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Abstract 

6-Diazo-2,4-cyclohexadienone and derivatives with fluoro, chloro, methyl, tert-butyl and meth- 
oxy substituents have been investigated by UV/Vis absorption, IR absorption and UV photoelec- 
tron spectroscopy. Spectral results obtained in the gas phase, in an argon matrix at 10 K and in 
n-hexane solution at room temperature reveal an equilibrium with the respective 1,2,3-benzox- 
adiazole isomers, thus disproving current textbook opinions. The 1,2,3-benzoxadiazole structure 
is derived from the agreement of observed and calculated vertical ionization energies, character- 
istic IR and UV/Vis absorption bands as well as selective IR and UV photochemical transfor- 
mations. The relative concentration of the respective 1,2,3-benzoxadiazole in equilibrium with 
the diazoketone isomer strongly depends on the substituents and on solvent effects. The diazo- 
ketone structure is stabilized by hydrogen bonding and polar interactions. The most stable 1,2,3- 
benzoxadiazole in this study, the 5,7-di-tert-butyl derivative, is at least 6.3 kJ mol-’ more stable 
than its diazocyclohexadienone valence isomer, whereas 2,3,4,5-tetrafluoro-6-diazo-2,4-cyclo- 
hexadienone and 3-methoxy-6-diazo-2,4-cyclohexadienone did not isomerize to a notable extent. 
Energetic considerations for the stabilization of 1,2,3-oxadiazoles are discussed and compared 
with experimental and theoretical findings. 

INTRODUCTION 

The chemistry of 1,2-diazoketones [ 11, especially in terms of structure, ther- 

*Dedicated to the memory of Professor George Wilkinson. 
‘Author to whom correspondence should be addressed. 

0022-2860/91/$03.50 0 1991- Elsevier Science Publishers B.V. 



136 

ma1 and photochemical reactions, synthetic utility and technological aspects 
has retained high attention for about a hundred years [ 21. Today, this class of 
compound represents an important pool of intermediates for the synthesis of 
a wide range of strained [3] and natural [4] products. Particularly 6diazo- 
2,4-cyclohexadienone derivatives (o-quinone diazides ) [ 51 are of industrial 
importance for photo-imaging applications, especially for the fabrication of 
printing plates [ 61 and photoresists [ 71, thus contributing to the fast devel- 
opment of information technology and microelectronics. 

When 6-diazo-2,4-cyclohexadienones (1,2-benzoquinone diazides) were 
synthesized for the first time about a hundred years ago [ 2,8] by diazotisation 
of 2-aminophenols, methods for elucidation of the structure of these com- 
pounds were very limited. At that time and through the following decades the 
structures 1 to 4 were discussed [9]. From the absorption properties in the 

1 2 3 4 

near UV and visible region [lo], similar to those of benzoquinones, the posi- 
tion of the carbonyl and diazo bands in the IR spectra [ 111 and dipole moment 
measurements [ 121, it was later concluded that the molecular structure is cor- 
rectly represented by formula 1. Early work in this field as well as the present 
status regarding molecular and electronic structure, physical and chemical 
properties have been recently summarized in reviews [ 1,5]. There seemed to 
be no doubt that the structures 2, 3 and 4 can be definitively excluded for 
diazotisation products of 2-aminophenols. Consequently, this view has become 
fixed as a rule in reviews [la&] and textbooks [ 131. 

As a reason for the apparent instability of 2 and 4 the weakness of the N-O 
bond (bond enthalpy E(A-B) 157 kJ mol-’ at 25°C [ 141) may be quoted. 
However, this explanation seems to be insufficient because of the quite high 
stabilities of 1,2,3-thiadiazoles (5)) 1,2,3-selenadiazoles (6) or 1,2-oxazoles 
(7) and their respective benzo-fused analogs. Furthermore, the 1,2,3-oxadi- 
azole skeleton is stable in the sydnones (8) [15], which, however, may be 

7 

5 6 7 8 

classified as a separate group due to their peculiar mesoionic structure. 
Below we present a detailed reinvestigation of the aforementioned problem 

using the methods of IR and UV matrix photochemistry and absorption spec- 
troscopy, solution absorption spectroscopy as well as UV photoelectron spec- 
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troscopy. Based on the photochemical and spectroscopic results obtained, in 
particular on solvent (hydrogen bonding) effects, an equilibrium between 6- 
diazo-2,4-cyclohexadienone and various derivatives, and their respective 1,2,3- 
benzoxadiazole isomers will be revealed, thus disproving current textbook 
opinions. 

EXPERIMENTAL 

UVphotoelectron spectroscopy 

A sample reservoir, made from borosilicate glass, was connected with the 
target chamber of a modified Perkin-Elmer PS 16 photoelectron spectrometer 
via a temperature-controlled inlet system [ 161. The inlet system consisted of 
a 20 cm~0.5 cm stainless-steel tube. The temperature was measured with a 
chrome-alumel thermocouple and could be varied from room temperature to 
about 800°C. The temperature of the sample reservoir was controlled by a 
thermocouple and a regulated electrical heating system. Measurements were 
performed in the dark to prevent decomposition of the light-sensitive samples. 
The pressure inside the inlet system was about 5-15 Pa. The spectra were 
calibrated using acetylene (“fl, at 11.40 eV) and nitrogen (“2,’ at 15.57 eV 
and “l7, at 16.69 eV). 

Matrix isolation technique and sample preparation 

The apparatus and the procedure were described in preceding [ 16,171 pub- 
lications. A sample reservoir for solid compounds was directly attached to the 
stainless-steel shroud of an Air Products CS 202E Displex cryogenic refriger- 
ation system at the height of the window region and the cold tip. The sample 
reservoir and the 5 cm x 0.4 cm tubing were made from borosilicate and quartz 
glass and could be gently heated to facilitate evaporation, when necessary. The 
temperature of the sample reservoir was measured with a thermocouple. The 
refrigeration system was equipped with a DMX-1A shroud for optical spec- 
troscopy and KBr windows. The temperature of the cold window was con- 
trolled by a heater and a 0.07% iron-doped gold vs. chrome1 thermocouple by 
using an Air Products APD-B temperature controller. Mat.ix mixtures were 
prepared by subliming the sample into a large excess of argon, and matrices 
were deposited on a KBr window. The temperature of the cold window was 
maintained at 15 K and the total pressure in the vacuum system at w 5 x 10e4 
Pa by additional pumping with a turbomolecular pump. 

Matrix IR and UVphotolysis 

IR irradiation was performed within the sample compartment of the Beck- 
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man IR 4250 spectrophotometer by the standard Nernst glower. Additionally, 
IR filters could be put between sample and radiation source during irradiation 
or while running spectra. In some experiments a II > 2.3 pm or a I > 4.5 pm long 
pass filter (Oriel) was used. 

UV irradiation was accomplished with a 350 W high pressure mercury lamp 
(Osram HBO), quartz condenser optics, an 8 cm long water filter with quartz 
windows (to absorb IR radiation) and narrow band filters ( 10 nm band pass) 
or cut-off filters (Schott) . 

Matrix and solution W/Es absorption spectroscopy 

The UV/Vis absorption spectra were run on a Shimadzu UV-240 or UV-260 
spectrophotometer. The spectral resolution was 0.3-0.5 nm. Solvents used for 
solution spectra were Uvasole quality. Solutions contained x 10m4 M of the 
1,2-benzoquinone diazides (or its 1,2,3-benzoxadiazole isomers). Dissolution 
speed was generally low in n-hexane and stirring or shaking for several minutes 
was necessary to achieve complete dissolution in this solvent at room 
temperature. 

Matrix and solution IR absorption spectroscopy 

The IR absorption spectra were recorded on a Beckman IR 4250 spectro- 
photometer at a resolution of x 1 cm-’ at 1000 cm-‘. 

Materials 

The 1,2-benzoquinone diazides were synthesized as described below and were 
stored in the dark in the refrigerator at - 18” C. Prior to the experiments they 
were additionally purified by sublimation in vacua in the dark or under yellow 
light (pressure, x 1 Pa; temperature, 25-55 ’ C ) . 

6-Diazo-2,4-cyclohexadienone (1) [18] 
2-Aminophenol hydrochloride (4.3 g) is diazotized at 0°C with isoamylni- 

trite (10 ml) in absolute methanol (25 ml). The resulting 2-hydroxyphenyl- 
diazonium chloride is precipitated with cold tert-butyl methyl ether, filtered, 
washed and dried. (Caution! The substance has to be handled like an explo- 
sive! ) A portion ( 1 g ) of the dry hydroxyphknyldiazonium chloride is added to 
2.5 g powdered anhydrous sodium carbonate and the mixture is shaken vigor- 
ously until a yellow-brown colour appears (5-10 min). Extraction with 50 ml 
dry tert-butyl methyl ether, filtration and evaporation of the ether in vacua at 
room temperature gives 0.6 g of yellow crystals of pure 1. The preparation 
should be done under yellow light or in the dark. M.p. of 1, 65 ’ C (dec. ) ; IR 
(Ar matrix), 2113(s), 2091(m), 1650(m), 1594(m), 1589(m), 1513(m), 
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1446(m), 1388(w), 1243(m), 1179(w), 1147(m), 1110(w), 858(w), 835(w), 
750 (m) and 707 (m) cm- ‘; first vertical ionization energy, 8.20 eV (2A U (a) ). 

Based on the IR-induced transformation of 2 to 1, the IR bands of 1,2,3- 
benzoxadiazole (2 ) were observed ( Ar matrix) at 1615 (m), 1605 (m), 1485 (m), 
1465(s), 1440(m), 1437(m), 1365(w), 1342(s), 1295(m), 1261(m), 1222(m), 
1119(m), 1005(m), 892(m), 777(m), 763(m), 752(s), 543(m), 493(m), 
421 (m) and 372 (m) cm-‘. The vertical ionization energies of 2 are 9.45,9.95 
eV (both2A”(a)), 11.20 (2A’(aN)) and12.37eV (2A”(z)). 

On irradiation at 1> 350 nm 6-fulvenone ( 10) was obtained from 1, or from 
2 on irradiation at 3, = 300 nm (narrow band filter) in an argon matrix or after 
gas-phase pyrolysis of the gas mixture, containing 1 and 2 at 320’ C. IR bands 
of 10 (Ar matrix) were at 2138(vs), 2080(m), 1582(w), 1459(m), 1448(m), 
1407(m), 1329(m), 1079(m), 899(s), 725(s), 634(m), 573(m) and 518(w) 
cm-l. The vertical ionization energies of 10 are 8.56 eV ( 2A2 (n) ) and 9.06 eV 
(2B1 (a) ). 

3-Methoxy-6-diazo-2,4-cyclohexadienone (5-methoxy-1,2-benzoquinone-(2)- 
diazide, 14) [18d] 

To a solution of 2.76 g 4-methoxy-1,2-benzoquinone in 70 ml dichloro- 
methane, 3.72 g tosylhydrazide in 70 ml dichloromethane are added in small 
portions at -15°C. The combined solutions are stored at 0°C for 1 h in the 
dark. After concentration to about 40 ml in vacua, the solution is purified on 
a column filled with basic alumina, which has been deactivated with methanol. 
With dichloromethane as an eluent a yellow solution of 14 is obtained. Yield 
was 53% after evaporation of dichloromethane, m.p. 103 ’ C after purification 
by sublimation in vacua. 

IR(Armatrix)bandswereat2102(s),1642(s),1603(s),1530(w),1467(w), 
1383(w), 1331(s), 1238(w), 1232(m) and 1109(w) cm-‘. The vertical ioni- 
zation energies of 14 are 8.00 eV (2A ” (a) ), 9.23 eV (2A ’ (n) and 2A ’ (no) ) and 
11.02 eV (2A” (7t)). 

Upon irradiation with light of 1> 350 nm 3-methoxy-6-fulvenone was ob- 
tained in argon matrix or on gas-phase pyrolysis at 520” C, and was character- 
ized by IR bands (in AR matrix) at 2130(s), 1605(s), 1581(m), 1368(m), 
1285(w), 1215(w), 1170(w), 1042(w), 911(w) and752(w) cm-‘andvertical 
ionization energies (gas phase) at 8.02 and 8.84 eV (both 2A v (z) ) . 

4-Chloro-6-diazo-2,kcyclohexadienone (4-chloro-1,2-benzoquinone-(2)-diazide, 
16) l-191 

To a suspension of 1 g of 4-chloro-2-aminophenol in 5 ml of 3 N HCI a 
saturated solution of 5 g of NaNO, in water is added with cooling at 0’ C. The 
product precipitates and the mixture is neutralized with K,CO,. After filtra- 
tion, the solid product is dissolved in trichloromethane and purified by chro- 
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35 36 37 

Also in accordance with the experimental results, the calculations predict 
similar energies for 16 and 19 as well as for 17 and 20. However, similar 
energies were also computed for 14 and the methoxy-benzoxadiazole 38 which 
is obviously not correct. The reason for this failure is not yet understood. 

38 

Ab initio calculations have been performed [49] on the parent 1,2,3-oxadi- 
azole/formyldiazomethane system. These calculations predict the former to 
be 37 kJ mol-’ higher in energy with an activation barrier of 16 kJ mol-l for 
the ring cleavage. A comparison with MNDO results reveals, that 1,2,3-oxad- 
iazole can be significantly stabilized by benzanellation (by about 38 kJ mol-l 
referred to the zero level of energy common to both open systems). Thus, also 
from these calculations 1 and 2 become very similar in energy. 

Since the IR radiation which causes ring cleavage of 2 is in the range 2200- 
4500 cm-‘, the activation barrier for this process can be estimated to be 40 + 14 
kJ mol-l (the most intense absorption bands within this range are due to the 
C-H stretching modes at w 3100 cm-‘). By combination of the theoretical and 
experimental data a unified energy diagram for the 1,2,3-oxadiazole/formyl- 
diazomethane and the 1,2,3-benzoxadiazole/6-diazo-2,4-cyclohexadienone 
systems can be constructed (Fig. 13). 

The substituent effect on the relative stability of the 1,2,3-benzoxadiazole/ 
o-benzoquinone diazide system cannot be understood on the basis of simple 
electron attracting or donating properties alone. More detailed studies includ- 
ing variations of position and type of the substituents are necessary to discover 
the rules which govern this isomerization. 

The fact that polar interactions and hydrogen bonding stabilize the (dipo- 
lar) 1,2-benzoquinone diazide structure to a greater extent than the less polar 
1,2,3-benzoxadiazole structure explains why the former was exclusively found 
in previous work. The medium effect becomes obvious if the positions of the 
C=N=N and C=O vibrational bands of 6-diazo-2,4-cyclohexadienones are com- 
pared for an argon matrix, a KBr pellet, nujol mull or polar solvents. Fre- 
quently the C=N=N band is registered in an argon matrix at a lower wavenum- 
ber ( w 20 to 90 cm-’ lower) than in the crystalline state or in alcoholic solution, 
whereas the C=O band is recorded in an argon matrix at higher wavenumbers 
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Fig. 13. Approximate energy profiles of the analogous reaction of formyldiazomethane (37) G&2,3- 
oxadiazole (36) and 6-diazo-2,4cyclohexadienone (1) ~?1,2,3-benzoxadiazole (2). The energies 
of 37 and 1 are arbitrarily set at zero and the energy values given for 36 and 2 as well as for the 
barrier heights are relative to the energies of 37 and 1. For the origin of the various values, consult 
the text. 

( z 30 cm-’ higher) than in the solid (KBr pellet or nujol mull). Thus inter- 
action of the carhonyl group with electron acceptors (6+ ) increases the N=N 
strength (bond order) in favor of a diazonium structure, whereas the C=O bond 
strength (bond order) decreases in favor of a phenolic structure. Such inter- 
action occur in the solid state and with polar or protic solvents (see 39 and 40 
below). 
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CONCLUSION 

H-bonding 

40 

1,2,3-Benzoxadiazoles can be detected in the gas phase by UV photoelectron 
spectroscopy, after condensation in an argon matrix by IR spectroscopy, and 
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in solution (non-polar aprotic solvents) by UV/Vis absorption spectroscopy 
in equilibrium with their 1,2-benzoquinone diazide (6-diazo-2,4-cyclohexadi- 
enone) isomers. The spectroscopic properties are summarized in Table 1. The 
relative stabilities of 1,2,3-benzoxadiazoles depend strongly on medium effects 
and substituents. 

Ring cleavage of 1,2,3-benzoxadiazoles, isolated in an argon matrix, can be 
accomplished by IR radiation (2200-4500 cm- ’ ), which sets an upper limit for 
the energy barrier of this reverse isomerization at 40 + 14 kJ mol-‘. 

From the relative intensities of the spectral bands, the energy difference 
between free unsubstituted 1,2-benzoquinone diazide ( 1) and free 1,2,3-ben- 
zoxadiazole (2) is estimated to be 4 ? 1 kJ mol-l (1 being more stable than 
2 ). The most stable 1,2,3-benzoxadiazole derivative found so far is the 5,7-di- 
tert-butyl compound which is at least 6 kJ mol-’ more stable than its 1,2- 
benzoquinone diazide isomer in the gas phase. 

1,2,3-Benzoxadiazoles are characterized by a strong IR band at about 1450 
cm-’ (in an argon matrix) and by a longest wavelength UV/Vis absorption 
band at around 300 nm. Irradiation or pyrolysis leads to nitrogen loss and 
formation of the corresponding 6-fulvenone derivatives. 
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APPENDIX 

In collaboration with Jens Georg Giinther Simon, Harald Specht and Andreas 
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Heidenreich (Fachbereich Physikalische Chemie und Zentrum fir Material- 
wissenschaften der Philipps-Universiti, Marburg) 

The foregoing investigation did not include UV/Vis absorption spectra of 
matrix-isolated o-quinone diazides and 1,2,3-benzoxadiazoles nor did it in- 
clude LNDO/S PERTCI calculations of the spectra. In conjunction with the 
solvent effects discussed it would be very desirable, however, to have the pure 
spectra of at least one o-quinone diazide and one 1,2,3-benzoxadiazole in solid 
argon in order to support the conclusions, drawn from solvent effects, in the 
foregoing study. 

For these reasons we recorded the matrix UV/Vis absorption spectra of the 
parent 6-diazo-2,4-cyclohexadienone ( 1) (Fig. Al (a) ) and 1,2,3-benzoxadi- 
azole (Fig. A2 (a) ) and compared them with the LNDO/S PERTCI spectra 
(Figs. Al (b) and A2 (b) and Table Al). It is most important to note that the 
spectra of the open and closed forms in solid argon are very nearly the same as 
those previously obtained in methanol and n-hexane, respectively, with isobes- 
tic points occurring at 252, 279 and 308 nm, thus fully supporting the inter- 

TABLE Al 

Calculated vertical electronic transition wavelengths (nm) and oscillator strengths (in parenthe- 
ses) along with experimental transition wavelengths at the band maxima for 6-diazo-2,4-cycloh- 
exadienone ( 1) and 1,2,3-benzoxadiazole (2) in solid argon 

Molecule” Excited LNDO/S Bandd Experimentale 
stateasb PERTCP” 

6-Diazo-2,4-cyclohexadienone A ‘A’ (m*) 354/376 (0.21) 1 406 
B ‘A” (~a*) 309/325 (0.006) 
c ‘A’ (m*) 
D ‘A’(wn*) 

258/269 (0.02) 2 
2411257 (0.02) 

265 

E ‘A’(m*) 
F ‘A’(nn*) 

2281237 (0.20) 3 
214/222 (0.40) 

210 

1,2,3-Benzoxadiazole ii’A’(nn*) 288/302 (0.04) 1 289 
B ‘A” (nn*) 2621273 (0.02) 
C’A’(m*) 241/250 (0.05) 2 243 

I? ‘A” (m?) 223/231 (0.001) 
E ‘A’ (m*) 213/220 (0.23) 
F ‘A’ 

(xx*) 200/206 
(0.59) 3 201 

“Calculations based on the MNDO optimized ground-state geometry. 
‘Transitions with oscillator strengths of less than 0.001 omitted. 
‘LNDO/S PERTCI wavelengths/LNDO/S PERTCI wavelengths after taking into account the 
medium effect of solid argon (red shift of x 0.2 eV ) . 
dNumbering of bands as in Figs. Al and A2. 
“In an argon matrix from the present work. 
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Fig. Al. (a) The UV/Vis absorption spectrum of Ar matrix-isolated 6-diazo-2,4-cyclohexadi- 
enone ( 1) (absorbance, A, vs. wavelength, 1). The bands are numbered in the order of decreasing 
wavelength. (b) Stick diagram (positions representing the LNDO/S PERTCI vertical electronic 
transition wavelengths and heights representing the oscillator strengths) for 1. Note that the 
LNDO/S PERTCI data shown are not corrected for the medium effect of solid argon. For the 
notation and assignments of the various states shown, see Table Al and text. 

200 300 LOO 500 

A/nm - 

Fig. A2. (a) The UV/Vis absorption spectrum of Ar matrix-isolated 1,2,3-benzoxadiazole (2) 
(absorbance, A, vs. wavelength, 1). The bands are numbered in the order of decreasing wavelength. 
(b) Stick diagram (positions representing the LNDO/S PERTCI vertical electronic transition 
wavelengths and heights representing the oscillator strengths) for 2. Note that the LNDO/S 
PERTCI data shown are not corrected for the medium effect of solid argon. For the notation and 
assignments of the various states shown, see Table Al and text. 
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pretation of the solvent dependent spectra in terms of an equilibrium between 
both forms in the foregoing study. 

The comparison between theory and experiment suggests that the bands in 
both spectra essentially originate from singlet X+X* transitions except for a 
singlet n+ z* transition of medium intensity (oscillator strength f= 0.02) for 
2 and two low intensity (f=0.006 and 0.001) singlet rr+tr* transitions for 1 
and 2, respectively. Note that there is an additional ‘A’ (m*) state calculated 
below the first one for 1 with an extremely low intensity (f= 0.00002 ) which, 
however, could not be detected in the matrix spectra. Finally, it must be men- 
tioned that the assignments made in Table Al and Figs. Al and A2 are ad hoc 
assignments, only based on the comparison of the experimental spectra with 
the LNDO/S PERTCI data, and are thus not secured by independent experi- 
mental arguments. 


