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A reação da hidroxilamina com acetato de fenila foi investigada teoricamente para se obter 
uma melhor compreensão do efeito alfa nas reações de nucleófilos neutros. Os cálculos foram 
feitos em nível B3LYP/6-311+G(2df,2p)//HF/6-31G(d) incluindo o solvente (água) em nível  
PCM/HF/6-31G(d). Os resultados mostram que um ataque direto da hidroxilamina leva a uma 
barreira de energia livre de ativação DG‡ muito alta, em torno de 50 kcal mol-1. Uma segunda 
molécula de hidroxilamina pode catalisar o processo através de catálise bifuncional usando ambos 
os grupos NH2 e OH simultaneamente. Esta catálise bifuncional reduz o DG‡

 para 19 kcal mol-1 e é 
capaz de explicar a relação de produtos cinético e termodinâmico observada experimentalmente.

The reaction of hydroxylamine with phenyl acetate was theoretically investigated to shed 
light on the role of catalysis and the origin of the a-effect in this system. Calculations at the 
B3LYP/6-311+G(2df,2p)//HF/6-31G(d) level and the solvent effect included at the PCM/HF/6-31G(d) 
level predict that the direct attack of hydroxylamine to the carbonyl centre has a high DG‡ barrier, close 
to 50 kcal mol-1. A second hydroxylamine molecule can catalyse the process through bifunctional 
catalysis using both the NH2 and OH groups simultaneously. This dual bifunctional catalysis decreases 
the DG‡ to 19 kcal mol-1 and is able to explain the experimentally observed kinetics and product ratio.

Keywords: acid-base catalysis, organocatalysis, alpha-effect, zwitterionic intermediate, 
solvent effect

Introduction

Nucleophilicity is a fundamental concept in organic 
chemistry.1,2 This property is related to the ability of 
chemical species, having atoms with lone electron pairs, 
to react with electron-deficient atoms of other molecules. 
Because basicity is related to reactivity, it is expected that 
the pKa of a protonated nucleophile is correlated to its 
nucleophilicity through the Brønsted equation:

log (k) = bpKa + C   (1)

However, this simple correlation may not work in many 
cases. An interesting example where the breakdown of these 

simple correlations can take place occurs in species where 
the nucleophilic atom has a neighbouring atom with lone 
electron pairs, such as hydrogen peroxide, hydroxylamine, 
hydrazine and their respective anions. The high and 
unexpected reactivity of these species is called the a-effect, 
and the origin of this effect has attracted the attention 
of many researchers.3-11 In fact, it remains controversial 
whether the a-effect is intrinsic to the nucleophile or has 
its origin in the solvent effect for anionic nucleophiles. 
Although recent high-level theoretical calculations have 
provided evidence that the a-effect is intrinsic to these 
nucleophiles,6-8 the solvent effect is very important for these 
reactions and also contributes for the a-effect.9 

Another important feature of a chemical reaction is 
the mechanism. Different nucleophiles can react through 
different mechanisms, leading to the breakdown of 
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simple correlations. In fact, a recent report by Buncel and 
co-workers3 has shown that the reaction of substituted 
phenyl methanesulphonates with OH- and HOO- takes 
place through mechanisms leading to different products, 
and any analysis of the a-effect in this situation may not be 
meaningful. On the other hand, if the reaction mechanism 
is different for normal and a-nucleophiles due to special 
features of the latter and leads to the same kind of product, 
analysis of the a-effect becomes meaningful. In this paper, 
we explored hydroxylamine reactivity to show that this 
species is able to promote its reaction with carboxylic esters 
through a singular mechanism. We would like to call the 
attention of the reader to the fact that the a-effect has been 
widely studied for anionic nucleophiles. In the present case, 
the a-nucleophile is a neutral species.

Hydroxylamine reactivity with carboxylic esters

Hydroxylamine is an interesting a-nucleophile and 
its reactivity has received attention in recent years.12-14 
Pioneering studies on the mechanism of the hydroxylamine 
reaction with carboxylic esters have been reported by 
Jencks.15,16 This author observed that the reaction of 
hydroxylamine with p-nitrophenyl acetate in aqueous 
solution leads to O-acylhydroxylamine as the main 
product with a second order overall kinetics and first 
order for hydroxylamine. In addition, Jencks reported the 
hydroxylamine, combined with its protonated species, 
catalysed the reaction of O-acylhydroxylamine to form 
hydroxamic acid. Almost forty years after these studies, 
Hess et al.17 investigated the isotope effects of this reaction. 
They concluded that the reaction proceeds through the 
formation of a tetrahedral intermediate and proton transfer 
is involved in the rate determining step.

In a previous paper,14 we reported an experimental 
investigation of the reaction of hydroxylamine with 
five different phenyl acetates. It was observed that for 
2,4-dinitrophenylacetate and 2,4,6-trinitrophenylacetate, 
the kinetics were second order. However, for phenylacetate, 
p-chlorophenylacetate and p-nitrophenylacetate, the 
kinetics had second and third order terms, the latter being 
the most important contribution. The third order kinetics 
were first order for the ester and second order for the 
hydroxylamine, indicating that the second hydroxylamine 
molecule acts as a catalyst. Preliminary computations14 
suggested the hydroxylamine works as a bifunctional 
catalyst. The multiple steps of the reaction of hydoxylamine 
with carboxylic esters are presented in Scheme 1.

The aim of this paper was to use theoretical calculations 
to show that the a-effect for reactions involving 
hydroxylamine may have its origin in the special features 

of hydroxylamine which has unique catalytic properties. 
The model system used in this report is the reaction of 
hydroxylamine with phenylacetate.

Calculations

The potential energy surface for the reaction of 
hydroxylamine with phenyl acetate was investigated 
by ab initio Hartree-Fock and density functional theory 
methods. A second hydroxylamine molecule was included 
in order to evaluate the role of catalysis in this reaction 
system. Since this study required the investigation of a 
number of structures, full geometry optimisation and 
harmonic frequency calculations were done at the HF/6-
31G(d) level of theory. For obtaining reliable activation 
energies, single point energy calculations were done using 
density functional theory with the B3LYP functional18-20 and 
the extended 6-311+G(2df,2p) basis set. Previous studies on 
similar reactions have indicated that this level of theory is 
reliable.21 Therefore, our gas phase calculations correspond 
to the B3LYP/6-311+G(2df,2p)//HF/6-31G(d) level. 
Because the reaction takes place in an aqueous solution, 
the solvent effect was included through the polarizable 
continuum model (PCM)22-25 with atomic radii of 1.70 (C), 
1.20 (H), 1.50 (O), 1.60 (N) and a scale factor of 1.20 for 
all atoms, as well as the dielectric constant of water. Only 
the electrostatic contribution for the solvating free energy 
was included, and the HF/6-31G(d) wavefunction was used 
for the PCM computations. The gas phase calculations were 
done with the Gaussian 98 program system26 and the PCM 
computations (IEF implementation) were done with the 
GAMESS program.27 All the reported free energy values 
correspond to 1 mol L-1 standard state.

Scheme 1.
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Results and Discussion

We investigated many reaction pathways for the reaction 
with NH2OH and phenylacetate leading to the formation of 
neutral tetrahedral intermediates. In order to evaluate the 
importance of catalysis, the pathway for the direct attack 
of hydroxylamine to phenylacetate was also included. For 
each mechanism, both the formation of O-acylated and 
N-acylated products were considered. 

Direct hydroxylamine attack leading to a neutral 
tetrahedral intermediate

The direct attack of a nucleophile to the carbonyl 
centre is the most simple possibility for these reactions. 
Nevertheless, many previous studies have indicated that 
this process has a very high activation barrier for neutral 
nucleophiles and is viable only for ionic nucleophiles.21,28-34 
In the case of neutral nucleophiles, water molecules or a 
second nucleophile molecule can act as a catalyst. In the 
reaction of hydroxylamine with phenylacetate, we found a 
similar situation. The transition state structures for the direct 
attack of hydroxylamine are presented in Figure 1 (TS1O 
and TS1N) and the calculated barriers are given in Table 1. 
The transition states lead to the corresponding tetrahedral 
intermediates; the DG‡ values are 48.6 kcal mol-1 for O attack 
and 49.9 kcal mol-1 for N attack. These are very high barriers 
and they cannot explain the observed experimental kinetics, 
which present overall barriers around 20 kcal mol-1. 

Catalysis by the OH group of a second hydroxylamine 
molecule

A second hydroxylamine molecule can also act as a 
catalyst. One possibility is that the OH group works through 
bifunctional catalysis. In this case, the attacking nucleophilic 
atom donates a proton to the OH group of hydroxylamine, 
while this group donates a proton to the carbonyl oxygen. The 
respective transition states (TS1O-HONH2 and TS1N-HONH2) 
are shown in Figure 1 and the barriers are presented in Table 1. 
The barriers decreased to 35.1 kcal mol-1 and 29.0 kcal mol-1  
for the O and N-acylation processes, respectively. This 
decrease in DG‡ indicates an important catalytic effect, but it 
is not enough to explain the experimental kinetics. 

Catalysis by the NH2 group of a second hydroxylamine 
molecule

Another possibility is bifunctional catalysis through 
the NH2 group of hydroxylamine. In this case, the catalytic 
effect is more important than for OH group catalysis. The 

transition states (TS1O-NH2OH and TS1N-NH2OH) are 
shown in Figure 1 and the corresponding DG‡ barriers 
(Table 1) are 28.4 kcal mol-1 and 24.9 kcal mol-1 for the 
O- and N-acylation processes, respectively. Catalysis 
through the NH2 group is selective, indicating that we 
would have almost 100% N-acylated product if the first 
step is rate determining. However, this is not the case. The 
barriers remain higher than the experimental values and 
the real reaction pathways are competitive. Therefore, 
another mechanism is needed to explain the experimentally 
observed third order kinetics. Further investigation led to 
the discovery of a new mechanism, related to the singular 
structure of hydroxylamine.

Dual bifunctional catalysis by a second hydroxylamine 
molecule

Our previous analysis indicated that neither mechanism 
can explain the observed experimental kinetics, with 

Figure 1. Transition states for the first step of the hydroxylamine reaction 
with phenyl acetate.
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overall DG‡ barriers of 20.3 and 18.9 kcal mol-1 for 
second and third order kinetics, respectively. In addition, 
all the investigated catalysed mechanisms predict that 
the N-acylated isomer is the main product, contradicting 
experimental observations. Therefore, another mechanism 
must take place. One possibility is that hydroxylamine 
promotes bifunctional catalysis using both the oxygen and 
nitrogen atoms, and we have searched for such transition 
states. Figure 2 and Table 1 present our investigation into 
this pathway. The structures TS1O-NH2OH-DUAL and 
TS1N-NH2OH-DUAL correspond to this mechanism for 
both O and N acylation. In this pathway, the oxygen of the 
second hydroxylamine (catalyst) donates a proton to the 
carbonyl oxygen while the nitrogen atom takes the proton 
from the attacking hydroxylamine. The calculated DG‡ 
barriers are 18.6 and 17.4 kcal mol-1 for O- and N-acylation, 
respectively. These values are very meaningful because they 
are close to the experimental data and indicate competition 
between O- and N-acylation.

The initial catalysed steps lead to the formation of 
the MS1O-NH3O and MS1N-NH3O minimum energy 
structures. They correspond to neutral tetrahedral 
intermediates complexed with the NH3O isomeric form 
of hydroxylamine. In these structures, the -NH3 group 
of NH3O interacts with the hydroxylamine added to the 
carbonyl centre. These structures can rearrange to MS2O-
NH3O and MS2N-NH3O isomeric forms, where the -NH3 
group of NH3O interacts with the oxygen of the phenolate 
group. The relative free energy of these four intermediate 
species is around 16 kcal mol-1. 

In the next step, the NH3O isomeric form of 
hydroxylamine assists in the dissociation of phenol from 
the tetrahedral intermediates in the MS2 complexes. The 
corresponding transition states are TS2O-NH2OH-DUAL 
and TS2N-NH2OH-DUAL, with relative free energy values 
of 19.0 and 19.5 kcal mol-1, respectively. It is worth noting 
that these barriers determine the reaction kinetics as can 
be seen by the free energy profile shown in Figure 3. In 
addition, these values are very close to the experimental 
data and also indicate that the O-acylated product is the 
main species formed in the reaction. 

Discussion

The reaction of hydroxylamine with phenyl acetate 
presents different reaction pathways, but only mechanisms 
with low free energy barriers can take place. The reported 
experimental data for the phenylacetate reaction with 
hydroxylamine indicate that both second and third order 
kinetics are important. Therefore, a bimolecular mechanism 
also takes place. On the other hand, theoretical calculations 
suggest direct hydroxylamine attack is not feasible due 
to very high DG‡ barriers. How can these discrepancies 
in the theoretical and experimental data be reconciled? 
One possibility is catalysis by one water molecule. This 
pathway was also investigated, and although a lower DG‡ 
was observed (around 30 kcal mol-1), this decrease was 
not enough. A solution to this problem may be in the 
isomeric form of hydroxylamine, the NH3O species. In 
fact, over many years, the neutral form of hydroxylamine, 

Table 1. Thermodynamics data for the hydroxylamine reaction with phenylacetate in aqueous solution

DEa DGg*
b DDGsolv

c DGsol*
d

TS1O 38.08 45.23 3.38 48.61

TS1N 43.33 52.20 -2.26 49.94

TS1O-HONH2 11.40 30.43 4.71 35.14

TS1N-HONH2 5.84 27.46 1.54 29.00

TS1O-NH2OH 6.19 27.50 0.94 28.44

TS1N-NH2OH 3.63 24.96 -0.11 24.85

TS1O-NH2OH-dual -2.44 17.23 1.37 18.60

TS1N-NH2OH-dual -2.91 18.13 -0.71 17.42

MS1O-NH3O -5.58 18.43 -2.64 15.79

MS1N-NH3O -6.70 17.96 -2.54 15.41

MS2O-NH3O -4.34 19.86 -3.74 16.11

MS2N-NH3O -6.14 18.46 -2.15 16.31

TS2O-NH2OH-dual -1.90 21.40 -2.41 18.99

TS2N-NH2OH-dual -1.63 20.99 -1.53 19.46

O-acylhydroxylamine -12.83 -13.75 -4.71 -18.46

N-acylhydroxylamine -15.01 -16.04 -3.94 -19.98
aEnergies relative to free reactants obtained at the B3LYP/6-311+G(2df,2p)//HF/6-31G(d) level. Units are kcal mol-1. bGas-phase free energies at 1 mol L-1 
standard state. cSolvation free energy contribution obtained at the PCM/HF/6-31G(d) level. dSolution phase (water) free energies at 1 mol L-1 standard state.
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i.e. NH2OH, was considered to be the only neutral species 
present in solution. However, recent reports have suggested 
the zwitterionic form, NH3O, is present in aqueous solution 
in significant proportions.13,35,36 Therefore, it is possible 
that this interesting species plays an important role in the 
uncatalysed pathway. A full theoretical investigation of the 
mechanism involving the NH3O species requires a reliable 

evaluation of its stability by direct theoretical methods, 
which is beyond the scope of the present report.

The main result of this paper is the catalysed reaction 
pathway, shown in Figure 3. We found low free energy 
reaction pathways with DG‡ of 19.0 kcal mol-1 and 
19.5 kcal mol-1, leading to O- and N-acylated products, 
respectively. These values are very close to the experimental 
data,14 with DG‡ of 19.0 and 20.9 kcal mol-1, respectively. 
The error in the relative DG‡ can be attributed to the 
limitation of the B3LYP method to predict accurate 
relative barriers.37 Although the level of theory could be 
improved by including liquid-phase optimisation with the  
PCM/B3LYP method and using modern functionals, we 
believe the present level is reasonable for this first report.

Based on our results, we can claim that we have found 
a mechanism able to explain the experimental observations 
related to the catalysed process. This mechanism occurs due 
to the special structure of hydroxylamine and provides, in 
part, an explanation for the a-effect. Indeed, the catalysed 
mechanisms presented in Figure 1 could take place for 
normal nucleophile reactions, but those presented in 
Figure 2 are particular for a-nucleophiles with OH, NH 
or NH2 groups bonded to the nucleophilic atom. As a 
consequence, other neutral a-nucleophiles could react 
through this dual bifunctional catalysis mechanism; 
we can even think about the possibility of designing 
organocatalysts with these features.

Conclusions

The origin of the a-effect has been attributed to the 
intrinsic reactivity of a-nucleophiles and to the solvent 
effect. This report shows that dual bifunctional catalysis 
plays an important role in the a-effect for the reaction of 
hydroxylamine with carboxylic esters, and that catalysis 

Figure 2. Transition states and intermediates for the dual bifunctional 
catalysis mechanism.

∆G
*

CH3COOPh + 
2 NH2OH

TS1O-NH2OH-DUAL
          (18.6)TS1N-NH2OH-DUAL

          (17.4)

TS2O-NH2OH-DUAL
           (19.0)

TS2N-NH2OH-DUAL
            (19.5)

MS1N-NH3O
      (15.4)

MS1O-NH3O
 (15.8)

MS2N-NH3O
           (16.3)

MS2O-NH3O
     (16.1)

CH3COONH2 +
PhOH + NH2OH
 (-18.5)

CH3CONHOH +
PhOH + NH2OH
     (-20.0)

Reaction coordinate

Figure 3. Free energy profile for the CH3COOPh + 2 NH2OH reaction in 
aqueous solution. Units are kcal mol-1.
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can play an important role in the a-effect for neutral 
nucleophiles.
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