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Abstract

Three subjects concerning novel reactions involving n-allylpalladium and m-allylnickel as intermediates are reviewed: the first is
the umpolung of m-allylpalladium, an alternation of the electrophilic nature of m-allylpalladium species into the nucleophilic one
of allylzinc species, which proceeds by treating the m-allylpalladium with diethylzinc. Unique regio- and stereoselectivity of the
thus-formed allylzincs toward carbonyl compounds is described. The second is the ring-opening reaction of 5-vinyl-2-oxa-1-pal-
ladacyclopentane intermediates, which furnishes aldehydes and ketones in good yields. The reaction proceeds via a novel C-C
bond cleavage B to the palladium (decarbopalladation reaction). Finally, the nickel-catalyzed homoallylation of carbonyl
compounds with 1,3-dienes is discussed. The reaction is promoted by triethylborane or diethylzinc and tolerates carbonyl
compounds (alkyl-, arylaldehydes and ketones) and 1,3-dienes, of a wide structural variety. The reaction provides 1,2- and
1,3-disubstituted 4-pentenols with high 1,2- and 1,3-diastereoselectivity. Mechanistically, this final reaction is closely related, in a
reverse manner, to the decarbopalladation reaction (second subject). © 1999 Elsevier Science S.A. All rights reserved.

Keywords: Aldehyde; Allylation; Diene; Diethylzinc; Homoallylation; Ketone; n-Allylnickel; n-Allylpalladium; Palladium; Nickel;
Triethylborane; Umpolung

Palladium and nickel have proved to be versatile
catalysts for a variety of reactions, particularly for C-C
bond formation reactions, and these catalytic reactions
are indispensable for the elegant and efficient construc-
tion of desired molecules. In this review three new
catalytic reactions developed in our laboratories are
described, which involve m-allylpalladium and m-allyl-
nickel complexes as the key intermediates.

* This review is dedicated to Professor J. Tsuji on the occasion of
his 70th birthday for his great contribution to the development of
palladium chemistry in the synthetic field.

* Fax: + 81-958-47-9008.

E-mail address: tamaru@net.nagasaki-u.ac.jp (Y. Tamaru)

As illustrated in Scheme 1, these reactions (a)—(c) are
correlated to each other by the structural similarity of
the intermediates I-III. The reaction (a) is concerned
with the umpolung of m-allylpalladium: an alternation
of the electrophilic nature of m-allylpalladium species I
into the nucleophilic one of allylzinc species II, which
proceeds by treating I with diethylzinc. The versatility
and the unique regio- and stereoselectivity associated
with this methodology is described in Section 1.

The second reaction is the ring-opening reaction of
5-vinyl-2-oxa-1-palladacyclopentanes I, which furnishes
o-dienyl aldehydes and ketones [reaction (b), Scheme
1]. The reaction proceeds via a novel C—C bond cleav-
age P to the palladium (B-decarbopalladation reaction).

0022-328X/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.
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Scheme 1. Schematic presentation of (a) an allylation of aldehydes via
umpolung of m-allylpalladium with diethylzinc, (b) a decarbopallada-
tion of m-allylpalladium, providing w-dienyl aldehydes and (c) a
nickel-catalyzed intramolecular homoallylation of ®-dienyl aldehydes.

Besides being interesting from a mechanistic point of
view, this reaction may be important from a synthetic
point of view. The results of detailed study are de-
scribed in Section 2.

The nickel-catalyzed homoallylation of aldehydes
and ketones with 1,3-dienes is discussed in Section 3.
The reaction is promoted by triethylborane or diethyl-
zinc and tolerates both reaction partners, carbonyl
compounds and 1,3-dienes, of a wide structural variety.
In reaction (c) of Scheme 1 an example of the in-
tramolecular version of this reaction is shown, using the
product obtained in the reaction (b) as the starting
material. Apparently, this reaction is closely related, in
a reverse manner, to the B-decarbopalladation reaction
[reaction (b)].

1. Palladium-catalyzed allylation of carbonyl
compounds via umpolung of m-allylpalladium by
diethylzinc

Prior to discussing the chemistry of the umpolung
reaction [reaction (a), Scheme 1], here its background is
reviewed briefly. Recently, we have developed an effi-
cient method of unsymmetrical ketone synthesis based

2 22 =
Y Rznx T Rzx S
Fd = Pd = Zn + R-Pd-R

! |
R IV X

X
co path a path b
* P HMPA F Pq° P J co
A N

R R_R
\/\n/ \n/

X 0 0
Scheme 2. A mechanism for palladium-catalyzed ketone synthesis via

three-component connection reaction of allyl benzoates, organozincs,
and carbon monoxide.

on the palladium-catalyzed three-component connec-
tion reaction of allylic substrates, carbon monoxide,
and alkylzincs [1]. Two typical examples are shown in
Egs. (1) and (2). These reactions smoothly proceed at
room temperature (r.t.) under atmospheric pressure of
carbon monoxide. For the optimization of the reaction,
HMPA is essential. As shown in Eq. (3), in the absence
of HMPA, the reaction feature changes dramatically,
and a mixture of two kinds of y-lactones and a symmet-
rical keto-diester is obtained in a good combined iso-
lated yield.

CO (1 atm
OPO(OER), PP Q
{5 mol%} -
T (1)
Znl CO,Et HMPA CO.Et
(11.3 equiv)
69%
CO (1 atm)
Pd(PPhg)4
5 mol%
2N, cos ( X
OBz Zni HMPA
(11.3 equiv)
™
+
l O  CO,Et EtO,C O COzEt
62% 12%
€O (1 atm)
Pd(PPhg),
(5 moi%);)
(2,3)
x
O COfEt = EOC O COpft
,/"allylation ,"éllylation ~
v Vs
/ CO,Et
070 o™y EtO,C O COEt
9%\ 50% N\ 21%

In Scheme 2 the reaction mechanism that accommo-
dates these results is outlined; HMPA facilitates the
carbonylation of m-allylalkylpalladium(II) intermediate
IV to selectively provide an unsymmetrical ketone (path
a). In the absence of HMPA, this process becomes slow
and the other process becomes dominant, where the
intermediate IV reacts with alkylzinc (being present in a
large excess relative to IV) to give a mixture of allylzinc
and dialkylpalladium(II) complexes. The thus-formed
dialkylpalladium(II) species undergoes carbonylation to
give a symmetrical ketone (path b) and allylzinc reacts
with the thus-formed unsymmetrical ketone (path a)
and symmetrical ketone (path b) to furnish the corre-
sponding tertiary alcohols, which spontaneously cyclize
to give the two kinds of lactones shown in Eq. (3). In
reactions 1-3, paths a and b are regarded to operate in
the ratios of 100:0, 62:12, and 9:80, respectively.

An important piece of evidence, further supporting
the formation of allylzinc and dialkylpalladium inter-
mediates, is obtained when allyl benzoate and B-zincio-
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ester are reacted in the presence of benzaldehyde and in
the absence of HMPA under 1 atm of carbon monoxide
(Eq. (4)). In this reaction, benzaldehyde is used for two
purposes: the first is to capture the allylzinc species and
the second is to shift the equilibrium to the right and
hence to generate the dialkylpalladium(II) species, bis-
(2-ethoxycarbonylethyl)palladium(Il), in maximum
quantity (Scheme 2). As expected, both the allylation
product, 1-phenyl-3-buten-1-ol, and the carbonylation
product of the dialkylpalladium(IT) species, diethyl
4-oxo-heptanedioate, are obtained in quantitative
yields.

€O (1 atm)
PN . [(TCOE | oo .

OBz Znl Pd(PPh3)4
{5 mol%)
4)
OH m (
PhM * EO,C O COft
80% 87%

It is generally accepted that allylalkylpalladium(IT)
species IV, generated by the reaction of m-allylpalla-
dium with alkyllithium and -magnesium compounds,
are rather unstable and prone to undergo either reduc-
tive elimination or B-dehydropalladation. In this con-
text, it is remarkable for the intermediate IV, generated
from alkylzinc compounds, to be reluctant to these
reductive elimination and B-dehydropalladation reac-
tions [2]. Indeed, we have encountered such unusual
stability of IV on many occasions. For instance, a
stoichiometric reaction of chloro-[1-(2-phenylethyl)-n-
allyl]palladium(II) dimer (0.25 mmol, 0.5 mmol/Pd) and
diethylzinc (5 mmol) in the presence of triphenylphos-
phine (2 mmol, PPh;/Pd =4/1 mol/mol, see Eq. (7) for
the structure of the w-allyl]palladium(IIl) dimer) in THF
at 0°C for 5 h, remains almost unchanged and provides
4-phenyl-1-butene (and its regioisomer, B-dehydropalla-
dation product) and 3-ethyl-4-phenyl-1-butene (and its
regioisomer, reductive elimination product) in less than
5% vyield each. The amount of triphenylphosphine,
however, strongly affects the reaction; in its absence,
the same reaction gives rise to 4-phenyl-1-butene and
3-ethyl-4-phenyl-1-butene in 55 and 1-2% yields,
respectively.

In contrast to the reluctance of alkylzinc compounds,
the following organozinc compounds, characteristically
possessing the polarized C—Zn bonds (and also bearing
no hydrogens B to zinc metals), are known to readily
react with m-allylpalladium to give the corresponding
reductive elimination products in good yields: o-zin-
cioesters (the so-called Reformatsky reagent) [3], allyl-
zincs [4], phenylzincs [5] and perfluoroalkylzincs [6].
Intramolecularly, m-allylpalladium and alkylzinc may
undergo reductive elimination, though under rather
harsh conditions [7].

Whatever the reason for the unusual stability of the
intermediates IV, a sequence of equilibria in Scheme 2

suggests the possibility of the alternation of an elec-
trophilic nature of the allylic moiety of w-allylpalladium
intermediates into a nucleophilic one of the allylzinc
species by exposing the m-allylpalladium intermediates
to alkylzinc compounds (umpolung). If this is the case,
the present umpolung methodology may be utilized as a
versatile allylation method of carbonyl compounds,
since m-allylpalladium complexes are available in many
ways either as isolable stable crystalline solids or as
reaction intermediates in catalytic reactions.

Indeed, this has proved to be the case. In Egs. (5)
and (6) typical reaction conditions successfully applied
to the umpolung methodology are shown, where com-
mercially available diethylzinc (1.2-2.4 mol equiv) is
used as an alkylzinc compound and tetrakis-
(triphenylphoshine)palladium(0) (0.05 equivalents) as
the catalyst [8,9]. The allylation of benzaldehyde pro-
ceeds smoothly at r.t., and in most cases the reaction is
completed within 1 day. Allylating agents with a wide
variety of leaving groups are tolerated. The reactions
using w-allylpalladium complexes as the starting materi-
als proceed smoothly even at 0°C or below (Eq. (7)).

Pd(PPhg),

(0.05 mmol) OH
PhCHO + EtgZn ——————
/\)'( + 240N n, THF Ph/l\/\
(1 mmol) (1.2 mmol) (1.2-2.4
mmol) X = 0Bz, 88% (3 h) (5)

X = Br, 78% (4 h)

X = OPh, 87% (4 h)

X = SPh, 95% (4 h)

X = SO,Ph, 86% (refl, 2 h)°

Pd(PPha},
OEt {0.05 mmol) OH
PhCHO + 2 Y 4 Etzn ——— (6)
OEt t, THF Ph A
(1 mmol) (1.2 mmol) (4.8 mmol) OEt
87% (19 h)
#AxCH2CHoPh PPhy
PhCHO + ‘P‘d\ + Etyzn (@ mmo)
(0.6 mmol) 2 (12mmol) 0°C, THF
(0.25 mmol) OH (7)
Ph A

Ph 93%(1 h)

The reactions of allyl phenyl ethers and carbonyl
compounds, encompassing aldehydes, ketones, esters
and lactones, are summarized in Table 1. Esters and
lactones provide the diallylated products in good yields
(runs 5 and 6, Table 1). The reaction displays high
chemoselectivity (run 4). The relative reactivity of ben-
zaldehyde, acetophenone, and methyl benzoate is
roughly determined to be 10°:10%:1 based on competi-
tion experiments using allyl phenyl ether as an allylat-
ing agent (r.t.). This means, under usual reaction
conditions, an exclusive allylation of acetophenone (I
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Table 1
Allylation of various carbonyl compounds with allyl phenyl ethers via
umpolung of n-allylpalladium with diethylzinc®

allyl phenyt EtZn  time product
ether {mmol) (h) (% yield)

\/\ OH
OPh 24 7 Ph)Y\
(74)

[syn:anti=1:2]

P OH
2 PhCOMe nph 24 22 P“’b(\
=
OH

run carbonyl

1 PhCHO

@
=3

(83

3Ph\/\ﬂ/ N 24 22 Ph\/\w

o) OPh (88)
A VI e 10§ e
O CHo OPh ~
HO
(86)
x #
5 PhCOMe 2 ) TR
OPh Ph OH
(82)
OH
X =
o
) q /\OPh 48 24 Ij/v
O HO (88)

@ Reaction conditions: carbonyl (1 mmol), allyl ether (1.2 mmol for
runs 1-4, 2.4 mmol for runs 5 and 6), Pd(PPh;), (0.05 mmol), and
Et,Zn (2 M in hexane) in 3 ml of dry THF at r.t. under N,.

mmol) takes place even when methyl benzoate (5 ml) is
used as the solvent (acetophenone/methyl benzoate = 1/
40, mol/mol).

In Scheme 3 the catalytic cycle of the present umpol-
ung reaction is outlined. According to this scheme, it is
expected that 1 mol of allylzinc compound is generated
from 1 mol each of an allylating agent and diethylzinc,
provided that diethylpalladium(Il)  decomposes
promptly and the m-allylpalladium(II) intermediate is
supplied continuously.

In fact, allylzinc is accumulated in 15% yield at most
as indicated by the following experiment (Eq. (8)). A
mixture of cinnamyl phenyl ether and diethylzinc in

EtoZn
N P
R EtPd + z;n
X X
RCHO
pd°
ethylene OH
/\l ethane

X atc R)\/\

Scheme 3. Catalytic cycle of Pd(0) for diethylzinc-promoted allylation
of aldehydes via umpolung of m-allylpalladium intermediate.

THF is heated at 50°C in the presence of Pd(PPh;),
(0.05 equivalents) until the ether completely disappears
(7 h), and then the reaction mixture is treated with
benzaldehyde at — 35°C for 10 min. The results shown
in Eq. (8) clearly indicate that a major portion of the
allylzinc generated is consumed for the reaction with
the m-allylpalladium intermediate to furnish 1,4-
diphenyl-1,5-hexadiene [4,10]. Accordingly, all the reac-
tions listed in Tables 1-3 are undertaken under the
Barbier conditions, i.e. with the necessary reagents all
together from the beginning of the reaction.

Ph__~
\/\l + EtazZn

1) Pd(PPhg), (0.05 mmol)

OPh 2) PhCHO (1.2 mmol)
{1 mmol) (2.4 mmol)
o P ®)
o N . /\l/\/\Ph
Ph
Ph
15% based on ether 50% based on ether
300% based on Pd(0)  1000% based on Pd(0)

The allylation based on the umpolung of m-allylpalla-
dium displays unique regio- and stereoselectivity de-
pending on the substitution pattern of the allylic
moiety. The results obtained for o- or y-substituted
allylating agents are summarized in Table 2, [8]. The
reactions with B,y- and o,fB,y-substituted allylic sub-
strates are listed in Table 3, [11,12].

Table 2
Allylation of benzaldehyde with o- and y-substituted allylic
benzoates®

run  allyl benzoate  time (h) product (% yield) [symant]

OH
(94) [1:2.4]

S
{

e}
T

\
o
<

(92) [1:2.4]

o
T

»
<

(79) {3.6:1]

e}
T

(83) [1:10]

(O]
ITJ
-

)8
8
o}

(83)[1:10)

o
ITJ
o

D
3}

(95)

# Reaction conditions: benzaldehyde (1 mmol), allyl benzoate (1.2
mmol), Pd(PPh;), (0.05 mmol), and Et,Zn (2.4 mmol, 2 M in hexane)
in 3 ml of dry THF at r.t. under N,.
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As is apparent from Table 2, between the unsymmet-
rically substituted allylic termini, the ones bearing the
highest number of substituents react selectively (see also
runs 1 and 2, Table 1).

(E)- and (Z)-cinnamyl benzoates show almost the
same reactivity and stereoselectivity and provide the
anti-isomer in a high preference over the syn-isomer
(runs 4 and 5, Table 2), while (E)- and (Z)-crotyl
benzoates show a different diastereoselectivity, provid-
ing the anti- and syn-isomers, respectively, in modest

Table 3
Allylation of benzaldehyde with di- and tri-substituted allylic
benzoates®

run  allyl benzoate time (h) product (% yield) [sym:ant])

OH
1 # )YK /\)w
AN
0Bz 1a:61 [1:4.1] 2a:31
OH
2 7 71 )YK hJ\/g
0Bz 1a:80[9:1]  2a:12

OMOM OH OMOM OH OMOM
3 /\rMe 24 /\/‘\ /K/S
0Bz 1b: 36 1:3] 2b: 36
COz’-BU fo} O Ph
4 A/ 4 ;_( 1c: 47 [only syn]
0Bz
OH
Z ;
5 \/\0:1 26 Ph Xy 3a:63 Jonly
Zant
OH
6 )\/Y 26 S
Ph 3b: 60 [1:8]
OBz

3c: 61 [only syn]

?
&

32
?—o
-t

3d: 87 [only syn)

1,3-trans
© COH
e}
OBz ﬂj
Ph
9 9 3e: 98 [only syn]
1,3-cis

@]
T
]
T

3f: 31 [only ant]”

/

OH
10 \/k( 100 pp

# Reaction conditions: benzaldehyde (1 mmol), allyl benzoate (1.2
mmol), Pd(PPh;), (0.05 mmol), and Et,Zn (2.4 mmol, 2 M in hexane)
in 3 ml of dry THF at r.t. under N,.

i ZL ' b
= — R T Z
)\O X \ARZH . ‘/'/;JQO x: == H\//jl;/o ”\x
PR PH
Zy-V Eo-V Zo-V EyV
OH R q OH R
Ph
NG N Ph)\/g\ Ph”
R i R
syn-1 E-2 z2 anti-1

Scheme 4. Transition states for the allylation of benzaldehyde with
o-mono (R’=H) and o,B-disubstituted allylic benzoates and the
corresponding products.

selectivity (runs 1 and 3, Table 2). These contrasting
results suggest that (£)- and (Z)-cinnamylzinc com-
pounds establish a fast equilibrium before they react
with benzaldehyde, while (E)- and (Z)-crotylzinc com-
pounds isomerize to each other more slowly than they
react with benzaldehyde.

The C2 substituents of allylating agents cause a
dramatic change in the regio- and stereoselectivity (runs
1-4, Table 3), [11]. (E)- and (Z)-2-methyl-2-butenyl
benzoates selectively furnish anti-1a and syn-1a, respec-
tively (runs 1 and 2, Table 3). The selectivity is appar-
ently higher than that observed for (E)- and (Z)-crotyl
benzoates (runs 1 and 3, Table 2). In addition to 1a,
these reactions provide the regioisomer, 2a, the product
being allylated at the least substituted allylic termini.
The allylic ester bearing a C2 MOM substituent (run 3,
Table 3) also shows similar regio- and stereoselectivity.
Notably, in these reactions, Z-2a and Z-2b are ob-
tained as single stereoisomers. The C2 terz-butoxycar-
bonyl derivative, on the other hand, gives rise to
syn-product 1c¢ exclusively (run 4, Table 3).

These contrasting regio- and stereoselectivities seem
to depend on the electronic nature of the C2 sub-
stituents and may be rationalized according to Scheme
4. The electron-donating C2 substituents may enhance
the reactivity of all the allylzinc intermediates, espe-
cially the o-substituted Z,a-V and E,a-V, since the
v-substituents of Z,y-V and E,y-V may sterically hinder
the reaction with benzaldehyde.

The isomer Z-2 may be derived from a transition
state Z,0-V. In an alternative transition state, E,o-V,
leading to E-2, the substituent R suffers from gauche
repulsion against both the ligand L and the counterion
X on the tetrahedral zinc(II) ion. The gauche repulsion
is expected to be substantial, since these ligands and
counterions are sterically bulky, being either THF or
triphenylphoshine and either an ethyl group or a ben-
zoate anion, respectively [13].

The reaction of Z,a-V with benzaldehyde may inter-
rupt the isomerization between Z,y-V and E,y-V; hence,
a better stereochemical correlation between the starting
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materials and the products results (runs 1 and 2, Table
3) than that for the (E)- and (Z)-crotyl cases (runs 1
and 3, Table 2).

The electron-attracting C2 substituents, on the other
hand, render all the allylzinc species less reactive and
complete equilibrium among them may have been es-
tablished before the addition to benzaldehyde takes
place. Hence, only the most thermodynamically stable
Z,y-V takes part in the allylation to provide syn-lc
exclusively.

Some of the typical results obtained for o,y- and
o,B,y-substituted allylating agents are summarized in
runs 5-10, Table 3 and Egs. (9-11), [12]. All these
reactions show pronounced stereoselectivity; acyclic
benzoates provide Z,anti-isomers 3a,b, and 3f-h exclu-
sively and cyclic ones syn-isomers 3c—e exclusively.

PhCHO OH
Ph .~ OEt Et,Zn /'\'/\
Ph = (9)
Pd(PPh
OFEt (PPhg)s Ph OEt
n,120h 3g: 35%

PhCHO

OH OH
Ph EtoZn . ;
\/Y 2 Ph /\I/ﬁ + ph /\l/\
OBz Pd(PPhs), Ph Ph

r, 24 h Z,anti-3h:71% Z,anti-3h": 5%

| 65°C, 74 h

oH oH
Ph)Y\/Ph " Ph/\l/\
Ph

3i: 70%
[E;syn:E,anti=1:1.5] Zanti-3h: 5%

(10,11)

Unsymmetrical o,y-disubstituted allylating agents
display an interesting regioselectivity. The allylic ter-
mini bearing a phenyl group are generally more reactive
than the others (Egs. (9) and (10)). Marked contrast is
seen in a pair of results shown in Eqgs. (6) and (9), [14].
When the steric bulk of the a- and y-substituents differs
substantially, the allylic termini with the smaller sub-
stituents react preferentially (run 6, Table 3).

Although the reactions of highly substituted allylic
agents sometimes require rather vigorous conditions
(r.t. for 1-5 days), these reactions seem to be controlled
kinetically. Indeed, when the product mixture of Eq.

03 L P W G
H SR Zn Zn M %70
Ldn =g i = N == T
F*’\//;k\ ;IX R\/J\\.o X -/‘)\To X -/-)Qo' X:
Ph O Ph RE h ‘A Ph
e R' R 1
E,E-VI EZVI Z.zV1 R ZEVI

OH OH OH OH
Ph)\'/\/R Ph/l\l/\ ph)\l/\ Ph/'\(\,ﬂ
R R R R R R

E,anti-3 Z,anti-3 Zsyn-3 E,syn-3

Scheme 5. Transition states for the allylation of benzaldehyde with
o,y-disubstituted allylic benzoates and the corresponding products.

2 - X 1
3 1 Pd*L, L |
B o (4 [l

- —_ —— B JCH,

\( : h\./'CH:;
o €O, L CoM Et,Pd
b
/ZnXE )|( B9 H O1H
PhCHO 77y HO Ph
L/\/O 8
COM CoM CoH
B 3d

Scheme 6. A mechanistic rationale for the stereoselective formation of
1,3-anti-1',3-syn-product, 3d.

(10) is heated at 65°C for 3 days, the thermodynami-
cally more stable isomers 3i emerge at the expense of
Z,anti-3h (Eq. (11)).

Four possible transition states for acyclic a,y-disub-
stituted allylzincs are shown in Scheme 5. Transition
states E,E-VI and Z,E-VI seem to be unfavorable, since
the equatorial substituent R experiences gauche repul-
sion against both the ligand L and the counterion X
over zinc(Il) (vide supra). Of the two transition states
with R in axial position, E,Z-VI is favored over Z,Z-
VI, in which R and R’ have a 1,3-diaxial relationship.
Thus, addition may proceed selectively through E,Z-VI
to give Z,anti-3. The preference of Ph as R’ (Egs. (9)
and (10)) might be due to resonance stabilization.

The remarkably high anti-selectivity observed for
o,y-substituted allylating agents is attributed to the
1,3-diaxial repulsion, which makes E,Z-VI much more
stable than Z,Z-VI. The moderate anti-selectivity ob-
served for y- and B,y-substituted allylating agents (e.g.
run 1, Table 2 and runs 1 and 3, Table 3) may be due
to the absence of such a large energetic bias between
E,y-V and Z,y-V (Scheme 4).

As expected from the Z-structure of allylzinc com-
pounds, cyclic allylic esters furnish syn-products exclu-
sively (runs 7-9, Table 3). Notably, these reactions
accompany a complete inversion of configuration at the
allylic stereocenters, providing 1,3-trans-3d from cis-
lactone (run 8) and 1,3-cis-3e from 1,3-trans-benzoate
(run 9). These results indicate that allylzinc species are
generated in a stereochemically pure state [15] and they
are configurationally stable under the conditions.

A rationale for the generation of the stereochemically
defined allylzinc species and the stereochemical outcome
in the allylation reaction is shown in Scheme 6, which
involves an oxidative addition of the lactone C1-0O bond
to palladium(0) with inversion, the allyl group transfer
from palladium(II) to zinc(II) with retention of configu-
ration of the allylic moiety through a six-membered
transition state, followed by the reaction of the thus-
formed trans-allylzinc species (being trans with respect to
Zn(IT) and CO,M) with benzaldehyde through a six-
membered chair-like transition state, placing the phenyl
group of benzaldehyde in a quasi-equatorial position.
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— — OH
’)g/g pd° %{k Ph
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he Et;Zn | O—Zn
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4

OZnX ZnX Ph OH
L VIl _| 5: 7%

OH 4:71% [only Z

Scheme 7. Intramolecular chelation control of regioselectivity.

In Schemes 7 and 8 some results of our attempts
aimed at the reversal of regioselectivity are shown. The
idea is based on an intramolecular five-membered
chelation stabilization [16] of an allylzinc species like
a-VII, which might react with aldehydes at the external
allylic position to provide the regioisomer 4. As has
been discussed (Table 1), if there is no chelation stabi-
lization, an allylzinc species like y-VII, possessing a
primary carbon-zinc bond, predominates in the equi-
librium and provides the regioisomer 5 selectively. In
fact, this idea works nicely in the case of alkoxy chela-
tion and Z-4 is obtained predominantly over 5 (Scheme
7, [17]), however, the idea can’t be extended to the case
of dimethylamino chelation (Scheme 8, [18a]).

Under usual umpolung conditions, 1-(o-dimethyl-
aminophenyl)allyl acetate reacts with benzaldehyde to
give 6a predominantly over 7a. The stereoselectivity is

/ pdo : l <> RCHO
NM92 EIZZn
NMe,

o VIlI 7
L’ RCHO R
OH
NMe, NMeg
v-VIll
NMez NMe,
anti-6a: 78% Z-70:12%
with PhACHO, rt, 3 h

OH OH
X = X
NMeg MegN l O NMez
Z-7b: 88% Z,Z-7¢: 69%
with MeCOMe, t, 6 h with AcOEL, nt, 4 h

Scheme 8.

as usual, and anti-6a and Z-7a are obtained as single
stereoisomers. These results seem to indicate that the
o-dimethylamino group does not influence the regio-
and stereoselectivity. Acetone, on the other hand, reacts
in the way that we expected and selectively provides
Z-7b. Similarly, ethyl acetate reacts to furnish Z,Z-7¢
exclusively, the product being allylated doubly in the
same sense of regio- and stereoselectivity. The forma-
tion of Z,Z-7c as a single isomer attests to the high
regio- and stereoselectivity of the present allylation.

The unique dependence of regioselectivity on the
kind of carbonyl compounds may primarily be at-
tributed to the difference in the Lewis acidity between
the zinc metals of a-VIII and y-VIII (Scheme §8). Owing
to the electron donation by the amino group, the Lewis
acidity of o-VIII is expected to be considerably lower
than that of y-VIII. Accordingly, a-VIII would accom-
modate only carbonyl compounds of high Lewis basic-
ity (acetone and ethyl acetate, but not benzaldehyde)
[19] into its vacant site (symbolized as <). That is,
benzaldehyde is able to coordinate only y-VIII and
reacts selectively with it to furnish anti-6a. Acetone and
ethyl acetate coordinate both o- and y-VIII; however,
owing to the overwhelming predominance of «-VIII
over y-VIII, they would react with o-VIII to give Z-7b
and Z,Z-Tc, respectively.

Steric repulsion between the carbonyl substituents of
acetone and ethyl acetate and the o-dimethyl-
aminophenyl group in a transition state leading to 6
may also contribute to retarding the reaction of y-VIII.
In accord with the explanation mentioned above, p-
chlorobenzaldehyde and p-methoxybenzaldehyde, of
lower or higher coordination ability to o-VIII than
benzaldehyde, furnish mixtures of 6 and 7 in a ratio of
ca. 9:1 and 1:1, respectively.

Triethylborane also promotes the allylation of ben-
zaldehyde in the presence of catalytic amounts of
Pd(OAc), and triphenylphosphine (Eq. (12)). An inter-
esting feature of the present reaction is that the reaction
tolerates a variety of allylic alcohols as the allylating
agents [17]. Allyl benzoates and allyl phenyl ethers can
be utilized similarly well; however, surprisingly, allyl
chlorides and bromides are entirely unreactive (Eq. (5)).
The scope and mechanism of the present reaction are
under investigation in the author’s laboratories.

Pd(OAc), OH

PhCHO + A + EtB ——= 12
OH : PPhy ph)\/\ (12)

In contrast to m-allylpalladium complexes, the ver-
satility of propargylpalladium complexes as intermedi-
ates seems to be rather limited [20]; they are present as
equilibrium mixtures with allenylpalladium complexes,
and generally react with hard carbon nucleophiles
through the latter complexes to provide the reductive
elimination products, substituted allenes [21]. Their re-
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Table 4
Palladium-catalyzed propargylation of benzaldehyde via umpolung of
propargylpalladium with diethylzinc®

yun  Propargyl Et,Zn  time % yield of
benzoate (mmol) (h) product {syn:anti]
Ph
1 o 36 7 Z Y oast
Ba OH
Ph
. 9b: 70 {11
2 /OBZ 3.6 3 %( [1:1]
8b OH
Ph

o
=

36 27

\
g 2
AN

b

A

H Et 4y
9c¢: 79 [1:1] 11e:20

36 25

AN
YO

OBz
8d

OH
Ph
OBz ,, o, /\( /')\(Ph
Me OH 7
OH

M

<D

N
}

0Bz ,, 75 )\(Ph
oH Z

9. 57 10t 12

P

=3

Ph
9g: 80

E

OBz 54 96

3

T™S 8g

—
=
w
o
T

0Bz 24 30

°\-
>

Me Me OH 9h:60[1:1]

4 Reaction conditions: propargyl benzoate (1.2 mmol), benzalde-
hyde (1.0 mmol), diethylzinc (indicated amount), Pd(PPh;), (0.05
mmol), in dry THF (5 ml) at r.t. under N,.

action behavior with soft carbon nucleophiles [22] has
not been fully elucidated yet.

We have found that the umpolung method of m-allyl-
palladium complexes can be directly applied to the
umpolung of propargylpalladium complexes (Eq. (13),

Ph
1
EtyZn A’ R’ g R’
R2 Z = 2 ) /l
R v E= R2 ~ ——>/ Ph
PdX \FiEt \fx R On
T X 9
Pd° ‘ 1' Ph
R R! R' g R?
/\oaz R P /\ —_— )\/P“
R> Y e M OH
Et 11 XI R 10

Scheme 9. A mechanistic rationale for the palladium-catalyzed
propargylation and allenylation of benzaldehyde via umpolung of
propargylpalladium intermediate with diethylzinc.

[23]) The propargylation of carbonyl compounds pro-
ceeds smoothly at r.t. by stirring a solution of propar-
gyl benzoate 8 (1.2 mmol), a carbonyl compound (1.0
mmol), diethylzinc (2.4-3.6 mmol), and tetrakis-
(triphenylphosphine)palladium(0) (0.05 mmol) in dry
THF under nitrogen. Results for the reactions with
benzaldehyde are listed in Table 4. Ketones react simi-
larly well. For example, under similar conditions, 8b
reacts with acetone, cyclohexanone, and acetophenone
to furnish the corresponding homopropargyl alcohols
in 85, 85, and 58% yields, respectively.

R! EtpZn R’
PhCHO Ph
0Bz * /K(
nz/ PaPPhY, 2P L
8 9
(13)
R'
/)\l/Ph 2
1
E' 1

The parent compound 8a (run 1, Table 4), a-substi-
tuted 8b-d (runs 2-4), and o,y-disubstituted propargyl
benzoates 8h (run 8), all provide homopropargyl alco-
hols 9 selectively, whereas y-substituted compounds
8e—g (runs 5-7) react to give allenyl alcohols 10 in
addition to 9. The ratio of 10 to 9 markedly depends on
the kind of the y-substituents R? and ranges from 72/28
for 10e/9¢ (R2 = Me, run 5) to 0/100 for 10g/9g (R>=
SiMe;,, run 7). The cross-coupling products, ethylallenes
11, are either not detected at all or obtained only as the
minor products (run 3).

The formation of 9 and 10 in good yields suggests
that the reductive elimination of IX to 11 is slower than
the transformation of IX to an equilibrium mixture of
X and XI and the addition reactions of these complexes
with benzaldehyde (Scheme 9). The metal fragment M
of X and XI has not been specified yet; however, a
zincate species [e.g. M = Zn ~ (OBz)(Et) or Zn ~ (Et),] is
most probable judging from the formation of 9b, 9c,
and 9h with low stereoselectivity; M = Zn(OBz) or
ZnEt is unlikely, since X (M =ZnCl, generated from
allenyllithium and ZnCl,) is known to react with alde-
hydes to provide anti-9 selectively [24].

The selective formation of 9 (runs 1-4 and 8) may be
attributed to the preponderance of X (C_,—M bonding)
over XI (C_,-M bonding) in the equilibrium. The
dramatic change in the ratio of 10/9 for the reactions of
a series of y-substituted 8 (runs 5—7) may owe its origin
to a steric destabilization of X for R*= Me and Ph
groups and to an electronic stabilization of X for
R? = SiMe,.

The hitherto reported umpolung methods of m-allyl-
palladium complexes are as follows: (1) reduction of
n-allylpalladium either with low-valent metals [25] or by
electrochemical means [26], (2) allylation of w-allylpalla-
dium with allylstannanes, which generates a nucleo-
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philically active bis-n-allylpalladium species [27], and
(3) transformation of w-allylpalladium to allylmetalloids
(e.g. allylstannanes, -silanes, -boranes) [28] that serve as
nucleophiles to carbonyl compounds. The reduction
method using low-valent metals may be applicable to
the umpolung of propargylpalladium complexes [29].
The umpolung described here is based on a ligand
exchange between m-allylpalladium(Il) complexes (or
propargylpalladium(I) complexes) and diethylzinc(II)
and hence, is mechanistically different from the meth-
ods listed above. The utility of the present allylation
may be apparent from the unique regio- and stereose-
lectivity, the generation of stereochemically defined al-
lylzinc species with a clean inversion of configuration of
the starting allylic benzoates, the high chemoselectivity
(aldehyde:ketone:ester = 10°:10%:1), the mild reaction
conditions (r.t.), and the operational simplicity.

2. Palladium-catalyzed synthesis of ®w-dienyl aldehydes
and ketones via B-decarbopalladation reaction

Owing to their synthetic importance and mechanistic
interest, transition metal-catalyzed or -promoted cy-
clization reactions of w-ene aldehydes [30], w-yne alde-
hydes [31], w-ene carboxylic esters [32], ®-diene
aldehydes [33], 1,o-dienes [34], 1,m-enynes [35], and so
on, providing cycloalkanes and heterocycle compounds,
have been developed very rapidly and studied exten-
sively. Interestingly, however, the reverse process, ring-
opening reactions, has received less attention. In this
section, a novel palladium(0)-catalyzed ring-opening re-
action of 6-vinyl cyclic carbonates 12 is described,
which furnishes a variety of ®-diene aldehydes and
ketones 13 in excellent yields (Scheme 10, [36]). The
reaction most likely proceeds via a novel B-decarbopal-
ladation reaction of m-allylpalladium intermediate I
[37], a formal reverse process of the nickel(0)-catalyzed
cyclization of 13 into III (Scheme 1) that will be
described in Section 3.

The complexes I have been proposed as the common
intermediate for the palladium-catalyzed conversions of
12 into six-membered cyclic carbamates (by the reac-

i e [T L
s 97N S | S
0._.0 N O—M

Yo e ° -
o 12 I:M = Pd, Il M = Ni 13
RNCO | ;
co ! EtgZn .. OH
d t PhCHO
RM R Ph
O__N. N R #
R 0
Scheme 10.

H transition-metal
_ (0.1 equiv)
o ——— =
© |
N CHCN, 1t o
H H
(o}
12¢ 13c [only E -diene}

run  transition-metal (additive)/reaction time/ yield

Pd,(dba)g*CHCl3/ 72 h / 70%
Pdo(dba)s*CHCl; + P(OMe)3/ 7 b / 82%
Pd(PPhg)s / 72 h / 75%
PACI,[P(o-Tol)slo/ 72 h / 0%
Pd(OAc), / 120 h /0%

Ni(cod), + PPhy / 0.5 h/ 96%
Pi(PPhg)s/ 12 h / 85%

N DO W N =

Scheme 11. Transition-metal catalyzed decarboxylative C—C bond
cleavage reaction. Except for run 7 (55°C), all reactions are carried
out at r.t.

tion with aryl isocyanates or arylsulfonyl isocyanates)
[38] and y-butyrolactones (by the reaction with carbon
monoxide under atmospheric pressure) [39] (Scheme
10). The conversion of I into the corresponding allyl-
zinc species by diethylzinc was described in Section 1.

Monocyclic carbonate 12a, upon treatment with 0.05
equivalents of Pd,(dba);- CHCl; (dba = dibenzylide-
neacetone) in dry acetonitrile at r.t., spontaneously
extrudes carbon dioxide and fragments into a mixture
of benzaldehyde and 1,3-butadiene in good yields (Eq.
(14)). Similarly, under similar conditions, 12b gives rise
to a mixture of dibenzyl ketone and 1,3-butadiene (Eq.

(15)).

Pd,(dba)s*CHCly

{5 mol%} Ph x ( 14)
°\n/° CHCN. T, 71 \g * ;
O 12a 88%
Tq/\/\ Pdz{dbe)s-CHOY
mol%,
AT e Y ) 09
N CHCN,M, 4h  Ph O Ph 2
S 126 79%

The reaction of tricyclic carbonate 12¢ is examined
extensively under various conditions. The results are
summarized in Scheme 11. Typical palladium(0) com-
plexes, irrespective of the presence or absence of phos-
phine and phosphite ligands, clearly promote the
ring-opening reaction (runs 1-3). These reactions pro-
ceed at r.t. and provide stereochemically homogeneous
cis-1,2,2-trimethyl-3-[(1 E)-1,3-butadienyl]cyclopentane-
carboxaldehyde (E£-13c) in good yields. Palladium(II)
complexes, on the other hand, are entirely ineffective
(runs 4 and 5, Scheme 11). For this particular substrate,
nickel(0) and platinum(0) complexes show better results
than palladium(0) complexes (runs 6 and 7); however,
these complexes are only marginally successful to other
derivatives.
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Table 5
Palladium-catalyzed decarboxylative ring-opening reaction of tricyclic
carbonates®

temp (°C}/ product (% yield)
run carbonate ime (h) (diene geometry]
. 5 /6 .
1 4 O 25/72 _
o] A .
12¢ o O 13c: 70 [only E]

55/ 1 g\\_>:
N
e} 13d: 55 [only £]

¢} 13e: 73 [only E,2]

a O

B

“ 0
| |

4 25/30
o} o} 13t: 58 [only £,2)
12

5 E [o] 25/72 =

Me O—< % 13g: 70 [only E]

12g O Me

6 7\\< o 25/0.5 3 13h:
o—< o/ \ 81[E:2=16)
12h ©

™ \

[ o) 25/0.2 ). 75 13|i:ZE
O—< d \ [only Z,E]
12i O

2 Reaction conditions: cyclic carbonate (I mmol) and
Pd,(dba); - CHCI; in dry acetonitrile (5 ml) under N,.

In Tables 5 and 6 the results obtained for a variety of
tri- and bicyclic carbonates 12, respectively, are listed.
All reactions are uniformly performed in the presence
of 5 mol% of Pd,(dba);- CHCI; in dry acetonitrile
under N,. From these tables, it is apparent that the
reaction tolerates a wide structural variety of 12, irre-
spective of the length of the carbon chain connecting
the C4 and C5 carbons of the 1,3-dioxacyclohexan-2-
one skeleton and the substitution pattern of the olefinic
portion. Furthermore, these tables indicate that not
only o-dienyl aldehydes, but also ®-dienyl ketones can
be obtained in reasonable yields (runs 5, Table 5 and
run 4, Table 6).

The stereochemical outcome of the dienyl moiety of
13 may be rationalized according to Scheme 12. Here
we postulate that (1) cis-4,5-disubstituted 2-oxa-1-pal-
ladacyclopentane (cis-XII) is generated by an oxidative

addition of Pd(0) into the O1-C6 bond of 12 with
inversion of configuration and isomerizes to the corre-
sponding trans-isomer (trans-XII) through XIII [c—n—
o interconversion,  which  accompanies  the
isomerization of the double bond from E to Z] and (2)
the thus-formed cis-XII and trans-XII undergo C3-C4
bond fission (cis-B-decarbopalladation) to give Z-13
and E-13, respectively.

The intermediates cis-XII (n =0, m =2), generated
from 12h and 12i, possess such strained cyclobutane
C3-C4 bonds that they would readily undergo frag-
mentation to provide Z-13h and Z-13i, respectively
(runs 6 and 7, Table 5). In the case of 12e (run 3, Table
5), on the other hand, cis-XII (n=1, m=1, R =Me)
possesses a less-strained C3-C4 bond, but suffers
from steric repulsion between the cis-oriented
—CH(CMe,)CH,— and 1-(E)-propenyl groups. Accord-

Table 6
Palladium-catalyzed decarboxylative ring opening reaction of bicyclic
carbonates®

run temp (°C) / product (% yield)

time (h) [diene geometry]

25/52 —
1 then
55/1 A
o 0
{ [ _2 13k:
2 25/12
Q N 82 [only E,E]
4 fonly

carbonate

13):
82 [only E]

0
12k O
'3@@{ 25/ 21 d:\\j 3
77 [E:Z=10:1]
0~ % 7
121 O ©
= 13m: 77
4 M 25/21 d:f\;‘) [E:Z=ca. 1:1]
Meo_<o
12m Me
13n: 54 [E:Z=1:4
o % [ ]
12n O
0 N, 130:85[E:Z=1:3]
120—<O °
/ 256/24
7 o the;\
55/3
0~ A
o] 13p: 63 [onl
yzp O p: 63 {only E]

# Reaction conditions: carbonate (1 mmol) and Pd,(dba);- CHCl,
in dry acetonitrile (5 ml) under N,.
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Scheme 12. Stereochemical correlation between the starting carbon-
ates 12 and the products 13 (w-dienyl aldehydes).

ingly, it would rather isomerize to the thermodynami-
cally more stable trans-XII (n =1, m =1, R = Me) than
fragment into Z,E-13e; the thus-formed trans-XII un-
dergoes B-decarbopalladation to give E,Z-13e.

The E-exclusive formation of the newly formed dou-
ble bonds in E-13¢ (run 1, Table 5), E-13d (run 2),
E,Z-13f [run 4; note a clean isomerization of the sub-
stituent geometry, from (£)-1-methyl-1-propenyl of 12f
to (Z)-1-methyl-1-propenyl of 13f], and E-13g (run 5)
may be rationalized in a similar way.

The E-selective formation of 13p (run 7, Table 6), as
opposed to the Z-selective formation of 130 (run 6,
Table 6), seems to be a natural consequence of steric
repulsion between the (CH,),, tether and bulky iso-
propenyl group in the intermediate cis-XII.

The clean and facile B-decarbopalladation of XII
may primarily owe its origin to the C3-C4 bonds
weakened by the negatively charged O2 [40] and also to
their five-membered structures that conformationally
make an alternative B-dehydropalladation process,
providing 2-alkenylidenecycloalkanols, less favorable
[41].

Bi- and tricyclic carbonates 12c—p are prepared by
the following sequence of reactions: aldol addition of
lithium enolate of cyclic ketones to unsaturated alde-
hydes, reduction of the ketone function with LiAIH,,

Scheme 13.

CH4CN
O 12q

3 temp (°C)/ % %

run additive time (h) diene 15a

1 none 55/19 51 30

2 {CH20)n (10 equiv) 55/4 18 77

3 tert-octylamine (1.1 equiv}  g211 81 0

Scheme 14.

followed by carbonation of the thus-obtained diols with
ethyl chloroformate [39]. Accordingly, as illustrated in
Scheme 13, the overall transformation of the present
reaction formally comprises (1) aldol condensation of
cyclic ketones with unsaturated aldehydes and (2) hy-
drogenolysis of the C1-C2 bonds of the thus-formed
a-alkenylidenecycloalkanones. The synthetic utility of
the present reaction may be augmented by the useful-
ness of 13 as synthetic intermediates [42] [e.g. in-
tramolecular (hetero) Diels—Alder reaction] [43], the
ready availability of the starting cyclic carbonates 12
with a wide structural variety, and the mild reaction
conditions under which the reaction can be performed
very easily.

Upon refluxing in acetonitrile in the presence of 5
mol% of Pd,(dba);- CHCl;, 2-vinyloxetane 14 under-
goes a ring-opening reaction and provides 5-benzyloxy-
6,8-nonadienal in good yield (Eq. (16), [17]). This
reaction may proceed in a similar way to that described
for 12 via B-decarbopalladation of 2-oxa-1-palladacy-
clopentane intermediate I, which may be formed by
oxidative addition of 14 at the oxetane O—C2 bond to
palladium(0) complexes [44].

OBn OBn
H Pd(dba)g*CHCly
== (5 mol%) = (16)
0o CH3CN, reflux 3 h N 73%IEZ=1:7]

H 14

The reaction of 4-vinylcyclic carbonates that bear no
substituents at the C6 position is rather complicated
(Scheme 14). For example, the reaction of 12q is rather
slow under the usual conditions and is only promoted
by heating at 55°C in the presence of 10 mol% of
tetrakis(triphenylphoshine)palladium(0) (run 1, Scheme
14). In this reaction, in addition to the expected diene,
a formate 15a is obtained in a considerable amount
[18b].

The formation of a mixture of 15a and the diene is
rationalized by supposing that the B-decarbopallada-
tion of XIV, providing a mixture of formaldehyde and
diene, is slower than the insertion of the thus-formed
formaldehyde into the Pd—O bond of XIV (Scheme 15).
The thus-formed 2,4-dioxa-1-palladacycloheptane XV is
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Scheme 15. Mechanistic rationale for the formation of diene and
4-pentenyl formate.

conformationally rather flexible and would readily un-
dergo B-dehydropalladation and reductive elimination
to give 15 [45].

The mechanism outlined in Scheme 15 is supported
by the high-yield formation of 15a in the reaction
performed in the presence of ten equivalents of
paraformaldehyde (only a part of which is dissolved in
the reaction medium, run 2, Scheme 14) and also by the
quantitative formation of diene in the reaction under-
taken in the presence of 1.1 equivalents of tert-octyl-
amine (run 3, Scheme 14). tert-Octylamine may react
with formaldehyde to form a Schiff-base and hence
impede the formation of XV.

The present reaction is reminiscent of the palladium-
catalyzed decarboxylative diene syntheses from 3-ace-
toxy-4-pentenoic acids reported by Trost et al. [46]. The
formation of the C=O double bond of carbon dioxide
(in Trost’s case) and aldehydes and ketones (in our
case) seems to make these reactions energetically favor-
able. The ring-opening reaction of 2-oxa-l-palladacy-
clopentanes XII into palladium(0)-olefin complexes and
aldehydes contrasts with the cyclization reaction of
titanium—olefin complexes and aldehydes to form cyclic
2-oxa-1-titanacyclopentane derivatives [30]. The latter
reaction is stoichiometric with respect to titanium and
the high oxophilic reactivity of titanium may make the
cyclization favorable.

. Q

~
2 0 N O
NS MEY, NiZ+  MEt,

Mo == ek §
Et  MEt,, o )
Xvi = xvm

Scheme 16.

Etn.1

3. Novel and highly regio- and stereoselective
nickel-catalyzed homoallylation of aldehydes and
ketones with 1,3-dienes promoted by triethylborane or
diethylzinc

Allylation of carbonyl compounds is a fundamental
process in organic syntheses and a number of efficient
methodologies have been developed [47]. One such
methodology is described in Section 1. Besides the
allylic metals of alkali and alkaline earth metals, the
allylic metals of transition-metals [27,48] and allylmetal-
loid species (allylstannanes, -silanes, -boranes, etc.) [49]
have been utilized for the regio- and stereoselective
allylation of carbonyl compounds.

Homoallylation may be similarly important for or-
ganic transformation; however, this process has re-
ceived little attention, probably owing to the limited
structural flexibility of the homoallylating agents
(CH,=CHCH,CH,-metal). The metals of the homoal-
lylating agents may be confined to those of high elec-
tropositivity, e.g. Li, Mg, since as compared with the
polarity of the allylic metal C—metal bonds, that of the
homoallylic metal C—metal bonds is expected to be
considerably diminished.

By analogy with a stoichiometric homoallylation of
carbonyl compounds with ZrCp,(1,3-diene) complexes
[50], we envisaged that a catalytic homoallylation of
carbonyl compounds with 1,3-dienes may be realized by
an appropriate combination of a 1,3-diene—nickel(0)
complex and a carbonyl-ethylmetal (Et,M) complex
(Scheme 16); these two might constitute an electron-
push-pull system [51] and through a sequence of reac-
tions, form a o-allylethylnickel(II) complex XVII, the
c-allyl structure being stabilized by the coordination
with the metal alkoxide oxygen. By virtue of this c-allyl
nature of the complex XVII, the ethyl group would
selectively deliver hydrogen at the allylic position
bound to nickel to produce a nickel(0)-bishomoallyl
alcohol complex XVIII. Ligand exchange with 1,3-diene
may regenerate the starting 1,3-diene-nickel(0) complex
and liberate a metal alkoxide complex of the homoally-
lated product.

In accord with the scenario outlined above, we have
found that triethylborane, as an Et, M, nicely serves not
only as a Lewis acid to activate carbonyl compounds
but also as a reducing agent to promote the nickel-cat-
alyzed homoallylation (reductive coupling) of benzalde-
hyde with 1,3-dienes (Eq. (17), [52]). By this catalytic
reaction, 1-phenyl-4-pentenols 17 are obtained in excel-
lent yields and with pronounced regio- and stereoselec-
tivities. For example, as exemplified in run 2, Table 7,
when a mixture of isoprene (4 mmol), benzaldehyde (1
mmol), Ni(acac), (0.1 mmol), and Et;B (2.4 mmol) in
dry THF (5 ml) is stirred at r.t. under nitrogen for 35 h,
3-methyl-1-phenyl-4-pentenol (17b) is obtained in 90%
isolated yield. The same reaction, using Ni(cod),
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Table 7
Nickel-catalyzed homoallylation of benzaldehyde with acyclic 1,3-di-
enes

run  diene time (h)? products (% isolated yield)®
S ’1 OH OH
1 VN .
16a th \/\)\Ph
17a:77 18a:13
OH
2 \/K % \)\/L :
Ph  17b: 90
16b (sym:anti =1:15)
x x
3 )\& 43  OH
> SAA e 176: 89
16¢
OH OH
4NN 80 WPh A~
16d 17d: 23 18d:
(symanti=1:5.2) 55
! OH
Y 41 Y
5 N Ph  17e:94
16e° (1,2-symanti = 8:1)
! OH
6 YK 23 Y\)\Ph
16f 17f. 86
' OH
! /\/J\ 4 %
’/\/\/Lph 17g: 82

OH
8 )I/\Vcone 47 /(\J\Ph
1
16h COMe  17h: 79

@ Reaction conditions: Diene (4.0 mmol), benzaldehyde (1.0 mmol),

Ni(acac); (0.1 mmol), and Ei3B (2.4 mmol, 1 M in hexane} in dry
THF (5 mi) at room temperature under No. 5The syn-anti mixture is
not separated and their structures are assigned on the basis of the

mixture. €A mixture of Z.E = 1.9:1 is used.

(cod = cyclooctadiene) (0.1 mmol), proceeds much
faster and furnishes 17b in 88% isolated yield within 3
h at r.t. The use of 2.4 mmol of Et;B seems to be
essential; with 1.2 mmol, the reaction is not completed
(80% isolated yield of 17b based on 70% conversion
after 71 h). In the absence of Et;B, the reaction pro-
vides neither 17b nor the oligomers of isoprene are
obtained at all.

R2

cat. Ni(acac),
\/gw + PhCHO oy
16 R® OH R? OH (a7
\/;;\f)?Ph * th
R! R’
17 18

The reaction is remarkable in many respects. First,
isoprene reacts with benzaldehyde exclusively at the CI
position of the diene moiety with an exclusive delivery

of hydrogen at C2. No other products that might stem
from the C—C bond formation at C4 and the hydrogen
delivery to the other allylically related positions,
providing the corresponding allylation products (e.g.
19a, run 1, Table 7), are detected [33,53]. Thus, the
reaction formally corresponds to a reductive coupling
of the C1-C2 double bond of isoprene and the C=0
double bond of benzaldehyde, whereby Et;B serves as a
reducing agent. Second, the reaction exhibits high 1,3-
diastereoselectivity, providing 1,3-anti-17b in preference
to 1,3-syn-17b (15:1). 1,3-Dienes with a similar substitu-
tion pattern, e.g. 16¢c and 16f (runs 3 and 6, Table 7)
show higher 1,3-asymmetric induction than 16b, giving
rise to 1,3-anti-17¢ and 1,3-anti-17f as single
diastereomers, respectively. Third, the selective and
high yield formation of a 1:1 adduct of diene and
aldehyde is surprising in light of the propensity of
nickel complexes to promote oligomerization of simple
dienes [54]. In fact, it has been reported that nickel
catalyzes or promotes the coupling reaction of isoprene
and aldehyde (or ketone) to furnish alcohols as a
mixture of 1:1, 2:1, and 3:1 adducts, each of which
consists of many possible regio- and stereoisomers [55].

1,3-Pentadiene (16d) exhibits a different reaction fea-
ture (run 4, Table 7), where both termini of the diene
moiety take part in the reaction, providing 18d (Cl
addition product) as a major product together with 17d
(C4 addition product, as a 5.2:1 diastereomeric mix-
ture). Judging from the exclusive formation of 17e (C4
addition product) from 3-methyl-1,3-pentadiene (16e,
run 5), however, the C-3 methyl group is apparently
more influential than the C4 methyl group in con-
trolling the regioselectivity. In this regard, both methyl
groups of 16g are properly arranged to cooperatively
promote the selective C1 addition reaction (run 7).
Indeed, the expected isomer, 1,3-anti-17g, is obtained
exclusively. Together with these results, the selective
reaction of 16h at the terminus carrying an electron-
withdrawing group (run 8) suggests that the butadiene
terminus bearing higher electron density undergoes an
addition reaction to benzaldehyde in a nucleophilic
fashion.

For convenience of the experimental procedure, we
have routinely examined the reaction with four equiva-
lents of diene and 0.1 equivalents of Ni(acac), relative
to benzaldehyde. The homoallylation, however, is suc-
cessful with reduced amounts of dienes and the catalyst
(Table 8). The initial mole ratio of diene to benzalde-
hyde can be minimized virtually to unity without seri-
ous deterioration of the yields (runs 4 and 6, Table 8).
This aspect is beneficial, especially when dienes are
expensive or prepared with difficulty. Furthermore, the
amount of the catalyst can be reduced to as little as 1
mol% (runs 2 and 3, Table 8), under which neither the
yields nor the reaction rates discernibly decrease.
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Table 8
Nickel-catalyzed homoallylation of benzaldehyde with dienes with
reduced amounts of Ni(acac), and dienes®

diene Ni cat major products

run . © time (h) (% isolated yield)
(equiv) (mol%) [isomer ratio}
v OH
\/K \/\)\ph
16b 17b {1,3-sym:anti = 1:15]
1 4.0 10.0 35 90
2 4.0 1.0 48 82
OH
N COMe /\/\)\
)I/\/ ~ ! Ph
16h CO,Me
17h [1,2-sym:anti = 1:>25}
3 4.0 1.0 66 91
4 11 2.5 75 75
TIPS
OTIPS d OH
~ !
X ~Ph
16) 17] [1,3-symanti=1:>25]
5 2.0 5.0 65 €5
[¢] 1.1 5.0 65 62

& A mixture of diene (indicated amount, relative to benzaldehyde),
benzaldehyde, Ni(acac), (indicated amount), and Et;B (2.4 equiva-
lents) in dry THF at r.t. under N,.

In Scheme 17 our working hypothesis is outlined,
using isoprene as a representative of 1,3-dienes. Since,
under the usual reaction conditions, styrene is unreac-
tive and cyclic dienes (1,3-cyclohexadiene and 1,3-cy-
clooctadiene) react very slowly to provide intractable
mixtures of products in low yields, an s-trans-diene—
Ni(0) complex is considered to be a reactive species. An
oxanickellacyclopentane intermediate XX might be
formed through a cyclic transition state XIX, where
benzaldehyde is arranged in such a way to place the
oxygen to the vacant site of the s-trans-diene—Ni(0)

H t H
Me en__H e e Me et
\/.{—\ﬂo" — /J*"é‘Ph_.tM"Ph
“ o BEt, L e foE
XIX XX
Me H
L *'E‘ |
e ‘Ph——\, Ph _— Ph
\,lNl—-o/B\Et N| HQ Et i ..
Ei CHz=CHy
BEt3
Yo enon
> b
w8 — /~
L/ BEty
Xix

Scheme 17. A proposed mechanism for the Et;B—Ni(acac),-promoted
regio- and stereoselective homoallylation of benzaldehyde with iso-
prene.

complex (symbolized as <) and the phenyl group in a
quasi-equatorial position so as to avoid a quasi-1,3-di-
axial repulsion that an alternative orientation of ben-
zaldehyde might experience. Apparently, a cyclic
transition state XIX', led from a s-cis-diene—nickel(0)
complex, is less favorable than XIX, since in the transi-
tion state XIX', a large dihedral angle O-Ni—C2-Cl1
(ca. 90°, isoprene numbering) poses severe strain for the
oxanickellacyclopentane ring moiety. One of the ethyl
groups of XX might migrate from borane to nickel(I),
then undergo B-hydrogen elimination to deliver the
hydrogen, through reductive elimination, at the allylic
position bound to the nickel with retention of configu-
ration to finally produce a nickel(0)(ethylene)(1,3-anti-
17b) complex XXI. The nickel(0) metal of XXI may be
reused for a new catalytic cycle.

The 1,2-diastereoselectivity, providing 1,2-syn-17e
(from Z-diene, Table 7), 1,2-anti-17d (from E-diene),
and 1,2-anti-17h (from E-diene), may be explained
similarly according to this Scheme.

The cyclization reaction that forms XX from
nickel(0), diene, and aldehyde formally corresponds to
the reverse process of the ring-opening reaction that
5-vinyl-2-oxapalladacyclopentane, the palladium(II)
analog of XX, undergoes to give a mixture of palla-
dium(0), diene, and aldehyde (Scheme 1 and Section 2).

\/K cat. Ni(acac), ! OH OH
+ RCHO ; +
X EtsB or Et,Zn sSAART ghg

16b 20 21

(18)

In the column on the far right in Table 9, are listed
the results obtained for the homoallylation of carbonyl
compounds other than benzaldehyde under the Et;B—
Ni(acac), catalytic conditions. In these reactions, iso-
prene is used as a representative of 1,3-dienes (Eq. 18).
The reaction is successful for aromatic and unsaturated
aldehydes and provides 1,3-anti-20a and 1,3-anti-20b
with excellent regio- and stereoselectivities (runs 1 and
2, Table 9). Unfortunately, however, the reaction is
only marginally successful for saturated aldehydes (run
3). Ketones are entirely unreactive and no expected
products are obtained at all (run 4).

Under similar conditions, diethylzinc, in place of
triethylborane, also promotes the homoallylation of
aromatic aldehydes (the second column from the right,
Table 9 [18c]. The reaction, however, is plagued with
the ethylation of aldehydes and hence with diminished
yields of the desired products (e.g. run 1, Table 9).
Apparently, the nickel catalyst takes part in the ethyla-
tion [56]; in the absence of the catalyst, neither the
ethylation product 21a nor the homoallylation product
20a is produced at all. The reaction of cinnamaldehyde
provides a complex mixture of products, among which
a conjugate addition product, 3-phenylpentanal (21b),
is the only product identified (run 2, Table 9).
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Table 9
Nickel-catalyzed homoallylation of aldehydes and ketones with iso-
prene promoted by diethylzinc or triethylborane®

Et,Zn Et;B
run  carbonyl product time (h); time (h);
% yield % yield
(sym:anti) (syn:anti)
. on & 3s;
1 PhCHO : 20a: 63 (1:15)  20a: 90 (1:15)
sAA, 89 90
20a 21a: 16 21a:0
Ph ., OH 0.5; 70;
2 = S, 2000 20b: 81
CHO 206 TP 21b:28° (1:20)
OH 21b: 0°

'
' 0.5; 10;
HO Xy
3 O—C \/\)\O 20c¢: 83 (1:>20) 20c: 28
20c

CHCOCH, V& 4 oo %
4 CHyCOCH, \}'\/jv 20d, 20e: 20d, 20e: 0
5 69 (5:1)

20d: 4-Me 20e: 5-Me

2 A mixture of Ni(acac), (0.1 mmol), isoprene (4 mmol), aldehyde
or ketone (1 mmol), and Et,Zn (2.4 mmoi, 1 M hexane) or Et,B
(2.4 mmol, 1 M hexane) is stirred at room temperature under N,.

521a: 1-Phenylpropan-1-ol; 21b: 3-phenylpentanal.

In sharp contrast to these results, the Et,Zn—Ni(a-
cac), system has turned out to be very effective for
the reactions with saturated aldehydes and ketones
[18c]. In most cases, the reactions are completed
within 1 h at r.t. and provide the homoallylation
products in excellent yields (runs 3 and 4, Table 9).
Interestingly, in these reactions no ethylation products
are produced at all. The reaction is highly stereoselec-
tive and 1,3-anti-20c is obtained almost exclusively
for the reaction with cyclohexanecarboxaldehyde (run
3).

For the reaction with ketones, partial erosion of
regioselectivity is observed. For example, acetone pro-
vides an inseparable mixture of 20d (Cl addition
product) and 20e (C4 addition product) in a ratio of
5:1 (run 4). In this reaction, a 1,3-diaxial repulsion
between the two methyl groups of isoprene and ace-
tone is inevitable in a cyclic transition state like XIX;
hence, a sterically less demanding C4 addition of iso-
prene may compete with the electronically favored Cl
addition.

In Eq. (19) an intramolecular version of the reduc-
tive coupling reaction of aldehydes and dienes is
shown [17]. The yield is good; however, the regio-
and stereoselectivity is still not satisfactory: In addi-
tion to the expected homoallylation product 22, the
allylation product 23 is obtained as a minor product.
The alcohol 22 is obtained a mixture of cis- and

trans-isomers in a ratio of 1:1. The reaction contrasts
with the Et;SiH-Ni(cod),-promoted intramolecular
allylation of w-dienyl aldehydes reported by Mori et
al. (Eq. (20), [33a.c]) which may proceed via
Markovnikov addition of ‘Et;SiNi—-H’ to the diene
and an intramolecular nucleophilic addition of the
thus-formed m-allylnickel(IT) to the aldehyde. A selec-
tive intramolecular homoallylation of ®-dienyl alde-
hydes takes place by employing a stoichiometric
amount of ‘Ni—H’ complexes generated under sophis-
ticated conditions (anti-Markovnikov addition of
‘Ni—H’ to the diene) [33b].

Ni(acac),

(10 mol%)

1Y T EwB | (19)
0 ~Z (24equiv) OH 'y OH

22: 75% (1:1) 23:6%

OBn Ni(cod), OBn
(10 mol%)

PPhy .
o (20 mol%)
0 Et3SiH ESiO &
(5 equiv) 1%

(20)

In conclusion, the Et;B—Ni(acac), catalytic system
allows us to obtain the homoallylation products of
aromatic and unsaturated aldehydes with acyclic 1,3-
dienes of a wide structural variety. The utility of the
reaction may be apparent from (1) the usefulness of
the products (bis-homoallyl alcohols), which are ob-
tained in excellent yields and with high 1,2-, 1,3-, and
1,2,3-diastereoselectivities, (2) the mildness of the re-
action conditions (r.t.), (3) the ease of the experimen-
tal procedure, and (4) the high catalytic turnover
number over 80. The low cost of the reagents [Ni(a-
cac), and Et;B] and a 1:1 stoichiometry of the reac-
tion partners (1,3-dienes and aldehydes) are important
aspects from an economic point of view. This Et;B-
Ni(acac), system, however, is only marginally success-
ful for alkyl aldehydes and entirely unsuccessful for
ketones. The Et,Zn—Ni(acac), catalytic system, on the
other hand, is effective particularly for the homoally-
lation of saturated aldehydes and ketones. Hence,
these two systems, Et;B—Ni(acac), and Et,Zn—Ni(a-
cac),, complement each other and cover the homoal-
lylation of a wide range of aldehydes and ketones.
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