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-~ xN,s.: N’EM Rare-earth metal:
By’ rL m  Strong oxophilicity | |
7\ B High activity of rare-earth alkyl species toward olefin
(M=35c,Y, Sm Gd, Lu)
M]
©/DME I/Ph [PhsC][B C5F5}4] @/\ @/{\
+
| 70°C, 24 h
3a 4a toluene
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Rare-earth metal:
B Strong oxophilicity
B High activity of rare-earth alkyl species toward olefin

(M=S5c,Y, Sr'r"l Gd, Lu)

[M]
S eliven
70°C, 24 h Ph Ph
3a 4a toluene S5aa Gaa
Entry [M] Yield of 5aa [%]" Yield of 6aa [%]"
14 1 0 0
2 2-5c 60 15
3 2-Sctl 58 12
4 2-Y 94 (91) 2
5 2-Gd 91 1
6 2-Sm 1 0
7 2-Lu 17 0

[a] Reaction conditions: [M] (0.025 mmol), [Ph;C][B(CgFs).]

(0.025 mmol), 3a (1 mmol), 4a (1.5 mmol), toluene (3 mL), 70°C, 24 h,
unless otherwise noted. [b] Yield (based on 3a) measured by GC
analysis. Yield of isolated product is given in parentheses. [c] With or

without [Ph,C][B(CsFs).]. [d] 4a (1 mmol).
Zhaomin Hou, ACIE. 2012, 51, 12828 12832
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R2=H |\\ OMe |\\ OMe
Rl i cat. [Cp"MR,) ~ i "
I\\ & /\Rfi cat. [PhSC][B(CGFS)dl (R3 = alkyl) R? (R3 = aryl, SiMe3)
Z > R2 toluene, 70 °C R
(M = Sc, Y, Gd) Ny OMe
(R' = halogen, propenyl, alkyl, etc.) 2o 2 2 (R = alkyl)
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(M=Sc, Y, Sm, Gd, Lu)

Zhaomin Hou, ACIE. 2012, 51,
12828 —12832

Olefin: must be terminal
Ethylene: oligomer
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R2 = H |\\ OMe l\\ OMe
| r
Rl cat. [Cp"MR,) ~ i "
I\\ 5 N cat. [Ph3C][B(CgF5)4] (R® = alkyl) R3 (R® = aryl, SiMes) Olefin: must be terminal
Z~R2 toluene, 70 °C R’ Ethylene: oligomer
(M =Sc, Y, Gd) Ny OMe

(R' = halogen, propenyl, alkyl, etc.) (R® = alkyl)

RZ=CH; ~*“cu; R

OMe

w@,H ‘;$+t _PRCIBCeFs)l ,
R,I"u"l

3 A

s o )/ = TR

"“-N..-—-""M M '+ +
N . .M .M
N R” ,D,Me (R = Me) ME‘C}' “r Mexo,
A H R =  H Me —= H CH,
2.M ~ RH
(M=Sc, Y, Sm, Gd, Lu) B c D

Zhaomin Hou, ACIE. 2012, 51,
12828 —12832




R! R!

‘ R2 = H |\\ OMe N l\\ OMe
Rl ik cat. [Cp*MRy)] z Z R3
I\\ 5 N cat. [Ph3C][B(CgF5)4] (R® = alkyl) R3 (R® = aryl, SiMes) Olefin: must be terminal
Z~R2 toluene, 70 °C R’ Ethylene: oligomer
(M =Sc, Y, Gd) Ny OMe

3=
(R' = halogen, propenyl, alkyl, etc.) (R = alkyl)
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‘"ﬁNfM [Ln] (4.0 mol %)
Zb [B] (4.0 mol %) _
toluene, 70 °C

(M=S5c,Y, Sm, Gd, Lu)

Zhaomin Hou, ACIE. 2013, 52, 4418



HNfM [Ln] (4.0 mol %) N
£b [B] (4.0 mol %) _ =
toluene, 70 °C -

(M=S5c,Y, Sm, Gd, Lu)

3a
Entry  [Ln]® [B] t[h] Yield Yield
3a[%]9 3b[%]

1 [CsMesScRy] B(CgFs)s 24 5 -

2 [CsMesYR;) B(CgFs)s 24 0 -

3 [CsMesScRy] [PhiC][B(CsFs)s] 24 5 -

4 [CsMesYR,] [PhiC][B(CsFs)d] 24 40 -

5 [CsMesYR,] [Ph;C][B(CeFs),] 48 65 -

6 [CsMesYR;) - 24 0 -

7 - [Ph,C][B(CFs)] 24 O -

8 [CsMesLaR,] [Ph,C][B(CFs)] 24 O -

9 [C;Me.SmR,] [Ph,C][B(C.F.).] 24 10 -

10 [C;Me.GdR,) [Ph,C][B(C.Fs).] 24 23 -

11 [CsMesLuR;] [PhyC][B(CeFs)s] 24 8 -
120 [CsMesYR;] [PhyC][B(CeFs).] 24 25 -

13 [CsMesSiMe;YR;]  [Ph;C|[B(CeFs).] 24 31 -

14 [CsMe HYR,] [PhyC][B(CsFs)] 24 49 -

15 [CsHsYR;] [PhyC][B(CeFs)s] 24 89(85)F -
1617 [CsHsYR,] [PhyC][B(CeFs).] 24 - 99

[a] Reactions were carried out with 0.75 mmol of 2,6-lutidine and
0.5 mmol of norbornene in 2 mL of toluene at 70°C, unless otherwise
noted. [b] [Ln] =Half-sandwich rare-earth dialkyl complex; R = Me,N-2-
CH,C¢H.,. [c] Yields of 3a were determined by GC with tridecane as an
internal standard. [d] Reaction was carried out at 50°C. [e] Yield of the
isolated product in parentheses. [f] Reaction was carried out with

A Zhaomin Hou, ACIE. 2013, 52, 4418
0.5 mmol of 2. 6-lutidine and 2 mmol of norbornene.



Entry  Olefin [Y] t Product Yield Entry  Alkyl [Y] t Product Yield
[h] (%)™ Pyridine [h] [%]"
N N Et Et
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s
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R'I
= “RZ
£
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R‘* RS YRS

Zhi-Xiang Yu, JACS. 2010, 132, 4542



65°C,2h, 70%

60 °C, 2 h, 59%, dr = 15:1
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Zhi-Xiang Yu, Organometallics, 2012, 31, 5185
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H, R 2vlrz '
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R 15 examples E
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Diene coordination
disfavored the double-bond isomerization

Zhi-Xiang Yu, Organometallics, 2012, 31, 5185
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M = Me
2
Rus(CO)2 3 (10 mol% >~
EN -t NS 3(CO)q2 3 ( o) N NH
|\ PhMe, 130 °C.6 h /\)\
oh Bu Ph
1 2a da 95%
1 + o~~~ —— 4a 85%
2i
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Chul-Ho Jun Chem. Commun., 1998, 1405



RE
L R’ Ph
Ph R?
1 2 4
Isolated
Entry Alkene R! R Product  yield (%)
1 2a Bu H 4a 95
2 2b CsH,7 H 4b 93
3 2c Bu! H 4c 72
4 2d Cyclohexyl H 4d 75
5 2e Ph H 4e 70
6 2f Bn H af 85
7 2g —(CHa2)3— 4g 70
8 2h —(CH,)4 4h 60

Chul-Ho Jun Chem. Commun., 1998, 1405






cat. Rug(CO)1z D\/ \/O\/
N N

N — c0, H,C=CH
- +
@ solvent @ | SN
= 140 °C, 20 h Va a

1a 2a 3a
yields, %"
entry solvent 2a 3a recovery of 1a
1 toluene 22 12 25
2 CH;CN 27 0 55
3 THF 10 0 86
4 dioxane 0 0 nd*
5 DMF 0 0 nd°
6 DMSO 0 0 nd°
7 MeOH 14 31 9
8 EtOH 8 86 0
9 —> PrOH 0 92 0

“ Reaction conditions: 1a (1 mmol), Ru3(CO);z (0.08 mmol),
ethylene (initial pressure 10 atm at 25 °C in a 50 mL stainless
autoclave), CO (1 atm), solvent (2 mL) at 140 °C for 20 h. ? Isolated
yields based on 1a. “1a was recovered, but the amount was not
determined.

Shinji Murai J. Am. Chem. Soc., 2001, 123, 10935



]

cat. Ru,(CQO)q0

(O~

A

CO, HyC=CH,
3 (J"}N - =N + =N
| 2-propanocl f\ |
4YAs 140, 201 YA SF
R 5 R R
1 3
yields, %"
R 2 3 recovery of 1
H (1a) 0 92 (54:46) 0
3-Me (1b) 0 76 (70:30) 0
4-Me (1c) 0 90 (66:34) 0
5-Me (1d) 0 93 (61:39) 0
6-Me (1e) 39 11 (52:48) 35
3-OMe (1f) 0 86 (52:48) 0
6-OMe (1g) 11 0 77
5-CF; (1h) 0 94 (63:37) 0
4-COOMe (1i) no reaction nd

Shinji Murai J. Am. Chem. Soc., 2001, 123, 10935
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cat. Ru,(CQO)q0

(A

A

CO, H,C=CH, N
- +
3 N =N =N
| 2-propanocl |
4YAs 140, 201 (7 SF
R 5 =
1 3
yields, %"
R 2 3 recovery of 1
H (1a) 0 92 (54:46) 0
3-Me (1b) 0 76 (70:30) 0
4-Me (1c) 0 90 (66:34) 0
S-Me (1d) 0 03 (61-39) 0
6-Me (1e) 39 11 (52:48) 35
TONME (11 1] Rh (S A%] )
6-OMe (1g) 11 0 77
5-CF: (1h] (] 241035 /) U
4-COOMe (1i) no reaction nd

Shinji Murai J. Am. Chem. Soc., 2001, 123, 10935
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R 5 R R
1 2 3
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3-Me (1b) 0 76 (70:30) 0
4-Me (1c) 0 90 (66:34) 0
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TONME (11 1] Rh (S A%] )
6-OMe (1g) 11 0 77
5-CF: (1h] (] 241035 /) U
4-COOMe (1i) no reaction nd

Me

Bu'O

.
A

>
A

O

0

Bu

N

L
/g F"h/gD

o]

-

»

!
CN

o



entry substrate products *°

j“ cat. Rua(CO) 1z /']’i/
N N - -
Py Py [N 'PrOH ON
o
4 5 73% (60/40) Z 140 °C, 40 h Z
22 23 82%
2
N N
Py Py )Pr cat. Rus(CO)1z Pr
6 7 75% (63/37) HN HoC=CHx HN
| =N 'ProH | SN
O Q. Ve O
N N N
8 9 47% 10 14% (52:48)
Olefin part substrate scope is similar as Jun’s
; @f] @Ov
11 12 ?3%
13

14 90% (80:20) Shinji Murai J. Am. Chem. Soc., 2001, 123, 10935
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(D (D N
Ru Ru Ru—H =R
Y0 N | N -
o o L
i'h;
1a 37 38 N Fﬂu-—H
O\ SR Y
R

N E,i” . N -
| ‘HN = - RHu | ‘HN

- o

39 40

1) H/D exchange experiment

“ provided good evidence for the reversibility of C-H bonds between substrates and reactants (alkenes),
indicating that the cleavage of C-H bonds is not the rate-determining step”

s -20%
2) i \ ) cat. Ruz(CO}42 (N> “__ _38%
CO (1 atm) -5% ~
| SN g8.2-propanol | oN
Z  140°C,20h 0" ("’ w_r "10%
-3U%
1a -42%

Shinji Murai J. Am. Chem. Soc., 2001, 123, 10935



0.0 [Rua(CO)12] (8 mol%)
m 1-hexene (10 equw} fj (1

| iPrOH (26 equiv)

Py 140 °C, 60 h
17 % 17 %
1a 2a 2b
Py = pyridin-2-yl

Bert U. W. Maes Chem. Eur. J. 2012, 18, 10393



[Rus(CO)45] (8 mol%)
1-hexene {10 equw}

] iPrOH (26 equiv)

fﬁ CL

Py 140 °C, 60 h
17 % 17 %
1a 2a 2b
Py = pyridin-2-yl
[\ 'R
o_.0 o_.0
s @
0__0 |
[Rus(CO)y2] (8 mol%) N™" Hex Hex” "N "H
1-hexene (10 equiv) Py Py
N - 2a 3a
Py alcohol (X equiv) O (\/L
140°C, 24 h
1a N . N""Hex
Py Py
Py = pyridin-2-yl 1b 2b
Entry Alcohol X 1all 2akl 3l gpll 2pl
1 nBuOH 26 53 40 0 2 5
2 iPrOH 26 61 23 0 7 9
3 2 4-dimethyl-3-pentanol 26 57 39 4 0 0
4 rBuOH 26 90 10 0 0 0
5 2,4-dimethyl-3-pentanol® 10 71 27 2 0 0
6 2. 4-dimethvl-3-pentanol 10 45 49 6 1] 1]
7 2. 4-dimethyl-3-pentanol 5 38 54 8 0 0
] ZA4-dimethyl-3-pentanol AT 42 3 ] ]

Bert U. W. Maes Chem. Eur. J. 2012, 18, 10393



J'_"LG [Ruz(CO)4z] (8 mol%) ' 'R

O additive (8 mol%) 0.0 0.0
fﬁ 1-hexensa (10 eguiv) ﬁ /ﬁ
B T Hex N “Hex
Py

h 2 4-dimethyl-3-pentanal N e

Py (5 equiv) Py

1a 140°C, 24 h 2a 3a

Py = pyridin-2-yl

Entry  Additive pK, 1all 23kl 3a0b
1 - - 3 54 8
2 AcOH 3.58 18 3 19
3 PivOH 5.01 26 60 14
gled] trans-1,2-Cy(COOH). 418,593 7 65 28
5 cis-1,2-Cy(COOH), 4.34, 6.76 17 64 19
6 (4-MeO)C,H,COOH 4.53 25 60 15
7 PhCOOH 4.20 23 61 16
8 (4-F)C,H,COOH 4.14 17 62 21
9 (3.4.5-tn-F)C,H,COOH 3.46 11 59 3
10 CeF«COOH 1.60 25 60 15
11 phthalic acid 298,528 90 10 0
12 p-TsOH 1.99 57 40 3
13 Py-HCl 521 46 47 7
14 Et;N-HCI 10.75 48 46 6
15 AcOK — 62 35 3
16 (3.4,5-tr-F)CsH,.COOK - 83 16 1

Bert U. W. Maes Chem. Eur. J. 2012, 18, 10393



a"_"b [Ruz(CO)4z] (8 mol%) ' 'R

O additive (8 mol%) 0.0 0.0
@ 1-hexensa (10 eguiv) ﬁ /ﬁ
B T Hex N “Hex
Py

h 2 4-dimethyl-3-pentanal N e

Py (5 equiv) Py

1a 140°C, 24 h 2a 3a

Py = pyridin-2-yl

Entry  Additive pK, 1all 23kl 3a0b
1 - - 3 54 8
2 AcOH 3.58 18 3 19
el i1k 5001 256 &l 14
gled] trans-1,2-Cy(COOH). 418,593 7 65 28
5 cis-1.2-Cy(COOH), 4.34, 6.76 17 64 19
6 (4-MeO)C,H,COOH 4.53 25 60 15
7 PhCOOH 4.20 23 61 16
g (EVC H COOH 414 17 52 21
9 (3.4.5-tn-F)C,H,COOH 3.46 11 59 3
10 CeF«COOH 1.60 25 60 15
11 phthalic acid 298,528 90 10 0
12 p-TsOH 1.99 57 40 3
13 Py-HCl 521 46 47 7
14 Et;N-HCI 10.75 48 46 6
15 AcOK — 62 35 3
16 (3.4,5-tr-F)CsH,.COOK - 83 16 1

Bert U. W. Maes Chem. Eur. J. 2012, 18, 10393



“ carboxylic acid / alcohol has a significant effect on catalyst initiation ”

via a 6-membered TS

“*~ J\ T Rd
R'COOH

.""“ R2
' V—OH
Ru" R
R'COOH C B

J|l
o
o R
Ru®
A
X
2 H Ruﬂ
R Rz
T —a N
M ] R? :
Ru
-~ H.. H ,JL 1
= N “ Ryl C 0" R
-~ | g""‘
R-l‘-
R"&D
H.,
\l E R2 y!
e oI 3—91 *,
- J IB ! R? B O
i F — T uH‘o”JLm
Py R'"™0 R* HJ’J“'RZ D

Bert U. W. Maes Chem. Eur. J. 2012, 18, 10393



via a 4-membered TS

A
Ru® e u' K
OH f
Rl'-l
3
R R"%

Major

Ha., I

RE

Bert U. W. Maes Chem. Eur. J. 2012, 18, 10393



Me Me
= ) Me alkene
5 1 (10 equiv.) /ﬁr ¥ polymerization

O
Rus(CO)42 (4 mol%) 27%
O trans-Cy(COOH), (4 mnl‘?ﬂ’ﬂ
E‘ -Pr,CHOH (5 equiv.)
3a (quantitative) N
Py O

0%
Py = pyridin-2-yl (not observed) R ’OW

NN
Py \_/
R1
1 ZR22 (20 equiv.) 1
R Rus(CO)q (8 mol%) R:- N Me
L‘j TFBA (7 mol%) L L 970
- 2 y |-
N (i-Pr),CHOH (40 equiv.) N R -
Py 17 h, 140 °C Py
eng Me
Py = pyridin-2-yl; R? = D}(\O N oo
\_/ Py
/
%ge
Py \_/

Bert U. W. Maes Adv. Synth. Catal. 2014, 356, 1610



—, [(Rul C\y\/ﬂ
Qn THF, 80-120 °C [Ru] = (PCy,),(CO)RUHCI

n=134 R=H,CHs, t-Bu

entry amine alkene product (s) 1 (mol %) temp (°C) t(h) vield {%)b
N N
1 ( ? HoC=CHo ‘23 5 80 24 86 (61)
N
2 =\ b 10 120 24 51
> _WT (_NL(_M 10 120 24 29
{55 :45)
=\
4 Si(OEt)g N 4S|{DET]3 5 120 20 88 (82)
H H
N NH N
5 Q HsC=CHs 15 80 24 87 (51)
2d 3d
(60:40)
=\
6 Si(OEt)4 CN—Si{DEt]a 5 120 20 88
4d

NH N
7 Q H,C=CH. Cj\ 3 70 16 76
2e

Chae S. Yi Organometallics 2004, 23, 5392



; 1 = (PCys),(CO)RUHCI

H
N

'PG}"g ( ?

H

| N-H

[Ru]—ND .
—rd

w-CH | —" R = Si(OMe)s

R =H, alkyl

R R

red. el. !_I H V_‘
3— [Flu]'3 [Hu]—Na

i
[Ru]—N" [Hu]—NCj
o-CH red. el.
. HY N
catalytic active (RU]— 4
= R
2) Ky K = 1.9 R k
(consistent with a rate-limiting I_\ N red. el
N-H bond activation step) [Ru]— —_— 2

Chae S. Yi Organometallics 2004, 23, 5392



[Ir(cod);]BF4

o H j‘ + (S)-tolBINAP @q\ )
+ - :
ZSNSR T 7 DME 7595 °C AN R
H H

Jun's work (ref 7b)

|‘“N X R' Hucat f
Z SN Ph R”? Tta0ec 130 °C

H
Me

Chatani's work (ref 7c)

™
N .
| R Rucat.

= -
“D \) 130 °C

This work

R
S
|fN R chiral Ir cat. O -)
NSt —") 75°C = N"* Me
H

H

Takanori Shibata Org. Lett., 2011, 13, 4692



[Ir(cod),IBF Ph
+ rac-BINAP

| =N Ph (10 mol %) | °N
A~ T ) = =
N“ "R PhCl, 135 °C N R
H 2a ’ H
R =H, Me R = H: 91% (8 h)
R =Me (3a): 41% (24 h)
entry X chiral ligand yield (%)° ee (7)
1 BF, (S)-BINAP 37 70
2 BF, (S)-tol BINAP 62 80
3 BF, (S)-xylylBINAP 75 10
4 BF, (S)-Hzg—BINAP 81 o6
5] BF, (R)-DM-Hz;—BINAP 84 —37
6 OTf (S)-tol BINAP 48 81
7 PFg (S)-tol BINAP 24 74
8 BARF (S)-tol BINAP 9 40
9° BF, (S)-tol BINAP 76 88
107 BF4 (S)-tol BINAP 75 86 For substrate scope:
R =Me, Et
“Conditions: 2-(ethylamino)pyridine (1) (0.1 mmol), styrene Olefin = styrene, diene,
(0.8 mmol), PhCl (0.2 mL), unless otherwise noted. " Isolated yield.
“ DME was used as a solvent at 75 °C for 48 h. ¢ Less amount of styrene ee = 61-90%
(0.3 mmol) was used, and DME was used as a solvent at 85 °C for 72 h. terminal olefin’s yield is low

Takanori Shibata Org. Lett., 2011, 13, 4692



|

[Ir(cod),]BF4 Ph
+ rac-BINAP
| =N )Ph (10 mol %) | °N
+ =
Z >N R 7 phCl, 135°C Z>NTR
H 2a H
R =H, Me R = H: 91% (8 h)
R =Me (3a): 41% (24 h)
entry X chiral ligand yield (%)° ee (7)
1 BF, (S)-BINAP 37 70
2 BF, (S)-tol BINAP 62 80
3 BF, (S)-xylylBINAP 75 10
4 BF, (S)-Hg—BINAP 81 56
5 BF, (R)-DM-Hgz—BINAP 84 —37
6 OTf (S)-tol BINAP 48 81
7 PF; (S)-tol BINAP 24 74
8 BARF (S)-tol BINAP 9 40
9° BF, (S)-tol BINAP 76 88
107 BF (S)-tol BINAP 15 86 For substrate scope:
R = Me, Et
“Conditions: 2-(ethylamino)pyridine (1) (0.1 mmol), styrene Olefin = styrene, diene,
(0.8 mmol), PhCl (0.2 mL), unless otherwise noted. " Isolated yield.
“ DME was used as a solvent at 75 °C for 48 h. ¢ Less amount of styrene ee = 61-90%
(0.3 mmol) was used, and DME was used as a solvent at 85 °C for 72 h. terminal olefin’s yield is low

Takanori Shibata Org. Lett., 2011, 13, 4692



[Ir(cod)s]BF,4

+ rac-BINAP + TfOH

S N I
| (10 mol%) Q

- + R——R'

H”"““ R PhCI
135 °C (bath temp.)
in, 1a 4a, 4b Ea 5¢c

Entry? R R Time (h) Yield (%), ee (%)
1 H (1n) Ph (4a) 8 82 (5a)
2k H (1n) Ph (4a) 24 59 (5a)
3 H (1n) n-CsHs (4b) 24 42 (5b)
gbe Me (1a) n-CsHs (4b) 18.5 32 (5c), 89%

Takanori Shibata Tetrahedron 68 (2012) 9009



E;p @CI cat. [Ir{cod):]BF4
w” or [Ir(cod),]BARF
|\/‘ k}—{:l \> R

R removal @/\/R R = Alk, Ar,
MH - - N -~
of DG N

Dgx \B CO,R, SiMe;
N—

- x,:uf

Till Opatz Org. Lett., 2014, 16, 4201



E:‘_‘p @C’ cat. [lf{CGd}z]BF4
f"‘xv N “‘T’*

or [Ir(cod);]BARF
W, P
W, R
va r;} \‘ _f;’
R
removal | R = Alk, Ar,
MNH . e N.. N -
of DG Y \ CO:R! SiMeg
Cr {‘x \f,
\:z‘
R R R
(Ir{cod),]BF, W Reaction condition:

Acrylate, Vinylsilane (DME, 85 °C)

M M 3
2 \Erfa + RS or ““[f Styrene, vinylboronic ester, 1-hexene (DME, 140 °C)
9] [Ir{cod)-]|BARF

better substrate scope

63% 42% 64%

Till Opatz Org. Lett., 2014, 16, 4201



U Cp*Rh(CH,=CH-TMS), ﬂ

N 5 mol% N

-~
D)><H\ CeH 1o, 100° C DAX\
>99% (NMR)

1 2

Dalibor Sames J. Am. Chem. Soc., 2004, 126, 6556



D Cp*Rh(CH,=CH-TMS), ﬂ

N 5 mol% N
-
D)><“‘*\~. CeHyz, 100° C DAX\
>99% (NMR)
1 2
( B 10 mol% Ir - = £N}
N o + M +
CgHqa, 150° C N
0 = Y 0 O
; 13 hrs 3 4 5
entry complex NMR yields®
1 [I{COE)Cl], / PCys (2 eq) 26 11 25
2 [IF(COE)Cl]z / IPr (2 eq) 41 4 41
3 [I{COE);CI]: / IPr (2 eq) 66 17 10
+ 4 eq NBE
4 (CysP)alr(ClHz, 6 9 0 20
5 (CysP)lr(CFaCOz)Ho, 7 0 0 24
|Pr
6 CI—Ilr;;‘HH 8 trace 0 trace
IPr
P(t-Bu)s
7 MeO ||r;::ﬂ 9 0 0 0
P(t-Bu)sz

Dalibor Sames J. Am. Chem. Soc., 2004, 126, 6556



U Cp*Rh(CH,=CH-TMS), ﬂ

N 5 mol% N
-
D)><“‘*\~. CeHyz, 100° C DAX\
=59% (NMR)
1 2
(N) 10 mol%e Ir - —d Z N 5
- + +
CeHi, 150° C N N
0 = % o O
; 13 hrs 3 4 5
entry complex NMR yields®
—
1 [ICOE).Cl]. / PCys (2 eq) 26 11 o5 TBSO N
2 [I(COE)Cl]. / IPr (2 eq) 41 4 41 5
3 [I{COE);CI]: / IPr (2 eq) 66 17 10 60 %
+ 4 eq NBE
4 (CysP)alr(ClHz, 6 9 0 20
5 (CysP)lr(CFaCOz)Ho, 7 0 0 24
iF"r —
6 CI—Ilr;;‘HH 8 trace 0 trace N
P B0, ©

P(t-Bu

I( . )2 46 %
7 MeO ||r:.:,H 9 0 0 0

P(t-Bu)s

Dalibor Sames J. Am. Chem. Soc., 2004, 126, 6556



{2

Cl, Os 150° C = Z
Ar lr r +
N=(” CsH 1z, B0 min N N
@ N Ar = 2,6-Pr-CgHa O 0
10 3, 63% 4 8%
Kinetic competent and
chemical competent catalyst
H
C-H activation O_IL_#-IF’r
10 > - N ~cl
H 11
R /I\/ 3
c-C
R 1 formation
H‘\ ;H l;l
—Ir (CNHIPr Ir (ChiPr
N = - N
o 13 o 12

Dalibor Sames J. Am. Chem. Soc., 2004, 126, 6556



A o [Rh(coe),Cll, (2.5 mol %)
5 H.C=CH IMes (5 mol %), TsOH+*H,0 (10 mol %) . 2 3
. + 2=t toluene (0.2 M), 130 °C, 48 h ; CHs

3
R m L1 (25 mol %) R
1a-t 2a = 3a-t

NZ N
300 psi "
= o]
R? R' H i
S S T: | - DG: directing group
/\ ;
RaR . DP R\N/\D‘G
3
N ML, YN
R2 R! R R R
H ol
\ ”
R\N S R'\N‘ D{G R
3
R_AL_ML, R RS 'f";‘"|
R2 R o~ R’ RN

Guangbin Dong, Science 2014, 345, 68



1) sp2® C-H Alkylation via Directed C-H activation

B Rare-earch-metal-philic DG
B Allylic C-H bond alkylation (double bond as DG)
B Pyridine type DG

2) Hydroaminoalkylation (still via C-H activation)



1) sp2 C-H Alkylation via Directed C-H activation

B Rare-earch-metal-philic DG
B Allylic C-H bond alkylation (double bond as DG)
B Pyridine type DG

2) Hydroaminoalkylation (still via C-H activation)



R' R?

R'—CH, 1 MN(CH,—R",]. (3) 1 |
ONH + R2—CH=CH; > R'=CH;—NH—CH—CH—CH;
R'-CH, toluene, 200 °C, 150h
4
1 2
R'in R2in M in Yield [%]°
tand 3 2 3 of 4
H n-C4H, Nb 10
12
H n-C4aHs Ta 209
384
H H'CJ,H{) Zr 18
H H Nb 28
H CH; Nb 21
CH; H Nb 13¢

* Isolated by distillation

Maspero, F. Synthesis 1980, 305.



M(NMe,),
_——

(CHg4)yND (CH3)(CH,D)NH
% H-D insertn
catalyst exchange® (turnovers)?

Ti(NMe,), 0¢ 0.0
Zr(NMe,), 37 0.0
Hf(NMe,), 0¢

Nb(NMe, ), 67 4.5
Ta(NMe,), 26 0.3
W(NMe,),,® 57 7.0
Sn(NMe,), 0€ 0.0

~ @ All runs in evacuated sealed tubes 14 h at 160 °C.

NMes NMe
f,-"
- M\.\ + MegNH
NMe2 CHz

Nugent, W. A Organometallics 1983, 2, 161



M(NMe,),
_—

(CHg)yND (CH3)(CH,D)NH
% H-D insertn
catalyst exchange® (turnovers)®

Ti(NMe,), 0¢ 0.0
Zr(NMe,), 37 0.0
Hf(NMe,), 0¢€

Nb(NMe, ), 67 4.5
Ta(NMe,), 26 0.3
W(NMe,),,® 57 7.0
Sn(NMe,), 0€ 0.0

~ @ All runs in evacuated sealed tubes 14 h at 160 °C.

NMes NMe
.,f"'
- M\ + MegNH
NMe2 CHz

Me,NH + CH,—CHCH, —
MEHNCHQC(CHg)H03HT

yield not given
“The activity of the various metal amides for this reaction
roughly parallels their efficacy for H-D exchange”

Nugent, W. A Organometallics 1983, 2, 161



NMea MMe

-~ ~
M M t MegNH _
ey Nugent, W. A Organometallics 1983, 2, 161
NMe2 CHz
zirconocene-#?-imine complexes was formed faster from N-alkyl Organometallics 1994, 13, 190

arylamido complexes than from dialkylamido complexes.

John Hartwig J. Am. Chem. Soc., 2007, 129, 6690



i
- NMez - NMe
M M t MegNH .
ey Nugent, W. A Organometallics 1983, 2, 161
NMe2 CHz
zirconocene-#?-imine complexes was formed faster from N-alkyl Organometallics 1994, 13, 190

arylamido complexes than from dialkylamido complexes.

Ph H catalyst (4 mol %) Ph. n-hexyl
"‘N‘*G 3 Z p-hexyl - ﬁ/\r
H toluene, 160-165 °C CH4
1 equiv 1.25 equiv
% yield®
entry catalyst precursor 13h 5.1h 24 h
1 Ta[N(CHs),]s 32 60 96
2 Ta[N(CH2CHs)2]s 23 41 66
3 Nb[N(CH3),]s 20 29 35
4 Cp2Zr[N(CH3)z2]2 0.6 1.2 3.0
5 Zr[N(CHs)s]4 0® 0P 0.1
6 none 0® 0P 0b
A CH
NMe, NOHy N
MesN)sMZ 1 MesN);M
(MeANGM, " e (MezNGMS (Me MM

NMEE

< "

product HNMe,

John Hartwig J. Am. Chem. Soc., 2007, 129, 6690



@ i Ta[N(CHa):)s @ ' :A\ Ta[N(CHa)als (4 mol %) -
_CH + - R A _CH; + 2 nhe - AN n-hexy
NTTE R toluene, 160-165 °C N SN W oluene, 160-165°C /\|’

H 1.50 equiv 27-67 h HCcH; R H 1.50 equiv 27-62 h CHy
entry olefin mol% Ta products(s) yield®  entry arylamine product yield®
h. n-hexyl 1 Ar = m-(CH,),-C.H 88%
S 3 gty
! Z n-hexyl . H BB 2 Ar = m-t-Bu,-C.H Ars nhexyl  93%
CHy Arw.  .CHg z 3 "\r
Ph SiPh(C ; : Ar=m-FCH, CHy S
N PhCHz 500 ; Ar = p-(CH0)-CH, 0%
2 A SiPh(CH.), 4 o CHs ' Ar=p-F-CH,
"NTTTUSIPhCHa): 289 n-hexyl
H = 6 Y 20
Ph. " CH
3 Z~_-Ph 4 H /\Cr:\ph T77% (single diastereomer)
3
CHa Ph n-pentyl @\ @\ ’Q
4 8 N 76% ‘
}\n pentyl H GHz CHa 7 NS H 88%
H CH,
. Fh.. w {1:1 dr)
5" 4 N 71%
CHa
Ph. ™S
6 S TMS 8 H/\I/ 66% 46% H/D exchange at
CHs TalN(CHy)s] ¢ 45% ortho positions via:
Ph‘”’Zb Ph.y,-Cs 2ls N,[(n-hex'fl
H
7 ﬁb 4 H 96% 1-octene 079 —al] CHyo—12% N .CH,Dy
31 dr [Ta]”

(% deuterium incorporation)

Cannot use styrene and 1,2-disubstituted olefin

John Hartwig J. Am. Chem. Soc., 2007, 129, 6690



Ph. _CH catalyst (4 mol % Ta) Phy n-hexyl
N CHs Z p-hexyl - H/\lf
H toluene, 90 °C CHy
1 equiv 1.25 equiv 6
% yield 62
entry catalyst precursor 23 h 51h 24 h
1 [ClsTa(NMePh)-]» (4) 34% 53" 72k
2 Ta(NMea)s (1) 0° 0° 0°
3 [ClyTa(NMePh)]*OEt: (5) 2.1 3.8 14

John Hartwig J. Am. Chem. Soc., 2008, 130, 14940



1. 1-octene (1.50 equiv), [TaCly(NEt,),]- (2) . hesul
R ,“'GHR CBDE' 15(]' QC. 24—35 |"| S hl"l /\[/ n- 'E.'l"jl'
T

“N
H 2. TsCl, NaOH, HyO-CH,Cl,, 22 °C s CHy
entry alkylamine m{;l% sultonamide aﬁ*ﬂi“' sulfgxiliide“
Pho_~ n-hexyl
| PthxN,CHg 2 r‘ld/Y 93%‘ 85%
H Ts ':H:]
n-hexyl~, .CH rFhexyls, n-hexyl
A Y 91%  81%
& Ts CHs
Cy~ n-hexyl
. LH
3 Y 96% 91%
H Ts CHg
; -Pr n-hexyl
P - H J - w F
H Ts CHs
e n-hexyl
s e N g PRTON 7%  41%
H TS CHS
Pr<,,- n-Pr n-hexyl
Y N 8% 2%
H Ts GH3
CHj
’ EtHHﬁCHB 2 Et"‘NJ\r mhel 919 86%"
Ts CH4

John Hartwig J. Am. Chem. Soc., 2008, 130, 14940



1. 1-octene (1.50 equiv), [TaCly(NEt,),]- (2) . hesul
R ,“'GHR CBDE' 15(]' QC. 24—35 |"| S hl"l /\[/ n- 'E.'l"jl'
T

“N
H 2. TsCl, NaOH, Hy0-CH,Cly, 22 °C s CHy
entry alkylamine mt;l% sulfonamde aﬁ‘: ?ll,liﬂ $u|f§;:l]:‘1i de
| Pyt NTY 3% 85%
H Ts CHj
h I.. .CH n-hexyl n-hexyl
y TN NTY 91%  81%
H Ts CHs
Cy~ n-hexyl
w,, <CH
3 O NTY 9%  91%
H Ts CHs
. i-Pr n-hexyl
4 I—PrmN,—GHB 3 rilw 045, 29,
H Ts CHg
. n-hexyl
_s5 eyt 4 PATON 47% 4%
H Ts CHg
Pre . n-Pr, n-hexyl
6 Myt 5 N 8% T2%
H Ts CHs;
CHs
—> 7 Et”“H"“‘“CHa 2 E‘“NJY”'“E““ 91%% 865"
Ts CH4

John Hartwig J. Am. Chem. Soc., 2008, 130, 14940



_NMeR
){BTEIH HNMeR
NMeR ﬁ’

NR
:‘:QTE’H/
B 3
|"|'.| /\
T
xaTa‘J\ ~ 'R
R

John Hartwig J. Am. Chem. Soc., 2008, 130, 14940



1) 5 mol% catalyst
)/\6 toluene, 105 °C, 24 h /(jL /Q(
- +
= 2) TsCl, pyridine N

NH, HN.-

0-25°C, 20 h 1'-5 Ts
catalyst: [Ti(NMe,),] 72 % 26 %l
[Ind,TiMe,] 71 % 28 %l°!

Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153



1) 5 mol% catalyst
ﬁ toluene, 105 °C, 24 h /(jL /Q(
- +
= 2) TsCl, pyridine N

NH, HN.-

0-25°C, 20 h ts Ts
catalyst: [Ti(NMe,),] 72 % 26 o4l
[Ind,TiMe;] 71 % 28 el
5 mol% catalyst TsCl
toluene pyridine
& 160 °C 0-25°C
72h 20 h
NH HN.
NHZ 2 Ts
1 2 3
catalyst. [Ti(NMe;),] 46 %®
[Ind;TiMes] 0%

Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153



1) 5 mol% catalyst
ﬁ toluene, 105 °C, 24 h /(jL /Q(
- +
= 2) TsCl, pyridine N

NH, HN.-

0-25°C, 20 h ts Ts
catalyst: [Ti(NMe;),] 72 % 26 o8l
[Ind,TiMe,] 71 % 28 olel
5 mol% catalyst TsCl
toluene pyridine
& 160 °C 0-25°C
72h 20h
NH HN-
NHZ 2 Ts
1 2 3
catalyst. [Ti(NMe;),] 46 %®
[Ind;TiMes] 0%

toluene

160 °C, 72 h HN\@\
4 5

catalyst: [Ti(NMe;),] 11 %
[Ind,TiMe;] 0 %

ﬁ 10 mol% catalyst
2 N, /Q

Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153



R\@ﬁf

10 mol%
Fe‘\@\ jz 3 R [Ti{NMegL] 17-27a H
+
H \” toluene
160 °C, 96 h
81 12-16 \Q\
17-27b H

Entry Amine R' R* Alkene R’ R* Product Yielda+b [%]® Selectivity a/b"

] 8 H H 12 nCH, H 17ab 32 90:10

2 8 H H 12 nCH, H 17a/b 629 90:10

3 8 H H 13 Bn H 18a/b 94 90:10

4 8 H H 14 (CHy):-  19ab - -

5 8 H H 15 Ph H 20a/b - -

6 3 H H  norbornene (16) 2] 78 -

7 9 Me H 12 n-CH,; H 22a/b 20 95:5

8 9 Me H 13 Bn H 23a/b 80 95:5

9 10 Me Et 12 nCHy; H 24ab - -
10 10 Me Et 13 Bn H 25a/b - -
nooom H Ph 12 nCH, H 26ab 75 101
12 11 H Ph 13 Bn H 27a/b &4 1:1

Sven Doye Angew. Chem.

Int. Ed. 2009, 48, 1153



R\@ﬁf

10 mol%
Fe‘\@\ jz 3 R [Ti{NMegL] 17-27a H
+
H \” toluene
160 °C, 96 h
81 12-16 \Q\
17-27b H

Entry Amine R' R* Alkene R’ R* Product Yielda+b [%]® Selectivity a/b"

] 8 H H 12 nCH, H 17ab 32 90:10

2 8 H H 12 nCH, H 17a/b 629 90:10

3 8 H H 13 Bn H 18a/b 94 90:10

4 8 H H 14 (CHy):-  19ab - -

5 8 H H 15 Ph H 20a/b - - €<

6 3 H H  norbornene (16) 2] 78 - <«

7 9 Me H 12 n-CH,; H 22a/b 20 95:5

8 9 Me H 13 Bn H 23a/b 80 95:5

9 10 Me Et 12 nCHy; H 24ab - - «—
10 10 Me Et 13 Bn H 25a/b - - P
nooom H Ph 12 nCH, H 26ab 75 101
12 11 H Ph 13 Bn H 27a/b &4 1:1

Sven Doye Angew. Chem.

Int. Ed. 2009, 48, 1153



4 mol%

Ph.. n-CeHy
N
Phe” r”‘cﬁHﬂ catalyst H/:]/ 17a
H 160°C,72h  Ph.
8 12 N~ " nCH,
17b
Entry Catalyst Yield Selectivity
17a+17b 17a/
[-%][h] 17 bl
1 [Ti(NMe,),] 62 90:10
2 [Cp,TiMe,] 3 n.d.l
3 [Ind,TiMe,] 16 n.d.l
4 [{(W’-CsH.) (Me,Si)NtBu} Ti- 77 >99:1
(NMe)]
5 [{(n’-CsH,) (Me,S))NtBu} TiMe,] 75 >99:1
6 [(ebthi) TiMe,] - -

Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153



F‘thx‘ .

+

4 mol% thN/‘\]/”‘CaHm
rn'cﬁH*la catalyst H 17a

H 160 °C, 72 h
a 1 2 I PhHNMn'EEH13
17b
Entry Catalyst Yield Selectivity
17a+17b 17a/
[%][b] 17 bl
1 [Ti(NMe,),] 62 90:10
2 [Cp,TiMe,] 3 n.d.l
3 [Ind,TiMe,] 16 n.d.l
4 [{(W’-CsH.) (Me,Si)NtBu} Ti- 77 >99:1
(N MEQ};]
5 [{(n’-CsH,) (Me,S))NtBu} TiMe,] 75 >99:1
6 [(ebthi) TiMe,] - -
Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153
[Ti(Bn),] m Slightly enhanced activity

B First addition to styrene: 30% vield, 1:1 branch:linear

Sven Doye ChemCatChem 2009, 1, 162



3 equiv. RNH, ;\I
2 (( Tn(NMe) pentane, 65 °C o—Ti

Ti ‘ED * Cj
sealed tube &N/ \Ni( e H
2

-4 equnv HNMe,

= /U\ R = PhCH,
H Ph N’ AT Ar = 2 6-diisopropylphenyl
H

Laurel L. Schafer J. Am. Chem. Soc., 2009, 131, 2116



/\
3 equiv. RNH, ll\l

2 (( Tn(NMe) pentane, 65 °C = .

@]
l lr ! “b Q
| +
sealed tube \Nq \\ H
2

-4 equnv HNMe, RNH,

= /u\ R= PhCH2
H Ph N-AT Ar=26- dnsopropylphenyl
H

VR 1y 20 mol% 2
CsDg, 145°C, 15 h
— -
uant, cony,
NH: 232 equiv. TsCI HN,_ A {1.3:1)
= 2.5 equiv. NEl; Ts ironscis

Laurel L. Schafer J. Am. Chem. Soc., 2009, 131, 2116



3 equiv. RNH, N ﬁ O
( T(NMe) pentane, 65 C; O—T ’ SOl "\‘$ A Q
sealed tube & /N \ H Entry  Aminoalkene Product Time  Yield {%)
N RNH, (h) trans.cis

-4 equw HNMe;
= . R = PhCH, Ph !
H Ph)kN,Ar Ar = 2 6-diisopropylpheny! 1 \ _:} E:I\(]\ 24°  90f (3
H

Ph,Ph ) 96 637 (2:1F

?
\
I&:
3

Ph
NH;
L NH; h}i‘j\ 24*  50%(3:1)°
NH;
[
4 f\/\%mu? CQ\ 22 #Y2ar
NH
A
5 N MNH- L 7ob 433 (74
N (2:1)°
MH-
B S NHg Q ogp  547(88)°
{1:2)
NH.
7 = NH; ,[i« 120t 51'(1; 19)°
Ph GEHB RT  [Pho 04— NMe, P
2 equiv. || NH + ze(NMe,y)y ———— J.r ( /== NH
&4 L N NME? s N
- 2 eguiv. HNMe; {+-)
98%
yield

“ 20 mol% catalyst at 145 °C. * 40 mol% catalyst at 155 °C. ° Ratio

Zr: larger metal center t_'mm 'H N.MR Spectroscopy. “.lﬁulatcd }-‘i.cld of dcrivutiz:;d pmdu_clr._

id li d: | tericallv d di “ Consumption of starting material, determined by NMR. ' NMR yield
2-pyridonate ligand: less sterically demanding with 1.3, 5-trimethoxybenzene as internal standard.



3 equiv. RNH, N ﬁ O
( T(NMe) pentane, 65 C; O—T ’ SOl "\‘$ A Q
sealed tube & /N \ H Entry  Aminoalkene Product Time  Yield {%)
N RNH, (h) trans.cis

-4 equw HNMe;
= . R = PhCH, Ph !
H Ph)kN,Ar Ar = 2 6-diisopropylpheny! 1 \ _:} E:I\(]\ 24°  90f (3
H

Ph,Ph ) 96 637 (2:1F

?
\
I&:
3

Ph
NH;
L NH; h}i‘j\ 24*  50%(3:1)°
NH;
[
4 f\/\%mu? CQ\ 22 #Y2ar
NH;
- ¥ d 7418
5 ’,‘_-;'_-‘HMNH; L 7ok 43774
e (2:1)
MH;
B S NHg Q ogp  547(88)°
{1:2)

1208 51°(1: 19§

2
=
5]
]
=]
R
=
s
o
R

Ph EEHB RT Pho O e :
2 equiv. || NH + Zrimey )y —————— ; ( ~NMe Iﬁ ==, NH:
Z - 2 equiv. HNMe; N : ' L (1)
98%
yield

“ 20 mol% catalyst at 145 °C. * 40 mol% catalyst at 155 °C. ° Ratio

Zr: larger metal center t_'mm 'H N.MR Spectroscopy. “.lﬁulatcd }-‘i.cld of dcrivutiz:;d pmdu_clr._

id li d: | tericallv d di “ Consumption of starting material, determined by NMR. ' NMR yield
2-pyridonate ligand: less sterically demanding with 1.3, 5-trimethoxybenzene as internal standard.



MEZ

2 equiv. [Zr]«.hIM
€2

NH»

2 equiv. X N
“\. 4 equiv. HNMe,
2equiv. [Zi=N"T>>""
maonomeric imido
A for hydroamination

NH2 {Zr]

[Zr
NHQ\%/ bridging imido wc -H activation
"U

[zn/Ij 2]
201 WW Z’]\NW

me!aﬂaazmdme



MEZ

2 equiv. lzr]“NM
€2

NH,
2 equiv. X N
1\ 4 equiv. HNMe,
2 equiv_ [Zr]:NW

monomeric imido
A for hydroamination

NH2 [Zr]

[Zr
NHQ\%/ bridging imido wc -H activation

[Z”/D 2]
Bm‘ﬁvmfv}\dﬁTEL// akwﬂfwﬁf

metaﬂaazmdme
/\/\Q/ precatalyst OQ\
+
e NH, dg-toluene NH y NH
145 °C 2
a time conv (%)
entry precatalyst (h) (CHHA)
| 3. 40 mol% 6 96 (23:1)
2 3. 20 mol% 22 92 (5:1)
3 3, 10 mol% 48 86 (3:1)
4 3, 5 mol% 148 84 (2:1)



0 O
tBu —4 tBu—; o
NH [Ta(NMe;)s] N NMe,

2 Me = |Me
Me hexanes, RT Me
- 3 HNMe,

Laurel L. Schafer Angew. Chem. Int. Ed. 2009, 48, 8361



(@] (@]
Me T
H R [TE(MMEE}E] R : TE(N ME‘Q:I‘;
N _QN H hexanes, RT —<N -

0O
anu—(;;J Ta— R’ _ HNMe, R!
Me s R recrystallization R
?\ 7,«« Me

R=tBu, R'=Me: 2, 65% vyield

1 R=tBu, R'=iPr: 3, 69% yield
R=Ph, R'=iPr: 4, 50% vyield
5 mol% cat.
& N - H
Ph™ N Me (CH.)CH, [D:] benzene Ph” Nﬁ\/l\[EHzis.GHz.

Entry Catalyst Conditions Conversion [%]"
1 18l 130°C, 1 weekl=* 71
2 2 130°C, 24 hi*=7 84
3 2 110°C, 68 hi*fl 69
4 3 110°C, 63 hlcfl 96 (92)
5 4 110°C, 77 hi= 85
6 [Ta(NMe,).] 110°Cle" n.r.
7 [Ta(NMe,) ] 130°C, 67 hicfl 29 (80)

[a] Yield of isolated product given in brackets; conversion was estimated
by 'H NMR spectroscopy. [b] 10 mol%; [c] [N-methylaniline] =1 m.
[d] N-methylaniline/1-octene  1:1.05. [e] [D;]toluene as  solvent.
[f] N-methylaniline/1-octene 1:1.5. n.r.=no reaction.

Laurel L. Schafer Angew. Chem. Int. Ed. 2009, 48, 8361



H =R 5 mol% 3 H R
* - i
Ph’N-ME R [Dg] toluene ph’N‘-"l“\/H
Entry Alkene Conditions Product Yield [96]1
Cy
Ph -
LI 145°C, H/\r 90
15 hied
6
Fh.
- 130°C, N e
2. I 19 hib< 85
7
Ph.
110°C, —/\@
2 @ 96 hb< 93¢
3
H
130°C, ,N\/L\erTBDME
4 A~;OTBOMS 130°%, on . -
9
H
Q
e A
10
4 Ph-p
] 165°C, N 0
ag hleEl

Laurel L. Schafer Angew. Chem. Int. Ed. 2009, 48, 8361



HII

1 cat. 3 H
- H Hl + ﬁ\ H R" N \H\/ H'"'
R™ ™ R" [Dg] toluene

130 °C R
Entry Amine Alkene t [h] Product Yield [96]®
. PN
1 N~ 7 (CHasCH; 2089 PMPY (CHz)sCH; 87
12
H H OTBDMS
2 N._ - CTBDOMS 20! PMP” 90
PMP
13
ph. & F'h\l/L
N . (CH2)sCH3 .
3 l"J"l.,‘__ = (CH2)sCH3 SUb] TENH.‘_L ?5[d il
14
H H CH:)CH
4 @Lj #Z(CHp)sCH; 3704 (CHsCHs gt
15
Ls
CH2)sCH
5 OH Z(CHCH; 134084 \Ehalett 7419
16
Laurel L. Schafer Angew. Chem. Int. Ed. 2009, 48, 8361
H H i o
N n-hexyl [ n-hexyl
60% N R i Ph 68/::
i) R =Me 43% See: Org. Lett., 2013, 15, 2182



T iPr iPr
(o) [Ta(NMe;)s] O~
- /Ta(NMe2)3
0 CeHs RT
NH /TF -2 equiv HNMe, N T
iPr 17, 98% yield :Pr/@
(S)
} _ 10 mol% 17 n R
) RHI "
R’ N._R * R" [Dg] toluene R’ N \H\/H
130 °C R'
Entry Amine Alkenel t[h] Product Yield [%6]"  ee %]
H HJ\
1 pNe 7 (CHaCHs 68 PH (CHa)sCH: 86 44
5
’ Ph H,\@
2 o N~ @ 46 80 611
8
Cy
Ph.
H N
3 o N~ SO 48 H/\r 92 43

For further improvement, See:

6

Guofu Zi, Chem. Commun., 2010, 46, 6296

Guofu Zi, Dalton. Trans., 2011, 40, 1547

Laurel L. Schafer Angew. Chem. Int. Ed. 2009, 48, 8361



1) 5 mol% catalyst
ﬁ toluene, 105 °C, 24 h /(jL /Q(
- +
= 2) TsCl, pyridine N

NHz  "6.25 °C, 20 h ts AN~ 1o
catalyst: [Ti(NMe,),] 72 % 26 %7
[Ind,TiMe,] 71 % 28 %@

Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153
Only 105 °C: is this catalyst able to solve the styrene problem?

Sven Doye Angew. Chem. Int. Ed. 2010, 49, 2626



1) 5 mol% catalyst
ﬁ toluene, 105 °C, 24 h /(jL /Q(
- +
- 2) TsCl, pyridine N

NHz  "6.25 °C, 20 h ts AN~ 1o
catalyst: [Ti(NMe,),] 72 % 26 %7
[Ind,TiMe,] 71 % 28 %@

Sven Doye Angew. Chem. Int. Ed. 2009, 48, 1153

Only 105 °C: is this catalyst able to solve the styrene problem?

Ph. n-C:H, catalyst Ph. n-CiHy: _ Ph.
N+ W S N/\r T4 HMH-CEH.:L

H toluene, T, ¢ H

1 2 3a 3b
Entry Catalyst mol% T t Yield 3a+3b  Selectivity 3a/

°q  [h] [%]" 3 b

1 [Ti(NMe;),] 10 160 96 32 93:7
2 10 105 96 <5 n.d.
3 [Ind,TiMe,] 10 160 96 84 =99:1
4 10 105 96 97 =99:1]
5 10 105 24 96 =99:1]
6 5 105 24 96 =>99:1
7 5 90 24 a1 =>99:1
8 5 80 24 86 =>99:1
9 5 70 24 <5 n.d.
10 2 105 24 90 =>99:1
11 1 105 24 6 n.d.

Sven Doye Angew. Chem. Int. Ed. 2010, 49, 2626



[Ind, TiMe,]

Ph. .~ R Ph. R Ph., ~_-~~
N~ + N + N R
H W toluene, 105 °C, ¢ "'/\r H
1 18-29 30-41a 30-41b
Entry Alkene mol% t  Branched product  Yield Selectivity
[h] a+b  a/b®
[%6]"
1 5 24 13 85:15
2 5 96 Ph“N 71 85:15
3 | 18 10 96 H 30a 91 85:15
4 r@/ 10 96 Phﬂﬁ/@/ 99 90:10
| 19 H 31a
{Bu tBu
5 r©/ 10 96 Ph”N/\(C 97 87:13
| 20 H 32a
Ph Ph
6 10 96 F’h\Nm(@/ 97 82:18
|21 H 33a
7 ;@/ 10 96 Ph\N/\F@/ 94 75:25
| 22 H 34a
8 £ g Ph~N/\p/ <5 n.d.
| 23 H 35a
OMe OMe
9 10 96 PhNNA(Q 95 92:8
| 24 H 36a
CF, CF,
10 L/10 96 Ph\Nm‘/@ <5 n.d.
| 25 H 37a

Sven Doye Angew. Chem. Int. Ed. 2010, 49, 2626



[Ind, TiMe,]

Ph. .~ R Ph. R Ph., ~_-~~
N~ + N + N R
H W toluene, 105 °C, t "'/\r H
1 18-29 30-41a 30-41b
Entry Alkene mol% t  Branched product  Yield Selectivity
[h] a+b  a/b®
[%6]7
1 5 24 13 85:15
2 5 96 Ph‘N 71 85:15
3 | 18 10 96 H 30a 91 85:15
4 r©/ 10 96 Phﬂﬁ/@/ 99 90:10
19 H 31a
ARy
{Bu tBu
5 r©/ 10 96 Pth/\(C 97 87:13
| 20 H 32a
Ph Ph
6 10 96 Ph\NA(CjI/ 97 82:18
|21 H 33a
7 ;@/ 10 96 Ph\N/\F@/ 94 75:25
| 22 H 34a
8 £ g Ph~N/\p/ <5 n.d.
| 23 H 35a
OMe OMe
9 10 96 Ph‘NA(G 95 92:8
| 24 H 36a
CF, CF,
10 L/10 96 Ph\Nm‘/@ <5 n.d.
| 25 H 37a

10 mol% [Ind, TiMe;]

n-octane, 105 °C, ¢

H R
Ar&)\/hl ‘/f:

| ) a

+

/ 1
L
AFWN I

H b

Sven Doye Chem. Eur. J. 2013, 19, 3833

Sven Doye Angew. Chem. Int. Ed. 2010, 49, 2626



2 H/D

H/D R
NH, R
_ 1-H/1-D H/D
[Ti(NMe2)4]
- 2 HNMe,
3
H/D\N,H
rate- N, D R
detertmining = H/D R
step )
’ —
H
H/D R N
H/D R LoTi R
TRASI H/D R
= )2
C-H 4 alkene
activation insertion
R
R
H HupR R
N N
L5Ti H/D SaIVE LTi
NH H/D R
6 wo D/H . 5
H/D R ) R
2
= 2 R —
L= NMez

NH-CH5»-CR5-(CH5)3-CH=CH, Sven Doye, Angew. Chem. Int. Ed. 2011, 50, 6401



2 H/D

H/D =
NH, R
_ 1-H/1-D H/D
[Ti(NMe2)4]
- 2 HNMe,
3
HID. -
rate- N, D R
detertmining = H/D R
slep )2
L =
H
H/D R N
H/D R LoTi R
TRASI H/D R
= )2
C-H 4 alkene
activation insertion
R
R
H HupR R
N N
LoTi H/D Dy LoTi
NH H/D R
6 wo D/H . 5
H/D R R
“ )2
2 R Zero-order rate dependence on aminoalkene
L= NMez

NH-CH5»-CR5-(CH5)3-CH=CH, Sven Doye, Angew. Chem. Int. Ed. 2011, 50, 6401



2 H/D

H/D R
NH, R
_ 1-H/1-D H/D
[Ti(NMe2)4]
- 2 HNMe,
3
HID. | -H
rate- N, D R
detertmining = H/D R
slep )2
L —
H
H/D R N
H/D R LoTi R
TRASI H/D R
Ny TNA ) 7
C-H 4 alkene
activation insertion
R
R
H HupR R
N N
L5Ti H/D SaIVE LTi
NH H/D R
6 wo D/H . 5
H/D R R
“ )2
2 R Zero-order rate dependence on aminoalkene
L= NMez

NH-CH5»-CR5-(CH5)3-CH=CH, Sven Doye, Angew. Chem. Int. Ed. 2011, 50, 6401



H/D
2 H/D
NH,

_ 1-H/1-D
[Ti(NMe3)4]

- 2 HNMe,

rate-
determining
step

N,

activation

RR

H\
N
LoTi HID
6 np NH

H/D R
N

D/H

2 R
L= NMez
NH'CHQ'CRQ‘(CH2)3‘0H=CH2

R
R
H/D
=
3 DD
NH,
H/D. " 1-D
H/D R k ,(1-H)/k,, (1-D) = 7.3 at 130°C
H/D . R with 5 mol% and 10 mol% [Ti(NMe,),]
R

alkene
insertion

HupR R
N
L,Ti
R
R 5

Zero-order rate dependence on aminoalkene

Sven Doye, Angew. Chem. Int. Ed. 2011, 50, 6401



H/D
2 H/D
NH,

_ 1-H/1-D
[Ti(NMe3)4]

- 2 HNMe,

rate-
determining
step

N,

activation

RR

H\
N
LoTi HID
6 np NH

H/D R
N

D/H

2 R
L= NMez
NH'CHQ'CRQ‘(CH2)3‘0H=CH2

R
R
H/D
=
3 DD
NH,
H/D. " 1-D
H/D R k ,(1-H)/k,, (1-D) = 7.3 at 130°C
H/D . R with 5 mol% and 10 mol% [Ti(NMe,),]
R

alkene
insertion

HupR R
N
L,Ti
R
R 5

Zero-order rate dependence on aminoalkene

Sven Doye, Angew. Chem. Int. Ed. 2011, 50, 6401



L,Ti — NH TS@BIC) TSICD)  Ts@oE)

HzN 2}5\ =
~ Q 80.0 |
(e e N -
Q\ 400 n WO N\
| e A L LR

G, 1 kJ mol!
H HIN \H H2%8 1 kJ mol?
N n +8 LT LTIy ‘
A

A+8(0)
NH 00 L
) ‘I NH -------------------------
o L T‘I | ™ S
|_2T| \ D 2 o) a0l 00 B A DA T e
N.H HoN / = i : .
: 2 : :
: I D -80.0 | ' ;
HzN +8 H R v : Y “
/ = 9 ’N i E \ / E ..... E f-St_")
LTt -120.0f § V) i
F ’ E . N S - W S, A

Sven Doye, Angew. Chem. Int. Ed. 2011, 50, 6401



5 mol% 1b-M
-

o
CeDg
R

59-98% ece
61-95% yield

SiR,
O e
O‘-a-...l\t'.-—"'NMeE
0~ | "NMe,
O, -

SiR;
M =Ta, Nb
SiR, n
1a-M| SiiProMe 1 (Ta)/ 0 (Nb)
1b-M| SiPh,Me 1
1¢c-M| SiMe,tBu 0
1d-M| SiMe, 1

Kai C. Hultzsch J. Am. Chem. Soc., 2012, 134, 3300



NMez

O,
_NMe, X Ar
(ONb NMe, (O*Jb,rﬁ'“‘e
s 1 SN-Me
10-Nb 5 A -NHMe o4 N
S KAS S Ar
ko s AS
1 2 Me;NH B Non-dissociative
Ar l >l( /,\fM B Fast
NpcNTTE T om i
* reversible

primary K IE Me

r.d.s:
Either by amide exchange
Or by alkene insertion

Catalyst activity can be enhanced by a more electron deficient ligand



oL, e oy

D‘\ Entry Catalyst Conditions Conv. [%]

f'E”‘é _-Ta(NMe,), 1 Ti(NMe,), 10 mol %, 160°C, 96h 32la4e)
iPr N 2 TiBn, 10 mol %, 160°C, 96 h 7704
i-Pr 3 Ind,TiMe, 2mol%, 105°C, 24 h 94l

1 4 Ta(NMe,); 5mol%, 110°C n.r.
5 [Cl;Ta(NMePh),}, 2 mol %, 90°C, 24 h 7212-50]

OH
TaMe.ql, 6 EB”_{E,/’ TalMezds 5 o19%, 110°C, 630 968
Ar
7 TaMe-Cl, 10 mol %, 110°C, 30 h 91

[a] Reported yields; n.r.=no reaction.

Laurel L. Schafer Chem. Eur. J. 2013, 19, 8751



oL, e oy

Entry Catalyst Conditions Conv. [% ]
t- E”‘é _-Ta(NMe,), 1 Ti(NMe,), 10 mol %, 160°C, 96h 3l4c]
iPr 2 TiBn, 10 mol %, 160°C, 96 h 77441
i-Pr 3 Ind,TiMe, 2mol%, 105°C, 24 h gQle-4]
1 4 Ta(NMe,); 5mol%, 110°C n.r.
5 [Cl;Ta(NMePh),}, 2 mol %, 90°C, 24 h 7212-50]
O
tBu TE{NMEEH
- o o |2-5¢]
TaMesCl, 6 N 5mol%, 110°C, 63 h 06
Ar
7 TaMe-Cl, 10 mol %, 110°C, 30 h 91

[a] Reported yields; n.r.=no reaction.

oo, oY oo o

84% 73% 61% 36%
130°C 145 °C
H\/Q HJ\@ B Styrene
@ O/ 19 B disubstituted terminal alkenes
11 . .
B internal unstrained alkenes
B dialkylamines.
16% 85%
145 °C

Laurel L. Schafer Chem. Eur. J. 2013, 19, 8751



D"\
tBu—( Ta(NMe,);
N

i-Pr
i-Pr 1

TaMe,Cl,

HN

Br

oL, e oy

Entry Catalyst Conditions Conv. [% ]
1 Ti(NMe,), 10 mol %, 160°C, 96h 320a4)
2 TiBn, 10 mol %, 160°C, 96 h 7714l
3 Ind,TiMe, 2mol%, 105°C, 24 h 94l
4 Ta(NMe,); Smol%, 110°C n.r.

5 [Cl;Ta(NMePh),}, 2 mol %, 90°C, 24 h 721.30]

E)x
1B Ta(NMe
f ”_<N/’ (NMezk 5 mol%,110°C,63h 9615
Ar’
7 TaMe;Cl, 10 mol %, 110°C, 30 h 91

[a] Reported yields; n.r.=no reaction.

10 mol%

130°C, 83 h
CsDg

[Pd(PPh3).] Q
K,COs3, NaOfBu

N

P
ko

110°C, 8 h
toluene

20, 66%

Laurel L. Schafer Chem. Eur. J. 2013, 19, 8751



oL, e oy

D.\ Entry Catalyst Conditions Conv. [%]
f'E”‘é _-Ta(NMe,), 1 Ti(NMe,), 10 mol %, 160°C, 96h 32la4e)
iPr N 2 TiBn, 10 mol %, 160°C, 96 h 7704
i-Pr 3 Ind,TiMe, 2mol%, 105°C, 24 h 94l
1 4 Ta(NMe,); 5mol%, 110°C n.r.
5 [Cl;Ta(NMePh),}, 2 mol %, 90°C, 24 h 721.30]
>
tBu TE{NMEEH
7 0 o |a.5c]
THME3(:1: 6 ,N 5 mol .-"'u., 110 Cu. 63 h 96
Ar
7 TaMe-,(Cl, 10 mol %, 110°C, 30 h a1
[a] Reported yields; n.r.=no reaction.
Laurel L. Schafer Chem. Eur. J. 2013, 19, 8751
» N
3
NH N‘ B coa P e
+ Ta(NMey)s ——» ,Ta(NMe,); & ® /L
0 benzene O —~ - —
, 70 °C : 5 » ¢ tv
g~ ¢ 2
001 3
.'@ NO2 A'

Laurel L. Schafer Tetrahedron 2013, 69, 5737



H
N " [Ta] (5 mol%) _ N\)\(\%/
20 h, [Dg]toluene
temperature O

o /\x
Bu—<( T Etop( Ta(NMe),

Ta(NMe;)s | | Cl,TaMej

130 °C, 13%®! 110 °C, 19%P! 90 °C, 16%[° 90 °C, 21%!®!

minimum temperature required to achieve at least three turnovers within 20 h

B sufficient steric bulk is critical Phosphoramidates
B Electron withdrawing ligand is critical B increased electronwithdrawing properties
B tunable steric bulk at both phosphorus and nitrogen

Laurel L. Schafer Angew. Chem. Int. Ed. 2013, 52,9144



H
N " [Ta] (5 mol%) _ N\)\(\’?s/
20 h, [Dg]toluene /©/

temperature O 3a
o ~~_ . O o,
( “Ta (NMe)s © Eto ( “Ta(NMe). Etg \( “TaClMes

Ta(NMe;)s | | Cl,TaMej

130 °C, 13%P! 110 °C, 19%[P! 90 °C, 16%[ 90 °C, 21%[! 22 °C, 37%![¢]

minimum temperature required to achieve at least three turnovers within 20 h

B sufficient steric bulk is critical Phosphoramidates _ _
B Electron withdrawing ligand is critical B increased electronwithdrawing properties
B tunable steric bulk at both phosphorus and nitrogen

-

\,O 0
P il O “NNa +TaCl,Me
= hexanes /\

o
-30 °C to RT
77% 4

~Ya-Cl
PK g

&

Laurel L. Schafer Angew. Chem. Int. Ed. 2013, 52,9144



H

N + L-ClTaMes ( xmol% \)\(\X
~0 s 20h,22°C, solvent /O/

1a 2a
O O 9

W iw b oo
L‘-H@ \@ I'_I:E;@( o L*-H @ LS.K\
Entry L x mol % Solvent Conv. [%]
10 L 5 [Dgltoluene 37
20! L2 5 [Dg]toluene 52
30 L® 5 [Dg]toluene 28
40°) L’ 5 [Ds]toluene 24
500 L° 5 [Ds]toluene 0
6! L2 10 [Ds]toluene 76
70! L 10 hexanes 62
8! L2 10 [Ds] THF 26
9l L’ 10 [Dg]toluene 86

[a] Reaction conditions: Ta (0.5 mmol), 2a (0.75 mmol), solvent
(0.6 mL), [Ta] (x mol %), 20 h. Conversion determined by '"H NMR
spectroscopy. [b] In situ generated complex. [c] Isolated complex.

Laurel L. Schafer Angew. Chem. Int. Ed. 2013, 52,9144



R

H
4 (10 mol %) | N, UR 4 (10mol%) H\)R
toluene, 20 h, RT R " D,©, R ‘oluene 20h RT ,@
™ a 2b-| MeO 3t
Entry Amine Product Yield [%] Entry Amine Product Yield [%]
H
N< H\)\/\/\/
IO 4 D
MeO MeO 3a 4 @ /@’N 70
H HM Meo "
~ N
IO 5 i N
Me,N Me;N 5 Ab /@’ N3n h 86
N H\)\/\N Meo
N.__ N
Io “ H
3¢ 6 /@f” 56
/s
3o (+/-
H\ H\)\/\N 62 (44 h) MeO o
H
j@/ :©/ 3d , | N 88 [68:1]™ (50°C)
H ’ /@ 3p 87 (168 h)
41 H b
Ij I j 3e 87 [14:1]® (50°C)
MeO MeO 8 \© /O, iﬁ@ 93 [26:1] (168 h)
N H\/L/\/\/ "
MeO N MeO N | H
]©/ h :©/ . 80 (64 h) 9 LCL /@N/I\Q 58 [10: 1] (50°C)
MeO MeO 3 o o ar o 93110:7M (168 h)
N HM
N | H
VN Mo 39 w (g, 781187 (esh)
N H\)\/\/\/ r N |
N\ N 84 (SOOC) : l - /@,N\/\/SIM'E}a 66 []‘ﬂ[cl
O/ O/ 3h 62 (168 h) Sies veo” 7 % —
H H
N N
\/( j\/ g 15
~ 3i Laurel L. Schafer Angew. Chem. Int. Ed. 2013, 52, 9144



H catalyst H

2N H
(20 mol %) N
~ Ph . Ph
Ph

dg-Toluene
PH 110°C, 24 h HAA Ph LA
2 3
[% conv (HAA/HA)]?
[ Group 4 Group 5
- 0 O
Ti(NMey) [>98% (17:83)] tBu% _Ta(NMe,), (EtO)gP “TaMeCl
Zr(NMe,)s [>98% (0:>98)]
Hf(NMe,), [>98% (0:>98)]
Ind,TiMe, [89% (0:89)]?2
O Ph [87% (0:87)] [61% (0:61)]
(MeoN),ZrJ_ ) A\ _ SiPh;
N O IlJMegH
O
tBU 4 TaMe3CI2 O/Ta(NMEZ)
[>98% (0:>98)1°70| | [48% (0:48)] (Z ‘
k > 7
SiPh;
[>95% (0:>95)]%

“Determined by '"H NMR spectroscopy using 1,3,5-trimethoxyben-
zene as an internal standard. ” 5 mol %. 105 °C. € 10 mol %. 5 h. ¢ 5 mol %,

120 °C, 36 h, C¢Dsg.

Laurel L. Schafer Org. Lett., 2013, 15, 6002



H L, Ti(NMe,),

H
HN N O Ph
HN H (20 mol %) .
7~ Ph . Ph (MezN)Ti ) {
Ph dyg-Toluene Ph N
Ph HA —

2 3
entry L conv (%)" HAA/HA" entry L conv (%)° HAA/HA"
1 N 9] 0:91 10 fI 76 71:5
[=] N ‘é‘-O
2 NSO 58 0:58 I No 16 8:8
=] =]
OMe
Pl 12 75 70:5
3 Ao 8 0:8 o
[=]
N 30
= F
4 mﬁ’"\/n\fl@\u""” =08 0:=98 13 [T@ 86 54:32
[ F
= N0
54 @N, 97y (20:77)° ©
=
87 52:35
Bh
=
n
6 . 1.;5[@ 3 n.d.
=
7 @__\g 9 8:1
2
| =
b N E..,c, 4 n.d.
| =
9 N0 45 37:8



I;l L, Ti(NMe,),

H
HzN N O Ph
HN. _H (20 mol %) .
Z Ph ; (MezN)2Ti ))—(
Ph dg-Toluene N
PH 110°c,24h PP 0 WA =/
1 2 3
entry L conv (%)" HAA/HA" entry L conv (%)° HAA/HA"
Prmy o Ph
1 Q_NJE‘Q 91 0:91 10 (X 76 71:5
N ‘é‘-O
2 anga 58 0:58 1 NZo 16 8:8
OMe
iPr.  ~Pr
N 12 75 70:5
3 A 8 0:8 (‘T@
N = o] N0
]
T F
4° M&B/]L/N:lg\ﬂ,m =08 0:=98 13 86 54:32
B F
= N0
5 . ='s 97y (20:77)° ©
87 52:35
x Ph
6 mumo 3 n.d. Ph_ PhH 8 (20 mol %)
5} MN\ >  NO REACTION
ﬁ R dg-Toluene
0
7 vao 9 8:1 o 145 °C, 48 h
» HE H w25 N
8 N EI..,O 4 n.d. = 8 (cat.) Ph>d % Phg
Ph dg-Toluene
B PH 110°C, 24h Ph
9 NDo 45 37:8 . ’ HAR il
a 2 3
[catalyst] = 0.025 M, 10 mol % % conv (HAA/HA) = 64 (12:1)
0.050 M, 20 mol % 76 (14:1)

0.100 M, 40 mol %

82 (20:1)



O Ph
(MezN),Ti }f \3 e-withdrawing and steric less hindered ligand!

N
2 Laurel L. Schafer Org. Lett., 2013, 15, 6002
NaQ  Ph 5 ; Vi \
i o /
D A f o A
c— N/, \\O : ¢ /\ \/\
3 Db ) B S : \
[Ta(NMe,)Clyl, —2-24) , 2 \N/Ta\& ) | _}4/|<,/\ o
toluene | Vo / _ :
L M E X \
1(70%) ! |
0 Ph E
HN \> | NG i \ \/ vi\_
— N, | o pPhi ) i | A P
1 C X ! ; \’,——- .
Ta(NMey)s feat, 2 ~ 1A~y ,\/> L of \./<->/‘ N
hexanes 'T' | : P> \ N7
2(82%) \

B Ta-Cl bond [2.4959(8) A] is significantly longer than Ta-NMe2(axial) bond [1.970(3) A]
B the bonding the of Ta-N amido bond lengths are shorter in 1 than in 2

Improved metal accessibility
increased electrophilic nature of the metal center

Laurel L. Schafer J. Am. Chem. Soc., 2014, 136 (31), pp 10898



N talyst (5 mol % H
N._H . @ catalyst (5 mol %) N
dg-toluene O/

145°C, 20 h 7

Tame_gClz TE(NM82)5 [Ta(NEt2)20|3]2 [TB(NMEQ}E'Clg]z

3% n.r. n.r. 6%
new
Ph. O Ph O H
%:/(( _Ta(NMey)sCl %:/(( _-Ta(NMe), C + Ti(NMey)s
N N N

_ 1 — 2 _ 3
>95% (88%)° 10% SH i

o
o rBu—<( /Ta(NMez {EtO)gP TaMe30|

%:/('(\I Ti(NMe,)»
—// 4

n.r. 4%

Laurel L. Schafer J. Am. Chem. Soc., 2014, 136 (31), pp 10898



z
H 2 0, R
NoH | catalyst (5 mol %) H\/O HoL s ER 1 (Emol %) H\/[
@ dg-toluene O/ Ph™ R dg-toluene Ph"hl R
145 °C
145°C, 20 h 7 8a-k
entry alkene product cond. vyield (%)
TQM63C|2 TE(NM62)5 [Ta(NEt2)20|3]2 [Ta(NMEQ}E'Clg]z
3% n.r. n.r. 6% 1 D \/E) 8a 44h 73
new
Ph O Ph. O H 2b @ 8b 20h 72
%:(L _Ta(NMe;)Cl %:/(fﬂ e I R
— 1 — 2 — 3 130°C
" 3 8 95
>95% (88%)" 10% G ¢ 20h
O
P o) rBu—<( ( STatimens {EtO)gP TaMesCl 4 O . Q 8d  20h 93
%:/('(\I Ti(NMes)s Ph
—// 4
n.r. 4% 5 H 8e 44 h 88
N
Ph
6~ H\/I:/\ 8f 44h 79
Ph”
H\/(/\
\/\/N —
T af 44 h 69
% ok
88% 64%"°
B H
Ph / (2.3:1)¢

X

H\)\/ 920
g8h 24h
ph Ph (4.4:1)7

Laurel L. Schafer J. Am. Chem. Soc., 2014, 136 (31), pp 10898



H
: NUH | fmemn PPN

dg-toluene 10
110 °C, 24 h
0
[Bu { ;TE(NMEQ:H
Ph o Ph O, N
Cr{q TalNMe,),C %:(L Ta(NMe.)s Pr Pr
catalyst: 1 2 5
conv.?: 40% >05% (93%)" (92%)"6¢ (63 h)

Laurel L. Schafer J. Am. Chem. Soc., 2014, 136 (31), pp 10898



Another unsolved problem: Styrene selectivity w/ [Ti]

5 mol%
n-CgHq3 [Ind>TiMes]

PhHN_,_..f . . Phhwﬁ,ﬁ—CEHm
H W H 3a

toluene
1 2 105 °C, 24 h 96 %
10 mol% Ph. Ph
- N
on oh [Ind,TiMes] H/\f .
e "
toluene
! Ph“NMPh
1 4 105 °C, 96 h H
5b

91 % (5a/5b = 85:15)

Branched selectivity: has already been achieved by [Ta]

Ph\N/\(Ar
H

Ar 8 mol-% [Ta(NMe;)s] 17a-27a
Phay” + lr > + a:b>99:1
H hexanes
140 °C, 96 h PR A
1 6-16 sealed tube H
17b-27b

Eur. J. Org. Chem. 2014, 2790



Linear selectivity?

9] FPh
(MezN)Tid ) {

Schafer’s catalyst for
intramaleculor HAA reaction

L
= Me

N~ N

H
2-MeAP-H
+

[Ti(NMeg)s]

toluene or NMEE
n-hexane

NMEE
25 “C.15h
-2 HNMe; [(2-MeAP).Ti(NMes)s]
©Ne NMe,
\_4 ::TENMEE
HN NMe-
Me
toluene or [(2-MeAP)Ti(NMe;)s] 1
n-hexane
i +
25°C,15h ,
- HNMe, [(2-MeAP); Ti(NMez);] 1
+
[Ti(NMe3)q4] 1
By NMR

Sven Doye Angew. Chem. Int. Ed. 2013, 52, 1806



R2

R Ph
R2 10 mol% [Ti(NMez)a] N
R Ph cat. 2-MeAP-H 5a, 17-27a
"N + ﬁ +
H n-hexane R?
1.6-16 4 140 °C, 96 h ;
RMHJ\/\ph
5b, 17-27b
Entry  Amine 2-MeAP-H  Yield Selectivity  Entry  Amine 2-MeAP-H  Yield Selectivity
[mol %] a+b [%]" a/bt"! [mol %] a+b [%]" a/b
1 y 10 79 (5a/b) 32:68 19 o N e 10 69 (25a/b)e"! 7:93
@’ ~ 20 76 (5a/b) 34:66 20 T 20 40 (25a/b)E" 3565
1 21 » 10 5 (26a/b)™! 12:88
22 N s 20 17 (26a/b)"! 12:88
3 H 10 31 (17a/b) 32:68
4 - 20 4 (17a/b) 33:67 23 SN ¢ 10 26 (27a/b)"! 15:85
6 24 H 20 8 (27a/b)"! 12:88
5 H 10 31 (18a/b) 43:57
=y .
6 | 20 2 (18a/b) 30:70
a F 1
7 H 10 50 (19a/b) 35:65
8 /@’ S~ 20 15 (19a/b) 25175
MeO 8
9 H 10 61 (20a/b) 21:79
10 @’ \| 20 32 (20a/b)"” 21:79
9
1 H 10 48 (21a/b) 9:91
12 20 4 (21a/b) 1:99
13 H 10 85 (22a/b) 8:92
14 3 20 30 (22a/b) 7:93
11 Ph
15 H 10 71 (23a/b)=?  42:58
16 O’ ° 20 60 (23a/b)l=®  27.73
12
17 H 10 22 (24a/b)="  20:80

18 n-CeHyg ™ 20 5 (24a/b)=7  12:88



RE

;
. RNHJ\rPh

Ph cat. 10 7a, 24-36a
R '

"N + | _— - +
hexanas

o R2
140 °C, 96 h
3,1123 6 \
B RL A~
2 . N Ph
NN N
H H

@\ ﬁ 7b, 24-36b
Et,O NSNS

8 , ) Entry Amine 10 Product Yield Selectivity
+ 25°C, 15 h \ r/ A [mol %] [96]" a /bl
THNMe,)d] 2 Ve M N’TI‘ N M CHabPh
' NI
gE“ . 2 s 1 h 5 ©/ w 81 (7b) 6:94
10 3 7b
H H
5 N. 5 N(CHz)sPh 73 595
/©/ 11 /©/ 24b (24b) '
H H
3 N. s N(CHz)sPh 74 595
Uﬂ \©/ 25b (25b) '
H H
4 ,©/ s HErE 72 6:94
c 13 F/©/ 26b (26b) '
H H
I T o a sl A
cl 14 cl 27b (27b)
H H
] Br N_ s Br N(CHzsPh 23 .05
\©/15 \©/ 28b (28b) '
H H
I eI & el W
MeO 16 MeO 29b (29b)

H
- N(CHz)+Ph
8 @’ 10 /©/ - 4:'% 6:94
MaS 17 Mes 30b ( ]I
H H Ph
33
9 10 1:99
©/137 ©/ Y;: (31b)



Summary

B sp3 C-H alkylation has been achieved via many different machanism
B Metal: d° & d®

B Logical development of ligand and catalyst is critical
M |nspiration of our own work



Summary

B sp3 C-H alkylation has been achieved via many different machanism
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B Logical development of ligand and catalyst is critical
B [nspiration of our own work
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Table II. H-D Exchange in CH,CH,OD Catalyzed by Transition-Metal Ethoxides?

distributn of *H label,? %

| % H-D
catalyst temp, °C exchange ¢ CH,D CD,H CD,
Ti(OEt), 180 0¢
Zr(OEt), 200 14 5 25 70
Nb,(OEt),, 200 18 27 41 32
Ta,(OEt),, 180 9
Ta,(OEt),, 200 23 28 39 33
Tai{DEt) 220 47
(DEt]w + C,H,N¢ 200 55 38 39 23
a,(OEt),, + Et,N9 200 50
ﬁ{OEt}E 200 oe.f
OCHoCH3 M—o:C
"v‘1f — r + :"'._'-ECH 2':""
\DCHQCFE. CHa—CHg

“The predominance of multiply deuterated products, especially from the Zr
catalyst, suggests that further metalation of the intermediate metallacycle is fast

compared with the reverse reaction.”



In contrast to reactions catalyzed by bis(anilide) 4, little product
was obtained when the mono(anilide) 5 was used instead (Table 2,
entry 3). This result suggests that the key #*-imine intermediate 3
does not form as readily by elimination of HCI-amine (eq 3) as by
elimination of amine.

X ?f NR

HNMeR
GIETaf - GIETa"il + HNMeR-HCI (3)

“NMeR X =Cl, NMeR

3



H TBSO }
Ar” TS 1 (5 mol %) H\Ji TsF, DBU _ N(Ii_"

+ -
130 °C Ar 130 °C y
Z24°8  foluene toluene
entry Ar n product yield (%)

| Ph 67
2 PMP 3 "O\ 67°
3 p-C1 Ph Ar” 57°
4 PMP 2 hQ— 72

3 Ph Ar” 69

6 PMP | I'-D/ 48



