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dbB8 &5

H 3

Metal-to—ngand Charge Transfer excitation

MLCT triplet state: long-fived, redox active

“photoredox catalysis”

Ligand-tu—Metal Charga Transfer excitation
B LMCT catalysis paradigm

MIIIL
R—OH
substrate \ /' radical
intermediate

LMV—OR < (2 L,,u"-'—on

NS

i [Ru"’ [sub]
1sc /Ty / in situ coordination-LMCT-bond homolysis
[Hu“] et % ie
\/ \ » concurrent photoexcitation and substrate activation
[Hu'] [suh]"'
» photoactive species generated in situ B = 5
Ce Ti Fe
—— RMNH  RSH  RCOOH —| ROH  Ph-R ¥ high valent metal salt as catalyst = = =
I I I Epp Ve SOE 2!::'..'
® Metal-to-ligand charge transfer ® Ligand-to-metal charge transfer
® Metal-to-metal charge transfer ® Ligand-to-ligand charge transfer
&
4

® Metal-centered charge transfer

® Intra-ligand charge transfer




1L HR

H
Y

O mild reaction conditions: ambient temperature

HAT H. L-H rachcal-coupling
= Y P HCmFG
H

transformations

] selective functionalizations

utilization of methyl radical for methane functionalizations

~——— Rule of thumb ———
in HAT process

Bond dissociation energy
(BDE)

Polarity matching effect

BDE Values
{kcal/mol)

CH;0H cost-effective

HyC—H 105.0+0.1 ~ §00 $1on
1-P1OH steric &

{H4C),HC—H 88.620.4
EPUCH] electronic
CCl4CH,OH
HyCO—H 104.60.7 CF.CH.OH fine-tuning

BDE valses cited from, Lug, Y.-R. Comprahenaive Handbook of Chemical Bond Energees, CRC Press: Boca Raton, FL, 2007

® Thermodynamically and kinetically,favorable

B Tunable reactivity & selectivity via feasible choices of alcohol catalysts



1L HR

B Photochemical and thermal reduction of Ce(IV) carboxylates

350 nm
Ce™v(0,CCH,CH,CH3) 4 - Ce"(0,CCH,CH,CH5)s + CHiCHCHy + CO,

6 h
98% B89%

Kochi, J. K. etal., J Am. Chem. Soc. 1968, 90, 6688

Photochemical and Thermal Reduction of Cerium(IV)
Carboxylates. Formation and Oxidation of Alkyl Radicals

Roger A. Sheldon and Jay K. Kochl

Conyribution from rhe Depariment of Chemirtry, Caze Western Reserve Unlversity,
Clevelond, Ohlo 44106, Receloed Apeil 26, 1968

Abatract: The photochemical and thermal reduction of Ce'* carbonylases to ot procesd by decarboaylstion
ard Uberation of aliy! radicals.  Alkanes are yubmequently formed by hydroges tramfer, sad alkens, wogether
with eslers, result from oxidation of alkyl radicals by Co'V. a-Progyl and racdiealy primardy afford
propans, wherets r-butyl redicals are oxidiced to hobutylens and i-butyl esten machamm of the oxidation
of alky) radicals by Co'™ & dlscumed. Quantum yild mesturesents thow that photochensica) homolysis of
Co'v curboxylates b an offichent proces. The thermal and photochemizal resctions are ctherw/s eguivalenl

Allcy! radicals can be trapped with onygen, chloroform, or Cu".  If exces h & catalytls decar-
baxylation of plvelic scd occun. Strong sads scceleriis both the thermal reduction of Ca'¥,
Catlonle carboxyiomerium{ly) specim whith are liblls 1o homolysis and reduced by alkyl radicaly wre

postlated as the reacthve intermedistes In the presence of acid.
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{ \ ‘ , S & Cite This: J. Am. Chem. Soc. 2018, 140, 1612-1616

J]()URNAL OF THE AMERICAN CHEMICAL 5OCIETY

Communication

pubs.acs.org/JACS

0-Selective Functionalization of Alkanols Enabled by Visible-Light-
Induced Ligand-to-Metal Charge Transfer
Anhua Hu,"* Jing-Jing Guo, " Hui Pan,’ Haoming Tang,'r Zhaobo Gao," and Zhiwei Zuo™*"

"School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China

*Jiuzhou Pharmaceutical, Zhejiang 318000, China

H
+
Me

1-pentanol

Boc 1 mol% Ce catalyst BocHN
| 5 mol% TBACI
N7 N >
| 5 mol% NaHCO, Me
Boc CH4CN, blue LEDs

_Boc _OH
N

()1



2.1. HATIRE S E 8k

Photoinduced LMCT Catalysis

light energy for direct SOMO activation

[
. — [CeV]—O0 [ 3 Qe
ROH + CeVI5=Q  —— [ee] + (R3O
R
alcohol catalyst 0 alkoxy
feedstock  photo-inactive .] hv=28eV radical

Heteroatom activation : coordination - LMCT - homolysis

Site-selective remote C—H bond functionalization

5t _H 1
1 - H FG
Kg )\/\/OH _+ /l\/\/DH
& R R
1,5-HAT B free alcohol M inexpensive catalyst
Well-established
reactivity and selectivity M mild conditions M facile operation

R FREEHETER (PCET) k. —HBATFN-HEELL, P
B & BT ARG Fo-HE G .



2.1. HATE S8 B Retl

Boc 1 mol% CeCly Boc. _R R =NHBoc

| 5 mol% n-BuyNClI N

H
)\/\/DH * N‘;N >
Me | CH4CN, blue LEDs ™ OH
(+)-1 90% yield
OH Boc R
H “MN -~ OH

()-8 67% yield

UERRT,5-HATHLH! Qe UNE

OH
NC NC

Me

__..

OH

TBSO™ = 18 61% Yyield
lithocholanyl alcohol TBSO 12:14dr.

AREEE

N/
R

OH

Boc

(£)-13 78% yield



2.1. HATER S E Gt

Boc._. _NHBoc

H Ce photocatalyst N
)\/\/O -
R ~H blue LEDs R OH
primary alcohols o-functionalized products

™/ \

CENL .
/—_ n+—\ foc

A N
O_CENL" Nf -~

S,
N
R' cerium photocatalysis
R
photoinduced LMCT SE
\-» Cel "Lm ———/

\ A

H?Y O\,

R/I\/\/D LEHAT g N NN

h-‘-\——___——-r

Boc
OH
-

10
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2.2. HATIR S E Befb Zuo, Z. J. Am. Chem. Soc. 2023, 145, 359

"JJAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Identification of Alkoxy Radicals as Hydrogen Atom Transfer Agents
in Ce-Catalyzed C—H Functionalization

LMCT
[CGIV(OR)CI52_] PE——— [ ceIII] + X- X=0RorCl?

B catalytically relevant Ce(1V) alkoxide complexes: isolated and XRD characterized

W spin-trapping EPR (with DMPO, PBN): DMPO-OR, PBN-OR detected —) X = OR
B TA spectroscopy: alkoxy radical confirmed; chlorine radical precluded
HH
I~ HAT .
X _— R— + H-X X = OR, Cl, or [CI--ROH] ?

m HAT identified as RDS; X = OMe, a large primary KIE observed: ky/kp = 5.5

B high-level calculations: X = OMe, AAG™ (1°vs. 3°) = 3.6 kcal/mol; selectivity, 152:1 ‘ X=0R

11

® chloride-free and chloride-containing conditions: identical regioselectivity obtained
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Ce-catalyzed selective C(sp®)-H functionalizations: mechanistic investigations

HH

[Ce''Cl,] X ® proposed catalytic cycle
\ / R NR
\/ AV

v" [Ce(OR)CIs] complex as photoactive species

" /\W/\

R = CHa, 'Bu, CCI;CH,

~= [Ce™(OR),Cl,] SET
\ v selective generation of alkoxy radical in LMCT-homolysis
v ,H H
[ceVcl,) RN \T/
R v alkoxy radical-mediated HAT for selective cleavage of C—H bond
\; radical trapping J
® EPR e TrA e KIE e DFT
u,’d A = S Number of
l'il i ] &, ryelohEnmng 3
a | et ” Number of
# '-.- 2 .
: o e 16

[Ce(OR)CI;] complexes
isolated and characterized

Plf|r (.

alkoxy radicals spin-adduct
detected, Cl- precluded

LMCT kinetic process
established, BET identified

RO- mediated HAT validated
as rate-determining step

TS16

T517

regioselectivity and KIE
investigated via DFT

12




2.2.1. P [E] 42 ] 2% AN R AE

CeClg?" + ROH
cation: EtyN* R = CHg, -Bu, iPr
or [H'EU}4N+ or C|3GGH2

CeCl, + ROH
R = CHa, Pr,
or G|3GGH2
1
Ce(OMe)Cls*

base
- Ce(OR)Cls*~
dark, anhydrous
conditions R = CH; (1), +Bu (2), i-Pr (3)
XRD characterized
DBAD
- Ce(OR)Cls=
450 nm LED
in situ generated
"H NMR confirmed
2 3
Ce(O'Bu)Cls* Ce(OPr)Cls*

13



2.2.2. B FRE 4% (EPR) SE 36

Me +
el SO
N ]

(ID‘ t-Bu

DMPO PBN
B Operando EPR validates the exclusive generation of alkoxy radical in the LMCT excitation of [Ce(OR)ClI;]*-

i OCH, Cl

DMPO or PBN 3 >O\ . PBN o

HsC och, o ©/J\N’° [CeVClgf~ —— ©)\T’
£ By

I
¥ Q

[CeY(OCH,)Cls]*

a DMPO-OCH, PBN-OCH, PBN-CI
" 1 a b: oxidized DMPOX

TRIRE JHM o
jw»/wm ' i — g ”““"""L{“ H\J“ 1\' JM(” | “r:“l*“

dy " (i)

™ (dB)

b

N

.
- T

15:|:!|‘[! B imT)
B characteristic spectrum of spin adduct of ‘BuO-, 'PrO-, CI,CH,0-, CF,CH,0-, (CF;),CHO- obtained
B exclusive generation of alkoxy radical in the LMCT-homolysis, precluding the generation of chlorine radical

14



2.2.3. BESRIBOGEE (Transient Absorption) i 3¢

B Transient absorption (TrA) spectroscopy

ESa

y asa
: be

K a5 i‘"f‘.u. .

FI lH\

pro

B excited state life time, decay pathway and kinetics

ne chemical reaction in photoexcitation if ligand homolysis takes place in LMCT excitation
time lime
= i

return to zero reacted

reacted

GSB trace of Ir(ppy)s excited excked

in the absence of redoxagent | LMCT efficiency
AA AA k for ligand homolysis



2.2.3. BESRIBOGEE (Transient Absorption) i 3¢

B TA spectroscopy experiment of | Ce(OCH;)Cls|% : probe the LMCT process at fs timeframe

Cl LMCT

-

"y, .cew, .
-~ ‘ “SOR relaxation

ground state

® TA spectra of [Ce(OCH;)Cl)>

4.0
'J_“ -
|
x — 3ps 20 ps
— Gpa 25 ps
— 10 ps —— 30 ps
15ps
a~ i L A -
320 360 450 500 550 600

Wavelength (nm)

no absorption in the range of 320-350 nm,
precludes the generation of Cl-

AA (107

Cl _|*|

—on

ligand homolysis

[P

back electron transfer

Ce'"Cll + RO -

- excited state L radical intermediate

® Kinetic trace at 580 nm and nm @ simplified diagram of LMCT excitation
20 T, ~0.3 ps
1o}k T, = 1.0 ps - o
- [Ce(OMe)Clg]
O.id —
Qo ratio: 0.38 J Bond homolysis T,
s . S
- T, ~03ps 2
| St S [CeClgl*
150 = 5.0 ps g 2
: . s ! al 3 MeO -
] -] 10 13 20 25 A0 g
Time (ps) E
ligand homolysis efficiency: 38% \ o
back electron transfer (BET) validated

16



2.2.3. BESRIBOGEE (Transient Absorption) i 3¢

Normalized AA

e —— Ce(OCH,)Cl >
—— CeClI*
0k
P . ] . L . l R ] 1
0 10 20 30 40 a0

Time (ps)

Ratio:0.05
VS

Ratio:0.38

17



2.2.3. SR YGE (Transient Absorption) i 57

Y k=1.9"10" Mg Ph. -
R=0 + PPhg - TFha
extrermely last addition OR
{approaching diffusion control imit)
alkoxy radical phosphorany radical
transient, long-lasting (T ~ us)
A< 300 nm A 400 - 500 nm

J. Am. Chem. Soc. 1979, 101, 3780

Ce(OMe)Cl> + PPh,

Ls]
2 2

g . go %gg

[+] L5}
e Y g n s 0% oo 0

Ce(OMe)Cl >

L 049

el )

>

< 20} . FP"'a

D D
%0 o8 o
I

7 .1.:':: hjaﬂ 'D o) ,:,&Uq:;%p @EQW Jl" DOQ G'-'c

. Cet:l;- + CH,0H + PPh,

o

'-’“ Q
IT;’G D&I D'CF chn’-"nnooﬁ
‘-19.%.:‘ o Qo @ Go

0.2 0.3 0.4

e ol & "

AA (107

Kinetic trace at 330 nm

«  Co{OMe)Cl™

Time ()

chlorine radical - CH,CN charge transfer band (320-370 nm)

J. Chem, Phy. 2001, 115 9381, Chem. Rev. 2019, 119, 4628

Photoexcitation of Ce(OCH,)Cl.%- does not generate Cl-

Cl- does not fo?n any complex with alcohol

18



2.2.4. Parallel KIE experiments

?uc

[ Ce(OCH,)Clg* N
O - ¢ -
! $

Boc

kinetic analysis on stoichmetric reactions:
first order in alkane, zero order in Ce(OCH,)Cl;*- and DBAD

I -
& I . ¥
& ; o il ',.r'
3 . 3 Gty onenas B et s . [ & d cydoheaans J_"’
F v 1 i‘: E A k5 1.5 mM e
: . 8 : TEERT T [ 4 te kﬂ-uniu'n:b?:_“
[cyclohexane] (M) [DBAD] (M) 1 {:.1"."”_ PO o
; * parallel KIE experiment
E- [ - ] L &
] 2 i kyko =5.5
| ST U B . A " m CH,O* mediated HAT is RDS
[Ce(OCH;)Cls*] (M) light intensity (mW) 1_5 )i mg&ﬁgzg%@ fg

19



2.2.4. Intermolecular competition KIE experiments

l|3cuc

Boc

N N
|

Boc %

cyclohexane: dy>-cyclohexane = 1:1 5
premade complex KIE
0.1 mmol Ce(IV) complex [5]:[6]
1 Ce(OMe)Cl52~ 5.1
2 CeClg?~ 1.1
original conditions KIE
0.5 mol% CeCl;, 2.5 mol% TBACI [5]:[6]
3 with 20 mol% MeOH 5.1

4 without alcohol 1.1

26%

12%

yield

19%

9%

20



7 v =
J 2 J
2.2.5. X ik BRI I SE IR
Me Me Boc
. photochemical conditions - e S ]
] Mo N
CHLCN (0.1 M
b ey :.ED TEII o Me
2,3-dimethyl butane :
{OMB)

stoichiomainc conadiions
1 Ce(OCH4)Cls? (0.05 mmal) 44%, 194:1
2 CaClg?- (0.05 mmol) 4%, 6:1

calalytic condiions
3 CHyOH 76%, 194:1

0.5 mol% CeCl,
4 CCI1,CH,0H B7%, 5:1
3 mol% TBACI
5 Nom 11%, 6:1
chilonide-froe corckbions
8 CH,OH 49%,194:1
0.5 mol% Ce(OTf) )
7 Sl TRADY CCIyCH,0H 65%, 5:1
8 NN tracn, N,
9 0.5 0% (NHJ:Co(NOs)s CHyOH 41%, 194:1
10 CCI4yCH.OH 83%, 5:1
4 mol% ArCO,K ai

" nona A%.nd. b

Chiorine radical-meciated HAT
(in free radical chlorination)
Intrinsic selectivity 3°:1°~ 6:1

J. Am. Chem. Soc. 1980, 82, 6108

® HAT agent: CH,0"
chlorine radical precluded

® identical selectivity
obtained In

chloride-containing and

chloride-free conditions

chloride as supporting ligand
like bromide and benzoate

selectivity controlled by alcohol

21



2.2.6. DFT calculations

T AGg, (keal/mol)

"+ Number of Number of
“*H. . conformations: conformations:
"OMe \ 3 16

Ao | el

TS16 TS517

selectivity(calc.): 152 : 1
selectivity(exp.): 194 : 1

P& IMCTHIEER—HGEEERE, MAESREHE.

22



2.3. HATIk S5 B 5etb Zuo, Z. Science 2018, 361, 668

Selective functionalization of
methane, ethane, and higher alkanes
by cerium photocatalysis

Anhua Hu*, Jing-Jing Guo®, Hui Pan, Zhiwei Zuo

H .
o~ HAT H. & H /fﬂ*ﬂ\
H—+—H 0—R —_— R—OH
! _/ h g U

H

R = CHj, Methanol
R = CH,CCl,, TCE
natural/shale gas highly electrophilic nucleophilic, reactive R = CH.CF4, TFE

C, - C, light alkanes alkoxy radicals alkyl radical

23



2.3. HATIRE S E 8eib

Methane functionalization
O “Grand challenge”
O Low intrinsic reactivity

O Selectivity and efficiency

BDE 105 kcalimol
1.113 A disnddbic

lonization potential 12.6 ev

Proton affinity 5.3 ov

»

® Homogeneous catalysts for methane activation

Pt Pd Rh Ru Ir
etc... Shilev, A. E. et al. Chem. Rev. 1997, 97, 2879
Periana, R. A. et al. Chem. Rev. 2017, 117, 8521
catalyst
HyCe==H + Bping o HC==Bpin
e-CgHy,
an0d kPa 150 °C

52% yield, TON 104

a“*

—_— -

A 3

Lo, go
e

CHy
I Ci % | H:c_ __'..H
I/

L

Sanford, M. S. et al. Science 2016, 351, 1421 Mindiola, D. J. et al. Science 2016, 351,1424 24



2.3. HATIRE S E 8eib

Entry

cerium catalyst

" 20 moi% CCILCH,OH £0s
H N
¥ I o 2.5 moi% TBACIL 40 mol% TFA e >|/ “NHBoc
H 1 equiv. DBAD, CH4CN (0.01M) i H
5000 kPa 400nm LEDs di-Boc-MMH
Cerium catalyst Temperature Time Yield TON
0.5 mol% CeCly 25°C 2h 39% 78
0.5 moio% Ce(OTN, 25°C 2h 45% 90
0.5 mol® (n-Bu¢N);CeClg 259C 2h 41% 82
0.5 mol®% (nBu,N),CeCl, 259C 2h 63% 126
0.5 moise Ce{OTf), 0°C 2h 30% 60
0.1 mol% Ce(OTY), 259C 12h 32% 320

0.01 mol% Ce(OTf), 25°C 18h 29% 2300

25



n mol% cerium catalyst
20 mol% alcholol catalyst

° iv. _NHBoc
®—H 5n mol% TBACI, 1 equiv. DBAD _ @f\rf

CHZCN, rt, 400nm LEDs Boc
Alkane Entry Cerium catalyst Loading (n) Alcohol catalyst Time Yield TON
1 Ce(OTf), 0.5 CCIsCH,0OH 2h 45% 90
R=H"
2t (n-Bu4N),CeClg 05 CCl,CH,OH 2h 63% 126
Methane (5000 kPa)
3 Ce(OTf), 0.01 CCI;CH,0H 18 h 29% 2900
R = Met 4 CeCly 0.5 CCI;CH,0H 4 h 74% 148
Ethane (101 kPa) 59 CeCly 0.01 CCl;CH,OH 4h 97% 9700
6 CeCly 0.5 CCl;CH,0H 9h 70% (1:1 rr) 140
R=Et
a7 CeCl,y 0.5 CF;CH,0OH 12 h 61% (1:1r.r.) 122
Propane (101 kPa)
g CeCl, 0.5 CH;OH 19 h 39% (1:3.9 r.r.) 78
9 CeCl, 0.5 CCI;CH,0H 6h 76% (1:1.7 r.r.) 152
R=Pr
10 CeCly 0.5 (CH3),CHOH 18 h 40% (1:4 r.r) 80
Butane (101 kPa)
) i B CeCl, 0.5 CH;0H 18 h 72% (1:8 rr.) 144

Cyclohexane 12 CeClj 0.5 CCIzCH,0OH 16 h 81% 162



2.3. HATIRE S E 8eib

Gas input (G) >< Product
compressed gaseous alkane
-
.‘_
Liquid input (L) <—— 400nm LEDs
-
(n-BuyN),CeClg (42 mg, 1 mol%) "
CCI3CH,0H (149 mg, 20 mol%) B
DBAD (1.15 g, 5 mmol)
LGN 160 . G L Glass micro-reactor x 10
slaliieimh) total internal volume : 4.5 mL
Entry Alkane Flow rate Residence time Yield Productivity
17 methane (1800 kPa) 0.3 mL/min 15 min 15% 0.6 mmol/d
21 ethane (1500 kPa) 0.75 mL/min 6 min 90% 2.0 mmol/h
3 propane (800 kPa) 0.75 mL/min 6 min 76% 1.7 mmol/h
4 butane (400 kPa) 0.75 mL/min 6 min 56% 1.3 mmol/h
5% cyclohexane (22 mL) 0.5 mL/min 9 min 70% 4.2 mmol/h

{E T {bAE=RL/IRTRE,

E#i
i

[ MBI AIEIE R N P ERY

27



2.3. HATIRE S E 8eib

B Scaled-up applications in continuous flow setups

E_ ._F.-rm t*;;,‘?“

e
1:, :;‘-. !:'5"'3' ‘.
T
. urt\g S *‘5'“:;5 3

LR e

Pump with gas
flow control unit

Gas
cylinder

Reaction
solution

Reagents Solution
Las

x 10

Product collection

28



OH

"D

secondary or tertiary alcohol

Alkoxy radicals: HAT vs. B-scission

LMCT 0 H

J L'
E—
‘%' \““— ) H H
R H
HAT
p-scission
O H

29



3.1. B-scissions T LB ik 48

G,U,DCh Communications Angiidte

h h . International Edition: DOI: 10.1002/anie.201609035
German Edition: DOI: 10.1002/ange.201609035
Photocatalytic C—C Bond Cleavage and Amination of Cycloalkanols by
Cerium(III) Chloride Complex

Jing-Jing Guo®, Anhua Hu", Yilin Chen, Jianfeng Sun, Haoming Tang, and Zhiwei Zuo*

HO_ R O

2 mol% CeCl,
Cj 5 mol% nBuy4NCI @\/ILLR

}” DBAD i nN,\
R= H, alkyl, aryl blue LEDs Boc”™ "NHBoc
i I ] _ce'lcl,)
c),,Ce”'CIJr1 O,Ce'VCtn 0] 1

—i\ie)— _— R

e [ O AT

L n | i n H i

30



3.1. B-scissions T LB ik 48

Z::%\ i 1.5 equiv DBAD

2 mol% CeCl,
OH 5 mol% TBACI

| |

CH3CN, blue LEDs

O

#ME

N
Boc”™ "NHBoc

1 "standard" conditions 2
Entry Variation from the “standard” conditions Yield [96]"
1 none 92 (91)"
2 0.5 mol % CeCl;, 1.2 mol% TBACI 90
3 no TBACI 39
4 TBAPF,, instead of TBACI 25
5 TBAOH, instead of TBACI 0
6 TBAOAC, instead of TBACI 0
7 TBAI, instead of TBACI 0
g CeCl;-7H,0, instead of CeCl, 91
9 added water (2 equiv) 89
10 no CeCl; 0
11 no light 0
12 no light, 50°C 0

31



3.1. B-scissions T LB ik 48

Secondary cycloalkanols Product
OH
<>—DH NBoc 19, 98%
NBoc
S D—GH
]
Q \NBoc 20, 73%
Boc
§ (e
é/é\ H,, N Boc 21, 98%
NHBoc
OH
CO—DH mnam 22 68%
'
NBoc
ME ME
O,OH HNN.BOE 23, 68%
5 A
0 NHBoc
Boc N /O\,CHD 24, 97%
f 1 7 . 241dr.
OH NHBoc

Xt T 0ol I s FF B R, FE5E R
Bk BB HU e R T 7N ol

L EW

Tertiary cycloalkanols Product

HO. R 0 3 n=0,R=Ph, 97%
J\/\H’\ Boc 4 n=1R=Me, 84%
Q R n N 5 n=3,R = Me, 80%
i NHBoc g =4, R =Ph, 77%
7 Ar = Ph, 83%
8 Ar = 4-MeCgH,, 89%

0]
OH B
| Ar Ar)J\/\H,‘,AN’ OC 9 Ar=4-FCgH,, 84%

r'I‘IHBOC 10 Ar = 4-C|CGH4, 86%
11 Ar = 4-BrCgH,, 97%

NHBoc

Boc
\ goct o, A I
oc .
,&b(“e N e 14, 78%0
1
OH Boc

O

,Me Me’LL(\:) 2 Me

Me BocHN £ 2: 15, 70%
HO . BOCN% 2:1 d.r.[o]
Me Hle M

eMéE"

[a] All reactions are run on 0.4 mmol scale under the optimized reaction
conditions. Yield is that of the isolated product. Diastereoselectivity was
determined by either '"H NMR or HPLC analysis. See the Supporting
Information for experimental details. [b] Reaction performed with

10 mol % CeCl; and 25 mol % TBACI.

32



3.1. B-scissionsH 2L B ik i

o

N.
ME’LH“E\P;I Boc

EBG’:

D_,De'“ﬁln

z:::;?*Me

A
- DBAD
CeCl,

OH

Z::::;J‘Me * CI

1

Me

M'N
E En::

Boc

33



3.2. B-scissions T LBk ik 48

& Cite This: /. Am. Chem, Soc. 2018, 140, 13580-13585 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Cerium-Catalyzed Formal Cycloaddition of Cycloalkanols with
Alkenes through Dual Photoexcitation
Anhua Hu,i_ Yilin Chen,i_ Jing-Jing Guo, Na Yu, Qing An, and Zhiwei Zuo™

LMCT and PET Catalysts
OH / e P EWG
L—d/ [ cet — J
), P MeO,C
cyclobutanols hv ‘:’ \7‘ hv electron-deficient
cyclopentanols l L alkenes
. ; . o O 5
W Readily available materials W Dual photoexciation
M Inexpensive catalysts M Privileged scaffolds

Foii-EBFEmEeR (LMCT) +5EESH TR (PET)
NGB S MR HIRZ TR IORR S R
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COL g e (rauno 0 ~cEs
@37 " MeOEC/[ coe  TCN:blue LEDs ray COMe A
then p-TsOH, A CO.Me R = Br, DBA
1 1.0 equiv. 2 1.5 equiv. 3 Ejgh’jﬁ,gﬂ“
Entry Additives Light Yield (%)2 Ar
1 none blue LEDs 8 Oéé
2 2 mol% anthracene blue LEDs 19 Ar=:’:1, DPA
3 2 mol% DBA blue LEDs 32 Afiz,ii‘;}f’éﬂ‘i%'li;‘s
4 2 mol% DMA blue LEDs 56
5 2 mol% DCA blue LEDs 10 +-Bu
6 2 mol% DPA blue LEDs 82 Er'{
7 2 mol% 4 blue LEDs 78 - @
8 2 mol% 5 blue LEDs 42 Ir(ppY)(dtbbpy)PFs
9 2 mol% Ir(ppy) ;(dtbbpy)PFg blue LEDs 48

BREY, JTEHRZEDPARHZR N AZEAYIIERIAY .



3.2. B-scissions T LBk ik 48

A — [ceVergory) [ ] BlueLED .
— DPA ] 395nm LED Light PET catalyst Yield
1.0 B 4500m Laser
| 395 nm LED DPA 50%
] LMCT ON
= none 6%
0.5 - PET ON
450 nm Laser DPA 99,
LMCT ON
, , PET OFE none 8%
300 400 500
& Wavelength (nm)
J = oy
A& RIDPAREI T E(AER
1.0 4
o] [ 3
05 : i T .
0.4 4
0.3- 00 g
0.2 o
05
0.1+
0.0 - T ' T T T T T T T 10
v} 20 40 60 80 1(30I - 5 N 2’ ‘; ¥ é é - 110
|Alkene 2|*10°M [Ce™ 9 10-4 M

Stern-Volmer quenching studies of DPA by alkene 2. Stern-Volmer quenching studies of DPA by CeCl,(OCsHy).
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TR T

[CE'”I—G DPA

/ \ /\ -9

ﬁ—sclssmn | ’ alkylation CJ;\‘;C(“\
annulation w
O

OH =

0. O
p-TsOH CO.R +H+
R COR RO,C OR
3 isolable intermediate R

JOESEEFEERG(PET): ECHIES T, BFHRITHD FRED FIAHERHIILR,
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cycloalkanols

| | }—DH
Me
OH
Ph
Me
OH
F
Me

products a alkenes
o, 0 CO,Et
EtO,C._ =
CO,Me COCHg
Me COEME
6 12 h, 69% vyield
1.4:1dr.
0. O COCHg4
Ph EtO.C
2NF S cocH,
CO.Me
Me COsMe
9 14 h, 65% vyield
1.5:1dr
CO,Et
EtO,C.__~
CO,Me

12 15 h, 79% yield
1.7 :1 dor.

products ?

o O

EtO,C
COCH4

21 18 h, 88% vyield
1.2:1dr.

o ,0
H,COC

COCH,

24 18 h, 86% yield

27 18 h, 72% vyield
1.6:1dr.

oy
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Reactant solution [><]-~ Product
cyclobutanol (1.44 g), 2 (6.48 g)
CeCl; (49 mg), DPA (66 mg)
Bu,4PCI (118 mg), PhCN (50 mL)

sg3n enig

Product output

4.6 g, 80% vyield, 5 mmol/h Reactant Glass micro-reactor x 10
solution total internal volume : 4.5 mL

EFELLRAINET T 100EMANRAEL, RAFTHI10MREEHMR
Rgs (4.5mLBAEMARR) LIRS AIREFA AN FIASSIIENE. &
FAFMEDU FLASmmol/hR B E =R E AR AYEN A 4.
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& Cite This: /. Am. Chem. Soc. 2019, 141, 10556—10564 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Dehydroxymethylation of Alcohols Enabled by Cerium
Photocatalysis

Kaining Zhang,q‘ Liang Chang,'l‘ Qing An, Xin Wang, and Zhiwei Zuo*

OH
simple alcohol - CH;0 product
" well-established f-scission of alkoxy radicals | Dehydroxymethylative
Native reactivity alkylation
O-nucleophilicity, Q) . ;
0 > A\ hydrogenation,
2e oxidation H’A\ﬂ" R vinylation
(aldehyde, acid) 4 amination
alkoxy radical alkyl radical | oxygenation, etc.

RERECKERMERECALDE—RETFIIRES
pF, RSB ELMESHEREL.
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OH COJEt 5 mol%: [Ca] CH;
15 mol% (n-Bu)N*X- COJEt
¥ 7 Tcog =
CH4CN (0.8 M), rt Lo
CH, LED light, 12 h 2t
1 (1.0 equiv.) 2 (3.0 equiv.) 3
yield (-addition
entry catalysts light (%) (%)
1 CeCly, (n-Bu),NCI 400 nm 2 6
2 CeCl,, (n-Bu),NCI 365 nm 39 10
3 CeCl,, (n-Bu),NBr 400 nm 15 12
4 CeCly, (n-Bu),NBr 365 nm 85 trace
5 CeBr, 365 nm trace 9
& Ce(OTI), 365 nm trace 34
7 Ce(OTf),, 30 mol % (n- 365 nm 79 trace
Bu),NBr
8 (n-Bu),NBr 365 nm 0 0
9 CeBr,, (n-Bu),NBr dark 0 27
10 entry 1, 2 mol % DPA 400 nm 51 trace
11 entry 1, 5 mol % DPA 400 nm 81 trace
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JAIC'S

JOURNMAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS Communication

Photocatalytic Dehydroxymethylative Arylation by Synergistic
Cerium and Nickel Catalysis

Yuegang Chen, Xin Wang, Xu He, Qing An, and Zhiwei Zuo™

. ce m @ .
e~ ) —

Ce/LMCT | Nifze —
0—Ce L ceM— o - N
- ./ LoCe !._J Y e S
0 - — Ni
‘ ~ R ) SN\
D o
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[Ce"'L3(OCH,R)]

\/ Cerium \ / Q@

['C'EI”LSJ

catalytic cycle N,, Ar—Br
//r CN ~NI°
SET
~
[L3CE"“'LJ—D\_H ,//

s\

# -
'f'i"; l LMCT excitation C o Nickel
2 Ni' —Br
v -
N catalytic cycle
0 f-scission
(‘) M. ol
R
® Ar
R—Ar No, |
N,r-"l‘" —R alkyl radical
Br

BRI IR A = S eI
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Ligand discovery endeavors

@ Ligand=Cl

¥ selective RO excitation

O reactivity untunable

O substitution effect to tune reactivity
O selective RO excitation should be promoted
0O ligand oxidation should be avolded
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High-throughput ligand evaluation performed by automated system
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CeCl; (10 mol%)
O\ NiCl.-glyme (1 mol%), bpy (2 mol%)
- N
DPA (1 mol%), NazPQO, (3 equiv.) |
Boc CH,CN/DMSO (8:1), LEDs, rt. Boc Ph

1

initial result. 0% vyield

3

benzoate ligand for Ce

R', R%, R%=H,
R', R%=H, R? =

R', R3=H, R2=j-Pr, L3

L1
Me, L2

R', R?, R®=iPr, L4

well-established ligand for Ni

R*=tBu,R°=H, L8
R*=0Me,R°=H, L9

R4=Me,R5=H, L10

93%

R', R®=H, R? = pyrrolyl, L5 R4=H,R°=Me, L1
R', R®=H, R?=Ph, L6 R%=H, R = OMe, L12
R, R®=H, R2 = Mes, L7

Optimal yield:
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free alcohol aryl halides
starting matenals products
Ph
OH
PR~ A@\
Fh
4 B6% yield

Lo Q.

A = 0Me, BO% yield

R =CN, 70% yield

R = CF;, 71% yield

A = CO Me, 66% yield

9 83% yleld

OH G@ o

10 63% yield

e~ o,

CeCl3 (10 moist), L4 (35 molst)
Ni{dMebpy) (Hz0)<Cl; (1 mol®:)

DPA (1 mok), NasPO, (3 equiv)
CHACN/DMSO {8:1), LEDs, .t

-CHZQ

starfing materials

D\/\m

-

H;C\Ir\/ﬂﬂ

product

Ph

o
%
14 X =0, 85% yield
15 X =15, 86% yield*

16 74% yield

&
8 Ph

17 90% yield

T L
Ph

18 70% yield

Me O
o K
H/\@\ Ve Me
Ph Me
Me
Me L4

starting materials products
& PR 0
PhAOW
Ph
22 51% yield

Ph
23 56% yleld
o (s}
&~ OO
Ph
24 74% yleld
O\/DH
N \
Cbz 5 Ph
25 66% yield
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C

0. 030 5
0. 025 .
® Ce(OMe)L, B
] C':LJ _.-.-.
0.020 4 ('
)
— 0.0154 ""’
‘:b e
o “-I‘-
‘.
0. 005 4 ‘ o ‘
J' IO, P A
 mem=s hcee=m"
. I T T T T
n ] : 3 | T
Q (mM)

Br
CeCl, (10 mol%%), L7 (35 mol9%)
Ni(dMebpy)(H,0),Cl, (1 mol%)
N * on o N
I DPA (1 mol%), NasPO, (3 equiv.)
Boc OH CHaCN/DMSO (8:1), LEDs, rt. Boc Ph
Ph
3 63% yield
Br
56 (10 mal%e)
Ni(dMebpy)(H,0),Cl, (1 mol®s)
N ¥ 2 N
| o DPA (1 mol%), NazPO, (3 equiv.) éoc
Boc CHLCN/DMSO (8:1), LEDs, .t Ph
Ph
3 57% yield
0. 025 -
.
0. 020 ®  Ce(OMe)l,
A Cel, "'
A,".
0.015 o
— .
=
0.010 .
- " ‘
0. 005 1 P T
. J— -
e
0. 000 $===" T T T T T
DPA 0 1 2 3 I 5
Q (mM)

Figure 3. Mechanistic studies. (A) Molecular structure of 56 with 30% probability ellipsoids. (B) Evaluation of the catalytic efficiency of the cerium
complex. (C) Stern—Volmer plot based on the steady-state emission experiment. (D) Stern—Volmer plot based on the time-resolved emission
experiment. See the Supporting Information for a detailed description. (E) Proposed catalytic cycle.

48



3.5. B-scissions W 2L ik 48

Chem Cell

Selective C-C Bond Scission ot Ketones via
Visible-Light-Mediated Cerium Catalysis

Photoredox catalysis : Lewis acid & LMCT catalysis for C-C bond cleavage of ketones

Lewis acid 0
1 catalysis |: HOL ] LMCT catalysis 6:
é é @ .

nucleophilic additions radical cross couplings

B sequential polar- and radical-mediated functionalization

BT IR ZEEREAFILMCTINEN (M, SRR EIAIC-CHE, M
MeEs BT INFFIER A A N REN C-CRNS MR EZEARER
E&eHA.
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Photochemistry: Norrish type | reaction

o]

d, « w

Ry
o I 4]

excitation R 1)]\ R a-cleavage

o high-energy UV light

FI1)I\F!

2

B competitive pathways of excited crabonyls:
Norrish-Yang reaction; Paterna-Biichi reaction

W side reactions of biradical intermediate:
radical recombination, decarbonylation, etc.

Norrish 1Bz W 2—F ) EIERAY

C-CHERUsERTT A, (BRFEEN

E@D{%ﬁ@'ﬁlﬂ%ﬂ, EESMNAZE!
I o

Photoredox catalysis :

o nucleophiles
)Lo, Me radical acceptors
:.. .: blue LED

| nucleophilic addition

Ti @ radical-mediated addition
HO_ R —
)%,Ma ! o Me
—_ @ - -
i i CE b R . R i '
L 3 s [F-scission
AR LMCT Me

B sequential and orthogonal installations of functionalities

0]

Me
R
1

0]

L

-

-

-
b

-

-

Lewis acid & LMCT catalysis for selective C-C bond cleavage of ketones

..E,FG
'
4

4

o
B Broad ketone scope: acyclic and cyclic, from cyclopentanone to androsterone Me
M

o 0
YO A
Me AcO

e
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2 mol% Ce(OTf),, 10 mol% TiCl,
5 mol% DPA, 10 mol% TBACI

0
3.5. ﬁ'SCiSSiOnS%%%%% Er 1.2 69 DIAD, 3.0 6q TMSCN, CHiCN/PRCI

cyclobut- blue LEDs (0.16 W/cm?), 50 °C, 5h
anona standard condition
HO. CN TiCl, o] n = 2 eyclobutanone,

cyclopentanone;

-
n = 2, cylohexanones
- ) TMSCN " and more cycloketones;
n N Jn acyclic ketones

@ // [CeVCl ]
4 e
o
i'tLK / DPA \Q
ET DPA’

QD—CEWCM s
(e “on \ /
DPA / \-LllI~

[Ce"Cl,,] @

- o =
' W,
( n CN
o o 0. NHR
| )\\ ifn<2 (" RN=NR NR
Yy, —_— CN
L "f“ e )
‘( | H - n
ifn=2 o o
or acyclic ketone B
RN=NR >_CN NHR  MeOH OMe NHR
_

g ‘\__(_/}.“NR

NR
‘L-
n

n

NRNHR

CN
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2 mol% Ce(OTf),, 10 mol% TiCl, o]
o 5 mol% DPA, 10 mol% TBACI
I:r - NRNHR
1.2 eq DIAD, 3.0 eq TMSCN, CH;CN/PhCI CN
cyclobut- blue LEDs (0.16 W/cm?), 50 °C, 5h
anona standard condition L
Entry variations from standard condition Yield (%)?
1 none 92
2 without TiCl, 0
3 AIEtCl, instead of TiCl, 9
4 BF5OEt, instead of TiCl, 0
5 AICl3 instead of TiCl, 5
6 ZnCl, instead of TiCly 10
7 without DPA 48
8 PDI instead of DPA 82
9 Ir(ppy)s instead of DPA 88
10 without Ce(OTf), 0
11 without 100 Wblue LED 0

REFPEREVFEILSEA=MN

Ph

2

Ph

DPA

IO
rolele:

fac4r(ppy)s
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0 5 mol% DPA, 2 mol% Ce(OTf) i
10 mol TiCl,, 10 mol% TBACI - Pd/C, Ha
1.2 aq DIAD, 3.0 g TMSCN AcOH, EtOH
h @ CN
n
n=0,1 R =CO,Pr
H o
E‘lﬂ o O~ NRMNHR Ow N o
_— NRNHR
CN Me CN
OMe
y M
07N o ,;r‘:’ 0 Me
Me
0 Me 8a 70% yield
da 679 yield db 50% yield
O
)
o o NRNHR 0 5 MRNHR
n CN
MNH
CH Fh Bn
Ph” "Ph P Ph PH
Sa 73% yield
5a 97% vyield 5b 879% yield O
0 o NRNHR
H
O NRNHR o. N CN
CN
#s 'r}l?r N
L 10a 51% yield
6a BE6% yield Bb 40% yield

H

=OD
o z

H

Lr

Me

8b 70% yield

H

QD
m =

9b 71% yield

e

10b 48% yield
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Q 5 mol%% DPA, 2 mol2e Ce(QTH),
ﬂ;:{k 10 mol% TiCly, 10 molse TBACI
) 1.2 eq DIAD, 3.0 eq TMSCN
blue LEDs (0.16 Wiem?)
then MeQH
o QO
(o]
Ph OMe l:'t
N
o 07 S NHR
Ph
22 68% yield

5 mol% DPA, 2 mol% Ce(OTH),
10 mol% TiCly, 10 mol% TBACI

1.2 eq DIAD, 3.0 eq TMSCN
blue LEDs (0.16 Wicm?)

R 5
%L'lj( . )L.

then ROH
ketone product ketone product
8]
0
Ph\/lL Me\fu\oa
OMe Me
¥ 34 65% yield = " 9 e 36 90% yield @
R
PR i WJ\V "
2 -] ~
Ph. _N. NHR
~ "“NHR Y
Me
35 76% yield 37 87% yield

o]
OMe R
“NHR R = CO,Pr
o
TMS OMe FIi
N
“NHR
™S
27 50% yield
A= cczipr radical stabilization capability
® - &
ketone product
0
o0 38 75% yield @
Me\/\)j\/ Ph F'H
Ph N
~"“NHR
35 71% yield
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ORGANIC CHEMISTRY

Multiplicative enhancement of stereoenrichment by a
single catalyst for deracemization of alcohols

Lu Went, Jia Dingt, Lingfei Duant, Shun Wang, Qing An, Hexiang Wang, Zhiwei Zuo*

R

)\/R Ti catalyst, chiral ligand /’;\I/R catalyst: G G Bn Bn
i i - i ) 0 o 0\1)%,0
base, LEDs A Ph | | “Ph
ki o ; Ml TiCl, AN —3'“ ”\)
Ph Ph

o OH
racemate redox-neutral conditions enantioenriched gg -
T for cyclic alcohols for acyclic alcohols
[miL] o L HO, Ar P HO, Me
| jiig_* ", : e !
LMCT )Q = p-scission S E o h
: ! +e _. d N
hv,—e L LHV'J ‘*"‘7—--11\ NHTs ~Boc
R i
L up to 81% yield, up to 99% yield,
enantiodifferention in bond scission enantioinduction in bond formation 8.9:1d.r,93:7Ter 201 dr,99: 1 er 90% yield, 93: 7 er

FHA A S B B EZ AL (LMCT catalysis) SRE&, B IRSEIL T IE5K SRR Rl
R TREH, BT FHBRNFTEENHIERE.
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A Established enantioselective C-C bond formations

O
Re
X
chiral catalyst S
— —_— -~ -
|- | X7
"‘|- “~R kg >> ks
| enanticenriched
X=C,0,N, etc.

stringent requirement for high enantioinduction: er = kg / kg

principle of microscopic reversibility: k_g>> k_g

OH

N

4 mol% TiCl,, 16 mol% Ligand

5o

0.3 equiv. NayCO,, n-heptane

LEDs, 20°C, 24 h

cis isomer, (£)-1 (18, 25)1

entry ligand yield (%) d.r. er
1 (S)-L1 93 8.8:1 99:1
2 (R)-L2 94 2.2:1 13:87
3 (R)-L3 96 1:1 62:38
4 (R)-L4 99 1:1 41:59
5 (S)}L5 97 1.6:1 44:56
6 (R)-L6 94 1.2:1 66:34
7 (R)L7 99 3.2:1 21:79
8  (S)}L1, EtN(Pr), instead of Na,CO; 99 3.9:1 93:7
9 (R)-LA 99 8.8:1 1:99

B Catalytic deracemization via enantioselective C-C bond scission and formation

S

~

X7
*H = Rs R

chiral r.mtnlysl

n ks>kp

racemate

—_—

enantioenriched

multiplicative enhancement of sterecenrichment: er = (k_g kg) / (k_g ks)

one chiral catalyst + two distinct enantioinduction steps - high stereoselectivity
R L A r
CG . ipr Me Me
O\szo
0, o cl cl
g g er Me
R (S)-L1 (R)-L2 (R)}-L3
peenps el TRIP
F F F F F F OG
X
F F F F F N

S
NHTH
F w QIC

F TRIP
(R)-L4 (S)}-LS (R)-L6 (R)-L7
entry  control experiments of entry 1 yield (%) d.r. er

10 CeCl; instead of TiCl, 97 >20:1 50:50
1 FeCly instead of TiCl, o5 >20:1 50:50
12 no (S)-L1 95 1:1.2 50:50
13 no TiCly =99 >20:1 50:50
14 dark >99 >20:1 50:50
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OH OH R

Ligand
R 4 mol% TiCly, 16 mol% ligand el OG o p i B——

5 o aqw:EhI;:’z,{;g?:Cn-haptane Jn g‘ o’P\OH R =CyoF7. (S-LS
cycloalkanols, racemic enantioenriched 2 R=Cy.Fs (R)-L6
substrates with tertiary stereogenic centers “ S —— ———

cyclopentanol " cyclohexanol
QH @,R oH g OH < OH
o L AR L L
O oY o | A4
(+)2 OMe 93%, 14:1 d.r., 98:2 er (4)-7 Me (+)-9 SMe
(#)-3 SMe 91%,9:1d.r, 96:4er 95%,3.2:1dr, 94:6 er 90%, 9:1d.r., 98:2 er ()14 H 96%, 13:1d.r,, 96:4 er (-)-18 SMe 93%, 20:1 d.r., 93:7 er
(+)-4 OCF5 95%, 4:1d.r, 955er (+)8 OMe (+)-10 F (-}-15 OMe 94%, 4:1 d.r., 92:8 er (=19 CI  91%, 20:1 d.r,, 92:8 er

" ; 31 | . 3 -)-20 CF ! .
(#)5 Cl 90%,6:1dr, 973€  goo g4 dr,92:8er 94%, 6.5:1dr,082er || (718 Cl 93%121dr,048er ()20 CFy 95%, 20:1 dr, 91:9 er

(+)6 F 96%, 6.4:1 d.r., 96:4 er (=17 F 94%, 13:1d.r., 94:6 er
OH OH S 0 OH A ‘
: : OH O
O‘;‘ O..l@ T @ 6_.\ o @ O

(+)-11 (+)-12 (+)-13 (-)-21 (-)-22 (+)-23 #1
94%, 6.5:1d.r.,, 93:7 er 93%, 9:1d.r,, 95:5er 93%, 13:1d.r,, 96:4 er 91%, 9:1d.r., 96:4 er 97%, 9:1d.r., 99:1 er 94%, 919 er

Ligand Bn  Bn
4 mol% TiCls, 10 mol% L8 o
0.3 equiv. Na,COs, DCM L N n!\) e
LEDs, 20°C, 4 h C
(15, 2R), (+)-41 Ph (-)}L8 Ph

95%, 20:1 d.r., 98:2 er

“_ _Ph Me Ph Ph :
R NHTs Me NHTs 0 NHTs NHTs
(+)-42 F 98%, 20:1 d.r,, 99:1 er * (

(+)-43 CI 92%, 201 d.r, 973 er T (+)-46 % (+)-a7t (+)-48 p-OMe 94%, 20:1 d.r., 98:2 er
(+)-44 Br 95%, 16:1 d.r, 99:1 er” (443 98%, 20:1 d.r., 97:3 er 96%, 11:1d.r, 98:2er  (+)-49 m-Cl  84%, 5:1d.r., 96:4erT§




3.6. B-scissions i LB ik i

A Isotope labeling experiments preclude alcohol oxidation/reduction and HAT pathways for deracemization
D OH D QH HC D HD‘. D
D)é\ - 4 mol% TICly, 16 mol% L1 D)G\ - : Ph 4 mol% TiCl,, 10 mol% L8 : Ph
D g - D o4 ! E -
D 0.3 equiv. Na;CQ4, LEDs D MNHTs 0.3 equiv. Na,COy, LEDs NHTs
(+)-50 88% yield, 6.8:1 d.r. (+)-50, 97:3 er (+)-51 90% vyield, 20:1 d.r. (+)-51, 973 er
D-inc: > 95% D-inc: > 95% D-inc: = 95% D-inc: > 95%
B enantioconvergent transformations support deracemization through a shared, achiral intermediate
of H @ 4 mol% TiCl,, 16 mol% L1 4 mol% TiCly, 16 mol% L1 o

c

50

(15, 251

0.3 equiv. NazCOj, LEDs

96% yield, 10.7:1 d.r., 99:1 er
trans isomer, (£)-1

0.3 equiv. NazCO5, LEDs
92% vyield, 8.9:1 d.r., 98:2 er

N

(1R, 2R)1

steady state photolysis experiments validate the LMCT-homolysis of Ti(IV) alkoxide complex

'H NMR, DOSY NMR

[TiY(L8)Cl4)

52

o]
(+)-46 395 nm laser H.C
[TiV(L8)(OR)Cly] ? H
NayCOy
dark in situ formed complex HsC

0E

Absorbance (a.u.)
£

characterized by x-ray diffraction

A. FER 1 HATE AR R A S AL IE TR R Dy R et i1
B. HIC-CHEWr 22 & 1 3[Rl Ay i - Hh [R) R

C. BE T Ti(IV)EC &Y I LMCTIY 20 7

aldehyde confirmed
by 'TH NMR, GC-MS

L
A0

S} L]
Wawvelength (nm)

r
00

B0
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3.6. B-scissions K LB ik i

D spin-trapping EPR experiments validate the generation of alkyl radical in the bond scission event

OH i i
o apie-tn - with DMPO with PBN
o + TiCl, + L1 =
Nay,CO;, LEDs
ﬁ-ulnlon - N Sim 9 sim |
l—rIVL{OH]Gln] _,,.. ’) Ph Dy
in situ formed complex
H NMR, DOSY NMR TEMPQO-adduct isolated 348 150 15 ¥ 48 0 2
B{mT) BimT)

cross-over experiments validate the intermediacy of aldehydes in the bond formtng event

o
: ll & mol% TiCly, 20 mol% L8 ?
j@)\, + H 4 Hacj@/\rph /@/\I/ HaCD)LH
0.3 equiv. NagCOg, LEDs
NHTs e HaC NHTs NHTs HaC
53 52

anti, (+)-46 anti, (+)-42
26%, 99:1 er
48%, 99:1 er 79%

anti, (+)-46
with 50 mol% 53 a35%, 97:3 er

with 100 mol%: 53 15%, 97:3 er

D. IERH T R MR H bk B HE IR
E. DUNTE P38 R X S R, 39T oo S B A o 2 I ) 2 R A ST 7
T EEANB-Wr R AL B O B AR N R T BEAL R B A B 3K R A TR A
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3.6. B-scissions K LB ik i

F time-course study reveals synergistic enantioinduction

o 4 mol% TiCl, M
HsC Ph 10 mol% L8 HiC Ph
- R
NHTs 0.3 equiv. Na,COy NHTs
HC LEDs HsC
syn, (+)-46 anti, (+)-46
100 100
80 1 d 50
=—a— yield of anti-46
= 60 —a— vyield of syn-46 <4 60
DE s —=— g of anti-46
= 404 40
er (initial) = 75:25
20 4 20

L 1 1 1 L L
0 20 40 60 B0 100 120
Reaction time (min)

ee (%a)

G asymmetric induction validated in decoupled bond scission and forming events

0 1 equiv. TiClz*(THF)5 OH
H.C NTs : b HsC ~ _Ph
k) D)LH + 2.5 equiv. L8 5 D/\ﬁ?
Ph H 2 equiv. Zn powder NHTs
HsC P HsC
52 54 anti, (+)-46
46 (anti): 2% yield, 77:23 er E;Z,I'EE f— kg! kg = 3.3:1
CO5Et
H L™ ™ Oz CHs
55 (3.5 equiv.)
CO,Et Ph COEt
(£)-46 3 - 2 - 52
anti 4 mol%: TiCl,, 10 mol%: L8 NHTs COEt
0.3 equiv. NagC0Oj, LEDs, 3h

56 16% 11%

46 (anti): 65% remaining, 71:29 er I)_kﬁ%@ _ ks/kg=81:1

‘ deracemization of 46: 97:3 er (experimental)  er = (kg kg) / (k_g kg) =96:4 ‘

W STARIE R TFIA R (er = kRK-S/KSk-R), T IEA 2| -4 B 72400 B S AR e 348 N
96:4 er, X5 VY AL N ) SEI B (er 97:3) A — B, WNF T EIH A N H i

(AR EY ON TR YA
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Thanks!



