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Thermal decomposition of two azobisamidines and their conjugate acids has been studied. In each case
the rate of decomposition of the first conjugate acid is considerably faster than that of the free base. Little or
no further increase is observed when the rates of decomposition of the second conjugate acids are measgred.
The efficiencies of radical production from the doubly charged, second conjugate acids are only slightly higher

than from the neutral azoamidines.
bination are small.

Careful studies of the decomposition of azobisiso-
butyronitrile (ABN)2—¢ and 1,1’-azocyanocyclohexane®
have shown that the rates of production of scavengeable
radicals from these initiators are less than twice the
rates of decomposition. The discrepancy is attributed
to coupling and disproportionation of geminate radical
pairs, formed by the primary decomposition process,
before the pair has been separated by diffusion. This
effect, which was first described by Franck and Rabino-
witch,® has been called the ‘‘cage” effect since the time
of encounter is prolonged, relative to the gas phase, be-
cause the geminate pair is surrounded by a ‘‘cage” of
solvent molecules.

The simple model for the ‘“‘cage’” effect treats all
molecules as hard spheres’® and takes no account of the
effects of positive or negative interaction potentials be-
tween the radicals on the competition between coupling
and separation by diffusion. Such factors are difficult
to include in the theoretical treatment in more than a
formal sense so an experimental approach to their
evaluation is indicated. A particularly interesting case
is that in which pairs of electrically charged. radicals
are generated. Comparison of the extent of geminate
recombination in such a case with that observed with
similarly constituted, neutral radicals should provide
preliminary orientation as to the effect of electrostatic
repulsion on geminate recombination. The need for
such orientation is illustrated by the fact that this
question has arisen in connection with discussions of the
various possible mechanisms of the benzidine rear-
rangement. Since kinetic studies shiow that the rear-
rangement is usually a two-proton process, the observed
intramolecularity of the reaction would require exten-
sive geminate coupling of pairs of cation radicals if the
reaction does involve a radical mechanism. At least
one author® has rejected the mechanism completely on
the basis of the expectation that electrostatic repulsion
should reduce geminate coupling to a negligible level.

Comparison of the efficiencies of radical production
from azobisamidines and their second conjugate acids
seemed to provide a reasonable means for preliminary
evaluation of electrostatic effects on geminate recom-
bination. As has been recently reported,® the dihydro-
chloride of azobisisobutyramidine undergoes decompo-
sition at a convenient rate and initiates the polymeriza-
tion of vinyl monomers. We wish to report a study of
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We conclude that electrostatic effects on the extent of geminate recom-

the efficiency of radical production from this compound,
the neutral amidine and a related acid—base pair.

Results and Discussion
The compounds studied were azobisisobutyramidine
(ABA, 1) two derived salts IIa and IIb, azobis-N,N'-
dimethyleneisobutyramidine, (ADMBA, III) and the
derived dinitrate IV. Decomposition of the first
conjugate acids was also studied although the mono-
salts were not isolated.

CH CH
HN 3 ("* NH
/C—-(ll—-N==N—-(!3—C\
HN CH, CH, N
1 (ABA)
HN,_ c!Ha CH, _NH,
X~ + ’:/:C—-(l}—-N=N—-C—-C§_ + X
H.N CH; ()JHa NH,
IIa, X = CI=(ABA-2HCI)
b, X = NO;~(ABA-2HNO;)
N CH CH
ch/ \ | 3 T a/ \CHz
l C—C—N=N—C—C l
HC_ /| |\ _CH;
ﬂ CH, CH;

1II (ADMBA)

N N
Hz?/ \ (!:Ha CIJI;I_SC/” “CH, -
NO;~ + C—C—N=N—C—_+ L NOs
Hzc\ 1/ I | \ } 2
N Hs CHs N
H H
IV (ADMBA-2HNO;)

Choice of a solvent for the study was not a trivial
problem. Amidinium ions are so weakly acidic that
they cannot be stoichiometrically neutralized in aqueous
solutions. Furthermore, hydrolysis becomes rather
rapid in solutions in which the pH is above 12. On the
other hand, bisamidinium salts are sparingly soluble in
most organic solvents. Fortunately the dinitrates of
both ABA and ADMBA proved to be soluble in di-
methyl sulfoxide (DMSO) which is also an adequate
solvent for the free bases. Although decomposition
products have been studied, a material balance has not
been obtained in any reaction. Dougherty?!® reported
the isolation of a sertes of products from the decomposi-
tion of ABA.2HCI in water. All products isolated may
be considered to be derived from hydrolysis of tetrameth-
ylsuccinamidine (V) or tetramethylsuccinimidine (V)I.
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The nitrate of VI was isolated in 359, yield from the
decomposition of ABA.2HNOQ; in DMSO, Similarly, a
28% yield of the nitrate of bisamidine VII was isolated
from the products of decomposition of ADMBA-2HNO;
in DMSO. The mother liquor from which the salt was
isolated was subjected to hydrolysis and an ether ex-
tract of the oily product was subjected to gas chroma-
tography. The chromatogram indicated the presence
of several compounds, one of which was tentatively
identified as isobutyric acid by comparison of retention
times. Decomposition of ADMBA in DMSO gave
a new compound which was apparently isomeric with
VII. The compound gave a rather complicated n.m.r.
spectrum in chloroform solution, showing multiple
resonance signals in both the methyl and methylene
regions of the spectrum. However, in 159, sulfuric
acid solution the compound shows the very simple
spectrum expected of VII. A sample dissolved in
dilute aqueous acid initially showed a spectrum very
similar to that of chloroform solutions, but slowly
changed to the simpler spectrum shown immediately
by solutions in more concentrated acid. We conclude
that the product isolated by concentration of the DM-
SO solution is an unsymmetrical isomer of VII, such as
VIII
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No attempt was made to isolate products from de-
composition of neutral ABA; however, it was deter-
mined that a large amount of ammonia was produced,
indicating that coupling to form V, followed by cycliza-
tion to VI, occurred. Isolated yields of pure products
were not high in any case but infrared spectra of mother
liquors indicated the presence of comsiderable addi-
tional amounts of the same, or similar, products. The
results suggest that decomposition gives amidinoalkyl
radicals which react principally by carbon—carbon cou-
pling with some disproportionation. The results are
similar to those which have been observed in the de-
composition of azonitriles?!! and azoesters.!?

Since little is known about the reactivity of DMSO
toward free radicals it was conceivable that the solvent
might react as a radical scavenger. This possibility was
rendered improbable by the observation that decom-
position of ABN in DMSO gives an 899 yield of tetra-
methylsuccinonitrile.

Decomposition Rates.—Rates of decomposition of
the azo compounds were measured by monitoring
the evolution of nitrogen. The results are summarized
in Table I.

The values for the rates of decomposition of AAB
salts in water are very similar to those measured by
Dougherty! for ABA-2HCI using a spectrophotometric
method. It is also noteworthy that solvent effects on
the decomposition rates are almost negligibly small.
Activation parameters calculated for ADMBA.
2HNO; in DMSO are: AHF = 26 kcal. mole—! and
AS* = +1eu.; those for ADMBA in DMSO-cumene

(11) A, F. Bickel and W. A. Waters, Rec. trav. chim., 69, 1490 (1950).
(12) A, F. Bickel and W. A. Waters, ibid., 69, 312 (1950).
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TABLE 1
FIRST-ORDER RATE CONSTANTS FOR DECOMPOSITION OF AZzo-
AMIDINES

Azo compound T, °C. Solvent k X 105, sec, ™!
ABA-2HCI 70  Water 15.2 2= 0.3
ABA-2HNO; 60 DMSO-cumene® 4.86
ABA-2HNO; 70  DMSO-cumene® 15.3
ABA-2HNO; 70 DMSO 17.6
ABA 70  DMSO 0.368 = 0.003°
ADMBA-2HNQO; 60 DMSO 20.6 = 0.4
ADMBA.2HNO; 60 DMSO-tetralin® 21.3
ADMBA-2HNO; 60 DMSO-cumene® 20.0 0.9
ADMBA-2HNQO; 70 DMSO 66.4 &= 0.4
ADMBA2HNQO; 70 DMSO-cumene 69.7 = 1.2
ADMBA.2HNQO; 75 DMSO 108
ADMBA 60 DMSO-tetralin® 1.09
ADMBA 75 DMSO-cumene® 8.04 &+ 0.14
ADMBA 8 DMSO 17.9
ADMBA 80 DMSO-cumene® 13.9 0.1
ADMBA 85 DMSO-cumene? 26 £ 1

@ Two volumes DMSO to one volume of co-solvent. * Total
rate of gas evolution, nitrogen plus ammonia.
are: AH* = 29 kcal. mole~! and ASF = +7 eu.

Since the data are limited and the temperature ranges
small, these values must be considered approximate.
Measurement of the rate of decomposition of ABA
was fraught with difficulty because ammonia was
evolved along with nitrogen. The decomposition rates
were very slow at temperatures of interest for the prin-
cipal purpose of this study. Consequently it was not
practical to measure the value of V. accurately. Sev-
eral attempts were made to estimate the rate of nitro-
gen evolution by inclusion of acidic scavengers in the
vapor space. The rates of gas evolution were de-
creased substantially, but the results were not quanti-
tatively consistent. In one run the rate of ammonia
production was measured by passing a stream of nitro-
gen through the reaction mixture and into standard
aqueous acid. The pH of the solution was monitored
with a pH meter and additional aliquots of standard
acid were added whenever the pHroseto 7. During the
early part of the run the data were erratic and small
details of experimental procedure were continuously
revised. Good data were collected between the
100th and 190th hours; the experiment was then ter-
minated. The reaction mixture was maintained at 70°
throughout the experiment. The rate of ammonia
evolution decreased during the period when good data
were obtained. An attempt was made to fit the data

to eq. 1 and 2. The value obtained for x was 1.35.
—d[ABA]/dt = ko[ABA] (1)
d[NH;]/dt = xkABA] (2)

This is physically unrealistic if it is assumed that cycli-
zation is very fast in comparison with decomposition,
since x should be 1.0 or less. The result almost cer-
tainly indicates that the loss of ammonia by the eycliza-
tion reaction is not fast enough to allow tetramethyl-
succinamidine to be treated by the steady state ap-
proximation, .e., a significant amount ‘of amidine must
have been accumulated in solution during the first
hundred hours of the reaction. Since it appeared that
only a very tedious study would allow accurate dissec-
tion of the rate of gas evolution from ABA the proj-
ect was abandoned in favor of a quantitative study of
ADMBA which evolves no gas other than nitrogen on
decomposition.

The fact that the decomposition of ABA-2HNO; and
ADMBA .2HNOQ; is much faster than the rates of de-
composition of the neutral amidines is intriguing. The
acceleration might be attributed either to stabilization
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of the radicals by protonation or to relief of electrostatic
repulsion, in the second conjugate acids, by the decom-
position reaction. The question was resolved by
studying the rates of decomposition of the first con-
jugate acids. Slightly different methods were used for
investigation of ABAH* and ADMBAH®*, In the
former case, measured amounts of concentrated hydro-
chloric acid were added to DMSO solutions of ABA. The
rates were estimated by measurement of the initial
rates of nitrogen evolution. The results, which are
summarized in Table II, are expressed in terms of
pseudo-first-order rate constants according to eq. 3.

d gas/dt = kTs (3)
Ts = [ABA] + [ABAH*] + [ABAH,*+]
Since amidines are much stronger bases than ammonia,
we presume that comparable fractions of the gas were
ammonia in all of the runs reported in Table II.1?
TasLE II

INI1TIAL RATES oF Gas EvoLuTioN FROM ABA wITH ADDED
HyprocHLORIC Acip IN DMSO AT 70°

TABA: 1HC1],

moles/]l, X 104 moles/1. X 108 k X 108, sec. ™t
Any 0 3.68°%
2.526 1.12 15.62
2.506 4.33 21.88
2.521 6.25 30.12

% From Table I.

The variation of the rate of decomposition of ADM-
BA with varying acid concentration was investigated
by studying the rates of nitrogen evolution from solu-
tions from weighed amounts of ADMBA and ADMBA.-
2HNO;. Data for gas evolution were plotted against
time and tangents to the curves were determined at
times after initial irregularities!* had subsided. The
values of pseudo-first-order rate constants were cal-
culated by use of eq. 4

dNa/dt = E(Tg)e™* (4)
The values of & are summarized in Table III.

TaBLE III

IN1TIAL RATES OF NITROGEN EVOLUTION FROM MIXTURES OF
ADMBA anp ADMBA-2HNO; 18n DMSO aT 60°

ADMBA® ADMBA-2HN O3,
mole X 104 moles X 104 kX 104, sec, -t
0.471 1.355 '1.98
.256 1.331 2.11
.824 1.051 2.03
745 0.810 1.84
.809 0.399 1.29
None 1.198 2.06
0.635 None 0.101

¢ Amount of material dissolved in 5 ml. of DMSO.

The values of the pseudo-first-order rate constants
should be given by eq. 5.

kT = ko[B] + &[BH*] + k[BH,*+| (5)

The values of b, and k, are known. Therefore, the
value of By can be calculated if the concentrations of
the three species B, BH* and BH,*+ are known or as-
sumed.!® Since the amidines are very strong bases,
virtually all of the acid in the system will exist as either
BH* or BH,*+. The relative amounts of the three

(13) The relative amounts of NH; and N in the gas from the ABA sys-
tems are not known; however, (NHs)/(N2) < 1 by the stoichiometry of the
reaction, In order to calculate k1 from eq. 5, each k in Table II is divided
by 2. This gives the maximum correction and will make values of ki
minimum values,

(14) The rate of gas evolution was slow and irregular daring the first
few minutes of all runs. This effect is attributed to changes in the rate of
reaction and the vapor pressure of the solvent during the warm-up period,
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amidines will be determined by the ratio of the basicity
constants Ky and K, Semiquantitative examination
of the data shows that the values of &, for both systems,
must be larger than values of k,. The data in Table
IT show that addition of a small amount of acid pro-
duces a large increase in the decomposition rate. The
only alternative would be to assume that the second
basicity constant K, is much larger than K,, a most un-
likely possibility. The data in Table III are even more
convincing. The value of the pseudo-first-order rate
constant does not decrease measurably when substantial
amounts of B are added to BH,;**. This is only pos-
sible if most of the B is converted to BHT with the rate
of decomposition of the latter being virtually the same
as the rate of decomposition of BH,**. In order to
interpret the data, it is also necessary to assume that no
significant change occurs in the distribution of the total
azoamidine among the three species during the early
part of an experiment (15-209, conversion). This as-
sumption is imminently reasonable because the prod-
ucts probably are comparable to the reactants in ba-
sicity. Subject to the assumptions stated, we may cal-
culate the values of &, as a function of assumed values
of Ki/K,. The results are summarized in Table IV.
The calculated values are very nearly the same if the
ratio is assumed infinite as they are if the ratio is as-
sumed to be four, the value expected on a statistical
basis if the inherent basicity of all amidine groups is
assumed to be the same.

TaBLE IV

RATE CONSTANTS FOR DECOMPOSITION OF AZOAMIDINES AND
AzOAMIDINIUM IONS

Assumed
value of kX 105,
Species T, °C. Ki/K> sec, !

ADMBA 60 . 1°
ADMBAH* 60 4 25 &= 3b
ADMBAH * 60 20 = 1°
ADMBH,++ 60 . 20.6 = 0.4°
ABA 70 .. 0.2°
ABAH® 70 4 6 = 1°
ABAH* 70 © 6 = 1°
ABAH,*++ 70 . 17°

@ Measured; see Tables I and II. * Calculated from data in

Tables II and TII.

The results lead immediately to the conclusion that
relief of electrostatic repulsion is not a significant ac-
celerating factor in the decomposition of the second
conjugate acids. Of course, this does not mean that no
electrostatic repulsion exists; the transition state for
decomposition may be expanded relatively little com-
pared to the ground state of the iomn.

A second point of interest arises. Common opinion
holds that the decomposition of azo compounds in-
volves complex fragmentation with simultaneous break-
ing of both C-N bonds. The best evidence in support
of this view comes from consideration of the rates of de-
composition of symmetrical and unsymmetrical azo-
alkanes.’® The rate of decomposition of propane-2-
azomethane is approximately the geometric mean of
the rates of decomposition of the two symmetrical
compounds. Substituent effects on the rates of de-
composition of 1l-azobis-1-phenylethanes!® give the
same implication. The results imply that the rate of
fragmentation of R—N=N-—R' is sensitive to factors
influencing the stability of both R and R’; that is, the
driving force due to radical stabilization is cumulative.
Application of the same argument to the data reported

(13) H. C. Ramsperger, J. Am. Chem, Soc., 49, 912, 1485 (1827); B0,
714 (1928); 81, 2134 (1929).
(16) 8. G. Cohen, S. J. Groszos and D). B, Sparrow, 1bid., 72, 3947 (1950).
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TABLE V
EFFICIENCY OF RaDIcAL PRODUCTION FROM Az0 CoMpPOUNDS IN DMSO-HYDROCARBON MIXTURES
{Inhibitor]s, IRN:zR o,
Initiator T, °C. Solvent?® moles X 104 moles X 103 £1, min. a

ABN 70 DMSO-cumene 1.78 4.02 27.4 0.573

ABN 70 DMSO-cumene 2.09 3.05 42.9 .578

ABN 70 DMSO-cumene 2.09 3.05 43.1 .576

ABA-2HNO; 70 DMSO-cumene 1.01 0.250 119.3 .609

ABA:2HNO; 70 DMSO-cumene 0.544 261 46.5 += 0.8 .60 % 0.008

ABA-2HNO; 70 DMSO-cumene .522 .261 44 .4 3 0.1 .598 3 0.008

ADMBA -2HNO;, 60 DMSO-tetralin .582 .210 44.7 .66

¢ Solvent prepared with two volumes DMSO and one volume of hydrocarbon.

here would lead to the conclusion that decomposition of
azoamidines is stepwise. The activation entropies for
decomposition of ADMBA and ADMBA-2HNO; are
+7and +1 e.u., respectively. These values fall within
a range which appears ‘‘normal” for azo compounds,
e.g., azobisdiphenylmethane, 42 e.u.,” ABN, 43
eu.,’® and azobis-1,1’-phenylethane, +7.1% Conse-
quently the criterion suggested by Bartlett!® for de-
tection of concerted fragmentation reactions does not
point to any mechanistic discontinuity in the decom-
position of azo compounds. Neither criterion can be
considered as rigorous for establishment of mechanism
so we merely suggest that the timing of decomposition
of azo compounds be retained as an open question.
Efficiency of Radical Production.—There are two
general procedures for measurement of rates of radical
production in solution, measurement of the rate of
disappearance of a highly reactive scavenger and
measurement of the rate of a radical chain reaction
initiated by the radical source. The latter procedure
does not yield absolute values for rates of radical gen-
eration unless the rates of other steps in the chain
process are known independently; however, compari-
son of data obtained with two initiators gives their
relative efficiencies directly if their individual decom-
position rates are known. Data from any measure-
ment must, however, be carefully scrutinized. Power-
ful scavengers may undergo unwanted side reactions
with the initiators, or the stoichiometry of scavenging
reactions may be uncertain. The rates of chain reac-
tions may be affected by inefficient utilization of pri-
mary radicals for reasons other than geminate recom-
bination, or by reaction of chain-carrying radicals with
the initiator. Such complications have been encoun-
tered in this study, but we feel that by suitable choice
of experiments we have been able to arrive at reliable
values for the efficiencies of ABAH,*+, ADMBA and
ADMBAH,*+. A tentative value for the efficiency of
ABA has also been obtained but is less certain because
of the above-mentioned complication, due to evolution
of ammonia, in estimation of the rate of decomposition.
We have not attempted to measure the efficiency of
radical production from the first conjugate acids.
Rates of Radical Production from Second Con-
jugate Acids.—Scavenging by iodine is obviously not
feasible because iodine reacts rapidly with amidines.!®
Therefore, we turned to scavenging by oxidation in-
hibitors. The method, which has been described
in detail elsewhere,? involves measurement of the in-
hibition periods produced by known amounts of anti-
oxidants. Unless the radicals from the initiator are ex-
ceptionally unreactive toward oxygen, the method has
the advantage that the radical being scavenged is al-
ways RO;, usually derived from an oxidizable hydro-
carbon in the reaction mixture. Consequently, stoi-
chiometric relationships established with one initiator
(17) S. G. Cohen and C. H. Wang, J. Am. Chem. Soc., T7, 2457 (1955).
(18) C. G. Overberger, M. T. O’Shaughnessy and H. Shalit, ibid,, 71,
2661 (1949).
(19) P. A. Bartlett and R. R. Hiatt, ibid., 80, 1398 (1958).

b Amount dissolved in 25.0 ml. of solvent.

are likely to be applicable to another. The inhibitor
used in this study was 2,6-di-teri-butyl-p-cresol which
is known to stop two oxidation chains per molecule.
The inhibition periods for oxidation in DMSO initiated
by ABAH,*+ and ADMBAH,*+ were well defined.
The efficiency factors were calculated from eq. 6.
_ [inhibitor],

~ [RNaRIg(1 — e™*4)

where k£ = rate constant for decomposition of RN,R
and # = duration of the inhibition period.

For purposes of comparison the efficiency of initiation
by ABN was also determined in the same reaction
medium. All data are summarized in Table V.

Rates of Radical Production from Free Bases.—
Attempts to use the oxidation-inhibition method with
the unprotonated azoamidines as initiators led to
unexpected results. The rates of oxidation initiated
by the free bases were unexpectedly slow and, conse-
quently, the inhibition periods were detectable but
poorly defined. The rates of uninhibited oxidation
with ADMBA, ADMBAH,*+ and ABN as initiators
were measured and are summarized in Table VI. The
low value for the rate of oxidation using ADMBA could
conceivably be attributed to inefficient radical produc-
tion from ADMBA. However, the value of a seemed
very low and measurement of the oxidation rate in a
mixture containing both ABN and ADMBA (Table
VI) showed that the azoamidine inhibits the rate of
oxidation initiated by ABN. Obviously the amidine
is an oxidation inhibitor of low potency.

(6)

a

TaBLE VI
INITIATION OF OX1DATION BY ADMBA AT 60°

ADMBA,* ABN,,® ADMBA-2Hy*° Ro, moles?
moles X 105 moles X 103 moles X 10% sec. "1 X 108

11.85 0 0 0.68

0 2.71 0 5.3

0 0 2.10 17.3

4.17 2.71 0 0.93
o Amount dissolved in 5 ml. of 2:1 DMSO-tetralin. * R, =

(—=dOe/dt)o.

There is precedent for the belief that amidines act as
oxidation inhibitors.?2® Since the oxidation curves ob-
tained with both ABA and ADMBA in the presence of
di-t-butyl-p-cresol showed inhibition periods, although
poorly defined, it was possible to make rough estimates
of the initiation rates. The value for a calculated for
ADMBA was 0.4. A value of 0.4-0.5 was calculated
for ABA. Although no high level of confidence can be
placed in these numbers, the one for ADMBA is re-
markably close to those determined by the method de-
scribed below.

Since oxidation did not appear to be a suitable reac-
tion for determination of the rates of radical production
from neutral azoamidines, we turned to vinyl polymeri-
zation. Methyl methacrylate was chosen as the mono-

(20) Danish Patent $4,773 (to A/S Niro Atomizer) (Sept. 9, 1946);
Chem. Abstr., 41, 988a (1947).
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mer. Arnett?! has previously shown that polymeriza-
tion of this monomer in the presence of ABN follows
the usual rate law, eq. 7.

kp[M](ak[RN,R])!/2

RP= kt1/2 (7)

where k2, = rate constant for chain propagation and
¢ = rate constant for chain termination.

If a series of polymerizations are carried out under
identical conditions with two initiators, the relative
rates of polymerization can be used to calculate the
ratio of the two efficiency factors if the rates of decom-
position of the initiators are known.

Rpi/Rpy = 01'/2(k1 [RNoR]1)'/2/as!/2(ke[RNGR]2)/2 - (8)

Table VII summarizes data from polymerization at
69.8° initiated by ABN, ADMBA and ADMBA.2-
HNO;. The results indicate that the value of a for
ADMBA is 0.67 times that for ABN., Arnett? esti-
mated the a factor for ABN as about 0.6, a value which
is quite consistent with efficiencies of the initiator in
other solvents, The data indicate that the efficiency
of ADMBA is approximately 0.4. A disturbing fact is
the value of 0.2 for the efficiency factor for ADM-
BAH,** indicated by the data. Since this value is
much lower than that obtained from the oxidation

TaBLE VII
INITIATION OF POLYMERIZATION OF METHYL METHACRYLATE AT
69.8°
[In]o, Rpy,

Initiator moles/1, X 10* moles/l./sec. X 103 kpal/ﬂ/ktl/z"
ABN 3.25 8.39 1.010
ABN 3.25 8.31 1.001
ABN 3.25 8.68 1.046
ABN 3.25 8.66 1.044
ADMBA 2.96 5.68 0.825
ADMBA 2.96 7.14 1.087
ADMBA 2.96 5.45 0.792
ADMBA 1.49 4.37 .893
ADMBA 1.49 4.10 .837
ADMBA-2HNO; 1.41 12.33 610
ADMBA-2HNO; 1.41 12.08 .597

¢ Calculated from the equation, R, = (k,':[RN:R]"/:[M])
kpa'/2/R/2. Values of &, used in the calculations were: ABN,
4.9 X 1075 sec.™'; ADMBA, 3.7 X 107% (from activation
energy); ADMBA-2HNO;, 6.7 X 10~ ¢sec.”!. * Sample known
to have become warm during digestion with methanol.

experiments, we suspect that it is in error. A reason-
able explanation is found in the hypothesis that ami-
dinium radicals show abnormally low rates of addition
to methyl methacrylate and are consequently involved
extensively in chain termination. The matter was not
further investigated with ADMBA -2HNO; but we
were concerned that the same phenomenon might be in-
volved in initiation by the neutral amidine. For this
reason experiments were carried out using two concen-
trations of the azoamidine. If inefficient utilization of
radicals were involved the apparent value of a should
increase as the concentration of initiator is decreased.
Although the precision of the results leaves something
to be desired, there is no indication that the value of
koa'/*/ki'/: varies with initiator concentration. Fur-
thermore, it is not unreasonable that the reactivity of
the amidinium radical IX toward methyl methacrylate
1s exceptionally low. The relatively rapid rate of de-
composition of the azobisamidinium salts indicates
that rather stable radicals are produced. Furthermore,
the fact that the radical bears a positive charge should
make it unreactive toward electron-deficient mono-
mers.

(21) 1.. M, Arnett, J. Am. Chem. Soc., T4, 2027 (1952).
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IX

Conclusions.—There seems to be little doubt that
there is significant inefficiency in the production of
“free” radicals in the decomposition of bisazoamidinium
salts. We attribute the inefficiency to geminate
recombination of the cation radicals formed in the
primary decomposition process. Although there is
more than usual uncertainty in the measurements of the
efficiencies of radical production from the mneutral
azoamidines, it seems fairly certain that the efficiencies
of these compounds are somewhat lower than those of
the second conjugate acids. The difference between the
values for the salts and the free bases could be at-
tributed to reduction of the coupling rate because of
electrostatic repulsion between the radicals. How-
ever, even this conclusion is by no means firm. Com-
parison of the rates of decomposition of the azo com-
pounds indicates that the cation radicals are more
stable than their neutral analogs; this factor alone
could reduce the extent of geminate coupling. The ef-
ficiency factors are summarized in Table VIII.

We suggest that in any solvent in which second con-
jugate acids can be formed, enough of the positive
charges, formally borne by the radicals, will be dis-
persed into the solvent to allow coupling to occur
with high rates.

TaBLE VIII

EFFICIENCY OF RADICAL PRODUCTION FROM AZOAMIDINES AND
THEIR SALTS

Azo compound Method of measurement a
ABA Oxid. inhibition 0.45 %= 0.05
ABA2HNO; Oxid. inhibition 0.60
ADMBA Oxid. inhibition 4
ADMBA Vinyl polymn. .4
ADMBA -2HNO; Oxid. inhibition .66
Experimental

Materials.—Dimethyl sulfoxide (DMSO), Crown—Zellerbach
technical grade, was purified in the following manner. After a
preliminary distillation at reduced pressure the distillate was
shaken with Linde Co., Type 4A, Molecular Sieve. The dry
DMSO was filtered through Celite in a dry-box under an atmos-
phere of dry nitrogen and redistilled at 0.2 mm. through a 12-in.
Vigreux column. A center fraction boiling at 45° was collected
for use. Cumene, Matheson, Coleman and Bell, was shaken
with portions of concentrated sulfuric acid in a separatory funnel
until the acid layer was not decolorized. The material was then
washed with several portions of water and dried over anhydrous
magnesium sulfate. The solvent was then distilled at reduced
pressure (20 mm.) and the center fraction distilling over the
range 49-50° was collected for use. Tetralin was puriﬁed. in the
same manner as cumene. The tetralin used in these studies was
obtained from Dr. L. Mahoney. Methyl methacrylate (MMA)
was purified according to the method of Arnett.2? The purified
monomer was stored in a tightly sealed brown bottle in the re-
frigerator. Azobisisobutyramidinium chloride (ABA-2HCI)
was obtained from the Verkes Research Laboratory, E. I. du
Pont de Nemours Co., Buffalo, N. Y. The chloride was re-
crystallized from water before use in kinetic experiments. Azo-
bisisobutyramidinium nitrate (ABA -2HNO;) was prepared from
the chloride by addition of an equivalent amount of aqueous
silver nitrate. The silver chloride was filtered off and the nitrate
was precipitated by addition of a large quantity of acetone and
recrystallized from ethyl alcohol; m.p. 162° dec. Amnal. Caled.
for CsHxNsOs: C, 29.63; H, 6.22; N, 34.55. Found: C,
29.75; H, 6.30; N, 34.45.

Azobisisobutyramidine (ABA).—In a typical experiment, 9.2 g.
(0.4 mole) of sodium was added to 300 ml. of dry methanol (pre-
viously distilled from magnesium). After all the sodium had
dissolved, a 54.2-g. (0.2 mole) sample of ABA -2HCl was added to
the methanol solution. During addition of the chloride, and for
1 hour thereafter, the solution was stirred with a magnetic
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stirrer. The solution was then filtered through a sintered glass
funnel, and the clear yellow filtrate was evaporatively distilled
under aspirator vacuum at 35°. The residual solid material was
added to 400 ml. of chloroform and the solution was filtered.
The yellow chloroform filtrate was evaporatively distilled at 35°
under aspirator vacuum, and the resulting solid was dried in
vacuo over phosphorus pentoxide and recrystallized from meth-
anol; m.p. 139° dec. Anal. Caled. for CsHisNg: C, 48.46;
H, 9.15; N, 42.39. Found: C, 48.20; H, 9.30; N, 42.55.
A sample of recrystallized material was added to 1 N hydrochloric
acid. TUpon addition of acetone to this solution, a solid was
isolated which gave an infrared spectrum (Nujol mull) identical
with authentic ABA-2HCI. An ultraviolet spectrum of a solution
(2.78 1072 M) of ABA in DMSO exhijbited the characteristic
azo absorption; Amax 3700 A., € 30 liter mole™! cm. ™.

Azobis-N,N’-dimethyleneisobutyramidine (ADMBA).—A
10-g. sample of ABA-2HCI was dissolved in 100 ml. of 987
ethylenediamine with stirring at room temperature. After a few
minutes a white solid precipitated. The solid was separated by
filtration and recrystallized first from chloroform and then from
dry methyl alcohol; m.p. 122.5° dec. Anal. Caled. for Cy-
HxNe: C, 57.56; H, 8.86; N, 33.57. Found: C, 57.65; H,
8.97; N, 33.46. The bisamidinium chloride was prepared by
passing anhydrous hydrogen chloride through a chloroform solu-
tion of the free base. Anal. Caled. for C2HauNsCla: C, 44.58;
H, 7.49; N, 26.00; CI, 21.94. Found: C, 44.48; H, 7.51; N,
25.88; Cl, 21.86. The bisamidinium nitrate was prepared by
addition of an equivalent amount of concentrated nitric acid to a
solution of the free base in ethyl alcohol. The precipitate was
removed by filtration and recrystallized from water; m.p. 146.5°
dec, Amal. Caled. for CHyN:zOs: C, 38.29; H, 6.43; N,
29.77. Found: C, 38.27; H, 6.29; N, 29.82. Thermal de-
composition of the salt in DMSO yields the calculated amount of
nitrogen.

Tetramethylsuccinodinitrile—A 165-g. sample of azobisiso-
butyronitrile was dissolved in 1300 ml. of carbon tetrachloride.
Dry nitrogen was bubbled through the solution for 15 minutes.
The inlet tube was sealed off and the flask and contents were
heated at reflux with continuous stirring for 48 hours. The sol-
vent was evaporatively distilled at room temperature under
reduced pressure until a crystalline mush remained in the flask.
The residue was filtered on a coarse sintered glass funnel and the
resulting white solid was dried at room temperature to give 113.4
g. (849 yield) of product, m.p. 114-125°, The solid was sub-
limed at 80° under aspirator vacuum and white crystals were ob-
tained, m.p. 153-158°. Recrystallization of this material from
petroleum ether gave crystals, m.p. 166-167°.

Tetramethylsuccinic Anhydride.—A 23-g. sample of TMSN
was hydrolyzed in 100 ml. of 809 sulfuric acid according to the
method of Thiele and Heuser.2? The product was obtained in
87% yield.

Tetramethylsuccinimide (TMSI). was prepared according to
the method of Auwers and Gardner??; vield 83%. The imide,
twice sublimed at 90° (2 mm.), gave white crystals, m.p. 186.8~
187.8° (lit. m.p. 187°). An infrared spectrum of TMSI showed
two carbonyl absorptions at 1730(s), and 1785(m) cm. ™.

Thermal Decomposition of ABN in DMSO.—A 5.0-g. sample of
ABN was dissolved in 100 ml. of DMSO. Dry nitrogen was
passed through the solution for 3 minutes. The solution was
heated at approximately 70° for 39.5 hours with continuous stir-
ring. The yellow reaction mixture was continuously extracted
with pentane for 20 hours. At the end of this period two layers
were observed in the receiver flask. The pentane layer was
evaporated and yielded 0.1 g. of solid material which was sub-
limed at 90° (745 mm.) giving pure white crystals; 20 ml. of
water was added to the second layer. A solid material precipi-
tated from solution and was filtered off; weight 1.8 g. This
DMSO-water solution was further extracted with several por-
tions of pentane in a separatory funnel. Evaporation of the
pentane (500 ml.) gave 0.5 g. of a solid.

The remaining 80 ml. of the original reaction mixture was re-
moved from the extraction apparatus and 100 ml. of water was
added to it. The solution became cloudy, but no detectable
amount of precipitate was obtained. This aqueous DMSQ solu-
tion was continuously extracted with pentane for 44 hours. The
pentane layer was evaporated and 1.1 g. of solid material was
isolated. The aqueous DMSO layer was then shaken with
several portions of pentane in a separatory funnel. Evaporation
of the pentane yielded 0.3 g. of white crystals.

The total weight of solid material isolated was 3.7 g. (89%
yield). This was shown to be tetramethylsuccinodinitrile by
comparison of its infrared spectrum with that of authentic
material. The solid was sublimed twice at 90° (745 mm.). No
significant amount of residue remained after sublimation. This
sublimed material had a m.p. of 150-155°. Authentic TMSN
which had been subliined had a m.p. of 153-158°.

(22) J. Thiele and K. Heuser, Ann., 290, 1 (1896).
(23) K. Auwers and J. A. Gardner, Ber., 28, 3622 (1840).
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Thermal Decomposition of ABA-2HNO; in DMSO.—A 1.5-g.
sample of ABA -2HNO; was dissolved in approximately 25 ml, of
anhydrous DMSO and dry nitrogen was bubbled through the
solution for approximately 30 minutes. The nitrogen inlet tube
was then sealed off and the flask was immersed for 30 minutes in
an oil-bath pre-heated to approximately 100°. Nitrogen evolu-
tion was observed only during the first 15 minutes of reaction.
The reaction mixture was evaporatively distilled at reduced pres-
sure leaving a light yellow solid. The distillate had an ammonia-
cal odor. The solid was washed with anhydrous ether and the
washings were discarded. The solid material was then dissolved
in anhydrous methanol and the methanolic solution was heated
and filtered to remove trace insoluble impurities. This solution
was then concentrated with stirring under a vacuum bell jar at
reduced pressure (~135 mm.) until solid material began to pre-
cipitate. The flask containing this solution was stoppered and
placed in the refrigerator for 24 hours. The solid material was
filtered from solution on a sintered glass funnel and dried in
vacuo; weight of this material is 0.35 g., m.p. 293-297°, yield
based on the empirical formula 359%,. Anal. Calcd. for tetra-
methylsuccinimidinium nitrate, CsH;sN:Os: C, 44.43; H, 7.46;
N, 25.91; 0, 22.20. Found: C,44.52; H, 7.58; N,
24 .84,

A 0.2-g. sample of this salt and 20 ml. of a 169, sodium hydrox-
ide solution were placed in a 50-ml., single neck, round-bottom
flask fitted with a reflux condenser. The solution was heated at
The reaction mix-
ture was acidified with 6 N hydrochloric acid and a solid pre-
cipitated from solution. The solid and water layer were ex-
tracted with two 200-ml. portions of ether and the combined
ether extracts were evaporated. A yellow oily residue remained
which crystallized upon further evaporation in vacuo. An in-
frared spectrum of the crude solid product was identical with
that of an authentic sample of tetramethylsuccinimide.

Thermal Decomposition of ADMBA:2HNO; in DMSO.—A
2.0-g. sample of ADMBA -2HNO; was dissolved in 25 ml. of
DMSO. The reaction vessel containing the solution was im-
mersed in an ice~water-bath and degassed. The solution was
then allowed to thaw to room temperature iz vacuo. The outlet
of the vessel was connected to a mineral oil bubbler. Dry nitro-
gen was bubbled through the solution for several minutes after
the degassing procedure. The vessel was then heated at 70° for' 3
hours. Solvent was then removed by evaporation at 45° (1
mm.) leaving a smooth carmel-colored mush weighing 2.21 g. A
10-ml. portion of absolute ethyl alcohol was added to the residue,
giving a white solid and a yellow solution. The solid was sepa-
rated by filtration and washed with absolute ethylalcohol and the
solid was dried over phosphorus pentoxide. The weight of the
solid was 0.54 g., vield based on the empirical formula 29.27,.
This material chars at 217°, and melts at ~ 225° with decom-
position. Anal. Caled. for bis-N,N’-dimethylenetetramethyl-
succinamidinium nitrate, CyH.NsOs: C, 41.37; H, 6.94; X,
24.13; 0O, 27.56. Found: C, 41.36; H, 6.80; N, 24.05. An
n.m.r. spectrum of this material in deuterium oxide shows two
sharp singlet resonances at 85 and 240 c.p.s. (60 Mc.p.s.; ref-
erence, tetramethylsilane, external) in the ratio 12:8. A proton
signal for water is visible at 282 c.p.s. An n.mr. spectrum of
ADMBA - 2HNO; in deuterium oxide shows two sharp smglets at
94 c.p.s. and 245 c.p.s. in the ratio 12:8. These are identified as
CHs-C- and N-CH.-C protons, respectively. The water res-
onance signal is found at 283 c.p.s. The infrared spectra (I\u;ql
mull) of ADMBA -2HNO; and the solid product are almost identi-
cal. Each possess the characteristic bands at: C-N stretch,
1750 c(w), 1600(s) and 1460(s)cm.™; a broad nitrate ion band
at 1400-1250 cm.™". The fingerprint regions are superimposable
with only minor variations. i

In a second reaction, a 2.0-g. sample of ADMBA-2HNO; was
dissolved in 20 nil. of DM SO and decomposed in the same manner
as described above. The resultant reaction mixture was evap-
orated until only 2-3 ml. of solvent remained. To this solution
was added 10 ml. of 209, sulfuric acid. The resultant solution
was divided into two parts, each of which was placed in a tube
with a constricted neck. The tubes were sealed and immersed in
an oil-bath at 78° for 5days. At the end of this period, the tubes
were opened and the combined contents extracted w1th.severa1
portions of ether totaling 100 ml. The etherlayer was dried over
magnesium sulfate and evaporated to a total volume of 1-2 ml.
The resultant ether solution was orange and smelled very chh
like isobutyric acid. A preliminary analysis of this ether solution
was done by vapor phase chromatography, using a 7-ft. Carbo-
wax 20 M column at 160° in an Aerograph Corp. vapor phase
chromatography instrument. The majority of the peaks were
broad and exhibited marked tailing. Retention times for the com-
ponents are referred to the ether peak. The chromatograph indi-
cated components having retention times of 1.7, 3.2, 9.9, 19,
23.5 and 34.3 min. A sample of authentic isobutyric acid and
tetramethylsuccinic anhydride in ether gave three peaks. Re-
tention times based on the ether peak are 17.3 and 36.5 min. for
the acid and anhydride, respectively. A sample of isob}ltyrlc acid
and the reaction mixture were mixed. The peak giving the re-
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tention time of 19 min. in the reaction mixture increased in size in
comparison to the other peaks.

Thermal Decomposition of ADMA in DMSO.—A 6.8-g. sample
of ADEBA in 200 ml. of DMSO was flushed with dry nitrogen
and heated at 90° for 3 hours. The reaction mixture was con-
centrated to approximately 100 ml. by evaporative distillation at
reduced pressure. The solution was filtered and the solid was
washed with ether and dried in vacuo over phosphorus pentoxide;
weight 1.50 g. This solid was dissolved in excess chloroform and
filtered to remove small amounts of insoluble impurities., The
chloroform solution was concentrated until solid began to pre-
cipitate from solution and was then placed in the refrigerator.
The solid was filtered from solution and dried over phosphorus
pentoxide ¢# vacuo; softens at 171°, m.p. 174-176°.

An n.m.r. spectrum was taken of a solution of this solid in
chloroform. " This spectrum is complex and has not been analyzed.
The spectrum showed the following resonances: sharp singlets at
72 and 75 c.p.s., a weak singlet at 82 c.p.s., and a broad singlet
at 92.5 c.p.s. The region between 165 and 275 c.p.s. shows a
series of complex multiplets. Proceeding downfield, the first
multiplet appears at first glance to be a triplet; however, the
three signals have maxima at 172.5, 177.5 and 184 c.p.s. The
central signal has a shoulder at about 178-179 c.p.s. indicating
that the multiplet might be composed of two superimposed
doublets centered at 175.5 and 180.5 c.p.s. (J =~ 6 c.p.s.). A
similar multiplet is visible further downfield with maxima at 209,
215 and 220 c.p.s. Again, a shoulder on the central signal at
approximately 213 c¢.p.s. is visible. This could correspond to
two superimposed doublets with J &2 6 ¢,p.s. The next multiplet
consists of 8 resolvable components at 226 and 231.5 c.p.s.
(minor); 238.5, 245, 250 and 256.5 c.p.s. (major); and 268.5
and 273.5 c.p.s. (minor). The components designated as minor
are considered to arise from a different compond from that cor-
responding to the major components. The major components
exhibit fine structure which may be second-order splitting, or due
to overlap of more complicated multiplet patterns. Integration
gives the following results: the ratio of the protons giving signals
between 0 and 100 c.p.s. to those giving the complicated multiplet
patterns from 150-275 c.p.s. is 31.1 to 17.7 or approximately 14
to 8. The broad singlet at 92.5 c.p.s. accounts for 2.2 of the 14
protons in the region 0-100 c.p.s. The complex multiplet con-
sisting of 8 components accounts for 3.7 protons in the region
150-275 ¢.p.s., and the two ‘‘triplet’’ patterns at ~215and ~177
c.p.s. account for 2.2 and 2.0 protons, respectively. The n.m.r.
spectrum of ADMBA in chloroform gives a very simple spectrum
consisting of a sharp singlet at 881 c.p.s. and a broad singlet at
221 c.p.s. which are in the ratio 14 to 8.1 by electronic integra-
tion. The higher field singlet has a small shoulder on the low
field side. It is assumed that the higher field signal corresponds
to the C-CH; and N-H protons while the lower field signal is due
to the C—~CH:—N protons.

The n.m.r. spectrum of the unknown solid material in 159,
sulfuric acid is extremely simple. The solvent signal, which ob-
scures the region immediately below 300 c.p.s., and only two other
sharp singlets are observed at 94 and 248 c.p.s. in the ratio of 1
to 7.2, respectively. The n.m.r. spectrum of ADMBA in 15%
sulfuric acid gives two sharp singlets at 98 and 249 c.p.s. in the
ratio 12 to 8.0, respectively. The signals for ADMBA are identi-
fied as the C~CHj protons and the C~-CH,—H protons, respectively.

The infrared spectra of hoth the unknown solid product and

ADMBA differ considerably. A sharp band present at 3430
cm. ™! in the spectrum of ADMBA is absent in the unknown.
The unknown shows strong bands at 1700 and 1650 cm. ™!, while
ADMBA shows a single strong band at 1625 cm.™. The band
at 1625 cm.™ for ADMBA exhibits a weak shoulder at about
1560 cm. ™, while the band at 1650 cm. ™ for the unknown has a
slightly more pronounced shoulder at 1575 cm. ™. A broad band
from 1410-1425 cm. ™ is present in both spectra, but more intense
for ADMBA. The unknown shows moderately strong bands at
1375 and 1300 cm.™!; while ADMBA possess a weaker doublet
(1375 and 1360 cm. ') and an intense broad band at 1275 cm. ™,
The remainder of the fingerprint regions in each spectrum are
practically superimposable.
. Further concentration of the DMSO filtrate (45° (1 mm.)) us-
ing a rotary evaporator gave 0.5 g. of solid material which gave
an n.m.r. spectrum in chloroform identical with that of the first
isolated solid. The total yield of solid material based only on
loss of nitrogen from ADMBA is 33.6%.

The residual reaction mixture consisted of a viscous dark
orange liquid. An n.m.r. spectrum was taken of this crude
material in chloroform. The region of 50-100 c.p.s. is quite
complicated, consisting of a series of closely spaced signals at 70,
78.5, 77, 80, 81.5, 86, 88 and 93 c.p.s. The DMSO solvent signal
appears at ~162 c.p.s. and two strong singlets at 220 and 223
c.p.s. are present. A broad singlet is also present at 345 c.p.s.
The signals given above are almost as intense as the solvent signal,
indicating that the viscous orange liquid still contains a large
concentration of products. An infrared spectrum of a chloroform
solution of this orange liquid appears to be a superposition of the
spectra for the unknown solid and ADMBA,
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Measurement of Rates of Nitrogen Evolution,—The rate of gas
evolution was monitored manometrically. Constant pressure
was maintained by means of a mercury reservoir which was
raised or lowered by a spindle driven by an electric motor. The
motor was activated by a relay which was in turn controlled by
a thermocap (Niagara Electron Laboratories) clamped onto a ref-
erence mercury manometer. Changes in gas volumes were
measured with gas burets sealed into the system, The tempera-
ture of the reaction vessel was controlled by circulating water
from a constant temperature bath through an outer jacket sur-
rounding the reaction chamber. The solutions were stirred by a
Teflon enclosed magnetic bar driven by a magnetic stirrer. Be-
fore rates of nitrogen evolution were measured, the system is
evacuated and refilled with nitrogen three times. The apparatus
is very sensitive and gives excellent results in runs in which the
total change in gas volume is 5 ml.

Attempts to Remove Ammonia from Gas Evolved from ABA.—
(a) A vessel was modified in the following manner. An additional
length of glass tubing was added above the reflux condenser.
This section was thermostated by the condenser water jacket.
A plug of glass wool was inserted into this tube so that it rested
at the point where the top of the condenser was attached to the
bottom of this tube. Fine boiling chips which had been soaked in
sulfuric acid were then poured onto the glass wool plug in suffi-
cient amount to fill the tube. A 0.200-g. sample of ABA was
placed in the gas reaction vessel and 3 ml. of DMSO was added.
The rate of gas evolution was monitored giving a rate constant %
= 5.0 X 107%sec. ™1, ) i

(b) The modified gas apparatus reaction vessel descr1b§d in(a)
was used. Instead of filling the tube witlh boiling chips, fine
crystals of p-toluenesulfonic acid monohydrate were used. A
layer of Drierite and a plug of glass wool were placed on top of the
acid crystals. A 0.2017-g. sample of ABA and 5 ml. of DMSO
were added to the reaction vessel. The rate of gas evolution at
70° was monitored giving a rate constant £ = 2.6 X 107
sec. ™!,

(¢) A second reaction vessel containing concentratled sulfuric
acid was connected to the thick-walled capillary manifold of thre
gas apparatus between the normal reaction vessel and the first
gas buret. A 0.02153-g.sample of ABA and 5 ml. qf DMS_Oowere
placed in the reaction cell. The rate of gas evolution at 70° was
monitored giving a rate constant of 3.2 X 1078 sec.™!.

Ammonia Evolution from ABA.—A 2.0035-g. (0.0101 mo.le)
sample of ABA was dissolved in 50 ml. of DMSO. The reaction
vessel was designed so that nitrogen gas could be passed through
the solution and out of the vessel during a decomposition run.
A piece of Tygon tubing connected the outlet of the reaction
vessel to a 600-ml. beaker fitted with a large rubber stopper con-
taining five holes. Two of the holes were fitted with Bepkman
glass and calomel electrodes. The third hole was fitted w1t'h the
tip of a micro-buret, the fourth with a sintered glass gas disper-
sion tube, and the fifth was used as a gas outlet. The beaker
was filled with sufficient water to cover the electrodes and the gas
dispersion tube. The electrodes were connected toa Beckman
model G pH meter and the reaction vessel was immersed in a
thermostated oil-bath, regulated at 70°. Dry nitrogen gas was
passed simultaneously through, and above, the reaction mixture.
A known volume of standardized 0.0968 N hydrochloric acid was
added to the water solution in the second vessel. The pH of the
solution was recorded as a function of time. When the pH of the
solution reached approximately 7, another aliquot of acid was
added to the solution. No detectable amount of ammonia es-
caped from the water solution. Plots of pH vs. time were made,
and the time interval between two identical pH readings (nor-
mally pH 6.2-6.6) gave the time required for the evolving am-
monia to neutralize the known amount of added.acld.. The
average rate of ammonia evolution over this given time interval
was then calculated. The data are presented in Table IX.

Oxidation rates were measured with either the same apparatus
used for study of rates of nitrogen evolution or with the apparatus
described earlier.?* )

Polymerization of Methyl Methacrylate.—A weighed sample
of the initiator was placed in a 25-ml. volumetric flask and dis-
solved in sufficient DM SO to bring the solution to volume. After
the solution was thoroughly mixed, a 5.0-ml. ahquot.of each
DMSO solution was pipetted into a 50-ml. volumetric flask.
The flask was stoppered and weighed. Sufficient purified methyl
methacrylate was then added to each flask to bring the solution
to volume, The flasks were again stoppered and weighed.
The concentration of monomer was determined from the weight
difference. Ten-ml. aliquots were taken from each 50-ml. ﬂqsk
and transferred to 18 X 150 mm. culture tubes (anble) \gvh1ch
had been constricted near the top. The tubes were immediately
attached to a vacuum manifold and degassed by four freeze—
thaw cvcles (freezing in a slurry of solid carbon dioxide and iso-
propyl alcohol). The tubes were sealed off under vacuum and
allowed to warm to room temperature. All of the tubes were

(24) C. E. Boozer, G. 8. Hammond, C. E. Hamilton and J. N. S2n, J.Am
Chem. Soc., T7, 3233 (1953).
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TaBLE IX
RATE OF EVOLUTION OF AMMONIA FROM ABA 1N DMSO at 70°

Reaction dNHs/d¢ X 108
time, Al, Equiv, acid (R X 10%),
hr.® min. added X 105 equiv./hr.

103.56 28.5 1.94 4.08

104.13 38.3 2.90 4.55

104.66 26.7 1.94 4.35

122.50 30.1 1.94 3.86

123.03 29.7 1.94 3.91

123.57 30.6 1.94 3.80

125.58 31.7 1.94 3.66

126.21 47.1 2.90 3.70

126.88 31.0 1.94 3.75

147.00 35.2 1.94 3.30

147 .58 35.0 1.94 3.32

148.18 36.1 1.94 3.22

148.82 35.7 1.94 3.25

195.18 47.8 1.94 2.43

196.37 94.8 3.87 2.45

% The reaction time refers to the total time of reaction corre-
sponding to the rate of ammonia evolution listed in the fourth
column. It is an average value of the reaction times at the be-
ginning and end of a given neutralization. Data prior to the
103-hour reaction time have been obtained but there is extremely
large scatter due to poor experimental technique.

then simultaneously placed in a constant temperature bath reg-
ulated at 69.8°. An initial drop in temperature of 0.4° was
noted. The bath re-equilibrated in less than 7 minutes. After a
predetermined length of time the tubes were removed from the
bath and immediately quenched by cooling with ice-water, and
then immersed in a slurry of carbon dioxide in isopropyl! alcohol.
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The total length of time (to the nearest minute) from initial
immersion of the tubes in the constant temperature bath, to
quenching in ice-water, was taken to be the reaction time. The
tubes were stored in solid carbon dioxide in the dark until analysis
was performed. Analyses were carried out within 2 days of the
kinetic run.

A typical analysis for polymer content will be described. The
tube was warmed to room temperature and carefully broken
open. Previously, a Waring blender had been filled with approxi-
mately 500 ml. of absolute methyl alcohol. The speed of the
blender was controlled by a Variac. The alcohol solution was
stirred at a moderate speed and the contents of the tube were
rapidly, but carefully, poured into the blender. The tube was
washed with several small portions of benzene and the washings
were transferred to the blender. When all of the reaction mixture
had been transferred, the blender speed was increased and the
heterogeneous mixture was stirred for 4-5 minutes. The super-
natant liquid and solid flocculent polymer were rapidly trans-
ferred to a 1-liter erlenmeyer flask with the aid of a large powder
funnel taking care to avoid loss of polymer due to seepage of
liquid down the side of the blender container. The sides of the
blender container were scraped with a spatula while a stream of
methanol was directed on them to remove a small amount of
residual polymer. These washings were transferred to the 1-liter
erlenmeyer flask, The funnel was also carefully washed. The
heterogeneous mixture in the flask was then filtered through two
dry and preweighed sintered glass crucibles with the aid of an
aspirator vacuum. The flask was rinsed with several washings of
methyl alcohol and these were passed equally through the two
crucibles. The crucibles were covered with filter paper and
allowed to stand at room temperature for several hours. The
crucibles were then dried in an oven at 70° for 45 minutes, allowed
to cool and weighed.
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The Kinetics of Ring Opening of Styrene
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The kinetics of styrene episulfide ring opening have been studied in various solvent media and over a wide

range of acid strengths.
ment reaction.

Similar studies on styrene epoxide appear to fail because of a competing rearrange-
The rate data from runs in water—alcohol solutions have beer correlated with the S.-C. cri-

terion,!» providing a basis for concluding that an Al mechanism does not prevail under these conditions. The
corresponding data in purely aqueous solutions, however, when correlated by means of the w and Z.—H. criteria?
appear to suggest to the contrary. Some attempt has been made to reconcile these contradictions and to unify
the conclusions which are obtainable when the S.—C. and w criteria are concurrently applied.

Introduction

One of the general objectives of our program of study
is to establish the nature and extent of differences in re-
activity introduced by substitution of a sulfur for an
oxygen atom in analogous structures. The results we
are reporting here were obtained in the effort to charac-
terize the acid-catalyzed episulfide ring opening reaction
for comparison with the corresponding epoxide reaction.

Pritchard and Long have studied the kinetics of sol-
volysis of ten epoxides in aqueous perchloric acid.?2 On
the basis of these and related studies??—¢ these authors
have concluded that an Al mechanism (rate-determin-
ing unimolecular ring opening of the conjugate sub-
strate acid) prevails. The keystone in their argument
is their finding?® that log % is proportional to —H, in
every case, consistent with the Zucker—-Hammett (Z-H.)
criterion.? However, this conclusion has been disputed

(1) For previous papers in this series see: (a) H. Kwart and L. B. Weis-
feld, J. Am. Chem. Soc., 80, 4670 (1958); (b) H. Kwart and A. L. Goodman,
ibid., 83, 1947 (1960); (c) H. Kwart and M. B, Price, ibid., 82, 5123 (1960);
(d) H. Kwart and J. A. Herbig, tbid., 88, 226 (1963),

(2) (a) J. G. Pritchard and F. A. Long, ibid., 78, 2667 (1956); (b) 78,
#008 (1956); (c) 79, 2365 (1957); (d) 80, 4162 (1958); (e) F. A. Long,
J. G. Pritchard and F. E. Stafford, ibid., 79, 2362 (1957).

in several cases on the basis of other criteria which sug-
gest that the reaction of the conjugate substrate acid
with hydroxylic solvent is rate determining.* Re-
cently, also, Bunnett has developed an empirical cri-
terion for acid-catalyzed mechanism in aqueous solu-
tion® which, when applied to the data of Pritchard and
Long,? appears to support the nucleophilic participation
of water in the slow step of epoxide hydrolysis.®d

In our approach to the study of the analogous epi-
sulfide ring opening reaction we have also sought to
compare deductions reached by means of several
mechanistic criteria with the purpose of determining, if
possible, where the limitations may lie in the application
of each. Thus, it was necessary to examine reaction
rates over a range of ethanol-water and acid concentra-
tions in order to apply the solvent composition crite-
rion.!* Data obtained for the reaction rates in aque-
ous solutions as a function of concentrations varying

(3) L. Zucker and L. P. Hammett, ibid., 61, 2791 (1939).

(4) See ref. 1b and J. Koskikallio and E. Whalley, Trans. Faraday Soc.,
58, 815 (1959), for the detailed treatments which dispute the Al mechanism
proposed.?®

(5) (a) J. F. Bunnett, J. Am. Chem. Soc., 83, 4956 (1961); (h) 88, 4968
(1961); (c) 88, 4973 (1961); (d) 83, 4978 (1961).



