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ABSTRACT: Laser-flash photolysis techniques were applied to investigate the dependence of the rotational barrier
about the N-2—N-3 bond of symmetrically 4,40-disubstituted cis-1,3-diphenyltriazenes on substituents and solvents.
The increase in the rotational barrier with increasing ability of the 4-substituent to withdraw electrons implies the
intramolecular process to be more susceptible to the electronic character of the aryl group attached to N-1 than of that
bonded to N-3. Furthermore, the increase in the rotational barrier with decreasing solvent polarity implies an increase
in dipole moment on rotation from the ground state to the transition state. Copyright # 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Unsaturated compounds able to undergo reversible
changes in double-bond configurations are subjects of
interest for potential applications, among others, in mo-
lecular electronic devices.1 Recent investigations from
our laboratory have focused on the (reversible) isomer-
ization mechanism of symmetrically 4,40-disubstituted
1,3-diphenyltriazenes. Laser excitation of trans-1,3-
diphenyltriazenes in aqueous media has been shown to
lead to the instantaneous formation (i.e. within the time
response of the nanosecond laser-flash photolysis system
used) of the corresponding cis-1,3-diphenyltriazenes,
which subsequently revert to the thermodynamically
more stable trans-forms.2,3 The thermal cis-to-trans iso-
merization is found to be catalyzed by general acids and
general bases (Scheme 1). Acid catalysis (attributed to
rate-limiting proton transfer to N-1) becomes more pre-
dominant as the electron-donating character of the aryl
group increases, while base catalysis (attributed to rate-
limiting base-promoted ionization of N-3) becomes
dominant as the electron-withdrawing character of the
aryl group increases.3 The photoinduced trans-to-cis
isomerization renders indeed a non-equilibrium mixture
of s-cis and s-trans conformers of the corresponding cis-
1,3-diphenyltriazene. Interestingly, the process ascribed
to hindered rotation about the N-2—N-3 bond in cis-1,3-

diphenyltriazenes (i.e. s-cis to s-trans conversion in
Scheme 1) becomes rate controlling when working in
aqueous NaOH solutions,2,3 and preliminary kinetic data
seem to indicate an increase in the rotational barrier with
increasingly stronger electron-withdrawing aryl groups,
and with decreasing solvent polarity.3

Restricted rotation about the N-2—N-3 bond of the
triazeno (diazoamino) group is attributed to its partial
double-bond character, as represented by the two reso-
nance forms shown in Scheme 2. Hindered rotation of
triazenes has been the subject of both experimental and
theoretical studies.4–12 However, with the exception of
one theoretical study of triazene (H2NNNH) and its
methyl derivatives in the gas phase,12 these conforma-
tional studies refer exclusively to restricted rotation in
trans-triazenes; experimental data on hindered rotation in
cis-triazenes were indeed unprecedented prior to our
investigations. In the present paper, we report the results
of a study of the influence of substituents and solvents on
the energy barrier corresponding to the hindered rotation
in cis-1,3-di(4-X-phenyl)triazenes (X¼CH3O, CH3, H,
Cl or CF3) dissolved in aqueous media.

RESULTS AND DISCUSSION

Rate constants for hindered rotation in cis-1,3-di(4-X-
phenyl)triazenes were determined upon laser excitation
(at �¼ 355 nm) of trans-1,3-di(4-X-phenyl)triazenes in
aqueous NaOH solutions. In agreement with previous
preliminary data, rate constants for hindered rotation are
found to diminish (i) as the electron-withdrawing char-
acter of the 4-substituent increases, (ii) with decreasing
polarity/hydrogen-bond donor (HBD) ability of the
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organic co-solvent and (iii) with increasing co-solvent
concentration (Table 1).

In order to obtain the activation parameters corre-
sponding to N-2—N-3 restricted rotation, rate constants
for hindered rotation were determined at different tem-
peratures. From the data shown in Fig. 1 for 30% THF–
H2O solutions, it is found that the activation free energy
and activation enthalpy both increase with increasing
electron-withdrawing character of the 4-substituent
(Table 2). While no study exists on the effects of
disubstitution at N-1 and N-3 in trans-triazenes, a pro-
gressive decrease in the rate of hindered rotation for a
number of trans-1-aryl-3,3-dialkyltriazenes with increas-
ing electron withdrawal of the aryl group has indeed been
reported.4,10a With respect to solvent effects on hindered
rotation, from the data displayed in Fig. 2 for THF–H2O
solutions of 1,3-diphenyltriazene (i.e. X¼H) of different
co-solvent composition, it is found that the activation free
energy and activation enthalpy both increase with in-
creasing organic co-solvent concentration (Table 3, first

three entries). Likewise, for a given co-solvent percen-
tage (i.e. 30% v/v), the activation free energy is found to
decrease with increasing solvent polarity (Fig. 2 and
Table 3, last three entries), although the dependence of
activation enthalpy on the type of solvent is not clear. It
should be pointed out here that a similar solvent effect
(i.e. increase in activation energy with decreasing solvent
polarity) has been reported for a number of trans-1-aryl-
3,3-dialkyltriazenes; values for �Gz in CDCl3 are found
to be smaller than in CS2.6 Finally, the activation entropy
(if at all significant) is in all cases consistently small
(Tables 2 and 3), indicating that the rotation process is not
associated with considerable entropy changes between
the transition state and the ground state in any case.

The increase in activation free energy and in activation
enthalpy, observed experimentally with increasingly
stronger electron-withdrawing groups, correlates very
well with the shortening of the N-2—N-3 bond of the s-
cis conformer predicted by means of AM1 semiempirical

Scheme 1

Scheme 2

Table 1. Rate constants for N-2—N-3 restricted rotation in cis-1,3-di(4-X-phenyl)triazene in aqueous solutions of different co-
solvent composition

krot (105 s�1)a

Substituent MeOH DMSO AN 2-PrOH THF

CH3Ob 4.4� 0.1 2.94� 0.08 2.8� 0.1 2.54� 0.08 1.00� 0.02
Hb 3.4� 0.2 1.94� 0.09 1.62� 0.04 1.59� 0.06 0.56� 0.02
Hc,d n/a 2.5� 0.1 2.25� 0.06 2.44� 0.09 1.26� 0.08
Hc,e 3.54� 0.07 2.8� 0.1 2.8� 0.1 3.0� 0.1 2.7� 0.2
CFc

3 0.54� 0.05 0.31� 0.01 0.28� 0.01 0.166� 0.002 0.098� 0.006

a Values correspond to averages from at least five independent kinetic runs. Aqueous solution contains 30% organic co-solvent, unless indicated otherwise;
T¼ 21 �C; �¼ 0.5 M (NaCl).
b Values taken from Ref. 3.
c This work.
d Aqueous solution contains 20% organic co-solvent.
e Aqueous solution contains 10% organic co-solvent.

Figure 1. Eyring plot for N-2—N-3 restricted rotation in cis-
1,3-di(4-X-phenyl)triazene in 30% THF–H2O solution
[X¼CH3O (O), CH3 (�), H (&), Cl (r), and CF3 (^)]
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calculations (Table 2). Two ab initio studies of conforma-
tions of triazene (H2NNNH) in the gas phase reported two
possible transition states for rotation around the N-2—N-
3 bond.8,12 In these structures the hydrogens on N-3 are
bisected by the symmetry plane, and the lone pair on N-3
is either anti or syn to the N-1——N-2 double bond.
Similarly, AM1 semiempirical calculations predict two
possible transition states for rotation about the N-2—N-3
bond of the s-cis conformer of cis-1,3-diphenyltriazene,
i.e. the unshared pair of electrons at N-3 being syn (TS1)

or anti (TS2) to the diazo group (Scheme 3). As shown in
Table 2, essentially no change in the N-2—N-3 bond
length in TS is predicted with 4-substitution at the AM1
level, thus changes in the rotational barrier with
4-substitution reflect a change in the N-2—N-3 bond
length in the s-cis conformer.

The increase in activation energy observed experimen-
tally with decreasing polarity/HBD ability of the organic
co-solvent, and with increasing organic co-solvent con-
centration, clearly indicates the involvement of a transi-
tion state more polar than the ground state s-cis
conformer. A theoretical study on amide transition states
has shown a general correlation between dipole moment
and solvation,13 and differential solvation has been in-
voked to interpret the increase in the rotational barrier of
amides with solvent polarity,14 and the lack of solvent
effects in the rotational barrier of carbamates.15 Future
theoretical (ab initio) studies will be aimed at describing
the solvation effects on hindered rotation in cis-1,3-
phenyltriazenes.

In summary, this is the first documented example of a
systematic study on the influence of medium and struc-
ture on the rotational barrier of cis-1,3-di(4-X-phenyl)-
triazenes. The increase in the rotational barrier about the
N-2—N-3 bond observed experimentally with increas-
ingly stronger electron-withdrawing groups implies the
intramolecular isomerization process to be more suscep-
tible to the electronic character of the aryl group attached
to N-1 than of that bonded to N-3. Furthermore, the
increase in the rotational barrier about the N-2—N-3
bond observed experimentally with decreasing polarity/
HBD ability of the organic co-solvent, and with increas-
ing organic co-solvent concentration, clearly indicates an

Table 2. Activation parameters for N-2—N-3 restricted rotation in cis-1,3-di(4-X-phenyl)triazene in 30% THF–H2O solution,a

and N-2—N-3 bond lengths calculated by AM1

Substituent �Hz (kcal mol�1)b �Sz (e.u.) �Gz (kcal mol�1)c Bond length (pm)d

CH3O 9.1� 0.1 �5.0� 0.4 10.6� 0.1 134.8 (139.8, 138.1)
CH3 9.6� 0.4 �5� 1 11.1� 0.3 134.3 (139.7, 138.4)
H 9.9� 0.5 �4� 2 11.1� 0.8 134.2 (139.7, 138.1)
Cl 11.2� 0.2 �1.8� 0.7 11.7� 0.2 134.0 (139.7, 138.1)
CF3 11.3� 0.4 �2� 1 11.9� 0.3 133.4 (139.6, 137.9)

a �¼ 0.5 M (NaCl).
b 1 kcal¼ 4.184 kJ.
c 21 �C.
d Bond length for s-cis conformer. Values in parentheses correspond to TS1 and TS2, respectively.

Figure 2. Eyring plot for N-2—N-3 restricted rotation in
cis-1,3-diphenyltriazene in aqueous solutions of different
co-solvent composition: 30% MeOH (^), 30% AN (&),
15% THF (O), 20% THF (r), and 30% THF (�)

Table 3. Activation parameters for N-2—N-3 restricted
rotation in cis-1,3-diphenyltriazene in aqueous solutiona

Co-solvent �Hz (kcal mol�1) �Sz (e.u.) �Gz (kcal mol�1)b

15% THF 9.1� 0.1 �3.6� 0.4 10.2� 0.2
20% THF 9.2� 0.1 �4.4� 0.3 10.5� 0.1
30% THF 9.9� 0.5 � 4� 2 11.1� 0.8
30% AN 11.1� 0.3 2� 1 10.5� 0.4
30% MeOH 9.9� 0.4 �0.6� 0.5 10.1� 0.4

a �¼ 0.5 M (NaCl).
b 21 �C.

Scheme 3
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increase in dipole moment on rotation from the ground
state s-cis conformer to the transition state.

EXPERIMENTAL

Symmetrically 4,40-disubstituted trans-1,3-diphenyltria-
zenes employed were existing samples from a previous
study.3 Kinetic studies were carried out in aqueous NaOH
solutions (typical NaOH concentrations ranged from 0.01
to 0.2 M) having an organic co-solvent; the ionic strength
of these solutions was kept constant at 0.5 M using NaCl
as the compensating electrolyte. Solutions were prepared
using analytical-reagent grade salts, water purified in a
Millipore apparatus, and spectrophotometric grade
organic solvents (EM Science, Omnisolv grade).

Laser experiments were carried out using a Nd:YAG
laser (Continuum, Surelite I-10) operated at �¼ 355 nm
(4–6 ns pulses, <15 mJ per pulse) for excitation. Samples
were contained in quartz cells constructed of 7� 7 mm2

Suprasil tubing. Further details on the time-resolved
laser-flash photolysis system employed in this study are
reported elsewhere.16 All measurements were carried out
at 21� 1 �C.

Observed rate constants were obtained by first-order
fittings using the general curve-fitting procedure of
Kaleidagraph 3.0.5 software from Abelbeck Software.
Molecular modeling calculations were carried out using
the AM1 method as implemented in the Gaussian 03M
program.17
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discussions and assistance regarding AM1 calculations.

REFERENCES

1. Martin PJ. In An Introduction to Molecular Electronics, Petty
MC, Bryce MR, Bloor D (eds). Oxford University Press:
New York, 1995; chap. 6.

2. Barra M, Chen N. J. Org. Chem. 2000; 65: 5739–5744.
3. Chen N, Barra M, Lee I, Chahal N. J. Org. Chem. 2002; 67: 2271–

2277.
4. Marullo NP, Mayfield CB, Wagener EH. J. Am. Chem. Soc. 1968;

90: 510–511.
5. Akhtar MH, McDaniel RS, Feser M, Oehlschlager AC.

Tetrahedron 1968; 24: 3899–3906.
6. Lunazzi L, Cerioni G, Foresti E, Macciantelli D. J. Chem. Soc.,

Perkin Trans. 2 1978; 686–690.
7. Sieh DH, Wilbur DJ, Michejda CJ. J. Am. Chem. Soc. 1980; 102:

3883–3387.
8. Nguyen M-T, Hoesch L. Helv. Chim. Acta 1986; 69: 1627–1637.
9. Ramos MN, Pereira SR. J. Chem. Soc., Perkin Trans. 2 1986;

131–133.
10. (a) Lippert Th, Wokaun A, Dauth J, Nuyken O. Magn. Reson.

Chem. 1992; 30: 1178–1185; (b) Panitz J-C, Lippert Th, Stebani J,
Nuyken O, Wokaun A. J. Phys. Chem. 1993; 97: 5246–5253; (c)
Panitz J-C, Lippert Th, Wokaun A. J. Phys. Chem. 1994; 98:
8817–8822.

11. Tontini A, Gatti G, Diamantini G, Tarzia G. J. Chem. Soc., Perkin
Trans. 2 1998; 2361–2363.

12. Pye CC, Vaughan K, Glister JF. Can. J. Chem. 2002; 80: 447–454.
13. Duffy EM, Severance DL, Jorgensen WL. J. Am. Chem. Soc.

1992; 114: 7535–7542.
14. Wiberg KB, Rablen PR, Rush DJ, Keith TA. J. Am. Chem. Soc.

1995; 117: 4261–4270.
15. Cox C, Lectka T. J. Org. Chem. 1998; 63: 2426–2427.
16. Sanchez AM, Barra M, de Rossi RH. J. Org. Chem. 1999; 64:

1604–1609.
17. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery JA, Vreven T, Kudin KN, Burant JC,
Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B, Cossi
M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada M,
Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nakajima
T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox JE,
Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K, Fores-
man JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski J,
Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I, Martin
RL, Fox DJ, Keith T, Al-Laham MA, Peng CY, Nanayakkara A,
Challacombe M, Gill PMW, Johnson B, Chen W, Wong MW,
Gonzalez C, Popley JA. Gaussian 03, Revision B.03. Gaussian:
Pittsburgh PA, 2003.

1060 M. BARRA, S. SRIVASTAVA AND E. BROCKMAN

Copyright # 2004 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2004; 17: 1057–1060


