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Ti/Pd Bimetallic Systems for the Efficient Allylation of Carbonyl Compounds
and Homocoupling Reactions
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Abstract: The allylation, crotylation and prenylation of aldehydes and ketones
with stable and easily handled allylic carbonates is promoted by a Ti/Pd catalytic

system. This Ti/Pd bimetallic system is especially convenient for the allylation of
ketones, which are infrequent substrates in other related protocols, and can be car-
ried out intramolecularly to yield five- and six-membered cyclic products with
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good stereoselectivities. In addition, Ti/Pd-mediated reductions and Wiirtz-type di-
merisation reactions can be readily carried out from allyl carbonates and carboxy-

lates.

Introduction

Allylation of carbonyl compounds with allylmetals is an in-
dispensable tool in total synthesis."! Building upon the semi-
nal work of Barbier,” carbonyl compounds can now be di-
rectly transformed into homoallylic alcohols by using allylic
halides as pro-nucleophiles in the presence of a metal in a
low oxidation state. Nevertheless, introducing an allylic
halide in the final steps of a synthetic sequence, into a
highly functionalized molecule, can be cumbersome. This
has led to new procedures based on the use of allylic car-
boxylates.”® However, allylic carboxylates are not sub-
strates for the valuable Nozaki-Hiyama-Kishi (NHK) reac-
tion.”) Furthermore, most of these procedures are limited to
aldehyde electrophiles and are unsuccessful with ketones
due to the poor nucleophilicity of the allylmetals generated
in situ.®1

We recently reported a catalytic bimetallic Ti/Pd-based
protocol to carry out efficient and chemoselective Barbier-
type allylation of carbonyl compounds from allylic carboxyl-
ate and carbonate pro-nucleophiles (Scheme 1)."*? In con-
trast with other protocols, ketones are also substrates of this
reaction. The success of our strategy was based on combina-
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Scheme 1. Catalytic Ti/Pd-mediated reactions.

tion of the free-radical chemistry mediated by Ti""*'%! with
the late-transition-metal chemistry mediated by Pd. The ex-
cellent chemical profile of allyltitanium complexes towards
aldehydes and ketones is at the heart of the chemoselectivi-
ty of the process.'”! We have extended these preliminary
studies to broaden the scope of this allylation to new sub-
strates. In addition, we report our results on Ti/Pd-mediated
reductions and Wiirtz-type dimerisations (Scheme 1).

Results and Discussion

Ti/Pd-mediated Wiirtz-type coupling reaction: The single-
electron reduction of an n’-allylpalladium intermediate gen-
erates an allyl radical that can couple with: 1) a molecule of
[Cp,TiCl]"™® (Cp=cyclopentadienyl) to yield a nucleophilic
n'-allyltitanocene(IV) intermediate, or 2) another allyl radi-
cal to give a Wiirtz-type homocoupling product. The classi-
cal experimental procedure has severe drawbacks and,
therefore, it has been scarcely used in organic synthesis.!"")
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Other, more convenient, Wiirtz-type protocols have been
developed that use different metals (such as Cu,” Sm,?!
Ti,”2 Fel® or Ni),”/ but, in all cases, allylic halides are re-
quired as starting materials. The use of allylic esters in
Wiirtz-type reactions is rather unusual.® In this context, a
general Wiirtz-type reaction of allylic carboxylates catalysed
by a Ti/Pd bimetallic system may broaden the scope of this
transformation.

Many interesting compounds with dimeric structures
occur naturally, for example, squalene. Therefore, we fo-
cused on simple acetate and ethyl carbonate derivatives of
geraniol, nerol, linalool and farnesol as starting materials. A
simple solution to minimise heterocoupling processes be-
tween the allyl radical and [Cp,TiCl] is to decrease the con-
centration of [Cp,TiCl] below the concentration of the Pd
catalyst. New developments in titanocene(III)-regenerating
agents™! allow reactions to be performed with [Cp,TiCl,]
(5-40mol %) as a pre-catalyst.””! Especially, the combina-
tion of 2,4,6-collidine and trimethylsilyl chloride (TMSCI),
developed in our lab, has proven to regenerate different tita-
nium species (titanium alkoxides, carboxylates or hy-
drides).”® Based on these precedents, we carried out the re-
actions by using a mixture of allylic derivative (1 mmol),
palladium catalyst (20 mol %), [Cp,TiCl,] (10 mol%), Mn
dust (8 mmol), 2.4,6-collidine (7 mmol) and TMSCI
(4 mmol).

The initial experiment with geranyl carbonate 1 showed
that Wiirtz-type coupling products were obtained when a
simple mixture of PdCl, and PPh; was used (Table 1).*) No-
tably, the reaction takes place smoothly at room tempera-
ture. In the absence of the phosphane ligand the starting
substrate was recovered, which underlines its importance.

The head-to-head coupling of the allyl radical (a,a’-cou-
pling product) is the main product in all cases (Table 1).F”
This regioselectivity is in accordance with previously de-
scribed results for the dimerisation of geranyl bromide and
geranyl acetate.”>?! It is worth noting that the E or Z ste-
reochemistry of the double bond in the allylic substrate was
mainly retained when ethyl carbonates of trisubstituted al-
kenes were used (Table 1, entries 1, 2 and 6). This stereospe-
cificity in palladium-mediated coupling reactions of allylic
carbonates is known®"! and suggests that the dimerisation
process is faster than isomerisation of the n*-allylpalladium
complex or the subsequent allyl radical. Good stereocontrol
in the coupling process is an important goal, because stereo-
defined natural polyprenes are required as starting materials
in the biomimetic synthesis of natural products. On
the other hand, reactions of allylic acetates (Table 1, en-
tries 3-5) led to similar regioselectivities, but poorer stereo-
selectivities.

To exemplify the potential of this transformation in the
context of the synthesis of polyprenes, we carried out the
first synthesis of squalene from readily prepared ethyl farne-
syl carbonate (Table 1, entry 6). This coupling process could
be also extended to other substrates to give the respective
Wiirtz-type coupling products (Table 1, entries 7-10). The
reaction is compatible with different substitution patterns in
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Table 1. Ti/Pd-Mediated Wiirtz-type coupling.”!

X0
R ) [Cp,TiCl] Rg:/—\:<R1 o R2

R? PdCI,/2PPhs R2 R2 o2
a,y-coupling product

(aa)/ (oY)

a,o-coupling product

Allylic derivative

_~_-OCO,Et
1 N

¥
2 2 1 60 4.1kl
>
= OAc
3 N 3 11 60 3:114

a,a’ Coupling prod-  Yield
uct [%]

11 78 5.6:10!

OAc
4 Z 4 1 7 311l
xn
OAc
56 = 5 1 73 3:118

41
2:1
OCO,Et
8 8 13 49 32
CsHq
Ph =
9 Ph""0COEt 9 /\ij 14 70 32
PhXx
OCO,Et
10 10 15 55 1:11M

[a] Allyl derivative (1 mmol), PdCl, (20 mol %), [Cp,TiCL,] (10 mol %),
Mn dust (8 mmol), TMSCI (4 mmol), 2,4,6-collidine (7 mmol). [b]4:1
mixture of E,E/E,Z stereoisomers. [c] 1:4 mixture of E,Z/Z,Z stereoiso-
mers. [d] 1:1 mixture of E,E/E, Z stereoisomers. [E] 1:1 mixture of E,Z/
Z,Z stereoisomers. [f] 1:1:1 mixture of E,E/E,Z/Z,Z stereoisomers. [g] 4:1
mixture of E,E/E,Z stereoisomers. [h] 1:1 syn/anti mixture.

the allylic carboxylate, but a decrease in substitution at the
y-position of the allylic carbonate gives lower o,0’ regiose-
lectivity.

Ti/Pd-mediated reduction of allylic carboxylates and carbo-
nates: When the concentration of [Cp,TiCl] is higher than
the concentration of the Pd catalyst a heterocoupling reac-
tion between the allyl radical and the Ti"™ catalyst takes
place. The resultant m'-allyltitanium(IV) complexes can
react with water, which leads to reduction of the allylic sub-
strate. We validated this assumption by carrying out the re-
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action of different carbonates and carboxylates in the pres-
ence of a mixture of allylic derivative (1 mmol), PdCl,
(20 mol %), [Cp,TiCl,] (200 mol %), Mn (8 mmol) and water
(10 mmol); see Table 2 for a summary of the results. In all

Table 2. Pd”/Ti"-mediated reduction of allylic carboxylates and carbona-
tes.l*!

[Cp,TiCI] H
R’ ox "7 ., R H R!
Wj/\/ PACL/2PPh, \fv D
R H,0 R R?
a-reduction y-reduction
Allyl carbonate aly Yield [%)]
1 CrHis "0C0E 1.6:10 60
2 CoHis” " 0Ac 1.6:10 66
3 CHiy " 0Bz 1.6:11 61
. MeO,C X OCO,E 1 45
COMe :
OCO,Et
X
5 | 1.5:1 100
™
l
OAc .
6 | 1.5:1 100

[a] Allyl derivative (1 mmol), PdCl, (20 mol %), [Cp,TiCl,] (200 mol %),
Mn dust (8 mmol), water (10 mmol). [b] 5:1 mixture of E/Z stereoiso-
mers.

cases, the expected alkenes were obtained. This fact is re-
markable when taken into account that homodimers are ob-
tained in the titanocene(IIl)-mediated reactions of allylic
halides, even in the presence of high amounts of water.*”)
Formation of the o regioisomer as the major product is in-
consistent with protonolysis of the allyltitanium(IV) com-
plex, which would take place preferentially at the y-position.
Although protonolysis at the a-position is also possible, an
explanation based on reduction of the corresponding allyl
radical by titanocene(IIl)-aqua complexes cannot be ruled
out.”

The reaction can be carried out with deuterium oxide as
the electrophile, which leads to a quantitative yield of the
deuterated isotopologues of the products illustrated in
Table 2, entries5 and 6. The presence of the deuterium
atom was confirmed by mass spectroscopy and changes in
the multiplicity of signals in the "H NMR spectrum. These
deuterated derivatives, which present almost the same physi-
cal and chemical properties than their non-deuterated ana-
logues, have potential applications for mechanistic studies,
analysis of metabolic routes™ and as internal standards in
the analysis of complex mixtures (of great interest in the
food and pharmaceutical industries).**3

Ti/Pd-mediated allylation, crotylation and prenylation of al-
dehydes and ketones: n'-Allyltitanium(IV) complexes are
known to be good nucleophiles towards carbonyl com-
pounds; homoallylic alcohols can be obtained by reaction
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with appropriate aldehydes and ketones. Initially, we carried
out experiments to find the best reaction conditions by
using simple allyl ethyl carbonate as the pro-nucleophile
and decanal and 2-decanone as the carbonyl compounds. In
these experiments, the amount of titanium complex was
high enough (200 mol %) to minimise the Wiirtz coupling.
The results are summarised in Tables 3 and 4.

The reaction took place at room temperature with both
decanal and 2-decanone as the electrophile. Interestingly,
the yields with the less reactive 2-decanone are, in some

Table 3. Influence of the palladium complex in the Pd%Ti"-catalysed al-
lylation of decanal and 2-decanone.

OH
A x
OCO,Et
N2 [CpsTIC] 16
+ —_— or
Decanal/2-Decanone [Pd] OH
\{\)Q/\
7
17
Palladium catalyst ([Pd]) 16 [%] 17 [%]
Alal B! Al B!
1 PdCl, 22 29 23 14
2 PdCl,/2PPh, 77 75 85 59
3 [PACL,(PPh;),] 54 66 320 48
4 [Pd(PPh;),] 56 68 8 98
5 [Pd,(dba);]-dba 26 60 55 22
6 Pd(OAc), - - - -
7 Pd(OAc),+2PPh; 48 47 2414 15
8 [PACL,(MeCN),] - - - -
9 [PACL,(MeCN),] +2PPh, 46 31 550l 56
[a] Method A:  Allyl ethyl carbonate (4 mmol), palladium cat.

(20 mol %), [Cp,TiCL,] (200 mol %), Mn dust (8 mmol), carbonyl com-
pound (1 mmol). [b] Method B: Allyl ethyl carbonate (4 mmol), palladi-
um cat. (10 mol%), [Cp,TiCl,] (40 mol%), Mn dust (8 mmol), TMSCI
(4 mmol), 24,6-collidine (7 mmol), carbonyl compound (1 mmol)
[c] 37% of 2-decanone was recovered. [d] 53 % of 2-decanone was recov-
ered. [e] 36 % of 2-decanone was recovered.

Table 4. Influence of the ligand in the Pd”/Ti"-mediated allylation of
decanal and 2-decanone.”!

OH
A X
OCO,Et
AT [Cp,TiCl 16
+ e or
Decanal/2-Decanone (Pd] OH
M
7
17
Ligand 16 [%] 17 [%]
1 PCy; 8 51
2 PPhCy, 28 53
3 P(oTol); 10 71
4 PPh; 77 85
5 P(Mes); 33 37
6 P(C4Fs); 28 45
7 P(OEt); 7 9
8 P(OPh); - 33
9 dppe 26 -

[a] Allyl ethyl carbonate (4 mmol), palladium chloride (20 mol %), ligand
(240 mol %), [Cp,TiCl,] (200 mol%), Mn dust (8 mmol), carbonyl com-
pound (1 mmol).
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cases, higher relative to those obtained with decanal. This is
due to the slow transfer of one of the Cp groups of
[Cp,TiCl] to the aldehyde to yield the equivalent Grignard-
type alcohol, a process that is especially relevant when stoi-
chiometric amounts of [Cp,TiCl] are used.

Although the phosphane ligand does not seem to be
strictly required in this transformation (Table 3, entry 1), it
might help in the stabilisation of low-valence palladium in-
termediates. Different phosphanes could also be used; how-
ever, the best yields were obtained with PPh; (Table 4,
entry 4). On the other hand, phosphites were not suitable li-
gands for this transformation (Table 4, entries 7 and 8).5
Interestingly, catalyst [PdCl,(PPh;),] gave lower yields than
PdCl,/PPh; (Table 3, entry 2 versus 3), which suggests that
reduction of the pre-formed complex to the active Pd’ spe-
cies is disfavoured. The reaction could also be performed
with [Cp,TiCl,] (40 mol%) in the presence of TMSCI
(4 mmol), 2.4,6-collidine (7 mmol) and Mn dust (8 mmol)
(Table 3, method B). For decanal, under these conditions,
the combination of PdCl, and PPh; again gave the best re-
sults (Table 3, entry 2), whereas for 2-decanone an almost
quantitative yield was obtained when [Pd(PPh;),] was used
(Table 3, entry 4).

We also tested the influence of the nature of the pro-nu-
cleophile. The results are summarised in Table 5. A correla-
tion between the leaving-group ability of the allylic func-
tionality and the yield of the addition reaction was found.
This suggests that the rate-determining step in the global
process is oxidative addition to the allylic substrate. Al-
though simple allylic ethyl and phenyl ethers are substrates
of this reaction (Table 5, entries 1 and 2), the yields were im-
proved when benzoates were used (Table 5, entries 4 and 5).
Phenyl carbonate also gave satisfactory results (Table 5,
entry 8). Nevertheless, the use of benzoates and phenyl car-
bonates produced benzoic acids and phenol as byproducts,
whereas ethyl carbonates gave clean reactions. Therefore,

Table 5. Influence of the allylic derivative in the Pd’/Ti""-promoted ally-
lation of carbonyl compounds. !

OR
e [Cp,TiC] 16
+ D — or
Decanal/2-Decanone PdCl, / 2PPhg OH
X
17
R 16 [%] 17 [%]
1 CH,CH, - 43
2 Ph 40 63
3 COCH; 30 39
4 COPh 40 68
5 COCF; 87 79
6 CO,Et 77 85
7 CO,CH,CCl, 10 -

8 CO,Ph 64 63

[a] Allyl ethyl carbonate (4 mmol), PdCl, (10 mol %), ligand (20 mol %),
[Cp,TiCL,] (200 mol %), Mn dust (8 mmol), carbonyl compound
(1 mmol).
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ethyl carbonates were selected to carry out the present
study.

The scope of the process was studied under the optimised
reaction conditions (Table 6). The allylation of a variety of
aldehydes and ketones proceeded in moderate to good

Table 6. Pd”/Ti""-mediated allylation of aldehydes and ketones.
(0]

PN

R™ "R? )
[Cp,TiCl] g2 OH
+ L B
PdCl, / 2PPh, wM
_~_OCO,Et
Carbonyl Product Yield®  Yield®
compound [%] [%]
OH
1 3-phenylpropanal M\Ph 18 57 54
QH
2 2-phenylpropanal Y\/\ 19 - 48l
Ph
3 citronelal g/v/ 20 64 7314
OH
HO Va
4 adamantanone @/\/ 21 72 79
HO
5 acetophenone Q)Q\ 22 87 74
OH
6 cyclopropylphenyl ketone ‘\ A 23 74 63
=
HO /
7 o-tetralone 24 77 74
HO P
8 2-indanone ©\/§\/ 25 73 56
@7(\/
9 acetyl ferrocene Fe /oH 26 99 48
<
OH
10  carvone — 27 95 45
HO_ ~_~
11 cyclododecanone 28 54 78
HO =
12 cyclodecanone (ﬁ 29 65 -

o
I

61 65!l

—_
(95}

tert-butylcyclohexanone

%\
g

[a] Method A:  Allyl ethyl carbonate (4 mmol), palladium cat.
(20 mol %), [Cp,TiClL,] (200 mol %), Mn dust (8 mmol), carbonyl com-
pound (1 mmol). [b] Method B: Allyl ethyl carbonate (4 mmol), palladi-
um cat. (10 mol%), [Cp,TiCl,] (40 mol%), Mn dust (8 mmol), TMSCI
(4 mmol), 24,6-collidine (7 mmol), carbonyl compound (1 mmol).
[c] 15:85 mixture of syn/anti stereoisomers. [d] Racemic mixture. [e] 2:1
mixture of cis/trans stereoisomers.
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yields. The results from the use of stoichiometric and sub-
stoichiometric amounts of titanium catalyst were, in many
cases, similar. The yields obtained from reactions with ke-
tones as electrophiles are typically higher than those from
the corresponding aldehydes. Notably, even ketones such as
acetophenone, prone to readily undergo pinacol reaction
(thus, unsuitable substrates for samarium-related transfor-
mations),”” gave the desired allylation products.

Crotylation was also examined (Table 7). In this case, the
two positions of the allyl radical intermediate are not equiv-
alent and mixtures of regioisomers would be expected.
However, the reaction is highly regioselective and exclusive-
ly favours the y-addition product. With respect to the stereo-

Table 7. Pd”/Ti"-mediated crotylation of aldehydes and ketones.
(6]

R JJ\RZ
[CpoTiCl] g2 O

R3
. _ toplitl
R PdCl, / 2PPh, R1>I\/%

S¢~_OCOEt

FULL PAPER

chemistry, we could also observe a slight preference for for-
mation of the anti isomer. This regio- and diastereoselectiv-
ity suggest the involvement of a 2-butenyltitanium(I'V) inter-
mediate, similar to that described by Sato.”® Notably, the
crotylation reaction takes place satisfactorily with ketones.

Prenylation of ketones is y regioselective, whereas varia-
ble amounts of the a regioisomer were isolated when alde-
hydes were used as electrophiles (Table 8). Although the a
prenylation is rather infrequent, it has been previously ob-
served in other titanocene(IIl)-mediated Barbier-type reac-
tions.[-2"

Intramolecular Barbier-type allylation reactions are scarce
in the literature, probably a result of the synthetic effort re-
quired to introduce the labile
allylic halide moiety. Neverthe-
less, the present protocol al-
lowed for the efficient synthesis
of six- (Table 9, entries 1-8) and
five-membered (Table9, en-
tries 9-10) carbo- and heterocy-

o)
-
[}
o
=
<}
-

Ethyl
carbonate

Carbonyl
compound [%]

Yield®

clic products. Different substitu-
ents are tolerated in the ketone

Yield®  syn/
[%] anti

\

1~ OCOEt decanal A 31 53

o
I

\

2~ OCOE

2-decanone 32 63

~
o
I

3 S~ OCOE citronelal 33 46

%};
Y

(o)
I

4 ~ A~ OCOE cyclocitral 34 -

5

4

5 ~ A~ OCOE geranyl acetone!*! 35 55

I
o]

\
;

6 ~F~OCOE acetophenone 36 -

N
7 CsH¢s OCOzEt 2-decanone 37 80

O
T

OCO,Et

8 ¥ 2-decanone
CsH1s

vl

9 z
e

Z=C(CO,Me),
) A~ OCOEL
10

Z=C(CO,Me),

©)

38 52

\.
o
I

\

OCO,Et

/
e

'z

decanal 39 -

N

7
2

'

decanal 40 639

N

(Table 9, entries 7 and 10) and
alkene  moieties (Table 9,
entry 8). The stereoselectivities
in the formation of six-mem-
bered carbocycles are, in gener-
al, excellent; the major stereo-
isomer presents a cis configura-
tion between the vinyl and hy-
droxyl groups. Although the
reason for this preference is un-
clear, precedent from other in-
tramolecular  titanocene(III)-
mediated Barbier reactions sug-
gest that an allyl radical addi-
tion to the carbonyl group
takes place instead of the ex-
pected n'-allyltitanium(IV) nu-
cleophilic  addition."  Five-
membered carbocycles present
mainly the opposite stereo-
chemistry, with the vinyl and
hydroxyl group in a trans con-
figuration.

- 4:6

75 4:6

66 4:6

96 4:6

71 4:6

36 1:1

Mechanistic studies: The results
obtained by reaction with the
Ti/Pd bimetallic system can be
rationalised by the mechanism
shown in Scheme 2. Initially,
an oxidative addition of the al-

52ldl _

[a] Method A: Allyl ethyl carbonate (4 mmol), palladium cat. (20 mol %), [Cp,TiCL] (200 mol %), Mn dust
(8 mmol), carbonyl compound (1 mmol). [b] Method B: Allyl ethyl carbonate (4 mmol), palladium cat.
(10 mol %), [Cp,TiClL,] (40 mol%), Mn dust (8 mmol), TMSCI (4 mmol), 2,4,6-collidine (7 mmol), carbonyl
compound (1 mmol). [c] 1:1 mixture of E/Z stereoisomers. [d] Single stereoisomer, tentatively assigned as anti

isomer.
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lylic electrophile I to Pd’ would
give the corresponding n’-allyl-
palladium complex II. Mono-
electronic reduction of complex
II could form an n'-allylpalla-
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Table 8. Pd”/Ti"-mediated prenylation of aldehydes and ketones.
o}

A , OH

R? [Cp,TiCI] R
* PdCl, / 2PPh Rﬂ%
\(\/OCOQEt

R1

Carbonate Carbonyl  Product Yield® Yield®
compound [%] [%]
0CO,Et _
17 decanal *\E\?Q 41 84l 5l
Y\/ T
0CO,Et _
2 ¥ 2-decanone % 26 53
Y\/ OH
OH
OCO,Et X
3 77 citronelal 3 549 61l
|
OH
OCO,Et
4 P yelocitral &X\ 4“4 - 53
| o~ [e]
50 OCOzEt  decanal 3 45 64
OH
[a] Method A:  Allyl ethyl carbonate (4 mmol), palladium cat.

(20 mol %), [Cp,TiCl,] (200 mol%), Mn dust (8 mmol), carbonyl com-
pound (1 mmol). [b] Method B: Allyl ethyl carbonate (4 mmol), palladi-
um cat. (10 mol%), [Cp,TiCl,] (40 mol%), Mn dust (8 mmol), TMSCI
(4 mmol), 24.6-collidine (7 mmol), carbonyl compound (1 mmol).
[c] 65:35 mixture of a/y regioisomers. [d] 1:1 mixture of syn/anti re-
gioisomers. [d] 1:10 mixture of diastereoisomers.

R! \/\/ox R! WTiCmCI E* RW\T/\

R2 | R2 v R2

l[PdoLn] [CpZTiCI]1 Process A

R? 1

%\\ [Cp,TiCI] R N
R® Pdl,  -[PdOL,] 2"
X0’ R

1] n

+Wl| Process B
R1
;
R WRZ

R2

Scheme 2. Mechanistic hypothesis for the Ti/Pd-mediated allylation and
Wiirtz-type coupling reactions.

dium(I) intermediate, which apparently fragments to three
new species: 1) the corresponding carbon-centred allyl radi-
cal III, 2) a Pd’ complex, which is reintroduced into the cat-
alytic cycle and 3) a Ti"V ethyl carbonate. Although we ini-
tially assigned the role of single-electron-transfer (SET) re-
agent to [Cp,TiCl], despite its relatively low reduction po-
tential (E°=—0.8 V vs. Fc/Fc™), we should take into account
that Mn dust is also present in the reaction media. There-

www.chemeurj.org
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Table 9. Pd”/Ti"-mediated cyclisation reactions.

Allyl Product Yield®  Yield"
carbonate [%] [%]
Vi

(""0C0,Et =
Z/\:§<7OH 46 73! -
H
2 Z CHO

1 Z"cho
o]
z
L/ H
0
b4

Z=C(CO,Me),
Et0,CO
Z=C(CO,Me),
(""0C0,Et

3 ZnSCoMe
Z.=C(CO,Me),
Et0,CO

/

4 7  COMe 48 - 92

Z=C(CO,Me),
EtOZCf'\/j
s 7
L_come
Z=NTs
(X 0C0,E =
6 “~"Come
Z=C(SO,Ph),
("0co,Et
7 A cogt
Z=C(SO,Ph),
(Y\ocoza
8 “~"come 52 536 56
Z=C(CO,Me),
e ~_OCOE .
9 “_come Z/;COH 53 839 46
Z=C(CO,Me), :
~ _~_-OCOEt
10 "~\-COPh
Z=C(CO,Me), Ph
[a] Method A: Allyl ethyl carbonate (4 mmol), palladium cat.
(20 mol %), [Cp,TiClL,] (200 mol %), Mn dust (8 mmol), carbonyl com-
pound (1 mmol). [b] Method B: Allyl ethyl carbonate (4 mmol), palladi-
um cat. (10 mol%), [Cp,TiCl,] (40 mol %), Mn dust (8 mmol), TMSCI
(4 mmol), 2,4,6-collidine (7 mmol), carbonyl compound (1 mmol). [c] 1:1
mixture of diastereoisomers. [d] 4:1 mixture of diastereoisomers.

o |
I

49 71 62

N

50 78 67

51 63 60

54 - 46

fore, we carried out some control experiments. The reaction
takes place when a mixture of Pd’ complexes, such as [Pd-
(PPh;),] and pre-generated [Cp,TiCl],, are used."” Never-
theless, the reaction is highly accelerated in the presence of
Mn dust. It is also worth noting that in the absence of
[Cp,TiCl] the reaction does not take place. One possible ex-
planation for this is that [Cp,TiCl] is not only acting as a
SET reagent, but also as a pre-activator for the reduction of
the n’-allylpalladium complex. Coordination with the ethyl
carbonate anionic ligand could favour a Mn’-mediated SET.
This hypothesis is supported by the previously reported
Lewis acidic character of [Cp,TiCl].[*!

Homocoupling between two allyl radicals III generates
the Wiirtz-type products (Scheme 2, Process B). A hetero-
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coupling process between the resulting allyl radical III and
the titanocene(III) complex would yield a nucleophilic
n'-allyl titanocene(IV) complex IV (Scheme 2, Proces-
s A)," which is able to react with different electrophiles.
Titanocene(III) regenerators (2,4,6-trimethyl-1-trimethylsi-
lylpiridinium chloride/Mn dust or 2,4,6-collidine-HCl/Mn
dust) then reintroduce [Cp,TiCl] into the catalytic cycle. Al-
ternative mechanisms based on pre-coordination of the Ti™
complex to aldehydes and ketones*?! or nucleophilic palladi-
um complexes** cannot be ruled out.

Conclusion

We have demonstrated that Ti"™' can catalyse allylation, cro-
tylation and prenylation of carbonyl compounds, Wiirtz-type
coupling and reduction reactions, in the presence of palladi-
um complexes, from stable and easily handled allylic carbox-
ylate starting materials. The addition reaction can also be
carried out intramolecularly to yield five- and six-membered
cyclic products with good stereoselectivities. Notably, this
Ti/Pd bimetallic system is especially convenient for the ally-
lation of ketones, which are infrequent substrates in other
related protocols. From a mechanistic point of view, the role
of all the involved metallic species must be clarified to de-
velop an enantioselective version of this reaction. In this
sense, Ti"™ intermediates seem to play a key role in the
Barbier-type reactions and the development of chiral
titanocene(IIT) complexes compatible with our catalytic con-
ditions is underway.

Experimental Section

General details: For all reactions that involved titanocene, solvents and
additives were strictly deoxygenated prior to use. THF was distilled over
sodium/benzophenone ketyl radical under argon. The following known
compounds were isolated as pure samples and NMR spectra matched
those previously reported: 28;° 17, 20, 21, 32, 39-42, 46-48;!'" 23, 29, 49,
50; (1201 11:22 13-16:145481 18;141 19:6500 22.551 25.1521 24 26153 27,54 30—
33;[55—57] 36,1581

General procedure for the synthesis of allyl, crotyl and prenyl carbonates
from alcohols (GP 1): Ethylchloroformate (2.0 mmol) was slowly added
to a mixture of 4-dimethylaminopyridine (0.3 mmol), pyridine (3.0 mmol)
and alcohol (1.0 mmol) in dry CH,Cl, (25 mL). The reaction mixture was
stirred for 3 h and subsequently washed with 10% aqueous HCI solution,
10% aqueous NaOH solution and brine. The organic phase was dried
over anhydrous NaSO, and the solvent was removed in vacuo. The resi-
due was purified by flash chromatography (EtOAc/hexane) to give the
carbonate.

General procedure for Pd"/Ti""-mediated Wiirtz-type coupling reaction

of allylic derivatives (GP 2): Rigorously dried and deoxygenated THF
(20 mL) was added to a mixture of [Cp,TiCl,] (0.1 mmol), PdCl,
(0.2 mmol), PPh; (0.4 mmol) and Mn dust (8.0 mmol) under an Ar at-
mosphere and the suspension was stirred at RT until it turned dark green
(about 15 min). A solution of allylic derivative (1.0 mmol) and 2,4,6-colli-
dine (7.0 mmol) in THF (2 mL) and Me;SiCl (4.0 mmol) was then added.
The mixture was stirred for 16 h and then diluted with EtOAc and
washed with 10% aqueous HCI solution and brine. The organic phase
was dried over anhydrous NaSO, and the solvent was removed in vacuo.
Products were purified by flash chromatography on silica gel (hexane)
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and characterised by spectroscopic techniques. The yields obtained are
reported in Table 1.

General procedure for Pd"/Ti"-mediated reduction of allylic carboxylates
and carbonates (GP 3): Rigorously deoxygenated THF (20 mL) was
added to a mixture of [Cp,TiCl,] (2.0 mmol), PdCl, (0.1 mmol), PPh,
(0.2 mmol) and Mn dust (8.0 mmol) under an Ar atmosphere and the sus-
pension was stirred at RT until it turned dark green (about 15 min). A so-
lution of carbonate (1.0 mmol) and water (10 mmol) in THF (2 mL) was
then added. The mixture was stirred for 6 h and then diluted with EtOAc
and washed with brine. The organic phase was dried over anhydrous
NaSO, and the solvent was removed in vacuo. Products were purified by
flash chromatography on silica gel (hexane) and characterised by spectro-
scopic techniques. The yields obtained are reported in Table 2.

General procedure for Pd"/Ti""-mediated allylation, crotylation and pre-
nylation of carbonyl ¢ d tes (GP 4)

p with carb

Method A: Rigorously dried and deoxygenated THF (20 mL) was added
to a mixture of [Cp,TiCl,] (2.0 mmol), PdCl, (0.1 mmol), PPh; (0.2 mmol)
and Mn dust (8.0 mmol) under an Ar atmosphere and the suspension was
stirred at RT until it turned dark green (about 15 min). A solution of car-
bonyl compound (1.0 mmol) and carbonate (4.0 mmol) in THF (2 mL)
was then added. The mixture was stirred for 6 h and then diluted with
EtOAc and washed with brine. The organic phase was dried over anhy-
drous NaSO, and the solvent was removed in vacuo. The residue was pu-
rified by flash chromatography (EtOAc/hexane).

Method B: Rigorously dried and deoxygenated THF (20 mL) was added
to a mixture of [Cp,TiCl,] (0.4 mmol), PdCl, (0.2 mmol), PPh; (0.4 mmol)
and Mn dust (8.0 mmol) under an Ar atmosphere and the suspension was
stirred at RT until it turned dark green (about 15 min). A solution of car-
bonyl compound (1.0 mmol), carbonate (4.0 mmol) and 2,4,6-collidine
(7.0 mmol) in THF (2 mL) and Me;SiCl (4.0 mmol) were then added.
The mixture was stirred for 16 h and then diluted with EtOAc and
washed with 10% aqueous HCI solution and brine. The organic phase
was dried over anhydrous NaSO, and the solvent was removed in vacuo.
The residue was purified by flash chromatography (EtOAc/hexane).

1114

General procedure for Pd’/Ti"-mediated cyclisation reactions (GP 5)

Method A: Rigorously dried and deoxygenated THF (15 mL) was added
to a mixture of [Cp,TiCl,] (2.0 mmol), PdCl, (0.1 mmol), PPh; (0.2 mmol)
and Mn dust (8.0 mmol) under an Ar atmosphere and the suspension was
stirred at RT until it turned dark green (about 15 min). A solution of acy-
clic compound (1.0 mmol) in THF (1 mL) was then added. The mixture
was stirred for 16 h and then diluted with EtOAc and washed with brine.
The organic phase was dried over anhydrous NaSO, and the solvent was
removed in vacuo. The residue was purified by flash chromatography
(EtOAc/hexane).

Method B: Rigorously dry and deoxygenated THF (15 mL) was added to
a mixture of [Cp,TiCl,] (0.4 mmol), PdCl, (0.2 mmol), PPh; (0.4 mmol)
and Mn dust (8.0 mmol) under an Ar atmosphere and the suspension was
stirred at RT until it turned dark green (about 15 min). A solution of acy-
clic compound (1.0 mmol) and 2,4,6-collidine (7.0 mmol) in THF (1 mL)
and Me;SiCl (4.0 mmol) were then added. The mixture was stirred for
24 h and then diluted with EtOAc and washed with 10% aqueous HCI
solution and brine. The organic phase was dried over anhydrous NaSO,
and the solvent was removed in vacuo. The residue was purified by flash
chromatography (EtOAc/hexane).

Compound 34: Following GP 4, compound 34 was obtained as a colour-
less oil. "H NMR (500 MHz, CDCl,;, 25°C): §=5.85-5.73 (m, 1H), 5.19-
5.11 (m, 2H), 3.94 (d, /=9.9 Hz, 1H), 2.90-2.73 (m, 1H), 1.99-1.90 (m,
2H), 1.81 (s, 3H), 1.73-1.32 (m, 4H), 1.17 (d, /=6.5Hz, 3H), 1.06 (m,
3H), 1.01-0.94 (s, 3H), 0.90 ppm (s, 3H); "CNMR (125 MHz, CDCl,,
25°C): 0=143.3 (CH), 141.7 (CH isom), 133.3 (C), 132.5 (C), 115.8
(CH,), 113.3 (CH, isom), 75.4 (CH), 73.7 (CH isom), 44.3 (CH), 43.0
(CH isom), 40.4 (CH,), 34.8 (C), 34.6 (CH,), 34.4 (CH, isom), 29.1 (2x
CH,), 21.5 (CH;), 19.5 (CH,), 17.8 (CHj;), 17.3 ppm (CHj; isom); HRMS
(FAB): m/z caled for C,H,yONa [M+Na]*: 231.1725; found: 231.1719.

Compound 35: Following GP 4, compound 35 was obtained as a colour-
less oil. "H NMR (500 MHz, CDCl,;, 25°C): §=5.91-5.79 (m, 1H), 5.15~
5.03 (m, 4H), 2.31-2.20 (m, 1H), 2.13-2.01 (m, 4H), 2.02-1.95 (m, 2H),
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1.68 (s, 6H), 1.60 (s, 3H), 1.54-1.44 (m, 2H), 1.10 (s, 3H), 1.03-0.97 ppm
(d, J=6.9 Hz, 3H); ®*CNMR (125 MHz, CDCl,, 25°C): 6=139.5 (CH),
134.3 (C), 130.5 (C), 1243 (CH), 123.3 (CH), 114.8 (CH,), 72.7 (C), 46.3
(CH), 38.6 (CH,), 30.9 (CH,), 25.6 (CH,), 24.7 (CH,), 22.6 (CH,), 20.8
(CH,), 16.7 (CH,), 15.0 (CH;), 13.9 ppm (CH).

Compound 37: Following GP 4, compound 37 was obtained as colourless
oil. 'HNMR (400 MHz, CDCl,;, 25°C): 6=5.60 (m, 1H), 5.17 (d, J=
10.2 Hz, 1H), 5.08 (d, /=17.0 Hz, 1H), 2.06-2.05 (m, 1H), 1.51-1.16 (m,
26H), 1.07 (s, 3H), 0.87 ppm (t, J=6.3 Hz, 6H); *C NMR (100 MHz,
CDCl;, 25°C): 6=139.1 (CH), 118.4 (CH,), 73.4 (C), 542 (CH), 39.8
(CH,), 31.9 (2xCH,), 30.3 (CH,), 30.2 (CH,), 29.6 (CH,), 29.5 (CH,),
29.3 (2xCH,), 289 (CH,), 28.1 (CH,), 28.0 (CH,), 242 (CHj), 23.1
(CH,), 22.6 (CH,), 14.1ppm (2xCH;); HRMS (EI): m/z caled for
C,HyONa [M+Na]*: 319.2977; found: 319.2979.

Compound 38: Following GP 4, compound 38 was obtained as a colour-
less oil. "'H NMR (400 MHz, CDCl,, 25°C): §=5.70-5.47 (m, 1H), 5.16
(d, /=10.2 Hz, 1H), 5.07 (d, J=17.1 Hz, 1H), 2.02-1.94 (m, 1H), 1.64-
1.11 (m, 22H), 1.06 (s, 3H), 0.86 ppm (t, J=6.3 Hz, 6H); "C NMR
(100 MHz, CDCl;, 25°C): 6=139.1 (CH), 118.4 (CH,), 73.4 (C), 54.2
(CH), 39.8 (CH,), 31.8 (2x CHy,), 30.3 (CH,), 29.6 (CHy,), 29.3 (CH,), 28.9
(CH,), 27.7 (CH,), 24.2 (CH,), 23.13 (CH,), 23.09 (CH,), 22.7 (CH,), 22.6
(CH,), 14.1 (CHj), 14.0ppm (CH;); HRMS (EI): m/z caled for
C,sH;ONa [M+Na]*: 291.2664; found: 291.2676.

Compound 43: Following GP 4, compound 43 was obtained as a colour-
less oil. '"H NMR (500 MHz, CDCl,, 25°C): §=5.80 (ddd, J=17.5, 10.8,
2.5Hz, 1H), 5.13-4.98 (m, 3H), 3.36 (brs, 1H, one isomer), 3.32 (brs,
1H, other isomer), 2.09-1.88 (m, 2H), 1.67 (s, 3H), 1.60 (m, 3H), 1.52—
1.36 (m, 2H), 1.33-1.24 (m, 1H), 1.21-1.11 (m, 2H), 0.97 (d, /=6.2 Hz,
6H), 0.93 (d, J=6.7 Hz, 3H, one isomer), 0.88 ppm (d, /J=6.6 Hz, 3H,
other isomer); *C NMR (125 MHz, CDCl,, 25°C): 6 =145.5 (CH), 124.9
(C), 124.8 (CH), 113.1 (CH,), 76.0 (CH), 75.6 (CH), 41.6 (C), 39.0 (CH,),
38.7 (CH,), 38.33 (CH,), 35.7 (CH,), 29.8 (CH) 29.2 (CH), 25.6 (2x CHy;),
25.2 (CH,), 23.0 (CHj;), 22.0 (CHj;), 20.8 (CH;), 18.8 (CH;), 17.6 ppm
(CH;); HRMS (FAB): m/z caled for C;sH,sONa [M+Na]*: 247.2037;
found: 247.2029.

Compound 44: Following GP 4, compound 44 was obtained as a colour-
less oil. '"HNMR (500 MHz, CDCl;, 25°C): 6=6.08 (dd, J=17.6,
10.8 Hz, 1H), 5.03-4.93 (m, 2H), 4.12 (brs, 1H), 2.03-1.95 (m, 2H), 1.77
(s, 3H), 1.63-1.42 (m, 2H), 1.42-1.31 (m, 2H), 1.11 (s, 6H), 1.07 ppm (s,
6H); "CNMR (100 MHz, CDCl,, 25°C): 6=147.8 (CH), 138.6 (C),
133.8 (C), 111.0 (CH,), 77.6 (CH), 42.8 (CH,), 40.6 (C), 34.8 (CH,), 29.8
(C), 28.0 (4xCH;), 25.3 (CH), 19.2 ppm (CH,); HRMS (EI) m/z calcd
for C;sH,,0 [M—OH]*: 205.1956; found: 205.1958.

Compound 45: Following GP 4, compound 45 was obtained as a colour-
less oil. "H NMR (400 MHz, CDCl;, 25°C): §=5.74-5.63 (m, 1H), 5.13
(dd, /=10.9, 1.3 Hz, 1H), 5.06-5.01 (m, 1H), 5.01-4.95 (m, 1H), 3.19 (m,
1H), 1.89-1.69 (m, 2H), 1.60 (s, 3H), 1.51 (s, 3H), 1.43-1.08 (m, 18H),
0.88 (s, 3H), 0.81 ppm (t, J=6.8 Hz, 3H); "C NMR (100 MHz, CDCl,,
25°C): 6=144.3 (CH), 131.2 (C), 124.8 (CH), 115.0 (CH,), 77.1 (CH),
45.0 (C), 37.4 (CHy), 31.9 (CHy,), 30.9 (CH,), 29.8 (CH,), 29.7 (CH,), 29.6
(CH,), 29.3 (CH,), 27.1 (CH,), 25.6 (CHj;), 22.8 (CH,), 22.7 (CH,), 17.5
(CH;), 16.6 (CHj), 141 ppm (CH;); HRMS (ESI*): m/z caled for
C,H300 [M+H]*: 295.3001; found: 295.3000.

Compound 51: Following GP 5, compound 51 was obtained as a colour-
less oil. '"H NMR (500 MHz, CDCl;, 25°C): 6=8.09 (d, J=7.5 Hz, 2H),
8.00 (d, J=7.6 Hz, 2H), 7.76-7.63 (m, 2H), 7.58 (dt, J=17.3, 7.8 Hz,
4H), 5.86-5.65 (m, 1H), 5.15 (t, J=14.4 Hz, 1H), 3.01 (ddd, /=12.6, 8.5,
4.0 Hz, 1H), 2.69-2.58 (m, 1H), 2.27 (tdd, /=8.5, 6.9, 2.4 Hz, 1H), 2.11-
1.99 (m, 1H), 1.72-1.62 (m, 1H), 1.54 (ddd, /=147, 7.3, 3.4 Hz, 1H),
0.89 ppm (t, J=7.6 Hz, 3H); "CNMR (125 MHz, CDCl;, 25°C): 0=
137.0 (CH), 136.7 (C), 136.2 (C), 1344 (CH), 1343 (CH), 131.5 (CH),
131.1(CH), 131.1 (CH), 128.6 (CH), 118.0 (CH,), 87.7 (C), 70.8 (C) , 43.6
(CH), 33.7 (CH,), 30.9 (CH,), 27.4 (CH,), 22.2 (CH,), 7.50 ppm (CHs;);
HRMS (EI): m/z caled for C,H,sOsS,Na [M+Na]*: 457.1119; found:
457.1126.

Compound 52: Following GP 5, compound 52 was obtained as a colour-
less oil. '"H NMR (500 MHz, CDCl, 25°C): 6=5.01 (s, 1H), 4.79 (s, 1H),
3.76 (s, 3H), 3.71 (s, 3H), 2.42-2.22 (m, 3H), 1.88 (t, J=13.6 Hz, 1H),
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1.85-1.78 (m, 1H), 1.81 (s, 3H), 1.73 (dt, J=13.4, 3.5 Hz, 1H), 1.64-1.55
(m, 1H), 1.17 ppm (s, 3H); *C NMR (125 MHz, CDCl;, 25°C): 6 =172.6
(0), 171.2 (C), 144.8 (C), 114.8 (CH,), 71.6 (C), 55.30 (C), 52.9 (CH,),
52.7 (CH,;), 50.8 (CH), 38.2 (CH,), 33.4 (CH,), 29.0 (CH,), 23.01 (CHs),
22.0ppm (CH;); HRMS (EI): m/z caled for CH,,OsNa [M+Na]*:
293.1365; found: 293.1374.

Compound 53: Following GP 5, compound 53 was obtained as a colour-
less oil. '"H NMR major isomer (500 MHz, CDCl,, 25°C): 6 =5.68 (ddd,
J=172, 104, 2.2 Hz, 1H), 5.07 (d, /=88 Hz, 1H), 5.05 (d, J=1.2Hz,
1H), 3.74 (s, 3H), 3.72 (s, 3H), 2.66-2.55 (m, 2H), 2.45 (d, J=14.3 Hz,
1H), 2.34 (d, /=143 Hz, 1H), 2.17-2.13 (m, 2H), 1.43 ppm (s, 3H);
BCNMR major isomer (100 MHz, CDCl;, 25°C): 6=173.5 (C), 168.5
(0), 136.8 (CH), 118.7 (CH,), 91.1 (C), 57.1 (C), 52.7 (CH;), 49.8 (CHs;),
48.1 (CH), 45.1 (CH,), 34.4 (CH,), 17.3 ppm (CH;); '"HNMR minor
isomer (500 MHz, CDCl; 25°C): 0=5.72 (ddd, J=17.2, 104, 2.2 Hz,
1H), 5.07 (d, /=8.8 Hz, 1H), 5.05 (d, /=12 Hz, 1H), 3.74 (s, 3H), 3.72
(s, 3H), 2.66-2.55 (m, 2H), 2.45 (d, J=14.3 Hz, 1H), 2.34 (d, J=14.3 Hz,
1H), 2.17-2.13 (m, 2H), 1.44ppm (s, 3H); "CNMR minor isomer
(100 MHz, CDCl;, 25°C): 0=173.3 (C), 168.3 (C), 135.1 (CH), 119.1
(CH,), 90.3 (C), 57.8 (C), 52.7 (CH3), 49.9 (CH,), 48.1 (CH), 45.1 (CH,),
34.1 (CH,), 16.9 ppm (CH;); HRMS (EI): m/z caled for C;,H;jOsNa
[M+Na]*: 265.1052; found: 265.1060.

Compound 54: Following GP 5, compound 54 was obtained as a colour-
less oil. "H NMR (400 MHz, CDCl,, 25°C): 6=7.43-7.28 (m, 5H), 5.74
(dt, 7=18.0, 9.1 Hz, 1H), 5.10 (d, J=10.2 Hz, 1H), 4.96 (d, /=17.0 Hz,
1H), 3.85 (s, 6H), 3.21-3.14 (m, 1H), 2.79-2.70 (m, 1H), 2.66 (d, J=
11.0 Hz, 1H), 2.58 (d, /J=10.6 Hz, 1H), 2.08 ppm (ddd, /=134, 4.5,
2.3 Hz, 1H); "CNMR (100 MHz, CDCl;, 25°C): 6=167.8 (C), 163.3
(C), 130.1 (C), 129.2 (CH), 123.7 (2xCH), 120.4 (2xCH), 123.4 (CH),
114.3 (CH,), 87.8 (C), 53.1 (C), 48.0 (2xCHs;), 46.1 (CH), 43.8 (CH,),
292 ppm (CH,); HRMS (EI): m/z caled for C;;H,OsNa [M+Na]*:
327.1208; found: 327.1210.
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