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ABSTRACT

Many catalysts for the Beckmann rearrangement has attracted researchers attention for their efficiency in catalytic
activity and easy to handle during the rearrangement. Efforts are continued for developing new environment
friendly catalytic system for the Beckmann rearrangement. In this article, we are going to present some catalysts
used for Beckmann rearrangement of ketoximes to corresponding amides.
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INTRODUCTION

The Beckmann rearrangement is a well-known transdtion of keto-oximes to N-substituted amides ie th
presence of an acid. [1,2] More than a century &gakmann first carried out in 1886 the conversib@an oxime
into an amide since then, this reaction has ba#edcafter his name, the Beckmann rearrangemeiti. the test of
time the Beckmann rearrangement (designated hereadt BR) has proven to constitute one of the madly
employed transformations of oximes in organic sgath [3] and is one of the most important methadsrganic
synthesis.

The most prominent example of its industrial usprizhably the large-scale production of the Nyloprécursok-
caprolactam from cyclohexanone oxime. [4]

The Beckmann rearrangement is a typical acid cagdlyeaction. Many attempts to replace sulphurid aith a
solid acid catalyst have been done. Most commdhly,Beckmann rearrangement is carried out in styoagjdic
and dehydrating media such as phosphorus pentatslaoncentrated sulphuric acid, or the so-caBestkmann’s
mixture’ which contains acetic acid, acetic anhgdriand hydrogen chloride. [5] Since these reagargsnot
suitable for a large number of sensitive substrateseral attempts have been made to achieve thknan
rearrangement under significantly milder conditios these studies, thionyl chloride, [6] silical,g¢7]
molybdenum trioxide on silica gel, [8] montmoriliten KSF, [9] bismuth(lll) chloride, [10] 2,4,6-tfidoro-1,3,5-
triazine, [11] and gallium(lll) triflate, [12] J@s, [13] HSO;CI, [14] PCE, [15] metallic Lewis acid [RhCl(cod)]
[16] Yb(OTf)s, [17] RuCk, [18] HgCl,, [19] several liquid-phase catalysis systems, such ashanir acid, [20]
chlorosulphonic acid, [21] anhydrous oxalic ackR][ethyl chloroformate/boron trifluoride ethergftz3] bis(2-oxo-
3-oxazolidinyl) phosphoric chloride [24] and dieltlehlorophosphate [25] potential solid acid cateysuch as TS-
1, [26] SAPO-11, [27] FSM-162B] Y, [29] ZSM-5, [30] ZSM-11, B1] TiO»-ZrO,, [32] and mordenite,33] have
been evaluated as substitutes for the traditionatiyloyed reagents. Recently, several lanthanidéagtng
catalysts [with Ce(lll), La(lll), and Sm(Ill) amorahers] have also been found to effect the regeaent. [34, 35]
The reaction could be performed in the vapor phpea;ess which has been shown to be applicable enean
industrial scale with the use of a high-silica Mi€blite as catalyst. [36] It is also possible titiate the Beckmann
rearrangement in supercritical water [37] or idigaids. [38]
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Recently, organocatalyst for the Beckmann rearnaiegé has attracted researchers’ attention forffisiency in

catalytic activity and easy to handle during tharr@angement. Cyanuric chloride (CNCRB9] as the first
organocatalyst, was reported to be a highly efficeatalyst for the Beckmann rearrangement by é&shiland his
co-workers.

The environmental regulations and process safetyirage to drive the industry to develop solid acidseplace
liquid acid processes. In the past two decadespumrsolid catalysts have been applied to the Beckm
rearrangement of cyclohexanone oxing9][especially the zeolite catalysts for vapor-phasetions.

Under mild conditions and without any additionagjanic solvents, Beckmann rearrangements of seketakimes
were performed in the catalytic media consistingoofm temperature ionic liquid. [40]

Catalysts applied in Beckmann rearrangement-

Cyanuric chloride:

Cyanuric chloride is a highly effective catalyst the organocatalytic Beckmann rearrangement unefarx in
acetonitrile or nitromethane. [41]

OH 1
P R\ /H

N cyanuric chloride, Lewis acid, N

MeCN, reflux, (90-95%)
Rl R2 (o) R2

1,3-dialkylimidazolium or alkylpyridinium salts:

In a recent study by Peng and Deng [42] the cataBgckmann rearrangement of several ketoximesaghgeved
with satisfactory conversion and selectivity in -@ljalkylimidazolium or alkylpyridinium salts and pbphorated
compounds (PG| POCE, or ROs)

N/OH o
[BPy|[BF 4], PCls
80°C, 2h

BPy= N-butylpyridinium
Chloral:
Ketoximes on treatment with chloral underwent raagement to the corresponding amides, presumahlyhei
formation of the oxime hemi-acetal intermediatel aldoximes underwent dehydration to the cormedipg nitriles
by Beckmann rearrangement. [43]

i

OH I

7 ——C—

IT . oyecno e N0 I/I];JI R?
JC-

R')\Rz 1.57.5h (J\f OH R T
R” "R? o

Oxalic acid:

The possible formation of oximes as intermediatethé reaction prompted a study of the Beckmanrraegement
of oximes with (COOH)which were successful. [44]

0 80-110°C v o
)k +  NH,OHHCl + (COOH), —+125h _  pr T
RI” "R? «(CO +COy) o
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Chlorosulphonic acid:

Under mild conditions, Beckmann rearrangement ofadety of ketoximes could proceed in the preseate
chlorosulphonic acid using toluene as a solveri @xcellent conversion and selectivity. This pragedcould also
be applied in the dehydration of aldoximes for obitey the corresponding nitriles. [45]

I
HO—S—CI
N _OH [ o
| R )k
N R,
R R! toluene H

1-Chloro-2,3-diphenylcyclopropenium ion:

1-Chloro-2,3-diphenylcyclopropenium ion was foundl he a very efficient organocatalyst for liquid pba
Beckmann rearrangement of various ketoximes toctiteesponding amides/lactams within 2 h in acetibaitt
reflux temperature. This is the first example af #pplication of the cyclopropenium ion as a catalwhich opens
up a new aspect of the synthetic utility of aromattion based catalysis. [46]

Ph
Cl
_OH c H
N Ph _N_ R?
)l\ Rl \’r
CH;CN, reflux

R"” "R?
Hexamethylphosphoric triamide (HMPT):
Hexamethylphosphoric triamide (HMPT), in additianits well known uses as a reaction medium (showmise
of becoming a useful reagent in several dehydradiwh substitution reactions. [47] Continuing owrdgs on the
uses of this versatile reagent, we now report thatBeckmann rearrangement of ketoximes can beessfhdly
carried out in HMPT.

TsCl (p-toluenesulfonyl chloride):

TsCI (p-toluenesulfonyl chloride), a commerciallyadable organosulfonyl chloride, has been widebedi as a
stoichiometric dehydrogenation reagent in the fiansation of ketoximes into corresponding amidea the
Beckmann rearrangement. It has been now found tmlyee the Beckmann rearrangement with high catalyt
efficiency, converting a wide range of ketoximetitheir corresponding amides under mild conditiotih good to
excellent yields (up to 99% of yield with 1-5 mol@hbcatalyst loading). [48]

TsCl/ZnCl,:

The Beckmann Rearrangement of ketoximes to amidésyzed by TsCl or TsCl/Zng&lcatalyst systems had
investigated. It is obvious that excellent yieldsra/obtained for most of oximes, aromatic oximeparticular, in
acetonitrile under reflux condition for 1 h with@i&zZnCl, thanTsClI. [48]

1
N/OH TsCl (2 mol %) / ZnCl, (2 mol %) R NH

)|\ CH;CN, reflux, 1 hr
R? 4] R?

R]
Phosphorous pentoxide:
Catalytic Beckmann rearrangement of cyclohexanod@e using catalytic amount o£®s or Eaton’s reagent has
been successfully carried out in bmiPF

When catalytic amount (20 mol %) of phosphorousdde (ROs) was used in ionic liquid bmiBFconversion to
g-caprolactam was low (32%), and hydrolysis to clyelanone reached to 66%. [49]
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NOH 't

P,05 (10 %) NH

in ionic liquid, at 75°C
B,Os:
Dawydoff (Leunawerke) [50] verified that the cattly mainly composed of,B;gave an excellent selectivity to
caprolactam with a very good conversion of cycl@mne oxime. According to the patents [51, &2hprolactam
was produced in >95% vyield. The conversion andcsigley were very high however, the vapor phase kdeann
rearrangement process based on tj@;Batalysts has not yet been commercialized.

BF3'OEt2:

BFs-OE% (Boron trifluoride etherate) in presence hydroryiliae hydrochloride is an inexpensive and commeicial
easily available Lewis acid stoichiometrically eoy#d for Beckamann rearrangement in general, wasfoond to
efficiently catalyse Beckmann rearrangement of kietes into their corresponding amides (up to 99%dyiin
anhydrous acetonitrile under reflux temperatur8] [5

Q) H

80-115°C _N_ _R?
+  NH,OH.HCl + BF;OEt, R!
R2 6-15h
o)

R]

Aluminum chloride:

Aluminum chloride, an inexpensive and commercialifilable Lewis acid traditionally employed for Betann
rearrangement with stoichiometric amounts, has Ine@nfound to smoothly promote the Beckmann regeament
of various ketoximes to the corresponding amidest¢u99% of yield) with 10 mol% catalyst loadinganhydrous
acetonitrile under reflux temperature. [54]

OH
N~
| H

N
AICI; (10 mol %) Y

Solvent, reflux, 2 hr o

Sulphonyl chloride:

Under mild conditions and without any additionag@anic solvents, Beckmann rearrangement of ketoxiwes
performed in a novel task-specific ionic liquid s@ting sulphonyl chloride. Especially for the cersion of
cyclohexanone oxime te-caprolactamg-caprolactam has good solubility in water while thsk-specific ionic
liquid is immiscible with water, therefore;caprolactam could be easily separated from theticra system by
water extraction. [55]

Metaboric acid:

Chandrasekhar and Gopalaiab6] investigated solid metaboric acid catalyzed Beckmaearrangement of
ketoximes. Beckmann rearrangement of several oxicealyzed by metaboric acid was studied in room
temperature ionic liquids. Especially for conversiof cyclohexanone oxime inte-caprolactam, excellent
conversion and selectivity were obtained.

120°C
n B(OH); (Boric Acid) (HBOy),
-n(H,0)
NOH Q
metaboric acid NH

ionic liquids
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Aluminium orthophosphates:

The Aluminium orthophosphates systems used ingtuidy show promising catalytic activity for thisopess. The
acidity of the catalyst is the main variable todomsidered, but at the same time such an increaaeidity adds to
the secondary process of fragmentation that disagséth the proposal of rearrangement. [57]

In(OTH) 5!

Beckmann rearrangement of aryl ketoximes catalyredn(OTf); gave amides in ionic liquid under microwave
irradiation. Aryl ketoximes were converted to cepending amides in good yield within very shortdsn(10-270
s). The catalyst and the ionic liquid were eastlyavered and reused. [58]

OH

R2 In(OTf); (0.1 equiv.) \H/

[Bdmim] [PF] 300 mg) o)
MW

N/

Rl

Tungstated zirconia catalysts:

Tungstated zirconia catalysts are employed foridigphase Beckmann rearrangement of 4-hydroxyacetugie
oxime to N-acetyl-p-aminophenol. Tungstated ziraopossesses some advantages such as higher ystabdgr
high-temperature treatments and reductive atmosphkwer deactivation rates and easier regenard8]

Titanium silicalite (TS-1):

Titanium silicalite, TS-1belong to the MFI type of zeolites. TS-1 is foura le the better catalyst for the
transformation of cyclohexanone oxime istoaprolactam than the other MFI zeolites, viz., Z5Mnd Silicalite-1.
The incorporation of Ti increases the yieldsedaprolactam, besides lowering the deactivation.rBoth oxime
conversion and selectivity for the lactam increagh increasing Ti content in the zeolite. [60]

Tantalum pillared-ilerite:

The vapor phase Beckmann rearrangement of cycloloexaoxime has been studied using a novel tantalum
pillared-ilerite as catalyst: the cyclohexanonenmxiconversion rate reaches 97.1% and the selgctiort ¢-
caprolactam is up to 89.1% at 350°C. [61]

Nano-Ordered Zn-MCM-41:

Nano-Ordered Zn-MCM-41 materials were synthesizsithgu different zinc sources and applied for ligpidase
Beckman rearrangement of 4-hydroxyacetophenone eoxaracetaminophenone. The reaction conditions asch
amount of the catalyst and solvent were optimize@fford acetaminophenone in high yields. It wasnfb that
aprotic solvents with high dielectric constant preferred for this transformation. [62]

Silferc (anhydrous FeC} supported on silica-gel by co-grinding method):

Beckmann rearrangement of substituted benzopheandeacetophenone oximes had been done using csilfer
under milder conditions. The catalyst could effeslty bring about the rearrangement of substitutexizbphenone
oximes in catalytic amount and it also gave redggldor atleast one run. Although the yields ofri@sponding
rearrangement product in case of substituted abetame oximes are low, the method eliminates teeotizarious
hazardous reagents which are otherwise used tg blinut the reaction, thereby reducing the amofitdxic by-
products generated at the end of the process. [63]

Silanol:

Recently, H olderich and co-workers [64] investaghthe contribution of different kinds of silanoterminal (3740
cm®), vicinal (3680 crit) and nests (around 3500 Y)rto the catalytic activity and selectivity. Thegnzluded that
the silanol nests were most suitable for the readind that the vicinal silanol groups were mox@taable than the
terminal silanols.

Layered silicates:

Layered silicates, such as kanemite (NgB$BH,0), magadiite (N#5i;40,9:11H,0), kenyaite (KSi;O411H,0),
makatite (NaSi;Oq-5H,0) and ilerite (NgSigO,,xH,0) are composed of tetrahedral silicate sheets amdythe each
silicate sheet is terminated by hydroxy groups. dray silicates, therefore, possess abundant hydgoayps
oriented in a crystallographically regular manrard have a great potential to act as new catalgstthe vapor
phase Beckmann rearrangement reaction. [65]
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H-USY zeolite with different SiOG,/Al,Os:

Dai et al. [66] studied the catalysis of H-USY zolwith different SiQ/Al,O; ratios in the co-presence of 1-
hexanol. They showed that an appropriate amourglafively weak acid sites of H-USY were effectiee a high
selectivity.

Silica sulphuric acid:

Silica sulphuric acid in which sulphuric acid isrimabilized on the surface of silica géh covalent bond has been
proved to be green catalyst for liquid-phase Beckmaearrangement of oximes in dried dioxane at room
temperature. Excellent conversion and selectiwigye acquired in the Beckmann rearrangement obbgslanone
oxime. The catalyst system was recycled and re(6&t.

I
_OH 0,Si—0—S—OH o
N
0 ! )]\
> R
Jl\ N R?
R! R2 Dioxane, r.t. H

WO,/SIO;, gel:

Kob et al. [68] performed the vapor phase Beckmegrarrangement reaction using W8IO, gel catalysts and
revealed that the acid property of the catalystcéfd the activity and selectivity. They concludleat strong acid
sites were more favorable to the reaction than vee@k ones.

Silica supported molybdenum (VI) oxide:

Silica supported molybdenum (VI) oxide (20%) ha®mexplored as a new solid catalyst for the Beckman
rearrangement and the results are compared inlglaveith the known b-zeolite as a catalyst for thaeme
transformation. Both catalysts were found to ftatié the rearrangement under mild conditions ardctinditions
employed were tolerable for protecting groups sastisopropylidene, cyclohexylidene and PMB are comign
employed in carbohydrate chemistry.

Among the supported oxides,,®/SiO,, ZrG,/Si0,, PbO/SiQ and MoQ/SiO,, MoG; /SiO, had revealed the
highest activity and selectivity. [69]

High silica MFI zeolite catalysts:

Aucejo et al. [70] studied the vapor phase Beckmaanrangement with some MFI zeolites (equivalerd $M-5)
as a catalyst. The zeolites of large external serfarea gave high conversion of cyclohexanone axifhey
strongly suggested that the vapor phase Beckmaautioa took place on the outer surface of the gstand the
active sites might be different from the acid sitassed by Al.

MCM-22:

There are several reasons which indicate, that Mi@&M-22 could be a good catalyst for the Beckmann
rearrangement of cyclohexanone oxime. MCM-22 haraing to [71] a large and good accessible externa
surface, which should be ideal for a fast extemaface reaction like the Beckmann rearrangemanpatticular,
owing to its extraordinarily large extra crystadlisurface area compared to its zeolite counterpsi®M-22 is
more preferable in Beckmann rearrangement.

SBA-15 (SBA-or-SQH):

Beckmann rearrangement of cyclohexanone oximectprolactam was performed in liquid phase forfits time
on arenesulphonic acidfunctionalized SBA-15 (SBAS@;H) mesoporous silica with different loadings of #wd.
The catalytic activity of SBA-or-S§MH was also compared with the activities of othdidsacid catalysts such as
propylenesulphonic acid-functionalized SBA-15, HMES, H-mordernite, AI-MCM-41 and AIl-SBA-15. The
results revealed that SBA-ar-g®has higher catalytic activity and lactam selatti72]

H-ZSM-5:

Fois et al. [73] studied the vapor phase of thekBemn rearrangement in H-Faujasite, H-ZSM-5, alichdite-1 by
using IR spectroscopy and found that (a) both imakesilanols and strong acid sites in zeolite catalgze the
Beckmann rearrangement of cyclohexanone oximea @tpble protonated intermediate is formed onangtacid
site, and (c) the reaction at weak acid sites hhgylaer activation energy through a mechanism nevlving a
protonated intermediate.
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M41S:

The discovery of mesoporous molecular sieves of $M4dmily has attracted much attention of many netea
groups because these materials are likely to dff@roved reaction activity in the conversion ofgar substrate
molecules in their well defined channels with nargmore size distribution.74]

Al-MCM-41 and Al-SBA-15:

The acidity of mesoporous materials like AI-MCM-4hd Al-SBA-15 is much weaker than that of micropmro
zeolites. ¥5] In order to overcome this drawback, ordered suiphacid modified mesoporous silica has been
prepared either via post-grafting technique oruggioone-pot synthesisz §]

BOP-CI15 (bis(2-oxo-3-oxazolidinyl)phosphinic chloride) andriphosphazene (TAPC):

BOP-CIL5 (bis(2-ox0-3-oxazolidinyl)phosphinic chloride) deetfirst highly efficient organophosphorus catalpst
the Beckmann rearrangement, then the second gemeiat organophosphorus catalyst triphosphazeneP@A
[77]

Montmorillonite K 10:
Boschet al. have achieved the Beckmann rearrangement of ke&sxiwith montmorillonite K 10 clay in ‘dry’
media in good yields. [78]

R’ a
AN Montmorillonite, K 10 Clay ”
R'/ MW, 7-10 min

Activated Fly ash:

Activated Fly ash, an industrial waste (pollutaatjound to be well suited for catalyzing reactiovisich are having
industrial, pharmacological and therapeutic impaeta e.g. Knoevenagel condensation, ‘One-Pot’ csives of
ketones to amides, via, Beckmann rearrangementff 8a&ses formation, Biginelli and Hantzsch reansounder
microwave irradiation in solvent-free conditionsofdover, this catalyst shows a promising futurghiat it can
provide environmentally clean processes for therabal industry. [79]

Supercritical water:

Recently, the Beckmann rearrangement in supem@riti@ter has been reported, in which, althoughetiegre no
serious corrosion problems and excellent selegtifgr e-caprolactam was obtained, very low conversion and
rigorous reaction conditions make the above aprogiisable only in research. [80]

lonic liquids:

Six Bronsted acidic ionic liquids (ILs) la-1f wesgnthesized and used as the dual solvent catalgstrss for
Beckmann rearrangement reactions. Among ILs 18-1fa exhibited the highest catalytic activity asutcessfully
catalyzed the Beckmann rearrangement of ketoxinmek the corresponding amides were obtained in good t
excellent yields (74%-92%). In addition, IL 1a ablle recovered easily and reused at least thress tivithout any
loss of catalytic activity. [81]

Denget al. [82] have carried out the Beckmann rearrangemantsimes into amides using RTILs basedMN-
dialkylimidazolium salts on-butylpyridinium tetrafluoroborate in the presemdd>Ck, P,Os or H;BO; as a catalyst,
which showed high conversion and selectivity, egdlgdfor e-caprolactam.

Beckmann rearrangement catalyzed by the combineel of tetrabutylammonium perrhenate(VIl) and
trifluoromethanesulfonic acid has been studied] 8awa and Yamaguchi found that a small amodmhodium
complex could promote the reaction of ketoxime tifllioromethanesulfonic acid. [84]

CONCLUSION

The rearrangement generally requires high rea¢émperatures and a large amount of a strong Brorastel and
dehydrating media, causing large numbers of byetsdand serious corrosion problems. Hence, owepd#st half
century, extensive efforts have been devoted toofitamization of the catalytic reaction system. Maratalytic
systems such as liquid-phase system, vapor-phasensysupercritical water system and ionic liquidtesm have
been developed so far. Liquid-phase catalytic Beakmrearrangement under mild conditions has be@otopic of
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current interest because of its advantages sudamsg workup and industrial practicability. As a sequence,
various catalysts such as inorganic catalysts,narggtalysts, and metallic Lewis acid systems werekbped.
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