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the 12.8 p band to the Si-N function. The second complica- 
tion is considerably more serious. Since primary amines 
exhibit absorption in this region and as the S,N-diethyl- 
triethylsilane failed to  show any characteristic absorption, 

no assignment of this region to the Si--N function can be 
made. The spectrum of a Ar,h--dideuterosilazane would shed 
considerable light upon this problem. 
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As part of the investigation of the photocatalyzed cyclization of azobenzene in acidic solution, the behavior of the con- 
jugate acids of cis- and trans-azobenzene in the presence and absence of light has been studied spectroscopically. The basici- 
ties of the isomers and of benzo [clcinnoline have also been examined. 

It has been reported recently that azobenzene is 
oxidatively cyclized to benzo [c] cinnoline when ex- 
posed to light in strongly acidic solutions.' The 
properties of the conjugate acids of cis- and trans- 
azobenzeiie are of special interest in this reaction 
because no difference could be detected between 
their rates of cyclization. -4s irradiation of azo- 
benzene in neutral solutions is known to result in 
cis trans equilibration2 it seemed that the photo- 
catalyzed cyclization is most probably preceded 
by rapid cis trans isomerization of the cations. 
A plausible alternative assumption, however, 
is that cis-- and trans-azobenzene could form con- 
formationally identical cations immediately upon 
protonation, such being consistent with Jaff 6's3 
contention that even the conjugate acid derived 
from trans-azobenzene should be assigned the 
cis-structure (I) in preference to the commonly 
accepted classical structure (11). 

The properties of cis- and trans-azobenzene in 
strongly acidic solutions, alternatively in the ab- 
sence and presence of light, have now been studied 
by means of absorption spectroscopy. The results 
$how conclusively that the former of the above 
alternatives is correct. Spectroscopic determinations 
of the ionization constants of the azobenzene iso- 
mers and benzo [e] cinnoline have also been made 
and satisfactorily correlated. 

In  Fig. 1 are recorded the absorption spectra of 
cis- and trans-azobenzene and benzo [c] cinnoline 

(1) G. E. Lewis, Tetrahedron Letters, Xo. 9, 12 (1960). 
(2) G. 9. Hartley, J .  Chem. Soc., 633 (1938). 
(3)(a) H. H. Jaff6 and R. W. Gardner, J .  Am. Chenz. Soc., 

80,319 (1958). (b)  H. H. JaffB, S. J .  Yeh, and R. TV. Gardner, 
Molecular Spectroseopy, 2,  120 (1958). (c) S. J. Yeh and H. 
€I. Jaff6, J .  Am. Chem. Soc., 81,3279 (1959). 
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Fig. 1. Absorption spectra of conjugate acids in 22N 
10 yo (v, :v.) ethanolic sulfuric acid: cis-azobenzene(-); 
trans-azobenzene ( .  . .); benzo[c]cinnoline (----) 

measured in 22N sulfuric acid containing 10% 
(v. : v.) ethanol. At this acidity all three compounds 
exist as the first conjugate acids. 

,4part from the periods required for spectral 
measurements the solutions were protected from 
light. Under these conditions the conjugate acids 
of trans-azobenzene and benzo [c] cinnoline were 
stable, but the absorption of the cis cation changed 
over the course of several days to that of the trans. 
The half-time for the cis-+trans conversion was 
10.5 f 0.5 hr. A small amount of extrapolation 
a t  certain wave lengths was therefore necessary in 
constructing an accurate curve for the cis ion. 
When concentrated sulfuric acid alone was tried 
as solvent, isomerization occurred too rapidly to 
permit reliable measurements. In  this respeot it is 
interesting that some a u t h o r ~ , ~ ~ *  although not em- 
ploying solutions of suficient acidity for examina- 
tion of the conjugate acid, found that the rate of 
cisttrans isomerization of the free base increases 
with acidic strength of solution. 
(4) S. Ciccone and J. Halpern, Can. J .  Chem., 37, 1903 

(1959). 
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Variations in optical density at 420 mp following 
exposure to light of solutions (2 X 10 -6 M )  of conjugate 
acids of cis- and trans-azobenzene: (a) observed: cis(-); 
trans(. . a )  (b) expected from the rate of formation of 
benzo[c]cinnoline: cis(- - - -); trans(- * -  ) 

Fig. 2. 

The differences in spectra recorded in Fig. 1 
show beyond doubt that the conjugate acids de- 
rived from cis- and trans-azobenzene are con- 
formationally distinct. Protonation of trans-azo- 
benzene does not, therefore, result in a cis conjugate 
acid as contended by Jaff 6.  

Solutions of the cis and trans cations a t  spectro- 
scopic concentrations are rapidly decolorized when 
exposed to direct sunlight. The fading, as shown by 
redetermination of spectra, is the result of cycli- 
zation. In order to study more closely tehe effect 
of light, subdued illumination had to be employed. 
The following procedure was both convenient and 
reproducible. 

Freshly prepared solutions (2 X 10-5M) of 
cis- and trans-axobenzene in 22N 10% (v.:v.) 
ethanolic sulfuric acid were exposed in 1 cm. 
spectrophotometer cells to a 160 watt tungsten 
filament lamp centered a t  a distance of 16 cm. 
Irradiation was interrupted only for periodic 
reexamination of the spectra. 

The rate of cyclization was determined from 
increases in optical density at 252 mp, the half- 
time for both solutions being 78 f 4 min. Weaken- 
ing of absorption a t  420 mp, however, was in each 
case irregular with respect to the appearance of 
the 252 mp band. 

The graphs in Fig. 2 illustrate the observed 
optical density changes a t  420 mp and those ex- 
pected to occur a t  this wave length solely on the 
basis of the rate of formation of benzo [c] cinnoline. 
The decrease in absorption shown by the trans 
cation appeared to be abnormally fast, while the 
solution of the cis compound displayed an initial 
rapid increase. Furthermore, the optical densities 
of both solutions became almost equal within a 
short time, and subsequently decreased a t  the same 
rate. 

trans equilibrium 
is established in both cases. The half-time for equi- 

It was concluded that a cis 

libration was approximately 100 times less than 
that for the formation of benzo [c] cinnoline, thereby 
accounting for the failure of cis-azobenzene to un- 
dergo cyclization a t  a noticeably higher rate than 
the trans compound. 

From the calculated and observed optical densi- 
ties illustrated in Fig. 2, it was estimated that the 
cis cation constitutes approximately 55% of the 
equilibrium. Confirmatory evidence was obtained 
by examining a preformed mixture of cis- and 
trans-azobenzene (11 :9) under the same conditions, 
in which case alterations in the 420 mp and 252 
mp bands were consistently inversely proportional. 

The ionization constants of cis- and trans- 
azobenzene and benzo [c] cinnoline were evaluated 
spectroscopically in 10% (v. : v.) ethanolic sulfuric 
acid. The pKa values found are: cis-azobenzene 
(-1.G f 0.2), trans-azobenzene ( -2 .6  f 0.2) 
and benzo[c]cinnoline (1.8 f 0.2). No evi- 
dence was found for addition of a second proton 
to benzo[c]cinnoline in 22N acid. The basicity 
of cis-azobenzene has not been reported previously 
but constants obtained in purely aqueous media 
for the other compounds are: trans-azobenzene 
( -2.48)5 and benzo[c] cinnoline (2.2).6 

It is necessary to emphasize that the currently 
reported values are suitable for qualitative com- 
parisons only, in view of the application of Michaelis 
and Granick's scale' for estimation of pH in the 
regions of high acidity. Severtheless, cis-azobenzene 
is clearly a stronger base than the trans compound, 
a fact which harmonizes with previous evidence 
for higher electron availability a t  the nitrogen atoms 
of the cis compound.* 

Significance is also attached to the comparatively 
high basicity of benzo [c] cinnoline. Azo-compounds 
in general are much weaker bases than N-hetero- 
cyclic compounds, and, in the present case, con- 
sideration of comparable electron shifts in the 
conjugate acids of azobenzene (111) and benzo [c] - 
cinnoline (IV) suggests that the latter iori has a 
considerably greater resonance energy. Such a 

€1 
III 

difference should, in fact, be related to  the enthalpy 
change in the cyclization reaction. 

(5) I. M. Klotz, H. A. Fiess, J. Y. Chen Ho, and hf. Mel- 
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Chem. Soc., 2143 (1953). 
(8) G. AT. Badger, R. G. Buttery, and G. E. Lewis, J .  
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EXPERIMENTAL 

Materials. Trans-azobenzene, m.p. 68', was obtained 
free from traces of the cis isomer by chromatography on 
alumina and recrystallization from ethanol in darkness. 
Cis-azobenzenc, map. T l " ,  was prepared by irradiation of 
the trans compound2 and chromatographic purification on 
alumina. Immediately before each occasion of use it was 
recrystallized from pentane in order to remove any spon- 
taneously formed trons-azobenzene. Thr benzo [c] cinnoline 
used in these exppriments was prepared according to 
Badger, Seidler, and Thompson.g After recrystallization 
from aqueous ethanol it melted a t  154". Isolation of benzo- 
[c] cinnoline from irradiated acidic solutions of azobenxene 
has been described already.' 

Absorption spectra. Solutions for spectroscopy were pre- 
pared by cliluting stock solutions in absolute ethanol with 
aqueous sulfuric acid of appropriate normality. All spectra 
were measiired in an Uptica CFc Double Beam Recording 

Spectrophotometer a t  a wavelength drive of 0.4 mp set.-* 
Spectral changes in the absence and presence of light were 
studied through the entire range, 220-500 mb, a t  every 
stage. 

Ionization constants. The pKa values were evaluated by a 
standard procedure10 following measurement of the spectra 
in various normalities (0.1-22N) of 10% (v. : v.) ethanolic 
sulfuric acid and neutral solution. Thermostatic control was 
not employed. All data therefore refer to room temperature 
(19-23"). Calculations for benzo [clcinnoline were based on 
pH determinations with a glass electrode. The extended pH 
scale of Michaelis and Granick7 was used for solutions of the 
azobenzenes. Although this scale is strictly applicable to 
purely aqueous sulfuric acid systems constant pKa values 
viere obtained in 10% (v.:v.) ethanolic sulfuric acid over 
reasonably wide ranges of normalities. The values found, 
however, must be considered suitable for qualitative com- 
parisons only. 
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Kinetics of the acetolysis of a series of alkyl-substituted neopentyl p-bromobenzenesulfonates, R-C,q(CH3)z-CaHYOBs, 
has been investigated. Firsborder rate constants have been determined a t  three temperatures and values for AH* and 
AS* derived for nine esters. Relative rates (CH, member = 1.0) show that (1) lengthening of the chain in R without branch- 
ing beyond C, (CzHs, n-CaH? and n-C4Hs members) gives a constant relative value of 2.4; (2) the effect of substitution of 
one, tvo,  and three alkyl groups on C, (CnH6, G C 3 H ~  and sec-CaHs, t-C4H:, members) results in relative rates of 2.4, 7-8, 
and 34, respectively; (3) branching of It a t  Ca (i-CdH9 member) gives a relative rate of 4.1. The overall variation of rate 
with structure corresponds closely to that observed in the structurally-related tertiary chlorides and appears to be ex- 
plained best by a combination of carbon participation and a release of B-strain. 

The behavior of alcohols of the type R&&- 
C,H20H (I) when subjected to conditions favor- 
able to  dehydration and rearrangement was first 
considered by Haller and Bauer2 and later by 
Favorsky, mho studied 2,2-dimethyl-l-butanol 
and 2-methyl-2-ethyl-l-b~tanol.~ The extensive 
investigations of Whitmore on neopentyl alcohol 
(I, R = CHp) and itts derivatives* and of Meerwein 
and van Emster on camphene hydrochloride5 led 
to formulation of an ionization mechanism for the 
rearrangements. Whitmore also investigated the 
relative migratory powers of the CHp and n- 

(1) Abstracted from the Ph.D. thesis of R. M. F. and 
M. S. theses of C. B., C. Y .  L., and R. B. I). 

(2)  A. Haller and E. Rauer, Compt. rend., 155, 1581 
(1912). 
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chim. France, (4)  37, 1227 (1035). 

(4)  (a) F. 6. Whitmore and H. S. Rothrock, J .  Am. Chem. 
Soc., 54, 3431 (1932). (b)  F. C. Whitmore, J .  Am. Chem. 
rs'oc., 54, 3274 (1932). (c) F. C. Whitmore and J. M. Church, 
J .  Am. Chem. SOC., 55, 1119 (193.3). 

(5 )  H. Meerwein and K. van Emster, Ber., 55, 2500 
( 1922). 

C4H9 groups during dehydration of 2,2-dimethyl-l- 
hexan01.*~ This early work was later verified and 
extended by Dostrovsky, Hughes, and Ingold* 
and by Winstein' using kinetic methods. Numer- 
ous other investigators employed a stereo-chemical 
approachs and the labelling techniqueg in an effort 
to arrive a t  a better understanding of 1,Zsaturated 
nucleophilic rearrangements. In  most of the cases 
investigated, relative reactivities and rearranged 
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