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Introduction of Nugent Reagent

Q .Cl - synthesized for the first time by Wilkinson in 1955
i’
[
% - a mild single-electron-transfer (SET) reagent
Nugent reagent —
(Cp,TiCl) - Ti: 77" most abundant metal on Earth

Principal Transformations Mediated by Nugent Reagent are...

* Radical ring-opening reactions (such as epoxide)

* Radical cascade Cyclizations

* Coupling reactions (homocoupling, Pinacol coupling, McMurry coupling etc...)
* Umpolung reactions

* THF-ring formation reactions

* Hydrogen-atom transfer

* Barbier-type reactions

* Deoxygenation of alcohols (see; 131102_LS_Takahiro_ KAWAMATA)

* Poolymerization reactions

Rosales, A.; Rodriguez-Garcia, |.; Munoz-Bascdn, J.; Roldan-Molina, E.; Padial, N. M.; Morales, L. P.; Garcia-Ocafia, M.; Oltra, J. E. Eur. J. Org. Chem. 2015, 4567.
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Preparation of Nugent Reagent

Isolation of Cp,TiCl

THF, reflux
TiCl; + 2CpTI - Cp,TiCl + 2TICI
94%
Manzer, L. Inorg. Synth. 1982, 21, 84.
in situ preparation of Cp,TiCl
THF
2 + M > 2Cp,TiCl + MCI,
M=2Zn or Mn

Equilibrium of species

Q Cl +S Q .Cl Solvent Q {Cl, Q
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Radical Ring-Opening of Epoxides

p,Ti''CI

)%/ )\/
R\ y R\ . o—

l reduction Y Cp,Ti"Cl l é\EWG
§ >k/
R\></O_ AN o— R& o=
l H* deoxygenation* *B-elimination EWG
H o e |

R —
v
R\)I\/OH
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RajanBabu, T. V.; Nugent, W. A. J. Am. Chem. Soc. 1994, 116, 986.



Catalytic Reductive Epoxide Opening Reaction

112 MCl, Cp,Ti'lCI R17&

12 M

(cat.)

2,4,6-collidine*HCI R

H

R4
OH
R E \:
2,4,6-collidine

R1>|\/o
2,4,6-collidine*HCI R ©

Gansauer, A.; Pierobon, M.; Bluhm, H. Angew. Chem. Int. Ed. 1998, 37, 101.



Catalytic Nonreductive Epoxide Opening Reaction

N
2 || + TMS—O—TMS
& 12 M

R\/\/OTMS

1/2 MCI, 0 |\
s
N
Cp,Ti'lCl M
AN P2 H—TMS
2 | +~ O
N (cat.) N VAN
ci | 2,4,6-collidine/TMSCI
TMS
-O— R o o— N
\|/\/ 2 I
+7
- N
disproportionstion Cl 'I'MS

cp,Ti'"ci

(H)

R\)\/O_ RO~

B-elimination

Barrero, A. F.; Rosales, A.; Cuerrva, J. M.; Oltra, J. E. Org. Lett. 2003, 5, 1935.



Application of Reductive/Nonreductive Catalytic Cycles

(cat.) ) (OH)

Mn, THF/H,0 y
2,4,6-collidine*HCI 72% o
(0)
(o)
- (H)

(cat.) o

Mn, TMSCI 68%
2,4,6-collidine
THF
- Cp,Ti''Ci —

Justicia, J.; Alvarez de Cienfuegos, L.; Estévez, R. E.; Paradas, M.; Lasanta, A. M.; Oller, J. L.; Rosales, A.; Cuerrva, J. M.; Oltra, J. E.
Tetrahedron 2008, 64, 11938.



Examples of Radical Cyclization
Radical cvclization; Addition to carbonvl aroup?

0 OH
. 0 = I OH n=0:95% (dr =1:0)
Zn, THF y H* L
d) — dy  n=1:92% (dr=15:)
H Voin VvV in
'g‘ 3 n=2:96% (dr =1.5:1)
Cascade cyclization of epoxypolene?
R1=H,R2=Me OAc
-
R R (cat.) 6-exo-trig
2 Mn, TMSCI
2,4,6-collidine
OAc THF 44%
(@)
R, =Me, R, = H
A
7-endo-trig HO 4 IEI
54%

1) Fernandez-Mateos, A.; Martin de la Nava, E.; Coca, G. P,; Silvo, A. R.; Gonzalez, R. R. Org. Lett. 1999, 1, 607. 2) Justica, J.; Jimenez, T.; Miguel,
D.; Contreras-Montoya, R.; Chanboun, R.; Alvarez-Manzaneda, E.; Collado-Sanz, D.; Cardenas, D. J.; Cuerva, J. M. Chem.-Eur. J. 2013, 19, 14484.



Enantioselective Opening of Epoxide

(10 mol%)
o Zn, 2,4,6-collidine*HCI

_A_ 1,4-CgHg, THF OH
- \)\/\
EtO OEt EtO (S) OEt

76%, 94%ee

meso-epoxide

(10 mol%)
Zn, 2,4,6-collidine*HCI
(R) ,OH

Z>co
t-Bu , THF
(P oD
72%, 81%ee s _~\\

(
(dr > 97:3) CO,t-Bu

meso-epoxide

Gansauer, A.; Bluhm, H.; Rinker, B.; Narayan, S.; Schick, M.; Lauterbach, T.; Pierobon, M. Chem. Eur. J. 2003, 9, 531.
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Radical Ring-Opening of Oxetanes

(20 mol%)
Mn, TMSCI
/\ 2,4,6-collidine, THF

> -
R

HO

Ph
Ph

OH

76% (dr = 1:1)

OH
Ph”” co,tBu

60%

OH

Ph
10-20%

11

Gansauer, A.; Ndene, A.; Lauterbach, T.; Justicia, J.; Winkler, I.; Mick-Lichtenfeld, C.; Grimme, S. Tetrahedron 2008, 64, 11839.



12

Radical Ring-Opening of Ozonide

OMe
OBn
H
o) conditions
D > .
0-0
BnO BnO BnO
OMe OMe OMe
stoichiometric condition 61% 37%
catalytic condition 99% 0%
catalytic condition BrY NSNS \COZEt
P 2 Co,Et 60%
Br \( 7
0=0 /\/\/\/\/\/Br
Br
25%
stoichiometric condition: (3 eq.), Mn, THF
catalytic condition: (10 mol%), Mn, TMSCI, 2,4,6-collidine, THF

Rosales, A.; Mufioz-Bascdn, J.; Lépez-Sdnchez, C.; Alvarez-Corral, M.; Mufioz-Dorado, M.; Rodriguez-Garcia, |.; Oltra, J. E.
J. Org. Chem. 2012, 77, 4171.
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Proposed Mechanism of Homolytic Ozonide Opening
T DR
o) o o) o)
VV \
"~y -

o-0 carbon radical
szTimC| R\r %

0/%47 R\?b HCO
(0 (o) T (0 2

HCO,H

Rosales, A.; Mufioz-Bascdn, J.; Lépez-Sdnchez, C.; Alvarez-Corral, M.; Mufioz-Dorado, M.; Rodriguez-Garcia, |.; Oltra, J. E.
J. Org. Chem. 2012, 77, 4171.



Homocoupling of Allylic Halides

(20 mol%)
Mn, THF
o
89% (a.a:ay = 64:36)
(20 mol%)
©/\/\ Mn, THF (X M) ©/\/_\/\:/\ ‘ N

X=0.07: 0%
X=0.8:85% (aa:ay = 45:55)

Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga, P.; Arteaga, J. F.; Dieguez, H. R.; Sanchez, E. M. J. Org. Chem. 2007, 72, 2988.



Homocoupling of Benzylic Halides

OMe
(20 mol%)
Mn, THF (X M)
MeO

Homocoupling of Benzylic Bromide

MeO
X=0.07: 0%
X =0.8:52%
Homocoupling of Benzylic gem-Dibromide
OMe

Br
MeO (20 mol%)
Br Mn, THF MeO N
O OMe
o

OMe
72%

Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga, P.; Akssira, M.; Hanbali, F. E.; Arteaga, J. F.; Dieguez, H. R.; Sanchez, E. M.
J. Org. Chem. 2007, 72, 2251.



Proposed Mechanism of Homocoupling of
Allylic and Benzylic Halides

° radical

X x XN dimerization RN N
LN 'J / \ > LN 'JI > ILN 'JI LN fJI

" he If A is stable enough
Cp,Ti"Cl (X) A like benzylic radical

‘7{ Al
MnX; Mn Cp,TiTCl ﬁ (X)
Sn2
MnX, Mn
Y XY x
LS J

Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga, P.; Akssira, M.; Hanbali, F. E.; Arteaga, J. F.; Dieguez, H. R.; Sanchez, E. M.
J. Org. Chem. 2007, 72, 2251.




Homocoupling of Vinyl Epoxides

(20 mol%)
Mn, TMSCI
2,4,6-collidine

4
o THF; y\)\/OH + p OH
<|/\ ’ > Ho/\|é\ Ho/\|é\
h , Y Y
TBAF, THF

92% (yy: ya=6:1)

o (20 mol%) OH
1295 Mn, TMSCI 12
13 2,4,6-collidine d
THF;
A -
TBAF, THF
< co,Me < co,Me
(12R,13R):(12S, 13S) = 60:40 75%

(RR:RS:SS = 26:32:17)

Barrero, A. F.; Quilez del Moral, J. F.; Sanchez, E. M.; Arteaga, J. F. Org. Lett. 2006, 8, 669.



Proposed Mechanism of Homocoupling of Vinyl Epoxides

OTMS
12 Mn  1/2 MmnCl,

_K

OTMS Cp,Ti"'Cl
2,4, 6-coII|d|ne

2,4,6-collidinesTMSCI \(\ /<‘/\
o 0
RM R NP )w/\
(0]
{)
Sn2' o Cp,Ti"'CI
R)w/\/
(o)
R/<‘/\ . {}
RJW/%

Barrero, A. F.; Quilez del Moral, J. F.; Sanchez, E. M.; Arteaga, J. F. Org. Lett. 2006, 8, 669.
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Introduction of Pepluanol A

pepluacetal pepluanol A pepluanol B

Isolation:

from Euphorbia peplus

Wan, L.-S.; Nian, Y.; Ye, C.-J.; Shao, L.-D.; Peng, X.-R.; Geng, C.-A.; Zuo, Z.-L.; Li, X.-N.; Yang, J.; Zhou, M.;
Qiu, M.-H. Org. Lett. 2016, 18, 2166.

Biological activity:
Kv1.3. pottasium channel inhibitor

Structual feature:
Euphorbia diterpenoid
novel 5/4/7/3, 5/6/7/3, and 5/5/8/3 fused-ring skeletons, including 6-8 stereogenic centers

Total Synthesis:
Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press
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Retrosynthetic Analysis of Pepluanol A

cyclo-

Dauben-Michno ]
propanation

oxidation

pepluanol A

/O
Cp,TiCl-catalyzed 0 )/ Diels-Alder NMe,

reductive annulation Me reaction

=

OTBS

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press



Reductive Annulation of Vinyl Epoxide-Aldehyde

OH
reagent
0/ N y t“‘\/\
slovent, temp. OH
(0]
entry reagent solvent temp. yield (dr)
1 Sml,, HMPA THF 25°C 52% (>20:1)
2 n-Bu;SnH, AIBN benzene 80 °C 33% (1.3:1)
3 LiDBB THF 0°C 78% (1.6:1)
4 Cp,TiCl,, Zn THF 25°C 88% (1.5:1)
5 Cp,TiCl, (20 mol%), Zn THF 25°C 95% (1.5:1)

2,4,6-collidine*HCI

22

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press



Substrate Scope

23

substrates products

substrates products

OH
N .
OIK\/\/\E ©“\ \/\OH
o

o,
88% (dr = 1.8:1) OAc
“ OH
o) N ' o \/\

OH

0 (

E-isomer: 84% (dr = 8:1)
Z-isomer: 83% (dr = 8:1)

OAc OH
n=1:93% (dr = 2:1)
n=2:86% (dr =1:1)

HO,,'
OAc
82% (dr =10:1)

0 0

n=1:82% (dr = 5:1)
n=2:77% (dr = 1.4:1)

73% (dr =1:1)

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press



Total Synthesis of Pepluanol A (1)

Pd(dba), (5 mol%)

n 0
Me, 0) l,, TMSNS Me, (o) P(o-furyl); (10 mol%)
‘ pyridine, CH,Cl, ‘ | W\ZnBr
O°Ctort DMF
y y
88% 74%
E)Bz 6Bz
NMez
AN
_ 1. KN(TMS),, PhNTf, 7
OTBS THF, -78 °C to rt
40 °C: 2. MeMgBr O
2M HCI, THF Cul (5 rj;ol%)
-25°C tort THF, 0°C
>
83% 72%
(2 steps)

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press



Total Synthesis of Pepluanol A (2)

1. NaOMe
MeOH, 80 °C
2. OXOHG, NaHC03 PPh3 DEAD
acetone/H,0 THF,, 60 °C
> o
58% 67%
(2 steps)
O
- Cp,TiCl, (20 mol%)
0s0O, (10 mol%) o )/ Zn 3 ~OH
NalO,, 2,6-lutidine Me 2.4.6-collidineeHCl Me
1,4-dioxane/H,0 THE
70% 91%
=7 -"Me (dratC3=1:1) - Me
H ‘0O H

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press



Total Synthesis of Pepluanol A (3)

BnNEt;CI (10 mol%)
NaOH aq./CHBr;

50 °C; OH TEMPO (10 mol%)

H  Me,Cu(SCN)Li, Me n-BuyNCI, NCS
HMPA, Mel, Et,0 NaHCO;
.78 to -20 °C CH,Cl,/H,0
o
y 44% H Me 95%
¢ (dratc3=1:1) /
Me* =~
Me

TMSOTT, EtzN
CH2C|2, OOC;
Pd(OAc),, MeCN

PCC, NaOAc
SiOz, CH2C|2, MeMgBr
2M HCI toluene, 0 °C
59% dr =5:1
(2 steps)

pepluanol A

86%

Xuan, J.; Liu, Z.; Zhu, A.; Rao, P.; Yu, L.; Ding, H. Angew. Chem. Int. Ed. in press



Summary

* mild condition

Cp,TiCl; e cheap
* no toxicity
[ ]
L] |V ) f’\/
R0 R/\°(\0TiIV R . I
Radicals reactions o
é\EWG reduction dimerization

Al

Various Natural Products Syntheses!
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Appendix
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Al. Reaction Mechanism of Epoxide Opening (1)

Zn, 1,4-CgHg

XO THF H (o)
- /\)(
PR\ Ph

k =0.5 [M's*'] for Cp,TiClI
k=1.4 [M's] for [Cp,TiCl],

LR, o, QD sovent LR, £, S solvent P, o
n —_— e N

TI T|||| TI || T|||| 2 Tilll
e’ G -~ /NG
S ClI
no vacant coodination site highly Lewis acidic

Daasbjerg, K.; Svith, H.; Grimme, S.; Gerenkamp, M.; Mick-Lichtenfeld, C.; Gansauer, A.; Barchuk, A.; Keller, F. Angew. Chem. Int. Ed. 2006, 45, 2041.
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A2. Reaction Mechanism of Epoxide Opening (2)

Initiation of the reaction

A &R, ci
1 4 - Tilll
R
R, R; % \V;
3

THF R/

Binding enthaplies of epoxides relative to those of THF-complex

o) 0) o)
VAN AN A\
-2.1 -2.2 -2.3
o) 0
Av /Qv THF :
+2.2 +0.4 0

Figure 5. Structure (BP86/TZVP) of the Sa complexes of 8 (top) and 10
(bottom). Distances in angstrom.

Gansduer, A.; Barchuk, A.; Keller, F. Shmitt, M.; Grimme, S.; Gerenkamp, Mick-Lichtenfeld, C.; Daasbjerg, K.; Svith, H. J. Am. Chem. Soc. 2007, 129, 1359.



A3. Reaction Mechanism of Epoxide Opening (3)

Table 3. Activation and Reaction Energies of the Epoxide
Complexes 5a*7—5a"11 in kcal mol~?

Product AFE AFE Substrate AE AF Product
CiCp,TIO

o) — 41 87 sa¥1 - -

A 7a

o

cicp,Tio OTiCp,Cl

—. 40 82 5a*8 94 -1.8 —<
Ba Bb
cicp;Tio
A )—\ 18 88 S5a%9 - -
Sa
cicp;Tio OTiCp,Cl
Av \—w;:k 85 7.0 S5a*10 90 -1.3 —Q
10a 10b
Cicp:TiO OTiCp,Cl
L ]
/— \ I 49 87 sl 103 407

11a 11b

o

o

o

by DFT calculation with the BP
functional and a TZVP basis set

31

Gansduer, A.; Barchuk, A.; Keller, F. Shmitt, M.; Grimme, S.; Gerenkamp, Mick-Lichtenfeld, C.; Daasbjerg, K.; Svith, H. J. Am. Chem. Soc. 2007, 129, 1359.



A4. Reaction Mechanism of Epoxide Opening (4)

TS8a

TS11a TS11b
. Transition structures of the opening of 8 and 11.

32

Gansduer, A.; Barchuk, A.; Keller, F. Shmitt, M.; Grimme, S.; Gerenkamp, Mick-Lichtenfeld, C.; Daasbjerg, K.; Svith, H. J. Am. Chem. Soc. 2007, 129, 1359.



A5. Proposed Difference between Sm and Ti

\Smlan

— =~ —R
H

OH

major



