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epoc ABSTRACT: The acid-catalyzed hydrolysis of diazophenylacetamide giving mandelamide as product was found to
occur with a normal (kH/kD> 1) hydronium ion isotope effect and to be subject to general acid rather than specific
hydronium ion catalysis. This shows that the reaction occurs by rate-determining hydron transfer from the catalyzing
acid to the diazo carbon atom of the substrate, followed by rapid displacement of the diazo group by water.
Comparison of the rate of this reaction with those of the same process for other diazophenylacetic acid functional
derivatives, PhCN2COX, reveals that the reactivity of these substrates is controlled by the electron-releasing
resonance ability of the group X. Copyright # 2003 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

The acid-catalyzed hydrolysis of aliphatic diazo com-
pounds is a much-studied reaction that has figured pro-
minently in the development of modern ideas on acid–
base catalysis (for reviews, see Ref. 1). Diazo compounds
are also synthetically useful materials; they can, for
example, be transformed, via the Wolff rearrangement,
into ketenes, which readily undergo a wide variety of
useful reactions.2 The synthetic utility of diazo com-
pounds, however, is limited by their facile acid-catalyzed
hydrolysis, and information on the nature of this acid-
catalyzed reaction, and especially on how its rate depends
on substrate structure, is consequently of practical value.

We have already reported studies of the kinetics and
mechanisms of acid-catalyzed hydrolyses of diazophe-
nylacetic acid, 1,3 its carboxylate ion, 2,3 and methyl
diazophenylacetate, 3.4 We now add to that an investiga-
tion of the acid-catalyzed hydrolysis of diazophenylace-
tamide 4.

EXPERIMENTAL

Materials. Diazophenylacetamide (4) was a sample that
had been made for another purpose.5 All other materials
were of the best available commercial grades.

Kinetics. Rates of reaction of diazophenylacetamide were
measured by monitoring the decay of its absorbance at its
absorption maximum, �max¼ 260 nm, using initial diazo
compound concentrations of the order of 5� 10� 5

M.
Measurements were made with a Cary 2200 spectrometer
whose cell compartment was thermostatted at
25.0� 0.05�C. The data so obtained fit the first-order
rate law well, and observed first-order rate constants were
calculated by least-squares fitting of a single exponential
function.

Product analysis. Product identification was done by high-
performance liquid chromatographic (HPLC) analysis
using a Varian Vista 5500 instrument with a NovoPak C18

reversed-phase column and methanol–water (50 : 50, v/v)
as the eluent. The product was characterized by compar-
ing the retention time and UV spectrum with those of an
authentic sample.
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RESULTS

The acid-catalyzed hydrolysis of the diazo group of
diazophenylacetamide (4) is expected to produce man-
delamide (5) as its product:

This was found to be the case: HPLC analysis of spent
reaction mixtures of hydrolyses conducted in 10� 4

M

aqueous perchloric acid showed the presence of mande-
lamide and no other product.

Rates of this hydrolysis reaction were measured in
aqueous perchloric acid solution, using both H2O and
D2O as the solvent, at a constant ionic strength of 0.10 M,
maintained by the addition of sodium perchlorate as
required. The data obtained are summarized in Supple-
mentary Table S1 at the epoc website at http://www.
wiley.com/epoc and are also displayed in Fig. 1. It can be
seen that the observed first-order rate constants are
linearly related to acid concentration. Linear least-
squares analysis gave the hydronium ion catalytic coeffi-
cient kHþ ¼ 3:12 � 0:02 and the isotope effect kHþ=kDþ ¼
2:22 � 0:03.

Rates of decay of diazophenylacetamide were also
measured in aqueous (H2O) acetic, formic, methoxyace-
tic and chloroacetic acid buffers, using series of solutions
of constant stoichiometric buffer ratio and constant ionic
strength (0.10 M), but varying buffer concentration. The
data obtained are summarized in Supplementary Table S2
at the epoc website.

In the case of the acetic acid buffers, this technique
kept hydronium ion concentrations sufficiently constant
along a given buffer solution series to maintain a constant
level of hydronium ion catalysis along that series. As

Fig. 2 illustrates, buffer catalysis was strong and, since
observed first-order rate constants increased linearly with
increasing buffer concentration, the data were analyzed
by least-squares fitting of the linear buffer dilution
expression:

kobs ¼ kintcp þ kbuff½buffer� ð2Þ

The buffer catalytic coefficients so obtained, kbuff, were in
turn separated into their general acid, kHA, and general
base, kB, components with the aid of the equation:

kbuff ¼ kB þ ðkHA � kBÞfA ð3Þ

in which fA is the fraction of buffer present in the acid
form. Figure 3 shows that the data conformed to this
relationship well; least-squares fitting gave kHA¼
(2.36� 0.03)�10�2 l mol�1 s�1 and kB¼ (6.13� 3.10)�
10�4 l mol�1 s�1.

(1)

Figure 1. Rates of hydrolysis of diazophenylacetamide in
H2O (O) and D2O (�) solutions of perchloric acid at 25�C

Figure 2. Relationship between observed first-order rate
constants and buffer concentration for the reaction of
diazophenylacetamide in aqueous acetic acid buffers with
buffer ratio¼ 1.0 at 25�C

Figure 3. Separation of buffer catalysis into its general acid
and general base components for the reaction of diazophe-
nylacetamide in aqueous acetic acid buffers at 25�C

ACID-CATALYZED HYDROLYSIS OF DIAZOPHENYLACETAMIDE 599

Copyright # 2003 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2003; 16: 598–602



This kind of analysis, unfortunately, could not be
applied to data obtained in buffer solutions of the other,
stronger buffer acids used here, because hydronium ion
concentrations, and therefore fA, failed to remain suffi-
ciently constant along given buffer solution series. Such
‘buffer failure’ is a difficulty common to dilute solutions
of moderately strong buffer acids, and it can be handled
in a variety of ways.6a The method used here involved
least-squares fitting of the expression:

kobs ¼ kHþ½Hþ� þ kHA½HA� þ kB½A�� þ kH2O ð4Þ

with the concentrations [Hþ], [HA] and [A�] as indepen-
dent variables, and kHþ , kHA, kB and kH2O as parameters
determined by the fit. The concentration variables needed
for this purpose were obtained by calculation, using
acidity constants of the buffer acids from the literature
and activity coefficients appropriate to the ionic strength
of the experiments (0.10 M) recommended by Bates.7 The
least-squares fitting was done using GraFit software.8

This analysis was carried out for the chloroacetic,
methoxyacetic and formic acid buffers, and also for the
acetic acid buffers. The results obtained are given in
Table 1. It can be seen that the value of kHA for acetic acid
obtained in this way agrees very well with that deter-
mined using Eqns (3) and (4) as described above, and that
values of kHþ acquired from each of the four different
buffers are consistent with that determined directly using
perchloric acid solutions (see above). The general base
catalytic coefficients, kB, and the rate constants for the
water reaction, kH2O, on the other hand, are not well
determined: their statistical uncertainties (standard
deviations¼ 68% confidence intervals) are comparable
to their values; this is consistent with expectation (see
below).

The results in Table 1 also show that the values of kHA

decrease with decreasing strength of the catalyst acid;
this also is as expected. The data, in fact, give a reason-
ably good Brønsted relation (Fig. 4), with the Brønsted
exponent �¼ 0.66� 0.06; this is a reasonable value of �
for a reaction with the present velocity. The hydronium
ion catalytic coefficient falls below this Brønsted relation
by a considerable margin (two orders of magnitude), as is
usually the case for reactions such as the present one
involving rate-determining proton transfer to carbon.9

DISCUSSION

The acid-catalyzed hydrolysis of �-diazocarbonyl com-
pounds such as the substrate investigated here may occur
by either one of three principal reaction mechanisms.1

Two of these involve rapid pre-equilibrium protonation of
the substrate, either on carbonyl oxygen or on diazo
carbon, followed by rate-determining displacement of
the diazo group by water; the third mechanism consists
of rate-determining diazo carbon protonation followed by
rapid diazo group displacement.

The two pre-equilibrium reaction mechanisms can be
expected to give hydronium ion isotope effects in the
inverse direction, kHþ=kDþ<1. This is because the pre-
equilibrium step produces a water molecule:

H3Oþ þ S��*)��
fast

H2O þ HSþ ��!r:d product ð5Þ

Table 1. Results of analysis according to Eqn (4) for the hydrolysis of diazophenylacetamide in aqueous buffer solutions at
25�Ca

Buffer acid pKa kHA (10�2 l mol�1 s�1) kB (10�4 l mol�1 s�1) kHþ ( l mol�1 s�1) kH2O (10�5 s�1)

ClCH2CO2H 2.87 40.4� 5.2 273� 194 3.39� 0.55 �171� 58
CH3OCH2CO2H 3.57 17.9� 0.4 �7.5� 18.1 3.54� 0.15 1.83� 5.43
HCO2H 3.75 9.05� 0.19 �9.55� 8.95 2.81� 0.11 3.57� 2.77
CH3CO2H 4.76 2.40� 0.04 4.30� 2.08 3.51� 0.15 1.29� 0.62

a Ionic strength¼ 0.10 M (NaClO4).

Figure 4. Brønsted relation for the reaction of diazopheny-
lacetamide in aqueous solution at 25�C. The catalysts, from
right to left, are ClCH2CO2H, CH3OCH2CO2H, HCO2H and
CH3CO2H

Scheme 1
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whose O—H bonds are stronger than the O—H bonds of
the hydronium ion.6b,10 The reaction therefore proceeds
with a tightening up of the isotopically substituted bonds,
which leads to an inverse isotope effect. Since the isotope
effect determined here for the present reaction,
kHþ=kDþ ¼ 2:22, is not inverse, these pre-equilibrium
reaction mechanisms may be dismissed.

In the rate-determining carbon protonation reaction
mechanism, on the other hand, there will be a hydron in
flight in the reaction’s transition state, and the isotope
effect in this case will therefore have a primary compo-
nent; it will consequently be in the normal direction,
kHþ=kDþ >1. The magnitude of this isotope effect, how-
ever, will be reduced by a minor inverse component
produced by tightening of the ‘non-reacting’ O—H bonds
of the hydronium ion as they are transformed into O—H
bonds of a water molecule.10,11 The isotope effect
observed here is in fact a typical value for such a
process.11

Reactions that occur by rate-determining proton trans-
fer from the hydronium ion generally also take place by
rate-determining proton transfer form other acids. This
leads to general acid catalysis rather than specific hydro-
nium ion catalysis, just as is observed here. The catalytic
efficacy of the general acids, moreover, usually decreases
with decreasing general acid strength, producing a
Brønsted relation with exponent in the normal �¼ 0–1
range,9,12 again as found here.

The reaction mechanism established here for acid-
catalyzed hydrolysis of diazophenylacetamide, consist-
ing of rate-determining proton transfer from acid catalyst
to diazo carbon, is also the mechanism by which acid-
catalyzed hydrolysis of diazophenylacetic acid itself
occurs,3 and also that of its carboxylate ion3 and its
methyl ester.4 The hydronium ion catalytic coefficients
(kHþ , l mol�1 s�1) for all four reactions are shown in
Scheme 1.

The considerable variation in reactivity along this
series may be understood in terms of the fact that these
diazo carbonyl compounds are resonance hybrids of
several canonical forms that delocalize negative charge
from the diazo group, as shown in structure 6, on to the
diazo carbon atom, as shown in 7, and also on to the
carbonyl oxygen atom, as shown in 8 (Scheme 2). This
delocalization of negative charge onto the carbonyl
oxygen, however, is opposed by negative charge deloca-
lization on to the same atom from the group X, as shown
in 9. The stronger this opposing delocalization, the
weaker is the delocalization on to this oxygen atom
from the diazo group, and consequently the stronger is
the negative charge density on the diazo carbon atom. On
the reasonable assumption that the rate of protonation
of the diazo carbon atom is determined by the negative
charge density on this atom, rates of reaction will be
controlled by the negative charge-releasing ability of
the group X. This ability as measured, for example, by
the Hansch, Leo and Taft resonance substituent constants
Rþ, rises in the order OMe<OH<NH2<O�,13 which is
the same as the rising order of the hydronium ion
catalytic coefficients. These Rþ substituent constants,
in fact, as shown by Fig. 5, give a reasonably good
quantitative correlation of the rate data.

Acknowledgement

We are grateful to the Natural Sciences and Engineering
Research Council of Canada for financial support of this
work.

REFERENCES

1. Bell RP. The Proton in Chemistry. Cornell University Press:
Ithaca, NY, 1973; 164–171; Regitz M, Maas G. Diazo Com-
pounds, Properties and Synthesis. Academic Press: New York,
1986; 96–165.

Scheme 2

Figure 5. Correlation of hydronium ion catalytic coeffi-
cients for the hydrolysis of diazophenylacetic acid and its
carboxyl group functional derivatives using Rþ resonance
substituent constants

ACID-CATALYZED HYDROLYSIS OF DIAZOPHENYLACETAMIDE 601

Copyright # 2003 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2003; 16: 598–602



2. Tidwell TT. Ketenes. Wiley: New York, 1995; chapter 5.
3. Kresge AJ, Mathew L, Popik VV. J. Phys. Org. Chem. 1995; 8:

552–558.
4. Jones J, Jr, Kresge AJ. J. Org. Chem. 1993; 58: 2658–2662.
5. Chiang Y, Guo H-X, Kresge AJ, Richard JP, Toth K. J. Am. Chem.

Soc. 2003; 125: 187–194.
6. Keeffe JR, Kresge AJ. In Investigation of Rates and Mechanisms

of Reactions, Part I, Bernasconi CF (ed). Wiley: New York, 1986;
(a) 776–777; (b) 761–764.

7. Bates RG. Determination of pH Theory and Practice. Wiley: New
York, 1973; 49.

8. Leatherbarrow RJ. GraFit Version 3.09b. Erithacus Software:
Staines, United Kingdom, 1996.

9. Kresge AJ. Chem. Soc. Rev. 1973; 2: 475–503.
10. Kresge AJ, More O’Ferrall RA, Powell MF. In Isotopes in

Organic Chemistry, Buncel E, Lee CC (eds). Elsevier: New York,
1987; chapter 4.

11. Kresge AJ, Sagatys DS, Chen HL. J. Am. Chem. Soc. 1977; 99:
7228–7233.

12. Kresge AJ. In Proton Transfer Reactions, Caldin EF, Gold V
(eds). Chapman and Hall: London, 1975; chapter 7.

13. Hansch C, Leo A, Taft RW. Chem. Rev. 1991; 91: 165–195.

602 J. A. CHANG AND A. J. KRESGE

Copyright # 2003 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2003; 16: 598–602


