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研究背景及意义
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Commercial alkyl sources

1 研究背景及意义

Genotoxicity;

Light-sensitivity;

Necessitating care in handling
and storing these reagents.
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Limitations of Alkyl halides:



1 研究背景及意义
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1 研究背景及意义
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1 研究背景及意义

7

Overcome several challenges, 
most notably the in situ cleavage of strong C–O bonds

(1) require no separate alcohol pre-activation step 

(2) be amenable to all classes of alkyl alcohol substrates

(3) exhibit exceptional levels of functional group tolerance

(4) be readily adaptable across diverse connections

OH FG

Photochemistry
TM

SCS



2 - 1 醇通过光化学活化去氧产生烷基自由基

8



Proposed mechanism

2-1-1 通过P自由基活化的醇的去氧-氢化反应

Ar
HOH

Ar

Ir[dFMeppy]2(dtbbpy)PF6 (2 mol%)

Toluene (0.1 M), r.t., 24 h
34 W blue LEDs

PPh3 (1.2 equiv.), 2,4,6-collidine (1.0 equiv.)
(p-OMeC6H4)2S2 (10 mol%)

Doyle, A. G. et al. ACS Catal. 2018, 8, 11134. 9
Bentrude, W. G. et al. Acc. Chem. Res. 1982, 15, 117.
Savas, E. S. et al. J. Am. Chem. Soc. 1960, 82, 2181.
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Ar

Ar

CO2

Ar COOH

-Ph2BOH

Stern-Volmer AnalysisProposed mechanism

2-1-2 通过B自由基活化的醇的去氧-羧基化反应
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Ar OH + CO2

NaBPh4 (2.0-4.0 equiv.)
Ir(dF(CF3)2ppy)2(dtbbpy)PF6 (3- 7.5 mol%)

DMF (0.25 M), r.t., 40 h
30 W blue LEDs

Quinuclidine (1.0 equiv.)

Ar CO2Me

1, 1.0 equiv. 1 atm 27 examples, 31-90%
then 2N HCl; TMSCHN2

Xia, J. B. et al. J. Am. Chem. Soc. 2022, 144, 8551.



NC

OH

Me

CO2 (1 atm)

NaBPh4 (1.0 equiv.)
Ir(dF(CF3)2ppy)2(dtbbpy)PF6 (3 mol%)

DMF (0.25 M), r.t., 40 h
30 W blue LEDs

Quinuclidine (1.0 equiv.)

then 2N HCl

NaB(4-MeC6H4)4 (1.0 equiv.)

Me Me

NC

COOH

Me

NC

H

Me

+44%

40%

63%

85%

Crossover experiment using NaBPh4 and NaB(4-Me-C6H4)4

2-1-2 通过B自由基活化的醇的去氧-羧基化反应
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Radical Inhibition Studies



2-1-2 通过B自由基活化的醇的去氧-羧基化反应
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2-1-3 醇通过NHC活化参与的去氧-杂芳基化反应

MacMillan, D. W. C. et al. Nature 2021, 598, 451. 13

tBu

O

N

tBu

Ph

BF4
NHC-1

OH
+

X

Br

R
X R

NHC-1 (1.6 equiv.)
Pyridine (1.6 equiv.)

tBuOMe (0.1 M), r.t., 5 min

then Ir(ppy)2(dtbbpy)PF6 (1.5 mol%)
NiBr2 dtpppy (5 mol%)

Quinuclidine (2.5 equiv.)
1:1 tBuOMe/DMA, r.t., 2 h

Blue LEDs

63% yield 52% yield, 20:1 dr 81% yield, 19:1 dr

Selected examples

NMeO2C

CF3

NMeO2C

Me

Me Me OH

CHO

81% yield

NMeO2C

CD3

44% yield

NMeO2C

55% yield

O

Me

NMeO2C

Me

51% yield

NMeO2C

Me

Boc
N

NMeO2C

O

BnO
OBn

OBn

82% yield, 20:1 dr



Proposed mechanism

SET

SE
T

2-1-3 醇通过NHC活化参与的去氧-杂芳基化反应
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NHC evaluation Preliminary investigation

2-1-3 醇通过NHC活化参与的去氧-杂芳基化反应
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Investigation of the reaction mechanism

2-1-3 醇通过NHC活化参与的去氧-杂芳基化反应
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2-1-4 NHC活化的醇与脂肪族羧酸的非传统偶联反应

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2022, 144, 6185.

O O

O

OH

O

CO2Htraditional

ester formation

aspirational

O

Fragment coupling of alcohols & carboxylic acids

17



Proposed mechanism

2-1-4 NHC活化的醇与脂肪族羧酸的非传统偶联反应
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2-1-5 醇通过NHC活化参与的去氧-三氟甲基化反应

MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2022, 144, 11961. 19



Proposed mechanism OH
tBu

O

N

tBu

Ph

BF4

tBu

O

N

tBu

Ph

O

H

tBu

O

N

tBu

Ph

O

H

+Pyridine

-Py HBF4
+

tBu

O

N

tBu

Ph

O
tBu

O

N

tBu

Ph

O

LnCuIII

X

Alk

CF3

+

- H
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Catalytic
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NHC-1

N
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CbzN

NHC

activated
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N
Cbz

NCbz

S
Mes

CF3

Mes

OTf

CF3 source

LnCuII CF3

CuILn

CbzN

CbzN

CF3

SETPhotoredox
Catalytic

Cycle

SE
T

IrIII

oxidant

IrII

reductant

IrIII

2-1-5 醇通过NHC活化参与的去氧-三氟甲基化反应
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2-1-6 醇通过NHC活化参与的去氧-Giese型反应

MacMillan, D. W. C. et al. Angew. Chem., Int. Ed. 2022, 61, e202207150. 21



2 - 2
醇通过过渡金属活化

去氧产生烷基自由基

22



van Tamelen, E. E. et al. J. Am. Chem. Soc. 1965, 87, 3277.
Young, D. et al. Tetrahedron Lett. 1979, 20, 173.
Sato, M. et al. Chem. Lett. 1980, 9, 103.
Barrero, A. F. et al. J. Am. Chem. Soc. 2010, 132, 254.

Ph ONa Ph O[Ti] Ph
Ph

TiCl4, K

PhH
reflux

low-valent
Ti species

1) 140 oC
2) evap.

(vanTamelen, 1965)

R OH

[Ti]
reductant

R H

Ti(benzene)2: Young, 1979
cat.Cp2TiCl2/LiAlH4: Sato, 1980
Cp2TiCl: Barrero, 2010

2-2-1 醇通过低价Ti活化参与的去氧-氢化反应

23

Dimerization (Initial work)

Deoxygenation



Proposed mechanism

2-2-2 苄醇通过低价Ti活化参与的去氧-Giese型反应

24
Ukaji, Y. et al. Org. Lett. 2018, 20, 5389.

Ukaji, Y. et al. J. Org. Chem. 2022, 87, 7487.



R1 OH +
R2

R3

"TiCl2(cat)" (2.2 equiv.)
Zn (4.0 equiv.)

Et3N HCl (1.0 equiv.)
DMA (0.2 M), 24 h

R2

R3R1

R1 O
H

[TiIV]2

3 e- reduction
1.5 Zn

R1 O
[TiIII]2

+ 1/2 H2

direct 
C-O cleavage (rds)

[TiIV]
O

[TiIII]
R1

R1 Cl

R2

R2R1

[TiIV]

R2R1

H

R2R1

free radical reaction

H

Ti-assisted HAT
from DMA

H
N

O
Me

Me

[TiIII]

metalation-protonation
I

II

Ukaji, Y. et al. Angew. Chem. Int. Ed. 2022, 61, e202112533.

2-2-3 廉价高效的Ti试剂活化的醇的去氧-Giese型反应

Proposed mechanism

25
Serrano, R. et al. J. Organomet. Chem. 1986, 315, 329.

Ukaji, Y. 2018

TiCl4(collidine)
+ Mn



Shu, X. Z. et al. J. Am. Chem. Soc. 2020, 142, 16787.

2-2-4 三级醇通过低价Ti活化参与的去氧-Giese型反应

Proposed mechanism

26

OH + EWG

Cp TiCl3 (10 mol%)
TESCl (3.0 equiv.)

Zn (3.0 equiv.)

THF (0.4 M), 60 oC, 12 h
5 Å MS

EWG

OH

Cp TiCl3

Cp TiCl2

Zn

1/2 ZnCl2

OH

Cp TiCl2

Cp TiCl2
OH

TESOH

TESCl

EWG EWG

Ti H

EWG

62% yield 64% yield

Selected examples

O

53% yield

Me
CO2Et MeO
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Me Me

CO2Et
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O OEt

OEt

I

II

III

IV

V
VI



DFT calculations: The controlled  experiments:

2-2-4 三级醇通过低价Ti活化参与的去氧-Giese型反应
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2-2-4 三级醇通过低价Ti活化参与的去氧-Giese型反应

28

DFT calculations:



Shu, X. Z. et al. ACS Catal. 2022, 12, 1018.

2-2-5 Ti活化的三级醇与烯基卤化物的交叉偶联反应

OHR

R R
X

Ph

Cp TiCl3 (10 mol%)
TESCl (3.0 equiv.)

Zn (3.0 equiv.)

THF (0.5 M), 60 oC,12 h
5 Å MS (20 mg)

R

R R

Ph
+

Alcohol C-OH homolysis Vinyl-X (X = F, Cl, Br, I)

3o over 1o/2o alcohols Vinyl-Br over Ar-X (X = Br, I, OTf)

Reactivity:

Selectivity:

29

Proposed mechanism

)(



Ukaji, Y. et al. Adv. Synth. Catal. 2020, 362, 5622.

2-2-6 Ti活化的苄醇与烯基卤化物的交叉偶联反应

OH X
R

+ R

[Ni] (4.6 mol%)
TiCl4(lutidine) (1.1 equiv.)

Mn (2.0 equiv.)

THF, 70 oC, 20 h
2,6-lutidine (1.2 equiv.)

N N
Me

Me Me

Me

Ni
Cl Cl

2H2O
1.0 equiv 1.2 equiv

X = Br, I

Proposed mechanism
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ReV

PPh3
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O
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ReIII

O
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IHO
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O

PPh3
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ArZ
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Z
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Z

PPh3
HO Ar

PPh3

PPh3 or C5H11N

OPPh3 or C5H9N

X Y

OH
R1

R3

R2

+
PPh3 or piperidine

ReIO2(PPh3)2, benzene, 150 oC
X Y

R1
R3

R2

I

II

III

IV

V

2-2-7 Re催化的醇的去氧-Giese型反应

Nicholas, K. M. et al. J. Org. Chem. 2020, 85, 3320. 31

Proposed mechanism



2 - 3 醇通过SCS过程去氧产生烷基自由基

32



Muehling, O. et al. Eur. J. Org. Chem. 2007, 2007, 2219.

2-3-1 SCS定义

33

“The main feature of this process is the shift of spin density from the
former C-O C-atom to the C atom that bears the leaving group.
Therefore, we call this overall process spin-center shift.”

Muehling, O. et al. Helv. Chim. Acta. 2003, 86, 865.
Muehling, O. 
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R' RH

N

HAT

B
HO C6F5

O
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B
HO C6F5

O

HO O
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OR' RSCS
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C6F5B(OH)2
III'

N
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O OMe

O

BzO
O OC8H17

O

BzO O O

O

BzO
O OMe

OO

Me Me

O

OCy
O

PivO
O

OCy
O

Me
OPiv

70% yield (9:1) 73% yield (10:1) 66% yield (17:1) 66% yield (10:1) 68% yield (4.4:1)

furanose

quinuclidinequinuclidine radical cation

C6F5B(OH)2 (20 mol%)
Ir[dF(CF)3ppy]2(dtbbpy)PF6 (1 mol%)
quinuclidine (30 mol%)
blue LEDs, DCM, 23 oC, 6 h

tetracoordinate boronic ester I II
III

2-3-2 醇通过SCS过程参与的去氧-氢化反应

34Taylor, M. S. et al. Chem. Sci. 2020, 11, 1531.
Santiago, A. N. et al. RSC Adv. 2013, 3, 11493.



2-3-3 醇通过SCS过程参与的去氧杂芳基化反应

35MacMillan, D. W. C. et al. Nature 2015, 525, 87.

Proposed mechanism



SET

SE
T

2-3-4 醇通过SCS过程参与的醛α位的对映选择性的苄基化反应

Proposed mechanism

36MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2018, 140, 3322.
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总结与展望
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hv

总结与展望
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TM

EWG
R

Ti, Ukaji, 2018
Ti, Shu, 2020
Ti, Ukaji, 2022

H

Ti, Ukaji, 2020
Ti, Shu, 2022
Ti, Ukaji, 2022

Ti, Young, 1979
Ti, Sato, 1980
Ti, Barerro, 2010

Re, Nicholas, 2020

Deoxy-Giese type reaction Deoxy-alkenylationDeoxy-hydrogenation 1. 在光化学活化，过渡金属活化，SCS之外，
发展醇的其他的活化方式，如电化学活化，
酶催化等等

2. 发展更加多样的醇的自由基去氧官能团化反应，
实现多种形式的C-C键、C-杂原子键的构建

3. 目前醇的自由基去氧官能团化反应中，
不对称例子较少，可以深入研究

4. 过渡金属活化模式中，开发更多的金属种类

SCS

H

Santiago, 2013

Deoxy-hydrogenation

Taylor, 2020

MacMillan, 2018

R

Deoxy-alkylation

MacMillan, 2015

Deoxy-heteroarylation

N

R

展 望：
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