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[. Introduction

Transformations using organometallic complexes
have played a central role in modern organic syn-
thesis. The types of reactions based on organometallic
complexes can be divided broadly into two catego-
ries: one is utilization of the complex as a carbanion
source which is mainly applied to reactions using
elemental metal complexes, and the other is based
on late transition metal behavior such as coordina-
tion of a carbon—carbon multiple bond, oxidative
addition, reductive elimination, -hydride elimina-
tion, or an addition reaction. Early transition metal
complexes show both types of reactivity, and thus,
in addition to their utility either as a carbanion
source or as a synthetic reagent based on transition
metal behavior, it is possible to utilize them for
synthetic transformations based on the characteristic
features of both types of reactivity. Group 4 early
transition metal complexes are not exceptional, and
their application in organic syntheses has continu-
ously attracted much interest. Among them, reactions
using organotitaniums and -zirconiums have been
most extensively investigated.! This review surveys
synthetic reactions starting from substrates having
a carbon—carbon unsaturated bond such as olefins,
conjugated dienes, or acetylenes where both charac-
teristic reactivities of titanium mentioned above are
used in tandem. The reaction involves, fundamen-
tally, the generation of alkene— or alkyne—titanium
complexes through the coordination of the carbon—
carbon multiple bond to a titanium complex, which
is a characteristic feature of transition metal behav-
ior, and their use as a carbanion source directly or
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after accompanying conversion to new organotita-
nium complexes. Although the reactions of organoti-
taniums and -zirconiums have many characteristic
features in common, they also display many differ-
ences. This review focuses on titanium complexes.
The reviews relevant to zirconium complexes cited
in the following individual sections will be helpful for
understanding the common and different character-
istic features of titanium and zirconium complexes.
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ll. Synthesis of Organotitanium Complexes as a
Nucleophilic Reagent through Hydro-,
Heteroatom-, and Carbotitanation of Olefins,
Conjugated Dienes, and Acetylenes

1. Synthesis of n-Allyltitanium Complexes,
Cp.Ti(m3-allyl), from Conjugated Dienes via
Hydrotitanation and Their Utilization as a
Nucleophilic Allylating Reagent

In 1967, Martin and Jellinek reported that the
reaction of Cp,TiCl,, conjugated dienes, and 2 equiv
of an alkyl Grignard reagent having a -hydrogen
affords #S3-allyltitanium(111) complexes Cp,Ti(y3-al-
Ilyl).? Thus, the reaction with 1,3-butadiene and
2-substituted butadienes proceeds smoothly under
mild conditions to furnish the corresponding #°-
allyltitanium complexes with the structure depicted
in eq 1 exclusively; however, with 1,3-butadienes
having a substituent at the 1- and/or 4-position, the
success of the reaction as well as the structure of the
resultant »3-allyltitanium complex is dependent on
the substrate. Equation 2 illustrates a proposed

R1

b

Cp’TLCp

R! 2 RMgX

N + CpaTiClp

M

reaction mechanism for the reaction; 1 equiv of the
RMgX is used for the reduction of Cp,TiCl, to Cp;-
TiCl, which reacts with another RMgX to afford Cp,-
TiH through the formation of Cp,TiR and the follow-
ing S-hydrogen elimination, and then hydrotitanation
of the conjugated dienes via a 1,4-addition pathway
is followed, affording a sterically most favorable
complex rather than other possible regio- and stere-
oisomers as shown in the equation. These allylic
titaniums were shown later to serve as a nucleophilic
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RMgX RMgX H
CpoTiCla Cp,Ti-Cl / R
\ Cos iJ
1/2 R-R
(2)
1 AR
not produced R! R R
=
R" R TiCp, .
- n Cp2THH
R CpoTi

|
CpgTi

allylating reagent by Sato®“ and Teuben®® indepen-
dently. Thus, combination of these two findings
provides an efficient method for elongation of the
carbon chain of the conjugated dienes in a one-pot
procedure.

Reaction of »3-allyltitanocene complexes with al-
dehydes and ketones proceeds in a regiospecific way
to afford, after hydrolysis, the corresponding 5-methyl
homoallyl alcohols in excellent yields (eq 3).4® After

ol i R' HO
)\/ Ra)j\R3 R? )
|, s + CpzTiCl ®)
+. then R
Cp” ' “Cp  aq.HCI l HCl +1/4 Oy

CpaTiClp + 1/2 HeO

the reaction, Cp,TiCl, can be recovered in good yield
by quenching the reaction mixture with aqueous HCI,
followed by stirring the solution under air, which
resulted in an oxychlorination reaction as shown in
eq 3; this result adds to the advantages of the
reaction from a synthetic viewpoint. The results of
one-pot preparation of homoallyl alcohols from con-
jugated dienes and aldehydes or ketones via allylti-
taniums are summarized in Table 1. Thus, a variety
of f-methyl homoallyl alcohols with and without a
substituent including an alkoxy group”?® at the vinylic
position can be prepared from butadiene or 2-substi-
tuted butadienes and carbonyl compounds, respec-
tively. The reaction with aldehydes proceeds with
good to excellent stereoselectivity to afford 5-methyl
homoallyl alcohols having an anti stereochemistry
predominantly. The regio- and stereochemistry of the
reaction with aldehydes can be explained by the
formation of a g-allyltitanium intermediate where the
titanium is placed at the terminal position through
the coordination of the aldehyde to the titanium and
the addition reaction proceeds via a six-membered
chairlike transition state as illustrated in Figure 1.
The effect of a substituent on the cyclopentadienyl
group in n3-allyltitanocenes on the diastereochemis-
try of the addition reaction with aldehydes was
investigated. In the case of a nonsubstituted croty-
Ititanocene species, an increase in anti diastereose-
lection with increasing the size of the substituent on
the cyclopentadienyl group was observed (Table 1,
entries 30—35);° however, in the case of (2-siloxycro-

R1 Cp
A ot 7
=o' I\Cp — R2

| H . R2
CpoTinm0= P>
R2

Figure 1.
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Table 1. Preparation of 53-Allyltitanocene Derivatives
and Their Reaction with Aldehydes and Ketones

Product(s)
h Carbonyl anti yield
Entry Diene Compound :syn y% Ref.
Reaction using Cp,TiCl, or Cp,TiCl
R OH
R R'C(O)R? .
N R‘ Hz R1R
1 R= H Ph H 95:55 93 4
2 Et H 93:7 84 4
3 Me Me - 88 456
4 Me CH,=CH Me 65:35 91 4
g CH,=CH H 90:10 90 4
S CICH, Me nd. 95 4
MeOQC(CHg)gMe (lactone) nd. 94 4
8 (CHp)oCH=CMe, Ph  H 80:20 82 14
9 n'CsH11 H 100:0 91 14
10 tBu H 100:0 90 14
" TMSO Ph H 70:30 63 7
12 n-CsHyq H 100:0 57 7
13 tBu H 100:0 65 7
TMSO OQH
OTMS :
N Er R
14 Et H >98:2 64 8
15 CHy=CH H >90:10 58 8
H OH
Et
cHa I (%)/ﬂwt
syn
regio. 4
16 n=1 Et H 100:0 0:100 86 10
17 2 Et H 90:10 0:100 98 10
H OH
I CHI PR
anti “—
18 n=1 Et H 100:0 86 10
19 n=2 Ph H 100:0 79 10
20 Et H 80:20 - 10
HOH
:,OTMS d\Fﬂ
anti OTMS
21 Ph H 100.0 71 7
22 n-CsHyy H 95:5 58 7
23 tBu H 100:0 70 7
OH OH
R’ R'
Q R'C(O)R? Q)k @zk
R! R2 (yield,d.e.(%))
24 Ph H 59 (42,60):41 11
25 nCsHiy H 65 (48.60):35 11
26 tBu  H 96(7356):4 11
Reaction using RCp(R'Cp)TiCl,
TMSO TMSO OH
P R"CHO R
_R R _R
27 Me Me Ph 70:30 59 7
28 tBu H Ph 57:43 62 7
29 tBu tBu Ph 51:49 68 7
OH
a 7 R
30 Me Me PhCH, 16:1 89 9
31 Me Me cCgH;; 18:1 95 9
32 Me Me  Ph 42:1 87 9
33 iPr FPr PhCH, 20:1 84 9
34 Pr -Pr ¢-CgHyy  26:1 93 9
35 i-Pr i-Pr Ph 52:1 89 9

tyl)titanocene, increasing the steric hindrance led to
a progressive loss of anti stereoselectivity (entries
27—29).7 p3-Allyltitanocene complexes derived from
five- and six-membered 1,3-cycloalkadienes, includ-
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ing those having a substituent at the 2-position, also
react with aldehydes with excellent selectivity to
provide cyclopentene and cyclohexene having a ste-
reodefined side chain at the allylic position (eq 4,
entries 18—23).719 The allyltitanium complex derived

Cp,TiC H 2"
p2Ti |2 . H
Xy 2 i-PrMgX @(T'sz R'CHO R (4)
(©Hg) ) | (CHa )| (CHa)n
R R R
R=H, OTMS
n=1or2

from 1-vinyl-1-cyclopentene or -cyclohexene reacts
with aldehyde regiospecifically at the carbon on the
cyclic framework as shown in eq 5 (entries 16 and
17). The addition reaction again occurs in a highly

OH

S Mex TiCp, | RCHO H
(CHgn || ———m| M (2 R (5)
2n Il (CH2n I

n=1o0r2

stereoselective way, and the olefin geometry of the
resultant exocyclic double bond of the product is
controlled as Z-geometry.'® The reaction of a cyclo-
heptenyl-;3-allyltitanium species prepared from cy-
cloheptatriene with aldehydes afforded a mixture of
isomeric 1,3- and 1,4-cycloheptadienyl alkyl (aryl)
carbinols (entries 24—26).1!

Cp.Ti(n%-allyl) complexes also react with other
electrophiles, in addition to aldehydes and ketones,
such as carbon dioxide, 3561213 acid chlorides,'41®
acetals,'® isocyanides,>® imines,>® nitriles,>® isoni-
triles®® and organotin halides,'” to afford the corre-
sponding allylated products. Several representative
results are summarized in Table 2. 73-Allyltitanocenes
react readily with carbon dioxide under ordinary
pressure and at room temperature, thus affording
one-pot access to 2-methyl-3-butenoic acid with and
without a substituent at the C-3 position from buta-
diene or 2-substituted 1,3-butadiene, respectively, as
shown in eq 6 (entries 1—5 in Table 2). The reaction

R

)\/ CO2 ]
7~ /\(CO.QH (6)

|
Cp’TL Ccp

of Cp,Ti(n3-allyl) complexes with acid chlorides pro-
ceeds smoothly to give 3,y-unsaturated ketones hav-
ing a substituent at the a-position as shown in eq 7
(entries 6—12 and 14—17). The reaction with steri-

R
o)
R O
)A/ R'/kCI
T R (7
Cp” Cp

R' = alkyl, aryl, OMe

cally less hindered acid chloride, however, produced
the corresponding tertiary alcohol in a considerable
amount (entries 8 and 9) or predominantly (entries
7 and 12). Similarly, ,y-unsaturated esters were
synthesized from 1,3-dienes and methyl chlorofor-
mate (eq 7, entries 13 and 18—20). The reaction of
n-allyltitanium reagents with acetals proceeds in the

Sato et al.

Table 2. Reaction of p3-Allyltitanocenes with
Electrophiles Other than Aldehydes and Ketones

Enty Diene  Electrophile oo o "  Ref.
R R
A cO, /w/oozH
R
1 H 82-85 3,56,12
2 Me 81-83 12
3  CgHyg 66 12
4 MegC=CHCH2cH2 71 12
CO,H
5 @ s8 12
R i R 0 R\ OH
e e éj)‘st<%j>*n3
R! R2 R3 R2 Rr27/2
6 H H Ph 81 15
7 Me H Me 0 48 15
8 Me(CH,)4 16 14 15
9 Ph 82 4 15
10 i-Pr 75 15
1 MeO,C(CH,); 76 15
12 trans-PhCH=CH 0 42 15
13 OMe 73 14
1; CH,Ph H Ph 63 15
16 CH2SMMegH  MeCH=CH, 64 15
SiEt,Me H Ph 70 15
17 H Me Ph 51 (E/Z=1/1) 15

18 H OMe  OMe 78 (E12=4/6) 14
19 © OMe ©\ 77 14
CO,Me
20 ﬂﬂ\/ oMe LYY O%Me 14
% 5 S %2
OR OR
.
)\/ R —op? )\(LR‘

LA. R' R?
21 TiCly; Et Me 40 16
22 BF3-OFEt, 65 16
23 TMSOTf 80 16
24 TMSOTf CsHyy Me 64 16
OMe
25 TMSOTf< >< 60 16
OMe _ C(O)NHPh
26 o~~~  PhiN=c-0 2 CONINGe
NHPh
27 ANF PhCH=NPh /j)\Ph 70 5,6

28 ANF CH;CN A C(O)CH3; 5,6
/\r 60
z
29 ANF QNC CPZTi{,\]}/\/\ 56
:@ quant
R R
A2 BusSnCl Bussn\)\,ﬂ'
30 R=H 70 17
31 Me 71 17
32 n-Bu 60 17
33 PhCH, 72 17
34 SiEt,Me 82 17

presence of a Lewis acid to afford homoallylic ethers
(entries 21—25). The reaction also proceeds in an
intramolecular way as shown in eq 8.1 The hydroti-

A LD

CpgTiC|2

2 DIBALH )\/\/23
0 o

szTI

ﬂgjp\/\o'* ®)
80% yield

TMSOTf
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Table 3. Synthesis of Chiral p3-Allyltitanocene
Derivatives and Their Reaction with Aldehydes and
Carbon Dioxide

Product(s)
Entry Diene Reagents YieIdRef'
%
Reactions with CO,
R R
N Y . _CO,H
X B +ich,
2
+ 2 i-PrMgBr
1 R=H (S),18.9%ee 70 3
2 Me (R),1 1.3% ee 86 3
C‘?\Timz
+ 2 i-PrMgCl
3 R= CgH19 (S),28% ee 61 13
),
.
=TiCl,
+ 2 i-PrMgClI
4 R= CgH19 (S),44% ee 65 13
e
=TiCl,
+2 -PrMgCl
5 R=CgHyg 5),96% ee 57 13

(
6 Me,C=CHCH,CH, (S),94%ee 67 13
Reaction with Aldehydes

CgHig OH CgHig OH
S) H
“TiCly R R

+ 2i-PrMgClI
then RCHO
R Ratio (%ee)

Ph 71(97):29 (23
Et 76 (96) : 24 (46
FPr 85 (94): 15 (13
+Bu 95 (97): 5 (n.d.

OH OH
'Ti'/F'J "\L)\t-Bulﬁ/Lt-Bu

+ t-BUCHO
112 36(56% ee):1 83 18

#The titanium compound was prepared from
crotylMgCl and (EBTHI)Ti-Cl.

Yield,%

61-87 13
quant. 13
quant. 13
91 13

NP AN

97):
96) :
94) :
97):

-
S©®oN

tanation of conjugated dienes followed by the reaction
with R3SnCI affords a new convenient method for
synthesizing trialkylallylstannanes of the type Rs-
SnCH,C(R)=CHMe as shown in eq 9 (entries 30—
34).Y7

R
R
R'3SnCl
)/s/ 3_» Rvssn\N 9)
Cp’T"Cp

Asymmetric delivery of the allyl group by using
optically active n3-allyltitanocenes, Cp*,Ti(53-allyl),
where Cp* stands for an optically active cyclopenta-
dienyl group, has been realized (eq 10), and the
results are summarized in Table 3. Thus, the reaction
with CO; provides optically active 2-methyl-3-buteno-
ic acid and its derivatives. The first report via
(neomenthyl-Cp),Ti(3-crotyl) resulted in rather low

Chemical Reviews, 2000, Vol. 100, No. 8 2839

* . R
Cp 2TiCl
R 2 i-PrMgX )A/
- 0
cp Thep’
CO,

or OH
RCHO | /\rcozH or /\*K*LR. (10)

chiral induction of less than 20% ee (entries 1 and
2);® however, the ee reached 96% by using a chiral
(ansa-bisindenyl)(;73-allyl)titanium species (entry 5).3
The (ansa-bisindenyl)(3-allyl)titanium complex also
reacted with aldehydes highly selectively to give
optically active homoallyl alcohols (entries 7—10).1213
While the major anti diastereomers showed very high
ee values irrespective of the aldehydes used, minor
syn isomers were always obtained with a low level
of ee.

Hydrotitanation of the conjugated triene moiety of
vitamin D, and its derivatives with the system Cp,-
TiCl,/LiAIH, or Cp,TiCly/Red-Al and the following
hydrolysis was reported to proceed in a regio- and
stereoselective way, thus providing a method for
synthesizing10,19-dihydrovitamins D, as represented
by the reaction shown in eq 11.1°

Cp2TiCls (2 equiv.)

]“‘u LIAH, (2-2.3 equiv) A | A
then H,O 1)
R.O\\(/j RO" ™ RO"

R' Yield, %
H 90:10 100
TBS 45:55 100

2. Synthesis of Organotitanium Complexes
through Hydro-, Heteroatom-, and Carbotitanation
of Olefins or Acetylenes and Their Reaction

Hydrotitanation of alkynes with Cp,TiH, generated
in situ from Cp,TiCl, and 2 equiv of an alkyl
Grignard reagent, afforded alkenyltitanium com-
pounds in essentially quantitative yield, which was
confirmed by the quantitative preparation of the
corresponding cis-olefins after hydrolysis and deute-
riolysis (eq 12).2° It should be noted that the alkenyl

Cp2TiCl R—=-R R R R R
+ =+ =
2 i-PrMgX (or i-BuMgX) CpaTi H H TiCpa

H.0 R R R R
(or Dgo) >:_< " >=< (12)
(DH H H H(D)
R=TMS, R'=C6H13 85:15

group in the alkenyltitanium compounds thus pre-
pared could not be delivered to aldehydes; instead,
their reaction with benzaldehyde gave hydroben-
zoin.?!

The reaction of alkenyl phenyl sulfide with trieth-
ylsilane in the presence of titanium tetrachloride
gave -phenylthioalkyltitanium compounds which, in
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Table 4. Hydrotitanation of Alkenyl Phenyl Sulfides
Using Et;SiH and TiCls and Reaction of the Resulting
p-Thioalkyltitaniums with Aldehydes and
o,f-Unsaturated Ketones (Ref 22)

: ; Product(s),
Alkenyl Sulfide Electrophile Yield, %
PhS PhS OH
RaX R Ar
R=H PhCHO 77
p-M602CCGH4CHO 73
p-CICeH,CHO 72
R =Me PhCHO 53
SPh
@—SPh PhCHO O_(OH 55
__________________________ Ph
PhS o) PhS RZ2 O
R1\)\,,.l R2/\/U\R3 R R3
R2 R®
R'=H Ph  Me 76
H Me 52
-(CHy)3- 72
R!=Me Ph  Me 70

turn, reacted with aromatic aldehydes via 1,2-addi-
tion and with a,-unsaturated ketone via a 1,4-
addition pathway (eq 13). Representative results are

PhS
R X
Et3SiH, TiCly
CHxCly
PhS
R ArCHO o PhS OH
Ar
TiCl3
13)
(0] 2 (
PhS R (0]
RZ/VLR:S
R1 RS

summarized in Table 4.22 Synthesis of (2,6-
diisopropylphenoxy)sTiH—PMes; and hydrotitanation
of alkynes by this species was reported.?®
Silyl—titanation of acetylenes with Cp,Ti(SiMe,Ph)
generated from either Cp,TiCl, and 2 equiv of PhMe,-
SiLi or from Cp,TiCl and 1 equiv of PhMe,SiLi
proceeded with good to excellent regio- and stereo-
selectivity as represented by the reaction shown in
eq 14.2* Highly selective silyltitanation of 1,3-dienes

EtOH

R—RR R (oMeoD) R R
Cp,TiSiMe,Ph — Y= (14)
CpoTi SiMesPh (D)H  SiMegPh

50% (R = Bu)

with Cp,Ti(SiMe;Ph) and the following reaction of the
resulting n3-allyltitanium complex with electrophiles
such as a proton source, carbonyl compounds, and
CO; as shown in eq 15 has also been reported.?*
Reaction of pent-4-yn-1-ylamines with a mixture
of CpTiCl; and i-Pr,NEt or CpTiMe,Cl resulted in
intramolecular imidotitanium—alkyne [2+2] cycload-
dition to afford azatitanetines, which can be used in

Sato et al.

CpoTiSiMe,Ph

| A

7~ “SiMeyPh|_then R (15)
Cp,Ti Hs0"
P2 SiMesPh

58% (R = Me, R' = H)

EtOH co |
/ (or MeOD) \ 2 52% (R, R' = Me)
SiMeyPh )\’/\SiMezPh

H H(D) COoH
73% <27%

electrophilic reactions leading to selective C or N
functionalization as illustrated in eq 16.2°7%7 Table 5

cl
CpTiMe,Cl I
——Ph Ph
Meosco 9%
i-PrCNJ \2
_COzMe

N’H o N 2

X X

Ph Ph

81% 88%
summarizes the yield of Al-pyrroline obtained by
protonation of the reaction product with H,O. Syn-
thetic application of this reaction was demonstrated
by synthesis of antifungal agent (+)-preussin (eq
17).%7

OBn

OB CpTiMe,Cl ﬁ b, | N-C7H1sCOCN
H——/_j Ph H /T"N >

iy s

|
HoN Cp/ “cl
OBn OH

n~C7H15 _>—> O
>:/Ap-.vl:h Carie™ SN -, Ph (17)
|

NC
60% Me

(+)-Preussin

The reaction of a Ti(IV) oxo complex with alkynes
shown in eq 18 was reported, but its synthetic utility
has not been elucidated.®

45-~75°C

0 (CsMes)oT! oH
(CSMes>zT(%R sMes)2
THF

R? (18)
Ar
R=Ph | oxcess Yy
=Tol. 0 4
(C5M65)2T Tol. +
Ar
H Ar = Ph, Tol.

An intramolecular carbotitanation of acetylene
with active methylene compounds in the presence of
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Table 5. Synthesis of A-Pyrrolines and A!-Piperidines
by the Intramolecular Aza—Titanation Reaction of
o-Aminoalkynes (Ref 25)

NH2 1 reagent N—TiLn N
n(Q — - n() |
=R =
R R
Product(s),
Yield, %

NH, N
/_\—: R
R=Ph cat CpTiCly-i-Pr,NEt

R 94
CpTiMe,Cl then MeOH 96

R = n-Bu cat. CpTiCls-i-ProNEt 94

tNHz CpTiMe,Cl then MeOH CNH 92
Ph

Ph
[ NH, IN
=—R
R = Ph cat. CpTiCl3-PhNMe, R 88
R =n-Bu cat. CpTiCls-PhNMe, 89

Alkynylamine Reagents

TiCl,; has been reported (eq 19).2° The resultant

TiCls X
H COoMe TiCly COsMe X* COsMe (19)
CO2Me  NEt, COyMe CO,Me
X=H 82%
J PhCHO I 79% only Z
Ph Ph

/'

OTiCls

COoMe | — — COsMe

COgMe COgMe
64%

vinyltitanium species underwent iodinolysis and ad-
dition to an aldehyde, the stereochemistry of which
revealed that the carbotitanation occurred in a cis
fashion across the acetylenic bond.

lll. Generation of n2-Alkene-, 2-Alkyne-, and
n-Dienetitanium Complexes from These
Unsaturated Compounds and Their Utilization as
Vicinal Dianionic Species

Synthesis of alkene and alkyne complexes of tita-
nium could be carried out by reduction of Ti(lV)
complexes with a reducing agent such as sodium
amalgam, magnesium metal, or an organometallic
compound in the presence of these unsaturated
compounds as shown in eq 20. Some other methods

, Na, Mg, or
LoTiXe + |

Buli, etc.

involving ligand exchange reaction, etc., which will
be seen in the following discussion, are also available
for the generation of the title titanium complexes.
A suitable choice of the aforementioned methods
dependent upon the reactivity and availability of the
precursors has enabled the generation of a variety
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of alkene— or alkyne—titanium complex as discussed
in the following sections. Although the research has
been pursued from the standpoint of both organome-
tallic chemistry and synthetic organic chemistry, the
latter aspect will be focused on in this review.

1. Alkene Complex

Bercaw et al. reported the preparation of a bis-
(pentamethylcyclopentadienyl)titanium—ethylene com-
plex by the reduction of Cp',TiCl, (Cp': pentameth-
ylcyclopentadienyl) with sodium amalgam in the
presence of ethylene or by the ligand exchange
reaction of [Cp’,Ti]>(u-N) with ethylene (eq 21).%° The

cpTic,  + || Na/Hg

/

cpaTi] @1)
[CPaTila(u-Ng) + ||

Me—== Me / MeCHO' \\coz
Me o
~ Me /O Me o' T/O
Cp'oTi Cp'zTi\/\r pali

70% 31% 80%

ethylene complex undergoes coupling reactions with
a variety of unsaturated compounds to give the
corresponding titanacycles (eq 21).3°-32 Other funda-
mental reactions of the ethylene complex are sum-
marized in Table 6.30733

Table 6. Reactions of Cp',Ti(CH,=CH,) Complex (Refs
30 and 40)

Substrate )
or Reagent Product(s) and Yield
2 H, Cp’gTin + Csz
2 HCI Cp',TiCl, + CoHg
Mel Cp'pTil(Me) + CoHy4
90%
2 MeNC Cp'2Ti(CNMe), + C,H, quant.
2CO Cp'>Ti(CO), + C,H, quant.
Bu-t
+tBu=—H C ‘T'/ t
-Bu—= i .
LN quan
Me
Me—=—=Me Me
and then CO o + Cp',Ti(CO), quant.
Ph
Ph—=—Ph  Cp',Ti|
Ph R=M 62%
= Me o
N AR Et  86%
RCN Cp',Ti tBu  56%
p-tolyl  28%

Bis(cyclopentadienyl)titanium (Cp,Ti) complex of
ethylene was prepared by the ligand exchange of Cp,-
Ti(PMe3), with ethylene (eq 22).3* The generation of

. CH2=CH2 PM93
CpoTiCly CpaTi(PMe3)2 Cp.Tir, (22)
PMej3 -PMej 4
20°C

85%
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a bis(indenyl)titanium—ethylene complex was also
mentioned.3® It is interesting to note that a unique
tetrasubstituted olefin—titanium complex has been
generated from bicyclopropylidene (eq 23).36 Some

CpoTi(PMe3),  + I CpoTi I (23)

79%
cyclopropene complexes were prepared by the same
ligand exchange reaction (eq 24).3773°

pentane

PMea
CpoTi,
Z (24)

A
CpeTi(FMeg)o + |]>< :> pentane 4/0
47% O\/7

The above phosphine or ethylene complexes of
titanium were found to be suitable starting materials
for the preparation of some allene complexes as
shown in eq 25.344041 Dimethyl fumarate and Cp,Ti-

PM93
Cp?Ti'{«,, \"/ R? PMes i
—_— . szTI
+ o 25
. ” &ARZ (25)
CpoTi(PMeg), R' R?
H H 50%
Ph H  49%
Me Me 79%
Ph Ph 85%

(CO)(PEty) afforded the corresponding olefin complex,
which, upon treatment with HCI or dry air, gives rise
to the formation of dimethyl succinate or the starting
olefin (eq 26).42

COoMe
COoMe
Cp,Ti(CO)(PEtg) Jr — Cp2(CO)Ti (26)
MeO,C MeO,C
65%
HCI/ \\02
COgMe COgMe
CpgTiC|2 + J/
MeO,C MeO,C
quant. 60% quant.

The generation of Cp,Ti—olefin complex and its
trap with a carbonyl compound could be performed
in an intramolecular manner (cf. eq 21). Thus,
unsaturated ketones and even aldehydes were treated
with Cp,Ti(PMe3s), to give the cycloalkanols in good
yields as shown in path A, eq 27.4344 The stoichio-
metric amount of the titanium reagent in path A was
successfully decreased to a catalytic quantity by the
use of a trialkylsilane as a stoichiometric reductant
(path B).#

Preparation and reactions of titanium—olefin com-
plexes with a nonmetallocene structure are also
known. In 1989, Kulinkovich et al. reported a novel
and useful preparation of cyclopropanols, starting

Sato et al.

R
o\
TiCpz (27)
H

R =H, 76%; Me, 76%

R
/O . path A
+ szTI(PMEa)g
AN

path B ‘ CpaTi(PMej3)2 cat.

CI/\/TICDQ + 2 PMej R = Me,

64%
"CpoTi"

F’thng o Phy )/ <j,\os; )Phy
<:LT|Cp2

with an ester, Ti(O-i-Pr)4, and an ethyl Grignard
reagent (eq 28).4¢ The reaction most likely involves

RCOZR

R OTuOR )3 H R_OH
(28)
O -Pr)4
:|—>[>TI(O Pr)s

2 EtMgBr
Csz

dialkoxytitanacyclopropane as an actual reagent ef-
fecting the above transformation. This reaction was
soon extended to a catalytic version with respect to
the titanium alkoxide*” and even to an efficient
catalytic asymmetric reaction by taking advantage
of chiral titanium complexes involving tartarate-
derived diols by Corey.*® The ligand exchange of the
titanacyclopropane primarily generated from ethyl
Grignard reagent and Ti(O-i-Pr), with an externally
added olefin should provide a convenient way to
prepare cyclopropanols from various olefins. This
reaction was, in fact, realized by Kulinkovich, who
reported that styrene and ethyl acetate in the pres-
ence of a catalytic amount of Ti(O-i-Pr), and EtMgBr
according to eq 29 afforded 2-phenyl-1-methylcyclo-
propanol rather than 1-methylcyclopropanol.*

OH Me
pr X3+ Ti(O-i-Pr)4 + 2 EtMgBr + MeCO2Et —>A K (29)
I Ph
42%, “small
amount”
[ Ti(0-i-Pr),

/\’ Ph MeCO,Et
= DT
then H*

The mechanism of the above olefin exchange reac-
tion most likely proceeds via the ligand displacement
as shown in path A of eq 30, but another possibility,
path B, which includes the g-hydride elimination
followed by the hydrotitanation of the second olefin,
may not be ruled out. However, quite recently, a
Kulinkovich report firmly indicated excluding path
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Ti(O--Pr)4
2 EtMgBr
-CoHg . .
(-ProyT 22 (1pro)Tic] ——= (i-Pro)Tir |
\—
path A
: Ph"X | - CHp=CH,
: Ph
==
f path B (i-PrO)zTi<]/ (30)
. )
¥ ! - CoHg
« Ph :
(i-PrO) T\i’:\H P (i-PrO) T')\ (i-PrO) T/\/Ph
A oTi-H - ---eeeo oo > (i-PrO),Ti or (I-PrO)a 11
\__ - CHp=CH, N N

B, using a deuterium-labeled Grignard reagent (eq
31).50 The D atom in the deuterated isopropyl Grig-

PHXX + Ti(O-iPr)4+ 2 (CD3)2CHMgBr

Ph HO Ph
CHCO,E
- (i-PrO)zTiQ/ b ><]/ @31)

CHa

no D incorporation

nard reagent was not transferred to the final product,
cyclopropanol, thus indicating a hydrotitanation path
was definitely not involved.

Although this method established a convenient way
to the generation of olefin—titanium alkoxide com-
plexes in situ as shown above, other olefins such as
1-heptene, a-methylstyrene, and ethyl vinyl ether
were mentioned as not participating in the reaction.*®
The failure of the reaction with 1-heptene may arise
from the unfavorable equilibration to the desired
alkene—titanium complex due to steric reasons under
these reaction conditions (eq 32).

R
DTiO-Prz + gy ——— | + \DTi(O-i—Pr)z (32)

The issue, the selective generation of a terminal
olefin—titanium complex, was ingeniously solved by
Cha et al., who used a sterically demanding cyclo-
pentyl or cyclohexyl Grignard reagent for this reac-
tion.5! Thus, an aliphatic terminal alkene is selec-
tively titanated with Ti(O-i-Pr)4 (or Ti(O-i-Pr)sCl) and
the foregoing Grignard reagent, as the cyclopentene
or cyclohexene in the primary olefin complex is easily
expelled by the externally added terminal olefin (eq
33). Cyclopropanols prepared from terminal olefins

2 OH

RI-X + Ti(O-/-Pr)gX + 2 QMgBr + R2CO,R% — (33)
n

X = O-i-Pr, Cl R!
n=1,2

R1/\ R!
Ti(O-Pr)p —
W T

and esters by this method are shown in Table 7.5

R2CO,R3
then H*

i(0-i-Pr)o
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Table 7. Preparation of Cyclopropanols via Coupling
Reaction of Alkene—Titanium Complex (Ref 51)

1

S R
Ti(O-i-Pr)4
RN\ + R¥CO,R? —————— l><OH
C'CeHﬂMgC‘ R2
Alkene Ester Yield (%)
R' R? R
Bu Me Et 95
Bu MeQC=CH- Me 37
(CHo)3-
TIPSO(CH,),- ©/ Me 64
Br(CHa)s- Me Et 64

\(\/\r\g Me Et 87
¥ Me Et 42
TIPSO

Product(s

N MeCO,Et /w<LOH 49
MOH“’

Me
ﬁb MeCO,Et Me‘&b 87

TIPSO(CHy)o-
CH=CH2

o)
HOHO,
é/o %{‘A OTIPS
)n n

n=1 33
52

N =

The repeated application of the above method achieved
a synthesis of a sex pheromone of the German
cockroach, 3,11-dimethylnonacosan-2-one, from readily
available 10-undecen-1-ol as shown in eq 34.5253

TI(O - Pr H35017
MOH + C47H35CO2EL
C- C6H1 1 MgC|

HoNNHo
_ < 45 |H3sCqy7 \H/L(\ﬂA ——= HgsCyg )\(\’)B/\OH
KOH s OH
o 56% from the ester
P, I J\M/\ EtOAc /Lm/<i\
A
— Hgj C 7
-BuOK 718 Ti(O--Pr)4 Ha7C1s
9% OCsH11MgC| 64%
KOH
H37C18 )\(‘%\ﬂ/ 4
(0]
67,/0

Carboxylic acid derivatives other than esters are
also viable substrates, which include carbonates
(Table 8)>* and amides (Table 9).5556 The reaction of
amides should deserve further comment; dialkylcy-
clopropylamines have previously been prepared from
carboxylic acid dialkylamides and (alkene)Ti(O-i-Pr),
intermediates generated from Grignard reagents and
Ti(O-i-Pr)4 or MeTi(O-i-Pr); by de Meijere et al.>":%8
The addition of an alkene—titanium complex to
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Table 8. Coupling Reaction of Alkene—Titanium
Complex with Carbonates (Ref 54)

Sato et al.

Table 10. Preparation of Silyl- or
Stannylcyclopropanols (Ref 56 and 61)

Ti(O-i-Pr)3Cl R OH
RN + (R0),C=0 !>\
C'CGHHMgCl OR'
or
c-CgHgMgCl
R (R'0),C=0  Product Yield (%)

TIPSO(CHz)z (E10),0=0 "N\ 25.30

TIPSO(CHyp),- CICO,E! B R 97
o)
1 HO,
TIPSO(CHp)- Q0 \A 47
HO™\_0 R

J.l'
TIPSO 87

Table 9. Reaction of Olefin—Titanium Complex with
Amides (Ref 55 and 56)

RZRN A
o Ti(0-i-Pr)sCl R' R
RTX + R‘)J\N’R (trans)
I3 C‘CngMgC' R2R3N +
R VAV
R! (cis)
Yield (%)
1 > 3
R R R R (cis/trans)
TIPSO- Me Me 1:2.2

61 (1:2.2)
(CHo)o-

T2 Me Me  68(6.3:1)
" Br(CHz); Et  Et 60(7.6:1)

MesSi o-furyl(CHp),  Et Et 68 (13:87)
BugSn o-furyl(CHp), Et  Et 68 (trans)
" H Et Et 57 (trans)
" EPr Et  Et 48 (trans)

imides stopped at the stage of single addition (egs
35,59 36,%° and 37°%). The reactivity of a wide variety

HO
PN Ti(0-i-Pr)5Cl (CH2)4OTIPS
+|[ NBu NB
TIPSO ¢-CsHgMgCl v (35)
0 51%
fo) o
P~ Ti(0-Pr)5Cl (CH”“OTT;)
TIPSO + NBu
¢-CsHgMgCl NHBu
o O 51%
o]
. . HO SnBus
Ti(O-F-Pr)3Cl
BusSm X + NMe NMe (37)
c-CsHgMgClI
O 39%

of carbonyl compounds toward the olefin—titanium
complex has been compared.>® The analogous ligand
exchange between vinylsilane or vinylstannane and
the alkene—titanium complex generated from a Grig-
nard reagent and titanium alkoxide was applied to
the preparation of silyl- or stannylcyclopropanols
from various esters (Table 10).556! The intramolecular
version of these reactions, intramolecular nucleo-

R R’

Ti(I1)? OH i OH

R + R?CO,R® a7 !>\ + [>§
R2 R?

(trans) (cis)

Tiqng  Yield, %
(trans:cis)

R'  RCO,R®

MegSi  PhCO,E! (
Ph(CHy),CO,Et (
¢-CgHy1CO,Me 62 (81:19)
t-BuCO,Me 82 (

A 88
A
A
A

CH,=CH(CH,),CO,Me A 62 (88:12)
A
A
A
A
B

76

CH,=CH(CH5)gCO,Me 81
Br(CHy),CO,EL
PhOCH,CO,Me

Me,CISi PhCO,Et
Bu38n (X'fUI’V'(CHz)gCOQMe

2A: Ti(O-i-Pr)4 and i-PrMgCl; B: Ti(O-/-Pr)5Cl and c-
CgHgMgClI. The silyl group in product is (Mey(i-
PrO)Si). “After silylation of hydroxy group.

philic acyl substitution (INAS) reaction, is the subject
of a later section (section V).

In 1990—-91, Rothwell et al. reported that the
reduction of (ArO),TiCl,, where the aryl is a bulky
aromatic group, with sodium amalgam in the pres-
ence of 3-hexyne afforded the titanacyclopentadi-
ene,®? which, in turn, gave the titanacyclopentane on
treatment with an excess amount of olefin such as
ethylene or 1-alkene.®® The subsequent addition of
PMe; induced the dissociation of the titanacycle to
the olefin—titanium complex and the uncomplexed
olefin (eq 38).54%° The reaction of benzophenone and

Et Et
' NaHg EUSA X R,
(ArO)TiCl, + || _Ti(OAn), ETi(OAV)z
toluene FEt R
t Et
ArO = (2,6-PhaCgHg)O- 80-90% R
PMe Z>
— Ti(OAY),  (38)
MBQP
R = H, Me, Et

the alkene complex shows a different reaction course
dependent on the kind of ligating olefin (eq 39).

Rh INY
R=H Phl O Ph,CO °]
R — Ti(OAr), Ti(OAr)
o/
\ﬁTi(OAr)g
Ph ph
MesP  + -
(39
PhyCO Ph Ph )
= Me
O-Ti(OAn;
M63P

The styrene complex could be prepared in a more
straightforward manner via the direct generation of
the intermediate titanacyclopentane followed by the
same treatment with a phosphine (eq 40).%°
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Ph

Na/H
9 ;ﬁTi(OAr)z

Ph

(Ar0),TiCly + pr X

Ph

PMeoPh ,
= Ti(OAn) (40)

Me,PhP

2. Alkyne Complex

In 1974, a Cp,Ti complex of diphenylacetylene was
obtained by the reaction of Cp,Ti(CO), and the
acetylene (eq 41), and some of its chemical behavior
was also reported.5667 Cp,Ti—diphenylacetylene com-

Ph
‘ co
CpoTi(CO)  + | CpgTi,,,/ Ph (41)
rt.
Ph /

\ / 80%
co J .

PhC=CPh + CpoTil, + CO
quant

plex itself and the same complex having an additional
ligand such as a phosphine were also prepared by
several methods, which are summarized in eqs 42,5869
43,7972 and 44.7

Ph Ph
. Mg or
CpoTiCl,  + || CpaTiv| (42)
2 n-BuLi
Ph Ph
27-36% (Mg)
> 80% (n-BuLli)
Ph
CpoTi(CO), + ||| + PMeg \
PMe
Ph 3
szTi,/,,’ Ph 43
4
Ph PH
CpoTi(PMeg)z  + || /
Ph
SiMe3 Ph h
CpaTi|| + I —— cpaTive|| (a9
SiMe3 Ph Ph

The diphenylacetylene complex undergoes a variety
of reactions with electrophiles and unsaturated com-
pounds (Table 11). In addition, preparation of other
acetylene—titanocene complexes and their reactions
are summarized in Table 12.

Intramolecular trap of the Cp,Ti—acetylene com-
plex with aldehyde or ketone, which is a useful
method to prepare cyclic compounds and is similar
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Table 11. Reaction of Cp,Ti(PhC=CPh) Complex

Reactions Product Yield,% Ref.

Ph

_Ph
| —— Cp,Ti 73 68,73
rt. Ph

L Ph
+C0, — CpgTi,” -- 73

+Hy,0 —= CpyTi 81 68,73
#~ 20°C »2)30

Ph
+HCl —— I]: +Cp,TiCl 68
20°C Spy quant.

Ph
Ph

o =
— =~ Cp,Ti quant. 68
+)l\ P2 o

+ PCI,X —= XP. X=Ph 80 69

to eq 27, is exemplified in eq 45.43%* The relevant

o R o
+ COpeTi(PMeg)y — <j;(\TiCp2 (45)
Me Me

R =H, 79%; Me, 60%

D0

n

reactions starting with unsaturated esters will be
presented in section V.

The generation of acetylene—titanium alkoxide
complexes was recently reported.®* The treatment of
acetylene with (»?-propene)Ti(O-i-Pr), generated in
situ from Ti(O-i-Pr), and i-PrMgCl, which has been
described above,* afforded the alkyne—titanium
complex, the presence of which was verified by
protonation (to give cis-olefin) and deuteriolysis (to
give deuterated olefin with high deuterium content)
according to eq 46. As far as the Grignard reagent is

Ti(0-1Pr)g
l PrMgCl
SiMe

CeH1a

3 \H---TI(O-/‘-Pr)g Me;Si

Ti(O-i-Pr),

H13Cs
H* or D+ MesSi__H Me3Si<__D
j]: or j]: (46)
H13Cs H H13Ce D

94%, ZIE>99:1 96% do

concerned, i-PrMgCl is superior to other kinds of
Grignard reagents (eq 47).85 Applicability to many
types of acetylenes is summarized in Table 13. The
acetylenes may incorporate a functional group. Thus,
conjugated acetylenic esters and amides afforded the
corresponding acetylene complexes, which are shown
in entries 11 and 12.86
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Sato et al.

Table 12. Preparation of Various Alkyne—Titanocene Complexes

p Acetylene e ' .
recursor Rl-— R2 Complex  Yield (%) Subsequent reaction with Ref.
R R? PMeg
CpgTi(PMeg)g H H Cp2T| R2 - 70,71
Y 4 CO,, Me,CO, MeCHO, CH,=CH, 75
R ROH, HCI, CF3CO,H 76
Ph H -- 70,71
Ph  Ph - 70,71
Me Me 85 75
CO,, Me,CO, MeCHO, CH,=CH, 75
CcO ROH, CFchQH 76
Cp,Ti, Ph
CpoTi(CO); Ph  Ph P2 w0 66,67
Peo
/ 2
Cp,Ti(CO)(PEts) Ph  Ph CpoTi,, R 91 42
CeFs CeFs v - 42
R' R2
Cp.TiClp, Mg Ph  Ph CpaTi| -- 68
; HCI, PhC=CPh, Me,CO 68
R H,0 68,74
MesSi - Ph 71 73,77
PhC=CSiMes, Me,CO, ROH 74
CO, 73,76
MeSSi MeSSi 51 73
Ph,C=NH 78,79
ROH 73,74
PhC=CPh, CO, 73
HC=CH 80
MesSi t-Bu 53 74
CO, 74
MesSi n-Bu 71 . 74
R? Me;SiC=CBu, Me,CO 74
Cp',TiCly, Mg MesSi MesSi Cp',Tin 1'] 73 73
MesSi Ph R anp. 75 73,77
Me,Si—=> ﬁ'Me3
O, TiCl,  MesSi Me3Si (ansa—Cpg)Tiw‘ 40 81
Me,Si—
ST S Mg SiMeg
SiMej
Me,Si{_ TiCl,  MesSi MesSi (ansa-Cpy)Tiel| 41 82
»Mg SiMe,
= R
- Ph  Ph o 64 82
TiCl,, Mg (THI),Ti |‘l H,0 55
= MesSi Ph R' 75 82
Me;SiMe,Si R 82
™, _ >
Men_@\ @ SiMe Men p—
TiCl, Fo oMes ~— Jll 772 83
Me,— . Mg ' Me— L R
n=045 ;
Cp,TiCly, 2 n-BuLi Ph  Ph R
Ph  MesSi ,
MesSi Messi  CP2Tilll L 9565 69
MesSi Bu R?
Ph  tBu
MesSi  Fc PhPCl,, PCly 69
SiMes Ti(O-i-Pr)4 ' trolled amount of sec-BuOH (eq 48).8” This reaction
m 2RMgBr [+ MesSi _H
- (47) .
c H1sC6s ~ "H SiMes \"I““Ti(o'i-Pr)z Me3Si
sH13 Il \/[DTi(o-i-Pr)z
R= nPr 4% (1.25 equiv) R
FBu 0% R
-Pr >90% s-BUOH Me3Si H |2 Messi H
: L I (48)
] ) (1.25 equiv) R TiXs R |
As the reagents necessary for this conversion are
very inexpensive, this reaction should be a most R= TBSO_~; 84% [97:3]
convenient method for synthesis of cis-dideuterioalk- Me Me
enes from the corresponding alkynes. In addition to Ve s 93% [97:3]
the .exhaustive prot.ona‘_[ion, the monoprotonation_ of P 77% [96:4]
(1-silyl-1-alkyne)—titanium complexes proceeds with o 197
NN 95% [97:3]

very high regioselectivity by treatment with a con-
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Table 13. Generation and Deuteration of the Acetylene—Titanium Complex
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1

Ti(O-i-Pr)y/i-PrMgC! R H* or D* R'\_(D)
Il j[];Ti(O-i—Pr)z - .
R2 R? R27 N (D)
E ; ) i . o i Incorporation of D
ntry R R H*/D Yield, % ZE _ Ref.
dx dy do
1 CsHy4 CsHyq D* 81 >99: 1 9% 3 1 84
2 CeHi3 Me D* 100 >99: 1 100 0 0 84
3 THPO(CHp)3  THPO(CH,), D* 81 pure Z exclusivelyd, 105,106
4 CeHi3 CH,OEE D* 96 >99: 1 94 6 0 84
5 Ph Me D* 74 >99: 1 >86 -<14 84
6 Ph Ph D* 96 99.4:06 >91 -<9 - 84
7 MesSi CeHi3 D* 89 >99: 1 9% 4 0 84
8 Me;Si Me,Si D* 100 >99: 1 100 0 0 84
9 BusSn  CH,CH(OEt), H* 70 pure Z 88
10 BugSn CH(OE), H* 70 pure Z 88
11 CeH1a CO,Bu-t D* 77 pure Z >98 86
12 Me;Si CONEt, D+ 89 pure Z >90 86

has been established as a convenient formal hydroti-
tanation of these acetylenes, as the regioselection
observed herein is not attainable by the existing
hydrometalation reactions, and the resulting alk-
enyltitanium species undergoes the reaction with a
variety of carbon electrophiles shown in eq 49. The

MegSi_H CO,Et
COEt %COZEI Me3Si._H
H13Cs COEt  Me
Me LiaCu(CN)Clp |, » H1Ce
84% [98:2] cat. 74% [97:3]

Me38|
(49)
o @ H1Cs T|Xa (L/:(&O
[97:3-98:2] LioCu(CN)Cly
LioCu(CN)Cly
MeSi.__H oat. jPhCHO MesSin
H1aCe MesSi__H H1aCe
O 3
o H13Cse \4 %O
53% [98:2] 84% [98:2]

82% [>99:<1]

same reaction as well as its application proved
possible for 1-stannyl-1-alkynes as shown in eq 50.

S‘nBug
CeH13
1 D,0 BuszSn. H
BusSn_ _H HisCe ™ D
—| COzEt 92% [99:1] (50)
H3Cq TiX3 COLEt
Me R H COgEt
LioCu(CN)Cl Hy3Cq COEt
cat. Me
R = BusSn 81% [>99:<1] )
| quant. [>99:<1]
CgH13C=C- 96% [>99:<1] D) CgH13C=CH

Cu-Pd cat.

The alkyne—titanium alkoxide complex works as
a vicinal dianionic species toward a heteroelectro-
phile. The reaction of the acetylene complex with
chlorophosphines represents the synthetic utility of

this type (eq 51).5°
RPCl, R!
T

R1
j];Ti(O-i—Pr)g
2

(51)

R R2
R', R2 = Me, Et, t-Bu 60-72%
R = Ph, CI ’

Addition of an (unsymmetrical acetylene)—tita-
nium alkoxide complex to aldehydes or ketones may
form two regioisomers (eq 52). However, in the case

R1

o ) Ti(O-i-Pr),
H 1) Ti(O-i-Pr)4/-PrMgCI | R! { \o
, 2 R%R‘co R?

R3 R*

R! OH
R®, . R R® (52)
4 +
RZL R R*
OH R2

of certain acetylenes, a high degree of regiocontrol
has been attained. Thus, phenyl alkyl acetylene
silyl-8 or stannylacetylene,® and propargyl alcohol
derivatives® belong to this class, which is sum-
marized in Tables 14 and 15. The regiochemistry is
also affected by the steric hindrance of carbonyl
compounds. For example, the tendency that a steri-
cally demanding carbonyl compound shows uniformly
high regioselectivity as illustrated by the reaction
with silylalkyne—titanium complex was observed

o
O e %
SiMeg

|| - 4 4 7 14 21

CHO PhCHO /\rCHO CeH1aCHO

~— 9 96 93 86 79
CeHis
Figure 2.
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Table 14. Reaction of Acetylene—Titanium Complex
with Carbonyl Compounds (Refs 84 and 88)

Sato et al.

Table 16. Reactions of (y2-Alkyne)titanium Complexes
with (R)-2,3-O-lIsopropylideneglyceraldehyde (Ref 90)

R' 1) Ti(O-i-Pr), Ti(O-iP
I 2 -PMgCI R1{ (O-+P1e
(0]
2
, 2 R3R4CO R X
R 3
R! R R OH
HQO R3 N R1 R3
R2 R* R*
OH R2
(A) (B)
1 2 34 Yield Ratio
R R R°R*CO % AB
CsHyy CsHyy c-CgHi1CHO 70 --
Ph Me " 90 14:86
MeSSi CGH13 CSH11CHO 79 79:21
C'CGH11CHO 86 85:15
MeCH=CH- 72 96: 4
CHO
PhCHO 47 93:7
cyclohexanone g4 96: 4
MeO,C(CHy)3- 83  exclusive-
C(O)Me ly A
MesSi MesSi ¢-CgH¢1CHO 70 --
BuzSn CH,CH-  PhCHO 40  exclusive-
(OEY), ly A
BusSn CHMeCH- EtC(=CHj)- 60  exclusive-
(OEt), CHO ly A

Table 15. Addition of Alkene—Titanium Complex
Derived from Propargyl Alcohols to Carbonyl
Compounds (Ref 89)

R1
4
R’ 1) Ti(O-i-Pr)4 R2 Ros
|| 2i-PrMgCl 3
=" OR® OH
2) R*R°CO A)
2 3
R™ "OR”  thenH,0 OH OH
R Rs R’ RS
R2 R4 + . R4
OR? R2
(B)
Yield of Ratio
R R® R®  RRCO 'A% AB
SiMej H THP CsHy4CHO 78 96: 4
SiMe, H THP PhCHO 78 >98:<2
SiMeg H THP cyclohexanone 82 >98:<2
SiMe; H EE EtCHO 72 >98:<2
SiMe, H TBS EtCHO 71 >98:<2
Bu H THP CanCHO 46 79:21
Ph H THP  EtCHO 63  80:20
SiMes Bu THP  EtCHO 71 90:10
SiMe; OEt Et EtCHO 64 >98:<2

MesSiCH, H THP CgHyyCHO 78 95: 5

(Figure 2). The diastereoselective addition of the
alkyne—titanium complexes to a chiral aldehyde was
further investigated, the result of which is sum-
marized in Table 16.%° The TBS ether of (trimethyl-
silyl)propargyl alcohol and acetal of glyceraldehyde
showed the marginally best result with respect to
both regio- and stereoselectivities (entry 4, Table 16).
Imines behave like aldehydes, but they showed
uniformly higher regioselectivity as compared to

R 1) Ti(O-i-Pr)4
| ' -PrMgCl

2) \ O
R2 CHO
><o T

R1 RZ R1 RZ R‘ R2
et
HO o HO O o- OH

(A) (B) (C)

16c=CR2 Regio- Isolated yield
Entry _RCCR"  celectivity DS _ o
R! R? (A+B))C AB A+B A

1 CaH; CaHy - 7525 85

2 MegSi CgHis 8911 72:28 71

3 " BnOCH,- >98:<2 65:35 52
4 w  TBSOCH,- >98:<2 94:6 72

5 MesSiCH, >98:<2 82:18 70 53
6 Ph " 78:22 90:10 68 50
7 C4Hg " 85:15 80:20 63 48
8 TBSOCH, - 76224 62

aldehydes. In most cases, the selectivity reaches
100% as shown in Table 17.°* The intermediate
azatitanacyclopentene was successfully carbonylat-
ed® or carboxylated®® to give pyrroles and unsatur-
ated lactams (eq 53).

MegSi Me3Sie

Pr
CeH13 Pr

CeH
NHBn 613

100% regioselective NHBn

I2
H+\ 83% / 76%
NBn
MegSi .
eaSi gl MesSi___Ti(0-i-Pr),
TO+p; T L\NBH (53)
= CeH
CeHia Etor Pr 63 R

\ 67%
co / 749  COp
‘ 0
Me3Si _ Me3Si
~ NBn | NBn
CeHia CeH
Et 67113 Et
Asymmetric intramolecular addition of the acety-

lene—titanium complex to chiral imines proved to be
feasible, which is represented by eq 54.%4

. SiM
SiMeg  Ti(O-¢Pr)q Ve
. P
7 : -PrMgCl Ho,O : (54)
SN“Ph “N7Ph
H

94% d.s.=91:9

The acetylene complexes undergo coupling reaction
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Table 17. Reaction of Titanium-Acetylene Complex
with Imine (Ref 91)

R1
.R® H,0
[CTio-+Pr, + N —_
> 4)J\ 3
R R R
(A) (B)
R NHRS
R® R! 3
2 4+ R
e - Y
NHR R?
(C) (D)
A B Yield cD
R! R? R? R* R® % :
Pr Pr Pr H CH,Ph 75
Ph  Ph v noo 82 -
Ph Me " o 7 60:40
MesSi  Ph " oo 72 100:0
Measi CGH13 " " " 83 "
Megsi CgH1a " " Pr 90 "
" " 0‘C6H1 9 " Ph 94 n
" " Ph H NMe, 92 "
" " Et Me Li 75 "
n n Ph " " 68 "

with olefins having an allylic leaving group as shown
in eq 55.9%7°97 Acetylenes are also an appropriate

R1
R'_Tiks g+ R\ _E
(i—PrO)zTi“-'H N — —_— j]/\A (59)
R2 AN R2 A
HZ
R’ RZ X EI* El
MegSi  CgHyz Cl H* H 79%
MegSi CgHyg OCOLEt H* H 83%
Pr Pr OCO,Et EtCHO EtCH(OH)- 77%

partner of the coupling reaction (eq 56),8 which is
the subject of section VI.

1 3
R R "

’ Ti(O-i-Pr),
=
R
1
El* R El £
R2 RS

Some alkyne complexes of an unusual structure
have been reported. Addition of a lithium acetylide
to titanium aryloxide afforded the complex shown in
eq 57 most likely via proximal C—H activation with
the titanium center.®® Activation of a Si—H bond was

(i-PrO)Tir |

(ArO),TiCly
+
3 LiC=CBu-t

ArO = (2,6-PhyCgH3)O-

also reported as shown in eq 58.%°
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SiM63 Bu-t u-t
CpaTin||  + |‘| 2T'<\( _ szT/Tf (58)

SiMe;  SiMe,H H--SiMe, H s|Me2

Diynes and poly-ynes are known to produce mono-
to per-titanated compounds on treatment with disi-
lylacetylene—titanium complex dependent on the
molar ratio. Thus, the action of 1 equiv of disily-
lacetylene—titanium complex to diphenylbutadiyne
produced the 1:1 complex, which undergoes the
dimerization or the reaction with electrophiles as
shown in eq 59.190101 When disilylacetylene—titanium

Ph

SiMeg I Ph
CpoTi !‘I + . Cpﬂi@ (59)
Il

SiMeg
Ph
}/ 80% (0. 5 equnv
Me,CO
Ph l TiCps 2 F/
Ph
Cpng / | | CDQTI
ICPz
Ph Ph Ph
Cp2Tiy Ph \
46% o A
36% 60% Pnh

complex was added in double quantity to a diyne, the
bis-titanated diyne was formed (eq 60).1°2 It is

SiM83
Bu-t Bu-t
SiMeg Bu-t OpeTi| CpoTi
' ) SiMe3
CoaTiv[| 4 | —= cppTil)) ——— 165,
SiMeg Bu-t +BU
Bu-t

O,
36% 88%

interesting to note that the tetrayne in eq 61 could
be titanated with 2 or 4 equiv of the titanium reagent,
and eventually, the terminal acetylene—acetylene
bond was cleaved.*® Analogous per-titanated hexayne

SiMe .
| ‘I 3 MesSi SiMes SiMe3
I T

IMeg .

| | . szTi,,| | TiCp2 SiMe3

| | o CpoTi (2 equiv)
iMe

l ’ (2 equiv) : \\

SiM63 SiMe3

was reported as shown in eq 62.1%4

Similarly, the treatment of diynes with more than
2 equiv of (n?-propene)Ti(O-i-Pr), as shown in the
reaction of eq 60 generated a bis-acetylene—titanium
complex, which, upon hydrolysis or deuteriolysis,
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Bu-t SiMej
Il CpaTi||
SiMeg

stereoselectively afforded the cis,cis-dienes (Table
18).195.106 As the reaction is not restricted to conju-
gated acetylenes, some additional examples of the
preparation of skip-type, nonconjugated poly-enes are
also shown,105.106

3. Diene Complex

Diene complexes of titanium?®" could be prepared
according to the method of eq 20. Thus, the reduction
of an appropriate titanium(lVV) compound with so-
dium amalgam or an organometallic reagent in the
presence of a butadiene afforded the titanium com-
plex (egs 63,1%7 64,19 and 651%°). Generation of a

Na/Hg

TiClg(dmpe) + o Ti(n-C4Hg)2(dmpe)  (63)
36%

dmpe = 1,2-bis(dimethylphosphino)ethane

RS
2
R3 . R R4
i-PrMgClI
Cp'TiXs + R1N/&/R4 —g, Cpl(X)Ti_lr‘K/ (64)
R R'  2537%
X =Cl,Br, | R1 R2 RS R4
H H H H
Ph H H Ph
H H H Me
H H Me H
H Ph Ph H

é— R~ g
Me,Si |

N—TiCl2 2 BuLi

R 5
MeZS| R2 + Megsr ; | R2 (65)
N/TI J/\/ N/TI
RS

/
R'" R® RS
tBu Me Me 20% .-
t-Bu Me H 97% -
Ph Me Me 70 : 30 (total 36%)
Ph  Me H 55 : 45 (total 49%)

diene—titanium alkoxide complex in conjunction with
diene polymerization by a titanium alkoxide was
mentioned.'%® The synthetic utility of the diene—
titanium alkoxide complex could be seen in the
synthesis of (vinylcyclopropyl)amines from dienes
and N,N-dibenzylformamide via the protocol de-
scribed in eq 29. The overall transformation is shown

Sato et al.

Table 18. cis-Hydrogenation of Dienes or Triynes via
Its Titanium Complex (Refs 105 and 106)

R' R? R'R?
Il 1) Ti(O-i-Pr)y/i-PrMgcl () (D)
2) workup (D) (D)
Workup Product Yield (%)
e /\__(CHa0THP 5560
D D
o )=S=£CH2)BOTHP "
D D
MegSi CHy)gOTHP
e 3 "_/\_( 2)8 53
D DD D
D* (CH,)sOTHP 33
D D

Table 19. Generation of Diene—Titanium Alkoxide
Complex and Its Reaction with HCONBnN; (Ref 110)

Diene Product Yield (%) Cis/trans

NN \V<L 56 12.7
NBn2

\/K \)<L 59 982
Nan
NBn,

)]\/\ \/% 27 1:3
NBn,

51 >08:2
NBn2

54 1:1.5:1.5

»

Y

\/Y NBn,

in eq 66,'1° and the results are summarized in Table
19.

Ti(O-i-Pr)4
+
MeMgBr

2
/’/J, Ti(O-i-Pr)sMe + <:>—MgBr + HCONBn, —> A\/ (66)

|

J-cm

O:Ti(o-i—Pr)g

S |

S
O ETi(O»FPr)g

Rothwell reported that the treatment of titanacy-
clopentane having bulky aryloxy groups with a
conjugated diene such as 2,3-dimethylbutadiene af-

HCONBny

Ti(O--Pr),
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fords a diene—titanium complex (eq 67).1* Exposure

E>Ti(o;\r)2 jE»\/Ti(OAr)2

ArO = (2,6-PhyCgHg)O-

(ArO)z% " (Ar0),Ti 67)

of this diene complex to ethylene generated new
titanacycles having an #53-allyl- or »*-allyltitanium
moiety.!! Alternatively, a diene complex of the same
kind was directly obtained by the sodium amalgam
reduction of the dichlorotitanium aryloxide in the

presence of a diene (eq 68).11?
ETI(OAr)g (68)

:i Na/Hg
(Al’o)zTiClg +
ArO = [2,6-(-Pr),CgH3]O-

IV. Direct Synthesis of o-Allyl-, Propargyl-, and
Allenyltitanium(lV) Complexes from
Carbon—Carbon Unsaturated Organic Compounds

|

1. Synthesis of (e-Allyl)titanium(IV) Complexes
and Their Reaction with Electrophiles

Allyltitanium complexes have attracted consider-
able interest as allylating reagents because of their
advantages in comparison to other allylmetal com-
pounds in terms of chemo-, regio-, diastereo-, and
enantioselectivity.Pr% As mentioned in section I1.1,
n3-allyltitanium(l11) complexes of the type Cp,Ti(7>-
allyl) are synthesized directly from conjugated dienes
via hydrotitanation reaction by Cp,TiH and have
been utilized in organic synthesis. »*-Allyltitanium-
(1V) complexes (o-allyltitanium complexes) have also
received widespread acceptance as a selective ally-
lating reagent owing to the extensive work done by
the Reetz and Seebach groups.'?

The g-allyltitaniums can be prepared either by the
transmetalation of the allyl moiety of allyl organo-
metallics such as organo lithium, magnesium, and
zinc reagents to titanium or directly by the reaction
of titanium complexes with unsaturated organic
molecules; this section focuses on the synthesis of
o-allyltitaniums according to the latter method and
their synthetic applications.

1.1. o-Allyltitanium Complexes of the Type Cp,Ti-
(n*-Ally)X

In 1981, Sato et al. reported the first preparation
of g-allyltitaniums through a method other than the
transmetalation reaction. Thus, Cp,Ti(y%-allyl) pre-
pared from 1,3-pentadiene or isoprene, Cp,TiCl,, and
2 equiv of i-PrMgBr was shown to react with but-2-
enyl halides to provide Cp,TiX(CH,CH=CHMe), where
X represents a halogen atom, in essentially quantita-
tive yield and which, in turn, reacts with aldehydes
in a diastereoselective way (eq 69).1* It should be
noted that the kind of halogen atom (X) attached to
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the titanium strongly affects the diastereoselectivity,
and complete anti selectivity is attained when X is
Br (entry 2 in eq 69).14 The diastereochemistry can
be reversed from anti to syn by carrying out the
reaction in the presence of BF;—OEt, (entries 4—6).115

)\/ A
0 X CpaTic S
CpoTi X

OH OH
PhCHO

Entry X Additive anti:syn Yield, %

1 cl - 60: 40 96
2 Br - 100:0 92
3 | - 94:6 96
4 cl BFj 14:86 98
5
6

Br BF;  14:86 90
| BF; 24:76 90

Takeda and co-workers reported that the treatment
of allyl sulfides with a low-valent organotitanium
reagent, prepared by the reaction of Cp,TiCl, and 2
equiv of n-BuLli, provides o-allyltitanocenes of the
type Cp.Ti(allyl)(SPh) which, in turn, react with
aldehydes to give the homoallyl alcohols having an
anti stereochemistry highly predominantly and in
good yields (eq 70).116

szTiC|2
2 n-Buli
PhS
\/\/R " J . SPh
or CpoTi Vi
_ R CpaTin R
SPh phcHo M
Ph)\s/\ (70)
R

R anti:syn Yield, %

Me 97:3 60-86
n-Bu 100:0 70
i-Bu  100:0 73

Bn 100:0 74

Hanzawa and Taguchi reported that the reagent
prepared in advance by stirring a 1:4 mixture of Cp,-
TiCl, and MesAl in toluene for 3 days reacts with
vinyl halides or vinyl ethers to afford g-allyltitanium
complexes depicted in eq 71, which then react with
aldehydes and ketones to give the corresponding
homoallylic alcohols in moderate to good yields.'17:118

1:4)

R
CRTCH |—
X" R toluene-THF P2 )F(\‘]

X = Cl, Br, OR
X PhCHO w
CPZTI\/U\R Ph R

Cp2TiCI2-Me3AI
( .

R X yield, %
H Br 47
Ph cl 50
Me Cl 58
Me Br 60
¢-CeH11CH2 ClI 60

Ph OMe 41

The postulated mechanism for the preparation of the
allyltitaniums involves the formation of a titanacy-
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clobutane intermediate and the following S-elimina-
tion as shown in eq 71. A Cp,TiCl,/4AlMe; reagent
also allows the direct conversion of carboxylic esters
to allyl titanocenes (eq 72). Thus, the reaction of

Cp,TiCl-MesAl
" (1: 4) R'

R1 OR2

2 1 2
R*0” "R" tojuene-THF |RO
70°C
e L, T U, e
CpoTi R Ph R

R! RZ  Yield, %

Ph Ph 15
Ph CH.CF3; 34
Ph Me 41
Me Bn 36
MeO(CH»)> Me 36

esters with 3 equiv of Cp,TiCl,—AlMe; (1:4) afforded
vinyl ether compounds in situ by the Tebbe methyl-
enation reaction and then followed by the reaction
shown in eq 71.118

Although these direct preparations of o-allyltita-
nium complexes are interesting from a mechanistic
point of view, their feasibility for synthesizing a
variety of allyltitaniums, including those having a
functional group which are not accessible by the
transmetalation method, is not clear, and in addition,
the use of a titanium compound having cyclopenta-
dienyl ligands, which is relatively expensive and
often necessitates a tedious process for separation of
the product, may be a disadvantage from a synthetic
viewpoint.

1.2. o-Allyltitanium Complexes of the Type (1 -Ally)TiXs
from Allyl Alcohol Derivatives and a Ti(O-i-Pr)4/2i-PrMgCl
Reagent

In 1995, Sato and co-workers reported that a
divalent titanium reagent (»?-propene)Ti(O-i-Pr),,
generated in situ from Ti(O-i-Pr), and 2 equiv of
i-PrMgCl (eq 46), reacts with allylic alcohol deriva-
tives such as halide, acetate, carbonate, phosphate,
sulfonate, and aryl ether through a ligand exchange
reaction and the following S-elimination reaction to
furnish allylic titanium compounds of the type (-
allyl)Ti(O-i-Pr),X*3 in excellent yields as shown in
eq 73.119120 The reaction, thus, opens up a direct and

Ti(O-i-Pr)4
2 i-PrMgCl

w Ti(0-1-Pr),

\—

/YR | (i-PrO)sTi [ R
X \ X )
= X
—— (PO} T _ R (73)
X = Cl, Br, OAc, OCO,Et, OP(O)(OEt)2, OTs, OPh

convenient entry to o-allyltitanium compounds which
do not contain a cyclopentadienyl ligand. The results
of the reaction of allyltitaniums thus prepared with
carbonyl compounds are summarized in Table 20.119121.122
This direct method for the preparation of allyltita-

Sato et al.

Table 20. Preparation of g-Allyltitaniums from Allyl
Alcohol Derivatives and a Ti(O-i-Pr).4/2i-PrMgClI
Reagent and Their Reaction with Carbonyl
Compounds

Entry Allvlic Carbonyl Product(s) Ref
Nty Compound Compound(s) Yield, % o

:

RICEOR? X RY

Br R

i R' R \/:oF

1 Ph H 94 119
2 m-BI'-CaH4 H 80 119
3 p-MeO,CCgH4 H 77 119
4 nCafyy 87 119
5 (E)-PhGH=CH H 88 119
6 Ph Me 85 119
7 n-Bu Me 82 119

o HO
8 m m/\/ 92 119

o Ph Ph
9 PhCHO + + (\i’ 119
PR 5 OH 9
84 : 16)
X Phx Ph
R ~_OCO,Et oH " OH
10 R=Me PhCHO (75:25) 50 119
11 R=Ph PhCHO (>97:3) 23 119
Z OCO,Et

12 R R=Me PhCHO (75:25) 74 119
13 R=Ph PhCHO (>97:3) 73 119

(>97:3) 83 119
(77:23) 76 119

OH 5 119

OCO,Et %erh

14 R=pBrCgHs PhCHO
15 R = (CHy)sOAc PhCHO

16 )\/OCOzEt PhCHO

17 V¥ 12 119
OCO,Et OH
2
18 /X 56 119
X Ph X Ph
19 H
V4 OEt OH+ OH 127
(69:31) 93
OH
X o
R R
@ RCHO @A
n n \/n
n X syn: anti
20 1 Br EtCHO n.d. 3 121
21 1 OCOzEt EtCHO 64:36 26 121
22 2 Br EtCHO 84:16 14 121
23 2 OCOEt EtCHO 80:20 71 121
24 3 Br EtCHO 95:5 85 121
25 3 Br PhCHO 97:3 93 121
26 3 OCO,Et EtCHO 95:5 83 121
27 4 OCO,Et EtCHO 90:10 98 121
28 7 OCOEt EtCHO stereo- 70 121
mixture
R
| 1 2 A QHgi
OCO,Et R'C(=O)R |
1 p2 OH R2
R
29 Et H 94:6 76 122
30 Ph H 80:20 84 122
31 Me Me >97:3 40 122

| Et| OH
32 XCOZE' Et H g\g’* 5 Et 122
3:>97 65

nium compounds has the following advantages from
a synthetic viewpoint. The synthesis can be carried
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out starting with readily available allylic alcohol
derivatives and an inexpensive titanium alkoxide Ti-
(O-i-Pr)4, and the method allows the preparation of
o-allyltitaniums having a functional group such as
ester and halide as illustrated in egs 74 and 75
(entries 14 and 15 in Table 20). The reaction with

Br Ti(O-i-Pr)s B
2 i-PrMgCl OCO5Et r
= (I-PrO)sTi.
OCO,Et Br
PhCHO
Ph = (74)
OH 83% (d.r. >97:3)
Ti(O-i-Pr)4 EtOZCQ

OAc 2 /-PrMgClI

/\/\f/) - 7. (i~Pr0)2TiM0Ac
Et0,cO  ° 5

OAc
Ph yZ (75)

OH  76% (dr.77:23)

PhCHO

seven-, eight-, and nine-membered cyclic allylic ha-
lides or carbonates affords the corresponding cyclic
allyltitaniums which, in turn, react with aldehydes
selectively, thus providing a stereoselective method
for synthesizing medium-ring carbocycles having a
side chain at the allylic position (eq 76, entries 20—
28).121 The allylic titanium compound prepared from

« Ti(O-i-Pr TiX(O-i-Pr
x/|| (O-iPr); @, ©-iPrz_
é ; n n

n=230r4 (R

H L
(H)R%QO.TI— @)\ @AR (76)

major minor

(7?-propene)Ti(O-i-Pr), and 1-vinylcyclopropyl car-
bonate reacts with aldehydes or ketones highly
selectively at the less substituted carbon but not at
the more substituted one (eq 77, entries 29—31), the
latter of which is the position usually observed for
the addition reaction of substituted allyltitaniums.??

Ti(0-i-Pr)4 TiX(0-i-Pr)2
2 i-PrM CI g

&OCOZE FPrMg TiX(O-i-Pr)»

i R'R2CO 7

%ﬁ

Thus, the reaction provides a convenient access to
alkylidenecyclopropane derivatives from readily avail-
able 1-vinylcyclopropanol. This unusual regiochem-
istry might be explained by the assumption that the
allyltitanium compound exists mostly as the tertiary
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Table 21. Reaction of g-Allyltitaniums of the Type
XsTi(p*-Allyl) with Imines (Ref 123)

Enty ém(‘:’“”d Imine Dl?:duct(?ield‘%
Ph Ph Ph
,N)\ HN S
ROR RN RSN
1 AUBr Et 95:5 88
2 AP i-Pr 96:4 87
3 A~ OPh iPr 96: 4 80
4 _~_OCOEt |jpr 96:4 78

5 “ANAOCOE 94:6 87
6 AN\ OCOEt 94:6 92
N L&
Ph
~ocoEt AN M NH

| PN P
Ph i-Pr F:’h Ph
7 92:8 83

4See ref 121.

alkyl titanium species but not as the primary alkyl
regioisomer in order to avoid the highly strained
alkylidenecyclopropane structure as shown in eq 77.

The allyltitanium compounds thus obtained also
react with imines to furnish homoallylic amines in
good yield as summarized in Table 21. Especially
noteworthy is the fact that the reaction of allyltita-
niums with chiral imines prepared from aldehydes
and optically active 1-phenylethylamine proceeds
with excellent diastereoselectivity, thus furnishing
a new method for synthesizing optically active ho-
moallylic amines.*?3 For example, as exemplified in
eq 78, the crotyltitanium compound generated in situ
from (»?-propene)Ti(O-i-Pr), and crotyl carbonate
reacts with the chiral imines to provide the Cram—
syn addition products highly predominantly. The

Ph
N/k Ph
X M. NH/HK
i-PrO)oTi X Me : 78
( NoTh X \/'l_‘\l/\ (78)
Me

92% (94% d.s.)

products thus obtained were used for the synthesis
of optically active polysubstiuted pyrrolidines.'?*
The reaction also allows the synthesis of chiral
allyltitaniums having a stereogenic center(s) in the
allyl moiety. Table 22 summarizes the preparation
of chiral allyltitanium compounds and their reaction
with carbonyl compounds and imines. As shown in
eq 79 and entries 1—11 in the table, chiral allyltita-
niums having an amino substituent at the stereo-
genic center were prepared from optically active
4-aminoalk-1-en-3-ol derivatives, which were shown
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Table 22. Generation of Chiral ¢-Allyltitaniums and
Their Reaction with Carbonyl Compounds and
Imines

Entry AllVic Electro- Product(s)
Compound phile (Selectivity) Yield, %
OCO,Et Z
RUAZ R’\/(rst
BNR? BnNR2 OH
R R (D.s.)

1 Me Bn EtCHO (92 : 8 88 125

2 Me Boc EtCHO (91 : 9) 88 125

3 nPr Boc EtCHO (91 : 9) 89 125
G Z

4 Ph Boc EtCHO PPN B Flos
Bocl\{B OH BocN,_ OH
n Bn

(58 : 42) 83
o
Me. PMMe_~_Ph
5 Me Boc PhCHO Y Y "X Y 125
BocN, OH BocN  OH
Bn Bn
(45 : 55) 79
R! - 1 H
o AN =R
BnNs(

5 BnNH
o R“CHO (D.s.)

6 R'=Me nPCHO (5 : 1) 81 126
7 n-Pr EtCHO (14 : 1) 79 126
g CH,OTBS MeCHO (14 : 1) 83 126
g CH,OTBS EtCHO (18 : 1) 82 126
10 CH,OTBS PhCHO (20 : 1) 79 126
11 cHoTBsMeCHZTH-(11 = 1) 81 126
HO
R -0 .we-Hex.
R? .
wc-Hex. HO~ ~Yc-Hex.
/_<Oj\ o-adducts
7 0~ gHex. Ho HOL sC-Hex.
+ Rwi\Lo c-Hex.
R?= y-adducts
. D.s.
a(El2):y ()
12 PhCHO 90 (75/25):10 6:4 95 127
13 EtCHO 93(66/34):7 6:4 85 127
14 EtC(=O)Et >97 (87/13):<3 - 84 127
. 2 RE-NH
/_<O],\.\c Hex. NI,R R1X/§/O c-Hex.
/ o 'c-Hex. R1)\H Hoj\c-Hex.
D.s.
R' R? . overall
EZ (e B
15 Me Bn 92:8 83 84 127
16 n-PrBn 94:6 85 81 127
17 i-Pr Bn 94:6 88(98) 85 127
18 Ph Bn 93:7 86(96) 82 127
19 Ph n-Pr 95:5 88 85 127
20 Ph Ph 95:5 >85 71 127

to react with aldehydes with high diastereoselectiv-
ity.125126 Interestingly, the allyltitaniums derived
from the corresponding carbonates react with alde-
hydes to afford g-vinyl-y-aminoalkanols highly se-
lectively (entries 1-5), presumably via a d-amino
allylic titanium intermediate,'® while those prepared
from the cyclic carbamates furnish another regioiso-
mer, 1,5-amino alcohols, highly predominantly (en-
tries 6—11) via a 2'-amino allylic titanium compound
as shown in eq 79.1%6 As shown in entries 12—20 of
Table 22, the allyltitanium compound derived from
acrolein (R,R)-1,2-dicyclohexylethylene acetal reacts
with carbonyl compounds or imines in a regioselective
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OH

R
CICOEt (79)

NaH
OCOEt / BnN'Boc \ 7
R z R
N (0]
Bn"V'Boc Bri %O
J o Ti(O--P1); l J-u-Ti(O-i—Pr)g
Z
EtO,COTI(O-/-Pr)p L
R \N‘/\O‘TI(O—/-Pr)z
BnNBoc Bn \c“;
l R'CHO L R'CHO
P OH
R_A_R R —
\‘/\:/ NR'
N OH -
B’ Boc n

way to provide the corresponding addition product
having the structure depicted in eq 80.%” These

O .wCHex.

Nolc-Hex.
\JwTi(O-i—Pr)z

“O_.nC-Hex.
o )y
(i-PrO)o TI™"0"~¢-Hex.

ﬂ HO

-Hex. 1R2
(i—PrO)gTi'O “\C ex R'R"CO R‘%\/\/O wc-Hex.
O TetHex. R® HOJ\(:-Hex.
L ,
"
a (80)
c-Hex L RZ'NH\H
o\Hex./ﬁ'/'Q R R‘MO wC-Hex.
O/T.'A,'\\ o
U N7\ c-Hex.
P up to 9% d.s.

results indicate that the allyltitanium complex serves
as a propionaldehyde homoenolate equivalent. Al-
though the degree of chirality transfer observed for
the reaction with carbonyl compounds was low (en-
tries 12—14 in Table 22), the reaction with imines
proceeded with a high degree of chiral induction to
give the corresponding optically active amines (en-
tries 15—20). It should be noted that this allyltita-
nium compound is the first example of a chiral
homoenolate equivalent which reacts with imines.
The predominant production of the a-adduct can be
explained by assuming that the generated allyltita-
nium would exist mostly as an internal titanium
derivative, which can be stabilized by chelation,
rather than the primary derivative (eq 80), and in
the case of the reaction with imines, the reaction
might proceed preferentially through the most stable
transition state illustrated in eq 80, which has a
trans-fused chair—chair conformation, to provide the
product with the structure depicted in the equation.
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Table 23. Selective Synthesis of 1-Alkenes and
3-Chloro-1-alkenes from Allyl Alcohol Derivatives by
the Reaction with a Ti(O-i-Pr)4/2i-PrMgCl and the
Following Hydrolysis or Halogenolysis (Ref 128)

Sub t Electro- Products
ubstrate - phile Selectivity  Yield, %
R
A1 Y e R
OCO,Et gl El
R=nCgH;; H,O0 H 92:8 86
D,0 D 928 84
NCS Cl 95:5 77
- H,0 H 96: 4 87
R=FPh D0 D 9: 4 8¢

n-C-H n- C7H15 n- C7H15
S R
/><OC02Et El .

8
NCS CI 95 5

\Ococoza \O— \d

1N HCI 84 16
+-BuOH 94:6
Etozco
.H H(D)
93 2
TBSO'
t-BUOH 85:15
D,0 75: 25 72

By taking advantage of the versatility of the enol
ether functionality, the products could be readily
transformed into a variety of y-aminocarbonyl com-
pounds as exemplified in eq 81.1%7

1) (Boc),0, EtzN

Bn.N,H 2) Aco0, Pyr. Bn N Boc
3) cat. p-TsOH,
Pr/'\/\/o IC'HEX- MeOH ip r)\/\rOMe
HO™ Yc-Hex. 1% OMe
TFA, NaClO,,
CHyClp-Ho0 Bn -Boc NaHzPO4 Bn N‘BOC

)\/\ ®1)
i-Pr CO.H

87% (2 steps)

/-Pr/'\/\CHO

Easy access to a variety of allylic titanium com-
pounds from readily available allylic alcohol deriva-
tives prompted the Sato group to investigate their
reactions with electrophiles other than carbonyl
compounds and imines. As illustrated in eq 82, the
hydrolysis and halogenolysis of allylic titanium com-
pounds proceed with high regio- and stereoselectivi-
ties, thus affording a new protocol for converting
allylic alcohol derivatives to 1-alkenes (by hydrolysis)
or 3-chloro-1-alkenes (by reaction with NCS). The

R
/\FR'
H (D)
— T| R' (82)

NCS /\‘/R

results are summarized in Table 23.128

H* or D*
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The finding of the formation of allyltitaniums from
a divalent titanium reagent and allylic alcohol de-
rivatives was applied to a deallylation reaction of
allylated organic compounds as exemplified by eq
83.129

oTIPS
Ti(O-i-Pr)4 HO,.,('tiPh
/\ OTIPS nBumgcl A0

Kj\Oﬁ Ph (3-4.5 equiv) 97% (83)
MeO" 0 % then H* +

H\/\T

Treatment of carbonates of alka-2,3-dien-1-ols with
(y?-propene)Ti(O-i-Pr), resulted in a similar oxidative
addition to afford 1,3-dien-2-yltitanium complexes,
which react with electrophiles such as H,0O, I,, and
aldehydes as shown in eq 84.1%0 Especially notewor-
thy is the specific production of 2-iodo-1,3-dienes by
the reaction with I,, which are otherwise tedious to
prepare.

,,_CgHw)“'Ti(O-i-Pr)z (FPTO)Ti,

=z n-CoH1g
OCO2Et (OCOgEt
P (or D,O) (i-PrO),Ti _OCO,Et
n-CoHig (84)
92% yield = n-CoHyo

>98% E I
| PhCHO l

)\/\ n- 09H19
n-GoHyg Phj)kn,, CoH Ph\/'\/

98% yield -
-98% E OH >98% E 4., OH >90% anti

80% yield

The reaction of eq 85 showing the generation of an
allyltitanium compound from (2-propene)Ti(O-i-Pr),
and (CH,=CHCH,)RC(CO,Et); indicates that the RC-
(CO,EYL), anion can act as a good leaving group as
halide, acetate, or carbonate.'3! By taking advantage

)“'Ti(o'i'm)z X Ti-HPY),
|

WCOQEt 0 OEt
R” “COLEt I
R = PhCHp, n-CgHyg, I-(CH2)4-, R™ "CO.Et
CH2=C(Me)CH2CHo- H,0 HYCOZEt
85
COEt (85)

>90%

of this reaction, it has been shown that the allyl
moiety can be used as a protecting group for the
acidic hydrogen of the malonic ester.

2. Synthesis of Allenyl- and Propargyltitanium
Compounds and Their Reaction with
Electrophiles

Yamamoto and co-workers reported the synthesis
of propargyl- and allenyltitanium reagents and their
reaction with carbonyl compounds.t32133 Thus, pro-
pargyl- and allenyltitanium reagents were prepared
from 1-substituted and 1,3-disubstituted 1-propynes,
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respectively, by lithiation with t-BuL.i followed by the
reaction with Ti(O-i-Pr)sX (X = O-i-Pr or Cl), and the
reagents thus prepared were shown to react with
aldehydes in a regio- and stereocontrolled manner to
afford either a-allenyl or homopropargyl alcohols
depending on the structure of the starting alkynes
as shown in eq 86. However, the variety of allenyl-

R2 t-BuLi R2
Rl——— ——" R'l—/——
Li R1
R R3CHO RsﬁA
X _Ti(0--Pr)s 6 ~
R! R2 RO o
- >= = ﬁg Ra\&
(i-PrO)4Ti H N

o R
anti major

CITi(0-i-Pr)g

and/or propargyltitaniums available by this protocol
is limited.

Sato et al. showed that a divalent titanium reagent
(n?>-propene)Ti(O-i-Pr), reacts with propargyl alcohol
derivatives to provide propargyl- or allenyltitanium
complexes in excellent yield (eq 87).1341% This direct

R [|=+ Ti(O-i-Pr)2 X)
\/X R! 9
=) R
R? Ti
X = Cl, Br, OAc, Pro" "0-iPr @7)
OCO,Et,
OP(O))OEY), /
OMs
R! R2 Rt X
_ X i(O-j-
(i-PrO),Til H when \/T'(O EPr)2
X R'=H
RZ=H

and efficient entry to a variety of allenyl- or propar-
gyltitanium complexes, including those which cannot
be prepared according to the reaction of eq 86, opens
up a highly practical method for preparing a variety
of homopropargyl and allenyl alcohol derivatives by
their reaction with aldehydes and ketones as sum-
marized in Table 24. The following characteristic
features are noteworthy. It is possible to prepare the
titanium reagents having a functional group as
exemplified by eq 88, thus allowing an easy access
to functionalized homopropargyl alcohols by their
reaction with carbonyl compounds (entry 4). As

OCOEt

OCOEt
_ )ImTi(O-/‘-Pr)z
Me;Si § MesSi
(i-PrO), Tk,
OCO,Et OCO,Et
n-CsHy1CHO OCOE
n-CsHi, > (88)
OH SiMe3
88% yield
(d.s. 76:24)

illustrated in eq 89, similarly to the reaction of the
allyltitanium compound derived from 1-vinylcyclo-
propyl carbonate shown in eq 77, the titanium
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Table 24. Preparation of Allenyl-/Propargytitaniums
from Propargylic Alcohol Derivatives and a
Ti(0-i-Pr)4/2i-PrMgCl Reagent and Their Reaction
with Carbonyl Compounds

Product(s)

Ent Propargy! Carbonyl Ref.
y Compound Compound Yield, %
—_ R
T E N RCHO 2z -9t 134
OH
X =Cl, Br, OAc, R=Ph, n-CgHy7,
OCO,Et p-BrCgHs,
p-MeO,CCgHa,
(E)-PhCH=CH
o] n-C7H1s
2 X=Br F 85 134
n-C7H,5 OH
R2
H2 n-C5H11
rRI— n-CsHy1CHO V4
OCO,Et R! OH
_R R _antizsyn
3 TMS  n-CsHyy 80 : 20 70 134
4 TMS (CHp);0CO,Et 76:24 88 134
5 H n-CsHyq 75:25 89 134
6 n'C6H13 Et 72:28 89 134
— Ph
7 TMS—A<_ PhCHO 78 134
OCO,Et %
TMS OH
R
R—\ . R'
g RCHO éd\r 79-~89 134
8 R =Me, TMS, R'=Ph, OH
Ph p-Me02006H4
o) Me
9 R=Me N 83 134
A ot P n-C7H1s
OH
OH
R R\n)sﬁ. R . OH
N\, OCO,Et \K\ i
A + R
R R'CHO Regioselectivity
10 Ph PhCHO 93:7 62 122
11 Ph EtCHO >97: 3 65 122
12 n-CgH4 EtCHO >97:3 74 122
13 n-CgHi4 H,CO >97:3 80 122
14 s EtCHO 74:26 45 122

complexes derived from 1-alkynyl-1-cyclopropyl car-
bonates react with aldehydes at the less substituted
carbon to afford the corresponding a-allenyl alcohol
highly predominantly (entries 10—14 in Table 24).1??

R /l,---Ti(O-i—Pr)2 R! N 0CO,Et
\KOCOZEt XTI(O-i-Pr)z

; OH
R R2 R1
OH
R2CHO AN
— A + R2 (89)
major minor

As shown in eq 90, the reaction of cyclic propargyl
acetals results in generation of an allenyltitanium
intermediate and the following intramolecular addi-
tion to the aldehyde moiety generated simultaneously
in situ to furnish a cycloalkanol derivative having an
acetylenic group at the S-position.'%¢ The reaction of
propargyl halides having a keto group also proceeds
through an intramolecular addition reaction pathway
to afford cyclic allenyl alcohols, where the use of CITi-
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R1 | W Ti(O--PP) Ti(O-i-Pr),0OBn
\ . OBn D re
2>LO/\'< R R Q RS
o =4
R
\
—»RZ, ..... ,,R3+ R2' 90
_R' R R

TMS H H  79% 10%
Ph H Me 62% -
CeHiz Me H  53%

(O-i-Pr); instead of Ti(O-i-Pr), gave better yields (eq
91).13%6

o  CITi(O-+Pr)
Br/\/\)L 2 i-PrMgClI
R
Br R

HO R
=:<j (91)

R = n-Bu 65%
Pr  70%

i-Pro),Ti O
)

As shown in eq 92, the allenyltitanium compounds
react with R3SnCl in a regioselective way to afford
the corresponding propargylstannanes highly pre-
dominantly;*® thus, the reaction provides an easy
one-pot access to a variety of propargylstannanes
including those containing functional groups such as
ester, chloride and acetal moieties. The allenyltita-

[} Ti©--PRz g
ES SnBuz

R! A
AN R2 \(
! then BuzSnCl R

9 2 Regio- iald. ©

R R selectivityY'eld’ %
n-CsHH H 96:4 66
Me n-CsHyq4 97:3 72
n-C7H15 Me 98:2 77
T™S n-Bu 99:1 87
n-Bu (CH2)4OCO.Et 98:2 80
CICH,CH, Me 98:2 82

CHy)s-

OB(( 2% Mo 98:2 76

niums also react smoothly with dialkyl azodicarboxy-
late to provide the corresponding a-hydrazinoalkynes
in good yield (eq 93).1%8

R s )l Ti(O-i-Pr); R
) Wi \FRZ (93)
Scopet then N-Boc
2=" BocN=N-Boc BocNy

R R2 R®  Yield, %

T™MS H H 49

n-CsHq4 H H 51

T™MS -Bu H 80

H'C4Hg Me H 61

TMS  (CHy)3CHMe, Me 61

The synthetic method for preparation of allenylti-
taniums from propargyl alcohol derivatives has al-
lowed the synthesis of optically active compounds
having axial chirality.*®® Thus, the reaction of a Ti-
(O-i-Pr)4/2i-PrMgCl reagent with optically active
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secondary propargyl phosphates proceeds with more
than 97% chirality transfer via an anti g-elimination
pathway from the titanium—alkyne intermediate to
afford optically active disubstituted allenyltitaniums
(eq 94). The reaction with tertiary propargyl carbon-

O-i-Pr

MesSis_  J/1Bu ) +Ti(O-i-Pr)z ’PFOT.,\~ n-Bu
~=H
Me3Si
OE(OEt)z €39l (Oﬁ(oEt)g
o o}
OP(0)(OE)2
(i-PrO),Ti n-Bu
- = (94)
Me3S|>= H

(97% chiral transfer)

ate also proceeds with more than 97% chirality
transfer to provide optically active trisubstituted
allenyltitaniums as shown in eq 95; however, in this
case, the reaction proceeds through a syn-elimination
pathway. Since a variety of optically active propargyl

Me3Si
MesSi ) +Ti(O--Pr),
ST P
OCO,Et HPro” g 3 e

Y

EtO
OCO,E

(i-PrO),Ti

wMe
Me38|>= =\/\)\ (95)

(97% chiral transfer)

alcohols are readily available, the reaction provides
a highly efficient and general method for the prepa-
ration of di- and trisubstituted allenyltitaniums in a
nonracemic form. The allenyltitaniums thus prepared
are stable to racemization at least up to room
temperature. As the reaction of allenytitaniums with
carbonyl compounds?®-134 and imines'*® proceeds
with high regio- and stereoselectivity, a new method
for preparation of optically active homopropargyl
alcohols and amines has been opened up. The reac-
tions of optically active allenyltitaniums with several
electrophiles other than carbonyl compounds and
imines were also investigated by the Sato group, and
the results are summarized in Table 25. The hydroly-
sis proceeds with an excellent degree of chiral trans-
fer (94%) to afford optically active alkynes; thus, it
provides an efficient asymmetric access to alkynes
having a ?H or alkyl group at the stereogenic prop-
argylic center (entries 1, 3, and 4).1*! The halogenoly-
sis also proceeds in a regiospecific way and with a
high degree of chiral transfer to provide optically
active propargyl halides (entries 2 and 5).*' The
reaction with azodicarboxylate shown in eq 93 pro-
ceeded with moderate to good chiral transfer to afford
optically active a-hydrazinoalkynes (entries 6—8).138
The stereochemical outcome observed in these reac-
tions strongly indicates that the reaction with H,O
or D,O proceeds through the coordination of the
oxygen atom to the titanium and the following
electrophilic cleavage via an Sg2'-type reaction as
shown in Figure 3 (A). Meanwhile, the mechanism
for halogenolysis can be explained by assuming that
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Table 25. Synthesis of Optically Active
Allenyltitaniums Having Axial Chirality and Their
Reaction with Electrophiles

Propargyl o Product
Compound ‘o (Ee, %) Yield, %
Entry (e, %)  "OPM® [Chiraiity Ref.

[Allenyltitanium]

ME3Si
\n—Bu

H” "OP(O)(OE),

Transfer, %]

(96.7)
X(HPrO),Ti nBU
~H
Measi

Messi S
1 D,0 \‘/’,n—BU

H
(88) [98] 87 141

MeSSi
2 Brz _nBu
H" "Br
MesSi (89)[92) 91 141
\/(CHQ ,CHMe,
Me” "0CO,Et
(87.2)
MesSii \(CHy),CHMe,
: / Me
X(FPrO),Ti Me,Si
\((CHg)ZCHMeZ
3 H,0 M H 93 141
(82) [94]
\/(CHZ »CHMe,
4 Me” D 141
MesSi (81) [93]
\(CHa)QCHMez
5 NCS Cl“ Me 94 141
(73) [84]
Me38|\/R Messl\/R
H’ “OP(0)(OEt H” "N-NHBoc
2 Boc’
X(i-PrO),Ti R
3
Measi
6 R=Me (94) BocN=NBoc (81)[86] 77 138

7 n-Bu (96.7) BocN=NBoc (53) [55] 73 138
8  iBu(99) BocN=NBoc (27)[27] 74 138

the reaction involves the generation of a halogenium
cation intermediate and the following Sg2'-anti ha-
lodemetalation reaction (Figure 3, B). In the case of
the reaction with azo compounds, the reaction may
proceed through an anti-periplanar transition state
(Figure 3, C).

Figure 3.
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V. Titanium-Mediated Intramolecular Nucleophilic
Acyl Substitution SINAS) Reaction through
n?-Alkene— and n?-Alkyne—-Titanium Complexes

The intermolecular nucleophilic acyl substitution
reaction is a fundamental carbon—carbon bond-
forming reaction. Despite its high synthetic potential,
however, the intramolecular version, that is, in-
tramolecular nucleophilic acyl substitution (INAS)
reactions, are rather rare because of the intrinsic
difficulty entailed in carrying them out. One difficulty
associated with the INAS reaction is that a reactive
nucleophilic species must be generated in the pres-
ence of a carbonyl functionality, and at the same time
this nucleophile is expected to react only with the
carbonyl group in an intramolecular fashion but not
intermolecularly with the one present in the reaction
product. Organometallics such as zinc and boron lack
the nucleophilicity to undergo INAS reaction, while
organolithiums and -magnesiums are generally too
reactive. Recently, it has been discovered that a
carbon—carbon unsaturated compound having an
acyl moiety at the appropriate position reacts with a
divalent titanium reagent to undergo an INAS reac-
tion via an (2-alkene)- or (p?-alkyne)titanium com-
plex, and the reaction furnishes reactive organotita-
nium compounds as the product. This section describes
this unprecedented type of highly useful INAS reac-
tion.

1. INAS Reaction through n?-Alkene Titanium
Complexes

As described in section 111, Kulinkovich and co-
workers showed that (»?-olefin)Ti(O-i-Pr), derived
from Ti(O-i-Pr), and 2 equiv of an alkyl Grignard
reagent reacts with esters to afford cyclopropanols
(eq 28).%5 In this reaction, the ligating olefin in the
titanium complex acts as a vicinal alkyl dianion and
is incorporated in the products.

Recently, the Sato'*? and Cha!*® groups indepen-
dently found that treatment of an ester of w-alkenyl
alcohols with an (2-alkene)titanium complex, gener-
ated in situ from XTi(O-i-Pr); (X = O-i-Pr or Cl) and
2 equiv of a Grignard reagent, proceeds through the
INAS reaction and the following intramolecular car-
bonyl addition reaction to afford disubstituted cyclo-
propanols in good to excellent yields as shown in eq
96. This reaction is an intramolecular version of the

0 J---Ti(o-i-Pr)2 ‘ N0
R (-PrO),Ti .
U\/\O)LR \v 2 l>\/\(‘)jLR
Z>R
[ o-Ti(0-¢Pr)3|
R
, .. CcH OH
(-PrO),Tit_ 7511 ) H* R
) o (96)
(@] —_— —
Kéo Vo {>\A°H
O-Ti(O-i-Pr)2
(0]
LR

Kulinkovich reaction and involves a step where the
ligated olefin of the (»?-alkene)titanium complex is
exchanged by the olefin moiety of the substrate, thus
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Table 26. Synthesis of 1,2-Disubstituted

Cyclopropanols by the Intramolecular Kulinkovich
Reaction of Esters of o-Vinyl Alcohols

o il HQ OH R OH
L/\ J| _reagent V\/ \v/\/
—_— o N
0" R R HO

trans Cis
Conditions? Products

Entry Substrate Conditions T Ref.

:Cis %

(0]
NOJLR
1 R=Me A 58 : 42 93 142
2 n-CsHyq A 88:12 95 142
3 (E)-CH=CHMe A 93:7 78 142
4 i-Pr A 88:12 88 142
5 Ph A >97:3 85 142
6 Ph B 7:1 78 143
Et O .

7 A 41:59 33 142
8 N\OJLMe c 95:5 70 142

47 : 53 28 142
91:9 78 142

o©
\§<
o

o )¥o0
<
[v]
o>

11 /\r\o Me A >97:3 74 142
(0]
12 A0 Me A n.d. <5 142
Et 0
13 C 45:55 61 142
WOJLMeB

A: Ti(O-i-Pr) / 2 i-PrMgClI (2 equiv), -45 °C to 0 °C,
B: CITi(O-i-Pr)3 (0.5 equiv), n-BuMgBr (5 equiv),
room temp., C: Ti(O-i-Pr)4 / 2 i-PrMgCl (2 equiv), -45
°C to room temp.

indicating that the initially generated (n?-alkene)-
titanium complex serves as a divalent titanium
species. The INAS reaction can be carried out by
using the reagent prepared from 1 equiv of Ti(O-i-
Pr), and 2 equiv of i-PrMgCl at —50 °C to room
temperature in ether'#? or alternatively by using
0.5—1 equiv of CITi(O-i-Pr); and 3—5 equiv of n-
BuMgBr or ¢-CsHsMgCl at room temperature in THF
or ether.'*® The results of the INAS reaction are
summarized in Table 26. As revealed from the results
shown in entries 7—10, the stereochemistry of the
1,2-disubstituted cyclopropanols was dependent on
the reaction conditions, and the major isomers
changed from cis to trans by increasing the reaction
temperature. This thermodynamically controlled be-
havior can be rationalized by reversible dissociation
of the Ti—OC(tert) bond in the final reaction product,
which resulted in the more stable chelated compound
(eq 96).

The reaction of w-olefinic ester with an (y?-alkene)-
titanium complex also proceeds via the intramolecu-
lar Kulinkovich reaction to afford bicyclic cyclopro-
panols as shown in eq 97.143714¢ The results of the
reaction are summarized in Table 27. As revealed
from the table, a variety of bicyclic cyclopropanols,
1-hydroxybicyclo-[3.1.0]-alkanes and -[4.1.0]-alkanes,
can be readily obtained in good to excellent yields,
including tricyclic cyclopropanols (entries 14 and 22—
28); however, bulky substituent(s) at the allylic
position in the substrate causes a decrease of the
yield (entry 12) or no production of the cyclized
product (entry 20). The preparation of the bicyclo-
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J g TiO-EPne Ti(0-P1);
o~ (o
OMe A R (OMe
L H*
R / Ti(O-i-Pr)oOM __,< P (97)
o OH

55%

[5.1.0]octane derivatives is also possible from the
corresponding w-olefinic esters although it suffers
from poorer yield due to the low efficiency of the
seven-membered cyclization (entries 6 and 28).
Olefinic acylsulfonamides act like olefinic esters;
thus, their reaction with (?-propene)Ti(O-i-Pr); af-
fords the corresponding bicyclic cyclopropanols.*4” As
shown in eq 98, the combination of the diastereose-
lective alkylation of a chiral acylsulfonamide and the
following INAS reaction provides an efficient access
to optically active bicyclic cyclopropanols. Thus, alky-

| |
0 ||+ Ti(O-i-P OH
Lw)kb—» Sﬁﬁ Jmeren: R@ (98)
S/ s/N
Oz Oy R

d.s. >95:5
>98% ee
R Yield, %
PhCH» 86
n-CgH13 58
MeoCHCH>CHo80

Me,C=CHCH, 87
TBSO(CH2)4 84
t-BuO,CCH, 56

lation of Oppolzer’'s camphorsultam, which proceeds
with excellent diastereoselectivity for a variety of
alkyl halides,'#814° and the reaction of the resulting
optically active unsaturated acylsulfoamides with (-
propene)Ti(O-i-Pr), provides bicyclic cyclopropanols
with the structure shown in the equation, exclusively.

As mentioned in section 111, a N,N-dialkyl amide
reacts with (12-olefin)titanium complexes to afford the
corresponding cyclopropylamine.®6=60 The intramo-
lecular version of this reaction, i.e., the INAS reaction
of w-vinyl amides, was reported by Cha (eq 99).55145.146

|} Ti(O--Pr)
/o J 2

O f’

NRR' R

C‘f/Ti(O-i-Pr)ZOMe
0

R'RN

Ti(O-i-Pr)
C{o ’

NRR'

— [} (99)

NRR'

Thus, the w-vinyl amide was treated with 0.5 equiv
of CITi(O-i-Pr); and 3—4.5 equiv of c-CsHyMgCl in
THF at room temperature to give the corresponding
cyclopropylamine. The results are summarized in
Table 28.

The carbonates of w-vinyl alcohols underwent the
INAS reaction, which was not followed by the con-
secutive intramolecular carbonyl addition reaction,
thus affording the corresponding alkyltitanium com-
plex having a lactone moiety (eq 100).54'%° The
titanium—carbon bond in the resulting j-titanacar-
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Table 27. Synthesis of 1-Hydroxybicyclo[n.1.0]alkane
by the Intramolecular Kulinkovich Reaction of
o-Alkenyl Esters

Sato et al.

Table 28. Intramolecular Cyclopropanation of
w-Vinylamides Mediated by a CITi(O-i-Pr)s/
c-CsHgMgCl Reagent

N a Yield,%
Entry Substrate Conditions® Products (d.s.) Ref.

CO5R
A0 @YOH

n R
1 0 Me B 143
2 1 Me B 55 143,145
3 2 Me A 57 144
4 Me B 62 143,145
5 Et A 52 144
6 3 Me B 11 143,145
7 4 Me B 0 143

or
8 /\/j’ CoMe [ S Ph 77 144
o (66:34)
R

/\/\/002"/‘6 —CP

9 R =Ph 83 144
(661 :39)

10 OTBS 162

OH (n.d.)
/\(\/002’\“ ‘6
R

1 = Ph R 144
(55 45)

12 OTIPS B 143

(1 0)

TIPSO,
3 COMe \CP 143
X ® ipso (7 2)

COzMe
/\/Ej O@ 144

\/\/\(COZMe OH
ETR
15 R= 73 144
CH2Ph fer11)
16 76 143
OTIPS o)
HO
O T
Ph" " Ph
N~ ~_COsEt R “t
17 R=H A *""Ph 76 165
(n.d.)
18 63 165
Me (nd.)
OH
19 WXCOZ’M"B /@; 75 (1:1) 143
TIPSO TIPSO
OH
20 \></\/002Mes ﬁ/ 0 143
OH
CO,Me
21 B 85 145
N (1.2:1)
MeO MeO
COM '
e
22 @C\Z A (:(} 98 144
x
OH
CO,Me
23 (I/\ B 0 143
W H OH
".COMe 143
24 B q 0@ y4s
oTBS oTBS
H H OH
i COMe : 143
25 B 42(32) 145
N H
OTBS OTBS
H HQ
i CO,Me :
26 q B 86 (9:1) 145
oTBS oTBS
MeQ MeQ OH
27 {j:\/(fZMe B C\} 0 (1:1) 145
x
MeQ MeQ OH

28 C“"\Cozme B O 40 (1:1) 145

aA: Ti(O-i-Pr)4 / 2 i-PrMgCI (2 equiv), -45 °C to room temp., B:
CITi(O-/-Pr)3 (1 equiv), n-BuMgCl or ¢-C5HgMgCl (3-5 equiv), room
temp.

Entry Substrate Product  Yield,% Ref.
H
0o
NE,
WLNEtz 2 64 55
H
0
2 Me)L,},/\/\ N 93 55
Ph Me ph
TIPSQ TIPSQ NR;
<:|"‘\CONR2 O
" NG .
3 145
4 145
TIPSQ
“*CONR,
AP
OTIPS
5 R = Et 71 145
6 Bn 83 145

bonyl compounds depicted in eq 100 can be trapped
by electrophiles to give the corresponding lactone
having a functionalized side chain at the a-position.

71(04-1:-02
‘} OEt
\n’\,«
OEt o}

(FPrO),Ti  Q TN HCI

BN (100)
L PhCHO \é =2 %
o)
HO 90%
Ph\/\é/o o
HO +

61% Ph

o J Ti(O-i-Pr);
A>~"0 JLOEt

Table 29 summarizes the yields of lactones obtained
by hydrolysis of the reaction products. As illustrated
in eq 101, the carbonate of 3,5-dienyl alcohol also
underwent the INAS reaction to furnish the corre-
sponding allylic titanium complex having a lactone
moiety, which, in turn, reacted with aldehydes regi-
oselectively at the terminal position to give a ho-
moallylic alcohol having Z-olefin geometry.*®! The

|| Ti(0-i-Pr),
o Z—_—)—/_ OEt
b\/OJ‘LOEt TI \_/}’_
PrQ O-i-Pr
(i-PrOYaTinm O
74% (9:1) \ J (101)

o}
OH o
!

. _ o . fcHo B ]
(i-PrO),Ti o]
R=Ph 89% L‘\-/\&c/a
Et 72% L _

reaction can be explained by assuming that an




Synthesis of Organotitanium Complexes

Table 29. INAS Reaction of Carbonates of w-Alkenyl
Alcohols Mediated by a Divalent Titanium Reagent
(Ref 150)
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Table 30. INAS Reaction of Cyclic Imides of o-Alkenyl
Amines Mediated by a Divalent Titanium Reagent
(Ref 59)

Substrate Product Yield,%
0 (0]
No*oa \do 927
o 0
U0 S SN
20" OEt \ég 89
o 0 “Ph
J
/\(\o OEt O g
[6)

compllcated

W\O OEt mixture

43ee also ref 54.

intermediate allyltitanium complex would exist as an
internal titanium derivative, which may be stabilized
by intramolecular coordination of carbonyl oxygen,
and then reacts with aldehydes via a six-membered
transition state.

The INAS reaction of cyclic imides derived from
w-vinylamines mediated by a divalent titanium re-
agent affords the respective acylaminals after hy-
drolysis (eq 102).%° Thus, the reaction provides a new

o (i-PrO),Ti
CITi(O--Pr)3 (1 equiv) o/
¢-CsHgMgCl (4 equiv)
No~F (
n( n N
o (102)
0, ©
o ‘HZO or DO
HO HorD
HO
n N n( N
o]
(o}
45% (n=1) 55% (n = 1)

route to synthesis of the functionalized pyrrolizidines
and indolizidines. The oxidation of the titanium—
carbon bond in the resulting titanium intermediate
with O, provides the corresponding alcohols. Table
30 summarizes the results of this reaction. The
products thus obtained were used as precursors of
tertiary N-acyliminium ion.52

As shown in the equation of Table 31, the INAS
reaction of carbonate of 3,4-alkadienol mediated by
(y?>-propene)Ti(O-i-Pr), generates the vinyltitanium
compounds, which, in turn, react with electrophiles
to give a-substituted f,y-unsaturated esters.’>3 It
should be noted that the reaction of 4-silyl- or
4-stannyl-3,4-dienyl carbonate proceeds with excel-
lent chirality transfer as exemplified in eq 103, thus

Substrate  Electrophile  Product Yield,%
HorD
% HO
S
O n=1 H.0O o) 55
2 Hzg 44
D
1 2 OH 55
HO
1 0, ) 45
0 ChoMe
NM HZO N 50
(0] (0]
o) HoMe OMe
' Neo~e H0 [;,\b :r\"b 53
o | o s5:10H
R1
o]
38!
; R (o} 5 HorD
R R 1
LA R
H H Ho0 OH 38
H H D,0 38
H OMe H,0 e 42
OMe H H,0 Ooy 68
Rl
H H 0, OH 40
H OMe Og 60
OMe H 0, f 43
R
(0]

Table 31. Ti(ll)-Mediated INAS Reactions of Allenic
Carbonates (Ref 153)

Ti(O-i-Pr),
R;= =<Fi\ 2 i-PrMgCl
EEEEE—
R2 OCOzEt  ether
RS CO,Et Ha0'orD,0 | R3 CO,Et
R! orly R
= o| —> )= OH
R?  Ti*(O-i-Pr), R E
Product
Ent 1 2 3
VR R R El vyield,% Z:E
1 nBu H H H 83 77:23
2 FPr H H H g 92:8
3 tBu H H H 88 >98:2
4  Ph H H H 77 65:35
5 MeSi H H H 56 >98:2
D 54 >98:2
1 49 2:>98
6 PhMe,SiH H H 57 >98:2
7 nBusSn H H H 55 >98:2
n-CsHy1  HOCO,Et n-CsHy1 COZFE;H
ST Y
66 37:63

affording a new access to o-substituted j,y-unsatur-
ated esters in an optically active form.
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H
o

| o
(i-PrO)Ti \\ /\
O~ "OEt

R
H COEt H,0 R H_ COsEt
$ 103
WOH l\>\/\OH (103)

(i-PrO),Ti-OEt

R = SiMeoPh 57%, 88% ee
R= SnBU3 55%, 86% ee

2. INAS Reaction through n?-Alkyne Titanium
Complexes

The INAS reaction of acetylenic carbonates medi-
ated by (?-propene)Ti(O-i-Pr), also proceeds smoothly
to afford lactones or o,f-unsaturated esters, after
hydrolysis of the resulting vinyltitanium complexes,
as illustrated in eq 104.1%0.154 The resulting vinylti-

OEt
o Ti(O-1-Pr
R N JOL J (O-i-PP)2 | A oél\o
0" 0kt </-Pr0)2T%) —
n=1or2 R n
B OEt ]
o}
(-ProyTl (D) H
o] H* o]
R)ﬁ (or ) R/ﬁ/
n n
and/or and/or (104)
| COEt CO,Et
(I-PrO)oTin o DOH A OH
R n R n

tanium intermediate can be trapped with an alde-
hyde. Thus, as shown in eq 105, treatment of the
vinyltitanium complex thus generated with benzal-
dehyde affords the corresponding adduct which easily
undergoes recyclization to give a substituted buteno-
lide after acidic workup. The results of the reaction

PhCHO
QEt then

, 'O OH
(i-PrO)oTi 1N HCl (0]
/géo Ph
MejSi (0]

MejzSi

o)
HO <o (105)

_—

MesSi”  Ph
65%

are summarized in Table 32.

In contrast to the reaction of alkynyl carbonates
described above, the INAS reaction of esters of
acetylenic acids, illustrated in eq 106, under the same
reaction conditions gave poorer results, presumably
due to problems associated with the enhanced reac-
tivity to nucleophiles of the ketone moiety present
in the resulting INAS product. It was revealed,
however, that use of CITi(O-i-Pr); instead of Ti(O-i-
Pr),4 gives better yield, and also the yield is dependent
on the nature of the ester group, and the isopropyl
ester provides the highest and most synthetically
useful yield. It can be seen from Table 33 that the

Sato et al.

Table 32. Preparation of Alkenyltitanium Reagents
Starting from Alkynyl Carbonates and Their
Reactions with Electrophiles (Ref 150)

Reaction Reaction
Product Product
Entry Substrate with H,O  with PhCHO
% yield % yield
o R2 H O 0o
X Q HO
\m)n‘o-g-oa R1)\¢8 m
0 n gz B R' “en
1 2
Rl R2 n
1 MegSi H 1 68 65
2  MegSi Et 1 58 50
3 MegSi Ph 1 78
4 pCeHis H 1 72
5 Ph H 1 81 40°
6 Mesi H 2 76 70
7 Et H 2 55 74
H CO,Et
T™S OH
8 MesSi H 3 66 38
TMS _H
2™ 1 o Ho o)
_oc(0)0Et 6 R p 2
R T™MS™ Ph
R
9 R=H 74 78
10 R =Me 69 83

4Reaction with EtCHO instaed of PhCHO.

Table 33. INAS Reaction of Alkynyl Acid Esters
Mediated by a Divalent Titanium Reagent (Ref 150)

Product
Entry Substrate -
Isolated yield, %
o} (D)H O
_R? X
R! Z n © R' )
R! R? n n-1
1 MesSi Me 2 30
2° MesSi Me 2 15
3  MesSi Et 2 28
4 MesSi i-Pr 2 73
5 MesSi  tBu 2 12
6  Me,Si i-Pr 3 79
7 MegSi  FPr 4 trace
8 Et i-Pr 1 trace
9 tBu i-Pr 3 60
10 Ph i-Pr 3 83
—SiMe, MesSi | HO
O-i-Pr 72
o™ '
le} 0
— SIM63 Me38| ) H
- : f,o
mO-I-Pr 47
78BSO O
TBSO

21.0 equiv of the substrate, 1.5 equiv of CITi(O-i-Pr)s
and 3.0 equiv of FPrMgB . b The reaction was
carried out using Ti(O-/-Pr)4 instead of CITi(O-/-Pr)s.

INAS reaction of the isopropyl ester of acetylenic
acids opens up an efficient entry to o-alkylidenecy-
clopentanones or -hexanones.'®® The reaction, how-
ever, could not be used for synthesizing cyclobu-
tanone and cycloheptanone derivatives (entries 7 and
8). The vinyltitanium complex thus generated in situ
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' Ti(O-i-Pr) /Pro\prgh
St 2T A T
<0
R
n=1o0r2
/PrO)g
R (106)

can readily be utilized for further transformation as
exemplified in eq 107. In the case of the reaction with
aldehydes, the adducts were transformed into the
corresponding bicyclic furans during acidic workup.

I o
RO I )
(-ProgT| @ T MESS'%
X 67% 107
Me3Si MesSi (107)
\.__RCHO ~)/I>
R |
0
R=Ph 69%
n-Pr 44%

As exemplified by eq 108, the reaction of esters of
acetylenic alcohols with a CITi(O-i-Pr)s/2i-PrMgCl
reagent also proceeds through an INAS reaction
pathway to afford a,f-unsaturated esters after hy-
drolysis; use of Ti(O-i-Pr), instead of CITi(O-i-Pr)3
lowered the yield significantly.!*® The yields of hy-
drolysis or deuteriolysis of the reaction product are
summarized in Table 34. The intermediate vinylti-
tanium complex reacts with aldehydes to produce the
corresponding tetrasubstituted furans, as expected,
after acidic workup (eq 108).

J 'Ti(O-iPr)y

MesSi-=—_0 r

o Me38|
f-PrO)gﬁ\gifo MesSi  58% (108)
R! \ Me;Si OH
PhCHO
then Ph O
3N HCI

Treatment of alkynylmalonates or alkynetricar-
boxylates with (12-propene)Ti(O-i-Pr), resulted in an
interesting C — C migration of an ester fragment
(CO2R) (eq 109).155156 The same type of reaction can
be seen in the olefinic counterpart.

[ Ti(O--Pr), Ti(O-i-Pr),
Ph—==_  COuEt N CoLEt
—\—écogEt PH CO,Et
R R

(FPrO)RT  CO2BtG- |y o COEt
pH A ort —'Ph/:<_<§02Et (109)

R R=Me  46%
CO.Et 57%
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Table 34. INAS Reaction of Carbonates of Esters of
Alkynyl Alcohols Mediated by a Divalent Titanium
Reagent (Ref 150)

Product
Entry Substrate _—
Isolated Yield, %
O,-R?
Rl—=— o0 R?
n (DH /1 n OH
R! R? n
1 MesSi Me 2 58
2 MesSi Me 3 47
3  MesSi Ph 1 76
4 MesSi Ph 2 77
5 MegSi (E)-CH=CHMe 2 38
6 Ph Ph 2 49
Meg,Si _
D)H
e B0
Me;Si tBu 2 40
7 MesSt MesSi
(D)H»Q
8 MesSi CF3 2 48

3. Synthetic Applications of the Ti(ll)-Mediated
INAS Reactions

The INAS reactions mediated by a divalent tita-
nium reagent mentioned above make it possible to
connect the carbon—carbon bond intramolecularly at
an almost unprecedented position, thus allowing a
new synthetic design in organic synthesis. Moreover,
the reaction products obtained in these reactions
have a functional group such as an unsaturated
carbonyl group or cyclopropanol moiety which allows
further manipulation. The synthetic transformations
mentioned below strongly indicate the versatility of
the reaction which involves an efficient and practical
synthesis of N-heterocycles (quinolines, pyrroles, and
indoles) and several optically active compounds,
including natural compounds.

As exemplified by eq 110, quinoline derivatives can
be smoothly synthesized from readily available N-
allylated anthranilic acid derivatives.1#41% Similarly,

----- Ti(O-Pr); HO
o e
/\/ then H,O N
Bn 94%

[1,2-a]indoles (annulated indoles) and [1,2-a]pyrroles
can be synthesized starting from indole 2-carboxylate
(eq 111) or pyrrole-2-carboxylate (eq 112). Table 35

OH
N —COsMe as above { N
Y - N (1)
AV
N 94%
H
COsMe as above > _
) \ ) (112)
N%SlMe;; N SiMe3

76%
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Table 35. Synthesis of Quinoline, [1,2-a]-Indole, and
[1,2-a]-Pyrrole Derivatives by Ti(ll)-Mediated INAS
Reactions (Refs 144 and 157)

Sato et al.

Table 36. Synthesis of Optically Active
N-Heterocycles from N-Alkylated a-Amino Acid Esters
and (p?>-Propene)Ti(O-i-Pr); (Ref 157)

Entry Substrate Product Yield,%

HO
CO,Et
¥ [ :[ ]
1 Sn/v;R H ) 94
2 Me gn trace
CO,Et Mo
X i
N
/\ N
3 A= SiMe; BN
4 HCGH13
@/COzMe \
COzEt
6
/ N =
R
7 R = SiMe, 62
8 n-CgHys
@/COQMG
9 \ Nea
X
N COgMe
10 No~A
( CO,Me
= w
11 R = SiMey
12 n-CGH13 65

summarizes the Ti(ll)-mediated synthesis of quino-
lines, annulated indoles, and pyrroles.

Optically active N-heterocyclic compounds can also
be synthesized conveniently from readily available
amino acids or esters. Thus, as shown in eq 113, an
o-amino acid was converted into the corresponding
N-propargylated or N-allylated ester by conventional
reaction sequences and then treated with (;72-prope-
ne)Ti(O-i-Pr), to afford the corresponding INAS
product.’®” As summarized in Table 36, the reaction

0]

[} Ti(O--Pr), R

RYCOZMe ) (O-FPr)e \,/\1§=<H

RYCOZH B N._ =R thenH0 Bn’N R'
NH, = or 0}_20 (113)

o-amino R._COoMe
acid \‘/ as above R

Bn’N\/\ _N

Bn

provides a convenient entry to optically active pyr-
rolidines which include those having a functionalized
side chain (entries 3—5 and 10). The reaction also
allows the preparation of piperidines from the cor-
responding N-homoallylated or N-homopropargylated
esters (entries 2, 7, and 9).

The INAS product derived from bp-serine was
converted to oxazolidinylpiperidine,**® which is a

Entry Substrate Pmdufé‘.:ﬁ’ Yield
R\_CO,Me R3 7
Y 2/ R R ___HD)
Q/Nﬁ/ N
R n R2” n Re
R! R R® n
1 Bn Bn SiMej 1 74
2  Bn Bn SiMe; 2 75
38 CH,OTBS  Bn SiMe; 1 73
4 CH,0TBS Bn CsHyp 1 72
5 (CH,),CO,Me Bn SiMes 1 78
6 -(CHyp)s- SiMe; 1 0
7 -(CHy)g- SiMe; 2 75
R'\_CO,Me R "
Y 2
RZ’N\@/\ RN
n
R' " R n
8 Bn Bn 1 75 [73:27]
9 Bn Bn 2 76 [92: 8]
10 CH,OTBS Bn 1 86 [75: 25]
11 -(CH2)3- 1 0
12 -(CHg)3- 2 0

versatile intermediate for the synthesis of 1-deoxy-
azasugars, by the reaction with FeCl; and the fol-
lowing treatment with base'® (eq 114).

H OH
«Ti(O-/-Pr
So/\LCOQMe ) )2 TBSO/\!ﬁ
D-serine —» N —_— N
Bn” ~ then H,O Bn”
86%
FeCl
then (114)
NaOAc
H e H
1-deoxy- — o = TBso/""}ﬁ
azasugars -
9 >I/N Bn‘N
o 94%

Another practical approach to optically active pi-
peridines is shown in eq 115. Thus, diastereoselective
Michael addition of optically active N-propargylated
or N-allylated a-phenylethylamine to an a,-unsat-
urated ester according to the Davies protocol,!®
which proceeded with excellent diastereoselectivity,
followed by the reaction of the resulting product with
(n?-propene)Ti(O-i-Pr), provides an optically active
piperidine compound. This piperidine formation reac-
tion has been applied for the total synthesis of
allopumiliotoxin 267A.%57 Allopumiliotoxin 267A is
one of the components of the toxic skin secretion of
certain neotropical frogs and displays significant
cardiotoxic activity. It was synthesized starting from
L-proline, according to the reaction sequences sum-
marized in eq 116, in which a Ti(ll)-mediated INAS
reaction of eq 115 is the key step. So far, total
syntheses of allopumiliotoxin 267A have been ac-
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\/\CozEt
H or SiMez
N\/
Moy
Ph j
h OH
‘/\CO Et ) 'Ti(O-/-Pr), Me,,,/\}
Me\( ~= thenHe0 M N
73% Ph 73%
d.s. 97.5:2.5 (d.r. 56:44]
(115)
M N (0]
}/\002Et as above e
N.__=SiMe; Me\rN N
Ph 72% Ph SiMes
d.s. 95:5 71%
H
Boc ,
N’ 3 steps N 2 steps
— C(SMe)3 ——
COoH
H H OH
n-Bu

N /\ 1) i-PrMgCl

COxMe 2) J'"Ti(o-i—Pr)g
“OH

67%

Allopumiliotoxin 267A
(27% overall yield
from N-Boc-L-proline)

complished by five groups, and all of them started
with N-protected L-proline.’®® Among them, this
synthesis is the shortest and gives the highest overall
yield.

The synthesis of optically active 2-cyclohexenones
having a substituent on the cyclohexyl ring has
attracted much interest because this type of com-
pound can be used as useful chiral building blocks
or intermediates for synthesizing biologically impor-
tant compounds. Optically active bicyclic cyclopro-
panols obtained by the reaction of the camphorsultam
with (%-propene)Ti(O-i-Pr), shown in eq 98 can be
readily converted into 6-substituted 2-cyclohexenones
without racemization by using the Ito—Saegusa
method!®® as represented by eq 117; thus, a new
efficient access to optically active 2-cyclohexenones
having a substituent at the 6-position is now in
hand.**” The INAS reaction can also be used ef-

H
Ph” N

fectively for synthesizing optically active 2-cyclohex-

o
I
T

(0]

1) FeCl3 :
2) AcONa Phﬁ a17)

74%
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enones having a substituent at the 5-position. The
synthetic method involves the preparation of optically
active 5-[(tert-butyl)dimethylsilyl]oxy-2-cyclohexenone
from readily preparable optically active 3-siloxy-5-
hexenoate by using the INAS reaction of eq 97 as the
key step and uses it as a chiral building block.16?
Thus, as shown in eq 118, the readily available ethyl
3-[(t-butyl)dimethylsilyl]Joxy-5-hexenoate and (?-pro-
pene)Ti(O-i-Pr), provided bicyclic cyclopropanol, which,
in turn, was converted into 5-[(tert-butyl)dimethyl-
silyl]Joxy-2-cyclohexenone by treatment with FeCls
and then NaOAc. The enone thus synthesized reacted

QTBS o 1) separation o
L/vcozE‘ 2) DBU
98.3% ee Bu OTBS Bu
92%, 98%d.s. 93%
|+« Ti(O-i-Pr) ’
769%| " TOFPI2 g cuenLs 98.3% ee
FeCla
OH then 0
AcONa @\ (118)
90% OTBS
oTBS 98.3% ee
. O 1) separation Q
BuCu(CN)Li 2) DBU /@
BU” i ~ores  °BY

74%

91%, 99% d.s. 98.3% ee

with a higher-order cyanoalkylcuprate prepared from
CuCN and 2 equiv of alkyllithium with excellent
diastereoselectivity to afford an anti-1,4-addition
product.'62164 Meanwhile, the reaction with a lower-
order cyanoalkylcuprate derived from CuCN and 1
equiv of alkyllithium gave a syn-1,4-addition product
almost exclusively (eq 118).163164 Both 1,4-addition
products thus prepared can be converted readily into
optically active 5-alkyl-2-cyclohexenones by treat-
ment with a base (eq 118). Thus, both enantiomers
of 5-alkyl-2-cyclohexenones can be prepared starting
from one enantiomer of 5-siloxy-2-cyclohexenone.

The first total synthesis of penihydrone and pe-
nienone, both of which were isolated from the me-
tabolite of fungus Penicillium sp. No 13 as new plant
growth regulators, was readily accomplished by
starting with the enone having (R)-configuration as
illustrated in eq 119.164

e /CN
ij ‘ CH,0
oLi 2
+ ™ CU 2 o
TBSO r-Caty” NN
O OH
O OH ﬁj)
NN
74% CHs
Penienone
TBSO NN, (119)

68%

Pyr . HF\~ /ij)
62% NN CHg

Penihydrone
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The tandem INAS—ring enlargement reaction de-
scribed above was also applied for synthesizing chiral
6-amino-2-cycloheptenone, which can be used as a
building block for preparation of optically active
6-alkyl-2-cycloheptenone (eq 120).165

H R : R
Ph/\N/lPh Ph/'\ry/LPn
N~ CO2EL Li e~ COgE
R=H 93%d.r.>95:5
Me 53% d.r. >95:5
| HQ, FeCl o
wn Ti(O--P1)p then
J Fh | AcONa ih
R N R
< Ph < Ph
R=H 76% R=H 55%
Me 63% Me 63%
BuMgBr
cat. LipCu(CN)Liz ”h
N PTS < )
“Bu (120)
L
75% (R = H)

R= H 92%(ds 9:1)
Me 85% (d.s. 9:1)

y-(Alkoxymethyl)-o-alkylidene-y-butyrolactones have
been accepted as versatile building blocks and inter-
mediates for synthesizing chiral natural compounds.
The synthesis of these lactones having a stereode-
fined mono- or disubstituted exocyclic double bond
can be readily carried out starting with optically
active glycidyl ether by using the INAS reaction of
eq 104 as the key step.1®® Thus, commercially avail-
able glycidyl trityl ether was converted into ho-
mopropargyl carbonates and was then treated with
(7?-propene)Ti(O-i-Pr), to afford y-[(trityloxy)methyl]-
o-alkylidene-y-butyrolactones having a trisubstituted
exocyclic double bond with E-geometry after hydroly-
sis (eq 121). Meanwhile, those having Z-geometry as

1R Li 0 || Ti(O--Pr)
AL B0 ol
OTr 2.Buli . OTr
CICO,Et R—=
R/'O /\%&&
(-Proy,T{ @ >80%
o
R (121)
oTr

>70°/o

well as those having a stereodefined tetrasubstituted
exocyclic double bond were prepared by iodinolysis
of the INAS reaction products and the following
manipulation of the resulting iodolactones by using
the Suzuki—Miyaura coupling reaction!®” as the key
step as illustrated in eq 122.

Sato et al.

R'- B:)

K2C03
Pd (dppf)Cla
TMS 1, 2% NaOH
95%
F‘)%a (122)
oTr

R' B/) o}
\ \ g
R o}
(R=alkyl) Pd(dppf)Cl,
aq. NaOH OTr

VI. Generation of Titanacycles via Inter- or
Intramolecular Coupling of Alkenes and Alkynes
and Their Synthetic Application

Inter- or intramolecular coupling reaction of olefins
and acetylenes with a catalytic or a stoichiometric
amount of a metallic reagent is a potential method
for the construction of a carbon framework, especially
ring systems. When the reaction is performed with
a stoichiometric amount of a metallic species, the
primary product should be a metallacycle, which is
a quite useful intermediate for further functional-
ization or carbon—carbon bond formation. The reac-
tions of this class mediated by a group 4 metal species
such as titanium or zirconium, among which the
metallocene reagents, i.e., Cp,Ti or Cp,Zr complexes,
have been most frequently used, provide a variety of
important synthetic methods.t¢egh=il=nas |n addition
to these fundamental reagents, some newer titanium
species of a nonmetallocene structure have been
introduced and, in fact, enabled characteristic trans-
formations. In this section, the title reactions by
conventional as well as new titanium reagents will
be surveyed.

1.Titanacycles with Cyclopentadienyl Ligands
1.1. Intermolecular Reaction

The formation of Cp,-titanacyclopentanes was first
carried out by a few methods analogous to eq 21.
Thus, the nitrogen—titanium complex, an equivalent
of titanocene, was allowed to react with ethylene to
produce Cpy-titanacyclopentane (eq 123).1%8 More

HoC=CHa,
(CpaTi)gNg ————
H+
|:>Tic:p2 LI CH (123)
. HQC=CH2/
szTIC|2 _— BI’2
Li* Naph*

10-17%

conveniently, the reaction of Cp,TiCl, with lithium
naphthalenide in the presence of ethylene afforded
the same titanacycle. The presence of these titana-
cycles were evidenced by protonation, bromination,
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and carbonylation to give the corresponding products.
The latter method was applied to several olefins to
generate a variety of titanacyclopentanes.'® A ligand
exchange reaction between the titanacyclopentane
and an externally added olefin is an alternative
method to prepare new titanacyclopentanes (eq 124).16°

Me
/\Me
CTiCpg TiCps

(excess)

4% 1% 6%

A bisindenyltitanacyclopentane was generated via
the successive reduction of (Ind),TiCl, with Grignard
reagents in the presence of ethylene (eq 125).%°

i-PrMgCl _ HpC=CHy

(Ind)oTiCly [(Ind)2TiCll2

+ (Ind)pTiMe,  (125)

(Ind)gTiG

ca. 25%

Cp',Ti(ethylene) complex already mentioned in eq
21 reacts with methylenecyclopropanes to give bicy-
clic titanacycles, a product of the cross-coupling
reaction of ethylene and another olefin (eqs 126 and
127).40170 Some representative reactions of these
titanacyclopentanes are shown in eq 127.

83% /\[r\/ Ph
H20/Si% \CO (3 atm)
70%
Hz (3 atm) 127
e o=
88%-quant. quant.

Homocoupling of allenes with a low-valent titanium
complex such as Cp,Ti(PMes);, Cp.Ti(PMes)-
(CH,=CHy,), or Cp,TiCl,-2n-BuL.i afforded bis(alky-
lidene)titanacyclopentane via the intermediate allene—
titanium complex (eq 128).3

Dimerization of chalcones was achieved with Cp,-
Ti(CO), to give, after aqueous workup, cyclopentanols
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CpoTi(PMe
p2Ti(PMeg)2 A PMes R. _R

/
szTiifMea +\H/ — Cp2TI"'// + \hr

"y

CpsTiClo-2 n-BuLi R

O TiCp2 (128)

R R

R = Me 70%
Ph 39%

(eq 129).1"* The same complex is also effective for the

AR
Ar!
TiCpg
1w
Ar2 Ar O%:/AI’2
Cp,Ti(CO), AR Ho A A2
50 — Df (129)
Arl A OH

A o\ 52-84%
®Ar;Tisz ‘
A o)

homocoupling of an acetylenedicarboxylate (eq 130).7?

COs>Me

COzMe MeOC
. g .
Cp2Ti(CO)p + |‘| - ]j(Tlez (130)
MeO,C
COsMe CO,Me
quant.

The coupling reaction of an olefin—titanium com-
plex with a few acetylenes was documented (eq
131).3! However, the intermolecular coupling of ole-

R Me R
=~
cpoi  + || ——  cpeTi (131)
Me R = Me, Et, CsHq4, Ph

fins and acetylenes has mostly been achieved by the
action of an olefin to an appropriate titanium—
acetylene complex. Thus, when the acetylene complex
of titanocene was treated with ethylene, the most
simple Cp.-titanacyclopentene was formed in good
yield, which, upon hydrolysis with a limited amount
of water, gives a u-oxo complex (eq 132).12 The

Goqtio | _
HaC=CH
or 2 Cmiene 22 [; (132
PMe3 szTIX
CpeTi,, 60-80% 20
Y 4

coupling product resulting from a norbornene deriva-
tive serves for the structural determination, because
the titanacycle itself proved to be quite stable (eq
133).173
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Cyclopropenes work as an olefinic component in the
reaction with a Cp,Ti—acetylene complex to yield the
bicyclic titanacycles (eq 134).38 Similarly, a cyclopro-

R
CppTitm ‘ | R'. R R R
” X |
or _— - TiCpo, (134)
PMe3 R R
CpeTi’, R
/ 5481%
R R, R' = Me, Ph, SiMe3
R" = Me, Ph

pene—titanium complex reacts with an acetylene to
give the same type of titanacycles (eq 135).%¢ The

Ph
PMes Me Ph
CpeTi. - . TiCpy  (135)
Ph—ﬁ THE  Me”
r.t. Me

1%

homocoupling of cyclopropenes with Cp,Ti(PMej3), to
give tricyclic titanacyclopentanes has also been re-
ported.3°

The addition of a benzyne—titanium complex to an
unsaturated compound may be grouped together with
the reactions of acetylene—titanium complexes. This
reaction was initially carried out via thermolysis of
diphenyltitanocene in the presence of diphenylacety-
lene (eq 136).17# Alternatively, treatment of Cp,TiCl,

@TiCpg
Ph
PhC=CPh
TiCp2

and PhC=CPh with a benzyne precursor, fluorobro-
mobenzene and Mg, afforded the same complex (eq
137).17 However, the titanium—benzyne complex

F
Br M
T|Cp2

15%

CpoTiPhy

80-100 °C

CpoTiCla  +

could be more conveniently generated and inter-
cepted: Cp.TiCl; is treated with an aryl Grignard
reagent to give aryltitanocene chloride, which is
further treated with MeL.i in the presence of an olefin
to give the corresponding benzotitanacyclopentane

Sato et al.

Table 37. Synthesis of Indoles According to Eq 138
(Refs 176 and 177)

Meli Bry
CpoTiCl, + ——
MgBr g~
R
R
A\
N

BnNH, Pd/C

Pdcat. HCO,NH,

R H
ArMgBr R'in Olefin Product Yield (%)
; MgBr Bu : : ‘ 54
Me (CH,)4OTIPS  Me
“* o 44
(66%
/\OrTIPS - ee) (67% ee)
(CHz)BCOQBU t Bu 33
Bu N 38
MgBr N
OMe OMe H
OMe OMe

MgBr  Bu
Me Me H

o

(eq 138). This titanacycle was utilized for the prepa-

MelLi
MgBr Ti(CNCp2 R X S

Brg
T|Cp2 —_—
TiCp2
R
R' R'
BnNH Pd
2 /IC (138
Pd cat. N HCO2NH4
R Bn

ration of indoles via a few steps as shown in eq 138
and Table 37.176177 The interception of the benzyne—
titanium complex with acetylene proved to be feasible
as well, realizing the alkenylation of an aromatic ring
(eq 139).17¢ A terminal acetylene gave regioisomeric
products with respect to the intermediate benzyne—
titanium complex.

CpoTiClp +

"0

The alkyne—alkyne coupling reaction continues to
be a potential method for the preparation of conju-
gated dienes after hydrolysis of the intermediate
titanacyclopentadiene. The coupling of acetylenes
with titanium reagents was first investigated in the
mid-1970s. The earlier studies were centered on the
generation and reaction of tetraphenyltitanacyclo-
pentadienes. Photolysis of dimethyltitanocene pro-
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MeQ  Br OMe Ti(Me)Cp;
1) n- BuLi PMegs TiCps
2) Cp,Ti(CHM
) CpTi(C)Me Nertes
/ACECEt
OMe BuC=CH
TiCp2 (139)
)—Et  OMe OMe
TiCp:
\ 2
Et ©i>—5w B
j*” TiCp2
3:1
OMe quant.
Et
Et
78%

duced a titanium intermediate, which was trapped
with diphenylacetylene to give the titanacycle (eq
140).17817° The reaction of Cp,Ti(CO)(PhC=CPh) with

Fh Ph
) hv =\_.
CpoTiMe,  + “| — - 1iCp2  (140)
35-50%

an additional diphenylacetylene generates the ti-
tanacycle as shown in eq 141.5687 The reaction of Cpy-

Ph
co Ph
CpeTiz, M " Tic CpoTi(CO)y (141
/ Sl o’ Pe + CpTi(CO)2 ~ (141)
Ph slowly Ph
\\ PhC=CPh / quant.
pentane
reflux

TiCl, with Mg in the presence of PhC=CPh afforded
the complex in a good yield (eq 142).1¢175

¥

Mg Ph

CpaTiCle + || : Ticp, ~ (142)

Ph

3

8%

In addition to the above reactions, a broad range
of acetylenes afford the desired titanacyclopenta-
dienes as exemplified in eqs 143,071 144 6873180
145,73:181 146,1817183 gand 147.182 In some instances (eq
147), an unusual coupling reaction involving the
titanacycle and the cyclopentadienyl ligand was
observed.'82-184 Homocoupling of a conjugated diyne
proceeded to give the single titanacycle,'®19? which
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CpgTi(PMea)z

HC=CH JMes He=CH =
CpoTi, |:>Ti0p2
% (excess) <

Me
‘ (143)
Me
Me Me Ph
Me JMes pp
=\_ =\_ CpoTio, Ph =\_.
- TiCpa - TiCp2 % + — TiCp2
Me PH Ph
Me Me Ph
R
R R
. e .
opatief] 4 | —— e (4
R R R
R = Me, Ph
SiMes R SiMes
‘ Mg =
Cp,oTiCl,  + || ., TiCpa  (145)
R
R SiMeg
R = Me 3%
Pr 73%
SiMes SiMe; SiMeg SiMe
. = \_. R =
cpaTinefl|  + I — ~,1iCp2 + _TiCpa  (149)
R MegsSi
R R SiMeg
R=Bu 50% only --
Ph 81% 1 : 13
SiMeg SiMeg SiMeg SiMej3
H pYy. =\_ _
CpoTivef||  + — |, TiCp2 + __TiCpz (147)
py Me3Si
f = . 3
SiMes 1\‘ SiMe3 py
X
%%

was utilized for the preparation of a heterocyclic
compound (eq 148).18

SiMeg
craTi|  pegsi
SiMes
+
SiMes MesSi
f
f
SiMe3

Cpe-titanacycles could incorporate an additional
unsaturated molecule to give a new titanacycle,
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which is illustrated in egs 14918 and 150.18°

TiCp.
j:; 2 Et
T|Cp2 —_— (149)

Et——

(24equ
10-50% quant.
Me Li Me
Me )
Me — [ | TiCpz (150)
Li Me H
+ Me Me
Cp2TiCly
MeC= CM BuC CH

}J%T\IC P2 Yg-r\cm

In addition to the five- and six-membered titana-
cycles, four-membered titanacycles, that is, titana-
cyclobutanes and -butenes, could be generated by the
reaction with olefins or acetylenes with a titanium—
carbene complex or its equivalents (eq 151), which
has been reviewed.87.188

R F R
J s e — % (151)

H) R
R

R R

1.2. Intramolecular Reaction

Intramolecular coupling of alkenes and alkynes,
i.e., bicyclization of dienes, diynes, and enynes to give
bicyclic titanacycles, is feasible as well.'¢s Although
the bicyclization of a diene was reported earlier,'°
the synthetic utility of the intramolecular reaction
was first demonstrated by Nugent et al. in his
synthesis of exo-cyclic conjugated dienes, particularly
useful for Diels—Alder reactions, from diynes (eq
152). The reaction was carried out with a low-valent

R szTiClg R
yZ Na/Hg =
Z )
(On ( - TiCp2
SN PhoMeP
R R R
H* (D)
( (152)
(or D*) G)
R

titanocene reagent generated from Cp,TiCl,, Na/Hg,

Sato et al.

Table 38. Cyclization of Diynes with Titanocene
Reagents

Titanium

Enynes reagent Work-up  Product Yield (%) Ref.
_ R SiMe3 R Ao
= .
szT""'|‘| -- T|Cp2 Me 71 g4
\\ ] Bu 51
R S|Me3 R
TBSQ Me 8BS0 Me

Z Cp,TiCly-
Na/Hg HaO*

A -PMePh,
Me
Me
Me ' Me
S~ CpaTiCl, .
X 9 Hi0* X X=0 72 190
\/\\ PMePh, CH, 60 189
Me
Me
A Ar
H30*
(o] S "PMepn, 1 o} 67 190
A
r Ar
Et SiMes Et
f CpaTiw ||| -- TiCp2 80 184
A i
SiMe;

Et

OSiMeg OH
Z Cp,TiCly- .
S Na/Hg H;0 79 1m
A -PMePh,
R
R =
Cp,TiCl,- SiMes 0 190
Na/Hg H50* Me 80 189
-PMePh, Et 68 189
R g Ph 35 189
o]

G
A
OFEt
F ﬁg/zgiClT
g + 63 189
SN -PMePh, 1O

OEt
Me SiMes Me
Z =\
S szTi....,” .- . ,TiCp2 63 184
Me SiMes Me
Me Me
=Z Cp,TiCly
Na/Hg H,O* 27 189
N -PMePh,  °
Me
Me

2Ar = 3,4-(methylenedioxy)phenyl.

and Ph;MeP in the presence of diynes.’891%0 The
various dienes produced after hydrolysis are sum-
marized in Table 38. The subsequent Diels—Alder
reaction of these dienes has indeed been demon-
strated.’®® Other reagents such as an acetylene—
titanium complex Cp,Ti(Me;SiC=CSiMe;)'8* are also
effective for the same cyclization, the results of which
are included in Table 38.

Intramolecular enyne cyclization provides versatile
transformations in organic synthesis, because the
resulting bicyclic titanacycles could be halogenated,
carbonylated, etc., in addition to hydrolysis, to give
mono- to polycyclic compounds. For example, the
treatment of the enynes with Cp,TiCl,—Na/Hg—Ph,-
MeP reagent as above, followed by hydrolysis, car-
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Table 39. Preparation of Carbocyclic Compounds
from Dienes and Enynes via the Titanacycle

Formation?
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Table 40. Preparation of Heterocyclic Compounds
from Enyne via the Titanacycle Formation (Ref 193)2

Dienes or

Titanium Trapping

Enynes reagent reagent Product Y';old Ref.
=z Me
CTisz HgO* 94 169
A ‘Me
‘\76 24
CTisz co 0 85 169
l5|\_,I»30:20
Me
// Me Cp2T|C|2
-Na/Hg  H,0* 80 191
s -PMePh,
CeHi1
P CeHi11
7 CpTiClh 50, 83 193
~ Mg
C02Me COgMe
F Cp,TiCl, X
~ -2 BtMgBr co X=0 0 192
+BUNC NBu-t 67 192
Ph
P
Z
Cp,TiCl,  HoSO4 67 193
~ Mg Ph
Cp,TiCl, (CClI30), 194,
-MgPOEt) -co O 195
TBSO mso Fr 85
Z Cp2T|C|2 L
-Na/Hg HzO 33 191
x -PMePh2 i
TBSO 71
P TBsQ Me
/ Cp,TiCl,
o ~ -NaHg H3O* o 32 191
ﬁ\o““ -PMePh, N
#\o Me 412
E
// Cp2T1C|2 mx
-2 EtMgBr E
EVTN co X=0 58 192
E = CO5Et ArNC N-Ar 81 192
Cp,TiCl, (CCl30) X = 82 194,
Mg-POEY; -cO° O 82 yg5
P - Ph
Z
Cp,TiCly >C]f>=x
XN -2 EtMgBr
E o E X=0 58 192
ArNC N-Ar 65 192
Cp,TiCl,  (CCI50), _ 194,
MG-P(CEY; -CO X=0 5 195
R
§
7 Cp,TiCl,  (CCly0), o
s -Mg-P(OEt); -CO
Me Me
Me Me
R=Me 70+ 194,
Ph 58/ 195
=M coptic
p2 111Gl
~ NaMg’ o' 91 191
XN -PMePh,
E P Me
E 7 Cp,TiCl ‘1::6.:
-2 EtMgBr
~ ’ =0 58 192
ArNC N-Ar 86 192

4ArNC = (2,6-Me,CgHg)NC.

Titanium Work- Yield, %
reagent up Product [D.s]
72

Cp,TiCl,-Mg H(D),SO4 O

D

Cp,TiClMg  H,SO,

©) e}
SRR

szTlClz'Mg H2804

O
74

(o) O
H,H

CgHy7 CgHi7
N~z
(o) CpoTiClo-Mg  H,SO4 o) 46
A [93:7]
~Z .
(o) Cp,TiCly-Mg H>SO4 (o) 57
bl [>95:5]
CgH CgH
A ‘7/ o a7 o)
74 )
N szTlC'g-Mg H2804 59
O\/\ o

3ArNC = (2,6-Me,CgH3)NC.

bonylation with CO, or the reaction with CO,,'™ gave
the mono- or bicyclic products as shown in eq 153.

Me Cp,TiCly
« NalMg = co
Qn ( TiCpy — O (153
X PhoMeP or

[

g

The diastereoselectivity of the cyclization was exam-
ined as illustrated by the reaction of eq 154.1°* Other

TBSO Pr CpoTiCl TBSO Pr1BSO

Z Na/H e
C Cﬁ tim

reagents including Cp,Ti(PMe3),,**? Cp,TiCl,-2Et-
MgBr,1%? Cp,TiCl,—Mg,'%1% and Cp,TiCl,-2n-Bu-
Li'% promote the cyclization as well. The results of
the diene and enyne cyclizations and the subsequent
reactions are summarized in Tables 39—41.

The enyne and a chiral titanium complex, (EBTHI)-
Ti(disilylacetylene) [EBTHI = ethylenebis(tetrahy-
droindenyl)], furnished the corresponding titanacycle

x PhoMeP
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Table 41. Preparation of Heterocyclic Ketones from
Enynes via the Titanacycle Formation (Refs 192, 194,
and 195)2

Titanium  Trapping ald. 9
Enynes reagent reagent Product Yield, %
Ph
/\/ Cp,TiCly Gi}x
-2 EtMgBr ol
\/\ g co X=0 49
- ArNC* N-Ar 63
p2 1Ll =
MGy, (CCl0)CO X=0 82
/J Cohs P
Cp,TiCl,
\/\ Ma-P(GEt), (CCL0)2CO O o 77
/\//Ph Ph
7 Cp,TiCl,
O\/]\ Zepuli  (CCl0),CO O O 60
Cp,TiClp CCl30),CO
Mg-P(OEt), (CC% 84
P Ph
(\/ Cp,TiCl,
o -Mg-P(OEt), (CCI30),C0O O 63
X 0
Ph Ph
7 .
o NZ Cp,TiCly o}
K/\ Me-P(GED, (CCl30),C0 o 30
N
Cahry feftn
~Z " cp,Tic
o _,\ﬁg_P(gEt)s (CCIR0),CO o o 61
\/\/Ph
H Pn
/\//C5H11 CSHH
= .
Cp,TiCly
O« Mg-PEY, (CC1:02CO O O 74
Ph H Bn

4ANGC = 2,6-Me,CgHaNC.

as a single diastereoisomer as shown in eq 155,
demonstrating an efficient asymmetric cyclization.

Me SiMeg
E
></\\/ I’l +Ti(rac-EBTHI) —
E CeDs
SiMej3 105 °C

E = CO,Et

e
E =
£ Ti(rac-EBTHI) (155)

one diastereocisomer

2. Titanacycles Having a Non-Titanocene
Structure

Titanacyclopentadienes having aryloxy ligands in
place of cyclopentadienyl groups have been prepared
by the reduction of dichlorotitanium aryloxide with
sodium amalgam in the presence of acetylene as

Sato et al.

shown in eq 156.1°7 The behavior of these titanacy-

R R!
R2
Na/Hg —
Ao)Tic, + 2 | __TiOA),  (156)
» GCsHse R
R 2
R

ArO = (2,6-PhQCGH3)O-
(R', R?) = (Me, Me), (t-Bu, H),
(Me, Ph), (Et, Et) 80-90%

clopentadienes toward several reagents is repre-
sented in eq 157.197:1%8

Et Et

Et Ho0 Et
H20 Ti(OAr)(OH) —
Et Et

Et
Et

Et

Et
Et

Et Et
Et Et
— t-BuNC i
_Ti(OAn; — TiOAN2 (157)
Et Et N
Et Et Bu-t
Ph,co Et

Et

Et
~_OFh Et

(ArO)sTi  Et Et

A diaryloxytitanacyclopentane could be generated
from (ArO),TiCl, and styrene in the same manner
as shown in eq 158.1%° When this diphenyltitanacy-

SiMes

Ph
MegSIC=CH _
Ti(OAN), ~_,Ti(OA)

Me3Si

t-BuC=CH (158)
EtC=CEt Bu-t
Ti(OAN, /C Ti(OAN,
Et

+-Bu
Et

(AFO)QTIC|2 Na/Hg

+

clopentane was treated with acetylenes, the conver-
sion from the titanacyclopentane to titanacyclopen-
tadienes took place.

Alternatively, a few other titanacyclopentanes
could be generated from the aforementioned tetra-
ethyltitanacyclopentadiene (see eq 156) via the ligand
exchange reaction with an appropriate olefin (eq
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159).8263 The resulting titanacyclopentane undergoes

Et
=\__ R/\ R.,
I>T'(°A’ )2 ETi(OAr)g (159)
Et R

ArO = (2,6-PhyCgHz3)O-

R = H, Me, Et

thco

Ph R R2 H20

Fn (R = Me)
(OAI’)
Me !
Ti(O
R2 I\ ~é({o/’ﬁ)z
)\‘3 T {OA)z Me  Me
(ArO),Ti

"= H, Me
RZ=H

(R H)

R‘=R2=Me

the coupling reaction with a variety of unsaturated
compounds as shown in eq 159.%° In addition, mono-
protonation with water gave a (2,3-dimethylbutyl)-
titanium species.5®

Treatment of 1,7-octadiene and (ArO),TiCl, with
a reductant such as Na/Hg or, more conveniently, 2
equiv of n-BuL.i afforded the bicyclic titanacyclopen-
tane (eq 160).552% The structure of the titanacycle

ArO),TiCl
(ArORTICk o /Hg . H* Me
+ —_— Ti(QA, — (160)

= or N -~ / “Me
2 n-Buli
AN 1575%

ArO = (2,6-PhyCgH3)O-
or (2,3,5,6-PhsCgH)O-

was confirmed by hydrolysis, which afforded trans-
1,2-dimethylcyclohexane. In addition to the simple
hydrolysis, the bicyclic titanacycle reacts with ben-
zophenone or an imine to effect the carbon—carbon
bond elongation (eq 161, paths A and B).%> However,

Ph
Ph,CO

: ?
path A —Ti(OA")
H~|

L ~
Fh
O/\Ti(OA")z ] Ph O/\SN (161)
..... / path B "“—Ti(OAr),

Ph
I
,LFh Ph N
I > Ti(OA,
path C Ph N
H’\

the imine of an aromatic amine is an exceptional case
that forms the homocoupling product of the imine
with complete dissociation of the ligating alkyl group
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of the starting titanacycle (path C).%> The intramo-
lecular cyclization of diynes has also been docu-
mented to give bicyclic titanacyclopentadienes (eq
162).201

SiRg SiR3

G _ Na/Hg A

Q + (ArO)sTiClp _TiOAr,  (162)
SiRg SiRs

ArO = (2,6--Pro,CgHz)O-

(7?>-Propene)Ti(O-i-Pr), described in the foregoing
sections was found to nicely effect the olefin or
acetylene coupling reactions as shown in eq 163.29?

R
o \H---Ti(O-/-Pr)g
X o
\R‘

As the titanium alkoxide is very inexpensive, the
reactions in eq 163 are, to date, some of the most
economical methods to achieve the formation of
metallacycles of this type.lde9ias Moreover, the tita-
nium alkoxide-based method enables several new
synthetic transformations that are not viable by the
conventional titanocene-mediated methods.

Homocoupling reaction of several acetylenes with
(y?-propene)Ti(O-i-Pr), has been reported.8203 Equa-
tion 164 shows a representative reaction, in which
the titanacyclopentadiene thus generated was used
for the synthesis of 1,2-dichalcogenins?®* and silacy-
clopentadienes.?®® Other results are summarized in
Table 42.

= SiMe;

J J’“Ti(O-i—Pr)g
|
Megsi—@SiMea = MegSiﬂSiMe3
o

iPro o'Pr 5%
1) BuLi (164)
S2Cl 2) Si(OMe),
Me;,SiﬂSiMes M¢3331<</;§-snme3
S-S MeO OMe
% -
‘o

The cross-coupling reaction between internal and
terminal acetylenes is also effected by (2-propene)-
Ti(O-i-Pr), to give the corresponding conjugated
dienes after hydrolysis, deuteriolysis, and iodinolysis
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Table 42. (9?-Propene)Ti(O-i-Pr),-Mediated
Homocoupling of Acetylenes

Sato et al.

Table 43. Preparation of Dienes via Cross-Coupling
Reaction (Ref 86)

Subst-

rate Work-up Product Yield (%) Ref.

Bu-t

>

Xo t-Bu

‘ Bu-t X=1| 93 204
H X X

X=8CN 67 204
X=S8eCN 54 204

S,Cly t-BuﬂBu-t 63 204

Se(SeCN), t-Bu / Bu-t 74 204

SiMe3

j,

X MesSi SiMeg X=Br 51 203
If X X X=1  68-85203,204
X=SCN 56 204

S,Cly Messiﬂ—SiMes 33 204
S-8
Ph
’ Xo PhﬂPh X
l X

(eq 165).85 It should be noted that functionalized

SiMeg Ju-Ti(O-i—Pr)z MesSi

|‘| Ti(O-iPr)o
CeH1s
CeH13
OBnN ;
1) ///\/ Me3Si X X OBn
(165)
2) H*, DY or I, CeH13
X=H, 76%
X =D, exclusively da
X=1,64%

dienes can be prepared by this method from func-
tionalized acetylenes, which appears to be difficult
by other group 4 metal-mediated cyclizations (eq
166). Table 43 shows additional results of the syn-

tﬂ;Ti(o—i—Pr)z

R*0,C
1) =—CgH13 MGSSijU\/ .
2) H* R*0,C7 " CeHis

Ph 78%
R*OH = 0
“'OH

thesis of dienes via the cross-coupling reaction.

SiMeg )‘-“Ti(O—/—Pr)z MesSi
|

CO,R*

Intramolecular cyclization of dienes, enynes, and
diynes proceeds smoothly to give cyclopentane or
cyclohexane frameworks as formulated in eq 163.

Internal Terminal
Acetylene Acetylene Product Yield (%)
SiMe SiMe3
Si
3 H13Cs
Il IIL 76
CgHi3 OBn I/OBn
SiMe SiMe3
Tl H13Cs
Il It 67
OCO,Et

CeHia

SIMea
| I E‘“ﬁ o8
Et0” “OEt 0188 \k/OTBS
CO,BuU-t
COzBU-f H1ace
f f § 60
CeHi3 CeHi3 Celrs
) SiMe;
SiMes £BuO,C
Il ”I 77
COzBU't 05H13 \éeH13
. SiMes
SiMe3 R'0,C
Il l‘l § 78
COR" Cetha CeHia
R*OH = SiMes
OH R*0,C
)y
Ph )
SiMes SiMey
SiMe;
R*0,C
|‘| 47
COzBU" \éOzBU‘(
SiMes
R><j\/ R'0,C
ROV ) 78
R = BnOCH,-
R
R
CO,NEt,
CO,NEt, HiaCo
I I e
CeHys CeHi3 CeHhra
COLNEL CO,NEt,
a2 Hi3Cs
Il f 59
CGH13 COQBU't \I

CO,Bu-t

Cyclization of 1,6-diene with (?-propene)Ti(O-i-Pr),
afforded the bicyclic titanacyclopentane, which, upon
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hydrolysis, gave a cyclopentane derivative (eq 167).2%

w T(O-£Pr
R =z )‘ ©-FP2 o
>O:>Ti(o-f-Pr)2
R N R
R = BnOCH,- " 5
LA (167)
R

”

77%, t'c = 80:20

It has been reported that the stereoselections are
opposite in the (y?-propene)Ti(O-i-Pr),- and Cp,Zr-
mediated cyclizations (eq 168).2°¢ 1,6-Enynes or 1,7-

MesSi—” "M» MeSi o Me Me
PN — PhN\j:\/M — [I + { . ey
NS Me ‘Me

M = Ti(O--Pr), 82:18
ZrCpap 0:100

enynes underwent the cyclization to give the titana-
cyclopentenes, which show the routine reactivities to
deuterium, iodine, or carbon monoxide to give the
corresponding addition products as do other metal-
lacycles of the group 4 transition metals (eq 169).2%°

S‘Mea)-v- Ti(O-¢Pr SiMes
RK I ( )2 R

X T rio-pr
R S A ( )2
R

= BUOCH2~ .
SiMe3 SiMe;
H* D% orl? R)&X or R><:©I:O (169)
or R X R
CO (1 atm)
X=H, 97% 56%
X =D, 90% [>99% dy]

X=1,87%

Substrate-controlled stereoselective cyclization is
often required in the selective synthesis of naturally
occurring products. In general, it is difficult to control
the stereochemistry of the cyclization with a remote
substituent to the reaction center. However, the (?-
propene)Ti(O-i-Pr),-mediated cyclization of the sub-
strates shown in eqs 170 and 171 proceeds in a highly
stereoselective manner when the hydroxy group is
converted to magnesium alkoxide prior to the cy-
clization.?” The favorable effect of the alkoxide

SiMes ) ifX = H SiMes
i-PrMgCl H*
X0 x 2>J~-Ti(0-i-Pr)z XO Me

X=TBS 51:49 73%
H 90:10 70%

CsH
CsHyq 1) if X = H, s
i-PrMgCl

H+ XOT::%
- = .. (171)
2& Ti(O-i-Pr), ('." Me

X=TBS 90:10 68%

ROd
A
H 985:15 69%

portion is obvious in comparison with the stereose-
lectivity observed for the corresponding TBS ethers.
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Table 44. (?-Propene)Ti(O-i-Pr),-Mediated
Cyclization of 1,6- or 1,7-Dienes, Enynes, and Diynes

Substrate Work-up Product Yield (%) Ref.

Z BnO
BnO Hel ><:|/ 77 205
BnO x BnO (tic =80:20)
o BnO
Bn0><\< HCl ﬂ 79 205
BnO X BnO
CsH”/ CsHyy
o)\/ HCI o\):/< 65 205
N (ds = 73:27)
/\//
BnN H,0 BnN 53 205
\/\
iM
- SMes Jre X=H,97 205
XCl =H,
BnO = Bn0><fx X=D. 90 205
BrO S BnO X (>99% dy)
Ip ) X=1,87 205
SiMeg MesSi
=
HCI 56 205
N
oTBS ;. OTBS
SiMe, MegSi
=
HCI 47 205
Z (ds = 67:33)
OTBS OTg‘.?,I
_SiMeg Mes
BnO BnO
Z XCl X X-He7 205
BnO AN BnO X X=D,87 205
SiMes SiMes (>99% dyp)
SiMe, SiMeg
& | 203,208,
(On I ( | n=1 83 209
x
SiMeg n=2 89 203
SiMe;
Ph
_ Ph
n Z I ( ! n=0 63 203
SN | n=1 57 203
Ph n=2 40 203
N Ph
P IN/ py
- I2 : 44 203
XN
| py
= "
SiNles SiMe3
o/\// | o ! 209
2
\/\S.M |
Mea SiMe,
SiMe, SiMe;
Bi N/\% | BnN ! 209
n 2
\/\\\S'M |
Wies SiMe
T\ Th
= s
~ I : 56 203
S
\ Th
P SiMes SiMe;
Z Br 2’ 78 203
R r
SiMes

SiMe,

The intramolecular cyclization of 1,6- or 1,7-diynes
with (»?-propene)Ti(O-i-Pr), afforded the bicyclic ti-
tanacycles, which could be protonated, deuterated,
and iodinated as illustrated in eq 172.2%° Other
results of the cyclization of a variety of dienes,
enynes, anddiynesare summarized in Table 44205208211

The addition of organometallic reagents to alde-
hydes is a fundamental synthetic transformation.
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SiMes J-“Ti(o-i-Pr)g SiMeg
R

R =\_ .
~_T(O-iPr)

R

R
SiMe3 SiMeg
R = BnOCH,-

7 \

SiMes
H*orD* R X
R X

SiMes
=H, 97%
=D, 87% [>99% dy]

(172)

The dialkoxytitanacylcles shown above serve for this
reaction. The titanacyclopentenes react with alde-
hydes selectively at the alkenyl—metal rather than
alkyl—metal bond of the titanacycle,?*%?1 which is
in marked contrast to and complementary with the
reaction of Cp,-zirconacyclopentenest?!2 as shown in
eq 173. The silylated dialkoxytitanacyclopentene,

CeH13
PhCHO Cﬁ/okH
MLy, = ZrCpso Ph
CeH13
65% 8515 (175,
ML
" CeHya
NP
\___ PhcHO «Ph
MLy, = Ti(O-/-Pr); melH
57% 85:15

which requires an extra equivalent of Ti(O-i-Pr),Cl,
in the addition step to increase the product yields,
showed a very high 1,4-diastereoselectivity as shown
in eq 174. Similarly, dialkoxytitanacyclopentadienes

SiMes
= ' b ~-CHO
Ti(O-i-Pr)p
R Ti(0-i-Pr)oCly
R = BnOCHy- SiMes
H
R
N_-Ph (174)
R OH
Me
66% 96: 4

undergo the same addition to aldehydes again with
very high regioselectivities (eq 175).219?1* These reac-

SiMeg J Ti(0-Pr)p SiMes
Z Ti(O-i-Pr)
- 2
X
Ph Ph
SiMeg
Ph/\/CHO Ph
- . (175)
TiClo(0-i-Pr)p OH

Ph
72% single regioisomer

tions are surveyed in Tables 45 and 46.
The above titanacyclopentadienes are reactive
enough even toward an ester group, provided that it

Sato et al.

is placed at a suitable position in the same molecule.
In such a case, both of the two carbon—titanium
bonds of the titanacycle successively attacked the
ester carbonyl group to give cyclopentadienols (eq
176).213 This reaction can be applied to the prepara-

\\\L C/H
7M15
Bu J"'Ti(o'i'Pr)z BU oo

)
|’| Ti(0-i-Pr),
Bu Bu
Bu Bu B Bu
Bu Bu u
. OH
Ti(O-i-Pr), TiOR:" | (176)
\fﬁ\ C7H1s C7H1s
C/H
o 7M15 O
o OH

65%

tion of mono- and bicyclic cyclopentadienols, which
are shown in Table 47.

In addition to the reaction with carbonyl com-
pounds, the alkylation of the titanacyclopentenes and
-pentadienes with allyl bromide proceeds in the
presence of 1 equiv of a copper salt at low tempera-
ture to give the products with high regioselectivity
(egs 177 and 178).2'* As transmetalation of titanium

SiMeg SiMes
R 1) LipCu(CN)Cl, R X
Ti(O-F-Pr)» (177)
R 2) A~NUBT R Me
R = BnOCH,- 90% >95:<5
regioselective
SiM93
CgH17
CgH¢17CHO
SiMe3 CsH11
Ti(O-i-Pr)2 47% (178)
Br
e SiMes
CsH14
LioCu(CN)Clo
=z
CsH14
91% 9:1

regioselective

compounds to other metallic species such as copper
reagents has not been well studied, this would be an
informative observation. The reaction stopped at the
stage of monoallylation, and the other carbon-—
titanium bond could be identified by deuteration. The
generality of this allylation reaction is shown in Table
48. The extension of a carbon chain at each carbon—
titanium bond of the titanacyclopentadiene shown in
eq 178 was possible by simply switching the kind of
electrophiles.

The cyclization of dienynes with (?-propene)Ti(O-
i-Pr), proceeded equally well.?** Equation 179 shows
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Table 45. Cyclization of Enynes and Subsequent
Reaction with Aldehydes (Refs 210 and 211)

Aldehyde Addi- Work- Product

Enyne h " -
M€ (equiv) tive? up Yield, % [Ds]
SiMe3
R 3
R x SiMe,
R = BnOCH,- H
PhCHO A W+ § Ph
(1.5) R M
54 [>95:<5]
SiMee
H ~Ph
Ph/\/CHOB H R e
@) R meH
66 [96: 4]
SiM63

H
R
R OH

X
H* X=H 62 [single]

(0.6) B

2 B H* H 53-60([single]

" B D* D 60 [single]
(98%d)

" B I | 58 [single]

CeH13

=z
<j\/ CeH3
) L

PhCHO None H* o';Ph
(1.5) Me

57 [85:15]
@A: Ti(O-i-Pr)4Cl, B: Ti(O-i-Pr),Cly

the protonation of the titanacycle, which produced a
single regioisomer. The reaction of the intermediate

o SiMes
__SiMe J"'TI(O-I—PF)Q
R><f Me Ti(O-+Pr)
R \/&
E/Z> 955 Me
R = BnOCH,- SiMes
H+
TR (179)
R
8%

titanacycle and an aldehyde generally took place at
the remote position of the allyltitanium system to
permit the regioselective elongation of the side chain
with trans-olefinic configuration (eq 180). Other
results are summarized in Table 49.

Homocoupling of allenes with (»?-propene)Ti(O-i-
Pr), afforded two types of products dependent on the
structure of the starting allenes.?®> A 1,1-disubsti-
tuted allene afforded a 1,5-diene after the hydrolysis
or electrophilic substitution®® of the carbon—tita-
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SiMe3 )l Ti(0-1P1)s SiMes
R FZ N
Ti(O-iPr)2
R \/\
E/Z=93:7 —

R = BnOCH»-

<:>_ CHO SiMes
R .
% 0 H/“ 85:15 (180)
R
exclusively E

75%

nium bonds of the titanacycle (eq 181), while a
monosubstituted allene furnished a 1,4-diene after
the reaction with an aldehyde (eq 182). The aldehyde
adducts in eq 182 were converted to the stereodefined
trienes via Peterson olefination.

The intermolecular coupling of allene and acety-
lene?®® furnished the stereodefined 1,4-dienes as

Table 46. Cyclization of Diynes and Subsequent
Reaction with Aldehydes (Refs 210 and 211)

) A'dehyde Product
Diyne (equiv) Yield, %
S|M83
SiMes Ph
R =
Ph/\/CHO OH 4
AN
SIM93 SIM€3
R = BnOCH,- SiMe;
Oroed A
59
SiMes
SiMe3
SiMes
FZ
Ph/\/CHO
N @ o
SiMe,(t-Bu) SiMe,(t-Bu)

SlMea

P SiMe3
(Z Ph/\/CHO (ﬁ\(\/
A\ 72

Ph
SiMe;
CHO
" OH g
(77:23)
SiMeg SlMea
& CgHi7
- CsHﬂCHO
X
CsHn CsH11
SiMes SiMes
K\// CgHi7
ol CusCHO
n NV OH
A
\/\Ph Ph 73
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Me, Me Me. Me
Me o Ti(O- 1
J Ti(O--Pr)p e
ﬂ Ti(O--Pr)y — » (181)
Me
Mé Me Me
(XCN)2
Me. Me
XCN
XCN X=S 60%
Me Se 52%
Me
Me,PhSi
rSiPhMez J'”Ti(O-i—Pr)z
h Ti(O-i-Pr)p (182)
SiPhMe,
i-PrCHO
95%
MeoPhSi MeoPhSi
MeZPhs.jfg MeyPhSi
Pr-i
77:23
lKH lKH
MegP(th Me,PhSi
Pri  94% /'.Pr/l 8%%

shown in eq 183.294215 The intramolecular cyclization

SiPhMe, SiMes J"'Ti(o-i-Pr)g MesSi

Ti(0-i-Pr).
" I 2
! ’ H13Ce SiPhM
CeHia frhiez
e Mej3Si El g
- - (183)
H13Cs
SiPhMe,
El=H 9%
D 94% 97-99%d>
| 54%

of the 1,2-dien-7-yne shown in eq 184 smoothly
proceeds in the same manner as the intermolecular
reaction (eq 183) to give the cyclopentane derivative
as a single olefinic stereoisomer.?' Other results are
shown in Table 50. If the latter reaction starts with
an optically active allene as shown in eq 185 and the
carbonylation is applied in the subsequent step, a
bicyclic ketone with a predictable stereochemistry

Sato et al.
SiMes J-"Ti(o-i-Pr)g SiMes
Z o
“~ Ti(O-i-Pr)p
- SiMe,Ph
PhMezsi
SiMes
H* (D)
(184)
(or D*) ©)
PhMe;Si
88%

arising from virtually complete chirality transfer was
obtained.?'6

SiMeg [ Ti(0-+Pr), SMes
4 coO
Ti(O--Pr)y ——=
H
SlMe3 Me3Si
< O,
<86% ee Ses Sities
B
0 = o (185
TH(O-+Pr)p

MesSi Me3Si” ™

El=H 68%, 86% ee
ElI=D 67%

Intramolecular cyclization of 1,2-dien-6-ynes shows
a different mode of ring closure to give new titana-
cycles as shown in eqs 186 and 187.?1¢ The generality

. SiMeg
SiMes J"'TI(O-/-Pr)g
e Ti(0--Pr),
Me Me Me
iM
CgHi;cHO  H piMes
(186)
H,,
H17Cs” "OH
SiM93 77% >95:5
FZ
CsHi1y
_.:\
<83% ee
| H SiMeg
)"'Tl(O-I-Pr)z CgH17CHO
VY
SiMes 955 Hl st
CgH17 OH
Ti(O-HPr)z — 84%, 80%ee  (187)
e |
5H11 /ll P H SiMeg
Optically active Ph™ N
up to0 °C!
VN
>97:<3 Phi.. 05H11
H” NHPr

71%, 81% ee

of the cyclization as well as the subsequent reaction
of the resultant titanacycles with electrophiles can
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Table 47. Preparation of Cyclopentadienols via
Titanacycle Formation (Ref 213)

Substrate(s) Product Yield, %
Bu C7His
Il ro CsHys
Bu H
SiMes 0 HO '
L~ MesSi
I fo Z
H45C
CeH1a Il 7 OH
CeHi3 OH
3 o)
Et 70
X O/“\Et
OH
SiMe3
SiMes oH
Z 0 56
Et
X OJ\Et
OH
CeHy3

CeHia OH
<k "
Et
X o0
SlMe
SiM93
Z 0 85
X O/U\Et

Table 48. Cyclization of Enynes or Diynes Followed
by Copper-Mediated Alkylation with Allyl Bromide
(Refs 210 and 211)

Substrate Product(s) [Ratio]  Yield, %
SiMes
R
R = BnOCH,-
SiMe, SiMes
F Cf\/\
N 70
SiMe; SiMe; SlMe
G
\\

SiMes; SiMe; 96%d SiMe,

C<~C<“

CsHis C5H11 o CsHy1

Vi \\

be seen in Table 51. It should be noted that a
sterically demanding trisubstituted olefinic bond in
the allene participated in the cyclization to form the
titanacycle, which, upon reaction with an aldehyde,
gave the exocyclic diene including an isopropylidene
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Table 49. (?-Propene)Ti(O-i-Pr),-Mediated
Intramolecular Cyclization of Diene and Acetylene
and Successive Reaction with Electrophiles (Ref 214)

) Product(s)
Substrate  Electrophile -
Yield, %
SiMeg SMes
Bn0><f BnOm
BnO N N BnO P
+ SiMes
BnO
BnO X
E/Z=93:7 HCI 8 (E/Z=5:5) :2 quant
SiMe;
BnO OH
PhCH
© Bno o~ ph
E/Z>95:5
(80:20) 96

SiM93
BnO
ool T
BnO OH

exclusively E /

(85:15) 75
SIM83 SiM63
O re BT
BnO
E/Z > 95:5 . 80
SiMe3
BnO
PhCHO OH
BnO Ph

E/Z=40:60 80-88

Table 50. Cyclization of 1,2-Dien-7-ynes (Ref 216)

Substrate Product Y'(%;jé)%
Bn0><f BnO
45
N BnO
BnO " |
SiMe3
SiMej
Bn0></\/ BnO
B . BnO 42
nO S |
BnO = BnO
n Can | (20:80)
SiMe HiCs SiMe,
Bn0><:\// ® Bno
98
X BnO
BnO - CsH1i | (18:82)
H1:Cs
M
SiMes SiMes
&
X , 88
'~ SiMe,Ph | (Zonly)

PhMe,Si

group (eq 186). More importantly, when the cycliza-
tion is initiated from an optically active allene, the
optically active titanabicycle having no chiral auxil-
iary such as the one in eq 187, which belongs to a
rare class of optically active allyltitanium species,?*’
is generated. The titanacycle reacted with an alde-
hyde, ketone, or imine without loss of the enantiopu-
rity of the starting allene to give an optically active
cyclopentane skeleton (eq 187).
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Table 51. Cyclization of 1,2-Dien-6-ynes and
Subsequent Reaction with Electrophiles (Ref 216)

Yield, %

Product (D.S)

Substrate  Electrophile

SiMe
SiMeg H s

RCHO
CsHy 1 H..,

R

CsHy1

R = CgHy7 84 (95: 5)
HiaCe 68 (80:20)
Ph 98 (74:26)
H SiMe3
SiM83

Me,CO 69

Me
SiMe3 Me'

P

SiMes
OH c
H sH1q
CsHy4
CgHy7CHO

CsHyq

J

62
(93:7)

CsHyy

Hi7C¢~ "OH
SiMes SiMe;

= H*

75

R

H13Cs Hood
13Ce

H1sCs SiMe3
RCHO

R =Me 73 (>98:2)
CgH17 40 (>98:2)

nx
O>\R
T

H SiMe3
SiMes
CBH17CHO 77

(>95:5)

=

H17C¢” "OH

If the olefins and acetylenes that are being sub-
jected to the intramolecular cyclization have a leaving
group at an appropriate position, the resulting ti-
tanacycles experience the elimination of such group
as shown in eq 188 (path A).%°7 This reaction can

(path B)

be considered as an alternative of the metalloene
reaction (path B). The vinyltitanium species remain-
ing in the product could be intercepted with electro-
philes (EI") including aldehydes. Table 52 shows the

Sato et al.

results of this transformation. Quite recently, (—)-o-
kainic acid was prepared by taking advantage of the
present method (eq 189).218

PhQ Ti(0-Pr),
L% - Ti(0-HPr) \—\/ .
j OMe { )., ome

N N
Bn OMe Bn OMe
| /i _/ _COH
2 ~ S 2 S
L) ome — () e
“, e
N '( [T] CO2H
Bn OMe H
56% o-Kainic acid

The above metalloene-type reaction of 1,6- or 1,7-
enynes carrying a chiral ketal moiety such as 1,2-
diphenylethylene ketal achieved an asymmetric cy-
clization to give optically active cyclopentane and
-hexane derivatives, respectively. Equation 190 il-
lustrates the preparation of optically active cyclo-
pentane derivatives.?'® Some variations of the sub-

/Can
<</<OI\Ph
O™ pp,

J-"Ti(o-i-Pr)g s
+ H
Cebrs 3) MeOH, H . OMe
C<\Ti*(0~i-Pr) 63%
8 Ph
H Ph
O/ﬁ/ EtCHO CsH11
o
l H* HO Ph

CsHi1

@ 700/0
Ph
B - ,Ph
AL o/\gH (190)

83% 96% de
1) AcoO
2) H*, MeOH
CsHiyy  1)H* Gt

68%
OMe 2)Cr03)( ) <:©=o

3) (COCl), :
OMe = hen SnCls (46%) H
75% 96% ee

strates are shown in Table 53. The utility of the
product was further demonstrated in the synthesis
of optically active bicyclic cyclopentenones.

As mentioned in the coupling reaction of function-
alized acetylenes (eq 166), the intramolecular cycliza-
tion of a functionalized olefin and acetylene such as
2-en-7-ynoates or 2-en-8-ynoates readily proceeds.?20.221
Thus, the cyclization of tert-butyl enynoate afforded
the titanacycle, the presence of which was confirmed
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Table 52. Metallo-ene-Type Reactions Mediated by (?-Propene)Ti(O-i-Pr),

Substrate Electrophile Product Yield, % D.s. Ref.
(main : other)
OBn
i>< H,0 70 90: 10 95
Ao OBn
~7
BnN
X" oph
H* 85 6:1 218
I2 72 6:1
Br, 67 6:1
~7
BnN H* .
84 single 21
\/Y\oph 9 8
~7
BnN H* 86 single 218
OPh
Y
I 37
R N
_ Q0
Et0,C0” F N
R = Me,Si H,0 X=H 85 95
D,0 X=D 70 (> 97% d) 95
l2 X=1 80 95
PhCHO X =PhCH(OH)- 67 92:8 95
MesSi SiMes
N H,O 82 95
Et0,CO0" AN
CsHyy
/'\ /\//05H11 /'\
PR N7 N Hoo  Ph™ N7 71 95:5 96
5 \/\OCOZEt H “
SiMes SiMes
/\///
BnN H,0 BnN 62 87:13 96
YSN"N0c0,Et NS
TBDMSO— TBDMSO—
CsHiy CsHyy
S H0 i> 86 95
pZ
AcO Z /0
= H* 34 97
CeHi X = OMgClI ) CsHi 1
V 0OBn H 57 97
OTBS H* 47 97
==X OAc H* 50 97
OCO,Et H* / 54 97
CsH11 C5H11
F
TBSO H*  TBSO 79 97
—-=\/0Me

(>98%ee) (>98%ee) /
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Table 53. Ti(ll)-Mediated Intramolecular Cyclization
of Chiral Acetals (Ref 219)

Rn'CSHH ”J""Ti(O'I‘-Pr)Z R T‘CSHH
( )' o N (", OH
”o)\/ 2) H,0 RS0 "N~
R
n=0,1 A B
1) Ac,0 TGt
in Pyr. MeO
2) TsOH +
in MeoHMe0
c
Acetal moiety B c
in A Yield, % E/Z R:S
Me o)
\[ »—  quant 66/34 66 : 34
Me" O
c.Hex 0
>_ (93) 88/12 87:13
c.Hex™ O :
77 pure E 975:25
12 pure Z 20:80
Ph o)
T — 91 95/ 94:6
P O 83 pure E 98:2
4 pureZ 5:95
i-Pr,
o
98  55/45 49 : 51
A o 31 pure £ 43:957
F-Pr 24 4/96 96.3:3.7

by protonolysis and deuteriolysis (eq 191). It should

SiMeg SiMes
Z _HO"
- CO2Bu-t (excess) CO,Bu-t
83%
J'-'Ti(o-i-Pr)g SiMes
D,0 D - 95%d
SiMes (excess) CO,Bu-t
78% H D~
Ti(O--Pr)p 91%d (191)
SiMe
COgBu-t 1) LPOD 3
)(11.1 equiv) H ~NoD
2) H30* CO2Bu-t
(excess) H
84% D~
89%d
SiMes
HCHO ( >96:<4
62% COQ'f-BU
H

OH

be noted that the carbon—titanium bond a to the
ester group is the first position to be attacked by the
proton (or D), as evidenced by the deuteriolysis with
1.1 equiv of i-PrOD. This is also true for other
electrophiles such as carbonyl compounds that are
exclusively introduced at this position and in a highly
diastereoselective manner to offer a potential method
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Table 54. Monocyclization of Bis-unsaturated Esters
and Amides and Subsequent Reactions with
Electrophiles (Refs 220 and 221)

Unsaturated

Ester Electrophile

Product  Yield, % D.S.

SiMe;
SiMeg

p
Z HCHO
s COBu-t

EtCHO

62 >96:<4
CO,Bu-t

E

H
SiMe;
CO,Bu-t 63 single
H /~73:27-76:24

OH
SiMe,

=

Me,CO single
COQBU‘I‘

OH
. SiMeg
SiMeg »—~ 95%d
D,0O D 78 single
CO,Bu-t
H 5 »— 90%d
SiMes

ﬁ

/ \

COzBU'f

EtCHO CO,Bu-t 61 single

H /~73:27
OH
CegH
CsHiq 50111
HCHO 78 >93:<7
COZBU't COzBU'f

OH

: SiMe
SIM93 ;_ 87%d

D,0 D 50 single
COzBU't

D *  91%d

CsHyq
D # > 88%d

ingl
D,0 CONE, 82 single

- COzBuU-t
H

CsHyy

CONEt,

1

H D ©  exclusive d

for the stereoselective construction of the side chain
in addition to the cyclization (see the reaction with
HCHO in eq 191). Other results are shown in Table
54, which shows that the same reaction proved to be
possible with the corresponding amides as the sub-
strate.

The methyl or ethyl esters of the same structure
generate the titanacycles as well, but this is followed
by a second ring closure initiated by the reaction with
an electrophile, eventually giving bicyclic ketones as
shown in eq 192.220221 This transformation to prepare
bicyclic ketones avoids the use of toxic carbon mon-
oxide gas as can be seen in eqs 169 and 185. The
cyclization of 2,7-dienoates is also feasible to give the
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SiMeg J-“Ti(o-i-Pr)g SiMes
FZ
Ti(O--P
~_COE (0P
CO,Et
MesSi SiMes
El* -
. TiXa 0 (192
CO,Et
H
g B
E*=sBuOH  El=H 80%
EtCHO EtCH(OH)- 78%

titanacycle. Its selective reaction with a proton or a
carbonyl compound at the a-titanated ester moiety
results in the same ring closure to give the polycyclic
ketone in one step (eq 193). From a synthetic point

pZ J Ti(O-+P1); H
o CO2Et Ti(O--Pr)2
H co,Et
H H
Er TiXs
(‘cozEt - O (199)
H | H g
El* = s-BuOH El=H 2) 74%
EtCHO  EtCH(OH)- 3) 6%%

of view, the reaction of eq 193 serves as a one-pot
preparation of an aldol with the defined regiochem-
istry, as the routine aldol reactions of the nearly
symmetrical parent ketone with propionaldehyde will
not show any good regioselectivity. The formation of
bicyclic ketones by this method is shown in Table 55.

In contrast to the reactions of olefinic esters
discussed above, 7-en-2-ynoates show another inter-
esting behavior of cyclization (eq 194).220221 Deute-

=
X

CO,Et

-50 °c| )}mTi(o-i-Pr)2
Ti(O-+Pr),

o (194)

V/TI(O-I-PF)Q CO,Et
0°C o

CO,Et and/ ?’|(O—/—Pr)2

or

EtO
Er
H*, D* Et,CO
E
E 5 CO,E
Bt Ot
58%

CO,Et CO,Et
El=H 91% El=H 74%
D 99%d2 D 78°/o, 99°/od2 )

riolysis of the intermediate titanacycle at a low
temperature gave a bis-deuterated cyclopentane de-
rivative. However, when the titanabicycle generated
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Table 55. Tandem Cyclization of Enynoates or
Dienoates and Subsequent Reactions with
Electrophiles (Refs 220 and 221)

Unsgtst;rz:ted Electrophile  Product  Yield, % D.S.
e
SiMes SiMeg
P
/ H+ O 80 ==
o CO2Et
SiMe,
D* CQ:O 79  single
H D
SiMes
EtCHO 0 78 single
H y —63:37
OH
Et
SiMe3
Et,CO o 65 single
H doH
Et Et
P SiMe; SiMe;
7 H* 66 -
. < I =0
CO,Et
_ CsHi1 CsHi4
74
H* o 73 -
_ SiMeg SiMes
7z H* o 54 -
X CO2Et
__SiMeq $Mes
72
H* O g9 o7:3
H
H9C4
HyC4 H
=z (e}
EtCHO 53 --
Et
_ H
]
\/C02Et H* 74 -
H
H
o
EtCHO 69 single
H OH

m

at —50 °C was simply allowed to warm to a higher
temperature up to 0 °C, a new product having a fused
cyclopropane ring was obtained in good yield after
aqueous workup. A titanium—carbene complex and/
or a titanated ester enolate are the most likely species
in the reaction at the higher temperature as evi-
denced by the results of their bis-deuteriolysis and
smooth alkylidenation of diethyl ketone. Additional
results of this cyclization are listed in Table 56. The
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Table 56. Tandem Cyclization of 7-En-2-ynoates and
Subsequent Reactions with Electrophiles (Refs 220
and 221)

Unsaturated Electro- Product
Ester phile Yield % (Ds)
=
CO,Et
X 2 T
CO,Et 74
D 78

[99%4d,]
Et,CO %coza 58

B N/\/ H" g ch
n n

CO,Et
/\/
SN COE 53
7/\\ N 2
CsHit COZEt CsHys
OTBS OTBS
/ -
N H <:Z/002Et 78
CO,Et (single)
CsHyy CeHyy
<ﬁ v (I
N COgEt 51
S CO,Et (single)

stereochemistry of the cyclopropane formation was
very effectively regulated by an alkyl substituent at
the allylic position of the substrate, which was
utilized in the synthesis of d-sabinene, a monoterpene
having an optically active bicyclo[3.1.0]hexane skel-
eton, from optically active enynoate (eq 195).22%

OTBS
o o {
0 N)]\/\ - ~
e %
CO,Et
_OTBS
J---Ti(O-FPr)g
& <
CO,Et

78%, ds >98-99% d-sabinene
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