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1:R' = R% = Me; a two step process with a o complex
2: R' = Ph, R2 = Me; a three step process with = and o complexes in H*(AcOH)3
and a two step process with o complex in H*(H,0)g.

3: R'/R? = (CH,)s5; a concerted process

RB3LYP calculations were performed on the Beckman rearrangement by the use of three substrates,
acetone oxime (1), acetophenone oxime (2), and cyclohexanone oxime (3). Acidic solvents were
modeled by HF(CH;COOH); and H30"(H30)s, and reaction paths were determined precisely. For
1, a two-step process involving a o-type cationic complex was obtained. For 2, a three-step process
with 7- and o-type complexes was found in HY(CH3COOH); and a two-step process involving a
o-type cationic complex was obtained in H;O"(H;0)s. However, for 3, a concerted process without
sz and o complexes was calculated, which leads to the product, e-caprolactam. Three different
mechanisms were explained in terms of FMO theory.

Introduction

The Beckmann rearrangement, the conversion of an
oxime into an amide,! was discovered in 1886 and is one
of the most important methods in organic synthesis.2 The
conversion of cyclohexanone oxime into e-caprolactam by
this reaction is also utilized in the chemical manufacture
of Nylon-6 in industry.

The Beckmann rearrangement generally requires a
strong acid such as sulfuric acid or the so-called Beck-
mann mixture containing acetic acid, acetic anhydride,
and hydrogen chloride.? Recently, improved methods
using supercritical water,? vapor-phase processes,* and
Lewis acidic ionic liquids® have also been reported.
Several methods using catalytic activators such as O-
alkyl-N,N-dimethylformamidium salt,® tetrabutylammo-
nium perrhenate,” and a rhodium complex® have been
also developed. For further improvement of the reaction
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conditions, now basic understanding of the precise mech-
anism is necessary. The general pattern of stepwise
migration—fragmentation and C—O recombination reac-
tions for the Beckmann rearrangement is outlined in
Scheme 1.2 However, the mechanism has not been
elucidated explicitly. It is well-known that active par-
ticipation of the surrounding solvent is crucial to control
the reaction path. Nevertheless, the mechanism of the
Beckmann rearrangement including solvent molecules
has not yet been examined in detail.

There have been various computational studies of the
Beckmann rearrangement.® However, the adopted reac-
tion models were not necessarily adequate. Since the

(7) Kusama, H.; Yamashita, Y.; Narasaka, K. Bull. Chem. Soc. Jpn.
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substrate oxime has nitrogen and oxygen lone-pair orbit-
als, hydrogen bonds from proton donors (in the acidic
solution) toward the lone pairs are indispensable to
describe the proton relays in the reaction. In addition,
the close positions of two lone-pair orbitals and the acidic
protons would bring about hydrogen-bond circuits. Com-
putational studies reported so far were short of the
environment for the substrate.

In this study, interactions between reaction substrates
and solvent molecules have been precisely considered,
and the reaction path and mechanism have been traced.
Three substrates, acetone oxime (1), (E)-acetophenone
oxime (2), and cyclohexanone oxime (3), were adopted
(Scheme 1). As acidic solvents, H"(CH3COOH)3, which
is a model for “Beckmann solution” (CH;CO-H + HCI +
(CH3C02)0), and H30"(H30)s, which is a model for super-
critical water considered as a green solvent, were used.

Calculation Methods

Density functional theory calculations were carried out by
means of the hybrid functional, RBSLYP/6-31G*.1° Geometries
of reactants, transition states (T'Ss), and products were fully
optimized. Vibrational analyses were also performed to check
whether the obtained geometries are either at the energy
minima or at the saddle points. From TSs, IRC calculations!!
were made to obtain the species of the energy minima
(reactants, intermediates, or products). To refine energies,
single-point calculations by RB3LYP/6-311+G* SCRF=PCM%/
RB3LYP/6-31G* were performed. Relative energies shown in
the geometric figures were calculated by the RB3LYP/6-
311+G* SCRF=PCM electronic energies and RB3LYP/6-31G*
zero-point vibrational energies. All calculations were conducted
by the use of Gaussian 983 installed at the Information
Processing Center (Nara University of Education).

Results and Discussion

Acetone Oxime (Me,C=NOH) (1). First, two geom-
etries of acetone oxime (1) were examined and are shown
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S.; Busco, C.; Dalloro, L.; Spano, G.; Zecchina, A. In Proceedings of the
13th International Zeolite Conference; Elsevier Science: New York,
2001; p 149. (i) Yamaguchi, Y.; Yasutake, N.; Nagaoka, M. J. Mol.
Struct. (THEOCHEM) 2003, 639, 137. (j) Boero, M.; Ikeshoji, T.; Liew,
Ch. Ch.; Terakura, K.; Parrinello, M. JJ. Am. Chem. Soc. 2004, 126,
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in Figure S1 (Supporting Information). The geometry of
1b appears to fit better for acid coordination, because the
lone-pair densities on the N2 and O3 expand in the cis
direction. However, that of 1b was calculated to be at a
saddle point of rotation of the O3—H6 bond around the
N2—03 axis. The geometry of la is at the global
minimum, which is shown by the structural formula in
7A in Figure 1.

Since the two lone-pair orbitals on N2 and O3 expand
in the ¢rans direction in 1a, a hydrogen-bond circuit needs
to be formed via acidic solvent molecules. Four circuit
geometries are exhibited in Figure S2 (Supporting In-
formation), where 1 and H"(AcOH); are involved. AcOH
stands for CH;COOH. H"(AcOH); is considered as a
model of the Beckmann solution. Stability order of the
four geometric isomers of the different H' positions 4A—
7A is 4A > 5A > 6A > 7TA.'* We attempted to find a
reaction path of the rearrangement from the three
complexes 4A, 5A, and 6A in Figure S2. However, these
were found not to lead to the reaction. The oxime O—H
group in another complex 7A (+15.8 kcal/mol relative to
4A) is linked with two H—O groups of AcOH and AcOH,".
From the complex 7A, i.e., precursor, a transition state
8A (TS1) was successfully obtained and is shown in
Figure 1. Scission of the N2—03 bond and migration of
the methyl group occurs at the same time. After 8A (T'S1),
an intermediate 9A composed of (Me-C=N-Me)" and
(AcOH);3-H,0 was calculated and is shown in Figure S3
in Supporting Information. The cation is regarded as the
acetonitrile molecule coordinated by a methyl cation. The
intermediate 9A is very stable (—30.0 kcal/mol) relative
to the precursor. From the intermediate 9A, (Me-C=N-
Me)*" and (AcOH)s-H30, 10A (TS2) was obtained (Figure
1), where the water molecule attacks the electrophilic
carbon (C1) of the (Me-C=N-Me)" moiety. After 10A
(T'S2), the second intermediate 11A was produced (Figure
S3), which is composed of N-methyl acetimidic acid (Me-
C(OH)=N-Me) and (AcOH);sH*'. The intermediate 11A
(AE = —23.5 kcal/mol) is not as stable as the first
intermediate 9A (AE = —30.0 kcal/mol). Isomerization
of the intermediate of 11A led to the protonated product
12A, (Me-COH-NH-Me)* and (AcOH)s, in Figure S3. This
species is very stable (AE = —53.8 kcal/mol) owing to
N-protonation. The (Me-COH-NH-Me)" moiety is the
O-protonated N-methyl acetamide, and its deprotonation
affords the product. Thus, a stepwise path consisting of
8A (TS1), 10A (T'S2), and the two intermediates has been

(14) The reactant 7A is less stable than its isomer 4A, 5A, and 6A
in Figure S2. The isomer 4A is very stable, because it contains the
N-protonated moiety. Since the proton affinity (PA) of ammonia, PA-
(NHj) = 204 kcal/mol, is much larger than that of water, PA(H20) =
165 kcal/mol (Hunter, E. P.; Lias, S. G. J. Phys. Chem. Ref. Data 1998,
27, 413), the species with the N-protonated form is generally stabilized.
On the other hand, the N-protonated species are not directly related
to Beckmann rearrangement. The instability of the reactant 7A arises
from absence of the N--H—O hydrogen bond. The fourth AcOH
molecule would be bound to the reactant by a catalytic role. To check
the role, geometries of MeoC=NH and H*(AcOH), have been optimized
by addition of AcOH to the geometries of MeaC=NOH(AcOH);H* of
4A, 5A, 6A, and 7A as initial structures. The structures 4AA, 5AA,
6AA, and 7AA are shown in Figure S12 in Supporting Information.
Comparing the energies of these four isomers, their stabilities are
comparable. Thus, while the fourth AcOH molecule works as a catalyst,
the three AcOHs work to convey the HyO molecule from the N2 site to
the C1 site. The catalytic role of the fourth AcOH molecule may be
understandable in the TS geometry in Figure S13; it becomes distant
from the reacting region. The fourth AcOH molecule gives ca. 20 kcal/
mol stabilization to the reacting system.
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Me_
C=N + H*(AcOH); —
mMe  O-H
7A [0 kcal/mol]
c5
1819 A T2
(1749) &

24984 /
(2.513) i

vt = 436 4 icm™ N

BA (TS1) [+19.2 keal/mol]

@
> Me-C=N-Me + (AcOH)3-H,O0 ——

9A [-30.0 keal/mol]

vt =175.4 icm™

© 10A (TS2)[-18.4 kcal/mol]

HO_  Me H-O_ @ Me
T C=N + —  C=N, AcOH
oy + (AcOH),H e ? +( )a
11A [-23.5 kecal/mol] 12A [-53.8 kecal/mol]

FIGURE 1. Reaction paths of the fragmentation and recom-
bination in Scheme 1. The system is composed of MesC=NOH
(1) + H(CH3COOH);. The optimized geometries of 8A (TS1)
and 10A (T'S2) are shown along with their sole imaginary
frequencies, v¥. The SCRF = dipole containing geometric data
are also shown in parentheses. The geometry of 7A is in Figure
S2, and those of 9A, 11A and 12A are in Figure S3 (Supporting
Information). Reaction-coordinate vectors corresponding to v*
in 8A (TS1) and 10A (T'S2) are also shown in Figure S3.

obtained. The AcOH trimer accepts and releases a proton
flexibly toward the substrate sites via hydrogen bonds;
8A (TS1) is the rate-determining step, and its calculated
activation energy is 19.2 kcal/mol.

The most fundamental solvent, water, was adopted in
a Me;C=NOH + H30* + 6H,0 system (Scheme 2).
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Me_
/C:N\ + H30+(HEO)6 R o
Me O-H

7B [0 kcal/mol]

1.874 A
 (1875)

8B (TS1) [+39.9 keal/mol]

@
— Me-C=N-Me + (H;0)g
9B [-6.7 kcal/mol]

FIGURE 2. Beckmann rearrangement path up to the inter-
mediate in the Me;C=NOH + H30" + (H20)s. The structures
of 7B and 9B are shown in Figure S4 in Supporting Informa-
tion.

SCHEME 2. Reaction Model for Beckmann
Rearrangement To Examine the Catalytic Effect of
One H;0" and Six H,O Molecules on Substrate 1

H
H-0,
H\
P H
Me_ \O‘/
=N :
Me’  O-H H
H 0O
—H"" H_
H'?B O-H
H\o/ H
B

Nguyen et al.” reported that they could not locate the
cyclic T'S shown below despite an intensive search.

H
Heeon?
H e ’p®
0--H
H TS

We attempted to determine the TS structure of a much
larger size, Meo,C=NOH + H30" + 6H,0, compared to
the unobtainable TS structure, H.C=NOH + H3;0" +
H,0. Figure 2 shows the reaction path of the first step
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@®
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3 \ (1.680)
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HO, Ph HO,  Ph
,LC=N" + H"(AcOH)3 o C=N® + (AcOH);
Me Mel \H

19A [-27.6 kcal/mol]

o vi=146.6 icm™

18A (TS3) [-17.0 kcal/mol]

FIGURE 3. Reaction paths of the fragmentation, isomerization, and recombination. The system is composed of (E)-MePhC=
NOH + H*(CH3COOH)s. Geometries of 13A, 15A, 17A, and 19A are in Figure S5 in Supporting Information.

(up to the Me-C=N-Me" intermediate).’> The geometry to that of Figure 1. That is, the rearrangement pattern
of the (Me-C=N---Me---H20) moiety in 8B (T'S1) is similar is similar in the Beckmann and “aqueous” solvents, but
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Ph_
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1.219 A
(1.238) ':2.4?8 A
1(2083) 1773 A 5
' (1.753)
BR=._ /o % 2
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ﬁ | o 1878A {173 A (1967)
1.859 A s +(1.858) / (1.743)
vi=1443 icm™

o7y 1767A 'Cha?o
il (1.732) 70
14B (TS1) [+27.2 kcal/mol]
)
Me-C=N—Ph +(Hz0)s
17B [-12.4 kcal/mol]

FIGURE 4. Beckmann phenyl rearrangement path up to the
intermediate in the (E)-MePhC=NOH + H3;0" + (H20)s. The
structures of 13B and 17B are shown in Figure S6 in
Supporting Information.

the activation energies are crucially different between E,
(TS1) = 19.2 kecal/mol in Figure 1 and E, (TS1) = 39.9
kecal/mol in Figure 2. The H*(AcOH); solvent in 7A works
more effectively to elongate the N2—03 bond for scission
than the H301(H50)6 solvent in 7B (1.470 Ain 7A, 1.428
A in 7B). The effectiveness lowers the energy barrier
arising from the N—O bond cleavage in 8A.

In both solvents, H"(AcOH)3; and H30(H30)e, the first
step of the Beckmann rearrangement (TS1) has been
shown to be a concerted process with Me migration and
N-O cleavage. A (Me-C=N-Me)" intermediate is yielded,
which is subject to nucleophilic attack by a HoO molecule.

(E)-Acetophenone Oxime (Ph(Me)C=NOH) (2).
The phenyl migration was examined here by the use of
the H"(AcOH); solvent. The precursor geometry 13A is
shown in Figure S5 in Supporting Information, and the
TS1 geometry 14A is shown in Figure 3. Although the
extent of N---O bond cleavage in 14A (T'S1) is similar to
those in Figures 1 and 2, the position of the migrating
group (Ph) in 14A is entirely different from those (Me)
in Figures 1 and 2. The C1—C5 bond is 1.549 A and is
not elongated at all. After 14A (T'S1), a new & complex
15A is afforded (Figure S5). The structure of the obtained
7 complex was suggested before, but existence as a
transition state or a transient intermediate was not

(15) Since the whole process has been shown in Figure 1 for the
Me,C=NH + H'(AcOH); system, only the important steps ([1,2]
migration and HyO nucleophilic attack) are shown for the other system
hereafter.
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<:>:N + H*(ACOH); — =
O-H

20A [0 kcal/mol]

A\ (2.447) o
(1.196)  “03,-1.715 A

0.985 5«___ (1.690)
(0.989) v
bt 0.980 A 11.704 A
+<1.809 A 7 1(1.687
o e (©978) \(1.687)

vF=1300.9 icm""

21A (TS1) [+10.8 keal/mol]

D h
TR Q‘ + (ACOH),
0

H
22A [-54.2 kcal/mol]

FIGURE 5. Concerted reaction path of the Beckmann rear-
rangement, [3 + H(CH;COOH)s] — [protonated e-caprolactam
+ (CH3COOH);]. Geometries of 20A and 22A are in Figure
S7 in Supporting Information.

exactly characterized.?2 The complex is 8.3 kcal/mol more
stable than the precursor. The complex is isomerized via
16A (TS2) to the o complex 17A with a energy barrier of
+13.7 (= 5.4 — (—8.3)) kcal/mol. The ¢ complex (Me-C=
N-Ph)" in 17A is similar to (Me-C=N-Me)" shown in
Figures 1 and 2. The o complex is suitably positioned
toward the evolved HyO molecule for the subsequent
nucleophilic attack. The attack is shown by 18A (TS3).
The resultant species is Me-C(OH)=N—Ph in 19A, which
is subject to the N-protonation leading to the protonated
product. Thus, the phenyl migration has been found to
involve  and o complexes. Among 14A (TS1), 16A (TS2),
and 18A (TS3), 14A (TS1) is the rate-determining step.

The phenyl group migration in the H;O*(H30)s solvent
was examined (Figure 4). Interestingly, the 7 complex
(phenonium ion-like) has not been obtained. The tran-
sient intermediate seems to be unstable, when a highly
nucleophilic H,O molecule in H3O0"(H20)g is bound to the
backside of the phenonium ion.

The Z—E isomerization for acetophenone oxime was
also examined.!® First, the Z—E isomerization path has
been sought by the use of a model system, Me;C=NOH.
In the neutral system, isomerization paths were not
found; the rotation about the C=N bond is not feasible.
The isomerization has been investigated by the use of
the reactant 13A. The path was determined successfully

(16) Johnson, J. E.; Morales, N. M.; Gorczyca, A. M.; Dolliver, D.
D.; McAllister, M. A. JJ. Org. Chem. 2001, 66, 7979.
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<:>:N\ + H3O+(HQO)S —
O-H

20B [0 kcal/mol]

11933 A
1(1.813)

O3y “"1.004 A 1(1.944)

: 0_995;\;&{0.99?)
(0990) N o &
1.764 A v N - £
o N 1882 A
(1-839) e }\d (1.870)
; géa.i © i
. 1. 1.714 A
(.889),2"  (1.928) (1.787)

o
T vi=338.7 icm™

21B (TS1) [+33.7 kcal/mol]

DH
— - N +HgO*(H0)s —> N +H0)
g ?
H H

22B [-28.5 kcal/mol]

FIGURE 6. Concerted path of [3 + H;0" + (H20)s] — [an
isomer of e-caprolactam + H3O" + (H2O)s]. The structures of
20B and 22B are shown in Figure S8 in Supporting Informa-
tion.

and is shown in Figure S9 in Supporting Information.
The isomerization was found to occur in the N-protonated
form. The activation energy is somewhat large, 39.5 kcal/
mol, probably because the hydrogen-bond circuit by the
AcOH trimer hinders the rotation. Thus, the isomeriza-
tion may take place with N-protonation and without the
strong solvation of outer hydrogen bonds.

Next, methyl migration for (Z)-acetophenone oxime
was examined. Methyl migration paths in H"(AcOH)3
solvent and in H;O*"(H30)s solvent are shown in Figures
S10 and S11, respectively. The activation energies are
E, = 17.2 kcal/mol for H"(AcOH); solvent and E, = 36.4
kcal/mol for H;Ot(H30)s solvent. They are larger than
those of phenyl migration in 2 (16.0 kcal/mol for H'-
(AcOH)3 and 31.8 keal/mol for H;O*(H;0)s), respectively.
The result is in good agreement with the general migra-
tory aptitude of substituents (Ph > Me). Thus, it is likely
that Z—FE isomerization competes with methyl migration
for (Z)-acetophenone oxime.

Cyclohexanone Oxime ((CH;);C=NOH) (3). Here,
the ring-strained migration was investigated. The pre-
cursor geometry composed of 3 and H*(AcOH); 20A is
shown in Figure S7. From the precursor 20A, the TS1
geometry 21A was located (Figure 5). After 21A (TS1),
the IRC-forward path leads not to the s or o complex but
to the product, the protonated e-caprolactam 22A (Figure
S7) directly! The Beckmann rearrangement of 3 has been
found to be a perfect concerted process, which is thor-
oughly different from those of acetone oxime (1) and

JOC Article

SCHEME 3. FMO Scheme®
a) +
cr HA 1 I+
Me-C=ENC e >CD
H
back CT
cT ]t y 5
Me~czm@|€>@ Me-C—N
0
b)
09 P;I’H_l N
Me-C=N----C e(LUMO) = e (LUMO+1)
0 W = +0.017 a.u.
+
HH |
bentM’e\ 2 N4

S-leo=N----C e(LUMO+1) = +0.012 a.u.
H e (LUMO) =-0.080 a.u.

@ (a) Charge-transfer (CT) interactions to give o complexes, and
the back CT interaction to give the & complex. (b) Changes of
energies, e(LUMO) and e(LUMO+1), of the vacant frontier orbitals.
When the Me-C—N axis is bent (IMe—C—N = 130°) arbitrarily,
the energy level of LUMO lowers considerably (—0.080 au).

acetophenone oxime (2). The activation energy (E, = 10.8
kcal/mol) is smaller than those (19.2 kcal/mol for 1 and
16.0 kcal/mol for 2) of the acyclic substrates. The order
of the calculated E, (3 < 2 < 1) is in good agreement with
that of the reported experimental data E, for Beckmann
rearrangement of oxime p-toluenesulfonates of 1, 2, and
3 in acetic acid.”

A reacting system composed of 3 and H30"(H20)s was
examined, which is a model pertinent to the experiment
using the supercritical water.? The reaction path in
Figure 6 demonstrates again that the rearrangement is
concerted and involves no intermediates. The activation
energy, E, = 33.7 kcal/mol, is smaller than that (39.9
keal/mol) for acetone oxime (MesC=NOH) (1).

FMO Analyses of 7 and o Intermediates

The Me,C=NT" cation is absent and is isomerized to
the o complex, Me-C=N-Me", during the geometry opti-
mization. The ¢ and & complexes are characterized by
FMO interactions in Scheme 3.

The o complexes are generated by charge-transfer (CT)
interactions from the N-o lone pair orbital to the vacant
o orbitals of methyl and phenyl cations, respectively.
They are typical coordination bonds. The & complex is
afforded by the antisymmetric back CT. The extent of
the back CT is much smaller than that of CT. However,
the back CT may work effectively to stop the slide shift
of the phenyl group.!® The back CT also works in Cram’s
phenonium ion." The methyl group does not have a donor
antisymmetric orbital, and accordingly the  complex has
not been obtained in Figures 1 and 2.

Whereas acyclic substrates 1 and 2 may have linear o
complexes, the cyclic substrate 3 cannot have the linear
complex owing to ring strain. The effect of the nonlin-
earity on the FMO vacant orbitals was examined in
Scheme 3b. In the linear ¢ complex, LUMO and LU-

(17) (a) Heldt, W. Z. J. Org. Chem. 1961, 26, 1695. (b) Vinnik, M.
I.; Zarakhani, N. G. Russ. Chem. Rev. 1967, 36, 51.

(18) Yamabe, S.; Minato, T. Bull. Chem. Soc. Jpn. 1993, 66, 3339.

(19) Cram, D. J. J. Am. Chem. Soc. 1964, 86, 3767.
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SCHEME 4. Three Mechanisms of Beckmann
Rearrangement Derived from the Present
Calculations
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MO+1 are degenerate (same energies). When some
distortion, i.e., bending, is imposed on the complex
geometry, energy levels of LUMO and LUMO+1 are split.
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The LUMO level is lowered significantly (+0.017 —
—0.080 au), which means the enhancement of the elec-
trophilicity of the cyano carbon. Thus, the transient bent
shape makes the carbon too electrophilic for the o
complex to intervene. The concerted process of the
cyclohexanone oxime (3) has been explained in terms of
the “too strong” electrophilicity toward the HyO nucleo-
phile to ensure the intervention.

Concluding Remarks

The Beckmann rearrangement has been investigated
computationally by employment of three substrates and
two solvent groups. The proton relay between the sub-
strate and the solvent molecules controls the reaction.
The migration and the N—O bond scission take place
simultaneously. For the acetone oxime (1) and acetophe-
none oxime (2), o complex intermediates are formed. For
2, the 7 complex is also formed prior to the o complex in
the H"(AcOH);3 solvent. The evolved HyO molecule at-
tacks the cationic carbon of the o complex leading to the
products. The cyclohexanone oxime (3) undergoes the
migration concertedly. Now, Scheme 1 raised in the
introduction is revised to Scheme 4.

Supporting Information Available: Figures S1—S13 and
the Cartesian coordinates of the optimized geometries of
Figures S1—S8 and Figures 1—6. This material is available
free of charge via the Internet at http://pubs.acs.org.
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