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ABSTRACT: Organo-mediated Beckmann rearrangement in
the liquid phase, which has the advantage of high efficiency and
straightforward experimental procedures, plays an important
role in the synthesis of amides from oximes. However, the
catalytic mechanisms of these organic-based promoters are still
not well understood. In this work, we report a combined
experimental and computational study on the mechanism of
Beckmann rearrangement mediated by organic-based pro-
moters, using TsCl as an example. A novel self-propagating
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cycle is proposed, and key intermediates of this self-propagating cycle are confirmed by both experiments and DFT calculations.
In addition, the reason why cyclohexanone oxime is not a good substrate of the organo-mediated Beckmann rearrangement is

discussed, and a strategy for improving the yield is proposed.

B INTRODUCTION

Beckmann rearrangement (BKR), as a classic rearrangement of
oximes, offers a useful method to construct amides and
lactams." However, traditional BKR usually requires harsh
conditions and generates a large amount of byproduct.”
Recently, many catalytic systems, such as vapor phase,’
supercritical water,” ionic liquids,” and small molecule involved
liquid-phase systems,® have been developed. Organo-mediated
BKRs in liquid phase are attracting more attention because of
their high efficiency and straightforward experimental proce-
dures. Cyanuric chloride (CNC),” reported by Ishihara and co-
workers, is the first highly efficient organic-based promoter for
BKR. Other promoters, such as bis(2-oxo-3-oxazolidinyl)-
phosphinic chloride (BOP-CI),® 1,3,5-triazo-2,4,6-triphosphor-
ine-2,2,4,4,6,6-chloride (TAPC),” p-toluenesulfonyl chloride
(TsCl),*° 1-chloro-2,3-diphenylcyclo-propenium ion,"* bromo-
dimethylsulfonium bromide—zinc chloride (BDMS—ZnCl,),"?
propylphosphonic anhydride (T3P),"* and triphenylphos-
phine/iodine (Ph;P/L,),"* were also reported.

In the CNC system, a Meisenheimer complex intermediate,
which links the substrate ketoxime and the product amide, has
been proposed.” Most of the proposed mechanisms for organo-
mediated BKRs resemble that of CNC.*'*"" Recently, Lambert
suggested that those organo-mediated BKRs might instead use
a reagent initiated and subsequently self-propagating mecha-
nism via a dimer-like intermediate, > which is similar to a
mechanism proposed by Chapman in 1935."® Unfortunately,
the dimer-like key intermediate has never been experimentally
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observed in the BKR. In addition, whereas organic-based
promoters carry out the BKR of aromatic oximes efficiently,
upon using cyclohexanone oxime as substrate (important for
producing 6-nylon), the yield is not satisfied in the presence of
the normal load of promoters.*** For example, using the CNC
promoter, a 5 mol % CNC load gives 97% yield of acetanilide
for acetophenone oxime, while a 10 mol % CNC load gives
only 30% yield of caprolactam.” As none of the previously
proposed mechanisms discuss the poor performance of organic-
based promoters for the BKR of cyclohexanone oxime, a more
detailed study on the mechanism of cyclohexanone oxime is
required. We herein report a combined experimental and
computational study on the mechanism of BKR mediated by
organic-based promoters, using TsCl as an example. The reason
why cyclohexanone oxime is not a good substrate for the
organo-mediated BKR is also discussed.

B RESULTS AND DISCUSSION

Self-Propagation Mechanism in TsCl-Mediated Beck-
mann Rearrangements. Based on Ishihara’s mechanism, we
proposed a similar mechanism for the BKR using TsCL'°
However, our 'O isotopic tracing experiment disapproves
Ishihara’s mechanism, and we then proposed a new mechanism
similar to Lambert and Chapman’s self-propagation mecha-
nism.”® In order to prove this self-propagation mechanism, a
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dimer-like compound 3'¢ was synthesized and was used to
catalyze the rearrangement of benzophenone oxime.'” Interest-
ingly, 3 does not catalyze BKR (Table 1, entry 1), suggesting

3
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entry reagents (mol %) conversion of 1 (%) yield of 4 (%)
1 3 (10) 0 we use the cocatalyst 3 + HCI (10 mol %: 10 mol %, mimicing
2 HCl (10) 46 C) to catalyze the BKR of 1. As expected, 3 + HCl can catalyze
3 3 (10) + HCI (10) 92 12¢ the BKR of 1, and the efficiency thereof is much higher than
4¢ TsCl (2) 100 using HCI or 3 individually (Table 1, entries 1—3). However,

“The rearrangement of benzophenone oxime (1 mmol) was carried
out in anhydrous CH;CN (3 mL) at 90 °C for 2 h. Data based on 3.
“The rearrangement of benzophenone oxime (1 mmol) was carried
out in anhydrous CH;CN (2 mL) at 90 °C for 1 h.

that 3 is not the catalyst for the self-propagating cycle. To
better understand the self-propagating mechanism, DFT
calculations were then systematically performed on the TsCl-
mediated BKR.

The BKR of the benzophenone oxime 1 initiated by TsCl is
described in Scheme 1, and the energies of the key
intermediates are shown in Figure 1. In cycle I, 1 first reacts
with TsCl forming A, followed by phenyl group migration of A,
forming the nitrilium cation B and TsOH. Another molecule of
1 then attacks B to give a dimer-like cation intermediate C,
which then retrieves B and releases D (the enol form of the
product 2). It should be noted that protonation of the oxygen
of C reduces the barrier for the BKR of C because the positively
charged oxygen atom would confer a strong attraction for
electrons on the adjacent nitrogen (Scheme 1). As intermediate
C might be a key intermediate of the self-propagating cycle I,

the catalytic efficiency of 3 + HCI is much lower than that of
TsCl (Table 1, entries 3 and 4), and 4 was detected as a
byproduct (Table 1, entry 4, crystal structure of 4, see the
Supporting Information). These results suggest that inter-
mediate C cannot be completely replaced by 3 + HCI, and the
reason might be 2-fold. First, the H" from HCI is not only
added to the oxygen atom of 3, but also added to the nitrogen
atoms of 3 as well as other position such as the nitrogen and
oxygen atoms of the substrate, the product, and even to the
solvent molecules. Second, 3 easily reacts with HCI to give 4
under nitrogen (Experimental Section). Cycle II, which was
proposed by Chapman'® and Lambert,'® was shown to be
kinetically less favored than cycle I (rearrangement barriers for
C and E are 14.3 and 22.2 kcal/mol, respectively; Scheme 1 and
Figure 1). Therefore, based in Scheme 1, Figure 1 and Table 1,
we suggest that B and C (from cycle I) are the two most likely
intermediates for the organo-mediated BKR.

According to our calculations, the rate-limiting step of cycle I
is the initialization step, with a barrier height 30.3 kcal/mol
(Figure 1). Once B is generated, the catalytic cycle can be easily
completed. The catalytic role of B has been confirmed by

Scheme 1. Proposed Mechanisms for the TsCl-Mediated BKR of Benzophenone Oxime 17
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4Cycle I is proposed by us; cycle Il was proposed by Chapman and Lambert,'>'®
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Lambert using benzophenone oxime.'® In our experiment, we
found that both the N-phenylbenzimidoyl chloride (5;'* 5 mol
% load) and TsCl (5 mol % load) promote the BKR of 1 at 40
°C with excellent yields, and 5 seems to be more efficient than
TsCl (2.5 h reaction time for 5§ versus 4.5 h for TsCl; Scheme
2), suggesting that the initialization step for § is faster than that

Scheme 2. Comparison of the Reaction Rates of Imidoyl
Chloride (S) and TsCl

_OH H
NI © 5 mol% Reagents h/N\n/Ph
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for TsCl. This is consistent with our computational results that
the initialization step is rate-limiting for the BKR mediated by
TsCL

We then performed more calculations to better understand
why 3 + HCl is less efficient than TsCl and how byproduct 4 is
formed. Possible pathways are summarized in Scheme 3. H'

Scheme 3. Possible Pathways for the 3 + HCI System
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may be added to three positions in 3: N', N?, and O, with the
proton affinities being 267.4, 251.1, and 225.1 kcal/mol,
respectively. Therefore, for compound 3, protonation of N' or
N? is more favored than that of O. Three possible pathways
were then considered (Scheme 3): pathway a, N'-protonation
forming E, followed by phenyl group migration giving 2 and B
(similar to Lambert’s mechanism; > entering catalytic cycle II);
pathway b, N’-protonation and 1,2-H shift yielding the O-
protonated intermediate C, followed by phenyl migration
forming D and B (entering catalytic cycle I); pathway ¢, N*-
protonation forming F, which undergoes intramolecular
rearrangement via G and H, followed by deprotonation to
give byproduct 4.

For pathways a, b, and ¢, the rate-limiting barriers are 22.2,
23.0, and 26.9 kcal/mol, respectively (Figure 2), suggesting that
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pathways a and b are kinetically more favored than pathway c.
Hence, we suggest that the formation of 4 is not the main
reason why 3 + HCI is less efficient than TsCl. We thus
propose that in the 3 + HCl system, the H" from HCl may add
to the nitrogen of substrate 1 (proton affinity 258.0 kcal/mol)
as well as to other positions, making the effective concentration
of C much lower than the load of 3. In the TsCl system, on the
other hand, a considerable amount of B is generated already at
the initialization step. As mentioned above, the formation of B
and C in situ is important for the organo-mediated BKR and
cannot be replaced by 3 + HCI or classical BKR catalyzed by
H*, where B is quenched by the H,O generated in the
dehydration step before entering cycle L

Mechanism for the Beckmann Rearrangement of
Cyclohexanone Oxime. The BKR of cyclohexanone oxime
6 is of industrial significance. However, 6 is not a good
substrate of the organo-mediated BKR. According to our
calculations, the rate-limiting barrier for the BKR of 6 (25.6
kecal/mol; Scheme 4a and Figure 3) is lower than that of 1 (30.3
kcal/mol; Scheme 1 cycle I and Figure 1). However, the
organo-mediated BKR of 6 generally has very low yield.*™'> A
likely reason is that the intermediate cation J, whose role is
similar to B, is too reactive to continuously catalyze the
reaction. J may be easily attacked by 6 or other nucleophiles,
such as the product 7 (Scheme 4). The yield of byproduct 8,
which can be formed via J + 7 (Scheme 4b), is up to 30% in the
TsCl-mediated BKR of 6.”*'” The conversion M — 8 + H* is
reversible (Scheme 4b), and 8 may be converted back to J + 7
via M when the concentration of 8 and H* increases.

Increasing the promoter load, which results in higher initial
concentration of J, is currently the most common method for
improving the yield of 7 in the BKR of 6.'”'® Although the
percentage conversion of 6 generally increases with a larger
promoter load, the selectivity between 7 and 8 is not
significantly improved,'® because the higher concentration of
J may also lead to a larger amount of 8. Computational results
show that the C—N single bond between the two rings of M is
weak (the estimated bond energy is 29.3 kcal/mol), suggesting
that the sp carbon atom in this C—N bond could be attacked
by nucleophiles such as H,O and 6. Further calculations show
that the barrier height for the conversion M + H,O — 7 + L is
22.9 kcal/mol. As expected, under acidic conditions, 8 can react
with H,O to give 7 (Scheme $), and similar results were also
reported elsewhere.”® In addition, the barrier height for the
conversion M + 6 = 7 + K (Scheme 6) is 26.0 kcal/mol.
Hence, we expect that adding both the organic-based promoter
and acid may improve the yield of 7, since H* could inhibit the
formation of 8 from M, and the conversion M + 6 — 7 + K will
drive M back to the catalytic cycle as shown in Scheme 4. Our
hypothesis has been confirmed by Ishii et al,** who used 0.5
mol % of CNC + 1.2 mL of TFA to promote the BKR of 6 to
obtain 99% conversion of 6 and 99% yield of 7 (using 10 mol %
of CNC or 2 mL of TFA individually cannot achieve this yield).

B CONCLUSION

The self-propagation mechanism of the BKR mediated by
organic-based promoters has been studied using both experi-
ments and DFT calculations. The nitrilium cation intermediate
B and the dimer-like intermediate C are the two most likely
intermediates of the self-propagating cycle. Intermediate E,
which was proposed by Lambert et al,''® is shown to be
kinetically less favored than C. We also found that intermediate
C cannot be simply replaced by 3 + H', suggesting that in situ
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Scheme 4. Proposed Pathways for the TsCl-Mediated BKR
of Cyclohexanone Oxime (6)
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generated C is essential for the organo-mediated BKR in terms
of high efficiency. In the BKR of cyclohexanone oxime 6, we
found that the nitrilium cation intermediate J, whose role is !
similar to B, is too reactive to continuously catalyze the 7
conversion 6 — 7. The formation of a dimer-like byproduct 8 @ ©

was found to occur very easily via direct nucleophilic attack of 7 6

to the active species J, which we propose to account for the

poor performance of organo-mediated BKR of cyclohexanone
oxime. Furthermore, we propose that adding both the organic-

b4
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based promoter and proper acid might improve the conversion
of 6 and the selectivity of 7 by pushing 8 back to K.

B EXPERIMENTAL SECTION

General Information. ' H and '* C NMR spectra were recorded
on a 400 MHz spectrometer. The progress of all reactions was
monitored by TLC on precoated silica gel plates. Column
chromatography was performed using silica gel (100—200 mesh)
with ethyl acetate and petroleum ether as eluent, unless otherwise
indicated. Solvents and reagents were obtained from commercial
sources. Solvents were anhydrous unless otherwise noted.

General Procedure for Beckmann Rearrangement of 1
(Table 1 and Scheme 2). To a solution of benzophenone oxime 1
in anhydrous CH;CN were added the corresponding reagants [3/
HCl/(3 + HCI)/TsCl/S] under a nitrogen atmosphere, and the
reaction mixture was heated at the corresponding temperature (90 or
40 °C, depending on the reagants). After completion, the solution was
concentrated on rotary vacuum evaporator and purified by column
chromatography on silica gel (5% EtOAc/petroleum Ether) to give the
product N-phenylbenzamide (2). Mp: 164—165 °C (lit.”" mp 164—
165 °C). 'H NMR (400 MHz, CDCL,): 6 8.03 (s, 1H), 7.87 (d, J=7.3
Hz, 2 H), 7.66 (d, J=7.9 Hz, 2 H), 7.54 (t, J=7.3 Hz, 1 H), 7.46 (4,
J=7.4 Hz, 2 H), 7.37 (t, J=7.9 Hz, 2 H), 7.16 (t, J=7.4 Hz, 1 H). *C
NMR (100 MHz, CDCL,): § 165.9, 138.0, 135.0, 131.8, 129.1, 128.8,
127.1, 124.6, 120.3.

Preparation of 3."” To a stirred solution of ketoxime 1 (2 mmol)
in anhydrous THF (8 mL) at —40 °C was added LDA (1.1 equiv, 2
M) dropwise under a nitrogen atmosphere, and the mixture was stirred
at —40 °C for 30 min. Then a solution of (Z)-N-((1H-benzo[d]-
[1,2,3]triazol-1-yl) (phenyl)methylene)aniline** (1.0 equiv) in dry
THF (5 mL) was added slowly, and the reaction mixture was heated
to reflux and stirred for another 3 h. After completion, the solvent was
removed on a rotary vacuum vaporator, and the residue was extracted
with n-hexane at —40 °C and recrystallized with ethanol to give 3 as a
light yellow solid in 27.0% yield (203 mg). The stucture of compound
3 was identified by X-ray crystallography.

Transformation of 3 to 4. To a stirred solution of ketoxime 3
(37.6 mg, 0.1 mmol) in anhydrous CH;CN (0.3 mL) was added HCl/
CH;CN (02 mL, 0.1 M) under a nitrogen atmosphere, and the
mixture was stirred at 60 °C for 20 min. After completion, the reaction
mixture was purified by column chromatography on silica gel (5%
EtOAc/petroleum ether) to give 4 as a white solid in 92.1% yield (33.7
mg). The stucture of compound 4 was identified by X-ray
crystallography.

Beckmann Rearrangement of 6 by TsCl and the Reaction of
8 Mediated by HCI/H,0. A solution of cyclohexanone oxime 6
(226.3 mg, 2 mmol) and TsClI (114.4 mg, 0.6 mmol) in CH,CN (2
mL) was stirred at reflux temperature under a nitrogen atmosphere for
3 h. After being cooled to room temperature, 0.1 mL of the reaction
mixture was determined by GC—MS. HCI/H,O (0.33 mL, 6 M) was
added to the remaining mixture, which was refluxed for an additional
S0 min. After completion, the reaction was cooled to room
temperature and then determined by GC—MS. MS (ES*) m/z: [M
+ H]" caled for C;,H,N,O (8) 208.2, found 208.2.

Computational Details. The density functional theory (DFT)
method M062X>* was used to study the Gibbs free energy profiles of
different pathways. To take the solvent effect into account, all
geometry optimizations were performed with inclusion of an implicit
solvent (CH,;CN) through the integral equation formalism of the
polarized continuum model (IEFPCM).>* Geometries were optimized
at the M062X/6-31+G (d, p) level, followed by frequency calculations
at the same level of theory to ensure that these were stationary
structures on their respective energy surfaces and to extract Gibbs free
energy corrections at 298 K. Intrinsic reaction coordinate (IRC)
calculations were performed on all the transition states to ensure that
they connected the correct reactants and products in each step. For
several systems, explicit solvent molecules (CH;CN) were included, so
that reactions involving proton elimination and proton transfer
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mediated by the solvent could be evaluated. The Gaussian 09
software®® was used for all the theoretical calculations.

B ASSOCIATED CONTENT
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Copies of 'H and “C NMR spectra of compound 2, crystal
data for compounds 3 (CCDC 917941) and 4 (CCDC
917942), GC—MS data for the reactions of 6, computational
details, figures for optimized geometries in Schemes 1, 3, 4, and
6, and Cartesian coordinates for optimized geometries. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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