
Solvolysis of oc,a'-Dichloroazoalkanes J. Org. Chem., Vol. 40, No. 24, 1975 3529 

Substituent Effects on the Solvolysis of a&-Dichloroazoalkanes. 
Evidence for Open Aza-allylic Ion Intermediates on Reaction Pathway1 

A. F. Hegarty* and J. A. Kearney 

Chemistry Department, University College, Cork, Ireland 

Received January 27, 1975 

Reaction of a,d-dichloroazoalkanes 9 in 7:3 dioxane-water at 2 5 O  shows consecutive kinetics. The spectropho- 
tometrically detected intermediate is shown to be a 1-aryldiazoethane (11 or 13); this is stable in basic solution 
but undergoes rapid nitrogen loss in acid. The rate-determining step in the conversion of 4-dichloroazoalkanes 
to diazoalkanes was investigated in detail and shown to be the formation of a stabilized carbonium ion species. 
This is consistent with a large solvent effect (m = 1.20) and the observation of a rate depression by chloride ion. 
With symmetrically disubstituted substrates (9, Ar' = Ar2), electron-donating groups aid reaction ( p  = -3.68). 
However, when the substrates 9 are not symmetrically substituted (Ar' # Ar2) the data deviate markedly from a 
simple Hammett relationship and this is rationalized in terms of the formation of an open aza-allylic intermediate 
(10) rather than a symmetrical chloronium ion (19). The intermediate 10 does not give the expected diazoalkane 
(11) directly on fragmentation; instead the isomeric material (13) is formed preferentially. To explain these re- 
sults a mechanism for the formation of diazoalkane 13 from 10 is suggested involving the chloronium ion 19 as an 
intermediate or transition state. 

Extensive mechanistic studies have been carried out on 
the 1,4 addition of halogens to 1,3-dienes (l) ,  including bu- 
tadiene,2 isoprene: and their 2,3-diaza analogs? In all 
cases the ionic reaction is stereospecific, leading only to the 
trans isomer 4. This observation has been used to rule out 
the intermediacy of a bridged cyclic intermediate of type 5, 
since it has been rationalized that nucleophilic attack by 
halide ion on 5 would necessarily lead to a cis product 6. In- 

k 

x x 
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stead an open vinyl cation (3) or a 1,2-bridged cation (2) 
has been proposed as intermediate. However, recent work 
at low temperature in SbFpS02 has clearly established the 
existence of tetramethylenehalonium ions, which are the 
saturated analogs of 5.5,6 Moreover, solvolysis studies have 
indicated 1,4-halogen participation in the solvolysis of 
w-halo-2-alkyl to~yla tes .~  

We have investigated in some detail the mechanism of 
solvolysis of the dichlorides 9. These are the diaza analogs 
of the dihalides 4. It  has been suggested4 that the pathway 
for the chlorination of the diene and the solvolysis of the 
dichlorides are similar; thus our observation of both open 
and bridged chloronium ion species in the solvolysis of 9 is 
also relevant to the preferred pathway followed in the halo- 
genation of 1. 

Results and  Discussion 
A. Preparation of a&-Dichloroazoalkanes. The sym- 

metrical 2,3-diazabuta-1,3-diene ("ketazine") substrates 8 
were prepared directly by the reaction of 2 mol of the ap- 
propriate aromatic ketone with 1 mol of hydrazine. How- 
ever, when a ketazine was required with two different sub- 
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stituents in Ar' and Ar2, the intermediate hydrazone 7 had 
to be isolated. Such unsubstituted hydrazones are normally 
unstable, rapidly disproportionating to give the ketazine 
and hydrazine. However, electron-withdrawing substitu- 
ents in Arl (e.g., Arl = p-NO&& or p-clC~H4) provide 
some stability to the hydrazone and where possible the syn- 
thetic route used (Scheme I) took advantage of this. 

Several methods are available for the chlorination step. 
Thus, for example, reaction is reported to proceed well 
when the ketazine is dissolved in petroleum ether: meth- 
ylene chloride: sulfur dioxide, or acetyl chloride, and treat- 
ed with ~ h l o r i n e . ~  Earlier workersg chlorinated the ketazine 
a t  -60' in the absence of solvent and we have found this to 
be the preferred procedure for the preparation of the novel 
unsymmetrical materials 9 (Ar' # Ar2). 

Malament and McBride4 have shown that in solution the 
diazabutadiene 8 (Arl = Ar2) exists a t  equilibrium in the 
preferred configuration shown, with the bulky aryl groups 
remote from each other, The chlorination is stereospecific 
(see below) so that only one product, the meso isomer 9 
(Arl = Ar2 = Ph), is formed. Although the stereochemistry 
of the dichloride formed was not investigated as part of this 
work, we found no kinetic evidence that mixtures of iso- 
mers were present. 

We were unable to obtain the normal chlorination prod- 
ucts 9 when both aromatic rings had strongly electron- 
withdrawing groups. Thus the ketazine 8 with Ar* = Ar2 = 
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Figure 1. Repetitive scans of the ultraviolet spectrum of 9 (Ar' = 
Ar2 = p-ClCGH4) in 7 : 3  dioxane-water at 2 5 O ;  the time interval be- 
tween the various scans is ca. 2 min. 

p-N02C~H4 remained unchanged when treated with chlo- 
rine a t  -60" after 6 hr. At higher temperature extensive 
decomposition occurred. The m-nitroazine (8, Arl = Ar2 = 
m-NO#&) behaved similarly, but the o-nitro material 
(8, Arl = Ar2 = o-NO&&) gave a high yield of the hydro- 
chloride of the starting ketazine on attempted chlorination. 

B. Kinetic Experiments. The solvolyses of a,a'-dichlo- 
roazoalkanes 9 were studied in 7:3 (v/v) dioxane-water at  
2 5 O .  Under these conditions with a typical substrate (9, Arl 
= Ar2 = p-ClCsH4) two consecutive reactions were ob- 
served. This is clearly shown by the absence of tight isos- 
bestic points in repetitive scans of the ultraviolet region 
(see Figure 1 for a typical example). This result is surpris- 
ing in view of Benzing's report that the solvolysis of 2,2'- 
dichloro-2,2'-azopropane (followed by N2 evolution) in 85% 
aqueous acetone gives good  kinetic^.^ 

Although the spectral change with time on solvolysis of 9 
(Ar' = Ar2 = p-ClCsH4) a t  a single wavelength showed an 
initial increase in absorbance followed by a decrease (or 
vice versa), it was possible to follow both reactions by a 
careful choice of wavelength. Thus no spectral change was 
observed at  260 nm for the second reaction; the change in 
optical density a t  this wavelength was thus used to follow 
the first reaction. Similarly the first reaction showed little 
change in optical density a t  310 nm and the second reac- 
tion was best followed at  this wavelength when the first re- 
action was essentially complete. It was more difficult to es- 
timate the rate constant for the second reaction when its 
rate was equal to or faster than that of the initial reaction; 
under these conditions it was usually possible to estimate 
the rate constant using the T~~~ technique for series first- 
order reactions of Frost and Pearson.1° Normally, however, 

Table I 
Observed Rate Constants for the Solvolysis of 

9 (Arl = Ar* = p-ClCeH4) in 7:3 Dioxane-Water a t  25" 

Salt (0.01M) I O 3 k l r a  sec-' IO3 k Z , b  sec-' 

NaN, 7.2 C 

NaOAc 7.2 C 

NaC10, 11.0 8.9 
NaCl 2.6 3.6 
NaOH 4.5 C 

HC104 6.0 C 

a Followed at 260 nm.  * Followed at 310 nm. No subsequent 
rate observed. 

Table I1 
Rate Constants for the Solvolysis of 9 

(Arl = Ar2 = p-ClCsHa) in  7:3 Dioxane-Water at 
25" in Presence of Added Chloride Ion 

0.00 0.10 11.0 
0.02 0.08 6.9 
0.05 0.05 4.9 
0.08 0.02 3.4 
0.10 0.00 2.6 

0 0.01 M NaOH added to suppress second reaction ( h z  - 0). 

the reaction conditions could be manipulated (see below) 
so that just one of the steps was rate determining and good 
first-order kinetics were then obtained. 

A schematic reaction Scheme I1 is presented. A is the 
starting dichlorodiazoalkane 9; we have carried out a de- 
tailed kinetic study to determine the nature of the ultimate 
products C and the intermediate B and of the rate-deter- 
mining steps for the first and second reactions, kl  and k 2 ,  
respectively. 

Scheme I1 
k k 

A - B ~ C  

1. Solvolysis under Neutral  and Basic Conditions 
(kl). The observed rates of solvolysis of 9 (Arl = Ar2 = p -  
C1C6H4) in 7:3 dioxane-water in the presence of various 
added salts are presented in Table I. As regards the first 
step (kl), perhaps the most significant observation is that 
the reaction shows a remarkable insensitivity to the pres- 
ence of acid or base. Also the rate is increased by salts such 
as sodium perchlorate and shows a depression in the pres- 
ence of sodium chloride, a salt with a common ion.ll The 
latter effect was examined in more detail (Table 11); these 
measurements were made, for convenience, in the presence 
of 0.10 M added hydroxide ion in each case since this sup- 
presses the second reaction and good first-order kinetics 
were obtained in each case. 

In addition, the rate of the first reaction is very sensitive 
to the aqueous fraction of the solvent, increasing sharply 
with the ionizing power of the medium (Table 111). The 
Grunwald-Winstein m value calculated is 1.20; a value of 
this magnitude (m for tert-butyl chloride is 1.0) is strong 
evidence for an S N 1  dissociative-type mechanism for the 
first step.12 

These data, taken together, support a mechanism involv- 
ing rate-determining C-Cl bond fission for the first step 
(Scheme 111) and confirm the earlier work of B e n ~ i n g . ~  The 
charge on the ion formed, 10 (Arl = Ar2 = p-ClC6&), can 
be stabilized by delocalization onto the adjacent azo nitro- 
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Table I11 
Rate Constants for the Solvolysis of 9 (Arl = Ar2 = 
p-ClCsH4) in  Varying Dioxane-Water Mixturesa 

Dioxane-water lo3 Robsd, 

55:45 62 
60:40 28 
65:35 10 
70:30 4.5 
75:35 2.2 

a Measured at 25" at 260 nm; 0.01 M NaOH added to suppress 
second reaction ( k z  - 0). 

gens ( lob and 1Oc). The formation of 10 is also consistent 
with the substituent effects discussed in detail below. 

2. The Intermediate €3 (4). The first structure consid- 
ered for the spectrophotometrically observable intermedi- 
ate B was the azocarbonium ion 10. This is, however, un- 
likely since such a species would be highly reactive in basic 
solution where B is the observed final product of reaction. 
Also no second reaction was observed in the presence of ac- 
etate or azide ion; the salts (NaN3 and NaOAc) raise the 
pH of the medium, slowing the second reaction. In acidic 
solution no second rate was observed but in this case the 
final spectrum observed is that of the normal final prod- 
ucts of solvolysis, viz., C. I t  is clear therefore that B is sta- 
ble in base but reacts rapidly in acid. 

The reaction solution containing B in base is pink (in- 
deed Benzingg noted the transitory formation of pink solu- 
tions during his experiments). This, together with the ki- 
netic data suggested that the intermediate B was in fact 
the diazoalkane 11, formed by fragmentation of the carbo- 
nium ion 10. Several pieces of evidence support this. Thus 
the uv spectrum of B formed from 9 (Arl = Ar2 = p -  
ClC6H4) in 7:3 dioxane-water containing 0.10 M NaOH 
was identical with the spectrum of a mixture of p-chloro- 
phenyldiazoethane (11, Arl = p-ClC&) and p-chloroace- 
tophenone (which would be formed from 12, Arz = p -  
ClC&, on reaction with water) measured under the same 
conditions. In a separate experiment B (formed from 9, Arl 
= Ar2 = p-ClC&) was extracted with methylene chloride 
and showed a strong absorption a t  2043 cm-l in the ir, 
characteristic of dia~oalkanes. '~ 

The diazoalkane was actually isolated in one case. Thus 
l,l'-dichloro-l-(p-nitrophenyl)-l'-phenyl-l,l'-azoethane 
(9, Ar' = p-NOzCeH4; Ar2 = Ph) was solvolyzed on a large 
scale in the presence of 0.1 M hydroxide. The resulting red 

13 

I 
61 

14 

1 1 
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17 18 

solution was extracted with ether and the solid isolated was 
identical with 1-(p-nitropheny1)diazoethane as shown by 
melting point, mixture melting point, ir, and uv compari- 
son with an unambiguously prepared sample. 

It is well e s t a b l i ~ h e d l ~ l ~ ~  that diazoalkanes are hydro- 
lyzed in aqueous solution by an acid-catalyzed mechanism 
to give the corresponding alcohol (in the absence of nucleo- 
philes other than water). Thus the ultimate products of hy- 
drolysis of 9 should be a substituted acetophenone and 1- 
arylethanol formed in a 1:l ratio in neutral and acidic solu- 
tion. This was confirmed for 9 (Arl = Ar2 = Ph  and Ar' = 
Ar2 = p-ClC&) by GLC analysis. 

Finally the rates of reaction of an unambiguously pre- 
pared sample of diazoalkane (11, Arl = p-ClC&) in 7:3 
dioxane-water were compared with the measured subse- 
quent rate (kz values) for the solvolysis of 9 (Arl = Ar2 = 
p-ClCsHd), measured under the same conditions. The ob- 
served rate constants were the same in both cases (within 
experimental error) and varied in the same way with pH 
(over the pH region 4.9-6.3). 

Thus it has been established that 9 solvolyzes by an SN1 
mechanism involving the azocarbonium intermediate 10 in 
aqueous dioxane. This step is neither acid nor base cata- 
lyzed, ruling out competing mechanisms involving nucleo- 
philic attack on the substrate. Under neutral or basic con- 
ditions diazoalkanes (such as 11) lie on the reaction path- 
way. These are also probably formed from 9 in acidic solu- 
tion but their rapid further reaction (to form alcohols) 
under these conditions precludes their isolation. 

The relative magnitudes of the two rate constants, k 1 

and kz, can, however, be varied since k1 is very sensitive to 
the ionizing power of the medium whereas kz remains rela- 
tively unchanged. Alternatively, changing the pH can also 
affect the balance between k l  and kz; k l  is insensitive while 
kz is increased in acid and tends towards zero in base. Fi- 
nally kl  is depressed by the addition of a salt containing 
chloride ion, while this has no special effect on kz. 

C. Substituent Effects. 1. Kinetic Studies. In Table IV 
are summarized the data for the solvolysis of the dichlo- 
rides 9 measured under standard conditions (7:3 dioxane- 
water, 25' in the presence of 0.10 M sodium hydroxide); 
under these conditions kz = 0 and steady and reproducible 
infinity values were obtained. When the symmetrically di- 
substituted substrates (9, Ar' = Ar2) are taken alone, and 
log k l  is plotted against the u value15 of the substituent, 
then an excellent correlation (r = 0.998) is obtained (Fig- 
ure 2). The slope or Hammett p value is -3.68, implying a 
transition state in which there is a build-up of considerable 
positive charge in the transition state. 
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Table IV 
Observed Rate Constants for the Solvolysis of 9 
in 7:3 Dioxane-Water a t  25" ( p  = 0.10, NaOH) 

1 
Ar l o3  k, sec-' Registry no. 

35 
110 

4.5 
1.1 
4.5 
0.74 
3.9 

31 
10 

0.98 
8.1 
4 .O 

56688-54-1 
56587-95-2 
56587-96-3 
56587-97-4 
56587-98-5 
56587-99-6 
56588-00-2 
56588-01-3 
56588-02-4 
56588-03-5 
56 588- 04 - 6 
56588-05-7 

Besides 10 another limiting structure 19 can be visual- 
ized for the intermediate carbonium ion. In 19 the charge is 

Me E-N 
Arl x, yl" + xMe A r 2  

19 
symmetrically distributed throughout the molecule so that 
both aryl rings bear an equal fraction of the charge. These 
two possibilities can be distinguished as follows. 

When data for unsymmetrically disubstituted substrates 
9 (Arl # Ar2) are plotted against the sum of the u values of 
both substituents, it is seen (Figure 2) that wide scatter re- 
sults; the datum points lie above and below the correlation 
line for the symmetrical compounds. No combination of al- 
ternative u values (e.g., u', u-, etc.) succeeded in bringing 
all the data onto the correlation line. 

However, when the data in Table IV are broken down as 
follows certain patterns emerge. Thus when substrates 9 
with one p-nitrophenyl group (Arl = p-N02C&) are con- 
sidered then a plot of log kl vs. the u value of the substitu- 
ent in the other aryl ring (Ar2) gives a good correlation with 
p = -2.50 ( r  = 0.997). Alternatively, when these substrates 
with Arl = p-MeC& are chosen a similar plot (of log k l  
vs. u value of substituent in Ar2) gives a very much reduced 
p = -1.10 ( r  = 0.998). Good correlations were not always 
obtained by this technique. Thus when Arl = P h  or Arl = 
p-ClCsH4 plots of log kl vs. u value of the substituent in 
Ar2 are curved. 

These data are readily explicable only in terms of an un- 
symmetrical transition state (of type 10). In the substrate 9 
when Arl # Ar2, two parallel reactions occur but it is clear 
that the C-C1 bond cleaved preferentially is that which lo- 
cates the charge adjacent to  the aryl group carrying the 
most electron-donating group. The p-Me and p-NOz sub- 
stituents are respectively the most electron-donating and - 
withdrawing groups used. Thus when Ar2 = p-NO2C6H.t 
the charge is located adjacent to Ar' giving the high p value 
for substituents in Ar1.16 The opposite situation exists 
when Arl = p-MeCsH4; charge is then located adjacent to 
Ar' (see 10) and the p value for Ar2 is small. When sub- 
strates in which a p-ClC& group is present are consid- 
ered, the second substituent may have a stronger (e.g., p -  
MeCsH4) or weaker (e.g., p-NO2CsH4) electron-donating 
power. Ionization a t  both sites is then competitive and the 
position of preferred bond cleavage will therefore change 
throughout the series leading to the observed curved log k l  

The direct application of the Hammett equation to such 
curved plots is complex since the observed rate constant 

vs. u plots. 
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Figure 2. Hammett plot of log kobsd vs. Za for solvolysis of 
XCsH4CMeCIN=NCMeClCsH4Y in 7:3 dioxane-water at 25' ( p  = 
1.0, NaOH). The solid line has slope -3.68 and correlates data for 
symmetrically disubstituted substrates (X = Y, open circles). 

represents the sum of two rate constants for parallel reac- 
tions, each of which varies as the substituent is changed. 
This difficulty is discussed in detail by Ruasse and Du- 
bois.17 However, the following simple deduction can be 
made. In a symmetrically disubstituted substrate the ob- 
served p value (-3.68) is composite representing the contri- 
bution of the remote and adjacent substituent to the stabi- 
lization of the ion formed. These individual contributions 
can be estimated as -2.50 and -1.10 (the p values for ion- 
ization essentially a t  a single site adjacent to or remote 
from aryl group in which the substituent is changed). 
There is thus unequivocal kinetic evidence available to 
support the formation of an open (10) rather than symmet- 
rical (19) carbonium ion intermediate, with preferential 
C-Cl bond cleavage occurring at  a site remote from the 
most electron-withdrawing group. 

The formation of an open carbonium ion (20) rather than 
a bridged bromonium ion has also been noted by Dubois 

Arl-CH-CHBrAr2 ArCCl=N- N=CHAr2 
20 21 

and Ruasse in the bromination of stilbenes.16 In this case 
the p values for electron-withdrawing and electron-donat- 
ing substituents are different, since the carbonium ion 
which is preferentially formed always locates the charge 
adjacent to the most electron-donating aryl group. 

The transition state for the formation of 10 may, of 
course, involve some bridging (Le., partial 19 formation) 
but this is unlikely in view of the following evidence. Any 
degree of bridging by the chlorine in 10 would tend to re- 
duce the p value for substituents in Arl. A good test would 
therefore involve comparison with a substrate in which 
participation is unlikely, e.g., compound 9 in which one of 
the C1 groups was replaced by Me. We were, however, un- 
able to synthesize such 1-chloroazoalkanes. On the other 
hand, data are available for the related system 21 and this 
provides a good model. Thus the p values reported for azo- 
carbonium ion formation from 21 are -2.3 and -1.2 for Arl 
and Ar2, respectively (measured in 2:3 dioxane-water).l* 
These values are remarkably close to those which we have 
obtained for 9, and since bridging cannot occur in 21, nei- 
ther is it likely to be an important contribution for the re- 
action of 9. 

On an absolute scale 9 is solvolyzed ca. 120-fold more 
slowly than the very reactive imidoyl halides.17 However 9 
is still hydrolyzed ca. tenfold more readily than diphenyl- 

+ 
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Table V 
Ultraviolet Absorption Maxima for Products Formed 

in Basic 7:3 Dioxane-Water from Dichlorodiazoalkanes 9 

Substrate 9 

Xmaxsa Amax* 
Ar' Ar2 nm Diazoalkane nm 

C6H5 p-NO,C,& 410 11,Arl  = P-N02C,H* 410 
p-MeCsH4 p-NO,C,H, 410 
fi-ClC,H, p-NO,C,H, 410 
P-MeC& fi-ClC& 300 5,Ar' = P - C ~ C G H ~  300 

a Absorption maximum of diazoalkane formed. 

Table VI 
Relative Amounts of Two Substituted 

Acetophenones (16 and 18) Formed from 
Unsymmetrically Disubstituted Dichloroazoalkanes ga>* 

Substrate 3 
Ar'COMe, ArlCOMe, 

A 4  A r l  % 96 

C6H5 50 50 
p-clC6H.j C6H5 30 70 
p-ClCgH4 p-MeCsH4 17 83 
p-N02C6H4 p -c l c  6H4 8 92 
f i - N 0 2 C 6 H 4  p-MeC,Hd 2 98 

C6H5 

a Reaction medium: 7:3 dioxane-water at 25". Products 
analyzed by GLC (column: 2 m, 15% Carbowax 20M on Chromo- 
sorb 80-100 mesh). 

carbinyl chlorides,lg indicating that the azo group can pro- 
vide considerable stabilization by electron donation to an 
adjacent carbonium ion center. 

2. Product Analysis. Since it has been demonstrated 
that the carbonium ion 10 lies on the reaction pathway, it is 
expected to fragment to give the diazoalkane 11 and ulti- 
mately the alcohol 15 and ketone 16. However, the actual 
products isolated in major amounts were the isomeric ma- 
terials 17 and 18. This result was quite unexpected but was 
supported by data for several substrates. Two methods of 
product analysis were used (a) spectrophotometric deter- 
mination of the diazoalkanes formed (in base) and (b) GLC 
analysis of the ketones and alcohols. 

Method a gave best results only in those cases in which 
one of the possible diazoalkane intermediates carried a p- 
nitrophenyl group, since this absorbed a t  an appreciably 
longer wavelength than the other diazoalkanes (typically 
410 vs. 290 nm). The results are summarized in Table V 
and indicate that in all cases the diazoalkane formed pref- 
erentially is substituted by the more electron-withdrawing 
aryl group present in the original dichloroazoalkane 9. 
Quantitative studies indicate 80-100% p-nitrophenyldia- 
zoalkane formation. 

Method b was more rigorous and could be used with any 
dichloroazoalkane substrate; for convenience in most cases 
the relative amounts of the two possible ketones 16 and 18 
(Arl # Ar2) were estimated, since the separation was better 
than in the case of the alcohols. However, the results ob- 
tained by estimation of either ketone or alcohols were con- 
sistent. The results (Table VI) indicate that the ketone 
formed in largest amount was that with the most electron- 
donating group. This complements the uv data which indi- 
cated that the diazoalkane (and consequently the alcohol) 
formed has the most strongly electron-withdrawing group. 

There is thus an apparent dichotomy between the kinetic 
results and the product studies. Thus while the kinetics 
clearly show that, say, 10 is formed preferentially from 9 
(Arl more electron-donating than Ar2), there is equally 

Scheme IV 
Me Me 

OH Cl 
22 

Me Me 

Arl+-N=yLArz - 17+ 18 

OH 
23 

clear evidence that the carbonium ion 10 does not break 
down to give 11 and 12 preferentially but rather to give 13 
and 14. We therefore propose that an extra step(s) must be 
involved before the azocarbonium ion fragments; the three 
most likely are considered below. 
(1) Benzingg proposed a mechanism (Scheme IV) in 

which the carbonium ion reacts with water to form the 
chlorohydroxy material 22. If this pathway is followed then 
rapid loss of C1- from 22 gives 23 and eventually the cor- 
rect products 17 and 18 (Arl more electron-donating than 
Ar2). The formation of 22 is not unreasonable, since we 
have found that solvolysis of the chloride 24 under similar 
conditions also occurs via an azacarbonium ion mechanism 
and leads to the formation of the azocarbinol 25.20 How- 

c1 c1 
I 

CH, C i  
24 

OH c1 

25 

ever, for the mechanism of Scheme IV to be viable then all 
steps subsequent to the formation of 10 must be rapid, 
since no intermediates were detected spectrophotometri- 
cally in the conversion of 9 to 17. In particular, repetitive 
scans of the ultraviolet spectrum of 9 (Ar' = p-MeCsH4; 
Ar2 = p-NO&&) showed tight isosbestic points in 7:3 di- 
oxane-water containing 0.01 M HC104 and good first-order 
kinetics were obtained a t  all wavelengths [although the 
spectral difference between the model compounds 24 and 
25 is small, there is sufficient difference at  300 nm so that 
the presence of 22 would be detectable from nonlinear log 
(absorbance) vs. time plots]. Therefore either (a) the inter- 
mediate 22 is not present on the reaction pathway or (b) its 
further reaction (22 -. 23) is faster than the formation of 
10 from ID. We regard the latter as unlikely, since this would 
require that the second ionization, which occurs adjacent to 
a relatively electron-withdrawing (e.g., Ar2 = p-N02CsH4) 
group, should be faster than the first adjacent to Arl (elec- 
tron donating, such as p-MeCsH4). In addition 22 has an 
OH group in place of the C1 group in 9. This should, how- 
ever, have a relatively minor effect on the rates of ioniza- 
tion of the remote C-Cl bond. Thus 26 (X = C1) actually 
ionizes W-fold faster to give 27 (X = C1) than does 26 (X 

c1 
i 

CGH&-N=C-X 
I 

ChH5-NsC-X 
26 27 
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Scheme V 
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22 

28 

Ar' Ar2 

Me Me 
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\ 
Me Me 

30 

i 
13 + 14 

CI 
31 

= -OAr).21 On the other hand, the C1 group is inductively 
more electron withdrawing than the OH group (the differ- 
ence in Taft u* values is 0.49),22 but is insufficient to coun- 
ter the larger difference in electron-withdrawing power be- 
tween p-N02C& and p-MeCeH4. 

(2) The mechanism in Scheme V modifies Scheme IV by 
inclusion of a rapid intramolecular displacement of C1- by 
the OH group (or its conjugate base 28) to give the A3- 
1,3,4-oxadiazoline 29. Such materials have been reported as 
unstable;23 however, nitrogen loss gives rise to epoxides 
(which are relatively stable and would have been detected) 
rather than the observed products 17 and 18. 

(3) The mechanism presented in Scheme VI is favored 
on the basis of available evidence. This involves migration 
(or partial migration) of chloride ion from one carbon site 
to the other (possibly via the bridged ion 30). This step 
must occur after the initial rate-determining formation of 
10. Complete transfer (to 31) is unlikely (since this is less 
stable than 10) so that fragmentation probably occurs di- 
rectly from 30. The extra driving force for bridging by chlo- 
ride ion is provided by the formation (on fragmentation) of 
the most stable carbonium ion 14 (Arl is electron donating) 
and diazoalkane 13 (Ar2 is electron withdrawing). This is 
clearly shown in Figure 3, where the log of the relative 

1.4 

1.0 
YC .H ,COMe 

log XC,H,COMe 

0 . 6  

0.2 

P-Cl, p'-Me 

I I 

0 0 . 5  1.0 

uy - a x  

Figure 3. Plot of the log of the relative amounts of ketones formed 
on solvolysis of dichloroazoalkanes (XCf,H&MeClN=NCMe- 
ClCeH4Y) vs. the difference in the u values of substituents X and 
Y. 

32 33 

34 

J Lcl- 35 
fragmentation 32 
amounts of the two ketones formed [i.e., log ([ArlCOMe]/ 
[Ar2COMe])] from 10 is shown to vary with the difference 
in electron-donating power of Arl and Ar2. The slope of the 
correlation (or p value) is +1.70; this is most satisfactory, 
since it indicates that the presence of an electron-with- 
drawing group in Ar2 accelerates rearrangement of the ini- 
tially formed carbonium ion 10. Since the p value (for Arl) 
for the formation of 10 is -2.5 and that for the subsequent 
rearrangement is $1.70, most of the charge in the transi- 
tion state for the formation of 10 from 9 is lost in the tran- 
sition state for the subsequent formation of 13 and 14. The 
proposed chloronium ion 30, either as a transition state or 
intermediate, is consistent with this. 

The question might be asked: if the chlorine participates 
in the stabilization of the azocarbonium ion during frag- 
mentation, then why does it not provide stabilization in the 
initial reaction, loss of C1- from 9P A possible answer arises 
from the stereochemistry of the system. 

There is good evidence4 that the starting azo materials 9 
are in the more stable trans configuration 32 (Scheme VII). 
In the transition state for azocarbonium ion formation (33) 
there is partial C1-Cl bond fission; also C1 has moved part- 
ly down into the N-N plane to allow eventual overlap of 
the vacant p orbital with the filled (lone pair) orbital on ni- 
trogen (35). It is clear from molecular models that the dis- 
tance between the C1 group attached to C2 and C1 is too 
great to allow appreciable bond formation in the transition 
state 34. However once the azocarbonium ion 35 is actually 
formed, the Cl-C1 bond distance can be further reduced to 
allow bonding to occur (see 34). Although it is. proposed 
that both the azocarbonium ion 35 and the chloronium ion 
34 lie on the reaction pathway, we have no evidence as to 
their relative stabilities. However, a priori, there is no rea- 
son to expecb that 34 is more stable than 35 since (a) in 34, 
being a cis configuration, there is some steric interaction 
between the groups attached to carbon, (b) the possibility 
of stabilization of the carbonium ion by electron donation 
from nitrogen is minimized in 34, and (c) this structure (34) 
places a partial positive charge on C2, the carbon carrying 
the most electron-withdrawing substituent (A+). 

However, the existence of some bridging by chlorine such 
as 30 on the reaction pathway provides an elegant explana- 
tion for Malament and McBride's observation4 that the 
chlorination of diazabutadienes is stereospecific. Chlorina- 
tion of the diazabutadiene 8 under ionic conditions leads to 
the formation of the same azocarbonium ion (34, 35) as 
formed in the solvolysis of the dichloride 32. If the stereo- 
chemistry of the intermediate is maintained by bridging by 
the remaining chlorine on the side remote from the depart- 
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Table VI1 
The Ketazines 8 (Arl # Ar2) 

Substituent Calcd, % Found, % 

A 2  A 2 MP, "C C H N Formula C H N 

p-NO,C,H, p-MeCsH4 138 69.15 5.76 14.23 CI7HiTN30, 68.80 5.43 14.41 
P-NOZC6H4 CBH5 125 68.32 5.33 14.94 Ci,H,,N,O, 68.00 5.48 15.14 

p-MeC,H, p-ClC,HS 138 71.83 5.98 9.75 CI,Hi,ClN, 71.49 5.96 9.85 
P-NO~CBH~ fi-C1C& 155 60.95 4.44 13.33 CjgHi4ClN302 61.20 4.52 13.30 

p -  ClC 6H4 WZ-ClC,H* 112 62.95 4.59 9.18 CirjH,,C&,N, 62.75 4.62 9.54 

Table VI11 
The Dichlorides 9 

Substjtueut Calcd, % Found, % 

A 2  A 2  Mp,*C C H c1 N Formula C H c1 N 

m-BrC,H, m-BrC,H, 88 41.74 3.01 49.66: 

p-MeC,H, p-ClC,H, 115 57.46 4.78 29.85 
p-N02C6H4 C6H5 75 54.54 4.26 20.17 

m-ClC,H, $-ClC,H4 106 51.06 3.72 37.76 

a Total halogen (Br + Cl). 

ing C1- (see 34) then chloride ion attack on 34 gives (by mi- 
croscopic reversibility) the product of chlorination with the 
observed trans configuration. 

Experimental Section 
Substrates. 1,4-Diaryl-1,4-dimethyl-2,3-diazabuta-l,3-di- 

enes. The symmetrically disubstituted ketazines (8, Ar' = Ar2) 
were prepared by the reaction of 1 mol of hydrazine hydrate with 2 
mol of substituted acetophenone in 95% ethanol and recrystallized 
to constant melting point in this solvent. The following hydrazones 
were also prepared: p-nitroacetophenone hydrazone, mp 152' 
(lit.24 151O); p-chloroacetophenone hydrazone, mp 51° (lit.24 55'); 
rn-nitroacetophenone hydrazone, mp 75' (lit.24 77'). The unsym- 
metrical azines (8, Arl # Ar2) were prepared from these using 1 
mol of the hydrazone and 1 mol of substituted acetophenone; ana- 
lytical and melting point data are summarized in Table VII. 
l,lf-Dichloro-l,l'-diaryl-l,lf-azoethanes. The following is a 

typical example. Acetophenone azine 8 (Ar' = Ar2 = Ph) (2.36 g) 
was thoroughly dried and finely ground; liquid chlorine at -60' 
(Dry Ice-acetone) was added and the mixture was maintained at 
this temperature for 30 min. The apparatus was protected from 
moisture and light was excluded. The mixture was then allowed to 
warm to room temperature and the residual chlorine was removed 
in vacuo to give the dichloride 9 (Arl = Ar2 = Ph) in near-quanti- 
tative yield, mp 110'. The other dichlorides were prepared similar- 
ly; melting point and analytical data were in agreement with litera- 
ture values where available;8 otherwise the data are summarized in 
Table VIII. 

Kinetic Studies. Measurements were made in 7:3 dioxane- 
water a t  25', unless otherwise stated. The ionic strength was main- 
tained at 0.10 M by the addition of sodium perchlorate or sodium 
hydroxide. The dioxane was BDH Analar grade, used without fur- 
ther purification. The water used was deionized and then twice 
distilled from alkaline permanganate. The rates of reaction were 
measured spectrophotometrically using Unicam SP800 or SP1800 
ultraviolet spectrometers; initial repetitive scans established suit- 
able wavelength at which the reactions could be followed. The ana- 
lytical wavelengths used are noted in the tables. The substrate was 
dissolved initially (ca. M) in dioxane and a drop of this solu- 
tion was added to the reaction solution in a 3-ml cuvette. The ap- 
paratus and treatment of results have been described in detail 
elsewhereaZ5 

Product Analysis. p-Nitrophenyldiazoethane was prepared 
by a literature procedure14 involving the oxidation of p-nitroaceto- 
phenone hydrazone with silver oxide and had mp 87O (70%) (lit.I4 
87-88'). The p-bromophenyl and p-chlorophenyl diazoethanes 
were similarly prepared but not actually isolated from the ethereal 

6.02 Ci,H14Br,C12N, 40.83 3.02 49.26 6.31 
7.44 Ci,Hi,Cl,N, 50.32 3.57 38.00 7.55 
7.88 Ci,Hi7C13N, 56.97 4.84 29.92 8.31 

11.43 C I , H I , C ~ ~ N ~ O ~  54.01 4.27 20.33 11.88 

solution; ir analysis showed the presence of a strong absorption at 
2049 cm-' and the absence of absorption at ca. 3200 cm-' which 
are present in the starting hydrazones. p-Nitrophenyldiazoethane 
was also isolated as a solvolysis product of a dichloride 9 as follows. 
l,l'-Dichloro-l-phenyl-l'-(p-nitrophenyl)-l,l'-azoethane (9, Ar' = 
Ply Ar2 = p-NOzC6H4) (0.328 g) was dissolved in dioxane (25 ml) 
and added dropwise at 25O to 7:3 dioxane-water (75 ml) containing 
sodium hydroxide (0.10 M )  over 30 min. The red reaction mixture 
was extracted with ether. Evaporation of the dried ethereal ex- 
tracts gave p-nitrophenyldiazoethane, mp 84-87'; on recrystalliza- 
tion from ether this had mp 87O (59% yield) and was shown to be 
identical with an authentic sample. 

Solvolysis of Dichlorides 9, under Neutral or Acidic Condi- 
tions. The following represents a typical procedure. 1,l'-Dichloro- 
1,l'-diphenyl-1,l'-azoethane (9, Ar' = Ar2 = Ph) (0.307 g) was dis- 
solved in dioxane (70 ml) and water (30 ml) was added dropwise 
with stirring over 30 min. After 4 hr, stirring was discontinued and 
the reaction mixture was extracted with ether (3 X 100 ml). The 
combined ether extracts were dried and reduced to ca. 50 ml. Sam- 
ples (5 ~ l )  were analyzed using a Perkin-Elmer F11 gas chromato- 
graph with a 2 m 15% Carbowax 20M on Chromosorb 80-100 mesh 
at 110'. Authentic samples of the ketone and alcohol were similar- 
ly made up in ether and analyzed; integration then gave the rela- 
tive amounts of the two (or four) products formed. The ketones 
were also analyzed by the formation of p-nitrophenylhydrazone or 
2,4-dinitrophenylhydrazone. Control experiments showed ca. 90% 
product recovery in this case and when allowance was made for 
this the results were in agreement with those reported for the GLC 
method (Table VI). 
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Acid-catalyzed isomerizations of (R)-1-(N-phenylcarbamy1)- (la) and (R)-l-(N-phenylthiocarbamyl)-2-phe- 
nylazir idine ( 1  b) were investigated to see the effect o f  the ring pheny l  group o n  the orientat ion o f  the ring opening 
and the  stereochemistry a t  the  asymmetric carbon atom. Throughout  the isomerizations of la  and lb,  exclusive 
N-CHPh bond cleavage was observed. With protonic  acids, l a  gave par t ia l ly  (40%) racemized 2-anilino-5-phenyl- 
2-oxazoline (2a), and w i t h  boron t r i f luor ide etherate, it gave highly (95%) racemized 2a. T h e  thiourea l b  gave 2- 
anilino-5-phenyl-2-thiazoline (2b) in good yields w i t h  protonic acids and in a poor y ie ld  with boron t r i f luor ide 
etherate. 

A variety of acid-catalyzed isomerizations of 1-acyl- and 
1 -thioacylaziridines to 2-oxazolinesl or thiazolinesla.f.2 have 
been observed, and mechanistic studies of these reactions 
have been done by several workers. Heine and coworkersle 
found that l-aroyl-2,2-dimethyl- or 1-aroyl-2-phenylaziri- 
dine isomerized in cold sulfuric acid to 2-aryl-5,5-dimethyl- 
or 2-aryl-5-phenyl-2-oxazoline, respectively. Deutsch and 
Fanta2a reported that the isomerization of 1-(N-phenyl- 
thiocarbamyl)-2,2-dimethylaziridine with hot concentrated 
hydrochloric acid gave 2-anilino-5,5-dimethyl-2-thiazoline. 
These reactions were considered to proceed via a carboni- 
um ion from the orientation of the ring opening (so-called 
“abnormal” cleavage). 

Our previous study3 was planned to see if an “abnormal” 
cleavage would always give rise to a carbonium ion in the 
acid-catalyzed isomerizations of 1-acyl- or l-thioacylaziri- 
dines, and further to correlate the orientation with the 
mechanism of the ring opening. (S)-1-(N-Phenylcarbamy1)- 
2-methylaziridine (la’) isomerized to 2-anilino-5-methyl- 
2-oxazoline (2a‘) with lo@% retention of configuration ei- 
ther with protonic acids or with boron trifluoride etherate 
in refluxing benzene. This means that the conversion of 
(S)-la‘ to (S)-2a‘ (“abnormal” cleavage) has not proceeded 
via a free carbonium ion. As for the orientation of the ring 
opening, very puzzling results were obtained and no corre- 
lation could be found between the orientation and the 
mechanism of the ring opening deduced from the stereo- 
chemistry: la’ gave 2a’ as the major product (80-go%), 
while l-(N-phenylthiocarbamyl)-2-methylaziridine (1 b‘) 

gave nearly equal amount of 2-anilino-5-methyl-2-thiazo- 
line (2b’) and 2-anilino-4-methyl-2-thiazoline (3b’). Opti- 
cally active lb‘ gave racemic 2b’ in some cases in contrast 
with la’. 

Replacing the 2-methyl group with a phenyl group 
seemed interesting from the following two points: (1) 
whether in this case, also, the “abnormal” cleavage would 
give the oxazoline with retention of configuration, and (2) 
what would be the orientation of the ring opening especial- 
ly with the thiourea derivative. Heine and Kaplanl“ re- 
ported that the thermal isomerization of cis- 1-(p-nitroben- 
zoyl)-2,3-diphenylaziridine gave cis-2-(p-nitrophenyl)- 
4,5-diphenyl-2-oxazoline, and the corresponding trans 
compound gave the trans oxazoline. So far, no stereochemi- 
cal investigation of the acid-catalyzed isomerization of 2- 
aryl- or 2,3-diarylaziridine derivatives has been reported. 

The present study deals with the isomerization of (R)-1- 
(N-phenylcarbamyl) - (la) and ( R )  - 1 -(N-phenylthiocar- 
bamyl)-2-phenylaziridine (lb).  (R)-2-Phenylaziridine was 
prepared from (R)-2-amino-2-phenylethyl alcohol by the 
Wenker method. Reaction of (R)-2-phenylaziridine with 
phenyl isocyanate gave la. (R)-1-(N-Phenylthiocarbamy1)- 
2-phenylaziridine (1 b) which was prepared from the same 
aziridine and phenyl isothiocyanate could not be recrystal- 
lized owing to the tendency to polymerize in solution. 

Authentic samples of the isomerization products (2a, 2b, 
3a, and 3b) were prepared. Optically pure samples of (R)-  
2-anilino-4-phenyl-2-oxazoline (3a) and (R)-2-anilino-4- 
phenyl-2-thiazoline (3b) were prepared from (R)-l-(l’-phe- 


