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The effects of pH on the observed rate constants (kobsd.) and
on the solvolytic dediazoniation product distributions of eth-
anolysis of 2-, 3-, and 4-methylbenzenediazonium ions
(2MBD, 3MBD, and 4MBD, respectively) were determined
by a combination of spectrophotometric (UV/Vis) and chro-
matographic (HPLC) techniques. The variation of both kobsd.

and product yields with pH follow S-shaped curves with in-
flection points at pH � 3.6, depending on solvent composi-
tion. With increasing pH, kobsd. values increase by factors of
up to about 4 (2MBD), about 3 (3MBD), and about 50 (4MBD)
with respect to the kobsd. values at low pH. HPLC analyses of
the reaction mixtures show that only heterolytic products are
obtained at low pH, indicating that solvolytic dediazoniation
takes place through an ionic mechanism, but an increase in

Introduction

It is now accepted that solvolytic dediazoniations take
place through two main mechanisms (Scheme 1): heterolytic
(1A) and homolytic (1B).[1�3] The heterolytic dediazoni-
ation pathway involves a DN � AN mechanism (Scheme 1,
C; i.e., a rate-limiting loss of N2 and formation of an ex-
tremely reactive aryl cation that reacts with available nucle-
ophiles on a timescale faster than that required for cation
diffusion). The homolytic dediazoniation pathway requires
an electron transfer to the arenediazonium ions, which can
be accomplished in different ways,[2,3] including reductive
methods at an electrode[4�7] or by employment of nucleo-
philic anions or nucleophilic neutral molecules such as al-
cohols.[8,9] The variety of methods and reducing agents that
can be employed to generate intermediate aryl radicals (Ar·)
and the multiplicity of steps open to radical reactions
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pH favors homolytic dediazoniation, with quantitative con-
version into the reduction product toluene being obtained at
pH � 6 (4MBD), indicating that a turnover from the hetero-
lytic to the homolytic mechanisms is taking place under ex-
perimental conditions under which insignificant amounts of
EtO− or OH− should be present in solution. The obtained S-
shaped profiles suggest that the initiation process of the
homolytic pathway is the result of the formation of a highly
unstable transient diazo ether complex and not by direct
electron transfer from the solvent (EtOH) to the arenediazon-
ium ions as is currently believed.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

makes the homolytic pathway of greater synthetic value
than the heterolytic one, in which only solvolytic products
Ar�Nu are attainable.[2]

Scheme 1. Basic representation of dediazoniation mechanisms: 1A)
heterolytic, 1B) homolytic, 1C) the DN � AN heterolytic dediazoni-
ation mechanism

Solvolytic studies carried out in a variety of solvents[1�3]

indicate that heterolytic dediazoniations mainly take place
in solvents of low nucleophilicity such as H2O or TFE,
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while homolytic dediazoniations are favored by an increase
in the nucleophilicity of the solvent (HMPT, pyridine, etc.).
There exist, however, a number of solvents, such as MeOH,
EtOH, and DMSO, usually considered borderline solvents
in which both mechanisms may be observed simultaneously.
For a given solvent, electron-withdrawing substituents in
the aromatic ring favor homolytic dediazoniations.[1�3]

Many investigators have sought to determine the mecha-
nisms by which the diazonium group is replaced by hydro-
gen in solvolytic dediazoniations to yield ArH
derivatives.[1�3,10�14] The source of electrons in solvolytic
dediazoniations is thought to be the solvent,[12,14,15] but in
contrast to other dediazoniations, no obvious reductants
are employed in those experiments to initiate the radical
process, so the mechanism and nature of the initiation step
remain a matter of debate,[2,3,13,14] because what is lacking
in these cases is a single and still convincing piece of evi-
dence in favor, or against, the different proposed mechan-
istic alternatives.[10,16] Bunnet et al.[10,17] postulated that, in
alkaline methanol solutions, the source of radicals is the
homolytic decomposition of a (Z)-diazo methyl ether,
which is formed rapidly, yielding the aryl radical, N2 and
the methoxy radical, while under acidic conditions they
favor initiation by direct electron transfer from MeOH to
the arenediazonium ion.[10,17] Recent solvolytic investi-
gations also appear to favor direct electron transfer from
the solvent (EtOH) to initiate the radical reaction, and
alternative radical mechanisms proceeding through the for-
mation of intermediate aryl diazo ethers have been deemed
less likely.[13,14]

There exist, however, a variety of reactions in which nu-
cleophiles add to diazonium ions at Nβ to give (Z) adducts
as kinetically controlled products. These (Z) adducts may
undergo subsequent isomerization to the thermo-
dynamically more stable (E) isomers, which in some in-
stances can be isolated,[18] or may eventually give rise to
homolytic rupture of the bonds providing the initiation of
a radical process.[3,9,19,20] This bond-rotating mechanism to
transform the (Z) into the (E) isomers has recently been
described for Sandmeyer hydroxylations and chlorination
reactions.[19] In most instances analyzed, the nucleophile
must possess a charge, such as OH�, CN�, RO� or ascorb-
ate ions, and experimental conditions are chosen such that
substantial concentrations of the anionic form of the nucle-
ophile are present,[3,9,19,20] but formation of (Z)-diazo
ethers with neutral nucleophiles has also been reported.[5,21]

Following previous solvolytic work,[5,26] we have under-
taken a study to investigate the effects of pH (0�7) on the
ethanolysis of 2-, 3- and 4-methylbenzcenediazonium ions
(2MBD, 3MBD, and 4MBD, respectively) by a combi-
nation of spectrophotometric (UV/Vis) and chromato-
graphic (HPLC) techniques to seek for evidence of the nat-
ure of the initiation step in solvolytic radical dediazonia-
tions. As we will show, the obtained results provide support
for a radical initiation mechanism proceeding through for-
mation of a transient diazo ether, namely Ar�N�N�OEt.
The substrates were chosen because substantial knowledge
on their solvolytic dediazoniation mechanisms under acidic
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conditions in H2O, MeOH, and EtOH over the whole com-
position range is available[22�26] and because these ArN2

�

ions bear electron-donating substituents in the aromatic
ring, which makes them less prone to decompose through
homolytic pathways.[3]

Results and Discussion

Observed rate constants for loss of ArN2
� were obtained

spectrophotometrically, and first-order kinetics were ob-
tained for more than 3 half-lives in all runs. Figure 1,
chosen as representative, shows the variation in kobsd. with
pH (HCl) for dediazoniation of 4MBD at 20 and 80%
EtOH/H2O; kobsd. being essentially constant and indepen-
dent of solvent composition up to pH � 3. An increase in
pH produces a sharp increase in kobsd. (up to 50 times its
value at low pH), which reaches a plateau region at pH � 6
depending on solvent composition. Similar kinetic S-shaped
profiles were obtained for 2- and 3MBD over the same pH
range and at the same solvent compositions (results not
shown), but the extents of the increase in kobsd. were lower
than that seen for 4MBD: about 4 times for 2MBD and
about 3 times for 3MBD. These results are consistent with
reported data for homolytic dediazoniation rates in MeOH
indicating that they are 4�32 times higher than the hetero-
lytic ones.[3,10] Replacement of HCl by H2SO4 did not result
in significant changes in the kobsd. values, suggesting that
the observed S-shaped profiles are not due to nucleophile
(Cl�, SO4

2�) effects.

Figure 1. pH effects on kobsd. for dediazoniation of 4MBD in 20%
(open circles) and 80% (black circles) EtOH/H2O (v/v); [4MBD] �
10�4 , T � 60 °C

In addition to the kinetic analyses, an HPLC analytical
study of the dediazoniation product distribution was per-
formed over the same pH range. Up to four dediazoniation
products � cresols (ArOH), methylphenetoles (ArOEt),
toluene (ArH), and chlorotoluenes (ArCl; only obtained
when HCl was employed as source of H� ions) � were
detected (Figures 2 and 3, A), their relative yields de-
pending on pH and solvent composition. In the pH � 0�2
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range, significant amounts only of the heterolytic ArOH
and ArOEt products are obtained, with yields similar to
those previously reported,[26] but with increasing pH a no-
ticeable decrease in ArOH and ArOEt yields is detected
with a concomitant increase in the yield of ArH, such that
at pH � 6 formation of the ArH derivative is about half
the total yield (20% EtOH/H2O, v/v), and it is essentially
quantitative when an 80% EtOH/H2O mixture is employed.
Note that the inflection points of the S-shaped curves in
Figures 1 and 2 are identical independently of the measured
(kobsd. or product yield) parameter. Similar variations in the
product distribution for dediazoniation of 2- and 3MBD
were obtained over the same pH range and at the same
solvent compositions.

Figure 2. pH-dependent product distribution for dediazoniation of
4MBD at 20% (A) and 80% (B) EtOH/H2O (v/v); experimental
conditions as in Figure 1; ArOH (black circles), ArOEt (open
circles), ArH (squares), ArCl (black triangles), total (ArOH � Ar-
OEt � ArH � ArCl) (open triangles)

Arenediazonium ions may function as one-electron oxid-
izing agents, and free radicals are generated in reactions
with suitable electron donors.[3,9,20,27�29] Two particular
mechanisms, outer- and inner-sphere, have been proposed
for these reactions.[3,30] The outer-sphere mechanism as-
sumes a direct electron transfer from a reducing agent to
ArN2

� ions, yielding a radical from the reducing agent and
an aryl diazenyl radical (ArN2

·), which subsequently de-
composes spontaneously in aqueous solution to yield N2

and the corresponding aryl radicals. In the alternative in-
ner-sphere mechanism, reduction of the arenediazonium
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Figure 3. A) Effects of pH on product distribution of 3MBD in a
80% EtOH/H2O mixture; B) effects of [NaCl] on product distri-
bution for dediazoniation of 3MBD in a 80% EtOH/H2O mixture
in the absence of added acid; [3MBD] � 1 � 10�4 ; ArOH (black
circles), ArOEt (open circles), ArH (squares), ArCl (black tri-
angles), total (ArOH � ArOEt � ArH � ArCl) (open triangles)

ion is preceded by the formation of a complex, namely
Ar�N�N�O�R, which was detected experimentally in
some dediazoniations.[9,20,21]

S-shaped curves such as those shown in Figures 1, 2, and
3 (A) are usually observed in reactions of acid-base pairs in
which both forms are attainable and show different reactiv-
ities.[31] Under our experimental conditions, only two speci-
mens may undergo acid-base processes: the ArN2

� ions and
EtOH. The pKa of EtOH is about 15 and the pKa values of
the 2-, 3-, and 4-methyl derivatives have been reported to
be about 12,[32] so ArN2

� ions reacting with EtO� or with
OH� ions, as in alkaline media,[10,17] appear unlikely under
the experimental conditions employed. A more plausible
mechanism is proposed in Scheme 2, which involves two
competitive mechanisms: The thermal decomposition of the
solvated ArN2

� ions through the heterolytic DN � AN

mechanism and the inner-sphere mechanism in which the
slow step is the rate-limiting decomposition of a transient
diazo ether (ArN2OEt) formed from reaction between
ArN2

� ions and EtOH in a rapid pre-equilibrium step.
The proposed mechanism is consistent with experimental

results shown in Figures 1 and 2 because ArN2
� ions are

solvated by EtOH and H2O molecules,[26] and so formation
of the presumed complex should depend on solvent compo-
sition and on pH. A similar mechanism has been proposed
to interpret the reactivity of arenediazonium ions with a
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Scheme 2. Proposed reaction mechanism for solvolysis of ArN2
�

in EtOH/H2O mixtures; the reactive EtOH molecule is one of those
in the solvation shell of the ArN2

� ions; kw and kc stand for the
thermal rate constant and for the first-order rate constant for the
decomposition of the ArN2OEt complex, respectively, and K stands
for the equilibrium constant for complex formation

number of ascorbate ions, for which the formation of such
an intermediate was detected experimentally by employ-
ment of electrochemical methods.[9,20] The assumption of a
rate-limiting decomposition of the diazo ether is also con-
sistent with reported results for other O-coupling reac-
tions[1,3,33,34] and was experimentally examined in reactions
of arenediazonium ions where geometric restrictions ap-
ply.[21,35]

From Scheme 2, Equation (1) can be derived, where kw

and kc are the rate constants for the spontaneous thermal
decomposition of ArN2

� and the rate constant for de-
composition of the complex, respectively, and K1 � K
[EtOH] with K standing for the equilibrium constant for
complex formation.

kobsd. � (kw[H�] � kcK1)/([H�] � K1) (1)

This equation is typical of processes in which an S-
shaped dependence of kobsd. on pH is achieved.[31] From
Equation (1) and by considering limits, it can be seen that
when [H�] ��� K1, kobsd. � kw (i.e., the reaction proceeds
through the DN � AN mechanism and only heterolytic
products are obtained), while when [H�] ��� K1, kobsd. �
kc (i.e., the reaction proceeds through the ArOEt complex
and formation of reduction products is favored). The solid
lines in Figures 1, 2 and 3 (A) were obtained by fitting the
corresponding data to a Henderson�Hasselbach-type
equation, from which values of pK1 � 3.3 (20% EtOH) and
3.6 (80% EtOH) can be obtained for 3- and 4MBD. Table 1
shows the kw, kc, and the average pK1 values obtained for
the ArN2

� ions employed in this work. The K1 values, and

Table 1. kw, kc, and pK1values for diazo ether formation

2MBD 3MBD 4MBD

104 kw [s�1] 7.3[a] 8.6[a] 8.3[a]

7.4[b] 10.3[b] 11.9[b]

104 kc [s�1] 12.6[a] 19.6[a] 54.9[a]

28.8[b] 27.6[b] 354.3[b]

pK1 3.3[a] [c] 3.2[a,c] 3.4[a,c]

3.6[b,c] 3.5[b,c] 3.6[b,c]

[a] 20% EtOH/H2O. [b] 80% EtOH/H2O. [c] Average value from
HPLC and spectrophotometry.
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hence the equilibrium constants K for ArN2OEt formation,
appear to be independent of the position of the substituent
in the aromatic ring, but depend on the solvent compo-
sition. However, the rate constant for ArN2OEt breakdown
kc is strongly dependent both on the position of the sub-
stituent and on solvent composition.

Further evidence for the proposed mechanism was ob-
tained when NaCl was intentionally added to reaction mix-
tures (80% EtOH/H2O) in which no acid was initially pre-
sent (see B in Figure 3). With increasing [NaCl], Cl� ions
become part of the solvation shell of the parent ArN2

�

ions, competing with EtOH and H2O molecules, and thus
inhibiting the formation of the presumed ArN2OEt com-
plex, hence inhibiting the formation of ArH derivatives and
favoring an increase in heterolytic product formation (i.e.,
addition of Cl� ions favors the ionic mechanism). These
results are consistent with previous work indicating that the
observed product distribution reflects the concentrations of
nucleophiles in their immediate environment (i.e., in the
first solvation shell of ArN2

� ions).[8,26]

Diazo ethers of the general structure ArN�NOR (with
R � alkyl, aryl) are rarely formed as stable prod-
ucts.[3,10,33,34] The diazo ether formally derived from 1-
naphthol and the benzenediazonium ion, for example, is
sensitive to acid and base as well as to light. Previous stud-
ies[3,10,33,34] concerning reactions between arenediazonium
ions and alkoxide or phenoxide compounds, which yield di-
azo ethers, provide further support for the proposed mecha-
nism but suggest that the decomposition of the diazo ether
complex may not be as simple as indicated in Scheme 1.

Fundamentally, reactions between arenediazonium ions
and methoxide ion occur in two phases. The first is the very
rapid formation of a (Z)-diazo methyl ether, and in a se-
cond one following this step some of the (Z)-diazo ether
decomposes to yield reduction products (usually hydro-de-
diazoniation) and the rest is converted into the (E)-diazo
ether. Investigations developed by Broxton et al.[36] con-
firmed that the initial reaction of the arenediazonium ions
takes place in such a way that the (Z)-diazo ether is directly
formed almost exclusively, and part of it is transformed to
the (E) isomer by an ionization-recombination mecha-
nism.[3,19] Given that almost quantitative yields of the re-
duction product ArH are obtained at pH � 6, it is likely
that the initially formed (Z)-diazo ether undergoes homo-
lytic fragmentation to give EtO· and the arenediazenyl rad-
ical ArN2

·, which immediately decomposes to yield the aryl
radical Ar· and N2. Once the radicals are formed, an H·

atom from EtO· is abstracted, giving rise to the ArH deriva-
tive.[3,10,12]

Conclusion

In conclusion, our data strongly suggest that there is no
need to invoke direct electron transfer from the solvent in
order to explain homolytic dediazoniations in EtOH, but
that the reaction proceeds through two competitive mecha-
nisms: the thermal DN � AN mechanism and a rate-limiting



pH Effects on Ethanolysis of Some Arenediazonium Ions FULL PAPER
decomposition of a transient ArN2OEt diazo ether formed
from ArN2

� ions and EtOH molecules in their solvation
shells. The data in Table 1 suggest that the position of the
substituent has an effect both on kc values and on the dedi-
azoniation product distribution, but not on the values of
the equilibrium constant K for diazo ether formation, which
appears to be solvent-dependent.

Experimental Section

Instrumentation: UV/Vis spectra and some kinetic experiments were
monitored with a Beckman DU-640 UV/Vis spectrophotometer fit-
ted with a thermostatted cell carrier attached to a computer for
data storage. Product analysis was carried out with a WATERS
HPLC system including a 560 pump, a 717 automatic injector, a
2487 dual wavelength detector and a computer for data storage.
Products were separated with a Microsorb-MV C-18 (Rainin) re-
versed-phase column (25 cm length, 4.6 mm internal diameter and
5 µm particle size) with a mobile phase of MeOH/H2O (70:30,
v/v), containing 10�4  HCl. The injection volume was 25 µL in
all runs and the UV detector was set at 220 nm and 280 nm.

Materials: Arenediazonium salts (ArN2
�) were prepared under

non-aqueous conditions as described elsewhere[37] and were stored
in the dark at low temperature to minimize decomposition and
recrystallized periodically. Other reagents were of maximum purity
available and were used without further purification. Cresols
(ArOH), chlorotoluenes (ArCl), methylphenetoles (ArOEt), and
the reagents used in the preparation of arenediazonium salts (as
tetrafluoroborates) were purchased from Aldrich. Other materials
employed were from Riedel-de Haën. All solutions were prepared
with Milli-Q grade water. Solution composition is given by percent
of EtOH by volume. Molar concentrations were calculated by ign-
oring the small excess volume of mixed solvents.[38]

Methods: Kinetic data were obtained spectrophotometrically. Ob-
served rate constants were obtained by fitting the absorbance/time
data to the integrated first-order Equation (2) by a nonlinear least-
squares method.

ln [(Mt � M�)/(M0 � M�)] � �kobsd.t (2)

All runs were carried out at T � 35 	 0.1 °C (2MBD, 3MBD) and
at T � 60 °C (4MBD) with arenediazonium salts as the limiting
reagents. Duplicate or triplicate experiments gave average devi-
ations lower than 7%. Spectrophotometric kinetic data were ob-
tained by monitoring the disappearance of the corresponding
ArN2

� at an appropriate wavelength to minimize interference
(mainly dediazoniation products or intentionally added electro-
lytes). Beer’s law plots (not shown) for ArN2

� aqueous and etha-
nolic solutions up to 2.00 � 10�4  are linear (correlation coef-
ficient cc � 0.999). Stock solutions were prepared by dissolving
ArN2

� in the appropriate acidic (HCl) mixture to minimize di-
azotate formation,[39] to give final concentrations of about 1 �

10�5  and [HCl] � 3.6 � 10�3 . Stock solutions were generally
used immediately or within 90 min with storage in an ice bath to
minimize decomposition. Reactions were initiated by addition of
an aliquot (� 100 µL) of the ArN2

� stock solution to the pre-
viously thermostatted reaction mixture. Preliminary HPLC experi-
ments showed that only four decomposition products are formed:
ArOH, ArCl, ArH, and ArOEt. Linear (cc � 0.999) calibration
curves for converting HPLC peak areas (A) into concentrations
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were obtained for these products by use of commercial samples.
Percentages of formation (F) of dediazoniation products were ob-
tained from the ratio of the dediazoniation product concentration
([Analyte]) and the initial diazonium salt concentration, estimated
by weight (i.e., F � 100 [Analyte]/[ArN2

�]) as described else-
where.[23,24,26]
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