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The synthesis of amides is of huge importance in a wide vari Over the past few years a wide ganof new reagents an
industrial and academic fieldand is of particular significance catalysts for direct amidationf carboxylic acids have bee
the synthesis of pharmaceuticals. Many of the well estab reported. In addition, the interconversion of amide derivati
methods for amide synthesis involve reagethiat are difficult t via transamidatioris emerging as potential alternative strateg
handle and lead to the generation of large quantities of to access certain amides. This microrevi€overs recent
products. As a consequence, there has been a considerable developments in the direct amidation of carboxylic acids anc
of interest in the development of new approaches to ¢ interconversion of amides through transamidatiomhe
synthesis. advantages and disadvantages of the variowethods are

discussed as wedis the possible mechanisms of the reactions
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Ingold Laboratories, London WC1H 0AJ, U.K. through a range of different reaction pathways. Although recent
Fax: +(44)-(0)20.76797463 progress has been made in oxidatiamidation reactions
E-mail: : tom.sheppard@ucl.ac.uk .
Homepagewww.tomsheppard.eu employing alcoholor aldehyde precursorshy far the most
common approach the condensatiomeaction of a carboxylic acid
with an amineThis is usually achieved by the use of a coupling
agent which activates the carboxylic acid pament and drives the
dehydration reaction. More recently, the discovery of effective
catalysts for direct amidation has led to processes which offer
Amide bonds arepresent in a vast array of useful moleculegonsiderably increased efficien€ythough as yethey often have
includingnumerous industrially important compounds, as wel as 3 relatively limited substrate scoplevertheless, it is likely that
wide selection of bioactivenatural products.The synthesis of over the next few years, catalytic amidation reactions will become
amides is hugely important in the preparation of compounds injgcreasinglycompetitive with the more traditional coupling reagent
wide variety of industries, with amide synthesis attaining particula;pproaches Alternative strategies which employ ester€ or
significance in the pharmaceutical industry whemmides are gmides asacyl donos hawe also begun to emerge and in some

present in around 25 of top-selling pharmaceutialsand inmany  cases such strategies may offer advantages over carboxylic acid
other medicinally important compouns. Despite the huge activationmethod.

importance of amides in organic chemistry, most of the well

established methods for their formation aetatively inefficient A number ofrecentreviews of the aredave coveredmetal
with large quantities opotentially hazardousasteproducts being  catalysed amide bond formati§fif! andthe use of more traditional
produced leading to adverse environmental impacts andoupling reagents” This Microreview will highlight recenly
difficulties in purificatin of the desired amide produdds a reporteddevelopmentsn both the direct amidationof carboxylic

consequence, there have been several articles written kyids andthe interconversion afmidesvia transamidation
representatives of thpharmaceutical industrgsuch asthe ACS

Green Chemistry Institute Pharmaceutical Roundjalsléch have
identified amide bond formation gserhaps the most important Amidation of Carboxylic Acids
synthetic transformation for which improved methods are
required? The environmentahspects of a variety of established The direct thermal condensation of carboxylic acids and amines
amide famation reactionshave also been evaluatedn several in the absence of reagents or catalysts has traditionally been
recent articles from representatives ofie pharmaceutical viewed as an unviable approach due to the presumed formation of
industry!® The industrial importanceof amide synthesis has ammonium carboxylate salt¢Scheme 1)and extremely harsh
stimulated increaseihterestfrom theresearch communitin the  conditionshave been reported to be requirttd However, thermal
developnent of new and efficient approachesand many new amidation has recently attracted renewed interegthess become
develpments have been reported over the past dé@ade apparent that ammonium salt formation does alatays readily

take place, and need noecessarily prevent condensation from

Introduction
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occuring. Indeed, the degree of caxgtate salt formation is
strongly dependent on both the substrates employed and
reaction conditions.
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Scheme 1Ammonium carboxylate salt formatis condensatian

In a recentexperimental and computational study of the

mechanism of thermal amidation reactions in-potar solvents, a

strong correlation was observed between the acidity of a carboxylic
acid and its reactivitywith more acidic systems being largely
unreactive. Tls was attributed to the high degree of carboxylate

salt formation observed with stronger acidbrends in he
reactivity of the amine componemtere much more difficult to

when exposed talternating currentAC) magnetic fields This
thethod benefits fromafkt reaction timeg<20 min) and easy
removal of the nickel ferritparticlesusingmagnetic eparationA
range of substratesan be used n c | u-dhirah gcidsibenzoic
acids anilines and secondary amireesd ro drop in stereochemical
purity was observedduring the amidation oN-Boc or N-Cbz"H
proline. Acid sensitive proteaty groups and free phenolgere
alsotoleratedn these reactions
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identify, andaminereactivity wasthought to be down to a complex Scheme 4Examples of radiofrequeneyediated amidation.

balance of steciand electronic eficts. The key step of the reaction

mechanism was proposed to be nucleophilic attack of the amine orf he direct amiation of carboxylic acidsvas reported to OCQCW
a hydrogen bonded carboxylic acid dimen the basis of a for many substrates on heatimgPhMeat 110 °C(Scheme 5f'

computational study (Scheme.® The general reactivity trends

This method does not requieetive water removal(DeanStark,

identified n this mechanistic study have been corroborated H§iC) butanhydrouseactionconditionswere employedDue to the
several recent papers on thermal amidation which are discusé§dtpolar nature ofthe solvent,ammoniun carboxylate salt

below. Similar reactivity trendshave also been observed in

formation isdisfavoured This methodworks well for secondary

amidation reactions mediated by a variety of reagents and cataly§td!ines, aliphatic, aromatic and heteroaromatic aminesaadge
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Scheme 2Proposed mechanism for direct thermal amidation.

The direct thermal condensation of carboxylic acids and amines

at 160 °C under neat conditions using 3A molecular sigM&) to
remove the water generated in the reacti@s been descrile
(Scheme 3% During optimisationof this methodt was obsrved
that molecular sieves were naecessaryfor good conversion,
though they weremployedin orderto limit any pressure build up
in the sealed reaction vesseDnly a limited selection of
functionalsed acids and aminewas explored but free alcohols
and phenolsvere toleratedunder the reaction conditiorand the
correspondingster produstwere not observed.
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Scheme 3Direct hightemperaturéhermal amidationld Reaction time 24
h.™ Reaction time 12 h.

The use of radiofrequency heating to promote direct amidation

under solvent free conditiommsalsobeen reporte¢Scheme 444
Nickel ferrite nanoparticles actsaa radiofrequency absorbing
material which cangenerate localed heat in the reaction flask
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of carboxylic acids An amidation reaction was successfully
performed on a 400 mmol scale in one dasgive 93 g of product
Less reactive systems such asliaes and benzoic acidsage
lower yields under thestandarccondtions, though yields from less
reactive substratesould be improvedby increasing the reaction
tempeature to 150 °Gxylenes or by the addition of a zirconium
catalyst(ZrCl, or Cp,ZrCl,). An amidation product derived from
N-Boc-proling was determined to e99% ee
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0 , 110°C,22h
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Scheme 5Examples ofthermaland Zrcatalysedamidation.
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A ZrCl,-catalysed direct amidatiomasalso repord by another
researchgroup at thesame timé'® In this case,4 A MS were

employed as a dehydrating agent and the reaction could be carried

out at a lower temperature7Q °Q under anhydrous conditions
(Scheme 6)No racenisationwasobserved irthe coupling oftwo
N-protected amino ad§ and acidsensitive N-protecting groups
were tolerated Alkyl, aromatic and heteroaromatiacids and
aminesunderwent amidation imoderate to excellent yieldnder
these conditions.Less active substrates such amioic acids and
secondary aminefiowever,requirel a higher reaction temperature
of 100 °C. This methodvas also shown to besuitable for large
Scale synthesis (>5@f amidg. In terms of functional group
comptibility, a few exampleof functionalised substratesere
investigatedincluding compounds containingcetal&etals and
nitro groups The background reaction observeshder these
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conditionsfor the reaction of phenylacetic acid and benzylaminbe preformedbefore the acid can be added to the reaction mixture

was low (1013%) compared with the catalysed reaction (99%).
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Scheme BExamples of ZrGhcatalysed amidatioff! 1.5equiv.amine at
100 °C.

Zirconium catalysts have been proposedo activate the
carboxylic acid via several different coordination mof&gure 1
including: a) Lewis acid activation dahe carbonyl groupn the

acid or hydrogesbonded dimerb) Lewis acid activation of the

(SchemeB). A range ofamidescan be synthesised in moderate to
excellent yieldjncludingthose derived frorsecondary amines and
very electrordeficient amines (Scheme 9) However few
functional groups were reportéd be compatible with the reaction
conditions In the synthesis othe chiral pentafluoroaniline derived
amide,no racemisatiorof the Uchiral certre was observedThe
yield of amide obtained due tbermal background reactiamder
these conditions was not measured and may be significant in the
case of mora@eactivecombinatiors of acid and amineHowever,

this method is noteworthy due to the fetwt activation of the both
the carboxylic acid and the amine occurs during the reaction
mechanism leadng to more effective acylation of poorly
nucleophilic aminesThis is in contrast to mossther methods
which proceed solely via activation of the aaplic acid
component
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carbonyl with simultaneous activation of the leaving group by l

hydrogen bonding; and c) Zirconium activation of carboxylate

oxygen as a leaving group.
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Figurel. Proposed carboxylic activation modexler Zr catalysis

In a similar fashionTi(O'Pr), wasalso reported to ba suitable
catalyst for direct amidatig*” underrelatedreaction conditionso
those reported for Zr¢l(Scheme 7)Amidation reactions with
both primary andsecondary amines combination withaliphatic

acids, unsaturated acids,aromatic or heteroaromatic acids
procee@d well under the reaction conditiond s el ec+t i

chiral acids were explore@ndno racemsation was observedlith
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Scheme 8Proposed AIMgmediated amidation mechanism
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Boc-"kproline or Boc-"kalaning though some epimerisation was gcheme gselected examples of AlMenediated amidation.

observedvith ibuprofen (83% ee)Acid sensitive groups including
Boc protected nitrogens and ketalgere toleratd under the

XtalFluor-E (and related derivativeXtalFluor-M) has been

reaction conditions A range of transitioimetal chlorides and gegcribedas a direct amidation reagent tean be used under mild
alkoxides werealso found toact assuitable amidation catalysts ~qgngditionsunderan inert atmosphercheme 1" Whilst many

thoughTi(O'Pr), was judged to be the most suitable candidate duSnides can be accessed effectivetgrically hindered aminedo

to its ready availability andlow price. This reactionprobably
proceeds viaa similar mode of activation tethe Zrmediated

notreadilyundego amidationandthe correspondingliethylamide
is formedas asignificant by-product in some case# range of

processs(F_igure_l). The background reaction fqr benzylf’;\_mine andycids and amines can beoupled including deactivated ral
phenylacetic acid was low under these reaction conditions ao%ﬂarically hindered acids, as well asbstrates containingree

compared to the Ti(®r),-catalysedroces{91%).

Ti(O'Pr), (10 mol-%)
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Scheme 7Examples of Ti(@Pr),-catalysecamidation

Stoichiometric quantities ofAlMe; have been reported to

mediateamidationreactions but these processesquireexclusion
of air or moisturelong reaction times arah excesof bothamine
and AlMe; (3 equiv.)*® The dimethylaluminium amidenust also

phenos.
F\S,F
JO]\ HN‘RZ XtalFluor-E (1.5 equiv.) JO]\ , : BF,-
! .R NJ
RVSOH R THF,4h0°Ctort. RN Et” % Et
o R3 XtalFluor-E
Fuo F
A~ “\/Ph O OH g
A N~ ~Ph &
‘ H N \(\%kN N BF,
NG Boc O s N [ j
73% 52-67%, ee >99% 53%
XtalFluor-M

Schemel0. Examples of XtalFlueE-mediated amidation.

A combination of PP}il, hasalsobeen shown to be effective for
the direct amidation of carboxylic acidsider inert conditiong®
when useddlong with an excess ofiin i g 0 s o facititateeacid
deprotonation. However, more challenging substrates require up to
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two equivalents of the reagerg#tad the products must be separated o

from the phosphine oxidby-product either by recrystallisation,
chromatography or bysinga polymersupportedphosphine

1-tert-Butoxy-2-tert-butoxycarbonyl,2-dihydroisoquinoline
(BBDI) has been describexs anovel couplingreagentwhich can
mediate amidation reactioreffectively at room temperatur@"
The carboxylic acid is activated as the mixedyainide following
elimination of theisoquinoline leaving groupand tert-BuOH
(Schemell). This procedure is carried out in GEl, and requires

Sulfated tungstate

(0]
JR? (12-18 wt-%
A, az1ewn) 0w
R3 PhMe or xylene R N
azeotropic reflux R3
12-18h
N
R S

86% (22%!21) 72% (15%!1) 95% (23%!)
Scheme 13Sulfated tungstate mediated amidati@mhermal yield

an excess of both BBDI and the amiriwever,aliphatic amines,
anilines, secondary aminegould be coupled with aliphatic,
benzoicheteroaromatic andnsaturated acgkeffectivelyunder the

The use of boroiased reagents and catalysts for direct
amidation has attracted significant attention. In very early reports
of organoboron chemistry, the ability of boronic acids to promote

reaction conditiongScheme 12)Lower yieldswere observedor

bulky acids and amines such as adamaetarboxylic acid and
tert-butylamine but these ractions could be improved by
increasing the reaction temperature to refliaw levels of
racenisation were observed forsome U-chiral acids, however
measured enantiopuritieagere not reported for all chireamides
synthesisd

acylation of amines was noted. For example, catalytic reducfio
o-nitrobenzeneboronic acitlin acetic acidéd to the formation of
a compoundtentatively assigned the structug which upon
deboronation gave acetanili@gScheme 14 More recent work
has foundfurther evidence to support thpgoposed structerof
224 |t was hypothesised that a mixed anhydrdeas generated
between the boroc acid group and acetic acid whittenreaced

with the amingo give?2.

O 2 3
0co,BuRS -R° 0O
b . r”bon N I Rre OH
NCO,'Bu — R0 — RN BOH): 1, paic B.g  AgGNO;
; + Isoquinoline R3 @[ ’ @ - . ©\
BBDI O'Bu + 'BUOH + CO, NO, AcOH N/)\ NHg, H,0 NHAC
+ !BuOH 1 o o 2 3
Scheme 11Mechanism oBBDI-mediatecamidation B )J\
0 'R? BBDI(12equiv) o J
1J\ HI R1J\N'R2 NH
RT OH R CH,Cl, 1t 241 e s N
00 Scheme 14Boron-mediated acylation reaction during tiegluction of 2
o 0 OMe nitrobenzeneboronic acid in ACOH.
A \,_/
MeO TN | HN—
0 _\SM Subsequently,he direct formation of amides using a variety of
88% 71% © boron reagents including BPEL? borand?® catechol
0 o boran&” and tris-(dialkylamino)borand¥’ has been reported.
BocN._ '\D NHEnN CbZN\)J\NHBn However these regents require anhydrous reaction conditions due
o i H to the sensitivity bthe reagents towards moisture aimdsome
o N . . . . .
n ex f either the amine or carboxylic acid is al
75040, 70% 07% 151 >99% o6 cases an excess of either the amine or carboxylic acid is also
999,b] needed

Scheme 12 Examples of amides prepared by BBDédiatedcoupling
@Reaction time of 5H”No enantiopurityreported. Borate esters are potentially attractive amidation reagents as they
arereadily prepared and easy to handle. The use of B(9Mea
Sulfated tungstatdias been reporteas aheterogenous catalyst direct amidation reagent in the presence of sulfonic acid was
for the direct preparation of amid®d. This method requires reported for a single example in the early 1979sviore recently
azeotropic reflux inPhMe or xylenein the presence oéxcess We have explored this processconsiderableletail and found tt
carboxylic aid (Scheme 13)The synthesis of amides derived fromB(OMe); and B(OCHCFs); are highly effective reagents for direct
primary/secondary aliphatic amines aadilines by condensation amidation reactions in MeCN, in the absence of any added®%cid.
with aliphatic, unsaturated and aromatic carboxyitids was % Background experiments were carried out to demonsthate
described. Howeverpnly a very limited range of functionalised the thermal amidation rates were largely insignificant under the
systems were examine@ihere is a significant background reactionfeaction conditions.Both B(OMe); and B(OCHCFy){*? are
reported in some casesich can be exgcted considering theigh ~ available commercially, and the latter compousah be easily
temperatures involved This heterogeneouscatalyst offers a prepared on a 50 g scale from@ and trifluoroethandf” The
considerable advantage in terms of purificatienit can easily be B(OCH,CFs)sreagent is considerably more effective than B(QMe)
separated from the reaction mixture by filtratiamd the catalyst and can be used for amidation reactions with a wide range of
can be reused up to four timestwbnly a smallloss in amide yield. amines and carboxylic acidincluding many functionalised
After catalyst removal e amide produavaspurified by aqueous examples which show low or poor reactivity with other beron
work up. based systemgScheme ). The products can be purified by a
aqueous workip or by asimple solid phase workip using
commercially available resingigure 2) The resins scavengmy
unreacted amine and carboxylic acid, along with boron containing
by-products leavingthe pure amide in solution.
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agent. Although ecellent yields were generally obtaineithere

o
J was a limited substrate scope and long rection tifapsto 29 h
R'" “OH ; .
, were required in many cases. It should be noted that under these
HZN/R conditions the thermal background amidation rate is likely to be

considerable for those case involving relatively reactive
combinations of acid and amiH8. Subsequent reports included
the use of recyclabldoronic acid6 as an efficient amidation
catalyst thatcan be fully recovered into a fluorous phaafeer
completion of thereaction® Pyridinium boronic acid7 is also
notable as a boronic acid catalyst that can be used in relatively
polar organic solvent& Chlorinated catechol derivatis® and9

Were developed as catalgstfor the amidation of hindered
carboxylic acid$®® More recently, efforts have been directed
towards reducing the reaction temperature needed for effective
catalysis. Tertianamine containing boronic acidO is able to

« Amberlyst® A-26(OH) basic resin

« Amberlyst® 15 acidic resin

« Amberlite® IRA743 boron scavanger resin
Figure 2 Solid-phase workup of borate amidation reactions

A variety of Boc and Cbz protected amino acids can be
converted to the corresponding amides in good yield and with ve
low levels d racemisation despite the elevated reaction
temperatures employe(Scheme 155Y Dipeptides can also be
synthesised in good yield with excellent diastereoselectivity.

0 R2 B(OCH,CF3); (2 equiv.) o) mediate several amidation reactoin refluxing fluorobenzene
1J\OH N R1J\N1R2 (85 °C)E” Remarkablyortho-iodobenzeneboronic acitl is able
R®  MeCN(0.5M) 80°C,5h R3 to catalyse amidéormation at room temperature in the presence of
o ﬁs molecular sieves as a dehydrating ad®htThe electrorrich
@\W“\j\ ph. I _~_oH PhA[fN\) variant12 wasrecentlyrepored to show even greater reactivity.
N OMe N
o) H o o) , L, 5mOM%7 o _ oTf
72% 92%! 89% L RAGR A R @\N_
o R SOH H [emim)oTf] R N3 N7
PhMe, reflux R .
BocHNJkNHBn CszN\)J\ BZHN\-)J\D o Phu o [emim][OTf]
MeS._~ ; N “~pp, Ph” N7 Ph
79%, er >99:1 78%, er 95:5 49%°), er 98:2 H
BoHN_ % o 92% 95% 98% (xylene)
o j)J\NHBn/ " NHBn o 10mol%10 O
I I R I g2
fo) Ph S ] N RI” N
OH 53% 81% 88% R OH H PhF, reflux e
Schemel5. Examples of B(OCKCFs)s-mediatecamidationreactions o o o
[{lg0 °C for 15 h'100 °C for 24 h in sealed tube. L U P J\
Ph” N Ph N">ph Ph N"Ph
- . L H
Each of the abovéoroncontainingreagents can, in principle,
e o o 50% 68% 71% (PhMe)
generate an acyloxyborospecies in situ and this is generally o
. . . . . 0,
considered to be the active acylatingagent in the metion i Rz gs 10mol-%12 I re
medium (Scheme 16)By analogy with mechanistic studies on R'” “OH ﬂ 4AMS RN
boronic acid catalysed amidation reactiovig€ infrg), the reactive CHoCly, rt. R®

acylating agent could contain either a trigonal or tetrahedral boron

0] ]
ph. I ZNEN
atom. ID @HJ\HAPh ”/Y

o - 2 R 91% © 53% 90%
BX e) RZ .R o I )
i 3 R1J\o’ BX3 ” j\ Scheme 17Boronic Acid catalyed amidation reactions.
. 2
R “OH or R! N’R
JOJ\ R3 The use of catalytic boric acid for amidation reactions has also
R1” No BXe beendescribed*™*Y Whilst this approach is very attractive due to
Scheme 16Possibleacyloxyboronintermediates in amidation reactions  the very low cost of this compound, high reaction temperatures are
with borortbased reagents. requiredand the substrate scope ligited in comparison to the

boronic acid catalysegrocessesIn general, the reactivity of
substratesn these boromediated amidation processes follows a

B(OH),
\©/ O/B(OH)2 ;(;E s similar trend to their reactivity in thermal amidation reactiohs!

The exact mechanism dboronic acid catalysed amidation

gs ngF 8)C('= reactons is still a matter of debatelowever there is a general
102 9 X=OH consenss in the literature that the active acylating agent is likely to
B(O B(OH), (OH), be an _acyloxyboron species _generatedfdl_ynatipn of a mixed
©;N ipr @E /@[ anhydride between thearboxylic and boronic acidScheme 18)
2 In two recent computational studjeke rate determining stépds)

of the reaction was proposed to be the collapse of the tetrahedral
Figure 3 Boronlc Acid catalysts for direct amldatlon intermediate after attack of the amife™ In the earlier report, the

reaction pathway involves the amine attacking the tetravalent

The use of boronic acidsFigure 3) as catalysts for the boron speciesl3 to give 14, prior to dehydrationand rate

amidation of carboxjt acids withamines was first reported by determining expulsion of the boronic acid catalyst. In the most
Yamamoto in1996 ¥ and this area of research hasramted recent reportwhich sought to provide a more realistic model of the
considerable intere¢Scheme 17)These reactions requineflux in ~ solvent role in the process, dehydrationgive acyl boronatd5
PhMe xylene or mesitylene with molecular sieves as a dryingrecedes attack of the amine to form tetrahedral zwittetion
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which then undergoes ratketermining collapse to give the product o Reagent %

and regenerate the catalyst. HN'R4 R1J\N’R2 DS R1J\N’R4 HN'RZ
RS F‘{3 or Catalyst FI(5 R3
o Ar-BOH): o H20®OH Joj\ OH Scheme 19A general transamidation reaction
— B _BL
R1J\OH R1J\1§/@\Ar R’ 015 Al In a very early report, the boron trifluoride complex of acetamide
R? H,0 ) was reported to react with a range of primary and secondary
14 OH OH HN } y HN amines to yield secondary and tertiary amides respectffely.
R ofB\Ar Interestingly, in this casethe reactions with anilineas the
H’gz €] nudeophilewere particularly efficient. Since this early publication,
rds JOL ) rds j\ gH a variety of other Lewis acids have been reported to mediate
RN ~—— RITT0Ar transamidation reactions includingalts of aluminiunf®®
ref [42] H ref[43] g oH scandiunt®® hafnium? zirconiunt*¥ and titaniund*®
- BOH) 16
Scheme 18Proposed mechanisms for boronic acid catalysedatioid We have reported that B(OGEF;); is an effective reagent for

the transamidation of primary amides to secondary amides
The adjacent iodineatom in the most reactive boronic acid (Scheme 2059 Modemte to good yields of amidesould be
catalyst§®3¥ is proposed toaccelerate the collapse of theobtained via transamidation of propionamide or glycolamide
tetrahedral intermediate, eitheia a favourablehydrogen bonding reagent does not mediate the transamidation of secondary amides
interaction, an interaction with the vacant orbital on theb atom so efficient conversion to the product can be achieved with only

or by steric destabilisation of the tetrahedral intermedffatd one equivalent of amine.
. . o} X=Me, R=Bu 63%
Given the fact that boron compounds are potentially cheap, X o 4,B(OCHZCF3)3 x% R X=MZ, R=Bﬁ 73%
widely available and environmentally benign, further developments NHz  HoN.o N izg:’ R=Bn 82%
in this field may well lead to a widely adopted dation method -t T
that offers considerable cost and environmental benefits over 73% | N

existing approachesAs yet the substrate scope lodronic acid  gcheme 20Transamidation of primary amidesth B(OCH.CFy)s.

catalysed amidation processesis still somewhat limited in

comparison to more well established methods, however Although B(OCHCFs); does not generally mediate the
transamidation of secondary and tertiary amides, it is able to
activateN-methylformamide and DMEowardstransamidatiof”

The latter process is potentially useful for the formylation of

The direct interconversion of amides, known as transamidatic‘%nlnes as DMF is cheap and readily available as a reagat

(Scheme 19)is a fairly unusual reaction which is rapidly gainingexcess I_DMFcan readily be separated from the product by
; . - . “evaporation(Scheme 21)
prominence as it offers an alternative strategy for preparing

Transamidation Reactions

amides that avoids ¢huse ofcarboxylic ac_ids. A_Ithough amides o) R g2 B(OCHCFy); )OJ\ ,
themselves are generally poor electrophiles, in the presence of a H)LNMe ‘H’ W’ o SNR

suitable catalytic or stoichiometric activating agent, reaction with 10 eq ? 8(?90 R o

an amine can occuteading tointerconversion of amide derivatives. o o o o] H—¢

As many simple amides areadily available, this process can HJJ\N/\Ph L /O H)LNJ\Ph H)J\N N
provide a synthetically useful ute to more complederivatives H H ﬁ H (D @

95% 78% 85% 71%!8! 38%l8!
The reactivity of primary, secondary and tertiary amides towards
trans_a_midation diff_ers_ greatly depending on the reaction gcheme 21 B(OCH,CFE):-mediated synthesis of formamides by
conditions and activating ager#mployed, as well as on the yansamidation of DMF2Reaction carried out at 100 °C.
structure of the amide itsel{Scheme 19) In principle, the
H : : H 2_P3—
transamidation of primary amidegR’=R’=H) should be most  \gry recently, the use of catalytic quantities of boric acid for
synthetically useful as it can provide a route to higher amides Vigynsamidation of primary, secondary and tertiary amides has been
expulsion of a molecule of ammonia. Dweits low boiling point,  renorted?® The reactions are carried out neat at high temperatures
this can readily be removed from the reaction providing seconda{yoomo °C) in the presence of one equivalent of wékeble 1)
or tertiary amides efficiently. Secondary or tertiary amides argqqq yields of secondary/tertiary amide products were obtained by
generally less reactive towards transamidation, though there ulsion of a volatile (NK or Me,NH) or less nudeophilic
several activating agents which areapable of mediating (ppH,) amine. The formylation of a range of amines using
transamidation of these compoundsormamides (ReH) are  tormamide was found to proceed at lower temperature$(2g)
inherently more reactive towards transamidation, and will readilyii, more nucleophiti amines, thouglhigher temperatures were

undergo transamidation at high temperatures, in the absence,Qfyired for secondary amines and aniline derivatives-{50C).
reagents or catalyst§ransamidation is in praiple reversible, so

care must be taken to select reaction conditions which enable the 18(’8‘:;%
3

selective formation of the desired amide product. As with ammonia o) 3

if the expelled amine is volatile, it can be driven off by heating to R1JLN,R2 120-160°¢ R1J\N/\Ph HNfRZ
provide high conversions into thaesired product. Alternatively, e Ph__ NH, H R3
control can be achieved due to differences inniingeophilicity of H,0

the two amines, or by adding a large excess of the starting amine.
Table 1. Boric Acid CatalysetiransamidatiorReactions
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R R? R® Temp Yield The proposed mechanism involves formation of a hydrogen

bonded complex between hydroxylamine hydrochloride and the

0,
LA: : : 128 j;;; amde, followed by attack of the an_1ine on this act_iv_a_ted complex
H H H 100 88% (Scheme 25)A second pathway discussed was |n|tlgl attack_of
Me Me H 150 519 hydroxylarnlne_ on the compl_ex tq ger_werate an |ntermed|_ate

hydroxamic acid. The pathway involving direct attack of the amine
Me Ph H 150 63% was preérred by the authors on the basis of some preliminary
H Me Me 140 83% kinetic data.
Me Me Me 160 56%
HZN'Rz
A further interesting application of thiprocesswas the H N

conversion of phthalimide intoN-substituted derivatives by __H5N® o) H N~R2 o
expukion of ammonia(Scheme 22) This offers a convenient o oX RlJKN/OX 2 RIJKN,RZ
approach to the synthesis of phthalimjztetected amines. The leN/H H H
extension of this to amino acid derivatives was not reported H

however, so it is unclear whether such a transformation could Beheme 25Proposed mechanism of hydroxylamine hydrochloride
carried out without epimerisation of nearby chiral centfiigs ~ catalysed transamidation.

could be worth investigating as an economical route to ) o )
phthalimideprotected dévatives. Copper acetate is able to catalyse the transamidation of primary

amides at high temperature (140 °C) in alcohol sol{€cheme

o 13(’8"'_";% o 26).*¥ Reactions witta-hydroxyamides were particularly efficient
$ and this may be due to coordination of the proximal hydroxyl
100-130 °C . . o
NH r-NH2 NR group to the metal during actition. The transamidation of
Dig’;gne enantiopure mandelic acid proceeded without any observable
o or PhMe o epimerisationinterestingly, with this catalyshe transamidation of
R=Bn, 96% primaryureasandN-aryl ureasvas alsgossible(Scheme 27)
R=PMP, 66%
R=PhCH(Me), 73% 10 mol-%
Scheme 22Transamidation of phthalimide catalysed by B(©H) o ) s Cu(OAc), (o}
J\ R% . .R R2
N 1 .
o o . R'”NH tertamyl RN
The proposed mechanism involves coordination of the amide 2 H ‘;{C:.?;{ R3
oxygen to the boron, followed by the formation of a hydrogen bond o 140 °C
stabilised tetrahedraintermediate upon attack of the amine o 0
P pn. I\ -Ph Ph ph L
(Scheme 28 N N Nﬂ
78% 1 on H 83% L_0
HO oH 82%
B H-0, HO_oH o
o /O—H rR2-N_ O-B /B\O (0]
Jl\ ! —_— >< o _ . O / Ph
4 _H R L Jk / N N
RN N-H AN LH H H
R2 R® R R Noga 30% OH
‘ RS 85% (>99% ee)
Scheme 23Proposed mchanisnfor B(OH);-catalysed transamidation. Scheme 26Examples ofu(OAc)-catalysedransamidation
10 mol-% 0
Remarkably, readily available hydroxylamine hydrochloride was i Cu(OAc), /\N)]\N,Ph
shown to act as an efficient catalyst five transamidation of “>N7 ONH, HNT tert-amyl H H
primary amides to secondary amid85The reaction is carried out H alcohol 72%
in PhMe at 105 °C and good to excellent yields of a variety of 140°C
secondary amides wem@btained (Scheme 24A tertiary amide 10 mol-%
could also be generated in good yjedahd the catalyst could also ¢} Cu(OAc), \©\ i Q/
be employed for the transamtdm of a primary urea. Ph\N)J\NH /©/ tert-amy] H H
Hydroxylamine hydrochloride was completely unreactive for H 2 HN _alcohol _
H i ; (10 equiv) 440 °Cc major product
transamidation of sndary amides
10-50 mol-% 10 mol-% H
o Ho N;:oc-lo o) /Q j\ Cu(OAc), N
2 3 HO~NHj —_— o]
1J\ RN R R1J\N,R2 HoN HoN™ "NHy tert-amyl CEN/E
R NH, H PhMe ' NH, alcohol H
reflux R 140 °C 76%
X 5 i o
mol-7o O
Pr” N ~
H/\©\ Pr "@ N" Ph j\ oy CUlOA) Ph\NJ\N,Ph
NBoc Ph———
81% 90% 87% (88% ce) H,N™ “NH, HoN tert-amyl H H
OH 0 o alcohol 72%
T A 8
)J\N Ph H H H Ph Scheme 27Transamidation of ureas catalysed by Cu(QAc)
H 76% 59% 86%!8!

The proposed mechanism involves coordination of copper to the
Scheme 24 Examples of transamidation mediated hydroxylamine amide to form an imidate omplex which then undergoes
hydrochloride PReaction could also be carried out at 20 °C witm@-%  nudeophilic attack(Scheme 28a)The relative ease with which
catalyst. ureas underwent transamidation may suggest that an alternative
mechanism could be operative in whichisocyanate is generated
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by expukion of one of the nitrogen atoms prior to attack of the
incoming amingScreme 28b)

o)
NH R1J\NH2
0 3 ) Scheme 3. Proposed mechanism of £ZpCl, transamidation
Ry R Riy-ted \g
H H 0, .[cul Solid CeQ has been reported to act as a recoverable
R? - R heterogeneous catalyst for transamidation of primary amides to
@ “NH, R "NH; [ secondary amidd¥) This reaction requires high temperatures
(Cu] 4) (160 °C) but works with a range of(largely unfunctionalised
j)T I h o-fcu amides and amindSchemes2). Theabsorptiorof the amides and
R! NE‘H — RHvNTFTZ amines onto the CeQurface was studiday infrared spectroscopy
R? H2N and, on the basis of thesgbservations the mechanism was
proposed to proceeda activation ofboth reaction paners onthe
surface of the catalyst.
o)
1
R\NJ\NH
o N [Cu) o
1 2 N Ry
®) R\NJ\N,R N [Cul—NH,
H RZ
R )OL _[Cul—NH, szN
NTONH j\ ,
RLSR
H H

Scheme 28 Possible mechanism for Cu(OAc)i catalysed (a)
transamidatiorof amidesvia animidate complex, an¢b) transamidation of
ureas via an isocyanate intermediate.

CpZrCl, has been reported to catalyse the transamidation of

primary amides at relatively moderate temperatures3B6C) in

cyclohexane(Scheme 2952 A wide range of both amides and

amines were examing@and in some activated examples such aScheme 2. Examples oCeQs-catalysedransamidation

formamides the reactions proceeded to completion within 5 h at

only 30 °C. PhI(OAc), is able to catalyse the transamidation of primary
amides under neat conditioifScheme 33)@at high temperatures
(120150 °C)® The transamidation ofphthalimide and a
secondary milide was possible under these conditions, and
activated systems such as formamide underwent transamidation at
much lower temperature (6ID0 °C). The thermal background
yields were notetermired but could well be significanfor more
reactive systems such as DMF.

Scheme29. Cp.ZrClyi catalysedransamidation®Carried out at 30 °C

The transamidation of ethyl carbamate to genexasebstituted
derivatives was alscatalysed by this reagent although a higher
temperature of 100 °C was requirg@theme 30)

Scheme 3. Examples of Phl(OAg)atalysed transamidation

In a very recent reportHProline has been reported to catalyse
transamidation of primary amides to give secondary and tertiary
amides(Scheme 34¥° The reactions were carried out neat at-100
150 °C and were applicable to a range of primary amides and

The mechanism was proposed to involve the interaction of tREnNInes, though less reactive amsneuch as anilines gave

catalyst and the amide with two molecules of amine on the basiscoqnSiderany lower yields in most cases. As with many of the ather

preliminary kinetic studies (Schem@)3 systemsformylation reactions were considerably easier to achieve,
and transamidation of formamide took place even at room

Scheme 30Transamidation of ethyl carbamaiatalysed by CZrCl..
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