Recent Advances in Catalytic Hydroamination Reactions

As countless examples of nitrogen-containing organic molecules can be found in
pharmaceutical, agricultural, and industrial areas, the synthesis of carbon-nitrogen bonds
Is of fundamental interest in organic chemistry. Amongst the numerous methods
developed for the synthesis of nitrogen-containing building blocks such as amines,
Imines, and enamines, the most efficient and atom-economical method is the direct
addition of amines to carbon-carbon double and triple bonds—the so called
hydroamination (Fig. 1).

A cat NR2
R : . AN NR> +
HNR, R R
NR,
_ cat A NR; 4 &
R > R
HNR, R

Figure 1: Hydroamination of alkenes and alkynes

Although a general hydroamination procedure applicable to a wide variety of substrates
remains elusive, tremendous strides have been made towards the achievement of this
challenging goal.? Increasing interest in hydroamination has been sparked over the last 3
years as several new catalytic systems for the hydroamination of alkenes and alkynes
have been discovered. These catalytic systems and select mechanistic investigations will
be described.

! Nobis, M., Drieben-Hélscher, B., Angew. Chem. Int. Ed. Engl. 2001, 40, 3983.
Ricci, A., Modern Amination Methods, 2000, Wiley-VCH, Weinheim.
Mdller, T., Beller, M., Chem. Rev. 1998, 98, 675.
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Introduction

 C-N bond formation is of fundamental interest in organic chemistry

« Examples of nitrogen-containing compounds can be found in
Pharmaceutical, Agricultural, and Industrial fields

* Hydroamination - addition of HNR, across C-C double/triple bonds
* Most efficient route to amines, imines, enamines
* no byproducts - 100% atom economy

H
NR,
HNR

NR,

H
HNR, R,J\/NRZ + R'J\/H

Anti-Markovnikov Markovnikov

Ricci, A., Modern Amination Methods. Wiley VCH, Weinheim, 2000



Thermodynamics

_ _ HNR, . NR,

: D:G1 D:H1 D:S?
Amine (kJ/mol) (kJ/mol) (J/molK)
NH., -14.7 527 127.3
EtNH, -33.4 787 152.2
Et,NH -30.0 -79.5 -166.3

Thermodynamically favourable
o Entropically disfavoured
o Catalysisisessentia for overcoming high activation energy

Cornils, B., Herrmann, W. A., Applied Homogeneous Catalysis with
Organometallic Compounds. Wiley VCH, Weinheim, 2000



Activated Alkenes/Alkynes

R'/i\‘ HNR; > Ru/\/NRZ R'= carbonyl, cyano, etc.

Anti-Markovnikov

 Examples of additions to activated olefins/alkynes

NH,
=z 1 R.T.
+ W
O
J (j

/
Me NH2 + /\H/ > |}l

Jung, M., in Trost, B.M., Fleming, I. Comp. Org. Synth. 1991, 4, 1



Unactivated Alkenes/Alkynes

* Requires activation of alkene/alkyne
« Early examples involved stoichiometric additions of metal(ll) salts

« M =Hg(ll), Fe(ll), Zr(l1), Ti(I1), Pt(I1), Mo(ll), W(ll), etc...

NR,

M M
R ) M
RN e R e

NR, ‘ NaBH,
Markovnikov addition R'J\

* Problems with polymerization and catalyst poisoning

Hegedus, L., in Trost, B.M., Fleming, I. Comp. Org. Synth. 1991, 4, 551



Ritter Reaction

" s RC=N
R G — R ~~H ——s M
RCN R
I
H,0
NH, NaOH HN™ "R

R'J\ T R'J\

Markovnikov addition

* Requires strong acid
e Harsh conditions for amide hydrolysis

Larock, R., in Trost, B.M., Fleming, I. Comp. Org. Synth. 1991, 4, 269



Activation and Catalysis

3 General methods for metal activation towards hydroamination :
1. Olefin Activation - p coordination
2. Amine Activation - deprotonation
3. Amine Activation - oxidative addition

1. Olefin Activation

H/\/NRZ MLnN \& T

SIS NR, |--MLn

H
K Lnl\-/l + j
\/\|l\|R2 /\

HNR
H 2

Cornils, B., Herrmann, W. A., Applied Homogeneous Catalysis with
Organometallic Compounds. Wiley VCH, Weinheim, 2000



Activation and Catalysis (2)

2. Amine Activation - deprotonation 3. Amine Activation - oxidative addition
Ve HNR
HNR 2
r: 2 LA NR; ML
R'H ‘\\\
M-NR,
H/\/ NR2 —
H=M-NR,
Ln/M\/\NRZ Ln
H \_/
HNR, y
~"NR,

Cornils, B., Herrmann, W. A., Applied Homogeneous Catalysis with
Organometallic Compounds. Wiley VCH, Weinheim, 2000



Alkali Metal Catalysis

7% Na, 200°C
Howk, B. 1954  NHj ~  NEtg, HNEt,, H,NEt
—— 1000 bar (66%)

1954 - 1980
Catalyst : Li, Na, BuLi, EtLI/TMEDA, Et,NLi, NaNH,, CsNH,...

Amines : NH, HNEt,, PrNH,, BUNH,, PhNH,

Pressure Temp Yield
= 11-1000 bar | 80-250°C 24-100%

©/\ i 50-200°C | 18-95%
~

800-1000 bar | 200-250°C 3-20%

Muller, T., Beller, M., Chem. Rev. 1998, 675



Early Titanium Catalysis

ph RT.  92%

. 2 RNH
CpTiCl; ——3% CpCITi=NR 2RNHp CpTi(Me),ClI
THF, R.T. THF, R.T.
-2HCI -2CH,
Substrate Product Temp Yield Substrate Product Temp Yield
NH2 '\\' RT. 94% 2 |N
— Ph — Ph 80 88%
— ——Ph
NH N
O\/n_Bu RT. 94% | | ? @n_Bu 80  89%
——n-Bu

Cne
(o,

20 mol% CpTiCl;, 40 mol% iPr,EtN

30min, R.T.=THF 80°C=Tol

Livinghouse, T., et al., J. Am. Chem. Soc. 1992, 5459



Lanthanide Catalysis

= cat.
NH, g H
CJER cat. (R
NH, - \
/% %\ /%\ Ln =La, Nd, Sm, Lu

Ln—E Me,Si Ln—E Me,Si Ln—E
\% X % E = H, CH(TMS),, N(TMS),

Olefin Reactivity Olefin rate : La>Nd>Sm>Lu

Alkyne Reactivity Alkyne rate : La<Nd<Sm<Lu

Marks, T., et al., J. Am. Chem. Soc. 1992, 275; 1994, 10241
Marks, T., Li, Y., J. Am. Chem. Soc. 1996, 9295



Lanthanides (Amino-Olefins)

/é\ - \
1= La—CH(TMS), 2= Me,Si_ '\ Nd—CH(TMS),
4 S
Catalyst Amino Olefin Product N/h Temp ,Catalyst Amino Olefin Product N/h ( Temp
H Me
1 WNH N N N
2 Q/ 1401 60 2 AN ONHMe <_7/ s
H
N
NN
1 F NH, U 5 | 60 @/\ ©1)— 12 | 80
\/\)\ H
1 X NH, (_7/ 45| 25 W><\ >Q/ 03| 60
XN \ "PrNH n n
1 NH rNH, Pr H"Pr
\/><\ >Q\ 95125 | 2 ~5 o4 | e

Marks, T., et al.,

Solvent = dg Toluene

J. Am. Chem. Soc. 1992, 275




Lanthanides (Amino-Alkynes)

Substrate Product Ny/h |Yield Substrate Product N¢/h | Yield
HzN N H,N N
) QAPh 77 | 95 Y NOPh
Ph——= Ph——=— ° 4%
H,N N (\/\
) (_7/\ 96 | 95 y
— XN N
> (_V\TMS 129| 90
O o
580 | 90
_ . S
- \/\/ND N
H,N N (_74 47 | 85
) Q/\TMS 7600 | 95 =
TMS——=
Ph——= NPr
2 85
"PrNH, Ph
\
f SM-CH(TMS),

0.5%

<4

Marks, T., Li, Y., J. Am. Chem. Soc. 1996, 9295



Lanthanide Mechanism

MeZS% CH(TMS),
WNHZ

T.L.S
WNHZ

n
é HN _4\ N
Me,Si ;; Me28|§g(n: B
\_/

Marks, T., et al., J. Am. Chem. Soc. 1992, 275; 1994, 10241

-CH,(TMS),




Lanthanide Mechanism Revised

Cp*,LaCH(TMS -
WNDz P2LaCHTMS), — pn ku/kp = 4.1(8)
R.T.

Me,Si E n—CHTMS),

Cpraln
L _ NHR




Tandem Hydroamination/Cylization

Cat Substrate Product Ni/h |Yield

y

IIIZ§/
s

:

o

AN Ph /%
\
/

124 | 75
/%\
- A N 2= Me,Si Nd—CH(TMS),
_H 27 | 52 W
Ny /TMS
1 H CH 17 | o1 2% Catalyst, R.T., Benzene
TMS— N
\/\N
5 \H} CGM 55 | 93
N N
NNy O}W
2 /\HD > %8
y N

Marks, T., Li, Y., J. Am. Chem. Soc. 1998, 1757



Tandem Hydroamination/Cylization Mechanism

i % Wd—CH(TMS),

Me28|\§l\ltd—
= 35 'NHR
-CH,(TMS),
~ =
?\ —
MeySi ) Nd—NZ 7, —
3NHR

2 \
Mezs|§(d\_<;‘:> Me,Si Q\%\Id/
\_ T /
N
Me,Si N@

Marks, T., Li, Y., J. Am. Chem. Soc. 1998, 1757



Asymmetric Lanthanide Catalysis

/; £ (5 ('j\ Ln =La, Nd, Sm, Lu, Y

Me28| Ln
E = CH(TMS),, N(TMS),
R
(+)Neomentyl (-)Menthyl
Amino Olefin Product Catalyst ee |N¢/h |Temp
H
S N
NS\, Q/ NmMCp,NdCH(TMS), 64 |93 |0
MtCp,SmCH(TMS), 72 |11 |o
NmMCp,SMCH(TMS), 58 33 |0
NmCp,LaCH(TMS), 31 25
H
N
o~~~ MtCp,SmCH(TMS
Z NH, Q/ P2 (TMS), 15 2 |25
NmCp,SmMCH(TMS), 17 2 |25

Marks, T., et al., J. Am. Chem. Soc. 1994, 10241




Further Lanthanide Catalysis

3

Substrate

[Cp™°,LaMe],

y

NH,

Product

Temp

Time

Yield

@@8%

Molander, G., Dowdy, E., J. Org. Chem. 1998, 8983

w0
esr
o
-
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Cat =

4 mol% cat, C,Dy

TMS

4

Nd—Me
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Early Intermolecular Hydroaminations

1% RhCly'H,0

Coulson, D. 1971 = - R
3eq R,NH
i Me,NH (70%)
200°C, THF Piperidine (54%)

Barluenga, J. 1975, 1980

2% TI(OAC)3 Ph _NR(Ar)  Ph__NAr
Ph—— > \W or \f
3eq (Ar)RNH
neat, 60°C (32-90%)
o 5% HgCl, Ph.__NR(Ar) Ph NAr
= -y
5eq (Ar)RNH
R'=n-alkyl, Ph neat, 60°C (39-69%)

Muller, T., Beller, M., Chem. Rev. 1998, 675



Zirconium Catalysis

i 2 RNH
cp,zrcl, 2ENAR - op ZINHR), "2  Cp,ZrMe,
Tol, 85°C
THF, R.T. ol
-2LiCl “ b -2CH,
R =1tBu, Q;
szzerR H2NR j\©\
i ¥ y
Ph—=——Ph
\ CpoZr—NR Ol7——=—"10 CpoZr—NR
- X : -
el AN )
CP2qr=NR — Ph ph | 85C Tol g tol
g PhH, R.T.
Ph—=——~ph X-ray

Bergman, R.G., et al., J. Am. Chem. Soc. 1992, 1708



Zirconium Catalysis (2)

CpZZr(NHR)Z
gl NHR
— H
CpaZi—NR leq. RNH, R}w)\rPh 1leq. RNH, S—(
Ph Ph 15 min, R.T. szz\r H Ph Ph
NHR
Isolated, characterized 45°C H B NHR
tol———-tol
Ph Ph
Cp,Zr—NR
NHR —
H>=< tol tol
Ph Ph Ph
/ szzr:NR -
Cp,Zr N~
\*\/H
R

Bergman, R.G., et al., J. Am. Chem. Soc. 1993, 2753



Zirconium Mechanism

[CpoZr(NHAr)-]

R'l R']\ RNH, u "RNH,

R"” >NR R"” "NHR [Cp2Zr=NR]
W R'——R'

"R
N )\/.R CpoZi=NR
[cp, H R R
RHN-ZCP2 7w R'>R"
RHN.

R=Ph, Me, tBu : 3mol% cat., 100°C, N,/h=0.2-0.04

Bergman, R.G., et al., J. Am. Chem. Soc. 1992, 1708



Actinide Catalysis

R—— 0.2 mol% Cp*ZUMeZ; /_//NRl
R'NH, R
dg-PhH, 80°C, 24h

R R' Yield R R' Yield
TMS Me 95% t-Bu Me 95%
TMS Et 95% t-Bu Et 95%
n-Bu Me 70% Ph Et 50%
n-Bu Et 95%

» Excellent yields for alkyl terminal alkynes
» Anti-Markovnikov regiochemistry
» Low catalyst loading

Eisen, M., et al., Organometallics. 1996, 3773




Titanium Catalysis

- 1. 3mol% Cp,TiMe,. NHR
Ph———~Ph - > /_<
RNH,,Toluene, 100°C PH Ph
2. LiAIH,, THF
R Yield SiO, R Yield SiO,
Ph 62% | 92% t-Bu 86% | 91%
2,6-Me,CeH3 68% 89% Cy 86% 65%
4-F-CgH, 63% | 93% Bn 3% 5%
p— 1. 3mol% Cp,TiMe,. O R=Me (99%)
— » _
RNH, Toluene, 100°C, 72h o/ ' REEL (73%)
2. Si0,, CH,Cl, R=Pr (35%)

» High temperatures required
* Problems with unhindered alkyl amines
» No terminal alkynes

Doye, S., et al., Angew. Chem. Int. Ed. Engl. 1999, 3389



Titanium Catalysis Mechanism

[Cp,TiMey]

RI
t1§ -CH4l 2RNH.,

*] [CPoTI(NHR),]

Riﬂ\ “—RNHZ
" [Cp,Ti=NR]

Py =T

RII

RN%/R' szTl:NR

f H R’ R"
RHN-TICP2 ~_
RHN,

Doye, S., et al., Angew. Chem. Int. Ed. Engl. 1999, 3389



Titanium Catalysis (2)

_ 1. 6 mol% Cp*, TiMe,. NHR'
R————R > /_<

R'NH,, Toluene, 144°C R =

2. NaBH3CN, ZnCl,
R R’ Time Yield R R’ Time  Yield
Ph n-Pr 4 86% Et Bn 24 87%
Ph PMB 6 97% Et BnCH, 24 78%
Ph n-Hex 5 89% n-Pr BnCH, 24 82%
Et PMB 24 91%

 Improved yields over Cp,TiMe, for n-alkyl and benzylamines

» High temperatures still required
* No hydroamination products isolated for any terminal alkynes

Doye, S., Heutling, A., J. Org. Chem. 2002, 1961



Ruthenium Catalysis

1 mol% [Ru3(CO)1] NR
o
R/U\

R———
R'NH,

additive, solvent, 100°C
R R' additive solvent Time Yield
C6H5 4-Me-C6H4 NH4PFg (03) - 3h 95%
CeHs 2-Me-(6-Et)-CgH4 | HBF4/OEL; (2.1) - 12h | 89%
CeHs 4-Cl-CeH,4 NH4PFg (0.6) - 3h 88%
CeHs 4-MeCO-Cg¢H, |HBF,/OEt, (3.0) - 12h | 80%
n-hexyl CeH4 NH,PFg (1.5) MeOH | 12h | 63%
CH,OMe | 2-Me-(6-Et)-CsH,4 | HBF4/OEt, (3.0) Tol 12h | 41%

» Excellent yields for aryl terminal alkynes (509 scale)
» Unexplained additive effect
* No special precautions (atmosphere, water)

Wakatsuki, Y., et al., Angew. Chem. Int. Ed. Engl. 1999, 3222




Ruthenium Catalysis

R R
0
o . |‘| 0.7 % [Ruz(CO)12] _ s
2.1% HBF ~
NH, e N”Ph

100°C, Tol, 12h
R=Me (89%)

R=Ph (99%)

0.36 % [Ru5(CO
| \ [Rus( )12]> | AN N\ =2
, 1.0% HBF, L
7 NH, 2 ; { N
140°C, 7-9h R H
72-97%

RI=H, p-Me, p-MeO, 0-CHg, p-Cl, 0-CO,Me
RZ:Me, Et, n-pentyl, Ph

Wakatsuki, Y., et al., Angew. Chem. Int. Ed. Engl. 1999, 3222
Wakatsuki, Y., et al., Riken Rev. 2001, 53



Rhodium Catalysis

NR'
p— [Rh(COD),]BF, o /U\
R'NH, R
3eq PCyg, Tol, R.T., 20h

R R' cat % Yield
n-hexyl CsHa4 1.5 79%
n-butyl CeHa 1.5 83%
n-butyl 2-Me-CgH4 1.5 55%
n-hexyl 4-Me-CgH4 1.5 73%
n-hexyl 4-MeO-CgH4 1.5 63%
n-hexyl 4-Cl-CgH4 1.0 99%
Ph CeHy 2.5 10%

» Excellent yields for alkyl terminal alkynes
» Markovnikov regiochemistry
* Room temperature reaction

Beller, M., et al., J. Org. Chem. 2001, 6339



Iridium Catalysis

10 mol% cat. 2-7 TON
v
10eq PhNH, , 2% ZnCl, NHPh t= Ir(PEt,),(C,H,)Cl
cat=Ir
THF, reflux, 3d H ve
EtP ;
Ph NH2 Et3P/I, \\H -
THF
PEt,

PhNH,

H ph
r
Etzo Et3P( I Zn C|2 H
Cl
XS & X-Ray

Casalnuovo, A., et al., J. Am. Chem. Soc. 1988, 6738

|r(P Et3)2(C2H4)C|




Iridium Mechanism

Ir (PEt3),(C,H,),Cl
Ir (PEt3),(C,H,4)Cl
thNﬂb I
Ir(PEt3),Cl \&PhNHZ
\ PEt,
Ir (PEt 3)(H) (NHPhC,H;0)Cl Ir(PEt3)2(H)(NHPh)CI
HPh
Et3P/ | \\
H
Ets P EtsPs,, |\\NHPh
EtP7| “PEL
Cl

Casalnuovo, A., et al., J. Am. Chem. Soc. 1988, 6738



Asymmetric Hydroamination

HXz th
Ph,
P—Ir\ — Ir\ @
/
Fe PChx2 th \
th Phg

1 2
Ab 1mol% cat. F
EEEEE—— +
PhNH, "F™ NHPh  (Me,N)sP=N=P(NMe,);
H
Catalyst T (°C) F (eq) VYield(%) ee(%)
1 50 0 12 51 (S)
1 50 1 81 31 (R)
1 25 1 12 60 (R)
1 50 4 51 16 (R)
2 75 2 45 78 (R)
2 75 4 22 95 (R)

Togni, A., et al., J. Am. Chem. Soc. 1997, 10857



Palladium Catalysis

Ar<
0
N 2 mol% cat. NR
ArNRH Ph
100°C

cat= 2%Pd(OC(O)CF3), / 3%DPPF / 20%TfOH

Amine Time| Yield Amine Time| Yield

NH»
©/ 7h 99% _O NH, 7h 88%

NH; NH,
7h | 78% @; 7h | 68%
NH,, NHMe
O 12h | 64% /O/ 12h | 54%
FsC MeO

Hartwig, J., Kawatsura,M., J. Am. Chem. Soc. 2000, 9546

Q

MeO




Palladium Catalysis (2)

Ph.
ArTX 2 mol% cat. NR
PhNRH Ph
100°C

cat= 2%Pd(OC(O)CF), / 3%DPPF / 20%TfOH

Time| Yield Time | Yield Time | Yield

X NS XN
7h | 99% 7h 98% 7h | 85%
FsC

10 mol% cat. %
Xy - Moo ca NHPh X 5 Mol% cat. .
PhNH, PhNH,
FsC F,C

25°C 45°C
cat=[(R)-BINAP]Pd(OTf), cat= [(R)-BINAP]Pd(OTf),
80% (81%ee) 99% (64%ee)

Hartwig, J., Kawatsura,M., J. Am. Chem. Soc. 2000, 9546



Palladium Mechanism

Pd((R)-Tol-BINAP)(OTf), \J/
X > CHj
p-CF3PhNH,
R R

Toluene, 60- 80°C
76-90%

xs PhNH,

+ > NHPh
RdL, —1 OTf Toluene, 75°C

CHs OO 61-83%
R=OMe R
R -

‘ NHPh
O‘ ' xs PhNH, c\Ve
ZE AN -
' H (S
OTf PdL ©) Toluene, 75°C OO R 404
\2 Inversion

Hartwig, J., Nettekoven, U., J. Am. Chem. Soc. 2002, 1167



Palladium Mechanism (2)

[Pd(R)-B INAP(OTf)Z]

S aE e
. J(

N Oﬁj
NH, AT’ C Pd<Ar

Hartwig, J., Nettekoven, U., J. Am. Chem. Soc. 2002, 1167



Oxidative Amination

S [Rh(COD),|BF, A NHR
Oxidative 2eq. AN > Af
Amination R'NH; PN

+ Ar
THF, reflux
Ar
4 Ar
Rh —/
Ar
HRhH HRhNAT, Rh—m
Ar Ar
_ %
a2 G HNR,
Ar/\/NHAr \Rh)\
R,N

Beller, M., et al., Chem. Eur. J. 1999, 1306



Oxidative/Hydroamination

H o

N._ [Rh(COD),]BF,/ 2PPh, /\/N\) N
3eq. ph X + 2eq. [ j > Ph™°S + Ph

O

THF, reflux 74% 3

/\ N * N ' otol”
o' X + O /NH cat ol \) tol” > \/
> 76% 15% 78%
THF, reflux
o) o (\o
+
9.8% 0.2%

Beller, M., et al., Chem. Eur. J. 1999, 1306



Oxidative/Hydroamination

N NR, N
N | XX | AN
s X [Rh(COD),]BF,/2PPhs _ * _
= THF, reflux N\ NR,

: +

Amine |/

Starting Amine Amine Enamine  Ethyl-Py
Pyrrolidine 54% 21% 56%
Piperidine 47% 53% 42%
Morpholine 98% 2% 2%

Thio-Morpholine 98% 1% 1%

N-Phenyl Piperazine 91% 8% 6%
Et,NH <1 <1 -
NBUNH, <1 <1 -

Beller, M., et al., Eur. J. Inorg. Chem. 1999, 1111



Conclusions

 Tremendous progress towards an efficient catalytic hydroamination
reaction

* Intramolecular systems more easily developed

* Intermolecular hydroaminations of olefins still a challenge (especially
anti-markovnikov additions)

» Sitill no effective general catalyst (alkynes, alkenes, allenes, etc...)

 Many more interesting results to come...



Elements of Hydroamination

Late T-Metals

Alkali Metals = -
1 Z
1 H He
o I s wa Mma vila
= 4 £ = T = El 10
2 Li | Be BE|C |N|DO|F |Ne
11 12 13 14 1= 1= 17 1=
3 |'Ma | Mg al | si | P | s |l |ar
ne B e mMeE WE I IE e
13 z0 Z1 22 ] 24 = 25_ F FE] 3 =0 =1 =2 e Er} == ==
4 H [Ca | S | Ti | ¥ |Gr |Mn|Fe %ﬂ Ni |Cu |2Zn |Ga |Ge (As | Se | Br | Hr
=T == EC] 40 41 4z 43 -_1-4 F=3 46 47 4= 43 <] =1 E=rd Ex] =d
S |Rb (Sr | Y |Zr |Mb (Mo | Te (Ru |Rh |Pd |Ag ([Cd ([ In [Sn |[Sb |[Te | | |Xe
= E= =T iz T3 T4 TE TE T = T3 =] E‘s f=rd =3 =4 == ==
E |Gs | Pz ("la HF |Ta |W |Re (Os | Ir [Pt |Au |[Hg [ TI |Pb | Bi |Po | At | Rn
=T B == 104 |05 ({06 (107 105 (109 (110
T Fr | Ra |+Ac| Rf | Ha (4106 | 107 | 108 | 109 | 110
Early T-Metals.L th id E= E=) [=a] =1 [=rd =] =E] == =S =T == k=] T1
ager?:; *lce |Pr |Md |Pm [Sm | Fu | Gd | Tb | Dy |Ho | Er [Tm | ¥b [Lu
+ Actinide =0 Erd Ex] EL] E ES Erd == E=] 100 101 102 1=
Series Th u Mp |Pu |Am |Cm (Bk | GFf | Es (Fon |d | No | Lr

*No widely applicable catalyst developed yet

Lanthanides/Actinides




Hydroamination Publications

A

* Review of work prior to 1998
— Muller, T., Beller, M., Chem. Rev. 1998, 98, 675



