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Abstract—A cobalt(salen) complex has been shown to catalyse the asymmetric Darzens condensation between a-haloamides and
aldehydes, allowing both the relative and absolute stereochemistry of the epoxy-amide products to be controlled. Under optimal
conditions, cis-epoxides can be obtained diastereoselectively with up to 50% enantiomeric excess, whilst by changing the leaving
group and base, trans-epoxides can be produced diastereoselectively with up to 43% enantiomeric excess.

© 2007 Elsevier Ltd. All rights reserved.

In recent years we have been investigating the use of
metal(salen) complexes as catalysts for various
carbon—carbon bond forming reactions. Titanium"’
and vanadiumY(salen) complexes have been shown to
catalyse the asymmetric addition of various cyanide
sources to aldehydes and ketones, whilst copper'" and
cobalt'(salen) complexes catalysed the asymmetric
alkylation of enolates of a-amino esters.! Epoxides are
particularly versatile synthetic intermediates which can
readily be converted into a wide range of polyfunctional
compounds. The asymmetric epoxidation of electron-
rich alkenes was pioneered by Sharpless,”> and sub-
sequently developed by Jacobsen® and Katsuki.* In
contrast, the asymmetric epoxidation of o,-unsaturated
carbonyl compounds can be achieved by organic or
metal-catalysed processes.’

An alternative method for the synthesis of o,p-epoxy-
carbonyl compounds and related compounds is the Dar-
zens condensation between a carbonyl compound and
an o-halo-carbonyl compound (or related species).® This
reaction has been known for over 100 years, but only re-
cently has progress been made in developing asymmetric
variants of this epoxide synthesis. Aggarwal et al. have
developed a highly enantioselective variation of the Dar-
zens condensation to give trans-glycidic amides by
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replacement of the halide leaving group by a chiral sul-
fonium salt.” In contrast, Arai et al. have used cinchona
alkaloid derivatives as chiral phase transfer catalysts for
asymmetric Darzens condensations, obtaining enantio-
selectivities of up to 86% for cyclic a-chloroketone
substrates,®*® up to 79% for reactions involving
a-chloroacetophenone,®!? and up to 83% for reactions
involving chloromethyl phenyl sulfone.'! Similarly,
Bako, Toke and co-workers have reported the use of
chiral aza-crown ethers for the same purpose, achieving
up to 74% ee for the Darzens condensation between
benzaldehyde and a-chloroacetophenone.'>  Most
recently, Arai et al. reported the use of a synthetic
bis-ammonium salt as an asymmetric phase transfer
catalyst for the Darzens condensation of N,N-diphenyl
o-haloamides, obtaining predominantly the cis-epoxides
with up to 64% ee for the cis-epoxide, and up to 70% ee
for the minor trans-epoxide.'3

However, there was no precedent for the use of metal
complexes as asymmetric catalysts for the Darzens
condensation. Therefore, in view of the ability of
metal"(salen) complexes to catalyse the formation of
enolates under phase transfer conditions,! we decided
to investigate the use of similar complexes as catalysts
for the Darzens condensation. The reaction between
o-haloamides la—c and benzaldehyde (Scheme 1) was
adopted as a test reaction since the epoxy-amide prod-
ucts 2a.b can easily be transformed into a wide variety
of other functionalized chemical intermediates’-!* and
we have shown'!? that the diastereoselectivity of these
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Scheme 1. Reagents and conditions (i) MOH (solid)/M’(salen) cat./
CH,Cl,, 4-24 h, rt.

Darzens condensations can be controlled to produce
either cis-2a or trans-epoxide 2b by appropriate choice
of base and solvent.

The Darzens condensation proceeds by a two step mech-
anism consisting of an aldol reaction followed by an
intramolecular displacement of the halide Ileaving
group.® The initial aldol reaction may or may not be
reversible under particular reaction conditions and our
results on the diastereoselectivity of reactions involving
substrates la—c suggest that chloroamide 1la gives
trans-epoxides 2b via a thermodynamically controlled
aldol reaction, whilst amides 1b,c give cis-epoxides 2a
via a kinetically controlled aldol reaction.'* An asym-
metric catalyst for the Darzens condensation could
induce asymmetry into either step of the mechanism.
However, if the catalyst is involved in the aldol reaction
then it will only be able to catalyse the kinetically con-
trolled reactions involving o-bromo- or a-iodoamides
1b and 1c. In contrast, if the catalyst acts in the second
step, through a dynamic kinetic resolution type process,
then higher enantioselectivities would be expected for
reactions involving a-chloroamide 1a as the competing
uncatalysed cyclisation is less effective in this case.
Therefore, catalyst screening studies were carried out
with substrates la—c.

M=Cu,R'=R*=R*’=R*=H
M=Co,R'=R*>=R*=R*=H
M=TiCl,,R'=R?=R*=R*=H
M=Cu,R'=Bu,R2=R*=R*=H
M=Co,R'=Bu,R?=R*=R*=H
M=Co,R'=R*=Buy,R>?=R*=H
9:M=VOCL R'=R*='Bu,R?=R*=H
10: M = (Ti-O),, R' =R*="Bu, R?=R*=H
11: M=Cu,R' =OMe, R?=R*=R*=H
12:M=Co,R! =OMe, R?=R*=R*=H
13: M=Cu,R>?=0Me,R! =R*=R*=H
14: M =Co,R>=0Me,R! =R*=R*=H
15:M=Ni,RZ=0Me,R' =R*=R*=H
16: M =Cu,R*=0OMe, R' =R*>=R*=H
17:M=Co,R*=0OMe,R' =R?=R*=H
18: M =Cu, R*=0Me,R!' =R?=R>=H

An initial screening of copper'’, cobalt" and titanium'"
dichloride complexes 3-5 as catalysts for the Darzens
condensation between benzaldehyde and amides 1a,b
gave unpromising results as shown in Table 1. In all
cases, less than 10% enantiomeric excess was observed
for both the cis- and trans-products (Table 1, entries
1-6). However, the ratio of cis- to trans-epoxides formed
in the catalysed reactions were different to those
obtained from uncatalysed reactions under otherwise
identical reaction conditions.!* In addition, the chemical
yields obtained from the catalysed reactions were higher
than those obtained from uncatalysed reactions. Both of
these factors suggested that the metal(salen) complex
was having a favourable effect on the Darzens condensa-
tion, but that the complexes with unsubstituted salen
ligands were not optimal for asymmetric induction.

As a result of our previous work on asymmetric catalysis
using salen ligands,! we had a large number of salen
ligands derived from diaminocyclohexane and substi-
tuted salicylaldehydes available, along with the corre-
sponding metal complexes. These were screened for the
Darzens condensation and selected results are included
in Table 1. The introduction of terz-butyl groups ortho-
to the phenols of the ligand, or both ortho- and para- to
the phenols was not beneficial for catalysts derived from
copper 6, cobalt 7, 8, vanadium 9, or titanium 10 (Table
1, entries 7-15). ortho-Substituents had a 51mllar1y
negatlve effect on the enantioselectivity of copper' and
cobalt'(salen) catalysts for asymmetric enolate alkyl-
ation, but had a positive eﬁ“ect on the enantioselectivity
of titanium'¥ and vanadium" catalysts for asymmetric
cyanohydrin synthesis.

The presence of electron-donating methoxy groups on
the aromatic rings was however found to be beneficial.
When the methoxy groups were present ortho- to the
phenols (catalysts 11 and 12), they reversed the usual
trans-selectivity observed with a-chloroamide la and
instead gave a similar cis-selectivity to that obtained
using a-bromoamide 1b (Table 1, entries 16-20). This
was an indication that these catalysts might be interact-
ing with the chloro-group of the substrate so as to make
it a better leaving group. Moving the methoxy substitu-
ents meta- to the phenols (catalysts 13-15) restored the
trans-selectivity observed with substrate la (Table 1,

entries 21 22, 24-26, 32) and the combination of
copper’ (salen) complex 13 and sodium hydroxide gave
a particularly large trans-selectivity (Table 1, entry 21).

However, the key feature of these reactlons was the
enantioselectivity obtained using cobalt"(salen) complex
14 and potassium hydroxide. With a-chloroamide sub-
strate 1a, the major trans-epoxide 2b was obtained with
29% enantiomeric excess (Table 1, entry 25). The enantio-
selectivity (for epoxide 2b) was further increased to 39%
by changing the base to rubidium hydroxide (Table 1,
entry 26). Even more promisingly, use of a-bromoamide
substrate 1b gave the minor trans-epoxide 2b with 44%
enantiomeric excess and the major cis-epoxide 2a with
42% enantiomeric excess (Table 1, entry 27). In this case,
use of rubidium hydroxide as base diminished the
enantioselectivity (Table 1, entry 28). a-lodoamide 1c
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Table 1. Darzens condensation between a-haloamides 1a—c¢ and benzaldehyde catalysed by metal(salen) complexes 3-18
Entry Catalyst® Substrate Base cis/trans ratio® ee (cis)° ee (trans)® Yield (%)
1 3 la NaOH 1:7 4 1 68
2 3 la KOH 1:1 0 0 98
3 3 1b NaOH 1.8:1 0 6 96
4 4 la KOH 1:1.8 4 7 79
5 5 la NaOH 1:12 0 9 99
6 5 1b KOH 2:1 3. 1 99
7 6 la NaOH 1:3.9 0 1.5 80
8 6 la KOH 1:1.5 0 4 67
9 7 la KOH 1:1.5 0 5 91
10 7 1b NaOH 1:5.7 0 8 98
11 7 1b KOH 2.2:1 3 5 67
12 8 la NaOH 1:5.6 0 4 85
13 8 la KOH 1:1.2 3 1.5 81
14 9 la KOH 1:1.3 0 2 79
15 10 la KOH 1:1.4 0 2 84
16 11 la NaOH 1.9:1 12 9 96
17 11 la KOH 2.7:1 2 2 69
18 11 1b KOH 2:1 0 2 66
19 12 la KOH 2.1:1 9 2.5 93
20 12 1b KOH 2.1:1 15 8 57
21 13 la NaOH 1:12 0 2.5 68
22 13 la KOH 1:1.5 5 2 79
23 13 1b KOH 2.1:1 0 0 69
24 14 la NaOH 1:4.2 0 2 82
25 14 la KOH 1:2.7 3 29 84
26 14 la RbOH 1:1.8 9 39 84
27 14 1b KOH 2.4:1 42 44 93
28 14 1b RbOH 1.8:1 7 27 80
29 14 1c NaOH 1.1:1 6 5 79
30 14 1c KOH 2.6:1 45 36 92
31 14 1c RbOH 2.7:1 14 20 58
32 15 la KOH 1:1.5 1 8 72
33 15 1b KOH 1.8:1 9 9 71
34 16 la NaOH 1:7 0 2 84
35 16 la KOH 1:1.1 0 4 75
36 16 1b KOH 2:1 0 3 61
37 17 la KOH 1.3:1 2. 9 78
38 17 1b KOH 2.1:1 11 10 98
39 18 la KOH 1:1.2 0 3 77

“In all cases, 2 mol % of the catalyst derived from (R,R)-diaminocyclohexane was used.

® Determined by 'H NMR analysis of the unpurified mixture of epoxides 2a and 2b.
¢ Determined by chiral HPLC on a Daicel Chiralpack AD column. In each case the major enantiomer of the cis-epoxide was assigned (2S,3S5)-

13

configuration whilst the major enantiomer of the frans-epoxide was assigned (25,3 R)-configuration by comparison with literature data.

was also tested as a substrate with catalyst 14 (Table 1,
entries 29-31), and gave similar enantioselectivities, dia-
stereoselectivities and chemical yields to those obtained
using o-bromoamide 1b.

The corresponding nickel"(salen) complex 15 did not
exhibit significant enantioselectivity (Table 1, entries
32 and 33), and moving the methoxy groups to other
positions on the aromatic rings (complexes 16-18) also
diminished the asymmetric induction observed with cop-
per'” and cobalt" complexes (Table 1, entries 34-39).

From the data in Table 1, it is apparent that whilst cop-
per' based catalysts 11 and 13 gave good diastereoselec-
tivities (Table 1, entries 17 and 21), only cobalt"(salen)
complex 14 used in conjunction with potassium or
rubidium hydroxide gave significant enantioselectivities
in the Darzens condensations (Table 1, entries 26, 27,
30). The higher enantioselectivity observed with a-bro-

moamide 1b and a-iodoamide 1¢ compared to a-chlo-
roamide 1a is consistent with the chiral salen complex
being involved in catalysing the aldol step of the mech-
anism. Therefore, complex 14 and potassium hydroxide
were adopted as the optimal catalyst and base for fur-
ther work aimed at optimizing the reaction conditions.
Increasing the amount of complex 14 used to 5 mol %
or 10 mol % had no significant effect on the enantio-
selectivity but reduced the chemical yield by 20%.

Lowering the reaction temperature to 0 °C for reactions
involving a-bromoamide 1b did not significantly change
the chemical yield or enantioselectivity, but at —40 °C
no reaction occurred. In contrast, for a-chloroamide
1a, lowering the reaction temperature to 0 °C lowered
the 2a:2b ratio to 1:1.5, but increased the enantioselec-
tivity to 47% for epoxide 2a and 41% for epoxide 2b,
albeit with a reduced chemical yield of 44%. Further
reducing the reaction temperature to —40 °C inverted
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Table 2. Darzens condensation between a-haloamides 1a,b and aromatic aldehydes catalysed by complex 14*

Entry Substrate Aldehyde Base cis/trans ratio® ee (cis)® ee (trans)® Yield (%)
1 la 2-CIC¢H4CHO RbOH 1:4.3 8 19 94
2 1b 2-CIC¢H4,CHO KOH 1.5:1 18 26 84
3 la 3-CICcH4CHO RbOH 1:2.0 5 25 97
4 1b 3-CICcH4,CHO KOH 1.3:1 21 34 90
5 1a 4-CIC¢H4CHO RbOH 1:1.6 10 22 79
6 1b 4-CIC¢H4,CHO KOH 1.6:1 29 46 86
7 la 2-MeC¢H4CHO RbOH trans only 26 83
8 1b 2-MeCsH,CHO KOH 1.8:1 50 50 75
9 la 3-MeC¢H4CHO RbOH 1:4.0 4 33 79
10 1b 3-MeCsgH4,CHO KOH 1.7:1 30 45 76
11 1a 4-MeC¢H4,CHO RbOH 1:4.2 3 21 76
12 la 4-MeOC¢H,CHO RbOH 1:1.9 9 43 71
13 1b 4-MeOC4H,CHO KOH 2.5:1 42 47 95

#In all cases, 2 mol % of catalyst 14 derived from (R,R)-diaminocyclohexane was used in dichloromethane at room temperature.
° Determined by 'H NMR analysis of the unpurified mixture of epoxides 2a and 2b.

¢ Determined by chiral HPLC on a Daicel chiralpack AD column.

the cis/trans ratio (to 3.5:1 in favour of cis-epoxide 2a)
and gave enantioselectivities of 45% for cis-epoxide 2a
and 36% for trans-epoxide 2b, values which are compa-
rable to those obtained using a-bromoamide 1b at room
temperature. This indicates that at —40 °C, the Darzens
reaction on o-chloroamide 1a occurs under kinetic con-
trol with an irreversible aldol condensation. However,
the chemical yield was only 19% under these conditions.

Reactions with a-bromoamide 1b were also carried out
at room temperature in ether, methanol, acetonitrile,
DMF, THF and toluene. No reaction occurred in meth-
anol, and all the other solvents gave lower enantioselec-
tivities than that obtained in dichloromethane. However,
the polar aprotic solvents acetonitrile and DMF did give
very high diastereoselectivities for cis-epoxide 2a; 12.4:1
for acetonitrile and exclusively cis (with 31% enantio-
meric excess) for DMF, consistent with results obtained
in the absence of a chiral catalyst.!4

Finally, the Darzens condensation of other aldehydes
with amides 1a,b was investigated under the optimally
enantioselective reaction conditions (Table 1, entries
26 and 27, respectively). Results of this study are given
in Table 2, and in each case the trend that chloroamide
la favours the formation of trans-epoxides 2b whilst
bromoamide 1b gives predominantly cis-epoxides 2a
was followed. Electron deficient aldehydes bearing
chloro-substituents were generally not good substrates
(Table 2, entries 1-6) as only the combination of 4-chloro-
benzaldehyde and bromoamide 1b with potassium
hydroxide as base gave an enantioselectivity of greater
than 40%, and then only for the minor trans-epoxide
formed in the reaction (Table 2: entry 6). In contrast,
electron-rich aromatic aldehydes containing methyl or
methoxy substituents gave higher enantioselectivities
for both the cis- and trans-epoxides (Table 2, entries
7-13) with the combination of 2-methylbenzaldehyde
and bromoamide 1b giving particularly high enantio-
selectivities when potassium hydroxide was used as base
(Table 2, entry 8).

It is not possible to comment definitively on the origin of
the asymmetric induction at this stage. Comparison of

the data in Tables 1 and 2 shows that trans-epoxides
2b are generally formed with higher enantioselectivity
than cis-epoxides 2a. trans-Epoxides would arise from
a thermodynamically controlled chelated aldol reac-
tion,'* which suggests that the catalyst is involved in
the subsequent ring closure step. However, for any alde-
hyde substrate, a higher enantiomeric excess of the
epoxide is obtained when bromoamide 1b or iodoamide
1c is used as the enolate source, compared to that
obtained using chloroamide 1a. This is the reverse of
the trend that might be expected if the catalyst was
involved in catalysing the epoxide formation, but might
be explained by the higher Lewis basicity of bromine
and iodine allowing them to coordinate more effectively
to the Co'!(salen) complex. Experiments to further
enhance the enantioselectivities and to probe the reac-
tion mechanism are in progress and will be reported in
due course.

Acknowledgements

The authors thank the EU Descartes prize research fund
for a studentship (to T.J.R.A.) and INTAS for financial
support. Mass spectra were recorded by the EPSRC
national mass spectrometry service at the University of
Wales, Swansea, and use of the EPSRC’s Chemical
Database Service at Daresbury is also gratefully
acknowledged.

References and notes

1. For a review of this work see: Achard, T. R. J;
Clutterbuck, L. A.; North, M. Synlett 2005, 1828-1847.

2. Hanson, R. M.; Sharpless, K. B. J. Org. Chem. 1986, 51,
1922-1925.

3. Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R,
Deng, L. J. Am. Chem. Soc. 1991, 113, 7063-7064.

4. Katsuki, Y. Adv. Synth. Catal. 2002, 344, 131-147.

5. For a review of this area see: Porter, M. J.; Skidmore, J.
Chem. Commun. 2000, 1215-1225.

6. For a review of the Darzens reaction see: Rosen, T. In
Comprehensive Organic Synthesis; Trost, B. M., Fleming,
I., Eds.; Pergamon: Oxford, 1991; Vol. 2, pp 409-439.

7. Aggarwal, V. K.; Charmant, J. P. H.; Fuentes, D.;
Harvey, J. N.; Hynd, G.; Ohara, D.; Picoul, W.; Robiette,



T. J. R. Achard et al. | Tetrahedron Letters 48 (2007) 2965-2969 2969

R.; Smith, C.; Vasse, J.-L.; Winn, C. L. J. Am. Chem. Soc. Chem. Commun. 1998, 1193-1195; Bako, P.; Vizardi, K.;
2006, 128, 2105-2114. Toppet, S.; Van der Eycken, E.; Hoornaert, G. J.; Toke, L.
8. Arai, S.; Shirai, Y.; Ishida, T.; Shioiri, T. Chem. Commun. Tetrahedron 1998, 54, 14975-14988; Bako, P.; Czinege, E.;
1999, 49-50. Bakd, T.; Czugler, M.; Toke, L. Tetrahedron: Asymmetry
9. Arai, S.; Shirai, Y.; Ishida, T.; Shioiri, T. Tetrahedron 1999, 10, 4539-4551; Bakd, P.; Makd, A.; Keglevich, G.;
1999, 55, 6375-6386. Kubinyi, M.; Pal, K. Tetrahedron: Asymmetry 2005, 16,
10. Arai, S.; Shioiri, T. Tetrahedron Lett. 1998, 39, 2145-2148. 1861-1871.
11. Arai, S.; Ishida, T.; Shioiri, T. Tetrahedron Lett. 1998, 39, 13. Arai, S.; Tokumaru, K.; Aoyama, T. Tetrahedron Lett.
8299-8302; Arai, S.; Shioiri, T. Tetrahedron 2002, 58, 2004, 45, 1845-1848.
1407-1413. 14. Achard, T. J. R.; Belokon’, Y. N.; Hunt, J.; North, M.;
12. Bakd, P.; Szo6llosy, A.; Bombicz, P.; Toke, L. Synlett 1997, Pizzatto, F. Tetrahedron Lett. 2006, 47, preceding article,

291-292; Baké, P.; Vizardi, K.; Bajorm, Z.; Toke, L. doi:10.1016/j.tetlet.2007.03.101.


http://dx.doi.org/10.1016/j.tetlet.2007.03.101

	Enantio- and diastereoselective Darzens condensations
	Acknowledgements
	References and notes


