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CARBON-13 AND NITROGEN-15 NMR SPECTRA OF cis- AND trans-
AZOBENZENE, 4-MONOSUBSTITUTED AND 4,4'-DISUBSTITUTED
trans-AZOBENZENES
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13C and N NMR spectra of cis- and frans-azobenzene, 4-substituted srans-azobenzenes
(N(CH3),; NH,; OH; OCHj3; CHj; Br; NO,) and 4,4’-disubstituted trans-azobenzenes (OH;
NO,; NH;, OH; N(CH3),, CH3; N(CH3),, NO,) were measured. In comparison with rrans-azo-
benzene, cis-azobenzene exhibits a downfield shift of nitrogen and Cy, signals and an upfield
one of the C(,, and C_4, signals. The individual coupling constants *J(**N'3C) in 4-substituted
and 4,4’-disubstituted frans-azobenzenes, respectively, have characteristic values and can be
used for carbon signal assignment. With 4-substituted frans-azobenzenes, the 1SN substitution
chemical shifts of the nitrogen of the azo-bond were determined and their additivity in series
of 4,4’-disubstituted frans-azobenzenes was proved.

Azocompounds are subject of interest owing to their reactivity, unusual spectro-
scopic properties, and interesting structure’. An important group of azocompounds
are substituted azobenzenes. *H NMR spectra of these compounds are described
in the ref.2, records of 'H NMR spectra of 4-substituted and 4,4'-disubstituted
azobenzenes were published in the ref.3. 3C, *N, and **N chemical shifts of trans-
-azobenzene were determined in various solvents'*~#. Spin-lattice relaxation times
were measured in !SN-double labelled trans-azobenzene® and trans-azobenzene'®.
No '*Cand "N NMR spectra of cis-azobenzene were published. However, >N NMR
spectra of cis- and trans-isomers of difluorcdiazene’®, N-cumyl-N’-phenyldiazene,
phenylisobutyronitril, and N-cumyl-N'-norbornyldiazene were measured’?. Among
substituted trans-azobenzenes were published **C (ref.”) and '*N (ref.®*'*) chemical
shifts for 4-hydroxyazobenzene, '*C chemical shifts of 4-substituted azobenzenes
are given in the ref.!*. Relaxation times of substituted azobenzenes were also publi-
shed?!>.

The aim of this work was to determine *>C and *>N chemical shifts and absolute
values of coupling constants *J(**N'*C) in azobenzene and some its derivatives.
15N chemical shifts of nitrogen atom of the azogroup in substituted azobenzenes
were unambiguously assigned using '*N-labelling.
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Carbon-13 and Nitrogen-15 NMR Spectra of cis- and trans-Azobenzene 1113

EXPERIMENTAL

trans-Azobenzene (Ila) and '5N-monolabelled trans-azobenzene, respectively, were prepared
by condensation of nitrosobenzene with aniline (*3N-aniline)!®. cis-Azobenzene (I) and '’N-
-monolabelled cis-azobenzene were prepared photcchemically” in n-hexane. 4-Hydroxyazo-
benzene (/1d) and 4-hydroxy-4’-nitroazobenzene (I1i) were prepared by coupling of corresponding
diazonium salts in alkaline media'®. 4-N,N-Dimethylaminoazobenzene (II), 4-N,N-dimethyl-
amino-4’-methylazobenzene (/7k) and 4-N,N-dimethylamino-4’-nitroazobenzene (II/) were pre-
pared by coupling of corresponding diazonium salts in acidic media!®. 4-Aminoazobenzene
(IIc) was prepared from aminoazobenzene?°, 4-Methylazobenzene (JIf), 4-bromoazobenzene
(I1g), and 4-nitroazobenzene (IIh) were prepared by condensation of 4-toluidine, 4-bromo-
and 4-nitroaniline, respectively, with nitrosobenzene?. 4-Methoxyazobenzene (Ile) was pre-
pared by alkylation of compound I/d (ref.22). 4-Amino-4"-hydroxyazobenzene (IIj) was obtained
as the product of reduction 77/ (ref‘z:’). !5SN-monolabelled compounds in the a-position (with
11j in B-position) were prepared by coupling using Na'SNO,. *5N-monolabelled //d (B-position)
was prepared by coupling using !’N-aniline. Compounds IIf and Ig '5N-monolabelled
in the B-position were obtained by condensation?! of !5N-aniline and 4-methyl- or 4-bromo-
nitrosobenzene, respectively. The '’N content of '3N-aniline and NalSNO2 (Isocommerz,
‘Berlin) was 94-8 and 97-9%, respectively. All compounds were purified by crystallization and
column chromatography.
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Ia; X = H, X =H Ilg; X = Br, Y=H
IIb; X = N(CHjy),, Y=H Hh; X = NO,, Y=H
Ile; X == NH,, Y=H 1Ii; X = OH, Y = NO,
1ld; X = OH, Y=H 1Ij; X = NH,, Y = OH
Ile; X=0OCH;, Y=H Hk; X = N(CHjy),, ¥ = CH;
IIf; X = CH,, Y=H IIl; X = N(CH,),, Y = NO,

13Cand 'SN NMR spectra were measured at 25:047 and 10-095 MHz, respectively, on a JEOL
JNM-FX 100 instrument, equipped by a multinuclear tunable probe, quadrature detection
and operating in the FT mode. Measurements were made in 10 mm NMR sample tubes. For
13C NMR spectra measurements were used 10—15% (w/v) solutions in deuteriochloroform
and hexadeuteriodimethyl sulfoxide at 30°C (at 70°C with IJi and at 60°C with IIl). Deuterated
solvents were used as internal lock substances. The course of photochemical isomerization
of trans-azobenzene was followed by 13C NMR spectroscopy in 5% n-hexane solution of trans-
-azobenzene using external 7Li lock. Following parameters were used in 13C chemical shifts
determination: spectral width 5000 Hz, 8 K, pulse width 7 us (23 us corresponds to 90°),
pulse repetition 3 s, proton noise decoupling. Carbon chemical shifts are referred to internal
tetramethylsilane. In the case of azobenzenes / and Ila, measured in n-hexane, were the chemical
shifts related to the n-hexane methyl group and converted to the d-scale adding a correction
13-70 (reﬁ“). Positive values denote downfield shifts. Coupling constants "J(l5N13C) were

Collection Czechoslovak Chem. Commun. [Vol. 47] [1982]



1114 Lycka:

measured using 2—5% (w/v) solutions of '5N-monolabelled compounds. Following measure
ment parameters were used: spectral width 1400 Hz or smaller, 8 K, pulse width 11 ps, pulse
repetition 6's, proton noise decoupling. 5N NMR spectra of ! N-monolabelled compounds [
and II were obtained by measurements of 2—5% (w/v) solutions in deuteriochloroform or hexa-
deuteriodimethyl sulfoxide (spectral width 3 000 Hz, 8 K, pulse width 10 s (30 #s corresponds
to 90°), pulse repetition 15 s, inverse gated decoupling 2° (proton noise decoupling on during
the acquisition time)). After completing the experiments, tris(acetylacetonato)chromium(III)
(40 mg/ml) was added and the measurement was repeated (spectral width 6 500 Hz, 8 K, pulse
width 12 ps, pulse repetition rate 7 s, inverse gated decoupling). ' 3N NMR spectra of compounds
1Ib, llc and Ile—k were measured at 5N natural abundance level. The solutions for measure-
ments were prepared by filtration of solutions or suspensions of 400 mg of azocompound and
80 mg of tris(acetylacetonato)chromium(Ill) in 2 ml of solvent. The measurement parameters
were the same as with ! 5N-monolabelled compounds after the addition of tris(acetylacetonato)-
chromium(III), accumulation time was 10—16 h. The effect of concentration change of tris-
(acetylacetonato)chromium(III), pulse width, and irradiation mode on the signal to noise ratio
was not studied. 13N Chemical shifts are related to the external neat nitromethane (25% '°N,
ref‘m) and their positive values denote downfield shifts.

RESULTS AND DISCUSSION

!3C Chemical shifts of cis-azobenzene, trans-azobenzene, 4-substituted and 4,4'-di-
substituted trans-azobenzenes are given in Table I. The !3C chemical shifts of trans-
-azobenzene in deuteriochloroform agree with the published values' within an
experimental error caused by digitalization. The changes for individual carbon
atoms in trans-azobenzene measured in deuteriochloroform, n-hexane and hexa-
deuteriodimethyl sulfoxide are in the range 0-4—1-2 ppm. '*C Chemical shifts in cis-
azobenzene differ from those of the trans-derivative according to the expectation
(with respect to marked change in geometry?’, change in pK, (ref.!?), etc.); the values
correspond to an increase of electron density in the positions 2 and 4. The carbon
signals in 4-substituted trans-azobenzenes were assigned as follows: a) by comparison
with unsubstituted trans-azobenzene and according to the appearence of the proton-
-coupled spectrum b) the substituted ring was assigned using the values of sub-
stituent chemical shifts?® and using the patterns of the proton-coupled spectrum.
The values of *J(**N"'3C) were used with **N-monolabelled compounds. The range
of chemical shifts of carbons at the unsubstituted ring in 4-substituted trans-azo-
benzenes is 0-6 ppm for the positions C(;) and C3.) and 1-1 ppm for the position
C(5+y. Most affected is the position C(,.) (A8 = 3-1 ppm), where the electron-donating
substituents cause upfield shifts and the electron-accepting ones cause downfield
shifts. Employing'*C substituent chemical shifts (SCS) of the individual substituents,
good agreement between measured and calculated **C chemical shifts in 4-substi-
tuted azobenzenes was achieved when the SCS’s were added to the corresponding
chemical shifts of carbons in trans-azobenzene. Thus the results confirm a well
known fact that substituted azobenzenes exist mainly as trans-derivatives?® with
negligible amount of the hydrazo-form3-7.
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Carbon signals in 4,4’-disubstituted azobenzenes were also assigned using SCS’s
that were added to the corresponding !'*C chemical shifts in 4-substituted trans-
-azobenzenes. The assignment was checked by the inspection of the spectral pattern
of the proton-coupled spectra and using the magnitudes of "J(**N*3C).

Table II gives the absolute values of coupling constants "J(**N*3C) and "J(**NN.
.13C), respectively, in single '*N-monolabelled trans-azobenzenes. Comparing
their magnitudes for corresponding positions in trans-azobenzenes, these conclusions
follow: @) magnitudes of 'J(**N'*>C) (0-6—1-8 Hz) are smaller than 2J(**NN'3C)
(5:1—6:0 Hz); b) magnitudes of 2J(**N'3C) and *J(**NN'3C) are nearly equal
and amount 3-8 —4-6 Hz; c) magnitudes of J(**N'3C) lie in the range 1-6—2-3 Hz
whereas those of *J(**N'3C) are in all cases less than 0-5 Hz; d) couplings *J(**N'3C)
and *J(**NN'3C) are less than 0-9 Hz. From this comparison it is clear that the
absolute values of "J(**N*C) and "J(**NN"'*C) for the individual carbons of 4-sub-
stituted and 4,4'-disubstituted frans-azobenzenes, respectively, are within their

TasLE 1
13C Chemical shifts (6 scale; &0-10 ppm) of azobenzenes I and Ila— IIb

Compound Solvent® Cy €2 €3 C4 Cuy Cay Cay Cu
1 CDCly 153-3 1205 1286 1273 1533 1205 1286 1273
1 DMSO 153-8 1201 1291 127'5 153-8 1201 1291 1275
1 n-hexan 1541 1202 1280 1262 1541 1202 1280 1262
Ila CDCl, 1525 122:8 1290 1309 1525 122:8 1290 1309
Ia DMSO 1519 1225 1294 1314 1519 1225 129-4 1314
la n-hexane 15227 1229 1284 1302 1527 1229 1284 1302
)i CDCly 1434 1248 111-3 1522 153:0 122:0 1288 1292
1e CDCl, 1453 1250 1145 1495 1528 1222 1289 1297
Ile DMSO 1433 1255 113-8 1529 1527 122:1 1294 1296
d° DMSO 1455 1251 1161 1610 1523 122-3 1295 1308
11e* CDCly 146:8 1246 1141 1619 152:6 122:5 1289 1302
s CDCly 150-7 122:8 129-8 1414 1526 1227 1290 1306
g CDCl, 151-2 1243 1322 1253 1524 12229 1291 1312
1Ih CDCl, 1555 1233 1246 1485 1522 1233 1292 1323
i DMSO 1453 1255 1161 1624 1555 1226 1245 1475
11j DMSO 1432 12397 1137 1519 1458 1247 1159 1592
1K° CDCly 1435 1247 1114 1521 151-1 122:1 1295 1395
" CDCly 1441 126:1 1117 1536 1570 122:6 1246 1477

“DMSO hexadeuteriodimethyl sulfoxide; * S(N(CHj),) = 40-06; © ref.”; ¢ §(OCH;) = 55-42;
€ 8(CH,) = 21-44; T assignment could be reversed;! 6(N(CH,),) = 40-21; &(CH;) = 21-35,
S(N(CHj,),) = 40-21.
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characteristic limits (with the exception of direct discerning of positions C,, and
C(2,). "’N-labelling represents a very efficient tool of the signal assignment or its
confirmation in the 4-substituted or 4,4'-disubstituted trans-azobenzenes. The
procedure is especially useful when both « and B position are ! N-monolabelled
(signals of Cyy and Cy, respectively, can be distinguished from those of Ci,,
or Car)). Absolute values of coupling constants were used to discern Cyy -, (= 153:02;
J = 53 Hz) form C4, (6 = 15219; J < 0-5 Hz) in compound IIb; the signal of C,’,
(6 = 152:35; J = 15 Hz) from that of C,, (6 = 151:23; J = 5:5 Hz) in compound
I1g. They were used analogically for the assignment of C3 in the same compounds
(confirmed by selective decoupling) where “J(**NN'3C) < 0-5 Hz what is sufficient
to distinguish C 3, from C(;, and C, -, (Tables I and II). Corresponding values of coup-
ling constants *N'3C were also obtained for the unsubstituted ring in 2-hydroxy-
-5-tert-butylazobenzene”. The values of "J(**N'3C) for the 2,5-disubstituted nucleus
were significantly different. Coupling constants "J(**N'3C) also undergo changes
with increasing proportion of the hydrazo form?. >N Chemical shifts in substituted
azobenzenes are given in Table I1I. The *°N chemical shifts in !*N-monolabelled
trans-azobenzene was determined in deuteriochloroform, n-hexane, and hexadeuterio-
dimethyl sulfoxide. Difference of these chemical shift lie within 1 ppm. >N NMR
signal in cis-azobenzene exhibits a downfield shift (17~5 ppm in deuteriochloroform,
205 ppm in hexadeuteriodimethyl sulfoxide) in agreement with observations on simi-
lar compounds: '*N chemical shift of cis-difluorcdiazene’! is 60 ppm downfield
from that of trans-difluorodiazene; the unsymmetric diazenes mentioned in the

TaBLE II

Absolute values of coupling constants “.I(ISN”C) and “J(lsNN“C), respectively; (Hz, £0-3 Hz)
in substituted rrans-azobenzenes. Number of intervening bonds given in parentheses

Com- Position of

pound PNelabelling 0 €@ C@  Cw  Can €y Cen Can

Ila a 18 (1) 40 (2) 18 (3) 06 (4) 52 (2) 40 (3) 05 (4) 06 (5)
1Ib a 06 (1) 46 (2) 21 (3) 05 (4 53 (2) 43 (3) 05 (4 06 (5)
1d* o 1117 (1) 425(2) 2:05(3) 0-88(4) 542(2) 410(3) 05 (4 07 (5
1d° 8 513(2) 425(3) 05 (4) 0:85(5) 176 (1) 3-81(2) 1-76 (3) 0-90(4)
g 8 55 (2) 42 (3) 05 (4) 05 (5) 1'5 (1) 40 (2) 1'6 (3) 05 (4)
i o 08 (1) 46 (2) 23 (3) 05 (4) 58 (2) 39 (3) 05 (4) 08 (5
j ] 51 (2) 43 (3) 05 (4) 08 (5) 06 (1) 43 (2) 21 (3) 07 (4
i o 08 (1) 43 (2) 22 (3) 08 (4) 60 (2) 40 (3) 05 (4) 08 (5

“ Ref.”, 4.0:15 Hz.
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introduction to this paper'? exhibit in the cis-series 7—29 ppm shift in the same direc-
tion; with cis-azoxybenzene, the differences of 18-1 ppm (NO) and 26:9 ppm (N)
(ref.29), respectively, were found. In the repeated measurement of '*N-monolabelled
cis-azobenzene, after 24 h, two signals, corresponding to the mixture of cis- and trans-
azobenzene, were found in the !>N NMR spectrum. For an unambiguous assignment
of two close >N NMR signals of unsymmetrically substituted azobenzenes it was
necessary to perform the selective *3N-labelling. Diazotation was performed in aque-
ous solution and the coupling was made immediately after its completion so that
the isotope exchange between N, and N nitrogen atoms in diazonium salt could be
neglected>!. One signal was observed only (besides the signal of the standard) in the
15N NMR spectra of *>N-monolabelled substituted azobenzenes. The measurement

Tabre III

15N Chemical Shifts (402 ppm) related to external neat nitromethane (25% 3N) in azobenzenes
I and Ha—111

S(N)? 3(Ng®
Compound Solvent® ———— —

A B C A C
1 CDCly 146'5 — — 1465 —
I DMSO 1506 — — 150'6 -
la CDCly 12900 1276 1275 1290 1275
Ia DMSO 1301 1287 1284 1301 1284
Ha n-hexane 129-1 — — 129-1 —
1S CDCly 1192 1165 1177 — 962
et CDCly - - 1189 - 1017
e DMSO — - 1182 - 91-4
11d° DMSO 1242 - — 110-2 —
e CDCl, — - 121-8 — 1137
f CDCl, - - 1261 1236 1222
g CDCly — — 122:1 1307 1286
1h CDCl, — — 120-9 - 144-0
i DMSO 1387 1372 1380 - 101-2
1j DMSO — - 103-6 91-8 911
1k CDCly — - 1131 — 962
ul CDCl; 13211 — — - —

7 DMSO hexadeuteriodimethyl sulfoxide; ® A ! *N-monolabelled compound, B ' *N-monolabelled
compound with Cr(acac), added (40 mg/ml), C measured at 15N natural abundance level Cr(acac),
added (40 mg/ml); ° S(N(CH3),) = —325'5 (C); 4 5(NH,) = —3184 (natural abundance),
(—314-0 method C); ° ref.?, 401 ppm; ¥ 6(NO,) = —10-3 (C).
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was repeated after the addition of tris(acetylacetonato)chromium(III) (40 mg/ml,
only partially soluble in hexadeuteriodimethyl sulfoxide) and the chemical shifts
were determined. Their values were in all cases lower than those without addition
of the relaxation agent. Resonance frequencies (in Hz) both of the sample and ex-
ternal CH;NO, (25% *°N) were determined with and without the relaxation agent.
From the measured frequencies, it follows that larger frequency change upon the
addition of the relaxation agent is observed with external standard (different effect

TABLE IV

15N Substituent chemical shifts (ppm) of nitrogen atoms N, (SCS,) and N'i (SCSB) in 4-substitut-
ed trans-azobenzenes related to srans-azobenzene

Substituent  Solvent® SCS,” sesy”
N(CH;); CDCl;  —9-8(A); —12:2(B); —31-3(C)
—9:8 (C); —10:6°

NH, cDCl; —86(C) —25:8(C)

NH, DMSO  —102(C) —37-0(C)

OH DMSO  —59(A) —19:9 (A)

OCH, CcDCl,; ~57(0) —13-8(0)

CH, CDCl;  —14(C) 54 (A); —53(C)

Br CDCl, —54(0) +1-7 (A); +1:1(C); +1-4°
NO, CDCl;  ~66(0) +16:5(C)

4 DMSO hexadeuteriodimethy! sulfoxide; b A, B, C measuring modes according to note? to Ta-
ble I1I; € average value.

TaBLE V

Measured and calculated (using substituent chemical shifts SCS, and SCSP) 15N chemical shifts
for compounds I1i— 11!

8N, 8(**Np)
Compound -
found/calculated found/calculated
i 138-0/139-0 101-2/101-9
11j 1036/ 98-3 91-1/ 85-5
1k 113-1/112:4 96-2/ 94-8
Vit 132-1/134-97 — [ 91-1°

4 Calculated for '3 N-labelled compound in CDCl;.
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of the change in magnetic susceptibility). Change of '*N chemical shifts related
to the internal and external standard before and after the addition of tris(acetyl-
acetonato)chromium(III) was described in the ref.32. Both !N chemical shifts
of the azo-bond nitrogen atoms were measured in natural abundance either in deuterio-
chloroform or in hexadeuteriodimethyl sulfoxide (solvent with better solubility
of samples was chosen) and always with tris(acetylacetonato)chromium(III) added.
Tris(acetylacetonato)chromium(I11) was used to shorten the relaxation times of the
azo-bond nitrogens (T1 in azobenzene amounts several tens of seconds and is tempera-
ture dependent®). With '*N-non-labelled compounds the '*N signal assignment
was performed assuming analogous effects of electron-accepting and electron-
-donating substituents (by comparison with the labelled compounds).

Differences in **N chemical shifts between the measurement of '*N-mono-labelled
and non-labelled compounds (Table III) can be explained by tris(acetylacetonato)-
chromium(III) acting as a weak shift reagent and by changes in the [substrate] :
[tris(aceylacetonato)chromium(1II)] ratio. Table IV gives **N substituent chemical
shifts obtained by comparison of '*N chemical shifts of 4-substituted frans-azo-
benzenes with trans-azobenzene for the a-(SCS,) and the B-positions (SCSy). The
resonance of nitrogen atoms closer to the substituent was always shifted upfield
with respect to trans-azobenzene. That of the second nitrogen atom was shifted
upfield with electron-donating substituents and downfield with electronaccepting
ones. Values of SCS’s are solvent-dependent (Table 1V, entries for NHZ). The additi-
vity of SCS’s is used in 3C NMR spectroscopy for '*C chemical shifts prediction
in polysubstituted compounds. Table V gives the values of measured and calculated
I5N chemical shifts for 4,4'-disubstituted trans-azobenzenes IIi—IIl. Very good
agreement was achieved for compounds I1i, I1k and good one for N, in I111. Second
15N chemical shift in compound 1111 could not be determined owing to its poor solu-
bility in deuteriochloroform even at 60°C. Despite the substantial differences between
measured and calculated 5N chemical shifts for compound IIj, the assignment
of signals both at lower and higher field agree with the prediction making use
of SCS, and SCS;. Difference between the calculated and observed !*N chemical
shifts of nitrogens N, and Ny in compound IIj are practically the same (5-3 and 56
ppm, respectively) and can be due to the saturation effect of two strong electron-
-donating substituents.

The author thanks Dr J. Gazo for his help with preparation of cis-azobenzene and to Dr D. Snobl
Jor useful discussion.
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