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What is it about ?

Expedient Iron-Catalyzed C-H Allylation/Alkylation by Triazole
Assistance with Ample Scope
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YD2

State of art - Functionalisation of aromatics

Friedel Crafts reactions: Discovered by Charles Friedel and James Crafts in 1877

Last review on FC alkylation: M. Rueping and al. Beilstein J. Org. Chem., 2010, 6, 6.
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YD2

State of art - Functionalisation of aromatics

Friedel Crafts reactions: Discovered by Charles Friedel and James Crafts in 1877

Last review on FC alkylation: M. Rueping and al. Beilstein J. Org. Chem., 2010, 6, 6.

Since then: many examples of allylation/alkylation by C-H insertion with transition metals
Pd: Y. Fuand al. . Am. Chem. Soc., 2013, 135, 616.
Ru: L. Ackermann and al. J. Am. Chem. Soc., 2013, 135, 5877.
Rh: F. Glorius and al. Angew. Chem. Int. Ed., 2013, 52, 5386.

Ni: L. Ackermann and al. Angew. Chem. Int. Ed., 2014, 53, 2477.
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YD2

State of art - Functionalisation of aromatics

Friedel Crafts reactions: Discovered by Charles Friedel and James Crafts in 1877

Last review on FC alkylation: M. Rueping and al. Beilstein J. Org. Chem., 2010, 6, 6.

Since then: many examples of allylation/alkylation by C-H insertion with transition metals
Pd: Y. Fuand al. . Am. Chem. Soc., 2013, 135, 616.
Ru: L. Ackermann and al. J. Am. Chem. Soc., 2013, 135, 5877.
Rh: F. Glorius and al. Angew. Chem. Int. Ed., 2013, 52, 5386.

Ni: L. Ackermann and al. Angew. Chem. Int. Ed., 2014, 53, 2477.

Problems: long reaction times, high reaction temperature and/or moderate selectivites
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YD2

State of art - Functionalisation of aromatics

Uses of a bidentate directing group:

N. Chatani and al. Angew. Chem. Int. Ed., 2013, 52, 11726. Fo(acac)s (1 mol %)

E. Nakamura and al. J. Am. Chem. Soc., 2015, 137, 7660. {:@ 0 dppen (1.1 mol %) R 0
=N N o * AMeg = =N
'If e

M
2,3-DCB (2.0 mmol) H N o
THF (0.5 mL), 70 °C, 24 h Me -
1 mmaol
3, 0.5 mmol 2M in hexane 4, 99%
65% with 0.01 mol % Fe
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YD2

State of art - Functionalisation of aromatics

Uses of a bidentate directing group:

N. Chatani and al. Angew. Chem. Int. Ed., 2013, 52, 11726. Fo(acac)s (1 mol %)

E. Nakamura and al. J. Am. Chem. Soc., 2015, 137, 7660. {:‘Q 0 dppen (1.1 mol %) R 0
=N N o * AMeg = =N
'If e

N
2,3-DCB (2.0 mmol) H N o
THF (0.5 mL), 70 °C, 24 h Me e
. 1 mmaol
Drawbacks: 3, 0.5 mmol oM in hexane 4, 99%
65% with 0.01 mol % Fe
Transformations restricted to the Amino-Quinoline motif
Limited scope

Removal under harsh conditions (conc. HCIl 130 °C)
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YD2

State of art - Functionalisation of aromatics

Uses of a bidentate directing group:

N. Chatani and al. Angew. Chem. Int. Ed., 2013, 52, 11726.
E. Nakamura and al. J. Am. Chem. Soc., 2015, 137, 7660.

Drawbacks:

Transformations restricted to the Amino-Quinoline motif
Limited scope
Removal under harsh conditions (conc. HCI| 130 °C)

Solution: Highly modulable bidendate directing groups
Effective in promoting Fe cat. C-H transformation
Already applied for Arylation

L. Ackermann and al. Angew. Chem. Int. Ed., 2014, 53, 3868.

;:f \}j &
=N ﬁ o * AMeg
'Iff'

3, 0.5 mmol 2M in hexana

Fe(acac)s (1 mol %)

dppen (1.1 mol %) o O
- \=nN N
2,3-DCB (2.0 mmol) N°H =
THF (0.5 mL), 70 °C, 24 h Mo
4, 99%

B5% with 0.01 mol % Fe

FeCl, (10 mol %) Te f\
dppe (10 mol %) = N*'TAM
- | H
*‘Ar

ArMgBr, ZnBr,- TMEDA ~

Me ‘Me
clI T~

(DCIB)
THF, 55 °C, 36 h

Cl
90%
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Screening of catalyst

OMe Me cat. [Fe]
@\)‘\H o T {__;:\VCI cal. ligand H,T.*!"ull.-'l
. N= | ) PhMgBr [Fe(acac);] + dppe ligand turned out to be the best

¥ THF, 65 °C :

1a e 29 30 Imin taa catalytic system

Entry [Fe] Ligand 3 aa [%]"

[Fe(acac)s] dppen 17
[Fe(acac),] dppbz 14
FeCl, dppe 75
FeCl, dppe 85

 h U W R -

[Fe{acac),] dppe 84 ]

[Fe(acac),] dppe 1219




Screening of catalyst

OMe Me cat. [Fe]
d\u o N-Bn+ I‘,;.«\‘_,CI cal. ligand H,T.*!"ull..ll
s ' Phigb [Fe(acac),] + dppe ligand turned out to be the best
1a T:M 2a ng‘ ,?,?n © a8 X catalytic system
b [Fe] Ligand 3aa [%]"
{:::E:EH jggﬁg :: No conversion without catalyst
3

FeCl, dppe 85

 h U W R -

[Fe(acac);] dppe 34 ]

[Fe(acac),] dppe 1219




Screening of catalyst

O Me_Me cat. [Fe]
t ligand _TAM
@‘Lﬁ 3 ,N"Bn + f‘\_’,rc' w.-. H
Ho SN ke [Fe(acac),] + dppe ligand turned out to be the best
1a T:M 2a qu r?usn ¢ Jaa = catalytic system
ey [Fe] Ligand 3 aa [%]"
A 17 o
{FEEZE:EH jggﬁ; 14 No conversion without catalyst
3

FeCl, dppe 75
L2 dppe 85

Amino-Quinoline as directing-group was ineffective

 h U W R -

[Fe(acac),] dppe 24 ]

[Fe(acac),] dppe 1219
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Substitution in the TriAzole Moiety (TAM)

2a

O R'R? cal. [Fe(acac);)] O R!R?
n = N- 3 cal. dppe N H — ‘NrR:’
. N=N PhMgBr N=N
1 THF, 65 °C 3
S
Entry R’ R’ R? 3
1 -(CH,)s- Bn 3ba: 64%
2 Me Me nPr 3ca: 77%
3 Me Me PMP 3da: 78%
4 H H nHex 3ea: -

Spiro substitution gives acceptable yield

14



Substitution in the TriAzole Moiety (TAM)

2a
cal. [Fe{acac)s]

N PN g O dore N%N-ﬂ:’
’ 4 N=p PhMgBr A N=N Spiro substitution gives acceptable yield

1 THF, 85 °C 3
‘\\
Entry R’ R R? 3 N-alkylated or N-arylated triazoles provides good yields
1 -(CH,)s- Bn 3ba: 64%
2 Me Me nPr 3ca: 77%
3 Me Me PMP 3da: 78%
4 H H nHex 3ea: —

15



Substitution in the TriAzole Moiety (TAM)

2a
O R'R? cat. [Fe(acac)s] D R R?
HKE&\NHR:’ cal. dppe = E%N'RJ . o - .
N=p PhMgBr N=pN Spiro substitution gives acceptable yield
M3 THF, 65 °C 3
‘\\

Entry R’ R R 3 N-alkylated or N-arylated triazoles provides good yields
1 -(CH,)s- Bn 3ba: 64%
2 Me Me nPr 3ca: 77%
3 Me Me PMP 3da: 78% Substitution in benzylic position is necessary
4 H H nHex 3ea: —
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Substrate scope

cat. [Fe(acac)s]

TAM TAM
R cat. dppe S -
Ry N+ X P - RE N
ZNH PhMgBr Z
1 2a THF, 65°C 3 L

30 min

a) arenes
(0]

0 0]
TAM R _TAM
R N,TAM N N
H = 5
R R
x x> S

R =Me (3fa): 85% R =Me (3ia): 63% R=Me (3ma): 75%

R=F(3ga): 71% R =CFa (3ja). 64% R =MeO (3na): 92%

R =CF; (3ha): 82% R =MeO (3ka): 81% R=Cl(30a). 59%
R =F (3la): 83%

O F O

_TAM TAM
N N
I 5

x ™
3pa: 89% 3qa: 56%
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b) ferrocene and heteroarenes

/
HN-TAM
| N
3sa: 85%

Substrate scope

/
HN-TAM
|
N ©
Me

3ta: 69%

Allylation of heteroaromatics was possible and site-selective

18
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Substrate scope

b) ferrocene and heteroarenes

/ /
Allylation of heteroaromatics was possible and site-selective
HN-TAM HN-TAM
B B
M N O
¢ 0 Me
3ra: 47% 3sa: 85% 3ta: 69%

Unprecedented synthesis of ferrocenyl derivatives

19
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Substrate scope

b) ferrocene and heteroarenes

/ /
HN-TAM HN-TAM
B |
S 0 Me
3ra: 47% 3sa: 85% 3ta: 69%
c) alkkenes
O O O 0
Me TAM TAM NTAM me _TAM
+ r N | H N
| H H | H
Me O
N
A X S
3ua: 58% 3va: 68% 3wa: 81% 3za 62%

Allylation of heteroaromatics was possible and site-selective

Unprecedented synthesis of ferrocenyl derivatives

Applicable to alkenes (first example)

20
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0 RE,
TAM
“ R! Cl
H RZ R*
1 2

Scope - Allyl chloride

cat, [Fe(acac)s] o
cat. d -TAM . .
e - N Comparaison of branched vs linear product
PhMgBr
THF, 65 °C =
30 min 3 R

R'=Me, R%Z R3, R* =H (2b)
R''R2Z R*=H,R‘=Me (2¢)
R'= nPr, R4, R?, =

R'=nBu, R, R3, Ri=H (2e)
R'=iPr,R?, R® , R*=H (2
R, R}, R*=H R?=Et (2g)

3ab: R =Me, 80% (b/l 4.2:1)
3ac: R=Me, 75% (b/l 2.5:1
: (b1 3.1:1)
Jae: R =nBu, 65% (b/l 3.2:1)
3af: R=iPr, 62% (b/l 2.0:1)
3ag: R =Et, 58% (b/l 5.5:1)
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Q R3
TAM
s R! (@
L™y
H RZ R*
1 2

Scope - Allyl chloride

cat. [Fe(acac)s] o
cat. d _TAM , .
"o - H Comparaison of branched vs linear product
PhMgBr
THF, 65 °C -
30 min 3 R

R'=Me, R, R* R* =H (2b)
R''R2Z R*=H,R‘=Me (2¢)
R'= nPr, R4, R?, =

R'=nBu, R, R3, Ri=H (2e)
R'=iPr,R2, R® , Ri=H (2
R, R}, R*=H R?=Et (2g)

3ab: R =Me, 80% (b/l 4.2:1)
3ac: R=Me, 75% (b/l 2.5:1
: (b1 3.1:1)
Jae: R =nBu, 65% (b/l 3.2:1)
3af: R=iPr, 62% (b/l 2.0:1)
3ag: R =Et, 58% (b/l 5.5:1)

Similar results if the Me is on R; or R, position

22



Scope - Allyl chloride

o] R3 cal. [Fe(acac)s] 0
t.d TAM , .
I\l’mwI RL_A_C e N Comparaison of branched vs linear product
Hoo+ 170 T, PhMgBr H
H R® R THF, 65 °C =
2 30 min 3 R
R"=Me, R% R, R* =H (2b) 3ab: R=Me, 80% (bl 42:1) ]  Similar results if the Me is on R, or R, position

(2¢)

R, R2, R?=H, R*= Me 3ac: R =Me, 75% (b/l 2.5:1
R'=nPr, R, R°, R" = : R=nPr, 71% (bl 3.1:1)

R'=nBu, R? R* R*=H (2e) 3ae: R =nBu, 65% (bl 3.2:1)

R'=iPr,R?, R® , R*=H (2 3daf: R =iPr, 62% (b/l 2.0:1)

R, R R*=H,R?=Et (2g) 3ag: R =Et, 58% (b/l 5.5:1) Strong support for the formation of a n3-allyl intermediate

23



Mechanistic Study

- Strong support for the formation of a n3-allyl intermediate

- Competition experiments with isotopically labeled substrates:

Kinetic isotopic effects of k,/kp = 2

Conclusion: C-H cleavage occurs as or prior the turnover-limiting step
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- Use of radical scavenger (TEMPO) doesn’t decrease the yield



Mechanistic Study

- Strong support for the formation of a n3-allyl intermediate

- Competition experiments with isotopically labeled substrates:
Kinetic isotopic effects of k,/kp = 2

Conclusion: C-H cleavage occurs as or prior the turnover-limiting step

- Use of radical scavenger (TEMPO) doesn’t decrease the yield

Final conclusion: Mechanism is not likely a Radical-based reaction
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C-H Alkylation

0
cat. [Fe(acac)]
~ N TAM cat. dppe ~ N TAM
R— | H + AKk—Br - R-— | H
x H PhMgBr =Nk
THF, 65 °C
1 4 >
O 0
_TAM
N NTAM sai 78%
Alk H  opn
Alk = Et (5aa): 74%
Alk = nPr (5ab): 81% o
Alk = nBu (5ac): 82%
Alk = Bu (5ad). 72% NTAM saj: 60%
Alk = nHex (5ae): 81% H
Alk = nOct (5af): 83% CO,Et

Alk = Me (Mel) (5ag): 75%
Alk = Bn (BnCl) (5ah): 76% (in 2-MeTHF)

C-H alkylation was also possible different alkyl halides

Me

0 0 O
~TAM ~TAM
H H
nPent ol nPent nPent
5fk: 53% 50k 73% S5pk: 60%
O JTAM
nPent NH
HN-TAM ! §
S 0 S nPent
Bsk- A9% Sssk: 82%
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C-H Alkylation

0
TAM cat. [Fe(acac)a) TAM
= cat. dppe = N
R || H + Ak—Br - R—- || H
x H PhMgBr =Nk
THF, 65 °C
1 4 S
O 0
_TAM
N NTAM sai 78%
Alk H oph
Alk = Et (Saa): 74%
Alk = nPr (5ab): 81% o
Alk = nBu (5ac): 82%
Alk = /Bu (5ad). 72% NTAM O sa) 60%
Alk = nHex (5ae): 81% H
Alk = nOct (5af): 83% COEt

Alk = Me (Mel) (5ag): 75%
Alk = Bn (BnCl) (5ah): 76% (in 2-MeTHF)

C-H alkylation was also possible different alkyl halides

Me

O 0 O
~TAM P
H H H
nPent Cl aPent nPent
5fk: 53% 50k 73% S5pk: 60%
O TAM
nPent NH
HN-TAM
B / \
S 0 S nPent
Bsk- A9% Sssk: 82%

Good yield and excellent monoalkylation selectivities
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C-H Alkylation

0
cat. [Fe(acac)a)
= ~TAM cat. dppe - N’TAM
R+ | H + Ak—Br - R+ | H
X H PhMgBr X Alk
THF, 65 °C
1 4 5
0 0
_TAM
N NTAM sai 78%
Alk H  opn
Alk = Et (5aa): 74%
Alk = nPr (5ab): 81% 0
Alk = nBu (5ac): 82%
Alk = iBu (5ad). 72% NTAM O sa) 60%
Alk = nHex (5ae):  81% H
Alk = nOct (5af): 83% CO,Et

Alk = Me (Mel) (5ag): 75%
Alk = Bn (BnCl) (5ah): 76% (in 2-MeTHF)

C-H alkylation was also possible different alkyl halides

O 0 8]
~TAM _TAM
H H H
nPent Cl aPent nPent
5fk: 53% S50k 73% S5pk: 60%
O TAM
nPent NH
HN-TAM
I 3 [ nPent
S (] S
Bsk- A9% Sssk: 82%

Good yield and excellent monoalkylation selectivities

Robustness of the catalyst: tolerance of ether, esters, substituted arenes and hetereoarenes
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Iz

Taa: 54%

Rz

N

6

0 O
_TAM
N TAM N 0 O 1am
H _TAM N
N H
99¢ B

C-H alkylation with secondary alkyl halides

O

t. [Fe(acac)s) i it 9
cat. [Fe(acac)s TAM
¢ cat. dppe Z N’TAM H N’TAM Me N;TAM
ar pomgar RN M H
gBr g e
THF. 65 °C seo-Ak b
7

7ad: 51% 7ae: 50% 7fb: 54%
(in 2-MeTHF)

S
7ab: 52% 7ac: 58%

7pb: 57% 7ssb: 53%

More challenging secondary alkyl halides were also appropriate substrates
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1a

cal. [Fe(acac))
cat. dppe

-

PhMgBr
THF, 65 °C

Mechanistic Study

O
~TAM

IZ

Formation of the cyclized product

48%
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cal. [Fe(acac))
cat. dppe

1a + WEF .

Br
1a +D‘ /

PhMgBr
THF, 65 °C

cat. [Fe(acac),]
cat. dppe

PhMgBr
THF, 65 °C

49%

Mechanistic Study

0
N,TAM
H
Formation of the cyclized product
48%
_TAM
h‘ Formation of the homoallylated product
=
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Mechanistic Study

0
cat. [Fe(acac),] TAM
cat. dppe N
1a + Z>~" g - H
PhMgBr Formation of the cyclized product
THF, 65 °C

48%
O
Br cat. [Fe(acac),] TAM
1a + D>/ cat dppe @6\/&}\/ Formation of the homoallylated product
PhMgBr =

THF, 65 °C -

(8]
Me cat. [Fe(acac),] N.-T;»’-‘kl'm Erosi fthe st h ical inf ti
rosion of the stereochemical information
1a + Br\m cat, dppe " H
) PhMgBr
cis THF, 65 °C TEMPO decreases the conversion

Me
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Mechanistic Study

O
cat. [Fe(acac)s] JTAM
cat. dppe N
H
1a + WEF .
PhMgBr
THF, 65 °C

48%
. O
Br ca‘egteéac‘z“m - TAM
PhMgBr F
THF, 65 °C 49%
0
Me cat. [Fe(acac),] N.-T;»’-‘kl'm
i + Br\m cat, dppe . H
) PhMgBr
cis THF, 65 °C
Me

Formation of the cyclized product

Formation of the homoallylated product

Erosion of the stereochemical information

TEMPO decreases the conversion

Rationalisation: Single-electron-transfert-type reaction mechanism
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Removal of the TAM directing group

O O
U e
Me CH4CN, 50°C Me
5ag 8ag: B7%

Novel protocol to remove the directing group

Very mild condition compared to other method to remove directing group

Furnish the desired carboxylic acid in high yields
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Conclusion

First unified strategy for iron-catalysed C-H allylation and alkylation

Triazole assistance enables site-selective C-H functionalization of arenes, heteroarenes and alkenes

Easily removable directing group under mild conditions

Mechanistic studies: Likely not a radical mechanism for allylation
SET mechanism for alkylation



Thank you for your attention !



