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Homochiral b-amino esters (prepared on multigram scale by lithium amide conjugate addition) are
readily transformed into oxazinanones. N-Acyl derivatives of oxazinanones undergo stereoselective
enolate alkylation reactions, with higher stereoselectivities observed for the enolate alkylation of
(R)-N-propanoyl-4-iso-propyl-6,6-dimethyl-oxazinan-2-one than the corresponding Evans
oxazolidin-2-one. A C(4)-iso-propyl stereodirecting group within the oxazinanone conveys higher
stereoselectivity than the analogous C(4)-phenyl substituent. gem-Dimethyl substitution at C(6) within
the oxazinanone framework facilitates exclusive exocyclic cleavage upon hydrolysis to furnish
a-substituted carboxylic acid derivatives and the parent oxazinanone in good yield. Asymmetric aldol
reactions of a range of aromatic and aliphatic aldehydes with the chlorotitanium enolate of
(R)-N-propanoyl-4-iso-propyl-6,6-dimethyl-oxazinan-2-one proceed with excellent diastereoselectivity.
Hydrolysis of the aldol products affords homochiral a-methyl-b-hydroxy-carboxylic acids.


Introduction


The rapid development and widespread use of chiral auxiliaries in
synthetic applications has resulted in a profusion of asymmetric
templates for the preparation of enantiomerically enriched ma-
terials. The most commonly used chiral auxiliaries are derived
from a-amino acids, carbohydrates, or terpenes, as the commercial
availability of these naturally occurring compounds in both enan-
tiomeric forms makes them ideal starting materials. Oxazolidin-2-
ones, first introduced by Evans and derived from a-amino acids,
are perhaps the most commonly used chiral auxiliaries in synthesis
and have been successfully applied for an enormous variety of
asymmetric transformations.1 While versatile, alkylations of the
enolates derived from N-acyl oxazolidinones often do not proceed
to completion and with incomplete stereocontrol.2 Furthermore,
cleavage of the functionalised fragment from oxazolidinones may
be problematic, with the undesired endocyclic cleavage mode pre-
dominating with bulky a-substituted derivatives.3 Within this area
we,4 and then others,5 have developed oxazolidinone analogues
with geminal substitution at C(5) that offer two-fold advantages
over traditional Evans oxazolidinones.6 Primarily, this substi-
tution pattern suppresses the endocyclic cleavage pathway that
can compete upon cleavage of N-acyl oxazolidinones, facilitating
isolation of the enantiomerically enriched target and recycling
of the auxiliary. Furthermore, the C(5)-gem-dimethyl group also
biases the conformation of the adjacent C(4)-stereodirecting group
such that the combination of the gem-dimethyl- and 4-iso-propyl-
groups within an oxazolidinone framework mimics a C(4)-tert-
butyl group, showing enhanced stereoselectivity in a range of
reactions in comparison with the corresponding Evans analogue.7
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As part of our ongoing programme of research concerned
with the development and synthetic applications of novel chiral
auxiliaries,4,8 an evaluation of the ability of oxazinanones 2
to act as chiral auxiliaries was proposed.9 The introduction
of an additional carbon within the backbone skeleton of an
oxazinanone, compared to a-amino acid-derived oxazolidinones,
suggested that these oxazinanones could be derived from the
corresponding b-amino acid derivatives 1. It was envisaged
that these starting materials could be readily prepared on a
multigram scale and in either enantiomeric form via the lithium
amide conjugate addition methodology that has been developed
within our laboratory and widely used.10 Variation of the C(4)-
stereodirecting substituent in the oxazinanone would allow the
effect upon the diastereoselectivity of subsequent asymmetric
transformations of 3 to be evaluated. Furthermore, the ability
of a gem-dimethyl substituent at C(6) within the oxazinanone
structure to restrict the conformation of the C(4)-stereodirecting
group through minimisation of 1,3-interactions and to promote
exocyclic cleavage of the chiral fragment by suppression of any
endocyclic cleavage would also be appraised (Fig. 1).


Fig. 1 b-Amino ester-derived oxazinanones as chiral auxiliaries.
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We detail herein preliminary investigations directed toward the
synthesis of a number of chiral oxazinanone auxiliaries and an
evaluation of their stereodirecting ability in enolate alkylation and
aldol reactions of their N-acyl derivatives.


Results and discussion


Synthesis of oxazinanones


Initial studies focused upon the development of a straightforward
route to the desired oxazinanones from the known b-amino esters
4 and 5, which were prepared following the literature protocol
on a multigram scale by the highly diastereoselective conjugate
addition of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide to the
corresponding a,b-unsaturated esters.10 Elaboration of 4 and 5 to
the corresponding oxazinanones was based around the established
route to the SuperQuat chiral auxiliaries utilising an N-Boc
protecting group as a sacrificial carbonyl equivalent.11 b-Amino
esters 4 and 5 were converted to N-Boc protected b-amino esters
6 and 7 in excellent yield by hydrogenolysis and concomitant N-
Boc protection, and then reduced to the N-Boc amino alcohols 8
and 9. Base-promoted cyclisation of N-Boc amino alcohols 8 and
9 generated (R)-4-phenyl-(1,3)-oxazinan-2-one 10 and (R)-4-iso-
propyl-(1,3)-oxazinan-2-one 11 respectively (Scheme 1).


Scheme 1 Reagents and conditions: (i) H2 (5 atm), Boc2O, Pd(OH)2/C,
MeOH; (ii) LiAlH4, THF, 0 ◦C to rt; (iii) tBuOK, THF, 0 ◦C to rt.


A similar design strategy was applied toward the synthesis of
oxazinanone chiral auxiliaries with geminal dimethyl substitution
at C(6). Transesterification of 4 and 5 to the corresponding
methyl esters 12 and 13 was followed by hydrogenolysis and
concomitant carbamate protection, giving 14 and 15 respectively.
Treatment of 14 and 15 with 4.0 equivalents of MeMgBr furnished
(R)-4-phenyl-6,6-dimethyl-(1,3)-oxazinan-2-one 16 and (R)-4-iso-
propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 17 directly, although in
low isolated yields (30 and 35%), along with alcohols 18 and 19
and the corresponding N-acetyl species 20 and 21 in the ratios
40 : 30 : 30 and 46 : 10 : 44 respectively. Reaction optimisation
showed that the addition of cerium chloride12 to 15 before the
addition of the Grignard reaction suppressed N-acetyl formation,
giving a 50 : 50 mixture of oxazinanone 17 and alcohol 19, with
the resultant crude product mixture treated with tBuOK to yield
the oxazinanone 17 in a much improved 57% yield over two steps
from 15 (Scheme 2).


Scheme 2 Reagents and conditions: (i) HCl (g), MeOH, 2 h; (ii) H2


(5 atm), Boc2O, Pd(OH)2/C, MeOH; (iii) MeMgBr, THF, −78 ◦C to rt;
(iv) MeMgBr, CeCl3, THF; (v) tBuOK, THF, 0 ◦C to rt. ‡ 20 was not
isolated from this reaction protocol.


An alternative strategy for the selective synthesis of N-Boc
alcohols 18 and 19 was also followed, with addition of MeMgBr
to methyl esters 12 and 13 giving the N-protected tertiary alcohols
22 and 23 in reasonable yields. Hydrogenolysis and concomitant
carbamate formation gave N-Boc alcohols 18 and 19 that, upon
treatment with tBuOK, gave oxazinanones 16 and 17 respectively
(Scheme 3).


Scheme 3 Reagents and conditions: (i) MeMgBr, THF, −78 ◦C to rt; (ii)
H2 (5 atm), Boc2O, Pd(OH)2/C, MeOH; (iii) tBuOK, THF, 0 ◦C to rt.


X-Ray crystallographic analysis of the C(4)-phenyl oxazi-
nanones 10 and 16 allowed the solid state conformation of these
compounds to be probed. In the C(6)-unsubstituted heterocycle
10, the phenyl group at C(4) is situated in a pseudo-axial position,
whereas 1,3-interactions arising from the presence of geminal
methyl groups at C(6) in 16 may influence the pseudo-equatorial
orientation of the C(4)-phenyl group (Fig. 2).
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Fig. 2 Chem3D representations of the X-ray crystal structures of
C(4)-phenyl oxazinanones 10 and 16 (some H atoms omitted for clarity).


N-Acylation of oxazinanone auxiliaries


Attention next turned toward the preparation of N-acyl derivatives
of oxazinanones 10, 11, 16 and 17, in order to assess their utility
in asymmetric transformations. A variety of methodologies are
available for N-acylation of a-amino acid-derived oxazolidinones,
and among the most popular is deprotonation with BuLi, followed
by the addition of an acid chloride,13 although catalytic DMAP
and an organic base can be exploited for the N-acylation of
oxazolidinone auxiliaries, eliminating the need for strong base.14


Attempts to prepare N-propanoyl derivatives of oxazinanones 10,
11, 16 and 17 using either of these methodologies give disap-
pointing results. Treatment with BuLi and propanoyl chloride
resulted in a complex mixture of products whilst using DMAP
and either Et3N or Hünig’s base led to inconsistent and incomplete
(typically <50%) reaction conversion. Concurrent with this work,
Hitchcock and co-workers reported difficulty in the N-acylation
of their 1,3,4-oxadiazinan-2-one auxiliary,15 with LiH as the base
of choice for this troublesome reaction. The efficacy of LiH
to affect N-acylation of oxazinanone auxiliaries was therefore
investigated. N-Propanoyl oxazinanone 24 was readily prepared
in 83% isolated yield via acylation of oxazinanone 10 following
this procedure, although irreproducible reaction conversion was
noted for acylation of oxazinanones 11, 16 and 17. Treatment of
oxazinanones 11, 16 and 17 with LiHMDS and the requisite acid
chloride, however, proved the optimal synthetic strategy for the
preparation of N-acyl oxazinanone analogues, reliably proceeding
to afford N-acylated oxazinanones 25–28 in moderate to good
yield after purification (Scheme 4).


With a range of N-acyl derivatives of oxazinanones in hand,
their utility in asymmetric enolate alkylation and aldol reactions
was investigated.


Evaluation of N-acyl oxazinanones in enolate alkylations


The asymmetric alkylation of lithium and sodium enolates of
oxazolidinone and camphor sultam auxiliaries is a common


Scheme 4 Reagents and conditions: (i) LiH, CH3CH2COCl, THF, 0 ◦C
to rt; (ii) LiHMDS, CH3CH2COCl, THF, −78 ◦C to rt; (iii) LiHMDS,
PhCH2COCl, THF, −78 ◦C to rt.


transformation for the preparation of a-functionalised carboxylate
derivatives, with a number of experimental conditions having
been developed for this transformation. Within this laboratory,
optimised conditions for the alkylation of N-acyl SuperQuat
derivatives involves deprotonation with LiHMDS at −78 ◦C,
followed by treatment with an electrophile and warming to
ambient temperature.6 Initial studies applied these conditions to
the benzylation of N-propanoyl oxazinanone 24 giving, at 60%
conversion, a 67 : 33 ratio of the parent oxazinanone 10 and N-
benzyl oxazinanone 29, respectively. Such deacylation reactions
in attempted enolate alkylations are not uncommon6a,16 and this
product distribution presumably arises from decomposition of the
enolate to afford a ketene and the anion of the parent oxazinanone,
which is subsequently alkylated by benzyl bromide to afford N-
benzyl oxazinanone 29. To confirm the nature of this product, an
authentic sample of 29 was prepared directly by deprotonation of
the oxazinanone 10 with LiHMDS, followed by the addition of
BnBr (Scheme 5).


Scheme 5 Reagents and conditions: (i) LiHMDS, THF, −78 ◦C, then
BnBr to rt.


In order to circumvent this decomposition manifold, it was
proposed that alkylation with the more reactive tert-butyl bro-
moacetate would allow alkylation to occur at lower temperatures,
therefore prevailing over decomposition; a range of bases was
screened in order to determine the most effective reagent for this
protocol. Treatment of 25 with LDA or LiTMP at −78 ◦C for
one hour, followed by addition of tert-butyl bromoacetate and
stirring at −78 ◦C for a further hour prior to aqueous work-up,
returned only starting material, whilst LiHMDS and NaHMDS
gave complex product mixtures at poor conversion (<20%). The
more reactive potassium enolate, derived from deprotonation with
KHMDS under these reaction conditions, gave the alkylated
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Scheme 6 Reagents and conditions: (i) KHMDS, THF, −78 ◦C, 1 h; (ii) BrCH2CO2
tBu, −78 ◦C, 2 h; (iii) NH4Cl (sat., aq), −78 ◦C to rt.


product 31 in >98% de,17 and in 96% yield and >98% de after
purification by column chromatography (Scheme 6).


The effect of changing the C(4)-stereocontrolling group and
the incorporation of the C(6)-gem-dimethyl functionality upon
the stereoselectivity of the reaction was next evaluated, by
treatment of N-propanoyl oxazinanones 24, 26 and 27 under
the same conditions. Reaction of the C(4)-phenyl N-propanoyl
oxazinanones 24 and 26 both proceeded with poor conversion and
low stereoselectivity under these conditions. Thus, N-propanoyl
oxazinanone 24 gave, at 40% conversion, C(2′)-alkylated product
30 in 39% de,17 while N-propanoyl oxazinanone 26 gave, at 48%
conversion, a 12 : 63 : 25 mixture of oxazinanone 16, the C(2′)-
alkylated product 32 (62% de)17 and N-(2′-tert-butoxy-2′-oxo-
ethyl)oxazinanone 33,18 respectively, indicating that partial enolate
decomposition is observed upon alkylation of 26. In contrast,
C(4)-iso-propyl N-propanoyl oxazinanone 27 proceeded to full
conversion, giving 34 with excellent diastereoselectivity (>98% de)
and in good isolated yield. These results indicate that a C(4)-
iso-propyl substituent conveys better stereofacial selectivity than
the analogous C(4)-phenyl substituent for asymmetric enolate
alkylations (Scheme 6).


To determine the absolute configuration at C(2′) within 31
and 34, cleavage of the functionalised fragment from the parent
oxazinanone was undertaken by treatment of 31 and 34 with
lithium hydroperoxide. While treatment of 31 gave a complex
mixture of indeterminable products, treatment of 34 afforded
the parent oxazinanone 17 and (R)-4-tert-butoxy-4-oxo-2-methyl-
butanoic acid 35 {[a]25


D +3.9 (c 0.9 in DCM); lit.19 [a]25
D +3.9 (c 1.0 in


DCM)} in 73 and 68% yields, respectively, after purification. These
data demonstrate that gem-dimethyl substitution at C(6) in the
oxazinanone template is necessary for effective exocyclic cleavage
to furnish the desired carboxylic acid derivatives (Scheme 7).


Scheme 7 Reagents and conditions: LiOH, H2O2, THF–H2O (3 : 1), 0 ◦C
to rt.


Having demonstrated that alkylation of N-acyl oxazinanone
27 occurs readily with a highly activated electrophile, attention
next turned to exploring the generality of this protocol. Noting
that these systems have a tendency to follow a decomposition
pathway upon warming, the effect of temperature on the sta-
bility of the potassium enolate of N-propanoyl oxazinanone
27 was investigated. Analysis of the product mixtures arising
from treatment of 27 with KHMDS at −78 ◦C followed by
warming to various temperatures indicated that at −40 ◦C, <20%
decomposition to the parent oxazinanone 17 occurred. Complete
deacylation was observed upon warming to room temperature.
It was therefore proposed that initial deprotonation at −78 ◦C,
followed by addition of the electrophile and controlled warming
to −40 ◦C would extend the range of electrophiles suitable for
alkylation. Using these improved reaction conditions, alkylation
of the potassium enolates of N-propanoyl oxazinanone 27 with
benzyl bromide and allyl bromide, and of N-hydrocinnamoyl
oxazinanone 28 with tert-butyl bromoacetate and methyl iodide
proceeded in moderate to complete conversion,17 and in >98%
de in each case,17 to afford a-substituted N-acyl oxazinanone
derivatives 36–39 which were isolated in moderate to good yields
after chromatography. The configuration at C(2′) within 36–39 was
assigned by analogy to that proven for 34 (Scheme 8).
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Scheme 8 Reagents and conditions: (i) KHMDS, THF, −78 ◦C;
(ii) BrCH2CO2


tBu, −78 ◦C then NH4Cl (sat., aq); (iii) BrCH2Ph, −78
to −40 ◦C, then NH4Cl (sat., aq); (iv) BrCH2CH=CH2, −78 to −40 ◦C,
then NH4Cl (sat., aq); (v) MeI, −78 to −40 ◦C, then NH4Cl (sat., aq).


The absolute configurations within 36, 38 and 39 were sub-
sequently determined by hydrolysis with lithium hydroperoxide,
affording both the parent oxazinanone 17 and the a-substituted
carboxylic acid derivatives 40–42 in quantitative yield in each case,
and with comparable spectroscopic properties to the literature in
each case {40 [a]25


D −21.6 (c 0.8 in CHCl3); lit.20 [a]25
D −23.1 (c 1.0


in CHCl3); 41 [a]25
D +7.7 (c 1.0 in DCM); lit.19 [a]25


D +7.1 (c 1.0 in
DCM); 42 [a]25


D +26.8 (c 0.6 in CHCl3); lit.21 [a]25
D +25.5 (c 1.0 in


CHCl3)} (Scheme 9).


Scheme 9 Reagents and conditions: LiOH, H2O2, THF–H2O (3 : 1), 0 ◦C
to rt.


The product configuration for enolate alkylations of 27 and 28 is
consistent with preferential alkylation of an intermediate chelated
(Z)-enolate anti-to the C(4)-stereodirecting group, analogous to
that universally accepted for the diastereoselective alkylation of
N-acyl oxazolidinones (Fig. 3).


Having demonstrated the utility of N-acyl oxazolidinones for
the asymmetric synthesis of a-substituted carboxylic acids, their
ability to effect asymmetric aldol reactions was investigated.


Evaluation of N-acyl oxazinanones in aldol reactions


Chiral auxiliary-mediated asymmetric aldol reactions are widely
applied for the synthesis of b-hydroxycarbonyls,22 with a number
of efficient metal-mediated aldol reaction protocols having been
developed within this area. Initial investigations focused upon
boron-mediated aldol reactions of oxazinanone derivatives; how-
ever, both 9-BBN(OTf)- and Et2BOTf-promoted reactions gave
mixtures of diastereoisomers, consistent with low stereocontrol in
this reaction manifold. As an alternative, the use of titanium(IV)
chloride and an amine base to promote the aldol reaction was
investigated. Within this area, Evans et al. have reported titanium-


Fig. 3 Proposed transition state 43 for enolate alkylations of N-acyl
oxazinanones 27 and 28.


mediated aldol reactions of N-acyl oxazolidinones, although these
reactions proceed with slightly lower selectivity (70–98% de) than
the corresponding dibutylboron enolates (>98% de).23 Similarly,
Hitchcock and co-workers have explored TiCl4-mediated aldol
reactions of N-propanoyl oxadiazinones, although only moderate
levels of selectivity for a range of aldol products were observed
(50–92% de).15 The titanium enolate of N-propanoyl oxazinanone
26 was generated by the addition of TiCl4 to a solution of
26 in DCM at 0 ◦C and subsequent addition of Hünig’s base.
The resultant enolate was cooled to −78 ◦C and treated with
benzaldehyde, and the reaction mixtures were allowed to warm to
room temperature over four hours, giving (at 75% conversion) an
inseparable 76 : 24 mixture of diastereoisomeric aldol products 44
and 45 respectively, in 47% yield after purification. Under identical
reaction conditions, the addition of benzaldehyde to C(4)-iso-
propyl N-propanoyl oxazinanone 27 proceeded to 73% conversion
to give (4R,2′R,3′R)-46 as a single diastereoisomer in 64% isolated
yield after purification (Scheme 10). The relative configuration
within 46 was initially assigned as syn using 400 MHz 1H NMR
spectroscopic analysis (J2′–3′ 2.9 Hz) on the assumption that the
hydroxycarbonyl aldol product 46 exists in an intramolecularly hy-
drogen bonded form in solution.24 X-Ray crystallographic analysis
of 46 unambiguously established the relative syn-configuration,
with the absolute (4R,2′R,3′R)-configuration assigned relative to
the known (R)-stereocentre at C(4). Crystallographic analysis also
showed that a hydrogen bond exists between the C(3′) hydroxy
and the endocyclic carbonyl in the solid state, consistent with
the suppositions required for analysis of the 1H NMR coupling
constants to determine the syn-geometry (Fig. 4).


With a successful reaction protocol in hand, the generality of
aldol additions to titanium enolates of N-propanoyl oxazinanone
27 was examined. Although Hitchcock and co-workers have
reported that aldol reactions of N-propanoyl oxadiazinones and
aliphatic aldehydes are sluggish, with the dominant product being
the chiral auxiliary resulting from N-deacylation,15b the reactivity
of 27 with a variety of substituted benzaldehydes and straight chain
and a-branched aliphatic aldehydes was investigated for purposes
of comparison. In each case, the reaction proceeded in low to
moderate conversion, but gave each aldol product as essentially
a single diastereoisomer,17 giving aldol products 47–51 in 12–58%
isolated yield and in >98% de after chromatographic purification.
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Scheme 10 Reagents and conditions: (i) TiCl4, DIPEA, DCM, 0 ◦C, 30 min then PhCHO, −78 ◦C to rt, 4 h.


Fig. 4 Chem3D representation of the X-ray crystal structure of 46 (some
H atoms omitted for clarity).


These results indicate that titanium enolates of N-propanoyl
oxazinanone 27 accommodate both electron-withdrawing and
electron-donating aromatic and both non-enolizable and eno-
lizable aldehydes in its reactions (Scheme 11).25 The relative
configuration within each aldol product 47–51 was determined
to be syn from 1H NMR coupling constants (J2′ ,3′ 2.2–3.3 Hz).
X-Ray crystallographic analysis of aldol product 50 unambigu-
ously confirmed the relative syn-configuration, with the absolute
(4R,2′R,3′S)-configuration known relative to the known (R)-
stereocentre at C(4). An intramolecular hydrogen bond between
the C(3′)-hydroxy and the endocyclic carbonyl was not present
in the solid state X-ray structure of 50; instead, intermolecular
hydrogen bonds were evident within the lattice (Fig. 5).


Scheme 11 Reagents and conditions: TiCl4, DIPEA, DCM, 0 ◦C, 30 min
then RCHO, −78 ◦C to rt, 4 h.


Fig. 5 Chem3D representation of the X-ray crystal structure of 50 (some
H atoms omitted for clarity).


The observation of syn-aldol products suggests that the reac-
tions of the chlorotitanium enolate of 27 proceed via a chair-like
Zimmerman–Traxler transition state in which both the aldehyde
and the oxazinanone are co-ordinated to titanium (Fig. 6).26 A
similar transition state has been proposed for titanium enolates


Fig. 6 Proposed transition state 52 for titanium-mediated aldol reaction
of N-acyl oxazinanone 27.
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of N-acyl oxazolidinones, N-acyl oxazolidinethiones, and N-acyl
thiazolidinethiones to rationalise the observed non-Evans syn
aldol product.27


Cleavage of the aldol products 46–50 to the corresponding a-
methyl-b-hydroxy-carboxylic acids was next investigated. Treat-
ment of aldol products 46–50 with lithium hydroperoxide afforded
the corresponding a-methyl-b-hydroxy-carboxylic acid derivatives
53–57 in high yield and as single diastereoisomers in each case,
consistent with no epimerisation in this cleavage step. The parent
oxazinanone 17 was also returned in quantitative yield in each case
(Scheme 12). Carboxylic acids 53, 56 and 57 showed comparable
spectroscopic properties to the reported literature values {53 [a]22


D


+28.5 (c 1.0 in CHCl3), lit.28 [a]20
D +28.5 (c 1.2 in CHCl3); 56


[a]22
D −4.0 (c 0.8 in CHCl3), lit.29 [a]23


D −4.1 (c 0.7 in CHCl3);
57 [a]22


D +11.3 (c 0.7 in CHCl3), lit.30 [a]20
D +10.5 (c 0.1 in


CHCl3)}. The configurations within 54 and 55 were assigned by
analogy.


Scheme 12 Reagents and conditions: LiOH, H2O2, THF–H2O (3 : 1), 0 ◦C
to rt.


Conclusion


In conclusion, oxazinanones are readily prepared from b-amino
esters, and N-acylated by deprotonation with LiHMDS and addi-
tion of the desired acid chloride. Both counterion and temperature
play an important role in the stability of enolates generated
from N-acyl oxazinanones, with asymmetric alkylation readily
achieved by formation of the potassium enolate, addition of the
electrophile at −78 ◦C and controlled warming to −40 ◦C. A C(4)-
iso-propyl stereodirecting group conveys higher stereoselectivity
than the analogous C(4)-phenyl substituent in these alkylation
reactions, with gem-dimethyl substitution at C(6) facilitating
exclusive exocyclic cleavage upon hydrolysis to furnish the target
a-substituted carboxylic acids and the parent oxazinanone nearly
quantitatively. Furthermore, asymmetric aldol reactions of a range
of aromatic and aliphatic aldehydes with the chlorotitanium
enolate of (R)-N-propanoyl-4-iso-propyl-6,6-dimethyl-oxazinan-
2-one 27 proceed with excellent diastereoselectivity (>98% de)
for the non-Evans syn-configuration. Treatment of the syn-aldol
products with lithium hydroperoxide affords homochiral a-methyl-
b-hydroxy-carboxylic acids as single diastereoisomers in excellent
yield and returns the parent oxazinanone in quantitative yield.
Further applications of oxazinanones as chiral auxiliaries, and
the preparation and evaluation of alternative chiral auxiliaries
derived from b-amino acid derivatives, are currently underway in
this laboratory.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen before use. Solvents were
dried by passing through a column of activated basic alumina
(Brockmann 1, standard grade, ca. 150 mesh) according to
the procedure outlined by Grubbs and co-workers.31 Water was
purified by an Elix R© UV-10 system. All other solvents were used
as supplied (analytical or HPLC grade) without prior purification.
Organic layers were dried over MgSO4. Thin layer chromatography
was performed on aluminium plates coated with 60 F254 silica.
Plates were visualised using UV light (254 nm), iodine, 1% aq
KMnO4, or 10% ethanolic phosphomolybdic acid. Flash column
chromatography was performed on Kieselgel 60 silica.


Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10−1 deg cm2 g−1 and
concentrations in g/100 mL. IR spectra were recorded on Bruker
Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film) or a KBr disc (KBr), as stated. Selected characteristic
peaks are reported in cm−1. NMR spectra were recorded on either
a Bruker Avance 500 or a Bruker Avance 400 spectrometer in
the deuterated solvent stated. The field was locked by external
referencing to the relevant deuteron resonance. Low-resolution
mass spectra were recorded on either a VG MassLab 20-250 or a
Micromass Platform 1 spectrometer. Accurate mass measurements
were run on either a Bruker MicroTOF and were internally
calibrated with polyanaline in positive and negative modes, or
a Micromass GCT instrument fitted with a Scientific Glass
Instruments BPX5 column (15 m × 0.25 mm) using amyl acetate
as a lock mass.


General procedure 1: tandem hydrogenolysis and N-carbamylation


Pd(OH2)/C (catalytic) was added to a vigorously stirred solution
of the requisite amine (1.0 equiv.) and Boc2O (1.1 equiv.) in
degassed MeOH at rt. The reaction vessel was flushed with H2


and the reaction mixture was left to stir under H2 (5 atm) for 24 h.
The reaction mixture was filtered through Celite R© (eluent EtOAc)
and concentrated in vacuo.


General procedure 2: reduction of tert-butyl ester with LiAlH4


A solution of substrate (1.0 equiv.) in THF at 0 ◦C was treated with
LiAlH4 (5.0 equiv.). The reaction mixture was allowed to warm to
rt over 12 h, then cooled again to 0 ◦C prior to the careful addition
of ice. The resulting mixture was diluted with EtOAc, stirred for
several hours, then filtered through Celite R© (eluent EtOAc) and
concentrated in vacuo.


General procedure 3: cyclisation promoted by tBuOK


tBuOK (1.5 equiv.) was added to a solution of N-Boc amino
alcohol (1.0 equiv.) in THF at 0 ◦C. After being allowed to warm
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to rt over 12 h, NH4Cl (sat., aq) was added. The resulting mixture
was extracted with EtOAc and the organic phase was washed with
brine, then dried and concentrated in vacuo.


General procedure 4: Grignard addition


MeMgBr (3.0 equiv.) was added to a solution of b-amino methyl
ester (1.0 equiv.) in THF at −78 ◦C. After being allowed to warm
to rt over 12 h, the reaction mixture was cooled to 0 ◦C and NH4Cl
(sat., aq) was added. The resulting mixture was allowed to warm
to rt over 30 min, then extracted with DCM. The organic phase
was washed with brine, then dried and concentrated in vacuo.


General procedure 5: N-acylation of oxazinanones


LiHMDS (1.2 equiv.) was added to a solution of oxazinanone
(1.0 equiv.) in THF at −78 ◦C. After 30 min, the requisite acid
chloride (1.5 equiv.) was added. The reaction mixture was allowed
to warm to rt over 12 h, followed by addition of NH4Cl (sat.,
aq). The resulting mixture was extracted with either EtOAc and
the organic phase was washed with NaHCO3 (sat., aq), dried, and
concentrated in vacuo.


General procedure 6: carboximide hydrolysis with lithium
hydroperoxide


A solution of substrate (1.0 equiv.) in THF–H2O (v : v, 3 : 1) at
0 ◦C was treated with 35% aqueous H2O2 (5.0 equiv.) and LiOH
(2.0 equiv.). After being allowed to warm to rt over 16 h, Na2SO4


(10%, aq) was added and the reaction mixture was stirred for a
further 30 min. The mixture was then buffered to pH 9–10 with
NaHCO3 (sat., aq) and extracted with DCM. The organic layer
was dried and concentrated in vacuo to afford the requisite oxazi-
nanone. The aqueous layer was acidified to pH 1–2 with HCl (2 M,
aq), extracted with EtOAc, and the organic extracts were dried and
concentrated in vacuo to afford the requisite carboxylic acid.


General procedure 7: alkylation of N-acyl oxazinanone


A solution of N-acyl oxazinanone (1.0 equiv.) in THF at −78 ◦C
was treated with KHMDS (1.25 equiv.). After 1 h, the requisite
electrophile (1.5–3.0 equiv.) was added and the reaction mixture
was either: (Method A) stirred at −78 ◦C for 3 h; or (Method B)
warmed to −40 ◦C and stirred for 3–5 h. NH4Cl (sat., aq) was
added and the reaction mixture was allowed to warm to rt, then
extracted with EtOAc. The organic phase was washed with brine,
then dried and concentrated in vacuo.


General procedure 8: aldol condensation with titanium(IV) chloride


A solution of N-propanoyl oxazinanone (1.0 equiv.) in DCM at
0 ◦C was treated with TiCl4 (1.05 equiv.) and DIPEA (1.1 equiv.).
The resultant dark red enolate was stirred for 30 min, then the
reaction mixture was cooled to −78 ◦C. Freshly distilled aldehyde
was added, and the reaction mixture was allowed to warm to rt
over 4 h. NH4Cl (sat., aq) was added and the organic phase was
washed with brine, then dried and concentrated in vacuo.


tert-Butyl (R)-3-[N-(tert-butoxycarbonyl)amino]-3-
phenylpropanoate 6


Following General procedure 1, Pearlman’s catalyst (1.05 g), 4
(2.10 g, 5.10 mmol) and Boc2O (1.20 g, 5.60 mmol) in MeOH


(10 mL) under H2 (5 atm) at rt gave the crude reaction mixture.
Purification via flash column chromatography (eluent pentane–
Et2O 20 : 1) gave 6 as a white solid (1.50 g, 94%); mp 61–63 ◦C
(Et2O); [a]25


D +21.0 (c 1.0 in CHCl3); mmax (KBr) 3406 (N–H), 1731
(C=O, ester), 1695 (C=O, carbamate); dH (400 MHz, CDCl3) 1.34
(9H, s, CMe3), 1.43 (9H, s, CMe3), 2.62–2.80 [2H, m, C(2)H2],
5.02–5.11 [1H, m, C(3)H], 5.49 (1H, br s, NH), 7.19–7.35 (5H,
m, Ph); dC (100 MHz, CDCl3) 27.9, 28.3, 42.2, 57.0, 81.1, 126.2,
127.3, 128.3, 128.4, 128.5, 155.0, 173.1; m/z (APCI+) 166 ([M −
C9H16O2]+, 100%); HRMS (ESI+) C18H28NO4


+ (M + H+) requires
322.2018; found 322.2024.


tert-Butyl (R)-3-[N-(tert-butoxycarbonyl)amino]-4-
methylpentanoate 7


Following General procedure 1, Pearlman’s catalyst (3.15 g), 5
(6.30 g, 16.0 mmol) and Boc2O (3.90 g, 18.0 mmol) in MeOH
(10 mL) under H2 (5 atm) at rt gave the crude reaction mixture.
Purification via flash column chromatography (eluent pentane :
Et2O 20 : 1) gave 7 as a white solid (4.20 g, 89%); mp 79–80 ◦C
(Et2O); [a]23


D −24.7 (c 1.0 in CHCl3); mmax (KBr) 3329 (N–H), 1728
(C=O, ester), 1680 (C=O, carbamate); dH (400 MHz, CDCl3)
0.91 [3H, d, J 6.8, C(5)H3], 0.92 [3H, d, J 6.8, C(4)Me], 1.43
(9H, s, CMe3), 1.45 (9H, s, CMe3), 1.74–1.82 [1H, m, C(4)H],
2.33 [1H, dd, J 14.9, 7.6 Hz, C(2)HA], 2.44 [1H, dd, J 14.9,
4.8 Hz, C(2)HB], 3.72–3.79 [1H, m, C(3)H], 4.88 (1H, d, J 9.3 Hz,
NH); dC (125 MHz, CDCl3) 18.3, 19.1, 28.0, 28.3, 32.0, 38.5,
53.0, 78.8, 80.7, 155.4, 171.1; m/z (ESI+) 310 ([M + Na]+, 100%);
HRMS (ESI+) C15H29NO4Na+ ([M + Na]+) requires 310.1994;
found 310.1990.


(R)-3-[N-(tert-Butoxycarbonyl)amino]-3-phenylpropan-1-ol 8


Following General procedure 2, LiAlH4 (1.0 M in THF, 4.0 mL,
4.0 mmol) and 6 (254 mg, 0.79 mmol) in THF (20 mL) at 0 ◦C
gave the crude reaction mixture. Purification via flash column
chromatography (eluent pentane : Et2O 10 : 1, increased to MeOH)
gave 8 as a colourless oil (169 mg, 85%); [a]25


D +55.4 (c 1.0 in
CHCl3); mmax (film) 3350 (O–H, br), 1689 (C=O); dH (400 MHz,
CDCl3) 1.42 (9H, s, CMe3), 1.86–1.96 [2H, m, C(2)H2], 3.49–
3.62 [2H, m, C(1)H2], 4.68–4.72 [1H, m, C(3)H], 7.21–7.35 (5H,
m, Ph); dC (100 MHz, CDCl3) 27.8, 39.6, 52.1, 58.8, 79.1, 126.4,
126.5, 126.7, 127.0, 128.4, 128.5, 143.9, 156.9; m/z (APCI+) 152
([M − C5H8O2]+, 100%); HRMS (ESI+) C14H22NO3 ([M + H]+)
requires 252.1600; found 252.1600.


(R)-3-[N-(tert-Butoxycarbonyl)amino]-4-methylpentan-1-ol 9


Following General procedure 2, LiAlH4 powder (2.80 g, 73.0 mmol)
and 7 (4.20 g, 14.6 mmol) in THF (200 mL) at 0 ◦C gave the crude
reaction mixture. Purification via flash column chromatography
(eluent pentane : Et2O 10 : 1, increased to MeOH) gave 9 as a
colourless oil (2.70 g, 84%); [a]25


D −0.93 (c 1.2 in CHCl3); mmax (film)
3341 (O–H, br), 1688 (C=O), 1530 (amide II); dH (400 MHz,
CD3OD) 0.92 [6H, app t, J 7.3 Hz, C(4)Me2], 1.46 (9H, s,
CMe3), 1.49–1.55 [1H, m, C(2)HA], 1.67–1.79 [2H, m, C(2)HB and
C(4)H], 3.42–3.46 [1H, m, C(3)H], 3.54–3.64 [2H, m, C(1)H2];
dC (100 MHz, CD3OD) 18.9, 20.0, 29.2, 34.2, 36.4, 54.4, 60.8,
80.2, 159.2; m/z (ESI+) 240 ([M + Na]+, 100%); HRMS (ESI+)
C11H24NO3


+ requires ([M + H]+) 218.1756; found 218.1753.
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(R)-4-Phenyl-(1,3)-oxazinan-2-one 10


Following General procedure 3, tBuOK (60 mg, 0.54 mmol) and
8 (90 mg, 0.36 mmol) in THF at 0 ◦C gave the crude reaction
mixture. Recrystallisation from EtOAc gave 10 as white crystals
(40 mg, 63%); C10H11NO2 requires C, 67.8; H, 6.3; N, 7.9%; found
C, 67.6; H, 6.3; N, 7.8%; mp 148–154 ◦C (EtOAc); [a]25


D +58.5
(c 1.0 in CHCl3); mmax (KBr) 1674 (C=O); dH (400 MHz, CDCl3)
1.97–2.03 [1H, m, C(5)HA], 2.24–2.29 [1H, m, C(5)HB], 4.29–4.32
[2H, m, C(6)H2], 4.65–4.69 [1H, m, C(4)H], 5.76 (1H, br s, NH),
7.31–7.42 (5H, m, Ph); dC (100 MHz, CDCl3) 30.8, 54.9, 64.9,
126.0, 128.3, 129.0, 141.1, 154.0; m/z (APCI+) 178 ([M + H]+,
100%); HRMS (ESI+) C10H12NO2


+ ([M + H]+) requires 178.0868;
found 178.0865.


X-Ray crystal structure determination for 10. 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.32


X-Ray crystal structure data for 10 [C10H11NO2]: M = 177.20,
orthorhombic, space group P212121, a = 5.9454(2), b = 8.1078(3),
c = 18.0676(6) Å, V = 870.93(5) Å3, Z = 4, l = 0.095 mm−1,
colourless plate, crystal dimensions = 0.05 × 0.1 × 0.1 mm. A
total of 1167 unique reflections were measured for 5 < h < 27 and
1056 reflections were used in the refinement. The final parameters
were wR2 = 0.033 and R1 = 0.028 [I > 3r(I)].


CCDC reference number 280051. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b604073j.


(R)-4-iso-Propyl-(1,3)-oxazinan-2-one 11


Following General procedure 3, tBuOK (300 mg, 2.66 mmol) and
9 (385 mg, 1.77 mmol) in THF (20 mL) at 0 ◦C gave the crude
reaction mixture. Purification via flash column chromatography
(eluent EtOAc) gave 11 as a white solid (80 mg, 32%); mp 62–64 ◦C
(EtOAc); [a]25


D +23.8 (c 1.0 in CHCl3); mmax (KBr) 1696 (C=O); dH


(400 MHz, CDCl3) 0.92 [3H, d, J 6.8 Hz, C(4)CMeA], 0.96 [3H, d,
J 6.7 Hz, C(4)CMeB], 1.67–1.79 [2H, m, C(5)HA and C(4)CHMe2],
1.84–1.90 [1H, m, C(5)HB], 3.22–3.27 [1H, m, C(4)H], 4.17 [1H,
app td, J 11.0, 2.7 Hz, C(6)HA], 4.32 [1H, app dt, J 11.0, 3.9 Hz,
C(6)HB], 6.29 (1H, br s, NH); dC (100 MHz, CDCl3) 17.5, 18.1,
23.9, 32.4, 56.5, 65.7, 154.9; m/z (APCI+) 144 ([M + H]+, 100%);
HRMS (ESI+) C7H14NO2


+ ([M + H]+) requires 144.1025; found
144.1020.


Attempted preparation of (R)-4-phenyl-6,6-dimethyl-(1,3)-
oxazinan-2-one 16 by Grignard addition to 14, and concomitant
cyclisation


Following General procedure 4, MeMgBr (3.0 M in Et2O, 0.97 mL,
2.90 mmol) and 14 (200 mg, 0.72 mmol) in THF at −78 ◦C gave
a 40 : 30 : 30 ratio of 16 : 18 : 20 respectively. Purification via
flash column chromatography (eluent pentane : EtOAc 1 : 1, then
EtOAc) gave 16 as a white solid (first to elute, 44 mg, 30%), and
18 as a colourless oil.


Data for 16: C12H15NO2 requires C, 70.2; H, 7.4; N, 6.8%; found
C, 70.2; H, 7.35; N, 6.8%; mp 82–84 ◦C (EtOAc); [a]25


D +31.8 (c


1.0 in CHCl3); mmax (KBr) 1698 (C=O); dH (400 MHz, CDCl3)
1.44 [3H, s, C(6)MeA], 1.52 [3H, s, C(6)MeB], 1.83 [1H, dd, J 13.8,
11.8 Hz, C(5)HA], 2.02 [1H, ddd, J 13.8, 4.7, 1.5 Hz, C(5)HB], 4.62
[1H, dd, J 11.8, 4.7 Hz, C(4)H], 5.76 (1H, br s, NH), 7.31–7.47
(5H, m, Ph); dC (100 MHz, CDCl3) 25.6, 29.4, 42.0, 53.0, 78.5,
126.1, 128.5, 129.1, 140.9, 154.0; m/z (APCI+) 206 ([M + H]+,
100%); HRMS (ESI+) C12H16NO2


+ ([M + H]+) requires 206.1181;
found 206.1179.


Data for 18: mp 137–138 ◦C (EtOAc); [a]25
D +41.3 (c 1.1 in


CHCl3); mmax (KBr) 3383 (O–H), 1682 (C=O), 1528 (amide II);
dH (400 MHz, CDCl3) 1.26 [3H, s, C(CH3)A(CH3)B], 1.34 [3H, s,
C(CH3)A(CH3)B], 1.41 (9H, s, CMe3), 1.84–1.98 [2H, m, C(3)H2],
2.34 (1H, br s, OH), 4.84 [1H, app br s, C(4)H], 5.49 (1H, br s,
NH), 7.23–7.35 (5H, m, Ph); dC (100 MHz, CDCl3) 28.3, 31.1,
49.6, 52.5, 70.6, 79.7, 126.1, 127.1, 128.7, 144.0, 155.7; m/z (ESI+)
302 ([M + Na]+, 100%); HRMS (ESI+) C16H26NO3


+ ([M + H]+)
requires 280.1913; found 280.1912.


X-Ray crystal structure determination for 16. 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.32


X-Ray crystal structure data for 16 [C12H15NO2]: M = 205.25,
orthorhombic, space group P212121, a = 9.2401(1), b = 10.5810(1),
c = 46.9695(5) Å, V = 4592.18(8) Å3, Z = 16, l = 0.081 mm−1,
colourless block, crystal dimensions = 0.1 × 0.1 × 0.1 mm. A total
of 5748 unique reflections were measured for 5 < h < 27 and 4682
reflections were used in the refinement. The final parameters were
wR2 = 0.048 and R1 = 0.067 [I > 0.5r(I)].


CCDC reference number 280052. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b604073j.


Attempted preparation of (R)-4-iso-propyl-6,6-dimethyl-(1,3)-
oxazinan-2-one 17 by Grignard addition to 15, and concomitant
cyclisation


Following General procedure 4, MeMgBr (3.0 M in Et2O, 1.50 mL,
4.60 mmol) and 15 (285 mg, 1.2 mmol) in THF at −78 ◦C gave
a 46 : 10 : 44 ratio of 17 : 19 : 21 respectively. Purification via
flash column chromatography (eluent pentane : EtOAc 1 :1, then
EtOAc, then MeOH) gave 17 as a colourless oil (first to elute,
70 mg, 35%), 19 as a white solid (second to elute, 15 mg), and 21
as a colourless oil (third to elute, 66 mg).


Data for 17: [a]25
D +3.3 (c 1.0 in CHCl3): mmax (film) 1703 (C=O);


dH (400 MHz, CDCl3) 0.93 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B],
0.96 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B], 1.38 [3H, s, C(6)MeA],
1.42 [3H, s, C(6)MeB], 1.50–1.56 [1H, m, C(5)HA], 1.67–1.75 [2H,
m, C(5)HB and CHMe2], 3.29 [1H, app dt, J 12.0, 5.3 Hz, C(4)H],
6.10 (1H, br s, NH); dC (100 MHz, CDCl3) 17.5, 18.0, 25.2, 29.7,
32.4, 35.0, 53.5, 78.0, 154.7; m/z (APCI+) 172 ([M + H]+, 100%);
HRMS (ESI+) C9H18NO2


+ ([M + H]+) requires 172.1338; found
172.1337.


Data for 19: mp 58–60 ◦C (EtOAc); [a]25
D −7.27 (c 1.1 in CHCl3);


mmax (film) 3384 (O–H), 1685 (C=O), 1527 (amide II); dH (500 MHz,
CDCl3) 0.93 [3H, d, J 6.6 Hz, CH(CH3)A(CH3)B], 0.97 [3H,
d, J 7.1 Hz, CH(CH3)A(CH3)B], 1.30 [3H, s, C(CH3)A(CH3)B],
1.32 [3H, s, C(CH3)A(CH3)B], 1.49 [9H, s, OC(CH3)3], 1.51–1.56
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[1H, m, C(3)HA], 1.63–1.68 [1H, m, C(3)HB], 1.78–1.82 [1H, m,
C(5)H], 3.73 [1H, app br s, C(4)H], 4.60 (1H, br s, NH); dC


(100 MHz, CDCl3) 17.4, 18.6, 28.3, 29.2, 30.3, 33.3, 45.4, 52.1,
69.9, 79.5, 157.0; m/z (ESI+) 268 ([M + Na]+, 100%); HRMS
(ESI+) C13H27NNaO3


+ ([M + Na]+) requires 268.1889; found
268.1878.


Data for 21: [a]23
D −22.1 (c 2.4 in CHCl3); mmax (film) 3290 (O–H),


1652 (C=O), 1557 (amide II); dH (400 MHz, CD3OD) 0.86–0.92
[6H, m, C(5)Me2], 1.19 [6H, s, C(2)Me2], 1.54 (1H, dd, J 14.4, 9.6
z, C(3)HA], 1.65 [1H, dd, J 14.4, 1.9 Hz, C(3)HB], 1.69–1.79 [1H,
m, C(5)H], 1.93 [1H, s, CH3C(O)N], 3.88–3.92, [1H, m, C(4)H]; dC


(100 MHz, CD3OD) 17.1, 18.1, 21.8, 27.8, 29.1, 33.9, 44.8, 51.1,
70.1, 171.6; m/z (ESI+) 210 ([M + Na]+, 100%); HRMS (ESI+)
C10H21NO2Na+ ([M + Na]+) requires 210.1470; found 210.1463.


Alternative preparation of (R)-4-iso-propyl-6,6-dimethyl-(1,3)-
oxazinan-2-one 17 by modified Grignard addition to 15, and
cyclisation


Anhydrous cerium(III) chloride beads (442 mg, 1.80 mmol) were
added to a solution of 15 (100 mg, 0.41 mmol) in THF at room
temperature. After 4 h, MeMgBr (3.0 M in Et2O, 0.90 mL,
2.70 mmol) was added dropwise. After 10 h, the reaction mixture
was treated with a 10% aqueous AcOH solution and stirred for a
further 3 h. The mixture was then diluted with Et2O and washed
with NaHCO3 (sat., aq) and brine. The combined organic extracts
were dried and concentrated in vacuo to give a mixture of 17 and
19. This mixture was then treated with tBuOK (69 mg, 0.62 mmol)
in accordance with General procedure 3 to furnish 17 (40 mg, 57%
over two steps) as a colourless oil.


(4R,aS)-2-Methyl-4-[N-benzyl-N-(a-methylbenzyl)amino]-4-
phenylbutan-2-ol 22


Following General procedure 4, MeMgBr (3.0 M in Et2O, 1.33 mL,
4.00 mmol) and 12 (500 mg, 1.34 mmol) in THF (25 mL) at
−78 ◦C gave the crude reaction mixture. Purification via flash
column chromatography gave 22 (330 mg, 66%) as a colourless
oil; [a]25


D +54.9 (c 0.5 in CHCl3); mmax (film) 3400 (O–H, br); dH


(400 MHz, CDCl3) 0.63 [3H, s, C(CH3)A(CH3)B], 1.03 [3H, d, J
7.0 Hz, C(a)Me], 1.13 [3H, s, C(CH3)A(CH3)B], 1.41 [1H, dd, J
14.5, 3.1 Hz, C(3)HA], 2.45 [1H, dd, J 14.5, 11.1 Hz, C(3)HB], 3.60
[1H, d, J 13.2 Hz, NCHAHBPh], 4.12 [1H, q, J 7.0 Hz, C(a)H], 4.26
(1H, J 13.2 Hz, NCHAHBPh), 4.32 [1H, dd, J 11.1, 3.1 Hz, C(4)H],
5.83 (1H, s, OH), 7.23–7.42 (15H, m, Ph); dC (100 MHz, CDCl3)
13.6, 27.4, 31.9, 43.6, 50.4, 56.4, 57.6, 70.4, 127.2, 127.3, 128.3,
128.5, 128.7, 128.9, 129.5, 139.0, 141.3, 142.8; m/z (APCI+) 374
([M + H]+, 50%); HRMS (ESI+) C26H32NO+ ([M + H]+) requires
374.2484; found 374.2484.


(4R, aS)-2,5-Dimethyl-4-[N-benzyl-N-(a-
methylbenzyl)amino]hexan-2-ol 23


Following General procedure 4, MeMgBr (3.0 M, 1.18 mL,
3.54 mmol) and 13 (400 mg, 1.18 mmol) in THF (25 mL) at
−78 ◦C gave the crude reaction mixture. Purification via flash
column chromatography gave 23 (215 mg, 54%) as a colourless
oil; [a]21


D +10.9 (c 0.6 in CHCl3); mmax (film) 3305 (O–H, br); dH


(400 MHz, CDCl3) 0.35 [3H, s, C(CH3)A(CH3)B], 0.97 [6H, app
t, J 5.6 Hz, CH(CH3)2) 1.05 [1H, dd, J 14.5, 2.0 Hz, C(3)HA],


1.12 [3H, s, C(CH3)A(CH3)B], 1.45 [3H, d, J 7.1 Hz, C(a)Me], 1.79
[1H, dd, J 14.5, 11.9 Hz, C(3)HB], 2.24–2.31 [1H, m, CH(CH3)2],
3.10 [1H, dd, J 11.9, 2.0 Hz, C(4)H], 3.64 (1H, d, J 12.8 Hz,
NCHAHBPh), 4.00–4.04 [1H, m, C(a)H], 4.19 (1H, d, J 12.8 Hz,
NCHAHBPh), 6.32 (1H, br s, OH), 7.19–7.40 (10H, m, Ph); dC


(100 MHz, CDCl3) 14.1, 18.5, 22.7, 26.6, 32.4, 36.3, 50.4, 57.4,
69.9, 127.2, 128.2, 128.5, 128.9, 129.5, 139.2; m/z (APCI+) 340
([M + H]+, 100%); HRMS (ESI+) C23H33NO+ ([M + H]+) requires
340.2640; found 340.2642.


(R)-2-Methyl-4-[N-(tert-butoxycarbonyl)amino]-4-phenylbutan-2-
ol 18


Following General procedure 1, Pearlman’s catalyst (185 mg), 22
(330 mg, 0.88 mmol) and Boc2O (212 mg, 0.97 mmol) in MeOH
(5mL) under H2 (5 atm) at rt gave the crude reaction mixture.
Purification via flash column chromatography (eluent pentane :
EtOAc 5 : 1) gave 18 as a white solid (115 mg, 47%).


(R)-2,5-Dimethyl-4-[N-(tert-butoxycarbonyl)amino]hexan-2-ol 19


Following General procedure 1, Pearlman’s catalyst (140 mg), 23
(280 mg, 0.82 mmol) and Boc2O (200 mg, 0.91 mmol) in MeOH
(5 mL) under H2 (5 atm) at rt gave the crude reaction mixture.
Purification via flash column chromatography (eluent pentane :
EtOAc 5 : 1) gave 19 as a white solid (160 mg, 79%).


(R)-4-Phenyl-6,6-dimethyl-(1,3)-oxazinan-2-one 16


Following General procedure 3, tBuOK (66 mg, 0.59 mmol) and 18
(110 mg, 0.39 mmol) in THF at 0 ◦C gave the crude reaction
mixture. Purification via flash column chromatography (eluent
pentane : EtOAc 4 : 1, increased to EtOAc) gave 16 as a white
solid (72 mg, 90%).


(R)-4-iso-Propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 17


Following General procedure 3, tBuOK (69 mg, 0.61 mmol) and 19
(100 mg, 0.41 mmol) in THF at 0 ◦C gave the crude reaction
mixture. Purification via flash column chromatography (eluent
pentane : EtOAc 1 : 1, increased to EtOAc) gave 17 as a colourless
oil (70 mg, quantitative).


(R)-3-Propanoyl-4-phenyl-(1,3)-oxazinan-2-one 24


LiH (9 mg, 1.12 mmol) was added to a solution of 10 (100 mg,
0.56 mmol) in THF (15.0 mL) at 0 ◦C. After stirring for 30 min,
propanoyl chloride (58 mg, 0.63 mmol) was added dropwise. The
reaction mixture was allowed to warm to rt and stirred for 16 h.
H2O was then added and the solvent was evaporated in vacuo. The
residue was partitioned between EtOAc and H2O, and the organic
layer was dried and concentrated in vacuo. Purification via flash
column chromatography (eluent pentane : EtOAc 10 : 1) furnished
24 as a colourless oil (109 mg, 83%); [a]25


D +36.9 (c 0.8 in CHCl3);
mmax (film) 1732 (C=O); dH (400 MHz, CDCl3) 1.12 (3H, t, J 7.3
z, CH3CH2CO), 2.13 [1H, app dq, J 14.1, 4.0 Hz, C(5)HA], 2.42–
2.51 [1H, m, C(5)HB], 2.98–3.13 (2H, m, CH3CH2CO], 4.17–4.30
[2H, m, C(6)H2], 5.71 [1H, app t, J 5.1 Hz, C(4)H], 7.17–7.39 (5H,
m, Ph); dC (125 MHz, CDCl3) 9.0, 29.7, 32.2, 54.9, 64.3, 125.1,
127.6, 128.4, 128.8, 140.2, 151.6, 176.6; m/z (GCToF MS CI+)
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234 ([M + H]+, 100%); HRMS (GCToF MS CI+) C13H16NO3
+


([M + H]+) requires 234.1130; found 234.1121.


(R)-3-Propanoyl-4-iso-propyl-(1,3)-oxazinan-2-one 25


Following General procedure 5, LiHMDS (1.0 M in THF, 2.35 mL,
2.35 mmol), 11 (280 mg, 1.96 mmol) in THF at −78 ◦C, and
propanoyl chloride (271 mg, 2.93 mmol) gave the crude reaction
mixture. Purification via flash column chromatography (eluent
pentane : EtOAc 4 : 1) gave 25 as a colourless oil (250 mg, 65%);
[a]23


D +140.8 (c 1.0 in CHCl3); mmax (film) 1744 (C=Oendo), 1701
(C=Oexo); dH (400 MHz, CDCl3) 0.73–0.75 [6H, m, CH(CH3)2],
1.16 (3H, t, J 7.3 Hz, CH3CH2CO), 2.02–2.15 [3H, m, C(5)H2 and
CH(CH3)2], 2.75 (1H, dq, J 17.5, 7.3 Hz, CH3CHAHBCO), 3.03
(1H, dq, J 17.5, 7.3 Hz, CH3CHAHBCO), 4.18 [1H, ddd, J 11.3,
6.9, 5.8 Hz, C(6)HA], 4.35 [1H, app dt, J 11.3, 5.8 Hz, C(6)HB],
4.65 [1H, app q, J 7.1 Hz, C(4)H); dC (100 MHz, CDCl3) 9.3,
17.0, 19.0, 23.6, 30.5, 30.9, 55.2, 65.3, 153.3, 176.1; m/z (CI+) 200
([M + H]+, 100%); HRMS (CI+) C10H18NO3


+ ([M + H]+) requires
200.1287; found 200.1278.


(R)-3-Propanoyl-4-phenyl-6,6-dimethyl-(1,3)-oxazinan-2-one 26


Following General procedure 5, LiHMDS (1.0 M in THF, 1.40 mL,
1.40 mmol), 16 (240 mg, 1.17 mmol) in THF at −78 ◦C, and
propanoyl chloride (162 mg, 1.75 mmol) gave the crude reaction
mixture. Purification via flash column chromatography (eluent
pentane : EtOAc 10 : 1) gave 26 as a colourless oil (268 mg,
88%); [a]25


D +63.9 (c 0.9 in CHCl3); mmax (film) 1734 (C=Oendo),
1701 (C=Oexo); dH (400 MHz, CDCl3) 1.07 (3H, t, J 7.2 Hz,
CH3CH2CO), 1.40 [3H, s, C(6)(CH3)A], 1.48 [3H, s, C(6)(CH3)B],
2.07 [1H, dd, J 14.4, 10.8 Hz, C(5)HA], 2.33 [1H, dd, J 14.4, 7.4 Hz,
C(5)HB], 2.87 (1H, dq, J 18.4, 7.2 Hz, CH3CHAHBCO), 3.02 (1H,
dq, J 18.4, 7.2 Hz, CH3CHAHBCO), 5.31 [1H, dd, J 10.8, 7.4 Hz,
C(4)H], 7.19–7.35 (5H, m, Ph); dC (100 MHz, CDCl3) 9.0, 24.6,
29.0, 31.6, 43.1, 55.6, 79.5, 125.1, 127.4, 128.9, 142.3, 152.0, 176.0;
m/z (ESI+) 284 ([M + Na]+, 100%); HRMS (ESI+) C15H20NO3


+


([M + H]+) requires 262.1443; found 262.1449.


(R)-3-Propanoyl-4-iso-propyl-6,6-dimethyl-(1,3)-oxazinan-2-one
27


Following General procedure 5, LiHMDS (1.0 M in THF, 0.35 mL,
0.35 mmol), 17 (50 mg, 0.29 mmol) in THF at −78 ◦C, and
propanoyl chloride (41 mg, 0.44 mmol) gave the crude reaction
mixture. Purification via flash column chromatography (eluent
pentane : EtOAc 10 : 1) gave 27 as a colourless oil (52 mg,
79%); [a]24


D +182.5 (c 1.0 in CHCl3); mmax (film) 1737 (C=Oendo),
1696 (C=Oexo); dH (400 MHz, CDCl3) 0.82 [3H, d, J 6.8 Hz,
CH(CH3)A(CH3)B], 0.87 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B], 1.14
(3H, t, J 7.3 Hz, CH3CH2CO), 1.34 [3H, s, C(6)(CH3)A], 1.46
[3H, s, C(6)(CH3)B], 1.88–1.98 [2H, m, C(5)H2], 2.25–2.37 [1H,
m, CH(CH3)2], 2.71 (1H, dq, J 17.4, 7.3 Hz, CH3CHAHBCO),
3.01 (1H, dq, J 17.4, 7.3 Hz, CH3CHAHBCO), 4.42 [1H, app
dt, J 8.7, 5.6 Hz, C(4)H); dC (100 MHz, CDCl3) 9.3, 15.7, 18.7,
25.5, 29.8, 30.1, 30.6, 33.7, 54.7, 79.5, 152.9, 175.6; m/z (ESI+)
250 ([M + Na]+, 100%); HRMS (ESI+) C12H22NO3


+ ([M + H]+)
requires 228.1600, found 228.1596.


(R)-3-(3′-Phenylpropanoyl)-4-iso-propyl-6,6-dimethyl-(1,3)-
oxazinan-2-one 28


Following General procedure 5, LiHMDS (1.0 M in THF, 0.74 mL,
0.74 mmol), 17 (84 mg, 0.49 mmol) in THF at −78 ◦C, and
hydrocinnamoyl chloride (166 mg, 0.98 mmol) gave the crude
reaction mixture. Purification via flash column chromatography
(eluent pentane : EtOAc 4 : 1) gave 28 as a colourless oil (54 mg,
36%); [a]22


D +162.8 (c 0.5 in CHCl3); mmax (film) 1736 (C=Oendo),
1693 (C=Oexo); dH (400 MHz, CDCl3) 0.83 [3H, d, J 6.8 Hz,
CH(CH3)A(CH3)B], 0.88 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B], 1.23
[3H, s, C(6)(CH3)A], 1.45 [3H, s, C(6)(CH3)B], 1.91 [2H, app d, J
8.6 Hz, C(5)H2], 2.27–2.36 [1H, m, CH(CH3)2], 2.92–3.10 [3H, m,
C(2′)HA and C(3′)H2], 3.24–3.32 [2H, m, C(2′)HB], 4.40 [1H, app
td, J 8.6, 5.6 Hz, C(4)H], 7.16–7.30 (5H, m, Ph); dC (100 MHz,
CDCl3) 15.7, 18.7, 25.4, 29.8, 30.1, 31.1, 33.7, 38.7, 54.8, 79.7,
126.1, 128.2, 128.4, 128.5, 140.9, 153.3, 173.0; m/z (ESI+) 362
([M + MeCN + NH4]+, 50%); HRMS (ESI+) C18H26NO3


+ ([M +
H]+) requires 304.1913; found 304.1908.


(R)-3-Benzyl-4-phenyl-(1,3)-oxazinan-2-one 29


LiHMDS (1.0 M in THF, 0.20 mL, 0.20 mmol) was added to a
solution of 10 (30 mg, 0.17 mmol) in THF at −78 ◦C. After 30 min,
BnBr (43 mg, 0.25 mmol) was added. The reaction mixture was
allowed to warm to rt over 12 h, followed by addition of NH4Cl
(sat., aq). The resulting mixture was extracted with EtOAc and the
organic phase was washed with brine, then dried and concentrated
in vacuo to give a 40 : 60 mixture of 10 : 29 respectively. Purification
via flash column chromatography (eluent pentane : EtOAc 5 : 1)
gave 29 as a colourless wax (24 mg, 53%); [a]23


D +25.3 (c 1.6 in
CHCl3); mmax (film) 1689 (C=O); dH (400 MHz, CDCl3) 1.94 [1H,
app dq, J 14.0, 3.9 Hz, C(5)HA], 2.31–2.40 [1H, m, C(5)HB], 3.61
(1H, d, J 15.2 Hz, NCHAHBPh), 4.17–4.28 [2H, m, C(6)H2], 4.47–
4.50 [1H, m, C(4)H], 5.37 (1H, d, J 15.2 Hz, NCHAHBPh), 7.21–
7.45 (10H, m, Ph); dC (100 MHz, CDCl3) 30.6, 50.2, 56.8, 62.9,
126.5, 127.7, 128.1, 128.2 128.7, 129.1, 136.7, 139.8, 154.5; m/z
(ESI+) 268 ([M + H]+, 100%); HRMS (ESI+) C17H18NO2


+ ([M +
H]+) requires 268.1338; found 268.1333.


(4R,2′R)-3-(4′-tert-Butoxy-4′-oxo-2′-methylbutanoyl)-
4-iso-propyl-(1,3)-oxazinan-2-one 31


Following General procedure 7, 25 (15 mg, 0.08 mmol) in
THF at −78 ◦C was treated with KHMDS (0.5 M in PhMe,
0.20 mL, 0.09 mmol). After 1 h, tert-butyl bromoacetate (0.04 mL,
0.23 mmol) was added. Purification via flash column chromatog-
raphy (eluent pentane : Et2O 10 : 1) gave 31 as a colourless oil
(22 mg, 96%); [a]25


D +163.7 (c 0.7 in CHCl3); mmax (film) 1731 (C=O);
dH (400 MHz, CDCl3) 0.89 [3H, d, J 2.4 Hz, CH(CH3)A(CH3)B],
0.91 [3H, d, J 2.3 Hz, CH(CH3)A(CH3)B], 1.13 [3H, d, J 7.0 Hz,
C(2′)CH3], 1.43 [9H, s, OC(CH3)3], 2.03–2.13 [3H, m, C(5)H2 and
CH(CH3)2], 2.28 [1H, dd, J 16.1, 6.3 Hz, C(3′)HA], 2.78 [1H, dd,
J 16.1, 8.1 Hz, C(3′)HB], 4.08–4.20 [2H, m, C(6)HA and C(2′)H],
4.32–4.38 [1H, m, C(6)HB], 4.51 [1H, app q, J 7.1 Hz, C(4)H];
dC (100 MHz, CDCl3) 17.0, 17.5, 19.0, 23.8, 28.0, 30.7, 36.0,
39.3, 55.6, 65.3, 80.4, 153.1, 171.0, 177.7; m/z (ESI+) 336 ([M +
Na]+, 100%), 314 (70); HRMS (ESI+) C16H27NNaO5


+ ([M + Na]+)
requires 336.1787; found 336.1784.
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(4R,2′R)-3-(4′-tert-Butoxy-4′-oxo-2′-methylbutanoyl)-
4-iso-propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 34


Following General procedure 7, 27 (43 mg, 0.19 mmol) in
THF at −78 ◦C was treated with KHMDS (0.5 M in PhMe,
0.50 mL, 0.24 mmol). After 1 h, tert-butyl bromoacetate (0.08 mL,
0.57 mmol) was added. Purification via flash column chromatog-
raphy (eluent pentane : Et2O 10 : 1) gave 34 as a colourless oil
(48 mg, 74%); [a]25


D +120.1 (c 1.0 in CHCl3); mmax (film) 1733 (C=O);
dH (400 MHz, CDCl3) 0.84 [3H, d, J 6.9 Hz, CH(CH3)A(CH3)B],
0.86 [3H, d, J 7.1 Hz, CH(CH3)A(CH3)B], 1.10 [3H, d, J 7.0 Hz,
C(2′)CH3], 1.34 [3H, s, C(6)(CH3)A], 1.42 [9H, s, OC(CH3)3], 1.45
[3H, s, C(6)(CH3)B], 1.93 [2H, app d, J 8.7 Hz, C(5)H2], 2.24–2.33
[2H, m, C(3′)HA and CH(CH3)2], 2.77 [1H, dd, J 16.1 Hz, 8.3,
C(3′)HB], 4.12–4.20 [1H, m, C(2′)H], 4.37–4.43 [1H, m, C(4)H];
dC (100 MHz, CDCl3) 15.7, 17.3, 18.7, 25.5, 28.0, 29.8, 30.1, 33.7,
35.7, 39.3, 55.0, 79.6, 80.3, 152.6, 171.0, 177.2; m/z (ESI+) 364
([M + Na]+, 100%); HRMS (ESI+) C18H31NNaO5


+ ([M + Na]+)
requires 364.2100; found 364.2097.


(R)-4-(tert-Butoxy)-4-oxo-2-methylbutanoic acid 35


Following General procedure 6, 34 (45 mg, 0.13 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.06 mL, 0.67 mmol), and
LiOH (6 mg, 0.26 mmol) gave 17 as a colourless oil (16 mg, 73%),
and 35 as a colourless oil (17 mg, 68%); [a]25


D +3.9 (c 0.9 in DCM);
lit.19 [a]25


D +3.9 (c 1.0 in DCM); dH (400 MHz, CDCl3) 1.25 [1H, d,
J 7.2 Hz, C(2)CH3], 1.45 [9H, s, OC(CH3)3], 2.37 [1H, dd, J 16.4,
5.9 Hz, C(3)HA], 2.65 [1H, dd, J 16.4, 8.2 Hz, C(3)HB], 2.86–2.95
[1H, m, C(2)H].


(4R,2′R)-3-(2′-Methyl-3′-phenylpropanoyl)-4-iso-propyl-6,6-
dimethyl-(1,3)-oxazinan-2-one 36


Following General procedure 7, 27 (22 mg, 0.10 mmol) in THF
at −78 ◦C was treated with KHMDS (0.5 M in PhMe, 0.24 mL,
0.12 mmol). After 1 h, BnBr (0.02 mL, 0.15 mmol) was added
and the reaction mixture was stirred at −40 ◦C for 5 h before
work-up. Purification via flash column chromatography (eluent
pentane : Et2O 5 : 1) gave 36 as a colourless oil (24 mg, 78%); [a]21


D


+122.3 (c 1.2 in CHCl3); mmax (film) 1736 (C=Oendo], 1692 (C=Oexo);
dH (400 MHz, CDCl3) 0.77 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B],
0.84 [3H, d, J 6.9 Hz, CH(CH3)A(CH3)B], 1.05 [3H, d, J 6.7 Hz,
C(2′)CH3], 1.36 [3H, s, C(6)(CH3)A], 1.47 [3H, s, C(6)(CH3)B],
1.89–1.94 [2H, m, C(5)H2], 2.18–2.25 [1H, m, CH(CH3)2], 2.56
[1H, dd, J 13.2, 9.0 Hz, C(3′)HA], 3.30 [1H, dd, J 13.2, 5.5 Hz,
C(3′)HB], 3.87–3.94 [1H, m, C(2′)H], 4.45 [1H, app td, J 8.7,
5.6 Hz, C(4)H], 7.17–7.30 (5H, m, Ph); dC (100 MHz, CDCl3)
15.6, 16.6, 18.5, 25.4, 29.7, 30.1, 33.7, 39.8, 40.4, 54.7, 79.5, 126.0,
128.1, 129.2, 139.5, 152.6, 177.9; m/z (ESI+) 340 ([M + Na]+,
100%); HRMS (ESI+) C19H28NO3


+ ([M + H]+) requires 318.2069;
found 318.2070.


(4R,2′R)-3-(2′-Methyl-4′-pentenoyl)-4-iso-propyl-6,6-dimethyl-
(1,3)-oxazinan-2-one 37


Following General procedure 7, 27 (22 mg, 0.10 mmol) in THF
at −78 ◦C was treated with KHMDS (0.5 M in PhMe, 0.24 mL,
0.12 mmol). After 1 h, allyl bromide (0.02 mL, 0.15 mmol) was
added and the reaction mixture was stirred at −40 ◦C for 5 h before


work-up to afford a 50 : 50 mixture of 27 : 37. Purification via flash
column chromatography (eluent pentane : Et2O 5 : 1) gave 37 as a
colourless oil (19 mg, 27%); [a]21


D +163.6 (c 1.0 in CHCl3); mp 40–
41 ◦C (pentane–Et2O); mmax (film) 1736 (C=Oendo), 1691 (C=Oexo);
dH (400 MHz, CDCl3) 0.82 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B],
0.87 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B], 1.09 [3H, d, J 6.8 Hz,
C(2′)CH3], 1.35 [3H, s, C(6)(CH3)A], 1.47 [3H, s, C(6)(CH3)B],
1.88–1.98 [2H, m, C(5)H2], 2.13–2.20 [1H, m, C(3′)HA], 2.23–2.31
[1H, m, CH(CH3)2], 2.56–2.63 [1H, m, C(3′)HB], 3.66–3.74 [1H, m,
C(2′)H], 4.44 [1H, app td, J 8.7, 5.5 Hz, C(4)H], 5.01–5.10 [2H, m,
C(5′)H2], 5.77–5.88 [1H, m, C(4′)H]; dC (100 MHz, CDCl3) 15.7,
17.0, 18.7, 25.4, 29.8, 30.2, 33.7, 38.1, 38.2, 54.8, 79.6, 116.7, 135.8,
152.7, 177.9; m/z (ESI+) 326 ([M + MeCN + NH4]+, 100%), 290
(50); HRMS (ESI+) C15H26NO3


+ ([M + H]+) requires 268.1913;
found 268.1904.


(4R,2′R)-3-(4′-tert-Butoxy-4′-oxo-2′-benzylbutanoyl)-
4-iso-propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 38


Following General procedure 7, 28 (60 mg, 0.20 mmol) in
THF at −78 ◦C was treated with KHMDS (0.5 M in PhMe,
0.50 mL, 0.25 mmol). After 1 h, tert-butyl bromoacetate (0.09 mL,
0.60 mmol) was added. Purification via flash column chromatogra-
phy (eluent pentane : Et2O 10 : 1) gave 38 as a colourless oil (49 mg,
60%); [a]20


D +108.1 (c 1.0 in CHCl3); mmax (film) 1733 (C=Oendo), 1692
(C=Oexo); dH (400 MHz, CDCl3) 0.82–0.86 [6H, m, CH(CH3)2],
1.36 [3H, s, C(6)(CH3)A], 1.45 [12H, s, C(6)(CH3)B and OC(CH3)3],
1.70–1.76 [1H, m, C(5)HA], 1.81–1.91 [1H, m, C(5)HB], 2.27–2.32
[1H, m, CH(CH3)2], 2.36 (1H, dd, J 15.9, 7.3 Hz, CHAHBCO2),
2.70 (1H, dd, J 12.9, 6.3 Hz, CHAHBPh), 2.78 (1H, dd, J 15.9,
6.8 Hz, CHAHBCO2), 2.97 (1H, dd, J 12.9, 8.6 Hz, CHAHBPh),
4.18–4.29 [2H, m, C(4)H and C(2′)H], 7.12–7.29 (5H, m, Ph); dC


(100 MHz, CDCl3) 15.8, 18.7, 28.1, 28.8, 30.0, 30.1, 33.7, 37.9,
38.0, 44.1, 54.9, 79.9, 80.6, 126.1, 128.4, 129.2, 139.2, 152.6, 170.7,
175.8; m/z (ESI+) 476 ([M + MeCN + NH4]+, 100%), 418 (55);
HRMS (ESI+) C24H36NO5


+ ([M + H]+) requires 418.2593; found
418.2600.


(4R,2′S)-3-(2′-Methyl-3′-phenylpropanoyl)-4-iso-propyl-6,6-
dimethyl-(1,3)-oxazinan-2-one 39


Following General procedure 7, 28 (50 mg, 0.16 mmol) in THF
at −78 ◦C was treated with KHMDS (0.5 M in PhMe, 0.40 mL,
0.21 mmol). After 1 h, MeI (0.02 mL, 0.33 mmol) was added and
the reaction mixture was stirred at −40 ◦C for 5 h before work-up
to give a 15 : 85 mixture of 28 : 39 respectively. Purification via
flash column chromatography (eluent pentane : Et2O 10 : 1) gave
39 as a pale yellow oil (20 mg, 38%); [a]20


D +207.0 (c 1.0 in CHCl3);
mmax (film) 1736 (C=Oendo), 1690 (C=Oexo); dH (400 MHz, CDCl3)
0.80 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B], 0.85 [3H, d, J 6.9 Hz,
CH(CH3)A(CH3)B], 1.34 [3H, s, C(6)(CH3)A], 1.36 [3H, d, J 6.8 Hz,
C(2′)CH3], 1.57 [3H, s, C(6)(CH3)B], 1.67 [1H, dd, J 13.9, 8.8 Hz,
C(5)HA], 1.79 [1H, dd, J 13.9, 8.3 Hz, C(5)HB], 2.23–2.32 [1H, m,
CH(CH3)2], 2.65 [1H, dd, J 13.1, 4.8 Hz, C(3′)HA], 3.02 [1H, dd, J
13.1, 10.1 Hz, C(3′)HB], 3.66–3.74 [1H, m, C(2′)H], 4.21 [1H, app
td, J 8.4, 6.1 Hz, C(4)H], 7.10–7.23 (5H, m, Ph); dC (100 MHz,
CDCl3) 14.0, 16.4, 19.0, 25.4, 29.8, 30.3, 33.8, 40.3, 42.6, 54.6, 79.8,
126.2, 128.3, 129.1, 139.6, 155.4, 175.3; m/z (ESI+) 376 ([M +
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MeCN + NH4]+, 100%), 340 (95); HRMS (ESI+) C19H28NO3
+


([M + H]+) requires 318.2069; found 318.2063.


(R)-2-Methyl-3-phenylpropanoic acid 40


Following General procedure 6, 36 (23 mg, 0.07 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.04 mL, 0.36 mmol),
and LiOH (4 mg, 0.15 mmol) gave 17 as a colourless oil (12 mg,
quantitative), and 40 as a colourless oil (12 mg, quantitative);
[a]20


D −21.6 (c 0.8 in CHCl3); lit.20 [a]20
D −23.1 (c 1.0 in CHCl3); dH


(400 MHz, CDCl3) 1.19 [3H, d, J 6.9 Hz, C(2)CH3], 2.65–2.71
[1H, m, C(3)HA], 2.73–2.82 [1H, m, C(2)H], 3.07–3.12 [1H, m,
C(3)HB], 7.19–7.37 (5H, m, Ph).


(R)-4-(tert-Butoxy)-4-oxo-2-benzylbutanoic acid 41


Following General procedure 6, 38 (45 mg, 0.11 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.05 mL, 0.54 mmol),
and LiOH (5 mg, 0.22 mmol) gave 17 as a colourless oil (18 mg,
quantitative), and 41 as a colourless oil (28 mg, quantitative);
[a]20


D +7.7 (c 1.0 in DCM); lit.19 [a]25
D +7.1 (c 1.0 in DCM); dH


(400 MHz, CDCl3) 1.42 [9H, s, OC(CH3)3], 2.35 [1H, dd, J 16.8,
4.2 Hz, C(3)HA], 2.56 [1H, dd, J 16.8, 8.7 Hz, C(3)HB], 2.77 (1H,
dd, J 15.4, 10.6 Hz, CHAHBPh), 3.09–3.14 [2H, m, C(2)H and
CHAHBPh], 7.18–7.33 (5H, m, Ph).


(S)-2-Methyl-3-phenylpropanoic acid 42


Following General procedure 6, 39 (20 mg, 0.06 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.03 mL, 0.32 mmol),
and LiOH (3 mg, 0.12 mmol) gave 17 as a colourless oil (11 mg,
quantitative), and 42 as a colourless oil (10 mg, quantitative);
[a]25


D +26.8 (c 0.6 in CHCl3); lit.21 [a]25
D +25.5 (c 1.0 in CHCl3); dH


(400 MHz, CDCl3) 1.19 [3H, d, J 6.9 Hz, C(2)CH3], 2.66–2.71
[1H, m, C(3)HA], 2.74–2.83 [1H, m, C(2)H], 3.07–3.12 [1H, m,
C(3)HB], 7.19–7.32 (5H, m, Ph).


(4R,2′R,3′R)- and (4R,2′S,3′R)-3-(2′-Methyl-3′-hydroxy-3′-
phenylpropanoyl)-4-phenyl-6,6-dimethyl-(1,3)-oxazinan-2-one 44
and 45


Following General procedure 8, 26 (75 mg, 0.29 mmol) in DCM
(0.2 M) at 0 ◦C, TiCl4 (0.03 mL, 0.30 mmol), DIPEA (0.05 mL,
0.32 mmol) and benzaldehyde (distilled from CaH2, 0.03 mL,
0.32 mmol) at −78 ◦C gave a 25 : 56 : 19 mixture of 26 : 44 : 45
respectively. Purification via flash column chromatography (eluent
pentane : Et2O 6 : 1) gave a 76 : 24 mixture of 44 : 45 as a colourless
oil (first to elute, 49 mg, 47%) and 44 as a colourless oil (second to
elute, 25 mg, 24%).


Data for 44: [a]21
D +82.8 (c 1.0 in CHCl3); mmax (film) 3508 (O–


H, br), 1731 (C=O); dH (400 MHz, CDCl3) 1.00 [3H, d, J 7.0,
C(2′)CH3], 1.44 [3H, s, C(6)(CH3)A], 1.51 [3H, s, C(6)(CH3)B], 2.12
[1H, dd, J 14.5, 11.0 Hz, C(5)HA], 2.39 [1H, dd, J 14.5, 7.5 Hz,
C(5)HB], 2.98 (1H, br s, OH), 4.16 [1H, qd, J 7.0, 2.4 Hz, C(2′)H],
5.19 [1H, d, J 2.4 Hz, C(3′)H], 5.32 [1H, dd, J 11.0, 7.5 Hz,
C(4)H], 7.22–7.38 (10H, m, Ph); dC (100 MHz, CDCl3) 10.2, 24.3,
29.1, 43.1, 45.8, 56.0, 72.7, 80.0, 125.1, 126.1, 127.1, 127.6, 128.0,
129.0, 141.1, 142.0, 151.9, 178.7; m/z (ESI+) 426 ([M + MeCN +
NH4]+, 100%), 390 (40); HRMS (ESI+) C22H26NO4


+ ([M + H]+)
requires 368.1862; found 368.1875.


(4R,2′R,3′R)-3-(2′-Methyl-3′-hydroxy-3′-phenylpropanoyl)-
4-iso-propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 46


Following General procedure 8, 27 (72 mg, 0.32 mmol) in DCM
(0.3 M) at 0 ◦C, TiCl4 (0.04 mL, 0.33 mmol), DIPEA (0.06 mL,
0.35 mmol) and benzaldehyde (distilled from CaH2, 0.04 mL,
0.35 mmol) at −78 ◦C gave a 27 : 73 mixture of 27 : 46 respectively.
Purification via flash column chromatography (eluent pentane :
Et2O 6 : 1) gave 46 as a white solid (67 mg, 64%); mp 93–
94 ◦C; [a]21


D +148.3 (c 1.0 in CHCl3); mmax (KBr) 3492 (O–H), 1735
(C=O), 1693 (C=O); dH (400 MHz, CDCl3) 0.83 [3H, d, J 6.8 Hz,
CH(CH3)A(CH3)B], 0.88 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B],
1.01 [3H, d, J 7.0 Hz, C(2′)CH3], 1.36 [3H, s, C(6)(CH3)A], 1.48
[3H, s, C(6)(CH3)B], 1.90–2.00 [2H, m, C(5)H2], 2.26–2.34 [1H,
m, CH(CH3)2], 3.44 (1H, br s, OH), 4.04 [1H, qd, J 7.0 Hz, 2.9,
C(2′)H], 4.43 [1H, app td, J 8.7, 5.5 Hz, C(4)H], 5.28 [1H, d, J
2.9 Hz, C(3′)H], 7.22–7.45 (5H, m, Ph); dC (100 MHz, CDCl3)
10.7, 15.6, 18.6, 25.4, 29.8, 30.4, 33.6, 44.8, 55.1, 73.2, 80.1, 126.2,
127.2, 128.0, 141.3, 152.8, 178.3; m/z (ESI+) 356 ([M + Na]+,
100%); HRMS (ESI+) C19H28NO4


+ ([M + H]+) requires 334.2018;
found 334.2026.


X-Ray crystal structure determination for 46. 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.32


X-Ray crystal structure data for 46 [C19H27NO4]: M = 333.42,
monoclinic, space group C121, a = 17.9151(5), b = 9.5994(3), c =
12.1722(4) Å, b = 119.6642(13)◦, V = 1819.0(1) Å3, Z = 4, l =
0.085 mm−1, colourless block, crystal dimensions = 0.1 × 0.1 ×
0.1 mm. A total of 2192 unique reflections were measured for 5 <


h < 27 and 1765 reflections were used in the refinement. The final
parameters were wR2 = 0.037 and R1 = 0.032 [I > 2.0r(I)].


CCDC reference number 280053. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b604073j.


(4R,2′R,3′R)-3-[2′-Methyl-3′-hydroxy-3′-(p-methoxyphenyl)-
propanoyl]-4-iso-propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 47


Following General procedure 8, 27 (75 mg, 0.33 mmol) in DCM
(0.3 M) at 0 ◦C, TiCl4 (0.04 mL, 0.35 mmol), DIPEA (0.06 mL,
0.36 mmol) and p-methoxybenzaldehyde (distilled from CaH2,
0.04 mL, 0.36 mmol) at −78 ◦C gave a 41 : 59 mixture of 27 : 47
respectively. Purification via flash column chromatography (eluent
pentane : Et2O 3 : 1) gave 47 as an orange oil (65 mg, 54%);
[a]20


D +110.7 (c 1.0 in CHCl3); mmax (film) 3446 (O–H, br), 1733
(C=O), 1694 (C=O); dH (400 MHz, CDCl3) 0.83 [3H, d, J 6.8 Hz,
CH(CH3)A(CH3)B], 0.88 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B], 1.02
[3H, d, J 7.0 Hz, C(2′)CH3], 1.37 [3H, s, C(6)(CH3)A], 1.49 [3H, s,
C(6)(CH3)B], 1.96 [2H, app dd, J 8.8, 3.3 Hz, C(5)H2], 2.26–2.34
[1H, m, CH(CH3)2], 3.36 (1H, br s, OH), 3.81 (3H, s, OCH3), 4.01
[1H, qd, J 7.0, 3.1 Hz, C(2′)H], 4.44 [1H, app td, J 8.8, 5.4 Hz,
C(4)H], 5.22 [1H, d, J 3.1 Hz, C(3′)H], 6.88 (2H, app d, J 8.8 Hz,
Ar), 7.37 (2H, app d, J 8.4 Hz, Ar); dC (100 MHz, CDCl3) 10.8,
15.5, 18.5, 25.3, 29.7, 30.3, 33.6, 44.8, 54.9, 55.1, 72.9, 79.9, 113.3,
127.3, 133.4, 152.7, 158.7, 178.2; m/z (ESI+) 422 ([M + MeCN +
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NH4]+, 100%), 386 (70); HRMS (ESI+) C20H29NNaO5
+ ([M +


Na]+) requires 386.1943; found 386.1946.


(4R,2′R,3′R)-3-(2′-Methyl-3′-hydroxy-3′-(p-nitrophenyl)-
propanoyl)-4-iso-propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 48


Following General procedure 8, 27 (70 mg, 0.31 mmol) in DCM
(0.3 M) at 0 ◦C, TiCl4 (0.04 mL, 0.32 mmol), DIPEA (0.06 mL,
0.34 mmol) and p-nitrobenzaldehyde (distilled from CaH2, 51 mg,
0.34 mmol) at −78 ◦C gave a 57 : 43 mixture of 27 : 48 respectively.
Purification via flash column chromatography (eluent pentane :
Et2O 3 : 1) gave 48 as a yellow oil (23 mg, 20%); [a]20


D +123.8 (c
1.0 in CHCl3); mmax (film) 3453 (O–H), 1732 (C=O), 1696 (C=O);
dH (400 MHz, CDCl3) 0.87 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B],
0.92 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B], 0.96 [3H, d, J 7.1 Hz,
C(2′)CH3], 1.38 [3H, s, C(6)(CH3)A], 1.50 [3H, s, C(6)(CH3)B],
1.94–2.04 [2H, m, C(5)H2], 2.32–2.39 [1H, m, CH(CH3)2], 3.73
(1H, br s, OH), 4.03 [1H, qd, J 7.0, 2.5 Hz, C(2′)H], 4.43 [1H, app
td, J 8.7, 5.5 Hz, C(4)H], 5.38 [1H, d, J 2.5 Hz, C(3′)H], 7.64 (2H,
d, J 8.8 Hz, Ar), 8.21 (2H, d, J 8.8 Hz, Ar); dC (100 MHz, CDCl3)
10.4, 15.6, 18.7, 25.4, 29.8, 30.4, 33.6, 44.4, 55.4, 72.5, 80.5, 123.3,
127.1, 147.2, 148.7, 153.0, 177.7; m/z (ESI+) 401 ([M + Na]+,
60%); HRMS (ESI+) C19H27N2O6


+ ([M + H]+) requires 379.1869;
found 379.1873.


(4R,2′R,3′S)-3-(2′-Methyl-3′-hydroxypentanoyl)-4-iso-propyl-6,6-
dimethyl-(1,3)-oxazinan-2-one 49


Following General procedure 8, 27 (52 mg, 0.23 mmol) in
DCM (0.2 M) at 0 ◦C, TiCl4 (0.03 mL, 0.24 mmol), DIPEA
(0.04 mL, 0.25 mmol) and propanal (distilled from CaH2, 0.02 mL,
0.25 mmol) at −78 ◦C gave a 37 : 63 mixture of 27 : 49 respectively.
Purification via flash column chromatography (eluent pentane :
Et2O 3 : 1) gave 49 as a colourless solid (38 mg, 58%); mp 65–
67 ◦C; [a]24


D +156.5 (c 1.0 in CHCl3); mmax (film) 3467 (O–H), 1736
(C=O), 1686 (C=O); dH (400 MHz, CDCl3) 0.84 [3H, d, J 6.8 Hz,
CH(CH3)A(CH3)B], 0.89 [3H, d, J 7.0 Hz, CH(CH3)A(CH3)B], 0.99
[3H, t, J 7.4 Hz, C(5′)H3], 1.10 [3H, d, J 7.1 Hz, C(2′)CH3],
1.37 [3H, s, C(6)(CH3)A], 1.40–1.46 [1H, m, C(4′)HA], 1.48 [3H, s,
C(6)(CH3)B], 1.49–1.60 [1H, m, C(4′)HB], 1.90–2.00 [2H, m,
C(5)H2], 2.26–2.37 [1H, m, CH(CH3)2], 3.78 [1H, qd, J 7.1, 2.6 Hz,
C(2′)H], 3.91–3.95 [1H, m, C(3′)H], 4.41 [1H, app td, J 8.7, 5.5 Hz,
C(4)H); dC (100 MHz, CDCl3) 10.5, 10.8, 15.7, 18.7, 25.4, 26.5,
29.8, 30.4, 33.7, 42.2, 55.0, 73.2, 80.1, 153.0, 178.8; m/z (ESI+) 344
([M + MeCN + NH4]+, 100%); HRMS (ESI+) C15H28NO4


+ ([M +
H]+) requires 286.2018; found 286.2013.


(4R,2′R,3′S)-3-(2′,4′-Dimethyl-3′-hydroxypentanoyl)-4-iso-propyl-
6,6-dimethyl-(1,3)-oxazinan-2-one 50


Following General procedure 8, 27 (50 mg, 0.22 mmol) in
DCM (0.2 M) at 0 ◦C, TiCl4 (0.03 mL, 0.23 mmol), DIPEA
(0.04 mL, 0.24 mmol) and iso-butyraldehyde (distilled from CaH2,
0.02 mL, 0.24 mmol) at −78 ◦C gave a 41 : 59 mixture of 27 :
50 respectively. Purification via flash column chromatography
(eluent pentane : Et2O 3 : 1) gave 50 as a colourless solid
(30 mg, 45%); mp 85–86 ◦C; [a]24


D +136.4 (c 1.0 in CHCl3); mmax


(KBr) 3458 (O–H), 1738 (C=O), 1681 (C=O); dH (400 MHz,
CDCl3) 0.85 [3H, d, J 6.8 Hz, C(4)CH(CH3)A(CH3)B], 0.89 [3H,
d, J 7.0 Hz, C(4)CH(CH3)A(CH3)B], 0.91 [3H, d, J 6.8 Hz,


C(4′)(CH3)A(CH3)B], 1.06 [3H, d, J 6.5 Hz, C(4′)(CH3)A(CH3)B],
1.10 [3H, d, J 7.1 Hz, C(2′)CH3], 1.38 [3H, s, C(6)(CH3)A], 1.48
[3H, s, C(6)(CH3)B], 1.67–1.75 [1H, m, C(4′)H], 1.91–2.01 [2H, m,
C(5)H2], 2.27–2.36 [1H, m, C(4)CH(CH3)2], 3.65 [1H, dd, J 8.8,
2.2 Hz, C(3′)H], 3.97 [1H, qd, J 7.1, 2.2 Hz, C(2′)H], 4.42 [1H,
app td, J 8.7, 5.5 Hz, C(4)H); dC (100 MHz, CDCl3) 10.2, 15.6,
18.6, 18.7, 19.4, 25.4, 29.7, 30.3, 30.7, 33.6, 39.9, 55.0, 76.5, 79.9,
152.6, 179.4; m/z (ESI+) 322 ([M + Na]+, 100%); HRMS (ESI+)
C16H30NO4


+ ([M + H]+) requires 300.2175; found 300.2170.


X-Ray crystal structure determination for 50. 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.32


X-Ray crystal structure data for 50 [C16H29NO4]: M = 299.41,
triclinic, space group P1, a = 8.8735(2), b = 9.7635(3), c =
11.2480(3) Å, a = 89.749(2), b = 79.982(2), c = 64.9723(11)◦,
V = 866.90(4) Å3, Z = 2, l = 0.081 mm−1, colourless plate, crystal
dimensions = 0.05 × 0.05 × 0.1 mm. A total of 3878 unique
reflections were measured for 5 < h < 27 and 3145 reflections were
used in the refinement. The final parameters were wR2 = 0.038
and R1 = 0.037 [I > 2.0r(I)].


CCDC reference number 280054. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b604073j.


(4R,2′R,3′R)-3-(2′,4′,4′-Trimethyl-3′-hydroxypentanoyl)-4-iso-
propyl-6,6-dimethyl-(1,3)-oxazinan-2-one 51


Following General procedure 8, 27 (60 mg, 0.26 mmol) in DCM
(0.3 M) at 0 ◦C, TiCl4 (0.03 mL, 0.28 mmol), DIPEA (0.05 mL,
0.29 mmol), and pivalaldehyde (distilled from CaH2, 0.03 mL,
0.29 mmol) at −78 ◦C gave an 85 : 15 mixture of 27 : 51 respectively.
Purification via flash column chromatography (eluent pentane:
Et2O 4:1) gave 51 as a colourless oil (10 mg, 12%); [a]18


D +131.6 (c
0.5 in CHCl3); mmax (film) 3521 (O–H), 1735 (C=O), 1689 (C=O);
dH (400 MHz, CDCl3) 0.84 [3H, d, J 6.8 Hz, CH(CH3)A(CH3)B],
0.88 [3H, d, J 7.1 Hz, CH(CH3)A(CH3)B], 0.99 [9H, s, C(CH3)3],
1.15 [3H, d, J 7.1 Hz, C(2′)CH3], 1.38 [3H, s, C(6)(CH3)A], 1.48
[3H, s, C(6)(CH3)B], 1.93–1.96 [2H, m, C(5)H2], 2.28–2.36 [1H,
m, CH(CH3)2], 3.75 [1H, d, J 3.3 Hz, C(3′)H], 4.11 [1H, qd, J
7.1, 3.3 Hz, C(2′)H], 4.39 [1H, app td, J 8.8, 5.4 Hz, C(4)H); dC


(100 MHz, CDCl3) 13.3, 15.6, 18.7, 25.4, 26.8, 29.8, 30.2, 33.6,
39.1, 55.1, 77.9, 79.9, 80.0, 153.1, 173.5; m/z (ESI+) 372 ([M +
MeCN + NH4]+, 100%), 336 (60); HRMS (ESI+) C17H32NO4


+


([M + H]+) requires 314.2331; found 314.2331.


(2R,3R)-2-Methyl-3-hydroxy-3-phenylpropanoic acid 53


Following General procedure 6, 46 (60 mg, 0.18 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.09 mL, 0.90 mmol),
and LiOH (9 mg, 0.36 mmol) gave 17 as a colourless oil (31 mg,
quantitative), and 53 as a colourless oil (32 mg, quantitative);
[a]22


D +28.5 (c 1.0 in CHCl3); lit.28 [a]20
D +28.5 (c 1.2 in CHCl3);


dH (400 MHz, CDCl3) 1.16 [3H, d, J 7.2 Hz, C(2)CH3], 2.84–
2.90 [1H, m, C(2)H], 5.19 [1H, d, J 3.9 Hz, C(3)H], 7.29–7.38
(5H, m, Ph).
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(2R,3R)-2-Methyl-3-hydroxy-3-(p-methoxyphenyl)propanoic acid
54


Following General procedure 6, 47 (60 mg, 0.17 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.08 mL, 0.83 mmol),
and LiOH (8 mg, 0.33 mmol) gave 17 as a colourless oil (28 mg,
quantitative), and 54 as a colourless oil (35 mg, quantitative);33


[a]22
D +19.2 (c 1.0 in CHCl3); dH (400 MHz, CDCl3) 1.16 [3H, d, J


7.2 Hz, C(2)CH3], 2.78–2.84 [1H, m, C(2)H], 3.81 (3H, s, OCH3),
5.10 [1H, d, J 4.2 Hz, C(3)H], 6.89 (2H, d, J 8.6 Hz, Ar), 7.28 (2H,
d, J 8.5 Hz, Ar).


(2R,3R)-2-Methyl-3-hydroxy-3-(p-nitrophenyl)propanoic acid 55


Following General procedure 6, 48 (20 mg, 0.05 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.03 mL, 0.26 mmol),
and LiOH (3 mg, 0.10 mmol) gave 17 as a colourless oil (9 mg,
quantitative), and 55 as a colourless oil (12 mg, quantitative);34


[a]22
D +18.3 (c 0.6 in CHCl3); dH (400 MHz, CDCl3) 1.13 [3H, d, J


7.2 Hz, C(2)CH3], 2.84–2.90 [1H, m, C(2)H], 5.33 [1H, d, J 2.9 Hz,
C(3)H], 7.56 (2H, d, J 8.6 Hz, Ar), 8.24 (2H, d, J 8.5 Hz, Ar).


(2R,3S)-2-Methyl-3-hydroxypentanoic acid 56


Following General procedure 6, 49 (35 mg, 0.11 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.06 mL, 0.61 mmol),
and LiOH (6 mg, 0.25 mmol) gave 17 as a colourless oil (21 mg,
quantitative), and 56 as a colourless oil (15 mg, 94%); [a]22


D −4.0
(c 0.8 in CHCl3); lit.29 [a]23


D −4.1 (c 1.7 in CHCl3); dH (400 MHz,
CDCl3) 0.99 [3H, t, J 7.4 Hz, C(5)H3], 1.21 [3H, d, J 7.2 Hz,
C(2)CH3], 1.44–1.60 [2H, m, C(4)H2], 2.61–2.65 [1H, m, C(2)H],
3.87–3.91 [1H, m, C(3)H].


(2R,3S)-2,4-Dimethyl-3-hydroxypentanoic acid 57


Following General procedure 6, 50 (30 mg, 0.10 mmol) in THF–
H2O (v : v, 3 : 1, 4 mL) at 0 ◦C, H2O2 (0.05 mL, 0.50 mmol),
and LiOH (5 mg, 0.20 mmol) gave 17 as a colourless oil (17 mg,
quantitative), and 57 as a colourless oil (14 mg, quantitative);
[a]22


D +11.3 (c 0.7 in CHCl3); lit.30 [a]20
D +10.5 (c 0.1 in CHCl3);


dH (400 MHz, CDCl3) 0.90 [3H, d, J 6.7 Hz, C(4)(CH3)A], 1.03
[3H, d, J 6.5 Hz, C(4)(CH3)B], 1.22 [3H, d, J 7.1 Hz, C(2)CH3],
1.69–1.77 [1H, m, C(4)H], 2.70–2.76 [1H, m, C(2)H], 3.64 [1H,
dd, J 8.3, 3.3, C(3)H].
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Stereochemistry is information, and stereoselective reactions are the means by which that information
may be communicated within and between molecules. The control of remote stereogenic centres can be
achieved by stereochemical relay, and the use of thermodynamic control over conformational
preference is turning out to be a very powerful method for long-range transmission of stereochemical
information.


Introduction


Stereoselective synthesis, which aims to control relative and
absolute configuration at new stereogenic centres, has been a
remarkable success story.1 The award, in 2001, of a Nobel Prize
to three of the founding thinkers in the area of asymmetric
catalysis2 confirmed as one of the great achievements of late 20th


century chemistry the science of stereoselectivity. Stereochemistry
is information – binary information – and stereochemical control,
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mediated by stereoselective reactions, can be seen as a chemical
means of information transfer – of communication of information.
The reliability of the communication depends on a handful of
interrelated factors, but it is clear that stereocontrol is best when
proximity and rigidity are features of the reaction sites and
molecules involved: it has long been a stereochemical tenet that
flexible acyclic molecules provide generally poor substrates for
stereoselective reactions.


The need for stereoselective reactions to take place close to
the stereocontrolling influence in general limits the distance
through which stereocontrol can take place to some four or five
bond lengths. The communication of stereochemistry over greater
distances than this is generally described as remote stereocontrol, or
remote asymmetric induction.3 Stereocontrol apparently reaching
over distances of up to 12 or 13 bond lengths has been achieved by
using a metal ion to grab a remote reaction site and bring it into
temporary proximity with a stereocontrolling influence.4 But stere-
ocontrol at a reaction site truly distant in space generally requires
specific structural features to allow stereochemical information to
be relayed – “unrelayed” 1,5-stereocontrol with a selectivity of 90 :
10 has been described as “remarkable”.5


Stereochemical relays may take the form of temporary stere-
ogenic centres, which bridge the gap between the two reac-
tion sites. For example, Paterson’s intermediate 3 en route to
ebelactone6 contains a 1,5-relationship between an isolated stere-
ogenic centre and its nearest neighbour. After first setting up
a proximal 1,2-relationship in 2 using a stereoselective aldol
reaction of 1, a stereospecific Ireland–Claisen [3,3]-sigmatropic
rearrangement expands the 1,2-relationship to a 1,5-relationship
(Scheme 1).


The “temporary” stereogenic centre need not be present in
an isolable synthetic intermediate, but instead might be formed
transiently at some point along the overall reaction pathway.
Thomas7 has achieved up to 1,7-stereocontrol in alkenes such
as 6 using this strategy: the tin-bearing centre in the inter-
mediate 5 is under the control of the hydroxyl group by
virtue of tin–oxygen coordination within a six-membered ring
(Scheme 2).


Scheme 3 shows both strategies combined: the strategy of
Scheme 2 controls the 1,7-relationship in 7 which is extended,
by the strategy of Scheme 1, to a 1,9-relationship in 8.7
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Scheme 1 Stereospecific rearrangement as a means of relaying
stereochemistry.


Scheme 2 Relaying stereochemistry through a transient stereogenic
centre.


Scheme 3 Extending a remote stereochemical relationship.


A more subtle means of achieving stereocontrol from a distance
makes use of a controlling centre to orientate not temporary
configuration but simply to bias the conformation of that part of the
molecule lying between the reaction site and controlling influence.
Still very elegantly demonstrated the power of such methods
for stereocontrol where the conformation of a macrocyclic ring
relays the stereochemistry.8 A conformational relay effect accounts
for the protecting group dependence of the stereoselectivity
exhibited by alkylation reactions of the phenylmorpholinones
9 (Scheme 4).9 Changing the planar N-Boc protecting group
of 10a to the conformationally mobile N-benzyl group of 10b
inverts the 1,3-diastereoselectivity in the alkylation of 12, the
sodium enolate of 9. The Boc group is stereochemically inert,
and an “inherent” anti stereoselectivity is observed in reactions
of 12a. However, in 12b the steric interaction between the phenyl-
bearing centre and the N-benzyl group forces the benzyl group
onto the top face of the molecule, and favours alkylation from


Scheme 4 Relay via an N-benzyl group.


the bottom face. The N-benzyl group of 12b facilitates the
relay of stereochemical information from the old centre to the
new.


In the alkylations of diketopiperazines 13, a switch of protecting
group from conformationally inconsequential N–Me to confor-
mationally powerful N–p-methoxybenzyl by contrast enhances
selectivity (Scheme 5).10 While 13a (R = H) is alkylated with
2 : 1 diastereoselectivity, 13b (R = p-MeOPh) is alkylated with
diastereoselectivity of 30 : 1. Modelling suggests that the enolate 16
derived from 13b adopts a conformation (Scheme 5) in which steric
repulsion between the adjacent isopropyl and p-methoxybenzyl
group favours conformations with this group lying anti to the
isopropyl group. In turn, this N-substituent pushes the second
N-substituent onto the bottom face, directing the electrophile
to approach the enolate from above. Effectively, stereochemical
information is relayed via both benzyl groups to the reacting
centre.


Scheme 5 Stereochemical relay via two N–PMB groups.


Renaud has developed a related concept11 in which stereo-
chemistry is relayed from a chiral catalyst to a relatively distant
reaction centre through the conformation of an intervening bond
(Scheme 6).12 The agent of the relay takes the form of an “achiral
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Scheme 6 Stereochemical relay through a transient N–CO axis.


auxiliary”, an oxazolidinone derivative of 2-aminophenol. Com-
plexation of chiral Lewis acid MgBr2·19 to acryloyl oxazolidinone
17 is proposed to favour one of the two diastereoisomeric
conformations 20 about the exocyclic N–CO bond, and indeed
increasing the size of R from H through Me, Et, Bn and PMB
gave a corresponding increase in product enantiomeric ratio (er)13


from 57 : 43 to 94 : 6 as the differentiation between the faces of the
acrylamide is increased.


In related reactions of 21, a temporary, labile (i.e. kinetically
unstable) stereogenic nitrogen centre relays stereochemistry from
the chiral catalyst to a reaction centre (Scheme 7).11,14 The “achiral
auxiliary” in this case is a pyrazolidinone, readily available by
the conjugate addition of hydrazine to 3,3-dimethylacrylate. The


Scheme 7 Stereochemical relay through a transient stereogenic centre
at N.


synthesis allows for easy variation of the substituent R, and the
results suggest that this group R has an important role to play
in relaying the effect of the chiral Lewis acid to the reaction site:
the bigger the group R the higher the selectivity. The tetrahedral
N atom inverts rapidly, but in the presence of a chiral Lewis
acid it prefers one of the two configurations shown as 24a or
24b, converting the achiral (or prochiral) auxiliary into a chiral
auxiliary. The chiral ligand biases the stereochemistry at N which
in turn, being relatively close to the reaction centre, controls the
face-selectivity of the Diels–Alder reaction.


A similar effect is evident in the conjugate addition of nucle-
ophiles to 21 in the presence of chiral magnesium Lewis acids.15


Introducing larger N-substituents R apparently turns on the relay
effect.


Relays of stereochemical information from chiral catalysts have
an inbuilt drawback: the catalyst must activate the reaction
centre and therefore interact with it in some way: the source
of asymmetry can never be truly removed spatially from its
effect.


Unlike in Schemes 1 and 2, the stereochemical features proposed
to give rise to the observed relay effects in Schemes 3–7 have
a lifetime which is short on the laboratory timescale (though
presumably long relative to the half-life of the reaction itself16,17).
For example, although they have features of a chiral axis, the
N–CH2Ar bonds of 12b and 16 and the N–CO bonds of 20
are not atropisomeric at the temperature of the reaction – in
other words their chirality relies solely on the thermodynamic
influence of a nearby centre, not on a kinetic barrier to bond
rotation. The evidence that a true relay effect is involved is
therefore necessarily circumstantial – the dependence of the level
of stereoselectivity in the reactions on the presence or absence
of certain proposed stereochemical features. While the result of
these reactions is not in doubt, it has not yet proved possible in
these systems to study spectroscopically the conformation and
stereodynamics of the bonds concerned. Scheme 8 illustrates
schematically the various possibilities for achieving stereochemical
relay.


The idea of temporarily storing information in an atropisomeric
bond (i.e. one with kinetically stable stereochemistry which is not
labile on the timescale of the reaction, and which for example can
be studied by low temperature NMR techniques) was expanded
by Curran18 into the concept of “prochiral auxiliaries”. Curran
envisaged that atropisomeric stereochemistry generated under
kinetic control would subsequently relay stereocontrol to further
centres in a substrate. The idea has never been fully realised
in its original form, and the most significant recent develop-
ments in the use of temporary atropisomeric chirality to relay
stereochemical information have made use of thermodynamic
rather than kinetic control over the temporarily stereogenic
bond.


Kawabata and Fuji have shown that appropriately protected
amino acids 25 may be alkylated apparently with retention of
configuration via the hindered enolate 26 (Scheme 9).19 Extensive
kinetic investigations have shown the origin of this “through
time” relay effect (generally termed “chiral memory”,20 and to
be contrasted with the “through space” relays above) is the
conformation of the starting amide, coupled with the kinetic
stability of the atropisomeric intermediate enolate. As the enolate
26 is formed from what semi-empirical calculations suggest to be
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Scheme 8 Kinetic and thermodynamic control in strategies for stereo-
chemical relay. A and B represent two alternative stereo- or conformational
isomers of the centre or bond facilitating the relay, in which one is more
highly populated than the other due to either kinetic or thermodynamic
control. A and B may or may not interconvert on the laboratory time-
scale.


Scheme 9 Chiral memory – stereochemical relay through time.


the major conformer of 25, the preferred orientation of its NR2


group persists. Because C–N bond rotation is slow, and alkylation
of the atropisomeric enolate is diastereoselective, the product 27
is formed largely retentively (90 : 10 er). Thus thermodynamic
control over conformation is trapped and given kinetic stability by
the formation of the atropisomeric (at low temperature) enolate
26, whose axial configuration persists even once the original
controlling centre has disappeared.19,21


Being very fast, radical reactions can often display chiral
memory effects, and Curran has reported a reaction in which


comparison of the temperature dependence of the stereoselectivity
and of the starting conformer distribution suggests that both chiral
memory and chiral relay effects are in operation (Scheme 10).17


The stereogenic centre of 28 biases the population of the two
amide conformers in such a way that radical cyclisation gives
principally 30a rather than 30b. At low temperature the radicals
29 cyclise faster than they can interconvert, and while there
is some stereochemical leakage from 29b to 30a the product
ratio is largely the result of the ratio of conformers of 28. The
importance of the axis in relaying stereochemistry is evident in
related reactions of resolved M-31 which gives 32 with 90% stereo-
specificity.22


Scheme 10 Chiral memory in radical cyclisations.


Our own work23,24 has established the surprising ease with
which stereogenic centres placed adjacent to certain functional
groups – in particular tertiary aromatic amides such as 33 – are
able to govern their orientation, often with very high degrees
of conformational control. Scheme 11 summarises some of the
substituents which display this ability, notably sulfoxides such as
36, which give rise to conformational ratios about Ar–CO of up
to 200 : 1.25


The relatively slow rate of rotation about bonds in aromatic
amides26 meant that we have been able to quantify conformational
ratios by NMR, and we have used the ability of a stereogenic
centre to control the orientation of a functional groups as a
means of synthesising new classes of non-biaryl atropisomers
enantioselectively.27,28 However, given that we were also well
aware that atropisomeric amide axes are able to control the
formation of new stereogenic centres,29,30 it occurred to us that
by placing these two aspects of stereoselectivity in series we
could use a rotationally restricted amide as a means of relaying
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Scheme 11 Typical conformational ratios in tertiary amides bearing adjacent stereogenic centres.


stereochemical information (Scheme 12). The sulfoxide group
of 36 is introduced straightforwardly by quenching the lithiated
amide (±)-34 with Andersen’s menthyl sulfinate 35. The sulfoxide
is then removed by sulfoxide–lithium exchange, and like the enolate
26, organolithium M-34 retains its absolute stereochemistry at
least over a period of minutes at low temperature, long enough
to relay its stereochemistry to the new stereogenic centre of 37.
Lactonisation gave ent-O-methylisoochracein 38 in 92 : 8 er.31


Amide conformation can be used as a means of relaying
stereochemical information through space as well as time. Our
first spatial stereochemical relay24,32 used the racemic silane 39, in


Scheme 12 Chiral memory via the Ar–CO axis of a tertiary aromatic
amide.


which steric effects impose an 88 : 12 conformational preference
on the amide (quantified by NMR in CDCl3 at room temperature),
to synthesise the meso amide 41 (Scheme 13). The lithio derivative
of 40 has low kinetic stability on the laboratory timescale, even
at low temperature,33 but the persisting conformational influence
of the adjacent silyl-bearing centre ensures the success of the
relay.


Scheme 13 1,5-Stereochemical relay through an amide axis.


A reliable source of conformational control over aromatic
amides, and one which is easily introduced in enantiomerically
pure form, is the (−)-ephedrine-derived oxazolidine featured in
44. It was known that condensation of an aromatic aldehyde
with (−)-ephedrine 43 leads preferentially to one of the two
possible diastereoisomeric oxazolidines.34 Intriguingly, though, an
adjacent amide will adjust its conformation to ensure that the
oxygen atoms of oxazolidine and carbonyl group, and likewise
their bulky substituted nitrogen atoms, lie on opposing faces
of the ring which bears them.24,35 Thus condensation of 42
with 43 gives 44, which adopts preferentially the conforma-
tion shown and retains that conformation through the formy-
lation and addition reactions leading to 46. Stereoselectivity
of Grignard additions is governed by amide conformation,30


and reaction of 45 with PhMgBr is fully diastereoselective
(Scheme 14).24


In all of the examples above, stereochemical relay induces
asymmetry at an otherwise locally achiral remote site in a
molecule. That otherwise achiral site could alternatively be a point
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Scheme 14 1,5-Stereocontrol by stereochemical relay from an
oxazolidine.36


of coordination for a metal. Scheme 15 and Table 1 show how
the phosphines 4728 and 48,36 whose chirality in the vicinity of
phosphorus is the consequence of stereochemical relay from their
chiral centres via the amide, can be moderately effective chiral
ligands in the palladium-catalysed asymmetric allylic substitution
of acetate 49 by dimethyl malonate (Scheme 15).


Scheme 15 Enantioselective allylic substitution catalysed by palladium
in the presence of amidophosphine ligands.


In 1989, the crystal structure of 51 was reported.37 The
benzene-1,2,3-tricarboxamide adopts the conformation shown in
Scheme 16: each amide carbonyl group points in a direction
opposing its neighbours – presumably controlled by steric or
electronic (dipole) interactions or both. On the assumption that


Table 1 Ligands for the enantioselective substitution of 45


Entry Ligand Time Yield Product er


1 47 3 days 60% (−)-50 95 : 5
2 48 24 h 93% (−)-50 91 : 9
3 52 24 h 85% (+)-50 23 : 77


Scheme 16 Conformational interactions between adjacent amides.


the preference for nearby tertiary amide groups to adopt mutually
opposing conformations persists in solution, we made the amide
52, a homologue of the ligand 48.36 The phosphine was included
in an allylic substitution reaction and gave moderate enantiomeric
excess (Table 1, entry 3), but importantly the major enantiomer of
the product 50 was opposite to that generated in the presence of
the ligand 48. This is exactly what is to be expected if the amides lie
opposed to one another: the local environment of the phosphorus
atom in 52 is enantiomeric with the local environment of the
phosphorus centre of 48, despite the stereochemistry originating
from the same enantiomer of ephedrine.


The anti alignment preferred in aromatic dicarboxamides turns
out to be quite general, even with more remote relationships be-
tween the amide substituents.38 The NMR spectrum of xanthene-
1,8-dicarboxamide 53, for example, contains a single 6 H singlet
corresponding to the gem-dimethyl group, and double lithiation
and electrophilic quench yields a compound 54 which in principle
contains two stereogenic axes and may therefore exist as a pair
of diastereoisomers. However, only a single diastereoisomer is
obtained, which NMR showed to be C2 symmetric, HPLC on
a chiral stationary phase showed to be chiral and racemic, and
X-ray crystallography showed to have the stereochemistry shown
in Scheme 17.39


Scheme 17 Anti-preference in a xanthene-1,8-dicarboxamide.


Even amides borne on separate non-rigidly interconnected
aromatic rings have a strongly preferred conformation. Amide
56 contains two stereogenic axes, but double ortholithiation of
55 gave only a single diastereoisomer syn-56 (Scheme 18). We
were able to prove its stereochemistry by HPLC on a chiral
stationary phase: a separation into two enantiomers was just
visible, indicating formation of racemic, C2-symmetric syn-56
rather than achiral, centrosymmetric anti-56.40 However, this
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Scheme 18 Kinetic and thermodynamic stereocontrol in biphenyl-1,1′-
dicarboxamides.


C2-symmetric diastereoisomer turned out to be the less stable of
the two, because heating in toluene gave a mixture of compounds
in which the second, achiral diastereoisomer prevailed. The amides
have a clear thermodynamic preference for the S2-relationship, and
biaryl 2,2′-dicarboxamides fall into the class of molecules which
are “flexible with a defined shape”.41


The question that posed itself at this point was how far
stereochemistry could be communicated using conformational
preference alone as the means of stereochemical relay. In 1988,
Noe42 had reported some chemistry which, though characterised
by only poor stereoselectivity, gave the first indication that
conformational control allows communication of stereochemical
information over long distances. The anomeric effect forces
paraformaldehyde oligomers to adopt a helical conformation in
solution, and by tethering short chains of paraformaldehyde to
a source of chirality it appears to be possible to induce the
helix in 57 to prefer one of two diastereoisomeric conformations.
Stereochemical information is transmitted to the new chiral centre
in 58 by Grignard attack on a ketone. Stereoselectivity drops
with chain length, but still reaches 2 : 1 for the 1,10-relationship
formed in the reaction shown in Scheme 19. The importance of
the polyether helix in mediating an interaction between the origin


Scheme 19 Relay of stereochemistry via a helix.


and terminus of the stereochemical relay was confirmed by control
experiments showing that a hydrocarbon chain of the same length
failed to induce selectivity.


Given that amides even with rather remote relationships are
also capable of communicating with one another, we hoped
to be able to use pairs of conformationally communicating
groups to mediate remote stereocontrol by a form of staged
stereochemical relay. The concept is illustrated in Fig. 1. A set of
otherwise freely rotating groups u–z adopt, under the influence of a
stereocontrolling influence at A, a single orientation which results
in the transmission of information about the shape of A through u–
z to B. Cowburn and Welland had demonstrated a similar concept
using quantum dot magnets spaced 135 nm apart:43 stereochemical
relay using amide dipoles could reduce the scale of the system by
a factor of about 300.†


Fig. 1 A strategy for the conformational relay of information from
A to B. Groups u–z are freely rotating but on incorporation (i) of a
stereochemical influence at A adopt an “all-anti” alignment, allowing
information about the shape of A to be relayed to B via u–z. (ii) Formation
of new stereochemistry at B can take place diastereoselectively despite the
remoteness of A.


Stages in the development of this idea are shown in Schemes 20,32


2139,44 and 22.40 In Scheme 20, the conformation of the axis
adjacent to the stereogenic centre of 39 is relayed round the ring
by introduction of a second axis into 59 adjacent to the first.
When the second stereogenic centre of 60 is constructed adjacent
to this axis, its stereochemistry is under the ultimate control of
the centre lying para across the ring.32 In Scheme 21, the idea is
taken a stage further: the two amides of 53 are already related by
the anti conformational preference of such systems; introduction
of an ephedrine-derived oxazolidine into 61 forces both axes to
adopt a single absolute conformation. The stereochemistry of
the oxazolidine is relayed through both amides and allows the
subsequent addition of a nucleophile to the carbonyl group of 62
to proceed with complete 1,9-stereochemical control, and 63 is


† The 1 and 8 positions of a xanthene ring are about 4.6 Å apart.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2667–2678 | 2673







Scheme 20 Remote 1,6-stereocontrol relayed through a benzene-
1,2-dicarboxamide.


Scheme 21 Remote 1,9-stereocontrol relayed through a xanthene-
1,8-dicarboxamide.


formed as a single diastereoisomer.39,44 In Scheme 22, the amides
also adopt conformations which allow the molecule as a whole to
minimise its dipole moment. Thus the oxazolidine of 65 controls
both amide groups and thus also ultimately directs nucleophilic
attack on the remote carbonyl group of 66, leading to complete
1,8-stereocontrol in 67.40


The next logical step was to make some molecules con-
taining both the features of both 1,8-xanthenedicarboxamides


Scheme 22 Remote 1,8-stereocontrol relayed via a biphenyl-
1,1′-dicarboxamide.


and biphenyl-2,2′-dicarboxamides. Extensive work to establish
optimum conditions for Suzuki couplings allowed us to synthesise
the conformationally uniform (by NMR) bis-xanthene 70 via the
route shown in Scheme 23.44


Scheme 23 Synthesis of a bis-xanthene.


From 70, a further series of lithiations, functionalisations and
coupling gave two aldehydes, 73 and 78, in which the electrophilic
centre is separated from a terminal (−)-ephedrine-derived oxazoli-
dine by a chain of four or six amide groups respectively. The X-ray
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Scheme 24 Stereochemical relay in a bis- and tris-xanthene.
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Scheme 25 Switching relative stereochemistry from a distance


crystal structure of 78 shows all six amides arranged with their
dipoles successively opposed.


Nucleophilic addition of EtMgBr and PhMgBr to each aldehyde
generated a single stereoisomer of the product 74 or 79, as judged
by NMR and by HPLC (Scheme 24), in reactions displaying
relayed unprecedented 1,16- and 1,23-remote stereocontrol. Stere-
ochemical homogeneity at the newly formed centre was confirmed
by hydrolysis of the oxazolidines to yield aldehydes 75 and 80.
Comparison of the HPLC traces of these aldehydes with those
of authentic mixtures of stereoisomers showed some degree of
thermal epimerisation (from the deprotection step), but allowed
the degree of stereocontrol at the new centre to be quantified as
>95 : 5 (Scheme 24).44


Alternative explanations for the stereocontrol achieved in 74
and 79, such as association between the oxazolidine ring of
one molecule with the Grignard reagent as it adds to another,
were ruled out by showing for example that diastereoselectivity
is unchanged in reactions of racemic oxazolidines. Conclusive
evidence that stereochemical information may be relayed through
the amides was obtained simply by re-condensing 74 (R = Et)
with ephedrine enantiomeric with that first used to form the
oxazolidine (Scheme 25). Initially, presumably, 81 is formed, but
under the conditions of the oxazolidine formation, the amides of
81 relax into their preferred orientation. Necessarily, the relative
stereochemistry between the last amide in the sequence and the
stereogenic centre adjacent to it becomes inverted, and this local


inversion of relative stereochemistry is clearly evident in the
chemical shifts of the CHOH signals of the two samples of 74
(Scheme 25).


The chemistry in Schemes 24 and 25 shows conformational
information being relayed through a molecule in a manner
which parallels the allosteric conformational changes in enzymes
and receptors which relay information in biological molecules.
So far the “output” of the conformational change has been a
stereoselective reaction, detectable chromatographically or spec-
troscopically. Other inputs and outputs can be envisaged, though:
for example, Krauss and Koert45 have developed molecules which
use conformational information to mediate signal transduction
between a metal binding site and a fluorophore (Scheme 26).
Tricyclic 82 adopts the preferred conformation shown as 82a, but
on treatment with zinc a switch occurs to the ring-flipped 82b.
Evidence for the ring flip is provided by NMR or by a change
in the fluorescence spectrum as the pyrene fluorophores move
apart.46


The possibility that the synthetic methodology of remote
stereocontrol might be applied to a challenge in nanotechnology
– signal transduction and processing – is intriguing, and it is clear
that the future in this area is very bright. There are huge oppor-
tunities for the combination of various types of conformational
control elements to lead not just to systems capable of relaying
information but of processing and storing that information as
well.
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Scheme 26 Conformational relay of binding information to a
fluorophore.
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The development of a new class of chiral 4-N,N-dialkylaminopyridine acyl-transfer catalysts capable of
exploiting both van der Waals (p) and H-bonding interactions to allow remote chiral information to
stereochemically control the kinetic resolution of sec-alcohols with moderate to excellent selectivity (s =
6–30). Catalysts derived from (S)-a,a-diarylprolinol are considerably superior to analogues devoid of a
tertiary hydroxyl moiety and possess high activity and selectivity across a broad range of substrates.


Asymmetric organocatalysis has recently been propelled from rela-
tive obscurity to the forefront of contemporary organic chemistry
research and is fast-becoming a key strategy in enantioselective
synthesis.1,2


An important facet of this broad domain is the asymmetric non-
enzymatic3 catalysis of acyl-transfer by chiral organic nucleophiles
such as tertiary amines,4–7 phosphines,8 N-heterocyclic carbenes9,10


and secondary alcohols.11 Although it has been over a century
since the discovery of pyridine-promoted alcohol acylation,12 the
design of efficient and selective chiral pyridine-based catalysts
for these reactions is a young field less than 10 years old. The
desymmetrisation of the ‘hypernucleophilic’ achiral catalyst 4-
N,N-dimethylaminopyridine (DMAP)13,14 via one of three general
strategies, (the introduction of ‘planar chirality’ either 2,3-pyrido-
fused15 or installed at the C-3-position of the pyridine ring,16 the
use of axially chiral substituents at C-317 or the installation of
tetrahedral chirality at either C-4,18–23 or C-3,24–27) has proven a
particularly productive approach which has given rise to a number
of highly selective chiral catalysts for the kinetic resolution (KR)
of sec-alcohols and other asymmetric acyl-transfer processes.15,27,28


The design of such systems is complicated by an activity–
selectivity conundrum: i.e. to maximise the effectiveness of catalyst
stereochemical information it is desirable to install chiral groups as
close to the nucleophilic ring nitrogen as possible, however, bulky
substituents in the vicinity of the same strongly attenuate catalyst
activity.14,17c,29 A successful (i.e. active and selective) catalyst design
must necessarily embody a compromise between these opposing
constraints.


One appealing solution to this problem (inspired by enzymatic
systems) is the design of promoters capable of operating by
an ‘induced-fit’ mechanism, in which the catalyst undergoes a
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conformational change upon acylation driven by intramolecular
interaction between the catalyst’s chiral substituents and the
pyridinium cation moiety, thereby allowing remote chirality to
exercise stereochemical control over the subsequent acylation
event.18,27 In this regard, we were intrigued by a report from
Yamada and Morita30 demonstrating that the 3-substituted pyri-
dine 1 exhibited a p–p stacking interaction on acylation/alkylation
which both rigidified the structure and effectively shielded one
face of the resultant pyridinium cation, allowing the subsequent
diastereoselective attack of a nucleophile at C-4 (1a, Fig. 1).
We therefore reasoned that a 4-pyrrolidino-analogue of 1 (i.e. 2,
Fig. 1) held promise as a tunable and easily constructed acyl-
transfer catalyst template capable of operating via an induced-fit
mechanism.31


Fig. 1 Yamada’s chiral pyridinium ion 1a and 1st generation chiral
acyl-transfer catalyst 2.


The synthesis of 2 was straightforward: conversion of 332 to
its acid-chloride followed by coupling with (S)-phenylalaninol-
derived 433 gave chloropyridine 5, which could be converted to
2 via a nucleophilic aromatic substitution reaction with excess
pyrrolidine (Scheme 1). An immediate cause for concern was the
presence of two rotameric species in a ca. 1 : 1 ratio in the 1H
NMR spectrum of 2; as only one of these (i.e. 2 and not 2′) could
conceivably adopt a conformation conducive to intramolecular p–
p-stacking. Interestingly, upon methylation of 2 slow equilibration
over 12 h to a single rotamer (2a, Scheme 1) which exhibited a
1H NMR spectrum consistent with a p-stacked conformation, as
proposed by Yamada,30 was observed (Scheme 1). It seemed likely
therefore, that this equilibration process would be slow enough
to allow both rotamers of the intermediate acylated form of 2 to
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Scheme 1 Synthesis of catalysts 2, 6 and 7.


possess independent catalytic profiles. In order to a) better control
the catalyst’s conformational preference and b) augment the
potential for p-pyridinium ion interactions we therefore prepared
the novel (S)-a,a-diphenylprolinol-derived34 6 and its 2-naphthyl
analogue 7 (Scheme 1), which are characterised by a large steric
discrepancy between the substituents a- to the amide nitrogen
atom and the presence of an additional pendant aromatic moiety.


Catalysts 2, 6 and 7 were evaluated in the acylative KR of cis-
1,2-cyclohexane diol derivatives 11–13 (Table 1) using isobutyric
anhydride. Prototype promoter 2 displayed excellent activity,
however enantioselectivity (quantified by s; the ratio of the second
order acylation rate constants for the fast and slow reacting
alcohol enantiomers respectively35) was unsatisfactory (entry 1).
Gratifyingly, bis-aryl catalysts 6 and 7 exhibited more promising
selectivity approaching that regarded as synthetically useful (s =
10) at low temperature (entry 3).


Optimisation of the reaction conditions identified CH2Cl2


and NEt3 as the optimum solvent and general-base additive
respectively. It is notable that selectivity diminished in polar
solvents and that poor enantio-discrimination was also observed
in the aromatic (yet relatively non-polar) solvent (entry 10). Bis-
naphthyl catalyst 7 was found to be a marginally more selective
catalyst than bis-phenyl variant 6 (entries 2 and 5), and relatively
electron-rich benzoates 11 and 12 were superior substrates to the
unsubstituted analogue 13.


We speculated that the latter observation could be due to either
the involvement of a hydrogen bonding or a p-pyridinium ion
interaction between the substrate and the acylated catalyst in the
enantioselection process.36 To determine the contribution of the
catalyst hydroxy group to enantioselectivity, we prepared reduced
analogues of 6 and 7 (14 and 15 respectively),37 and evaluated their
performance as catalysts in the KR of sec-alcohol 16 (Table 2).


The results of these experiments were instructive; while removal
of the hydroxy moiety from 6 and 7 had little effect on catalyst
activity, reduced catalysts 14 and 15 promoted the formation of the
opposite antipode of 17 to that observed using either 6 or 7, with
reduced enantioselectivity. It was therefore clear that the catalyst
tertiary alcohol moiety plays a pivotal role in determining which
enantiomer of the racemic substrate is preferentially acylated
by both 6 and 7. It is also noteworthy that in line with the
trend observed using hydroxy substituted catalysts, bis-naphthyl
derivative 15 proved more selective (albeit not significantly) than
the less hindered analogue 14.


In order to garner further insight into the mode of action of 6–
7, attention turned to the question of substrate scope. A range
of substrates (18–25) chosen to systematically probe the cata-
lyst’s sensitivity to substrate steric, electronic and hydrogen-bond
donating/accepting characteristics were acylated by isobutyric
anhydride in the presence of 6 at low temperature. The results of
these studies are presented in Table 3; in the case of benzyl
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Table 1 Evaluation of 2, 6 and 7 in the KR of 11–13


Entry Catalyst Substrate Solvent Base Conversion (%)d Ee (%)e sf Abs. config.g


1a 2 11 CH2Cl2 NEt3 55 13 1.4 (1S,2R)
2a 6 11 CH2Cl2 NEt3 78 93 4.9 (1S,2R)
3b 6 11 CH2Cl2 NEt3 69 97 9.4 (1S,2R)
4a 6 12 CH2Cl2 NEt3 68 74 4.3 (1S,2R)h


5a 7 11 CH2Cl2 NEt3 73.5 90 5.4 (1S,2R)
6a 7 12 CH2Cl2 NEt3 71 80 4.4 (1S,2R)h


7a 7 13 CH2Cl2 NEt3 88 95 3.5 (1S,2R)h


8c 6 11 CH2Cl2 NEt3 64 70 4.6 (1S,2R)
9c 6 11 CDCl3 NEt3 69 77 4.4 (1S,2R)


10c 6 11 PhMe NEt3 67 67 3.7 (1S,2R)
11c 6 11 THF NEt3 63 55 3.1 (1S,2R)
12c 6 11 Et2O NEt3 64 26 1.7 (1S,2R)
13c 6 11 DMSO NEt3 66 20 1.5 (1S,2R)
14c 6 11 CH2Cl2


iPr2NEt 64 70 4.6 (1S,2R)
15c 6 11 CH2Cl2 DABCOi 61 63 4.4 (1S,2R)
16c 6 11 CH2Cl2 Imidazole 19 6 1.9 (1S,2R)
17c 6 11 CH2Cl2 DBUj 38.5 28 3.4 (1S,2R)
18c 6 11 CH2Cl2 Na2CO3 61 58 3.7 (1S,2R)


a Conditions: (iPrO)2O (0.80 equiv.), NEt3 (0.80 equiv.), rt. b Reaction at −78 ◦C for 8 h using 1.5 equiv. (iPrCO)2O. c Conditions: (iPrO)2O (0.70 equiv.),
base (0.70 equiv.), rt. d Conversion could be determined (with excellent agreement) either by 1H NMR spectroscopy or using chiral HPLC, where
conversion = 100 × eealcohol/(eealcohol + eeester). e Ee of 11a–13a determined by chiral HPLC using a Chiralcel OD-H column (4.6 × 250 mm) f s =
enantioselectivity (kfast/kslow, see ref. 35). g Absolute configuration of the recovered alcohol (major enantiomer) as determined by comparison with
literature retention times (ref. 7). h Tentative assignment based on the elution order of the p-dimethylamino-benzoate. i 1,4-Diazabicyclo[2.2.2]octane.
j 1,8-Diazabicyclo[5.4.0]undec-7-ene.


Table 2 Determination of the influence of the catalyst hydroxy substituent on selectivity


Entry Catalyst C (%)a Eealcohol (%)b Eeester (%)b sc Abs. config.d


1 6 72 93 29 6.3 (R)
2 7 43e 51 63 8.7 (R)
3 14 36 22 36 2.8 (S)
4 15 43 30 38 3.0 (S)


a Refers to conversion, which could be determined (with excellent agreement) either by 1H NMR spectroscopy or using chiral HPLC, where C = 100 ×
eealcohol/(eealcohol + eeester). b Determined by chiral HPLC using a Chiralcel OD-H column (4.6 × 250 mm) c s = selectivity index (kfast/kslow, see ref. 35).
d Absolute configuration of the recovered alcohol (major enantiomer) as determined by comparison with literature retention times (ref. 17f ). e 0.8 eq.
(iPrCO)2O, 8 h.


alcohols 18–22, as expected selectivity increased with aliphatic
substituent bulk (entries 1 and 4), while an enlargement of the
steric requirement of the aromatic substituent was poorly tolerated
by the catalyst (entries 1–3 and 5–6). The latter observation was
somewhat surprising, as examples of the beneficial effects of


augmenting alkyl and aromatic substituent bulk on enantio-
selectivity being additive (in a qualitative sense) are known in
the literature,15d,17f which strongly implies that the nature of the
aromatic substituent is critical for the efficient KR of benzyl
alcohols promoted by 6. This thesis was supported by the clear
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Table 3 Substrate scope


Entry Substrate C (%)a Ee (%)b sc Abs. config.d


1 27.5 25 6.3 R


2 17 14 6.0 R


3 14.6 1 1.1 R


4 19 19 13.5 R


5 22.5 20 6.6 R


6 37 40 7.6 R


7 20 19 9.1 R


8 23 11 2.3 R


9 19 22 30.0 1R,2S


a Conversion: which could be determined (with excellent agreement) either
by 1H NMR spectroscopy or using chiral HPLC, where C = 100 ×
eealcohol/(eealcohol + eeester). b Determined by chiral HPLC using a Chiralcel
OD-H column (4.6 × 250 mm) c s = enantioselectivity (kfast/kslow, see ref.
35). d Absolute configuration of the recovered alcohol (major enantiomer)
as determined by comparison with literature retention times or optical
rotation data (see supplementary information†).


superiority of 4-methoxy substituted substrate 23 over the
unsubstituted parent alcohol 18 (entries 1 and 7).


In this context, it is interesting to note that 24, which may
have been expected to prove a suitable KR substrate (considering
the obvious compatibility of 11 with 6, Table 1) underwent
acylation with poor selectivity.38 In contrast, the KR of trans-
2-phenylcyclohexanol (25) using 6 proceeded with excellent enan-
tioselectivity (entry 9).


Table 4 Contribution of substrate aromatic group to enantioselectivity


Entry Substrate C (%)a Ee (%)b sc Abs. config.d


1 18 18 11.4 R


2 40 40 6.2 R


3 15 14 9.5 R


4 28 6 1.5 R


5 27 6 1.4 R


a Conversion: which could be determined (with excellent agreement) either
by 1H NMR spectroscopy or using chiral HPLC, where C = 100 ×
eealcohol/(eealcohol + eeester). b Determined by chiral HPLC using a Chiralcel
OD-H column (4.6 × 250 mm) c s = enantioselectivity (kfast/kslow, see ref.
35). d Absolute configuration of the recovered alcohol (major enantiomer)
as determined by comparison with literature retention times or optical
rotation data (see supplementary information†).


It was clear at this juncture that both the steric and electronic
makeup of the substrate aromatic substituents influence the
efficacy of enantio-discrimination using catalyst 6. In an attempt
to clarify this role, o- and p-substituted aromatic sec-alcohols 26–
30 were evaluated (Table 4) under identical conditions to those
used in the KR of 18–23. Substrates incorporating relatively
electron deficient aromatic substituents performed poorly in
comparison with more electron rich analogues (entries 1 and
4; compare also entry 7, Table 3 with entry 5, Table 4). The
presence of a substrate o-methoxy group clearly facilitates enantio-
discrimination (entry 1), however the effects of increased electron
density at the aromatic ring and augmented aliphatic substituent
steric bulk on enantioselectivity are not additive (entries 1–3),
even though 6 promotes the preferential acylation of the same
(R)-antipode of 26, 27 and 28.


In view of the considerable sensitivity of the catalyst to the
nature of the substrate aromatic group, aliphatic carbamate 31
was acylated in the presence of 6 under standard conditions
(Scheme 2). The resolution of this substrate with relatively good
selectivity (s = 8.6) demonstrates the broad scope of catalyst
6 and indicates that an aromatic substituent is not an absolute
requirement for selectivity in this system.


On analysis of the data in Tables 1–4, a picture emerges in
which a confluence of contributions from the catalyst hydroxy
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Scheme 2 Kinetic resolution of aliphatic carbamate 31.


group/aromatic substituents (Tables 1 and 2) and substrate
aliphatic/aromatic components (Tables 3 and 4) seem responsible
for selectivity in KR processes using catalyst 6. In an attempt
to detect possible aryl–pyridinium ion p-stacking interactions,
the 1H NMR spectra of catalysts 6, 7, 14, 15 and control
material 33 (prepared from 3 and pyrrolidine) were compared
to those of their corresponding products on methylation with
iodomethane (Table 5).30 These experiments were informative;
while little evidence was found to support a ‘face–face’ p–p
stacking interaction (Fig. 1),18,30 a strong upfield shift associated
with H-2 upon methylation of 6, 7, 14 and 15 (which is absent on
methylation of 33) was observed, the magnitude and localisation
of which indicates that an interaction between the substituted edge
of the pyridinium cation (or H-2 itself) and one of the pendant
aryl moieties takes place.22,39


While 6a proved difficult to crystallise, an X-ray structure
of the corresponding benzylated catalyst 6-Bn was obtained
(Fig. 2).40 The amide moiety is in an s-cis conformation with
the diaryl tertiary alcohol substituent oriented towards H-2 and
the nucleophilic ring-nitrogen: consistent with the proposed p-
interactions and observed catalytic importance of the hydroxy
group.


Fig. 2 Crystal structure of benzylated catalyst 6-Bn (counterion has been
omitted for clarity).‡


‡ Crystal data for 6-Bn: C34H36N3O22(CH2Cl2)Br, M = 768.45, orthorhom-
bic, a = 9.7318(13), b = 18.078(2), c = 20.751(3) Å, a = b = c = 90◦, U =
3650.8(8) Å3, T = 123 K, space group P212121, Z = 4, l(Mo-Ka) =
0.650 mm−1, 28680 reflections collected, 12852 unique (Rint = 0.0676).
R = 0.0777, wR2 [I > 2r(I)] = 0.1786. CCDC reference numbers 293598.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b604632k.


Table 5 Selected 1H NMR data for 6, 7, 14, 15, 33 and methylated/acylated analogues


Entry Cat. d H-2a ,b ,c d H-5a ,b ,c d H-6a ,b ,c d CH3/HCMe2


1 6 7.33 6.45 8.09 —
2 6a 6.52 (−0.81) 6.80 (0.45) 8.04 (−0.05) 3.88
3 6b 8.06 (0.73) 7.15 (0.70) 9.10 (1.01) 4.14
4 7 7.51 6.45 8.09 —
5 7a 5.99 (−1.52) 6.70 (0.25) 7.88 (−0.21) 3.33
6 14 7.73 6.42 8.12 —
8 14a 6.68 (−1.05) 6.79 (0.37) 8.10 (−0.02) 4.02
9 15 7.93 6.42 8.11 —


10 15a 6.39 (−1.54) 6.66 (0.24) 7.88 (−0.23) 3.49
11 33 8.19 6.47 8.16 —
12 33a 8.17 (−0.02) 6.90 (0.43) 8.21 (0.05) 4.21
13 33b 8.72 (0.53) 7.32 (0.85) 9.32 (1.16) 4.11


a d quoted in ppm in CDCl3 as solvent. b Value in parentheses represents Dd: the change in chemical shift of the proton indicated on methylation or
acylation (in ppm), a negative value for Dd indicates an upfield shift. c All pyridine ring proton resonances were unambiguously assigned by NMR
spectroscopy (1H–1H COSY, 1H–13C COSY, NOE and 1-D TOCSY experiments).
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Similar, yet less dramatic effects were observed upon acylation
of both 6 and 33 with isobutyric acid chloride. While no upfield
shift of the H-2 resonance was observed upon acylation of 6,
this is perhaps unsurprising in view of the powerful (anisotropic)
electron withdrawing ability of the carbonyl moiety. However,
it is noteworthy that H-2 of acylated catalyst 6b resonates at
considerably higher field (ca. 0.5 ppm) than that of 33b and that
there is a greater difference between d H-2 and d H-6 in pyridinium
ion 6b (1.04 ppm) than in the case of 33b (0.50 ppm). These results
indicate that in the case of both 6b and 33b (contrary to what
might be expected from first principles but in agreement with
reports from Spivey17c and Yamada27) the bulky isopropyl moiety
is located on the same side of the N–N axis as the catalyst amide
substituent41 (i.e. as depicted above Table 5).


The results in Tables 1–5 indicate that the ability of 6 and 7 to
serve as active and enantioselective acyl-transfer catalysts is due to
a unique combination of several factors including aryl–pyridinium
ion p–p (or p–H), and substrate–catalyst H-bonding and possibly
also p–p interactions. To better understand the origins of enantio-
discrimination using 6 and 7 we have examined the conformational
preferences of 6a and 6c (the N-acetyl analogue of 6b) using
B3LYP hybrid density functional theory (Gaussian 03, 6-31G*
basis set42). Postulating that two conformational features would
have particularly strong influence on catalyst performance: 1)
isomerism of the C-3 amide linkage (i.e. s-cis vs. s-trans) and
crucially, the preferred conformation of the acyl-moiety in 6b, we
calculated the gas-phase energetics of methylated and acetylated
analogues of 6 (I–IV, Fig. 3 and Table 6) with respect to these
parameters. The results of these calculations are presented in
Table 6. Examination of the relative energies for the s-cis vs. s-
trans chiral amide conformation reveal a strong preference for
the s-cis rotamer (entries 1–2, Table 6), consistent with the X-ray
crystal structure obtained for 6-Bn (Table 6 entries 1–2).


Fig. 3 Calculated optimum conformers of 6a (I–II) and 6c (III–IV).


Interestingly, these studies also indicate (somewhat counter-
intuitively but nonetheless consistent with the findings of the
NMR-studies, see Table 5) that the conformer of 6c (s-cis C-3
amide) in which the methyl group resides on the more hindered
catalyst hemisphere (III) is more stable than the corresponding
conformer where the smaller carbonyl group is directed towards
the chiral amide substituent (IV entries 3–4, Table 6). Since this


Table 6 Calculated relative energies of I–IV


Entry Cat. Conformation
Amide
rotamer


N-Acetyl
rotamer


Relative energy/
kJ mol−1a ,b


1 6a I s-cis — 0
2 6a II s-trans — 44.9
3 6c III s-cis s-trans 0
4 6c IV s-cis s-cis 4.2


a Calculated relative energies. b Does not account for the influence of the
counter ion.


phenomenon does not seem to be sterically driven, it may, by
analogy with a suggestion made by Spivey,17c be related to partial
conjugation with the C-3 substituent. In this regard it is interesting
that a C2-symmetric analogue of 6 (34, Fig. 4) designed to
circumvent potential problems associated with N-acyl isomerism
proved a completely inactive acylation catalyst.


Fig. 4 C2-symmetric catalyst 34.


Conclusions


In summary, we have developed a new class of active, chiral
4-(pyrrolidino)-pyridine derivatives (6 and 7) for the kinetic
resolution of an exceptionally wide range (both aromatic and
aliphatic) of sec-alcohols with synthetically useful selectivity.
These proline-derived promoters are readily prepared from simple,
readily available starting materials34 without the need for resolu-
tion steps. A combination of optimisation (Table 1), substrate
screening (Tables 1, 3 and 4), catalyst modification (Table 2),
spectroscopic (Table 5) and computational (Table 6) studies have
clearly identified both hydrogen bonding and (intra as well as
possibly also intermolecular) p-pyridinium-ion interactions as
playing a role in enantiodiscrimination, and have provided insight
into the conformational preferences of the key acylated catalytic
intermediates in these reactions. To our knowledge 6 and 7
represent the first chiral 4-N,N-dialkylaminopyridine catalysts to
(synergistically) employ both van der Waals (p) interactions and
hydrogen bonding to allow remote chirality to exert stereochemical
influence on an acylation reaction, and while the levels of
enantiodiscrimination possible are lower than that associated with
the benchmark literature catalyst, nonetheless synthetically useful
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(s > 10) KR processes promoted by 6 have been demonstrated (up
to a maximum of s = 30). Furthermore, the ready accessibility of
these materials combined with the demonstrable influence of three
independent, tunable catalyst properties (hydrogen bond accept-
ing/donating ability, aromatic substituent steric and electronic
characteristics) on enantioselectivity provides considerable scope
for future catalyst development.


Experimental


General


Proton nuclear magnetic resonance spectra were recorded on a
400 MHz spectrometer in CDCl3 referenced relative to residual
CHCl3 (d = 7.26 ppm). Chemical shifts are reported in ppm and
coupling constants in Hertz. Carbon NMR spectra were recorded
on the same instrument (100 MHz) with total proton decoupling.
All melting points are uncorrected. Infrared spectra were obtained
on a Perkin Elmer spectrophotometer. Flash chromatography was
carried out using silica gel, particle size 0.04–0.063 mm. TLC
analysis was performed on precoated 60F254 slides, and visualised
by either UV irradiation or KMnO4 staining. Optical rotation
measurements were made on a Rudolph Research Analytical
Autopol IV instrument, and are quoted in units of 10−1 deg cm2 g−1.
Toluene, ether and THF were distilled from sodium. Methylene
chloride and triethylamine were distilled from calcium hydride.
Analytical CSP-HPLC was preformed using Daicel CHIRALCEL
OD-H (4.6 mm × 25 cm) and CHIRALCEL AS-H (4.6 mm ×
25 cm) columns. Unless otherwise stated, all chemicals were
obtained from commercial sources and used as received. Alcohols
20, 21, 24, 28, 26, 29, and 30 were synthesised according to
literature procedures. Alcohol 27 was prepared by the reduction
of 2,4-dimethoxyacetophenone with NaBH4 and was purified by
flash chromatography prior to use. Unless otherwise specified, all
reactions were carried out in oven-dried glassware with magnetic
stirrers under an atmosphere of argon.


Chloropyridine 9. A 10 cm3 round bottom flask charged with 4-
chloronicotinic acid (3) (315 mg, 2.00 mmol) and SOCl2 (2.00 cm3)
was fitted with a reflux condenser and heated at 90 ◦C for
1 hour. Removal of SOCl2 by distillation gave 4-chloronicotinic
acid chloride hydrochloride as a yellow solid, which was placed
under an atmosphere of Ar, cooled to 0 ◦C and suspended in
THF (5 cm3) added via syringe. Subsequently a solution of (S)-
a,a-diphenylprolinol (8a) (506 mg, 2.00 mmol) and NEt3 (550 lL,
3.96 mmol) in THF (4 cm3), was added via syringe. The yellow
solution was left to stir overnight. CH2Cl2 (100 cm3) was then
added and resulting solution washed with NaHCO3 (2 × 40 cm3),
and brine (2 × 40 cm3). The organic extracts were separated, dried
(MgSO4) and the solvent removed in vacuo. Purification by column
chromatography (9 : 1 CHCl2–EtOAc, Rf 0.2) gave 9 (627 mg, 80%)
as a white solid, mp 64–66 ◦C; [a]20


D = −95 (c 0.11 in CHCl3); dH


(CDCl3) 1.74 (2H, m), 2.05 (1H, m), 2.22 (1H, m), 2.90 (1H, m,),
3.10 (1H, m), 5.30 (1H, dd, J 7.0 and 8.0), 6.48 (1H, s), 7.22–7.60
(12H, m), 8.52 (1H, d, J 5.6); dC (CDCl3) 23.9, 30.1, 50.5, 68.2,
81.8, 124.5, 127.5, 127.55, 127.6, 127.7, 127.8, 128.0, 132.7, 140.0,
142.7, 145.2, 148.1, 150.9, 167.2; mmax (KBr)/cm−1 3281, 1615,
1431, 1155, 699; m/z (ES) 415.1200 (M+ + Na. C23H21N2O2ClNa
requires 415.1189).


Chloropyridine 10. Prepared as per the synthesis of 9 using 3
(329 mg, 2.09 mmol), SOCl2 (2.0 cm3), THF (5 + 4 cm3), 8b43


(740 mg, 2.10 mmol) and triethylamine (870 lL, 6.28 mmol).
Purification by column chromatography (9 : 1 CHCl2–EtOAc, Rf


0.3) gave 10 (350 mg, 34%) as a white solid, mp 140–142 ◦C;
[a]20


D = −84 (c 0.1 in CHCl3); dH (CDCl3) 1.61–1.94 (2H, m), 2.18–
2.42 (2H, m,), 2.92 (1H, m), 3.11 (1H, m), 5.61 (1H, dd, J 7.0
and 7.5), 6.62 (1H, s) 7.30–7.91 (15H, m), 8.20 (1H, s), 8.47 (1H,
d, J 5.6); dC (CDCl3) 23.5, 29.6, 49.9, 67.5, 81.7, 125.3, 125.5,
125.7, 125.8, 125.9, 126.2, 126.7, 126.9, 127.1, 127.7, 127.9, 128.0,
132.2, 132.3, 132.4, 132.5, 139.7, 142.2, 147.7, 150.5, 165.9; mmax


(KBr)/cm−1 3371, 1612, 1377, 1155, 721; m/z (ES) 493.1681 (M+ +
H. C31H26N2O2Cl requires 493.1683).


Catalyst 6. A 10 cm3 round bottom flask was charged with
9 (160 mg, 0.41 mmol) and toluene (4 cm3) with stirring. To this
was added pyrrolidine (2.00 cm3, 28.2 mmol) via syringe. The flask
was fitted with a reflux condenser and heated at 85 ◦C for 16 h.
CH2Cl2 (20 cm3) was then added and the solution washed with
NaHCO3 (2 × 30 cm3) and brine (2 × 30 cm3). The organic extracts
were separated, dried (MgSO4) and the solvent removed in vacuo.
Purification by column chromatography (80 : 20 EtOAc–CHCl2,
Rf 0.3), gave 6 (171 mg, 98%) as a white solid, mp 144–146 ◦C;
[a]20


D = −98 (c 0.96 in CHCl3); dH (CDCl3) 1.48–1.72 (2H, m), 1.80–
2.20 (6H, m), 2.90–3.15 (3H, m), 3.40–3.55 (3H, m), 5.20 (1H, dd,
J 9.0 and 8.5), 6.45 (1H, d, J 6.0), 7.25–7.38 (6H, m), 7.41–7.53
(4H, m), 7.60 (2H, d, J 6.0), 8.09 (1H, d, J 6.0); dC (CDCl3) 23.3,
25.1, 30.2, 48.8, 51.6, 68.3, 81.5, 108.1, 116.2, 127.0, 127.1, 127.2,
127.3, 127.4, 127.6, 142.1, 144.6, 146.6, 147.6, 148.5, 170.4; mmax


(KBr)/cm−1 3179, 2854, 1590, 1304, 971; m/z (ES) 428.2328 (M+ +
H. C27H30N3O2 requires 428.2338).


Catalyst 7. Prepared as per the synthesis of 6 using 10
(71.5 mg, 0.145 mmol), toluene (4 cm3) and pyrrolidine (2.00 cm3,
28.2 mmol). Purification of the resulting product by column
chromatography (99 : 1 EtOAc–NEt3, Rf 0.2) gave 7 (55 mg, 72%)
as a white solid, mp 146–148 ◦C; [a]20


D = −65 (c 0.11 in CHCl3);
dH (CDCl3) 1.34–1.62 (2H, m), 1.88–2.27 (6H, m), 2.92–3.15 (3H,
m,), 3.35–3.53 (3H, m,), 5.43 (1H, app. t, J 8.0), 6.45 (1H, d, J
6.0), 7.41–7.56 (5H, m), 7.64–7.94 (10H, m), 8.09 (1H, d, J 6.0),
8.16 (1H, s); dD (CDCl3) 23.6, 25.4, 30.2, 48.8, 51.7, 67.6, 82.0,
108.3, 116.4, 125.7, 125.9, 126.0, 126.1, 126.5, 126.9, 127.3, 127.4,
127.8, 128.2, 128.3, 132.5, 132.6, 132.7, 140.1, 142.6, 148.2, 148.3,
149.4, 171.7; mmax (KBr)/cm−1 3369, 1588, 1539, 1505, 1123, 721;
m/z (ES) 528.2673 (M+ + H. C35H34N3O2 requires 528.2651).


Kinetic resolution experiments: general procedure


A 1 cm3 reaction vessel charged with catalyst (2.34 lmol) and a
small magnetic stirring bar was placed under an atmosphere of
Ar. To this was added a solution of alcohol (0.234 mmol) and
triethylamine (23 lL, 0.164 mol) in CHCl2 (500 lL). The resulting
solution was cooled to −78 ◦C and left to stir for 30 minutes.
Isobutyric anhydride (0.183 mmol) was subsequently added via
syringe. After 8 h at − 78 ◦C the reaction was quenched by the
addition of MeOH (200 lL) and allowed to warm to ambient
temperature. Solvents were removed in vacuo. The alcohol and its
ester were separated from the catalyst by passing a concentrated
solution of the crude (CH2Cl2) through a pad of silica gel. The
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selectivity of the kinetic resolution was then established by CSP-
HPLC.


NMR analysis of pyridinium salts (Table 5): general procedures


Methyl pyridinium salts. To a solution of the pyridine
(0.07 mmol) in CH2Cl2 (0.5 cm3) in a 5 cm3 round bottomed
flask was added iodomethane (0.7 mmol) via syringe and the
resulting solution stirred at room temperature. After TLC analysis
indicated complete conversion of the starting material the resulting
solution was concentrated in vacuo, taken up in CDCl3 (0.4 cm3)
and analysed by 1H NMR spectroscopy.


Isobutyryl pyridinium salts. (Note: These intermediates are
relatively unstable and decompose rapidly in the presence of
adventitious water. Under anhydrous conditions these materials
are stable enough to be analysed by 1H NMR spectroscopy over
a period of several hours.) A solution of the pyridine (0.07 mmol)
in CDCl3 (0.4 cm3, freshly distilled and stored for short periods
under Ar over 4 Å mol. sieves) was added to a screw-cap-NMR
tube under an atmosphere of Ar. To this was added isobutryic acid
chloride (0.07 mmol) via syringe. The NMR tube was shaken for
10 s and the resulting mixture analysed by 1H NMR spectroscopy.
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The aromatic halogenation of simple alkylbenzenes with chlorine proceeds smoothly in acetic acid but
is much less efficient in less polar solvents. By contrast chlorination of x-phenylalkylamines, such as
3-phenylpropylamine, occurs readily in either acetic acid, carbon tetrachloride or a,a,a-trifluorotoluene,
and in the latter solvents gives high proportions of ortho-chlorinated products. These effects are
attributable to the involvement of N-chloroamines as reaction intermediates, with intramolecular
delivery of the chlorine electrophile. x-Phenylalkylamides, such as 3-phenylpropionamide, also easily
undergo aromatic chlorination in carbon tetrachloride and a,a,a-trifluorotoluene. These reactions
generally show a first-order dependence on the substrate concentration, but not on the amount of
chlorine. With carbon tetrachloride, very similar reaction rates are observed with chlorine
concentrations ranging from 0.1–1.5 M. In a,a,a-trifluorotoluene, the rates reach a plateau at a chlorine
concentration of approximately 0.2 M. These features indicate that the reactions proceed via the
formation of intermediates which evidence suggests may be the corresponding O-chloroimidates.
Irrespective of the mechanistic details, the reactions are remarkably rapid, being faster than analogous
reactions in acetic acid and three to four orders of magnitude more rapid than reactions of simple
alkylbenzenes in carbon tetrachloride. Therefore, chlorination of the amines and amides may be
accomplished without the need for highly polar solvents, added catalysts or large excesses of chlorine,
which are often employed for electrophilic aromatic substitutions. Although the use of carbon
tetrachloride is becoming increasingly impractical due to environmental concerns, the trifluorotoluene
is a suitable alternative.


Introduction


Electrophilic aromatic substitution is one of the most widely
used and extensively studied classes of organic reactions.1 Some
of the factors that affect the reactivity towards substitution
include substituents on the aromatic substrate, the nature of
the electrophile and the polarity of the solvent. Chlorination
of monoalkylbenzenes with chlorine typically requires a polar
solvent, such as acetic acid, or a Lewis acid catalyst such
as iron or aluminium trichloride. Amines have been found to
catalyse chlorination of activated aromatic species in non-polar
solvents and this has been attributed to in situ formation of N-
chloroamines.2 N-Chloroamines have also been used directly as
reagents for aromatic chlorination, usually in acidic media.3 N-
Chlorosuccinimide is reported to effect aromatic chlorination in
carbon tetrachloride in the presence of silica.4 Amides react with
molecular chlorine to give N-haloamides5 and, in the case of
acetanilides, such species are known to rearrange under acidic
conditions to give aromatic chlorides.6 Each of the above processes
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involves intermolecular delivery of the chlorine to the aromatic
moiety, except in the case of the acetanilides where one of the
proposed mechanisms for aromatic substitution involves migra-
tion of chlorine within the conjugated p-system. Intramolecular
delivery of a nitro group through coordination to a functionalised
alkyl substituent has been exploited to enhance reaction rates and
control the regioselectivity in electrophilic aromatic nitrations7


but, to the best of our knowledge, no such chaperon effect has
been reported for aromatic chlorinations. In this context, we now
report the efficient chlorination of x-arylalkylamines and amides
in either carbon tetrachloride or a,a,a-trifluorotoluene, without
added catalyst. The latter solvent is attracting increasing attention
as an environmentally benign option that is resistant to both free
radical and ionic processes.8


Results and discussion


For the purpose of comparison, we first examined the chlorination
of compounds 1a–5a in acetic acid. The reactions proceed
smoothly using 0.1–1.0 M chlorine at 25 ◦C over 4–48 h, to give
clean mixtures of the ortho- and para-substituted monochlorides
1b,c–5b,c. These were identified either by comparison with litera-
ture data and authentic samples or through full characterisation.
The rates of reaction were examined in acetic acid-d4 but under
otherwise identical conditions, to allow for direct analysis using 1H
NMR spectroscopy. As expected,9 the reactions are second order,
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Table 1 Rate constants and product ratios for chlorination of compounds
1a–5a in CD3CO2D at 25 ◦C


Starting material
Product ratio
1b–5b : 1c–5c


Rate constant
k/M−1 s−1


PhMe (1a) 56 : 44 2.7 × 10−4


PhEt (2a) 52 : 48 2.2 × 10−4


Ph-i-Bu (3a) 38 : 62 1.2 × 10−4


Ph(CH2)2CO2H (4a) 50 : 50 2.6 × 10−5


Ph(CH2)2CO2Me (5a) 51 : 49 2.2 × 10−5


depending directly on the concentrations of both the substrates
1a–5a and chlorine. The second order reaction rate constants and
the ratios of the products 1b–5b : 1c–5c are summarised in Table 1.


The data for the reactions of toluene (1a) and ethylbenzene (2a)
are in good agreement with literature values.10 Isobutylbenzene
(3a) is less reactive than either of these and affords a smaller
proportion of the ortho-substituted product 3b, presumably due
to the greater bulk of the alkyl substituent. The ratios of formation
of the chlorides 4b,c and 5b,c are very similar to that of the
ethylbenzene derivatives 2b and 2c, but the reaction rates for the
acid 4a and the ester 5a are around an order of magnitude slower
than those of the alkylbenzenes 1a–3a. This decrease is too large
to be attributed to remote inductive deactivation by the carboxyl
groups of the acid 4a and the ester 5a and is more consistent with
a general field effect.


Using either carbon tetrachloride or a,a,a-trifluorotoluene
instead of acetic acid, but under otherwise identical conditions,
the reactivity of the alkylbenzenes 1a–5a is reduced by at least two
to three orders of magnitude. For example, in carbon tetrachloride
there is no evidence of chlorination of compounds 1a–5a by 1H
NMR spectroscopy after four days, indicating that the second or-
der rate constants for these processes are <3 × 10−7 M−1 s−1. The re-
duced rates are consistent with the lower polarity of these solvents.


Such marked solvent effects on the reaction rates are not seen
with either the amines 6a–8a or the amides 9a–16a. Reactions
of the amines 6a–8a in either acetic acid, carbon tetrachloride
or a,a,a-trifluorotoluene cleanly give the chlorides 6b,c–8b,c, that
were characterised as their acetate salts by comparison with
literature data.11


Relative to the reactions of compounds 1a–5a, the amines
6a–8a give higher proportions of the ortho-chlorinated products
6b–8b, particularly in the cases of the ethylamine 6a and the
propylamine 7a and their reactions in carbon tetrachloride and
a,a,a-trifluorotoluene (Table 2). The second order rate constant


Table 2 Product ratios for chlorination of the amines 6a–8a in various
solvents at 25 ◦C


Product ratio 6b–8b : 6c–8c


Starting material CD3CO2D CCl4 CF3Ph


Ph(CH2)2NH2 (6a) — >95:5a 81 : 19
Ph(CH2)3NH2 (7a) 60 : 40 77 : 23 67 : 33
Ph(CH2)4NH2 (8a) — 62 : 38 60 : 40


a One product within limits of detection using 1H NMR spectroscopy.


for reaction of 3-phenylpropylamine (7a) in acetic acid at 25 ◦C
was determined to be 7.6 × 10−5 M−1 s−1, similar to those
values obtained for compounds 1a–5a in this solvent. In contrast,
whereas compounds 1a–5a are much less reactive in either
carbon tetrachloride or a,a,a-trifluorotoluene, the reactivity of
the amines 6a–8a in these solvents is qualitatively similar to
that in acetic acid. The reactions of the amines 6a–8a in carbon
tetrachloride and a,a,a-trifluorotoluene are heterogeneous, with a
colourless precipitate forming in each case, so it was impractical
to determine rate constants for these processes. Nevertheless, in
either acetic acid, carbon tetrachloride or a,a,a-trifluorotoluene
with approximately 1 M chlorine, the reactions proceed to 90%
completion in 10 h. This compares with less than 5% reaction
after four days for the reactions of compounds 1a–5a in carbon
tetrachloride, and is particularly remarkable considering that the
reactions of the amines 6a–8a in either carbon tetrachloride or
a,a,a-trifluorotoluene are heterogeneous and presumably require
exchange between the solid and solution phases for complete
reaction to occur.


When each of the amines 6a–8a was added to a solution of
chlorine in carbon tetrachloride, a precipitate formed almost
instantaneously. The 1H NMR spectra of the filtered solutions
are quite different to those of the parent amines 6a–8a. For 2-
phenylethylamine (6a) the triplet methylene resonances move from
d 2.7 and 2.9 ppm, to d 3.1 and 3.9 ppm, while for the propylamine
7a and the butylamine 8a, one of the triplet methylene resonances
shifts downfield by around 0.9 ppm. This is consistent with the
formation of N-chloroamines.3 The hydrogen chloride by-product
likely results in the formation of the corresponding N-chloroamine
hydrochlorides, which would account for the observed precipitates.


A simple explanation for the high reactivity of the amines 6a–
8a in carbon tetrachloride and a,a,a-trifluorotoluene is therefore
that the reactions are proceeding via the corresponding N-
chloroamines, with intramolecular delivery of the chlorine. This
would account for the formation of the greater proportion of
the ortho-chlorinated product 6b from the more constrained
ethylamine 6a, an effect that is also observed to some extent with
the propylamine 7a.


Reactions of the amides 9a–16a give clean mixtures of the chlo-
rides 9b,c–16b,c. These compounds were either fully characterised
or identified by comparison with literature data. In acetic acid,
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the chlorination of 3-phenylpropionamide (10a) affords a 61 : 39
ratio of the products 10b and 10c. The reaction was established
to be a second order process, for which the rate constant was
determined to be 4.1 × 10−5 M−1 s−1, similar to those values
obtained for compounds 1a–5a and 7a in this solvent. The ratios
of the products of the reactions of the amides 9a–16a in carbon
tetrachloride and a,a,a-trifluorotoluene, and the pseudo-first order
rate constants for the reactions of the primary and secondary
amides 9a–15a are summarised in Table 3. In these solvents the
reactions of the primary and secondary amides 9a–15a generally
show a first-order dependence on the substrate concentration, but
not on the amount of chlorine. With carbon tetrachloride, very
similar reaction rates are observed with chlorine concentrations
ranging from 0.1–1.5 M. In a,a,a-trifluorotoluene, the rates reach
a plateau at a chlorine concentration of approximately 0.2 M. The
onset of the pseudo-first order reactions of the acetamides 12a–14a
is delayed, by approximately one hour for the phenylethylamide


12a and ten minutes in the other two cases. These induction periods
correspond to approximately 10% of the time taken for reaction
of 90% of the substrates. The reaction of the tertiary amide 16a in
carbon tetrachloride is even more peculiar, showing no evidence
of reaction detectable by 1H NMR spectroscopy for the first 6–
7 hours, but then effectively going to completion within the next
3 hours.


These features indicate that the reactions of the amides 9a–
15a in carbon tetrachloride and a,a,a-trifluorotoluene proceed
via the formation of intermediates, which react to give the
chlorides 9b,c–15b,c in rate-determining first order processes,
the rates of which are not proportional to the concentration of
chlorine. The 1H NMR spectra recorded at early stages of reaction
indicate formation of another species that, in the cases of the
acetamide 9a, the propionamide 10a, the acetamide 12a and the N-
methylpropionamide 15a were identified as the corresponding N-
chloroamides by comparison with authentic samples. Alone, such


Table 3 Rate constants and product ratios for chlorination of the amides 9a–16a in various solvents at 25 ◦C


Starting material Solvent [Cl2]/M Product ratioa 9b–16b : 9c–16c Rate constant k′/s−1


9a CCl4 0.88 63 : 37 2.1 × 10−6


CF3Ph 0.05 64 : 36 7.5 × 10−7


1.01 3.8 × 10−6


10a CCl4 0.13 55 : 45 1.7 × 10−4


CF3Ph 0.05 55 : 45 4.4 × 10−4


1.01 8.8 × 10−4


11a CCl4 1.29 45 : 55 4.4 × 10−4


CF3Ph 0.05 55 : 45 7.8 × 10−4


1.01 2.6 × 10−3


12a CCl4 1.04b 48 : 52 8.5 × 10−5


13a CCl4 0.90b 40 : 60 3.1 × 10−4


14a CCl4 0.94b 40 : 60 3.8 × 10−4


15a CCl4 1.28 55 : 45 8.9 × 10−5


16a CCl4 60 : 40 n/ac


a Yields of the crude mixtures of the chlorides 9b,c–16b,c were essentially quantitative. b Reactions displayed first order kinetics after an induction period
of approximately 1 h for 12a and 10 min for 13a and 14a. c Reaction of the tertiary amide 16a displayed neither first nor second order kinetics, going to
completion within 3 h after an induction period of 6–7 h.
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materials do not account for the formation of the chlorides 9b,c–
15b,c, however, as the chloride derived from the propionamide 10a
was found to be inert when left to stand in carbon tetrachloride
in the absence of chlorine, for extended periods at 25 ◦C. It
was also considered that the reactive intermediates could be
the protonated N-chloroamides, formed through reaction with
hydrogen chloride that would be present as a by-product of the
N-chloroamide formation. This possibility was also discounted,
however, as the N-chloropropionamide does not react when left
to stand in carbon tetrachloride containing added hydrogen
chloride, but in the absence of chlorine, for extended periods at
25 ◦C. Adding hydrogen chloride part-way through the reaction of
the propionamide 10a with chlorine also has no effect on the rate of
aromatic chlorination. On this basis we tentatively suggest that the
reactive intermediates are O-chloroimidates 19 present as minor
components in equilibrium with amides 17 and N-chloroamides
18, with the equilibration requiring both chlorine and hydrogen
chloride (Scheme 1), possibly as the hydrogen chloride perchloride
complex.12 The equilibration must then be rapid relative to the rate
of the subsequent aromatic substitution.


Scheme 1 Putative formation of O-chloroimidate reaction intermediates.


The tertiary amide 16a is unable to react to give either an N-
chloroamide or an O-chloroimidate, with hydrogen chloride as
a by-product. It follows that, in this case, the reaction probably
involves analogous charged species [e.g., RC(OCl)=N+Me2]. Pre-
sumably the reason for the peculiar delay observed in the onset of
this reaction is that the acid required for catalytic formation of the
reactive intermediates only becomes available through the initial
stages of the electrophilic aromatic substitution. The reaction then
becomes autocatalytic.


Irrespective of the mechanistic details of the reactions of the
amides 9a–15a in carbon tetrachloride and a,a,a-trifluorotoluene,
they are remarkably rapid. To draw a meaningful comparison
between these pseudo-first order chlorinations and others that
are second order, it is necessary to specify a chlorine concen-
tration. Accordingly, with 0.13 M chlorine, the reaction of the
propionamide 10a in carbon tetrachloride (k′ = 1.7 × 10−4 s−1)
is approximately thirty times faster than its reaction in acetic
acid (k′ = 5.3 × 10−6 s−1 = 0.13 × (k) 4.1 × 10−5 M−1 s−1).
Furthermore, using 0.1 M chlorine, the reactions of the amides
9a–15a are typically three to four orders of magnitude faster
than those of compounds 1a–5a in carbon tetrachloride. For
example, with 0.1 M chlorine the second and pseudo-first order
rate constants for the reactions of compounds 1a–5a are all <3 ×
10−7 M−1 s−1 and <3 × 10−8 s−1, respectively, whereas the first order
rate constants for the reactions of the phenylpropionamide 10a at


similar chlorine concentrations are 1.7 × 10−4 s−1 (0.13 M chlorine)
in carbon tetrachloride and 4.4 × 10−4 s−1 (0.05 M chlorine) in
a,a,a-trifluorotoluene.


It seems likely that the reactions of the amides 9a–16a in-
volve mostly intramolecular delivery of the chlorine electrophile,
however, the corresponding intermolecular reactions are also
accelerated. This is demonstrated by the increase in the pseudo-
first order rate constant for the reaction of toluene (1a) in carbon
tetrachloride with 1 M chlorine, from <3 × 10−7 s−1 to 1.5 ×
10−6 s−1, through the addition of 0.015 M 3-phenylpropionamide
(10a). This preliminary experiment shows that simple amides
might also find application as chlorination catalysts in non-
polar solvents. In any event, the reactions of the amines 6a–
8a and the amides 9a–16a in carbon tetrachloride and a,a,a-
trifluorotoluene proceed efficiently, without the need for either
highly polar solvents, added catalysts or large excesses of chlorine,
that are often employed for electrophilic aromatic chlorinations.


Experimental


General experimental


NMR spectra were recorded on either a Varian Gemini 300
spectrometer or a Varian Inova 500 spectrometer. Electron impact
mass spectra (MS) were recorded on a VG Autospec double
focussing trisector mass spectrometer operating at 70 eV. The
Research School of Chemistry Analytical Services Unit at the
Australian National University carried out the elemental analyses.
Melting points (mp) were determined on a Kofler hot-stage
melting point apparatus under a Reichert microscope and are
uncorrected. Chromatography was performed on a Chromatotron
model 7924T using plates prepared with Merck-Silica gel 60 PF254


containing gypsum. HPLC was performed using a reverse-phase
YMC-Pack ODS-AQ 250 × 20 mm column, eluting with a mixture
of acetonitrile–water at a flow rate of 10 mL min−1.


Chlorine was provided by BOC Gases. Toluene (1a) and ethyl-
benzene (2a) were purchased from Ajax. Acetic acid, carbon tetra-
chloride, (2-methylpropyl)benzene (3a), 3-phenylpropionic acid
(4a), 3-phenylpropylamine (7a) and 4-phenylbutylamine (8a) were
obtained from Sigma-Aldrich. 2-Chlorotoluene (1b) was bought
from EGA-Chemie. 4-Chlorotoluene (1c) and 2-phenylethylamine
(6a) were purchased from BDH. a,a,a-Trifluorotoluene was ob-
tained from Fluka and acetic acid-d4 from Cambridge Isotope
Laboratories Inc., MA. Carbon tetrachloride was purified ac-
cording to the procedure described by Armarego and Perrin.13 To
ensure that acetic acid and acetic acid-d4 were free of water, they
were each treated with 1% (v/v) of the corresponding anhydride.


Stock solutions of chlorine in acetic acid, acetic acid-d4,
carbon tetrachloride and a,a,a-trifluorotoluene were prepared by
passing chlorine through the solvents at room temperature until
the solutions were bright yellow. Chlorine concentrations were
determined by measuring the absorbance at 380 nm. Calibration
graphs of absorbance versus chlorine concentration were prepared
by iodometric titration of iodine, produced by adding potassium
iodide to the solutions.14


The amides 9a–11a, 15a and 16a were prepared by treatment of
the corresponding carboxylic acids with thionyl chloride and then
either ammonia, methylamine or dimethylamine. The acetamides
12a–14a were prepared from the corresponding amines 6a–8a by
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acetylation with acetic anhydride. The physical and spectroscopic
data for these compounds are consistent with literature values.15


Methyl 3-phenylpropionate (5a). 3-Phenylpropionic acid (4a)
(1.5 g, 10 mmol) was stirred with thionyl chloride (1.2 g, 10 mmol)
for 0.5 h, then the resultant mixture was added dropwise to dry
methanol (50 mL) cooled to 0 ◦C. The solution was stirred at
room temperature for 0.5 h, and then it was concentrated under
reduced pressure. Chromatography of the residue on silica, eluting
with dichloromethane, gave the ester 5a as a colourless oil (1.54 g,
95%). 1H NMR (CDCl3) d 7.35 (m, 5H), 3.68 (s, 3H), 2.96 (t, J
8.0 Hz, 2H), 2.64 (t, J 8.0 Hz, 2H). The physical and spectroscopic
data for this compound are consistent with literature values.16


General procedure for preparation of the chlorides 1b,c–5b,c.
Solutions of compounds 1a–5a (2–10 mmol) in acetic acid
(100 mL) containing chlorine (1 M) were left to stand in the dark
at 25 ◦C for 4–48 h, until all of the starting materials 1a–5a had
been consumed as determined by TLC analysis. Excess chlorine
was then removed by passing nitrogen through the solutions until
the yellow colour faded, then the mixtures were concentrated
under reduced pressure. HPLC of the residues, followed by
recrystallisation in the cases of the chlorides 4b,c, afforded the
products 1b,c–5b,c either as discrete compounds or as mixtures of
the regioisomers.


2-Chlorotoluene (1b) and 4-chlorotoluene (1c). Reaction of
toluene (1a) with chlorine in acetic acid according to the general
procedure gave a 92% yield of a 56 : 44 mixture of the chlorides
1b and 1c, which was characterised by comparison of its 1H NMR
spectrum with those of commercial samples of the individual
components. 1H NMR (CD3CO2D) d 7.19 (m, 4H), 2.34 (s, 0.56 ×
3H), 2.29 (s, 0.44 × 3H).


2-Chloroethylbenzene (2b) and 4-chloroethylbenzene (2c). Re-
action of ethylbenzene (2a) with chlorine in acetic acid according
to the general procedure gave a 90% yield of a 52 : 48 mixture of
the chlorides 2b and 2c as a colourless oil, which was characterised
by comparison of its 1H NMR spectrum with literature data.17 1H
NMR (CCl4) d 7.15 (m, 4H), 2.74 (q, J 7.5 Hz, 0.52 × 2H), 2.60
(q, J 7.5 Hz, 0.48 × 2H), 1.24 (t, J 7.5 Hz, 0.52 × 3H), 1.22 (t, J
7.5 Hz, 0.48 × 3H); 1H NMR (CD3CO2D) d 7.21 (m, 4H), 2.73 (q,
J 7.5 Hz, 0.52 × 2H), 2.59 (q, J 7.5 Hz, 0.48 × 2H), 1.20 (m, 3H).


2-Chloro-(2-methylpropyl)benzene (3b) and 4-chloro-(2-methyl-
propyl)benzene (3c). Reaction of (2-methylpropyl)benzene (3a)
with chlorine in acetic acid according to the general procedure
gave an 85% yield of a 38 : 62 mixture of the chlorides 3b and 3c as
a colourless oil. 1H NMR (CD3CO2D) d 7.24 (m, 4H), 2.60 (d, J
7.0 Hz, 0.38 × 2H), 2.44 (d, J 7.0 Hz, 0.62 × 2H), 1.96 (m, 0.38 ×
1H), 1.82 (m, 0.62 × 1H), 0.90 (m, 6H); 13C NMR (CDCl3) d 143.2,
140.0, 139.2, 131.3, 130.4, 129.4, 128.1, 127.1, 126.3, 44.7, 42.6,
30.2, 28.7, 22.4, 22.2; MS m/z (%) 170 (M+•, 10), 168 (M+•, 25),
127 (35), 125 (100); (Found: C, 71.08; H, 7.71%. C10H13Cl requires
C, 71.21; H, 7.77%).


3-(2-Chlorophenyl)propionic acid (4b) and 3-(4-chlorophenyl)-
propionic acid (4c). Reaction of 3-phenylpropionic acid (4a)
with chlorine in acetic acid according to the general procedure
gave a 1 : 1 mixture of the chlorides 4b and 4c, which were
separated by HPLC. For 3-(2-chlorophenyl)propionic acid (4b):
colourless crystals; 37%; mp 94–96 ◦C (lit.18 mp 96 ◦C); 1H NMR


(CD3CO2D) d 7.28 (m, 4H), 3.06 (t, J 8.0 Hz, 2H), 2.70 (t, J
8.0 Hz, 2H); 1H NMR (CDCl3) d 7.28 (m, 4H), 3.08 (t, J 7.5 Hz,
2H), 2.72 (t, J 7.5 Hz, 2H); HPLC acetonitrile–water (60 : 40), RT


5.6 min. The spectroscopic data for this compound are consistent
with literature values.19 For 3-(4-chlorophenyl)propionic acid (4c):
colourless crystals; 42%; mp 119–121 ◦C (lit.20 mp 120–122 ◦C); 1H
NMR (CD3CO2D) d 7.27 (d, J 8.5 Hz, 2H), 7.20 (d, J 8.5 Hz, 2H),
2.92 (t, J 8.0 Hz, 2H), 2.68 (t, J 8.0 Hz, 2H); 1H NMR (CDCl3)
d 7.27 (d, J 8.5 Hz, 2H), 7.14 (d, J 8.5 Hz, 2H), 2.93 (t, J 7.5 Hz,
2H), 2.67 (t, J 7.5 Hz, 2H); HPLC acetonitrile–water (60 : 40), RT


6.4 min. The spectroscopic data for this compound are consistent
with literature values.20


Methyl 3-(2-chlorophenyl)propionate (5b) and methyl 3-(4-
chlorophenyl)propionate (5c). Reaction of methyl 3-
phenylpropionate (5a) with chlorine in acetic acid according to
the general procedure gave a 51 : 49 mixture of the chlorides
5b and 5c, which were separated by HPLC. For methyl 3-(2-
chlorophenyl)propionate (5b): colourless oil; 41%; 1H NMR
(CD3CO2D) d 7.24 (m, 4H), 3.66 (s, 3H), 3.04 (t, J 8.0 Hz, 2H),
2.66 (t, J 8.0 Hz, 2H); 1H NMR (CDCl3) d 7.22 (m, 4H), 3.68
(s, 3H), 3.08 (t, J 8.0 Hz, 2H), 2.65 (t, J 8.0 Hz, 2H); HPLC
acetonitrile–water (60 : 40), RT 10.2 min. The spectroscopic
data for this compound are consistent with literature values21


and those of an authentic sample prepared by treatment of
the acid 4b with thionyl chloride and methanol. For methyl
3-(4-chlorophenyl)propionate (5c): colourless oil; 41%; 1H NMR
(CCl4) d 7.25 (d, J 8.5 Hz, 2H), 7.17 (d, J 8.5 Hz, 2H), 3.65 (s,
3H), 2.90 (t, J 8.0 Hz, 2H), 2.64 (t, J 8.0 Hz, 2H); 1H NMR
(CD3CO2D) d 7.26 (d, J 8.5 Hz, 2H), 7.17 (d, J 8.5 Hz, 2H),
3.65 (s, 3H), 2.90 (t, J 7.5 Hz, 2H), 2.63 (t, J 7.5 Hz, 2H); HPLC
acetonitrile–water (60 : 40), RT 11.7 min. The spectroscopic data
for this compound are consistent with literature values22 and
those of an authentic sample prepared by treatment of the acid 4c
with thionyl chloride and methanol.


Determination of the rates of reaction of compounds 1a–5a with
chlorine


Solutions of compounds 1a–5a (ca. 1 mg) in acetic acid-d4 (0.5 mL)
containing chlorine (0.1–1.0 M), in NMR tubes sealed with
Rototite R© valves, were maintained in the dark at 25 ◦C for 4–
48 h. 1H NMR spectra of the mixtures were recorded at regular
intervals and integrated to determine the ratios of the residual
starting materials 1a–5a and the products 1b,c–5b,c. Second order
rate constants, k, for the reactions were then derived from these
data according to eqn (1),23 where [A] is the concentration of
compound 1a–5a. The rate constants are summarised in Table 1.
The ratios of the products 1b,c–5b,c formed in these reactions
are indistinguishable from those of the reactions carried out in
unlabelled acetic acid.


−d[A]/dt = k[A][Cl2] (1)


Using carbon tetrachloride as the solvent but under otherwise
identical conditions, there was no evidence of chlorination of
compounds 1a–5a after 4 days, even at the highest chlorine
concentration (1.0 M).
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General procedure for preparation of the chlorides 6b,c–8b,c


Reactions of compounds 6a–8a with chlorine as described above
for the synthesis of the chlorides 1b,c–5b,c, except that the reac-
tions were carried out in either acetic acid, carbon tetrachloride or
a,a,a-trifluorotoluene, and the heterogeneous mixtures involved
when using the latter two solvents were stirred, affording the
chlorides 6b,c–8b,c, which were treated with acetic acid and
characterised as their colourless acetate salts by comparison with
literature data.11 The ratios of formation of the regioisomers 6b,c–
8b,c in the various solvents are summarised in Table 2.


2-(2-Chlorophenyl)ethylamine (6b). 1H NMR (CD3CO2D) d
7.29 (m, 4H), 3.32 (t, J 8.0 Hz, 2H), 3.15 (t, J 8.0 Hz, 2H); HPLC
acetonitrile–water–acetic acid (49 : 49 : 2), RT 5.8 min.


2-(4-Chlorophenyl)ethylamine (6c). 1H NMR (CD3CO2D) d
7.32 (m, 4H), 3.30 (t, J 8.0 Hz, 2H), 3.01 (t, J 8.0 Hz, 2H); HPLC
acetonitrile–water–acetic acid (49 : 49 : 2), RT 6.2 min.


3-(2-Chlorophenyl)propylamine (7b). 1H NMR (CD3CO2D) d
7.28 (m, 4H), 3.14 (t, J 7.5 Hz, 2H), 2.84 (t, J 7.5 Hz, 2H), 2.07 (m,
2H); HPLC acetonitrile–water–acetic acid (49 : 49 : 2), RT 6.1 min.


3-(4-Chlorophenyl)propylamine (7c). 1H NMR (CD3CO2D) d
7.30 (m, 4H), 3.09 (t, J 7.5 Hz, 2H), 2.70 (t, J 7.5 Hz, 2H), 2.09 (m,
2H); HPLC acetonitrile–water–acetic acid (49 : 49 : 2), RT 6.4 min.


4-(2-Chlorophenyl)butylamine (8b). 1H NMR (CD3CO2D) d
7.26 (m, 4H), 3.12 (m, 2H), 2.77 (t, J 8.0 Hz, 2H), 1.80 (m, 4H);
HPLC acetonitrile–water–acetic acid (49 : 49 : 2), RT 5.9 min.


4-(4-Chlorophenyl)butylamine (8c). 1H NMR (CD3CO2D) d
7.25 (m, 4H), 3.10 (m, 2H), 2.63 (t, J 8.0 Hz, 2H), 1.85 (m, 4H);
HPLC acetonitrile–water–acetic acid (49 : 49 : 2), RT 6.2 min.


General procedure for preparation of the chlorides 9b,c–16b,c


Reactions of compounds 9a–16a with chlorine as described above
for the synthesis of the chlorides 1b,c–5b,c, except that the reac-
tions were carried out in either acetic acid, carbon tetrachloride
or a,a,a-trifluorotoluene, afforded the chlorides 9b,c–16b,c. The
ratios of formation of the regioisomers 9b,c–16b,c in the various
solvents are summarised in Table 3. The pairs of regioisomers
9b–16b and 9c–16c were separated using HPLC.


2-(2-Chlorophenyl)acetamide (9b). Colourless crystals; mp
171–172 ◦C (lit.24 mp 168–172 ◦C); 1H NMR (CCl4) d 7.35 (m, 4H),
3.66 (s, 2H); 1H NMR (CD3CO2D) d 7.34 (m, 4H), 3.78 (s, 2H);
HPLC acetonitrile–water (50 : 50), RT 8.0 min. The spectroscopic
data for this compound are consistent with literature values.24


2-(4-Chlorophenyl)acetamide (9c). Colourless crystals; mp
180–182 ◦C (lit.24 mp 180–182 ◦C); 1H NMR (CCl4) d 7.35 (d,
J 8.0 Hz, 2H), 7.25 (d, J 8.0 Hz, 2H), 3.39 (s, 2H); 1H NMR
(CD3CO2D) d 7.30 (m, 4H), 3.61 (s, 2H); HPLC acetonitrile–water
(50 : 50), RT 8.4 min. The spectroscopic data for this compound
are consistent with literature values.24


3-(2-Chlorophenyl)propionamide (10b). Colourless crystals;
mp 115–116 ◦C (lit.25 119 ◦C); 1H NMR (CCl4) d 7.19 (m, 4H), 5.70
(bs, 1H), 5.51 (bs, 1H), 3.02 (t, J 7.5 Hz, 2H), 2.43 (t, J 7.5 Hz,
2H); 1H NMR (CD3CO2D) d 7.20 (m, 4H), 3.06 (t, J 7.0 Hz,
2H), 2.61 (t, J 7.0 Hz, 2H); HPLC acetonitrile–water (60 : 40), RT


7.2 min. The spectroscopic data for this compound are consistent
with literature values.26


3-(4-Chlorophenyl)propionamide (10c). Colourless crystals;
mp 127–128 ◦C (lit.27 129–130 ◦C); 1H NMR (CCl4) d 7.19 (d,
J 8.5 Hz, 2H), 7.09 (d, J 8.5 Hz, 2H), 5.50 (bs, 1H), 5.00 (bs, 1H),
2.87 (t, J 7.5 Hz, 2H), 2.37 (t, J 7.5 Hz, 2H); 1H NMR (CD3CO2D)
d 7.26 (d, J 8.5 Hz, 2H), 7.20 (d, J 8.5 Hz, 2H), 2.92 (t, J 8.0 Hz,
2H), 2.58 (t, J 8.0 Hz, 2H); HPLC acetonitrile–water (60 : 40), RT


7.9 min.


4-(2-Chlorophenyl)butyramide (11b). Colourless crystals; mp
96–97 ◦C; 1H NMR (CCl4) d 7.17 (m, 4H), 2.75 (t, J 7.5 Hz, 2H),
2.11 (t, J 7.5 Hz, 2H), 1.89 (m, 2H); 1H NMR (CDCl3) d 7.24 (m,
4H), 5.65 (bs, 2H), 2.79 (t, J 7.5 Hz, 2H), 2.28 (t, J 7.5 Hz, 2H),
1.98 (apparent quintet, J 7.5 Hz, 2H); 13C NMR (CDCl3) d 175.2,
138.9, 133.9, 130.5, 129.5, 127.5, 126.8, 35.0, 32.7, 25.3; MS m/z
(%) 199 (M+•, 5), 197 (M+•, 16), 162 (23), 125 (26), 89 (18), 59
(100); HPLC acetonitrile–water (60 : 40), RT 7.9 min; (Found: C,
60.55; H, 5.98; N, 6.98%. C10H12ClNO requires C, 60.76; H, 6.12;
N, 7.09%).


4-(4-Chlorophenyl)butyramide (11c). Colourless crystals; mp
95–98 ◦C (lit.28 mp 112–113 ◦C); 1H NMR (CCl4) d 7.18 (d, J
8.0 Hz, 2H), 7.07 (d, J 8.0 Hz, 2H), 5.59 (bs, 1H), 5.05 (bs, 1H),
2.61 (t, J 7.5 Hz, 2H), 2.09 (t, J 7.5 Hz, 2H), 1.89 (m, 2H); 1H
NMR (CDCl3) d 7.24 (d, J 8.0 Hz, 2H), 7.10 (d, J 8.0 Hz, 2H),
5.50 (bs, 2H), 2,64 (t, J 7.5 Hz, 2H), 2.22 (t, J 7.5 Hz, 2H), 1.95
(apparent quintet J 7.5 Hz, 2H); 13C NMR (CDCl3) d 176.9, 139.5,
131.7, 129.8. 128.5, 34.7, 34.3, 26.6; MS m/z (%) 199 (M+•, 8), 197
(M+•, 27), 125 (27), 59 (100); HPLC acetonitrile–water (60 : 40),
RT 9.1 min; (Found: C, 60.63; H, 6.20; N, 7.04%. C10H12ClNO
requires C, 60.76; H, 6.12; N, 7.09%).


N-(2-(2-Chlorophenyl)ethyl)acetamide (12b). Colourless oil;
1H NMR (CCl4) d 7.22 (m, 4H), 5.38 (b, 1H), 3.42 (apparent
q, J 7.0 Hz, 2H), 3.92 (t, J 7.0 Hz, 2H), 1.64 (s, 3H); 1H NMR
(CDCl3) d 7.28 (m, 4H), 5.53 (b, 1H), 3.53 (apparent q, J 7.0 Hz,
2H), 2.96 (t, J 7.0 Hz, 2H), 1.95 (s, 3H); HPLC acetonitrile–water
(60 : 40), RT 9.5 min. The spectroscopic data for this compound
are consistent with literature values.29


N-(2-(4-Chlorophenyl)ethyl)acetamide (12c). Colourless crys-
tals; mp 94–95 ◦C (lit.29 mp 96 ◦C); 1H NMR (CCl4) d 7.23 (d, J
8.0 Hz, 2H), 7.09 (d, J 8.0 Hz, 2H), 5.20 (b, 1H), 3.37 (apparent q, J
7.0 Hz, 2H), 2.75 (t, J 7.0 Hz, 2H), 1.83 (s, 3H); 1H NMR (CDCl3)
d 7.26 (d, J 8.5 Hz, 2H), 7.12 (d, J 8.5 Hz, 2H), 5.45 (b, 1H), 3.48
(apparent q, J 7.0 Hz, 2H), 2.79 (t, J 7.0 Hz, 2H), 1.94 (s, 3H);
HPLC acetonitrile–water (60 : 40), RT 10.2 min. The spectroscopic
data for this compound are consistent with literature values.29


N-(3-(2-Chlorophenyl)propyl)acetamide (13b). Colourless oil;
1H NMR (CCl4) d 7.17 (m 4H), 3.39 (apparent q, J 7.0 Hz, 2H),
2.74 (t, J 7.5 Hz, 2H), 1.85 (s, 3H), 1.79 (m, 2H); 1H NMR (CDCl3)
d 7.23 (m, 4H), 5.58 (b, 1H), 3.29 (apparent q, J 7.0 Hz, 2H), 2.76
(t, J 7.5 Hz, 2H), 1.96 (s, 3H), 1.83 (m, 2H); 13C NMR (CDCl3)
d 170.1, 138.9, 133.7, 130.4, 129.5, 127.5, 126.9, 39.1, 30.9, 29.5,
23.3; MS m/z (%) 213 (M+•, 18), 211 (M+•, 59), 176 (19), 152 (29),
125 (34), 117 (53), 103 (25), 89 (17), 73 (100); HPLC acetonitrile–
water (60 : 40), RT 9.0 min; (Found: C, 62.40; H, 6.99; N, 6.43%.
C11H14ClNO requires C, 62.41; H, 6.67; N, 6.62%).
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N-(3-(4-Chlorophenyl)propyl)acetamide (13c). Colourless oil;
1H NMR (CCl4) d 7.18 (d, J 8.0 Hz, 2H), 7.06 (d, J 8.0 Hz, 2H),
5.55 (b, 1H), 3.15 (apparent q, J 7.5 Hz, 2H), 2.58 (t, J 7.5 Hz,
2H), 1.83 (s, 3H), 1.75 (m, 2H); 1H NMR (CDCl3) d 7.23 (d, J
8.5 Hz, 2H), 7.09 (d, J 8.5 Hz, 2H), 5.60 (b, 1H), 3.26 (apparent
q, J 7.0 Hz, 2H), 2.61 (t, J 8.0 Hz, 2H), 1.95 (s, 3H), 1.78 (m, 2H);
13C NMR (CDCl3) d 170.2, 139.8, 131.7, 129.7, 128.5, 39.2, 32.5,
31.3, 23.3; MS m/z (%) 213 (M+•, 11), 211 (M+•, 39), 176 (13), 152
(27), 125 (24), 117 (48), 73 (100); HPLC acetonitrile–water (60 :
40), RT 9.8 min; (Found: C, 62.20; H, 6.69; N, 6.83%. C11H14ClNO
requires C, 62.41; H, 6.67; N, 6.62%).


N-(4-(2-Chlorophenyl)butyl)acetamide (14b). Colourless oil;
1H NMR (CCl4) d 7.11 (m 4H), 5.50 (b, 1H) 3.19 (apparent q,
J 7.0 Hz, 2H), 2.73 (t, J 7.5 Hz, 2H), 1.84 (s, 3H), 1.63 (m, 2H),
1.54 (m, 2H); 1H NMR (CDCl3) d 7.23 (m, 4H), 5.50 (b, 1H),
3.27 (apparent q, J 6.5 Hz, 2H), 2.75 (t, J 7.0 Hz, 2H), 1.97 (s,
3H), 1.83 (m, 4H); 13C NMR (CDCl3) d 170.3, 140.4, 131.5, 129.7,
128.4, 39.5, 34.7, 29.0, 28.5, 23.1; MS m/z (%) 227 (M+•, 45), 225
(M+•, 91), 148 (24), 131 (36), 125 (80), 100 (100), 87 (98), 72 (92);
HPLC acetonitrile–water (55 : 45), RT 7.3 min; (Found: C, 63.36;
H, 7.07; N, 6.04%. C12H16ClNO requires C, 63.86; H, 7.14; N,
6.21%).


N-(4-(4-Chlorophenyl)butyl)acetamide (14c). Colourless nee-
dles; mp 89–90 ◦C; 1H NMR (CCl4) d 7.18 (d, J 8.5 Hz, 2H), 7.04
(d, J 8.5 Hz, 2H), 5.15 (b, 1H), 3.17 (apparent q, J 7.0 Hz, 2H),
2.60 (t, J 7.5 Hz, 2H), 1.84 (s, 3H), 1.61 (m, 2H), 1.46 (m, 2H); 1H
NMR (CDCl3) d 7.25 (d, J 8.5 Hz, 2H), 7.15 (d, J 8.5 Hz, 2H), 5.95
(b, 1H), 3.23 (apparent q, J 6.5 Hz, 2H), 2.58 (t, J 7.0 Hz, 2H),
1.96 (s, 3H), 1.55 (m, 4H); 13C NMR (CDCl3) d 170.3, 140.4, 131.5,
129.7, 128.4, 39.5, 34.7, 29.0, 28.5, 23.1; MS m/z (%) 227 (M+•,
27), 225 (M+•, 86), 138 (28), 100 (78), 87 (100), 72 (85); HPLC
acetonitrile–water (55 : 45), RT 8.1 min; (Found: C, 63.44; H, 7.20;
N, 6.75%. C12H16ClNO requires C, 63.86; H, 7.14; N, 6.21%).


N-Methyl-3-(2-chlorophenyl)propionamide (15b). Colourless
oil; 1H NMR (CCl4) d 7.18 (m, 4H), 6.05 (b, 1H), 2.98 (t, J 7.5 Hz,
2H), 2.67 (d, J 5.0 Hz, 3H), 2.37 (t, J 7.5 Hz, 2H); 13C NMR
(CDCl3) d 172.5, 138.3, 133.7, 130.7, 129.5, 127.8, 127.0, 36.3,
29.2, 26.3; MS m/z (%) 197 (M+•, 2), 162 (100), 125 (28), 103
(26); HPLC acetonitrile–water (60 : 40), RT 10.5 min; (Found: C,
60.55; H, 6.09; N, 7.18%. C10H12ClNO requires C, 60.76; H, 6.12;
N, 7.09%).


N-Methyl-3-(4-chlorophenyl)propionamide (15c). Colourless
needles; mp 126–127 ◦C; 1H NMR (CCl4) d 7.18 (d, J 8.5 Hz,
2H), 7.07 (d, J 8.5 Hz, 2H), 5.00 (b, 1H), 2.87 (t, J 7.5 Hz, 2H),
2.70 (d, J 5.0 Hz, 3H), 2.28 (t, J 7.5 Hz, 2H); 13C NMR (CDCl3) d
172.3, 139.4, 131.9, 129.7, 128.6, 38.2, 31.0, 26.3; MS m/z (%) 199
(M+•, 28), 197 (M+•, 100), 138 (57), 103 (39); HPLC acetonitrile–
water (60 : 40), RT 11.6 min; (Found: C, 60.34; H, 5.94; N, 7.02%.
C10H12ClNO requires C, 60.76; H, 6.12; N, 7.09%).


N ,N-Dimethyl-3-(2-chlorophenyl)propionamide (16b). Colour-
less oil; 1H NMR (CCl4) d 7.19 (m, 4H), 2.99 (t, J 7.5 Hz, 2H), 2.91
(s, 3H), 2.86 (s, 3H), 2.50 (t, J 7.5 Hz, 2H); 1H NMR (CDCl3) d
7.25 (m, 4H), 3.08 (t, J 7.5 Hz, 2H), 2.95 (s, 6H), 2.62 (t, J 7.5 Hz,
2H); 13C NMR (CDCl3) d 171.9, 138.9, 133.9, 130.9, 129.4, 127.7,


126.9, 37.2, 35.4, 33.3, 29.5; MS m/z (%) 211 (M+•, 4), 176 (100),
139, (21) 125 (28), 102 (24), 72 (27); HPLC acetonitrile–water (60 :
40), RT 12.0 min; (Found: C, 62.70; H, 6.51; N, 6.53%. C11H14ClNO
requires C, 62.41; H, 6.67; N, 6.62%).


N ,N-Dimethyl-3-(4-chlorophenyl)propionamide (16c). Colour-
less oil; 1H NMR (CCl4) d 7.17 (d, J 8.5 Hz, 2H), 7.10 (d, J
8.0 Hz, 2H), 3.30 (s, 3H), 2.86 (m, 5H), 2.46 (t, J 7.5 Hz, 2H); 1H
NMR (CDCl3) d 7.25 (d, J 8.5 Hz, 2H), 7.15 (d, J 8.5 Hz, 2H),
2.94 (t, J 7.5 Hz, 2H), 2.92 (s, 6H), 2.59 (t, J 7.5 Hz, 2H); 13C
NMR (CDCl3) d 171.9, 139.9, 131.8, 129.8, 128.5. 37.1, 35.5, 35.0,
30.6; MS m/z (%) 213 (M+•, 35), 211 (M+•, 100), 138 (44), 125
(84), 103 (44), 86 (42), 72 (73); HPLC acetonitrile–water (60 : 40),
RT 13.5 min; (Found: C, 62.71; H, 6.61; N, 6.62%. C11H14ClNO
requires C, 62.41; H, 6.67; N, 6.62%).


Determination of the rates of reaction of compounds 9a–16a with
chlorine


The rate of reaction of the amide 10a in acetic acid was determined
as described above for the rates of reaction of compounds 1a–5a.
The reactions of the amides 9a–15a in carbon tetrachloride, and
of 9a–11a in a,a,a-trifluorotoluene, were examined in a similar
fashion, except that the results were not consistent with second
order reactions, so instead pseudo-first order rate constants, k′,
for the reactions were derived from the data according to eqn
(2).23 The reaction of the tertiary amide 16a did not follow either
first or second order kinetics. The rate constants for the reactions
of 9a–15a and the ratios of formation of the products 9b,c–16b,c
are summarised in Table 3.


−d[A]/dt = k′[A] (2)


Preparation of the N-chloride of 3-phenylpropionamide 10a


The amide 10a was treated with an equimolar quantity of tert-butyl
hypochlorite in chloroform and the solution was stirred at room
temperature in the dark for 24 h. The solvent was then removed
under reduced pressure and the residue was chromatographed
on silica, eluting with dichloromethane, to give N-chloro-3-
phenylpropionamide; colourless liquid; 1H NMR (CCl4) d 7.08
(m, 5H), 6.30 (b, 1H), 2.95 (t, J 7.5 Hz, 2H), 2.53 (t, J 7.5 Hz, 2H);
13C NMR (CDCl3) d 172.2, 139.9, 128.6, 128.2, 126.4, 36.7, 31.7;
MS m/z (%) 186 (M+•, 10), 184 (M+•, 18), 148 (85), 117 (56), 105
(88), 91 (100); (Found: C, 58.64; H, 5.52; N, 7.87%. C9H10ClNO
requires C, 58.87; H, 5.49; N, 7.63%).
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The reaction of adamantane-2-thione with propiolic acid afforded a novel type of cycloadduct,
spiro[adamantane-2,2′-6′H-[1,3]-oxathiin]-6′-one (3a), in quantitative yield. The reaction of
thiobenzophenone with propiolic acid gave 2,2-diphenyl-6′H-[1,3]-oxathiin]-6′-one and
4-phenyl-3-thia-3,4-dihydronaphthoic acid in 34% and 35% yields, respectively. The reaction might
proceed through a concerted process, as confirmed by kinetics. The reaction of adamantane-2-thione
with 2-butynoic acid or phenylpropiolic acid gave the corresponding adducts regioselectively.
Interestingly, only one isomer was obtained by the reaction of thiofenchone with propiolic acid,
suggesting that the reaction proceeded diastereospecifically. Oxidation of adducts 3 by
dimethyldioxirane or m-chloroperoxybenzoic acid gave the corresponding sulfoxides and sulfones. The
sulfoxides were thermally decomposed to give disulfide or another type of 1,3-oxathiin-6-one.


Introduction


Thioketones (1) are known to react with dienes to give the cor-
responding Diels–Alder adducts.1 a,b-Unsaturated thioketones
readily dimerize, and these dimers are employed as sources of
the monomers by the retro Diels–Alder reaction. The monomers
react with dienophiles to give the corresponding adducts.2


On the other hand, dihydrobenzothiopyrans have been synthe-
sized by the reaction of aromatic thioketones with dimethyl
acetylenedicarboxylate.3 Photoreaction of 9-xanthenethione with
acetylenes initially formed [2 + 2] cycloadducts, which further
reacted with acetylenes to give spiro adducts.4 We have also
reported the reaction of monomeric thioketones 1 with benzyne
to give the corresponding four-membered benzothietes in good
yields.5 The reaction of 3-thiooxoandrosta-1,4-diene-17-one with
propiolic acid (2a) reported by Weiss et al. afforded the corre-
sponding 1,3-oxathiin-6-ones 3 (thiodioxenone), the first example
of monomeric thioketones 1 with acetylenic acids.6 Recently, we
have communicated the synthesis of 3 by the reaction of several
types of isolable monomeric thioketones with acetylenic acid.7


The photoreaction of thiodioxenones 3 has been carried out by
Schmidt and Margaretha.8 Herein, we report the full details of the
cycloaddition reaction of thioketones with propiolic acid and the
oxidation of the cycloadducts.


Results and discussion


Treatment of adamantane-2-thione (1a) with propiolic acid
(2a) in refluxing toluene resulted in the formation of
spiro[adamantane-2,2′-6′H-[1,3]-oxathiin]-6′-one (3a), in quanti-
tative yield (Scheme 1). The structure of 3a was determined by
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Scheme 1


spectroscopic analysis. Its 1H NMR spectrum featured two doublet
signals at 6.11 and 7.36 ppm, which clearly indicated the existence
of two olefinic protons.


Similarly, 2-butynoic acid (2b) and phenylpropiolic acid (2c)
reacted with 1a to give the corresponding 6H-1,3-oxathiin-6-
ones 3b, 3c, which are the thio analogues of 6H-1,3-dioxin-6-
ones (Table 1). 6H-1,3-Dioxin-6-ones, which are produced by the
cycloaddition reaction of ketones with Meldrum’s acid,9 are well
known as the precursors of many natural products.


Since propiolic acid easily reacts with adamantane-2-thione, we
next attempted the one-pot synthesis of 3a from 2-adamantanone
(4). Treatment of 4 with tetraphosphorus decasulfide, followed by
the addition of propiolic acid, gave 3a in 65% yield (Scheme 2).


Ohno et al.3a,10 and Gotthardt et al.4,11 reported that the cycload-
dition and photoreaction of thiobenzophenone (1b) with dimethyl


Table 1 Reaction of 1a with acetylenic acids 2


Acid Conditions Product


2 Mol equiv. Solvent Time/h 3 Yield (%)


2a 3 Toluene 3 3a 86
2a 3 Toluene 6 3a 100
2a 4 Benzene 12 3a 85
2a 3 Chloroform 12 3a 100
2a 3 Acetone 12 3a 0
2b 3 Toluene 96 3b 81
2c 3 Toluene 96 3c 78
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Scheme 2


acetylenedicarboxylate (DMAD) gave methyl 2-carbomethoxy-
4-phenyl-3-thia-3,4-dihydronaphthoate in good yield. Instead of
DMAD, 2a gave the same result.10,11 Since the above result
suggested the possibility of the formation of 6H-1,3-oxathiin-6-
one 3, we reinvestigated the present reaction. When a concentrated
solution (0.5 mol L−1) of 1b and 2a in toluene was refluxed for
8 h, 2,2-diphenyl-6H-1,3-oxathiin-6-one (3d) was obtained in 34%
yield along with naphthoic acid (5a) (35%) (Scheme 3).


Scheme 3


When thiopivalophenone (1c), one of the aromatic thioke-
tones, was chosen as the substrate, 2-tert-butyl-2-phenyl-6H-1,3-
oxathiin-6-one (3e) was obtained in 65% yield (Scheme 4). Less
than 15% of normal cycloadduct 5b was obtained as a side product,
suggesting that the formation rate of 3d was higher than that of 5b.
Thus, even in the case of unsaturated thioketones, thiodioxenones
3 were obtained in moderate yields.


Scheme 4


Weiss et al. reported that the reaction of 3-thiooxoandrosta-1,4-
diene-17-one with 2a gave the corresponding 6H-1,3-oxathiin-6-
one.6 They suggested that the reaction might proceed through
an ionic intermediate, however no confirmation was observed.
To check the exact reaction mechanism, we have tried the
reaction of thiofenchone (1f) with 2a. If the reaction proceeds
through an ionic intermediate, both isomers (exo- and endo-
cycloadducts) will be formed in a nearly 1 : 1 ratio. When a
solution of 1f and 2a in toluene was refluxed for 5 h, only one
cycloadduct (exo-3h) (83%) was obtained, suggesting that the
reaction proceeded diastereospecifically (Scheme 5). The structure
of 3h was confirmed by its X-ray crystallographic analysis.7


Scheme 5


We then tried the reaction of thiocamphor (1g) with 2a. A
thioketone with less bulky substituting groups, such as 1g, will
afford both isomers even in a concerted process. Additionally,
thiocamphor 1g isomerizes to the corresponding enethiol, which
may afford the ene reaction product. Treatment of 1g with 2a in
refluxing toluene resulted in the formation of the corresponding
exo–endo adducts (exo : endo = 5 : 1) 3i in 66% yield (Scheme 6)
along with unidentified products. Although it is not clear whether
ene-reaction products were formed or not, yields of those products
were less than 5%. Since the exact structure of main product 3i
is not clear, we then tried the X-ray crystallographic analysis of
major product of 3i. Fig. 1 shows an ORTEP drawing of exo-3i.


Scheme 6


Fig. 1 ORTEP drawing of compound 3i. Selected data for exo-3i: bond
lengths: C1–S1 = 1.835(2) Å, C1–O1 = 1.435(3) Å, C10–S1 = 1.719(4) Å,
C8–O1 = 1.366(3) Å, bond angles: O1–C1–S1 = 108.0(2)◦, C1–S1–C10 =
96.48(14)◦, C1–O1–C8 = 119.1(2)◦.


Since the present reaction might proceed through the cycload-
dition mechanism, we then carried out kinetic analysis. The
formation of 3a from thioketone 1a and 2a could be conveniently
and accurately monitored by 1H NMR spectroscopy. A second-
order reaction was observed by this technique. The rate constant
of 2.89 × 10−2 mol−1 dm3 min−1 at 353 K was obtained, which
was slightly dependent on the solvent used (relative rate; toluene :
benzene = 1 : 1.78 at 353 K, chloroform : toluene = 1.23 : 1 at
333 K). The reaction did not proceed in polar solvents, such as
DMSO, acetonitrile, and methanol. Variable temperature NMR
spectroscopy over the range of 60 to 110 ◦C with toluene as solvent
was used to obtain the activation parameters of DH‡ = 44 kJ mol−1


and DS‡ = −184 J K−1.
The observations of second-order reaction kinetics and a highly


stereoselective addition suggest a cycloaddition mechanism for
the thermal addition (Scheme 7). The large, negative entropy of
activation is consistent with the rigid cyclic transition state, which
indicates the relative independence of the reaction rate from the
solvent. The solvation of 2a by polar solvents might prevent the
initial addition of this cycloaddition.
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Scheme 7


The photocycloaddition reaction of thione 1b with olefins
afforded thietanes and 1,4-dithianes via radical intermediates.12


The benzo derivative of this type of compound was synthesized
by Dittmer et al.13 They reacted benzenediazonium 2-carboxylate
with 1b to afford benzo-1,3-oxathian-2-one. Krische et al. also
synthesized benzo-1,3-oxathiin-2-ones by a three step reaction
from 2-iodobenzoic acids.14


Oxidation of 6H-1,3-oxathiin-6-one


The photoreaction of thiodioxenones 3a was recently carried out
by Schmidt and Margaretha.8 They suggested the formation of
adamantine-2-one via [4 + 2] cycloreversion. We first tried the
thermolysis of 3a. Attempted thermolysis of 3a in refluxing xylene
led to the recovery of starting 3a quantitatively, whose reactivity
is quite different from that of dioxenones. Dioxenones are usually
afforded the [4 + 2] cycloreversion products in refluxing toluene.9,15


Thus, we then tried the oxidation of thiodioxenones in the hope of
obtaining the more reactive sulfoxides 6. The oxidation of 3a with
dimethyldioxirane (DMD) (1.2 mol equiv.) gave the corresponding
sulfoxide 6a (80%) and sulfone 7a (12%), whereas the oxidation
of 3a with m-CPBA (1.5 mol. equiv.) resulted in the formation of
6a (55%) and 7a (15%) along with 2-adamantanone (12%), which
might be formed by acid hydrolysis (Scheme 8). When excess of
m-CPBA (4 mol equiv.) was used, only 7a was obtained in 85%
yield. Other sulfoxides were obtained in a similar manner. The
results are shown in Table 2.


Scheme 8


Thus, selective oxidation gave the corresponding sulfoxides 6a–c
in good yields.


Thermolysis of sulfoxide 6


Since sulfoxides are generally converted into sulfenates on
heating,16 we next attempted the thermolysis of 6H-1,3-oxathiin-6-
one S-oxides 6. A recent study concerning thiosulfinates is applied
to the DNA cleavage.17 Treatment of 6a in refluxing toluene
resulted in polymeric products, whereas the thermolysis of 6b af-
forded unstable olefinic products, which could not be isolated due
to the tendency of polymerization. When the reaction was carried
out in the presence of trimethylsilyldiazomethane (TMSCHN2),
4-methyl-2-trimethylsilyl-6H-1,3-oxathiin-6-one (8), was obtained
(Scheme 9).


Scheme 9


According to Krische and Walter, thermolysis of 4H-3,1-
benzooxanthiin-4-one S-oxide gave ring contraction product,
3H-2,1-benzooxathiol-3-one.18 Thus, the reaction is surmised to
proceed as follows. Sulfoxide 6b was rearranged to sulfenate, which
was cleaved to give a biradical and adamantanone. The biradical
was further cyclized to afford 5-methyl-3H-2,1-oxathiol-3-one
(9), which was attacked by TMSCHN2 to give 8 via Pummerer
rearrangement (Scheme 10).19


Scheme 10


When 6c was treated with TMSCHN2 in refluxing toluene,
disulfide 10 was obtained. In this case, the phenyl group stabilized
the biradical intermediate, preventing the cyclization, and further
reaction with TMSCHN2 gave disulfide 10 (Scheme 11).


Table 2 Oxidation of 6H-1,3-oxathiin-6-ones 3a–c


Compound 3a–c Oxidant Mol equiv. Solvent 6 Yield (%) 7 Yield (%)


3a m-CPBA 1.5 CH2Cl2 6a 55 7a 15
3a DMD 1.5 Acetone 6a 80 7a 12
3a m-CPBA 4.0 Acetone 6a 0 7a 85
3b DMD 1.5 Acetone 6b 75 7b 6
3b m-CPBA 3.5 Acetone 6b 0 7b 86
3c DMD 1.5 Acetone 6c 78 7c —
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Scheme 11


Reaction of sulfone 7a with anthracene


In contrast with 3a and 6a, sulfone 7a was alcoholyzed to give the
corresponding ester (11) in 68% yield. We then tried the reaction
of these compounds with anthracene in the hope of obtaining the
corresponding Diels–Alder adducts. 7a reacted with anthracene
to afford the Diels–Alder adducts in 78% yield, whereas 3a–c did
not afford the corresponding adducts. (Scheme 12). Thus, 7a is
found to be a good dienophile.


Scheme 12


Basic alcoholysis of 12 in methanol afforded the sulfonate
(38%) (13) and unsaturated (18%) ester (14) along with 4 (75%)
(Scheme 13). Ester 14 might be formed by basic abstraction of
13. Structure of 14 was confirmed by the independent synthesis of
anthracene with methyl propiolate.


Scheme 13


Reduction of 12 by LiAlH4 in THF afforded two products,
cyclic sulfinate (15) and sulfonate (16), along with adamantanol
and 4. When excess of LiAlH4 was used, the cyclic sulfinate was
obtained in 60% yield (Scheme 14). Although the syntheses of
cyclic sulfinates are well known, the present method provides a
new type of synthesis of tetracyclic sulfinates.20


Scheme 14


In conclusion, we have synthesized novel cyclic 6H-1,3-oxathiin-
6-ones 3 by reacting thioketones with propiolic acid derivatives,
the oxidation of which afforded the corresponding sulfoxides 6 and
sulfones 7. Thermolysis of sulfoxides gave another type of 6H-1,3-
oxathiin-6-one 8 and disulfide 10. Reaction of 7 with anthracene
gave the corresponding adduct 12, which was reduced by LAH to
afford a new type of sultine 15.


Experimental


General


All chemicals were obtained from commercial suppliers and were
used without further purification. Analytical TLC was carried out
on precoated plates (Merck silica gel 60, F254) and flash column
chromatography was performed with silica (Merck, 70–230 mesh).
NMR spectra (1H at 400 MHz; 13C at 100 MHz) were recorded
in CDCl3 solvent, and the chemical shifts were expressed in ppm
relative to internal TMS. The melting points were uncorrected.


Materials


Thiones were synthesized by the reaction of ketones with
tetraphosphorus decasulfide according to the reported methods.21


Reaction of adamantane-2-thione (1a) with propiolic acid (2a)


To a solution of 1a (332 mg, 2.0 mmol) in toluene (15 mL) was
added 2a (422 mg, 6.0 mmol) in one portion. After being refluxed
for 5 h, the reaction mixture was evaporated to give pale yellow
crystals of spiro[adamantane-2,2′-6H ′-[1,3]-oxathiin]-6′-one (3a),
which was almost pure (470 mg, 1.99 mmol). Recrystallization
from hexane gave pure adduct 3a. 3a: colorless crystals; mp 141–
142 ◦C. 1H NMR (CDCl3) d = 1.65 (d, 2H, J = 13 Hz, CH2), 1.75
(s, 2H, CH2), 1.83 (d, 2H, J = 14 Hz, CH), 1.88 (s, 2H, CH2),
2.05 (d, 2H, J = 14 Hz, CH), 2.37 (d, 2H, J = 13 Hz, CH2),
2.53 (s, 2H, CH), 6.12 (d, 1H, J = 10 Hz, =CH), 7.34 (d, 1H,
J = 10 Hz, =CH). 13C NMR (CDCl3) d = 26.51, 26.68, 32.26,
34.75, 36.55, 37.53, 95.53 (S-C-O), 113.57 (=CH), 142.08 (=CH-
S), 161.94 (C=O). MS: Found: 236 (M+), Calcd for C13H16O2S:
236. Anal. Found: C, 65.96; H, 6.78%. Calcd for C13H16O2S: C,
66.07; H, 6.82%.


4′-Methylspiro[adamantane-2,2′-6H ′-[1,3]-oxathiin]-6′-one (3b).
81%, mp 91–92 ◦C. 1H NMR (CDCl3) d = 1.64 (d, 2H, J = 12 Hz,
CH2), 1.74 (s, 2H, CH2), 1.81 (d, 2H, J = 12 Hz, CH2), 1.82 (s,
2H, CH), 2.06 (d, 2H, J = 12 Hz, CH2), 2.15 (d, 3H, J = 1 Hz,
CH3), 2.35 (d, 2H, J = 12 Hz, CH2), 2.47 (s, 2H, CH), 5.95 (d, 1H,
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J = 1 Hz, =CH). 13C NMR (CDCl3) d = 23.67 (CH3), 26.46, 26.71,
32.43, 34.73, 36.66, 37.54, 94.77 (S-C-O), 111.03 (=CH), 154.99
(=CCH3), 162.90 (C=O). Anal. Found: C, 66.94; H, 7.25%. Calcd
for C14H18O2S: C, 67.16; H, 7.25%.


4′-Phenylspiro[adamantane-2,2′-6H ′-[1,3]-oxathiin]-6′-one (3c).
78%, mp 129–130 ◦C. 1H NMR (CDCl3) d = 1.70 (d, 2H, J =
12 Hz, CH2), 1.78 (s, 2H, CH2), 1.87 (d, 2H, J = 12 Hz, CH), 1.93
(s, 2H, CH2), 2.20 (d, 2H, J = 13 Hz, CH), 2.41 (d, 2H, J = 12 Hz,
CH2), 2.58 (s, 2H, CH), 6.40 (s, 1H, =CH), 7.42–7.51 (m, 3H, Ph),
7.64–7.67 (m, 2H, Ph). 13C NMR (CDCl3) d = 26.47, 26.50, 32.28,
34.90, 36.43, 37.53, 94.69 (S-C-O), 109.52 (=CH), 127.33, 128.82,
131.33, 135.68, 155.26 (=C-S), 163.57 (C=O). Anal. Found: C,
65.96; H, 6.78%. Calcd for C13H16O2S: C, 66.07; H, 6.82%.


Reaction of adamantanone (4) with tetraphosphorus decasulfide
followed by the addition of 2a


To a solution of 4 (750 mg, 5.0 mmol) in toluene (25 mL) was
added tetraphosphorus decasulfide (890 mg, 2.0 mmol) in one
portion. After being refluxed for 1 h, 2a (1.05 g, 15 mmol) was
added and further refluxed for 10 h. The reaction mixture was
washed with water, separated, dried over magnesium sulfate, and
filtered. The filtrate was evaporated to give a brown oil, which
was chromatographed over silica gel by elution with hexane–
dichloromethane (1 : 1) to afford colorless crystals of 3a (767 mg,
3.25 mmol, 65%).


Reaction of thiobenzophenone (1b) with 2a


To a solution of 1b (198 mg, 1.0 mmol) in toluene (2 mL) was
added 2a (210 mg, 3.0 mmol) in one portion. After refluxing for
7 h, the reaction mixture was evaporated to give a pale yellow oil,
which was chromatographed over silica gel by elution with hexane–
dichloromethane (1 : 1) to afford 2,2-diphenyl-6H-1,3-oxathiin-6-
one (3d) (91 mg, 0.34 mmol, 34%). 3d: mp 126–127 ◦C. 1H NMR
(CDCl3) d = 6.07 (d, 1H, J = 10.8 Hz, =CH), 7.32–7.37 (m, 7H,
=CH and Ph), 7.54–7.59 (br d, 4H, Ph). 13C NMR (CDCl3) d =
94.11 (S-C-O), 116.74 (=CH), 126.86 (Ph), 128.45 (Ph), 129.06
(Ph), 140.20 (=CH), 142.54 (Ph), 162.05 (COO). Anal. Found:
C, 71.73; H, 4.57%. Calcd for C16H12O2S: C, 71.62; H, 4.51%.
Further elution with dichloromethane afforded 4-phenyl-3-thia-
3,4-dihydronaphthoic acid (5a) (94 mg, 0.35 mmol, 35%). 5a: mp
172–173 ◦C (Lit.10 mp 164–165 ◦C). 1H NMR (CDCl3) d = 5.16 (s,
1H, CH), 7.02 (d, 1H, J = 7.2 Hz, Ar), 7.16–7.43 (m, 7H, Ar), 7.94
(s, 1H, =CH), 8.09 (d, 1H, J = 7.2 Hz, Ar). 13C NMR (CDCl3)
d = 47.18 (CH), 125.76, 127.20, 127.26, 127.81, 127.83, 128.17,
128.59, 128.86, 130.40, 131.00, 138.84, 139.57, 169.76 (COO).
Anal. Found: C, 71.39; H, 4.56%. Calcd for C16H12O2S: C, 71.62;
H, 4.51%.


Reaction of thiopivalophenone (1c) with 2a


To a solution of 1c (534 mg, 3.0 mmol) in toluene (15 mL) was
added 2a in one portion. After being refluxed for 8 h, the reaction
mixture was evaporated to give pale yellow crystals, which were
chromatographed over silica gel by elution with dichloromethane–
hexane (1 : 1) to afford 2-tert-butyl-2-phenyl-6H-1,3-oxathiin-6-
one (3e) (484 mg, 1.95 mmol, 65%). 3e: mp 124–125 ◦C. 1H NMR
(CDCl3) d = 1.09 (s, 9H, tert-Bu), 5.91 (d, 1H, J = 10 Hz), 7.22 (d,


1H, J = 10 Hz, =CH), 7.22–7.35 (m, 3 H, Ph), 7.57–7.61 (m, 2H,
Ph). 13C NMR (CDCl3) d = 25.99 (tert-butyl), 40.43 (tert-butyl),
101.46 (S-C-O), 114.96 (=CH), 127.01, 128.51, 128.66, 138.30,
141.91 (=CH), 162.78 (C=O). Anal. Found: C, 67.47; H, 6.59%.
Calcd for C14H16O2S: C, 67.71; H, 6.49%.


4-tert-Butyl-3-thia-3,4-dihydronaphthoic acid (5b). (112 mg,
0.45 mmol, 15%): mp 189–190 ◦C. 1H NMR (CDCl3) d = 0.94
(s, 9H, tert-butyl), 3.71 (d, 1H, J = 2 Hz, CH), 7.10 (br d, 1H, J =
7 Hz, Ph), 7.28–7.36 (m, 2H, Ph), 7.97 (d, 1H, J = 2 Hz, =CH),
8.04 (br d, 1H, J = 6 Hz, Ph). 13C NMR (CDCl3) d = 26.72 (tert-
butyl), 39.14 (tert-butyl), 54.17 (S-CH), 125.53, 126.84, 127.63,
127.74, 128.49, 130.35, 130.54, 140.56 (=CH), 169.37 (C=O).
Anal. Found: C, 63.46; H, 6.85%. Calcd for C14H16O2S + H2O: C,
63.14; H, 6.81%.


Other reactions were carried out in a similar manner by using
3.0 mmol of thiopivalophenone.


2-tert-Butyl-2-p-tolyl-6H-1,3-oxathiin-6-one (3f). (519 mg,
1.98 mmol, 66%): mp 104–105 ◦C. 1H NMR (CDCl3) d = 1.09
(s, 9H, tert-butyl), 2.34 (s, 3H, CH3), 5.92 (d, 1H, J = 10 Hz,
=CH), 7.08 (d, 2H, J = 9 Hz, p-Tol), 7.21 (d, 1H, J = 10 Hz,
=CH), 7.46 (d, 2H, J = 9 Hz, p-Tol). 13C NMR (CDCl3) d =
20.96 (tert-butyl), 25.96 (CH3), 40.42 (tert-butyl), 101.54, 114.90
(=CH), 127.70, 128.39, 135.22, 138.55, 141.99 (=CH), 162.85
(COO). Anal. Found: C, 69.00; H, 6.78%. Calcd for C15H18O2S:
C, 68.67; H, 6.92%.


4-tert-Butyl-7-methyl-3-thia-3,4-dihydronaphthoic acid (5c).
(126 mg, 0.48 mmol, 16%): mp 192–193 ◦C. 1H NMR (CDCl3)
d = 0.92 (s, 9H, tert-butyl), 2.38 (s, 3H, Tol-CH3), 3.68 (s, 1H,
CH), 6.98 (d, 1H, J = 8 Hz, Ar), 7.11 (br d, 1H, J = 8 Hz, Ar),
7.83 (br s, 1H, Ar), 7.94 (s, 1H, =CH). 13C NMR (CDCl3) d =
21.55 (CH3), 26.81 (tert-butyl), 39.18 (tert-butyl), 54.09 (S-CH),
125.34, 125.59, 127.12, 128.37, 130.06, 137.11, 140.67 (=CH),
156.44, 169.71 (COO). Anal. Found: C, 68.33; H, 6.58%. Calcd
for C15H18O2S: C, 68.67; H, 6.92%.


2-tert-Butyl-2-p-phenoxyphenyl-6H-1,3-oxathiin-6-one (3g).
(681 mg, 2.1 mmol, 70%): mp 116–117 ◦C. 1H NMR (CDCl3) d =
1.09 (s, 9H, tert-butyl), 5.95 (d, 1H, J = 10 Hz, =CH), 6.89 (d,
2H, J = 9 Hz, Ar), 7.03 (d, 2H, J = 10 Hz, Ar), 7.15 (m, 1H,
Ar), 7.24 (d, 1H, J = 10 Hz, =CH), 7.35 (m, 2H, Ar), 7.53 (d,
2H, J = 9 Hz, Ar). 13C NMR (CDCl3) d = 25.89 (tert-butyl),
40.49 (tert-butyl), 101.22 (S-C-O), 114.85 (=CH), 116.24, 119.51,
123.88, 129.76, 132.35, 141.96 (=CH), 155.98, 157.79, 162.63
(COO). Anal. Found: C, 70.30; H, 6.00%. Calcd for C14H16O2S:
C, 70.56; H, 5.92%.


4-tert-Butyl-7-phenoxy-3-thia-3,4-dihydronaphthoic acid (5d).
(156 mg, 0.48 mmol, 16%): mp 205–206 ◦C. 1H NMR (CDCl3) d =
0.93 (s, 9H, tert-butyl), 3.70 (br s, 1H, CH), 6.92 (dd, 1H, J = 2 and
8 Hz, Ar), 7.02–7.05 (m, 3H, Ar and PhO), 7.11 (m, 1H, PhO), 7.33
(m, 2H, PhO), 7.90 (br s, 1H, =CH), 7.99 (br s, 1H, Ar). 13C NMR
(CDCl3) d = 26.63 (tert-butyl), 39.17 (tert-butyl), 53.72 (SCH),
117.44, 117.78, 118.82, 123.24, 123.35, 125.04, 129.69, 131.41,
131.86, 141.55, 156.36, 156.96, 169.85 (COO). Anal. Found: C,
70.63; H, 6.01%. Calcd for C14H16O2S: C, 70.56; H, 5.92%.
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Reaction of thiofenchone (1f) with 2a


To a solution of 1f (337 mg, 2.0 mmol) in toluene (15 mL)
was added 2a (422 mg, 6.0 mmol) in one portion. After being
refluxed for 5 h, the reaction mixture was evaporated to give
pale yellow crystals of 1,3-oxathiine-6-one 3h. Recrystallization
from hexane gave pure adduct 3h (395 mg, 1.66 mmol, 83%).
Spiro[fenchane-2,2′-[1,3]-oxathiin]-6′-one (3h): mp 151.5–153 ◦C.
1H NMR (CDCl3) d = 1.19 (s, 3H, CH3), 1.21 (s, 3H, CH3), 1.26 (s,
3H, CH3), 1.27–1.77 (m, 6H, CH2), 2.19 (d, 1H, J = 10 Hz, CH),
6.04 (d, 1H, J = 10 Hz, =CH), 7.38 (d, 1H, J = 10 Hz, =CH).
13C NMR (CDCl3) d = 17.83 (CH3), 25.00 (CH3), 25.99 (CH3),
30.06, 30.44, 40.28, 49.78, 51.44, 54.85, 103.67 (S-C-O), 114.57,
142.86, 163.15 (COO). Anal. Found: C, 65.51; H, 7.58%. Calcd
for C13H18O2S: C, 65.51; H, 7.61%.


Reaction of thiocamphor (1g) with 2a


To a solution of 1g (304 mg, 2.0 mmol) in toluene (15 mL) was
added 2a (422 mg, 4.0 mmol) in one portion. After being refluxed
for 13 h, the reaction mixture was evaporated to give a pale
yellow oil, which was chromatographed over silica gel by elution
from hexane–dichloromethane (1 : 1) to afford a mixture of endo-
and exo-thiodioxenone (315 g, 1.32 mmol, 66%). Recrystallization
from hexane gave pure exo-adduct 3i (158 mg, 0.66 mmol, 33%).
Another isomer, endo-3i, could not be isolated in pure form. exo-
Spiro[camphane-2,2′-[1,3]-oxathiin]-6′-one 3i: mp 144–145 ◦C. 1H
NMR (CDCl3) d = 0.94 (s, 3H, CH3), 1.10 (s, 3H, CH3), 1.14 (s,
3H, CH3), 1.20 (m, 1H, CH2), 1.64 (m, 2H, CH2), 1.78 (m, 1H,
CH2), 1.92 (m, 1H, CH2), 2.08 (d, 1H, J = 14 Hz, CH2), 2.90 (m,
1H, CH), 6.13 (d, 1H, J = 10 Hz, =CH), 7.48 (d, 1H, J = 10 Hz,
=CH). 13C NMR (CDCl3) d = 11.52 (CH3), 20.84 (CH3), 21.29
(CH3), 26.13 (CH2), 30.44, 40.28, 49.78, 51.44, 54.85, 103.67, (S-
C-O), 114.57, 142.86, 163.15 (COO). Anal. Found: C, 65.29; H
7.61%. Calcd for C13H18O2S: C, 65.51; H, 7.61%.


Crystal data for exo-3i: Crystal data for C13H18O2S. Crystallized
from hexane. Mo-Ka radiation. M = 238.35, a = 7.69(5), b =
9.26(5), c = 17.15(5) Å, V = 1221.11 Å3, T = 298 K, orthorhombic,
space group = P212121, Z = 4. n = 0.248 mm−1, 4013 measured
reflections, 2044 independent reflections, Rint = 0.033, Final R =
0.0485 for 1458 observed reflections (I > 2r(I)), R = 0.0781 for all
reflections.†


Oxidation of 3a using m-CPBA


To a solution of 3a (236 mg, 1.0 mmol) in dichloromethane
(5 mL) was added a solution of m-CPBA (259 mg, 1.5 mmol) in
dichloromethane (10 mL). After being stirred for 5 h, a colorless
solid of m-chlorobenzoic acid was precipitated, which was filtered
off. The filtrate was washed with 5% aqueous sodium carbonate
(10 ml) twice and dried over magnesium sulfate, filtered and
evaporated to give pale yellow oil, which was chromatographed
over silica gel by elution with dichloromethane–hexane (1 : 1)
to afford spiro[adamantine-2,2′-[1,3]oxathiin]-6′-one 3′-oxide (6a)
(139 mg, 0.55 mmol, 55%). 6a: colorless crystals; mp 70 ◦C
(decomp.). 1H NMR (CDCl3) d = 1.68 (d, 2H, J = 13 Hz,
CH), 1.78–1.86 (m, 4H, CH2), 1.94–2.06 (m, 4H, CH2), 2.13


† CCDC reference number 604020. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b605068a


(s, 1H, CH), 2.19 (d, 1H, J = 13 Hz, CHH), 2.34 (d, 1H,
J = 14 Hz, CHH), 2.46 (d, 1H, J = 13 Hz, CHH), 2.72 (s,
1H, CH), 6.60 (d, 1H, J = 10 Hz, =CH), 7.61 (d, 1H, J =
10 Hz, =CH). 13C NMR (CDCl3) d = 26.36, 26.75, 31.50, 31.92,
33.23, 33.33, 34.32, 35.60, 37.40, 101.36 (S-C-O), 126.31 (=CH),
140.27 (=CH-S), 159.13 (C=O). IR (neat) mmax/cm−1 = 3060,
2977, 2899, 2866, 1737, 1618, 1455, 1312. 1276, 1243, 1226, 1149,
1098, 1069, 1038, 1011 (S=O), 860, 799, 750, 663. Anal. Found:
C, 62.15; H, 6.46%. Calcd for C13H16O3S. C, 61.88; H, 6.39%.
Further elution with dichloromethane gave spiro[adamantane-
2,2′-[1,3]oxathiin]-6′-one 3′,3′-dioxide (7a) (38 mg, 0.15 mmol,
15%) and adamantanone 4 (18 mg, 0.12 mmol, 12%). Sulfone
7a: colorless crystals; mp 178–179 ◦C. 1H NMR (CDCl3) d = 1.75
(d, 2H, J = 13 Hz, CH2), 1.79 (s, 2H, CH2), 1.84 (d, 2H, J = 14 Hz,
CH), 1.96 (m, 2H, CH2), 2.31 (d, 2H, J = 14 Hz, CH), 2.54 (d,
2H, J = 14 Hz, CH2), 2.67 (s, 2H, CH), 6.51 (d, 1H, J = 15 Hz,
=CH), 7.05 (d, 1H, J = 15 Hz, =CH). 13C NMR (CDCl3) d =
26.02, 26.37, 33.16, 33.25, 33.41, 37.43, 101.53 (S-C-O), 127.44
(=CH), 140.46 (=CH-S), 158.33 (C=O). Anal. Found. C, 58.40;
H, 6.02%. Calcd for C13H16O4S. C, 58.19; H, 6.01%.


When excess of m-CPBA (4 mol equiv., 0.69 g) was used in
acetone, only sulfone 7a was isolated in 85% yield (0.227 g,
0.85 mmol).


Oxidation of 3b using DMD


To a solution of 3b (250 mg, 1.0 mmol) in acetone (15 mL) was
added a solution of DMD (0.083 M in acetone, 18 mL, 1.5 mmol).
After being stirred for 5 h, the reaction mixture was evaporated to
give colorless crystals, which were chromatographed over silica
gel by elution with dichloromethane–hexane (1 : 1) to afford
4′-methylspiro[adamantane-2,2′-[1,3]oxathiin]-6′-one 3′-oxide (6b)
(200 mg, 0.75 mmol, 75%). 6b: colorless crystals; mp 113–114 ◦C.
1H NMR (CDCl3) d = 1.66 (br d, 1H, J = 13 Hz, CH), 1.75–1.86
(m, 4H, CH2), 1.92–2.26 (m, 6H, CH2), 2.36 (d, 1H, J = 14 Hz,
CHH), 2.43 (s, 3H, CH3), 2.46 (br, 1H, CHH), 2.73 (s, 1H, CH),
6.28 (s, 1H, =CH). 13C NMR (CDCl3) d = 21.37 (CH3), 26.72,
27.06, 31.77, 32.50, 33.37, 33.60, 34.55, 35.73, 37.68, 100.42 (S-
C-O), 120.63 (=CH), 154.04 (=CH-S), 159.65 (C=O). IR (neat)
mmax/cm−1 = 3006, 2919, 2899, 2862, 1716, 1633, 1445, 1380, 1360,
1284, 1254, 1221, 1099, 1081, 1046 (S=O), 1015, 964, 947, 916,
897, 879, 835, 747, 724, 645. Anal. Found: C, 63.20; H, 6.74%.
Calcd for C14H19O3S: C, 63.13; H, 6.81%.


4′-Methylspiro[adamantane-2,2′-[1,3]-oxathiin]-6′-one 3′,3′-
dioxide (7b) (17 mg, 0.06 mmol, 6%): colorless crystals; mp
122–123 ◦C. 1H NMR (CDCl3) d = 1.74 (d, 2H, J = 13 Hz, CH2),
1.79 (s, 2H, CH2), 1.82 (d, 2H, J = 14 Hz, CH), 1.95 (d, 2H, J =
14 Hz, CH), 2.27 (s, 3H, CH3), 2.31 (d, 2H, J = 13 Hz, CH), 2.54
(d, 2H, J = 14 Hz, CH2), 2.65 (s, 2H, CH), 6.26 (s, 1H, =CH).
13C NMR (CDCl3) d = 14.80 (CH3), 26.35, 26.73, 33.31, 33.55,
33.79, 37.78, 100.19 (S-C-O), 123.13 (=CH), 151.64 (=CH-S),
158.44 (C=O). IR (neat) mmax/cm−1 = 3053, 2941, 2915, 2895,
2873, 1724, 1642, 1455, 1432, 1305 (SO2), 1281, 1246, 1223, 1155
(SO2), 1120, 1102, 1075, 1045, 1010, 968, 945, 903, 885, 850, 772,
742, 716, 687, 657. Anal. Found: C, 59.38; H, 6.38%. Calcd for
C14H18O4S. C, 59.55; H, 6.43%.


4′-Phenylspiro[adamantane-2,2′-[1,3]-oxathiin]-6′-one 3′-oxide
(6c) (256 mg, 0.78 mmol, 78%): colorless crystals; mp 141–142 ◦C.
1H NMR (CDCl3) d = 1.68 (br d, 1H, J = 13 Hz, CH), 1.75–1.92
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(m, 4H, CH2), 1.98–2.10 (m, 4H, CH2), 2.21 (br s, 2H, CH2), 2.45
(d, 1H, J = 14 Hz, CHH), 2.52 (d, 1H, J = 14 Hz, CHH), 2.79
(s, 1H, CH), 6.68 (s, 1H, =CH), 7.40–7.60 (m, 3H, Ph), 7.40 (br d,
J = 8 Hz, Ph). IR (neat) mmax/cm−1 = 3036, 2930, 2897, 2852, 1709,
1602, 1491, 1470, 1444, 1355, 1307, 1282, 1247, 1216, 1099, 1085,
1048 (S=O), 1018, 964, 950, 886, 842, 762, 687. Anal. Found. C,
69.75; H, 6.22%. Calcd for C19H20O3S. C, 69.48; H, 6.14%.


Thermolysis of 6b


A solution of 6b (133 mg, 0.5 mmol) and trimethylsilyldia-
zomethane (2.0 M solution in hexane, 1.5 mL, 1.5 mmol) in
chloroform (15 mL) was refluxed for 3 h. The reaction mixture was
evaporated to give a pale yellow oil, which was chromatographed
over silica gel by elution with dichloromethane–hexane (1 : 1)
to give 4 and 4-methyl-2-trimethylsilyl-6H-1,3-oxathiin-6-one (8)
(65 mg, 0.32 mmol, 64%). 8: colorless crystals; mp 70–73 ◦C.
1H NMR (CDCl3) d = 0.23 (s, 9H, TMS), 2.20 (s, 3H, CH3),
5.32 (s, 1H, CH), 5.96 (s, 1H, =CH). 13C NMR (CDCl3) d =
−4.81 (TMS), 22.44 (CH3), 74.25 (CH), 111.57 (=CCO), 159.25
(=CCH3), 163.07 (C=O). Anal. Found. C, 47.09; H, 6.94%. Calcd
for C8H14O2SSi. C, 47.49; H, 6.97%.


Thermolysis of 6c


A solution of 6c (165 mg, 0.5 mmol) and trimethylsilyldia-
zomethane (2.0 M solution in hexane, 1.5 mL, 1.5 mmol) in
chloroform was refluxed for 4 h. The reaction mixture was
evaporated to give a pale yellow oil, which was chromatographed
over silica gel by elution with dichloromethane–hexane (1 : 1) to
give 4 (45 mg, 0.60 mmol, 60%) and disulfide 10 (49 mg, 0.25 mmol,
50%). Disulfide 10: pale yellow oil. 1H NMR (CDCl3) d = 3.63 (3,
6H, OCH3), 5.89 (s, 2H, =CH), 7.10–7.22 (m, 4H, Ph), 7.32–7.42
(m, 6H, Ph). 13C NMR (CDCl3) d = 51.86 (OCH3), 118.27 (=CH),
128.31 128.83, 129.24, 137.55, 160.44 (=C), 165.49 (C=O). Anal.
Found: C, 59.30; H, 4.69%. Calcd for C20H18O4S2 + H2O. C, 59.39;
H, 4.98%.


Methanolysis of 7a


To a solution of 7a (134 mg, 0.5 mmol) in MeOH (10 mL)
was added trifluoromethanesulfonic acid (15 mg, 0.1 mmol).
After refluxing for 5 h, water (25 mL) was added and extracted
from dichloromethane (5 mL × 3). The combined extract was
dried over magnesium sulfate, filtered, and evaporated to give
a pale yellow oil, which was chromatographed over silica gel by
elution with dichloromethane–hexane (1 : 1) and dichloromethane
to afford 2-adamantanone (57 mg, 0.38 mmol) and methyl 2-
carbomethoxyethenesulfonate (11) (48 mg, 0.29 mmol, 68%).
Compound 11. colorless oil. 1H NMR CDCl3) d = 3.82 (s, 3H,
OMe), 3.84 (s, 3H, OMe), 6.35 (d, 1H, J = 11 Hz, =CH), 6.77
(d, 1H, J = 11 Hz, =CH). 13C NMR (CDCl3) d = 52.79 (OMe),
54.17 (OMe), 126.58 (=CH), 153.27 (=CH), 164.33 (C=O). IR:
m/cm−1 = 3039, 2954, 1728 (C=O), 1622, 1437, 1348, 1265, 1224,
1185, 1160, 1118, 990, 819, 792, 699, 670. Anal. Found: C, 36.23;
H, 4.77%. Calcd for C5H8O4S. C, 36.58; H, 4.91%.


Reaction of 7a with anthracene


To a solution of 7a (540 mg, 2.0 mmol) in xylene (10 mL) was added
a solution of anthracene (430 mg, 2.4 mmol) in xylene (10 mL).


After refluxing for 12 h, the reaction mixture was evaporated
to afford pale brown crystals, which were chromatographed
over silica gel by elution with dichloromethane to afford the
corresponding Diels–Alder adduct (12) (697 mg, 1.56 mmol, 78%).
Compound 12. colorless plates; mp 280 ◦C (sub.). 1H NMR
(CDCl3) d = 1.55 (d, 1H, J = Hz, CH2), 1.66–1.81 (m, 5H, CH2),
1.86 (s, 1H, CH), 1.92 (s, 1H, CH), 2.08 (d, 1H, J = 12.8 Hz, CH2),
2.22 (d, 1H, J = 12.8 Hz, CH2), 2.40 (s, 2H, CH), 2.48 (d, 1H,
J = 13.2 Hz, CH2), 2.61 (d, 1H, J = 12.8 Hz, CH2), 3.44 (dd, 1H,
J = 11.6 and 2.0 Hz, CH), 3.77 (d, 1H, J = 11.6 and 2.0 Hz, CH),
5.01 (s, 2H, CH), 7.15–7.20 (m, 4H, Ar), 7.35–7.48 (m, 4H, Ar).
13C NMR (CDCl3) d = 25.94, 26.60, 31.09, 33.12, 33.32, 33.67,
33.95, 37.53, 42.08, 46.24, 46.76, 56.59, 98.37, 123.91, 124.78,
126.03, 126.62, 126.87, 127.06, 127.30, 127.34, 138.86, 139.85,
141.50, 165.35 (C=O). Anal. Found: C; 72.31, H; 5.85%. Calcd
for C27H26O4S: C, 72.62; H, 5.85%.


Basic alcoholysis of 12


To a solution of sodium methoxide (160 mg, 3 mmol) in methanol
(10 mL) was added a solution of 12 (0.447 g, 1.0 mmol) in
methanol (10 mL). After refluxing for 12 h, the reaction mixture
was concentrated to 5 ml and water (15 mL) was added. The
reaction mixture was extracted with dichloromethane (5 mL ×
3). The combined extracts were dried over magnesium sulfate,
filtered, and evaporated to give a pale brown oil, which was
chromatographed over silica gel by elution with dichloromethane
to give 2-adamantanone (119 mg, 0.78 mmol), 9,10-dihydro-9,10-
ethano-11-methoxycarbony-12-methoxysulfonylanthracene (13)
(137 mg, 0.38 mmol, 38%) and 9,10-dihydro-9,10-etheno-11-
methoxycarbonylanthracene (14) (47 mg, 0.18 mmol, 18%). Com-
pound 13. colorless oil. 1H NMR (CDCl3) d = 3.19 (d, 1H, J =
10 Hz, CH), 3.39 (d, 1H, J = 10 Hz, CH), 3.63 (s, 3H, OMe), 3.85
(s, 3H, OMe), 4.56 (s, 1H, CH) 4.70 (s, 1H, CH), 7.15 (m, 2H, Ar),
7.18 (m, 2H, Ar), 7.22–7.38 (m, 4H, Ar). 13C NMR (CDCl3) d =
45.15 (CH), 47.06 (CH), 48.18 (CH), 52.56 (OMe) 54.41 (OMe),
69.86 (CH), 124.04, 124.08, 124.45, 125.66, 126.82, 126.90, 126.97,
127.07 139.19, 140.19, 141.65, 141.83, 171.80 (COO). Anal. Found
C, 63.60; H, 5.29%. Calcd for C19H18O5S. C, 63.67; H, 5.06%.


Compound 14. Colorless crystals; mp 179–180 ◦C (lit.22 mp 177–
179 ◦C). 1H NMR (CDCl3) d = 3.73 (s, 3H, OMe), 5.24 (d, 1H, J =
10 Hz, CH), 5.67 (s, 1H, =CH), 6.98 (m, 4H, Ar), 7.31 (m, 2H, Ar),
7.37 (m, 2H, Ar), 7.87 (m, 2H, Ar). 13C NMR (CDCl3) d = 50.60
(CH), 51.81 (OCH), 52.04 (OMe), 123.93, 125.10, 125.27, 127.75,
144.57, 144.68, 145.46 (=C), 149.85 (=CH), 165.43 (COO).


Reduction of 12


To a suspension of LiAlH4 (57 mg, 1.5 mmol) in THF (10 mL) was
added 12 (0.447 g, 1.0 mmol) at room temperature. After refluxing
for 14 h, methanol (2 mL) and water (10 mL) were added to the
reaction mixture, which was neutralized by aq. HCl, and extracted
with dichloromethane (5 mL × 3). The combined extracts were
dried over magnesium sulfate, filtered, and evaporated to give
a pale brown oil, which was chromatographed over silica gel
by elution with dichloromethane to afford sulfinate 15 (144 mg,
0.51 mmol, 51%), and sulfonate 16 (30 mg, 0.10 mmol, 10%). 2-
Adamantanol (90 mg, 0.59 mmol) and 2-adamantanone (18 mg,
0.12 mmol, 12%) were also obtained. Compound 15: colorless
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crystals; mp 243–244 ◦C. 1H NMR (CDCl3) d = 3.19 (br t, 1H,
J = 8 Hz, CH), 3.74 (br d, 1H, J = 8 Hz, CH), 4.28 (br s, 1H,
ArCH), 4.42 (br d, 1H, J = 10 Hz, CHH), 4.85–4.90 (m, 2H,
CHH and ArCH), 7.12–7.25 (m, 4H, Ar), 7.26–7.37 (m, 4H, Ar).
13C NMR (CDCl3) d = 44.15 (CH), 45.15 (CH), 48.32 (CH), 77.63
(CH2), 80.32 (CH), 124.07, 124.23, 124.85, 125.36, 126.85, 126.96,
127.00, 127.35, 138.36, 139.57, 140.95, 142.84. MS: Found: 282
(M+), Calcd for C17H14O2S: 282. Anal. Found: C, 71.98; H, 5.13%.
Calcd for C17H14O2S. C, 72.31; H, 5.00%. Compound 16. colorless
crystals; mp 246–247 ◦C. 1H NMR (CDCl3) d = 3.14 (br dd, 1H,
J = 11 and 9 Hz, CH), 3.64 (d, 1H, J = 11 Hz, CH), 3.90 (t, 1H,
J = 9 Hz, CHH), 4.32 (br s, 1H, ArCH), 4.52 (t, 1H, J = 9 Hz,
CHH), 4.63 (br s, 1H, ArCH), 7.07–7.16. Anal. Found: C, 68.75;
H, 4.91%. Calcd for C17H14O3S. C, 68.44; H, 4.73%.
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Perchloric acid adsorbed on silica-gel (HClO4–SiO2) was found to be a new, highly efficient, inexpensive
and reusable catalyst for chemoselective N-tert-butoxycarbonylation of amines at room temperature
and under solvent-free conditions.


Introduction


Synthesis of N-t-butylcarbamates is an important and frequently
needed exercise in synthetic organic/medicinal chemistry, as N-
tert-butoxycarbonylation constitutes an efficient route for the
protection of amines,1 and N-t-butylcarbamates serve as key
starting materials for various drugs and their intermediates. The
common practice for N-tert-butoxycarbonylation is treatment of
an amine with di-tert-butyl dicarbonate [(Boc)2O] in the presence
of DMAP,2 organic/inorganic bases,3 or Lewis acids.4 Other
procedures involve the reaction of an amine with 4-dimethyl-
amino-1-tert-butoxycarbonylpyridinium chloride/tetrafluorobo-
rate in aqueous NaOH,5 2-tert-butyloxycarbonyloxyimino-2-
phenylacetonitrile in the presence of Et3N in H2O–dioxane,6 tert-
butyl-2-pyridyl carbonate in the presence of Et3N in H2O–DMF7


or tert-butyl-1-chloroalkyl carbonates in the presence of K2CO3


in H2O–THF.8 However, these methodologies have various draw-
backs such as long reaction times, special efforts required to pre-
pare the tert-butoxycarbonylation reagents5–8/catalyst,4 require-
ment of auxiliary substances (e.g. solvents and other reagents),
potential hazards in handling the catalysts (e.g. the high toxicity
of DMAP9 does not qualify it, and the tert-butoxycarbonylation
reagents derived from it, to be safe for use, the preparation of
yttria–zirconia involves use of sulfuric acid at 500 ◦C,4a ZrCl4 is
highly moisture sensitive, decomposes on storing and liberates
corrosive HCl fumes) etc. The base catalysed reactions often lead
to the formation of side products such as isocyanate,2d,10 urea,2d


and N,N-di-Boc derivatives.2d,11 These drawbacks necessitate the
development of new synthetic methodology.


We felt that the formation of side products such as iso-
cyanate, urea, and N,N-di-Boc derivatives would be avoided by
the use of a Lewis acid catalyst, as the few reported Lewis
acid-catalysed methods4 of N-tert-butoxycarbonylation did not
experience these side reactions. Recently, we have been engaged in
the development of various catalysts for acylation12 following the
‘electrophilic activation’ strategy. Subsequently, we observed that
some of these catalysts were also found to be effective for thia-
Michael addition,13 1,1-diacetate14/imine15/acetal16/dithiolane17


formation and N-tert-butoxycarbonylation.18 The tight legislation
on the maintenance of greenness in synthetic pathways and
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processes demands the prevention of waste and avoidance of the
use of auxiliary substances (e.g. solvents, additional reagents) and
hazardous materials.19 Thus, we kept this in mind while designing
a new methodology. We planned to explore the efficiency of
HClO4–SiO2 as a catalyst for N-t-Boc formation on the following
grounds: (i) our experience revealed that it was the most effective
catalyst for acylation, (ii) it is not associated with the problems
encountered with some of the reported Lewis acid catalysts,4


(iii) the increasing pressure from environmentalists has led to the
development of sustainable chemistry and the leading contender
for an environmentally acceptable alternative process is the use of
supported reagents, (iv) the activity and selectivity of a reagent
dispersed on a solid support is often improved, (v) supported
reagents have good thermal and mechanical stabilities, can be
easily handled, are easily separated from the reaction mixture
through filtration and can be reused.


Results and discussion


Various aromatic, heteroaromatic, aliphatic and heterocyclic
amines were treated with (Boc)2O (1 eq.) under solvent-free
conditions at rt (∼30–35 ◦C) in the presence of HClO4–SiO2


(1 mol%). The reactions were completed after 1 min–3 h affording
excellent yields (Table 1). No competitive side reactions such as the
formation of isocyanate,2d,10 urea,2d or N,N-di-BOC derivative2d,11


were observed. The catalyst was compatible with various function-
alities such as F, Cl, Br, OH, SH, OMe, OBn, CO2Me, and a,b-
unsaturated carbonyl group. In most cases, the products obtained
after the usual work-up were pure (spectral data).


Excellent chemoselectivity was observed for substrates with
an OH/SH group (Table 1, entries 8 and 9) providing N-t-
Boc derivatives as the sole product and no significant O/S-tert-
butoxycarbonylation took place (IR).2d,20 The chemoselectivity
was further demonstrated by the reaction with amino acetaldehyde
dimethyl acetal (Table 1, entry 20) that is sensitive to acids. The
catalyst was recovered and reused after activation for N-tert-
butoxycarbonylation of aniline (2.5 mmol) for four consecutive
operations affording the product in 90, 90, 80 and 75% yields after
5, 5, 15 and 15 min.


We next planned to evaluate the effectiveness of this methodol-
ogy for N-t-Boc formation of chiral amines, a-amino acid esters
and a b-amino alcohol (Table 2). In each case, the corresponding
optically pure (as determined by the optical rotation and com-
parison with literature values) N-t-Boc derivatives were formed
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Table 1 HClO4–SiO2-catalysed N-tert-butoxycarbonylation of aminesa


Entry Amine Time/min Yield (%)b


1 Aniline 5 100
2 4-Methylaniline 5 100
3 2,4-Dimethylaniline 30 95
4 2,4,6-Trimethylaniline 30 95
5 4-Methoxyaniline 5 98
6 4-Benzyloxyaniline 15 100
7 2,4-Dimethoxyaniline 30 90
8 4-Aminophenol 60 95
9 4-Aminothiophenol 30 92


10 4-Fluoroaniline 10 98
11 4-Bromoaniline 30 100
12 4-Bromo-2-methylaniline 30 100
13 3-Chloro-4-fluoroaniline 180 90
14 9-Ethyl-9H-carbazol-3-ylamine 15 90
15 4-Aminopyridine 15 100
16 2-Aminobenzimidazole 60 90
17 4-Aminoantipyrine 60 100
18 Benzylamine 1 100
19 Phenethylamine 2 100
20 2,2-Dimethoxyethylamine 1 100
21 Furfurylamine 5 100
22 2-Piperidin-1-yl-ethylamine 5 100
23 2-Morpholin-4-yl-ethylamine 5 100
24 Cyclohexylamine 15 100
25 N,N-Dicyclohexylamine 45 100
26 N,N-Dibenzylamine 10 100


a The amine (2.5 mmol) was treated with (Boc)2O (1 eq.) in the presence of
the catalyst (1 mol%) under neat conditions at rt (∼30–35 ◦C). b Isolated
yield of the N-t-Boc derivative.


Table 2 HClO4–SiO2-catalysed N-tert-butoxycarbonylation of chiral
amines, esters of a-amino acids and a b-amino alcohola


Entry Amine Time/min Yield (%)b


1 (S)-a-Methylbenzylamine 1 100
2 (R)-a-Methylbenzylamine 1 100
3 L–NH2–Phg–OMe 10 95
4 L–NH2–Phe–OMe 15 97
5 L–NH2–Tyr–OMe 15 80
6 L–NH2–Tyr–OEt 20 92
7 L–NH2–Tyr–(OBn)OBn 15 95
8 L–NH–Pro–OMe 10 100
9 L–His–OMe 15 95


10 L–Phenylalaninol 15 90


a The amine (2.5 mmol) was treated with (Boc)2O (1 eq.) in the presence of
the catalyst (1 mol%) under neat conditions at rt (∼30–35 ◦C). b Isolated
yield of the N-t-Boc derivative.


in excellent yields. Reaction with phenylalaninol (Table 2, entry
10) resulted in chemoselective formation of the N-t-Boc derivative
without formation of oxazolidinone.2d,21


To compare the advantage of the use of HClO4–SiO2 over
the reported Lewis acid catalysts, the reactions with aniline,
dibenzylamine, aminoacetaldehyde dimethyl ether, (R)/(S)-a-
methylbenzylamine and (S)-phenylglycine methyl ester were con-
sidered as a few representative examples. Treatment of aniline in
the presence of yttria–zirconia (20% by weight) in MeCN afforded
tert-butyl-N-phenylcarbamate in 90% yield after 14 h4a and 92%
yield was obtained after 12 h in DCM in the presence of Zn(ClO4)2


(5 mol%).4b However, the use of HClO4–SiO2 (1 mol%) afforded
a quantitative yield after 5 min under solvent-free conditions.
The reaction of dibenzylamine afforded the product in 93%


yield after 5.5 h in the presence of Zn(ClO4)2 (5 mol%) under
solvent-free conditions4b and 90% yield after 5 h in DCM in the
presence of LiClO4 (20 mol%),4d whereas, a quantitative yield
was obtained after 10 min under solvent-free conditions in the
presence of HClO4–SiO2 (1 mol%). The N-t-Boc derivative of
aminoacetaldehyde dimethyl ether was obtained in 90% yield
after 16 h during the Zn(ClO4)2-catalysed (5 mol%) reaction4b


compared to a quantitative yield obtained after 1 min in the
presence of HClO4–SiO2 (1 mol%) under similar conditions.
The Zn(ClO4)2-catalysed (5 mol%) N-tert-butoxycarbonylation
of (R)-a-methylbenzylamine afforded the product in 97% yield
after 2.5 h under solvent-free conditions.4b The N-t-Boc of (S)-
a-methylbenzylamine was obtained in 85% yield after 5 h in the
presence of LiClO4 (20 mol%) in DCM.4d Compared to these
results, quantitative yields were obtained with (R)- and (S)-a-
methylbenzylamine under solvent-free conditions after 1 min
in the presence of HClO4–SiO2 (1 mol%). Reaction of (S)-
phenylglycine methyl ester provided an 88% yield of the product
after 5 h in DCM in the presence of LiClO4 (20 mol%)4d compared
to 97% yield obtained after 15 min in the presence of HClO4–
SiO2 (1 mol%) under solvent-free conditions. These results clearly
demonstrate that HClO4–SiO2 is the best Lewis acid catalyst for
N-t-Boc formation.


In conclusion, we have described herein HClO4–SiO2 as a new,
highly efficient, inexpensive and reusable catalyst for chemos-
elective N-tert-butoxycarbonylation of amines. The advantages,
such as: (i) the use of an inexpensive and easy to handle catalyst,
(ii) solvent-free22 and room temperature reaction conditions, (iii)
short reaction times, (iv) high yields and (vi) ease of product
isolation/purification fulfill the ‘triple bottom line philosophy’23


of green chemistry.


Experimental


Typical experimental procedure for N-tert-butoxycarbonylation of
amines


To a magnetically stirred mixture of (Boc)2O (0.545 g, 2.5 mmol)
and HClO4–SiO2


24 (50 mg, 0.025 mmol of HClO4), aniline (0.235 g,
2.5 mmol, 1.0 eq.) was added and the mixture was stirred at room
temperature (∼30–35 ◦C) until completion of the reaction (5 min,
TLC, IR, GCMS). The mixture was diluted with Et2O (25 mL)
and the catalyst allowed to settle down. The supernatant ethereal
solution was decanted off, the catalyst washed with Et2O (2 mL)
and the combined ethereal solution concentrated under vacuum to
afford N-tert-butylphenylcarbamate (white solid, 0.485 g, 100%,
entry 1, Table 1), identical to an authentic sample.2d The catalyst
was recovered, activated by heating at 80 ◦C under vacuum for 2 h
and reused for four consecutive N-tert-butoxycarbonylations of
aniline (2.5 mmol) affording 90, 90, 80, and 75% yields of the N-t-
Boc derivative after 5, 5, 15 and 15 min, respectively. The remaining
reactions were carried out following this procedure. In all cases,
the crude products were found to be sufficiently pure (GCMS)
and did not require any further efforts for purification. In a few
cases wherein the solid crude product had a sticky appearance,
the isolated product was triturated with 5% EtOAc in hexane to
afford the product as a free flowing solid and on such occasions
the isolated yields were less than 100%. The spectral data (IR,
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NMR and MS) of all known products were identical with those of
authentic compounds. The following compounds were unknown.


(9-Ethyl-9H-carbazol-3-yl)carbamic acid tert-butyl ester
(Table 1, entry 14). Mp 161–162 ◦C; IR mmax (KBr) = 3165,
2960, 1726, 1608, 1526, 1332, 1255, 1158, 1045, 999, 820 cm−1;
dH (300 MHz; CDCl3; Me4Si) 1.52 (9H, s, O-t-Bu), 1.55 (3H, s,
Me), 4.33 (2H, d, J 7.10 Hz, CH2), 6.55 (1H, s, NHr), 7.19–7.45
(5H, m, Ph), 8.05–8.17 (2H, 2, Ph); dC (75 MHz, CDCl3; Me4Si)
13.80, 27.42, 37.58, 80.13, 108.41, 111.55, 118.56, 120.67, 122.76,
123.14, 125.72, 130.13, 136.13, 140.43, 153.129; MS (EI): m/z 310
(M+); Anal. Calcd. for C19H22N2O2: C, 73.52; H, 7.14; N, 9.03; O,
10.31%. Anal. Found: C, 73.51; H, 7.15; N, 8.96; O, 10.24%.


Dicyclohexylcarbamic acid tert-butyl ester (Table 1, entry 25).
Mp 58–59 ◦C; IR mmax (KBr) = 2970, 2934, 2853, 1678, 1435,
1367, 1295, 1240, 1157 cm−1; dH (300 MHz; CDCl3; Me4Si) 1.04–
1.77 (m, 31H); dC (75 MHz; CDCl3; Me4Si) 25.49, 26.22, 28.50,
31.21, 54.69, 78.84, 155.32; MS (APCI) m/z: 181 (M+ − 100);
Anal. Calcd. for C12H15N3O2: C, 72.55; H, 11.10; N, 4.98%. Anal.
Found: C, 72.48; H, 11.13; N, 5.08%.
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The syntheses of seven macrocyclic analogues of the neuroprotective tripeptide glycyl-L-prolyl-L-
glutamic acid (GPE) 1 are described. Macrocycles 6 and 7 mimic the cis conformer of GPE whereas
macrocycles 2–5, 8, and 9 mimic the trans conformer of GPE. The macrocyclic peptides of well-defined
geometry were prepared via Grubbs ring closing metathesis of an appropriate diene precursor. In turn
each of the diene precursors were prepared from the readily available allyl-substituted amino acid
building blocks 12, 13, 14, 27, 36 and 51.


Introduction


Protease-mediated metabolism of IGF-1 (insulin-like growth fac-
tor type-1) is reported to lead to the formation of the endogenous
N-terminal tripeptide Gly-Pro-Glu (GPE 1) along with the 67
amino acid des(1–3)IGF-1 fragment.1–3 Although GPE does not
bind to IGF-1 receptors and its mode of action is unclear, in vitro
studies have demonstrated its ability to stimulate acetylcholine and
dopamine release,4,5 and to protect different types of neurons from
diverse induced injuries (e.g. hypoxia-ischemia and glutamate).6–8


More importantly, GPE shows neuroprotective properties in
different animal models of neurodegenerative diseases such as
Huntington’s, Parkinson’s and Alzheimer’s diseases.5,6,9 Prelim-
inary observations suggested that GPE possibly exhibited its
neuromodulatory role in the CNS through interaction with one
or more glutamate receptors and it has been demonstrated1


that it binds to the N-methyl-D-aspartate (NMDA) receptor but
not to the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) or kainate receptors.


The structural simplicity of GPE renders it a suitable lead
molecule for the development of novel strategies for the de-
velopment of effective neuroprotective drugs based on non-
peptide analogues. GPE peptidomimetics could also be used as
pharmacological probes to investigate the mechanism of action
of this tripeptide. With these aims in mind, we10–13 and others14,15


have embarked on a synthetic program focused on the systematic
modification of the individual amino acid residues, Gly, Pro and
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Glu. These studies demonstrated that the neuroprotective activity
of most of the GPE analogues was of lower potency than that
of the endogenous tripeptide. Moreover, it was concluded that
the prevention of neuronal death by these GPE analogues after
NMDA injury is not directly linked to their affinity for glutamate
receptors.


The use of cyclic peptides provides an elegant solution for the
synthesis of peptides of restricted geometry that can be used to
probe the bioactive conformation of a given peptide.16


The unique properties that proline17 imparts on the overall
structure of proteins indicate that proline-containing sequences
act as molecular hinges, swivels, and switches and play a pivotal
role in biological signaling processes.18 The fact that the Xaa–
Pro amide bond exists as a mixture of cis and trans isomers,19


whereas most peptide bonds adopt the trans form, also sug-
gests that catalysis of cis/trans-prolyl isomerization by rotamase
enzymes20 is critical for the protein folding process. Given that
the conformation of the proline residue of the GPE molecule
play a pivotal role in the observed biological activity we decided
to synthesize a small library of GPE analogues in which the
conformation of the proline ring was restricted by its incorporation
into a macrocyclic structure. The synthesis of these macrocyclic
analogues allows the relationship between cis–trans conformers
and peptide bioactivity21,22 to be probed.


Results and discussion


The ring closing metathesis reaction (RCM) is a powerful tool23


for the synthesis of macrocyclic systems and has proven a
popular method for the synthesis of cyclic peptides from an
acyclic precursor.24–32 We therefore decided to prepare a series of
macrocycles 2–7 (Fig. 1) in which a short alkyl chain attached
to the nitrogen atom or the alpha carbon of the glycine residue
is linked to the C-5 and C-2 positions of the proline residue.
Additionally, two macrocycles 8 and 9 containing a short alkyl
chain linking the glycine unit (through the nitrogen atom or the
alpha carbon) to the glutamate side chain were also prepared.33


Initially, our attention focused on the synthesis of macrocycles
2, 3, 4 and 5 that mimic the trans conformation of GPE 1.
Macrocycles 2 and 3 were prepared via ring closing metathesis
of dienes 10 and 11 that are, in turn, derived from the union
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Fig. 1


of cis-5-allylproline 12a or trans-5-allylproline 13 with Boc-(S)-
allylglycine 14 respectively (Schemes 1 and 2). The preparation
of the trans mimic of GPE with cis stereochemistry at C-2
and C-5 of the proline ring, namely macrocycle 2, commenced
with the union of cis-5-allylproline 12a with Boc-(S)-allylglycine
14. Pyroglutamic acid 15 was converted to a Boc protected
ethyl ester derivative 16.34 Selective reduction of the lactam
carbonyl group with lithium triethylborohydride yielded a mixture
of aminols that underwent BF3·Et2O mediated allylation with
allyltributylstannane to afford an inseparable 66 : 33 mixture
of cis-5-allylproline 17a : trans-5-allylproline 17b.35 Liberation
of the free amines 12 upon removal of the Boc group followed
by direct coupling with Boc-(S)-allylglycine 1436,37 using DCC
afforded an inseparable 77 : 23 mixture of cis-diene 10a : trans-
diene 10b. Subjection of this mixture of dienes to ring closing
metathesis using Grubbs’ first generation catalyst with heating
in dichloromethane for 24 h followed by stirring overnight in
dimethyl sulfoxide38 resulted in exclusive formation of olefin 18
with cis stereochemistry between C-2 and C-5 of the proline ring
due to the much slower rate of trans-diene 10b to undergo the
ring closing metathesis reaction. Hydrolysis of the ethyl ester
afforded acid 19, which was immediately reacted with di-tert-
butyl (S)-glutamate 20 using BoP–Cl to afford olefin 21 in 70%
yield over two steps. Finally hydrogenation of the olefin over PtO2


in THF followed by immediate deprotection of the Boc group
and tert-butyl esters afforded the desired macrocycle 2 with cis


stereochemistry between C-2 and C-5 on the proline ring but with
trans stereochemistry about the glycine C(O)–NPro bond.


The synthesis of the analogous macrocycle 3 that also exhibits
trans stereochemistry about the glycine C(O)–NPro bond but with
trans stereochemistry between C-2 and C-5 on the proline ring,
followed a similar strategy to macrocycle 2 (Scheme 2). In this
case, allylation39 of the mixture of aminols formed upon reduction
of the lactam carbonyl group of tert-butyl ester 2240 afforded a 57 :
43 mixture of cis-5-allylproline 23a : trans-5-allylproline 23b that,
upon deprotection of the Boc group, afforded separable amines 13.
The trans amine 13b was subjected to DCC coupling with Boc-
(S)-allylglycine 14 to afford diene 11 that underwent sluggish ring
closing metathesis, despite using a high catalyst loading, affording
the cyclic olefin 24 in low yield. Hydrolysis of the tert-butyl ester
afforded acid 25 that was immediately coupled with di-tert-butyl
(S)-glutamate (HCl salt) 20 using BoP–Cl to afford olefin 36
in 60% yield over two steps. Finally hydrogenation and global
deprotection afforded the desired macrocycle 3 albeit in low yield.


Our attention next focused on the synthesis of macrocycles 4
and 5 in which an alkyl chain linked the glycine nitrogen to the
C-5 on the proline ring. These two macrocycles also mimic the
trans conformation of GPE 1 and were both accessible via ring
closing metathesis of dienes 28 and 29 followed by appendage of a
glutamate fragment. Dienes 28 and 29 in turn were available from
the union of 5-allylproline 13 with N-allylglycine 27 (Schemes 3,
4 and 5).


Benzyloxycarbamate protected N-allylglycine 27 was prepared
via slight modification of the literature preparation41 and coupled
with a mixture of diastereomeric 5-allylprolines 13 using EDCI
to afford the separable dienes 28 and 29 in moderate yield
(60%) (Scheme 3). The cis/trans ratio of the newly created
amide (Pro) bond was 1 : 1 in both of these flexible acyclic
dipeptides. Subsequent ring closing metathesis of cis-diene 28
afforded cyclic olefin 30 (Scheme 4). Hydrogenation of the olefin
effected concomitant removal of the benzyloxycarbamate group
hence the cyclic amine was reprotected as a Boc carbamate 31 after
hydrolysis of the tert-butyl ester. Coupling acid 31 with di-tert-
butyl (S)-glutamate (HCl salt) 20 using BoP–Cl afforded amide
32 that afforded the desired macrocycle 4 upon removal of the
tert-butyl esters and the tert-butyl carbamate.


In a similar fashion, ring closing metathesis of trans-diene 29
afforded cyclic olefin 33 that was readily converted to macrocycle
5 via the intermediacy of acid 34 and amide 35 (Scheme 5). The
ring closure was not affected by the nature of the stereochemistry
of the allyl group at C-5 on the proline ring, with ring closure
of dienes 28 and 29 giving similar yields of the respective cyclic
olefins 30 and 33 with comparable reaction times and catalyst
loadings. Very little deallylation/isomerization was observed in
the ring closing metathesis reaction and both cyclic olefins 30
and 33 only adopted the trans conformation about the amide
bond thus affording macrocycles 4 and 5 exhibiting only the trans
conformation about the glycine C(O)–NPro bond.


Macrocycles 6 and 7, in which a side chain linked C-2 of
the proline unit to the glycine nitrogen or the a-carbon, were
identified as possible mimics for the cis (Pro) conformation of
GPE 1. (S)-2-Allylproline methyl ester 36 was prepared using
Seebach’s procedure,42,43 however subsequent coupling with Boc-
(S)-allylglycine 14 using DCC with HOBt as additive only afforded
diene 37 in low yield (Scheme 6). Ring closing metathesis of
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Scheme 1 Reagents, conditions and yields: (i) EtOH, SOCl2, 0 ◦C to room temp, overnight; (ii) DMAP, Boc2O, CH3CN, room temp, 18 h, 85% over
2 steps; (iii) LiEt3BH, THF, −78 ◦C, 1 h, then 30% H2O2, 0 ◦C, 0.5 h; (iv) BF3·OEt2, allyltributylstannane, CH2Cl2, −78 ◦C, 2 h, 54% over 2 steps;
(v) CF3CO2H, CH2Cl2, room temp, 4 h; (vi) DCC, Et3N, CH2Cl2, 0 ◦C to room temp, overnight, 55% over 2 steps; (vii) Cl2(PCy3)2Ru=CHPh, CH2Cl2,
45 ◦C, 24 h then DMSO, room temp, overnight, 74%; (viii) 1 M aq. NaOH, H2O, dioxane, room temp, 23 h; (ix) BoP–Cl, Et3N, CH2Cl2, 0 ◦C to room
temp, 21 h, 70% over 2 steps; (x) PtO2, H2, THF, room temp, overnight, then CF3CO2H, CH2Cl2, room temp, 5 h, 60% over 2 steps.


diene 37 required the use of Grubbs’ second generation catalyst44


affording bicyclic cyclooctene 3845 as a single cis (Pro) conformer.
Hydrolysis of the methyl ester and direct coupling with di-tert-
butyl (S)-glutamate (HCl salt) 20 using BoP–Cl afforded olefin
39. Finally, hydrogenation over PtO2 followed by removal of the
Boc and tert-butyl ester groups using trifluoroacetic acid afforded
the desired macrocycle 6.


Our attention next focused on the synthesis of macrocycle 7
that contains a side chain linking C-2 of the proline unit to the
glycine nitrogen. Attempts to effect ring closing metathesis of the
dipeptides 43–47, formed from the union of (S)-2-allylproline 36
with N-allylglycine derivatives 14, 27 or 40–42, using Grubbs’ first
and second generation catalysts were unsuccessful (Scheme 7).
Whilst the presence of the electron-withdrawing Boc, CO2Bn, Ac
or Fmoc groups may have accelerated competing deallylation (or
isomerization in the case of 42), use of N,N ′-diallylglycine 40
in an effort to overcome this problem only afforded recovered
starting material possibly due to quenching of the catalyst by the
more basic nitrogen atom.46 Conversion of diallylamine 40 into


its hydrochloride salt followed by ring closing metathesis was also
unsuccessful.47 The synthesis of macrocycle 7 thus required an
alternative strategy.


The ring-closing metathesis of dienes contained within the GPE
1 scaffold was next examined by focusing on the preparation
of macrocycles 8 and 9 in which an alkyl chain links the
glutamate residue to the glycine a-carbon or nitrogen respec-
tively. C-allylglycyl dipeptide 50 was prepared via the union of
proline methyl ester 48 with Cbz-(S)-allylglycine 4948 followed by
hydrolysis (Scheme 8). Subsequent union with c-allylglutamate
51 (prepared from dibenzyl (S)-glutamate following a similar
procedure to that reported49 using dimethyl glutamate) afforded
diene 52 that underwent ring closing metathesis to afford a mixture
of isomeric cyclic olefins 53. Hydrogenation of the olefin 53
effected global deprotection of the benzyloxycarbamate and the
benzyl esters affording the desired macrocycle 8 in 58% yield as a
single trans conformer over two steps.


In a similar fashion, N-allylglycyl dipeptide 55 was prepared
via the union of proline methyl ester 48 with Cbz-N-allylglycine
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Scheme 2 Reagents, conditions and yields: (i) LiEt3BH, THF, −78 ◦C, 1 h, then 30% H2O2, 0 ◦C, 0.5 h; (ii) allyltributylstannane, Me3SiOTf, −78 ◦C, 2 h,
70% over 2 steps; (iii) 4 M HCl, dioxane, 0 ◦C, 1 h then room temp, 40 min, 72%; (iv) DCC, CH2Cl2, 0 ◦C to room temp, 18 h, 81%; (v) Cl2(PCy3)2Ru=CHPh,
CH2Cl2, 45 ◦C, 4 days, then DMSO, room temp, overnight (39%); (vi) CF3CO2H, CH2Cl2, room temp, 5 h then NaHCO3, H2O, dioxane, Boc2O, room
temp, 21 h; (vii) 20, BoP–Cl, Et3N, CH2Cl2, 0 ◦C to room temp, 19 h, 60% over 3 steps; (viii) PtO2, EtOAc, H2, CF3CO2H, room temp, 6 h then PtO2,
THF–MeOH, H2, room temp, overnight, then CH2Cl2, CF3CO2H, room temp, 4 h (12%).


Scheme 3 Reagents, conditions and yields: (i) 4 M HCl, dioxane, 0 ◦C, 1 h
then room temp, 40 min; (ii) 27, EDCI, CH2Cl2, Et3N, 0 ◦C to room temp,
16 h, 60% over 2 steps.


27 followed by hydrolysis of the methyl ester 54 (Scheme 9).
Subsequent union with c-allylglutamate 51 afforded N-allylglycyl
diene 56. Exposure of diene 56 to second generation Grubbs’


catalyst followed by hydrogenation of the resultant cyclic olefin
57 afforded macrocycle 9 in 58% yield after purification by
HPLC together with the heterolysis product 58. Cyclotetradecene
9 existed as a 65 : 35 mixture of trans : cis (Pro) conformers.
The increased proportion of the cis conformer may reflect the
increased flexibility of the Pro amide bond when it is embedded
in a larger 14 membered ring. The observation of only the trans
amide conformer may be a consequence of the smaller ring size
and/or stabilisation of the structure by the formation of a c-turn.
A peptide c-turn is a structural motif present in many biologically
active cyclic peptides that occurs to reverse the orientation of
the peptide chain. c-Turns contain three residues held together
in a seven membered cyclic conformation by an intramolecular
hydrogen bond.50


In summary, the synthesis and olefin metathesis of several
allylated tripeptides incorporating proline has been accomplished,
affording macrocyclic structures related to the neuroprotective
tripeptide GPE 1. The proline-containing tripeptides cyclized to
afford cyclic products that adopted a single conformation about
the Gly–Pro amide bond (with the exception of 9). N-Allyl dienes
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Scheme 4 Reagents, conditions and yields: (i) Cl2(PCy3)2Ru=CHPh, CH2Cl2, reflux, 48 h, then DMSO, room temp, 24 h, 46%; (ii) PtO2, THF, H2, room
temp, 16 h then 30% HBr–HOAc, room temp, 2 h then NaHCO3, H2O, dixoane, Boc2O, room temp, 4 days, 78% over 3 steps; (iii) BoP–Cl, Et3N, CH2Cl2,
0 ◦C to room temp, 24 h, 64%; (iv) CF3CO2H, CH2Cl2, room temp, 4 h, 80%.


Scheme 5 Reagents, conditions and yields: (i) Cl2(PCy3)2Ru=CHPh, CH2Cl2, reflux, 48 h, then DMSO, room temp, 24 h, 42%; (ii) PtO2, THF, H2, room
temp, 16 h then 30% HBr–HOAc, room temp, 2 h then NaHCO3, H2O, dixoane, Boc2O, room temp, 4 days, 58% over 3 steps; (iii) BoP–Cl, Et3N, CH2Cl2,
0 ◦C to room temp, 17 h; (iv) CF3CO2H, CH2Cl2, room temp, 4 h, 55% over 2 steps.


28 and 29 afforded cyclononenes 30 and 33 with similar yields
under identical reaction conditions. The cis [C-2/C-5 (Pro)] isomer
of C-allyl diene 10a underwent smooth cyclisation to cyclooctene
18 in good yield in contrast to the trans [C-2/C-5 (Pro)] isomer
11 that required high catalyst loading to achieve a moderate
yield of cyclooctene 24. In the two cases involving cyclization
of dienes in which one allyl group was located at the more
hindered C-2 position on proline, C-allyl diene 37 readily formed
the metathesis product 38 whereas N-allyl dienes 43–47 failed to
undergo cyclisation to the analogous diazabicyclic product.


Experimental


(8R,3S,11S)-1-Aza-3-(tert-butyloxycarbonylamino)-11-
ethoxycarbonyl-2-oxobicyclo[6.3.0]undec-5-ene 18


To a degassed solution of dienes 10 (0.064 g, 0.170 mmol)
in dry dichloromethane (43 cm3) was added bis(tricyclohexyl-
phosphine)benzylidineruthenium dichloride (Grubbs’ catalyst)
(0.014 g, 0.0170 mmol) under a nitrogen atmosphere and the


resultant purple solution heated at reflux for 24 h. The or-
ange/brown solution was cooled to room temperature, dimethyl
sulfoxide (0.160 cm3, 2.26 mmol) was added and the solution
stirred overnight. The solvent was removed in vacuo and the
residue purified by chromatography (SiO2, 2 : 1, 1 : 1, hexanes–
ethyl acetate) to give alkene 18 (0.044 g, 74%) as a colourless oil.
Alkene 18 existed exclusively as the trans C(O)–NPro conformer:
[a]D −93.2 (c 0.29 in CH2Cl2); dH (400 MHz; CDCl3; Me4Si) 1.25
(3H, t, J 7.1, OCH2CH3), 1.42 [9H, s, C(CH3)3], 1.89–1.98 (2H,
m, 10-HAHB and 9-HAHB), 2.01–2.09 (1H, m, 9-HAHB), 2.11–2.16
(1H, m, 10-HAHB), 2.24–2.33 (1H, m, 4-HAHB), 2.42 (1H, dq, J
15.2 and 3.4, 7-HAHB), 2.70–2.80 (2H, m, 4-HAHB and 7-HAHB),
4.15 (3H, q, J 7.1, OCH2CH3 and 8-H obscured), 4.47 (1H, dd,
J 8.4 and 2.8, 11-H), 4.84 (3H, br q, J 7.8, 3-H), 5.59 (1H, d, J
7.3, N–H), 5.67–5.73 (1H, m, 6-H) and 5.77–5.83 (1H, m, 5-H); dC


(100 MHz; CDCl3) 14.0 (CH3, OCH2CH3), 27.1 (CH2, 10-C), 28.2
[CH3, C(CH3)3], 32.77 (CH2, 7-C or 9-C), 32.84 (CH2, 9-C or 7-C),
35.2 (CH2, 4-C), 51.7 (CH, 3-C), 58.6 (CH, 8-C), 60.2 (CH, 11-C),
60.8 (CH2, OCH2CH3), 79.4 [quat., C(CH3)3], 125.7 (CH, 6-C),
129.1 (CH, 5-C), 155.1 (quat., NCO2), 170.9 (quat., 11-CO) and
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Scheme 6 Reagents, conditions and yields: (i) DCC, HOBt, Et3N, CH2Cl2, 0 ◦C to room temp, overnight (ca. 23%); (ii) Grubbs’ catalyst II (10 mol%),
benzene, 45 ◦C, 48 h then DMSO overnight, 58%; (iii) 1 M aq. NaOH, dioxane, H2O, room temp, then 39, BoP–Cl, Et3N, CH2Cl2, 0 ◦C to room temp,
20 h, 69% over 2 steps; (iv) PtO2, H2, THF, room temp, 16 h, then CF3CO2H, CH2Cl2, room temp, 5 h, 81%.


Scheme 7 Reagents, conditions and yields: (i) DCC, HOBt, Et3N, CH2Cl2, 0 ◦C to room temp, overnight (ii) 10–30% Cl2(PCy3)2Ru=CHPh, CH2Cl2,
reflux, 24–96 h, or 30% Grubbs catalyst II, CH2Cl2, reflux, 48 h.


171.7 (quat., 2-C); m/z (EI+) 352.2001 (M+. C18H28N2O5 requires
352.1998).


(2S,3′S,8′R,11′S)-Di-tert-butyl 2-{[1′-aza-3′-(tert-
butyloxycarbonylamino)-2′-oxobicyclo[6.3.0]undec-5′-ene-11-
carbonyl]amino}-1,5-pentanedioate 21


1 M Aqueous sodium hydroxide (0.63 cm3, 0.63 mmol) was
added to a solution of ester 18 in dioxane (1.3 cm3) and the
opaque solution stirred for 23 h at room temperature. The reaction
mixture was diluted with water, extracted with dichloromethane
and the aqueous layer acidified with solid citric acid and extracted
with dichloromethane. The combined organic layers were dried
(Na2SO4), filtered and the solvent removed to yield acid 19
(0.040 g). Hydrochloride salt 20 (0.048 g, 0.1625 mmol) was added
to a solution of 19 and the solution cooled to 0 ◦C. Triethylamine


(0.033 cm3, 0.325 mmol) and bis(2-oxo-3-oxazolidinyl)phosphinic
chloride (BoP–Cl) (0.041 g, 0.163 mmol) were added and the
mixture stirred for 21 h. The reaction mixture was washed with
saturated aqueous sodium hydrogen carbonate, 2 M aqueous hy-
drochloric acid, dried (Na2SO4), filtered and the solvent removed
to yield an oil (0.078 g) which was purified by chromatography
(SiO2, 1 : 1, hexane–ethyl acetate) to afford amide 21 (0.050 g, 70%
over 2 steps) as a colourless oil. Amide 21 existed exclusively as
the trans C(O)–NPro conformer: [a]D −79.4 (c 0.47 in CH2Cl2);
dH (400 MHz; CDCl3; Me4Si) 1.39–1.50 [27H, m, 3 × C(CH3)3],
1.78–1.91 (3H, m, 10′-HAHB, 3-HAHB and 9′-HAHB), 2.0–2.33 (7H,
m, 10′-HAHB, 3-HAHB, 4-H2, 9′-HAHB, 7′-HAHB and 4′-HAHB),
2.80–2.95 (2H, br m, 7′-HAHB and 4′-HAHB), 4.15 (1H, br q, J
7.1, 8′-H), 4.42 (1H, ddd, J 7.8, 7.8 and 5.2, 2-H), 4.66 (1H,
d, J 7.5, 11′-H), 4.97 (1H, br q, J 7.4, 3′-H), 5.57 (1H, d, J
7.8, N–H), 5.61–5.67 (1H, m, 6′-H), 5.81 (1H, br t, J 7.8, 5′-H)
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Scheme 8 Reagents, conditions and yields: (i) DCC, HOBt, Et3N, CH2Cl2, 0 ◦C to room temp, overnight, then 1 M aq. NaOH, dioxane, room temp,
24 h, 64% over 2 steps; (ii) 50, EtOCOCl, Et3N, CH2Cl2, 0 ◦C, 40 min, then 51, 0 ◦C to room temp, overnight, 60%; (iii) Cl2(PCy3)2Ru=CHPh, CH2Cl2,
reflux, 48 h then DMSO, 24 h; (iv) 10% Pd/C, H2, THF–H2O (4 : 1), room temp, 21 h or 10% PtO2, H2, THF, room temp, 16 h, then 10% Pd/C, H2,
MeOH–H2O (4 : 1), room temp, 5 h, 58% over 2 steps.


Scheme 9 Reagents, conditions and yields: (i) EDCI, Et3N, CH2Cl2, 0 ◦C to room temp, 19 h, 66%; (ii) 1 M aq. NaOH, dioxane, room temp, 20 h, 55%;
(ii) 55, EtOCOCl, Et3N, CH2Cl2, 0 ◦C then 51, overnight, 94%; (iii) Grubbs’ catalyst II, benzene, 40 ◦C, 65 h; (iv) 10% Pd/C, H2, MeOH–H2O (4 : 1),
room temp, 17 h, 58% over 2 steps.


and 7.47 (1H, d, J 8.0, N–H); dC (100 MHz; CDCl3) 26.1 (CH2,
10′-C), 27.9 [CH3, C(CH3)3], 27.95 [CH3, C(CH3)3], 28.2 [CH3,
C(CH3)3], 28.1, (CH2, 3-C), 31.3 (CH2, 4-C), 32.0 (CH2, 7′-C),
33.2 (CH2, 9′-C), 35.7 (CH2, 4′-C), 51.0 (CH, 3′-C), 51.9 (CH,
2-C), 58.6 (CH, 8′-C), 60.8 (CH, 11′-C), 79.6 [quat., C(CH3)3],


80.4 [quat., C(CH3)3], 81.9 [quat., C(CH3)3], 124.9 (CH, 6′-C),
130.4 (CH, 5′-C), 155.0 (quat., NCO2), 169.9 (quat., 1-C), 170.5
(quat., 11′-CO), 171.8 (quat., 2′-C or 5-C) and 171.9 (quat., 2′-
C or 5-C); m/z (FAB+) 566.3454 [MH+. C29H48N3O8 requires
566.3441].
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(2S,3′S,8′R,11′S)-2-{[(3′-Amino-1′-aza-2′-oxobicyclo-
[6.3.0]undecyl)-11′-carbonyl]amino}-1,5-pentanedioic acid
trifluoroacetate salt 2


PtO2 (0.00184 g, 0.0081 mmol) was added to a stirred solution
of amide 21 (0.046 g, 0.081 mmol) in tetrahydrofuran (4 cm3)
under a nitrogen atmosphere. The mixture was hydrogenated
(1 atm. of hydrogen) overnight, filtered through CeliteTM, and
the solvent removed in vacuo. The residue was dissolved in
dichloromethane (5 cm3), trifluoroacetic acid (3 cm3) added and
the solution stirred for 5 h at room temperature. Removal of the
volatiles in vacuo, purification by RP HPLC [10% acetonitrile :
90% water (containing 0.05% trifluoroacetic acid)] and trituration
from ether–toluene gave 2 (0.0228 g, 60%, 2 steps) as a colourless
oil. Macrocycle 2 existed exclusively as the trans C(O)–NPro
conformer: [a]D −27.9 (c 0.33 in MeOH); dH (400 MHz; D2O)
1.37–1.85 (8H, m, 5′-H2, 6′-H2, 4′-H2 and 9′-H2), 1.98–2.28 (5H,
m, 3-H2, 7′-H2 and 10′-HAHB), 2.36 (1H, dt, J 12.4 and 7.2, 10′-
HAHB), 2.57 (2H, t, J 7.6, 4-H2), 4.23 (1H, br t, J 8.2, 8′-H) and
4.41 (3H, m, 2-H, 11′-H, 3′-H); dC (100 MHz; D2O) 21.6 (CH2,
5′-C or 6′-C), 24.2 (CH2, 5′-C or 6′-C), 25.5 (CH2, 3-C), 27.1
(CH2, 10′-C), 29.7 (CH2, 4-C), 31.5 (CH2, 9′-C), 32.8 (CH2, 7′-
C), 35.0 (CH2, 4′-C), 51.2 (CH, 3′-C), 51.9 (CH, 2-C), 59.9 (CH,
8′-C), 61.4 (CH, 11′-C), 116.2 (quat., q, J 291, CF3), 162.7 (quat.,
q, J 35.2, CF3CO2H), 168.5 (quat., 2′-C), 173.7 (quat., 11′-CO),
174.7 (quat., 1-C) and 176.8 (quat., 5-C); m/z (FAB+) 356.1816
[MH(free base)+. C16H26N3O6 requires 356.1822].


(8S,11S)-1-Aza-2-oxo-3-tert-butoxycarbonylamino-11-tert-
butoxycarbonylbicyclo[6.3.0]undec-5-ene 24


To a degassed solution of diene 11 (0.053 g, 0.129 mmol)
in dry dichloromethane (32 cm3) was added bis(tricyclohexyl-
phosphine)benzylidieneruthenium dichloride (Grubbs’ catalyst)
(0.011 g, 0.0129 mmol) under a flow of nitrogen and the resultant
purple solution heated at reflux under a nitrogen atmosphere for
24 h. Further bis(tricyclohexylphosphine)benzylidieneruthenium
dichloride (Grubbs’ catalyst) (0.011 g, 0.0129 mmol) was added
and refluxing continued for a further 48 h after which time another
portion of Grubbs catalyst (0.011 g, 0.0129 mmol) was added and
the solution refluxed for an additional 24 h. The orange/brown
solution was cooled to room temperature, dimethyl sulfoxide
(0.151 cm3, 1.935 mmol) was added and the solution stirred
overnight. The solvent was removed in vacuo and the residue
purified by chromatography (silica gel, hexanes–ethyl acetate, 4 :
3, 3 : 1, 2 : 1) to give alkene 24 (0.0237 g, 39%) as a colourless
solid. Alkene 24 was shown to be exclusively trans C(O)–NPro
conformer: mp 175–195 ◦C; [a]D −24.9 (c 0.237 in MeOH); dH


(400 MHz; CDCl3; Me4Si) 1.45 [9H, s, C(CH3)3], 1.47 [9H, s,
C(CH3)3], 1.68–1.74 (1H, m, 9-HAHB), 1.82 (1H, td, J 11.0 and 5.9,
10-HAHB), 2.17–2.26 (2H, m, 9-HAHB and 10-HAHB), 2.27–2.40
(1H, br m, 7-HAHB), 2.49 (1H, br d, J 17.6, 7-HAHB), 2.55–2.63
(1H, m, 4-HAHB), 2.66–2.80 (1H, m, 4-HAHB), 4.40 (1H, dd, J 8.6
and 4.2, 11-H), 4.45–4.62 (2H, m, 3-H and 8-H), 5.62–5.68 (2H, m,
H-6 and N–H) and 5.80–5.90 (1H, m, 5-H); dC (100 MHz; CDCl3)
25.5 (CH2, 10-C), 27.9 [CH3, C(CH3)3], 28.3 [CH3, C(CH3)3], 32.6
(CH2, 4-C), 33.4 (CH2, 7-C and 9-C), 55.8 (CH, 3-C), 57.2 (CH, 8-
C), 61.5 (CH, 11-C), 79.5 [quat., C(CH3)3], 81.2 [quat., C(CH3)3],
128.6 (CH, 5-C and 6-C), 155.1 (quat., NCO2), 169.6 (quat., 2-C)


and 171.2 (quat., 11-CO); m/z (EI+) 380.2304 (M+. C20H32N2O5


requires 380.2311).


(2S,8′S,11′S)-Di-tert-butyl 2-{[(1-aza-2-oxo-3-tert-butoxy-
carbonylaminobicyclo[6.3.0]undec-5-ene)-11-carbonyl]amino}-
1,5-pentanedioate 26


Alkene 24 (0.021 g, 0.055 mmol) was stirred at room temperature
in dichloromethane–trifluoroacetic acid (3 : 1, v/v, 4 cm3) for
5 h. Removal of the volatiles in vacuo yielded an oil that
was dissolved in saturated aqueous sodium hydrogen carbonate
(1.5 cm3). Dioxane (1 cm3) was added followed by di-tert-butyl
dicarbonate (0.015 g, 0.066 mmol) and the milky suspension
was stirred at room temperature for 21 h. The reaction was
diluted with water until a solution was obtained and extracted
with dichloromethane. The aqueous layer was acidified with 2 M
aqueous hydrochloric acid, extracted with dichloromethane and
the combined organic extracts were dried (Na2SO4). Removal of
the solvent in vacuo gave acid 25 (0.012 g) that was dissolved
in dichloromethane (3 cm3). Glutamic acid di-tert-butyl ester
hydrochloride 20 (0.013 g, 0.044 mmol) was added and the solution
cooled to 0 ◦C. Triethylamine (0.013 cm3, 0.092 mmol) and
bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BoP–Cl) (0.012 g,
0.048 mmol) were added and the mixture stirred for 19 h. The reac-
tion mixture was washed with saturated aqueous sodium hydrogen
carbonate, 2 M aqueous hydrochloric acid, dried (Na2SO4) and the
solvent removed to yield an oil (0.033 g), which was purified by
chromatography (silica gel, hexane–ethyl acetate, 2 : 1, 1 : 1, 1 : 2)
to afford amide 26 (0.0125 g, 60% over 3 steps) as a colourless oil:
[a]D +12.1 (c 0.247 in CH2Cl2); dH (400 MHz; CDCl3; Me4Si) 1.45–
1.48 [27H, s, 3 × C(CH3)3], 1.65–1.75 (1H, m, 9′-HAHB), 1.87–1.96
(1H, m, 3-HAHB), 2.02–2.41 (7H, m, 10′-H2, 4-H2, 3-HAHB, 9′-
HAHB and 7′-HAHB), 2.51 (1H, br d, J 17.4, 7′-HAHB), 2.57–2.64
(1H, m, 4′-HAHB), 2.70–2.80 (1H, m, 4′-HAHB), 4.39–4.48 (2H, m,
11′-H and 2-H), 4.52–4.62 (2H, m, 8′-H and 3′-H), 5.63–5.69 (1H,
m, 6′-H), 5.78–5.84 (1H, m, 5′-H), 5.91 (1H, br s, N–H) and 6.73
(1H, d, J 7.0, N–H); dC (100 MHz; CDCl3) 25.4 (CH2, 10′-C), 27.2
(CH2, 3-C), 27.9 [CH3, C(CH3)3], 28.0 [CH3, C(CH3)3], 28.3 [CH3,
C(CH3)3], 31.3 (CH2, 4-C), 32.5 (CH2, 5′-C), 33.3 (CH2, 9′-C),
33.7 (CH2, 7′-C), 52.3 (CH, 2-C), 56.3 (CH, 3′-C), 57.8 (CH, 8′-C),
61.9 (CH, 11′-C), 79.7 [quat., C(CH3)3], 80.6 [quat., C(CH3)3], 82.0
[quat., C(CH3)3], 127.9 (CH, 5′-C), 128.6 (CH, 6′-C), 155.4 (quat.,
NCO2), 170.4 (quat., 2′-C), 170.8 (quat., CO), 171.7 (quat., CO)
and 172.6 (quat., CO); m/z (FAB+) 566.3423 [MH(free base)+.
C29H48N3O8 requires 566.3441].


(2S,3′S,8′S,11′S)-2-{[(3′-Amino-1′-aza-2′-oxobicyclo-
[6.3.0]undecyl)-11′-carbonyl]amino}-1,5-pentanedioic acid
trifluoroacetate salt 3


PtO2 (0.001 g, 0.0042 mmol) was added to a stirred solution of
amide 26 (0.012 g, 0.021 mmol) in ethyl acetate–trifluoroacetic
acid (5 : 3, v/v, 8 cm3) under a nitrogen atmosphere. The mixture
was hydrogenated (1 atm. of hydrogen) overnight, filtered through
CeliteTM, and the solvent removed in vacuo. NMR and HPLC
analysis showed the reaction to be incomplete (both double
bond and protecting groups remaining). Thus PtO2 (0.0003 g,
0.0126 mmol) was added to a stirred solution of the residue in
tetrahydrofuran–methanol (1 : 1, v/v, 2 cm3) under a nitrogen
atmosphere. The mixture was hydrogenated (1 atm. of hydrogen)
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overnight, filtered through CeliteTM, and the solvent removed in
vacuo. The residue was dissolved in dichloromethane (3 cm3),
trifluoroacetic acid (1 cm3) added and the solution stirred for 4 h at
room temperature. Removal of the volatiles in vacuo, purification
by RP HPLC [90% water (containing 0.05% trifluoroacetic acid) :
10% acetonitrile, 13 ml min−1] and drying on a freeze drier gave 3
(1.4 mg 12%) as a thin film. Due to the small amount of sample
obtained an optical rotation was not recorded: dH (400 MHz;
D2O) 1.74–2.42 (14H, m, 5′-H2, 6′-H2, 4′-H2, 9′-H2, 3-H2, 7′-
H2 and 10′-H2), 2.52 (2H, t, J 8.8, 4-H2), 4.3–4.4 (1H, m, 2H),
4.43–4.5 (1H, m) and 4.62–4.69 (1H, m); dC (100 MHz; D2O)
22.3 (CH2), 25.4 (CH2), 28.4 (CH2), 29.0 (CH2), 30.2 (CH2), 32.4
(CH2), 33.7 (CH2), 53.9 (CH), 55.1 (CH), 60.2 (CH), 62.8 (CH),
168.1 (quat., CO) and 173.7 (quat., CO); 2 quaternary carbons
and trifluoroacetate signals not detected; m/z (FAB+) 356.1816
[MH(free base)+. C16H26N3O6 requires 356.1822].


(6Z,9R,12S)-1,4-Diaza-4-benzyloxycarbonyl-12-tert-
butoxycarbonyl-2-oxobicyclo[7.3.0]dodec-6-ene 30


To a degassed solution of diene 28 (0.11 g, 0.242 mmol)
in dry dichloromethane (60 cm3) was added bis(tricyclohexyl-
phosphine)benzylidineruthenium dichloride (Grubbs’ catalyst)
(0.020 g, 0.024 mmol) under an atmosphere of nitrogen and
the resultant purple solution heated at reflux for 24 h. Fur-
ther bis(tricyclohexylphosphine)benzylidineruthenium dichloride
(Grubbs’ catalyst) (0.020 g, 0.024 mmol) was then added, and
refluxing continued for a further 24 h. The solution was cooled to
room temperature, dimethyl sulfoxide (0.16 cm3, 2.26 mmol) was
added and the orange/brown solution stirred for 22 h. The solvent
was removed in vacuo and the residue purified by chromatography
(SiO2, hexanes–ethyl acetate, 3 : 1, 2 : 1, 1 : 1) to give a colourless
oil which was further purified by chromatography (C18 RP silica,
100 : 0, 9 : 1, 9 : 3, 1 : 1, 1 : 9, water–acetonitrile,) to give alkene 30
(0.046 g, 46%) as a colourless oil. Alkene 30 existed exclusively as
the trans C(O)–NPro conformer. In addition, restricted rotation
about the N–CO carbamate bond was also observed resulting in
a 1 : 1 mixture of conformers: [a]D −243.9 (c 0.27 in CH2Cl2);
dH (400 MHz; CDCl3; Me4Si) 1.49 [9H, s, C(CH3)3], 1.84–2.34
(5H, m, 8-HAHB, 10-H2 and 11-H2), 2.98–3.08 (1H, m, 8-HAHB),
3.69–3.88 (2H, m, 5-HAHB and 3-HAHB), 4.0 (1H, p, J 7.6, 9-H),
4.33–4.61 (3H, m, 5-HAHB, 3-HAHB and 12-H), 5.10–5.30 (2H,
m, OCH2Ph), 5.51–5.65 (1H, m, 6-H), 5.98–6.09 (1H, m, 7-H)
and 7.29–7.38 (5H, m, Ph); dC (100 MHz; CDCl3) 27.2 (CH2,
11-C), 28.0 [CH3, C(CH3)3], 33.9 (CH2, 8-C), 35.1 (CH2, 10-C),
42.2 (CH2, 5-C), 42.3 (CH2, 5-C), 45.7 (CH2, 3-C), 45.9 (CH2, 3-
C), 59.5 (CH, 9-C), 59.6 (CH, 9-C), 61.2 (CH, 12-C), 61.3 (CH,
12-C), 67.4 (CH2, OCH2Ph), 67.5 (CH2, OCH2Ph), 81.4 [quat.,
C(CH3)3], 81.5 [quat., C(CH3)3], 125.8 (CH, 6-C), 126.0 (CH, 6-C),
127.7 (CH, Ph), 127.8 (CH, Ph), 127.81 (CH, Ph), 127.9 (CH, Ph),
128.3 (CH, Ph), 132.0 (CH, 7-C), 132.4 (CH, 7-C), 136.5 (quat.,
Ph), 155.8 (quat., NCO2), 156.2 (quat., NCO2), 167.2 (quat., 2-C),
167.4 (quat., 2-C), 171.2 (quat., 12-CO) and 171.4 (quat., 12-CO);
m/z (EI+) 414.2154 (M+. C23H30N2O5 requires 414.2154).


(9R,12S)-1,4-Diaza-4-tert-butyloxycarbonyl-2-
oxobicyclo[7.3.0]dodec-2-carboxylic acid 31


To a stirred solution of alkene 30 (0.12 g, 0.29 mmol) in tetrahy-
drofuran (4 cm3) was added platinum oxide (0.0066 g, 0.029 mmol)


under a flow of nitrogen. The mixture was hydrogenated (1 atm of
H2) for 16 h, filtered through CeliteTM, and the solvent removed in
vacuo. The residue was dissolved in a solution of hydrobromic acid
in acetic acid (30% w/w, 3 cm3) and stirred at room temperature
for 2 h. Removal of the volatiles in vacuo at 30 ◦C followed by
addition and evaporation of methanol–water (3 : 1) several times
yielded the hydrobromide salt which was dissolved in a solution
of saturated sodium hydrogen carbonate (3 cm3). Dioxane (2 cm3)
was then added and di-tert-butyl dicarbonate added to the opaque
solution (0.076 g, 0.350 mmol). The resultant suspension was
stirred for 24 h, di-tert-butyl dicarbonate (0.076 g, 0.3504 mmol),
added and stirring continued for a further 72 h. Water (10 cm3)
was added, the solution washed with dichloromethane, and the
aqueous layer acidified with 2 M aqueous hydrochloric acid and
extracted with dichloromethane. The combined organic layers
were dried (Na2SO4), filtered and the solvent removed to yield an
oil (0.08 g) that was purified by chromatography (SiO2, 2 : 1 : 0, 2 :
1 : 0.3, hexanes–ethyl acetate–acetic acid) to give acid 31 (0.074 g,
ca. 78%) as a colourless oil. Acid 31 existed exclusively as the trans
C(O)–NPro conformer. In addition, restricted rotation about the
N–CO carbamate bond was also observed resulting in a 1 : 1
mixture of conformers: dH (400 MHz; CDCl3; Me4Si) 1.25–1.48
[11H, m, C(CH3)3, 8-HAHB and 6-HAHB or 7-HAHB], 1.54–1.82
(5H, m, 8-HAHB, 10-HAHB and 6-HAHB or 7-HAHB), 1.90–2.03
(1H, m, 10-HAHB), 2.10–2.33 (2H, m, 11-H2), 2.78 (1H, td, J 12.7
and 2.6, 5-HAHB), 3.78–3.95 (2H, m, 5-HAHB and 3-H), 4.20–4.30
(1H, m, 9-H), 4.52 (0.5H, d, J 17.7, 3-HAHB), 4.62 (1H, t, J 8.6,
12-H) and 4.76 (0.5H, d, J 17.2, 3-HAHB); dC (100 MHz; CDCl3)
22.2 (CH2, 6-C or 7-C), 27.6 (CH2, 6-C or 7-C), 24.3 (CH2, 11-C),
24.8 (CH2, 11-C), 26.8 (CH2, 6-C or 7-C), 27.9 (CH2, 6-C or 7-
C), 28.3 [CH3, C(CH3)3], 32.6 (CH2, 10-C), 33.1 (CH2, 10-C), 34.8
(CH2, 8-C), 35.3 (CH2, 8-C), 51.1 (CH2, 5-C), 51.7 (CH2, 5-C), 54.7
(CH2, 3-C), 55.9 (CH2, 3-C), 56.6 (CH, 9-C), 56.7 (CH, 9-C), 60.8
(CH, 12-C), 61.1 (CH, 12-C), 80.7 [quat., C(CH3)3], 154.8 (quat.,
NCO2), 155.6 (quat., NCO2), 170.0 (quat., 2-C), 170.5 (quat., 2-
C), 174.1 (quat., 12-CO) and 174.7 (quat., 12-CO); m/z (FAB+)
327.1925 (MH+. C16H27N2O5 requires 327.1920).


(2S,9′S,12′S)-Di-tert-butyl 2-{[(1′,4′-diaza-
4′-tert-butyloxycarbonyl-2′-oxobicyclo[7.3.0]dodecyl)-12′-
carbonyl]amino}-1,5-pentanoate 32


Bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BoP–Cl) (0.08 g,
0.31 mmol) was added to a solution of acid 31 (0.07 g,
0.20 mmol), L-glutamic acid di-tert-butyl ester hydrochloride 20
(0.085 g, 0.289 mmol) and triethylamine (0.084 cm3, 0.60 mmol)
in dichloromethane (7 cm3) at 0 ◦C. The mixture was stirred for
24 h, washed with saturated aqueous sodium hydrogen carbonate,
2 M aqueous hydrochloric acid, dried (Na2SO4), filtered and the
solvent removed under reduced pressure. The resultant oil (0.141
g) was purified by chromatography (SiO2, 1 : 1, 1 : 2, hexane–ethyl
acetate) to afford amide 32 (0.077 g, ca. 64%) as a colourless oil.
Amide 32 existed exclusively as the trans C(O)–NPro conformer.
In addition, restricted rotation about the N–CO carbamate bond
was also observed resulting in a 46 : 54 mixture of conformers:
dH (300 MHz; CDCl3; Me4Si) 1.14–1.30 [2H, m, 8′-HAHB and H′-
6(1H) or H′-7(1H)], 1.34–1.41 [27H, m, 3 × C(CH3)3], 1.54–2.28
([11H, m, 8′-HAHB, 10′-H2, 3-H2, 4-H2, 6′-H(3H) or 7′-H(3H)]
and 11′-HAHB), 2.31–2.49 (1H, m, 11′-HAHB), 2.60–2.70 (1H, m,
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5′-HAHB), 3.65–3.87 (2H, m, 5′-HAHB and 3′-HAHB), 4.18 (1H,
br s, 9′-H), 4.39 (1H, q, J 7.6, 2-H), 4.48 (0.5H, d, J 17.5, 3′-
HAHB), 4.65 (1H, t, J 7.8, 12′-H), 4.74 (0.5H, d, J 17.0, 3′-HAHB),
7.45 (0.46H, d, J 7.4, N–H), and 7.64 (0.54H, d, J 7.7, N–H); dC


(75 MHz; CDCl3) 22.7 (CH2, 11′-C), 23.3 (CH2, 6′-C or 7′-C), 23.4
(CH2, 6′-C or 7′-C), 27.0 (CH2, 3-C, 6′-C or 7′-C), 27.7 (CH2, 3-C,
6′-C or 7′-C), 27.8 (CH2, 3-C, 6′-C or 7′-C), 28.2 (CH2, 3-C, 6′-C
or 7′-C), 27.9 [CH3, C(CH3)3], 28.0 [CH3, C(CH3)3], 28.4 [CH3,
C(CH3)3], 31.4 (CH2, 4-C), 32.5 (CH2, 10′-C), 32.8 (CH2, 10′-C),
34.4 (CH2, 8′-C, 35.1 (CH2, 8′-C), 50.7 (CH2, 5′-C), 51.5 (CH2,
5′-C), 52.25 (CH, 2-C), 52.33 (CH, 2-C), 54.6 (CH2, 3′-C), 55.0
(CH2, 3′-C), 56.6 (CH, 9′-C), 56.8 (CH, 9′-C), 60.2 (CH, 12′-C),
60.8 (CH, 12′-C), 80.4 [quat., C(CH3)3], 80.6 [quat., C(CH3)3], 81.9
[quat., C(CH3)3], 154.7 (quat., NCO2), 155.5 (quat., NCO2), 169.4
(quat., 2′-C), 169.8 (quat., 2′-C), 170.6 (quat., 12′-CO, 1-C, 5-C),
170.8 (quat., 12′-CO, 1-C, 5-C) and 171.8 (quat., 12′-CO, 1-C, 5-C);
m/z (FAB+) 568.3592 (MH+. C29H50N3O8 requires 568.3598).


(2S,9′R,12′S)-2-{[(1′,4′-Diaza-2′-oxobicyclo[7.3.0]dodecyl)-12′-
carbonyl]amino}-1,5-pentanedioic acid trifluoroacetate 4


Amide 32 (0.072 g, 0.126 mmol) was dissolved in a mixture of
dichloromethane and trifluoroacetic acid (5 : 2, v/v) and stirred at
room temperature for 4 h. Evaporation of the volatiles, and sub-
sequent purification by RP-HPLC [water (0.05% trifluoroacetic
acid)–acetonitrile, 90 : 10, 13 ml min−1], gave 6 (0.059 g, 80%) as a
colourless wax after drying on a freeze drier. Macrocycle 4 existed
exclusively as the trans C(O)–NPro conformer: [a]D −36.9 (c 0.195
in MeOH); dH (400 MHz; CDCl3; Me4Si) 1.71–2.29 (11H, m, 6′-
H2, 7′-H2, 8′-H2, 10′-H2, 3-H2 and 11′-HAHB), 2.33–2.39 (1H, m,
11′-HAHB), 3.27 (1H, dt, J 10.2 and 4.1, 5′-HAHB), 3.39 (1H, td,
J 12.0 and 2.2, 5′-HAHB), 3.76 (1H, d, J 13.6, 3′-HAHB), 4.0–4.25
(2H, m, 3′-HAHB and 9′-H), 4.45 (1H, dd, J 9.3 and 5.1, 2-H) and
4.51 (1H, dd, J 9.2 and 8.3, 12′-H); dC (100 MHz; CDCl3) 24.06
(CH2, 6′-C or 7′-C), 24.1 (CH2, 6′-C or 7′-C), 25.7 (CH2, 3-C), 27.7
(CH2, 11′-C), 29.6 (CH2, 4-C), 32.5 (CH2, 10′-C), 33.4 (CH2, 8′-
C), 43.3 (CH2, 5′-C), 46.8 (CH2, 3′-C), 51.8 (CH, 2-C), 61.9 (CH,
12′-C), 62.8 (CH, 9′-C), 116.2 (quat., q, J 290, CF3), 162.6 (quat.,
q, J 35.2, CF3CO2H), 164.7 (quat., 2′-C), 173.4 (quat., 12′-CO),
174.6 (quat., 1-C), and 176.8 (quat., 5-C); m/z (FAB+) 356.1823
[MH(free base)+. C16H26N3O6 requires 356.1822].


(6Z,9S,12S) N-Benzyloxycarbonyl-1,4-diaza-12-tert-
butoxycarbonyl-2-oxobicyclo[7.3.0]dodec-6-ene 33


To a degassed solution of diene 29 (0.10 g, 0.23 mmol) in
dry dichloromethane (56 cm3) was added bis(tricyclohexyl-
phosphine)benzylidineruthenium dichloride (Grubbs′ catalyst)
(0.018 g, 0.023 mmol) under an atmosphere of nitrogen and
the resultant purple solution heated at reflux for 24 h. Fur-
ther bis(tricyclohexylphosphine)benzylidineruthenium dichloride
(0.018 g, 0.023 mmol) was added and heating continued for 24 h,
then the reaction mixture was cooled to room temperature and
dimethyl sulfoxide (0.160 cm3, 2.3 mmol) was added and the
orange/brown solution stirred for 24 h. The solvent was removed
in vacuo and the residue purified by chromatography (SiO2, 3 : 1,
2 : 1, 1 : 1, hexanes–ethyl acetate) to give a colourless oil which was
further purified by chromatography (C18 RP silica, 100 : 0, 9 : 1, 9 :
3, 1 : 1, 1 : 9, water–acetonitrile,) to give alkene 33 (0.039 g, 42%)


as a colourless oil. Alkene 33 existed exclusively as the trans C(O)–
NPro conformer. In addition, restricted rotation about the N–CO
carbamate bond was also observed resulting in a 1 : 1 mixture of
conformers: [a]D −118.2 (c 0.34 in CH2Cl2); dH (400 MHz; CDCl3;
Me4Si) 1.46 [9H, s, C(CH3)3], 1.74 (1H, dd, J 11.8 and 5.7, 10-
HAHB), 1.93 (1H, dd, J 12.5 and 6.5, 11-HAHB), 2.11–2.45 (4H,
m, 8-H2, 10-HAHB and 11-HAHB), 3.53 (1H, dd, J 15.7 and 8.0,
5-HAHB), 4.13–4.37 (4H, m, 3-H2, 9-H and 12-H), 4.50 (1H, d, J
15.4, 5-HAHB), 5.12–5.29 (2H, m, OCH2Ph), 5.54–5.82 (2H, m,
6-H and 7-H) and 7.31–7.43 (5H, m, Ph); dC (100 MHz; CDCl3)
26.7 (CH2, 11-C), 27.8 [CH3, C(CH3)3], 34.0 (CH2), 34.2 (CH2),
34.3 (CH2), 34.4 (CH2), 43.9 (CH2, 5-C), 44.5 (CH2, 5-C), 48.5
(CH2, 3-C), 49.5 (CH2, 3-C), 57.2 (CH, 9-C), 57.6 (CH, 9-C), 60.1
(CH, 12-C), 67.6 (CH2, OCH2Ph), 81.2 [quat., C(CH3)3], 126.8
(CH, 6-C), 126.9 (CH, 6-C), 128.0 (CH, Ph), 128.4 (CH, Ph),
128.7 (CH, Ph), 129.9 (CH, 7-C), 136.3 (quat., Ph), 136.4 (quat.,
Ph), 155.7 (quat., NCO2), 167.8 (quat., 2-C), 167.9 (quat., 2-C)
and 170.7 (quat., 12-CO); m/z (EI+) 414.2157 (M+. C23H30N2O5


requires 414.2155).


(9S,12S)-1,4-Diaza-4-tert-butyloxycarbonyl-2-oxo-
bicyclo[7.3.0]dodecyl-12-carboxylic acid 34


To a stirred solution of alkene 33 (0.11 g, 0.263 mmol) in tetrahy-
drofuran (4 cm3) was added platinum oxide (0.006 g, 0.026 mmol)
under a flow of nitrogen. The mixture was hydrogenated (1 atm.
of hydrogen) for 16 h, filtered over CeliteTM, and the solvent
removed in vacuo. The residue was dissolved in a solution of
30% hydrobromic acid in acetic acid (3 cm3) and stirred at room
temperature for 2 h. Removal of the volatiles in vacuo at 40 ◦C
followed by repeated evaporation from methanol–water (3 : 1)
yielded the hydrobromide salt which was dissolved in a solution
of saturated sodium hydrogen carbonate (3 cm3). Dioxane (2 cm3)
and di-tert-butyl dicarbonate (0.07 g, 0.32 mmol) were added and
the resultant suspension was stirred for 24 h, then further di-tert-
butyl dicarbonate (0.07 g, 0.32 mmol) was added and stirring
continued for a further 48 h. Water (10 cm3) was added, the
solution washed with dichloromethane and the aqueous layer
was acidified with 2 M aqueous hydrochloric acid and extracted
with dichloromethane. The combined organic layers were dried
(Na2SO4), filtered and the solvent removed to yield an oil (0.072 g)
that was purified by chromatography (SiO2, 1 : 1 : 0.3, hexanes–
ethyl acetate–acetic acid) to give acid 34 (0.05 g, 58%) as a
colourless oil. Acid 34 existed exclusively as the trans C(O)–
NPro conformer. In addition, restricted rotation about the N–
CO carbamate bond was also observed resulting in a 72 : 28
mixture of conformers: [a]D +3.9 (c 0.23 in CH2Cl2); dH (400 MHz;
CDCl3; Me4Si) 1.30–1.48 [11H, m, C(CH3)3, 8-HAHB and 11-
HAHB], 1.63–1.79 (5H, m, 8-HAHB, 6-H2 and 7-H2), 2.01–2.07
(1H, m, 11-HAHB), 2.12–2.32 (2H, m, 10-H2), 2.62–2.85 (1H, m,
5-HAHB), 3.73–3.83 (1.28 H, 3-HAHB and 5-HAHB*), 4.0 (0.72H,
br d, J 14.2, 5-HAHB), 4.20–4.32 (1H, m, 9-H), 4.41* (0.28H,
d, J 8.0, 12-H), 4.50 (0.72H, d, J 8.8, 12-H), 4.57 (0.72H, d, J
17.8, 3-HAHB), 4.69* (0.28H, d, J 16.5, 3-HAHB) and 8.40 (1H,
br s, OH); dC (100 MHz; CDCl3) 22.1 (CH2, 7-C), 22.6* (CH2,
7-C), 25.1 (CH2, 11-C), 25.7* (CH2, 11-C), 26.6 (CH2, 6-C), 28.1
[CH3, C(CH3)3], 28.3* [CH3, C(CH3)3], 32.5 (CH2, 10-C), 32.7*
(CH2, 10-C), 35.9* (CH2, 8-C), 36.3 (CH2, 8-C), 50.3* (CH2,
5-C), 51.8 (CH2, 5-C), 54.9* (CH2, 3-C), 55.4 (CH, 9-C), 56.0*
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(CH, 9-C), 56.3 (CH2, 3-C), 60.5* (CH, 12-C), 60.8 (CH, 12-C),
80.6* [quat., C(CH3)3], 81.0 [quat., C(CH3)3], 155.2 (quat., NCO2),
155.5* (quat., NCO2), 169.5* (quat., 2-C), 169.8 (quat., 2-C), 174.9
(quat., 12-CO) and 175.1* (quat., 12-CO); m/z (EI+) 326.1837
(M+. C16H26N2O5 requires 326.1842).


(2S,9′S,12′S)-2-{[(1′,4′-Diaza-2′-oxobicyclo[7.3.0]dodecyl)-12′-
carbonyl]amino}-1,5-pentanedioic acid trifluoroacetate salt 5


Bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BoP–Cl) (0.057 g,
0.225 mmol) was added to a solution of acid 2 (0.05 g,
0.15 mmol), L-glutamic acid di-tert-butyl ester hydrochloride 20
(0.062 g, 0.21 mmol) and triethylamine (0.061 cm3, 0.44 mmol)
in dichloromethane (5 cm3) at 0 ◦C. The mixture was stirred for
17 h, washed with saturated aqueous sodium hydrogen carbonate,
2 M aqueous hydrochloric acid, dried (Na2SO4), filtered and the
solvent removed to yield an oil (0.108 g) which was purified by
chromatography (SiO2, 1 : 1, 1 : 2, 1 : 3, hexane–ethyl acetate) to
afford an inseparable mixture (0.074 g) of the desired amide 35 con-
taminated with a glutamate–bis(2-oxo-3-oxazolidinyl)phosphinic
chloride adduct. The mixture was dissolved in dichloromethane
(5 cm3), trifluoroacetic acid (2 cm3) was added and the solution
stirred for 4 h. Further trifluoroacetic acid (1 cm3) was then
added and stirring continued for 2 h. The volatiles were removed
in vacuo, the residue suspended in water and filtered through
a plug of cotton wool. The filtrate was subsequently purified
by RP-HPLC [water (0.05% trifluoroacetic acid) : acetonitrile,
90 : 10, 13 ml min−1] to afford trifluoroacetate 5 (0.039 g, 55%
from 34) as a colourless wax after trituration from diethyl ether–
toluene. Macrocycle 5 existed exclusively as the trans C(O)–NPro
conformer: [a]D −22.3 (c 0.35 in MeOH); dH (400 MHz; CDCl3;
Me4Si) 1.68–2.04 (9H, m, 7′-H2, 6′-H2, 10′-H2, 3′-HAHB, 8′-HAHB


and 11′-HAHB), 2.19–2.26 (2H, 8′-HAHB and 3′-HAHB), 2.42–2.48
(1H, m, 11′-HAHB), 2.50–2.58 (2H, m, 4-H2), 3.04 (1H, td, J 11.2
and 2.5, 5′-HAHB), 3.33 (1H, dt, J 14.1 and 4.9, 5′-HAHB), 3.82
(1H, d, J 14.1, 3′-HAHB), 4.32 (1H, d, J 14.0, 3′-HAHB), 4.38–
4.45 (2H, m, 9′-H and 2-H) and 4.59 (1H, dd J 9.6 and 1.8, 12′-
H); dC (100 MHz; CDCl3) 25.6 (CH2, 6′-C or 7′-C), 26.0 (CH2,
6′-C or 7′-C), 28.1 (CH2, 3-C), 29.9 (CH2, 11′-C), 32.3 (CH2, 4-
C), 34.0 (CH2, 10′-C or 8′-C), 35.2 (CH2, 10′-C or 8′-C), 46.9
(CH2, 5′-C), 48.7 (CH2, 3′-C), 54.3 (CH, 2-C), 62.9 (CH, 12′-
C), 64.6 (CH, 9′-C), 118.6 (quat., q, J 291, CF3), 165.1 (quat.,
q, J 36.2, CF3CO2H), 167.9 (quat., 2′-C), 175.9 (quat., 12′-CO),
177.1 (quat., 1-C), and 179.4 (quat., 5-C); m/z (FAB+) 356.1824
[MH(free base)+. C16H26N3O6 requires 356.1822].


(3S,8S)-1-Aza-3-(tert-butyloxycarbonylamino)-8-methoxy-
carbonyl-2-oxobicyclo[6.3.0]undec-5-ene45 38


A solution of freshly sublimed potassium tert-butoxide (0.0018 g,
0.0157 mmol) in dry tetrahydrofuran (1 cm3) was added
to a stirred suspension of 1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazolium tetrafluoroborate (0.07 g, 0.0177 mmol) in
dry tetrahydrofuran (2 cm3) under an atmosphere of nitro-
gen. Dry tetrahydrofuran (1 cm3) was used to rinse the re-
maining potassium tert-butoxide from the reaction flask. The
resultant suspension was stirred for 2 min then a solution
of bis(tricyclohexylphosphine)benzylidineruthenium dichloride
(Grubbs′ catalyst) (0.010 g, 0.011 mmol) in dry benzene (10 cm3)


was added and the purple solution heated at 80 ◦C for 35 min.
The dark brown solution was cooled to room temperature and a
solution of diene 37 (0.041 g, 0.112 mmol) in dry benzene (40 cm3)
added and the mixture heated at 45 ◦C for 48 h. The brown
solution was cooled to room temperature, dimethyl sulfoxide
(0.043 g, 0.56 mmol) was added and the mixture stirred overnight.
The solvent was removed in vacuo and the residue purified by
chromatography (SiO2, 2 : 1, 1 : 1, hexane–ethyl acetate) to give
alkene 38 (0.022 g, 58%) as a pale yellow oil. Alkene 38 existed
exclusively as the trans C(O)–NPro conformer: [a]D −86.3 (c 0.183
in CH2Cl2) [lit.,45 −87.4 (c 0.35 in CHCl3]; dH (400 MHz; CDCl3;
Me4Si) 1.44 [9H, s, C(CH3)3], 1.66–1.86 (2H, m, 10-H2), 1.96–2.11
(2H, m, 9-HAHB and 4-HAHB), 2.46 (1H, dd, J 12.3 and 6.1, 9-
HAHB), 2.66 (1H, dd, J 14.8 and 8.2, 7-HAHB), 2.80–2.90 (1H, m,
4-HAHB), 3.04 (1H, dd, J 15.1 and 8.6, 7-HAHB), 3.40 (1H, ddd, J
11.6, 11.1 and 7.4, 11-HAHB), 3.76–3.83 (1H, m, 11-HAHB), 3.78
(3H, s, OCH3), 4.97–5.04 (1H, m, 3-H), 5.52–5.63 (2H, m, 6-H
and N–H) and 5.74–5.79 (1H, m, 5-H); dC (100 MHz; CDCl3) 20.6
(CH2, 10-C), 28.2 [CH3, C(CH3)3], 35.0 (CH2, 7-C), 35.4 (CH2, 4-
C), 38.4 (CH2, 9-C), 48.4 (CH2, 11-C), 50.8 (CH, 3-C), 53.0 (CH3,
OCH3), 69.7 (quat., 8-C), 79.4 [quat., C(CH3)3], 122.8 (CH, 5-C),
132.2 (CH, 6-C), 154.8 (quat., NCO2), 171.5 (quat., 2-C) and 173.7
(quat., 8-CO).


(2S,3′S,8′S)-Di-tert-butyl 2-{[(1′-aza-3′-(tert-butyloxy-
carbonylamino)-2′-oxobicyclo[6.3.0]undec-5′-ene)-8′-
carbonyl]amino}-1,5-pentanedioate 39


To a solution of alkene 38 (0.022 g, 0.065) in dioxane (0.7 cm3)
was added 1 M aqueous sodium hydroxide (0.32 cm3, 0.32 mmol)
and the opaque solution stirred at room temperature for 17 h.
Water was added and the mixture washed with dichloromethane.
The aqueous layer was acidified with citric acid and the prod-
uct extracted with dichloromethane. The organic layers were
pooled, dried (MgSO4) and the solvent removed to afford an
oil (0.020 g). To a solution of this oil in dichloromethane
(4 cm3) was added L-glutamic acid di-tert-butyl ester hydrochloride
20 (0.025 g, 0.085 mmol) was added and the solution cooled
to 0 ◦C. Triethylamine (0.017 g, 0.17 mmol) and bis(2-oxo-
3-oxazolidinyl)phosphinic chloride (0.021 g, 0.085 mmol) were
added and the solution stirred for 20 h. The reaction mixture was
washed with 2 M aqueous hydrochloric acid, saturated aqueous
sodium hydrogen carbonate, dried (Na2SO4), filtered and the
solvent removed to yield an oil (0.041 g) which was purified by
chromatography (SiO2, 1 : 1, 2 : 3, hexane–ethyl acetate) to give
amide 39 (0.025 g, 69% in 2 steps) as a colourless oil. Amide 39
existed exclusively as the cis C(O)–NPro conformer: [a]D −49.6 (c
0.25 in CH2Cl2); dH (400 MHz; CDCl3; Me4Si) 1.40–1.44 [27H, m,
3 × C(CH3)3], 1.55–1.66 (1H, m), 1.78 (1H, p, J 6.4), 1.89 (1H,
td, J 13.2 and 6.1), 2.05–2.39 (5H, m), 2.65–2.75 (2H, m, 4′-H2),
2.80 (1H, dd, J 15.0 and 7.9, 7′-HAHB), 2.92 (1H, dd, J 14.9 and
8.9, 7′-HAHB), 3.55 (1H, ddd, J 11.8, 11.8 and 7.0, 11′-HAHB),
3.65–3.70 (1H, m, 11′-HAHB), 4.40–4.46 (1H, m, 3′-H), 4.88–4.97
(2H, m, 6′-H and 2-H), 5.67–5.79 (2H, m, 5′-H and N–H) and 8.36
(1H, d, J 8.4, N–H); dC (100 MHz; CDCl3) 20.4 (CH2, 10′-C), 25.4
(CH2, 3-C), 27.9 [CH3, C(CH3)3], 28.0 [CH3, C(CH3)3], 28.2 [CH3,
C(CH3)3], 31.5 (CH2, 4-C), 32.2 (CH2, 4′-C), 34.6 (CH2, 7′-C), 37.4
(CH2, 9′-C), 49.3 (CH2, 11′-C), 52.1 (CH, 3′-C), 52.8 (2-C), 71.8
(quat., 8′-C), 80.4 [quat., C(CH3)3], 81.1 [quat., C(CH3)3], 125.0
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(CH, 5′-C), 130.2 (CH, 6′-C), 156.3 (quat., NCO2), 170.5 (quat.,
2′-C), 171.9 (quat., 8′-CO), 171.2 (quat., 1-C) and 173.5 (quat.,
5-C); m/z (EI+) 565.3365 (M+. C29H47N3O8 requires 565.3363).


(2S,3′S,8′S)-2-{[(1′-Aza-3′-amino-2′-oxobicyclo[6.3.0]undecyl)-8′-
carbonyl]amino}-1,5-pentanedioic acid trifluoroacetate salt 6


PtO2 (0.001 g, 0.004 mmol) was added to a stirred solution
of amide 7 (0.025 g, 0.044 mmol) in tetrahydrofuran (4 cm3)
under a nitrogen atmosphere. The mixture was hydrogenated
(1 atm. of hydrogen) for 17 h, filtered through CeliteTM, and
the solvent removed in vacuo. The residue was dissolved in
dichloromethane (3 cm3), trifluoroacetic acid (1 cm3) added and
the solution stirred for 4 h at room temperature. Removal of the
volatiles in vacuo and analysis by HPLC and NMR showed the
reaction to be incomplete. The residue was therefore redissolved in
dichloromethane–trifluoroacetic acid (3 : 1, 4 cm3) and the solution
stirred at room temperature for 2.5 h. The volatiles were removed
in vacuo, and the residue purified by RP HPLC [20% acetonitrile–
80% water (containing 0.05% trifluoroacetic acid)] to give an
oil which was triturated from ether–toluene to give macrocycle
6 (0.0167 g, 81% over 2 steps) as a hygroscopic white solid.
Macrocycle 6 existed exclusively as the cis C(O)–NPro conformer:
mp 75–85 ◦C; [a]D −4.4 (c 0.16 in MeOH); dH (400 MHz; D2O)
1.30–1.39 (1H, m, 5′-HAHB), 1.57–1.65 (1H, m, 6′-HAHB), 1.79–
1.91 (4H, m, 5′-HAHB, 6′-HAHB, 4′-HAHB and 10′-HAHB), 1.98–
2.13 (4H, m, 4′-HAHB, 10′-HAHB, 7′-HAHB and 3-HAHB), 2.23–
2.37 (4H, m, 9′-H2, 3-HAHB and 7′-HAHB), 2.53 (2H, t, J 7.5, 4-H2),
3.68 (1H, dt, J 14.2 and 7.4, 11′-HAHB), 3.79 (1H, dt, J 14.0 and
7.5, 11′-HAHB), 4.20 (1H, dd, J 11.2 and 6.3, 3-H) and 4.53 (1H,
dd, J 10.2 and 4.9, 2-H); dC (100 MHz; D2O) 20.4 (CH2, 10′-C),
21.2 (CH2, 6′C), 22.1 (CH2, 5′-C), 24.8 (CH2, 3-C), 30.3 (CH2, 4-
C), 31.1 (CH2, 4′-C), 36.4 (CH2, 7′-C), 40.9 (CH2, 9′-C), 49.1 (CH2,
11′-C), 51.2 (CH, 3′-C), 52.4 (CH, 2-C), 70.9 (quat., 8′-C), 116.1
(quat., q, J 291, CF3), 162.7 (quat., q, J 36.0, CF3CO2H), 169.4
(quat., 2′-C), 174.6 (quat., 8′-CO), 175.3 (quat., 1-C) and 177.0
(quat., 5-C); m/z (FAB+) 356.1830 [MH(free base)+. C16H16N3O6


requires 356.1822].


(3S,8R,10S,13S)-3-Amino-1,11-diaza-8,10-carboxy-2,12-
oxobicyclo[13.3.0]hexadecane trifluoroacetate 8


To a solution of protected tripeptide 52 (0.041 g, 0.0589 mmol)
in dry dichloromethane (7.5 cm3) was added bis(tricyclo-
hexylphosphine)benzylidineruthenium dichloride (0.015 g,
0.0126 mmol) under an atmosphere of nitrogen. The purple
solution was heated at reflux for 48 h, cooled to room temperature
and dimethyl sulfoxide (0.045 cm3, 0.63 mmol) added. The
orange/brown solution was stirred for 24 h, filtered through a
short plug of silica gel (eluting with hexanes–ethyl acetate, 1 : 3),
and purified by chromatography (C18 RP silica, water–acetonitrile,
20–70%) to give the metathesis product 53 (48 mg) and other
unidentified product(s) as a yellow oil, [m/z (FAB+) 668.2977
(MH+. C38H42N3O8 requires 668.2972]. The metathesis product
53 was divided into 2 samples (∼25 mg each); the first sample
was dissolved in tetrahydrofuran–water (4 : 1, 5 cm3) and 10 wt%
palladium on activated carbon (0.008 g, 0.00749 mmol) was
added under an atmosphere of nitrogen. To the reaction flask
was fitted a balloon of hydrogen and stirred for 21 h at room


temperature. The reaction mixture was filtered through a pad of
CeliteTM, washed with methanol–water (4 : 1) and concentrated
in vacuo to yield a film. The second sample was dissolved in
tetrahydrofuran (3 cm3) and platinum(IV) oxide‡ (0.00078 g,
0.0034 mmol) added under an atmosphere of nitrogen. To the
reaction flask was fitted a balloon of hydrogen and stirred for 16 h
at room temperature. The reaction mixture was filtered through
a pad of CeliteTM, washed with methanol and concentrated in
vacuo to yield a film that was dissolved in methanol–water (4 :
1, 5 cm3) and 10 wt% palladium on activated carbon (0.008 g
0.00749 mmol) was added under an atmosphere of nitrogen. To
the reaction flask was fitted a balloon of hydrogen and stirred
for 5 h at room temperature. The reaction mixture was filtered
through a pad of CeliteTM, washed with methanol–water (4 : 1)
and concentrated in vacuo to yield a film. Both samples were
combined, purified by RP HPLC [10% acetonitrile–90% water
(containing 0.05% trifluoroacetic acid) then 80 : 20, 70 : 30] and
dried on a freeze drier to give macrocycle 8 (0.016 g, 58% from
53) as a colourless wax. Macrocycle 8 existed exclusively as the
trans conformer: [a]D −39.4 (c 0.0864 in water); dH (400 MHz;
D2O), 1.20–1.62 (6H, m, 5-H2, 14-H2, 7-H2), 1.81–1.90 (1H, m,
4-HAHB), 2.04–2.36 (7H, m, 4-HAHB, 9-H2, 6-H2, 15-H2), 2.43
(1H, br t, J 6.2, 8-H), 3.68–3.79 (2H, m, 16-H2), 4.48–4.49 (1H,
m, H-3) and 4.51–4.55 (1H, m, 10-H) [13-H obscured by HOD];
dC (100 MHz; D2O) 18.2 (CH2, 5-C), 23.9 (CH2, 14-C), 24.2 (CH2,
15-C), 26.0 (CH2, 6-C), 26.8 (CH2, 4-C), 28.0 (CH2, 7-C), 30.3
(CH2, 9-C), 38.2 (CH, 8-C), 47.1 (CH2, 16-C), 50.6 (CH, 10-C),
50.9 (CH, 3-C), 59.5 (CH, 13-C), 116.25 (q, J 291.7, CF3), 162.8
(q, J 35.2, CF3CO2H), 169.2 (quat., 2-C), 174.0 (quat., 10-CO),
and 179.8 (quat., 8-CO); m/z (FAB+) 356.1811 [MH(free base)+.
C16H26N3O6 requires 356.1821].


(9R,11S,14S)-1,4,12-Triaza-9,11-carboxy-2,13-
dioxobicyclo[14.3.0]heptadecane trifluoroacetate 9


Freshly sublimed potassium tert-butoxide (0.009 g, 0.0792 mmol)
was added to a stirred suspension of 1,3-bis(2,4,6-trimethyl-
phenyl)-4,5-dihydroimidazolium tetrafluoroborate (0.031 g,
0.0792 mmol) in tetrahydrofuran (6 cm3) under an atmosphere
of nitrogen. The resultant suspension was stirred for 2 min then
a solution of bis(tricyclohexylphosphine)benzylideneruthenium
dichloride (0.054 g, 0.066 mol) in dry benzene (6 cm3) was added
and the purple solution was heated at 80 ◦C for 35 min. The
dark brown solution was cooled to room temperature and a
solution of protected tripeptide 56 (0.155 g, 0.22 mmol) in dry
benzene (85 cm3) added and the mixture heated at 45 ◦C for
65 h. The solvent was removed in vacuo and the residue purified
by chromatography (silica gel, hexane–ethyl acetate, 1 : 1, 1 : 2,
1 : 3, 1 : 4) to give the metathesis product 57 and unidentified
product(s) (0.110 g) as a brown oil: [m/z (FAB+) 668.2982 (MH+.
C38H42N3O8 requires 668.2972]. The mixture was subsequently
dissolved in methanol–water (4 : 1, 50 cm3) and 10 wt% palladium
on activated carbon (0.035 g, 0.033 mmol) was added under an
atmosphere of nitrogen. To the reaction flask was fitted a balloon
of hydrogen and the mixture stirred for 17 h at room temperature.


‡ PtO2 cleanly reduces the double bond; the subsequent debenzylation
with 10% Pd/C is much cleaner than carrying out a one pot hydrogena-
tion/debenzylation using 10% Pd/C.
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The reaction mixture was filtered through a pad of CeliteTM,
washed with methanol–water (4 : 1, 100 cm3) and concentrated in
vacuo to yield a film (0.064 g) that was purified by RP HPLC [20%
acetonitrile–80% water (containing 0.05% trifluoroacetic acid)].
Repeated evaporation from a toluene–ether mixture and drying
on a freeze drier gave macrocycle 9 (0.045 g, 58% from 56) as a
colourless solid. Macrocycle 9 was shown to be a 65 : 35 trans–
cis mixture of conformers by 1H NMR analysis (the ratio was
estimated by integration of signals at d 2.99 and 3.17–3.33 assigned
to the 5-H atoms of the minor and major conformers respectively):
mp 120–130 ◦C; [a]D −12.5 (c 0.104 in H2O); dH (300 MHz; D2O),
1.24–2.68 (13.65H, m, 5-HAHB, 6-H2, 7-H2, 8-H2, 9-H, 10-H2,
15-H2, 16-H2), 2.99* (0.35H, dt, J 12.9 and 7.3, 5-HAHB), 3.17–
3.33 (1H, m, 5-H), 3.40* (0.35H, d, J 15.6, 3-HAHB), 3.50–3.73
(2H, m, 17-H2), 3.98* (0.35H, d, J 15.6, 3-HAHB), 4.01 (0.65H, d,
J 15.6, 3-HAHB), 4.08 (0.65H, d, J 15.8, 3-HAHB), 4.44 (0.65H,
dd, J 11.6 and 4.3, 11-H), 4.51 (0.65H, dd, J 7.5 and 5.0, 14-H)
and 4.59–4.64* (0.7H, m, 11-H, 14-H); dC (75 MHz; D2O) 21.0,
21.4,* 21.7,* 22.2,* 23.6, 24.8, 25.2, 28.2, 31.2,* 31.3,* 31.6 (CH2,
6-C, 7-C, 8-C, 10-C, 15-C, 16-C), 38.4* (CH, 9-C), 40.2 (CH, 9-
C), 45.5* (CH2, 3-C, 5-C), 46.9, 47.0 (CH2, 17-C, 5-C), 47.5*,
(CH2, 17-C), 48.2, (CH2, 3-C), 49.6 (CH, 11-C), 50.5* (CH, 11-C),
59.9* (CH, 14-C), 61.3 (CH, 14-C), 116.2 (q, J 291, CF3), 162.6
(q, J 35.5, CF3CO2H), 164.4* (quat., 2-C), 164.9 (quat., 2-C),
173.4,* 173.4* (quat., 13-C, 11-CO), 173.4, 173.4 (quat., 13-C, 11-
CO), 179.3* (quat., 9-CO) and 179.8 (quat., 9-CO); m/z (FAB+)
356.1829 [MH(free base)+. C16H26N3O6 requires 356.1822]; [the
minor component was tentatively assigned as glycyl-L-prolyl-L-
c-butylglutamic acid trifluoroacetate 58 and was shown to be a
78 : 22 trans–cis mixture of conformers by 13C NMR analysis
(the ratio was estimated by integration of the signals at d 51.2
and 51.8 assigned to the Glua-C atoms of the minor and major
conformers respectively): dH (400 MHz; D2O), 0.90 (3H, t, J 6.5,
Gluc-CH2CH2CH2CH3), 1.33 (4H, br s, Gluc-CH2CH2CH2CH3),
1.64 (2H, br q, J 7.0, Gluc-CH2CH2CH2CH3), 2.03–2.17 (5H,
m, Glub-H2, Proc-H2, Prob-HAHB), 2.31–2.35 (0.78H, m, Prob-
HAHB), 2.57 (1H, p, J 6.9, Gluc-H), 3.59–3.75 (2.18H, m, Prod-
H2, Glya-HAHB*), 3.98–4.10 (1.82H, Glya-H2, Glya-HAHB*),
4.47 (1H, t, J 7.5, Glua-H) and 4.51–4.56 (1H, m, Proa-H); dC


(100 MHz; D2O) 13.0 (CH3, Gluc-CH2CH2CH2CH3), 21.7 (CH2,
Gluc-CH2CH2CH2CH3), 21.8* (CH2, Gluc-CH2CH2CH2CH3),
24.0 (CH2, Proc-C), 28.1 (CH2, Gluc-CH2CH2CH2CH3), 28.2*
(CH2, Gluc-CH2CH2CH2CH3), 29.3 (CH2, Prob-C), 30.9 (CH2,
Gluc-CH2CH2CH2CH3), 31.3*, 31.6*, 32.1* (CH2), 32.3 (CH2,
Glub-C), 40.1* (CH2, Glya-C), 40.3 (CH2, Glya-C), 42.0 (CH,
Gluc-C), 43.0* (CH, Gluc-C), 46.8 (CH2, Prod-C), 47.4* (CH2,
Prod-C), 51.2 (CH, Glua-C), 51.8* (CH, Glua-C), 59.9* (CH,
Proa-C), 60.2 (CH, Proa-C), 115.5 (q, J 291, CF3), 162.9 (q,
J 35.2, CF3CO2H), 165.5 (quat., Gly-CO), 166.0* (quat., Gly-
CO), 173.5* (quat., CO), 174.0 (quat., CO), 174.5* (quat., CO),
174.8 (quat., CO), 180.0 (quat., Gluc-CO) and 180.2* (quat., Gluc-
CO); m/z (FAB+) 358.1978 [MH(free base)+. C16H28N3O6 requires
358.1978].
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E. Cenarruzabeitia, D. Frechilla, J. Del Rı́o, M. L. Jimeno and M. T.
Garcia-López, Bioorg. Med. Chem. Lett., 2006, 16, 1392.


16 G. R. Marshall, Tetrahedron, 1993, 49, 3547.
17 F. X. Schmid, L. M. Mayr, M. Mücke and E. R. Schönbrunner, Adv.
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Highly substituted pyrrolidines are prepared by formal cy-
cloaddition of imines to a metal-stabilised ‘Nicholas’ dipole
derived from an alkyne–cyclopropane dicobalt complex.


The use of transition metal-promoted reactions of small rings
has been reported as the key step in a number of useful
transformations. Of particular relevance to this paper are vinyl
cyclopropanes, which have seen use as substrates for palladium-
mediated transformations in a number of different reactions.
Tsuji and coworkers’ original use of vinyl cyclopropanes in the
preparation of cyclopentane units1 has been followed by other
reactions with, for example, isocyanates.2 In related chemistry, Ma
and Jiao have recently reported the use of allenic cyclopropanes
in reaction with imines to produce pyrrolidines.3


We recently reported the use of an organometallic dipole in a
formal cycloaddition to produce tetrahydrofurans.4 The metal–
alkyne cyclopropane 1 is unique in that it provides access to a
Nicholas carbocation5 through the novel cleavage of a carbon–
carbon sigma bond. The formal anionic terminus of the dipole
is stabilised by a malonate unit. We found that reaction of this
species under Lewis acid conditions with a series of aldehydes pro-
duced tetrahydrofuran products wherein the dicobalt alkyne unit
remained intact, Scheme 1. We now report an extension of this
methodology to the synthesis of other heterocyclic systems.6


Scheme 1


The propensity of cyclopropane 1 towards carbon–heteroatom
cycloaddition was highlighted by the outcome of studies designed
to produce carbocycles. We initially anticipated that an electron-
deficient alkene could act as a Michael acceptor for the malonate,
with the resultant enolate cyclising on to the Nicholas carbocation,
Scheme 2. Thus, reaction with dimethyl maleate or methyl
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Scheme 2 Reagents: (i) XCH=CHCO2Me (X = H, CO2Me), Lewis acid;
(ii) H2C=CHCHO, BF3·OEt2, CH2Cl2, 0 ◦C.


propenoate was attempted in various solvents with a variety of
Lewis acids, including BF3·OEt2, TiCl4, SnCl4, AlCl3 and ZnBr2,
but none of these produced the desired carbocyclic product, and
only BF3·OEt2 and AlCl3 produced small amounts of the lactone
by-product 2 that we had noted previously, presumably from
intramolecular cyclisation. The other Lewis acids succeeded only
in decomposing the starting material. Initial studies with propenal,
in an attempt to find a more reactive substrate, showed that while
we could indeed gain access to the carbocycle 3, this was produced
in almost equal amounts with the corresponding tetrahydrofuran
4 (Scheme 2). Interestingly, the carbocycle showed a 2 : 1 ratio of
diastereoisomers, while the tetrahydrofuran was produced as a 1 :
1 mixture. Prompted by this tendency towards carbon–heteroatom
addition, we turned our attention to the reaction with imines.


We envisaged that reaction with imines would provide a short
and regiocontrolled access to pyrrolidines. Pyrrolidines remain a
ubiquitous building unit in organic chemistry, with application
in the pharmaceutical industry and are seen in numerous natural
products. Cycloadditions to generate pyrrolidines are well known,
but based almost exclusively on a CNC (azomethine ylide)
plus CC strategy,7 whereas our approach offers an alternative
CCC plus CN disconnection.8 A further intriguing aspect of this
chemistry is the use of a nitrogen nucleophile to quench the formal
propargylic carbocation. While the use of oxygen nucleophiles in
the Nicholas reaction is well documented,9 the analogous nitrogen-
based chemistry has not been examined to the same extent.10 This
work will thus both expand the scope of our new cycloaddition
and increase the utility of nitrogen in the Nicholas reaction. Imines
do not to date appear to have been reported as substrates in either
the Pd-mediated vinyl cyclopropane reactions, or cycloadditions
with donor–acceptor cyclopropanes.11


Alkynyl cyclopropane complex 1 was readily prepared in four
steps from 1,4-dibromobut-2-ene and diethyl malonate as we
have described previously.4 The required imines were prepared
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Table 1 Reaction of imines R1CH=NR with alkynylcyclopropane di-
cobalt complex 1


Product R1 R T/◦C Yielda (%) trans:cis


5a CO2Et 4-MeOC6H4 0 91 1:1
25 75 1:1
40 91 1:1


5b CO2Et 2,4-(MeO)2C6H3 0 85 2:1
25 73 2:1
40 80 2:1


5c CO2Et 4-MeC6H4 0 79 1:1
25 81 1:1
40 85 1:1


5d CO2Et 2-NCC6H4 0 65 1:2
25 72 1:3
40 69 1:3


5e 2-O2NC6H4 C6H5 25 23 2:1
40 30 2:1


a Reaction time 10 h.


by standard condensation chemistry, treating the amine with
the aldehyde in diethyl ether at 25 ◦C over molecular sieves for
18 h. The imines were then used directly in the cycloaddition
with dicobalt complex 1 to produce pyrrolidines 5 (Scheme 3).
Optimisation studies revealed BF3·OEt2 as the Lewis acid of choice
from those investigated, and that at least two equivalents of Lewis
acid were required to produce pyrrolidines 5a–e in good yield
(Table 1) and to minimise the formation of the lactone 2, just as
we had observed earlier in the tetrahydrofuran synthesis.


Scheme 3 Reagents: (i) R1CH=NR, BF3·OEt2, CH2Cl2.


In general, yields were good to excellent when an electron-
withdrawing group was present on the imine carbon and an
electron-donating group was present on the nitrogen atom, for
example, in the preparation of 5a–c, where the imine was a
glyoxal derivative of aromatic amines carrying electron-donating
substituents. This would be consistent with ring-opening of the
vinyl cyclopropane to give the formal Nicholas cation/malonate
anion dipole; attack of the malonate nucleophile onto the imine
carbon atom is followed by cyclisation of the amide anion onto
the Nicholas carbocation.12


Placing an ortho-substituted aryl group on either position gave
an increase in the 2,5-diastereoselectivity in the new pyrrolidine
ring. For pyrrolidine 5d, the ortho-nitrile group gave a maximum
of a 3 : 1 ratio in favour of the cis isomer. In contrast, having an
ortho-nitro group in the aryl group of the imine carbon substituent
gave a 2 : 1 ratio in favour of the trans isomer of pyrrolidine
5e, but in a reduced yield. It is unclear at this point whether
this is due to steric interactions. The diastereoselectivities were
measured directly when the isomers were separable, otherwise


they were measured from 1H NMR spectroscopy. In all cases
the identifications of the cis and trans isomers were consistent
with previous work.4 Variation in reaction temperature had no
predictable effect on yield or diastereoselectivity.


In order to access the metal-free heterocycle, we have looked
briefly at the removal of the cobalt unit. As illustrated in Scheme 4,
reaction of one of the cycloaddition products 5c with ceric
ammonium nitrate (Et3N, acetone) cleanly oxidises the metal in
acceptable yield to afford the free alkynyl pyrrolidine 6 (60%; 1 : 1
trans : cis). This procedure could also be used in the work-up of the
cycloaddition reaction to allow access to the metal-free pyrrolidine
products in a two-step, one pot procedure.


Scheme 4 Reagents: (i) (NH4)2Ce(NO3)6, Et3N, Me2CO.


We have thus demonstrated a novel formal cycloaddition to
produce functionalised pyrrolidines via a CCC/CN strategy. Work
is continuing with the alkynyl cyclopropane complex 1 to further
explore its utility in ring-forming reactions. We acknowledge the
support of the EPSRC (studentship to R. J. D.).
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Propenyl- and allyl-phenols, such as methylchavicol, p-anol and eugenol, have gained importance as
flavoring agents and also as putative precursors in the biosynthesis of 9,9′-deoxygenated lignans, many
of which have potential medicinal applications. In spite of several decades of investigation, however, the
complete biosynthetic pathway to a propenyl/allylphenol had not yet been reported. We have subjected
a Thai basil variety accumulating relatively large amounts of the simplest volatile allylphenol,
methylchavicol, to in vivo administration of radiolabeled precursors and assays of protein preparations
in vitro. Through these experiments, the biosynthesis of chavicol was shown to occur via the
phenylpropanoid pathway to p-coumaryl alcohol. Various possibilities leading to deoxygenation of the
latter were examined, including reduction of the side-chain double bond to form p-dihydrocoumaryl
alcohol, followed by dehydration to afford chavicol, as well as formation of p-methoxycinnamyl
alcohol, with further side-chain modification to afford methylchavicol. A third possibility studied was
activation of the side-chain alcohol of p-coumaryl alcohol, e.g. via esterification, to form a more facile
leaving group via reductive elimination. The latter was shown to be the case using p-coumaryl esters as
potential substrates for a NAD(P)H-dependent reductase to afford chavicol, which is then
O-methylated to afford methylchavicol.


Introduction


The plant natural products methylchavicol (1), its regioisomer
trans-anethole (4), eugenol (3) and isoeugenol (6), as well as
nordihydroguaiaretic acid (7) and gomisin A (9), have attracted
much interest due to their flavor/fragrance properties1,2 and
potential medicinal applications, respectively.3 All are appar-
ently biochemically related, being allyl/propenylphenol derived,
and lack the oxygenated functionality at C9 characteristic of
most other phenylpropanoids. Of these, methylchavicol (1) is
a hypotensive4 and acaricidal agent5 as well as being partly
responsible for the anise-like flavor of several spices, whereas
eugenol (3) is a major essential oil component and flavoring agent,
with a characteristic clove/cinnamon aroma. Eugenol (3) also
has good antimicrobial activity against many pathogenic bacteria,
fungi and nematodes, while being relatively harmless to plants
and humans.2 and refs. cited therein On the other hand, derivatives of the
dimeric lignan nordihydroguaiaretic acid (7), which is abundant in
the creosote bush (Larrea tridentata),6–8 are promising antitumor
agents.9–11 Other lignans such as gomisin A (9) (isolated from
Schizandra chinensis) and its analogs have excellent antioxidant
properties, being especially used in traditional Chinese medicine
to protect the liver.12,13 In contrast, licarin A (8) from Aristolochia
pubescens14,15 and Machilus thunbergii induces apoptosis of cancer
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cells,16 and (−)-grandisin (10) from Litsea grandis17 and Piper
solmsianum18 has promising activity against the parasite that
causes Chagas’ disease.19
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In terms of their biosynthetic roles, the monomeric
propenyl/allylphenols are envisaged to serve as substrates for
protein-controlled coupling reactions that generate, for example,
the dimeric 9,9′-deoxygenated lignans, such as the aforementioned
nordihydroguaiaretic acid (7), licarin A (8), gomisin A (9), and
(−)-grandisin (10).3,7,8,20 Various studies have also been directed
towards explicitly establishing how the allyl/propenyl side-chain
moiety is modified to result in loss of the C9 oxygenated
functionality.2,21–25 The biosynthetic pathways envisaged, however,
generally include steps common to the known phenylpropanoid
pathway (Fig. 1). For example, this could involve reduction of p-
coumaroyl (17)/feruloyl (19) esters, aldehydes (20/21), or mono-
lignols (22/23) to afford the corresponding dihydromonolignols
(30/31) with subsequent dehydration, e.g. of p-dihydrocoumaryl
alcohol (30), to give chavicol (2).2 Alternatively, modification of the


allylic hydroxymethyl group functionality can also be considered
to occur in order to provide a more facile leaving group at
C9 with concomitant reduction either directly or via a putative
quinone methide intermediate. A third and less likely possibility
for allylphenol formation has been proposed, which would involve
substitution of the terminal oxygenated side-chain carbon with


Fig. 1 Phenylpropanoid pathway, simplified.


a reduced carbon donated from, presumably, Met,21 with this
potentially involving a cyclopropyl intermediate.2


There is some literature precedence in support of involvement
of either of the first two postulated pathways in the production of
chavicol (2): first, we have described the genes encoding a 7,8-allylic
double bond reductase26 in phenylpropanoid metabolism which
would afford the saturated propanol side-chain, and, second,
the proposed (displacement) mechanism could possibly occur
directly or involve a quinone methide intermediate analogous
to that envisaged for pinoresinol-lariciresinol, phenylcoumaran
benzylic ether and isoflavone reductases (PLR, PCBER and IFR)
catalyzed transformations.27–29 Among the potential intermediates
with suitable leaving groups for allyl/propenylphenol formation,
there are several reports of both acetylated and hydroxycinnamoyl
phenylpropanoids, e.g. coniferyl acetate (28)30 and p-coumaryl
coumarate (32).31


In this study, we now describe the delineation of the biochemical
pathway to the simplest allylphenol, chavicol (2), in basil (Ocimum
basilicum) using both isotopic labeling and enzymatic transforma-
tions.


Results and discussion


Many of the propenyl/allylphenol natural products accumulate
on (or are exuded from) leaf surfaces, and several are volatile,
serving as defensive signals and/or conferring important bio-
logical properties to the plants that accumulate them, e.g. as
antimicrobial agents or as flavors/fragrances. In basil varieties,
the two main classes of such volatile compounds include the
terpenoids and allyl/propenylphenols, with both being prevalent
within their essential oils and hence defining or contributing to
the characteristics of their aromatic spices.


A member of the mint family (Lamiaceae), sweet basil (Ocimum
basilicum) is one of the most cultivated herbaceous plants and
confers remarkable flavors to popular culinary dishes. Different
basil varieties accumulate distinctive combinations of volatile
allylphenol compounds,32 with eugenol (3) and methylchavicol (1)
being the most abundant. Among the varieties readily available
to our laboratory (lettuce-leaf, Thai and Italian broad-leaf from
different sources), the sweet Thai basil variety accumulated higher
levels of methylchavicol (1) and was thus chosen as a means
to potentially simplify the biochemical reactions under study.
The MeOH extracts of leaves of this basil variety, upon HPLC
analysis, showed predominance of two UV-absorbing compounds,
namely methylchavicol (1) and rosmarinic acid (11), based on
comparison to chromatographic, UV absorption and NMR/mass
spectroscopic properties with authentic standards, in addition to
the terpenoid 1,8-cineole (29) (data not shown).
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Most of the biosynthetic processes leading to formation of the
essential oil components in basil (and several other Lamiaceae) are
believed to occur in specialized structures called peltate glandular
trichomes.2 These consist of one stalk cell that protrudes out of
the leaf surface, atop which sits a disc of four cells that secrete
the terpenoids and allyl/propenylphenols into an oil sac isolated
from the environment by a thin cuticular membrane. As the leaf
and the glandular trichomes mature, these oil sacs are filled with
the essential oil components, which can then be released upon
physical rupture of the cuticle.


Young developing plant tissues are often sites with highest
production of defensive compounds, and thus they help to
defend against herbivores and pathogens until the leaf reaches
maturity. Based on the higher densities of glandular trichomes
and accumulated essential oil observed in developing basil leaves,33


and an apparently higher propensity towards formation of the
final O-methylated allylphenols,34 we performed a preliminary
analysis of methylchavicol (1) content in sweet Thai basil leaves
of different ages. These measurements indicated that the youngest
leaves produced and accumulated higher levels of methylchavicol
(1) than the older leaves, in contrast to observed rosmarinic acid
(11) contents which increased in amount as the leaves matured
(Fig. 2). This was confirmed further by [U-14C]-Phe (37) (18.4
kBq, 18.4 GBq mmol−1) administration to leaf pairs of different
ages, in which the apical pair of leaves gave highest incorporation
(circa 4% by 7 h) of radiolabel into methylchavicol (1) (data not
shown).


Fig. 2 Methylchavicol (1) and rosmarinic acid (11) contents in leaves of
different ages.


For these reasons, the youngest apical leaves were generally
employed in all further experiments. Accordingly, pairs of apical
leaves were carefully detached from young basil stems and offered
radioisotopically labeled compounds suspected to be pathway
precursors in in vivo administration experiments; these tissues also
served as a source of peltate glandular trichome cell suspensions
from which crude protein extracts were prepared and used in in
vitro assays as follows.


In vivo conversion of p-coumaryl alcohol (22) and phenylpropanoid
intermediates into methylchavicol (1)


In vivo administration experiments using potential radiolabeled
precursors were first carried out, at different time intervals,
in order to identify satisfactory conditions for uptake and


metabolism into methylchavicol (1). Thus, in accordance with
previous observations regarding allylphenol biosynthesis,23,35 [U-
14C]-Phe (37) (36.7 kBq, 18.4 GBq mmol−1) administration to
sets of 2–3 apical pairs of basil leaves resulted in its intact
conversion into [14C]-methylchavicol (1), and, to a smaller degree
into [14C]-rosmarinic acid (11) (Fig. 3a). Specifically, the radiolabel
incorporation increased with increasing times of metabolism, i.e.
to reach about 3% into [14C]-methylchavicol (1) by 4 h, and to about
1% into rosmarinic acid (11). The latter observation was, therefore,
consistent with the reported rosmarinic acid (11) biosynthetic
pathway,36–38 which utilizes Phe (37) to give, specifically, the caf-
feoyl moiety of rosmarinic acid (11). To verify that the radiolabel
was indeed due to incorporation into [14C]-methylchavicol (1),


Fig. 3 Uptake and metabolism of various potential phenylpropanoid
pathway intermediates into [14C]-methylchavicol (1) and [14C]-rosmarinic
acid (11) at different time intervals. Administration and metabolism of
(a) [U-14C]-Phe (37) into [14C]-methylchavicol (1) and [14C]-rosmarinic
acid (11); (b) [U-14C]-Tyr (34) into [14C]-rosmarinic acid (11); (c)
[9-3H]-p-coumaryl alcohol (22) into [9-3H]-methylchavicol (1).
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the latter was converted into its 8,9-dibromo derivative (35)
by reaction using TBABr3 (tetrabutylammonium tribromide) in
CHCl3. As expected, the radiolabel was also present in the [14C]-
8,9-dibromomethylchavicol (35), thereby indicating that [U-14C]-
Phe (37) had been intactly converted into methylchavicol (1).


Next, [8-14C]-cinnamic (12) and p-coumaric (13) acids were
individually administered to intact leaf tissues as above. In this
way, [8-14C]-cinnamic acid (12) was intactly incorporated into
[14C]-methylchavicol (1), albeit in a smaller amount (circa 1.5%
of radiolabel in 4 h, 4% in 24 h) relative to [U-14C]-Phe (37)
(data not shown). This comparatively lower conversion may result
from both its less efficient transport in planta, as well as its lower
solubility in aqueous solution. Verification that the radiolabel was
indeed due to [14C]-methylchavicol (1) was again demonstrated by
conversion into the [14C]-8,9-dibromo derivative (35). By contrast,
administration of [8-14C]-p-coumaric acid (13) was unsuccessful,
possibly due to the toxicity of this precursor, as suggested by
noticeable browning and wilting of the leaf samples upon uptake
and metabolism.


We also examined whether [U-14C]-tyrosine (34) could be
converted into methylchavicol (1), even though deamination of
tyrosine (34) into p-coumaric acid (13) is generally considered
restricted to monocots, and not generally present in dicots.
Thus, the administration of [U-14C]-Tyr (34) (18.3 kBq, 18.3
MBq mmol−1) did not result in the formation of the corresponding
radiolabeled methylchavicol (1), as expected (Fig. 3b). On the other
hand, it was efficiently incorporated into rosmarinic acid (11) (>4%
radiolabel in 24 h), i.e. as expected from its known biosynthetic
pathway,36–38 in which Tyr (34) is metabolized specifically to form
the dihydroxyphenyllactate moiety of rosmarinic acid (11). This
observation is thus consistent with a monofunctional PAL enzyme,
with Phe (37) and Tyr (34) metabolism occurring separately
with biochemically distinct phenylpropanoid pools within the
glandular trichomes.


It was next instructive to determine if p-coumaryl alco-
hol (22) served as a precursor. The latter was synthesized in
[9-3H]-radiolabeled form and administered (262.5 kBq, 1.68
GBq mmol−1) to intact leaf tissues as before (Fig. 3c). This resulted
in its relatively low incorporation into [3H]-methylchavicol (1)
(<1% radiolabel in 4 h, ca. 1.3% in 24 h), which may result
from less efficient transport of the precursor in planta, and/or
its lower solubility in aqueous media, and perhaps toxicity as well.
Conversion of the putative [9-3H]-methylchavicol (1) into [9-3H]-
8,9-dibromomethylchavicol (35) verified that it had been intactly
incorporated. Taken together, these data thus suggested that
methylchavicol (1) resulted from metabolism within the phenyl-
propanoid pathway to give p-coumaryl alcohol (22) which was
then further converted into methylchavicol (1). These precursor
metabolism data were thus in agreement with a previous study by


Klischies et al.24 regarding the biogenesis of eugenol (3), which was
considered to involve coniferyl alcohol (23) as an intermediate.


We therefore next assessed whether dihydro-p-coumaryl alcohol
(30) underwent dehydration via action of a dehydratase to form
chavicol (2) (Fig. 4, pathway A). Thus, [9-3H]-dihydro-p-coumaryl
alcohol (30) was prepared by catalytic (Pd/C) hydrogenation of [9-
3H]-p-coumaryl alcohol (22) with H2 in MeOH.26 In subsequent in
vivo administration experiments as before, however, no conditions
were identified for its conversion into either [9-3H]-chavicol (2) or
[9-3H]-methylchavicol (1). Methylchavicol (1) from administered
samples was derivatized with TBABr3 as before and yielded
unlabeled 8,9-dibromomethylchavicol (35) (data not shown).
These experiments thus suggested that the pathway to chavicol
(2)/methylchavicol (1) utilized some other intermediate(s) derived
from p-coumaryl alcohol (22). Pathway B was also eliminated from
consideration since chavicol (2) has previously been demonstrated
to undergo O-methylation in sweet basil to give methylchavicol
(1),34 thus indicating that methylation is the final step in its
biosynthetic pathway.


Fig. 4 Possible biosynthetic pathways to chavicol (2) and methylchavicol
(1). (X = facile leaving group.)


In vitro conversion of p-coumaryl alcohol derivatives into
chavicol (2)


Attention was next directed to investigating whether cell-free
extracts obtained from glandular trichomes in the young leaf
tissue were able to convert p-coumaryl alcohol (22), or derivatives
thereof, into either chavicol (2) or methylchavicol (1), respectively.
The cell-free extracts were obtained by selective extraction of
peltate glandular trichomes from the surface of young Thai basil
leaves by a protocol similar to that of Gang et al.,2 using a bead-
beater apparatus and minute glass beads, followed by sonication
of the resulting cell suspension.
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Various in vitro experiments employing crude, cell-free, enzy-
matic extracts from young apical leaves, however, failed to demon-
strate any direct conversion of [9-3H]-p-coumaryl alcohol (22)
into either [9-3H]-chavicol (2) or [9-3H]-methylchavicol (1) in the
presence or absence of common enzymatic cofactors such as ATP
and NAD(P)H. On the other hand, all phenylpropanoid pathway
enzymes assayed could readily be detected (e.g. phenylalanine
ammonia lyase, 4-coumarate CoA-ligase, and cinnamyl alcohol
dehydrogenase; data not shown).


The next possible mechanism to consider was via modification
of the terminal hydroxyl group of p-coumaryl alcohol (22) to form
an activated (more facile) leaving group, thus facilitating enzymatic
displacement of the oxygenated moiety (Fig. 4, pathway C) to form
chavicol (2).


Among the potential leaving groups at C9 to afford chavicol
(2), the possibility of ester formation through conjugation to
an (activated) acid which then acts as a leaving group was next
considered. Of possible ester functionalities, both p-coumaryl
coumarate (32)31 and coniferyl acetate (28)30 have been reported
as plant natural products. In this regard, p-coumaryl coumarate
(32) has also been reported recently39–41 to serve as a substrate
in Z/E-hinokiresinol (38/39) biosynthesis, through the action
of a yet to be described enzyme that apparently requires no co-
substrate/cofactor. Two potential mechanisms can be considered


to account for Z/E-hinokiresinol (38/39) formation, i.e. involving
either a concerted intramolecular rearrangement with decarboxy-
lation (Fig. 5a, pathway A), or via cleavage to form the putative
quinone methide intermediate shown with subsequent cyclization,
decarboxylation and aromatization (Fig. 5a, pathway B). Neither
mechanism, however, would require a reducing cofactor such
as NAD(P)H. On the other hand, a comparable enzymatic
displacement of an activated ester moiety for chavicol (2) or p-
anol (5) formation could be envisaged to occur either directly
following hydride attack at either C7 or C9, respectively (not
shown), or alternatively via intermediacy of a quinone methide
(Fig. 5b, pathways C and D). In either case, the reductions
would be considered to require a cofactor such as NAD(P)H. p-
Coumaryl coumarate (32) was thus synthesized from p-coumaric
acid (13) and p-coumaryl alcohol (22) through protection of their
phenolic groups, activation of the carboxylic acid with SOCl2


and esterification, followed by deprotection using piperazine. Its
structure was unambiguously identified based on exhaustive 2D
NMR spectroscopic experiments which showed, among others,
the diagnostic correlation H9–C10 (dH 4.79–dC 167.38 ppm) in the
HMBC spectrum, thus eliminating the possibility of a phenol ester
bond.


Fig. 5 Possible mechanisms for conversion of p-coumaryl esters into
hinokiresinol (38/39) and chavicol (2). (a) (A) Concerted; (B) ester cleav-
age, followed by cyclization, decarboxylation and re-aromatization; (b)
(C) and (D) ester displacement, putative quinone methide formation with
subsequent reduction by hydride [from NAD(P)H] and re-aromatization
to form (C) chavicol (2) and (D) p-anol (5). In (C) and (D), the acid moiety
may be interchangeable. The reaction may also proceed through direct
displacement of the ester moiety by the incoming hydride at carbons 7 and
9 (not shown).


[9-3H]-p-Coumaryl coumarate (32, 24.7 MBq mmol−1) was thus
next prepared and incubated with the crude, cell-free preparation
in the presence and absence of both NADPH and NADH as
potential cofactors, respectively. An efficient conversion (circa 20%
by 1 h, 30% by 2 h) of this substrate occurred into [9-3H]-chavicol
(2), but only in the presence of either NADPH or NADH. To
further verify that the radioactivity was unambiguously associated
with [9-3H]-chavicol (2), the latter was purified and benzylated
with benzyl chloride in MeOH using potassium iodide as catalyst,
to afford radiochemically pure [9-3H]-benzylchavicol (36). On the
other hand, the crude enzyme preparation was unable to convert
a mixture containing [9-3H]-p-coumaryl alcohol (22), p-coumaric
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acid (13) and/or NADPH as well (data not shown). The time-
course for [9-3H]-chavicol (2) formation from [9-3H]-p-coumaryl
coumarate (32) in the presence of either NADPH or NADH is
shown in Fig. 6: in general, NADPH was better utilized.


Fig. 6 Time-course formation of [9-3H]-chavicol (2) from [9-3H]
p-coumaryl coumarate (32) and [9-3H] p-coumaryl acetate (27) using
cell-free extracts in the presence of NADPH and NADH.


It is noteworthy that p-coumaryl coumarate (32) is relatively
unstable in aqueous solution, being rapidly hydrolyzed (t1/2 < 2 h)
to form the acid 13 and alcohol 22. It was also quite reactive
towards the b-mercaptoethanol present in our initial protein
preparations, but those difficulties were overcome by substitution
with sodium ascorbate. Under such conditions, the enzymatic
transformation occurred under both acidic and basic conditions
(pH 6.25 and 8.0), although the latter favored much faster hydroly-
sis side-reactions, which therefore led to an unproductive substrate
depletion. Generally, the enzymatic assays were terminated using


10% (v/v) glacial HOAc, and then immediately frozen. Subsequent
manipulations, such as chromatographic analysis, used samples
that had only been thawed for a few minutes to avoid experimental
artifacts.


Similarly, the enzyme preparation was able to convert [9-3H]-p-
coumaryl acetate (27) into [9-3H]-chavicol (2) in the presence of
either NADPH or NADH (with slight preference for NADPH),
as shown in Fig. 6. Enzymatic conversion of the acetate ester (27)
was slightly faster than that of the p-coumarate ester (32), and
p-coumaryl alcohol (22) resulting from hydrolysis was observed in
all assays and controls as well.


Chavicol synthase activity was next unequivocally demonstrated
using the deuterium-labeled [9-2H2]-p-coumaryl coumarate (32).
This deuterated precursor was prepared from commercial p-
coumaric acid (13) through esterification with MeOH in acidic
solution, protection of the phenolic group and reduction with
LiAlD4 in MeOH to afford, after deprotection, [9-2H2]-p-coumaryl
alcohol (22). The latter had an evident 2 Da increase in its mass
relative to natural abundance p-coumaryl alcohol (22), and its
1H NMR spectra clearly showed the disappearance of the 9-
H2 resonances at d 4.17 ppm. The deuterated alcohol 22 so
formed was then next protected and esterified to p-coumaroyl
chloride as before, then deprotected to afford [9-2H2]-p-coumaryl
coumarate (32). The latter was incubated with the crude enzyme
preparation in the presence of NADPH for 2 h, with the assay
terminated, the mixture extracted with Et2O, and the organic
solubles then silylated and subjected to GC-MS analysis. The mass
spectral fragmentation patterns of enzymatically formed natural
abundance and [9-2H2]-chavicol (2) as well as synthetic natural
abundance chavicol (2) are displayed in Fig. 7. Natural abundance
chavicol (2, silyl derivative, Fig. 7c) had a molecular ion (M+, base
peak) at m/z 206, with the next most abundant fragment [M+ −
15] corresponding to the loss of a methyl group from the silyl
derivative. Moreover, the fragmentation pattern of enzymatically
synthesized (unlabeled) chavicol (2, silyl derivative) gave essentially


Fig. 7 Mass spectrometric fragmentation patterns of [9-2H2]-chavicol (2) and natural abundance chavicol (2) silyl derivatives. (a) Enzymatically formed
[9-2H2]-chavicol (2); (b) enzymatically formed natural abundance chavicol (2); (c) synthetic chavicol (2).
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an identical spectrum (Fig. 7b). That this was indeed the enzymatic
product was confirmed by analysis of the enzymatically generated
[9-2H2]-chavicol (2, silyl derivative, Fig. 7a): as expected, the
molecular ion [M+] and the [M+ − 15] fragment revealed the
presence of deuterium by [M+ + 2] and [M+ + 2 − 15], respectively.
Thus, the chavicol synthase preparation unambiguously converted
[9-2H2]-p-coumaryl esters into [9-2H2]-chavicol (2).


Conclusions


The above data are thus consistent with activation of p-coumaryl
alcohol (22) in an ester form to serve as the substrate for
chavicol (2) synthesis. This study will be extended in the future
to establish to what extent purified chavicol synthase displays
substrate versatility and specificity, e.g. in terms of relative kinetic
properties using, for example, p-coumaryl acetate (27) and p-
coumaryl coumarate (32) as substrates, respectively. Other studies
will help determine the substrate(s) being utilized in vivo, and
whether they are either acetate, p-coumarate or some yet to be
defined ester. Additionally, to account for chavicol (2) formation in
some species and p-anol (5) in others, the incoming hydride would
only need to attack either position 9 for p-anol (5), or position
7 for chavicol (2), with concomitant acid displacement, i.e. either
directly or via quinone methide formation and reduction.


In summary, the findings herein establish the overall bio-
chemical pathway from phenylalanine (37) to methylchavicol (1).
In related work using a data mining approach, the pathway
to eugenol (3) and isoeugenol (6) was also found to proceed
via a coniferyl alcohol ester, these being catalyzed by eugenol
synthase and isoeugenol synthase, respectively.42 Both proteins
are NAD(P)H-dependent reductases, showing good similarity to
pinoresinol-lariciresinol reductases,27,29,43 isoflavone reductases29


and phenylcoumaran benzylic ether reductase family.29,44 What
relationship they have to chavicol/p-anol synthase will be the
subject of further studies. In preliminary work (data not shown),
the eugenol/isoeugenol synthases convert p-coumaryl acetate (27)
less efficiently into either chavicol (2) or p-anol (5), relative to
coniferyl alcohol esters. Further work will compare and contrast
the enzymology of chavicol (2)/p-anol (5) formation with that of
eugenol (3)/isoeugenol (6).


Materials and methods


Plant material


Basil (Ocimum basilicum, ‘sweet Thai’) seeds were purchased from
Johnny’s Selected Seeds (Winslow, ME), germinated in vermiculite
and grown in Sunshine growth media #1 (SunGro Horticulture,
Bellevue, WA) in Washington State University greenhouses. Plants
were fertilized five times each week with 200 ppm nitrogen fertilizer
and kept under 16-h days (high pressure Na supplemental lights,
day-time temperature 26–28 ◦C, night-time 15–16 ◦C).


Materials


[U-14C]-Phe (37), [U-14C]-Tyr (34) and NaB3H4 were purchased
from Perkin Elmer Life and Analytical Sciences (Boston, MA),
LiAlD4 was obtained from Cambridge Isotope Laboratories
(Andover, MA), and TBSCl and Pd/C were from Lancaster Syn-
thesis (Pelham, NH). All solvents used, either HPLC or reagent


grade, were purchased from Mallinckrodt Baker (Phillipsburg,
NJ), with GC-MS derivatization reagent purchased from Supelco
(Bellefonte, PA). All other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO).


Instrumentation


1H and 13C NMR spectra were acquired on a Varian Mercury 300
spectrometer, with chemical shifts d given in ppm relative to Me4Si
(1H) or solvent (13C), and coupling constant values J given in Hz.
Electrostatic ionization mass spectrometry (EIMS) was carried out
on an Integrity LC/MS System (Waters, Milford, MA) using He
as a carrier gas and an ion source temperature of 205 ◦C, whereas
electrospray ionization mass spectrometry (ESIMS) employed an
LCQ dual-octapole MS system (Finnigan, Waltham, MA) using
N2 as a carrier gas, with 3.5–5 kV spray voltage and a capillary
temperature of 200 ◦C. The high resolution mass spectrometric
analyses were performed on an Agilent Series 1100 SL equipped
with an ESI source. All acquisitions were performed under positive
ionization mode with a capillary voltage of +4000 V. Nitrogen was
used as nebulizer gas (30 psig) as well as drying gas at 10 L min−1


at a drying gas temperature of 325 ◦C. Data acquisition and
processing was done with the software AnalystTM QS (Agilent
Technologies, Palo Alto, CA, USA). GC-MS analyses of silylated
samples were carried out on a HP 6890 Series GC System equipped
with a RESTEK-5Sil-MS (30 m × 0.25 mm × 0.25 lm) column
and a HP 5973 MS detector (EI mode, 70 eV). Reversed-phase
HPLC analyses employed a Waters Alliance 2690 HPLC system
equipped with UV-Vis diode-array detection under a flow rate of
1 cm3 min−1, gradient solvent system A : B (CH3CN–3% HOAc in
H2O), linear unless otherwise noted. Separations used Symmetry
Shield RP18 and RP8 columns (Waters; 150 × 3.9 mm inner
diameter, 5 lm particle size). Radioactive samples were analyzed in
5 cm3 biodegradable counting scintillant (Amersham Biosciences,
Piscataway, NJ) and measured using a Packard Tri-carb 2100TR
liquid scintillation counter.


Chromatography conditions


Gas chromatography separations were carried out with the
following temperature gradient: 120 ◦C for 5 min, 120–280 ◦C
at 10 ◦C min−1, 280 ◦C for a further 10 min. HPLC: Detection at
280 nm; RP18: gradient for analysis of chavicol synthase activity
assays: 10 to 70% A in 40 min, 100% A from 41 to 43 min, then to
10% A at 44 min, 60 min total run time; RP8: gradient for analysis
of radiolabeled precursor uptake experiments, PAL and CAD
activity assays: 5 to 15% A in 15 min, then to 40% A at 33 min,
80% A at 40 min, 95% A from 41 to 43 min, and 5% A at 44 min,
60 min total run time; gradient for analysis of benzylated chavicol
derivatives: 20 to 35% A in 15 min, then to 85% A at 33 min,
100% A from 34 to 37 min, and 20% A at 38 min, 50 min total run
time; gradient for analysis of dibrominated methylchavicol 35: 40
to 50% A in 15 min, then to 70% A at 33 min, 85% A at 40 min,
95% A from 41 to 43 min, and 40% A at 44 min, 55 min total run
time.


Chemical syntheses


[8-14C]-Cinnamic acid (12). [8-14C]-Cinnamic acid (12) was
prepared by a Döbner–Knoevenagel condensation reaction based
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on the general procedure of Mitra et al.45 Benzaldehyde (12.8 mm3,
0.13 mmol), [2-14C]-malonic acid (10.4 mg, 0.1 mmol, 9.25 MBq)
and piperidine (5 mm3) were dissolved in pyridine (100 mm3)
with the whole microwaved (66 s at 700 W) using a commercial
microwave oven. After cooling to room temperature, H2O (5 cm3)
was added with the resulting mixture extracted with Et2O (4 ×
3 cm3). The combined organic solubles were then concentrated and
purified by silica gel pTLC using CH2Cl2–MeOH–HOAc (95.5 :
4 : 0.5) to afford [8-14C]-cinnamic acid (12, 10.0 mg, 68 lmol, 68%
yield, 68 MBq mmol−1).


[9-2H2]-p-Coumaryl alcohol (22). [9-2H2]-p-Coumaryl alcohol
(22) was prepared by modification of the method of Kim et al.46


as follows: p-coumaric acid (13) (1.97 g, 12 mmol) was dissolved
in dry MeOH (70 cm3) containing conc. H2SO4 (800 mm3), with
the solution heated until reflux began. After 16 h, the reaction was
cooled to room temperature and neutralized using sat. NaHCO3.
H2O (20 cm3) was then added, with the whole extracted with CHCl3


(3 × 75 cm3). The combined organic layers were next washed with
brine and dried (Na2SO4) to yield, after evaporation to dryness
in vacuo, the crude p-coumaric acid methyl ester (18, 2.11 g),
which was used without further purification. An aliquot of the
methyl ester (18, 997 mg, ca. 5.6 mmol) was dissolved in dry THF
(40 cm3) under N2 on an ice-bath, to which were sequentially added
imidazole (1.54 g, 22.7 mmol) and TBSCl (tert-butyl-dimethylsilyl
chloride, 3.09 g, 20.5 mmol). The resulting mixture was then stirred
for 6 h, following which sat. NH4Cl (30 cm3) was added, with the
whole extracted with Et2O (3 × 50 cm3). The combined organic
layers were next washed with 1% aqueous HCl (2 × 50 cm3), brine
(2 × 50 cm3), then dried (Na2SO4) and concentrated in vacuo to give
an oil. The latter was dissolved in dry THF (50 cm3) and slowly
added to an ice-cold, vigorously stirred, suspension of LiAlD4


(1.1 g, 26 mmol) in dry THF (100 cm3) under N2. The resulting
mixture was stirred for 4 h, following which EtOAc (100 cm3) and
3% aqueous HCl (20 cm3) were added, with the whole extracted
with EtOAc (4 × 150 cm3). The combined organic solubles were
next washed with brine (2 × 75 cm3), dried (Na2SO4), concentrated
in vacuo and purified by silica gel column chromatography using
CHCl3–MeOH (98 : 2) as eluent to afford the crude p-coumaryl
alcohol TBS derivative (25). The latter was dissolved in dry THF
(10 cm3) on an ice-bath under N2. TBAF (tetrabutylammonium
fluoride, 21.2 cm3, 1 M solution in THF, 21.2 mmol) was then
slowly added, with the resulting mixture stirred for 1 h, after
which sat. NH4Cl (50 cm3) was added and the whole stirred for
15 min. The THF was next evaporated in vacuo, with the resulting
mixture extracted with Et2O (3 × 100 cm3). The combined organic
solubles were washed with sat. NH4Cl (50 cm3), H2O (50 cm3)
and brine (2 × 50 cm3), then dried (Na2SO4) and concentrated
in vacuo. The resulting oil was purified by silica gel column
chromatography using a stepwise elution with CHCl3 (for elution
of deprotected byproducts) and CHCl3–CH3CN (9 : 1) to afford
[9-2H2]-p-coumaryl alcohol (22, 216 mg, 1.42 mmol, 25.4% yield).
dH (300 MHz; Me2CO-d6; Me4Si) 7.27 (2 H, d, J2,3/5,6 8.4 Hz,
2-H/6-H), 6.79 (2 H, d, J2,3/5,6 8.4 Hz, 3-H/5-H), 6.51 (1 H, d,
J7,8 15.9 Hz, 7-H), 6.19 (1 H, d, J7,8 15.9 Hz, 8-H); dC (75 MHz;
Me2CO-d6) 157.90 (C-4), 130.31 (C-7), 129.87 (C-1), 128.46 (C-
2/C-6), 127.85 (C-8), 116.28 (C-3/C-5); m/z (EI) 152 (M+, 68%),
135 (11, M+ − OH), 134 (13, M+ − H2O), 133 (13), 108 (41), 107
(100).


[9-3H]-p-Coumaryl alcohol (22). [9-3H]-p-Coumaryl alcohol
(22) was prepared based on the procedure of Kim et al.46 with
the following modifications: p-coumaryl aldehyde (20, 20 mg,
135 lmol) was dissolved in dry MeOH (2 cm3) under He in
an ice-bath. NaB3H4 (5.5 mg, 145.5 lmol, 925 MBq) was then
added with the resulting solution stirred for 45 min. Next, 1 M
aqueous HCl was added until ca. pH 6, following which H2O
(500 mm3) was added, with the resulting mixture stirred for
another 20 min. The whole was then extracted with Et2O (4 ×
10 cm3), with the combined organic solubles dried (Na2SO4) and
concentrated in vacuo. The resulting material was re-suspended in
a minimal amount of Et2O/MeOH and purified by silica gel pTLC
using CH2Cl2–MeOH (9 : 1) as eluent to afford [9-3H]-p-coumaryl
alcohol (22, 17.6 mg, 116 lmol, 85% yield, 1.68 GBq mmol−1).


p-Acetoxycinnamoyl chloride (16). p-Acetoxycinnamoyl chlo-
ride (16) was prepared based on the procedure of Helm et al.47


with the following modifications: p-coumaric acid (13) (1.25 g,
7.62 mmol) was dissolved in pyridine (2.25 cm3), to which freshly
distilled Ac2O (2 cm3) was added, and the whole left unstirred
for 4 h at room temperature. Next, the reaction mixture was
added to ice-cold H2O (50 cm3), then stirred for 5 min, with
the resulting white suspension filtered in vacuo, washed with cold
H2O (200 cm3) and air-dried to afford p-acetoxycinnamic acid
(15, 1.48 g), which was used without further purification. An
aliquot of the latter (1.03 g, ca. 5 mmol) was dissolved in benzene
(15 cm3) containing SOCl2 (2.8 cm3, 38 mmol) and heated until
reflux began. After 2 h, the whole was concentrated in vacuo,
then toluene (75 cm3) was added and evaporated in vacuo for two
consecutive times. Recrystallization from hot toluene (20 cm3)
yielded p-acetoxycinnamoyl chloride (16, 905.6 mg, 3.77 mmol,
75% yield).


p-Coumaryl alcohol-2,4-dinitrophenyl ether (26). p-Coumaryl
alcohol (22) was converted into its DNB (dinitrobenzene) deriva-
tive according to the protocol of Grabber et al.48 with the following
modifications: p-coumaryl alcohol (22, 75 mg, 0.5 mmol) was
dissolved in Me2CO (600 mm3) on an ice-bath, and NaHCO3


(84 mg, 1 mmol in 1.5 cm3 H2O) was added to give a cloudy solution
to which DNFB (2,4-dinitrofluorobenzene, 103 mg, 0.55 mmol,
70 mm3 in 600 mm3 Me2CO) was added, with the resulting mixture
stirred for 24 h at room temperature in the dark. Next, cold 3%
aqueous HCl (9 cm3) was added, with the whole stirred for 2 h,
after which the suspension was filtered in vacuo, the precipitate
washed with H2O (50 cm3), Et2O (50 cm3) and purified by silica
gel pTLC using CHCl3–MeOH (96 : 4) as eluent to afford p-
coumaryl alcohol-2,4-dinitrophenyl ether (26, 68 mg, 0.21 mmol,
43% yield).


p-Coumaryl coumarate (32). p-Coumaryl alcohol-2,4-
dinitrophenyl ether (26, 68 mg, 0.21 mmol) was dissolved
in freshly distilled CH2Cl2 (2 cm3) on an ice-bath, then p-
acetoxycinnamoyl chloride (16, 58 mg, 0.26 mmol) and DMAP
(dimethylaminopyridine, 35 mg, 0.28 mmol) were sequentially
added. The resulting solution was warmed to room temperature,
with the whole stirred for 75 min. Next, CH2Cl2 (8 cm3) was
added, with the whole sequentially washed with cold aqueous 3%
HCl (4 × 5 cm3), cold brine (4 × 5 cm3), and the organic solubles
dried (Na2SO4). After concentration under N2 flow, purification
by silica gel column chromatography using CHCl3–MeOH
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(98 : 2) as eluent afforded the protected p-coumaryl coumarate
(33, 89.9 mg, 0.175 mmol). An aliquot of the latter (87.2 mg,
0.17 mmol) was dissolved in dry THF (2 cm3), with piperazine
(146 mg, 1.7 mmol in 2 cm3 dry THF) added at room temperature
under N2. Following stirring for 2 h, the mixture was diluted with
CHCl3 (3 cm3) and EtOAc (25 cm3), with the whole washed with
sat. NH4Cl solution (8 × 15 cm3) to remove excess piperazine.
The organic solubles were dried (Na2SO4), concentrated in vacuo
and subjected to column chromatography using deactivated silica
gel (pre-treatment with EtOH–HOAc, 99 : 1) and CHCl3–EtOAc
(1 : 1) as eluent, to afford p-coumaryl coumarate (32, 48.2 mg,
0.16 mmol, 80% yield) as a pale yellow solid. dH (300 MHz;
Me2CO-d6; Me4Si) 7.66 (1 H, d, J11,12 16.0 Hz, 12-H), 7.57
(2 H, d, J14,15/17,18 7.3 Hz, 14-H/18-H), 7.35 (2 H, d, J2,3/5,6 7.0 Hz,
2-H/6-H), 6.91 (2 H, d, J14,15/17,18 7.3 Hz, 15-H/17-H), 6.83
(2 H, d, J2,3/5,6 7.0 Hz, 3-H/5-H), 6.68 (1 H, d, J7,8 15.9 Hz,
7-H), 6.40 (1 H, d, J11,12 16.0 Hz, 11-H), 6.24 (1 H, m, H8), 4.79
(2 H, d, J8,9 6.5 Hz, 9-H); dC (75 MHz; Me2CO-d6) 167.38 (C-10),
160.64 (C-16), 158.45 (C-4), 145.55 (C-12), 134.71 (C-7), 131.04
(C-14/C-18), 129.02 (C-1), 128.89 (C-2/C-6), 127.05 (C-13),
121.54 (C-8), 116.76 (C-15/C-17), 116.38 (C-3/C-5), 115.58
(C-11), 65.64 (C-9); m/z (ESI) 294.7 (14%, M − 1−), 177.1 (26),
163.0 (100, p-coumarate), 145.1 (16), 119.0 (43, p-coumarate −
CO2). NMR assignments were confirmed by exhaustive 2D NMR
experiments (300 MHz 1H–1H COSY, 500 MHz HMBC and
HMQC in a Varian Inova 500 spectrometer).


[9-2H2]-p-Coumaryl coumarate (32). [9-2H2]-p-Coumaryl al-
cohol (22, 203 mg, 1.34 mmol) was converted into [9-2H2]-p-
coumaryl coumarate (32, 1.17 mmol, 348.1 mg, 87% overall yield)
as described above. dH (300 MHz; Me2CO-d6; Me4Si) 7.64 (1 H,
d, J11,12 16.0 Hz, 12-H), 7.57 (2 H, d, J14,15/17,18 8.5 Hz, 14-H/18H),
7.35 (2 H, d, J2,3/5,6 8.5 Hz, 2-H/6-H), 6.90 (2 H, d, J14,15/17,18 8.5 Hz,
15-H/17-H), 6.83 (2 H, d, J2,3/5,6 8.5 Hz, 3-H/5-H), 6.68 (1 H, d,
J7,8 15.9 Hz, 7-H), 6.39 (1 H, d, J11,12 16.0 Hz, 11-H), 6.24 (1 H, d,
J7,8 15.9 Hz, 8-H); dC (75 MHz; Me2CO-d6) 167.34 (C-10), 160.66
(C-16), 158.50 (C-4), 145.54 (C-12), 134.86 (C-7), 131.06 (C-14/C-
18), 129.06 (C-1), 128.91 (C-2/C-6), 127.10 (C-13), 121.45 (C-8),
116.76 (C-15/C-17), 116.39 (C-3/C-5), 115.64 (C-11); m/z (EI)
298 (M+, 6%), 253 (3, M − CO2), 192 (17), 164 (100, p-coumaric
acid), 147 (97), 136 (58), 134 (94), 133 (95), 120 (53, p-coumaric
acid − CO2), 119 (53), 117 (28), 107 (38), 106 (60), 105 (82), 103
(28). m/z (ESI-HRMS) 321.1025 ([M + Na] requires 321.1072).


[9-3H]-p-Coumaryl coumarate (32). [9-3H]-p-Coumaryl alco-
hol (22, 37.5 mg, 0.25 mmol) was converted into [9-3H]-p-coumaryl
coumarate (32, 45.2 mg, 0.15 mmol, 60% yield, 24.7 MBq mmol−1)
as described above.


p-Coumaryl acetate (27). p-Coumaryl alcohol (22, 9.4 mg,
62.7 lmol) was dissolved in pyridine (150 mm3) containing a
catalytic amount of DMAP (dimethylaminopyridine, ca. 1 mg)
and freshly distilled Ac2O (150 mm3), with the whole left unstirred
at room temperature for 3 h. Next, the mixture was added to 3%
aqueous HCl (10 cm3) and extracted with Et2O (50 cm3), with
the organic solubles washed with 3% aqueous HCl (4 × 10 cm3),
sat. NaHCO3 solution (2 × 10 cm3) and brine (10 cm3), then
dried (Na2SO4) and concentrated in vacuo. The resulting oil was
dissolved in pyrrolidine (750 mm3) and left unstirred for 10 min,
then added to 3% aqueous HCl (15 cm3), with the whole extracted


with EtOAc (30 cm3). The organic solubles were washed with 3%
aqueous HCl (2 × 15 cm3), sat. NH4Cl solution (2 × 15 cm3), brine
(15 cm3), dried (Na2SO4) and concentrated in vacuo. The resulting
product was fractionated by pTLC using hexane–Me2CO (2 : 1)
as eluent to afford p-coumaryl acetate (27, 3.79 mg, 19.7 lmol,
31.5% yield). dH (300 MHz; Me2CO-d6) 7.32 (2 H, d, J2,3/5,6 8.4 Hz,
2-H/6-H), 6.82 (2 H, d, J2,3/5,6 8.4 Hz, 3-H/5-H), 6.62 (1 H, d, J7,8


15.9 Hz, 7-H), 6.16 (1 H, dt, J7,8 15.9, J8,9 6.6 Hz, 8-H), 4.66 (2 H,
d, J8,9 6.6 Hz, 9-H), 2.02 (3 H, s, OAc).


[9-3H]-p-Coumaryl acetate (27). [9-3H]-p-Coumaryl alcohol
(22, 15.0 mg, 100 lmol) was dissolved in pyridine (200 mm3)
and Ac2O (200 mm3) containing a catalytic amount of DMAP as
above, and left unstirred for 4 h. The reaction mixture was added to
Et2O (50 cm3), then extracted with 3% aqueous HCl (3 × 15 cm3),
sat. NH4Cl solution (2 × 15 cm3), brine (2 × 15 cm3), and dried
(Na2SO4) before concentration in vacuo. The resulting material was
dissolved in pyrrolidine (500 mm3) and left unstirred for 5 min,
with the whole then added to Et2O and washed with 3% aqueous
HCl (20 cm3), sat. NH4Cl solution (20 cm3), brine (20 cm3), and
dried (Na2SO4) before concentration in vacuo. Purification by
pTLC using hexane–Me2CO (2 : 1) as eluent afforded [9-3H]-p-
coumaryl acetate (27, 8.5 mg, 44.4 lmol, 53.4 MBq mmol−1).


Chavicol (2). Chavicol (2) was prepared following the proce-
dure of Agharahimi and LeBel49 with the following modifications:
methylchavicol (1, 5 cm3, 32.6 mmol) was dissolved in CH2Cl2


(100 cm3) in an acetone–dry-ice-bath, then BBr3 (35 cm3 1 M
soln in CH2Cl2, 35 mmol) was slowly added, with the whole then
warmed to room temperature and stirred for 80 min. Next, the
solution was cooled with an ice-bath and H2O (50 cm3) was added,
with the resulting mixture extracted with CH2Cl2 (3 × 40 cm3). The
combined organic solubles were washed with brine, concentrated
in vacuo and fractionated by silica gel column chromatography
using hexane–EtOAc (9 : 1) as eluent, to afford chavicol (2, 3.71 g,
85% yield). dH (300 MHz; CDCl3; Me4Si) 7.04 (2 H, d, J2,3/5,6 8.6,
2-H/6-H), 6.77 (2 H, d, J2,3/5,6 8.6, 3-H/5-H), 5.94 (1 H, m, 8-H),
5.06 (1 H, m, 9-Ha), 5.02 (1 H, m, 9-Hb), 3.31 (2 H, d, J7,8 6.6 Hz, 7-
H); dC (75 MHz; CDCl3) 153.81 (C-4), 137.81 (C-8), 131.95 (C-1),
129.59 (C-2/C-6), 115.32 (C-9), 115.25 (C-3/C-5), 39.25 (C-7).


Benzylchavicol (36). Chavicol (2, 230 mg, 1.7 mmol, 250 mm3)
and BzCl (1.6 cm3, 14 mmol) were dissolved in MeOH (20 cm3)
containing K2CO3 (4 g) and a catalytic amount of KI, and heated
until reflux began. After 25 h, the mixture was filtered, H2O
(80 cm3) was added to the filtrate and the whole extracted with
CHCl3 (3 × 100 cm3), with the combined organic solubles washed
with brine (100 cm3) and dried (Na2SO4). After concentration in
vacuo, purification with silica gel column chromatography using
CHCl3 as eluent afforded benzylchavicol (36, 168 mg, 0.75 mmol,
44% yield) as a volatile oil. dH (300 MHz; CDCl3; Me4Si) 7.35
(5 H, m, 2′-6′-H), 7.08 (2 H, d, J2,3/5,6 8.7 Hz, 2-H/6-H), 6.89 (2
H, d, J2,3/5,6 8.7 Hz, 3-H/5-H), 5.93 (1 H, m, 8-H), 5.06 (1 H, m,
9-Ha), 5.01 (1 H, m, 9-Hb), 5.00 (2 H, s, 7′-H), 3.30 (2 H, d, J7,8


6.7 Hz, 7-H); dC (75 MHz; CDCl3) 157.13 (C-4), 137.76 (C-8),
137.10 (C-1′), 132.28 (C-1), 129.46 (C-2/C-6), 128.48 (C-3′/C-5′),
127.81 (C-4′), 127.39 (C-2′/C-6′), 115.41 (C-9), 114.71 (C-3/C-5),
69.92 (C-7′), 39.30 (C-7).


8,9-Dibromomethylchavicol (35). 8,9-Dibromomethylchavicol
(35) was prepared based on the general procedure of Berthelot
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et al.50 Methylchavicol (1, 29.6 mg, 0.2 mmol, 30.67 mm3) and
TBABr3 (tetrabutylammonium tribromide, 97 mg, 0.2 mmol)
were mixed together at room temperature in CHCl3 (5 cm3) to
give a red solution which was then sonicated for 45 min, after
which it became nearly colorless. The resulting solution was then
sequentially extracted with H2O (10 cm3), 5% aqueous Na2S2O3


(2 × 10 cm3), and brine (10 cm3), with the organic solubles dried
(Na2SO4) and concentrated in vacuo to afford the crude 8,9-
dibromomethylchavicol (35, 55.8 mg), which was used without
further purification. dH (300 MHz; CDCl3; Me4Si) 7.20 (2 H, d,
J2,3/5,6 8.7 Hz, 2-H/6-H), 6.87 (2 H, d, J2,3/5,6 8.7 Hz, 3-H/5-H),
4.32 (1 H, m, 8-H), 3.80 (3 H, s, OCH3), 3.80 (1 H, dd, J9a,9b 10.4,
J8,9a 4.2 Hz, 9-Ha), 3.60 (1 H, dd, J9a,9b 10.4, J8,9b 8.9 Hz, 9-Hb), 3.41
(1 H, dd, J7a,7b 14.6, J7a,8 4.9 Hz, 7-Ha), 3.09 (1 H, dd, J7a,7b 14.6,
J7b,8 7.5 Hz, 7-Hb); dC (75 MHz; CDCl3) 158.97 (C-4), 130.82 (C-
2/C-6), 128.98 (C-1), 114.10 (C-3/C-5), 55.49 (OMe), 53.15 (C-8),
41.23 (C-7), 36.19 (C-9); m/z (ESI) 310.7, 308.7, 306.7 (47%, 100,
49, M + 1), 229.0, 227.0 (13, 13, M − Br + 1).


Administration of radiolabeled precursors


General. Young apical pairs of Thai basil leaves were ex-
cised under water to avoid air plug formation, with the stems
immediately immersed in solutions containing the radiolabeled
compound. When uptake was near completion (a few mm3 left,
before complete drying, typically ca. 30–60 min), a small volume
(ca. 20–50 mm3) of a solution of the unlabeled compound was
added (time = 0) and subsequently replenished as needed to
avoid complete drying of the administered solution. Samples were
collected, immediately frozen in liquid N2, ground in a mortar, and
the fine powder transferred to a glass vial containing MeOH. After
extraction, each sample was filtered through a 0.45 lm membrane
of a syringe disc filter and 80 mm3 aliquots were analyzed by
HPLC without further treatment, with minute-long fractions
being collected and individually subjected to liquid scintillation
counting.


[U-14C]-Phenylalanine (37) administration to leaves of different
ages. The first (apical), second and third pairs of leaves of two
different Thai basil shoot apexes (counted from the top) were
carefully excised, with the petioles immediately immersed in an
aqueous [U-14C]-phenylalanine (37) solution (125 mm3, 18.4 kBq,
18.4 GBq mmol−1). When uptake was near completion, 5 mM
aqueous phenylalanine (37, ca. 50 mm3) was added (time = 0) and
replenished as needed. Samples were collected at 7 h, extracted
with MeOH (2 cm3) overnight then processed and fractionated by
HPLC with liquid scintillation counting as described above.


[U-14C]-Phenylalanine (37) administration. Five Thai basil
shoot apexes bearing 2–3 pairs of young leaves were excised and
individually administered an aqueous solution (125 mm3) con-
taining [U-14C]-phenylalanine (37, 36.7 kBq, 18.4 GBq mmol−1).
When uptake was near completion, 5 mM aqueous phenylalanine
(37, ca. 50 mm3) was added (time = 0) and replenished as needed.
Samples were collected at 0.5, 1, 2, 3 and 4 h, extracted with MeOH
(3 cm3) for 10 min then processed and fractionated by HPLC with
liquid scintillation counting as described above.


[U-14C]-Tyrosine (34) administration. Four Thai basil shoot
apexes bearing 2–3 pairs of young leaves were excised and indi-
vidually administered an aqueous solution (125 mm3) containing


[U-14C]-tyrosine (34, 18.3 kBq, 18.3 GBq mmol−1) as above,
followed by 5 mM aqueous tyrosine (34, ca. 50 mm3) as needed.
Samples were collected at 1, 3, 6 and 24 h, extracted with MeOH
(4 cm3) for 16 h then processed and fractionated by HPLC with
liquid scintillation counting as described above.


[8-14C]-Cinnamic acid (12) administration. Three pairs of the
youngest (<1 cm) apical leaves of Thai basil shoots were carefully
excised, with the individual petioles immediately immersed in a
H2O–DMSO (30 : 2.5 mm3) solution containing [8-14C]-cinnamic
acid (12, 11.1 kBq). When uptake was near completion, 5 mM
aqueous cinnamic acid (12, ca. 20 mm3, with a minimal amount
of 5 mM KOH added for dissolution) was added (time = 0)
and replenished as needed. Samples were collected at 4, 8 and
24 h, individually extracted with MeOH (0.5 cm3) overnight then
processed and fractionated by HPLC with liquid scintillation
counting as described above.


[9-3H]-p-Coumaryl alcohol (22) administration. Three pairs of
the youngest (<1 cm) apical leaves of Thai basil shoots were care-
fully excised, with the individual petioles immediately immersed
in a H2O (30 mm3) solution containing [9-3H]-p-coumaryl alcohol
(22, 262.5 kBq). When uptake was near completion, a 2.5 mM
solution of p-coumaryl alcohol (22, ca. 20 mm3) in H2O–DMSO–
MeOH–5 M aqueous KOH (95 : 2.5 : 2.5 : 0.02) was added
(time = 0) and replenished as needed. Samples were collected at 4,
8 and 24 h, individually extracted with MeOH (0.5 cm3) overnight
then processed and fractionated by HPLC with liquid scintillation
counting as described above.


Crude cell-free preparations


Extraction of Thai basil glandular trichomes followed a protocol
slightly modified from Gang et al.2 Very young (<1 cm long)
apical leaves of greenhouse-grown Thai basil were hand harvested
and soaked in ice-cold 5 mM BisTris propane buffer (pH =
7.5) for ca. 15 min. Batches of leaves (12.5–15 g) were abraded
in a Bead Beater (BioSpec Products, Bartlesville, OK) 300 cm3


polycarbonate chamber containing glass beads (50 g, 0.5 mm
diameter) and filled with a pH 7 buffer consisting of 50 mM Tris-
HCl, 200 mM D-sorbitol, 20 mM sucrose, 10 mM KCl, 10 mM
sodium ascorbate, 5 mM mgCl2, 5 mM succinic acid, 1 mM EGTA,
0.5 mM KH2PO4, 1% w/v PVP (Mr = 360 000) and 0.6% w/v
methylcellulose (Mr = 63 000). The mixture was abraded with 3 ×
1 min pulses with 1 min cooling intervals on ice, then sequentially
filtered through nylon meshes with pore diameters of 350, 105 and
40 lm, using the same buffer lacking PVP and methylcellulose for
washing. The combined glandular trichomes retained on the 40 lm
mesh were collected and the suspension allowed twice to settle on
ice for 20 min, when empty oil sacs and floating cellular debris were
removed and new buffer (ca. 10 cm3) supplied. Packed oil gland
yield was about 200 mm3 per batch. The washing buffer was then
removed and substituted for a protein extraction buffer (2–3 : 1,
v/v, 50 mM BisTris, 10 mM sodium ascorbate, 10% (w/v) glycerol,
pH = 8), with the glands ruptured by sonication with 3 × 20 s
pulses with 40 s cooling intervals on ice. The resulting suspension
(analyzed for disruption by microscopy) was immediately used as
the enzyme extract for assays.
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Enzyme assays


Phenylalanine ammonia-lyase assays were performed as previ-
ously described in Cochrane et al.51 with the following modifi-
cations: assays were performed in 250 mm3 of a buffered solution
(100 mM potassium phosphate, pH = 8.1) containing 1 mM [U-
14C]-phenylalanine (37, ca. 3.7 kBq) and enzyme extract (10 mm3),
with the mixture incubated for 35 min at 30 ◦C and the assay
terminated by addition of glacial HOAc (10 mm3). Negative
controls used boiled enzyme extracts. 80 mm3 aliquots were then
analyzed by HPLC, with minute-long fractions collected and
individually analyzed for radioactivity.


4-Coumarate CoA-ligase assays were performed and analyzed
as previously described in Costa et al.52 with the following
modifications: assays were performed in 250 mm3 of a buffered
solution (100 mM Tris, pH = 7.5) containing 2.5 mM ATP,
2.5 mM mgCl2, 0.4 mM CoA, 0.5 mM p-coumaric acid (13), and
enzyme extract (10 mm3), with the mixture incubated for 35 min
at 30 ◦C and the assay terminated by addition of glacial HOAc
(10 mm3). Negative controls included the use of boiled enzyme
extracts and omission of substrates. Aliquots of 80 mm3 each were
then analyzed by HPLC as described.


Cinnamyl alcohol dehydrogenase assays were performed as
previously described in Kim et al.46 with the following modifi-
cations: assays were performed in 250 mm3 of a buffered solution
(100 mM BisTris, pH = 6.25) containing 1 mM NADPH, 0.5 mM
p-coumaryl aldehyde (20), and enzyme extract (10 mm3), with the
mixture incubated for 30 min at 30 ◦C and the assay terminated by
addition of glacial HOAc (10 mm3). Negative controls included
boiled enzyme extracts and omission of substrates. Aliquots of
80 mm3 were then analyzed by HPLC.


Chavicol synthase assays were performed in 250 mm3 of a
buffered solution (100 mM potassium phosphate, pH = 6.25) con-
taining 1 mM NAD(P)H, 0.4 mM [9-3H]-p-coumaryl coumarate
(32, ca. 2.7 kBq) or [9-3H]-p-coumaryl acetate (27, ca. 6.5 kBq),
and enzyme extract (50 mm3). Assays were run for up to 120 min
at 30 ◦C and terminated by addition of glacial HOAc (25 mm3)
and freezing; controls included both boiled enzyme extracts and
omission of substrates.


Assays involving unlabeled and [9-2H2]-p-coumaryl coumarate
(32) were performed by incubation in 2.5 cm3 of the buffered
solution as above containing 1 mM NADPH, 0.4 mM natural
abundance or [9-2H2]-p-coumaryl coumarate (32) and enzyme
extract (500 mm3) for 2 h at 30 ◦C. Assays were terminated by
addition of glacial HOAc (250 mm3) and brine (125 mm3), with the
resulting mixture extracted with Et2O (3 × 500 mm3). An aliquot
(50 mm3) of the combined ethereal layer was derivatized with
N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA, 50 mm3) in
pyridine (20 mm3) and analyzed by GC-MS.


Benzylation of [9-3H]-chavicol (2)


Enzymatically synthesized [9-3H]-chavicol (2) was isolated from a
buffered solution (2.5 cm3, 100 mM potassium phosphate, pH =
6.25) containing 1 mM NADPH, 0.4 mM [9-3H]-p-coumaryl
coumarate (32, ca. 27 kBq) and enzyme extract (500 mm3). After
incubation for 2 h at 30 ◦C, the reaction was stopped by addition
of glacial HOAc (250 mm3), unlabeled chavicol (2) (10 mm3) was
added as a carrier, and the mixture was extracted with Et2O (3 ×


5 cm3) with the combined organic solubles dried (Na2SO4). [9-
3H]-Chavicol (2) was purified by silica gel pTLC using CHCl3–
CH3CN (85 : 15) and benzylated to give (36) as before. [9-3H]-
Benzylchavicol (36) was further identified based both on HPLC
retention time and UV spectrum in comparison to the authentic
unlabeled sample.


Dibromination of radiolabeled methylchavicol (1)


Unlabeled methylchavicol (1, 10 mm3) was added as a carrier to
the MeOH extract of a sample administered [U-14C]-Phe (37), and
[U-14C]-methylchavicol (1) was isolated by silica gel pTLC using
CHCl3 as eluent and dibrominated to give (35) as before. [U-14C]-
8,9-Dibromomethylchavicol (35) was further identified based both
on HPLC retention time and UV spectrum in comparison to the
authentic unlabeled sample.


[8-14C]-Methylchavicol (1) was purified from the MeOH extract
of a sample administered [8-14C]-cinnamic acid (12), to which
unlabeled methylchavicol (1, 10 mm3) was added as a carrier,
and dibrominated exactly as described above to give [8-14C]-
8,9-dibromomethylchavicol (35), which was further identified as
before.


[9-3H]-Methylchavicol (1) was co-purified with unlabeled
methylchavicol (1, 5 mm3) as a carrier from the MeOH extract of
a sample administered [9-3H]-p-coumaryl alcohol (22) as above,
and dibrominated to give [9-3H]-8,9-dibromomethylchavicol (35),
which was identified as before.
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Many carbenoid cyclopropanation reactions promoted by chiral catalysts give product mixtures
reflecting impressive diastereo- and enantioselectivities. Few provide a single chiral product efficiently.
This limitation has been overcome in cyclopropanations of styrene and isotopically labeled styrenes
with a-diazoacetates. Convenient syntheses on a 20 g scale of each of four chiral isotopically labeled
(1R)-menthyl (1S,2S)-2-phenylcyclopropanecarboxylates (the 1-d-3-13C, 1,(3S)-d2, 1,2,(3S)-d3, and
1,3,3-d3 isotopomers) of better than 99% ee have been realized.


Introduction


The condensation of styrene with ethyl diazoacetate to give cis
and trans isomers of ethyl 2-phenylcyclopropanecarboxylate has
long been known.1,2 It has received fresh attention since 1966
when it served to exemplify asymmetric catalysis by a soluble
transition metal complex.3 Heating styrene and the diazoacetate
in 3 : 1 proportions in the presence of less than 1 mole percent of
bis[N-(R)-a-phenylethylsalicylaldiminato]copper(II) gave in 72%
yield an optically active mixture of esters (+)-(1S,2S)-1 and
(+)-(1S,2R)-2 (Scheme 1). Isolation and purification of each
diastereomer and of the related carboxylic acids followed by
determinations of specific rotations demonstrated that the (+)-
(1S,2S) trans ester had been formed with some 6% optical purity.3,4


Scheme 1 Stereoselective condensations of styrene with ethyl
a-diazoacetate.
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The (+)-(1S,2R) enantiomer was favored in the cis ester.3,5 The
same reaction employing the complex derived from (S)-(−)-a-
methylbenzylamine gave trans ester of 6% optical purity favoring
the (−)-(1R,2R) enantiomer.3


This demonstration of asymmetric catalysis was developed
impressively with related catalysts based on copper(II).6–8 Catalysts
having sterically demanding substituents and diazoacetates having
larger alkoxy groups, such as (1R)-menthyloxy ((1R,2S,5R)-2-(1-
methylethyl)-5-methylcyclohexyloxy), were found to give higher
degrees of enantioselectivity in this and related cyclopropanation
reactions. Systematic searches for optimal copper(II) catalysts
and diazoacetates led to an industrially valuable synthesis of
(+)-trans-chrysanthemic acid: a bulky catalyst derived from
D-alanine, 2,5-dimethylhexa-2,4-diene, and ethyl, (1R)-menthyl,
(1S)-menthyl, and racemic menthyl diazoacetates provided trans-
chrysanthemates with 68, 94, 90, and 90% ee, respectively. No
substantial double asymmetric induction effect was in evidence.7


That the absolute stereochemistry of the menthyl diazoacetate
makes little contribution to the asymmetric catalysis has been
confirmed repeatedly. (1R)-Menthyl diazoacetate and styrene with
a catalytic amount of copper(I) chloride in homogeneous solution
gives trans product of only 0.33% optical purity.9 Again, a
C2-symmetric catalyst from (1S,2S)-N,N ′-di(mesitylmethyl)-1,2-
diphenyl-1,2-ethanediamine and Cu(OTf)2 together with styrene
and alkyl diazoacetate esters derived from 2,4-dimethylpentanol,
(1R)-menthol, and (1S)-menthol gave product mixtures with
comparable trans : cis ratios (89–93% trans) and ee values for the
major trans diastereomer of 86–96%.10 The chiral catalyst and the
bulk, not the chiral nature, of the alkoxy group favor a high degree
of asymmetric induction. Additional examples showing similar
insensitivities of ee values for products from cyclopropanations
of styrene employing (1R)- or (1S)-menthyl diazoacetates using
different transition metal catalysts may be cited.11,12 From an
analytical viewpoint, of course, running a reaction with a (1R)- or
(1S)-menthyl function rather than racemic menthyl diazoacetate
is advantageous, for both de and ee values of the cyclopropanation
products can be determined easily through capillary GC.


The majority of papers in recent years concerned with the
efficacy of various chiral catalysts for condensations of styrene
with diazoacetates have reported investigations with small-scale


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2777–2784 | 2777







reactions and powerful GC and HPLC methods for determining
yields and de and ee values. They have not provided practical
guidance for multi-gram preparations of a single stereoisomer of
a trans-2-phenylcyclopropanecarboxylate.


Commercially available racemic trans-2-phenylcyclopropane-
carboxylic acid can be resolved completely and then serve as a
convenient synthetic intermediate for securing other chiral cy-
clopropanes of known absolute configuration.13,14 Utilizing chiral
catalysts for asymmetric condensations of isotopically labeled
styrenes with menthyl diazoacetates gives optically active labeled
trans-2-phenylcyclopropanecarboxylates, intermediates providing
ready access to a variety of hydrocarbons well suited for in-
formative stereochemical and mechanistic investigations.14–18 The
product mixtures obtained through the cyclopropanations favor
trans isomers with high stereoselectivities, but going further, to
secure one stereochemically distinct product, has proved to be
tedious and uneconomical.


Typically, a crude product mixture from a reaction employing
racemic menthyl diazoacetate is Kugelrohr distilled (150 ◦C, 0.1
Torr) to afford the 2-phenylcyclopropanecarboxylates contami-
nated with fumarate and maleate esters. Hydrolysis with NaOH
in aqueous methanol and acidification gives a mixture of acids.
Separating cis and trans acids and achieving full optical resolution
of the desired trans product can then be achieved through repeated
recrystallizations of quinine salts.13 A trans product of essentially
100% ee can be secured, but only with a serious concomitant loss
of material sustained during the steps following the asymmetric
cyclopropanation reaction.


A projected mechanistic investigation required on the order
of 20 g of each of four trans-2-phenylcyclopropanecarboxylates
embellished stereoselectively with deuterium or with deuterium
and carbon-13, structures 1-1-d-3-13C, 1-1,(3S)-d2, 1-1,3,3-d3, and
1-1,2,(3S)-d3 (Scheme 2). In consideration of the synthetic and
material requirements associated with preparing the requisite
labeled styrenes, the existing cyclopropanation and full resolution
protocols seemed less than satisfactory. The present work describes


Scheme 2 Crystalline trans-2-phenylcyclopropanecarboxylates prepared
efficiently.


a modified isolation and full resolution approach that afforded the
desired isotopically labeled cyclopropanes efficiently.


Strategic plan


A stored sample of a distilled but otherwise unprocessed product
mixture from a catalyzed reaction of racemic menthyl diazoacetate
with styrene was found to have partially crystallized. Small
samples of the crystalline material and the liquid phase were
hydrolyzed, and the 2-phenylcyclopropanecarboxylic acids ob-
tained were converted to methyl esters. Analyses by GC on a
“chiral” column demonstrated that the trans methyl ester from
the crystalline material was more fully resolved than the ester from
the non-crystalline phase. The menthyl ester which preferentially
crystallized proved to be the (1R)-menthyl (1S,2S) trans ester.
This determination raised the possibility that using (1R)-menthyl
a-diazoacetate in asymmetrically catalyzed cyclopropanations of
styrenes leading primarily to (1S,2S) products, or (1S)-menthyl
diazoacetates in reactions favoring (1R,2R) products, could lead to
single stereoisomers through simple recrystallization(s) of product
mixtures. The alkoxy function would not contribute importantly
to the asymmetric induction, but could facilitate the following
purification and resolution requirements.


Results


Chiral copper(II) catalyst


Among the many chiral catalysts known to be effective for
condensations of styrene with diazoacetates, the dissymmetric
catalyst from (1S,2S)-N,N ′-di(mesitylmethyl)-1,2-diphenyl-1,2-
ethanediamine (5) and Cu(OTf)2 was selected, for it provides very
good diastereomeric and enantiomeric selectivities in the reaction
and is relatively easy to synthesize. It was prepared as outlined
in the literature,19,20 through the condensation of commercial
(1S,2S)-(−)-1,2-diphenylethylenediamine (3) with mesitaldehyde
to give 4, which on reduction with NaBH4 provided 5 (Scheme 3).


This ligand and Cu(OTf)2 in 1,2-dichloroethane catalyzed
the reaction of (1R)-menthyl a-diazoacetate with styrene under
the conditions detailed in the Experimental section to give a
crude product mixture containing all four possible stereoisomeric
cyclopropanation products. The (1S,2S) product accounted for
some 85% of the mixture (Fig. 1).


a-Diazoacetates. Unlabeled (1R)-menthyl a-diazoacetate,
used in preliminary experiments, and (1R)-menthyl a-deuteriodia-
zoacetate, needed for making the four isotopically labeled cyclo-
propane derivatives sought in the present work, were prepared
using established methods.15,21–23 Column chromatography of the
crude unlabeled diazoacetate, an orange oil, afforded the material
as a bright yellow solid. Three deuterium exchanges gave the (1R)-
menthyl a-deuteriodiazoacetate as a yellow solid. This ester lacked


Scheme 3 Preparation of chiral ligand for Cu(II)-catalyzed condensations.
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Fig. 1 Capillary GC analysis of a cyclopropanation product mixture from
styrene and (1R)-menthyl a-deuteriodiazoacetate. From left to right, the
(1R)-menthyl esters (with a deuterium at C1 of the cyclopropane moiety)
are the (1S,2R) and (1R,2S) cis isomers followed by the (1R,2R) and
(1S,2S) trans isomers, trailed on the right by a side product.


a singlet absorption at d 4.70 in its 1H NMR spectrum, consistent
with essentially complete incorporation of deuterium at the a-
carbon atom.


Labeled styrenes. All four isotopically labeled styrenes re-
quired to make the desired cyclopropane derivatives, 6-b-13C, 6-b-
(E)-d, 6-b,b-d2, and 6-a,b-(E)-d2 (Scheme 4) have been synthesized
many times, for a variety of applications.24 Preparations of 6-b-
(E)-d and 6-a,b-(E)-d2 present the most substantial challenges, for
both high incorporation of label and high stereochemical integrity
of the b-d labels are required.


Scheme 4 Stable-isotope labeled styrenes prepared as synthetic
intemediates.


The first labeled styrene, 6-b-13C, was made from 13C-labeled
methyl iodide by way of Ph3P=*CH2 and a Wittig condensation
with benzaldehyde.25,26


To make the second styrene, 6-b-(E)-d, triphenyltin hydride27


was prepared and added to phenylacetylene to give (E)-b-
triphenylstannylstyrene.28,29 Transmetalation using phenyllithium
at −78 ◦C followed by treatment of the (E)-b-lithiostyrene with
CH3OD at −20 ◦C provided the b-(E)-d labeled styrene.30–32 It was


carefully purified and freed from residual tin by-products through
distillation. (Failure to rid the labeled styrene of all traces of tin
compounds led to completely ineffective asymmetric catalysis in
the subsequent cyclopropanation reaction.) Integration of the 1H
NMR spectrum revealed relative intensities of the vinylic proton
adsorptions of 1.00 to 1.00 to 0.01.


The third required styrene, 6-b,b-d2,30,33–36 was secured through
a reduction of methyl phenylacetate with LiAlD4 followed by
conversion of the intermediate 1,1-d2-2-phenylethanol to 1,1-d2-
2-phenylethyl bromide with CBr4 and PPh3 in ether. Elimination
of HBr with NaOEt in ethanol gave 6-b,b-d2 in 89% yield.


Finally, 6-a,b-(E)-d2 was obtained following the reaction se-
quence used for making 6-b-(E)-d, substituting triphenyltin deu-
teride for triphenyltin hydride in the addition to phenylacetylene.
The distilled labeled styrene was 99% pure by GC (73% yield).


Cyclopropanation reactions. More than a dozen small-scale
runs led to a preferred reaction protocol. About 1 mol % of the
copper(II) catalyst in 1,2-dichloroethane was diluted with a labeled
styrene or a solution of the styrene in pentane, and then a twofold
excess of (1R)-menthyl a-deuteriodiazoacetate was added slowly
with the aid of a syringe pump. One stereoisomer was formed
as 80–86% of the cyclopropanation product mixture. Simple
column chromatography separated the maleate and fumarate
esters. The mixture of 2-phenylcyclopropanecarboxylates was
recrystallized from absolute ethanol. In some cases the ester which
crystallized was still contaminated with a few percent of other
diastereomers, and in others a single diastereomer was obtained.
The analytical GC traces of Fig. 2 illustrate these two similar
but distinct outcomes. When crystalline products from a single
recrystallization were of less than 99.9% homogeneity, they were
recrystallized a second time to give a pure (1S,2S) product. The
overall yield of a single homogeneous product, which depended
on the yield, the diastereselectivity, and the enantioselectivity of
the cyclopropanation reaction, and on the losses incurred through


Fig. 2 (1R)-Menthyl esters after recrystallization. At left, a nearly
homogeneous solid obtained after one recrystallization of crude unlabeled
(1R)-menthyl esters; at right, the crystalline material obtained through
one recrystallization of a cyclopropanation product mixture rich in
1-1,2,(3S)-d3.
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one or at most two recrystallizations required to obtain a single
stereoisomer, was as high as 74%.


This yield could be improved through further effort. Additional
crystalline (1S,2S) product of better than 99.9% homogeneity
could be obtained by concentrations of mother liquors, collecting
second crops, and recrystallizing them (Fig. 3). These procedures
could be followed conveniently through GC analyses of both crys-
talline materials collected and mother liquors. Recrystallization of
second crop crystals always gave pure (1S,2S) products, as judged
by GC analyses.


Fig. 3 Analytical GC traces for second crop solids. At left, crystals
rich in 1-1-d-3-13C; at right, a second crop of solids from another
cyclopropanation reaction providing 1-1-d-3-13C and related isomers.


The cyclopropanation reactions were typically run investing
2.5 g of an isotopically labeled styrene, a scale reflecting caution
in view of the value of these starting materials and on the syringes
and syringe-pump equipment immediately available. Larger scale
asymmetric cyclopropanations following the protocol used in this
work should be equally efficient.


Samples of the recrystallized (1R)-menthyl esters 1-1-d-3-13C,
1-1,(3S)-d2, 1-1,3,3-d3, and 1-1,2,(3S)-d3 were converted to the
corresponding methyl esters 7-1-d-3-13C, 7-1,(3S)-d2, 7-1,3,3-d3,
and 7-1,2,(3S)-d3 (Scheme 5) to check on ee values and to provide
more convenient visual readings of the quality of isotopic labeling
through 1H NMR spectroscopy.


Upfield 1H NMR spectra of methyl esters 7-1,(3S)-d2 and 7-
1,2,(3S)-d3 are displayed in Fig. 4. Both the very high degree
of deuterium incorporation at each relevant position and the
specific stereochemical disposition of deuterium at C3 in the esters
7-1,(3S)-d2 and 7-1,2,(3S)-d3 are apparent. The resonances for
residual protons at C1 and at C3 (cis to phenyl) at d 1.92 and 2.52,
respectively, are very minor.


Analyses by capillary GC using a column having a chiral
stationary phase, one known to separate the enantiomeric forms
of the trans methyl esters, failed to detect (1R,2R) esters. Only
a single GC peak was observed (Fig. 5). Thus the ee values of
the (1R)-menthol used to make the a-deuteriodiazoacetates and


Scheme 5 Methyl trans-2-phenylcyclopropanecarboxylates of high
stereochemical integrity.


Fig. 4 1H NMR spectra for 7-1,(3S)-d2 (top), 7-1,3,3-d3 (middle), and
7-1,2,(3S)-d3 (bottom), from 0 to 3 ppm. All three spectra include a singlet
at d 1.55 from adventitious water.


of the recrystallized labeled (1R)-menthyl ester cyclopropanation
products were very high, consistent with the given ee of 99% for
the commercial (1R,2S,5R)-(−)-menthol employed.
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Fig. 5 Analyses of methyl trans-2-phenylcyclopropanecarboxylates using
a Chiradex G-TA c-cyclodextrin capillary column. Upper left trace:
racemic unlabeled ester; upper right trace: racemic unlabeled ester plus
resolved 7-1-d-3-13C; lower traces, left and right: fully resolved esters
7-1-d-3-13C and 7-1,(3S)-d2 derived from crystalline (1R)-menthyl esters.


Conclusions


The condensations of (1R)-menthyl diazoacetate with isotopically
labeled styrenes in the presence of a chiral Cu(II) catalyst favor-
ing (1S,2S) trans-2-phenylcyclopropanecarboxylates give product
mixtures rich in the one diastereomer, and this diastereomer
may be secured efficiently in pure crystalline form through one
or at most two recrystallizations. The single enantiomer of the
diazoester does not contribute importantly to the diastereoselec-
tivity or enantioselectivity of the cyclopropanation reaction, but
it greatly facilitates securing a single pure diastereomer from the
reaction product mixture. Synthetically useful applications of this
new variant of a cyclopropanation promoted by an asymmetric
catalyst, pioneered by Noyori and Aratani, have provided multi-
gram quantities of isotopically labeled cyclopropanes with conve-
nience and fair efficiency. The functional groups at C1 and C2 in
these structures may be transformed into other useful substituents
through further synthetic steps, enhancing the practical utility of
this specific exploitation of the improved process. Others are likely
to follow.


Experimental


General


Proton and 13C NMR spectra were recorded in CDCl3 on a Bruker
DPX-300 spectrometer. Capillary GC analyses were obtained
using a 25 m × 2 mm 0.33 lm HP Ultra 2 column at 100 ◦C
for 10 min, then at 15 ◦C min−1 to 220 ◦C, then for 20 min at
220 ◦C.


(1S,2S)-(−)-1,2-Di(2,4,6-trimethylbenzylideneamino)-1,2-diph-
enylethane (4)19,20. This was prepared from (1S,2S)-(−)-1,2-
diamino-1,2-diphenylethane (1.5 g, 7.1 mmol) and mesitaldehyde
(2.4 g, 2.4 mL, 16.2 mmol), and was recrystallized twice from
absolute ethanol. The white product (3.5 g, 93.7%) had mp 145.5–
146.0 ◦C (lit.20 mp 150.5–151.0 ◦C); 1H NMR d 2.24 (s, 6 H);
2.28 (s, 12 H); 4.70 (s, 2 H); 6.77 (s, 4 H); 7.08–7.29 (m, 10 H);
8.59 (s, 2 H) (compare ref. 20).


(1S,2S)-(−)-1,2-Di(2,4,6-trimethylbenzylamino)-1,2-diphenylet-
hane (5). Reduction of 4 (3.5 g, 7.4 mmol) with NaBH4 (2.0 g,
53.3 mmol)19,20 and recrystallization from absolute ethanol
provided 5 (3.4 g, 96.6%) as a white solid, mp 135–136 ◦C (lit.20


mp 131–132 ◦C): 1H NMR d 2.07 (s, 12 H); 2.23 (s, 6 H); 3.37–3.56
(m, 4 H); 3.66 (s, 2 H); 6.77 (s, 4 H); 7.18 (s, 10 H) (compare ref.
20).


(1R)-Menthyl diazoacetate15,21,22. To a 2 L round-bottomed
flask were added glycine (50.0 g, 0.67 mol), (1R)-(−)-menthol
(123 g, 0.79 mol), p-toluenesulfonic acid (150 g, 0.79 mol), and
benzene (1 L). The solution was heated to reflux until the theoreti-
cal amount of water was collected (26 mL, 5 days) in a Dean–Stark
trap. The reaction mixture was cooled, filtered, and concentrated
at reduced pressure. The viscous oil that remained was dissolved
in ether (1.5 L), washed with saturated aqueous NaHCO3 (10 ×
300 mL), dried (MgSO4), filtered, and concentrated to yield 158 g
of crude glycinate product.


To a 2 L round-bottomed flask were added the crude glycinate
(158 g), benzene (1 L), isoamyl nitrite (90.8 g, 0.78 mol), and
acetic acid (12.7 g, 0.21 mol). The solution was stirred for 6 h at
reflux. At that time a ninhydrin test was negative. The mixture was
cooled to rt, washed with ice-cold 10% H2SO4 (250 mL), ice-cold
water (250 mL), ice-cold saturated NaHCO3 (250 mL), ice-cold
water (250 mL), and finally ice-cold brine (250 mL). The organic
solution was dried (Na2SO4), filtered, and concentrated to yield
155 g of an orange oil. The oil was chromatographed (silica, 9 : 1
hexanes–ethyl acetate) to give 96.1 g (64.4% for the two steps) of
(1R)-menthyl diazoacetate as a bright yellow solid: 1H NMR, see
spectrum in ESI file†, and compare ref. 15.


(1R)-Menthyl a-deuteriodiazoacetate15,23. To a 500 mL flame-
dried Morton flask were added CH2Cl2 (100 mL), (1R)-menthyl
diazoacetate (51.7 g, 230 mmol), D2O (12 mL, 99.9% D), 10%
NaOD in D2O (12 drops), and tetrabutylammonium bromide
(30 mg). The solution was stirred vigorously under argon for 24 h.
After that time, 10% NaOD in D2O (12 drops) was added and the
mixture was stirred for another 24 h. The mixture was transferred
to a separatory funnel and the aqueous layer was removed. The
organic layer was put back into the Morton flask and the exchange
procedure was repeated two more times. After the third deuterium
exchange, the organic solution was dried (MgSO4), filtered, and
concentrated to give 45.0 g (87.0%) of the a-deuteriodiazoester as
a yellow solid: 1H NMR, see spectrum in ESI file†, and compare
ref. 15.


Styrene-b-13C (6-b-13C)25,26. To a 250 mL round-bottomed
flask were added potassium tert-butoxide (3.9 g, 34.9 mmol), dry
ether (100 mL) and 13CH3PPh3I (13.0 g, 32.2 mmol; prepared37


from 13C-labeled iodomethane (5.0 g, 35.5 mmol, 99% 13C)). The
mixture was heated to reflux for 1 h under argon. At that time
benzaldehyde (3.4 g, 32.2 mmol) was added and the solution was
heated to reflux for 1 h. The reaction mixture was cooled to rt
and water (10 mL) was added with vigorous stirring. The organic
solution was removed and the aqueous layer was extracted with
pentane (3 × 30 mL). The organic layers were combined, dried
(Na2SO4), filtered, and concentrated by distillation to give 2.1 g
(63.4%) of styrene-b-13C (6-b-13C) as a 65% solution in pentane. A
small sample was purified by preparative GC (1.5-m, 10% SE-30,


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2777–2784 | 2781







85 ◦C): 1H NMR d 4.96 and 5.49 (ddd, J = 160.3, 10.9, 0.7 Hz,
1 H), 5.47 and 5.99 (ddd, J = 154.3, 17.6, 0.7 Hz, 1 H), 6.69 (dd,
J = 17.6, 10.9 Hz, 1 H), 7.18–7.47 (m, 5 H) (compare ref. 17); 13C
NMR d 113.8; MS m/z (rel. intensity) 105 (100, M+), 104 (74), 74
(55), 78 (81), 51 (45), 39 (19).


Triphenyltin hydride. This was prepared by reducing triph-
enyltin chloride (70.0 g, 182 mmol) with LiAlH4 (3.4 g, 90.5 mmol)
in ether (350 mL).27 The product (53.5 g, 84.1%), bp 163–166 ◦C
(2 mm) (lit.27 bp 162–168 ◦C (0.5 mm)), was obtained as a clear
oil.


trans-b-Triphenylstannylstyrene28,29. To a 500 mL round-
bottomed flask were added triphenyltin hydride (53.5 g,
153 mmol), dry toluene (400 mL), BEt3 (15.3 mL, 15.3 mmol, 1 M
solution in hexanes) and phenylacetylene (15.6 g, 153 mmol).38


The mixture was stirred for 1 h at rt under argon. At that
time the reaction mixture was quenched with water (100 mL).
The organic solution was removed and the aqueous layer was
extracted with ethyl acetate (2 × 40 mL). The organic layers were
combined, washed with brine (2 × 80 mL), dried (MgSO4), filtered
and concentrated to give a yellow solid. The yellow solid was
pulverized and washed with pentane (15 × 100 mL). The off-white
solid was dried under vacuum to give 50.9 g (73.4%) of trans-b-
triphenylstannylstyrene: 1H NMR d 7.09 (s, 2 H), 7.20–7.74 (m,
20 H) (compare ref. 28); mp 118–122 ◦C (lit.29 119–120 ◦C).


(E)-b-Deuteriostyrene (6-b-(E)-d)30–32. In a 500-mL round-
bottomed flask trans-b-triphenylstannylstyrene (17.0 g,
37.5 mmol) was suspended in freshly distilled ether (150 mL).
The flask was fitted with a 60 mL graduated addition funnel
and cooled to −78 ◦C. Phenyllithium (27.0 mL, 1.8 M in 70 : 30
cyclohexane–ether) was cannulated into the addition funnel and
then added to the reaction over 15 min. The solution was stirred
for 50 min at −78 ◦C under argon. After that time the temperature
was raised to −20 ◦C and CH3OD (2.6 mL, 63.4 mmol, 99.5% D)
was added. The reaction was slowly warmed to rt over 45 min.
The white suspension was suction-filtered using a Büchner funnel
fitted with coarse filter paper. The white precipitate in the Büchner
funnel was rinsed with pentane (125 mL). The resulting solution
was filtered a second time through a 7 : 1 Celite–MgSO4 (5.5 cm ×
8.0 cm) using pressure. The pad of Celite–MgSO4 was rinsed
with pentane (125 mL) and the organic solutions were combined
and partially concentrated by distillation using a 9 cm Vigreux
column. The resultant solution was stored at 0 ◦C for 24 h.
The white precipitate that formed was removed by filtering the
solution through a plug of cotton. The clear filtrate was distilled
under reduced pressure using a 3 cm column packed with glass
beads. Fraction 1 was mostly solvent (bp 65 ◦C (760–200 mm));
fraction 2 (bp 65 ◦C (200–135 mm)) gave 2.7 g (69.1%) of
(E)-b-deuteriostyrene (6-b-(E)-d) as an 86% solution in pentane.
A small sample of 6-b-(E)-d was purified by preparative GC
(1.5 m, 10% SE-30, 75 ◦C): 1H-NMR d 5.20–5.28 (dd, J = 11.3,
3.8 Hz, 1.1% of 1 H), 5.74 (d, J = 17.6 Hz, 1 H), 6.72 (d, J =
17.6 Hz, 1 H), 7.20–7.45 (m, 5 H) (compare ref. 30–32); MS m/z
(rel. intensity) 105 (100, M+), 104 (52), 79 (61), 78 (55), 51 (48), 39
(19).


1,1-d2-2-Phenylethanol. This was prepared by reducing methyl
phenylacetate (15.0 g, 100 mmol) with LiAlD4 (2.7 g, 65.0 mmol,
98% D) in THF (40 mL).33,34 There was obtained 10.6 g (85.5%) of


1,1-d2-2-phenylethanol as a clear oil: bp 65–67 ◦C (2 mm) (lit.39 bp
99.5 ◦C (10 mm) for the unlabeled compound); 1H NMR d 1.54–
1.63 (m, 1 H), 2.84 (s, 2 H), 7.16–7.38 (m, 5 H) (compare ref. 33
and 34); MS m/z (rel. intensity) 124 (31, M+), 92 (80), 91 (100), 65
(30), 51 (11), 39 (17).


b,b-Dideuteriostyrene (6-b,b-d2)30,33,35. To a 500 mL round-
bottomed flask were added 1,1-d2-2-phenylethanol (10.6 g,
85.5 mmol), CBr4 (31.1 g, 93.8 mmol) and Et2O (250 mL).36


When all of the CBr4 had dissolved, PPh3 (24.6 g, 93.8 mmol)
was added and the solution was stirred under nitrogen at rt
for 2 h. At that time the solution was filtered, the filtrate was
concentrated, and the concentrate was passed through a plug of
silica (hexanes). Concentration of the organic solution followed
by vacuum distillation gave 15.0 g (93.8%) of 1,1-d2-2-phenylethyl
bromide as a clear oil (bp 52 ◦C (2.0 mm), lit.40 bp 93–94 (13 mm)
for the unlabeled compound); 1H NMR d 3.15 (s, 2 H), 7.15–7.37
(m, 5 H); MS m/z (rel. intensity) 188:186 (21:21, M+), 107 (74), 91
(100), 51 (15), 39 (9).


Small pieces of sodium metal (5.0 g, 217 mmol) were added
slowly with vigorous stirring to a 250 mL round-bottomed flask
containing 75 mL of absolute ethanol at 0 ◦C. When all of the
sodium was consumed the solution was warmed to rt and 1,1-
d2-2-phenylethyl bromide (15.8 g, 84.5 mmol) was added. The
mixture was stirred for 3 h at rt under nitrogen. After that time
the solution was diluted with water (100 mL) and the aqueous
layer was extracted with pentane (3 × 100 mL). The organic layers
were combined, washed with water (3 × 50 mL), dried (MgSO4),
filtered, and concentrated by distillation to give 8.0 g (89.3%) of
b,b-dideuteriostyrene (6-b,b-d2) as a 28% solution in pentane. A
small sample was purified by preparative GC (1.5 m, 10% SE-30,
52 ◦C): 1H NMR d 6.71 (br s, 1 H), 7.21–7.45 (m, 5 H) (compare
refs. 30, 33 and 35); MS m/z (rel. intensity) 106 (100, M+), 105
(39), 80 (22), 79 (32), 51 (29), 39 (7).


Triphenyltin deuteride. This was prepared from triphenyltin
chloride (45.0 g, 117 mmol) and LiAlD4 (1.9 g, 45.2 mmol), and
was obtained as a clear oil of bp 158–162 ◦C (1 mm) in 89% yield.


(E)-a-Deuterio-b-triphenylstannylstyrene. This was made
from triphenyltin deuteride (36.4 g, 104 mmol) and phenylacetyl-
ene (10.6 g, 104 mmol) following the procedure used to make
trans-b-triphenylstannylstyrene. There was obtained 29.5 g
(62.5%) of (E)-a-deuterio-b-triphenylstannylstyrene, mp 119–
122 ◦C: 1H NMR d 7.08 (t, J = 2.5 Hz, 1 H), 7.20–7.74 (m, 20 H)
(compare ref. 28).


(E)-a,b-Dideuteriostyrene (6-a,b-(E)-d2). In a 500 mL round-
bottomed flask (E)-a-deuterio-b-triphenylstannylstyrene (17.0 g,
37.5 mmol) was suspended in freshly distilled ether (150 mL). The
procedure used to make 6-b-(E)-d was followed to provide 2.89 g
(72.6%) of cis-a,b-d2-styrene (6-a,b-(E)-d2). A small sample was
purified by preparative GC (1.5-m, 10% SE-30, 68 ◦C): 1H-NMR
d 5.20–5.26 (m, 1.5% of 1 H), 5.72 (t, J = 2.5 Hz, 1 H), 7.20–7.45
(m, 5 H) (compare ref. 15c and 30); MS m/z (rel. intensity) 106
(100, M+), 105 (59), 80 (47), 79 (67), 51 (44), 39 (19).


General procedure for (1R)-menthyl (1S,2S)-(+)-2-phenylcyclo-
propanecarboxylates10. To a 100 mL three-necked flask were
added Cu(OTf)2 (86.5 mg, 0.24 mmol), (1S,2S)-(−)-1,2-
di(2,4,6-trimethylbenzylamino)-1,2-diphenylethane (5, 350.3 mg,
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0.72 mmol) and 1,2-dichloroethane (12.5 mL, distilled from
CaH2). The blue solution was stirred for 10 min at rt under argon.
After that time phenylhydrazine (2.8 mL, 0.29 mmol) was added
and the solution turned orange. After stirring for 10 min, styrene
(2.5 g, 24.1 mmol) was added neat or as a pentane solution. (1R)-
Menthyl a-diazoacetate or (1R)-menthyl a-deuteriodiazoacetate
(10.8 g, 48.2 mmol) dissolved in 1,2-dichloroethane (18.8 mL)
was then added dropwise to the stirred solution using a syringe
pump, set at an addition rate of 0.67 mL h−1. Stirring was
continued for 30 min after the addition of the diazoacetate was
complete. Analysis of the crude reaction mixture by analytical
gas chromatography (Ultra 2) showed one dominant (85%) and
three other cyclopropane diastereomers (Fig. 1). The mixture
was partially concentrated and then purified by column chro-
matography (12 cm × 5 cm, silica gel, 40 : 1, pentane–ether) to
remove the fumarate and maleate esters. The fractions containing
the cyclopropane diastereomers were combined and concentrated
under reduced pressure. The yellow solid that remained was
recrystallized from 12.0 mL of absolute ethanol. After 2 days at
room temperature, the crystals were collected by suction filtration
and washed with cold absolute ethanol (50 mL). The white solid
was analyzed by capillary GC. If required, it was recrystallized
a second time from absolute ethanol. The homogeneous product
was dried under vacuum and shown to be a single cyclopropane
diastereomer 99.9% pure by analytical GC (Ultra 2) (Fig. 2).


General procedure for the formation of methyl esters. To a 5 mL
flask were added 25% NaOH (1 mL), methanol (1.5 mL), and (1R)-
menthyl (1S,2S)-(+)-2-phenylcyclopropanecarboxylate (300 mg,
1.0 mmol), and the mixture was heated to reflux for 3 h. After that
time the solution was cooled to rt, diluted with H2O (2 mL) and
extracted with ether (5 × 5 mL). The aqueous layer was acidified
with concentrated HCl (pH 3) and extracted with ether (5 × 5 mL).
The combined organic layers were dried (Na2SO4), filtered and
concentrated. Treatment of the concentrate with diazomethane41


gave the desired methyl ester.


(1R)-Menthyl (1S,2S)-(+)-2-phenylcyclopropanecarboxylate
and methyl (1S,2S)-(+)-2-phenylcyclopropanecarboxylate. Two
reactions using a total of 5.0 g (48 mmol) of styrene and
(1R)-menthyl diazoacetate were run, and product mixtures
were purified as described above to give 10.7 g (74%) of
(1R)-menthyl (1S,2S)-(+)-2-phenylcyclopropanecarboxylate as
fluffy white needles, mp 81–83 ◦C. A portion was hydrolyzed
and treated with diazomethane to yield methyl (1S,2S)-(+)-2-
phenylcyclopropanecarboxylate. Analysis by GC using a column
with a chiral stationary phase (G-TA c-cyclodextrin (Astec,
octakis(2,6-di-O-pentyl-3-trifluoroacetyl)-c-cyclodextrin), 10 m ×
0.25 mm × 0.125 lm film thickness, 70 ◦C for 27 min, inc.
8 ◦C min−1 to 110 ◦C, 110 ◦C for 5 min). No signal for the
(1R,2R) enantiomer was apparent, and the sample was judged to
be better than 99% ee (Fig. 5). A small sample of the methyl ester
was purified by preparative GC (1 m, 17% Carbowax, 198 ◦C):
1H NMR d 1.28–1.38 (m, 1 H), 1.56–1.66 (m, 1 H), 1.87–1.96
(m, 1 H), 2.48–2.59 (m, 1 H), 3.72 (s, 3 H), 7.05–7.35 (m, 5 H)
(compare ref. 9 and 42); 13C NMR d 17.0, 23.9, 26.3, 51.9,
126.2, 126.5, 128.5, 140.0, 173.9 (compare ref. 42); MS m/z (rel.
intensity) 176 (44, M+), 145 (20), 144 (42), 117 (100), 116 (48),
115 (98), 91 (38), 77 (10), 63 (12), 39 (17) (compare ref. 9 and
42). Another sample purified by preparative GC had [a]D +390 (c


0.26, CHCl3) (compare ref. 13, [a]D +335 (c 3.79, EtOH) for the
(1S,2S) isomer).


(1R)-Menthyl (1S,2S)-(+)-1-d-3-13C-2-phenylcyclopropanecar-
boxylate (1-1-d-3-13C) and methyl (1S,2S)-(+)-1-d-3-13C-2-phenyl-
cyclopropanecarboxylate (7-1-d-3-13C). Styrene-b-13C (6-b-13C,
10.08 g, 96.0 mmol) was reacted (in four installments) with
(1R)-menthyl a-deuteriodiazoacetate and purified as described
above to give 19.30 g (67%) of (1R)-menthyl) (1S,2S)-(+)-1-d-
3-13C-2-phenylcyclopropanecarboxylate (1-1-d-3-13C). A portion
was hydrolyzed and treated with diazomethane to yield methyl
(1S,2S)-(+)-1-d-3-13C-2-phenylcyclopropanecarboxylate (7-1-d-
3-13C). Analysis by GC using the G-TA c-cyclodextrin column
showed it to be better than 99% ee. A small sample was purified
by preparative GC: 1H NMR d 1.04 (dt, J = 163.8, 5.8, Hz, 0.5
H), 1.32 (ddd, J = 166.6, 9.3, 4.7 Hz, 0.5 H), 1.59 (dt, J = 163.8,
5.8 Hz, 0.5 H), 1.87 (ddd, J = 166.6, 9.3, 4.7 Hz, 0.5 H), 2.48–2.59
(m, 1 H), 3.72 (s, 3 H), 7.05–7.35 (m, 5 H).


(1R)-Menthyl (1S,2S)-(+)-1,(3R)-d2-2-phenylcyclopropanecar-
boxylate (1-1,(3S)-d2) and methyl (1S,2S)-(+)-1,(3R)-d2-2-phenyl-
cyclopropanecarboxylate (7-1,(3S)-d2). (E)-b-Deuteriostyrene
(6-b-(E)-d, 10.26 g, 97.7 mmol) was reacted (in four installments)
with (1R)-menthyl a-deuteriodiazoacetate and purified as
described above to give 20.75 g (71%) of (1R)-menthyl (1S,2S)-
(+)-1,(3S)-d2-2-phenylcyclopropanecarboxylate (1-1,(3S)-d2).
A portion of this ester was hydrolyzed and treated with
diazomethane to provide methyl (1S,2S)−(+)-1,(3R)-d2-2-
phenylcyclopropanecarboxylate (7-1,(3S)-d2). Analysis by GC
using a G-TA c-cyclodextrin column showed the methyl ester was
better than 99% ee. A small sample was purified by preparative
GC: 1H NMR d 1.31 (d, J = 6.4 Hz, 1 H), 2.52 (d, J = 6.4 Hz, 1
H), 3.72 (s, 3 H), 7.05–7.35 (m, 5 H).


(1R)-Menthyl (1S,2S)-(+)-1,3,3-d3-2-phenylcyclopropanecar-
boxylate (1-1,3,3-d3) and methyl (1S,2S)-(+)-1,3,3-d3-2-phenyl-
cyclopropanecarboxylate (7-1,3,3-d3). b,b-d2-Styrene (6-b,b-d2,
11.0 g, 103.8 mmol) was reacted (in four installments) with
(1R)-menthyl a-deuteriodiazoacetate and purified as described
above to give 19.99 g (64%) of (1R)-menthyl (1S,2S)-(+)-1,3,3-
d3-2-phenylcyclopropanecarboxylate (1-1,3,3-d3). A portion of
this ester was hydrolyzed and treated with diazomethane to yield
methyl (1S,2S)-(+)-1,3,3-d3-2-phenylcyclopropanecarboxylate. A
small sample of the methyl ester was purified by preparative GC:
1H NMR d 2.52 (s, 1 H), 3.72 (s, 3 H), 7.05–7.35 (m, 5 H).


(1R)-Menthyl (1S,2S)-(+)-1,2,(3S)-d3-2-phenylcyclopropane-
carboxylate (1-1,2,(3S)-d3) and methyl (1S,2S)-(+)-1,2,(3S)-d3-2-
phenylcyclopropanecarboxylate (7-1,2,(3S)-d3). cis-a,b-Dideu-
teriostyrene (6-a,b-(E)-d2, 10.27 g, 96.9 mmol) was reacted (in
four installments) with (1R)-menthyl a-deuteriodiazoacetate and
purified as described above to give 17.82 g (61%) of (1R)-menthyl
(1S,2S)-(+)-1,2,(3S)-d3-2-phenylcyclopropanecarboxylate (1-
1,2,(3S)-d3). More than 2.2 g of additional 1-1,2,(3S)-d3) of 99.9%
homogeneity was obtained through collecting and recrystallizing
a second crop of crystals. A portion of this ester was hydrolyzed
and treated with diazomethane to make a small sample of methyl
(1S,2S)-(+)-1,2,(3S)-d3-2-phenylcyclopropanecarboxylate (7-
1,2,(3S)-d3), which was purified by preparative GC: 1H NMR d
1.31 (s, 1 H), 3.72 (s, 3 H), 7.05–7.35 (m, 5 H) (compare ref. 15).
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The cleavage of two sugar epoxides, methyl 2,3-anhydro-a-D-mannopyranoside and 2,3-anhydro-a-D-
allopyranoside, with amines is presented as a method for preparing a library of 3-amino-sugars
(methyl 3-amino-3-deoxy-a-D-altropyranosides and methyl 3-amino-3-deoxy-a-D-glucopyranosides) as
potential glycosidase inhibitors. Several of the altropyranosides were micromolar inhibitors of bovine
liver b-galactosidase and almond b-glucosidase. X-Ray crystal structures were determined for one of
the methyl 3-amino-3-deoxy-a-D-altropyranosides, 4t, and one of the methyl
3-amino-3-deoxy-a-D-glucopyranosides, 6d.


Introduction


Glycosidase inhibitors1 are theraputic targets for several diseases
including diabetes, cancer and viral and bacterial infections.2


Furthermore, b-galactosidase is overexpressed in senescent cells
and this has been used as a biomarker of replicative senescence.3


Senescent cells do not undergo cell division, and are under
intensive investigation in research related to the ageing process
and cancer.


Many glycosidase inhibitors mimic charge in the transition state
of the natural substrate: either the oxocarbenium ion (with the
charge assumed to reside either on the endocyclic oxygen or the
anomeric carbon) or the conjugate acid of the glycoside in which
the exocyclic oxygen is protonated. The introduction of nitrogen
atoms is the most common method to mimic this charge. Notable
examples of naturally occuring mimics of exocyclic charge4 are
trehalozin, allosamidine, acarbose and mannostatin A.


Library synthesis is a key tool of medicinal chemistry, but
simple methods for synthesising libraries of analogous potential
glycosidase inhibitors are quite rare. The chemistry available to
assemble such libraries is limited to amide coupling,5 simple imine
formation6 and an approach using a sugar aldehyde in the Strecker
reaction.7 Moreover, the structures of glycosidase inhibitors are
often based on iminosugars or aminocyclopentitols, which require
several synthetic steps to prepare.


We wished to investigate a different approach to the synthesis of
glycosidase inhibitors. Sugar epoxides8 (e.g. 2,3-anhydro sugars)
undergo trans-diaxial ring opening when treated with amines,9–14


and our aim was to exploit this green, solvent-free reaction using
different amines to give a library of potential glycosidase inhibitors
in which the amino group might mimic the protonated form of the
exocyclic oxygen.


We present here an investigation of this reaction using simple
primary amines and diamines, giving a new method for the
synthesis of 3-amino-sugars as potential glycosidase inhibitors.


aDepartment of Chemistry, The University of Leicester, Leicester, LE1 7RH,
UK. E-mail: kin@le.ac.uk; Fax: +44 (0)116 2523789; Tel: +44 (0)116
2522124
bMolecular Nature Ltd, Plas Gogerddan, Aberystwyth, Ceredigion, SY23
3EB, UK


Results and discussion


Epoxide cleavage


The epoxide, methyl 2,3-anhydro-4,6-O-benzylidene-a-D-manno-
pyranoside 1, was prepared from methyl 4,6-O-benzylidene-a-D-
glucopyranoside using an adaptation of the method of Fraser-
Reid.15 Deprotection of 1 in acetic acid gave methyl 2,3-anhydro-
a-D-mannopyranoside 2.16


4,6-O-Benzylidene-protected epoxide 1 was used in our prelim-
inary investigation. The epoxide was heated in a sealed tube with
a 2- or 3-fold excess of the corresponding diamine without solvent
to give 3a–c. The orientation of the addition was confirmed by
measurements of coupling constants in the 1H NMR spectrum
as the 3-substituted altropyranosides resulting from the expected
trans-diaxial epoxide cleavage. The protected epoxide 1 is fixed in
the 0H5 (half-chair) conformation as depicted in Table 1, which
causes the trans-diaxial epoxide cleavage to occur exclusively at
the 3-position, giving 3-amino-a-D-altropyranoside products.


Next, the deprotected epoxide, methyl 2,3-anhydro-a-D-
mannopyranoside 2, was subjected to the same conditions.
Initially, one equivalent or an excess of diamine was used, and
the adducts 4a–f were obtained in moderate yields (Table 1). The
reaction was also performed with a range of primary mono-amines
to give 4g–v in good to excellent yields. Again, the products were
3-amino-3-deoxy-a-D-altropyranoside derivatives resulting from
trans-diaxial cleavage of the 0H5 epoxide. The deprotected epoxide
2 is not conformationally constrained, but only the 3-amino-3-
deoxy-altropyranoside resulting from trans-diaxial cleavage of the
0H5 epoxide is observed (none of the 2-amino-glucopyranoside
that would result from trans-diaxial opening of the 5H0 conformer
is obtained). The 4C1 conformation was confirmed in the solid
state by X-ray crystallographic analysis of 4t (Fig. 1). On the
other hand, the 1H NMR spectra of most of the compounds 4a–v
were consistent with at least a considerable contribution from the
1C4 conformation (e.g. 4a; dH (250 MHz, D2O) 4.71 ppm (1 H, d,
J 3.6, H-1); cf. 3a; dH (250 MHz, CDCl3), 4.60 ppm (1 H, s, H-
1), constrained in the 4C1 conformation by the 4,6-O-benzylidene
protecting group).


The allose epoxide methyl 2,3-anhydro-a-D-allopyranoside 5
was prepared according to the method of Richtmyer17 and heated
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Table 1 Epoxide cleavage of methyl 2,3-anhydro-4,6-O-benzylidene-a-
D-mannopyranoside 1 and methyl 2,3-anhydro-a-D-mannopyranoside 2
using amines


R′a Reaction time/h Temp/◦C Yield (%)


3a H2N(CH2)2
b 19 100 28


3b H2N(CH2)3
c 19 100 49


3c H2N(CH2)4
c 24 100 57


4a H2N(CH2)2
d 24 120 40


4b H2N(CH2)3
e 20 100 74


4c H2N(CH2)4
b 24 120 87


4d H2N(CH2)5
d 20 120 44


4e H2N(CH2)6
d 24 110 30


4f H2N(CH2)7
d 24 110 31


4g CH2=CHCH2 24 100 92
4h CH3(CH2)3 24 100 92
4i HO(CH2)4 24 100 77
4j PhCH2


d 19 110 75
4k Ph(CH2)3


f 24 120 68
4l Ph(CH2)4


b 72 125 94
4m 31 100 92


4n 18 100 60


4o 24 100 92


4p 24 100 85


4q 24 100 98


4r 24 100 72


4s 24 100 86


4t 24 100 92


4u 24 100 96


4v 24 100 86


a 1.1 Equivalents of amine unless stated otherwise. b 3 Equivalents. c 4
Equivalents. d 1.0 Equivalents. e 8 Equivalents. f 1.2 Equivalents.


under the above conditions (Table 2) with a range of primary
mono-amines. The 3-amino-a-D-glucopyranoside products 6a–d
were obtained in moderate yields and the 4C1 conformation was
confirmed for 6d in the solid state by X-ray crystallography (Fig. 1)
and NMR spectroscopy.


Epoxide cleavage of conformationally unconstrained 2,3-
anhydro-a-D-allopyranosides generally gives 3-amino-gluco-


Fig. 1 ORTEP drawings of X-ray structures of 4t and 6d showing the
atom label scheme and 50% displacement ellipsoids.


Table 2 Epoxide cleavage of methyl 2,3-anhydro-a-D-allopyranoside 5
using amines


R Yield (%)


6a HO(CH2)4 66
6b 38


6c 65


6d 69


pyranosides. This results from an initially formed 1C4 glu-
copyranoside due to trans-diaxial epoxide cleavage in the 5H0


conformation.9–11 A ring flip gives the 4C1 conformer. The pref-
erence for such reactions to occur in the 5H0 conformation of the
epoxide, giving 3-substituted altropyranoside products, has been
attributed to the relief of the 1,3-trans interaction between the
glycosidic methoxy group and H-5,9 as well as stabilisation of
the transition state by hydrogen bonding between the 4-hydroxyl
and the epoxide ring oxygen.11 The outcomes of epoxide cleavage
reactions using HNMe2 with 518 and an analagous epoxide
in which the 4-hydroxyl is absent19 do not support this latter
hypothesis, since more of the 3-amino adduct (resulting from the
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5H0 conformer) was obtained in the absence of the 4-hydroxyl (a
1 : 1.5 ratio of 2-amino to 3-amino adducts, compared to a 1 : 1
ratio for 5).


Glycosidase inhibition


Inhibition assays were performed on 4a–v using bovine liver b-
galactosidase, and 4c, k and l showed promising results (IC50 =
150, 70 and 90 lM respectively). 4h, j, k, l and t also showed a high
percentage inhibition of b-glucosidase from almonds (Prunus sp.)
(76, 80, 76, 86 and 68% respectively at 1 mg mL−1). The compounds
were not active against a-glucosidase (Saccharomyces cerevisiae),
a-galactosidase (green coffee beans), N-acetyl-b-glucosamidase
(bovine kidney), naringinase (preparation of a-rhamnosidase and
approx. 10% b-glucosidase from Penicillium decumbens) or a-
mannosidase (jack bean, Canavalia ensiformis). These results
demonstrate the importance of the functionality in the amino
side chains of these structures, and it is notable that several of the
active compounds bear a phenyl group in this side chain.


The nitrogen atom in this type of glycoside inhibitor might be
considered to mimic the protonated form of the exocyclic oxygen
atom in the a or b position of the natural substrate, i.e. early
transition-state analogues. The anomeric selectivity observed (a-
glucosidase vs. b-glucosidase) is consistent with the previously
reported observation that glycosidase inhibitors display anomeric
selectivity according to the orientation of the amino group that
mimics the anomeric substituent.20,21 In fact, the extent of this
effect depends on the size of the substituent attached to the
nitrogen.22,23 If we assume that our inhibitors are transition state
analogues of this type (the amino groups acting as mimics for
the protonated form of the exocyclic glycoside oxygen atom)
this anomeric selectivity, and, indeed, the fact that glycosidase
inhibition was observed at all, supports the NMR evidence (vide
supra) that, contrary to the 4C1 configuration observed for 4t in the
solid state by X-ray crystalography, these compounds may exist,
at least to some extent, as the 1C4 conformers in solution (Fig. 2).


Fig. 2 In their 1C4 conformation, 3-amino-3-deoxy-a-D-altropyranosides
mimic protonated b-glycosides.


Conclusions


We have presented the synthesis of 29 potential glycosidase
inhibitors using an operationally simple, solvent-free reaction


that has potential as a method of preparing larger libraries
of glycosidase inhibitors. Evaluation of their activity against
glycosidase enzymes revealed some promising results, the best
inhibitor being 4k, for which an IC50 value of 70 lM was recorded
against b-galactosidase from bovine liver. Current work in our
laboratory is aimed at further investigating the potential of this
epoxide cleavage reaction.


Experimental


General


Amines were used as received from Aldrich. Flash column
chromatography24 was performed on Sorbil C-60 silica gel (Cross-
field Chemicals) 40–60 lm. Thin layer chromatography analysis
was conducted on pre-coated, aluminium-backed sheets (60–254)
with a 0.2 mm thickness manufactured by Merck and Co. Melting
points were measured on a Köfler block and are uncorrected.
Infrared spectra were recorded using a Perkin–Elmer FT-IR
spectrophotometer, and signals are referred to as strong (s),
medium (m), weak (w) or broad (br). Optical rotations were
recorded on a Perkin–Elmer 341 polarimeter. NMR spectra were
recorded on Bruker ARX 250, AM 300 or DRX 400 spectrometers.
Chemical shifts are given in ppm and coupling constants J are
given in Hertz (Hz).


Crystal structure determinations


A single crystal of 4t was obtained by recrystallisation from
dichloromethane–methanol, mounted in inert oil and transferred
to the cold gas stream of the diffractometer. Crystal data:
C13H26N2O6, M = 306.36, orthorhombic, a = 10.2890(1), b =
20.1092(2), c = 7.4282(4) Å, U = 1536.92(9) Å3, T = 120(2) K,
space group P21212, Z = 4, absorption coefficient = 0.104 mm−1,
12 656 reflections measured, 2690 unique (Rint = 0.0470). The final
wR(F 2) was 0.0792 for all data. CCDC reference number 604070.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b605916c


A single crystal of 6d was obtained by recrystallisation from
dichloromethane–methanol, mounted in inert oil and transferred
to the cold gas stream of the diffractometer. Crystal data:
C12H19NO6, M = 273.28, monoclinic, a = 9.8736(13), b =
6.0745(8), c = 11.7121(16) Å, U = 651.58(15) Å3, T = 290(2) K,
space group P21, Z = 2, absorption coefficient = 0.112 mm−1, 4786
reflections measured, 2268 unique (Rint = 0.0320). The final wR(F 2)
was 0.0792. CCDC reference number 604071. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b605916c


General method for epoxide cleavage


The epoxide and excess amine were placed in a Young’s tube
and heated. After the specified time, the reaction was cooled and
disolved in DCM or methanol. The solution was concentrated
under reduced pressure and the residue was purified by flash
column chromatography using the eluents specified below.


Methyl 3-(2-amino-ethylamino)-4,6-O-benzylidene-3-deoxy-a-
D-altropyranoside (3a). The general method was followed, using
epoxide 1 (824 mg, 3.12 mmol) and ethylenediamine (625 lL,
9.36 mmol), which were heated for 19 h at 100 ◦C. Column


2726 | Org. Biomol. Chem., 2006, 4, 2724–2732 This journal is © The Royal Society of Chemistry 2006







chromatography (dichloromethane–2 M ammonia in methanol,
7 : 3 v/v) gave 3a as an orange oil (278 mg, 28%); [a]20


D +106 (c 1.5
in MeOH); mmax(neat)/cm−1 3375w, 2914m, 1660m; dH (250 MHz,
CDCl3) 2.63–2.80 (3 H, m, H2NCH2, HNCHH), 2.89–2.99 (1 H,
m, HNCHH), 3.14 (1 H, s, H-3), 3.36 (3 H, s, OMe), 3.77 (1 H,
t, J 10.0, 6ax-H), 3.86 (4 H, br s, NH2, NH, OH), 3.94 (1 H, s,
H-2), 4.02–4.14 (2 H, m, H-4, H-5), 4.25–4.30 (1 H, dd, J 10.0,
4.5, 6eq-H), 4.60 (1 H, s, H-1), 5.54 (1 H, s, PhCH), 7.32–7.37
(3 H, m, Ph), 7.42–7.46 (2 H, m, Ph); dC (62.9 MHz, CDCl3) 41.4
(CH2), 48.7 (CH2), 55.8 (CH3, OMe), 59.1 (CH, C-3), 59.2 (CH,
C-5), 69.3 (CH, C-2), 69.8 (CH2, C-6), 78.0 (CH, C-4), 102.4 (CH,
CHPh), 102.9 (CH, C-1), 126.5 (CH, Ph), 128.7 (CH, Ph), 129.4
(CH, Ph), 138.0 (C, Ph); m/z (FAB) 325 (MH+, 100%); found
MH+, 325.1764, C16H25N2O5 requires 325.1764.


Methyl 3-(3-amino-propylamino)-4,6-O-benzylidene-3-deoxy-a-
D-altropyranoside (3b). The general method was followed using
epoxide 1 (788 mg, 2.98 mmol) and 1,3-diaminopropane (995 lL,
11.92 mmol), which were heated for 19 h at 100 ◦C. Column
chromatography (dichloromethane–2 M ammonia in methanol,
7 : 3 v/v) gave 3b as an orange oil (490 mg, 49%); [a]20


D +102 (c 1.4
in MeOH); mmax(neat)/cm−1 3310w, 2911m, 1627w; dH (250 MHz,
CDCl3) 1.60 (2 H, app quintet, J 6.3, HNCH2CH2), 2.72–2.89
(4 H, m, HNCH2, H2NCH2), 3.13 (1 H, app s, H-3), 3.15–3.27
(4 H, br s, NH2, NH, OH), 3.35 (3 H, s, OMe), 3.71–3.81 (1 H,
m, 6ax-H), 3.93 (1 H, d, J 1.6, H-2), 4.04–4.15 (2 H, m, H-4, H-5),
4.26–4.30 (1 H, m, 6eq-H), 4.59 (1 H, s, H-1), 5.56 (1 H, s, PhCH),
7.32–7.37 (3 H, m, Ph), 7.43–7.47 (2 H, m, Ph); dC (62.9 MHz,
CDCl3) 32.6 (CH2), 40.7 (CH2), 46.9 (CH2), 55.7 (CH3, OMe),
59.2 (CH, C-3), 59.3 (CH, C-4), 69.2 (CH, C-2), 69.9 (CH2, C-6),
78.2 (CH, C-5), 102.5 (CH, CHPh), 103.0 (CH, C-1), 126.6 (CH,
Ph), 128.6 (CH, Ph), 129.4 (CH, Ph), 138.2 (C, Ph); m/z (FAB)
339 (MH+, 100%); found MH+, 339.1919, C17H27N2O5 requires
339.1920.


Methyl 3-(4-amino-butylamino)-4,6-O-benzylidene-3-deoxy-a-
D-altropyranoside (3c). The general method was followed, using
epoxide 1 (1.229 g, 4.66 mol) and 1,4-diaminobutane (1.64 g,
18.64 mmol), which were heated for 24 h at 100 ◦C. Column
chromatography (dichloromethane–2 M ammonia in methanol,
7 : 3 v/v) gave 3c as a yellow oil (925 mg, 57%); [a]20


D +98
(c 0.9 in MeOH); mmax(neat)/cm−1 3355w, 2927m, 2859m, 1379m,
1099s, 1040s, 967s, 699s; dH (250 MHz, CDCl3) 1.59–1.76 (4 H, m,
HNCH2CH2, H2NCH2CH2), 2.79–2.89 (2 H, m, HNCH2), 2.90–
3.10 (2 H, m, H2NCH2), 3.33 (1 H, s, H-3), 3.44 (4 H, br s, NH2,
NH, OH), 3.56 (3 H, s, OMe), 3.97 (1 H, t, J 9.6, 6ax-H), 4.12 (1 H,
d, J 1.6, H-2), 4.22–4.35 (2 H, m, H-4, H-5), 4.49 (1 H, dd, J 9.6,
4.6, 6eq-H), 4.76 (1 H, s, H-1), 5.76 (1 H, s, PhCH), 7.52–7.58 (3 H,
m, Ph), 7.64–7.67 (2 H, m, Ph); dC (62.9 MHz, CDCl3) 27.8 (CH2),
31.0 (CH2), 41.9 (CH2), 48.8 (CH2), 55.8 (CH3, OMe), 59.1 (CH,
C-3), 59.2 (CH, C-4), 69.6 (CH, C-2), 69.8 (CH2, C-6), 78.2 (CH,
C-5), 102.5 (CH, CHPh), 102.8 (CH, C-1), 126.5 (CH, Ph), 128.6
(CH, Ph), 129.3 (CH, Ph), 138.1 (C, Ph); m/z (FAB) 353 (MH+,
100%); found MH+, 353.2076, C18H29N2O5 requires 353.2077.


Methyl-3-(2-amino-ethylamino)-3-deoxy-a-D-altropyranoside
(4a). The general method was followed, using epoxide 2 (250 mg,
1.42 mmol) and ethylenediamine (95 lL, 1.42 mmol), which
were heated at 120 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 1 : 1 v/v) gave


4a (133 mg, 40%) as a yellow oil; [a]20
D +27 (c 0.4 in MeOH);


mmax(neat)/cm−1 3360s, 2492m, 1644m, 1449m; dH (250 MHz, D2O)
2.75–2.87 (4 H, m, NH2CH2CH2NH, NH2CH2CH2NH), 2.92
(1 H, app t, J 5.5, H-3), 3.51 (3 H, s, OMe), 3.80–3.95 (4 H,
m, H-2, H-5, 2 × H-6), 3.99 (1 H, app t, J 5.5, H-4), 4.71 (1 H, d,
J 3.6, H-1); dC (75.7 MHz, D2O) 40.48 (CH2), 49.02 (CH2), 55.85
(CH3, OMe), 59.36 (CH, C-3), 61.18 (CH2, C-6), 63.83 (CH, C-2),
68.46 (CH, C-5), 72.76 (CH, C-4), 101.65 (CH, C-1); m/z (ES)
237 (MH+, 100%); found MH+, 237.1450, C9H21N2O5 requires
237.1451.


Methyl-3-(3-amino-propylamino)-3-deoxy-a-D-altropyranoside
(4b). The general method was followed, using epoxide 2 (209 mg,
1.19 mmol) and 1,3-diaminopropane (825 lL, 9.88 mmol), which
were heated at 100 ◦C for 20 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 1 : 1 v/v) gave
4b (221 mg, 74%) as a yellow oil; [a]20


D +93 (c 0.7 in MeOH);
mmax(neat)/cm−1 3301m, 2920m, 1568m; dH (400 MHz, D2O) 1.62
(2 H, app quintet, J 7.0, CH2CH2CH2), 2.67 (2 H, dd, J 7.0, 2.1,
CH2CH2NH), 2.72 (2 H, app tt, J 7.0, 2.1, NH2CH2CH2), 2.77
(1 H, app dt, J 5.0, 1.3, H-3), 3.37 (3 H, s, OMe), 3.67–3.75 (3 H,
m, H-2, 2 × H-6), 3.78 (1 H, dt, J 7.0, 3.3, H-5), 3.87 (1 H, dd,
J 7.0, 5.0, H-4), 4.57 (1 H, d, J 3.6, H-1); dC (62.9 MHz, D2O)
30.6 (CH2), 39.1 (CH2), 45.4 (CH2), 55.9 (CH3, OMe), 59.4 (CH,
C-3), 61.2 (CH2, C-6), 63.9 (CH, C-4), 68.5 (CH, C-2), 72.9 (CH,
C-5), 101.7 (CH, C-1); m/z (FAB) 251 (MH+, 100%); found MH+,
251.1607, C10H23N2O5 requires 251.1607.


Methyl-3-(4-amino-butylamino)-3-deoxy-a-D-altropyranoside
(4c). The general method was followed, using epoxide 2 (121 mg,
0.68 mmol) and 1,4-diaminobutane (205 lL, 2.04 mmol), which
were heated at 120 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 9 : 1 v/v) gave
4c (155 mg, 87%) as a yellow oil; [a]20


D +50 (c 1.0 in MeOH);
mmax(neat)/cm−1 3329m, 2925m, 1469m; dH (300 MHz, D2O) 1.18–
1.26 (4 H, m, NHCH2CH2CH2, CH2CH2NH2) 2.35–2.42 (4 H, m,
NHCH2CH2, CH2CH2NH2) 2.56 (1 H, dd, J 4.5, 1.5, H-3), 3.17
(3 H, s, OMe), 3.45–3.54 (3 H, m, H-2, 2 × H-6), 3.57 (1 H, dd, J
7.0, 3.0, H-5), 3.65 (1 H, dd, J 7.0, 4.4, H-4), 4.35 (1 H, d, J 3.6,
H-1); dC (75.5 MHz, D2O) 26.3, 29.2 (2 × CH2), 40.3 (CH2), 47.0
(CH2), 55.5 (CH3, OMe), 58.9 (CH, C-3), 60.7 (CH2, C-6), 63.5
(CH, C-4), 68.2 (CH, C-2), 72.7 (CH, C-5), 101.3 (CH, C-1); m/z
(FAB) 265; found MH+, 265.1764, C11H25N2O5 requires 265.1763.


Methyl-3-(5-amino-pentylamino)-3-deoxy-a-D-altropyranoside
(4d). The general method was followed, using epoxide 2 (230 mg,
1.31 mmol) and 1,5-diaminopentane (154 lL, 1.31 mmol), which
were heated at 120 ◦C for 20 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 1 : 1 v/v) gave 4d
(121 mg, 44%) as a yellow/orange oil; [a]20


D +135 (c 1.5 in MeOH);
mmax(neat)/cm−1 3325m, 2927m, 2858w, 1568m; dH (250 MHz,
D2O) 1.39–1.48 (2 H, m, HNCH2CH2CH2), 1.52–1.62 (4 H, m,
HNCH2CH2, H2NCH2CH2), 2.68–2.79 (4 H, m, HNCH2CH2,
H2NCH2CH2), 2.92 (1 H, dt, J 4.0, 1.8, H-3), 3.52 (3 H, s, OMe),
3.83–3.87 (2 H, m, H-6), 3.89 (1 H, d, J 3.7, H-2), 3.93 (1 H, dd,
J 7.0, 3.0, H-5), 4.01 (1 H, dd, J 7.0, 4.0, H-4), 4.71 (1 H, d, J 3.7,
H-1); dC (75.7 MHz, D2O) 24.0 (CH2), 28.9 (CH2), 30.9 (CH2),
40.6 (CH2), 47.5 (CH2), 55.9 (CH3, OMe), 59.3 (CH, C-3), 61.1
(CH2, C-6), 63.9 (CH, C-2), 68.6 (CH, C-4), 73.1 (CH, C-5), 101.7
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(CH, C-1); m/z (FAB) 279 (MH+, 100%); found MH+, 279.1919,
C12H27N2O5 requires 279.1920.


Methyl-3-(6-amino-hexylamino)-3-deoxy-a-D-altropyranoside
(4e). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and hexamethylenediamine (66 mg, 0.57 mmol),
which were heated at 110 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 7 : 3 v/v) gave
4e (49 mg, 30%) as a yellow oil; [a]20


D +161 (c 1.0 in MeOH);
mmax(neat)/cm−1 3327m, 2926s, 1564m, 1464s; dH (250 MHz, D2O)
1.27–1.35 (4 H, m, HNCH2CH2CH2, H2NCH2CH2CH2), 1.40–
1.54 (4 H, m, HNCH2CH2CH2, H2NCH2CH2CH2), 2.55–2.66
(2 H, app q, J 3.0, HNCH2CH2), 2.72–2.81 (3 H, m, H-3,
H2NCH2CH2), 3.39 (3 H, s, OMe), 3.67–3.73 (2 H, m, 2 × H-
6), 3.75 (1 H, d, J 3.0, H-2), 3.80 (1 H, dt, J 6.7, 3.0, H-5), 3.88
(1 H, dd, J 6.7, 4.0, H-4), 4.58 (1 H, d, J 3.0, H-1); dC (62.9 MHz,
D2O) 26.0 (CH2), 26.4 (CH2), 29.0 (CH2), 29.6 (CH2), 40.4 (CH2),
47.5 (CH2), 55.9 (CH3, OMe), 59.3 (CH, C-3), 61.2 (CH2, C-6),
64.0 (CH, C-4), 68.6 (CH, C-2), 73.2 (CH, C-5), 101.7 (CH, C-1);
m/z (FAB) 293 (MH+, 100%); found MH+, 293.2077, C13H29N2O5


requires 293.2076.


Methyl-3-(7-amino-heptylamino)-3-deoxy-a-D-altropyranoside
(4f). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and 1,7-diaminoheptane (74 mg, 0.57 mmol), which
were heated at 110 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 7 : 3 v/v)
gave 4f (55 mg, 31%) as a yellow oil; [a]20


D +61 (c 1.2 in
MeOH); mmax(neat)/cm−1 3329m, 2919m, 2849m, 1646s, 1260w;
dH (250 MHz, D2O) 1.29 (6H, m, HNCH2CH2CH2, HNCH2CH2-
CH2CH2, H2NCH2CH2CH2), 1.40–1.52 (4 H, m, HNCH2CH2,
H2NCH2CH2), 2.55–2.66 (2 H, m, H2NCH2CH2), 2.73 (1 H, t, J
7.0, HNCHHCH2), 2.79 (1 H, t, J 4.0, H-3), 2.95 (1 H, t, J 7.0,
HNCHHCH2), 3.39 (3 H, s, OMe), 3.67–3.74 (2 H, m, 2 × H-6),
3.76 (1 H, d, J 3.6, H-2), 3.81 (1 H, ddd, J 9.6, 4.0, 2.3, H-5), 3.89
(1 H, dd, J 7.0, 4.0, H-4), 4.59 (1 H, d, J 3.6, H-1); dC (62.9 MHz,
D2O) 26.2 (CH2), 26.6 (CH2), 28.6 (CH2), 29.0 (CH2), 29.5 (CH2),
40.4 (CH2), 47.6 (CH2), 55.9 (CH3, OMe), 59.3 (CH, C-3), 61.2
(CH2, C-6), 63.9 (CH, C-4), 68.6 (CH, C-2), 73.2 (CH, C-5), 101.7
(CH, C-1); m/z (FAB) 307 (MH+, 68%) 185 (100) 174 (34); found
MH+, 307.2233, C14H31N2O6 requires 307.2233.


Methyl-3-allylamino-3-deoxy-a-D-altropyranoside (4g). The
general method was followed, using epoxide 2 (100 mg, 0.57 mmol)
and allylamine (47 lL, 0.62 mmol), which were heated at 100 ◦C
for 24 h. Column chromatography (dichloromethane–2 M
ammonia in methanol, 17 : 3 v/v) gave 4g (122 mg, 92%) as a
yellow oil; [a]20


D +135 (c 1.0 in MeOH); mmax(neat)/cm−1 3334m,
2917m, 1644w; dH (250 MHz, C6D6) 3.37 (1 H, d, J 5.0, H-3), 3.42
(3 H, s, OMe), 3.58 (2 H, dd, J 13.8, 6.2, HNCH2), 3.79 (1 H,
dt, J 10.0, 3.0, H-5), 4.27–4.32 (2 H, m, H-2, H-6), 4.42 (1 H,
ddABX, pseudo J 12.0, 3.0, H-6), 4.53 (1 H, dd, J 10.0, 5.0, H-4),
5.08 (1 H, s, H-1), 5.31 (1 H, dd, J 10.2, 1.6, CH=CHH), 5.43
(1 H, dd, J 17.1, 1.6, CH=CHH), 6.09 (1 H, ddt, J 17.1, 10.2,
6.2, CH2CH=CH2); dC (62.9 MHz, C6D6) 51.8 (CH2), 55.5 (CH3,
OMe), 59.9 (CH, C-3), 61.8 (CH, C-4), 62.7 (CH2, C-6), 68.1
(CH, C-2), 70.9 (CH, C-5), 102.6 (CH, C-1), 116.6 (CH2), 137.7
(CH); m/z (FAB) 234 (MH+, 100%), 202 (40), 160 (20); found
MH+, 234.1342, C10H20NO5 requires 234.1342.


Methyl-3-(butylamino)-3-deoxy-a-D-altropyranoside (4h). The
general method was followed, using epoxide 2 (100 mg, 0.57 mmol)
and butylamine (61 lL, 0.62 mmol), which were heated at 100 ◦C
for 24 h. Column chromatography using dichloromethane–2 M
ammonia in methanol (19 : 1 v/v) as the eluent gave 4h (130 mg,
92%) as an orange oil; [a]20


D +127 (c 1.3 in MeOH); mmax(neat)/cm−1


3339m, 2928m; dH (250 MHz, C6D6) 1.08 (3 H, t, J 7.1, CH3CH2),
1.45 (2 H, m, J 7.1, CH3CH2), 1.54–1.64 (2 H, m, HNCH2CH2),
2.64 (1 H, app quintet, J 6.2, HNCHH), 2.94 (1 H, app quintet, J
6.2, HNCHH), 3.28 (1 H, app t, J 3.8, H-3), 3.39 (3 H, s, OMe),
3.72 (1 H, app dt, J 9.9, 3.9, H-5), 4.23–4.27 (2 H, m, H-2, H-6),
4.37 (1 H, ddABX, pseudo J 12.0, 3.9, H-6), 4.47 (1 H, dd, J 9.9,
5.2, H-4), 5.03 (1 H, s, H-1); dC (62.9 MHz, C6D6) 14.5 (CH3), 21.0
(CH2), 33.4 (CH2), 49.0 (CH2), 55.5 (CH3, OMe), 60.8 (CH, C-3),
61.6 (CH, C-4), 62.8 (CH2, C-6), 68.1 (CH, C-2), 70.9 (CH, C-5),
102.6 (CH, C-1); m/z (FAB) 250 (MH+, 100%) 218 (54); found
MH+, 250.1655, C11H24NO5 requires 250.1655.


Methyl-3(4-hydroxy-butylamino)-3-deoxy-a-D-altropyranoside
(4i). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and 4-amino-1-butanol (57 lL, 0.62 mmol), which
were heated at 100 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 7 : 3 v/v) gave 4i
(117 mg, 77%) as a yellow/orange oil; [a]20


D +112 (c 1.7 in MeOH);
mmax(neat)/cm−1 3331m, 2931m, 2482w; dH (250 MHz, D2O) 1.55–
1.71 (4 H, m, HNCH2CH2, HOCH2CH2), 2.71–2.85 (2 H, m,
NHCH2), 2.93 (1 H, dd, J 6.2, 4.4, H-3), 3.52 (3 H, s, OMe), 3.69
(2 H, t, J 6.1, HOCH2CH2), 3.80–3.87 (2 H, m, H-6), 3.88 (1 H,
d, J 3.0, H-2), 3.93 (1 H, dd, J 6.7, 3.0, H-5), 4.02 (1 H, dd, J
6.7, 4.4, H-4), 4.71 (1 H, d, J 3.0, H-1); dC (75.7 MHz, D2O) 25.8
(CH2), 29.5 (CH2), 47.3 (CH2), 55.8 (CH3, OMe), 59.2 (CH, C-3),
61.1 (CH2, C-6), 61.8 (CH2), 63.8 (CH, C-4), 68.4 (CH, C-2), 73.0
(CH, C-5), 101.6 (CH, C-1); m/z (FAB) 266 (MH+, 100%); found
MH+, 266.1603, C11H24NO6 requires 266.1604.


Methyl-3-(benzylamino)-3-deoxy-a-D-altropyranoside (4j).
The general method was followed, using epoxide 2 (182 mg,
1.03 mmol) and benzylamine (113 lL, 1.03 mmol), which
were placed in a Young’s tube and stirred at 110 ◦C for 19 h.
Column chromatography with dichloromethane–2 M ammonia
in methanol (2 : 3 v/v) as the eluent gave 4j (218 mg, 75%) as a
yellow oil; [a]20


D +160 (c 0.7 in MeOH); mmax(neat)/cm−1 3323m,
2916m, 1454m; dH (250 MHz, D2O) 2.92 (1 H, t, J 5.1, H-3), 3.44
(2 H, s, PhCH2NH), 3.47 (3 H, s, OMe), 3.77–3.94 (5 H, m, H-2,
H-4, H-5, 2 × H-6), 4.67 (1 H, d, J 3.2, H-1), 7.34–7.48 (5 H, m,
Ph); dC (62.9 MHz, D2O) 51.5 (CH2), 55.8 (CH3, OMe), 58.3 (CH,
C-3), 61.2 (CH2, C-6), 63.4 (CH, C-4), 68.1 (CH, C-2), 72.5 (CH,
C-5), 101.6 (CH, C-1), 127.8 (CH, Ph), 129.0 (CH, Ph), 129.1
(CH, Ph), 140.0 (C, Ph); m/z (FAB) 284 (MH+, 63%) 252 (17) 91
(100); found MH+, 284.1490, C14H22NO5 requires 284.1499.


Methyl 3-(3-phenyl-1-propylamino)-3-deoxy-a-D-altropyrano-
side (4k). The general method was followed, using epoxide
2 (100 mg, 0.57 mmol) and 3-phenyl-1-propylamine (90 lL,
0.67 mmol), which were heated at 120 ◦C for 24 h. Column
chromatography (ethyl acetate–2 M ammonia in methanol, 49 :
1 v/v) gave 4k (120 mg, 68%) as a yellow oil; [a]20


D +56 (c 0.8 in
MeOH); mmax(neat)/cm−1 3329m, 2926m, 1453m; dH (300 MHz,
CDCl3) 1.80–1.88 (2 H, m, HNCH2CH2), 2.55–2.68 (3 H, m,
PhCH2, HNCHH), 2.84–2.95 (2 H, m, H-3, HNCHH), 3.50
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(3 H, br s, OH), 3.36 (3 H, s, OMe), 3.43–3.49 (2 H, m, H-5,
NH), 3.81–3.98 (4 H, m, H-2, H-4, 2 × H-6), 4.65 (1 H, s, H-1),
7.16–7.20 (3 H, m, Ph), 7.25–7.30 (2 H, m, Ph); dC (75.5 MHz,
CDCl3), 32.0 (CH2), 33.3 (CH2), 48.0 (CH2), 55.4 (CH3, OMe),
59.7(CH, C-3), 61.1(CH, C-4), 62.3 (CH2, C-6), 67.2(CH, C-2),
69.7(CH, C-5), 101.7 (CH, C-1), 125.9 (CH, Ph), 128.4 (CH, Ph),
128.4 (CH, Ph), 141.8 (C, Ph); m/z (FAB) 312 (MH+, 26%) found
MH+, 312.1811, C16H26NO5 requires 312.1811.


Methyl 3-(4-phenylbutylamino)-3-deoxy-a-D-altropyranoside
(4l). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and 4-phenylbutylamine (270 lL, 1.71 mmol), which
were heated at 125 ◦C for 72 h. Column chromatography (ethyl
acetate–2 M ammonia in methanol, 7 : 3 v/v) gave 4l (173 mg, 94%)
as a yellow oil; [a]20


D +216 (c 1.6 in MeOH); mmax(neat)/cm−1 3334m,
2857m, 1453m; dH (300 MHz, CDCl3) 1.52 (2 H, app quintet, J
6.8, PhCH2CH2), 1.65 (2 H, app quintet, J 7.5, HNCH2CH2),
2.47–2.55 (2 H, m, PhCH2), 2.62 (1 H, t, J 7.5, HNCHH), 2.81–
2.90 (2 H, m, H-3, HNCHH), 3.17 (3 H, br s, OH), 3.35 (3 H, s,
OMe), 3.39–3.45 (2 H, m, H-5, H-6), 3.81–3.89 (4 H, m, H-2, H-4,
H-6′, NH), 4.64 (1 H, s, H-1), 7.15–7.19 (3 H, m, Ph), 7.25–7.30
(2 H, m, Ph); dC (75.5 MHz, CDCl3) 28.9 (CH2), 29.6 (CH2), 35.6
(CH2), 48.4 (CH2), 55.4 (CH3, OMe), 59.6 (CH, C-3), 60.7 (CH,
C-4), 61.8 (CH2, C-6), 66.9 (CH, C-2), 69.8 (CH, C-5), 101.6 (CH,
C-1), 125.8 (CH, Ph), 128.3 (CH, Ph), 128.4 (CH, Ph), 142.3 (C,
Ph); m/z (FAB) 326 (MH+, 100%) 294 (28); found MH+, 326.1968,
C17H28NO5 requires 326.1968.


Methyl 3-(4-methoxy-benzylamino)-3-deoxy-a-D-altropyrano-
side (4m). The general method was followed, using epoxide
2 (94 mg, 0.53 mmol) and p-methoxybenzylamine (207 lL,
1.59 mmol), which were heated at 100 ◦C for 31 h. Column
chromatography (ethyl acetate—petrol, 4 : 1 v/v, then dichloro-
methane–2 M ammonia in methanol, 7 : 3 v/v) gave 4m as a yellow
oil (152 mg, 92%); [a]20


D +88 (c 1.0 in MeOH); mmax(neat)/cm−1


3332m, 2911m, 2836w, 1611m, 1512s; dH (250 MHz, CD3OD) 3.04
(1 H, app t, J 4.2, H-3), 3.56 (3 H, s, OMe), 3.70–3.77 (1 H app
dtd, J 5.9, 2.9, 2.5, H-5), 3.83–3.94 (3 H, m, H-4, H-6, HNCHH),
3.96 (3 H, s, PhOMe), 3.99–4.06 (3 H, m, H-2, H-6′, HNCHH),
4.77 (1 H, s, H-1), 7.07 (2 H, d, J 8.0, Ph), 7.45 (2 H, d, J 8.0,
Ph); dC (62.9 MHz, CD3OD) 53.1 (CH2), 56.1 (CH3), 56.1 (CH3),
60.5 (CH, C-3), 63.7 (CH, C-4), 63.9 (CH2, C-6), 68.9 (CH, C-2),
72.6 (CH, C-5), 103.6 (CH, C-1), 115.4 (CH, Ph), 131.1 (CH, Ph),
133.8 (C, Ph), 160.8 (C, Ph); m/z (FAB) 274 (MH+, 100%); found
MH+, 314.1604, C15H24NO6 requires 314.1604.


Methyl 3-(4-methylbenzylamino)-3-deoxy-a-D-altropyranoside
(4n). The general method was followed, using epoxide 2 (215 mg,
1.22 mmol) and p-methylbenzylamine (155 lL, 1.22 mmol),
which were heated at 100 ◦C for 18 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 3 : 2 v/v) gave
4n (216 mg, 60%) as an orange oil; [a]20


D +99 (c 0.9 in MeOH);
mmax(neat)/cm−1 3335m, 2922m, 1647w, 1450w; dH (250 MHz, D2O)
2.21 (3 H, s, CH3), 2.98 (1 H, t, J 4.6, H-3), 3.42 (3 H, s, OMe),
3.68–3.73 (2 H, m, H-5, HNCHH), 3.81–3.97 (5 H, m, H-2, H-4,
2 × H-6, HNCHH), 4.72 (1 H, d, J 1.8, H-1), 7.07 (2 H, d, J
8.0, Ph), 7.23 (2 H, d, J 8.0, Ph); dC (62.9 MHz, D2O) 20.8 (CH3,
Me), 51.6 (CH2), 55.6 (CH3, OMe), 58.7 (CH, C-3), 61.4 (CH2,
C-6), 62.6 (CH, C-4), 67.4 (CH, C-2), 71.4 (CH, C-5), 101.6 (CH,
C-1), 128.7 (CH, Ph), 129.4 (CH, Ph), 136.9 (C, Ph), 137.0 (C, Ph);


m/z (FAB) 298 (MH+, 100%); found MH+, 298.1655, C15H24NO5


requires 298.1655.


Methyl 3-(3-methyl-benzylamino)-3-deoxy-a-D-altropyranoside
(4o). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and m-methylbenzylamine (78 lL, 0.62 mmol),
which were heated at 100 ◦C for 24 h. Column chromatogra-
phy (dichloromethane–2 M ammonia in methanol, 5 : 1 v/v)
gave 4o (153 mg, 92%) as an orange oil; [a]20


D +78 (c 1.2 in
MeOH); mmax(neat)/cm−1 3333m, 2917m, 2477m, 1645w, 1450m;
dH (300 MHz, C6D6) 2.31 (3 H, s, CH3), 3.29–3.36 (4 H, br s,
OMe, H-3), 3.59–3.69 (1 H, d, J 10.0, H-5), 3.77 (1 H, d, J 2.6,
HNCHH), 4.00 (1 H, d, J 2.6, HNCHH), 4.14 (1 H, d, J 10.0,
H-6), 4.19–4.29 (2 H, m, H-2, H-6), 4.34–4.41 (1 H, dd, J 10.0, 5.0,
H-4), 4.96 (1 H, s, H-1), 5.06 (1 H, br s, NH), 7.05 (1 H, d, J 5.6,
Ph), 7.23–7.33 (3 H, m, Ph); dC (62.9 MHz, C6D6) 21.8 (CH3, Me),
53.1 (CH2), 55.8 (CH3, OMe), 59.6 (CH, C-3), 61.2 (CH, C-4),
62.3 (CH2, C-6), 67.3 (CH, C-2), 70.1 (CH, C-5), 102.1 (CH, C-1),
125.7 (CH, Ph), 128.4 (CH, Ph), 128.3 (CH, Ph), 129.5 (CH, Ph),
138.6 (C, Ph), 140.2 (C, Ph); m/z (FAB) 298 (MH+, 51%); found
MH+, 298.1655, C15H24NO5 requires 298.1655.


Methyl 3-(4-amino-benzylamino)-3-deoxy-a-D-altropyranoside
(4p). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and m-methylbenzylamine (70 lL 0.62 mmol), which
were heated at 100 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 4 : 1 v/v) gave
4p (145 mg, 85%) as a brown oil; [a]20


D +99 (c 1.0 in MeOH);
mmax(neat)/cm−1 3334m, 2919w, 1614m, 1518m; dH (250 MHz,
CDCl3) 3.00 (1 H, dd, J 4.0, 2.0, H-3), 3.58 (3 H, s, OMe), 3.89
(2 H, s, HNCH2), 3.92 (1 H, app t, J 3.0, H-2), 3.96–4.04 (4 H,
m, H-4, H-5, 2 × H-6 overlap) 4.75 (1 H, d, J 3.0, H-1), 6.99
(2 H, d, J 8.3, Ph), 7.36 (2 H, d, J 8.3, Ph); dC (62.9 MHz, CDCl3)
50.8 (CH2), 55.9 (CH3, OMe), 58.0 (CH, C-3), 61.2 (CH2, C-6),
63.6 (CH, C-4), 68.2 (CH, C-2), 72.8 (CH, C-5), 101.7 (CH, C-
1), 116.9 (CH, Ph), 130.1 (CH, Ph), 130.6 (C, Ph), 145.8 (C, Ph);
m/z (FAB) 299 (MH+, 80%); found MH+, 299.1606, C14H23N2O5


requires 299.1607.


Methyl 3-(4-fluoro-benzylamino)-3-deoxy-a-D-altropyranoside
(4q). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and p-fluorobenzylamine (71 lL, 0.62 mmol), which
were heated at 100 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 9 : 1 v/v) gave
4q (168 mg, 98%) as an orange oil; [a]20


D +96 (c 1.4 in MeOH);
mmax(neat)/cm−1 3329m, 2911w, 2836w, 1509s; dH (250 MHz,
CDCl3) 2.93 (1 H, t, J 3.8, H-3), 3.32 (3 H, s, OMe), 3.38–3.44
(1 H, dt, J 9.6, 3.5, H-5), 3.65 (1 H, d, J 12.9, HNCHH), 3.75–
3.94 (5 H, m, H-2, H-4, 2 × H-6, HNCHH), 4.63 (1 H, s, H-1),
6.96–7.04 (2 H, m, Ph), 7.23–7.29 (2 H, m, Ph); dC (62.9 MHz,
CDCl3) 52.3 (CH2), 55.8 (CH3, OMe), 59.4 (CH, C-3), 61.3 (CH,
C-4), 62.3 (CH2, C-6), 67.3 (CH, C-2), 70.0 (CH, C-5), 102.1 (CH,
C-1), 115.7 (2CH, d, 2JCF 21.0, Ph), 130.2 (CH, d, 3JCF 8.0, Ph),
136.1 (C, d, 4JCF 3.6, Ph), 162.5 (C, d, 1JCF 245.0, Ph); m/z (FAB)
302 (MH+, 100%); found MH+, 302.1403, C14H21NO5F requires
302.1404.


Methyl 3-(4-trifluoromethyl-benzylamino)-3-deoxy-a-D-altropy-
ranoside (4r). The general method was followed, using epoxide 2
(100 mg, 0.57 mmol) and p-trifluoromethylbenzylamine (88 lL,
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0.62 mmol), which were heated at 100 ◦C for 24 h. Column
chromatography (dichloromethane–2 M ammonia in methanol,
9 : 1 v/v) gave 4r (144 mg, 72%) as an orange/brown oil; [a]20


D


+85 (c 1.9 in MeOH); mmax(neat)/cm−1 3332w, 2915w, 1619w; dH


(250 MHz, CDCl3) 2.96 (1 H, t, J 3.6, H-3), 3.32 (3 H, s, OMe),
3.42 (1 H, dt, J 10.0, 2.7, H-5), 3.59–3.76 (5 H, br m, 3 × OH, NH,
HNCHH), 3.77–4.04 (5 H, m, H-2, H-4, 2 × H-6, HNCHH), 4.63
(1 H, s, H-1), 7.42 (2 H, d, J 8.0, Ph), 7.57 (2 H, d, J 8.0, Ph); dC


(62.9 MHz, CDCl3) 52.49 (CH2), 55.81 (CH3, OMe), 59.62 (CH,
C-3), 61.11 (CH, C-4), 62.07 (CH2, C-6), 67.24 (CH, C-2), 69.89
(CH, C-5), 101.96 (CH, C-1), 124.5 (C, q, 1JCF 272, CF3) 125.9
(CH, Ph), 128.9 (CH, Ph), 130.0 (C, q, 2JCF 32, Ph), 144.24 (C, Ph);
m/z (FAB) 352 (MH+, 88%); found MH+, 352.1371, C15H21NO5F3


requires 352.1372.


Methyl 3-(pyridin-4-ylmethylamino)-3-deoxy-a-D-altropyrano-
side (4s). The general method was followed, using epoxide
2 (100 mg, 0.57 mmol) and 4-(methylamino)pyridine (67 mg,
0.62 mmol), which were heated at 100 ◦C for 24 h. Column
chromatography (dichloromethane–2 M ammonia in methanol,
9 : 1 v/v → 3 : 2 v/v) gave 4s (140 mg, 86%) as an orange oil;
[a]20


D +78 (c 0.9 in MeOH); mmax(neat)/cm−1 3321m, 2917m, 2469w,
1603m, 1418m; dH (250 MHz, D2O) 2.98 (1 H, dt, J 3.9, 1.8, H-
3), 3.57 (3 H, s, OMe), 3.83–4.11 (7H, m, H-2, H-4, H-5, 2 ×
H-6, HNCH2), 4.75 (1 H, d, J 3.7, H-1), 7.54–7.59 (2 H, m, Py),
8.57–8.64 (2 H, m, Py); dC (62.9 MHz, D2O) 50.2 (CH2), 55.9
(CH3, OMe), 58.5 (CH, C-3), 61.2 (CH2, C-6), 63.7 (CH, C-4),
68.3 (CH, C-2), 72.6 (CH, C-5), 101.6 (CH, C-1), 124.2 (CH, Py),
149.1 (CH, Py), 150.6 (C, Py); m/z (FAB) 285 (MH+, 38%); found
MH+, 285.1451, C13H21N2O5 requires 285.1451.


Methyl 3-(2-(morpholin-4-yl)ethylamino)-3-deoxy-a-D-altropy-
ranoside (4t). The general method was followed, using epoxide 2
(100 mg, 0.57 mmol) and 4-(2-aminoethyl)morpholine (81 lL,
0.62 mmol), which were heated at 100 ◦C for 24 h. Column
chromatography (dichloromethane–2 M ammonia in methanol,
9 : 1 v/v) gave 4t (160mg, 92%) as a yellow solid; mp 128–130 ◦C;
[a]20


D +125 (c 1.3 in MeOH); mmax(neat)/cm−1 3363m, 2822m; dH


(250 MHz, CDCl3) 2.28–2.40 (3 H, m, OCH2CHH, OCH2CH2),
2.48–2.64 (4 H, m, HNCH2, HNCH2CH2), 2.83 (1 H, t, J 4.0, H-
3), 2.96–3.08 (1 H, m, OCH2CHH), 3.37 (3 H, s, OMe), 3.51 (1 H,
dt, J 9.8, 3.4, H-5), 3.66–3.73 (4 H, m, OCH2CH2 × 2) 3.79–3.92
(4 H, m, 2 × H-6, H-2, H-4), 4.64 (1 H, s, H-1); dC (62.9 MHz,
CDCl3) 44.6 (CH2), 53.5 (CH2), 55.6 (CH3, OMe), 58.1 (CH2), 59.7
(CH, C-3), 62.3 (CH, C-4), 62.6 (CH2, C-6), 67.2 (CH2), 68.3 (CH,
C-2), 70.2 (CH, C-5), 102.1 (CH, C-1); m/z (FAB) 307 (MH+,
100%) 185 (36); found MH+, 307.1869, C13H27N2O6 requires
307.1869.


Methyl 3-(furan-2-ylmethylamino)-3-deoxy-a-D-altropyranoside
(4u). The general method was followed, using epoxide 2 (100 mg,
0.57 mmol) and furfurylamine (55 lL, 0.62 mmol), which
were heated at 100 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 9 : 1 v/v) gave
4u (150 mg, 96%) as a yellow oil; [a]20


D +93 (c 1.3 in MeOH);
mmax(neat)/cm−1 3356m, 3318m, 2922w; dH (300 MHz, C6D6) 2.91
(3 H, s, OMe), 2.99 (1 H, s, H-3), 3.12 (1 H app d, J 9.9, H-5),
AB system centred at 3.53 (2 H, qAB, pseudo J 14.0, HNCH2),
3.68 (1 H, s, H-2), 3.89 (2 H, qdABX, pseudo J 12.0, 3.3, H-6),


4.09 (1 H, dd, J 9.9, 4.9, H-4), 4.56 (1 H, s, H-1), 5.94–5.99 (2 H,
m, Ar–H), 7.02 (1 H, br s, Ar–H); dC (75.7 MHz, C6D6) 44.1 (CH2),
53.7 (CH3, OMe), 58.2 (CH, C-3), 59.9 (CH, C-4), 60.8 (CH2, C-6),
66.4 (CH, C-2), 68.8 (CH, C-5), 100.6 (CH, C-1), 106.2 (CH), 109.2
(CH), 140.8 (CH), 152.8 (C); m/z (FAB) 274 (MH+, 100%); found
MH+, 274.1291, C12H20NO6 requires 274.1290.


Methyl 3-(thiophen-2-ylmethylamino)-3-deoxy-a-D-altropyrano-
side (4v). The general method was followed, using epoxide 2
(100 mg, 0.57 mmol) and 2-(methylamino)thiophene (70 mg,
0.62 mmol), which were heated at 100 ◦C for 24 h. Column chro-
matography using dichloromethane–2 M ammonia in methanol
(9 : 1 v/v) as the eluent gave 4v (141 mg, 86%) as an orange oil;
[a]20


D +141 (c 1.0 in MeOH); mmax(neat)/cm−1 3392m, 2923w; dH


(250 MHz, C6D6) 3.43 (3 H, s, OMe), 3.49 (1 H, app t, J 3.5,
H-3), 3.78 (1 H, app d, J 10.0, H-5), 4.09–4.43 (4 H, m, H-2, H-6,
HNCH2), 4.44 (1 H, ddABX, pseudo J 11.8, 3.5, H-6), 4.57 (1 H, dd,
J 10.0, 5.1, H-4), 5.09 (1 H, s, H-1), 7.10 (1 H, dd, J 5.1, 3.0, Ar–
H), 7.17 (1 H, d J 3.0, Ar H), 7.25 (1 H, dd, J 5.1, 1.2, Ar–H); dC


(62.9 MHz, C6D6) 47.7 (CH2), 55.5 (CH3, OMe), 59.9 (CH, C-3),
61.8 (CH, C-4), 62.6 (CH2, C-6), 67.9 (CH, C-2), 70.7 (CH, C-5),
102.5 (CH, C-1), 125.3 (CH), 126.0 (CH), 127.4 (CH), 144.8 (C);
m/z (FAB) 290 (MH+, 38%); found MH+, 290.1062, C12H20NO5S
requires 290.1062.


Methyl 3-(4-hydroxy-butylamino)-3-deoxy-a-D-glucopyranoside
(6a). The general method was followed, using epoxide 5 (100 mg,
0.57 mmol) and 4-amino-1-butanol (57 lL, 0.62 mmol), which
were heated at 100 ◦C for 24 h. Column chromatography
(dichloromethane–2 M ammonia in methanol, 7 : 3 v/v) gave 6a
(99 mg, 66%) as a yellow/orange oil; [a]20


D +84 (c 1.0 in MeOH);
mmax(neat)/cm−1 3318m, 2930m, 2480m, 1452w; dH (250 MHz,
D2O) 1.47–1.49 (4 H, m, HNCH2CH2CH2, HNCH2CH2CH2),
2.72 (2 H, t, J 6.7, HNCH2), 2.76 (1 H, t, J 10.0, H-3), 3.33 (1 H,
t J 10.0, H-4), 3.35 (3 H, s, OMe), 3.47–3.52 (3 H, m, HOCH2,
H-2), 3.56 (1 H, ddd, J 10.0, 5.3, 2.0, H-5), 3.56 (1 H, dd, J 12.0,
5.3, H-6), 3.77 (1 H, dd, J 12.0, 2.0, H-6′), 4.67 (1 H, d, J 3.5, H-1);
dC (62.9 MHz, D2O) 25.91 (CH2), 29.49 (CH2), 47.87 (CH2), 55.46
(CH3, OMe), 60.81 (CH, C-3), 61.06 (CH2, C-6), 61.93 (CH2),
68.64 (CH, C-4), 70.47 (CH, C-2), 72.33(CH, C-5), 99.45 (CH,
C-1); m/z (FAB) 266 (MH+, 100%) 234 (8), 206 (7); found MH+,
266.1603, C11H24NO6 requires 266.1604.


Methyl 3-(4-trifluoromethyl-benzylamino)-3-deoxy-a-D-gluco-
pyranoside (6b). The general method was followed, using
epoxide 5 (100 mg, 0.57 mmol) and p-trifluoromethylbenzylamine
(88 lL, 0.62 mmol), which were heated at 100 ◦C for 24 h.
Column chromatography using dichloromethane–2 M ammonia
in methanol (4 : 1 v/v) as the eluent gave 6b (76 mg, 38%) as a
brown oil; [a]20


D +100 (c 1.1 in MeOH); mmax(neat)/cm−1 3205w,
2921w, 1324m; dH (250 MHz, CD3OD) 1.74 (1 H, t, J 10.0, H-3),
3.95 (1 H, app d, J 10.0, H-4), 3.99 (3 H, s, OMe), 4.08 (1 H, dd,
J 10.0, 3.6, H-2), 4.11–4.17 (1 H, app ddd, J 10.0, 5.0, 2.0, H-5),
4.25 (1 H, dd, J 11.7, 5.0, H-6), 4.39 (1 H, dd, J 11.7, 2.0, H-6′),
4.69 (2 H, s, HNCH2), 5.22 (1 H, d, J 3.6, H-1), 8.12–8.21 (4 H,
m, Ph); dC (62.9 MHz, CD3OD) 52.4 (CH2), 54.5 (CH3, OMe),
61.2 (CH, C-3), 61.6 (CH2, C-6), 69.8 (CH, C-4), 71.9 (CH, C-2),
72.8 (CH, C-5), 99.8 (CH, C-1), 124.7 (C, 1JCF 271, CF3) 125.2
(CH, 3JCF 3.8, Ph), 129.0 (CH, Ph), 129.2 (C, 2JCF 29.2, Ph), 145.1
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(C, Ph); m/z (FAB) 352 (MH+, 100%); found MH+, 352.1372,
C15H21NO5F3 requires 352.1372.


Methyl 3-(thiophen-2-ylmethyl-amino)-3-deoxy-a-D-glucopy-
ranoside (6c). The general method was followed, using epoxide
5 (100 mg, 0.57 mmol) and 2-(methylamino)thiophene (70 mg,
0.62 mmol), which were heated at 100 ◦C for 24 h. Column
chromatography (dichloromethane–2 M ammonia in methanol,
9 : 1 v/v) gave 6c (107 mg, 65%) as a yellow oil; [a]20


D +99 (c 1.3
in MeOH); mmax(neat)/cm−1 3398w, 2891w, 2582w; dH (250 MHz,
D2O) 2.91 (1 H, t, J 9.9, H-3), 3.34–3.44 (4 H, m, OMe, H-4),
3.57 (1 H, dd, J 10.3, 3.7, H-2), 3.57–3.63 (1 H, m, H-5), 3.70
(1 H, dd, J 12.0, 5.3, H-6), 3.83 (1 H, dd, J 12.0, 2.2, H-6′), 4.17
(2 H, s, HNCH2), 4.72 (1 H, d, J 3.7, H-1), 7.01–7.04 (2 H, m,
SC=CH, SC=CHCH=CH), 7.36 (1 H, dd, J 5.0, 1.4, SCH); dC


(62.9 MHz, D2O) 46.7 (CH2), 55.5 (CH3, OMe), 59.7 (CH, C-3),
61.1 (CH2, C-6), 69.2 (CH, C-4), 71.0 (CH, C-5), 72.2 (CH, C-2),
99.4 (CH, C-1), 125.8 (CH), 126.9 (CH), 127.6 (CH), 142.7 (C);
m/z (FAB) 290 (MH+, 22%); found MH+, 290.1062. C12H20NO5S
requires 290.1062.


Methyl 3-(furan-2-ylmethylamino)-3-deoxy-a-D-glucopyrano-
side (6d). The general method was followed, using epoxide 5
(100 mg, 0.57 mmol) and furfurylamine (55 lL, 0.62 mmol),
which were heated at 100 ◦C for 24 h. Column chromatography
using dichloromethane–2 M ammonia in methanol (4 : 1 v/v)
as the eluent gave 6d (107 mg, 69%) as an orange solid; mp
63–65 ◦C; [a]20


D +80 (c 0.8 in MeOH); mmax(neat)/cm−1 3335m,
3207m, 2928m; dH (250 MHz, D2O) 2.98 (1 H, t, J 10.0, H-3), 3.51
(1 H, t, J 10.0, H-4), 3.52 (H, s, OMe), 3.68 (1 H, dd, J 10.4, 3.6,
H-2), 3.69–3.76 (1 H, ddd, J 10.0, 5.4, 2.3, H-5), 3.83 (1 H, dd, J
12.0, 5.4, H-6), 3.95 (1 H, dd, J 12.0, 2.3, H-6′), 4.09 (2 H, s, 2 ×
NHCH2), 4.85 (1 H, d, J 3.6, H-1), 6.44 (1 H, d, J 3.2, Ar–H),
6.54 (1 H, dd, J 3.2, 2.0, Ar–H), 7.59 (1 H, d, J 2.0, Ar–H); dC


(62.9 MHz, D2O) 44.7 (CH2), 55.5 (CH3, OMe), 59.6 (CH, C-3),
61.0 (CH2, C-6), 69.1 (CH, C-4), 71.0 (CH, C-2), 72.2 (CH, C-5),
99.4 (CH, C-1), 108.2 (CH), 110.8 (CH), 143.0 (CH), 153.3 (Cq);
m/z (FAB) 274 (MH+, 100%); found MH+, 274.1291, C12H20NO6


requires 274.1291.


Glycosidase inhibition


All enzymes and substrates were purchased from Sigma. Enzyme
and substrate solutions were made using 0.2 M sodium phosphate
buffers at suitable pH and protein concentrations (pH 6.5 and
0.2 U mL−1 for a-galactosidase (green coffee beans), pH 7.3 and
2.0 U mL−1 for b-galactosidase (bovine liver), pH 6.0 and 1.5 U
mL−1 for a-glucosidase (Saccharomyces cerevisiae), pH 5.0 and
0.2 U mL−1 for b-glucosidase (almond, Prunus sp.), pH 4.5 and
0.2 U mL−1 for a-mannosidase (jack bean, Canavalia ensiformis),
pH 4.0 and 1.0 U mL−1 for naringinase (Penicillium decumbens)
and pH 4.25 and 0.2 UmL−1 for N-acetyl-b-D-glucosaminidase
(bovine kidney)). PNP-glycosides were used as substrates at a
concentration of 5 mM.


Compounds tested for enzyme inhibition were disolved in
distilled water at a concentration of 1 mg mL−1. Where required,
compounds wre dissolved in methanol (ca. 20 lL) before dilution
using distilled water. Inhibitor solutions were stored at −20 ◦C. All
assays were carried out in triplicate using water as a blank in
place of the inhibitor. Reaction time was determined based on the


length of time needed to give a final absorbance of 0.3–1.5 units.
Linearity of the reaction time course was checked using a series of
incubation times. Rate of colour development after the addition
of Trinder glucose reagent was determined using a linear time
course.


Enzyme solution (10 lL) inhibitor solution (10 lL) and
substrate solution (50 lL) were combined in the well of a flat-
bottomed 96-well (300 lL) microtitre plate. The reaction mixture
was incubated at 25 ◦C for 5–20 min and was stopped using
glycine solution (70 lL, 0.4 M, adjusted to pH 10.4 using NaOH).
Absorbance at 405 nm was measured immediately in a microtitre
plate reader (Molecular Devices VersaMax microplate reader).
Percentage activity was calculated by reference to the control
reaction for each assay and percentage inhibition determined by
subtraction from 100%.


For IC50 determinations, the inhibitors were serially diluted,
starting with a tenfold series (0.1–0.0001 mg mL−1) to establish
the approximate range, and then diluted within a selected range.
IC50 values were taken from the resulting curve of percentage
absorbance (relative to an uninhibited control) vs. concentration.
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A new product implicated in cereal grain polysaccharide cross-linking has been authenticated by
independent synthesis. Saponification of cereal grain fiber releases the RRRS/SSSR-isomer of
2,5-bis-(4-hydroxy-3-methoxyphenyl)-tetrahydrofuran-3,4-dicarboxylic acid. The parent ester logically
derives from 8–8-coupling of ferulate followed by water addition to one of the incipient quinone
methide moieties and internal trapping of the other. The finding adds complexity to the analysis of
plant cell wall cross-linking, but provides clues to important polysaccharide cross-linking pathways
occurring in planta.


Introduction


Hydroxycinnamates have important roles in plant cell wall cross-
linking by linking polysaccharides to each other, to lignin,
and to proteins.1,2 Cross-linking is involved in terminating the
expansion of the cell growth in grasses,3,4 and in cell wall
stiffening.5 Important properties of forages and plant derived
foods are attributed to cross-linked polysaccharides in the wall:
limited forage degradability by ruminants,6 thermal stability of
cell adhesion and maintenance of crispness of plant-based foods
after cooking,7–9 gelling properties of sugar beet pectins and
other food compounds,10–12 and insolubility of cereal dietary
fibers.13 Hydroxycinnamates and their derivatives are also noted
as bioactive compounds with antioxidative and antimutagenic
properties.14–16


Ferulic acid, to a lesser extent p-coumaric acid, and prob-
ably sinapic acid acylate cell wall polysaccharides.17–20 Mecha-
nisms for cross-linking cell wall polymers involve photochemical
dimerization,21,22 or radical dehydrodimerization,23–25 of these
hydroxycinnamates. The dominant mechanism for cross-linking
feruloylated polysaccharides is radical coupling, leading to
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dehydrodiferulates24 and dehydrotriferulates.26–29 Radical coupling
of ferulates, via the action of wall-bound peroxidases, produces
several regio-isomeric dehydrodiferulates with coupling occurring
at their 4-O-, 5- or 8-carbons. After saponification, the dimeric
products consist of 5–5-, 8–8-, 8–5-, 8–O–4- and 4–O–5-coupled
dehydrodiferulic acids (DFAs) 5, Fig. 1. The previously assumed
DFAs were synthesized24 and identified in different samples
following alkaline hydrolysis.5,9,13,24,30,31 Isolation and identification
of dehydrodiferuloylated oligosaccharides following hydrolysis
of the plant cell walls established the linkage of DFAs to
polysaccharides.32–34


It can be assumed that the 5–5-DFA 5D and 8–O–4-DFA
5A, Fig. 1, moieties found in isolated dehydrodiferuloylated
oligosaccharides, are present as structurally analogous esters in
the plant, i.e. that the di-acid analyzed derives directly from
saponification of its ester analog. It is likely that the minor 4–
O–5-coupled DFA 5E is also present as such. Furthermore, it is
presumed that the cyclic form of the 8–5-coupled diferulate ester
of 5B1 is the natural form of the 8–5-coupled diferulate; the open
form 5B2 is produced under the alkaline saponification and GC-
derivatization conditions used. The situation is more difficult to
ascertain for the 8–8-coupled dehydrodimers (5C1) and (5C3). To
date it remains unresolved whether they are natural or if they
are formed during analysis from a common natural precursor.
As indicated in earlier studies from our groups,2,31,35 another 8–8-
coupled DFA (8–8-THF–DFA, 5C2) was preliminarily identified
via mass spectral data, leading to an even more complex situation.


In this paper we describe the synthesis of one of the six di-
astereomers of compound 5C2 and its unambiguous identification
and quantification in different cereal grains. Its significance to
elucidating the nature of 8–8-coupled dehydrodiferulates in the
plant is also discussed.


Materials and methods


General


Heat-stable a-amylase Termamyl 120 L (EC 3.2.1.1, from Bacillus
licheniformis, 120 KNU g−1), the protease Alcalase 2.4 L (EC
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Fig. 1 Numbering system and radical dehydrodimerization of (cell wall bound) ferulates. The bond formed by radical coupling is in bold. In synthetic
compounds X represents the methyl or ethyl ester, in the cell wall X stands for arabinoxylans, arabinans or galactans.


3.4.21.62, from Bacillus licheniformis, 2.4 AU g−1) and the amy-
loglucosidase AMG 300 L (EC 3.2.1.3, from Aspergillus niger,
300 AGU g−1) were kindly donated by Novo Nordisk, Bagsvaerd,
Denmark. NMR spectra were run at 300 K on a 360 MHz Bruker
DRX-360 instrument (Bruker, Rheinstetten, Germany) using the
standard array of 1D and 2D experiments. Samples were dissolved
in acetone-d6. Chemical shifts (d) were referenced to the central
solvent signals (1H, d 2.04; 13C, d 29.8). J-Values are given in Hz.
NMR-assignments follow the numbering shown in Fig. 2. HPLC
instrumentation was from Merck/Hitachi (Darmstadt, Germany)
(L-6200 Intelligent pump, T-6300 Column thermostat) combined
with a Waters 994 programmable photodiode array detector
(Eschborn, Germany). HPLC-MS was performed using the HP
Series 1100 instrumentation: autosampler G1313A, bin pump
G1312A, degasser G1322A, mass spectrometer G1946A (ion-
source: atmospheric pressure electro-spray ionization), Hewlett
Packard (Waldbronn, Germany). GC-MS data, Fig. 3, was via
instrumentation from Thermoquest (Austin, TX, USA): Trace
2000 GC, QSC ion-trap MS. GC-FID was performed on a


Hewlett-Packard 5980 (Palo Alto, CA, USA) instrument. All fiber
samples were analyzed in triplicate. Cellulose and oat spelt xylan
used in the saponification of ester model 4C2 were from Sigma-
Aldrich.


Synthesis


Fig. 2 shows the synthetic route to the required isomer of
compound 5C2. All of the steps except the coupling step vi involve
rather standard synthetic methods. Details of the early steps are
given in the ESI.† Details of the crucial coupling reaction, and
NMR data of the important products are given here.


Dimethyl 2,5-bis-(4-benzyloxy-3-methoxyphenyl)-2,3-dihydro-
furan-3,4-dicarboxylate 13. Manganese(III) acetate dihydrate
(0.75 g, 2.8 mmol) and 12 mL of acetic acid were placed into
a 50 mL round-bottom flask equipped with a reflux condenser. To
the stirred mixture was added a solution of methyl 4-benzyloxy-
3-methoxybenzoylacetate 12 (0.40 g, 1.3 mmol) and methyl 3-(4′-
benzyloxy-3′-methoxyphenyl)propenoate 9 (0.36 g, 1.2 mmol) in
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Fig. 2 Synthetic pathway for 5C2: i: BnCl, KI, K2CO3, DMF; ii: malonic acid, NH4OAc, microwave; iii: MeI, K2CO3, DMF; iv: BnCl, KI, K2CO3,
DMF; v: MeO2CO, NaH, THF; vi: Mn(OAc)3, HOAc; vii: Pd/C, H2, EtOH; viii: AcCl, pyridine; ix: 2 N NaOH.


Fig. 3 EI mass spectrum (top) and UV spectrum (bottom, in
MeOH–1 mM aqueous trifluoroacetic acid) of 5C2.


6 mL of acetic acid. The stirred mixture was heated with a hot
water bath (75–80 ◦C) for 90 min. The mixture was dark brown
at the beginning of the heating period, but became clear and light
brown at the end of the heating period. The mixture was allowed
to cool to room temperature and was then poured into cold water.
A sticky solid formed. The mixture was extracted with 50 mL of
ether. The organic phase was washed several times with 25 mL
portions of sodium bicarbonate solution to remove the acetic
acid. Evaporation of the ether yielded 0.65 g of a sticky solid.
The residue was dissolved in approximately 2 mL of acetone. On
standing overnight crystals formed. The liquid was decanted and
the solid was recrystallized from methanol to afford 0.23 g of a
white solid (32%), mp. 123–124 ◦C. dH 3.62 (3H, s, CO2CH3); 3.74
(3H, s, CO2CH3); 3.83 (3H, s, OCH3); 3.86 (3H, s, OCH3); 4.21
(1H, d, J = 7.10 Hz, B8); 5.13 (2H, s, OCH2Ph); 5.20 (2H, s,
OCH2Ph); 5.71 (1H, d, J = 7.10 Hz, B7); 6.98 (1H, dd, J = 2.10,
8.29 Hz, B6); 7.06 (1H, d, J = 8.29 Hz, B5); 7.10 (1H, d, J =
8.55 Hz, A5); 7.11 (1H, d, J = 2.10 Hz, B2); 7.28–7.42 (6H, m,


benzyl H3, H4, H5); 7.48 (2H, br d, J = 7.2 Hz, benzyl H2, H6);
7.50 (2H, br d, J = 7.0 Hz, benzyl H2, H6); 7.59 (1H, dd, J = 2.10,
8.55 Hz, A6); 7.82 (1H, d, J = 2.10 Hz, A2). dC 51.31 (OCH3);
52.64 (OCH3); 56.30 (OCH3); 59.26 (B8); 71.18 (OCH2Ph); 71.42
(OCH2Ph); 85.50 (B7); 101.69 (A8); 110.72 (B2); 113.45 (A5);
114.65 (A2); 115.05 (B5); 118.88 (B6); 122.73 (A1); 123.87 (A6);
128.46 (benzyl C2, C6); 128.52 (benzyl C2, C6); 128.60 (benzyl
C4); 128.71 (benzyl C4); 129.22 (benzyl C3, C5); 129.27 (benzyl
C3, C5); 134.26 (B1); 138.07 (benzyl C1); 138.41 (benzyl C1);
149.69 (A3); 149.74 (B4); 151.19 (B3); 151.80 (A4); 165.17 (A9–
C=O); 166.38 (A7); 173.55 (B9–C=O).


Dimethyl 2,5-bis-(4-hydroxy-3-methoxyphenyl)-tetrahydrofuran-
3,4-dicarboxylate 4C2. Prepared in essentially quantitative yield
by debenzylation and hydrogenation of the double bond using
10% Pd on carbon (95% EtOH, RT, H2-balloon, 24 h). The NMR
spectrum indicated that the major product was the cis–trans–trans-
isomer (approx. 96%) and the minor product was the cis–cis–
trans-product. dH 3.21 (3H, s, CO2CH3); 3.66 (3H, s, CO2CH3);
3.84 (3H, s, OCH3); 3.89 (3H, s, OCH3); 3.60 (1H, dd, J = 6.31,
8.55 Hz, B8); 3.78 (1H, dd, J = 6.31, 8.29 Hz, A8); 4.95 (1H, d,
J = 8.55 Hz, B7); 5.27 (1H, d, J = 8.29 Hz, A7); 6.80 (1H, d, J =
8.02 Hz, A5); 6.85 (1H, d, J = 8.02 Hz, B5); 6.88 (1H, dd, J =
1.97, 8.02 Hz, A6); 7.02 (1H, d, J = 1.97 Hz, A2); 7.04 (1H, dd,
J = 1.97, 8.02 Hz, B6); 7.27 (1H, d, J = 1.97 Hz, B2); 7.53 (1H, s,
phenol), 7.59 (1H, s, phenol). dC 51.84 (OCH3); 52.37 (OCH3);
55.43 (A8); 55.83 (B8); 56.21 (OCH3); 56.27 (OCH3); 83.04 (A7);
84.14 (B7); 111.25 (A2); 111.33 (B2); 115.24 (A5); 115.50 (B5);
120.48 (A6); 120.71 (B6); 130.08 (A1); 132.22 (B1); 147.26 (A4);
147.54 (B4); 147.86 (A3); 148.32 (B3); 172.45 (A9–C=O); 172.85
(B9–C=O).


Dimethyl 2,5-bis-(4-acetoxy-3-methoxyphenyl)-tetrahydrofuran-
3,4-dicarboxylate 4C2-Ac. This isomeric mixture above was used
to prepare the diacetate using pyridine–acetyl chloride (82% yield
as a white solid). The solid was recrystallized from methanol to
yield 4C2-Ac as colorless prisms, mp. 137–140 ◦C. dH 2.22 (3H, s,
Ac–CH3); 2.24 (3H, s, Ac–CH3); 3.19 (3H, s, CO2CH3); 3.70 (3H, s,
CO2CH3); 3.64 (1H, dd, J = 5.39, 8.42 Hz, B8); 3.82 (3H, s, OCH3);
3.86 (1H, dd, J = 5.39, 8.16 Hz, A8); 3.88 (3H, s, OCH3); 5.10 (1H,
d, J = 8.42 Hz, B7); 5.39 (1H, d, J = 8.16 Hz, A7); 7.02 (2H, m,
A5 + A6); 7.08 (1H, d, J = 8.16 Hz, B5); 7.18 (1H, bs, A2); 7.20
(1H, dd, J = 1.84, 8.16 Hz, B6); 7.44 (1H, d, J = 1.84 Hz, B2).
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dC 20.44 (Ac–CH3); 20.48 (Ac–CH3); 51.95 (OCH3); 52.54 (OCH3);
55.43 (A8); 55.83 (B8); 56.20 (OCH3); 56.26 (OCH3); 82.99 (A7);
83.76 (B7); 111.85 (A2); 112.14 (B2); 119.55 (A6); 119.90 (B6);
123.18 (A5); 123.51 (B5); 137.27 (A1); 139.77 (B1); 140.66 (B4);
140.86 (A4); 151.83 (A3); 152.31 (B3); 168.97 (acetate), 172.37
(A9–C=O); 172.62 (B9–C=O).


2,5-Bis-(4-hydroxy-3-methoxyphenyl)-tetrahydrofuran-3,4-di-
carboxylic acid 5C2. Saponification (2 N NaOH, 18 h) of 4C2-Ac
produced 5C2 as a colorless foam (54%). dH 3.81 (3H, s, OCH3);
3.87 (3H, s, OCH3); 3.61 (1H, dd, J = 6.58, 8.68 Hz, B8); 3.80
(1H, dd, J = 6.58, 8.55 Hz, A8); 4.98 (1H, d, J = 8.68 Hz, B7);
5.31 (1H, d, J = 8.55 Hz, A7); 6.77 (1H, d, J = 8.16 Hz, A5); 6.84
(1H, d, J = 8.16 Hz, B5); 6.94 (1H, dd, J = 1.97, 8.16 Hz, A6);
7.06 (1H, dd, J = 1.97, 8.16 Hz, B6); 7.09 (1H, d, J = 1.97 Hz,
A2); 7.31 (1H, d, J = 1.97 Hz, B2). dC 55.39 (A8); 55.99 (B8);
56.13 (OCH3); 56.17 (OCH3); 82.91 (A7); 84.13 (B7); 111.48 (B2);
111.51 (A2); 115.16 (A5); 115.42 (B5); 120.75 (A6); 120.80 (B6);
130.45 (A1); 132.43 (B1); 147.14 (A4); 147.44 (B4); 147.75 (A3);
148.26 (B3); 172.86 (A9–C=O); 173.42 (B9–C=O).


X-Ray crystal structure determination of 4C2-Ac


A colorless crystal with approximate dimensions 0.43 × 0.32 ×
0.26 mm3 was selected for crystal structure determination on
a Bruker CCD-1000 diffractometer with Mo Ka (k = 0.71073
Å) radiation and a diffractometer to crystal distance of 4.9 cm.
Crystallographic data (excluding structure factors) for structure
4C2-Ac, Fig. 4, in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary pub-
lication number CCDC 603905.‡ The compound and crystal
had the following properties and collection conditions: empiri-
cal formula, C26H28O11; formula weight, 516.48; crystal system,
orthorhombic; unit cell dimensions a = 7.3722(6), b = 25.899(2),
c = 26.760(2) Å, a = b = c = 90◦; unit cell volume, 5109.4(7) Å3;
temperature 173(2) K; space group, Pbca; number of formula units
in unit cell, 8; linear absorption coefficient 0.106 mm−1; number


Fig. 4 3D Structure of compound 4C2-Ac (Fig. 2) from the X-ray crystal
structure, demonstrating the assigned cis–trans–trans-stereochemistry. The
8–8-bond formed (in planta) via the radical coupling step is in bold; in the
ESI, this bond and the two original ferulates are color-differentiated. The
structure is numbered to be consistent with the structures in Fig. 2; full
numbering for the crystal structure coordinates is provided in the ESI.†


‡ CCDC reference numbers 603905. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b605918j


of reflections collected, 39503; number of independent reflections,
5229 [R(int) = 0.0350]; final R indices [I > 2r(I)], R1 = 0.0453,
wR2 = 0.1220; R indices (all data), R1 = 0.0514, wR2 = 0.1280.


Identification of 8–8-THF–DFA in cereal grain fibers


Whole grains of corn (Zea mays L.), wheat (Triticum aestivum L.),
spelt (Triticum spelta L.), rice (Oryza sativa L.), wild rice (Zizania
aquatica L.), barley (Hordeum vulgare L.), rye (Secale cereale L.),
oat (Avena sativa L.) and millet (Panicum miliaceum L.) were
obtained from local German suppliers. Botanical origin was
confirmed by the suppliers.


Preparation of whole grain insoluble and soluble cereal fibers
was performed according to an enzymatic, preparative isolation
procedure described previously.13 This procedure was developed
to use 10 g of sample material and involves the application of a
sequence of heat stable a-amylase, protease and amyloglucosidase.
For calculations, insoluble and soluble fibers were corrected for
residual protein and ash contents.


For the identification and quantification of 8–8-THF–DFA
5C2, the internal standard (E,E)-4-hydroxy-4′,5,5′-trimethoxy-
3,3′-bicinnamic acid (5–5-Me–DFA, the monomethyl ether of
5D)13 dissolved in dioxane was added to the insoluble (40–90 mg)
or soluble (60–120 mg) fiber samples weighed into a screw-cap
tube, and saponification with NaOH (2 M, 5 mL) was carried
out protected from light for 18 h at room temperature. To avoid
oxidative processes the NaOH-solution was degassed by bubbling
N2 through for 30 min, and air in the headspace of the screw-
cap tubes was exchanged with N2. Samples were acidified with
0.95 mL concentrated HCl (resulting pH < 2) and extracted
into diethyl ether (4 mL, three times). Extracts were combined,
evaporated under a stream of filtered air, silylated and analyzed
by GC-MS and GC-FID as previously described.13 Some samples
were also analyzed as described above but spiked following the
saponification process with small amounts of the synthesized 8–
8-THF–DFA 5C2. Relative retention times of 5C2 against the
internal standard 5–5-Me–DFA: GC-MS-instrumentation: 0.691,
GC-FID-instrumentation: 0.683.


To check if the saponification procedure releases only 8–8-THF–
DFA 5C2 or if additional compounds are formed, the following
experiments were performed. The synthesized dimethyl ester of
5C2 (i.e. 4C2, 300 lg) was added to a mixture of 45 mg xylan and
30 mg cellulose simulating a typical matrix composition of cereal
insoluble fiber. In addition, the dimethyl ester of 5C2 was added
to 75 mg cellulose. Both reactions were carried out in triplicate.
To monitor interfering peaks from the carbohydrate matrix, a
mixture consisting of xylan (45 mg) and cellulose (30 mg) was
also saponified. Saponification and extraction was carried out
as described above. The extract was used for RP-HPLC analysis
with UV and MS detection. HPLC analysis was performed on
a Luna 5 l 250 × 4.6 mm phenyl–hexyl column (Phenomenex,
Aschaffenburg, Germany) at 45 ◦C, maintaining a flow rate of
1 mL min−1. The following gradient was used (eluent A: MeOH,
eluent B: acetonitrile, eluent C: 1 mM aqueous trifluoroacetic
acid): initially A 27%, B 4%, C 69 %, held isocratically for 7 min,
linear over 11 min to A 29%, B 6%, C 65%, linear over 5 min to
A 20%, B 70%, C 10%, held isocratically for 5 min, following an
equilibration step. Extracts were partially also used for GC-MS
investigations using the conditions described above.
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Results and discussion


Synthesis


Since the initial identification of compound 5C2 was based
on mass spectral data (see Fig. 3 for EI mass spectrum of
trimethylsilylated 5C2), we did not know which one of the six
possible diastereomers of the suspected ferulate tetrahydrofuran
“dimer” was isolated. The first synthetic path chosen produced
the correct diastereomer. The stereochemistry might logically
be the result of isomerization upon saponification; however, the
stereochemistries of the ester and the acid appear to be the same.


The crucial step in the synthetic pathway chosen involves the
coupling of cinnamate ester 9 with a b-ketoester 12 (Fig. 2) via
Mn(OAc)3.36 The stereochemistry of the resulting dihydrofuran
ring in 13 is assigned as trans. The coupling constant between the
ring protons is 7 Hz which compares favorably with the coupling
constant reported for the trans-isomer of diethyl 2-chloro-5-
phenyl-4,5-dihydrofuran-3,4-dicarboxylate.37 The coupling con-
stant of the cis-isomer of the same compound is reported to
be 11 Hz. The regio- and stereoselectivity for dihydrofuran 13
is consistent with that demonstrated previously for Mn(OAc)3-
mediated coupling of cinnamates and b-ketoesters.36,38–41 Pal-
ladium catalyzed cis-hydrogenation and debenzylation of the
dihydrotetrahydrofuran 13 resulted in the tetrahydrofuran product
4C2, largely as the cis–trans–trans-isomer, with a small amount of
the cis–cis–trans-isomer. Assignments are based on the assumption
that cis-hydrogenation has occurred from the least hindered face of
dihydrofuran 13. Saponification of this product, or of the derived
acetate 4C2-Ac, gave the required di-acid 5C2. After confirming
this to be the same isomer released from the natural plant sources
(see below), the isomeric form was elucidated by NMR and,
on 4C2-Ac, unambiguously validated by X-ray crystal structure,
Fig. 4 (and ESI†).


Identification and quantification of 8–8-THF–DFA in cereal grain
fibers


In all extracts of investigated saponified insoluble cereal fibers,
8–8-THF–DFA (5C2, Fig. 1) was identified by comparison of
its mass spectrum and its relative GLC retention time with that
of the genuine compound. Identity was further confirmed by
spiking some samples with the synthesized compound. Although
the identification of 8–8-THF–DFA in the corresponding soluble
fiber fraction was difficult due to the tiny amounts detected,
it was found in all investigated cereals. Fig. 3 shows the MS-
spectrum of trimethylsilylated 8–8-THF–DFA obtained via GC-
MS; with originally two phenolic and two acid groups and, in
comparison to the other DFAs, an additional water, its nominal
molecular mass is 692. As HPLC-analysis with diode array
detection of monomeric, dimeric42 and trimeric hydroxycinnamic
acids is becoming attractive, the UV-spectrum of 8–8-THF–DFA
in MeOH–1 mM aqueous trifluoroacetic acid is provided in Fig. 3.
Because both sidechains are saturated, there is no maximum at
∼325 nm, typical of ferulic acid and the DFAs.


The amounts of 8–8-THF–DFA in insoluble cereal fibers were
determined as follows [lg g−1]: maize 692 ± 39; wheat 84 ± 8; spelt
109 ± 8; rye 132 ± 5; barley 133 ± 3; oats 149 ± 34; millet 242 ± 13;
rice 109 ± 11; wild rice 115 ± 8. Regarding the DFA distribution,13


8–8-THF–DFA contributes between 2.5 and 4.9% to the absolute


DFA content in cereal fibers. In all investigated insoluble cereal
fibers 8–8-THF–DFA 5C2 was more prevalent than 4–O–5-DFA
5E. Furthermore the amounts of DFA 5C2 ranged between 50%
(in rice insoluble fiber) and 90% (in rye insoluble fiber) of the
amounts of DFA 5C1. In maize insoluble fiber DFA 5C2 was
even more prevalent than DFA 5C1 (about 180%). Due to the tiny
amounts in soluble cereal fibers, the amounts of DFA 5C2 in these
samples were not unambiguously determined; the amounts often
did not reach the determination limit. These very low amounts
were surprising because the other 8–8-coupled DFAs (5C1 and
5C3) are often determined to be the major ones in soluble cereal
fibers.


Nature of dehydrodiferulates in the plant


We have already established that saponification of esters 4C1 and
4C3 yield only their corresponding acids 5C1 and 5C3 respectively;
for example, the ester 4C1 does not produce acid 5C3. Therefore,
if these esters are in the wall, both forms need to be present to
explain the saponification products. A more appealing situation
that needed testing was that all three 8–8-DFAs 5C1-3 result from
a single ester precursor in the wall such as the tetrahydrofuran
4C2. To test the plausibility of a common precursor, the formerly
synthesized methyl ester of 5C2 (4C2, X = Me, Fig. 1, or the
ethyl analog) was saponified in a cell-wall-like matrix consisting
of cellulose–xylan 2 : 3 or in pure cellulose. These experiments
yielded predominantly the tetrahydrofuran 5C2. The non-cyclic
8–8-DFA 5C1 was not detected in any saponification experiment,
thus excluding 4C2 as precursor of the non-cyclic 8–8-DFA
5C1. The situation was different with the cyclic 8–8-DFA 5C3.
Although in all saponification experiments the 8–8-THF 5C2
clearly dominated the HPLC-UV and GC-FID-chromatograms,
in the HPLC runs two small peaks were detected showing UV-
spectra and mass peaks consistent with cyclic 8–8-DFAs. Based
on peak areas at 280 nm the single peaks were typically 0.4 to 5.8%
of the peak area of 5C2. However, some unwelcome variability is
noted—in a single saponification experiment the peak areas were
9 and 19% of the peak area of 5C2. In a further saponification
experiment the alkaline hydrolysate was investigated using GC-
MS. Chromatograms showed two additional peaks, one of them
having the same retention time and mass spectrum as the cyclic
8–8-DFA 5C3. The second, slightly bigger peak with the same
mass spectrum elutes very close to 5C3. It is assumed that this
compound is an isomer of 5C3 (Fig. 1), presumably having
alternate ring-B C7 and C8 stereochemistry. Re-evaluation of the
GC-MS chromatograms that were used for the identification of
ferulate dimers in cereal grains13 revealed that this assumed isomer
of 5C3 was not produced during the saponification of plant cell
walls. This indicates that saponification produces no detectable
conversion from arabinoxylan esters of 5C2 to the cyclic 8–8-DFA
products. Furthermore, the saponification experiments using the
methyl ester of 5C2 showed that 5C2 is always the predominant
product. The small amounts of cyclic 8–8-DFA 5C3 formed upon
saponification cannot explain the determined amounts of 5C3
from the wall.


It therefore now appears that 8–8-coupling in the plant cell
wall leads to three distinct 8–8-diferulates (4C1, 4C2, 4C3, X =
arabinoxylan, Fig. 1) that are the precursors for the detected acids
5C1, 5C2 and 5C3. There is an urgent need to investigate the
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nature of the dehydrodiferulates in vivo and not only in alkaline
hydrolysates.


As with any chemical reaction that produces multiple products,
the ratio of products is dependent upon reaction conditions. Some
hint as to what might be driving post-coupling reactions in the cell
wall comes from more detailed recent unpublished examinations
of ferulate coupling. [Partitioning among all the various coupling
modes is also condition-dependent, but it is reasonable to assume
that once radical coupling regiochemistry has been determined
(e.g. as 8–8, for example) it is the various rearomatization
possibilities that control the final product distribution]. Lu (2005,
unpublished) has found that low pH favors the tetrahydrofuran
product. This is a mechanistically reasonable observation. The
intermediate quinone methide 3C, produced directly following the
8–8-coupling step, will more readily add water nucleophilically
at low pH resulting in tetrahydrofuran 5C2; such addition is
protonation-dependent. At high pH, the elimination reactions
producing 5C1 are more likely.


Cursory mass spec analysis indicates no other isomers of 5C2 at
a significant level (trace amounts of one more isomer are possible
from the selected ion mode in the GC-MS) although the synthesis
and coupling reactions with methyl ferulate appear to produce
other isomers. Determining whether other isomers of the ester
4C2 produce the same acid isomer 5C2 following saponification
is beyond the current study, which sought to identify the product
liberated from natural sources.


Conclusions


Alkaline hydrolysates of cereal grain and grass walls contain
a previously unauthenticated component derived from ferulate.
Strictly DFA 5C2 is not a true dehydrodimer since an additional
oxygen (from water) is incorporated. Its higher molecular mass
is responsible for its being missed as a dimeric ferulate product
previously. It is still formed via radical coupling, but the post-
coupling steps are different from those in the previously identified
DFAs.2 DFA 5C2 is a substantial component that should also
be quantified as resulting from 8–8-dehydrodimerization. Only
one of the six potential diastereomers of 5C2, the cis–trans–trans-
isomer, was detected among the products from saponified plant
cell walls. The finding of this 8–8-tetrahydrofuran DFA 5C2 along
with the previously identified 5C1 and 5C3 implicates at least three
8–8-coupling products of ferulate in the cell walls of these plants
and suggests that cell wall cross-linking may occur under acidic
conditions.
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In our effort to search for effective carbonyl reductases, the activity and enantioselectivity of a carbonyl
reductase from Sporobolomyces salmonicolor have been evaluated toward the reduction of a variety of
ketones. This carbonyl reductase (SSCR) reduces a broad spectrum of ketones including aliphatic and
aromatic ketones, as well as a- and b-ketoesters. Among these substrates, SSCR shows highest activity
for the reduction of a-ketoesters. Aromatic a-ketoesters are reduced to (S)-a-hydroxy esters, while
(R)-enantiomers are obtained from the reduction of aliphatic counterparts. This interesting observation
is consistent with enzyme-substrate docking studies, which show that hydride transfer occurs at the
different faces of carbonyl group for aromatic and aliphatic a-ketoesters. It is worthy to note that
sterically bulky ketone substrates, such as 2′-methoxyacetophenone, 1-adamantyl methyl ketone, ethyl
4,4-dimethyl-3-oxopentanoate and ethyl 3,3-dimethyl-2-oxobutanoate, are reduced to the corresponding
alcohols with excellent optical purity. Thus, SSCR possesses an unusually broad substrate specificity
and is especially useful for the reduction of ketones with sterically bulky substituents.


Introduction


Asymmetric reduction of ketones is a pivotal transformation
in organic synthesis because chiral carbinols are useful tar-
get bioactive compounds or their precursors. Therefore, many
methodologies have been developed to effect this important
transformation. These methods include metal hydride reduction,1,2


catalytic hydrogenation3,4 and hydrogen transfer reactions.5–8 How-
ever, hazardous materials such as metal hydrides and hydrogen
often result in difficulties and safety concerns in the process
operation. In addition, residual metals in the products originating
from the metal catalysts present another challenge because of
ever more stringent regulatory restrictions on the level of metals
allowed in pharmaceutical products.9 Because of environmentally
benign reaction conditions and unparalleled chemo-, regio- and
stereoselectivities, biocatalytic protocol has attracted more and
more attention from organic chemists.10–13 Biocatalytic ketone
reductions can be realized using isolated enzymes14–20 or whole cell
systems.21–24 However, the use of isolated enzymes is advantageous
because undesirable enantiomer formation mediated by contam-
inating ketoreductases is minimized,25 the enzymes can be stored
and used as normal chemical reagents and no microbiological
knowledge is required, providing more convenience for organic
chemists. Although the cofactors required for such ketoreductases
are expensive, the efficient cofactor recycling systems are available.
Until recently the application of isolated carbonyl reductases to
ketone reduction has been hampered by their limited availability.25


Department of Chemistry, Southern Methodist University, Dallas, Texas,
75275-0314, USA. E-mail: lhua@smu.edu; Fax: +1 214 768 4089; Tel: +1
214 768 1609
† Electronic supplementary information (ESI) available: PDB files of ethyl
phenylglyoxylate and ethyl 3,3-dimethyl-2-oxobutyrate docked into SSCR
(1Y1P) active site. See DOI: 10.1039/b606001c


In this regard, we have been interested in searching for carbonyl
reductase enzymes and assessing their substrate specificity and
stereoselectivity.26,27 Recently, a carbonyl reductase gene from
Sporobolomyces salmonicolor AKU 4429 has been cloned and
over-expressed in E. coli. The X-ray structures of the encoded
protein (SSCR) and its complex with a coenzyme, NADPH, have
been determined.28,29 SSCR belongs to the short-chain dehydro-
genase/reductase family. The structure of the NADPH-binding
domain and the interaction between the enzyme and NADPH are
very similar to those found in other enzymes of same family, while
the structure of substrate-binding domain is unique. This unique
substrate-binding domain suggests that SSCR might possess an
unusual substrate specificity and stereoselectivity. Although it has
been reported that the carbonyl reductase from Sporobolomyces
salmonicolor reduced ethyl 4-chloro-3-oxo-butyrate to ethyl (S)-
4-chloro-3-hydroxy-butyrate and was active to a few aldehydes
and b-ketoesters,30 no details about the enantioselectivity of b-
ketoester reduction were provided. The substrate specificity and
enantioselectivity of this interesting carbonyl reductase have not
been fully evaluated. Therefore, we studied the activity and
enantioselectivity of SSCR toward the reduction of a variety of
ketones with diverse structures and found that SSCR showed
a very broad substrate range including aliphatic and aromatic
ketones, as well as a- and b-ketoesters. Herein we present these
results together with the enzyme-substrate docking studies.


Results and discussion


The carbonyl reductase gene from Sporobolomyces salmonicolor
was over-expressed in E. coli and the encoded protein was
purified and lyophilized by following the literature procedure.28


This lyophilized enzyme was stable for months at 4 ◦C without
significant loss of activity. The specific activity of the carbonyl
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reductase from Sporobolomyces salmonicolor (SSCR) toward the
reduction of ketones was determined by spectrophotometrically
measuring the oxidation of NADPH at 340 nm at room tem-
perature. The enantioselectivity of SSCR toward the reduction
of ketones was studied using a NADPH regeneration system
consisting of D-glucose dehydrogenase (GDH) and D-glucose as
shown in Scheme 1.


Scheme 1 Reduction of ketones by SSCR with NADPH regeneration
system.


The enantiomeric excess (ee) values of the product alcohols
were determined by chiral GC or HPLC analysis. The absolute
configurations of product alcohols were assigned by comparing
the retention times with those of standard samples. The standard
samples of (S)- or (R)-enantiomer of the product alcohols were
purchased from Aldrich or prepared in our previous studies.26,27,31


The specific activities and enantioselectivities for different ketone
substrates are presented in Tables 1–4.


As shown in Table 1, the carbonyl reductase from
Sporobolomyces salmonicolor effectively catalyzed the reduction of
various substituted acetophenones. The substituent at the phenyl
ring exerted effect on the activity, although no general trend
was observed. The position of the substituent at the phenyl ring
also affected the enzyme activity, with activity increasing from
4′ < 2′ < 3′ for Cl and CH3 groups. The substituent and its
position at the phenyl ring also affected the enantioselectivity
of SSCR for the aryl ketone reductions. The acetophenone
derivatives with a substituent at the 2′- or 3′-position showed


Table 1 Reduction of aryl ketones by SSCR


X R Specific activitya Ee (%)


H 4′-H 28 42 (R)
H 4′-F 14 46 (R)
H 4′-Cl 20 14 (R)
H 4′-Br 13 42 (R)
H 4′-CH3 11 59 (R)
H 4′-OCH3 20 57 (R)
H 4′-CF3 92 17 (S)
H 2′-Cl 78 15 (R)
H 3′-Cl 280 66 (R)
H 2′-CH3 14 70 (R)
H 3′-CH3 64 92 (R)
H 2′-OCH3 24 99 (R)
H 3′,5′-(CF3)2 120 99 (R)
Cl 4′-H 370 98 (S)
1-Tetralone 379 94 (R)
6-Methyl-4-chromanone —b 99 (R)


a The specific activity was defined as nmol min−1 mg−1. b Absorbance at
340 nm was too high, preventing the measurement of specific activity.


higher enantioselectivity than those with a 4′-substituent. It is
worth while noting that a methoxy group at the 2′-position
greatly enhanced the enantioselectivity to 99% ee, while the
ee value was 57% with 4′-OCH3 substituent. For the substrate
with two CF3 substituents at 3′,5′-positions, the enzyme activity
increased to 4 times of that for unsubstituted acetophenone,
and (S)-1-(3′,5′-ditrifluoromethylphenyl)ethanol was obtained in
optically pure form (99% ee). SSCR also efficiently reduced
a-chloroacetophenone to (S)-2-chloro-1-phenylethanol in 98%
ee. Aromatic cyclic ketones such as tetralone and 6-methyl-4-
chromanone were also good substrates for this carbonyl reductase.
These bicyclic ketones were reduced to the corresponding (R)-
chiral alcohols in excellent enantiomeric purity.


Table 2 presents the specific activity and enantioselectivity of
the carbonyl reductase from Sporobolomyces salmonicolor for the
aliphatic ketone reduction. It can be seen that SSCR was active
for the reduction of various aliphatic ketones. The activity and
enantioselectivity (even stereopreference) were dependent upon
the structures of both R and R′ groups. For example, reduction of
n-pentyl methyl ketone gave (S)-enantiomer as the major product,
while the (R)-alcohol was obtained when methyl was changed to
ethyl group. It is worthy to note that SSCR efficiently catalyzed
the reduction of bulky 1-adamantyl methyl ketone to (S)-1-(1-
adamantyl)ethanol in 99% ee.


From Table 3 it can be seen that SSCR was very active
for the reduction of both aromatic and aliphatic a-ketoesters.
SSCR efficiently catalyzed the enantiospecific reduction of ethyl
phenylglyoxylate to ethyl (S)-2-hydroxy-2-phenylacetate. Both
activity and enantioselectivity of SSCR were affected by the
substituents on the phenyl ring of aromatic a-ketoesters with


Table 2 Reduction of aliphatic ketones by SSCR


R R′ Specific activitya Ee (%)


n-Pentyl Methyl 50 30 (S)
n-Hexyl Methyl 210 44 (S)
n-Heptyl Methyl 40 4 (R)
1-Adamantyl Methyl 140 >99 (S)
n-Pentyl Ethyl 40 72 (R)


a The specific activity was defined as nmol min−1 mg−1.


Table 3 Reduction of a-ketoesters by SSCR


R Specific activitya Ee (%)


Phenyl 6640 99 (S)
4-Cyanophenyl 2280 82 (S)
4-Fluorophenyl 5070 74 (S)
4-Chlorophenyl 6360 63 (S)
4-Bromophenyl 1400 56 (S)
4-Methylphenyl 1200 88 (S)
3,5-Difluorophenyl 5730 43 (S)
Isopropyl 17540 99 (R)
tert-Butyl 5560 99 (R)


a The specific activity was defined as nmol min−1 mg−1.
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ethyl phenylglyoxylate being the most active and enantioselective
substrate. The aliphatic a-ketoesters were effectively reduced to the
(R)-enantiomer of the corresponding a-hydroxyesters in optically
pure form with ethyl 3-methyl-2-oxobutyrate being the most
active substrate among all the tested ketones. It is astounding
that SSCR catalyzed the reduction of aromatic a-ketoesters to
afford (S)-enantiomers as the major products, while the reduction
of aliphatic counterparts gave (R)-enantiomers with excellent ee
values, indicating that the hydride transfer from NADPH to
the carbonyl group occurred from different faces for aromatic
and aliphatic a-ketoesters. To gain insight on how the R group
affected the faces of hydride transfer, enzyme–substrate docking
was performed with ethyl phenylglyoxylate and ethyl 3,3-dimethyl-
2-oxobutyrate. Computer-assisted docking was thus performed on
SSCR protein structure (PDB file 1Y1P) using the FlexX program.
Three residues (Ser133, Try177 and Lys181) were proposed as
the catalytic triad in this short-chain dehydrogenase/reductase
enzyme. The carbonyl oxygen atom of a substrate forms hydrogen
bonds with both Tyr177 and Ser133 residues, and it is protonated
from the Tyr177 residue, followed by the attacking of a hydride
from C4 atom of NADPH to the carbonyl carbon atom of the
substrate.29,32 Therefore, care was taken to orient the hydrogens
of the hydroxy groups of Ser133 and Tyr177 toward the water
molecule (HOH175), which is coincident with the carbonyl
oxygen of the prospective substrate. The lowest-energy docked
conformations of these two substrates into the enzyme active site
are deposited as supplementary information† and the active site
details are shown in Fig. 1. In both lowest-energy conformational
ensembles the carbonyl carbon is in a position proximal to the
C4 atom of the nicotinamide ring of NADPH cofactor (3.49
and 3.87 Å for ethyl phenylglyoxylate and ethyl 3,3-dimethyl-2-
oxobutyrate, respectively). The ensembles are distinguished by the
orientations of the substrates and consistent with the experimental
observations. As shown in Fig. 1, the NMN (nicotinamide
mononucleotide) ring of the cofactor is located at the Re-face
of ethyl phenylglyoxylate (A), but at the Si-face of ethyl 3,3-
dimethyl-2-oxobutyrate (B). Thus these ketones are reduced to
ethyl (S)-2-hydroxy-2-phenylacetate and ethyl (R)-3,3-dimethyl-2-
hydroxybutyrate, respectively.


The reductions of b-ketoesters catalyzed by SSCR were also
examined (Table 4). The results showed that the carbonyl reduc-
tase from Sporobolomyces salmonicolor also effectively catalyzed
the enantioselective reduction of b-ketoesters. The R group
exerted effect on both the enzyme activity and enantioselectivity.
Although ethyl 3-oxopentanoate was reduced to ethyl (R)-3-


Table 4 Reduction of b-ketoesters by SSCR


R Specific activitya Ee (%)


Chloromethyl 1400 97 (S)
Ethyl 195 61 (R)
Isopropyl 800 99 (S)
tert-Butyl 180 99 (S)
Trifluoromethyl 120 90 (S)
Phenyl 100 56 (S)


a The specific activity was defined as nmol min−1 mg−1.


Fig. 1 The substrate ethyl phenylglyoxylate (A) and ethyl 3,3-dimethyl-
2-oxobutyrate (B) docked into the enzyme (SSCR) active site. NMN is
shown in yellow and the substrate is in green.


hydroxypentanoate in moderate optical purity, when R is the
bulky isopropyl or tert-butyl group the b-ketoesters were reduced
to the (S)-enantiomer of the b-hydroxyesters in 99% ee. Among
the tested b-ketoesters, SSCR showed highest activity for the
reduction of ethyl 4-chloro-3-oxobutyrate, affording ethyl (S)-4-
chloro-3-hydroxybutyrate (97% ee), an important pharmaceutical
intermediate. This carbonyl reductase also catalyzed the reduc-
tions of ethyl 3-oxo-3-phenylpronionate and ethyl 3,3,3-trifluoro-
3-oxobutyrate to the corresponding (S)-alcohol in moderate to
high ee values.


As shown above, this carbonyl reductase (SSCR) catalyzes the
reduction of a broad spectrum of ketones including aliphatic, aro-
matic ketones, a- and b-ketoesters. Among these substrates, SSCR
shows highest activity for the reduction of a-ketoesters. SSCR
belongs to short-chain dehydrogenase/reductase family, and the
observation is similar to that for 7a-hydroxysteroid dehydrogenase
(7a-HSDH) from Bacteroides fragilis ATCC 25285 which is also
a member of short-chain dehydrogenase/reductase family.33, 34


Although 7a-HSDH is an effective catalyst for the reduction
of a-ketoesters, it shows extremely low activity for the other
ketones including aliphatic, aromatic ketones, and b-ketoesters.
The enzyme activity of SSCR is higher for every category of
ketones than 7a-HSDH. Therefore, SSCR is an efficient catalyst
for the reduction of all the tested ketones, indicating this carbonyl
reductase possesses unusually broad substrate specificity.
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Conclusions


In conclusion, the carbonyl reductase from Sporobolomyces
salmonicolor (SSCR) possesses an unusual substrate range by
showing activity toward the reduction of diverse ketones. Among
the four types of tested carbonyl compounds, this carbonyl reduc-
tase shows highest activity for aromatic and aliphatic a-ketoesters.
Both experimental and enzyme-substrate docking studies show
that the hydride transfer from NADPH to the carbonyl group
occurs at different faces for aromatic and aliphatic a-ketoesters,
leading to different enantiomers of chiral a-hydroxyesters. It
is more important that SSCR efficiently catalyzed the reduc-
tions of several bulky ketones, such as 2′-methoxyacetophenone,
3′,5′-ditrifluoromethylacetophenone, 1-adamantyl methyl ke-
tone, ethyl 4,4-dimethyl-3-oxopentanoate, ethyl 4-methyl-3-
oxopentanoate, ethyl 3,3-dimethyl-2-oxobutanoate and ethyl 3-
methyl-2-oxobutanoate, to the corresponding chiral alcohols in
enantiomerically pure form, indicating this carbonyl reductase
is a useful enzyme catalyst for the reduction of sterically bulky
ketones.


Experimental


Chiral GC analysis was performed on a Hewlett Packard 5890
series II plus gas chromatograph equipped with autosampler, EPC,
split/splitless injector, FID detector and CP-Chirasil-Dex CB
chiral capillary column (25 m × 0.25 mm). Chiral HPLC analysis
was performed on an Agilent 1100 series high-performance liquid
chromatography system with (S,S)-Whelk-O 1 column (25 cm ×
4.6 mm, Regis Technologies Inc.). The enzyme activities toward
the reduction of ketones were assayed using a SpectraMax M2
microplate reader (Molecular Devices). All the ketones and
b-ketoesters were purchased from Aldrich or Acros Organics.
Ethyl phenylglyoxylate, ethyl (4-cyanophenyl)glyoxylate, ethyl
(3,5-difluorophenyl)-glyoxylate, and ethyl 3-methyl-2-oxobutyrate
were purchased from Aldrich or Acros. All the other a-ketoesters
were prepared by Friedel–Crafts acylation of substituted benzene
with ethyl oxalyl chloride in the presence of anhydrous AlCl3,35


or reaction of diethyl oxalate with the corresponding Grignard
reagents.36 The racemic alcohol standards were prepared by
reduction of ketones with sodium borohydride. (S)- or (R)-
Enantiomers of the product alcohols were purchased from Aldrich
or prepared in our previous studies.26,27,31


Gene expression and purification of the carbonyl reductase from
Sporobolomyces salmonicolor (SSCR)


The carbonyl reductase gene from Sporobolomyces salmonicolor
was cloned by gene assembly techniques.37 Twelve oligonucleotides
ranging from 100 to 120 nucleotides were designed on the basis
of nucleotide sequence of Sporobolomyces salmonicolor carbonyl
reductase gene,28 the open reading frame of which is composed of
1032 nucleotides (344 amino acid residues). The Nco I and Bam HI
sites were franked to the open reading frame for easy cloning into
expression vector pET15b (Novagen). Plasmid DNA containing
SSCR gene was transformed into E. coli BL21(DE3) strain.
Overnight culture was diluted into fresh LB medium containing
ampicillin (100 lg ml−1) and incubated at 37 ◦C until optical
density reached 0.6 at 595 nm. The expression was induced by


addition of IPTG to 0.1 mM and the culture was incubated at 30 ◦C
for another 6 h. Cells were harvested by centrifugation at 4100 rpm
at 4 ◦C for 30 min. The cell pellet was resuspended in potassium
phosphate buffer (100 mM, pH 7.4) and the cells were disrupted
by EmulsiFlex-C5 Homogenizer. The cell-free extract was mixed
with an equal volume of PEI solution (0.25% polyethyleneimine
MW 40 K–60 K, 6% NaCl, 100 mM Borax, pH 7.4) to remove
lipids.38 The supernatant was precipitated with 50% ammonium
sulfate. The resulting precipitate was collected after centrifugation
and dissolved in potassium phosphate buffer (10 mM, pH 7.4)
containing 0.1 mM dithiothreitol. The lysate was desalted by
gel filtration into potassium phosphate buffer (10 mM, pH 7.4,
0.1 mM dithiothreitol), and lyophilized to afford the SSCR enzyme
as a white powder with a protein content of 83% measured with
the Bradford assay.


Activity assay of the carbonyl reductase from Sporobolomyces
salmonicolor (SSCR)


The activities of the carbonyl reductase from Sporobolomyces
salmonicolor toward the reductions of ketones were determined
by spectrophotometrically measuring the oxidation of NADPH at
340 nm (e = 6.22 mM−1 cm−1) in the presence of an excess amount
of ketones. The activities were measured at room temperature in
a 96-well plate, in which each well contained ketone (6.25 mm)
and NADPH (0.25 mm) in potassium phosphate buffer (100 mM,
pH 6.5, 180 ll). The reactions were initiated by the addition of the
carbonyl reductase (20 ll solution containing 2–40 lg of enzyme).
The specific activity was defined as the number of nmol of NADPH
converted in one minute by 1 mg of enzyme (nmol min−1 mg−1).


Enantioselectivity of ketone reduction catalyzed by the carbonyl
reductase from Sporobolomyces salmonicolor (SSCR)


The enantioselectivity of the enzymatic reduction of ketones was
studied using an NADPH recycle system. The general proce-
dure was as follows: D-glucose (4 mg), D-glucose dehydrogenase
(0.5 mg), NADPH (0.5 mg), the carbonyl reductase (SSCR,
0.5 mg) and ketone solution in DMSO (50 ll, 0.25 M) were mixed
in a potassium phosphate buffer (1 ml, 100 mM, pH 6.5) and the
mixture was shaken overnight at room temperature. The mixture
was extracted with methyl tert-butyl ether (1 ml). The organic
extract was dried over anhydrous sodium sulfate and was subjected
to chiral GC and HPLC analysis to determine the enantiomeric
excess.39 The absolute configurations of product alcohols were
identified by comparing the chiral GC data with the standard
samples.26,27,31 The details of chiral GC and HPLC analysis are
summarized in Table 5.


Enzyme-substrate docking


The crystal structure of the SSCR–NADPH (PDB code: 1Y1P)
was used. In the crystal structure, there were two protein molecules
(Mol-1 and Mol-2) and they are almost identical. The docking
was performed on Mol-1 where an NADPH was tightly bound.
Since the carbonyl oxygen atom of a substrate is proposed to
form hydrogen bonds with Ser133 and Tyr177, the torsion angles
of Ser133 and Tyr177 were adjusted, so that the hydrogens of
the hydroxy groups of Ser133 and Tyr177 were oriented toward
the water molecule (HOH175) in the crystal structure, which is
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Table 5 Details of chiral HPLC and GC analysis


Retention time/min


Alcohols Methoda tR tS


1-Phenylethanol A 5.04 5.43
1-(4′-Fluorophenyl)ethanol A 5.97 6.66
1-(4′-Chlorophenyl)ethanol A 13.61 15.07
1-(4′-Bromophenyl)ethanol A 19.45 21.10
1-(4′-Methylphenyl)ethanol A 6.86 7.63
1-(4′-Methoxyphenyl)ethanol A 13.74 14.54
1-(4′-Trifluoromethylphenyl)ethanol A 7.27 8.37
1-(2′-Chlorophenyl)ethanol A 12.96 15.88
1-(3′-Chlorophenyl)ethanol A 13.49 14.65
1-(2′-Methylphenyl)ethanol A 8.98 10.70
1-(3′-Methylphenyl)ethanol A 7.46 7.95
1-(2′-Methoxyphenyl)ethanol A 13.33 12.48
1-[3′,5′-Bis(trifluoromethyl)phenyl]ethanol A 4.50 3.98
2-Chloro-1-phenylethanol A 14.83 15.88
1,2,3,4-Tetrahydro-1-naphthalenol A 17.59 17.18
6-Methyl-4-chromanol A 23.16 23.63
2-Heptanolb B 8.73 6.36
2-Octanolb B 14.87 11.32
2-Nonanolb B 22.56 18.28
1-(1-Adamantyl)ethanolb A 23.67 22.51
3-Octanolb B 11.40 9.60
Ethyl 2-hydroxy-2-phenylacetate C 9.8 10.7
Ethyl 2-hydroxy-2-(4-fluorophenyl)acetate C 8.4 8.9
Ethyl 2-hydroxy-2-(4-chlorophenyl)acetate C 8.9 9.5
Ethyl 2-hydroxy-2-(4-bromophenyl)acetate C 9.4 10.0
Ethyl 2-hydroxy-2-(4-methylphenyl)acetate C 11.6 12.3
Ethyl 2-hydroxy-2-(4-cyanophenyl)acetate C 21.6 22.6
Ethyl 2-hydroxy-2-(3,5-diflurophenyl)acetate D 9.2 9.7
Ethyl 2-hydroxy-3-methylbutyrate E 22.0 22.3
Ethyl 2-hydroxy-3,3-dimethylbutyrate B 11.2 11.8
Ethyl 4-chloro-3-hydroxybutyrateb A 7.69 7.94
Ethyl 3-hydroxybutyrate F 5.37 5.23
Ethyl 3-hydroxypentanoate F 8.69 8.37
Ethyl 3-hydroxyhexanoate F 14.19 13.57
Ethyl 3-hydroxy-4-methylpentanoate F 11.64 11.85
Ethyl 3-hydroxy-4,4-dimethylpentanoatec G 10.05 10.54
Ethyl 3-hydroxy-4,4,4-trifluorobutyratec G 5.87 6.47
Ethyl 3-hydroxy-3-phenylpropionate H 18.00 18.24


a A) GC, 120 ◦C for 2 min, 1 ◦C min−1 to 150 ◦C, 150 ◦C for 5 min; B) GC, 80 ◦C for 2 min, 1 ◦C min−1 to 110 ◦C, 110 ◦C for 5 min; C) HPLC, flow rate
1.0 ml min−1, hexane–isopropanol (0.1% HOAc) = 95 : 5; D) HPLC, flow rate 1.0 ml min−1, hexane–isopropanol (0.1% HOAc) = 99 : 1; E) GC, 60 ◦C
for 2 min, 1 ◦C min−1 to 90 ◦C, 90 ◦C for 5 min; F) GC, 90 ◦C for 2 min, 1 ◦C min−1 to 120 ◦C, 120 ◦C for 5 min; G) GC, 100 ◦C for 2 min, 1 ◦C min−1 to
130 ◦C, 130 ◦C for 5 min; H) GC, 130 ◦C for 2 min, 1 ◦C min−1 to 160 ◦C, 160 ◦C for 5 min. b Hydroxyl group was acylated as acetate. c Hydroxyl group
was acylated as trifluoroacetate.


coincident with the carbonyl oxygen of the docked substrate.
All docking calculations were performed with FlexX program
in the SYBYL7.1 modeling package. A docking algorithm that
took account of ligand flexibility but kept the protein rigid was
employed. Docking runs were carried out using the standard
parameters of the program for interactive growing and subsequent
scoring.
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A short synthesis of 6,6,6-trifluoro-L-acosamine 15 and 6,6,6-trifluoro-L-daunosamine 19 has been
accomplished. The pyranose ring system of these carbohydrate analogues was formed by a
hetero-Diels–Alder reaction of vinylogous imide 11 and ethyl vinyl ether which gave adduct 12a in 40%
yield. Hydroboration gave 13 and subsequent hydrogenolytic removal of the (R)-2-phenylethyl chiral
auxiliary gave ethyl 6,6,6-trifluoro-L-acosaminide 14. Acid hydrolysis furnished target 15. Glycoside 13
was N-trifluoroacetylated to give 16, the structure was confirmed by single crystal X-ray diffraction.
The C-4 stereochemistry of 16 was inverted by Swern oxidation of the 4-OH group, and subsequent
borohydride reduction to give 17. Hydrogenolytic removal of the auxiliary gave
ethyl-6,6,6-trifluoro-L-daunosaminide 18. Acid hydrolysis provided 19.


Introduction


Takagi et al.1–3 have reported the syntheses of several trifluo-
rinated analogues of daunomycin 1 and adriamycin 2 which
have shown good antitumour activities. The analogues, 3–
5, incorporated 2,6-dideoxy-6,6,6-trifluoro-L-lyxo-hexopyranosyl
and 2,3,6-trideoxy-3-amino-6,6,6-trifluoro-L-lyxo-hexopyranosyl
(6,6,6-trifluoro-L-daunosamine) residues as the carbohydrate moi-
ety. They reasoned that the strongly electron-withdrawing C-5
trifluoromethyl group of the sugar would stabilise the glycosidic
bond against acid hydrolysis and, due to its high lipophilicity,
would facilitate cellular uptake of the compound. Anthracycline
3 showed stronger activity than adriamycin 1 against murine
leukaemia L1210 in vivo in the low dose range1 and both 4 and 5
showed 60 to 70 fold stronger activity against human epitheliod
carcinoma (HeLa) and human leukaemia (HL60) in vitro.2


Department of Chemistry, University of Otago, P.O. Box 56, Dunedin, New
Zealand
† Electronic supplementary information (ESI) available: HPLC data,
NMR spectra, molecular structures, and tables of bond lengths and angles.
See DOI: 10.1039/b606055b


The synthesis of the carbohydrate moiety of 3 involved mod-
ification of a tosylated methyl L-lyxo-hexopyranoside derivative
using an eleven-step reaction sequence where trifluoromethylation
was effected by a fluoride catalysed addition of TMSCF3 to the
intermediary aldehyde 6.1 In a similar fashion, Takagi et al.2


developed a synthesis of a glycosyl donor for the preparation of
4 and 5 from carbohydrate-derived intermediate 7 in a multi-step
sequence.


In earlier work, Taguchi et al.4 have reported the synthesis
of the p-nitrobenzoyl glycoside of a protected 6,6,6-trifluoro-L-
daunosamine derivative starting from 2,3-O-cyclohexylidene-L-
glyceraldehyde, also in eleven steps. The critical trifluoromethy-
lation of the glyceraldehyde was achieved upon treatment with
trifluoromethyl iodide and zinc dust.


Tietze et al.5 have reported a hetero-Diels–Alder approach to
racemic 3-amino-carbohydrate derivatives and we have previously
described the syntheses of 2,6-dideoxy-6,6,6-trifluoro-D- and L-
arabino-hexose using the Diels–Alder reaction of hetero-diene 8
and ethyl vinyl ether.6,7 We now report on a short and efficient
synthesis of 6,6,6-trifluoro-L-acosamine and 6,6,6-trifluoro-L-
daunosamine derivatives using an adaptation of this method.
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Scheme 1 Reagents and conditions: (i) (R)-a-methylbenzylamine; CH2Cl2, 0 ◦C; (ii) TFAA, py, CH2Cl2, 0 ◦C (96% from 9); (iii) 60–65 ◦C, 42 h (40% of
12a).


Discussion


Reaction of trifluorinated vinylogous ester 9 with (R)-a-
methylbenzylamine gave vinylogous amide 10 (Scheme 1). Treat-
ment with trifluoroacetic anhydride and pyridine gave the het-
erodiene 11 in 96% yield for the two steps. The thermal Diels–
Alder reaction of 11 and ethyl vinyl ether proceeded slowly and,
after 2 d, the reaction was close to completion. The 1H NMR
spectrum of the crude reaction product gave little information
on its composition due to peak overlap and signal broadening
presumably due to amide isomerism. The crude product was
found to contain a mixture of four cycloadducts 12a–d in an
approximately 8 : 3 : 1 : 1.5 ratio based upon integration of the
resonances for the trifluoromethyl and C-5 trifluoromethyl groups
in the 19F NMR spectrum and analysis by reverse phase (C-18)
HPLC. Partial separation of two of the minor isomers, 12c and
12d by preparative HPLC aided these analyses. Purification of the
crude product by column chromatography and crystallisation gave
the major cycloadduct 12a in 40% yield in multigram quantities.


The spectral and analytical data were consistent with 12a and its
absolute structure was determined by a crystallographic study of
a derivative (vide supra).‡ The signals in the 1H NMR spectrum of
12a were also broadened and the 19F NMR spectrum showed that
12a existed as an approximately 9 : 1 mixture of isomers about the
amide bond. Attempts were unsuccessfully made to remove the
trifluoroacetamido moiety to simplify the structural analysis by
NMR. Unfortunately, this group was remarkably resilient to both
acid and base promoted hydrolysis.


Hydroboration of 12a gave, after workup with alkaline hy-
drogen peroxide, ethyl glycoside 13 in 37% yield (69% corrected
yield) along with 48% recovered starting material (Scheme 2).
Concomitant hydrolysis of the amide occurred under the reaction
conditions, presumably due to participation of the C-4 hydroxyl
group. Attempts to optimise the conversion of 12a to 13 by
increasing the reaction time for the hydroboration resulted in a


‡ CCDC reference number 605958. For crystallographic data in CIF
format see DOI: 10.1039/b606055b


Scheme 2 Reagents and conditions: (i) BH3·SMe2, CH2Cl2, 4 ◦C, 42 h then H2O2, 3 M NaOH, THF, MeOH (69% corrected); (ii) H2, 10% Pd on C,
EtOAc, 17 h (100%); (iii) aqueous 0.5 M HCl, 100 ◦C (100%); (iv) TFAA, py then IRA 400 (OH) resin, MeOH (84%).
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Scheme 3 Reagents and conditions: (i) a. DMSO, (COCl)2, −60 ◦C, 16, 2 h, b. NEt3, rt, c. NaBH4, IPA, rt (78%); (ii) H2, 10% Pd on C, EtOAc (85%);
(iii) aqueous 0.5 M HCl, 100 ◦C (100%).


complex mixture of products due to a combination of reduction
of the trifluoroacetamido and loss of the 2-phenethyl groups.


The NMR spectral data were consistent with the proposed
structure of 13. The doublet at d −77.7 ppm (3JF–H 6.1 Hz) in the
19F NMR spectrum confirmed the success of the hydroboration.
The coupling constants for the signals assigned to H-1 (3J1,2ax


9.7 Hz) and H-4 (3J3,4 and 3J4,5 9.3 Hz) indicated that 13 existed in
a chair-like conformation. Hydrogenolysis of the a-methylbenzyl
group was effected under standard conditions to give ethyl 6,6,6-
trifluoro-b-L-acosamidine 14 in quantitative yield. Acosaminide
14 was hydrolysed under acidic conditions to give acosamine
15 which was isolated as the hydrochloride salt. The 1H NMR
spectrum, recorded in D2O showed that 15 existed as a 1.9 : 1
mixture of the a- and b-pyranose forms.


The structures of 12a, 13 and 14 and 15 were unambiguously
confirmed from the following synthetic sequence (Scheme 2).
Trifluoroacetylation of 13 and subsequent hydrolysis of the


trifluoroacetate group gave 16 in 84% yield. Single crystals of
16 were obtained from dichloromethane and hexanes and an X-
ray diffraction study confirmed its structure and revealed that
each of the two unique molecules in the unit cell possessed an
L-arabino-configuration based upon the (R)-phenylethyl chiral
auxiliary (Fig. 1).‡ Small differences in the bond distances and
angles may be ascribed to crystal packing effects with a significant
variation of the ethoxy substituent with C-1–O1–C-1′–C-2′ torsion
angles 164.6(2) and 173.48(19)◦, respectively.


The next objective of the study was to invert the stereochemistry
at C-4 of the acosamine derivative to produce a daunosamine ana-
logue. This was achieved by Swern oxidation of 16 and subsequent
reduction of the ketone intermediate with sodium borohydride to
give the L-lyxo glycoside 17 in 78% yield. As before, removal of
the a-methylbenzyl group was effected by catalytic hydrogenolysis
which gave ethyl 6,6,6-trifluoro-b-L-daunosaminide 18 in 85%
yield (Scheme 3).


Fig. 1 Perspective view of one of the unique molecules of 16 with displacement ellipsoids drawn at the 50% probability level.
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Hydrolysis of 18 in 0.5 M hydrochloric acid gave 6,6,6-trifluoro-
L-daunosamine hydrochloride 19 in near quantitative yield. In
D2O 19 existed as an approximately 8 : 4 : 3 : 1 mixture of 19ap:
19bp: 19af: 19bf forms at room temperature based upon its 1H and
19F NMR spectra. The assignment of anomeric configurations
of the pyranose forms of 19 was made by comparison with the
chemical shifts and coupling constants of the anomeric protons to
those of 15. The assignment of the anomeric configurations of the
furanose forms of 19 are tentative.


In summary, we have reported a short and facile synthesis of
6,6,6-trifluoro-L-acosamine 15 and 6,6,6-trifluoro-L-daunosamine
19 from cheap and readily available starting materials. Other
6,6,6-trifluoro-3-amino-hexoses would be available by minor
modifications of this methodology. We are currently utilising
these fluorinated carbohydrates for the preparation of a range
of anthracycline and angucycline analogues.


General experimental


Melting points were measured on a Mettler Toledo FP52 melting
point apparatus or a Reichardt hot stage and are uncorrected.
1H, 13C and 19F NMR spectra were recorded on a Varian
VXRS300 spectrometer. Chemical shifts are reported as parts per
million. Deuteriochloroform samples are referenced to the residual
chloroform (dH 7.26, dC 77.08), and D2O samples are referenced to
dioxane as an internal standard (dH 3.74, dC 67.4). All 19F spectra
are referenced to an external standard of 5% trifluoroacetic acid
in CDCl3 (dF −78.5). All IR spectra were recorded on a Perkin
Elmer Spectrum BX FT-IR spectrophotometer. Optical rotations
were recorded on a Jasco DIP-1000 digital polarimeter. Mass
spectra (EI) were recorded at the University of Canterbury, New
Zealand on a Kratos MS80RFA mass spectrometer operating
with an accelerating voltage of 4 kV and an ionisation energy
of 70 eV. Electrospray ionisation mass spectra were recorded on
a micromass LCT mass spectrometer. Elemental analyses were
carried out the Campbell Microanalytical Laboratory, University
of Otago, Dunedin, New Zealand. Flash column chromatog-
raphy was carried out using silica-gel (Merck 60 Å, 230–400
mesh). Thin layer chromatography was performed on silica-gel
precoated aluminium plates, (Merck 60 Å, F254, 0.2 mm) and
were visualised under a UV lamp and with alkaline KMnO4 or
phosphomolybdic acid dips with subsequent heating. Analytical
HPLC was performed using a Jasco PU-980 pump and a Jasco
UV-975 detector set at 254 nm equipment on a Phenomonex Luna
RP-C18 (200 mm × 5 mm) column using 80% aqueous methanol
with 0.1% TFA as the mobile phase with a flow rate of 1 ml min−1.
Dichloromethane was distilled from P2O5. All other solvents and
reagents were purified using standard methods.8


(Z)-4-[(1R)-phenethylamino]-1,1,1-trifluorobutenone (10)


(R)-a-Methylbenzylamine (7.8 g, 64 mmol) was added to a cold
(ice bath) stirred solution of 9 (10.9 g, 65 mmol) in CH2Cl2 (50 mL)
over a period of 5 min. Concentration under reduced pressure gave
the title compound 10 (16.0 g, 100%) as a slightly impure brown oil
that was used without further purification; 1H NMR (200 MHz,
CDCl3) inter alia 1.64 (3H, d, J 7 Hz, CH3), 4.59 (1H, apparent
quin, separation 7 Hz, CH(Ph)CH3), 5.38 (1H, d, J 7 Hz, H-3),


7.12 (1H, dd, J 7, 13.5 Hz, H-4), 7.25–7.45 (5H, m, Ph), 10.40–
10.70 (1H, br s, NH).


(E)-4-[(1R)-phenethyltrifluoroacetamido]-1,1,1-trifluorobutenone
(11)


Trifluoroacetic anhydride (16.2 g, 77 mmol) was added to a cooled
(ice bath) stirred solution of 10 (15.5 g, 64 mmol) and pyridine
(6.1 g, 77 mmol) in CH2Cl2 (40 mL) under a N2 atmosphere
over a period of 10 min. The cooling bath was removed and the
reaction mixture was left to stand for 4 h. The reaction mixture
was concentrated under reduced pressure and the residue was
suspended in hexane (50 mL) and filtered through a sintered glass
funnel. Concentration of the filtrate and Kugelrohr distillation
(115–120 ◦C, 0.1 mm Hg) gave the title compound 11 (21.0 g, 96%)
as a pale-yellow oil; [a]22


D +56.5 (c 1.1, CH2Cl2); tmax (neat)/cm−1


3068, 3035, 2990, 2950, 1784 (C=O), 1731 (C=O), 1599; 1H NMR
(300 MHz, CDCl3) d 1.84 (3H, d, J 7.1 Hz, CH3), 5.89 (1H, q, J
7.1 Hz, CH(Ph)CH3), 6.17 (1H, d, J 13.8 Hz, H-3), 7.22–7.44 (5H,
m, Ph), 7.95 (1H, d, J 13.8 Hz, H-4); 13C NMR (75 MHz, CDCl3)
d 15.9 (CH3), 55.6 (CH(Ph)CH3), 105.7, 115.8 (q, J 289 Hz, CF3),
116.0 (q, J 290 Hz, CF3), 126.2, 128.6, 129.3, 136.7, 142.1, 157.4
(q, J 38 Hz, CO), 179.3 (q, J = 36 Hz, CO); 19F NMR (282 MHz,
CDCl3) d −81.0 (s, CF3), −70.3 (s, CF3); m/z (EI) 339 (M+, 58%),
243 (M+- 96, 54%), 105 (M+-234, 100%); found: C, 49.86; H, 3.51;
N, 4.27; F, 33.81%. C14H11F6NO2 requires C, 49.57; H, 3.27; N,
4.13; F, 33.6.


(2S,4S)-cis-2-Ethoxy-4-[(1R)-phenethyltrifluoroacetamido]-6-
trifluoromethyl-3,4-dihydro-2H-pyran (12a)


A solution of 11 (14.9 g, 44 mmol) and ethyl vinyl ether (15 g,
208 mmol) was split into three equal portions and heated in
three screw cap test tubes for 42 h in an oil bath maintained
between 60–65 ◦C. The portions were recombined and excess
ethyl vinyl ether was removed under reduced pressure. The residue
was passed through a silica column (gradient elution, 1 to
2.5% ether–hexanes). Fractions containing the target cycloadducts
(Rf = 0.36, 10% ether–hexanes) were collected and concentrated.
Crystallisation from hexanes afforded the title compound 12a
(7.3 g, 40%) as a white solid; mp 101 ◦C; [a]21


D −24.5 (c 0.64,
CH2Cl2); tmax (KBr)/cm−1 3447 (br, OH), 3100, 3072, 3042, 2989
2942, 2904, 1687 (C=O); 1H NMR (300 MHz, CDCl3, −50 ◦C) d
inter alia 1.04 (0.9H, br dd, J 6.6, 11.8 Hz, 0.9 of H-3) 1.14 (3H,
t, J 7.1 Hz, CH2CH3), 1.68 (2.7H, d, J 6.7 Hz, CH(Ph)CH3), 1.80
(0.3H, d, J 7.0 Hz, CH(Ph)CH3), 2.10–2.20 (0.1H, m, 0.1 of H-3),
2.34–2.43 (0.1H, m, 0.1 of 3-H), 2.50 (0.9H, q, J 11.3 Hz, 0.9 of H-
3), 3.41 (0.9H, qd, J 7.1, 9.1 Hz, 0.9 of CH2CH3), 3.53–3.63 (0.1H,
m, 0.1 of CH2CH3), 3.78–4.05 (2H, m, H-4, 1 of CH2CH3), 4.54
(0.1H, q, J 7.0 Hz, 0.1 of CH(Ph)CH3), 4.70 (0.9H, d, J 9.0 Hz,
H-2), 4.92–5.02 (0.1H, br s, H-2), 5.18–5.32 (1.8H, m, 0.9 of H-5,
0.9 of CH(Ph)CH3), 7.18–7.42 (5H, m, Ph); 19F NMR (282 MHz,
CDCl3) for the major amide isomer/rotamer d −69.3 (CF3CO),
−73.6 (3F, d, J 1 Hz, 6-F3); for the minor amide isomer/rotamer
d −69.7 (3F, br s, CF3CO), −73.7 (3F, br s, J 1 Hz, 6-F3); m/z (EI)
411 (M+, 9%), 365 (M+-46, 8%), 339 (M+-72, 14%), 306 (M+-105,
68%), 105 (M+-306, 100%); found: C, 52.42; H, 4.61; N, 3.47; F,
27.94%. C18H19F6NO3 requires C, 52.56; H, 4.66; N, 3.41; F, 27.71.
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Small quantities of 12c and 12d were obtained by HPLC
separation on a Merck Lichrospher RP18 (10 l) 250 mm × 20 mm
column using 80% aqueous methanol as the mobile phase with a
flow rate of 4 ml min−1.


For 12c, 9 : 1 mixture of amide isomers/rotamers; for the major
amide isomer/rotamer 19F NMR (282 MHz, CDCl3) d −69.1
(3F, s, CF3CO), −73.7 (3F, d, J 2.5 Hz, 6-F3); for the minor amide
isomer/rotamer 19F NMR (282 MHz, CDCl3) d −70.1 (3F, br s,
CF3CO), −73.9 (3F, br s, J 1 Hz, 6-F3).


For 12d, 17 : 1 mixture of amide isomers/rotamers; for the
major amide isomer/rotamer 19F NMR (282 MHz, CDCl3) d
−69.1 (3F, s, CF3CO), −73.6 (3F, d, J 2.5 Hz, 6-F3); for the minor
amide isomer/rotamer 19F NMR (282 MHz, CDCl3) d −70.0 (3F,
br s, CF3CO), −73.8 (3F, br s, J 1 Hz, 6-F3).


Ethyl 4-amino-4-N-[(1R)-phenethyl]-6,6,6-trifluoro-2,3,6-
trideoxy-b-L-arabino-hexopyranoside (13)


BH3·S(CH3)2 (3.0 mL, 30 mmol) was added to a cooled (ice-bath)
solution of 12a (5.0 g, 12 mmol) in dry CH2Cl2 (200 mL) under an
atmosphere of N2. The reaction was left at 4 ◦C for 42 h. Methanol
(30 mL), THF (80 mL) and 1 : 1 mixture of 3 M NaOH and 30%
H2O2 (100 mL) were cautiously added and the reaction mixture
was stirred vigorously at ambient temperature for 2 h. Potassium
carbonate (50 g) was added and the reaction mixture was stirred for
a further 5 min, transferred to a separating funnel and diluted with
hexane (100 mL). The phase was separated and back extracted
with CH2Cl2 (2 × 100 mL). The combined organic phases were
dried (Na2SO4) and concentrated. Purification by silica-gel column
chromatography (2.5–30% ethyl acetate–hexanes as eluent) gave
recovered 12a (2.3 g, 48%) and the title compound 13 (1.5 g,
37%) as a hygroscopic white solid; [a]22


D +147 (c 0.30, CH2Cl2);
tmax (KBr)/cm−1 3846 (OH), 3029, 2979, 2932, 2891; 1H NMR
(300 MHz, CDCl3) d 1.21 (3H, t, J 7.1 Hz, CH2CH3), 1.37 (3H, d,
J 6.5 Hz, CH(Ph)CH3), 1.28–1.42 (1H, m, H-2ax), 2.29–2.42 (2H,
m, H-2eq and 3-H), 3.40 (1H, t, J = 9.3 Hz, H-4), 3.50 and 3.52 (1H
each, 2 × overlapping qd, J 7.1, 9.5 Hz and J 6.1, 9.3 Hz, CH2CH3,
H-5), 3.92 (1H, qd, J 7.1, 9.5 Hz, 1 of CH2CH3) overlapping with
3.96 (1H, q, J 6.5 Hz, CH(Ph)CH3), 4.40 (1H, dd, J 2.0, 9.7 Hz,
H-1), 7.20–7.40 (5H, m, Ph); 13C NMR (75 MHz, CDCl3) d 15.1,
25.5, 35.6, 54.2, 55.7, 65.1, 69.1, 74.5 (q, J 31 Hz, C-5), 100.8 (C-
1), 123.6 (q, J 281 Hz, C-6), 126.6, 127.5, 128.8, 140.3; 19F NMR
(282 MHz, CDCl3) d −77.7 (d, J 6.1 Hz, F-6); m/z (EI) 333 (M+,
19%), 318 (M+-15, 68%), 288 (M+-45, 44%), 204 (M+-129, 70%),
105 (M+-228, 100%); found: C, 57.35; H, 6.50; N, 4.23; F, 16.98%.
C16H22F3NO3 requires C, 57.65; H, 6.65; N, 4.20; F, 17.10.


Ethyl 3-amino-2,3,6-trideoxy-6,6,6-trifluoro-b−L-arabino-
hexopyranoside (14)


A mixture of 13 (276 mg, 0.84 mmol) and 10% Pd/C (30 mg) in
ethyl acetate (10 mL) was stirred under an atmosphere of H2 for
17 h. Filtration through a Celite pad and removal of the solvent
gave the title compound 14 (190 mg, 100%) as a white solid.
A small sample was purified by column chromatography (10%
methanol–ethyl acetate) for analysis; [a]23


D +65.4 (c 0.65, MeOH);
tmax (KBr)/cm−1 3551, 3475, 3412 3340, 3282, 2953, 2895, 2862,
1618; 1H NMR (300 MHz, CDCl3) d 1.23 (3H, t, J 7.1 Hz, CH3),
1.53 (1H, ddd, J 9.6, 12.3, 12.8 Hz, H-2ax), 1.62–1.98 (3H, br s,


NH2, OH), 2.13 (1H, ddd, J 2.0, 4.4, 12.8 Hz, H-2eq), 2.80 (1H,
ddd, J 4.4, 9.3, 12.3 Hz, H-3), 3.39 (1H, t, J 9.3 Hz, H-4), 3.56
(1H, dq, J 9.6, 7.1 Hz, 1 of CH2CH3), 3.65 (1H, qd, J 6.2, 9.3 Hz,
H-5), 3.95 (1H, dq, J 9.6, 7.1 Hz, 1 of CH2CH3), 4.60 (1H, dd, J
2.0, 9.6 Hz, H-1). 13C NMR (75 MHz, CDCl3) d 15.1 (CH3), 39.0
(C-2), 52.6, 65.2 (CH2CH3), 70.9, 74.6 (q, J 29 Hz, C-5), 100.6
(C-1), 123.8 (q, J 281 Hz, C-6); 19F NMR (282 MHz, CDCl3) d
−77.2 (3F, d, J 6.2 Hz, F-6); m/z (ESI) 230 (MH+, 100%); found:
m/z 2320.0997 (MH+). C8H15NO3F3 requires m/z 230.1004.


3-Amino-2,3,6-trideoxy-6,6,6-trifluoro-L-arabino-hexopyranose
hydrochloride (15)


A solution of 14 (220 mg, 1.0 mmol) in 0.5 M HCl (10 mL) was
heated over a steam bath for 1 h. Concentration under reduced
pressure afforded the title compound 15 (230 mg, 100%) (a : b
1.9 : 1) as a white powder; [a]24


D −17.2 (c 0.4, H2O, 12 h); tmax


(KBr)/cm−1 3384, 2961, 1617, 1598; 1H NMR (300 MHz, D2O)
d 1.76 (0.34H, ddd, J 9.6, 12.6, 12.7 Hz, b-H-2ax), 1.97 (0.66H,
ddd, J 3.5, 12.5, 13.4 Hz, a-H-2ax), 2.25 (0.66H, ddd, J 1.4, 4.4,
13.4 Hz, a-H-2eq), 2.40 (0.34H, ddd, J 2.1, 4.6, 12.7 Hz, b-H-2eq),
3.50 (0.34H, ddd, J 4.6, 10.1, 12.6 Hz, b-H-3), 3.65 (0.66H, ddd,
J 4.4, 10.3, 12.5 Hz, a-H-3), 3.79–3.90 (1H, m, H-4), 4.02 (0.34H,
dq, J 6.3, 9.4 Hz, b-H-5), 4.39 (0.66H, dq, J 6.5, 9.6 Hz, a-H-
5), 5.12 (0.34H, dd, J 2.1, 9.6 Hz, b-H-1), 5.48–5.18 (0.66H, m,
a-H-1); 13C NMR (75 MHz, D2O) d 33.9 (a-C-2), 35.7 (b-C-2),
49.8 (a-C-3), 52.1 (b-C-3), 66.8 (b-C-4), 67.0 (a-C-4), 70.0 (q, J
29 Hz, a-C-5), 74.1 (q, J 30 Hz, b-C-5), 91.2 (a-C-1), 94.5 (b-C-1),
123.9 (q, J 280 Hz, b-C-6), 124.6 (q, J 280 Hz, a-C-6); 19F NMR
(282 MHz, D2O) d −77.2 (1F, d, J 6.3 Hz, b-F-6), −76.9 (2F, d, J
6.5 Hz, a-F-6); m/z (ESI) 202 (MH+, 100%), 184 (M+-OH, 55%);
found: m/z 202.0682 (MH+). C6H11NO3F3 requires m/z 202.0691.


Ethyl 4-trifluoroacetamido-4-N-[(1R)-phenethyl]-6,6,6-trifluoro-
2,3,6-trideoxy-b-L-arabino-hexopyranoside (16)


A stirred solution of 13 (520 mg, 1.6 mmol) and pyridine (190 mg,
2.4 mmol) in CH2Cl2 (10 mL) under an N2 atmosphere was cooled
in an ice-water bath. Trifluoroacetic anhydride (980 mg, 4.4 mmol)
was added dropwise and the reaction flask was left in the cooling
bath for 2 h and then for a further 2 h at ambient temperature. The
reaction mixture was diluted with CH2Cl2 (20 mL) and poured
into a stirring saturated NaHCO3 solution. The organic layer was
washed with 1 M HCl, dried (Na2SO4) and concentrated under
reduced pressure. The resultant oil (800 mg) was dissolved in
reagent grade methanol (10 mL) and stirred in the presence of
Amberlite R© 400 (OH−) ion exchange resin for 1.75 h. A further
100 mg of fresh resin was added and stirring continued for another
15 min. Filtration and concentration under reduced pressure gave
a colourless oil. Purification by column chromatography (10%
ethyl acetate–hexanes) gave the title compound 16 (565 mg, 84%)
as a white solid; mp 144 ◦C (CH2Cl2/hexanes); [a]21


D +137 (c 0.49,
CH2Cl2); tmax (KBr)/cm−1 3470 (OH), 2989, 1669 (C=O), 1114,
708; 1H NMR (300 MHz, CDCl3) d 0.78 (1H, ddd, J 2.2, 4.3,
12.7 Hz, H-2eq), 1.09 (3H, t, J 7.1 Hz, CH2CH3), 1.68 (3H, d, J
6.8 Hz, CH(Ph)CH3), 2.24 br (1H, d, J 4.8 Hz, OH), 2.36 (1H,
ddd, J 9.7, 12.7, 12.7 Hz, H-2ax), 3.06 (1H, ddd, J 4.3, 9.7, 12.8 Hz,
H-3), 3.34 (1H, qd, J 7.1, 9.5 Hz, 1 of CH2CH3), 3.52 (1H, qd,
J 6.1, 9.4 Hz, H-5), 3.77 (1H, qd, J 7.1, 9.5 Hz, 1 of CH2CH3),
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4.02 (1H, dd, J 2.2, 9.5 Hz, H-1), 4.81 (1H, ddd, J 4.8, 9.4, 9.7 Hz,
H-4), 5.32 (1H, q, J 6.8 Hz, CH(Ph)CH3), 7.37–7.43 (5H, m, Ph);
13C NMR (75 MHz, CDCl3) d 14.9, 17.5, 32.7 (C-2), 55.9, 58.1,
62.6, 64.7, 75.2 (q, J 29 Hz, C-5), 100.1 (C-1), 116.6 (q, J 288 Hz,
CF3), 123.7 (q, J 281 Hz, CF3), 128.1, 129.0, 129.1, 137.2, 156.4
(q, J 35 Hz, COCF3); 19F NMR (282 MHz, CDCl3) d −76.6 (3F,
d, J 6.1 Hz, F-6), −70.7 (3F, s, COCF3); m/z (EI) 429 (M+, 13%),
414 (M+-15, 14%), 383 (69%), 286 (19%), 216 (75%), 105 (100%);
found: C, 50.31; H, 4.95; N, 3.36; F, 26.58%. C18H21F6NO4 requires
C, 50.35; H, 4.93; N, 3.26; F, 26.55.


X-Ray data were collected at 153(2)K on a Bruker SMART
CCD diffractometer, processed using SAINT, with empirical ab-
sorption corrections applied using SADABS.‡ Chemical formula
C18H21F6NO4; formula weight = 429.36; crystal system triclinic,
space group P1. Unit cell dimensions: a = 9.499(2) Å, b =
10.601(3) Å, c = 11.958(3) Å, a = 113.345(3)◦ b = 98.080(3)◦, c =
103.188(3)◦; volume 1039.9(4) Å3, Z = 2, absorption coefficient
0.131 mm−1. Temperature 153(2) K. Reflections collected 13093,
independent reflections 7146 [R(int) = 0.0232]. Final R indices
[I > 2r(I)]: R1 = 0.0311, wR2 = 0.0757; R indices (all data) R1 =
0.0366, wR2 = 0.0779.


The structure was solved using SHELXS9 and refined by
full-matrix least-squares using SHELXL-9710 and TITAN2000.11


Non-hydrogen atoms were assigned anisotropic temperature fac-
tors and the H atoms were included in calculated positions. Tables
of bond lengths, bond angles and torsion angles are provided in
the ESI.


Ethyl 4-amino-4-N-[(1R)-phenethyl]-6,6,6-trifluoro-2,3,6-
trideoxy-b-L-lyxo-hexopyranoside (17)


A two necked 50 mL round bottomed flask containing a stirred
solution of CH2Cl2 (5 mL) and DMSO (160 lL, 2.2 mmol) under
an atmosphere of N2 was cooled in a −60 ◦C dry ice–acetone bath.
Oxalyl chloride (165 lL,1.9 mmol) was added dropwise and the
solution was left to stir for three min before adding 16 (280 mg,
0.65 mmol) in one portion. The stirred mixture was held in the
cooling bath for 2 h. Triethylamine (335 lL, 2.4 mmol) was added
dropwise and after 5 min the reaction flask was removed from the
cooling bath and left to stir for a further 10 min. The reaction
mixture was diluted with CH2Cl2 (20 mL) and washed with 1 M
HCl (10 mL), dried (Na2SO4) and concentrated under reduced
pressure to give the ketone intermediate as an impure white solid
which was used without purification in the next step; 1H NMR
(200 MHz, CDCl3) d inter alia 1.14 (3H, t, J 7 Hz, CH2CH3),
1.38–1.51 (1H, m, 1 of H-2), 1.64 (3H, d, J 8 Hz, CH(Ph)CH3),
2.74 (1H, ddd, J 9, 13, 13 Hz, 1 of H-2), 3.40 (1H, dq, J 7, 9.5 Hz,
1 of CH2CH3), 3.59 (1H, dd, J 6, 13 Hz, H-3), 3.85 (1H, dq, J 7,
9.5 Hz, 1 of CH2CH3), 4.37 (1H, q, J 8 Hz, CH(Ph)CH3), 4.65
(1H, dd, J 4.5, 9 Hz, H-1), 5.41 (1H, q, J 7 Hz, H-5), 7.30–7.50
(5H, m, Ph).


Water (2 mL) and NaBH4 (100 mg, 2.6 mmol) were added to
a solution of 16 in isopropyl alcohol (12 mL), and the mixture
was stirred for 10 min. Glacial acetic acid (100 lL) was added
and the mixture was concentrated under reduced pressure until
most of the isopropyl alcohol had been removed. The resultant
syrup was diluted with saturated NaHCO3 solution (10 mL)
and extracted twice with CH2Cl2. The combined organic phases


were dried (Na2SO4) and concentrated. Purification by column
chromatography (10–15% ethyl acetate–hexanes) afforded the title
compound 17 (169 mg, 78%) as a colourless syrup; [a]24


D +60.8
(c 0.49, CH2Cl2); tmax (neat)/cm−1 3441 (br), 2977, 1144, 897,
763, 704; 1H NMR (300 MHz, CDCl3) d 1.22 (3H, t, J 7.1 Hz,
CH2CH3), 1.37 (3H, d, J 6.3 Hz, CH(Ph)CH3), 1.63 (1H, ddd,
J 9.7, 12.4, 12.7 Hz, H-2ax), 1.96 (1H, ddd, J 2.2, 4.8, 12.7 Hz,
H-2eq), 2.67 (1H, ddd, J 2.9, 4.8, 12.4 Hz, H-3), 3.47–3.65 (3H,
m, 1 of CH2CH3, H-4, H-5), 3.87–4.02 (2H, m, CH(Ph)CH3, 1 of
CH2CH3), 4.42 (1H, dd, J 2.2, 9.7 Hz, H-1), 7.20–7.38 (5H, m,
Ph). 13C NMR (75 MHz, CDCl3) d 15.1, 24.6, 32.3, 53.8, 55.0, 64.1,
65.0, 74.0 (q, J 31 Hz, C-5), 101.1 (C-1), 123.1 (q, J 280 Hz, C-6),
126.5, 127.4, 128.7, 144.8; 19F NMR (282 MHz, CDCl3) d −76.4
(d, J 6.6 Hz, 6-F); m/z (EI) 333 (M+, 22%), 318 (M+-15, 66%), 288
(M+-45, 35%), 105 (M+-228, 100%); found: m/z 334.1644 (MH+).
C16H22F3NO3 requires m/z 334.1630.


Ethyl 3-amino-2,3,6-trideoxy-6,6,6-trifluoro-b-L-lyxo-
hexopyranoside (18)


A mixture of 17 (187 mg, 0.56 mmol) and 10% Pd/C (25 mg)
in ethyl acetate (8 mL) was stirred under an atmosphere of
H2 for 5 d. Filtration through a Celite pad and removal of
the solvent gave a white solid. Column chromatography (10%
methanol–ethyl acetate) gave the title compound 18 (110 mg,
85%) as an amorphous white powder. [a]24


D +25.0 (c 0.41, MeOH);
tmax (KBr)/cm−1 3420 (br str, OH, NH), 1639, 1188; 1H NMR
(300 MHz, D2O) d 1.20 (3H, t, J 7.1 Hz, CH3), 1.53 (1H, ddd, J
9.9, 12.6, 12.8 Hz, H-2ax), 1.89 (1H, ddd, J 2.9, 4.5, 12.8 Hz, H-2eq),
3.01 (1H, ddd, J 3.1, 4.6, 12.6 Hz, H-3), 3.71 (1H, qd, J.7.1, 7.8 Hz,
1 of CH2CH3), 3.90–4.03 (2H, H-4, 1 of CH2CH3), 4.12 (1H, dq,
J 1.1, 6.8 Hz, H-5), 4.77 (1H, dd, J 2.9, 9.9 Hz, H-1); 13C NMR
(75 MHz, CDCl3) d 15.0, 34.4, 49.3, 65.6, 66.6, 74.6 (q, J 31 Hz,
C-5), 101.8 (C-1), 124.0 (q, J 280 Hz, C-6); 19F NMR (282 MHz,
CDCl3) d −76.3 (d, J 6.8 Hz, 6-F); m/z (ESI) 230 (MH+, 52%),
170 (100%); found: m/z 230.1013 (MH+). C8H14F3NO3 requires
m/z 230.1004.


3-Amino-2,3,6-trideoxy-6,6,6-trifluoro-L-lyxo-hexopyranose (19)


A solution of (49 mg, 1.0 mmol) in 0.5 M HCl (10 mL) was heated
over a steam bath for 1 h. Concentration under reduced pressure
afforded the title compound 19 as a slightly impure white powder
(50 mg, 100%).


In D2O at 25 ◦C, 19 existed as an 8 : 4 : 3 : 1 (ap : bp : af : bf)
mixture of pyranose and furanose anomers; 1H NMR (300 MHz,
D2O) d inter alia (0.25H, dd, J 2.2, 9.8 Hz, bp-H-1), 5.54 (0.51H,
br d, J 2.9 Hz, ap-H-1), 5.69–5.76 (0.24H, m, af- and bf- H-1);
19F NMR (282 MHz, CDCl3) d −78.6 (0.54F, d, J 7.6 Hz, af-6-
F), −78.4 (0.18F, d, J 7.3 Hz, bf-F-6), −76.8 (1.53F, d, J 6.8 Hz,
ap-F-6), −76.5 (0.75F, d, J 6.6 Hz, bp-F-6); found: m/z 202.0682
(MH+). C6H11NO3F3 requires m/z 202.0691.


Acknowledgements


We would like to thank Dr Mervyn Thomas and Wayne Redmond,
University of Otago for their assistance in collecting NMR data.
We also thank Bruce Clark for recording mass spectra, and Dr Jan


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2794–2800 | 2799







Wikaira and Professor Ward T. Robinson, all from the University
of Canterbury, for the X-ray data collection.


References


1 Y. Takagi, K. Nakai, T. Tsuchiya and T. Takeuchi, J. Med. Chem., 1996,
39, 1582–8.


2 K. Nakai, Y. Takagi, S. Ogawa and T. Tsuchiya, Carbohydr. Res., 1999,
320, 8–18.


3 K. Nakai, Y. Takagi and T. Tsuchiya, Carbohydr. Res., 1999, 316, 47–
57.


4 Y. Hanzawa, J. Uda, Y. Kobayashi, Y. Ishido, T. Taguchi and M. Shiro,
Chem. Pharm. Bull., 1991, 39, 2459–61.


5 L. F. Tietze, U. Hartfiel, T. Huebsch, E. Voss and J. Wichmann, Chem.
Ber., 1991, 124, 881–8.


6 C. M. Hayman, D. S. Larsen and S. Brooker, Aust. J. Chem., 1998, 51,
545–553.


7 C. M. Hayman, L. R. Hanton, D. S. Larsen and J. M. Guthrie,
Aust. J. Chem., 1999, 52, 921–927.


8 D. D. Perrin, W. L. F. Armarego and D. R. Perrin, Purification of
Laboratory Chemicals, 2nd edn, 1980.


9 G. M. Sheldrick, SHELXS, Program for the solution of crystal
structures, University of Göttingen, Germany, 1996.


10 G. M. Sheldrick, SHELXS-97, Program for solution of crystal struc-
tures, University of Göttingen, Germany, 1997.


11 K. A. Hunter and J. Simpson, TITAN2000, Molecular graphics program
to aid structure solution and refinement with the SHELX suite of
programs, University of Otago, New Zealand, 1999.


2800 | Org. Biomol. Chem., 2006, 4, 2794–2800 This journal is © The Royal Society of Chemistry 2006








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


Biotransformation of substituted pyridines with dioxygenase-containing
microorganisms†


Mark D. Garrett,a Robin Scott,a Gary N. Sheldrake,*a Howard Daltonb and Paul Goodeb


Received 2nd May 2006, Accepted 24th May 2006
First published as an Advance Article on the web 7th June 2006
DOI: 10.1039/b606113c


A series of 2-, 3- and 4-substituted pyridines was metabolised using the mutant soil bacterium
Pseudomonas putida UV4 which contains a toluene dioxygenase (TDO) enzyme. The regioselectivity of
the biotransformation in each case was determined by the position of the substituent. 4-Alkylpyridines
were hydroxylated exclusively on the ring to give the corresponding 4-substituted 3-hydroxypyridines,
while 3-alkylpyridines were hydroxylated stereoselectively on C-1 of the alkyl group with no evidence of
ring hydroxylation. 2-Alkylpyridines gave both ring and side-chain hydroxylation products. Choro- and
bromo-substituted pyridines, and pyridine itself, while being poor substrates for P. putida UV4, were
converted to some extent to the corresponding 3-hydroxypyridines. These unoptimised
biotransformations are rare examples of the direct enzyme-catalysed oxidation of pyridine rings and
provide a novel synthetic method for the preparation of substituted pyridinols. Evidence for the
involvement of the same TDO enzyme in both ring and side-chain hydroxylation pathways was
obtained using a recombinant strain of Escherichia coli (pKST11) containing a cloned gene for
TDO. The observed stereoselectivity of the side-chain hydroxylation process in P. putida UV4 was
complicated by the action of an alcohol dehydrogenase enzyme in the organism which slowly leads to
epimerisation of the initial (R)-alcohol bioproducts by dehydrogenation to the corresponding ketones
followed by stereoselective reduction to the (S)-alcohols.


Introduction


As part of our ongoing studies into the oxidative biotransfor-
mations of arenes using microorganisms containing dioxygenase
enzymes,1 we have investigated the influence of heteroatoms on
the course of the enzyme-catalysed process. It has already been
established that electron-rich rings, for example thiophenes and
furans,2 are good substrates for dioxygenase enzymes but it has
been generally accepted that electron-deficient rings, especially
pyridines, are either poor substrates or completely unreactive.
Indeed, when the toluene dioxygenase (TDO) enzyme is presented
with competition between a benzene ring and a pyridine ring, for
example using quinolines or isoquinolines as substrates,3,4 then
enzymatic attack is almost invariably on the carbocyclic ring. To
date there have been very few examples reported of the oxidation
of pyridine rings by dioxygenase enzymes, with most involving the
dihydroxylation of 2-pyridone or 2-quinolone rings.4,5 In the few
other reported examples of biological oxidations of pyridine rings,
the enzymes involved are either unidentified or mono-oxygenases.6


Another empirical observation of the regioselectivity of dioxyge-
nase enzymes is that when oxidation on the ring is unfavourable, for
example when two ring substituents are in a 1,3 relationship (the
meta effect), then an exocyclic group such as an alkyl chain may be
preferentially hydroxylated.7 Pseudomonas putida UV4 has already


aSchool of Chemistry and Chemical Engineering, David Keir Building, The
Queen’s University of Belfast, Belfast, BT9 5AG, UK. E-mail: g.sheldrake@
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been demonstrated to catalyse the benzylic hydroxylation of some
alkylbenzene substrates, although the transformation is usually
accompanied by arene ring cis-dihydroxylation to give triols.8


With these general observations in mind, we set out to inves-
tigate the possibility of using the unreactivity of a pyridine ring
to direct dioxygenase activity towards the side-chain of a range of
alkyl-substituted pyridines (e.g. 1a–3c, Fig. 1).


Fig. 1 Substituted pyridine substrates for biotransformation with
P. putida UV4.


We anticipated that if exocyclic chain oxidation was preferred,
then the hydroxylation of prochiral alkylpyridines would be
stereoselective, thus providing a novel method of producing
enantiopure pyridylalkanols for potential use as chiral synthetic
intermediates or ligands, both of which applications have received
considerable recent interest.9 Previously reported stereoselective
methods for the generation of pyridylalkanols have relied on either
the asymmetric reduction of acylpyridines or the kinetic reso-
lution of racemic esters of pyridylalkanols.10 The stereoselective
oxidation of alkylpyridines would offer a novel, alternative
synthetic method for preparing this class of compounds.


2710 | Org. Biomol. Chem., 2006, 4, 2710–2715 This journal is © The Royal Society of Chemistry 2006







Results and discussion


Initial studies were carried out on 2-, 3- and 4-ethylpyridine (1a,
2a and 3a) as substrates fed to resting cultures of P. putida UV4
at concentrations of 0.5–1.0 g dm−3, and the biotransformations
were allowed to proceed for 20–24 hours before work up. It was
immediately evident that the three substrates differed considerably
in the range of isolated products and therefore the course of the
biotransformations (Scheme 1, Table 1). Biotransformation of 2-
ethylpyridine 1a resulted in two products: (R)-1-(2-pyridyl)ethanol
5a and 2-ethyl-3-hydroxypyridine 4a in a ratio of approximately 3 :
1 and in 40% combined isolated yield. This result was surprising
because of the isolation of 4a, which was apparently a product
of direct hydroxylation of the pyridine ring. Even more surprising
was the biotransformation of 4-ethylpyridine 3a, which resulted
in a poor yield (15%) of 4-ethyl-3-hydroxypyridine 7a as the
only isolated bioproduct. By contrast, biotransformation of 3-
ethylpyridine 2a gave (R)-1-(3-pyridyl)ethanol 6a as the only
product and with 90% ee.


Scheme 1 Biotransformations of alkylpyridines 1a–3c with P. putida
UV4.


From these preliminary results it was clear that the position of
the substituent on the pyridine ring had a dramatic effect on the
regioselectivity of the biotransformation. Extending the range of
substrates to propylpyridines (1b, 2b, 3b) and methylpyridines (1c,
2c, 3c) gave similar patterns of regioselectivity (Scheme 1, Table 1).
The very low isolated yield (2%) of (3-pyridyl)methanol 6c may
be due to its further metabolism to nicotinic acid and subsequent
transfer into primary metabolic pathways, but there was no direct
evidence to support this supposition. Neither nicotinic acid nor
the intermediate aldehyde were observed in the biotransformation
medium. The absolute configuration of each pyridylalkanol was
established by comparison of the sign of optical rotation with
published data, and the enantiopurities of the pyridylalkanols
were determined by chiral stationary phase (CSP) HPLC using
a Chiralcel OD column. The method was also cross-checked by
conversion of the chiral alcohols into diastereoisomeric MTPA
esters and NMR analysis, and in each case samples of the racemic
alcohols were prepared to validate the methods.


Having demonstrated that TDO regioselectivity could be de-
termined by substituent position on the pyridine ring, atten-
tion was turned to substrates where exocyclic oxidation was
not an option. Contrary to earlier unpublished reports11 of
its unreactivity with P. putida UV4, pyridine 1f was converted
into 3-hydroxypyridine 4f, albeit in very poor isolated yield
(3%). Similarly, a small group of halogenopyridines (1d, 1e, 3d,
3e and 2d), which should have been even less reactive than
pyridine, were also hydroxylated, resulting in relatively small
but isolable quantities of the corresponding 3-hydroxypyridines
(4d, 4e, 7d, 7e and 8, Scheme 2, Table 2). It is interesting that
no conversion was observed of the 2-halogenopyridines to 2-
pyridone, and subsequent cis-dihydroxylation, in contrast to the


Table 2 Biotransformations of pyridine 1f and halogenopyridines 1d–e,
3d–e and 2d with P. putida UV4


Substrate Bioproduct


X Yield


Cl 1d 4d 18%
Cl 2d 8 9%
Cl 3d 7d 14%
Br 1e 4e 10%
Br 3e 7e 10%
H 1f 4f 3%


Table 1 Biotransformations of alkylpyridines 1a–3c


Substrate Hydroxypyridine Pyridylalkanol


X Yield Yield Abs. configuration eea


Et 1a 4a 11% 5a 29% R 83%b, >99%c


Et 2a — — 6a 30% R 90%
Et 3a 7a 15% — — — —
Pr 1b 4b 10% 5b 28% R >99%
Pr 2b — — 6b 70% R >99%
Pr 3b 7b 7% — — — —
Me 1c 4c 10% 5c 20% — —
Me 2c — — 6c 2% — —
Me 3c 7c 17% — — — —


a Determined by chiral stationary phase HPLC. b Product with P. putida UV4 after 24 h biotransformation. c Product with E. coli pKST11 after 24 h
biotransformation.
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Scheme 2 Biotransformations of pyridine 1f and halogenopyridines 1d–e,
3d–e and 2d with P. putida UV4.


bicyclic 2-chloroquinoline analogue.3 When the enzyme was given
no choice of regioselectivity in the substrate (i.e. 3-chloropyridine,
2d) the ring was hydroxylated in the 5-position to give 5-chloro-3-
hydroxypyridine 8. It thus appears that the TDO enzyme is capable
of the catalysing the oxidation of a range of monocyclic pyridine
rings, even when the ring is extremely electron-poor.


Further investigation into the stereoselectivity of the side-chain
oxidation of 2-ethylpyridine 1a revealed that a second enzyme was
acting on the initial pyridylethanol bioproduct 5a. This discovery
first emerged with the observation that the ee of 5a decreased
with reaction time. A time course study revealed that the ee of
the (R)-pyridylethanol (R)-5a decreased from >98% within the
first 30 minutes of the biotransformation to 70% after 30 hours.
In addition, a trace amount of a minor metabolite, the ketone
9, was observed in the HPLC analysis of the biotransformation.
Ketone 9 was identified by comparison of its retention time
and UV spectrum with authentic material and by spiking
biotransformation samples for HPLC analysis. This suggested
that a secondary enzymatic process, possibly involving an alcohol
dehydrogenase (ADH) enzyme, was causing partial racemisation
by oxidation of the (R)-alcohol (R)-5a to the ketone 9 and then re-
reduction to the enantiomer, (S)-5a (Scheme 3). There was further
support for this hypothesis when another metabolite, the diol 10
resulting from a second oxidation, was observed after prolonged
biotransformations, only being detectable by HPLC after the
initial substrate 1a had been completely consumed. To establish
the order of events in the overall biotransformation process, the
hydroxypyridine 4a and the pyridyl alcohol 5a were used separately
as substrates for the organism. Hydroxypyridine 4a remained
unchanged after 24 hours but racemic pyridyl alcohol (±)-5a was
completely consumed during the same time, with the diol 10 as the


Scheme 3 Summary of biotransformation pathways for 2-ethylpyridine 1a with P. putida UV4.


only observed bioproduct. Stereochemical analysis of 10 produced
from the racemic substrate showed it to be predominantly the
(S)-enantiomer, with an ee of 53%. The two pure enantiomers of
5a, produced by classical resolution12 of the racemate, were then
fed separately to the organism. (S)-5a resulted in enantiomerically
pure diol, (S)-10, while (R)-5a gave (R)-10 but with a considerable
degree of epimerisation (ee = 37%). Finally, when the ketone 9 was
fed to the organism it was completely and rapidly (2 hours) reduced
to enantiopure (S)-5a. It was subsequently discovered that a range
of 2-, 3- and 4-acylpyridines were all biotransformed rapidly
(<4 hours), quantitatively and stereoselectively to the corres-
ponding enantiopure (S)-alcohols, as reported previously.13


These combined results lead to the overall conclusion that 2-
ethylpyridine is initially biotransformed with the TDO enzyme
in P. putida UV4 to a mixture of the hydroxypyridine 4a, which
undergoes no further reaction, and the (R)-pyridylalcohol (R)-
5a. A previously unidentified alcohol dehydrogenase enzyme then
epimerises (R)-5a by slow oxidation to the ketone 9 and more rapid
reduction to the (S)-enantiomer. Both enantiomers of 5a are then
oxidised further by TDO to the diol 10 (Scheme 3).


It is not possible, by simply isolating and characterising
the bioproducts, to be confident about the mechanism of the
formation of the ring-hydroxylated pyridinol products. While
enzyme-catalysed aromatic ring hydroxylation is well-known
for carbocyclic arenes, there is little precedence for the direct
hydroxylation of pyridine rings. There is, however, some history of
pyridine ring dihydroxylation using this organism. In earlier work3


on the biotransformations of bicyclic azaarenes it was postulated
that minor metabolites monohydroxylated on the heterocyclic ring
were the result of rapid dehydration of highly unstable hetero-arene
cis-dihydrodiol intermediates. It is therefore reasonable to suppose
that the hydroxypyridine metabolites 4 and 7 reported here are
similarly derived from unstable pyridine cis-dihydrodiols 11 and
12 respectively (Scheme 4). The proposed configurations of 11 and
12 shown in Scheme 4 are based on the known stereoselectivity
of the TDO enzyme in the carbocyclic arene series. In each case,
whether the proposed cis-dihydrodiol is 2,3 or 3,4 relative to the
pyridine nitrogen, dehydration to the 3-hydroxypyridine product
will be favoured.


No direct observation of cis-dihydrodiol intermediates was
made during any of the biotransformations and, thus far, attempts
to trap the cis-dihydrodiols by in situ transformation methods
have failed, suggesting that dehydration of the pyridine cis-
dihydrodiol intermediates, if formed, is extremely rapid or even
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Scheme 4 Proposed intermediacy of cis-dihydrodiols in the ring hydrox-
ylation of substituted pyridines catalysed by the TDO enzyme.


occurs before the release of the bioproducts from the enzyme.
To establish that the TDO enzyme was responsible for both ring
and side-chain hydroxylation transformations, use was made of
the recombinant organism E. coli pKST11 containing a cloned
gene for the TDO enzyme from P. putida UV4. This construct
had been used previously14 to confirm that monosulfoxidations of
sulfides were being catalysed by TDO and not by an alternative
enzyme-catalysed oxidation. 2-Ethylpyridine 1a fed to the parent,
unmodified E. coli JM109 strain was recovered unchanged, but
when fed to the pKST11 recombinant strain resulted in the
formation of both the pyridinol 4a and the (R)-pyridylethanol (R)-
5a. Furthermore, the alcohol (R)-5a was enantiomerically pure,
thus providing further evidence that the side-chain hydroxylations
by P. putida UV4 are stereoselective for the (R)-pyridylalkanols
but that subsequent action by an alcohol dehydrogenase enzyme
results in the partial racemisation.


Conclusion


Simple, substituted monocyclic pyridines are substrates for the
toluene dioxygenase enzyme and give substituted 3-hydroxy-
pyridines as bioproducts, with the exception of 3-alkylpyridines
where exocyclic side-chain oxidation is observed exclusively. That
such different outcomes were observed for the biotransformations
of 2-, 3- and 4-alkylpyridines suggests that the two pathways
are similar in preference hierarchy for the TDO enzyme and
that substituent position is sufficient to determine regioselectivity.
While the chemical yields of these biotransformations are generally
poor to moderate, no attempt has been made to optimise the
process and better dioxygenase-containing biocatalysts might
be developed using directed evolution or similar techniques.
Nevertheless, the chemo- and regioselective hydroxylation of the
3-position of the pyridine ring has few analogues in non-enzymatic
chemistry, and this represents a potential new and mild synthetic
route to substituted pyridinols.


Experimental


General experimental methods


Substrates. Biotransformation substrates were purchased
from commercial suppliers and used without further purification
with the exception of 3-propylpyridine 2b, which was prepared


by Wolff–Kishner reduction of 3-propanoylpyridine using a
published procedure.15


Biotransformations. Shake flask (<0.5 g) biotransformations
using P. putida UV4 were carried out under reported conditions16


for 20–24 h (TDO oxidation biotransformations) or 2–4 h
(stereoselective reduction of acylpyridine substrates). Biotrans-
formations using the recombinant strain E. coli pKST11 and the
control unmodified strain E. coli JM109 were carried out in the
Biological Sciences Department, Warwick University, as described
previously.14 The metabolites obtained after biotransformation
were purified and separated by PLC (silica gel, ethyl acetate
eluent). The absolute configurations of the chiral pyridylalkanol
metabolites (5a, 5b, 6a, and 6b) were determined by comparison
of the signs of specific optical rotations with literature values.
The ee values were determined by CSPHPLC analysis using a
Chiralcel OD column (hexane–isopropanol, 95 : 5 or 90 : 10) and
corroborated by formation of the corresponding MTPA esters
followed by 1H-NMR analysis of the diastereoisomeric compo-
sition. Bioproducts with poor volatility were treated with the
silylating reagent bis(trimethylsilyl)trifluoroacetamide (BSTFA)
prior to mass spectrometric analysis.


Metabolites 4a, 4c, 4d, 4e, 4f, 5a, 5b, 5c, 6a, 6c, 7a, 7c, 7d, 7e and 8
have been reported previously. Spectroscopic and other analytical
data for these compounds may be found in the Supplementary
Information.†


(R)-1-(2-Pyridyl)ethanol (5a). From substrate 1a (500 mg), 5a
was isolated as a colourless oil (167 mg, 29%); [a]D +50.4 (c 0.5,
EtOH), (lit.17a [a]D +24.5 (c 0.31, CHCl3)). Spectroscopic data
were in accordance with those published in the literature for the
racemic compound.17b


(R)-1-(2-Pyridyl)-1-propanol (5b). From substrate 1b
(200 mg), 5b was isolated as a colourless oil (63 mg, 28%)
[a]D +60.8 (c 0.74, EtOH). Spectroscopic data were in accordance
with those published in the literature for the racemic compound.18


(R)-1-(3-Pyridyl)ethanol (6a). From substrate 2a (200 mg), 6a
was isolated as a colourless oil (69 mg, 30%), [a]D +33.5 (c 0.20,
EtOH), (lit.19a [a]D +52.8 (c 1.4, CHCl3)). Spectroscopic data were
in accordance with those published in the literature for the racemic
compound.19b


(R)-1-(3-Pyridyl)-1-propanol (6b). From substrate 2b
(250 mg), 6b was isolated as a colourless oil (200 mg, 70%), [a]D


+37.4 (c 0.76, MeOH); dH (500 MHz, CDCl3) 0.89 (3H, dd, J =
7.4 Hz, J = 3.3 Hz, CH3), 1.72 (1H, m, CH2CH3), 1.82 (1H, m,
CH2CH3), 4.45 (1H, br s, OH), 4.60 (1H, m, CHOH), 7.22 (1H,
m, 5-H), 7.70 (1H, dd, J = 4.1 Hz, J = 1.8 Hz, 4-H), 8.34 (1H,
d, J = 4.1 Hz, 6-H), 8.39 (1H, s, 2-H); dC (125 MHz, CDCl3) 8.8
(CH3), 30.8 (CH2), 71.8 (CH), 122.4 (C), 133.0 (CH), 139.6 (CH),
146.3 (CH), 146.8 (CH); m/z (EI) 137 (M+, 60%), 108 (M+ −
CH2CH3, 100%), 80 (70%), HRMS (EI) calcd. for C8H11NO
(M+): 137.084064, found 137.083748.


(2-Pyridyl)methanol (5c). From substrate 1c (100 mg), 5c was
isolated as a colourless oil (11 mg, 10%). Spectroscopic data were
in accordance with those published in the literature.20
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(3-Pyridyl)methanol (6c). From substrate 2c (500 mg), 6c was
isolated as a colourless oil (11 mg, 2%). Spectroscopic data were
in accordance with those published in the literature.21


1-(3-Hydroxy-2-pyridyl)ethanol (10). From (±)-1-(2-pyridyl)-
ethanol, (±)-5a (150 mg), 10 was isolated as a yellow oil (54 mg,
32%); dH (300 MHz, CDCl3) 1.52 (3H, d, J = 6.6 Hz, CH3), 5.13
(1H, q, J = 6.6 Hz, CHOH), 7.08 (1H, dd, J = 8.0 Hz, J = 4.5 Hz,
5-H), 7.18 (1H, d, J = 8.0 Hz, 4-H), 7.66 (2H, br s, 2 × OH), 7.99
(1H, d, J = 4.5 Hz, 6-H); dC (75 MHz, CDCl3) 22.6 (CH3), 70.4
(CH), 123.5 (CH), 124.5 (C), 138.6 (CH), 148.9 (CH), 152.1 (C);
m/z (EI) 139 (M+, 72%), 124 (M+ − CH3, 97%), 120 (95%), 39
(100%); HRMS (EI) calcd. for C7H9NO2 (M+): 139.063329, found
139.063240.


The racemic substrate, (±)-5a, yielded (S)-10 with 53% ee, [a]D


−15.7 (c 0.8, CHCl3); (S)-5a, yielded enantiopure (S)-10, [a]D


−28.8 (c 0.8, CHCl3); and (R)-5a yielded (R)-10 with 37% ee,
[a]D +10.1 (c 0.8, CHCl3).


2-Ethyl-3-hydroxypyridine (4a). From substrate 1a (500 mg),
4a was isolated as a white solid (62 mg, 11%); mp 135–136 ◦C,
(lit.,22 134–136 ◦C). Spectroscopic data were in accordance with
those published in the literature.23


3-Hydroxy-2-propylpyridine (4b). From substrate 1b (200 mg),
4b was isolated as a white solid (24 mg, 10%); mp 134–135 ◦C (lit.,22


133–135 ◦C); dH (500 MHz, CDCl3) 0.99 (3H, t, J = 7.4 Hz, CH3),
1.71 (2H, m, CH2CH3), 2.68 (2H, t, J = 7.3 Hz, CH2CH2), 6.15
(1H, br s, OH), 6.94 (1H, dd, J = 7.8 Hz, J = 4.9 Hz, 5-H),
7.09 (1H, d, J = 7.8 Hz, 4-H), 8.02 (1H, d, J = 4.9 Hz, 6-H);
dC (125 MHz, CDCl3) 13.0 (CH3), 20.8 (CH2), 30.5 (CH2), 124.3
(CH), 134.2 (CH), 137.8 (CH), 150.3 (C), 153.0 (C); m/z (EI)
[silylated with BSTFA] 209 (M+, 93%), 194 (M+ − CH3, 100%),
180 (M+ − CH2CH3, 65%), 164 (80%), 73 (94%).


3-Hydroxy-2-methylpyridine (4c). From substrate 1c (100 mg),
4c was isolated as a white solid (12 mg, 10%); mp 165–168 ◦C
(lit.,24a 168.5–169.5 ◦C). Spectroscopic data were in accordance
with those published in the literature.24b


4-Ethyl-3-hydroxypyridine (7a). From substrate 3a (100 mg),
7a was isolated as a white solid (17 mg, 15%); mp 94–95 ◦C (lit.,25a


93.5–95 ◦C). Spectroscopic data were in accordance with those
published in the literature.25b


3-Hydroxy-4-propylpyridine (7b). From substrate 3b (300 mg),
7b was isolated as a white solid (24 mg, 7%); mp 94–97 ◦C; dH


(500 MHz, CDCl3) 0.99 (3H, dt, J = 7.4 Hz, J = 2.2 Hz, CH3),
1.71 (2H, m, CH2CH3), 2.66 (2H, q, J = 7.4 Hz, CH2CH2), 7.08
(1H, d, J = 4.9 Hz, 5-H), 7.93 (1H, d, J = 4.8 Hz, 6-H), 8.18
(1H, s, 2-H); dC (125 MHz, CDCl3) 11.3 (CH3), 22.0 (CH2), 30.6
(CH2) 124.8 (CH), 134.1 (C), 136.3 (CH), 145.8 (CH), 152.6 (C);
m/z (EI) [silylated with BSTFA] 209 (M+, 93%), 194 (M+ − CH3,
100%), 180 (M+ − CH2CH3, 65%), 164 (80%), 73 (94%), HRMS
(EI) calcd. for C8H11NO (M+): 137.084064, found 137.083839.


3-Hydroxy-4-methylpyridine (7c). From substrate 3c (100 mg),
7c was isolated as a white solid (20 mg, 17%); mp 117–120 ◦C
(lit.,26 120–121 ◦C). Spectroscopic data were in accordance with
those published in the literature.25a


2-Chloro-3-hydroxypyridine (4d). From substrate 1d (150 mg),
4d was isolated as a white solid (30 mg, 12%); mp 164–165 ◦C


(lit.,27a 164–165 ◦C). Spectroscopic data were in accordance with
those published in the literature.27b


2-Bromo-3-hydroxypyridine (4e). From substrate 1e (100 mg),
4e was isolated as a pale yellow resin (11 mg, 10%). Spectroscopic
data were in accordance with those published in the literature.28


3-Hydroxypyridine (4f). From substrate 1f (100 mg), 4f was
isolated as a yellow oil (3 mg, 3%). Spectroscopic data were in
accordance with those published in the literature.29


4-Chloro-3-hydroxypyridine (7d). From substrate 3d (400 mg),
7d was isolated as a white solid (46 mg, 10%); mp 126–127 ◦C. Spec-
troscopic data were in accordance with those published in the
literature.30


4-Bromo-3-hydroxypyridine (7e). From substrate 1e (100 mg),
7e was isolated as a pale yellow resin (11 mg, 10%). Spectroscopic
data were in accordance with those published in the literature.31


5-Chloro-3-hydroxypyridine (8). From substrate 2d (300 mg),
8 was isolated as a white solid (10 mg, 9%). Spectroscopic data
were in accordance with those published in the literature.32
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Tandem azidination– and hydroazidination–Huisgen [3 +
2] cycloadditions of ynamides are described here. These
processes are regioselective and chemoselective, leading to the
synthesis of chiral amide-substituted triazoles.


1,3-Dipolar cycloaddition1,2 has captured strong interest from
both synthetic and medicinal communities for the past four
decades, given its power for constructing heterocyclic manifolds.3


Our involvement with the chemistry of ynamides4–7 has directed us
to explore the potential of ynamides in 1,3-dipolar cycloadditions
(1 + 2 → 3a/b in Scheme 1), which has not been revealed
until very recently.4,8 The inherent electronic bias imposed by the
nitrogen atom in ynamides could play a role in the regioselectivity
of these cycloadditions with a range of different 1,3-dipoles 2.
To establish such precedents, we elected to investigate Huisgen’s
organic azide-[3 + 2] cycloaddition9–11 (1 → 4a/b) given the
surging interest in this classic transformation.12 We report here the
regioselective tandem azidination– and hydroazidination–Huisgen
[3 + 2] cycloadditions of chiral ynamides.


Scheme 1 Ynamides in 1,3-dipolar cycloadditions.


The feasibility was readily established as shown in Scheme 2.
Huisgen’s organic azide-[3 + 2] cycloaddition reactions of chiral
ynamide 5 with BnN3 proceeded well to give chiral amide-
substituted triazole 7a 13 in good yield as well as a single regioiso-
mer under either the thermal or Fokin–Sharpless Cu(I) catalytic
conditions.14 While achiral ynamide 8 was also feasible to give


Division of Pharmaceutical Sciences and Department of Chemistry, Ren-
nebohm Hall, 777 Highland Avenue, University of Wisconsin, Madison, WI
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Scheme 2 Huisgen’s azide-[3 + 2] cycloadditions of ynamides.


triazole 9a, triazole 10a (in the inset to Scheme 2) was attainable
from a chiral urea-substituted ynamide (not shown), although in
lower yield. The 1,4-regioselectivity found in triazole 7a (in its
relative stereochemsitry) was unambiguously assigned via its X-
ray structure (Fig. 1).13 In addition, the same 1,4-regioselectivity
was also observed for cycloadditions of internal ynamides 11–13
that led to only cycloadducts 14a–16a, respectively (Scheme 3).


Fig. 1 X-Ray structure of triazole 7a (ellipses at 50% probability).


Scheme 3 Azide-[3 + 2] cycloadditions of internal alkynes.
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The obtained regioselectivities under both the thermal and Cu(I)
catalytic conditions for either terminal or internal ynamides are of
interest given that regioselectivity remains an important issue in
azide-[3 + 2] cycloaddition15 and in 1,3-dipolar cycloaddition in
general.1,2 Furthermore, it is also noteworthy that in Cintrat’s sem-
inal work,8 urethane-substituted or urea-subsitituted ynamides
were not successful in their respective cycloadditions with azides.


Mechanistically, 1,4-regioselectivity is mostly likely sterically
driven with the assumption that the Evans chiral oxazolidinone
moiety is consistently the larger of the two substituents on the
alkyne (the other being substituent H for 5, and n-hex, Ph,
and TIPS for 11–13, respectively). Although the aforementioned
electronic bias of ynamides could still be a factor, it is somewhat
counterintuitive based on arrow pushing.


Having established the basic concept, we examined the possi-
bilities of a tandem azidination–Huisgen [3 + 2] cycloaddition.16


As shown in Scheme 4, to our surprise, although the tandem
azidination–Huisgen [3 + 2] cycloaddition was successful employ-
ing a hybrid of Ma’s azidination17 and Fokin–Sharpless ‘click’
conditions,14 the major product was triazole 18. While the former
success represents a three-component coupling that gave triazole
17, the latter is a result of an interesting tandem hydroazidination–
Huisgen [3 + 2] cycloaddition. This hydroazidination of ynamide
5 is evidently highly regioselective,6g leading to vinyl azide 19 that
would then undergo an ensuing cycloaddition with 5 either driven
thermally and/or by Cu(I). The source of HN3 is most likely
the interaction of NaN3 and H2O. It is also possible to obtain
18 through a sequence of [3 + 2] cycloaddition followed by an
addition of the resulting triazole to 5. However, it is also more
reasonable to assume that the addition of HN3 across the ynamide
triple bond is faster than any triazoles.


Scheme 4 Competing azidination and hydroazidination.


Synthetically, the access to either triazole 17 or 18 could be
readily optimized. The use of syringe pump addition of ynamide
5 mostly eliminated the formation of 18 and gave 17 in 75% yield
as a single regioisomer. This experiment suggests that 17 is likely
not a result of a [3 + 2] cycloaddition followed by Cu(I)-catalyzed
coupling of the resulting triazole to Ph-I, although it remains as
a possibility. When the reaction was carried out in the absence of
PhI, the tandem hydroazidination–Huisgen [3 + 2] cycloaddition
proceeded smoothly to give 18 in 92% yield.18


The generality of the tandem-azidination [3 + 2] cycloaddition
is prominently displayed in Table 1 for a range of different chiral
ynamides, and both aryl halides and vinyl halides are feasible.
Most reactions are regioselective and the key is the syringe pump
addition of ynamides.


With the success in achieving the tandem azidination–
[3 + 2] cycloaddition, we returned to the unexpected tandem
hydroazidination–[3 + 2] cycloaddition and found an interesting
competition when a second terminal alkyne was utilized. As shown
in Scheme 5, in the presence of a second terminal alkyne (37a–e) the
hydroazidination step was completely chemoselective in all cases
and favored the more electron-rich ynamide 5 to give vinyl azide 19
(see Scheme 6). We did not observe any vinyl azide 39 (Scheme 6)
or products that would imply its existence. This effectively rules
out two (C and D) of the four possible tandem pathways (A–D in
Scheme 6).


Scheme 5 Competing tandem hydroazidination–[3 + 2] cycloaddition.


Scheme 6 Selectivities in the hydroazidination.


However, for the subsequent [3 + 2] cycloaddition, while
triazole 18 is a distinct product, with the exception of aliphatic
alkynes 37a and 37b, all aryl alkynes reacted with ynamide 5
to afford triazoles 38c–e (Scheme 5). Triazoles 38c–e represent
other examples of three-component couplings. Equally intriguing,
this result suggests that hydroazidination is much more of an
electrophilic process than Huisgen [3 + 2] cycloadditions with
organic azides.


We have described here tandem azidination– and hydroaz-
idination–Huisgen [3 + 2] cycloadditions employing chiral
ynamides for the synthesis of chiral amide-substituted triazoles.
These tandem processes are highly regioselective and chemos-
elective in the case of the hydroazidination of ynamides, and
both represent a multi-component coupling. Efforts in developing
applications of this methodology are underway.
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Table 1 Tandem azidination–[3 + 2] cycloadditions


Entry Ynamidea ,b R–I (1.2 equiv.) 1,4-Cycloadduct Yield (%)c


1 Ph–I 69


2 Ph–I 70


3 Ph–I 31


4 Ph–I 66


5 Ph–I 33


6 Ph–I 31d


7 53e , f


8 5 31 32 67b


9 31 38d


10 31 69


11 31 71


12 1-naph-I 26g


a 1.4 equiv. NaN3, 0.10 equiv. CuSO4·5H2O, 0.20 equiv. sodium ascorbate, 0.20 equiv. L-proline, 0.20 equiv. K2CO3, DMSO–H2O = 9 : 1, and at 70 ◦C
for 14 h. b Syringe pump addition of the respective ynamide in all reactions. c Isolated yields only. d Hydrolysis of ynamides occurred extensively. e The
reaction was run at 60 ◦C for 14 h. f Another side product believed to be the corresponding regioisomer was found in 9%, but 32 is the only product when
not using the syringe pump. g Triazole 18 was found in 7% in addition to 14% of hydrolysis.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2679–2682 | 2681







Acknowledgements


Authors thank NIH-NIGMS [GM066055], NSF [CHE-0094005],
and The School of Pharmacy at UW-Madison for financial
support, and Mr Benjiman Kucera and Dr Vic Young [UMN]
for providing X-ray structural analysis. This work was in part
carried out at University of Minnesota.


Notes and references


1 For reviews, see: I. Coldham and R. Hufton, Chem. Rev., 2005, 105,
2765; K. Ruch-Braun, T. H. E. Freysoldt and F. Wierschem, Chem.
Soc. Rev., 2005, 34, 507; A. I. Kotyatkina, V. N. Zhabinsky and
V. A. Khripach, Russ. Chem. Rev., 2001, 70, 641; M. Harmata and
P. Rashatasakhon, Tetrahedron, 2003, 59, 2371; H. M. L. Davies, in
Advances in Cycloaddition, ed. M. Harmata, JAI Press, Greenwich,
CT, 1998, vol. 4, pp. 119–164; K. V. Gothelf and K. A. Jørgensen,
Chem. Rev., 1998, 98, 863; F. G. West, in Advances in Cycloaddition, ed.
M. Lautens, JAI Press, Greenwich, CT, 1997, vol. 4, p. 1; J. H. Rigby
and F. C. Pigge, Org. React., 1997, 51, 351; A. Padwa, in Comprehensive
Organic Synthesis, ed. B. M. Trost, Pergamon Press, Oxford, 1991, vol.
4, pp. 1069–1109; W. Carruthers, Cycloaddition Reactions in Organic
Synthesis, Pergamon Press, New York, 1990, pp. 270–331.


2 For recent general reviews on cycloadditions, see: J. A. Varela and
C. Saá, Chem. Rev., 2003, 103, 3787; M. Rubin, A. W. Sromek and
V. Gervorgyan, Synlett, 2003, 2265; C. Aubert, O. Buisine and M.
Malacria, Chem. Rev., 2002, 102, 813; S. Saito and Y. Yamamoto,
Chem. Rev., 2000, 100, 2901.


3 For reviews, see: W.-Q. Fan and A. R. Katritzky, in Comprehensive Het-
erocyclic Chemistry, ed. A. R. Katritzky, C. W. Rees and E. F. V. Scriven,
Pergamon Press, Oxford, 1996, vol. 4, pp. 101–126.


4 For reviews on ynamides, see: C. A. Zificsak, J. A. Mulder, R. P. Hsung,
C. Rameshkumar and L.-L. Wei, Tetrahedron, 2001, 57, 7575; J. A.
Mulder, K. C. M. Kurtz and R. P. Hsung, Synlett, 2003, 1379; A. R.
Katritzky, R. Jiang and S. K. Singh, Heterocycles, 2004, 63, 1455.


5 For recent reports on ynamides in the past three years, see: J. R.
Dunetz and R. L. Danheiser, J. Am. Chem. Soc., 2005, 127, 5776;
N. Riddell, K. Villeneuve and W. Tam, Org. Lett., 2005, 7, 3681; Y.
Zhang, Tetrahedron Lett., 2005, 46, 6483; M. F. Martinez-Esperon,
D. Rodriguez, L. Castedo and C. Saá, Org. Lett., 2005, 7, 2213; M.
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The concept of regulating the preference of a reversible multi-step reaction by adjusting the substituents
of ionic liquids (ILs) has been successfully exemplified with a group of tetraammonium-based ionic
liquids as medium for the enzymatic glycerolysis. Simultaneous existence of long chain hydrophobic
substituents and hydrophilic ethoxyl or hydroxyl moieties is found, respectively, to be essential for
triglycerides (TG) dissolving and equilibrium shifting. The reactions in the ILs with cations consisting
of long chain and free hydroxyl groups gave markedly higher conversion of TG and better preference to
monoglyceride formation. Interestingly the predicted results from COSMO-RS (a quantum chemical
model programme) achieved a good agreement with the experimental data, mapping out the specific
solvation from the ILs as well as demonstrating the interaction between ILs, substrates and products
being the intrinsic causes that govern reaction evolution and direct equilibrium shifting.


Introduction


As a new class of solvents, ionic liquids (ILs) possess many
unique properties.1 From the application point of view, the
most attractive feature of ILs might be the tunablity of their
properties to specific applications by selecting appropriate cations
and anions.2 With the judicious incorporation of some functional
substituents, a broad array of so-called “task-specific ILs” could
be obtained. This will definitely offer many new opportunities, and
has already resulted in quite a number of interesting and promising
applications.3 However, the interplay of forces, which contributes
to the properties of ILs, is so complicated that the introduction
of functional groups further complicates the issue.4 Therefore,
varying the cation substituents to explore promising possibilities
and understand the interaction of the moieties of ILs and solutes as
well as the structural causes behind the functionalities constitutes
a challenging and fascinating aspect of IL applications.5


Enzymatic selective esterification of polyhydric alcohols repre-
sents an important application in food and pharmaceutical pro-
cessing and a promising alternative to poorly selective or imprac-
ticable chemical approaches.6,7 Recently we have demonstrated
an efficient and promising protocol for enzymatic glycerolysis
of oils and fats.7 This novel system employed a functionalized
tetraammonium-based IL (CPMA·MS) to resolve the poor com-
patibility of glycerol and triglycerides (TG) and also to selectively
shift the equilibrium for the production of monoglycerides (MG)
to give a higher yield. To better understand the impact of IL-
bound functional groups on the selectivity of glycerolysis and to
evaluate the contributions of the appended functional groups to
equilibrium shifting, herein we investigated the lipase-catalyzed
glycerolysis of TG employing a group of tetraammonium-based
ILs with varied anions and different cation substituents.


aBioCentrum-DTU, Technical University of Denmark, Building 221,
DK-2800, Lyngby, Denmark. E-mail: xx@biocentrum.dtu.dk; Fax: +45
45884922; Tel: +45 45252773
bSchool of Life Science, Beijing University of Chemical Technology, Beijing,
P. R. China


Results and discussion


IL-structural dependency of reaction behaviours


In a previous publication, we assumed that the presence of an
alkyl group promoted the dissolving of TG and the existence of a
polyethoxyl moiety altered the reaction equilibrium.7 To support
and extend this assumption, and more importantly, to figure out to
what extent these structural variations contribute to the selectivity
alteration of glycerolysis, five types of tetraammonium-based ILs
with varied anions and cation substituents (Ammoeng 100 named
CPMA·MS in our previous work7) were used as a reaction medium
for lipase-catalyzed glycerolysis of TG (Fig. 1).† The results of the
effects of IL structure, together with chain-length of TG, substrate
ratio (Gly/TG) and different enzymes, are depicted in Table 1.


With excess of glycerol (Entries 1–5), the results could be
categorized into three groups: the reactions in Ammoeng 100 and
102 gave a high conversion of TG and a remarkably high yield of
MG; in 111 and 112 lower conversion and different DG and MG
proportions; and in 120 high TG conversion and moderately high
MG. The reaction selectivity towards MG (denoted by MG/DG)
is markedly high for 100 and 102 (33–38), and much lower for
112 and 120 (approx. 4) and further down to 1 for 111, which
yielded almost the same amount of MG and DG. The reaction
performance in Ammoeng 102 was just what was logically expected
since Ammoeng 100 and 102 have similar molecular structures7


(Fig. 1).


† All ILs were procured from Solvent Innovation Gmbh, Köln, Germany
(http://www.solvent-innovation.com) and used as received. Novozym 435
(Candida antarctica B), Lipozyme RM IM (Rhizomucor miehei), Lipozyme
TL IM (Thermomyces lanuginosa) were provided by Novozymes A(S
(Bagsvaerd, Denmark); and PS-D (Pseudomonas sp.) and lipase AK
(Pseudomonas fluorescens) from Amano Pharmaceutical Co. Ltd (Nagoya,
Japan). High-Oleic Sonnenblumenöl 90plus with over 90% triolein content
was purchased from Dr Frische GmbH (Alzenau, Germany) and glycerol,
tributyrin and tricaprin were from (Sigma Chemical Co. St. Louis, MO)
and of 99% purity.
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Fig. 1 Molecular structures of the tetraammonium-based ionic liquids
used.


Applying this system to other TG profiles generated a similar
high conversion and excellent yields of MG (Entries 1, 6 and 7),
and the product selectivity varied depending on the acyl chain-
lengths of TG (13–33), possibly resulting from lipase specificity
to substrates and different interaction of substrates and products
with ILs. In general among Entries 1, 6 and 7, no reaction yielded
over 7% DG (data not shown). However, it is this small change
of DG that leads to the significant change of selectivity value
from 13 to 33 (MG/DG). The results demonstrate the universal
applications of the protocol to different TG profiles, suggesting
ILs are a predominant factor to control the reaction direc-
tion.


We tested different species of lipases in Ammoeng 102; no
other lipases yielded over 10% conversion of TG after 24 h apart
from Lipozyme RM IM (data not shown), which agrees with the
previous observation using CAMP·MS as the medium.7 Lipozyme
RM IM gave 35.6% TG conversion of which 31.8% was MG
(Entry 8). This reveals that Lipozyme RM IM exhibits a similar
higher selectivity towards MG and the same shifting tendency of


reaction equilibrium, which indicates a similar impact from this
type of IL on different lipase-catalyzed reactions. However this
does not naturally conclude that solvation can change the enzyme
specificity.


The conclusion about this selectivity can be further demon-
strated in an alternative way. In the test range of the ratio of
Gly/TG from 5/1 to 1/2, the reaction remained at high-level
conversion and yielded a higher percentage of MG. The reaction
preference can be clearly evaluated with the Gly/TG ratio at 1 : 1,
where the stoichiometric ratio should theoretically yield equimolar
amounts of DG and MG. However, even at this ratio the yield
of MG could still reach up to 80% and the selectivity up to 9.
Moreover, applying excessive TG (Entry 11), a condition favouring
the formation of DG, did not result in a higher yield of DG. In
this entry more DG was degraded into MG and free fatty acid
(14.7%), resulting in a higher yield of MG. Acyl transfer to the
reactive hydroxyl group of Ammoeng 102 was also observed when
less glycerol employed, however this will not lead to significantly
different results or influence conclusions drawn. Anyway these
findings suggested that there was a strong impetus in the system
to push the reaction towards the formation of MG.


The relative content of DG (41%) and MG (24.6%) at a
Gly/TG ratio of 1 : 1 in Ammoeng 120 (Entry 12) demonstrates
that this type of IL was incapable of significantly steering the
reaction direction, a higher MG yield was achieved even with
excessive glycerol (Entry 5). Lower conversion of TG identifies
the importance of the occurrence of a long chain hydrophobic
moiety in the cation part of ILs (Entries 3, 4, 13 and 14), as
suggested elsewhere,7 which promotes the dissolution of TG (low
solubility of TG in Ammoeng 111 and 112 was observed) as
well as “immobilize” generated partial glycerides by van der
Waal’s interaction with long acyl chains. The selectivity difference
between 111 and 112 was caused most likely from the differing
contribution of their anion parts. In all, the results depicted in
Table 1 clearly show that the selectivity of glycerolysis strongly
depends on the molecular structures of ILs used, especially the
functional substituents in the cation parts.


Table 1 Effects of the molecular structures of ILs as a reaction medium on the selectivity of lipase-catalyzed glycerolysis of triglycerides


Entry Ionic liquida TG Lipase
Gly/TG
(mol/mol)


Conversion of
TG (mol%)b


Yield of MG
(mol%)b


MG/DG
(mol/mol)b


1 100 Triolein Novozym 435 5/1 99.07 ± 0.47 90.41 ± 1.76 33.21 ± 6.61
2 102 Triolein Novozym 435 5/1 99.00 ± 0.49 90.25 ± 5.24 38.26 ± 6.62
3 111 Triolein Novozym 435 5/1 42.18 ± 2.86 19.90 ± 2.45 1.02 ± 0.22
4 112 Triolein Novozym 435 5/1 41.15 ± 0.47 31.75 ± 1.61 4.16 ± 0.29
5 120 Triolein Novozym 435 5/1 96.61 ± 0.27 72.45 ± 1.64 3.99 ± 0.08
6 100 Tributyrin Novozym 435 5/1 98.94 ± 0.25 93.40 ± 1.12 20.66 ± 1.37
7 100 Tricaprin Novozym 435 5/1 98.02 ± 1.10 91.06 ± 1.21 13.09 ± 0.38
8 102 Triolein Lipozyme RM IM (24 h) 5/1 35.55 ± 1.29 31.81 ± 0.09 8.96 ± 2.86
9 102 Triolein Novozym 435 2/1 98.21 ± 0.35 84.41 ± 1.72 14.05 ± 1.23


10 102 Triolein Novozym 435 1/1 97.86 ± 1.21 79.57 ± 3.92 9.00 ± 2.56
11 102 Triolein Novozym 435 1/2 95.26 ± 0.54 70.69 ± 7.06 6.88 ± 0.23
12 120 Triolein Novozym 435 1/1 80.49 ± 0.83 24.60 ± 1.52 0.60 ± 0.06
13 111 Triolein Novozym 435 1/1 27.70 ± 0.16 11.46 ± 0.47 0.75 ± 0.05
14 112 Triolein Novozym 435 1/1 47.28 ± 3.57 29.62 ± 1.59 1.80 ± 0.08


All runs were conducted employing 0.5 mmol triglyceride (TG), corresponding glycerol (Gly) with the desired Gly/TG ratio and 0.625 mmol IL (for
Ammoeng 120 use 2 g) with lipase load of 100 mg with magnetic stirring at 600 rpm. All reactions were carried out at 60 ± 0.1 ◦C for 10 h (equilibria were
essentially attained) unless indicated (24 h). Glycerol-free based area percentage was used as mass for yield and conversion calculation. TG, MG, DG and
Gly represent triglyceride, monoglyceride, diglyceride and glycerol, respectively.a ILs 100–120 correspond to Ammoeng 100–120 in Fig. 1, respectively.
b The values are mean ± standard deviation from duplicate determination (P < 0.05).
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Structural reasons accounting for the specificity of reaction systems


Unlike other commonly used ILs, there exist substantial functional
groups in the cations, e.g. hydroxyl, ether oxygen and long hydro-
carbyl groups, and the cation part also represents the major mass
portion of this type of ILs (Fig. 1). This might be the direct and
dominant reason that governs the reaction evolution and product
selectivity. Qualitatively, the occurrence of free hydroxyl, ethoxyl
groups in Ammoeng 100 and 102 could serve as hydrogen bonding
donors or acceptors, and the long chain alkyl or acyl groups,
which have a matchable size to the acyl moiety of MG, would
result in effective dispersion interactions. Both of these reasons
will contribute to the “immobilization” of the generated MG and
induce the reaction shifting towards the formation of MG.


There is no free hydroxyl group in Ammoeng 120 but the car-
boxyl oxygen can still contribute to hydrogen bonding. Therefore,
Ammoeng 120 could somewhat reduce the activity coefficient of
MG but not so significantly as Ammoeng 100 and 102 can do.
Using the same hypothesis, it is natural to raise the question:
why the existence of free hydroxyl and ether oxygen groups in
Ammoeng 111 and 112 did not lead to higher yield of MG? A
reasonable explanation could be that the ether oxygen group is
embedded in an alkyl chain and partly blocked by the adjacent
methyl group (Fig. 1). Furthermore the free hydroxyl group is also
thermodynamically unfavourable for MG to access for H-bonding,
because of steric hindrance and the high probability of the free
hydroxyl group to bind substantially to ether oxygens of adjacent
molecules. Likewise, this O-interrupted long alkyl chain structure
will not facilitate the approaching of triglyceride molecules, which
leads to a lower solubility of TG in Ammoeng 111 and 112 as
experimentally observed.


Thermodynamic map revealing solvation of ILs and intermolecular
actions in reaction systems


The dictum like dissolves like neatly sums up the multitude of fac-
tors that account for the ability of a molecular solvent to dissolve
a given substrate. However, concisely summarizing the solvation
behaviour of ILs is impossible, since ionic liquids are among the
most complex solvents.4 Recently a modified chemical quantum
model—“Conductor-like Screening Model-for Real Solvents”
(COSMO-RS) was developed as an efficient predicative method
for the thermodynamic properties of solutes and solvents.8 Based
on quantum chemical calculation, COSMO-RS could present
a unique 3D polarization density distribution function on the
surface of a molecule X, denoting molecular interactions (so called
r-profile).8 r-Profiles give an interesting and detailed quantitative
and qualitative description of polarity and H-bonding feature
of solutes; and r-potentials (l(r)) provide a quantitative and
integral description of solvent behaviour regarding electrostatics,
H-bonding and hydrophilicity. Since these interactions constitute
the dominant factors among solute-IL systems,4 COSMO-RS was
therefore adopted in this work to evaluate the results.


As reported elsewhere,8 in r-profiles the peaks’ occurrence and
area percentage (intensity) below −0.01 e Å2 or greater than
0.01 e Å−2 represent the possibility and capacity of a molecule
as a H-bonding donor or acceptor, respectively. As shown in
Fig. 2a, for 1-monoolein the peaks around −0.017, 0.014 and
0.009 e Å−2 correspond to hydroxyl hydrogens and oxygens of


Fig. 2 (a) r-Profiles of 1-monoolein, 1,3-diolein and cations of Ammoeng
100, 111 and 120; (b) r-potentials of 1-monoolein, 1,3-diolein and cations
of Ammoeng 100, 111 and 120 at 298.15 K. In Fig. 2a, r-profiles of
1-monoolein and the cation of Ammoeng 100 are defined in the secondary
axis.


glycerol backbone, as well as carbonyl oxygen, respectively. The
peaks at −0.003 and 0.003 e Å−2 (around zero) from hydrocarbyl
hydrogens and carbons indicate the occurrence of hydrophobic
group. While 1,3-diolein gives relatively lower peaks below −0.01
or greater 0.01 e Å−2, indicating a relatively lower amount of
surface to act as a hydrogen-bonding donor or acceptor.


The r-profile of the cation of CPMA·MS is more like 1-
monoolein, having obvious peaks at −0.017, 0.013 and 0.016
corresponding to hydroxyl hydrogens, hydroxyl oxygens and
polyethoxyl oxygens, respectively (Fig. 2a). The peaks at −0.005,
−0.002 and 0.004 could be assigned to alkanyl hydrogen, alkyl
carbons and polyethoxyl carbons. The r-profile similarity of 1-
monoolein and CPMA arises from the structural similarity: both
having two free hydroxyl groups contributing to intermolecular hy-
drogen bonding and hydrophobic hydrocarbyl groups. This is also
reflected in r-potentials (Fig. 2b). The r-potentials of 1-monoolein
and CPMA are pretty similar and symmetric, of which the negative
values around zero area indicated a thermodynamically favourable
interaction with the hydrophobic surface. On both negative and
positive sides the r-potential quickly becomes strongly negative
suggesting strong hydrogen bonding capacity as either donor or
acceptor.


Contrarily 1,3-diolein gave positive r-potential on negative
and positive sides, suggesting that this is thermodynamically
unfavourable as a hydrogen bonding donor and acceptor due
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to steric hindrance from two acyl groups. For Ammoeng 120
the situation is different. On the negative side the r-potential is
comparably higher and very slowly become negative, suggesting
that this is thermodynamically unfavourable as a H-bonding
acceptor. On the positive side the r-potential increases steadily,
indicating no hydrogen bonding donor capacity. The similarity
of the r-profile and r-potential of 1,3-diolein and cation of
Ammoeng 120 accounts for the reaction preference to DG in
Ammoeng 120 (Entry 12). The cation of Ammoeng 111, having a
big peak at 0.013 e Å−2, indicates that it can be a good H-bonding
acceptor; while area percentage at −0.017 e Å−2 is very small,
suggesting it not a good H-bonding donor, which is also reflected
as a higher r-potential on the positive side (Fig. 2b).


The selectivity phenomenon in Table 1 can be further confirmed
by the calculation of activity coefficients. As discussed elsewhere,7


for a reversible reaction at a given temperature the equilibrium
constant of activity coefficients (K eq, c) governs the shift of
equilibrium and the reaction selectivity. For a specific reaction
system, K eq, c depends, to a large extent, on the solvent nature and
the interaction of reactants, products and solvents. The COSMO-
RS model allows one to calculate activity coefficients based on
quantum chemical calculation. To quantitatively assess the specific
contribution of ILs to equilibrium shifting, we calculated the
infinite dilution (ln c inf) of 1-monoolein, 1,3-diolein and triolein
in CPMA.MS to be −0.154, 1.924 and 6.304, respectively. These
data can help explain why the equilibrium strongly shifted to the
formation of MG.


Obviously, the significantly high activity coefficient of TG will
promote conversion of TG. The higher activity coefficient of 1,3-
diolein and the considerable low activity coefficient of MG are
likely also to move the reaction to MG production (Entries 1,
6 and 7). According to the COSMO-RS estimation, the K eq, c


of glycerolysis in tert-butyl alcohol (1.875 × 10−3) (one of the
most efficient normal solvents for glycerolysis) is 2.74 times bigger
than K eq, c in the CPMA.MS system (6.85 × 10 −4), which means
that, theoretically, the equilibrium constant of mole fraction in
CPMA.MS (K eq, x) could be about 2.74 higher than in tert-butyl
alcohol, corresponding to a higher yield of MG in CPMA·MS.


In Ammoeng 102 the situation is similar, while in Ammoeng
120, the infinite dilution activity coefficients (ln c inf) of 1,3-diolein
(0.576) and triolein (3.238) decreased, in accordance with the
experimentally decreased conversion of TG and increased yield
of DG (Entry 12). Interestingly Ammoeng 120 gave a comparable
K eq, c value (2.11 × 10 −3) to tert-butyl alcohol so that a similar re-
action behaviour (reaction evolution, equilibrium and selectivity)
was also observed (data not shown). Significantly low ln c inf values
of triolein (0.6–0.8) and 1,3-diolein (around 0) in both Ammoeng
111 and 112, corresponding to their lower reactive activities, con-
stitute possibly the leading reason for lower conversion of TG. The
selectivity difference between Ammoeng 111 and 112 resulted
more likely from contribution of the respective anions. As revealed
by the COSMO-RS calculation, TG and DG in Ammoeng 112
have higher ln c inf, suggesting that the effects from anions are not
negligible and also a synergistic action of cations and anions. Fur-
thermore, the similar TG conversions also support the assumption
that the cation part plays an important role. In brief, the reaction
behaviour of glycerolysis in this group of tetraammonium-based
ILs, to a certain extent, depends on the structural specificities of
the ILs. The high preference for the formation of MG results from


their structural similarity of those ILs to MG as described by
COSMO-RS qualitatively and quantitatively.


Conclusions


This work presents an interesting and vivid example of applying
the concept of shifting a multi-step reversible reaction to the
desired direction or to give improved product selectivity. This
could be implemented by deliberately designing the reaction
medium through judicious selection of IL cation substituents.
A vivid picture representing function–structure relationships has
been described by COSMO-RS qualitatively and quantitatively.
This work also demonstrates structural characteristics of a
promising group of ILs for MG production with industrial
potential.7 This study, accordingly, is believed to be helpful for
the better understanding of intrinsic reasons of selectivity change
associated with solvent structure. This work is also believed to be
of instructive value for IL structure screening and optimization to
create an efficient reaction system with desired product formation.


Experimental


Typical experimental procedure for glycerolysis


Lipase-catalyzed glycerolysis of TG and sample analysis were
performed as before.7 Typically, 0.5 mmol triolein and 5 ×
0.5 mmol glycerol were mixed with 0.625 mmol Ammoeng 100,
102, 111 and 112 (for Ammoeng 120 use 2 g) in a 25 mL
jacketed vial by magnetic stirring. The reaction was initiated by
the addition of 100 mg Novozym 435 (Candida antarctica lipase
B) and conducted at the desired temperature controlled by the
circulated water. The evolution of the reaction was monitored
by sample withdrawal and TLC-FID analysis (Iatroscan MK-6s,
Bechenheim, Germany) after dissolving the sample in chloroform
: methanol (2 : 1 v/v). All reactions were performed in duplicate.
The developing solvents for TLC-FID consist of n-hexane, diethyl
ether and acetic acid (45:25:2 v/v/v). Area percentage on a
glycerol-free basis was used as weight for the calculation of
conversion of oil and yield of glycerides.


Model processing


Generation of molecular COSMO files was implemented on
Turbomole 5.8 and thermodynamic calculations were carried
out on CosmothermX_2.1 (COSMOlogic GmbH & Co KG,
Leverkusen, Germany). Cavity radius (Å) used is the optimized
data: C (2.00), H (1.30), O (1.72), N (1.83), S (2.16) and P (2.106).
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The metal free, single amino acid-catalyzed asymmetric
desymmetrization (ADS) of meso-compounds 1 with ni-
trosobenzene 2 has been investigated using DFT. In this
communication, we describe the role of electrostatic and
dipole–dipole interactions in amino acid-catalyzed reactions,
which has not previously been invoked in discussions of these
important reactions.


The ability of L-proline and similar chiral organocatalysts to
catalyze asymmetric conversions involving carbonyl compounds
has been explored recently for classical organic reactions such as:
aldol, Mannich, amination and a-aminoxylation.1 The origin of
catalytic activity here is two-fold. The increased nucleophilicity
of the a-carbon due to enamine formation with proline is a
major contributor. The other source of catalysis and selectivity
comes from the increased electrophilicity of the substrate because
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Scheme 1 Experimentally known selectivity trends for L-pyrrolidine-2-yl-1H-tetrazole 3a and L-proline 3b catalyzed ADS reactions.7,8 a-Hydroxyketones
are formed by tandem a-aminoxylation/O–N bond heterolysis under the same reaction conditions.


of the hydrogen bond and eventual proton transfer from the
carboxylic acid H of proline.2 Let us consider asymmetric a-
aminoxylation reactions by which a-hydroxycarbonyl compounds
can be directly prepared from aldehydes and ketones.3 Here the
observed excellent enantioselectivity arises from the hydrogen
bond that exists favorably only in one transition state due to the
chirality of the proline. It was shown for the major product that,
in the transition state corresponding to the rate determining step,
the enamine double bond is anti to the carboxyl group. This allows
the proton transfer to N of Ph–N=O without deviating from the
favorable planar enamine geometry.4


For substrate 1 (Scheme 1), the asymmetric desymmetrization5,6


(ADS) via a-aminoxylation is expected to yield both diastere-
omers 4 and 5 but with excellent ee as anti-enamine-carboxyl
arrangement is possible in both the diasteromeric transition
states, and is indeed found (1a,b).7,8 However, Ramachary and
Barbas recently demonstrated that excellent diastereoselectivity
can be achieved by suitable substituents at the 4th position of
substrate 1 (Scheme 1).8 Reaction of meso-cyclohexanones 1c–
g with nitrosobenzene 2 under L-proline-catalysis furnished the
tandem a-aminoxylation/O–N bond heterolysis products 4 as
a single diastereomer with very good ee. However, 1a and 1b,
where the substituent at the 4th-position is either 7a or methylene,
generated ADS products in poor de but with very good ee. Here
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we show with density functional theory calculations9 that the
additional selectivity in the ADS reactions of substrates 1c–h is
due to electrostatic interaction.10 This can be used profitably as an
additional selectivity factor in asymmetric organocatalysis.


Since the observed diastereoselectivity could be explained by
hypothesizing that one of the enamines fails to form in the
reaction, we first checked whether this is true. The reaction centres
(Scheme 2) for substrates 1c–g are virtually the same and hence
the results of any one of them are representative. Therefore 1d was
selected for this study. The two proline enamines, 12 and 13, of
substrate 1d originate from the imines 8 and 9 via the transition
states (TSs) anti-10 and syn-11 respectively (Scheme 2). Both the
lowest energy TSs (Fig. 1) were located at the B3LYP/6-31G*
level11 and confirmed by frequency analysis. The energy (E +
zero point energy) difference between the transition states is only
0.23 kcal mol−1, which rules out the hypothesis that the observed
diastereoselectivity arises at the stage of enamine formation. So
the diastereoselectivity in the above reactions must come from the
next step, viz, the a-aminoxylation stage which is known to control
the enantioselectivity for simple aldehydes and ketones.4


Transition states for a-aminoxylation were calculated after
Houk’s and Cordova’s models4 involving (E)-anti enamine attack
on the oxygen of nitrosobenzene 2, in which the phenyl group
adopts the axial position, anti to the carboxylic acid group, similar
to the proline-catalyzed Barbas–List–Mannich reactions.12 The
conformation with the enamine double bond syn to the carboxylic


acid is unfavourable for a-aminoxylation, due to the energetic
cost of distorting the molecular geometry to place proton transfer
at a more proximal nitrogen, and is the reason for excellent
enantioselectivity for simple aldehydes and ketones.4 For all the
substrates in the present study, the syn conformation lead to the
minor enantiomer for both the major and minor diastereomers
and since the enantioselectivity was excellent in all cases we did
not explore the TSs in the syn conformation. In view of the
relatively large size of the experimental systems, it was necessary
to adopt a model that retains the significant aspects of the actual
molecules but is small enough to do optimization and frequency
calculations during conformational searching. Scheme 1 suggests
that aryl groups at the 3rd position do not have a major role in the
selectivity, as exemplified by the reactions of substrates 1b and 1d,
which show a large difference in selectivity and, consequently, the
computationally demanding aryl groups were replaced by methyl
groups (Scheme 3). Reaction of 1a revealed that the Me substituent
also does not play much of a role in stereoselectivity and will not
bring in any bias. Nevertheless, the effects of Ph and Me were
explored separately without any substituents at the 4th position. In
Scheme 3, 14 models the substrates 1c–g and 17 models 1b. The
reasons for the formation of the sole product 15 with substrate
14 and the absence of such a selectivity with model 17 were
sought specifically. Further, to make the computations simpler, all
the lowest energy transition states were initially identified at the
B3LYP/6-31G level. A re-optimization and frequency analysis


Scheme 2 The reaction mechanism for the formation of enamines 12 and 13 from substrate 1d with L-proline.


Fig. 1 The lowest energy TS structures leading to enamines 12 and 13 from substrate 1d (interatomic distances in Å, energies in kcal mol−1).
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Scheme 3 Model ADS reactions studied computationally in this work. Compound 14 models meso-cyclohexanones 1c–g of Scheme 1 and 17 models 1b.


were carried out for the identified lowest energy TSs at the
B3LYP/6-31G* level. The following discussion uses the results
at this level.


Fig. 2 shows the lowest-energy transition structures for the ADS
reaction of meso-compound 14 with 2. The transition structure,
syn-21, that leads to the minor diastereomer is 6.20 kcal mol−1


higher in energy. It predicts a de of >99% of the product favoured
experimentally in agreement with the experimentally reported de
of >99%. On the contrary, the energy difference between the
corresponding TSs for substrate 1a is only 0.36 kcal mol−1 in favour
of the anti TS,13 which suggests little selectivity in accordance with
the experimental result a in Scheme 1. The high de for the reaction
of 14, therefore, arises from the spiroketo moiety present in 14.
This alone causes a difference of ∼6 kcal mol−1 between TSs anti-
20 and syn-21. A careful analysis of the structural parameters


of anti-20 and syn-21 reveals that the syn-21 transition state is
higher in energy due to the strong electrostatic repulsion between
the two oxygens of nitrosobenzene and the ester carbonyl. This
is supported by the distances (4.38 vs 2.89 Å; anti-20 and syn-21
respectively) observed in the TSs. Besides, the dipole of C=O of
the ester group in syn-21 faces the dipole of N=O of Ph–N=O
while it is almost perpendicular in anti-20. The rigid nature of the
spiroketo group does not allow the C=O to tilt so as to avoid the
repulsion from Ph–N=O in TS syn-21.


One way of decreasing these repulsive interactions is to enable
the C=O group to twist away from Ph–N=O. Substrate 17 meets
this criterion. The corresponding TSs are shown in Fig. 3. Here
the difference in energy is lowered to 2.61 kcal mol−1 from 6.20
kcal mol−1 and the related experiment (b, Scheme 1) shows poor
diastereoselectivity.14 Due to the greater twist of the carbonyls in


Fig. 2 The lowest energy TS structures leading to 15 and 16 for a-aminoxylation of substrate 14.


Fig. 3 The lowest energy TS structures leading to 18 and 19 for a-aminoxylation of substrate 17.
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Fig. 4 The lowest energy TS structures leading to 18a and 19a for a-aminoxylation of substrate 17a.


the non-spiro system, the O. . .O distance in syn-23 is increased
to 3.21 Å from 2.89 Å present in syn-21. Besides, the dipoles are
no longer parallel; the near zero dihedral angle of the O(CO)–C–
C. . .C(CN) in syn-21 increases to 63.2◦ in syn-23. These help to
decrease the repulsive contribution by 3.59 kcal mol−1.


The yet to be accounted for reaction of substrate 1h also shows
high de despite the substituent at 4th position not being tied back.
Calculations on the real system support the experimental de: the
TS leading to minor diastereomer, 5h, is 4.85 kcal mol−1 higher in
energy than the TS leading to major diastereomer 4h.13 To relate
this to the results in Figs. 2 and 3, a comparable system, where the
axial ester group of 17 is replaced by CN group (17a), was also
studied and the results are shown in Fig. 4. The energy difference
of 3.82 kcal mol−1 suggests a high de and is caused by the axial CN
group. What is the origin of this larger energy difference between
TSs anti-24 and syn-25 with respect to that in Fig. 3? It may be
attributed to the electrostatic repulsion between the O of Ph–N=O
and the p electron density of CN in syn-25. The greater p electron
density on CN than on C=O, and the position of O directly
facing CN in syn-25, account for the surprising result of greater
diastereoselectivity in Fig. 4 than in Fig. 3. Based on the results in
Figs. 3 and 4 it becomes apparent that the diastereoselectivity will
decrease if the CN and the ester group exchange their positions.


Finally, to show that electrostatic repulsion alone can explain the
excellent diastereoselectivity of the reactions c–h in Scheme 1 we
calculated the TSs for a-aminoxylation using the substrate cis-3,5-
diphenylcyclohexanone (26).13 The energy difference of 1.21 kcal
mol−1 in favour of the anti TS (0.36 kcal mol−1 for 1a) confirms
that neither a Ph or Me group at the 3rd position in substrate 1
can stop the products 5c–h from forming in the reaction, although
there may be a preference for product 4 as with electron rich
substituents at 4th position and the effects can be additive as is
revealed in the case of 1h above.


In summary, we have shown that transition state structures and
diastereoselectivity in proline-catalyzed ADS reactions of different
highly substituted meso-cyclohexanones 1 with 2 are largely con-
trolled by electrostatic/dipole–dipole interactions. Computational
evidence shows that the observed diastereoselectivity is due to
the polar groups at the 4th-position of cyclohexanone and due
to differences in the conformations. These selectivities are the
best demonstration that electrostatic interaction can be used as
an additional selectivity factor in amino acid catalysis.
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