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Catalytic approaches to amine synthesis
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Reductive amination

R N0 R| H
X ' R'
R/\N/ 2 /\N/
_R catalyst H

H,N

H
R/\O + NH; —2 » /\NHZ + N R

catalyst H

Current Org. Chem., 2008, 1093

Reductive amination in a flow reactor

Ph—C=N H, (6 atm)

+ Ph/\N/\/\
HoN Toluene 105 °C
99% conversion
93% selectivity
Ph/\/\o H, (10 atmz
2
Me 5% Pd/C Pt " NH,
Toluene 0 i
H,N Ph 100% conversion

20 °C then 100 °C

Collaboration with Pawel Plucinski, Sumeet Sharmaand Anna Sobolewska




Borrowing hydrogen methodology for amine alkylation

R OH R” O NHR

C [M] >
[MH,]

RNy — RN
H,NR

Ruthenium and iridium catalysts have been widely
used for this reaction

Avoidsthe use of alkyl halides

Water is the only by-product

Adv. Synth. Catal., 2007, 1555, Dalton Trans., 2009, 753

One pot synthesis of Piribedil

(I
Z
NJ\N/\ (\N
QNH —
A .
1.25 mol% [Ru(cymene)Cl ] » QN >
Q 2.5 mol% dppf o
> toluene, reflux, 12 h
HO. . .
o 87% isolated yield

Tetrahedron Lett., 2007, 8263, Haniti Hamid




Catalytic approaches to amide synthesis

Br
©/ CO, H,NR, Pd cat NHR
H
Br 1 NCOR N\H/R
—_—
Pd or Cu cat O

catalyst Jk
R/\NH —>y R/\
2 alcohol, aldehyde,
esters, acids, nitriles

Metal-catalysed approaches to amide bond formation
C.L. Allenand J. M. J. Williams, Chem. Soc. Rev., 2011, 40, 3405

Alkylation of Sulphonamides with Alcohols

o 0O 2.5 mol% [Ru(cymene)Cl]»
N 5 mol% DPEPhos Q 0O
Tol” " NH )¢
2 10 mol% EtsN Tol”~ H/\<]

toluene, reflux, 24 h

Ho/\<] 92% yield

Gareth Lamb, J. Am. Chem Soc., 2009, 1766
See also, Beller et a., J. Am. Chem Soc., 2009, 1775




Sulphonamides/Phosphonamides for Primary Amine
Synthesis

Ru cat Mg
P NOH ——— Ph”~ “NHSO,Tol —— Pk~ “NH,
H,NSO,Tol MeOH
86%
Ru cat MeCO,H
P NOH ————> Ph/\NHPOPh2 — ph/\NH2
H,NPOPh, H,0

Gareth Lamb, Tetrahedron Lett., 2009, 3374

Amide alkylation requires fairly forcing conditions

)k ?
Pr NH, [2.5 mol% Ru(cymene)Cl,], )}\
mol% DPEphos H

HO™ >""pp  170°C, 120 min, MW

79% isolated yield

(3 equiv.)

Andrew Watson, J. Org. Chem,, 2011 , 76, 2328




Amide formation from alcohols

2.5 mol% [Ru(cymene)Cl,], O
PN 5 mol% dppb
CH;;—OH * H,N” “Ph N
618 2 10 mol% Cs,CO,4 CsHyj N Ph
O
OH 70% isolated yield
via
PR
CsHyi g Ph (2.5 equiv.)

tBuOH, reflux, 24 h

Andrew Watson, Org. Lett., 2009, 2667
See also; Milstein et al., Science, 2007, 317, 790
Gruzmacher et a., Angew. Chem., 2008, 559

Formylation using formaldehyde as oxidant and reagent

NH 1 mol% (Cp*IrL,), /ﬁ H
e 2 —_— R
R formaldehyde (2 equiv) T
water, 115°C,5h O
\‘. ’,"'
H,C=0 X\ g OH""(- H,COH
SN H,C=O0
Ph/\NJ\H Ph/\N)kH PN g
H 939 | 95% 93%
Me (75% ee)

Ourida Saidi




Elimination/re-arrangement reactions with H,NOH

NHOH

-—
.

Ph—CN

Ir catalysed rearrangement of oximes into amides

NH,

\

N 2.5 mol% [Cp*IrCl5]o
R/t toluene, reflux, 4-8 h
H 85-95% isolated yield

P
I.,/\)OL .
PR NHz ¢ cl

Nathan Owston, Org. Lett., 2007, 73.




Ru catalysed reactions of oximes

_OH

N 0.1 mol% Ru(PPh3)3(CO)H,» (0]
‘ 0.1 mol% dppe
H 0.4 mol% TsOH NH,
toluene, reflux, 6 h
MeO MeO

94% isolated yield

_OMe
N 2.5 mol% Ru(PPhg)3(CO)H,
‘ 2.5 mol% Xantphos CN
H
toluene, reflux, 24 h
M MeO

97% conversion

Nathan Owston, Org. Lett., 2007, 3599. Tetrahedron Lett., 2007, 7761.

One pot conversion of alcohols into amides

(@] (@]
NH, NH,
P X (15equiv.)
2% Cl 88%
2.5mol% [Cp*IrCly]o
Ar” OH
toluene, reflux, 24h o) (0]
then add NH,OH.HCI
reflux 4 h NH; NH;
MeO 94% F 91%

Nathan Owston, Org. Lett., 2007, 73.




Cheaper metals are also effective for oxime rearrangement

N _OH 0
/\)L — /\)J\

_— =

g  toluene, reflux, 16 h NH,

conv (%)

2.5mol% In (OTf); 98

2.5 mol% CuBr 84

2.5 mol% NiCl, 98

2.5 mol% Znl, 80

Some examples of Zn and In catalysed amide formation

0 0 0O
PN
/\)kNHZ Ph/\)kNHZ NH,
In 87% In 90% In 86%
Zn 91% Zn 93% Zn 94%
0O 0O 0O
NH, NH, NH,
In 79% In 88% E¢N In 95%
Zn 8% noon - Zn 91%
In = 0.4 mol% In(NO3)3 Catalyst cost
Zn = 10 mol% ZnCl, (to convert 1 mol of substrate)
ZnCl, 100 mmol = £0.20
In(NO3)3 4 mmol = £4.00

Ru(PPh3)3(CO)H, 1 mmol = £63.00

LianaAllen, Tetrahedron Lett., 2010, 2724




Simple copper salts also provide good reactivity

(0]
/\)l\fH 2 mol% Cu(OAc), /\)k
_  »
H toluene, 80 °C, 1 h NH

100% conversion
93% isolated yield

2

NOH

o]
10 wt% CuO/ZnO/C )k
—_—
Ph H toluene, 100 °C, 4 h Ph NH,

98% conversion

Heterogeneous catalyst can be successfully reused
and also works well in an X-cube flow reactor

Catalyst cost of Cu(OAC), (to convert 1 mol of substrate) = £0.26

Simon Bishopp and Sumeet Sharma, Tetrahedron Lett. 2011, 4252

Some mechanistic studies

OH ;
~ 5 mol% NiCl,.6H,0 N
’\f (i 2.0R . Ph%
Ph\)\H ylene, 185°C, 180 . 0
G
excess _~_-7 /\)J\NH
2
'*OH

5 mol% NiCl, 169

/\)l\H xylene, 155 °C, 18 h /\)J\NH

1 equiv. 80H,

2

100 %

Liana Allen, Org. Lett., 2010, 5096

10



Lack of 180 incorporation with other catalysts

NIﬁOH other catalysts 160y
——
/\)l\H 1 equiv. '*0OH, /\/”\NHZ
100 %

ZnCly, In(NO3)s, RuH,(PPh3)5(COYdppe/HOTSs, RhCI(PPhs);

Ruth Lawrence

Crossover experiment suggests a bimolecular O transfer

NIJ§0H 16/180
/\)I\ 5 mol% NiCl, /\)k
u , NH,
xylene (anhydrous) 0'%.0'8
o 155°C, 18 h 64:36
16
1
16/18,
u 0
NH,
016:018
51:49

Liana Allen, Org. Lett., 2010, 5096
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One possibility for the mechanism of oxime re-arrangement

[N, SOH
Py
R” H
o NrOH
R l -H,0
>/ R—=N—[Ni%¥"] %
HZNE[Niy] R éT\l_ 12+
R‘& / [7“]
0 w \o/N\
[ H
& [N|2+] H R>_
O/N\‘\ H
R

Liana Allen, Org. Lett., 2010, 5096

Formation of the intermediate nitrile appears to be slow

_OH 0
| H 2 mol% Cu(OAc), NH,
_—
PhMe
Me

Me
10 min, 110 °C 17
15 min, 110 °C 34
30 min, 110 °C 100

30 min, 80 °C 43
60 min, 80 °C 100

10 min, 110 °C 100
(+ 10 mol% Tol-CN)

Liana Allen, Liam Emmett, Ruth Lawrence, Adv. Synth. Catal., 2011, in press
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Working towards room temperature amide formation

~OH 0
| 2 mol% Cu(OAc),
. . NH,
4 mol% (Et0),PONH,
Me 10 mol% Tol-CN Me
PhMe, 40 °C 100% conversion

James Lynch

Attempted Borrowing Hydrogen reaction with iron catalysts

P > ’\@

N
Ph OH expected product

Fe(NO)3.9H,0 (20 mol%)

+
HN/\ ~_-CN 110°C, 24 o
© \)J\
N/\‘
(o

observed product

LianaAllen, Tetrahedron Lett., 2009, 4262

13



Iron-catalysed conversion of nitriles into amides

O

Fe(NO);.9H,0 (10 mol%)
R,NH \)k
NR

SN 250C 240

\)Ok \)(L /k i
NH, N \)I\N/\
70% 86% 88% K/O

no amine added

2

LianaAllen, Tetrahedron Lett., 2009, 4262

Other catalysts may be more effective for this reaction

O
Cu(NO;3), (5 mol%)
P NH, . Ph/\N)LMe
MeCN (2 equiv.) H
HyO (1.2 equiv.) 100% conversion
PhMe, 110°C, 30 h (83% amide)

Simge Davulcu
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Conversion of aldehydes into amides?

Ni salts catalyse formation of secondary/tertiary amides

OH HNR'
- 2
T\|1 5 mol% NiCl,.6H,0 O
_
R/kH xylene, 155°C, 18 h R)kNR'Z
o] 0  Me 0
CsH7 E/ RRNGCE H Ph  C;H; H =
96% 91% 90% o/
0 o]
cl
CH7 N H/\Ph
83% 0] 66%

Liana Allen, Org. Lett., 2010, 5096
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Conversion of aldehydes into secondary and tertiary amides

HNR',
5 mol% NiCl,.6H,0 i

0
_  _»
)J\ 1 eq. H,NOH.HCI ,
R H 0.5 eq. NaOH NR2
o

xylene, 155°C, 18 h

/\)1\ CqHy /\)k /'\
Ph™ N - MeS N~ ph

N
0, H H
82% 91%

o ﬁ
o L
Ph/\)J\N/\ C N/\/l\l
H
83% K/O 74%

Liana Allen, Org. Lett., 2010, 5096

Secondary amide formation goes via the primary amide

P (e
Ph H 5 mol% NiCl, 0

150 °C, xylene /\)k
; H/\©\

2h 35% primary 18% secondary
6h 26% primary  74% secondary
16 h 2% primary 98% secondary

Liana Allen and Liam Emmet
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What catalyses secondary amide formation?

(0] (0]
/\)k HZN/\TOI /\)k
FERS
NH, catalyst’ E Tol
150 °C, xylene
NiCl, (10 mol¥%) 39%

Ph(CH,),CH=NOH (10 mol%) 69%

both 78%

Liana Allen
Hydroxylamine catalyses transamidation
H,N
0
0 /\)k
- . N
NH, 10 mol% H,NOH.HCI H
110 °C, toluene 100% conversion
0
Q HZN/\/
N/\/
NH, 50 mol% H,NOH.HCI H
105 °C, EtOAc
100% conversion
Liana Allen
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More amides from hydroxylamine catalysed transamidation

X X
P
H N H N CO,Bn
H/\ N )
87% yield, 10 mol% cat 91% yield, 10 mol% cat
OH
0O 0O
Me” N Boc” N~ >CO,Bn
H H
76% yield, 50 mol% cat 71% yield, 50 mol% cat

Liana Allen
Room temperature catalytic transamidation
i H,NOH.HCI (30 mol%) 0
+ PN
PN
H NH, N Ph Toluene, 20 °C, 16 h H E Ph
100% conversion
0% conversion with no 'catalyst'
Liana Allen
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Mechanism of amide activation by hydroxylamine?

+
=N 0

N X
| H/ —— H/OH—b R N/R

R
H

Secondary amides do not undergo transamidation

NMR concentration studies show association between
hydroxylamine hydrochloride and primary amide

lodide as an alternative inorganic catalyst

R Nuc

Avre acyl iodides more electrophilic than acyl chlorides?

James Taylor and in collaboration with Steve Bull
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lodide ‘catalysed’ acyl transfer

) )
l\l/[e Me O
80 °C,EtOAc, 1 h 0% conversion

80 °C, 1 equiv. Lil, EtOAc, 1 h 100% conversion

Reflux, toluene, DBN, 4 h 96% conversion

Org. Lett., 2010, 5740, James Taylor and in collaboration with Steve Bull

lodide ‘catalysed’ formation of acylsulphonamides

Q0 (0]
\V/4 . O\\ //0
Tol”™ “NH, 1" ph Tol” N7 e
82 °C, MeCN, 24 h, no KI 12% conversion

82 °C, MeCN, 24 h, 60 mol% KI ~ 100% conversion

Russ Wakeham
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Towards direct amide formation from acids and amines?

0 o)
? /\)k
/\)kC,H + OHNT Tl ——— H/\Tol
pKa ~4-5
0
+
/\)ko- + HNT ol

pKa~ 10

March: When carboxylic acids are treated with amines, salts are obtained.
The salts can be pyrolyzed to give amides

Uncatalysed amide formation

o) 0O
Toluene, reflux /\)J\
/\)J\OH + HZN/\TO| T N/\Tol
24h H

100% conversion
93% yield, 93 g

Liana Allen, Chem. Commun., 2011, in the press
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Catalytic direct amide formation

O

Toluene, reflux /\)k
/\)k()H + HZN/\TOI —_—

5 mol% Cp,ZrCl,

4h

N~ >Tol

H

100% conversion

Liana Allen, Rosie Chhatwal Chem. Commun., 2011, in the press
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The Beautiful Buildings of Bath

Milder conditions with ruthenium complexes

Phgp” “CN N
P OH ° P
RUH(CO)(PPhg)o(I'ProMey)  89%
(5 mol%)

Toluene, 70°C, 3 h

J. Am. Chem. Soc., 2007, 1987, BelindaPaine
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Chemistry from other groups

R)OJ\ e R)(J)\/\
R
HO™ R
Cho RuCl,(PPh;), J. Org. Chem, 2001, 9020
Yus Ru(dmso),Cl, Tetrahedron, 2006, 8982
Ishii [Ir(cod)Cl],/PPhy J. Am. Chem. Soc., 2004, 72

Park Pd(heterogeneous)  Angew. Chem. Int., 2005, 6913

Kaneda Ru (heterogeneous) J. Am. Chem. Soc., 2004, 5662
Grigg Cp*IrCl, J. Org. Chem., 2006, 8023

Angew. Chem. Int., 2007, 2358. Adv. Synth. Cat., 2007, 1555

Ruthenium complexes for aldol chemistry

catalyst
COtBu @N”Z_OAC COtBu
P~ NOH + ( P"I/Y
CN 24h,110°C CN
toluene

2.5 mol% [Ir(cod)Cl]5, 5 mol% dppf, 5 mol% K,CO3  55%
5 mol% Ru(PPh3)3(CO)H, 56%

Paul Slatford
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Amine formation via the Aza-Wittig reaction

R~ OOH R~ ONHR
M
MH.
R N0 SNR
PhsP=NR'

Indirect Aza-Wittig reactions

P|'13P=Nph
2 mol% [Ir(cod)Cl]»
ph/\ 5 mol % dppf
OH 5 mol% K,CO3 P NHPh
PhMe, 110°C, 24 h 93%
NHPh
Q\/ NHPh Ph/\/
84% 76%

Chem. Commun., 2004, 1072, Gerta Cami-K obeci
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Simple amines are also successful

HoNPh
2mol% [Ir(cod)Cl],
N 5 mol% dppf
OH 5 mol% K,CO5 P NHPh
PhMe, 110 °C, 24 h 78%

Related chemistry

Grigg, Ru(PPhz)4H, Chem Comm, 1981, 611

Beller, Ruz(CO)12 /R3P Tetrahedron Lett, 2006, 8881
Y amaguchi, Cp*IrCl, Synlett, 2005, 560

Ruthenium complexes are more active

1.2 equiv 'BuNH, t
o NH'Bu
NI 0.75 mol% [Ru(cymene)Clal P >N
1.5 mol% dppf .
toluene, reflux, 24 h 88% yield

Chem. Commun. 2007, 725, Haniti Hamid

27



