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ABSTRACT

Amide bond formation avoiding poor atom economy reagents are strongly preferred
and get the highest attention as a priority area in organic synthesis anugueartical
industry. Conventionally, amides are prepared from carboxylic acids and amiaes
activated carboxylic acid derivatives such as carboxylic acid anhysladacyl chlorides
or via activation with stoichiometric amount of a dehydrating agent. Lews mr@moted
amidation reaction is also developed. These methods have some limitations dblow a
efficiency and production of byproducts. Lewis acid catalyzed amidation hédiéanal
drawbacks, such as limited substrate scope and high catalyst loading. drhegsacks
may be caused by the suppression of Lewis acid by basic molecules (aminestandsva
byproduct), present in the reaction mixture. The author hypothesized that avatdrase
tolerant Lewis acid catalyst may catalyze the amidation of carboxadid with amines
more effectively. This thesis focuses on direct synthesis of amide bond by basgy
tolerant heterogeneous Lewis acid catalyst. Five types of Lewis atatitta systems are
developed for synthesis of amide and imide with a wide substrate scope.

In chapter 2, various Lewis anflrgnstedacid catalysts including water tolerant
Sc(OTfi, Cs-exchanged heteropoly acid were investigated for the amidation of
n-dodecanoic acid with aniline. Among them #dls showed the highest catalytic activity
for the above reaction. This simple and atom-efficient method tolerates védnioctsonal
groups and is applicable to challenging substrates such as anilines and
a-hydroxycarboxylic acids. | investigated the reusability of catalysd ageneral
applicability of the present catalytic system. Kinetics studies showatthe Lewis acid
site of NkkOs, as the active site for the amidation is more tolerant to the co-presewt basi
molecules than other used catalyst.

In chapter 3, | examined various Lewis aBdznstedacid catalysts including some
effective homogeneous catalysts (La(QJfNaOMe) for direct amidation of methyl
benzoate with aniline. | found that MNDBs showed the highest catalytic activity for this
reaction. | investigated the reusability of catalyst and general apjligaof the present
catalytic system. This Lewis acid catalyst is effective for @as functionalities and is

applicable to challenging substrates such as anilines cahgdroxyesters. This result



demonstrate the first successful example of heterogeneous catalysis foradndation
of esters with amines.

For chapter 4, | examined various Lewis aBidnstedacid catalysts, water tolerant
homogneous and heterogeneous catalysts and commercial acidic resins for direct
imidation of succinic acid witm-octylamine. Among those used catalyst.8b showed
highest catalytic activity to the correspondingoctylsuccinimide. The catalyst was
reusable and easy separable from the mixture. Preliminary mechanigtiesssuggested
that Lewis acid site of NiDs has higher tolerance to basic molecules (amines and water)
than other used catalyst. This results demonstrate the first heterogeneoiss doid
catalytic system for imidation of dicarboxylic acid with amines andremia.

In chapter 5, for condensation reaction of carboxylic anhydride and amine, |
investigated several Lewis acid catalysts including some metal oxidevatet tolerant
homogeneous Lewis acid catalysts. .Nb showed the best catalytic activity for the
imidation of succinic anhydride with aniline than other screened catdlystestigated
the reusability of catalyst and general applicability of the presentytetalystem. These
results demonstrate the first reusable Lewis acid catalysis to syp¢heyclic imide from
carboxylic anhydrides with amines and ammonia.

In chapter 6, | examined different types of catalyst for transamidatidrenzamide
with n-octyl amine. Among them Fe-mont acts as an effective heterogeneousstébaly
the transamidation of benzamide withoctyl amine. | investigated the reusability of
catalyst and general applicability of the present catalytic systeataly@ic cycle showed
that carbonyl oxygen is activated by ¥éewis acid. This results shows that Fe-mont is

an efficient catalyst for the transamidation reaction.

Chapter 7 is the general conclusion. Chapters 2-6 show the precise examples of
heterogeneous Lewis acid catalysis for the direct synthesis of amide add from
various substrates. By using these simple methodology, | synthesized variousambpor
amides and imides from readily available starting materials. Mect@angudies
suggested that the Lewis acid site of b is tolerant to base present in the reaction
mixture which makes it highly effective for amidation and imidation reactiThese
heterogeneous Lewis acid catalysts can be applied to other reactions invatiiragian

of carbonyl groups in the presence of amines.
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Chapter 1

General Introduction



1.1. Introduction to Amide:

Amides contain a functional group which consists of a C=0 (carbonyl) directly baund t
a nitrogen:

The amide functional group involves a nitrogen atom (and lomg, gaut unlike an amine, the nitrogen
center is not basic, due to the electron-withdrawing effétthe® C=0 group.

Figure 1.1. Amide bond



The amides are ubiquitous and important functional groapsattural and synthetic organic
compounds. It is essential to sustain léed constitute the building blocks pharmaceutical
molecules, agrochemicals and natural prod@¢tsThe structural aspects of amide bonds,
specifically the partial delocalization of electrons over the N-C-O bond doair t
hydrogen bonding abilities, play vital roles in their properties as a functiowoalpgwithin

a larger moleculeFigure 1.2)

¥ J\fo N
N
TN OH /@ g
o Orte e 7
e}
Lidocaine 1.2.1 Captopril 1.2.2 Paracetamol 1.2.3

Atorvastatin 1.2.4 Atazanvir 1.2.5
N.__O N 0]
o O \f HoN H/}( =
_ 0 | NH
N Yoo U1 .
Q N NHz oo
! NH
Valium 1.2.6 congocidine 1.2.6 Saccharin 1.2.7

Figure 1.2. Amide bonds containing drug molecules (1.2.1-1.2.5), natural products
(1.2.6), agrochemicals (1.2.7)



1.2. Cyclic Imide

Cyclic imides and their derivatives are an important class of compounds withrausne
applications in biological, medicinal, synthetic, and polymer chentsthand are used
as intermediates in dyes and polymer industfes: ¢ Some important cyclic imide

structures are given belo¥igure 1.3).

@] 0 @]
|  N-CyHs ©il<‘<NH OiléN—SCCb
e} @] e}
N-ethylmaleimide 1.3.1 phthalimide 1.3.2 Captan 1.3.3
O O 0O
N O N N—CgH;—O——CgHy
NH n
O O @) O
Thalidomide 1.3.4 Kapton 1.3.5
O o O
O o O
PP-33. 1.3.6. Phensuximide 1.3.7 Hydroxyphthalimide 1.3.8

Figure 1.3. Some important imide moleculeN-ethylmaleimid: (1.3.1, a biochemica|
reageni phthalimide (1.3.2, ar industria chemica intermediate Captar (1.3.3, a
controversie herbicide thalidomide (1.3.4, a drug that once cause many birth defects a
subuni of Kaptor (1.3.5, a high strengtt polymei usec to make spaci suits; PP-33 (1.3.6)
a o-TNF inhibitor named; phensuximide (1.3. an anticonvulsant drug;
hydroxyphthalimide (1.3.8), a catalyst used for selective oxidation.



1.3. Importance of amide bond formation reaction

The importance of improving standard amide synthesis methods was highlighted in an
article published in 2007 in which several leading pharmaceutical companies
considered some influential reactions which are currently used but bettgentsa
preferred, where amide bond formation avoiding poor atom economy reagents were
placed in the required list. They preferred strongly to use alternagiagents for amide
bond formation avoiding the use of poor atom economy reagents received nominations
and possessed in top position from all of the pharmaceutical companies in theastidy

has been presented as a priority area shown in Table 1.1.

Table 1.1.Reactions companies would now use but would strongly prefer better
reagents

Research Area Number of Votes

Amide formation avoiding poor atom economy| 6
reagents

OH activation for nucleophilic substition 5

Reduction of amides without hydride reagents 4

Safer and more environmentally friendly Mitsunobu 3
reactions




1.4. Synthesis of amide
1.4.1. Conventional method

Via acylchloride formation

To activate carboxylic acids, conversion of -OH group of the caboxylic acl goibd
leaving group prior to the treatment with the amine, which act as stand-aagemts for

the production of new compounds such as acid chlorides, (mixed) anhydrides, carbonic
anhydrides or active esters. For the presence of strong electrophiliettycldorides may

be readily converted to practically all other acyl derivatives and thus septeéhe most
powerful means to achieve carboxylic acid functionalization. Recent FépoytT. H.
Lambert showed that the conversion of carboxylic acids to their corresponding acid
chlorides, which occurs rapidly in the presence of amine base and
3,3-dichlorocyclopropenes via aromatic cation-activated nucleophilic acyl sulustit
These methods of amide bond formation reaction, have some drawbacks to suffer from

low atom efficiency, not eco-friendly and produce large amount unwanted byproducts.

0 o o R\
)]\ activation )]\ NH

R OH R Act R

0O
Act=Clor \OJ\ i R

Scheme 1.1Principle of the activation process for amide bond formation.

Cl, Cl

-G N B
L R R L RTNH o RJ\H'R‘

————
R” SOH CH,Cl, R™ Cl

Scheme 1.2Amide synthesis via acylchlorid8.



Using dehydrating reagent
Another conventional method to prepare amide from carboxylic acids and amines by
using of stoichiometric amount of a dehydrating agent for activation of carboxytidogc

removing watel! This methods suffer from low atom efficiency and production of

byproducts.
o]
" dehydrating agent
R)LOH+ R'—NH, e P )L ~R

H
Scheme 1.3Amidation of carboxylic acid by dehydrating reagent.

Compounds containing the carbodiimide functionality are dehydration agents and are
often used to activate carboxylic acids towards amide formation. Smteatidehydrating
reagent is however critical. A dehydrating reagent must be capable to hantle¢higit
whole portfolio of reactivity. Many reviews have been publishé&d] on dehydrating
reagents but these reviews sometimes not able to offer a critical view oratheoff

making the choice of reagent difficult.

R)OJJ:H/R R{_
O/N\!IN\O Rj\oj\R e, )J\ ARy J<O

O-H
Scheme 1.4Amidation by using dehydrating agent DCC (DicyclohexylIcarbodiimi@le).



Thermal amidation
Amides are also synthesized at high temperature and pressure from thenabom of
carboxylic acids and amines. At the ambient temperature, the reaction s# the
functional groups does not occur spontaneously due to elimination of water, which takes
place at high temperature (250-3%0).1*6] The condition is harsh and yield of the product
is highly substrate dependent, as well as dependent on temperature, concentrdi@n of
substrate and other reaction parameters. (Scheme 1.5)

0 A O .
RJ\OH + R—NH, ——— 3 RJ\H/R

Scheme 1.5Condition dependence in thermal amidation.
1.4.2. Lewis acid promoted amidation.

Imidation of dicarboxylic acid or carboxylic anhydridre by using stoichiometric

amount of Lewis acid

Lewis acid promoted imidation of dicarboxylic acid or carboxylic anhydridig \&mines

are developed. Imide derivatives are synthesized by the reaction of an caboxyl
anhydride with an appropriately substituted amine and consecutive in siiaatian of

the produced amic acid in the presence of a stoichiometric amount of Lewis raid a
HMDS. In order to demonstrate the concept, the N-benzylmaleamic acidywtsesized
from maleic anhydride and benzylamine, under reflux condition of benzene with
stoichiometric amount of Lewis acid (equimolar amounts of HMDS and ZniGl the
corresponding maleimide derivative (Schemé'1)This method suffers from drawbacks

of low atom efficiency, limited substrate scope and production of stoichioenatniount

of byproducts.

o) 0 o)

Qgﬂ or| O 4+ R=NH2  ZnCl, (100%) . R
or NHz  HMDS (150%)

o} 0

Scheme 1.6Lewis acid promoted imidatiof?!



1.4.3. Lewis acid catalyzed amidation
Lewis acid catalyzed amidation of carboxylic acid.

The first Lewis acid catalytic intermolecular amidation protocol was ishbtd® by
employing Ti(OBu) as a catalyst for the amidation benzoic acid with aniline. By using 2
mol% catalyst loading under the reflux conditionmkylene, the authors showed that the
titanium butoxide complex was more effective catalyst than other Lewis catialyst
such as TiG, SnCh, Bu2SnO, and BEOEt in the amidation of benzoic acid and aniline.
Recent report by H. Adolfss8fl showed that by using 2-10 mol% of Lewis acid catalyst
ZrCls for the amidation of phenylacetic acid with benzylamine. However, these
homogeneous catalytic methods have drawbacks of difficulties in catalyst/psoduct
separation, reusability of catalyst and limited substrate scope. Matebewis acidic
homogenous catalysts have potential drawbacks such as suppression of activipngy str
coordination of basic functional groups in a substrate (such as heterocyclic gengps)
irreversible decomposition of the catalyst by water (as a byproduct).

®) @)
[Zr](2-10 mol%)
Ayt ReNH: - M ~R2 + H0
1 MS4A, THF o H

Scheme 1.7Lewis acid catalyzed amidation of carboxylic acid.

Lewis acid catalyzed amidation of esters.

Lewis acid catalytic methods have also been developed for the amidationecs @sth
amines. For example, homogeneous Lewis acid catalytic methods by usindg){G
and La(OTf},2%! and Lewis acids supported on ionic liquidd have been reported as
more effective catalysts for the amidation of esters but the reported medhéids from
drawbacks, including limited substrate scope, high catalyst loading (>10 naolBo
respect to substrate), and the need for additives and difficulties irysataluse. A few

heterogeneous Lewis acid catalysts (montmorillonite &ay! and AkOs [210)) catalyze



the reaction of methyl benzoate with NHo give a mixture of benzamide and
benzonitrile. However, the yields of the amide are low and the substrate scopeguatva

esters and amines are not reported.

O 0

Zr(Ot-Bu)4 (10 mol%)

R 4

)L -2 4+ R3-NH » R3

R™ O 3772 T Additives 20 mol% Rl)LH/ + R,-OH

Scheme 1.8Lewis acid catalyzed amidation of est&#!

Lewis acid catalyzed amidation of carboxylic anhydride.

Lewis acid catalyzed synthesis of cyclic imides by condensation oficcarihydrides
with amines is one of the most desirable route. Chandrasekhar et al. reportgdttiesis
of cylcic imide from carboxylic anhydride with amines by using 10 mol% of the
TaCk/SiO,?22:220l g5 a Lewis acid catalyst under microwave heating. These métfods
suffer from some of the drawbacks such as quite limited substrate scope, e oestiie

catalyst reuse, and needs of large catalyst loading and special methoeweaie

heating).
7 ;
TaCls/SiO, (10 mol%)
O + R-NH, ——— - N-R
. MW \
o) o)

Scheme 1.9Lewis acid catalyzed imidation of carboxylic anhydriéfél

1C



1.4.4. Comparison of TON for different Lewis acid catalyzed amidation reaction.

Here is the comparison of turnover number and general applicability of some amidati
reaction by using both homogeneous and heterogeneous Lewis acid catalysts.

O

O o o
Ao +H2N—R-MRJ\H,R' @ Iy pn-r Catalyst, J\H'R' "
i 2 0 0
%)J\SE + HoN-R' ME?N—R' (3) i‘fo + HN-R' Catalyst <§N—R‘ )
I o o) o)

Table 1.2. Comparison of TON for present method with previous homogeneous and

heterogneous Lewis acid catalytic methods.

Reaction| This Method Homogeneous Method Heterogeneous Method
No.
Catalyst| TON Catalyst TON Catalyst TON
1 Nb2Os 341 ZrCltol 8 Al,04281 98
2 NbOs | 303 | Zr(Q-Bu)420d 9 No example -
3 Nb20s 341 No example - No example -
4 NbOs | 310 No example - TaGISiO,22] 9

The above comparison of TON for the different Lewis acid catalyzed amidatiaction

showed that only NiDs is useful catalyst for both amidation and imidation reaction as a
heterogeneous Lewis acid catalyst. The TON for other homogeneous and heterogeneous
catalyst is lower than NWs. Among the above examples of previous Lewis acid
catalyzed amidation and imidation reactions, some of the previous exampleyvdrgve

limited substrate scope.

11



1.4.5. Difficulties of Lewis acid catalyzed amidation

Presence of small amount of water can decompose a Lewis acid, such g&lAiglthe
reaction mixture. For this reason Lewis-acid promoted/catalyzed argaaictions are
usually done under complete anhydrous conditions. Lewis acid promoted amidation
reactions have some limitations of low atom efficiency and production of byproducts.
Lewis acid catalyzed amidation reaction have additional drawbacks, sidm#ed
substrate scope, high catalyst loading and reusability of the catalgsioBs comparison
(table 1.2) showed that the turnover number for Lewis acid catalyzed amida#otiore

is usually very low and there is no general application of Lewis acid cstdity both

amidation and imidation reaction with a wide substrate scope excefsNb

These drawbacks may be caused by the suppression of Lewis acid by basic
molecules (amines and water as byproduct), hindering coordination with wetemaine
present in the reaction mixture. The author hypothesized that these drawbacke ca
overcome if some Lewis acid catalyst is tolerant to basic moleculesmésnand water as
byproduct), present in the reaction mixture for the amidation of carboxylid, aci

carboxylic anhydrides or esters with amines.

H\o’H R~NH, >g<

! H /H R~
Lewis acid Lewis acid Q INH>

Al3+ Al3*

Scheme 1.10Lewis acid catalyzed amidation, where Lewis acid coordinate witkemvat

and amines other than carboxylic acid.

12



1.4.6. Water-tolerant Lewis acid catalyzed amidation.

The concept of water tolerant Lewis acid catalyst is developed. Kobayatiteshabwed
that Sc(OTf}, Y(OTf)s, Ln(OTf)s and Yb(OTfp can act as Lewis acid catalyst in
water-containing solvents. They also showed that not only Sc(lll), Y(lmlID) but also
Fe (1), Cu (ll), Zn (ll), Cd (ll), and Pb (Il) are also effectivas Lewis acid catalyst in

water containing solvents for the aldol reaction of benzaldehyde with silyl ¢net.e

/SC3+ SC3+
D o
\,fh H H H)LPh H

Scheme 1.11Water-tolerant Lewis acid catalysis of Sc(Oaf)

In literaturel?l Nb,Os showed as a water-insoluble solid catalyst, for which the structure
and chemical property have been described. Recent reports showed that some metal

oxides, such as NBs,?% acts as water-tolerant Lewis acid cataly&ts.

H
R_ _H
R/&O N Hb/H - l( H\o—H
I<Ib5+ I\i|b5+ M

Scheme 1.12Water-tolerant Lewis acid catalysis (Nakajima et.[&H.

1.4.7. Base-tolerant Lewis acid catalyzed amidation.

As we already know the water-tolerant properties ob@Win the literaturd?*2% so the

author hypothesized that this catalyst may also be used as base-toleveist dcid

catalyst for amidation of carboxylic acid with amines. In that caseicbanolecules



(amines) which are present in the reaction mixture can be replaced & et like
scheme 1.12). So, water tolerantXb Lewis acid acid catalyst can be used as effective

base tolerant catalyst for amidation reaction.

HO R R. OH
R/&O N-H Y R\N—H
% @) |
NHE B0 e

Nb®>* Nb5*

Scheme 1.13Concept of base-tolerant Lewis acid catalyzed amidation?
1.5. Concluding remarks

To avoid the limitations of the previous method for Lewis acid catalyzed ammand
imidation reaction, water tolerant as well as base-tolerant heterogeneswis kcid
catalyst, NbOs can be an effective base tolerant catalyst for the direct amidation of
carboxylic acids and esters with amines and direct imidation of dicarlmoggids and

carboxylic anhydrides with amines.

HO{M AINIA
O % - !
HI ///O (:> C:) ‘J—rrl_,J/H /H
| : O\
N

b54/-

Scheme 1.14Water as well as base-tolerant Lewis acid catalyzed amidation?
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1.6. Outlines of thesis

This thesis focuses on direct synthesis of amide bond by using base tolerant
heterogeneous Lewis acid catalyst. Five types of Lewis acid catabytstems are
developed for synthesis of amide and imide with a wide substrate scope.

In chapter 2, various Lewis anflrgnstedacid catalysts including water tolerant
Sc(OTfk, Cs-exchanged heteropoly acid were investigated for the amidation of
n-dodecanoic acid with aniline. Among them 20l showed the highest catalytic activity
for the above reaction. This simple and atom-efficient method tolerates vdmioctsonal
groups and is applicable to challenging substrates such as anilines and
a-hydroxycarboxylic acids. | investigated the reusability of catalysd ageneral
applicability of the present catalytic system. Kinetics studies showatthe Lewis acid
site of NkOs, as the active site for the amidation is more tolerant to the co-presewt basi
molecules than other used catalyst.

In chapter 3, | examined various Lewis aBdznstedacid catalysts including some
effective homogeneous catalysts (La(QJfNaOMe) for direct amidation of methyl
benzoate with aniline. | found that MNBs showed the highest catalytic activity for this
reaction. | investigated the reusability of catalyst and general apjligaof the present
catalytic system. This Lewis acid catalyst is effective for eas functionalities and is
applicable to challenging substrates such as anilines cahgdroxyesters. This result
demonstrate the first successful example of heterogeneous catalysis foradndation
of esters with amines.

For chapter 4, | examined various Lewis a@dibnstedacid catalysts, water tolerant
homogneous and heterogeneous catalysts and commercial acidic resins for direct
imidation of succinic acid witm-octylamine. Among those used catalyst.Rb showed
highest catalytic activity to the correspondingoctylsuccinimide. The catalyst was
reusable and easy separable from the mixture. Preliminary mechanistiesssuggested
that Lewis acid site of NiDs has higher tolerance to basic molecules (amines and water)
than other used catalysts. This results demonstrate the first heterogermwissacid
catalytic system for imidation of dicarboxylic acid with amines andremia.

In chapter 5, for condensation reaction of carboxylic anhydride and amine, |

investigated several Lewis acid catalyst including some metal oxide ater wolerant



homogeneous Lewis acid catalysts. -Nb showed the best catalytic activity for the
imidation of succinic anhydride with aniline than other screened catalystgestigated
the reusability of catalyst and general applicability of the presentytetaystem. These
results demonstrate the first reusable Lewis acid catalysis to syp¢heyclic imide from
carboxylic anhydrides with amines and ammonia.

In Chapter 6, | examined different types of catalyst for transamidation of
benzamide withn-octyl amine. Among them Fe-mont acts as an effective heterogeneous
catalyst for the transamidation of benzamide wittoctyl amine. | investigated the
reusability of catalyst and general applicability of the present catatystem. Catalytic
cycle showed that carbonyl oxygen is activated by*Fewis acid. This results shows

that Fe-mont is an efficient catalyst for the transamidation reaction.

Chapter 7 is the general conclusion. Chapters 2-6 show the precise examples of
heterogeneous Lewis acid catalysis for the direct synthesis of amide add from
various substrates. By using these simple methodology, | synthesized varipogamn
amides and imides from readily available starting materials. Mechangtudies
suggested that the Lewis acid site of A is tolerant to base present in the reaction
mixture which makes it highly effective for amidation and imidation reactiThese
heterogeneous Lewis acid catalysts can be applied to other reactions invaitnragian
of carbonyl groups in the presence of amines.
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Chapter 2
Amidation of Carboxylic Acids with Amines by Nb2Os

as Reusable Lewis Acid Catalyst
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2.1. Introduction

Amide bonds constitute the building blocks of pharmaceutically and biologically
important compounds* Conventionally, amides are prepared from carboxylic acids and
amines via activated carboxylic acid derivatives such as carboxyl& atnydrides or
acyl chlorides or via activation with stoichiometric amount of a condensation dgent
activation of carboxylic acid and water remoV&iThe conventional methods suffer from
low atom efficiency and production of byproducts. It is generally accepted theat
catalytic synthesis of amides from readily available starting naseis the priority area

for the pharmaceutical indust®.As summarized in recent review articles] the direct
condensation of carboxylic acids and amines by boron-t4s@dor metal-baseép-2¢!
homogeneous catalysts and oxide-based heterogeneous cétal{stdays a central role

in the direct amidation. However, less reactive amines such as anilindesmnteactive
carboxylic acids such as-hydroxycarboxylic acids and benzoic acids are not generally
tolerated by previous catalysts. A rare example is a boronic acid catiysioped by
Ishiharal’® who have shown that condensation of an equimolar mixture of
a-hydroxycarboxylic acids and primary or secondary amines proceeds with a b@ed-ba
catalyst under azeotropic reflux conditions in toluene. However, homogeneoudicataly
methods have drawbacks of difficulties in catalyst/products separation aadgstatuse.
Moreover, Lewis acidic homogenous catalysts have potential drawbacks such as
suppression of activity by strong coordination of basic functional groups in a substrate
(such as heterocyclic groups) and irreversible decomposition of the catglysiter (as a
byproduct). As for heterogeneous catalysts for the direct amidation, previoussreport
mainly studiedN-formylatiort*323% or N-acetylatioff-3% of amines. Some of the previous
heterogeneous system for amidation suffer from drawbacks of limited scope aislaiee
excess amount of reagent or a special reaction method (microwave hé&4fifig).

In the course of our continuous studies on the amide bond forming reactions by
heterogeneous Lewis acidic catalydts®! we have recently reported that My,
prepared by calcination of a commercial niobic acid, acts as base-toleeans lacid
catalyst for direct imidation of dicarboxylic acids with amift@isand direct amidation of
esters with aminel$? We report herein that Nfs is an effective and reusable catalyst

for direct condensation of less reactive carboxylic acids with less iveaetmines.
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Catalytic results show wide applicability of the synthetic method, and IRtspscopic
and kinetic studies show that the high activity of 2 is due to activation of carboxylic

acids by Lewis acid sites of N®s with base-tolerant nature.

2.2. Experimental

General.

Commercially available organic compounds (from Tokyo Chemical Industry orckidr
were used without further purification. GC (Shimadzu GC-2014) and GCMS (Shimadzu
GCMS-QP2010) analyses were carried out with Ultra ALLGLY capillary column
(Frontier Laboratories Ltd.) using2Mind He as the carrier. All reactions were carried out
in oven-dried glassware under an inert atmosphere of nitrogen. Analytical Was
performed on a Merck 60 F254 silica gel (0.25 mm thickness). Column chromatography
was performed with silica gel 60 (spherical, 63-246, Kanto Chemical Co. Ltd.).
Molecular sieves 4A (MS4A) was dehydrated at 100 °C.

Catalyst preparation.

Niobic acid (NpOs-nH20, HY-340) was kindly supplied by CBMM. N5 (surface area

= 54 n? g!) was prepared by calcination of niobic acid at 500 °C for 3 h. MgO
(JRC-MGO-3), TiQ (JRC-TIO-4), Ce®@ (JRC-CEO-3), H-type Y zeolite (HY) with a
SiO/Al O3 ratio of 4.8 (JRC-Z-HY-4.8), Htype BEA zeolite (HBEA) with a SigJAl.O3
ratio of 25 (JRC-Z-HB25) and Htype MFI zeolite (HMFI) with a Si@Al20s ratio of 90
(JRC-Z5-90H) were supplied from Catalysis Society of Japan. 810, 300 m g?)
was supplied from Fuji Silysia Chemical Ltd. Z#@H.O was prepared by hydrolysis of
zirconium oxynitrate 2-hydrate in water by aqueous 4#9H solution, followed by
filtration of precipitate, washing with water three times, and dryinga® °C. ZrQ, ZnO,
SnQ, MoOs, WOs, TaxOs and CaO were prepared by calcination (500 °C, 3 h) of the
hydrous oxides: ZreonH20, ZnOnH20 (Kishida Chemical), EEnG (Kojundo Chemical
Laboratory Co., Ltd.), bMoOs (Kanto Chemical), HWO,4 (Kanto Chemical), Ca(OH)
(Kanto Chemical) and ©&snHO (Mitsuwa Chemicals)y-Al20s and 0-Al.03 was
prepared by calcination gfAIOOH (Catapal B Alumina purchased from Sasol) for 3 h
at 900 °C and 1000 °C, respectively. Montmorillonite K10 clay and a sulfonic resins

(Amberlyst-15® and nafion-Si©® composite) were purchased from Aldrich.
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Fe**-exchanged K-10 (Fémont) was prepared by treating the clay with aqueous
solution of Fel:-6H0 for 3 h at room temperature, followed by centrifuging and
washing with deionized water four times, and by drying in vacuo at room tenyperat
The Fe content in F&mont (0.46 wt%) was determined by ICP analysis. Scandium(lll)
trifluoromethanesulfonate, Sc(O%f)was purchased from Tokyo Chemical Industry.
ZrCly was purchased from WAKO. @gHosPWi2040 was prepared by titrating
H3PW:2040 (Nippon Inorganic Color and Chemicals Co.) by aqueous solution ¢€QGs
(0.10 mol dm®) with vigorous stirring, followed by centrifuging and drying at 200 °C.

In situ IR.

In situ IR spectra were recorded by a JASCO FT/IR-4200 spectrometer equipiean

MCT detector. For the acetic acid-adsorption IR study, a closed IR cetisuwled by the
Dewar vessel was connected to an evacuation system. During the IR nmeastrthe IR

cell was cooled by freezing mixture of ethanol/liquid nitrogen in the Dewaselesnd

the thermocouple near the sample showed -75°€.5The sample was pressed into a 40
mg of self-supporting waferg= 2 cm) and mounted into the IR cell with Calindows.
Spectra were measured accumulating 15 scans at a resolution oft.4After in situ
pre-evacuation of the sample at 500 °C for 0.5 h, a reference spectrum of the sample dis
was measured at -75 £°€. Then, the sample was exposed to 2 Pa of acetic acid at -75 +
5 °C for 120 s, followed by evacuation for 500 s. Then a differential IR spectrunh, wit
respect to the reference spectrum, was recorded at -7%+ bhe pyridine-adsorption IR
study was carried out at 200 by a flow-type IR cell connected to a flow reaction
system. The IR disc of NlDs in the IR cell was first dehydrated under He flow at 5@)

and then a background spectrum was taken under He flow aPQOThen, HO (1.4
mmol/g) was introduced to NBs, followed by introduction of pyridine (0.3 mmol/g),
purging by He for 600 s, and by IR measurement of adsorbed species & 200

Catalytic tests.
We used as-received solvent without dehydration. The heterogeneous catdtysd, s
under ambient conditions, were used for catalytic reactions without any pretneatand

thus the catalyst surface was hydrated before the reaction.
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Typically, carboxylic acid (1 mmol) and amine (1 mmol) in 2 mL toluene &Adng of
Nb2Os were added to a reaction vessel (pyrex cylinder) with a reflux condensea and
magnetic stirrer. The reaction mixture was heated to reflux undeatiosphere and
stirred at 400 rpm. For azeotropic removal of water, a funnel containing 0.2 g of MS4A
on a cotton plug was placed in the upper side of the cylinder surmounted by a reflux
condenser.

After completion of the reaction, 2-propanol (4 mL) was added to the mixture, and the
Nb2Os catalyst was separated by centrifugation. For the catalytic testabie 2.1 and
Figures 2.1, 2.4, 2.5 and 2.6 the reaction mixture was analyzed by GC, and vyield of the
products were determined usingdodecane as an internal standard. For the reactions in
Tables 2.3-2.5 the product was isolated by column chromatography. Then, the resulting
product was identified using GCM&1-NMR, and'*C-NMR analyses.

NMR and GC-MS analysis

'H and'*C NMR spectra were recorded using at ambient temperature by JEOL-ECX 600
operating at 600.17 and 150.92 MHz respectively with tetramethylsilane as anainte
standard. All chemical shift$) are reported in ppm and coupling constad}sirf Hz. Al
chemical shifts are reported relative to tetramethylsilanedasdlvent peaks (77.00 ppm,
chloroform), respectively. Abbreviations used in the NMR experiments: ngjlesi d,
doublet; t, triplet; g, quartet; m, multiplet. Structure of the reported cyitides was

identified by spectral comparison with literature data or analogous tatiter data.

2.3. Results and discussion

Catalyst screening.We carried out as a model reaction between equimolar amount of
n-dodecanoic acid and aniline under azeotropic reflux conditions. Table 2.1 summarizes
the yield of the corresponding amide for various catalysts including metal oxides and
standard heterogeneous and homogeneous acid catalysts. Figure 2.1 shows dime-yiel
profiles for some representative catalysts. It is known that the directatommof amides

from reactive amines and carboxylic acids without catalyst occurs in non-pobaents
under azeotropic reflux conditioff@:*344 For the model reaction in Table 2.1, we used
aniline as one of the least reactive amines in the literature for the thexmiaation



reaction?144 We confirmed that the thermal reaction in the absence of catalyst gave only
1% vyield of the amide (entry 1). We screened 17 types of simple metal oxidegegent
2-19) including two of the hydrates (entries 4,11). Among the oxide testef)s\¢howed

the highest yield (99%) of the amide. In the literature, A/ ZnO P2 Al,Os,135:36]
ZrO2.nH0,28 SiO,,1271 Fe*-mont[3940 HY 1281 and HBEA? zeolites were reported to be
effective for the direct amidation. However, these catalysts showed |gie&d than
Nb2Os. For example, conventional solid Lewis adf84% such as Ti@ (entry 5), alumina
(entries 8,9) and F&mont (entry 20) gave low to moderate yields (9-66%). Basic oxides
(MgO, CaO) were ineffective. In the dehydrative amide condensation reactaier
produced during the reaction can suppress the catalytic activity by strong aolsarpt
acid sites of catalysts. Thus, water-tolerant acid catalysyshaaffective for the reaction.
We tested water-tolerant Bragnsted acidic heterogeneous catélystgh as a high-silica
zeolite (HMFI, entry 23), Cs-exchanged heteropoly acid (entry 24) and thec aeisin,
Amberlyst-15 (entry 25) and Nafion-Si@entry 26), and a water-tolerant homogeneous
Lewis acidl*®! such as Sc(OT$)(entry 27). However, these water-tolerant acid catalysts
gave lower yield of the amide (2-30%) than Xl3. Homogenous Brgnsted acids such as
sulfuric acid (entry 29) ang-toluenesulfonic acid (PTSA, entry 30) also gave low yields.
A hydrate of NROs called niobic acid (entry 4), which has been studied as water-tolerant

Lewis acid catalyst” gave lower yield (74%) than Ns.

Lewis acidity of Nb2Os. In our previous IR study of pyridine adsorption on 4, we
showed that surface acid sites of dehydrateddbare mainly Lewis acidic sites
(exposed NB' cations)* Figure 2.2 shows the IR spectrum of pyridine adsorbed on
dehydrated and rehydrated Xl3. These spectra have basically the same features; the
band at 1445 crmdue to coordinated pyridine on Lewis acid site (exposeé ations)

is dominant rather than the band at 1540%xdue to pyridinium ion due to Brgnsted acid
sites. The result shows that water does not essentially change the IR spectadsoidfed
pyridine; NlzOs is predominantly Lewis acidic even after re-hydratido investigate the
Lewis acid-base interaction between the Nb site and a carbonyl group of a model
carboxylic acid, we measured in situ IR spectrum of acetic acid adsamétrOs. The

spectrum (Figure 2.3) showed a C=0 stretching band of the adsorbed acetiecagic{
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lower wavenumber (1686 cfp than non Lewis acidic oxide, S¥kO(1703 cm') and
conventional Lewis acidic oxides: T¥O(1695 cmt) and AkOz (1697 cmt). This
indicates that the surface of Mbs has the most effective Lewis acid sites for activation

of the C=0 bond of the carboxylic acid.

Base-tolerant catalysis of NbOs for amidation. Lewis acidic catalysts for the direct
amidation should work even in the presence of water, because the reactasmwater as
coproduct. We studied the effect of water removal and water addition on theyighae-
profiles for some Lewis acidic metal oxide catalysts {8 TiO. and AbOs) for the
model amidation oh-dodecanoic acid and aniline (Figure 2.1). For all the catalysts, the
standard azeotropic reflux conditions gave higher activity than the reactitrowvi
azeotropic water removal, and the reaction without azeotropic water rematral3w
mmol H0 in the initial mixture gave the lowest activity. However, the negative chpa
the water was lower for Ni®s than TiQ and AkOs. As shown in Figure 2.4, the initial
rate of amide formation with Ns and TiQ decreased with increase in the initial
concentration of water. This indicates that water inhibits the activity aseh=atalysts.
The slope was lower for NKs than TiQ, and the reaction orders with respect to water
were -0.3 and -1.8 for Ni®s and TiQ, respectively. This indicates that water-tolerance of
Nb2Os is higher than TiQ.

ZrCls is a well established Lewis acidic homogenous catalyst for the direct
amidation?0-2?1 Generally, the activity of homogeneous Lewis acid can be reduced by
water and organic bases. To compares base-tolerance of @m@INbOs, we measured
the yield of the amide in the standard reaction for 30 h with Zi&€INb,Os under the
azeotropic reflux conditions in the absence or presence of 0.5 equiv. of basic additives:
H20, 2,6-dimethylpyridine, pyridine, and triethylamine (Figure 2.4). Although weluse
the same molar amount of the catalyst (0.38 mmol), Zuzis dissolved in the reaction
mixture while NkOs was insoluble. Clearly, the additive-free condition gave higher yield
for both catalysts, but negative effects of the additives were lower faOthan ZrCh.

Note that 0.5 mmol of the basic molecules added to the mixture is 172 times |neger t
the number of surface Lewis acid sites on the®4catalyst used. This suggests that the

active site (NB* Lewis acid site) interacts preferentially with the reactantlfoaylic acid)



in the presence of excess amount of basic molecules. Summarizing the aboe vesult
can conclude that Lewis acid site of dI has higher tolerance to basic molecules than
conventional solid Lewis acids and a typical homogeneous Lewis acid. The toksernt
character of the N3 Lewis acid sites of niobium oxide is consistent with the pioneering
work by Nakajima et altl

Performance of NkpOs-catalyzed amidation. As listed in Table 2.2, the turnover
number (TON) with respect to the Lewis acid site of.8b (341) was more than 200
times higher than those of Zr{a well established homogenous catalyst for the direct
amidatior?>-??) and Sc(OTf) (a well established “water-tolerant” Lewis aéf#). TON of
Nb2Os was 5 times larger than that of TiCAs discussed in the above section, the higher
catalytic efficiency of NbOs can be due to the higher water-tolerance and more effective
Lewis acid activation of the C=0 bond by bs than TiG. It is important to note that
the water-tolerance of NBs enabled the amidation without azeotropic water removal;
the reaction by NEOs under simple reflux condition for 40 h resulted in 96% yield of the
amide (Table 2.1, entry 3).

We studied the reusability of N@s. After the standard reaction (Table 2.1, entry 2),
the catalyst was separated from the mixture by centrifugation, followed Bhing with
acetone, and by drying at 90 °C for 3 h. ICP-AES analysis of the solution confirnaed t
the content of Nb in the solution was below the detection limit. The recoveredysat
was reused five times without a marked loss of its catalytic activiiguie 2.6). For the
standard reaction, the reaction was completely terminated by removingotde dhtalyst
from the reaction mixture after 4 h (at 19% yield), and further heating of ttnaté for 26
h did not increase the yield. These results indicate thaiOdlacts as a reusable
heterogeneous catalyst.

Then, we explored the generality and scope of theQdbcatalyzed direct amidation
of carboxyl acids with different amines (Table 2.3-2.5). As listed in Table ZBinas
(entries 1-6) with electron-donating and electron-withdrawing functional grdagrgyl
amines (entries 7-9) with electron-rich and electron-poor ring, heteroamraatine
(entry 10), aliphatic primary amines (entries 11-13) with various functiomalms

(phenyl, -C=C and hydroxyl groups, reacted with equimolar amountdgdecanoic acid
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to give the corresponding amide in good to high isolated yields (80-98%). Due tovthe |
nucleophilicity, the least reactive amines, -Br and -ClI substitutednasil{entries 5,6) and
allylamine (entry 12) required higher temperature (reflun-ixylene). A secondary amine,
morpholine (entry 14) was also tolerated to give the corresponding tertialjeamhigh
yield.

Table 2.4 shows that the method is also effective for the amidation of various
carboxylic acids with a less nucleophilic amine, aniline. Linear aliphaiboxylic acids
(entries 1-5) and a less reactive carboxylic acid, benzoic acid (entry &) seaverted to
the corresponding amides in good to high isolated yield (81-98%). Amidation of a
heteroaromatic carboxylic acid, pyridine-2-carboxylic acid (entry 7)hwvienzylamine
was also succeeded to give 90% yield of the product.

Finally, we tested the amidation of more challenging carboxylic acidey(roxy,
B-hydroxy andp-thio carboxylic acids) with various amines under azeotropic reflux in
o-xylene (Table 2.5). It should be noted that only one report by Ishihara et al. have
succeeded in the direct amidation @hydroxy carboxylic acids with amines, but the
previous method using MeB(OHtatalyst is not effective for less reactive amines such
as aniline!® To our delight, our method was applicable to the synthesis of amides from
aniline anda-hydroxycarboxylic acids (entries 1,3) an@-dhiocarboxylic acid (entry 6).

The a-hydroxycarboxylic acids include an important biomass-derived chemicdic lac
acid (entries 1,2), demonstrating that our method can contribute to production of fine
chemicals from biomass feedstock. The method was also effective for tldatzoni of a
B-hydroxycarboxylic acid, salicylic acid (entry 5), with benzylaminedagave the
corresponding amide in 95% vyield. We tentatively assume that the unprecedentedly
efficient catalysis of NBOs for the amidation of challenging substrates is caused by the
base-tolerant Lewis acid-activation of carboxylic acids, which is evieénby IR
(Figures 2.2 and 2.3) and kinetic studies (Figures 2.1, 2.4, and 2.6).

2.4. Conclusion
We have presented a versatile and sustainable method for direct amidation of
carboxylic acids with various amines using 3 as a reusable, inexpensive, and

commercially available heterogeneous catalyst. This simple and ataiesetffmethod



tolerates various functional groups and is applicable to challenging substrateasuc
anilines andu-hydroxycarboxylic acids. The Lewis acid site of X3, as the active site
for the amidation, has higher tolerance to the co-present basic molecules amate
tertially and heteroaromatic amines) than the state-of-the-art homogernewis acid
catalyst for the amidation (Zr@land conventional Lewis acidic heterogeneous catalysts
(Al203, TiOy), which results in higher catalytic activity of M®s than these catalysts.
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Figure 2.1.Time-yield profiles for amidation of-dodecanoic acid (1 mmol) with aniline
(1 mmol) catalyzed by metal oxides (50 mg) in different condition3:azeotropic reflux;
(e) reflux (without azeotropic water removal)A) reflux with 3 mmol of KO in the

initial mixture.
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Figure 2.2. IR spectra of pyridine adsorbed on dehydrated:®éb(dashed line) and
rehydrated NEOs (solid line) at 200°C.
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Figure 2.4. Initial rate for amidation oh-dodecanoic acid with aniline by} Nb-Os and

(e) TiO2 as a function of the initial concentration of wat€io = 1.1 to 3.4 M).
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Figure 2.5.Yield of amide for the reaction af-dodecanoic acid with aniline for 30 h by
Nb2Os (50 mg, 0.38 mmol) and Zr&(50 mg, 0.38 mmol) in the absence and presence of
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Figure 2.6. Reusability of NBOs (50 mg) for amidation oh-dodecanoic acid (1 mmol)

with aniline (1 mmol) in toluene reflux conditions for 30 h.
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Table 2.1.Catalyst screening for amidation efdodecanoic acid with aniline.

I'I-C1 1 H23)J\OH + H2N©

50 mg cat. 0 /@
2 mL toluene )J\ *+H0

1 mmol 1mmol  azeotropic reflux 1-Co1Hz3 |':l|
30h
Entry Catalyst Yield
1 no catalyst 1
2 NbOs 99
3] Nb2Os 96
4 Niobic acid 74
5 TiO2 51
6 Zn0O 21
7 WGs 16
8 0-Al 203 11
9 v-Al203 9
10 MoGs 9
11 ZrQ-nH20 9
12 CeQ 7
13 VAL®)) 6
14 TaOs 6
15 CaO 5
16 SnQ 5
17 MgO 1
19 SiQ 13
20 Feé*-mont 66
21 HY 7
22 HBEA 27
23 HMFI 26
24 C39.5sHo.sPW12040 7
25 Amberlyst-15 4
26 Nafion-SiQ 30
27 Sc(OTf 2
28 ZrCly 71
294 H.SQy 1
30 PTSA 19
[al GC yields.

bl Under reflux conditions without azeotropic water removal for 40 h.
[ Aqueous solution of 30 wt% $Qu.



Table 2.2.Summary of IR and kinetic results.

[LA] @ ve=o B/ TOF [/t
Catalyst NH20©! TON [
/mmolg* cnrt
Nb2Os 0.058 1686 -04 114 341
TiO2 0.083 1695 -1.8 2.0 61
ZrCls 43¢l - - 0.006 1.7
Sc(OTfs  2.0¢ - - 0.003 0.1

[al The number of Lewis acid sites on the surface of oxides§tand TiQ, estimated by
pyridine adsorption at 200°C, which were reported in ref. 45.

bl Position ofuc-o0 IR band of adsorbed acetic acid (Figure 2.4).

[l Reaction order with respect to water (Figure 2.2).

[ Calculated with the number of Lewis acid site and the catalytic resulable 2.1.

!l Based on molecular weight of the salts.

Table 2.3.Nb>Os—catalyzed amidation af-dodecanoic acid with various amines.

j\ 50 mg Nb,O £
mg Nb2Us
+ N
. OH HN R ~._ t+ HO
117123 2 2mLtoluene  M-Ca1Hag H R
1 mmol 1 mmol azeotropic reflux
30h
' Yield [
Entry Amine Product
[%]

o)
) 2L e
CuHzm N
H
CH
0 3
HZN—@CH3 98
CiHzs™ N
H
o OCHs
3 HZNOOCH3 P'§ 97
C11Hz3 H

F
(6]
4 HN—(  )—F /©/
2 C11H23)LN 98



5[] HoN

Br
R gy 2Ly
C1qHag

CHs
X
HoN
9 /\©\ CaaHo3 N/\©\
Cl cl
0
(0]
HoN
10 =1y Cute N
H [
Y
o
11 Q0 3
H,N C11H23)kN
H
o
b =
1201 HNT Cqus)LN/\/

AN
13 H,N OH (;MHZSAH/\/\/\OH

14 HN O Cuhos” TN
/ _

80

97

88

80

94

95

83

98

96

81

@l |solated yields.

bl Undero-xylene reflux.
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Table 2.4. NbOs—catalyzed amidation of various carboxylic acids with aniline or

benzylamine.
(0] 50mg Nb205
- T . O
RJ\OH + HZN@ 2mL toluene RJ\N/© + H0
1 mmol 1 mmol azeotrgglﬁ reflux H
Entry Acid Product Yield?d [%]
g 2
1 80
)J\OH N
H
0 ol /@
2 C4Hg~ “OH C4H9)J\H 83
o] o) /@
3 C5H11 OH C5H11 H 81
b o) 0 /@
4 Cngg)J\OH Cngg)J\H 98
(0]
Ao 210 o
5 CysH OH
157131 C15H31 H
i ¢
giealvaadii,
H

® D
710l NN OH N 90

o} o

[@ |solated yields.

bl Undero-xylene reflux.
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Table 2.5. Nb2Os—catalyzed amidation o@i-hydroxy andp-thio carboxylic acids with

amineda

Entry Acid Product Yield [%0]

OH OH |,
)\g/OH )\g/N\© 69
OH OH H
7 )I(OH /}O(NV\Q 80
OH OH
N
/’\gOH M @ 71

a1 IN

g o; go
T o

T

O %

e o
© o
a1 a1

[ Carboxylic acid (1 mmol), amine (1 mmok;xylene (2 mL), azeotropic reflux, 30 h.

Yields are based on isolated yields.



NMR and GC-MS analysis:

Dodecanoic acid phenylamidé

2 3
C11H23 H

1H NMR (600.17 MHz, CDGJ, TMS): & 7.51 (d,J = 7.56 Hz, 2H), 7.41 (br s, 1H, -NH),
7.29 (t,J= 7.56 Hz, 2H), 7.08 (t)= 7.56 Hz, 1H), 2.33 ()= 7.56 Hz, 2H), 1.73-1.68 (m,

2H), 1.36-1.25 (m, 16H), 0.87 (§ = 7.56 Hz, 3H);13C NMR (150.92 MHz, CDGJ) &
171.54, 137.98, 128.90 (Cx2), 124.10, 119.80 (Cx2), 37.79, 31.87, 29.58(Cx2), 29.46,
29.36, 29.30, 29.25, 25.63, 22.64, 14.07; GC-MS m/e 275.225,

Dodecanoic acid p-tolylamide®!

CH
OO
C11Hoz H

1H NMR (600.17 MHz, CDCJ, TMS): & 7.38 (d,J = 7.89 Hz, 2H), 7.24 (br s, 1H, -NH),
7.10 (d,J= 7.89 Hz, 2H), 2.35-2.31 (m, 2H), 2.30 (s, 3H), 1.73-1.68 (m, 2H), 1.36-1.25
(m, 16H), 0.87 (tJ = 6.90 Hz, 3H):33C NMR (150.92 MHz, CDGJ) 5 171.39, 135.36,
133.72, 129.40 (Cx2), 119.87 (Cx2), 37.76, 31.87, 29.58 (Cx2), 29.46, 29.36, 29.30,
29.26, 25.66, 22.66, 20.81, 14.07; GC-MS m/e 289.240.

Dodecanoic acid (4-methoxy-phenyl)-amidé’]

OCH
i /@/ 3
C11H23 H

1H NMR (600.17 MHz, CDGJ, TMS): & 7.38 (d,J = 4.14 Hz, 2H), 7.05 (br s, 1H, -NH),
7.10 (d,Jd= 4.14 Hz, 2H), 3.78 (s, 3H), 2.32 (8 = 7.56 Hz, 2H), 1.74-1.69 (m, 2H),
1.589-1.1587 (m, 2H), 1.38-1.20 (m, 14H), 0.87 J & 6.84 Hz, 3H);13C NMR (150.92
MHz, CDCk) 5 171.10, 156.30, 130.87, 121.66 (Cx2), 114.09 (Cx2), 55.51, 37.68, 32.03,
29.58 (Cx2), 29.47, 29.36, 29.31, 29.27, 25.69, 22.66, 14.11; GC-MS m/e 305.235.

Dodecanoic acid (4-fluoro-phenyl)-amidée

F
$ LY
C11H23 H

4C



IH NMR (600.17 MHz, CDCJ, TMS): § 7.48-7.44 (m, 2H), 7.29 (br s, 1H, -NH),
7.01-6.98 (m, 2H), 2.33 (tJ = 7.56 Hz, 2H), 1.73-1.698 (m, 2H), 1.36-1.25 (m, 16H),
0.87 (1, J = 6.84 Hz, 3H);13C NMR (150.92 MHz, CDGJ) & 171.42, 159.27 (d) =
241.84 Hz, 4-F-C ), 133.89, 121.60 (@= 8.05 Hzmetato 4-F, Cx2), 115.55 (dJ =
23.04 Hz,ortho to 4-F, Cx2), 37.64, 31.87, 29.58 (Cx2), 29.45, 29.35, 29.30, 29.25,
25.60, 22.66, 14.09; GC-MS m/e 293.215.

Dodecanoic acid (4-chloro-phenyl)-amide?!

Cl
ySl
C11Ho3 H

IH NMR (600.17 MHz, CDCJ, TMS): § 7.46 (d,J = 6.87 Hz, 2H), 7.34 (br s, 1H, -NH),
7.25 (d,J= 6.87 Hz, 2H), 2.33 (tJ = 7.56 Hz, 2H), 1.72-1.68 (m, 2H), 1.40-1.21 (m,
16H), 0.87 (t,J = 13.74 Hz, 3H);*C NMR (150.92 MHz, CDQJ) § 171.52, 136.49,
129.06, 128.93 (Cx2), 120.99 (Cx2), 37.73, 31.87, 29.58 (Cx2), 29.45, 29.34, 29.30,
29.23, 25.54, 22.66, 14.09; GC-MS m/e 309.185.

Dodecanoic acid (4-bromo-phenyl)-amidd®!

Br
el
C11H23 H

IH NMR (600.17 MHz, CDGJ, TMS): § 7.42 (br s, 4H), 7.09 (br s, 1H, -NH), 2.34 {t=

7.56 Hz, 2H), 1.74-1.69 (m, 2H), 1.59-1.56 (m, 2H), 1.36-1.20 (m, 14H), 0.87 #,
14.46 Hz, 3H):13C NMR (150.92 MHz, CDGJ) § 171.57, 137.00, 131.86 (Cx2), 121.33
(Cx2), 116.65, 37.73, 31.87, 29.57 (Cx2), 29.45, 29.34, 29.30, 29.23, 25.52, 22.65, 14.09;
GC-MS m/e 353.135.

Dodecanoic acid benzylamidé?!
o)

Clles)J\H/\©

IH NMR (600.17 MHz, CDGJ, TMS): § 7.35-7.32 (m, 2H), 7.28-7.27 (m, 3H), 5.68 (br s,
1H, -NH), 4.42 (d,J= 5.46 Hz, 2H), 2.20 (tJ= 7.56 Hz, 2H), 1.67-1.62 (m, 2H),
1.30-1.25 (m, 16H), 0.87 (f] = 6.90 Hz, 3H);13C NMR (150.92 MHz, CDGJ) § 172.84,
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138.28, 128.70 (Cx2), 127.83 (Cx2), 127.50, 43.59, 36.83, 31.90, 29.59 (Cx2), 29.48,
29.34,29.32, 25.76, 22.67, 14.12; GC-MS m/e 289.240.

Dodecanoic acid 4-methyl-benzylamide:
0

CqH )]\N
117123 H/\©\
CHs;

1H NMR (600.17 MHz, CDGJ, TMS): § 7.16 (d,J = 8.25 Hz, 2H), 7.13 (dJ = 8.25 Hz,

2H), 5.67 (br s, 1H, -NH), 4.39 (dl= 5.46 Hz, 2H), 2.33 (s, 3H), 2.18 (= 7.56 Hz,

2H), 1.66-1.61 (m, 2H), 1.30-1.20 (m, 16H), 0.87Jt 6.9 Hz, 3H);33C NMR (150.92
MHz, CDCl) § 172.89, 137.19, 135.34, 129.34 (Cx2), 127.83 (Cx2), 43.32, 36.83, 31.88,
29.58(Cx2), 29.46, 29.31(Cx2), 29.29, 25.75, 22.66, 21.07, 14.10; GC-MS m/e 303.255.

Dodecanoic acid 4-chloro-benzylamide:
0

Cl

IH NMR (600.17 MHz, CDCJ, TMS):  7.29 (d,J = 8.25 Hz, 2H), 7.20 (dJ = 8.25 Hz,

2H), 5.75 (br s, 1H, -NH), 4.40 (di= 6.18 Hz, 2H), 2.20 ()= 7.56 Hz, 2H), 1.67-1.62

(m, 2H), 1.30-1.25 (m, 16H), 0.88 @,= 6.60 Hz, 3H):3C NMR (150.92 MHz, CDG)) &
173.06, 137.02, 133.28, 129.13 (Cx2), 128.81 (Cx2), 42.83, 36.78, 31.91, 29.60(Cx2),
29.49, 29.34(Cx2), 29.31, 25.73, 22.69, 14.13; GC-MS m/e 323.200.

Dodecanoic acid (furan-2-ylmethyl)-amide:
0

C11H23 H I 3
1H NMR (600.17 MHz, CDCJ, TMS): § 7.35 (d,J = 1.14 Hz, 1H), 6.32-6.31(m, 1H),
6.22 (d,J = 2.76 Hz, 1H), 5.81 (br s, 1H, -NH), 4.42 (@ 5.52 Hz, 2H), 2.19 (t)= 7.56

Hz, 2H), 1.65-1.60 (m, 2H), 1.34-1.20 (m, 16H), 0.87It 6.84 Hz, 3H);*C NMR
(150.92 MHz, CDQJ) 6 172.83, 151.38, 142.13, 110.43, 107.36, 36.67, 36.41, 31.88,

29.58(Cx2), 29.45, 29.31(Cx2), 29.24, 25.62, 22.66, 14.10; GC-MS m/e 279.220.
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Dodecanoic acid phenethyl-amidé®!

)(J)\ /\/©
C11Hoz N

IH NMR (600.17 MHz, CDCJ, TMS): § 7.31 (t,J = 4.36 Hz, 2H), 7.23 (t) = 4.36 Hz,

1H), 7.19 (d,J= 4.36 Hz, 2H), 5.52 (br s, 1H, -NH), 3.53-3.50 (m, 2H), 2.81J(% 6.90

Hz, 2H), 2.11 (tJ = 7.50 Hz, 2H), 1.59-1.55 (m, 2H), 1.31-1.25 (m, 16H), 0.87 &,6.9

Hz, 3H); 3C NMR (150.92 MHz, CDGJ) 5 173.09, 138.91, 128.72(Cx2), 128.57(Cx2),
126.44, 40.44, 36.67, 36.81, 35.68, 31.87, 29.57, 29.45, 29.32, 29.29, 29.23, 25.72, 22.65,
14.09; GC-MS m/e 303.255.

Dodecanoic acid allylamide:
0
CllHZS)]\H/\/

IH NMR (600.17 MHz, CDCJ, TMS): § 5.86-5.81 (m, 1H), 5.55 (br s, 1H, -NH),
5.19-5.12 (m, 2H), 3.89-3.87 (m, 2H), 2.19 {= 7.56 Hz, 2H), 1.66-1.61 (m, 2H),
1.30-1.21 (m, 16H), 0.87 (] = 6.9 Hz, 3H);13C NMR (150.92 MHz, CDGJ) § 172.92,
134.36, 116.25, 41.82, 36.80, 31.87, 29.57 (Cx2), 29.45, 29.32, 29.29 (Cx2), 25.75, 22.65,
14.09; GC-MS m/e 239.225.

Dodecanoic acid (5-hydroxy-pentyl)-amide:
0
Clleg)J\H/\/\/\OH

IH NMR (600.17 MHz, CDCJ, TMS): § 5.65 (br s, 1H, -NH), 3.64 (1] = 13.26 Hz, 2H),
3.27-3.24 (m, 2H), 2.15 (t) = 7.56 Hz, 2H), 2.00 (br s, 1H, -OH), 1.63-1.57 (m, 4H),
1.55-1.51 (m, 2H), 1.43-1.38 (m, 2H), 1.29-1.25 (m, 16H), 0.89 &,6.9 Hz, 3H):13C
NMR (150.92 MHz, CDG) § 173.31, 62.50, 39.26, 36.89, 32.16, 31.88, 29.59(Cx2),
29.49, 29.41, 29.35, 29.31 (Cx2), 25.82, 23.01, 22.66, 14.10; GC-MS m/e 285.265.

1-Morpholin-4-yl-dodecan-1-onef!
o)

C11H23)J\N
@

O
IH NMR (600.17 MHz, CDCJ, TMS): § 3.66 (d,J = 3.48 Hz, 4H), 3.61 (s, 2H), 3.46 (s,
2H ), 3.32-3.27 (m, 2H), 1.63-1.60 (m, 2H), 1.30-1.25 (m, 16H), 0.8T 6.9 Hz, 3H);



13C NMR (150.92 MHz, CDGJ) § 171.81, 66.85, 66.59, 45.95, 41.75, 33.03, 31.80, 29.50
(Cx2), 29.39, 29.36, 29.32, 29.22, 25.16, 22.57, 14.01; GC-MS m/e 269.235.
N-Phenyl-acetamidefl]

0 /@
AH
IH NMR (600.17 MHz, CDCJ, TMS): & 7.63 (br s, 1H, -NH), 7.50 (d] = 7.80 Hz, 2H),
7.30 (t,J = 7.80 Hz, 2H), 7.09 (t) = 7.80 Hz, 1H), 2.15 (s, 3H}*C NMR (150.92 MHz,
CDCl3) 6 168.55, 137.88, 128.91 (Cx2), 124.25, 119.92(Cx2), 24.50; GC-MS ml/e
135.060.

Pentanoic acid phenylamidet!

e
C4H9)LH

1H NMR (600.17 MHz, CDGJ, TMS): & 8.49 (br s, 1H, -NH), 7.53 (d] = 7.92 Hz, 2H),

7.23 (t,J = 7.92 Hz, 2H), 7.05 (] = 7.92 Hz, 1H), 2.32 (t] = 7.56 Hz, 2H), 1.69-1.62

(m, 2H), 1.37-1.31 (m, 2H), 0.88 (§,= 6.72 Hz, 3H)::3C NMR (150.92 MHz, CDGJ) &
172.35, 138.08, 129.08 (Cx2), 123.94, 120.14 (Cx2), 37.12, 27.69, 22.21, 13.64; GC-MS
m/e 177.115.

Hexanoic acid phenylamidet?

2,

H

IH NMR (600.17 MHz, CDGJ, TMS): & 7.51 (d,J = 7.56 Hz, 2H), 7.41 (br s, 1H, -NH),
7.30 (t,J = 7.56 Hz, 2H), 7.09 (] = 7.56 Hz, 1H), 2.35-2.33 (m, 2H), 1.74-1.69 (m, 2H),
1.34-1.31 (m, 4H), 0.90 (1] = 5.52 Hz, 3H):*C NMR (150.92 MHz, CDGJ) § 171.60,
137.93, 128.92 (Cx2), 124.12, 119.80 (Cx2), 37.73, 31.38, 25.31, 22.39, 13.90; GC-MS
m/e 191.130.

Decanoic acid phenylamidég?®!

o) @
C9H19)J\H
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IH NMR (600.17 MHz, CDGJ, TMS): § 7.51 (d,J = 8.04 Hz, 2H), 7.31 (tJ = 8.04 Hz,

2H), 7.29 (br s, 1H, -NH), 7.09 (i = 8.04 Hz, 1H), 2.34 (tJ = 7.56 Hz, 2H), 1.74-1.69

(m, 2H), 1.37-1.20 (m, 12H), 0.87 @,= 6.90 Hz, 3H);13C NMR (150.92 MHz, CDG)) 5
171.45, 137.94, 128.95 (Cx2), 124.12, 119.74 (Cx2), 37.83, 31.83, 29.42, 29.36, 29.25
(Cx2), 25.62, 22.64, 14.09; GC-MS m/e 247.190.

Hexadecanoic acid phenylamidé**!

1 0
CisHag H

'H NMR (600.17 MHz, CDGQ, TMS): 6 7.51 (d,J = 7.80 Hz, 2H), 7.31 (tJ = 7.80 Hz,

2H), 7.14 (br s, 1H, -NH), 7.09 (i = 7.80 Hz, 1H), 2.35 (tJ = 7.56 Hz, 2H), 1.74-1.70

(m, 2H), 1.31-1.25 (m, 24H), 0.87 @,= 6.90 Hz, 3H):3C NMR (150.92 MHz, CDG)) &
171.56, 137.91, 128.96 (Cx2), 124.13, 119.73 (Cx2), 37.85, 31.91(Cx2), 29.67 (Cx2),
29.64, 29.60, 29.47, 29.34 (Cx2), 29.26, 25.62, 22.68(Cx2), 14.11; GC-MS m/e 331.290.
N-Phenyl-benzamidet®!

o) /@
O
IH NMR (600.17 MHz, CDGJ, TMS): 8 8.11 (d,J = 7.72 Hz, 1H), 7.94 (br s, 1H, -NH),
7.86 (d,J = 7.72 Hz, 2H), 7.63 (dJ = 7.72 Hz, 2H), 7.52 (t) = 7.72 Hz, 1H), 7.48-7.45
(m, 2H), 7.37-7.34 (m, 1H), 7.16-7.13 (m, 1H¥C NMR (150.92 MHz, CDGQ): &
165.82, 137.87, 134.93, 133.67, 131.82, 130.15, 129.06 (Cx2), 128.75, 128.44, 127.01,

124.56, 120.22; GC-MS m/e 197.085.

Pyridine-2-carboxylic acid benzylamide!*6l

IH NMR (600.17 MHz, CDCJ, TMS): § 8.51 (d,J = 4.14 Hz, 1H), 8.40 (br s, 1H, -NH),
8.23 (d,J = 8.28 Hz, 1H), 7.87-7.82 (m, 1H), 7.41-7.40 (m, 1H), 7.37-7.35 (m, 2H),
7.34-7.32 (m, 2H), 7.27 (t) = 7.56 Hz, 1H), 4.67 (dJ = 5.52 Hz, 1H):3C NMR
(150.92 MHz, CDG)): & 164.14, 149.75, 147,99, 138.15, 137.26, 128.61(Cx2),
127.76(Cx2), 127.37, 126.11, 122.25, 43.38; GC-MS m/e 212.092.



2-Hydroxy-N-phenyl-propionamide:*]

a9
IH NMR (600.17 MHz, CDCJ, TMS): § 8.70 (br s, 1H, -NH), 7.49 (d] = 7.78 Hz, 2H),
7.28 (t,J = 7.78 Hz, 2H), 7.10 (tJ = 7.78 Hz, 1H), 4.34 (br s, 1H, -OH), 4.29-4.25 (m,
1H), 1.45 (d,J = 6.90 Hz, 3H);}3C NMR (150.92 MHz, CDGJ) 5 173.38, 136.87, 128.93
(Cx2), 124.65, 119.96 (Cx2), 68.53, 20.88; GC-MS m/e 165.080.
2-Hydroxy-N-phenethyl-propionamide:[18l

OHH

)\H/N

IH NMR (600.17 MHz, CDGJ, TMS): § 7.27 (t,d = 7.14 Hz, 2H), 7.19 (t] = 7.14 Hz,

1H), 7.16 (d,J = 7.14 Hz, 2H), 7.02 (br s, 1H, -NH), 4.64 (br s, 1H, -OH), 4.14-4.11 (m,
1H), 3.50-3.40 (M, 2H), 2.81-2.74 (m, 2H), 1.33 {c= 6.84 Hz, 3H)13C NMR (150.92

MHz, CDCl) § 175.23, 138.41, 128.52 (Cx2), 128.43 (Cx2), 126.37, 67.96, 40.07, 35.47,

20.92; GC-MS m/e 193.110.
2-Hydroxy-2-methyl-N-phenyl-propionamide:*°

T
IH NMR (399.78 MHz, CDCJ, TMS): & 8.77 (br s, 1H, -NH), 7.54 (d] = 7.57 Hz, 2H),
7.30 (t,d = 7.57 Hz, 2H), 7.10 () = 7.57 Hz, 1H), 3.17 (br s, 1H, -OH), 1.52 (br s, 6H);
13C NMR (100.52 MHz, CDGJ) § 174.50, 137.40, 128.96 (Cx2), 124.34, 119.62 (Cx2),

74.06, 27.82; GC-MS m/e 179.095.
2-Hydroxy-2,N-diphenyl-acetamide!?’l

GA L

IH NMR (600.17 MHz, CDGJ, TMS): 8 8.30 (br s, 1H, -NH), 7.78-7.28 (m, 10H), 5.09

(s, 1H), 3.83 (br s, 1H, -OH)J*C NMR (150.92 MHz, CDGJ) § 170.12, 139.23, 137.01,
128.99 (Cx2), 128.86 (Cx2), 128.76, 126.80 (Cx2), 124.68, 119.80 (Cx2), 74.23; GC-MS
m/e 227.095.
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N-Benzyl-2-hydroxy-benzamidet?!l
O

CLy O

IH NMR (600.17 MHz, CDGJ, TMS): & 12.31 (br s, 1H, -NH), 7.40-7.38 (m, 1H),
7.37-7.36 (M, 2H), 7.35-7.34 (m, 2H), 7.33-7.31 (m, 2H), 6.98)@,8.28 Hz, 1H), 6.81

(t, J = 7.98 Hz, 1H), 6.60 (br s, 1H, -OH), 4.62 (@= 5.52 Hz, 2H);33C NMR (150.92
MHz, CDCk) § 169.81, 161.63, 137.39, 134.35(Cx2), 128.91(Cx2), 127.91(Cx2), 125.33,
118.68 (Cx2), 114.09, 43.69 ; GC-MS m/e 227.092.

2-Mercapto-N-phenyl-benzamidet??

&i’NO

H

IH NMR (600.17 MHz, DMSO-¢, TMS): 3 10.60 (br s, 1H, -NH), 7.82-7.77 (m, 4H),
7.56-7.54 (m, 1H), 7.44-7.38 (m, 3H), 7.18 Jt= 8.22 Hz, 1H), 3.37(br s, 1H, -SHY*C
NMR (150.92 MHz, DMSO-g): 5 166.62, 139.78, 137.37, 135.60, 132.38, 129.69 (Cx2),
129.42, 127.31, 127.18, 124.92, 121.05 (Cx2); GC-MS m/e 229.055.
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Chapter 3

Heterogeneous Catalysis of NiDs for Direct Amidation

of Esters
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3.1. Introduction

Amides are ubiquitous and important functional groups in natural and synthetic organic
compounds, such as pharmaceutically and biologically important compé&uidgsides

can be prepared from the reaction of amines with carboxylic &@idster§°! or amides
(transamidationlt® Conventionally, the reaction of carboxylic acids with amines is
performed via an activated carboxylic acid derivatives, such as caiboxgid
anhydrides or acyl chlorides, or using stoichiometric amount of condensation re@&g@ents
which generates large amount of unwanted co-products. Recently, atorergfiaitalytic
methods for direct amidation of carboxylic acids with amines have been devétbped.
Considering the corrosive nature of carboxylic acids, direct amidation of @ssstve
esters with amines can be a promising alternative method of amide production in
chemical industry.

Several non-catalytic methods are reported for direct amidation of estéramines
using large amount of promoters, which suffer from low atom efficiency due to
generation of stoichiometric amount of unwanted co-prodéicfo overcome these
problems, homogeneous catalytic methb8have also been developed for amidation of
esters with amines, but the reported methods suffer from drawbacks, includirtgdi
substrate scope, high catalyst loading (> 10 mol% with respect to substmateneed of
additives. For example, the catalytic methods wittheterocyclic carbin&2 KzPQy 42!
and organo-bagdé;“d tolerate only amino alcohols as amines. Although Sh(&JEt)
Zr(Ot-Bu)4,5®! triazabicyclo[4.4.0]dec-5-erfef] and ionic liquid®Y are effective catalysts
for the amidation of ester with various amines, these systems requiredtajlist loading.
Recently, sodium methoxitfe and La(OTf}"! have been reported as more effective
catalysts for amidation of esters with various amines, though these methedsoa
effective for the amidation with less reactive amines such as anilinel®2Rand
Ir-complexe&! catalyze direst amidation from esters and amines driven by
hydrogen-transfer-type mechanism with liberation of Hhese excellent homogeneous
catalytic systems suffer from difficulties in catalyst reuse aaiglgst/product separation,
necessities of solvent and additives. A few heterogeneous catalysts (molatnieril
clay®®! and AbOs*"!) catalyzed the reaction of methyl benzoate with \td give

benzamide and benzonitrile. However, the yields of the amide were low and sebstrat
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scope of various esters and amines was not reported. Thus, it is highly desirelapde
a reusable heterogeneous catalytic method for direct amidation from varieus astl
amines under additive-free and solvent-free conditions.

Our group has studied amide bond formation from amines and amides using
heterogeneous Lewis acidic catalydtsRecently, we reported the first example of direct
synthesis of cyclic imines from dicarboxylic acids and amines byNlas reusable
Lewis acid catalyst. In the course of our continuous efforts on Lewis acalysa of
metal oxides, we have found that M is an effective and reusable catalyst for direct
amidation of esters with amines. Herein we report the first success@mple of a
reusable catalyst for direct synthesis of amide from various esters amksanThe
method has higher activity than recent homogeneous catalytic metribtigrared (IR)
spectroscopic and kinetic results suggest that the high catalytic afficief NbOs can
be due to activation of ester by Lewis acid sites ob@dwith base-tolerant nature.

3.2. Experimental

General

Commercially available organic compounds (from Tokyo Chemical Industry onckdr
were used without further purification. GC (Shimadzu GC-2014) and GCMS (Shimadzu
GCMS-QP2010) analyses were carried out with Ultra ALLGLY capillary column
(Frontier Laboratories Ltd.) using2Mind He as the carrier. All reactions were carried out
in oven-dried glassware under an inert atmosphere of nitrogen. Analytical was
performed on a Merck 60 F254 silica gel (0.25 mm thickness). Column chromatography
was performed with silica gel 60 (spherical, 63-246, Kanto Chemical Co. Ltd.).

Molecular sieves 3A were dehydrated at 100 °C in oven.

Catalyst preparation

Niobic acid (NBOs-nH.O, HY-340) was kindly supplied by CBMM. NfDs (surface area

= 54 n? g!) was prepared by calcination of niobic acid at 500 °C for 3 h. MgO
(JRC-MGO-3), TiQ (JRC-TIO-4), Ce@ (JRC-CEO-3), Hrtype BEA zeolite (HBEA)
with SiO2/Al20s3 ratio of 25 (JRC-Z-HB25) were supplied from Catalysis Society of
Japan. HZSM-5 with Si@dAl.Osz ratio of 300 was purchased from N.E. CHEMCAT. SiO
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(Q-10, 300 M gt) was supplied from Fuji Silysia Chemical Ltd. Zr@H,O was
prepared by hydrolysis of zirconium oxynitrate 2-hydrate in water by aqueou®©ONH
solution, followed by filtration of precipitate, washing with water thrgeds, and drying

at 200 °C. ZrQ, Zn0O, SnQ, Mo0s, and WQ were prepared by calcination (500 °C, 3 h)
of the hydrous oxides: ZrénH,O, ZnOnH,O (Kishida Chemical), EBnG (Kojundo
Chemical Laboratory Co., Ltd.), #MoOs (Kanto Chemical), hWOs (Kanto Chemical).
v-Al20s and 6-Al>0s were prepared by calcination gfAIOOH (Catapal B Alumina
purchased from Sasol) for 3 h at 900 °C and 1000 °C, respectively. Montmorillonite K10
clay and a sulfonic resins (Amberlyst-15® and Nafion-Sg@mposite) were purchased
from Aldrich. Fé*-exchanged K-10 (Fé&mont}l%! was prepared by treating the clay
with aqueous solution of Feg€bHO for 3 h at room temperature, followed by
centrifuging and washing with deionized water four times, and by drying in vatuo a
room temperature. The Fe content in®Fmont (0.46 wt%) was determined by ICP
analysis. Scandium(lll) trifluoromethanesulfonate, Sc(@Tfand La(OTf} were
purchased from Tokyo Chemical Industry. Zf@nd sodium methoxide (NaOMe) was
purchased from WAKO.

In situ IR

In situ IR spectra were recorded using a JASCO FT/IR-4200 equipped with@h M
detectof] A closed IR cell surrounded by the Dewar vessel was connected to an
evacuation system. During the IR measurement, the IR cell was cooled éginige
mixture of ethanol/liquid nitrogen in the Dewar vessel, and the thermocouple imear t
sample showed -50 +%. The sample was pressed into a 40 mg of self-supporting wafer
(@ = 2 cm) and mounted into the IR cell with Catwindows. Spectra were measured
accumulating 15 scans at a resolution of 4'cfter in situ pre-evacuation of the sample
at 500 °C for 0.5 h, a reference spectrum of the sample disc was measured at °60 + 5
Then, the sample was exposed to 1.2 Pa of ethyl acetate at -3C £d6 500 s, followed

by evacuation for 500 s. Then a differential IR spectrum, with respect toetieeence
spectrum, was recorded at -50 £G.

Catalytic tests. We did not use “anhydrous” solvent but used as-received solvent. The
heterogeneous catalysts, stored under ambient conditions and the catalys¢ $sirfac
dehydrated at 200 °C for 0.5 h under the flow oftiéfore the reaction.
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Typically, methyl benzoate (1 mmol) and aniline (1.5 mmol) in 50 mg of®ébwere
added to a reaction vessel (pyrex cylinder) with a reflux condenser and a ticagjager.
The reaction mixture was heated at 140 °C undgathosphere and stirred at 400 rpm.
A funnel containing 0.2 g of molecular sieves 3 A (MS3A) on a cotton plug is placed in
the upper side of the cylinder surrounded by a reflux condenser.
After completion of the reaction, 2-propanol (4 mL) was added to the mixture, and the
Nb2Os catalyst was separated by centrifugation. For the catalytic testhie B.1, Figure
3.2 and Figure 3.3, the reaction mixture was analyzed by GC, and yield of the products
was determined using-dodecane as an internal standard. For the reactions in Tables 3.3
and 3.4, the product was isolated by column chromatography. Then, the resulting product
was identified using GCMSH-NMR, and'3C-NMR analyses.
NMR and GC-MS analysis
'H and!3C NMR spectra were recorded using at ambient temperature by JEOL-ECX 600
operating at 600.17 and 150.92 MHz respectively with tetramethylsilane as anainte
standard. All chemical shift$) are reported in ppm and coupling constad}sirf Hz. Al
chemical shifts are reported relative to tetramethylsilanedasdlvent peaks (77.00 ppm,
chloroform), respectively. Abbreviations used in the NMR experiments: s)esimly
doublet; t, triplet; g, quartet; m, multiplet. Structure of the reported cyehides was

identified by spectral comparison with literature data or analogous tatiter data.

3.3. Results and discussion

Catalyst screening

We screened various catalysts, including metal oxides and conventional heterogeneous
and homogeneous acid catalysts, for a model reaction of 1 mmol of methyl benitate w
1.5 mmol of aniline at 140 °C under solvent-free conditions for 30 h. We used a reaction
vessel equipped with a funnel, containing 0.2 g of molecular sieves 3 A pellets (MS3A
on a cotton plug, surmounted by a reflux condenser. For the model reaction, we adopted a
less reactive amine (aniline), because there are no successful repohe ohtalytic
amidation of esters with aniline. Table 3.1 lists the yield of the corresponainigle,
benzanilide. The thermal reaction in the absence of catalyst resulted yieddcof the

amide (entry 1). We tested 16 types of simple metal oxides (entries 2-17dingl



hydrates (entries 3,7). Among the oxide catalysts;dlshowed the highest yield (88%)

of the amide. A hydrate of NKDs, niobic acid (entry 3), gave lower yield (22%) than
Nb2Os. TiO. (anatase) was the secondary effective catalyst.,SM&®0Os, ZrO,-nH0,
ZrO2, ZnO, and Ce@gave low yields of 4-15%, and other oxides such as alumina, 100
SiO,, and basic oxides (MgO, CaO) showed quite low yields of 0-2%. Well known acidic
catalysts such as FPFeexchanged montmorillonite K10 clay (Femont)[3940]
H*-exchanged zeolites (HZSM-5 and HBEA) and commercial acidic resialysss
(Amberlyst-15 and Nafion-Sig) showed low yields of 0-4%. Homogeneous Lewis acids,
such as Sc(OT#$)(entry 23) and ZrGl (entry 24) were also less effective than Jb.
La(OTf)s (entry 25), as one of the most effective homogeneous catalyst reported for this
reactionl’] gave lower yield of the amide (38%) than X3 under the standard conditions
at 140 °C. The reaction by La(O&fat lower temperature (70 °C) was also ineffective.

With the most effective catalyst, MOs, we optimized reaction conditions. The time
course of the standard reaction (Figure 3.S1 in the Supporting Information) showtsethat
conditions without MS3A for 30 h gave lower yield (73%) than the standard conditions.
The reaction with MS3A in the reaction mixture resulted in lower yi€8%) than the
standard conditions with MS3A inside the reflux condenser.

Performance of NxOs-catalyzed amidation

Table 3.2, the turnover number (TON) with respect to the Lewis acid site gDiNas

303. This value was more than two orders of magnitude higher than those of recently
reported homogenous catalyst for the direct amid&tiof esters with amines) and 118
times higher than TBD (another well established homogenous cétd)ys$ib,0s also
shows 6.8 times larger TON than that of Bi@G\s discussed in the above section, the
higher catalytic efficiency of NiDs can be due to the higher base-tolerance and higher
Lewis acid activation of the C=0 bond by bds than TiQ.

We studied the reusability of N®s for the reaction of methylbenzoate (1 mmol) with
n-octylamine (1.1 mmol) at standard condition. After the reaction (Table 3.8; 8htthe
catalyst was separated from the mixture by centrifugation, followed by waslhith
acetone, and by drying at 90 °C for 3 h and then the catalyst was pre-heated at 200 °C
0.5h under M. ICP-AES analysis of the solution confirmed that the content of Nb in the

solution was below the detection limit. The recovered catalyst was reihsed times

54



without loosing its catalytic activity (Figure 3.3). These results indidadét NOs acts as
a reusable heterogeneous catalyst for this reaction.

Then, we studied generality of the present direct amidation of esters mithea by
NbOs. As listed in Table 3.3, aniline (entry 1) and its derivative with
electron-withdrawing group (entry 2), benzyl amines (entries 3,4), heteroacoamaine
(entries 5,6), and aliphatic amines (entries 7-10) with various functional groupey(phe
and hydroxyl groups) reacted with methyl benzoate to give the corresponding amide
good to high isolated yields (62-95%).

Table 3.4 shows the results of px—catalyzed amidation of various esters with
benzylamine. Methyl benzoate (entry 1) and its derivative with electrohdnatving
group (entry 2), linear aliphatic esters (entries 3-5) with different fonel groups
(phenyl, -C=C and hydroxyl groups), and heteroaromatic esters (entries mtlQ)yelic
esters (entries 11,12) including DL-lactide (entry 12), underwent amidatitn veinzyl
amine to give the corresponding amides in good to high isolated yields (70-95%).
Summarizing the results in Table 3.3 and Table 3.4, we can conclude that the present
method is generally effective for direct amidation of various esters watlous amines.
Base-tolerant catalysis of NbBOs for amidation
To study acid-base interaction between the substrate (ester) and tlystcataface, we
carried out IR measurements of a model ester, ethyl acetate, adsorbed surféoe of
pre-dehydrated catalysts (@, y-Al 203, TiO2) with different catalytic activity. Note that
Lewis acidic nature of these catalysts were confirmed in our previous IR stbidy
pyridine adsorption on various metal oxid&.To prevent the dissociation of the ethyl
acetate to acetate adspecies, the ester was adsorbed at low terepé&&QufC). As
expected, the IR spectra of ethyl acetate adsorbed on these catalysts @ijushowed
no bands due to acetate ion but C=0 stretching band of the molecularly adsorbed ethyl
acetate. The band for MDs centred at lower wavenumber (1697 -€nthan those of
v-Al203 (1705 cmt) and TiQ (1712 cmt). Additionally, the C=0 band for Ni®s had a
shoulder at lower wavenumber region (1650-1660'knThese results indicate that the
Lewis acid site (NB* cation) of NBOs interact more strongly with the carbonyl oxygen of
the ester than those of the other Lewis acidic oxige&l¢Os and TiQ). Considering this

fact, the higher catalytic activity of NBs than the other oxides can be discussed as



follows. The strong acid-base interaction between thé*Nite and carbonyl oxygen
increases electrophilicity of the C=0 group, which can result in hightikegcof the
adsorbed ester with a nucleophile (amine).

To study an additional reason why P shows higher catalytic activity than other
Lewis acidic catalysts, we carried out kinetic study. Figure 3.1 shows teet @f aniline
concentration on the initial rate of the amidation of 1 mmol methylbenzoatelw6ti?.0,

3.1 or 4.9 mmol aniline at 140 °C (Figure 3.2). We adopted,B@d La(OTf} as control
heterogeneous and homogeneous catalysts, respectively. FeoramgD La(OTf}, the
reaction rates decreased with increase in the concentration of afiiieeeaction orders
with respect to aniline are -3.9 and -8.8 for ti@nd La(OTf}, respectively, indicating
that these catalysts are not tolerant to basic conditions. Considering Leidic mature

of these catalysts, the large negative values can be explained as follbesbasic
molecules, such as amines, in the solution can suppress Lewis acidity cdtéigst by
hindering coordination of esters. In the case of a homogeneous Lewis acid, Lg(OTf)
strong basic conditions can irreversibly decompose the Lewis acid, which sal ire
larger negative impact of basic conditions on the catalytic activity. In asttthe activity

of Nb2Os did not markedly depend on the concentration of aniline, and the reaction order
with respect to aniline was -0.5. This indicates that@¥ohas higher tolerance to basic
conditions than Ti@and La(OTf}. The base-tolerant character of the®Nhewis acid

sites of niobium oxide is consistent with our previous report of imide syntHéisis.

3.4. Conclusion

We have demonstrated a novel, versatile and sustainable method for directiamafat
esters with various amines using X8 as a reusable, inexpensive, and commercially
available heterogeneous catalyst. This simple and atom-efficient metrestbcsive for
various functionalities and is applicable to challenging substrates such asesrahd
a-hydroxyesters. For amidation, the active Lewis acid site of¥phas higher tolerance
to the co-present basic molecules (anilines) than the heterogeneous Lewtsiatydts
for the amidation (anatase T#Dand shows higher TON than other homogeneous

(NaOMe, TBD) and heterogenous ( anatase,J atalyst.
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Figure 3.1.1R spectra of ethyl acetate adsorbed on@®#) TiO2, andy-Al0Os at - 50°C.
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Figure 3.2. Initial rate for amidation of methylbenzoate (1 mmol) with aniline (1.6, 2.0,
3.1 or 4.9 mmol) catalyzed by NOs and TiQ as a function of the initial concentration of

aniline.
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Figure 3.3. Reusability of NhOs (50 mg) for amidation of methylbenzoate (1 mmol)

with n-octylamine (1.1 mmol) catalyzed by Mbs under neat condition for 30 h.
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Figure 3.S1.Time-yield profiles for amidation of methylbenzoate (1 mmol) with aniline
(1.5 mmol) catalyzed by NKs (50 mg) in presenceo) and absencee of molecular

sieves 3 A (MS3A, 0.2 g) inside the reflux condenser.
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Table 3.1.Catalyst screening for amidation of methyl benzoate with anfitine.

0 (0]
| 50 MS3A(0.2
o + H N@ catalyst (50 mg), MS3A(0 gl N/(] +  CHOH
2 > H
no solvent, 140 °C, 30 h

1mmol 1.5 mmol
Entry Catalyst Yield [%d}!
1 Blank 0
2 NbOs 88
3 NbzOs- nHO 22
4 TiO2 40
5 SnQ 15
6 TaOs 5
7 ZrOz-nH20 5
8 ZrQ; 4
9 ZnO 4
10 CeQ 3
11 0-Al 203 2
12 v-Al203 1
13 MoGs 0
14 WG 1
15 SIG 1
16 CaO 0
17 MgO 0
""" 18  Fé-mont 0
19 HBEA 4
20 HZSM-5 0
21 Amberlyst-15 0
22 Nafion-SiQ 1
""" 23 sc(oTh 22
24 ZrCl 10
25 La(OTfk 38 (0y
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26 NaOMe 50

[a] Catalyst was preheated at 200 °C undefdd 30 min.
[b] GC yields.
[c] 70 °C

Table 3.2. Heterogeneous (upper part) and homogeneous (lower part) catalysts for the

amidation of methylbenzoate (1mmol) with aniline (1.5mmol) at 140 °C under neat

condition.

talyst [LAJH/ gt t [h] Vield TOF/ TON

catalys mmo
y g (%] 1
Nb2Os 0.058 30 88 10.9! 3030
TiO» 0.083 30 40 1.6 48]
""" LaOTf)s - 30 38  00W 229

NaOMe - 30 50 0.04 0.27¢

[a] The number of Lewis acid sites on the surface of oxidesNland TiQ estimated by
pyridine adsorption at 200 °C, which were reported in ref. [12].

[b] Based on the number of Lewis acid sites on the oxides.

[c] Based on molecular weight.

Table 3.3.Scope of amines with methylbenzoé&le.

o}
0
Nb,Os (50 mg), MS3A(0.2 g) R
0~ + R-NH; > N + CH3OH
no solvent, 140°C, 30 h H
1 mmol 1.5 mmol
Entry Amine Product Yield [94)!

1 N <) o @ 86
Oy
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5 H2N |O Q
/ N0
Ho |

6 HaNT Q

8[d] HZN/\ heptyl 0

10 HN" "o o

62

95

75

69

66

91

92

67

71

[a] Catalyst was preheated at 200 °C undefdyd 30 min.

[b] isolated yields.
[c] 160 °C.

[d] 1.1 mmol n-octylamine.



Table 3.4.Scope of different esters with benzylamifie.

o HoN
I ry
R™ 0

0]
Nb,Os5 (50 mg), MS3A(0.2 g) )]\

no solvent, 140 °C, 30 h

H

1 mmol 1.5 mmol
Entry Ester Product Yield [98)
O O
oY oYo o
H
(0] (0]
~
oY oo
F F
S I9s
3 O~ N 82
o o]
e Lt
# QR 20
o~ H@
(0]
O
5fcl ©/\)‘\o/ ©/\)LH© 74
7 O
fo T T SN
6 SRR CEE.
H
(0] O
7 N0 Ny N 91
| | H
= =
O O
8 |N\ o |N\ N 88
= = H
(0] O
9 N o7 N 90
|j)\ |j)LHA©
P (.
o (0]
O o
10 Y L H© o

[a] Catalyst was preheated at 200 °C undefdd 30 min. [b] isolated yields. [c] 160 °C.
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NMR and GC-MS analysis:

N-Phenyl-benzamidet!

O
o
IH NMR (600.17 MHz, CDCJ, TMS): 5 7.93 (br s, 1H, -NH), 7.85 (dJ= 7.62 Hz, 2H),
7.64 (d,J= 7.62 Hz, 2H), 7.53 (t)= 7.62 Hz, 1H), 7.45 (t)= 7.56 Hz, 2H), 7.35 (tJ=
7.56 Hz, 2H), 7.14 (t) = 7.56 Hz, 1H)2C NMR (150.92 MHz, CDGJ) 5 165.77, 137.90,

134.96, 131.79, 129.05 (Cx2), 128.74 (Cx2), 127.00 (Cx2), 124.54, 120.22 (Cx2);
GC-MS m/e 197.080.

N-(4-Fluoro-phenyl)-benzamidet’

o F
QAHO
IH NMR (600.17 MHz, CDCJ, TMS): & 7.86-7.85 (m, 2H), 7.83 (br s, 1H, -NH),
7.60-7.58 (m, 2H), 7.56-7.54 (m, 1H), 7.50-7.47 (m, 2H), 7.08-7.04 (M, BE)NMR
(150.92 MHz, CDdJ) 6 165.73, 159.56 (dJ = 245.30 Hz, 4-F-C), 134.71, 133.86,
131.95, 128.82 (Cx2), 126.98 (Cx2), 122.090¢: 6.91 Hzmetato 4-F, Cx2), 115.75 (d,

J=23.03 Hzorthoto 4-F, Cx2); GC-MS m/e 215.070.

N-Benzyl-benzamide!®!
(0]

SER®

!H NMR (600.17 MHz, CDJ, TMS): 8 7.78 (t,J = 5.74 Hz, 2H), 7.51-7.49 (m, 1H),
7.43 (t,J= 5.74 Hz, 2H), 7.36 (dJ= 5.74 Hz, 4H), 7.32-7.28 (m, 1H), 6.38 (br s, 1H),
4.66 (d,J = 5.52 Hz, 2H);13C NMR (150.92 MHz, CDCJ) 0 167.31, 138.13, 134.43,
131.56, 128.85 (Cx2), 128.60 (Cx2), 127.94 (Cx2), 127.69, 126.92 (Cx2), 44.17; GC-MS
m/e 211.090.

N-(4-Methyl-benzyl)-benzamidef!



(@]
Y OL
'H NMR (600.17 MHz, CDC, TMS): & 7.77 (t,J = 7.56 Hz, 2H), 7.49-7.47 (m, 1H),
7.41 (t,J= 7.56 Hz, 2H), 7.24 (d)= 8.28 Hz, 2H), 7.16 (d)= 7.56 Hz, 2H), 6.41 (s, 1H),
4.60 (d,J =5.46 Hz, 2H), 2.34 (s, 3H)1,3C NMR (150.92 MHz, CDQJ) 6 167.24, 137.36,
135.10, 134.45, 131.46 (Cx2), 129.43 (Cx2), 128.55 (Cx2), 127.94 (Cx2), 126.90 (Cx2),
43.92,21.08; GC-MS m/e 225.110.

N-Furan-2-ylmethyl-benzamidei*

O
(0]
SRRV
'H NMR (600.17 MHz, CDG, TMS): 6 7.78 (d,J = 7.08 Hz, 2H), 7.49 (t) = 7.08 Hz,
1H), 7.41 (t,J= 7.08 Hz, 2H), 7.36 (s, 1H), 6.55 (br s, 1H), 6.31 (M, 2H), 4.63 (s, 2H):

13C NMR (150.92 MHz, CDGJ) 5 167.29, 151.10, 142.27, 134.08, 131.60, 128.54 (Cx2),
126.97 (Cx2), 110.49, 107.68, 36.99; GC-MS m/e 201.075.

N-Pyridin-3-ylmethyl-benzamide:F!
(0]

N AN
Ho |l
~
N

IH NMR (600.17 MHz, CDCJ, TMS): § 8.44-8.39 (m, 2H), 7.85 (1 = 6.54 Hz, 2H),

7.80 (t,J = 6.54 Hz, 2H), 7.62 (dJ= 8.25 Hz, 1H), 7.48-7.43 (m, 1H), 7.34 (1= 8.25

Hz, 2H), 7.18-7.16 (m, 1H), 4.54 (d= 5.82 Hz, 1H):33C NMR (150.92 MHz, CDGJ) 5
167.75, 148.73, 148.27, 135.58, 134.21, 134.21, 133.85, 131.49, 128.34, 126.99 (Cx2),
123.48, 41.16; GC-MS m/e 212.091.

N-Phenethyl-benzamidel®!

©iNW©

H

IH NMR (600.17 MHz, CDCJ, TMS): § 7.69 (t,J = 7.76 Hz, 2H), 7.48-7.44 (m, 1H),
7.39 (t,J= 7.76 Hz, 2H), 7.32 (t)= 7.76 Hz, 2H), 7.25-7.22 (m, 3H), 6.20 (br s, 1H),
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3.73-3.70 (m, 2H), 2.93 (1] = 7.56 Hz, 2H);"3C NMR (150.92 MHz, CDGJ) § 167.45,
138.87, 134.62, 131.36, 128.79 (Cx2), 128.68 (Cx2), 128.52 (Cx2), 126.77 (Cx2),
126.57, 41.10, 35.67; GC-MS m/e 225.110.

N-Octyl-benzamide{”]

©)‘\N/\/\/\/\
H

IH NMR (600.17 MHz, CDGCJ, TMS): § 7.75 (t,J = 7.06 Hz, 2H), 7.48 (t) = 7.06 Hz,

1H), 7.41 (t,J = 7.06 Hz, 2H), 6.19 (br s, 1H, -NH), 3.46-3.43 (m, 2H), 1.62-1.58 (m, 2H),
1.37-1.22 (m, 10H), 0.87 (i = 6.96 Hz, 3H):13C NMR (150.92 MHz, CDGJ) & 167.51,
134.86, 131.26, 128.50 (Cx2), 126.80 (Cx2), 40.11, 31.76, 29.65, 29.26, 29.18, 26.98,
22.60, 14.05; GC-MS m/e 233.170.

N-(1-Hydroxymethyl-propyl)-benzamide:®!
o HO

o

'H NMR (600.17 MHz, CDGJ, TMS): § 7.95 (d,J = 7.20 Hz, 2H), 7.48-7.44 (m, 1H),
7.40 (t,J = 7.20 Hz, 2H), 4.48 (t)= 8.22 Hz, 2H), 4.27-4.24 (m, 1H), 4.06 (= 7.56 Hz,

2H), 1.79-1.73 (m, 1H), 1.66-1.58 (m, 1H), 1.00Jt 7.56 Hz, 3H):33C NMR (150.92
MHz, CDCl) 6 163.57, 131.23 (Cx2), 128.27 (Cx2), 128.23, 127.80, 72.13, 67.83, 28.56,
9.93; GC-MS m/e 193.110.

N-(5-Hydroxy-pentyl)-benzamide
(0]

©)LH/\/\/\OH

IH NMR (600.17 MHz, CDCJ, TMS): § 7.76 (d,J = 7.53 Hz, 2H), 7.44-7.40 (m, 1H),
7.35 (t,J = 7.53 Hz, 2H), 7.01 (s, 1H), 4.27 (s, 1H), 3.58J% 6.18 Hz, 2H), 3.40-3.37

(m, 2H), 1.60-1.52 (m, 4H), 1.41-1.36 (m, 2HJC NMR (150.92 MHz, CDGJ) 5 167.93,
134.40, 131.20, 128.30 (Cx2), 126.85 (Cx2), 62.08, 39.86, 31.89, 29.07, 22.99; GC-MS
m/e 207.120.



N-Benzyl-4-fluoro-benzamidet'®!
(0]

IoRne

IH NMR (600.17 MHz, CDQ, TMS): § 7.82-7.77 (m, 2H), 7.36-7.28 (m, 5H), 7.06 t,
= 8.52 Hz, 2H), 6.63 (br s, 1H, -NH), 4.59 (,= 5.40 Hz, 2H):13C NMR (150.92 MHz,
CDCl) 6 6 166.34, 164.68 ( d) = 251.03 Hz, 4-F-C ), 138.03, 130.48, 129.29 Jd;
9.20 Hzmetato 4-F, Cx2), 128.73 (Cx2), 127.82 (Cx2), 127.59, 115.52(121.88 Hz,
orthoto 4-F, Cx2), 44.11; GC-MS m/e 229.090.

N-Benzyl-2-hydroxy-2-phenyl-acetamidei!]

3 0
N
(Y
IH NMR (600.17 MHz, CDCJ, TMS): § 7.38-7.27 (m, 8H), 7.15 (d] = 6.90 Hz, 2H),
5.68 (s, 1H), 4.99 (s, 1H), 4.41-4.33 (m, 2H), 3.91 (s, 1HE NMR (150.92 MHz,

CDCly) § 172.21, 139.36, 137.62, 128.76 (Cx2), 128.65 (Cx2), 128.56 (Cx2), 127.53
(Cx2), 126.75 (Cx2), 74.06, 43.37; GC-MS m/e 241.110.

N-Benzyl-2-phenyl-acetamidée?!
LR
YO
IH NMR (600.17 MHz, CDGJ, TMS): § 7.34 (t,J = 6.84 Hz, 2H), 7.30-7.27 (m, 6H),
7.17 (d,J = 7.56 Hz, 2H), 5.73 (s, 1H), 4.40 (d,= 6.18 Hz, 2H), 3.62 (s, 2H}*C NMR

(150.92 MHz, CDCJ): 5 170.85, 138.07, 134.71, 129.42 (Cx2), 129.03 (Cx2), 128.62
(Cx2), 127.44 (Cx2), 127.39 (Cx2), 43.79, 43.53; GC-MS m/e 225.110.

N-Benzyl-3-phenyl-acrylamide{?
(0]

SReR®
H
!H NMR (600.17 MHz, CDGJ, TMS): § 7.65 (d,J = 15.12 Hz, 1H), 7.49-7.46 (m, 2H),

7.35-7.31 (m, 8H), 6.43 (dl = 15.12 Hz, 1H), 6.17 (br s, 1H, -NH), 4.54 (@i= 6.18 Hz,
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2H); 13C NMR (150.92 MHz, CDGJ) 5 165.80, 141.33, 138.13, 134.71, 129.66, 128.76
(Cx2), 128.69 (Cx2), 127.86 (Cx2), 127.76 (Cx2), 127.51, 120.39, 43.79; GC-MS m/e
237.115.

Pyridine-2-carboxylic acid benzylamide!*?
O

NG AN
| H/\©

=
1H NMR (600.17 MHz, CDCJ, TMS): 6 8.52 (d,J = 6.21 Hz, 1H), 8.37 (br s, 1H, -NH),
8.23 (d,J = 6.21 Hz, 2H), 7.86-7.83 (m, 1H), 7.42-7.40 (m, 1H), 7.37-7.33 (m, 4H), 7.28
(t, J= 6.54 Hz, 1H), 7.09 () = 6.54 Hz, 1H):3C NMR (150.92 MHz, CDGJ) § 164.20,

149.83, 148.05, 138.19, 137.33, 128.67 (Cx2), 127.82 (Cx2), 127.44, 126.16, 122.33,
43.46; GC-MS m/e 212.090.

Pyrazine-2-carboxylic acid benzylamidei?!
O
NSy
SRAS
N

IH NMR (600.17 MHz, CDCJ, TMS): § 9.45 (d,J = 2.76 Hz, 1H), 8.74 (dJ = 2.76 Hz,

1H), 8.50 (t,J = 2.76 Hz, 1H), 8.15 (br s, 1H, -NH), 7.36-7.34 (m, 4H), 7.32-7.28 (m, 1H),
4.68 (d,J = 6.18 Hz, 2H);%3C NMR (150.92 MHz, CDGJ) § 162.85, 147.30, 144.52,
144.39, 142.49, 137.70, 128.77 (Cx2), 127.86 (Cx2), 127.66, 43.49; GC-MS m/e
213.090.

Furan-2-carboxylic acid benzylamide{*?
(0]

) H@

H NMR (399.78 MHz, CDG), TMS): § 7.41-7.40 (m, 1H), 7.36-7.32 (m, 5H), 7.14-7.13
(m, 1H), 6.71 (br s, 1H, -NH), 6.49-6.48 (m, 1H), 4.60 (d= 8.94 Hz, 2H);*C NMR
(100.52 MHz, CDGJ): § 158.24, 147.78, 143.86, 137.92, 128.70 (Cx2), 127.84 (Cx2),
127.57, 114.39, 112.13, 43.09; GC-MS m/e 201.070.
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Chapter 4

Versatile and Sustainable Synthesis of Cyclic Imides
from Dicarboxylic Acids and Amines by Nb:Os as a

Base-Tolerant Heterogeneous Lewis Acid Catalyst
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4.1. Introduction

Cyclic imides and their derivatives are an important class of compounds withrausne
applications in biological, medicinal, synthetic, and polymer chentisthand are used

as intermediates in dyes and polymer industfie$. 2 Despite their wide applicability,
synthetic methods of cyclic imides from readily available starting medeare limited.

The typical methods 35 are the dehydrative condensation of an anhydride with an
amine at high temperatures or in the presence of an excess amount of promatisr (Le
acid, base, dehydrating agent, or ionic liqguis)nd the cyclization of an amic acid with
the help of acidic reagent8,which suffer from low atom efficiency and production of
byproducts. Although new synthetic routes from nitriRés halides! alkyne!®
pyridin-2-ylmethylamine$! aryl boronic acid$!® aliphatic amide$® 23 cyclic
amined?”! jsocyanate§? and phthalimidé* using transition- metal catalysis
(carbonylation, oxidation, etd)®! or excess amounts of I(lll) oxiddit have been
developed, these homogeneous catalytic methods have drawbacks of narro substrate
scope, needs of various additives or toxic reagents (CO), no reusability of expensive
catalysts, and difficulties in catalyst/products separation. Hong.'&t &l reported the
atom-efficient synthesis of cyclic imides by dehydrogenative coupling of diols and
amines. However, the method has problems, such as limited substrate scopes ahdiol
amines, no catalyst reusability and the need of 0.2 equivalents of NaH. Plyentia
condensation of dicarboxylic acids with amines can be a general synthetctoocyclic
imides. A few noncatalytic methods under harsh conditions (T=250@3®=~ 330 bar)
were reported?®®! Only one example of the catalytic method using an organocatalyst is
known, but the substrate scope is limited to only one exaffpl€he reaction might be
also catalyzed by Lewis acids, but co-presence of basic molecules, andngager (as
byproduct), in the solution suppress Lewis acidity by hindering coordination or
irreversibly decomposing the catalyst. Recent reports showed that somk axieizs,

such as NEOs,1*63 act as water-tolerant Lewis acid catalyd®slf a metal oxide acts as a
Lewis acid catalyst even in the presence of stronger base, such as athmesan
effectively catalyze the condensation of dicarboxylic acids with amimethe course of

our own studies into developing efficient amide bond-forming reactions by metal oxides

or Lewis acidic catalyst87] we have found that NiDs shows “base-tolerant” catalysis
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for this reaction.

Herein, we report the first general catalytic method of direct cychae synthesis
from dicarboxylic acids with amines and ammonia under mild conditions usin®Nb
catalyst prepared by calcination of a commercial niobic acid. The methdtéatiee for
the direct synthesis of some industrially important cyclic imides, including

N-hydroxyphthalimide and unsubstituted cyclic imides.

4.2. Experimental Section

General

Commercially available organic compounds (from Tokyo Chemical Industry onckr
were used without further purification. GC (Shimadzu GC-14B) and GCMS (Shumadz
GCMS-QP2010) analyses were carried out with Ultra ALLOY capillary column
(Frontier Laboratories Ltd.) using nitrogen and He as the carrier. Allticas were
carried out in oven-dried glassware under an inert atmosphere of nitrogen.tiéalaly
TLC was performed on a Merck 60 F254 silica gel (0.25 mm thickness). Column

chromatography was performed on Cica-Reagent silica gel 60 (70-230 mesh).

Catalyst preparation

Niobic acid (NpOsnH,O, HY-340) was kindly supplied by CBMMI. Ni®s (surface
area = 54 rhg') was prepared by calcination of niobic acid at 500 °C for 3 h. MgO
(JRC-MGO-3), TiQ (JRC-TIO-4), Ce®@ (JRC-CEO-3) and Htype MFI zeolite (HMFI)
with a SIQ/AI.O3 ratio of 90 (JRC-Z5-90H) were supplied from Catalysis Society of
Japan. Si@(Q-10, 300 M g*') was supplied from Fuji Silysia Chemical Ltd. ZnO, SnO
MoOsz, and WQ were prepared by calcination (500 °C, 3 h) of the hydrous oxides:
ZnOnHO (Kishida Chemical), EBnG (Kojundo Chemical Laboratory Co., Ltd.),
HoMoO4 (Kanto Chemical), and ®#VO; (Kanto Chemical).y-Al2Os was prepared by
calcination ofy-AlIOOH (Catapal B Alumina purchased from Sasol) for 3 h at 900 °C.
ZrO>nH>O was prepared by calcination (500 °C for 3 h) of 21O prepared by
hydrolysis of zirconium oxynitrate 2-hydrate in water by aqueous;QHi solution,

followed by filtration of precipitate, washing with water three timasd drying at 100 °C.



Montmorillonite K10 clay and a sulfonic resins (Amberlyst-15® and nafionsSiO
composite) were purchased from Aldrich. Scandium(lll) trifluoromethanesutona
Sc(OTfg, and ytterbium(lll) trifluoromethanesulfonate, Yb(O7,fivere purchased from
Tokyo Chemical Industry. HfGlwas purchased from WAKO. @gHosPWi2040 was
prepared by titrating BPWi2040 (Nippon Inorganic Color and Chemicals Co.) by
aqueous solution of GE0Osz (0.10 mol dm?) with vigorous stirring. After centrifuging
and drying the precipitate at 80 °C, the precipitate was aged at 200 °C for 3t in ai

In situ IR

In situ IR spectra were recorded using a JASCO FT/IR-4200 equipped withGh M
detector. The closed IR cell surrounded by the Dewar vessel was connected to an
evacuation system. During the IR measurement, the IR cell was cooled éginige
mixture of ethanol/liquid nitrogen in the Dewar vessel, and the thermocouple imear t
sample showed -75 +%&. The sample was pressed into a 40 mg of self-supporting wafer
(@ = 2 cm) and mounted into the IR cell with Catwindows. Spectra were measured
accumulating 15 scans at a resolution of 4'cfter in situ pre-evacuation of the sample
at 500 °C for 0.5 h, a reference spectrum of the sample disgdg\lp-Al.O3 or TiO2) was
measured at -75 = ®. Then, the sample was exposed to 2 Pa of acetic acid at -F&+ 5
for 120 s, followed by evacuation for 500 s. Then a differential IR spectrum, egphect

to the reference spectrum, was recorded at -73@.5

General Procedure for the Synthesis of Cyclic Imides

Solvent we used was not “anhydrous” one but as-received one which was stored under
ambient conditions. The catalysts, stored under ambient conditions, were used for
catalytic reactions without any pretreatment. Hence, the surface ofl roei@es is
hydrated before the reaction.

Typically, succinic acid (1 mmol) ana-octylamine (1 mmol) in 2.5 mL hexane and 50
mg of N»Os were added to an oven dried reaction vessel with a reflux condenser and a
magnetic starter. The reaction mixture was heated to reflux undeatimNosphere and
stirred at 400 rpm. After completion of the reaction, 2-propanol/acetone (0.5 g/uasg
added to the mixture, and the p@» catalyst was separated by centrifugation. For the
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catalyst screening test (Table 4.1) and kinetic study (Table 4.2), the reautiture was
analyzed by GC, and yield of the products was determined based on succinicsand
n-dodecane as an internal standard. For the reactions in Tables 4.3-4.5 the crude product
was isolated by using column chromatography except for entries 2 and 9 in Table 4.5
(recrystallization). For the products in equation 1, the product was isolategtiacton
with CHCIs/H20. Then, the resulting product was identified using GCM&ENMR and
13C-NMR analyses by comparison with literature d&fal

For the reactions in Table 4.4, equation 1 and entries 1 and 2 in Table 4.5, we used a
reaction vessel equipped with a funnel, containing 0.2 or 0.3 g of molecular sieves 4 A
(pellets) on a cotton plug, surmounted by a reflux condenser.
For the reaction of dicarboxylic acids with NHequation 1), we used a stainless
autoclave with a glass inner tube (dead space of 28.duolecular sieves 4 A pellets
(0.2 g) were placed on a cotton plug at the upper side of the glass tube. After baled, se
the reactor was flushed with Nrnd charged with 3 bar Ngifollowed by heating at 140
°C.
NMR and GC-MS analysis
'H and!3C NMR spectra were recorded using at ambient temperature by JEOL-ECX 600
operating at 600.17 and 150.92 MHz respectively with tetramethylsilane as anainte
standard. All chemical shift$) are reported in ppm and coupling constad}sirf Hz. Al
chemical shifts are reported relative to tetramethylsilanedasolvent peaks (77.00 ppm,
chloroform), respectively. Abbreviations used in the NMR experiments: ngjlesi d,
doublet; t, triplet; g, quartet; m, multiplet. Structure of the reported cyirtides was

identified by spectral comparison with literature data or analogous tatiter data.

4.3. Results and discussion

First, the reaction between equimolar amount of succinic acidhasatylamine under
reflux conditions in hexane was tested as a model reaction to optimize theediffe
parameters (Table 4.1). Under the conditions where the reaction hardly proceeded in
absence of catalyst (entry 1), we screened 14 types of metal oxidesgeéht®. In the
oxide catalysts tested, MNbs shows the highest yield (99%) of the corresponding imide.

Conventional solid Lewis acids (Tindy-Al20s)1*8] show moderate yields (entries 4, 6).



We also tested water-tolerant Brgnsted acidic heterogeneous cafdlystsluding
HZSM5 zeolite with SiG/Al2Os ratio of 90 (entry 15), Cs-exchanged heteropoly acid
(entry 16) and commercial acidic resins (entries 17,18), as well as vodeeaitt
homogeneous Lewis acitf8! Sc(OTfg, Yb(OTf);, and HfChL (entries 19-21). These
catalysts gave small amounts of the product (3-11%). As listed in Table 4.8)rtr@ver
number (TON) with respect to Lewis acid site of X3 (341) was 680 times higher than
that of Sc(OTf} (0.5).

On the basis of the infrared (IR) result of the CO adsorbed on tté Dwis acid site
on the pre-hydrated NBs, Nakajima et al*%? showed that the Nb site acted as a Lewis
acid site in the presence of water. To investigate the interaction of thesité with
carbonyl oxygen of a carboxylic group, we measured in situ IR spectrum of amtic
adsorbed on Ni®s. The spectrum (Figure 4.S1 in the supporting information) shows the
C=0 stretching band of the adsorbed acetic acidd) at lower wavenumber (1686 cth
than that on non Lewis acidic oxide, SIQL703 cmt). This indicates the activation of
carbonyl group by Nb Lewis acid site. The Lewis acid-base interaction depends on
highest occupied molecular orbital (HOMO) level of a nucleophile (base) and towes
unoccupied molecular orbital (LUMO) level of an electrophile (acid); the kEmnal
HOMO-LUMO gap results in a more stable Lewis acid-base comiglex Figure 4.S3
shows distributions and energy levels of the HOMOs for succinic aeaktylamine and
water. As expected, the electrons in the HOMO of succinic acid are looatéie oxygen
atom of the carbonyl group, and thosenebctylamine are located on the nitrogen atom of
the NH group. The HOMO energy of succinic acid (—7.45 eV) is lower than that of
n-octylamine (—6.23 eV). This indicates that a Lewis acid can interattt mtrogen atom
of n-octylamine in preference to carbonyl oxygen of succinic acid. This theore¢isalt
was consistent with the kinetic results for the reaction of succinic acichayatylamine
by Nb.Os (Table 4.2). The reaction order with respect to succinic acida(® 0.3) was
larger than that with respect t®octylamine (amine = -0.3), indicating that preferential
adsorption of the amine over succinic acid on the surface active site inhibitsitthlgtic
reaction. The mmine Value of NBOs was larger than those of conventional solid Lewis
acids, TiQ (Namine = -1.2) andy-Al20s (Namine = -1.6). This suggests that the inhibition

effect by the strong baser-pctylamine) on NpOs is weaker than those on TiGand
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v-Al20s. We also studied the kinetic study in the co-presence of water in the initial
reaction mixture. The reaction order with respect to watesdjnwas negative for all the
catalysts, indicating that water inhibits the reaction. The inhibitionceftyy water for
Nb20s (nH20 = -0.8) was less significant than those for Ti@wH20 = -1.4) andy-Al20s
(nH2o = -2.0). From these results, it is concluded that Lewis acid site eOdlbas higher
tolerance to basic molecules (amines and water) than conventional solid laewds,
which results in higher activity for cyclic imide synthesis from dicandaxacids with
amines. As listed in Table 4.2, the-o IR band of the adsorbed acetic acid on28b
appeared at lower wavenumber than those on T1695 cm') andy-Al>0s (1697 cmt).

This indicates that Lewis acid sites on X3 activate carboxyl groups more effectively
than the conventional solid Lewis acids, which can cause effective aotivaif
carboxylic acids. We studied the reusability of Xb. After the reaction, the catalyst was
separated from the mixture by centrifugation, followed by washing with acetotepy
drying at 90 °C for 3 h. The recovered catalyst was reused five times withouatrieech
loss of its catalytic activity (Table 4.1, entry 2). ICP-AES analysis loé solution
confirmed that the content of Nb in the solution was below the detection limitrdhdts
indicate that NbOs acts as a reusable heterogeneous catdlsthen, we studied
condensation of succinic acid with different amines (Table 4.3). Under mild ¢onslit
(ca 68 °C) with small amount of Ni®Ds (0.29 mol% based on the number of Lewis acid
sites on NbOs!'8)), a varieties of aliphatic and aromatic amines with various functional
groups reacted with equimolar amount of succinic acid to give Khsubstituted
succinimde derivatives in good to high isolated yield. Linear-, branched- yoid-alkyl
amines (entry 1-4), aliphatic amines with phenyl (entry 5), hydroxyl (entryG&C-
(entry 7) groups, benzyl amines with electron-rich and electron-poor ringdgrarll),
heteroaromatic amines (entries 12,13) and anilines with different subssit{@@&0-, Cl-,
SH-) were tolerant, resulting in good to high isolated yields of Mwaryl imides
(74-98%). Next, we tested reactions wfoctylamine with various dicarboxylic acids,
including less reactive ones (Table 4.4). Although the reaction with glutaret under

the standard conditions gave 69% yield of the corresponding imide, the uses of 1.2
equivalent of amine and 0.2 g of 4A molecular sieve (MS4A) pellets, placed at the upper

side of the reaction vessel, resulted in 84% vyield (entry 1). Mareic &midry 2),



DL-tartaric acid (entry 3)trans-1,2-cyclohexanedicarboxylic acid (entry 4), phthalic acid
(entry 5), and 4,5-dichlorophthalic acid (entry 6) were selectively transirioethe
corresponding cyclic imides in moderate to high yields (68-98%).The method was al
effective for direct synthesis of pharmaceutically or industrially imgairtcyclic imides
from readily available dicarboxylic acids or anhydrides (Table 4.5). Using aague
solution of methylamine, phensuximide (an anticonvulsant)umdethylmaleimide were
prepared in high yields (entries 1,2). &TNF inhibitor named PP-33 (entries 3,8),
N-(3-hydroxypropyl-pthalimide) (entries  4,10), N-allylphthalimide  (entry 5),
1,8-naphthalimide (entry 6), and 2-quinolonephthalimide (entry 9) were synthesized in
good to high vyields (78-95%). NHPI is a well established promoter for the aerobic
oxidation of organic substrat&sl We gave the first example of the catalytic synthesis of
NHPI from hydroxylamine and phthalic acid (entry 7). Unsubstituted cyahices were
also synthesized from dicarboxlic acids in n-octane under 3 bay &H40 °C (Eq. 1).
Succinic acid, glutaric acid, and phthalic acid reacted withzN®l give succinimide,

glutarimide, phthalimide in good to excellent isolated yields (71-94%).

4.4. Conclusion

We have reported that cyclic imides can be synthesized directly from vatiocaboxylic
acid or anhydrides with various amines, hydroxylamine or ammonia using@\is
reusable heterogeneous catalyst. This atom economical and simple methoshwikepa
practical and convenient route to cyclic imides from readily available or ssrdarived
starting materials. Preliminary mechanistic studies suggest theislacid site of NbOs

has higher tolerance to basic molecules (amines and water) than conventiah&ksos

acids, which results in higher catalytic activity. Lewis acid batis of NlOs even in the
presence of strong base may be applicable to other acid-catalyzed reantiohsnp

carbonyl compounds.
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Figure 4. S1.IR spectra of acetic acid adsorbed on metal oxides atG75
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Figure 4.S2.Initial rate for cyclic imidation of succinic acid with-octylamine by ¢)
Nb2Os, (A) TiO2 or (e) y-Al203 as a function of the initial concentration of (a) succinic
acid Cacid = 0.37 to 0.74 M), (b)n-octylamine Camine = 0.37 to 0.69 M) and (c) water
(Ch20=1.110 3.4 M).
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ol

(a) succinic acid € =-7.45eV)

(b) n-octylamine (e = -6.23 eV)

(c) H20 (e =-7.96 eV)

Figure 4.S3.MO distributions and energy levels of the HOMOs of (a) succinic acid, (b)
n-octylamine, and (c) ED. Number in parenthesis is orbital energy in eV unit. The
electrons in the HOMO of succinic acid are located on the oxygen atom of the carbony
group, and those af-octylamine are located on the nitrogen atom of thexlgkbup. The
HOMO energy of succinic acid (=7.45 eV) is lower than thahadctylamine (-6.23 eV),
indicating that a Lewis acid can interact with nitrogen atonm-aictylamine in preference

to carbonyl oxygen of succinic acid.



Table 4.1.Catalyst screening for synthesis of cyclic imide

Q 50 mg cat. ?

HOK/YOH + n-C7H4s~ "NH, 25 nghexane QN/\H'C7H15 *+H0

1 mmol 0 1 mmol reflux, 10 h o
Eni Catalys Yield [%] [

1 nao catalys <1

2 NbOs 99, 99lbl gglcl 95 [dl

3 niobic acid 67

4 TiO2 61

5 Zn0O 58

6 v-Al203 52

7 CeQ 51

8 Zro 33

9 WG 20

10 SnQ 12

11 TaOs 9

12 SIQ 8

13 MoG: 4

14 MgO 3

15 HZSM5 3

16 CssHosPWi 3

17  Amberlyst-1 11

18 Nafion-SiQ 4

19 Sc(OTf} 5

20 Yb(OTf) 4

21 HfCl, 5

[a] GC yields. [b] cycle 2. [c] cycle 3. [d] cycle 4. [e] cycle 5. [f] dgc6

Table 4.2.Summary of IR and kinetic results.

[LA] [ ve=o! Namine TONI
Catalyst Nacid[®! NH2o©

/mmol gt / cnt [d] ]
Nb2Os 0.058 1686 0.3 -0.3 -0.8 341
TiO2 0.083 1695 0.4 -1.2 -1.4 147
v-Al203 0.148 1697 0.4 -1.6 -2.0 70
Sc(OTf 2.0 - - - - 0.5

[a] The number of Lewis acid sites on the surface of oxides estimated by pyridine
adsorption at 200°C (from ref [18]). [b] Position o-o IR band of adsorbed acetic acid
(Figure 4.S1). [c] Reaction order with respect to succinic acid (Figure 4.98h)
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Reaction order with respect to-octylamine (Figure 4.S2b). [e] Reaction order with
respect to water (Figure 4.S2c). [f] TON with respect to Lewis acid. $g] Based on
molecular weight of Sc(OTj%)

Table 4.3.Synthesis of succinimides from different amines by,C&

o 50 mg cat
OH -~ _—

HOM T RUNHz 55 hexane QN/\R *+H0

1 mmol O 1mmol  reflux, 10 h %

Entr : Yield

Amine Product or1[al
y [%0]
6]
1 HN""heptyl i‘éN‘\ 98
heptyl

¢]
2 N [\ﬁ{ 80
OO
WO O
o
(o]

4 HN—<] QN% 74
)
{ ﬁ
5 HZN“/<j EEN 97
° 0 HQ

6l HODNA Q«& 75
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[} //
| Y W4
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00
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13ed w ) [fn“@ 82
o

14 Hn ) Qon@ 90

15 HZNOOMe d)NjQOMe 88

16w )o [ZONQG 78

OHS

17 @ [é@

©

1

[a] Isolated yields. [b] 18 h, reflux in n-octane. [c] 30 h. [d] 40 h.

Table 4.4.Cyclic imidation of dicarboxylic acids with n-octylamine by p@.
(0]

50 mg cat.
%OH R/\NHZ _>umgeat 5( g+ H,0
YOH

+

0.2 g MS4A
R =n-heptyl 5 5mL hexane
O 1 mmol 1.2 mmol reflux, 18 h
Entr . Yield
Acid Product olal
y [%6]
o
101 u N 84
HO OH R
o}
o o)
OH
| N
2 ¢0H [é - 68
o o}
o o)
HO. HO.
3d OH jiN 77
HO OH HO jR
0 (e}
) o)

Cl Cl
& J@i e, 88

(0]
[a] Isolated yields. [b] 1 mmol amine. [c] 45 h.
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NMR and GCMS analysis:
1-Octyl-pyrrolidine-2,5-dione: M

(0]

N\
heptyl
e}

Purified by column chromatography (hexane/ethylacetate = 3:2); white solid, 830 y

'H NMR (600.17 MHz, CD, TMS): § 3.35 (t,J = 6.84 Hz, 2H), 2.57-2.52 (m, 4H),
1.42 (s, 2H), 1.15-1.11 (m, 10H), 0.74 @,= 4.14 Hz, 3H);*C NMR (150.92 MHz,
CDCl) 6 177.03 (Cx2), 38.54, 31.45, 28.82 (Cx2), 27.87(Cx2), 27.41, 26.55, 22.31,
13.77; GC-MS m/e 211.010.

1-sec-Butyl-pyrrolidine-2,5-dione{?!

(6]
s 3e

O
Purified by column chromatography (hexane/ethylacetate = 3:2); colorleg0&6l yield.
H NMR (600.17 MHz, CDC4, TMS): § 4.09-4.03 (m, 1H), 2.63-2.58 (m, 4H), 1.92-1.84
(m, 1H), 1.70-1.63 (m, 1H), 1.30 (d), = 6.84 Hz, 3H), 0.78 (tJ = 7.56 Hz, 3H);13C

NMR (150.92 MHz, CDQ) ¢ 177.39 (Cx2), 49.62, 27.91 (Cx2), 25.71, 17.26, 10.05;
GC-MS m/e 155.095.

1-Cyclohexyl-pyrrolidine-2,5-dione !

O
2O

O
Purified by column chromatography (hexane/ethylacetate = 1:4); off white, 98ih i1
NMR (600.17 MHz, CD., TMS): 6 3.98-3.95 (m, 1H), 2.69-2.64 (m, 4H), 2.16-2.02 (m,
2H), 2.88-2.81 (m, 2H), 1.66-1.58 (m, 3H), 1.32-1.12 (m, 3¥§; NMR (150.92 MHz,

CDCls) 6 177.42 (Cx2), 51.72, 28.74 (Cx2), 28.07 (Cx2), 25.86 (Cx2), 25.01; GC-MS
m/e 181.010.



1-Cyclopropyl-pyrrolidine-2,5-dione:

o

O

Purified by column chromatography (hexane/ethylacetate = 1:9); white solid, ¥ébo y
H NMR (600.17 MHz, CDCJ, TMS): § 2.69-2.65 (m, 4H), 2.58-2.53 (m, 1H), 0.96-0.90
(m, 4H); 13C NMR (150.92 MHz, CDGJ) § 177.44 (Cx2), 27.61 (Cx2), 21.68, 4.31(Cx2);
GC-MS m/e 139.100.

1-Phenethyl-pyrrolidine-2,5-dione !
%~ L
&

o
Purified by column chromatography (hexane/ethylacetate = 1:1); white solid, 8éo y
IH NMR (600.17 MHz, CDQ, TMS): § 7.29 (t,J = 8.22 Hz, 2H), 7.23-7.17 (m, 3H),
3.74 (t,J = 6.18 Hz, 2H), 2.88 (t) = 8.22 Hz, 2H), 2.68-2.64 (m, 4H}*C NMR (150.92
MHz, CDChk) & 176.98(Cx2), 137.70, 128.80 (Cx2), 128.70 (Cx2), 126.67, 39.90, 33.49,
28.04 (Cx2); GC-MS m/e 203.100.

1-(1-Hydroxymethyl-propyl)-pyrrolidine-2,5-dione:

Purified by column chromatography (hexane/ethylacetate = 1:1); pale yellosy $6l6
yield. *H NMR (600.17 MHz, CDCJ, TMS): 4 4.13-4.11 (m, 1H), 3.99-3.96 (m, 1H),
3.76-3.74 (m, 1H), 3.12-3.11 (m, 1H), 2.74-2.72 (m, 4H), 1.82-1.75 (m, 2H), 0.87=(t,
7.56 Hz, 3H);13C NMR (150.92 MHz, CDGJ) § 178.36(Cx2), 62.15, 56.09, 28.00(Cx2),
20.80, 10.64; GC-MS m/e 171.020.

1-Prop-2-ynyl-pyrrolidine-2,5-dione:“

S

88



Purified by column chromatography (hexane/ethylacetate = 2:3); white solid, 88é y
H NMR (600.17 MHz, CDd, TMS): 6 4.26 (d,J = 2.76 Hz, 2H), 2.78-2.74 (m, 4H),
2.20 (t,J = 2.76 Hz, 1H);**C NMR (150.92 MHz, CDGJ) § 175.69 (Cx2), 76.54, 71.24,
28.11 (Cx2), 27.59; GC-MS m/e 137.100.

1-Benzyl-pyrrolidine-2,5-dione !

(6]
&Co
O
Purified by column chromatography (hexane/ethylacetate = 4:1); off white S8ith

yield.XH NMR (600.17 MHz, CDJ, TMS): § 7.39 (d,J = 6.84 Hz, 2H), 7.31 (t) =4.14

Hz, 2H), 7.28 (t,J = 1.38 Hz, 1H), 4.65 (s, 2H), 2.71-2.69 (m, 4H¥C NMR (150.92
MHz, CDCk): & 176.82(Cx2), 135.74, 128.89(Cx2), 128.60(Cx2), 127.93, 42.35,
28.16(Cx2); GC-MS m/e 189.020.

1-(1-Phenyl-ethyl)-pyrrolidine-2,5-dione !

cas

e}
Purified by column chromatography (hexane/ethylacetate = 1:3); colorles%&l yield.
'H NMR (600.17 MHz, CDCJ, TMS): § 7.44 (d,J = 7.56 Hz, 2H), 7.30 (t) = 7.56 Hz,
2H), 7.25 (t,J = 7.56 Hz, 1H), 5.43-5.39 (m, 1H), 2.63-2.58 (m, 4H), 1.80Xd; 7.56
Hz, 3H); 13C NMR (150.92 MHz, CDGJ): § 176.91(Cx2), 139.50, 128.27(Cx2), 127.66,

127.49(Cx2), 50.13, 27.94(Cx2), 16.39; GC-MS m/e 203.100.

1-(4-Chloro-benzyl)-pyrrolidine-2,5-dione®

(0]

Purified by column chromatography (hexane/ethylacetate = 2:3); off white SR8
yield. 'H NMR (600.17 MHz, CDCJ, TMS): & 7.34 (d,J = 6.89 Hz, 2H), 7.28 (dJ =
6.89 Hz, 2H), 4.61 (s, 2H), 2.74-2.71 (m, 4HFC NMR (150.92 MHz, CDG): &



176.74(Cx2), 134.17, 133.98, 130.43(Cx2), 128.81 (Cx2), 41.70, 28.18(Cx2); GC-MS
m/e 223.800.

1-(2-Methoxy-benzyl)-pyrrolidine-2,5-dione®!

Purified by column chromatography (hexane/ethylacetate = 3:2); white solid, 8éo y

IH NMR (600.17 MHz, CDCJ, TMS): § 7.20-7.24 (m, 1H), 7.11 (d] = 7.56 Hz, 1H),
6.91-6.86 (m, 2H), 4.74 (s, 2H), 3.85 (s, 3H), 2.78-2.63 (m,;4f0 NMR (150.92 MHz,
CDCls) 6 176.85(Cx2), 157.09, 128.83, 128.54, 123.31, 120.30, 110.43, 55.40, 37.59,
28.19(Cx2); GC-MS m/e 219.010.

1-Pyridin-3-ylmethyl-pyrrolidine-2,5-dione: I°]

(e}

Purified by column chromatography (hexane/ethylacetate = 3:2); white solid, 8€ébo y
H NMR (600.17 MHz, CDd, TMS): 6 8.65 (d,J = 2.04 Hz, 1H), 8.54-8.53 (m, 1H),
7.74-7.71(m, 1H), 7.25-7.23(m, 1H), 4.67(s, 2H), 2.74-2.72 (m, 4);NMR (150.92
MHz, CDCk): & 176.59(Cx2), 150.19, 149.35, 136.74, 131.40, 123.51, 39.86,
28.15(Cx2); GC-MS m/e 190.100.

1-Furan-2-ylmethyl-pyrrolidine-2,5-dione:["]

O,
SQY,
¢}
Purified by column chromatography (hexane/ethylacetate = 4:1); brown solid, 826 yie
IH NMR (600.17 MHz, CDQ, TMS): § 7.32 (m, 1H), 6.34 (dJ = 2.76 Hz, 1H),
6.30-6.29 (m, 1H), 4.68 (s, 2H), 2.73 (s, 4MC NMR (150.92 MHz, CDQ) § 176.40

(Cx2), 148.63, 142.45, 110.44, 109.12, 34.95, 28.13 (Cx2); GC-MS m/e 179.020.

1-Phenyl-pyrrolidine-2,5-dione !

9C



0]
O

(6]
Purified by column chromatography (hexane/ethylacetate = 2:3); light pink i
yieid. 'H NMR (600.17 MHz, CD., TMS): § 7.48 (t,J = 7.56 Hz, 2H), 7.40 (t) = 7.56
Hz, 1H), 7.28 (d,J = 7.56 Hz, 2H), 2.90 (s, 4H)!}3C NMR (150.92 MHz, CDG)) §

176.14 (Cx2), 131.97, 129.20 (Cx2), 128.65, 126.45 (Cx2), 28.41 (Cx2); GC-MS m/e
175.100.

1-(4-Methoxy-phenyl)-pyrrolidine-2,5-dione !

6]
C0)-ow
o}

Purified by column chromatography (hexane/ethylacetate = 1:2); light pink 88/
yield. IH NMR (600.17 MHz, CDC, TMS): & 7.20-7.16 (m, 2H), 6.99-6.96 (m, 2H),
3.82 (s, 3H), 2.87-2.84 (m, 4HY3C NMR (150.92 MHz, CDGJ): § 176.47 (Cx2), 159.50,
127.65 (Cx2), 124.41, 114.52 (Cx2), 55.46, 28.33 (Cx2); GC-MS m/e 205.020.

1-(4-Chloro-phenyl)-pyrrolidine-2,5-dione:%

40

Purified by column chromatography (hexane/ethylacetate = 3:2); off white S8ith
yield. IH NMR (600.17 MHz, CDd, TMS): & 7.39-7.37 (m, 2H), 7.20-7.17 (m, 2H),
2.83 (s, 4H);**C NMR (150.92 MHz, CDGJ) 6 175.86 (Cx2), 134.45, 130.30, 129.41
(Cx2), 127.65 (Cx2), 28.37; GC-MS m/e 209.800.

1-(2-Mercapto-phenyl)-pyrrolidine-2,5-dione:

Purified by column chromatography (hexane/dichloromethane = 2:3); off white solid,
91% yield.*H NMR (600.17 MHz, DMSO-¢, TMS): 4 12.36 (s, S-K 1H), 8.08 (d,J =

91



7.54 Hz, 1H), 7.96 (dJ = 7.54 Hz, 1H), 7.51 (] = 7.54 Hz, 1H), 7.44 (t] = 7.54 Hz,

1H), 3.37 (t,J = 6.90 Hz, 2H), 2.87 (tJ = 6.90 Hz, 2H);’3C NMR (150.92 MHz,
DMSO-ts, TMS): & 173.64, 171.02, 153.12, 135.24, 126.54, 125.37, 122.68, 122.57,
32.83, 29.29; GC-MS m/e 207.110.

1-Octyl-piperidine-2,6-dione:

(0]

N\
heptyl
o

Purified by column chromatography (hexane/ethylacetate = 1:1); white solid léb

H NMR (600.17 MHz, CDC, TMS): 6 3.72 (t,J = 5.76 Hz, 2H), 2.63 (tJ = 6.18 Hz,
4H), 1.98-1.89 (m, 2H), 1.49-1.46 (m, 2H), 1.30-1.19 (m, 10H), 0.864,6.18 Hz, 3H);

13C NMR (150.92 MHz, CDGJ): 6 172.47 (Cx2), 39.66, 32.89 (Cx2), 31.77, 29.23, 29.16,
28.00, 26.93, 22.61, 17.19, 14.07; GC-MS m/e 225.175.

1-Octyl-pyrrole-2,5-dione:

(6]

\ N—
heptyl
o

Purified by column chromatography (hexane/dichloromethane = 2:3); brown solid, 68 %
yield. *H NMR (600.17 MHz, CDC4, TMS): § 6.68 (s, 2H), 3.50 (tJ = 6.90 Hz, 2H),
1.59-1.54 (m, 2H), 1.27-1.24 (m, 10H), 0.86Jt 6.90 Hz, 3H):13C NMR (150.92 MHz,
CDCls): 6 170.90 (Cx2), 134.01 (Cx2), 37.92, 31.73, 29.13, 29.07, 28.53, 26.73, 22.60,
14.06; GC-MS m/e 209.110.

3,4-Dihydroxy-1-octyl-pyrrolidine-2,5-dione:!*?!
(0]

HO.
N\
HO heptyl
o

Purified by column chromatography (hexane/dichloromethane = 2:3); white solid, 77%
yield. *H NMR (600.17 MHz, DMSO-¢, TMS): § 6.29-6.26 (m, 2H), 4.35-4.32 (m, 2H),
1.51-1.47 (m, 2H), 1.33-1.17 (m, 12H), 0.89Jt 6.84 Hz, 3H);:3C NMR (150.92 MHz,
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DMSO-ds): 6 175.64 (Cx2), 75.24 (Cx2), 38.54, 32.12, 29.45, 29.42, 27.97, 27.06, 23.00,
14.88; GC-MS m/e 243.100.

2-Octyl-hexahydro-isoindole-1,3-dione:
O

N\
heptyl
e}

Purified by column chromatography (hexane/ethylacetate = 2:3); grey solid, @g&l&b

IH NMR (600.17 MHz, CDGJ, TMS): & 3.46 (t,J = 7.56 Hz, 2H), 2.84-2.80 (m, 2H),
1.86-1.83 (m, 2H), 1.75-1.70 (m, 2H), 1.56-1.52 (m, 2H), 1.45-1.39 (m, 2H), 1.28-1.22
(m, 12H), 0.86 (t,J = 4.80 Hz, 3H);33C NMR (150.92 MHz, CDGJ)) § 179.86 (Cx2),
39.68 (Cx2), 38.52, 31.73, 29.12, 29.09, 27.71, 26.82, 23.76 (Cx2), 22.60, 21.60 (Cx2),
14.07; GC-MS m/e 265.205.

2-Octyl-isoindole-1,3-dionet!?!
O

N\
heptyl
o

Purified by column chromatography (hexane/dichloromethane = 2:3); white solid, 98%
yield. 'H NMR (600.17 MHz, DMSO-¢, TMS): § 7.91-7.89 (m, 2H), 7.88-7.86 (m, 2H),
3.59 (t,J = 6.90 Hz, 2H), 1.63-1.60 (m, 2H), 1.29-1.24 (m, 10H), 0.87 (% 6.90 Hz,

3H); 3C NMR (150.92 MHz, DMSO-g): 6 168.89 (Cx2), 135.31 (Cx2), 132.52 (Cx2),
123.92 (Cx2), 38.30, 32.11, 29.45, 29.42, 28.78, 27.16, 22.98, 14.86; GC-MS m/e
259.010.

5,6-Dichloro-2-octyl-isoindole-1,3-dione:
(6]

Cl
N\

cl heptyl
(0]

Purified by column chromatography (hexane/ethylacetate = 2:3); off white 88liélo
yield. 'H NMR (600.17 MHz, CDG, TMS): § 7.91 (s, 2H), 3.66 (t) = 7.56 Hz, 2H),
1.67-1.62 (m, 2H), 1.30-1.20 (m, 10H), 0.87Jt 6.90 Hz, 3H);:3C NMR (150.92 MHz,



CDCl): § 166.43 (Cx2), 138.75 (Cx2), 131.27 (Cx2), 125.28 (Cx2), 38.53, 31.73, 29.12,
29.08, 28.44, 26.80, 22.59, 14.05; GC-MS m/e 327.075.

1-Methyl-3-phenyl-pyrrolidine-2,5-dione:P!
6]
N
(6]

Purified by column chromatography (hexane/dichloromethane = 1:2); grey solid, 92 %
yield. *H NMR (600.17 MHz, CDCJ, TMS): 6 7.37 (t,J = 4.34 Hz, 2H), 7.31 (t) = 4.34

Hz, 1H), 7.22 (dJ = 4.34 Hz, 2H), 4.06-4.01 (m, 1H), 3.23-3.18 (m, 1H), 3.07 (s, 3H),
2.87-2.81 (m, 1H)}3C NMR (150.92 MHz, CDGJ): 6 177.79, 176.21, 137.03, 129.17
(Cx2),127.93, 127.34 (Cx2), 45.91, 37.09, 25.18.; GC-MS m/e 189.075.

1-Methyl-pyrrole-2,5-dione:[*4

[éN

O

Purified by recrystallization [after completion the reaction, 2 mL @ganol was added to

the mixture and then the NOs catalyst was separated by filtration and solvent was
removed using rotary evaporator, remaining solid was dissolved in minimum volume of
warm hexane/ethyl acetate (1:4) mixture and slowly cooled down to room tetupeeta
allow recrystallization; finally filttered out and washed with cedl hexane and dried
under vaccum] ; white solid, 88 % yielékHd NMR (600.17 MHz, CDC, TMS): $ 6.72 (s,

2H), 3.02 (s, 3H)*C NMR (150.92 MHz, CDGJ): 5 170.77 (Cx2), 134.14 (Cx2), 23.60;
GC-MS m/e 111.035.

2-(2,6-Diisopropyl-phenyl)-isoindole-1,3-dioné*®

ea8e

Purified by column chromatography (hexane/dichloromethane = 1:2); white solid, 80 %
yield. '"H NMR (600.17 MHz, CDQ, TMS): § 7.96-7.95 (m, 2H), 7.78-7.77(m, 2H), 7.46
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(t, J = 8.28 Hz, 1H), 7.30 (dJ = 7.56 Hz, 2H), 2.74- 2.71 (m, 2H), 1.18(d = 6.84 Hz,
12H); 13C NMR (150.92 MHz, CDGJ): & 168.13 (Cx2), 147.17 (Cx2), 134.30 (Cx2),
131.76 (Cx2), 130.11, 126.78, 123.86 (Cx2), 123.74 (Cx2), 29.22 (Cx2), 23.89 (Cx4);
GC-MS m/e 307.157.

2-(3-Hydroxy-propyl)-isoindole-1,3-dione!*¢l

G,

Purified by column chromatography (hexane/ethylacetate = 2:1); white solid, 92186 y
IH NMR (600.17 MHz, CDQ, TMS): § 7.84-7.82 (m, 2H), 7.75-7.73 (m, 2H), 3.84 t,

= 6.18 Hz, 2H), 3.66 (t) = 5.52 Hz, 2H), 3.19 (s, 1H), 1.90 ( g,= 6.18 Hz, 2H);**C
NMR (150.92 MHz, CDd): 6 168.49 (Cx2), 133.79 (Cx2), 131.66 (Cx2), 122.99 (Cx2),
58.96, 34.25, 31.07; GC-MS m/e 205.010.

2-Allyl-isoindole-1,3-dioneft”]

O
™
O

Purified by column chromatography (hexane/dichloromethane = 2:3); off white solid, 98
% vyield. 'H NMR (600.17 MHz, CDC4, TMS): 8 7.87-7.84 (m, 2H), 7.74-7.70 (m, 2H),
5.90-5.85 (m, 1H), 5.26-5.18 (m, 2H), 4.29 (ts 2.70 Hz, 2H);*3C NMR (150.92 MHz,
CDCl): 6 167.92 (Cx2), 133.97, 132.09 (Cx2), 131.50 (Cx2), 123.30 (Cx2), 117.73,
40.03; GC-MS m/e 187.063.

2-Phenyl-benzo[de]isoquinoline-1,3-dioné?!

Purified by column chromatography (hexane/dichloromethane = 1:2); white solid, 97 %
yield. *H NMR (600.17 MHz, DMSO-¢ TMS): 6 8.61-8.54 (m, 4H), 7.97-7.94 (m, 2H),
7.58-7.56 (m, 2H), 7.51- 7.49 (m, 1H), 7.44 (b5 7.56 Hz, 2H);:3C NMR (150.92 MHz,



DMSO-d): 6 164.62 (Cx2), 137.07, 136.28, 135.36 (Cx2), 133.38, 132.40, 131.65 (Cx2),
130.04 (Cx2), 129.77,129.67, 129.10, 128.45, 128.16, 123.52; GC-MS m/e 273.075.

2-Hydroxy-isoindole-1,3-dionef!®!
O

O
Purified by column chromatography (hexane/dichloromethane = 1:2); grey solid, 85 %

yield. 1H NMR (600.17 MHz, DMSO-g, TMS): § 10.84 (s, 1H of -OH), 7.90 (s, 4H}%C
NMR (150.92 MHz, DMSO-¢): § 164.96 (Cx2), 135.47 (Cx2), 129.67 (Cx2), 123.91
(Cx2); GC-MS m/e 163.025.

2-Quinolin-3-yl-isoindole-1,3-dionet?!
6]
(e}

Purified by recrystallization [after completion the reaction, 2 mL @ganol was added to

the mixture and then the NOs catalyst was separated by filtration and solvent was
removed using rotary evaporator, remaining solid was dissolved in minimum volume of
warm hexane/ethyl acetate (1:4) mixture and slowly cooled down to room tetupeta
allow recrystallization; finally filttered out and washed with cedl hexane and dried
under vaccum] grey solid, 93 % yieltHd NMR (600.17 MHz, CDCJ, TMS): § 9.07 (d,J

= 2.76 Hz, 1H), 8.32 (dJ = 2.76 Hz, 1H), 8.18 (dJ = 8.94 Hz, 1H), 8.01-7.98 (m, 2H),
7.89 (d,J = 8.22 Hz, 1H), 7.85-7.82 (m, 2H), 7.80-7.76 (m, 1H), 7.62-7.60 (m, 1#);
NMR (150.92 MHz, CD{): & 166.93 (Cx2), 147.78 (Cx2), 146.64, 134.78 (Cx2),
132.78, 131.55, 130.24, 129.12, 128.06, 127.62, 127.41, 125.60, 124.02(Cx2); GC-MS
m/e 274.075.

Pyrrolidine-2,5-dione:[?4
0]

v

(e}

9€



Purified by extraction (after completion the reaction, 2 mL 2-propanol was anidéue
mixture and then the NIDs catalyst was separated by filtration; filtrate was quenched by
H-O and extracted with CH@t3; combined organic layer was washed by NaHCO
solution and dried over NaSginally concentrated using rotary evaporatoer); white solid,
79 % yield.H NMR (600.17 MHz, DMSO-d, TMS): § 11.09 (br s, 1H), 2.62 (s, 4H);
13C NMR (150.92 MHz, DMSO-¢): 5 180.39 (Cx2), 30.48 (Cx2); GC-MS m/e 99.030.

Piperidine-2,6-diond??
(0]

O

Purified by extraction (after completion the reaction, 2 mL 2-propanol was aidéue
mixture and then the NKDs catalyst was separated by filtration; filtrate was quenched by
H.O and extracted with CH@%*3; combined organic layer was washed by NaHCO
solution and dried over NaSXinally concentrated using rotary evaporatoer); greenish
solid, 91 % yield.*H NMR (600.17 MHz, DMSO-¢ TMS): § 10.66 (br s, 1H), 2.47 (1

= 6.51 Hz, 4H), 1.85 (pJ = 6.51 Hz, 2H):23C NMR (150.92 MHz, DMSO-¢): § 174.58
(Cx2), 32.25 (Cx2), 18.08; GC-MS m/e 113.010.

Isoindole-1,3-dione:
(@]

@[éw

e}

Purified by extraction (after completion the reaction, 2 mL 2-propanol was aidéue
mixture and then the NIDs catalyst was separated by filtration; filtrate was quenched by
H>O and extracted with CH@%*3; combined organic layer was washed by NaHCO
solution and dried over NaS©finally concentrated using rotary evaporatoer); white
solid, 94 % yield.*H NMR (600.17 MHz, DMSO-¢, TMS): § 11.37 (br s, 1H), 7.84 (s,
4H); 3C NMR (150.92 MHz, DMSO-g): § 170.18 (Cx2), 135.26 (Cx2), 133.55 (Cx2),
123.87 (Cx2); GC-MS m/e 147.035.
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Chapter 5

Direct Synthesis of Cyclic Imides from Carboxylic
Anhydrides and Amines by NOs as a Water-tolerant

Lewis acid Catalyst
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5.1. Introduction
Cyclic imides and their derivatives are an important class of substratdsdiogical and
chemical applicatior’s? and used as intermediates in the industrial production of drugs,
dyes and polymer&210.2l However, sustainable synthetic methods of cyclic imides from
readily available starting materials are limited. General methodsyothesis of cyclic
imides are the dehydrative condensation of a dicarboxylicl*ad its anhydridé&"4°]
with an amine under harsh conditions (250-380 °C, ~330®8rpr under microwave
heating®®! and the cyclization of an amic acid with the help of acidic reagents or in the
presence of excess amount of promoter (Lewis acid, base, dehydrating agesf. The
methods suffer from some of the drawbacks of low atom-efficiency, limited aibst
scope, production of stoichiometric amount of byproducts, and need of special procedure
(microwave heating). New synthetic routs from nitrileshalides’®! alkynes?! aryl
boronic acidd® aromatic amide8! aliphatic amide$'? and cyclic aminé$® have been
developed, but these homogeneous catalytic methods have drawbacks of low
atom-efficiency, narrow substrate scope, needs of toxic reagents or additivets, a
difficulties in catalyst/products separation and catalyst reuse. kampgle, a reusable
heterogeneous catalytic system by F#flGuffers from needs of halides and CO as less
environmentally benign reagents. One of the most atom-efficient synthesigché c
imides via dehydrogenative coupling of diols and amines catalyzed by a Ru cdthiflex
still suffers from limited substrate scope of diols and amines.

Catalytic synthesis of cyclic imides by condensation of cyclic anhydrgligs
amines is one of the most deriable route. A few catalytic methods using/$aQ/5215"]
or DABCOI> were reported to synthesize cyclic imides from cyclic anhydride$ wit
amines. These methd®$ suffer from some of the drawbacks such as quite limited
substrate scope, no results on the catalyst reuse, and needs of largst tasalyng and
special method (microwave heatir¢gf:1%% Potentially, the reaction is catalyzed by Lewis
acid, but co-presence of water as byproduct can suppress Lewis acidity by hindering
coordination. Inspired by recent reports that several metal oxides, such.@s,Mb act
as water-tolerant Lewis acid cataly§,we have recently reported that Mbs acts as
water-tolerant Lewis acid catalyst for direct imidation of dicarbaxyhcids with

amine§”! and direct amidation of esters with amin®s.We reported our preliminary
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results on cyclic imides synthesis from cyclic anhydiide,but detailed catalytic
properties such as substrate scope and kinetic studies were not reported. élezppi/
the first general catalytic method of direct cyclic imides synth&sis cyclic anhydride
with amines (or ammonia) under solvent-free conditions.

Nb.Os (surface area = 54 hgt) was prepared by calcination of niobic acid (supplied
by CBMM) at 500 °C for 3 h, and Lewis acidic characteristics obQbwere reported in

our previous studiel$’-1°

5.2. Experimental

General

Commercially available organic compounds (from Tokyo Chemical Industry or
Sigma-Aldrich) were used without further purification. GC (Shimadzu GC-2GI)
GCMS (Shimadzu GCMS-QP2010) analyses were carried out with Ultra AMED
capillary column (Frontier Laboratories Ltd.) using Bind He as the carrier. Analytical
TLC was performed on a Merck 60 F254 silica gel (0.25 mm thickness). Column
chromatography was performed with silica gel 60 (spherical, 63p210Kanto Chemical

Co. Ltd.).

Catalyst preparation

Niobic acid (NBOs-nH.O, HY-340) was kindly supplied by CBMM. NfDs (surface area

= 54 n? g!) was prepared by calcination of niobic acid at 500 °C for 3 h. MgO
(JRC-MGO-3), TiQ (JRC-TIO-6, rutile, 100 rhg?), CeQ (JRC-CEO-3), and Htype
BEA zeolite (HBEA) with SiQ/Al203 ratio of 25 (JRC-Z-HB25) were supplied from
Catalysis Society of Japan. HZSM5 zeolite with .03 ratio of 300 was purchased
from N.E. CHEMCAT. SiQ (Q-10, 300 m g*) was supplied from Fuiji Silysia Chemical
Ltd. ZrO,, ZnO, SnQ, TaOs and CaO were prepared by calcination (500 °C, 3 h) of the
hydrous oxides: ZreonH20, ZnOnH.0 (Kishida Chemical), EEnG (Kojundo Chemical
Laboratory), TaOs-nH2O (Mitsuwa Chemicals) and Ca(OH(Kanto Chemical)y-Al20s
was prepared by calcination ¢fAIOOH (Catapal B Alumina purchased from Sasol) for
3 h at 900 °C. Montmorillonite K10 clay and sulfonic resins (Amberlyst-15® and
Nafion-Si® composite) were purchased from Sigma-Aldrich.®*Fexchanged K-10

(Fe**-mont) was prepared by treating the clay with aqueous solution of;Fé#GD for 3
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h at room temperature, followed by centrifuging and washing with deionized \iaie
times, and by drying in vacuo at room temperature. The Fe content3iantant (0.46
wt%) was determined by ICP analysis. The heterogeneous catalysts wexd gnder
ambient conditions. Scandium(lll) trifluoromethanesulfonate, Sc(§XTHkyo Chemical
Industry), HfCkL (WAKO) and ZrCl (WAKO) were purchased.

Catalytic tests

Typically, succinic anhydride (1 mmol), aniline (1 mmol) and 50 mg obQ¥were
added to a reaction vessel (pyrex cylinder) with a reflux condenser andreetastirrer.
Then, the cylinder was heated at 140 °C underahnosphere with stirring at 400 rpm.
After completion of the reaction, 2-propanol (4 mL) was added to the mixture, and the
Nb2Os catalyst was separated by centrifugation. For the catalytic testable 5.1, Table
5.S1, Figures 5.1, 5.2, and 5.3, the reaction mixture was analyzed by GC, and vyields of
the products were determined usinglodecane as an internal standard. For the reactions
in Schemes 5.1, 5.2, 5.3, and 5.4, the product was isolated by column chromatography,
and the resulting product was identified using GCM$NMR and**C-NMR analyses.

For the reaction of succinic anhydride or phthalic anhydrides-attane (2 mL) as
solvent with NH (Scheme 5.4), we used a stainless autoclave with a glass inner tube (28
cm?). Molecular sieves 4 A pellets (0.2 g) were placed on a cotton plug at the upiger si
of the glass tube. After being sealed, the reactor was flushed wigaN#éi charged with 3
bar NH, followed by heating the lower side of the autoclave at 140 °C under refluxing of

n-octane.

NMR and GC-MS analysis

'H and!3C NMR spectra were recorded using at ambient temperature by JEOL-ECX 600
and JEOL-ECX 400 operating at 600.17 and 399.78 ‘férMHz; and 150.92 MHz
100.52 MHz for'3C with tetramethylsilane as an internal standard. All chemicalss(aift

are reported in ppm and coupling constardsif Hz. All chemical shifts are reported
relative to tetramethylsilane ardisolvent peaks (77.00 ppm, chloroform), respectively.
Abbreviations used in the NMR experiments: s, singlet; d, doublet; t, trigleuartet; m,
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multiplet. Structure of the reported cyclic imides was identified by specbmparison

with literature data or analogous to literature data.

5.3. Results and Discussion

As listed in Table 5.1, 20 types of the heterogeneous and homogeneous catalysts were
screened for the model imidation of the equimolar amount of succinic anhydride and
aniline under neat conditions at 140 °C for 15 h (Table 5.1). Note that the reaction hardly
proceeded in the catalyst-free conditions (entry 1). Thus, Table 5.1 shows titts s
catalytic imidation. First, we screened 12 types of simple metal oxjdesies 2-13).
Among the metal oxides tested, ¥} showed the highest yield (90%) of the
corresponding imidelN-phenyl succimide. Hydrate of N©s called niobic acid (entry 3)
gave lower yield (22%) than NB®s. Two of the oxides having Lewis acidity (ZeGand
TiO)1192% show moderate yields of 59-65% (entries 4,5). The other oxides, such as SnO
v-Al203, SI0; and CaO, showed low yields of 8-45%. Next, we tested conventional solid
acids such as a Lewis acidic clay,*Fenont (entry 14), HBEA zeolite (entry 16), and
water-tolerant Brgnsted acid catalysts, including HZSM5 zeolith ®i0Oy/Al 203 ratio of

300 (entry 15) and commercial acidic resins (entries 17238)hese solid acids gave low

to moderate yields (31-60%) df-phenyl succimide. Finally, we tested homogeneous
Lewis acid®? (entries 19-21) including a water-tolerant Lewis adids??d Sc(OTf)s
(entry 21). These homogeneous catalysts gave low yields of the product (18-44%). With
the most effective catalyst (NDs), we tested the model reaction in the absence and the
presence of different solvent (Table 5.S1). We found that the solvent-free conditions

showed the higher yield than those in the solvent such as toluenaxyiene.

In order to discuss a possible reason why.Qshowed the high catalytic activity for
the model reaction of succinic anhydride with aniline, we studied the kineticiexgets.
First, we measured initial rates of the imide formation in the absencenahe@ presence
of H-O (1, 3 and 5 mmol) using 50 mg of the catalysts. Two heterogeneous Lewis acid
catalysts (NBOs and TiQ) and a homogeneous Lewis acid catalyst (A&H were
selected for a comparative purpose. Note that the rates were measured under the
conditions where the conversions were below 40%. Figure 5.1A plots the reaction rates as
a function of the initial concentration of water. For all the catalysts, tdbtiomn of water
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decreased the reaction rates, and the rate was lower at higher concenbfatvater.
Figure 5.1B shows double logarithmic plots for the results in the presence of waker in t
initial mixture, in which the slope of the line corresponds to the reaction ord#r wi
respect to water. The reaction orders are -0.11, -0.34, -0.50 fg@d\NBIO2 and ZrCh,
respectively, which clearly indicate that the negative impact of wateeases in the
order of NBOs < TiO2 < ZrCls. Figure 5.2 compares the time-yield profiles for the
imidation in the absence of water. The initial slopes for.®4) TiO, and ZrCk do not
markedly depend on the catalysts, but the final yield after 15 h depends strongtg on
catalysts. The yield for NiOs monotonically increased with time, while the yields for
TiO2 and ZrCh leveled off. Considering that water is produced during the dehydrative
condensation reaction, combined with the result that negative impact of wateases in
the order of NbOs < TiO2 < ZrCls (Figure 5.1), the result in Figure 5.2 indicates that the
water molecules formed during the reaction inhibit the Lewis acid casabfsTiO, and
ZrCls, whereas the water molecules do not markedly inhibit the Lewis acid catalf/s
Nb2Os. In other words, NEOs is a more water-tolerance Lewis acid catalyst than,TiO
and ZrCk. Next, we studied effectiveness of the /ls-catalyzed imidation of carboxylic
anhydrides with amines. Figure 5.3 shows the reusability oflbor the imidation of
succinic anhydride (1 mmol) with-octylamine (1 mmol) for 15 h. After the reaction, 4
mL of 2-propanol was added to the mixture, and the catalyst was separated from the
mixture by centrifugation, followed by washing with acetone, and by drying at 90 °C for
3 h. The recovered catalyst was reused for four times without a marked sedrethe
yield. ICP-AES analysis of the solution confirmed that the content of Nb irstietion

was below the detection limit. From the results, we can conclude thaDNik as a
reusable heterogeneous catalyst for the title reaction. Finally, we dtadlestrate scope
for the present catalytic system. Scheme 5.1 shows the results of imidatsucahic
anhydride (1 mmol) with different amines (1 mmol). Under the standard sefuemt
conditions using a small amount of b (0.29 mol% based on the number of Lewis
acid sites on NOs"19) the mixture was heated at 140 °C for 15 h. Anilines with
different functional groups (H-, MeO-, and CI-) ataraposition, benzylamines,

heteroaromatic amines with pyridyl and furanyl groups, linear and cygpbatic amines
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and amines with phenyl and hydroxyl groups were converted to the correspaxaing
imides with good to high isolated yields (65-98%).

The method was also effective for direct synthesis of phthalimides from lyeadi
available phthalic anhydride and equimolar amount of amines (Scheme 5.2). Benzyl
amine, heteroaromatic amine, anilines with electron rich and elegtoor groups,
cyclohexylamine, phenylehtylamine, ana-octylamine were converted to the
correspondingN-substituted phthalimides in modarate to high isolated yields (55-92%).

Scheme 5.3 shows the reactions ebctylamine with various cyclic anhydrides.
Gluteric anhydride, 1,8-naphthalic anhydride and 4-nitrophthalic anhydride were
transformed to the correspondihgsubstituted cyclic imides in moderate to high isolated
yields (65-88%).

It is important to note that unsubstituted cyclic imides are also syntltesipen
cyclic anhydrides and ammonia under azeotropic reflux conditiomsaotane (Scheme
5.4). The reactions of succinic anhydride and phthalic anhydride in the closedessainl
reactor under 3 bar NgHat 140 °C resulted in 78% yield succinimide and 81% yield of

phthalimide, respectively.

Summarizing the above results, we can conclude that the present catalyticdmet
with Nb2Os is widely applicable to the direct imidation of various carboxylic anhydrides
with ammonia or amines with various functional groups. To our knowledge, this is the
first general catalytic method of imides synthesis from carboxylic dntlgs and amines

using a reusable catalyst.

5.4. Conclusion

In conclusion, we have found that cyclic imides can be synthesized direatty farious
cyclic anhydrides with various amines or ammonia using b as reusable
heterogeneous catalyst. This atom-efficient and simple method is the gérstral
catalytic system for the synthesis of cyclic imides from readily amdd cyclic
anhydrides and amines. Kinetic studies indicate that Lewis acid site gDs\ias high
tolerance to water, which results in high catalytic activity for dation even in the

presence of water formed during the reaction.
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Figure 5.1.Initial rate for imidation of succinic anhydride (1 mmol) with aniline (Iral)
in the presence of ¥D (0, 1, 3 and 5 mmol) catalyzed by 50 mg of /s, TiO2 or ZrCls

as a function of the initial concentration of water.
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Figure 5.2. Time-yield profiles for imidation of succinic anhydride (1 mmol) with amé
(1 mmol) catalyzed by 50 mg of N®s, TiO2 or ZrCla.

10¢



100

Yield (%)
N ()] (0e]
P2

N
?

2 3 4

Cycle number

Figure 5.3. Reuse of NBOs for imidation of succinic anhydride with-octylamine under

the conditions in Scheme 1.

Table 5.1.Catalyst screening for synthesis of cyclic imide from anhydrides.

O
cat 50 m
neat, 140 "C 15h
(0]

1 mmol 1 mmol
Entry Catalyst GCyield
1 blank <1l
2 Nb2Os 90
3 niobic acid 22
4 Zro 65
5 TiO 59
6 SnQ 45
7 TaOs 42
8 ZnO 38
9 v-Al 203 17
10 SIG 16
11 CeQ 15
12 MgO 15
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14 Feé*-mont 31
15 HZSM5 60
16 HBEA 40
17 Amberlyst-15 31
18 Nafion-SiQ 46
19 zZrcl, 44
20 Sc(OTf 33
21 HfCls 18

Table 5.S1.Solvent screening

o)
e o
H,N N
o+ H 140°C, 15 h + HO
o)

1 mnol 1 mmol
Entry Solvent GC vyield [%}!
1 n-hexane 10
2 n-octane 35
3 toluene 68
4 o-xylene 80
5 neat 90
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0 (0]

o + RNH, —205G0M9) _ M g+ Hy0
neat, 140 °C, 15 h
o

o)
1 mmol 1 mmol isolated yields
o]
O 8% O 8295 (160 °C, 24 h) O  65%
95% 71% 69% O 729%
I:iN n-CgH17 I:i O E‘f I:‘(<N4§
O 78% o)
98% 86% (20 h) 70%

Scheme 5.1Substrate scope for imidation of succinic anhydride with different amines.

o)

O
Nb,Os (50 mg) _
O yRNHy—= 2~ » N-R +H0
neat, 140 °C, 30 h Y

1 mmol 1 mmol isolated yields

@Sb @%

78% N=

O 55% O 89%

@ O@Ef” -~ @%N-n-cw

65% O 73% 97% (24 h)

Scheme 5.2.Synthesis of phthalimides from phthalic anhydride and various primary

amines.
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. . ’ . Nb,Os5 (50 m
cyclic anhydrides + n-octylamine M» imides  +H,0

1 mmol 1 mmol 0
neat, 140°C  icolated yields
o o} 0
L o o
N—n-CgHy7 O N—n-CgHj7 N—n-C8H17
o o} o}
88% yield (24 h) 65% vield (35 h) 66% vield (30 h, 160 °C)

Scheme 5.3.Synthesis of N-substituted cyclic imide from cyclic anhydrides with
n-octylamine.

H
O Nb,O5 (50 m N
n-octane (2 mL)

1 mmol 3bar  azeotropic reflux 0.78 mmol (78% yield)
140°C,30h
? 0
Nb,Os (50 mg)
O +NH - NH  +H,0
n-octane (2 mL)
O 3bar  aseotropic reflux o)
1 mmol 140°C, 30 h 0.81 mmol (81% yield)

Scheme 5.4Imidation of cyclic anhydride and ammonia.
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NMR and GC-MS analysis:
1-Phenyl-pyrrolidine-2,5-dione il

0]
O

(@]
H NMR (600.17 MHz, CDJ, TMS): § 7.48 (d,J = 7.32 Hz, 2H), 7.40 (t) = 7.32 Hz,
1H), 7.28 (t,J = 7.32 Hz, 2H), 2.90 (s, 4H%:3C NMR (150.92 MHz, CDGJ) § 176.16

(Cx2), 129.26 (Cx2), 128.66, 128.59, 126.44 (Cx2), 28.40 (Cx2); GC-MS m/e 175.180.
1-(4-Methoxy-phenyl)-pyrrolidine-2,5-dione

O
e}

'H NMR (399.78 MHz, CDG, TMS): 6 7.19 (d,J = 8.93 Hz, 2H), 6.98 (dJ = 8.93 Hz,
2H), 3.82 (s, 3H), 2.88 (m, 4H}3C NMR (100.52 MHz, CDGJ): § 176.47 (Cx2), 159.52,
127.65 (Cx2), 124.42, 114.54 (Cx2), 55.48, 28.35 (Cx2); GC-MS m/e 205.201.
1-(4-Chloro-phenyl)-pyrrolidine-2,5-dione:!

O

O
'H NMR (600.17 MHz, CDG, TMS): § 7.45 (d,J = 5.16 Hz, 2H), 7.25 (dJ = 5.16 Hz,
2H), 2.90 (s, 4H);13C NMR (150.92 MHz, CDGJ)) & 175.86 (Cx2), 134.39, 130.24,
129.39 (Cx2), 127.63 (Cx2), 28.35 (Cx2); GC-MS m/e 209.620.
1-(1-Phenyl-ethyl)-pyrrolidine-2,5-dione

N
L0
IH NMR (600.17 MHz, CDCJ, TMS): § 7.40-7.38 (m, 2H), 7.32-7.27 (m, 3H), 4.65 (s,
2H), 2.70 (s, 4H);3C NMR (150.92 MHz, CDGJ): § 176.85 (Cx2), 135.75, 128.92
(Cx2), 128.62 (Cx2), 127.96, 42.38, 27.94 (Cx2); GC-MS m/e 189.210.
1-(4-Chloro-benzyl)-pyrrolidine-2,5-dione !

o
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'H NMR (399.78 MHz, CDCJ, TMS: $ 7.33 (d,J = 7.69 Hz, 2H), 7.27 (dJ = 7.69 Hz,
2H), 4.61 (s, 2H), 2.71 (s, 4HY3C NMR (100.52 MHz, CDGJ): § 176.73 (Cx2), 134.17,
133.96, 130.43 (Cx2), 128.80 (Cx2), 41.70, 28.18 (Cx2); GC-MS m/e 223.650.
1-Pyridin-3-ylmethyl-pyrrolidine-2,5-dione: ]

(@]

IH NMR (600.17 MHz, CDCJ, TMS: & 8.65 (d,J = 2.16 Hz, 1H), 8.54-8.53 (m, 1H),
7.75-7.71 (m, 1H), 7.25-7.24 (m, 1H), 4.67 (s, 2H), 2.73 (s, 4k);NMR (150.92 MHz,
CDCls): & 176.59 (Cx2), 150.11, 149.28, 136.72, 131.37, 123.48, 39.81, 28.12 (Cx2);
GC-MS m/e 190.195.

1-Furan-2-ylmethyl-pyrrolidine-2,5-dione: ™!

IH NMR (600.17 MHz, CDCJ, TMS): § 7.32 (d,J = 3.66 Hz, 1H), 6.32 (dJ = 3.66 Hz,

1H), 6.29 (t,J = 3.66 Hz, 1H), 4.65 (s, 2H), 2.71 (s, 4HJC NMR (150.92 MHz, CDG))

6 176.37 (Cx2), 148.50, 142.19, 110.25, 108.84, 34.70, 27.93 (Cx2); GC-MS m/e
179.170.

1-Octyl-pyrrolidine-2,5-dione: %

e}

N
heptyl

(e}

H NMR (399.78 MHz, CDCJ, TMS): § 3.35 (t,J = 7.31 Hz, 2H), 2.57 (s, 4H), 1.45-1.40

(s, 2H), 1.18-1.13 (m, 10H), 0.74 (3= 6.87 Hz, 3H):3C NMR (100.52 MHz, CDG)) &
177.04 (Cx2), 38.52, 31.44, 28.81 (Cx2), 27.85 (Cx2), 27.40, 26.55, 22.30, 13.76:
GC-MS m/e 211.300.

1-Cyclohexyl-pyrrolidine-2,5-dione

iﬁ}@

IH NMR (600.17 MHz, CDCJ, TMS): § 3.99-3.94 (m, 1H), 2.65 (s, 4H), 2.15-2.10 (m,
2H), 1.83-1.81 (m, 2H), 1.66-1.56 (m, 2H), 1.32-1.20 (m, 4H% NMR (150.92 MHz,
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CDCls) § 177.34 (Cx2), 51.43, 28.47 (Cx2), 27.82 (Cx2), 25.61 (Cx2), 24.77; GC-MS
m/e 181.230
1-Phenethyl-pyrrolidine-2,5-dionef?
C&N@

@)
IH NMR (399.78 MHz, CDGJ, TMS): § 7.31-7.27 (m, 2H), 7.23-7.20 (m, 3H), 3.76-3.72
(m, 2H), 2.90-2.86 (m, 2H), 2.65 (s, 4H¥*C NMR (100.52 MHz, CDG) & 176.96
(Cx2), 137.70, 128.78 (Cx2), 128.49 (Cx2), 126.65, 39.88, 33.49, 28.03 (Cx2); GC-MS
m/e 203.230.
1-(1-Hydroxymethyl-propyl)-pyrrolidine-2,5-dione: [

O HO
98

(o]
IH NMR (600.17 MHz, CDCJ, TMS): § 4.16-4.11 (m, 1H), 4.01-3.97 (m, 1H), 3.78-3.75
(m, 1H), 2.74-2.73 (m, 4H), 1.86-1.75 (m, 2H), 1.21-1.20 (m, 1H) 0.91-0.86 (M, 36));
NMR (150.92 MHz, CDCJ) § 178.36 (Cx2), 62.25, 56.09, 28.02 (Cx2), 20.83, 10.66;

GC-MS m/e 171.190.
2-Benzyl-isoindole-1,3-diond4

O

IH NMR (600.17 MHz, CDCJ, TMS): 5 7.83-7.82 (m, 2H), 7.68-7.67 (m, 2H), 7.58-7.56
(m, 2H), 7.42 (d,J = 7.56 Hz, 2H), 7.30 (tJ = 7.56 Hz, 2H), 7.25 (dJ = 6.84 Hz, 1H),

4.84 (m, 2H);13C NMR (150.92 MHz, CDGJ: 5 165.95 (Cx2), 136.28, 133.90 (Cx2),
132.01 (Cx2), 128.60 (Cx2), 128.53 (Cx2), 127.74, 123.25 (Cx2), 41.51; GC-MS m/e
237.250.

2-Pyridin-3-ylmethyl-isoindole-1,3-dione!?
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IH NMR (600.17 MHz, CDGJ, TMS): § 8.71 (d,J = 1.80 Hz, 1H), 8.53-8.52 (m, 1H),
7.85-7.84 (m, 2H), 7.78-7.76 (m, 1H), 7.73-7.772 (m, 2H), 7.25-7.24 (m, 1H), 4.86 (s,
2H): 13C NMR (150.92 MHz, CDGJ): § 167.73 (Cx2), 149.98, 149.19, 136.36 (Cx2),
134.12 (Cx2), 131.91, 131.84, 123.48 (Cx2), 123.42, 39.01; GC-MS m/e 238.240.
2-p-Tolyl-isoindole-1,3-dionet®!

O
CLpOon
(@]

IH NMR (600.17 MHz, CDG, TMS): § 7.95-7.94 (m, 2H), 7.79-7.77 (m, 2H), 7.31 (s,
4H), 2.41 (s, 3H):13C NMR (150.92 MHz, CDGJ): 5 167.43 (Cx2), 138.18, 134.30
(Cx2), 131.78 (Cx2), 129.76 (Cx2), 128.91, 126.44 (Cx2), 123.67 (Cx2), 21.20; GC-MS
m/e 237.250.

2-(4-Chloro-phenyl)-isoindole-1,3-diond®!

o

IH NMR (600.17 MHz, CDGJ, TMS): § 7.96-7.95 (m, 2H), 7.81-7.80 (m, 2H), 7.48 (#,

= 8.94 Hz, 2H), 7.41 (dJ = 8.22 Hz, 2H);°*C NMR (150.92 MHz, CDGJ): & 166.96
(Cx2), 134.55 (Cx2), 133.78, 131.56 (Cx2), 130.14, 129.28 (Cx2), 127.64 (Cx2), 123.83
(Cx2); GC-MS m/e 257.670.

2-Cyclohexyl-isoindole-1,3-dioné?®!

OO

IH NMR (600.17 MHz, CDG, TMS): § 7.82-7.80 (m, 2H), 7.70-7.68 (m, 2H), 4.11-4.10
(m, 1H), 2.22-2.19 (m, 2H), 1.88-1.85 (m, 2H), 1.74-1.71 (m, 3H), 1.38-1.28 (m, 3H);
13C NMR (150.92 MHz, CDGJ): § 168.38 (Cx2), 133.66 (Cx2), 131.99 (Cx2), 122.92
(Cx2), 50.80, 29.79 (Cx2), 25.94 (Cx2), 25.04; GC-MS m/e 229.270.
2-Phenethyl-isoindole-1,3-dioné?
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IH NMR (600.17 MHz, CDGJ, TMS): § 7.82-7.81 (m, 2H), 7.69-7.68 (m, 2H), 7.29-7.24
(m, 4H), 7.20 (tJ = 6.90 Hz, 1H), 3.92 (tJ = 7.56 Hz, 2H), 2.98 (t) = 8.28 Hz, 2H):13C
NMR (150.92 MHz, CDCJ): § 168.06 (Cx2), 137.91, 133.81 (Cx2), 131.95, 128.76
(Cx2), 128.47 (Cx2), 126.55 (Cx2), 123.12 (Cx2), 39.18, 34.52; GC-MS m/e 251.270.

2-Octyl-isoindole-1,3-dionet®]
O

N=\
heptyl
(e}

IH NMR (399.78 MHz, CDCJ, TMS): § 7.85-7.80 (m, 2H), 7.73-7.68 (m, 2H), 3.67 {t,

= 7.35 Hz, 2H), 1.71-1.63 (m, 2H), 1.38-1.23 (m, 10H), 0.87J(t 4.59 Hz, 3H);13C
NMR (100.52 MHz, CDGJ): § 168.13 (Cx2), 133.57 (Cx2), 131.96 (Cx2), 122.87 (Cx2),
37.81, 31.55, 28.94, 28.39, 26.65, 25.14, 22.40, 13.85; GC-MS m/e 259.340.
1-Octyl-piperidine-2,6-dione !

(0]

N7\
heptyl
e}

IH NMR (399.78 MHz, CDCJ, TMS): § 3.73 (t,J = 7.56 Hz, 2H), 2.64 (t) = 6.90 Hz,
4H), 1.95-1.91 (m, 2H), 1.50-1.47 (m, 2H), 1.31-1.23 (m, 10H), 0.87 £7.56 Hz, 3H);

13C NMR (150.92 MHz, CDGJ): § 172.35 (Cx2), 39.51, 32.76 (Cx2), 31.65, 31.44, 29.11,
29.04, 26.81, 22.49, 17.08, 13.94; GC-MS m/e 225.320.
2-Octyl-benzo[de]isoquinoline-1,3-diond?

(O
N7\
O heptyl
e}

1H NMR (399.78 MHz, CDCJ, TMS): § 8.49-8.43 (m, 2H), 8.11-8.05 (m, 2H), 7.68-7.62
(m, 2H), 4.11 (t,J = 7.79 Hz, 2H), 1.75-1.67 (m, 2H), 1.44-1.22 (m, 10H), 0.87)(%

3.67 Hz, 3H);13C NMR (150.92 MHz, CDQJ): § 163.65 (Cx2), 133.39 (Cx2), 131.13,
130.70 (Cx2), 127.63, 126.54 (Cx2), 122.32 (Cx2), 40.20, 31.60, 29.13, 29.03, 27.90,
26.96, 22.43, 13.90; GC-MS m/e 309.402.

5-Nitro-2-octyl-isoindole-1,3-dionei0
(0]

O,oN
N7\
heptyl

O

11€



IH NMR (399.78 MHz, CDCJ, TMS): & 8.66 (d,J = 1.56 Hz, 1H), 8.61-8.59 (m, 1H),

8.04 (d,J = 7.31 Hz, 1H), 3.73 (] = 7.31 Hz, 2H), 1.72-1.65 (m, 2H), 1.33-1.22 (m,
10H), 0.87 (t,J = 6.43 Hz, 3H);13C NMR (100.52 MHz, CDGJ) & 166.25, 165.96,
151.68, 136.56, 133.53, 129.14, 124.33, 118.58, 38.78, 31.71, 29.09, 29.06, 28.41, 26.80,
22.58, 14.04; GC-MS m/e 304.340.

Pyrrolidine-2,5-dione:™
6]

QNH

o

IH NMR (600.17 MHz, DMSO-¢, TMS): & 11.00 (br s, 1H), 2.60 (s, 4H}3C NMR
(150.92 MHz, DMSO-¢): 5 180.41 (Cx2), 30.46 (Cx2); GC-MS m/e 99.080.

Isoindole-1,3-dionet!!
(@]

(L

e}

IH NMR (600.17 MHz, DMSO-¢, TMS): 5 11.38 (br s, 1H), 7.86 (s, 4HJ3C NMR
(150.92 MHz, DMSO-¢): § 170.20 (Cx2), 135.28 (Cx2), 133.55 (Cx2), 123.90 (Cx2);
GC-MS m/e 147.130.
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Chapter 6

Fe**-exchanged clay catalyzed transamidation of amides

with amines under solvent-free condition
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6.1. Introduction

The amide bond is a fundamental component of biological and synthetic polymers (i.e.,
proteins and nylons) and constitutes an important functional group in organic chethist
The most common way to make an amide bond is based on the coupling of activated
carboxylic acid derivatives and amines, but there are limitations sudredathility of the
activated acid derivatives and tedious proced#r@&mong various catalytic methods of
amide bond formatioft! transamidation of amides with amines is potentially an attractive
alternative method of the direct amidebond formation. Due to the high stability of
carboxyamide groups, thermal transamidation requires high temperatur88Q>» or
microwave heating, which leads to a limited substrate s€gpd&nzyme- mediated tr
ansformation is also known, but it has limited scope and requires highly evolvetheazy

as well as long reaction timl8.To overcome these detriments new homogenédtisand
heterogeneoli§2° catalysts for transamidation are recently reported. 8hhand
Mayerd! reported pioneering works and showed possibility of transamidation under
mild conditions, but the methods suffer from low yield or use of excess amount of
activation reagents. Recently, Beller (copper acétdte)and Williamg'213]
(hydroxylamine hydrochloride and zirconocene dichloride) have developed effective
homogeneous catalysts for transamidation. However, these homogeneous csiilgsts
from difficulty in catalyst recycle, necessity of the solvent, and lowndwer number
(TON). Our group reported the first successful example of heterogeneousscataly
transamidation under solvent-free conditions using £a® reusable cataly8®! More
recently, Akamanchi et al. reported sulfated tungstate as a solid/sathut it required
solvent and the reusability was not studid.

As part of our continuing interests in the heterogeneous catalysis for
transamidatio®® and heterogeneous Lewis acid cataly&ig?! we report herein the
efficient transamidation of amides with amines under solvent-free conditiamg us
Fe**-exchanged montmorillonite (Fe-mont). We will show that Fe-mont as a cheap and
reusable heterogeneous catalyst exhibits higher activity and wider sulstogte than
CeQ.
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6.2. Experimental

General

The GC (Shimadzu GC-14B) and GCMS (Shimazu GCMS-QP2010) analyses were
carried out with Ultra ALLOY capillary column UAS (Frontier Laboratories Ltd.) using
nitrogen as the carrier gas. Commercially available organic compounds {fokyo

Chemical Industry or Kanto Chemical) were used without further purification.

Catalyst

Montmorillonite K-10 clay was purchased from Sigma—Aldrich. The basal (001)
reflection was not observed in the XRD pattern of K-10, which confirms the deétian

of the layered structure of the montmorillonite.*Fexchanged K-10 (Fé&mont) was
prepared by treating the support with aqueous solution of #6RIO for 3 h at room
temperature, followed by centrifuging and washing with deionized water fomesti and

by drying in vacuo at room temperature. The Fe content in Fe-mont (0.46 wt%) was
determined by ICP analysis. CeQUQRC-CEO3) was supplied from the Catalysis Society
of Japan. Si@(Q-10) was supplied from Fuji Silysia Chemical Ltd..Be was purchased
from Wako Pure Chemical Industries.

Typical procedures of catalytic reactions

A typical procedure for transamidation of benzamide witbctylamine is as follows.
Fe-mont (121.4 mg, 1.0 mol% Fe-mont with respect to benzamide) was added to the
mixture of benzamide (1.0 mmok;-octylamine (1.1 mmol) in a reaction vessel equipped
with a condenser under2NThe resulting mixture was vigorously stirred at 140. The
reaction mixture was analyzed by GC. Conversion and yield of the products were
determined based on benzamide amdctyl benzamide using dodecane as an internal
standard. After completion of the reaction, acetone (2 g) was added to the eniahd

then the Fe-mont catalyst was separated by centrifugation. The crude produsolated

by column chromatography and the resulting product was identified by GEMSMR
and'3C-NMR analyses.
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In-situ IR

In situ IR spectra were recorded at 160 °C using a JASCO FT/IR-4200 equippea wit
quartz IR cell connected to a conventional flow reaction system. The samplpressed

into a 30 mg of self-supporting wafer and mounted into the quartz IR cell withh CaF
windows. Spectra were measured accumulating 10 scans at a resolutiohid arflow

of He. A reference spectrum of the catalyst wafer under He was subtraciedefach
spectrum. For the introduction of acetamide to the IR disc, the liquid compound was
injected under a He flow preheated at 200 °C, respectively, which was féx tm tsitu

IR cell. Then, the IR disk was purged with He gas for 1200 s, and IR measuravasnt

carried out.

NMR and GC-MS analysis

'H and!3C NMR spectra were recorded using at ambient temperature by JEOL-ECX 600
operating at 600.17 and 150.92 MHz respectively with tetramethylsilane as anainte
standard. All chemical shift$) are reported in ppm and coupling constad}sirf Hz. Al
chemical shifts are reported relative to tetramethylsilanedasolvent peaks (77.00 ppm,
chloroform), respectively. Abbreviations used in the NMR experiments: ngjlesi d,
doublet; t, triplet; g, quartet; m, multiplet. Structure of the reported cyitides was

identified by spectral comparison with literature data or analogous tatiter data.

6.3. Results and discussion

We performed the reaction of benzamide and n-octylamine as a model reaction to
optimize the catalytic parameters. Table 6.1 summarizes the resuhe afitial catalyst
screening test under the solvent-free condition (180 30 h, under B using different
catalysts including Ce® Note that Ce@showed the highest activity for transamidation
among 11 kinds of metal oxides tested in our previous stddftmong the catalysts in
Table 6.1, Fe-mont showed the highest yield of the corresponding alkylamide. Thermal
transamidation hardly proceeded without any catalyst at°Cl0Jsing Femont, increase

in the amide/amine ratio from 1/1.1 to 1.1/1 resulted in a decrease of tliefsoeh 98%

to 69%. This result suggests stronger interaction of amide with the actéevé-si* Lewis

acid site) than amine during the reaction. From the time—yield profile @&81), we
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adopted the reaction time of 30 h. Stoichiometric amount of: MHproduced and is
mostly present in gas phase. Using Fe-mont as the most effective catedystudied
reusability and general applicability of this catalytic system. T&®eshows the isolated
yield of the products for the transamidation of different amides with n-octylarby 1

mol % of Fe-mont. Transamidation of benzamide with n-octylamine (entry 1)teesin
100% conversion of amides and excellent yield (98%) of the products. ICP-AES analysi
of the solution confirmed that the content of Fe in the solution was below the detection
limit. Figure 6.1 shows the result of catalyst reuse. For each successivihesmtalyst

was washed with acetone three times to remove the products, followed byfugation

and by drying in air. The catalyst was reused at least four times withotkehdoss of its
activity. As shown in Table 6.2 (entries 2-8), benzamides, benzylamide and phenyl
acrylamide were also tolerated with 100% conversion and high isolatétl (F8—96%).
Heteroaromatic amides (entries 9-12) were also tolerated giving 100% camveaursd

high yield (85-95%). The aliphatic amides, acetamide and n-butyramide, als® g
excellent yield of 95-96% (entries 13-15). For the first time, we succeeded in the
transamidation of lactamide (entries 16) and 2-hydroxy-2-methyl-propiaeatentry 17)
with n-octylamine (92—-99% vyield). Table 6.3 lists the results for the transaimmdaf
benzamide and aliphatic amides with various amines. Transamidation of belezath
various amines (aniline, 4-methylaniline, morpholine and cyclohexylamineijteesin
100% conversion and good vyields (entries 1-4). Various aliphatic amides were also
tolerated (entries 6-9). Some of the previously reported systems did not @otbeat
transamidation of acetamide with aniline possibly because of the low nucledyhdfc
anilines as well as low reactivity of a acetamide. In contrast, 0.2 mol %eeafmBnt
catalyzed the reaction with 86% yield (entry 10), corresponding to TON of 428 and
turnover frequency (TOF) of 14.3. These are the highest values for this reaction by
comparing with the previous catalytic systems (Table 6.4). These valuesoaeetiman 46
times higher than that of Cu(OAcgatalyzed reactidi! (TON = 9 for the same reaction).
Table 6.4 includes the result for the transamidation of acetamide with anili@e2byol

% of Fe-mont at lower temperature (toluene reflux conditions). After 25 h thiel yie
reached 98%, corresponding to TON of 490. Recently, Akamachi & adported that
sulfated tungstate (0.4 g, S-loading not reported) showed 88% yield for the
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transamidation of acetamide with aniline for 12 h under toluene reflux conditidms. T
TOF per tungsten atom for sulfated tungstate (0% Wwas lower than the TOF per Fe
atom for Fe-mont (19.6'H. Finally we discuss a possible role of ¥Feation in the
catalytic cycle. Using in situ IR, we studied the adsorption complepesnidd by the
introduction of acetamide on Fe-mont and &i@n-Lewis acidic standard compound) at
160°C. Acetamide(1 IL) was injected to He flow preheated at 2G0 which was fed to

the catalyst disc in the IR cell. IR spectra due to adsorbed species@wa $n Figure 6.2.

The main bands at 1661 chffor Fe-mont) and 1666 crh(for SiQ,) are characteristic to

the carbonyl stretching vibration of adsorbed acetamide spé¥i€se band for Fe-mont

is observed at lower wave number than that for Si@dicating a weakened C=0 bond
strength in acetamide species on Fe-mont. This suggests that carbonyl oxygen of
acetamide interacts with Lewis acid (g resulting in an increase in electrophilicity of

the amide. Considering the previously reported mechanism of Lewis acid (Cu or
Zr)-catalyzed transamidatiBh®® combined with our previous result of pyridine
adsorption IR that Fe-mont has Lewis and Brgnsted acid $ltes,possible catalytic
cycle is shown in Scheme 6.1. The catalytic cycle starts with the &ictivaf amide by
Lewis acid (Fé&") site. The adsorbed amide undergoes an addition of the amine species to
the amide carbon atom to give the N-alkyl amide.

6.4. Conclusion

We have demonstrated that Fe-mont acts as an effective heterogeneoud tatalys
transamidation of amides and amines. This novel catalysis provides a cleanniemive
and practical route for the direct N-alkyl/N-phenyl amides synthesis iw woé the
following advantages. (1) The reaction proceeds smoothly and effectively undentsolve
free condition. (2) The catalyst is readily available, cheap, stable, bleusnd a
non-polluting solid that offers easy handling and ready work-up. (3) The present method
is applicable in the synthesis of various N-alkyl amides, including useful digpha
aromatic and hetero-aromatic amides, with aliphatic, aromatic, dxatemic and cyclic

amines in high yields and shows higher TON and TOF than previous methods.
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Figure 6.1. Reusability of Fe-mont (1.0mol%) for transamida-tion of benzamide (1.0
mmol) with n-octylamine (1.1 mmol) at 141 (t = 30h).
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Table 6.1.Transamidation of benzamide withoctayl amine by various catalysts.

0 o
©)LNH2 TN, e N TN
140 °C
Catalyst Yield (%)
Fe-mont 99
CeQ 79
FeOs 9
FeCk6H0 34
Blank <1

[a] Conditions: benzamide (1.0 mmoi}octylamine (1.1 mmol), catalyst (1 mol%), 140

°C, 30 h. Yield ofn-octyl benzamide was determined by GC.

Table 6.2. Transamidation of various amides witkoctylaminel@

(0] (@]
Fe-mont
R)J\NHZ + \(‘%\NHZ T R)J\H/\%+NH3
140 °C
yield

Entry Amide Product
(%)

1

@AW 08

o)
o
o o)
e e
o
O e e
3 cl cl
o)
F
o)
Q)LNHZ
MeO

2b

Q)LH/\% 90

(0]

F
ISR B
MeO
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b 9]
T (WY e
O,N O5N
e H\/H\
7 U7 OB 89
o) o)

8 ©/\)LNH2 QA)LHM 96
(0]

9 | Nar  NH, | Ny N/\Hs/ 85
o o
10 NN, ,\@)Lu/\%/ 87
o o
95
11b N\])LNHZ NS N
[N/ [N/ "
s. P s, P 92
12 WNHZ WHM
lo) O
i L, A 95

(o]
14 L, AAHA% 95

15 NTNHZ MN/\{ 96
H
OH OH |,
16 )}(NHz )YN\/%\ 92
o o]
17 i i 99
Hoﬁ)kNH2 HOH)LH/\HG/

[a] Conditions: amide (1.0mmol), n-octylamine (1.1 mmol), Fe-mont (1 mol%) °C40
Amide /n-octylamine = 1.0 mmol /1.0 mmol.
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Table 6.3.Transamidation of aliphatic and aromatic amide with various amghes.

e) O
RJ\NH + RNH, _emont. RJLNle + NHy
2 140 °C H
Entry Product yield (%)

(6]
1 @A H© 75

5 m@) 96
s A0 ”
;AT o1

85

10 2 86

[a] Conditions: amide (1.0 mmol), amine (1.1 mmol), Fe-mont (1 mol%), 1@0°®
Fe-mont (0.2 mol %)
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Table 6.4.Heterogeneous (upper part) and homogeneous (lower part) catalysts for the

transamidation of acetamide with aniline.

catalyst mol% T (°C) t(h) vyield (%) TOF(h) TON ref.

Fe-mont 0.2 140 30 86 14.3 428  this study
CeQ 0.2 140 30 11 0.4 13  this study
"Phi(OAcr 5 120 24 81 1.1 27 15
Cu(OAcY 10 140 16 93 0.6 9 11
B(OH)s 10 150 20 76 0.4 8 14

L-Proline 10 150 36 84 0.2 8 16
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NMR and GCMS analysis:

n-Octyl-benzamidef!!

N/\/\/\/\
©)’LH

Purified by column chromatography (hexane/ethylacetate = 4:1); off white €8ith

yield. IH NMR (600.17 MHz, CDCJ, TMS): 6 7.76 (d,J = 7.32 Hz, 2H), 7.48 (t) =7.32

Hz, 1H), 7.42 (tJ = 7.32 Hz, 2H), 6.19 (s, 1H), 3.46-3.43 (m, 2H), 1.62-1.58 (m, 2H),
1.37-1.26 (m, 2H), 1.31-1.26 (m, 8H), 0.88 (Jt= 9.00, 3H);**C NMR (150.92 MHz,
CDCl) 6 167.49, 134.80, 131.19, 128.43 (Cx2), 126.81 (Cx2), 40.07, 31.74, 29.62, 29.24,
29.17, 26.96, 22.59, 14.04; GC-MS m/e 233.100.

4-Methyl-N-octyl-benzamide?

N N
N
Jou

Purified by column chromatography (hexane/ethylacetate = 3:1); off white Wi

yield. 'H NMR (600.17 MHz, CDQ, TMS): & 7.65 (d,J = 7.40 Hz, 2H), 7.22 (d) =7.40

Hz, 2H), 6.12 (br s, 1H), 3.43-3.42 (m, 2H), 2.39 (s, 3H), 1.61-1.58 (m, 2H ), 1.30-1.29
(m, 2H), 1.28-1.25 (m, 8H), 0.87 (§ = 14.46, 3H);**C NMR (150.92 MHz, CDG)) &
167.38, 141.62, 131.96, 129.14 (Cx2), 126.77 (Cx2), 40.02, 31.76, 29.68, 29.27, 29.19,
26.99, 22.61, 21.39, 14.07; GC-MS m/e 247.150.

4-chloro-N-octyl-benzamide!?
(@]

/\/\/\/\
N
Q}kH
Cl

Purified by column chromatography (hexane/ethylacetate = 4:1); pale yelloav,881%

yield. 'H NMR (600.17 MHz, CDCJ, TMS): 6 7.63 (d,J = 8.28 Hz, 2H), 7.30 (d) =8.28

Hz, 2H), 7.19 (s, 1H), 3.35-3.33 (m, 2H), 1.53-1.50 (m, 2H), 1.23-1.22 (m, 2H),
1.20-1.18 (m, 8H), 0.80 (i) = 14.40, 3H);3C NMR (150.92 MHz, CDGJ) § 166.41,
137.45, 133.13, 128.75 (Cx2), 128.25 (Cx2), 40.19, 31.76, 29.60, 29.25, 29.17, 26.97,
22.62, 14.07; GC-MS m/e 267.110.
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4-Fluoro-N-octyl-benzamide:

Purified by column chromatography (hexane/ethylacetate = 4:1); pale yellosy 96#6
yield. 'H NMR (600.17 MHz, CDG, TMS): 6 7.70 (d,J = 8.94 Hzmetato 4-F, 2H),
6.98 (d,J =8.94 Hz ortho to 4-F, 2H), 6.44 (s, 1H), 3.34-3.32 (m, 2H), 1.52-1.49 (m, 2H),
1.21-1.20 (m, 2H), 1.19-1.17 (m, 8H), 0.79 Jt= 14.40, 3H);**C NMR (150.92 MHz,
CDCl) 6 166.47, 164.49 (d] = 250.51 Hz, 4-F-C), 130.92, 129.14 (I+ 9.49 Hz,meta

to 4-F, Cx2), 115.37 (dJ = 22.98 Hz,ortho to 4-F, Cx2), 40.15, 31.72, 29.57, 29.23,
29.14, 26.95, 22.56, 14.01; GC-MS m/e 251.150.

4-methoxy-N-octyl-benzamide?!

Purified by column chromatography (hexane/ethylacetate = 4:1); off white S04
yield.*H NMR (600.17 MHz, CDC, TMS): § 7.72 (d,J = 8.94 Hz, 2H), 6.92 (d) =8.94

Hz, 2H), 6.04 (br s, 1H), 3.84 (s, 3H), 3.43-3.41 (m, 2H), 1.61-1.58 (m, 2H), 1.29-1.28 (m,
2H), 1.27-1.25 (m, 8H), 0.87 (§,= 14.46, 3H)*C NMR (150.92 MHz, CDGJ) § 167.38,
162.62, 128.55(Cx%2), 113.66(Cx2), 55.37, 40.02, 31.77, 29.73, 29.28, 29.19(Cx2), 27.00,
22.61, 14.07; GC-MS m/e 263.220.

4-nitro-N-octyl-benzamide !

Purified by column chromatography (hexane/ethylacetate = 3.33:1); brown solid, 90 %
yield. *H NMR (600.17 MHz, CD, TMS): 6 8.21 (d,J = 9.60 Hz, 2H), 7.86 (d] =9.60

Hz, 2H), 7.19 (s, 1H), 6.24 (s, 1H), 3.40-3.39 (m, 2H), 1.57-1.55 (m, 2H), 1.22-1.221 (m,
2H), 1.21-1.20 (m, 8H), 0.80 (f, = 6.84, 3H):13C NMR (150.92 MHz, CDGJ) 5 165.57,
149.45, 140.52, 128.16 (Cx2), 123.86 (Cx2), 40.19, 31.85, 29.60, 29.33, 29.27, 27.06,
22.71, 14.17; GC-MS m/e 278.140.
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N-Octyl-2-phenyl-acetamidet’

LN N g
Y

Purified by column chromatography (hexane/ethylacetate = 4:1); off white soli@p 89
yield. 'H NMR (600.17 MHz, CDQ, TMS): 6 7.36 (d,J = 7.56 Hz, 2H), 7.35-7.7.29 (m,
1H), 7.26-7.24 (m, 2H), 5.35 (s, 2H), 3.57 (s, 2H), 3.19-3.17 (m, 2H), 1.41-1.38 (m, 2H),
1.27-1.26 (m, 2H), 1.25-1.22 (m, 8H), 0.87 Jt= 14.46, 3H):*C NMR (150.92 MHz,
CDCls) 6 170.82, 135.02, 129.44(Cx2), 129.0 (Cx2), 127.30, 43.89, 39.64, 31.70, 29.39,
29.12(Cx2), 26.72, 22.59, 14.06; GC-MS m/e 247.400.

N-Octyl-3-phenyl-acrylamide:“!

Purified by column chromatography (hexane/ethylacetate = 4:1); off white soli@p 96
yield. 'H NMR (600.17 MHz, CDd, TMS): § 7.62 (d,J = 15.84 Hz,trans 1H),
7.48-7.47 (s, 2H), 7.33-7.32 (m, 3H), 6.47-6.40 (m, 1H), 6.02 (br s, 1H), 3.39%(5.64

Hz, 2H), 1.57-1.53 ( m, 2H), 1.34-1.33 (m, 2H), 1.28-1.26 (m, 8H), 0.87#t6.90, 3H);

13C NMR (150.92 MHz, CDGJ) § 165.86, 140.60, 134.86, 129.48, 128.71(Cx2), 127.67
(Cx2), 120.90, 39.79, 31.74, 29.63, 29.25, 29.16, 26.95, 22.58, 14.04; GC-MS m/e
259.200.

Pyridine-2-carboxylic acid octylamide?

Purified by column chromatography (hexane/ethylacetate = 3:2); red solid, 8&8l@ds"A
NMR (600.17 MHz, CDd, TMS): 6 10.37 (d,J = 6.00 Hz, 1H), 10.04 (d) = 6.00 Hz,

1H), 9.93 (br s, 1H), 9.69-9.67 (m, 1H), 9.27-9.25 (m, 1H), 5.32-5.29 (m, 3H4p-3.47

(m, 2H), 3.16-3.15 (m, 2H)3.13-3.11 (m, 8H)2.71 (t,J = 6.00 Hz, 3H) *C NMR
(150.92 MHz, CD) 6 164.09, 149.97, 147.89, 137.21, 125.90, 122.05, 39.36, 31.70,
29.55, 29.19, 29.09, 26.91, 22.53, 13.98; GC-MS m/e 234.300.



N-Octyl-nicotinamide: !

Purified by column chromatography (hexane/ethylacetate = 3:2); grey solid, ¥él&b

H NMR (600.17 MHz, CDCJ, TMS): 6 8.96 (d,J = 3.30 Hz, 1H), 8.70 (dJ = 3.30 Hz,

1H), 8.12-8.11 (m, 1H), 7.38-7.36 (m, 1H), 6.48 (br s, 1H), 3.47-3.44 (m, 2H), 1.65-1.60
(m, 2H), 1.39-1.35 (m, 2H), 1.33-1.26 (m, 8H), 0.87 Jt= 13.74 Hz, 3H);3C NMR
(150.92 MHz, CD{) 6 165.56, 152.02, 147.72, 135.07, 130.48, 123.45, 40.20, 31.73,
29.53, 29.21, 29.15, 26.94, 22.58, 14.04; GC-MS m/e 234.100.

Pyrazine-2-carboxylic acid octylamidet?

[Njiu/\/\/\/\

N

Purified by column chromatography (hexane/ethylacetate = 4:1); off white soli@p 95
yield. 'H NMR (600.17 MHz, CDCJ, TMS): § 9.34 (d,J = 1.71 Hz, 1H), 8.67 (dJ =

1.71 Hz, 1H), 8.44 (s, 1H), 7.75 (br s, 1H), 3.42-3.40 (m, 2H), 1.58-1.54 (m, 2H),
1.32-1.23 (m, 2H), 1.22-1.19 (m, 8H), 0.80Jt 6.84 Hz, 3H) ;**C NMR (150.92 MHz,
CDCls) 6 162.79, 147.08, 144.55, 144.35, 142.40, 39.44, 31.73, 29.51, 29.20, 29.13,
26.91, 22.57, 14.03; GC-MS m/e 235.020.

Thiophene-2-carboxylic acid octylamidet?!

S
WN/\/\/\/\

H

Purified by column chromatography (hexane/ethylacetate = 4:1); off white soli@p 92
yield. 'H NMR (600.17 MHz, CDQ, TMS): § 7.63 (d,J = 5.74 Hz, 1H), 7.42 (dJ =

5.74 Hz, 1H), 7.02 (t) = 5.74 Hz, 1H), 6.99 (br s, 1H), 3.39-3.37 (m, 2H), 1.59-1.57 (m,
2H), 1.26-1.25 (m, 2H), 1.25-1.23 (m, 8H), 0.86 Jt= 13.74, 3H);**C NMR (150.92

MHz, CDCh) 6 162.04, 139.39, 129.50, 127.75, 127.41, 39.99, 31.63, 29.51, 29.15, 29.05,
26.85, 22.48, 13.93; GC-MS m/e 239.020.
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N-Octyl-acetamide®!
O

Ay

H

Purified by column chromatography (hexane/ethylacetate = 4:1); off white soli@p 95
yieid. IH NMR (600.17 MHz, CDCJ, TMS): § 6.41 (br s, 1H), 3.20 (m, 2H), 1.97 (s, 3H),
1.49 (m, 2H), 1.48-1.27 (m, 10H), 0.87 (= 6.58 Hz, 3H);13C NMR (150.92 MHz,
CDCl) 6 170.23, 39.53, 31.61, 29.35, 29.11, 29.04, 26.79, 22.96, 22.45, 13.89; GC-MS
m/e 171.100.

N-Octyl-butyramide: ["]
(6]

/\)H(\/\/\/\
H

Purified by column chromatography (hexane/ethylacetate = 4:1); yellow liquic%95
yield. IH NMR (600.17 MHz, CDG, TMS): § 6.37 (br s, 1H), 3.23-3.21 (m, 2H),
2.17-2.14 (m, 2H), 1.67-1.64 (m, 2H), 1.51-1.47 (m, 2H), 1.29-1.20 (s, 10H), 0.94(t,
8.94, 3H), 0.87 (tJ = 1.38, 3H);*C NMR (150.92 MHz, CDGJ) § 173.04, 39.30, 39.11,
31.59, 29.46, 29.10, 29.03, 26.78, 22.43, 19.09, 13.85, 13.53; GC-MS m/e 199.170.

Pentanoic acid octylamide:
H

/\/TN\/\/\/\/

Purified by column chromatography (hexane/ethylacetate = 3:2); brown solid, 9él&bo yi

'H NMR (600.17 MHz, CD, TMS): $ 6.08 (br s, 1H), 3.23-3.20 (m, 2H), 2.17 {t=

7.56 Hz, 2H), 1.63-1.58 (m, 2H), 1.51-1.46 (m, 2H), 1.37-1.26 (m, 12H), 0.916.84

Hz, 3H), 0.87 (t,J = 6.90 Hz, 3H);**C NMR (150.92 MHz, CDGJ) § 173.14, 39.37,
36.41, 31.65, 29.52, 29.15, 29.08, 27.85, 26.82, 22.50, 22.29, 13.93,13.67; GC-MS m/e

213.200.

2-Hydroxy-N-octyl-propionamide: !

OH H
/K”/N\/\/\/\/

@)
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Purified by column chromatography (hexane/ethylacetate = 3:2); brown solid, 92l1&bo yi
H NMR (600.17 MHz, CDd, TMS): 8 6.67 (br s, 1H, NH), 4.14-4.12 (m, 1H), 3.63 (br
s, 1H, OH), 3.18-3.16 (m, 2H), 1.45-1.41 (m, 2H), 1.33J¢& 6.90, 3H), 1.25-1.14 (m,
10H), 0.80 (t,J = 6.90 Hz, 3H);*3C NMR (150.92 MHz, CDQJ) & 174.68, 68.25, 39.09,
31.73, 29.48, 29.19, 29.14, 26.82, 22.57, 21.25, 14.03; GC-MS m/e 201.100.

2-Hydroxy-2-methyl-Nc-octyl-propionamide:

HC&YR\/\/\/\/

Purified by column chromatography (hexane/ethylacetate = 4:1); grey solid, @el&b
IHNMR (600.17 MHz, CDGJ, TMS): § 7.06 (br s, 1H, NH), 4.13 (br s, 1H, OH), 3.21 (t,
J = 13.08, 2H), 1.50-1.49 (m, 2H), 1.42-1.41 (m, 6H), 1.29-1.27 (m, 10H), 0.8¥t,
6.90, 3H);13C NMR (150.92 MHz, CDGJ) 6 176.93, 73.11, 39.15, 31.66, 29.41, 29.13,

29.07(Cx2), 27.66, 26.76, 22.50, 13.95; GC-MS m/e 215.110.

N-Phenyl-benzamidef!

She

Purified by column chromatography (hexane/ethylacetate = 4:1); light pink st8ido
yield. 'H NMR (600.17 MHz, CDd, TMS): 8 7.81(br s, 1H), 7.78 (d] = 3.4 Hz, 2H),

7.57 (d,J = 8.22 Hz, 2H), 7.48-7.46 (m, 1H), 7.40 &= 7.56 Hz, 2H), 7.29 (1) = 8.22

Hz, 2H), 7.09-7.07 (m, 1H)®*C NMR (150.92 MHz, CDGJ) § 165.73, 137, 88, 134.96,
131.83, 129.16 (Cx2), 128.78 (Cx2), 126.98 (Cx2), 124.55 (Cx2), 120.17; GC-MS m/e
197.080.

N-p-Tolyl-benzamide*%

O
Sh
Purified by column chromatography (hexane/ethylacetate = 4:1); grey solid, yiel&b
H NMR (600.17 MHz, CCN, TMS): $ 7.86 (d,J =7.80 Hz, 2H), 7.53-7.52 (m, 2H),

7.51-7.46 (m, 2H), 7.17 (d} = 7.80 Hz, 2H), 6.96 (dJ = 7.80 Hz, 1H), 6.61 (d) = 8.28
Hz, 1H), 2.23 (s, 3H)}3C NMR (150.92 MHz, CRCN) § 165.54, 135.31, 135.03, 134.19,
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131.69, 129.53 (Cx2), 128.70 (Cx2), 126.96 (Cx2), 115.21 (Cx2), 20.88; GC-MS mle
211.110.
N-Morpholin-4-yl-benzamide: ]

o
N
o0
Purified by column chromatography (hexane/ethylacetate = 3:2); off white 86liélo
yield. *H NMR (600.17 MHz, CDG, TMS): § 7.44-7.38 (m 5H), 3.86-3.48 (m, 8H)C
NMR (150.92 MHz, CD{) 6 170.26, 135.13, 129.73, 128.40 (Cx2), 126.91 (Cx2),

66.71, 48.06, 42.39, 11.65; GC-MS m/e 191.220.

N-Cyclohexyl-benzamidet'?

o

Purified by column chromatography (hexane/ethylacetate = 4:1); white solid yigléto

H NMR (600.17 MHz, CDCJ, TMS): § 6.86 (d,J = 8.94 Hz, 2H), 6.61-6.58 (m, 1H),
6.53 (m, 2H), 6.38 (s, 1H), 1.16-1.13 (m, 2H), 0.89-0.85 (m, 2H), 0.78-0.75 (m, 1H),
0.57-0.51 (m, 2H), 0.39-0.31 (m, 4H¥YC NMR (150.92 MHz, CDG)) § 166.58, 135.08,
131.20, 128.47(Cx2), 126.78(Cx2), 48.63, 33.21, 25.54 (Cx2), 24.89 (Cx2); GC-MS m/e
203.260.

N-Morpholin-4-yl-2-phenyl-acetamide:

O

N
oY
Purified by column chromatography (hexane/ethylacetate = 4:1); pale yelloavHPo
yield. *H NMR (600.17 MHz, CDCJ, TMS): § 7.31-7.29 (m, 2H), 7.24-7.20 (m, 3H),
3.71 (s, 2H), 3.61 (s, 4H), 3.45-3.44 (m, 2H), 3.41-3.39 (m, 2F);NMR (150.92 MHz,
CDCl3) 6 169.36, 134.48, 128.46 (Cx2), 128.23 (Cx2), 126.57, 66.40, 66.08, 46.16, 41.81,
40.41; GC-MS m/e 205.250.
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N-Cyclohexyl-butyramide: 2]
o
2O
H
Purified by column chromatography (hexane/ethylacetate = 4:1); white solid yi&léo
IH NMR (600.17 MHz, CDJ, TMS): § 5.40 (br s, 1H), 3.69 (] = 4.14 Hz, 1H), 2.05 (t,
J=8.28 Hz, 2H), 1.84-1.82 (m, 2H), 1.64-1.54 (m, 5H), 1.29-1.27 (m, 2H), 1.07-1.03 (m,

3H), 0.86 (t,J = 6.84 Hz, 3H) ;*3C NMR (150.92 MHz, CDQ)) § 171.97, 47.94, 38.89,
33.19 (Cx2), 25.47, 24.83 (Cx2), 19.24, 13.64, GC-MS m/e 169.100.

Pentanoic acid (4-fluoro-phenyl)-amide:
F
O
MNQ
H
Purified by column chromatography (hexane/ethylacetate = 5:1); grey solid, @&lébo
'H NMR (600.17 MHz, CDGQ, TMS): § 7.62 (br s, 1H), 7.46-7.44 (m, 2H), 6.98-6.95 (m,
2H), 2.32 (t,J = 7.56 Hz, 2H), 1.70-1.65 (m, 2H), 1.39-1.35 (m, 2H), 0.92&,7.56 Hz,
3H); 13C NMR (150.92 MHz, CDGJ) § 171.68, 159.22 (d] = 242.96 Hz, 4 F-C), 133.94,

121.75 (dJ = 7.22 Hz,metato 4-F, Cx2), 115.46 (d] = 21.28 Hz, 21.67 Hzrthoto 4-F,
Cx2), 37.25, 27.66, 22.33, 13.74; GC-MS m/e 195.110.

2-Hydroxy-N-phenyl-propionamide: 4
(o]
A0
OH

Purified by column chromatography (hexane/ethylacetate = 4:1); yellowjsid]i 85 %
yield. *H NMR (600.17 MHz, CDCJ, TMS): 6 8.56 (s, 1H), 7.52 (dJ = 8.94 Hz, 2H),
7.31-7.28 (m, 2H), 7.11-7.09 (m, 1H), 4.32-4.29 (m, 1H), 3.60 (br s, 1H), 1.48 &,
6.90 Hz, 3H);3C NMR (150.92 MHz, CDGJ) 6 173.01, 137.17, 129.14 (Cx2), 124.74,
119.98 (Cx2), 68.89, 21.19; GC-MS m/e 165.100.

N-Phenyl-acetamidet®]

10

H
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Purified by column chromatography (hexane/ethylacetate = 4:1); grey solid, @él&b
H NMR (600.17 MHz, CDJ, TMS): § 6.73(br s, 1H), 6.64 (d] = 8.25 Hz, 2H), 6.42 (d,
J=8.25 Hz, 2H), 6.21 (m, 1H), 1.27 (s, 3HYC NMR (150.92 MHz, CDGJ) 6 168.54,
137.88, 128.91 (Cx2), 124.25, 119.92 (Cx2), 24.51; GC-MS m/e 135.070.
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Chapter 7

General Conclusion
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In this research, | find out the reason, for which the Lewis acid catalyreidle bond
formation reaction usually possessed some drawbacks. Kinetic studies ofatigon
support the hypothesis and showed that base tolerant Lewis acid catalyseigfiective

to overcome the drawbacks for amidation of carboxylic acid with amines. Say dase
tolerant heterogeneous Lewis acidic catalytic system is developed for @mdi@nide

bond formation reaction. The present catalytic system does not require higllystat
loading which increases the atom economy and showed higher turnover numbers than
previous Lewis acid catalytic method for amidation. This newly developed simpl
atom-efficient and environmentally benign method provides a practical and convenient
route to synthesize amides and imides from readily available startirigriada with a

wide range of substrate scope.

Chapters 2-6, showed the precise examples of heterogeneous Lewis acidicataly
for the direct synthesis of amide and imide. By using this simple methodologpugar
important amides were synthesized from carboxylic acids and estdrsamiines. This
atom-efficient method tolerates various functional groups and is applicablaliernging
substrates such as-hydroxycarboxylic acids and-hydroxycarboxylic esters. For the
first time, imide derivatives were synthesized from dicarboxylicdacand carboxylic
anhydrides with amines and ammonia by using this heterogeneous Lewis acidicatal
system. By using this new catalytic system, amides are also syrtdesby
transamidation of amides with amines.

Mechanistic studies suggested that the Lewis acid site eOhils more tolerant to
basic molecules (amines and water as by product), present in the reactiamentkiese
properties of NBOs, makes it highly effective catalyst for amidation and imidation
reaction. These heterogeneous Lewis acid catalysts can be applied to edbgons

involving activation of carbonyl groups in the presence of amines.
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