraﬁion values

of 9:6:2:2:1., Figure 24 shows that the two singlets at J3.74

and 3.78 coalesce at the temperature of 40-45°. This behavior can
be ascribed to the restricted rotation about the amide bond (117)
which gives two geometrical isomers 53 and 54 at room temperature.
With rapid isomerization at 40-4 5° the signals merge into a single

peak.

\/o 2 \/o 2
Me Me
533 53b
K N
/N —N - /N—N
—c/ \co Me o —C \co Me
/ \\ . / \
Me o) Me (o)
42 548

The structure of 47 was established from its nmr and mass spectra.

The nmr spectrum shows signals at §l. 19 (singlet, 9H, tert-butyl),
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§4.34 (doublet, 2H, allyl), ~§4.9 (multiplet, 2H, vinylidene) and ~§5.6
(multiplet, 1H, methine). In the mass spectrum the molecular ion
has a mass of 126.1159 (calculated for C7H14NZ , 126.1157).

Analysis of azo compounds by gc showed that all the

azo compounds prepared were completely free from impurities, i.e.

greater than 99.9%.

(B) Products of the Non-inhibited Thermolysis of Methylazo-3-

propene (36) and tert-Butylazo-3-propene (47).

After heating a sample of methylazo-3-propene (36) in a
break-seal, at ca. 57 torr and 131 .6° the products were identified
by their gas chromatographic retention times and their mass spectro-
metric cracking patterns.

at 30% completion
CH:’-N:N-CHZ-CH=CHZ — CH4 (36.0%)

+ CH tCHCHZCH3 (33.3%)

2
+CHZ=CHCH2CHZCH2CHZ (18.7%)
+ CHsN:NC}ls (4.6%)
+ CH3(3113 (0.7%)
+ CHsCH=CH2 (0.7%)
s CH3(CHZ)3CH3 (0.4%)
The results at varying percentage completion are given in
Table XXI1 and plotted in Figure 26. The results of the mass spectro-
metric studies are shown in Table XXII. The fourth largest pecak in

the gc was not readily identified and so a sample was collected and

its exact mass measurcd as 58.0530, corresponding to CZH‘)N2
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(calculated 58.0531). The retention time proved to be identical
to that of an independently obtained sample of azomethane.

The mole percent of methyl radicals and allyl radicals

recovered are calculated according to the equations:

9% methyl radicals recovered = % methane + % 1-butene

+2(% n-pentane +% azomethane + %ethane)

9% allyl radicals recovered = 9% 1-butene +% propene + % n-pentane

4+ 2(% 1 ,5-hexadiene)

There were numerous small fractions corresponding to
CB-C10 hydrocarbons, observed by gc, which were too small to be
properly identified.

The first step in the thermolysis is reaction 6 as will be

discussed later.

N N
cus/ \N/\/—-—-“"CH}/ \N- F AN @

55
Thermochemical arguments (3, 28) have been advanced to show that
the radical 53 is highly unstable and will rapidly, if not instantane-
ously, fragment according to

CH,-N:N: —————> CH,» + N, )]
Since the allyl radicals produced only small amounts of propene by

hydrogen abstraction in the thermolysis of 36 and also 3,3 -azo-1-

propene (6) reaction 8 and 9 are not important,
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A, + 36 —> N S
' U 2 2

A+ 36—

CAN

(.:Hz/NQN/\/ A

while the methyl radicals are capable of abstracting the hydrogens

from the carbon atoms adjacent to the nitrogen-nitrogen double

bond (reaction 10 and 11) to give methane.

CH +?.9_—"'C“4+

CH /N§N/\/ G4

3
3
56
CH. + 36 ——» CH, t+ . N
3 ~ 4 CHZ/QN/\/TJG
57
ﬂ

Such reactions are believed to be the principal type of chain process
responsible for the induced decomposition observed in the thermoly-
sis of azomethane (11), azoethane (14), azo-bis-1-propane (15) and
azo-bis-2-propane (15).

The methyl radicals can also add to the nitrogen-

nitrogen and carbon-carbon double bond to give radicals 38 and 59.

CH ++ 36 ———> N
3 ~ CH3/ QN/\/\ 03
58
N
cHy” \N/\/
CHy + 3% ——> \ 03
CH
3
59
[a%d

 That reaction 14 can be neglected has been demonstrated by the

statistical distribution of deuterium in the products of thermolysis
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of 3,3'-azo-1-propene-3 l3-dZ (6).

AN+ 36— /N\\‘/\/\/\__)c:x3. +N,
cuy NN 04)
*NAA
Since the rate of thermolysis of 36 was followed by the
rate of formation of nitrogen, reaction 10-13 will affect the rate
only if the ultimate fate of the radicals 5§ - 59 is the formation of
nitrogen. The ratio of the non-inhibited rate constant to the
inhibited rate constant is ca. 1.6 (see the kinetic section) suggesting
that about 38% of nitrogen produced comes from the radicals 56 -
59. The most probable reactions which produce nitrogen and which
are part of radical chains and increase the rate of thermolysis of

l@are reaction 15-19,
CHy + N, + :cn-cu-cuzDs]
\N/\/ — e CH2: + Nz + A Da

. _N
cH” \4/\/ ———— CH,=N_ + ™ 07

2
CHZ:NZ —— CHz’. + Nz [_is]

N
cn3/ \N/\./\ — ™ CHy +N, + avd 9l

2

Reactions 20 and 21 do not produce nitrogen, since vinyldiazomethane
isomerizes to 2-pyrazoline (118) via reaction 22 and azomethane is

stable under the thermolysis conditions (11).

N .
CHB./ §N/\/ _— CH3- +CHZ=CH-CH=NZ [ZQ]

N /\/ e )

cHy” N —— CH,-N:N-CHj +
AH;
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CH,:CH-CH:N, ———> r“ 22
N’N
H

No 2-pyrazoline and only 5% of azomethane were produced, hence
reactions 20 and 21 which lead to nitrogen-containing products are
relatively unimportant.

Reactions 23 - 25 deal with the comb‘ination of methyl

and allyl radicals which produced ethane, 1-butene and 1 ,5-hexadiene.

CH; + CH, —= CH,CH, (23
cHy + & BN VO (24
AN+ N - N

(24

n-Pentane may be produced by the following reactions.

iy v NN — Y £d

.
N 3NN CH3/N%N/\/ k1

A mixture of 9 torr of 36 and 46 torr of xenon was
decomposed at 131 .6°to examine the effects of the initial pressurc
of 36 on the product composition. The results at varying percentage
completion are given in Table XXIII and plotted in Figure 27. The
product composition was found to be almost the same as that at the
higher initial pressure,

Product studies of the gas phase thermolysis of tert-
butylazo-3-propenc (47) were carried out at lZ?..3o for 15to 75
minutes and 1320 minutes was used for the infinity samples. The

initial pressure of 47 was 46 torr (11.87 umoles of 47 in a 4.5 ml
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40
CH,CH_CH=CH
ol s e,
z 30 CH4
o
(o S * o ® & . P
; 20 p o———o0 NN\
e
s 10}
[ ]
| 7]
&
8 4 -
2 ‘———tCH3N8NCH3
[ ]
2 3}
g
(¥ 2 -
§ l o CH3CH3
3 - 2 ® CH3CH:CH,
‘: . 1 ) | R 1 s |

0 10 20 30 40
% Completion

Figure 27. Product composition {rom the thermolysis of methyl-
azo-3-propene (36), torr in the presence of xenon, 46 torr at

131.6°,



112

break-seal). The thermolysis products were identified by their
gas chromatographic retention times and their mass spectrometric

cracking patterns.

40% completion

(Cl—l3)3C-N=N-CHZCH=CHZ i(CH ) CCH

2CI—! CH (43.8%)

+(CH,),CH (31.1%)

3)3
+ Cl-lz=CHCHzCHZCH:CHZ (20.0%)
+ (CH3)ZC=CH2 (9.5%)
+(CH3)3CC(CH3)3 (2.7%)
The results at varying percentage completion are given
in Table XXIV and plotted in Figure 28. The results of the mass
spectrometric analysis are shown in Table XXV,
The mole percent of allyl and tert-butyl radicals
recovered are calculated according to the equations:
% allyl radicals = % 4 ,4-methyl-1-pentene + 2(% 1 ,5-hexadiene)
recovered
9 tert-butyl radicals = % isobutane + % isobutene + % 4,4-dimethyl-
recovered
1 -pentene + 2(% 2,2,3 ,3-tetramethylbutane)
The following reactions 28 - 35 are probably the most important
ones which account for the products of the thermolysis of tert-butyl-

3-propene (47).

X /\/ > —f—N:=N s PR 29
-+— —— ———-‘ + Nz @ﬂ
_.‘ + 47 — - Jl H +)(P\\N/\/ (}Q
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100

—-‘- recovered
90}-

/" \recovered

70k

60

S N
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Product composition (%) relative to N

% Completion

Figure 28. Product composition from the thermolysis of tert-

a(

butylazo-3-propene (47), 35 torr at 122.30.
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2N NI - | +N, +icH-CHxCH, 3]
_—\ > >=— +—}H D)
s
PN
PN

+

+

- = X\/ (4)

AR 1L s AN (3
No 2,2'-azoisobutane was detected in the thermolysis suggesting

that the bulky tert-butyl radicals are not as facile at adding to the

azo nitrogens as are the methyl radicals.

_+ +12 #aXﬁ\N/\/_)+N=N+ +& By
+

Since the rate of thermolysis of azo-bis-tert-butane was unaffected
by the presence of isobutane (17) and the rate of the photolysis of
di-tert-butyl ketone was unaffected by the presence of nitric oxide
(119), the following hydrogen abstraction reaction by tert-butyl

radicals scems to be of little importance.

.___\. N e ><N\N Ay B

CH,
The fact that the amount of isobutane is eight times that of iso-
butene may arise from the abstraction of allylic hydrogens by tert-

butyl radicals (reaction 30) or by process wherein isobutane is

fomred at the expensc of isobutene e.g. reaction 38 (17).
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CH
2
_1.+ >= —_— +H + ;c:CHz—>dimer, etc. [:38]

CH
3
If reaction 38 is not important, then ratio of the rate
constant for the disproportionation reaction (reaction 27) and the

combination reaction (reaction 28), k27 / k28 , can be calculated

according to the following equation,

: . |
k27 yield of isobutene . —l—

kg * yield of 2,2,3,3-tetramethylbutane 2

The values obtained are 5 at low conversion and 3 at high conversion,
which compare favorably with the value of 4.6 obtained from the
photolysis of di-tert-butyl ketone (119) and in the mercury photo-

sensitized hydrogenation of isobutene (120).

(C) Kinetics of the Non-inhibited Reactions

The rate of the non-inhibited thermolysis of methylazo-
3-propene (36) was obtained by following the increase of pressure
with time during the thermolysis or by measuring the amounts of
nitrogen produced.

The pressure change was measured by use of the null-
point reactor described in the thesis of A. Mishra (116). A sample
of 50 /-l was injected into the stainless steel reactor by means of a
Hamilton syringe having a6 in. needle. The amount of sample
corresponded to an initial pressure of 90 torr. The thermolysis
was carried out to greater than nine half-lives at which stage the

pressure inside the reactor had doubled to 180 torr. The rate
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constant was evaluated from the slope of plots of log (P, - Pt)
versus time, The linearity of the plots displays good first order
behavior (Figure 29) in spite of the radical chain induced decompos-
ition discussed in the previous section. The kinetic studies were
carried out at four different temperatures.

The effect of temperature on the rate constant is given

by the Arrhenius equation 1,

« = Ae Ea/RT ()
where E is the activation energy and A is the frequen;:y factor.
Equation 1 can also be expressed in the logarithmic form 2.

logk ® log A - —2—— (1_) (2)
2.303R \T

Thus, plotting log k versus 1/T gives - E5/2.303R as the slope,
from which the activation energy can be obtained. The intercept is
log A. Both parameters were determined by the least squares
method.
For a gas phase reaction

OHE = E a” nRT (3)
where AHY is the enthalpy of activation and n is the order of the
reaction. For a first order reaction, equation 3 becomes

AH’ : Eg- RT (4)
From the transition state theory

k'T

k = x
h

b 3
e-au /IRT x e O0S* /R (5)

where k' and h are Boltzmann and Plank's constants respectively,
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. = 33.6 x 104 sec”?
0.5

Minutes

Figure 29. Plot of log (Eeo - Et) versus time for the thermolysis

of methylazo-3-propene (36) at 182.8°.

* E : emp in millivolts as obtained from the strip chart recorder.
The emp is proportional to the pressure on the transducer and
is linearly related to the internal pressure in the reactor.
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and OH¥ and 0S¥ are the enthalpy and entropy of activation

respectively. Combining equations 1, 4 and 5 gives an expression

forASt .

Ah :
ost = Rin —— (6)
K'Te
ost = 2.303 log + log A T
k'Te

Equation 7 was used to calculate the entropy of activation at 120.00.
The rate constants and the activation parameters are given in Table
XXVI.

The rate constant for the non-inhibited thermolysis of
methylazo-3-propene (36) was also evaluated from the amounts of
nitrogen produced. After heating a sample of 36 in a break-secal,
at ca. 57 torr and 131 .6o , the nitrogen produced was collected
and measured in the gas burct. The results at varying reaction
times are given in Table XXVIl. Rate constants were evaluated
from the following equation and are listed in the final column of the
table. Only a preliminary evaluation of the rate constant was made

-2.303

60 x t (min)

log (1 - N, /(361

as a dctailed study was not nccessary. 1he average rate constant
obtained by measuring the rate of the nitrogen production is 1.81 x
l()-5 sec-l and may be compared with that obtained by extrapolation
from the pressure increase data, 2.57 x 10.5 u:c.l at 131.60. The

rate measurement for the thermolysis of 3§ was also carried out in

the presence of xenon at 131 .60 (T able xXVIll). The rate constant
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obtained, 1.48 x 10'5 sec” ], is slightly lower than that at the
higher initial pressure of 36.

The rate constant for the non-inhibited thermolysis of
E}‘_t-butylazo-?:-propene (47) was obtained from the data produced
by measuring the rate of nitrogen production. The rate constant
at an initial pressure of 46 torr (11.87 /Lmoles of 47 in a 4.5 ml

-4 -
break-seal) at 122.3% 18 2.78 x 10 sec ! (Table XXIX).

(D) Inhibition by Nitric Oxide

Evidence was presented in the previous section that
shows that there is a chain in the thermolysis of methylazo-3-pro-
penc (36) and _t_c_x}-butylazo-3-pr0pene (47). Since nitric oxide (NO)
was found to be a better inhibitor in the azomethane thermolysis
than olefins (11), nitric oxide was chosen as the inhibitor in the
thermolysis of the azo compounds prepared in Section A.

Although an authoritative text states that reactions
between nitric oxide and the normal ethylenic bond do not occur
(121) Brown has reported that the reaction of nitric oxide with
isobutene occurs readily in the presence of traces of nitrogen
dioxide (NOZ) such as are usually present in samples of nitric oxide
(63). As a control experiment the reaction of 1-butene with nitric
oxide was carried out in order to test the inertness of olefinic bond
in the azo compound (Table XX, p. 94). The olefinic bond in the
azo compound is thus assumed to be stable toward nitric oxide at

o
temperatures lower than 130 .
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In a set of experiments designed to test the efficiency
of nitric oxide as a radical trap a number of mixtures of methylazo-
3-propene (36) and nitric oxide were prepared in such a manner
that the pressure of 36 was constant at 60 torr, but the ratio of
nitric oxide to 36 was varied from 0.0 to 1.04. The mixtures were
then heated to 125.9° for exactly 100 minutes. At a nitric oxide
to azo ratio of 0.06 or greater less than 0.5% (based on nitrogen
produced) of hydrocarbon products could be detected, see Figure 30.
The amount of nitrogen formed was at a minimum over the range
0.06 to 0.22. The recovered 3§ was measured by gc. Table XXX
indicates a satisfactory material balance.

The observed inhibition with nitric oxide is consistent
with the interpretation given in the previous scction. A reduction
in rate implies the removal of radicals 56, 57 and 58, or of their
precursor, the methyl radicals. Since the bulk of hydrocarbons
must be due to subsequent reactions of the methyl radicals, the
drastic reduction by nitric oxide of the yield of hydrocarbons
indicates the removal of the methyl radicals rather than removal
of the radicals 56, 57 and 58. Absence of the hydrocarbons suggests
that the methyl and allyl radicals are removed by the process,

CHy + NO -————>= CH,NO (39

cuz=cu.cnz- + NO ——3 CH,3CH-CH,NO (40
although it is generally appreciated that nitrosoalkanes react further

in a variety of processes (see historical section p. 26).
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boo7 -

0 0.2 0.4 0.6 0.8 1.0

voJ°r [36]°

Figure 30. Inhibited thermolysis of methylazo-3-propene (36) with

nitric oxide at 125.9° for 100 minutes.
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Since both 36 and nitric oxide contain nitrogen, and the
rate of the inhibited thermolysis with nitric oxide is measured by
the rate of formation of nitrogen, the accelerating effect of nitric
oxide i.e. the rate increase at high nitric oxide pressure, indicated
in Table XXX, could be due to the production of nitrogen either from
36 or from the nitric oxide. Experiments with the isotopic nitric
oxide (ISNO , isotopic purity 99, 6%) permit a distinction between
the two possible sources of nitrogen. An initial pressure of 58 torr
of 36 (ca. 30 /«.moles in a 16 ml break-seal) was kept constant and
the ratio of isotopic nitric oxide to 36 was varied from 0.047 to
0.915. The nitrogen produced was first measured volumetrically
and then an aliquot analyzed by mass spectrometry. Table XXXI
shows the results obtained by placing each tube in a bath at 126.35o
for exactly 90 minutes. The single-point rate constant based on
total nitrogen produced is indicated as kltc". Using mass 28,
corresponding to 14NMN a s the parent peak (1.00) the relative
values for peaks at mass 29 (lSNHN) and 30 (lSleN) are listed in
Table XXXI. There is in fact formation of moleculcs ls’NMN and
lsN”,N , indicating that part of the nitrogen is formed from l5NO.

A control experiment excludes the following isotopic exchange

reaction at the temperature of the experiment (Table XIX , p. 93).
144y +  15NO - _____s14NISN + 14NO (41

The values of kclorr in the pcnultimate column of Table XXXI were

14 14
calculated on the assumption that no N 'N was lost by an exchange

reaction. The natural abundance of lSNHN in ordinary nitrogen
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is 0.738 mole% (114), thus the contribution from this source is

0.00738 P, g and the fraction of nitrogen*, of natural isotopic

composition, from 36, f%‘é , is then :
2
f:}é _ 1.0037 + 0.5 P29/P30
N,

1.000 + P29/P28+ P3O/p28

The first order rate constants ktlot and k€°TT were

calculated according to the following equation:

tot

-2.303 N

Kot - log [1 - —2—

1 90 x 60 [26)

and

corr -2.303 38 E‘tot]

kl : — log 1 - N 2
90 x 60 —2 — =

[¢6)°

corr

The values of the rate constant kl given in the

penultimate column of Table XXXI are reproducible. A plot of
ktlo versus nitric oxide pressure, Figure 31, shows a rough
correlation (r = 0.901). Extrapolation to zero nitric oxide pressure

gives a rate constant of 7.99 x 10-6 sec! which compares favourably

with the average value of kcl:orr of 8.13 x 10-6 sec

conclude that if the nitric oxide does induce the thermolysis of 36 it

. We may

is not significantly detected, and that the products of thermolysis
36 in the presence of nitric oxide provoke a small conversion of

nitric oxide to nitrogen.

¢ The fraction of peak 28 (or 29) derived from the 0.4% mole% no
is 0.004 l“mll’za and is not significant.
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Figure 31. Plot of 108 K$% versus [Sno]°/ [16] © showing best

line from least square data.
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Since two radicals (methyl and allyl radical) are formed
per nitrogen molecule produced, a complete removal of the radicals
by nitric oxide according to reaction 39 and 40 should lead to the
consumption of two molecules of NO per nitrogen produced. The
amount of l"')NO frozen in the solid nitrogen trap was measured and
the quantity of 15NO consumed was calculated by subtracting the
recovered amount from the quantity orignally placed in the tube.

The results expressed as the number of moles of lSNO ‘consumed per
mole of nitrogen produced from 36 ( f%’éz Ntzot ) are listed in the final
column of Table XXXI. The ratios are in the range of 1.8 - 3.0,
except at the low pressure of l51’\!0. and rise gradually with increas-
ing 15NO pressure. These results are similar to those obtained by
Forst and Rice (11) in the thermolysis of azomethane at 303°. The
ratios less than two in the lower ltE‘NO pressures require an inhibitor
other than lSNO. Nitrosoalkanes are known to act as inhibitors,
_although less efficient than nitric oxide (69), since the nitroso
compounds formed according to reactions 34 and 35 are capable of

trapping radicals,

R-NO + CHy ————= R-N-OCH, (42
R-N-OCH. + CHy —-—> R
3 3 S N-OCH, [43
cHy”
R = CH_ . CH,-CH:CH,

The valucs larger than two at the high 15NO pressures coincide with

15 . .
the formation of nitrogen from NO as previously discussed.
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The formation of nitrogen from nitric oxide has been
postulated by several workers as due to a reaction with nitroso-
alkanes (11, 63-65).

Although previous investigators (9b, 11, 16) agree that
packing has little influence on the thermolysis of azoalkanes, an
inhibited thermolysis was carried out in a break-seal packed with
glass beads to check upon the surface effects. The surface to
volume ratio was varied over the range of 3.5t016.6 cm'l and
the thermolysis was carried out at 126.00° for 60 minutes. Table
XXXII shows no dependance of ktl"t and k‘l:o"r upon the surface to
volume ratio.

Table XXXIII lists single point rate constants for
various mixtures of nitric oxide, 36 and xenon over a range of
initial pressures. The nitric oxide and 36 pressures were kept
constant at 58 torr (NO/36 = 0.211) and the total pressure was
varied over the range of 58to 135 torr by adding xenon. Each
sample was then thermolyzed at 129.29° for 60 minutes. No
dependence upon the initial pressure was noted, indicating 58 torr is
abovec the pressure-sensitive region of the unimolecular decomposition
of 36.

The detailed rate studies of the thermolysis of 36 were
carried out at the optimum NO : 36 ratio of 0. 15 to 0.20. Under
these conditions the value of N"zot can be used directly to calculate
the rates with very little loss of precision and all of the chain

induced component of the reaction will be inhibited. Mixtures of
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Table XXXIII. Rate constants for the inhibited thermolysis of

methylazo-3-propene (36) at various total pressures at 129.290.

Total pressure Rate constant
torr 106 k, (ooc’l)

58 12,27

67 12.42

74 12.36

87 12,54

116 12.42

135 11.73

Av. 12.3 (o, 0.3)
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36 (30 - 40 /tmoles , ca. 40 torr) and nitric oxide (6 - 8 /tmoles .

6 - 8 torr) were allowed to react to 6% conversion. Rate constants
were evaluated from the slopes of the plots of - log (1 - NZ/ (36] ©)
versus time (T able XXXIV). The linearity of the plots displays
good first-order behavior (Figure 32). Kinetic studies were
carried out at five different temperatures. Equations 2 and 7 were
used to calculate the activation parameters, Ea' log A and ost.
The rate constants and the activation parameters are given in
Table XXXV.

Kinetic studies of the inhibited thermolysis of 1 -propyl-
azo-3'-propene (46) with nitric oxide were carried out in the same
manner as those of methylazo-3-propene (36) (Table XXXVI). The
rate constants and the activation parameters are given in Table
XXXVII. Some of the runs were carried out using the isotopic
nitric oxide l5NO. The results of the mass spectrometric analysis
of the nitrogen formed are shown in Table XXXVIII.

The gas phase thermolysis and nitric oxide inhibited
thermolysis of 3,3'-azo-1-propenc (52) were examined at 100.73°.
As is shown in Table XXXIX, rates are the same whether nitric
oxide was added or not.

E:ﬁ-Butyla.zo-?o-propcnc (47) was allowed to react in the
presence of isotopic nitric oxide, SNO. The products consisted of
nitrogen and isobutene. The fraction of nitrogen produced from
the azo compound was calculated in the same manner as for 36.

ﬂ . tot 4910 .
The plots of - log (1 - N LN, / 47]°) versus time, see
2
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- k, * 12.2x 1076 sec-!

0.015 |

0.010

-log(l - Nz’[lg:lo)

0.005

60

Minutes

Figure 32. Plot of -log (1 - N, / (36 °) versus time for the

inhibited thermolysis of methylazo-3-propene (36) at 129.52°.
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Ll'able XXXIX. Rate constants for the thermolysis of 3,3'-aso-1-
propene (52) at 100.73°.

(NO])°/ [s2]° Rate constant

108 k, (sec”))

0.165 4.06
0 4.00
0 3.35 (extrapolated)®

——

a B. Al-Sader and R. J. Crawford, Can. J. Chem. , 48, 2745 (1970).
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~log (1 - f:f [n, '] /G4
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Figure 33. Plot of - log (1l - f:zz [N;‘” / [51] °) versus time

for the inhibited thermolysis of tert-butylazo-3-propene (47) at

90.90°.
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Figure 33, gave good straight lines. The results of the product
analysis are shown in Table XL and the rate constants and
activation parameters in Table XLI.

Because of the isobutene and large amounts of lle SN
found as products from the isotopic l!-,NO reaction with 47 a sample of the
known 2-methyl-2-nitrosopropaneé was allowed to react with 15NO
and the nitrogen produced was submitted to mass spectrometric
analysis. The results in Table XLII indicate that the peak of mass
29 is largest suggesting that one of the nitrogens in the N2 produced is
from 2-methyl-2-nitrosopropane and the second from the nitric oxide.
The formation of isobutene was observed in the photolysis of di-

tert-butyl ketone in the presence of nitric oxide and proposed to be

consistent with the following sequence of reactions (119).
—‘——c —+ hY o 2(CH,,C- + CO [44)

(CH),C- + NO . +N0 (49
—+——N0 —_— >——= + HNO [4¢)
(CH,),C + NO -— —> >——— + HNO (47

HNO —— = products not identified [48)
generally (Hzo + NZO)

Levy and Copeland (17) reported that the thermolysis of
2.,2'-azoisobutane in the presence of nitric oxide gave not only iso-
butcne but also 2-methyl-2-nitrosopropane and proposed the following

mechanism, although they did not detect nitrous oxide NZO'
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__+_N:N_+_ — > 2(CH)C  * N, (49

(CH3)3C- + NO ——> >=—— 4+ HNO [4'8

2 HNO ——— > N, O + H,0 (s
The predominant formation of 14N15N in reaction of nitroso-tert-
butane with l‘:,NO is not compatible with the a.fore mentioned
mechanism which should produce NZO but not Nl 5N The
formation of 4N”"N requires a step where the nitrogen in nitroso-
tert-butane and the nitrogen in nitric oxide form a bond. The
following mechanism is consistent with the observed fate of the

nitroso compound in the presence of 15NO.

o
——+—“NO + 2 Yo —-\——“N/ NSy
| i
o

155

N\
o (51]

N
>= + 1N S l 14y .'5n-0'°No,
The formation of 14N14N and 15y15N in minor amounts is possibly

due to the exchange reaction between the nitroso compound and

nitric oxide (53).
! \ 15 14 o
.—i—— 4o + '5NO —> NO + 'No (52
| 15y0 + 215%NO0 — >= 15515n (53]
_ 4o + 2¥NO0—— >== + VNN [4)
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The production of 14N15N and the consumption of lsNO
are larger in the thermolysis of _t_glt-butylazod-propene (47) than
methylazo-3-propene (36) and 1 -propylazo-3'-propene (46). The
nitrosomethane and |l -nitrosopropane formed in the thermolysis of
36 and 46 are possibly removed by the isomerization to the corres-
ponding oximes (reactions 55 and 56), which is in competition with
reactions 57 and 58, while removal of the nitroso compound by

CH,NO ———> CHZ=NOH [55)

CH,CH,CH,NO CH,CH,CH=NOH (s6)
CH,NO + 2!°NO ——>CH3“N=‘5N-0NOZ—->“N‘5N 57
CH,CH,CH,NO + 2 15n0 ——>CH30HZCHZ“N=‘5N-0N02

{ (4
14N15N
isomerization of the oxime is not possible for nitroso-tert-butane

which predominantly produces l“lel"l and isobutene by reaction 51.

The kinetic parameters and the rate constants obtained

for methylazo-3-propene (36), 1 -propylazo-3'-propene (46), 3.,3'-

azo-l-propene (52) and Ef_r_t-butylazo-?o-propene (47) are listed in

Table XLIII. It is interesting to compare the ratios of the non-

inhibitied rate constant to the inhibited rate constant for 36, 41 and

52. Forst and Rice (11) defined 'chain length' as a non-inhibited

rate constant divided by an inhibited rate constant. The chain length

for 36. 47 and 52 at 122.3% are 1.6, 1.7 and 1.0 respectively. These
values correspond to the capability of the methyl, til_'_t-butyl and allyl

radicals to propagate chains. The value obtained for 36 and 47 are
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consistent with the chain propagating processes discussed in the
previous section and may be compared with the values of 1.77 - 3.35
and 1.2 obtained by Rice and coworkers in the thermolysis of azo-
methane and azomethane -g6 (11, 12). The chain length of 1.0 for
52 is consistent with the observation that only a very small amount
of propene was produced in the thermolysis of 36 and 32.

"The loga‘rithms of the relative rate constants based on
52, log k | kg, are calculated and listed in the final column of
Tablc XL}II t:make a choice between Scheme A (concerted cleavage
of both carbon-nitrogen bonds) and Scheme B (two step process)
according to the criteria proposed in the chapter titled research
objcctives. Figure 34 shows that for all the unsymmetrical azo
compounds studied, 36, 46 and 47, log kn, kg, falls in the dotted
region where the mechanism is best represented by Scheme B.

The k',LI ki; increases as the group R, is bulkier and
may be regarded as steric in origin. As indicated in the historical
section, steric effects are generally encountered in the thermolysis
of azo compounds.

The question may well be asked "What of 52, is the
symmetrical compound not proceeding via the same mechanism?"
Comparison of 46 and 52 at 122.30 demonstrates that the latter is
only 2.96 times faster. Because 32 has twice as many allyl groups
we must apply a simple statistical correction and the difference is

CH N, CH CH
cuy 2cuy” SN 2~cp” ¢ Relative rate

46 « 1.00
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Choice between Scheme A and Scheme B '

Figure 34,

Obserived

{

-2

Scheme B

Scheme A

Observed

{

/
/
/
Vd
0

-4

-6

Scheme B

Scheme A

Qbserved

-4 -2 0 1 log kﬁ/ ke,

-6

Scheme B

‘Scheme A
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/CH N CH CH Relative rate
cuf \cnz/ N neu? G
= 2.96
22

now a factor of 1.48. It is reasonable to assume that the steric
factors associated with the n-propyl and allyl groups are similar,
but not identical, and in view of the subtlety of rate and steric

factors (see Table VIII, p. 20) we may conclude that both compounds
are proceeding via the same sequential mechanism. ‘Because of the

rather Agood Polanyi plot observed by Al-Sader (6) it also implies

that all gas-phase azo compounds thermolyze via the two-step

sequential mechanism.

(E) Allylic Resonance Energy

It is of particular interest to compare the activation

energy obtained for 36, 46 and 32 (35.5 - 36.1 kcal mole~!) with

that of azoethane (48.5 kcal mole'l). The decrease in activation

energy, 12.4 - 13.0 kcal mole'l , may be attributed to a contribution
from the allylic resonance energy to the rate -determining transition
state, This is comparable to the value generally accepted (~12
kcal mole—l). Since the full significance of the allylic resonance
energy is manifested, the transition state is thus like the initial

cleavage products.

(F) Secondary Deuterium Kinetic 1sotope Effects

A further test of Scheme B, as outlined for 36 is readily

apparent from the work of Al-Sader and Crawford (6).
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CH _CH
3/ SN ~cu” z———>CH3-N=N- AN

36
CH -N:N. ——— CHy + N,

They observed that if Scheme A is operative the value of A'AGt
60 cal mole-!, but if Scheme B is operating then [AGt is 120 cal
mole-l. The latter result is far more acceptable when compared
with established values of JS’AG"t . It was pointed out that the allyl
radical may not be fully formed in the rate determining transition
state (6). Examination of methylazo- -3-propene-3,3-d (i’) would
give a more valid assessment of 5§0G* for the allyl-(_lz radical.

The nitric oxide inhibited thermolysis of 36 and methyl-
azo-3-propene-3,3-d, (43) was examined at 126.00° using lsNO.
The amount of nitrogen formed was measured volumetrically and
then analyzed by mass spectrometry. The fraction of nitrogen
coming from 36 and 43 was then calculated and plotted in the usual
manner (Table XLIV). Figure 35 shows plots for both the
corrected and uncorrected data and the rate constants are listed in
Table XLIV.

The unreacted 43 was recovered and analyzed by 100 Mc
nmr. Figure 25(p. 95 ) shows that the allylic proton signal at
§4.46 is completely absent indicating no scrambling during the
thermolysis.

The §0G?Y values obtained, 95 and 98 cal mole.l , are
cumparable to the values generally encountered in the thermolysis of

azo compounds where the transition of the fragmentation occurs late
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on the reaction coordinate (see Table XI in the historical section).
A relatively large §O G ¥ value obtained for methylazo-3-propene
(36) implies that the transition state is more like the product than

the reactant and that Scheme B is applicable to 33 as well as 43.
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CONCLUSIONS

(1) The ratios of the rate constant of the inhibited
thermolysis of methylazo-3-propene (36), 1 -propylazo-3'-propene
(46) and t_e_z_}-butylazo-S-propene (47) to that of 3 ,3' -azo-1-propene
(52), 0.138, 0.339 and 4.92, are consistent with Scheme B, where
only one carbon-nitrogen bond cleaves in the rate determining step.

(2) The decrease in activation energy, 12.4 - 13.0
kcal molc'l , on going from azoethane to 36, 46 and 33 is consistent
with the cleavage of one carbon-nitrogen bond in the rate determining
step, where the full significance of the allylic resonance energy is
manifested.

(3) The secondary deuterium kinetic isotope effect for
«-deuter ated methylazo-3-propene, §0G¥ =97 cal mole.l , is
consistent with the one bond cleavage mechanism where the transition
of the fragmentation occurs late on the reaction coordinate.

(4) The regular decrease in activation energy with
decrease in bond dissociation energy suggests that all gas phase
azoalkene thermolyses of symmetrical azo compounds proceed via

Scheme B.
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