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Abstract 

Azobenzenophanes may be suitable precursor molecules for tetrazetidines with a four-membered nitrogen ring. The synthesis and photo- 
chemistry of azobenzenophanes with at least one three-carbon bridge are reported. The photochemistry is dominated by E ~ Z  isomerization. 
This class of azobenzenophanes has thermally stable Z,Z isomers, probably due to the rigidity of the three-carbon bridge. This stiffness, 
however, hampers tetrazetidine formation. Some clues to tetrazetidine formation are presented and an unusual thermal isomerization E,E ~ E~Z 
is reported. 
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1. Introduct ion 

Azobenzenophanes 1, 2 and 3 and phane 4 may be suitable 
precursor molecules for tetrazetidines (tetraazacyclobuta- 
nes), a class of simple cyclic molecules with a four-mem- 
bered nitrogen ring not yet prepared. Only indirect evidence 
of these compounds exists, e.g. from a photometathesis of a 
tailormade aliphatic azoxy/azo compound [ 1 ] and kinetic 
analysis of the photoreaction [ 2] of an azobenzenophane. In 
the azobenzenophanes, the four-nitrogen ring structure is pre- 
formed, and photochemical ring formation may have a chance 
against predominant geometrical E - Z  isomerization. 
Recently, we have reported sound theoretical arguments for 
the kinetic stability of the tetrazetidine system and for the 
formation of tetrazetidine on high-energy "rr-0 7r* excitation 
of the azobenzene unit, but not on n-*'rr* excitation [2]. In 
Ref. [2], we also published indirect experimental evidence 
for the formation of tetrazetidine from 1, but as an isolated 
material tetrazetidine is still evasive. 
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The azobenzenophanes with --CH2-S-CH2- bridges, such 
as 1, are hardly soluble; 4 is virtually insoluble [3]. As the 
kinetic species, which we have attributed to tetrazetidine [ 2 ], 
is short lived, we assume fast ring opening which should be 
thermally activated. Thus low-temperature experiments are 
necessary, and this requires better solubility which can be 
obtained by substitution of the phanes. Substitution in the 
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ortho positions in the azobenzene rings will hinder the 
approach of the azo groups during the course of tetrazetidine 
formation; substitutions in the meta positions may give prob- 
lems when para bridges are synthesized; therefore we chose 
the bridge for the substitutions and synthesized 2 and 3. This 
approach was successful, and no limitations for photokinetic 
experiments on solubility grounds remained. 

The results of irradiation experiments on azobenzenopha- 
nes showed that consecutive Z-E isomerizations (Scheme 1 ) 
arc the main photo and thermal reactions; this is not unex- 
pected [3]. From a kinetic analysis, we extracted all four 
quantum yields of the main reactions [4]. The three-carbon 
bridges seem to increase the rigidity of the framework of the 
structure, rather than the sulphur-containing bridges. An unu- 
sual long-term stability of the Z,Z form of 2 and 3 was found, 
in addition to a surprising side reaction which is characterized 
by thermal E to Z isomerization. Hints to tetrazetidine for- 
mation are weaker than for 1. A certain degree of flexibility 
seems to be necessary to accommodate the changes in the 
distance of the azo groups on ring formation in the 
azobenzenophanes. 

~,./ %--.~ ~ \-  c o o B  

For 2, the best method involves the preparation of 
(EtCOO) 2C (CH2-Ph-N=N-Ph~2H2-Br)  2 by alkylation of 
one molecule of malonic ester and two molecules of 4-bro- 
momethyl-4'-methylazobenzene, and subsequent bromina- 
tion of the methyl group. With Na2S, the cyclophane ring can 
be closed (Scheme 3). The yields were not optimized, but 
were in the region of about 5% on the basis of the amount of 
dimethylazobenzene. Other attempts were not sufficiently 
successful [4]. 

Compound 4 was prepared in a four-step synthesis by 
photocyclization of o,o'-dimethylazobenzene in acid solu- 
tion, bromination of the dimethylbenzo [c] cinnoline, substi- 
tution of the bromo by -SH groups and coupling of the 
bis-bromomethyi and bis-methylthiolbenzo [ c ] cinnolines. It 
is not sufficiently soluble for cyclization experiments. 

2.2. Irradiation and analysis set-up 

2. Experimental details 

2.1. Synthesis of azobenzenophanes 2 and 3 [4] 

The critical step in the synthesis of 2 and 3 is the closure 
of the cyclophane ring. The syntheses seem to be straightfor- 
ward, but this impression is deceptive [4]. 

The synthesis can be attempted by reducing the nitro 
groups to form azo groups. This route (employing LiAIH4) 
was used successfully by Tamaoki et al. [5], even for the 
azobenzenophane with ---CH2-CH 2- bridges, but starting 
from 2,2-di-EtOOC-1,3-bis(p-nitrophenyl)propane 5 we 
could not isolate the target molecule 3 from the reaction 
mixture. Electroreduction of 5 provided the doubly reduced 
3 in very small amounts and the monoazo compound 6 in 
larger amounts. Therefore we synthesized 6 as shown in 
Scheme 2 by coupling two malonic ester units with one bis- 
bromomethyl-azobenzene and subsequent substitution of the 
remaining H atom at the malonic acid central C atom by p- 
nitrobenzyl units. Then 6 was subjected to electroreduction 
to give a few milligrams of 3. 

I ' ~ ~ N O 2  

For irradiation and photokinetic experiments, a new appa- 
ratus was used (Fig. 1 ) which integrates both functions of 
irradiation and analysis [4]. The key feature is the colline- 
arity of the irradiation and analysis beams. This geometry 
was selected since, in viscous or solid solutions, one of the 
requirements for photokinetic evaluation, the homogeneous 
distribution of all molecular species, is no longer guaranteed. 
Under these conditions, the experiments can still be analysed 
when a collinear geometry is used, but not when a right angle 
geometry is employed. 

The set-up consists of a single-beam spectrophotometer 
with a deuterium lamp (Zeiss CLD 300) and a diode array 
detector (Zeiss MCS 220) with 512 diodes, each 2 nm in 
width. The spectro-beam is guided by waveguides and made 
parallel before it travels through the sample cell. The sample 
is placed in a home-built housing whose temperature can be 
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Scheme 2. 
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Fig. 1. Experimental set-up (for explanation, see text). 

adjusted by a liquid thermostat and whose windows can be 
purged by a stream of dry gas in order to avoid fogging. The 
sample cell can be replaced at any time by a reference cell in 
order to record a new baseline. The photolysing radiation 
from a water-cooled 150 W xenon source (PTI) has a large 
diameter; under suitable focusing, it passes an interference 
filter and is deflected by a mirror onto the sample cell. The 
mirror has a central bore for the spectro-beam which is much 
narrower than the area covered by the irradiation beam from 

the xenon lamp. Two shutters are used to switch from the 
irradiation to the analysing mode and back. They protect the 
diode array from the high-intensity radiation of  the xenon 
lamp. An additional shutter closes the deuterium lamp path 
during monochromatic irradiation by the xenon source. The 
experiments are computer controlled by means of  the pro- 
gram MESSEN 3.5 [6]. The irradiation periods can be 
selected down to 1 s; the minimum reading period is 40 ms. 
Therefore quite rapid reactions can be resolved. 

The program MESSEN 3.5 acquires the spectral data. Pas- 
cal programs were written for evaluation; the data are con- 
verted to a format suited for the SIGMAPLOT® package. 

3. Results  

3.1. Photoreactions of the azobenzenophane 2 

Fig. 2 shows the room temperature reaction spectra of  2 in 
acetonitrile on irradiation at 366 nm. On inspection, blurred 
isosbestic points can be seen which indicate more than one 

A 

t = 0 set:. 
5.o! 

0.8 

0 . 8  

0.7' -A 0 . 6  

0 . 5  

t = 3600 sec. 
O.1 

220 70 320 370 470 520 (r'aet ] 
Fig. 2. Photoisomerization of E,E-2 on 366 nm irradiation (1o = 7.7 × l 0- ~o einstein cm- 2 s - 1; 60 s irradiation increment; c = 2.5 × 10 - ~ M). 
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Fig. 3. AD-diagrams of the photoreaction of E,E-2 induced by 366 nm 
irradiation: (a) wavelengths 332 and 250 nm; (b) wavelengths 332 and 370 
r im. 

reaction step. The graphical matrix rank analysis [7] of this 
photoreaction (Mauser  diagrams ~) gives linear and non- 
linear AD diagrams, depending on the wavelengths selected 
for the diagrams (Fig.  3). This is used later for the determi- 
nation of  the quantum yields (see Section 3.3). 

On irradiation at 366 nm, most of the Mauser ADQ plots 
constructed from the data of Fig. 2 are linear (Fig. 4) ;  some 
may be non-linear indicating an additional independent reac- 
tion. At 243 K, the non-linearity is more obvious, but still 
small. On irradiation at 436 nm, however, the ADQ diagrams 
are linear at room and at low temperature. 

As the non-linearity of the ADQ plots is not very obvious 
by graphical matrix rank analysis, a numerical procedure was 
employed [8,9].  A matrix AA of  the absorbance differences 
AA,j was created with the wavelength dependence in the rows 

and the time dependence in the columns. After proper trans- 
formation of  the matrix, the rank is given by the number of  
non-zero diagonal elements. However,  these elements are not 
integers and thus we need a threshold criterion. This is given 
by the requirement that the error is smaller than the diagonal 
element. The errors S,j for all experimental AA,j  values are 

independent of  each other. We  estimated that there is little 
variation in the errors for different wavelengths and for dif- 
ferent values of  the absorbance, and thus used the equipment- 
determined error of 0.004 absorption units for all matrix 
elements S,j. From this numerical matrix rank analysis, we 
obtain s = 2 for irradiation at room temperature, irrespective 
of the irradiation wavelength. However, at 243 K, we find 

Mauser diagrams provide information about the number of linearly 
independent reactions in a reaction system. The values of the absorbance 
Az, or the absorbance difference AA~, (usually the change relative to the 
starting value) at one arbitrary wavelength A~, taken from a series of reaction 
spectra (as in Fig. 2), are plotted vs. the corresponding values Aa~ or AAA2 
at a different wavelength A2 (A diagrams or AD diagrams). If a straight line 
results, there is only one independent reaction (s= 1 ); if the plot is non- 
linear, there is more than one reaction (s> 1 ). In this case, the absorbance 
differences at the two arbitrary wavelengths are referred to the absorbance 
difference at a third wavelength (absorbance difference quotient), and ADQ 
plots of AA~t/AA^, vs. AA~2/AAx3 are created. If they are linear, there are 
only two independent reactions in the system (s = 2); if they are non-linear, 
there are more than two (s> 2). Higher order diagrams can be constructed 
in principle, but they can only be evaluated when the error margin of the 
experimental data is very low, as the ratio of differences has an unfavourable 
progression of errors. 
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Fig. 4 ADQ diagrams of the photoreaction of E,E-2 induced by 366 nm 
irradiation: (a) at room temperature; (b) at 353 K. 

that s = 3  for "rr--*w* irradiation (366 nm) and s = 2  for 
n ~ ~r* irradiation (436 nm),  which is in agreement with the 
graphical analysis. 

Long-term irradiation at 313 nm, which leads to excitation 
of the w,~r* state of  2, but is also absorbed by the possible 

formation of tetrazetidine [ 2],  leads to total disintegration of  
molecule 2 by primary and secondary photoreactions. There 
are at least 30 different products after 3 days of 313 nm 
irradiation. At least five are orange and non-fluorescent on a 
chromatographic thin layer (obviously azobenzene deriva- 
t ives).  Many of the other spots are fluorescent. In contrast, 
in a parallel experiment with long-term irradiation of 2 at 366 
nm, only the Z,Z and E,E isomers are detected; the molecule 
is not destroyed. Moreover,  the two non-cyclophane com- 
pounds S (CH 2-Ph -N =N -Ph- 'CH 3)  2 and (C2H5OOC) 2C- 
(CHE-Ph-N=N-Ph-CH3)2 ,  derived from 2 by cutting out 
the maionic ester unit or the sulphur atom, do not decompose 

on 313 nm irradiation. 
Irradiation of  E,E-2 at 366 nm in a solid matrix of  96% 

EtOH at 77 K does not lead to the same photostationary state 
as that obtained at room temperature; E ~ Z isomerization is 
inhibited. On the other hand, when a solution in the photos- 
tationary state after 366 nm irradiation at room temperature, 
which consists of more than 90% of the Z,Z isomer, is frozen 
to 77 K and irradiated in a rigid solvent by 436 nm light, the 
system is totally converted to the E,E isomer, far beyond the 
photostationary state at room temperature. This parallels azo- 
benzene behaviour, where E--) Z isomerization is negligible, 
but Z -~  E isomerization is still possible in rigid solvents at 

low temperature. 

3.2. Thermal reactions o f  the azobenzenophane 2 

It is well known that the Z isomers of  azobenzene and its 
derivatives are thermally unstable. In the azobenzenophane 
1, pre-irradiated at 366 nm, we observed [2,3] a fast 
(k29s= 1 .6x  10 -6  s - l ,  Ea=96 .2  kJ mol - ] ,  toluene) and 
slow (k298 = 1.85 x 10 -3 s -  1, Ea = 82.9 kJ m o l -  1, toluene) 
thermal Z - E  isomerization, which we attributed to the 
Z,E ~ E,E and Z,Z--* Z,E reactions respectively. In the cyclo- 
phanes 2 and 3, the photoisomerization leads to photostation- 
ary states rich in the Z,Z isomer if an appropriate wavelength 
is chosen. On shutting off the irradiation source, we again 
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observe a fast (A ~) and a very slow (A, )  thermal reaction. 
A ~ can be assigned to the Z,E ~ E,E reaction and A 2 to the 
Z , Z ~ Z , E  reaction. The very slow reaction A2 can be evalu- 
ated according to first-order kinetics when one point per week 
is recorded, and the pure E,E isomer is assumed to be the 
final product. By using the "formal integration" method of  
Mauser [ 7 ] 

t~ 

f AAdt 
AA~ l 

= k A ~ - k  i, ( l ) t' - t  - t  

we do not need to know AA~, the absorbance at infinite time, 
to determine k. We arrive at a lifetime of  the Z,Z isomer of  
more than l year (this lifetime may be even longer, because 
during the course of the thermal isomerization experiments 
we cannot be totally sure that absolutely no light impinges 
on the sample). The reaction of 2 is at least 80 times slower 
than that of 1 and 200 times slower than that of 4,4'-dime- 
thylazobenzene. The Z,Z isomer of 2 is virtually thermally 
stable. This allows the isolation of  Z,Z-2. The fast reaction 
A ~ has a first-order rate constant of  about k~9~ = 8 × 10-4 s - 
(E~ = 92 kJ tool - ~ ) in acetonitrile, and this is independent of 
whether the thermal reaction is monitored after 366 nm irra- 
diation of the E,E isomer or 436 nm irradiation of the Z,Z 
isomer. 

Careful analysis of  the thermal reactions reveals two addi- 
tional very rapid reactions A 3 and A4, which are only 
observed in a limited temperature interval of about 293-258 
K. In order to detect them, the irradiation must not be inter- 
rupted to take the reaction spectra, because as much E,Z-2 as 
possible must be accumulated. 

After 10 rain of  continuous 366 nm irradiation (the pho- 
tostationary state has not yet been reached), with an overall 
shift of E to Z configuration, the A 3 reaction precedes the A 
reaction. Fig. 5 (a) shows the absorption in the initial stage 
of  the thermal reaction after shutting off the 366 nm light. 
The A3 reaction seems to be too fast at 313 K and too slow 
at 253 K to be detected, which indicates a high energy of 
activation. The difference between the spectra taken at t = 0 
s and t = 400 s is shown in Fig. 5 (b),  together with the spectra 
of E,E-2 and Z,Z-2. It is obvious that A3 involves Z--*E 
isomerization, which is not surprising. 

The same experiment starting from Z,Z-2, with 436 nm 
irradiation, is shown in Fig. 6(a) .  Again, the irradiation is 
not interrupted in order to produce a high concentration of 
the E,Z form, but is stopped before the photostationary state 
is reached. Here the photoreaction causes an increase in 
absorbance at the monitoring wavelength of 332 rim, repre- 
senting overall Z--* E isomerization. Again, after shutting off 
the 436 nm light, we observe a very fast reaction, A4, which 
causes a decrease in absorbance. The difference spectrum of 
this experiment at T = 2 7 3  K is shown in Fig. 6 (b) ;  this 
indicates thermal E ~ Z isomerization, a reaction which, to 
our knowledge, has not been observed previously. Clearly, 
reactions As and A4 do not dominate the reaction system. 

However, they should not be overlooked. That they are not 
simple artefacts has been proven by a parallel experiment 
with azobenzene, in which no such fast reactions were 
observed. 

3.3. Determination of  the absorption coefficients o f  E, Z-2 
and the quantum yields o f  the photoreactions o f  2 

Both E,E-2 and Z,Z-2 are stable compounds and their 
absorption coefficients can be determined in the usual way. 
For the particular isomerization system of compound 2, the 
absorption coefficient of Z,E-2 can be obtained as there are 
combinations of  wavelengths whose AD diagrams are linear 
and others where this is not the case. Linearity in the AD 
diagrams in an E,E ~ E,Z--* Z,Z sequence is only possible if 
eE.z = 1 / 2 ( ~z.z + ~E,E). This suggests non-interacting azo- 
benzene units. However, there are also non-linear AD dia- 
grams indicating interactions; the non-linearity is more 
expressed when one of  the monitoring wavelengths is chosen 
in the "cyclophane"  band around 380 nm. 

For the determination of  eE,z, we evaluate the thermal 
reaction of 2 following irradiation [ 10]. Only the E , Z ~  E,E 
isomerization proceeds, as the Z,Z form is stable. Thus for 
d = 1 cm and a total concentration of  Co 

A~,-o~ = ez.zCz.z~,-o~ + eefe .z~t  o) + eE,ece.E(t=o) (2) 

A ~ t = ~ )  = e z , z C z . z ~ t = o )  + eE.ECE, E~t ~ )  

= ez.zCo + ( eE.e - ez,z) ce.E(,- ~) (3)  

With Ce.z(,_o)=cE,e(,_~)-ce, E(,=o) and eE.z = 1/2(ee, e +  
ez.z), we can derive 

A~,-o) - [ ez,zCz.z- 1/2(ee .e+  ez,z)Ce.e(,=~) ] 
CE,E( t_O)  ~- 

eE.E -- 1 / 2 ( eE.E + eZ.Z) 

(4) 

The other concentrations at the end of  irradiation (t = 0) are: 

ez.z~,-o) = Cz~z~,=~) = Cz.z = [A~,=~) - ~E.ece, e~t= ~) ] /ez.  z 
and CE,Z( t~O)  ~ C E . E ( t = ~  ) - -  CE, E ( t - O ) .  

These concentrations at the end of irradiation are, of  course, 
independent of the monitoring wavelength. Thus we can cal- 
culate the absorption coefficients of the E,Z form at wave- 
lengths at which the AD diagram is not linear. To this end, 
the absorbance-time relation of the thermal reaction is fitted 
by variation of ee,z with 

CE.Z(r) ~ CE, Z ( t -  O) e - kit  

CE.E(t) = CE.E(t=O) 3F ( CE . z ( t=O)  - -  CE.Z(t)  ) 

At = ez.zCz.z + ~e.zCe,z~t) + ee.ece.e~t) 

(5) 

(6) 

(7) 

using the values of k~, ce.e(t= o), Cz.z, ee,e and ez~z determined 
before. Fitting was performed at 10 nm intervals. The results 
are shown in Fig. 7, together with the absorption spectra of  
E,E-2 and Z,Z-2. The most important feature of  the E,Z-2 
spectrum is the loss of the "cyc lophane"  band around 380 
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Fig. 5. (a) Absorbance changes during photoreaction induced by 366 am irradiation (the very rapid thermal reaction A 3 and the thermal reaction A1); (b) the 
difference spectrum due to A3. 

nm, which indicates the disappearance of  the interactions 
between the cis and trans azobenzene moieties. 

The determination of  the photochemical quantum yields 
for the E,E ~ EiZ and Z,Z ~ E Z  reactions is possible from 
an evaluation of  the initial slope of  the reactions according 
to "formal integration" [ 11] by 

AA~ lO00loe'Mq~tAa~=)[Fdt_ lO00loe'Mq~fFA~dt 
(8) 

]Fdt fFdt [Fdt 

where F is the photokinetic factor ( 1 - 10  - a ' ) / A ' ,  A is the 
analysis wavelength, the prime indicates the excitation wave-  
length and M is the absorbing molecule.  The evaluation of  
the initial slope of  the left-hand side vs. [FAx& provides the 
quantum yield. The results for azobenzenophane 2 are 

~e,e~ e,z --- 0,23 _ 0.03 

and 

~oz,z~e. z--- 0.28 + 0.04 

(9) 

(1o) 
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Fig. 6. (a) Absorbance changes during photoreaction induced by 436 nm irradiation (the very rapid thermal reaction A4 and the thermal reaction A~); (b) the 
difference spectrum due to A4. 

The quantum yields of the E,Z ~ E,E and E,Z ~ Z,Z pho- 
toreactions can be calculated using the methods developed 
by Mauser [ 7 ]. One important assumption is that the quantum 
yields are independent of  the excitation wavelength; this is a 
safe assumption for azobenzenophanes and also for azoben- 
zenes in the region of  one absorption band [ 12]. As we must 
consider two independent photoreactions (s = 2),  the devel- 

opment of  the absorbance at two wavelengths A1 and A2 must 
be evaluated, and this leads to 

AAx, = ZlofF'dt + zltfF'Aa,dt + Zl2JF'Axzdt 

+ AAA2 = Z2oJF 'dt + z2JF'a~,dt  z22JF Ax2dt 

(11) 

(12) 
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where z 0 are constants containing absorption coefficients, 
quantum yields and initial absorbance values at the two wave- 
lengths selected. Using all the reaction spectra, a matrix equa- 
tion holds 

~F'A, ,dt  

AAA~(m.I ) =A¢m.3) .  Zkl(3, ] ) 

fF'AA:dt I (Z,o / 

(13) 

(14) 

m is the number of  reaction spectra included. On selection of 
a second evaluation wavelength, another matrix equation for 
AA,a results. From the Z matrix, we can calculate the trace 
(S = z~l + z=)  and determinant (D = [z~ iz2~_) - [zl2z2J ] 

S = - ( ~E.E ~e,ze'e,e 

+ [ q~e.z ,z.z + q~E,Z~E.e]g'E.Z + q~Z,Z +E.Zg'Z.Z) 15) 

D = ~E,E ~ E, Zf49E,Z ~ Z.Z IS E,E et  E.Z 

-1- ~E,Z ~ E.E@Z.Z ~ E.Zg'Z.Zg'E.Z 

+ q~,e ~ e.zC&,z , E,zde.edz,z 16 ) 

All the absorption coefficients and quantum yields ~E,E ~ E.Z 
and q~z,z~e,z are known; the two quantum yields q~e.z ~z.z 
and ~OE.z ~ E,c can be determined. The result is 

~oe, z _,e.e = 0.23 +0.07 (17) 

and 

¢e.z~z.z = 0.33 + 0.10 (18) 

3.4. Investigations of  the thermal and photoreactions of  3 

We have only a very limited amount of  pure material of 
azobenzenophane 3. Therefore only certain characteristic 
experiments have been performed. The main characteristics 
of photoisomerization are the same as those of  2. The thermal 
stability of Z,Z-3 matches that of  Z,Z-2 at least. However, we 
did not detect the very fast thermal reactions A 3 and A4 after 
interruption of the irradiation of 3. 

4. Discussion 

4.1. Spectra 

The spectra of  the E,E-azobenzenophanes are essentially 
E-p,p'-dimethylazobenzene spectra characterized by the low- 
intensity ( symmetry forbidden) n ~ rr* band in the 400-500 
nm region and the very intense (symmetry allowed) ,rr ~ "rr* 
band at 332 nm. However, there is an additional band of 
moderate intensity in the 380 nm region which appears in all 
azobenzenophanes. This may be due to the interactions of  the 
transition moments as described by exciton theory [13].  
When one or both azobenzene units are in the Z configuration, 
this band is missing. The Z isomer has different transition 
moments from the E isomer: the long-wavelength band is 
allowed, but the UV band is weak compared with that of  the 
E isomer. The disappearance of  the "cyclophane"  band may 
be due to the low oscillator strength of  the Zunit, reorientation 
of the transition moments in the Z unit compared with the E 
unit or rearrangement of  the molecule removing the contact 
of the azobenzenes in the sandwich structure of  the phane. 

4.2. The influence of  C 3 bridges 

A most striking feature of the azobenzenes 2 and 3 is their 
thermal stability in the Z,Z form ( tw2=400  days) [14] 
compared with 1 (t~/~_=5 days), azobenzene (t]/e = 
2.5 days) and the pull-push substituted azobenzenes such as 
4-dimethylamino-4'-nitroazobenzene (tl/2 in the millisecond 
range)• This seems to be due to the difference in flexibility 
of the -CH2-S-CH2-  and -CHz-CR242H2-  bridges of  the 
phanes. 

Thus azobenzenes with a three-carbon bridge are bistable 
photoswitchable systems. They meet the requirements of a 
reversible optical storage element [ 15]. At a writing wave- 
length of 366 nm, the phane system is shifted to the Z,Z side, 
and at a writing wavelength of 436 nm, the phane system is 
shifted to the E,E side. Reading at 366 nm is virtually non- 
destructive as the Z,Z form has an extremely low absorption 
coefficient (as low as 1801 mol ] cm 1) andthe E, Eform,  
which absorbs about 70 times more strongly, is converted 
only into the E,Z form which quickly re-isomerizes to the E,E 
form. Thus the concentration of the strongly absorbing 
molecular form is re-established. Of course, the use of  other 
features for reading instead of  absorption, such as the refrac- 
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tive index, change in surface charge, etc., in suitably shaped 
devices [ 12] will permit totally non-destructive reading. 

4.3. The formation of a tetrazetidine structure 

The azobenzenophanes 2 and 3 show one feature which is 
needed to tackle the tetrazetidine problem, i.e. solubility. 
However, in the light of  this work, it seems that the formation 
of the four-membered nitrogen ring on this pathway requires 
a rather flexible molecule which allows an easy approach of 
the two azo groups. Their distance in the phanes is not much 
more than the contact distance of aromatic systems ( 340 pro) ; 
386 pm has been determined from the X-ray structure of 1 
[ 16] and 384 pm has been calculated by a force field program 
[ 17]. The N - N  distance in the tetrazetidine ring is about 140 
pm, less than half of the original separation. It seems that the 
more flexible - C H z - S - C H 2 -  bridges can accommodate these 
changes better than the rigid --CHz-CHz-CH 2- connections. 
More flexible structures of  the phanes, e.g. by using bridges 
with four or five members, should favour the ultimate step of 
ring formation. However, the necessary preformation of the 
ring will no longer be provided by the molecular structure, 
but will become a matter ofconformational fluctuations. This, 
in turn, will favour the isomerization reactions compared with 
the ring closure reaction. At present, we are considering flex- 
ible clamps containing a cyclohexane boat element. However, 
we call to attention the opposite philosophy of Prinzbach et 
al. [ 1 ], who tried to fix the nitrogen atoms of aliphatic azo 
groups in close proximity in very rigid structures so that only 
small changes in the positions of the atoms were necessary 
to form the ring. 

From an analysis of the fragmentation in the mass spectra 
of 2 and the open structure 7, we find a characteristic differ- 
ence: for 2, the two fragments m/e = 365 au and m/e = 240 
au are detected, whereas in the mass spectrum of 7 these 
peaks are absent. This is indicative of the two Z-monoazo- 
benzene-p-cyclophanes 8 ( m / e = 3 6 5 )  and 9 (m/e=240)  
with - C H  + ~ (COOEt) 2-'CH2- and -CH2-S-CH2-  bridges 
respectively, which would have their origin in a metathetic 
reaction of the tetrazetidine ring. Indeed, it was shown in a 
tandem mass spectrometer that the fragment of 365 au is a 
direct product of a species with a mass of 606 au. These Z- 
azobenzene-p-cyclophanes are certainly very short lived; 
Funke and Grtitzmacher [ 18] have been unable to synthesize 
them. Thus we have another indication of the tetrazetidine, 
but as yet no proof of  its existence. 

4.4. 7he fast thermal reactions A 3 and A 4 

The fast thermal reactions A 3 and A 4 a r e  not important in 
the whole isomerization system. However, they are puzzling 
in that a thermal isomerization from an E to a Z configuration 
takes place after 436 nm irradiation (which shifts the overall 
composition to the E side). The appearance of  the phane band 
in the difference spectrum indicates that it is the E,E isomer 
that is formed (A3) or disappears (A4), and therefore the 
isomerization reactions of the E,E and E,Z isomers are 
involved. In simple azobenzene, the Z isomer is about 45 kJ 
mol ' less stable than the E isomer, and therefore only Z-~ E 
isomerization is observed as a thermal reaction. In 2, there 
seems to exist a driving force for a thermal E,E ~ E,Z isom- 
erization, i.e. there is an E,Z isomer in a conformation of  
lower energy than the E,E isomer. This driving force could 
be provided by the steric strain of  an unusual isomer or con- 
former of the E,E isomer. It should be noted that no material 
is lost in the photochemical reaction system of 2 on repeated 
366/436 nm irradiation cycles. 

This concept prompted us to expand our computational 
efforts. We used the force field program PCMODEL [ 17] 
(with a modified MM2 force field according to Allinger 
[19])  and included a restricted Hartree-Fock (RHF) cal- 
culation [ 20]. With these calculations, we realized that with 
widely different starting geometries two different minima are 
found for each of  the isomers, one belonging to a sandwich 
form of the molecule and one to an open relatively flat form 
(Z,Z) or basket-like form (E,Z). 

According to these calculations, the sandwich forms have 
MMX energies of  60.88, 300 and 315 kcal m o l - t  and the 
open forms have energies of 187.3, 83.79 and 91.5 kcal mo l -  3 
for the E,E, E,Z and Z,Z isomers respectively. We do not 
attribute importance to the absolute numbers, but to the qual- 
itative picture. This indicates that the E,Z and Z,Z isomers are 
more stable in the open forms, and thus a large conformational 
change should occur on E,E-~ E,Z isomerization. However, 
experiments at 77 K in a rigid solvent indicate that isomeri- 
zation is possible from the Z,Z to the E,E form in this solid 
matrix. Moreover, the resulting spectrum contains the cyclo- 
phane band, indicating a sandwich conformation. An open 
form to sandwich transformation is impossible in this matrix. 
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At present, the molecule  isomeriz ing thermally from E to Z 
is unknown,  and we can only speculate on its identity. 
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5. Conclusions 

In this paper, we have reported the photochemistry ofazo-  

benzenophanes  with two para bridges conta in ing a C3 chain. 
By exploi t ing the fact that interactions of  the azobenzene  units 
only appear in the spectrum of the E ,E  isomer in the cyclo- 
phane band  near 380 nm, we determined the spectrum of the 
E,Z  form which shows no such interactions, and with these 
coefficients we de termined the quan tum yields of all four 
photoisomerizat ion steps. 

The C3 chain seems to provide more rigidity than structures 

with - C H 2 - S - C H  z-  bridges. As a consequence,  the Z,Z  form 
is virtually thermally stable. This  makes  the azobenzenopha-  
nes with C3 bridges potential  candidates for optical data stor- 
age devices.  On the other hand, the increased rigidity 
jeopardizes  our intent ion to use azobenzenophanes  as pre- 
cursors for tetrazetidines. The necessary flexibility of the 
molecule  to accommodate  the contract ion of the central part 

of  the azo compounds  on tetrazetidine formation seems to be 

lost. 
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