Hydroacylation and
Related Topics
Dong Group Seminar
Brandon Reinus
Wed, Sept. 5th 2012

Why?
¡ Looking at the reaction, it is a highly atomeconomical approach to synthesizing ketones
¡ Umpolung (ex: deprotonating dithioacetals)
¡ Using acrylate derivatives generates a 1,4
diketone relationship, a hard relationship to
establish using classical organic synthesis.

Presentation Overview
1. Hydroformylation (extremely brief)
2. Rh-Catalyzed Hydroacylation
¡ Intramolecular
¡ Intermolecular
¡ Other

3. NHC Catalyzed Hydroacylation
¡ Benzoin reaction
¡ Stetter reaction
¡ other
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synthetically useful methods based on this reaction are
known.4 In general, the most significant advances in hydroacylation chemistry have involved developing strategies, or
to limit this undesired decarbonylation pathway.
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being considered, that is, intramolecular alkene hydroacylation, intermolecular alkene hydroacylation, etc., and when
needed also by catalyst type. During these sections, detailed
mechanistic arguments relevant to the key hydroacylation
Larock (1980)
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66 6. The scope of this review is comprehensive from
in section
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the first report in 1972 through June 2009. A number of
reviews that deal with C-H activation cover some aspects
of hydroacylation,1 as do several metal-specific reviews;5
however, a comprehensive treatment that covers all substrate
types and all catalyst systems has yet to appear.6 Reactions
that generate acyl metal intermediates similar to 1 indirectly
via simple carbonylation or carbonylation-type reactions are
not considered.7
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These complexes were applied to the cyclization of
4-pentenals; the catalyst [Rh(dppe)]ClO4 was effective for
the hydroacylation of a variety of differently substituted
4-pentenals (Table 1).17 As can be seen, substituents in the
2-, 3-, 4-, and 5-positions were all possible although
cyclizations with the 5-substituted substrates were significantly slower and generally required a higher catalyst loading.
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and Schrock21 as the catalysts of choice (see section 2.4 for
applications). Peters has shown that zwitterionic Rh complexes can also be used as effective complexes in hydroacylation reactions leading to cyclopentanones.22 For example,
neutral rhodium complex 8, featuring an anionic borate
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Organometallics 1988, 7, 936-945
chemistry because it allowed low catalyst loadings toAngew
be Chem, Int. Ed. 2003, 42, 2385
[Rh(dppe)] (ClO ) , CD NO , 20 °C. Determined by GC and 17,18
H
routinely employed.
Bosnich evaluated a number of
NMR methods. 65 °C.
catalyst systems, based on generic structure 6, that combined
Scheme 7
bidentate phosphine ligands
with9a cationic rhodium center
Scheme
a

2

c

4 2

3

2

b

1

Table 2. E

Scheme 9

Larger Rings
Scheme 10

Scheme 9

Scheme 9

Table 2. Effect of Diene Geometry on Cycloheptanone Synthe
substrate
22 (%)
23 (%)
24 (%)
starting materialSynthesis
(%)
Table
2. Effect
of Diene
Geometry
on Cycloheptanone
(4E,6E)
62
13a
6
(4Z,6E)
65
11a
5
(4E,6Z)
trace
49b
trace
38
a

E-alkene. b Z-alkene.

Scheme 12

Scheme
10 10
Scheme

substrate
(%)(%) 24starting
(%) material
starting(%)
material (%
substrate
22 (%)22 (%)
23 (%) 23 24
(4E,6E)62 62 13a
(4E,6E)
(4Z,6E)65 65 11a
(4Z,6E)
(4E,6Z)
(4E,6Z)trace trace 49b

136a
115a
b
49trace

6
5
trace

38

38

a
b
a
b
appropriate allyl vinyl ethers. Eilbracht has established that
E-alkene.
Z-alkene.
E-alkene.
Z-alkene.
with the use of a suitable catalyst, it is possible to couple
hydroacylation with a Claisen rearrangement to achieve a oneScheme 12
ransition Metal Catalyzed
Hydroacylation
Chemical Reviews, 2010, Vol. 110, No. 2 729
Scheme 12
pot conversion
of allyl vinyl ethers to cyclopentanones, thus
avoiding the isolation of potentially sensitive aldehydes.24
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catalyst and substrate pairings were reversed when the neutral
complexes were employed.

2.3.2. Enantioselective Systems
While investigating aldehyde decarbonylation using chiral
rhodium catalysts, James and Young observed the first
example of enantioselective intramolecular hydroacylation
via kinetic resolution.37,38 Reaction of racemic pentenal 36
with a catalyst incorporating enantiomerically pure (S,S)chiraphos yielded the corresponding cyclopentanone with up
to 69% ee (Scheme 18). This level of selectivity was only
achieved at low conversions (17%); at conversions of
50-60%, the enantioselectivity was reduced to ∼40%. The
Transitionwere
Metalconducted
Catalyzed Hydroacylation
reactions
using only 1 mol % of catalyst,
although
a
temperature
of
150 °C was needed to achieve
Table 5. Enantioselective Reactions Using Cationic Catalysts
reasonable conversions. One reason for this low reactivity
was the presence of the quaternary center at C-2.
Sakai and co-workers were the first to report the cyclization
of achiral 4-pentenals using enantiomerically pure catalysts.34,35
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tBu76% ee (Scheme
(S)-BINAP
catalyst5cc loadingsSiMe
of 3 25 mol %(S)-BINAP
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rhodiumb complexes incorporating chiral ligands allowed
10
CO2Et
(S)-BINAP
>99
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%) used.[Rh(BINAP)]ClO
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that the
cyclization of certain substrates to deliver enantioselectivities
up to 99%.36 Later, Bosnich and co-workers evaluated a range
of bidentate chiral ligands and found that BINAP, chiraphos,
and DuPhos all generated selective catalysts for certain
substrates (Table 5).39-41 An impressive range of substituents
could be tolerated ranging from sterically demanding electrondonating groups such as SiMe3 to much
smaller
electronChem
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withdrawing groups such as C(O)Me. In all cases, conversions of >95% were achieved with enantioselectivities for
thefor
majority
of substrates
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in the
94-99%
range. substitArylsubstrates
with tertiary
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and ketone

Diastereo and Enantioselective
a

RhCl(PPh3)3 (30 mol %), CH2Cl2, rt.

Table 4. Stereoselective Synthesis of 3,4-Disubstituted
Cyclopentanones

entry substrate
1
2
3
4

3R
3R
3S
3S

catalyst
Rh[(S)-BINAP]ClO4
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Rh[(R)-BINAP]ClO4
Rh[(S)-BINAP]ClO4

time (h) yield (%) cis/trans
1.5
4
2
5

85
74
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82

<1:>99
97:3
<1:>99
96:4

Table 3 allowed double diastereoselection to be explored,
employingfirstneutralandthencationicrhodiumcomplexes.34-36
Sakai found that the use of the cationic complex Rh(BINAP)ClO4 allowed the selective synthesis of all four possible
stereoisomers of 3,4-disubstituted cyclopentanones (Table
4).36 For example, reaction of the (3R)-substrate with 5 mol
% of the catalyst employing (S)-BINAP delivered the trans
configured product with >99:1 selectivity. Conversely, cyclization of the same substrate with the (R)-catalyst provided
the cis product with 97:3 selectivity. The situation was
reversed for the (3S)-configured substrate. A similar pattern
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Application
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Of major product. b Catalyst used at 50 mol %.

Scheme 20

example, enal 48 was converted to ketone 49 using a dppederived catalyst (Scheme 24). Importantly, to achieve good
yields
Scheme
24 the reactions needed to be performed under solventfree conditions for eight days. The use of benzonitrile or
Scheme 21
nitromethane as solvent resulted in significant decarbonylation. The second example also employed solvent-free conditions and shows the preparation of ketone 50 from enal 51,
in 90% yield. In this second example, the use of benzonitrile
as solvent lead to the formation of a significant byproduct.
These two examples both employ complex enal substrates,
featuring quaternary carbon centers, a ketal, and an indene
ring
system
Scheme
22 and, despite the relatively high temperatures and
extended reaction times needed, illustrate the good functional
group tolerance of the hydroacylation process.
A kinetic resolution using a cationic rhodium complex was
employed by Rousseau and Mioskowski in a formal synthesis
of brefeldin A (Scheme 25).59 Reaction of racemic aldehyde
52 with Rh[(S)-BINAP]ClO4 (0.9 mol %) triggered an
intramolecular hydroacylation reaction to deliver a 1:1
mixture of cyclopentanones 53 and 54; both were obtained
with
96%enal
enantiomeric
enrichment.
The 49
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48 was converted
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advanced
through
a
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Scheme 24
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alcohol 55, an intermediate in the synthesis of brefeldin A
previously reported by Gais.60
Scheme
24 enal systems were recently employed by Castillón
Related
in the enantioselective synthesis of carbocyclic nucleosides
(Scheme 26).61 For example, treatment of enal 56 with a
cationic Me-DuPhos-containing catalyst, as described by
Bosnich, delivered cyclopentanone 57 with >95% ee. Advancement of ketone 57 throughChem
reduction
lipasereviewsand
2010,ap.725
mediated dynamic kinetic resolution ultimately allowed
access to carbocyclic nucleoside 58.
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this method,
byproduct
was also isolated together with the expected
this method,
a varied
isolateda varied
together with
the expected
reviews 2010, p.725
range
of
alkenes
and
aldehydes
could
be
combined
in
good
product.
This
byproduct
formationChem
is typical
when alkyl
be combined in good
product. This byproduct
formation
is
typical
when
alkyl
82
83
Scheme 41
to excellent
yields. Heteroaromatic
and enoates
aldehydes
areshown
used as substrates with the conditions shown
hydes82 and
enoates83
arealdehydes
used
as substrates
loadings
to employed
thosealdehydes
in as
thesubstrates.
basic
process
(Table 7) with
were theinconditions
could
also be
Tablehas
7. To
address this issue, the Jun group has recently
Table 7. To address
thisthe
issue,
the Jun group
recently
employed,
with in
2-amino-4-picoline
taking
place
Experimentation
had
established that the
formation
of the of reported a modified procedure, employing cyclohexylamine
reported a modified procedure, employing cyclohexylamine
t the formation of the
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78 % ee) were obtained for reactions employing (S)-BINAP (6) as the chiral ligand; however, the reactions were not completely regioselective, and linear, achiral products were also isolated.
The Tanaka group has reported a highly enantioselective Rh-catalyzed intermolecular hydroacylation process using unfunctionalized aldehydes (7) and 1,1-substituted acrylamides (8) as the reaction components (Scheme 6) [14]. In this system, instead of relying on chelating aldehydes to stabilize
the key reaction intermediates, stabilization was achieved by bidentate coordination of the acrylamide
substrates to the metal center [15]. In addition, this coordination was also invoked to account for the
high enantioselectivity observed (up to 98 % ee). The reactions employ the P-chiral bisphosphine ligand QuinoxP* (9).

Stereoselective
Intermolecular reactions

Scheme 6 Tanaka’s acrylamide-based enantioselective hydroacylation.

Very limited in HYDROACYLATION
scope, still
ENANTIOSELECTIVE INTERMOLECULAR
REACTIONS
needs
a lot of work
EMPLOYING !-S-CHELATING
ALDEHYDES
In 2008 our group reported an enantioselective intermolecular hydroacylation reaction employing
β-S-substituted aldehydes in combination with 1,3-disubstituted allenes [16]. Excellent enantioselectivities and yields were obtained using a Me-Duphos-derived cationic rhodium
catalyst
By 2011
Pure Appl. Chem.
Vol.[17].
83, p. 577,
employing 1,3-disubstituted allenes 11 as more reactive equivalents of disubstituted alkenes, it was possible to obtain chiral β,γ-enones 12 via a dynamic kinetic asymmetric transformation involving in situ

ation
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Alkynes Intramolecular

Transition Metal Catalyzed Hydroacylation
Scheme 61
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Scheme 63
Scheme 67

Scheme 62

Chemical Reviews, 2010, Vol.
110, No.642 741
Scheme
Scheme 63

During their study of S-chelation-assisted intramolecular
alkene hydroacylation reactions toward medium-ring systems
(see Scheme 16), the Bendorf group also reported several
examples of intramolecular alkyne hydroacylations.30 Sevenand eight-membered R-alkylidenes arising from cis addition
to the alkynes were obtained in moderate to good yields.

4.2. Enantioselective Processes
Scheme
65 has investigated the use of enantiomerically
The
Fu group
pure Rh catalysts in the cyclization of ynals.143 Because no
sp3 centers are generated in these
reactions,
the
group has
Chem
reviews 2010,
p.725
also shown, confirming the high selectivity of the process. investigated kinetic resolution and desymmetrization proceThe group found that it was necessary to employ aromatic dures. Racemic 4-alkynals bearing substituents in the 3-posialdehyde 88 to obtain high enantioselectivity. The authors
Scheme 64

e (Zantac) and atorvastaaldehydes can now be employed, and particularly in the
tance in pharmaceutical,
case of alkyne hydroacylation, significant substitution of the
e-chemical applications
unsaturated
can be tolerated, thus allowing for
Scheme component
69
S-chelation-assisted intramolecular
a range
of medium-ring
methods for
actions
toward
systemsthe regioselective production of highly substituted complex
endorf group also reported severalmolecules in one catalytic intermolecular carbon–carbon
lar alkyne hydroacylations.30 Seven-bond forming step. Herein, we demonstrate the utility of
lkylidenes arising from cis additionintermolecular alkyne hydroacylation in the efficient synained in moderate to good yields. thesis of di- and trisubstituted furans and related heterocycles.
Scheme 70
g-Hydroxy-a,b-enones are known to undergo acid-cataProcesses
lyzed dehydrative cyclization to form furans, and this transstigated the use of enantiomericallyformation has been exploited by several research groups,[6]
cyclization of ynals.143 Because nomost notably in the recent work from Donohoe et al.[7] The
d in these reactions, the group has
intermolecular hydroacylation of an aldehyde with readily
lution and desymmetrization procels bearing substituents in the 3-posi-available propargylic alcohols would permit the synthesis of
kinetic resolution, providing enan-g-hydroxy-a,b-enones with 100 % atom efficiency; coupling
lopentenones with good selectivities;this carbon–carbon bond formation with an acid-catalyzed
tion is shown in Scheme 66. Adehydrative cyclization would allow for the regioselective
s employed to allow a two-pointsynthesis of di- or trisubstituted furans. The associated
cycle-containing
prod- the
action. Catalystsnatural
incorporating
disconnection is novel for this type of heterocycle (Scheme 2).
optimal for substrates incorporating
investigations
realize the above route to
5. initial
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Rh catalyst proceeded without incident. However, attempts
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Alkynes Intermolecular

promoted variant—the Tishchenko reaction—is a related
transformation that converts two carbonyl units into the
corresponding ester.[3] Both
processes
Scheme 1. Synthesis of seven-membered lactone derivatives based on
Scheme
41 suffer from the formation
of side
process
(Table
7)products
were and have not been readily adapted to enantioselective ketone hydroacylation.
ne catalytic
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place of reactions.[4] DOI:
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the Dong
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e system
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The catalyst could be

Other substrates

etone Hydroacylation:
of Phthalides

The Miura group has undertaken detailed studies on the
Few examples,
C-O bond
formation
efore deactivation. More
use of salicylaldehyde
as a chelating
substrate
for alkyne
108,109
ed the use of a H-bonding
hydroacylation (see Scheme 71).
However, reactions
[*]
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Willis
ycling in primary alcohol
of the same aldehyde with the majority of alkenes were
Department of Chemistry, University
of Oxford
bipyridyl/phenol solvent
poor.109 The exception was reaction with vinyltriethylsilylane,
Chemistry Research Laboratory
Chem reviews 2010, p.725
neous system
at elevated
which,
when combined with salicylaldehyde and a catalyst
Angew. Chem. Int. Ed. 2010,49,6026-6027
Mansfield
Road,
Oxford,
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3TA
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Scheme
1. Synthesis
of seven-membered
lactone
derivatives based
on
ng, two
immiscible
phases
generated
from
[RhCl(COD)]
and
the
ligand
1,1!-bis(diphe2
Fax: (+ 44) 1865-285-002
ketone hydroacylation.
alystenantioselective
and
product separanylphosphino)ferrocene (dppf), provided
the hydroacylation
Scheme
2. Enantioselective formation of phthalides; cod = cyclooctaE-mail: michael.willis@chem.ox.ac.uk
eight cycles
of catalysis
adduct in good yield (Scheme 41). Simple
allenes were also
l,5-diene.
Homepage:
http://mcwillis.chem.ox.ac.uk/MCW/Home.html

My take:
¡ Intramolecular- start with cationic or other
coordinatively unsaturated Rh(I)
¡ Intermolecular
¡ Chelation- toss-up both are used in the literature,
see if anyone has used similar substrates, if not lean
towards starting with cationic Rh(I)
¡ Aldimines – start with Wilkinson’s catalyst or other
neutral Rh (I)

umpolung reactions, and during recent years there has been
an increased interest in NHC-catalyzed transformations and
many new reactions have been developed. The purpose of
the present Account is to provide an update about the recent
developments in NHC organocatalysis. Mainly, the Account is
focused on NHC-catalyzed reactions of unconventional electrophiles developed in our laboratory, but adequate description of related work carried out by others is also given.
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into the corresponding products in excellent yield (eq 5). By
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Stetter Reaction

Intermolecular Stetter Reaction32

efficiently merged. A variety of aldehydes reacted with the
Michael
acceptors
with beta substituents
dehydroamino ester 16 in the presence
of NHC
generated
usually are bad reaction partners
from L-phenyl alaninol derived triazolium salt 172c,31 yielding R-amino acid derivatives 18 in excellent yield and
Ciganek, Synthesis, 1995, 1311
stereoinduction (Table 2).32
Accounts of Chemical Research, 2011, 1182
The mechanism and mode of asymmetric induction are
still unclear, but can be rationalized as follows. First, the
reaction between the free carbene derived from 17 and the

l for high levels of reactivity and

carbon quarternary stereocenter in the biol
pharmaceutically important chromanone stru
carbene generated from 17 showed except
reactivity and selectivity affording differently
chromanones, most of them with 99% ee (T
extraordinarily high level of enantioinduction a
favor of a concerted mechanism. Another indic
TABLE 5. First intermolecular NHC-Catalyzed Hydroacylation of Cyclopropenes
from the first intermolecular hydroacylation of cy
that we have reported very recently (Table 5).39
with deuterated substrates demonstrated that t
lation is a syn addition process. With this latter tra
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BijuNHC-catalyzed
et al.
a general
intermolecular hydro
truly unactivated olefins seems to be within rea
TABLE 4. NHC-Catalyzed Enantioselective Hydroacylation
of Unactivated
Olefins38
4.2.
Hydroacylation
of Electron-Neutral T
35
ydroacylation of Unactivated Double Bonds
In view of these interesting results, we then
Recent investigations in our laboratory revealed novel
TABLE 6. NHC-Catalyzed Hydroacylation of Unactivated Internal Alkynes
attention on the hydroacylation of unactivated
reactivity profiles of the carbene generated
from the thiazoTreatment of unactivated internal alkynes
lium salt 8. We commenced with the NHC-organocatalyzed
carbene generated from 8 by deprotonation
cyclization of 2-allyloxy benzaldehydes 26 to the corresponding chromanones 27, the intramolecular hydroacylaresulted in the smooth formation of benzylid
tion of unactivated CdC-double bonds.35 Gratifyingly,
none 32, bearing a synthetically valuable exocy
a single isomer.40 Variations on both aromatic r
among the wide range of NHCs screened, the carbene
generated from 8 by deprotonation with DBU showed the
tolerated, providing good yields for electron-d
best reactivity, providing the desired functionalized chromaelectron-withdrawing substituents (Table 6).
nones in moderate to excellent yield. This new methodology
competition experiments carried out using e
70%
with a trans/cis
of 3:1. In addition,
the chromanones in good
to excellent
yield
was applied to a range of substrates with afforded
electron-donating
different
alkynes
revealed
(1) ratio
reversible
form
anion equivalents to enol ethers catalyzed by the NHC
generated from readily available thiazolium salt 24 was
developed by She and co-workers,34 leading to the formation of benzofuranones 25 in excellent yield (eq 13). The
exact mechanism of this transformation (concerted or stepwise involving an oxonium species) is not clear.

H-Acylation of Unactivated
Compounds

39

40

coupling aldehydes 36 including heterocyclic a
(Table 7). Gratifyingly, a substituent on the progargylic
Accounts of Chemical Research, 2011, 1182
ones have been examined, and in all cases
moiety was also well tolerated, giving the product in
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TABLE 8. NHC-Catalyzed Hydroacylation of Arynes41
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70% with a trans/cis ratio of 3:1. In addition, a variety of
coupling aldehydes 36 including heterocyclic and aliphatic
ones have been examined, and in all cases the reaction
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resulted in the smooth formation of the expected chromatriflate 38 using 2.0 equiv each of KF and
none derivative.
presence of carbene generated from 8
Accounts of Chemical Research, 2011, 1182
4.3. Hydroacylation of Arynes. Encouraged by these
using KOt-Bu resulted in the formation o
results, we then turned our attention to a class of highly
39 in moderate to excellent yield (Table
reactive intermediates in organic synthesis, namely, arynes.

provides an attractive transition metal-f

Metal Vs Organic
Metals:
¡ Have to worry about decarbonylation
¡ Rh is expensive, other metals are not as well documented
¡ Enantioselective reactions are pretty straightforward
¡ Screening catalysts is pretty straightforward

NHC:
¡ Can react with a wider range of substrates (benzoin reaction, stetter,
and other substrates)
¡ Made from very accessible materials.
¡ Catalyze many transformations, so you have to be aware of possible
side reactivity, or use that to your advantage..
¡ Have to find an NHC that works for you
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Recently, it was demonstrated that the carbon–carbon bond of unstrained ketones could be
cleaved by a rhodium catalyst using the chelation-assisted strategy. For example, when benzylacetone
(26) was heated with 3,3-dimethylbut-1-ene in the presence of 1 and 2, 5,5-dimethylhexan-2-one (27)
was isolated as a major product along with a trace amount of styrene (eq. 6) [23]. The alkyl-exchanged
ketone 27 must be derived from the replacement of a phenethyl group of 26 with the 3,3-dimethylbutyl
group through the cleavage of an C–C bond α to the carbonyl group. As illustrated in Fig. 3, the reaction commences with the formation of ketimine 28 from the condensation of 26 with 2. Precoordination
of a rhodium complex to the pyridyl group in 28 can facilitate the cleavage of the C–C bond α to the
imino group. Thus, the α C–C bond in 28 could be cleaved by the Rh(I) complex to afford metallacycle
29. β-Hydride elimination in 29 followed by the hydrometallation of 31 onto 3,3-dimethylbut-1-ene
furnishes (iminoacyl)rhodium(III) alkyl 32. Reductive elimination in 32 produces ketimine 33, which
is hydrolyzed into the alkyl-exchanged ketone 27.

C-C meets C-H
formaldehyde and
acetaldehyde
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(6)
activation would give another ketimine 45. Finally, hydrolysis of both 44 and 45 produces the unsymmetrical ketone 42 and the symmetrical ketone 41, respectively.

As shown in eq. 7, C–C bond activations of unstrained cycloalkanone derivatives were also investigated. A mixture of ring-contracted cycloalkanones, 2-methylcyclohexanone (37) and 2-ethylcyclopentanone (38), was obtained after hydrolysis when cycloheptanoketimine 34 was treated with
(8)
[Rh(C8H14)2Cl]2 (35) and tricyclohexylphosphine (36) in the absence of any external olefins [24].
Interestingly, any ring-opened product was not detected. The ring-contracted products 37 and 38 seem
to be formed via (imino)acylrhodium(III) hydride 39, which could be generated through the C–C bond
C.-H.β-hydride
JUN AND
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in 34 by a Rh(I) catalyst and subsequent
elimination
in the resulting intermediate.
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(9)

CLEAVAGE OF C–C TRIPLE BOND
A carbon–carbon triple bond of alkynes is one of the strongest chemical bonds. Therefore, the cleavage
of alkyne triple bonds is restricted to a few examples including alkyne-ligand scission on transition-

