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ABSTRACT
Based on ab initio calculations using the Gaussian-4 method, we propose a new catalytic
mechanism for the Beckmann rearrangement in concentrated H2SO4. Our calculations suggest
that H2SO4 catalyzes the 1,2-proton-shift step via a cyclic transition structure, in which H2SO4
acts as a proton-transfer bridge. The reaction barrier for this mechanism is lower by 48.1 kJ/mol
than the barrier for the previously suggested catalytic mechanism, which involves a strained 3memberd-ring transition structure. According to the previous mechanism the 1,2-proton shift has
the highest activation energy, while in the revised mechanism the highest activation energy is
obtained for the ensuing rearrangement/dehydration step.
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1. Introduction
The Beckmann rearrangement (BR) reaction is an important organic reaction in which an
oxime is converted into an amide under acidic conditions (Figure 1). It was discovered by Ernst
Otto Beckmann in 1886,1 and has become a powerful tool in organic synthesis.2–4 For example, it
is a key step in the conversion of cyclohexanone oxime into ε-caprolactam – a precursor of the
Nylon-6 polymer.5,6 The BR reaction is also utilized in an environmentally friendly synthesis of
paracetamol, namely in the conversion of p-hydroxyacetophenone oxime to the amide form –
paracetamol.7 The BR reaction is generally carried out in a strong Brønsted acid such as
condensed sulfuric acid.4

Figure 1. Beckmann rearrangement transforms an oxime (left) to an N-substituted amide (right).
There have been several computational investigations of the molecular mechanism of the
BR reaction in the gas-phase,8,9 water,10,11 formic acid,10 and acetic acid.12 These investigations
have established a stepwise mechanism for the BR reaction of an oxime substrate (Figure 2). In a
concentrated acidic environment, the process begins with the N-protonated oxime (1). In the first
step a proton-transfer converts the N-protonated oxime into an energetically less stable Oprotonated intermediate (2).10–12 The proton transfer is followed by a dehydration and
rearrangement step to form the protonated N-substituted nitrile cation (3). In this
dehydration/rearrangement step the R-group trans to the leaving H2O group migrates from C to
N (Figure 2). This step is followed by a nucleophilic attack by water on the α-carbon and a
consequent proton transfer to form the final protonated amide product (4). Alternatively, the last
step may be viewed as a nucleophilic addition of a water molecule across the triple C≡N bond in
the nitrile cation (3).
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Figure 2. Overview of mechanism of the Beckmann rearrangement.
The gas-phase mechanism for the BR reaction with a formaldehyde oxime substrate has
been previously studied at the MP4/6-311++G(d,p) level of theory.8,9 It was found that the Nprotonated form of formaldehyde oxime (1) is more stable than the O-protonated form (2) by 77
kJ mol–1. It was also found that the reaction barrier heights for the 1,2-proton shift (1 → 2,
Figure 2) and for the consequent dehydration/rearrangement (2 → 3) steps are 225 and 121 kJ
mol–1, respectively, relative to the starting material (1). Thus, it was concluded that in the gasphase the 1,2-proton-shift is the rate-determining step (RDS). In a following study the
mechanism for the BR reaction was investigated in aqueous solution using the polarizable
continuum model (PCM)13 in conjunction with an explicit H2SO4 catalyst.11 This study showed
that implicit solvation interactions have only a small effect on both the energetic and geometric
parameters of the reaction pathway. However, electrostatic interactions with the explicit H2SO4
catalyst significantly reduce the reaction barrier for the 1,2-proton-shift step. In particular, at the
MP2/6-311G(d,p) level of theory, the reaction barrier is decreased by 115 kJ mol–1 with respect
to the reaction barrier in the gas-phase. In this H2SO4-catalyzed transition structure (TS) the
migrating proton is strongly coordinated to one of the oxygen atoms of the sulfuric acid.11 This
TS is illustrated schematically in Figure 3a.
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Figure 3. A schematic representation of the transition structures for the 1,2-proton-shift step
catalyzed by H2SO4, where (a) H2SO4 does not act as a proton bridge, and (b) H2SO4 acts as a
proton bridge.
It has been recently found that sulfuric acid can effectively catalyze 1,2- and 1,3-protonshifts via a cyclic TS in which the H2SO4 catalyst serves as a proton-transfer bridge between the
neighboring 1,2 or 1,3 atoms.14,15 In these catalyzed TSs a double proton shift between the
catalyst and the substrate lowers the energy of the TS by reducing the strain energy associated
with the strained cyclic ring created between the 1,2 or 1,3 heavy-atoms and the migrating
proton.14–16 Figure 3b illustrates the reduction in strain energy for the 1,2-proton shift in the BR
reaction. In the catalytic mechanism which was previously proposed for the BR reaction the
cyclic TS involves a strained three-membered ring (Figure 3a, this TS will be denoted as TS13membered),
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whereas in the catalytic mechanism suggested in references 14 and 15 this three-

membered ring becomes a much less strained seven-membered-ring (Figure 3b, this TS will be
denoted as TS17-membered).
In the present work we use the high-level ab initio G4 procedure17 to study these two
catalytic mechanisms in the context of the entire Gibbs-free energy surface for the BR reaction
(steps 1–4, Figure 2). Our G4 results for the 1,2-proton shift via TS13-membered (Figure 3a) are in
good agreement with the MP2/6-311G(d,p) results of the previous theoretical studies.10,11 That is,
the 1,2-proton shift is the step with the highest activation Gibbs-free energy in both the gas-phase
and in sulfuric acid. However, in the competing 7-membered-ring TS (Figure 3b) the sulfuric
acid catalyst stabilizes the TS to a greater extent, and as a result this step is no longer the highest
4

activation energy step. In this mechanism, the rearrangement/dehydration step (step 2, Figure 2)
becomes the step with the highest Gibbs-free activation energy. We note that kinetic isotope
effect experiments of BR reaction of substituted acetophenone oximes in concentrated sulfuric
acid also suggest that the rearrangement/dehydration step is the rate-determining step.18

2. Computational details
The high-level composite Gaussian-4 (G4) theory was used in order to explore the Gibbsfree energy surface at 298 K for the BR reaction.17 The G4 composite protocol is an efficient
composite procedure for approximating the CCSD(T) (coupled cluster energy with singles,
doubles, and quasiperturbative triple excitations) energy in conjunction with a large triple-ζquality basis set.19–21 This protocol is widely used for the calculation of thermochemical and
kinetic properties (for a recent review of the Gn methods see reference 19). G4 theory has been
found to produce thermochemical properties (such as reaction energies, bond dissociation
energies, and enthalpies of formation) with a mean absolute deviation of 3.4 kJ mol−1 from the
454 experimental energies of the G3/05 test set.22 It has also been found that G4 shows a
similarly good performance for reaction barrier heights.23–26
The geometries of all structures have been optimized at the B3LYP/6-31G(2df,p) level of
theory as prescribed in the G4 procedure.17 Harmonic vibrational analyses have been performed
to confirm each stationary point as either an equilibrium structure (i.e., all real frequencies) or a
transition structure (i.e., with one imaginary frequency). The connectivities of the local minima
and saddle points were confirmed by performing intrinsic reaction coordinate calculations.27,28
Bulk solvent effects of concentrated sulfuric acid have been included using the charge-densitybased SMD continuum solvation model at the M05-2X/6-31+G** level of theory as
recommended in reference 29. The combination of the G4 gas-phase energies with the SMD
solvation corrections is denoted by SMD(H2SO4)-G4. All the calculations were carried out using
the Gaussian 09 program suite.30

3. Results and discussion
High-level ab initio calculations using the G4 composite procedure were performed in
order to explore the Gibbs-free energy surface at 298 K for the uncatalyzed and H2SO4-catalyzed
BR reaction. In many synthetic processes that involve the BR reaction the R1 and R2 groups of
5

the oxime substrate are hydrocarbon substituents (Figure 1). For reasons of computational cost,
the oxime substrate is chosen as acetone oxime (i.e., R1 = R2 = Me, Figure 1). In Section 3.1 we
discuss the Gibbs-free energy surface for the uncatalyzed BR reaction in concentrated H2SO4
solution. In Section 3.2 we consider the two possible catalytic mechanisms, in which the 1,2proton-shift step proceeds via either TS13-membered or TS17-membered (Figure 3).

3.1 The uncatalyzed BR reaction
The optimized structures located along the reaction profile for the uncatalyzed BR
reaction are shown in Figure 4, whilst the Gibbs-free energy surface is shown in Figure 5. In the
first step the N-protonated acetone oxime (Reac) undergoes a 1,2-proton shift to form the Oprotonated acetone oxime (Int1). The transition structure for this step involves a highly strained
3-membered ring. This is evident, for example, from ∠ONH and ∠NOH angles of 49.6° and
47.5°, respectively (TS1, Figure 4). For comparison, in the reactant (Reac) the ∠ONH angle is
115.4°. Accordingly, the reaction barrier for this step is very high, namely ∆G‡298(TS1) = 245.7
kJ mol–1. This barrier is in good agreement with the barrier of 234 kJ mol–1 reported previously
for a related system at a lower level of theory (i.e., MP2/6-311G(d,p)).11 The ensuing Oprotonated intermediate (Int1) constitutes the starting point for the rearrangement/dehydration
step (Figures 2 and 5).31 The rearrangement/dehydration step involves a migration of the methyl
group from C to N with a concomitant elimination of water to form the N-methylated acetonitrile
cation (Int2). The barrier for this step is about half of that for the 1,2-proton shift, namely
∆G‡298(TS2) = 115.9 kJ mol−1, relative to the reactant (Reac). We note that Int2 is a rather stable
reaction intermediate, which is lower in energy than the reactant by 137.0 kJ mol−1. The last step
of the reaction involves a nucleophilic attack of a water molecule on the electrophilic carbon of
Int2 and a concomitant proton-shift from the oxygen to the nitrogen to form a protonated Nmethyl acetyl amide (Prod, Figure 4). Two important features of the Gibbs-free energy surface
for the uncatalyzed BR reaction are:
! The initial 1,2-proton transfer is clearly the RDS for the overall process: TS1 is higher by
128.7 and 175.3 kJ mol−1 than TS2 and TS3, respectively.
! The overall process is highly exothermic. The final product is lower in energy than the
reactant by 171.9 kJ mol−1.
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Figure 4. B3LYP/6-31G(2df,p) optimized local minima and transition structures for the
uncatalyzed BR reaction. The atomic colour scheme is as follows: white, H; grey, C; blue, N;
red, O.

Figure 5. Gibbs-free energy surface for the uncatalyzed BR reaction (SMD(H2SO4)-G4, kJ mol–
1

). The local-minima and transition structures are shown in Figure 4.
7

3.2 The BR reaction catalyzed by an H2SO4 catalyst
In subsection 3.1 we have shown that the 1,2-proton shift is the RDS for the uncatalyzed
BR reaction. These results are consistent with previous theoretical investigations.10,11 We now
explore two possible catalytic mechanisms in which the RDS is catalyzed by an explicit H2SO4
catalyst. Figure 6 shows the reactant complex (RC), catalyzed transition structures (TS13-membered
and TS17-membered), and the intermediate complex formed between Int1 and the H2SO4 catalyst.
The reaction profiles for the uncatalyzed and catalyzed steps are shown in Figure 7.

Figure 6. Optimized local minima and transition structures for the catalyzed 1,2-proton shift in
the BR reaction. The atomic colour scheme is as follows: white, H; grey, C; blue, N; red, O;
yellow, S.
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Figure 7. Gibbs-free energy surface at 298 K for the catalyzed 1,2-proton shift in the BR
reaction (SMD(H2SO4)-G4, kJ mol–1). The local-minima and transition structures are shown in
Figure 6. For the sake of clarity, the reaction profile for the uncatalyzed reaction from Figure 5 is
shown here as well (blue curve).
Let us begin with the previously proposed catalytic mechanism,11 in which the migrating
proton is strongly coordinated to one of the oxygen atoms of the sulfuric acid. The catalyzed
transition structure (TS13-membered) is shown in Figure 6. In this TS the migrating proton is
essentially bound to the oxygen of the sulfuric acid catalyst.11 This is indicated by H•••O
distances of 1.018 Å (between the migrating proton and the oxygen of the sulfuric acid) and
1.750 Å (between the migrating proton and the oxygen of the oxime). Thus, the sulfuric acid
catalyst provides electrostatic stabilization to the migrating proton. This electrostatic stabilization
reduces the barrier for the proton transfer by 91.3 kJ mol–1, relative to the uncatalyzed reaction
barrier. However, the barrier for the catalyzed proton transfer is still relatively high ∆G‡298(TS13membered)

= 153.3 kJ mol–1 (Figure 7), ostensibly due to the large strain energy in the cyclic three-

membered-ring TS (Figure 6). This reaction barrier is still significantly higher than the reaction
barriers for the ensuing steps, namely: ∆G‡298(TS2) = 115.9 kJ mol–1 and ∆G‡298(TS3) = 69.3 kJ
mol–1. Thus, similarly to the uncatalyzed case, in this catalytic mechanism the 1,2-proton shift is
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the step with the highest Gibbs-free activation energy. These results are consistent with the
results obtained previously for a related system at the MP2/6-311G(d,p) level of theory.11
It was recently found that sulfuric acid can efficiently catalyze 1,2- and 1,3-proton shifts
by alleviating the strain energy involved in highly strained three- and four-membered-ring TSs,
respectively.14,15 In particular, a double proton shift between the H2SO4 catalyst and the substrate
leads to an energetically low-lying TS (Figure 3b). The sulfuric acid catalyst reduces the strain
energy involved in the uncatalyzed TS by converting a three-membered-ring TS (TS13-membered)
to a seven-membered-ring TS (TS17-membered, Figures 3 and 6). Indeed, we find that TS17-membered
is energetically more stable by 48.1 kJ mol–1 than TS13-membered. This catalytic mechanism leads
to a reaction barrier for 1,2-proton shift of ∆G‡298(TS17-membered) = 105.2 kJ mol–1. In this
situation, the following rearrangement/dehydration step becomes the step with the highest Gibbsfree activation energy, with a barrier of 115.9 kJ mol–1. It should be pointed out that the
involvement of an additional H2SO4 molecule in the catalytic mechanism is expected to further
reduce the barrier for the 1,2-proton shift on the electronic energy surface. However, on the
Gibbs free-energy surface the reduction in the reaction barrier is expected to be much smaller
due to entropic effects.24 We note that our theoretical results are consistent with experimental
12

C/14C kinetic isotope effect measurements for a related acetophenone oxime substrate, which

indicate that the rearrangement/dehydration step is the RDS.18

4. Conclusions
We use the high-level G4 composite ab initio procedure to investigate the uncatalyzed
and H2SO4-catalyzed Beckman rearrangement reaction. Our results for the uncatalyzed reaction
show that the initial 1,2-proton transfer step is clearly the rate-determining step for the entire
process. In particular, at the SMD(H2SO4)-G4 level we obtain a reaction barrier of ∆G‡298 =
244.6 kJ mol−1 for this step. The high activation energy for this step is largely due to the highly
strained three-membered ring involved in the uncatalyzed TS for the proton shift. The reaction
barrier for the 1,2-proton transfer step is higher by at least 120 kJ mol−1 than the reaction barriers
for the succeeding steps. These results are in qualitative agreement with previous theoretical
investigations.10,11 These studies also suggested that the 1,2-proton transfer can be catalyzed by
an H2SO4 catalyst.11 In particular, it was proposed that the H2SO4 catalyst provides electrostatic
stabilization to the migrating proton. In accordance with these results, we find that this
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electrostatic stabilization significantly reduces the barrier for the proton transfer (namely, by 91.3
kJ mol–1 at the SMD(H2SO4)-G4 level). In this catalytic mechanism, the barrier for the proton
transfer (∆G‡298 = 153.3 kJ mol–1) is still significantly higher than the reaction barriers for the
ensuing steps. Thus, similarly to the uncatalyzed reaction, the 1,2-proton shift should be the RDS
for the entire process.
We proceed to consider an alternative catalytic mechanism in which sulfuric acid
catalyzes the 1,2-proton transfer by serving as a proton-transfer bridge between the neighbouring
1,2 atoms. In this mechanism the H2SO4 catalyst reduces the strain energy involved in the TS by
converting the three-membered-ring TS into a seven-membered-ring TS. We find that this
catalytic mechanism is more effective than the previously proposed mechanism. Namely, the
barrier for the proton transfer is reduced by 139.4 kJ mol–1 at the SMD(H2SO4)-G4 level (cf. to a
barrier reduction of 91.3 kJ mol–1 via the competing mechanism). In this situation, the following
rearrangement/dehydration step has a higher Gibbs-free activation energy.

Supplementary data
SMD(H2SO4)-G4 Electronic energies (∆Ee) and enthalpies at 298 K (∆H298) for the local
minima and transition structures located for the uncatalyzed BR reaction (Table S1);
SMD(H2SO4)-G4 ∆H298 values for the local minima and transition structures located for the 1,2proton shift of the BR reaction catalysed by H2SO4 (Table S2); B3LYP/6-31G(2df,p) optimized
geometries for all the local minima and transition structures considered in the present work
(Table S3); Comparison between the Gibbs-free energy surfaces for the uncatalyzed BR reaction
in aqueous solution and in concentrated sulfuric acid (Figure S1).
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