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Convergent total syntheses of myxothiazols A and Z are described. The syntheses are based on
elaboration of the (S)-E,E-diene thioamide 22, conversion of 22 into the bis-thiazole 27 and Wittig
reactions between 27c and the aldehyde 30. The substituted b-methoxyacrylate aldehyde 30 was
produced via an Evans asymmetric aldol protocol or via the 2H-pyran-2-one 31. An E-selective Wittig
reaction between the ylide derived from the phosphonium salt 27c and the (+)-aldehyde 30 led to
(+)-myxothiazol Z (1b), and a corresponding reaction with the (±)-acrylamide aldehyde 44 gave
(±)-myxothiazol A (1a). Complementary studies led to synthesis of the ester 47b, corresponding to
myxothiazol R and myxothiazol S.


Introduction


Myxothiazol is the generic name used to describe a family of
fungicides isolated from myxobacteria, e.g. Myxococcus fulvus,
Angiococcus disciformis, and characterised by the presence of a
novel and unusual b-methoxyacrylate pharmacophore linked to
a 2,4-disubstituted bis-thiazole unit. Myxothiazol A (1a) was the
first member to be isolated, in 1980,1 and myxothiazol Z (1b) was
described in the primary literature in 1999.2 In 1988, Hőfle and
Sakagami and their respective co-workers3 reported a different
group of b-methoxyacrylate fungicides from various species of
myxobacteria which were named melithiazols, e.g. melithiazol A
(2), and cystothiazols, e.g. 3a and 3b. Interestingly, the secondary
metabolites 1, 2, and 3 are related to the strobilurins, e.g. 4, and
the oudemansins, e.g. 5, produced by various fungi.4


All of the aforementioned b-methoxyacrylates act as inhibitors
of mitochondrial respiration by blocking electron transfer between
cytochrome b and cytochrome c1.5 An exciting range of synthetic
analogues of strobilurin has now been brought to the market
as agricultural fungicides,6 and synthetic studies within the
melithiazols and cystothiazols have been vigorous in recent years.7


Before these recent endeavours, however, in 1993, we described the
first, and only, synthesis of (±)-myxothiazol A (1a).8 Since this
time, we have carried out further synthetic investigations towards
the myxothiazols, and in this paper we draw together these studies,
culminating in total syntheses of several of their members.


Results and discussion


Synthetic strategies


The myxothiazol structure 1 accommodates a substituted b-
methoxyacrylate left-hand side, viz. 6, linked to a bis-thiazole by an
E-butenyl unit, carrying two stereogenic centres. The bis-thiazole
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in 1 is further substituted on the right-hand side by a conjugated
E,E-heptadienyl unit, viz. 8, carrying a third stereogenic centre.
The presence of these structural units in the myxothiazols 1
suggested a straightforward strategy to their synthesis based on
(i) synthesis of the E,E-heptadienyl side chain, 8, followed by
(ii) conversion into the substituted bis-thiazole 7, and finally (iii)
linking the left-hand side b-methoxyacrylate residue 6. In our
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earlier studies,8 we synthesised the bis-thiazole unit 7 and attached
the left-hand side chain in the structure 1 using a Wittig reaction
between the ylide derived from the bis-thiazole phosphonium
salt 7 and the aldehyde 6 (R = CHO). This strategy was later


applied by Charette and Deroy7b and by Akita and co-workers7a


in their syntheses of cystothiazols A (3a) and B (3b) using the
phosphonium salt 9. In other studies Bach and Heuser7d developed
a Suzuki cross-coupling reaction from the 4-bromo bis-thiazole
10a to synthesise cystothiazol E, and Shao and Panek,7e in 2004,
applied the Stille cross-coupling reaction between 10b and 11
in their synthesis of cystothiazols. By contrast, Williams et al.7c


produced the left-hand side chain in their synthesis of cystothiazols
A and C using an asymmetric aldol reaction between the a,b-
unsaturated aldehyde 12 and the Evans oxazolidinone 13, leading
ultimately to 14. This general strategy was also later used by Ojika
et al.7f in another synthesis of cystothiazol A.


In our own studies, we explored a number of comple-
mentary pathways to elaborate the interesting substituted b-
methoxyacrylate side chain, viz. 6, in the myxothiazols. These
methods, alongside procedures to synthesise the right-hand side
chain 8 attached to the bis-thiazole unit 7, together with the
assembly of these units leading to syntheses of myxothiazol A
(1a) and Z (1b), and also the methyl ester corresponding to
myxothiazols R and S, will now be described.


The (S)-E,E-heptadienyl side chain 8


The heptadienyl side chain in the myxothiazols, appropriately
functionalised as a thioamide, i.e. 22, was conveniently synthesised
starting from commercially available (R) methyl 3-hydroxy-2-
methylpropionate 15a (Scheme 1). Thus, protection of 15a as its
TBDPS ether, followed by reduction of the ester group in 15b,
to the corresponding carbinol 16a and oxidation first gave the
aldehyde 17a as a low-melting solid. A Julia olefination reaction9


between the aldehyde 17a and the E-benzothiazole sulfone 18 de-
rived from E-4-methylpent-2-en-1-ol,10 in the presence of sodium
bis(trimethylsilylamide) at −78 ◦C next led to the conjugated
diene 19a, which was produced as a 4 : 1 mixture of E- and Z-
isomers at the newly introduced alkene bond. Deprotection of the
TBDPS group in 19a, followed by treatment of the resulting diene
alcohol 19b (4 : 1 mixture of E-3, E-5 and Z-3, E-5 isomers) with
iodine in refluxing diethyl ether under ultraviolet light irradiation,
and chromatography, gave the geometrically pure E-3, E-5 diene
alcohol 20 as a colourless liquid. A Mosher’s ester analysis gave
an ee > 98%,11 and the E-3, E-5 geometry of the conjugated
diene followed conclusively from examination of the magnitude
of the vicinal couplings for the olefinic protons in the 1H NMR
spectrum of 20. The same diene alcohol 20 was also obtained via a
Wittig reaction between the l-ethoxyethyl derivative 17b, and the
phosphonium salt 23, using n-BuLi in diethyl ether at −10 ◦C,
which first gave the conjugated diene 19c, also as a 4 : 1 mixture
of E-3, E-5 and Z-3, E-5 isomers. Deprotection of 19c, followed
by iodine-catalysed equilibration of the resulting diene alcohol
then gave the E-3, E-5 diene alcohol 20 in a similar overall yield
as the alternative Julia olefination protocol. The E-3, E-5 diene
alcohol 20 was next smoothly converted into the corresponding
thioamide 22 in four straightforward steps, i.e. oxidation to the
carboxylic acid 21b using Dess–Martin periodinane followed by
buffered sodium chlorite; conversion of the acid 21b into the
amide 21c and, finally, treatment of 21c with Lawesson’s reagent in
THF.


The substituted bis-thiazole 7


A useful variety of methods is now available for making 2,4-
disubstituted thiazoles, including the Hantzsch method12 de-
scribed as early as 1887, and a more biomimetic approach which
proceeds via thiazoline intermediates produced from cysteinyl
peptide precursors.13 Both of these general methods can be used
in an iterative manner to make bis-thiazoles of the type found
in myxothiazols and the related natural products 2 and 3. More
recently, Pd-catalysed cross-coupling reactions between 4-bromo-
, 4-stannyl, and 4-triflyl thiazoles7 have been used to synthesise
bis-thiazoles en route to cystothiazols.


In our own studies we examined a variety of complementary
routes to the bis-thiazole unit 7 in the myxothiazols.14 Ultimately,
we found that a Hantzsch condensation between the thioamide 22
and the 2,4-disubstituted thiazole bromoketone 24b, carried out
under the conditions described by Holzapfel and Bredenkamp,15


provided the most reliable procedure for preparing the particular
substituted bis-thiazole 25.


The thiazole a-bromoketone 24b is a known compound ob-
tained by bromination of the corresponding methyl ketone 24a
using NBS in refluxing CCl4.16 We experienced difficulty in
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Scheme 1 Reagents and conditions: i) tBuMe2SiCl, imidazole (95%); ii) LiBH4, THF (85%); iii) DMSO, (COCl)2, −78 ◦C (60%); iv) LiHMDS, 17, −78 ◦C
(75%); v) Bu4NF, THF (94%); vi) I2, Et2O, hm (74%); vii) Dess–Martin periodinane, NaHCO3, then viii) NaClO2, NaHPO4 (61%); ix) (COCl)2 then NH3


(74%); x) Lawesson’s reagent, THF (87%).


obtaining reproducible yields using these conditions, and ulti-
mately produced the bromoketone 24b by bromination of the
intermediate enol silyl ether 26 derived from 24a, using NBS in
THF at 0 ◦C (Scheme 2). The bis-thiazole ester 25 was obtained
as colourless prisms, with [a]25


D +1.96 (c 1.53 in CHCl3). Reduction
of the ester 25 using DIBAL-H in THF next gave the primary
carbinol 27a. Analysis of the corresponding Mosher’s ester of 27a
gave an ee > 95%.


Scheme 2 Reagents and conditions: i) NBS, CCl4 or NBS, THF then 26
(54%); ii) 24b and 22, NaHCO3 at −20 ◦C, then TFA, pyridine (59%); iii)
DIBAL-H, THF, −78 ◦C (56%); iv) I2, PPh3, imidazole, 0 ◦C (78%); v)
PPh3, C6H6 (80%).


With the overall intention of linking the b-methoxyacrylate side
chain 6 to the bis-thiazole unit 7 using a Wittig reaction, we next
treated the alcohol 27a with I2/PPh3/imidazole at 0 ◦C under
a nitrogen atmosphere, which led to the corresponding iodide
27b, as a solid, in 78% yield. Treatment of the iodide 27b with
triphenylphosphine in benzene at room temperature then gave the
corresponding phosphonium salt 27c, which was obtained as a
colourless powder.


The substituted b-methoxyacrylate unit 6, and end game


We discussed earlier the variety of synthetic approaches that
have been applied, by others, to introduce the substituted b-
methoxyacrylate left-hand side chain, viz. 6, in endevours towards
the related cystothiazols, i.e. 2 and 3. We examined a number
of complementary synthetic routes to the b-methoxyacrylate side
chain in myxothiazols in our studies, including those based on
regioselective ring opening of chiral epoxides, i.e. 29, by both
substituted lithium acetylides and vinyl anions e.g. 28, but to
no avail. Ultimately, we decided to synthesise the aldehyde 30
and carry out a Wittig reaction with 27c leading to 1b. A
synthetic approach to the b-methoxyacrylate aldehyde 30 that
was attractive was via the 2H-pyran-2-one 31 (Scheme 3). The
pyranone 31 was chosen since it incorporated a masked d-hydroxy
ester functionality, in addition to a b-methoxyacrylate residue with
the required E-configuration. Furthermore, the styryl side chain
in 31b acted as precursor to the sensitive aldehyde functionality in
the b-methoxyacrylate aldehyde 30.


Thus, a condensation between cinnamaldehyde and the dianion
produced from methyl 3-oxopentanoate,17 using NaH and n-
BuLi in THF at 0 ◦C, first gave the pyran-2-one 31a which, on
methylation with Me2SO4–K2CO3, produced a 1 : 1 mixture of
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Scheme 3 Reagents and conditions: i) Me2SO4, K2CO3 (65%); ii) KOH,
H2O, 100 ◦C, then CH2N2, then chromatography (9%); iii) MeI, Ag2O
(55%); iv) OsO4, NMO, Me2CO–H2O (9 : 1), then NaIO4, THF–H2O (1 :
3) (65%).


syn- and anti-diastereoisomers of the corresponding methyl ether
31b. The diastereoisomers of 31b could be separated by HPLC
and their relative stereochemistries followed from inspection of
the magnitude of their vicinal coupling between C5 and C6 in
the 1H NMR spectra, and comparison of these data with those
obtained for similar compounds in the literature.18 Thus, the syn-
diasteroisomer of 31b displayed vicinal coupling of 3.6 Hz between
the hydrogen atoms at C5 and C6 whereas the corresponding
anti-diastereoisomer showed vicinal coupling of 7.1 Hz between
the same hydrogens. For the related compound kawain-5-ol the
corresponding vicinal couplings have been recorded as 3.0 Hz (syn-
diastereoisomer) and 7.0 Hz (anti-diastereoisomer).18 Preparative
HPLC separation of the diastereoisomers of 31b was avoided in the
synthetic scheme at this point, however, and instead the mixture
of diastereoisomers was heated with 1.2 equivalents of KOH in
H2O at 100 ◦C followed by treatment with diazomethane leading
to the syn and anti b-methoxyacrylate secondary alcohols 32 and
33 respectively, which could be easily separated by routine column
chromatography. Methylation of the syn-diastereoisomer 32 using


MeI and Ag2O in diethyl ether finally led to the 3RS, 5RS methyl
ether diastereoisomer 34 as a colourless oil. Oxidative cleavage
of 34 via the corresponding isolated intermediate vicinal diol,
using OsO4–NMO, followed by NaIO4, finally gave the (±)-b-
methoxyacrylate aldehyde 30, as a labile liquid.


The same b-methoxyacrylate aldehyde 30 was later synthesised
by Backhaus19 using aldol chemistry starting from benzyloxy-
acetaldehyde, and Deroy and Charette7b developed an Evans
enantiopure asymmetric aldol protocol to afford the (+)-aldehyde
30. Akita et al.7a also developed a route to enantiopure 30 from
the chiral acetylenic alcohol 36 produced from ring opening
of the 2R, 3S epoxy butanoate 35. We also synthesised the
enantiopure b-methoxyacrylate aldehyde 30 by first using an Evans
aldol reaction between the auxiliary 37 and cinnamaldehyde,
which gave the syn-aldol 38a with >98% ee (Scheme 4).20 O-
Methylation of 38a, followed by conversion of the intermediate
methyl ether 38b into the corresponding carboxylic acid 39 and
treatment of the latter with LiCH2CO2Me next led to the b-
ketoester 40. Deprotonation of the b-ketoester 40, using NaH
in DMPU, followed by addition of dimethyl sulfate then led to the
enantiopure (+)-b-methoxyacrylate 34. Oxidative cleavage of the
styryl alkene bond in 34, using the same conditions as those used
with the racemic material, finally gave the (+) b-methoxyacrylate
aldehyde 30, as an oil [a]25


D +105 (c 0.55 in CHCl3).


Scheme 4 Reagents and conditions: i) n-Bu2BOTf, 37, then
PhCH=CH·CHO (90%); ii) 2,6-tBu2C5H3N, MeOTf (72%); iii) LiOH,
H2O2 (98%); iv) NNCD, then LiCH2CO2Me, −78 ◦C (85%); v) NaH,
Me2SO4, DMPU (66%); vi) OsO4, NMO, Me2CO–H2O (9 : 1), then
NaIO4, THF–H2O (1 : 3) (65%). (DMPU = N,N ′-dimethylpropylene urea;
NNCD = 2-chloro-4-nitro-1-benzenediazonium 2-naphthalenesulfonate.)


With both the phosphonium salt 27c, and racemic and enan-
tiopure b-methoxyacrylate aldehyde 30 in hand, we were now in
a position to examine their coupling to give myxothiazol Z (1b).
This Wittig reaction between 27c and 30 proved to be somewhat
temperamental. For example, when the salt 27c was treated with
KOBut in THF at 0 ◦C followed by addition of the (±)-aldehyde 30,
only the product 27d resulting from hydrolysis of the phosphonium
salt was isolated. Furthermore, when a mixture of 27c and (±)-30
was treated with KOBut in THF only the positional isomer 41
of myxothiazol Z and the di-t-butyl acetal 42 of the aldehyde 30
were isolated. After more experimentation, use of the less basic
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sodium methoxide in THF at 0 ◦C finally delivered myxothiazol
Z (1b), which was obtained as a single alkene geometrical isomer
after HPLC purification, in 11% yield. The synthetic myxothiazol
showed spectroscopic data which were identical to those described
for myxothiazol Z isolated from myxobacteria, even though this
structure was not published as a natural product until some time
after the completion of this work. A corresponding Wittig reaction
between the bis-thiazole salt 27c and the enantiopure (+)-aldehyde
30, using lithium hexamethyldisilazide as the base in THF at 0 ◦C,
proceeded much more smoothly and led to (+)-myxothiazol Z in
74% yield. A small amount of the corresponding Z-alkene was
produced concurrently during the condensation which could be
largely removed by HPLC. The synthetic myxothiazol Z had [a]25


D


+118.8 (c 1.44 in CHC13) whereas Ahn et al. give [a]25
D +152, and


Hőfle and co-workers [a]22
D +79.2 for naturally derived material.2


Attempts were now made to convert myxothiazol Z (1b) into
myxothiazol A (1a) using Weinreb’s conditions, i.e. Me2AlNH2


in CH2Cl2. However, these attempts failed, and instead only
starting material was recovered. However, treatment of the b-
methoxyacrylate 34 with Me2AlNH2 gave the corresponding
amide 43 in 40% yield (Scheme 5). Oxidative cleavage of the
styryl alkene bond in 43, using OsO4–NaIO4 then gave the b-


methoxyacrylamide aldehyde 44. Gratifyingly, a Wittig reaction
between this aldehyde and the phosphonium salt 27c using
LiHMDS in THF at 0 ◦C was found to be E-selective and led
to 7R, 18SR, 19RS myxothiazol A (1a), albeit in only 12% yield.
The synthetic myxothiazol A showed spectroscopic data which
were completely superimposable on those of the natural product
derived from M. fulvus.


As a corollary to the aforementioned synthetic work, we also
examined a synthetic approach to the bis-thiazole metabolites 48a
and 48b known as myxothiazol R and myxothiazol S respectively,
which co-occur with the b-methoxyacrylate myxothiazols A and
Z in myxobacteria.21 Thus, a Wittig reaction between the bis-
thiazole aldehyde 45a produced from the alcohol 27a, and (formyl-
methylene) triphenylphosphorane first gave the corresponding a,
b-unsaturated aldehyde 45b as a pale yellow solid in 72% yield
(Scheme 6). An Evans aldol condensation between 37 and the
aldehyde 45b in the presence of n-Bu2BOTf next gave the b-hydroxy
amide 46, which was then converted into the methyl ester 47a using
MeMgBr in MeOH at 0 ◦C. Treatment of 47a with NaOH–MeI
gave the corresponding methyl ether 47b which is the methyl ester
analogue of the amide 48a, i.e. myxothiazol R, and the carboxylic


Scheme 5 Reagents and conditions: i) Me2AlNH2, CH2Cl2 (40%); ii) OsO4,
Me2CO–H2O (9 : 1), then NaIO4, THF–H2O (1 : 3) (32%); iii) LiHMDS,
THF added to 44 and 27c (22%).


Scheme 6 Reagents and conditions: i) PDC, CH2Cl2 (58%); ii) OHC·CH=PPh3, C6H6 (72%); iii) 37, n-Bu2BOTf, Et3N, 0 ◦C, then 45 (93%); iv) MeMgBr,
MeOH, 0 ◦C (52%); v) MeI, NaOH, DMSO–H2O (2 : 1) (45%).
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acid 48b, i.e. myxothiazol S. Unfortunately, the dearth of synthetic
materials did not allow us to realise the syntheses of myxothiazols
R and S from the methyl ester 47b.
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New methods of measuring biologically relevant concentrations of enzymes are necessary to allow
greater understanding of biological systems. We have previously shown that aryl azo benzotriazolyl
alkyl esters can act as enzyme substrates, with the progress of the reaction being monitored using
SERRS (see Nat. Biotechnol., 2004, 22, 1133, ref. 1). This is a wholly novel analytical application of
SERRS, and the low detection levels of the technique allow for an ultra-sensitive enzyme assay. Masked
enzyme substrates are used that are invisible to SERRS until enzymatic hydrolysis. Turnover of the
substrate by the enzyme leads to the release of the surface-seeking dye necessary for SERRS, and
intense signals are produced. Here we report an improved synthesis of 2H-benzotriazolyl alkyl esters
via nucleophilic substitution of a chloromethyl ester by benzotriazolyl azo dyes, giving up to a ten-fold
increase on previously reported yields. Introduction of electron-withdrawing groups to the
benzotriazole ring allows control over the SERRS properties of the compounds. This is of great
significance in expanding the synthetic flexibility and subsequently the fundamental use of these
compounds as ultra-sensitive and selective reporters of enzyme activity.


Introduction


The uses of benzotriazole bestride a wide range of chemical
disciplines. Described as a ‘tame halogen’, it has been extensively
employed as a synthetic auxiliary, and used in a number of
elegant syntheses.2,3 Benzotriazole derivatives are also of use as
photostabilisers4 and anti-corrosion inhibitors.5 The latter is made
possible due to the strong affinity benzotriazole has for metal
surfaces, and it is this property that makes benzotriazole and
its derivatives excellent analytes for SERS and SERRS.6–9 The
surface-enhanced Raman sensitivity of a benzotriazole moiety is
reliant on the capacity of the benzotriazole to bind to a silver or
gold surface. Through N-substitution of the benzotriazole species
we can prevent, wholly or partially, this binding to the metal
surface and thus mask the SERRS activity of the compound.
Through judicious choice of this N-substituent, it is possible
to prepare a SERRS-inactive species that can be chemically, or
in our case enzymatically cleaved to generate a SERRS-active
species. Given the high sensitivity of SERRS,10 this technique
has shown the capacity to monitor enzyme turnover at very low
substrate concentrations. We have recently demonstrated that a
2-benzotriazol-2-yl alkyl ester azo dye can act as an enzyme
substrate, with the rate of enzymatic reaction being monitored
by SERRS.1


The synthetic organic utility of benzotriazole has been well
reported and there is considerable scope available for N-
functionalisation of the benzotriazole moiety. As a synthetic
auxiliary, it has been used for a number of elegant purposes; in
syntheses of ketones,11 esters,12 ethers13 and amides14 to name only
a few. N-Alkylated benzotriazole derivatives can be formed from
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halogen displacement in alkyl halides,15 hydroxyl displacement
in alcohols or alkoxy displacement in acetals.16,17 Benzotriazole
can also add across carbonyls in aldehydes,18 to imines19 and
also to enamines.20 For the N-alkylation of benzotriazole with
alkyl halides, sodium hydroxide in DMF,15 sodium alkoxide
bases,21,22 sodium hydride bases,23 micellar reactions24 and phase
transfer conditions25,26 have all been employed. A mixture of 1H,
2H, and 3H isomers can potentially be formed, although in a
symmetrically substituted benzotriazole, the 1H and 3H isomers
will be degenerate. This isomerisation can be affected, and to a
certain extent controlled, by a number of factors.25,27,10


Isomerisation has proven essential in dictating the extent of
observed masking of the SERRS. 1H alkyl esters have previously
shown considerably higher SERRS than the 2H isomers, as
illustrated in Fig. 1. This could be governed by a number of factors.
It may be a steric hindrance factor or it may be an electronic
factor. It is known28 that 2H isomers of benzotriazole are weaker


Fig. 1 Superimposed SERRS spectra of dye 2, the 1H/3H isomers and
the unmasked dye.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2869–2873 | 2869







Brønsted bases than their 1H counterparts, and it would not be
unreasonable to suggest they are also weaker Lewis bases.


From our previous study, the synthesis of benzotriazolyl alkyl
esters, as per Katritzky et al.,29 yielded a very small amount of
the desired 2H isomer, with the 1H predominant. This method
involved acylation of the benzotriazole, then reaction of the N-acyl
benzotriazole with formaldehyde in the presence of base. We can
now report an improved synthetic route to these compounds, with
an up to ten-fold increase in yield of the 2H isomers. Furthermore,
we have now demonstrated that 1H-benzotriazolyl alkyl esters can
completely mask SERRS by introduction of electron-withdrawing
groups to the benzotriazole ring. This opens up the range of
substrates that can be used in this approach and provides further
understanding on the requirements for the masking of these dyes
in terms of SERRS activity.


Results and discussion


2H-Benzotriazolyl alkyl ester synthesis


For this study, benzotriazolyl alkyl esters were prepared by
nucleophilic substitution of chloromethyl ester 1, using a sodium
benzotriazolate as the nucleophile. A number of factors were found
to increase the relative yield of 2H isomer; the use of acetone as a
solvent, preformation of the benzotriazole anion and anhydrous
conditions. Chloromethyl ester 1 was prepared by alkylation of
the relevant carboxylic acid using chloromethyl chlorosulfate30,31


(CMCS), under phase transfer conditions, in yields consistently
higher than 90% (Scheme 1).


Scheme 1 Reagents and conditions: (i) CMCS, NaHCO3, Bu4NHSO4,
DCM–H2O.


The starting benzotriazolyl dyes for 2, 3 and 4 were prepared
according to literature procedures.1,32,33


The N-alkylation of the benzotriazolyl dyes was carried out
by reaction of the appropriate sodium benzotriazolate with
chloromethyl ester 1, as outlined in Scheme 2. Acetone was found
to be the most effective solvent in terms of overall yield, but
acetonitrile, DMF and DMSO were also used with success. NMR
analysis of the reactions indicated the presence of all 3 isomers,
with the ratio 1 : 2.5 for the 2H and combined 1H + 3H isomers
respectively. The 1H and 3H isomers were not isolated and their
structural isomerism not determined, but crude NMR data has
been previously obtained.1 Trace amounts of N-acyl benzotriazole
were also formed. The yield of benzotriazolyl alkyl ester formed
by this route is comparable to the yields reported in literature,29


but the yield of 2H isomer is higher. Outside of our own previous
work,1 2H-benzotriazolyl alkyl esters had only been reported as
a trace amount from 1H syntheses. Phase transfer conditions,
micellar reactions, or organic bases in acetone all led to a reduced
proportion of 2H isomer. A summary of the compounds prepared
and their yields is contained in Table 1.


Scheme 2 Reagents and conditions: (i) Acetone.


SERRS studies. In the first instance, the masked compounds
were interrogated to ascertain that the compounds were indeed
SERRS-inactive.


From Fig. 1 it can be seen that the 2H isomer of dye 2 gives better
masking of SERRS. All spectra recorded were performed using
single-scan measurements, 1 second spectral acquisition times with
514.5 nm excitation.


Dye 2 was tested against a range of lipases, which were all
succesful in hydrolysing the substrate, but with varying intensity
of SERRS response. The results are illustrated in Fig. 2.


It can be seen from Fig. 2 that the Candida-derived enzymes
seemingly hydrolyse the substrate more rapidly than those from
Pseudomonas. When dye 3 was tested against the lipase from


Table 1 Summary and yield of 2H-benzotriazolyl alkyl esters. Reported yield of 1H + 3H taken from crude NMR only


Compound R1 R2 Yield of 2H (%) Yield of 1H + 3H (%)


2 H 21 65


3 NH2 23 65
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Fig. 2 SERRS spectra of 2 before and after treatment with a selected
range of lipases. All experiments were carried out in situ in silver colloidal
solution, with the substrate present at 1 × 10−7 M and the enzyme at
0.002 mg ml−1. The spectrum was recorded at 1200 seconds after lipase
addition. For ease of interpretation the enzymes are listed in decreasing
order of size of SERRS response. a) Candida aspergillus, b) Candida
cylindracea, c) Candida rugosa, d) Pseudomonas stutzeri, e) Pseudomonas
cepacia, f) Pseudomonas fluorescens, g) no enzyme added.


Pseudomonas cepacia, no appreciable turnover could be observed
by SERRS. It is suggested that by moving the bulky naphthylazo
group from the 5 to the 4 position of the benzotriazole, the ester
functionality is hindered from accessing the active site of the
enzyme.


Electron-deficient benzotriazolyl alkyl esters


The occurrence of SERRS is dependent on binding to an
appropriate metal surface, in this case colloidal silver. As part of
the same study, an electron-deficient 3H-benzotriazolyl alkyl ester
4 was prepared, to investigate the effect the withdrawing group
would have on the binding to silver.34


This approach was taken in an attempt to produce masked
1H/3H substrates that were as well masked to SERRS as the
2H compounds. This would allow for simpler chemistry towards
our targets, as more synthetic chemistry is known with regards to
1H compounds. Accordingly, a nitro group was introduced to the
aromatic ring. However, this caused a decrease in nucleophilicity
of the benzotriazole anion, and subsequently reaction with the
chloromethyl ester as described in Scheme 1 did not occur. Fur-
thermore, the anion was no longer soluble in acetone. A modified
alkylation procedure was therefore used, with the chloromethyl
ester being converted to the iodomethyl analogue, and DMF used
as the solvent. No 2H isomer was observed using these conditions,
with the 3H isomer being isolated in 20% yield, the structure of
which was confirmed by X-ray crystallography. The 1H isomer
was observed by NMR analysis of the crude reaction mixture, in
∼20% conversion, but was not isolated to a suitably high degree
of purity for characterisation. The synthetic route and yield of the
compound are illustrated in Scheme 3.


SERRS studies. Upon interrogation of dye 4, the SERRS
effect is completely masked. The contrast can be seen when the
same experiment is carried out with a mixture of 1H and 3H
isomers of 2, the de-nitro analogue (Fig. 3). Dye 4 gives a similar
response to 2 upon treatment with the lipase from Pseudomonas


Scheme 3 Reagents and conditions: (i) (S)-iodomethyl 3-phenylbutanoate,
K2CO3, DMF, rt, 16% (65% conversion to 1H/3H).


Fig. 3 Superimposed SERRS spectra of 1H isomers of 2 and 4. The
electron-deficient benzotriazole 4 gives greater blocking of SERRS.


cepacia, i.e. addition of enzyme causes the substrate to become
SERRS-active. The parent or “unmasked” dyes of 2 and 4 give
similar SERRS spectra, as can be seen in Fig. 4, with the main
difference being that a single peak is observed at 1125 cm−1 for dye
4, whereas dye 2 has two bands at 1110 and 1137 cm−1.


Fig. 4 Superimposed spectra of the ‘unmasked’ dyes from 2 and 4.


As has been previously stated, the occurrence of SERRS is
dependent on binding to an appropriate metal surface. In the 2H
compounds discussed above, this metal binding is prevented to a
greater extent than with the 1H counterparts, thus lower SERRS
is obtained. It is proposed that the reduced SERRS from electron-
poor benzotriazol-1-yl alkyl esters is because of the inductive effect
of the nitro group. The basicity of the triazole ring is reduced,
which prevents the binding to the silver surface, and subsequently
prevents SERRS to a greater extent than the de-nitro analogue.


Conclusions


A new synthesis of 2H-benzotriazolyl alkyl esters has been
reported, simplifying the preparation of such compounds and
expanding the scope of compounds that can be prepared. The
introduction of an electron-withdrawing group to the phenyl
ring, in this case a nitro group, has reduced the affinity of 1H-
benzotriazolyl alkyl esters for the silver surface, and subsequently
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the compounds appear to be SERRS-invisible for the first time.
The nitro group seemingly does not affect enzyme selectivity. With
all 3 isomers from the reaction now being suitable precursors for
the SERRS analyses, the yield and efficiency of the reaction is
significantly increased.


Experimental


Preparation of solutions for SERRS analysis


We prepared 0.001% wt/vol poly(L-lysine) in distilled water for
use as an aggregating agent. Enzyme solutions were prepared at
0.1 mg ml−1 in water. Stock solutions of the substrate were prepared
in acetonitrile at a concentration of 10−3 M, and subsequent
dilutions were made using distilled water to a concentration of
1 × 10−6 M.


Raman instrumentation


A Renishaw Mark III probe system with a Spectra Physics 362C,
15 mW, argon ion laser was used for the collection of spectra using
an excitation wavelength of 514.5 nm.


Reaction monitoring


All reactions were carried out in disposable plastic cuvettes (300–
800 nm transmission range) and analysis was done in situ. Silver
colloid (500 ll), de-ionised water (500 ll) and poly(L-lysine) (20 ll
of 0.001%) were added to a cuvette and allowed to aggregate for
15 min. Enzyme solution (100 ll) and substrate solution (100 ll)
were then added to the aggregated colloid, the contents were mixed
and the spectra accumulated. A spectral acquisition time of 1 s was
used. Further details on experimental conditions can be obtained
from our previous publication.1


Chemical synthesis


Unless otherwise stated, all chemical precursors were purchased
from Sigma. Chloromethyl chlorosulfate was purchased from
Acros. The precursor dyes for 2, 3 and 4 were prepared in
accordance with previously published work.1,32,33


1H NMR and 13C NMR were recorded on a Bruker DPX
400 MHZ spectrometer with the appropriate solvent peak as a
reference. J values are quoted in Hertz. Elemental analyses were
performed as by the University service using a Perkin–Elmer 240
elemental analyser. Mass spectrometry data was provided by the
EPSRC Mass Spectrometry Service Centre, Swansea.


(S)-Chloromethyl 3-phenylbutanoate 1. (S)-3-Phenylbutyric
acid (0.335 g, 2 mmol), sodium bicarbonate (0.840 g, 10 mmol)
and tetra-n-butylammonium hydrogen sulfate were dissolved in
water (20 ml). Dichloromethane (20 ml) was added and the
mixture left to stir vigorously at 0 ◦C for 15 min, at which
point chloromethylchlorosulfate (0.5 g, 3 mmol) was added, with
continuous overnight stirring at room temperature. The organic
phase was separated, washed with brine, dried over sodium sulfate
before filtration and removal of the solvent by evaporation. The
residue was purified by column chromatography, eluting with 20%
ethyl acetate in hexane to afford the title compound as a colourless
oil (0.4 g, 94%). (Found: C, 61.88; H, 6.15; C11H13ClO2 requires C,
62.12; H, 6.16); dH (400 MHz; CDCl3) 1.33 (3H, d, J 6.9, CH3), 2.61


(1H, d, J 6.9, CH), 2.71 (1H, d, J 6.9, CH), 3.31 (1H, sept, J 6.9,
CH), 5.64 (1H, d, J 6.8, CH), 5.68 (1H, d, J 6.8, CH), 7.20–7.33
(5H, m, ArH); dC (100 MHz; CDCl3) 21.9, 36.5, 68.7, 126.9, 128.8,
145.3, 170.5; m/z 230.0945 ([M + NH4]+ C11H17ClNO2 requires
230.0942); [a]20


D +62.2 (c 1, MeCN)


3 - (S) - Phenylbutyric acid 5 - (4 - dimethylaminonaphthalen - 1-
ylazo)benzotriazol-2-ylmethyl ester 2. [4-(3H-Benzotriazol-5-
ylazo)naphthalen-1-yl]dimethylamine (0.250 g, 0.8 mmol) was
treated with 1.038 M NaOH solution (0.77 ml, 0.8 mmol). The
water was removed at reduced pressure and the residue dissolved in
anhydrous acetone (10 ml). (S)-Chloromethyl 3-phenylbutanoate
(0.170 g, 0.8 mmol) was then added, and the reaction mixture
left to stir for 2 h at room temperature. The solvent was then
removed at reduced pressure and the residue purified by column
chromatography, eluting with 20% ethyl acetate in hexane. The
2H isomer elutes more rapidly than the other isomers. The
title compound was furnished as a red oil (0.12 g, 21%), and
had spectroscopic data consistent with that already published.1


(Found: C, 70.92; H, 5.75; N, 17.01;.C29H28N6O2 requires C, 70.71;
H, 5.73; N, 17.06); dH (400 MHz; CDCl3) 1.30 (3H, d, J 7.0, CH3),
2.69 (1H, d, J 6.7, CH), 2.76 (1H, d, J 6.7, CH), 3.09 (6H, s, CH3),
3.31 (1H, sept, J 7.3, CH), 6.53 (1H, d, J 9.9, CH), 6.59 (1H, d, J
9.9, CH), 6.99 (1H, dd, J 7.6, ArH), 7.23–7.11 (6H, m, 6 × ArH),
7.61 (1H, dd, J 7.0, ArH), 7.68 (1H, dd, J 6.9, ArH), 7.98 (2H,
d, J 9.0, ArH), 8.25 (1H, d, J 7.6, ArH), 8.51 (1H, s, ArH), 9.04
(1H, d, J 7.6, ArH); m/z 493.2344 ([M + H]+. C29H29N6O2 requires
493.2347); [a]20


D +60.2 (c 1, MeCN).


3-(S)-Phenylbutyric acid 5-amino-4-(naphthalen-1-ylazo)-
benzotriazol-2-ylmethyl ester 3. 5-Amino-4-(naphthalen-1-
ylazo)benzotriazole (0.100 g, 0.34 mmol) was treated with
1.038 M NaOH solution (0.33 ml, 0.34 mmol). The water
was removed at reduced pressure and the residue dissolved in
anhydrous acetone (10 ml). (S)-Chloromethyl 3-phenylbutanoate
(0.070 g, 0.34 mmol) was then added, and the reaction mixture
left to stir for 2 h at room temperature. The solvent was then
removed at reduced pressure and the residue purified by column
chromatography, eluting with 20% ethyl acetate in hexane. The
2H isomer elutes more rapidly than the other isomers. The title
compound was furnished as a red oil (0.04 g, 23%). (Found:
C, 68.88; H, 5.39;.C27H24N6O2 requires C, 69.81; H, 5.21); dH


(400 MHz; CDCl3) 1.30 (3H, d, J 7.7, CH3), 2.67 (1H, d, J 7.2,
CH), 2.72 (1H, d, J 7.2, CH), 3.30 (1H, sept, J 7.2, CH), 6.50
(1H, d, J 10.1, CH), 6.56 (1H, d, J 10.1, CH), 7.00 (1H, d, J 7.6,
ArH), 7.23–7.11 (6H, m, ArH), 7.59 (1H, dd, J 7.4, ArH), 7.64
(1H, dd, J 7.4, ArH), 7.77 (1H, d, J 9.20, ArH), 7.90–7.95 (3H,
m, ArH), 8.70 (1H, d, J 7.8, ArH); dC (100 MHz; acetone) 22.0,
37.0, 42.7, 75.4, 112.0, 123.6, 124.2, 124.4, 126.7, 127.0, 127.4,
128.8, 129.1, 130.0, 131.3, 135.4, 141.4, 144.0, 146.3, 149.7, 170.9;
m/z 465.2027 ([M + H]+. C27H25N6O2 requires 465.2034); [a]20


D


+61.0 (c 1, MeCN).


3-(S)-Phenylbutyric acid 6-(4-dimethylamino-naphthalen-1-
ylazo)-5-nitrobenzotriazol-2-ylmethyl ester 4. (S)-Chloromethyl
3-phenylbutanoate (0.070 g, 0.33 mmol) was dissolved in
anhydrous acetone (5 ml). Sodium iodide (0.05 g, 0.33 mmol)
was added and the reaction mixture left to stir for 15 min, after
which time a precipitate of sodium chloride was seen to form. The
solution was filtered and the filtrate collected, with the solvent
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being removed at reduced pressure. The residue was dissolved in
DMF (5 ml), and dimethyl [5-(6-nitro-3H-benzotriazolylazo)-
naphthalen-1-yl]amine (0.12 g, 0.33 mmol) and potassium
carbonate (0.045 g, 0.33 mmol) were added. The reaction mixture
was left to stir overnight at room temperature and the solvent was
then removed at reduced pressure. The residue was partitioned
between diethyl ether (50 ml) and water (50 ml). The organic phase
was separated and dried over sodium sulfate before filtration and
removal of the solvent by evaporation. The residue was purified
by column chromatography, eluting with 0–20% ethyl acetate in
hexane to afford the title compound as a dark red solid (0.050 g,
19%). (Found: C, 64.38; H, 5.05;.C29H27N7O4 requires C, 64.79;
H, 5.05); dH (400 MHz; CDCl3) 1.23 (3H, d, J 7.0, CH3), 2.71 (2H,
m, CH2), 3.16 (6H, s, CH3), 3.31 (1H, sept, J 7.4, CH), 6.53 (1H,
d, J 11.3, CH), 6.58 (1H, d, J 11.4, CH), 7.10–6.99 (5H, m, 5 ×
ArH), 7.10 (1H, d, J 8.0, ArH), 7.61 (1H, dd, J 7.3, ArH), 7.71
(1H, dd, J 7.3, ArH), 7.96 (1H, s, ArH), 8.00 (1H, d, J 8.6, ArH),
8.24 (1H, d, J 8.5, ArH), 8.55 (1H, d, J 7.1, ArH), 9.03 (1H, dd,
J 8.5, ArH); dC (100 MHz; acetone) 22.4, 37.3, 42.4, 44.8, 68.6,
68.8, 113.7, 116.5, 124.2, 125.9, 126.2, 126.9, 127.1, 128.3, 128.5,
128.9, 132.6, 134.2, 134.4, 134.7, 142.7, 143.8, 144.5, 145.6, 146.2,
146.7, 147.0, 148.8, 157.1, 157.5, 171.9; m/z 538.2199 ([M + H]+.
C29H29N7O4 requires 538.2197); [a]20


D +61.5 (c 1, MeCN).
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The inhibition of lactoperoxidase (LPO)-catalyzed iodination of L-tyrosine by the anti-thyroid drug
methimazole (MMI) and its selenium analogue (MSeI) is described. MSeI inhibits LPO with an IC50


value of 12.4 lM, and this inhibition could be completely reversed by increasing the peroxide
concentration. In addition to the inhibition, MSeI reacts with molecular iodine to produce novel ionic
diselenides, and the nature of the species formed in this reaction appear to be solvent-dependent. The
formation of ionic species in the reaction is confirmed by single-crystal X-ray studies, FT-IR and
FT-Raman spectroscopic investigations. This study provides the first experimental evidence that MSeI
not only effectively inhibits the LPO-catalyzed iodination of tyrosine, but also reacts with I2 to produce
novel ionic diselenides. These results also suggest that MSeI reacts with iodine, even in its oxidized
form, to form ionic diselenides containing iodide or polyiodide anions, which might be effective
intermediates in the inhibition of thyroid hormones.


Introduction


The molecular interactions of anti-thyroid drugs (1 and 3,
Scheme 1) with iodine have been subjected to many investigations
because these drugs inhibit thyroid hormone synthesis by forming
donor–acceptor complexes with iodine1 or by interacting with
an active iodine species of thyroid peroxidase (TPO), a heme
enzyme, which catalyzes the iodination of tyrosine residues of
thyroglobulin.2 In addition, 6-n-propyl-2-thiouracil (PTU, 1) can
also inhibit the deiodination reactions catalyzed by type I iodothy-
ronine deiodinase (ID-I).3 Recently, the selenium analogues of
anti-thyroid drugs 2 (PSeU) and 4 (MSeI) attracted considerable
attention4 because these compounds may inhibit thyroid hormone
synthesis by a mechanism different from that of the sulfur
analogues.5 Recent experimental and theoretical studies suggest
that the selenium compound 4 does not exist as a true selone or
selenol, but it exists in a zwitterionic form.5b Interestingly, this
compound, in contrast to the sulfur analogue, is found to be
unstable under aerobic conditions and is readily oxidized to the
diselenide 5.5 Therefore, the effect of the selenium compounds on
the iodination of tyrosine and the identification of the products
formed in the reactions of these compounds with iodine are crucial
in understanding the mechanism of action of these drugs in vivo.
In this paper, we describe the inhibition of lactoperoxidase (LPO)-
catalyzed iodination of L-tyrosine by 3 and 4, and the isolation
of two novel cationic species from the reaction of 4 and 5 with
molecular iodine.


Department of Inorganic & Physical Chemistry, Indian Institute of Science,
Bangalore, 560 012, India. E-mail: mugesh@ipc.iisc.ernet.in; Fax: +91-80-
2360 1552/2360 0683
† Electronic supplementary information (ESI) available: Details of theo-
retical calculations, UV-Vis spectra of 5 with iodine, and far-IR spectra for
compounds 5–7. See DOI: 10.1039/b604060h


Scheme 1 Chemical structures of some anti-thyroid drugs and their iodine
complexes.


Results and discussion


The enzyme inhibition experiments were carried out with Fe-
containing lactoperoxidase (LPO), since it is readily available
in purified form. Furthermore, LPO has been shown to behave
very similarly to TPO with respect to iodination of thyroglobulin,
the natural substrate, and other iodide acceptors. Therefore, the
iodination of tyrosine was studied by using an LPO/H2O2/I−


assay, and the initial rates for the conversion of L-tyrosine to 3-
iodo-L-tyrosine (Scheme 2) were determined by an HPLC method.
As the formation of 3,5-diiodo-L-tyrosine was also observed in the
reaction, only the initial 5–10% of the conversion was followed, for
which only a trace amount of the diiodo compound was produced.
The decrease in the concentration of L-tyrosine was followed by
measuring the peak area at 277 nm, and the amount of tyrosine
present in the solution at a given time was calculated from the
calibration plot obtained by injecting known concentrations of
L-tyrosine. The effect of compound 4 on the iodination reaction
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Scheme 2 Iodination of L-tyrosine by the LPO/peroxide/iodide system.


was determined at various concentrations of 4 under identical
experimental conditions (Fig. 1).


Fig. 1 Decrease in the amount of tyrosine with time: (a) control; (b) 6 lM
of 4; (c) 9 lM of 4; (d) 12 lM of 4; (d) 15 lM of 4 and (e) 20 lM of 4.


The IC50 values for the inhibition of LPO-catalyzed iodination
of L-tyrosine by the test compounds were also determined by
following the same procedure. The initial rates for the iodination
reaction were determined at various concentrations of inhibitors.
The inhibition curves obtained by plotting the percentage control
activity against the concentration of inhibitors are shown in Fig. 2.
As expected, MMI exhibited a strong inhibition, with an IC50 value
of 5.2 lM, which is comparable with the IC50 value obtained for
the LPO-catalyzed oxidation reaction.5 The selenium analogue (4)
also showed a strong inhibition, with an IC50 value of 12.4 lM,
which is consistent with the effect of this compound on peroxidase-
catalyzed oxidation reactions.5 Similarly to the LPO-catalyzed
oxidation of 2,2′-azino-bis(3-ethylbenzathiazoline sulfonic acid)


Fig. 2 Inhibition of LPO-catalyzed iodination of tyrosine by MMI (3)
and MSeI (4).


(ABTS), this suggests that the selenium analogue may inhibit the
LPO by a different mechanism. The diselenide 5, on the other
hand, did not show any significant inhibition under identical
conditions. Although weak inhibition of LPO by 5 was observed
during the initial period of the reaction, a reliable IC50 value could
not be obtained.


To understand the effect of the peroxide substrate on the
reaction rate and the inhibition, the LPO activity was determined
at various concentrations of hydrogen peroxide. In addition, the
effect of peroxide on the inhibition of LPO-catalyzed iodination
by anti-thyroid drugs 3 and 4 was evaluated by carrying out the
experiments at various concentrations of H2O2. The initial rates
(v0) derived from various concentrations of H2O2 were plotted
against the concentration of H2O2. Although the LPO activity
was inhibited by 4 at lower concentrations of H2O2, the enzyme’s
activity could be completely recovered by increasing the H2O2


concentration (Fig. 3). These results suggest that the concentration
of H2O2 has a dramatic effect on the inhibition of iodination
reaction by compound 4 (Fig. 1).


Fig. 3 Effect of H2O2 on the inhibition of LPO by 4: (a) 0 lM; (b) 20 lM;
(c) 30 lM; (d) 40 lM.


Because the oxidation of MMI to the corresponding disulfide
by TPO/H2O2/I− system is associated with the reaction of MMI
with I2,6 we have investigated the interaction of 4 and 5 with iodine.
It has been reported that I2 chemically oxidizes MMI to produce
ionic disulfides that exist in two different protonated forms.6a It
is not known whether the selenium analogue of MMI, in its
reduced form, also undergoes such oxidation by I2 to produce ionic
species. Therefore, we carried out the experiments with the reduced
species (4), which exists in its zwitterionic form.5b The reaction of
4 with I2 in CH2Cl2 produced red-brown crystals. Interestingly,
the X-ray crystal structure shows the formation of compound 6,
which consists of a monocation containing a diselenide and I3


−


as counterion (Fig. 4). This is in contrast to the reaction of MMI
with I2 in CH2Cl2, which afforded a disulfide-containing dication
and I8


− as counterions.
The formation of 6 is interesting from a chemical point of


view, as only one of the imidazole rings undergoes oxidation.
It should be mentioned that the N-methylation on MMI has
been shown to abolish its TPO inhibitory activity.7 Freeman
et al. have shown that the reaction of the N-methylated derivative
(1,3-dimethylimidazole-2-thione) with I2 does not produce any
disulfide, but that it produces a 1 : 1 thione–I2 charge-transfer
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Fig. 4 ORTEP diagram of compound 6 (with 50% probability ellipsoids),
showing two monocations stabilized by triiodide anions.


adduct.8 The N-methylated derivative of 4 (1,3-dimethylimidazole-
2-selone), on the other hand, produces a hypervalent “T-shaped”
compound containing an I–Se–I moiety.9 Therefore, the existence
of 4 in its selenolate (zwitterionic) form is probably responsible for
its different reactivity toward iodine. Stable open-chain cationic
diselenide species are very uncommon in the literature, and to the
best of our knowledge no structural information is available for
complexes derived from the reactions of selenium analogues of
anti-thyroid drugs with iodine.


The chemical oxidation of 4 by I2 suggests that compound 5,
which exists in the oxidized form of 4, may not produce any ionic
species. To test this, compound 5 was treated with I2 in a 1 : 2
molar ratio in CH2Cl2. This reaction yielded a brown solution;
from which dark brown crystals were obtained on standing
at room temperature. Surprisingly, the X-ray crystal structure
shows the formation of a monocationic species, which is identical
with that obtained from the reaction of 4 with I2 (Fig. 4). The
formation of a cationic species in this reaction is quite unexpected,
because the reactions of iodine with diselenides generally produce
selenenyl iodide species or charge-transfer complexes consisting
of diselenide–molecular iodine adducts.10 However, the biological
significance of the reaction between 5 and molecular iodine is still
not clear, as compound 5 does not show any significant effect on
the LPO-catalyzed iodination reaction.


The far-IR spectrum of complex 6 shows a distinct band
at 135 cm−1 for the m(I–I) stretching vibration mode (Fig. S1,
ESI†). This is in agreement with the fact that I2 gives a strong
band at 180 cm−1 in the solid state, which shifts to lower
wavenumbers upon coordination to a donor atom, reflecting a
reduction in the I–I bond order.1b The FT-Raman spectrum of the
complex in the m(I–I) region shows intense peaks at 164, 143, and
110 cm−1. In addition, a weak band is observed around 67 cm−1


(Fig. 5). The band at 110 cm−1 can be certainly assigned to the
m1 symmetric stretching of I3


−, which being a symmetrical ion
normally exhibits only one Raman-active band. However, when a
distortion of I3


− occurs, the antisymmetric stretching may become
Raman-active, and additional bands at higher (140–130 cm−1)
and at lower frequencies (80–70 cm−1) may be observed.1b,11


Therefore, the relatively weak bands at 143 cm−1 and 67 cm−1 can
be attributed to the antisymmetric stretching and deformation
motions (respectively) of the I3


− ion (Fig. 5a).


Fig. 5 FT-Raman spectra of (a) compound 6, (b) compound 5, and (c)
compound 7.


The single-crystal X-ray studies confirm the proposed structure
of 6 (Fig. 4), which consists of two independent diselenide
monocations (Se–Se: 2.382 Å; 2.364 Å). These diselenide cations
interact with their symmetry equivalents through N–H · · · N
hydrogen bonds to form dimeric units with an overall charge of
+2 (Fig. S3, ESI†). The charge balance in the crystals is achieved
by the presence of two I3


− anions. The two C–Se bond lengths in
each subunit are almost equal (C–Se: 1.886–1.890 Å), although
only one of the five-membered rings in each subunit is protonated.
However, the I–I bond lengths observed differ significantly from
the corresponding I–I bond length of I2 in the solid state (2.715 Å).
The two I–I bond lengths of the I3


− species in complex 6 range from
2.888 Å to 2.925 Å, indicating a slight distortion of the I3


− moiety.
This distortion is probably responsible for additional bands in the
FT-Raman spectrum of the complex (vide supra).


In the reaction between 5 and I2 in dichloromethane, the
concentrations of I2 do not appear to change the nature of
products. During our attempts to oxidize the second ring using
various concentrations of I2 up to an excess, only the monocation
was obtained as a stable product. However, the choice of solvent
has been found to have a large influence on the nature of products
formed. The reaction of 5 with I2 in a 1 : 2 molar ratio in water
produced a mixture containing both monocation (6) and dication
(7) as confirmed by single-crystal X-ray studies (Fig. 6). In contrast
to the monocation, the charge balance in a crystal of the dication
is achieved by two I− anions. In compound 7, the average C–Se
bond length of 1.895 Å is comparable with that of the diselenide
5 (1.880 Å),5b but this is significantly longer than the average C–
Se bond length (1.848 Å) found in compound 4, which exists in
a zwitterionic form.12 The FT-Raman spectrum of compound 7


Fig. 6 ORTEP diagram of compound 7 (with 50% probability ellipsoids),
showing a dication stabilized by two iodide ions.
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shows no peaks in the region of lower wavenumbers (Fig. 5c),
indicating the absence of any triiodide or polyiodide species in the
crystals.


To understand further the nature of the interaction between the
diselenide and iodine, we carried out density functional theory
(DFT) calculations on compounds 6 and 7.13–15 The bond lengths
and angles are in good agreement with the experimental data.13


The Kohn–Sham HOMO and LUMO calculations14–17 show that
the energy gap between the HOMO and LUMO in 7 is much
higher than that of 6 (Fig. 7), indicating that the dication is more
stable than the monocation. However, these results cannot be
correlated directly with our experimental observations because
the formation of the monocation and/or dication appears to be
highly solvent-dependent. The free energy calculations (Table S5,
ESI†) for the formation of complexes 6 and 7 in the gas phase and
in water suggest that the solvent effect is more predominant for
the monocation 6 than for the dication 7.


Fig. 7 Kohn–Sham HOMO–LUMO diagrams of monocation 6 (a and
b) and dication 7 (c and d).


Conclusions


In summary, the first experimental evidence reported here suggests
that the selenium analogue of MMI not only effectively inhibits
the LPO-catalyzed iodination of tyrosine, but also reacts with I2 to
produce novel ionic diselenides. The inhibition of LPO by 4 could
be completely reversed by increasing the H2O2 concentration This
study reveals that MSeI reacts with iodine, even in its oxidized
form, to form ionic diselenides containing iodide or polyiodide
anions, which might be effective intermediates in the inhibition of
thyroid hormones.


Experimental


General


All reactions were carried out under a N2 atmosphere using
Schlenk techniques. Melting points were determined in open tubes
on a Buchi melting point B-540 apparatus and are uncorrected.
Infrared spectra were obtained as KBr discs with a JASCO FT/IR-
410 spectrometer in the 4000–400 cm−1 region and with a Perkin–
Elmer spectrometer GX (FT-IR system) in the 400–50 cm−1


region. A Perkin–Elmer Lambda 5 UV/Vis spectrophotometer


was used to measure the electronic absorption spectra. 13C (100.5
MHz) and 1H (400 MHz) NMR spectra were recorded on Bruker
Avance 400 (400 MHz NMR) spectrometers. Elemental analyses
were performed on a ThermoFinigan FLASH EA 1112 CHNS
analyser.


Synthesis of 3-methyl-2-((1-methyl-1H-imidazol-2-yl)diselanyl)-
1H-imidazol-3-ium triiodide (6). To a solution of 5 (1.00 g, 3.12
mmol) in CH2Cl2 (30 mL) was added a solution of I2 (1.58 g, 6.25
mmol) in CH2Cl2 (70 mL) dropwise under nitrogen at 0 ◦C. The
red-brown solution was stirred at room temperature for 3 h. The
resulting solution was concentrated to give a red-brown solid
product in quantitative yield. The product was recrystallized from
CH2Cl2 to give black crystals. Yield: 98%, mp 146–148 ◦C, IR
(KBr) (cm−1): 3440vs, 3103m, 2922s, 2848w, 1618w, 1456s, 1404w,
1308w, 1267s, 1122s, 1018w, 945w, 762vs, 681s, 669s. 1H NMR
(400 MHz, CDCl3): d 7.39 (s, 2H), 7.24 (s, 2H), 3.91 (s, 6H).
13C NMR (100.5 MHz, CDCl3): d 30.3, 35.5, 124.1, 127.5, 133.6,
161.67. Anal. Calcd for C8H11N4Se2I3: C, 13.69; H, 1.58; N 7.98.
Found: C, 13.96; H, 1.82; N, 8.04.


Synthesis of 2,2′-diselandiylbis(3-methyl-1H-imidazol-3-ium)
iodide (7). To a solution of 5 (1.00 g, 3.12 mmol) in H2O (100 mL)
was added solid I2 (1.58 g, 6.25 mmol) in H2O (70 mL) dropwise.
The red brown solution was stirred at room temperature for 3 h.
After filtration, the black filtrate was separated and concentrated.
The compound was recrystallized in CH2Cl2. Yield 1.6 g (88%),
mp 193–195 ◦C, IR (KBr) (cm−1): 3418w, 3148m, 3101vs, 3057vs,
3026vs, 2963s, 2822m, 2730w, 2686w, 2520w, 1726w, 1638w, 1568s,
1479vs, 1361m, 1294vs, 1149s, 1104m, 1023w, 919m, 863.91w,
771vs, 759s, 675s, 630vs. 1H NMR (400 MHz, CDCl3): d 7.39
(s, 2H), 7.24 (s, 2H), 3.91 (s, 6H). Anal. Calcd for C8H12N4Se2I2:
C, 16.68; H, 2.10; N 9.73. Found: C, 17.02; H, 2.64; N, 10.01.


X-Ray Crystallography


X-Ray crystallographic studies were carried out on a Bruker CCD
diffractometer with graphite-monochromatized Mo-Ka radiation
(k = 0.71073 Å) controlled by a Pentium-based PC running on
the SMART software package. (SMART, version 5.05; Bruker
AXS: Madison, WI, 1998). Single crystals were mounted at room
temperature on the ends of glass fibers, and data were collected at
room temperature. The structures were solved by direct methods
and refined using the SHELXTL software package.18 In general,
all non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were assigned idealized locations. Empirical absorption
corrections were applied to all structures using SADABS.19,20


Crystal data for 6. C8H11N4Se2I3, Mr = 701.8, monoclinic,
space group P21/n, a = 15.484(6), b = 12.017(5), c = 19.604(8)
Å, b = 105.509(6); V = 3515(2) Å3, Z = 8, qcalcd = 2.65 Mg m−3,
Mo-Ka radiation (k = 0.71073 Å), T = 293(2) K, GOF = 1.019,
R1 = 0.036, wR2 = 0.085 (I > 2r(I)); R1 = 0.049, wR2 = 0.093
(all data). The structure was solved by a direct method (SIR-92)18


and refined by a full-matrix least-squares procedure on F 2 for all
reflections (SHELXL-97).19,20 CCDC reference number 256230.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b604060h.


2886 | Org. Biomol. Chem., 2006, 4, 2883–2887 This journal is © The Royal Society of Chemistry 2006







Crystal data for 7. C8H12N4Se2I2, Mr = 575.9, triclinic, space
group P1̄, a = 6.6979(1), b = 10.3741(2), c = 12.158(3) Å, a
= 68.916(3); b = 82.135(3); c = 78.816(3)◦, V = 771.16(1) Å3,
Z = 2, qcalcd = 2.48 Mg m−3, Mo-Ka radiation (k = 0.71073
Å), T = 293(2) K, GOF = 1.03; R1 = 0.023, wR2 = 0.056
(I > 2r(I)); R1 = 0.026, wR2 = 0.058 (all data). The structure was
solved by a direct method (SIR-92)18 and refined by a full-matrix
least-squares procedure on F 2 for all reflections (SHELXL-97).19,20


CCDC reference number 293611. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b604060h.


Lactoperoxidase (LPO)-catalyzed iodination of L-tyrosine


Inhibition of LPO-catalyzed iodination of L-tyrosine. This
procedure, using various concentrations of MSeI (4) was carried
out by an HPLC method. The incubation mixtures for the HPLC
analysis contained KI (1 × 10−3 M), L-tyrosine (1 × 10−3 M),
hydrogen peroxide (1 × 10−3 M) and LPO enzyme (1 lg) in
0.05 M phosphate buffer, pH 7.4. The mixture was incubated at
room temperature and aliquots (10 lL) injected onto the HPLC
column and eluted with a gradient solvent system (0.1% TFA in
water–MeCN). The decrease in the amount of tyrosine (lg) was
calculated from the calibration plot. The chromatograms were
extracted at 277 nm.


The effect of hydrogen peroxide concentration on the inhibition
(Fig. 3). In this HPLC assay, the incubation mixtures contained
KI (1 × 10−4 M), L-tyrosine (9 × 10−4 M) and LPO enzyme (1.5 lg)
in 0.05 M phosphate buffer, pH 7.4. The mixtures were incubated
at room temperature and aliquots (10 lL) were injected onto the
HPLC column and eluted with a gradient solvent system (0.1%
TFA in water–MeCN). The formation of the monoiodotyrosine
was followed at 295 nm.


Theoretical calculations


All calculations were performed using the Gaussian98 suite of
quantum chemical programs.13 The hybrid Becke 3–Lee–Yang–
Parr (B3LYP) exchange correlation functional was applied for
DFT calculations.14 Geometries were fully optimized at the B3LYP
level of theory using 6-31G(d) basis sets. All stationary points were
characterized as minima by the corresponding Hessian indices.
The HOMO calculations were done at the B3LYP/6-31G(d)
level. The solvent effect was included in the calculations at the
same level using Tomasi’s polarizable continuum model (PCM) in
aqueous solution.15 All structures were characterized as potential
energy minima at the B3LYP level by verifying that all vibrational
frequencies were real.
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that the C–Se bond in compound 4 has only partial double bond
character. G. Roy, D. Das and G. Mugesh, Inorg. Chim. Acta, submitted.


13 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres,
M. Head-Gordon, E. S. Replogle and J. A. Pople, GAUSSIAN 98,
Gaussian, Inc., Pittsburgh, PA, 1998.


14 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785; A. D.
Becke, J. Chem. Phys., 1993, 98, 5648–1552.


15 S. Miertus, E. Scrocco and J. Tomasi, J. Chem. Phys., 1981, 55, 117–129.
16 Z. Zhou and R. G. Parr, J. Am. Chem. Soc., 1990, 112, 5720–5724.
17 M. C. Aragoni, M. Arca, F. Demartin, F. A. Devillanova, A. Garau,


P. Grimaldi, F. Isaia, F. Lelj, V. Lippolis and G. Verani, Eur. J. Inorg.
Chem., 2004, 2363–2368.


18 A. Altomare, G. Cascarano, C. Giacovazzo and A. Gualardi, J. Appl.
Crystallogr., 1993, 26, 343–350.


19 G. M. Sheldrick, Acta Crystallogr., Sect. A: Fundam. Cryst., 1990, 46,
467–473.


20 G. M. Sheldrick, SHELX-97, Program for refinement of crystal
structures, University of Göttingen, Germany, 1997.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2883–2887 | 2887








PAPER www.rsc.org/obc | Organic & Biomolecular Chemistry


Di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 and -crown-6 compounds in
the cone conformation: synthesis and alkaline earth metal cation extraction


Chuqiao Tu, Dazhan Liu, Kazimierz Surowiec, David W. Purkiss and Richard A. Bartsch*


Received 15th May 2006, Accepted 15th June 2006
First published as an Advance Article on the web 30th June 2006
DOI: 10.1039/b604218j


Di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 and -crown-6 ethers in the cone conformation were
prepared and their conformations and regioselectivities were verified by NMR spectroscopy. The metal
ion-complexing properties of these ligands were evaluated by competitive solvent extractions of alkaline
earth metal cations from water into chloroform. The ligands were found to be efficient extractants with
selectivity for Ba2+. The maximal loadings were 95–100% as calculated for formation of 1 : 1 ionized
ligand–metal ion complexes. With the variation of proton-ionizable groups, which were oxyacetic acid
moieties and N-(X)sulfonyl oxyacetamide units with X = methyl, phenyl, 4-nitrophenyl, and
trifluoromethyl, “tunable” acidity was obtained.


Introduction


Calixarenes, which are cyclic oligomers derived from condensation
reactions of phenols and formaldehyde under basic or acidic
conditions, were first synthesized by Zinke in the 1940s. However,
calixarene chemistry did not flourish until Gutsche and coworkers
developed methods for synthesizing calixarenes in good and
reproducible yields and drew attention to the potential use of
these oligomers as molecular receptors in the 1970s.1


In the absence of structural modification, the calixarene scaffold
itself exhibits only weak metal ion affinity and poor selectivity.2


Structural modification of calixarenes is usually performed on the
phenolic hydroxyl groups (lower rim) and the p-positions (upper
rim). For selective cation complexation, structural variation on
the lower rim is more common.


Among various calix[4]arene derivatives, calix[4]crown com-
pounds are receiving considerable attention because introduction
of a crown ether loop on the lower rim not only increases the
cation binding ability of the parent calix[4]arene, but allows
control of the selectivity through modulation of the crown ether
size.1 Two types of crown ether chain bridging on the lower rim
of a calix[4]arene molecule are possible: 1,3-bridging of distal
phenolic units and 1,2-bridging of proximal phenolic units. Studies
of calix[4]crown compounds have focused heavily on the 1,3-
bridged isomers. This type of ligand was found to exhibit high
binding affinity and selectivity in alkali and alkaline earth metal
cation extractions.3 Compared with 1,3-bridged calix[4]crowns,
research on 1,2-bridged calix[4]crowns is limited. In general,
the reported 1,2-bridged calix[4]crown compounds exhibit poor
binding ability and selectivity toward metal cations.4


The first examples of calix[4]arene-1,2-crown compounds, p-
tert-butylcalix[4]arene-1,2-crown-5 and -1,2,3,4-biscrown-5 were
reported by Ungaro and coworkers in 1990.4a Three years later
Ungaro and coworkers evaluated the complexation of alkali
metal cations by p-tert-butylcalix[4]arene-1,2,3,4-biscrown-5 and
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found that the ligand showed very little selectivity.4b Arnard-Neu
and coworkers synthesized p-tert-butylcalix[4]arene-1,2-crown-4,
-crown-5, and -crown-6 ethers in the cone conformation bearing
one lower-rim a-picolyl pendant group. They tested the complex-
ation abilities of these ligands by metal picrate extraction from
water into dichloromethane. The results showed low extraction
levels for alkali, alkaline earth, and heavy metal picrates, while up
to 25% extraction was found for Ag+.4d The influence of confor-
mation on the complexing ability of p-tert-butylcalix[4]arene-1,2-
crown-5 was also reported by Arnard-Neu and coworkers. They
synthesized p-tert-butylcalix[4]arene-1,2-crown-5 ethers in cone,
partial cone, and 1,2-alternate conformations with two lower-
rim a-picolyl pendant groups. Compared with corresponding p-
tert-butylcalix[4]arene-1,3-crown ethers, these ligands were much
less efficient and selective toward alkali metal cations. Their
selectivities varied from K+ for the cone conformer to both K+ and
Rb+ for the partial cone isomer and to Cs+ for the 1,2-alternate
conformer.4e


Earlier work indicates that incorporating a pendant proton-
ionizable group into calix[4]arenes can dramatically enhance their
extraction ability toward metal cations compared with their non-
ionizable analogues.5 Recently we found that di-ionizable p-tert-
butylcalix[4]arene-1,2-crown-4 ethers in the cone conformation
are efficient extractants of alkaline earth metal cations with high
selectivity for Ba2+.6 Herein we probe the influence of crown
ether ring size on the efficiency and selectivity of calix[4]arene-
1,2-crown ethers in metal ion separations. Di-ionizable p-tert-
butylcalix[4]arene-1,2-crown-5 and -crown-6 compounds in the
cone conformation are prepared and evaluated in competitive
solvent extraction of alkaline earth metal cations from aqueous
solutions into chloroform.


Results and discussion


Synthetic routes


p-tert-Butylcalix[4]arene, 1, pentaethylene glycol ditosylate and
tetraethylene glycol ditosylate were prepared according to re-
ported methods.7,8 The p-tert-butylcalix[4]arene obtained by the
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literature method usually contains 0.5–1 toluene molecule per host
molecule. For the current investigation, the toluene was removed
by dissolving the solid in dichloromethane and then evaporating
the solvent from the solution in vacuo.


When attaching a polyether ring to the lower rim of
calix[4]arene, the regioselectivity is governed by the basicity and
the metal cation of the base employed. Strong bases and polar
solvents lead to 1,2-bridged calix[4]crowns.9 Compound 2 was syn-
thesized by modification of a reported procedure.4b The reaction
conditions were changed to 24 hours at 70 ◦C from the reported
reaction conditions of 48 hours at room temperature (Scheme 1).
This modification increased the yield by 21%. Compound 3 was
obtained in 42% yield by stirring p-tert-butylcalix[4]arene, NaH
and pentaethylene glycol di(p-toluenesulfonate) in DMF at 70 ◦C
for 24 hours. With KH as the base, the yield of 3 increased to 56%.
This may be due to a “template effect” in attaching the polyether
chain to the calix[4]arene scaffold.10


p-tert-Butylcalix[4]arene-1,2-crown-5 ether 2 or -crown-6 ether
3 was reacted with ethyl bromoacetate and NaH in THF at room
temperature for 24 hours to give diester 4 (84% yield) or 5 (92%
yield), respectively. Subsequent hydrolysis with tetramethylam-
monium hydroxide in H2O–THF (1 : 1) gave diacid 6 or 7 in
nearly quantitative yield. Diacids 6 and 7 were converted into the
corresponding di(acid chloride)s by reaction with oxalyl chloride
in benzene at 50–55 ◦C for 12 hours. Formation of the acid chloride
was verified by IR spectroscopy with the appearance of the strong
carbonyl group absorption at 1810 cm−1 and the disappearance
of the carbonyl group absorption for the di(carboxylic acid) at
about 1740 cm−1. The di(acid chloride)s were reacted with the


appropriate sulfonamide anions to afford compounds 8–15 in 46–
72% yields.


Conformation and regioselectivity


Calix[4]arenes have four limiting conformational isomers of cone,
partial cone, 1,2-alternate, and 1,3-alternate.1 Conformational
information for the calix[4]arene molecule can be obtained from
NMR spectra. For example, there are no peaks between 36–40 ppm
in the 13C NMR spectrum of compound 8, revealing that all four
benzene rings have syn-arrangements (cone conformation).11 In
the 1H NMR spectrum, the bridged methylene protons are split
into three pairs of doublets with relative integrations of 1, 2, and 1,
marked as 2, 3, 4 (axial) and 2′, 3′, 4′ (equatorial) in Fig. 1. They are
correlated with each other and demonstrate that the polyether ring
is attached to the calix[4]arene scaffold via the proximate phenolic
positions. The correlated peaks are separated by more than 1 ppm,
which provides further evidence that the calix[4]arene molecule
is in the cone conformation.4f,11 The two methylene protons in
the ionizable side arms (–OCH2C(O)–), marked as 1 and 1′, are
diastereotopic and are correlated with each other.


Competitive solvent extraction of alkaline earth metal cations by
di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 ligands 6, 8–11
and -crown-6 ligands 7, 12–15


Earlier studies of solvent extraction by proton-ionizable lariat
ethers demonstrated that the selectivity in competitive metal
ion extraction may be quite different from that obtained by
extrapolating the results of single species extractions.12 In this


Scheme 1 Synthesis of di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 and -crown-6 compounds 6–15. Reagents and conditions: a) i) n = 1:
Ts(OCH2CH2)4OTs, NaH, DMF, 70 ◦C, 24 h; ii) n = 2: Ts(OCH2CH2)5OTs, KH, DMF, 70 ◦C, 24 h; b) BrCH2CO2C2H5, NaH, THF, rt, 24 h; c)
i) 10% Me4N+OH−(aq), THF, reflux, 24 h; ii) 6 N HCl (aq); d) i) (COCl)2, benzene, 50–55 ◦C, 12 h; ii) NaH, NH2SO2X, THF, rt, 24 h.
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Fig. 1 1H–1H COSY NMR spectrum of compound 8.


investigation, competitive solvent extractions of alkaline earth
metal cations (Mg2+, Ca2+, Sr2+, and Ba2+) are utilized.


For competitive solvent extractions of aqueous alkaline earth
metal cation (2.0 mM in each) solutions by 1.0 mM solutions
of di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 and -crown-
6 di(carboxylic acid)s 6 and 7 in chloroform, plots of metal
ion loading of the organic phase vs. the equilibrium pH of the
aqueous phase are presented in Fig. 2. The observed pH profiles
are consistent with the extraction equilibrium shown in eqn (1).


(1)


Fig. 2 Percent metals loading vs. equilibrium pH of the aqueous
phase for competitive solvent extraction of alkaline earth metal ions
into chloroform by di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 and
-crown-6 di(carboxylic acid)s; a) 6, and b) 7 (� = Mg2+; � = Ca2+; � =
Sr2+; � = Ba2+).


Fig. 3 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 di[N-(X)sulfonyl car-
boxamides]; a) 8, b) 9, c) 10, and d) 11 (� = Mg2+; � = Ca2+; � = Sr2+;
� = Ba2+).


Compound 6 exhibits extraction selectivity for Ba2+ over the other
three alkaline earth metal ion species and 100% maximum metal
loadings (for formation of 1 : 1 metal ion–ligand complexes)
(Fig. 2a). The observed total loading somewhat exceeds 100%. This
is attributed to extraction of colloidal Mg(OH)2 at higher pHs.
Compared with compound 6, compound 7 (Fig. 2b) is a weaker
and much less selective extractant for alkaline earth metal cations.


To probe the effect of changing to a different class of ion-
izable group in which the acidity can be systematically varied,
solvent extractions of alkaline earth metal cations were performed
with the calix[4]arene-1,2-crown-5 and -crown-6 di[N-(X)sulfonyl
carboxamide] ligands 8–15. The results show that ligands 8–11
exhibit selectivity for Ba2+ over the other three alkaline earth
metal ion species and 100% maximum metals loading (Fig. 3). All
four alkaline earth metal cations are detectably extracted into the
chloroform phase and the selectivity order is Ba2+ � Sr2+ > Ca2+


> Mg2+, the same order as the decreasing metal cation sizes. The
Ba2+/Sr2+ selectivity is 4.4–11.3 under conditions of high loading.
With variation of the X group in the order of CH3, C6H5, C6H4-
4-NO2 and CF3, the ligand acidity is expected to increase as the
electron-withdrawing power of the X group is enhanced. The pH
for half loading, pH0.5, is a qualitative measure of ligand acidity
in the biphasic extraction system. For compounds 8–11, the pH0.5


values for Ba2+extraction are 7.6, 6.9, 5.3, and 3.8, respectively,
which is in accordance with the electron-withdrawing power of X.


Although di-ionizable p-tert-butylcalix[4]arene-1,2-crown-6
di(N-(X)sulfonyl carboxamides) 12–15 exhibit selectivity for Ba2+


over the other three alkaline earth metal ion species, they show
somewhat lower extraction efficiencies and selectivities than the
corresponding crown-5 analogues. The maximum metal loadings
are 95–100% and the selectivity orders differ from each other for
ligands 12–15 (Fig. 4). The Ba2+/Sr2+ or Ba2+/Ca2+ selectivity
is 4.2–7.0. For compounds 12–15, the pH0.5 values for Ba2+


extraction are 8.3, 8.0, 7.2, and 4.4, respectively. These values
reveal considerably lower acidities than the corresponding crown-
5 analogues.
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Fig. 4 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by di-ionizable p-tert-butylcalix[4]arene-1,2-crown-6 di[N-(X)sulfonyl car-
boxamides]; a) 12, b) 13, c) 14, and d) 15 (� = Mg2+; � = Ca2+; � = Sr2+;
� = Ba2+).


Upon ionization of the new ligands 6–15, the fixed cone
conformation for the calix[4]arene units controls the spatial
relationship for a crown-complexed divalent metal ion with
respect to the two anionic centers required for electroneutrality
in the extraction complex. Upon ionization, the di-ionizable
calix[4]arene-1,2-crown-5 or -crown-6 compounds form alkaline
earth metal ion complexes with two anionic centers on the same
side of the crown unit (Fig. 5).


Fig. 5 Depiction of spatial relationship between a crown-complexed
divalent metal ion and the anionic centers formed by ionization of ligands
6, 8–11 (17), 7, 12–15 (18) and the crown-4 analogues 16.


Both di-ionizable p-tert-butylcalix[4]arene-1,2-crown-5 and -
crown-6 ligands are found to have lower Ba2+ extraction selectivi-
ties than the corresponding crown-4 analogues.6 The pH0.5 values
for Ba2+ extraction by the crown-4 analogues were 6.3 (CH3), 6.2
(C6H5), 5.1 (C6H4-4-NO2), 3.8 (CF3).6 With a single exception, for
a given X, the pH0.5 values increase as the polyether ring size is
expanded crown-4 < crown-5 < crown-6. (For X = CF3, the pH0.5


values for the crown-4 and crown-5 ligands are the same.) This
reveals that the strength of alkali metal cation complexation for a
given X decreases as the polyether ring size is expanded crown-4
> crown-5 > crown-6.


For p-tert-butylcalix[4]-arene-1,2-crown-4 ligands, the crown
ether ring is too small to accommodate Ba2+. The metal ion is
tightly clamped between the two anions and the polyether “wall”
to form a sandwich complex 16. When the ring size is expanded to


crown-5, Ba2+ is still larger than the crown-5 cavity, so the metal ion
would again perch on the polyether oxygens, as shown in complex
17. Then when the ring size is expanded to crown-6, Ba2+ can
fit within the polyether cavity, as represented in complex 18. In
crown ether chemistry, the strongest binding is usually observed
for metal cations that fit the polyether cavity.13 Therefore, the
influence of crown ether ring size on alkaline earth metal cation
extraction observed in this study is quite unexpected. Further
investigations designed to probe this unexpected behavior of p-
tert-butylcalix[4]arenecrown ligands are in progress.


Experimental


General


Reagents were obtained from commercial suppliers and used
directly, unless otherwise noted. THF was dried over sodium wire
with benzophenone ketyl as an indicator. DMF was stored over
4 Å molecular sieves.


Infrared spectral analyses were performed with a Perkin-
Elmer 1600 FT-IR spectrophotometer as deposits from CH2Cl2


solution onto a NaCl plate. The absorptions are expressed in
wavenumbers (cm−1). NMR spectra were measured with a Varian
Unity Inova FT-500 spectrometer (499.7 MHz for 1H, 125.7 MHz
for 13C) at 296 K in CDCl3 with TMS as an internal standard.
Chemical shifts (d) are expressed in ppm downfield from TMS and
coupling constants (J) values are given in Hz. Melting points were
determined with a Mel-Temp melting point apparatus. Elemental
analysis was performed by Desert Analytics Laboratory of Tucson,
Arizona.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,26-dihydroxycalix[4]-
arene-crown-6 in the cone conformation (3). KH (10.00 eq,
0.62 g, 15.4 mmol) and DMF (30 mL) were added to a 250 mL,
three-necked flask under nitrogen. A solution of 1 (1.00 eq, 1.00 g,
1.54 mmol) in DMF (70 mL) was added to the flask dropwise. The
mixture was stirred for 30 min. A solution of pentaethylene glycol
di-p-toluenesulfonate (1.00 eq, 0.84 g, 1.54 mmol) in DMF (30 mL)
was added over a 2 h period. The mixture was stirred at 70 ◦C for
24 h. The reaction was quenched by addition of 2 N HCl (30 mL)
at 0 ◦C. The DMF was evaporated in vacuo. CH2Cl2 (150 mL)
and H2O (150 mL) were added to the residue. The organic layer
was separated and washed with H2O (2 × 100 mL). The organic
layer was separated, dried over MgSO4 and evaporated in vacuo.
The residue was chromatographed on silica gel with hexanes–
EtOAc (1 : 1) as eluent to give 0.66 g (56%) of white solid with mp
202–205 ◦C. mmax (film)/cm−1 3490 (OH), 1248, 1097, 1018 (C–O).
dH 8.54 (s, 2H, OH), 6.97–6.87 (m, 8H, ArH), 4.48 (d, J 12.7,
1H, ArCH2Ar, ax), 4.40 (d, J 12.9, 2H, ArCH2Ar, ax), 4.36–4.32
(m, 2H, OCH2), 4.28 (d, J 13.6, 1H, ArCH2Ar, ax), 4.18–4.14
(m, 2H, OCH2), 4.07–3.99 (m, 4H, OCH2), 3.91–3.78 (m, 10H,
OCH2), 3.71–3.67 (m, 2H, OCH2), 3.30 (d, J 13.8, 2H, ArCH2Ar,
eq), 3.28 (d, J 13.1, 2H, ArCH2Ar, eq), 1.18 (s, 18H, CH3), 1.07
(s, 18H, CH3). dC 151.76, 148.91, 146.09, 141.96, 133.61, 133.54,
128.57, 127.71, 125.80, 125.75, 125.07, 125.03 (Ar), 74.76, 71.40,
70.93, 70.87, 70.66 (OCH2), 33.94, 33.79 (C(CH3)3), 32.48, 31.72
(ArCH2Ar), 31.51, 31.24 (C(CH3)3), 31.14 (ArCH2Ar). Found: C,
76.54; H, 8.90%. C54H74O8 requires C, 76.20; H, 8.76%.
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5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis[(ethoxycar-
bonyl)methoxy]calix[4]arene-crown-5 in the cone conformation (4).
NaH (8.00 eq, 2.18 g, 90.72 mmol), 2 (1.00 eq, 9.15 g, 11.34 mmol),
ethyl bromoacetate (6.00 eq, 7.54 mL, 68.04 mmol) and THF
(150 mL) were added to a flask under nitrogen. The mixture
was stirred magnetically for 24 h. The reaction was quenched by
addition of 10% HCl (30 mL) at 0 ◦C. The solvent was evaporated
in vacuo and CH2Cl2 (200 mL) was added to the residue. The
separated organic layer was washed with H2O (2 × 150 mL),
dried over MgSO4 and evaporated in vacuo. The residue was
chromatographed on silica gel with hexanes–EtOAc (3 : 2) as
eluent to give 9.32 g (84%) of white solid with mp 212–215 ◦C.
mmax (film)/cm−1 1762 (C=O), 1248, 1126, 1067 (C–O). dH 6.81
(d, J 2.2, 2H, ArH), 6.80 (s, 6H, ArH), 4.99 (d, J 12.7, 1H,
ArCH2Ar, ax), 4.88 (d, J 16.4, 2H, OCH2C(O)), 4.81 (d, J 16.4,
2H, OCH2C(O)), 4.59 (d, J 12.7, 2H, ArCH2Ar, ax), 4.44 (d, J
12.6, 1H, ArCH2Ar, ax), 4.21 (q, J 7.2, 4H, OCH2CH3), 4.18–
4.06 (m, 6H, OCH2), 4.01–3.92 (m, 2H, OCH2), 3.83–3.68 (m, 8H,
OCH2), 3.18 (d, J 12.7, 1H, ArCH2Ar, eq), 3.17 (d, J 12.8, 2H,
ArCH2Ar, eq), 3.11 (d, J 12.6, 1H, ArCH2Ar, eq), 1.28 (t, J 7.1,
6H, OCH2CH3), 1.08 (s, 18H, C(CH3)3), 1.07 (s, 18H, C(CH3)3).
dC 170.74 (C=O), 153.31, 153.20, 144.85, 144.76, 133.98, 133.67,
133.51, 133.35, 125.27, 125.23, 125.05 (Ar), 73.49 (OCH2), 71.62
(OCH2C(O)), 70.96, 70.46, 70.39 (OCH2), 60.28 (OCH2CH3),
33.82, 33.80 (C(CH3)3), 31.52 (ArCH2Ar), 31.41, 31.38 (C(CH3)3),
31.29, 30.66 (ArCH2Ar), 14.22 (OCH2CH3). Found: C, 73.99; H,
8.23%. C60H82O11 requires C, 73.59; H, 8.44%.


5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis[(ethoxycar-
bonyl)methoxy]calix[4]arene-crown-6 in the cone conformation (5).
The same procedure was employed as that used to synthesize
compound 4. The product was a white solid (92% yield) with
mp 92–94 ◦C. mmax (film)/cm−1 1750 (C=O), 1160, 1022 (C–O).
dH 6.80–6.79 (m, 8H, ArH), 4.82 (d, J 12.3, 1H, ArCH2Ar, ax),
4.81 (d, J 16.2, 2H, OCH2C(O)), 4.72 (d, J 16.2, 2H, OCH2C(O)),
4.62 (d, J 12.7, 2H, ArCH2Ar, ax), 4.50 (d, J 12.4, 1H, ArCH2Ar,
ax), 4.23 (q, J 7.2, 4H, OCH2CH3), 4.14–3.98 (m, 8H, OCH2),
3.79–3.66 (m, 12H, OCH2), 3.20 (d, J 12.9, 1H, ArCH2Ar, eq),
3.16 (d, J 12.8, 2H, ArCH2Ar, eq), 3.12 (d, J 12.7, 1H, ArCH2Ar,
eq), 1.30 (t, J 7.1, 6H, OCH2CH3), 1.08 (s, 18H, C(CH3)3), 1.07
(s, 18H, C(CH3)3). dC 170.43 (C=O), 153.16, 152.94, 145.05,
144.76, 134.03, 133.68, 133.46, 133.19, 125.32, 125.27, 124.96
(Ar), 72.98 (OCH2), 71.57 (OCH2C(O)), 70.75, 70.69, 70.54, 70.04
(OCH2), 60.43 (OCH2CH3), 33.78, 33.76 (C(CH3)3), 31.36, 31.31
(C(CH3)3), 31.16, 30.87 (ArCH2Ar), 14.20 (OCH2CH3). Found:
C, 72.54; H, 8.71%. C62H86O12 requires C, 72.77; H, 8.47%.


5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis(carboxyme-
thoxy)calix[4]arene-crown-5 in the cone conformation (6). A
solution of 4 (9.23 g, 9.42 mmol) in THF (150 mL) was mixed
with 10% aq tetramethylammonium hydroxide (150 mL) and
refluxed for 24 h. After cooling to room temperature, 6 N HCl
(60 mL) was added and the mixture was stirred for 1 h. The THF
was evaporated in vacuo. The white precipitate in the resulting
aqueous mixture was filtered and dissolved in CH2Cl2 (150 mL).
The aqueous filtrate was extracted with CH2Cl2 (100 mL).
The combined CH2Cl2 solutions were dried over MgSO4 and
evaporated in vacuo to give 8.26 g (95%) of white solid with mp
263–265 ◦C. mmax (film)/cm−1 3363 (br, CO2H), 1738 (C=O), 1263,
1091, 1060 (C–O). dH 8.03 (br s, 2H, CO2H), 6.90 (d, J 2.2, 2H,


ArH), 6.88 (d, J 2.1, 2H, ArH), 6.85 (d, J 2.2, 2H, ArH), 6.83 (d,
J 2.2, 2H, ArH), 4.60 (d, J 12.6, 1H, ArCH2Ar, ax), 4.57 (s, 4H,
OCH2C(O)), 4.39 (d, J 12.8, 1H, ArCH2Ar, ax), 4.24 (d, J 12.6,
2H, ArCH2Ar, ax), 4.19–4.12 (m, 4H, OCH2), 3.93–3.89 (m, 6H,
OCH2), 3.84–3.81 (m, 2H, OCH2), 3.72–3.68 (m, 4H, OCH2), 3.25
(d, J 12.9, 1H, ArCH2Ar, eq), 3.24 (d, J 12.7, 2H, ArCH2Ar, eq),
3.16 (d, J 12.6, 1H, ArCH2Ar, eq), 1.08 (s, 36H, CH3). dC 171.25
(C=O), 152.19, 150.93, 146.64, 145.41, 134.39, 133.57, 133.31,
133.06, 125.73, 125.60, 125.40, 125.14 (Ar), 74.94 (OCH2), 71.56
(OCH2C(O)), 70.86, 70.63, 69.86 (OCH2), 33.96, 33.87 (C(CH3)3),
31.35, 31.26 (C(CH3)3), 30.92, 30.85, 30.48 (ArCH2Ar). Found: C,
73.20; H, 7.80%. C56H74O11 requires C, 72.86; H, 8.08%.


5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis(carboxyme-
thoxy)calix[4]arene-crown-6 in the cone conformation (7). The
same procedure was followed as that employed to synthesize
compound 6. The product was a white solid (98% yield) with
mp 239–242 ◦C. mmax (film)/cm−1 3376 (br, CO2H), 1751 (C=O),
1264, 1127, 1058 (C–O). dH 9.86 (br s, 2H, CO2H), 6.90–6.82 (m,
8H, ArH), 4.63 (d, J 15.7, 2H, OCH2C(O)), 4.60 (d, J 12.9,
1H, ArCH2Ar, ax), 4.56 (d, J 15.7, 2H, OCH2C(O)), 4.47 (d,
J 12.9, 1H, ArCH2Ar, ax), 4.29 (d, J 12.7, 2H, ArCH2Ar, ax),
4.27–4.22 (m, 2H, OCH2), 4.15–4.10 (m, 2H, OCH2), 3.95–3.85
(m, 4H, OCH2), 3.83–3.64 (m, 12H, OCH2), 3.25 (d, J 13.5, 1H,
ArCH2Ar, eq), 3.22 (d, J 12.9, 2H, ArCH2Ar, eq), 3.16 (d, J 12.7,
1H, ArCH2Ar, eq), 1.08 (s, 36H, CH3). dC 171.38 (C=O), 152.30,
151.10, 146.52, 145.35, 134.23, 133.52, 133.30, 133.21, 125.69,
125.57, 125.44, 124.98 (Ar), 74.52 (OCH2), 71.55 (OCH2C(O)),
70.92, 70.76, 70.56, 69.58 (OCH2), 33.93, 33.85 (C(CH3)3), 31.34,
31.25 (C(CH3)3), 31.09, 30.77, 30.71 (ArCH2Ar). Found: C, 72.13;
H, 8.37%. C58H78O12 requires C, 72.02; H, 8.13%.


General procedure for the synthesis of 5,11,17,23-tetrakis-
(1,1-dimethylethyl)-25,26-di[N-(X)sulfonyl carbamoyl-
methoxy]calix[4]arene-crown-5 and -crown-6 ethers in the cone
conformation (8–15)


A solution of benzene (40 mL), 6 or 7 (1.00 eq, 2.00 g) and oxalyl
chloride (16.00 eq) was stirred at 50–55 ◦C for 12 h. The benzene
was evaporated in vacuo to give the corresponding di(acid chloride)
which was used directly in the next step. The sulfonamide salt was
prepared under nitrogen by adding NaH (10.00 eq) and THF
(30 mL) to a three-necked flask. The appropriate sulfonamide
(2.2 eq) in THF (30 mL) was added to the flask over a 10 min
period. The mixture was stirred for 1.5 h followed by addition
of a solution of the di(acid chloride) in THF (10 mL) dropwise.
The reaction mixture was stirred for 24 h after which 10 mL of
H2O was added. The solvent was evaporated in vacuo. CH2Cl2 was
added to the residue and the resulting solution was dried over
MgSO4. After purification by chromatography on silica gel, the
product was dissolved in CH2Cl2. The solution was shaken with 6
N HCl. The organic layer was separated and dried over MgSO4.
Evaporation of the solvent in vacuo gave the product as a solid.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,26-bis(N-methanesul-
fonyl carbamoylmethoxy)calix[4]arene-crown-5 in the cone
conformation (8). Chromatography on silica gel with CH2Cl2–
MeOH (19 : 1) as eluent gave 1.68 g (72%) of white solid with
mp 168–169 ◦C. mmax (film)/cm−1 3218 (N–H), 1718 (C=O), 1344,
1154 (SO2), 1265, 1123, 1058 (C–O). dH 10.36 (s, 2H, NH), 6.82
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(d, J 2.4, 2H, ArH), 6.80–6.74 (m, 6H, ArH), 5.01 (d, J 16.4, 2H,
OCH2C(O)), 4.95 (d, J 12.7, 1H, ArCH2Ar, ax), 4.73 (d, J 16.4,
2H, OCH2C(O)), 4.35 (d, J 13.1, 2H, ArCH2Ar, ax), 4.32 (d, J
12.4, 1H, ArCH2Ar, ax), 4.19–4.07 (m, 4H, OCH2), 4.06–3.91
(m, 6H, OCH2), 3.86–3.69 (m, 6H, OCH2), 3.36 (s, 6H, SO2CH3),
3.28 (d, J 12.8, 1H, ArCH2Ar, eq), 3.27 (d, J 13.1, 2H, ArCH2Ar,
eq), 3.17 (d, J 12.4, 1H, ArCH2Ar, eq), 1.08 (s, 18H, C(CH3)3),
1.07 (s, 18H, C(CH3)3). dC 171.06 (C=O), 153.42, 152.95, 145.48,
145.42, 133.56, 133.41, 133.07, 131.68, 126.02, 125.54, 125.38,
125.26 (Ar), 74.19 (OCH2), 73.79 (OCH2C(O)), 69.76, 69.66,
69.16 (OCH2), 41.56 (SO2CH3), 33.87, 33.83 (C(CH3)3), 32.50
(ArCH2Ar), 31.35 (ArCH2Ar & C(CH3)3), 31.30 (C(CH3)3), 30.95
(ArCH2Ar). Found: C, 64.45; H, 7.32; N, 2.73%. C58H80O13S2N2


requires C, 64.66; H, 7.48; N, 2.60%.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,26-bis(N-phenylsul-
fonyl carbamoylmethoxy)calix[4]arene-crown-5 in the cone confor-
mation (9). Chromatography on silica gel with CH2Cl2–MeOH
(19 : 1) as eluent gave 1.62 g (62%) of a white solid with mp of
168–171 ◦C. mmax (film)/cm−1 3364 (N–H), 1717 (C=O), 1350, 1166
(SO2), 1264, 1120, 1060 (C–O). dH 10.59 (s, 2H, NH), 8.13 (dd, J
8.5, 1.0, 4H, ArH), 7.62–7.59 (m, 2H, ArH), 7.50 (t, J 8.2, 4H,
ArH), 6.79 (d, J 2.0, 2H, ArH), 6.71 (d, J 2.0, 4H, ArH), 6.68 (d, J
2.2, 2H, ArH), 4.60 (d, J 16.4, 2H, OCH2C(O)), 4.52 (d, J 12.9, 1H,
ArCH2Ar, ax), 4.44 (d, J 16.1, 2H, OCH2C(O)), 4.28 (d, J 13.1,
3H, ArCH2Ar, ax), 4.23–4.21 (m, 2H, OCH2), 4.11–4.06 (m, 4H,
OCH2), 4.02–4.00 (m, 2H, OCH2), 3.96–3.85 (m, 8H, OCH2), 3.17
(d, J 12.4, 1H, ArCH2Ar, eq), 3.06 (d, J 13.7, 1H, ArCH2Ar, eq),
3.03 (d, J 12.9, 2H, ArCH2Ar, eq), 1.06 (s, 18H, C(CH3)3), 1.04 (s,
18H, C(CH3)3). dC 169.48 (C=O), 153.14, 153.04, 145.31, 145.12,
138.98, 133.92, 133.31, 133.18, 131.50, 128.88, 128.47, 125.50,
125.30, 125.22 (Ar), 74.44 (OCH2), 73.10 (OCH2C(O)), 69.30,
69.24, 68.96 (OCH2), 33.84, 33.76 (C(CH3)3), 33.04 (ArCH2Ar),
31.34, 31.29 (C(CH3)3), 31.18, 31.08 (ArCH2Ar). Found: C, 67.77;
H, 6.82; N, 2.36%. C68H84O13S2N2 requires C, 67.98; H, 7.05; N,
2.33%.


5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis(N - p - nitro-
benzenesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 in the
cone conformation (10). Chromatography on silica gel with
CH2Cl2–MeOH (97 : 3) as eluent gave 1.32 g (47%) of yellow solid
with mp 175–177 ◦C. mmax (film)/cm−1 3300–2400 (br N–H), 1723
(C=O), 1532, 1328 (NO2), 1350, 1161 (SO2), 1265, 1122, 1056 (C–
O). dH 10.73 (s, 2H, NH), 8.37 (dt, J 9.0, 2.1, 4H, ArH), 8.32 (dt,
J 9.2, 2.0, 4H, ArH), 6.81 (d, J 2.1, 2H, ArH), 6.73 (d, J 2.3, 2H,
ArH), 6.72 (s, 4H, ArH), 4.77 (d, J 16.6, 2H, OCH2C(O)), 4.70 (d,
J 12.7, 1H, ArCH2Ar, ax), 4.63 (d, J 16.5, 2H, OCH2C(O)), 4.29
(d, J 12.3, 1H, ArCH2Ar, ax), 4.28 (d, J 12.8, 2H, ArCH2Ar, ax),
4.19–4.16 (m, 2H, OCH2), 4.13–4.04 (m, 4H, OCH2), 4.01–3.85
(m, 10H, OCH2), 3.18 (d, J 12.7, 1H, ArCH2Ar, eq), 3.14 (d, J
12.9, 2H, ArCH2Ar, eq), 3.11 (d, J 10.7, 1H, ArCH2Ar, eq), 1.06 (s,
18H, C(CH3)3), 1.04 (s, 18H, C(CH3)3). dC 169.81 (C=O), 153.06,
152.94, 150.72, 145.54, 145.51, 144.14, 133.67, 133.30, 132.87,
131.38, 129.99, 125.82, 125.56, 125.46, 125.23, 124.16 (Ar), 74.37
(OCH2), 73.09 (OCH2C(O)), 69.47, 69.40, 69.03 (OCH2), 33.86,
33.80 (C(CH3)3), 33.02 (ArCH2Ar), 31.33, 31.26 (C(CH3)3), 31.11
(ArCH2Ar). Found: C, 63.34; H, 6.62; N, 4.33%. C68H82O17S2N4


requires C, 63.24; H, 6.40; N, 4.34%.


5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis(N-trifluoro-
methanesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 in the
cone conformation (11). Chromatography on silica gel with
hexanes–EtOAc (3 : 2) as eluent gave 1.47 g (57%) of white solid
with mp 203–205 ◦C. mmax (film)/cm−1 3204 (N–H), 1755 (C=O),
1393, 1204 (SO2), 1264, 1134, 1057 (C–O). dH 11.06 (br s, 2H, NH),
6.93–6.62 (m, 8H, ArH), 5.06 (d, J 17.3, 2H, OCH2C(O)), 4.86
(br s, 2H, OCH2C(O)), 4.62 (d, J 12.7, 1H, ArCH2Ar, ax), 4.42
(d, J 13.1, 2H, ArCH2Ar, ax), 4.27 (d, J 12.4, 1H, ArCH2Ar,
ax), 4.27 (d, J 12.4, 2H, OCH2), 4.10 (t, J 9.6, 2H, OCH2),
4.07–3.88 (m, 8H, OCH2), 3.80 (d, J 8.8, 4H, OCH2), 3.27 (d,
J 13.1, 2H, ArCH2Ar, eq), 3.25 (d, J 12.7, 1H, ArCH2Ar, eq),
3.20 (d, J 12.6, 1H, ArCH2Ar, eq), 1.08 (s, 18H, C(CH3)3), 1.07
(s, 18H, C(CH3)3). 13C NMR: dC 169.14 (C=O), 152.89, 145.67,
145.63, 134.01, 133.15, 131.41, 125.80, 125.64, 125.50, 125.32 (Ar),
120.56, 118.00 (CF3), 74.55 (OCH2), 72.72 (OCH2C(O)), 69.02,
68.67, 68.42 (OCH2), 33.87, 33.85 (C(CH3)3), 33.59 (ArCH2Ar),
31.34, 31.28 (C(CH3)3), 31.06 (ArCH2Ar). Found: C, 59.04; H,
6.01; N, 2.35%. C58H74O13S2F6N2 requires C, 58.77; H, 6.29; N,
2.36%.


5,11,17,23-Tetrakis(1,1-dimethylethyl) -25,26-bis(N -methane-
sulfonyl carbamoylmethoxy)calix[4]arene-crown-6 in the cone con-
formation (12). Chromatography on silica gel with CH2Cl2–
MeOH (97 : 3) as eluent gave 1.09 g (46%) of white solid
with mp 155–158 ◦C. mmax (film)/cm−1 3232 (N–H), 1715 (C=O),
1346, 1152 (SO2), 1250, 1122, 1059 (C–O). dH 10.28 (s, 2H,
NH), 6.81–6.78 (m, 8H, ArH), 5.11 (d, J 16.1, 2H, OCH2C(O)),
4.95 (d, J 12.8, 1H, ArCH2Ar, ax), 4.52 (d, J 16.1, 2H,
OCH2C(O)), 4.37 (d, J 13.9, 1H, ArCH2Ar, ax), 4.34 (d,
J 13.2, 2H, ArCH2Ar, ax), 4.28–4.22 (m, 2H, OCH2), 4.04–
3.96 (m, 6H, OCH2), 3.82–3.68 (m, 12H, OCH2), 3.38 (s, 6H,
SO2CH3), 3.31 (d, J 12.9, 1H, ArCH2Ar, eq), 3.26 (d, J 13.1,
2H, ArCH2Ar, eq), 3.17 (d, J 12.8, 1H, ArCH2Ar, eq), 1.09 (s,
18H, C(CH3)3), 1.06 (s, 18H, C(CH3)3). dC 170.29 (C=O), 153.21,
152.78, 145.57, 145.17, 133.43, 133.06, 132.81, 131.99, 126.09,
125.36, 124.93 (Ar), 74.25 (OCH2C(O)), 73.41, 70.42, 69.99, 69.96,
69.90 (OCH2), 41.32 (SO2CH3), 33.75, 33.71 (C(CH3)3), 31.56
(ArCH2Ar), 31.25, 31.18 (C(CH3)3 & ArCH2Ar). Found: C, 64.51;
H, 7.57; N, 2.52%. C60H84O14S2N2 requires C, 64.26; H, 7.55; N,
2.50%.


5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,26-bis(N -phenylsul-
fonyl carbamoylmethoxy)calix[4]arene-crown-6 in the cone confor-
mation (13). Chromatography on silica gel with CH2Cl2–MeOH
(97 : 3) as eluent gave 1.31 g (52%) of white solid with mp 136–
138 ◦C. mmax (film)/cm−1 3439 (N–H), 1721 (C=O), 1360, 1161
(SO2), 1250, 1123, 1057 (C–O). dH 10.48 (br s, 2H, NH), 8.15–
8.14 (m, 4H, ArH), 7.56–7.47 (m, 6H, ArH), 6.78–6.70 (m, 8H,
ArH), 4.83 (d, J 15.1, 2H, OCH2C(O)), 4.76 (d, J 12.2, 1H,
ArCH2Ar, ax), 4.37 (d, J 15.6, 2H, OCH2C(O)), 4.31–4.27 (m, 5H,
ArCH2Ar, ax (3H) and OCH2 (2H)), 4.02–3.94 (m, 6H, OCH2),
3.80–3.70 (m, 12H, OCH2), 3.15 (d, J 12.3, 1H, ArCH2Ar, eq),
3.06 (d, J 12.2, 3H, ArCH2Ar, eq), 1.07 (s, 18H, C(CH3)3), 1.04 (s,
18H, C(CH3)3). dC 168.88 (C=O), 153.12, 152.80, 145.16, 144.99,
138.80, 133.60, 133.36, 133.13, 133.02, 131.89, 131.88, 128.66,
128.41, 125.63, 125.30, 125.15, 124.89 (Ar), 74.09 (OCH2C(O)),
73.53, 70.50, 70.09, 69.82, 69.47 (OCH2), 33.69, 33.62 (C(CH3)3),
31.36 (ArCH2Ar), 31.22, 31.15 (C(CH3)3 & ArCH2Ar). Found: C,
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67.26; H, 7.14; N, 2.31%. C70H88O14S2N2 requires C, 67.50; H, 7.12;
N, 2.25%.


5,11,17,23 - Tetrakis(1,1 - dimethylethyl) - 25,26 - bis(N - p -nitro-
benzenesulfonyl carbamoylmethoxy)calix[4]arene-crown-6 in the
cone conformation (14). Chromatography on silica gel with
CH2Cl2–MeOH (97 : 3) as eluent gave 1.47 g (55%) of yellow
solid with mp 146–148 ◦C. mmax (film)/cm−1 3361 (N–H), 1726
(C=O), 1534, 1307 (NO2), 1355, 1197 (SO2), 1272, 1121, 1060
(C–O). dH 10.75 (br s, 2H, NH), 8.37–8.32 (m, 8H, ArH), 6.80–
6.71 (m, 8H, ArH), 4.98 (d, J 15.5, 2H, OCH2C(O)), 4.82 (d, J
12.5, 1H, ArCH2Ar, ax), 4.47 (d, J 15.5, 2H, OCH2C(O)), 4.33
(d, J 12.7, 1H, ArCH2Ar, ax), 4.29 (d, J 11.1, 2H, OCH2), 4.28
(d, J 13.1, 2H, ArCH2Ar, ax), 3.97–3.95 (m, 6H, OCH2), 3.81–
3.68 (m, 12H, OCH2), 3.18 (d, J 12.8, 1H, ArCH2Ar, eq), 3.14
(d, J 13.1, 2H, ArCH2Ar, eq), 3.09 (d, J 12.9, 1H, ArCH2Ar,
eq), 1.07 (s, 18H, C(CH3)3), 1.04 (s, 18H, C(CH3)3). dC 169.42
(C=O), 153.14, 152.91, 150.59, 145.64, 145.38, 144.19, 133.36,
132.98, 131.80, 130.06, 126.04, 125.41, 125.03, 125.02 (Ar), 74.01
(OCH2), 73.60 (OCH2C(O)), 70.48, 70.23, 69.79 (OCH2), 33.82,
33.76 (C(CH3)3), 31.68, 31.41 (ArCH2Ar), 31.28 (C(CH3)3), 31.20
(C(CH3)3 and ArCH2Ar). Found: C, 62.99; H, 6.32; N, 4.01%.
C70H86O18S2N4 requires C, 62.95; H, 6.49; N, 4.19%.


5,11,17,23 -Tetrakis(1,1 -dimethylethyl) -25,26 -bis(N - trifluoro-
methanesulfonyl carbamoylmethoxy)calix[4]arene-crown-6 in the
cone conformation (15). Chromatography on silica gel with
CH2Cl2–MeOH (97 : 3) as eluent gave 1.25 g (49%) of white solid
with mp 141–143 ◦C. mmax (film)/cm−1 3328 (N–H), 1720 (C=O),
1340, 1204 (SO2), 1266, 1160, 1054 (C–O). dH 11.04 (s, 2H, NH),
6.80 (t, J 15.4, 8H, ArH), 5.10 (br s, 1H, ArCH2Ar, ax), 4.98
(d, J 15.6, 2H, OCH2C(O)), 4.75 (d, J 16.5, 2H, OCH2C(O)),
4.40 (d, J 12.9, 2H, ArCH2Ar, ax), 4.38–4.33 (m, 2H, OCH2),
4.22 (d, J 12.6, 1H, ArCH2Ar, ax), 4.09 (s, 4H, OCH2), 3.74–3.90
(m, 14H, OCH2), 3.30 (d, J 12.8, 1H, ArCH2Ar, eq), 3.23 (d,
J 13.1, 2H, ArCH2Ar, eq), 3.18 (d, J 12.8, 1H, ArCH2Ar, eq),
1.07 (s, 36H, C(CH3)3). dC 168.87 (C=O), 153.23, 152.59, 145.79,
145.56, 133.53, 133.41, 132.07, 125.77, 125.44, 125.12 (Ar), 120.52,
117.96 (CF3), 74.30 (OCH2), 73.85 (OCH2C(O)), 70.81, 70.58,
69.32, 68.98 (OCH2), 33.88, 33.84 (C(CH3)3), 31.65 (ArCH2Ar),
31.33, 31.26 (C(CH3)3), 31.06 (ArCH2Ar). Found: C, 59.02; H,
6.64; N, 2.05%. C60H78O14S2F6N2 requires C, 58.62; H, 6.39; N,
2.28%.


Extraction procedure


An aqueous solution of the alkaline earth metal chlorides with
hydroxides for pH adjustment (for 11 and 15, 0.10 M HCl was
utilized for pH adjustment) (2.0 mL, 2.0 mM in each alkaline earth
metal cation species) and 2.0 mL of 1.0 mM ligand in chloroform
in a metal-free, capped, polypropylene, 15 mL centrifuge tube
was vortexed with a Glas-Col Multi-Pulse Vortexer for 10 min
at room temperature. The tube was centrifuged for 10 min for
phase separation with a Becton-Dickinson Clay Adams Brand R©


Centrifuge. A 1.5 mL portion of the organic phase was removed
and added to 3.0 mL of 0.10 M HCl in a new, 15 mL, polypropylene
centrifuge tube. The tube was vortexed for 10 min and centrifuged


for 10 min. The alkaline earth metal cation concentrations in the
aqueous phase from stripping were determined with a Dionex
DX-120 Ion Chromatograph with a CS12A column. The pH of
the aqueous phase from the initial extraction step was determined
with a Fisher Accumet AR25 pH meter with a Corning 476157
combination pH electrode. Comparison of the UV absorptions
for the chloroform solutions of a ligand before and after stripping
verified that the ligands were sufficiently lipophilic to avoid loss to
the contacting aqueous phases.
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and J. Vicens, Kluwer Academic Publishers, Netherlands, 2001, p. 365.


2 R. M. Izatt, J. D. Lamb, R. T. Hawkins, P. R. Brown, S. R. Izatt and
J. J. Christensen, J. Am. Chem. Soc., 1983, 105, 1782.


3 (a) P. J. Dijkstra, J. A. Brunink, K.-E. Bugge, D. N. Reinhoudt, S.
Harkema, R. Ungaro, F. Ugozzoli and E. Ghidini, J. Am. Chem. Soc.,
1989, 111, 7567; (b) E. Ghidini, F. Ugozzoli, R. Ungaro, S. Harkema,
A. A. El-Fadl and D. N. Reinhoudt, J. Am. Chem. Soc., 1990, 112,
6979; (c) V. Lamare, J.-F. Dozol, F. Ugozzoli, A. Casnati and R. Ungaro,
Eur. J. Org. Chem., 1998, 1559; (d) H. Zhou, K. Surowiec, D. W. Purkiss
and R. A. Bartsch, Org. Biomol. Chem., 2005, 3, 1676.


4 (a) A. Arduini, A. Casnati, L. Doni, A. Pochini and R. Ungaro,
J. Chem. Soc., Chem. Commun., 1990, 1597; (b) A. Arduini, A.
Casnati, M. Fabbi, P. Minari, A. Pochini, A. R. Sicuri and R. Ungaro,
Supramol. Chem., 1993, 1, 235; (c) A. Arduini, L. Domiano, A. Pochini,
A. Secchi, R. Ungaro, F. Ugozzoli, O. Struck, W. Verboom and
D. N. Reinhoudt, Tetrahedron, 1997, 53, 3767; (d) F. Arnaud-Neu,
S. Caccamese, S. Fuangswasdi, S. Pappalardo, M. F. Parisi, A. Petringa
and G. Principato, J. Org. Chem., 1997, 62, 8041; (e) F. Arnaud-Neu,
G. Ferguson, S. Fuangswasdi, A. Notti, S. Pappalardo, M. F. Parisi and
A. Petringa, J. Org. Chem., 1998, 63, 7770; (f) A. Mathieu, Z. Asfari,
P. Thuery, M. Nierlich, S. Faure and J. Vicens, J. Inclusion Phenom.
Macrocyclic Chem., 2001, 40, 173.


5 (a) V. S. Talanov, G. G. Talanova, M. G. Gorbunova and R. A. Bartsch,
J. Chem. Soc., Perkin Trans. 2, 2002, 209; (b) V. S. Talanov, G. G.
Talanova and R. A. Bartsch, Tetrahedron Lett., 2000, 41, 8221.


6 C. Q. Tu, K. Surowiec and R. A. Bartsch, Tetrahedron Lett., in press.
7 A. Arduini and A. Casnati, Macrocycle Synthesis: A Practical Ap-


proach, ed. D. Parker, Oxford University Press, Oxford, UK, 1996, pp.
145–173.


8 M. Ouchi, Y. Inoue, T. Kanzaki and T. Hakushi, J. Org. Chem., 1984,
49, 1408.


9 H. Yamamoto, T. Sakaki and S. Shinkai, Chem. Lett., 1994, 469.
10 C. J. Pedersen, Angew. Chem., Int. Ed. Engl., 1988, 27, 1021.
11 V. S. Talanov and R. A. Bartsch, J. Chem. Soc., Perkin Trans. 1, 1999,


1957.
12 J. Strzelbicki and R. A. Bartsch, Anal. Chem., 1981, 53, 1894.
13 R. M. Izatt, K. Pawlak and J. S. Bradshaw, Chem. Rev., 1991, 91,


1721.


2944 | Org. Biomol. Chem., 2006, 4, 2938–2944 This journal is © The Royal Society of Chemistry 2006








PERSPECTIVE www.rsc.org/obc | Organic & Biomolecular Chemistry


Mass spectrometric studies of non-covalent compounds: why supramolecular
chemistry in the gas phase?


Bilge Baytekin, H. Tarik Baytekin and Christoph A. Schalley*


Received 23rd March 2006
First published as an Advance Article on the web 21st June 2006
DOI: 10.1039/b604265a


Supramolecular chemistry has progressed quite a long way in recent decades. The examination of
non-covalent bonds became the focus of research once the paradigm that the observed properties of a
molecule are due to the molecule itself was revised, and researchers became aware of the often quite
significant influence of the environment. Mass spectrometry and gas-phase chemistry are ideally suited
to study the intrinsic properties of a molecule or a complex without interfering effects from the
environment, such as solvation and the effects of counterions present in solution. A comparison of data
from the gas phase, i.e. the intrinsic properties, with results from condensed phase, i.e. the properties
influenced by the surroundings of the molecule, can consequently contribute significantly to the
understanding of non-covalent bonds. This review provides insight into the often-underestimated
power of mass spectrometry for the investigation of supramolecules. Through example studies, several
aspects are discussed, including determination of structure in solution and the gas phase, ion mobility
studies to reveal the formation of zwitterionic structures, stereochemical issues, analysis of reactivity of
supramolecular compounds in the condensed and in the gas phase, and the determination of
thermochemical data.


1. Introduction: some basic considerations


The beginnings1 of supramolecular chemistry dates back to the
end of the 19th century, when Villiers and Hebd discovered
cyclodextrin inclusion complexes (1891), when Werner introduced
the concept of coordination chemistry (1893), when Fischer
formulated the key–lock principle (1894), and when Ehrlich
invented the concept of substrate receptor interactions (1906).
During the following decades, intermolecular interactions always
played a role in chemical research, and many of the above concepts
have seen revisions and extensions. Just to mention one example,
Koshland’s induced-fit model for guest binding to a receptor
molecule represents an important revision of the static key–lock
principle.


With some surprise we may note that supramolecular chemistry
did not start its development into an independent field of
research before the mid-1960s, and one might well ask why the
importance of this area was not appreciated earlier, with many
of the fundamental concepts being already developed. The first
answer is a technical one: methods for studying weak, non-
covalent bonds were quite limited. Methodological development
has had a major impact on supramolecular chemistry. One may
consider the development of soft ionisation methods2,3 for the
mass spectrometric detection of biomolecules and their non-
covalent complexes only one of the more recent examples for
such a methodological progress, but it is one that is closely
connected to the topic of this review. The second, maybe even
more important answer is that a shift of paradigm was required.
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Early chemists considered the observations they made to be due to
the molecule’s properties, while the influence of the surroundings
(such as the solvent) were believed to be more or less negligible.
One may justify this approximation by noting that a molecule is
held together by covalent bonds that are much stronger than the
molecule’s interactions with its environment. Nevertheless, this
approximation quite often does not hold. In the late 1960s, the
exceptions to the paradigm were recognised as more than just a
couple of exceptions. A paradigm shift occurred, the importance of
non-covalent, intermolecular forces was appreciated to a growing
extent, and it became the focus of a new research program. The
area of supramolecular chemistry was born, and Lehn introduced
the term “supramolecule”.4


In this review we will discuss how mass spectrometry contributes
to gaining knowledge about supramolecules, and why it is able
to contribute much more than is usually recognised by many
researchers in supramolecular chemistry.5 The preceding remarks
intend to prepare the reader for an important point put forward in
this article. Mass spectrometry is a method which investigates ions
in a high vacuum of about or even below 10−9 mbar. Due to this
low pressure, the ions do not carry a solvation shell, and they do
not influence each other strongly because of the charge repulsion
hindering them from approaching each other. Consequently, mass
spectrometry is a method for studying isolated ions, and thus
provides access to their intrinsic properties, in marked contrast to
the situation in the condensed phase, i.e. usually a solution of the
supramolecules in some solvent. One can compare the properties
of the isolated supramolecule and its properties in solution and
gain insight into the effects of solvation.


The idea to access the intrinsic properties – and this is another
important aspect – is particularly valuable for the examination of
weak bonds. The strengths of individual non-covalent interactions
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are often of the same order of magnitude as the interaction of a
molecule with the solvent. In many cases, it is only a suitable spatial
arrangement of binding sites6 and the additive or even cooperative
contributions of several non-covalent bonds that stabilise a defined
supramolecule in a solvent competing for its binding sites. Under
these conditions, particularly large effects of the environment can
be expected, so that the promise of mass spectrometry to provide
insight into these effects becomes even more intriguing. With this
in mind, it becomes clear that the potential of mass spectrometry
in supramolecular chemistry is often strongly underestimated.


After a few technical remarks on how to generate non-covalently
bound ions and transfer them intactly into the gas-phase, we
will see that mass spectrometry goes far beyond the analytical
characterisation of the complexes with respect to their exact
masses, elemental compositions, isotope patterns, charge states,
and their stoichiometries or the analysis of impurities. Mass
spectrometry can provide structural information on the complexes.
The term “structure” usually implies atom connectivities, bond
lengths, bond angles, and similar parameters. The term is used
here in a different sense. It denotes the “secondary structure”,
i.e. the arrangement of the non-covalently bound subunits in the
complex relative to each other, while atom connectivities within the
individual components of a complex are known from independent
experiments with each separate component before the complex is
made. Other structural questions, e.g. for conformations in the gas


phase or whether an ion with suitable functional groups exists as a
zwitterion or a neutral complex, can be answered by mass spectro-
metric experiments. Although mass spectrometry is in principle an
achiral method, diastereomers can be distinguished, for example
by using appropriate isotope labelling strategies. Beyond structure
determination, the reactivity of a supramolecule in solution and in
the gas phase can be examined. The term reactivity does not only
refer to the fragmentation behaviour. It also includes experiments
such as hydrogen/deuterium exchange in solution or in the gas
phase. Finally, we will come back to solvation effects when we dis-
cuss thermodynamic data obtained from gas-phase measurements.


Mass spectrometry offers different ionisation methods, each of
which can be coupled to different analysers, in which different
experiments can be performed with the ions of interest under
different conditions. We cannot and will not go into too great
detail with respect to the particular features of certain mass
spectrometers. Instead, the experiments necessary for under-
standing this article will be briefly explained in the chapters
where they are needed. Also, this review does not claim to be
comprehensive. It focuses on more recent examples and does not
include non-covalent interactions between biomolecules, which
have been reviewed earlier.7 It is rather a personal statement on the
development of one particular area in mass spectrometric research
and thus, several of the examples chosen come from the authors’
own work.
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2. The preparation of non-covalently bound gaseous
ions: soft ionisation methods


In the mid-1980s, two soft ionisation methods were developed,
electrospray ionisation (ESI)2 and matrix-assisted laser desorp-
tion/ionisation (MALDI)3 which changed the traditional notion
that mass spectrometry is a rather rough and destructive method.
This allowed straightforward ionisation and desolvation of non-
covalent complexes.


In MALDI, the analyte is placed into a crystalline matrix
(e.g. 2,5-dihydroxybenzoic acid or 9-nitroanthracene) at rather
low concentration. The matrix is then irradiated with a UV
laser (often an N2 laser operating at a wavelength of 337 nm).
The matrix is required for two reasons. First of all, it absorbs
the laser light and transfers the energy to the sample, which
is vaporised and ionised. Second, the matrix helps to cool the
analyte ions by removing part of its excess internal energy through
collisions in the laser-generated plume. In very simple words,
the laser light heats the sample with heating rates of up to
106 K s−1. Consequently, desorption/ionisation is faster than most
decomposition reactions and even large, otherwise non-volatile
molecules can be ionised successfully. Nevertheless, MALDI often
leads to a considerable increase of the ions’ internal energy,
which may be incompatible with the weak non-covalent bonds
of a supramolecule. Consequently, fragmentation may occur to a
significant extent.


This makes ESI the more useful and more common method
for the examination of non-covalent molecules in many cases.
Again simplifying, ESI works by applying a high voltage (usually
several kV) to the tip of a metal-coated capillary through which a
solution of the desired sample is flowing at flow rates of a few lL
per minute. Small droplets carrying excess charge are formed.
Upon evaporation of the solvent, the droplets shrink, thereby
increasing the charge repulsion, and undergo fission into even
smaller droplets until the desolvated ions are formed. Whatever
the details of the ESI process,8,9 the points that are important for
the experiments to be described here are that: (i) the evaporating
solvent molecules help to keep the internal energy of the ions low
and thus not only suppress extensive fragmentation, but also make
the intact ionisation of non-covalent complexes feasible, and that
(ii) the sample can be ionised from almost any suitable solution,
provided that a charge is present in the complex or can be delivered
to it during ionisation.


The last remark points to an important issue: can any solvent
be used? Of course there are some restrictions with respect to
boiling points and surface tension. Due to the solubility of most
biomolecules in water, the most common spray solvent for ESI
is some mixture of water and methanol. Protic solvents have the
advantage of providing the protons necessary for ion generation.
But how should one examine hydrogen-bonded species in such
a competitive environment? Hydrogen bonds become stronger in
non-competing solvents such as chloroform or dichloromethane.
But if we avoid protic solvents, where should the charge come
from? The answer usually requires the experimenter’s imagination,
and there is no general solution to this problem. Some strategies
are shown in Scheme 1: the hydrogen-bonded ferrocene complex
can be ionised by oxidation of the ferrocene with iodine,10 and the
melamine–barbiturate rosettes can either be charged by covalently
attaching cation-binding crown ethers11 or by accepting a negative


Scheme 1 Hydrogen-bonded aggregates that have successfully been
ionised from non-protic media.


charge when an appropriate source of anions, e.g. Ph4PCl for Cl−,
is added to the sample solution.12 For molecular boxes based on
such rosette motifs (actually ionised by MALDI), a silver ion-
labelling approach was chosen.13 While these considerations are
typical for hydrogen-bonded species, similar arguments may apply
to other non-covalent interactions. Consequently, one may state
that there is no general solution to the problem of ion generation,
and that it is a matter of the experimenter’s chemical intuition to
find the best way.


3. Pitfalls? Pitfalls!


As for any other method, limitations need to be considered for
mass spectrometric experiments with supramolecules in order to
avoid misinterpretations of the experiments.


During the transition from condensed phase into the high
vacuum of the mass spectrometer, the properties of the non-
covalent bonds such as strength, directionality and geometry may
change dramatically. If going from a non-competitive organic
to a protic solvent often causes a complete change in binding
selectivities, binding energies, or the stability of a large assembly,
how could one possibly expect that no changes occur when
transferring supramolecular species into the high vacuum of a
mass spectrometer? More precisely, any interaction that competes
with the solvent, for example a hydrogen bond in protic media,
probably increases in strength upon evaporation. The same holds
true for electrostatic attractions, which are weakened in solution
by solvation with the dipoles of the solvent molecules. Instead,
salt bridges, e.g. the carboxylate–guanine interaction in arginine-
containing peptides, which are favourable in solution due to
stabilisation of the charges by the solvent, may only exist in
the gas phase under particularly beneficial circumstances. Indeed,
neutral forms, generated by proton transfer to the carboxylate
may be the energetically more stable isomers. Other forces may
become weaker in the gas phase. A special case is the hydrophobic


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2825–2841 | 2827







effect. In water, nonpolar molecular surfaces tend to turn towards
each other. Thus, more hydrogen bonds between water molecules
remain undisturbed, contributing their binding energy to the
favour of the system as a whole. In the gas phase, the nonpolar
molecules, after desolvation, no longer benefit from this effect,
and their binding energy will be much lower than that found in
solution. A series of literature reports deals with the formation of
cyclodextrin inclusion complexes of, for example, different drugs,
and use mass spectrometry as a means to provide evidence for their
formation.14 Sometimes they are observed in the mass spectra,
and sometimes not, even if the complexes exist in solution in both
cases. However, this is no surprise, because in solution it is mainly
the hydrophobic effect that keeps the drug molecule inside the
cyclodextrin cavity. In the gas phase, this effect is replaced usually
by a proton bridge between both molecules – but only for those
guest molecules that have functional groups suitable for formation
of these proton bridges. The result is the same in solution and the
gas phase – a complex is formed – however, the reasons for complex
formation are completely different!


A red-alert level warning needs to be issued for treating
mass spectrometric intensities as quantitatively correlating with
solution concentrations. Even though many literature reports
claim this to be true, at least for ESI-MS, and cite a list of
predecessors testifying in favour of this assumption, it is rather
an exception than normality, if this hypothesis holds, and it does
not become any more accurate by constantly repeating it. Factors
such as the solvation energies influence the ESI response factors,15


which need to be determined for each single ion in order to obtain
a quantitative correlation of concentration and intensity. Again,
there are many studies on crown ether–alkali ion complexes, which
have even arrived at contradictory rankings of binding energies.
A series of elegant, real gas-phase experiments16 finally resolved
the misunderstandings originating from them. These experiments
clearly show that one either needs to carefully determine ESI
response factors, or to rely on experiments carried out in the gas
phase after carefully mass-selecting the ion of interest.


Unspecific binding is quite common and thus may become a
source of error. It is often quite difficult to distinguish unspecific
binding from specific binding, and thus one may be tempted to
draw false conclusions on, for example, complex stoichiometry.
Whenever possible, one should perform experiments aiming at a
structural assignment of the ions, or use suitable controls in order
to exclude unspecific binding or structural rearrangement during
or after the ionisation process.


Most weakly bound species exhibit dynamic features in solution.
For example, a chemical equilibrium between free host and guest
on one side and the host–guest complex on the other often exists.
The equilibrium reflects thermodynamic stabilities. Often, the
species interchange quickly, and formation and dissociation of
the host–guest complexes are fast processes. In the gas phase,
there is no such equilibrium situation, unless the experiment
is deliberately and carefully set up to provide the necessary
conditions. Upon decomposition of the complex ions in the gas
phase, the two partners are irreversibly separated from each other.
Consequently, the kinetic rather than thermodynamic stability
determines the results of mass spectrometric experiments on non-
covalent ions. In other words, the dynamics of the supramolecule
may be significantly affected upon transfer into high vacuum. This
is not necessarily a disadvantage, because one gets insight into


mechanistic aspects of the reactivity of the supramolecule, which
are hard or impossible to obtain from solution experiments, but
one needs to take into consideration that the reactivity may be
significantly altered.


When comparing gas-phase data with condensed-phase results,
the influence of a charge cannot be neglected. Consequently, a
comparison of e.g. neutral dimeric complexes in solution with
proton-bridged dimers in the gas phase almost unavoidably leads
to misinterpretation.


Finally, the ill-definition of temperature is a severe problem
when attempting to collect thermochemical data in the gas phase.
Isolated molecules or ions do not have a temperature, which is a
macroscopic property and thus is only defined for an ensemble
of molecules in thermal equilibrium with each other. Thus, the
Boltzmann distribution of internal energies is not realised in the
gas phase. In solution, all molecules reach thermal equilibrium
by exchanging energy through collisions. In contrast, no such
energy exchange is realised in the gas phase, since collisions
are avoided. Although it is impossible to give a full account on
these methods here, some ways to tackle this problem will be
discussed below. While we are on the subject of energetics, it
should be mentioned that a direct comparison of ions with large
size differences with respect to the ease of inducing fragmentation
is not straightforward. Large ions have so many more degrees of
vibrational freedom that they can store much more energy before
fragmenting than smaller ions.


All these differences between the condensed and gas phases
should be kept in mind when drawing conclusions concerning
solvation and its effects on non-covalent binding. Despite these
methodology-inherent limitations, this section does not intend
to scare away the reader, but to provide the necessary attention
to problems that may arise. How rewarding mass spectrometric
studies on supramolecules can be will hopefully become clear in
the following sections.


4. Structure determination: mechanical bonds and
encapsulation


Let us now go into some detail. We will start with the question
of the mass spectrometric determination of the structure of a
supramolecule. Two examples will deal with mechanical bonds
of topologically interesting molecules and with the encapsulation
of guest molecules inside self-assembled molecular capsules.


4.1. The mechanical bond: how to distinguish molecules with
respect to their topology?


Scheme 2 shows the structural formula of a rotaxane, which can be
synthesised by a hydrogen-bond-mediated template effect.17 The
axle is mechanically trapped inside the wheel by two sterically
demanding stopper groups. In order to provide definitive evidence
for the intertwined topology, mass spectrometry offers collision-
induced dissociation (CID) experiments. The rotaxane is ionised
easily by deprotonation of the central phenol group, and can be
observed as the corresponding anion in the negative mode. After
ionisation, the ion of interest is mass-selected, i.e. all other ions
that may be found in the mass spectrum are removed from the
instrument. Subsequently, the ion is accelerated and collided with
argon at a pressure of ca. 10−7 mbar. Under these conditions, every
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Scheme 2 A rotaxane. Two bulky stopper groups at the ends of the axle
prevent the axle from deslipping (“deslipping” denotes the dissociation of
rotaxane in which the wheel passes one the stoppers without breaking any
covalent bonds of the rotaxane).


ion on average collides with an argon atom only once (so-called
single-collision conditions) and part of the ion’s kinetic energy
is converted into internal energy. Fragmentation reactions occur,
when the internal energy suffices.


The non-intertwined structural alternative is an axle–wheel
complex just held together by hydrogen bonds between the two
components. In order to provide evidence for the intertwined
topology of the rotaxane, it is necessary to independently generate
this complex and subject it to exactly the same experiment. In
practice, the hydrogen-bonded complex can be generated with
sufficient intensity just by ionising a 1 : 1 mixture of the two
components, i.e. axle and wheel. Fig. 1 shows the resulting CID
mass spectra together with the analogous spectrum of the axle
alone.18


The CID mass spectrum of the rotaxane shows rather small frag-
ments at m/z 243, m/z 505, m/z 518, which can unambiguously be
assigned to products of covalent bond cleavages of the axle. This
becomes clear from the same experiment performed with the axle
in the absence of the wheel. Similar fragments are observed for
the axle–wheel complex. The two CID spectra, however show two
distinct differences: (i) The free, deprotonated axle is the major
fragment in the CID spectrum of the complex, while it is virtually
absent in the rotaxane CID spectrum, and (ii) although both
spectra are obtained under the same experimental conditions,
the rotaxane parent survives the experiment to an extent of ca.
85%, whereas almost two-thirds of the complex are destroyed. This
indicates a less energy-demanding fragmentation for the complex.
Both observations can be explained by considering that only four
hydrogen bonds need to be broken in the complex in order to
separate axle and wheel. The axle thus remains intact and the
binding energy is low. From the rotaxane, the wheel can only be lost
if the mechanical bond is released, and this requires the cleavage
of a covalent bond. Since the wheel does not bear easy-to-cleave
bonds, the axle is destroyed and only its fragments are observed –
covalent bond cleavage is of course more energy-demanding.


While it is quite straightforward to distinguish these two species,
the problem becomes more challenging when comparing the tetra-
and octalactam macrocycles, catenanes and the trefoil knot shown
in Scheme 3. For both fragmentation of the octalactam macrocycle
and of the catenane, covalent bonds need to be broken, and one
may ask whether mass spectrometry is still able to provide criteria
for differentiating the two topologies.


Again, CID experiments provide the structural assignment.
Ionisation can be achieved by protonation in the positive mode,19


as well as deprotonation of an amide in the negative mode.18 For


Fig. 1 CID experiments conducted with (top to bottom) the
mass-selected axle, rotaxane and the non-intertwined hydrogen-bonded
axle–wheel complex. The inset above shows the fragmentations of the
deprotonated axle.


both species, the result is the same: All monomacrocycles fragment
through several consecutive water losses, while other fragments are
rather low in intensity and become clearly visible only at higher
collision energies. Instead, the catenane first loses one wheel. The
remaining macrocycle shows the same fragmentation reactions
found for the tetralactam macrocycle. Mass spectrometry thus
provides clear evidence for the intertwined topology of catenanes
– an approach that has recently been used for other types of
catenanes as well.20


4.2. Encapsulation of guest molecules in self-assembling
capsules: the pyrogallarene hexamer


The encapsulation of guest molecules in self-assembling capsules is
a topic of great interest in supramolecular chemistry. Quite often, it
is rather difficult to provide clear evidence for encapsulation inside
the capsule’s cavity – in particular when the capsule is a highly
dynamic species.21 NMR experiments may show two separate
signals for the free and the encapsulated guest, provided that the
guest exchange is slow enough. Complementary information from
mass spectrometry is nevertheless highly welcome. Mass spec-
trometric structural proof for encapsulation can be achieved by
using charged guests which, make ionisation easy.22 Competition


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2825–2841 | 2829







Scheme 3 Macrocycles, catenanes and knots of the amide type.


experiments with different guest molecules can be used to address
the size, shape and symmetry congruence of guest and capsule
cavity. Heterocapsule formation can occur when two different
capsules exchange their constituent subunits. This reaction permits
one to address dynamic processes by mass spectrometry. Finally,
tandem MS experiments may even provide some insight into the
capsule’s structure in the gas phase.


Pyrogallarenes and resorcinarenes such as those shown in
Scheme 4 self-assemble in crystal form23 and in solution24 into
hexameric capsules. The assembly can be thought as a cube with
one bowl-shaped monomer on each face. The monomers are
connected to each other by a complex network of hydrogen bonds,
and surround an interior volume of more than 1200 Å3, which can
be filled with guest molecules.


If the monomers are dissolved in CHCl3–acetone (2 : 1) without
addition of a guest, clusters are observed, with intensities decreas-
ing with cluster size (Fig. 2a). This is expected, when unspecific
binding occurs. The addition of templating cations changes the
picture. Upon addition of tetramethylammonium salts, we observe
the almost exclusive formation of dimers (Fig. 2b). In line with
the literature,25 these dimers can be assigned to small capsules
which entrap one guest cation inside. Larger cations such as
tetrabutylammonium change the size distribution (Fig. 2c), but
do not specifically form hexamers. Only a guest such as tris(2,2′-
bipyridine)ruthenium(II), which is almost perfectly congruent
with the geometry of the cavity in size, shape and symmetry
(Fig. 3), produces a reasonably clean spectrum, with the hexamer
signal being the base peak (Fig. 2d).26 A control experiment


Scheme 4 Pyrogallarenes and resorcinarenes which form hexameric
capsules through hydrogen bonding. The tetramethylresorcinarene serves
as a control compound. At the bottom, three different guest cations are
shown, which carry charges to make the capsule MS-detectable.


Fig. 2 (a) ESI-FTICR mass spectrum of pyrogallarene (Py) in
CHCl3–acetone (2 : 1). (b) ESI mass spectrum of the same solution after
addition of 1 eq. of a tetramethylammonium (TMA) salt. (c) Distribution
of clusters with tetrabutylammonium (TBA) as the guest cation. (d) ESI
mass spectrum of the hexamer encapsulating Ru(bpy)3


2+. The experimental
and calculated isotope patterns nicely match.


with the tetramethylresorcinarene in Scheme 4 clearly rules out
unspecific hexamers – no signal for any hexamer is observed with
this compound, for which the formation of the hydrogen bond
network is impossible. Finally, if two different resorcinarenes or
a resorcinarene and a pyrogallarene are mixed directly before the
mass spectrometric experiment, a completely statistical mixture
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Fig. 3 Computer model of the Ru(bpy)3
2+ guest encapsulated in the cavity


of the hexamer. Each monomer is shown with a different colour. It can
clearly be seen that the Ru complex not only fits size-wise, but also with
respect to its symmetry and shape.


of homo- and heterohexamers is observed, indicating that the
exchange of monomers is fast under these conditions.


These experiments nicely show how mass spectrometry can
contribute to the assignment of a capsular structure to this
hydrogen-bonded capsule, as well as metallo-supramolecular
tetrahedra encapsulating a templating cation.27


5. Ion mobility: zwitterionic or neutral structures in
the serine octamer?


Quite remarkably, electrospray ionisation of rather concentrated
solutions (e.g. 0.1 M) of serine in methanol yields an abundant ion
corresponding to an octameric amino acid cluster.28 Other cluster
sizes are also generated, but with much lower intensity. The most
intriguing feature of these ions is their strong tendency to form
homochiral clusters. In a mixture of L-serine and isotopically
labelled [13C]-D-serine, the homochiral octamer appears with an
intensity higher than that expected from statistics by a factor
of ca. 14, while the 4L/4D cluster is significantly less abundant
than expected.29 In order to explain these features, several
structures were suggested in the literature, among them structures
containing zwitterionic serine molecules and structures, where all
the serines existed in their non-zwitterionic form. One example
for a zwitterionic structure is shown in Fig. 4. Both forms can
be distinguished by their ion size. Due to the strong attractive
electrostatic forces within a cluster of zwitterionic serines, a purely
zwitterionic structure is expected to be much more compact than
non-zwitterionic ones. In this structure, all eight serine OH groups
are involved in a cyclic array of hydrogen bonds, each connected
to a carboxylate oxygen of the next serine. If one changes the
stereochemistry at one of the serines, this array is disrupted.


Since the octamer has not been observed in solution, a mass
spectrometric method is needed to distinguish between both
possibilities. With ion mobility experiments,30 such a method
indeed exists. In this experiment, mass-selected ions are pulled
into a helium-filled drift tube by a low voltage. Collisions with
helium atoms, which usually do not cause fragmentation due to
the low collision energies, decelerate larger ions to a greater extent
than smaller ions. The arrival time distribution determined at the
end of the drift tube can be converted into the collision cross-
section, which correlates with the ion’s size and shape. The collision
cross-section can also be calculated with quite a high precision
(uncertainty of experiment is often less than 3%).


For the serine octamer, cross-sections of 187 Å2 and 191 Å2


were obtained by experiment31 – values much too low for non-
zwitterionic structures. However, the zwitterionic structure shown
in Fig. 4 yields calculated values between 183 Å2 and 191 Å2,
depending on the model used.32 It consequently explains both the
compact size and the tendency towards homochiral clusters.


However, the picture became more differentiated recently, when
H/D exchange experiments were performed in the gas phase with
the serine octamer.33 In these experiments, the ions of interest are
mass-selected and subsequently treated with a deuterium source,
e.g. ND3 or CH3OD. The kinetics of the isotope exchange can be
followed by mass spectrometry, since the isotopes have different
atomic masses. In these experiments, the serine octamers turned
out to consist of two non-interconverting structures, one of which
exchanges protons against deuterons significantly faster than
the other. The quickly exchanging population is less stable and
fragments more easily, and is thus assigned to a non-zwitterionic
form. One possible reason why this form was not recognised
in the ion mobility experiments is the possible destruction of
the ions in the drift tube. Ion mobility experiments, which
previously were used mainly for the examination of gas-phase
conformations, consequently show great potential for elucidating
details of supramolecular structures as well. However, the slower-
exchanging population, which was initially overlooked, reminds us
of the potential pitfalls of a purely mass spectrometric approach.


6. Chiral recognition


Mass spectrometry is an intrinsically achiral method. Conse-
quently, we cannot expect it to distinguish two enantiomeric
forms of a compound or supramolecular complex. However,
diastereomers can have different properties, and thus may well
be distinguished by their mass spectra.34 Two different methods
have been developed for assessing the diastereomeric excess of
host–guest complexes. Basically, the first one examines mixtures
of one enantiomer of the host with one enantiomer of the guest
and an achiral reference host.35 In a second experiment, the
other enantiomer of the guest is mixed with the same chiral
and achiral hosts. From the relative peak intensities (RPI) of
the two diastereomeric complexes as compared to the reference
complex, the diastereoselectivity can be measured. Scheme 5 shows
a few examples for chiral crown ethers which have been used to
investigate by mass spectrometry their ability to recognise chiral
ammonium ions.35,36


One of the critical aspects of this approach is that two
different experiments have to be performed, between which the
particular instrument conditions must be carefully kept constant
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Fig. 4 A serine octamer cluster built from zwitterionic L-serine molecules. Left: space-filling representation. Right: favourable interactions (electrostatic
attraction, hydrogen bonds) holding the cluster together. Bottom: view showing a cyclic array of hydrogen bonds connecting the serines’ OH groups with
carboxylates from adjacent serines. Changing the stereochemistry of only one serine will disconnect this array and thus destabilise heterochiral forms.


in order not to affect the intensity ratios. This problem can be
overcome by the enantiomer-labelled guest method.37 It is based
on the mass spectrometric examination of one enantiomer of
the host with a pseudo-racemic mixture of the guest in which
one enantiomer is isotopically labelled. In order to be able to
detect both diastereomers separately, one enantiomer of the guest
must be isotopically labelled, usually with deuterium. In the same
experiment, both diastereotopic complexes are formed and their
intensities can be compared directly. However, the stereochemical
effect might additionally be superimposed with an unknown
isotope effect. A way to separate stereochemical and isotope


effects is to perform the same experiment with the second host
enantiomer.38 In one experiment both stereochemical and isotope
effects disfavour the same complex, and thus work in the same
direction. In the other experiment, they partly cancel each other
out. Once both experiments have been performed, one can use
the two experimental values for the intensity ratios of both
diasteromeric complexes to deconvolute both effects.39


The diastereoselectivities observed in the MS experiments for
some systems differ from those found in solution. Furthermore,
some cases have been found where different ionisation meth-
ods, e.g. FAB versus ESI,40 gave rise to completely different
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Scheme 5 Chiral crown ethers that have been used for chiral recognition
studies, with the ammonium ions in the inset. The non-chiral crown at the
bottom was used as a reference.


diastereoselectivities. These findings point to the fact that the
ionisation procedure might alter the ratios of the species present in
solution. Therefore, an approach using true gas-phase experiments
would be advantageous. Several complexes of chiral ammonium
ions with the chiral crown ether in Scheme 6 have been studied
with so-called cation-transfer equilibrium experiments.41 In this
experiment, a crown ether–ammonium complex is generated in one
of the two diastereomeric forms and mass-selected. The isolated
complex ions are then reacted in the gas-phase with a pseudo-
racemate of the neutral amine corresponding to the guest cation.
The crown ether can be transferred together with the proton from
one amine to another amine. This reaction is followed over time
until equilibrium is reached. The equilibrium distribution directly
provides access to relative binding energies. Steric bulk and p–
p interactions between the guest and the host contribute to the
intrinsic stability difference of the two diastereomeric complexes.
The steric interactions can be explained by a three-point model,
as depicted in Scheme 6.41 Consequently, with the right isotope
labelling strategies, mass spectrometry provides access to the
intrinsic energy differences between two diastereomeric complexes.
As long as the intensity ratio of both enantiomers is in the range
of ca. 0.25 to 4, this data is usually highly accurate because small
energy differences translate into a quite large variation of the ratio
of both diastereomers.


Scheme 6 The three-point model (l = large, m = medium, s = small
substituent).


7. Reactivity in solution followed by mass
spectrometry: Li-bridged non-covalent helicates


After the discussion of structural details such as the secondary
structure of non-covalent complexes, the formation of (non-)
zwitterionic clusters, and stereochemical features, reactivity will
form the next topic in this article. In principle, mass spectrometry
can provide two different kinds of reactivity data. It can merely
serve as a highly sensitive detector for processes occurring in
solution. By following the kinetics of, for example, ligand exchange
reactions in solution, the dynamics of supramolecular systems can
be addressed. The time needed to mix two solutions and record
the first mass spectrum is of the order of (at least) a minute.
Consequently, the processes under study need to be quite slow.
On the other hand, mass spectrometry directly provides access to
the intrinsic reactivity of a supramolecule in the gas phase. While a
number of different dynamic processes such as complex formation
and dissociation may exist in solution, such processes do not occur
in the gas phase. Consequently, quite different mechanistic aspects
can be investigated in both experiments. We will thus discuss them
separately, starting here with one example from solution.


Carbonyl-substituted catechols (Fig. 5) react with Ti(IV) salts
under slightly basic conditions to yield tris-catecholates in a first
assembly step. In the presence of Li+ ions (Na+ and K+ don’t do
the trick due to their larger ion sizes), two of these tris-catecholate
complexes form dimers bridged by three Li+ ions.42 The crystal
structures of three representative examples only differing with
respect to the nature of the carbonyl substituent (aldehyde, ketone,
or ester) are shown in Fig. 5.


The question to be answered by mass spectrometry is how
ligand exchange proceeds in solution when two different dimers are
mixed with each other. By NMR methods, this is rather difficult
to answer, because a large number of species, i.e. four different
monomeric species and a multitude of different dimers (seven
different ligand stoichiometries, some of which exist as mixtures of
isomers), can be formed in the equilibrium. Mass spectrometry can
however easily detect all different stoichiometries simultaneously,
as long as the two ligands differ in molecular weight.


Fig. 6 shows two series of mass spectra obtained from an
equimolar mixture of two different lithium-bridged helicates
with ketone-substituted catechols. Each series was measured in a
particular solvent, i.e. tetrahydrofuran–methanol (1 : 1) and pure
tetrahydrofuran (THF). In the mass spectra obtained immediately
after mixing the two helicates (0 min), signals are observed
exclusively for the two homodimers, while heterodimers are absent.
While this is the same for both solvents, a first remarkable
difference is found for the monomer signals (insets). While the
monomers exchange ligands quickly in the presence of methanol (a
statistical 1 : 3 : 3 : 1 mixture of the A3, A2B, AB2, and B3 monomers
is found; A and B denote two different catecholate ligands), the
ligand exchange among monomers is slow in pure THF (only the
two A3 and B3 monomers are observed). This finding is easily
explained by the presence of methanol, a protic solvent, which
mediates catecholate exchange by protonating the catechol, and
offering methoxy ligands for stabilising intermediates in which
a catechol dissociates from the metal centre. A look at the last
spectrum in each series shows that ultimately an almost statistical
mixture of all possible dimers (A6, A5B, A4B2, A3B3, A2B4, AB5,
B6, some of which likely exist as mixtures of different positional
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Fig. 5 Top: self-assembly drives the formation of helical, homochiral dimeric titanium tris-catecholate complexes. Dimerisation is only mediated by Li+,
while Na+ and K+ do not lead to comparable products. Bottom: crystal structures of the dimers formed from the aldehyde (left, R = H), the ethyl ketone
(centre, R = C2H5), and the methyl ester (right, R = OCH3). For each, a space-filling representation (side view) and a ball-and-stick model (viewed along
the Ti–Ti axis) are shown.


isomers) is realised, although two very different reaction times are
necessary depending on the solvent mixture.


Even more intriguing are the intermediate spectra. In principle,
three different ligand exchange mechanisms are possible: (i)
exchange of intact monomers without exchange of individual
ligands. For this scenario, three signals are expected, one for each
homodimer and one for the A3B3 heterodimer, which consists of
one A3 and one B3 monomer; (ii) if individual ligands are ex-
changed between dimers without dissociation into the monomers,
one would expect that the intermediate spectra evolve by first
showing a U-shaped distribution which approximates a statistical
distribution at the end; (iii) if the exchange of individual ligands is
not possible between dimers, but is possible between monomers,
we expect to see a statistical mixture of all possible dimers to grow
between the two A6 and B6 homodimers. Finally, again a statistical
mixture of all possible dimers is expected.


With these scenarios in mind, a look at the two series of spectra
shows that no U-shaped distribution is generated in either solvent
mixture. Consequently, the exchange of individual ligands between
dimers or between dimers and monomers does not occur. This is
quite understandable, since the Li+ ions coordinate the ligands
within the dimer and slow down the ligand exchange process
within the dimers. In pure THF, at first, an intense signal for the
A3B3 dimer is found, while it takes much longer to generate the
A5B, A4B2, A2B4, and AB5 dimers. This can only be explained
by the exchange of complete monomers being faster than the
exchange of individual ligands between monomers – in line with


the observation that ligand exchange is slow for the monomer (see
above). The latter reaction nevertheless occurs to some extent,
and finally gives rise to the statistical equilibrium mixture. In
the presence of methanol, finally, ligand exchange proceeds via
dissociation of the dimers into the monomers, a fast ligand
exchange between monomers and reassociation of the monomers
to yield statistical mixtures of dimers.


This example of solution-phase reactivity analysed by mass
spectrometry clearly shows how much information can be derived
from some simple measurements. Qualitatively, it can be deduced
which mechanisms contribute, and which don’t. Quantitatively, at
least a ranking of the relative rates for the different processes is
obtained. Finally, this example makes clear how large the influence
of the solvent may be. The change of the mixture from pure THF
to THF–methanol mixtures is not too drastic, but still, significant
changes in reaction mechanism and rates are found.


8. Reactivity in the gas phase: supramolecular
neighbouring group assistance and dendritic effects


If one wants to study reactivity in the gas phase with large
ions generated by soft ionisation methods, the ions of interest
need to be activated after mass-selection. This can be achieved
by (i) collision-induced decay (CID, see above), (ii) IR photons
generated with a CO2 laser, (iii) electron-capture dissociation
(ECD), or electron-transfer dissociation (ETD). The latter two
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Fig. 6 Ligand exchange between two different dimers of titanium(IV)
tris-ketochatecholates. Left: exchange followed in a 1 : 1 mixture of THF
and methanol. Right: exchange in pure THF. Insets in the bottom spectra:
monomer region showing fast ligand exchange between monomers in
THF–MeOH and slow exchange in pure THF.


methods require multiply charged species and therefore are mostly
applied to peptide sequencing, but so far have not played a
significant role in supramolecular mass spectrometry. If one uses
collisions with a collision gas (usually a noble gas such as Ar),
part of the kinetic energy of the ions is converted into internal,
vibrational energy. One should distinguish between high-energy
collisions, which occur for example in a sector-field instrument
where ions with a kinetic energy of 8 keV collide with the collision
gas, and low-energy collisions as usually found in e.g. FT-ICR
instruments. Collision experiments should be performed under
single-collision conditions, in particular when (admittedly rough)
rankings of fragmentation barriers are to be determined. The
absorption of several to many photons is usually required to
achieve fragmentation through irradiation with the IR laser. The
experiment is therefore called infrared multi-photon dissociation
(IRMPD).


In this section, two examples will be discussed which rely on
IRMPD and CID experiments. It is important to keep in mind


that ions in the gas phase are isolated particles, which do not
undergo exchange processes between each other. Also, the neutral
fragment formed upon dissociation does not come back; there is
no chemical equilibrium. This is the most important difference
from condensed-phase studies. The experiments described here
thus provide a completely new view on these supramolecules and
add new mechanistic insight into their reactivity, which cannot be
gained in solution due to the complex equilibria present here.


8.1. Metallosupramolecular squares: a supramolecular equivalent
to neighbouring group assistance


If one mixes 4,4′-bipyridine with (dppp)Pd(II) or (dppp)Pt(II)
triflates (dppp = bis(diphenylphosphine)propane), both reac-
tants spontaneously self-assemble43 to the metallo-supramolecular
square shown in Scheme 7. This is due to the weakly coordinating
counterions, which leave two coordination sites open. By virtue of
the dppp ligand, the coordination angle of 90◦ is fixed. It is rather
difficult to ionise these squares as intact entities, but under the
right conditions (low temperatures in the ion source, acetone as
the solvent and a quite high 250 lM concentration), ionisation is
achieved through stripping away two or more counterions.44 Since
mass spectrometry measures the mass-to-charge (m/z) ratio of the
ions under study, doubly, triply, quadruply etc. charged species
appear in the mass spectrum at half, a third, a quarter etc. of their
molecular mass. Consequently, a doubly charged square may be
superimposed by a singly charged 2 : 2 complex of bipyridine and
metal corner. This is indeed observed, and can be analysed by a
closer look at the isotope pattern, where singly charged ions have
peak spacings of Dm/z = 1, while ions with n charges exhibit peak
spacings of Dm/z = 1/n. Consequently, tandem MS experiments
can easily be performed with squares in their +3 and +5 charge
states, because these ions cannot contain any contributions from
fragments.


Scheme 7 A self-assembling Stang-type square.


If a tandem MS experiment is performed by carefully mass-
selecting the triply charged Pt(II) squares and irradiation of the
parent ion with the IR laser (IRMPD), fragmentation of the
squares is easily achieved (Fig. 7). Interestingly, a doubly charged
3 : 3 complex and a singly charged 1 : 1 complex of corner and
bipyridine are the primary products. The complete absence of a
doubly charged 2 : 2 complex confirms that no fragmentation into
two half-squares occurs, although the same number of metal–
nitrogen bonds need to be broken. Instead, the singly charged
half-square is a secondary fragmentation product formed from
the 3 : 3 complex. These findings are summarised in Scheme 8.


One may ask why only one of the two alternative reactions
occurs, although both require the cleavage of two M–N bonds
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Scheme 8 Complete analysis of the fragmentation mechanisms observed
for the triply charged Pt(II) square.


and thus should be expected to be similar in energy demand.
One explanation involves a back-side attack mechanism. When
irradiated by the IR laser, the ions’ internal energy increases, and
ultimately a bond is broken. The result is a chain-like ion with
a higher degree of conformational freedom. If the uncomplexed
pyridine end of the chain attacks the third metal centre (Scheme 9),
cleavage of the second M–N bond benefits from the new M–N
bond already forming during the reaction. Other conformations
of the chain, which would lead to two 2 : 2 fragments, do not
profit from a similar effect because that would cause too much
strain. If this explanation holds true, two conclusions can be
drawn: (i) although not detected in the solution equilibrium by
NMR experiments, triangles can form. However, they require the
particular conditions of the gas phase to survive and be detected;
and (ii) if triangles can form, the strain within the cyclic structure
must be lower than the binding energy of a Pt–N bond.


Scheme 9 Through a back-side attack mechanism, fragmentation into 3 :
3 and 1 : 1 complexes is energetically favoured (top), while splitting into
two half-squares does not benefit from such a mechanism due to the strain
imposed into the structure (bottom). The inset shows all possible cleavage
sites, (a)–(g). Cleavage at position (a) is the only one, which competes with
that at (f).


There is an alternative explanation for the experimental findings.
Within a triply charged square, charge repulsion must play a role.
Upon fragmentation, the charges are distributed over the two
fragments. This must happen in a non-symmetrical way, generating
one singly and one doubly charged fragment. Consequently, one
may claim that unsymmetrical cleavage would provide better
stabilisation of the charges, when two charges are located on the
larger fragment and one charge remains on the smaller fragment.
In order to distinguish between these two possibilities, the same
experiments were performed for different charge states and all the
fragments involved.45 Only two of them are necessary to provide
further insight into the mechanistic problem: the quadruply
charged triangle and the quintuply charged square. The triangle in
its +4 charge state undergoes fragmentation by different channels,
distributing the charges over the two fragments in different ways.


Fig. 7 IRMPD experiment with mass-selected triply charged squares (full circles, �). At increasing irradiation times (right), the intensity of the parent
ion decreases. Primary fragments are marked with open circles (�). They correspond to a doubly charged 3 : 3 complex and a singly charged 1 : 1 complex.
Splitting into two half-squares is not observed.
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In contrast, the fragmentation of the +5 square yields only two
primary fragments: a singly charged 1 : 1 complex and a 3 : 3
complex in its +4 charge state. In this case, it would certainly
be more favourable in terms of charge repulsion if two charges
were to remain on one fragment and three on the other. These
considerations nicely show the specificity of the fragmentation of
the squares in contrast to those of the quadruply charged triangle,
and thus rule out an explanation based solely on charge repulsion
effects. Instead, we conclude that the supramolecular analogue of
neighbouring group assistance is operative in the fragmentation
of the squares.


8.2. A surprising dendritic effect: switching fragmentation
mechanisms


Viologens are doubly charged bipyridinium ions, which form com-
plexes with the molecular Klärner tweezer46 shown in Scheme 10.
Since the guest is a dication, the complexes can easily be
generated.47 When one tries to ionise the guest cations alone, singly
and doubly charged clusters are observed with an appropriate
number of counterions balancing charge repulsion. There seems
to be a stability trend for the naked dications. The bare G0 viologen
was not observed under any of the tested ionisation conditions,
and we thus assume that it – if not intrinsically unstable – exists
only as a short-lived metastable ion. However, the G1 viologen
was observed under very mild ESI conditions, while it was no
problem at all to generate bare G2 viologen dications. In marked
contrast, addition of the tweezer destroys all clusters, and tweezer–
viologen complexes are observed (even for G0) as dications.
Clearly, coordination by the tweezer stabilises the dication and
likely contributes to a diminution of the charge repulsion effects
through charge–transfer interactions.


In a CID experiment with mass-selected tweezer–viologen dica-
tions, two possible reaction pathways exist, since two rather weak


Scheme 10 Dendritic viologens (G0–G2) and the Klärner tweezer, which
forms 1 : 1 complexes with the viologen guests.


bonds are present: the non-covalent interactions between host
and guest, and the benzyl–nitrogen bond, which upon cleavage
generates a well-stabilised benzyl cation and suffers from charge
repulsion. The supramolecular bond can be cleaved, leading to the
loss of the tweezer and formation of the bare dications. Based on
the experience with the generation of these dications in the ESI
source, one might expect that they undergo Coulomb explosion
to yield a singly charged dendritic benzyl cation and a singly
charged bipyridinium cation bearing the second dendron (bottom
pathway in Scheme 11). The alternative is initial cleavage of the
weak benzyl–N bond, producing a singly charged dendritic benzyl
cation. The tweezer may well have sufficient residual binding
energy to the remaining bipyridinium monocation to remain
present in the complex (upper pathway in Scheme 11). As a
consecutive fragmentation, the tweezer may be lost, ultimately
generating the same fragments as in the first pathway.


Scheme 11 Possible pathways for the fragmentation of the
tweezer–viologen complexes. Depending on the dendron size, the mecha-
nism switches between G1 and G2 from the upper to the lower pathway.


The CID spectra in Fig. 8 provide evidence that the mechanism
switches from the upper pathway (realised for G0 and G1) to
the bottom pathway (realised for G2) depending on the dendron
size. In the CID spectrum of the tweezer complex with the G0
viologen guest dication, a fragment is observed at m/z 1059. The
fragment ion appears at a higher value than its precursor simply
because the latter has two charges. This fragment corresponds
to the loss of one di-(tert-butyl)benzyl cation from the complex.
The tweezer remains bound to the singly charged bipyridinium
cation. A so-called double resonance experiment provides evidence
that almost all of the bipyridinium cation at m/z 359 is due to a
consecutive fragmentation of the complex at m/z 1059. In this
experiment, the CID experiment is repeated under the exactly
same conditions with the exception that the intermediate at m/z
1059 is constantly removed and thus can no longer produce any
consecutive fragments. The intensity of the fragment at m/z 359
decreases significantly, and thus identifies this ion as a product
formed from the intermediate rather the parent.


For the tweezer complex with the G1 viologen, the overall
picture is the same. However, the complex with the G2 viologen
guest behaves very differently. The benzyl loss intermediate is
not formed at all. Instead, the tweezer is lost, generating the
bare G2 dication at m/z 1005, which can then undergo further
fragmentation by benzyl cation loss.
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Fig. 8 CID mass spectra of mass-selected, dicationic tweezer–viologen
complexes (G0: top two rows, G1 third row, G2 bottom row). The second
trace shows a double-resonance experiment, which is a CID experiment
during which the fragment at m/z 1059 was constantly ejected. All
consecutive fragments are thus not formed and can be identified easily.


How can we understand this complete switch in mechanism,
which somehow parallels the stability differences of the bare
dications encountered during the ionisation? Molecular modelling
suggests that the dendron arms can backfold to different extents.
For G0, no backfolding is possible and the dication is not sta-
bilised by internal solvation. For G1, the peripheral naphthalene
groups can surround the dication and stabilise it through charge-
transfer interactions. In the G2 viologen, such an interaction is
possible even with the much more electron-rich dihydroxybenzyl
branching units. Consequently, internal solvation stabilises the
dication with increasing dendron size. The tweezer competes with
this interaction easily for the G0 and G1 viologens. The benzyl–N
bond is the weakest in the complex and breaks first. However, the
G2 viologen can self-stabilise to such an extent that the dication
is stable. The internal stabilisation also strengthens the benzyl–
N bond, and at the same time weakens the interaction with the
tweezer. The interaction between tweezer and guest is now the
weakest bond, and thus in the CID experiment the tweezer is lost
preferentially.


This example shows gas-phase reactivity to be quite different
from that in solution. Such a clear-cut dendritic effect cannot be
expected to be found in solution, because counterions are present
which compensate charge repulsion and thus make this effect
vanish more or less completely. In summary, mass spectrometry
provides a completely new view of the reactivity of supramolecular
complexes.


9. Thermochemistry: how to measure gas-phase
thermochemical data of supramolecules


There exist several methods for the extraction of thermochemical
data from gas-phase experiments. In connection with the chiral
recognition of ammonium ions by crown ethers, we have already
briefly discussed gas-phase equilibrium experiments. Another
method – Cook’s kinetic method48 – relies on a central building
block complexing two different ligands at identical binding sites.
The more weakly bound ligand will dissociate more frequently and
the abundances of daughter ions provide a measure of their relative
binding energies. Also, bracketing experiments will provide some
(albeit rough) relative energies.


A greater challenge is to determine accurate absolute thermo-
chemical data. As discussed in Chapter 3, one of the problems is
that gaseous ions are usually not in thermal equilibrium, because
they don’t collide often enough to be thermalised. Three methods
to circumvent these problems will be presented in this section, two
of which have been applied to supramolecular chemistry:


(i) The first method employs collision-induced dissociation
experiments with ions of exactly controlled kinetic energy. The
threshold for a reaction then is a measure of the activation barrier
(or, assuming that there is no reverse barrier, the binding energy).
These so-called threshold collision-induced dissociation (TCID)
experiments49 however, have severe limitations when the ion size
becomes large.


(ii) If one applies IRMPD to induce fragmentation, the ions
absorb multiple photons until an equilibrium is reached, at
which the same number of IR photons is absorbed and emitted
in a given time interval. The internal energies at which this
thermal equilibrium is reached depends on the laser flux density.
Consequently, a modified Arrhenius plot can be obtained, if one
determines the rate constant for a reaction at different laser flux
densities. This method was developed by Marshall et al.50 and
permits the extraction of the activation energy. However, since
the ion temperature is unknown, the pre-exponential factor in the
Arrhenius equation cannot be derived.


(iii) Finally, blackbody infrared radiation from the instrument’s
walls may activate ions for fragmentation. After a short induction
period, the ion is in thermal equilibrium with the walls through
the exchange of blackbody (IR) photons. With a heatable wall
whose temperature is known, it is thus possible to determine
the ion temperature just by reading out the instrument’s wall
temperature. A blackbody infrared radiative dissociation (BIRD)
experiment51 conducted at different wall temperatures allows the
experimenter to determine rate constants of gas-phase reactions at
different temperatures. With the help of the Arrhenius equation,
both the activation barrier and the pre-exponential factor can be
derived.


All three methods require special equipment, which with
the exception of the IRMPD set-up is usually commercially
unavailable. These experiments are thus by no means routine.


9.1 Crown ether–alkali complexes: questioning the best-fit model
The binding of alkali metal cations to crown ethers follows the


best-fit model in solution, i.e. the cation which has the appropriate
size for binding inside the cavity of the crown will bind with the
highest affinity (e.g. Na+ in 15-crown-5, K+ in 18-crown-6 etc.).
These trends are usually observed for protic solvents such as
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Table 1 Binding energies (in eV) of crown ethers and simple analogues
(DME = dimethyl ether, DXE = dimethoxyethane) to alkali metal ions.
Each value refers to the binding energy of one ligand (e.g. 4 DME means
the binding energy of the 4th DME ligand, when three already are present
in the complex). For comparison, the sums of the BDEs of two and four
DME and two DXE ligands are also given. All data are taken from ref. 52


Ligand Li+ Na+ K+ Rb+ Cs+


1 DME 1.71 0.95 0.76 0.64 0.59
2 DME 1.25 0.85 0.71 0.57 0.49
3 DME 0.92 0.72 0.59 0.38 0.41
4 DME 0.70 0.63 0.52 0.40a 0.37a


1 DXE 2.50 1.64 1.23 0.97 0.59
2 DXE 1.44 1.20 0.92 0.51 0.56
12-Crown-4 3.85 2.61 1.96 0.96 0.88
15-Crown-5 — 3.05 2.12 1.18 1.04
18-Crown-6 — 3.07 2.43 1.98 1.74
1 + 2 DME 2.96 1.80 1.47 1.21 1.08
3 + 4 DME 1.62 1.35 1.11 0.89 0.78
1–4 DME 4.58 3.15 2.58 1.99 1.86
1 + 2 DXE 3.94 2.84 2.15 1.48 1.15


a Estimated value.


methanol. In order to compare the binding energies in solution
with gas-phase data, Armentrout and his group52 collected a
large number of gas-phase binding energies by threshold collision-
induced fragmentation experiments. In Table 1, the gas-phase
binding energies of monodentate dimethylether (DME), bidentate
dimethoxyethane (DXE), 12-crown-4, 15-crown-5, and 18-crown-
6 to the alkali metal cations M = Li+–Cs+, as determined by TCID
experiments, are summarised. In order to facilitate comparison,
the values for the sums of two DME, four DME, and two DXE
ligands are also included.


Several clear trends emerge:
(i) As expected, the first ether ligand bound to the metal exhibits


higher bond dissociation energy than the second, and so forth.
(ii) The binding energy of any ligand L in the MLn


+ complexes
under study decreases from Li+ to Cs+, probably due to the more
concentrated charge on Li+ and better orbital overlap, since Li+


and the oxygen donor are in the same row of the periodic table.
This trend has also been observed in a study employing the infrared
multiphoton dissociation (IRMPD) technique.53


(iii) The binding energy increases from 12-crown-4 to 18-crown-
6 for all metal ions (for Li+ this trend still needs to be confirmed,
since no binding energies have been reported for the Li+(15-crown-
5) and Li+(18-crown-6) complexes so far). The number of oxygen
donors in the crown ether is thus much more important than the
geometric fit of the cation inside the cavity of the ligand.


(iv) Nevertheless, geometric properties play a secondary role.
The binding energy of 15-crown-5 to Na+, the preferred partner
in solution, is the same as for 18-crown-6, although it bears only
five instead of six oxygen donors. Seemingly, the better fit for
15-crown-5 compensates the additional binding energy from the
sixth oxygen. The increase in binding energies from 15-crown-5
to 18-crown-6 is particularly drastic for Rb+ and Cs+, while the
difference is much smaller between the two smaller crowns. This
would not be expected if there were no size argument, since the
binding energies for each additional donor atom usually decrease
with increasing number. Seemingly, the number of donor sites in
the crown and the degree of geometric fit both contribute to the
total binding energy.


(v) Finally, the sum of the binding energies for two DME
ligands is larger than that of one bidentate DXE ligand. The same
applies if four DME groups are compared to two DXEs, and in
the series of the tetradentate complexes M(DME)4


+, M(DXE)2
+,


and M+(12-crown-4), the crown ether always has the lowest total
binding energy. This trend can be rationalised by the entropic
(and enthalpic) costs of forming five-membered cyclic –M+–O–
CH2–CH2–O– subunits within the complexes. Conformations in
the CH2CH2 backbone cannot freely interconvert as they can in the
free ligand after dissociation, and the optimal staggered geometry
is not easily feasible. While the O–C–C–O dihedral angle in free
dimethoxyethane is 74◦, it is 48◦, 55◦, 59◦, 61◦, and 63◦ for Li+–
Cs+, respectively. Of course, the crown ethers suffer most from this
effect.


The remaining question is why the “best fit” plays such a great
role in polar solvents, while it is of minor importance in the
gas phase. That brings us to the role of solvation, which can be
analysed based on these data. In methanol, for example, a crown
ether competes with an appropriate number of solvent molecules
for binding to the alkali metal ion. The intrinsic binding energies
from the gas phase predict that the interaction with the solvent is
somewhat (but probably not too much) greater than that of the
crown ether. However, two other effects come into play in solution:
entropy and geometric fit. It is less favourable, for example, to
bring together one Li+ ion and four methanol molecules than to
form a complex from just two components, Li+ and 12-crown-6.
This entropic effect is more or less the same for any alkali metal
ion, independent of its size. Consequently, the geometric fit finally
determines which ion binds best. In the gas phase however, there
is no methanol replacement ligand competing with the crown.
Consequently, the binding energies are governed by the number
of oxygen donors, because there is no balanced interplay with the
solvent. The entropy effects may play a role during ion formation,
but once mass-selected, the reaction is always the same – loss of
one ligand producing two particles from one, levelling out the
entropy. Finally, geometric fit cannot overcompensate the binding
energies determined by the number of donor atoms, and thus only
contributes a minor fraction of the binding energy. In conclusion,
the major achievement resulting from the gas phase data is a much
more profound understanding of the role of solvation in cation
binding by crown ethers.


9.2. BIRD: Arrhenius kinetics of oligonucleotide strand
separation in the gas phase


The BIRD approach has been utilised to decide the question
whether short oligonucleotide double strands still have a Watson–
Crick base paired structure. Schnier et al.54 argued that one could
conclude the Watson–Crick base pairing to be conserved in the gas
phase, if the gas-phase barriers follow linearly the same trend as the
melting enthalpies determined with UV methods in solution. The
triply charged double strands examined had four, six or seven base
pairs and reveal features expected for a correct pairing pattern.
A higher number of hydrogen bonds, which relates to a higher
G:C content, leads to a higher activation energy. For example,
palindromic (TGCA)2


3− has an activation barrier of 1.41 eV, while
the (CCGG)2


3− double strand undergoes separation when a barrier
of 1.51 eV can be surmounted. Also, mismatched complexes
(A7·A7


3−: 1.26 eV; T7·T7
3−: 1.40 eV) melt at lower activation
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barriers than matched ones (A7·T7
3−: 1.68 eV). When the gas-


phase activation energy is plotted against melting enthalpies from
solution, a near-linear relationship is found. All these findings
provide evidence for intact Watson–Crick base pairing in the gas
phase. Molecular dynamics calculations agree with this conclusion
as far as the hydrogen bonding is concerned. However, the effects of
the three unsolvated negative charges on the backbone phosphates
become clearly visible in the molecular dynamics simulation after
ca. 100 fs – the double helix starts to disrupt. After ca. 400 fs, the
helical structure is completely converted into a globular complex
with maximised charge–charge distances, but still with an intact
hydrogen bonding pattern.


10. Conclusions


The examples discussed here come from quite different fields in
supramolecular chemistry, and have been selected to provide an
idea of the diversity of the complexes and aggregates of interest,
as well as the non-covalent interactions mediating the binding.
After discussing different aspects of structure determination,
reactivity, and thermochemistry, it is also obvious that these
topics do not stand separate from each other, but are intimately
connected with each other. For example, the determination of
activation barriers for oligonucleotide strand separation indirectly
provides the structural assignment that the Watson–Crick base
pairing is still intact in the gas phase. For the rotaxanes and
catenanes discussed at the beginning, the reactivity in the gas
phase allows one to draw conclusions with respect to the topology.
Consequently, we need to finally think of the different topics
discussed in this article as one complete gas-phase approach to
supramolecular chemistry. Mass spectrometry, meanwhile, has
revealed its enormous potential for supramolecular chemistry in
quite a number of studies, and will hopefully continue to do so in
the future.
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36 G. Pócsfalvi, M. Lipták, P. Huszthy, J. S. Bradshaw, R. M. Izatt and K.
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1-O-Acyl-sn-glycero-3-phosphocholine and 1-O-acyl-sn-glycero-3-phosphoric acid have been prepared
selectively and with high yields from the corresponding diols, glycerophosphoryl choline and
glycerol-3-phosphate. Starting from the diols, the activated tin ketals were prepared in 2-propanol by
reaction with dialkyltin oxide. The intermediates were acylated in the same solvent with long-chain
fatty acid chlorides, giving the corresponding 1-acyl-lyso-phospholipids in high yield and with complete
regioselectivity. The catalytic nature of the tin-mediated acylation and the relevance of the solvent are
discussed.


Introduction


Lysophospholipids (LPL) are glycerophospholipids in which
one hydroxyl group in the glycerol backbone is acylated. The
combination of hydrophilic and lypophilic parts in one molecule
in the presence of a free hydroxyl group confers special properties
to LPLs. Their presence modulates the rigidity and stability of cell
wall structure as well as that of model artificial membranes.1 LPLs
are widely distributed in Nature both in animals and plants, even
though they represent only a small fraction of the cellular lipid
component.2 Phosphocholines bearing an acyl chain in the sn-1-
position, 1-O-acyl-sn-glycero-3-phosphocholine (1-O-Acyl-PC),
or in the sn-2 position, 2-O-acyl-sn-glycero-3-phosphocholine (2-
O-Acyl-PC), have been studied and synthesised.3


LPLs have recently become the focus of special attention, after
it was discovered that in addition to their role in phospholipid
metabolism they also function as secondary messengers, exhibiting
a broad range of biological activities in their own right.4–7


It is widely accepted that availability of synthetic natural
products is of fundamental importance for solving biomedical
problems.8 Thus synthetic LPC, lysophosphatidic acid (LPA) and
related LPL analogues are needed to elucidate their mechanism
of action, and to study the enzymes involved in their metabolism.
Moreover, they are the key intermediates in the synthesis of all
structured phospholipids. Total synthesis of 1-LPC, LPA and 1-
O-acyl-sn-glycero-3-phosphoinositol (1-LPI)9 have been reported.
A general method for the preparation of these compounds is the
phospholipase A2 (PLA2) catalyzed removal of the acyl chain in
position sn-2 of a naturally occurring or synthetic phospholipid.
When natural phosphatidylcholine (PC) is used as a starting
material, LPLs with mixed fatty acid compositions at position 1
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are obtained. Alternatively, the removal of a fatty acid chain from
structured phospholipids of synthetic origin allows the formation
of compounds with a defined composition of the acyl chain at
position sn-1. However, synthesis of structured phospholipids
is a multi-step process in itself, starting from enantiomerically
pure glycerol derivatives, through tedious protection–deprotection
steps and then the introduction of the phosphoryl group.10,11 Such
a complex synthetic strategy is not suitable for large-scale prepara-
tion, and hence the use of deacylated glycero-phospholipids, easily
obtainable by alcoholysis of abundant natural phospholipids (PC
or phosphatidyl ethanolamine, PE), as a more viable strategy.11 A
convenient procedure then, is the mono-acylation at position 1 of
glycerophosphoryl choline (GPC) 2 (Scheme 1).12 Compounds of
type 2 can be transformed into phospholipids of general structure
5, through 4 → 3.9h,12a However, a direct, selective method of mono-
acylation is not available. As a complement to this strategy, we wish
to report the synthesis of 1-O-acyl-phospholipids starting from
glycerophospholipids, exploiting the high reactivity and selectivity
of stannylene ketals formed in situ (Scheme 1, dashed arrow).


Results and discussion


Tin-mediated mono-functionalisation of polyols allows us to
achieve two main objectives: high regio- and chemo-selectivity
and rate enhancement.


In compounds containing three or more hydroxyl groups, the re-
gioselectivity is the prevalent aspect of the reaction and it has been
applied in the selective functionalisation of carbohydrates.13 In
compounds containing primary and secondary hydroxyl groups,
functionalisation at the primary group prevails. Advantages over
conventional chemical acylation are the short reaction time
and the higher selectivity.14 In most reaction protocols, usually
on model substrates, dibutyltin oxide (DBTO) is used in a
stoichiometric amount in a solvent which must be able to dissolve
the diol. For this reason methanol has usually been employed as
a medium, particularly in carbohydrate chemistry. Under these
conditions, large amounts of acylating agent are consumed by
reaction with the solvent. In some cases the catalytic function
of the tin ketal has been demonstrated on model compounds
(phenylethanediol), but the application to very polar compounds
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Scheme 1 Possible ways from natural lecithins to 1-acyl-LPL.


is hampered by the low solubility and low reaction rates when a
non-polar medium is used. We have recently shown that in the
benzoylation of phenylethanediol in the presence of DBTO, the
initially formed tin ketal acts in subsequent steps as the active
catalyst of the reaction.15 Several tin ketals obtained from DBTO
and different alcohols (MeOH, 2-PrOH) undergo exchange in the
presence of 1,2-diols, forming primarily the corresponding diol
ketal, which becomes the catalytically active species. If the diol
is not appreciably soluble in the reaction mixture, the formation
of the active ketal is limited and the reaction does not proceed
with the expected mechanism. Applied to the acylation of a
glycerophospholipid, the catalytic cycle can be represented as in
Scheme 2.


The same mechanism has previously been proposed for the
tin-catalysed sulfonylation of diols.16 We present here a reaction
protocol based on the generation of a diol–tin ketal derived from
a glycero-phospholipid in a protic solvent and its reaction with an
acyl chloride to give the 1-LPLs with absolute selectivity and high
yield.


Choice of the solvent


Since non-acylated glycerophospholipids are not soluble in non-
protic organic solvents, the choice of the solvent is critical. This
observation finds proof in the different reaction yields obtained
with the use of different solvents.


In the first experiment, GPC was suspended in a solvent of
low polarity (MTBE, toluene) in the presence of 1 eq. of DBTO,
and the suspension refluxed for 24 h. The mixture was cooled to
0 ◦C and treated with 1.2 eq. of acylating agent (acid chloride)
and 1.2 eq. of triethylamine (TEA). After 15 min at rt, the
mixture was analyzed: only a low conversion was observed (3–
15%), comparable to the one obtained in the absence of the tin
compound. When the experiment was repeated in methanol and
in 2-propanol, the conversions were 40% and >90% respectively.
These results suggest that in non-protic solvents, there is no
catalytic effect from the presence of the tin compound, since either
the ketal is not formed due to the low solubility of the diol or it is
not appreciably soluble. In protic solvents, the tin ketal is readily


Scheme 2 Catalytic cycle for the tin-mediated monoacylation of glycerophospholipids.
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formed and the reaction proceeds at a higher rate than in the
absence of the tin species. In methanol the conversion is limited
due to the competitive acylation of the solvent.


In a second set of experiments, GPC was treated with 1 eq. of
DBTO in methanol (2.5 g in 100 ml) and the suspension refluxed
for 3 h. This treatment afforded a clear solution, presumably
containing the corresponding tin-ketal.17 The solvent was removed
from the clear solution and the residue resuspended in the series of
non-protic solvents as above, and treated with the acylating agent
under the same conditions as described before. The conversions
observed with this procedure are between 3% (MTBE) and 22%
(DMF), suggesting that the solubility of the ketal controls the
entire reaction cycle. Suspending the crude material obtained from
the above treatment in 2-propanol and treating it further with acid
chloride and base led to an excellent yield of the mono-acylated
compound, with an excellent selectivity as well. Thus, the synthesis
of tin-ketal was then performed directly in 2-propanol, and these
conditions proved to be the most efficient for the mono-acylation
of GPC; in fact, esterification of the solvent does not occur at a
comparable rate. GPC was refluxed for 1 h in 2-propanol in the
presence of 1 eq. of DBTO at a concentration of 2.5 g in 100 ml. The
reaction was cooled to 25 ◦C and treated with 1.2 eq. of acylating
agent and 1.2 eq. of TEA. The mixture was stirred at rt for 15 min.
HPLC analysis of the reaction showed a 95% yield of 1-LPC. The
product was purified by extraction and crystallisation, as described
in the Experimental section. The positional purity was evaluated
from HPLC, 1H and 13C NMR, and showed no detectable trace
of the isomeric mono-acyl derivative.10b,g,h The thermodynamic
mixture of 1-LPC and 2-LPC obtained by acyl migration of one
fatty acid chain from the sn-1 to the sn-2 position and vice versa
was formed in slightly acidic conditions or in methanol solution in
a time-dependent manner. On the other hand, acylation of GPC
without the formation of tin ketal gave the usual ratio of isomers
with a much lower reaction rate. The amount of acylating agent
determines the conversion when methanol is used as a solvent. In
the case of 2-propanol, an optimum of conversion was obtained
with 1.2 eq. of palmitoyl chloride at rt (97%). As an alternative to
the acid chloride, palmitoyl anhydride, palmitic acid and methyl
palmitate were used. In the case of anhydride, 15% conversion
was observed, while there was no reaction with the ester or the
carboxylic acid. Using 4-(dimethylamino)pyridine (DMAP) as the
base had no advantages over TEA, which was required in a 1 : 1
ratio with the acyl chloride.


Acylation of the preformed tin intermediate obtained as de-
scribed was strongly dependent on the solvent used. Using 1.2 eq.
of palmitoyl chloride in 40 volumes of solvent at rt for 15 min,
the conversions ranged from 3% for MTBE to 22% for DMF,
the remaining solvents giving conversions in the following order:
CHCl3 < t-BuOH < CH3CN < CH2Cl2 < Tol < THF < DMF.


Catalytic nature of the tin-mediated acylation


During the reaction of GPC with DBTO, the 31P NMR spectra
of the mixture showed a peak attributed to the tin ketal, which
never exceeded 40%.18 Since in these conditions the conversion
with respect to the acylating agent was close to 100%, the data
confirms a catalytic mechanism.


We have recently shown in the simple benzoylation of
phenylethanediol that the tin ketal formed in situ by reaction of an


alkyltin oxide with the diol (or preformed in a separate reaction
and treated with the acylating agents in the presence of a base)
is itself the catalyst of the acylation. Thus GPC was refluxed in
2-propanol in the presence of 5 mol% of DBTO and the mixture
then treated as previously described. After 15 min reaction, the
conversion in this case also exceeded 90%.


Significance of the tin-mediated acylation of glycerophospholipids


When compared to other methods of mono-functionalisation of
GPCs, the present approach gives mono-acyl derivatives free from
the regioisomer usually produced by reaction protocols involving
the use of acidic conditions during the reaction or in the isolation
procedure. The possibility of forming the stannylene ketal and the
successive acylation reaction in a protic solvent that does not inter-
fere with the acylation reaction is the key point of the procedure.
The method is general, giving comparable yields with saturated
and unsaturated fatty acid derivatives of different lengths. Thus,
in completely identical procedures, 1-stearoyl-, 1-lauroyl- and 1-
oleyl-LPCs were obtained. The method is applicable also to the
acylation of 3-glycerophosphate (GPA). Glycerophosphoric acid
disodium salt, insoluble in 2-propanol, was transformed into the
mono-DMAP salt to improve its solubility. This was suspended in
2-propanol and refluxed in the presence of Bu2SnO, leading to a
soluble tin ketal derivative. Palmitoylation with 1.2 eq. of the acid
chloride in the presence of 1.2 eq. of TEA was rapid, complete
and selective, giving 1-palmitoyl-LPA with more than 90% yield
(Scheme 3) and again free from the regioisomer. The selectivity
and reaction rate observed in this case are particularly surprising
due to the highly functionalised nature of the molecule. Removal
of the tin-containing material from the products was achieved
with a selective extraction/precipitation procedure followed by
crystallisation (see Experimental). The use of catalytic amounts of
tin reagents or an immobilised catalyst should allow an easier and
complete removal of tin from the reaction mixture.19


Scheme 3 Reagents and conditions: i) 2-PrOH, DBTO, reflux; ii) TEA,
R′ ′ ′COCl, rt.


Conclusions


Glycerophosphorylcholine, easily obtained from natural lecithins
by purification-hydrolysis, is the natural synthon from which most
structured phospholipids can be obtained, through the sequential
introduction of acyl chains and eventual modification of the polar
head via transphosphatidylation reaction catalysed by phospho-
lipase D. However, mono-functionalisation of glycerophosphate
derivatives is not efficient due to their low solubility in organic
solvents and the low selectivity of the acylation step. We have
shown in this paper that mono-acylation of the tin ketal (easily
prepared from either a stoichiometric or a catalytic amount
of dialkyltin oxides or their equivalent), can be performed in
2-propanol, in which the solubility and reactivity of GPC is
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appreciable, and the acylation of the solvent by the long-chain
fatty acid chlorides of little significance. Under these conditions,
the formation of 1-acyl-LPC is rapid and complete. The reaction
has also been applied to the preparation of 1-acyl-LPA from (R)-
glycerophosphate with high yields and selectivity.


Experimental


1-O-Hexadecanoyl-sn-glycero-3-phosphocholine (1-O-Palm-PC)


GPC (10 g, 39 mmol) and DBTO (10.65 g, 43 mmol) were
suspended in 2-propanol (400 ml) and refluxed for 1 h. The
mixture was cooled to 25 ◦C, and treated with TEA (6.5 ml,
47 mmol) and palmitoyl chloride (12.8 g, 47 mmol). The formation
of the lysoPC and the disappearance of GPC was followed by
HPLC. After 15 min at rt, a sample from the reaction mixture
was analysed (HPLC) and shown to contain 1-palmitoyl-sn-
2-lyso-phosphatidylcholine (97%) and GPC (3%) as the only
phospholipids. The solution was treated with water (400 ml) and
extracted with heptane (400 ml). The water–alcohol solution was
extracted again with heptane (3 × 250 ml). The heptane phase
contained the tin compounds and the product of reaction between
excess palmitoyl chloride and the solvent (isopropyl palmitate).
The water–alcohol solution was evaporated, the residue dissolved
in ethanol (100 ml) and precipitated with acetone (400 ml) at
−10 ◦C, leading to 15 g of a white powder (80%). The product was
crystallised from ethanol (7.5 g, 40%). Elemental analysis showed
a tin content of 90 ppm. 1H NMR and 13C NMR spectra were
identical to those reported in the literature9e,20


1-O-Hexadecanoyl-sn-glycero-3-phosphoric acid DMAP salt
(1-O-Palm-PA)


Glycerol-3-phosphate disodium salt (10 g) was dissolved in H2O
(20 ml) and passed through a column of acidic sulfonic resin
DOWEX 50X8. The solution was treated with DMAP to adjust
the pH to 6, and the solution lyophilised, giving glycerol-3-
phosphate mono-DMAP salt.


GPA mono-DMAP salt (1 g, 5.4 mmol) and DBTO (1.35 g,
3.4 mmol) in 2-propanol (50 ml) were heated under reflux for
2 h. The resulting suspension was then cooled to 25 ◦C in an
ice bath and TEA (1.3 ml, 8.1 mmol) and palmitoyl chloride
(2.2 g, 8.1 mmol) were added dropwise. The reaction was stirred for
15 min at room temperature. After 15 min, a sample of the reaction
mixture was analysed (HPLC) and found to contain 1-palmitoyl-
LPA and GPA in the ratio 91 : 9. The water–alcohol mixture was
treated with 400 ml of water and extracted with heptane. The
water–alcohol solution was extracted again with heptane (3 ×
250 ml). The heptane phase contained the tin compounds and
the palmitoyl ester. The water–alcohol solution was evaporated,
the residue dissolved in ethanol (100 ml) and precipitated with
acetone (400 ml) at −10 ◦C, yielding a white powder (12 g, 75%).
The product was crystallised from ethanol (6 g, 35%). Elemental
analysis showed a tin content of 90 ppm.


1-O-Octadecanoyl-sn-glycero-3-phosphocholine (1-O-Stear-PC)


A suspension of GPC (1.85 g, 7.2 mmol) and DBTO (1.90 g,
7.6 mmol) in 2-propanol (30 ml) was heated under reflux for
1 h. The resulting suspension was then cooled to 25 ◦C in an


ice bath, and TEA (1.2 ml, 7.9 mmol) and stearoyl chloride (2.3 g,
7.9 mmol) were added. The reaction was stirred for 35 min at room
temperature. A sample from the reaction mixture was analysed
(HPLC) and shown to contain 1-stearoyl-LPC and GPC in the
ratio 95 : 5. Isolation of the product was performed as previously
described for the palmitoyl analogue.


1-O-Oleoyl-sn-glycero-3-phosphocholine (1-O-Oleo-PC)


A suspension of GPC (1.85 g, 7.2 mmol) and DBTO (1.90 g,
7.6 mmol) in 2-propanol (30 ml) was heated under reflux for
6 h. The resulting suspension was then cooled to 25 ◦C in an
ice bath, and TEA (1.2 ml, 7.9 mmol) and oleoyl chloride (2.1 g,
7.9 mmol) were added. The reaction was stirred for 35 min at room
temperature. A sample from the reaction mixture was analysed
(HPLC) and shown to contain 1-oleoyl-LPC and GPC in the
ratio 95 : 5. Isolation of the product was performd as previously
described for the palmitoyl analogue.


1-O-Dodecanoyl-sn-glycero-3-phosphocholine (1-O-Laur-PC)


A suspension of GPC (1.85 g, 7.2 mmol) and DBTO (1.90 g,
7.6 mmol) in 2-propanol (30 ml) was heated under reflux for
2 h. The resulting suspension was then cooled to 25◦ C in an
ice bath, and TEA (1.2 ml, 7.9 mmol) and lauroyl chloride (1.6 g,
7.9 mmol) were added. The reaction was stirred for 35 min at
room temperature. A sample from reaction mixture was analysed
(HPLC) and shown to contain 1-lauroyl-LPC and GPC in the
ratio 95 : 5. Isolation of the product was performed as previously
described for the palmitoyl analogue.
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A new water-soluble fluororeactand for the optical detection of saccharides is presented. We have
combined the functional naphthalimide fluorophore with the well-known ability of boronic acids to
bind to the diol moiety of saccharides. The fluororeactand exhibits sensitivity in the mM range,
absorbance and emission in the visible spectral range, large Stokes’ shift and fluorescence increase in
the physiological pH range.


Introduction


The last 10 years have seen significant progress in the synthesis
and investigation of selective receptors using fluorescence for
detection.1–7 Nowadays the quantification of saccharides belongs
to the most important fields in medical diagnostics, where the
main objective is continuous, noninvasive saccharide monitoring,
for example for controlling blood glucose levels to detect diseases
such as hypoglycaemia or Diabetes mellitus.8–10 Saccharides also
are highly important feed materials for enzymatic syntheses and
their continuous monitoring would help in process optimisation.


Thus there is still a need for new indicators in this field, if
several requirements are considered. The indicator dyes have to
absorb and emit in the visible spectral range and should have
large Stokes’ shifts, in order to avoid problems caused by sample
autoluminescence, and to simplify the set-up of the analytical
device. The dyes should be easily functionalised to either make
them water soluble for application in medical research, to make
them polymer soluble for optical sensing applications or to
covalently link them to support materials (again mainly for sensing
purposes but also for chromatographic applications). Finally, there
should be a significant and preferably selective response to the
analyte, and, especially in the case of fluorescence, an increase
in signal upon interaction with the analyte is preferred over a
decrease.


Naphthalimide derivatives are well suited for optical sensing
because their absorption and emission are in the visible spectral
range, they have a large Stokes’ shift and allow the step-wise intro-
duction of functional groups. In 1998 de Silva and coworkers11


applied a naphthalimide dye to detect thiols via irreversible
Michael addition and in 2002 Lakowicz and coworkers introduced
N-phenylboronic acid derivatives of 1,8-naphthalimide for glucose
detection.12 The latest work in the field of naphthalimide dyes
has been reported by Qian and coworkers, who developed water-
soluble fluorescent pH sensors.13


Being aware of the more than decennial work of researchers
such as Shinkai, James or Lakowicz,14–24 who used boronic acid
derivatives to detect saccharides, and taking into consideration our
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experience with indicators, which can perform reversible chemical
reactions with the analyte,25–28 our present work aims at providing
a further step in the improvement of saccharide indicators.


With FR-530 (Fig. 1) we introduce a new fluorogenic structure
including a boronic acid moiety, with the well known ability
to covalently react with 1,2- or 1,3-diols in aqueous solutions
by forming five- or six-membered cyclic esters. Because these
are reversible chemical reactions the indicator dye is called a
“fluororeactand”.


Fig. 1 Structure of compound 4, fluororeactand FR-530.


Usually the nitrogen in the vicinity of the phenylboronic acid
moiety causes PET fluorescence quenching by transferring its lone-
pair electrons to the naphthalimide chromophore. Protonation of
this nitrogen leads to signal increases in fluorescence because the
PET mechanism is modulated (Fig. 6, � without D-fructose; see
later). The boronic acid moiety in the 2-position, close to the
nitrogen, promotes dative B–N bond formation, which lowers
the pKa of the boronic acid and because of this the binding
affinity to saccharides increases. When FR-530 forms the ester
with the diol moiety of saccharides, the strengthening of the B–N
bond reduces PET fluorescence quenching and consequently an
increase in fluorescence is detected (Fig. 2).29,30 The derivatives
with the boronic acid moiety in the 3- or 4-position did not show
any signal increases in contact with saccharides because there is
no interaction between the boronic acid moiety and the nitrogen
atom.


Results and discussion


The dye was synthesised in a three step procedure shown in
Fig. 3. First 1 was reacted with 2-(2-aminoethoxy)ethanol to
give 2. In the second step 2 was reacted with N,N ′-dimethyl-
ethylenediamine to give 3, which finally was reacted with
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Fig. 2 Esterification causes an increase in fluorescence.


Fig. 3 Synthesis of compound 4. Reagents and conditions (yield): i,
1, 2-(2-aminoethoxy)ethanol, ethanol, reflux (90%); ii, 2, 1 equiv. of
N,N ′-dimethyl-ethylenediamine, 2-methoxyethanol, reflux (80%); iii, 3,
(2-bromomethylphenyl)boronic acid, triethylamine, dry tetrahydrofuran,
reflux (65%).


(2-bromomethylphenyl)boronic acid to give compound 4 as the
product, denoted fluororeactand FR-530.†


† Physical characteristics of 2-({[2-({2-[2-(2-hydroxyethoxy)ethyl]-1,3-
dioxo-2,3-dihydro - 1H - benzo[de]isoquinolin - 6 - yl}methylamino)ethyl] -
methylamino}methyl)boronic acid 4, denoted FR-530. Yield: 47%.
Melting point: 174 ◦C. Elemental analysis: Found: C, 64.22; H, 6.73; N,
8.49. C27H32BN3O6 requires C, 64.17; H, 6.38; N, 8.31%. UV absorptions:
kmax(H2O)/nm 410. IR absorptions: mmax/cm−1: 1448 (B–O), 1379, 1279,
1247, 1114, 760. NMR data: dH (250 MHz; MeOD; Me4Si) 2.43 (s, 3 H,
-CH3); 2.95 (t, 2 H, N-CH2); 3.62 (t, 2 H, N-CH2); 3.02 (s, 3 H, -CH3); 3.61
(m, 4 H, HO-CH2-CH2-OR); 3.75 (s, 2 H, N-CH2-aryl); 3.78 (t, 2 H, CH2-
OR); 4.29 (t, 2 H, N-CH2); 6.98–8.33 (m, 5 H, naphthalene-); 7.14–8.18
(m, 4 H, aryl-). dC (250 MHz; MeOD; Me4Si) 39.14 (1 C, N-CH2); 41.05 (1
C, -CH3); 42.76 (1 C, -CH3); 51.26 (1 C, N-CH2); 51.33 (1 C, N-CH2); 60.63


FR-530 has the advantage that it is water soluble and its
preparation is facile. Because of the hydroxy group the dye
can be derivatised, for example with functional groups that can
polymerise, or with long alkyl chains to change the solubility.


When the boronic acid moiety in FR-530 and the diol moiety
of saccharides are forming a covalent bond, the dye changes
its fluorescence. FR-530 responds to increasing concentrations
of D-fructose by a significant increase in fluorescence at kem =
530 nm, while there is no significant change in absorbance at kmax =
410 nm. The maximum signal increase of FR-530 in contact with
D-fructose at pH 7.15 was found to be 130% (Fig. 4).


Fig. 4 Absorbance spectrum with kmax = 410 nm, fluorescence spectra of
FR-530 in contact with plain buffer and buffered solutions of D-fructose,
all at pH 7.15 with kexc = 410 nm.


The sensitivity of FR-530 for D-fructose is highest in the range
from 1.0–20.0 mM with a limit of detection of 0.1 mM (Fig. 5).
The fluorescence quantum yield of the pH = 7.15 buffered solution
of FR-530 (U = 0.99%) increases accordingly when 100 mM D-
fructose is added (U = 2.60%).


Fig. 5 Fluorescence intensity vs. log [saccharide], calibration graph
of FR-530 upon exposure to buffered solutions of � D-fructose; �
D-galactose; � D-glucose; � ethylene glycol, all measured at pH 7.15.


The behaviour of FR-530 against saccharides follows a trend
that is typical for aromatic boronic acids, in that the affinity to D-
fructose > D-galactose > D-glucose > ethylene glycol (Table 1). Our
findings are in accordance to the data found in the literature31–34


(1 C, CH2OH); 62.51 (1 C, N-CH2-aryl); 67.72 (1 C, CH2-OR); 71.85 (1 C,
CH2-OR); 114.97, 121.72, 125.03, 125.26, 126.82, 131.41, 131.85, 132.42,
132.79, 156.34 (10 C, naphthalene-); 127.01, 128.18, 128.50, 129.38, 129.73,
140.32 (6 C, aryl-); 164.77, 165.41 (2 C, N-C=O). Mass spectrometry data:
(FAB in 3-nitrobenzyl alcohol) m/z (%): 506 [M + 1].
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Table 1 Association constants of FR-530


Sugar Ka/M−1


D-Fructose 170
D-Galactose 8
D-Glucose 2
Ethylene glycol 0.5


for Ka, where phenylboronic acid has a binding constant of
162 M−1 for fructose and 5 M−1 for glucose. The selectivity
pattern represents (a) the preorganisation of the diol (cis or
trans configuration) and (b) the sterical hindrance via e.g. the
hydroxymethyl group of the saccharide.35


The relative signal changes in going from zero to 100 mM D-
fructose are highly dependent on buffer pH. Thus, virtually no
changes in fluorescence are observed at highly acidic or basic
pH, while significant signal changes are within the pH 5.0 to
10.0 region. To study cross-sensitivity to pH we determined the
fluorescence in the absence and presence of D-fructose by changing
the pH value from 1 to 13. Maximum signal changes were
found at around pH 6.3 which is appropriate for physiological
measurements (Fig. 6).


Fig. 6 Fluorescence intensity vs. pH range, graph shows relative signal
change of FR-530 in contact with plain phosphate buffer and buffered
solutions of 100 mM D-fructose. � without D-fructose; � with D-fructose.


Furthermore, the two analogues of FR-530 with the boronic
acid moiety in 3- and 4-position and a reference substance without
the boronic acid moiety have been sythesised to control the results.
The reference substance did not show any response to D-fructose,
indicating that the specific interaction of saccharides with boronic
acids is responsible for the observed changes in fluorescence.


Experimental


Synthesis of FR-530


(i) 4-Bromo-1,8-naphthalic acid anhydride 1 was suspended in
ethanol, the suspension was warmed to get a clear solution
and then an equimolar amount of 2-(2-aminoethoxy)ethanol was
added dropwise to the solution. After refluxing for 10 hours
the pale yellow solid was washed with ethanol and then recrys-
tallized from ethanol to give 6-bromo-2-[2-(2-hydroxy-ethoxy)-
ethyl]-benzo[de]-isoquinoline-1,3-dione 2.


(ii) In the second step 2 was refluxed with the equimolar
amount of N,N ′-dimethylethylene-diamine in 2-methoxyethanol
to give 2-[2-(2-hydroxy-ethoxy)-ethyl]-6-[methyl-(2-methylamino-
ethyl)-amino]-benzo[de]iso-quinoline-1,3-dione 3. The product 3


was purified on silica gel using dichloromethane/methanol 3:1 to
give a yellow solid.


(iii) The 2-({[2-({2-[2-(2-hydroxy-ethoxy)-ethyl]-1,3-dioxo-2,3-
dihydro-1H-benzo[de]iso-quinolin-6-yl}-methyl-amino)-ethyl]-
methyl-amino}-methyl)-boronic acid 4 was synthesized by
refluxing 3 with (2-bromomethylphenyl) boronic acid, ratio 1:2,
in dry tetrahydrofuran for 6 hours. The product was purified on
silica gel, using dichloromethane/methanol 5:1 to give 4 (FR-530)
as a yellow solid.


Measurements


The fluorescence spectra were recorded on a Spex Fluorolog
3 (Jobin Yvon) spectrometer, while absorbance spectra were
recorded on a Lambda 16 UV-VIS spectrometer (Perkin Elmer),
both at 25 ± 2 ◦C.


The measurements at different pH values (1–13) were performed
by using an universal buffer composed of 40 mM acetic acid,
40 mM sodium dihydrogen phosphate and 40 mM sodium borate
and adjusting to the required pH by adding 1.0 M sodium
hydroxide or hydrochloric acid solution. The effect of pH on the
fluorescence of FR-530 was measured by preparing 13 solutions,
each of 0.5 ml FR-530 solution + 0. 5 ml distilled water + 2 ml
buffer solution (with the adequate buffer from 1 to 13). The
measurements on the effect of pH in the presence of saccharides
and ethylene glycol followed this procedure, in that 0.5 ml FR-
530 + 0.5 ml saccharide solution (concentration 0.1 mol l−1) + 2 ml
buffer solution (from 1 to 13) were analysed in the fluorescence
spectrometer after a response time of half an hour. At the end
of all measurements the pH value was determined again and the
results were evaluated as shown in Fig. 6 for D-fructose.


For the concentration series of D-fructose FR-530 was dissolved
in aqueous solution, filtered and buffered to pH 7.15 by the use
of 88 mM phosphate buffer. Different solutions were prepared
consisting of 0.5 ml FR-530 solution + 0.5 ml D-fructose solution
(with the required amount of D-fructose to obtain concentrations
ranging from 0.0005 mol l−1 to 0.1 mol l−1) + 2 ml buffer solution.
The results of the measurements are represented in Fig. 4.


Conclusions


In summary, our fluororeactand is useful for detecting saccharides
because it exhibits absorbance and fluorescence in the visible
spectral range, shows increases in fluorescence upon exposure to
the analyte and has a Stokes’ shift of 120 nm. While FR-530
can be used for quantifying saccharides in aqueous solution at
physiological pH, the facile introduction of a long alkyl chain,
instead of the water-soluble hydroxy-ethoxy-ethyl group that was
used here, will make the dye more lipophilic and also allow the
dye’s use in polymer layers. This approach is currently under
investigation in our laboratory.


The evaluation of FR-530 for fructose detection is relevant for
medical research because of hereditary fructose intolerance (HFI).
It is complicated to diagnose this kind of metabolic dysfunction
caused by an aldolase-B insufficiency where the decomposition
of fructose is disturbed, because the symptoms are quite complex
(aversion to sweets, diarrhoea, adephagia) and often are mixed
with symptoms of a fatty liver. Today this disease is detected by
the H2-exhalation test, which is dangerous and is connected to
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adverse effects, because the assumed HFI patient has to consume
a fructose solution. Only a few clinical laboratories routinely
perform analysis of HFI in blood samples on the basis of molecular
biological diagnostics. Therefore, a continuous monitoring of
blood samples, detecting blood fructose levels, is of significant
relevance.
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Flash vacuum pyrrolysis of vinyl epoxides provides cis-dihydrofuran carboxylic esters in good yields
and diastereoselectivities, which, on base-promoted epimerisation afford the complementary trans
series. The compounds provide a viable template for a Lewis acid promoted cyclisation to provide the
2,6-diaryl-3,7-dioxabicyclo[3.3.0]octane core found in the furofuran series of natural lignans. This
strategy is stereodivergent and can be controlled to provide the exo-exo, exo-endo or endo-endo
stereochemistries. The approach has been exemplified in syntheses of the sesamyl furofurans
(±)-epiasarinin and (±)-asarinin.


Introduction


Detected in over seventy different plant species, lignans represent a
major class of plant derived natural products with a common b–b
linked phenyl propanoid skeleton. The furofurans, one of the main
subsets of this family of natural products, are characterised by
a 2,6-diaryl-3,7-dioxabicyclo[3,3,0]octane structure. Distinctions
within this subclass can be made in the relative orientations and
nature of the C-2 and C-6 aryl substituents. These may be the same
or different representing the results of a homo- or hetero coupling
of cinnamate units during the biosynthesis. Most commonly these
aryl groups are located on the less hindered exo face although
examples of both the exo-endo and endo-endo series are known,
Fig. 1. Accompanying this structural and stereochemical diversity
is a broad range of biological activities including anti-viral, anti-
inflammatory and anti-oxidant properties.1


Given the wide range of biological activities displayed by the
furofurans there have been considerable efforts to develop efficient
synthetic strategies.2 The vast majority of these have relied on
ether bond formation to complete the ring system. The most
common approach has been to formally disconnect the skeleton at
both ether bonds and to prepare a tetradiol precursor. Although
cyclisation to establish the furofuran skeleton can be achieved
in a single operation under either basic or acidic conditions
there are a number of disadvantages. The former requires all the
stereochemistry to be established in the precursor and selective
functionalisation of the different hydroxyl groups. Whilst acid
promoted cyclisation does not have these requirements it only
leads to the formation of the thermodynamically favoured exo-
exo isomer. The other approaches construct the furan rings in a
sequential manner using the conformation of an existing ring to
help establish the key C-3 and C-7 stereocentres. These provide
greater stereochemical diversity and have allowed examples of
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Fig. 1 Stereochemical and structural diversity in naturally occurring
furofurans.


endo-exo-furofurans to be generated. However, as yet, none
of these strategies have been reported to be applicable to the
preparation of the endo-endo series.3


At the outset of this project, our aim was to develop a modular
generic synthesis which could provide tuneable access to all the
possible furofuran isomers. We envisaged a strategy employing
a templated cationic cyclisation to establish the furofuran core
via C–C bond formation and, in the process, setting the stere-
ochemistry at C-2 and C-3, Scheme 1.4 The key steps in this
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Scheme 1


included the exploitation of the thermal rearrangement of a vinyl
epoxide to provide the dihydrofuran template and a subsequent
Lewis acid promoted cyclisation to generate the furofuran skeleton
with control of the stereochemistry. In previous preliminary
communications we have described our initial results and in this
paper we provide the full details of this work together with an
analysis of the scope and limitations of such an approach.5


Results and discussion


In our initial studies we explored the vinyl epoxide rearrange-
ment of simple cinnamate derived substrates, Scheme 2. Whilst
stereochemically pure trans-epoxy aldehyde could be prepared via
successive epoxidation and oxidation of trans-cinnamyl alcohol,
it proved more efficient, and amenable to ‘scale up’, to produce
the aldehyde 10 through the aqueous base mediated epoxidation of
cinnamaldehyde 8a with hydrogen peroxide.6 Whilst this produced
a 7 : 3 mixture of isomers, this was of no concern as the
vinyl epoxide–dihydrofuran rearrangement is stereoconvergent


Scheme 2 Reagents: i. a) Ph3PCHCO2Et, 88%, b) DIBAL, THF, −78 ◦C,
80%; ii. MnO2, 8b 95%; iii. mCPBA, DCM, 9a 92%; iv. tBuOOH, NaOH,
10a 73%; v. SO3·Py, DMSO, Et3N, 10a 55%; vi. (EtO)2P(O)CH2CO2Et,
NaH, PhMe, 11a 68%.


producing an isomer ratio independent of that of the starting
epoxide. Conversion to the required rearrangement substrate was
achieved using HWE olefination using triethylphosphonoacetate
which afforded the enoate 11a with complete E selectivity.


Having established an efficient route capable of producing multi-
gram quantities of rearrangement substrate we then attempted to
extend this chemistry to the more electron rich substrates found in
the natural furofurans. Whilst the required unsaturated aldehydes
are not commercially available it was relatively straightforward to
access them via a sequence of standard transformations, in good
overall yields, Scheme 2. However, this approach subsequently
foundered on the instability of the epoxide intermediates. For
example, attempts to generate the epoxide from either alcohol 7b
or aldehyde 8b using a range of epoxidation reagents (mCPBA,
TBHP/OH−, DMDO,7 MMPP8 etc.) failed with the only de-
tectable material in the crude products corresponding to ring
opened materials. Presumably the highly electron donating ring
systems found in the natural systems activate the epoxide to
hydrolysis.


This challenge forced us to consider alternative routes to the
required vinyl epoxides and we were attracted to the vinylogous
Darzens epoxidation of benzaldehyde using bromocrotonate and
KOtBu in tbutanol as described by Koppel.9 Although initial
attempts to reproduce this procedure were complicated by poor
solubility, efficient conversion to the desired epoxides 11 could
be achieved through the use of a combination of THF, strong
base, excess crotonate anion and careful control of the reaction
temperature. This modified protocol proved amenable to the
preparation of a range of epoxides albeit as a mixture of cis and
trans epoxide isomers. Since we were also interested in extending
our approach to include the preparation of aza analogues of the
furofurans, we wished to consider the analogous rearrangement of
vinylaziridines. Such substrates could be prepared by the addition
of a crotonate anion to the corresponding imine and there is
precedent for such an approach. Dai et al. have described the
reaction of tosylimines with 4-bromodimethylsulfonium crotonate
12y, Scheme 3.10 to afford a variety of aryl substituted vinyl
aziridines in 35–50% yield. Encouraged by this precedent N-
tosylbenzylimine 14 was combined with 4-bromocrotonate 12z
under our modified Darzens conditions. After purification by flash
chromatography, a pure product was obtained in 17% yield. Whilst
elemental analysis was consistent with the predicted molecular
formula (C19H19NO4S), 13C NMR DEPT analysis showed the


Scheme 3


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2912–2927 | 2913







presence of a methylene group (dc 54.9 ppm) inconsistent with
the expected aziridine structure. Ultimately, an X-ray crystal
structure determination revealed that this ‘aza Darzens’ reaction
had led to the 3-pyrroline 15, Fig. 2. One possible pathway for
the formation of this product would involve preferential reaction
of the crotonate at the a-carbon followed by isomerisation and
cyclisation. In an attempt to direct the reaction to the c-position,
the stronger anion stabilising sulfonium salt 12y was prepared
following protocols described by Nordlander11 and the Dai process
repeated. Surprisingly this too led to the formation of the 3-
pyrrolidine, albeit in modest yield. At this stage we are unable
to account for the divergence of our and Dai’s observations.
Potentially, the vinyl aziridine may be formed and undergoing
a rapid rearrangement to give a pyrroline structure. There is
precedent for such a pathway. For example, Somfai and Hirner
have recently described the iodide promoted rearrangement of
vinyl aziridines to pyrrolines in a microwave reactor.12 Whilst not
providing the desired vinyl aziridine this very direct preparation
of pyrrolines is an area of ongoing study in our laboratories.


Fig. 2 X-Ray molecular structure of 15 (50% thermal ellipsoids).


With routes to the required vinyl epoxides now established
we then turned to the key dihydrofuran rearrangement. In his
pioneering work on this transformation Eberbach and Burchard
had described the conversion of vinyl epoxide to dihydrofuran
using flash vacuum pyrolysis (FVP) in which a solution of starting
material in benzene was introduced under a nitrogen flow to a glass
tube, packed with glass wool and heated to ∼300 ◦C with the prod-
uct being trapped in a flask cooled to −20 ◦C. However, relatively
little additional experimental information is provided in these
accounts.13 Whilst, in preliminary studies, using phenyl substituted
vinyl epoxide 11a we were able to reproduce this transformation
to generate a mixture of cis- and trans-dihydrofuran isomers, the
yields and conversions were poor. After some experimentation
it proved to be more efficient to operate at higher temperatures.
Ultimately working at 450 ◦C and 0.02 mmHg with a 20 m glass
tube packed with 5 g glass wool a 4.5 : 1 mixture of isomers could
be obtained, albeit in variable yields (40–70%). The latter reflected
the difficulties in achieving complete conversion of the starting ma-
terial in a single cycle. Although simple recycling through the FVP
system is possible this leads to lower yields. Consequently, alter-
native reproducible methods for undertaking this transformation
were explored and it was discovered that the rearrangement could
be induced by simply heating in sealed tubes or, on a larger scale,
in an autoclave at 205 ◦C for 8 hours (at a measured pressure of 30
bar), Scheme 4. This latter process yielded multigram quantities of


Scheme 4


a mixture of cis- and trans-dihydrofurans (16c, 16t) in a 9 : 1 ratio
in 70 to 85% yield. The isomers could be clearly characterised from
the 3J coupling between H-2 and H-3 (trans 16t 2-H 5.84 ppm, dou-
blet, J = 7.5 Hz; cis 16c 2-H, 5.76 ppm, doublet, J = 11.2 Hz). Al-
though simple arenes were compatible with this method, attempts
to extend this approach to more electron rich substrates foundered,
giving excessive levels of decomposition. Believing that neither
starting materials nor products were compatible with the high tem-
peratures for prolonged periods we returned to explore FVP pro-
tocols with a view to clearly defining suitable generic conditions.


At this stage we identified four major variables to consider in the
optimisation of this pyrolysis. These were the method/temperature
of volatilisation of the substrate, the temperature of the FVP tube,
the nature and packing within the FVP tube and the pressure
within the system. Using the vinyl epoxide 11a as a model substrate
a series of experiments were undertaken to define the optimum
conditions using the simple apparatus available in the laboratory.
This comprised a 20 cm long glass tube (10 mm od) passing
through a horizontally mounted cylindrical oven and connected,
via the drive motor of a Büchi Kügelrohr apparatus to ensure a
homogeneous thermal cross section, to a cold trap to collect the
product and to the high vacuum system.


In particular, more controlled sample input was achieved either
by a flask heated within a Kügelrohr oven or by direct pyrolysis of
a round bottom flask using a commercial heat gun. The balance
between conversion, product formation and decomposition was
ascertained by analysis of the 1H NMR spectrum of the material
collected in the cold trap, Table 1. Whilst it was easy to estimate
the conversion and the cis : trans ratio from the integration of
characteristic peaks (Ha and Ha) in the spectra, it was harder
to deduce the amount of decomposition. Consequently, it was
decided to use the integration of the area 9.6–9.4 ppm as a suitable
marker for this pathway. On the basis that it was more easily repro-
ducible, the initial study was conducted without column packing.
Using 55 mg of starting phenyl vinyl epoxide 11a (0.25 mmol), the
effect of the temperatures T1 and T2 was explored. By increasing
the FVP oven temperature (T2), the conversion improved up to
100%. However, the percentage of degradation also increased
and the cis : trans selectivity was slightly reduced. As it proved
harder to separate the desired dihydrofuran from the starting vinyl
epoxide than from the degradation compounds, high temperatures
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Table 1 FVP initiated rearrangements of vinyl epoxide 11


Entry P/mbar T1/◦C T2/◦C 11a/mmol cis : transa 16c : 16t Conversionb (%) Degradationc (%)


1 0.02 87.5 400 0.25 1 : 8 54 5
2 0.04 100 400 0.25 1 : 10 50 1
3 0.02 100 450 0.25 1 : 7 88 6
4 0.02 100 475 0.25 1 : 6 88 8
5 0.01 100 475 1 1 : 6 97 12
6 0.04 100 500 0.25 1 : 4 100 30
7 0.04 >250d 500 1.5 1 : 9 50 5


a Integrals Ha trans/Ha cis. b Integral ratio (Ha trans + Ha cis)/(Ha trans + Ha cis + H?). c Integral ratio Hdeg/(Hb + Hdeg). d Heat gun used for volatilisation of
substrate.


(475 ◦C) were preferred. When the reaction was scaled up, the
conversion and the degradation both increased but the selectivity
was maintained. For this substrate slow evaporation of the starting
epoxide with a Kügelrohr oven at 100 ◦C led to a better conversion
than a fast introduction with the heat gun. This is probably due to
the concentration of the material in the FVP column and the
reduction of the collisions with the column walls that induce
the rearrangement. Having identified the optimum conditions
for the rearrangement of phenyl vinyl epoxide 11a, we then
turned to explore various simple derivatives varying both the aryl
component and the ester (amide) substituent, Table 2. The latter
substrates were simply and efficiently prepared from ester 11a by
hydrolysis and coupling of the resultant acid with either an alcohol
or an amine following standard protocols (see Experimental). In
several cases, these vinyl epoxides required prolonged heating at
significantly higher temperatures (T1 ∼150 ◦C) to be volatilised
which resulted in increased levels of decomposition. In these cases
in order to minimise the contact time at high temperature, the


direct heating method, using a heat gun, was used to introduce the
starting vinyl epoxide rapidly into the FVP column.


In all cases the major product of vinyl epoxide–dihydrofuran
rearrangement was the cis-isomer reflecting preferential involve-
ment of an all trans-ylid intermediate and subsequent 6p-disrotary
ring closure, Scheme 5.


At this stage, during attempts to generate the corresponding
amide by direct amidation of the cis-ester 16c with an amine in
refluxing toluene, it was observed that a slow epimerisation of
the cis-dihydrofuryl ester occurs. Exploiting this observation, a
range of different bases, including triethylamine, DIPEA, NaOEt
and DBU, were examined with a view to enhancing this process,
Table 3. However, initial experiments indicated that the reaction
with these bases was very slow even in refluxing toluene and
needed two to four weeks to convert all the cis-ester into the
trans isomer. With these prolonged reaction times, decomposition
products were observed. Fortunately, the use of catalytic quantities
of base (10 mol% DBU) proved to be significantly more beneficial


Table 2 Rearrangement of vinyl epoxides by FVP


Entry Vinyl epoxide (Ar,R) T/◦C P/mbar Product Yield (%) cis : trans


1 18 (a,m) 475 0.04 26 80 10.2 : 1
2 19 (a,n) 500 0.04 27 90 8.8 : 1
3 20 (a,p) 480 0.03 28 60 8.6 : 1
4 21 (a,q) 500 0.05 29 48a 9.0 : 1
5 22 (a,r) 500 0.05 30 85 11.1 : 1
6 23 (a,s) 500 0.05 31 67 6.1 : 1b


7 24 (a,t) 500 0.04 32 43c 7.3 : 1d


8 13 (b,m) 500 0.04 17 75 8.3 : 1
9 25 (c,m) 500 0.04 33 67 8.3 : 1


a 75% conversion. b (50 : 36) : (8 : 6) mixture of diastereoisomers. c Crude yield. d (54 : 34) : (7 : 5) ratio of diastereoisomers.
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Scheme 5


affording a 19 : 1 trans : cis mixture (91% yield) after 12 hours
at 110 ◦C with minimal decomposition (<5%). Since this process
must proceed via the corresponding enolate attempts to trap this
species to introduce further structural variation were undertaken.
However all attempts using a variety of bases and electrophiles
failed, affording complex intractable mixtures of products.


With this modification it was now possible to generate either
the cis or trans isomer of the dihydrofuran from a single vinyl
epoxide. In the final component of this study we then explored the
possibilities for enantioselection in this process. In earlier studies
using sealed tube methods we had explored various classical
chiral auxiliaries including esters, amides and oxazolidinones.14


However, these substrates had not survived our original attempts
at FVP and we wished to apply our improved conditions to
these substrates. Satisfyingly, both the phenyl oxazolidinone 23
(Table 2 entry 6) and the C-2 symmetrical diphenyl pyrrolidine
24 (Table 2 entry 7) containing vinyl epoxides now proved to
be viable substrates, albeit in only moderate yields. However the
selectivity was not significantly enhanced when compared with the
earlier sealed tube experiments. Similarly, attempts to reduce the
reaction temperature and restrict the conformational mobility of
the substrates by Lewis acid activation were explored but proved


not to be effective, even with substrates containing bidentate co-
ordination sites e.g. 19 and 22.


With the required dihydrofurans now readily accessible
attention turned to their elaboration to the 2,6-diaryl-3,7-
dioxabicyclo[3.3.0]octane core found in the furofuran lignans. As
indicated above, we hypothesised that this could be achieved by a
Lewis acid mediated cyclisation of an oxacarbenium ion generated
by the reaction of an acetal with the corresponding dihydrofuryl
alcohol. Reduction of ester 16c to the alcohol 34 with LiAlH4


proceeded uneventfully. However, this compound proved to be
unstable and was immediately used in the cyclisation reaction.
Moreover, since attempts to pre-prepare the silyl enol ether were
not viable, a solution of 34 was added to a premixed solution
of the dimethyl 4-methoxybenzaldehyde dimethyl acetal and 1.1
equivalents of TMSOTf at −20 ◦C and stirred at this temperature
for a further 16 h. Satisfyingly, following a basic methanol
quench the endo-endo-furofuran acetal 35 could be isolated in
81% yield after purification by column chromatography, Scheme 6.
Simply allowing the reaction to warm to room temperature for
several hours prior to quenching afforded the corresponding
endo-exo-furofuran acetal 36 as the major component (36 : 35


Scheme 6


Table 3 Isomerisation of cis-dihydrofuran ester 16c


Entry Base T/◦C Time/h Yield (%) cis : trans 16c : 16t Decomp. (%)


1 Et3N 85 336 65 1 : 6.2 18
2 iPr2NEt 110 672 48 1 : 4.5 36
3 DBU 80 240 55 1 : 4.2 28
4 DBU (10 mol%) 110 12 91 1 : 19 <5
5 EtONa 20 1 80 1 : 9 5
6 LDA −78 1 0 — 100
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Table 4 Synthesis of furofuran acetals by templated cyclisation


Entry Ar1 R Method T/◦C Yield (%) Product ratioa


1 endo-Ph 16c MeOC6H4 A −20 81 35 1 : 0
2 endo-Ph16c MeOC6H4 B −20 45 36 1 : 9
3 endo-Ph16c Ph A −20 64 37 1 : 0
4 endo-Ph16c Ph B −20 57 37 1 : 0
5 endo-Ph 16c (CH2O2)C6H3 A −20 36 38 3 : 1
6 endo-Ph 16c (CH2O2)C6H3 A −40 ndb 38 1 : 0
7 endo-Ph 16c (CH2O2)C6H3 B −20 38 39 0 : 1
8 endo-Ph 16c 4-BrC6H4 A −20 31 40 1 : 0
9 endo-Ph 16c 4-BrC6H4 B −20 27 40 1 : 0


10 endo-Ph 16c CH3 A −20 30 41 1 : 0
11 exo-Ph 16t MeOC6H4 A −40 53 42 1 : 0
12 exo-Ph 16t MeOC6H4 B −40 45 43 1 : 4c


13 endo-MeOC6H4 33c Ph A −40 ndb — 1 : 0d


14 endo-MeOC6H4 33c Ph A −78 23 44 1 : 0
15 endo-(CH2O2)C6H3 17 MeOC6H4 A −40 53 45 1 : 0
16 endo-(CH2O2)C6H3 17 (CH2O2)C6H3 A −40 55 46 1 : 0


a 6-endo : 6-exo. b Not determined, NMR scale experiment. c 4 : 1 exo : endo mixture of acetal epimers at C-4. d Mixture of epimers at C-2.


≥90 : ≤10) albeit in a reduced yield (45%). The stereochemistry
was established by a combination of 2D NMR experiments and
subsequent chemical modifications, vide infra.


Subsequent experiments demonstrated that a variety of acetals
were viable substrates although only those possessing electron
donating substituents underwent the conversion to the endo-exo
isomer at elevated temperatures, Table 4. With the more electron
rich acetals this isomerisation occurs at −20 ◦C and lower reaction
temperatures are required to isolate the endo-endo isomer as the
exclusive product.


These observations can be rationalised by a stepwise process,
Scheme 7, involving oxonium capture, transacetalisation and
elimination to form a second, tethered, oxonium ion which is sub-
sequently trapped by the proximal dihydrofuran. The oxonium ion
intermediates can be expected to adopt a trans configuration and
reaction with the enol ether occurs via a synclinal transition state
48 minimising strain in the tether and non-bonding interactions


Scheme 7


between the acetal substituent and the C-3 hydrogen. Capture of
the resultant furofuryl oxonium ion with methanol then occurs
from the less hindered exo face to give the observed product.
Interestingly, an experiment using the dioxolane acetal 51 afforded
the hydroxyethyl glycoside 52 as the major product (Scheme 8),
even following a basic methanol quench, indicating that trapping
of the intermediate furofuryl oxonium ion occurs in situ with the
alcohol released from the initial acetal.


Scheme 8


With electron donating aryl substituents the increased stability
of the oxonium ion renders the cyclisation and methanol capture
reversible, ultimately leading to the more stable exo epimer,
potentially via an exo–trig type ring closure onto the benzylic
stabilised carbocation 50. Whilst, for reasons outlined below, we
favour such a pathway, it is not possible to exclude a process
involving the rupture of the O5–C6 bond. In support with this
latter hypothesis, reaction of the analogous p-methoxyphenyl
substituted dihydrofuran with benzaldehyde dimethylacetal at
−40 ◦C afforded a mixture of diastereomeric furofuran acetals
epimeric at the p-methoxyphenyl bearing carbon (C2), Table 4
entry 13. This requires fragmentation of the analogous O1–C2


bond to afford a stabilised benzylic carbocation and an aldehyde
which recyclises to afford the more stabilised exo-aryl substituent.
That this result reflected the thermodynamic equilibration of an
initial endo-endo product was established by carrying out the
reaction at −78 ◦C for only 1 h. This modification exclusively
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afforded the predicted endo-endo isomer in 23% yield accompanied
by considerable amounts of recovered starting dihydrofuran,
Table 4, entry 14. Whilst analogous processes have been described
by Whiting et al., using the related intramolecular Mukayaima
aldol reaction, Scheme 9, the stereochemical outcomes differ.4 For
example, in this latter case, the TiCl4 mediated reaction of a p-
methoxyphenyl containing acetal 53 at −78 ◦C produced the 6-exo
isomer 54 exclusively whilst the use of TMSOTf at 0 ◦C afforded
variable mixtures of endo and exo products (65 : 35–9 : 91).


Scheme 9


In a similar fashion elaboration of the trans-dihydrofuran
afforded the endo adduct as a kinetic product and the exo isomer
following equilibration at room temperature. In the latter case,
Table 4 entry 12, reflecting the increased crowding on the exo face
of the bicyclo-octane skeleton, the isomerisation is considerably
slower and affords a separable 81 : 19 mixture of exo-exo : exo-
endo isomers after 3 h at room temperature. Consistent with this
observation, trapping of the exo-exo-furofuryl oxonium ion with
methanol produced a 4 : 1 mixture of epimers favouring the exo-
methyl glycoside.


Having achieved a viable route to the 2,6-diaryl-3,7-
dioxabicyclo[3.3.0]octane core of the furofuran lignans attention
then turned to the reduction of the glycosidic bond.15 Initial
treatment of the endo,endo-diphenyl furofuran acetal 37 with
BF3·OEt2 and Et3SiH at 0 ◦C proceeded uneventfully, affording
the corresponding furofuran 55 in 61%, Scheme 10. Importantly
this compound showed just seven signals in the 13C NMR
spectrum consistent with a symmetrical product confirming the
original assignment of the endo-endo stereochemistry following a
kinetically controlled cyclisation.


Scheme 10


With this positive result we then sought to exemplify the overall
strategy with a synthesis of a naturally occurring endo,endo-
furofuran lignan. In this, we opted to prepare the bis sesamyl
substituted lignan, epiasarin 1. This compound was first described
by Beroza arising as a trace product from the acid treatment of
the diastereomeric natural lignans asaranin 2 and sesamin 3.16


Subsequently, it has been shown to be a naturally occurring
compound, being isolated from the plant species Asiasarum
heterotropoides var. mandshuricum, which is used in traditional
Chinese medicine as an anti-tussive, expectorant and anodyne.
All three diastereoisomers are also reported to inhibit the enzyme
D5 desaturase, which catalyses the transformation of dihomo-c-
linolenic acid to arachidonic acid.17 Whilst synthetic routes to


both the exo-exo-sesamin and exo-endo-asarinin isomers have
been reported,18–20 there have not been any accounts of a selective
approach to epiasarin or any other endo-endo-furofuran. Comple-
tion of this task simply required the reduction of methyl acetal
46, Table 5. Disappointingly, applying the method used to reduce
diphenyl analogue 37 led to complete decomposition. To reduce
degradation the reduction was then attempted for a shorter time (4
hours) which led to the isolation of two furofuryl diastereoisomers.
Analysis of the 1H NMR spectrum of this mixture revealed
four main signals between 2.5 and 5.5 ppm indicating that a
symmetrical furofuran was produced and six signals in the same
area for a product corresponding to an unsymmetrical furofuran.
Comparison of the spectra of these two compounds with the
reported data for asarinin 219,21 and sesamin 320,21 confirmed that
these two diastereoisomers of epiasarinin has been obtained in a 1 :
3 ratio, Table 5 entry 3, and implied that epimerisation at C2 and/or
C6 had occurred during the reduction. Subsequently, following
considerable experimentation, Table 5, the optimum conditions
were found to be the use of a larger excess of Et3SiH (10 eq.)
together with BF3·OEt2 at either −40 ◦C for 15 h or −20 ◦C for
4 h. This avoided the formation of sesamin, which was difficult
to separate from epiasarinin, and afforded, following careful
flash chromatography using base (Et3N) treated solvents, pure
samples of (±)-epiasarinin 1 and (±)-asarinin 2 together with the
starting acetal. The analytical data for (±)-asarinin 2 were identical
to those reported in the literature. As expected, the 13C NMR
spectra of (±)-epiasarinin 1 contained ten signals consistent with
a symmetrical structure. A subsequent single crystal X-ray analysis
confirmed the endo-endo configuration of the disesamyl furofuran.
The molecule (Fig. 3) has approximate C2 symmetry. Both furan
rings adopt envelope conformations with the O(3) and O(7) atoms
displaced in the endo direction from the C(4)C(5)C(1)C(2) and
C(6)C(5)C(1)–C(8) planes, respectively, which form an angle of
121◦. Both methylenedioxyphenyl substituents are in equatorial
orientations, their mean planes are nearly parallel to each other
(angle 10◦) and to the local twofold axis. Earlier, X-ray crystal
structures of natural (i.e. chiral) asarinin22 and sesamin23 (but not
epiasarinin) have been reported. The furan rings in asarinin adopt
envelope conformations, one with an exo, the other with endo tilt of
the O atom, whilst in sesamin both rings adopt twisted-envelope
conformations. The dihedral angles at the C(1)–C(5) bond are
the same as in 1. The sesamin molecule also has approximate
C2 symmetry with nearly-parallel methylenedioxyphenyl groups
(interplanar angle 8◦), but the latter lie normally to the twofold
axis, in contrast with 1.


Attempts to further enhance this process through the use
of alternative Lewis acids (TiCl4, Sc(OTf)3, DIBAL) proved
ineffective. Similarly, whilst the use of a more powerful hydride
source (Cl3SiH) afforded faster reduction and exclusive formation
of epiasarinin, this was accompanied by extensive decomposition
which complicated purification and rendered the process less
efficient.


Somewhat surprisingly, treatment of the C-6 endo-p-
methoxyphenyl furofuran methyl acetal 35 under these optimised
conditions (Et3SiH (10 eq.), BF3·OEt2, −40 ◦C, 4 h) led to complete
inversion of the stereochemistry affording exclusive formation of
the endo-exo-furofuran 56 as ascertained by NOESY experiments.
Similar reduction of the isomeric acetal 36 led to the same product,
Scheme 11.
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Table 5 Reduction of acetal 46


Entry Reagents Temp/◦C Time/h Conversion (%) Yield 1 (%) Yield 2 (%) Yield 3 (%)


1 Et3SiH, BF3·OEt2 0–rt 48 100 0 0 0
2 Et3SiH, BF3·OEt2 −78 4 0 — — —
3 Et3SiH, BF3·OEt2 −78–rt 4 100a 0 20 60
4 Et3SiH, BF3·OEt2 −40 4 10 10 0 0
5 Et3SiH, BF3·OEt2 −40 15 90 67 23 0
6 Et3SiH, BF3·OEt2 −20 4 89 68 21 0
7 Et3SiH, BF3·OEt2 −10 5 100b 3 25 47
8 Et3SiH, TiCl4 −78 5 100c 0 0 0
9 Et3SiH, Sc(OTf)3 −20 5 0 — — —


10 DIBAL-H −20 5 0 — — —
11 Cl3SiH, BF3·OEt2 −40 1 100d 50 0 0


a 20% decomp. b 25% decomp. c 100% decomp. d 50% decomp.


Fig. 3 X-Ray molecular structure of 1 (50% thermal ellipsoids).


In a similar fashion, reduction of the exo-endo- and exo-exo-
furofuryl acetals (42 and 43a,b) afforded a 1 : 2.8 mixture of two
diastereoisomeric bicyclo-octanes regardless of the reaction time
(1–16 h) and temperature (0–40 ◦C), Scheme 12. The two products
were separated by flash chromatography and the pure samples were
characterised. NOESY experiments clearly distinguished the exo-
endo-furofuran 57 from the exo-exo diastereoisomer 58, Fig. 4. The
ratio of the two products was determined by 1H NMR (300 MHz,
CDCl3) analysis of the crude reaction mixture using comparisons
of the integrals for the 6-H and 2-H signals for the exo-endo isomer
at 4.88 (d, J = 5.4 Hz) and 4.51 ppm (d, J = 7.2 Hz) and the exo-


Scheme 11


exo isomer for 6-H at 4.83 ppm (d, J = 4.8 Hz) and 4.77 ppm (d,
J = 4.5 Hz) respectively.


The constant ratio suggested that these conditions were leading
to a thermodynamic mixture. Consequently, whilst accepting that
conversions may not be complete, lower temperatures and shorter
reaction times were explored with a view to enhancing selectivity.
Solutions of the acetal in DCM were cooled to −78 ◦C and treated
with Et3SiH and then BF3·OEt2. After a reaction time of ∼1 min,
a rapid inverse quench, separation and concentration, the crude
product mixtures were analysed using 1H NMR spectroscopy and
the isomer ratios were determined, Table 6.
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Scheme 12


Fig. 4 Selected NOESY correlations of compounds 56–59.


Under these conditions reduction occurred with greater re-
tention of stereochemistry. Only in the case of the endo-endo-
furofuran was significant isomerisation observed. In this case,
Table 6 entry 4, a 40 : 60 mixture of two diastereoisomers was
obtained, one of which could be identified as the endo-exo-
furofuran 56 by comparison with an authentic sample isolated
earlier. After separation by flash chromatography, the second com-
pound was analysed and confirmed as the endo-endo-furofuran 59
using 2D NMR experiments, particularly NOESY spectra, Fig. 4.
Interestingly, with both the exo-exo- and endo-exo-acetal isomers


small amounts of the corresponding exo-endo- and endo-endo-
furofurans respectively were detected.


As with the cyclisation process discussed above, these observa-
tions can be accounted for by a mechanism involving a sequence
of oxonium ion intermediates, Scheme 13.24 Different pathways
can be proposed to explain the epimerisation which can occur
before and/or after the reduction of the acetal bond. Initial
elimination of the methoxide can be promoted by the oxygen
of the furofuryl skeleton, forming a bicyclic intermediate 61/62
which can then undergo either reduction to give the bicyclo-
octane product or fragmentation to give the oxonium ion 63
assisted by the C-6 p-methoxyphenyl electron donating group. The
presence of the latter group for fragmentation and isomerisation
is imperative as the endo-endo-diphenyl furofuran 55 is stable to
prolonged treatment under the reduction conditions. Alternatively


Scheme 13


Table 6 Lewis acid catalysed reduction of p-methoxyphenyl furofuran acetals


Entry Acetal Conversion exo-endo 57 exo-exo 58 endo-exo 56 endo-endo 59


1 exo-endo 86% 100 0 — —
2 exo-exo 100% 18 82 — —
3 endo-exo 36% — — 92 8
4 endo-endo 73% — — 60 40
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the p-methoxyphenyl group could directly promote the loss of
methoxide to generate intermediate 64. Whichever pathway is
followed, on forming intermediates 63 or 64, the stereochemistry
at the C6 position is lost. Alternatively, epimerisation can occur
after reduction, as was demonstrated with epiasarinin. Again,
this is promoted by electron donating aryl groups promoting
fragmentation and forming a monocyclic ionic intermediate 65.
In this case, the loss of the stereochemistry at the C6 position
through formation of the benzylic carbocation and fragmentation
of the C6–O5 bond.


Since the isomerisations during the reduction occur at lower
temperatures and in shorter times (−78 ◦C, 1 min) than those
used for the isomerisation of epiasarinin (−20 ◦C, 3 h) we favour
the former pathway involving fragmentation of the C6–C7 bond
regenerating a dihydrofuran intermediate. Similar intermediates
are involved in the Lewis acid promoted cyclisation and a
similar process would account for the contrathermodynamic
isomerisations observed in the reduction of the exo-exo- and
endo-exo-acetals. The contrast in stability between the sesamyl
and p-methoxyphenyl substituted furofuran acetals is a little
surprising. We suggest that the conformational restraints enforced
by the methylene dioxy unit prevents the oxygen lone pair from
fully contributing to the stability of a benzylic carbocation thus
permitting reactions to be undertaken at higher temperatures
and for longer periods of time without significant isomerisation
occurring.


In conclusion this work has demonstrated that the templated
Lewis acid promoted cyclisation of dihydrofuryl alcohols gener-
ated via the thermal rearrangement of vinyl epoxides provides an
efficient entry to the furofuran skeleton. The ability to control
the stereochemistry of both the template and the outcome of the
cyclisation makes this a powerful strategy for the synthesis of this
important class of natural products. In particular, the access to the
more challenging endo-endo substituted furofuran skeleton ren-
ders the approach complementary to the other strategies reported
to date. Whilst a current limitation to the approach lies in the need
for an electron rich aryl substituent to promote the formation of
the exo stereochemistry, a solution to this issue using a temporary
directing group is under investigation and will be reported in due
course. Future work in this area will seek to further enhance the
stereochemical control of the reduction and extend the concept to
unnatural analogues including aza- and ring expanded derivatives.


Experimental


All air and/or moisture sensitive reactions were carried out under
an argon atmosphere. Solvents were purified following established
protocols. Petrol refers to petroleum spirit boiling in the 40–
60 ◦C range. Ether refers to diethyl ether. Commercially available
reagents were used as received unless otherwise stated. Flash
column chromatography was performed according to the method
of Still et al.25 using 200–400 mesh silica gel. Yields refer to isolated
yields of products of greater than 95% purity as determined by
1H + 13C NMR spectroscopy or elemental analysis (Durham
University Microanalytical Laboratory).


Melting points were determined using Gallenkamp melting
point apparatus and are uncorrected. Infrared spectra were
recorded as thin films between KBr plates (liquids) or as
compression-formed discs made using KBr (solids) on a Perkin-


Elmer FT-IR 1600 spectrometer. Unless otherwise stated 1H NMR
spectra were recorded in CDCl3 on a Varian Mercury 200, Bruker
AM-250, Varian Unity-300, Varian VXR-400 or Varian Inova-500
and are reported as follows: chemical shift d (ppm) (number of pro-
tons, multiplicity, coupling constant J (Hz), assignment). Residual
protic solvent CHCl3 (dH = 7.26 ppm) was used as the internal
reference. 13C NMR spectra were recorded at 63 MHz, 101 MHz
or 126 MHz on a Bruker AM-250, Varian VXR-400 or Varian
Inova-500 respectively, using the central resonance of CDCl3 (dc =
77.0 ppm) as the internal reference. All chemical shifts are quoted
in parts per million relative to tetramethylsilane (dH = 0.00 ppm)
and coupling constants are given in Hertz to the nearest 0.3 Hz.
All 13C spectra were proton decoupled. Assignment of spectra was
carried out using DEPT, COSY, HSQC and NOESY experiments.
Low-resolution mass spectra (EI or CI) were obtained on a
Micromass Autospec Mass Spectrometer. Gas chromatography-
mass spectra (GCMS, EI or CI) were taken using a Hewlett
Packard 5890 Series II gas chromatograph, equipped with a 25 m
5% diphenyl–95 % dimethylpolysiloxane column and flame ioni-
sation detection, connected to a VG Trio-1000 mass spectrometer.
Electrospray mass spectra (ES) were obtained on a Micromass
LCT Mass Spectrometer. High-resolution mass spectra were
performed by the EPSRC service at the University of Swansea
or on a Micromass Autospec Mass Spectrometer in Durham.


Detailed experimental procedures describing the formation and
characterisation of compounds 7b, 8b, 10a, 11a, 19–24 and 27–32
can be found in the ESI.†


General procedure for the Darzens’ reactions of 4-bromocrotonate
12z


LDA (2 eq.) {generated by the addition of a solution of n-BuLi in
hexanes (2.2 eq.) to a solution of diisopropylamine (2 eq.) in THF
(∼1 M) at −20 ◦C under N2} was added dropwise to a stirred
solution of aldehyde (4 eq.) and methyl 4-bromocrotonate 12z
(1 eq.) in THF (∼0.3 M of 12z) under N2 at −20 ◦C. Typically, the
transfer lasted 1 hour for 20 mmol of crotonate. The reaction was
stirred for 2 hours at −20 ◦C and then quenched with sat. NH4Cl
solution (40 ml). The layers were separated and the aqueous layer
was extracted with ether (3 × 20 ml). The combined organic layers
were then washed with sat. NaHSO3 solution (prepared from 40 g
of NaHSO3 solid), sat. NaHCO3 solution (20 ml) and brine (3 ×
30 ml), dried (MgSO4) and concentrated.


Methyl 5-(3′,4′-methylenedioxyphenyl)-4,5-epoxypent-2-enoate
13b. Reaction with piperonal (10.2 g, 68 mmol) following the
general procedure and subsequent purification by flash chro-
matography (ether : petrol 1 : 3) afforded the title ester 13b as a 3 : 4
mixture of syn- and anti-epoxides (2.95 g, 70%). The syn- and anti-
epoxide isomers could be separated by preparative HPLC (hypersil
semi-prep., 21.4 mm; 70% MeOH, 30% H2O; 30 mg ml−1). Data
for syn isomer: tmax 2992, 2781, 1719, 1179 cm−1; dH (500 MHz):
6.80–6.73 (3 H, m, Ar-H), 6.47 (1 H, dd, J = 8, 15.8 Hz, 3-H),
6.19 (1 H, d, J = 15.8 Hz, 2-H), 5.97 (2 H, s, OCH2O), 4.26
(1 H, d, J = 4 Hz, 5-H), 3.71 (1 H, dd, J = 4.0, 8.0 Hz, 4-H), 3.69
(3 H, s, 6-H); dC (125 MHz): 165.6 (C-1), 147.8, 147.5, 141.4 (C-3),
127.6, 126.3 (C-2), 119.9, 108.3, 106.7, 101.2 (OCH2O), 59.4 (C-5),
58.0 (C-4), 51.7 (CH3); m/z (EI): 248 (12%, M+), 135 (100); m/z
(CI, NH3): 266 (20%, MNH4


+), 252 (80), 233 (100); HRMS (ES)
found MNa+, 271.0593; C13H12O5 requires M, 271.0582. Data for
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anti isomer: tmax 2992, 2781, 1719, 1179 cm−1; dH (500 MHz): 6.82–
6.71 (2 H, bs, Ar-H), 6.75 (1 H, dd, J = 6.7, 15.6 Hz, 3-H), 6.70
(1 H, s, Ar-H), 6.17 (1 H, d, J = 15.6 Hz, 2-H), 5.96 (2 H, s,
OCH2O), 3.76 (3 H, s, 6-H), 3.75 (1 H, d, J = 1.8 Hz, 5-H), 3.35
(1 H, dd, J = 1.8, 6.7 Hz, 4-H), dC (125 MHz): 166.0 (C-1), 148.1,
147.9, 143.8 (C-3), 129.8, 123.4 (C-2), 119.7, 108.4, 105.3, 101.2
(OCH2O), 61.1 (C-5), 60.4 (C-4), 51.8 (OCH3).


Methyl 5-(4′-methoxyphenyl)-4,5-epoxypent-2-enoate 13c. Re-
action with 4-methoxybenzaldehyde (8.26 ml, 68 mmol) following
the general Darzens’ procedure and subsequent purification by
flash chromatography (ether : petrol 1 : 3) afforded the title ester
13c as a 1 : 2 mixture of syn- and anti-epoxides (2.21 g, 56%).
The syn- and the anti-epoxides could be separated by preparative
HPLC (hypersil semi-prep., 21.4 mm; 70% MeOH, 30% H2O;
30 mg ml−1). Data for the syn isomer: tmax 2999, 2953, 2837,
1723 cm−1; dH (500 MHz): 7.25 (2H, d, J = 8.5 Hz, Ar-H), 6.89
(2H, d, J = 8.5 Hz, Ar-H), 6.47 (1H, dd, J = 8.0, 15.8 Hz, 3-
H), 6.19 (1H, d, J = 15.8 Hz, 2-H), 4.29 (1H, d, J = 4.2 Hz,
5-H), 3.81 (3H, s, 4′-OCH3), 3.73 (1H, dd, J = 4.2, 8.0, 4-H),
3.67 (3H, s, CO2CH3); dC (125 MHz): 165.6 (C-1), 159.5, 141.6
(C-3), 127.6, 126.1 (C-2), 125.8, 113.8, 59.3 (C-5), 58.0 (C-4),
55.3 (4′-OCH3), 51.7 (CO2CH3); m/z (ES+): 257.1 (MNa+), 491.2
(2MNa+); HRMS (ES+) found MNa+, 257.0808; C13H13O4 requires
M, 257.0790.


N-Toluenesulfonyl-3-methoxycarbonyl-2-phenyl-3-pyrroline 15.
Reaction with N-tosylimine 14 (518 mg, 2.0 mmol, 2 eq.) following
the general Darzens’ procedure and subsequent purification by
flash chromatography afforded the 3-pyrroline 15 (57 mg, 17%).
Found: C, 63.71%; H, 5.54%; N, 3.92%; calc. for C19H19NO4S:
C, 63.85%; H, 5.36%; N, 3.92%; tmax 1723, 1340, 1163 cm−1; dH


(200 MHz): 7.5–7.0 (9 H, m, Ar-H), 6.81 (1 H, ddd, J = 1.8, 2.1,
2.4 Hz, 4-H), 5.76 (1 H, ddd, J = 1.8, 2.4, 5.7 Hz, 2-H), 4.50 (1 H,
dt, J = 2.4, 17.1 Hz, 5-Ha), 4.35 (1 H, ddd, J = 2.1, 5.7, 17.1 Hz,
5-Hb), 3.61 (3 H, s, OCH3), 2.40 (3 H, s, ArCH3); dC (63 MHz):
162.2 (CO), 143.3, 139.3, 135.7, 135.5 (C-4), 129.4, 128.3, 128.0,
127.7, 127.1, 68.9 (C-2), 54.9 (C-5), 51.8 (OCH3), 21.4 (ArCH3);
m/z (EI): 357 (7%, M+•), 280 (56, M − C6H5), 202 (100, M −
CH3C6H4SO2), 170 (51), 155 (41), 91 (78).


General procedures for the thermal rearrangement of vinyl
epoxides to dihydrofurans


Method A. A solution of the ethyl 3-(3′-phenyloxirin-2′-
yl)propenoate 11a in toluene (21.5 ml) (concentration 40 mg ml−1,
∼16.1 M) was placed in a 50 ml Carius tube. After degassing
the solution, the tube was sealed under vacuum and heated at
180–200 ◦C. After 12 hours, the solvent was removed and the
residue purified by flash chromatography to afford the desired
dihydrofuran 16 (80% yield) in an isomeric ratio of 9 : 1 cis : trans.


Method B—autoclave route. A solution of ethyl 3-(3′-
phenyloxirin-2′-yl)propenoate 11a, (7 g, 32.1 mmol) in toluene
(90 ml) was placed in a stainless steel bomb (100 ml). After
degassing the solution the vessel was sealed and heated at 205 ◦C
at a self-induced pressure of 30 bar for 8 hours. After cooling,
the solution was concentrated and the residue purified by flash
chromatography to afford the desired dihydrofuran 16 (5.1 g, 71%
yield) in an isomeric ratio of 9 : 1 cis : trans.


Method C. A sample of the vinyl epoxide (∼200 mg) was
placed in a 10 ml flask and attached to the flash vacuum
pyrolysis apparatus (FVP) as indicated in the schematic above. The
apparatus was evacuated (P ≤ 0.04 mbar) and the oven heated to
the temperature (T2) shown in Table 2. When the apparatus had
stabilised at these conditions the sample was heated in a Kügelrohr
oven (KR) at 100 ◦C. The crude material was collected in the cold
trap and purified by chromatography.


Method D. A sample of the vinyl epoxide was placed in a
10 ml rb flask and attached to the FVP apparatus as indicated in
the schematic above. Silicone grease was used to seal each glass
joint except the one used for substrate volatilisation for which
high temperature grease (Rocol anti-seize compound J166 R©) was
utilised. The apparatus was then evacuated (P ≤ 0.04 mbar) and
the oven heated to the temperature (T2) shown in Table 2. When
the apparatus had stabilised at these conditions the sample was
heated directly with a heat gun. The crude material collected in
the cold trap was then purified by flash chromatography.


Ethyl 2-phenyl-2,3-dihydrofuryl-3-carboxylate 1613. Prepared
by method A to afford the title dihydrofuran (80%) following flash
chromatography as a separable mixture of cis and trans isomers.
16c mmax (LF): 2981, 1729, 1621, 1454, 1142 cm−1; dH (300 MHz):
7.5–7.1 (5 H, m, Ar–H), 6.72 (1 H, d, J = 4 Hz, 5-H), 5.76 (1 H,
d, J = 11 Hz, 2-H), 5.06 (1 H, dd, J = 3, 4 Hz, 4-H), 4.08 (1 H,
dd, J = 11 Hz, 3 Hz 3-H), 3.6 (2 H, q, J = 7 Hz, CH2), 0.80 (3 H,
t, J = 7 Hz, CH3); dC (75 MHz): 172 (C=O), 149 (C-5), 138, 128,
127, 126, 99 (C-4), 84 (C-2), 61 (OCH2), 53 (C-3), 14 (CH3); m/z
(CI/NH3) 236 (MNH4


+), 219, 189, 145 (100%). 16t dH (300 MHz):
7.41–7.34 (5 H, m, aromatics), 6.55 (1 H, t, J = 2.4 Hz, 5-H), 5.84
(1 H, d, J = 7.5 Hz, 2-H), 5.05 (1 H, t, J = 2.7 Hz, 4-H), 4.22
(2 H, q, J = 7.2 Hz, OCH2), 3.73 (1 H, dt, J = 2.4, 7.5 Hz, 3-H),
1.29 (3 H, t, J = 7.2 Hz, CH3).


2-(3′,4′-Methylenedioxyphenyl)-3-carbomethoxy-2,3-dihydrofu-
ran 17. Following method D (500 ◦C, 0.04 mbar), vinyl epoxide
13b (500 mg) was converted to the title dihydrofurans (75%, 8.3 :
1 cis : trans). Flash chromatography (ether : petrol 3 : 7) afforded
the cis-dihydrofuran 17c (66%) followed by small amounts of the
corresponding trans isomer (8%). 17c found: C, 62.80%; H, 4.85%;
calc. for C13H12O5: C, 62.90%; H, 4.87%; tmax 1733, 1250 cm−1; dH


(300 MHz): 6.82–6.76 (3 H, m, Ar-H), 6.68 (1 H, t, 2.25 Hz, 5-
H), 5.94 (2 H, s, OCH2O), 5.67 (1 H, d, J = 11.1 Hz, 2-H), 5.04
(1 H, t, J = 2.25 Hz, 4-H), 4.06 (1 H, dt, J = 2.25, 11.1 Hz, 3-
H), 3.30 (3 H, s, OCH3); dC (125 MHz): 171.5 (CO), 148.8 (C-5),
147.4, 147.3, 131.0, 120.0, 107.8, 106.9, 101.0 (OCH2O), 99.3 (C-
4), 84.3 (C-2), 53.4 (C-3), 51.6 (OCH3); m/z (EI) 248 (28.6%, M+),
159 (100); (CI, NH3) 266 (40%, MNH4


+), 249 (100, MH+). 18t dH


(300 MHz): 6.86–6.62 (3 H, m, Ar-H), 6.52 (1 H, t, J = 2.2 Hz,
5-H), 5.94 (2 H, s, OCH2O), 5.72 (1 H, d, J = 7.5 Hz, 2-H), 5.03
(1 H, t, J = 2.2 Hz, 4-H), 3.80 (3 H, s, OCH3), 3.42 (1 H, dt, J =
2.2, 7.5 Hz, 3-H); m/z (EI): 248 (43%, M+•), 159 (100%).


cis-2-(4′-Methoxyphenyl)-3-carbomethoxy-2,3-dihydrofuran 33.
Following method C (500 ◦C, 0.04 mbar) the vinyl epoxide 25
was converted to the title dihydrofurans (75%, 8 : 1 cis : trans).
Flash chromatography (ether : petrol 3 : 7) afforded the cis-
dihydrofuran 33c as single diastereoisomer (67%); tmax 3001, 2951,
2838, 1731 cm−1; dH (300 MHz): 7.24 (2 H, d, J = 8.6 Hz, Ar-H),
6.85 (2 H, d, J = 8.6 Hz, Ar-H), 6.75 (1 H, t, J = 2.0 Hz, 5-H),
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5.72 (1 H, d, J = 11.2 Hz, 2-H), 5.03 (1 H, t, J = 2.5 Hz, 4-H),
4.06 (1 H, dt, J = 2.2, 11.2 Hz, 3-H), 3.79 (3 H, s, 4′-OCH3),
3.21 (3 H, s, OCH3); dC (75 MHz): 171.7 (CO), 159.3, 148.9 (C-5),
129.2, 127.6, 113.3, 99.1 (C-4), 84.2 (C-2), 55.2 (C-3), 53.4 (4′-
OCH3), 51.5 (OCH3); m/z (ES+): 257.1 (MNa+); HRMS (ES+)
found MNa+, 257.0774; C13H14O4Na requires M, 257.0790.


Ethyl trans-2-phenyl-2,3-dihydrofuran-3-carboxylate 16t.
DBU (80 lL, 0.53 mmol) was added to a solution of cis-dihydro-
furyl ester 16c (560 mg, 2.57 mmol) in toluene (10 ml) under
nitrogen at room temperature. The resulting mixture was heated
under reflux for 15 hours. After cooling to room temperature,
HClaq 1 M was added and the solution was filtered through a
celite plug to decompose the resulting emulsion. The organic layer
was then separated, washed with brine, dried over MgSO4 and
concentrated. Purification by flash chromatography (ether : petrol
1 : 3), afforded the trans-dihydrofuryl ester 16t (510 mg, 91%).


General procedures for reduction and Lewis acid mediated
cyclisation


Method A. A solution of dihydrofuran ester 16 (1.61 mmol)
in ether (10 ml) was introduced slowly to a suspension of LiAlH4


(150 mg, 3.95 mmol, 2.45 eq.) in ether (10 ml) at −40 ◦C under
argon. The reaction mixture was stirred for 3 h at −40 ◦C under
argon and quenched with distilled water (150 ll), NaOH 3 N
(150 ll) and finally water (450 ll) before being filtered through
a celite bed and concentrated to afford the corresponding 2-
aryl-3-hydroxymethyl-2,3-dihydrofuran (>97%). This alcohol was
unstable and was used directly without further purification.


A solution of the alcohol (1.58 mmol) in DCM (10 ml) was
slowly added to a solution of acetal (4.08 mmol, 2.6 eq.) and
TMSOTf (42.5 ll, 2.38 mmol, 1.5 eq.) in DCM (20 ml) at the
temperature indicated in Table 4. The resulting solution (dark
purple) was stirred for 17 hours at this temperature, under argon,
before being quenched with methanol (2 ml) and then sat. aq.
NaHCO3 (15 ml). The aqueous layer was extracted with ether
(3 × 15 ml). The combined organic layers were washed with aq.
sat. NaHSO3 (5 × 15 ml), to scavenge any unreacted aldehyde,
and with brine (3 × 15 ml), dried over MgSO4 and concentrated.
The residue was then purified by flash chromatography to give the
desired furofuran acetal.


Method B. Following reduction of the dihydrofuran ester 16 as
described above, a solution of the resultant alcohol (1.58 mmol) in
DCM (10 ml) was slowly added to a solution of acetal (4.08 mmol,
2.6 eq.) and TMSOTf (2.38 mmol, 1.5 eq.) in DCM (20 ml),
under argon, at the temperature indicated in Table 4. The resulting
solution (dark purple) was maintained at this temperature until all
starting material was consumed. The reaction mixture was then
allowed to warm to rt and stirred at this temperature for a further
3 h before being quenched with methanol (2 ml) and then sat.
aq. NaHCO3 (15 ml). The aqueous layer was extracted with ether
(3 × 15 ml). The combined organic layers were washed with aq.
sat. NaHSO3 (5 × 15 ml), to scavenge any unreacted aldehyde,
and with brine (3 × 15 ml), dried over MgSO4 and concentrated.
The residue was then purified by flash chromatography to give the
desired furofuran acetal.


4-exo-Methoxy-6-endo-(4′-methoxyphenyl)-2-endo-phenyl-3,7-
dioxabicyclo[3.3.0]octane 35. Reduction of ester 16c and reac-


tion, following method A, with 4-methoxybenzaldehyde dimethyl
acetal, at −20 ◦C for 16 h, and purification by flash chromatog-
raphy (petrol : EtOAc 94 : 6), produced the title furofuran acetal
35 as a white solid in 81% yield. Mp 65.1–65.8 ◦C; found: C,
73.68; H, 7.07; C20H22O4 requires: C, 73.6; H, 6.79%; mmax (ATR):
2880, 1580, 1320, 1065 cm−1; dH (500 MHz): 7.45–7.39 (4 H, m,
Ar-H), 7.35–7.30 (3 H, m, Ar-H), 6.93 (2 H, d, J = 9 Hz, Ar-H),
5.27 (1 H, d, J = 6.5 Hz, 2-H), 4.86 (1 H, d, J = 6.5 Hz, 6-H),
4.54 (1 H, s, 4-H), 3.82 (3 H, s, 4′-OCH3), 3.64 (1 H, d, J = 10 Hz,
8-Hendo), 3.47 (1 H, dd, J = 10, 6 Hz, 8-Hexo), 3.17 (1 H, m, 1-H),
3.09 (3 H, s, 4-OCH3), 3.05 (1 H, m, 5-H); dC (125 MHz): 159,
138, 131, 128, 126, 127, 127, 114, 105 (C-4), 83 (C-6), 82 (C-2), 69
(C-8), 56 (C-5), 55 (4′-OCH3), 54 (C-1), 48 (4-OCH3). m/z (EI):
326 (30%, M+), 192 (100%), 159, 135, 117, 84.


4-exo-Methoxy-6-exo-(4′-methoxyphenyl)-2-endo-phenyl-3,7-di-
oxabicyclo[3.3.0]octane 36. Reduction of ester 16c and reaction,
following method B, with 4-methoxybenzaldehyde dimethyl
acetal, at −20 ◦C for 14 h, and purification by flash chromato-
graphy (petrol : EtOAc 94 : 6), produced the title furofuran acetal
36 as a white solid in 68% yield. Mp 77–79 ◦C; found: C, 73.14; H,
6.68; calc. for C20H22O4: C, 73.6; H, 6.74%; mmax (ATR): 2880,
1512, 1234, 1205 cm−1; dH (500 MHz): 7.3–7.2 (7 H, m, Ar-H),
6.84 (2 H, d, J = 9 Hz, Ar-H), 5.31 (1 H, d, J = 6 Hz, 2-H), 5.04
(1 H, s, 4-H), 4.51 (1 H, s, 6-H), 3.73 (3 H, s, 4′-OCH3), 3.67
(1 H, d, J = 9 Hz, 8-Hendo), 3.33 (3 H, s, 4-OCH3), 3.32 (1 H, m,
1-H), 3.22 (1 H, dd, J = 9, 6 Hz, 8-Hexo), 2.91 (1 H, m, 5-H); dC


(125 MHz): 159, 138, 132, 128, 127, 127, 125, 114, 107 (C-4), 85
(C-6), 79 (C-2), 69 (C-8), 60 (C-5), 55.3 (4′-OCH3), 54.7 (C-1), 49
(4-OCH3); m/z (EI): 326 (34%, M+), 192, 159, 135, 91, 84 (100).


4-Methoxy-6-endo-phenyl-2-endo-phenyl-3,7-dioxabicyclo[3.3.0]-
octane 37. Reduction of ester 16c and reaction, following
method A, with benzaldehyde dimethylacetal, at −20 ◦C for 16 h,
and purification by flash chromatography (petrol : EtOAc 94 : 6),
produced the title furofuran acetal 37 as a white solid in 64% yield.
Mp 65.1–65.8 ◦C; found: C, 76.63; H, 6.63; C19H20O3 requires:
C, 77.00; H, 6.80%; mmax (ATR): 2897, 1568, 1274, 1049 cm−1; dH


(500 MHz) 7.40–7.3 (10 H, m, Ar-H), 5.36 (1 H, d, J = 6 Hz,
2-H), 4.94 (1 H, d, J = 6.5 Hz, 6-H), 4.51 (1 H, s, 4-H), 3.70
(1 H, d, J = 11 Hz, 8-Hendo), 3.49 (1 H, dd, J = 11, 6 Hz, 8-Hexo),
3.19 (1 H, m, 1-H), 3.16 (1 H, m, 5-H), 3.14 (3 H, s, 4-OCH3); dC


(125 MHz): 139, 138, 129, 128, 127, 127, 127, 126, 105 (C-4), 83
(C-6), 82 (C-2), 69 (C-8), 56 C-5), 54 (C-1), 48 (OCH3); m/z (EI):
296 (8%, M+), 265, 159, 134, 117, 84 (100).


4-exo-Methoxy-6-endo–(3′,4′-methylenedioxyphenyl)-2-endo-
phenyl-3,7-dioxabicyclo[3.3.0]octane 38. Reduction of ester 16c
and reaction, following method A, with 3,4-methylenedioxy-
benzaldehyde dimethyl acetal, at −20 ◦C for 16 h, and purification
by flash chromatography (petrol : ethyl acetate 94 : 6), produced
the title furofuran acetal 38 as a yellow waxy solid in 27% yield
accompanied by a small amount of the endo-exo isomer (9%).
Found: C, 70.21; H, 6.14; calc. for C20H20O5: C, 70.57; H, 5.92%;
mmax (ATR): 2902, 1493, 1251, 949 cm−1; dH (500 MHz): 7.40–7.25
(6 H, m, Ar-H), 6.8–6.65, (2 H, m, Ar–H), 5.95 (2 H, s, OCH2O),
5.42 (1 H, d, J = 6 Hz, 2-H), 5.10 (1 H, s, 4-H), 4.48 (1 H, d, J =
7 Hz, 6-H), 3.70 (1 H, m, 8-Hendo), 3.40 (3 H, s, OCH3), 3.38 (1 H,
m, 1-H), 3.30 (1 H, m, 8-Hexo), 2.90 (1 H, dd, J = 7, 5 Hz, 5-H);
dC (125 MHz): 148, 147, 138, 135, 128, 127, 126, 120, 108, 106,
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107 (C-4), 101 (OCH2O), 85 (C-6), 79 (C-2), 69 (C-8), 61 (C-5),
55 (OCH3), 49 (C-1); m/z (EI): 340 (4%, M+), 308, 295 (100), 280,
202, 173, 121, 77.


4-exo-Methoxy-6-exo-(3′,4′-methylenedioxyphenyl)-2-endo-phe-
nyl-3,7-dioxabicyclo[3.3.0]octane 39. Reduction of ester 16c
and reaction, following method B, with 3,4-methylenedioxy-
benzaldehyde dimethyl acetal, at −20 ◦C for 16 h, and purification
by flash chromatography (petrol : ethyl acetate 94 : 6), produced
the title furofuran acetal 39 as a yellow waxy solid in 38% yield.
Found: C, 69.97; H, 6.12; calc. for C20H20O5: C, 70.57; H, 5.92%;
mmax (ATR): 2893, 1489, 1249, 1039 cm−1. dH (500 MHz): 7.20–7.15
(6 H, m, Ar-H), 6.81 (1 H, s, Ar-H), 6.63 (1 H, d, J = 5 Hz, Ar-H),
6.39 (1 H, s, 4-H), 5.85 (2 H, s, OCH2O), 5.42 (1 H, s, 6-H), 3.92
(1 H, d, J = 5 Hz, 2-H), 3.42 (2 H, m, 8-H2), 3.12 (3 H, s, OCH3),
2.96 (1 H, m, 5-H), 2.4 (1 H, m, 1-H). dC (125 MHz): 147, 146,
140, 139, 128, 127.5, 127, 120, 108, 105, 106 (C-4), 101 (OCH2O),
87 (C-6), 86 (C-2), 70 (C-8), 57 (C-5), 56 (OCH3), 54 (C-1); m/z
(EI): 340 (7%, M+), 190, 121 (100), 91, 77.


4-exo-Methoxy-6-endo–(4′-bromophenyl)-2-endo-phenyl-3,7-di-
oxabicyclo[3.3.0]octane 40. Reduction of ester 16c and reaction,
following method A, with 4-bromobenzaldehyde dimethyl acetal,
at −20 ◦C for 16 h, and purification by flash chromatography
(petrol : ethyl acetate 94 : 6), produced the title furofuran acetal 40
as a pale yellow amorphous solid in 31% yield. Found: C, 60.39; H,
5.06; calc. for C19H19BrO3: C, 60.81; H, 5.10%; mmax (ATR) 2931,
1487, 1452, 1266, 1069 cm−1; dH (500 MHz): 7.5–7.1 (9 H, m, Ar–
H), 5.28 (1 H, d, J = 6 Hz, 2-H), 4.82 (1 H, d, J = 6 Hz, 6-H),
4.40 (1 H, s, 4-H), 3.60 (1 H, d, J = 9 Hz, 8-Hendo), 3.40 (1 H, dd,
J = 5, 9 Hz, 8-Hexo), 3.12 (1 H, m, 1-H), 3.10 (3 H, s, OCH3), 3.05
(1 H, m, 5-H); dC (125 MHz): 138, 137, 132, 129, 128, 128, 127,
126, 105 (C-4), 82 (C-6), 81 (C-2), 69 (C-8), 56 (C-5), 54 (C-1),
48 (OCH3). m/z (EI): 376 (23%, M+), 374 (24, M+), 345, 343, 269,
267, 134, 121, 84.


4-exo-Methoxy-6-endo-methyl-2-endo-phenyl-3,7-dioxabicyclo-
[3.3.0]octane 41. Reduction of ester 16c and reaction, following
method A, with acetaldehyde dimethyl acetal, at −20 ◦C for
16 h, and purification by flash chromatography produced the title
furofuran acetal 41 as a white waxy solid in 30% yield. Found: C,
71.69; H, 7.67; calc. for C14H18O3: C, 71.77; H, 7.74%; mmax (ATR):
2933, 1453, 1100, 1025 cm−1; dH (500 MHz): 7.4–7.1 (5 H, m, Ar-
H), 5.23 (1 H, d, J = 5 Hz, 2-H), 5.08 (1 H, s, 4-H), 3.82 (1 H,
m, 6-H), 3.38 (1 H, d, J = 7 Hz, 8-Hendo), 3.32 (3 H, s, OCH3),
3.23 (1 H, m, 8-Hexo), 3.08 (1 H, m, 5-H), 2.88 (1 H, m, 1-H),
1.35 (3 H, d, 7 Hz, 6-CH3); dC (125 MHz): 137, 127, 126, 125, 103
(C-4), 80 (C-2), 75 (C-6), 67 (C-8), 56 (C-1), 53 (OCH3), 48 (C-5),
15 (6-CH3); m/z (EI): 234 (11%, M+), 203, 129, 121 (100), 105, 91,
84, 77.


4-exo-Methoxy-6-endo-(4′-methoxyphenyl)-2-exo-phenyl-3,7-di-
oxabicyclo[3.3.0]octane 42. Reduction of trans ester 16t and
reaction, following method A, with 4-methoxybenzaldehyde
dimethyl acetal, at −40 ◦C for 4 h, and purification by flash
chromatography (ether : petrol : triethylamine 25 : 75 : 1), afforded
the title exo-endo-furofuryl acetal 42 (53%). tmax 2955, 2927,
2854 cm−1; dH (500 MHz): 7.43–7.32 (7 H, m, Ar-H), 6.93 (2 H,
d, J = 9 Hz, Ar-H), 4.95 (1 H, d, J = 7.3 Hz, 6-H), 4.90 (1 H, d,
J = 5.6 Hz, 2-H), 4.37 (1 H, d, J = 1.8, 4-H), 4.16 (1 H, d, J =
9.2 Hz, 8-Hendo), 3.86–3.82 (4 H, m, 4′-OCH3, 8-Hexo), 3.17–3.08


(5 H, m, 4-OCH3, 5-H, 1-H); dC (500 MHz) 158.9, 142.5, 130.2,
128.5, 127.6, 127.5, 126.4, 113.7, 108.0 (C-4), 88.1 (C-2), 82.0
(C-6), 71.6 (C-8), 56.3 (C-5), 55.4 (4-OCH3), 55.2 (4′-OCH3),
52.6 (C-1); m/z (EI): 326 (8%, M+•), 192 (100); m/z (ES+): 348.9
(MNa+), 674.9 (2MNa+); HRMS (ES) found MNa+, 349.1397;
C20H22NaO4 requires M, 349.1416.


4-Methoxy-2-exo-phenyl-6-exo-p-methoxyphenyl-3,7-dioxabi-
cyclo[3.3.0]octane 43a,b. Reduction of trans ester 16t and reac-
tion, following method B, with 4-methoxybenzaldehyde dimethyl
acetal, at −20 ◦C for 16 h, and purification by flash chromatog-
raphy (ether : petrol : triethylamine 25 : 75 : 1), afforded the
title furofuran acetals (45%) as a mixture of methyl acetals in
a 4 : 1 exo : endo ratio accompanied by a small amount (11%) of
the corresponding exo-endo-furofuran 42. 4-exo-Methoxy-2-exo-
phenyl-6-exo-p-methoxyphenyl-3,7-dioxabicyclo[3.3.0]octane 43a
tmax: 2955, 2835 cm−1; dH (500 MHz): 7.42–7.29 (7 H, m, Ar-
H), 6.91 (2 H, d, J = 8.5 Hz, Ar-H), 5.09 (1 H, s, 4-H), 5.07
(1 H, d, J = 6.4 Hz, 2-H), 4.86 (1 H, d, J = 7.5 Hz, 6-H),
4.27 (1 H, dd, J = 6.0, 9.0 Hz, 8-Hexo), 4.05 (1 H, dd, J =
2.6, 9.1 Hz, 8-Hendo), 3.81 (3 H, s, 4′-OCH3), 3.40 (3 H, s, 4-
OCH3), 3.26–3.20 (1 H, m, 1-H), 2.99 (1 H, t, J = 6.0 Hz,
5-H); dC (500 MHz): 159.3, 142.4, 133.4, 128.56, 127.7, 127.2,
126.5, 114.0, 108.3 (C-4), 88.4 (C-2), 83.2 (C-6), 72.6 (C-8), 61.2
(C-1), 55.3 (OCH3 Ar), 55.2 (C9), 53.0 (C-1); m/z (ES+): 348.9
(MNa+), 674.9 (2MNa+); HRMS (ES) found MNa+, 349.1407;
C20H22NaO4 requires M, 349.1416. 4-endo-Methoxy-2-exo-
phenyl-6-exo-p-methoxyphenyl-3,7-dioxabicyclo[3.3.0]octane 43b
tmax 2955, 2835 cm−1; dH (500 MHz) 7.38–7.26 (7 H, m, Ar-H), 6.89
(2 H, d, J = 8.5 Hz, Ar-H), 5.44 (1 H, d, J = 4 Hz, 6-H), 5.30 (1 H,
d, J = 5.8 Hz, 4-H), 4.90 (1 H, d, J = 7.3, 2-H), 4.06 (1 H, dd, J =
6.7, 8.9 Hz, 8-Hexo), 3.95 (1 H, dd, J = 4.3, 8.9 Hz, 8-Hexo), 3.80
(3 H, s, 4′-OCH3), 3.51 (3 H, s, 4-OCH3), 3.41–3.39 (1 H, m, 5-H),
3.15–3.00 (1 H, m, 1-H); dC (500 MHz): 158.8, 137.7, 134.4, 129.3,
128.6, 128.0, 127.2, 126.1, 104.7 (C-1), 83.1 (C-2), 79.0 (C-6), 70.2
(C-8), 58.1 (C-5), 55.7 (4-OCH3), 55.3 (4′-OCH3), 55.1 (C-1); m/z
(ES+): 348.9 (MNa+), 674.9 (2MNa+); HRMS (ES) found MNa+,
349.1449; C20H22NaO4 requires M, 349.1416.


4-exo-Methoxy-2-endo-4′-methoxyphenyl-6-endo-phenyl-3,7-di-
oxabicyclo[3.3.0]octane 44. Reduction of cis ester 33c and re-
action, following method A, with benzaldehyde dimethyl acetal,
at −78 ◦C for 1 h, and purification by flash chromatography
(ether : petrol : triethylamine 25 : 75 : 1), afforded the endo-
endo-furofuran acetal 44 (23%). tmax 2927 cm−1; dH (500 MHz):
7.41–7.23 (7 H, m, Ar-H), 6.94 (2 H, d, J = 8.7, Ar-H), 5.31 (1 H,
d, J = 5.4 Hz, 2-H), 4.93 (1 H, d, J = 5.8 Hz, 6-H), 4.48 (1 H,
s, 4-H), 3.83 (3 H, s, 4′-OCH3), 3.72 (1 H, d, J = 10.0 Hz, 8-Hendo),
3.51–3.46 (1 H, m, 8-Hexo), 3.19–3.06 (5 H, m, 1-H, 5-H, 4-OCH3);
dC (125 MHz): 158.9, 138.6, 130.3, 128.3, 127.8, 127.3, 126.0, 113.8,
105.3 (C-4), 82.9 (C-6), 81.4 (C-2), 68.8 (C-8), 56.1 (4-OCH3), 55.3
(4′-OCH3), 54.3(C-1), 48.1 (C-5); m/z (ES): 349.1 (MNa+); HRMS
(ES) found MNa+, 349.1407. C20H22NaO4 requires M, 349.1416.


4-exo-Methoxy-2-endo-(3′,4′-methylenedioxyphenyl)-6-endo-p-
methoxyphenyl-3,7-dioxabicyclo[3.3.0]octane 45. Reduction of
ester 17c and reaction, following method A, with piperonal
dimethyl acetal, at −40 ◦C for 17 h, and purification by flash
chromatography (petrol : ether 7 : 3), gave the title furofuran acetal
45 in 53% yield. tmax 2928, 1513, 1489, 1248 cm−1; dH (500 MHz)
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7.31 (2 H, d, J = 8.5 Hz, Ar-H), 6.94–6.92 (3 H, m, Ar-H), 6.64
(2 H, broad s, Ar-H), 5.97 (2 H, s, OCH2O), 5.25 (1 H, d, J = 6 Hz,
2-H), 4.87 (1 H, d, J = 6.5 Hz, 6-H), 4.49 (1 H, s, 4-H), 3.83 (3 H,
s, 4′-OCH3), 3.73 (1 H, dd, J = 1.5, 6.5 Hz, 8-Hendo), 3.51–3.48
(1 H, m, 8-Hexo), 3.15 (3 H, s, 4-CH3), 3.14–2.95 (2 H, m, 1-H,
5-H); dC (125 MHz) 158.8, 147.7, 146.8, 132.2, 130.6, 127.3, 119.8,
113.7, 108.2, 107.3, 105.3 (C-4), 101.0 (OCH2O), 82.7 (C-6), 81.5
(C-2), 68.7 (C-8), 56.0 (C-5), 55.2 (4′-OCH3), 54.3 (4-OCH3), 48.1
(C-1); m/z (EI): 370 (27%, M+).


3,7-Dioxa-4-methoxy-2,6-bis-endo-[3′,4′-methylenedioxyphenyl]-
bicyclo[3.3.0]octane 46. Reduction of ester 18c and reaction,
following method A, with piperonal dimethyl acetal, at −40 ◦C
for 17 h, and purification by flash chromatography (petrol : ether
7 : 3), the title furofuran acetal 46 was obtained in 55% yield.
Found MNa+, 407.1139. C21H20O7Na requires M, 407.1107.
tmax 2894, 1503, 1489, 1444, 1239, 1098, 1063, 1037 cm−1; dH


(300 MHz): 6.91–6.82 (6 H, m, aromatics), 5.98 (2 H, s, OCH2O),
5.97 (2 H, s, OCH2O), 5.25 (1 H, d, J = 6, 2-H), 4.82 (1 H, d,
J = 5.7, 6-H), 4.53 (1 H, s, 4-H), 3.71 (1 H, d J = 8.4, 8-Hendo),
3.50–3.44 (1 H, m, 8-Hexo), 3.17 (3 H, s, OCH3), 3.15–3.09 (2 H,
m, 1-H, 5-H). dC (125 MHz): 147.7, 147.6, 146.8, 146.7, 132.7,
132.4, 120.0, 119.5, 108.5, 108.4, 107.6, 107.1 (aromatics), 105.5
(C-4), 101.2 (OCH2O), 82.9 (C-6), 81.7 (C-2), 68.9 (C-8), 56.3
(C-3), 54.6 (OCH3), 48.3 (C-1). m/z (EI): 384 (32%) (M+), 203
(42%), 178 (99%), 84 (100%); m/z (CI, CH4): 385 (MH+), 353,
307, 135, 57 (100%).


2,6-endo-Diphenyl-3,7-dioxabicyclo[3.3.0]octane 55. Boron
trifluoride diethyl ether complex (BF3·Et2O) (200 ll, 1.25 mmol)
was added to a stirred solution of triethylsilane (Et3SiH) (1.5 ml,
18 mmol) and methyl acetal 37 (110 mg, 0.37 mmol) in DCM
(20 ml) at 0 ◦C. On addition of BF3·OEt2 the reaction mixture
immediately turned dark green and after 30 minutes the reaction
was warmed to room temperature and stirred for 30 hours before
NaHCO3 (aq) (20 ml) was added. The organic layer was washed
with NaHCO3 (aq) (20 ml) and the combined aqueous phases
were back extracted with DCM (20 ml). The combined organic
phases were dried (MgSO4), and the solvent was removed in
vacuo. The resulting residue was purified by flash chromatography
eluting with 3% ethyl acetate in petrol to yield the desired
symmetrical lignan 55 (60 mg, 61%), which solidified on standing
to a white solid and was recrystallized with ether–petrol. Mp
73–74 ◦C. Found: C, 80.92; H, 6.76; calc. for C18H18O2: C,
81.17; H, 6.81 %; mmax (ATR) 3002, 1524, 1241, 911 cm−1; dH


(300 MHz): 7.45–7.32 (10 H, m, Ar-H), 4.91 (2 H, d, J = 6 Hz,
6-H, 2-H), 3.74 (2 H, m, 4-Hendo, 8-Hendo), 3.59 (2 H, m, 4-Hexo,
8-Hexo), 3.15 (1 H, m, 1-H), 3.12 (1 H, m, 5-H). dC (50 MHz): 138,
128, 127, 126, 84 (C-2,C-6), 69 (C-4, C-8), 54 (C-1, C-5). m/z
(EI): 266 (45%, M+), 189, 165, 117 (100), 84.


2-endo,6-endo-Bis(3′,4′-methylenedioxyphenyl)-3,7-dioxabicyclo-
[3.3.0]octane 1. Triethylsilane (220 lL, 2.6 mmol) was slowly
added to a solution of acetal 46 (100 mg, 0.26 mmol), in DCM
(6 ml) at −40 ◦C under argon. BF3·OEt2 (50 lL, 0.275 mmol),
was then added under the same conditions and the colour of the
solution turned to dark red. The resulting solution was stirred
for 15 hours at −40 ◦C under argon before being poured into
a saturated solution of sodium bicarbonate. The aqueous layer
was extracted with ether (3 × 5 ml) and the combined organic


layers were washed with brine (3 × 5 ml), dried (MgSO4) and
concentrated. The residue was purified by flash chromatography
(ether : petrol : triethylamine 25 : 75 : 1) to afford epiasarinin 1
(25 mg, 27%) and asarinin 2 (3 mg, 3.3%) and a mixture of these
two diastereoisomers and the starting material (37 mg, 40%)
which could be recycled. Epiasarinin 1 mp 140–142 ◦C; found:
C, 67.60%; H, 5.13%; calc. for C20H18O6: C, 67.79%; H, 5.12%;
tmax 2922, 1460, 1376, 1253 cm−1; dH (500 MHz): 6.89 (2 H, s,
Ar-H), 6.82 (4 H, s, Ar-H), 5.97 (4 H, s, OCH2O), 4.87 (2 H, d,
J = 5.04 Hz, 2-H, 6-H), 3.72 (2 H, d, J = 9.7 Hz, 4-Hendo, 8-Hendo),
3.52 (2 H, dd, J = 9.45, 6.85 Hz, 4-Hexo, 8-Hexo), 3.13 (2 H, m,
1-H, 5-H); dC (125 MHz): 147.6, 146.7, 132.1, 119.5, 108.1, 107.1,
100.9 (OCH2O), 84.1 (C-2, C-6), 68.7 (C-4, C-8), 49.5 (C-1, C-5);
m/z (ES+): 377.1 (MNa+), 731 (M2Na+). Asarinin 2 tmax 2922,
1460, 1376, 1253; dH (500 MHz): 6.86–6.78 (6 H, m, Ar-H), 5.96
(2 H, s, OCH2O), 5.95 (2 H, s, OCH2O), 4.83 (1 H, d, J = 5.15,
2-H), 4.39 (1 H, d, J = 6.86, 6-H), 4.09 (1 H, d, J = 9.3 Hz,
4-Hendo), 3.83–3.80 (2 H, m, 4-Hexo, 8-Hendo), 3.31–3.29 (2 H, m,
1-H, 8-Hexo), 2.88–2.83 (1 H, m, 5-H); dC (125 MHz): 147.9, 147.6,
147.2, 146.5, 135.0, 132.2, 119.6, 118.7, 108.5, 106.5, 106.4, 101.0,
100.9 (OCH2O), 87.6 (C-6), 82.0 (C-2), 70.9 (C-4), 69.7 (C-8),
54.6 (C-5), 50.1 (C-1).


General procedures for reduction of 4-methoxyphenyl substituted
furofuryl acetals


Method A. Triethylsilane (10 eq.) was slowly added to a
solution of acetal (1 eq.), in DCM at −78 ◦C under argon.
BF3·OEt2 (1.7 eq.) was then added at −78 ◦C and the colour of the
solution turned to dark red. The resulting solution was stirred for
1 min at −78 ◦C under argon before being poured into a saturated
solution of sodium bicarbonate. The resulting mixture was filtered
through a Whatman PTFE filter tube and concentrated. The
residue was then purified by flash chromatography (ether : petrol :
triethylamine 25 : 75 : 1) to afford the desired furofuran.


Method B. Triethylsilane (10 eq.) was slowly added to a
solution of acetal (1 eq.), in DCM at 0 ◦C under argon.
BF3·OEt2 (1.7 eq.) was then added at 0 ◦C and the resulting
solution was stirred for 1 hour at 0 ◦C under argon before being
poured into a saturated solution of sodium bicarbonate. The
resulting mixture was filtered through a Whatman PTFE filter
tube and concentrated. The residue was then purified by flash
chromatography (ether : petrol : triethylamine 25 : 75 : 1) to afford
the desired furofuran.


Method C. Triethylsilane (10 eq.) was slowly added to a
solution of acetal (1 eq.), in DCM at −20 ◦C under argon.
BF3·OEt2 (1.7 eq.) was then added at −20 ◦C and the resulting
solution was stirred for 4 hours at −20 ◦C under argon before
being poured into a saturated solution of sodium bicarbonate.
The resulting mixture was filtered through a hydrophobic frit and
concentrated.


2-exo-Phenyl-6-endo-4′-methoxyphenyl-3,7-dioxabicyclo[3.3.0]-
octane 57. tmax 2961, 2928, 2872, 1455, 1190 cm−1; dH (500 MHz,
CDCl3–C6D6): 7.32–7.19 (7 H, m, Ar-H), 6.83 (2 H, d, J = 8.7 Hz,
Ar-H), 4.67 (1 H, d, J = 5.9 Hz, 6-H), 4.44 (1 H, d, J = 6.8 Hz,
2-H), 4.03 (1 H, d, J = 9.4 Hz, 8-Hendo), 3.78 (1 H, t, J = 8.8 Hz, 4-
Hexo), 3.64 (1 H, dd, J = 6.2, 9.4 Hz, 8-Hexo), 3.57 (3 H, s, 4′-OCH3),
3.38–3.30 (1 H, m, 4-Hendo), 3.10–3.03 (1 H, m, 5-H), 2.73–2.68
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(1 H, m, 1-H); dC (125 MHz): 158.6, 141.3, 130.4, 128.6, 127.8,
126.7, 126.0, 113.7, 87.7 (C-6), 82.0 (C-2), 71.1, 69.8 (C-4, C-8),
55.2 (4′-OCH3), 54.7 (C-1), 50.2 (C-5); m/z (ES+): 319.1 (MNa+),
731 (2MNa+); HRMS (ES) found MNa+, 319.1322; C19H20NaO3


requires M, 319.1310.


2-exo-Phenyl-6-exo-4′ -methoxyphenyl-3,7-dioxabicyclo[3.3.0]-
octane 58. tmax 2957, 2929, 2855, 1512, 1247, 1033 cm−1; dH


(500 MHz): 7.37–7.27 (7 H, m, Ar-H), 6.89 (2 H, d, 8.8 Hz, Ar-H),
4.83 (1 H, d, J = 4.9 Hz, 2-H), 4.77 (1 H, d, J = 4.9 Hz, 6-H),
3.80 (3 H, s, 4′-OCH3), 4.29–4.24 (2 H, m, 4-Hendo, 8-Hendo), 3.93–
3.89 (2 H, m, 4-Hexo, 8-Hexo), 3.16–3.07 (2 H, m, 1-H, 5-H); dC


(125 MHz): 159.2, 141.2, 133.0, 128.6, 127.6, 127.4, 125.9, 113.9,
85.9 (C-2), 85.6 (C-6), 71.85, 71.80 (C-4, C-8), 55.3 (4′-OCH3),
54.4, 54.2 (C-5, C-1); m/z (ES+): 319.1 (MNa+), 731 (2MNa+);
HRMS (ES) found MNa+, 319.1306; C19H20NaO3 requires M,
319.1310.


2-endo-Phenyl-6-endo-4′-methoxyphenyl-3,7-dioxabicyclo[3.3.0]-
octane 59. tmax 2958, 2931, 2855, 1513, 1248 cm−1; dH (500 MHz):
7.40–7.29 (7 H, m, Ar-H), 6.92 (2 H, d, J = 9 Hz, Ar-H), 4.97
(1 H, d, J = 5.7 Hz, 2-H), 4.93 (1 H, d, J = 5.9 Hz, 6-H), 3.83
(3 H, s, 4′-OCH3), 3.13 (1 H, dd, J = 2.3, 9.6 Hz, 4-Hendo), 3.67
(1 H, dd, J = 2.2, 9.4 Hz, 8-Hendo), 3.55 (1 H, dd, J = 7.3, 9.6 Hz,
4-Hexo), 3.53 (1 H, dd, J = 7.3, 9.4 Hz, 8-Hexo), 3.29–3.08 (2 H,
m, 1-H, 5-H); dC (125 MHz): 138.9, 130.6, 128.6, 128.3, 127.6,
126.3, 113.7, 84.3 (C-2), 84.0 (C-6), 68.85 (C-4), 68.75 (C-8),
55.3 (4′-OCH3), 49.6 (C-5), 49.5 (C-1); m/z (ES+): 319.1 (MNa+),
731 (2MNa+); HRMS (ES) found MNa+, 319.1317; C19H20NaO3


requires M, 319.1310.
Found: C, 76.12; H, 6.85; calc. for C19H20O3: C, 77.00; H, 6.80%;


tmax 2957, 2871, 2835, 1513, 1248, 1055 cm−1; dH (500 MHz): 7.38–
7.29 (7 H, m, Ar-H), 6.90 (2 H, d, J = 9 Hz, Ar-H), 4.93 (1 H,
d, J = 5.9 Hz, 2-H), 4.44 (1 H, d, J = 7.25 Hz, 6-H), 4.13 (1 H,
d, J = 9.5 Hz, 4-Hendo), 3.88–3.80 (2 H, m, 8-Hexo, 4-Hexo), 3.81
(3 H, s, 4′-OCH3), 3.42–3.38 (1 H, m, 1-H), 3.26 (1 H, d, J = 9 Hz,
8-Hendo), 2.95–2.90 (1 H, m, 5-H); dC (125 MHz): 158.3, 138.4,


Table 7 Crystal data and experimental details


Compound 1 15


Formula C20H18O6 C19H19NO4S
Fw 354.34 357.41
Temperature, K 120 110
Symmetry Monoclinic Triclinic
Space group P21/n (#14) P-1 (#2)
a, Å 8.193(1) 5.8932(4)
b, Å 7.444(1) 9.2189(7)
c, Å 26.234(3) 16.199(1)
a, ◦ 90 87.502(3)
b, ◦ 96.98(1) 89.201(3)
c , ◦ 90 77.553(3)
V , Å3 1588.0(3) 858.6(1)
Z 4 2
Dx, g cm−3 1.482 1.383
l, mm−1 0.11 0.21
Refls. meas. 18649 8583
Unique refls. 4226 3371
R1, wR2, %a 4.5, 11.8 5.7, 13.5


a wR2 = [R w(F o
2 − F c


2)2/R w(F o
2)2]1/2 for all data, R1 = R ||F c| −


|F o||/R |F o| for reflections with I>2r(I).


133.1, 128.6, 127.5, 127.1, 125.6, 113.9, 87.5 (C-6), 82.2 (C-2),
70.9 (C-4), 69.7 (C-8), 55.3 (4′-OCH3), 54.5 (C-5), 50.1 (C-1); m/z
(ES+): 319.1 (MNa+), 731 (2MNa+); HRMS (ES) found MNa+,
319.1296; C19H20NaO3 requires M, 319.1310.


X-Ray crystallography


Diffraction experiments were carried out on a Siemens SMART
3-circle diffractometer (1 K CCD area detector), using graphite-
monochromated MoKa radiation (k = 0.71073 Å) and a
Cryostream open-flow N2 gas cryostat. The structures were solved
by direct methods and refined by full-matrix least squares against
F 2 of all reflections, using SHELXTL 5.10 programs (Bruker
AXS, Madison, Wisconsin, USA, 1997). Crystal data are listed
in Table 7. CCDC deposition numbers 603915 (1) and 603916
(15).‡
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A variety of homochiral a-amino acids have been prepared in good yield via regioselective reaction of
higher order cuprates with (2S)-N-para-toluenesulfonylaziridine-2-carboxylic acid 4. The reaction was
much less regioselective and low yielding when higher order cuprates were reacted with the more
hindered aziridine carboxylic acid 30, the principal products being protected b-amino acids. Reaction of
lithium trimethylsilylacetylide with the aziridine acid 30, however, gave a protected a-amino acid which
was converted to the protected isoleucine ester 37.


Introduction


The biological importance of a-amino acids has led to the
development of a large variety of methods for their synthesis.2 One
such method is the reaction of protected optically pure aziridine-
2-carboxylic esters 1 with a variety of sulfur nucleophiles,3,4


oxygen nucleophiles,4,5 nitrogen nucleophiles,6 or halides.4,7 These
heteronucleophiles invariably reacted solely at the b-carbon atom.
To be truly general the method should be extended to carbon
nucleophiles, but, apart from the use of indoles as nucleophiles,8


only Baldwin et al.9 have used aziridine-2-carboxylates relevant
to the synthesis of optically pure amino acids to address this
question. They found that carbonyl stabilised Wittig reagents
reacted with suitably N-activated aziridines via C-3–N-1 cleavage
to provide optically pure ylides, suitable for modification to
the (2S)-4-alkylideneglutamic acid family of natural products.9a


When organometallic reagents such as organolithium or Grignard
reagents were used as nucleophiles, the ester group of N-para-
toluenesulfonylaziridine-2-carboxylate esters was attacked.9c With
higher order organocuprates or Grignard reagents in the presence
of CuBr·Me2S, nucleophilic attack occurred at the aziridine carbon
rather than the carbonyl group but it occurred at both C-2 and
C-3.9b,c


In the course of our studies of the mechanism of action of
enzyme inhibitors, we required samples of D-propargylglycine 2
which were labelled stereospecifically at C-3 with deuterium. We
had already developed a synthesis of the labelled aziridine esters
(3, R = Me, HA or HB = 2H)4 and so an attractive synthetic route to
our target would be to react these with a protected acetylene anion.
This should occur with inversion of stereochemistry at the labelled
atom C-3. When we used the N-para-toluenesulfonylaziridine
esters (3, R = Me) and (3, R = tBu), we found,10 like Baldwin,9c that
the ester group reacted in preference to the aziridine functionality.
Arguing that, by using a carboxylic acid in the reaction, the
carboxylate anion would discourage attack at the carbonyl group
and might also encourage regiospecific attack at C-3 of the


Department of Chemistry, University of Sussex, Falmer, Brighton, UK BN1
9QJ
† Part of this work has been reported as a preliminary communication in
ref. 1.


aziridine, we reacted the aziridine free acid 410 with an excess
of lithium trimethylsilylacetylide and obtained a mixture of the
free acetylene 5 (30%) and the trimethylsilyl derivative 6 (49%) as
shown in Scheme 1.10 Although we found it necessary to change
the activating group on the aziridine nitrogen to the 2,2,5,7,8-
pentamethylchroman-6-sulfonyl (Pmc) group10 so that the product
could be deprotected successfully to the acetylenic amino acid, it
was evident that we had achieved our objective of regiospecific
ring opening at C-3. This suggested that we might have overcome
the problem of regiospecificity in the synthesis of homochiral a-
amino acids by reaction of N-activated aziridine-2-carboxylates
with carbon nucleophiles by the simple expedient of using the
carboxylic acid in the reaction. We therefore resolved to examine
the generality of the method.


Scheme 1


Results and discussion


When the aziridine-2-carboxylic acid 4 was reacted with methyl
magnesium chloride in THF at −70 ◦C, the protected chloroala-
nine 7 was obtained in 53% yield as shown in Scheme 2. The
Grignard reagent had therefore acted as a source of chloride
ion. The higher order cuprate Me2CuCNLi2 however, gave the
desired product 8 in 94% yield with evidence in the 1H NMR
spectrum of only a small amount of the product expected from
a-attack on the aziridine. Reaction of the aziridine 4 separately
with n-Bu2CuCNLi2 and t-Bu2CuCNLi2 gave the protected amino
acids 9 and 10 as the only products in 56% and 69% yields
respectively. This regioselectivity contrasted with the reactions
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Scheme 2 Reagents and conditions: (i) MeMgCl, THF, −78 ◦C, 10 min,
then rt, 3 h (53%); (ii) Me2CuCNLi2, THF, −78 ◦C, 3 h, then rt, 18 h
(94%); (iii) nBu2CuCNLi2, THF, −78 ◦C, 5 h (56%); (iv) tBu2CuCNLi2,
THF, −78 ◦C, 4 h (69%); (v) Ph2CuCNLi2, THF, −78 ◦C, 3 h, then rt, 18 h
(57%); (vi) iPr2CuCNLi2, THF, −78 ◦C, 3 h, then rt, overnight (48%);
(vii) (H2C=CH)2CuCNLi2, THF, −78 ◦C, 30 min, then warm to rt
(54%); (viii) (Me3SiC=C)2CuLi2, −78 ◦C, 30 min, then rt, 18 h (18%);
(ix) indolyl-Li, Et2O, rt, 4 h (20%).


on the corresponding ester9c where reaction with Me2CuCNLi2


occurred at both a and b-carbon atoms equally. Use of the free
acid had thus overcome the regiospecificity problem.


When the acid 4 was reacted with Ph2CuCNLi2,
((CH3)2CH)2CuCNLi2, (H2C=CH)2CuCNLi2 and (Me3SiC=C)2-
CuCNLi2 the single products 11, 12, 13 and 14 were obtained
in 57%, 48%, 54% and 18% yields respectively. The method was,
therefore, a useful and general route to a-amino acids. Reaction
with the lithium salt of indole gave the protected tryptophan 15 in
20% yield. Deprotection of the products 8, 9 and 11 was achieved
by treatment with 30% HBr in acetic acid and the free amino
acids L-2-aminobutyric acid 16, L-2-aminoheptanoic acid 17 and
L-phenylalanine 18 were obtained. Comparison of data with those
of authentic samples showed that the reactions had proceeded
both regiospecifically and without loss of stereochemistry.


When the Pmc protected aziridine 19 was treated with KCN,
the protected b-cyanoalanine 20 was obtained in 56% yield
(Scheme 3). On using the stereospecifically labelled aziridines,
(19, HA = 2H) and (19, HB = 2H) in this reaction, however, the


Scheme 3 Reagents and conditions: (i) KCN, MeOH, 40 ◦C, 18 h (56%).


deuterium label was “washed out” due to the enhanced acidity of
the b-hydrogens in the product. Thus, although the method was
synthetically successful, it was not appropriate for preparation
of stereospecifically labelled samples of the enzyme inhibitor b-
cyanoalanine.


Since entry to a variety of further amino acids and stereospeci-
fically labelled amino acids might be obtained by use of substituted
acetylenes, the acid 4 was reacted with the lithium salt of N,N-
dibenzylpropargylamine 21 to yield the product 22 (Scheme 4). In
an attempt to investigate the possibility of using this as a synthon
for L-lysine and, by extension, stereospecifically labelled samples of
L-lysine, we first converted the acid 22 to the methyl ester 23 using
diazomethane. Hydrogenation for 4 days in ethyl acetate using
10% palladium–carbon gave the protected fully-reduced amino
acid 24 in which hydrogenolysis of the terminal amino group
had occurred, presumably at the stage of the intermediate allylic
amine. Shorter reduction times resulted in mixtures containing the
compound 24. Hydrogenation for 8 hours using Lindlar’s catalyst
gave the Z-olefin 25 in 65% yield.


Scheme 4 Reagents and conditions: (i) nBuLi + 21, THF, 0 ◦C, 3.5 h
(61%); (ii) CH2N2, Et2O, THF, 0 ◦C (75%); (iii) H2, 10% Pd–C, EtOAc, rtp
(room temperature and pressure), 4 days (65%); (iv) H2, Lindlar’s catalyst,
EtOAc, rtp, 8 h (65%).


Having developed a successful general synthesis of optically
pure a-amino acids with one chiral centre, it was of interest to see if
the method could be extended to the preparation of a-amino acids
with two chiral centres. We therefore prepared the tritylaziridine
28 from L-threonine by adaptation of the method of Wakamiya
et al.3b as shown in Scheme 5 and described in the experimental
section. Deprotection using trifluoroacetic acid in CHCl3–MeOH
at 0 ◦C and reaction with para-toluenesulfonyl chloride under
Schotten Baumann conditions for 20 hours at room temperature
gave the tosyl ester 29 in 72% yield. This was converted into the
free acid 30 in quantitative yield by hydrolysis with 1 N aqueous
sodium hydroxide in THF at room temperature for 3 hours.


Scheme 5 Reagents and conditions: (i) Ph3CCl, CHCl3, Et3N, 0 ◦C, 20 h
(quantitative); (ii) (a) TsCl, pyridine, 0 ◦C, 20 h, (b) THF, Et3N, reflux 20 h
(75%); (iii) (a) CF3CO2H, CHCl3, MeOH, 0 ◦C, 5 h, (b) TsCl, EtOAc, aq.
NaHCO3, rt, 20 h (72%); (iv) 1 N NaOH, THF, rt, 3 h (quantitative).


Reaction of higher order cuprates with the aziridine 30 was less
regiospecific than had been the case with the reaction using the
aziridine 4. Thus reaction with n-Bu2CuCNLi2 gave a 34% yield
of a 3 : 1 mixture of regioisomers with the b-amino acid 31 as
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Scheme 6 Reagents and conditions: (i) nBu2CuCNLi2, THF, −78 ◦C,
30 min, then rt, 18 h (34%); (ii) Me2CuCNLi2, THF −78 ◦C, 30 min,
then rt, 18 h (36%).


the major isomer and the a-amino acid 32 as the minor isomer
(Scheme 6). Assignment of the 1H NMR spectrum was aided by
decoupling experiments. Irradiation of the one proton multiplet
at d 3.4 ppm caused the three-proton doublet at d 0.8 ppm to
become a singlet, assigning these to H-2 and the methyl group at
C-2 in compound 31. Decoupling was also observed between the
one proton multiplet at d 2.2 ppm and the multiplet for CH2 at
1.1–1.5 ppm confirming the former peak as H-3 in compound 31.
Reaction with Me2CuCNLi2 gave a 36% yield of a 3.5 : 1 mixture
of regioisomers. The major isomer was the protected b-amino acid
33, assignment of the 1H NMR spectrum again being aided by a
double irradiation experiment. Irradiation of one methyl doublet
at d 0.9 ppm caused decoupling of the multiplet at d 3.5 ppm
due to CHN, whereas irradiation of the other methyl doublet at
d 1.1 ppm caused decoupling of the multiplet at d 2.4 ppm due to
CHCO2H. The a-amino acid 34 was the minor product.


When lithium trimethylsilylacetylide was reacted with the
aziridine acid 30, the adduct 35 was obtained in 70% yield
(Scheme 7). Regiospecific attack at C-3 was evident from the
fact that the doublet of doublets at d 3.9 ppm for H-2 in the 1H
NMR spectrum was reduced to a doublet on exchange of the NH
proton in 2H2O. The synthesis was therefore valid for preparation
of a-amino acids with two chiral centres when this nucleophile
was used. The product 35 was deprotected in 94% yield using
1 N NaOH and then converted into the ester 36 in 37% yield by
heating with methanol containing BF3·Et2O. Hydrogenation using
Lindlar’s catalyst gave not the expected partially reduced product
but the fully reduced methyl N-para-toluenesulfonylisoleucine 37
in 79% yield.


Scheme 7 Reagents and conditions: (i) Me3SiC=CLi, 0 ◦C, 30 min, then
rt, 2 h (70%); (ii) 1 N NaOH, EtOAc, 50 ◦C, 18 h (94%); (iii) EtOAc,
BF3·Et2O, reflux, 20 h (37%); (iv) H2, EtOAc, Lindlar’s catalyst, rtp,
20 h (79%).


Conclusions


A high yielding and general synthesis of optically pure a-amino
acids has been developed using regiospecific attack of carbon
nucleophiles at C-3 of the protected aziridine carboxylic acid 4.


The synthesis could be extrapolated to the aziridine 30 containing
two chiral centres when the sterically undemanding nucleophile
lithium trimethylsilylacetylide was used. However when higher
order cuprates were used, yields were low and the principal
products were the b-amino acids.


Experimental


Melting points were determined on a Kofler hot-stage apparatus
and are uncorrected. Optical rotations (given in units of 10−1


deg cm2 g−1) were measured on a Perkin Elmer 241 polarimeter
using a 1 dm path length micro cell. IR spectra were recorded
on a Perkin Elmer 1720 Fourier transform instrument. 1H
NMR spectra were recorded using a Bruker WM360 (360 MHz)
instrument. 13C NMR spectra were recorded using a Bruker
AMX 500 (125.8 MHz) instrument. J-values are given in Hz.
The residual solvent peak was used as the reference for all
NMR spectra. Low resolution mass spectra were recorded by
Mr A. Greenway and Dr A. Abdul Sada using Kratos MS80RF
and Fisons VG autospec instruments and by Dr S. Chotai and
D. Dell at the Wellcome Research Laboratories, Beckenham using
Kratos Concept 1S and MS50 instruments. High resolution mass
measurements were performed by Dr S. Chotai at the Wellcome
Research Laboratories, Beckenham using a Kratos Concept 1S
instrument and by the EPSRC Central Mass Spectrometry Service
as Swansea. Microanalyses were performed by Miss M. Patel
at Sussex University, and by Carol Lawless and Wai Chi Man
at the Wellcome Research Laboratories, Beckenham. Column
chromatography was carried out using Merck Kieselgel 60 (230–
400 mesh-Art 9385). Ion exchange resins were purchased in
the required form from Aldrich. Copper(I) cyanide was vacuum
desiccated over phosphorus pentoxide before use. Petroleum ether
refers to that fraction of hexanes bp 60–80 ◦C.


(2R)-N-para-Toluenesulfonyl-3-chloroalanine (7)


Methylmagnesium chloride (3 M in THF, 0.3 ml, 0.9 mmol)
was added to a solution of (2S)-N-para-toluenesulfonylaziridine-
2-carboxylate 410 (70 mg, 0.3 mmol) in tetrahydrofuran (3 ml)
under argon at −78 ◦C. The reaction was stirred at −78 ◦C for
10 min, warmed to room temperature and stirred for a further
3 h. Water (20 ml) was added. The organic layer was extracted
with water (3 × 10 ml) and the combined aqueous layers were
cooled on ice and acidified to pH 4 using 10% aqueous citric acid.
The acidified aqueous layer was extracted with ethyl acetate (3 ×
20 ml) and the combined organic layers were dried (Na2SO4).
The solvent was removed in vacuo. Column chromatography
on silica gel using (chloroform–methanol–water–acetic acid 7 :
3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as eluant gave (2R)-N-para-
toluenesulfonyl-3-chloroalanine 7 as a white solid which was
recrystallised from methanol (44 mg, 53%); mp 144–148 ◦C; [a]D


30


+24.1 (c 0.2, MeOH); m/z (EI) found 277.02014; C10H12O4S35Cl
requires 277.01756; m/z [+ve FAB (3-nba)] 278 and 280 (3 : 1)
([M + H]+); mmax (KBr)/cm−1 1636 (acid); dH (360 MHz, C2H3O2H)
2.4 (3H, s, ArCH3), 3.7 (1H, dd, J3A,2 4.1, J3A,3B 11.2, H-3A),
3.8 (1H, dd, J3B,2 4.1, J3B,3A 11.2, H-3B), 4.1 (1H, t, J2,3B = J2,3A


4.1, H-2), 7.3 (2H, d, J 8.0, ArH) and 7.7 (2H, d, J 8.3, ArH);
dC (125.8 MHz, C2H3O2H) 22.0 (ArCH3), 47.3 (C-3), 59.0 (C-2),
128.7, 131.1, 139.6 and 145.3 (Ar) and 172.1 (acid).


2890 | Org. Biomol. Chem., 2006, 4, 2888–2897 This journal is © The Royal Society of Chemistry 2006







(2S)-2-(para-Toluenesulfonylamino)-butyric acid (8)


Methyl lithium (1.6 M in Et2O, 2.0 ml, 3.2 mmol) was added to
copper(I) cyanide (139 mg, 1.5 mmol) in tetrahydrofuran (2 ml)
at −78 ◦C under argon and the reaction was left for 10 min at
this temperature and then allowed to warm to room temperature.
The mixture was cooled to −78 ◦C and a solution of (2S)-N-para-
toluenesulfonylaziridine-2-carboxylate 410 (150 mg, 0.62 mmol)
in tetrahydrofuran (2 ml) was added. The mixture was stirred at
−78 ◦C for 3 h, slowly warmed to room temperature and left for
18 h. Water (10 ml) was added and the mixture was filtered. The
filtrate was cooled on ice and acidified to pH 4 using 10% aqueous
citric acid. The aqueous mixture was extracted with ethyl acetate
(3 × 20 ml), the combined organic layers were dried (Na2SO4)
and the solvent was removed in vacuo. Column chromatography
on silica gel using (chloroform–methanol–water–acetic acid 7 :
3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as eluant gave (2S)-2-(para-
toluenesulfonylamino)-butyric acid 8 as a white solid which was
recrystallised from dichloromethane and petroleum ether (150 mg,
94%); mp 95–100 ◦C; [a]D


31 −3.5 (c 0.3, CHCl3); m/z (EI) found
257.07124; C11H15O4NS requires 257.07218; m/z [+ve FAB (3-
nba)] 258 ([M + H]+); mmax (KBr)/cm−1 1717 (acid); dH (360 MHz,
C2HCl3) 0.9 (3H, t, J 7.4, CH3), 1.7 (1H, m, H-3A), 1.8 (1H, m,
H-3B), 2.4 (3H, s, ArCH3), 3.9 (1H, br dd, H-2), 5.2 (1H, exch.
d, JNH,2 8.7, NH), 7.3 (2H, d, J 8.3, ArH) and 7.7 (2H, d, J 8.3,
ArH), a small peak dH 1.2 (d, J 7.2, CH3) suggested the presence
of <10% of the regioisomer); dC (125.8 MHz, C2HCl3) 9.3 (CH3),
21.5 (ArCH3), 26.2 (C-3), 56.7 (C-2), 127.2, 129.7, 136.7 and 143.8
(Ar) and 176.3 (acid).


(2S)-2-(para-Toluenesulfonylamino)-heptanoic acid (9)


n-Butyl lithium (1.6 M in hexanes, 2.7 ml, 4.3 mmol) was added
to a suspension of copper(I) cyanide (186 mg, 2.1 mmol) in
tetrahydrofuran (2 ml) at −78 ◦C under argon. The mixture was
left at −78 ◦C for 30 min and allowed slowly to warm to room
temperature. The mixture was cooled to −78 ◦C and a solution of
(2S)-N-para-toluenesulfonylaziridine-2-carboxylate 410 (200 mg,
0.8 mmol) in tetrahydrofuran (2 ml) was added. The reaction was
stirred for 5 h at −78 ◦C under argon. Water (8 ml) was added
and the mixture was filtered through a plug of Celite. The filtrate
was cooled on ice and acidified to pH 4 using 10% aqueous citric
acid. The aqueous phase was extracted with ethyl acetate (3 ×
15 ml) and the combined organic layers were dried (Na2SO4).
Removal of the solvent in vacuo yielded a colourless oil. Column
chromatography on silica gel using (chloroform–methanol–water–
acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as eluant gave (2S)-
2-(para-toluenesulfonylamino)-heptanoic acid 9 as a white solid
which was recrystallised from dichloromethane and petroleum
ether (137 mg, 56%); mp 74–78 ◦C; [a]D


34 +7.9 (c 0.5, CHCl3);
(found C, 55.7; H, 7.0; N, 4.6. C14H21O4NS requires C, 56.2; H,
7.1; N, 4.7%); m/z [+ve FAB (3-nba)] 300 ([M + H]+) and 254 ([M–
CO2H]+); mmax (KBr)/cm−1 1718 (acid); dH (360 MHz, C2HCl3) 0.8
(3H, t, J 7.0, CH3), 1.1–1.3 (6H, m, CH2), 1.6 (1H, m, H-3A), 1.7
(1H, m, H-3B), 2.4 (3H, s, ArCH3), 3.9 (1H, m, H-2), 5.7 (1H,
exch. d, JNH,2 8.7, NH), 7.3 (2H, d, J 8.3, ArH), 7.7 (2H, d, J
8.3, ArH) and 9.6 (1H, br exch. s, OH); dC (125.8 MHz, C2HCl3)
13.9 (CH3), 21.5 (ArCH3), 22.3 (C-3), 24.5, 31.0 and 33.0 (3 ×
CH2), 55.4 (C-2), 127.3, 129.7, 136.7 and 143.9 (Ar) and 176.4
(acid).


(2S)-N-para-Toluenesulfonyl-tert-leucine (10)


tert-Butyl lithium (1.7 M in pentanes, 1.2 ml, 2.1 mmol) was
added to a suspension of copper(I) cyanide (93 mg, 1.0 mmol)
in tetrahydrofuran (2 ml) at −78 ◦C and the mixture was stirred at
−78 ◦C for 20 min under argon. The solution was allowed to warm
to room temperature slowly, and cooled to −78 ◦C. A solution of
(2S)-N-para-toluenesulfonylaziridine-2-carboxylate 410 (100 mg,
0.4 mmol) in tetrahydrofuran (2 ml) was added. The reaction
was stirred at −78 ◦C for 4 h under argon. Water (10 ml) was
added and the mixture was filtered through Celite. The filtrate
was cooled on ice and acidified to pH 4 using 10% aqueous citric
acid. The aqueous mixture was extracted with ethyl acetate (3 ×
20 ml) and the combined organic layers were dried (Na2SO4). The
solvent was removed in vacuo. Column chromatography on silica
gel using (chloroform–methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–
ethyl acetate (1 : 2) as eluant gave (2S)-N-para-toluenesulfonyl-
tert-leucine 10 as a white solid which was recrystallised from
dichloromethane and petroleum ether (85 mg, 69%); mp 172–
173 ◦C; [a]D


27 +9.9 (c 0.7, CHCl3); (found C, 56.1; H, 7.1; N, 4.8.
C14H21O4NS requires C, 56.2; H, 7.1; N, 4.7%); m/z [+ve FAB
(3-nba)] 322 ([M + Na]+) and 300 ([M + H]+); mmax (KBr)/cm−1


3277 (NH) and 1713 (acid); dH (360 MHz, C2H3O2H) 0.9 (9H, s,
C(CH3)3), 1.5 (1H, dd, J3A,2 8.3, J3A,3B 14.3, H-3A), 1.6 (1H, dd,
J3B,2 4.1, J3B,3A 14.3, H-3B), 2.4 (3H, s, ArCH3), 3.9 (1H, dd, J2,3B


4.1, J2,3A 8.3, H-2), 7.3 (2H, d, J 8.2, ArH) and 7.7 (2H, d, J 8.2,
ArH); dC (125.8 MHz, C2H3O2H) 22.0 (ArCH3), 30.5 (C(CH3)3),
32.0 (C(CH3)3), 47.8 (C-3), 55.6 (C-2), 128.8, 131.0, 139.7 and
145.0 (Ar) and 176.6 (acid).


(2S)-N-para-Toluenesulfonylphenylalanine (11)


Phenyl lithium (1.8 M in Bu2O, 2.3 ml, 4.2 mmol) was added
to a suspension of copper(I) cyanide (150 mg, 1.7 mmol) in
tetrahydrofuran (3 ml) under argon at −78 ◦C. The mixture
was stirred for 10 min and then allowed to warm to room
temperature. After 30 min the cuprate was cooled to −78 ◦C and
a solution of (2S)-N-para-toluenesulfonylaziridine-2-carboxylate
410 (200 mg, 0.8 mmol) in tetrahydrofuran (2 ml) was added.
The reaction was left for 3 h at −78 ◦C, allowed to warm to
room temperature and stirred for 18 h under argon. Water was
added and the aqueous mixture was extracted with ethyl acetate
(3 × 20 ml). The combined organic fractions were dried (Na2SO4)
and the solvent was removed in vacuo to yield an oil. Column
chromatography on silica gel using (chloroform–methanol–water–
acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as eluant gave (2S)-N-
para-toluenesulfonylphenylalanine 11 as a white solid which was
recrystallised from dichloromethane and petroleum ether (150 mg,
57%); mp 139–142 ◦C; [a]D


34 −5.5 (c 0.3, CHCl3); m/z (EI) found
319.08619; C16H17O4NS requires 319.08783; m/z [+ve FAB (3-
nba)] 320 ([M + H]+); mmax (KBr)/cm−1 1713 (acid); dH (360 MHz,
C2H3O2H) 2.4 (3H, s, ArCH3), 2.8 (1H, dd, J3A,2 8.2, J3A,3B 13.7,
H-3A), 3.0 (1H, dd, J3B,2 5.6, J3B,3A 13.7, H-3B), 4.0 (1H, dd, J2,3B


5.6, J2,3A 8.2, H-2) and 7.1–7.5 (9H, m, ArH); dC (125.8 MHz,
C2H3O2H) 21.9 (ArCH3), 40.4 (C-3), 59.5 (C-2), 128.2, 128.5,
130.0, 131.0, 138.4, 139.6 and 144.9 (Ar) and 175.4 (acid).


(2S)-N-para-Toluenesulfonylleucine (12)


Isopropyl lithium11 (0.8 M in pentane, 2.6 ml, 2.07 mmol) was
added to a stirred suspension of copper(I) cyanide (75 mg,
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083 mmol) in tetrahydrofuran (3 ml) at −78 ◦C. The mixture
was warmed to 0 ◦C and stirred until all the solid material had
dissolved. The mixture was cooled to −78 ◦C and (2S)-N-para-
toluenesulfonylaziridine-2-carboxylate 410 (90 mg, 0.373 mmol)
was added dropwise as a solution in tetrahydrofuran (1 ml). The
mixture was stirred at −78 ◦C for 3 h before being allowed to
warm to room temperature and stirred overnight. Water (10 ml)
was added and the solvent was concentrated in vacuo. The resulting
aqueous mixture was acidified to pH 4 with aqueous 10% citric
acid and extracted with ethyl acetate (4 × 10 ml). The organic
extracts were dried (MgSO4) and the solvent was removed in vacuo.
Flash chromatography on silica gel, eluting with dichloromethane,
then 10% ethyl acetate–dichloromethane, then 20% ethyl acetate–
dichloromethane and finally 30% ethyl acetate–dichloromethane
afforded (2S)-N-para-toluenesulfonylleucine 12 (51 mg, 48%)
which was recrystallised from dichloromethane–petroleum ether
as a white solid, mp 112–115 ◦C; [a]D


25 +11.6 (c 0.7, EtOH); m/z
(FAB) found 286.1115, [C13H19NO4S + H]+ requires 286.1113;
m/z [+ ve FAB (3-nba)] 308 ([M + Na]+) and 286 ([M + H]+); mmax


(KBr)/cm−1 3279 (NH), 2925 (OH) and 1708 (acid); dH (360 MHz,
C2HCl3) 0.79 (3H, d, JMe,4 6.5, CH3), 0.87 (3H, d, JMe,4 6.5, CH3),
1.48 (2H, m, H-3), 1.73 (1H, m, H-4), 2.39 (3H, s, CH3Ar), 3.89
(1H, ddd, J2,3A 6.2, J2,NH 9.7, J2.3B 8.5, H-2), 5.08 (1H, br s, OH),
5.12 (1H, d, JNH,2 9.7, NH), 7.25 (2H, d, J 8.5, ArH) and 7.7 (2H,
d, J 8.5, ArH); dC (125.8 MHz, C2HCl3, −60 ◦C) 20.4 (CH3), 21.6
(CH3), 22.9 (CH3Ar), 29.7 (C-4), 41.0 (C-3), 53.5 (C-2), 127.0,
129.5, 135.4 and 143.7 (Ar) and 178.4 (acid).


(2S)-N-para-Toluenesulfonylvinylglycine (13)


n-Butyl lithium (1.6 M in hexanes, 1.3 ml, 2.1 mmol) was added to
tetravinyl tin (0.95 ml, 5.2 mmol) and the mixture was stirred for
3 h at room temperature under argon. The solvent was removed
in vacuo and the resultant solid was washed with portions of
diethyl ether (3 × 10 ml). The solvent was removed in vacuo
to yield a solid which was dissolved in tetrahydrofuran (4 ml)
and cooled to −78 ◦C. Copper(I) cyanide (93 mg, 1.0 mmol)
was added and the mixture was stirred at −78 ◦C for 20 min
under argon. The mixture was warmed to room temperature and
stirred for a further 30 min. The cuprate was cooled to −78 ◦C,
a solution of (2S)-N-para-toluenesulfonylaziridine-2-carboxylate
410 (100 mg, 0.4 mmol) in tetrahydrofuran (2 ml) was added, and
the mixture was stirred for 30 min, and warmed very slowly to
room temperature. Water was added and the mixture was filtered
through Celite. The filtrate was cooled on ice, acidified to pH 4
using 10% aqueous citric acid and extracted with ethyl acetate
(3 × 20 ml). The combined organic layers were dried (Na2SO4)
and the solvent was removed in vacuo to yield an oil. Column
chromatography on silica gel using (chloroform–methanol–water–
acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as eluant gave (2S)-
N-para-toluenesulfonylvinylglycine 13 as a colourless oil, (60 mg,
54%); [a]D


21 +10.6 (c 0.8, CHCl3); m/z (EI) found 269.07054;
C12H15O4NS requires 269.07218; mmax (film)/cm−1 1728 (acid); dH


(360 MHz, C2HCl3) 0.8 and 1.2 (2H, 2m, H-3), 2.4 (>3H, ArCH3),
4.0 (1H, t, J2,3A = J2,3B 6.0, H-2), 4.9 and 5.0 (2H, m, H-5), 5.5 (2H,
m, NH and H-4), 7.3 (2H, d, J 8.1, ArH) and 7.7 (2H, d, J 8.3,
ArH); dC (125.8 MHz, C2HCl3) 21.5 (ArCH3), 37.0 (C-3), 55.2
(C-2), 119.8 (=CH2), 127.2 and 129.7 (Ar), 131.4 (CH=), 136.8
and 143.8 (Ar) and 175.4 (acid).


(2S)-N-para-Toluenesulfonylpropynylglycine (14)


A solution of trimethylsilylacetylene (0.3 ml, 2.1 mmol) and n-
butyl lithium (1.6 M in hexanes, 1.4 ml, 2.2 mmol) at 0 ◦C was
added via cannula transfer to a suspension of copper(I) cyanide
(93 mg, 1.0 mmol) in tetrahydrofuran (2 ml) at −78 ◦C under
argon. The mixture was warmed to room temperature after 10 min
and cooled to −78 ◦C. (2S)-N-para-Toluenesulfonylaziridine-2-
carboxylate 410 (100 mg, 0.4 mmol) in tetrahydrofuran (2 ml) was
added. The reaction was stirred for 30 min at −78 ◦C and for 18 h
at room temperature under argon. The reaction was quenched by
addition of water (10 ml) and filtered through Celite. The filtrate
was cooled on ice and acidified to pH 4 using 10% aqueous citric
acid and the acidified aqueous phase was extracted with ethyl
acetate (3 × 20 ml). The solvent was removed in vacuo to yield
an oil. Column chromatography on silica gel using (chloroform–
methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2)
as eluant gave (2S)-N-para-toluenesulfonylpropynylglycine 14 as
a pale yellow oil (20 mg, 18%) with identical spectra to the sample
prepared previously.10


(2S)-N-para-Toluenesulfonyltryptophan (15)


n-Butyl lithium (1.6 M in hexanes, 0.4 ml, 0.6 mmol) was added to
an ice-cooled solution of indole (59 mg, 0.5 mmol) in diethyl ether
(0.5 ml) under nitrogen. (2S)-N-para-Toluenesulfonylaziridine-2-
carboxylate 410 (50 mg, 0.2 mmol) in diethyl ether (1 ml) was added
and the reaction was stirred at room temperature under nitrogen
for 4 h. Water (10 ml) was added and the mixture was extracted
with diethyl ether (3 × 15 ml). The aqueous layer was cooled on
ice, acidified to pH 4 using 10% aqueous citric acid and extracted
with ethyl acetate (3 × 10 ml). The combined organic layers were
dried (Na2SO4) and the solvent was removed in vacuo to yield
an oil. Column chromatography on silica gel using (chloroform–
methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as
eluant gave (2S)-N-para-toluenesulfonyltryptophan 15 as a brown
solid (15 mg, 20%); mp 125–130 ◦C; m/z (EI) found 358.09642;
C18H18O4N2S requires 358.09873; dH (360 MHz, C2HCl3) 2.4
(3H, s, ArCH3), 3.4 (1H, dd, J3A,2 6.7, J3A,3B 13.8, H-3A), 3.7 (1H,
dd, J3B,2 7.5, J3B,3A 13.8, H-3B), 5.2 (1H, dd, J2,3A 6.7, J2,3B 7.5,
H-2), 5.5 (1H, exch. br d, NH), 6.5–7.8 (9H, m, ArH) and 8.0 (1H,
exch. s, NH).


(2S)-2-Aminobutyric Acid (16)


A solution of hydrogen bromide in acetic acid (1 ml,
30% w/v) was added dropwise to a mixture of (2S)-2-(para-
toluenesulfonylamino)-butyric acid 8 (20 mg, 0.08 mmol) and
phenol (15 mg, 0.2 mmol), and the reaction was stirred at room
temperature under argon for 4.5 h. The solvent was removed in
vacuo, and the resultant brown gum was dissolved in water (2 ml)
and washed with ethyl acetate (3 × 15 ml). The aqueous phase
was applied to a Dowex 50 × 8–100 (H+) ion exchange column,
and inorganic contaminants were eluted with water (100 ml).
(2S)-2-Aminobutyric acid 16 was recovered using 1 M aqueous
ammonium hydroxide as an off-white solid (4 mg, 50%); mp 297 ◦C
(dec.) (lit12 mp 270–280 ◦C); [a]D


27 +21.7 (c 0.4, 6 N HCl) (lit12 [a]D


+21.2 (5 N HCl)); m/z (EI) found 58.06521; [C4H9NO2 − CO2H]+


requires 58.06567; mmax (KBr)/cm−1 1636 (br, acid); dH (360 MHz,
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C2H3O2H) 1.1 (1H, t, J 7.5, CH3), 1.9 (2H, m, H-3) and 3.5 (1H,
t, J2,3 6.0, H-2).


(2S)-2-Aminoheptanoic acid (17)


A solution of hydrogen bromide in acetic acid (1 ml,
30% w/v) was added dropwise to a mixture of (2S)-2-(para-
toluenesulfonylamino)-heptanoic acid 9 (20 mg, 0.07 mmol) and
phenol (13 mg, 0.1 mmol), and the reaction was stirred at room
temperature under argon for 4.5 h. The solvent was removed in
vacuo, and the resultant brown gum was dissolved in water (2 ml)
and washed with ethyl acetate (3 × 15 ml). The aqueous phase
was applied to a Dowex 50 × 8–100 (H+) ion exchange column.
Inorganic contaminants were eluted with water (100 ml) and
(2S)-2-aminoheptanoic acid 17 was recovered using 1 M aqueous
ammonium hydroxide as an off-white solid, (5 mg, 50%); mp 269–
271 ◦C (lit13a mp 274 ◦C); [a]D


26 +27.3 (c 0.3, 6 N HCl) (lit13a


[a]D +23.9 (6 N HCl)); m/z (EI) found 145.11031; C7H15O2N
requires 145.11028; m/z [+ve FAB (3-nba)] 146 ([M + H]+); mmax


(KBr)/cm−1 1615 (br, acid); dH (360 MHz, C2H3O2H) 0.9 (3H, t,
J 6.8, CH3), 1.4 (6H, m, CH2), 1.8 (2H, m, H-3) and 3.5 (1H, dd,
J2,3A 6.9, J2,3B 7.0, H-2).


(2S)-Phenylalanine (18)


A solution of hydrogen bromide in acetic acid (1 ml, 30%
w/v) was added dropwise to a mixture of (2S)-N-para-
toluenesulfonylphenylalanine 11 (65 mg, 0.2 mmol) and phenol
(38 mg, 0.4 mmol), and the reaction was stirred at room
temperature under argon for 4.5 h. The solvent was removed in
vacuo, and the resultant brown gum was dissolved in water (2 ml)
and washed with ethyl acetate (3 × 15 ml). The aqueous phase
was applied to a Dowex 50 × 8–100 (H+) ion exchange column.
Inorganic contaminants were eluted with water (100 ml) and (2S)-
phenylalanine 18 was recovered using 1 M aqueous ammonium
chloride as an off-white solid (14 mg, 42%); mp 272–275 ◦C (lit13b


mp 283–284 ◦C); [a]D
25 −30.1 (c 0.4, H2O) (lit13b [a]D −34.5 (H2O));


m/z (EI) found 165.07797; C9H11O2N requires 165.07898; m/z
[+ve FAB (3-nba)] 166 ([M + H]+); mmax (KBr)/cm−1 1618 (br,
acid); dH (360 MHz, C2H3O2H) 3.0 (1H, dd, J3A,2 9.0, J3A,3B 14.5,
H-3A), 3.3 (1H, partially masked by solvent, J3B,2 4.3, H-3B), 3.8
(1H, dd, J2,3B 4.3, J2,3A 9.0, H-2) and 7.6 (5H, m, ArH).


(2R)-N-2,2,5,7,8-Pentamethylchroman-6-sulfonyl-3-cyanoalanine
(20)


Potassium cyanide (70 mg, 1.1 mmol) was added to a solution
of (2R)-N-2,2,5,7,8-pentamethylchroman-6-sulfonylaziridine-2-
carboxylate 1910 (100 mg, 0.3 mmol) in methanol (2 ml). The
mixture was warmed to 40 ◦C under nitrogen for 18 h. The
mixture was cooled and the solvent was removed in vacuo. The
resultant solid was dissolved in water (2 ml), cooled on ice and
carefully acidified to pH 4 using 10% aqueous citric acid under a
stream of nitrogen. The aqueous layer was extracted with ethyl
acetate (3 × 10 ml), the combined organic layers were dried
(Na2SO4) and the solvent was removed in vacuo to yield an amber
oil. Column chromatography on silica gel using (chloroform–
methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2)
as eluant gave (2R)-N-2,2,5,7,8-pentamethylchroman-6-sulfonyl-
3-cyanoalanine 20 as a white solid, (60 mg, 56%); mp 240 ◦C


(dec.); [a]D
29 −5.8 (c 0.9, MeOH); m/z (EI) found 380.14072;


C18H24O5N2S requires 380.14059; m/z [+ve FAB (3-nba)] 403
([M + Na]+); mmax (KBr)/cm−1 2255 (C=N) and 1619 (acid); dH


(360 MHz, C2H3O2H) 1.3 (2 × 3H, 2 × s, 2 × CH3), 1.8 (2H, t,
J 6.7, CH2), 2.1 (3H, s, CH3), 2.5 (2 × 3H, 2 × s, C(CH3)2), 2.7
(2H, t, J 6.7, CH2), 2.8 (1H, dd, J3S,2 5.0, J3S,3R 16.7, H-3S), 2.9
(1H, dd, J3R,2 4.9, J3R,3S 16.7, H-3R) and 3.7 (1H, dd, J2,3R 4.9, J2,3S


5.0, H-2); dC (125.8 MHz, C2H3O2H) 12.8 (CH3), 18.1 and 19.1
(2 × CH3), 22.9 (CH2), 24.1 (CH2), 27.3 (CH3), 34.1 (CH2), 54.9
(C-2), 75.8 (C(CH3)2), 119.1 (C=N), 120.6, 126.2, 129.9, 138.2,
138.4 and 156.4 (Ar) and 174.5 (acid).


N ,N-Dibenzylpropargylamine (21)


A vigorously stirred mixture of benzyl bromide (6.9 ml,
58.0 mmol), propargylamine (2 ml, 29.16 mmol), aqueous sodium
carbonate (12.32 g in 25 ml of water, 116.24 mmol) and
dichloromethane (70 ml) was heated to reflux for 4 h. The
aqueous layer was extracted with dichloromethane (3 × 15 ml).
The combined organic extracts were dried (MgSO4) and the
solvent was removed in vacuo. Kugelrohr distillation afforded
N,N-dibenzylpropargylamine 21 as a colourless liquid which
solidified on cooling (4.84 g, 71%), mp 39–41 ◦C (lit14 mp 42–
43.5 ◦C); m/z [+ve FAB (3-nba)] 236 ([M + H]+); dH (360 MHz,
C2HCl3) 2.29 (1H, t, J1,3 2.1, H-1), 3.27 (2H, d, J3,1 2.1, H-3), 3.70
(4H, s, NCH2Ph) and 7.24–7.42 (10H, m, ArH); dC (75.5 MHz,
C2HCl3) 41.1 (C-3), 57.4 (CH2Ph), 72.1 (C-2), 78.5 (C-1) and
127.2–138.8 (Ar).


(2S)-6-(N ,N-Dibenzylamino)-2-(para-toluenesulfonylamino)-
hex-4-ynoic acid (22)


n-Butyl lithium (1.6M in hexane, 4.3 ml, 6.88 mmol) was
added dropwise to a solution of N,N-dibenzylpropargylamine
21 (1.56 g, 6.638 mmol) in tetrahydrofuran (19 ml) at 0 ◦C
and the mixture was stirred for 30 min at 0 ◦C. A solution
of (2S)-N-para-toluenesulfonylaziridine-2-carboxylate 4 (640 mg,
2.656 mmol) in tetrahydrofuran (5 ml) was added dropwise.
The reaction was stirred at 0 ◦C for 3.5 h and the solvent was
removed in vacuo. Flash chromatography on silica gel, eluting
with (chloroform–methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–
ethyl acetate (3 : 7) yielded (2S)-6-(N,N-dibenzylamino)-2-(para-
toluenesulfonylamino)-hex-4-ynoic acid 22 (771 mg, 61%) as a
tan solid, mp 141–145 ◦C; [a]D


32 +30.4 (c 1, THF); m/z (FAB,
PEGH/NOBA) found 477.1827; [C27H28N2O4S + H]+ requires
477.1848; mmax (KBr)/cm−1 3260 (NH), 2923 (OH) and 1719 (acid);
dH (360 MHz, C5


2H5N) 2.05 (3H, s, CH3Ar), 3.19 (2H, m, H-6),
3.23 (2H, m, H-3), 4.80 (1H, br m, H-2), 5.70 (4H, s, NCH2Ar)
and 7.11–7.56 (15H, m, NH and ArH); dC (125.8 MHz, C5


2H5N)
21.7 (CH3Ar), 30.6 (C-2), 42.3 (C-6), 58.2 (2 × CH2Ar), 78.2 (C-4
and C-5) and 129.3–143.5 (Ar).


Methyl (2S)-6-(N ,N-dibenzylamino)-2-(para-
toluenesulfonylamino)-hex-4-ynoate (23)


Diazomethane15 (ca. 16.6 mmol of diazomethane in diethyl
ether) was added with stirring to a solution of (2S)-6-(N,N-
dibenzylamino)-2-(para-toluenesulfonylamino)-hex-4-ynoic acid
22 (240 mg, 0.504 mmol) in diethyl ether (5 ml) and tetrahydrofu-
ran (5 ml) at 0 ◦C. Nitrogen was bubbled through the solution
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to remove excess diazomethane and the solvent was removed
in vacuo. Flash chromatography on silica gel, eluting with ethyl
acetate–petroleum ether (3 : 7) afforded methyl (2S)-6-(N,N-
dibenzylamino)-2-(para-toluenesulfonylamino)-hex-4-ynoate 23
(186 mg, 75%) as a white solid, mp 91–92 ◦C; [a]D


31 +9.3 (c 1,
CHCl3); m/z (FAB, PEGH, 3-nba) found 490.1937; C28H30N2O4S
requires 490.1926; m/z [+ ve FAB (3-nba)] 491 ([M + H]+); mmax


(KBr)/cm−1 3287 (NH) and 1746 (ester); dH (360 MHz, C2HCl3)
2.35 (3H, s, CH3Ar), 2.75 (2H, m, H-3), 3.14 (2H, s, H-6), 3.56
(3H, s, OCH3), 3.57 (4H, s, CH2Ar), 4.11 (1H, ddd, J2,NH 8.5, J2,3A


4.8, J2,3B 4.6, H-2), 5.40 (1H, d, JNH,2 8.5, NH) and 7.18–7.72 (14H,
m, ArH); dC (125.8 MHz, C2HCl3) 21.5 (CH3Ar), 24.4 (C-6), 41.2
(C-3), 52.9 (OCH3), 54.3 (C-2), 57.4 (NCH2Ar), 78.5 (C-4), 78.6
(C-5), 127.1, 128.3, 128.9, 129.7, 136.8, 138.7 and 143.8 (Ar) and
170.3 (ester).


Methyl (2S)-2-(para-toluenesulfonylamino)-hexanoate (24)


A solution of methyl (2S)-6-(N,N-dibenzylamino)-2-(para-
toluenesulfonylamino)-hex-4-ynoate 23 (179 mg, 0.365 mmol) in
ethyl acetate (20 ml) was stirred with 10% palladium on carbon (15
mg) under an atmosphere of hydrogen for 4 days. The mixture was
filtered through Celite, washing with ethyl acetate (10 ml). The
solvent was removed in vacuo. Flash chromatography on silica
gel, eluting with ethyl acetate–petroleum ether (3 : 7) afforded
methyl (2S)-2-(para-toluenesulfonylamino)-hexanoate 24 (71 mg,
65%) as a white solid, mp 43–45 ◦C; [a]D


30 +21.6 (c 1, CHCl3);
m/z (FAB, PEGH, 3-nba) found 300.1281; [C14H21NO4S +H]+


requires 300.1270; mmax (KBr)/cm−1 3269 (NH) and 1743 (ester);
dH (360 MHz, C2HCl3) 0.86 (3H, t, J 6.8, H-6), 1.27–1.73 (6H,
m, H-3, H-4 and H-5), 2.42 (3H, s, CH3Ar), 3.49 (3H, s, OCH3),
3.90 (1H, ddd, J2,NH 9.3, J2,3A 5.5, J2,3B 5.7, H-2), 5.16 (1H, d, JNH,2


9.3, NH), 7.28 (2H, d, J 8, ArH) and 7.66 (2H, d, J 8, ArH); dC


(125.8 MHz, C2HCl3) 13.7 (C-6), 21.4 (CH3Ar), 22.0 (C-5), 26.9
(C-4), 33.0 (C-3), 52.3 (OCH3), 55.6 (C-2), 127.2, 129.6 and 136.7
(Ar) and 172.3 (ester).


Methyl (2S,4Z)-6-(N ,N-dibenzylamino)-2-(para-
toluenesulfonylamino)-hex-4-enoate (25)


A solution of methyl (2S)-6-(N,N-dibenzylamino)-2-(para-
toluenesulfonylamino)-hex-4-ynoate 23 (140 mg, 0.286 mmol)
in ethyl acetate (80 ml) was stirred with quinoline (6 mg) and
Lindlar’s catalyst (28 mg) under an atmosphere of hydrogen
for 8 h. The reaction was filtered through Celite, washing with
ethyl acetate (20 ml). The solvent was removed in vacuo. Flash
chromatography on silica gel, eluting with ethyl acetate–petroleum
ether (3 : 7) afforded methyl (2S,4Z)-6-(N,N-dibenzylamino)-2-
(para-toluenesulfonylamino)-hex-4-enoate 25 (91 mg, 65%) as a
colourless oil, [a]D


25 +17.0 (c 1, CHCl3); m/z (FAB, PEGH, 3-
nba) found 493.2149; [C28H32N2O4S + H]+ requires 493.2161; mmax


(film)/cm−1 3274 (NH) and 1742 (ester); dH (360 MHz, C2HCl3)
2.35 (2H, m, H-3), 2.38 (3H, s, CH3Ar), 2.91 (2H, d, J6,5 6.3,
H-6), 3.44 (3H, s, OCH3), 3.53 (4H, AB, JAB 13.6, CH2Ar), 3.94
(1H, ddd, J2,NH 7.2, J2,3A 4, J2,3B 4, H-2), 5.36–5.43 (1H, m, H-4),
5.60 (1H, d, JNH,2 7.2, NH), 5.70–5.76 (1H, m, H-5) and 7.23–7.69
(14H, m, ArH); dC (125.8 MHz, C2HCl3) 21.5 (CH3Ar), 31.2 (C-3),
49.2 (C-6), 52.4 (OCH3), 55.2 (C-2), 57.9 (CH2Ar), 125.7 (C-5),
126.9–129.5 (Ar), 131.7 (C-4), 136.8–143.5 (Ar) and 171.5 (ester).


Methyl (2S,3R)-threoninate hydrochloride (26)


(2S,3R)-Threonine (5 g, 42.0 mmol) was added with constant
stirring and under a slow stream of nitrogen to a solution of
methanol (50 ml) and thionyl chloride (8.3 ml, 0.113 mol) at
0 ◦C. When all of the starting material had dissolved, the mixture
was allowed to warm to room temperature and stirred for 20 h
at 0 ◦C under nitrogen. The solvent was removed in vacuo and
the resultant solid was azeotroped with carbon tetrachloride (3 ×
100 ml) to remove last traces of thionyl chloride. Methyl (2S,3R)-
threoninate hydrochloride 26 was obtained as a colourless oil (7 g,
97%); [a]D


29 −14.9 (c 2.1, H2O); (found C, 32.8; H, 7.5; N, 7.7.
C5H12O3NCl. 0.75 H2O requires C, 32.8; H, 7.4; N, 7.7%); m/z
[+ve FAB (3-nba)] 134 ([free base + H]+); mmax (film)/cm−1 1747
(ester); dH (360 MHz, C2H3O2H) 1.3 (3H, d, JMe,3 6.5, CH3), 3.8
(3H, s, OCH3), 3.9 (1H, d, J2,3 3.7, H-2) and 4.3 (1H, m, H-3); dC


(125.8 MHz, C2H3O2H) 21.0 (CH3), 54.2 (OCH3), 60.3 (C-3), 66.8
(C-2) and 170.1 (ester).


Methyl (2S,3R)-N-triphenylmethylthreoninate (27)


A solution of methyl (2S,3R)-threoninate hydrochloride 26 (7 g,
41.3 mmol) in chloroform (40 ml) and triethylamine (13 ml,
93.4 mmol) was cooled to 0 ◦C and a solution of triphenylmethyl
chloride (11.5 g, 41.3 mmol) in chloroform (25 ml) was added
over a period of 30 min. The mixture was stirred at 0 ◦C under
argon for 20 h. The solution was washed with 10% aqueous
citric acid (3 × 50 ml) and water (3 × 50 ml) and dried
(Na2SO4). Removal of the solvent in vacuo gave methyl (2S,3R)-
N-triphenylmethylthreoninate 27 as a yellow oil (16.4 g, quant.);
[a]D


25 +6.6 (c 2.1, CHCl3) (lit3b enantiomer [a]D
17 −6.4 (c 1.1,


CHCl3)); (found C, 77.3; H, 6.6; N, 3.1. C24H25O3N requires C,
76.8; H, 6.7; N, 3.7%); m/z [+ve FAB (3-nba)] 376 ([M + H]+);
mmax (film)/cm−1 1732 (ester); dH (360 MHz, C2HCl3) 1.2 (3H, d,
JMe,3 7.4, CH3), 3.2 (3H, s, OCH3), 3.4 (1H, d, J2,3 7.5, H-2), 3.8 (1H,
m, H-3) and 7.2–7.5 (15H, m, ArH); dH (125.8 MHz, C2HCl3) 18.9
(CH3), 51.7 (OCH3), 62.5 (C-3), 69.7 (C-2), 70.7 (NCPh3), 126.6,
127.9, 128.9 and 145.4 (Ar) and 173.6 (ester).


Methyl (2S,3S)-N-triphenylmethyl-3-methylaziridine-2-
carboxylate (28)


This was prepared in 75% yield from methyl (2S,3R)-N-
triphenylmethylthreoninate 27 using the method3b described for
preparation of the (2R,3R)-isomer. It was obtained as a white
solid by recrystallisation from methanol, mp 102–104 ◦C; [a]D


25


−98.5 (c 1.7, CHCl3) (lit3b enantiomer [a]D
23 +98 (c 1, CHCl3));


(found C, 81.0; H, 6.7; N, 3.9. C24H23O2N requires C, 80.6; H, 6.5;
N, 3.9%); m/z [+ve FAB (3-nba)] 358 ([M + H]+); mmax (KBr)/cm−1


1744 (ester); dH (360 MHz, C2HCl3) 1.4 (3H, d, JMe,3 5.4, CH3),
1.7 (1H, m, H-3), 1.9 (1H, d, J2,3 6.5, H-2), 3.8 (3H, s, OCH3) and
7.2–7.5 (15H, m, ArH); dC (125.8 MHz, C2HCl3) 13.3 (CH3), 34.7
(C-3), 35.9 (C-2), 51.7 (OCH3), 75.0 (NCPh3), 126.8, 127.6, 129.4
and 143.9 (Ar) and 170.7 (ester).


Methyl (2S,3S)-N-para-toluenesulfonyl-3-methylaziridine-
2-carboxylate (29)


Methyl (2S,3S)-N-triphenylmethyl-3-methylaziridine-2-carbox-
ylate 28 (1.1 g, 3.1 mmol) was dissolved in a mixture of chloroform
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(5 ml) and methanol (5 ml) and the solution was cooled to 0 ◦C
in an ice bath. Trifluoroacetic acid (6 ml, 77.9 mmol) was added
dropwise over a period of 10 min and the mixture was stirred
under argon at 0 ◦C for 5 h. The solvents were removed in vacuo
at 0 ◦C, and the resultant solid was azeotroped with diethyl ether
(3 × 30 ml) to remove the last traces of trifluoroacetic acid, and
partitioned between diethyl ether (20 ml) and water (20 ml). The
ether layer was extracted with water (3 × 30 ml) and neutralised
with solid sodium bicarbonate (250 mg). Ethyl acetate (50 ml)
was added to the aqueous portion and the mixture was cooled to
0 ◦C. para-Toluenesulfonyl chloride (600 mg, 3.1 mmol) was added
and the reaction mixture was stirred vigorously under argon at
room temperature for 20 h. The aqueous layer was extracted with
ethyl acetate (3 × 50 ml). The combined organic fractions were
washed with brine (3 × 50 ml) and dried (Na2SO4). Removal of the
solvent in vacuo yielded a colourless oil. Column chromatography
on silica gel using chloroform–petroleum ether (1 : 5) as eluant
gave methyl (2S,3S)-N-para-toluenesulfonyl-3-methylaziridine-2-
carboxylate 29 as a white solid which was recrystallised from
methanol (600 mg, 72%); mp 57–59 ◦C; [a]D


26 −37.4 (c 2.4, CHCl3);
(found C, 53.4; H, 5.7; N, 5.1. C12H15O4NS requires C, 53.5; H, 5.6;
N, 5.2%); m/z [+ve FAB (3-nba)] 270 ([M + H]+); mmax (KBr)/cm−1


1753 (ester); dH (360 MHz, C2HCl3) 1.3 (3H, d, JMe,3 5.8, CH3),
2.4 (3H, s, ArCH3), 3.1 (1H, m, H-3), 3.4 (1H, d, J2,3 7.5, H-2),
3.7 (3H, s, OCH3), 7.3 (2H, d, J 8.1, ArH) and 7.8 (2H, d, J 8.1,
ArH); dC (125.8 MHz, C2HCl3) 12.1 (CH3), 21.6 (ArCH3), 40.0
(C-3), 41.1 (C-2), 52.6 (OCH3), 127.9, 129.8, 143.9 and 145.0 (Ar)
and 166.2 (ester).


(2S,3S)-N-para-Toluenesulfonyl-3-methylaziridine-2-carboxylate
(30)


A solution of methyl (2S,3S)-N-para-toluenesulfonyl-3-
methylaziridine-2-carboxylate 29 (100 mg, 0.37 mmol) in
tetrahydrofuran (2 ml) was cooled to 0 ◦C. 1 N NaOH (0.6 ml,
0.6 mmol) was added and the reaction was stirred at room
temperature for 3 h. The solvent was removed in vacuo and the
resultant gum was partitioned between ethyl acetate (10 ml) and
saturated aqueous sodium bicarbonate (10 ml). The aqueous
fraction was cooled on ice and acidified to pH 4 with 10%
aqueous citric acid. The acidified aqueous layer was extracted
with ethyl acetate (3 × 20 ml), the combined organic fractions
were dried (Na2SO4) and the solvent was removed in vacuo to yield
(2S,3S)-N-para-toluenesulfonyl-3-methylaziridine-2-carboxylate
30 as a white solid which was recrystallised from dichloromethane
and petroleum ether (95 mg, quant.); mp 107–108 ◦C; [a]D


33


−43.6 (c 2.0, CHCl3); (found C, 51.5; H, 5.1; N, 5.4. C11H13O4NS
requires C, 51.8; H, 5.1; N, 5.5%); m/z [+ve FAB (3-nba)] 256
([M + H]+); mmax (KBr)/cm−1 1718 (acid); dH (360 MHz, C2HCl3)
1.3 (3H, d, JMe,3 5.6, CH3), 2.4 (3H, s, ArCH3), 3.1 (1H, m, H-3),
3.4 (1H, d, J2,3 7.6, H-2), 7.4 (2H, d, J 8, ArH), 7.8 (2H, d, J 8,
ArH) and 8.9 (1H, exch. br s, OH); dC (125.8 MHz, C2HCl3) 12.1
(CH3), 21.6 (ArCH3), 40.3 (C-3), 40.9 (C-2), 128.0, 129.9, 133.9
and 145.2 (Ar) and 170.9 (acid).


(2S,3R)-3-Carboxy-2-(para-toluenesulfonylamino)-heptane (31)
and (2S,3S)-2-(para-toluenesulfonylamino)-3-methylheptanoic
acid (32)


n-Butyl lithium (1.6 M in hexanes, 2.5 ml, 4.0 mmol) was added
to a suspension of copper(I) cyanide (176 mg, 2.0 mmol) in


tetrahydrofuran (2 ml) at −78 ◦C under argon. The mixture
was left at −78 ◦C for 30 min and allowed to warm slowly to
room temperature. The cuprate was cooled to −78 ◦C and a
solution of (2S,3S)-N-para-toluenesulfonyl-3-methylaziridine-2-
carboxylate 30 (200 mg, 0.8 mmol) in tetrahydrofuran (2 ml) was
added. The mixture was allowed to warm to room temperature
and stirred for 18 h under argon. Water (8 ml) was added and
the mixture was filtered through a plug of Celite to remove
any solid residue. The filtrate was cooled on ice and acidified
to pH 4 using 10% aqueous citric acid. The aqueous phase was
extracted with ethyl acetate (3 × 15 ml) and the combined organic
layers were dried (Na2SO4). The solvent was removed in vacuo
to yield a colourless oil. Column chromatography on silica gel
using (chloroform–methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–
ethyl acetate (1 : 2) as eluant gave a 3 : 1 mixture containing
(2S,3R)-3-carboxy-2-(para-toluenesulfonylamino)-heptane 31 as
the major product and (2S,3S)-2-(para-toluenesulfonylamino)-3-
methylheptanoic acid 32 as the minor product. This was a colour-
less oil (83 mg, 34%); m/z (EI) found 313.13417; C15H23O4NS
requires 313.13478; m/z [+ve FAB (3-nba)] 314 ([M + H]+); mmax


(film)/cm−1 1693 (acid); dH (360 MHz, C2H3O2H) b-tosylamino
acid 31 in mixture 0.8 (3H, t, J 6.7, CH3), 0.9 (3H, d, JMe,2 6.6,
CH3), 1.1–1.5 (6H, m, CH2), 2.2 (1H, m, H-3), 2.4 (3H, s, ArCH3),
3.4 (1H, m, H-2), 7.3 (2H, d, J 8.3, ArH) and 7.8 (2H, d, J 8.3, ArH)
and dH (360 MHz, C2HCl3) for a-tosylamino acid 32 in mixture
1.6 (1H, m, H-3) and 3.6 (1H, d, J2,3 7.5, H-2); dC (125.8 MHz,
C2HCl3) 14.7 (CH3), 20.3 (CH3), 21.9 (ArCH3), 24.0, 30.9 and 31.0
(3 × CH2), 52.9 (C-2), 54.3 (C-3), 127.6, 131.0, 140.8 and 144.6
(Ar) and 178.3 (acid).


(2R,3S)-2-Carboxy-3-(para-toluenesulfonylamino)-butane (33)
and (2S)-N-para-toluenesulfonylvaline (34)


Methyl lithium (1.6 M in ether, 2.5 ml, 4.0 mmol) was added to a
suspension of copper(I) cyanide (176 mg, 2.0 mmol) in tetrahydro-
furan (2 ml) at −78 ◦C under argon. The mixture was left at −78 ◦C
for 30 min and allowed to warm to room temperature very slowly.
The cuprate was cooled to −78 ◦C and a solution of (2S,3S)-N-
para-toluenesulfonyl-3-methylaziridine-2-carboxylate 30 (200 mg,
0.8 mmol) in tetrahydrofuran (2 ml) was added. The reaction was
allowed to warm to room temperature and stirred for 18 h under
argon. The reaction was quenched by addition of water (8 ml)
and the mixture was filtered through a plug of Celite to remove
any solid residue. The filtrate was cooled on ice and acidified
to pH 4 using 10% aqueous citric acid. The aqueous phase was
extracted with ethyl acetate (3 × 15 ml) and the combined organic
layers were dried (Na2SO4). The solvent was removed in vacuo to
yield a colourless oil. Column chromatography on silica gel using
(chloroform–methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–ethyl
acetate (1 : 2) as eluant gave a 4 : 1 mixture containing (2R,3S)-
2-carboxy-3-(para-toluenesulfonylamino)-butane 33 as the major
product and (2S)-N-para-toluenesulfonylvaline 34 as the minor
product. This was a colourless oil (80 mg, 36%); m/z (EI) found
271.08760; C12H17O4NS requires 271.08783; m/z [+ve FAB (3-
nba)] 272 ([M + H]+); mmax (film)/cm−1 1708 (acid); dH (360 MHz,
C2H3O2H) b-tosylamino acid 33 in mixture 0.9 (3H, d, JMe,3 6.7,
CH3), 1.1 (3H, d, JMe,2 7.1, CH3), 2.4 (1H, m, H-2), 2.4 (3H, s,
ArCH3), 3.5 (1H, m, H-3), 7.4 (2H, d, J 8.3, ArH) and 7.8 (2H, d, J
8.3, ArH); dH (360 MHz, C2HCl3) a-tosylamino acid 34 in mixture


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2888–2897 | 2895







1.7 (1H, m, H-3) and 3.6 (1H, d, J2,3 5.5, H-2); dC (125.8 MHz,
C2H3O2H) 13.4 (CH3), 15.0 (CH3), 21.5 (ArCH3), 44.6 (C-2), 51.4
(C-3), 127.0, 130.0, 137.9 and 143.4 (Ar) and 178.9 (acid).


(2S,3S)-2-(para-Toluenesulfonylamino)-3-methyl-5-
trimethylsilylpent-4-ynoic acid (35)


n-Butyl lithium (1.6 M in hexanes, 2 ml, 3.2 mmol) was added to a
solution of trimethylsilylacetylene (0.5 ml, 3.54 mmol) in tetrahy-
drofuran (2 ml) at 0 ◦C under argon and the mixture was stirred
for 30 min. (2S,3S)-N-para-Toluenesulfonyl-3-methylaziridine-2-
carboxylate 30 (100 mg, 0.4 mmol) in tetrahydrofuran (2 ml)
was added, and the reaction was stirred at 0 ◦C for 1 h and
at room temperature for a further 2 h under argon. Saturated
aqueous ammonium chloride was added and the aqueous phase
was cooled on ice and acidified to pH 4 with 10% aqueous
citric acid. The aqueous phase was extracted with ethyl acetate
(3 × 30 ml) and the combined organic layers were dried
(Na2SO4). Removal of the solvent in vacuo yielded an amber
oil. Column chromatography on silica gel using (chloroform–
methanol–water–acetic acid 7 : 3 : 0.6 : 0.3)–ethyl acetate (1 : 2)
as eluant gave (2S,3S)-2-(para-toluenesulfonylamino)-3-methyl-5-
trimethylsilylpent-4-ynoic acid 35 as a pale yellow solid which was
recrystallised from dichloromethane and petroleum ether (96 mg,
70%); mp 111–114 ◦C; [a]D


34 −25.7 (c 2, CHCl3); m/z (EI) found
353.11109; C16H23O4NSSi requires 353.11171; m/z [+ve FAB (3-
nba)] 354 ([M + H]+) and 308 ([M-CO2H]+); mmax (KBr)/cm−1


2173 (C=C) and 1720 (acid); dH (360 MHz, C2HCl3) 0.2 (9H, s,
Si(CH3)3), 1.2 (3H, d, JMe,3 5.1, CH3), 2.4 (3H, s, ArCH3), 3.1 (1H,
m, H-3), 3.9 (1H, dd, J2,3 3.9, J2,NH 9.7, H-2), 5.4 (1H, exch. d, JNH,2


9.7, NH), 7.3 (2H, d, J 8.2, ArH) and 7.8 (2H, d, J 8.2, ArH); dC


(125.8 MHz, C2HCl3) 0.0 (Si(CH3)3), 17.9 (ArCH3), 21.5 (CH3),
30.7 (C-3), 59.3 (C-2), 73.0 (C=), 104.0 (=CSi), 127.2, 136.7, 136.7
and 143.8 (Ar) and 174.5 (acid).


Methyl (2S,3S)-2-(para-toluenesulfonylamino)-3-methylpent-
4-ynoate (36)


1 N NaOH was added dropwise to a solution of (2S,3S)-2-(para-
toluenesulfonylamino)-3-methyl-5-trimethylsilylpent-4-ynoic acid
35 (100 mg, 0.3 mmol) in methanol (3 ml) until the pH reached
8. The mixture was heated at 50 ◦C for 18 h. The reaction was
cooled and acidified to pH 4 using 10% aqueous citric acid. The
aqueous mixture was extracted with ethyl acetate (3 × 20 ml) and
the combined organic layers were dried (Na2SO4). The solvent
was removed in vacuo to yield an oil. Column chromatography
on silica gel using (chloroform–methanol–water–acetic acid 7 :
3 : 0.6 : 0.3)–ethyl acetate (1 : 2) as eluant gave (2S,3S)-2-(para-
toluenesulfonylamino)-3-methylpent-4-ynoic acid as a colourless
oil (75 mg, 94%); dH (360 MHz, C2H3O2H) 1.3 (3H, d, JMe,3


5.3, CH3), 2.4 (3H, s, ArCH3), 3.1 (1H, m, H-3), 3.9 (1H, d,
J2,3 4.2, H-2), 7.3 (2H, d, J 8.2, ArH) and 7.8 (2H, d, J 8.2,
ArH). A solution of (2S,3S)-2-(para-toluenesulfonylamino)-3-
methylpent-4-ynoic acid (26 mg, 0.09 mmol) in methanol (3 ml)
was treated with BF3·Et2O (0.02 ml, 0.16 mmol) and heated
at reflux for 20 h. Water (5 ml) was added and the mixture
was extracted with ethyl acetate (3 × 20 ml). The combined
organic layers were dried (Na2SO4) and the solvent was removed
in vacuo. Column chromatography on silica gel using ethyl acetate–


petroleum ether (1 : 2) as eluant gave methyl (2S,3S)-2-(para-
toluenesulfonylamino)-3-methylpent-4-ynoate 36 as a colourless
oil (10 mg, 37%); dH (360 MHz, C2HCl3) 1.3 (3H, d, JMe,3 6.6,
CH3), 2.1 (1H, d, J5,3 1.6, ≡CH), 2.4 (3H, s, ArCH3), 3.0 (1H, m,
H-3), 3.5 (3H, s, OCH3), 3.9 (1H, dd, J2,3 4.2, J2,NH 10.1, H-2), 5.3
(1H, d, JNH,2 10.1, NH), 7.3 (2H, d, J 8.1, ArH) and 7.8 (2H, d, J
8.1, ArH).


Methyl (2S,3S)-N-para-toluenesulfonylisoleucine (37)


Palladium on calcium carbonate poisoned with lead (Lind-
lar’s catalyst) (6 mg, 20% m/m) and quinoline (1.2 mg,
4% m/m) were added to a solution of methyl (2S,3S)-2-
(para-toluenesulfonylamino)-3-methylpent-4-ynoate 36 (10 mg,
0.03 mmol) in ethyl acetate (30 ml). The mixture was flushed
three times with argon and a further three times with hydrogen,
and stirred under an atmosphere of hydrogen gas at rtp for 20 h.
The solvent was removed in vacuo to yield an oil. Column chro-
matography on silica gel using ethyl acetate–petroleum ether (1 :
2) as eluant gave methyl (2S,3S)-N-para-toluenesulfonylisoleucine
37 as a white solid which was recrystallised from dichloromethane
and petroleum ether (8 mg, 79%); mp 84–86 ◦C; [a]D


20 +12.5
(c 0.3, CHCl3); m/z (EI) found 299.09798; C14H21O4NS re-
quires 299.11913; m/z [+ve FAB (3-nba)] 300 ([M + H]+); mmax


(KBr)/cm−1 1744 (ester); dH (360 MHz, C2HCl3) 0.9 (6H, m, 2 ×
CH3), 1.2 (1H, m, H-4A), 1.4 (1H, m, H-4B), 1.7 (1H, m, H-3), 2.4
(3H, s, ArCH3), 3.5 (3H, s, OCH3), 3.7 (1H, dd, J2,3 5.5, J2,NH 10.1,
H-2), 5.1 (1H, exch. d, JNH,2 10.1, NH), 7.3 (2H, d, J 8.2, ArH)
and 7.7 (2H, d, J 8.2, ArH).
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The synthesis of 4-deoxy-4-nitrosialic acid (3,4,5-trideoxy-4-nitro-D-glycero-b-D-galacto-non-2-
ulopyranosonic acid, 5), was completed in seven steps starting from D-arabinose. Coupling of the
6-carbon fragment, 2-acetamido-1,2-dideoxy-1-nitro-D-mannitol (6) with ethyl
a-(bromomethyl)acrylate afforded a 2 : 1 mixture of ethyl 5-acetamido-2,3,4,5-tetradeoxy-2-
methylene-4-nitro-D-glycero-D-galacto-nononate (9a-S) and ethyl 5-acetamido-2,3,4,5-
tetradeoxy-2-methylene-4-nitro-D-glycero-D-talo-nononate (9a-R). This mixture of enones was
subjected to ozonolysis, and following reduction of the ozonide, the resultant products cyclised to the
pyranosides. The target compound, ethyl 4-deoxy-4-nitrosialate (11a) was isolated by fractional
crystallisation. Hydrolysis of the ethyl ester proved problematic; thus, the synthesis was modified by
using tert-butyl a-(bromomethyl)acrylate. Following ozonolysis of the corresponding tert-butyl enoate
esters and diastereomer separation, the tert-butyl ester of 4-nitrosialic acid (11b) could be deprotected
under acidic conditions to afford 5. The target compound is a useful intermediate for synthesis of a
variety of C-4 substituted sialic acid derivatives, and it is synthesised by a modular route.


Introduction


Sialic acid (N-acetylneuraminic acid, Neu5Ac, 1) is a 9-carbon
sugar often found a-ketosidically linked within many biolog-
ically important glycoconjugates.1 Indeed, it is often present
on the termini of the oligosaccharide chain components of
these biomolecules and as such plays many important roles in
biological function, including cell recognition, cell ageing, tumour
formation, and many other immunological events.1 Sialic acid also
plays a role in influenza infection, as it has been shown that the
influenza virus particles recognise and bind to these residues that
are present on the surface of host cells, an event that initiates
infection.2 Upon budding from the infected cell, the progeny
virus particles clump together, as they are coated in cellular sialic
acid residues. At this juncture, the viral sialidase (neuraminidase,
EC 3.2.1.18) hydrolyses the glycosidic linkage between sialic acid
residues and the glycoconjugates, a process that allows virus
proliferation. Inhibition of this viral sialidase therefore provides
an attractive target for developing anti-influenza therapeutics.3


Considerable effort has been made toward synthesising numer-
ous derivatives of sialic acid substituted at various positions within
the 9-carbon framework, for purposes that include being potential
therapeutics for influenza infection. A common synthetic route to
sialic acid derivatives uses the enzyme sialic acid aldolase (N-
acylneuraminate pyruvate lyase, EC 4.1.3.3) to couple pyruvate
with an appropriate aldose, N-acetylmannosamine in the case of
sialic acid synthesis (Scheme 1). This enzyme has been shown to
accept a wide assortment of aldoses, allowing the synthesis of
a variety of derivatives.4,5 However, since the reaction proceeds
by nucleophilic attack of pyruvate’s C-3 atom on the aldehyde
carbon (C-1) of the aldose, an OH-group is necessarily gener-
ated at C-4 of the product. Chemical syntheses of sialic acid
derivatives commonly use a similar strategy. For example, the
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Scheme 1 Sialic acid aldolase-catalyzed synthesis of sialic acid from
N-acetyl-D-mannosamine and pyruvate.


indium-mediated coupling of ethyl a-(bromomethyl)acrylate6 or a-
(bromomethyl)acrylic acid7 with an aldose followed by ozonolysis
of the resulting enone installs the a-ketoacid moiety. Strategies
such as this also result in the generation of an OH-group on C-4
of the product.


Due to the prevalence of these synthetic strategies, there are
few general routes leading to variously C-4 substituted sialic
acid derivatives. An azido group has been introduced at C-
4 by treatment of the peracetylated methyl ester of the glycal
of sialic acid (2-deoxy-2,3-didehydro-N-acetylneuraminic acid,
DANA) with BF3·OEt2, resulting in the formation of oxazoline
2, which was opened with azide ion.8 Further functionalisation
of the azido group led to 4-amino derivatives that could also be
functionalised. Among other derivatives, this synthetic route was
used to make zanamavir (3, sold as RelenzaTM), which became one
of the first sialidase inhibitors on the market as an anti-influenza
therapeutic.3 Oxazoline 2 has also been opened with chloride ion
to generate a 4-chlorosialic acid derivative,9 a compound that was
used in palladium(0)-mediated coupling reactions with various
organotin reagents to install unsaturated functional groups at
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C-4.10 Various ether derivatives have been made at C-4 by reacting
the free hydroxyl group with bromoacetonitrile and then further
functionalisation of the nitrile group.11 Zbiral and co-workers have
synthesised derivatives of sialic acid modified at various positions,
and have performed several functional group manipulations
involving the C-4 hydroxyl group, including oxidation to a ketone,
replacement of the ketone oxygen with a methylene group, and
reduction of the methylene group to give a 4-deoxy-4-methyl sialic
acid derivative.12 They have also synthesised 2-deoxy versions of
these derivatives13 and several 4-substituted sialic acid glycals.14


In addition, the 4-deoxy-4-methylene derivative was treated with
MCPBA to give spiro-epoxide 4, which could be opened with a
nucleophile to install an OH and a new substituent on C-4.15 The
oxygen of the epoxide was delivered exclusively from the top face
of the molecule to generate the 4S-diastereomer (the D-glycero-D-
talo isomer, 4), and nucleophilic ring opening by azide, methoxide,
cyanide, and chloride all occurred with exclusive attack on the
less-hindered exocyclic CH2.


Although several different types of functional groups have been
installed at C-4, there are still few general and/or modular routes
to C-4 substituted sialic acid derivatives. Given that the effects of a
nitro group at C-4 have never been explored, a synthetic route was
devised to give 4-deoxy-4-nitrosialic acid (5). The chosen synthetic
route involves the synthesis of a 6-carbon fragment, 2-acetamido-
1,2-dideoxy-1-nitro-D-mannitol (6), by known methods,16,17 fol-
lowed by a key coupling step involving deprotonation of this
nitroalditol and reaction of the resultant nitronate anion with an
appropriate 3-carbon electrophile to afford the 9-carbon backbone
of 4-nitrosialic acid. A conceptually similar synthetic route to sialic
acid derivatives has been reported by the group of Vasella, and
involves the deprotonation of a nitroaldopyranose followed by
reaction with a 3-carbon electrophile (Scheme 2).18,19 Notably, in
these syntheses alkylation of the nitro group gives a nitroketal
functionality that was hydrolysed, presumably via a glycosyl
oxacarbenium ion intermediate, to give a hemiketal (Scheme 2).
This material was then further modified to yield sialic acid, 4-epi-
sialic acid and 4-deoxysialic acid.18,19 A limitation to this synthetic
protocol is that glycosidic nitroketal groups are less synthetically
versatile than acyclic nitroalkanes, however, Vasella’s group have
reported an ingenious synthesis of [6-2H]-sialic acid by a radical-
initiated reduction of a glycosidic nitroketal precursor.20


Our proposed route is modular, as many different nitroalditols
could be used in the coupling reaction to generate 4-nitrosialic
acid derivatives. It is also general in that the secondary nitroalkyl
group is a flexible unit for functional group interconversions; for


Scheme 2 Base-promoted nitroaldopyranose addition to tert-butyl
a-(bromomethyl)acrylate followed by hydrolysis of the nitroketal leading
to an intermediate in Vasella’s sialic acid synthesis. Reagents and conditions:
(a) 2 eq. DBU, THF, 0 ◦C, 24 h; (b) urea, phosphate buffer pH 6.6, RT,
3 days.18


instance, it can be reduced to several different nitrogen-containing
functionalities (including oximes, hydroxylamines, or amines),
hydrolysed to a ketone, alkylated via its nitronate anion, and made
to undergo various radical-mediated processes.21


Results and discussion


Starting from D-arabinose, the method of Sowden et al.17 was
used to synthesise D-arabino-tetraacetoxy-1-nitro-1-hexene (7) in
three steps (Scheme 3). This sequence began with a base-promoted
Henry reaction between D-arabinose and nitromethane, after
which peracetylation of the diastereomeric nitromannitol and
nitroglucitol products followed by elimination of HOAc gave
nitrohexene 7. Of note, the crude products from the first two
reaction steps could be used without purification, thus allowing the
routine formation of multi-gram quantities of the nitroalkene (7),
which could be recrystallised from ethanol to give a light yellow
powder in 54% yield over three steps.


Subsequently, the Michael addition of NH3 to the double
bond of 7 (Scheme 3) was first attempted by bubbling ammonia


Scheme 3 Synthesis of 2-acetamido-1,2-dideoxy-1-nitro-D-mannitol 6.
Reagents and conditions: (a) CH3NO2, NaOMe/MeOH, 18 h; (b) Amber-
lite H+; (c) Ac2O, cat. H2SO4, 80 ◦C, 1 h; (d) NaHCO3 (s), benzene, reflux,
3 h; (e) sat. NH3/MeOH, 0 ◦C to RT, 16 h.
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through a methanol suspension of the nitroalkene for 15 h
according to Sowden’s procedure. This reaction accomplished the
installation of the desired amine on C-2 while also deacetylating
and causing migration of an acetyl group onto the amine, forming
acetamidonitromannitol 6. Although this procedure worked, it
never afforded greater than a 43% yield of the mannitol isomer
after purification by recrystallisation from ethanol, a procedure
that separated the mannitol isomer from the glucitol isomer
and other impurities (Sowden obtained 51%). A higher-yielding
procedure was developed by O’Neill, in which the nitroalkene was
slowly added portionwise to a saturated solution of ammonia in
methanol at 0 ◦C.16 This procedure afforded a modestly improved
56% yield of 6 (O’Neill reported 82%).


Slight difficulties were encountered while attempting to couple
the acetamidonitromannitol 6 with an appropriate 3-carbon
fragment to complete the synthesis of the necessary 9-carbon
backbone. This involved deprotonation of the nitrosugar and using
it as a nucleophile to attack a 3-carbon electrophile. Initially,
ethyl bromopyruvate was used as an electrophile in a methanol
solution of acetamidonitromannitol and NaOMe, but after 22 h
no product was isolated. Addition of AgBF4 to increase the
electrophilicity of the alkyl bromide did not afford any product
after 2 days. The electrophile was changed to allyl bromide, whose
reaction product could be dihydroxylated and carefully oxidised
to the a-ketoester moiety. This should then cyclise to give the
desired sialic acid derivative. Although this reaction gave some
coupled product after 24 h using NaOMe/MeOH, the majority
of the crude product mixture was starting material. To rule
out the possibility that the hydroxyl groups were reducing the
reactivity of the acetamidonitromannitol, they were protected as
isopropylidene ketals using acetone, CuSO4, and catalytic H2SO4


(Scheme 4), a procedure that is a slight variation from that


Scheme 4 Isopropylidene protection of acetamidonitromannitol 6 and
coupling with ethyl a-(bromomethyl)acrylate. Reagents and conditions: (a)
acetone, CuSO4, cat. H2SO4, 24 h; (b) ethyl a-(bromomethyl)acrylate, 0.5 M
NaOH (aq.), THF, 2 days.


reported in the literature.22 Coupling of the diisopropylidene 8
with ethyl bromopyruvate was attempted using a variety of bases
(0.5 M NaOH (aq.), EtNiPr2, DBU, LDA) in THF, but in all
cases only starting material was isolated. Coupling with allyl
bromide was also attempted using NaOMe/MeOH and 0.5 M
aqueous NaOH/THF, but very little coupled product was iso-
lated. As a result, the electrophile ethyl a-(bromomethyl)acrylate
was tested, with which nucleophilic attack could proceed via a
Michael addition instead of an SN2-type displacement.23 The
coupled product could then undergo ozonolysis to remove the
methylene carbon, thus installing the desired a-ketoacid moiety.
Ethyl a-(bromomethyl)acrylate, when stirred with unprotected
acetamidonitromannitol 6 in NaOMe/MeOH solution, gave the
coupled enoate ester 9a-(R,S) (Scheme 5) as a 2 : 1 (S : R)
diastereomeric mixture in 72% yield on a 1 g scale. A lower yield
(55%) was obtained on a larger scale (13 g), but the balance
of unreacted acetamidonitromannitol (45%) was recovered and
reused. Attempts to purify enoate ester 9a-(R,S) by crystallisation
from EtOH–Et2O and EtOH–hexanes failed. Thus, column chro-
matography was used to purify the crude material, affording the
diastereomeric mixture of enoate esters as a light yellow foam. The
diisopropylidene-protected nitromannitol 8 was also coupled with
ethyl a-(bromomethyl)acrylate using aqueous sodium hydroxide
in THF to afford the enoate ester product 10-(R,S) in 81%
yield as a 1.9 : 1.0 (S : R) diastereomeric mixture. However,
since the coupling could be performed with the unprotected
nitromannitol 6, the diisopropylidene 8 was not used in this syn-
thesis, as this avoided two unnecessary protection/deprotection
steps.


The diastereomeric mixture of enoate esters 9a-(R,S) was
subjected to ozonolysis followed by reductive workup to cleave
the terminal vinylic CH2 and replace it with an oxygen to install
the necessary a-ketoester (Scheme 5). The ozonised product
spontaneously cyclised to the pyranoside, and the desired 4S-
isomer precipitated out of solution while the 4R-isomer remained
in the CH2Cl2–MeOH solution. After filtration, a second crop
of the 4S-isomer was obtained by concentrating the filtrate and
crystallising it from MeOH to give a 55% yield of ethyl 4-deoxy-4-
nitrosialate (11a). The stereochemistry at C-4 was assigned after
analysis of the H-3/H-4 and H-4/H-5 coupling constants, where
the large values indicated trans-diaxial coupling (J3ax,4 = J4,5 =
11.2 Hz versus J3eq,4 = 5.0 Hz) and that H-4 was axial, possessing
the S configuration. After concentration of the filtrate, the 4R-
isomer was separated from most of the contaminating DMSO
by column chromatography in 33% yield. The small values of
all coupling constants to H-4 indicated its equatorial orientation
(J3eq,4 = 3.2 Hz, J3ax,4 = 5.0 Hz, J4,5 = 4.0 Hz) allowing assignment
of the minor product as the 4R-isomer. From the product ratio of


Scheme 5 Synthesis of ethyl 4-deoxy-4-nitrosialate (11a) and tert-butyl 4-deoxy-4-nitrosialate (11b) from acetamidonitromannitol 6. Reagents and
conditions: (a) NaOMe/MeOH, 18 h; (b) O3, CH2Cl2–MeOH, −78 ◦C, 1 h; (c) DMS, −78 ◦C to RT, 16 h, fractional crystallisation.
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the ozonolysis reaction it can be reasoned that the major isomer
of enone 9a possesses the 4S-configuration and the minor isomer
is the 4R-isomer.


Hydrolysis of the ethyl ester proved to be problematic. The
presence of an acidic proton a- to the nitro group on C-4 is the
likely cause for complicating the normally straightforward basic
hydrolysis of an ethyl ester. When compound 11a was treated
with lithium hydroxide in THF–water at 0 ◦C, the major product
lacked the ethyl ester but did not have the expected spectral
characteristics. The signals for the protons on C-3 in the 1H NMR
spectrum were shifted downfield to 2.7 and 2.9 ppm from their
normal positions at 2.4–2.5 ppm and their respective coupling
constants to H-4 had decreased to 4.4 and 8.3 Hz, showing a lack
of trans-diaxial coupling. In the 13C NMR spectrum a peak for the
C-2 hemiketal carbon was not observed at its normal frequency
at around 94 ppm, but an HMBC spectrum showed correlations
between the H-3 protons and a carbon at 200 ppm, indicating
that C-2 was a ketone; in addition, the IR spectrum showed a
peak for a ketone carbonyl stretch at 1712 cm−1. This, along with
the lack of trans-diaxial coupling, seemed to indicate that the
reaction product was acyclic. Also of note, the frequency for the H-
4 resonance had shifted upfield from a chemical shift of 5.00 ppm
to one of 4.04 ppm, and the IR spectrum showed no NO2 stretching
bands. As a consequence, it was apparent that the nitro group on
C-4 had undergone a reaction. After a variety of nucleophilic
de-esterification conditions failed to afford the desired material,
the synthetic route was modified to use a tert-butyl ester, which
can be removed under acidic conditions, in place of the ethyl
ester.


Thus, acetamidonitromannitol 6 was stirred with tert-butyl
a-(bromomethyl)acrylate in NaOMe/MeOH solution for 16 h
to afford the enoate tert-butyl ester product 9b-(R,S) after
chromatography in 79% yield as a tan foam. The 1.4 : 1.0 (S :
R) diastereomeric mixture of these products was subjected to
ozonolysis and reductive workup, after which the desired 4S-
diastereomer precipitated out of solution, while a mixture of
4R- and 4S-diastereomers remained in solution. The precipitate
was isolated by filtration, affording the 4S-isomer of tert-butyl
4-deoxy-4-nitrosialate 11b in 33% yield, while a further 25%
was isolated from the filtrate after chromatography. As with
the ethyl ester, the stereochemistry at C-4 was assigned based
on the large trans-diaxial coupling between H-4/H-3ax and H-
4/H-5 (J3ax,4 = 12.9 Hz, J4,5 = 10.6 Hz versus J3eq,4 = 4.6 Hz)
for the major product isomer, as compared to the smaller
coupling constants for the minor product isomer (J3,4 = 3.2,
5.0 Hz). Using this information, the enoate ester precursors
can be assigned as 4S (major diastereomer) and 4R (minor di-
astereomer).


Hydrolysis of the tert-butyl ester 11b proceeded smoothly by
stirring overnight in aqueous trifluoroacetic acid (Scheme 6).
After the solvent was evaporated, 4-deoxy-4-nitrosialic acid 5
was obtained as an off-white powder in 90% yield. Attempts
to improve the purity of this compound through recrystalli-
sation or column chromatography were fruitless, as the com-
pound partially decomposed during these attempts. These at-
tempts were unnecessary, however, because the compound, when
isolated directly from the deprotection medium, was analyti-
cally pure as determined by NMR spectroscopy and elemental
analysis.


Scheme 6 Hydrolysis of tert-butyl ester 11b to afford 4-de-
oxy-4-nitrosialic acid 5. Reagents and conditions: (a) CF3COOH, H2O,
RT, 18 h.


Conclusions


A synthetic route has been developed that gives access to gram
quantities of 4-deoxy-4-nitrosialic acid esters, compounds that
when used as synthetic intermediates open up potential pathways
to previously inaccessible 4-substituted sialic acid analogues. The
key synthetic step in this route was the carbon backbone extension
from the coupling of the 6-carbon acetamidonitromannitol 6 with
an alkyl a-(bromomethyl)acrylate. The products of this reaction
could then be ozonised to give the sialic acid pyranose structure,
the tert-butyl ester of which could be hydrolysed under acidic
conditions. This synthetic route is modular in that many different
nitroalditols could potentially be used to generate a number of
a-ketoacid sugar analogues, and the products of these reactions
are synthetically versatile due to the large variety of reaction types
that the nitro group can undergo. Currently, the syntheses of a
number of 4-modified sialic acid analogues from the compounds
reported here are being pursued, in order to test these materials as
substrates and/or inhibitors of various sialidase enzymes.


Experimental


Thin-layer chromatography (TLC) was performed on aluminum-
backed TLC plates pre-coated with Merck silica gel 60 F254.
Compounds were visualised with UV light and/or staining with
phosphomolybdic acid (5% solution in EtOH). Flash chromatog-
raphy was performed using Avanco silica gel 60 (230–400 mesh).
Melting points were recorded on a Gallenkamp melting point
apparatus and are uncorrected. Solvents used for anhydrous
reactions were dried and distilled immediately prior to use.
Methanol was dried and distilled over magnesium methoxide.
Dichloromethane was dried and distilled over calcium hydride.
Glassware for anhydrous reactions was flame-dried and cooled
under a nitrogen atmosphere immediately prior to use. NMR
spectra were recorded on a Varian Unity 500 MHz spectrometer.
Chemical shifts (d) are listed in ppm downfield from TMS using
the residual solvent peak as an internal reference. 1H and 13C NMR
peak assignments are made based on 1H–1H COSY and 1H–13C
HMQC experiments. IR spectra were recorded on a Bomem IR
spectrometer and samples were prepared as cast evaporative films


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2986–2992 | 2989







on NaCl plates from CH2Cl2. Optical rotations were measured
using a Perkin–Elmer 341 polarimeter and are reported in units
of deg cm2 g−1 (concentrations reported in units of g per
100 cm3). 2-Acetamido-1,2-dideoxy-1-nitro-D-mannitol (6) was
prepared from D-arabinose according to literature procedures,16,17


as was ethyl a-(bromomethyl)acrylate from diethyl malonate and
formaldehyde;24 the spectral characteristics of these molecules
matched those reported in the literature.


2-Acetamido-1,2-dideoxy-3,4:5,6-di-O-isopropylidene-1-nitro-D-
mannitol (8)


2-Acetamido-1,2-dideoxy-1-nitro-D-mannitol (6, 15.2 g, 60.3 mmol)
was dissolved in reagent-grade acetone (500 cm3). Anhydrous
CuSO4 (9.7 g, 60.8 mmol) was added along with 1 cm3 of
concentrated H2SO4, and the light blue suspension was vigorously
stirred for 24 h. The reaction was filtered through a Celite pad
(3 cm) and the Celite was washed with acetone (100 cm3). The
resultant filtrate was diluted with CHCl3 (400 cm3) and washed
with brine (3 × 500 cm3); the aqueous layer was neutral after the
second wash. The organic layer was dried (MgSO4), filtered, and
concentrated under reduced pressure to give the diisopropylidene
product 8 as a white solid (14.9 g, 44.8 mmol, 74%). The material
exhibited identical NMR spectral data to that reported in the
literature.22 The purity was deemed adequate for further use (mp
131–133 ◦C) but this could be improved by recrystallisation from
CH2Cl2–hexanes (1 : 4) (mp 134.0–134.5 ◦C).


Ethyl 5-acetamido-2,3,4,5-tetradeoxy-2-methylene-4-nitro-D-
glycero-D-galacto-nononate, ethyl 5-acetamido-2,3,4,5-tetradeoxy-
2-methylene-4-nitro-D-glycero-D-talo-nononate (9a-(R,S))


2-Acetamido-1,2-dideoxy-1-D-nitromannitol (6, 13.0 g, 51.5 mmol)
was suspended in dry methanol (150 cm3). To this suspension
was added a solution of sodium methoxide in methanol that had
been prepared by adding sodium metal (1.3 g, 56.6 mmol) to dry
methanol (75 cm3). The resulting clear light brown solution was
stirred for 10 min, after which time ethyl a-(bromomethyl)acrylate
(10.9 g, 56.6 mmol) was added. After 18 h, the solution was
concentrated under reduced pressure to give a yellow foam
which was purified by column chromatography (hexanes–EtOAc
gradient solvent system from 5 : 1 v/v to 3 : 1 v/v), to afford the
acrylate-coupled enone product 9a as a light yellow foam (10.3 g,
28.3 mmol, 55%) in a 2 : 1 4S : 4R diastereomeric mixture. In
addition, a quantity of unreacted nitromannitol (5.8 g, 23 mmol,
45%) was also isolated and could be re-used. IR (cm−1): 1374
(NO2), 1549 (NO2), 1666 (amide C=O), 1711 (unsaturated ester
C=O), 3369 (OH). 1H NMR (D2O) 4S isomer: d: 1.29 (t, 3H,
J = 7.1 Hz, CH3CH2O), 2.07 (s, 3H, NHCOCH3), 2.90 (dd, 1H,
J3a,3b = 14.8 Hz, J3a,4 = 4.9 Hz, H-3a), 2.98 (dd, 1H, J3a,3b =
14.8 Hz, J3b,4 = 9.8 Hz, H-3b), 3.45 (d, 1H, J7,8 = 9.2 Hz, H-7),
3.60 (dd, 1H, J8,9a = 6.3 Hz, J9a,9b = 11.9 Hz, H-9a), 3.69 (ddd, 1H,
J7,8 = 9.0 Hz, J8,9a = 6.2 Hz, J8,9b = 2.7 Hz, H-8), 3.81 (dd, 1H,
J8,9b = 2.7 Hz, J9a,9b = 11.7 Hz, H-9b), 3.86 (d, 1H, J5,6 = 10.3 Hz,
H-6), 4.24 (q, 2H, J = 7.2 Hz, CH3CH2O), 4.55 (dd, 1H, J4,5 =
3.3 Hz, J5,6 = 10.3 Hz, H-5), 5.35 (ddd, 1H, J3a,4 = 5.0 Hz, J3b,4 =
9.6 Hz, J4,5 = 3.4 Hz, H-4), 5.79 (s, 1H, C=CHaHb), 6.32 (s, 1H,
C=CHaHb); 4R isomer: d: 1.29 (t, 3H, J = 7.1 Hz, CH3CH2O),
2.02 (s, 3H, NHCOCH3), 2.91 (dd, 1H, J3a,3b = 15.0 Hz, J3a,4 =


3.9 Hz, H-3a), 2.96 (dd, 1H, J3a,3b = 14.9 Hz, J3b,4 = 10.6 Hz,
H-3b), 3.47 (d, 1H, J7,8 = 9.3 Hz, H-7), 3.61 (dd, 1H, J8,9a =
6.3 Hz, J9a,9b = 11.8 Hz, H-9a), 3.70 (ddd, 1H, J7,8 = 9.0 Hz, J8,9a =
6.2 Hz, J8,9b = 2.7 Hz, H-8), 3.82 (dd, 1H, J8,9b = 2.7 Hz, J9a,9b =
11.8 Hz, H-9b), 3.97 (d, 1H, J5,6 = 10.4 Hz, H-6), 4.19–4.28 (m,
2H, CH3CH2O), 4.84 (dd, 1H, J4,5 = 4.8 Hz, J5,6 = 10.4 Hz, H-
5), 5.23 (ddd, 1H, J3a,4 = 4.4 Hz, J3b,4 = 10.4 Hz, J4,5 = 4.4 Hz,
H-4), 5.78 (s, 1H, C=CHaHb), 6.30 (s, 1H, C=CHaHb). 13C NMR
(D2O) 4S isomer: d: 13.4 (CH3CH2O), 22.0 (NHCOCH3), 33.1
(C-3), 51.2 (C-5), 62.4 (CH3CH2O), 63.28 (C-9), 68.4 (C-6), 69.2
(C-7), 70.61 (C-8), 86.3 (C-4), 130.6 (C=CH2), 134.5 (C=CH2),
168.1 (C=O), 174.5 (C=O); 4R isomer: d: 13.4 (CH3CH2O), 21.9
(NHCOCH3), 30.4 (C-3), 52.4 (C-5), 62.4 (CH3CH2O), 63.30 (C-
9), 69.08 (C-6/7), 69.11 (C-6/7), 70.57 (C-8), 87.2 (C-4), 130.3
(C=CH2), 134.6 (C=CH2), 168.2 (C=O), 174.4 (C=O). Anal.
calcd. for C14H24N2O9: C 46.15, H 6.64, N 7.69; found: C 46.51, H
6.96, N 7.47.


Ethyl 5-acetamido-2,3,4,5-tetradeoxy-6,7:8,9-di-O-isopropylidene-
2-methylene-4-nitro-D-glycero-D-galacto-nononate, ethyl
5-acetamido-2,3,4,5-tetradeoxy-6,7:8,9-di-O-isopropylidene-2-
methylene-4-nitro-D-glycero-D-talo-nononate (10-(R,S))


2-Acetamido-1,2-dideoxy-3,4:5,6-di-O-isopropylidene-1-nitro-D-
mannitol (8, 14.9 g, 44.8 mmol) was dissolved in THF (500 cm3)
along with ethyl a-(bromomethyl)acrylate (11.2 g, 58.0 mmol).
An aqueous solution of NaOH (0.5 M; 116 cm3, 58 mmol) was
added dropwise via an addition funnel over 30 min and the turbid
yellow solution was stirred at room temperature. After 2 days,
the reaction was diluted with 400 cm3 water and extracted with
CH2Cl2 (3 × 300 cm3). The organic layer was dried (MgSO4),
filtered, and concentrated under reduced pressure to a dark yellow
oil. This was purified by flash chromatography (CH2Cl2–methanol
gradient solvent system from pure CH2Cl2 to 20 : 1 v/v) to afford
the product 10 as a light yellow syrup (16.2 g, 36.4 mmol, 81%)
in a 1.9 : 1 diastereomeric mixture. 4S isomer: [a]20


D −29.4 (c
1.14, CHCl3). IR (cm−1): 1372 (NO2), 1553 (NO2), 1634 (C=C),
1666 (amide C=O), 1714 (unsaturated ester C=O), 3295 (amide
NH). 1H NMR (CDCl3) 4S-isomer: d: 1.31 (t, 3H, J = 7.1 Hz,
CH3CH2O), 1.34 (s, 6H, CMe2), 1.38 (s, 3H, CMe2), 1.39 (s, 3H,
CMe2), 2.07 (s, 3H, NHCOCH3), 2.88–2.90 (m, 2H, H-3ax, H-3eq),
3.828 (dd, 1H, J9a,9b = 8.8 Hz, J8,9a = 12.2 Hz, H-9a), 3.829 (d,
1H, J7,8 = 8.8 Hz, H-7), 3.93–3.98 (m, 2H, H-6, H-8), 4.13 (dd,
1H, J9a,9b = 8.8 Hz, J8,9b = 6.3 Hz, H-9b), 4.23 (q, 2H, J = 7.1 Hz,
CH3CH2O), 4.56 (dt, 1H, J4,5 = 2.9 Hz, J5,6 = J5,NH = 9.8 Hz, H-5),
5.26 (ddd, 1H, J3a,4 = 5.9 Hz, J3b,4 = 8.8 Hz, J4,5 = 2.9 Hz, H-4),
5.71 (s, 1H, C=CHaHb), 6.15 (d, 1H, J5,NH = 9.8 Hz, NHCOCH3),
6.30 (s, 1H, C=CHaHb); 4R-isomer: d: 1.32 (t, 3H, J = 7.1 Hz,
CH3CH2O), 1.37 (s, 6H, CMe2), 1.41 (s, 3H CMe2), 1.42 (s, 3H,
CMe2), 2.01 (s, 3H, NHCOCH3), 2.94 (dd, 1H, J3a,3b = 14.9 Hz,
J3a,4 = 3.7 Hz, H-3a), 3.02 (dd, 1H, J3a,3b = 14.9 Hz, J3b,4 = 10.5 Hz,
H-3b), 3.80–3.84 (m, 2H, H-7, H-9a), 3.95–4.01 (m, 1H, H-8), 4.10
(dd, 1H, J5,6 = 9.5 Hz, J6,7 = 5.8 Hz, H-6), 4.18 (dd, 1H, J9a,9b +
J8,9b = 14.9 Hz, H-9b), 4.24 (q, 2H, J = 7.1 Hz, CH3CH2O),
4.66 (dt, 1H, J4,5 = 4.9 Hz, J5,6 = J5,NH = 8.8 Hz, H-5), 5.10
(dt, 1H, J3b,4 = 10.7 Hz, J3a,4 + J4,5 = 8.5 Hz, H-4), 5.71 (s, 1H,
C=CHaHb), 6.11 (d, 1H, J5,NH = 8.3 Hz, NHCOCH3), 6.28 (s, 1H,
C=CHaHb). 13C NMR (CDCl3) 4S isomer: d: 13.9 (CH3CH2O),
23.2 (NHCOCH3), 25.1, 26.4, 27.0, 27.4 (C(CH3)2 × 2), 34.0
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(C-3), 51.9 (C-5), 61.0 (CH3CH2O), 67.6 (C-9), 76.7 (C-8), 79.2
(C-6), 80.5 (C-7), 85.4 (C-4), 109.6, 110.7 (C(CH3)2 × 2), 129.7
(C=CH2), 134.0 (C=CH2), 165.5 (C=O), 170.2 (C=O); 4R isomer:
d: 13.9 (CH3CH2O), 23.0 (NHCOCH3), 25.1, 26.4, 26.5, 27.2
(C(CH3)2 × 2), 31.8 (C-3), 53.7 (C-5), 61.0 (CH3CH2O), 67.9
(C-9), 77.0 (C-8), 79.3 (C-6), 80.5 (C-7), 87.1 (C-4), 109.8, 110.9
(C(CH3)2 × 2), 128.9 (C=CH2), 134.5 (C=CH2), 165.8 (C=O),
170.2 (C=O). Anal. calcd. for C20H32N2O9


: C 54.04, H 7.26, N
6.30; found: C 54.01, H 7.21, N 6.31.


Ethyl 5-acetamido-3,4,5-trideoxy-4-nitro-D-glycero-b-D-galacto-
non-2-ulopyranosonate (11a)


Ozone was bubbled through a cooled (−78 ◦C) solution of enoate
ester 9a (10.0 g, 27.4 mmol, ∼2 : 1 diastereomeric mixture) in a 1 :
1 v/v mixture of dry CH2Cl2 and dry methanol (300 cm3) for 1 h,
after which time the reaction became light blue in colour. Addition
of dimethyl sulfide (5 cm3) caused the product to precipitate. The
resulting mixture was allowed to warm to room temperature over
16 h with stirring, after which time the cloudy white suspension
was cooled in ice and vacuum-filtered. The white flocculent solid
was washed with CH2Cl2 (100 cm3) and dried under vacuum to
give the sialoside 11a (4.8 g, 13.1 mmol, 48%). A second crop was
obtained by concentrating the filtrate under reduced pressure to
give a yellow syrup, adding methanol (20 cm3), and isolating the
resultant white flocculent solid as above to give a further 0.68 g of
sialoside 11a (1.9 mmol, 7%), mp 175–177 ◦C (dec.). [a]20


D −28.9
(c 0.63, DMSO). IR (cm−1): 1373 (NO2), 1544 (NO2), 1658 (amide
C=O), 1735 (ester C=O), 3330 (OH). 1H NMR (D2O) d: 1.15 (t,
3H, J = 7.1 Hz, CH3CH2O), 1.84 (s, 3H, NHCOCH3), 2.40–2.50
(m, 2H, H-3ax, H-3eq), 3.44 (d, 1H, J7,8 = 9.3 Hz, H-7), 3.46 (dd,
1H, J9a,9b = 11.7 Hz, J9a,8 = 6.1 Hz, H-9a), 3.59 (ddd, 1H, J7,8 =
9.2 Hz, J8,9a = 6.2 Hz, J8,9b = 2.7 Hz, H-8), 3.68 (dd, 1H, J9a,9b =
11.9 Hz, J8,9b = 2.7 Hz, H-9b), 4.11 (d, 1H, J5,6 = 10.5 Hz, H-6),
4.10–4.21 (m, 2H, CH3CH2O), 4.44 (t, 1H, J4,5 = J5,6 = 10.7 Hz,
H-5), 5.00 (dt, 1H, J3eq,4 = 5.0 Hz, J3ax,4 = J4,5 = 11.2 Hz, H-4).
13C NMR (CD3OD) d: 13.1 (CH3CH2O), 21.3 (NHCOCH3), 35.9
(C-3), 49.0 (C-5), 62.1 (CH3CH2O), 63.5 (C-9), 68.6 (C-7), 70.1 (C-
6), 70.4 (C-8), 83.3 (C-4), 94.3 (C-2), 169.1 (C=O), 172.8 (C=O).
Anal. calcd. for C13H22N2O10: C 42.62, H 6.05, N 7.65; found: C
42.77, H 6.12, N 7.51.


tert-Butyl a-(bromomethyl)acrylate


2-Methylpropene (25.6 g, 0.456 mol) was condensed in a
Schlenk tube at −78 ◦C. To this was added a solution of a-
(bromomethyl)acrylic acid (26.2 g, 0.159 mol, prepared according
to ref. 19) in dry CH2Cl2 (120 cm3), along with 0.5 cm3 conc. H2SO4.
The Schlenk tube was sealed, and the reaction mixture was allowed
to warm to room temperature. Some a-(bromomethyl)acrylic acid
that had precipitated at −78 ◦C re-dissolved upon reaching room
temperature, and the solution was stirred overnight. The solution
was then concentrated to half its volume under reduced pressure
to remove excess 2-methylpropene and was diluted with CH2Cl2


(300 cm3) and washed with sat. NaHCO3 (2 × 400 cm3). The
organic layer was dried (MgSO4), filtered, and concentrated under
reduced pressure to afford the product as a light yellow oil (27.6 g,
0.125 mmol, 79%). The material exhibited identical spectra data
to those reported in the literature.25


tert-Butyl 5-acetamido-2,3,4,5-tetradeoxy-2-methylene-4-nitro-D-
glycero-D-galacto-nononate, tert-butyl 5-acetamido 2,3,4,5-
tetradeoxy-2-methylene-4-nitro-D-glycero-D-talo-nononate
(9b-(R,S))


2-Acetamido-1,2-dideoxy-4-nitro-D-mannitol (6, 12.0 g, 47.6 mmol)
was suspended in dry methanol (150 cm3). A solution of sodium
methoxide, prepared by reacting sodium metal (1.5 g, 65 mmol)
with dry methanol (75 cm3), was then added. The resulting clear,
brown solution was stirred for 10 min, after which time tert-
butyl a-(bromomethyl)acrylate (12.6 g, 39.2 mmol) was added. The
solution was stirred under nitrogen for 20 h and was concentrated
under reduced pressure to a dark brown foamy syrup. This
was purified by flash chromatography (CH2Cl2–MeOH gradient
solvent system from 5 : 1 v/v to 3 : 1 v/v) to afford the product
9b as a tan foam (12.2 g, 31.1 mmol, 79%) in a 1.4 : 1.0 4S :
4R diastereomeric ratio. IR (cm−1): 1152 (C–O–C), 1370 (NO2),
1552 (NO2), 1659 (amide C=O), 1707 (unsaturated ester C=O),
3316 (OH). 1H NMR (D2O) 4S-isomer: d: 1.49 (s, 9H, C(CH3)3),
2.07 (s, 3H, NHCOCH3), 2.86 (dd, 1H, J3a,3b = 14.5 Hz, J3a,4 =
4.8 Hz, H-3a), 2.94 (dd, 1H, J3a,3b = 14.6 Hz, J3b,4 = 9.9 Hz, H-3b),
3.44 (d, 1H, J7,8 = 9.2 Hz, H-7), 3.60 (dd, 1H, J9a,9b = 11.8 Hz,
J8,9b = 6.2 Hz, H-9a), 3.67–3.71 (m, 1H, H-8), 3.81 (dd, 1H, J9a,9b =
11.8 Hz, J8,9b = 2.8 Hz, H-9b), 4.53 (dd, 1H, J4,5 = 3.3 Hz, J5,6 =
10.2 Hz, H-5), 5.36 (ddd, 1H, J3a,4 = 4.8 Hz, J3b,4 = 9.8 Hz, J4,5 =
3.5 Hz, H-4), 5.71 (s, 1H, C=CHaHb), 6.22 (s, 1H, C=CHaHb);
4R-isomer: d: 1.49 (s, 9H, C(CH3)3), 2.02 (s, 3H, NHCOCH3),
2.84–2.94 (m, 2H, H-3a, H-3b), 3.48 (d, 1H, J7,8 = 9.2 Hz, H-7),
3.61 (dd, 1H, J9a,9b = 11.7 Hz, J8,9b = 6.22 Hz, H-9a), 3.67–3.71
(m, 1H, H-8), 3.82 (dd, 1H, J9a,9b = 11.8 Hz, J8,9b = 2.8 Hz, H-9b),
3.97 (d, 1H, J5,6 = 10.4 Hz, H-6), 4.83 (dd, 1H, J4,5 = 5.0 Hz, J5,6 =
10.5 Hz, H-5), 5.21 (dt, 1H, J3a,4 + J3b,4 + J4,5 = 19.8 Hz, H-4), 5.71
(s, 1H, C=CHaHb), 6.21 (s, 1H, C=CHaHb). 13C NMR (D2O) 4S
isomer: d: 22.0 (NHCOCH3), 27.3 (C(CH3)3), 33.4 (C-3), 51.2 (C-
5), 63.3 (C-9), 68.4 (C-6), 69.2 (C-7), 70.6 (C-8), 83.6 (C(CH3)3),
86.5 (C-4), 129.8 (C=CH2), 136.0 (C=CH2), 167.3 (C=O), 174.4
(C=O); 4R isomer: d: 21.9 (NHCOCH3), 27.3 (C(CH3)3), 30.7
(C-3), 52.3 (C-5), 63.3 (C-9), 69.10 (C-6), 69.14 (C-7), 70.6 (C-
8), 83.6 (C(CH3)3), 87.5 (C-4), 129.5 (C=CH2), 136.1 (C=CH2),
167.5 (C=O), 174.5 (C=O). Anal. calcd. for C16H28N2O9: C 48.97,
H 7.19, N 7.14; found: C 49.04, H 6.97, N 7.06.


tert-Butyl 5-acetamido-3,4,5-trideoxy-4-nitro-D-glycero-b-D-
galacto-non-2-ulopyranosonate (11b)


A solution of tert-butyl enoate ester 9b-(R,S) (10.7 g, 27.3 mmol,
1.4 : 1.0 diastereomeric mixture) was prepared in a 1 : 1 v/v
mixture of dry CH2Cl2 and dry methanol (300 cm3), which was
cooled to −78 ◦C. Ozone was bubbled through the cold solution
for 1 h 45 min, after which time the colour was light green. The
ozonides were reduced with dimethyl sulfide (5 cm3), which caused
the product to precipitate. The reaction was stirred overnight and
allowed to warm to room temperature, and was then cooled in ice
and filtered. The white solid was washed with CH2Cl2 (75 cm3)
and dried to afford the product 11b as a white solid (3.58 g,
9.08 mmol, 33%). The filtrate, which contained a mixture of
DMSO, 11b and its C-4 epimer, was concentrated and purified by
flash chromatography (CH2Cl2–methanol gradient solvent system
from 10 : 1 v/v to 3 : 1 v/v) to afford a further 2.70 g of sialoside
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11b (6.8 mmol, 25%) as a white foamy solid, mp 147–149 ◦C (dec.).
[a]20


D −25.9 (c 0.695, DMSO). IR (cm−1): 1371 (NO2), 1556 (NO2),
1652 (amide C=O), 1724 (ester C=O), 3358 (OH). 1H NMR (D2O)
d: 1.50 (s, 9H, C(CH3)3), 1.98 (s, 3H, NHCOCH3), 2.52 (dd, 1H,
J3ax,3eq = J3ax,4 = 12.9 Hz, H-3ax), 2.61 (dd, 1H, J3ax,3eq = 13.0 Hz,
J3eq,4 = 4.6 Hz, H-3eq), 3.59 (d, 1H, J7,8 = 8.2 Hz, H-7), 3.63 (dd, 1H,
J9a,9b = 11.8 Hz, J8,9a = 6.3 Hz, H-9a), 3.75 (ddd, 1H, J7,8 = 8.9 Hz,
J8,9a = 6.2 Hz, J8,9b = 2.6 Hz, H-8), 3.83 (dd, 1H, J9a,9b = 11.8 Hz,
J8,9b = 2.7 Hz, H-9b), 4.23 (d, 1H, J5,6 = 10.5 Hz, H-6), 4.57 (dd,
1H, J4,5 = J5,6 = 10.6 Hz, H-5), 5.13 (dt, 1H, J3eq,4 = 4.6 Hz,
J3ax,4 + J4,5 = 23.1 Hz). 13C NMR (CD3OD) d: 22.6 (NHCOCH3),
28.1 (C(CH3)3), 50.3 (C-5), 64.8 (C-9), 70.0 (C-7), 71.4 (C-6), 71.8
(C-8), 84.3 (C(CH3)3), 84.6 (C-4), 95.6 (C-2), 169.6 (C-1), 174.1
(NHCOCH3). Anal. calcd. for C15H26N2O10: C 45.68, H 6.65, N
7.10; found: C 45.81, H 6.71, N 7.09.


3,4,5-Trideoxy-4-nitro-D-glycero-b-D-galacto-non-2-
ulopyranosonic acid (5)


Trifluoroacetic acid (6.0 cm3) was added to a suspension of tert-
butyl ester 11b (148 mg, 0.375 mmol) in water (12 cm3). The clear,
colourless solution was stirred at room temperature for 16 h, after
which time the solution took on a light pink tinge. The solution
was concentrated under reduced pressure to afford the de-esterified
product 5 as an off-white powder (114 mg, 0.338 mmol, 90%), mp
175–177 ◦C (dec.). [a]20


D −23 (c 0.21, DMSO). IR (cm−1): 1372
(NO2), 1557 (NO2), 1664 (amide C=O), 1721 (acid C=O), 3338
(OH/NH). 1H NMR (D2O) d: 1.98 (s, 3H, NHCOCH3), 2.50 (dd,
1H, J3ax,3eq = J3ax,4 = 12.8 Hz, H-3ax), 2.58 (dd, 1H, J3ax,3eq = 12.9 Hz,
J3eq,4 = 4.6 Hz, H-3eq), 3.56 (d, 1H, J7,8 = 9.4 Hz, H-7), 3.60 (dd,
1H, J9a,9b = 11.8 Hz, J8,9a = 6.3 Hz, H-9a), 3.75 (ddd, 1H, J7,8 =
9.2 Hz, J8,9a = 6.3 Hz, J8,9b = 2.6 Hz, H-8), 3.83 (dd, 1H, J8,9b =
2.6 Hz, J9a,9b = 11.8 Hz, H-9b), 4.21 (d, 1H, J5,6 = 10.3 Hz, H-6),
4.56 (dd, 1H, J4,5 = J5,6 = 10.5 Hz, H-5), 5.13 (dt, 1H, J3ax,4 +
J4,5 = 23.1 Hz, J3eq,4 = 4.6 Hz). 13C NMR (DMSO-d6) d: 22.5
(NHCOCH3), 35.4 (C-3), 48.5 (C-5), 63.3 (C-9), 68.4 (C-7), 69.3
(C-6), 69.9 (C-8), 83.7 (C-4), 93.5 (C-2), 170.06 (C=O), 170.13
(C=O). Anal. calcd. for C11H18N2O10: C 39.06, H 5.36, N 8.28;
found: C 39.32, H 5.24, N 8.36.
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The incorporation of a gem-dimethyl group at the 5-position of a chiral oxazolidinone biases the
conformation of the adjacent C(4)-stereodirecting group such that the gem-dimethyl-4-iso-propyl
combination mimics a C(4)-tert-butyl group, providing higher levels of stereocontrol than a simple
4-iso-propyloxazolidinone. The generality of this principle is demonstrated with applications in
stereoselective enolate alkylations, kinetic resolutions, Diels–Alder cycloadditions and Pd-catalysed
asymmetric acetalisation reactions.


Introduction


The oxazolidin-2-one family of chiral auxiliaries is one of the most
versatile and widely used in synthetic organic chemistry.1 First
developed by Evans et al. for use in diastereoselective enolate
reactions,2 they are easily synthesised from readily available a-
amino acids and can be introduced into the substrate in a variety
of ways.3 The high diastereoselectivity offered by oxazolidinones,
together with their low molecular weight and their recyclable
nature has made these compounds an attractive choice of auxiliary
in synthesis. Oxazolidin-2-ones exhibit good stereocontrol for a
number of diastereoselective reactions, such as aldol additions,4


halogenations,5 and alkylations,6 and have been used extensively
for the synthesis of natural product fragments. Within this area,
it is well recognised that derivatives of tert-leucine derived 4-tert-
butyloxazolidin-2-one usually afford superior diastereoselectivi-
ties to other amino acid derived 4-substituted oxazolidinones (4-
methyl, 4-iso-propyl or 4-benzyl) due to conformational control
of the C(4)-stereodirecting group. For the quaternary tert-butyl
stereodirecting group, this ensures that one of the methyl groups
of the tert-butyl group must be oriented toward the reaction
centre, leading to high stereocontrol, while with a straight chain or
mono-branched directing fragment conformational control directs
a hydrogen atom, rather than the alkyl fragment, toward the
reaction centre resulting in lower levels of stereocontrol. For
example, methylation of the lithium enolate of (S)-N-butyryl-
4-iso-propyloxazolidin-2-one 1 affords (4S,2′S)-2 in 82% d.e.,
while methylation of (S)-N-butyryl-4-tert-butyloxazolidin-2-one
3 affords (4S,2′S)-4 in 97% d.e. (Scheme 1).2 However, whilst 4-
tert-butyloxazolidin-2-one clearly affords improved performance
in stereoselective synthesis, its widespread use is limited by its cost,
since its parent non-proteinogenic a-amino acid (S)-tert-leucine is
prohibitively expensive.7


Although oxazolidinones have been widely used for asym-
metric synthesis, nucleophilic cleavage of N-acyloxazolidin-2-
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Scheme 1 Reagents and conditions: (i) LDA, THF, −78 ◦C then MeI,
THF, −30 ◦C.


ones has proven to be problematic in some cases. For simple
N-acyloxazolidinones, the desired exocyclic cleavage pathway
usually predominates, however if the N-acyl fragment is sterically
demanding, then an alternative undesired endocyclic cleavage
pathway becomes more favourable. In order to address this
problem, the SuperQuat 5,5-dimethyloxazolidin-2-one family of
chiral auxiliaries was developed within our laboratory,8,9 and
this idea was adopted and modified by the groups of Seebach10


and Gibson.11 The incorporation of gem-dimethyl groups at C(5)
within the oxazolidin-2-one structure prevents the undesired en-
docyclic cleavage, since the gem-dimethyl substituents protect the
endocyclic carbonyl group from nucleophilic attack by sterically
blocking nucleophilic approach along the required Bürgi–Dunitz
angle. For example, hydrolysis of N-pivaloyl SuperQuat derivatives
5 and 6 gave exclusive exocyclic cleavage, furnishing only the corre-
sponding oxazolidinones 7 and 8, while under identical conditions
N-pivaloyloxazolidinones 9 and 10 gave a mixture of products
derived from exo- and endocyclic cleavage pathways (Fig. 1).12


Although the primary function in introducing a gem-dimethyl
group within N-acyl-5,5-dimethyloxazolidin-2-ones was to sup-
press the undesired endocyclic cleavage pathway, it was proposed13


that the presence of this functionality may also serve a secondary


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2945–2964 | 2945







Fig. 1 Product distributions from hydrolysis of N-pivaloyl SuperQuat
derivatives 5 and 6 and N-pivaloyloxazolidinones 9 and 10.


function to improve the diastereocontrol of asymmetric transfor-
mations. It was hypothesised that the C(5)-gem-dimethyl group
might bias the conformation of the adjacent C(4)-stereodirecting
group such that the combination of the gem-dimethyl and 4-
iso-propyl groups within the oxazolidinone would mimic the
steric demands of a C(4)-tert-butyl group within an oxazolidi-
none. In this manner, readily available N-acyl-5,5-dimethyl-4-
iso-propyloxazolidin-2-ones would react with enhanced diastere-
oselectivity in comparison to the corresponding N-acyl-4-iso-
propyloxazolidinone derivatives, and with comparable stereose-
lectivity to N-acyl-4-tert-butyloxazolidinone derivatives.14 We now
detail herein our full investigations within this area, part of which
has been communicated previously.13


Results and discussion


Diastereoselective enolate alkylations: conformational analysis of
enolates derived from N-acyl-5,5-dimethyl-4-iso-propyloxazolidin-
2-ones and 4-iso-propyloxazolidin-2-ones


In order to confirm the above hypothesis, initial investigations
were directed toward probing the diastereoselectivity observed for
alkylation of the enolates derived from N-acyl-5,5-dimethyl-4-iso-
propyl-, N-acyl-4-iso-propyl- and N-acyl-4-tert-butyloxazolidin-
2-ones. It was predicted that the diastereoselectivity arising from
alkylation of the enolate derived from a 5,5-dimethyl-4-iso-
propyloxazolidin-2-one derivative would be comparable to that
derived from the corresponding 4-tert-butyloxazolidin-2-one,
and significantly higher than that observed for alkylation of
the 4-iso-propyloxazolidin-2-one derivative. Under identical
conditions, enolate methylations of the lithium enolates 14–16
derived from the corresponding N-acyloxazolidin-2-ones 11–13
were carried out, via deprotonation with LiHMDS in THF at
−78 ◦C and subsequent addition of methyl iodide. As predicted,
analysis of the product distributions arising from these studies
revealed that the diastereoselectivity for methylation of 4-iso-
propyl enolate 14 {(4S,2′S)-17 : (4S,2′R)-18; 92 : 8; 84% d.e.}
was significantly lower than that observed for both the (S)-4-
tert-butyl enolate 15 {(4S,2′S)-19 : (4S,2′R)-20; 98.5 : 1.5; 97%
d.e.} and the (S)-5,5-dimethyl-4-iso-propyl enolate 16 {(4S,2′S)-
21 : (4S,2′R)-22; 97 : 3; 94% d.e.} (Scheme 2).15 Furthermore,


Scheme 2 Reagents and conditions: (i) LiHMDS, THF, −78 to 0 ◦C; (ii)
MeI (1.1 eq.); (iii) n-BuLi (1.1 eq.) then (RS)-2-phenylpropanoyl chloride
(1.3 eq.), THF, −78 ◦C to rt.
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direct comparison studies were also facilitated through carrying
out enolate methylation reactions on a 50 : 50 mixture of
(S)-4-iso-propyl enolate 14 and (S)-5,5-dimethyl-4-iso-propyl
enolate 16, and a 50 : 50 mixture of (S)-4-tert-butyl enolate 15
and (S)-5,5-dimethyl-4-iso-propyl enolate 16, in the same reaction
vessel. These reactions gave comparable stereoselectivities to the
separate enolate studies, affording (4S,2′S)-4-tert-butyl 19 (97%
d.e.), (4S,2′S)-5,5-dimethyl-4-iso-propyl enolate 21 (94% d.e.) and
(4S,2′S)-4-iso-propyl 17 (84% d.e). The configuration at C(2′)
within each of the major diastereoisomers 17, 19 and 21 was
assigned by analogy to the established sense of stereochemical
induction of oxazolidin-2-one enolates in alkylation reactions.
Unambiguous determination of the reaction diastereoselectivity
was also available in each case through the preparation of
authentic samples of the major and minor diastereoisomers via
N-acylation of the lithium anions of each of the homochiral
parent (S)-oxazolidin-2-ones (1 eq.) with (RS)-2-phenylpropanoyl
chloride (1.3 eq.). These reactions proceeded to full conversion,
although the ratio of diastereoisomers arising from this protocol
was not 50 : 50 in each case, giving a 57 : 43 mixture of 17 : 18
(14% d.e.), a 55 : 45 mixture of 19 : 20 (10% d.e.) and a 59 :
41 mixture of 21 : 22 (18% d.e.), consistent with partial kinetic
resolution occurring in this protocol.


The relative configuration within major diastereoisomer 21 was
confirmed unambiguously via single crystal X-ray analysis, with
the absolute (4S,2′S) configuration derived from the known (S)-
configuration of the L-valine derived oxazolidin-2-one (Fig. 2).


Fig. 2 Chem3D representation of the X-ray crystal structure of 21 (some
H atoms omitted for clarity).


Having demonstrated that methylation of 5,5-dimethyl-4-iso-
propyl enolate 16 with methyl iodide occurred with higher stere-
oselectivity than methylation of the corresponding 4-iso-propyl
enolate 14, their conformation in solution was probed directly
by 1H 500 MHz nOe NMR spectroscopic analysis. Treatment
of N-acyloxazolidin-2-ones 11 and 13 with LiHMDS (1 eq.) at
−78 ◦C in d8-THF, followed by warming the resulting solution
to 0 ◦C generated the (Z)-enolates 14 and 16.16 In the 1H NMR
spectrum of enolates 14 and 16, the resonances corresponding
to the iso-propyl CH(Me)2 protons each showed small vicinal


coupling constants (J 3.2 Hz and J 2.3 Hz, respectively) between
the iso-propyl CH(Me)2 proton and C(4)H of the oxazolidin-2-
one. This is consistent with both enolates 14 and 16 adopting
conformations in which the CH(Me)2 protons of their iso-propyl
groups lie approximately syn- or anti-periplanar to the C4–
C5 bond of the oxazolidin-2-one. Furthermore, it follows from
this conformational analysis that both methyl groups of the
oxazolidinone iso-propyl units must be either directed towards
or away from the attached enolate fragment. Qualitative 1H nOe
NMR spectroscopic analysis for 4-iso-propyl enolate 14 in d8-THF
revealed a strong enhancement between the C(2′) vinylic proton of
the enolate and the oxazolidin-2-one iso-propyl CH(Me)2 proton.
No nOe enhancement was observed to either of the iso-propyl
CH(CH3)2 groups, while strong nOe enhancements were observed
between the pro-(S) H5 proton and both of iso-propyl CH(CH3)2


methyl groups. These nOe enhancements are entirely consistent
with a preferred conformation of enolate 14 in which both the
iso-propyl methyl groups are directed away from the attached
enolate fragment (Fig. 3). In direct contrast, similar analysis
of 5,5-dimethyloxazolidinone enolate 16 revealed a medium and
small enhancement between the C(2′) vinylic proton of the enolate
and each of the methyl groups of the iso-propyl CH(CH3)2


group; a strong nOe enhancement was observed between the
CH(Me)2 proton and one of the C(5)-gem-dimethyl groups. These
spectroscopic data are consistent with the 5,5-dimethyl-4-iso-
propyl enolate 16 adopting a major conformation in solution that
has both methyl groups of the stereocontrolling iso-propyl group
directed towards the enolate fragment (Fig. 3).


Fig. 3 Qualitative 1H nOe NMR studies upon N-acyloxazolidin-2-one
enolates 14 and 16.


These NMR studies reveal that conformational control in the
enolates of N-acyl-5,5-dimethyl-4-iso-propyloxazolidin-2-ones re-
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sults in the stereodirecting effect of its C(4)-4-iso-propyl group
exhibiting comparable levels of stereocontrol normally associated
with enolates derived from N-acyl-4-tert-butyloxazolidin-2-ones.
Further studies were therefore directed toward establishing the
scope and limitation of the 4-iso-propyl-5,5-dimethyl combination
as a tert-butyl mimic for a range of alternative asymmetric
transformations.


Kinetic resolution of alcohols with N-acyloxazolidinones


A variety of reagents have been introduced as asymmet-
ric acyl transfer reagents, with the use of 2-acyl-3-phenyl-l-
menthopyrazoles,17 DMAP derivatives18 and 1,3-thiazolidine-2-
thiones19 all having been reported for this purpose. Evans et al.
first introduced (S)-N-benzoyl-4-tert-butyloxazolidin-2-one as a
stoicheiometric asymmetric acyl transfer reagent, with a high
correlation noted between the reaction stereoselectivity and the
stereodirecting group of the chiral fragment.20 In order to probe
the level of stereoselectivity induced by N-benzoyl-5,5-dimethyl-4-
iso-propyloxazolidin-2-one in this reaction, direct comparison of
its reactivity with the corresponding 4-iso-propyl and 4-tert-butyl
Evans derivatives were examined. In our hands, treatment of an
excess of (RS)-1-phenyl ethanol (10 eq.) with MeMgBr (1 eq.) and
subsequent addition of 1 eq. of the N-benzoyl derivative of 4-iso-
propyloxazolidin-2-one 23, 5,5-dimethyl-4-iso-propyloxazolidin-
2-one 24, or 4-tert-butyloxazolidin-2-one 25, gave benzoate 26 in
over 90% isolated yield (with respect to the oxazolidinone) in each
case. Determination of the specific rotation of the ester product
26 and comparison with literature data confirmed that (R)-26 had
been formed as the major stereoisomer in each case. Accurate de-
termination of the e.e. of 26 was achieved by chiral HPLC analysis
in comparison with an authentic racemic standard, with iso-propyl
Evans 23 affording ester 26 in 76% e.e., SuperQuat 24 affording
ester 26 in 91% e.e. and tert-butyl Evans 25 giving ester 26 in 93%
e.e., consistent with E = 11, 23 and 30, respectively (Scheme 3). In
each case, the E values were calculated based on the assumption
that the reaction proceeded to completion with respect to the oxa-
zolidinone, i.e. to 10% conversion with respect to the alcohol; the
measured e.e. of the isolated ester allowed the e.e. of the remaining
alcohol to be back calculated and an E value extrapolated.21


Scheme 3 Reagents and conditions: (i) (RS)-1-phenylethanol (10 eq.),
MeMgBr (1 eq.), 0 ◦C, DCM.


These initial results strongly suggest that N-benzoyl SuperQuat
24 exhibits comparable levels of enantioselectivity to N-benzoyl
tert-butyl Evans 25 for the kinetic resolution of racemic secondary
alcohols, with subsequent studies directed towards probing the
generality of this esterification reaction. Following the standard
reaction protocol, (RS)-alcohols 27–29 were treated with MeMgBr
prior to addition of N-benzoyloxazolidin-2-ones 23–25, giving
the corresponding benzoates 30–32 in good isolated yields in each
case (>90%). Comparison of the e.e. values obtained for each
benzoate product indicate that N-benzoyl SuperQuat oxazolidin-
2-one 24 generally exerts comparable levels of enantiocontrol
to the corresponding tert-butyloxazolidin-2-one derivative 25,
and significantly higher levels of selectivity compared to the
iso-propyloxazolidin-2-one 23. For example, treatment of (RS)-
1-phenylpropanol 27 with N-benzoyl SuperQuat 24 gave 30 in
92% e.e. (E = 26), while under identical conditions N-benzoyl
tert-butyloxazolidinone 25 gave 30 in 96% e.e. (E = 53) and
N-benzoyl iso-propyloxazolidinone 23 gave 30 in 81% e.e. (E =
10) (Scheme 4).


Scheme 4 Reagents and conditions: (i) (RS)-alcohol 27, 28 or 29 (10 eq.),
MeMgBr (1 eq.), 0 ◦C, DCM.
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The effect of incorporating electron donor substituents on
the aryl ring of the benzoylating agent was next investigated,
in the expectation that the rate of reaction would be retarded,
delivering enhanced chiral recognition. Treatment of (RS)-
alcohols 27–29 and 33 with MeMgBr and subsequently with
N-4-methoxylbenzoyloxazolidinone 34 gave the corresponding
4-methoxybenzoates 35–38 in excellent yield (>94%) and with
consistently higher enantioselectivity than the corresponding N-
benzoyloxazolidinone 24 (Scheme 5).


Scheme 5 Reagents and conditions: (i) (RS)-alcohol 27, 28, 29 or 33
(10 eq.), MeMgBr (1 eq.), 0 ◦C, DCM.


These results show that N-benzoyl derivatives of iso-propyl
SuperQuat show comparable levels of enantioselectivity to the
corresponding tert-butyl Evans derivatives in benzoyl transfer re-
actions. The ability of N-acyl derivatives of iso-propyl SuperQuat
to act as tert-butyl Evans surrogates in Diels–Alder cycloaddition
reactions was next investigated.


Diels–Alder reactions with N-acyloxazolidinones


The Diels–Alder reaction is one of the most powerful tools in
organic synthesis for C–C bond forming reactions.22 For this
reaction, chiral oxazolidin-2-ones show high levels of stereocon-
trol, with a dramatic increase in the diastereoisomeric excess
of the product observed with change in the stereodirecting
group from an iso-propyl group (68% d.e.) to a tert-butyl
group (>99% d.e.) for the reaction of N-crotonoyloxazolidin-
2-ones with isoprene.23 Attention was therefore focused on
carrying out Diels–Alder cycloaddition reactions using N-acyl
derivatives of a range of oxazolidin-2-ones to investigate the
influence on diastereoselectivity caused by the incorporation
of a gem-dimethyl group within the oxazolidin-2-one. Follow-
ing the literature procedure,23 N-crotonoyl-5,5-dimethyl-4-iso-
propyloxazolidin-2-one 41, N-crotonoyl-4-iso-propyloxazolidin-
2-one 39 and N-crotonoyl-4-tert-butyloxazolidin-2-one 40 were


treated with isoprene and Et2AlCl (1.4 eq.) to give the cycload-
dition products 42–44 as single diastereoisomers in moderate to
good yield. In each case, the stereoselectivity of the reaction was
unambiguously determined from the crude reaction products by
comparison with authentic samples of both (4S,1′S,6′S)- and
(4S,1′R,1′R)-diastereoisomers.24 Examination of the stereoselec-
tivities of these reactions revealed that the level of stereocontrol
using N-crotonoyl-5,5-dimethyl-4-iso-propyloxazolidin-2-one 41
(94% d.e.) was considerably greater than that observed of the 4-iso-
propyloxazolidin-2-one derivative 39 (68% d.e.), and comparable
with that of the 4-tert-butyloxazolidin-2-one derivative 40 (>99%
d.e.) (Scheme 6).


Scheme 6 Reagents and conditions: (i) isoprene, Et2AlCl, DCM, −30 ◦C.


The relative configuration between C(1′) and C(6′) within the
minor diastereoisomer-45 arising from the Diels–Alder reaction
of SuperQuat derivative 41 and isoprene was unambiguously
determined by X-ray crystal structure analysis, with the absolute
configuration of (4S,1′R,6′R)-45 being derived from the known
(S)-valine derived stereocentre of the oxazolidinone (Fig. 4).


To probe further the generality of this observation, N-pro-
penoyl-5,5-dimethyl-4-iso-propyloxazolidin-2-one 48, N-pro-
penoyl-4-iso-propyloxazolidin-2-one 46 and N-propenoyl-4-tert-
butyloxazolidin-2-one 47 were also treated with isoprene and
Et2AlCl, giving the desired products 49–51 in good yield.
Again, the stereoselectivity of the reaction in each case was
unambiguously assessed from the crude reaction products by
comparison with authentic samples of the (4S,1′S) and (4S,1′R)
diastereoisomers.25 Comparison of the stereoselectivity of these
reactions revealed that the stereocontrol using the 5,5-dimethyl-
4-iso-propyloxazolidin-2-one derivative 48 (94% d.e.) was consid-
erably greater than that observed for the 4-iso-propyloxazolidin-
2-one derivative 46 (54% d.e.), and comparable to that of the
4-tert-butyloxazolidin-2-one derivative 47 (98% d.e.) (Scheme 7).


Further attention was directed towards the Diels–
Alder reaction of N-crotonoyloxazolidin-2-ones 39–41 and
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Fig. 4 Chem3D representation of the X-ray crystal structure of 45 (some
H atoms omitted for clarity).


Scheme 7 Reagents and conditions: (i) isoprene, Et2AlCl, DCM, −30 ◦C.


N-cinnamoyloxazolidin-2-ones 52–54 with cyclopentadiene. In
these reactions, four diastereoisomeric products may be formed,
arising from endo- and exo-addition of cyclopentadiene to the Re
and Si faces of the dienophile. In each case, the stereoselectivity
of the reaction was assessed by 500 MHz 1H NMR spectroscopic
analysis of the crude reaction products, with reference to authentic
samples of the four possible diastereoisomers arising from these
reactions, which were prepared following established literature
protocols.23,26,27 In both the crotonoyl and cinnamoyl series
the endo : exo ratio and stereoselectivity using all oxazolidin-
2-ones were excellent, although the stereocontrol using the
5,5-dimethyl-4-iso-propyloxazolidin-2-one derivatives 41 and 54
(99% and >99% d.e., respectively) is consistently greater than that
observed for the 4-iso-propyloxazolidin-2-one derivatives 39 and
40 (93 and 97% d.e. respectively), and comparable to that of the
4-tert-butyloxazolidin-2-one derivative 50 and 53 (99% d.e. and
>99% d.e., respectively) (Scheme 8).


Scheme 8 Reagents and conditions: (i) N-crotonoyl or N-cinnamoyl-
oxazolidinones 39–41 and 52–54, cyclopentadiene, Et2AlCl, DCM,
−100 ◦C.


Unambiguous assignment of the endo selectivity of the
Diels–Alder reaction of 5,5-dimethyl-4-iso-propyloxazolidin-2-
one derivative 57 with cyclopentadiene was achieved through sin-
gle crystal X-ray analysis of the purified major diastereoisomeric
cycloaddition product endo-57, with the absolute configuration
being derived from the known L-valine derived stereocentre of the
oxazolidin-2-one (Fig. 5).


With N-acyl derivatives of 5,5-dimethyl-4-iso-propyloxazolidin-
2-one shown to act as tert-butyloxazolidin-2-one surrogates in
enolate alkylations, kinetic resolutions and Diels–Alder cycload-
ditions, its stereodirecting capability in a Pd-catalysed asymmetric
acetalisation protocol was investigated.


Pd-catalysed asymmetric acetalisation


The conversion of a carbonyl group to an acetal is a commonly-
used strategy for the protection of carbonyl groups against nucle-
ophilic attack and enolisation.28 While acetals are usually formed
by treatment of carbonyl groups with alcohols in the presence of
an acid catalyst, the acetalisation of alkenes utilizing palladium
catalysis can be carried out efficiently,29 and this protocol has been
expanded into an industrial process.30 Within this area, Hosokawa
et al. have reported that diastereoselective acetalisation can be
achieved via the incorporation of a chiral oxazolidin-2-one as a
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Fig. 5 Chem3D representation of the X-ray crystal structures of endo-57
(some H atoms omitted for clarity).


stereodirecting component adjacent to the alkene.31 The diastere-
oselectivity of this acetalisation process is highly dependent on the
nature of the stereodirecting fragment, with a dramatic increase
in stereoselectivity noticed upon changing the stereodirecting
fragment within an N-methyacryloyloxazolidin-2-one from an
iso-propyl group to a tert-butyl group for acetalisation using
MeOH. In our hands, treatment of N-methacryloyloxazolidin-
2-ones 61–63 under the literature conditions using PdCl2, CuCl
and MeOH in DME proceeded to completion, furnishing the
desired products in moderate to high yields after chromatographic
purification. In each case, the stereoselectivity was unambigu-
ously established by the preparation of authentic samples of
the possible diastereoisomers of these reactions. Notably, the
stereocontrol using the 5,5-dimethyl-4-iso-propyloxazolidin-2-one
derivative 63 (95% d.e.) is greater than that observed for the 4-iso-
propyloxazolidin-2-one derivative 61 (70% d.e.), and comparable
to that of the 4-tert-butyloxazolidin-2-one derivative 62 (96%
d.e.).32 The absolute configuration of the C(2′) stereocentre within
SuperQuat derivative 66 was determined by reductive cleavage of
66 with LiAlH4, affording alcohol 67 in 53% yield. Comparison
of the specific rotation of 67 {[a]23


D +25.7 (c 1.00 in CHCl3)}
with the literature value {[a]25


D +23.0 (c 0.92 in CHCl3)}31 allowed
assignment of the absolute configuration of the C(2′) stereocentre
as (S), consistent with the reported absolute configuration of the
acetal product by Hosokawa et al. (Scheme 9).


With high asymmetric induction in the acetalisation of 63 with
MeOH established, the effect of changing the alcohol upon the
stereoselectivity of these reactions was investigated, with the effec-
tiveness of EtOH, n-PrOH and i-PrOH in this protocol attempted.
In each case, a similar trend in stereoselectivity was noted, with
the stereocontrol using the 5,5-dimethyl-4-iso-propyloxazolidin-
2-one derivative 63 (85 to 94% d.e.) greater than that observed for
the corresponding 4-iso-propyloxazolidin-2-one derivative 61 (68
to 71% d.e.), and comparable to that of the corresponding 4-tert-
butyloxazolidin-2-one derivative 62 (96 to >99% d.e.) (Scheme 10).
Although the stereoselectivity within each series was not markedly
affected by a change of alcohol, a slow reaction rate and a resulting
compromise in the yield of the acetal products was observed


Scheme 9 Reagents and conditions: (i) PdCl2, CuCl, DME, MeOH, under
O2, rt; (ii) LiAlH4, THF, 0 ◦C.


Scheme 10 Reagents and conditions: (i) PdCl2, CuCl, DME, alcohol,
under O2, rt.
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for the branched alcohol i-PrOH, The absolute configuration at
C(2′) within all of the major diastereoisomeric products 68–76
was assigned as (S) by analogy to that unambiguously proven
previously in the reaction with MeOH.


Conclusion


In conclusion, the incorporation of a gem-dimethyl group at the 5-
position within chiral oxazolidin-2-ones biases the conformation
of the vicinal C(4)-stereodirecting group such that the 5,5-
dimethyl-4-iso-propyl group combination mimics a C(4)-tert-butyl
group. This allows a 5,5-dimethyl-4-iso-propyloxazolidin-2-one
to provide higher levels of stereocontrol than a simple 4-iso-
propyloxazolidin-2-one, while simultaneously facilitating exclu-
sive regioselective exocyclic auxiliary cleavage. The generality
of this principle has been demonstrated with applications in
stereoselective enolate alkylations, kinetic resolutions, Diels–Alder
cycloadditions and Pd-catalysed asymmetric acetalisation reac-
tions. While 4-tert-butyloxazolidin-2-one derivatives undoubtedly
afford excellent performance in stereoselective synthesis, the pro-
hibitive cost of the parent auxiliary limits its widespread synthetic
use, while 5,5-dimethyl-4-iso-propyloxazolidinone derivatives are
readily available from valine.8 Further applications of this strategy
for the preparation of a range of chiral building blocks for natural
product synthesis are currently ongoing within this laboratory.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were performed under an atmosphere of dry nitrogen
using standard vacuum line techniques. All glassware was flame-
dried and allowed to cool under vacuum. In all cases, the
reaction diastereoselectivity was assessed by peak integration in
the 1H NMR spectrum of the crude reaction mixture. THF and
Et2O were distilled from sodium benzophenone ketyl under an
atmosphere of dry nitrogen. DCM was distilled from CaH2 under
dry nitrogen, all other solvents were used as supplied (analytical
or HPLC grade) without prior purification. n-Butyllithium (BuLi)
was used as a solution in hexanes and was titrated against
diphenylacetic acid prior to use. DIBAL-H was used as supplied
(Aldrich), as a 1.0 M solution in hexanes. All other reagents were
used as supplied, without further purification. Unless otherwise
stated, all aqueous solutions were saturated, and all organic
layers were dried with MgSO4. Column chromatography was
performed on silica gel (Kieselgel 60) or basic alumina. T.l.c. was
performed on Merck plates, aluminium sheets coated with silica
gel 60 F254. Plates were visualized either by UV light (254 nm),
iodine, Dragendorff’s reagent,33 phosphomolybdic acid (10% in
ethanol) or potassium permanganate (1% in 2% NaOH solution,
containing 7% potassium carbonate). Nuclear magnetic resonance
(NMR) spectra were recorded on Varian Gemini 200 (200 MHz),
Bruker AM-200 (200 MHz), Bruker DPX-400 (400 MHz), or
Bruker AMX-500 (500 MHz) spectrometers in the deuterated
solvents stated. 1H chemical shifts (dH) are reported in parts per
million (ppm) and are referenced to the residual solvent peak.
Coupling constants (J) are measured in Hertz and are calculated
using a first order approximation. 13C chemical shifts (dC) are


quoted in ppm and are referenced using residual solvent signals.
nOe spectra were obtained on the Bruker DRX-500 (500 MHz)
spectrometer. Infrared spectra were recorded on a Perkin-Elmer
1750 IR Fourier transform spectrophotometer using either KBr
disc (KBr) or as thin film (film). Selected peaks are reported
in cm−1. Low resolution mass spectra (m/z) were recorded on
VG Masslab 20–250 or Micromass Platform 1 spectrometers and
high-resolution mass spectra (HRMS) on a Micromass Autospec
500 OAT spectrometer. Techniques used were chemical ionisation
(CI, NH3), atmospheric pressure chemical ionisation (APCI) using
partial purification by HPLC with methanol–acetonitrile–water
(40 : 40 : 20) as eluent or electrospray ionisation (ESI). Major
peaks are listed with intensities quoted as percentages of the base
peak. Optical rotations were recorded on a Perkin-Elmer 241
polarimeter, using a path length of 10 cm, with concentrations
(c) given in g per 100 mL solvent and temperature as recorded.
Specific rotations are quoted in units of 10−1 deg cm2 g−1. Melting
points were recorded on a Leica VMTG Galen III apparatus
and are uncorrected. Elemental analysis was performed by the
Microanalysis Service of the Inorganic Chemistry Laboratory,
University of Oxford, UK.


General procedure 1: N-acylation of oxazolidin-2-ones


BuLi (1.01 eq.) was added to a stirred solution of oxazolidin-2-one
(1.0 eq.) in THF at −78 ◦C over 10 min. The corresponding acid
chloride (1.1 eq.) was then added and the resultant mixture was
stirred for a further 30 min at −78 ◦C, after which the reaction
mixture was allowed to warm to room temperature over 30 min
and sat. aq. NH4Cl solution was added. The organic material was
extracted twice with EtOAc and the combined organic extracts
were washed sequentially with sat. aq. NaHCO3 solution and brine
then dried over MgSO4 and filtered and concentrated in vacuo.
Purification of the residue via either recrystallisation or column
chromatography on silica furnished the required product.


General procedure 2: methylation of N-acyloxazolidin-2-ones


LiHMDS (1.2 eq.) was added dropwise via syringe to a stirred
solution of oxazolidin-2-one (1.0 eq.) in THF at −78 ◦C under
nitrogen and the resulting mixture was stirred for 30 min, after
which it was allowed to warm to 0 ◦C and stirred for 2 h. MeI
(1.1 eq.) was then added and the reaction mixture was stirred at
0 ◦C for 30 min before being allowed to warm to rt. The reaction
mixture was quenched with sat. aq. NH4Cl solution and the
organic material was extracted into EtOAc, the resultant organic
solution washed with sat. aq. NaHCO3 solution and brine, and
then dried over MgSO4 before being concentrated in vacuo.


General procedure 3: enantioselective acylation of racemic
secondary alcohols34


To a stirred solution of racemic secondary alcohol (10 eq.) in DCM
(5.0 mL) at 0 ◦C an ethereal MeMgBr solution (1.1 eq.) was added.
Oxazolidin-2-one (1.0 eq.) in DCM (2.66 mL) at 0 ◦C was added
via cannula and stirred until the reaction came to completion
(2–24 h). The reaction mixture was then quenched with sat. aq.
NH4Cl solution, the organic material extracted into DCM and
the combined organic layers dried over MgSO4 and concentrated
in vacuo to afford the crude reaction product. Purification via


2952 | Org. Biomol. Chem., 2006, 4, 2945–2964 This journal is © The Royal Society of Chemistry 2006







column chromatography on silica afforded the required product.
Enantiomeric excesses of the required products were determined
either by chiral HPLC using Diacel Chiralcel OJ Column or chiral
CG with a CYDEX-b Column.


General procedure 4: Diels–Alder cycloadditions of a,b-
unsaturated N-acyloxazolidin-2-ones


Et2AlCl (1.4 eq.) was added to a stirred solution of oxazolidin-2-
one (1.0 eq.) and isoprene (1.00 mL/0.30 mmol of oxazolidin-2-
one) in DCM at −78 ◦C via syringe. The resultant reaction mixture
was allowed to warm to −30 ◦C, stirred for 3 and quenched with
HCl (1 M, aq.). The organic material was then extracted with
DCM and the combined organic layers were dried over MgSO4


and concentrated in vacuo to afford the crude reaction product.
Diastereoisomeric excesses were determined by chiral CG, GC or
400 MHz 1H NMR spectroscopy. Purification of the residue via
column chromatography on silica afforded the required product.


General procedure 5: palladium catalysed acetalisation of
oxazolidin-2-ones31


The alcohol was added to a stirred slurry of oxazolidin-2-ones
(1.0 eq.), PdCl2 (0.1 eq.) and CuCl (1.0 eq.) in DME under an
oxygen atmosphere via a syringe. The resultant reaction mixture
was stirred at a given temperature for a certain time and was
filtered through Florisil R©, eluting with Et2O. Concentration of
the filtrate in vacuo afforded the crude product and purification
of this residue via column chromatography on silica afforded the
required product.


(S)-4-iso-Propyl-3-(2′-phenylacetyl)oxazolidin-2-one 11


Following general procedure 1, (S)-4-iso-propyloxazolidin-2-one
(300 mg, 2.33 mmol), BuLi (1.02 mL, 2.5 M in hexanes, 2.56 mmol)
and phenylacetyl chloride (466 mg, 3.02 mmol) gave 11 as a
pale yellow oil (502 mg, 87%) after purification via column
chromatography (ethyl acetate–hexanes 1 : 15) with spectroscopic
properties consistent with the literature.34


(S)-4-tert-Butyl-3-(2′-phenylacetyl)oxazolidin-2-one 12


Following general procedure 1, (S)-4-tert-butyloxazolidin-2-one
(150 mg, 1.05 mmol), BuLi (0.72 mL, 1.6 M in hexanes, 1.15 mmol)
and phenylacetyl chloride (210 mg, 1.36 mmol) gave 12 as a white
solid (190 mg, 69%) after purification via column chromatography
(ethyl acetate–hexanes 1 : 15); [a]22


D + 88.5 (c 1.0 in CHCl3); mmax


(KBr) 1761 (C=Oexo), 1714 (C=Oendo); dH (400 MHz, CDCl3) 0.87
(9H, s, C(CH3)3), 4.17–4.27 (2H, m, CH2Ph), 4.28–4.31 (1H, m,
CHN), 4.42–4.46 (2H, m, OCH2), 7.12–7.36 (5H, m, Ph); dC


(50 MHz, CDCl3) 25.5, 35.8, 41.5, 61.0, 65.3, 127.2, 128.5, 129.7,
133.8, 154.7, 171.3; m/z (APCI+) 262 ([M + H]+, 30%), 144 (100);
HRMS (ESI+) C15H19NO3 ([M + H]+) requires 262.1446; found
262.1443.


(S)-4-iso-Propyl-3-(2′-phenylacetyl)-5,5-dimethyloxazolidin-2-
one 13


Following general procedure 1, 4-(S)-iso-propyl-5,5-dimethyl-
oxazolidin-2-one (300 mg, 1.91 mmol), BuLi (0.84 mL, 2.5 M
in hexanes, 2.10 mmol) and phenylacetyl chloride (383 mg,


2.48 mmol) gave 13 (351 mg, 67%) as a colourless oil after
purification via column chromatography (ethyl acetate–hexanes 1 :
15); [a]22


D + 52.2 (c 1.0 in CHCl3); mmax (film) 1777 (C=Oexo), 1701
(C=Oendo); dH (400 MHz, CDCl3) 0.88 (3H, d, J 6.9, CH(CH3)2),
0.96 (3H, d, J 6.9, CH(CH3)2), 1.32 (3H, s, C(CH3)2), 1.50 (3H, s,
C(CH3)2), 2.11 (1H, septd, J 6.9 and 3.2, CH(CH3)2), 4.14 (1H,
d, J 3.2, NCH), 4.26 (1H, d, J 15.0, CH2Ph), 4.38 (1H, d, J 15.0,
CH2Ph), 7.25–7.36 (5H, m, Ph); dC (50 MHz, CDCl3) 17.3, 21.8,
21.9, 29.2, 30.1, 40.2, 66.9, 83.4, 127.6, 129.0, 130.1, 134.0, 154.0,
172.2; m/z (APCI+) 276 ([M + H]+,12%), 158 (100); HRMS (CI+)
C16H15NO2 ([M + H]+) requires 276.1597; found 276.1600.


(4S,2′S)-4-iso-Propyl-3-(2′-phenylpropionyl)oxazolidin-2-one 17


Following general procedure 2, oxazolidinone 11 (200 mg,
0.81 mmol), LiHMDS (0.97 mL, 1.0 M in hexanes, 0.97 mmol)
and MeI (126 mg, 0.89 mmol) afforded (4S,2S)-17 (160 mg,
76%) after purification via column chromatography (EtOAc–
hexanes 1 : 14) with spectroscopic properties consistent with
the literature;35 Both diastereoisomers (4S,2′S)-17 and (4S,2R)-
18 were synthesized as a 57 : 43 mixture via N-acylation
of oxazolidinone with racemic acid chloride as described in
the ESI.


(4S,2′S)-4-tert-Butyl-3-(2′-phenylpropionyl)oxazolidin-2-one 19


Following general procedure 2, oxazolidinone 12 (50 mg,
0.19 mmol), LiHMDS (0.23 mL, 1.0 M in hexanes, 0.23 mmol)
and MeI (30 mg, 0.21 mmol) afforded (4S,2S)-19 (27 mg, 51%)
as a colourless oil after purification via column chromatography
(EtOAc–hexanes 1 : 13) with spectroscopic properties consis-
tent with the literature;36 Both diastereoisomers (4S,2′S)-19 and
(4S,2R)-20 were synthesized as a 59 : 41 mixture via N-acylation
of oxazolidinone with racemic acid chloride as described in the
ESI.


(4S,2S)-4-iso-Propyl-3-(2′-phenylpropionyl)-5,5-dimethyloxazoli-
din-2-one 21


Following general procedure 2, oxazolidinone 13 (200 mg,
0.73 mmol), LiHMDS (0.87 mL, 1.0 M in hexanes, 0.87 mmol)
and MeI (114 mg, 0.80 mmol) afforded (4S,2S)-21 (187 mg, 89%)
as white crystals after purification via column chromatography
(EtOAc–hexanes 1 : 15); (Found: C, 70.5; H, 8.0; N, 4.9. C17H23NO3


requires C, 70.6; H, 8.0; N, 4.8%); mp 107–108 ◦C; [a]22
D +103.0


(c 1.0 in CHCl3); mmax (KBr) 1763 (C=Oexo), 1691 (C=Oendo); dH


(400 MHz, CDCl3) 0.99 (3H, d, J 6.8, CH(CH3)2), 0.99 (3H, s,
C(CH3)2), 1.08 (3H, d, J 6.8, CH(CH3)2), 1.44 (3H, s, C(CH3)2),
1.53 (3H, d, J 7.0, CHCH3), 2.15 (1H, septd, J 6.8 and 3.4,
CH(CH3)2), 4.02 (1H, d, J 3.4, CHN), 5.15 (1H, q, J 7.0, CHCH3),
7.21–7.35 (5H, m, Ph); dC (50 MHz, CDCl3) 17.1, 19.4, 21.3, 21.5,
28.2, 29.5, 43.1, 67.2, 82.8, 127.2, 128.0, 128.5, 140.4, 153.3, 175.0;
m/z (APCI+) 290 (8%, [M + H]+), 158 (100%, [Aux + H]+); Both
diastereoisomers (4S,2′S)-21 and (4S,2R)-22 were synthesized as
a 55 : 45 mixture via N-acylation of oxazolidinone with racemic
acid chloride as described in the ESI.


X-Ray crystal structure determination for 21. Data were col-
lected using an Enraf–Nonius j-CCD diffractometer with graphite
monochromated Mo Ka radiation using standard procedures at
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190 K. The structure was solved by direct methods (SIR92),
all non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were added at idealised positions.
The structure was refined using CRYSTALS.37


X-Ray crystal structure data for 21 [C17H23NO3]: M = 289.37,
monoclinic, space group P1211, a = 6.5167(1) Å, b = 7.9303(2)
Å, c = 15.8324(4) Å, b = 92.8893(9)◦, V = 817.17(3) Å3, Z = 2,
l = 0.080 mm−1, yellow block, crystal dimensions = 0.2 × 0.2 ×
0.2 mm. A total of 1991 unique reflections were measured for 5 <


h < 27 and 1805 reflections were used in the refinement. The final
parameters were wR2 = 0.033 and R1 = 0.031 [I > 3r(I)].


CCDC reference number 280124. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b605244d.


nOe analysis of enolate 14 derived from oxazolidinone 11


A solution of LiHMDS (33 mg, 0.20 mmol) in d8-THF was added
dropwise via syringe to a stirred solution of 11 (10 mg, 0.04 mmol)
under a nitrogen atmosphere at −78 ◦C and stirred for 30 min.
The reaction mixture was then allowed to warm to 0 ◦C and
stirred for 2 h, after which nOe analysis was performed on a crude
sample using a 500 MHz NOESY experiment with a mixing time
of 16.28 s; dH (500 MHz, CDCl3) 0.92 (3H, d, J 7.0, CH(CH3)2),
0.94 (3H, d, J 7.0, CH(CH3)2), 2.59 (1H, septd, J 7.0 and 3.2,
CH(CH3)2), 4.18–4.20 (1H, m, CHN), 4.29–4.35 (2H, m, OCH2),
4.58 (1H, s, C=CH), 6.77 (1H, t, J 7.5 p-Ph), 7.06 (2H, t, J 7.5
m-Ph), 7.60 (2H, d, J 7.5 o-Ph); dC (125 MHz, CDCl3) 14.1, 17.5,
27.6, 60.9, 62.2, 84.2, 121.1, 125.3, 127.6, 141.7, 152.6, 158.0.


nOe analysis of enolate 16 derived from oxazolidinone 13


A solution of LiHMDS (33 mg, 0.20 mmol) in d8-THF was
added dropwise via syringe to a stirred solution of 13 (20 mg,
0.04 mmol) under nitrogen atmosphere at −78 ◦C and stirred for
30 min. The reaction mixture was then allowed to warm to 0 ◦C
and stirred for 2 h, after which nOe analysis was performed on
the crude sample using a 500 MHz NOESY experiment with a
mixing time of 19.53 s; dH (500 MHz, CDCl3) 1.06 (3H, d, J 6.7,
CH(CH3)2), 1.13 (3H, d, J 7.1, CH(CH3)2), 1.45 (3H, s, C(CH3)2),
1.47 (3H, s, C(CH3)2), 2.19–2.25 (1H, m, CH(CH3)2), 3.94 (1H,
d, J 2.3, CHN), 4.68 (1H, s, C=CH), 6.77 (1H, t, J 7.2, p-Ph),
7.06 (2H, t, J 7.6, m-Ph), 7.58 (2H, d, J 8.1, o-Ph); dC (125 MHz,
CDCl3) 17.3, 21.1, 21.4, 28.8, 30.1, 69.6, 80.9, 85.4, 121.2, 125.2,
127.6, 141.6, 154.4, 157.1.


(S)-3-Benzoyl-4-iso-propyloxazolidin-2-one 23


Following general procedure 1, (S)-4-iso-propyloxazolidin-2-one
(1.07 g, 8.28 mmol), BuLi (3.35 mL, 2.5 M in hexane, 8.36 mmol),
and benzoyl chloride (1.06 mL, 9.11 mmol) in THF (25.0 mL)
afforded the title compound 23 (1.83 g, 95%) as an amorphous
solid after purification via recrystallisation (hexanes–DCM) with
spectroscopic properties consistent with the literature.38


(S)-3-Benzoyl-4-iso-propyl-5,5-dimethyloxazolidin-2-one 24


Following general procedure 1, 4-(S)-iso-propyl-5,5-dimethyl-
oxazolidin-2-one (1.30 g, 8.28 mmol), BuLi (3.35 mL, 2.5 M in
hexane, 8.36 mmol), and benzoyl chloride (1.06 mL, 9.11 mmol)
in THF (25.0 mL) afforded the title compound 24 (1.61 g, 75%)


as white needles after purification via recrystallisation (hexanes–
DCM); mp 62–64 ◦C; [a]22


D +168.7 (c 1.0 in CHCl3); mmax (KBr) 1772
(C=Oexo), 1678 (C=Oendo); dH (400 MHz, CDCl3) 1.08 (3H, d, J 6.9,
CH(CH3)2), 1.11 (3H, d, J 6.9, CH(CH3)2), 1.50 (3H, s, C(CH3)2),
1.58 (3H, s, C(CH3)2), 2.26 (1H, septd, J 6.9, 3.5, CH(CH3)2), 4.42
(1H, d, J 3.5, NCH), 7.43–7.74 (5H, m, Ph); dC (100 MHz, CDCl3)
17.8, 21.9, 22.1, 29.7, 30.2, 66.9, 83.2, 128.3, 129.8, 132.8, 133.8,
153.4, 171.0; m/z (APCI+) 262 ([M + H]+,100%); HRMS (ESI+)
C15H20NO3 ([M + H]+) requires 262.1443; found 262.1431.


(S)-3-Benzoyl-4-tert-butyloxazolidin-2-one 25


Following general procedure 1, (S)-4-tert-butyloxazolidin-2-one
(1.18 g, 8.28 mmol), BuLi (3.35 mL, 2.5 M in hexane, 8.36 mmol),
and benzoyl chloride (1.06 mL, 9.11 mmol) in THF (25.0 mL)
afforded the title compound 25 (1.674 g, 82%) as an amorphous
solid after purification via recrystallisation (hexanes–DCM) with
spectroscopic properties consistent with the literature.20


(R)-1-Phenylethan-1-yl benzoate 26


(RS)-1-Phenyl ethanol (0.46 mL, 3.83 mmol) was added to a
stirred solution of 23, 24 or 25 (0.38 mmol) in DCM (7.66 mL)
at room temperature followed by the addition of MgBr2·OEt2


(99 mg, 0.38 mmol) and N-methylpiperidine (0.05 mL, 0.38 mmol).
The reaction mixture was then stirred for 30 min before the
addition of sat. aq. NH4Cl solution. The organic material was
extracted with DCM and the combined organic layers were dried
over MgSO4and concentrated in vacuo to afford a colourless
oil. Purification of this residue via column chromatography on
silica afforded the title compound 26 as a colourless oil (81 mg,
94%, 91% e.e. from 24), with spectroscopic properties consistent
with the literature;39 Racemic 26 was synthesized as described
in the ESI. The enantiomeric excess was determined by chiral
HPLC giving resolution of both enantiomers: Daicel Chiralcel
OJ Column, 10% EtOH, 90% heptane, 0.75 mL min−1, (R) tR =
10.3 min and (S) tR = 13.0 min.


(R)-1-Phenylpropan-1-yl benzoate 30


Following general procedure 3, 23, 24 or 25 (0.38 mmol), MeMgBr
(0.14 mL, 3.0 M in Et2O, 0.42 mmol) and (RS)-1-phenylpropan-1-
ol 27 (0.52 mL, 3.83 mmol) afforded the title compound 30 (83 mg,
90%, 92% e.e. from 24) as a colourless oil after purification via col-
umn chromatography on silica (EtOAc–petroleum ether [30–40] 1 :
18) with spectroscopic properties consistent with the literature;40


[a]22
D −25.6 (c 0.5 in CHCl3); racemic 30 was synthesized as


described in the ESI. The enantiomeric excess was determined
by chiral HPLC giving resolution of both enantiomers: Daicel
Chiralcel OJ Column, 10% EtOH, 90% heptane, 0.75 mL min−1,
(R) tR = 11.4 min and (S) tR = 15.2 min.


(R)-2-Methyl-1-phenylpropan-1-yl benzoate 31


Following general procedure 3, 23, 24 or 25 (0.38 mmol), MeMgBr
(0.14 mL, 3.0 M in Et2O, 0.42 mmol) and (RS)-2-methyl-1-
phenylpropan-1-ol 28 (0.60 mL, 3.83 mmol) afforded the title
compound 31 (90 mg, 92%, 42% e.e. from 24) as a colourless oil,
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40] 1 : 18) with spectroscopic properties
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consistent with the literature;41 [a]22
D −17.1 (c 1.0 in CHCl3).


Racemic 31 was synthesized as described in the ESI. The enan-
tiomeric excess was determined by chiral HPLC giving resolution
of both enantiomers: Daicel Chiralcel OJ Column, 10% EtOH,
90% heptane, 0.75 mL min−1, (R) tR = 10.1 min and (S) tR =
12.9 min.


(R)-1,2,3,4-Tetrahydronaphth-1-yl benzoate 32


Following general procedure 3, 23, 24 or 25 (0.38 mmol),
MeMgBr (0.14 mL, 3.0 M in Et2O, 0.42 mmol), and (RS)-1,2,3,4-
tetrahydronaphth-1-ol 29 (567 mg, 3.83 mmol) afforded the title
compound 32 (87 mg, 90%, 46% e.e. from 24) as a colourless oil,
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40] 1 : 18) with spectroscopic properties con-
sistent with the literature;42 [a]22


D +22.3 (c 1.0 in CHCl3). Racemic
32 was synthesized as described in the ESI. The enantiomeric
excess was determined by chiral GC giving resolution of both
enantiomers: CYDEX-b column, 160 ◦C 90 min, (R) tR = 61.4 min
and (S) tR = 63.8 min.


(S)-3-(4′-Methoxybenzoyl)-4-iso-propyl-5,5-dimethyloxazolidin-2-
one 34


Following general procedure 1, 4-(S)-iso-propyl-5,5-dimethyl-
oxazolidin-2-one (700 mg, 4.46 mmol), BuLi (1.80 mL, 2.5 M in
hexane, 4.50 mmol), and p-anisoyl chloride (839 mg, 4.90 mmol)
in THF (13.4 mL) afforded the title compound 34 (724 mg, 56%)
as a white solid, after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40] 1 : 7); mp 49–51 ◦C; [a]24


D


+116.7 (c 1.0 in CHCl3); mmax (KBr) 1777 (C=Oexo), 1680 (C=Oendo);
dH (400 MHz, CDCl3) 1.05 (3H, d, J 6.9, CH(CH3)2), 1.09 (3H, d,
J 6.9, CH(CH3)2), 1.49 (3H, s, C(CH3)2), 1.57 (3H, s, C(CH3)2),
2.23 (1H, septd, J 6.9, 3.7, CH(CH3)2), 3.87 (3H, s, OCH3), 4.42
(1H, d, J 3.7, NCH), 6.94 (2H, d, J 8.9, C(3′)H and C(5′)H), 7.78
(2H, d, J 8.9, C(2′)H and C(6′)H); dC (100 MHz, CDCl3) 17.4,
21.4, 21.7, 29.3, 29.7, 55.4, 66.5, 82.5, 113.2, 125.1, 132.2, 153.6,
165.3, 169.8; m/z (ESI+) 350 (86%, [M + MeCN + NH4]+), 314
(100, [M + Na]+); HRMS (ESI+) C16H22NO4 ([M + H]+) requires
292.1549; found 292.1540.


(R)-1-Phenylethan-1-yl 4′-methoxybenzoate 35


Following general procedure 3, oxazolidinone 34 (111 mg,
0.38 mmol), MeMgBr (0.14 mL, 3.0 M in Et2O, 0.42 mmol), and
(RS)-1-phenyl ethanol 33 (0.46 mL, 3.83 mmol) afforded the title
compound 35 (94 mg, 94%) as a colourless oil, after purification
via column chromatography on silica (EtOAc–petroleum ether
[30–40] 1 : 18) with spectroscopic properties consistent with the
literature;43 [a]22


D −65.0 (c 0.5 in CHCl3). Preparation of racemic
(RS)-35 is detailed in the ESI, and the enantiomeric excess was
determined by chiral GC giving resolution of both enantiomers:
CYDEX-b column.


(R)-1-Phenylpropan-1-yl 4′-methoxybenzoate 36


Following general procedure 3, oxazolidinone 34 (111 mg,
0.38 mmol), MeMgBr (0.14 mL, 3.0 M in Et2O, 0.42 mmol), and
(RS)-1-phenylpropan-1-ol 27 (0.52 mL, 3.83 mmol) afforded the
title compound 36 102 mg, 99%) as a colourless oil, after purifi-


cation via column chromatography on silica (EtOAc–petroleum
ether [30–40] 1 : 18); [a]22


D −46.2 (c 0.5 in CHCl3); mmax (film)
1716 (C=O); dH (500 MHz, CDCl3) 0.96–0.99 (3H, m, CH2CH3),
1.90–2.11 (2H, m, CH2CH3), 3.87 (3H, s, OCH3), 5.91 (1H, t,
J 6.8, CHCH2), 6.93–6.95 (2H, m, C(3′)H and C(5′)H), 7.27–
7.43 (5H, m, Ph), 8.05–8.08 (2H, m, C(2′)H and C(6′)H); dC


(125 MHz, CDCl3) 10.4, 30.0, 55.9, 77.4, 114.0, 123.5, 126.9, 128.2,
128.8, 132.1, 141.3, 163.8, 166.1; m/z (CI+) 271 ([M + H]+, 16),
288 ([M + NH4]+, 100); HRMS (ESI+) C17H22NO3 ([M + H]+)
requires 288.1594; found 288.160. Preparation of racemic (RS)-36
is detailed in the ESI, and the enantiomeric excess was determined
by chiral GC giving resolution of both enantiomers: CYDEX-b
column.


(R)-2-Methyl-1-phenylpropan-1-yl 4′-methoxybenzoate 37


Following general procedure 3, oxazolidinone 34 (111 mg,
0.38 mmol), MeMgBr (0.14 mL, 3.0 M in Et2O, 0.42 mmol),
and (RS)-2-methyl-1-phenylpropan-1-ol 28 (0.60 mL, 3.83 mmol)
afforded the title compound 37 (106 mg, 98%) as a colourless oil,
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40] 1 : 18); [a]22


D −35.4 (c 0.5 in CHCl3); mmax


(film) 1713 (C=O); dH (500 MHz, CDCl3) 0.91 (3H, d, J 6.8,
CH(CH3)2), 1.05 (3H, d, J 6.7, CH(CH3)2), 2.23–2.27 (1H, m,
CH(CH3)2), 3.87 (3H, s, OCH3), 5.72 (1H, d, J 7.1, CHCH(CH3)2),
6.93–6.95 (2H, m, C(3′)H and C(5′)H), 7.27–7.39 (5H, m, Ph),
8.05–8.07 (2H, m, C(2′)H and C(6′)H); dC (125 MHz, CDCl3) 18.3,
18.7, 33.8, 55.3, 80.9, 113.5, 122.9, 126.8, 127.5, 128.0, 131.5, 139.8,
163.2, 165.4; m/z (CI+) 302 (62%, [M + NH4]+), 285 (14, [M +
H]+); HRMS (ESI+) C18H24NO3 ([M + NH4]+) requires 302.1751;
found 302.1756. Preparation of racemic (RS)-37 is detailed in the
ESI, and the enantiomeric excess was determined by chiral GC
giving resolution of both enantiomers: CYDEX-b column.


(R)-1,2,3,4-Tetrahydronaphth-1-yl 4′-methoxybenzoate 38


Following general procedure 3, oxazolidinone 34 (111 mg,
0.38 mmol), MeMgBr (0.14 mL, 3.0 M in Et2O, 0.42 mmol),
and (RS)-1,2,3,4-tetrahydronaphth-1-ol 29 (567 mg, 3.83 mmol)
afforded the title compound 38 (107 mg, 99%) as a clear
colourless oil after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40] 1 : 18); [a]22


D +10.6 (c 0.5
in CHCl3); mmax (film) 1707 (C=O); dH (500 MHz, CDCl3) 1.87–
1.92 (1H, m, C(3)H2), 2.04–2.14 (3H, m, C(2)H2 and C(3)H2),
2.79–2.85 (1H, m, C(4)H2), 2.91–2.96 (1H, m, C(4)H2), 3.86
(OCH3), 6.23–6.25 (1H, m, C(1)H), 6.90–6.92 (2H, m, C(3′)H and
C(5′)H), 7.16–7.38 (4H, m, C(5)H, C(6)H, C(7)H and C(8)H),
8.01–8.03 (2H, m, C(2′)H and C( 6′)H); dC (125 MHz, CDCl3)
19.0, 29.0, 29.2, 55.3, 70.2, 113.4, 123.0, 125.9, 127.8, 128.9, 129.4,
131.6, 134.8, 137.9, 163.2, 165.9; m/z (CI+) 300 ([M + NH4]+,
47%), 283 ([M + H]+, 3); HRMS (ESI+) C18H22NO3 ([M+ NH4]+)
requires 300.1588; found 300.1600. Preparation of racemic (RS)-
38 is detailed in the ESI. The enantiomeric excess of (R)-38 was
determined by chiral GC, giving resolution of both enantiomers.


(4S,2′E)-3-(But-2′-enoyl)-4-iso-propyloxazolidin-2-one 39


Following general procedure 1, (S)-4-iso-propyloxazolidin-2-one
(4.00 g, 31.0 mmol), BuLi (19.5 mL, 1.6 M in hexane, 31.2 mmol),
and trans-crotonyl chloride (3.28 mL, 34.1 mmol) in THF
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(117 mL) afforded the title compound 39 (5.62 g, 92%) as
a white crystalline solid after purification via recrystallisation
(DCM–pentane) with spectroscopic properties consistent with the
literature.23


(4S,2′E)-3-(But-2′-enoyl)-4-tert-butyloxazolidin-2-one 40


Following general procedure 1, (S)-4-tert-butyloxazolidin-2-one
(700 mg, 4.90 mmol), BuLi (1.97 mL, 2.5 M in hexane, 4.92 mmol),
and trans-crotonyl chloride (0.52 mL, 5.38 mmol) in THF
(17.0 mL) afforded the title compound 40 (839 mg, 81%) as a
white solid after purification via column chromatography on silica
(EtOAc–petroleum ether [30–40], 1 : 10); mp 43–45 ◦C; [a]22


D +101.2
(c 1.0 in CHCl3); mmax (KBr) 1772 (C=Oexo), 1703 (C=Oendo); dH


(400 MHz, CDCl3) 0.94 (9H, s, C(CH3)3), 1.96 (3H, d, J 5.3,
HC=CHCH3), 4.23–4.31 (2H, m, OCH2), 4.52 (1H, dd, J 7.4,
1.8, NCH), 7.12–7.20 (1H, m, HC=CHCH3), 7.27–7.34 (1H, m,
HC=CHCH3); dC (100 MHz, CDCl3) 18.5, 25.6, 35.9, 60.8, 65.2,
121.9, 146.9, 154.7, 165.3; m/z (ESI+) 234 ([M + Na]+, 100);
HRMS (ESI+) C12H20NO3 ([M + H]+) requires 226.1443; found
226.1445.


(4S,2′E)-3-(But-2′-enoyl)-4-iso-propyl-5,5-dimethyloxazolidin-2-
one 41


Following general procedure 1, 4-(S)-iso-propyl-5,5-dimethyl-
oxazolidin-2-one (700 mg, 4.46 mmol), BuLi (2.80 mL, 1.6 M
in hexane, 4.48 mmol), and trans-crotonyl chloride (0.47 mL,
4.90 mmol) in THF (16.8 mL) afforded the title compound 41
(862 mg, 86%) as a white solid after purification via column
chromatography on silica (EtOAc–petroleum ether [30–40], 1 :
10); mp 71–72 ◦C; [a]22


D +14.5 (c 1.0 in CHCl3); mmax (KBr) 1754
(C=Oexo), 1687 (C=Oendo); dH (400 MHz, CDCl3) 0.96 (3H, d, J 6.9,
CH(CH3)2), 1.03 (3H, d, J 6.9, CH(CH3)2), 1.38 (3H, s, C(CH3)2),
1.51 (3H, s, C(CH3)2), 1.95–1.97 (3H, m, HC=CHCH3), 2.15 (1H,
septd, J 6.9, 3.4, CH(CH3)2), 4.21 (1H, d, J 3.4, NCH), 7.10–
7.19 (1H, m, HC=CHCH3), 7.27–7.34 (1H, m, HC=CHCH3); dC


(100 MHz, CDCl3) 17.1, 18.4, 21.3, 21.4, 28.8, 29.6, 66.3, 82.7,
121.9, 146.5, 153.5, 165.6; m/z (ESI+) 284 ([M + MeCN + NH4]+,
100); HRMS (ESI+) C12H20NO3 ([M + H]+) requires 226.1443;
found 226.1446.


(4S,1′S,6′S)-3-[(4′,6′-Dimethylcyclohex-3′-ene-1′-yl)carbonyl]-4-
iso-propyloxazolidin-2-one 42


Following general procedure 4, oxazolidinone 39 (118 mg,
0.60 mmol), Et2AlCl (0.47 mL, 1.8 M in toluene, 0.84 mmol)
and isoprene (2.00 mL, 20.0 mmol) in DCM (2.00 mL) afforded
the title compound (4S,1′S,6′S)-42 (80 mg, 50%) as a white solid
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 22);20 mp 64–65 ◦C; [a]23


D +171.7
(c 0.5 in CHCl3); mmax (KBr) 1762 (C=Oexo), 1699 (C=Oendo); dH


(400 MHz, CDCl3) 0.85–0.96 (9H, m, CH(CH3)2 and C(2′)HCH3),
1.64 (3H, s, H(5′)C=C(4′)CH3), 1.70–1.78 (1H, m, C(3′)H2), 1.99–
2.15 (3H, m, C(2′)H, C(3′)H2 and C(6′)H2), 2.31–2.39 (1H, m,
C(6′)H2), 3.59–3.66 (1H, m, C(1′)H), 4.18–4.30 (2H, m, OCH2),
4.46–4.51 (1H, m, NCH), 5.36 (1H, br s, H(5′)C=C(4′)CH3);
dC (100 MHz, CDCl3) 14.6, 17.9, 19.6, 23.2, 28.4, 29.9, 30.4,
38.1, 44.3, 58.4, 63.1, 118.6, 133.6, 153.7, 176.5; m/z (ESI+)
288 ([M + Na]+, 100%); HRMS (ESI+) C15H24NO3Na ([M +


Na]+) requires 266.1756; found 266.1759. Spectral data of the
minor (4S,1′R,6′R)-diastereoisomer is available in the ESI. The di-
astereoisomeric excess was determined by GC giving resolution of
both diastereoisomers: BPX5 column, 160 ◦C 10 min, 4 ◦C min−1,
220 ◦C 20 min, (4S,1′S,6′S)-42 tR = 28.8 min and (4S,1′R,6′R)-
diastereoisomer tR = 30.0 min.


(4S,1′S,6′S)-3-[(4′,6′-Dimethylcyclohex-3′-ene-1′-yl)carbonyl]-4-
tert-butyloxazolidin-2-one 43


Following general procedure 4, oxazolidinone 40 (127 mg,
0.60 mmol), Et2AlCl (0.47 mL, 1.8 M in toluene, 0.84 mmol)
and isoprene (2.00 mL, 20.0 mmol) in DCM (2.00 mL) afforded
the title compound (4S,1′S,6′S)-43 (139 mg, 83%) as a white solid
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 22); mp 47–49 ◦C; [a]23


D +147.5 (c 1.0 in
CHCl3); mmax (KBr) 1780 (C=Oexo), 1702 (C=Oendo); dH (400 MHz,
CDCl3) 0.92 (9H, s, C(CH3)3), 0.93 (3H, d, J 6.4, C(2′)HCH3),
1.65 (3H, s, H(5′)C=C(4′)CH3), 1.71–1.78 (1H, m, C(3′)H2), 2.00–
2.19 (3H, m, C(2′)H, C(3′)H2 and C(6′)H2), 2.34–2.39 (1H, m,
C(6′)H2), 3.62–3.69 (1H, m, C(1′)H), 4.23 (1H, dd, J 9.2, 7.5,
OCH2), 4.28 (1H, dd, J 9.2, 1.5, OCH2), 4.51 (1H, dd, J 7.4, 1.6,
NCH), 5.38 (1H, br s, H(5′)C=C(4′)CH3); dC (100 MHz, CDCl3)
19.5, 23.2, 25.6, 30.3, 30.4, 35.8, 38.1, 44.3, 60.7, 65.1, 118.6, 133.7,
154.3, 176.4; m/z (ESI+) 302 ([M + Na]+, 23%); HRMS (ESI+)
C16H26NO3 ([M + H]+) requires 280.1913; found 280.1909. Spec-
tral data of the minor (4S,1′R,6′R)-diastereoisomer is available
in the ESI. The diastereoisomeric excess was determined by GC,
giving resolution of both diastereoisomers: BPX5 column, 160 ◦C
10 min, 4 ◦C min−1, 220 ◦C 20 min, (4S,1′S,6′S)-43 tR = 30.2 min.
The (4S,1′R,6′R)-diastereoisomer was not detected in the crude
mixture.


(4S,1′S,6′S)-3-[(4′,6′-Dimethylcyclohex-3′-ene-1′-yl)carbonyl]-4-
iso-propyl-5,5-dimethyloxazolidin-2-one 44


Following general procedure 4, oxazolidinone 41 (135 mg,
0.60 mmol), Et2AlCl (0.47 mL, 1.8 M in toluene, 0.84 mmol)
and isoprene (2.00 mL, 20.0 mmol) in DCM (2.00 mL) afforded
the title compound (4S,1′S,6′S)-44 (130 mg, 74%) as a white solid
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 22); mp 65–67 ◦C; [a]23


D + 117.8 (c 1.0 in
CHCl3); mmax (KBr) 1772 (C=Oexo), 1698 (C=Oendo); dH (400 MHz,
CDCl3) 0.93–0.95 (6H, m, CH(CH3)2 and C(2′)HCH3), 1.01 (3H,
d, J 7.0, CH(CH3)2), 1.38 (3H, s, C(CH3)2), 1.51 (3H, s, C(CH3)2),
1.65 (3H, s, H(5′)C=C(4′)CH3), 1.71–1.78 (1H, m, C(3′)H2), 1.99–
2.21 (4H, m, CH(CH3)2, C(2′)H, C(3′)H2 and C(6′)H2), 2.39–2.43
(1H, m, C(6′)H2), 3.63–3.70 (1H, m, C(1′)H), 4.22 (1H, d, J 3.3,
NCH), 5.39 (1H, br s, H(5′)C=C(4′)CH3); dC (100 MHz, CDCl3)
17.0, 19.6, 21.3, 21.6, 23.2, 28.6, 30.0, 30.2, 30.5, 38.0, 44.4, 66.1,
82.4, 118.8, 133.6, 153.3, 177.2; m/z (ESI+) 352 ([M + MeCN +
NH4]+, 100%), 316 ([M + Na]+, 55%); HRMS (ESI+) C17H28NO3


([M + H]+) requires 294.2069; found 294.2070. Spectral data
of the minor diastereoisomer (4S,1′R,6′R)-45 is available in the
ESI. The diastereoisomeric excess was determined by GC giving
resolution of both diastereoisomers: BPX5 column, 140 ◦C 10 min,
4 ◦C min−1, 220 ◦C 20 min, (4S,1′S,6′S)-44 tR = 35.8 min and
(4S,1′R,6′R)-45 tR = 36.2 min.
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X-Ray crystal structure determination for 45. Data were col-
lected using an Enraf–Nonius j-CCD diffractometer with graphite
monochromated Mo Ka radiation using standard procedures at
190 K. The structure was solved by direct methods (SIR92),
all non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were added at idealised positions.
The structure was refined using CRYSTALS.37


X-Ray crystal structure data for 45 [C17H27NO3]: M = 293.41,
monoclinic, space group P1211, a = 6.9391(2) Å, b = 8.0963(3) Å,
c = 15.5077(5) Å, b = 101.182(3)◦, V = 854.70(5) Å3, Z = 2, l =
0.077 mm−1, colourless block, crystal dimensions = 0.2 × 0.2 ×
0.2 mm. A total of 2627 unique reflections were measured for 5 <


h < 30 and 2155 reflections were used in the refinement. The final
parameters were wR2 = 0.061 and R1 = 0.051 [I > 3r(I)].


CCDC reference number 280122. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b605244d.


(S)-3-(Prop-2′-enoyl)-4-iso-propyloxazolidin-2-one 46


Acrolyl chloride (0.21 mL, 2.62 mmol) was added to a stirred
solution of acrylic acid (0.18 mL, 2.62 mmol) and NEt3 (0.37 mL,
2.62 mmol) in EtOAc (13.2 mL) at 0 ◦C, over 2 min and the
resultant mixture was stirred for a further 40 min. The reaction
mixture was then allowed to warm to room temperature over
30 min and was then filtered. Evaporation of the solvent in vacuo
afforded a cloudy oil which was re-dissolved in hexanes and the
resulting suspension was filtered and re-concentrated in vacuo to
afford a colourless oil which was dissolved in THF (0.52 mL)
and used immediately. NEt3 (0.37 mL, 2.62 mmol) was added to
a stirred suspension of (S)-4-iso-propyloxazolidin-2-one (271 mg,
2.10 mmol) and LiCl (111 mg, 2.62 mmol) in THF (1.89 mL) at
room temperature, followed by addition of the anhydride. The
reaction mixture was then stirred for 4 h. Evaporation of the
solvent in vacuo afforded a white paste which was dissolved in HCl
(1.0 M, aq.). The organic material was extracted with DCM and
the combined organic layers were washed sequentially with sat.
aq. NaHCO3 solution and brine, then dried over MgSO4, filtered
and concentrated in vacuo to afford the crude product as a pale
yellow oil. Purification of this residue via column chromatography
on silica (EtOAc–hexanes 1 : 9) afforded the title compound 46 as a
white solid (300 mg, 78%) with spectroscopic properties consistent
with the literature.23


(S)-3-(Prop-2′-enoyl)-4-tert-butyloxazolidin-2-one 47


Acrolyl chloride (0.21 mL, 2.62 mmol) was added to a stirred
solution of acrylic acid (0.18 mL, 2.62 mmol) and NEt3 (0.37 mL,
2.62 mmol) in EtOAc (13.2 mL) at 0 ◦C, over 2 min and stirred for
a further 40 min. The resultant reaction mixture was allowed to
warm to room temperature over 30 min and was then filtered and
concentrated in vacuo to afford a cloudy oil. The crude reaction
mixture was then dissolved in hexanes and the resulting suspension
was filtered and re-concentrated in vacuo to afford a colourless oil
which was dissolved in THF (0.52 mL) and used immediately. NEt3


(0.37 mL, 2.62 mmol) was added to a stirred suspension of (S)-4-
tert-butyloxazolidin-2-one (300 mg, 2.10 mmol) and LiCl (111 mg,
2.62 mmol) in THF (1.89 mL) at room temperature, followed by
addition of the anhydride. The reaction mixture was then stirred
for 4 h. Evaporation of the solvent in vacuo afforded a white paste


which was dissolved in HCl (1.0 M, aq.). The organic material was
then extracted with DCM and the combined organic layers were
washed sequentially with sat. aq. NaHCO3 and brine, then dried
over MgSO4, filtered and concentrated in vacuo to afford the crude
product as a pale yellow oil. Purification of this residue via column
chromatography on silica (EtOAc–hexanes 1 : 9) afforded the title
compound 47 as a white solid (271 mg, 66%) with spectroscopic
properties consistent with the literature.44


(S)-3-(Prop-2′-enoyl)-4-iso-propyl-5,5-dimethyloxazolidin-2-one
48


Acrolyl chloride (0.65 mL, 7.96 mmol) was added to a stirred
solution of acrylic acid (0.55 mL, 7.96 mmol) and NEt3 (1.11 mL,
7.96 mmol) in EtOAc (40.0 mL) at 0 ◦C, over 2 min. The resultant
reaction mixture was stirred for a further 40 min before being
allowed to warm to room temperature, stirred for 30 min and
then filtered and concentrated in vacuo to afford a colourless oil.
The crude reaction mixture was re-dissolved in hexanes and the
resulting suspension was filtered and reconcentrated in vacuo to
furnish a colourless oil which was re-dissolved in THF (1.59 mL)
and used immediately. NEt3 (1.11 mL, 7.96 mmol) was added to
a stirred suspension of 4-(S)-iso-propyl-5,5-dimethyloxazolidin-
2-one (1.00 g, 6.37 mmol) and LiCl (338 mg, 7.96 mmol) in
THF (5.73 mL) at room temperature, followed by addition of the
anhydride. The reaction mixture was stirred for 4 h. Evaporation
of the solvent in vacuo afforded a white paste which was dissolved
in HCl (1.0 M, aq.). The organic material was extracted with
DCM and the combined organic layers were washed sequentially
with sat. aq. NaHCO3 solution and brine, then dried over MgSO4,
filtered and concentrated in vacuo to afford the crude product as
brown oil. Purification of this residue via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 9) afforded the title
compound 48 as a white solid (1.06 g, 78%); mp 56–57 ◦C; [a]20


D


+58.0 (c 1.0 in CHCl3); mmax (KBr) 1775 (C=Oexo), 1689 (C=Oendo);
dH (400 MHz, CDCl3) 0.97 (3H, d, J 6.8, CH(CH3)2), 1.05 (3H, d,
J 6.8, CH(CH3)2), 1.40 (3H, s, C(CH3)2), 1.53 (3H, s, C(CH3)2),
2.18 (1H, septd, J 6.8, 3.3, CH(CH3)2), 4.23 (1H, d, J 3.3, NCH),
5.19 (1H, d, J 10.5, CH=CH2), 6.55 (1H, d, J 17.0, CH=CH2),
7.57 (1H, dd, J 17.0, 10.5, CH=CH2); dC (100 MHz, CDCl3) 17.1,
21.4, 21.5, 28.8, 29.7, 66.4, 83.0, 127.5, 131.6, 153.4, 165.5; m/z
(ESI+) 270 ([M + MeCN + NH4]+, 100); HRMS (ESI+) C11H18NO3


([M + H]+) requires 212.1287; found 212.1281.


(4S,1′S)-3-[(4′-Methylcyclohex-3′-ene-1′-yl)carbonyl]-4-iso-
propyloxazolidin-2-one 49


Following general procedure 4, oxazolidinone 46 (110 mg,
0.60 mmol), Et2AlCl (0.47 mL, 1.8 M in toluene, 0.84 mmol) and
isoprene (2.00 mL, 20.0 mmol) in DCM (2.00 mL) afforded an
inseparable mixture of diastereoisomers (54% d.e.) as a white solid
(109 mg, 72%) after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 22), with spectroscopic
properties consistent with the literature;23 Both diastereoisomers
were synthesized as a 1 : 1 mixture in the ESI. The diastereoiso-
meric excess was determined by chiral GC giving resolution
of both diastereoisomers: CYDEX-b column, 40 ◦C 10 min,
4 ◦C min−1, 140 ◦C 240 min, (4S,1′S)-49 tR = 205.3 min and
(4S,1′R)-diastereoisomer tR = 209.6 min.
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(4S,1′S)-3-[(4′-Methylcyclohex-3′-ene-1′-yl)carbonyl]-4-tert-
butyloxazolidin-2-one 50


Following general procedure 4, oxazolidinone 47 (118 mg,
0.60 mmol), Et2AlCl (0.47 mL, 1.8 M in toluene, 0.84 mmol)
and isoprene (2.00 mL, 20.0 mmol) in DCM (2.00 mL) afforded
the title compound (4S,1′S)-50 (106 mg, 66%) as a colourless oil
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 22); [a]22


D +117.8 (c 1.3 in CHCl3); mmax


(KBr) 1778 (C=Oexo), 1703 (C=Oendo); dH (400 MHz, CDCl3) 0.92
(9H, s, C(CH3)3), 1.66 (3H, s, H(5′)C=C(4′)CH3), 1.69–1.79 (1H,
m, C(2′)H2), 1.85–1.98 (2H, m, C(2′)H2 and C(3′)H), 2.01–2.21
(2H, m, C(3′)H2 and C(6′)H2), 2.40–2.44 (1H, m, C(6′)H2), 3.65–
3.73 (1H, m, C(1′)H), 4.22–4.30 (2H, m, OCH2), 4.48 (1H, dd, J
7.4, 1.9, NCH), 5.40 (1H, br s, H(5′)C=C(4′)CH3); dC (100 MHz,
CDCl3) 23.4, 24.9, 25.6, 29.0, 29.3, 35.8, 38.6, 60.6, 65.1, 119.0,
134.0, 154.2, 176.6; m/z (ESI+) 288 ([M + Na]+, 100%), 266 ([M +
H]+, 47); HRMS (ESI+) C15H24NO3 ([M + H]+) requires 266.1756;
found 266.1754. Both diastereoisomers were synthesized as a 1 : 1
mixture, see the ESI. The diastereoisomeric excess was determined
by chiral GC giving resolution of both diastereoisomers: CYDEX-
b column, 40 ◦C 10 min, 4 ◦C min−1, 140 ◦C 280 min, (4S,1′S)-50
tR = 249.3 min and (4S,1′R)-diastereoisomer tR = 257.2 min, which
was not observed.


(4S,1′S)-3-[(4′-Methylcyclohex-3′-ene-1′-yl)carbonyl]-4-iso-
propyl-5,5-dimethyloxazolidin-2-one 51


Following general procedure 4, oxazolidinone 48 (127 mg,
0.60 mmol), Et2AlCl (0.47 mL, 1.8 M in toluene, 0.84 mmol)
and isoprene (2.00 mL, 20.0 mmol) in DCM (2.00 mL) afforded
the title compound (4S,1′S)-51 as a white solid (110 mg, 66%),
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 22); mp 60–61.5 ◦C; [a]22


D +114.1
(c 0.8 in CHCl3); mmax (KBr) 1760 (C=Oexo), 1699 (C=Oendo); dH


(500 MHz, CDCl3) 0.95 (3H, d, J 6.9, CH(CH3)2), 1.01 (3H, d,
J 6.9, CH(CH3)2), 1.39 (3H, s, C(CH3)2), 1.51 (3H, s, C(CH3)2),
1.67 (3H, s, H(5′)C=C(4′)CH3), 1.70–1.78 (1H, m, C(2′)H2), 1.87–
1.91 (1H, m, C(2′)H2), 1.96–2.00 (1H, br s, C(3′)H), 2.07–2.23
(3H, m, CH(CH3)2, C(3′)H2 and C(6′)H2), 2.36–2.40 (1H, m,
C(6′)H2), 3.71–3.74 (1H, m, C(1′)H), 4.19 (1H, d, J 3.3, NCH),
5.41 (1H, br s, H(5′)C=C(4′)CH3); dC (125 MHz, CDCl3) 16.8,
21.2, 21.4, 23.3, 25.2, 28.5, 28.7, 29.3, 29.5, 38.4, 66.0, 82.5,
119.0, 133.7, 153.1, 176.9; m/z (ESI+) 302 ([M + Na]+,100%),
280 ([M + H]+, 99); HRMS (ESI+) C16H26NO3 ([M + H]+) requires
280.1913; found 280.1916. Both diastereoisomers were synthesized
as a 1 : 1 mixture, see the ESI. The diastereoisomeric excess
was determined by integration of the resonance at dH 2.36–2.40
(4S,1′S)-51 (C(6′)H2) and dH 2.28–2.31 (4S,1′R)-diastereoisomer
(C(6′)H2).


(4S,2′E)-3-(3′-Phenylprop-2′-enoyl)-4-iso-propyloxazolidin-2-
one 52


Following general procedure 1, (S)-4-iso-propyloxazolidin-2-one
(361 mg, 2.80 mmol), BuLi (1.12 mL, 2.5 M in hexane, 2.81 mmol)
and trans-cinnamoyl chloride (0.44 mg, 3.08 mmol) in THF
(11.0 mL) afforded the title compound 52 (690 mg, 95%) as
a white solid after purification via column chromatography on


silica (EtOAc–petroleum ether [30–40], 1 : 7), with spectroscopic
properties consistent with the literature.23


(4S,2′E)-3-(3′-Phenylprop-2′-enoyl)-4-tert-butyloxazolidin-2-one
53


Following general procedure 1, (S)-4-tert-butyloxazolidin-2-one
(400 mg, 2.80 mmol), BuLi (1.12 mL, 2.5 M in hexane, 2.81 mmol)
and trans-cinnamoyl chloride (0.44 mg, 3.08 mmol) in THF
(11.0 mL) afforded the title compound 53 as a white solid
(670 mg, 88%) after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 7), with spectroscopic
properties consistent with the literature.45


(4S,2′E)-3-(3′-Phenylprop-2′-enoyl)-4-iso-propyl-5,5-
dimethyloxazolidin-2-one 54


Following general procedure 1, (S)-4-iso-propyl-5,5-dimethyl-
oxazolidin-2-one (1.00 g, 6.37 mmol), BuLi (2.56 mL, 2.5 M
in hexane, 6.40 mmol) and trans-cinnamoyl chloride (1.00 g,
7.01 mmol) in THF (25 mL) afforded the title compound 54
(1.80 g, 98%) as a white solid after purification via column
chromatography on silica (EtOAc–petroleum ether [30–40], 1 :
7), with spectroscopic properties consistent with the literature.46


(4S,1′R,2′R,3′S,4′S)-3-[(3′-Methylbicyclo[2.2.1]hept-5′-ene-2′-
yl)carbonyl]-4-iso-propyloxazolidin-2-one (endo I)-55


Following general procedure 4, oxazolidinone 39 (118 mg,
0.60 mmol), cyclopentadiene (1.20 mL) and Et2AlCl (0.47 mL,
1.8 M in toluene, 0.84 mmol) in DCM (1.20 mL) afforded the
title compound (4S,1′R,2′R,3′S,4′S)-55 (113 mg, 72%) as a pale
yellow solid after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 20), with spectroscopic
properties consistent with the literature;23 Authentic samples of all
other possible diastereoisomers were prepared as detailed in the
ESI. The diastereoisomeric excess was determined by integration
of the resonances at dH 5.72 (endo I)-55 (C(2′)H), and dH 5.80
(endo II)-diastereoisomer (C(2′)H) and dH 2.90–2.91 (exo I)-
diastereoisomer (C(5′)H) and (exo II)-diastereoisomer (C(6′)H).


(4S,1′R,2′R,3′S,4′S)-3-[3′-Methylbicyclo[2.2.1]hept-5-ene-2′-yl)-
carbonyl]-4-tert-butyloxazolidin-2-one (endo I)-56


Following general procedure 4, oxazolidinone 40 (127 mg,
0.60 mmol), cyclopentadiene (1.20 mL) and Et2AlCl (0.47 mL,
1.8 M in toluene, 0.84 mmol) in DCM (1.20 mL) afforded the
title compound (4S,1′R,2′R,3′S,4′S)-56 (124 mg, 74%) as a pale
yellow solid after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 20); mp 120–122 ◦C;
[a]24


D +176.7 (c 1.0 in CHCl3); mmax (KBr) 1778 (C=Oexo), 1690
(C=Oendo); dH (400 MHz, CDCl3) 0.91 (9H, s, C(CH3)3), 1.11 (1H,
d, J 7.0, CHCH3), 1.49 (1H, dd, J 8.6, 1.5, C(7′)H2), 1.73 (1H, d, J
8.6, C(7′)H2), 2.07–2.10 (1H, m, C(3′)H), 2.52 (1H, br s, C(4′)H),
3.42 (1H, br s, C(1′)H), 3.51–3.53 (1H, m, C(2′)H), 4.21–4.29
(2H, m, OCH2), 4.42 (1H, dd, J 7.5, 1.8, NCH), 5.81 (1H, dd, J
5.7, 2.8, C(6)H), 6.39 (1H, dd, J 5.6, 3.1, C(5′)H); dC (100 MHz,
CDCl3) 20.4, 25.7, 35.7, 35.8, 47.5, 48.3, 49.3, 51.7, 60.9, 65.2,
131.0, 139.8, 154.6, 174.1; m/z (ESI+) 336 ([M + MeCN + NH4]+,
82%), 300 ([M + Na]+, 100); HRMS (ESI+) C16H24NO3 ([M + H]+)
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requires 278.1756; found 278.1765. Authentic samples of all other
possible diastereoisomers were prepared as detailed in the ESI. The
diastereoisomeric excess was determined by integration of the
resonances at dH 3.53 (endo I)-56 (C(4′)H), dH 3.65 (endo II)-
diastereoisomer (C(4′)H) and dH 2.75 (exo I)-diastereoisomer
(C(3′)H) and (exo II)-diastereoisomer (C(3′)H).


(4S,1′R,2′R,3′S,4′S)-3-[3′-Methylbicyclo[2.2.1]hept-5′-ene-2′-
yl)carbonyl]-4-iso-propyl-5,5-dimethyloxazolidin-2-one (endo I)-57


Following general procedure 4, oxazolidinone 41 (135 mg,
0.60 mmol), cyclopentadiene (1.20 mL) and Et2AlCl (0.47 mL,
1.8 M in toluene, 0.84 mmol) in DCM (1.20 mL) afforded the
title compound 4S,1′R,2′R,3′S,4′S)-57 (120 mg, 67%) as a pale
yellow solid after purification via column chromatography on silica
(EtOAc–petroleum ether [30–40], 1 : 20); mp 125–127 ◦C; [a]22


D


+148.0 (c 1.0 in CHCl3); mmax (KBr) 1785 (C=Oexo), 1692 (C=Oendo);
dH (400 MHz, CDCl3) 0.96 (3H, d, J 6.6, CH(CH3)2), 0.97 (3H,
d, J 7.0, CH(CH3)2), 1.12 (3H, d, J 7.0, CHCH3), 1.38 (3H, s,
C(CH3)2), 1.47–1.50 (1H, m, C(7′)H2), 1.50 (3H, s, C(CH3)2),
1.74 (1H, d, J 8.6, C(7′)H2), 2.08–2.15 (2H, m, CH(CH3)2 and
C(3′)H), 2.53 (1H, br s, C(4′)H), 3.44 (1H, br s, C(1′)H), 3.52–
3.55 (1H, m, C(2′)H), 4.18 (1H, d, J 4.6, NCH), 5.81 (1H, dd, J
5.4, 2.6, C(6′)H), 6.40 (2H, dd, J 5.2, 3.2, C(5′)H); dC (100 MHz,
CDCl3) 16.9, 20.5, 21.4, 21.5, 28.9, 29.6, 35.7, 47.3, 48.2, 49.4,
51.9, 66.1, 82.5, 131.0, 139.8, 153.4, 174.6; m/z (ESI+) 350 ([M +
MeCN + NH4]+, 100%); HRMS (ESI+) C17H26NO3 ([M + H]+)
requires 292.1913; found 292.1906. Authentic samples of all other
possible diastereoisomers were prepared as detailed in the ESI. The
diastereoisomeric excess was determined by integration of the
resonances at dH 4.16 (endo I)-57 (NCH), dH 4.04 (endo II)-
diastereoisomer (NCH) and dH 6.14–6.17 (exo I)-diastereoisomer
(C(2′)H) and (exo II)-diastereoisomer (C(2′)H).


X-Ray crystal structure determination for 57. Data were col-
lected using an Enraf–Nonius j-CCD diffractometer with graphite
monochromated Mo Ka radiation using standard procedures at
190 K. The structure was solved by direct methods (SIR92),
all non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were added at idealised positions.
The structure was refined using CRYSTALS.37


X-Ray crystal structure data for 57 [C17H25NO3]: M = 291.39,
orthorhombic, space group P212121, a = 7.2402(1) Å, b =
11.8197(2) Å, c = 18.4670(5) Å, V = 1580.35(5) Å3, Z = 4, l =
0.083 mm−1, colourless block, crystal dimensions = 0.2 × 0.2 ×
0.2 mm. A total of 2050 unique reflections were measured for 5 <


h < 27 and 1759 reflections were used in the refinement. The final
parameters were wR2 = 0.040 and R1 = 0.032 [I > 3r(I)].


CCDC reference number 280123. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b605244d.


(4S,1′R,2′R,3′S,4′S)-3-[(3′-Phenylbicyclo[2.2.1]hept-5′-ene-2′-
yl)carbonyl]-4-iso-propyloxazolidin-2-one (endo I)-58


Following general procedure 4, oxazolidinone 52 (155 mg,
0.60 mmol), cyclopentadiene (1.20 mL) and Et2AlCl (0.47 mL,
1.8 M in toluene, 0.84 mmol) in DCM (1.20 mL) afforded the
title compound (4S,1′R,2′R,3′S,4′S)-58 (131 mg, 67%) as a pale


yellow solid after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 20) with spectroscopic
properties consistent with the literature.23 Authentic samples of all
other possible diastereoisomers were prepared as detailed in the
ESI. The diastereoisomeric excess was determined by integration
of the resonance at dH 5.90 (endo I)-58 (C(1′)H), dH 5.95 (endo II)-
diastereoisomer (C(1′)H), dH 6.06 (exo I)-diastereoisomer (C(2′)H)
and dH 6.04 (exo II)-diastereoisomer (C(2′)H).


(4S,1′R,2′R,3′S,4′S)-3-[(3′-Phenylbicyclo[2.2.1]hept-5′-ene-2′-
yl)carbonyl]-4-tert-butyloxazolidin-2-one (endo I)-59


Following general procedure 4, oxazolidinone 53 (164 mg,
0.60 mmol), cyclopentadiene (1.20 mL) and Et2AlCl (0.47 mL,
1.8 M in toluene, 0.84 mmol) in DCM (1.20 mL) afforded the
title compound (4S,1′R,2′R,3′S,4′S)-59 (141 mg, 69%) as a pale
yellow oil after purification via column chromatography on silica
(EtOAc–petroleum ether [30–40], 1 : 20); [a]23


D +172.0 (c 1.0 in
CHCl3); mmax (film) 1779 (C=Oexo), 1702 (C=Oendo); dH (400 MHz,
CDCl3) 0.95 (9H, s, C(CH3)3), 1.63 (1H, dd, J 8.7, 1.3, C(7′)H2),
2.02 (1H, d, J 8.6, C(7′)H2), 2.98 (1H, br s, C(1′)H), 3.35–3.36
(1H, m, C(2′)H), 3.64 (1H, br s, C(4′)H), 4.19–4.23 (2H, m, OCH2


and C(3′)H), 4.28 (1H, dd, J 9.2, 1.3, OCH2), 4.45 (1H, dd, J
7.6, 1.3, NCH), 5.97 (1H, dd, J 5.6, 2.7, C(5′)H), 6.56 (1H,
dd, J 5.4, 3.2, C(6′)H), 7.18–7.32 (5H, m, Ph); dC (100 MHz,
CDCl3) 25.7, 35.7, 46.4, 48.2, 48.4, 49.7, 50.7, 61.0, 65.2, 126.1,
127.6, 128.5, 132.3, 140.3, 143.9, 154.5, 173.6; m/z (ESI+) 398
([M + MeCN + NH4]+, 100%,); HRMS (ESI+) C21H26NO3 ([M +
H]+) requires 340.1913; found 340.1906. Authentic samples of all
other possible diastereoisomers were prepared as detailed in the
ESI. The diastereoisomeric excess was determined by integration
of the resonances at dH 5.97 (endo I)-59 (C(1′)H), dH 5.90 (endo II)-
diastereoisomer (C(1′)H), dH 6.07 (exo I)-diastereoisomer (C(2′)H)
and dH 6.43 (exo II)-diastereoisomer (C(1′)H).


(4S,1′R,2′R,3′S,4′S)-3-[(3′-Phenylbicyclo[2.2.1]hept-5′-ene-2′-
yl)carbonyl]-4-iso-propyl-5,5-dimethyloxazolidin-2-one (endo I)-60


Following general procedure 4, oxazolidinone 54 (172 mg,
0.60 mmol), cyclopentadiene (1.20 mL) and Et2AlCl (0.47 mL,
1.8 M in toluene, 0.84 mmol) in DCM (1.20 mL) afforded the
title compound (4S,1′R,2′R,3′S,4′S)-60 (170 mg, 80%) as a pale
yellow solid after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 18); [a]25


D +150.0 (c
1.0 in CHCl3); mmax (film) 1772 (C=Oexo), 1698 (C=Oendo); dH


(400 MHz, CDCl3) 1.00 (3H, d, J 7.0, CH(CH3)2), 1.02 (3H, d,
J 7.0, CH(CH3)2), 1.35 (3H, s, C(CH3)2), 1.51 (3H, s, C(CH3)2),
1.61–1.63 (1H, m, C(7′)H2), 1.99 (1H, d, J 8.6, C(7′)H2), 2.14
(1H, septd, J 7.0, 4.0, CH(CH3)2), 3.01 (1H, br s, C(1′)H), 3.39
(1H, dd, J 5.2 and 1.4, C(2′)H), 3.64 (1H, br s, C(4′)H), 4.19–4.21
(2H, m, NCH and C(3′)H), 5.97 (1H, dd, J 5.7, 2.8, C(5′)H),
6.56 (1H, dd, J 5.6, 3.2, C(6′)H), 7.17–7.32 (5H, m, Ph); dC


(100 MHz, CDCl3) 16.9, 21.4, 21.6, 28.9, 29.7, 46.3, 48.2, 48.3,
49.6, 50.9, 66.2, 82.6, 126.1, 127.6, 128.5, 132.3, 140.3, 144.0,
153.3, 174.2; m/z (ESI+) 412 ([M + MeCN + NH4)]+, 100%);
HRMS (ESI+) C22H28NO3 ([M + H]+) requires 354.2069; found
354.2057. Authentic samples of all other possible diastereoisomers
were prepared as detailed in the ESI. The diastereoisomeric excess
was determined by integration of the resonances at dH 5.97
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(endo I)-60 (C(1′)H), and dH 5.90 (endo II)-diastereoisomer
(C(1′)H), dH 6.05 (exo I)-diastereoisomer (C(2′)H) and dH 6.43
(exo II)-diastereoisomer (C(1′)H).


(S)-3-(2′-Methylacryloyl)-4-iso-propyloxazolidin-2-one 61


Following general procedure 1, (S)-4-iso-propyloxazolidin-2-one
(600 mg, 4.65 mmol), BuLi (2.05 mL, 2.5 M in hexane, 5.12 mmol),
and methacryloyl chloride (0.52 mL, 5.35 mmol) in THF (6.8 mL)
afforded the title compound 61 (815 mg, 89%) as a white solid
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 5) with spectroscopic properties
consistent with the literature.23


(S)-3-(2′-Methylacryloyl)-4-tert-butyloxazolidin-2-one 62


Following general procedure 1, (S)-4-tert-butyloxazolidin-2-one
(665 mg, 4.65 mmol), BuLi (2.05 mL, 2.5 M in hexane, 5.12 mmol),
and methacryloyl chloride (0.52 mL, 5.35 mmol) in THF (6.80 mL)
afforded the title compound 62 (823 mg, 91%) as a white solid
after purification via column chromatography on silica (EtOAc–
petroleum ether [30–40], 1 : 5) with spectroscopic properties
consistent with the literature.31


(S)-3-(2′-Methylacryloyl)-4-iso-propyl-5,5-dimethyloxazolidin-
2-one 63


Following general procedure 1, 4-(S)-iso-propyl-5,5-dimethyl-
oxazolidin-2-one (700 mg, 4.46 mmol), BuLi (3.07 mL, 1.6 M
in hexane, 4.90 mmol), and methacryloyl chloride (0.50 mL,
5.13 mmol) in THF (6.52 mL) afforded the title compound 63
(872 mg, 87%) as a white solid after purification via column
chromatography on silica (EtOAc–petroleum ether [30–40], 1 :
7); mp 44–45 ◦C; [a]24


D +45.0 (c 1.0 in CHCl3); mmax (KBr) 1769
(C=Oexo), 1685 (C=Oendo); dH (400 MHz, CDCl3) 0.99 (3H, d, J 6.8,
CH(CH3)2), 1.03 (3H, d, J 6.8, CH(CH3)2), 1.41 (3H, s, C(CH3)2),
1.52 (3H, s, C(CH3)2), 2.07 (3H, s, C(CH3)=CH2), 2.17 (1H, septd,
J 6.8, 3.4, CH(CH3)2), 4.19 (1H, d, J 3.4, NCH), 5.40–5.42 (2H,
m, CH2 = CCH3); dC (100 MHz, CDCl3) 17.0, 19.5, 21.4, 21.5,
29.0, 29.5, 66.1, 82.9, 120.0, 140.0, 152.7, 171.7; m/z (ESI+) 248
([M + Na]+, 100%); HRMS (ESI+) C12H20NO3 ([M + H]+) requires
226.1443; found 226.1442.


(4S,2′S)-3-(3′,3′-Dimethoxy-2′-methylpropionyl)-4-iso-
propyloxazolidin-2-one 64


Following general procedure 5, oxazolidinone 61 (99 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and MeOH (0.51 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 64 (35 mg,
27%, >95% d.e.) as yellow oil after purification via column
chromatography on silica (EtOAc–petroleum ether [30–40], 1 :
7), with spectroscopic properties consistent with the literature;31


Spectral data of the minor (4S,2′R)-diastereoisomer is available
in the ESI. The diastereoisomeric excess was determined by
integration of the resonance at dH 4.58 (4S,2′S)-64 (CH(OCH3)2)
and dH 4.61 (4S,2′R)-diastereoisomer (CH(OCH3)2).


(4S,2′S)-3-(3′,3′-Dimethoxy-2′-methylpropionyl)-4-tert-
butyloxazolidin-2-one 65


Following general procedure 5, oxazolidinone 62 (106 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and MeOH (0.51 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 65 (65 mg, 48%)
as a yellow oil, after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 7) with spectroscopic
properties consistent with the literature;31 Spectral data of the
minor (4S,2′R)-diastereoisomer is available in the ESI. The
diastereoisomeric excess was determined by integration of the
resonance at dH 4.57 (4S,2′S)-65 (CH(OCH3)2) and dH 4.62
(4S,2′R)-diastereoisomer (CH(OCH3)2).


(4S,2′S)-3-(3′,3′-Dimethoxy-2′-methylpropionyl)-4-iso-propyl-5,5-
dimethyloxazolidin-2-one 66


Following general procedure 5, oxazolidinone 63 (113 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and MeOH (0.51 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 66 (70 mg, 54%)
as a yellow oil, after purification via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 7); mp 66–68 ◦C;
[a]23


D +85.7 (c 1.0 in CHCl3); mmax (KBr) 1763 (C=Oexo), 1692
(C=Oendo); dH (400 MHz, CDCl3) 0.95 (3H, d, J 6.9, CH(CH3)2),
1.02 (3H, d, J 6.9, CH(CH3)2), 1.24 (3H, d, J 6.8, CHCH3), 1.40
(3H, s, C(CH3)2), 1.51 (3H, s, C(CH3)2), 2.13 (1H, septd, J 6.9,
3.5, CH(CH3)2), 3.32 (6H, s, OCH3), 4.15 (1H, d, J 3.5, NCH),
4.38–4.43 (1H, m, CHCH3), 4.54 (1H, d, J 8.3, CH(OCH3)2);
dC (100 MHz, CDCl3) 13.5, 16.9, 21.2, 21.4, 28.2, 29.4, 39.2,
50.7, 55.2, 66.4, 82.7, 105.5, 153.5, 174.6; m/z (ESI+) 310 ([M +
Na]+, 100%); HRMS (ESI+) C14H26NO5 ([M + H]+) requires
288.1811; found 288.1798. Spectral data of the minor (4S,2′R)-
diastereoisomer is available in the ESI. The diastereoisomeric
excess was determined by integration of the resonance at dH 4.53
(4S,2′S)-66 (CH(OCH3)2) and dH 4.64 (4S,2′R)-diastereoisomer
(CH(OCH3)2).


(R)-3,3-Dimethoxy-2-methylpropan-1-ol 67


LiAlH4 (0.70 mL, 1.0 M in THF, 0.70 mmol) was added dropwise
to a stirred solution of 66 (100 mg, 0.35 mmol) in THF (4.00 mL) at
0 ◦C. The resultant reaction mixture was stirred for 10 min before
ice and EtOAc were added. The resultant mixture was stirred for
a further 3 h at room temperature before being filtered through
Celite R© and dried over MgSO4. Evaporation of the solvent in vacuo
afforded the crude product as a yellow solid. Purification of this
residue via Kugelrohr distillation afforded the title compound 67
as a colourless oil (25 mg, 53%) with spectroscopic properties
consistent with the literature.47


(4S,2′S)-3-(3′,3′-Diethoxy-2′-methylpropionyl)-4-iso-
propyloxazolidin-2-one 68


Following general procedure 5, oxazolidinone 61 (99 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and EtOH (0.74 mL, 12.5 mmol) in DME (1.00 mL) at room
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temperature for 4 d afforded the title compound 68 (83 mg, 55%)
as a yellow oil, after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 7) with spectroscopic
properties consistent with the literature.31 Spectral data of the
minor (4S,2′R)-diastereoisomer is available in the ESI. The
diastereoisomeric excess was determined by integration of the
resonance at dH 4.72 (4S,2′S)-68 (CH(OCH2CH3)2) and dH 4.78
(4S,2′R)-diastereoisomer (CH(OCH2CH3)2).


(4S,2′S)-3-(3′,3′-Dipropoxy-2′-methylpropionyl)-4-iso-
propyloxazolidin-2-one 69


Following general procedure 5, oxazolidinone 61 (99 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and n-PrOH (0.94 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 69 (38 mg, 24%)
as a yellow oil after purification via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 7) with spectro-
scopic properties consistent with the literature.31 Spectral data of
the minor (4S,2′R)-diastereoisomer is detailed in the ESI. The
diastereoisomeric excess was determined by integration of the
resonance at dH 4.67 (4S,2′S)-69 (CH(OCH2CH2CH3)2) and dH


4.75 (4S,2′R)-diastereoisomer (CH(OCH2CH2CH3)2).


(4S,2′S)-3-(3′,3′-Di-iso-propoxy-2′-methylpropionyl)-4-iso-
propyloxazolidin-2-one 70


Following general procedure 5, oxazolidinone 61 (113 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and i-PrOH (0.96 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 70 (35 mg, 22%)
as a yellow oil after purification via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 7); [a]24


D +83.2
(c 0.8 in CHCl3); mmax (film) 1782 (C=Oexo), 1700 (C=Oendo); dH


(400 MHz, CDCl3) 0.89 (3H, d, J 7.0, CH(CH3)2), 0.93 (3H, d, J
7.0, CH(CH3)2), 1.05 (3H, d, J 7.0, OCH(CH3)2), 1.10 (3H, d, J
6.5, OCH(CH3)2), 1.20 (3H, d, J 6.9, OCH(CH3)2), 1.24 (3H, d, J
7.0, OCH(CH3)2), 1.27 (3H, d, J 7.1, CHCH3), 2.36 (1H, septd,
J 7.0, 4.1, CH(CH3)2), 3.85–3.91 (1H, m, OCH(CH3)2), 3.96–4.03
(1H, m, OCH(CH3)2), 4.19–4.26 (3H, m, NCH and OCH2), 4.38–
4.41 (1H, m, CHCH3), 4.78 (1H, d, J 7.6, CH(O(CH(CH3)2)2);
dC (100 MHz, CDCl3) 13.4, 14.9, 18.0, 21.8, 23.1, 23.3, 23.6, 28.8,
42.1, 58.8, 63.3, 67.6, 68.7, 100.9, 153.8, 174.2; m/z (ESI+) 374
([M + MeCN + NH4]+, 28%), 338 ([M + Na]+, 28); HRMS (ESI+)
C16H29NO5Na ([M + Na]+) requires 338.1943; found 338.1938.
Spectral data of the minor (4S,2′R)-diastereoisomer is detailed in
the ESI. The diastereoisomeric excess was determined by integra-
tion of the resonance at dH 4.76 (4S,2′S)-70 (CH(OCH(CH3)2)2)
and dH 4.88 (4S,2′R)-diastereoisomer (CH(OCH(CH3)2)2).


(4S,2′S)-3-(3′,3′-Diethoxy-2′-methylpropionyl)-4-tert-
butyloxazolidin-2-one 71


Following general procedure 5, oxazolidinone 62 (106 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and EtOH (0.74 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 71 (83 mg,
55%, 96% d.e.) as a yellow oil after purification via column


chromatography on silica (EtOAc–petroleum ether [30–40], 1 :
7); [a]23


D +120.7 (c 1.0 in CHCl3); mmax (film) 1780 (C=Oexo), 1705
(C=Oendo); dH (400 MHz, CDCl3) 0.93 (9H, s, C(CH3)3), 1.13 (3H,
t, J 7.1, CH2CH3), 1.21 (3H, t, J 7.1, CH2CH3), 1.25 (3H, d,
J 7.0, CHCH3), 3.42–3.51 (1H, m, CH2CH3), 3.56–3.62 (2H,
m, OCH2CH3), 3.66–3.72 (1H, m, OCH2CH3), 4.18–4.20 (1H,
m, OCH2), 4.26–4.34 (2H, m, OCH2 and CHCH3), 4.42 (1H,
dd, J 7.4 and 1.4, NCH), 4.64 (1H, d, J 8.3, CH(OCH2CH3)2);
dC (100 MHz, CDCl3) 13.9 (CHCH3), 15.1, 15.3, 25.6, 35.7,
40.3, 59.6, 61.2, 63.6, 65.1, 103.9, 154.5, 174.3; m/z (ESI+) 324
([M + Na]+, 100%); HRMS (ESI+) C15H27NO5Na ([M + H]+)
requires 324.1787; found 324.1794. Spectral data of the minor
(4S,2′R)-diastereoisomer is reported in the ESI. The diastereoiso-
meric excess was determined by integration of the resonance
at dH 4.63 (4S,2′S)-71 (CH(OCH2CH3)2) and dH 4.78 (4S,2′R)-
diastereoisomer (CH(OCH2CH3)2).


(4S,2′S)-3-(3′,3′-Dipropoxy-2′-methylpropionyl)-4-tert-
butyloxazolidin-2-one 72


Following general procedure 5, oxazolidinone 62 (106 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and n-PrOH (0.94 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 72 (74 mg, 45%)
as a colourless oil after purification via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 7); [a]22


D +95.2
(c 1.0 in CHCl3); mmax (film) 1784 (C=Oexo), 1704 (C=Oendo); dH


(400 MHz, CDCl3) 0.86 (3H, t, J 7.4, OCH2CH2CH3), 0.93 (9H, s,
C(CH3)3), 0.93–0.96 (3H, m, OCH2CH2CH3), 1.25 (3H, d, J
6.9, CHCH3), 1.47–1.66 (4H, m, OCH2CH2CH3), 3.31–3.37 (1H,
m, OCH2CH2CH3), 3.44–3.50 (2H, m, OCH2CH2CH3), 3.57–
3.62 (1H, m, OCH2CH2CH3), 4.18 (1H, dd, J 8.9, 7.6, OCH2),
4.26 (1H, d, J 9.2, OCH2), 4.32–4.39 (1H, m, CHCH3), 4.41
(1H, d, J 7.5, NCH), 4.64 (1H, d, J 8.3, CH(OCH2CH2CH3)2);
dC (100 MHz, CDCl3) 10.5, 10.7, 13.9, 22.9, 23.1, 25.6, 35.7,
40.1, 61.1, 65.1, 65.5, 69.7, 104.0, 154.5, 173.7; m/z (ESl+) 388
([M + MeCN + NH4]+, 100%); HRMS (ESI+) C17H31NO5Na
([M + Na]+) requires 352.2100; found 352.2100. Spectral data of
the minor (4S,2′R)-diastereoisomer is reported in the ESI. The
diastereoisomeric excess was determined by integration of the
resonance at dH 4.63 (4S,2′S)-72 (CH(OCH2CH2CH3)2) and dH


4.78 (4S,2′R)-diastereoisomer (CH(OCH2CH2CH3)2).


(4S,2′S)-3-(3′,3′-Di-iso-propoxy-2′-methylacryloyl)-4-tert-
butyloxazolidin-2-one 73


Following general procedure 5, oxazolidinone 62 (106 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and i-PrOH (0.96 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 73 (64 mg,
39%, >99% d.e.) as a yellow oil after purification via column
chromatography on silica (EtOAc–petroleum ether [30–40], 1 :
7); [a]24


D +86.8 (c 1.0 in CHCl3); mmax (film) 1783 (C=Oexo), 1704
(C=Oendo); dH (400 MHz, CDCl3) 0.93 (9H, s, C(CH3)3), 1.04 (3H,
d, J 6.0, OCH(CH3)2), 1.13 (3H, d, J 6.2, OCH(CH3)2), 1.16
(3H, d, J 6.1, OCH(CH3)2), 1.20 (3H, d, J 6.2, OCH(CH3)2),
1.26 (3H, d, J 6.9, CHCH3), 3.84–3.88 (1H, m, OCH(CH3)2),
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3.99–4.03 (1H, m, OCH(CH3)2), 4.18 (1H, dd, J 9.1, 7.5,
OCH2), 4.26–4.32 (2H, m, OCH2 and CHCH3), 4.40 (1H, dd,
J 7.4, 1.2, NCH), 4.71 (1H, d, J 8.0, CH((OCH(CH3)2)2); dC


(50 MHz, CDCl3) 14.5, 22.1, 23.7, 23.8, 24.1, 26.1, 36.1, 41.8,
61.6, 65.5, 67.7, 68.9, 101.2, 155.0, 174.7; m/z (ESI+) 388 ([M +
MeCN + NH4]+, 100%); HRMS (ESI+) C17H31NO5Na ([M +
Na]+) requires 352.2100; found 352.2101. Spectral data of the
minor fraction (4S,2′R)-oxazolidinone is reported in the ESI. The
diastereoisomeric excess was determined by integration of the
resonance at d 4.71 (4S,2′S)-73 (CH(OCH(CH3)2)2) and d 5.02
(4S,2′R)-oxazolidinone (CH(OCH(CH3)2)2).


(4S,2′S)-3-(3′,3′-Diethoxymethylacryloyl)-4-iso-propyl-5,5-
dimethyloxazolidin-2-one 74


Following general procedure 5, oxazolidinone 63 (113 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and EtOH (0.74 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 74 (113 mg,
72%) as a yellow oil after purification via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 7); [a]23


D +73.6
(c 0.5 in CHCl3); mmax (film) 1778 (C=Oexo), 1699 (C=Oendo); dH


(400 MHz, CDCl3) 0.94 (3H, d, J 6.9, CH(CH3)2), 1.02 (3H, d, J
6.9, CH(CH3)2), 1.11 (3H, t, J 7.1, OCH2CH3), 1.20 (3H, t, J 7.1,
OCH2CH3), 1.24 (3H, d, J 6.9, CHCH3), 1.39 (3H, s, C(CH3)2),
1.50 (3H, s, C(CH3)2), 2.13 (1H, septd, J 6.9, 3.5, CH(CH3)2),
3.43–3.50 (1H, m, OCH2CH3), 3.55–3.72 (3H, m, OCH2CH3),
4.13 (1H, d, J 3.5, NCH), 4.30–4.37 (1H, m, CHCH3), 4.68 (1H,
d, J 8.4, CH(OCH2CH3)2); dC (100 MHz, CDCl3) 14.0, 15.1, 15.3,
17.0, 21.3, 21.5, 28.4, 29.5, 40.3, 59.6, 63.4, 66.4, 82.7, 104.0,
153.5, 174.9; m/z (ESI+) 374 ([M + MeCN + NH4]+, 100%);
HRMS (ESI+) C16H33N2O5 ([M + NH4]+) requires 333.2389;
found 333.2400. Spectral data of the minor fraction (4S,2′R)-
oxazolidinone is reported in the ESI. The diastereoisomeric
excess was determined by integration of the resonance at d 4.64
(4S,2′S)-74 (CH(OCH2CH3)2) and d 4.77 (4S,2′R)-oxazolidinone
(CH(OCH2CH3)2).


(4S,2′S)-3-(3′,3′-Dipropoxy-2′-methylacryloyl)-4-iso-propyl-5,5-
dimethyloxazolidin-2-one 75


Following general procedure 5, oxazolidinone 63 (113 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and n-PrOH (0.94 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d afforded the title compound 75 (103 mg, 60%)
as a yellow oil after purification via column chromatography on
silica (EtOAc–petroleum ether [30–40], 1 : 7); [a]23


D +77.8 (c 1.0 in
CHCl3); mmax (film) 1779 (C=Oexo), 1699 (C=Oendo); dH (400 MHz,
CDCl3) 0.85 (3H, t, J 7.4, OCH2CH2CH3), 0.92-.096 (6H, m,
CH(CH3)2 and OCH2CH2CH3), 1.02 (3H, d, J 7.0, CH(CH3)2),
1.25 (3H, d, J 6.8, CHCH3), 1.39 (3H, s, C(CH3)2), 1.43–1.65
(4H, m, OCH2CH2CH3), 1.50 (3H, s, C(CH3)2), 2.13 (1H, septd,
J 7.0, 3.5, CH(CH3)2), 3.34–3.40 (1H, m, OCH2CH2CH3), 3.44–
3.52 (2H, m, OCH2CH2CH3), 3.54–3.60 (1H, m, OCH2CH2CH3),
4.13 (1H, d, J 3.5, NCH), 4.29–4.36 (1H, m, CHCH3), 4.70 (1H,
d, J 8.4, CH(OCH2CH2CH3)2); dC (100 MHz, CDCl3) 10.6, 10.8,
14.1, 17.0, 21.3, 21.5, 22.8, 23.1, 28.4, 29.5, 40.4, 65.6, 66.3, 69.6,


82.7, 104.0, 153.4, 174.9; m/z (ESI+) 402 ([M + MeCN + NH4]+,
100%); HRMS (ESI+) C18H34NO5 ([M + H]+) requires 344.2437;
found 344.2445. Spectral data of the minor fraction (4S,2′R)-
oxazolidinone is reported in the ESI. The diastereoisomeric excess
was determined by integration of the resonance at d 4.68 (4S,2′S)-
75 (CH(OCH2CH2CH3)2) and d 4.79 (4S,2′R)-oxazolidinone
(CH(OCH2CH2CH3)2).


(4S,2′S)-3-(3′,3′-Di-iso-propoxy-2′-methylacryloyl)-4-iso-propyl-
5,5-dimethyloxazolidin-2-one 76


Following general procedure 5, oxazolidinone 63 (113 mg,
0.50 mmol), PdCl2 (9 mg, 0.05 mmol), CuCl (50 mg, 0.50 mol)
and i-PrOH (0.96 mL, 12.5 mmol) in DME (1.00 mL) at room
temperature for 4 d to afforded the title compound 76 (55 mg,
32%) as a yellow oil after purification via column chromatography
on silica (EtOAc–petroleum ether [30–40], 1 : 7); [a]22


D +74.3
(c 1.0 in CHCl3); mmax (film) 1779 (C=Oexo), 1700 (C=Oendo); dH


(400 MHz, CDCl3) 0.95 (3H, d, J 6.9, CH(CH3)2), 1.02 (3H, d,
J 6.9, CH(CH3)2), 1.05 (3H, d, J 6.1, OCH(CH3)2), 1.12 (3H,
d, J 6.2, OCH(CH3)2), 1.17 (3H, d, J 6.1, OCH(CH3)2), 1.21
(3H, d, J 6.2, OCH(CH3)2), 1.27 (3H, d, J 6.9, CHCH3), 1.42
(3H, s, C(CH3)2), 1.51 (3H, s, C(CH3)2), 2.14 (1H, septd, J 6.9,
3.5, CH(CH3)2), 3.87–3.93 (1H, m, OCH(CH3)2), 3.98–4.05 (1H,
m, OCH(CH3)2), 4.13 (1H, d, J 3.5, NCH), 4.25–4.32 (1H, m,
CHCH3), 4.80 (1H, d, J 8.1, CH(OCH(CH3)2)2); dC (100 MHz,
CDCl3) 14.3, 17.0, 21.3, 21.5, 23.4, 23.4, 23.7, 25.3, 28.5, 29.5,
41.7, 66.3, 67.5, 68.2, 82.6, 101.2, 153.4, 174.9; m/z (ESI+) 402
([M + MeCN + NH4]+, 100%); HRMS (ESI+) C18H33NO5Na
([M + Na]+) requires 366.2256; found 366.2247. Spectral data
of the minor fraction (4S,2′R)-oxazolidinone is reported in the
ESI. The diastereoisomeric excess was determined by integration
of the resonance at d 4.78 (4S,2′S)-75 (CH(OCH(CH3)2)2) and d
4.98 (4S,2′R)-oxazolidinone (CH(OCH(CH3)2)2).
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M. Güthlein, E.-M. Peters, K. Peters and T. Wirth, J. Am. Chem. Soc.,
1998, 120, 4091.


15 The diastereoselectivities for all of the enolate alkylation reactions
were calculated from integration of the resonances corresponding
to both the major (4S,2′S) and minor (4S,2′R) iastereoisomers in
the 400 MHz 1H NMR spectrum of each crude reaction product
mixture.


16 Enolate 14 showed a singlet resonance at d 4.58, while enolate 16
exhibited a singlet resonance at d 4.68, corresponding to the C(2′)
vinylic proton of the enolate functionality in each case.


17 C. Kashima, S. Mizuhara, Y. Miwa and Y. Yokoyama, Tetrahedron:
Asymmetry, 2002, 13, 1713.


18 E. Vedejs and X. Chen, J. Am. Chem. Soc., 1996, 118, 1809.
19 S. Yamada and H. Katsumata, J. Org. Chem., 1999, 64, 9365.
20 D. A. Evans, J. C. Anderson and M. K. Taylor, Tetrahedron Lett., 1993,


34, 5563.
21 E Values were calculated using the kinetic resolution calcu-


lation developed by the Goodman group in Cambridge (see
http://www.ch.cam.ac.uk/magnus/); for further information, see:
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A short synthesis of 1,4-dideoxy-1,4-imino-D-arabinitol (DAB) and a formal synthesis of australine are
described. In both cases, D-fructose is employed as the starting material and converted into a protected
methyl 6-deoxy-6-iodo-furanoside. Zinc-mediated fragmentation produces an unsaturated ketone
which serves as a key building block for both syntheses. Ozonolysis, reductive amination with
benzylamine and deprotection affords 1,4-dideoxy-1,4-imino-D-arabinitol in only 7 steps and 11%
overall yield from D-fructose. Alternatively, reductive amination with homoallylamine, ring-closing
metathesis and protecting group manipulations give rise to an intermediate which can be converted into
australine in 3 steps. The intermediate is prepared by two different strategies both of which use a total
of 9 steps. The first strategy utilizes benzyl ethers for protection of fructose while the second and more
effective strategy employs an isopropylidene acetal.


Introduction


Iminosugars are a class of polyhydroxylated alkaloids that have
been found in a number of plants and microorganisms.1 They can
be regarded as analogues of monosaccharides in which the ring
oxygen has been replaced by nitrogen. Many of these natural prod-
ucts are potent inhibitors of glycosidases due to their resemblance
with the pyranosyl cation of the natural substrates.2 Furthermore,
numerous non-natural analogues have been prepared and inves-
tigated as glycosidase inhibitors.3 As a consequence, iminosugars
have been used as important lead compounds for the treatment
of viral infections, cancer, diabetes and other metabolic disorders.
Several iminosugars are currently in clinical development4 and two
N-alkylated derivatives of deoxynojirimycin have been approved as
drugs for the treatment of Gauchers disease and type II diabetes.5


Iminosugars are divided into five sub-classes based on the ring
system: pyrrolidines, piperidines, pyrrolizidines, indolizidines, and
nortropanes. The synthesis of these molecules is often performed
from a carbohydrate starting material.6 However, it is still a
challenge to introduce the amino group and to form the ring
system in few steps.7 We have recently developed a short synthetic
route to the nortropane alkaloids (calystegines) from cheap
aldohexoses.8 Three of these alkaloids were prepared in 7 steps
from the corresponding methyl glycopyranosides of D-glucose,
D-galactose, and D-mannose.8 One of the steps involved a zinc-
mediated fragmentation of the benzyl-protected methyl 6-iodo-
glycopyranosides.9 This reaction has been widely used in car-
bohydrate chemistry for converting aldohexoses into unsaturated
aldehydes, but has to the best of our knowledge never been applied
to ketohexoses. We speculated that this fragmentation reaction
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could offer new ways of using D-fructose as a synthetic starting
material and lead to short syntheses of other iminosugars.


Fructose is one of the most inexpensive carbohydrates and has
structural similarity with several naturally occurring iminosugars.
In connection with this, we were particularly interested in the
pyrrolidine alkaloid 1,4-dideoxy-1,4-imino-D-arabinitol (DAB)
and the corresponding pyrrolizidine alkaloid australine (Fig. 1).
DAB is a strong inhibitor of yeast a-glucosidase10 and several
mammalian a-glucosidases.11 It is also a powerful inhibitor
of glycogen phosphorylase12 and is a promising candidate for
treatment of type II diabetes.13 DAB was first isolated in 1985
from Arachniodes standishii14 and Angylocalyx boutiqueanus.15 It
has also been found in a number of other plants and seems to
be a fairly widespread secondary metabolite.1 Several chemical
syntheses of DAB have appeared which all employ a total of 10–
12 steps starting from either a carbohydrate,16 an amino acid,17 or
2-butene-1,4-diol.18 In addition, three enzyme-catalysed syntheses
with an aldolase have also been described.19


Fig. 1 Structure of D-fructofuranose, 1,4-dideoxy-1,4-imino-D-arabini-
tol, and australine.


Australine is a potent inhibitor of amyloglucosidase20 and
was first isolated in 1988 from the legume Castanospermum
australe.21 Only three de novo chemical syntheses of australine
have been reported. White and Hrnciar developed a 16 step
synthesis from D-mannitol by using a transannular cyclisation
as the key step to form the pyrrrolizidine ring system (vide
infra).22 Denmark and Martinborough utilized two asymmetric
cycloaddition reactions to afford the natural product in only 9
steps from 2,5-dihydrofuran23 while Pearson and Hines obtained
australine in 11 steps from L-xylose by using a reductive cyclisation
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of an azido epoxy tosylate.24 In addition, australine has also been
prepared from the indolizidine alkaloid castanospermine by a ring
contraction reaction25 and from 1,4-pentadien-3-ol by a chemo-
enzymatic procedure with an aldolase.26


Herein, we describe a concise synthetic route to DAB and a
formal synthesis of australine. Both syntheses have been achieved
from fructose by the use of a zinc-mediated fragmentation
reaction.


Results and discussion


Retrosynthesis


The structural resemblance between the two alkaloids and D-
fructose is noteworthy (Fig. 1). The absolute configuration of
the two hydroxyl groups in the pyrrolidine ring is the same as
for the hydroxyl groups at position 3 and 4 in D-fructose. The
hydroxymethyl group in DAB and australine is found in fructose
at position 1. The amino group can be introduced by reductive
amination from the ketone at position 2 in fructose. Thus, we
envisaged that DAB and australine could both be derived from
a common building block A (Fig. 2). Ozonolysis of the olefin in
A followed by reductive amination would afford the pyrrolidine
ring in DAB. On the other hand, reductive amination with ho-
moallylamine followed by ring-closing metathesis and epoxidation
would yield aminoepoxide B. The pyrrolizidine ring in australine
can then be formed by a transannular cyclisation as demonstrated
by White and Hrnciar in their synthesis of the natural product.22


The key building block A can be prepared from fructose by a
zinc-mediated fragmentation of the corresponding methyl 6-iodo-
furanoside. This approach from fructose should be able to generate
the two natural products in relatively few synthetic steps.


Fig. 2 Retrosynthesis for 1,4-dideoxy-1,4-imino-D-arabinitol and
australine.


Zinc-mediated fragmentation of fructose


The iodofuranoside for the reductive fragmentation was prepared
in three steps from fructose. First, the ketose was converted


into the furanose form by a Fischer glycosylation with methanol
under kinetic conditions27 (Scheme 1). The product consisting of
a 1 : 1 mixture of the a- and the b-furanoside was treated with
1.5 equivalents of iodine and triphenylphosphine.28 Under these
conditions only the primary hydroxyl group in the 6-position
was replaced by iodine while the primary hydroxyl group at
position 1 did not react. The obtained methyl 6-iodo-furanoside 2
was separated from triphenylphosphine oxide on a reverse-phase
column and isolated in 67% yield. The hydroxyl groups at positions
1, 3, and 4 were protected as benzyl ethers by reaction with
benzyl trichloroacetimidate under acidic conditions. The resulting
tribenzyl ether 3 was isolated in 73% yield and then subjected to
sonication with zinc in a THF–water mixture. This fragmentation
reaction proceeded smoothly and afforded unsaturated ketone
4 in 74% yield after purification by silica gel chromatography.
Ketone 4 is a useful chiral building block which has previously
been prepared from D-arabinose in 5 steps by the use of a Wittig
reaction and a chromium-mediated oxidation.29 The current route
from fructose utilizes 4 steps and avoids the use of a toxic metal.


Scheme 1 Reagents and conditions: (a) MeOH, H2SO4, rt;27 (b) I2, PPh3,
imidazole, THF, 65 ◦C; (c) BnOC(NH)CCl3, TfOH, dioxane, 0 ◦C; (d) Zn,
THF, H2O, ultrasound, 40 ◦C.


1,4-Dideoxy-1,4-imino-D-arabinitol (DAB)


With the key building block 4 in hand, our attention then turned
to the reductive amination. For the synthesis of DAB the C–C
double bond in 4 was first cleaved by ozonolysis to afford the
corresponding aldehyde (Scheme 2). This dicarbonyl compound
existed as a mixture of hydrates and was not further purified or
characterized. Instead, the crude product was submitted directly
to a double reductive amination30 with benzylamine, sodium
cyanoborohydride and acetic acid in THF. This afforded a 5 :
2 mixture of benzyl-protected DAB 5 and the corresponding L-
xylo compound 6, which could be separated by column chro-
matography. The two isomers were isolated in 62% overall yield
from olefin 4. The yield and diastereoselectivity were lower when
the more sterically demanding benzhydrylamine was used in the
reductive amination. Attempts to use ammonium acetate as the
amine source gave none of the desired product. Lower yield and
diastereoselectivity were also observed when the reducing agent
was changed to sodium triacetoxyborohydride or the acid was
changed to a Lewis acid. The desired isomer 5 was isolated in 44%
yield over two steps from olefin 4. Finally, hydrogenolysis over pal-
ladium on carbon gave 1,4-dideoxy-1,4-imino-D-arabinitol, which
crystallised as the hydrochloride salt in 74% yield. The spectral
data and physical properties of synthetic DAB hydrochloride were
in excellent accordance with those reported in the literature.16 This
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Scheme 2 Reagents and conditions: (a) O3, MeOH, CH2Cl2, −78 ◦C, then
Me2S, rt; (b) BnNH2, NaCNBH3, AcOH, 3 Å MS, THF, rt; (c) H2, HCl,
MeOH, Pd/C, rt.


completes the synthesis of DAB from D-fructose in only 7 steps
and gives rise to the natural product in 11% overall yield.


First generation approach to australine


With the successful preparation of DAB, the synthesis of the
related pyrrolizidine alkaloid australine might also be realized
from olefin 4. In this case, the reductive amination will be per-
formed with homoallylamine and the diastereoselectivity should
be controlled to afford the (R)-isomer as the major product. Sinaÿ
and co-workers have previously reacted 4 with allylamine, sodium
cyanoborohydride and acetic acid to give a 3 : 2 ratio between the
(R)- and the (S)-amine.31 Hence, as the first experiment we treated
olefin 4 with homoallylamine under these conditions at room
temperature (Scheme 3). To our disappointment, this reaction


Scheme 3 Reagents and conditions: (a) homoallylamine, NaCNBH3,
InCl3, 3 Å MS, THF, rt; (b) TFAA, Et3N, CH2Cl2, rt; (c)
(PCy3)(C3H4N2Mes2)Cl2Ru=CHPh, CH2Cl2, rt; (d) m-CPBA, CH2Cl2, rt;
(e) LiOH·H2O, EtOH, H2O, 100 ◦C.


gave the two diastereomers in a 1 : 1 ratio. The two amines
could be separated by column chromatography and were isolated
in 67% yield. Attempts to use other reducing agents like sodium
triacetoxyborohydride or L-selectride did not improve the reaction,
but mainly led to reduction of the ketone. The reductive amination
and the zinc-mediated fragmentation of iodide 3 could, however,
be combined and performed as a tandem reaction.32 When a
mixture of iodide 3, homoallylamine, acetic acid, zinc, and sodium
cyanoborohydride was sonicated in a THF solution at 40 ◦C the
two amines were isolated in 55% yield as a 1 : 1 mixture. Some
reduction of the ketone also took place under these conditions
which may be due to the higher temperature during the reductive
amination. In order to improve the selectivity we decided to replace
acetic acid by other additives. Therefore, ketone 4 was reacted with
homoallylamine and sodium cyanoborohydride in the presence of
lithium chloride, magnesium dibromide, and indium trichloride.
The first two additives led to a similar yield and selectivity as
obtained with acetic acid. Indium trichloride, on the other hand,
gave a slightly improved 3 : 2 ratio of the two amines in favour of
the (R)-isomer. In this case, the yield of the two amines was 64%
and it was decided to continue the synthesis with this result.


The next step involved protection of the amine functionality
since the ensuing metathesis reaction is severely hampered by
the presence of a secondary amine. The amine protecting group
should be labile to base in order to be removed under the alkaline
conditions for the transannular cyclisation. The trifluoroacetyl
group was chosen for this purpose and installed by reaction
with trifluoroacetic anhydride to afford trifluoroacetamide 8. The
subsequent ring-closing metathesis reaction proceeded well with
Grubbs 2nd generation catalyst33 to form the eight-membered ring
in 71% yield.


The following step called for a diastereoselective epoxidation of
the C–C double bond. Unfortunately, treatment of olefin 9 with
m-CPBA afforded a 1 : 1 mixture of the two epoxides in 56% yield.
Changing the epoxidising agent to a dioxirane derived from either
trifluoroacetone34 or a fructose-derived ketone35 gave the same 1 :
1 mixture in a slightly lower yield. The two epoxides could not
be separated by column chromatography and were treated directly
with aqueous lithium hydroxide. Notably, only the desired isomer
underwent the transannular cyclisation while the other isomer was
recovered unchanged.


The complete lack of selectivity in the epoxidation came as
a surprise since White and Hrnciar performed an m-CPBA
epoxidation on a very similar compound in 75% yield with
complete stereocontrol.22 The only difference is the nitrogen
protecting group which in their case was an oxazolidinone ring
with the hydroxymethyl group. Apparently, this additional ring
changes the conformation of the eight-membered ring and the
steric bias around the double bond. At this point, we decided to
change the synthesis in order to introduce this oxazolidinone ring
since a bicyclic ring system seems to be the best way to control
the selectivity in the epoxidation. The synthesis of australine will
then be a formal synthesis, but the route from fructose will still be
shorter than the route from mannitol.


The bicyclic ring system was formed in four steps from amine
7R. First, the amine was protected with the Cbz group to afford
carbamate 11 (Scheme 4). Ring-closing olefin metathesis then
generated the medium-sized ring in 78% yield. Finally, the cyclic
carbamate was installed in two steps by selective acetolysis of the
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Scheme 4 Reagents and conditions: (a) CbzCl, KHCO3, CH2Cl2, H2O, rt;
(b) (PCy3)(C3H4N2Mes2)Cl2Ru=CHPh, CH2Cl2, rt; (c) Ac2O, TMSOTf,
CH2Cl2, 0 ◦C, then NaOMe, MeOH, rt.


benzyl group on the primary alcohol followed by treatment with
sodium methoxide. Oxazolidinone 13 was isolated in 43% yield
over the last two steps with spectral data and optical rotation in
complete agreement with those reported previously.22 The overall
yield of 13 from fructose is 3.4% over 9 steps. White and Hrnciar
described the synthesis of australine from 13 in 3 steps and 75%
overall yield.22 Although, the route from fructose gives rise to
a shorter synthesis of australine we were still not pleased with
the diastereoselectivity in the reductive amination and the overall
yield. As a result, we decided to investigate an alternative synthesis
from fructose.


Second generation approach to australine


In this case, fructose will be protected with an isopropylidene
group instead of benzyl ethers. The acetal protecting group will
generate a cyclic ketone which may induce a better selectivity in
the reductive amination. Initially, the 1,3-isopropylidene group
was installed from methyl fructofuranoside 1 by reaction with 2,2-
dimethoxypropane, acetone, and camphorsulfonic acid. However,
since furanoside 1 is a 1 : 1 a–b mixture and only the a-anomer
reacted with the acetal, the yield of methyl 1,3-O-isopropylidene-
a-D-fructofuranoside (14) was only 35%. Instead, we turned our
attention to a report by Richardson and co-workers where 14 was
prepared from sucrose by cleavage of the glycosidic linkage.36 In
their work, sucrose was reacted with 2,2-dimethoxypropane and
p-toluenesulfonic acid in dimethylformamide followed by work-up
with basic ion-exchange resin and acetylation to afford acetylated
14 in 36% yield.36 Although a moderate yield, it was noted that
14 was formed as the major product according to TLC. Thus, we
envisioned that this procedure could be further optimized. In fact,
by leaving out the ion-exchange resin, which often binds organic
compounds, and by increasing the amount of acid, we were able to
isolate 14 in 59% yield after purification by flash chromatography
(Scheme 5).


With acetal 14 in hand, the next step required a substitution
of the primary hydroxyl group with iodide. This reaction was
conducted under the same conditions as described above to afford
iodofuranoside 15 in 84% yield. Subsequent fragmentation with
zinc proceeded uneventfully to give cyclic ketone 16 in 70%
yield. Treatment of this compound with homoallylamine, sodium
cyanoborohydride and acetic acid in THF gave a 2 : 1 mixture
of the (R)- and the (S)-amine in 64% yield. This is only a slight
improvement compared to the result with ketone 4. Unfortunately,
it was not possible in this case to enhance the selectivity by adding
indium trichloride which mainly led to reduction of the ketone
16. The two amines co-eluted by column chromatography, but


Scheme 5 Reagents and conditions: (a) Me2C(OMe)2, TsOH·H2O, DMF,
rt; (b) I2, PPh3, imidazole, THF, 65 ◦C; (c) Zn, THF, H2O, ultrasound,
40 ◦C; (d) homoallylamine, NaCNBH3, AcOH, 3 Å MS, THF, rt; (e)
CbzCl, KHCO3, CH2Cl2, H2O, rt; (f) (PCy3)(C3H4N2Mes2)Cl2Ru=CHPh,
CH2Cl2, rt; (g) AcOH, H2O, rt; (h) NaOMe, MeOH, rt; (i) BnBr, NaH,
THF, rt.22


could be separated after protection with the Cbz group. The
major isomer 18R was submitted to ring-closing metathesis to
afford the eight-membered ring in 90% yield. Hydrolysis of the
isopropylidene group then gave triol 20, which upon treatment
with base furnished oxazolidinone 21. The spectroscopic data for
21 were in agreement with those reported by White and Hrnciar
who described the following benzylation to give 13 in 84% yield.22


This alternative synthesis of 13 requires 9 steps from sucrose and
gives rise to the target molecule in 4.0% overall yield.


Conclusion


We have described a new synthesis of 1,4-dideoxy-1,4-imino-D-
arabinitol and a formal synthesis of australine where the latter
has been achieved by two different protecting group strategies.
The synthesis of 1,4-dideoxy-1,4-imino-D-arabinitol requires 7
steps from D-fructose and occurs in 11% overall yield. This
constitutes the shortest chemical synthesis of 1,4-dideoxy-1,4-
imino-D-arabinitol reported to date. The formal synthesis of
australine with benzyl protection gives rise to the key intermediate
13 in 9 steps from fructose and 3.4% overall yield. The alternative
synthesis with isopropylidene protection affords 13 in 9 steps from
sucrose and 4.0% overall yield. In their synthesis of australine
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White and Hrnciar prepared the key intermediate 13 in 13 steps
from D-mannitol and 4.2% overall yield.


The syntheses highlight the use of D-fructose as a synthetic
starting material by exploiting the zinc-mediated fragmentation
of the methyl 6-iodo-furanoside. Benzyl-protected ketone 4 is
prepared from fructose in 4 steps while the isopropylidene-
protected ketone 16 is obtained from sucrose in only 3 steps.
Unsaturated ketones 4 and 16 are valuable building blocks for
further synthesis.


Experimental


General


Reactions were conducted under an atmosphere of nitrogen when
anhydrous solvents were used. CH2Cl2 was dried over activated
4 Å molecular sieves, while THF was distilled from sodium-
benzophenone. Sonications were carried out in a Branson 1210
sonic bath. Zinc (Aldrich, particle size <0.01 mm) was activated
and dried immediately before use: zinc dust (5 g) in 1 M HCl
(50 mL) was stirred at room temperature for 15 min, and then
filtered, washed with water (2 × 50 mL) and Et2O (2 × 50 mL),
and finally dried under high vacuum with a heatgun. All reactions
were monitored with thin-layer chromatography using aluminium
plates precoated with silica gel 60. Compounds were visualized by
dipping in a solution of Ce(SO4)2 (10 g L−1) and (NH4)6Mo7O24


(25 g L−1) in 10% aqueous H2SO4 followed by heating. Flash
column chromatography was performed with E. Merck silica
gel 60 (particle size 0.040–0.063 mm) while reverse phase flash
chromatography was conducted with Macherey-Nagel silica gel
60 C18 (particle size 0.040–0.063 mm). Optical rotations were
measured on a Perkin Elmer 241 polarimeter while IR spectra
were recorded on a Perkin Elmer 1720 Infrared Fourier Transform
spectrometer. NMR spectra were recorded on a Varian Unity
Inova 500 or a Varian Mercury 300 instrument. Chemical shifts are
reported in parts per million (ppm) with the residual undeuterated
solvent as internal reference for 1H NMR and the deuterated
solvent as reference for 13C NMR.37 Microanalyses and high
resolution mass spectra were obtained at the Department of
Chemistry, University of Copenhagen.


Methyl 6-deoxy-6-iodo-D-fructofuranoside (2). To a solution
of 127 (5.23 g, 26.9 mmol) in dry THF (200 mL) were added PPh3


(10.6 g, 40.4 mmol) and imidazole (3.65 g, 53.6 mmol). The mixture
was heated to reflux and a solution of I2 (10.35 g, 40.8 mmol) in dry
THF (80 mL) was added over 2 h. The reaction mixture was cooled
to room temperature, filtered and concentrated. The residue was
purified by reverse phase flash chromatography (H2O–MeOH, 9 :
1). The appropriate fractions were concentrated and purified by
silica gel flash chromatography (CH2Cl2–MeOH, 50 : 1 → 50 : 3)
to give a mixture of the two epimers as a white solid (5.46 g, 67%).


For methyl 6-deoxy-6-iodo-a-D-fructofuranoside: Rf 0.67
(CHCl3–MeOH, 5 : 1); [a]D +78.8 (c 2.0, MeOH); mmax(KBr)/cm−1:
3347, 2926, 2876, 1451, 1041, 1024; dH (500 MHz, D2O): 4.11 (d,
J = 3.4 Hz, 1H), 3.89–3.83 (m, 2H), 3.75 (d, J = 12.2 Hz, 1H),
3.63 (d, J = 12.4 Hz, 1H), 3.47–3.42 (m, 1H), 3.36–3.30 (m, 1H),
3.27 (s, 3H); dC (75 MHz, D2O): 108.9, 82.5, 81.5, 81.0, 58.3, 48.9,
5.9; Anal. calcd. for C7H13IO5: C, 27.65; H, 4.31. Found: C, 27.90;
H, 4.23%.


For methyl 6-deoxy-6-iodo-b-D-fructofuranoside: Rf 0.57
(CHCl3–MeOH, 5 : 1); [a]D −21.2 (c 2.1, MeOH); mmax(KBr)/cm−1:
3426, 2941, 1371, 1139, 1093, 1060, 1011; dH (300 MHz, D2O):
4.20 (d, J = 8.1 Hz, 1H), 4.13 (t, J = 6.9 Hz, 1H), 3.89–3.83
(m, 1H), 3.74 (d, J = 12.3 Hz, 1H), 3.66 (d, J = 12.3 Hz, 1H),
3.50 (dd, J = 10.8, 5.1 Hz, 1H), 3.42–3.36 (m, 1H), 3.36 (s, 3H);
dC (75 MHz, D2O): 104.6, 81.0, 79.5, 77.9, 60.3, 50.2, 7.7; Anal.
calcd. for C7H13IO5: C, 27.65; H, 4.31. Found: C, 27.91; H, 4.23%.


Methyl 1,3,4-tri-O-benzyl-6-deoxy-6-iodo-D-fructofuranoside
(3). A solution of 2 (1.49 g, 4.90 mmol) in freshly distilled
dioxane (30 mL) was cooled to 0 ◦C followed by addition of
freshly distilled benzyl trichloroacetimidate (3.3 mL, 17.7 mmol).
Triflic acid was added (30 drops) to ensure that the mixture
was strongly acidic and the solution was stirred for 12 min. The
reaction was quenched with saturated aqueous NaHCO3 (50 mL)
and extracted with Et2O (50 mL). The organic phase was dried
(K2CO3) and concentrated. The residue was purified by flash
chromatography (hexane–Et2O, 7 : 1) to give the title compound
(2.06 g, 73%) as a mixture of two diastereomers which could not
be separated. Pure samples of both epimers were prepared from
anomerically pure samples of 2.


For methyl 1,3,4-tri-O-benzyl-6-deoxy-6-iodo-a-D-fructo-
furanoside: Rf 0.58 (hexane–EtOAc, 3 : 1); [a]D +25.0 (c 2,
CHCl3); mmax(neat)/cm−1: 3029, 2868, 1496, 1454, 1113, 736, 699;
dH (300 MHz, CDCl3): 7.37–7.27 (m, 15H), 4.70–4.42 (m, 6H),
4.10 (d, J = 2.7 Hz, 1H), 3.97 (q, J = 5.3 Hz, 1H), 3.76 (dd,
J = 5.5, 2.3 Hz, 1H), 3.66 (s, 2H), 3.31 (s, 3H), 3.29 (dd, J =
10.6, 5.7 Hz, 1H), 3.20 (dd, J = 10.7, 6.6 Hz, 1H); dC (75 MHz,
CDCl3): 138.0, 137.8, 137.7, 128.6, 128.5 (2C), 128.2, 128.1, 128.0,
127.9 (3C), 108.4, 87.6 (2C), 80.7, 73.7, 72.8, 72.2, 65.8, 48.8, 6.4;
HRMS calcd. for C28H31IO5Na [M + Na]+ m/z 597.1114, found
m/z 597.1111.


For methyl 1,3,4-tri-O-benzyl-6-deoxy-6-iodo-b-D-fructo-
furanoside: Rf 0.58 (hexane–EtOAc, 3 : 1); [a]D +21.6 (c 2.1,
CHCl3); mmax(neat)/cm−1: 2925, 1454, 1114, 1106, 736, 700; dH


(300 MHz, CDCl3): 7.36–7.25 (m, 15H), 4.74 (d, J = 11.8 Hz,
1H), 4.65–4.54 (m, 4H), 4.50 (d, J = 12.0 Hz, 1H), 4.32 (d,
J = 6.8 Hz, 1H), 4.07 (t, J = 6.2 Hz, 1H), 3.99–3.93 (m, 1H),
3.59–3.57 (m, 2H), 3.41 (s, 3H), 3.31–3.26 (m, 2H); dC (75 MHz,
CDCl3): 138.1, 137.9, 137.8, 128.6 (2C), 128.5, 128.3, 128.0 (3C),
127.9 (2C), 104.7, 86.8, 85.4, 79.7, 73.7, 73.0, 72.8, 69.9, 50.3, 7.9;
Anal. calcd. for C28H31IO5: C, 58.54; H, 5.44. Found: C, 58.14; H,
5.40%.


(3S,4R)-1,3,4-Tris(benzyloxy)-hex-5-en-2-one (4). To a solu-
tion of 3 (2.42 g, 4.21 mmol) in THF (30 mL) and H2O (8 mL)
was added pre-activated zinc (2.7 g, 41.3 mmol) and the mixture
was sonicated for 2 h at 40 ◦C. The mixture was then filtered
through a short column of Celite, which was rinsed with CH2Cl2.
The filtrate was washed with saturated aqueous NaHCO3 (2 ×
25 mL), dried and concentrated. The residue was purified by
flash chromatography (hexane–EtOAc, 6 : 1) to afford ketone 4
(1.29 g, 74%). Rf 0.56 (hexane–EtOAc, 3 : 1); [a]D −45.7 (c 1.7,
CHCl3); mmax(neat)/cm−1: 3032, 2864, 1733, 1496, 1455, 1104, 735;
dH (300 MHz, CDCl3): 7.29–7.14 (m, 15H), 5.90–5.78 (m, 1H),
5.27 (d, J = 17.2 Hz, 1H), 5.26 (d, J = 10.7 Hz, 1H), 4.54–4.34 (m,
5H), 4.29–4.27 (m, 2H), 4.22 (d, J = 11.8 Hz, 1H), 4.12 (dd, J =
7.9, 3.4 Hz, 1H), 3.94 (d, J = 3.2 Hz, 1H); dC (75 MHz, CDCl3):
207.7, 137.6, 137.4, 136.9, 134.2, 128.6, 128.5 (2C), 128.4, 128.3,
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128.2, 128.1, 128.0, 127.9, 119.9, 85.9, 80.9, 74.6, 74.4, 73.3, 70.9;
Anal. calcd. for C27H28O4: C, 77.86; H, 6.78. Found: C, 77.83; H,
6.67%.


2,3,5-Tri-O-benzyl-1,4-benzylimino-1,4-dideoxy-D-arabinitol (5)
and -L-xylitol (6). A solution of ketone 4 (0.920 g, 2.21 mmol)
in MeOH–CH2Cl2 (80 mL, 2 : 1) was cooled to −78 ◦C. N2


was bubbled through the solution for 15 min followed by ozone
for 30 min and then N2 for 15 min. Me2S (0.9 mL) was added
and the reaction was warmed to room temperature. The mixture
was concentrated and the residue dissolved in dry THF (70 mL).
Molecular sieves (3 Å) were added followed by benzylamine (2 mL,
18.3 mmol) and then AcOH until pH ∼ 6–7. NaCNBH3 (0.7 g,
11.1 mmol) was added at 0 ◦C and the reaction was stirred
overnight at room temperature. The mixture was quenched with
saturated aqueous NaHCO3 (100 mL), filtered and extracted with
EtOAc (3 × 50 mL). The combined organic layers were dried
(Na2SO4), concentrated and purified by flash chromatography
(heptane–EtOAc, 8 : 1) to give a 5 : 2 mixture of 5 and 6 (0.674 g,
62%).


For 5. Rf 0.35 (heptane–EtOAc, 3 : 1); [a]D +25.8 (c 2, CHCl3);
dH (300 MHz, CDCl3): 7.35–7.23 (m, 20H), 4.44 (s, 2H), 4.43 (s,
2H), 4.38 (d, J = 12.4 Hz, 1H), 4.30 (d, J = 12.2 Hz, 1H), 4.07 (d,
J = 13.1 Hz, 1H), 3.84–3.82 (m, 2H), 3.54–3.52 (m, 2H), 3.41 (d,
J = 13.0 Hz, 1H), 2.97 (d, J = 10.5 Hz, 1H), 2.79 (q, J = 5.1 Hz,
1H), 2.48 (dd, J = 10.5, 5.5 Hz, 1H); dC (75 MHz, CDCl3): 139.0,
138.7, 138.5 (2C), 129.2, 128.6, 128.4, 128.0, 127.9, 127.8, 127.1,
86.1, 81.7, 73.5, 71.6, 71.5, 71.1, 68.7, 59.4, 57.2; HRMS calcd. for
C33H36NO3 [M + H]+ m/z 494.2695, found m/z 494.2703.


For 6. Rf 0.27 (heptane–EtOAc, 3 : 1); [a]D +28.7 (c 2, CHCl3)
(lit.38 [a]22


D +30.5 (c 0.95, CHCl3)); dH (300 MHz, CDCl3): 7.32–
7.26 (m, 20H), 4.64 (d, J = 12.3 Hz, 1H), 4.57 (d, J = 12.3 Hz,
1H), 4.53 (s, 2H), 4.42 (s, 2H), 4.15–4.00 (m, 3H), 3.87 (dd, J = 9.6,
6.2 Hz, 1H), 3.67–3.64 (m, 1H), 3.48 (d, J = 13.0 Hz, 1H), 3.30–
3.25 (m, 1H), 3.15–3.13 (m, 1H), 2.35–2.31 (m, 1H); dC (75 MHz,
CDCl3): 139.1, 138.5 (2C), 138.2, 129.1, 128.5 (2C), 128.4, 128.3,
127.9, 127.8 (2C), 127.7 (2C), 127.6, 127.0, 83.6, 82.1, 73.6, 72.2,
71.5, 69.6, 65.4, 59.5, 57.3; HRMS calcd. for C33H36NO3 [M + H]+


m/z 494.2695, found m/z 494.2728.


1,4-Dideoxy-1,4-imino-D-arabinitol hydrochloride. Amine 5
(0.340 g, 0.689 mmol) was dissolved in 1.25 M HCl in MeOH
(30 mL) and Pd/C (186 mg) was added. The reaction was stirred
under 10 bar of H2 for 4 days. The mixture was filtered through a
short column of Celite, which was rinsed with MeOH. The filtrate
was concentrated and co-concentrated with toluene to give a solid
residue which was recrystallised from Et2O–MeOH. This gave
DAB hydrochloride as a white solid (0.086 g, 74%). Mp 110–
112 ◦C (lit.16a mp 113–114 ◦C); [a]D +31.1 (c 0.2, H2O) (lit.16a [a]20


D


+34.7 (c 0.78, H2O)); dH (300 MHz, D2O): 4.30–4.27 (m, 1H), 4.04
(t, J = 2.8 Hz, 1H), 3.91 (dd, J = 12.2, 4.6 Hz, 1H), 3.78 (dd, J =
12.0, 8.5 Hz, 1H), 3.57–3.48 (m, 2H), 3.29 (dd, J = 12.7, 2.8 Hz,
1H); dC (75 MHz, D2O): 76.4, 75.1, 67.3, 59.7, 50.7. NMR data
are in accordance with literature values.16


(3R,4R)-1,3,4-Tris(benzyloxy)-2-(but-3-enylamino)-hex-5-ene
(7). To a solution of ketone 4 (0.083 g, 0.199 mmol) in THF
(8 mL) were added activated molecular sieves (3 Å), InCl3 (0.226 g,
1.02 mmol), homoallylamine (0.145 g, 2.04 mmol) and NaCNBH3


(0.024 g, 0.38 mmol). The mixture was stirred at room temperature


for 3 h and then filtered. The filtrate was diluted with Et2O
(10 mL) and washed with saturated aqueous NaHCO3 (10 mL).
The aqueous phase was extracted with Et2O (3 × 5 mL) and the
combined organic phases were dried (K2CO3) and concentrated.
The residue was purified by flash chromatography (heptane–Et2O–
Et3N, 66 : 33 : 1) to give 7 (0.060 g, 64%) as a 2 : 3 mixture of 7S
and 7R.


For 7S. Rf 0.35 (hexane–EtOAc, 3 : 1); [a]D +9.5 (c 2, CHCl3);
mmax(neat)/cm−1: 2860, 1714, 1454, 1095, 734; dH (300 MHz,
CDCl3): 7.38–7.24 (m, 15H), 5.91–5.69 (m, 2H), 5.37–5.29 (m,
2H), 5.07–4.95 (m, 2H), 4.87 (d, J = 11.2 Hz, 1H), 4.60 (d, J =
11.5 Hz, 1H), 4.55 (d, J = 11.4 Hz, 1H), 4.37 (m, 3H), 4.17 (t, J =
6.8 Hz, 1H), 3.70 (dd, J = 6.6, 3.5 Hz, 1H), 3.45–3.43 (m, 2H),
2.93–2.88 (m, 1H), 2.76 (dt, J = 11.2, 7.1 Hz, 1H), 2.53 (dt, J =
11.1, 7.3 Hz, 1H), 2.18–2.11 (m, 2H); dC (75 MHz, CDCl3): 139.2,
138.8, 138.5, 136.9, 136.0, 128.5, 128.4, 128.3, 128.2, 128.0, 127.9,
127.7, 127.6, 127.5, 118.8, 116.0, 82.8, 81.7, 75.3, 73.2, 70.8, 69.7,
57.8, 47.4, 35.1; Anal. calcd. for C31H37NO3: C, 78.95; H, 7.91; N,
2.97. Found: C, 78.62; H, 8.04; N, 2.96%.


For 7R. Rf 0.19 (hexane–EtOAc, 3 : 1); [a]D −7.3 (c 1, CHCl3);
mmax(neat)/cm−1: 2862, 1454, 1095, 734, 699; dH (300 MHz, CDCl3):
7.33–7.28 (m, 15H), 5.95–5.84 (m, 1H), 5.79–5.66 (m, 1H), 5.32–
5.26 (m, 2H), 5.06–4.95 (m, 2H), 4.74 (d, J = 11.5 Hz, 1H), 4.64–
4.59 (m, 2H), 4.52 (d, J = 12.3 Hz, 1H), 4.44 (d, J = 12.0 Hz, 1H),
4.35 (d, J = 12.0 Hz, 1H), 4.16 (dd, J = 7.7, 4.7 Hz, 1H), 3.67–3.56
(m, 3H), 2.95–2.91 (m, 1H), 2.61 (dt, J = 11.3, 7.0 Hz, 1H), 2.47
(dt, J = 11.3, 7.0 Hz, 1H), 2.10 (q, J = 7.2 Hz, 2H); dC (75 MHz,
CDCl3): 139.0, 138.7, 138.6, 136.9, 136.3, 128.4 (2C), 128.3, 128.2
(2C), 127.9, 127.6 (2C), 127.5, 118.4, 116.0, 81.6, 81.2, 74.9, 73.2,
70.7, 68.7, 58.3, 47.0, 34.9; Anal. calcd. for C31H37NO3: C, 78.95;
H, 7.91; N, 2.97. Found: C, 78.62; H, 8.04; N, 2.96%.


Methyl 1,3-O-isopropylidene-a-D-fructofuranoside (14). A
mixture of sucrose (2.00 g, 5.84 mmol) and TsOH·H2O (0.50 g,
2.63 mmol) in DMF (30 mL) was stirred at room temperature
for 30 min. 2,2-Dimethoxypropane (8.0 mL, 66 mmol) was added
and the resulting solution stirred for 48 h. The reaction was
quenched with Na2CO3 (4.0 g) and stirred for an additional 1 h.
The mixture was filtered and the filtrate concentrated at high
vacuum. The residue was purified twice by flash chromatography
(CH2Cl2–MeOH, 14 : 1 and then EtOAc–heptane, 2 : 1) to give
14 (0.804 g, 59%) as a syrup. Rf 0.40 (CH2Cl2–MeOH, 10 :
1); [a]D +38.6 (c 2, CHCl3) (lit.36 [a]D +42.5 (c 1, MeOH));
mmax(neat)/cm−1: 3416, 2989, 2944, 1378, 1219, 1096; dH (CDCl3,
300 MHz): 4.08–4.05 (m, 1H), 4.00 (s, 1H), 3.95–3.85 (m, 3H),
3.77–3.75 (m, 2H), 3.27 (s, 3H), 3.08 (br s, 2H), 1.42 (s, 3H), 1.33
(s, 3H); dC (75 MHz, CDCl3): 101.4, 98.8, 87.3, 79.9, 77.6, 62.8,
61.9, 48.7, 27.8, 19.5; dC (75 MHz, CD3OD): 104.1, 100.4, 86.2,
83.4, 78.7, 63.4, 62.8, 48.6, 27.1, 21.3; HRMS calcd. for C10H19O6


[M + H]+ m/z 235.1182, found m/z 235.1179.


Methyl 6-deoxy-6-iodo-1,3-O-isopropylidene-a-D-fructofurano-
side (15). To a solution of 14 (0.420 g, 1.79 mmol) in dry THF
(16 mL) were added PPh3 (0.71 g, 2.7 mmol) and imidazole (0.25 g,
3.7 mmol) and the mixture was heated to reflux. A solution of I2


(0.7 g, 2.8 mmol) in dry THF (7 mL) was added quickly, and the
reaction had gone to completion within a few minutes according
to TLC. The mixture was cooled to room temperature, filtered
and concentrated. The residue was purified by flash chromato-
graphy (hexane–EtOAc, 3 : 1) to afford 15 (0.520 g, 84%). Rf 0.19
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(hexane–EtOAc, 4 : 1); [a]D +26.1 (c 2, CH2Cl2); mmax(neat)/cm−1:
3445 (br), 2990, 2939, 1376, 1093; dH (300 MHz, CDCl3): 4.19 (m,
1H), 4.02 (s, 1H), 3.97 (dd, J = 9.9, 1.7 Hz, 1H), 3.88 (d, J = 1.2 Hz,
1H), 3.36–3.29 (m, 2H), 3.28 (s, 3H), 2.87 (d, J = 10.4 Hz, 1H),
1.42 (s, 3H), 1.34 (s, 3H); dC (75 MHz, CDCl3): 102.5, 98.8, 87.5,
80.2, 79.7, 61.9, 48.9, 27.9, 19.6, 5.6; Anal. calcd. for C10H17IO5:
C, 34.90; H, 4.98. Found: C, 35.24; H, 4.95%.


(1′R,4S) -2,2-Dimethyl-4-(1′ -hydroxyallyl) -1,3-dioxan-5-one
(16). To a solution of 15 (3.02 g, 8.78 mmol) in THF (50 mL)
and H2O (15 mL) was added pre-activated zinc (4.9 g, 75 mmol)
followed by sonication for 1.5 h at 40 ◦C. The mixture was filtered
through a short column of Celite and the column was rinsed with
CH2Cl2. The filtrate was washed with saturated aqueous NaHCO3


(100 mL). The aqueous layer was extracted with CH2Cl2 (100 mL)
and the combined organic phases were dried (Na2SO4) and
concentrated. The residue was purified by flash chromatography
(CH2Cl2–MeOH, 49 : 1) to give 16 (1.14 g, 70%). Rf 0.19 (hexane–
EtOAc, 4 : 1); [a]D −164.9 (c 2, CHCl3); mmax(neat)/cm−1: 3484 (br),
2988, 1750, 1377, 1227; dH (300 MHz, CDCl3): 6.01–5.90 (m, 1H),
5.37 (dt, J = 17.3, 1.5 Hz, 1H), 5.22 (dt, J = 10.5, 1.5 Hz, 1H), 4.56
(br s, 1H), 4.27–4.21 (m, 2H), 3.99 (dd, J = 17.1, 1.2 Hz, 1H), 2.58
(br s, 1H), 1.45 (s, 3H), 1.44 (s, 3H); dC (75 MHz, CDCl3): 208.2,
136.3, 116.8, 101.0, 77.2, 70.6, 67.2, 24.3, 23.5; HRMS calcd. for
C9H14O4 [M]+ m/z 186.0892, found m/z 186.0903.


(1′R,4R)-5-(But-3-enylamino)-2,2-dimethyl-4-(1′-hydroxyallyl)-
1,3-dioxane (17). To a solution of ketone 16 (0.058 g, 0.31 mmol)
in dry THF (5 mL) were added activated molecular sieves (3 Å)
and homoallylamine (0.24 g, 3.4 mmol). The mixture was cooled
to 0 ◦C and AcOH was added until pH 6–7. NaCNBH3 (0.095 g,
1.5 mmol) was then added and the reaction was stirred at room
temperature for 1 h. The mixture was filtered and the filtrate
was diluted with CH2Cl2 (10 mL) and washed with saturated
aqueous NaHCO3 (15 mL). The aqueous layer was extracted
with EtOAc (2 × 5 mL) and the combined organic phases were
dried (K2CO3) and concentrated. The residue was purified by flash
chromatography (CH2Cl2–MeOH, 19 : 1) to give 17 (0.048 g, 64%)
as a 2 : 1 mixture of diastereomers which could not be separated.
Rf 0.53 (CH2Cl2–MeOH, 9 : 1); mmax(neat)/cm−1: 3282, 2995, 2935,
1378, 1201, 1103; dH (300 MHz, CDCl3): 6.05–5.64 (m, 4H), 5.43–
5.00 (m, 8H), 4.36–4.34 (m, 1H), 4.24–4.21 (m, 1H), 3.93 (dd, J =
11.5, 5.3 Hz, 1H), 3.85–3.83 (m, 2H), 3.70 (t, J = 2.2 Hz, 1H), 3.66
(dd, J = 9.9, 3.8 Hz, 1H), 3.45 (t, J = 10.0 Hz, 1H), 2.94–2.74 (m,
4H), 2.60–2.50 (m, 2H), 2.30–2.15 (m, 4H), 1.40 (s, 6H), 1.39 (s,
3H), 1.33 (s, 3H); dC (75 MHz, CDCl3): 138.0, 137.3, 135.8 (2C),
117.0, 116.8, 115.8, 115.2, 99.3, 98.7, 75.6, 73.4, 73.2, 72.6, 63.6,
61.4, 55.1, 52.4, 46.0, 45.9, 34.6, 34.5, 29.6, 28.7, 19.3, 18.4; HRMS
calcd. for C13H23NO3 [M]+ m/z 241.1678, found m/z 241.1672.


(1′R,4R,5R) -N -Benzyloxycarbonyl -5- (but-3-enylamino)-2,2-
dimethyl-4-(1′-hydroxyallyl)-1,3-dioxane (18R) and (1′R,4R,5S)-
N -benzyloxycarbonyl-5-(but-3-enylamino)-2,2-dimethyl-4-(1′-hy-
droxyallyl)-1,3-dioxane (18S). To a solution of aminodiene 17
(0.147 g, 0.609 mmol) in CH2Cl2 (20 mL) and H2O (15 mL) was
added KHCO3 (0.49 g, 4.9 mmol) and the mixture was cooled
to 0 ◦C. CbzCl (0.17 mL, 1.2 mmol) was added dropwise, and
the stirring was continued for 45 min at room temperature. The
organic phase was isolated and the aqueous phase extracted with
CH2Cl2 (2 × 10 mL). The combined organic phases were dried


(Na2SO4) and concentrated. The residue was purified by flash
chromatography (heptane–EtOAc, 3 : 1) to give 18R (0.123 g,
54%) and 18S (0.062 g, 27%).


For 18R: Rf 0.35 (hexane–EtOAc, 3 : 1); [a]D −20.9 (c 2, CHCl3);
mmax(neat)/cm−1: 3459, 2990, 1679, 1429, 1227, 944; dH (300 MHz,
CDCl3): 7.39–7.26 (m, 5H), 5.94–5.63 (m, 2H), 5.32–5.00 (m, 6H),
4.55–4.39 (m, 1H), 4.17–4.04 (m, 2H), 3.80–3.47 (m, 3H), 3.20 (q,
J = 7.4 Hz, 1H), 2.47–2.20 (m, 2H), 1.54, 1.38, 1.31, 1.16 (4s,
6H); dC (75 MHz, CDCl3): 155.6, 137.8, 136.5, 135.1, 134.9, 128.9,
128.8, 128.7, 128.4, 128.2, 127.8, 117.3, 116.3, 116.2, 99.1, 72.0,
71.1, 70.8, 68.0, 67.2, 61.1, 60.2, 52.5, 49.1, 34.1, 33.4, 28.4, 20.3,
19.8; HRMS calcd. for C21H30NO5 [M + H]+ m/z 376.2124, found
m/z 376.2114.


For 18S: Rf 0.18 (hexane–EtOAc, 3 : 1); [a]D +10.6 (c 2.1,
CHCl3); mmax(neat)/cm−1: 3450 (br), 2990, 1696, 1422, 1384, 1288,
1228, 1200, 1148, 1011; dH (300 MHz, CDCl3): 7.35–7.26 (m, 5H),
5.95–5.67 (m, 2H), 5.30–4.98 (m, 6H), 4.24–3.52 (m, 6H), 3.17 (d,
J = 5.0 Hz, 1H), 2.43 (q, J = 7.6 Hz, 2H), 1.49 (s, 3H), 1.44 (s,
3H); dC (75 MHz, CDCl3): 157.4, 136.5, 135.7, 135.1, 128.6, 128.2,
128.0, 116.5, 116.1, 99.6, 75.0, 71.7, 67.7, 64.6, 47.1, 45.8, 34.2,
29.5, 18.7; HRMS calcd. for C21H30NO5 [M + H]+ m/z 376.2124,
found m/z 376.2112.


(1R,7R,8R)-N -Benzyloxycarbonyl-7-hydroxy-10,10-dimethyl-
9,11-dioxo-2-azabicyclo[6.4.0]dodec-5-ene (19). A solution of di-
ene 18R (0.240 g, 0.639 mmol) in CH2Cl2 (30 mL) was degassed
under argon. Grubbs 2nd generation catalyst (0.025 g, 0.029 mmol)
was added and the reaction was stirred at room temperature
overnight. The mixture was concentrated and the residue purified
by flash chromatography (heptane–EtOAc, 2 : 1) to give 19
(0.200 g, 90%), which showed 2 rotamers by NMR. Rf 0.24
(heptane–EtOAc, 2 : 1); [a]D +38.5 (c 2, CHCl3); mmax(neat)/cm−1:
3476 (br), 2936, 1697, 1424, 1130; dH (300 MHz, CDCl3): 7.37–
7.31 (m, 5H), 5.65–5.46 (m, 2H), 5.12–4.92 (m, 2H), 4.74, 4.59 (2t,
J = 10.8 Hz, J = 9.4 Hz, 1H), 4.34–3.78 (m, 3H), 3.67–3.57 (m,
1H), 2.93–2.81 (m, 2H), 2.32–2.10 (m, 2H), 1.64, 1.41, 1.31, 1.08
(4s, 6H); dC (75 MHz, CDCl3): 156.1, 155.6, 136.3, 135.5, 134.4,
133.2, 129.2, 128.7 (2C), 128.5, 128.2, 128.1, 126.4, 125.9, 99.2,
99.0, 72.1, 72.0, 71.4, 69.6, 68.2, 66.9, 60.5, 59.5, 54.8, 54.0, 46.4,
46.1, 29.1, 28.9, 27.0, 26.8, 19.9, 19.4; HRMS calcd. for C19H26NO5


[M + H]+ m/z 348.1811, found m/z 348.1790.


(2R,3R,4R)-N-Benzyloxycarbonyl-5,6-didehydro-3,4-dihydroxy-
2-hydroxymethyl-azocane (20). Cycloheptene 19 (0.171 g,
0.492 mmol) was dissolved in 80% AcOH (3 mL) and stirred at
room temperature for 4 h. The mixture was concentrated and the
residue was purified by flash chromatography (CH2Cl2–MeOH,
9 : 1) to afford 20 (0.117 g, 77%). Rf 0.48 (CHCl3–MeOH, 9 : 1);
[a]D +69.6 (c 2, CHCl3); mmax(neat)/cm−1: 3416 (br), 2948, 1678,
1436, 1235, 1058; dH (300 MHz, CDCl3): 7.39–7.26 (m, 5H), 5.60
(dd, J = 10.7, 6.0 Hz, 1H), 5.51–5.44 (m, 1H), 5.14–4.98 (m,
2H), 4.27–3.76 (m, 5H), 2.94–2.87 (m, 2H), 2.32–2.14 (m, 2H);
dC (75 MHz, CDCl3): 157.6, 136.1, 134.7, 128.6, 128.4, 128.1,
125.6, 72.3, 69.3, 67.6, 65.4, 62.1, 46.2, 26.7; HRMS calcd. for
C16H22NO5 [M + H]+ m/z 308.1498, found m/z 308.1491.


(9R,10R,10aR)-9,10-Dihydroxy-1,5,6,9,10,10a-hexahydro[1,3]-
oxazolo[3,4-a]azocin-3-one (21). To a solution of the triol 20
(0.070 g, 0.228 mmol) in MeOH (2 mL) was added a 1 M solution
of NaOMe in MeOH (0.1 mL). The mixture was stirred at room
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temperature for 7.5 h and then concentrated. The residue was
partitioned between CH3CN (3 ml) and H2O (5 mL) and the
phases were separated. The aqueous phase was extracted with
CH3CN (2 × 3 mL) and the combined organic phases were dried
(Na2SO4) and concentrated. The residue was purified by flash
chromatography (CH2Cl2–MeOH, 9 : 1) to give 21 (0.026 mg,
57%). Rf 0.38 (CH2Cl2–MeOH, 9 : 1); mmax(neat)/cm−1: 3378 (br),
1746, 1423, 1215, 1065; dH (300 MHz, CD3CN): 5.61–5.55 (m,
2H), 4.38 (dd, J = 8.9, 2.2 Hz, 1H), 4.28 (dd, J = 9.0, 7.8 Hz,
1H), 4.20 (dd, J = 9.7, 3.9 Hz, 1H), 3.75 (br s, 1H), 3.57–3.45 (m,
3H), 3.20–3.20 (m, 2H), 2.39–2.23 (m, 2H); dC (75 MHz, CD3CN):
160.8, 135.6, 126.5, 75.4, 71.0, 68.8, 58.9, 44.6, 27.1; HRMS calcd.
for C9H14NO4 [M + H]+ m/z 200.0923, found m/z 200.0956.
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The free radical trapping properties of eight 5-alkoxycarbonyl-5-methyl-1-pyrroline N-oxide (EMPO)
type nitrones and those of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were evaluated for trapping of
superoxide anion radicals in the presence of 2,6-di-O-methyl-b-cyclodextrin (DM-b-CD). 1H-NMR
titrations were performed to determine both stoichiometries and binding constants for the diamagnetic
nitrone–DM-b-CD equilibria. EPR titrations were then performed and analyzed using a
two-dimensional EPR simulation program affording 1 : 1 and 1 : 2 stoichiometries for the nitroxide spin
adducts with DM-b-CD and the associated binding constants after spin trapping. The nitroxide spin
adducts associate more strongly with DM-b-CD than the nitrones. The ability of the nitrones to trap
superoxide, the enhancement of the EPR signal intensity and the supramolecular protection by
DM-b-CD against sodium L-ascorbate reduction were evaluated.


Introduction


Reactive oxygen species (ROS) have benefited from intense atten-
tion because of their implication in oxidative stress and a range
of pathological processes.1 Since the discovery of DMPO or PBN
as spin traps, significant advances to find more efficient molecular
systems trapping the ROS with enhanced lifetime of the resulting
spin adducts have been realized with the synthesis of better nitrone
spin traps.2,3 Among recently reported nitrones, EMPO analogues
(Fig. 1) are efficient spin traps for the detection of carbon and
oxygen centered free radicals by electron paramagnetic resonance
(EPR) spectroscopy.3 Unfortunately, use of these traps for the
detection of ROS in biological media is limited by the presence
of species that reduce instantaneously the nitroxide spin adducts
into EPR silent hydroxylamines.4 To overcome these difficulties,
cyclodextrins (CDs) are effective in (i) increasing the EPR signal
intensity, (ii) lengthening the life time of superoxide spin adducts,
and (iii) protecting the nitroxide spin adducts resulting from spin
trapping against enzymatic or chemically reductive species.5


For paramagnetic guests, EPR was successfully used to study
inclusion complexes of stable free radicals in cyclodextrins6 for
molecular6c,7 and chiral8 recognition and in terms of multimodal
inclusion complexes.6b,c,9 Bioreduction experiments were also per-
formed with persistent nitroxides to test their ability to be pro-
tected against reduction by ascorbic acid10 through inclusion in a
cyclodextrin. However, the use of macrocycles during the detection
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Fig. 1 Chemical structures of DM-b-CD and EMPO.


of transient free radicals by the spin trapping-EPR technique is
quite recent. Chen and co-workers11 have studied the trapping
of carbon-centered radicals with nitroso compounds stabilized
by cyclodextrins. However, cyclic nitrones are a better choice to
trap superoxide as illustrated by 5-diethoxyphosphoryl-5-methyl-
1-pyrroline N-oxide (DEPMPO) in the absence of cyclodextrin.2a


Inclusion of PBN nitrones in b-cyclodextrin12 and especially their
methylated derivatives led to improved detection of superoxide
radical in vitro and its observation under reductive conditions.5c


Moreover, the binding of PBN–superoxide spin adducts resulted
in multiple equilibria due to the heteroditopic character of
the PBN skeleton. This situation was analyzed in terms of
microscopic binding constants and site interaction parameter
(cooperativity).5c,13 However, in spite of the recognized trapping
properties of PBN, the oxygen free radicals derived spin adducts
are less stable than those resulting from the trapping by EMPO
analogues. In addition, with EMPO analogues, only 1 : 1 inclusion
complexes are expected between the CDs and both the nitrones
and the spin adducts. Therefore, we decided to investigate the
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influence of DM-b-CD on the spin trapping of superoxide anion
radical by a series of EMPO analogues.


Results and discussion


Synthesis


A range of EMPO ester derivatives was selected to cover a large
scale of binding constants with DM-b-CD, considering that the
more the nitrones are associated with the cyclodextrin, the less they
can trap free radicals.5c Nitrones 2d and 4d to 9d were prepared
by an adaptation of the four step procedure of Zhao et al.3c


(Scheme 1 and Electronic Supplementary Information, ESI†),
whereas EMPO 3d was prepared by the procedure of Olive et al.3a


Scheme 1 General synthetic route to ester functionalized EMPO type
nitrones (x refers to the alkoxy group, Fig. 2).


Fig. 2 Chemical structure of DMPO and of the synthesized EMPO and
analogues.


NMR study


The characteristic features of the inclusion complexes between
EMPO-type nitrones and 2,6-di-O-methyl-b-cyclodextrin were
determined by 1H-NMR studies. To study the effect of the host–
guest association, the use of NMR spectroscopy was selected, as
it provides specifically 1H and 13C complexation induced shifts
(CIS) upon inclusion and represents a powerful tool to investigate
molecular edifices in solution.14 The 1H-NMR signals of all the
nitrones were first carefully assigned for D2O solution of the
nitrones alone (ESI†). All the signals related to the ester part
of the nitrones were easily attributed except for sBuMPO 5d


and CMMPO 9d for which 2D-NOESY spectra were necessary
for a non ambiguous assignment. The methylene protons of the
pyrroline ring exhibited three multiplet signals and were also
assigned using 2D-NOESY in D2O (ESI†).


Continuous variation method


The continuous variation method (Job’s plot)15 was used to
determine the stoichiometry of the inclusion complexes. NMR
samples were prepared by mixing equimolar amounts of freshly
made stock solutions of b-CD and nitrone (10 mM) in different
volumes leading to the desired values of the ratio SH = [H]0/([H]0 +
[G]0), with the total products concentration kept constant (V tot =
500 lL) while the molar fractions of both components varied
from 0 to 1 by steps of 0.1. The averaged values were monitored
as a function of the cyclodextrin and nitrone concentrations. In
preliminary experiments with D2O solutions of the nitrones in
the presence of DM-b-CD, significant 1H-NMR complexation
induced shifts (CIS) showed the presence of inclusion complexes.
The mean values of the affected protons between the free and
included guests suggested a fast exchange process between both
species on the NMR timescale. However, the signal of the methyl
group that substitutes the pyrroline ring was split into two signals
during the titration whatever the nitrone. In spite of limited
changes detectable in the 1H-NMR spectra in the case of DMPO
1d, MeMPO 2d and EMPO 3d in the presence of DM-b-CD, a
1 : 1 stoichiometry was derived from the Job’s analysis of the CIS
values for all the considered nitrones (see Fig. 3 for an example
with CMMPO as a guest).


Fig. 3 Job’s diagram for CMMPO 9d–DM-b-CD equilibrium. (HCD3,
HCD5 = protons inside the DM-b-CD cavity, see Fig. 1).


Structure–complexation induced shift correlations


For each nitrone, the maximum CIS values were derived from the
two extreme spectra (free of CD and maximum concentration of
CD), affording information on the inclusion mode of the guests
inside the CD cavity (Table 1). Nitrones 1d, 2d and 3d, bearing
poorly hydrophobic groups, showed only moderate CIS. Because
of the good water solubility of these nitrones, they did not exhibit
great affinity for the hydrophobic inner cavity of DM-b-CD. On
the other hand, substitution of the ester function by bulkier alkyl
groups resulted in a greater affinity for the CD cavity. Indeed,
whereas the CIS of the nitronyl proton H7 decreased from nitrone
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Table 1 1H NMR CIS values of EMPO analogues in the presence of
DM-b-CD


Nitrone Structure H7 H8 H9 H10


1d −0.03 +0.03 a +0.04


2d −0.05 −0.03 +0.04 a


3d −0.05 −0.07 +0.04 +0.01


4d −0.04 −0.14 +0.03 +0.04


5d −0.03 −0.16 +0.08 +0.08


7d −0.05 +0.05 +0.01 +0.08


8d −0.02 −0.15 +0.05 +0.10


9d a −0.10 +0.06 +0.10


6d a −0.32 +0.04 a


a |Dd| < 0.01 ppm.


2d to 9d (except in the case of 7d), the CIS observed on the alkyl
ester region (H10) increased. Thus, the part of the nitrone that
is included in the CD cavity seems to change, depending on the
nature of the ester group. Replacement of the small methyl ester
group by the bulkier tert-butyl or neo-pentyl group shifts the site,
that is preferentially recognized by the CD, from the pyrroline
ring to the ester moiety. In parallel, the general strength of the
association is directly correlated with the nature of the ester group
(see binding constants in Table 2). Although the fit between alkyl
groups and the inside cavity of DM-b-CD should be better for the
cyclohexyl group (and optimal for the adamantyl group, although
not studied in the present series), the highest CIS were not observed
in the case of nitrone 9d. Moreover, the usually good affinity of the
phenyl group for the inner b-CD cavity was not observed in the
case of BnMPO 6d. Instead of recording a significant CIS value for
the aromatic protons (H10), a relatively big CIS was observed for
the pyrroline proton H8. Besides, the absolute value for H8 CIS
increased from +0.03 to +0.32 ppm on going from nitrone 1d to
nitrone 6d (in the order displayed in Table 1 except for nitrones 7d
and 9d). This trend is unusual since, in most cases, the H8 proton
exhibits the highest CIS value compared to the other protons with
the exclusion of other pyrroline ring protons. This might be related


to a difference in the nitrone conformations implying that, during
the titration, the C–H8 bond interacts with the asymmetric cone
of the adjacent C=O bond.16


However, this hypothesis does not explain the CIS observed in
the case of benzyl ester nitrone 6d, since H8 is the only proton
to give detectable and high CIS, while the rest of the molecule is
not affected. X-Ray crystallographic analyses of the benzyl ester
nitrone 6d and of the corresponding saturated cyclohexylmethyl
ester nitrone 9d helped us to understand this behaviour (ESI†).
BnMPO 6d adopts a folded down (cis) conformation (ESI†)
with the phenyl group slightly facing the nitrogen atom of the
nitrone function. On the other hand, CMMPO 9d exhibits an
unfolded geometry (trans) with the cyclohexyl group opposite to
the pyrroline ring (ESI†). The 5.6 Å distance between the positively
charged nitrogen atom and the p cloud for BnMPO 6d is too large
to allow a stabilizing effect (angle between the 6-membered and
the 5-membered ring planes of around 51◦, ESI†). Nevertheless,
the folded face-to-face geometry could be explained by a p–p and a
pyrrolinyl CH–p interaction (around 2.8 and 2.7 Å respectively for
each CH–p distance, see Fig. 4a and ESI†) that probably stabilizes
each phenyl group.17


Fig. 4 Weak stabilizing interactions in the crystal structure of BnMPO
6d and yin-yang-like disposition of two nitrone molecules.


The weak interactions (Fig. 4a) may be related to the observed
relative disposition of two molecules of 6d that is reminiscent of
the yin-and-yang symbol (Fig. 4b). The folded conformation of
BnMPO 6d can prevent the phenyl group from being included
in the CD cavity due to steric hindrance (this would explain the
absence of CIS for aromatic protons H10). In contrast to the
BnMPO nitrone 6d, the CMMPO nitrone 9d adopts an unfolded
geometry allowing the cyclohexyl moiety to be complexed by the
DM-b-CD. One hydrogen bond per molecule can be observed
between the nitronyl proton of one molecule of 9d and the carbonyl
oxygen of a second one (≈2.4 Å distance, Fig. 5a). An almost
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Fig. 5 Opposite disposition of the ester moieties in the crystal structure
of CMMPO 9d leading to a sheet-like structure in the solid state.


face-to-face disposition of the pyrroline rings is observed (Fig. 5b
and ESI†) with the cyclohexyl moieties far apart. This alternation
of hydrophobic cyclohexyl and hydrophilic nitrone packing zones
leads to an overall sheet-like structure (see ESI†).


Thus, the solid state information may explain the absence of
CIS for the aromatic protons of molecule 6d due to the folded
geometry of the nitrone, contrary to the unfolded one for nitrone
9d. However, the effect of the solvent can play an important role on
the nitrone geometry and, in spite of this structural information,
the observed CIS for H8 of nitrone 6d in solution with the exclusion
of the other protons cannot be fully rationalized.


Calculation of association constants16


The 1H-NMR titration technique was used to evaluate the binding
constants. The whole sets of nitrone protons chemical shifts were
monitored with the guest concentration kept constant, while the
DM-b-CD concentration was increased (Fig. 6).


Fig. 6 Chemical shift evolution for selected guest protons during 1H
NMR titration of tBuMPO 7d in the presence of DM-b-CD (R =
[CD]/[nitrone]).


Formation of 1 : 1 complexes was assumed from the results
of the continuous variation method. The Macomber model was
then chosen to calculate the binding constants from the titration
curves.18 The non linear curve fitting procedure of these curves


toward experimental points afforded the equilibrium constants
(Fig. 7).


Fig. 7 Calculation of binding constants by non linear curve fitting of the
chemical shift of the suitable EMPO 3d protons investigated as a function
of DM-b-CD concentration.


All protons affording convergent fit were considered. The weak
intensity of the H8 signal made its detection rather tedious up to
35 mM of CD. Thus the CD concentration domain was limited
in this case (Table 2). The useful range of CD concentrations
has also been restricted for nPtMPO 8d and CMMPO 9d since a
poor fit was obtained, if all points were considered.8d Correlation
coefficients exceeded 0.99 except for a few cases. Calculations
afforded estimations of maximum CIS and the value of binding
constants related to the considered proton, with the errors
estimated as previously described.12 Finally, when more than one
binding constant was estimated for a nitrone because of the
different influence of the solvent on the nitrone protons in the
complex, an averaged binding constant value was considered to
give a more significant equilibrium constant with DM-b-CD.19 The
first aim was to detect a clear trend in the nitrone complexation
by DM-b-CD. The results are reported in Table 2. The values
of the binding constants were also used for the EPR titrations
to estimate the binding constants between the spin adducts and
DM-b-CD after superoxide trapping. In agreement with the CIS
studies, the highly water soluble nitrones presented moderate
binding constants (4 to 43 M−1 from MeMPO 2d to sBuMPO 5d),
with only slight differences upon the considered protons. In the
case of bulky ester groups (like tert-butyl), the binding constants
exceeded 200 M−1. The independent values are homogeneous for
CMMPO 9d, close to 960 M−1 but more dispersed for tBuMPO
7d and nPtMPO 8d. Nevertheless, a clear trend can be observed
in the series with binding constant values increasing regularly
with the size of the ester group from 4 M−1 for the smallest
(MeMPO 2d) to 962 M−1 for the bulkiest (CMMPO 9d). These
calculated maximum CIS and binding constant values agree well
with the previous analysis of experimental CIS and with the
continuous variation method. On the other hand, it must be
remembered that the values estimated from equilibria occurring in
deuterated water are probably slightly overestimated compared to
the experiments in water.20 So, nitrones 1d to 7d showed moderate
binding constants toward DM-b-CD in line with good trapping
properties (sufficient availability of the trap toward free radicals).
On the contrary, nPtMPO 8d and CMMPO 9d were expected to
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Table 2 Binding constants and maximum 1H-NMR CIS for the different nitrones based on the selected protons, toward DM-b-CD


Entry Nitrone Proton KHi/M−1 |Dd| (ppm) r2 [CD]/mM KNMR/M−1


DMPO H7 24 (±4) 0.035 (±0.003) >0.994 0.5–141 24


MeMPO H7 4 (±1) 0.128 (±0.019) >0.988 0.5–141 4
H8 3 (±1) 0.102 (±0.019) >0.972 0.5–141


EMPO H7 12 (±3) 0.078 (±0.009) >0.996 0.5–141 12
H8 12 (±2) 0.113 (±0.012) >0.997 0.5–141


iPrMPO H7 32 (±6) 0.052 (±0.004) >0.991 0.5–141 27
H8 22 (±2) 0.218 (±0.011) >0.998 0.5–95


sBuMPO H8 78 (±7) 0.213 (±0.008) >0.991 0.5–35 43
H9 22 (±4) 0.104 (±0.006) >0.992 0.5–141
H10 28 (±5) 0.103 (±0.008) >0.992 0.5–141


BnMPO H8 207 (±13) 0.343 (±0.007) >0.998 0.5–95 207


tBuMPO H7 379 (±51) 0.051 (±0.002) >0.987 0.5–141 230
H10 80 (±8) 0.085 (±0.002) >0.982 0.5–141


nPtMPO H8 678 (±156) 0.157 (±0.008) >0.992 0.5–35 429
H9 294 (±50) 0.033 (±0.002) >0.982 0.5–35
H10 314 (±29) 0.074 (±0.002) >0.995 0.5–35


CMMPO H9 843 (±130) 0.039 (±0.001) >0.988 0.5–35 962
H10 1052 (±104) 0.092 (±0.002) >0.997 0.5–35
H11 990 (±103) 0.093 (±0.002) >0.995 0.5–35


trap less efficiently the superoxide in the presence of DM-b-CD
due to their higher affinity toward the CD cavity.


EPR study


Preliminary EPR spectra of the spin adducts of superoxide trapped
by nitrones 1d–9d in the presence of DM-b-CD were recorded
under identical experimental conditions. In a previous study,5c we
found that decreasing intensity of the EPR spectrum is associated
with increasing binding constants of the corresponding nitrone–
CD couples. In the present series of nitrones, EMPO 3d, sBuMPO
5d and BnMPO 6d showed the highest EPR spectrum intensity.
However, in the case of the two bulkiest nitrones (nPtMPO 8d
and CMMPO 9d) the spin trapping reaction is impeded (nitrones
exhibiting the larger binding constants with cyclodextrins) com-
pared to the smaller nitrones 1d–7d. The high signal intensity in the
case of nitrones 3d, 5d and 6d can be assigned to the known good
stability of the superoxide spin adducts, allowing a more efficient
accumulation of the paramagnetic species compared to the case
of other nitrones. Thus, the affinity of the trap for the cyclodextrin
is important to predict the trapping efficiency; but the intrinsic
stability of the superoxide spin adduct plays also an important
role for free radical detection. The EPR signal enhancement can
be attributed to inclusion of the nitroxide spin adduct in the CD
unless the parent nitrone is too strongly complexed by the CD to
allow good trapping.


Calculations of association constants


In the EPR titration experiments, the global amount of cyclodex-
trin is expected to be shared between all products susceptible to
be complexed: the nitrones and their superoxide adducts (Fig. 8).
The nitrone concentration being much larger than that of the
nitroxides, the proportion of CD occupied for complexation of
the nitrones is crucial for estimation of the free CD, which can be
estimated by KNMR.


Fig. 8 Schematic representation of equilibria occurring before and after
spin trapping of superoxide by EMPO analogues in the presence of
DM-b-CD.
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As previously reported in the case of PBN derivatives used as
spin traps,5c the EPR spectra intensities are also correlated to
the added CD concentration (Fig. 9). The pattern of the EPR
spectra shows continuous variation in the titrations presenting
the superimposition of free and included species. The association
properties of pyrroline type nitrone spin adducts differ from
those of the open chain nitrones: for the ring compound, only
two types of association can be observed contrary to the PBN
derivatives, where two different single and one double association
can be formed. In the EMPO type series, efforts to distinguish
the free and complexed species of the cis and trans superoxide
spin adducts by 2D-EPR simulations21 were not successful due
to the poor resolution. Although the fit become better, the large
number of adjusted parameters made the confidence of the spectral
decomposition rather poor. A further difficulty is the presence
of a chemical exchange phenomenon3a that is also a source of
error, which can prevent the most sophisticated analysis. For these
reasons, we considered only a simpler rigid superimposed model
concerning the 1 : 1 association.


Fig. 9 Selected EPR spectra of EMPO 3d superoxide spin adduct with
increasing concentration of DM-b-CD: superoxide spin adduct (a) without
CD, (b) with CD 3 mM, (c) 6 mM, (d) 9 mM, (e) 12 mM, (f ) 25 mM, (g)
100 mM.


In spite of these limitations, 2D-EPR simulations implying
free (1 : 0), single associated (1 : 1) and double associated
(1 : 2) nitroxides gave the best results. Thus, the possibility of
encapsulation followed by dimerization of DM-b-CD at high CD
concentrations was once again observed.


The results of 2D spectral decompositions of the EPR titrations
are reported in Table 3.


A convincing proof of spin adduct encapsulation in the CD
cavity is given by the decrease of the nitrogen splitting constant aN


that reflects the lower polarity of the environment in the vicinity
of the nitroxide function, which is the case of inner cavity of the


Table 3 Calculated values of binding constants and EPR parameters for
spin trapping of superoxide in the presence of DM-b-CD


Nitrone Param.a 1 : 0b 1 : 1c 1 : 2d KNMR
e af


DMPO aN/mT 1.413 1.343 1.334 24 14.3
aH/mT 1.137 1.104 1.048
aH′ /mT 0.118 0.121 0.177
K/M−1 343 603


MeMPO aN/mT 1.306 1.250 1.248 4 28.3
aH/mT 1.084 1.102 1.003
aH′ /mT 0.101 0.106 0.124
K/M−1 113 129


EMPO aN/mT 1.317 1.247 1.248 12 17.3
aH/mT 1.086 1.103 0.999
aH′ /mT 0.103 0.107 0.132
K/M−1 207 307


iPrMPO aN/mT 1.320 1.249 1.253 27 9.9
aH/mT 1.096 1.090 1.082
aH′ /mT 0.102 0.114 0.102
K/M−1 266 2 985


sBuMPO aN/mT 1.321 1.249 1.259 43 8.5
aH/mT 1.085 1.078 1.072
aH′ /mT 0.104 0.118 0.100
K/M−1 367 3 510


BnMPO aN/mT 1.317 1.250 1.251 207 3.1
aH/mT 1.077 1.063 1.082
aH′ /mT 0.101 0.119 0.075
K/M−1 645 7 340


tBuMPO aN/mT 1.333 1.267 1.271 230 2.9
aH/mT 1.097 1.088 1.080
aH′ /mT 0.106 0.113 0.110
K/M−1 658 18 500


nPtMPO aN/mT 1.317 1.265 1.268 429 2.1
aH/mT 1.074 1.039 1.090
aH′ /mT 0.105 0.124 0.061
K/M−1 892 3 950


CMMPO aN/mT 1.326 1.278 1.243 962 2.2
aH/mT 1.086 1.048 1.094
aH′ /mT 0.106 0.118 0.105
K/M−1 2 144 133700


a EPR spectra parameters. b Parameters for the free nitroxides. c Parameters
for the 1 : 1 complexes. d Parameters for the 1 : 2 complexes. e In M−1. f a =
K1 : 1/KNMR


CD. Further evidence for the association is given by the high field
lines of the spectrum that have smaller amplitude than the other
lines in the cases of 1 : 1 and 1 : 2 species, a clear indication of the
restriction of the molecular rotation upon inclusion (see Fig. 9).


The possibility for the 2D EPR simulation program to take
into account the previously calculated KNMR greatly helped for a
reliable determination of nitroxide–CD binding constants. As for
PBN, the 1 : 1 nitroxide binding constants are found always larger
for the included spin adducts than for the parent nitrones toward
DM-b-CD complexation (Fig. 10).5c


The trend in the values of K1 : 1 for the nitroxide–CD pair is the
same as for KNMR considering the changes in the ester function.
Indeed, a clear increase of K1 : 1 with bulkier nitroxide ester parts
can be seen. On the other hand, the a ratio (K1 : 1/KNMR) also
named selectivity is decreasing with the general size of the spin
adducts depending on the nitrone considered.


This trend can be explained by the differences in size and
polarity for each nitrone and corresponding nitroxide considered.
Indeed, the effect on complexation when the superoxide spin
adduct is formed is more intense for the smaller nitrones than for
the bigger nitrones. On the other hand, the larger calculated K1 : 2


binding constants compared to K1 : 1 support the occurrence of
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Fig. 10 Comparison of (spin adduct) nitroxide–CD binding constants
(dark grey) and nitrone–CD binding constants (light grey) for all the
considered nitrones.


DM-b-CD dimerization with the superoxide adducts as included
guest at high CD concentration. Nevertheless, calculation of the
stepwise binding constants according to Connors13 shows a non
cooperative complexation process.


This is probably due to the difference in polar surfaces of
the superoxide spin adducts (ester hydrophobic part versus more
hydrophilic hydroperoxy-nitroxide group). Complexation of the
ester function can be expected easier than complexation of the
hydroperoxy-nitroxide counterpart.


Bioreducing experiments


Despite the efficient spin trapping properties of EMPO, its
derivatives were only seldom applied as traps in biological media
since the resulting spin adducts are instantaneously reduced. It
is promising, however, that the cyclodextrins proved effective
in protecting the superoxide spin adducts against enzymatic
and molecular reduction in the case of DEPMPO5a and PBN
derivatives as spin traps.5b,5c In the case of the superoxide adducts
of EMPO analogues 1d–9d under reductive conditions, the EPR
spectrum of EMPO superoxide spin adduct can be recorded up to
3 minutes in the presence of DM-b-CD (Fig. 11).


The other EMPO analogue nitrones as spin traps did not exhibit
a higher observed time except in the case of sBuMPO 5d (up to 4
minutes: see Table 4).


Moreover significant differences in the decrease of the EPR
signal intensity (linked to the nitroxide concentration) were
monitored after the first minute of reduction (data not shown).
However, this trend cannot be correlated to the maximum time
of observation of the nitroxides since it is affected both by the
ability to trap the superoxide and by the stability of the resulting
spin adducts. The nitroxide spin adducts derived from EMPO
3d and sBuMPO 5d exhibited the longest observation time of
the signal, and these nitrones produced also the greatest EPR
spectrum intensity all things being otherwise equal. That would
explain that, in spite of a rapid loss of signal for EMPO-OOH
EPR spectrum, the signal observation time is still rather long.
Finally, we did not observe any direct correlation between the
estimated nitroxide binding constants toward DM-b-CD and the
resistance abilities of these complexed spin adducts toward L-
ascorbate. However, the presence of DM-b-CD undoubtedly slows
down the reductive process.


Fig. 11 Protection of the EMPO-OOH nitroxide spin adduct by
DM-b-CD (50 mM) against sodium L-ascorbate reduction. (a) EMPO-
OOH EPR signal in the absence of cyclodextrin. (b) Signal obtained after
addition of SOD and sodium L-ascorbate (c) EMPO-OOH EPR signal
in the presence of DM-b-CD. (d) 1 min 15 s after addition of SOD and
sodium L-ascorbate (0.1 mM). (e) After 2 min. (f ) After 2 min 45 s. (g)
After 3 min 30 s.


Table 4 Maximum time of EPR observation of the superoxide spin
adducts under reductive conditions (0.1 mM sodium L-ascorbate)


Entry Nitrone tobs


1d DMPO 3 min
2d MeMPO 2 min 50 s
3d EMPO 3 min 30 s
4d iPrMPO 2 min 20 s
5d sBuMPO 4 min 10 s
6d BnMPO 1 min 40 s
7d tBuMPO 1 min
8d nPtMPO 1 min 40 s
9d CMMPO 2 min 20 s


Conclusion


EMPO type nitrones are significantly complexed by 2,6-di-O-
methyl-b-cyclodextrin (DM-b-CD) and the complexation strongly
depends on the nature of the ester function. Trapping of superoxide
radical by these nitrones does not hinder the complexation process
by the DM-b-CD. The strength of the spin adduct recognition
even increases by formation of the less polar nitroxide group
that replaces the strongly polar nitrone structure after spin trap-
ping. The stabilization induced by complexation affords a better
detection due to the enhanced EPR spectrum intensities, unless
the too strongly complexed nitrones block the trapping process.
Contrary to PBN, the difference in polarity for the heteroditopic
EMPO superoxide spin adduct (ester side and hydroperoxy-
nitroxide group) induces a non-cooperative situation. Indeed, at
high DM-b-CD concentration a second complexation effectively
occurs, but less efficient than the first one. Nevertheless, DM-b-
CD dimerizes to encapsulate the unstable superoxide spin adducts.
Thus, cyclodextrins should promote the use of nitrone type spin
traps for the direct observation and the characterization of free
radicals, in particular, the ROS species in ex vivo or in vivo EPR
experiments.
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Experimental


General


All commercially available chemicals and organic solvents were
used as received without further purification. 2,6-Di-O-methyl-
b-cyclodextrin was purchased from Acros Organics. Xanthine
oxidase (XOD) and diethylenetriaminepentaacetic acid (DTPA)
were from Sigma Chemical Co. Crude materials were purified by
flash chromatography on Merck silica gel 60 (0.040–0.063 mm).
1H-NMR and 13C-NMR spectra were recorded with a Bruker DPX
300 spectrometer at 300.13 MHz and 75.54 MHz respectively.
Chemical shifts (d) are reported in ppm for a solution of the
nitrone in CDCl3 with internal reference Me4Si (Euriso-Top, CEA
Saclay, 99.80%). J values are reported in Hz. The assignments of
NMR signals were facilitated by the use of DEPT135 and NOESY
sequence in D2O if necessary. Melting points were measured on a
Büchi B-540 apparatus and are uncorrected.


The nitrones were prepared by the procedure described by
Zhao et al.3c and only the characteristic physical data of the new
compounds are reported.


5-Methoxycarbonyl-5-methyl-1-pyrroline N-oxide 2d,3g 5-
ethoxycarbonyl-5-methyl-1-pyrroline N-oxide 3d,3a 5-(1-methyl-
ethoxy)carbonyl-5-methyl-1-pyrroline N-oxide 4d,3f 5-(2-butoxy-
carbonyl)-5-methyl-1-pyrroline N-oxide 5d3f and 5-(1,1-dimethyl-
ethoxycarbonyl)-5-methyl-1-pyrroline N-oxide 7d3c were prepared
by literature procedures.


Benzyl 1-oxo-4-nitro-4-methylpentanoate 6c. 95%, dH 1.79 (s,
3H), 2.46–2.59 (m, 4H), 5.23 (s, 2H), 7.31–7.40 (m, 5H), 9.70 (s,
1H).


5-Benzyloxycarbonyl-5-methyl-1-pyrroline N-oxide 6d. Flash
chromatography (CH2Cl2–EtOH 95, 18.5 : 1.5), 10%, colourless
crystals, mp 62 ◦C; dH 1.75 (s, 3H), 2.10–2.20 (m, 1H), 2.52–2.80
(m, 3H), 5.18 (d, J 12.4, 1H), 5.28 (d, J 12.3, 1H), 6.96 (t, J 2.6, 1H),
7.32–7.40 (m, 5H); dC 20.94, 25.84, 32.34, 67.69, 79.08, 127.98,
128.42, 128.61, 134.82, 135.12, 169.69. Calcd for C13H15NO3, 0.1
CH2Cl2 (233.27 g mol−1) C, 65.08; H, 6.34; N, 5.79. Found C,
65.27; H, 6.58; N, 5.69%.


2,2-Dimethylpropyl 2-bromopropanoate 8a. 97%, dH 0.97 (s,
9H), 1.84 (d, J 6.9, 3H), 3.82 (d, J 10.5, 1H), 3.92 (d, J 10.6,
1H), 4.41 (q, J 7.0, 1H).


2,2-Dimethylpropyl 2-nitropropanoate 8b. Flash chromatogra-
phy (pentane–CH3OH, 19.5 : 0.5), 38%, dH 0.94 (s, 9H), 1.82 (d, J
7.2, 3H), 3.89 (d, J 10.4, 1H), 3.95 (d, J 10.4, 1H), 5.25 (q, J 7.2,
1H).


2,2-Dimethylpropyl 1-oxo-4-nitro-4-methylpentanoate 8c.
92%, dH 0.94 (s, 9H), 1.81 (s, 3H), 2.44–2.66 (m, 4H), 3.90 (s, 2H),
9.78 (s, 1H).


5-(2,2-Dimethylpropoxycarbonyl)-5-methyl-1-pyrroline N-oxide
8d. Flash chromatography (CH2Cl2–CH3OH, 18.5 : 1.5), 42%,
white solid, mp 50–51 ◦C; dH 0.96 (s, 9H), 1.74 (s, 3H), 2.13–2.23
(m, 1H), 2.57–2.86 (m, 3H), 3.90 (d, J 10.5, 2H), 6.97 (t, J 2.6, 1H);
dC 20.97, 25.83, 26.32, 31.54, 32.51, 75.13, 79.05, 134.36, 169.83.
Calcd for C11H19NO3, 0.1 H2O (213.28 g mol−1) C, 61.43; H, 9.00;
N, 6.51. Found C, 61.53; H, 8.96; N, 6.48%.


Cyclohexylmethyl 2-bromopropanoate 9a. 66%, dH 0.92–1.05
(m, 2H), 1.14–1.33 (m, 3H), 1.67–1.77 (m, 6H), 1.83 (d, J 7.0,
3H), 3.92–4.04 (m, 2H), 4.37 (q, J 6.9, 1H).


Cyclohexylmethyl 2-nitropropanoate 9b. Flash chromatogra-
phy (pentane–CH3OH, 18 : 2), 60%, dH 0.9–1.02 (m, 2H), 1.13–
1.32 (m, 3H), 1.64–1.77 (m, 6H), 1.80 (d, J 7.0, 3H), 3.90–4.04 (m,
2H), 5.22 (q, J 7.1, 1H).


Cyclohexylmethyl 1-oxo-4-nitro-4-methylpentanoate 9c. 97%,
dH 0.89–1.01 (m, 2H), 1.13–1.31 (m, 3H), 1.61–1.75 (m, 6H), 1.80
(s, 3H), 2.42–2.65 (m, 4H), 4.02 (d, J 6.0, 2H), 9.77 (s, 1H).


5-Cyclohexylmethoxycarbonyl-5-methyl-1-pyrroline N-oxide 9d.
Flash chromatography (pentane–AcOEt–CH3OH, 12 : 5 : 3), 9%,
colourless crystals, mp 52 ◦C; dH 0.91–1.03 (m, 2H), 1.13–1.31 (m,
3H), 1.62–1.73 (m, 6H), 1.73 (s, 3H), 2.12–2.22 (m, 1H), 2.55–2.85
(m, 3H), 4.01 (m, 2H), 6.97 (t, J 2.6, 1H); dC 20.97, 25.55, 25.85,
26.24, 29.50, 32.55, 36.95, 71.17, 79.05, 134.59, 169.93. Calcd for
C13H21NO3, 0.2 H2O (239.31 g mol−1) C, 64.28; H, 8.88; N, 5.77.
Found C, 64.28; H, 8.81; N, 5.70%.


NMR measurements


All spectra were recorded at 300 K in D2O (Euriso-Top, CEA
Saclay, 99.90%), the residual HOD signal (d 4.79 ppm) being used
as the internal reference.14


Continuous variation method (Job’s plot)


This technique was used as described previously for similar
nitrone–cyclodextrin equilibria (10 mM final concentration).5c


Binding constant calculations


The results obtained in a precedent work for PBN analogue–
cyclodextrin titrations helped in choosing the final nitrone con-
centration (3 mM) as well as the work range of DM-b-CD
concentration (from 0.5 to 141 mM). The NMR experiments were
performed as described previously.5c CIS values were determined
by comparison of 1H-NMR spectra of the nitrone alone and
the mixture containing the nitrone and the maximum DM-b-CD
concentration.


EPR measurements


EPR spectra were recorded at room temperature using a Bruker
ESP 300 EPR spectrometer at 9.5 GHz (X-band) employing 100
kHz field modulation. All the solutions were prepared in a chelex-
treated phosphate buffer (0.1 M, pH 7.4).


Superoxide trapping


The EMPO analogue (25 mM), diethylenetriaminepentaacetic
acid (DTPA 0.5 mM) and hypoxanthine (HX 0.2 mM) were mixed
in the presence of desired concentrations of DM-b-CD. To this
oxygenated solution (bubbled during 1.5 min), xanthine oxidase
(XOD 0.05 U mL−1) was added to generate superoxide.


Binding constant calculations


EPR spectra were recorded at a fixed time after generation of
superoxide (within five minutes) and a constant nitrone con-
centration (25 mM) was used. The amount of cyclodextrin was
progressively increased (from 3 to 170 mM) to detect changes in
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the spectral pattern of the EPR signal characteristic of superim-
position between the free and included superoxide spin adducts.
Deconvolution of EPR spectra from EPR titrations using the two-
dimensional simulation software21 afforded stoichiometries and
binding constants of the nitroxide spin adducts toward DM-b-CD.


Sodium L-ascorbate reduction


Reaction mixture of EMPO analogues (25 mM) with DTPA
(0.5 mM), HX (0.2 mM) and DM-b-CD (50 mM) were prepared
followed by addition of XOD (0.05 U mL−1) to start the trapping
reaction. When the maximum of EPR signal intensity was reached
(around 16 minutes), superoxide dismutase (SOD 50 U mL−1) was
added to the solution to stop the trapping of superoxide followed
by subsequent addition of sodium L-ascorbate solution (0.1 mM
final concentration).


X-Ray crystal structure determinations


Colourless prism type single crystals of compounds 6d and 9d
suitable for X-Ray diffraction were obtained by slow evaporation
of their solution in a pentane–Et2O mixture within two days.


Crystal data for BnMPO 6d. C13H15NO3, M = 233.26, mon-
oclinic, a = 10.2450(2), b = 5.5640(10), c = 21.3930(6) Å, b =
102.24(8)◦, U = 1191.75(5) Å3, T = 293(2) K, space group P21/c,
Z = 4, l(Mo-Ka) = 0.093 mm−1, 3901 reflections measured, 3514
unique, Rint = 0.036, final R = 0.058.‡


Crystal data for CMMPO 9d. C13H21NO3, M = 239.31,
orthorhombic, a = 9.5780(10), b = 7.9730(10), c = 35.1840(6)
Å, b = 90.00◦, U = 2686.84(6) Å3, T = 293(2) K, space group
Pbca, Z = 8, l(Mo-Ka) = 0.083 mm−1, 3360 reflections measured,
2912 unique, Rint = 0.061, final R = 0.0541.‡
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The histone deacetylase enzyme has increasingly become an attractive target for developing novel
anticancer drugs. Hydroxamates are a new class of anticancer agents reported to act by selective
inhibition of the histone deacetylase (HDAC) enzyme. Comparative molecular field analysis (CoMFA)
and comparative molecular similarity indices analysis (CoMSIA) were employed to study
three-dimensional quantitative structure–activity relationships (3D-QSARs). QSAR models were
derived from a training set of 40 molecules. An external test set consisting of 17 molecules was used to
validate the CoMFA and CoMSIA models. All molecules were superimposed on the template structure
by atom-based, multifit and the SYBYL QSAR rigid body field fit alignments. The statistical quality of
the QSAR models was assessed using the parameters r2


conv, r2
cv and r2


pred. In addition to steric and
electronic fields, ClogP was also taken as descriptor to account for lipophilicity. The resulting models
exhibited a good conventional r2


conv and cross-validated r2
cv values up to 0.910 and 0.502 for CoMFA and


0.987 and 0.534 for CoMSIA. Robust cross-validation by 2 groups was performed 25 times to eliminate
chance correlation. The CoMFA models exhibited good external predictivity as compared to that of
CoMSIA models. These 3D-QSAR models are very useful for design of novel HDAC inhibitors.


Introduction


Histone deacetylase (HDAC) inhibitors have gained considerable
interest due to their ability to modulate transcriptional activity.1


HDAC-mediated transcriptional activity represents a common
molecular mechanism of alteration in chromin structure and
blockage of normal cell differentiation. As a result, this class of
inhibitors can block angiogenesis and cell cycling, and promote
apoptosis and cell differentiation. HDAC has become a novel
target for the discovery of drugs for the treatment of cancer
and other diseases.2–7 The number of HDAC enzyme subtypes
has expanded considerably over the past few years, offering
opportunities for the development of HDAC inhibitors with
improved specificity.


A number of natural inhibitors such as trichostatin A (TSA),8


cyclic tetrapeptide trapoxin (TPX),9 HC toxin10 and apicidin11


have been so far reported. Among them, TSA has been identified
as a potent and specific HDAC inhibitor. Synthetic inhibitors
like sodium phenyl butyrate,12 sodium valproate,13 suberanilo
hydroxamic acid (SAHA),14 straight chain TSA and SAHA like
analogues15–17 and oxamflatin18 have been reported. TSA and its
analogues are considered to be mimics of the histone acetyl lysine
side chain. Crystal structures of histone deacetylase-like protein
(HDLP) with TSA and SAHA revealed that hydroxamic acid-
based HDAC inhibitors bind to the deacetylase core by inserting
their aliphatic chains into the HDLP pocket. Their hydroxamic
acid group reaches the polar bottom of the pocket, where it
coordinates with the zinc ion.19


aPoona College of Pharmacy, Bharati Vidyapeeth Deemed University,
Erandwane, Pune, 411038, India. E-mail: vivivips5@gmail.com; Fax: +91-
20-25439383; Tel: +91-20-25437237
bDepartment of Chemistry, University of Pune, Pune, 411008, India
† VMK dedicates this manuscript to Shridevi V. Kulkarni.


HDAC inhibitors typically possess a metal-binding group, a
hydrophobic cap functionality that interacts with the amino acid
residues at the entrance of the N-acetyl lysine binding channel
and an aliphatic spacer connecting the cap and the metal binding
group. The factors contributing to the biological activity can be
analyzed through the use of different physicochemical descriptors
in the generation of quantitative structure–activity relationship
(QSAR) models. Due to the flexibility of the spacer group between
the metal binding and cap groups, it is difficult to choose a suitable
conformation to achieve a meaningful superimposition. Only a
few QSAR studies have been reported until now.20–23 Wang et al.20


reported QSAR models on TSA- and SAHA-like hydroxamic acid
and suggested that the shape and area of molecules are important
for their biological activity. Similarly Xie et al.23 reported a QSAR
study on a data set of 124 compounds which showed that the
van der Waals surface area and hydrophobicity are important
parameters required for the biological activity.


In order to gain further insight into the structural requirements
of HDAC inhibitors, we have performed a three-dimensional
quantitative structure–activity relationship (3D-QSAR) study
using comparative molecular field analysis (CoMFA)24 and com-
parative molecular similarity indices analysis (CoMSIA).25 In
CoMFA, it is assumed that the interaction between an inhibitor
and its molecular target is preliminarily noncovalent and shape-
dependent in nature. A QSAR can be derived correlating the
differences in steric and electrostatic fields surrounding a set of
molecules to the biological activity. This method can be used
to develop a 3D pharmacophore model26 that describes the
structure–activity relationship (SAR). The CoMSIA method of
3D-QSAR was introduced by Klebe25 in 1994, in which a common
probe atom and similarity indices are calculated at regularly spaced
grid points for prealigned molecules. CoMSIA considers five
different fields: electronic, steric, hydrophobic field and hydrogen
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bond donor and acceptor fields, and is less alignment-sensitive
than CoMFA. CoMFA and CoMSIA have been widely applied in
drug design.27–29


Results and discussion


The 3D-QSAR models for hydroxamic acid analogues were
derived using CoMFA and CoMSIA techniques. The negative
logarithm of IC50 (pIC50) was used as the biological activity in
the 3D-QSAR study (Table 1). Conformation of the molecules
used in the study was obtained by a systematic search and the
lowest energy conformer was selected and minimized using Powell
method to rms 0.001 kcal mol−1 Å−1.


Alignment of the molecules was carried out using three
techniques, namely RMS fitting (atom-based), multifit (flexible
fitting) and SYBYL QSAR rigid body field fitting. The most active
molecule 17 was used as a template molecule for alignment (Fig. 1).


Fig. 1 Molecule 17 with atoms used for superimposition are marked.
Atoms 1–4 were used for RMS I alignment and atoms 5–8 were used for
RMS II.


CoMFA


CoMFA models were generated using a training set of 40 molecules
(Table 1), with a column filtering value (r min) of 2.0. A test set of
17 molecules (Table 1) was used to check the external predictivity
of the models.


A preliminary study was performed on the atom-based align-
ment to study importance of each field individually. The cross-
validated r2


cv value from the electrostatic field only was higher than
that of the steric field only analysis. All further analyses were
performed with steric and electrostatic fields calculated at each
grid point simultaneously.


The atom-based alignment RMS I gave 0.405 with four
components, a conventional r2 (r2


conv) of 0.934, a predictive r2


(r2
pred) of 0.210 and an F value of 122.995. The alignment of the


molecules using atom-based selection RMS II shows good internal
predictivity with an r2


cv of 0.514. However, the model exhibited
rather a poor external predictivity with an r2


cv of 0.132. This is
because the alignment did not have –CONHOH as template for
superimposition.


CoMFA models generated for multifit alignment, MF I showed
r2


cv of 0.243 with one component, r2
conv of 0.571, r2


pred of −0.018,
F value of 50.610. Realignment of the molecules by field fit (FF
I) with respect to the fields of template molecule (molecule 17)
yielded r2


cv of 0.478 with seven components, r2
conv of 0.987, r2


pred of
0.327, F value of 174.687. Models generated for multifit (MF II)
and field fit (FF II) alignments using RMS II data set had poor
external predictivity (Table 2).


The activity data used in this study may have contributions
from other factors than just steric and electrostatic interactions.
The ClogP, the calculated logarithm of partition coefficient, was
calculated and added to the CoMFA table. Inclusion of ClogP in
the CoMFA model with field fit alignment increased internal (r2


cv =
0.502) as well as external predictivity (r2


pred = 0.633). We performed
all further studies with ClogP in addition to CoMFA fields.


The model generated with FF I alignment (Fig. 2) with a good
internal predictive ability (r2


cv = 0.502) and a small standard
error of estimatation (SEE = 0.260) was selected as the best
model to explain SAR and to carry out further analysis. Results
obtained from the RMS I, MF I and FF I alignments with
ClogP as additional descriptors are shown in Table 3. Observed
and predicted biological activities of the training and test sets
are plotted in Fig. 3 and 4, respectively. To further assess the
robustness and statistical confidence of the derived 3D-QSAR
model, bootstrapping analysis was performed and average of 100
runs is 0.919 (r2


bs). Cross-validation with 2 groups was performed to
ascertain the true predictivity of the model and repeated 25 times;
the mean r2


cv was 0.299. A negative value of r2 in a randomized
biological activity test revealed that the results were not based on
chance correlations. The results of these cross-validation tests are
shown in Table 5.


Fig. 2 Superimposition of all molecules using FF I.


Fig. 3 Graph of observed versus predicted activities of the training set
from FF I CoMFA analysis.


The results of 3D-QSAR using CoMFA, are represented as a
“coefficient contour” map. The contour maps obtained from the
field fit model are used to explain the SAR of molecules in the
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Table 2 Summary of CoMFA results with steric and electrostatic fields


Alignments


RMS Ia FF Ib MF Ic RMS IIa FF IIb MF IIc


r2
cv


a 0.405 0.478 0.243 0.514 0.484 0.326
Components 4 7 1 4 5 5
SEP 0.675 0.602 0.756 0.613 0.628 0.731
r2


conv 0.934 0.987 0.571 0.961 0.988 0.904
SEE 0.227 0.155 0.553 0.176 0.099 0.123
F value 122.995 174.687 50.610 168.022 551.325 123.24
Steric contribution 0.440 0.408 0.449 0.415 0.374 0.409
Electrostatic 0.560 0.592 0.501 0.585 0.626 0.591
r2


pred 0.210 0.327 −0.018 0.132 0.035 −0.120
r2


bs 0.959 0.990 0.676 0.975 0.994 0.945


a Alignment by RMS fit. b Alignment by field fit. c Alignment by multifit. d A cross-validated r2 value was obtained from the ‘leave-one-out’ method.


Table 3 Summary of CoMFA results with the additional descriptor
ClogP


RMS Ia FF Ib MF Ic


r2
cv


d 0.464 0.502 0.252
Components 3 3 2
SEP 0.641 0.609 0.752
r2


conv 0.874 0.910 0.649
SEE 0.308 0.260 0507
F value 83.441 121.227 34.152
Steric contribution 0.409 0.372 0.440
Electrostatic 0.481 0.533 0.456
ClogP 0.110 0.096 0.104
r2


pred 0.521 0.633 0.258
r2


bs 0.890 0.919 0.732


a Alignment by RMS fit. b Alignment by field fit. c Alignment by multifit.
d A cross-validated r2 value was obtained from the ‘leave-one-out’ method.


present study. The CoMFA contour maps are shown in Fig. 5 and
6. The field values were calculated at each grid point as the scalar
product of the associated QSAR coefficient and the standard
deviation of all the values in the corresponding column of the
data table (STDDEV*COEFF) and are plotted as a percentage
contribution to the QSAR equation.


Fig. 5 displays the steric contour plot. The green contours
describe regions where sterically favorable groups enhance activity
(80% contribution), and yellow contours describe regions of
unfavorable steric effects (20% contribution).


Fig. 4 Graph of observed versus predicted activities of the test set from
FF I CoMFA analysis.


Fig. 6 displays the electrostatic contour plot. The blue contours
describe regions where positively charged groups enhance activity
(80% contribution), and red contours describe regions where neg-
atively charged groups enhance the activity (20% contribution).


CoMSIA


The CoMSIA analysis was performed using steric, electrostatic,
hydrophobic, and hydrogen bond donor and acceptor descriptors.
Only a few combinations of descriptors were used, which are
complimentary to previously generated CoMFA models. Only
FF I alignment was used for CoMSIA analysis. All the results
of CoMSIA are shown in Table 4. CoMSIA models show lower


Table 4 Results of CoMSIA analysis


SEa SEHa SEAa SEHAa SEHADa


r2
cv


b 0.297 0.343 0.419 0.441 0.534
Components 7 5 8 5 7
r2


conv 0.984 0.976 0.991 0.975 0.987
SEE 0.118 0.138 0.091 0.140 0.109
F value 274.093 276.292 404.253 270.407 350.063
Steric contribution 0.406 0.280 0.316 0.218 0.179
Electrostatic 0.594 0.415 0.430 0.311 0.272
Hydrophobic 0.000 0.304 0.000 0.224 0.196
Hydrogen bond acceptor 0.000 0.000 0.254 0.246 0.197
Hydrogen bond donor 0.000 0.000 0.000 0.000 0.155
r2


pred 0.054 0.286 0.304 0.389 0.464
r2


bs 0.990 0.981 0.993 0.989 0.989


a S = steric; E = electroststic; H = hydrophobic, A = hHydrogen bond acceptor, D = hydrogen bond donor. b The same as in Table 2.
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Table 5 Results of analysis with cross validation for 2 groups and
randomized biological activities


r2
cv for 2 groupsa Randomized r2 b


CoMFAc CoMSIAd CoMFAc CoMSIAd


Mean 0.299 0.275 −0.359 −0.240
SD 0.117 0.085 0.023 0.064
High 0.438 0.424 −0.082 −0.063
Low 0.064 0.116 −0.463 −0.381


a Cross-validated r2 for 2 groups with optimum number of components,
average of 25 runs. b Cross-validated r2 with randomized biological activity,
average of 25 runs c CoMFA model generated by field fit. d CoMSIA
analysis by combined steric, electronic, hydrophobic and hydrogen bond
donor and acceptor fields.


Fig. 5 CoMFA steric STDEV*COEFF contour plots from the field fit.
Sterically favored areas are represented by green polyhedra. Sterically
disfavorable are represented by yellow polyhedra. The active molecule
17 is shown in ball-and-stick representation.


Fig. 6 CoMFA electrostatic STDEV*COEFF contour plots from the
field fit. Positive-charge favored areas are represented by blue polyhedra.
Negative-charge favored areas are represented by red polyhedra. The active
molecule 17 is shown in ball-and-stick representation.


predictive properties than those of CoMFA models. In all models
the electronic field is the common factor indicating the importance


of electrostatic interactions for the present series of molecules.
The model with steric, electronic and hydrogen bond acceptor
descriptors has a good predictivity (r2


pred) of 0.304. Addition of
a hydrophobic descriptor to this model caused an increase in
the r2


cv (0.441). Combination of all fields gave a CoMSIA model
with proper balance of all statistical terms. The models showed
higher r2


cv (0.534) and a considerable r2
pred (0.464) values. The model,


characterized by a good r2
conv (0.987) and a lower SEE (0.109), was


selected as the best model to generate contour maps and explain
the SAR. To further assess and validate the derived 3D-QSAR
model, bootstrapping analysis was performed and average result
of 100 runs is 0.989 (r2


bs). To ascertain the true predictivity of the
model, cross-validation with 2 groups was performed 25 times
and the mean r2


cv was 0.275. A negative value of r2 in a randomized
biological activity test revealed that the results were not based on
chance correlations. The results of CoMSIA are summarized in
Table 4 and the observed versus predicted biological activities of
the training and test sets are plotted in Fig. 7 and 8.


Fig. 7 Graph of observed versus predicted activities of the training set
from FF I CoMSIA analysis.


Fig. 8 Graph of observed versus predicted activities of the test set from
FF I CoMSIA analysis.


The steric, electrostatic, hydrophobic and hydrogen bond donor
and acceptor contours of CoMSIA are shown in Fig. 9–13,
respectively. The steric fields (green, more steric bulk favored;
yellow, steric bulk disfavored), electrostatic fields (blue, posi-
tive charge favored; red, negative charge favored), hydrophobic
fields (yellow, hydrophobic favored; white, hydrophobic disfa-
vored), hydrogen bond acceptor fields (magenta, favored; red,
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Fig. 9 CoMSIA steric fields. Yellow indicates sterically unfavorable
region; green indicates a sterically favorable region. The active molecule
17 is shown in a ball-and-stick representation.


Fig. 10 CoMSIA electrostatic fields. Positive-charge favored areas are
represented by blue polyhedra. Negative-charge favored areas are repre-
sented by red polyhedra. The active molecule 17 is shown in a ball-and-stick
representation.


disfavored) and hydrogen bond donor fields (cyan, favored; purple,
disfavored).


Interpretation of QSAR models


The CoMFA and CoMSIA analyses were performed on a series
of HDAC inhibitors. The conformations of the molecules were
generated from a systematic search of all the rotatable bonds with
a uniform increment. The rotation of the spacer produces many
low energy conformations. The lowest energy conformation of the
all the molecules was used in the study.


CoMFA


Alignment of the molecules is important for CoMFA studies. In
the present study we have aligned these ligands onto the template
structure (molecule 17) using two different strategies.


Fig. 11 CoMSIA hydrophobic fields. Yellow indicates regions where
hydrophobic substituents enhance activity; white indicates hydrophobic
substituents reduce activity. The active molecule 17 is shown in a
ball-and-stick representation.


Fig. 12 CoMSIA hydrogen bond acceptor fields. Magenta indicates
regions where hydrogen bond acceptor substituents enhance activity; red
indicates hydrogen bond acceptor substituents reduce activity. The active
molecule 17 is shown in a ball-and-stick representation.


The PLS analysis on RMS I model was performed using a
threshold column filtering value of 2.0 kcal mol−1. The results
of different alignments are reported in Table 2. The analysis
showed that electrostatic fields play a major role in binding to
the HDAC active site. The CoMFA models were validated by
predicting the activity of the external test set. The results obtained
show that RMS I alignment produces a statistically significant
model. RMS II has improved internal predictivity but the external
predictivity of the model was reduced. These analyses indicate that
the hydroxamic acid group is very important for alignment. The
hydroxamic acid is important for enzyme inhibitory activity, as
it coordinates the zinc ion through CO and OH groups. It also
forms hydrogen bonds between its NH and OH groups and the
two charge relay systems His131/Asp166 and His132/Asp173 and
between its CO and the Tyr297 hydroxyl group.19


Multifit alignment decreased the predictivity whereas field fit
alignment showed improved predictions in both cases. Slight
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Fig. 13 CoMSIA hydrogen bond donor fields. Cyan indicates regions
where hydrogen bond donor substituents enhance activity; purple indicates
hydrogen bond donor substituents reduce activity. The active molecule 17,
is shown in a ball-and-stick representation.


variation in the alignment rules leads to dramatic differences
in the external predictions. The good internal and external
predictions with FF I alignment support the use of these atoms
for superimposition.


An additional descriptor was added to the CoMFA table to
study the influence of other factors on the CoMFA results.
Inclusion of ClogP in the CoMFA table improved the statistical
results of the FF I model. Hydrophobicity is important for HDAC
inhibition.


PLS analysis on FF I was also performed using the 2 group
cross-validation procedure (Table 5). The r2


cv values observed
during 25 cross-validation runs were less than those observed from
‘leave one out’. In no cases were these values were negative, and
they showed good internal consistency. The field fit alignment
FF I was used to analyze the CoMFA contour maps as this
model exhibited good internal as well as external predictivity. The
CoMFA steric and electrostatic maps are shown in Fig. 5 and 6,
respectively.


Fig. 5 depicts the steric contour plot. The lipophilic fragment
of the molecule was surrounded by the sterically favorable green
contours. The most-active molecule 17 has a phenyl ring embedded
in this green region. Other sterically-favorable green contours are
observed near the spacer chain. This green contour is surrounded
by the unfavorable yellow region. A substitution on the spacer
atoms adjacent to the phenyl ring (as that of TSA) is favored,
but any substitution on the carbon next to the hydroxamic
acid functional group is unfavorable. This also suggests that the
orientation of the bulky groups at these positions is important for
activity.


Fig. 6 displays the electrostatic contour plots. A red contour
was found near the phenyl ring of compound 17, suggesting that
a high electron density in this region increases the activity. A large
negative-charge unfavorable blue contour was found to surround
the spacer chain. This indicates that substitutions in this region
with high electron density reduce activity and emphasizes the
necessity of positively charged groups; hydroxamate is essential
for HDAC activity.


CoMSIA


CoMSIA analysis was performed for field fit alignment as it gave
the best model in CoMFA. All the CoMSIA fields were considered
for analysis. A combination of steric, electrostatic, hydrophobic
and hydrogen bond donor and acceptor fields gave the best
QSAR model with good internal as well as external predictivity.
The model was further validated using 2 groups method and
randomization tests. Fig. 9–13 show the CoMSIA contour maps
with the most active molecule.


The steric contour maps of CoMSIA (Fig. 9) are also similar
to CoMFA steric maps. The electrostatic contour maps are
shown in Fig. 10. CoMSIA shows blue contours over the
hydroxamic acid group, which signifies the importance of this
group. The red polyhedra over the phenyl ring indicate that
the presence of electron-rich functional groups at this position
increase the activity. Analysis of CoMSIA hydrophobic maps
(Fig. 11) indicates that a lipophilic-favorable yellow region is
found near the aromatic ring. This indicates that lipophilicity
of the cap portion of the molecule is important for activity. A
hydrophilic-favorable white contour is observed surrounding the
hydroxamate functional group. In the present study, hydrogen
bond acceptor fields (Fig. 12) provide further support for the
role of the positively-charged hydroxamate group. Hydrogen bond
acceptor-unfavorable red polyhedra observed at the phenyl ring
indicate that the presence of electron-rich groups improves activity.
Hydrogen bond donor maps (Fig. 13) show hydrogen bond donor-
favorable cyan contours near the hydroxyl group of hydroxamic
acids.


The role of both the steric and electrostatic contribution can
be clearly explained by analyzing the molecules 25, 26 and 28.
Molecule 25, due to the double bond in its spacer chain, loses its
orientation towards the sterically favorable region. Molecule 26
shows lesser biological activity, due to an additional methyl group
adjacent to the hydroxamic acid group, which is also oriented
towards the sterically unfavourable region. Molecule 28, with
an electron-withdrawing chloro group substituted on the para
position of the side chain, enhances the potency of the molecule,
due to the proper orientation towards steric- and electrostatic-
favorable regions. Molecules 32, 33 and 37 are less active. The
bulky phenyl ring substituents of these molecules are oriented
towards the sterically unfavourable yellow region. Molecule 15 has
comparable biological activity to that of the most active molecule
17, because of the proper steric and electrostatic interactions of its
hydrophobic phenyl groups.


Experimental


Biological data


A data set consisting of 57 hydroxamic acid analogues was taken
from the literature.15–17 The structure of the compounds and their
biological data are given in Table 1. In this QSAR study, the
biological activity of each compound has been expressed as the
negative logarithm of normalized IC50 (pIC50). These normalized
IC50 values, and the negative logarithm of normalized IC50 (pIC50)
of compounds were taken from the literature and used in the
present study.23 Thus, the data correlated linearly to the free energy
change. A training set of 40 molecules (Table 1) was used for
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the generation of QSAR models. The training set molecules were
selected in such a way that they contains information in terms of
both their structural features and biological activity ranges. The
most active molecules were included, so that they can provide
critical information on pharmacophore requirements. Several
moderately active and inactive molecules were also included, to
spread out the range of activities. A test set of 17 molecules (40–56,
Table 1) was used to access the predictive ability of the generated
models. The test molecules represent a range of biological activity
similar to the training set.


Computational details


All computational studies were performed using SYBYL 6.9.130


with a standard Tripos force field.31 The compounds were con-
structed from the fragments in the SYBYL database with standard
bond lengths and bond angles. Geometry optimization was carried
out using the standard Tripos forcefield with distance dependent-
dielectric function and energy gradient of 0.001 kcal mol−1 Å−1.
The initial conformations were obtained from a systematic search.
The lowest energy conformers were selected and minimized using
the Powell method till root-mean-square (rms) deviation 0.001
kcal mol−1 Å−1 was achieved. Partial atomic charges required
for calculation of the electrostatic interaction were computed
by a semiempirical molecular orbital method using AM1 in the
MOPAC program.


Alignment rules.


The “alignment rule”, i.e., the positioning of a molecular model
within the fixed lattice, is by far the most important input variable
in CoMFA, since the relative interaction energies depend strongly
on relative molecular positions. The most active molecule 17 was
used as a template for aligning the other molecules.


In the present study, we have superimposed molecules by three
alignment rules: (1) atom-based alignment, (2) multifit alignment,
(3) field fit alignment.


Alignment (1) was done by atom-based fitting of the atoms to
the most active molecule, 17. (a) The hydroxamic acid group of
the molecules was used for rms fitting (RMS I) and (b) carbonyl
group and phenyl ring atoms for RMS II, both as shown in Fig. 1.


Alignment (2) of the molecules was carried out by flexible fitting
(multifit) of atoms, of the molecules to the template molecule 17.
This involved energy calculations and fitting onto the template
molecule by applying force (force constant 20 kcal mol−1) and
subsequent energy minimization.


Alignment (3) was carried out using the SYBYL QSAR rigid
body field fit command within SYBYL and using compound 17
as template molecule. The superimposition of all the molecules is
shown in Fig. 2.


CoMFA and CoMSIA interaction energies.


For each alignment, the steric and electrostatic potential fields for
CoMFA were calculated at each lattice intersection of a regularly
spaced grid box. The lattice spacing was set to a value of 2.0 Å in
all X , Y and Z directions. The van der Waals potential (Lennard-
Jones, 6–12) and the columbic term, which represent, respectively,
steric and electrostatic fields, were calculated using the Tripos force
field. A distance-dependent dielectric constant of 1.0 was used. A


sp3 carbon atom with van der Waals radius of 1.52 Å and +
1.0 charge was served as the probe atom to calculate steric and
electrostatic fields. The steric and electrostatic contributions were
truncated to ±30 kcal mol−1. The electrostatic contributions were
ignored at lattice intersections with maximum steric interactions.


CoMSIA calculates similarity indices at the intersections of
the surrounding lattice. Five physicochemical properties steric,
electrostatic, hydrophobic, hydrogen bond donor and acceptor
were evaluated, using a common probe atom with 1 Å radius and
charge, hydrophobicity and hydrogen bond property of +1.0. The
attenuation factor was set to default vale, 0.3.


Calculation of ClogP


The ClogP values for 57 molecules were calculated using
ClogP/CMR application within Sybyl 6.9.1. These methods are
developed by the Biobyte Corporation.


Partial least square (PLS) analysis


The CoMFA and CoMSIA descriptors were used as independent
variables and pIC50 as dependent variables in the PLS32 regression
analysis to derive the 3D-QSAR models using the standard
implementation in the Sybyl package. Initially, PLS was carried
out in conjugation with the ‘leave-one-out’ (LOO)33 option to
determine the optimum number of components.


The results from cross-validation analysis were expressed as the
cross-validated r2 value (r2


cv), which is defined as:


r2
cv = 1 − PRESS


∑
(Y − Ymean)2


,


where PRESS = R (Y − Y pred)2.
The number of components that result in the highest r2


cv and
lowest standard error of predictions (SEP) were taken as the
optimum. Equal weights were assigned to steric and electrostatic
fields using CoMFA_STD scaling option. To speed up the analysis
and reduce the noise, a minimum filter value “r” of 2.0 kcal mol−1


was used. The LOO method of cross-validation is rather obsolete
and it generally gives high r2 value. Final analysis was performed
to calculate the r2


conv with a number of cross-validation groups set to
zero using the optimum number of components. To further assess
the robustness and statistical confidence of the derived models,
bootstrapping analysis (100 runs) was performed. The statistical
results obtained for CoMFA analysis are shown in Table 2 and 3.


To perform a more rigorous statistical test, cross-validation
using 2 groups was carried out for the field fit analysis of CoMFA
and CoMSIA. In this case, the data set is randomly divided into
two groups, and the activity of the compounds from one group is
predicted using the model from the other group. The process of
group cross-validation was performed 25 times. The final r2


cv value
was calculated by taking the mean of 25 runs. These r2


cv values were
compared with r2


cv obtained from LOO for each PLS analysis. The
statistical results obtained from cross-validation with 2 groups for
CoMFA and CoMSIA analyses are shown in Table 5.


To check the probability of chance correlation, PLS analysis
was performed by randomization of the biological activity. This
was done by randomly changing the biological activity data and
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performing PLS analysis to calculate the r2
cv value for field fit of


CoMFA and CoMSIA. The process was repeated 100 times.


Predictive r2 value (r2
pred)


To test the predictive power of the derived CoMFA and CoMSIA
models, biological activities of the test set molecules were predicted
using models derived from training set. The plot of predicted versus
observed activity of test set are shown in Fig. 3–4 and 7–8 based
on CoMFA and CoMSIA, respectively.


The predictive r2 value was calculated using the following
formula:


r2
pred = SD − PRESS


SD
,


where SD is the sum of squared deviation between the biological
activities of the test set molecule and the mean activity of the
training set molecules and PRESS is the sum of squared deviations
between the observed and the predicted activities of the test
molecules.


Conclusions


The CoMFA and CoMSIA methods have been applied to derive
3D-QSAR models for hydroxamic acid HDAC inhibitors. The
models obtained using these methods showed high correlative and
predictive abilities. A high bootstrapped r2 value indicates that a
similar relationship exits in all molecules. Inclusion of ClogP as
an additional descriptor increased the statistical significance of the
model, indicating that lipophilicity enhances the HDAC inhibitory
activity. Different alignments were considered for the study.
The atom-based alignment with the hydroxamic acid functional
group gives a better result than other atom-based alignment. It
emphasizes the importance of the interaction of hydroxamic acid
with the enzyme residues. Out of all these alignments, the field
fit alignment (along with ClogP) resulted in the best CoMFA
model. The same alignment was also considered for CoMSIA
where all five fields were considered in different combinations.
The model generated using all five fields gave a statistically-
significant model and explained the observed biological activities.
The contour maps from both the models are similar in explaining
influence of substitution on activity. The substitution by electron
rich functional groups on the phenyl ring may improve activity.
Hydrogen bond acceptor and donor groups also enhance the
activity. Overall, electrostatic interactions play a major role in
binding to the HDAC active site.
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Bicyclic isoxazolines and isoxazoles are obtained in good yields by proceeding through a convenient
one-pot, two-step procedure utilizing 2,4,6-trichloro-1,3,5-triazine (TCT) as a dehydrating agent.


Introduction


Isoxazolines and isoxazoles are often encountered in molecules
of medicinal interest. There are numerous examples of these N,O-
heterocycles being used as key building blocks in the total synthesis
of several natural and unnatural compounds such as b-lactam
antibiotics, quinolizidine and indolizine tricycles, testosterone,
sarkomycin, and biotin.1 The isoxazolines or isoxazoles can also
be transformed into a variety of other 1,3-bifunctional organic
compounds, whether cyclic or acyclic, such as b-hydroxy ketones,
a,b-unsaturated ketones and c-amino alcohols.2 Intramolecu-
lar 1,3-cycloaddition provides a useful tool for the synthesis
of a variety of the above-mentioned heterocyclic compounds,
particularly for the construction of merged cyclic ring systems
such as bicyclic isoxazolines or isoxazoles. Conventional 1,3-
cycloaddition involves a two-step process such as dipolarphile
introduction followed by cycloaddition.3


The one-pot synthesis of bicyclic isoxazolines proved futile,
presumably due to poor conversion of the nitronate into nitrile
oxide in the presence of phenyl isocyanate and triethylamine under
the conditions usually employed for nitroalkanes.4 Treatment of
the nitronate with di-tert-butyl dicarbonate in the presence of
catalytic amounts of DMAP led to low to medium yields (24–67%)
of the desired isoxazoline in a one-pot procedure, or in separated
steps via the isolated nitroalkane.5 A highly stereoselective one-
pot synthesis of bicyclic compounds developed by Hassner et al.
suffers from several drawbacks, such as longer reaction times (15–
48 hours), the use of toxic solvent (HMPA), and lower yields (18%)
with aliphatic substrates.5 By adopting a similar procedure, Cheng
et al. reported that the same reaction with different nucleophiles
also suffers from longer reaction times (13 hours).5 In this context,
exploring efficient reagents and the development of simple and
mild procedures for the preparation of isoxazolines and isoxazoles
is still an interesting topic for organic chemists. Over the past
few years, 2,4,6-trichloro-1,3,5-triazine (TCT), also referred as
cyanuric chloride, has emerged as an activator or activating agent
of carboxylic acids for various organic transformations to afford
the corresponding products in good to excellent yields.6 Our
previous study found that nitroalkenes can react with different
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nucleophiles to generate nitroalkanes, halooximes, nitrile oxides,
and/or polycyclic compounds under different reaction conditions
or workup procedures.7 As part of our incessant research efforts
with nitroalkene chemistry, we now report a new, economic and
efficient dehydrating agent, TCT, for the one-pot synthesis of
bicyclic isoxazolines and isoxazoles.


Results and discussion


The methodology is to convert a nitroalkene into the correspond-
ing nitronate by reaction with the allylmalonate anion in THF
solution at −78 ◦C for 30 minutes. Thus, the generated nitronate
is transformed into the corresponding nitrile oxide by adding
TCT, as the dehydrating agent, directly to the mixture without
isolation. The nitrile oxide generated in situ undergoes a tandem
1,3-dipolar cycloaddition with the dipolarphile, furnishing the
bicyclic isoxazoline within 15 minutes at the same temperature
(Scheme 1).


Scheme 1 One-pot and two-step synthesis of isoxazolines.


Preliminary efforts were mainly focused on the evaluation of the
optimum amount of TCT at different temperatures. The yields of
nitroalkane 1 and isoxazoline 2 obtained by reacting b-nitrostyrene
(1.0 eq.) with the potassium dimethyl allylmalonate (1.2 eq.)
generated from dimethyl allylmalonate and potassium t-butoxide,
and subsequent treatment with TCT under different conditions at
different temperatures are shown in Table 1.


Initially, the treatment of nitronate solution with 1 eq. of TCT at
0 ◦C for 15 min afforded nitroalkane 1 and bicyclic isoxazoline 2
in 8% and 61% yields respectively (entry 1). In order to restrict
the formation of nitroalkane, we endeavoured to improve the
conversion of the nitronate into nitrile oxide by varying the
amounts of TCT and/or dimethylaminopyridine (DMAP) in the


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2851–2857 | 2851







Table 1 Reaction of b-nitrostryene with dimethyl allylmalonate and t-BuOK, and then with TCT, under different conditions


Entry TCT (eq.) Additives Temp (◦C) Yield of 1 (%)a Yield of 2 (%)a cis : transb


1 1 — 0 8 61 3.2 : 1
2 5 — 0 5 54 3.2 : 1
3 1 DMAP(1 eq.)c 0 11 64 4.0 : 1
4 1 — −78 18 81 4.0 : 1
5 3 — −78 — 99 4.3 : 1
6 1 ZnCl2 (0.2 eq.)d −78 — 96 3.9 : 1


a NMR yield. b The cis : trans ratios were measured by NMR. c TCT was initially added to the nitronate solution followed by DMAP. d TCT and ZnCl2


were added simultaneously.


reaction system (entries 2 and 3). The product yields were not
significantly improved, either by increasing or decreasing the
amounts of TCT or DMAP. However, the effect of temperature
was apparent. When the reaction was carried out at −78 ◦C, a
mixture of nitroalkane and bicyclic isoxazoline were obtained in
quantitative yield (entry 4). The increased product yields at −78 ◦C
imply that the addition of the allylmalonate anion to nitroalkenes
should be performed at a lower temperature in order to prevent
unwanted reactions such as dimerization of nitrile oxide or the
formation of other side products. Although the yield of bicyclic
isoxazoline was increased, the reaction still afforded nitroalkane
in 18% yield. After considerable experimentation, we were pleased
to find that when nitronate was treated with 3 equivalents of
TCT at −78 ◦C, isoxazoline was generated in quantitative yield
without any trace of nitroalkane. This result clearly suggests that
the use of one eq. of TCT is not enough to completely convert
the nitronate into nitrile oxide under these conditions (entry 5).
Literature studies revealed that mild Lewis acids such as ZnCl2


can improve the reactivity of TCT.8 Based on these results, we
next investigated the effect of ZnCl2 as an additive. The mild
Lewis acidity of zinc chloride dramatically improved the activity
of TCT and thus, one eq. of TCT in combination with 0.2 eq.
of ZnCl2 was sufficient to afford the nitrile oxide in excellent
yield (entry 6). The generality of the TCT or TCT–ZnCl2 system
for the one-pot conversion of nitroalkenes into nitrile oxides has
been verified using a wide variety of nitroalkenes (Table 2). The
bicyclic isoxazolines thus formed (70–97% yield) can be obtained
in pure form by simple filtration, followed by passing the crude
mixture through a short plug of silica. In some cases the cis
and trans isomers could be further separated by flash column
chromatography. In order to extend the scope of this one-pot
conversion, dimethylallylmalonate was replaced either with prop-
2-ynylmalonates or prop-2-ynylmalononitriles. In both cases the
bicyclic products were formed in 62–96% isolated yields. Not only
aromatic nitroalkenes, but also aliphatic nitroalkenes in a reaction
with these nucleophiles afforded bicyclic products in relatively
high yield (73–91%) (Table 3). It is noteworthy to observe that
the corresponding aliphatic products were obtained in excellent
yield compared to the known methods existing in the literature
(entries 6 and 12).5 The scope of this transformation has been
demonstrated by using a wide range of nitroalkenes in which the
phenyl group was substituted with different groups. Generally,


Table 2 The preparation of isoxazoline from nitroalkenes and dimethyl
allylmalonate


% Yieldc(cis : trans)d


Entry Nitroalkene Isoxazoline Method Aa Method Bb


1 2a 97(4.3 : 1) 94 (3.9 : 1)


2 2b 88(4.3 : 1) 93 (4.5 : 1)


3 2c 85(3.4 : 1) 80 (3.8 : 1)


4 2d 83(3.7 : 1) 88 (3.4 : 1)


5 2e 94(4.5 : 1) 86 (4.8 : 1)


6 2f 84(4.1 : 1) 70 (5.0 : 1)


a Method A: the reaction was carried out in the presence of 3 eq. of TCT.
b Method B: the reaction was carried out in the presence of 1 eq. of TCT
and 0.2 eq. of ZnCl2. c Isolated yields. d The cis : trans ratios were measured
by the crude NMR results.


the product yields obtained by reacting nitroalkenes with ally-
malonate are higher than those using prop-2-ynylmalonate due to
the higher reactivity of the double bond compared to the triple
bond (compare entries 1 and 5 of Table 2 to entries 1 and 2 of
Table 3). Similarly, the rate of cycloaddition of nitroalkenes with


2852 | Org. Biomol. Chem., 2006, 4, 2851–2857 This journal is © The Royal Society of Chemistry 2006







Table 3 Isoxazoles prepared from nitroalkenes and prop-2-ynylmalonate or prop-2-ynylmalononitrile


Yield (%)c Yield (%)c


Entry Isoxazole Method Aa Method Bb Entry Isoxazole Method Aa Method Bb


1 3a 96 89 7 3g 89 81


2 3b 88 82 8 3h 73 63


3 3c 89 82 9 3i 78 73


4 3d 74 80 10 3j 71 66


5 3e 91 84 11 3k 74 66


6 3f 91 84 12 3l 86 73


a Method A: the reaction was carried out in the presence of 3 eq. of TCT. b Method B: the reaction was carried out in the presence of 1 eq. of TCT and
0.2 eq. of ZnCl2. c Isolated yield relative to nitroalkene.


prop-2-ynylmalonate is faster than with prop-2-ynylmalononitrile,
because the presence of the bulky dimethoxycarbonyl groups
enables the dipolarphile to be closer to the nitrile oxide to
more easily undergo the intramolecular cycloaddition. That is
the reason why the product yields of prop-2-ynylmalonate are
always higher than those of prop-2-ynylmalononitrile in a reaction
with nitroalkenes (Table 3, compare entries 1–7 to entries 8–
12). The same reaction system has been extended efficiently for
the construction of a tricyclic ring system. Thus, reaction of
b-nitrostyrene with dimethyl 3-cyclohexylmalonate afforded the
tricyclic product 4 in 60% isolated yield (Scheme 2).


Conclusions


In conclusion, we have developed a novel procedure for the one-
pot synthesis of isoxazolines and isoxazoles, which are often


Scheme 2 Tricyclic isoxazoline prepared from b-nitrostryene and
dimethyl-(3-cyclohexyl)malonate.


encountered in molecules of medicinal interest. The procedures
described here are simple and efficient. The use of TCT as a
dehydrating agent has the advantages of being economically viable
and more efficient for the conversion of nitronate into nitrile oxide.
The reaction system can be successfully applied to a variety of
nitroalkenes as well as nucleophiles to synthesize various bicyclic
isoxazolines and isoxazoles, and tricyclic products.
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Experimental


General


All reactions were performed in oven-dried glassware under a
positive pressure of nitrogen when the reactions were sensitive to
moisture or oxygen. Solvents were dried over 4 Å molecular sieves.
All other commercially available reagents were used as received
without purification. Analytical thin layer chromatography was
performed with E. Merck silica gel 60F glass plates and flash
chromatography with E. Merck silica gel 60 (230–400 mesh). MS
or HRMS were measured by JEOL JMS-D300 or JEOL JMS-
HX110 spectrometer. 1H and 13C NMR spectra were recorded
with a Varian Gemini-200 or Bruker Avance EX 400 or 500 FT
NMR. Elemental analyses were carried out with a HERAEUS
VarioEL-III (for CHN). 1H NMR data are reported with the
solvent resonance as the internal standard relative to CDCl3–TMS
(d = 0.00) as follows: chemical shift (d), integration, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, br = broadened,
m = multiplet), coupling constants (J, given in Hz). 13C NMR
chemical shifts (d) are recorded in parts per million (ppm) relative
to CDCl3 (d = 77.23) as internal standard. High-resolution mass
spectra (HRMS) are reported as m/z.


Typical experimental procedure


To a stirred solution of t-BuOK (168 mg, 1.5 mmol) in 3 mL THF
was added a THF solution of dimethyl allylmalonate (159 mg,
1.2 mmol) at −78 ◦C. After stirring the mixture at −78 ◦C for 10
minutes, b-nitrostyrene (149 mg, 1.0 mmol) in 5 mL of THF was
added dropwise and the mixture stirred for an additional 30 min
at the same temperature to generate the nitronate. Then, TCT
(564 mg, 3 mmol), or TCT (188 mg, 1 mmol) and ZnCl2 (27 mg,
0.2 mmol) were added sequentially at −78 ◦C over 15 min. After
the addition was complete the reaction mixture was poured into
ice cold dilute HCl(aq) solution and then extracted with CH2Cl2


(3 × 25 mL). The combined CH2Cl2 layers were washed with
brine and distilled H2O and dried over anhydrous MgSO4. After
evaporation of the organic solvent, the crude product was purified
by flash column chromatography using silica gel (eluent; ethyl
acetate–hexane; 1 : 5) to obtain bicyclic isoxazoline (2a) (294 mg,
97% combined yield).


cis-5,5-Dimethoxycarbonyl-6-(4-methoxylphenyl)-3a,4-dihydro-
3H ,6H-cyclopenta[c]isoxazole (cis-2b). Purified by column chro-
matography (ethyl acetate–hexanes 1 : 5) after concentration in
vacuo to give a colorless oil; IR (CHCl3) mmax 3462, 3001, 2954,
2840, 2252, 2053, 1731, 1612, 1583, 1515, 1460, 1435, 1362, 1251,
1213, 1180, 1100, 1032, 945, 908, 891, 868, 838 cm−1; 1H NMR
(400 MHz, CDCl3) d 7.23–7.20 (m, 2H), 6.84–6.80 (m, 2H), 4.97
(s, 1H), 4.63 (dd, J = 9.5, 8.2 Hz, 1H), 4.08 (dd, J = 12.3, 8.2 Hz,
1H), 3.90–3.81 (s, 1H), 3.80 (s, 3H), 3.77 (s, 3H), 3.18 (s, 3H),
2.67 (dd, J = 13.6, 11.1 Hz, 1H), 2.54 (dd, J = 13.6, 8.4 Hz, 1H);
13C NMR (100 MHz, CDCl3) d 171.57, 170.86, 168.79, 159.33,
131.13, 127.40, 113.69, 75.33, 70.17, 55.38, 53.56, 52.53, 51.95,
46.27, 35.16; HRMS (EI) m/z calcd for C17H19NO6 (M+) 333.1212,
found 333.1215.


trans -5,5 -Dimethoxycarbonyl -6 - (4 -methoxylphenyl) -3a,4 -di-
hydro-3H ,6H-cyclopenta[c]isoxazole (trans-2b). Purified by col-
umn chromatography (ethyl acetate–hexanes 1 : 5) after concen-


tration in vacuo to give a colorless oil; IR (CHCl3) mmax 2950,
1731, 1610, 1514, 1434, 1369, 1278, 1250, 1207, 1179, 1102, 1077,
1031, 836, 788 cm−1; 1H NMR (400 MHz, CDCl3) d 7.16–7.12
(m, 2H), 6.83–6.79 (m, 2H), 4.96 (d, J = 1.32 Hz, 1H), 4.67 (dd,
J = 9.6, 7.7 Hz, 1H), 4.63–4.52 (m, 1H), 3.88 (s, 3H), 3.77 (s,
3H), 3.12 (s, 3H), 2.85 (dd, J = 12.9, 7.6 Hz, 1H), 1.79 (dd, J =
12.8, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 171.29, 171.01,
170.02, 159.26, 129.99, 128.80, 113.89, 75.34, 71.60, 55.50, 55.48,
53.35, 52.49, 45.53, 36.61; HRMS (EI) m/z calcd for C17H19NO6


(M+) 333.1212, found 333.1215.


cis -5,5 -Dimethoxycarbonyl -6 - (4 -fluorophenyl) -3a,4 -dihydro-
3H ,6H-cyclopenta[c]isoxazole (cis-2c). Purified by column chro-
matography (ethyl acetate–hexanes 1 : 5) after concentration in
vacuo to give a colorless oil; IR (CHCl3) mmax 3445, 2955, 1730,
1606, 1510, 1435, 1365, 1275, 1216, 1161, 1100, 1075, 842 cm−1;
1H NMR (400 MHz, CDCl3) d 7.33–7.24 (m, 2H), 7.02–6.96 (m,
2H), 5.01 (s, 1H), 4.65 (dd, J = 9.7, 8.2 Hz, 1H), 4.10 (dd, J =
12.2, 8.2 Hz, 1H), 4.13–4.08 (m, 1H), 3.82 (s, 3H), 3.18 (s, 3H), 2.67
(dd, J = 13.7, 11.0 Hz, 1H), 2.54 (dd, J = 13.7, 8.5 Hz, 1H);13C
NMR (100 MHz, CDCl3) d 171.47, 170.30, 168.72, 162.58 (d, J =
246 Hz), 131.84 (d, J = 8 Hz), 131.15 (d, J = 3 Hz), 115.28 (d,
J = 21 Hz), 75.50, 70.10, 53.70, 52.61, 51.91, 46.26, 35.25; HRMS
(EI) m/z calcd for C16H16FNO5 (M+) 321.1013, found 321.1014.


trans-5,5-Dimethoxycarbonyl-6-(4-fluorophenyl)-3a,4-dihydro-
3H ,6H-cyclopenta[c]isoxazole (trans-2c). Purified by column
chromatography (ethyl acetate–hexanes 1 : 5) after concentration
in vacuo to give a white solid with a melting point of 140–141 ◦C;
IR (CHCl3) mmax 2994, 2950, 2868, 1731, 1605, 1509, 1435, 1279,
1259, 1207, 1174, 1099, 1077, 1012, 849 cm−1; 1H NMR (400 MHz,
CDCl3) d 7.25–7.19 (m, 2H), 7.01–6.95 (m, 2H), 4.99 (d, J = 1.2 Hz,
1H), 4.68 (dd, J = 9.6, 7.8 Hz, 1H), 4.63–4.49 (m, 1H), 3.92 (dd,
J = 12.7, 7.8 Hz, 1H) 3.81 (s, 3H), 3.12 (s, 3H), 2.85 (dd, J = 12.8,
7.6 Hz, 1H), 1.81 (dd, J = 12.8, 11.3 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 170.91, 170.84, 169.82, 162.43 (d, J = 246 Hz), 132.59
(d, J = 3 Hz), 130.62 (d, J = 8 Hz), 115.42 (d, J = 21 Hz), 75.39,
71.63, 55.42, 53.43, 52.48, 45.44, 36.67; HRMS (EI) m/z calcd for
C16H16FNO5 (M+) 321.1013, found 321.1014.


cis -5,5-Dimethoxycarbonyl -6- (4-chlorophenyl) -3a,4-dihydro-
3H ,6H-cyclopenta[c]isoxazole (cis-2d). Purified by column chro-
matography (ethyl acetate–hexanes 1 : 10) after concentration in
vacuo to give a colorless oil; IR (CHCl3) mmax 3460, 3001, 2954,
1731, 1646, 1596, 1494, 1435, 1415, 1362, 1273, 1213, 1167, 1092,
1016, 942, 908, 838 cm−1; 1H NMR (400 MHz, CDCl3) d 7.29–
7.24 (m, 4H), 4.99 (d, J = 1.04 Hz, 1H), 4.65 (dd, J = 9.7, 8.2 Hz,
1H), 4.10 (dd, J = 12.2, 8.2 Hz, 1H), 3.92–3.82 (m, 1H), 3.82 (s,
3H), 3.19 (s, 3H), 2.67 (dd, J = 13.7, 10.9 Hz, 1H), 2.55 (dd, J =
13.7, 8.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 171.40, 170.03,
168.66, 134.19, 133.90, 131.49, 128.54, 75.52, 70.09, 53.74, 52.68,
51.91, 46.37, 35.28; HRMS(EI) m/z calcd for C16H16ClNO5 (M+)
337.0717, found 337.0716.


trans-5,5-Dimethoxycarbonyl-6-(4-chlorophenyl)-3a,4-dihydro-
3H ,6H-cyclopenta[c]isoxazole (trans-2d). Purified by column
chromatography (ethyl acetate–hexanes 1 : 5) after concentration
in vacuo to give a colorless oil; IR (CHCl3) mmax 3463, 3000,
2953, 2869, 1732, 1647, 1595, 1492, 1435, 1412, 1362, 1275, 1258,
1208, 1175, 1090, 1015, 930, 908, 889, 868, 842 cm−1; 1H NMR
(400 MHz, CDCl3) d 7.28–7.23 (m, 2H), 7.20–7.16 (m, 2H), 4.98
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(d, J = 1.7 Hz, 1H), 4.68 (dd, J = 9.6, 7.8 Hz, 1H), 4.63–4.52 (m,
1H), 3.92 (dd, J = 12.3, 7.9 Hz, 1H), 3.81 (s, 3H), 3.13 (s, 3H), 2.85
(ddd, J = 8.2, 7.6, 0.4 Hz, 1H), 1.81 (dd, J = 12.8, 11.2 Hz, 1H);
13C NMR (100 MHz, CDCl3) d 170.78, 170.64, 169.72, 135.30,
133.89, 130.26, 128.65, 75.40, 71.60, 55.41, 53.47, 52.51, 45.53,
36.69; HRMS (EI) m/z calcd for C16H16ClNO5 (M+) 337.0717,
found 337.0716.


cis-5,5-Dimethoxycarbonyl-6-(2-thienyl)-3a,4-dihydro-3H ,6H-
cyclopenta[c]isoxazole (cis-2e). Purified by column chromatog-
raphy (ethyl acetate–hexanes 1 : 5) after concentration in vacuo to
give a colorless oil; IR (CHCl3) mmax 3108, 3000, 2953, 2879, 1731,
1434, 1361, 1279, 1246, 1208, 1175, 1077, 1042, 943, 905, 886, 864,
711 cm−1; 1H NMR (400 MHz, CDCl3) d 7.23 (dd, J = 5.1, 0.8 Hz,
1H), 7.09 (d, J = 3.5 Hz, 1H), 6.95 (dd, J = 5.1, 3.5 Hz, 1H), 5.28 (s,
1H), 4.65 (dd, J = 9.7, 8.2 Hz, 1H), 4.12 (dd, J = 12.4, 8.1 Hz, 1H),
3.91–3.82 (m, 1H), 3.82 (s, 3H), 3.32 (s, 3H), 2.64 (dd, J = 13.7,
10.1 Hz, 1H), 2.52 (dd, J = 13.7, 8.8 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 171.14, 169.88, 168.66, 136.30, 128.52, 126.64, 125.90,
75.83, 70.05, 52.62, 52.81, 51.29, 42.42, 34.56; HRMS (EI) m/z
calcd for C14H15NO5S (M+) 309.0671, found 309.0670.


trans-5,5-Dimethoxycarbonyl-6-(2-thienyl)-3a,4-dihydro-3H ,6H-
cyclopenta[c]isoxazole (trans-2e). Purified by column chromato-
graphy (ethyl acetate–hexanes 1 : 5) after concentration in vacuo
to give a colorless oil; IR (CHCl3) mmax 3583, 3000, 2953, 2857,
1731, 1434, 1281, 1266, 1208, 1175, 1100, 1077, 1009, 886, 852,
821, 788, 706 cm−1; 1H NMR (400 MHz, CDCl3) d 7.21 (dd, J =
4.9, 1.4 Hz, 1H), 6.94–6.91 (m, 2H), 5.19 (d, J = 1.6 Hz, 1H), 4.68
(dd, J = 9.7, 7.8 Hz, 1H), 4.63–4.53 (m, 1H), 3.92 (dd, J = 12.2,
7.8 Hz, 1H), 3.82 (s, 3H), 3.29 (s, 3H), 2.91 (dd, J = 13.1, 7.9 Hz,
1H), 1.86 (dd, J = 13.1, 10.5 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 170.66, 170.01, 169.51, 138.86, 127.21, 126.93, 125.59,
75.71, 71.20, 54.11, 53.49, 52.83, 41.82, 36.05; HRMS (EI) m/z
calcd for C14H15NO5S (M+) 309.0671, found 309.0670.


cis-5,5-Dimethoxycarbonyl-6-(naphthalen-1-yl)-3a,4-dihydro-
3H ,6H-cyclopenta[c]isoxazole (cis-2f). Purified by column chro-
matography (ethyl acetate–hexanes 1 : 5) after concentration in
vacuo to give a white solid, which decomposed at 190 ◦C; IR
(CHCl3) mmax 3043, 2994, 2939, 2846, 1750, 1723, 1508, 1448, 1432,
1283, 1247, 1204, 1174, 1166, 1152, 887 cm−1; 1H NMR (400 MHz,
CDCl3) d 8.28 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.76
(d, J = 8.1 Hz, 1H), 7.57–7.53 (m, 1H), 7.49–7.45 (m, 1H), 7.42
(t, J = 7.6 Hz, 1H), 7.38–7.37 (m, 1H), 6.06 (s, 1H), 4.69 (dd,
J = 9.5, 8.4 Hz, 1H), 4.14 (dd, J = 12.3, 8.2 Hz, 1H), 4.03–
3.81 (m, 1H), 3.85 (s, 3H), 2.82 (t, J = 13.0 Hz, 1H), 2.66 (dd,
J = 13.3, 7.4 Hz, 1H), 2.58 (s, 3H);13C NMR (100 MHz, CDCl3)
d 172.16, 171.88, 168.15, 133.73, 132.78, 128.78, 128.74, 128.09,
126.50, 125.81, 125.27, 123.81, 75.04, 71.28, 53.88, 52.72, 51.83,
41.12, 36.06; HRMS (EI) m/z calcd for C20H19NO5 (M+) 353.1263,
found 353.1263.


trans-5,5-Dimethoxycarbonyl-6-(naphthalen-1-yl)-3a,4-dihydro-
3H ,6H-cyclopenta[c]isoxazole (trans-2f). Purified by column
chromatography (ethyl acetate–hexanes 1 : 5) after concentration
in vacuo to give a white solid with a melting point of 146–148 ◦C;
IR (CHCl3) mmax 3463, 3049, 3002, 2953, 2872, 1732, 1639, 1597,
1511, 1435, 1398, 1361, 1300, 1276, 1255, 1221, 1205, 1103, 1073,
1016, 924, 904, 887, 791 cm−1; 1H NMR (400 MHz, CDCl3) d
8.46 (d, J = 8.6 Hz, 1H), 7.82 (d, J = 7.9 Hz, 1H), 7.75 (d, J =


8.2 Hz, 1H), 7.60–7.55 (m, 1H), 7.51–7.47 (m, 1H), 7.36 (t, J =
7.7 Hz, 1H), 7.09 (d, J = 7.2 Hz, 1H), 5.83 (s, 1H), 4.74 (dd, J =
9.7, 8.0 Hz, 1H), 4.69–4.58 (m, 1H), 4.00 (dd, J = 11.7, 8.0 Hz,
1H), 3.81 (s, 3H), 3.03 (dd, J = 12.7, 7.8 Hz, 1H), 2.61 (s, 3H),
1.85 (dd, J = 12.7, 11.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3)
d 171.78, 171.08, 169.79, 134.71, 133.75, 132.54, 128.78, 128.65,
126.74, 126.24, 126.08, 125.13, 124.67, 75.40, 71.60, 56.01, 53.53,
51.89, 41.94, 37.64; HRMS (EI) m/z calcd for C20H19NO5 (M+)
353.1263, found 353.1263.


5,5-Dimethoxycarbonyl-6-phenyl-4-dihydro-6H -cyclopenta[c]-
isoxazole (3a). Purified by column chromatography (ethyl
acetate–hexanes 1 : 5) after concentration in vacuo to give a white
solid with a melting point of 135–136 ◦C; IR (CHCl3) mmax 3583,
3461, 3127, 2954, 1753, 1731, 1621, 1497, 1434, 1400, 1281, 1261,
1214, 1162, 1144, 1074, 1048, 941, 898, 863, 819 cm−1; 1H NMR
(400 MHz, CDCl3) d 8.10 (s, 1H), 7.30–7.20 (m, 3H), 7.19–7.16
(m, 2H), 5.32 (s, 1H), 3.80 (s, 3H), 3.72 (dd, J = 16.6, 1.4 Hz, 1H),
3.21 (s, 3H), 3.14 (dd, J = 16.6, 1.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 172.02, 171.13, 168.81, 150.43, 136.16, 129.06, 128.56,
128.21, 121.39, 73.01, 53.51, 52.53, 48.72, 29.70; HRMS (EI) m/z
calcd for C16H15NO5 (M+) 301.0950, found 301.0955.


5,5-Dimethoxycarbonyl-6-(2-thienyl)-4-dihydro-6H-cyclopenta-
[c]isoxazole (3b). Purified by column chromatography (ethyl
acetate–hexanes 1 : 5) after concentration in vacuo to give a white
solid with a melting point of 129–130 ◦C; IR (CHCl3) mmax 3439,
3109, 2954, 2785, 1732, 1626, 1433, 1409, 1271, 1214, 1174, 1116,
1065, 941, 888, 853, 823, 705 cm−1; 1H NMR (400 MHz, CDCl3)
d 8.09 (s, 1H), 7.23–7.21 (m, 1H), 6.94–6.91 (m, 2H), 5.53 (s,
1H), 3.81 (s, 3H), 3.68 (dd, J = 16.5, 1.2 Hz, 1H), 3.41 (s, 3H),
3.14 (dd, J = 16.5, 1.2 Hz, 1H); 13C NMR (100 MHz, CDCl3)
d 171.51, 170.71, 168.55, 150.62, 137.44, 127.55, 126.82, 125.89,
120.66, 72.88, 53.54, 52.84, 44.07, 29.26; HRMS (EI) m/z calcd
for C14H13NO5S (M+) 307.0514, found 307.0513.


5,5-Dimethoxycarbonyl-6-(2-furyl)-4-dihydro-6H -cyclopenta-
[c]isoxazole (3c). Purified by column chromatography (ethyl
acetate–hexanes 1 : 10) after concentration in vacuo to give a white
solid which decompose at 134 ◦C; IR (CHCl3) mmax 3126, 2956,
2774, 1732, 1624, 1499, 1448, 1434, 1400, 1274, 1257, 1216, 1163,
1144, 1069, 1045, 1013, 931, 885, 816 cm−1; 1H NMR (400 MHz,
CDCl3) d 8.07 (s, 1H), 7.33–7.32 (m, 1H), 6.30–6.29 (m, 1H), 6.21
(d, J = 3.2 Hz, 1H), 5.38 (s, 1H), 3.80 (s, 3H), 3.73 (dd, J =
16.4, 1.1 Hz, 1H), 3.49 (s, 3H), 3.15 (dd, J = 16.4, 1.1 Hz, 1H);
13C NMR (100 MHz, CDCl3) d 170.54, 169.89, 168.51, 150.55,
149.25, 143.02, 120.92, 110.69, 109.22, 71.57, 53.63, 53.12, 42.74,
29.54; HRMS (EI) m/z calcd for C14H13NO6 (M+) 291.0743, found
291.0746.


5,5-Dimethoxycarbonyl-6-(2-nitrophenyl)-4-dihydro-6H -cyclo-
penta[c]isoxazole (3d). Purified by column chromatography
(ethyl acetate–hexanes 1 : 5) after concentration in vacuo to give
a white solid with a melting point of 134–135 ◦C; IR (CHCl3)
3126, 2957, 1736, 1627, 1531, 1435, 1408, 1356, 1274, 1214, 1168,
1067, 944, 900, 864, 848, 824, 786 cm−1; 1H NMR (400 MHz,
CDCl3) d 8.16 (s, 1H), 7.89 (dd, J = 7.9, 1.4 Hz, 1H), 7.50–7.41
(m, 2H), 7.02 (d, J = 7.5 Hz, 1H), 6.26 (s, 1H), 3.78 (s, 3H),
3.76 (d, J = 16.8 Hz, 1H), 3.28 (s, 3H), 3.21 (dd, J = 16.8,
1.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) d 171.56, 170.32,
168.47, 150.95, 150.38, 132.83, 131.02, 130.65, 129.15, 125.12,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2851–2857 | 2855







121.55, 72.92, 53.80, 52.94, 42.49, 29.97; HRMS (EI) m/z calcd
for C16H14N2O7 (M+) 346.0800, found 346.0813.


5,5-Dimethoxycarbonyl-6-(1,3-benzodioxol-5-yl)-4-dihydro-6H-
cyclopenta[c]isoxazole (3e). Purified by column chromatography
(ethyl acetate–hexanes 1 : 5) after concentration in vacuo to give
a white solid with a melting point of 93–94 ◦C; IR (CHCl3) mmax


3115, 2955, 2780, 1732, 1627, 1504, 1489, 1444, 1408, 1364, 1267,
1216, 1066, 1038, 931, 881, 825, 785 cm−1; 1H NMR (400 MHz,
CDCl3) d 8.09 (s, 1H), 6.72–6.66 (m, 3H), 5.91–5.90 (m, 2H),
5.23 (s, 1H), 3.79 (s, 3H), 3.66 (dd, J = 18.1, 1.0 Hz, 1H), 3.33
(s, 3H), 3.11 (dd, J = 16.5, 1.0 Hz, 1H); 13C NMR (100 MHz,
CDCl3) d 171.91, 170.96, 168.70, 150.45, 147.69, 147.37, 129.49,
122.49, 121.16, 109.38, 108.15, 101.22, 72.74, 53.38, 52.58, 48.31,
29.46; HRMS (EI) m/z calcd for C17H15NO7 (M+) 345.0849, found
345.0847.


5,5-Dimethoxycarbonyl-6-(n-butyl)-4-dihydro-6H -cyclopenta-
[c]isoxazole (3f). Purified by column chromatography (ethyl
acetate–hexanes 1 : 10) after concentration in vacuo to give a white
solid with a melting point of 63–64 ◦C; IR (CHCl3) mmax 3583, 3461,
2956, 2863, 1735, 1629, 1454, 1435, 1401, 1268, 1215, 1163, 1119,
1066, 954, 938, 872, 835, 820, 792, 665 cm−1; 1H NMR (400 MHz,
CDCl3) d 7.95 (s, 1H), 3.86 (dd, J = 11.3, 3.9 Hz, 1H), 3.762 (s,
3H), 3.760 (s, 3H) 3.48 (dd, J = 16.4, 1.3 Hz, 1H), 3.09 (dd, J =
16.4, 1.3 Hz, 1H), 1.69–1.25 (m, 6H), 0.91 (t, J = 7.3 Hz, 3H); 13C
NMR (100 MHz, CDCl3) d 172.51, 171.20, 169.65, 149.54, 120.06,
70.40, 53.37, 52.92, 43.43, 29.56, 29.45, 28.98, 22.63, 12.06; HRMS
(EI) m/z calcd for C14H19NO5 (M+) 281.1263, found 281.1258.


5,5-Dimethoxycarbonyl-6-(4-diethylaminophenyl)-4-dihydro-6H-
cyclopenta[c]isoxazole (3g). Purified by column chromatography
(methanol–chloroform 1 : 50) after concentration in vacuo to give
a white solid with a melting point of 104–106 ◦C; IR (CHCl3) mmax


3668, 3451, 2953, 2291, 1793, 1733, 1613, 1521, 1457, 1435, 1372,
1269, 1163, 1147, 1096; 1H NMR (400 MHz, CDCl3) d 8.07 (s,
1H), 7.05–6.95 (m, 2H), 6.62–6.57 (m, 2H), 5.21 (s, 1H), 3.79 (s,
3H), 3.69 (dd, J = 16.5, 1.3 Hz, 1H), 3.35–3.27 (m, 4H), 3.29 (s,
3H), 3.10 (dd, J = 16.5, 1.3 Hz, 1H), 1.11 (t, J = 7.1 Hz, 6H);
13C NMR (100 MHz, CDCl3) d 172.42, 171.19, 168.86, 149.95,
147.39, 129.63, 122.03, 121.67, 111.69, 72.71, 53.16, 52.37, 47.96,
44.30, 29.29, 12.44; HRMS (EI) m/z calcd for C20H24N2O5 (M+)
372.1685, found 372.1691.


5,5-Dinitrile-6-phenyl-4-dihydro-6H-cyclopenta[c]isoxazole (3h).
Purified by column chromatography (ethyl acetate–hexanes 1 : 5)
after concentration in vacuo to give a white solid with a melting
point of 143–144 ◦C; IR (CHCl3) mmax 3583, 3137, 2923, 1708,
1630,1499, 1455, 1406, 1261, 1070,950, 847, 805 cm−1; 1H NMR
(400 MHz, CDCl3) d 8.32 (s, 1H), 7.48 (s, 5H), 5.04 (s, 1H),
3.70 (d, J = 15.7 Hz, 1H), 3.58 (dd, J = 15.7, 1.4 Hz, 1H); 13C
NMR (100 MHz, CDCl3) d 167.48, 152.65, 131.05, 130.36, 129.65,
128.86, 118.56, 114.51, 113.33, 53.59, 48.30, 34.53; HRMS (EI)
m/z calcd for C14H9N3O (M+) 235.0746, found 235.0746.


5,5-Dinitrile-6-(4-chlorophenyl)-4-dihydro-6H -cyclopenta[c]-
isoxazole (3i). Purified by column chromatography (ethyl
acetate–hexanes 1 : 5) after concentration in vacuo to give a white
solid with a melting point of 108–109 ◦C; IR (CHCl3) mmax 3479,
3139, 3003, 2920, 2252, 2126, 1911, 1710, 1630, 1597, 1577, 1494,


1446, 1405, 1362, 1296, 1260, 1224, 1112, 1092, 1071, 1016, 950,
903, 867, 833, 806, 745 cm−1; 1H NMR (400 MHz, CDCl3) d 8.34
(s, 1H), 7.43–7.49 (m, 4H), 5.02 (s, 1H), 3.71 (d, J = 15.7 Hz, 1H),
3.58 (dd, J = 15.7, 1.3 Hz, 1H); 13C NMR (100 MHz, CDCl3)
d 167.09, 152.85, 136.63, 130.25, 129.94, 129.42, 118.47, 114.21,
113.22, 52.99, 48.24, 34.50; HRMS (EI) m/z calcd for C14H8ClN3O
(M+) 269.0356, found 269.0357.


5,5-Dinitrile-6-(2-thienyl)-4-dihydro-6H -cyclopenta[c]isoxazole
(3j). Purified by column chromatography (ethyl acetate–hexanes
1 : 10) after concentration in vacuo to give a white solid with a
melting point of 129–130 ◦C; IR (CHCl3) mmax 3583, 3115, 2923,
2774, 2252, 1728, 1709, 1630, 1509, 1444, 1408, 1365, 1296, 1237,
1120, 1070, 1043, 947, 856, 795 cm−1; 1H NMR (400 MHz, CDCl3)
d 8.32 (s, 1H), 7.44 (dd, J = 5.1, 0.7 Hz, 1H), 7.33 (d, J = 3.7 Hz,
1H), 7.12 (dd, J = 5.1, 3.7 Hz, 1H), 5.31 (s, 1H), 3.71 (d, J = 15.7,
1H), 3.57 (dd, J = 15.7, 1.1 Hz, 1H); 13C NMR (100 MHz, CDCl3)
d 167.49, 152.86, 132.36, 129.25, 128.03, 127.94, 118.01, 114.28,
113.03, 49.18, 48.78, 34.23; HRMS (EI) m/z calcd for C12H7N3OS
(M+) 241.0310, found 241.0313.


5,5-Dinitrile-6-(naphthalen-1-yl)-4-dihydro-6H -cyclopenta[c]-
isoxazole (3k). Purified by column chromatography (ethyl
acetate–hexanes 1 : 5) after concentration in vacuo to give a white
solid with the melting point of 180–181 ◦C; IR (CHCl3) mmax 3583,
3137, 3054, 2939, 1709, 1630, 1598, 1514, 1443, 1409, 1360, 1293,
1223, 1071, 949, 803, 781 cm−1; 1H NMR (400 MHz, CDCl3) d
8.39 (s, 1H), 8.24 (d, J = 8.6 Hz, 1H), 7.96 (dd, J = 8.1, 2.5 Hz,
2H) 7.72–7.68 (m, 1H), 7.63–7.59 (m, 1H), 7.50 (t, J = 7.8 Hz,
1H), 7.36 (d, J = 7.1 Hz, 1H), 5.98 (s, 1H), 3.78–3.69 (m, 2H);
13C NMR (100 MHz, CDCl3) d 169.04, 152.72, 134.24, 131.73,
131.04, 129.67, 128.03, 127.72, 127.52, 126.83, 125.51, 122.45,
118.96, 115.22, 113.21, 48.81, 47.26, 35.18; HRMS (EI) m/z calcd
for C18H11N3O (M+) 285.0902, found 285.0902.


5,5-Dinitrile-6-(iso-butyl)-4-dihydro-6H -cyclopenta[c]isoxazole
(3l). Purified by column chromatography (ethyl acetate–hexanes
1 : 5) after concentration in vacuo to give a colorless oil; IR (CHCl3)
mmax 2960, 2923, 2873, 2247, 1706, 1630, 1506, 1469, 1445, 1403,
1370, 1305, 1278, 1220, 1168, 1069, 943, 829 cm−1; 1H NMR
(400 MHz, CDCl3) d 8.19 (s, 1H), 3.82 (dd, J = 9.4, 6.4 Hz,
1H), 3.59 (dd, J = 15.7, 0.6 Hz, 1H), 3.48 (dd, J = 15.7, 1.4 Hz,
1H), 2.08–2.18 (m, 1H), 1.97 (ddd, J = 13.7, 9.3, 6.2 Hz, 1H),
1.84 (ddd, J = 13.7, 8.3, 6.2 Hz, 1H), 1.09 (d, J = 6.4 Hz, 3H),
1.07 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 169.02,
151.68, 117.52, 114.79, 113.49, 46.07, 44.91, 38.45, 34.73, 25.79,
22.91, 22.02; HRMS (EI) m/z calcd for C12H13N3O (M+) 215.1059,
found 215.1060.


cis-4,4-Dimethoxycarbonyl-3-phenyl-4a,5,6,7,7a,7b-hexahydro-
3H-indeno[1,7-cd]isoxazole (cis-4). Purified by column chro-
matography (ethyl acetate–hexanes 1 : 5) after concentration in
vacuo to give a white solid with the melting point of 189–190 ◦C;
IR (CHCl3) mmax 3032, 2952, 2864, 1729, 1645, 1497, 1455, 1435,
1355, 1313, 1280, 1254, 1205, 1180, 1079, 1044 cm−1. 1H NMR
(400 MHz, CDCl3) d 7.38–7.23 (m, 5H), 5.02 (s, 1H), 4.81 (dd,
J = 17.2, 8.8 Hz, 1H), 3.84 (s, 3H), 3.77 (dd, J = 9.2, 8.2 Hz, 1H),
3.26 (s, 3H), 2.99–2.92 (m, 1H), 2.27–2.24 (m, 1H), 2.18–2.13 (m,
1H), 1.74–1.70 (m, 1H), 1.61–1.41 (m, 2H), 1.02–0.92 (m, 1H);
13C NMR (100 MHz, CDCl3) d 171.91, 169.77, 166.70, 135.65,
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129.94, 127.99, 127.57, 75.66, 74.20, 54.22, 53.48, 51.54, 46.57,
41.90, 29.02, 25.43, 19.78; HRMS (EI) m/z calcd for C19H21NO5


(M+) 343.1420, found 303.1109; Elemental analysis calculated for
C19H21NO5: C, 66.46; H, 6.16: N, 4.08. Found: C, 66.40; H, 6.15;
N, 3.93%.


trans - 4,4 - Dimethoxycarbonyl - 3 - phenyl - 4a,5,6,7,7a,7b - hexa-
hydro-3H-indeno[1,7-cd]isoxazole (trans-4). Purified by column
chromatography (ethyl acetate–hexanes 1 : 5) after concentration
in vacuo to give a white solid with a melting point of 154–155 ◦C;
IR (CHCl3) mmax 3032, 2954, 1730, 1644, 1601, 1497, 1456, 1435,
1280, 1254, 1207, 1078 cm−1. 1H NMR (400 MHz, CDCl3) d 7.29–
7.21 (m, 5H), 5.05 (d, J = 2.0 Hz, 1H), 4.85 (dd, J = 17.2, 8.8 Hz,
1H), 4.60 (dd, J = 8.6, 8.2 Hz, 1H), 3.79 (s, 3H), 3.00 (s, 3H), 2.95–
2.90 (m, 1H), 2.11–2.06 (m, 1H), 1.69–1.63 (m, 2H), 1.39–1.29 (m,
1H), 1.08–0.90 (m, 2H); 13C NMR (100 MHz, CDCl3) d 171.24,
169.81, 169.41, 135.63, 128.75, 128.28, 127.64, 77.02, 56.99, 52.64,
52.01, 44.71, 40.51, 28.49, 24.28, 20.28; HRMS (EI) m/z calcd for
C19H21NO5 (M+) 343.1420, found 303.1109; Elemental analysis
calculated for C19H21NO5: C, 66.46; H, 6.16: N, 4.08. Found: C,
66.41; H, 6.15; N, 3.93%.
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In a previous report (S. Yasui, S. Tojo and T. Majima, J. Org. Chem., 2005, 70, 1276), we presented the
results from the laser flash photolysis (LFP) and product analysis of the 9,10-dicyanoanthracene
(DCA)-photosensitized oxidation of triarylphosphine (Ar3P) in acetonitrile under air, which showed
that the photoreaction results in the oxidation of Ar3P to give the corresponding phosphine oxide
(Ar3P=O) in a nearly quantitative yield, and that the reaction is initiated by the electron transfer (ET)
from Ar3P to DCA in the singlet excited state (1DCA*), producing the triarylphosphine radical cation
Ar3P•+. This radical cation decays through radical coupling with O2 to afford the peroxy radical cation
Ar3P+–O–O•, which we proposed to be the intermediate leading to the product Ar3P=O. We now
examined this photoreaction in more detail using ten kinds of Ar3P with various electronic and steric
characteristics. The decay rate of Ar3P•+ measured by the LFP was only slightly affected by the
substituents on the aryl groups of Ar3P. During the photolysis of trimesitylphosphine (Mes3P), the
peroxy radical cation intermediate (Mes3P+–O–O•) had a lifetime long enough to be
spectrophotometrically detected. The quantum yields of Ar3P=O increased with either
electron-withdrawing or -releasing substituents on the aryl groups, suggesting that a radical center is
developed on the phosphorus atom during the step when the quantum yield is determined. In addition,
the o-methyl substituents in Ar3P decreased the quantum yield. These results clearly indicated that
Ar3P+–O–O• undergoes radical attack upon the parent phosphine Ar3P that eventually produces the
final product, Ar3P=O.


Introduction


Trivalent phosphorus compounds Z3P are good electron donors
and are easily converted to the corresponding radical cations Z3P•+


when treated with a one-electron acceptor.1–10 In principle, Z3P•+


can act either as a cation or as a radical, but this class of radical
cations is in fact quite labile toward a nucleophile mainly showing
the reactivity as a cation. Thus, Z3P•+ easily undergoes an ionic
reaction with a small amount of alcohol or water in the solvent to
eventually afford the corresponding pentavalent oxo-compounds
Z3P=O. One of the few examples of the radical reactions by Z3P•+


is the radical coupling of Z3P•+ with the aryl radical Ar• taking
place in competition with the ionic reaction with an alcohol upon
treatment of Z3P with a diazonium salt in an alcoholic solvent.1


We have found that the 9,10-dicyanoanthracene (DCA)-
photosensitized oxidation of triarylphosphine (Ar3P) quantita-
tively affords the corresponding triarylphosphine oxide (Ar3P=O),
in which the reaction is initiated by the electron transfer (ET) from
Ar3P to DCA in the singlet excited state (1DCA*) to generate the
triarylphosphine radical cation Ar3P•+.7,11 Quite interestingly, the
mechanism depends on the reaction conditions. When the pho-
toreaction is carried out in aqueous acetonitrile (MeCN) under
an argon atmosphere, the initially generated radical cation Ar3P•+
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undergoes an ionic reaction with water to produce Ar3P=O.7 On
the other hand, the photoreaction under aerobic conditions in
the absence of nucleophiles affords Ar3P=O through the radical
coupling of Ar3P•+ with molecular oxygen (O2) in the solvent.11


Thus, we performed the product analysis and the laser flash
photolysis (LFP) on the DCA-photosensitized oxidation of Ar3P
under aerobic conditions to show the mechanism which includes
the radical coupling of Ar3P•+ with O2. This was the first finding
that the trivalent phosphorus radical cation Z3P•+ undergoes
radical coupling with O2 in the ground state. This mechanism
suggests the peroxy radical cation Ar3P+–O–O• as an intermediate,
but it is not clear how this intermediate produces the observed
product Ar3P=O. To determine this, it is quite informative to
examine the effect of the substituents of aryl groups in Ar3P on
the quantum yield of Ar3P=O.


Now, with ten electronically and sterically tuned Ar3P (1)
available, we analyzed the DCA-photosensitized oxidation of 1
based on the results from LFP and product analysis (Scheme 1).
Our major findings in the present study are that (1) both
electron-withdrawing and -releasing substituents on the aryl
ligands increased the relative quantum yield of Ar3P=O, and
that (2) on the other hand, the decay rate of Ar3P•+ was not
affected by the substituents in this way. These findings along
with other evidence strongly suggest that the peroxy radical
cation Ar3P+–O–O• undergoes radical attack on 1 to produce
a dimeric radical cation Ar3P+–O–O–P•Ar3. Our mechanism is
different from that proposed for the O2-mediated oxidation of
Ar3P in dichloromethane (CH2Cl2), for which the ET from Ar3P to
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Scheme 1


Ar3P+–O–O• has been assumed to construct a chain-reaction
producing Ar3P=O.12 The difference in the stability of the
intermediate well explains the diversity of the mechanism.


Results and discussion


Laser flash photolysis


When a mixture of 1, biphenyl (BP) and DCA in MeCN was
irradiated with a 355 nm laser, the transient absorption spectrum
characteristic of the radical cation 1•+ was observed.7 Clearly, 1•+


is generated from the ET from 1 to the biphenyl radical cation
(BP•+). It is well established that the photoinduced ET from BP
to the excited DCA occurs to give the DCA radical anion and
BP•+, and the hole transfer from BP•+ to 1 is favorable because 1
has a lower oxidation potential than BP. We have found that the
quantum yield of the product from 1 is one order lower when BP
is absent.7,11


The absorption of 1•+ disappeared on the basis of the first-order
kinetics in air. For each radical cation 1a–f•+, the disappearance of
the absorption at 525–600 nm was analyzed in order to determine
the decay rate constant kdecay(air) as summarized in Table 1. Even


under an argon atmosphere, 1•+ spontaneously decayed at a slower
rate. Table 1 also summarizes the pseudo-first order rate constants
kdecay(Ar) for the decay under an argon atmosphere. Since 1•+


reacts with O2 as reported in a previous article,11 the second-order
rate constant kO2 for the reaction of 1•+ with O2 was calculated
according to eqn (1).


kO2 = (kdecay(air) − kdecay(Ar))/[O2] (1)


The LFP for trimesitylphosphine 1h provided useful informa-
tion with respect to the fate of the transient species during the
photo-oxidation of Ar3P. When 1h was likewise subjected to the
photolysis under an argon atmosphere, a transient absorption
spectrum with a maximum at 600 nm assignable to the trime-
sitylphosphine radical cation (1h•+) was observed at 100 ns after the
laser flash, which disappeared on the time scale of a few ls (Fig. 1).
Under air (where [O2] = 1.82 × 10−3 M in MeCN), the transient
absorption of 1h•+ disappeared on the time scale of 300 ns, and
the absorption with a maximum at 560 nm appeared on the time
scale of 1 ls. Furthermore, the LFP under an O2 atmosphere gave
the absorption spectrum with a maximum at 560 nm at 100 ns
after the laser flash. The peak at 600 nm was observed only as a
shoulder peak, which disappeared in the time scale of several tens
of ls (Fig. 2). The spectral change seen in Fig. 2 is very similar to
that reported for the reaction of an aromatic olefin radical cation


Fig. 1 Transient absorption spectra recorded at 100 ns (�), 1 ls (�),
and 5 ls (�) after a laser flash during the 355 nm LFP of 1h under an
argon atmosphere. Inset: time profile of the transient absorption at 600 nm
showing the decay of 1h•+.


Table 1 Rate constants for the decay of 1•+ determined by transient absorption measurementsa


Radical cation (1•+) kdecay(air)b/106 s−1 kdecay(Ar)c/105 s−1 kO2
d/108 M−1 s−1 kmax


e/nm


1a•+ 1.82 2.19 8.80 525
1b•+ 1.57 3.65 6.65 530
1c•+ 5.15 6.54 24.7 550
1d•+ 2.39 2.39 14.8 600
1e•+ 2.30 4.55 10.1 550
1f•+ 1.95 2.86 9.12 550
1g•+ 1.82 4.35 7.60 550
1h•+ 2.57 3.25 12.3 600
1i•+ 2.78 4.29 12.9 535
1j•+ 1.89 3.12 8.69 535


a The LFP of 1 with the third harmonic generation (355 nm, 5 ns) from a Q-switched Nd3+:YAG laser: [1] = 1.00 × 10−2 M, [BP] = 1.00 × 10−1 M and
[DCA] = 5.00 × 10−5 M in MeCN. b Pseudo-first order rate constant determined in air, [O2] = 1.82 × 10−3 M in MeCN. c Pseudo-first order rate constant
determined under an argon atmosphere. d Second order rate constant. e Wavelength monitored for the 1•+ transient absorption.
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Fig. 2 Transient absorption spectra recorded at 100 ns (�), 1 ls (�),
and 5 ls (�) after a laser flash during the 355 nm LFP of 1h under an O2


atmosphere, showing the reaction of 1h•+ with O2. Inset: time profiles of the
transient absorptions at 600 (black) and 550 nm (grey), showing the decay
of 1h•+ and the formation of the peroxy radical cation (Mes3P+–OO•).


with O2, in which the olefin radical cation is converted to the
corresponding peroxy radical cation (R1R2C+–CR3R4–OO•).13,14


Therefore, the spectral change observed in the LFP for 1h supports
our proposal that 1•+ decays through radical coupling with oxygen
to produce the peroxy radical cation (3 in Scheme 2). The second
order rate constant for the bimolecular reaction between 1h•+ and
O2 was also calculated according to eqn (1) as listed in Table 1.
This is the first direct observation of the reaction of Ar3P•+ and O2


to give Ar3P+OO•.15


Scheme 2


Product analysis


A mixture of 1, DCA and BP in MeCN was irradiated with light
from a xenon lamp (>390 nm with a glass filter) under aerobic
conditions. The irradiated solution was analyzed by GC, indicating
that 1 was gradually converted to the corresponding phosphine
oxide (2) without other products in an appreciable amount. As
has been previously observed,11 the plot of the amount of the
conversion of 1 versus the irradiation time was linear in each
experiment. The slopes were sometimes slightly different values in
the different experiments even for the same Ar3P. This is probably
due to the instability of the instrument and/or subtle differences
in the concentration of the dissolved O2. To more reliably perform
the examination of the substituent effect, we prepared sample
solutions of 1a (as a standard) and of the particular Ar3P from
the common mother solution and then the resulting solutions
were subjected to the photoreaction one after the other (see
Experimental section). The value Qrel was obtained by dividing
the slope for the reaction of the particular Ar3P by that for 1a as
listed in Table 2. The value Qrel represents the relative value of the


Table 2 Relative quantum yield Qrel of the DCA-photosensitized oxida-
tion of 1 in aira


Ar3P (1) R r•b Qrel


1a 0 1
1b 0.36 1.242
1c 0.54 1.561
1d 1.26 2.803
1e 1.17c 0.564
1f 1.17 2.076
1g d 0.989
1h 3.51c 0.289
1i 0.39 1.197
1j 0.39c 1.367


a [1] = 1.00 × 10−2 M, [BP] = 1.00 × 10−1 M and [DCA] = 5.00 × 10−5 M;
under aerobic conditions in MeCN; irradiated with visible light (>390 nm)
from a Xe lamp. b The sum of the r• values of the three substituents. The
r• values are taken from ref. 17. c Assuming r•(o-Me) = r•(p-Me). d Not
available.


quantum yield of 2.16 Importantly, both the electron-withdrawing
and -releasing substituents increase the Qrel value.


Substituent effect


In Fig. 3, the logarithm of Qrel was plotted versus R r•, the sum of
the Hammett substituent constants r• of the substituents on the
aryl groups of Ar3P (1). The linear correlation with the positive
value of the slope (q• = 0.33; correlation coefficient r = 0.97)
was found with the exception of 1e and 1h. The r• scale has
been defined for the homolytic cleavage of dibenzylmercury as a
measure of the spin density developing on the benzyl carbon atom
in the transition state.17 That is, the correlation in Fig. 3 strongly
suggests that the spin is developed on the phosphorus atom in
the transition state of the Qrel-determining step. The phosphorus
atom of 1 (or any intermediates) occupies the position equivalent
to that of the benzyl carbon of dibenzylmercury with respect to
the aryl moieties. It should be noted that the r• scale has been
obtained by subtracting the polar effects from the total effects of
the substituents for measuring the pure effect used to stabilize a
radical center. The analysis has assumed that the meta-substituents
exert only a polar effect on the radical center.18 In our system, the
reaction of tris(m-tolyl)phosphine (1g) gives Qrel nearly identical
to that for the unsubstituted phosphine (1a), which may indicate
that there is a slight stabilization by the substituents through the
polar effect in all stages during the reaction sequence.


Fig. 3 Plot of logQrel vs. R r•.
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The r• values of the ortho- and meta-methyl groups are not
available in the literature. Therefore, we take the r• value of
the para-methyl group as that of the ortho-methyl group based
on the reasonable assumption that the ortho-methyl group has
almost the same electronic influence on the phosphorus as the
para-methyl substituent.19 The Qrel value for the reaction of tris(o-
tolyl)phosphine 1e was plotted versus the R r• of 1f. The point was
significantly deviated downward from the line. Such an inhibitory
effect by the ortho-methyl groups on Qrel could be attributed to
a steric factor. 1h having six ortho-methyl groups produced much
smaller Qrel values than those expected from the electronic effects
of the substituents as shown in Table 2 (not plotted in Fig. 3).


Reaction mechanism


The previous study based on LFP and product analysis has shown
that the photoreaction is initiated by the ET from 1 to DCA in the
singlet excited state, 1DCA*.11 The ET generates the radical cation
1•+, which decays through the reaction of 1•+ with O2 to give the
intermediate peroxy radical cation 3 (Scheme 2). Our next task is
to determine the fate of 3 leading to the final product 2.


It is highly unlikely that 3 undergoes radical coupling with 1•+,
because the concentrations of 3 and 1•+ are so low that there is very
little possibility for both species to encounter each other. Much
more likely, 3 attacks the phosphorus in 1 under our experimental
conditions where 1 exists in a high concentration.20–22 This reaction
affords the dimeric radical cation 4 in which one of the phosphorus
atoms has an unpaired electron on it. The observed substituent
effect supports the participation of 4 in the present photoreaction.
Thus, the positive value of q• given in Fig. 3 shows clearly that the
present photoreaction takes place via an intermediate in which the
phosphorus atom has an unpaired electron. The step from 3 to 4
does determine Qrel. On the other hand, the reaction of 1•+ with O2


cannot be the Qrel-determining step because the results from the
LFP reveal no correlation between kO2 and Qrel.


The ET from 1 to 3, instead of the radical attack by 3 on 1, has
been reported for the O2-mediated oxidation of 1 to 2 in CH2Cl2.12b


The ET mechanism is unlikely at least under our experimental
conditions where the solvent is MeCN. The ET would promote
a chain reaction, which is against our observations in the present
study. Thus, the quantum yields of the formation of 2 from 1
were smaller than 0.1, indicating no chain reaction was involved.
The phosphonium center in 3 is thought to be more stabilized by
solvation in MeCN than in CH2Cl2, whereas the radical center on
the oxygen atom is not very solvated. If this is true, 3 could accept
an electron more easily in CH2Cl2 than in MeCN.


In the present photoreaction, a steric effect has been observed
in the step where 3 attacks 1. Importantly, the LFP for 1h in
the O2 atmosphere produced a spectrum that strongly suggests
the formation of 3h (Fig. 2). This finding further supports the
significance of the steric effect on the radical attack by 3 on 1.
The two ortho-methyl groups of 1h prevent the radical attack
by 3h on 1h, making 3h long-lived enough for the spectroscopic
observation. This is also the reason for the lower Qrel in the photo-
oxidation of 1h.


Tris(o-tolyl)phosphine 1e, which has ortho-methyl groups, pro-
duced a low Qrel value. This finding is also in line with the steric
inhibition by the ortho-methyl groups on the radical attack. Tordo
et al. performed an X-ray analysis on several triarylphosphines


and obtained the degree of pyramidalization of these phosphines
(a◦; see Scheme 3).23 The a◦-values are almost unchanged upon
introduction of the para- or meta-methyl substituents on the aryl
groups. Meanwhile, the introduction of one ortho-methyl on each
aryl group results in a small but explicit change in a◦ (27.2◦ for 1a
and 25.7◦ for 1e). That is, the C–P–C angle is flattened, increasing
the p-character of the lone pair on the phosphorus atom. As a
result, 1e becomes less reactive toward the radical attack by 3.
This may be the reason why the reaction of 1e produces the lower
Qrel value than expected from the electronic effect of the methyl
substituents (Fig. 3). Such a steric effect is much more significant
with the phosphine having two ortho-methyl groups on each aryl
group; thus, 18.8◦ for 1h. In fact, the Qrel value for the reaction of
1h is much smaller than expected based on the electronic effect of
the methyl substituents.


Scheme 3


We are now convinced that the DCA-photosensitized oxidation
of 1 proceeds according to the mechanism shown in Scheme 2.
The intermediate 4 affords the product 2 along with the radical
cation 5. Yet, how 5 yields the final product 2 remains unsolved in
the present study, and will be clarified in due course.


Experimental


Instruments


The instruments used in the present study were described in a
previous article.11


Materials


Phosphines 1, biphenyl (BP) and 9,10-dicyanoanthracene (DCA)
were commercially available and purified through recrystallization
as described.11


Laser flash photolysis


A solution of 1 (1.00 × 10−2 M), BP (1.00 × 10−1 M) and DCA
(5.00 × 10−5 M) in MeCN was photolyzed. The decrease in the
resulting absorption was monitored at the appropriate wavelengths
(Table 1).


General procedure


A 5 ml solution containing BP (1.00 × 10−1M) and DCA (5.00 ×
10−5 M) in MeCN was prepared in air. 2 ml portions from the
solution were separately added to two square quartz cells (1 cm ×
1 cm), one containing 2.00 mmol of 1a (as a standard) and the
other containing 2.00 mmol of the particular phosphine 1. These
solutions were subjected to the photoreaction as described below.
Each cell was irradiated with light from a xenon arc short lamp
through a sharp-cut filter (irradiation at k > 390 nm). At specific
intervals, a 50 ll aliquot was taken and diluted with 25 ll of
MeCN with benzyl ether (for 1a, b, e and f) or hydroquinone
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dibenzyl ether (for 1c, d and g–j) as the external standard, and the
resulting mixture was analyzed by GC.


References


1 (a) S. Yasui, K. Shioji and A. Ohno, Tetrahedron Lett., 1994, 35, 2695;
(b) S. Yasui, K. Shioji and A. Ohno, Heteroat. Chem., 1995, 6, 223.


2 S. Yasui, K. Shioji, A. Ohno and M. Yoshihara, J. Org. Chem., 1995,
60, 2099.


3 S. Yasui, M. Tsujimoto, K. Shioji and A. Ohno, Chem. Ber./Recl., 1997,
130, 1699.


4 (a) S. Yasui, K. Shioji, M. Tsujimoto and A. Ohno, J. Chem. Soc.,
Perkin Trans. 2, 1999, 855; (b) S. Yasui, K. Itoh, A. Ohno and N.
Tokitoh, Chem. Lett., 2001, 1056.


5 S. Yasui, M. Tsujimoto, K. Itoh and A. Ohno, J. Org. Chem., 2000, 65,
4715.


6 S. Yasui, K. Itoh, M. Tsujimoto and A. Ohno, Bull. Chem. Soc. Jpn.,
2002, 75, 1311.


7 M. Nakamura, M. Miki and T. Majima, J. Chem. Soc., Perkin Trans.
2, 2000, 1447.


8 R. L. Powell and C. D. Hall, J. Am. Chem. Soc., 1969, 91, 5403.
9 G. Pandey, S. Hajra and M. K. Ghorai, Tetrahedron Lett., 1994, 35,


7837.
10 S. Takagi, T. Okamoto, T. Shiragami and H. Inoue, J. Org. Chem., 1994,


59, 7373.
11 S. Yasui, S. Tojo and T. Majima, J. Org. Chem., 2005, 70, 1276.


12 (a) Z. B. Alfassi, P. Neta and B. Beaver, J. Phys. Chem. A, 1997, 101,
2153; (b) B. Beaver, D. Rawlings, P. Neta, Z. B. Alfassi and T. N. Das,
Heteroat. Chem., 1998, 9, 133.


13 S. Tojo, K. Morishima, A. Ishida, T. Majima and S. Takamuku, J. Org.
Chem., 1995, 60, 4684.


14 M. Fujita, A. Shindo, A. Ishida, T. Majima, S. Takamuku and S.
Fukuzumi, Bull. Chem. Soc. Jpn., 1996, 69, 743.


15 We have obtained further evidence for the participation of 3 in the
present photoreaction based on pulse radiolysis experiments, which
will be published elsewhere.


16 Even if there were no fluctuations in determining the value of the slope,
it is still impossible to determine the absolute value of the quantum
yield since we did not make the light monochromatized.


17 S. Dincturk, R. A. Jackson, M. Townson, H. Agirbas, N. C. Billingham
and G. March, J. Chem. Soc., Perkin Trans. 2, 1981, 1121.


18 In ref. 17, the thermal homolytic cleavage of dibenzylmercury has been
analyzed based on the dual-parameter equation, log(k/k0) = r0q0 +
r•q•, where the first term is fixed by the reactions with a series of meta-
substituted substrates.


19 Since this assumption is not valid for the meta-substituent, Fig. 3 does
not include the plot for 1g.


20 G. B. Watts and U. K. Ingold, J. Am. Chem. Soc., 1972, 94, 2528.
21 W. G. Bentrude, Acc. Chem. Res., 1982, 15, 117.
22 S. Fukuzumi, K. Shimoosako, T. Suenobu and Y. Watanabe, J. Am.


Chem. Soc., 2003, 125, 9074.
23 M. Culcasi, Y. Berchadsky, G. Gronchi and P. Tordo, J. Org. Chem.,


1991, 56, 3537.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2969–2973 | 2973








COMMUNICATION www.rsc.org/obc | Organic & Biomolecular Chemistry


Scrambling of the label in a fluorenylphosphonamidic [18O]-sulfonate during
dissociative nucleophilic substitution (elimination–addition): a measure of the
importance of preassociation


Martin J. P. Harger*


Received 15th May 2006, Accepted 14th June 2006
First published as an Advance Article on the web 28th June 2006
DOI: 10.1039/b606871e


When R2CHP(O)(NEt2)OS18O2Ar (R2CH = 9-fluorenyl, Ar =
p-tolyl) undergoes nucleophilic substitution (elimination–
addition) with Et2NH (0.4 mol dm−3 in CHCl3) the phosphene
intermediate R2C=P(O)NEt2 recombines with the sulfonate
leaving group (internal return), causing scrambling of the 18O
label, more quickly than it diffuses away; efficient conversion
into R2CHP(O)(NEt2)2 therefore depends on preassociation
between the substrate and the nucleophile.


Phosphoryl transfer is an essential part of many biological
processes1 and phosphate mimics, notably phosphonates,2 are
important for probing the mechanisms of biological phosphoryl-
ation reactions and also for influencing metabolic processes. The
mechanism is generally associative [SN2(P)], with a five-coordinate
intermediate or transition state,3 although for substrates with an
acidic ligand (usually HO, HS, HNR) a dissociative pathway may
be competive, elimination of HX (X = leaving group) generating a
reactive (metaphosphate-like) three-coordinate PV intermediate.3,4


Alkyl groups in general are not acidic but fluorenyl is unusual and
evidence suggests that 9-fluorenylphosphonamidic chlorides such
as 1 (X = Cl) undergo substitution with amines by an elimination–
addition (EA) mechanism and a reactive phosphene intermediate
2.5 However, the stereochemistry (incomplete and concentration-
dependent non-stereospecificity) cannot be reconciled with a
planar phosphene as the sole product-forming species unless it is
supposed that preassociation6 is important,7 and that will only be
the case if the phosphene recombines very rapidly with the chloride
leaving group; then some of the phosphene may still diffuse away
from the leaving group and become free (symmetrically solvated)
but the rest will just recombine with chloride ion and return to
substrate unless the nucleophile is already in place (preassociation)
to trap it as it is formed. Such internal return is unlikely to be
properly revealed by configurational change (racemisation) of the
substrate – the phosphene intermediate would have to survive
long enough to allow tumbling – and little if any is seen in the
reactions of the fluorenylphosphonamidic chlorides. To establish
the reality of return, and so to justify invoking preassociation, it is
necessary to examine a process faster than tumbling, in particular
the equilibration of potentially equivalent sites in the leaving
group. Chloride lacks such sites and carboxylate and phosphate
are relatively poor leaving groups so we had to make use of
sulfonate.


Department of Chemistry, University of Leicester, Leicester, UK LE1
7RH. E-mail: mjph2@le.ac.uk; Fax: +44(0)116 2523789; Tel: +44(0)116
2522127


Treatment of the phosphonamidic acid 1 (X = OH) [obtained
by hydrolysis of 1 (X = Cl)] with a slight excess of Et3N and TsCl in
CDCl3 (dP 18 → 26) gave the mixed anhydride without appreciable
pyrophosphonate formation.† Aqueous work up (mildly acidic)
and crystallisation afforded the pure anhydride 3 [mp 102–104 ◦C,
m/z (FAB) 456 (M + H)+; dP 26.1; dH 8.1–7.25 (12 H), 4.76 (1 H,
d, JPH 32 Hz), 2.57 (4 H, m), 2.48 (3 H, s) and 0.46 (6 H, t, JHH 7
Hz)]. Use of 18O-labelled TsCl afforded 3 having an 18O content of
106 atom% (ES MS: 15.5% no 18O, 63% one 18O, 21.5% two 18O).‡
Provided only a very slight excess of Et3N was used and the reac-
tion was quenched immediately on completion the 18O was almost
entirely confined to the SO2 group (31P NMR: only ca. 2% P–18O).


The anhydride 3 is more reactive than the corresponding
chloride 1 (X = Cl) and it also contains an alternative site –
the S atom – at which the nucleophile can attack.8 With Et2NH,
however, the product was overwhelmingly the phosphonic amide
1 (X = NEt2) (dP 34.1), the alternative sulfonic amide (Et2NTs)
amounting only to 1–2% (1H NMR; GC-MS).§


The reaction of the [18O]-labelled anhydride 3 with Et2NH (13
equiv.; 0.4 mol dm−3) in CHCl3 (containing 6% C6D6 as NMR
lock) was monitored by 31P NMR spectroscopy at 27 ◦C. Fig. 1
shows the signal due to the substrate in selected spectra. At first
(t = 0) the high field 18O-shifted peak is barely visible (ca. 2% of the
substrate signal) but at 5% completion of the substitution reaction


Fig. 1 31P NMR spectrum (162 MHz) of 18O-labelled substrate 3 in
reaction with Et2NH: (a) initially (t = 0), (b) at 5% completion of
substitution (t = 20 min), (c) at 17% completion (t = 50 min), (d) at
43% completion (t = 100 min).
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(t = 20 min) it is conspicuous (11%) and at 17% completion (t =
50 min) it is important (25%). The substrate contains 106 atom%
18O so scrambling of the label between the SO2 and the bridging
O atom can only give 35–36% of the substrate molecules with a
P–18O bond and that situation was attained by 43% completion
(t = 100 min) (Fig. 1). Scrambling is therefore not only important
but some five times faster than substitution. By implication the
phosphene intermediate recombines with the leaving group and
returns to the substrate much more often than it adds Et2NH to
form the substitution product.


For our present purposes it is important to distinguish between
internal return, where the phosphene recombines specifically with
the sulfonate to which it was bonded in the substrate, and external
return, where it combines with any sulfonate ion present in the
reaction medium. We therefore examined the nosylate analogue
of the tosylate 3. As expected it proved to be much more reactive
even though the phosphene intermediate it forms is of course the
same. In CHCl3 containing Et2NH (15 equiv.) and Et2NH2


+ −OTs
(1 equiv.) it rapidly formed the amide 1 (X = NEt2) and the tosylate
3 (which reacts much less quickly) in a 9 : 1 ratio, implying only
a small preference (1.6-fold) for reaction with TsO− rather than
Et2NH. In the experiment with the labelled tosylate the isotope
scrambling was well advanced by the time substitution was 10%
complete. At that stage the concentration of Et2NH2


+ −OTs (0.1
equiv.) will still have been less than one-hundredth that of the
amine (13 equiv.), so any external return will have been negligible.
It must therefore be internal return that is responsible for the
scrambling and internal return that occurs five times faster than
reaction of the phosphene with the amine. This is important.
At very low concentrations of amine the amide product might
be derived largely from liberated phosphene, but at all other
concentrations it will be derived almost entirely from phosphene
that is generated within a preassociation complex where the
nucleophile is already in place to trap it.


There is evidence that the diphenylmethylphosphonamidic chlo-
ride 4 (X = Cl) also reacts with amines by elimination–addition9 so
our study was extended to include the phosphonamidic-sulfonic
anhydride 4 (X = OTs). Both the unlabelled compound [mp 160–


162 ◦C; dP 28.3; m/z (FAB) 430 (M + H)+] and its 18O-labelled
counterpart (ES MS: 106 atom% 18O; 15.5% no 18O, 63% one 18O,
21.5% two 18O) were prepared in the same way as the fluorenyl
compounds but with longer reaction times. The reaction of labelled
4 (X = OTs) with 0.4 mol dm−3 Et2NH in CHCl3 (containing 6%
C6D6) was very slow (t1/2 ≈ 80 h at 27 ◦C) and was not accompanied
by extensive scrambling of the label although some P–18O substrate
(DdP 0.03 ppm) could just be detected in the later stages (Fig. 2).
This is not a very sensitive test for return, however, because most
of the substrate is consumed in ways that do not involve the
phosphene. Thus the phosphonic diamide 4 (X = NEt2) (dP 31.1)
accounts for only 10% of the product, the dominant products
being the phosphonamidic acid 4 (X = OH) (salt with Et2NH)
(dP 18.2), formed alongside Et2NTs as a result of nucleophilic
attack at sulfur, and the pyrophosphonate 5 (dP 22.7 and 21.8,


Fig. 2 31P NMR spectrum (162 MHz) of 18O-labelled substrate 4 (X =
OTs): (a) with Et2NH at 90% completion (t = 16 days), (b) with Et2NH +
DBU at 75% completion (t ≈ 18 h).


diastereoisomers), resulting from attack [most likely SN2(P)] of
the acid (salt) at the P atom of the substrate.


To encourage elimination–addition some of the relatively strong
base DBU was included in the reaction mixture. The amount of
DBU was only one-fifteenth the amount of Et2NH but its effect
was quite dramatic: the rate increased 10-fold (t1/2 ≈ 8 h) and the
yield of the phosphonic diamide 4 (X = NEt2) was increased to
80%.¶Now with phosphene formation undoubtedly the dominant
process, scrambling could be detected at an earlier stage of reaction
but was still not ever extensive (Fig. 2).


The contrasting behaviour of the fluorenyl and diphenylmethyl
systems as regards 18O scrambling and internal return is not,
we think, due to differences in the stabilities of the phosphene
intermediates or the rates at which they diffuse away from
the sulfonate leaving group. Rather is it due to the differing
stabilities of the carbanions (conjugate bases of the substrates)
formed when the phosphene intermediates recombine with the
leaving group in the first stage of return. In both cases the
charge will be delocalised but in the fluorenyl case the carbanion
also benefits from aromaticity. It is therefore reasonable that
internal return should be important (faster than diffusion) in
the fluorenyl case but unimportant (slower than diffusion) in the
diphenylmethyl case. Preassociation between the substrate (or its
conjugate base) and the nucleophile removes the need for diffusion
and allows product formation to compete directly with internal
return. It will therefore be important where internal return is
important (fluorenyl substrates) but unimportant where it is not
(diphenylmethyl substrates).


Most substitution reactions that proceed via metaphosphate-
like three-coordinate PV intermediates involve substrates with OH,
SH or NH ligands on the P atom. These will usually be at least as
acidic as the a-CH of a fluorenyl ligand, and the conjugate base at
least as stable. It is therefore reasonable to expect preassociation
to be generally important in these reactions.


The assistance of Nishma Chauhan with preliminary experi-
ments is gratefully acknowledged, as are many valuable discussions
with Professor Paul Cullis.


Notes and references


† It is not generally possible to prepare a phosphonic-sulfonic mixed
anhydride by sulfonylation of the phosphonate anion because the anion
immediately attacks the product, displacing sulfonate and forming the
pyrophosphonate. In the case of the anhydride 3, however, such attack will
be retarded by the bulky ligands on the P atom.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2842–2844 | 2843







‡ Labelled TsCl was prepared by hydrolysis of the unlabelled compound
using [18O]water (1.1 equiv.) in pyridine (2.5 equiv.) (15 min at 60 ◦C)
followed by conversion of the resulting pyridinium salt into the more
tractable tert-butylammonium salt and treatment of this with oxalyl
chloride (DMF catalyst). One third of the 18O is lost (as C18O2) in the
reaction with oxalyl chloride so the product was taken through the labelling
sequence again to increase the 18O content.
§ The yield of the acid 1 (X = OH) was somewhat greater but it is not only
the by-product of Et2NTs formation but also the product of reaction of
the substrate with traces of moisture.
¶ The remaining 20% was made up equally of the phosphonamidic acid
(salt) and two DBU-derived products, dP 34.5 and 28.4, the latter seemingly
being formed from the former.
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In an effort to understand and enhance the stereochemical outcome of the MOM-ether directed
rearrangement of allylic trichloroacetimidates we have investigated various reaction conditions for this
process. A range of Pd(II) and other metal catalysts have been shown to effectively catalyse the
rearrangement providing the subsequent allylic amides in high selectivity (up to 11 : 1 ratio of
diastereomers). The replacement of THF as a solvent in this reaction with non-coordinating solvents
such as toluene has led to an enhancement of the directing effect resulting in a significant increase in the
diastereoselective outcome (15 : 1 ratio). The reaction was also carried out for the first time, using a
highly coordinating ionic solvent which disrupts binding of the Pd(II)-catalyst to the MOM-ether
yielding the allylic amide in only moderate diastereoselectivity. These results provide further evidence
for the ether directed aza-Claisen rearrangement of allylic trichloroacetimidates.


Introduction


The thermal and metal-catalysed rearrangement of allylic
trichloroacetimidates (Scheme 1), first reported by Overman,1 has
found widespread application in the synthesis of nitrogen contain-
ing molecules including alkaloids, antibiotics and unnatural amino
acids.2 This synthetic transformation which involves clean 1,3-
transposition of the alkene moiety proceeds via a highly ordered
chair-like transition state allowing excellent transfer of chirality to
the final product.1b,3


Scheme 1 Rearrangement of allylic trichloroacetimidates.


In recent years asymmetric variants of the metal-catalysed
reaction have been developed including processes involving a
number of chiral palladium(II)-catalysts which carry out this
transformation in high yields with excellent enantioselectivity.4


Our own research has utilised a substrate-directed approach, and
we have shown that the MOM-ether group in particular, can
effectively coordinate the Pd(II)-catalyst and direct this to one
face of the alkene resulting in a highly diastereoselective synthesis
of allylic trichloroacetimidates (10 : 1 ratio of diastereomers).5,6


The outcome of this highly selective process was rationalised
using the well characterised chair-like transition state which is
controlled by both the directing effect of the MOM-group as well
as 1,3-allylic strain (Scheme 2).6a Evidence for the involvement of
the MOM-ether oxygens during the rearrangement reaction has
been provided by the synthesis and subsequent rearrangement of
a carbon analogue resulting in a relatively unselective reaction (2 :
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Scheme 2 MOM-ether directed rearrangement via the cyclisa-
tion-induced pathway.


1).6a Having developed this MOM-ether directed approach for the
asymmetric synthesis of allylic 1,2-amino alcohols we have been
seeking to understand how this process operates and whether the
stereoselective outcome can be enhanced.


In this paper, we report the effect of differing reaction con-
ditions on the stereoselectivity of this directed rearrangement,
including the use of Pd(II) and other metal catalysts. We also
demonstrate how non-coordinating solvents such as toluene can
significantly enhance the stereoselectivity of this process, while
highly coordinating solvents such as ionic liquids severely disrupt
the coordination of the Pd(II)-catalyst with the MOM-ether,
producing the allylic amide in moderate diastereoselectivity and
thus, providing further evidence for the directing effect.
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Results and discussion


The allylic alcohol substrate used in this study, (2E,2S)-4-
methoxymethoxypent-2-en-1-ol 5 was prepared using an approach
previously reported by our group (Scheme 3).6 The MOM-ether 2
was formed in excellent yield by reaction of ethyl (S)-lactate 1 with
sodium hydride and MOM-Cl.7 Reduction of the ester functional
group using DIBAL-H gave the corresponding alcohol 3. This
was converted cleanly to the (E)-a,b-unsaturated ester 4 using a
one-pot, Swern oxidation/Horner–Wadsworth–Emmons (HWE)
reaction.8 Finally reduction of 4 with DIBAL-H gave the allylic
alcohol 5 in 49% overall yield from ethyl (S)-lactate.


Scheme 3 Reagents and conditions: i. MOMCl, NaH, THF, 95%;
ii. DIBAL-H (2.2 equiv.), Et2O, −78 ◦C to RT, 82%; iii. DMSO, (COCl)2,
NEt3, CH2Cl2, −78 ◦C to RT, then triethyl phosphonoacetate, LiCl, DBU,
MeCN, 65%; iv. DIBAL-H (2.2 equiv.), Et2O, −78 ◦C to RT, 96%; v. DBU,
Cl3CCN, CH2Cl2; vi. D, p-xylene, K2CO3, 91% over two steps.


The allylic alcohol 5 was then reacted with trichloroacetonitrile
and DBU to give the allylic trichloroacetimidate 6 (Scheme 3).
Compounds such as 6 are known to be relatively unstable and
thus, are not subjected to extensive purification.6b,9 Hence, yields
quoted for all rearrangements are calculated from the allylic
alcohol 5 (over two steps). Allylic trichloroacetimidate 6 was
initially subjected to a thermal rearrangement in refluxing p-
xylene.1 The 1H NMR spectrum of the crude reaction mixture
showed a 2 : 1 ratio of diastereomers 7 and 8 respectively.10


Rearrangement from the least hindered front face of the alkene
is preferred, giving allylic amide 7 as the major product. The low
diastereoselectivity of this process arises from the small energy
difference between the two possible reacting conformers at high
temperatures. Purification of the reaction mixture by column
chromatography gave the two diastereomers in very modest yield
(20%) with a number of unidentifiable decomposition products.
However, using a modified thermal rearrangement procedure
developed by Isobe and co-workers,11 which involves the addition
of potassium carbonate to neutralise any acid formed during the


reaction gave the rearrangement products in a much improved
yield of 91%.


As previously reported, treatment of allylic trichloroacetimidate
6 with bis(acetonitrile)palladium(II) chloride in THF gave the aza-
Claisen products, 7 and 8 in a 10 : 1 ratio and in 64% yield
from the allylic alcohol (Table 1).6a The increase in diastereos-
electivity relative to the thermal rearrangement was attributed
to the pre-association of the Pd(II)-catalyst with the MOM-ether
which then directs the catalyst to the back face of the alkene
resulting in a highly diastereoselective rearrangement (Scheme 2).
Having demonstrated the directing effect of the MOM-ether with
bis(acetonitrile)palladium(II) chloride other Pd(II)-catalysts with
larger ligands were sought to enhance the stereochemical outcome
of the rearrangement. As expected, bis(benzonitrile)palladium(II)
chloride gave similar yields and ratio of diastereomers when
treated with allylic trichloroacetimidate 6. On coordination of the
catalyst with the MOM-ether and then the alkene both benzoni-
trile ligands are likely lost from the metal centre forming a similar
intermediate as that for the acetonitrile catalyst. Palladium(II)
bromide and palladium(II) acetate (Table 1) all gave high but
similar ratios of diastereomers compared to that of palladium(II)
chloride, while palladium(II) iodide showed no catalytic activity
for this rearrangement. Moreover, these Pd(II) catalysts were only
partially soluble in THF and thus, reaction times were consider-
ably longer than for the reactions involving the nitrile catalysts.
These prolonged reaction times led to partial decomposition of
the allylic trichloroacetimidate 6 resulting in lower yields of the
allylic amides, 7 and 8.


A number of “soft” electrophilic metal catalysts have been
utilised in the rearrangement of Claisen-type reactions.2a,12 Several
of these were screened for catalytic rearrangement of allylic
trichloroacetimidate 6, some of which are listed in Table 1.13


However, Ni(II)- and Ru(II)-catalysts showed no catalytic activity
for this rearrangement even after 5 days. Mercury(II)-triflate, a
catalyst Overman and co-workers used to develop the rearrange-
ment of allylic trichloroacetimidates, surprisingly also showed no
activity for the rearrangement of 6.1b,2a Recently Jaunzeme and
Jirgensons reported novel platinum and gold catalysts for the
Overman rearrangement.14 Gratifyingly, treatment of 6 with either
platinum(II) chloride or hydrogen tetrachloroaurate(III) hydrate
gave the rearrangement products 7 and 8 in good yields over the
two steps. Nevertheless, no improvement in diastereoselectivity
was observed using these catalysts and thus, for optimal rate
of reaction, ease of purification, high yields and high selectivity,
bis(acetonitrile)palladium(II) chloride is the preferred catalyst for
this directed rearrangement reaction.


All the rearrangements in this study have utilised THF as a
solvent. It was proposed that THF may compete with the MOM-
ether for the coordination of the Pd(II)-catalyst restricting the
directing effect and that the use of other solvents, especially
non-coordinating solvents, may lead to an enhancement of
this directing effect. Thus, using bis(acetonitrile)palladium(II)
chloride, the rearrangement of allylic trichloroacetimidate 6 was
repeated using various solvents (Table 2). As highlighted above,
this catalyst is readily soluble in organic solvents which meant
these reactions were complete in around 24 hours giving the
allylic amides, 7 and 8, in typically good yields over the two
steps. The use of diethyl ether and dichloromethane did lead to a
slight increase in diastereoselectivity. However, the most dramatic


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2932–2937 | 2933







Table 1 Rearrangement of allylic trichloroacetimidate 6 using various catalysts


Entry Catalyst Reaction time/h Yielda Ratiob (7 : 8)


1 PdCl2(MeCN)2 24 64% 10 : 1
2 PdCl2(PhCN)2 24 57% 9 : 1
3 PdCl2 120 45% 11 : 1
4 PdBr2 72 44% 9 : 1
5c PdI2 — — —
6 Pd(OAc)2 96 18% 9 : 1
7c NiCl2 — — —
8c Cl2Ru(PPh3)3 — — —
9c Hg(OTf)2 — — —


10 PtCl2 48 49% 10 : 1
11 HAuCl4·2H2O 144 49% 6 : 1


a Isolated combined yields of 7 and 8 from E-allylic alcohol. b Ratio in crude reaction mixture. c No reaction after 120 hours.


Table 2 Rearrangement of allylic trichloroacetimidate 6 using various
solvents


Entry Solvent Reaction time/h Yielda Ratiob (7 : 8)


1 THF 24 64% 10 : 1
2 Et2O 24 47% 12 : 1
3 MeCN 24 32% 9 : 1
4 CH2Cl2 24 49% 12 : 1
5 Toluene 24 56% 15 : 1
6 (BMI)BF4 148 37% 5 : 1


a Isolated combined yields of 7 and 8 from E-allylic alcohol. b Ratio in
crude reaction mixture.


increase was observed using toluene as a solvent which gave 7
and 8 in an excellent 15 : 1 ratio. In this reaction we believe the
use of a non-coordinating solvent allows for the more efficient
coordination of the MOM-ether to the Pd(II)-catalyst resulting in
a more selective rearrangement. The reaction was also repeated
using a highly coordinating solvent, the commercially available
ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate. The
increased viscosity of the ionic liquid compared with the other
organic solvents led to a longer reaction time. However, allylic
amides 7 and 8 were still isolated in a reasonable 37% yield over
the two steps. More importantly, the rearranged products were
isolated in a ratio of 5 : 1 effectively demonstrating that the use of
a coordinating solvent can disrupt the binding of the catalyst to
the MOM-ether leading to a less selective process. These results
provide further evidence for the directing effect of the MOM-ether
group during this Pd(II)-catalysed rearrangement.


Conclusions


In summary, we have demonstrated the scope of the metal-
catalysed, directed rearrangement of allylic trichloroacetimidates
using the MOM-ether as an effective directing group. While
the thermal rearrangement is obviously unselective for allylic
trichloroacetimidates such as 6, the use of various “soft” metal
catalysts such as Pd(II), Pt(II) and Au(III) can catalyse this directed
rearrangement with high diastereoselectivity. More importantly,
the use of non-coordinating solvents such as toluene minimises
competition for coordination with the catalyst resulting in ex-
cellent diastereoselectivity, providing further evidence for this
directing effect. Further work investigating the specific role of
the MOM-ether oxygens during this rearrangement and the
application of this process for the synthesis of piperidine alkaloids
is currently underway.


Experimental


All reactions were performed under a nitrogen atmosphere unless
otherwise noted. Reagents and starting materials were obtained
from commercial sources and used as received. THF and diethyl
ether were distilled from sodium and benzophenone. Lithium
chloride was oven dried (100 ◦C) for at least 12 h before use.
Brine refers to a saturated solution of sodium chloride. Flash
column chromatography was carried out using Fisher Matrex
silica 60. Macherey-Nagel aluminium backed plates pre-coated
with silica gel 60 (UV254) were used for thin layer chromatography
and were visualised by staining with KMnO4. 1H NMR and 13C
NMR spectra were recorded on a Bruker DPX 400 spectrometer
with chemical shift values in ppm relative to residual chloroform
(dH 7.28 and dC 77.2) as a standard. Infrared spectra were
recorded using Golden Gate apparatus on a JASCO FTIR 410
spectrometer and mass spectra were obtained using a JEOL JMS-
700 spectrometer. Optical rotations were determined as solutions
irradiating with the sodium D line (k = 589 nm) using a AA


2934 | Org. Biomol. Chem., 2006, 4, 2932–2937 This journal is © The Royal Society of Chemistry 2006







series Automatic polarimeter. [a]D values are given in units 10−1


deg cm2 g−1.


Ethyl (2S)-2-methoxymethoxypropanoate (2)


Sodium hydride (60% in mineral oil) (0.37 g, 9.3 mmol) was washed
with petroleum ether (3 × 3 mL). The grey powder was then
suspended in THF (20 mL) and cooled to 0 ◦C. Ethyl (S)-lactate
(1.0 g, 8.5 mmol) was then added, dropwise, and the solution
was allowed to stir for 0.5 h. Chloromethyl methyl ether (0.96 g,
11.8 mmol) was added and, after 0.75 h, the reaction mixture was
warmed to room temperature and stirred for 12 h. The reaction
mixture was concentrated, acidified with 2 M hydrochloric acid
(20 mL) and extracted with ethyl acetate (2 × 40 mL). The organic
layers were combined, dried (MgSO4) and concentrated in vacuo.
Purification was carried out by flash column chromatography
using 40% ethyl acetate–petroleum ether to give the title compound
(1.30 g, 95%) as a colourless oil. [a]D


20 −92.3 (c 1.0, CHCl3); lit.15


[a]D
22 −88.1 (c 2.9, CHCl3); dH (400 MHz, CDCl3) 1.29 (3H, t,


J 7.0 Hz, OCH2CH3), 1.43 (3H, d, J 7.0 Hz, 3-H3), 3.39 (3H, s,
OMe), 4.21 (2H, q, J 7.0 Hz, OCH2CH3), 4.24 (1H, q, J 7.0 Hz,
2-H), 4.69 (1H, d, J 7.0 Hz, OCHHO), 4.72 (1H, d, J 7.0 Hz,
OCHHO); dC (100 MHz, CDCl3) 14.9 (CH3), 18.5 (CH3), 55.9
(CH3), 60.9 (CH2), 71.5 (CH), 95.9 (CH2), 173.1 (C); m/z (CI)
163.0969 (MH+. C7H15O4 requires 163.0970), 131 (100%) and 119
(5).


(2S)-2-Methoxymethoxypropan-1-ol (3)


Ethyl (2S)-2-methoxymethoxypropanoate (1.0 g, 6.2 mmol) was
dissolved in diethyl ether (30 mL) and cooled to −78 ◦C. DIBAL-
H (1 M in hexane) (13.6 mL, 13.5 mmol) was added dropwise and
the reaction mixture was allowed to stir at −78 ◦C for 1 h then
overnight at room temperature. The reaction mixture was cooled to
0 ◦C before being quenched by the addition of a saturated solution
of ammonium chloride (20 mL) and warmed to room temperature
producing a white precipitate. The reaction mixture was filtered
through a pad of Celite R© and washed with diethyl ether (3 ×
100 mL). The filtrate was then dried (MgSO4) and concentrated
in vacuo. Purification by flash column chromatography using 90%
diethyl ether–petroleum ether gave the title compound (0.61 g,
82%) as a colourless oil. mmax/cm−1 (neat) 3409 (OH), 2930 (CH),
1454, 1377, 1141, 1101, 1025; [a]D


25 −80.0 (c 1.0, CHCl3); dH


(400 MHz, CDCl3) 1.18 (3H, d, J 6.4 Hz, 3-H3), 2.60 (1H, br s,
OH), 3.43 (3H, s, OMe), 3.46 (1H, dd, J 11.8, 7.3 Hz, 1-HH), 3.57
(1H, dd, J 11.8, 2.8 Hz, 1-HH), 3.70 (1H, m, 2-H), 4.71 (1H, d, J
6.9 Hz, OCHHO), 4.76 (1H, d, J 6.9 Hz, OCHHO); dC (100 MHz,
CDCl3) 17.4 (CH3), 55.9 (CH3), 67.4 (CH2), 77.3 (CH), 96.5 (CH2);
m/z (CI) 121.0866 (MH+. C5H13O3 requires 121.0865), 119 (8%),
89 (100) and 87 (19).


Ethyl (2E,4S)-4-methoxymethoxypentan-2-enoate (4)


Methyl sulfoxide (3.7 mL, 51.6 mmol) was added to a stirred so-
lution of oxalyl chloride (2.3 mL, 25.8 mmol) in dichloromethane
(50 mL) at −78 ◦C. This mixture was stirred for 0.25 h be-
fore (2S)-2-methoxymethoxypropan-1-ol (2.58 g, 21.5 mmol) in
dichloromethane (30 mL) was added. The mixture was stirred
for a further 0.25 h before triethylamine (15 mL, 107.5 mmol)
was added. This reaction mixture was then warmed to room


temperature over 2 h. In a second flask, a solution of lithium
chloride (1.37 g, 32.3 mmol), triethyl phosphonoacetate (6.4 mL,
32.3 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (4.8 mL,
32.3 mmol) in acetonitrile (30 mL) was prepared and stirred
for 0.5 h. The contents of the second flask were then added
to the Swern solution and the reaction mixture was allowed to
stir at room temperature overnight. The reaction was quenched
with brine (50 mL) and then concentrated in vacuo. This residue
was extracted with diethyl ether (5 × 50 mL) and the organic
layers were combined, dried (MgSO4) and concentrated to give
an orange liquid. Purification was carried out by flash column
chromatography using 40% diethyl ether–petroleum ether to give
the desired compound (2.64 g, 65%) as a colourless oil. mmax/cm−1


(neat) 2981 (CH), 1720 (CO), 1660 (C=C), 1271, 1032; [a]D
21 −80.0


(c 1.0, CHCl3); dH (400 MHz, CDCl3) 1.30 (6H, m, OCH2CH3 and
5-H3), 3.37 (3H, s, OMe), 4.20 (2H, q, J 7.1 Hz, OCH2CH3), 4.35
(1H, quin of d, J 6.5, 1.3 Hz, 4-H), 4.62 (2H, s, OCH2O), 5.99
(1H, dd, J 15.7, 2.1 Hz, 2-H), 6.87 (1H, dd, J 15.7, 6.5 Hz, 3-H);
dC (100 MHz, CDCl3) 14.6 (CH3), 20.9 (CH3), 55.8 (CH3), 60.8
(CH2), 71.4 (CH), 94.8 (CH2), 121.4 (CH), 149.1 (CH), 166.7 (C);
m/z (CI) 189.1125 (MH+. C9H17O4 requires 189.1127), 159 (39%),
143 (46), 127 (58) and 101 (12).


(2E,4S)-4-Methoxymethoxypentan-2-en-1-ol (5)


Ethyl (2E,4S)-4-methoxymethoxypentan-2-enoate (2.56 g,
13.6 mmol) was dissolved in diethyl ether (50 mL) and cooled
to −78 ◦C. DIBAL-H (1 M in hexane) (30 mL, 30.0 mmol) was
added dropwise and the reaction mixture was allowed to stir at
−78 ◦C for 2 h then overnight at room temperature. The reaction
was cooled to 0 ◦C, quenched by the addition of a saturated
solution of ammonium chloride (20 mL) and warmed to room
temperature. The precipitate was filtered through a pad of Celite R©


and washed with diethyl ether (3 × 100 mL). The filtrate was
then dried (MgSO4) and concentrated in vacuo. Purification was
carried out by flash column chromatography using 75% diethyl
ether–petroleum ether to give the desired compound (1.90 g, 96%)
as a colourless oil. mmax/cm−1 (neat) 3404 (OH), 2931 (CH), 1446,
1373, 1217, 1026; [a]D


23 −117.9 (c 1.0, CHCl3); dH (400 MHz,
CDCl3) 1.27 (3H, d, J 6.4 Hz, 5-H3), 2.21 (1H, br s, OH), 3.37
(3H, s, OMe), 4.14 (2H, dd, J 5.1, 1.6 Hz, 1-H2), 4.16 (1H, quin,
J 6.8 Hz, 4-H), 4.57 (1H, d, J 6.7 Hz, OCHHO), 4.66 (1H, d, J
6.7 Hz, OCHHO), 5.63 (1H, ddt, J 15.0, 6.8, 1.6 Hz, 3-H), 5.81
(1H, dt, J 15.0, 5.1 Hz, 2-H); dC (100 MHz, CDCl3) 21.3 (CH3),
55.3 (CH3), 63.0 (CH2), 72.0 (CH), 93.8 (CH2), 130.9 (CH),
132.8 (CH); m/z (CI) 129.0910 (MH+ − H2O. C7H13O2 requires
129.0916), 117 (63) and 85 (100%).


(3R,4S)-3-(Trichloromethylcarbonylamino)-4-(methoxymethoxy)-
penta-1-ene (7) and (3S,4S)-3-(trichloromethylcarbonylamino)-4-
(methoxymethoxy)penta-1-ene (8) from Overman thermal
rearrangement


(2E,4S)-4-Methoxymethoxypent-2-en-1-ol (0.10 g, 0.69 mmol)
was dissolved in dichloromethane (10 mL) and cooled to 0 ◦C.
1,8-Diazabicyclo[5.4.0]undec-7-ene (0.10 g, 0.69 mmol) and
trichloroacetonitrile (0.1 mL, 1.03 mmol) were then added and
the mixture was allowed to warm to room temperature and was
stirred for 2 h. The reaction mixture was filtered through a dry
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silica plug and the filtrate was concentrated in vacuo to give an
orange liquid. The product was used without further purification.
The allylic trichloroacetimidate and potassium carbonate (0.20 g)
were dissolved in p-xylene (10 mL) and heated under reflux for
3 days. The mixture was then concentrated to give a brown liquid.
Purification was carried out by flash column chromatography (20%
diethyl ether–petroleum ether) to give (3R,4S)-3-(trichloromethyl-
carbonylamino)-4-(methoxymethoxy)penta-1-ene and (3S,4S)-3-
(trichloromethylcarbonylamino)-4-(methoxymethoxy)penta-1-ene
(0.18 g, 91% over two steps) as a brown oil, in a 2 : 1 (3R : 3S)
ratio. mmax/cm−1 (neat) 3302 (NH), 2935 (CH), 1712 (CO),
1643 (C=C), 1511, 1148, 1028, 819; (3R,4S)-3-(trichloromethyl-
carbonylamino)-4-(methoxymethoxy)penta-1-ene (major com-
pound): dH (400 MHz, CDCl3) 1.26 (3H, d, J 6.4 Hz, 5-H3),
3.43 (3H, s, OMe), 3.88 (1H, qd, J 6.4 and 3.0 Hz, 4-H), 4.35
(1H, m, 3-H), 4.69 (1H, d, J 6.8, OCHHO), 4.71 (1H, d, J
6.8 Hz, OCHHO), 5.36 (2H, m, 1-H2), 5.89 (1H, m, 2-H), 7.89
(1H, br s, NH); dC (100 MHz, CDCl3) 18.4 (CH3), 56.2 (CH),
58.1 (CH3), 77.7 (CH), 92.1 (C), 97.0 (CH2), 119.6 (CH2), 131.8
(CH), 161.7 (C); (3S,4S)-3-(trichloromethylcarbonylamino)-4-
(methoxymethoxy)penta-1-ene (minor compound): dH (400 MHz,
CDCl3) 1.24 (3H, d, J 6.4 Hz, 5-H3), 3.39 (3H, s, OMe), 3.93 (1H,
qd, J 6.4 and 3.0 Hz, 4-H), 4.43 (1H, m, 3-H), 4.63 (1H, d, J 6.8,
OCHHO), 4.79 (1H, d, J 6.8 Hz, OCHHO), 5.27 (2H, m, 1-H2),
5.89 (1H, m, 2-H), 7.10 (1H, br s, NH); dC (100 MHz, CDCl3) 17.8
(CH3), 56.1 (CH), 58.2 (CH3), 74.1 (CH), 94.3 (C), 95.3 (CH2),
117.3 (CH2), 135.3 (CH), 161.7 (C); m/z (CI) 290.0127 (MH+.
C9H14O3N35Cl3 requires 290.0118) 258 (76%), 246 (21), 214 (28),
196 (62) and 162 (29).


General procedure 1: allylic trichloroacetimidate synthesis and
subsequent metal catalysed rearrangement


Allylic alcohol (2 mmol) was dissolved in dichloromethane
(10 mL) and cooled to 0 ◦C. 1,8-Diazabicyclo[5.4.0]undec-7-ene
(1.2 equiv.) and trichloroacetonitrile (1.5 equiv.) were then added
and the mixture was allowed to warm to room temperature and
was stirred for 2 h. The reaction mixture was then filtered through a
dry silica plug and the filtrate was concentrated in vacuo to give an
orange liquid. The product was used without further purification.
The allylic trichloroacetimidate was dissolved in THF (10 mL).
Catalyst (10 mol%) was then added and the reaction mixture was
stirred and monitored to completion by 1H NMR spectroscopy.
Concentration in vacuo followed by purification by flash column
chromatography eluting with 20% diethyl ether–petroleum ether
gave the target compounds.


Using bis(acetonitrile)palladium(II) chloride. The reaction was
carried out according to general procedure 1 for 24 h using
(2E,4S)-4-methoxymethoxypent-2-en-1-ol (94 mg, 0.64 mmol)
and bis(acetonitrile)palladium(II) chloride (14 mg, 10 mol%) to
give allylic amides 7 and 8 (104 mg, 64% over two steps) as a brown
oil, in a 10 : 1 (3R : 3S) ratio. Spectroscopic data as described above.


Using bis(benzonitrile)palladium(II) chloride. The reaction was
carried out according to general procedure 1 for 24 h using
(2E,4S)-4-methoxymethoxypent-2-en-1-ol (61 mg, 0.42 mmol)
and bis(benzonitrile)palladium(II) chloride (22 mg, 10 mol%) to
give the allylic amides 7 and 8 (102 mg, 57% over two steps) as a


brown oil, in a 9 : 1 (3R : 3S) ratio. Spectroscopic data as described
above.


Using palladium(II) chloride. The reaction was carried out
according to general procedure 1 for 120 h using (2E,4S)-4-
methoxymethoxypent-2-en-1-ol (100 mg, 0.69 mmol) and palla-
dium(II) chloride (12 mg, 10 mol%) to give allylic amides 7 and 8
(90 mg, 45% over two steps) as a brown oil, in a 11 : 1 (3R : 3S)
ratio. Spectroscopic data as described above.


Using palladium(II) bromide. The reaction was carried out
according to general procedure 1 for 72 h using (2E,4S)-4-
methoxymethoxypent-2-en-1-ol (100 mg, 0.69 mmol) and palla-
dium(II) bromide (18 mg, 10 mol%) to give allylic amides 7 and 8
(87 mg, 44% over two steps) as a brown oil, in a 9 : 1 (3R : 3S)
ratio. Spectroscopic data as described above.


Using palladium(II) acetate. The reaction was carried out
according to general procedure 1 for 96 h using (2E,4S)-4-
methoxymethoxypent-2-en-1-ol (72 mg, 0.49 mmol) and palla-
dium(II) acetate (18 mg, 10 mol%) to give allylic amides 7 and 8
(25 mg, 18% over two steps) as a brown oil, in a 9 : 1 (3R : 3S)
ratio. Spectroscopic data as described above.


Using platinum(II) chloride. The reaction was carried out
according to general procedure 1 for 48 h using (2E,4S)-4-
methoxymethoxypent-2-en-1-ol (50 mg, 0.34 mmol) and plat-
inum(II) chloride (9 mg, 10 mol%) to give allylic amides 7 and
8 (49 mg, 49% over two steps) as a brown oil, in a 10 : 1 (3R : 3S)
ratio. Spectroscopic data as described above.


Using hydrogen tetrachloroaurate(III) hydrate. The reaction
was carried out according to general procedure 1 for 144 h using
(2E,4S)-4-methoxymethoxypent-2-en-1-ol (100 mg, 0.69 mmol)
and hydrogen tetrachloroaurate(III) hydrate (24 mg, 10 mol%) to
give the allylic amides 7 and 8 (98 mg, 49% over two steps) as a
brown oil, in a 6 : 1 (3R : 3S) ratio. Spectroscopic data as described
above.


General procedure 2: allylic trichloroacetimidate synthesis and
subsequent metal catalysed rearrangement in various solvents.


Allylic alcohol (2 mmol) was dissolved in dichloromethane
(10 mL) and cooled to 0 ◦C. 1,8-Diazabicyclo[5.4.0]undec-7-ene
(1.2 equiv.) and trichloroacetonitrile (1.5 equiv.) were then added
and the mixture was allowed to warm to room temperature and
was stirred for 2 h. The reaction mixture was then filtered through a
dry silica plug and the filtrate was concentrated in vacuo to give an
orange liquid. The product was used without further purification.
The allylic trichloroacetimidate was dissolved in solvent (10 mL).
Bis(acetonitrile)palladium(II) chloride (10 mol%) was then added
and the reaction mixture was stirred and monitored to completion
by 1H NMR spectroscopy. Concentration in vacuo followed by
purification by flash column chromatography eluting with 20%
diethyl ether–petroleum ether gave the target compounds.


Using diethyl ether as solvent. The reaction was carried
out according to general procedure 2 for 24 h using (2E,4S)-
4-methoxymethoxypent-2-en-1-ol (50 mg, 0.34 mmol) then
bis(acetonitrile)palladium(II) chloride (8 mg, 10 mol%) in diethyl
ether (10 mL) to give allylic amides 7 and 8 (47 mg, 47% over two
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steps) as a brown oil, in a 12 : 1 (3R : 3S) ratio. Spectroscopic data
as described above.


Using acetonitrile as solvent. The reaction was carried out
according to general procedure 2 for 24 h using (2E,4S)-
4-methoxymethoxypent-2-en-1-ol (50 mg, 0.34 mmol) then
bis(acetonitrile)palladium(II) chloride (8 mg, 10 mol%) in ace-
tonitrile (10 mL) to give allylic amides 7 and 8 (37 mg, 32% over
two steps) as a brown oil, in a 9 : 1 (3R : 3S) ratio. Spectroscopic
data as described above.


Using dichloromethane as solvent. The reaction was car-
ried out according to general procedure 2 for 24 h using
(2E,4S)-4-methoxymethoxypent-2-en-1-ol (50 mg, 0.34 mmol)
then bis(acetonitrile)palladium(II) chloride (8 mg, 10 mol%) in
dichloromethane (10 mL) to give allylic amides 7 and 8 (47 mg,
49% over two steps) as a brown oil, in a 12 : 1 (3R : 3S) ratio.
Spectroscopic data as described above.


Using toluene as solvent. The reaction was carried out
according to general procedure 2 for 24 h using (2E,4S)-
4-methoxymethoxypent-2-en-1-ol (50 mg, 0.34 mmol) then
bis(acetonitrile)palladium(II) chloride (8 mg, 10 mol%) in toluene
(10 mL) to give allylic amides 7 and 8 (56 mg, 56% over two steps)
as a brown oil, in a 15 : 1 (3R : 3S) ratio. Spectroscopic data as
described above.


Using 1-butyl-3-methylimidazolium tetrafluoroborate as solvent.
The reaction was carried out according to general procedure 2 for
148 h using (2E,4S)-4-methoxymethoxypent-2-en-1-ol (100 mg,
0.69 mmol) then bis(acetonitrile)palladium(II) chloride (18 mg,
10 mol%) in 1-butyl-3-methylimidazolium tetrafluoroborate
(3 mL) to give allylic amides 7 and 8 (74 mg, 37% over two steps)
as a brown oil, in a 5 : 1 (3R : 3S) ratio. Spectroscopic data as
described above.
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A concise and straightforward 14-step total synthesis of
(±)-salinosporamide A, based on a diastereoselective acid-
catalysed intramolecular cyclisation of 6 to the pyrrolidinone
7, and a regioselective reduction of the malonate derivative 8b
to the aldehyde 9, is described.


Salinosporamide A (1) is a potent proteasome 20S inhibitor
recently isolated from a marine bacterium of the new genus
Salinospora, by Fenical et al.1 The metabolite is unique, but is
related to the b-lactone pyrrolidinone-based terrestrial natural
product omuralide (also know as clasto-lactacystin b-lactone) 2,2


which is formed by lactonisation of the more familiar proteasome
20S inhibitor lactacystin 3.3 Salinosporamide A is reported to
be approximately thirty five times more effective at proteosome
inhibition than omuralide. The special proteasome inhibitory
properties of the natural pyrrolidinones 1, 2 and 3 have heightened
interest in their potential in therapy for various types of cancer,
also Alzheimer’s disease, arthritis and asthma. It is not surprising
therefore that these compounds have been attractive targets for
total synthesis.4


The first total synthesis of salinosporamide A (1) was described
by Corey et al.,5 using a route starting from S-threonine. A year
later Corey et al.6 published a modified route to salinosporamide
A from S-threonine and, simultaneously, Danishefsky et al.7


presented an alternative synthesis of the natural product starting
from a known chiral pool pyroglutamate derivative.8 In earlier
investigations we described a synthetic route to (+)-lactacystin 3,
which was based on a novel radical cyclisation of an a-ethynyl
substituted serine as the key step.9 We now present a concise and
straightforward 14-step total synthesis of (±)-salinosporamide
A, which is outlined in Scheme 1. Our synthesis of 1 hinges


aSchool of Chemistry, University of Nottingham, Nottingham, NG7 2RD,
England, UK. E-mail: GP@nottingham.ac.uk; Tel: +44 (0)115 951 3530
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on: i) a stereocontrolled acid catalysed intramolecular cyclisation
of the substituted amide 6 leading to the pyrrolidinone 7, ii) a
regioselective reduction of the malonate derivative 8b producing
the key aldehyde intermediate 9, and iii) installation of the
cyclohexenyl side chain, from 9. Although no biosynthesis studies
have been published, our synthetic approach has features in
common with the most likely origin of the pyrrolidinone ring in
salinosporamide A in vivo, i.e. an intramolecular aldolisation from
a substituted b-keto amide intermediate derived from a b-keto acid
and an a-amino acid.10,11


Thus, protection of the a-substituted b-keto ester 412 as its
dioxolan 5a, followed by hydrolysis to the corresponding car-
boxylic acid 5b and treatment with dimethyl 2-aminomalonate
first gave the substituted amide 6. When a solution of 6 in 4 : 1
acetic acid–water13 was heated at 65 ◦C for 4 days, it underwent
deprotection of the dioxolan and in situ intramolecular cyclisation
leading to a single diastereomer of the (±)-pyrrolidinone 7,
which was obtained as colourless crystals, mp 82–83 ◦C. X-Ray
crystallographic analysis showed that the pyrrolidinone had the
expected anti arrangement between the C3–C4 alkyl chains shown
in structure 7.14 Treatment of the tertiary alcohol 7 with excess
TMSOTf in CH2Cl2 containing 2,6-lutidine at −78 ◦C to 0 ◦C,
followed by 1 M HCl, gave the corresponding TMS ether 8a
in 91% yield.15 The nitrogen centre in the pyrrolidinone 8a was
next protected as its PMB derivative 8b which, to our satisfaction,
underwent regioselective reduction using Super-hydride in CH2Cl2


at −78 ◦C producing the aldehyde 9 in 78% yield.16


The stage was now set to carry out the difficult operation of
attaching the 2-cyclohexenyl side-chain to the aldehyde group
in 9, at the same time installing the correct stereochemistry for
the newly introduced stereogenic centres. Fortunately, an elegant
solution to this problem had already been worked out by Corey
et al.,5 and this protocol was also followed by Danishefsky et al.,
in their synthesis of salinosporamide A. Thus, the aldehyde 9,
was treated with 2-cyclohexenylzinc bromide in THF at −78 ◦C,
according to the protocol of Corey et al., and we were delighted to
find that the addition was essentially diastereoselective producing
the adduct 10 in 87% yield.17 Sequential deprotection of the TMS
and benzyl ether groups in 10, followed by the PMB group,
then gave the triol ester 11, which is the same intermediate in
the synthesis of salinosporamide A presented by Corey et al.,5


Hydrolysis of the methyl ester in 11, followed by treatment of
the resulting b-hydroxy acid, in situ, with BOP–Cl to give the
corresponding b-lactone, and then chlorination with Ph3PCl2


finally gave (±)-salinosporamide A (1), as a colourless solid, mp
169–172 ◦C. The synthetic salinosporamide A showed 1H and 13C
NMR spectroscopic data and mass spectrometric data which were
identical to those presented for the natural product.


We have therefore developed a conceptually straightforward
synthetic route to (±)-salinosporamide A (1), which uses 14 steps
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Scheme 1 Reagents and conditions: (i) ethylene glycol, p-TSA, PhH, 110 ◦C, 14 h; (ii) 2 M NaOH, EtOH, 70 ◦C, 3 h; (iii) dimethyl aminomalonate.HCl,
HOBt, EDC.HCl, CH2Cl2, NMM, 0 ◦C to RT (82% over 3 steps); (iv) 4 : 1 AcOH–H2O, 65 ◦C, 4 days (71%); (v) excess TMSOTf, 2,6-lutidine, CH2Cl2,
−78 ◦C to 0 ◦C, then 1 M HCl (91%); (vi) PMB–Br, NaH, DMF, 0 ◦C to RT, 14 h (82%); (vii) Super-hydride (1.0 M in THF), CH2Cl2, −78 ◦C, 3 h (78%);
(viii) 2-cyclohexenylzinc bromide, THF, −78 ◦C (87%); (ix) BCl3.DMS, CH2Cl2, 24 h, 0 ◦C to RT; (x) 48% HF in H2O–MeCN (1 : 9), RT, 22 h; (xi) CAN,
MeCN, H2O (3 : 1), 0 ◦C, 1 h (87% over 3 steps); (xii) [MeTeAlMe2]2, PhMe, RT, 24 h; (xiii) BOP–Cl, CH2Cl2, pyridine, RT, 3 h; (xiv) PPh3Cl2, MeCN,
pyridine, RT, 4 h (45% over 3 steps).


from the substituted b-ketoester 4. The key features of the synthetic
route are the diastereoselective acid-catalysed cyclisation of 6 to
7, and the facile regioselective reduction of the malonate 8b to
the aldehyde 9, using Super-hydride at −78 ◦C. There are a range
of options available to develop the route into an enantioselective
synthesis of (+)-salinosporamide A, and some of those options
are now being pursued.
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A kinetic study is reported for the reactions of 4-nitrophenyl X-substituted benzoates (1a–l) and
Y-substituted phenyl benzoates (2a–l) with two anionic nucleophiles (OH− and CN−) and three amines
(piperidine, hydrazine, and glycylglycine) in 80 mol% H2O–20 mol% dimethyl sulfoxide (DMSO) at
25.0 ± 0.1 ◦C. Each Hammett plot exhibits two intersecting straight lines for the reactions of 1a–l with
the anionic nucleophiles and piperidine, while the Yukawa–Tsuno plots for the same reactions are
linear. The Hammett plots for the reactions of 2a–l with hydrazine and glycylglycine demonstrate much
better linear correlations with r− constants than with r◦ or r constants, indicating that the leaving
group departure occurs at the rate determining step (RDS). On the contrary, r− constants result in
poorer Hammett correlation than r◦ constants for the corresponding reactions with OH− and CN−,
indicating that the leaving group departure occurs after the RDS for the reactions with the anionic
nucleophiles. The large qX value (1.7 ± 0.1) obtained for the reactions of 1a–l with the anionic
nucleophiles supports the proposal that the reactions proceed through an addition intermediate with its
formation being the RDS.


Introduction


Due to their importance in biological processes as well as synthetic
applications, acyl group transfer reactions of esters have been
the subject of extensive experimental and theoretical studies.1–15


One intriguing aspect is whether nucleophilic attack at the
carbonyl carbon occurs concertedly with leaving group departure
[eqn (1)], or whether reaction occurs through a discrete tetrahedral
intermediate [eqn (2)].


(1)


(2)


Aminolysis of esters is now definitely understood to proceed
through a stepwise mechanism.1–5 Curved Brønsted-type plots,
which have often been observed for aminolyses of carboxylic esters
with a good leaving group, support a stepwise mechanism with a
change in the rate-determining step (RDS).1–5 The RDS has been
suggested to change from breakdown of a zwitterionic tetrahedral
intermediate (T‡) to its formation as the attacking amine becomes
more basic than the leaving group by 4 to 5 pKa units.1–5 Recent
computational studies also favor a stepwise mechanism over a
concerted pathway, although some computational studies failed


aDepartment of Chemistry, Ewha Womans University, Seoul, 120-750, Korea.
E-mail: ihum@ewha.ac.kr; Fax: +82-2-3277-2844; Tel: +82-2-3277-2349
bInstitute for Materials Chemistry and Engineering, Kyushu University,
Hakozaki, Higashi-ku, Fukuoka, 812-8581, Japan
† Electronic supplementary information (ESI) available: Kinetic data. See
DOI: 10.1039/b607194e


to identify the transition state and T‡ for aminolysis of various
carboxylic esters.6–9


However, the mechanism for reactions with anionic nucleophiles
is not completely understood.10–15 In a series of important studies
by Williams and coworkers, it has been concluded that acyl
group transfer to aryloxide anions occurs through a concerted
pathway.10 The evidence provided was a Brønsted-type plot
with absence of a break (or curvature) when the pKa of the
aryloxide nucleophile corresponded to that of the aryloxide leaving
group.10 The concerted mechanism has been supported through
structure–reactivity correlations reported by Jencks,11a Rossi,11b,c


and Castro,11d–f as well as kinetic isotope effect studies of Hengge,12


Marcus analysis by Guthrie,13a and recent theoretical calculations
by Xie et al.13b On the contrary, Buncel et al. have argued against
a concerted mechanism for acyl group transfer to aryloxides, on
the basis of Hammett plots exhibiting rather poor correlation with
r− but significantly better correlation with r◦ constants.14 Thus,
it has been concluded that the departure of the leaving group
from a tetrahedral intermediate is little advanced, if at all, in
the rate-determining transition state.14 In fact, we have recently
shown spectroscopic evidence, along with kinetic evidence, for an
addition intermediate in the reaction of a cyclic sulfinate ester with
sodium ethoxide in anhydrous ethanol.15a


One of the main reasons for the controversy about the reaction
mechanism is considered to be the lack of systematic studies. The
previous studies were limited mostly to investigation of the effect of
substituents in the attacking nucleophile10 or in the leaving group.14


Thus, we have prepared two series of substrates, 4-nitrophenyl X-
substituted benzoates (1a–l) and Y-substituted phenyl benzoates
(2a–l) and performed a systematic study of nucleophilic substitu-
tion reactions with two representative anionic nucleophiles (OH−


and CN−) and three different amines (piperidine, hydrazine, and
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glycylglycine) to obtain more conclusive information about the
reaction mechanism. Detailed reaction mechanisms are presented
herein.


Results and discussion


Reactions of 1a–l and 2a–l with the anionic and neutral nucle-
ophiles proceeded with quantitative liberation of 4-nitrophenoxide
or the corresponding aryloxide. All reactions in this study obeyed
pseudo-first-order kinetics under conditions of excess nucleophile.
Pseudo-first-order rate constants (kobsd) were determined from the
equation ln(A∞ − At) = − kobsdt + c. Correlation coefficients of
the linear regressions were usually higher than 0.9995. The plots of
kobsd vs. nucleophile concentrations were linear and passed through
the origin. Five different nucleophile concentrations were used to
determine the second-order rate constant (kN) from the slope of the
linear plots. It is estimated from replicate runs that the uncertainty
in rate constants is less than ±3%. The kN values determined in
this way are summarized in Tables 1 and 2.


Effect of nonleaving group substituent on reactivity and mechanism
As shown in Table 1, the second-order rate constant (kN) for the


reactions of 1a–l with OH− decreases as the substituent X in the
nonleaving group changes from an electron withdrawing group to


Table 1 Summary of second-order rate constants (kN/M−1s−1) for nu-
cleophilic substitution reactions of 4-nitrophenyl X-substituted benzoates
(1a–l) with OH−, CN−, and piperidine in 80 mol% H2O–20 mol% DMSO
at 25.0 ± 0.1 ◦C


kN/M−1s−1


No. X OH− CN− Piperidine


1a 3,5-(NO2)2 5010a 42.5 47.5
1b 4-Cl-3-NO2 715a 8.17 23.1
1c 4-NO2 531a 6.25 21.0b


1d 4-CN 354a 4.47 18.7b


1e 3-Cl 73.8a 1.33 12.8b


1f 4-Cl 39.6a 0.628 8.14b


1g H 13.4a 0.228 5.94b


1h 3-Me 8.90a 0.189 4.56b


1i 4-Me 5.65a 0.117 3.68b


1j 4-MeO 2.64a 0.0460 1.95b


1k 4-NMe2 0.144 0.00265 0.259
1l 4-OH 0.0101 3.57 × 10−4 0.0659


a Data taken from reference 18. b Data taken from reference 5c.


Table 2 Summary of second-order rate constants (kN/M−1s−1) for nu-
cleophilic substitution reactions of Y-substituted phenyl benzoates (2a–l)
with OH−, CN−, hydrazine and glycylglycine in 80 mol% H2O–20 mol%
DMSO at 25.0 ± 0.1 ◦C


kN/M−1s−1


No. Y OH− CN− Hydrazine Glycylglycine


2a 3,4-(NO2)2 98.9a 1.92 33.1 1.48
2b 4-NO2 13.4a 0.231 2.39b 0.0240b


2c 4-CN — — 0.538b 0.00446b


2d 4-CHO 4.72a 0.103 — 0.0140b


2e 4-COMe 3.27a 0.0768 0.201b 0.00161b


2f 4-COOEt — — 0.0836b 6.00 × 10−4b


2g 3-NO2 5.97a 0.141 — —
2h 3-COMe 1.80a 0.0359 — —
2i 4-Cl — — 0.00520b —
2j H 0.449a 0.0102 — —
2k 4-Me 0.316a 0.00783 — —
2l 4-MeO 0.389a 0.00843 — —


a Data taken from reference 14d. b Data taken from reference 5f .


an electron donating group, i.e., kN decreases from 5010 M−1s−1


to 13.4 and 0.0101 M−1s−1 as the substituent X changes from
3,5-(NO2)2 to H and 4-OH, respectively. A similar result has been
obtained for the corresponding reactions with CN− and piperidine.
It is noted that 1l is much less reactive than 1k regardless of the
type of nucleophiles. This is an unexpected result since 4-OH is
a weaker electron donating substituent than 4-NMe2 on the basis
of their r (e.g., r = − 0.37 and −0.77 for 4-OH and 4-NMe2,
respectively) or r+ values (e.g., r+ = − 0.98 and −1.73 for 4-OH
and 4-NMe2, respectively).


The fact that 1l is less reactive than 1k might imply that the
phenolic moiety of substrate 1l exists as a phenoxide form under
the reaction condition. This argument is reasonable since the
phenolic moiety of 1l is considered to be highly acidic. Although
the pKa of the phenolic moiety of 1l has not been reported, it is
expected to be lower than that of ethyl 4-hydroxybenzoate whose
pKa has been reported to be 8.50.16 This is because the ethyl group
of ethyl 4-hydroxybenzoate is a stronger electron donating group
than the 4-nitrophenyl group of 1l. Thus, it is plausible that the
substituent 4-OH in substrate 1l is present as its deprotonated
form, i.e., 4-O− under the kinetic condition.


The effect of substituent X on reactivity is illustrated in Fig. 1.
The Hammett plots for the reactions of 1a–l with OH− and
CN− ions consist of two intersecting straight lines (except for
the negative deviation shown by the reactions of 1l). Traditionally,
such a nonlinear Hammett plot has been interpreted as a change
in the RDS.17–19 However, as shown in Fig. 2, the Yukawa–Tsuno
plots for the same reactions are linear with an r value of ca.
0.5, indicating that the nonlinear Hammett plots are definitely
not due to a change in the RDS. Besides, the Hammett plot for
the reactions of 1a–l with piperidine (Fig. 3) also exhibits two
intersecting straight lines with a negative deviation for the reaction
of 1l, while the corresponding Yukawa–Tsuno plot (inset of Fig. 3)
is linear with r = 1.18.


The Yukawa–Tsuno equation [eqn (3)] has been applied to
numerous reactions in which a partial positive charge develops
in the transition state of the RDS.20


log (kX/kH) = q[r◦ + r(r+ − r◦)] (3)
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Fig. 1 Hammett plots for the reactions of 4-nitrophenyl X-substituted
benzoates (1a–l) with OH− (�) and CN− (�) in 80 mol% H2O–20 mol%
DMSO at 25.0 ± 0.1 ◦C. The identity of points is given in Table 1.


Fig. 2 Yukawa–Tsuno plots for the reactions of 4-nitrophenyl
X-substituted benzoates (1a–l) with OH− (�) and CN− (�) in 80 mol%
H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of points is given in
Table 1.


Fig. 3 Hammett and Yukawa–Tsuno plot (inset) for the reactions of
4-nitrophenyl X-substituted benzoates (1a–l) with piperidine in 80 mol%
H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of points is given in
Table 1.


The magnitude of the r value represents the resonance demand
of the reaction center or the extent of resonance contribution.20


Eqn (3) becomes the Hammett equation when r = 0 or the
Brown–Okamoto equation when r = 1. Since the r value is neither
0 nor 1 in this study, the Yukawa–Tsuno equation results in better
correlation than the Hammett or Brown–Okamoto equations, in
which r or r+ constants alone are used. Thus, one can suggest
that stabilization of the ground state through the resonance
interaction as illustrated in resonance structures I ↔ II and III ↔
IV is responsible for the nonlinear Hammett plots, and the RDS
for the reactions of 1a–l does not vary on changing the electronic
nature of the substituent X in the nonleaving group.


It is noted that 1l is on the linear Yukawa–Tsuno plot regardless
of the type of nucleophile when the r+ value of −2.6 for 4-O−


is used. This result is consistent with the preceding argument
that 4-OH in 1l becomes 4-O− under the kinetic condition. The
r+ value for 4-O− has been calculated by Wepster et al.21 using
the acid dissociation constants of 4-hydroxyphenylacetic acid and
4-nitrophenol in aqueous ethanol, but never been determined
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directly from kinetic studies. The reported r+ value for 4-O− is
−2.3,21 which is slightly smaller than that determined in this study
(−2.6) but much larger than the r+ value of −1.73 for 4-NMe2.
This is why 1l is much less reactive than 1k and exhibits a significant
negative deviation from the Hammett plots in Fig. 1 and 3.


Effect of leaving group substituent on reactivity and mechanism


To get more information about the reaction mechanism, the effect
of the leaving group substituent on reactivity has been investigated.
As shown in Table 2, the kN for the reactions of Y-substituted
phenyl benzoates (2a–l) with OH− ion decreases as the substituent
Y in the leaving group becomes a weaker electron withdrawing
(or a stronger electron donating) group, i.e., kN decreases from
98.9 M−1s−1 to 3.27 and 0.389 M−1s−1 as the substituent Y changes
from 3,4-(NO2)2 to 4-COMe and 4-MeO, respectively. A similar
result has been obtained for the corresponding reactions with CN−


ion and with the two amine nucleophiles.
Alkaline hydrolysis of aryl benzoates in aqueous MeCN has


been proposed to proceed through a stepwise mechanism, in
which formation of a tetrahedral intermediate is the RDS.22


On the contrary, Williams et al. have concluded that the reac-
tions of 4-nitrophenyl X-substituted benzoates with OH− and
phenoxide ions in aqueous MeCN proceed through a concerted
mechanism.10d The evidence provided for a concerted mechanism
is linear Hammett plots correlated with r constants.10d Williams
et al. have insisted that the Hammett plots should have exhibited
sharp breaks on changing the electronic nature of the substituent
X in the nonleaving benzoyl moiety, if the reaction proceeded
through an intermediate. The absence of a break in the Hammett
plots has been taken as evidence for a concerted mechanism.10d


However, we have clearly shown that a sharp break in Hammett
plots (e.g., Fig. 1 and 3) is not necessarily due to a change in the
RDS in the preceding section.


If the leaving group departure is involved in the RDS either
in a concerted or stepwise mechanism, a partial negative charge
would develop on the oxygen atom of the leaving aryloxides at
the transition state of the RDS. Since such a negative charge
can be delocalized on the substituent Y in the leaving group
through resonance, r− constants should exhibit a better Hammett
correlation than r or r◦ constants.


The above argument can be proved by the result obtained from
the reactions of 2a–l with hydrazine and glycylglycine. As shown in
Fig. 4, the Hammett plots exhibit much better linear correlations
with r− constants than with r◦ or r constants for the reactions with
the two amines. This result clearly indicates that the leaving group
departure occurs at the RDS for the reactions of 2a–l with these
amines, and the negative charge developed on the oxygen atom
of the leaving aryloxide can be delocalized on the substituent Y
through resonance.


The Hammett plots for the reactions of 2a–l with the anionic
nucleophiles are illustrated in Fig. 5. It is shown that r− constants
exhibit many scattered points on the Hammett plots. This result
contrasts with that obtained for the corresponding reactions
with the amines. However, r◦ constants exhibit only slightly
better correlations than r− constants. Thus, the present result
alone cannot be confidently taken as decisive evidence for one
mechanism over another for the reactions of 1a–l with the anionic
nucleophiles. To obtain additional information about the reaction


Fig. 4 Hammett correlations with r− and r◦ constants (inset) for the
reactions of Y-substituted phenyl benzoates (2a–l) with hydrazine (�) and
glycylglycine (�) in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The
identity of the points is given in Table 2.


Fig. 5 Hammett correlations with r◦ and r− constants (inset) for the
reactions of Y-substituted phenyl benzoates (2a–l) with OH− (�) and CN−


(�) in 80 mol% H2O–20 mol% DMSO at 25.0 ± 0.1 ◦C. The identity of
points is given in Table 2.
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mechanism, the magnitude of the qX and qY values has
been analyzed in the following section since it can be an indirect
probe for determination of reaction mechanism.


Factors influencing magnitude of qX and qY


The qX value has been determined to be ca. 1.7 for the reactions of
1a–l with the anionic nucleophiles OH− and CN− (Fig. 2), while
the qY is ca. 1.0 or 1.5 depending on the substituent constants
used (e.g., r− or r◦) for the corresponding reactions of 2a–l
(Fig. 5). A similar result has been reported for alkaline hydrolysis
of Y-substituted phenyl X-substituted benzoates in 67% H2O–33%
MeCN (v/v).22a Kirsch et al. have found that the substituent in the
benzoyl moiety (X) exerts a greater sensitivity than that in the aryl
moiety (Y), i.e., qX = 2.04 and qY = 1.24.22a The greater sensitivity
shown by the substituent X in the nonleaving group has been
explained in terms of a distance effect under the assumption that
the attack of OH− ion to the carbonyl carbon is the RDS, since
the reaction site is one atom closer to the benzoyl substituent X
than to the aryl substituent Y.22a Thus, one might suggest that the
distance effect is responsible for the fact that the qX is larger than
the qY value for the reactions of 1a–l and 2a–l with the anionic
nucleophiles.


However, an opposite result has been obtained for the reactions
with amines. The value of qX has been determined to be much
smaller than qY for the reactions with amine nucleophiles, i.e.,
qX and qY are 0.68 (Fig. 3) and 2.16–2.58 (Fig. 5), respectively.
Although the substituent Y is one atom further away than the
substituent X from the reaction site, the former exhibits a greater
sensitivity than the latter. Therefore, the distance effect suggested
by Kirsch et al. cannot be solely responsible for the result that qX


is larger than qY for the reactions with OH− and CN− ions.
One can suggest that the type of nucleophile might be an


important factor in determining the qX and qY values, since the
transmission of electronic effects would be more significant for
the reactions with anionic nucleophiles than for those with neutral
amines. In fact, the reactions with the anionic nucleophiles result
in much larger qX values than those with the neutral amine, i.e., the
qX value determined is 1.86 and 1.63 for the reactions of 1a–l with
OH− and CN−, respectively but only 0.68 for the corresponding
reactions with piperidine. Thus, the magnitude of qX appears to
be highly dependent on the nature of the nucleophile (e.g., anionic
vs. neutral).


On the other hand, the magnitude of qY obtained for the
reactions of 2a–l contrasts with that of qX determined for the
reactions of 1a–l. The qY values are 2.16–2.58 and ca. 1.0 (or
1.5) for the reactions of 2a–l with the neutral amines (Fig. 4)
and with the anionic nucleophiles (Fig. 5), respectively. Clearly,
qY is much larger for the reactions with the amines than with the
anionic nucleophiles. Thus, the type of nucleophile cannot be fully
responsible for the fact that qX is larger for the reactions with the
OH− and CN− ions than for those with piperidine.


A small qX value has often been reported for SN2 reactions17a,23


since the electronic effect of substituents in the nonleaving group
can be compensated due to the opposing substituent effect, i.e., an
electron withdrawing substituent would accelerate the attack of
nucleophiles but retard the departure of the negatively charged
leaving group, while an electron donating substituent would
prevent nucleophilic attack but enhance leaving group departure.


In fact, qX values have been reported to be 0.3 and up to −6.47 for
the reaction of X-substituted benzyl chlorides with OH− ion17a,23a


and for solvolysis of a-methyl X-substituted benzyl chlorides,20a a
typical SN2 and SN1 reaction, respectively. Jencks has shown that
the nature of the RDS also influences the magnitude of qX for the
reactions of X-substituted benzaldehydes with semicarbazide in
a weakly acidic solution (e.g., pH = 3.9).24 qX has been found to
decrease from a large positive value to near zero as the substituent
changes from electron donating groups to electron withdrawing
ones.24 Jencks has attributed the decrease in the qX value to a
change in the RDS from formation of the addition intermediate
to its breakdown as the substituent changes from electron donating
groups to electron withdrawing ones.24


As mentioned in the preceding section, the leaving group
departure has been suggested to occur at the RDS for the current
aminolysis reactions. Accordingly, the rate of the leaving group
departure would be strongly dependent on the electronic nature
of the substituent Y in the leaving group, which is responsible for
the large qY value (2.16–2.58). However, the substituent X in the
nonleaving group would not exhibit a high sensitivity to the rate of
reactions due to the opposing substituent effect when the leaving
group departure occurs at the RDS. This argument can account
for the fact that qX has been determined to be much smaller (i.e.,
0.68) than the qY value for the aminolysis in the current study. In
this regard, the qX value of 1.7 ± 0.1 obtained for the reactions
of 1a–l with OH− and CN− appears to be too large for reactions
which proceed through an SN2-like mechanism. Such a large qX


value can be taken as indirect evidence that the reactions proceed
through an addition intermediate with its formation being the
RDS. This is in accord with the fact that r◦ constants result in
better Hammett correlation than r− constants for the reactions of
1a–l with OH− and CN− although the difference in the correlation
coefficient is not significant.


Conclusions


The present study has allowed us to conclude the following:
(1) The nonlinear Hammett plots obtained for the reactions of
1a–l with OH−, CN−, and piperidine are not due to a change in the
RDS. (2) The linear Yukawa–Tsuno plots suggest that stabilization
of the ground state through resonance interaction between the p-
electron donor substituent X and the carbonyl functionality is
responsible for the nonlinear Hammett plots. (3) Departure of the
leaving group occurs at the RDS for the aminolysis of 1a–l and 2a–
l since the Hammett plots exhibit good linear correlations with r−


constants with a small qX value. (4) The large qX values and better
Hammett correlations with r◦ constants for the corresponding
reactions with OH− and CN− ions suggest that the reactions
proceed through an intermediate with its formation being the
RDS. (5) The nature of reaction mechanism (or RDS) has been
shown to be most important among the factors influencing the
magnitude of qX and qY values.


Experimental


Materials


Aryl benzoates (X–C6H4CO2C6H4–Y) except 1k and 1l were
prepared from the reaction of X-substituted benzoyl chloride
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with Y-substituted phenol in the presence of triethylamine in
anhydrous ether as reported in the literature.22,25 Substrates 1k
and 1l were prepared from the reactions of 4-nitrophenol and
4-hydroxybenzoic acid (or 4-dimethylaminobenzoic acid) in the
presence of dicyclohexyl carbodiimide in ethyl acetate.25d Their
purity was checked by means of melting point and spectral data
such as IR and 1H NMR characteristics. Doubly glass distilled
water was further boiled and cooled under nitrogen just before
use. Other chemicals used were of the highest quality available.


Kinetics


The kinetic studies were performed with a UV–vis spectropho-
tometer for slow reactions (t1/2 ≥ 10 s) or with a stopped-flow
spectrophotometer for fast reactions (t1/2 < 10 s) equipped with
a constant temperature circulating bath to keep the temperature
of the reaction mixture at 25.0 ± 0.1 ◦C. All the reactions were
performed in 80 mol% H2O–20 mol% DMSO to eliminate a
solubility problem. The reactions were followed by monitoring
the appearance of the leaving aryloxide at a fixed wavelength
corresponding to the maximum absorption (kmax) of Y–C6H4O−.
All reactions were carried out under pseudo-first-order conditions
in which the concentration of nucleophiles was at least 20 times
greater than that of the substrate. Nucleophile stock solution of
ca. 0.2 M was prepared in a 25.0 mL volumetric flask just before
use and transferred by gastight syringes. The amine stock solution
of ca. 0.2 M was prepared by dissolving 2 equiv. of free amine
(or amine hydrochloride) and 1 equiv. of standardized HCl (or
NaOH) solution to make a self-buffered solution.


Typically, the reaction was initiated by adding 5 lL of a 0.01 M
solution of the substrate in acetonitrile by a syringe to a 10 mm
quartz UV cell containing 2.50 mL of the thermostated reaction
mixture made up of solvent and an aliquot of the nucleophile stock
solution. Generally, the nucleophile concentration was varied over
the range (1–100) × 10−3 M, while the substrate concentration was
2 × 10−5 M. Usually, five different nucleophile concentrations were
employed, and replicate kobsd values were determined to calculate
the second-order rate constants (kN) from the slope of linear plots
of kobsd vs. nucleophile concentrations.


Products analysis


Y-Substituted phenoxide was liberated quantitatively and identi-
fied as one of the reaction products by comparison of the UV–vis
spectra after completion of the reaction with those of the authentic
sample under the same reaction conditions.
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Böhn, Phys. Chem. Chem. Phys., 2004, 6, 3864–3871; (c) K. B. Wiberg,
J. Org. Chem., 2002, 67, 4787–4794.


24 W. P. Jencks, Catalysis in Chemistry and Enzymology, McGraw-Hill,
New York, 1969, pp. 480–483.


25 (a) F. M. Menger and J. H. Smith, J. Am.Chem. Soc., 1972, 94, 3824–
3829; (b) C. D. Hubbard and J. F. Kirsch, Biochemistry, 1972, 11,
2483–2493; (c) Y. Akahori, Chem. Pharm. Bull., 1965, 13, 368–378;
(d) G. Cevasco, G. Guanti, A. R. Hopkins, S. Thea and A. Williams,
J. Org. Chem., 1985, 50, 479–484; (e) S. Hashimoto and I. Furukawa,
Bull. Chem. Soc. Jpn., 1981, 54, 2227–2228; (f) A. K. Chakraborti and
U. Sharma, Tetrahedron, 2001, 57, 9343–9346.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2979–2985 | 2985








COMMUNICATION www.rsc.org/obc | Organic & Biomolecular Chemistry


A novel neoglycopeptide linkage compatible with native chemical ligation†


Derek Macmillan* and Javier Blanc


Received 22nd May 2006, Accepted 25th May 2006
First published as an Advance Article on the web 3rd July 2006
DOI: 10.1039/b607200c


The straightforward synthesis of a novel class of neogly-
copeptide and its fusion with a larger peptide thioester using
sequential chemoselective ligations is described.


The synthesis of glycosylated proteins is a formidable challenge
and it is fair to say that synthetic glycoproteins have had modest
impact, thus far, on the study of glycobiology when compared
to genetic methods. This is largely due to the well documented
difficulties associated with synthesis of oligosaccharides and
glycopeptides such as the requirement for extensive protection and
deprotection strategies and the stereoselective formation of glyco-
sidic linkages. We, and others, have pursued alternative method-
ologies for the assembly of modified peptides and proteins.1


Using the click “ligation”2 for bioconjugation was of particular
interest due to its reliability and compatibility with the aqueous
milieu.3 We had previously shown that glycosyl iodoacetamides
can react with the sulfhydryl groups of cysteine on solid-phase
to afford glycopeptide mimetics and that this methodology was
compatible with useful protein assembly methods such as native
chemical ligation (NCL).4 We were keen to investigate whether
the coupling of glycosyl azides with peptides displaying acetylene
dipolarophiles may also be useful for this purpose since the
glycosyl azides are more stable and can be prepared in fewer steps
than the corresponding glycosyl iodoacetamides (Scheme 1).


Initially we prepared the peracetylated glycopyranosylazides of
N-acetylglucosamine (1) N-acetyllactosamine (2) and chitobiose
(3) which are all constituents of the N-linked class of glyco-
proteins. We investigated conditions for their union with the
heterobifunctional adaptor 2-bromoacetyl propargylamide (4)5


and the reaction of these saccharides with 4 proceeded smoothly
under conditions reported in the recent literature,5,6 the 1,4-
addition product being favoured by the presence of a Cu(I) catalyst
(Table 1). The crude products did not require purification by
column chromatography.


Pleased with the facility with which such glycoconjugates could
be prepared we next aimed to expose the bromoacetamides to
conditions typically encountered in peptide chemistry and native
chemical ligation. We were particularly interested in the potential
to modify the thiol groups of cysteine residues. Additionally, to
demonstrate the versatility of the approach, we explored the pos-
sibility of reacting thiol groups directly with the bromoacetamide
products 5–7 on solid phase and the reaction of cysteine thiols
with 4 such that click chemistry could subsequently be investigated
in solution or on solid-phase with peptides displaying acetylenes
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Scheme 1 Construction of novel neoglycopeptides.


Table 1 Synthesis of neoglycopeptide precursor bromoacetamides


Saccharide Catalyst Product Yield (%)c


1, R = Ac Cu(I)I (5 eq.)a 5 100
1, R = Ac Cu(II)SO4 (0.1 eq.)b 5 97
2, R = (OAc)4-b-Gal- Cu(II)SO4 (0.1 eq.) 6 91
3, R = (OAc)3 b-GlcNAc- Cu(II)SO4 (0.1 eq.) 7 87


a Methanol as solvent. b Active copper species generated in the presence of
1.1 equivalent sodium ascorbate in 9 : 1 : 1 CHCl3–EtOH–H2O as solvent.
c Isolated yield.


(Scheme 2). As anticipated, 4 and 5 reacted cleanly with benzyl
mercaptan forming model thioethers 8 and 9 in 84% and 75%
yield respectively. 8 also reacted cleanly with peracetylated 2-
acetamido-2-deoxy-D-glucopyranosyl azide, affording 9 in 91%
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Scheme 2 Model reactions with benzylmercaptan demonstrate that the
order in which the reactions take place appears unimportant. Reagents and
conditions: i) BnSH, Et3N, DMF, 16 h, 84% and 75% for 8 and 9 respectively
ii) sodium ascorbate (1.1 eq.), Cu(II)SO4·5H2O (0.1 eq.), CHCl3, EtOH,
H2O (9 : 1 : 1), 37 ◦C, 16 h, 91%, iii) 2% v/v hydrazine monohydrate EtOH,
72 h, 66%.7


yield. To establish whether the products might be stable to the
usual acidic peptide cleavage conditions 9 was subjected to 95%
aqueous TFA for 3 h. NMR analysis of the crude material after
evaporation showed no decomposition had taken place. Finally
the acetyl esters were cleanly removed upon exposure to 2% v/v
hydrazine hydrate in EtOH for 72 h and the fully deprotected
compound 10 was obtained.7 Encouraged by the preliminary
results we assembled a peptide fragment (11), similar in sequence
to human erythropoietin (residues 21–32), plus an N-terminal
cysteine residue, and furnished with two disulfide bond protected
cysteine residues at pre-determined positions (Scheme 3). The
peptide was assembled using standard protocols for Fmoc solid-
phase peptide synthesis and in an automated fashion. The cysteine
residues were deprotected on solid-phase by exposure to 10% w/v
dithiothreitol (DTT) containing 2.5% v/v DIPEA to expose the
thiol functional groups.4 N-Acetylglucosamine and the disaccha-
ride chitobiose were then incorporated by exposure of the resin to
bromoacetamides 5 or 7, employing three equivalents 5 or 7 per
thiol in each reaction. After 16 h reaction at room temperature,
cleavage of a small resin sample indicated that the reaction was
complete as the starting material was not observed. After cleavage
from the solid support by treatment of the resin with 95% TFA,
2.5% ethanedithiol and 2 5% H2O for four hours the crude
products were purified by semi-preparative HPLC, lyophilized,
and treated with 2% v/v aqueous hydrazine hydrate containing
5% w/v DTT to obtain the fully deprotected products 12 and 13
in quantitative yield (determined by HPLC). Bromoacetamide 6
and acetylenic bromoacetamide 4 could also be incorporated into
synthetic peptides in an identical fashion.


Scheme 3 Reagents and conditions: i) 10% w/v DTT, 2.5% DIPEA, DMF, 16 h, ii) 5 or 7 (3 eq. per thiol), 2.5% v/v Et3N, DMF, 16 h, iii) 95% TFA,
2.5% ethanedithiol, 2.5% H2O, 4 h, iv) 2% v/v aqueous hydrazine monohydrate, 1 h.
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Scheme 4 The neoglycopeptides are compatible with native chemical ligation reactions.7 Reagents and conditions: i) 6 M guanidine HCl, 1% w/v
MESNA, 300 mM Na phosphate buffer (pH 8.0), 10 mM TCEP, ii) 2% aqueous H2N-NH2.


Fragment 13 was then coupled to a peptide thioester in a
native chemical ligation reaction.8 The construction of the peptide
thioester, corresponding to human erythropoietin residues 1–19,
and its release from the solid support were monitored using the
dual-linker approach recently described by Unverzagt and co-
workers.9 In the ligation reaction equimolar quantities of each
peptide were combined in 0.25 ml of 6 M guanidine hydrochloride
containing 300 mM sodium phosphate buffer; pH 8.0, 1%
w/v mercaptoethanesulfonic acid (MESNA) and 10 mM tris-
carboxyethylphosphine (TCEP) for 36 h with shaking at room
temperature (Scheme 4).7 After this time the reaction mixture
was purified by directly loading it onto a semi-preparative HPLC
column. The ligated product (14) was the only species observed by
HPLC.7


In summary we have developed a novel class of neoglycopeptide
that is compatible with modification of cysteine mutant proteins,
with synthetic peptides, and native chemical ligation. Furthermore
the fusion of glycosyl azides with peptides displaying acetylenes
may be of particular interest since NCL has been shown to fail
when large oligosaccharide appendages are located proximal to
the ligation site.10 Therefore, if acetylenes can be installed so
as to “encode” for glycosylation then bulky saccharide motifs
may be installed after ligation using click chemistry in solution.
We have already observed that the reaction between peptides
displaying acetylenes derived from 4 and glycosylazides proceeds
on solid-support.7 Although the linkage between the carbohydrate
and peptide moiety is unnatural, difficulties associated with the
synthesis of native glycopeptides and glycoproteins dictates that


new modes of presentation of carbohydrates (or other appendages)
should be explored concomitantly.1 Such neoglycoconjugates may
improve the pharmacokinetic profile of therapeutic glycopro-
teins. The fact that the neoglycopeptides described are simple
to prepare, homogeneous, and are also compatible with native
chemical ligation, may render them attractive building blocks for
neoglycoprotein assembly.
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