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Introduction

* First row metal catalyzed C-H activation is
much less compare to the second row.

 Most of them are cheaper than the second
row.

V. Mn and Cr are well known to oxidation C-H

bonds, but most through radical process,
which metal is not attached to



Introduction

* Price comparation: Which metal is the most
expensive and which is the least expensive
one?’

* Sc, T1, V, Cr, Mn, Fe, Co, Ni, Cu, Zn



Introduction

Price comparation:
Sc S3123.66/mol
Co $280.22/mol
V $210.43/mol

Cr $161.18/mol

Mn $40.51/mol

Ti $S4.63/mol

Ni $1.12/mo
Cu $0.45/mo
Zn S0.15/mo
Fe $0.0054/mol




Sc catalyzed C-H activation

e Sc works as LA in most reactions it catalyzed.

* The directed catalytic C-H activation works are
all from Zhaomin Hou’s group.

* Sc complex can activate methane. These
works are from Don Tilley’s group.



Sc catalyzed C-H activation

-~ N ,Slllc
OR? . OR2 Bu’ N
| N N PhSiH, ;d (4%) o v H, 7
4, = enzene Y~ )
R 120°C. 6h R SiH,Ph 1d
3b when R = Me, yield is 89% (89% GC yield)
3c when R = OMe, yield is 90% (94% GC yield) SiH,Ph

3d when R =F, yield is 79% (84% GC yield)

3e when R = Cl, yield is 88% (94% GC yield)

3f when R = Br, yield is 68% (88% GC yield)

3g when R =1, yield is 51% (57% GC yield)

3h when R = SMe, yield is 51% (57% GC yield)
3i when R = NMe, , yield is 51% (57% GC yield)

@OnBu ©iO|Pr
S|H Ph S|H2Ph

70% (72% GC yield) 17%

Cr
SiH,Ph

69% (72% GC yield)

Me\@OMe
\©/ SiH,Ph
3jb

72% yield, a:b=1:6

SiH,Ph Me\@OMe
\©/ SiH,Ph
3kb

83% vyield, a:b=1.8:1

@OMG @om @? ©10)

trace

Angew. Chem. Int. Ed. 20m, 50, 1072010723



Sc catalyzed C-H activation

OMe OMe
; PhSiH 1c (4%) .
Benzene ]
120°C, 6h SiHzPh
3a
P 7@, RT - 40°C
. N- 1 [ds]Benzene
B /N ,r “CH,SiMe, \
\ B THE
1d 1c \
PhSiH; PhSiH;CH,SiMe;
OMe
@iH 80°C, 1 h
Benzene
SiMe, PhSiH;
1.5 equiv 3a 79% ‘
- X
/SI‘N,«SCQ —si  Sc_
/ °N'| H
tBu TI-{F\D 30°C, 1h ,BL;NTJiF
Me Toluene
1e 69% 1f 76%

Angew. Chem. Int. Ed. 20m, 50, 1072010723 H>

[dg]Benzene

60 °C



Sc catalyzed C-H activation

—si )
v _Sc
N7
N 2mol % 1d N tBu N
[j y = 2mol % B(CgF5)s [j/\ |
R1/ = 3 atm Toluene, 70°C R1/ = 1d
1 when R = Me, yield is 98%, 22h N N N
N 2 when R = Et, yield is 99%, 8h | N | N | N
AN 3 when R = i-Pr, yield is 96%, 14h _ _ _
| | 4when R =tBu, yield is 97%, 3n
5 when R = Ph, yield is 98%, 48h 8 9 10
6 when R = Br, yield is 91%, 48h 96%, 36h 94%, 24h 86%, 12h
7 when R =1, yield is 97%, 48h
Et N * ¥ 4mol % 1d Et N *
| + \—/ 4mol % B(CeFs); |
= Toluene, 70°C =
11 12 13 14
98%, 4h 99%,12h 95%, 32h 95%, 48h

1. Am. Chem. Soc. 2011, 133, 18086-18089



Sc catalyzed C-H activation

N 5mol % Sc N
¢: R = OSi(Pr), [ j P =\ 5mol % [PhaCIIB(CeFs)al [ S
Ln = Sc F nBu Toluene, 40°C =

1 when R = Me, yield = 98%, 88% ee, 72h

2 when R = Et, yield = 93%, 86% ee, 72h
3 when R = i-Pr, yield = 94%, 76% ee, 72h j/\j
4 when R = t-Bu, yield = 83%, 84% ee, 72h, 15°C

yield = 98%, 56% ee, 24h, 25°C
5 when R = Ph, yield is 94%, 84% ee, 72h 93%, 9 95%,
6 when R = Br, yield is 85%, 88% ee, 48h 96% ee, 72h 90% ee, 48h
7 when R =1, yield is 87%, 88% ee, 72h

N\ N\
N N
D _ B B -N
Br _ _

Cl
10 11 91%, 12 93%, 13 63%, 81%,
95%, 74% ee, 24h 92% ee, 48h 84% ee, 72h 86% ee, 96h 94% ee, 72h

94%, 90% ee, 48h, 25°C
MeO CF3
a.Forentry 3,4, 5, 6, 7, 12,ee was determined by HO

13C NMR in the presence of Mosher's acid. o

1. Am. Chem. Soc. 2011, 133, 18086-18089



Sc catalyzed C-H activation

U _R
= A 2c-Sc (5 mol%)
7w LA s F> PROIBCII Gt gy My
o/ + -
N @ Z / toluene,40 °C =
¢: R = OSIi(Pr); 3 4 5
Ln=Sc entry substrate time (h) product yield (%) er®
N
1 Z NGy, 48 * 92 93:7
N
2 Aoy, T2 S 92 937
Z 5q
N
3 96 * = 95 90:10
f\/l\ | P 5r
N
4 /\/O 72 Y O 94 919
Z = 58
| -
5 L 72 AN 80  86:14
{;;\\/SI\_\ I A st ’

“Reaction conditions: 3a (0.2 mmol), 4 (2 mmol, 10 equiv), 2¢-Sc (S
mol %), [PhyC|[B(C4Fs)s] (5 mol %), toluene (1.0 mL), 40 °C,
isolated yield. ’Determined by chiral HPLC.

L Am. Chem. 5oc 2014, 136, 12209-12212



Sc catalyzed C-H activation

de‘"a'Sc[C H-CgHsNMes-0)-

[PhaCl[B(CeFs)d]
~
R AN R
Novwra |”\ Ph3CCH,CgHsNMes-0 Ny *K
| Z Z | =
(R)-5 3a N (S)-5
} I

S~ B VS N= B-2

L Am. Chem. 50c 2014, 136, 1220912212



Sc catalyzed C-H activation
* DonTilley’s group

_ 10% [Cp*2ScMe] _
PhsSiHs + 150 atm CH, » PhoMeSiH + H; 50 turnovers!

C5H12, 80 QC. rd dﬂ}fS

Cp aacsiHaMes]) + CHy =—— [Cp"s5cUHs] + MesSiH; =—— [Cp's5cH] + MesMeSiHs
2 1 3
After 4 days: 85% 42% 15%
Hj
c 1
[Cp*sMCHg] + 'CH, =—= | CpsM H [Cp*sM'SCH;3] + CH,4
1\30’
Hs

o-bond metathesis

Angew. Chem. Int. Ed. 2003, 42, No. 7, 803



Sc catalyzed C-H activation
* DonTilley’s group

11 mol% [Sc]
CHy + ZMe > Hf
10 eq. 9 eq. CgD 12, RT, 3days Me Me
33%

Er: -CH;4

\/%& N
\@E /

J. AM. CHEM. SOC. 2003, 125, 7971—7977



Ti catalyzed C-H activation

‘i works as LA in most reactions it catalyzed.

i is also know for polymerization of alkenes.

"he hydroaminoalkylation reactions presented
are all from Sven Doye’s group.

The most common hydroaminoalkylation
reactions are catalyzed by Ta.



Ti catalyzed C-H activation

5 mol-%

1 R'
I\{‘m catalyst _ oL /Qw
—_ o R2
NH, 105°C,24 h H NH,
16: R'=R?2 = Me 18: R'= R?2 = Me 19: R'=R? = Me
17: R' = Ph, RZ2 = Me 20: R'=Ph,R2=Me 21:R'=Ph, RZ2=Me
p-TsCl, pyridine
0-25°C, 20 h
R1
R2
N HN.
p-Ts p-Ts
22:R'"=R? = Me 23: R'=R2=Me
catalyst: Ti(NMey), 72 % 26 %!l
Ind,TiMe, 71 % 28 %l

Ind>ZrMe, 95 % -
I nd2 HfMGQ 24 % =

24:R'=Ph,R2=Me 25:R'=Ph, R2=Me

catalyst: Ti(NMey)4 79 %lcdl 17 %lbcel
Ind,TiMe, 79 9, [0.c.f] 16 9po.ceel
Ind,ZrMe, 98 9%l -

Ind,HfMe, 53 %lcdl -

Eur. J Org. Chem. 2008, 2731



Ti catalyzed C-H activation

)2
5 HD

H/D
NH,
1-H/1-D

- 2 HNMe;

[Ti(NMez)4]

rate-
determining
step

HID\/QVR
H/D R

H’N“H;D

C-H 4 alkene
activation insertion

LoTi HiD
6 wno NH
H/D R )
2
X 2 R —
L = NMe,
NH‘CHQ'CRQ'(CHE}S'CH:CHQ

Angew. Chem. Int. Ed. 20m, 50, 64016405



Ti catalyzed C-H actlvatlon

R
10 mol% ’HL
1
R\Q )RE o e itV 17-27a N
+
N Al

H toluene

160 °C, 96 h RU I
811 12-16 N/K/l\ .
17-27b H

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

] 3 H H 12 nCeHy, H 17a/b 32 90:10

2 3 H H 12 nCerhs H 17a/b 629 90:10

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

4 8 H H 14 (CH)s  19ab - -

5 8 H H 15 Ph H 20a/b - —

6 8 H H  norbornene (16) 21 78 -

7 9 Me H 12 nCeHhs H  22a/b 20 95:5

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

9 10 Me Et 12 nCH,, H 24a/b - _
10 10 Me Et 13 Bn H 25a/b - —
nooon H Ph 12 nCH, H 26ab 75 1]
12 11 H Ph 13 Bn H 27a/b 84 1:1

[a] Reaction conditions: amine (2.0 mmol), alkene (3.0 mmol), [Ti(NMe;),] (0.2 mmol, 10 mol %),
toluene (1 mL), 160°C, 96 h, Bn=benzyl. [b] Yields refer to the total yield of isolated product (a+Db).
[c] GC analysis prior to chromatography. [d] Reaction conditions: amine (1.0 mmol), alkene (6.0 mmol),
[Ti(NMe;),] (0.04 mmol, 4 mol%), 160°C, 72 h.

Angew. Chem. Int. Ed. 2009, 48, 1153 1156



Ti catalyzed C-H activation

Ar\N/Yn-CGH»]?,
Are n-CgHq3 5 mol% Ind,TiMe, H _
N + W > +  a(Major)
H toluene
105OC 24h a:b>99:1
Ar
SN niCeHys
H
b
H H
1 2 3 4
96% 95% 84% <5%
N~ N~ N~ N~
H H H H
5 6 7 8
96% 43%, 96h, 10 [Ti] <5% <5%

Angew. Chem. Int. Ed. 2010, 49, 2626 —2629



Ti catalyzed C-H activation

Ph. R 5 mol% Ind,TiMe
NT o+ N ° 2 T2, +  a(Major)
H toluene
105°C, 96h Ph R
H
1 2 5
96% (85:15) 99% (90:10) 97% (87 13) 97% (82 18) 94% (75:25)
OMe CF,4 \/@
\:@/ \/©/ \/O/ /I/\O \
6 7 8 9 10
<5% (n.d.) 95% (92:8) <5% (n.d.) 93% (>99:1) 92% (>99:1)
d.r.=85:15
11 12
12% 40% (92:8)

Angew. Chem. Int. Ed. 2000, 49, 2626—-2629



Ti catalyzed C-H activation

R! Ph
R2 o 10 mol% Ti(NMe,), N)\( A
R! \ P . W 10% Ligand . . a | A _Me
H n-hexane 5 N H
R
140°C, 96h . )\A Ligand:
N Ph 2-MeAP-H
H
b (Major)

H H
N

o

1
79%(a:b=32:68)

H
o
5
61%(a:b=21:79)

N
n-CeHig™ )
9 H
22%(a:b=20:80)

H H
~ /@/N\ /@/N\
Cl MeO
3 4

2
31%(a:b=33:67) 31%(a:b=43:57) 50%(a:b=35:65)
H H H
Nj Nj N
©/ Et ©/ Ph O/
6 7 8

48%(a:b=9:91) 85%(a:b=8:92) 71%(a:b=42:58)

H
Ph\l/N\ D SN
N N

H H H
10 11 12
69%(a:b=7:93) 17%(a:b=12:88) 26%(a:b=15:85)
20% ligand

Angew. Chem. Int. Ed. 2013, 52, 1806 1809



Ti catalyzed C-H activation

R2
R! Ph
10 mol% Ti(NMe,),4 H | AN
10% Ligand
Py~ + alkenes %o Ligan > + a N7 ONMe
H n-hexane X H
0 R
140°C, 96h » )\A Ligand:
N Ph 2-MeAP-H
H

CF;
JO O O 3 U
1 2 3 4 5
49%(a:b=44:56) 31%(a:b=19:81) 16%(a:b>99:1) 69%(a:b=89:11) 91%(a:b=90:10)

oot Ay g O
8 9 10

6 7
85%(a:b=93:7) 99%(a:b=97:3)  91%, 20% Ligand n.d. n.d.

Angew. Chem. Int. Ed. 2013, 52, 1806 1809



Ti catalyzed C-H activation

NH | ) a
A AL+ | SN 10 mol% [Ind>TiMe5) - .
X n-octane, 105 °C, t /@R
R Ar‘WN 2
H b
Entry Ar (diene) R (amine) ¢[h] Yield a+b [%]®  Selectivity a/b!®
1 Ph (1) H (2) 96 84 (3a/h) 66:34
2 Ph (1) H (2) 24 83 (3a/b) 68:32
3 o-Me-CsH, (4) H (2) 96 89 (16a/b)led] 75:25
4 0-Me-CH, (4) H (2) 24 85 (16a/b)led] 75:25
5 m-Me-CgH, (5) H (2) 96 73 (17 a/b)lc 62:38
6 m-Me-CgH, (5) H (2) 24 47 (17a/b)l4 62:38
7 p-Me-CgH, (6) H (2) 96 61 (18a/b)! 70: 3[}
8 m-MeO-CgH, (7) H (2) 96 44 (19a/b)led 67:3:
9 p-MeO-CgH, (8) H (2) 96 87 (20a/b) ?3:2?
10 p-Cl-CH, (9) H (2) 96 12 (21 a/b)ledel 66:34
11 p-Cl-C,H, (9) H (2) 24 8 (21a/b)ldel 66:34
12 m-CF,-CgH, (10) H (2) 96 23 (22a/b)led 65:35
13 m-CF,-CH, (10) H (2) 24 14 (22a/b)! 66:34
14 2-thiophenyl (11) H (2) 96 44 (23a/b)ld 55:45
15 2-thiophenyl (11) H (2) 24 35(23a/h)H 55:45
16 Ph (1) m-Me (12) 96 73 (24a/b) 67:33
17 Ph (1) p-Me (13) 96 85 (25a/b)lc 65:35
18 Ph (1) p-MeO (14) 96 23 (26a/b)1*e 60:40
19 Ph (1) p-Cl1 (15) 96 6 (27a/b) 71:29
20 m-Me-C.H, (5) p-Me (13) 96 78 (28 a/b)lc 67:33

Chem. Eur. T 2013, 19, 3833 - 3837



V catalyzed C-H activation
* Vis widely use in oxidation of C-H bonds.
Nature Chemistry, 2010, 2, 478.
e V catalyzed C-H activation is hard to found.

e The two C-H functionalization reactions are
from Chuo Chen’s group.



V catalyzed C-H oxidation

1 mol % CpaVClz

H 5 equiv TBHP(aq) j’\
Ar Ar R
neat, 30 °C, 5 days
Ar Ar
Entry R Product Yield” Entry R Product Yield”
Ph i 2-C1-Ph a ﬁ\
1 CH; [l/ﬁ/ CHa 90% 11 CH; l':‘bjf CH 52%
i r\%
4-F-Ph o 2-MeO-Ph Mo O
2 CH; S Mo 91% 12 CH; O e 68%
F \\_‘;— "‘v/
4-Cl-Ph /?L 4-Et-Ph ol\
CH, CH, P
3 J/j ot 86% 13 o ‘“]) cHs 8694
i "T&J
Q
4-Me(O)C—Ph a 4 Ph-Ph 0 54%
CH, A, H A 60%¢
4 - W(l\‘ P 89% 14 s J
Q “‘“\.—4’
4.NC-Ph 5 Ph o
5 CH; J\ L, 7% 15 n-CrHs ll\/j}“ 57%
NC F
4-MeO-Ph o 4 Br-Ph o
6 CH; @-kcug 57% 16 n-CeHis /["“*TJ\C;H'; 51%
Meg™ B
3-NC-Ph o 4-MeO-Ph o
7 CH; "y xHL\CH, 85% 17 n-C;Hs @kqﬂ, 49%
L Mo =
3-HO,C-Ph 5 3-MeO-Ph o
8 CH; HOszl/xv'L cHa 91% 18 mCeHis Y e 50%
e =
3-Br—Ph o Ph o OH
9 C H3 Br..h(\:‘ L“CH; mq&l 1 9 C H:C f 0 H ]f(_ H3 ]3 |/::; l\””t;_'_c'h 5{}4&-'«
= - :
3-MeO-Ph 0 Ph o
CH; Med . . _ Ph - e .
10 ) Tons 80% 20 (O 95%
e \1:’ o

2 All reactions were conducted with 1 mmol of the substrate. * Isolated vield. © With 2 mol% CpaVClz and 10 equiv. TBHP. ¢ With acetonitrile (0.2mL).
“ ¥ield obtained after TBS protection of the alcohol.

Chem. Sci., 2012, 3, 2240-2245



V catalyzed C-H Florination

10 moal % VaO4
1.5 equiv Selectfluor

R—H - R—F
CH4CN, 23 °C
F

© Cij @ o M M

3 (20 hy 420 by 5 (20 h) 6 (20 h) 7 (20 h) 8 (20 h)
70% NMR yield 61% yield 74% yield 70% vyield 47% NMR yield 78% NMR vyield
F
F 0 g0 0 o E
NPhth
9 (20 h) 10 (20 h) 11 (20 h)
63% yield 85% NMR yield 12% NMR yield 12 (18 h) 13 (24 h) 14(30h)
46% vyield 53% vield 75% yield
F F
NPhth
19 (24 h) e
NC
43% vyield
1824 ) 35% yield y
15 (48 h) 16 (24 h) 17 (48 h) 24% yield
61% yield 67% NMR yield 47% yield

(o:p =9:1)

Crg. Chem. Front, 2014, 1, 468-472



Mn catalyzed C-H activation

* Mn is widely use in oxidation of C-H bonds.

* Mn catalyzed C-H activation is not well
developed. Only a few examples.

 The work was discovered by Prof. Takai, and
followed by Congyang Wang.



Mn catalyzed C-H Activation

e Kazuhiko Takai and Yoichiro Kuninobu’s work

Me . Me.
) [MnBr(CO).] )
<N 9 (5.0 mol%) SN
+ s hsiet, . |
. H , R toluene OSiEt,
a 4 o
116°C,24h ¢ L
Entry Substrate R Product Yield [96]"
1 2b p-(MeO)CeH., 5b 87 (89)
2 2¢ p-(CF3)CsH, 5¢ 87 (89)
3 2d 0-MeCH, 5d 59 (60)
4l 2e nCgH,; S5e 75 (79)
%
5t 2f O 5f 56 (57)
6l 2g (f Dl\ i 5g 66 (67)
7 2h 4 S\‘}gt 5h 48 (50)

[a] 2 (2.0 equiv); 4 (2.0 equiv). [b] Yield of isolated product. The yield
determined by 'H NMR spectroscopy is reported in parentheses.

[c] 135°C. [d] 48 h. Angew. Chem. Int. Ed. 2007, 46, 65186520



Mn catalyzed C-H Actlvatlon

H  cat. MnBr(CO)s
| cat. Cy,NH

Et,0, 80-100 °C
6-12 h

 Wang’s work

1 3aa: R' = H, 76% 3af: R' = NO,, 48%*
Py g] R 3ab: R' = Me, 71% 3ag: R' = F, 82%
R 3ac: R' = OMe, 63%" 3ah: R' = Cl, 79%
O Jad: R'=CF;, 71%  3ai:R' = Br, 79%
3ae: R' = CO;Me, 66%"  3aj: R' =1, 74%°
Py
o e
) O~
3ak: R’ = Me, 80%

. L/ . 0
3al R = - CF, 65% 3am: 75% 3an: 78%

©/\p 5&/\/\,13 5/\"("‘:0}‘ Ph

i 3ag:n=1 48‘%}‘]
Q0 . oy 4 q b)
3a0: 519%" 3ap: 68% 3ar: n = 2, 46%%

“Reaction conditions: 1a (1 mmol), 2 (0.5 mmol), MnBr(CO); (0.05
mmol), Cy,NH (0.1 mmol), EtzO (1.2 mL), 80 °C, 6 h. ! Isolated
yields of product 3 are shown. © 3ac/6ac = 9:1. ¢ 100 °C, 12 h. ° 3aj/
6aj = 9:1.F 3ap/Sap = 9:1. & 3ar/Sar = 8:1.

J. Am. Chem. 5oc. 2013, 135, 1264-1267



Mn catalyzed C-H Activation

.
H  cat. MnBr(CO)s R1ﬂ
5

R3

| cat Cy,NH

Et,0, 80-100 °C
6-12 h

3bk: R' = 5-Me, 82%
3ck: R' = 5-Ph, 80%
3dk: R' = 5-Cl, 80%
3ek: R' = 5.CO,Et, 71%
3fk: R' = 4OMe, 75%
3gk: R' = 3-Me,68%

3uk: 77%

3og: 27%
Py
3hk: R? = Me, 69% A
3ik: R’ = OMe, 82% R2 3
3jk: R* = CFs, 79% +

3kk: R* = F, 70% Ar

31k: R? = Cl, 72% \f/’f]
3mk: R = Br, 82% ¥ R

3nk: R* =1, 77% R* = Me, Ar = (o
Me)Ph, 3pk: 86%"

R’ = F, Ar = Ph, 3ra’:
60%"°, Ar = (o-Me)Ph,
3rk’: 71%

R’ = OMe, Ar = (o
Me)Ph, 67% (3sk/3sk’
= 1:2)

3qk: 15%

“Reaction conditions: 1 (1 mmol), 2 (0.5 mmol), MnBr(CO); (0.05
mmol), Cy,NH (0.1 mmol), E,O (1.2 mL), 80 °C, 6 h. b Isolated

yields of 3 are shown. ¢ Single product.

J. Am. Chem. Soc. 2013, 135, 1264—-1267



Mn catalyzed C-H Activation

RZ
R2 Ph [MnBr(CO)s)
(10 mol% ) RN
L OXONH o+ _ = R
R'—r 1,4-dioxane N Ph
Z Ph (0.1 M) T
1(1.0equv)  2a(15equiv) 00 = 12N 3
R nBu
SN Me =N
~ “Ph 7 Ph
Ph Me Ph
3qa: 48%
3aa: R = OMe, 89% 3da: R = nBu, 86% 3935 R = OMe, 93"»::
3ba:R=F,75%  3ea:R=iPr,82% o°na R=NMe; 97%
3ca: R=H,63%@ 3fa: R = sBu, 87%P
nBu nBu nBu F nBu
~N R SN, =N N
—
R Ph ~ “Ph 7 “Ph 7> ph
Ph Ph R Ph Ph
3 3
3ia: R = Me, 93% R = Me, 88%, 3ma:3ma'= 8.3:1 3ra: 75%
3ja: R = F, 88% R=CF3 3na, 58%
3ka: R = SMe, 58% R = 0OMe, 83%, 3oa:doa' = 1:15
3la: R = Ph, 77% R=F, 86%, 3pa:3pa' = 1:2.7

Angew. Chem. Int. Ed. 2004, 53, 49504953



Mn catalyzed C-H Activation

PMP

PMP
MnBr(CO) NN
NH 4 ph—==—ph S,
1,4-Dioxane P
MeO 10500 MeO Ph
Ph

1a 3aa

1a + [MnBr(CO)g] F‘MF‘

(detected) CO _/I¥ NH,*Br-
PMP
J@\* .
CO
MeO
MeO H [MH{GD A |[r:3.ll:l},1

PMP

H isolated)
PN . ( H
Ph detected} N-H
1a MeO [Mn(CO)3]

__Ph
SN B ph—
) < Mn(CO ~0
[Mn{ED 1] MeO H [ N(COM} PMP

G H
Ph — ph Path a: major ~[Mn{CD}4]
1a
Path b: minor [MH{CDM] - [HMR( CD}d] Ph

L 3aa c
Angew. Chem. Int. Ed. 20014, 53, 4950 —4953



Fe catalyzed C-H activation

 There are too many Fe catalyzed C-H

activation reactions.

Zhangjie Shi, Chemical Reviews 2010, 111, 1293.
Eiichi Nakamura, J. Org. Chem. 2010, 75, 6061-6067

* The following works are all from Prof.
Nakamura’s group.



Fe catalyzed C-H Activation
A

H

Ar = &-MeOCH,
¥ = Br, Cl, TIO, TsO ele. [Fe{acac);] (10 mol%)

—_— #

dibpy (10 mal%) K X % 4 \
+ -
A
_ _ CI){"’CI [2 equiv) % \f\
¢ S mger THF. 0°C 83-92% yield —/
(5= equiv)
+
ZnCl=TMEDA
(2.5-3 equiv)
% yield % yield
; M—Ar M—Ar
Ny 14 7N
< & %
N—Ar 89 "
Tio—¢ g 8
_ (38) “ = 93
Jlrr % .-'N A H“H-#ﬁ
TsO { » \’\ 39 - N—Ar
= o 96
~g
 NAT
MeO— 54
= Ry A & mono
W NA \:/_I:{H 58 g

ﬂ M—Ar

) a7
=

Cl

Angew. Chem. Int. Ed 2009, 48, 2g25 —2q28



Fe catalyzed C-H Activation

H i : . N
{ ¢ RMgBr or Substrates with unsuitable ype
NaGHE i 2 RMgBrZnClsTMEDA Q‘HH af internal trigger or C—H bond

Felacac)y (2.5-5 mol) D ei_’\ﬂ ﬂ
-BuCMea, Et,O or THF \\© M | Ly ] |
1 f or 50 *C, 15-30 min 2 |
a | =
R(Fe] | I—l':ﬁ‘l' J\© @I/ t

{_\ CH, el 'H H[F"" CL[FEH Dg,z:) | @:} |
e Y

H%D?O %

0™ M I ArkdgBr (2 aquiv)

Falacac)y (5 miol F) M
+
O ) oo a KC ﬁ
(Ar = p-FCgHy)
0.5 aquiv 0.5 aguiv B8% yiekd B2% yiald
100% oD incorp. %% D incorp.

8] ¥] H H o a H
D-'yi M}LEI:I HiN}LT ArbdgBr (0.5 mmal) DE‘,I‘\M}LJ;J‘ HJJ\M}.L ﬂr

Fe{acac), (2.5 mol%)
(Ar = p-FCgHy)

0.25 ol 0.25 rmmicd 0.12 mimol

0.12 mmedl

J. AM. CHEM. SOC. 2010, 132, 55685560



Fe catalyzed C- H Actlvatlon

MgBr Fe(acac); (10 mol %)
dtbpy (10 mol %) 6
=+ ()~ (O~
CI><’CI 2 equiv) R

(2.2 equiv) =R?=Ph, 96%
R, R2 = aryl, alkenyl, alkyl, THF/ELO, i, 1h
SiMe3, H, etc. (dtbpy = 4,4'-di-tert-butyl-2,2'-bipyridyl)

Ph Ph
MaBr __
41
o0 O30
g —_ S""J
Ph Ph
MgBr
; 39
v ] a
o] o
Ph Fh
MagBr __
85
A 7N\

J. Am. Chem. Soc. 2011, 133, 65576559



Fe catalvzed C-H Activation

Fe(acac); (5 mol %)

xantphos (5 mol %)
PhMgBr + C> - Oph GMES
(1 equiv) Mesl (1 equiv)

. THF,0°C 2, 57% yield
JFedin  1(20 equiv) (TON = 240 with 0.1 mol % Fe)

Ph[Fe] %
Mes-I Ph T —[Fe]l
Y

I— [Fe]— Mes
(slow) [Fe]

[Fel
---':f \‘
[Fe]— - Q_ — > b+ (D Mes
D
5 D 5 PhMmgBr

not detected

Me
6 PhMgBr
7 PhMgBr
8
9
10

14

15 &
16 /©/\/ PhMgBr
17 R

18

Org. Lett., 2013, 15, 714 {5]/\/ PhMgB
\ r

19

p-XCgH4MgBr

o-TolMgBr

éin
S
=
13 ©/\/ 2-NaphthylMgBr
S

., ;

=

9599 9%

Ph

o-Tol

Ph

6t

p-XCgH,4

2-Naphthyl

27{+1B}°79
n=1 54/11
n=3 21/4
X=H 40/8
X =Me 40/8
X =0Me 31/6
X=NMe, 30/6
X=F 42/8
18/4
377
R =Me 35/7
R=F 3717
R=Cl 27/5
R =Br 24/5¢
34/7



Fe catalyzed C-H Activation

AraZn+MgBr. (3 equiv)
ArMgBr (1 equiv)

O Fe(acac); (10 mol %)
dppbz (10 mol %)
Ph N = | -
Ns X,GI (2 equiv) N

1 THF. 50 °C Ar = p—MeDGgH4 2: 85% (1.40 g)
Ar=Ph 3:80%;1: 14%

-

o) 0 o
7 %NH-Q %NH-Q Ph/Q(\LNH-Q ég:g?;e
H 4 ph 1 ph 3
0 o
8 /%NH-Q /% NH-Q 53
H p-MeOCgH,
o) o)
9 Yﬂf\\m{.a W\NH-Q 75
H 5 p-MeOCgH,
0 0
10 @f’LNH-Q @ﬁLNH-Q 69
H 6

MEOCG H 4

J. Am. Chem. Soc. 2013, 135, 6030-6032



Fe catalyzed C-H Activation

o)

1b

Fe(acac)z (10 mol %) ¢|—N )

F-dppbz (15 mol %)
NH-Q PhMgBr (1.2 equiv) (2.7 equiv)
THF, 65 °C PhMgBr
(3 equiv)
slow addition

P(4-FCgHy)o
F-dppbz = @:
P(4-FCgHy)2

()
S
14 |
Me
N

15¢€ [

o
NH-Q S NH-Q
\ |
N
2
@) MF: O
NH-Q NJ NH-Q
N
Q3

O

N

o}

82% (1 g scale)

O

Ph

L. Am. Chem. Soc. 2014, 136, 646—649



Fe catalyzed C-H Activation

t-Bu t-Bu
2.5mol% Fe(acac); 2 N\ /
. —N
+ PhBr dtbpy 1:1 R
Mg (3.3 eq) dtbpy
DCIB (2.0 eq)
THF/dioxane M _a
0°C, 24h Cl
DCIB
other interesting halide
| Br 89%, R=OMe Br
77%, R= CF4 <O Me Br
92%, R=ClI o
R 99%, R=F ) Br™
60% 51% 35%
OMe
S Br
UBr Mel
16% 2% 19%

other substrate

= = =

SN | @) SN | N | - PMP Br Ny PMP
<
O H H H H

79% mono 57% 26% 92% ketone 32% ketone
9% di

vy

Adv. Syath. Catal 2012, 354, 503506



Fe catalyzed C-H Activation

Felacac); (10 molia)
dtbpy (10 maol®:)
ZnClz-TMEDA (3 equiv.)

@, N . ﬂ,ﬂph PhigBr (& equiv.) . N
THF, 0°C, 48 h =
1 (2 equiv) 2: 80%
-Bu -Bu J;N EI
) Jrel-y Ph
N N Ph N_J 3 2%
dtbpy - B : Z~-Fh
4: 46%

* yields are based on 1.

ﬁﬂph ﬁﬁph ﬁmphz ﬁﬂﬁihﬂeg eacac (10 mo)
. ; ) ) e(acac)y mo
2 55:& {E-E}::i:} 2 Eﬂ:a'ﬁ 2 22&':- 2 14% _ dtbay (10 mol%) _
4: 17% I::ﬂl-ﬁ ) 4 3% 4 1% 4 2% fl.> ZnCl*TMEDA (3 equiv.) )
@J“LN OPh PhMgEr (6 equiv.) Ny
A Ph Ph + F »
A~ o _OCOPh o~ _OCOPh -~ _Cl /;7{5. THF, 0 °C, 48 h ~r P
2. 19% 2. 6% 2 1% 2. 0% D
4 155% 4 104% 4 177% 4 138% 1 (1.5 equiv.} { 2D: ?51 ";“5}
oy = 8

Adv. Synth. Catal W14, 356, 1481 - 1485



Co catalyzed C-H activation

 Huang presented the Co catalyzed C-H

activation during his talk.
Yoshikai, N., Acc. Chem. Res. 2014, 47, 1208.

* This Friday, | will present two Co catalyzed C-H
activation from Prof. Olafs Daugulis.



Ni catalyzed C-H activation

* Ni catalyzed cross coupling reaction was well
established.

* For recent Nickel catalysis:
Nature 2014, 509, 299.

* The following works are all from Prof.
Chatani’s group.



Ni catalyzed C-H Activation

cat. Ni(cod),/PPhs
@\)L /\O R———R N
Z R

0

R
1a @\)< 2
’é

d*m

R =H (1a) 2a 86%
R =4-CH; (1b) 2b 84%
R = 4-OCH; (1c) 2c 73%
R = 4-NMe; (1d) 2d 69%
R = 4-CF; (1e) 2e 91%
R = 4-Ac (1f) 2f 85%
R = 4-CN (1g) 2g 83%
R =4 -;-(Dj (1h) 2h 87%
R = 4-Ph (1% 2i 87%
R = 2-Ph (1]) 2 52%

“ Reaction conditions: amide (0.5 mmol), 4-octyne (1.5 mmol), Ni(cod),

(0.05 mmol), and PPh; (0.2 mmol) in toluene (2 mL) at 160 °C for 6 h.
" Isolated yields are shown. “ The ratio of regioisomers is shown in parentheses.

J. Am. Chem. Soc. 2011, 133, 14952-14955



Ni catalyzed C-H Activation

Ni(OTf), 10 mol%

PPh; 20 mol%
Na,CO; 2 equiv *
- :\ j BuBr 2 equiv N/[ :l:\
@E& toluene, 140 °C, 24 h - @LH NI P
Bu

2a 88%
@) 0
N N
@A \GEL <j\):H Nb | LaNiX Q)LH N
HX HX 35
R = OMe (1b) 74% (89%)°

OCH,Ph (1¢) 2c 72% (85%)° N 0

OSiMe,But (1d) 2d  75% N" -No dry [

Me (1e) 2e  92%¢ R E';r H fj(“"N\

Ph (1f) 2f  81% Na.CO 36

Cl(1g) 29 92%° .

I (1h) 2h 68%° NaHCOs + NaX

C(O)CHs (1i) 2i  75%° o
CF3 (1)) 2j 95%¢ .
N\“'N\ I [
0 0 R Ver v\_{ N=Ns
3
4 N S 4 N S R—B '
| H L H r
S = S7 By =

13 50%
“ Reaction conditions: amide (0.5 mmol), 4-octyne (1.5 mmol), Ni(cod),
(0.05 mmol), and PPh; (0.2 mmol) in toluene (2 mL) at 160 °C for 6 h. J. Am. Chem. Soc. 2013, 135, 5308—5311
b . c . .. . .
Isolated yields are shown. “ The ratio of regioisomers is shown in parentheses.



Ni catalyzed C-H Activation

cat. Ni
0 MesCOOH
N32C03
%H TN o+ A —/—/———
y N. DMF
1

H
N
Ar Z
substrate products” Q >‘)L
S
0 0 >|\)kH |
Phsr ke | PP NHG 72% (10%) "~
{i] (i] H
Ph Ph Ar = p-MeOCgH, NiXz -X
H 6a Ar - 6b H-X HaX PhH
o) 0
1,

0
NHQ 50% (32%) N N
|
7b [\|“ N, = >ﬁi\
| NI +N
|

18 Hx 15

Bu
Bu
H
0] (0]
, . MesCO5Na
Ph £t NHQ | Ph - NHQ 56% (31%) + Nay,CO;
H 'Ar
o] (0]

8h
MesCO,Na + NaX

o) o) + NaHCO,
P> “NHa Ph)f‘\NHQ 20%  TSTONHQ 54% (6%) %N N 0
I.
H 9a Ar - 9b Ar “Ar  9c NN >[ N Y
cis Ph | Ni-=N__~
Pn 1 Pn | Arf;; i H-X = HI, NaHCO3, H,0, 1 16
D\\)‘LNHO EELNHQ 509%° ¥ SNHQ 33% (15%) ’ & T2 Ph—l
12%°¢ Jcis 62% (0%)°
H A
12a ro12b A 40
0 o)
Ph Ph
NHQ NHQ  41%° NHQ 8% (40%)°
42%“j 18% (14%)°d
H 13a Ar Ar 43¢

J. Am. Chem. Soc. 2014, 136, 898-901



Cu catalyzed C-H activation

* Cu catalyzed C-H activation reactions are well

established.

Acc. Chem. Res., 2012, 45 (6), pp 778787
Chem. Rev., 2013, 113 (8), pp 6234—-6458



Summary

 1.Scand Ti are very lewis acidic, and also
oxygenphilic. The ligand development is very
important in these type reaction.

e 2. ForV, Cr, and Mn, the catalyzed C-H
activation reactions are underdeveloped. Use
the low-valent species are important.

* 3. For Fe, Co, Ni and Cu system, it is now a
rapid growing area.



Thanks




Questions!

1. How to synthesize the Mosher's acid within 3 steps? Question is limited to undergrad and first year.

MeO CF3
Ph COOH

2. Please provide the structure for A and B, and propose a mechanism for both reaction.

PhAN _Ts | N cat. (C5M65)SC(CH2C6H4NM92'0)2
A < g
cat.Sc(OTf)3 NG cat. B(CgF5)3
Zn-Bu



Questions!

3. Propose a mechanism for the following reaction.
10% Fe(acac);

_PMP 10% dtbpy
N 2.5 eq ZnCl,+TMEDA

| 5 aq. PhMgBr

2 eq. ></CI
of

Br THF, 0°C

Hint: the prducts of the first step include the following:

oL o



Questions!

o]
Q
D N
Meq
D
- - 1D: 67%
0 Fe(acac), OMg 0
! dppbz
N D (1 equiv) SNTNF c M _cl e
H - * H o | i = H
H PhMgBr o ;[ITE]';‘; oo L Bh
1 (3 equiv) 3a 12%
a THF, 65 °C | Pl (a: 81%)
A o
Q= = CI-N_0 N2
N wromn S
rt, 10 min N
2a: 60% ,\l



