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Reactions of Cp,TiCl

1. Pinacol Coupling
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2. Epoxide Opening

OH OH
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Chemoselectivity

Activated aldehydes (aromatic, o,3-unsaturated) more reactive than aliphatic aldehydes.
Esters, nitriles, ketones unaffected.

Br, Cl, tosylate stable.

Mild radical initiator.




Preparation of Cp,TiCl

Cra s
Tl/ _111
cp™
Zn or Mn TIC
THE Zn, neat P2
15 min
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Ti(IID): [Ar] 3d!
Cp,TiCl generated by in sifu reduction with Mn or Zn.
Both dimer and trimer work equally well in most cases.

In situ regeneration of Ti(IIT) possible allowing it to function catalytically.

M-Ti-M : 132°

R. Jungst; D. Sekutiwski; J. Davis; M. Luly; G. Stucky, Inorg. Chem. 1977, 16, 1645.



Substrate Controlled Stereoselective Radical Reaction

Substrate directs the stereoselectivity of the reaction.

1. Substrate has stereogenic center
T™S
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72% yield

D. Curran, D. Rakiewicz, Tetrahedron, 1985, 41, 3943.

2. Chiral Auxiliary -
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70% yield, 86-97% ee.

N. Porter, D. Scott, I. Rosenstein, B. Giese, A. Viet, H. Zeitz, J. Am. Chem. Soc. 1991, 113, 1791.



Reagent Controlled Stereoselective Radical Reaction

1. Complexation

t-Bul, Et3B, O, O O
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92% yield, 90% ee
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Control Features:
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H } /\/SnBU3
Chelation locks substrate into rigid conformation.

Chiral ligand allows only 1 face of radical to be accessible.

M. Sibi, N. Porter, Acc. Chem. Res. 1999, 32, 163.



Reagent Controlled Stereoselective Radical Reaction

2. Chiral Hydrogen Source
OAc
ACA%@/SH
+PhSiH — AC
Ph,Si A Bmol % Ph,Si
H
72% yield, 50% ee

M. Haque, B. Roberts, Tetrahedron. Lett. 1996, 37, 9123.

Tl

% uSnn /L

Br
30% yield, 41% ee
D. Nanni, D. Curran, Tetrahedron Asymm. 1996, 37, 2417

3. Formation of radical: Cp,TiCl



Pinacol Coupling

ﬂol:"rs\‘r cp OTiCR,Cl oTiCR;01 %P2 CICp,TiO T|szCI HO.  OH
+ R\ —_— ) r
R” ~H CI— ‘Cp R) /) !LR R R

General Mechanism

Cpal v /
e \OCH3
Distorted Tetrahedral
Bond Lengths and angles
Ti-O 1.839 CI-Ti-O 93.8
Ti-Cl  2.412 O-Ti M(1)  109.6
Ti-M  2.088 O-Ti-M(2) 105
Ti-M  2.093 CI-Ti-M(1) 105
O-C 1.367 CITi-M(2) 1063
M(1)-Ti-M(2) 130.8

Ti O C 141.4

Y. Handa, J. Inanaga, Tetrahedron Lett. 1987, 28, 5717.
D. Gibson, Y. Ding, M. Mashuta, J. Richardson, Acta Crys. 1996, 52, 559.



Pinacol Coupling

Ph H HPh
o o
OH OH cp, O O Cp
O 2(Cp,TiCl),MgCl,, Ph . /y\/Ph MG T
PR - Ph PR /T\ AN /|\
Ph H -78°C, 90% OH &H Cp & Ci Cl & Cp
80 1 . . .
Proposed intermediate leading
to high diastereoselectivity.
Pinacol Ratio Pinacol Ratio
f-\]dEhyde Y-iE]d(%)b) (I . E)C) A]dEh_ydE‘ Y.Ie-ld(%)b) (I . E)C)
p-MeOPhCHO 96 100 : 1 p-PhPhCHO 80 R
p-MePhCHO 95 100 : 1 p-Me0 ,CPhCHO 50 o @
0-MePhCHO 89 58 : 1 ] 0 | CHO 84 40 : 1
0 90 100 : 1 % A cno 98 100 : 1 @
p-C1PhCHO 91 56 : 1 NP CHO 87 60 : 19

Y. Handa, J. Inanaga, Tetrahedron Lett. 1987, 28, 5717.



Development of Catalytic Pinacol Coupling

R R R R
cat. Cp,TICIy, Zn, MeSICI v { H

solvent, r.t.
1 Y Y
R R

CICp,TiO OTiCp,Cl a2 meso-2
R R
Run Substrate Product Yield, %" di// meso?®
2 TMSCI 1 "CsHy,CHO 2 (R = "CsHy1) 0 63/37
2 PhCH,CH,CHO 2 (R = PhCH,CHy) 88 67/33
TMSO OTMS o
+ 2 TiCp,Cl, 3¢ dk H 2R= — )) 87(85)° 96/4
R R o)
4 O/LH 2Rz <)) 66(53)¢ 81/19

Product resting state

d
before hydrolysis 65 (60)

e
YR,

@ Reaction conditions: 1 (1.0 mmal), Zn (2.0 mmol ; activated by the treatment with HCI (1.5 M)
and washed with diehtyl ether, purchased from Wako Pure Chemical Industries, Ltd.), Me;SiCl

(2.0 mmol), Cp,TiCly (3 mol%), DME (7 mL), r.t,13 h unless otherwise stated. b Determined by
'H NMR. ¢ Reaction temperature, 0 °C. “Isolated yield.

T. Hirao, B. Hatano, M. Asahara, Y. Muguruma, A. Ogawa, Tetrahedron Lett. 1998, 39, 5247.



Development of Catalytic Pinacol Coupling

3 mol% Cp,TiCly,
1.5 MgBr,, Zn,

0
d H 2.5 Me3SiCl,
90%

TMSCI and Zn can effect the pinacol coupling and proceeds with low diastereoselctivity.

e

ds=95:5

Initial catalytic reactions gave worse diastereoselectivities than stoichiometric (86:14 to 50:50).

Silylation of Ti alkoxide determined to be the slow step in the reaction.

Low diastereoselectivies solved by slow addition of TMSCI, MgBr, and aldehyde to Ti(IIl) and Zn.

entry Ar yield/% cis:trans
(3a) 4-Methyl-phenyl 82 92:8
(3b) 2-Furyl 88 92:8
(3¢) 4-Cl-phenyl 78 93.7
(3d) 3-Cl-phenyl 87 93:7
(3e) 4-vinyl-phenyl o1 92:8
(3f) 4-crotonyloxy-phenyl 81 92:8

A. Gansiuer, Synlett. 1998, 801.



Modification of Catalytic Pinacol Coupling

Radicals are stable under protic conditions.

Selection of correct base important as to not
oxidize the metal reductant or complex with
the Titanium catalyst.

Addition of Amine HCI salt leads to increased
diastereoselectivity, faster turnover compared
to TMSCI catalyzed system.

MnCI2
(szTlCl)zMnC|2
Mn
2 PhCHO
2 Cp,TiCl, + MnCl, 5 mol% TiCp,Cl, I
HO

CICp,TiO

Ph

Ph)\( h
Ph/kr P

OH
OH OH Ti I
82 0/0, O ICDZC
Ar Ar ds=98:2
Ar Ar Y
£ + 2 Base
OH OH 2 Base*HCI
1 2
entry substrate % yield 1:2b Base = | =
1 2-MePhCHO 90 97:3 N~
2 3-MePhCHO 85 97:3
3 4-MePhCHO 84 97:3 gy
4 4-CIPhCHO 89 97:3 2,4,6-Collidine
5 4-BrPhCHO 82 98:2
6 4-MeOPhCHO 91 99:1
7 4-AcOPhCHO 85 99:1
8 4-PhPhCHO 87 97:3
9 4-vinylPhCHO 85 96:4
10 2-thienylCHO 82 95:5

A. Gansduer, D. Bauer, J. Org. Chem. 1998, 63, 2070.



Enantioselective Pinacol Coupling

O 10 mol% (R,R) 2, HO CI‘TE‘\CI
Mn, MesSiCl, ~
“ ' 9580
no yield given O OH
ds=88:12, 2
60% ee

M. Dunlap, K. Nicholas, Syn. Comm. 1999, 29, 1097.

R'" R?
>_é|:‘2 stoichiometric® catalytic
=Ny , © yield ee yield ee
Ti—=Cl X ] . ]
AN entr R (%)?  dlmeso® (%)9 (%) dlmeso® (%)9
O ¢ o y
Q 1 H >95 98:2 7 94 96:4 63
2a-c 2 He 80 91:9 60
3 o-CHj; >95 95:5 8 >95 86:14 64
(S)-2a F%: = iPr; R2=|2-I 4  pCHs >95  97:3 8 >95 955 52
(526~ R7=PhCHy; R™=Ph 5 pOCH; >95 982 91 84 955 58
(5,8)-2c R', R° =indenyl
6 p-OCH3" 73 99:1 88
7 p-Br >95 95:5 48 81 83:17 16
Q 8 p-CE3 >95 81:19 7 90 63:17 5
va:w\ H @ For the conditions used, see above. ” Yield of isolated product after
= flash column chromatography on silica. ¢ Measured by HPLC. ¢ Enantio-
(5,9 meric excesses were measured by HPLC analysis on a Pirkle (S,S)-Whelk
column (entries] and 2) or a Chiralcel AD column (entries 3—38). ¢ Two
a. 1 equiv. 2b, 3 equiv. Mn, GHON (0.05 M in T), -10°C mole percent of 2b was use.d.. 7 Cerium Mishmetall was used instead of
b. 10 mol % 2b, 3 equiv. Mn, 1.5 equiv. TMSCI, CH5CN (0.01 M in Ti), 25°C Mn, and the reaction was carried out at room temperature.

A. Bensari, J. Renaud, O. Riant, Org. Lett. 2001, 3, 3863.



Mechanism of Epoxide Opening

C'CPZT' OTICICp,
[ 4
RN \H%A - \\“)9/K .
OTIiCICp,
CIszTI OTiCICp, Product ratios show higher substituted radical formed.
| . . . .
\ﬁ/u = . . Titanium attached to radical it created--reagent control.
favourable 9
TICIsz
more [ "
> OTiCICp,
\({Q favourable \(’)9/\/
OTiCp,Cl OTlegCI OTiCp,ClI TlezCI

Cp2T|C| S///
R

OTiCp,Cl

Reductive termination pathway depends on reactivity of
intermediate radical.

0
T. RajanBabu, W. Nugent, J. Am. Chem. Soc. 1994, 116, 986.

A. Gansauer, H. Bluhm, Chem. Rev. 2000, 100, 2771.

¥
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Epoxide Opening and Trapping

° 1) CpaTicl
+ Z N DHO" Ha,0"
08H17 H17 8 H17 8

88% 12%
Radical formation at the higher substituted carbon.

product isomer
entry epoxide (% yield) ratio A ab,c¢
1 OH cis/trans 2:1
b/ 41 43a R=H

31a (70) 43b R =Si(Bu)Ms,
HOR,C (a) Cp,TiCl. (b) 1. (c) Bu'SiMaCI

2 cis/trans 85:15
o H
= ab Et0,C,
ElO;C coza Et0,¢7 CO,Et —_ . 5
36 (68) EtO,C
Et0,C  cO,E

H
3 cis/trans 1:1
B(/( 35 44
(@) CppTiCL. {b) I
38 (94)
Electrophilic workup
4 endo/exo 55:45
OH
82) o

LIBEtgH CpTiCt/ CgHg

5 é/\/\ endo/exo 90:10 T eeR 95%) T

Complementary to nucleophilic epoxide opening

42 (88)

T. RajanBabu, W. Nugent, J. Am. Chem. Soc. 1994, 116, 986.



Diastereoselectivity in S-member ring formation

HO CHs
V4
Y .
\/\ 10 mol% Cp,TiCl,
Mn, Coll*HCl Y
THF H
Y= CH,, NTs, O
Substrate Product Yield/ [%] dr
0 HO~ & ,
6/\/\ <i> 66° >98:2
AN
1 H
dr 75:25 56
P o 68 58:42
6/0\/\ <j\/g '
19 o
H
dr>97:3 65
Q HOL -
TS s b .
- 62 86:14
K H
50 N
HTs

A. Gansduer, M. Pierobon, H. Bluhm, Synthesis 2001, 2500



Diastereoselectivity in S-member ring formation

Z

Hi OTiCp,ClI
FiH \\

H OTiCp,Cl

\

OTiCp,Cl
ArSOzﬁN:\/{’\\

84a most favoured

84c

>
e
T\
zZ
(ﬁ\
\J

ArSOZ\NH’\\\/OTiCpZCI

84b
L.oTicp,Cl

82a 82b most favoured
H OTiCp,Cl L{’ OTiCp,Cl
!/\;\4 H f{

82c 82d

OTiCp,CI H OTiCp,Cl

O~ o N

5 8
83a 83b

OTiCp,CI
OH!/\:://— P2

83c¢c most favoured

ILoTicp,Cl
O\/ y
H
83d

. Gansduer, M. Pierobon, H. Bluhm, Synthesis 2001, 2500.




Deoxygenation of Epoxides

product
entry epoxide (yield)
. . o)
Radical Chemistry 1 T'O/\@("':M orr m/mg '
. 2 3 (66)
E{applng OMe » OMe o)
80 SOINSe
o O NS o 20T o SO
Ti(l1) Q/ 2 78 6 (16(}3H
\/ Ti(v) — TUV)—_’ \ a4 5 (78)

NR,

NR,
{1 ¢
Ny C 1)
N N N \N
3 TBDMSO 0 TBDMSO o
Deoxygenation discouraged in the o

presence of trapping agents with o
inverse addition of Cp,TiCl to 7 R=H 8a R=H (69)
minimize the concentration of Ti(III). 7b R=C(OPh 8 R=C(OPh

Effective for sensitive functional
groups, especially acid sensitive.

T. RajanBabu, W. Nugent, J. Am. Chem. Soc. 1994, 116, 986



Effects of Solvent and Water

\““\

Conditions

(+)-3a-hydroxyreynosin

Table 1. Relative Proportions? (%) of Compounds 4—8 Obtained after Acid-Induced and Cp,TiCl-Promoted
Transannular Cyclizations of 4 in Different Solvents

entry reagent (equiv) solvent additive (equiv) 4 5 6 7 8
1 TsOH (0.5) CH.Cl, 8 82 10
2 BF3 (0.6) CH:Cl 40 57 3
3 MnCl; (1.5) THF 19 63 18
4 Cp2TiCl (3.3) THF 91 6 3
5 Cp2TiCl (3.3) PhH 84 12 4
6 Cp2TiCl (3.3) PhCH3 86 4 10
7 Cp2TiCl (3.0) PhH 1,4-C¢Hs” (30.0) 86 8 6
8 Cp2TiCl (1.1) PhH 12 36 29 8 15
9 Cp2TiCl (3.3) CH.Cl; 40 49 8 3
10 Cp.TiCl (3.3) CCl 40 55 5
11 Cp.TiCl (3.3) THF H,0 (28.0) 13 8 8 71

@ Relative proportions were determined on the basis of the 'H NMR spectra of the mixtures formed in every experiment. ? 1,4-C¢Hg =
1,4-cyclohexadiene.

A. Barrero, J. Oltra, J. Cuerva, A. Rosales, J. Org. Chem. 2002, 67, 2566.



Effects of Solvent and Water

oot C'CPZT' CpsTICl  Cp,TIHC CIszTll'V
. pall
\f’ ﬂ 6\ ﬂ% M d% L Cp;TiCl, + 5
O O o
()
Cp,Ti - CpTi -
jw . o,
a) & *o t HO = pzé THF Proposed concerted transition state
O H™H leads only to 6-endo cyclization with
13 14 no 5-exo product.
y Tertiary radical hindered--it is not
b) CpoCITy = 2> szClT'lt " S szCIT\;O &5 trapped by Ti(III) or reduced by 1,4-
A —- o — - + .
<oj @ E Q cyclohexadiene.
Deuterium incorporation is observed
oo ' 5 at C4 when D,0 is used.
o CP2CI'I;- +H N Cp,CIT k L szClTIJ . H
H O H & H O Hs HO "']3
u z
14 10 I 8

A. Barrero, J. Oltra, J. Cuerva, A. Rosales, J. Org. Chem. 2002, 67, 2566.



Formation of a-glycosides

1. DMDO, CH,Cl, 0 °C, 30 min
glycal product
2. trapping agent (3-5 equiv), Cp,TiCl, THF, rt, 15 min®

OBn o-0 OBn ot
tr lycal t t produ : product
BnO—<>-Q BnO fo} entry glyca rapping agen (yield®) entry glycal trapping agent (yield)
Bn@ BnO
CH,Cly, 0°C 4
1 30 min 2 OBn 0(”/ /‘Oin/
1 o BnO Q 6 1 2N o]
Cp2TiCly, Mn Bloo X BusSnD B~ ZCHo BT
THF, rt, 15 min " HOp HO &,
)
4a, 50 % 4f, 10 %
0Bn 0Bn ( 0) (4, 10 %)
B Oé’o trapping agent Bnoé/() H H 0OBn OBn
LN — Bro~—1~Y , ) . o 7 1 Ph-Zno, B§o§0
HO ) CR,CITIO 8% o=
HO || cl
4a-e 3 HH (4f, 47 %)
(4b, 53 %) ’
Reaction Scheme oBn B0 OB
T Ca
a B 9 8 _ N X
3 1 CN RO Bro-L— 2 ZCN BnO
HO [ N HO LN
5
R-M, organometallic OBn (4c, 61 %) ® (6, 54 %)
opening BBO/ o] R OBn
TS ~ Y&/O Bro /08" QBn
! ! 7 coMe Fe hexa-(O)benzyl 2 % é Q
- i exa-(O)-benzyl = >cN o] g
, B-glycoside VH‘O\L/cone 9 lactal (7) BnO T8 ;}O
(4d, 56 %) CN
(8, 55 %)
1. Cp,TiCl opening OBn 0OBn
2. radical trapping o)
BnO N(BOC
Qno 5 1 ( )2 Bé.'noo \,—0
HO CO,M:
R 2he HO L__coMe
o-glycoside N(BOC),

(4e, 61 %°)

Complementary to Nucleophile '
Reaction Scope

J. Parrish, R. Little, Org. Lett. 2002, 4, 1439



Formation of a-glycosides

trapping agent Epc (V) reactivity
Reduction
CHO
_— -1.8 quenches
;)dea.tlon by t Lewis acidic W
" . - rapping agen
cp,TiCI [TappPIng A9°T v M complex NO
2
and reduced J 255 quenches
trapping agent Ph
2
(BOC)ZNTC02M6 273 traps
OBn
o} CN traps
0 -2.83
BEnO /ﬁ r
HO Cl
CO,Me
4f |r 2 293 traps
Ph
Lewis acidic epoxide opening yields ||/ >.33 unreactive
the undesired product.
. C4H
Trapping agent must be of the correct |( e >33 unreactive

electronic nature.

J. Parrish, R. Little, Org. Lett. 2002, 4, 1439



Catalytic Epoxide Opening

o
5 MCI,
Rl
szTImC|
Uy M
H 5 mol% Ti o IV
RA~_OH CpsTiVCly RA_OTIVCp,Cl
R '

base base*HCI

7N e @f O

M = Mn, Zn R = CHj, R' = CH,CH,Ph

base = 2,4,6-collidine yield = 88%

A. Ganséauer, H. Bluhm, Chem. Rev. 2000, 100, 2771
A. Gansduer, M. Pierobon, H. Bluhm, Angew. Chem, Int. Ed. 1998, 37, 101

Entry Substrate

t[h]

Yield [% | Product

—
1 COZEI
CO,4Et
0]
5 Ph” S CO,Et
CO,Et
0
7

: A
OTs

6 ;LOM?TBDPS
7 5&2,20&1

8 5&51

9 jk((),,,?piv

10 1
4-phenyl-2-butanone

0}
11

A CO,M:
L Me

e O 0

A 0.
13 /O_\",c ,Me
1Bu

¥

30

30

18

12

30

40

CO,Et
78Il HO\I><CO£Et
Ph :j:><cozm
HO COLEL

83|d]

, i WY
58 HOoTs
86 HOXZOTBDPS
67 HO_}MOBn
74 HOXQCI
69 HOX‘)OPiv

70 2
95 4-phenyl-2-butanone

OH

77t

g2le-

0

[a] See Experimental Section. [b] cis:trans =88:12. [c| cis:trans = 85:15.
[d] Substrate was a mixture of cis und trans isomers. [e] Zn was used as
reductant. [f] cis:trans = 14:86.



Catalytic Asymmetric Epoxide
Opening

Cl

’

cl.
» @n\

/:\

weak
contact

chiral .
contact [CICp,TiIO Cl6A®)

;O; strong

Cb—Ti‘ cp J chiral Cl5A®)

A. Gansauer, H. Bluhm, Chem. Rev. 2000, 100, 2771.
A. Gansduer, H. Bluhm, M. Pierobon, M. Keller, Organometallics, 2001, 20, 914.



. Catalytic Asymmetric Epoxide Opening

o) 5-10 mol% 5 - 7, OH
B0 AN\ OEt 15 zn Eto\)\/\OEt
4 4.8 1,4-CgHg,
= 1.5 collidine*HCI
cat, mol % cat yield [%] (R:(9
5,10 51 76:24
6, 10 74 3:97
7,5 65 3.5:96.5
Catalyst Substrate Product Yield [%], ee [%0)
0 OH
J[5a] nPro\./'\/\ 60. 9201
7 nPro 7 OnPr 8 OnPr )
0
! —A— 68, 74l
tBuO 9 OtBu
7 b <:[>O 69, 731" I}
11
7 Al C)o 60, 821¢1 11
13
6 7 8 70, 911°!
6 9 10 66, 86!"!
6 11 12 72, 81I|'I~I(&TI
6 13 14 78, 80l 11

21 5 mol % catalyst.

Pl By GC on an Ivadex 7/0V 1701; G/294 column.

Il By GC on a heptakis(2,6-di-O-methyl-O-pentyl)-f-cyclodextrin/OV 1701 (1/4) column.

[ By GC of the corresponding trifluoroacetate on a heptakis(2,6-di-O-methyl-O-pentyl)-f-cyclodextrin/OV 1701 (1/4) column.
I ds > 96:4.

¥ ds = 87:15 for both catalysts. A. Gansiuer, H. Bluhm, T. Lauterbach, Adv. Synth. Catal. 2001, 343, 785



Conclusion

Cp,TiCl is a mild reducing agent for pinacol and epoxide opening reactions.

Opposite chemoselectivity to nucleophilic epoxide opening.

Reagent controlled enantioselective modifications to the Ti(Ill) reagent now emerging.
A wide range of functional groups are tolerated.

The oxidation/reduction of reagents and substrates can have significant effect on success
of reaction.



3 - Equivalents of Oxidation Potential,

, Entry HMPA vs. Sml,* Vv° AE, V (kcal)
11 1 0 -1.33 0
f\i‘L 0 2 1 -1.43 0.10 (2.3)
4] 3 2 -1.46 0.13 (3.0)
L 4 3 -1.95 0.62 (14.0)
5 4 -2.05 0.72 (16.6)
] 6 5 -2.05 0.72 (16.6)
-4 7 6 -2.05 0.72 (16.6)

-1.8 15 1.2 -0.9 -0.6 0.3
E/V vs. Fc'/Fc

Figure 2. Cyclic voltammograms of three different titanocene

chlorides (2 mM) recorded in 0.2 M Bu,NPF,/THF at a glassy R. Flowers. Tetrahedron Lett. 1997. 1137
M 2 M 2

carbon electrode (J=1mm) at a sweep rate of 0.1V-s™

Cp,TiCl, (—), Cp,TiCl,/Zn (-++), Cp,TiCl,/Mn (= —). The arrows
indicate the starting point and direction of the sweeps.

a) concentration of Sml; = 0.5 mM. b) vs, Ag/AgNO, reference electrode in THF.

E°reduction potential

T. Skrydstrup, Chemistry, 2001, 435 Li--Li" +e 3.05 \
Na--Na® +e 2.71 > Ti(IV) --> Ti(1l)
Mg-->Mg" +2e 2.37 J
Al--> AP* + 3¢ 166 |
Mn --> Mn?" + 2e 1.18 r Ti(IV) --> Ti(11D)
Zn -->7Zn*" + 2e 0.76 )
Fe --> Fe*'+ 2e 0.44

} T + MCL-> Ti(IV) + M
Ni-—> Ni** + 3e 0.25

D. Sekutowski, Low Valent Organometallic Titanium Compounds, Dissertation, UIUC, 1975




