
A R T I C L E

O
BC

w
w

w
.rsc.o

rg
/o

b
c

Organocatalysis with proline derivatives: improved catalysts for the
asymmetric Mannich, nitro-Michael and aldol reactions

Alexander J. A. Cobb, David M. Shaw, Deborah A. Longbottom, Johan B. Gold and
Steven V. Ley*
Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, UK CB2
1EW. E-mail: svl1000@cam.ac.uk; Fax: (+44) 1223-336442; Tel: (+44) 1223-336398

Received 24th September 2004, Accepted 5th November 2004
First published as an Advance Article on the web 29th November 2004

Tetrazole and acylsulfonamide organocatalysts derived from proline have been synthesised and applied to the
asymmetric Mannich, nitro-Michael and aldol reactions to give results that are superior to the proline-catalysed
counterpart.

Introduction
The search for asymmetric catalysts that provide high yields and
enantioselectivities is an on-going quest for organic chemists. An
important area that has been intensively studied over the past
few years is that of asymmetric organocatalysis, the primary
advantage of which is that it avoids the use of metals, which
can be both expensive and toxic. Proline1 is one example
of a versatile organocatalyst, which despite having been used
effectively in the Hajos–Parrish–Eder–Sauer–Wiechert2 reaction
in the 1970s has only recently received full attention in synthetic
applications, such as aldol3–6, Mannich7–9 and nitro-Michael10,11

reactions. However, there are a number of drawbacks in the use
of proline. First, its limited solvent compatibility; often reactions
are performed in very polar solvents such as DMSO, MeOH,
or H2O. Secondly a relatively high catalyst loading is usually
required to effect the desired reaction in a reasonable timescale;
commonly proline is used at levels of around 20 mol%.

Catalyst design

The initial aim in our organocatalyst program was to design
several organocatalysts with the intention of overcoming some
of these problems; in particular we hoped to design a catalyst
which could be used in solvents more commonly used in organic
synthesis with highly lipophilic substrates.

Tetrazoles are used in medicinal chemistry as bioisosteres for
carboxylic acids due to the similarity in pKa as well as their
increased solubility. It was hoped that replacing the carboxylic
acid in proline with a tetrazole unit would give the greater
solubility that was desired. This would allow a greater range
of solvents to be used with the organocatalyst than it is possible
to use with proline. Tetrazole 5 was synthesised according to
a modified literature procedure (Scheme 1).8,12 The enantiomer
of this compound was also synthesised by the same route from
Z-D-proline to give tetrazole 6.

Scheme 1 Reagents and conditions: [a] EDCI, 1-hydroxybenzotriazole,
NH3, THF, rt, 24 h; [b] p-TsCl, pyridine, CH2Cl2, rt, 72 h; [c]
NaN3, NH4Cl, DMF, 90–95 ◦C, 8 h; [d] 10% Pd/C, H2, AcOH–H2O,
rt, 4 h. EDCI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride.

We also envisaged that acyl sulfonamides 9 and 10 would
have increased solubility and act as alternatives to proline in
organocatalytic reactions, owing to the acidity of the sulfon-
amidic proton.13,22 The synthesis of these compounds involved
the coupling of Z-L-proline with the relevant sulfonamide
(Scheme 2).

Scheme 2 Reagents and conditions: [a] methanesulfonamide, EDCI,
DMAP, CH2Cl2, rt, 48 h; [b] benzenesulfonamide, EDCI, DMAP,
CH2Cl2, rt, 48 h; [c] 10% Pd/C, H2, MeOH, rt, 20 h. DMAP =
4-dimethylaminopyridine.

Results
Asymmetric Mannich-type reaction

The asymmetric Mannich-type addition of a ketone directly into
an imine has been the subject of much study over recent years.
This reaction thus served as an excellent measure by which to
compare these new organocatalysts. The reaction of cyclohex-
anone into the highly reactive electrophile N-PMP-protected
a-imino ethyl glyoxalate 12 (synthesised from the condensation
of p-anisidine with ethyl glyoxalate)14 was selected as a starting
point.15 For the study various solvents were used to ascertain
the solvent scope and to ascertain whether the organocatalysts
were, indeed, more soluble than proline itself (Table 1).

Pleasingly, all three organocatalysts catalysed the reaction
in high enantioselectivities with good to excellent yields in
all solvents investigated. Significantly, these catalysts worked
effectively in dichloromethane, whereas L-proline failed to give
any product.

Perhaps the most important observation is that tetrazole 5
gives an expeditious reaction at levels of 1 mol%, with no
detrimental effect on enantioselectivity. This represents a vast
improvement on L-proline, which is commonly used at levels
of 20 mol%. When using organocatalyst 9, levels of 5 mol%
maintained enantioselectivity, although a slightly reduced yield
was observed. Tetrazole catalyst 5 therefore shows a significant
advantage over sulfonamides 9 and 10 in that it can be usedD
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Table 1 Catalyst and solvent screen for the asymmetric Mannich-type reaction

Entry Cat (mol%) Solvent T (h) Yield (%)a Dr syn : antib Ee (%)c

1 5 (5) CH2Cl2 2 65 >19 : 1 >99
2 L-Pro (5) CH2Cl2 2 0 — —
3 5 (5) Wet MeCN 2 49 >19 : 1 >99
4 5 (5) Wet THF 2 37 >19 : 1 >99
5 5 (1) CH2Cl2 16 70 >19 : 1 >99

6 9 (20) MeOH 24 74 >19 : 1 95
7 9 (20) CH2Cl2 24 82 >19 : 1 96
8 9 (5) CH2Cl2 24 65 >19 : 1 83
9 9 (1) CH2Cl2 24 53 >19 : 1 40

10 10 (20) DMSO 24 87 >19 : 1 >99
11 10 (20) THF 24 87 >19 : 1 >99
12 10 (20) MeOH 24 69 >19 : 1 95
13 10 (20) CH2Cl2 24 75 >19 : 1 >99

a Based on isolated product. b Determined by 1H NMR spectroscopy. c Determined by chiral HPLC.

in reactions for shorter times, or in lower loading, to achieve
similar results.

Also noteworthy is the similarity of the results using the
sulfonamide catalysts 9 and 10, suggesting that the functionality
appended to this moiety has little effect on the outcome of this
reaction.

Overall, these promising results showed the utility of these
organocatalysts and compounds 5 and 9 were used to screen
the reaction of the same electrophile with a variety of ketones.
Reactions with organocatalyst 5 were conducted at a level of
5 mol% for reasons of practicality and organocatalyst 9 was
used at the optimised level of 20 mol% (Table 2).

The enantioselectivities obtained were excellent with the
exception of fluoroacetone as the ketone partner (Table 2, entry
9). With this example a bi-phasic mixture occurred, giving little
interaction between the ketone and the catalyst, accounting for
the low yield. The low enantioselectivity, however, is attributed
to fluorine interfering with the hydrogen bonded transition state
thought to be necessary to give a rigid chiral environment, as
suggested by Houk (Fig. 1).16

Fig. 1 Major pathways in the Mannich and aldol reactions.

In this model, the imine sits in a position where its groups are
axial, avoiding any gauche interaction with the tetrazole unit 13
(Fig. 1). This means that although the enamine adopted is the
E-isomer, the syn-product results. This is in contrast to the aldol
reaction where the major pathway occurs with large substituents

in an equatorial position, delivering predominantly the anti-
product (Fig. 1).

Tetrazole catalyst 5 was shown to be just as, or more
efficient, than L-proline itself. Furthermore, the reaction using
this catalyst in dichloromethane appeared to give a more rapid
reaction than DL-proline in DMSO as visualised by thin layer
chromatography.

In summary, these organocatalysts have been shown to catal-
yse a Mannich-type reaction in non-polar solvents with either
reduced loading or shorter reaction times, thus demonstrating
greater versatility than L-proline.

Asymmetric nitro-Michael addition

A further use of the tetrazole catalyst 5 was demonstrated
with the addition of a ketone to a nitro-olefin (Scheme 3). 17

Recently, there have also been a number of investigations into
nitro-Michael additions using various organocatalysts.5,10,11,18,19

Proline was one of the first to be studied and it successfully
catalysed the reaction both in DMSO and alcoholic solvents.
However, in most cases reported the enantioselectivities ob-
tained were low. It was hoped that one of our organocatalysts
would successfully catalyse the reaction in more conventional
organic solvents and/or with a greater enantioselectivity. The
reaction conditions were investigated using the reaction between
cyclohexanone and b-nitrostyrene, using a variety of solvents
(Table 3).

Scheme 3 General pyrrolidine mediated nitro-Michael reaction.

Although the reaction did not proceed using organocatalysts
9 or 10, tetrazole 5 gave good to excellent yields and good
enantioselectivities. Again, in dichloromethane, L-proline failed
to give any product even at reflux and the tetrazole gave
more rapid reaction in methanol than literature reports using
L-proline.11 More significantly, reaction with tetrazole 5 in
methanol gave the best enantioselectivities and this prompted
the screening of the reaction in various mixtures of alcoholic
solvents (Table 4).
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Table 2 Substrate screen

Entry Carbonyl Cat (mol%) T (h) Yield (%)a Dr syn : antib Ee (%)c

1 5 (5) 16 63 >19 : 1 >99
2 9 (20)d 24 60 >19 : 1 >99

3 5 (5)e 8 99 — >99
4 9 (20)d 24 55 — 96

5 5 (5) 8 66 >19 : 1 >99
6 9 (20)d 24 77 >19 : 1 97

7 5 (5) 24 74 >19 : 1 94

8 5 (5) 8 59 >19 : 1 >99

9 5 (5)f 24 31 — 14

10 5 (5) 24 75 7 : 1g 95h

a Based on isolated product. b Determined by 1H NMR spectroscopy. c Determined by chiral HPLC. d Reaction performed in MeOH. e Reaction
performed in neat acetone. f Reaction stopped after 24 h at 55% conversion. g Epimerisation on the silica column led to a deterioration of dr. h Ee
measured on corresponding lactone. *Indicates position of enamine formation.

Table 3 Catalyst and solvent screen for the asymmetric nitro-Michael reaction

Entry Cat. Solvent T (◦C) Yield (%)a Dr syn : antib Ee (%)c

1 5 DMSO 20 97 >15 : 1 35
2 L-Pro DMSO 20 93 >15 : 1 35
3 5 MeOH 20 61 >15 : 1 53
4 L-Pro MeOH 20 37 >15 : 1 57
5 5 MeOH 50 42 >15 : 1 53
6 5 CH2Cl2 20 20 >15 : 1 40
7 L-Pro CH2Cl2 20 0 — —
8 5 CH2Cl2 40 98 >15 : 1 37
9 L-Pro CH2Cl2 40 0 — —

10 5 THF 20 33 >15 : 1 25
11 9d CH2Cl2 20 0 — —
12 10d CH2Cl2 20 0 — —

a Based on isolated product. b Determined by 1H NMR spectroscopy. c Determined by chiral HPLC. d 20 mol% used.
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Table 4 Further optimisation studies for the conjugate addition of cyclohexanone (20 vol%) into b-nitrostyrene using 15 mol% of organocatalyst 5.
All reactions conducted for 24 h

Entry Cat. Solvent Cyclohexanone (eq.) Yield (%)a ,b Ee (%)c

1 5 MeOH 20 61 53
2 5 MeOH–IPA (2 : 1) 20 56 53
3 5 MeOH–IPA (1 : 1) 20 65 61
4 5 MeOH–IPA (1 : 2) 20 76 58
5 5 EtOH 20 65 65

6 5 EtOH–IPA (2 : 1) 20 80 59
7 L-Pro EtOH–IPA (1 : 1) 20 78 47

8 5 EtOH–IPA (1 : 1) 20 96 62
9 5 EtOH–IPA (1 : 2) 20 100 56

10 5 IPA 20 80 40

11 L-Pro EtOH–IPA (1 : 1) 1.5 52 51
12 5 EtOH–IPA (1 : 1) 1.5 80 62

a Based on isolated product. b All drs were >15 : 1 by 1H NMR spectroscopy. c Determined by chiral HPLC (Daicel Chiralpak AD-H column).

The best overall conditions were shown to be those using equal
amounts of ethanol and isopropanol. It was these conditions
that were used for further optimisation of the system, where
variations in the amount of ketone, and organocatalyst were
investigated. The reactions with organocatalysts 9 and 10
were also repeated under the optimised ethanol–isopropanol
conditions, but no product was observed.

It is clear that in the case of the alcoholic solvents, reducing
the amount of catalyst lowers the yield. In dichloromethane this
is not the case. Nevertheless, the decrease in catalyst loading
does not seem to effect the enantioselectivities in either case
(Table 5, entries 1 and 9). Decreasing the amount of ketone in the
reaction lowers the yield of product in the case of the alcoholic
solvent system (Table 5, entry 4), but again, this reduction
seems to have little effect in dichloromethane (Table 5, entry
11).

In alcoholic solvents, tetrazole outperforms proline, both in
terms of product yield and enantioselectivity (5 provides almost
a 20% better yield than L-proline and a 15% improvement in ee.
Table 5, entries 7 and 8).

Despite the obvious superiority of yields in dichloromethane,
the better enantioselectivities obtained in the alcoholic solvent
led to this being the system of choice for further investigations
into the scope of this reaction. The best system was that using
ethanol–isopropanol (1 : 1) and 1.5 equivalents of ketone.
Several nitro-olefins were screened under these conditions using
cyclohexanone as the ketone and the results are shown (Table 6).
Reactions in dichloromethane are also shown in comparison.

It was found that under these conditions, the yields were
generally good and ranged between 47% and 92%. However,

the substituent of the nitro-olefin appears to have little effect on
the enantioselectivities of the reaction, which range from 55%
to 65%. The relative configuration of compound 27a has been
confirmed by X-ray crystallographic methods (Fig. 2).†

Fig. 2 X-Ray structure of adduct 27a.

b-3-Dinitrostyrene was found to produce the best result
providing an excellent yield and good enantioselectivity (entry
5). It was this Michael acceptor that was used to investigate the
scope of ketones within the reaction (Table 7).

The results of this study showed that in general, cyclic
ketones performed best, with the exception of 3-pentanone
(entry 7) which gave good enantioselectivity. The best example
was that using tetrahydrothiopyran-4-one as the ketone which
gave the corresponding Michael adduct 34a in 62% yield and
70% enantiomeric excess (Table 7, entry 2). This is in stark

† CCDC reference number 256659. See http://www.rsc.org/suppdata/
ob/b4/b414742a/ for crystallographic data in .cif or other electronic
format.

Table 5 Further optimisation of the tetrazole asymmetric organocatalysed reaction using cyclohexanone and b-nitrostyrene

Entry Cat. mol% Cyclohexanone (eq.) Solvent T (◦C) Yield (%)a ,b Ee (%)c

1 5 1 20 EtOH–IPA (1 : 1) 20 10 59
2 5 5 20 EtOH–IPA (1 : 1) 20 57 60
3 L-Pro 5 20 EtOH–IPA (1 : 1) 20 25 51
4 5 15 1.1 EtOH–IPA (1 : 1) 20 69 68
5 5 15 1.5 EtOH–IPA (1 : 1) 20 80 62
6 5 15 5 EtOH–IPA (1 : 1) 20 84 65
7 5 15 20 EtOH–IPA (1 : 1) 20 96 62
8 L-Pro 15 20 EtOH–IPA (1 : 1) 20 78 47
9 5 1 20 CH2Cl2 Reflux 62 46

10 5 5 20 CH2Cl2 Reflux 100 44
11 5 15 1.1 CH2Cl2 Reflux 86 49
12 5 15 5 CH2Cl2 Reflux 68 51
13 5 15 10 CH2Cl2 Reflux 64 37

a Based on isolated product. b All drs were >15 : 1 by 1H NMR spectroscopy. c Determined by chiral HPLC (Daicel Chiralpak AD-H column).
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Table 6 Use of various nitro-olefins under optimised conditions

Entry Product Solvent (T/◦C) Yield (%)a ,b Ee (%)c

1 EtOH–IPA (1 : 1), (20) 83 58
2 CH2Cl2, (reflux) 96 37

3 EtOH–IPA (1 : 1) (20) 59 65

4 CH2Cl2, (reflux) 100 23

5 EtOH–IPA (1 : 1), (20) 92 65

6 EtOH–IPA (1 : 1), (20) 74 57

7 EtOH–IPA (1 : 1), (20) 58 55

8 EtOH–IPA (1 : 1), (20) 47 60

a Based on isolated product. b All drs were>15 : 1 by 1H NMR spectroscopy. c Determined by chiral HPLC (Daicel Chiralpak AD-H column).

contrast with L-proline which falls short of the tetrazole-induced
enantioselectivity by 30% (Table 7, entry 1). The enantiomeric
tetrazole 6 was also applied to this example to give the product
of the opposite stereochemistry, in a comparable yield and
enantioselectivity (Table 7, entry 3).

The improvement in enantioselectivity of the tetrazole cat-
alysts 5 and 6 over proline, suggests that there is an inherent
difference between the two organocatalysts that alters the
transition state. On one hand, if the tetrazole participates
in a hydrogen bonded framework as is suggested by Enders
for proline (Fig. 3),11 then it would be expected for them
to give similar enantioselectivities unless there is an inherent
difference in the hydrogen bonding strengths between tetrazole
catalyst 5 and L-proline, resulting in a tighter transition state.
The hydrogen bonding strength is, of course, affected by the
solvent and this would be consistent with the observed range of
enantioselectivities in the various solvents investigated.

A second explanation is that the slightly larger tetrazole
moiety occupies a larger region of space than a carboxylic acid,
thereby providing more of a facial preference for an approaching
substrate. This explanation has been used recently to explain the
performance of some other organocatalysts in the same reaction
(Fig. 3).18

In conclusion, tetrazole organocatalysts 5 and 6 have been
shown to catalyse the asymmetric addition of a ketone to

Fig. 3 Potential transition states.

a nitro-olefin to better yields and enantioselectivities than L-
proline itself. This demonstrates the advantages of having an
organocatalyst that can be used under a diversity of conditions
and in a wider solvent scope than the previously limited L-proline
reactions.

Asymmetric aldol reaction

Following our initial publication of organocatalyst 58, its
application in the asymmetric aldol reaction has been studied
thoroughly.19,20,21 Here we report only our investigations with
organocatalysts 9 and 10 using a range of ketones with p-
nitrobenzaldehyde as a test to measure their utility (Table 8).22

Firstly, a solvent screen was investigated with 9 and 10
and optimum results were observed in methylene chloride,
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Table 7 Investigation of ketone scope

Entry Product Cat. Time (h) Yield (%)a Dr (syn : anti)b Ee (%)c

1 L-Pro 24 47 10 : 1 40
2 5 24 62 10 : 1 70

3 6 24 67 10 : 1 73

4 5 24 94 6 : 1 54

5 5 24 71 10 : 1 32

6 5 48 72 — 33

7 5 72 68 >19 : 1 65

a Based on isolated product. b Determined by 1H NMR spectroscopy. c Determined by chiral HPLC (Daicel Chiralpak AD-H column).

providing excellent enantioselectivity and practical reac-
tion times (Table 8). Alcoholic solvents were observed to give
reduced enantioselectivities, consistent with the interruption of a
hydrogen bonded transition state (Fig. 1) and also promoted the
elimination of the product. Aprotic solvents gave comparably
high enantioselectivities, although dichloromethane was shown
to give the highest selectivity and reaction rate of the apolar
solvents studied, with the sulfonamide catalysts observed to
have even greater solubility than the tetrazole catalyst 5. The
excellent enantioselectivity observed in DMSO shows that it is
indeed the sulfonamide catalyst that is superior to proline in
this asymmetric aldol reaction, not just in solubility, but also in
enantioselectivity, (87% with catalyst 9 compared to 76% with
L-proline).

A range of ketones were then explored and the results
summarised in Table 8. Excellent enantioselectivities were
observed for straight chain and cyclic ketones, although the
diastereomeric ratios observed with cyclic ketones remain an
unsolved problem. Noteworthy examples include that of 19b
with an observed enantioselectivity of 77% compared to that
of L-proline 59% and 11b where an enantioselectivities of 90%
and 68% (entries 17 and 28) are observed for the anti and
syn products respectively with catalyst 10, compared with 63%
and 36% for L-proline. Excellent yields and enantioselectivities

were also produced for the syn and anti aldol products from
the reaction of cyclobutanone 20 (entries 13 and 14). Only
cyclopentanone 42 proved a disappointing substrate in this
reaction, providing moderate enantioselectivities.

A possible rationale of these marked increases in enantios-
electivity through a hydrogen bonded Houk transition state
(Fig. 1) is through the increased pKa of the sulfonamide proton
giving a stronger hydrogen bond to the carbonyl moiety and
subsequently a more tightly bound transition state, leading to
greater selectivity. It is hard to envisage a steric argument for
the differences between proline and the sulfonamide catalysts 9
and 10, as well as between the sulfonamide catalysts themselves,
as the relevant groups are too distant from the point of chiral
induction. The differences between the sulfonamide catalysts
9 and 10 can also be rationalised by the opposing electron
donating and withdrawing nature of the methyl and phenyl
substituents, consistent with 10 having the lowest pKa and giving
predominantly the best enantioselectivities.

The effect of changing DMSO for methylene chloride could
also be a factor in the strength of hydrogen bonding in the
transition state (supported by the difference in enantioselectivity
shown for example 18a, Table 8) as DMSO is likely to alter the
pKa of the sulfonamidic proton, effecting the enantioselectivity
as previously discussed.
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Table 8 Scope of the asymmetric aldol reaction using sulfonamide organocatalysts

Entry Product Cat. Solvent Yield (%)a syn ( anti) Ee (%)c syn (anti)

1 9 DMSO 52 87
2 9 CH2Cl2 78 79
3 9 MeOH 49 49
4 9 CHCl3 67 78
5 9 IPA–EtOH 57 44
6 10 CH2Cl2 49 84
7 10 MeOH 42 61
8 10 CHCl3 62 65
9 10 IPA–EtOH 39 75

10 10 Acetone 100 92
11 9 CH2Cl2 42c 76
12 10 CH2Cl2 48c 77

13 9 CH2Cl2 24 (46) 78 (84)
14 10 CH2Cl2 21 (43) 86 (94)

15 9 CH2Cl2 30 (55) 41 (36)
16 10 CH2Cl2 30 (54) 33 (23)

17 9 CH2Cl2 29 (51) 74 (78)
18 10 CH2Cl2 35 (53) 63 (90)

a Based on isolated product. b Determined by chiral HPLC. c Reaction stirred for 7 days.

Conclusions

New tetrazole and sulfonamide derivatised proline catalysts have
been shown to give good to excellent yields and enantioselec-
tivities in a range of important transformations. In all cases
studied these new catalysts gave superior or equivalent results
in terms of enantioselectivity, catalyst loading, solvent tolerance
and reaction times, when compared with proline itself.

We are currently investigating rational design of new catalysts
for enamine derived reactions and the application to combi-
natorial and multi-step synthesis, the results of which will be
published in due course.

Experimental

All reactions were carried out in freshly distilled solvent under an
atmosphere of Argon unless otherwise stated. Dichloromethane,
toluene, methanol and tetrahydrofuran were distilled from
calcium hydride. All other solvents were anhydrous grade and
used as received. All other reagents were used as received.
Flash column chromatography was carried out using Merck
60 Kieselgel (230–400 mesh) under pressure. Analytical thin
layer chromatography (TLC) was performed on glass plates
pre-coated with Merck Kieselgel 60 F254, and visualised by
ultra-violet irradiation (254 nm) or by staining with aqueous
acidic ammonium hexamolybdate, or aqueous acidic potassium
permanganate solutions as appropriate. Melting points were
performed on a Reichert hot-stage apparatus, and are uncor-
rected. Optical rotations were recorded on a Perkin-Elmer 343
digital polarimeter using a sodium lamp (589 nm) as the light

source. Infra-red spectra were obtained on a Spectrum One FT-
IR ATR (Attenuated Total Reflectance) spectrometer, from a
thin film deposited on the ATR. Mass spectra and accurate mass
data were obtained on a Micromass Platform LC-MS, Kratos
MS890MS, Kratos Concept IH, Micromass Q-TOF, or Bruker
BIOAPEX 4.7 T FTICR spectrometer, by electron ionisation,
chemical ionisation or fast atom/ion bombardment techniques
at the Department of Chemistry, Lensfield Road, Cambridge. 1H
NMR spectra were recorded at ambient temperature on Bruker
DPX-400, Bruker DRX-500 or Bruker DRX-600 spectrometers
at 400, 500 or 600 MHz with residual protic solvent CHCl3

as the internal reference (dH = 7.26 ppm); Chemical shifts (d)
are given in parts per million (ppm) and coupling constants
(J) are given in Hertz (Hz). The proton spectra are reported
as follows d/ppm (number of protons, multiplicity, coupling
constant J/Hz, assignment). 13C NMR spectra were recorded
at ambient temperatures on the same spectrometers at 100, 125
or 150 MHz, with the central peak of CHCl3 as the internal
reference (dC = 77.0 ppm). Where rotamers are apparent, peaks
for major and minor rotamers are reported, when resolved.
DEPT135 and two dimensional (COSY, HMQC, HMBC)
NMR spectroscopy were used where appropriate, to aid the
assignment of signals in the 1H and 13C NMR spectra. Where
a compound has been characterised as an inseparable mixture
of diastereoisomers, the NMR data for the major isomer has
been reported as far as was discernable from the spectrum of
the mixture. Where coincident coupling constants have been
observed in the 1H NMR spectrum, the apparent multiplicity of
the proton resonance concerned has been reported. Evaporation
refers to the removal of solvent under reduced pressure.
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(2S)-2-Carbamoyl-pyrrolidine-1-carboxylic acid benzyl ester21 2

To a solution of Z-L-proline (4.00 g, 16.1 mmol, 1 eq.) in THF
(80 mL) were added 1-hydroxybenzotriazole (3.26 g, 24.1 mmol,
1.5 eq.) and EDCI (3.08 g, 16.1 mmol, 1 eq.). The resulting
mixture was stirred at room temperature for 30 min whereupon
aqueous ammonia (11 mL) was added slowly by syringe. The
resulting mixture was allowed to stir for 24 h. After this time,
saturated aqueous ammonium chloride (100 mL) was added
and the aqueous phase extracted with ethyl acetate (3 × 50 mL).
The combined organic layers were dried (MgSO4), filtered and
evaporated to give a pale yellow oil, which was purified by flash
column chromatography (EtOAc–petroleum ether 40/60, 1 : 4)
to give the title compound as a clear colourless oil (3.98 g, 100%).
[a]D = −82.8◦ (c = 0.50, CHCl3). 1H NMR (400 MHz, CDCl3)
d = 7.28 (5H, m, ArH), 6.71 (1H, s, NHH′), 5.80 (1H, s, NHH ′),
5.19 (1H, d, J = 12 Hz, ArCHH′), 5.15 (1H, d, J = 12 Hz,
ArCHH ′), 4.39 (1H, m, NCHC(O)), 3.59–3.45 (2H, m, NCH2),
2.40–1.90 (4H, m, CH2CH2).

(2S)-2-Cyano-pyrrolidine-1-carboxylic acid benzyl ester12 3

To a solution of (2S)-2-carbamoyl-pyrrolidine-1-carboxylic acid
benzyl ester 2 (3.98 g, 16.1 mmol, 1 eq.) in dichloromethane
(40 mL) at room temperature was added pyridine (6.49 mL,
80.2 mmol, 5 eq.) followed by neat tosyl chloride (6.13 g,
32.1 mmol, 2 eq.). The resulting mixture was allowed to stir for
72 h after which time, saturated aqueous ammonium chloride
(30 mL) was added. The aqueous layer was extracted with ethyl
acetate (3 × 50 mL) and the combined organic layers were dried
(MgSO4), filtered and evaporated in vacuo to give a yellow oil
which was purified by flash column chromatography (EtOAc–
petroleum ether 40/60, 7 : 3) to give the title compound as a pale
yellow oil (2.80 g, 75%). [a]D = −89.0◦ (c = 1.00, CHCl3). 1H
NMR (400 MHz, CDCl3) d = 7.42–7.31 (5H, m, ArH), 5.22–5.14
(2H, m, ArCH2), 4.61–4.54 (1H, dd, J = 26.4, 5.5 Hz, NCHCO),
3.60–3.57 (1H, m, NCHH′), 3.46–3.39 (1H, m, NCHH ′), 2.39–
2.04 (4H, m, CH2CH2).

(2S)-2-(1H-Tetrazol-5-yl)-pyrrolidine-1-carboxylic acid benzyl
ester12 4

To a solution of (2S)-2-cyano-pyrrolidine-1-carboxylic acid
benzyl ester 3 (1.50 g, 6.52 mmol, 1 eq.) in DMF (15 mL)
were added sodium azide (440 mg, 6.78 mmol, 1.04 eq.) and
ammonium chloride (380 mg, 7.17 mmol, 1.1 eq.). The resulting
mixture was heated to 90 ◦C for 8 h. After this time, the reaction
was allowed to cool to room temperature and acidified to pH 2
with 1 M aqueous HCl. The aqueous layer was extracted with
chloroform (3 × 25 mL) and the combined organic layers were
washed with saturated aqueous lithium chloride (50 mL). The
organic layer was then dried (MgSO4), filtered and evaporated
in vacuo to give the title compound analytically pure as a clear
colourless residue (1.39 g, 78%). [a]D =−85.7◦ (c = 1.18, CHCl3).
1H NMR (400 MHz, CDCl3) d = 7.35 (5H, m, ArH), 7.06 (1H, s,
NH), 5.40–4.98 (3H, m, ArCH2 and NCHCN), 3.66–3.45 (2H,
m, NCH2), 2.62–1.86 (4H, m, CH2CH2).

(2S)-5-Pyrrolidin-2-yl-1H-tetrazole12 5

(2S)-2-(1H-Tetrazol-5-yl)-pyrrolidine-1-carboxylic acid benzyl
ester 4 (1.40 g, 5.08 mmol, 1 eq.) and 10% Pd/C (279 mg) in acetic
acid–water (9 : 1, 75 mL) were stirred under an atmosphere of
hydrogen at room temperature for 4 h. After this time the mixture
was filtered through Celite R© and the filtrate evaporated in vacuo.
The residue was azeotroped using toluene to aid removal of
acetic acid. The resulting solid was recrystallised with a mixture
of toluene and methanol to give the title compound as an off-
white solid (590 mg, 89%). [a]D = +1.2◦ (c = 0.5, H2O). 1H NMR
(400 MHz, CD3COOD) d = 4.95 (1H, t, J = 8.1 Hz, NHCHCN),
3.45 (2H, m, NHCH2), 2.60–2.16 (4H, m, CH2CH2).

(2R)-2-Carbamoyl-pyrrolidine-1-carboxylic acid benzyl ester23

Synthesised in the same way as described above for 2 from
Z-D-proline (8.00 g, 32.1 mmol). Purified by flash column
chromatography (EtOAc–petroleum ether 40/60, 1 : 4) to give
the title compound as a white solid (5.43 g, 68%). Mp = 289–
291 ◦C, [a]D = −82.8◦ (c = 0.50, CHCl3). 1H NMR (600 MHz,
CDCl3) d = 7.34 (5H, m, ArH), 6.70 (1H, s, NH, major rot),
6.04 (1H, broad, s, NH, minor rot), 5.87 (1H, broad, s, NH,
minor rot) 5.80 (1H, broad, s, NH, major rot), 5.15 (1H, d, J =
12.3 Hz, ArCHH′), 5.15 (1H, d, J = 12.3 Hz, ArCHH ′), 4.35
(1H, m, NCHC(O)), 3.53–3.44 (2H, m, NCH2), 2.31–1.89 (4H,
m, CH2CH2).

(2R)-2-Cyano-pyrrolidine-1-carboxylic acid benzyl ester. (ent-3)

Synthesised in the same way as described above for 3 from (2R)-
2-carbamoyl-pyrrolidine-1-carboxylic acid (5.43 g, 21.8 mmol)
to yield the title compound as a pale yellow oil (3.22 g, 64%).
mmax (film)/cm−1 2959, 2883, 1701, 1405, 1355, 1118, 1091. [a]D =
+89.2◦ (c = 0.47, CHCl3). 1H NMR (600 MHz, CDCl3) d =
7.42–7.31 (5H, m, ArH), 5.22–5.14 (2H, m, ArCH2), 4.61–4.54
(1H, m, NCHCN), 3.60–3.57 (1H, m, NCHH′), 3.46–3.39 (1H,
m, NCHH ′), 2.39–2.04 (4H, m, CH2CH2). 13C NMR (150 MHz,
CHCl3) (major and minor rotamers) d = 154.3, 153.6, 136.1,
136.0, 128.5, 128.2, 128.1, 118.9, 118.7, 67.8, 67.6, 47.5, 47.0,
46.3, 45.9, 31.7, 30.8, 30.3, 24.6, 23.7. m/z (ES) found 231.1134
([MH]+ C13H15N2O2 requires 231.1128).

(2R)-2-(1H-Tetrazol-5-yl)-pyrrolidine-1-carboxylic acid benzyl
ester. (ent-4)

Synthesised in the same way as described above for 4 from
(2R)-2-cyano-pyrrolidine-1-carboxylic acid benzyl ester (3.22 g,
14.0 mmol) to yield the title compound analytically pure (3.12 g,
82%). mmax (film)/cm−1 2957, 2919, 2851, 1663, 1411, 1355, 1120,
1099, 696. [a]D = +89.0◦ (c = 0.96, CHCl3). 1H NMR (400 MHz,
CDCl3) d = 7.35 (5H, m, ArH), 7.06 (1H, s, NH), 5.40–4.98 (3H,
m, ArCH2 and NCHCN), 3.66–3.45 (2H, m, NCH2), 2.62–1.86
(4H, m, CH2CH2). 13C NMR (100 MHz, CHCl3) d = 156.3,
135.7, 128.6, 128.3, 127.8, 68.0, 52.6, 51.4, 47.0, 33.0, 24.6. m/z
(ES) found 274.1304 ([MH]+ C13H16N5O2 requires 274.1299).

(2R)-5-Pyrrolidin-2-yl-1H-tetrazole 6

Synthesised in the same way as described above for 5 from (2R)-
2-(1H-tetrazol-5-yl)-pyrrolidine-1-carboxylic acid benzyl ester
(3.12 g, 11.4 mmol) to yield the title compound as an off white
solid (1.37 g, 84%). Mp = 272–274 ◦C. mmax (film)/cm−1 2940,
2580, 2460, 1627, 1456, 1420, 1396, 1046, 1012, 954. [a]D = −0.8◦

(c = 1.00, H2O). 1H NMR (400 MHz, CD3COOD) d = 4.95 (1H,
t, J = 8.1 Hz, NHCH), 3.45 (2H, m, NHCH2), 2.60–2.16 (4H, m,
CH2CH2). 13C NMR (100 MHz, CD3COOD) d = 156.5, 54.7,
46.6, 30.3, 23.6. m/z (EI) found 139.0856 ([M]+ C5H9N5 requires
139.0858).

(2S)-2-Methanesulfonylaminocarbonyl-pyrrolidine-1-carboxylic
acid benzyl ester 7

To a stirred solution of Z-L-proline (5.00 g, 20.1 mmol, 1 eq.)
in dichloromethane (150 mL) were added methanesulfonamide
(2.10 g, 22.1 mmol, 1.1 eq.), DMAP (380 mg, 3.11 mmol,
0.15 eq.) and EDCI (3.85 g, 20.1 mmol, 1 eq.) respectively.
The resulting mixture was stirred at room temperature for
2 days. The reaction was concentrated to half the volume in
vacuo and the resulting mixture was partitioned between EtOAc
(250 mL) and 1 M aqueous HCl (100 mL). The organic layer
was washed with half-saturated brine (50 mL), dried (NaSO4)
and concentrated in vacuo. The crude product was purified by
flash column chromatography (dichloromethane–EtOAc, 7 : 3)
to give the title compound as a clear colourless residue (3.92 g,
60%). The crude product may be used directly in the next step.
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mmax (film)/cm−1 3207, 2963, 1674, 1416, 1336, 1121, 969, 697.
[a]D = −86.4◦ (c = 2.10, CHCl3). 1H NMR (500 MHz CDCl3,
major rotamer) d = 10.1 (1H, broad, s, NH), 7.36 (5H, m, ArH),
5.21 (1H, d, J = 12.2 Hz, CHH′Ar), 5.15 (1H, d, J = 12.2 Hz,
CHH ′Ar), 4.36 (1H, m, NHCH), 3.46 (2H, m, NHCH2), 3.25
(3H, s, CH3), 2.46 (1H, s, CHCHH′), 1.94 (3H, m, CH2CHH′).
13C NMR (125 MHz, CDCl3) d = 170.2, 157.2, 135.7, 128.6,
128.5, 128.2, 68.2, 61.1, 47.3, 41.3, 26.9, 24.5. m/z (ES) found
327.1018 ([MH]+ C14H19N2O5S requires 327.1015).

(2S)-2-Benzenesulfonylaminocarbonyl-pyrrolidine-1-carboxylic
acid benzyl ester 8

To a stirred solution of Z-L-proline (5.00 g, 20.1 mmol, 1 eq.)
in dichloromethane (150 mL) were added benzenesulfonamide
(3.16 g, 20.1 mmol, 1 eq.), DMAP (400 mg, 3.28 mmol, 0.16
eq.) and EDCI (3.85 g, 20.1 mmol, 1 eq.) respectively. The
resulting mixture was stirred at room temperature for 2 days
before being partitioned between EtOAc (250 mL) and 1 M
aqueous HCl (100 mL). The organic layer was washed with
half-saturated brine, dried (NaSO4) and concentrated in vacuo.
The residue was treated with dichloromethane and the resulting
white solid was filtered-off. Following evaporation in vacuo the
crude product was purified by flash column chromatography
(dichloromethane–EtOAc 7 : 3) to give the title compound as an
off white solid (4.92 g, 63%). The crude product may be used
directly in the next step. Mp = 196–197 ◦C, mmax (film)/cm−1

3063, 2955, 2882, 1673, 1448, 1416 1351, 1185, 1174, 1123, 1084,
686. [a]D = −87.5◦ (c = 0.24, CHCl3). 1H NMR (500 MHz,
CDCl3, major rotamer) d = 10.5 (1H, broad, s, NH), 8.06 (2H,
d, J = 7.4 Hz, SO2ArH), 7.65 (1H, t, J = 7.4 Hz, SO2ArH),
7.54 (2H, t, J = 7.4 Hz, SO2ArH), 7.42 (5H, m, CH2ArH), 5.24
(2H, s, CH2Ar), 4.32 (1H, d, J = 6.8 Hz, NCH), 3.42 (2H, m,
NCH2), 2.45 (1H, d, J = 8.2 Hz, CH2CH2CHH′), 1.90 (3H, m,
CH2CH2CHH′). 13C NMR (125 MHz, CDCl3) d = 168.7, 157.5,
138.7, 135.8, 133.8, 128.9, 128.7, 128.5, 128.4, 128.3, 68.3, 60.8,
47.2, 26.8, 24.4. m/z (ES) found 389.1171 ([MH]+ C19H21N2O5S
requires 389.1171).

(2S)-N-(2-Pyrrolidine-2-carbonyl)-methanesulfonamide 9

To a solution of (S)-2-methanesulfonylaminocarbonyl-
pyrrolidine-1-carboxylic acid benzyl ester 7 (1.00 g, 3.06 mmol,
1 eq.) in MeOH (100 mL) was added 10% Pd/C (180 mg). The
mixture was stirred at room temperature for 20 hours under
an atmosphere of hydrogen. The reaction was filtered through
Celite R© and 1 cm of silica gel and the filtrate concentrated
in vacuo. The crude product was purified by flash column
chromatography (dichloromethane–MeOH, 8 : 2) to give the
title compound as a white solid (576 mg, 98%). Mp 214–216 ◦C;
mmax (film)/cm−1 3096, 1575, 1253, 1109, 834. [a]D = −42.6◦

(c = 1.03, DMSO). 1H NMR (500 MHz, DMSO) d = 8.55 (2H,
broad, s, CH2NH, SO2NH), 3.82 (1H, dd, J = 7.0, 8.3 Hz,
CHC(O)), 3.21 (1H, m, NHCHH′), 3.06 (1H, m, NHCHH ′),
2.79 (3H, s, CH3), 2.12–1.74 (4H, m, CH2CH2). 13C NMR
(125 MHz, DMSO) d = 23.5, 29.3, 40.2, 45.4, 62.0, 172.0. m/z
(ES) found 193.0643 ([MH]+ C6H13N2O3S requires 193.0647).

(2S)-N-(2-Pyrrolidine-2-carbonyl)-benzenesulfonamide 10

To a solution of (S)-2-benzenesulfonylaminocarbonyl-
pyrrolidine-1-carboxylic acid benzyl ester 8 (5.85 g, 15.0 mmol)
in MeOH (300 mL) was added 10% Pd/C (900 mg). The mixture
was stirred at room temperature for 20 h under an atmosphere
of hydrogen. The reaction was filtered through Celite R© and 1 cm
of silica gel, and the filtrate was concentrated in vacuo to give
a white solid. The crude product was purified by flash column
chromatography (dichloromethane–MeOH 8 : 2) to give the
title compound as a white solid (2.01 g, 91%). Mp 237–239 ◦C;
[a]D = −21.1◦ (c = 1.00, DMSO). mmax (film)/cm−1 3066, 1623,
1576, 1256, 1130, 1083, 831, 690. 1H NMR (500 MHz, DMSO)

d = 8.51 (2H, broad, s, NH), 7.78 (2H, dd, J = 10.4, 2.7 Hz,
ArH), 7.41 (3H, m, ArH), 3.82 (1H, dd, J = 6.8, 8.3 Hz,
CHC(O)), 3.14 (1H, m, NHCHH′), 3.03 (1H, m, NHCHH ′),
2.10–1.67 (4H, m, CH2CH2). 13C NMR (125 MHz, DMSO)
d = 23.4, 29.1, 45.3, 62.0, 126.9, 127.8, 130.3, 145.3, 171.4. m/z
(ES) found 255.0815 ([MH]+ C11H15N2O3S requires 255.0803).

N-p-Methoxybenzyl-a-iminoglyoxalate14 12

Methyl glyoxalate (8.14 mL, 50% sol in toluene, 40 mmol)
was dissolved in dichloromethane (150 mL) and a solution
of p-anisidine (4.92 g, 40 mmol) in dichloromethane (50 mL)
was added slowly. The reaction mixture was stirred at room
temperature for 30 min and pre-activated 4 Å molecular sieves
were added. After stirring for an additional 1 h, the mixture
was filtered and the filtrate evaporated in vacuo to give the title
compound, analytically pure, as a yellow oil (8.20 g, 99%). 1H
NMR (400 MHz, CDCl3) d = 7.95 (1H, s, HC(N)), 7.38 (2H,
d, J = 8.8 Hz, ArH), 6.92 (2H, d, J = 8.8 Hz, ArH), 4.42 (2H,
q, J = 6.9 Hz, CH2CH3), 3.84 (3H, s, OCH3), 1.41 (3H, t, J =
6.9 Hz, CH2CH3).

General procedure for the addition of a carbonyl-containing
compound to N-p-methoxybenzyl-a-iminoglyoxalate 12

N-p-Methoxybenzyl-a-iminoglyoxalate 12 (93.5 mg, 0.5 mmol)
was dissolved in dichloromethane (4 mL). Carbonyl-containing
compound (1 mL, 20 vol%) was added to this solution followed
by 5-pyrrolidin-2-(S)-yl-1H-tetrazole 5 (3.5 mg, 5 mol%) or
N-((S)-pyrrolidine-2-carbonyl)-benzenesulfonamide (25.5 mg,
20 mol%) and the resulting mixture stirred for 2–24 h. After
this time, the mixture was quenched with saturated aqueous
ammonium chloride (10 mL) and extracted with ethyl acetate
(2 × 25 mL). The combined organic layers were dried (MgSO4),
filtered and evaporated in vacuo to give a residue, which was
purified by flash column chromatography using varying mixtures
of ethyl acetate and petroleum ether 40/60 as eluent.

(2S,1′S)-Ethyl-2-(p-methoxyphenylamino)-2-(2′-oxocyclohex-
1′-yl)-acetate15 11a. Purified using flash column chromato-
graphy (EtOAc–petroleum ether 40/60, 1 : 3) to give the title
compound as a yellow oil (99.1 mg, 65%). 1H NMR (400 MHz,
CDCl3) d = 6.72 (2H, d, J = 8.8 Hz, ArH), 6.72 (2H, d, J =
8.8 Hz, ArH), 4.25 (1H, d, J = 5.3 Hz, CHNH), 4.12 (2H,
q, J = 6.9 Hz, OCH2CH3), 3.73 (3H, s, OCH3), 2.81 (1H, m,
CHCHNH), 2.48–1.64 (8H, m, chex-H), 1.21 (3H, t, J = 6.9 Hz,
CH2CH3). HPLC: Daicel Chiralpak AS. Hexane–i-PrOH, 94 :
6, 0.7 mL min−1, 254 nm: tR (major) = 22 min; tR (minor) =
27 min.

(2S,3S)-Ethyl-2-(p-methoxyphenylamino)-3-methyl-4-oxo-he-
xanoate15 17a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 1 : 3) to give the title compound
as a yellow oil (91.7 mg, 63%). 1H NMR (400 MHz, CDCl3)
d = 6.70 (2H, d, J = 8.8 Hz, ArH), 6.58 (2H, d, J = 8.8 Hz,
ArH), 4.20 (1H, m, CHCHN), 4.08 (2H, q, J = 6.9 Hz,
OCH2CH3), 3.69 (3H, s, OCH3), 2.95 (1H, m, CHCHN), 2.44
(2H, m, C(O)CH2), 1.18 (6H, m, C(O)CH2CH3 and CHCH3),
0.98 (3H, t, J = 6.9 Hz, OCH2CH3). HPLC: Daicel Chiralpak
AS. Hexane–i-PrOH, 96 : 4, 0.7 mL min−1, 254 nm: tR (major) =
42 min; tR (minor) = 34 min.

(2S)-Ethyl-2-(p-methoxyphenylamino)-4-oxo-pentanoate1518a.
To a solution of N-p-methoxybenzyl-a-iminoglyoxalate 12
(93.5 mg, 0.5 mmol) in acetone (4 mL) was added (2S)-
5-pyrrolidin-2-yl-1H-tetrazole 5 (3.45 mg, 5 mol%) or (2S)-
N-(-pyrrolidine-2-carbonyl)-benzenesulfonamide 10 (25.5 mg,
20 mol%) and the resulting mixture was stirred for 8 h. After
this time, the mixture was quenched with saturated aqueous
ammonium chloride (10 mL) and extracted with ethyl acetate
(2 × 25 mL). The combined organic layers were dried over
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MgSO4, filtered and evaporated in vacuo. Purification using
flash column chromatography (EtOAc–petroleum ether 40/60,
7 : 13) gave the title compound as a yellow oil (133 mg, 99%). 1H
NMR (400 MHz, CDCl3) d = 6.78 (2H, d, J = 8.8 Hz, ArH),
6.65 (2H, d, J = 8.8 Hz, ArH), 4.19–4.09 (3H, m, CHNH
and CH2CH3), 3.73 (3H, s, OCH3), 2.97 (2H, m, CH2CH),
2.19 (3H, s, CH3C(O)), 1.25 (3H, m, CH2CH3). HPLC: Daicel
Chiralcel AS. Hexane–i-PrOH, 99 : 1, 1 mL min−1, 254 nm: tR
(major) = 26 min; tR (minor) = 21 min.

(2S,3S)-Ethyl-2-(p-methoxyphenylamino)-3-methyl-4-oxo-pen-
tanoate15 19a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 1 : 2) to give the title compound
as a yellow oil (107 mg, 77%). 1H NMR (400 MHz, CDCl3)
d = 6.77 (2H, d, J = 8.9 Hz, ArH), 6.64 (2H, d, J = 8.9 Hz,
ArH), 4.30 (1H, s, CHNH), 4.16 (2H, dq, J = 1.9, 7.1 Hz,
CH2CH3), 3.85 (1H, s, NH), 3.74 (3H, s, OCH3), 3.03 (1H,
m, CHCHNH), 2.23 (3H, s, CH3C(O)), 1.25 (6H, m, CHCH3,
CH2CH3). HPLC: Daicel Chiralpak AS. Hexane–i-PrOH, 96 :
4, 0.5 mL min−1, 254 nm: tR (major) = 44 min; tR (minor) =
64 min.

(2S,1′S)-Ethyl-2-(p-methoxyphenylamino)-2-(2′-oxocyclobut-
1′-yl)-acetate 20a. Purified using flash column chro-
matography (EtOAc–petroleum ether 40/60, 2 : 3) to give
the title compound as a yellow oil (102 mg, 74%). mmax

(film)/cm−1 2961, 1781, 1732, 1513, 1238, 1035. 1H NMR
(400 MHz, CDCl3) d = 6.70 (2H, d, J = 8.8 Hz, ArH), 6.65
(2H, d, J = 8.8 Hz, ArH), 4.20 (1H, m, CHCHNH), 4.13 (3H,
m, OCH2CH3, CHCHNH), 3.75 (3H, s, OCH3), 3.12–2.85
(2H, m, CH2C(O)), 2.15–1.90 (2H, m, CH2CHC(O)), 1.16
(3H, t, J = 6.9 Hz, CH2CH3). 13C NMR (150 MHz, CDCl3)
(major and minor rotamers). d = 208.0, 207.6, 183.1, 178.5,
172.1, 171.6, 153.2, 140.7, 140.6, 131.8, 125.7, 120.2, 116.5,
115.7, 114.9, 114.8, 114.5, 61.6, 61.3, 58.1, 57.5, 55.7, 45.6, 45.5,
14.1, 13.0. m/z (EI) found 277.1313 ([M]+ C15H19NO4 requires
277.1313). HPLC: Daicel Chiralcel OD. Hexane–i-PrOH, 95
: 5, 1 mL min−1, 254 nm: tR (major) = 14 min; tR (minor) =
19 min.

(2S,1′S)-Ethyl-2-(p-methoxyphenylamino)-2-(2′-oxocyclohept-
1′-yl)-acetate 21a. Purified using flash column chro-
matography (EtOAc–petroleum ether 40/60, 1 : 2) to give
the title compound as a yellow solid (94.0 mg, 59%). Mp
103–105 ◦C; mmax (film)/cm−1 3367, 2931, 2855, 1728, 1698,
1510, 1455, 1237, 1183, 1034, 820. [a]D = −85.4◦ (c = 0.26,
CHCl3). 1H NMR (400 MHz, CDCl3) d = 6.68 (2H, d, J =
8.8 Hz, ArH), 6.57 (2H, d, J = 8.8 Hz, ArH), 4.21 (1H, m,
CHNH), 4.07 (2H, m, OCH2CH3), 3.66 (3H, s, OCH3), 2.82
(1H, m, CHCHNH), 2.55–1.15 (10H, m, chept-H), 1.12 (3H, t,
J = 6.9 Hz, CH2CH3). 13C NMR (150 MHz, CDCl3) d = 214.3,
173.1, 153.1, 140.1, 116.0, 114.8, 61.2, 60.6, 55.7, 55.2, 43.8,
29.8, 29.2, 27.2, 24.2, 14.1. m/z (ES) found 319.1783 ([MH]+

C18H25NO4 requires 319.1705). HPLC: Daicel Chiralpak
AS. Hexane–i-PrOH, 94:6, 0.7 mL min−1, 254 nm: tR (major) =
18 min; tR (minor) = 24 min.

(2S)-Ethyl-5-fluoro-2-(p-methoxy-phenylamino)-4-oxopenta-
noate9 22a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 2 : 3) to give the title compound
as a yellow oil (43.8 mg, 31%). 1H NMR (400 MHz, CDCl3) d =
6.72 (2H, d, J = 8.8 Hz, ArH), 6.60 (2H, d, J = 8.8 Hz, ArH),
4.75 (2H, d, J = 50 Hz, CH2F), 4.37 (1H, t, J = 5.7 Hz, CHN),
4.13 (2H, q, J = 6.9 Hz, OCH2CH3), 3.69 (3H, s, OCH3), 3.01
(2H, m, CH2CHN), 1.19 (3H, t, J = 6.9 Hz, CH2CH3). HPLC:
Daicel Chiralpak AS. Hexane–i-PrOH, 85 : 15, 1 mL min−1,
254 nm: tR (major) = 16 min; tR (minor) = 22 min.

(2S,3S)-Ethyl-3-formyl-2-(p-methoxy-phenylamino)-4-methyl-
pentanoate4 23a. Purified using flash column chromatography
(EtOAc–petroleum ether 40–60, 2 : 3) to give the title compound
as a yellow oil (110 mg, 75%). 1H NMR (400 MHz, CDCl3) d =

9.78 (1H, d, J = 3.0 Hz, CH(O)), 6.77 (2H, d, J = 9.2 Hz, ArH),
6.66 (2H, d, J = 9.2 Hz, ArH), 4.31 (1H, m, CHNH), 4.16
(2H, q, J = 7.1 Hz, OCH2CH3), 3.82 (1H, broad, s, CHNH),
3.74 (3H, s, OCH3), 2.55 (1H, m, CHCHNH), 2.31 (1H, m,
CH(CH3)2), 1.22 (3H, t, J = 7.1, OCH2CH3) 1.16 (3H, d, J =
6.9 Hz, CH(CH3)(CH3)), 1.03 (3H, d, J = 6.9, CH(CH3)(CH3)).

(3S,4S )-4-Isopropyl-3-(p-methoxy-phenylamino)-dihydro-
furan-2-one. A solution of crude 3-formyl-2-(4-methoxy-
phenylamino)-4-pentanoic acid ethyl ester 23a in EtOH (2 ml)
was added to a suspension of NaBH4 (14.1 mg, 0.37 mmol, 0.75
eq.) in EtOH (1 mL) at 0 ◦C. The reaction was stirred at 0 ◦C for
1 h and quenched with saturated aqueous ammonium chloride
(5 mL). The aqueous phase was extracted with ethyl acetate
(2 × 25 mL). The combined organic layers were dried (MgSO4),
filtered and evaporated in vacuo and the resulting residue was
purified by flash column chromatography (EtOAc–petroleum
ether 40/60, 1 : 4) to yield the title compound as a yellow oil
(52.1 mg, 42% over 2 steps). 1H NMR (400 MHz, CDCl3)
d = 7.84 (2H, d, J = 8.8 Hz, ArH), 6.68 (2H, d, J = 8.8 Hz,
ArH), 4.40 (2H, CH2O), 4.10 (1H, m, CHNH), 4.05 (1H, m,
NH), 3.79 (3H, s, OCH3), 2.79 (1H, m, CHCHN), 2.00 (1H,
m, CH(CH3)2), 1.02 (3H, d, J = 6.9 Hz, CH(CH3)(CH3)),
0.88 (3H, d, J = 6.9 Hz, CH(CH3)(CH3)). HPLC: Daicel
Chiralpak AS. Hexane–i-PrOH, 94 : 6, 0.7 mL min−1, 254 nm:
tR (major) = 57 min; tR (minor) = 43 min.

General procedure for the conjugate addition of a ketone to a
nitro-olefin

To a suspension of 5-pyrrolidin-2-yl-1H-tetrazole 5 or 6
(10.5 mg, 15 mol%) and nitro-olefin (0.5 mmol) in isopropanol–
ethanol (1 : 1, 4 mL) was added the relevant ketone (0.75 mmol).
The resulting mixture was allowed to stir at room temperature
for 24 h, whereupon the reaction was quenched with saturated
aqueous ammonium chloride (25 mL) and the aqueous layer
extracted with ethyl acetate (2 × 25 mL). The combined organic
layers were dried over MgSO4, filtered and evaporated in vacuo to
give an oil which was purified by flash column chromatography
using varying amounts of ethyl acetate and petroleum ether
40/60 as eluent.

(2S,1′R)-2-[1′ -Phenyl-2′ -nitro-ethyl]-cyclohexanone24 27a.
Purified using flash column chromatography (EtOAc–petroleum
ether 40/60, 3 : 7) to give the title compound as a white solid
(119 mg, 96%). 1H NMR (400 MHz, CDCl3) d = 7.34–7.24
(3H, m, ArH), 7.16 (2H, d, J = 7.0 Hz, ArH), 4.93 (1H, dd,
J = 12.5, 4.5 Hz, CHH′NO2), 4.60 (1H, dd, J = 12.5, 9.9 Hz,
CHH ′NO2), 3.76 (1H, m, CHAr), 2.69 (1H, m, CHC(O)), 2.50–
2.35 (2H, m, chex-H), 2.07 (1H, m, chex-H), 1.81–1.52 (4H,
m, chex-H), 1.24 (1H, m, chex-H). HPLC: Daicel Chiralpak
AS. Hexane–i-PrOH, 80 : 20, 1 mL min−1, 230 nm: tR (major) =
23 min; tR (minor) = 17 min.

Crystal data:† compound 27a. C14H17NO3, M = 247.29, or-
thorhombic, space group P212121, a = 5.5369(4), b = 8.5297(8),
c = 27.769(3) Å, V = 1311.5(2) Å3, Z = 4, Dcalc = 1.252 Mg
m−3, F(000) = 528, l(Mo–Ka) = 0.088 mm−1, T = 180(2) K,
4884 total reflections measured, 1661 independent reflections
measured on a Nonius Kappa CCD diffractometer (Rint =
0.0685) using Mo–Ka radiation (k = 0.71073 Å). Refinement
using SHELXL-97. Final residues were R1 = 0.0649, xR2 =
0.1626 (for reflections with I > 2r(I)), R1 = 0.0855, xR2 =
0.1726 for all reflections.

(2S,1′R)-2-[1′-(p-Methoxy-phenyl)-2′-nitro-ethyl]-cyclohexa-
none25 28a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 3 : 7) to give the title compound
as a white solid (99.0 mg, 83%). 1H NMR (600 MHz, CDCl3)
d = 7.25 (1H, t, J = 7.4 Hz, ArH), 7.15 (2H, d, J = 7.4 Hz,
ArH), 4.90 (1H, dd, J = 12.6, 4.5 Hz, CHH′NO2), 4.60 (1H,
dd, J = 12.4, 9.9 Hz, CHH ′NO2), 3.78 (3H, s, OCH3), 3.71

O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 8 4 – 9 6 9 3



(1H, m, CHAr), 2.65 (1H, m, CHCO), 2.48 (1H, m, chex-H),
2.32 (2H, m, chex-H), 2.09 (1H, m, chex-H), 1.70 (4H, m,
chex-H), 1.21 (1H, m, chex-H). HPLC: Daicel Chiralpak
AD-H. Hexane–i-PrOH, 95 : 5, 1 mL min−1, 230 nm: tR
(major) = 25 min; tR (minor) = 19 min.

(2S,1′R)-2-[2′-Nitro-1′-(o-furanyl)-ethyl]-cyclohexanone26 29a.
Purified using flash column chromatography (EtOAc–petroleum
ether 40/60, 3 : 17) to give the title compound as a yellow solid
(69.9 mg, 59%). 1H NMR (400 MHz, CDCl3) d = 7.33 (1H,
d, J = 1.1 Hz, ArH), 6.28 (1H, dd, J = 2.8, 1.1 Hz, ArH),
6.17 (1H, d, J = 2.8 Hz, ArH), 4.78 (1H, dd, J = 12.5, 4.8 Hz,
CHH′NO2), 4.67 (1H, dd, J = 12.5, 9.3 Hz, CHH ′NO2), 3.99
(1H, m, CHAr), 2.77 (1H, m, CHC(O)), 2.51–2.35 (2H, m, chex-
H), 2.15 (1H, m, chex-H), 1.95–1.62 (4H, m, chex-H), 1.35 (1H,
m, chex-H). HPLC: Daicel Chiralpak AD-H. Hexane–i-PrOH,
95 : 5, 0.5 mL min−1, 230 nm: tR (major) = 25 min; tR (minor) =
32 min.

(2S,1′R ) -2- [2′ -Nitro-1′ - (m -nitro-phenyl) -ethyl]-cyclohexa-
none24 30a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 1 : 3) to give the title compound
as a yellow solid (135 mg, 92%). 1H NMR (600 MHz, CDCl3)
d = 8.12 (1H, d, J = 7.9 Hz, ArH), 8.07 (1H, s, ArH), 7.55
(1H, d, J = 7.7 Hz, ArH), 7.50 (1H, m, ArH), 4.99 (1H, dd,
J = 13.1, 4.4 Hz, CHH′NO2), 4.71 (1H, dd, J = 13.1, 10.2 Hz,
CHH ′NO2), 3.92 (1H, m, CHAr), 2.74 (1H, m, CHC(O)), 2.46
(1H, m, chex-H), 2.40 (1H, m, chex-H), 2.09 (1H, m, chex-H),
1.80 (1H, m, chex-H), 1.76–1.55 (3H, m, chex-H), 1.24 (1H, m,
chex-H). HPLC: Daicel Chiralpak AD. Hexane–i-PrOH, 95 :
5, 0.5 mL min−1, 230 nm: tR (major) = 99 min; tR (minor) =
82 min.

(2S,1′R)-2-[2′-Nitro-1′-(o-thiophenyl)-ethyl]-cyclohexanone27

31a. Purified using flash column chromatography (EtOAc–
petroleum ether 40/60, 3 : 17) to yield the title compound as a
white solid (94.0 mg, 74%). 1H NMR (400 MHz, CDCl3) d =
7.21 (1H, d, J = 4.9 Hz, ArH), 6.93 (1H, dd, J = 5.1, 3.6 Hz,
ArH), 6.87 (1H, d, J = 3.0 Hz, ArH), 4.89 (1H, dd, J = 12.6,
4.8 Hz, CHH′NO2), 4.67 (1H, dd, J = 12.6, 9.3 Hz, CHH ′NO2),
4.15 (1H, m, CHAr), 2.71 (1H, m, CHC(O)), 2.58–2.35 (2H,
m, chex-H), 2.12 (1H, m, chex-H), 1.97–1.82 (2H, m, chex-H),
1.76–1.55 (2H, m, chex-H), 1.35 (1H, m, chex-H). HPLC:
Daicel Chiralpak AD. Hexane–i-PrOH, 95 : 5, 1 mL min−1, 230
nm: tR (major) = 20 min; tR (minor) = 23 min.

(2S,1′R)-2-[2′-Nitro-1′-(p-trifluoromethylphenyl)-ethyl]-cyclo-
hexanone 32a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 1 : 4) to yield the title
compound as a white solid (91.4 mg, 58%). Mp = 92–94 ◦C,
mmax (film)/cm−1: 2944, 1707, 1551, 1258, 1216, 1162. 1H NMR
(600 MHz, CDCl3) d = 7.31–7.15 (4H, dd, J = 19.8, 8.8 Hz,
ArH), 4.92 (1H, dd, J = 12.8, 4.8 Hz, CHH′NO2), 4.63 (1H,
dd, J = 12.4, 9.9 Hz, CHH ′NO2), 3.82 (1H, m, CHAr), 2.69
(1H, m, CHC(O)), 2.46 (1H, m, chex-H), 2.38 (1H, m, chex-H),
2.09 (1H, m, chex-H), 1.83–1.56 (4H, m, chex-H), 1.26 (1H,
m, chex-H). 13C NMR (150 MHz, CDCl3) d = 211.8, 149.1,
136.9, 130.0, 121.7, 121.7, 78.9, 52.9, 43.7, 43.1, 33.5, 28.8, 25.5.
m/z (FAB+) found 354.0924 ([MNa]+ C15H16NO4F3Na requires
354.0924). HPLC: Daicel Chiralpak AD. Hexane–i-PrOH, 95
: 5, 1 mL min−1, 230 nm: tR (major) = 17 min; tR (minor) =
26 min.

(2S,1′R ) -2-[2′ -Nitro-1′ -(o-pyridinyl)-ethyl]-cyclohexanone
33a. Purified using flash column chromatography (EtOAc–
petroleum ether 40/60, 13 : 7) to yield the title compound
as a yellow oil (58.5 mg, 47%). mmax (film)/cm−1 2944, 1705,
1548, 1428, 1378, 1130, 716. 1H NMR (400 MHz, CDCl3)
d = 8.53–8.45 (2H, m, ArH), 7.55 (1H, dt, J = 7.8, 1.8 Hz,
ArH), 7.27 (1H, m, ArH), 4.92 (1H, dd, J = 12.8, 4.4 Hz,
CHH′NO2), 4.69 (1H, dd, J = 12.8, 9.9 Hz, CHH ′NO2), 3.80
(1H, m, CHAr), 2.72 (1H, m, CHC(O)), 2.46 (2H, m, chex-H),

2.11 (1H, m, chex-H), 1.83–1.43 (4H, m, chex-H), 1.25 (1H,
m, chex-H); 13C NMR (100 MHz, CDCl3) d = 211.4, 150.3,
149.7, 136.0, 134.0, 124.1, 78.5, 52.6, 43.1, 42.0, 33.5, 28.7,
25.5. m/z (ES) found 249.1246 ([MH+] C13H17N2O3 requires
249.1239. HPLC: Daicel Chiralpak AD. Hexane–i-PrOH, 88 :
12, 1 mL min−1, 254 nm: tR (major) = 26 min; tR (minor) =
35 min.

(3S,1′R)-3-(2′-Nitro-1′-(m-nitrophenyl)-ethyl)-tetrahydro-thio-
pyran-4-one 34a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 3 : 7) to yield the title compound
as a white solid (96.1 mg, 62%). mmax (film)/cm−1 2925, 1701,
1558, 1525, 1347, 734, 686. 1H NMR (600 MHz, CDCl3)
d = 8.19 (2H, m, ArH), 7.60 (2H, m, ArH), 4.82 (1H, m,
CHH′NO2), 4.68 (1H, m, CHH ′NO2), 4.18 (1H, m, CHAr),
3.10 (1H, m, CHCHAr), 2.99 (2H, m, C(O)CH2), 2.84 (2H,
m, C(O)CH2CH2), 2.58 (1H, m, CHCHH′S), 2.48 (1H, m,
CHCHH ′S). 13C NMR (150 MHz, CDCl3) d = 208.4, 148.2,
139.0, 134.6, 130.4, 123.4, 123.0, 77.9, 54.7, 44.6, 43.3, 35.0,
31.5. m/z (EI) found 310.0613 ([M]+ C13H14N2O5S requires
310.0623). HPLC: Daicel Chiralpak AD-H. Hexane–i-PrOH,
90 : 10, 1 mL min−1, 254 nm: tR (major) = 51 min; tR (minor) =
28 min.

(3R,1′S)-3-(2′-Nitro-1′-(m-nitrophenyl)-ethyl)-tetrahydro-thio-
pyran-4-one 35a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 3 : 7) to yield the title compound
as a white solid (104 mg, 67%). mmax (film)/cm−1 2925, 1701,
1558, 1525, 1347, 734, 686. 1H NMR (600 MHz, CDCl3)
d = 8.19 (2H, m, ArH), 7.60 (2H, m, ArH), 4.82 (1H, m,
CHH′NO2), 4.68 (1H, m, CHH ′NO2), 4.18 (1H, m, CHAr),
3.10 (1H, m, CHCHAr), 2.99 (2H, m, C(O)CH2), 2.84 (2H,
m, C(O)CH2CH2), 2.58 (1H, m, CHCHH′S), 2.48 (1H, m,
CHCHH ′S). 13C NMR (150 MHz, CDCl3) d = 208.4, 148.2,
139.0, 134.6, 130.4, 123.4, 123.0, 77.9, 54.7, 44.6, 43.3, 35.0,
31.5. m/z (EI) found 310.0613 ([M]+ C13H14N2O5S requires
310.0623). HPLC: Daicel Chiralpak AD-H. Hexane–i-PrOH,
90 : 10, 1 mL min−1, 254 nm: tR (major) = 29 min; tR (minor) =
51 min.

(3S,1′R)-3-[2′ -Nitro-1′-(m-nitrophenyl)-ethyl]-tetrahydro-py-
ran-4-one 36a. Purified using flash column chromatography
(EtOAc–petroleum ether 40/60, 4 : 6) to yield the title compound
as a yellow solid (138 mg, 94%). mmax (film)/cm−1 2865, 1706,
1549, 1531, 1344. 1H NMR (600 MHz, CDCl3) d = 8.19 (1H,
dt, J = 7.2, 1.8 Hz, ArH), 8.11 (1H, s, ArH), 7.57 (2H, m,
ArH), 5.01 (1H, dd, J = 13.2, 4.4 Hz, CHH′NO2), 4.71 (1H,
dd, J = 13.2, 10.3 Hz, CHH ′NO2), 4.20 (1H, m, CHCH2C(O)),
3.98 (1H, m, CHAr), 3.80–3.66 (2H, m, CHC(O)CHH′CH2),
3.28 (1H, dd, J = 11.4, 9.4 Hz, C(O)CHH ′CH2), 2.95 (1H,
CHC(O)), 2.71 (1H, m, CHH′C(O)), 2.58 (1H, m, CHH ′C(O)).
13C NMR (150 MHz, CDCl3) d = 206.3, 149.0, 138.7, 134.3,
130.32, 123.4, 122.7, 78.0, 71.3, 69.0, 52.8, 43.0, 41.0. m/z (EI)
found 294.0861 ([M]+ C13H14N2O6 requires 294.0861). HPLC:
Daicel Chiralpak AD-H. Hexane–i-PrOH, 90 : 10, 1 mL min−1,
254 nm: tR (major) = 50 min; tR (minor) = 33 min.

(3S,4R)-3-Methyl-5-nitro-4-(m-nitrophenyl)-pentan-2-one 37a.
Purified using flash column chromatography (EtOAc–petroleum
ether 40–60, 3 : 7) to yield the title compound as a white solid
(94.4 mg, 71%). mmax (film)/cm−1 2865, 1706, 1549, 1531, 1344,
689. 1H NMR (600 MHz, CDCl3) d = 8.17 (1H, m, ArH),
8.08 (1H, s, ArH), 7.54 (2H, d, J = 5.1 Hz, ArH), 4.70 (2H,
m, CH2NO2), 3.85 (1H, m, CHAr), 3.03 (1H, m, CHC(O)),
2.27 (3H, s, CH3C(O)), 1.01 (3H, d, J = 7.2 Hz, CH3CH).
13C NMR (150 MHz, CDCl3) d = 209.7, 148.6, 139.9, 134.5,
130.1, 123.1, 122.8, 77.8, 48.6, 45.4, 29.2, 16.0. m/z (ES) found
267.0975 ([MH]+ C12H15N2O5 requires 267.0975). HPLC: Daicel
Chiralpak AD-H. Hexane–i-PrOH, 90 : 10, 1 mL min−1, 254 nm:
tR (major) = 16 min; tR (minor) = 13 min.
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(4R)-5-Nitro-4-(m-nitrophenyl)-pentan-2-one 38a. Purified
using flash column chromatography (EtOAc–petroleum ether
40/60, 4 : 6) to yield the title compound as a yellow oil (100 mg,
72%). mmax (film)/cm−1 2980, 1715, 1550, 1526, 1348, 1164. 1H
NMR (600 MHz, CDCl3) d = 8.13 (1H, d, J = 8.2 Hz, ArH),
8.10 (1H, s, ArH), 7.60 (1H, d, J = 7.7 Hz, ArH), 7.52 (1H, t,
J = 8.0 Hz, ArH), 4.76 (1H, dd, J = 12.9, 6.3 Hz, CHH′NO2),
4.65 (1H, dd, J = 12.9, 8.3 Hz, CHH ′NO2), 4.15 (1H, m,
CHAr), 2.98 (2H, dd, J = 7.0, 4.1 Hz, CH2C(O)), 2.16 (3H, s,
CH3C(O)). 13C NMR (150 MHz, CDCl3) d = 204.4, 157.0, 141.1,
134.2, 130.1, 123.0, 122.1, 78.7, 45.7, 38.5, 30.2. m/z (EI) found
252.0753 ([M]+ C11H12N2O5 requires 252.0753). HPLC: Daicel
Chiralpak AD-H. Hexane–i-PrOH, 90 : 10, 1 mL min−1, 254 nm:
tR (major) = 22 min; tR (minor) = 21 min.

(4S,5R)-4-Methyl-6-nitro-5-(m-nitrophenyl)-hexan-3-one 39a.
Purified using flash column chromatography (EtOAc–petroleum
ether 40/60, 3 : 7) to yield the title compound as a yellow
oil (95.2 mg, 68%). mmax (film)/cm−1 2976, 1710, 1553, 1529,
1350, 1102. 1H NMR (600 MHz, CDCl3) d = 8.17 (1H, m,
ArH), 8.08 (1H, s, ArH), 7.54 (2H, m, ArH), 4.69 (2H, m,
CH2NO2), 3.86 (1H, m, CHAr), 3.03 (1H, m, CHCH3), 2.67
(1H, m, CHH′C(O)), 2,45 (1H, m, CHH ′C(O)), 1.10 (3H, t,
J = 7.3 Hz, CH2CH3), 1.00 (3H, d, J = 7.2 Hz, CHCH3). 13C
NMR (150 MHz, CDCl3) d = 212.5, 152.8, 140.0, 134.5, 130.0,
123.1, 122.7, 77.7, 47.8, 45.6, 35.5, 16.3, 7.6. m/z (EI) found
280.1072 ([M]+ C13H16N2O5 requires 280.1059). HPLC: Daicel
Chiralpak AD-H. Hexane–i-PrOH, 90 : 10, 1 mL min−1, 254 nm:
tR (major) = 12 min; tR (minor) = 11 min.

General procedure for the sulfonamide catalysed aldol reaction

To a solution of p-nitrobenzaldehyde (151 mg, 1 mmol, 1 eq.) in
dichloromethane (8 mL) was added the relevant ketone (2 mL,
20 vol%) and N-(pyrrolidin-2-(S)-carbonyl)-methylsulfonamide
9 (38.6 mg, 0.2 mmol, 20 mol%) or N-(pyrrolidin-2-(S)-
carbonyl)-benzenesulfonamide 10 (51.0 mg, 0.2 mmol, 20 mol%)
respectively. The solution was stirred at room temperature and
evaporated in vacuo after the time reported. The resulting
yellow/orange residue was purified by flash column chromatog-
raphy using varying amounts of ethyl acetate and petroleum
ether 40/60 as eluent.

(4R)-4-Hydroxy-4-(p-nitrophenyl)-butan-2-one6 18b. To a
solution of p-nitrobenzaldehyde (151 mg, 1 mmol, 1 eq.)
in acetone (10 mL) was added N-(pyrrolidin-2-(S)-carbonyl)-
benzenesulfonamide 10 (25.5 mg, 0.2 mmol, 20 mol%) and the
resulting solution stirred for 24 h. After this time, the mixture was
quenched with saturated aqueous ammonium chloride (10 mL)
and extracted with ethyl acetate (2 × 25 mL). The combined
organic layers were dried (MgSO4), filtered and evaporated
in vacuo. Purification using flash column chromatography
(EtOAc–petroleum ether 40/60, 3 : 7) gave the title compound as
a yellow oil (209 mg, 100%). 1H NMR (600 MHz, CDCl3) d =
8.21 (2H, d, J = 8.7 Hz, ArH), 7.54 (2H, d, J = 8.7 Hz, ArH),
5.26 (1H, m, CHCHOH), 3.61 (1H, s, OH), 2.87–2.83 (2H, m,
CH2CHOH), 2.23 (3H, s, CH3C(O)). HPLC: Daicel Chiralcel
AS. Hexane–i-PrOH, 85:15, 1 mL min−1, 254 nm: tR (major) =
26 min; tR (minor) = 39 min.

(1R)-Hydroxy-1-(4-nitrophenyl)-pentan-3-one6 19b. Purifi-
cation using flash column chromatography (EtOAc–petroleum
ether 40/60, 3 : 7) gave the title compound as a yellow oil
(40.7 mg, 48%). 1H NMR (600 MHz, CDCl3) d = 8.20 (2H,
d, J = 8.5 Hz, ArH), 7.54 (2H, d, J = 8.5 Hz, ArH), 5.27
(1H, m, CH2CHOH), 3.64 (1H, s, CH2CHOH), 2.86–2.81 (2H,
m, CH2CHOH), 2.48 (2H, s, CH3CH2C(O)), 1.08 (3H, t, J =
7.3 Hz, CH3CH2C(O)). HPLC: Daicel Chiralpak AS. Hexane–
i-PrOH, 85 : 15, 1 mL min−1, 254 nm: tR (major) = 18 min; tR
(minor) = 36 min.

(2R,1′R)-2-[1′-Hydroxy-(4-nitrophenyl)-methyl]-cyclobutano-
ne 20b. (2S,1′R)-[Hydroxy-(4-nitrophenyl)-methyl]-cyclobuta-
none 20b. Reaction performed using p-nitrobenzaldehyde
(26.0 mg, 0.17 mmol, 1 eq.) under standard conditions.
Syn and anti diastereomers were separated by flash column
chromatography (EtOAc–petroleum ether 40/60, 3 : 17) to
yield the title compounds as white solids (syn 8.0 mg, 21%).
Mp = 101–103 ◦C, mmax (film)/cm−1 3401, 1769, 1518, 1352,
1094, 860. 1H NMR (600 MHz, CDCl3) d = 8.21 (2H, d,
J = 8.7 Hz, ArH), 7.54 (2H, d, J = 8.7 Hz, ArH), 5.26
(1H, m, CHCHOH), 3.68 (1H, s, CHCHOH), 3.08–2.93 (2H,
m, CH2C(O)), 2.32 (1H, s, CHCHOH), 2.24–1.90 (2H, m,
CH2CH2(O)). 13C NMR (150 MHz, CDCl3) d = 208.7, 149.0,
147.5, 126.5, 123.8, 69.8, 66.6, 45.5, 11.3. m/z (ES) found
222.0766 ([MH]+ C11H12NO4 requires 222.0761). HPLC: Daicel
Chiralpak AD-H. Hexane–i-PrOH, 85 : 15, 1 mL min−1, 254 nm:
tR (major) = 22 min; tR (minor) = 33 min. (anti 16.3 mg,
43%). Mp = 97–99 ◦C, mmax (film)/cm−1 3490, 1759, 1517, 1349,
1055, 864. 1H NMR (600 MHz, CDCl3) d = 8.22 (2H, d, J =
8.6 Hz, ArH), 7.53 (2H, d, J = 8.6 Hz, ArH), 4.99 (1H, d,
J = 7.8 Hz, CHCHOH), 3.61 (1H, m, CHCHOH), 3.16–2.96
(2H, m, CH2C(O)), 2.98 (1H, m, CHCHOH), 2.14–1.90 (2H,
m, CH2CH2(O)). 13C NMR (150 MHz, CDCl3) d = 209.1,
148.3, 147.7, 127.0, 123.8, 73.0, 66.0, 45.2, 14.1. m/z (ES)
found 222.0766 ([MH]+ C11H12NO4 requires 222.0761). HPLC:
Daicel Chiralpak AD-H. Hexane–i-PrOH, 80 : 20, 1 mL min−1,
254 nm: tR (major) = 23 min; tR (minor) = 17 min.

(2R, 1′R) - [Hydroxy-(4-nitrophenyl) -methyl] -cyclopentanone
42a. (2S,1′R)-[Hydroxy-(4-nitrophenyl)-methyl]-cyclopentanone6

42a. Syn and anti diastereomers were separated by flash
column chromatography (dichloromethane) to yield the title
compounds as white solids (syn 35.8 mg, 30%). 1H NMR
(600 MHz, CDCl3) d = 8.20 (2H, d, J = 8.7 Hz, ArH), 7.53
(2H, d, J = 8.7 Hz, ArH), 4.84 (1H, d, J = 9.1 Hz, CHCHOH),
4.72 (1H, s, CHCHOH), 2.48–2.23 (2H, m, CH2C(O), 2.37 (1H,
m, CHCHOH), 2.03–1.51 (4H, m, CH2CH2). HPLC: Daicel
Chiralpak AS. Hexane–i-PrOH, 80 : 20, 1 mL min−1, 254 nm:
tR (major) = 20 min; tR (minor) = 16 min. (anti 65.6 mg, 55%).
1H NMR (600 MHz, CDCl3) d = 8.18 (2H, d, J = 8.7 Hz,
ArH), 7.51 (2H, d, J = 8.7 Hz, ArH), 5.41 (1H, s, CHCHOH),
2.94 (1H, m, CHCHOH), 2.46 (1H, m, CHCHOH), 2.37 (1H,
m, CHH′(O)), 2.15 (1H, m, CHH ′(O)), 2.03–1.67 (4H, m,
CH2CH2). HPLC: Daicel Chiralpak AS. Hexane–i-PrOH, 70 :
30, 1 mL min−1, 254 nm: tR (major) = 10 min; tR (minor) =
27 min.

(2R,1′R)-[Hydroxy-(4-nitrophenyl)-methyl]-cyclohexanone 11b.
(2S,1′R)-2-[1′-Hydroxy-(4-nitrophenyl)-methyl] -cyclohexanone6

11b. Syn and anti diastereomers were separated by flash
column chromatography (EtOAc–petroleum ether 40/60, 3 :
17) to yield the title compounds as white solids (syn 43.4 mg,
35%). 1H NMR (600 MHz, CDCl3) d = 8.20 (2H, d, J =
8.7 Hz, ArH), 7.51 (2H, d, J = 8.7 Hz, ArH), 4.90 (1H, m,
CHCHOH), 4.06 (1H, d, J = 3.2 Hz, CHCHOH), 2.59 (1H,
m, CHCHOH), 2.52–2.33 (2H, m, CH2C(O), 2.13–1.37 (6H,
m, chex-H). HPLC: Daicel Chiralpak OD. Hexane–i-PrOH,
85 : 15, 1 mL min−1, 254 nm: tR (major) = 15 min; tR
(minor) = 12 min. (anti 66.0 mg, 53%). 1H NMR (600 MHz,
CDCl3) d = 8.20 (2H, d, J = 8.7 Hz, ArH), 7.49 (2H, d,
J = 8.7 Hz, ArH), 5.49 (1H, m, CHCHOH), 3.15 (1H, d,
J = 3.3 Hz, CHCHOH), 2.62 (1H, m, CHCHOH), 2.50–2.37
(2H, m, CH2C(O), 2.14–1.52 (6H, m, chex-H). HPLC: Daicel
Chiralpak AS. Hexane–i-PrOH, 85 : 15, 1 mL min−1, 254 nm:
tR (major) = 22 min; tR (minor) = 29 min.
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