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Intermolecular Hydroacylation by Transition-Metal Complexes
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In this review, transition-metal-catalyzed intermolecular hy-
droacylation, which is a direct synthetic protocol generating
ketones from aldehydes and unsaturated hydrocarbons, will
be discussed. In order to avoid decarbonylation, one of the
major side-reactions occurring in transition-metal-catalyzed
hydroacylation, several important strategies have been de-
veloped: An aldehyde ligand bearing a coordinating hetero-
atom at an appropriate position, a chelation auxiliary, and a

masked form of the aldehyde, such as an aldimine or allyl-
amine. Hydroacylation or its variations can also be applied
to the synthesis of cycloalkanones and an o,f-unsaturated
ketone or to the carbon-carbon triple bond cleavage of an
alkyne.

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

1. Introduction

The activation of the C-H bond is one of the current
interests of organometallic chemistry.'"?] In particular, C—
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H bond cleavage of a specific functional group in an or-
ganic molecule is an important tool in organic synthesis as
it leads to the formation of a new carbon-carbon bond be-
tween the carbon of the original C-H bond and an incom-
ing reagent without generating side-products. In this regard,
the transformation of an aldehyde and an unsaturated hy-
drocarbon into a ketone, hydroacylation, is one method
through which a new carbon-carbon bond can be formed

tion.
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in an atom-economical way. In order to facilitate this reac-
tion, the aldehydic C—H bond can be cleaved with transition
metals to form an acyl metal hydride 1, followed by the
insertion of the hydride into an unsaturated C-C bond to
generate acylmetal alkyl complex 2 (Scheme 1).[1%14 Re-
ductive elimination of the acylmetal alkyl 2 affords ketone
3 with the regeneration of the transition metal as catalyst.

hydroacylatlon
% R
OC-M + R-H )k + =/ —>
5
M \ M
oc— M JH decarbonylatlon )J\ H | _/ M/\/R'
4 2

Scheme 1.

One of the important side-reactions of the hydroacyl-
ation process is decarbonylation. Since metal carbonyl
complexes are so stable, the acyl metal hydride 1 is readily
decarbonylated and the resulting alkylmetal hydride 4 is re-
ductively eliminated to yield an alkane and a metal car-
bonyl complex 5 as the final products. Therefore, to facili-
tate the hydroacylation reaction, an efficient way of evading
the decarbonylation process should be developed. One
method involves stabilizing the acylmetal complex 1 by
making it coordinatively saturated. A labile alkene, such as
ethylene, at high pressure can be utilized for this purpose in
the presence of indenylrhodium(I) complexes as the high-
pressure ethylene causes the metal complexes to be coordi-
natively  saturated thus retarding decarbonylation
(Scheme 2)."1 However, only ethylene is suitable for this
reaction.

H,C=CH, <
(1000 psi) Rh,
Yo (3\>s mé/l-%) 2
I —_— C-CH,CHgy
QC—H CeDg, 100 °C
6
Scheme 2.

Watanabe and co-workers used high-pressure CO to sta-
bilize the carbonylruthenium(0) complex intermediate
(Scheme 3).11%-171 Excess CO likely saturates the acylrutheni-
um(IT) carbonyl hydride complex intermediate, stabilizing
it. Common olefins such as cyclohexene can be used in this
hydroacylation process, but the reaction requires harsh re-
action conditions to obtain the products.

@" O - OO

44 %
Scheme 3.

RU3 CO 12
(1 mol- %

CO (20 kgem™?)
200°C, 48 h
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Lenges and Brookhart utilized a cobalt complex as a cat-
alyst for the intermolecular hydroacylation of vinylsilane
under very mild conditions, but the applicable substrate is
limited to vinylsilane (Scheme 4).1'8]

. Meg
o SIMe3 . id? .
— . Me3S|—\/C°%_S'M93 O
/©/CHO (5 mol-%) /@)J\AsiMes
0,
MesN benzene, 35 °C Me,N 82 %

Scheme 4.

Another way of stabilizing acylmetal hydride complexes
is to make a stable metallacyclic complex. As five- or six-
membered metallacyclic complexes are more stable than
other-sized metallacyclic complexes, generating a five- or
six-membered acylmetallacyclic complex is one of the better
ways to avoid decarbonylation. One good example is the
intramolecular hydroacylation of 4-pentenal to furnish cy-
clopentanone derivatives (Scheme 5).1°?71 The transition-
metal catalyst reacts with 4-pentenal (8) to form acylmetal
hydride 9. Subsequent hydride insertion into the coordinat-
ing alkene of stable acylmetallacyclic complex 10 forms six-
membered acylmetallacyclic complex 11. Finally reductive
elimination from the metallacyclic intermediate 11 affords
cyclopentanone (12). This intramolecular hydroacylation
process can be applied to the synthesis of cyclopentanone
derivatives from 4-pentenal derivatives although some sub-
strate variations allow the synthetic scope to be extended to
other cycloalkanones.?®321 Many related articles reporting
the asymmetric synthesis of cyclopentanone derivatives
through the use of chiral auxiliary ligands and transition-
metal catalysts have been published.[33-34

(0]
L3RhCI
ad é
L = phosphane
g8 ©O 12
L3RhCI ‘
L
/ \L
o]

Scheme 5.

Another example that utilizes a five-membered acylme-
tallacycle is the reaction of coordinating ligands such as 8-
quinolinecarbaldehyde (13) (Scheme 6).13%1 The aldehydic
C-H bond and the nitrogen atom in 8-quinolinecarbal-
dehyde are in appropriate positions for C-H bond acti-
vation by the metal because aldehydic C-H bond cleavage
by metal complexes takes place via a five-membered metall-
acyclic complex after coordination of the nitrogen atom to
the metal complex. Aldehyde 13 bearing a coordinating ni-
trogen atom reacts with [(Ph;P);RhCI] (14) at ambient tem-
perature to give a five-membered ring acylrhodium(IIT)
complex 15 which is a coordinatively saturated species. The
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acylrhodium(III) hydride complex 15 is so stable that it may
be isolated and characterized.®> The addition of AgBF,
to 15 generates coordinatively unsaturated and catalytically
active species 16, which reacts with a 1-alkene to produce
ketone 17. A limitation of this protocol is that it is very
hard to transform the coordinating quinolinyl group in 17
into other alkyl or functional groups for synthetic applica-
tion as common ketones.

= | ©)
Qoo [oC
.C=0 Clu AgBF4 N ©

B —C=0 o | BF;
CH:Cly Phop” ‘ \ c= PhaP- Il?h c=

13 H
. 10 min F>Ph3 PPh;

(Ph3P)3RhCI 15 (95 %) 16

14 -

n-CeHiz <
= N
50 °C /\/C:O
THF, 30 min  CeMS
17 (55 %)

Scheme 6.

To solve this limitation, a new chelation-auxiliary ligand
has recently been developed that temporarily anchors a che-
lating ligand to the substrate aldehyde and liberates the li-
gand after the reaction. A small amount of this chelation-
assisted ligand can be used as a catalyst. With the assistance
of this ligand, an aldehyde with no coordination site can
be used in intermolecular hydroacylation reactions. In this
review, we will discuss transition-metal-catalyzed intermo-
lecular hydroacylation reactions with substrates bearing a
chelating functionality and those having a chelating func-
tionality through a chelation-assisted strategy for a com-
mon synthesis of ketones.

2. Hydroacylation of Substrates with P-, S-, or
0O-Coordinating Atoms

As previously mentioned in the hydroacylation of 8-quin-
olinecarbaldehyde and the intramolecular hydroacylation of
4-pentenal, the formation of five-membered metallacyclic
complexes generated from the reaction of an aldehyde bear-
ing coordinating ligands or substrates with metal complexes
is a driving force for the hydroacylation reaction. Several
atoms in the coordinating ligand can be used for this pur-
pose: nitrogen, phosphorus, sulfur, and oxygen. There are
many examples in which a nitrogen atom acts as the coordi-
nating atom and we will discuss these examples in a later
section. In this section, we will focus on the reaction of
aldehydes that have phosphorus, sulfur, or oxygen hetero-
atoms.

Phosphorus is a good chelating heteroatom and 2-(di-
phenylphosphanyl)benzaldehyde (18) is a good candidate
for a hydroacylation substrate. The reaction of 18 and 1-
hexene (19) in the presence of [(CgH,4)>,RhCl], (20) as cata-
lyst gives 2-(diphenylphosphanyl)heptanophenone (21)
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(Scheme 7). Initially, ligand-exchange reaction of the cy-
clooctene in 20 with 18 occurs and an aldehydic C—H bond
is cleaved by the coordinating rhodium atom to form a
stable five-membered acylmetallacyclic complex hydride 22.
Hydride insertion into the alkene moiety 19 in 23 affords
the acylmetal hexyl complex 24 and subsequent reductive
elimination leads to 21. In this reaction, an additional phos-
phane ligand is not necessary for reductive elimination be-
cause 18 also acts as a phosphane ligand for the rhodium
complexes. When the reaction was carried out with 1-alkyne
instead of l-alkene, the corresponding o,B-unsaturated

ketone was obtained as expected.[*”]
[(CgH14)2RNCI,
oy

(20, 5 mol-%)

Ph. THF, 90°C, 4 h
P . CaHe :
Ph CHO & = Ph O//C\/\n-C4H9
18 1 21 (66%)
[Rh]
Ph /gj /Q ]
Ph’\P/Q h/P h/P
e, [Rh]— L/Rh s
uoo© H
n C4Hg ”'C4H9
22 23 24
Scheme 7.

Recently, Willis et al. utilized a sulfur-coordinating atom
for intermolecular hydroacylation (Scheme 8).38! The posi-
tion and type of coordinating atom is important since the
reaction of an aldehyde having an a-sulfide group (28) or
an oxygen atom in the B position (29) did not give any prod-
uct. The use of aldehydes having a pendant sulfur atom in
the B position (25) leads to a stable five-membered metalla-
cyclic complex hydride intermediate 27 that affords a hy-
droacylated product 26. To broaden the scope of the appli-
cation of this substrate, a method was developed to elimin-
ate the coordinating sulfide group.

o
[RA] MeS—[Rh] Ho| s OMe

[Rh(dppe)]CIO, MeS

+ (10 mol-%) OMe
X
Uk,_, \)J\OMG CICH,CH,CI, o
25 60°C. 2 h 26(71 %)
MeOTf
o) BnO O KHCO,
mes. I NN
H H ol
0% 0% x OMe
28 29
76% O

Scheme 8.

For the facile transformation or elimination of a chelat-
ing functional group, aldehyde 30 bearing a B-dithioacetal
group was also developed (Scheme 9).3°) With this sub-
1871
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strate, hydroacylated compound 31 could be readily trans-
formed into B-diketone 32 or aliphatic ketone 33 by hydrol-
ysis or reduction, respectively.

S o [Rh(dppe)ICIO,
(10 mol-%)
C4Hg H 0

50°C,2h S._S
+ OMe
30 S C4H9>M

77 0 O
\)J\OMG 31(77 %)

o O

C,H )J\/U\/\H/OMe NBS, AgNO
4719 2,6-lutidine
32 71%) ©O MeCN, H,0

o]

OoM
C4H9M e

33 (95%) ©

Raney-Ni
EtOH

Scheme 9.

For a hydroacylation substrate with an oxygen atom as

a coordination site, 2-hydroxybenzaldehyde (34) (salicylal-

dehyde) could be used (Scheme 10).4%4!1 The reaction of

34 with 4-octyne in the presence of a catalytic amount of

[RhCl(cod)],, Na,CO3, and a dppf ligand [1,1’-bis(diphen-

ylphosphanyl)ferrocene] in refluxing toluene afforded o,p-
dppf, Na,CO3

unsaturated ketone 35 in a good yield.
OH _Pr
(LI
pr  toluene, reflux, 0.5 h o Pr

Pr [RhCl(cod)],
34 35(100 %)

OH (1 mol-%)
o
CHO

Scheme 10.

The real active catalytic species might be complex 36,
generated from 34 and the rhodium(I) chloride complex
(Scheme 11). Subsequent C-H bond cleavage of the alde-
hyde and hydride insertion into 4-octyne leads to 37. C-C
bond coupling in 37 affords 38, which reacts with substrate

34 to produce 35 with regeneration of the active catalyst 36.
[Rh]
Q
@« [Rh]-H

O— RN HCl  [Rh]-CI

@[ MM

8 ;
@E([Rh] Pr  Pr——=——~"Fr

CHO
Scheme 11.

.

When the hydroacylation process was carried out with
1,5-hexadiene, the reaction is much more facile than with a
mono-ene or alkyne and the reaction even proceeds at room

1872
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temperature (Scheme 12).[42431 The reason must be that 1,5-
hexadiene as well as 34 forms a metallacyclic complex 41
with the rhodium(I) catalyst. Moreover, the ratio of
branched/linear alkenyl ketone (39/40) turns out to be high
as the branched alkenyl complex 42 is favored over the lin-

ear alkenyl rhodium complex 43.
OH
OH %
@ (PhsP)sRhCl
cHo _ (14,20 mol-%) + 39:40 = 4:1

0
34 CH2CI2 room temp. (100 %)
+
W

Rh]
Lo~ more
[RA] favorable
[
H’_
O Double
-chelation [Rh]
4

0 less
43 favorable

oz

Scheme 12.

Benzaldehyde 34 was also used in the site-selective hy-
droacylation of norbornene (Scheme 13).141 The hydroacyl-
ated product was determined as exo since the endo side of
norbornene is sterically congested compared with the exo
side. Therefore, the metal catalyst might coordinate to the
exo side of the double bond in norbornene and hydro-
metallate to give an exo-hydroacylated ketone compound

exclusively.
[RhCl(cod)], OH o
CHO (20 mol-%)
dppf AgCIO,
CICH,CH,CI, rt., 24 h H
90 % (exo product)
Scheme 13.

3. Hydroimination with Aldimine

One of the better ways to achieve hydroacylation involves
the use of aldimine 44, a masked form of aldehyde devel-
oped by Suggs (Scheme 14).[4] The reaction of aldimine 44
and ethylene (150 psi) was carried out at 160 °C for 6 h in
the presence of [(Ph;P);RhCl] (14) to give ketimine 45 and
hydrolysis of the resulting ketimine produced propiophen-
one (46). Initially, the C—H bond of aldimine 44 is cleaved
by Rh! to form a stable five-membered metallacyclic com-
plex 47 which was spectroscopically characterized. Hydride-
insertion into ethylene in 48 and reductive elimination of
the resulting iminoacylrhodium(IIT) ethyl complex 49 leads
to ketimine 45. Ketimine 45 was then hydrolyzed by H,O
to give ketone 46 as the final product.

Eur. J. Org. Chem. 2007, 18691881
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Scheme 14.

The aldimine 44 has two important qualities as a sub-
strate in hydroacylation. The first is the 1,5-relationship be-
tween the coordinating atom and the aldimine C-H bond,
which allows a metal to form a stable five-membered
metallacyclic complex through C-H bond cleavage by Rh'.
The second is its inertness to decarbonylation resulting
from the lack of an acylmetal functionality in 47 or any
other intermediate. From the above result, it can be inferred
that it is very important for the coordination site of aldim-
ine to be in an appropriate position. However, we recently
found that aldimines bearing no coordination site could
also be applied to the synthesis of ketimine in the presence
of the rhodium(I) catalyst 14 and 2-amino-3-picoline (50)
(Scheme 15). For example, when the reaction of aldimine
51 with no coordination site and 1-hexene (19) was carried
out at 130 °C for 24 h with a mixture of 14 and 50, ketimine
52 was isolated in a good yield. However, without 50, the
starting aldimine 51 was completely recovered, implying
that no direct hydroimination of 51 to 52 had occurred.

QL L,

(PhzP)sRhCI
(14, 0.5 mol-%)
2-amino-3-picoline
(50, 10 mol-%)

N n-C4H
="
4 ph 130°C, 24 h  n-C4Hg Ph
51 19 2-amino-3-picoline 52 (90 %)
RS
| (50)
P
N~ “NH,

Scheme 15.

Based on this result, the following reaction mechanism
can be proposed: Before hydroimination, the aldimine 51 is
converted into the aldimine 44 through the transimination
of 51 with 50, liberating aniline (Scheme 16).14¢] Hydroimin-
ation of 44 with 19 in the presence of the rhodium(I) cata-
lyst produces ketimine 53 which also undergoes transimin-
ation with aniline to give ketimine 52 with regeneration of
50. The efficiency of the catalyst was very high and only a
catalytic amount of 50 was required.

Olefins containing a functional group such as a hydroxy
group are good substrates for showing the directing effect
of substituents (Scheme 17).147-%91 For example, the hydro-
imination of 1,6-hexadien-3-ol (55) with ferrocenecarbald-
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Scheme 16.

imine 54 in the presence of the rhodium(I) complex 14 pro-
duces a mixture of 4-hydroxy-6-heptenoylferrocene (56) and
5-hydroxy-6-heptenoylferrocene (57) in a 94:6 ratio after hy-
drolysis. The major hydroimination takes place at the allyl
alcohol group rather than at the homoallyl alcohol group
in 55. The high regioselectivity of 56 over 57 can be ex-
plained by the strong directing effect of the hydroxy group
in 55 which favors the formation of a stable five-membered
metallacyclic intermediate 58 over the six-membered one

=
|
N™ "N 1)14/ toluene .. ..
H-C—-Fc 110°C, 3h HO
< e
on 2 HHO
e
55 5657 = 94:6 (69 %)
o ox ~
[Rh] (I:F X
—C—Fc . [Rh],,— —Fc Fos
OH © Fe
/ /
58 59
Scheme 17.

4. Direct Hydroacylation of an Alkene by a
Chelation-Auxiliary

Already we have seen that the presence of a coordination
site in an aldehyde substrate is very important for facile
intermolecular hydroacylation. Therefore, all substrates for
hydroacylation have a special structural requirement: A co-
ordination site at a suitable position in the aldehyde sub-
strate. For the practical use of this hydroacylation protocol,
we need another strategy to remove this coordinating group
after the reaction. For this purpose, a new strategy using
a chelation-auxiliary, 2-amino-3-picoline (50), was devised:
Temporarily anchoring a chelating ligand to the aldehyde
substrate for hydroacylation and then liberating the chelat-
ing ligand after the reaction (Scheme 18).5% For example,
1873
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1-hexene (19) reacted with benzaldehyde (60) at 150 °C in
toluene for 24 h in the presence of a mixture of the rhodi-
um(I) complex 14 and 50 as co-catalyst. After the reaction,
heptanophenone (61) was obtained in a moderate yield af-
ter chromatographic isolation.

(PhsP)sRNCI
(14, 5 mol-%)
(0] 2-amino-3-picoline O
i+ pCHe T (50, 20 mol-%) M~
P H I 150°C.oan rrCalle
t , ,
60 19 Oovene 61(72 %)
Scheme 18.

The first step must be the condensation of 60 and 50 to
form aldimine 44 and H,O (Scheme 19). C-H bond cleav-
age of 44 by Rh' occurs to give iminoacylrhodium(I1I) hy-
dride 47, followed by hydride insertion into 1-alkene (19) to
give iminoacylrhodium(III) alkyl 62. Reductive elimination
from 62 produces ketimine 53 with the regeneration of the
rhodium catalyst. Hydrolysis of 53 with H,O, previously
formed from the condensation of 50 and 60, resulted in the
product ketone 61 and organic catalyst 50. The reaction is
facile because the C—H bond cleavage by Rh' results in a
stable five-membered iminoacylrhodium(I1I) hydride com-
plex 47. In this reaction, 50 is a chelation-auxiliary that is
temporarily anchored to the aldehyde by condensation to
form aldimine 44 and liberated from 53 by hydrolysis after

hydroimination.
60 [Rh]—“\
>< y -, o

HO [Rh] 14
Hy /
50 N A (\/(
o (Nj\/"‘ [Rh]—”\Ph
n-C4Hg Ph
53 62 n-C4Hg

Scheme 19.

Besides these catalysts, the addition of two other addi-
tives, aniline and benzoic acid (63), dramatically accelerates
the rate of hydroacylation; the reaction time is reduced from
24 to 1 h (Scheme 20).°1 Control experiments have shown
that the addition of 63 accelerates the condensation of alde-
hyde 60 and 50, which is thought to be the rate-determining
step in the overall catalytic reaction.

The chelation-assisted hydroacylation could not be ap-
plied to a heteroaromatic aldehyde such as 2-thiophene-
carbaldehyde.®?! The reason for this is not clear, but it can
be speculated that the rhodium(I) catalyst 14 must co-
ordinate to the sulfur atom in the thiophenyl group of the
aldimine (64) generated in situ from thiophenecarbaldehyde
and 50 (Figure 1). The yield of the hydroacylated product
was improved by addition of another organometallic com-
plex, [Cp,TiCl,]. The reason for the improved yield of the
hydroacylated product must be that [Cp,TiCl,] binds to the
sulfur atom, as in 65, to allow the rhodium(I) catalyst to
cleave the C—H bond of the aldimine.

X /[Rf\ﬂ N /UI]

N w N

64

Figure 1. Presumed complexes 64 and 65 from 14 and aldimine of
thiophenecarbaldehyde without and with [Cp,TiCl,].

By using the same chelation-assisted strategy, various
oxo acid derivatives could be obtained directly from the re-
action of aldehyde with -alkenoic acid derivatives
(Scheme 21).5531 When methyl acrylate (n = 0), methyl 3-
butenoate (n = 1), and methyl 4-pentenoate (n = 2) were
used in this chelation-assisted hydroacylation reaction in-
stead of 1-alkene under identical reaction conditions, the
corresponding y-oxo, 8-0x0, and €-oxo esters were isolated
in 92, 59, and 49% yields, respectively. The highly reactive
nature of methyl acrylate compared with 3-butenoate and
4-pentenoate can be explained as follows: with methyl acry-
late a stable five-membered metallacyclic complex 66 (rz = 0)
is formed through the metal-carbonyl interaction, whereas
comparatively unstable six- and seven-membered metallacy-
clic intermediates seem to be formed with 3-butenoate and
4-pentenoate.

bt
P e’ 14(5mol%), 50 (40mol-%) O o
63 (20 mol-%) W
+ Ph n OMe
[e] toluene, 150 °C, 1.5 h
isolated yield
M OMe Ph n y
= 0 92 %
[RA] ¢
z N’ © 1 59 %
S~ 65 e 2 49 %

Scheme 21.

14 (2 mol%), 50 (20 mol-%)
0 benzoic acid (63, 6 mol-%) 0

n‘C4Hg

aniline (60 mol-%)

Ph)J\/\nAC‘ng

60 19

Scheme 20.
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RhClz.xH,0 (3.3 mol-%)
PPh; (16.5 mol-%)

2-amino-4-picoline

(0]
o~ n-C.H (68, 100 mol-%)
P oK /T toluene, 130 °C, 12 h Ph)J\/\”'C4H9
67 19 ’ ! 61 (84 %)
’ [Rh] 0] Rh], 68
/\ )J\ [Rh] 2-amino-4-picoline
Ph H
19 n-C4Hg 60 19 N
68
transfer chelation-assisted | P
hydrogenation hydroacylation N™ "NH;

Scheme 22.

5. Hydroacylation with Alcohol

As seen previously, aldehydes are common substrates for
hydroacylation. But primary alcohols can also be used as
substrates for hydroacylation (Scheme 22). When benzyl
alcohol (67) was treated with 1-hexene (19) at 130 °C in
the presence of RhCl;-xH,O, PPhs, and 2-amino-4-picoline
(68), heptanophenone (61) was isolated in a good yield.[>¥

In this reaction, [(Ph3P);RhCI] (14) is freshly generated
in situ from RhCl;-xH,O and PPhj; in the reaction media.
The reaction involves two consecutive reactions: Dehydro-
genation and hydroacylation. Initially, the primary alcohol
is dehydrogenated by rhodium(I)-catalyzed transfer hydro-
genation to generate aldehyde 60. As soon as the aldehyde
is formed, it is trapped by 68 and becomes involved in che-
lation-assisted hydroacylation. The reaction requires more
than 2 equivalents of 19 based on the amount of alcohol as
19 is consumed in the two different reactions: It acts as an
oxidant in the transformation of alcohol 67 into aldehyde
60 and as the hydroacylation substrate. Hydroacylation of
primary alcohols with olefins has also been carried out un-
der recyclable catalysis using a polymer-supported cata-
lyst,!>%) in a biphasic system with a hydrogen-bonding sol-
vent,’® and with a hydrogen-bonding self-assembled cata-
lyst.[>7]

Allyl alcohol is another good candidate for hydroacyl-
ation as indicated by reports on transition-metal-catalyzed
isomerization of allyl alcohol to aldehyde.’ %Y In this reac-
tion, allyl alcohol 69 isomerizes to aldehyde 70 in the pres-
ence of the rhodium(I) catalyst 14 and subsequent chela-

tion-assisted hydroacylation of 1-alkene 19 was achieved
with the rhodium(I) complex 14 and 2-amino-4-picoline
(68) to produce 71 (Scheme 23).11

“NNOH  (PhgP)SRAC (14, 3 mol-%)

+ % 63(10 mok%), 68 (40 mol-%) /\)K/\n CaHy

-C4H
:/n 4Hg toluene, 130 °C, 4 h 71 (91 %)
19
1
o 9
RN /\)J\H [Rh], 68
70

Scheme 23.

6. Hydroacylation with Allylamine Derivatives

In a chelation-assisted hydroacylation reaction, the
aldimine is an important substrate or intermediate. Since
aldimines can be generated in situ through double bond
migration in allylamines in the presence of transition-metal
complexes, allylamine is also a good substrate for hydro-
acylation (Scheme 24).1°% For example, allylamine 72 re-
acted with rert-butylethylene (73) in the presence of a
[Ru3(CO),,] catalyst to give ketone 74 in a high yield after
hydrolysis (Scheme 24). However, when the reaction was
performed in the presence of the rhodium(I) catalyst and
the PCy; (tricyclohexylphosphane) ligand, symmetric di-
alkyl ketone 75 was obtained in high yield along with a
small amount of 74 in a 95:5 ratio (Scheme 24).

0
= 1) Ruz(CO)q5 (7, 3 mol-%) /\)k/\
- | toluene, 130°C, 6 h ~ t-CyHg Ph
N~ “NH 2) H*/H0 4 (93 %)
72 7 Ph —
+ 1) [(CgH14)zRNCI], o
Jt—C4H9 (20, 3 mol-%) A)J\/\
PCys (6 mol-%), 74+ tC4Hg £-C4Ho
73 toluene, 170°C, 1 h 75

2) H*/H,0
Scheme 24.
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olefin L
Isomerization = hydroimination -
< 753 < H*/H0
o /lk/\ il /\)J\/\
M = Ru, Rh H Ph £-C4Hg Ph

76

C-C bond activation

=

+ | 73
H*/H N
/ 20 N

N

9
79

Scheme 25.

Allylamine 72 undergoes olefinic isomerization with Ru®
and Rh! catalysts to form aldimine 76. Subsequent hydro-
imination of 73 with 76 produces ketimine 77. With the
rhodium(I) catalyst, initially formed ketimine 77 undergoes
C—C bond activation to produce a symmetric dialkyl ket-
imine 79. C-C bond activation of aliphatic alkyl ketones
or ketimines by rhodium(I) complex 14 has been reported
previously.[®*] From these results, it can be inferred that Ru®
in 7 cleaves only the C—H bond, whereas the rhodium(I)
complex cleaves both C-H and C-C bonds in aliphatic
aldimine 76 (Scheme 25). Therefore, allylamine 72 can be
used as a masked form of formaldehyde (the chelation-as-
sisted double hydroacylation of formaldehyde did not give
a corresponding dialkyl ketone compound).

Additionally, the use of a diene instead of a 1-alkene pro-
duces cycloalkanone.[** For example, when the reaction of
allylamine 72 and 1,5-hexadiene 80 was carried out in the
presence of the rhodium(I) catalyst, cycloheptanone 81 was
isolated in a high yield after hydrolysis (Scheme 26).

1) [(CgH14)2RNCI];

(20, 5 mol-%)
Cy3P (15 mol-%)

72 toluene, 170 °C, 2 h
+ cycloalkanone
+
Diene 2) H'/H0
Diene Cycloalkanone Isol. yield

Q O
Se e arL
X0 o

80 81

D0 =00 =
\\_//_ O:%:‘ 77 %"
aGC yield
Scheme 26.

Hydroimination of 80 with 72 gives ketimine 82 and
subsequent syn—anti isomerization of this imine allows the
rhodium(I) catalyst to cleave the C—C bond of 83 giving
intermediate 84. Intramolecular hydrometallation of 84 and

1876

WWW.eurjoc.org

-—
A
£C,H +:C4Hq

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

|7

(j\/

|

NN
Ph/\)J\At-C4H9

78

reductive elimination of the resulting metallacyclic complex
85 produces ketimine 86, a cycloheptanone derivative
(Scheme 27). The reaction of 1,4-pentadiene and 1,3-buta-
diene derivatives with 72 in the presence of the rhodium(I)
catalyst produced the corresponding cyclohexanone and cy-
clopentanone derivatives in high yields.

SNTON SNTON
[Rh] H*/H,0
3.0 o, 0
5 5w O

Scheme 27.

It is quite interesting that each olefin in 1,3-pentadiene
worked as an isolated olefin in this reaction to give cyclo-
pentanone even though hydroacylation of conjugate dienes
usually produces f,y-unsaturated ketones via the m-allyl
complexes generated from the reaction of the conjugate
diene and acylmetal hydride.[%>-%! Cyclooctanone could not
be obtained from 1,6-heptadiene. As a result, this reaction
can only be applied to the synthesis of five- to seven-mem-
bered cycloalkanone derivatives.

Primary amines are also good substrates for chelation-
assisted hydroacylation because aldimines can readily be
generated by transition-metal-catalyzed dehydrogenation of
primary amines (Scheme 28).1°71 For example, phen-
ethylamine (87) reacted with l-alkene 73 in the presence
of [(Ph3;P);RhCI] (14) and 2-amino-3-picoline (50) to give
hydroacylated ketone 88 after hydrolysis of the resulting
ketimine 91. Initially, amine 87 is dehydrogenated with 1-
alkene through rhodium(I)-catalyzed transfer hydrogena-
tion to give imine 89, which is transformed into a more
stable imine 90 by transimination with unreacted amine 87
with extrusion of NH;. Hydroimination of imine 90 with 1-
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Intermolecular Hydroacylation by Transition Metal Complexes

MICROREVIEW

1) (Ph3P);RhCI (14, 5 mol-%)

p~NHz & tCaHy 50 (50 mol-%)

Phw t-C4Hg

87 73 toLuene, 170°C, 24 h o}
2) H'H0 88 (96 %)
73
Rh o
[Rh] £CaHo H /Hzo\
_/

Ph

87 NHg[

Ph

[N

NH \ } 3
{ )K/Ph t-C4Hg/\)J\/ Ph

89

Scheme 28.

alkene 73 in the presence of the rhodium(I) catalyst 14 af-
fords ketimine 91. Hydrolysis of the resulting ketimine 91
produces ketone 88. In this reaction, only half the amine 87
is consumed in the formation of ketone 88 as the ketimine
91 consists of two starting amine moieties.

7. Alkyne Hydroacylation and its Application to
the C—C Triple Bond Cleavage of an Alkyne

Whilst the chelation-assisted hydroacylation of a 1-al-
kene with an aldehyde gives an aliphatic ketone, that of a
l-alkyne leads to the formation of an o,B-unsaturated
ketone.[®8] Note that the regioselectivity of each product is
different: Hydroacylation of a I-alkyne produces a
branched a,B-enone whereas that of a 1-alkene affords a
linear alkyl ketone. For example, chelation-assisted hydro-
acylation of 1-hexyne (92) with benzaldehyde (60) produces
exclusively branched a,B-enone 93 in high yield

(Scheme 29).
o n‘C4H9
Ph)J\H + f
60 92
(Ph3P)3RhCI (14, 2 mol-%)
2-amino-3-picoline (50, 40 mol-%)
benzoic acid (63, 20 mol-%)
toluene, 80 °C, 12 h
o)
Ph)ﬁf n-C4Ho
93 (92 %)
Scheme 29.

The reason for this is not clear, but we speculate that the
hydroacylation of 92 might proceed by carbometallation of
92 to form the carbometallated complex 94 or 95, whereas
the hydroacylation of a 1-alkene takes place by hydrometal-
lation to give a linear alkyl ketimine, as shown in Scheme 19
(Scheme 30).
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50, [Rh]

Carbometallation | (\/[\/ T
I
N, H- [R>_8L
N7 N =
|
Rh—L |
[ ]‘H Ph n- C4H9 \N N
47 f| o4 - 10 o5
N Ph
A
H—=—=—n-C4Hy | N-C4Hg
92 N~ 96
N
H-[Rh ]
C4H9
Scheme 30.

Alkyne hydroacylation was also applied to the C—C triple
bond cleavage of an alkyne.[°”) When the reaction of hydro-
cinnamaldehyde (97) and 2-butyne (98) was carried out at
130 °C for 12 h in the presence of [(Ph;P);RhCI] (14), 2-
amino-3-picoline (50), cyclohexylamine (99), and AICl;, a
high yield of ketone 100 was isolated along with acetalde-
hyde after hydrolysis of the resulting imines (Scheme 31).

1) (PhsP)3RACI (14, 3 mok-%),
50 (50 mol%), 99 (200 mol-%)
o AICI; (20 mol-%)

PP toluene, 130 °C, 12 h [CH,CHO)

Ph H  2)H"H,0 +

. 97 o)
CH
HsC—==—CH, Ph/\)l\/ s
, 100 (90 %)

| Cy-NH, (99): cyclohexylamine I
Scheme 31.

The reaction mechanism can be explained as follows
(Scheme 32). Initially, chelation-assisted hydroimination of
98 with 97 gives a,B-unsaturated ketimine 101 and the 1,4-
addition of 99 to 101 leads to the formation of B-amino
ketimine 102. The acid-catalyzed retro-Mannich reaction of
103 affords enamine 104 and imine 105, which are hy-
drolyzed to give ketone 100 and acetaldehyde.
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= i
hydroimination O\/
97 + 98 —— H3C ;,_,H;;C Ph— ™
AICI;

NH- Cy
P|c\NH
retro-Mannich reaction H*/H,0
_— 100
o Ph =
N
N) LN 104 CHs
/\)j\(\\ N/Cy
H*/H,0
— <% » CH;CHO
103 H)J\CHg 3
105
Scheme 32.

This type of retro-Mannich reaction can be proved by
cleavage of the C-C double bond of an a,B-unsaturated
ketone.””) When the reaction of an a,B-unsaturated ketone
106 and 1-hexene (19) was performed with similar catalyst
components, heptanophenone (61) was isolated in a high
yield after hydrolysis of the resulting ketimine (Scheme 33).

1) 14 (3 mol-%), 50 (50 mok-%) o
63 (20 mol-%), 99 (200 mok-%) { Py }

0
Ph/\)\ toluene, 130 °C, 12 h

. 106 2)H/H,0
n-C4H9

O +
Ph)J\/\n-C‘;Hg

19 61 (93 %)

Scheme 33.

The reaction mechanism (Scheme 34) is very similar to
that of the previous C-C triple bond cleavage of alkyne
described above. B-Aminoketimine 108 is first formed
through both condensation and 1,4-addition reactions of
cyclohexylamine (99) and an a,B-unsaturated ketone 107.
Subsequent retro-Mannich reaction of 108 generates ald-
imine 109 and ketimine 110. The aldimine 109 is trapped in
the chelation-assisted hydroimination of 19 to give ketimine
111.

Cy Cy~ .. .Cy
a
107 108
hydroimination
Cy~ 19 C “N
N \ Y _ HH,0
)J\/\ o1
Ph™ "H  [Rh], 50 n -C4qHg
109
Cy
N + 0]
110
Scheme 34.
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In the same manner, ring-opening of cyclononenone
(112) to give 113 was also achieved through the retro-Man-
nich reaction and trapping of the resulting aldimine by che-
lation-assisted hydroimination (Scheme 35).71 A small
amount of 114 was also obtained as a final side-product as
the aliphatic C-C bond of the ketimine of 113 could be
further cleaved by chelation-assisted rhodium(I)-catalyzed
C-C bond activation.

0
0
Q 1) 14 (3 mol-%), 50 (20 mol-%) M/\ﬂ/vn_o Ho
63 (5 mol-%), 99 (100 mol-%) 3
3 toluene, 130°C, 1h o 113
112 2) H'/H,0 *
+ n-C4H9 n—C4H9
ﬁn-C4Hg o 114
19 113:114 = 87:13 (86 %)

Scheme 35.

8. Miscellaneous Acylation Reactions

Until now we have seen many synthetic methods involv-
ing a ketone bearing an alkyl group because the final step of
hydroacylation and hydroimination includes the reductive
elimination of the resulting alkyl or alkenyl metal com-
plexes generated from the hydrometallation (or carbomet-
allation) of an alkene or alkyne in the metal hydride inter-
mediate. However, a method for the synthesis of a diaryl
ketone from an aldehyde (or corresponding imine) has
hardly been developed. In order to overcome this limita-
tion, an organometallic reagent, such as an aryl boronate,
was used instead of an alkene or alkyne (Scheme 36).I7?! For
example, when the reaction of aldimine 44 with phenyl bo-
ronate 115 was carried out in acetone/dioxane in the pres-
ence of [Rus(CO),,] (7), benzophenone (117) was isolated
after hydrolysis of the resulting ketimine 116. In this reac-
tion, a ketone such as acetone is required for the reaction
to proceed.

As previously noted, Ru® cleaves the C-H bond of
aldimine 44 to generate iminoacylruthenium(II) hydride 118
and the subsequent hydrometallation of acetone leads to an
isopropoxyruthenium(Il) complex 119. Transmetallation of
119 with phenyl boronate 115 affords iminoacylruthenium-
(IT) phenyl complex 120, which is reductively eliminated to
give ketimine 116 of benzophenone.

The direct synthesis of aromatic ketones from aldehydes
and organometallic compounds was developed by Ganet
and co-workers (Scheme 37).[73 It is pointless using an aldi-
mine as aldehydes react directly with arylborates in the
presence of a rhodium(I) catalyst to produce the corre-
sponding ketone. For example, p-anisaldehyde reacted with
potassium trifluorophenylborate in the presence of the chlo-
robis(ethylene)rhodium dimer and tri-zert-butylphosphane
at 80 °C in toluene/acetone to give 4-methoxybenzophe-
none in a high yield.

Instead of an aldehyde, a 1-alkyne could be used as the
substrate (Scheme 38).71 When the reaction of 1-octyne
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(I%

Ru3(CO)q3 (7, 5 mol-%) \
methyl vinyl ketone

dioxane/acetone

Ph 150°C, 1 h

44

I

=
SNTON H;0" j\
3
Ph™ "Ph
Ph™ "Ph
116 117 (85 %)
O. /O T

or A QL ““’fff

[Ru]—u\ [Ru]—”\

H
118 119
Scheme 36.
0
[Rh(C2H4)2Cll, 0
H (1.5 mol-%)
P{tBu)3 (3 mol-%
Moo (tBu)s ( 6) dph
+ toluene/acetone/H,0  Meo
PhBF3K 80 °C 93 %
Scheme 37.

(121) with H,O was performed without aldehyde in the
presence of the same chelation-assisted catalysts, branched
and linear o,B-unsaturated enones 122 and 123 were ob-
tained in a 78:22 ratio. In this reaction, l-alkyne 121 has
two roles: As a precursor of the aldehyde and as a substrate
for hydroacylation. Rh' reacts with 1-alkyne 121 to form
the alkylidene complex 124, followed by the N-H addition
of 50 to 124 and olefin isomerization to give the complex
125, the identical intermediate for the chelation-assisted hy-
droacylation of the aldehyde. Carbometallation of 1-alkyne
in the Rh—C bond in complex 125 leads to the formation
of branched a,B-unsaturated enone 122 along with a small
amount of linear 123 after hydrolysis.

[RU]

Ph
120

Ph

9. Conclusion

We have seen many different types of transition-metal-
catalyzed intermolecular hydroacylation reactions, a direct
synthetic protocol for the formation of ketones from alde-
hydes and alkenes or alkynes. Several ways of evading the
decarbonylation process that frequently arises in hydroacyl-
ation reactions have been developed: Use of high-pressure
alkene or CO to stabilize the acylmetal hydride intermedi-
ate, the formation of five-membered acyl metallacyclic com-
plexes using a ligand bearing a coordinating heteroatom at
an appropriate position. Among them, the use of the chela-
tion-auxiliary 2-amino-3-picoline (50) is one of the best
ways to overcome the decarbonylation problem and to
achieve facile C-H bond activation by the transition-metal
catalyst. By using this strategy the chelating ligand can be
temporarily anchored to the substrate aldehyde in situ and
this auxiliary ligand can be liberated from the ketimine of
the product ketone after the reaction. The overall hydroa-
cylation reaction proceeds efficiently and conveniently. The
chelation-assisted hydroacylation process can be applied to
the synthesis of cycloalkanones and an o,B-unsaturated
ketone or to the carbon-carbon triple bond cleavage of an
alkyne.

(o}
n-CeH13\)H‘(n-CGH13
o 122
H.O (PhsP)sRACI (14, 5 mol-%) +
2 2-amino-3-picoline (50, 100 mol-%) 0
* benzoic acid (63, 5 mol-%) n-C6H13\)J\/\
n-CGH13 ——H n-C6H13
121 THF, 110°C, 2h 123
122:123 = 78:22 (82 %)
+
R 1 121 + H,0
X X
] § 8
[Rh]=C ————————————>SO _% i _%H
= [Rh] c—EH [Rh] C—H
n-CeH1s n-CgHq3 ” CeHis
124

Scheme 38.
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