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It has been shown for the first time that relatively electron deficient triazolium pre-catalysts promote

(at low loadings in the presence of base) highly chemoselective crossed acyloin condensation reactions

between aldehydes and a-ketoesters to afford densely functionalized products incorporating

a quaternary stereocentre of considerable synthetic potential. Hydroacylation pathways which have

hitherto been dominant in these reactions can be completely avoided. The scope of the process is

extraordinarily broad with respect to both coupling partners, and a preliminary study has established

the principle that a high degree of stereochemical control over the reaction can also be exercised via the

use of a chiral NHC precursor. It has also been shown for the first time that coupling of benzyl

a-ketoesters with aldehydes followed by acylation and simple hydrogenolysis furnishes a product

formally derived from the chemoselective 1 : 1 coupling of two different aliphatic aldehydes in high

yield with absolute control over which coupling partner behaves as the acyl-anion equivalent.
Introduction

a-Hydroxy-b-ketoacid derivatives incorporating a quaternary

stereogenic centre in the a-position (i.e. 1, Fig. 1) are struc-

tural features in a range of natural products.1 In addition, they

are densely functionalised, highly synthetically-pliable mole-

cules which can serve as useful precursors to the a-hydroxy
Fig. 1 a-Hydroxy-b-ketoacid derivatives: known approaches and

a proposed direct catalytic C–C bond forming route.
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acid/a-hydroxy ketone motifs remarkably common in naturally

occurring biomolecules,2 tetracycline/glycylcycline antibiotics,3

artificial b-amino acids/alcohols and a,b-dihydroxylated acids

(in addition to a plethora of other useful building blocks). The

undoubted synthetic utility of these materials is curtailed by

the synthetic routes to these compounds – which are based in

the main on often functional-group sensitive a-oxidation

methods (e.g. 2 / 1, Fig. 1).4,5

Inspired by the mode of action of the thiamine pyrophosphate-

dependent enzyme acetolactate synthase, which catalyses the

coupling of two molecules of pyruvate to generate acetolactate

(a precursor to valine, leucine and isoleucine, Fig. 1),6,7 we

envisaged the possibility of developing an analogous route to 1

from the directN-heterocyclic carbene (NHC)-catalysed coupling

of an aldehyde 3with an a-ketoester 4 in a chemoselective crossed

acyloin condensation (AC) reaction (Fig. 1, right).

While such a coupling process would obviously represent

a considerable advance over literature methods (which often

require the use of excess of one coupling partner) in terms of

greater synthetic flexibility, two major barriers (outlined in

Fig. 2) to its development were identified. First, in previous

studies involving the NHC-catalysed reaction of aldehydes and

a-ketoesters,8,9 upon reaction of carbene 5 with the aldehyde 3,

hydride transfer to form the hydroacylation product 8 via the

coupling of the initially formed alcohol 6 and acyl-heterazolium

ion 7 was observed. We noted that these hydroacylation reac-

tions8–10 were promoted by relatively electron-rich NHCs (e.g.

NHC-2, Fig. 2).11,12 This led to the proposal that the use of

a carbene incorporating a powerful inductive electron with-

drawing substituent (i.e. NHC-1) would destabilise developing

positive charge in the transition state leading to acyl-triazolium
Chem. Sci., 2012, 3, 735–740 | 735
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Fig. 2 Three possible pathways involving the reaction of 3 and 4 in the

presence of either electron-rich or electron deficient carbenes.

Table 1 Crossed AC reactions: preliminary experiments

Entry Precatalyst Base Yielda (%)

1 15 K2CO3 <5
2 16 K2CO3 <5
3 17 K2CO3 <5
4 18 K2CO3 <5
5 19 K2CO3 <5
6 20 K2CO3 <5
7 21 K2CO3 9
8 22 K2CO3 >95 (92)b

9 22 KOt-Bu 34
10 22 NaH <5
11 22 K3PO4 >95
12 22 DBU 28
13 22 i-PrNEt2 >95

a Yield determined by 1H NMR spectroscopy using (E)-stilbene as an
internal standard. b Isolated yield in parenthesis.
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ion and hence disfavour the hydride transfer pathway in favour

of a proton-transfer step leading to the nucleophilic Breslow

intermediate 9.13

Next, for chemoselective cross coupling to occur 9 must

eschew reaction with 3 (leading to homobenzoin 1014,15) and add

preferentially to ketoester 4 to afford the cross-coupled product 1

via adduct 11. Examples of intermolecular chemoselective

crossed-acyloin reactions involving two aldehydes are very

rare,16 and to the best of our knowledge the only ketone

substrates that have been shown to participate in these

processes17,18 are highly activated heterocyclic tri-

fluoromethylketones.19 We have previously studied the perfor-

mance of NHC-120,21 in (crossed)16e,f acyloin condensations

involving two different aldehydes and were confident – given

a combination of the relatively mild reactivity of NHC-1 and

superior electrophilicity of 4 over 3 in previously reported

hydroacylation studies – that if 9 could be formed selectively the

crossed acyloin pathway would be dominant.22
Results and discussion

Our study began with the reaction between octanal (12) and one

equivalent of the inexpensive ethyl pyruvate (13) in the presence

of a range of azolium ions and bases (Table 1). Imidazolium,

thiazolium and triazolium ions devoid of s-withdrawing

substituents (i.e. 15–20), failed to mediate the formation of 14

above trace levels in the presence of K2CO3 (entries 1–2, 3–4 and

5–6 respectively). Use of the simple N-phenyl triazolium ion 21

did result in a modest amount of cross-coupling (entry 7),

however, we were pleased to observe the clear superiority of the

N-pentafluorophenyl substituted precatalyst 22, which furnished

the coupled product in excellent yield (entry 8). Exchange of the

carbonate base for either sodium hydride (entry 10) or potassium

tert-butoxide (entry 9) resulted in inefficient catalysis (entries 9

and 10), while potassium phosphate was found to be a suitable

substitute (entry 11). Two tertiary amine bases were also evalu-

ated: DBU failed to facilitate clean cross-coupling (entry 12)

while excellent product yields were obtained using H€unig’s base

(entry 13).
736 | Chem. Sci., 2012, 3, 735–740
With chemoselective cross coupling established and conve-

nient conditions identified, we next turned to a systematic

examination of the reaction scope. Beginning with aliphatic

aldehydes (Table 2), we were pleased to find that substrates

incorporating hydrocarbon chains 23–28 were converted to the

corresponding a-hydroxy-b-ketoesters 34–39 in uniformly

excellent isolated yields (entries 2–6). Both protected hydroxy

and amine functionality are well tolerated (i.e. 40, 41 and 42

entries 7–9) as are peripheral double bonds (i.e. 37, entry 4),

however isolation of 43 is more problematic due to either

competitive Stetter reaction or homoenolate pathways, none-

theless the highly functionalised a,b-unsaturated product can be

isolated in appreciable yield (entry 10). It is noteworthy that not

only are homobenzoin and hydroacylation pathways excluded

here, but that a lactone-generating reaction via a homoenolate

pathway reported by You23 in the presence of more electron-rich

carbenes, was also avoided. Of particular interest is the obser-

vation that 33 (which incorporates a less activated Michael

acceptor yet which is – from a stereoelectronic perspective – well-

disposed towards a 5-exo-trig Stetter cyclisation reaction)

undergoes exclusive 1 : 1 intermolecular coupling with 13

(entry 11) in excellent yield.

To evaluate the utility of these reactions on a more syntheti-

cally relevant scale, 15 mmol of pyruvate ester 13 was coupled to

a stoichiometric amount of 28, resulting in the formation of

multigram quantities of 39 in excellent yield (Scheme 1).

Initially, the efficiency of the corresponding coupling reactions

involving aromatic aldehydes (Table 3) was disappointing – for

example the crossedAC reaction between p-chlorobenzaldehyde (45)
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Coupling of aliphatic aldehydes to ethyl pyruvate

Entry Aldehyde Product
Yielda

(%)

1 92b

2 93

3 94

4 87

5 91

6 95

7 88

8 76

9 77

10 48

11 90

a Isolated yield. b Yield determined by 1H NMR spectroscopy using
(E)-stilbene as an internal standard.

Scheme 1 A crossed AC reaction on preparative scale.

Table 3 Coupling of aromatic and heteroaromatic aldehydes to ethyl
pyruvate

Entry Aldehyde Product
Yielda

(%)

1b 56
2 83

3 76

4 86

5 84

6c 93

7d 91

8d 92

9d 86

a Isolated yield. b Reaction conditions: 22 (10 mol%), K2CO3 (20 mol%),
1 equiv. of 13, THF (1.1 M), 40 �C, 16 h. c Reaction time: 48 h. d 1.7
equiv. of 13.
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and 13 proceeded in 56% yield (entry 1). After considerable experi-

mentation it was found that the use of chloroform as the reaction

solvent allowed the circumvention of this difficulty.24 Thus, 45 could

be converted to 53 in 83% yield in the presence of catalyst 22

(10mol%) in this solvent (entry 2). In a similar fashion, activated (i.e.

46, entry 3), electron-neutral (i.e. 47–48, entries 4 and 5) in addition to

deactivated (i.e. 49, entry 6) aromatic aldehydes and heteroaromatic

aldehydes (i.e.50–52, entries 7–9)25 couldbe coupledwith 13 to afford

54–60 respectively in good isolated yields.
This journal is ª The Royal Society of Chemistry 2012
The methodology is not limited to the use of 13 and is also

applicable to other a-ketoester coupling partners (Table 4). For

instance, methyl pyruvate (61) could be coupled to 12 with

excellent efficiency (entry 1), while high yields were also obtained

from a-ketoesters with elongated chains (entries 2 and 3). The

hindered ketone 64 reacted sluggishly under standard conditions

resulting in a lower isolated yield of 40% (entry 4). Aromatic

ketoesters also proved difficult substrates, however these

reactions responded well to a change of solvent from THF to

chloroform,24 which allowed the formation of 70 and 71 in yields

$80% (entries 5 and 6). Aromatic aldehydes could also be

coupled to aromatic ketoesters (entries 7 and 8).

With the scope of the process systematically explored, we were

ready to examine the possibility of carrying out asymmetric

variants of these reactions.

We were gratified to find that augmentation of the steric

requirement of the a-ketoester derivative resulted in improved

levels of product enantiomeric excess relative to that obtained

using ethyl pyruvate. For instance, protection of the acid func-

tionality as the easily removed tert-butyl ester (i.e. 74, Scheme 2)

allowed coupling with acetaldehyde26 to occur in 58–80% yield
Chem. Sci., 2012, 3, 735–740 | 737
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Table 4 Coupling of aliphatic and aromatic aldehydes with various
a-ketoesters

Entry a-Ketoester Product
Yielda

(%)

1 90

2 90

3b 70

4 40

5c 80

6d 82

7e 64

8e 66

a Isolated yield. b Using 22 (8 mol%) and K2CO3 (15 mol%). c Using 28
as the aldehyde partner. Reaction conditions: 22 (10 mol%), K2CO3

(20 mol%), CHCl3 (1.1 M), 40 �C, 20 h, rt. d Using 23 as the aldehyde
partner. Reaction conditions: 22 (10 mol%), K2CO3 (20 mol%), CHCl3
(1.1 M), 40 �C, 20 h. e Reaction conditions: 65 (3.0 equiv.), 22
(10 mol%), K2CO3 (20 mol%), CHCl3 (1.1 M), 45 �C, 20 h.

Scheme 2 Asymmetric crossed AC using chiral precatalysts.

Scheme 3 An a-ketoester as a masked aldehyde for the synthesis of

selective AC reaction products.
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and 69–76% ee using the chiral precatalysts 76–78. While the

level of asymmetric induction is not yet optimal, it is of interest

that using the novel precatalyst 78 a high degree of stereo-

chemical control is exercisable over the process.27 We are

currently designing new catalysts to perfect this quaternary

stereocentre-generating reaction from an enantioselectivity

standpoint.

Finally, while the potential utility of such densely functional-

ised adducts as synthetic building blocks is reasonably obvious,

we were also interested in investigating the use of the pyruvate
738 | Chem. Sci., 2012, 3, 735–740
unit as a ‘masked aldehyde’ in crossed acyloin reactions which

are currently not possible to carry out in a completely chemo-

selective fashion using NHC catalysis (Scheme 3) – most

importantly, those between two different aliphatic and two

different aromatic aldehydes. While there has been a recent surge

in interest in the investigation of the factors which influence the

outcome of crossed acyloin reactions,16–19 in all cases where

useful selectivity was observed the system consisted of the reac-

tion between one aliphatic aldehyde and one aromatic aldehyde –

where the inherent differences in electrophilicity and steric bulk

of the two substrates can be exploited to bring about a measure

of selective (although rarely completely chemoselective)

coupling. However, no examples of chemoselective crossed acy-

loin reactions between two aliphatic aldehydes catalysed by an

NHC catalyst are known.

Given that the AC reactions detailed above (Tables 1–4) are

100% chemoselective, we reasoned that coupling of an a-keto-

benzyl ester with an aliphatic aldehyde would, on hydrogenolysis

of the benzyl group, result in in situ decarboxylation to give

a product formally derived from the chemoselective coupling of

two aliphatic aldehydes. This hypothesis was validated as

follows: aldehyde 28was coupled with benzyl pyruvate (79) in the

presence of 22 (5 mol%) in excellent yield (Scheme 4). After

acylation of the tertiary alcohol, hydrogenolysis of 81 in the

presence of Pd/C led to the clean formation of 82 - which is

formally derived from the completely chemoselective crossed AC

reaction between 28 and one equivalent of acetaldehyde (23).28

Thus by utilising an a-ketoester partner with the requisite

a-substituent followed by a simple acylation/hydrogenolysis

protocol it is now conceivable to generate the acylated product

derived from the AC reaction between any two aliphatic alde-

hydes (within the substrate scope outlined in Tables 2–4) with

complete control over which aldehyde formally acts as the acyl-

anion synthon.29

Apart from the selective formation of crossed aliphatic

acyloins derived from two different aliphatic aldehydes, this

acetylation/decarboxylation approach can easily be extended to

generate other crossed acyloin products which are difficult to

synthesize using other methodologies. While – as outlined in

Scheme 3 – partial solutions are available for the selective

coupling of aliphatic and aromatic aldehydes, a general
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sc00622g


Scheme 4 An aliphatic a-ketoester as a masked aldehyde in an AC

reaction for the synthesis of crossed aliphatic acyloins.

Scheme 5 Chemoselective crossed AC followed by acetylation/decar-

boxylation to generate a benzoin acetate formally derived from the

chemoselective coupling of thiophene carbaldehyde and benzaldehyde.
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NHC-mediated method for accessing crossed aromatic benzoins

(i.e. between two different aromatic aldehydes) has remained

elusive until now. We have now brought this new methodology

to bear on this long-term problem. Heteroaromatic aldehydes

also proved to be suitable substrates (Scheme 5). Thiophene

aldehyde 52 could be coupled with ketoester 83 to allow access to

the crossed aromatic acyloin acetate 86, which is formally

derived from a selective AC reaction between two aromatic

aldehydes of very similar steric and electronic properties.

In summary, we have developed the first chemoselective,30

intermolecular crossed AC reactions between aldehydes and

inexpensive a-ketoesters catalysed by an NHC catalyst. Through

the selection of a more electron-deficient carbene promoter the

hitherto dominant hydroacylation pathways can be completely

avoided. In contrast with the majority of previous attempts to

effect such transformations in the literature, in this reaction

the two partners can react in a 1 : 1 ratio to furnish densely

functionalised products containing a quaternary stereocentre of

high potential synthetic utility in good to excellent yields. The

scope of the process is extraordinarily broad: both aliphatic and

aromatic aldehydes are well tolerated, while also both aromatic

and aliphatic substituents at the a-carbon (in addition to

various ester functionalities) are accommodated in the

a-ketoester electrophile. A preliminary study has established that

a high degree of stereochemical control over the reaction can also

be exercised via the use of a chiral NHC precursor. In addition,

a benzyl a-ketoester can be utilised as a masked aldehyde

equivalent – thus practitioners can synthesise (via a chemo-

selective AC reaction) acylated AC products formally derived

from the 1 : 1 coupling of two aldehydes (even if they have very

similar steric/electronic characteristics) with absolute control

over which partner will behave as the acyl anion equivalent and

which will serve as the electrophile. Investigations to further

develop the utility/enantioselectivity of these reactions are

underway.
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