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R)I\H TiIII Nu (0] TII" OT.|V
Till . : R™ NS J\ pr, TEMPO :
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‘ Background
Ti'V-Mediated Ring-Opening of Epoxides in Total Synthesis

2
H,' = M9| l szTlCIz, Zn
(1)

=1 THF

H Me
R

ll\\H
(2) Cp,TiCl,, Zn
—_—
THF
HO A Me” 2
Me® = 7
~0Bn Zach
(R= CH,CH,CH,OTBS) Fomitellic Acid B
2 C0,CH,CF,
szTiClz, Zn Me
o T .
(3) Me - Collidine-HCI - TBSOMe
Me  : THF o
~~O0TBS
(-)-Maoecrystal Z

Clive, D. L. et al. Tetrahedron Lett. 1995, 36, 15-18.

Clive, D. L. etal. . J. Org. Chem. 1996, 61, 2095-2108.
Kobayashi, S. et al. Tetrahedron Lett. 2009, 50, 6764-6768.
Reisman, S. E. et al. J. Am. Chem. Soc. 2011, 133, 14964—14967
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v Ti-Catalyzed Ring-Opening of 3-Membered Rings

1. Reduction of Epoxides
Stoichiometric [Ti]:

T'|V OH
HAT oTi 2

R® — > o R® 4 Tilv
R2" R2"

(Anti-Markovnikov Product Formation)

R1
Catalytic [Ti]: .

R1

Protonation

oTi'Vv
R3
oTi'V R! H
R! - R3\_/ R?
R2 HAT

Rajanbabu, T. V. et al. J. Am. Chem. Soc. 1990, 112, 6408-6409.
Gansé&uer, A. et al. Angew. Chem. Int. Ed. 1998, 37, 101-103.
Gansé&uer, A. et al. Angew. Chem. Int. Ed. 1999, 38, 2909-2910.

0 then 1 M HCI s
AR > R1J\,<R
R R3

RajanBabu, T. V. et al. (1990):

Cp,Ti""CI (1.05 equiv.)
1,4-Cyclohexadiene, THF

OH

RZH

<

..............

up to 92% yield

Gansaéuer, A. et al. (1998 & 1999):

Cp,Ti'VCl, (5 mol%), Mn '
(o) 1,4-Cyclohexadiene, Py-HCI OH '
R? : Y R®
3 R :
R R2 H : HAT reagent
up to 95% yield
Ti'V* (5 mol%), Zn
o OH

AN

1,4-Cyclohexadiene, Py-HCI .
. Ax

up to 68% yield
up to 93% ee

R1

The Development of Epoxides Reduction

i) Novel Hydrogen Atom Transfer (HAT) Process

reductive conditions
i) iV > Ti'

Semmmmmm e,



v Reduction of Epoxides — HAT (N-H)

C1 (10 mol%), Zn (2.0 equiv.)

o Coll-HCI (2.5 equiv.), THF, rt s

m|R3 - R1)\(R
R? Coll-HCI = 2,4,6-collidine hydrochloride R2

R1

[
*

up to 91% vyield

Catalyst & HAT Reagent:

®¢® & P
~Bn
Zn \ \\‘CI . N
N _Bn ——=  "Ti-CI H
(o} N
THF % H
A B
(HAT reagent) (coordinated with substrate)
& 0 ® CIe
~-Bn
|||\Ti ”
Cc

(minor amount)

Gansé&uer, A. et al. Angew. Chem. Int. Ed. 2016, 55, 1523 —1526.

0.5ZnCl, 0.5Zn ® O
Cl
e“\ (o]
N—-Bn Product
Substrate i— H
R %T ; c1 " RSIoH
u,RZ
bo H R1
R1 R2 . _ .
Rad/calC Ge/nerat/on + Coll
ycle
Coll-HCI
S o S 0
/Bn /Bn
N
VTi fCI H IVTj ,/CI N
IO l,o
§ 2 Q '> 2
RBJ\./R R3 O R1
Hydrogen-Atom-Transfer .
Cycle
N,Bn
|
H
0.5 ZnCl, Coll-HCI
0.5 Zn Coll
7




v Reduction of Epoxides — HAT (Ti-H)

Cp,Ti'VCl, (5 mol%), allylMgBr (11 mol%)
(o] PhSiH; (1.5 equiv.), THF, rt OH s
; A‘mR?’ s R1J>,/R
R R? then work-up (Desilylation) H "Rz
up to 95% yield
dr>=95:5
Generation of [Cp,Ti-H] (1985, 1994):
n-BulLi (2.0 equiv.)
Q\ X PhH, PMHS g\ -
Ti, > Ti—H
%
The “Allyl Activation”:
PhSiH; PhSiH,R
CpoTi-R*THF  + —— > Cpoli—H*THF +
or [(EtO);SiH] or [(EtO)3SiR]
R= Me R=Ph R =allyl
-4.2 +2.5 +0.6
PW6B95-D3 (+4.3) (+15.0) (+9.7)
-3.8 +3.2 +0.6
Bk (+5.2) (+16.4) (+10.1)

Harrod, J. F. et al. J. Organomet. Chem. 1985, 279, 11-13.
Buchwald, S. L. etal. J. Am. Chem. Soc. 1994, 116, 11703 — 11714.
Gansé&uer, A. et al. Angew. Chem. Int. Ed. 2016, 55, 7671-7675.

H
R14\/OSiPhH2
RZ
PhSiH;
7'\/0 hd 4’\/0 h
TIsz TiCp,
O
R/

RZ
Resting State

Precision Deuteration (2022):

Cp,TiCl,

1) 2.1 equiv AllyIMgBr
with respect to [Ti]

2) 1.5 equiv PhSiH3
with respect to epoxide

° 0
[Cp,Ti-H] R17Q
R,
R1
1-5 mol% [Ti] .&/
R? O\Tisz
H

(tBuCgH,),TiCl, (5 mol%), BnMgBr (11 mol%)

Ganséauer, A. et al. Angew. Chem. Int. Ed. 2022, 61, €202114198.

0 PhSiD; (0.4 equiv.), THF, rt OH .
AIIRS - R1JYR
1 2 “
R R then work-up (Desilylation) D R2
cis- and trans- mixtures up to 98% vyield
dr > 95:5, DI = 98%
8




v Reduction of Epoxides — Photo-Induced

Cp,Ti'V(TFA), (10 mol%) PEEEE 5T & o
[Ir{dF(CF3)ppy}2(dtbpy)PFg] (1 mol%) OH E 5 i
o HE (2.0 equiv.), THF, blue LED s EtO OEt '
/Q\...Rs - R1J\(R : | | o
R! ) ' o
R 2 ; N cl
R : H Dl [PRCat"]* [PRCat™"]X
up to 79% yield “--------. . HE_________. ol on o) o}
i \)1 + Et07 N OEt
i Bn ~ |
Enantioselective Opening: i N .
P g : CpaTiXs Cp,TiX ]
Kagan's complex (10 mol%) i Bn\k
[Ir{dF (CF3)ppy}(dtbpy)PFe] (1 mol%) i .
o HE (2.0 equiv.), DMPU (1.5 equiv.), blue LED OH | Titanocene Cycle
- a0 L~ |
Eto\/L\/OEt OEt i o H o 2
60% yield i
92% ce : EtO = | OEt -
T, O o
: Bn °
| hx© o
i PRCat"
Redox Potentials: ; O H o Oy n o
1V 2V |
| EtO OEt EtO OEt
g . PRCat™"]X .
P\ X ‘ i H H
: Tio o .
; % X . 2 Y o \ |
: ' o - I Y« ' I \ i
S * PCIPC” PC*/PC* X=CI X=TFA HE'HE PC*PC" PC*/PC |
-1.37 -089 -057 -0.40 0.89 1:21 1.69 :
i 9

Ganséauer, A. et al. ACS Catal. 2019, 9, 3208—3212



v Reduction of Epoxides — Photo-Induced

Cp,Ti'VCl, (10 mol%)
HSCH,CO,Me (20 mol%)

(0] iPryNEt (3.0 equiv.), THF, green LED s
R1A||R3 ' R1/K(R

R2 R2

up to 90% vyield

?’-—3 530 nm hv

e “ reductive quenching =
\ .ClI Photoexcitation cl via oxidation of Q \ @ o)
LMCT: Vit VT » II'Ti—cl + Q@ + CI

%‘CI %‘CI Q = amine

excited state SET catalyst

ground state

Absorption and Emission Spectra & Stern-Volmer analysis:

0.2 2500 4000 vl
0.18 3500 Soq
0.16 2000 » 3000 —_

0.14 % % o800 20 eq
Q
2 0.12 1500 & 30eq
3 = S 2000
5 o 5 8 1500
© D -
£ 008 | — Absorbance 1000 &

- £ 4 1000

—— Emission H
0.04 500 500
0.02 0
5 5 600 610 620 630
450 500 550 600 650 700 wavelength, nm

Wavelength/nm

Cp,TiCl, in THF

Cp,TiCl," and DIPEA (quencher, x eq)

Ganséuer, A. et al. Angew. Chem. Int. Ed. 2020, 59, 9355 —9359.

iPr,NEt (A)

[Cp,TiVCI,]*

LMCT through photoexcitation
with green light

Cp,TivCl,

,Et
>=N\@ oTi'VCcp,Cl
o iPr
cl Bn

[szTi"'CI?: A@ 1

\

Cp,TilCl + A + CI

ek

OTi'VCp,CI

10



v Reduction of Epoxides — Ti/Cr Dual Catalysis

Cp,Ti"(OMs), (10 mol%) He Transfer from CpCr(CO);H (2007):

NaCpCr(CO); (10 mol%) R? R3 R! R3

CpCr(CO);H (10 mol%) c —

p(CO);Cr-H + >_/ — .>_< + Cp(CO);Cre
0] benzene, 7 atm H, OH 5 (BDE = 62 k3 | mol) 2 2 ?
wniR3 R = cal mol”
R1AR§ = R1J\|/
R? Cp(CO)sCre + H, —» Cp(CO);Cr-H
up to 96% yied (
o
|[>—R
TD-076.40.fid i i
Cp2Ti(OTFA)2 + Na[Cr], pressurized with H2 (18 h) Cp2Ti(TFA), + NaCpCr(CO)s + Ha
THF-d8, it
2016-06-22 3
-3

J\‘ [CpCr(CO)zH]
TD-076.20.fid 1
CP2TI(OTFA)2 + NalC] Cp2Ti(TFA)2 + NaCpCr(CO)3 Co.TilVX
THF-d8, 1t P21l
2016-06-212

°\/'\R

generated Cp,Ti'""X and CpCr(CO),e

A

) CpCr(CO)sH (acidic) HCpCr(CO)3
TD-076.10.fid Cp:Ti(TFA), HO\/\R
Cp2Ti(OTFA)2 .
THF-d8, rt
2016-06-211 szTIIVX
’ CpCr(00>3

5

m sl s

[CpCr(CO)slz
Norton, J. et al. J. Am. Chem. Soc. 2007, 129, 234-240. 11
Gansé&uer, A, Norton, J. et al. Science. 2019, 364, 764-767.



v Ring-Opening of Epoxides — Ti/Co Dual Catalysis

Cp,TiVCl, (10 mol%) 5 W co] | °
[Co] (10 mol%), Zn (20 mol%) oBz ! Y N— :
Et,0, Et;N-HCI (2.0 equiv.) 5 e :
> 'F,C o Yo CFs!
Followed by Bz protection : :
99% vyield \.___........1Bu_______ Bu . :
Cl 1/2 Zn
R —_—— III
R TiIV I -—ClI IV
Reaction Scope ~ -1/2 ZnCl, O=Ti
OBz Me Cl
Me Me Me
Me
Co
90% yield 70% yield 80% yield 95% yield R R
dr = 60:40 SET HAT/PCET

Reaction Scope
[Ti]* (10 mol%), [Co] (10 mol%) OPG P Col(H*

(Coly
’ n_
Zn (20 mol%), Et;N-HCI (2.0 equiv.) OPG OPG ; i (formally Co H)
>
Followed by p-MeO-Bz protection @ (TiV) Et;N o-Ti"

81% yield Et;NH*
83% ee 81% y, 84% ee 2%y, 86% ee
: #_k K i OPG
[Co] : OBz
—N N— .

\004 l
' cl o Yo cli
e Me .| Me . S 80%y, 93% ee  77%y, 94% ee

Lin, S. etal. J. Am. Chem. Soc. 2019, 141, 9548-9554. 12



v Reduction of Epoxides — Asymmetric HAT

C2 (10 1%), Zn (4.0 iv. . . . .
10 motte). Zn 1.9 eduv.) Previous work (asymmetric ring-opening):

tBu3SnH (2.5 equiv.), IMTS (3.0 equiv.) o
o o) EtOAc, —20 °C
/\ Jl > HO%XRZ OH
- XR? ' . H R? 0 Desymmetrization O[Ti] HAT R3
(£)-1 : : up to 96% yield PA , > 1J\/R3 N—> R1J*Y
up to 98% ee R R Kagan's complex R"' ™Y on- k!
meso- Enantioselective

[Enantio-determining step]

_N\(l:_I/N—

o/-ll-l o """"""""
ﬁfﬁ 6.0
: + + H ' . . -
Q ca Q o=z:o This work (asymmetric HAT):

(Ar = 3,5-Me,-Ph) K

.....................................................

H

R’ A : HO. A
Radical R Asymmetric MRE

0 Generation HAT R’

A\'"R1 2
R

R' = alkyl, R? = ester, amide, thioester.

Reaction Scope

(o) (o) OMe
o (o)
Ph
HO/YJ\ONP Hoyj\ONp HO/YJ\O HO/YJ\N/
H Me H = g 2 H

87% 'y, 92% ee 63% vy, 94% ee OTBS 60% y, 90% ee 70% y, 86% ee

13

Zhang, Y. Q. et al. Angew. Chem. Int. Ed. 2022, 61, €202214111.



v Reduction of Epoxides — Asymmetric HAT

. .- . ! Zn
Mechanistic Experiments: ; /‘<
C2 (10 mol%), Zn (4.0 equiv.) i <(;)/COZR2 "
tBusSnH (2.5 equiv.), IMTS (3.0 equiv.) ! 16 (Salen)Ti" (Salen)Ti OH O
o] _920 ° (o) '
A\J{ e > /5)1\ : (£)-1 %ORZ
HO” 2~ “OoNp i H R
e ONP 13-71% conversion H e ! 2
| Stereoablative .
rac-1 2 i radical generation Protonation
! HX
90 - g e ) e i |
: Salen
| e
o - I o—'L o0~ o
& 60 - (s: selectivity factor) s=24, | 2 S/lk
Y 78 ! OR? w’> . OR?
o s=08 " | R' R
. il i A Asymmetric B
30 s=22 _ A ; HAT
IR _ & oee of 2 i
0 Y Aee of 1 i R3SnH
0 20 40 60 80 . Transition State Models:
Conversion (%) i
(R (R)-2 ;
O/[Ti S @ fast i SNt
R | .
Stereoablation .R Stereoselection '
- slow i
(S)-1 l l (5 :
AAGppiatt(s-R) = -RT In(ks/kg) AAGat(s.R) = -RT In(erza) i A
elldekealimel =151 healmdl i TS1 (favorable) TS2 (unfavorable)

Zhang, Y. Q. et al. Angew. Chem. Int. Ed. 2022, 61, €202214111.



v Ti-Catalyzed Ring-

2. Radical Cascade Reactions

RajanBabu, T. V. et al. (1989):

(o)

Opening of 3-Membered Rings

Gansauer, A. et al. (2003)

o)
/%RZ
R 3

+\)LR

Mechanism:

Rajanbabu, T. V. et al. J. Am. Chem. Soc. 1989, 111, 4525-4527.

1
1
1
1
1
! o} Cp,Ti'VCl, (10 mol%)
! EtO,C Mn (20 mol%), THF EtO.C. o
1
i EtO,C R > Et0,C 1
1 R1 R
! 1
| R up to 64% yield
Cp,Ti"'CI (2.0 equiv.) ! _ p o'y
THF, then 10% H,SO, OH 0 ! Mechanism: dr > 20:1
> 1
R1WR | EtO,C
R* R? ! 0 Till 0
| EtO,C
up to 82% vyield ! EtO,C N ) »
' EtO,C R
1
(0] : R1
1
Vv 1V OH 0
\)J\R OTi OTi H@ } !
—_— —_— H 1
R1WR R1WR + Ti ' -
R2 R3 R? R® : EtO,C o
| J
1
EtO,C <R
1 1V 2
[ EtO,C oTi
1 \_/ R
: EtO,C R'
: 2 N 5-exo
1 R1

Gansé&uer, A. et al. Angew. Chem. Int. Ed. 2003, 42, 3687-3690.

The Development of Radical Cascade Reactions

i) Radical Arylation Reactions

(0]
TiIII
),
L.

OH
X

Oh2
X R2 R3

ii) Other Three-Membered Rings

(o)
R1

R? R®
15



v Radical Cascade Reactions — Epoxides

Ganséuer, A. et al. (2015):

Cp,Ti'VCl, (10 mol%)
Zn (20 mol%), Coll-HCI (20 mol%)

Me °
X CH,CN, reflux N
R'T » R h2 OH o
/ )1,2 ! / N ’
N \
i 5
up to 99% yield N CpTiCl N

\

R

Reaction Scope Rearoma- or ) R

titation [CpTi] Epoxide

Opening

[Ti]= .
] @ [Ti]= ®
CsH4 -4-Br TiCp,Cl orTiCp; TiCp,Cl orTiCp,
99% yield 87% yield 99% yleld
O[Ti]

Ganséuer, A. et al. (2016):

Cp,Ti'VCl, (5 mol%)

Mn (20 mol%), Coll-HCI (20 mol%) |
1
Rl = o THF, reflux R ~ R
f N > N OH
A 1,2 N 1,2

up to 99% yield Electron Rad.ic.:al
Reaction Scope .
Ph [Ti]= ®
= OH N, (B Ticp,ClorTiCp,
\
\ N N OH \ _N R
9% yield 77% yield 92% vyield
r.r. > 95:5 rr. =81:19
Ganséuer, A. et al. Angew. Chem. Int. Ed. 2015, 54, 7003-7006. 16

Ganséuer, A. et al. Angew. Chem. Int. Ed. 2016, 55, 9719-9722.



v Radical Cascade Reactions — Epoxides

....................................

CpZTiIVXZ :. CF3 CF3 ‘:
fo) : :
Me . © OH : S '
N CpTi'X + X N : g :
2 h2 > T = h2 F3C N N CFai
N~ Cp,Ti"VX, (10 mol%), L1 N ; H H ;
R2 THF, reflux R? L ki ;
(X =Cl or Br) up to 90% vyield
Reaction Scope OH
OH F OH OH
N N N N
\ \ | |
Ph Me Me Ph
80% yield 82% yield 84% yield 90% yield
Cyclic Voltammograms:
[Cp,Ti"cl,® o .
d [Cp,Ti"Br,] CF; CF, 10-
L Cp,Ti''Cl <
pj Vo cp,Tiller s 51
o 5 4
"o
L - FsC NJ\N CF, o
> H H . 8
< & N = 54
= o 7 o 1
5 0. X~ abstraction ~104
15 < Cp,TiVCly < Cp,Ti"VBr, 154 —— 2mM Cp,TiBr, /2 mML1
. v T . r . T [ . . v r . ¢ . . 1 —— 2mM Cp,TiCl,/ 2 mM L1
-2.0 -1.5 -1.0 -0.5 0.0 -2.0 1.5 -1.0 -0.5 0.0 .20 . = > =
E/ Vvs. Fc'IFc E/ Vvs. Fc'IFc =0 4.5 40 3 0.0

Gansé&uer, A. et al. Angew. Chem. Int. Ed. 2018, 57, 5006-5010.



v Radical Cascade Reactions — N-Acylated Aziridines

18

Cp,Ti'VCl, (10 mol%) i
o Mn (2.0 equiv.) . i
R )J\ Coll-HCI (2.5 equiv.), THF, rt NHCOR |
N R4 + /\CoztBu s R1 COztBU :
R2 R3 |
R? R? ! Product Mn MnX,
to 86% yield '
up oyl i NHAc )—<~ Substrate
Reaction S | g/\/COZtB Ac
eaction Scope i R’ "’RZ (C5Me5)2-|-iIVX2 (C5M95)2Ti"|x [\Ij
CO,tBu CO,tBu ! \R2
CO,tB . VAW
AcH;D(\/ BocH;D(\/ AcHNW 2tBu : + Coll R
nBu nBu |
Ph Ph : Coll-HX
82% vyield 86% yield 86% yield ! BUO .
: u iV Ti"lo__cH
o ! O[TiIV] [Ti ]O\'./CH3/. [ ] Y 3
l o[Ti'v j
\\MJ\N CO,tBu AcHN CO,tBu : [ : MR A K
: : 1,52 Q
m s : H,C bR (A) R
PH BzO i
84% yield 82% yield : stepwise
| [T|] 1
| 2 C0,Bu O[Tl'V] - CH3
el il sy mn Y
: Cp,TiVCl, (10 mol%) AcHN— [Ir(COD)PYPCy;]PFg (5 mol%) AcHN-_ x (CsMe;), TiTX |-|3 R1 N' R2 concerted
LA Mn, Coll-HCI & ( H, (1 atm) ¥ (C) N~ LQR1
. Ts = ' ;o
: X/N/ 65% yield N 67% yield v
Ts Ts ' i

Gansé&uer, A. et al. Angew. Chem. Int. Ed. 2017, 56, 12654-12657.



Radical Cascade Reactions — N-Acylated Aziridines

Cp*Ti'"VCl; (5 mol%)
Zn (10 mol% R3
( o) o
Toluene, rt

v o N R5

R? R*
RZ

up to 95% vyield

Reaction Scope

Bz
/
N

CO,tBu
Me

Me
91% vyield

Bz NMe,
/
N o—/_

Me
78% vyield

CpTiCl; instead of Cp*TiCl;: 20% vyield
Cp,TiCl, instead of Cp*TiCl;: <5% yield
THF instead of Toluene: <5% yield

(Unreacted starting material observed)

o
Bz yEt
/

N

N Me
wd e )
Me Me

78% yield 62% yield

Lin, S. etal. J. Am. Chem. Soc. 2017, 139, 12141-12144,

R \_—R*
Ti 1]
N

oxidative
ring closure

(c R? R!
o-Ti
N)\R:i
/\R4 sz.)
(B)
R1

,Ti"l
ol
Y
R2N

RPQ (A)

reductive

ring opening

19



Radical Cascade Reactions — Cyclopropanes

R4
}\Rs

R' R?

C3 (10 mol%), Mn (10 mol%)
Et;N-HCI (1.5 equiv.), EtOAc

........................................

o§/R3

up to 98% vyield
up to 97% ee

N 5 =N_ CI N—
WR®
R! rRe i Me
R? 5

Ph Ph

R= 1-Ad)

Reaction Scope

(o)

\—Ph
7|:>—Ph
Me
Me

98% vy, 97% ee
dr >19:1

wMe
Me Ph

Me

o
“{
b
>

96% vy, 96% ee
dr>19:1

Lin, S. etal. J. Am. Chem. Soc. 2018, 140, 3514-3517.

0]

\—Ph

F
Me

Me

85%y, 94% ee
dr =12:1

wCOEt
Me Ph

Me

o
“{
U
=)

87% vy, 80% ee
dr=9:1

o)

\—Ph
OMe
Me
Me

89% vy, 96% ee
dr>19:1

(o)

\—Ph

>
N
N
S

"y,

Me
Me

81% vy, 90% ee
dr > 19:1

/ NTs

Me
Me

91% vy, 98% ee
dr >19:1

\

Ph
Me

Me
92% vy, 88% ee
dr =6:1

20



v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

3. Regiodivergent Epoxide Opening (REO)

o S~

0 [TJO ~"===--emz=e” i
[Ti] a . STy
_> +
103 (A) (B)
R R2 Steric hindrance exist in: HAT process [Ti] with cyclohexyl group

[Ti'V] (10 mol%)
Zn, HAT reagent

HO
Coll-HCI OH
- 00 - CO
o D

[Ti] HAT reagent C (%) D (%)
Cp,TiCl, CHD 47 10
> reversible epoxide opening
Cp,TiCl, y-terpinene 37 23
[Ti]* y-terpinene 82 (ee < 10%) <1 ——> irreversible epoxide opening

....................................
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v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

REO & Kinetic Resolution:

il
(o]
[Ti]* R>1 \R2
fol major
R! R?
(o)
R1AR2 [Ti]* or
R!= R2% H ent-[Ti]*
il
o
[Ti]* I\,
.——-—-""‘——‘—;,." R R
- :‘o’,’ -"minor-
R1ﬁR2 -----

Gansauer, A. et al. J. Am. Chem. Soc. 2010, 132, 11858-11859.

......

il

'
’
(@)

major

OH

NN~ 0P (B)

o[t

\/\/:\/OPG

/ % major

OPG
(R)
awwW
(s) (C)
substrate Ti-catalyst B (yield, er) C (yield, dr, er)
A (er = 50:50) Cp,TiCl, 31%, 50:50 9%, 66:34, 50:50
A (er = 50:50) [Ti]* 36%, 12.5:87.5 30%, 91:9, 94:6
A (er = 93:7) [Ti]* 15%, ND 68%, 919, >99:1
A (er =93:7) ent-[Ti]* 56%), >99:1 2%, ND, ND
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v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

REO & Kinetic Resolution:

il
o
ﬂr R R2
0

major
ARZ
T~ ent[TiI

ent-[Ti]* o

R1

......

[Ti]* or REEEE ‘

ent-[Ti]*

Gansauer, A. et al. J. Am. Chem. Soc. 2010, 132, 11858-11859.

......

OH

NN~ 0P (B)

o[t

\/\/:\/OPG

/ % major

pc :REO; == _OPG
Z R (NS 0 teeeene /\/(sm\/
major% /
O[Ti]
Wope
OH  5pg
(R)
awwW
(s) (C)
substrate Ti-catalyst B (yield, er) C (yield, dr, er)
A (er = 50:50) Cp,TiCl, 31%, 50:50 9%, 66:34, 50:50
A (er = 50:50) [Ti* 36%, 12.5:87.5 30%, 91:9, 94:6
A (er = 93:7) [Ti]* 15%, ND 68%, 91:9, >99:1
A (er = 93:7) ent-[Ti]* 56%, >99:1 2%, ND, ND
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v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

REO & Kinetic Resolution:

,[Ti]*
o]
[Ti]* R>1 \R2
o /
! ! major
R! R2
T~ ent[TiI
ent-[Ti]* o
R R2
0 | —
R1A R2 [riker- =m=ss
R'# R2# H ent-[Ti”
,[Ti]*
o
[Ti]* R’ »
o / RELEER
N -‘minor-
R1AR2 T
T~ entTiP
ent-[Ti]* of
R! R2
major

Gansauer, A. et al. J. Am. Chem. Soc. 2010, 132, 11858-11859.

......

ent-[Ti]*
\
O

R! R?

major

il
0

1 R2
R R

major

ent-[Ti]*
\

......

-----

OH

N~ 0Fe (B)

o[Ti]

\/\/:\/OPG

/ % major

OH  opc
(R)
awwW
(s) (C)
substrate Ti-catalyst B (yield, er) C (yield, dr, er)
A (er = 50:50) Cp,TiCl, 31%, 50:50 9%, 66:34, 50:50
A (er = 50:50) [Ti]* 36%, 12.5:87.5 30%, 91:9, 94:6
A (er =93:7) [Ti]* 15%, ND 68%, 91:9, >99:1
A (er =93:7) ent-[Ti]* 56%, >99:1 2%, ND, ND
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v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

Kagan's complex (10 mol%)
Zn, Coll-HCI, CHD

0
OTBDPS
R¢
(A)

oTBDPS (B)

g

OH  5TBDPS

W

\ R
dr >91:9
(E):(Z2) about 50:50

(€)

substrate (er)

B (yield, er)

C (yield, er)

R = Et (er = 50:50)
R = Et (er = 93:7)
R = CO,Me (er = 50:50)
R = CO,Me (er = 93:7)
R =Ph (er = 50:50)

R =Ph (er=91:9)

38%, 88.5:11.5
14%, ND
47%, 85.5:14.5
31%, ND
46%, 88:12

24%,ND

38%, 97:3
67%, >99:1
33%, 97.5:2.5
51%, 98:2
36%, 97.5:2.5

56%, >99:1

Gansauer, A. et al. J. Am. Chem. Soc. 2010, 132, 11858-11859.
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v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

Eh\/&\ [T.'V], Zn, THF
rPr
A (er > 99:1) B
Conditions B (%, dr) C (% dr)
o .
h 3moo||rn/:>|(z/pzzTr:cI2 78% 22%
(1] — . = .
30 mol% Lut-HCI dr =69:31 dr =90:10
5 mol% ent-cat-Cl, 10% 90% 72% iso y
30 mol% Zn - dr=92:8 | dr>99:1
30 mol% Lut-HCI
10 mol% ent-cat-(OTs), 16% 84%
30 mol% Zn - dr = 83:17
o -
103r(;10| A;Ioc/:a; Cl, 93% 79%
motve £n dr = 67:33 -
30 mol% Lut-HCI
94% 73% isoy 6%

10 mol% cat-(OTs),
30 mol% Zn

dr=76:24 | dr=90:10

Gansauer, A. et al. Angew. Chem. Int. Ed. 2019, 58, 14208 —14212.

e.r. =>99:<1

(o)
|
cat-X2 :: /N\A\R']

Control of Regioselectivity

of Ring Opening

R? ""'
C,
. q}\o [Ti'"]

» "X cat-X,

ArS R ,"" o
dr.=?

RZ

,!, Control of Diastereoselectivity
m of Radical Addition to Arene

g~ “OH

R1

ent-cat-X,

RZ
/
@N
[Tivio™

AI"SR
dr.=7?

RZ
)
N

Cy

H 1
HoY R
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v Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

Analysis of Diastereoselectivity:

TSB: unfavorable

‘syn’-B
minor diastereomer

Ph

| emmmmmamans
[T\:E’r!l _Ph N it :
H O _> (:()\ E )1,,,' E
& ﬂ Y OH H H
Pr H Pr ; ;
Ph TSA: favorable _ ftrans-A : X :

N major diastereomer .
H ~ .

o <&,
o[Ti"] Ph : :
H ‘ ,.\\“:
Pr [Ti'V]_Ph N : :
| O | —= = |
,,’Pro —_— OH : E
7 Pr Vo= ilv :
H H cis-A e c')'[II"] """""
_TSA: unfavorable minor diastereomer
e Ph
- /

N goTTTTTTTTTTTE N
< >—H N’Ph — :
1,.1’ ﬁ H E
1V ' ]
Ph Pr™ "ormi"] ‘anti’-B X ;

Gansauer, A. et al. Angew. Chem. Int. Ed. 2019, 58, 14208 —14212.

cat-(OTs), (10 mol%)
Zn (30 mol%), THF

%
2—
}
Y

r.r. =94:6 r.r. =96:4 =937 r.r. =91:9
d.r. crude = 76:24 d.r. crude = 83:17 d.r. crude = 88:12 d.r. crude > 98:2
73% yield 74% yield 81% yield 77% yield
ent-cat-Cl, (7 mol%)
R2

Lut-HCI (30 mol%)

R? o :
'!‘\A Zn (30 mol%), THF .
R1 o .
R3 R1 '
R3 $ :
(o] \
Reaction Scope Ph cy /iPr
N N N
Pr Pr Cl Pr
H H H = H H
HO HO HO
r.r. =90:10 rr. =919 rr. =919

d.r. crude = 92:8
72% yield

d.r. crude = 86:14
56% yield

d.r. crude = 85:15
68% yield
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v Summary and Outlook

Titanium-Catalyzed Ring-Opening of Three-Membered Rings

Summary

Novel HAT Process: oy
o)

?-®
v - » T

Reduction of Epoxides

Ti i

(o]
Radical Arylation Reactions: ©\ j — Cfg)m
X2 X
(o]
J]\R RVLR

Radical Cascade Reactions

] R
Other Three-Membered Rings: ?N

Regiodivergent Epoxide Opening (REO) & Kinetic Resolution

1

Ti—H

R2 R3

A,

R R
R'# R2%H

Cp(CO);Cr-H

R? R3

OH
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v Summary and Outlook

. Outlook: Ti-Catalyzed Radical Reaction

1. Ring-Opening of Three-Membered Rings

1) Development of new reaction mode: @ or @

S
@\ X =NIAN= O
2) Development of new [Ti] catalyst: %ﬁ“x — o’} o — OO7T|‘_O
3) Development of dual catalytic system: Ti/Ni (Doyle, A. G. etal.), Ti/Cu -
2. R-X as a radical precursor
Lin, S. et al. (2018): Shu, X. Z. et al. (2020):
R? R2 [Ti' R2 R2 R3 [Ti" R2
> R N —
R")\CI R1J\R2 R1>\0H R1J\R3

Lin, S. etal. J. Am. Chem. Soc. 2018, 140, 14836-14843.
Shu, X. Z. et al. J. Am. Chem. Soc. 2020, 142, 16787-16794.
Doyle, A. G. et al. ACS Catal. 2020, 10, 5821-5827.
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