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ABSTRACT: Trans-to-cis photoisomerization of unsymmetrical 4,4’-disubstituted frans-1,3-diphenyltriazenes ren-
ders a non-equilibrium mixture of two isomeric cis pairs which, as in the case of symmetrical 1,3-diphenyltriazenes,
undergo thermal cis-to-trans isomerization by means of 1,3-prototropic rearrangements catalyzed by general acids
and general bases. A quantitative analysis, by means of a multiple-substituent Hammett equation, of the rate constants
for restricted rotation around the N-2—N-3 bond in cis-1,3-diphenyltriazenes renders p values of —1.93 £0.08 and
0.82 +0.08 for N-1 and N-3, respectively. Copyright © 2005 John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Unsaturated compounds able to undergo light-induced
reversible changes in double-bond configuration are sub-
jects of interest for potential applications, among others,
in information storage systems and in (supra)molecular
switching devices.'” In contrast to the case of azo
compounds, ones of the most thoroughly studied photo-
chromic materials with nitrogen-containing 7-systems”
(the detailed literature on photoisomerization mechan-
istic studies of azo compounds is beyond the scope of this
paper; only a few representative and recent articles are
listed here”), very limited information is available regard-
ing the geometrical isomerization mechanism for tria-
zenes,’ compounds characterized by having a
diazoamino group (i.e.—N'=N?—N’<) and of poten-
tial use as optical memory materials for photo-mode
recording.® In an effort to provide a framework for the
understanding of the factors that govern the geometrical
isomerization of triazenes, and that ultimately determine
the usefulness of these compounds as photochromic
materials, recent investigations in our laboratory have
focused on the cis-to-trans isomerization mechanism of
symmetrical ~ 4,4'-disubstituted 1,3-diphenyltriazenes
(DPT).%’ It has been indicated that photoinduced trans-
to-cis isomerization, via laser-flash excitation of trans-
DPT in aqueous media, renders a non-equilibrium
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mixture of s-cis and s-trans conformers of the corre-
sponding cis-DPT;% the cis-s-trans conformers subse-
quently revert to the thermodynamically more stable
trans forms via an acid/base-catalyzed 1,3-prototropic
rearrangement (Scheme .57 Acid catalysis (attributed
to rate-limiting proton transfer to N-1) becomes predo-
minant as the electron-donating character of the aryl
groups increases, whereas base catalysis (attributed to
rate-limiting base promoted ionization of N-3) becomes
dominant as the electron-withdrawing character of the
aryl groups increases.’ Interestingly, the process ascribed
to cis-s-cis to cis-s-trans conversion (i.e. restricted rota-
tion around the N-2—N-3 bond) becomes rate control-
ling when working in aqueous NaOH solutions.®’
Furthermore, the rate constants ascribed to restricted
rotation have been shown to increase as the ability of
the aryl groups to withdraw electrons also increases,
which 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.”

Evidently, an additional aspect arises when unsymme-
trical disubstituted trans-1,3-diphenyltriazenes are con-
sidered, since in essence they exist as a pair of
distinguishable tautomeric isomers [Eqn (D] Hence
one would anticipate that frans-to-cis photoisomerization
of unsymmetrical trans-DPT would render a non-equili-
brium mixture of two pairs of cis isomers, i.e. one pair of
cis-conformers per tautomeric trans form.

NHAr Ar?

N=N - N=N (1)
Arf Ar'HN
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In this paper, we report the results of a study on the
thermal cis-to-trans isomerization of a set of unsymme-
trical 4,4'-disubstituted-1,3-diphenyltriazenes (Scheme 2)
(for convenience of notation, unsymmetrical 4,4'-disub-
stituted- 1,3-diphenyltriazenes are referred by a single
name, although, as shown in Eqn (1) and discussed later,
these substances exist as a mixture of tautomeric isomers)
to probe the implications of tautomeric isomerism on the
geometrical isomerization mechanism illustrated in
Scheme 1, and, in particular, to characterize further the
influence of aryl substitution on the N-2—N-3 rotational
barrier.

RESULTS AND DISCUSSION

In agreement with previous studies on symmetrical 4,4’-
disubstituted-1,3-diphenyltriazenes, laser excitation (at
A=2355nm) of aqueous solutions of the trans forms of
any of the compounds shown in Scheme 2 leads to an
instantaneous decrease in the absorbance of the solution
(bleaching), owing to photoinduced trans-to-cis isomer-
ization (Fig. 1 is representative). In all cases, this instan-
taneous bleaching is followed by complete recovery of the
initial absorbance of the solution, owing to thermal cis-to-
trans isomerization (Fig. 1, inset). Recovery traces were
collected for each of the compounds shown in Scheme 2
as a function of pH and buffer concentration. In most
cases, recovery traces are very well reproduced by a
biexponential function (Tables S1-S20, available as Sup-
plementary Material at Wiley Interscience). The fact that
two kinetic processes are being observed indicates the
presence of (at least) two absorbing species of different
reactivity. These two kinetic processes can be attributed to
the presence of two pairs of cis isomers (i.e. one pair of

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 1. Transient absorption spectra for FHDPT (in NaOH
solution) obtained 14 (Q), 128 (@), 260 (A) and 372 us (A)
after laser pulse at pH 13.53. Inset: kinetic trace recorded at
390 nm (pH 13.99)

acid/base-catalyzed
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Scheme 3

cis-conformers per tautomeric trans form) that isomerize
at different rates. This assumption requires the cis-s-cis
isomers to be linked through a ‘slow’ tautomeric equili-
brium (Scheme 3), i.e. the cis-s-cis interconversion step is
assumed to act as an insulator between the two (rapid)
cis-to-trans isomerization reactions, thereby making them
independent of each other. This seems reasonable con-
sidering that, unlike tautomerization between cis-s-cis
isomers, restricted rotation around the N-2—N-3 bond
and 1,3-prototropy of cis-s-trans isomers significantly
decrease the steric hindrance between phenyl rings.
Consistent with previous observations for symmetrical
1,3-diaryltriazenes, it is found that the observed rate
constants determined in acetate, phosphate, carbonate
and piperidine buffers vary with pH and buffer concen-
tration (Tables S1-S3, S5-S13 and S15-S19, available as
Supplementary Material at Wiley Interscience). The
buffer dependence plots (Fig. 2 is representative) are
fairly linear, hence data are interpreted in terms of
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Figure 2. Buffer concentration dependence of the observed
rate constants for FHDPT cis-to-trans isomerization in acet-
ate buffer at pH=4.96 (k* and kf refer to the rate constants
for the slower and faster processes, respectively)

Eqn (2), where kg represents the rate constant for reaction
through solvent-related species and kg represents the
buffer rate constant.

kobs = ko + kg [buffer] (2)

The resulting ky values, together with the k., values
obtained in NaOH solutions (Tables S4, S14 and S20,
available as Supplementary Material at Wiley Inter-
science), are used to build the pH-rate profiles shown in
Fig. 3. Based on the mechanism presented in Scheme 3, if
the cis-s-cis interconversion step acts as an insulator
between the two (rapid) cis-to-trans isomerization reac-
tions, one would expect the pH-rate profile of each
substrate to be characterized by two curves, each curve
representing the isomerization of one of the two pairs of
cis-conformers. According to Scheme 3, and the pH-rate
profiles reported for symmetrical triazenes,”’ each of
these curves should be characterized by a V-shaped profile
(corresponding to rate-limiting acid/base-catalyzed 1,3-
prototropy) that levels off at both high and low pHs as a
result of a change in rate-controlling step (i.e. rate-limit-
ing restricted rotation). The empirical rate law for the V-
shaped profile is ko= c;[H"] + ¢, + c3[HO ], where ¢y,
¢, and c; represent the rate coefficients for 1,3-prototropy
assisted by protons, water molecules and hydroxide
anions, respectively. A theoretical fit of the data to this
equation has not been done because in no case could the
rates of cis-to-trans isomerization for the corresponding
two pairs of cis-conformers be experimentally distin-
guished in the range 6 < pH < 10. It should be pointed
out that such a fitting has been reported for 1,3-diphenyl-
triazene, demonstrating that the resulting rate coefficients
¢y and c3 are consistent with diffusion-controlled proto-
nation rate constants.® Two V-shaped curves are clearly
seen in the case of FHDPT [Fig. 3(B)]. [Triazenes are
very sensitive to acids, decomposing in aqueous media to
nitrogen, amines and alcohols. Among the three target

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 3. Plots of rate constants (extrapolated to zero
buffer concentration) vs pH for cis-to-trans isomerization
of MHDPT (A), FHDPT (B) and MFDPT (C), obtained from
mono- (@) and biexponential (A, O) kinetic traces. Arrows
indicate direction of possible movement of points, which are
maximum values (the slowest rate constant that can be
determined with our laser-flash photolysis system is
~2000s7")

substrates, FHDPT is the most stable (kgecomposition =
0.30£0.02, 1.78 £0.05,and 131 2™ ' s~ for FHDPT,
MFDPT and MHDPT, respectively), which allows us to
carry out experiments in a wider range of pH than in the
case of the other two substrates.] For MHDPT [Fig. 3(A)],
a single kinetic process is observed under the experimental
conditions where the 1,3-prototropic rearrangements are
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rate-controlling, in agreement with the expectation that the
rates of cis-to-trans isomerization for the two isomeric cis-
s-trans MHDPT forms are similar [as inferred from the
rate constants previously obtained for 1,3-bis(4-methox-
yphenyl)triazene and 1,3-diphenyltriazene],” and therefore
too close to be distinguished kinetically. In the case of
MEDPT [Fig. 3(C)], the resulting pH-rate profile clearly
indicates that the rate of isomerization attributed to one of
the cis pairs is pH independent, which would indicate that
for this cis pair restricted rotation around the N-2—N-3
bond is the rate-limiting step under all the experimental
conditions of this study. It should also be noted that these
values are fairly close to the detection limit of our
equipment (the slowest rate constant that can be deter-
mined with our laser-flash photolysis system is
~2000s") and should therefore be used with caution.

The main question for all three pH-rate profiles is
which cis pair corresponds to each curve. As shown in
Fig. 3, two pH-independent processes are observed in
NaOH solutions with all three substrates. These pH-
independent processes are attributed to rate-limiting re-
stricted rotation around the N-2—N-3 bond of cis-s-cis
tautomers that clearly undergo rotation at different rates.
Restricted rotation around the N-2—N-3 bond of tria-
zenes can be explained in terms of a 1,3-dipolar reso-
nance model, as shown in Eqn (3).

X@N=$—HOY
(3)

y
N =N—< >—Y
H

Table 1. Rate constants for restricted rotation

Triazene X? Y Kror (371
MHDPT (a) CH;O H (24+02) x 10°
() H CH;0 (2.33+£0.08) x 10*
FHDPT (a) H CF; (1.4+0.1) x 10°
(b) CF; H (5.44+0.2) x 10°
MFDPT (a) CH;O CF; (4£3)x 10°
(b) CF; CH;0 (2.6+0.3) x 10°

# The positions of X and Y are given in Eqn (3).

Based on this model, the more stable the charges on the
1,3-dipolar resonance form are, the lower the correspond-
ing rate constant for restricted rotation is. Hence the
resulting rate constants values for restricted rotation for
each substrate are assigned to the corresponding tauto-
meric forms as indicated in Table 1.

As mentioned earlier, the observed rate constants
determined in acetate, phosphate and carbonate buffers
(i.e. conditions under which the 1,3-prototropic rearran-
gement is rate controlling) vary with pH and buffer
concentration. The kg values obtained according to
Eqn (2), if at all significant, are summarized in Table 2.
Values for acetate and phosphate buffers are found to
increase with decreasing pH (indicative of general acid
catalysis), whereas those for carbonate buffer increase
with increasing pH (indicative of general base catalysis).
Based on the assignments given in Table 1, the kg values
listed for FHDPT and MFDPT in Table 2 would corre-
spond to 1,3-prototropy of the cis-s-trans isomers of type
(a) [i.e. Y =CF3 in Eqn (3)]. Although the number of data
points per class of buffer is limited for a quantitative
analysis, it is interesting that the pH dependence of the kg
values obtained for acetate buffer indicates that the

Table 2. Buffer rate constants (kg) for cis-to-trans isomerization of unsymmetrical 4,4’-disubstituted-1,3-diphenyltriazenes in

buffered aqueous solution®

MHDPT® FHDPT® MFDPT®
pH kg (10°M's7h pH ks (10°M~'s™h pH ks (10°M's7h
5.82° 7.0+0.8 4.08" 442 4.44° 57+0.7
6.14¢ 5.1+0.8 457" 3.1+0.98 4.94¢ 3.8403
6.54° 3.3+03 4.96° 254020 5.28° 3.0+0.1
7.20° 0.9+0.3 5.76° 0.24 +0.07 5.30 3.0+02
9.40" 09404 6.15° 0.07 £ 0.05¢ 5.80° 0.27 +0.02
10.40' 1.5+0.6 9.67' 0.21 +£0.07¢ 6.26° 0.18 £0.01¢
11.021 3+1 9.80' 0.29 +0.03¢ 10.01 0.31+0.05
10.14 0.7+0.2 10.33! 1.0+0.2
10.241 12402 10.911 1.1+06
10.64! 1.5+04
10.98f 1.84+04

# Solvent contains 30% THF, 1= 0.5M (NaCl), T=21°C.
" Values correspond to the single kinetic process experimentally detected under these conditions.
¢ Values listed correspond to the faster process, unless indicated otherwise, since values for the slower process do not show any significant buffer dependence.

4 Errors given correspond to the standard deviation.
¢ Phosphate buffer.
" Acetate buffer.

€ Buffer rate constant for slower process = (0.18 +0.04) x 10°m ts7h

f‘ Buffer rate constant for slower process = (0.17 +0.03) x 10°m s

! Carbonate buffer.

Copyright © 2005 John Wiley & Sons, Ltd.
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catalytic rate constant for acetic acid increases in the
order FHDPT(a) < MFDPT(a), whereas data for car-
bonate buffer indicate that the catalytic rate constant
for carbonate ion increases in the order MFDPT(a) <
FHDPT(a). These trends can be easily rationalized in
each case in terms of an increase in N-1 basicity and H—
N-3 acidity, respectively, due to the electronic effects of
X (i.e. H or CH30). Moreover, these trends fully agree
with the general trend previously observed for symme-
trical 1,3-diaryltriazenes, i.e. acid catalysis becomes
dominant as the electron-donating character of the aryl
groups increases, whereas base catalysis becomes pre-
dominant as the electron-withdrawing character of the
aryl groups increases.’

Since the substituents of the substrates of this study are
in different rings, a quantitative structure-reactivity ana-
lysis of the data for restricted rotation requires a multiple-
substituent Hammett equation as given by Eqn (4):"*

logky! = logkly! + pimOim + PAMOAm (4)

where kM represents the rate constant for s-cis to s-trans
conversion of cis-1,3-diphenyltriazene (i.e. X=Y =H),
O1m and oz, are the o values for substituents at the phenyl
rings bonded to the diazo (N-1) and amino (N-3) sites,
respectively, and py,, and pa,, are the p values for N-1 and
N-3, respectively. In Fig. 4, the six rate constants for
restricted rotation obtained in this study (closed circles)
are plotted together with the six values obtained pre-
viously with symmetrical triazenes (open circles,
X =Y =CH;0, CHs, H, Cl, CF; or CN).” The quality
of the two-variable fitting is very good (R=0.992).
Equation (4) implies that the presence of a substituent
in one ring does not disturb the sensitivity of the reaction
to the substituent in the other ring, i.e. the cross-interac-
tion is negligible, as one would expect for a reaction with
minimal change in the distance between substituent sites
at the rate-controlling step.'® Furthermore, a negligible
cross-interaction is in agreement with the fact that a good
linear correlation is obtained with data for symmetrical
triazenes (as clearly represented by the set of open circles
lined up on a diagonal line). A double-variable curve

rot
I
(" 3)Bo|

log(k )

Figure 4. Double-variable fitting of the rate constants for
restricted rotation in unsymmetrical (@) and symmetrical
(O) cis-1,3-diphenyltriazenes to a multiple-substituent Ham-
mett equation

Copyright © 2005 John Wiley & Sons, Ltd.

fitting leads to values of 4.68 £0.03, —1.93 £0.08 and
0.82 40.08 for logk!H, pp,, and pam, respectively. The
negative sign of py,, implies the electron density on N-1
decreases on rotation, whereas the positive sign of pan,
implies the electron density on N-3 increases on rotation.
These results can easily be explained in terms of the 1,3-
dipolar resonance model [Eqn (3)]. Rotation around the
N-2—N-3 bond reduces electron delocalization along the
nitrogen chain by precluding conjugation. Consequently,
the electron density at N-1 decreases and that of N-3
increases on going from ground state to transition state.
The absolute value of pa,, is clearly lower than that of
Pims Which indicates that the restricted rotation is more
sensitive to the electronic character of the aryl group
attached to N-1 than to that of the aryl group bonded to
N-3, as initially inferred from studies on symmetrical 1,3-
diaryltriazenes.” Although no reaction constant for re-
stricted rotation in cis-triazenes was available prior to our
investigations, it is interesting that the py,, value deter-
mined in this study is comparable to the p values obtained
for restricted rotation in trans-1-aryl-3,3-dialkyltriazenes
in organic solvents (i.e. — 1.95 for 1-aryl-3,3-diethyltria-
zenes'* and —2.01"% —2.1"" for 1-aryl-3,3-dimethyl-
triazenes).

In summary, we have investigated substituent effects
on the isomerization of unsymmetrical disubstituted
cis-1,3-diphenyltriazenes. The thermal cis-to-trans iso-
merization, as in the case of symmetrical disubstituted
1,3-diphenyltriazenes, involves a 1,3-prototropy cata-
lyzed by general acids and general bases; the catalysis
increases as the difference in the strength of the Brgnsted
catalyst and the substrate increases. Moreover, a compre-
hensive treatment of rate constants for rotation around the
N-2—N-3 bond allows us to provide the first documented
P and pam values for restricted rotation in cis-triazenes.

EXPERIMENTAL

Unsymmetrical trans-1,3-diphenyltriazenes were synthe-
sized by coupling anilines/diazonium salts via the classi-
cal diazotization method with NaNQO,, as described in the
literature.'® All three substrates were purified by column
chromatography and recrystallization; melting-points
and '"H NMR data for MHDPT and FHDPT are in
excellent agreement with reported values.'® Analytical
data for all three substrates are available as Supplemen-
tary Material at Wiley Interscience.

Kinetic studies were carried out using 30:70 (v/v)
THF-water as solvent. Aqueous buffers were prepared
using analytical-grade salts, water purified in a Millipore
apparatus and spectrophotometric-grade THF (EM,
Omnisolv grade). The ionic strength of the solutions
was kept constant at 0.5 M using NaCl are compensating
electrolyte. The pH of the solutions was measured using a
combination electrode that had been calibrated with
standard aqueous buffers.

J. Phys. Org. Chem. 2005; 18: 498-503
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Laser experiments were carried out using a Q-switched
Nd:YAG laser (Continuum, Surelite I) operated at 355 nm
(4—-6ns pulses, <30mlJ per pulse) for excitation. Further
details on this laser system have been reported else-
where.'” Solutions were kept in quartz cells constructed
of 7x7mm” Suprasil tubing. Transient spectra were
collected under flow conditions in order to ensure the
irradiation of fresh portions of sample by each laser pulse.
For each solution, kinetic traces were recorded at differ-
ent time domains (typically between 0.08 and 4 ps per
point) and then combined for analysis; if necessary, traces
were previously normalized to account for slight differ-
ences in signal intensities due to laser power fluctuations.
All measurements were carried out at 21 =1 °C. Values
for the observed rate constants and for the Hammett
reaction constants were obtained by using the general
curve-fitting procedure of Kaleidagraph 3.6.2 from
Synergy Software.
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