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This review describes the different Pd-catalyzed methods
that afford allylic amines from intermolecular reactions be-
tween allylic alcohols and amines and, with personal com-
ments, the mechanisms that have been proposed. Allylic
amines are an important class of compounds, while a wide
structural variety of allylic alcohols are commercially avail-

able and are abundant in nature. The advantages of the use
of allylic alcohols over that of their derivatives such as allylic
esters or carbonates are the high atom efficiency and the for-
mation only of water as the by-product.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

We have recently covered the Pd-catalyzed reactions of
alcohols in a series of reviews.['™*l A small part of this topic
concerned the formation of C-N bonds from reactions
between primary and secondary amines and allylic

alcohols.[>31 Such reactions have been explained in terms of
the addition of the amine to either n?- or n3-complexes, as
illustrated in an oversimplified way in Scheme 1 (Cycles A
and B). Cycle A relates to a Tsuji—Trost-type reaction, while
aminopalladation of the double bond followed by B-OH
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Scheme 1. Pd-catalyzed reactions between allyl alcohol and amines via - or n3-complexes.
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elimination are the key steps in Cycle B. Cycle B involves
only Pd™ species and has only been ascribed to intramolec-
ular N-alkylations catalyzed by palladium chloride.[>!
Since Pd! salts have Lewis acid properties, it is rather sur-
prising that intramolecular Sy2' substitution of the allylic
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alcohol or of the corresponding allyoxypalladium complex

(Scheme 2) has not really been considered. Indeed, such a

substitution mediated by acetic acid has been reported.’
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Scheme 2. Alternative mechanism for the Pd'-catalyzed synthesis
of azacycles.

In the context of “Green Chemistry”, the main interest
of these reactions is their use of allylic alcohols rather than
their derivatives, such as allylic esters or carbonates, the
high atom efficiency, and the formation only of water as
byproduct. Furthermore, allylamines are valuable synthetic
intermediates!!®! for the preparation of numerous com-
pounds, such as amino acids,'!l piperidines,'”l and aza-
carbohydrates,'*! and also for reactions involving ring-
closing alkene metathesis methodology.['4]

Since the acceptance of our reviews,['] the synthesis of
allylic amines from allylic alcohols via n3-allylpalladium in-
termediates has been the subject of new reports and it seems
of interest to highlight this topic in commenting on the re-
action mechanisms. Indeed, Cycle A can be induced under
various experimental conditions, also giving rise to the pro-
posal of a variety of transient species.

Stoichiometric Formation of n3-Allylpalladium Complexes
from Allyl Alcohol

Before description of the catalytic reactions, an overview
on the stoichiometric reactions between palladium and allyl

H,0

P CY3
2} AN
1 + Pd(PCy3), |

alcohol (1), and the suggested corresponding reaction
mechanisms is useful. Indeed, the results are highly depend-
ent on the nature of the starting palladium species.

In 1959, Smidt and Hafner isolated [(n3-allyl)-
PAClI],,!'%171 propene, and a cyclic alcohol (CgH;(O5,, un-
determined structure) on treatment of 1 with PdCl, [Equa-
tion (1)]. It was proposed that the overall reaction was a
disproportionation reaction with production of allyl anion
resulting in the complex.[!6]

50°C
AN paa,

——

cl,
<<—-Pd/ /Pd_'>> + N+ G0, 0y
AN
Cl

Using Pd(PCys), as the palladium species, Yamamoto
et al. obtained diallyl ether and its coordination product
[Equation (2)].1"8 According to the authors, the formation
of Pd(diallyl ether)(PCys) occurs through a mn3-allyl-
palladium complex (i.e., an oxidative addition of 1 to
Pd(PCys),, and its reaction with 1 either at the Pd atom or
at the n3-allyl moiety as shown in Scheme 3).

OH 30 °C
/\/ + Pd(PCy3)2

JRR——

Cy3P—/\Pd\\O P AN O

=L

The cationic complex [PdCI][OTf], formed in situ from
PdCl,(MeCN), and AgOTf, afforded [(n3-allyl)PdCl], and
[5-(allyloxy)-4-methyltetrahydrofuran-2-yljmethanol [Equa-
tion (3)].'%1 According to Hosokawa et al., the (n3-allyl)pal-
ladium complex is obtained by addition of HPACI to the
double bond, B-OH elimination, and abstraction of an al-
lylic hydrogen by the OH ligand (Scheme 4). The formation
of HPACI species is not due to a B-H elimination from an

A
m
Cy;P” “Oallyl =X 1\
Cysb—Pd O
=L
| “v(l)‘—/_ H,0

Scheme 3. Postulated reaction mechanisms for the formation of Pd(diallyl ether)(PCys).
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Scheme 4. Hydropalladation of allyl alcohol to afford [(n3-allyl)PdCI]s.
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Scheme 5. Formation of HPdCI species from allyl alcohol and [PdCIJ[OT{].

(allyoxy)PdCl intermediate, because no or only a trace of
aldehyde was detected.?”) They would arise from the path-
ways leading to the tetrahydrofuran derivative (Scheme 5).

PAC1,(MeCN),/AgOTf (1:1)
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Ozawa et al. synthesized a cationic (n3-allyl)palladium
complex from 1 and a hydridopalladium complex obtained
in situ by treatment of (DPCB)PdMe(OTf) with HSiMe,Ph
in aqueous dichloromethane (DPCB = 1,2-diphenyl-3,4-bis-
[(2,4,6-tris(zert-butylphenyl)phosphanylidene]cyclobutene;
Scheme 6).[>!-221 According to the authors, the allylpalla-
dium complex is obtained through coordination of 1 to the
Pd" complex (DPCB)PdH(OTY) rather than to the Pd°
complex (DPCB)Pd. This was followed by proton transfer
from the palladium to the hydroxy group, finally producing
the cationic allylpalladium complex and water (Scheme 7).

Recently, Oshima et al. reported that treatment of allyl
alcohol with Pd(OAc),/TPPTS in basic D,O provided a cat-
ionic(n?-allyl)palladium complex [Equation (4)].23] Theo-

HSiMe,Ph $He
/Mc
(DPCB)PA] $4‘—>

retical calculations have revealed the importance of hy-
dration of the hydroxy group for the generation of the com-
plex.

®

OH N32CO3 L\
AN 4 PAOAC), + TPPTS —— [ “Pd—))| @)
DO, rt. | {7

Pd’-Catalyzed Allylations in the Absence of Activator

This section is devoted to allylic aminations mediated
only by Pd® species. In many cases the starting Pd species
are neutral Pd"" compounds, the corresponding active Pd®
species being obtained in situ and stabilized by phospha-
nes.?4

In 1970, Atkins et al. disclosed the formation of C-N
bonds in the reactions between diethylamine and allyl
alcohol or but-2-ene-1,4-diol in the presence of Pd(acac),/
PPhj; as the catalytic system and in the absence of solvent
[Equations (5) and (6)].>) However, the teams of
Biickvall?®! and Mortreux[>”] were unable to reproduce the
allylation of diethylamine under such conditions [Equa-
tion (7)]. Furthermore, Bergbreiter et al. obtained only a
5% yield for the allylation of piperidine with allyl alcohol
in the presence of a heterogeneous polystyrene-bound palla-
dium catalyst at 100 °C under neat conditions.[8!

HOSiMe,Ph

H,0
SiMe,Ph Zj t H
(DPCB)PA__ (DPCB)Pd_

oTf  CHCly, rt. OTf OTf
Ph PAr
DPCB: e o 1
(DPCB)Pd—)> TO H,0
Ph PAr
Ar = 2,4,6-tri-rBuCglH,
Scheme 6. Ozawa’s synthesis of a cationic (n3-allyl)palladium complex.
1% |, preppd, 102 RO ®
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Scheme 7. Proposed mechanism for the formation of Ozawa’s complex.
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Pd(acac), (0.005 equiv.)
PPh; (0.005 equiv.) /\/NEtz (5)
50 °C, 30 min 95%

R=H
HNE, (1 equiv.)

R’\,/\/OH

Pd(acac), (0.002 equiv.)
R=CH,OH ™\ PPh, (0.006 equiv.
HNEL, (0.62 equiv.) 3 { W) R AN NE Q)

85°C,4h 30%
[Pd] (0.005 equiv.)
/\/OH  HNE, L (0.005-0.025 equiv.) /\/NEtQ 7

(1.5 equiv.) 80°C,15h

Pd(acac),, PPh; (0.005 equiv.), neat: 5%
Pd(OAc),, PPh; (0.025 equiv.), MeCN: 8%
Pd(OAc),, dppb (0.015 equiv.), PhMe: 46%

On modifying Atkins’ conditions (i.e., using a different
catalytic system and a solvent), Mortreux et al. obtained no
more than a 46% yield in the allylation of diethylamine
[Equation (7)].277 Nevertheless, the allylation of dieth-
ylamine occurs effectively in the presence either of Pd-
(OAc),/diphosphane (dppe or dppb) in propylene
glycol?*3% or of Pd(OAc),/TPPTS in aqueous pentane at
110 °C.B4 The Pd(OAc),/TPPTS-catalyzed allylation can
even occur in only water as the solvent, as reported for the
reactions between tryptophan [Equation (8)]©*3 or 4-bromo-
tryptophan>3¢l and dimethylallyl alcohol.[3]

H,N
CO,H Me
| . 7
Me
I]j H
(22 equiv.)
PA(OAC), (0.1 equiv.) Me _
TPPTS (0.2 equiv.) >/\/NH
; Me
AcONa (2 equlv.)A' COH (8)
H,0, sealed flask | |
120°C,5h
N
71% H

In 1974, Murahashi et al. reported the synthesis of N-
substituted pyrroles from (Z)-but-2-ene-1,4-diol and pri-

— H,0 —
HO—/_\—_KO R_& HO _/—\—_KNR

(a) Pd—H

_F_—\—/( H
HO OH pg°

Pd(-D HO

72, o/
IIO S

RNH,

mary amines in the presence of palladium black as the cata-
lyst at 120 °C in the absence of solvent [Equation (9)].13]
The authors proposed the formation of 4-(alkylamino)but-
2-en-1-ols as intermediates, the first step of the cascade re-
action being the dehydrogenation of one hydroxy group
(Scheme 8, path a). Instead of this proposal, we suggest the
nucleophilic addition of the amine to a cationic n3-allylpal-
ladium complex (Scheme 8, path ») as another possibility
for the formation of this intermediate.

Pd black
(0.05 equiv.)

—— Z S
HO__/—\_OH + RNH,

(2 equiv.) 120 °C, 14-20 h

R = (CH,),0H (87%), cCqH, ,(89%), nC4H 5 (93%), Ph (46%)

Whereas Pd(PPh;),#° 4% and the Pd(OAc),/PPh;* or
[(n3-ally)PdCI],/PPh;*4 combination are not efficient,
either at room temperature in THF“%4244 or CH,CL,*! or
at reflux in PhH,™3 [(n3-allyl)PdCl],/TPPTS can be highly
effective, in an aqueous medium, for room temperature C—
N bond formation.!?¥] Under these mild conditions, the re-
action is limited to hydrophilic allylic alcohols [Equa-
tions (10)—(14)], no reaction being observed with hydro-
phobic substrates such as cinnamyl alcohol. The require-
ment for substrates with hydrophilic properties allowed the
selective monoamination of (Z)-but-2-ene-1,4-diol and 2-
(hydroxymethyl)prop-2-en-1-ol with dibenzylamine [Equa-
tion (14)], the substitution of one hydroxy group producing
a hydrophobic compound.

The formation of the same mixture both from but-2-en-
1-ol and from but-1-en-3-ol [Equation (13)] indicated the
presence of a common n3-allyl intermediate. Although usu-
ally carried out in the presence of Na,CO; [Equations (12)-
(14)], the process also takes place under neutral conditions
[Equations (10) and (11)], thus excluding the formation of
transient allyl hydrogenocarbonate from 1 and CO, liber-
ated from Na,COj;. The involvement of allyl acetate
through transesterification with EtOAc was excluded from
the successful reaction, in H,O/Et,0, between allyl alcohol
and a C-nucleophile. From these observations, Oshima
et al. suggested that water activates the substrate through
hydration of the hydroxy group and stabilizes the hydroxide
ion, resulting in the formation of the cationic n3-allylpalla-

Pd—II
H J

~Q

H,0

Scheme 8. Two possible pathways for the formation of N-substituted pyrroles from (Z)-but-2-ene-1,4-diol and primary amines.
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(PhCH,),NH

cat./alcohol/amine = 0.025:2.4g P N(CH,Ph), (10)

21h 94%

OH PhNLL,

AN cat./alcohol/amine = 0.0125:1:2.2 O~ NHPh )

[(3-allyl)PdCI],/TPPTS (1:8.8) 18 h >~ 7 93%

H,O/EtOAc (1:1), rt. PhCH,NH, \
Na,CO; (0.24 or 2.4 equiv.)
cat./alcohol/amine = 0.025:2.4; NCH,Ph (12)
21h
J  6675%
[(n?-allyl)PdCI],/TPPTS
Na,CO; N(CH,Ph),

R? OH
%/\( + (PhCH,),NH

{l
R'=H, R?=Me or R' = Me, R? = I1: 30-34%

H,0/EtOAc, rt.

1

[(-allyhpdCI],/TPPTS R

H Na,CO N(CH,Ph

b (PRCH )pNH o %\/ (CH,Ph), (14)
H,O/EtOAc, r.t.

2\/0
R2
R! =H, R? = CH,0H: 75%; R’ = CH,OH, R? = H: 62%

dium complex (Scheme 9). Such a proposal was consoli-
dated by theoretical calculations.[*3]

In fact, amination in water can been carried out without
a water-soluble phosphane, as reported by Sinou’s group,
who studied the enantioselective amination of 1,3-di-
phenylprop-2-en-1-ol under such conditions. A high enan-
tiomeric excess but only a moderate chemical yield were
obtained with (R)-BINAP as the ligand [Equation (15)].14!

OH [(*-allyD)PACI], (0.05 equiv.)

_ NHCH,Ph
/\)\ s pheHpNg, RIBINAPOTequl) (o (15)
Ph Ph (3 equiv.) K,COs3 (3 equiv.) Ph Ph

HyO, 1t 1 h 32% yield, 95% ee

The effective diallylation of aniline in the presence of
small amounts of Pd[P(OPh);], at 80 °C in toluene [Equa-
tion (16)] was mentioned briefly by Ikariya et al.[6]

H

e, A NCHP), 1+
71/29

(13)
Mec

PA[P(OPh)s], (0.01 equiv.)  \

N=—Ph (16)
PhMe, 80 °C, 4 h

/8%

AN
(2 equiv.)

+ PhNH,

Pd’-Catalyzed Allylations in the Presence of Promoters

The low lability of the hydroxy group has resulted in test-
ing of various additives to promote the Pd-catalyzed al-
lylation of amines by allylic alcohols. As mentioned in the
previous section, even water can have a significant influence
on the efficiency of the process (Scheme 9). To the best of
our knowledge, the first use of a promoter, namely carbon
dioxide, for Pd-catalyzed allylation of amines by allylic
alcohols was disclosed in 1992 by Tokito in a Japanese
patent.*’1 Subsequently, Yamamoto et al. tested various
Pd%phosphane and Pd"/phosphane combinations, at room
temperature under 1 atm of CO,, in the reaction between 1
and diethylamine in CH,Cl,. Under these conditions, the
best catalyst was Pd(PPhs), and no allylation took place in
the absence of CO, [Equation (17)].4"1 The reaction was
also efficient in acetone (96 % yield) and even in the absence
of solvent (70-80% yield). According to the authors, the

H

\O Y A ®
H,0 ANV ~(H,0), O~~(11,0).
1 + PdL, — /\ A —>/\>’ (H;0), — pld [HO(HZO)X]O
Pd -~ Pd- 7 N
L L
L/ L/ L L

Scheme 9. Allyl-OH bond cleavage assisted by hydration.
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promotion effect of CO, is due to the formation of the reac-
tive allyl hydrogen carbonate (i.e., to the conversion of the
OH moiety into a more labile leaving group; Scheme 10).
Verification of the presence of this adduct was unsuccessful,
but the authors showed that the cationic complex [(1n3-(2-
methylallyl)Pd(PMe;),]JOCO,H] reacts with diethylamine
at room temperature to afford N,N-diethyl-2-methylprop-2-
enylamine.

A g,

(1 equiv.)

Pd(PPh,), (0.0058 equiv.)
—_—
CH,Cly, rt,, 17h

NEt
)

under Ar: 0%
under CO, (1 atm.): 88%

/\/ NRZ

112 /\/ OCOH
R,NH

Pld\ [OH] /Pld

L/ L>/ L L

CO,

[OCOZH]

Scheme 10. Proposed role of CO, as promoter.

Yamamoto’s process is compatible with the use of
morpholine [Equation (18)] and other alcohols (2-meth-
ylprop-2-en-1-ol, but-2-en-1-ol), but steric hindrance of the
reagents resulted in a decrease in the yields.*!]

Pd(PPhs)4 (0.0058 equiv.)
CO, (1 atm)

AN e o N\) (18)
Z \__/ CHCl,rt,38h 27"
212
(1 equiv.) 58%

Masuyama et al. used overstoichiometric amounts of
tin(Il) chloride as the promoter; SnBr, was less effective
while no reaction occurred with SnF, and Sn(OAc),. As

above, the best catalyst was Pd(PPhjs),, but the reaction re-
quired heating to 50 °C in THF or DMF and the presence
of triethylamine to be efficient [Equation (19)].4?! These ex-
perimental conditions are compatible with the use of vari-
ous allylic alcohols [Equation (20)] and secondary and pri-
mary amines [Equation (21)], but the reactivities of aro-
matic amines are lower than those of aliphatic amines, no
allylation being observed with an amine possessing weak
nucleophilic properties such as diphenylamine. The forma-
tion only of N,N-dibenzylbut-2-en-1-ylamine (55-64%
yields) from the reaction of dibenzylamine with but-2-en-1-
ol and but-1-en-3-ol indicated a n3-allylpalladium interme-
diate. The authors suggest, without further comment, that
SnCl, promotes the formation of such a complex. As a
slight amount of water inhibited the reaction,[*?! we suspect
the coordination of the hydroxy group of the substrate to
the Lewis acid, namely SnCl,; this would result in a de-
crease of the allyl-O bond energy that facilitates the forma-
tion of the m3-allylpalladium complex. We propose that
water causes hydration or destruction of SnCl,.
Pd(OAc), (0.025 equiv.)
PPh; (0 or 0.1 equiv.)
Ti(OiPr), (0 or 0.25 equiv.)

Me _A~_OH, -
. MS 4 A, PhH, 50°C,3 h
(1.2 equiv.) Me
NH,
@n
HN\P;\ Me HN
Me
without PPh; or Ti(OiPr)y: 0% 0%
with PPh; and Ti(OiPr),:  44% 36%

Yang et al. have intensively developed the use of titani-
um(IV) isopropoxide and molecular sieves as additives for
the allylation of primary and secondary arylamines with

Pd(PPhy), (0.02 cquiv.)
SnCl, (0 or 2 equiv.
A5 O iNeen,phy, SnCly (0 or 2 cquiy) A NELP: - (19

NEt; (0 or 2 equiv.)

(2 equiv.) THF, r.t.reflux, 45 h
without SnCl,: 0%
with NEt;, r.t.: 24%
with SnCl, Wlith NEt;, 50 °C: 78%
with NEt; reflux: 41%
without NEt3, 50 °C: 43%

Pd(OAc), (0.01 equiv.)
PPh; (0.04 equiv.)

Ti(OiPr)4 (0.25 equiv.
RI A~ _OH + HNR’R’ O Q2 ) R A NRR (20)

(1.2 equiv.)
R'=H, R> =R’ =Ph: 68%:; R'
R!'=R?=R?=Ph: 83%; R!
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OH
i (1.2 equiv.)

PdX, (0.01 equiv.)
PPh; (0.04 cquiv.)

various allylic alcohols**48-351 [Equation (20)].5! No reac-
tion was observed without the titanium alkoxide [Equa-
tion (21)],3 and the yields decreased greatly in the absence
of the molecular sieves.[*®311 The best catalytic system
would be highly dependent on the structure of the amine;
for an example, the reaction between 1 and aniline in ben-
zene gave much better results with Pd(OAc),/PPh; than
with PdCl,/PPh; [Equation (22)],8 while the yields were
similar with 1-aminonaphthalene [Equation (23)].°% Good
yields were obtained from primary and secondary linear al-
lylic alcohols, while the efficiency with cyclohex-2-enol
strongly depended on the structure of the amine [Equa-

tion (24)].151:53.5%1
NHAr
o

OH
©/ + ArNH,
Ar=1-0,NCgH, (5%), 2-O,NCgH, (34%), 3-0,NCH, (34%),

(1.2 equiv.)
3-CNCgH, (27%), 4-Cl1-2-MeCgHj; (98%), 1-naphthyl (18%)

Pd(OAc), (0.01 equiv.)
PPh; (0.04 equiv.)
_—
Ti(OiPr)4 (0.25 equiv.)
MS 4 A, PhH, 50°C,3 h

The PdL,/Ti(OR),/MS procedure has been applied to the
synthesis of heterocycles from (Z)-but-2-ene-1,4-diol and 2-
aminophenols [Equation (25)],°%3*  o-phenylenediamines
[Equation (26)],5%! or 2,3-diaminonaphthalene.[>3-5¢]

Other Ti(OR), variants can be used,®># while use of
TiCl, resulted either in no reaction®? or in low yields.53-34
This is consistent with Yang’s proposal of the formation of
an allylic titanate through an exchange reaction between
the allylic alcohol and Ti(OR),, the allylic titanate giving
rise to the n3-allylpalladium intermediate.[*3-3-% According
to the authors, the allylic amine would be produced through
coordination of the amine to palladium, followed by re-
ductive elimination (Scheme 11).[4331581 The possible for-
mation of the Pd-N bond by ligand exchange between (13-
allyl)PALOR’ and Ti(HNAr),(OR),_,, generated in situ has
been envisaged.*3! Yang and Chung suggest that the role of
the molecular sieves would be to prevent catalyst deactiva-
tion by water formed during the reaction.*83!1 We suspect

Eur. J. Org. Chem. 2007, 3077-3089

X = 0Ac:
X =Cl:

Ti(OiPr), (0.25 equiv.) \
MS 4 A, PhH. 50 °C, 3 h \
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O O

66%
15%

10%
4%

(23)

X=0Ac: 80%
X = Cl: 70%
Pd(acac), (0.0625 cqulv )
PPh; (0.25 equiv.)
NH T1(01Pr)4 (0.625 equiv.)
2 MS 4 A, PhH, reflux, 6 h
(1.25 equiv.)

4 (25)

R R

A S Q/\ /\>

@[Nj/\’ /}{ \§_\=\_N 5
H RN\—

R=H: 45% 45%
R =4-Me: 59% 27% /
R=5-Me: 40% 49%
R=4-Cl:  41% 19%
R =4-NO,: 44%,
OH
NH, "Pd" (0.0125 equiv.)
L (0 or 0.05 equiv.
C[ | _L(00r 0.05 equiv) C[ :I/\ -
NH, Tl(OzPr)4 (0.31 equiv.)
(125 equiv.) oy M54 A, PhH, reflux, 3 h

Pd(acac),: 0%, Pd(acac),/PPh;: 95%, PAC1,(MeCN),/PPh;: 92%,
Pd(OAc),/(R)-BINAP: 58%, 19% ee (S)

1

/\/NHAr pd’L, Ci(QR)4
ROH
OTi(OR
AN A OTHOR:
Pd
L” “NHAr //T\
/Pd\ R'=H or Ti(OR);
L’ OR'
HOR'

ArNH,

Scheme 11. Proposed role of Ti(OR), as promoter.
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Rl

Pd(PPhs), (0.05 equiv.)

Rl
NRZR?

or
)\/OH 153 Pd(OAc); (0.05 equiv.)/P(nBu); (0.04 equiv.)
+ HNR“R -

- 27
(1.2 equiv. ) BEt; (0.3-2.4 equiv.), THF, r.t. or 50 °C 27)
R? = Ph, R® = Me, Pd(PPh;),, BEt; (0.3 equiv.), r.t., 30 h: 96%
R! =H { R?=R3 = CH,Ph, Pd(PPh;),, BEt; (0.3 equiv.), r.t., 5 h: 94%
R? = R? = Cy, Pd(OAc),/P(nBu);, BEt; (0.3 equiv.), 50 °C, 24 h: 89%
R!=Me, R? = Ph, R? = Me, Pd(PPh;),, BEt; (0.6 equiv.), 50 °C, 24 h: 88%
Pd(PPhy), (0.05 equiv.)
or
Pd(OAc), (0.05 /P(nBu); (0.04
O PAOAR QOSSR O ) R g
. BEt; (0.3-2.4 equiv.), THF, 50 °C 2
(3 equiv.)
R = Ph, Pd(OAc),/P(#Bu)s, BEt; (0.3 equiv.), 24 h: 37% 51%
R = CH,Ph, Pd(PPh;),, BEt; (2.4 equiv.), 24 h: 0% 0%
R = CIL,Ph, Pd(OAc),/P(nBu)s, BEt; (0.3 equiv.), 20 h: 90%
R =Cy, Pd(OAc),/P(nBu)s, BEt; (0.3 equiv.), 20 h: 87%
R~ OH
\/Or\/ PA(PPh), (0.05€quiv) & . Ngeph
OH + HNMcPh ————» NN 29
= BEt; (0.3 equiv.)

(1.2 equiv.) R

rather that the molecular sieves prevent the hydrolysis of
Ti(OR),.

Kimura, Tamaru, et al. have used triethylborane (0.3 to
2.4 equiv.) as an additive with either Pd(PPhs); or Pd-
(OAc),/P(n-Bu); as the catalyst.’1 The optimum catalyst,
amount of BEts, reaction temperature, and reaction time
depend on the natures of both alcohol and amine [Equa-
tions (27) and (28)].1°! The results obtained from isomeric
allylic alcohols depicted in Equation (29) indicated n?3-allyl-
palladium intermediates, while a mixture of cis and trans
adducts was obtained from methyl cis-5-hydroxycyclohex-3-
ene-1-carboxylate and N-methylaniline [Equation (30)]. The
authors interpreted their results as outlined in Scheme 12.
Coordination of BEt; to the hydroxy group of the substrate
would help the oxidative addition, resulting in the n3-allyl-

\ .- BEt3

BEL

MeO,C

/
O HIPdL
MeO,C

THF, r.t.,24-30 h

PdL,, L !
Oulde
MeO,C

R = Me (88-93%), Ph (82-85%)

palladium. This intermediate would react through zrans at-
tack of the amine or, as in Scheme 11, through coordination
of the amine to palladium. Pd-catalyzed trans to cis isomer-
ization of the n3-allylpalladium intermediate is also a pos-
sibility.[o!]

OH NMePh

Pd(PPhy), (0.05 equiv.)
—_—

BEt; (2.4 equiv.)
THF, 50°C, 42 h MeO,C

73%, cis/trans = 2.6

+ HNMePh (30)
MeOZC

(1.2 equiv. )

Yang’s team, who had previously used the PdL,/Ti-
(OR)4/MS procedure in benzene for allylation of ani-
lines, 1404851551 has recently reported the use of a carboxylic

H,0

NMePh
O_—BEL3 HNMcPh BEt,
MeO,C
HNMePh
H,0
BEt
3 NMePh

NMeI’h

MeOZC

Scheme 12. Proposed role of BEt; and reaction pathways for the addition of N-methylaniline.
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Pd(acac), (0.025 equiv.)
PPh; (0.1 equiv.)
O AdCOH (0125 equiv) py P

NRAr _ [Ph \N NAr
. @31)
+ HNRAr (1.25 equiv.)  H,0, reflux, 30 min NN <P 2

(vield % monoallyl, diallyl)

Ar = Ph (54, 42); 4-MeCgH, (41, 40); 4-CICgH, (63, 15); 4-MeOCgH, (69, 27);
4-EtOCOCH, (81, 10):4-NCC4H, (70, 17); 4-0,NC4H, (51, 14); 2-BrCgH, (30, 0):
2-NCCgH, (78, 0); 2-0,NCgH, (27, 0); 3-O;NCgH, (76, 16); 2,4-Me,C4Hs (55, 5);
2-Cl-4-MeCgHs (73, 0); 2,4-Me;CgHj (55, 5); 3,5-MeO,CgHs (56, 21)

R = Ar= Ph (92, 0)

Ph

R=H

Pd(acac), (0.025 equiv.)
R? PPh; (0.1 equiv.) R?

MICROREVIEW

R! OH AdCO,H (0.125 equiv.) g1 NHPh
\/\/ + H,NPh > A (32)
H,0, reflux, 30 min

R3 (1.25 equiv.)

R3

R!=R3=Ph, R? = H: 99%; R' = R =H, R? = Cl: 40%; R'-R? = (CH,);, R? = H: 26%

acid as the additive at reflux in water [Equations (31)—
(33)].19%1 A screening of carboxylic acids and palladium/li-
gand combinations resulted in the retention of ada-
mantane-1-carboxylic acid (AdCO,H) and Pd(acac),/PPh;
for the performance of various allylic aminations. No more
than a 10% yield of allylation product was obtained from
aniline and cinnamyl alcohol in the absence of the carbox-
ylic acid. In keeping with the proposal of Oshima et al.,*]
the authors envisaged the activation of the allylic alcohol
by water, but they also suspected protonation of the alcohol
by the acid. The mechanism finally proposed, which in-
volves a n-allylpalladium intermediate as suggested by the
results shown in Equation (33), was similar to the one de-
picted in Scheme 11 but with R” = H or COAd.
PPh; (0.1 equiv.)

Y\/
AdCO,H (0.125 equiv.)
+ H,NPh — T

= H,0, reflux, 30 min
(1.25 equiv.)

Pd(acac), (0.025 equiv.)

Use of Cationic Pd" Catalysts

In 2002, Ozawa’s and Yoshifuji’s teams reported the ef-
ficient use of a cationic n>-allylpalladium complex bearing
a diphosphanylidenecyclobutene ligand, namely [(DPCB-
OMe)(n3-allyl)Pd][OTf], for the allylation, at room tem-
perature, of aniline with allylic alcohols [Equations (34) and
(35)].2"1 Interestingly, allylation with an enantiomerically
enriched chiral alcohol occurred with retention of the con-
figuration of the chiral center, and without loss of optical
purity [Equation (35)].

By comparison with the reactivity of a platinum ana-
logue, Ozawa and Yoshifuji proposed the mechanism de-
picted in Scheme 13, path a.[?!22631 The addition of aniline
to the catalyst would afford a hydridopalladium intermedi-
ate, and after coordination of allyl alcohol to this interme-
diate, the transfer of proton to the hydroxy group would be
facilitated by the strong m-accepting ability of the DPCB-
OMe ligand.!® This would be followed by the regeneration
of the starting catalyst with elimination of water. The reten-
tion of configuration observed with a chiral alcohol as the
substrate [Equation (35)] demonstrates the anti nucleophilic
attack by the amine on the n3-allylpalladium intermedi-

_~_NHPh AN NHPh 53 ate.[%] Kinetic examinations resulted in the observation of
ﬁ/\/ (33) significant increases in the rate constant with increasing
38% 7-8% amounts of water.”!l According to the authors, the exact
i . Ar! /Arz ®
Ar’ =4-MeOC¢Hy =P \/LL‘/NHPh
Ar? = 2,4,6-(1Bu);CeH, L pd ) OTf 84-85%
P
A, O N AP 0
- (0.001 equiv.) .
or - 10-11%
OH + PhNH, »
=z 2 equiv.) MgSQy, PhMe, r.t., 3 h +
qury. (Meallyl),NPh
4%
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Ar?
Ar' =4-MeOCgH, Ar! / ®

AP =2,4,6-(Bu);CgH,

1
Ph _~ Me Ar

/P \ o
Pd —) OTf
=~ /
P

W

+ PhNH,

08.5% ce OH (2 equiv.)

reason for this unexpected effect of water is unclear but is
in agreement with a catalysis involving ionic intermediates.
From Oshima’s report®>’ we suspect some stabilization of
intermediates by coordination of water as shown in
Scheme 9. The reductive elimination of TfOH from
(DPCB-Y)HPAOTT to afford a Pd® complex that would
evolve to [(n3-allyl)PA(DPCB-Y)][OTf] through reaction
with allyl alcohol (Scheme 13, path b) has been dis-
counted.!

DPCB-Y
Pd\
H\Oea / HOTE DPCB-Y
H/ eOTf 5) (b) /Pd\
DPCB-Y; B ort
e
(@)
DPCBéY ® @ ¥ = OMe
W Pd\ y Sotf
HO

Scheme 13. Possible mechanisms for the allylation of aniline via a
hydridopalladium(II) intermediate.

The particular effect of the DPCB-OMe ligand has been
demonstrated in a stoichiometric reaction with a similar
cationic n*-allylpalladium complex [Equation (36)]. The al-
lylation occurred in 3 min at room temperature, while no
reaction was observed over 24 h with the two complexes
shown in Scheme 14 under similar conditions.[3]

Ar Ar=2,4,6-(1Bu);CcH
Ph ; ® (1Bu);CgH,

P
=N\ ] C¢D,
JI Pd——)> OTf + PhNH, —— AN -NHPD (34,
=/ ., rt.3min
P\ (10 equiv.) 4

Ar

Ph ®
Q BI/
N
= ba ba _>> oTf®
I (O
Ph

Scheme 14. Two inefficient cationic complexes.

®
N P‘th_)> or®

3086

WWW.eurjoc.org

MgSO,, PhMe, r.t., 3 h

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

vy Ph Me
(0.001equ1;) v/\‘/ 39

92% yield, 98.5% ec NHPh

Another complex with a P,S-chelating ligand that would
also have m-back-bonding properties, again for the al-
lylation of aniline but with an increased catalyst loading,

was subsequently reported by Yoshifuji etal. [Equa-
tion (37)].[661
Ar ®
AT = 2,4,6-(1Bu);CeH, P o
—
Pa—)S|oTf
Ph2P§S’ 0.02 iv)
.02 equiv.
A o, >
. MgS0,, PhMe, r.t., 2 h
(1 equiv.)
/\/NHPh . ( F NPh 37
63% 3% 2

Akita et al. used a series of cationic dinuclear complexes
with bridging P,N,N,N and P,N,N,P ligands (Scheme 15) to
catalyze the same reaction [Equation (38)], albeit carried
out under CO to suppress decomposition of the catalytic
species and with an excess of the alcohol.®”l Study of the
reaction mechanism remains under way, but the stoichio-
metric reaction between 1 and [Ir(PNNP)Pd], followed by
treatment with NEts, nevertheless afforded a complex with
an (allyloxy)carbonyl-Ir moiety (Scheme 16).

~. 7@ -
oc. co /\\ /\\ oc. Co o
Php” N=N' PPhy Ph,P” \NC’DN 17 A
—
[I(PNNP)Pd] [Pd(PNNN)Ir]
PN ® PN /—\ ®
oc. co 7T e |- | ©
W, P BF P P BF,
Phop” N=N T;J N Phop” TNz=N'PPh
O _
[I(PNNN)Pd] [PA(PNNP)Pd]

Scheme 15. Four efficient cationic dinuclear complexes.

A cationic palladium complex with a phosphabarrelene-
phosphanylsulfide ligand, that should also have a signifi-
cant m-acceptor capacity, has been synthesized and used for
the allylation of secondary amines by Le Floch et al. [Equa-
tion (39)].81 The crucial role of this particular ligand was
exemplified by the absence of any reaction when the cat-
ionic complex [(n3-allyl)Pd(S = PPh,CH,PPh,)][OTf], bear-
ing a different P,S bidentate ligand, was used as the catalyst
under the same experimental conditions.

Eur. J. Org. Chem. 2007, 3077-3089
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cat. (0.02 equiv.)
OH CO (1 atm), MgSO
A0 PhNH, #;4

/\/NHPh +(/\),N]’h (38)

MICROREVIEW

(4 equiv.) THF, 80 °C,6 h 2
[T(PNNP)Pd], conv. = 93%: 58% 35%
[Ir(PNNN)Pd], conv. = 72%: 35% 0%
[PA(PNNN)Ir], conv. = 40%: 38% 2%
[PA(PNNP)Pd], conv. = 98%: 57% 37%
HL&_ iyl
o—ally BF, Oallyl
Osl / /—\
X o 7 o=A co 77
1 R NEt; S P
[IPNNP)Pd] == Ph,p” N=N PPh, 5 ppp” "N=N PP
Scheme 16. Stoichiometric reaction between [Ir(PNNP)Pd] and allyl alcohol.
COMe — g
MeOz
} e
/PPh2 (0.02 equiv.)
OH 1R2
AN RIRINH = ANNRR (39

(2 equiv.)
=Ph, R? = Me: 85%, R! =

These observations prompted Le Floch’s team to investi-
gate the performance of a range of cationic palladium com-
plexes — [(n>-allyl)PdL,][X] (X = OTf or NTf,) — possessing
mono- or bidentate ligands featuring phosphanes and phos-
pholes (Scheme 17) in the reaction between aniline and allyl
alcohol.[”) The increase in catalytic activity with the m-ac-
ceptor properties of the ligand was supported by DFT cal-
culations and demonstrated by experiment [Equation (40)].
The best catalyst, [(n3-allyl)Pd(L¢),][NTf,], was used for the
bis-allylation of aniline (up to 100% yield) and for reactions
with other allylic alcohols and amines [Equations (41) and
(42)]. The reactions were usually carried out in the presence
of MgSQ,, although the absence of this water scavenger
resulted only in a small depletion in the conversion. A sig-
nificant decrease in the catalytic activity was observed with
disubstituted amines such as morpholine and dibenzyl-

PPh,
Lb

n=1:(L%y, n=2: (L“‘)2

PG

ipr L% gp

O,
L]Leh Lf Eh

Scheme 17. Mono- and bidentate ligands used by Le Floch’s team.
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THF,70°C, 24 h

R? = CH,Ph: 57%, R'-R? = (CH,),0(CH,),: 86%

amine [Equation (42)] and with o-substitution in the
alcohol, as in the case of 2-methylprop-2-en-1-ol.

Very recently, Le Floch et al. returned to the mechanism
depicted in Scheme 13, path a, originally proposed by Oz-
awa and Yoshifuji. DFT and CDA calculations led them to
retain a different catalytic cycle (Scheme 18), closer to that
currently accepted for nucleophilic allylic substitutions.”%-7!]
The addition of the amine to the starting catalyst would
afford the corresponding allylammonium salt and a tran-
sient dicoordinated Pd® complex that, with allyl alcohol,
would produce (allylOH)PdL,. A key step of Le Floch’s
mechanism is the intermolecular protonation of the alcohol
functionality of this complex by the ammonium to deliver
the allylamine, water, and the allyl complex precursor. Cal-
culations also indicated that the process should be sensitive
to the nature of the ligand and the basicity of the amine.

30

Lh)z

(

th Phy

(L&),
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[(nP-allyl)PdL,][X] (0.01 equw )

7 L AT

(2 equiv.)

/\/NHPh (40)

MgSO,, THF, rt, 1 h

with X = OTT, (L*),: 0%, (L), 47%, (L%),: 72%, (Lf),: 52%, (L8),: 18%
with X = NTf, (L*),: 0%, (LP)y: 27%, (L¢),: 100%, (LY, 34%, (L8),: 13%, (L),: 30%

\/\/OH [(n3-allyPA(L®),][NT£] (0.01 equlv) ~ A~ NHPh

PhNH3 (2 equ1v.) MgSO4, THF, r.t., 24 h

[(n3—allyl)Pd(L")2][NTFQ] (0.01 equiv.)

A0 L HNRIR2
(2 equiv.)

=Ph, R =Me, r.t.: 100%; R!

MgSO,, THE. r.t. or 50 °C, 24 h

=R%=CH,Ph, r.t.: 11%; R

4 x
NHPh (41)
71% 12%
A~ RR (42

=R% =CH,Ph, 50 °C: 44%

R'-R? = (CH,),O(CH,)y, t.t.: 28%; R'-R? = (CH,),O(CH,),, 50 °C: 100%

On the basis of these computational studies, new cationic
palladium complexes were synthesized and tested; one of
them — namely [(n3-allyl)Pd(P(OPh);),][OTf] — was particu-
larly effective for the allylation of aniline at room tempera-
ture while, consistently with the theoretical studies, no con-
version was observed with n-butylamine even after 24 h at
50 °C.[70)

\

NHR Pd
A @ RNH,
HZO YA ,\<
X = OTE, BF,
H \pd'L RII7N
\
,’O\/\\l\ RH N—/_
H ‘7
XS |
A~ NIR
o \Pd'

L. L
Pld
1

Scheme 18. Le Floch’s proposal for the promotion of allyl-OH
bond cleavage.

Conclusions

Various Pd-catalyzed procedures for the allylation of
amines by allylic alcohols have been reported, but their effi-
ciencies are often dependent on the nature of the amine,
while their mechanisms and the need for promoters are
highly dependent on the catalyst. Nevertheless, allylic
alcohols are viable alternatives to allylic esters and carbon-
ates for such reactions. According to the literature, the reac-
tion between the amine and the allyl fragment occurs at the
n3-allylpalladium intermediate stage but can involve two re-
action paths: either direct addition on the allyl or coordina-
tion to the Pd atom followed by reductive elimination.
3088
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Moreover, the mechanism of the formation of the n3-allyl-
palladium intermediate can often be much more compli-
cated than usually accepted.

Note Added in Proof (May 9, 2007): Stépnicka et al. have reported
the synthesis of N-(2-hydroxyethyl)pyrrole from (Z)-2-butene-1,4-
diol and 2-aminoethanol using various supported Pd catalysts, at
100-140 °C, in the absence of solvent.l”?l Leaching of metal from
the support has been observed. Such a cyclization has previously
been disclosed by Murahashi et al. [Equation (9)].3
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